
Vol.: (0123456789)

Mycopathologia (2024) 189:82 
https://doi.org/10.1007/s11046-024-00887-6

REVIEW

Metagenomics Applied to the Respiratory Mycobiome 
in Cystic Fibrosis

Cécile Angebault  · Françoise Botterel

Received: 10 May 2024 / Accepted: 21 August 2024 / Published online: 12 September 2024 
© The Author(s) 2024

Abstract Cystic fibrosis (CF) is a genetic disor-
der characterized by chronic microbial colonization 
and inflammation of the respiratory tract (RT), lead-
ing to pulmonary exacerbation (PEx) and lung dam-
age. Although the lung bacterial microbiota has been 
extensively studied, the mycobiome remains under-
studied. However, its importance as a contributor to 
CF pathophysiology has been highlighted. The objec-
tive of this review is to provide an overview of the 
current state of knowledge regarding the mycobiome, 
as described through NGS-based studies, in patients 
with CF (pwCF).
Several studies have demonstrated that the myco-
biome in CF lungs is a dynamic entity, exhibiting a 
lower diversity and abundance than the bacterial 
microbiome. Nevertheless, the progression of lung 
damage is associated with a decrease in fungal and 
bacterial diversity. The core mycobiome of the RT 
in pwCFs is mainly composed of yeasts (Candida 

spp., Malassezia spp.) and molds with lower abun-
dance. Some fungi (Aspergillus, Scedosporium/
Pseudallescheria) have been demonstrated to play a 
role in PEx, while the involvement of others (Can-
dida, Pneumocystis) remains uncertain. The “cli-
max attack” ecological model has been proposed to 
explain the complexity and interplay of microbial 
populations in the RT, leading to PEx and lung dam-
age. NGS-based studies also enable the detection of 
intra- and interkingdom correlations between fungi 
and bacteria. Further studies are required to ascertain 
the biological and pathophysiological relevance of 
these correlations. Finally, with the recent advent of 
CFTR modulators, our understanding of the pulmo-
nary microbiome and mycobiome in pwCFs is about 
to change.

Keywords Cystic fibrosis mycobiome · Next-
generation sequencing · Fungi

Introduction

Cystic fibrosis (CF) is one of the most prevalent genetic 
disorders associated with chronic airway colonization 
and infections, as well as reduced life expectancy, par-
ticularly in Europe, North America and Australia [1, 2]. 
The reduced mucociliary clearance and inflammation 
of the airways facilitate the chronic microbial coloni-
zation of the respiratory tract (RT) by microorganisms 
that have adapted to this specific microenvironment 
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[3]. Bacteria, and to a lesser extent, fungi, contribute 
to recurrent pulmonary exacerbations (PExs), which 
require anti-infective treatments and result in a pro-
gressive decline in respiratory function [1, 4, 5]. For 
many years, the study of the mycobiota has been based 
on culture-based studies with a particular focus on the 
fungi involved in PEx. Aspergillus and Pseudallesche-
ria/Scedosporium have been demonstrated to be the 
most frequently encountered molds in PEx, typically 
manifesting as the disease progresses [2, 6]. Rare fungi, 
including Exophiala dermatitidis, Lomentospora prolif-
icans and Rasamsonia argillacae, have also been linked 
to PEx in patients with CF (pwCFs) [7]. Candida yeasts 
and related genera are frequently isolated from oral 
and respiratory samples of pwCFs, and they are con-
sidered to be colonizers [2, 6–8]. Nevertheless, some 
authors have observed an increased prevalence of PEx 
and a decline in lung function in patients with persistent 
Candida colonization. The role of these yeasts remains 
unclear to date [7, 9–11]. In recent years, culture-inde-
pendent methods based on next-generation sequenc-
ing (NGS), such as metagenomics, have significantly 
advanced our understanding of the microbiome. It has 
enabled the identification of species that cannot be 
cultured or that are present in low abundance, thereby 
facilitating a more accurate description of fungal (but 
also bacterial) diversity and the potential correlations 
between microorganisms within or between kingdoms 
[12–15]. The principal techniques used are targeted-
amplicon NGS (TA-NGS) and shotgun metagenom-
ics (SMg). Both methods have inherent limitations in 
regard to studying the mycobiome, and it is important 
to be aware of these limitations when analyzing pub-
lished studies. The airway mycobiome in pwCFs rep-
resents a minor fraction, in terms of quantity and diver-
sity, of the total airway microbiome. Consequently, it is 
not uncommon for these techniques to underdetect the 
presence of fungi.

The objective of this review is to describe the cur-
rent state of knowledge regarding fungal coloniza-
tion and infection in CF by linking fungal prevalence 
data obtained from culture-based studies with those 
obtained from metagenomic analyses. By integrating 
these two methodologies, we can enhance our under-
standing of the role of fungi in CF pathogenesis.

Tools for Metagenomic Studies of the Respiratory 
Mycobiome

Reference methods used to study the mycobiome in 
CF or other diseases include targeted-amplicon NGS 
(TA-NGS) and more recently, shotgun metagenom-
ics (SMg, also called global metagenomics) [16] 
(Table  1, Fig.  1). These techniques can overcome 
the biases associated with fungal culture, including 
fungi that do not grow on standard media, fungal 
loads that are too low to be detected in culture, and 
so forth. Consequently, they yield more comprehen-
sive insights into fungal diversity [12, 13, 17, 18]. 
Nevertheless, certain challenges in investigating the 
RT mycobiome through NGS-based approaches have 
been identified. Firstly, the mycobiome represents 
a small proportion of the total human microbiome. 
Estimates suggest that it constitutes less than 1% of 
the microbial metagenome, which itself represents 
less than 1% of the total host–microbe metagenome 
[19]. Furthermore, the extraction of fungal nucleic 
acids is challenging due to the protection of fungal 
cells by a thick wall composed of complex polysac-
charides (chitin, ß-glucan polymers, etc.) and some-
times melanin. It has been demonstrated that signifi-
cant biases in the diversity of the mycobiome can be 
observed depending on the extraction technique used 
[2–4]. In order to obtain a good extraction yield, dif-
ferent lysis methods must be combined including 
mechanical lysis, which is an essential step and is car-
ried out using beads of different sizes, chemical lysis 
and enzymatic lysis [21]. When analyzing the myco-
biome in pwCFs, it is also important to consider the 
type of respiratory specimen used (sputum or bron-
choalveolar lavage) and its potential dilution, which 
could affect the detection of the mycobiome. To date, 
the most commonly used method in studies of the CF 
RT mycobiome is TA-NGS [16, 23]. TA-NGS usually 
targets the internal transcribed spacer (ITS) region, 
which consists of two subregions (ITS1 and ITS2), 
each 400  bp long (Table  1). The profile of fungal 
communities may vary depending on the subregion or 
the primers chosen [24, 25]. The relative abundance 
of taxa may also be distorted due to the variable num-
ber of copies of the ITS region in fungi [26]. SMg, as 
a non-targeted approach that allows random sequenc-
ing of all types of nucleic acids from hosts and micro-
organisms, can be used to study all components of a 
microbiome simultaneously including fungi. It also 



Mycopathologia (2024) 189:82 Page 3 of 16 82

Vol.: (0123456789)

has the advantage of quantifying the abundance of 
microorganisms in absolute (rather than relative) 
terms. However, due to the low quantity of fungal 
sequences compared to those of the host and other 
microorganisms (the rare biosphere), the depth of 
sequencing represents a significant challenge in accu-
rately detecting the mycobiome using SMg [19, 27, 
28]. Furthermore, fungal genomes exhibit similarities 
with those of the host, and some fungal sequences 
are eliminated during bioinformatic analysis. This 
may result in an underestimation of the mycobiome. 
In their study, Pienkowska et al. found that only 0.1% 
of sequences obtained from RT samples of pwCF 
were assigned to fungi using SMg [28]. To enhance 
the sensitivity of SMg for fungal detection, enzy-
matic depletion (DNase/RNase) of human nucleic 
acids prior to sequencing can be performed, as can an 
increase of the depth of sequencing and the combina-
tion of DNA and RNA detection [27]. To date, SMg 
has been employed primarily for clinical metagenom-
ics (panpathogen research from a given sample [27, 
29]) or to study the bacterial or viral microbiome. A 
limited number of studies have been published on the 
RT mycobiome in pwCFs using SMg (n = 9 original 

articles listed in PubMed NCBI on March 24, 2024). 
Regardless of the NGS-based approach employed, the 
accurate taxonomic annotation of fungal sequences 
remains a challenge [30]. Fungal taxonomy is evolv-
ing, and many fungi have multiple names, which may 
change rapidly. Fungal databases are also far from 
complete (whether they are sequence or complete 
genome databases). Furthermore, the use of TA-NGS 
or SMg necessitates the use of environmental controls 
(DNA/RNA-free water) in order to detect fungal con-
tamination [16, 27].

It is also important to note that, while metagen-
omic methods are valuable for studying the diver-
sity of the respiratory mycobiome in pwCF in depth, 
they are not a replacement for culture-based methods. 
Indeed, culture-based studies have the advantage of 
readily identifying the predominant fungal agents 
in the respiratory tract, distinguishing living fungi 
from circulating DNA, and facilitating more com-
prehensive investigations of fungal strains (determi-
nation of susceptibility to antifungal agents, search 
for resistance genes or virulence factors, genotyping 
for strain comparison, etc.). The culture-based and 

Table 1  Definitions and abbreviations related to NGS-based methods, such as metagenomic analysis, for studying the mycobiome

ASV Amplicon Sequence Variant: individual DNA sequences produced by targeted NGS after 
elimination of poor-quality sequences and use of a sequencing error correction algorithm 
(e.g., DADA2). All ASV are then assigned to a taxonomic identification. ASVs are an 
alternative to OTUs

Alpha-diversity An estimate of the diversity of a given sample taking into account richness and evenness. 
Simpson and Shannon indexes are common alpha-diversity indexes

Beta-diversity An estimate of the difference in community composition between different samples (e.g., two 
anatomical sites, two individuals, etc.). It can be evaluated through principal component or 
coordinate analysis (PCA/PCoA)

Core mycobiome Taxa, genera or species present in the majority (generally > 50%) of individuals in the same 
group with a relative abundance > 0.1%

Fungal dysbiosis Imbalance in the composition of the mycobiota compared with the steady state (eubiosis) 
detected in healthy subjects

Evenness Evaluation of the distribution of species/taxa/OTUs/ASVs present in a sample, taking into 
account the relative abundance of the different groups

Shannon or Simpson diversity indexes Indexes measuring the alpha-diversity of a community’s composition, taking into account 
both richness and evenness

OTU Operational Taxonomic Unit: cluster of sequences obtained from targeted-amplicon NGS 
using a pipeline (e.g., VSEARCH) that clusters sequences with a high percentage of simi-
larity (> 97%). The OTUs are then assigned to a taxonomic identification (or taxon)

Richness Evaluation of the number of species, taxa, OTUs or ASVs present in a sample, without tak-
ing into account the relative abundance between the different groups

Shotgun metagenomics (SMg) Global metagenomics: study of all components of microbiome (bacterial, viral, fungal and 
other eukaryotes) at once using a nontargeted approach
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culture-independent method are therefore ideally 
suited to complementary use.

Basics of Mycobiota in the Respiratory Tract 
of PwCFs

A Specific Microenvironment that Favors 
Colonization by Adapted Microorganisms

In the airways of pwCFs, dysfunction of the CF trans-
membrane conductance regulator (CFTR) channel 
leads to reduced fluidification of mucus on epithelial 

Fig. 1  Methods used to study the airway mycobiome in CF 
patients. Figure adapted from Thornton et al. J Pediatric Infect 
Dis Soc. 2022 [15] and created with BioRe nder. com. Abbre-

viations: ASV amplicon sequence variant; NGS next-generation 
sequencing; OTU operational taxonomic unit; TA-NGS tar-
geted-amplicon NGS; SMg shotgun metagenomics

https://www.biorender.com/
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cells (Fig. 2) [3, 31–33]. A thicker and more viscous 
mucus leads to an environment enriched with nutri-
ents (such as glycoproteins), a reduction in airway 
oxygenation (hypoxia), and a defect in mucociliary 
clearance, which favors the growth of some microor-
ganisms (such as Pseudomonas aeruginosa or anaer-
obes) [34, 35]. Other specific features of the CF air-
way microenvironment can provide a breeding ground 
for chronic colonization with adapted microorgan-
isms. These include a reduction in pH due to a lack 
of bicarbonates, an increase in bile acid levels due to 
frequent aspirations that favors biofilm formation, an 
elevation in iron levels that favors microbial growth, 
a deficiency in NO production by CFTR-epithelial 
cells, and so forth (Fig. 2). In addition, pwCFs may 
exhibit persistent inflammation due to constitutive 
activation of the NF-kB pathway in CFTR-epithelial 
cells, which is associated with an excessive innate 
immune response against chronic colonizing micro-
organisms. Consequently, the increased production 
of proinflammatory cytokines and neutrophil recruit-
ment, elevated oxidative stress, impaired macrophage 
phagocytosis, and increased lysis ability impede the 
effective microbial clearance, yet exacerbate tissue 
damage (Fig. 2) [3, 31–33].

Knowledge From Culture-Based Studies Regarding 
Fungi in the Airways of PwCFs

A substantial body of data regarding the prevalence of 
colonization or infection by fungi in pwCFs has been 
collected through culture studies. These data have 
been collected on a large scale, involving national and 

international cohorts, such as the European CF Soci-
ety (ECFS, https:// www. ecfs. eu/ ecfspr), the French 
national cohort (“Vaincre la Mucoviscidose” project 
[2]), the United States CF Foundation Patient Regis-
try [36], and so forth. Candida albicans and Asper-
gillus fumigatus have been identified as the most 
prevalent fungi detected in the RT of pwCFs, with 
prevalence varying with age [2, 36, 37]. In France, 
in 2022, C. albicans was the most prevalent fungus 
in the RT of pwCF, with a prevalence of 10–15% in 
children under the age of 5 and approximately 30% 
in adolescents and adults (> 15 years) [2]. A. fumig-
atus was the second most common fungus, with a 
prevalence of less than 5% in children under 5 years 
of age, which increased to approximately 15% after 
10 years of age [2]. The prevalence of these fungi in 
the CF population as a whole also varies according 
to country and center, geographical or environmen-
tal criteria [9, 37]. In Europe, during the 2012–2016 
period, the prevalence of A. fumigatus was 4% in the 
Czech Republic, 13% in Poland, 29% in Italy and 42% 
in Austria [38]. More recently (2019), a Dutch study 
reported an A. fumigatus prevalence of 56% [39]. The 
overall prevalence of C. albicans varies from 30% 
to > 70% in European countries [37, 38]. Other rarer 
fungi with variable prevalence are found in the RT of 
pwCFs. The prevalence of the black yeast Exophiala 
dermatitidis varies from < 1% in the United Kingdom, 
Italy or the Czech Republic to 15–20% in Sweden [37, 
38, 40]. The species from the Scedosporium/Pseu-
dallescheria complex represent the second most com-
mon mold in the RT of pwCF (prevalence of 2–17%). 
Species of the Rasamsonia argillacea complex or 

Fig. 2  Airway-specific microenvironment in patients with 
CF. The different specificities of the CF airway microenvi-
ronment favor chronic colonization with adapted microorgan-
isms, allowing possible intra- and interkingdom interactions 
(through biofilm formation and molecular interactions) and 

leading to repeated pulmonary exacerbations (PEx). Its asso-
ciation with persistent inflammation leads to lung damage and 
respiratory failure. Abbreviations: Mφ: macrophage; Neut: 
neutrophil. Adapted from Ubags and Marsland, Eur Respir J. 
2017 [31]. The figure was created with BioRe nder. com

https://www.ecfs.eu/ecfspr
https://www.biorender.com/
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Lomentospora prolificans are less prevalent (< 5% for 
both) [37, 38, 40, 41]. Some authors have also stud-
ied the variations in fungal prevalence in the RT of 
pwCFs according to seasonal or climatic changes [42, 
43], as has been demonstrated for CF bacteria such 
as P. aeruginosa [44]. Furthermore, the prevalence 
of fungi has been observed to vary depending on the 
period under study, with a tendency towards a reduc-
tion in fungal prevalence over time. For instance, the 
mean prevalence of A. fumigatus in France was 25% 
in 2015, 22% in 2021 and 12% in 2022 [2, 45]. These 
changes may be partially attributed to the novel use 
of CFTR modulators in the treatment of CF [46, 47].

Role of Yeasts and Filamentous Fungi in CF Lung 
Mycobiome in the Metagenomic Era

As demonstrated by several authors, the NGS-based 
approach allows for a more comprehensive descrip-
tion of the mycobiota diversity in pwCFs and ena-
bles the detection of fungal colonization at lower RT 
with greater sensitivity [13, 17]. In a study by Bot-
terel et  al., it was observed that the median number 
of fungal genera detected using TA-NGS in the sputa 
of pwCFs was 8, while it was 2 according to culture 
[13]. Delhaes et al. demonstrated that 60% of fungal 
taxa detected by NGS were undetected in culture [12]. 
Cuthberston et  al. demonstrated that the NGS-based 
approach allowed for the detection of four major CF 
fungi (Candida, Aspergillus, Scedosporium and Exo-
phiala) with a prevalence 3–24 times higher than that 
detected by culture. It is, however, important to note 
that the positivity cutoff for fungal sequences in this 
study was particularly low since a sample with only 
one sequence was considered positive [17].

Diversity, Fungal Burden and Evolution of the 
Lung Mycobiome in PwCFs Through Age, PEx and 
Disease Progression

The fungal load and diversity of the RT mycobiome 
in pwCFs are significantly lower than those of the 
bacterial mycobiome [13, 14]. However, the total 
fungal load in pwCFs is higher than that of healthy 
controls, regardless of age [48]. Additionally, the fun-
gal burden also appears to increase with age, while its 
diversity decreases with disease progression, as has 
been previously observed for the bacterial microbiota 

[12, 13, 15, 48–50]. This reduction in diversity can 
be observed from the first months after diagnosis 
(i.e., from birth for some pwCFs) and is correlated 
with the decline of the respiratory function, which 
is evaluated through spirometry parameters, forced 
expiratory volume in one second (FEV1) and forced 
vital capacity (FVC), and/or the CF-specific question-
naire (CFQ-R [51]) [12, 22, 48–50]. NGS-based stud-
ies have also demonstrated the occurrence of a fungal 
dysbiosis in the lungs of pwCFs compared to controls 
[13, 17]. Even when compared with patients who 
have bronchiectasis due to other causes, the diver-
sity of the mycobiome appears to be different, with 
reduced fungal alpha-diversity in pwCFs [17]. Some 
authors have also studied the composition and diver-
sity of the mycobiome in pwCFs during the PEx [15, 
52]. Hong et  al. observed that the global composi-
tion of the fungal community differed between pwCF 
in the stable state and PEx (beta-diversity, Table  1) 
[52]. Soret et al. analyzed the median alpha-diversity 
scores of fungal communities during the PEx or in a 
stable state and demonstrated a decreasing trend in 
diversity in patients during the PEx [15].

Core Mycobiome in the Respiratory Tract of PwCFs

The definition of the core microbiome may vary 
depending on the author [53, 54]. However, the fun-
damental principle is to identify a set of constant and/
or stable microbial components within a population, 
in contrast to the microorganisms of transient flora, 
which vary according to environmental, individual or 
exogenous conditions [53]. The core mycobiome is 
defined as a group of fungal taxa that are shared by 
most individuals (generally > 50%) and have a rela-
tive abundance greater than 0.1%. The initial studies 
on the core mycobiome were relatively recent and 
focused primarily on the digestive core mycobiome. 
Only a few studies have been published regarding 
the respiratory core mycobiome, whether in healthy 
subjects or pathological conditions (such as asthma, 
bronchiectasis, CF, lung cancer, etc.). Moreover, 
given the variability of the mycobiome across eco-
logical niches, it is of great important to identify the 
specific site under investigation.

NGS-based studies have shown that the core myc-
obiome of the lower RT in pwCF is predominantly 
composed of yeasts belonging to the Saccharomyco-
tina subphylum, including Candida, Debaryomyces, 
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Pichia, and Saccharomyces. These yeasts are fre-
quently associated with Malassezia spp. [15, 17, 48, 
52, 55]. Among the Candida species, C. albicans is 
the most prevalent, followed by Candida dubliniensis 
and Candida parapsilosis, as also described in culture 
studies [52, 56]. This core mycobiome is comparable 
to that observed in the lower RT [57, 58] and the gas-
trointestinal tract of healthy subjects [24, 59]. Some 
molds are also detected in the majority of pwCFs (in 
particular, Aspergillus, Cladosporium, Penicillium) 
but at lower relative abundances than yeasts [14, 17, 
58, 60]. This result differs from what is known from 
culture, where A. fumigatus has the second high-
est fungal prevalence after C. albicans [2, 37, 38, 
40]. NGS-based studies have revealed a specific pic-
ture of the core mycobiota of the RT of pwCF, with 
an even greater prevalence and diversity of Saccha-
romycotina yeasts and a much lower abundance of 
Aspergillus. This may appear counterintuitive, given 
the established role of Aspergillus in PEx and allergic 
bronchopulmonary aspergillosis (ABPA) in pwCFs 
[2, 37, 38, 61]. Other fungi frequently described in 
pwCFs by culture, such as Scedosporium or Exophi-
ala, are also detected using NGS-based approaches 
[17]. However, the prevalence of these fungi varies 
greatly depending on the study, as is also the case in 
culture-based studies [40, 41, 62], and they may or 
may not be considered part of the core mycobiome 
[15, 17, 60]. For instance, Cuthberston et al. reported 
a prevalence of 48% and 54% for Scedosporium and 
Exophiala, respectively (samples were considered 
positive when ≥ 1 fungal sequence was detected), 
Soret et  al. reported a prevalence of 42% and 6%, 
respectively, and Kramer et al. reported a prevalence 
of 4% and 4%, respectively [14, 15, 17]. In the study 
by O’Connor et  al., no sequences of Exophiala or 
Scedosporium were detected using NGS [48]. These 
discrepancies can be attributed not only to contextual 
dissimilarities between studies (geographical location 
of the study, year of the study) but also to variations 
in the design and the NGS-based protocol employed.

Overall, the core mycobiome described in pwCF 
is consistent with the hypothesis that the mycobiota 
of the lower RT is probably of mixed origin. A major 
part is derived from salivary microaspirations, as has 
been demonstrated for the bacterial microbiota [63], 
consistent with yeast predominance resembling the 
digestive mycobiota. A minor part is derived from 
inhaled airborne fungal flora (transient flora), which 

remains in limited quantities in the lung. However, as 
the mucociliary clearance system is impaired in the 
RT of pwCFs, the overall abundance of inhaled fungi 
is higher than that in healthy individuals [17, 48].

Role of Candida and Saccharomycotina Yeasts in the 
Mycobiota of PwCFs

Although yeasts from the subphylum Saccharomy-
cotina, including Candida spp., are highly prevalent 
in the upper and lower RTs of pwCFs according to 
culture and NGS studies, their precise role in patho-
physiology remains unclear [7]. C. albicans followed 
by C. dubliniensis are the most frequently detected 
Candida species in the RT of pwCFs by culture, and 
they are mainly considered as colonizers [38, 64]. 
Nevertheless, some authors have suggested possible 
association between Candida spp. colonization and 
a decline in respiratory function and general health 
[10, 11, 36, 65]. For instance, Chotirmall et al. dem-
onstrated that patients colonized with C. albicans 
exhibited lower BMIs and decreased FEV1 and FVC 
[65]. This finding was corroborated in a large cohort 
of pwCFs by Gileles-Hillel et al., who also observed 
a greater rate of annual decline in FEV1 in pwCFs 
chronically colonized with C. albicans [11]. This 
study also demonstrated that C. albicans colonization 
was associated with chronic colonization by other CF 
pathogens, including P. aeruginosa and A. fumigatus. 
Furthermore, the authors identified potential con-
tributing factors to C. albicans colonization, includ-
ing pancreatic insufficiency and diabetes [11]. In an 
NGS-based study, Hong et al. observed an increased 
rate of C. dubliniensis in patients with a PEx. In addi-
tion, a higher ratio of C. dubliniensis to C. albicans 
was observed in patients with PEx, which was also 
associated with a lower respiratory score (evaluated 
through the CFQ-R [51]). The role of Candida spp. 
in the decline of lung functions remains unclear. One 
possible explanation could be that the yeasts directly 
affect the lung parenchyma (e.g., by invading the tis-
sue after switching to hyphae) or exacerbate the local 
inflammation due to their pro-inflammatory effect, as 
previously demonstrated for C. albicans in the diges-
tive tract [19, 66]. Candida spp. may also have poten-
tial deleterious synergistic association or interaction 
with other pathogens involved in tissue damage, such 
as P. aeruginosa. This could occur through the pro-
duction of mixed biofilm, induction of antimicrobial 
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tolerance, and other mechanisms. Alternatively, Can-
dida spp. might simply have a predilection for already 
damaged tissues [67–70].

Role of Aspergillus fumigatus and Other Filamentous 
Fungi in the Mycobiota of PwCFs

Among fungi, A. fumigatus has the greatest impact on 
pwCF and lung function decline and is implicated in 
several diseases, particularly in allergic bronchopul-
monary aspergillosis (ABPA), Aspergillus sensitiza-
tion or bronchitis, or even invasive aspergillosis in 
immunocompromised pwCF (e.g., solid organ trans-
plantation) [2, 7, 61, 71]. The prevalence of ABPA in 
pwCFs (based on culture-based studies and national 
CF registries) varies considerably depending on age 
and country (3–25%), with a pooled prevalence esti-
mated at 8.9% in children and 10.1% in adults (as 
determined by Maturu et al. from the data of 45 CF 
studies) [61, 71]. Oher mold species, including Sced
osporium/Pseudallescheria spp., Lomentospora pro-
lificans and Rasamsonia spp., have been identified as 
potential causes of allergic bronchopulmonary dis-
ease and may also pose a threat in immunocompro-
mised pwCF [41, 72–76]. In contrast, the clinical role 
of other fungi associated with CF, such as Exophiala 
sp. remains to be clearly determined [38, 40, 77] In 
a Swedish culture-based study, a high prevalence of 
Exophiala sp. was reported, and an association was 
found with a more advanced form of the disease [62]. 
But these results were not confirmed, and a recent 
Dutch study concluded that Exophiala sp. is probably 
only a minor pathogen in CF [40].

A Specific Focus on Pneumocystis jirovecii in the RT 
of PwCFs

NGS-based studies theoretically allow the detection 
of fungi that are uncultivable, such as Pneumocystis 
jirovecii. However, the majority of studies employ-
ing NGS-based methods do not report the presence 
of P. jirovecii in RT samples of pwCFs [12–15, 48, 
52, 78]. In TA-NGS-based studies, this may be due 
to the fact that P. jirovecii has only one copy of the 
rDNA operon (including the ITS region) in contrast 
to other fungi which have several repeats of the ITS 
region [26]. In SMg studies, the overall detection of 
fungal sequences is very low which makes it difficult 

to provide a precise description of the mycobiome 
[28, 79]. Only a few authors have studied P. jirovecii 
in pwCFs, with the majority of studies focusing spe-
cifically on this microorganism [60, 80–86]. In a 
recent multicenter Spanish study on the lung myco-
biome in pwCF, the authors added a specific qPCR 
for P. jirovecii detection (targeting the mt-LSU rRNA 
region) and reported a 31% prevalence of coloni-
zation [60]. Overall, the prevalence of P. jirovecii 
in pwCF varies considerably between studies [60, 
80–87]. For instance, a prevalence of approximately 
8% (7.4 and 8.1%) was observed in Germany and in 
the United Kingdom, while it was of 38.2% in Bra-
zil [83–85]. In France, the prevalence of P. jirovecii 
exhibited regional variations, with rates below 4% in 
Brittany and 12% in other regions [80–82]. In Spain, 
the prevalence reported increased from 21.6% in 2005 
to 31% in 2023 [60, 86]. These discrepancies may 
be explained by the prior exposure of pwCF to cot-
rimoxazole, as well as differences in the antibiotic 
protocols used at distinct CF centers [82, 83]. This 
phenomenon can also result from differences in the 
age of patients as well as exposure risk factors associ-
ated with climate, geographic or environmental con-
text [81]. The role of P. jirovecii in the pathophysi-
ology of CF-related lung decline remains unclear. 
Green et  al. observed an increase in the prevalence 
of P. jirovecii in pwCF samples during PEx (9.2%) 
compared with patients in the stable state (2%) [83]. 
In contrast, Hernández-Hernández et al. reported that 
pwCF who were colonized with P. jirovecii had less 
severe lung diseases [80]. In all cases, colonization 
with P. jirovecii represents a risk of pneumocystosis 
for pwCFs undergoing lung transplantation [87].

Mycobiome Variations Between Pwcfs According to 
Geographical Factors or CF Centers

The distribution of CF fungi (other than P. jirovecii) 
varies according to geographic area or CF center. A 
geographical gradient of fungal species among Euro-
pean countries has been described by Delhaes et  al. 
in a culture-based study. Candida spp., A. fumigatus, 
Cladosporium and Penicillium were more prevalent at 
higher latitudes, while Scedosporium and Lomentos-
pora were more prevalent in southern centers [9]. In 
a Spanish multicenter study based on multiple Sanger 
sequencing, Martínez-Rodríguez et al. also observed 
significant differences in the distribution of fungi 
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between centers (Seville, Madrid, Mallorca), par-
ticularly for taxa of lower abundance including Sce-
dosporium spp. and Exophiala spp. [60]. In France, 
Angebault et  al. reported different median relative 
abundances of A. fumigatus in pwCFs attending two 
CF centers (unpublished data). As previously dis-
cussed for P. jirovecii, these discrepancies in fungal 
distribution may be attributed to varying exposure 
levels associated with climate, geographic or environ-
mental factors [41]. Van Rhijn et al. observed that the 
indoor and outdoor level of Aspergillus spores in a CF 
center was increased during summer, when tempera-
tures were high and wind speeds low [42, 88]. How-
ever, other factors may also contribute to variations in 
the fungal distribution between centers, including the 
age of patients (adult, pediatric or mixed population), 
the type of mutation (homozygous/heterozygous), the 
severity of the disease, and the differences in antimi-
crobial protocols from one center to another. To bet-
ter understand these differences, further international 
studies including large cohorts of pwCFs from differ-
ent centers are necessary.

The Lung Mycobiome of PwCFs With Fungal 
Pulmonary Diseases

To date, only a limited number of studies have used 
NGS-based methods to describe the dynamics of the 
mycobiome in pwCFs with pulmonary fungal dis-
eases, including ABPA, Aspergillus sensitization, 
and fungal bronchitis. Cuthbertson et  al. conducted 
a study in which they compared the mycobiomes of 
groups of pwCFs with ABPA, fungal bronchitis or no 
active fungal disease [17]. The authors observed that 
A. fumigatus was the most predominant taxon only 
in pwCFs  with fungal bronchitis. Furthermore, an 
increased relative abundance of Scedosporium sp. and 
Clavispora sp. was observed in pwCFs with ABPA, 
whereas Exophiala and Candida showed an increased 
relative abundance in pwCFs with fungal bronchitis 
[17].

Understanding the “Climax-Attack” Model in CF 
Airways

The “Climax-Attack” model (CAM) was initially 
described by Conrad et  al. [89]. It proposes an eco-
logical vision that considers the complexity of the 
lung CF bacterial microbiota and the polymicrobial 

nature of chronic CF airway infection. It was then 
refined by Quinn et  al., who focused mainly on the 
functional and metabolic aspects of bacterial commu-
nities, and Soret et al., who explored the role of fungi 
in the model [15, 90]. The CAM proposes the exist-
ence of two major functional microbial communi-
ties. Microbial interactions between these communi-
ties during PEx could explain the changes in the lung 
microbiota and the progressive reduction in microbial 
diversity over time (Fig.  3). The climax communi-
ties comprise persistent, slow-growing microbial and 
fungal "keystone" populations that are well adapted 
to the CF airway microenvironment. The bacterial 
climax species have metabolic pathways based on 
amino acid transformation (as a major carbon source) 
through deamination, which leads to the produc-
tion of ammonia and an increase in pH, which help 
maintain community stability [90]. These communi-
ties can also produce mixed biofilms, which protect 
them from the host immune response and antimicro-
bial treatments. The original or pioneer climax com-
munities are composed of Staphylococcus aureus, 
Haemophilus sp., respiratory anaerobic bacteria, and 
possibly also nonpathogenic fungi, such as Penicil-
lium sp. Over time, with the emergence of the attack 
communities and the recurrence of PEx, the climax 
communities will evolve, and new species that are 
better adapted to the specific CF microenvironment 
will replace the pioneer species. The new climax spe-
cies include P. aeruginosa (mucoid strains), Steno-
trophomonas maltophilia, Achromobacter sp., and 
possibly fungi such as Scedosporium sp. These spe-
cies are generally resistant to conventional antimicro-
bial therapy. On the other hand, attack communities 
are transient microbial populations that induce strong 
innate immune responses, leading to acute PEx and 
lung damage. These communities utilize carbohy-
drates as an important source of carbon through fer-
mentation pathways, which results in the production 
of organic acids and a decreased pH. Their emergence 
favors the instability of the community structure and 
facilitates the establishment of new climax species. 
A variety of microorganisms, including viruses (e.g., 
rhinovirus, influenza, adenovirus, etc.), non-mucoid 
P. aeruginosa, Staphylococcus sp., Streptococcus 
sp. and anaerobic bacteria may be part of the attack 
communities and are often environmentally acquired. 
Some fungi, such as A. fumigatus, may also be part 
of attack communities. The species belonging to the 
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attack communities may possess specific virulence 
factors and elicit intense inflammation. The complete 
list of species belonging to the climax or attack com-
munities, along with their interrelationships, remains 
to be established. Some species may be part of both 
types of communities, such as P. aeruginosa or 
some anaerobic bacteria, and some species may have 
changed groups. Some fungal species, such as Can-
dida sp., E. dermatitidis and P. jirovecii, are not yet 
included in the CAM. In summary, the CAM appears 
to be an accurate model for describing the interrela-
tionships between two types of polymicrobial com-
munities, which could explain the occurrence of 
PEx in pwCFs, the progression of the disease, and the 
change in microbiota diversity over time.

Intra- and Interkingdom Correlation Networks in 
PwCFs

NGS-based studies of the mycobiome (and micro-
biome) allow the detection of possible positive or 
negative intra- or interkingdom correlations (co-
occurrence or co-exclusion between fungi and/or 

bacteria). This is achieved by constructing a correla-
tion matrix from the entire set of microbial data. The 
correlation matrix can then be represented graphi-
cally as a correlation network [91]. Some authors 
have constructed correlation networks for the bacte-
rial microbiome of pwCFs, but few have done so for 
the mycobiome or to study possible bacterial-fungal 
correlations [15, 48, 90]. In their study of the fungal 
and bacterial microbiomes of 33 pwCFs, Soret et al. 
observed several interkingdom correlations (at the 
genus level) between fungi and bacteria. In particular, 
they observed three clusters centered on Aspergillus, 
Candida and Scedosporium, which showed positive 
or negative correlations with different bacteria [15]. 
Among all the statistical correlations identified, the 
authors selected one between Aspergillus and Strep-
tococcus for in  vitro testing to determine the bio-
logical relevance and potential for a real interaction. 
Their findings demonstrated that Aspergillus growth 
was enhanced by two species of Streptococcus. Ange-
bault  et al. also constructed correlation networks 
based on the fungal and bacterial microbiomes of 56 
pwCFs, identifying other correlations between fungi 

Fig. 3  The “Climax-Attack” model for CF airways. The “Cli-
max-Attack model” is an ecological model adapted to explain 
the progressive loss of microbial diversity and the replacement 
of pioneer communities by adapted communities to CF air-

ways. The figure was adapted from the articles of Quinn et al. 
npj Biofilms Microbiomes. 2016; Soret et  al. Sci Rep. 2020; 
Conrad et al. Am J Respir Cell Mol Biol 2013 [15, 89, 90] and 
created, in part, with BioRe nder. com

https://www.biorender.com/
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and bacteria (unpublished data). To date, an increas-
ing number of interactions between microorganisms 
(intra- or interkingdom) have been explored in the 
CF context. These interactions can vary widely in 
nature and include direct physical interactions, mixed 
biofilm production, quorum-sensing-related interac-
tions, bacterial release of volatile organic compounds, 
competition for nutrients and siderophores, changes 
in susceptibility to antimicrobial agents, and so forth 
[69, 92]. For example, several interactions between 
A. fumigatus and P. aeruginosa or S. maltophilia or 
between C. albicans and P. aeruginosa have been elu-
cidated [67, 68, 92–97]. Intra- and interkingdom cor-
relation analysis based on NGS microbiome studies 
may highlight possible unknown interactions between 
microorganisms, but these interactions must be tested 
in experimental models to verify their biological 
relevance.

The New Era of CFTR Modulators and Their Effects 
on the Mycobiome

Symptomatic therapies have long been employed to 
treat inflammation, lung dysfunction and chronic air-
way infections in pwCFs. The advent of CFTR mod-
ulators has led to remarkable improvements in lung 
function and health status in approximately 90% of 
the CF population, depending on the mutation(s) car-
ried [98–100]. Among other effects, the use of CFTR 
modulators has led to significant changes in the res-
piratory bacterial microbiome of pwCFs includ-
ing increased bacterial richness, alpha diversity and 
reduced rates of specific pathogens, such as P. aerugi-
nosa [101–104]. Regarding fungi, different authors 
have demonstrated that CFTR modulators have the 
potential to reduce the rate of colonization by Asper-
gillus [32, 47, 103–105]. Heltshe et al. reported a sig-
nificant reduction in the number of pwCFs positive 
for Aspergillus in their sputa during the year follow-
ing the introduction of CFTR potentiator, ivacaftor 
[104]. Bessonova et al. utilized the CF national reg-
istries from the USA and the UK to report a decrease 
in the prevalence of Aspergillus colonization between 
patients treated with and without ivacaftor [105]. 
Frost et al. observed a reduction in the prevalence of 
Aspergillus colonization over three years in patients 
treated with ivacaftor [103]. Chesnay et  al. also 
observed a reduction in Aspergillus-positive cul-
tures in pwCFs under combined CFTR modulators 

(elexacaftor/tezacaftor/ivacaftor) [47]. The authors 
also demonstrated a reduction in the amount of anti-
Aspergillus precipitating IgG and total IgE [47]. This 
finding suggests a potential effect of CFTR modula-
tors on APBA and Aspergillus sensitization [47]. 
In an experimental study, Currie et  al. showed that 
CFTR modulators do not have a direct fungicidal 
effect on Aspergillus. Nevertheless, they have been 
demonstrated to reduce the production of reactive 
oxygen species by CF phagocytes in the presence 
of Aspergillus [106]. The available data on changes 
in the overall mycobiome (taxonomic composition, 
diversity, and dynamics) due to CFTR modulators 
are currently limited [32]. Following the bacterial and 
fungal microbiota of 41 pwCFs for six months after 
the introduction of CFTR modulators (lumacaftor/
ivacaftor), Enaud et  al. observed no changes in the 
fungal (or bacterial) load, α- or β-fungal (bacterial) 
diversity or the abundance of specific taxa [107]. In 
contrast, Hong et  al. observed an increased fungal 
α-diversity among pwCFs treated with CFTR modu-
lators as compared to those without [52]. It is hypoth-
esized that the observed changes in the respiratory 
mycobiome are linked to improved lung function and 
reduced chronic inflammation resulting from the res-
toration of CFTR channel functions. Further studies 
on the long-term effects of CFTR modulators on the 
lung mycobiome are necessary.

Conclusion

To date, the NGS-based approaches used for study-
ing the mycobiome of the RT in pwCFs are mostly 
TA-NGS. For the time being, SMg methods have 
limitations in describing the lung mycobiome due to 
the difficulty in precisely identifying microbial com-
munities of low abundance (low fungal load). Many 
variations have been described in mycobiome stud-
ies. This can be explained not only by geographi-
cal data but also by variations in the design and the 
NGS-based protocol chosen. The pathophysiological 
role of Candida spp. and Saccharomycotina yeasts, 
as well as P. jirovecii in the context of CF, remains 
to be determined. As for the bacterial microbiome, 
the diversity of the RT mycobiome decreases over 
time in pwCFs, as recurrent PEx occur and lung 
damage progresses. NGS-based studies permit the 
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identification of correlations between microorganisms 
within and between kingdoms, which may lead to 
the discovery of novel interactions between microor-
ganisms in the CF context. The climax-attack model 
has been proposed to describe the complexity of the 
lung CF bacterial and fungal microbiota and explain 
their dynamics of change over time. With the use of 
CFTR modulators, significant changes in the myco-
biome (and microbiome) of pwCFs are anticipated 
in the coming years. Consequently, it will be essen-
tial to continue investigating the mycobiome of RT in 
pwCFs.

Key Research Questions About the RT 
Mycobiome in CF

• Technical improvement of metagenomics proto-
cols (design, universal targets, databases, bioinfor-
matics pipelines, standardization, etc.) for mycobi-
ome analysis

• Contribution of TA-NGS and SMg to determining 
prevalence of yeast and filamentous fungi com-
pared to culture-based methods

• Use of RT mycobiome (detected through TA-NGS 
or SMg) for diagnostic or prognostic purposes in 
CF

• Understanding the role of all prevalent fungi in 
CF (including Candida, Malassezia, Exophiala, P. 
jirovecii, etc.)

• Geographic environment, age, exacerbation or 
CFTR modulators in the evolution of RT mycobi-
ome

• Bacterial and fungal associations in the RT of 
pwCF: mixed biofilms and therapeutic implica-
tions
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