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Abstract Given the complexity of the airway
microbiota in the respiratory tract of cystic fibrosis
(CF) patients, it seems crucial to compile the most
exhaustive and exact list of the microbial communities
inhabiting CF airways. The aim of the present study
was to compare the bacterial and fungal diversity of
sputa from adult CF patients during non-exacerbation
period by culture-based and molecular methods, and
ultra-deep-sequencing (UDS). Sputum samples from
four CF patients were cultured and analysed by DNA
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extractions followed by terminal restriction fragment
length polymorphism analysis through resolution of
bacterial ribosomal gene (rDNA) fragments, and
cloning plus sequencing of part of fungal rRNA genes.
These approaches were compared with UDS method
targeting 16S rDNA gene and the internal transcribed
spacer (ITS) 2 region of rDNA. A total of 27 bacterial
and 18 fungal genera were detected from the four
patients. Five (18%) and 3 (16%) genera were detected
by culture for bacteria and fungi, respectively, 9 (33%)
and 3 (16%) by first generation sequencing (FGS)
methods, and 26 (96%) and 18 (100%) by UDS. The
mean number of genera detected by UDS per patient
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was statistically higher than by culture or FGS
methods. Patients with severe airway disease as
assessed by standard spirometry exhibited a reduced
fungal and bacterial diversity. UDS approach evalu-
ates more extensively the diversity of fungal and
bacterial flora compared with cultures. However, it
currently remains difficult to routinely use UDS
mainly because of the lack of standardization, and
the current cost of this method.

Keywords Microbiome - Mycobiome - Cystic
fibrosis - 16S rDNA - ITS2 - UDS

Introduction

The average life expectancy of patients with cystic
fibrosis (CF) has greatly increased over the past
50 years, and this is arguably attributed to the intro-
duction of antibiotic therapy to treat bacterial lung
infections as the most important factor [1-3]. Despite
this progress, gradual loss of lung function remains the
cause of mortality in 90% of CF patients [1, 4]. In terms
of laboratory investigations, Pseudomonas aeruginosa
and Staphylococcus aureus bacteria are deemed
responsible for the majority of respiratory tract exac-
erbations in adults CF patients and are often detected
by conventional culture method [5—7]. However, other
opportunistic microorganisms, such as Aspergillus
spp. or anaerobes, can also cause such exacerbations,
yet their detection using the conventional methods
alone is sometimes difficult [8, 9]. Even if fungi are part
of the rare biosphere, they still exhibit the ability to
cause severe exacerbations [9-11]. In microbiology
laboratory practice, conventional culture-based meth-
ods are the most widely used to diagnose fungal and
bacterial exacerbations. These methods focused
mostly on individual organisms rather than the whole
microbial population and are only semi-quantitative.
On the contrary, culture-independent molecular
approaches can identify the entire microbial popula-
tion present in respiratory samples but are also semi-
quantitative. Molecular methods based on first gener-
ation sequencing (FGS), such as Terminal restriction
fragment length polymorphism (T-RFLP) profiling for
bacteria [12, 13] or cloning and sequencing the internal
transcribed spacer region (ITS) of ribosomal DNA
(rDNA) after PCR amplification (ITS-PCR cloning)
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for fungi [14], have been proposed to assess the
microbial diversity of CF respiratory samples, but were
seldom implemented in microbiological laboratories
practice, mainly because they are time-consuming.
More recently, ultra-deep sequencing (UDS) methods
have been used to explore the airway microbiome in CF
patients [6, 15, 16], but only a handful of studies looked
at the presence of fungi and bacteria together [17-20].
However, the application range of this method in
routine microbiology analyses of CF respiratory spec-
imens remains to be defined.

The aim of the present study was to examine the
bacterial and fungal communities, in terms of relative
abundance and diversity, in four sputum samples from
four adult CF patients during the non-exacerbation
period using three methods: microbial cultures, molec-
ular methods based on FGS, and UDS method which
targets variable regions of bacterial 16S rDNA and the
ITS2 region of fungal rDNA. We demonstrated the
concordance of results obtained from culture and
sequencing methods, highlighted comparison points
for the most prevalent genera, and then we discussed
the advantages and disadvantages of each method, in
particular in microbiological laboratory investigations.

Materials and Methods
Patients and Samples

Patients with well-documented diagnosis of CF (ho-
mozygous or heterozygous for the F508del mutation)
were eligible for the study if clinically stable (i.e. if
they had no exacerbations over the entire year
preceding the follow-up). A staff physician collected
clinical data including spirometry, therapeutic, radio-
logical and biological data at each medical visit. An ad
hoc Ethics Committee (Comité de Protection des
Personnes, CPP 06/84) approved the study, and all
study participants were given complete information
and all signed written consent form [17].

Microbiological Analysis of Sputa

Sputum samples were collected by expectoration into
a sterile cup after rinsing the mouth with water to
prevent excessive salivary contamination and then
processed as described in previous studies [17].
Briefly, after pre-treatment, digested sputa were
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inoculated simultaneously onto ten growth media
including: (1) chromogenic medium; (2) in-house
Sabouraud glucose peptone agar with 0.5 g/L chlo-
ramphenicol and 0.5 g/L cycloheximide; (3) in-house
Sabouraud glucose peptone agar with 0.5 g/L chlo-
ramphenicol and 0.5 g/l gentamicin; (4) dichloran-
rose Bengal chloramphenicol agar supplemented with
benomyl; (5) two erythritol-enriched media; (6)
chocolate PolyViteX agar; (7) Columbia colistin-
nalidixic acid agar; (8) Bromo Cresol Purple agar; (9)
blood agar; and (10) Cepacia agar. All media were
purchased from bioMérieux (Craponne, France),
except Cepacia agar from AES Laboratory (Com-
bourg, France). They were aerobically incubated at
37 °C, except Cepacia agar which was incubated at
30 °C, and the in-house Sabouraud glucose peptone
agar and one erythritol agar which were incubated at
27 °C. Colonies growing on these media were iden-
tified using conventional methods.

DNA Extraction

Total DNA was extracted from sputa using the High
Pure PCR Template Preparation kit (Roche Diagnos-
tics, Meylan, France) as described in other studies
[17]. The DNA was then quantified by using Pico-
Green DS DNA quantification kit (Molecular Probes,
Leiden, The Netherlands).

Molecular Characterization of Bacteria by T-
RFLP

Amplification of a conserved region of the 16S rRNA
gene of bacteria was performed using the 8f700
oligonucleotide primer labelled at the 5’ end with
IRD700, and the reverse unlabelled primer 926r
primer, as described in the literature [12]. After PCR
amplification, 20 ng of PCR products were digested
with the restriction endonuclease Cfol enzyme
(Roche, United Kingdom) and then analysed by using
a 25-cm SequagelXR denaturing acrylamide gel
(National Diagnostics, Hessle, UK) for fragment
length separation on a LICOR apparatus (Biosciences,
Lincoln, US) as described by Daniel et al. [21]. T-RF
band lengths and volumes were determined by com-
parison with marker microSTEP 15a (700 nm) (Mi-
crozone, Lewes, UK) using Phoretix one-dimensional
advances software (version 5.10; Nonlinear Dynam-
ics, Newcastle upon Tyne, UK), and expressed as a

percentage of the total band lane volume. The
resolution region of the method ranged from 50 to
950 bases with a detection threshold of 0.01% of total
profile signal, allowing determining the number of
T-RF bands detected in each sample and their relative
abundance in the four samples.

Molecular Characterization of Fungi by ITS
Analysis (ITS-PCR Cloning)

The primers ITS1 and ITS4 [22, 23] were used to
amplify the entire internal transcribed spacer rDNA
region. A 5 pl-aliquot of each PCR product was
cloned using the TOPO-TA cloning kit (Invitrogen,
[lkirch, France) followed by transformation into the
competent E. coli DH5 alpha cells (pGEM®t easy
vector system, JM 109 competent cells, Promega,
Charbonniéres-les-Bains, France) according to the
manufacturer’s recommendations. The presence of the
insert in the colonies was checked by real-time PCR
amplification using M13 forward (5'-GTAAAAC-
GACGGCCAG-3) and reverse (5- CAGGAAA-
CAGCTATGAC -3’) primers. The qPCR reactions
were carried out on a LightCycler® 480 (Roche,
Mannheim, Germany) in a 20 pl final reaction volume
containing 1X LightCycler® 480 SYBR Green I
Master (Roche Diagnostics, Meylan, France),
500 nM of upper and lower primers (ITS1-1TS4),
and 5 pl of boiled E. coli supernatant. After initial
denaturation at 95 °C for 8 min, PCR was performed
using 50 cycles at 95 °C for 10 s, 60 °C for 10 s, and
72 °C for 15s. PCR products were identified by
melting curve analysis. Clones showing the same
melting curve patterns were grouped in a single taxon,
and five representatives of each taxon were sequenced
using BigDye Terminator cycle sequencing kit v3.1
protocol (Applied Biosystems, Courtaboeuf, France).
Sequences sharing over 99% identity were grouped in
the same species or genus.

Fungal and Bacterial UDS Analyses

Two sets of primers were used to amplify the 16S
rDNA (V3 region) and ITS2 loci from bacteria and
fungi, respectively, as described in the literature [17].
Amplicon libraries were prepared using GS Junior
Titanium Kits and pyrosequenced on a GS Junior
(Roche/454 Life Sciences, Branford, Connecticut,
USA) according to manufacturer’s recommendations
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(GenoScreen, Lille, France). Data generated from
sequencing were trimmed and analysed using the
Metabiote® pipeline (GenoScreen). Potential chi-
meras, reads with poor-quality scores (<20), short
reads (<150 for 16S rDNA, <100 for ITS2),
homopolymers, singleton or doubleton 16S rDNA
reads were removed. OTUs were created applying
complete-linkage clustering with 97% similarity cri-
teria (UClust v1.2.22q [24]. The OTUs’ annotation
was performed using RDP classifier against Green-
genes (release 13_8) and UNITE databases for 16S
rDNA and ITS2, respectively, and applying criteria of
>98% homology with reference sequences and <10~>
e-values [25].

We computed rarefaction curves representing the
number of genera (or sections) identified per reads to
assess the number of bacterial and fungal taxa
expected to be found in the analysed samples, and to
evaluate deep sequencing effort in terms of taxonomic
diversity findings. We also computed Shannon diver-
sity index and Shannon evenness index to compare the
homogeneity in the microbiota composition of the
samples. Shannon evenness indicates the distribution
of individuals over genera, whereas Shannon diversity
index takes into account two features, richness and
evenness. The value of the diversity index increases
both when richness increases and when evenness
increases. For a given number of genera, the value of a
diversity index is maximized when all genera are
equally abundant.

Statistical Analyses

The comparison of the mean number of genera
identified with each method (culture, molecular char-
acterization by PCR-T-RFLP for bacteria and ITS-
PCR-cloning for fungi, and UDS analysis) was
performed using the Friedman variance analysis test
for paired data with a significance level of <0.05.

Results

Samples and Patients

We collected four sputum samples from four CF adult
females, aged between 22 and 39, who were part of a

long-term follow-up program at “Centre Hospitalier
Régional Universitaire de Lille” (MucoFong project)
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and of whom two were homozygous for the FS08 del
mutation and two were heterozygous. All were
colonized by at least one fungus (yeast or filamentous)
during the year before sampling. Patients 2 (P2) and 3
(P3) were treated with inhaled corticosteroids; P2
received long-term azithromycin; P2, P3, and P4
received more than 3 systemic antibiotic courses over
the year prior to sampling, and P3 was on per os
itraconazole treatment for an allergic bronchopul-
monary aspergillosis (ABPA) caused by A. fumigatus
(detected in sputum) over the last year. The spiromet-
ric parameters (Forced Vital Capacity, FVC; and
Forced expiratory volume in one second, FEV,) were
low only for P1 and P2. For a healthy patient, FEV,
should be greater than or equal to 90% and FEV,/FVC
> 90%.

The basic characteristics of the four patients at
enrolment are summarized in Table 1.

Diversity of Microbial Communities as Evaluated
by Each Method

Culture using cultures, one or two bacterial species
were detected per patient (Figs. 1, 2): Proteus
mirabilis and P. aeruginosa for Pl; Haemophilus
influenzae and P. aeruginosa for P2; Stenotrophomo-
nas maltophilia for P3 and S. aureus for P4. Both
mucoid and non-mucoid P. aeruginosa were identi-
fied. No mycobacteria were recovered. Fungi detected
by culture were Candida albicans, A. fumigatus and
Scedosporium apiospermum for P1 and P4, and C.
albicans and A. fumigatus for P2 and P3 (Fig. 3).
FGS methods: T RFLP and ITS PCR-cloning for
bacteria and fungi detection, respectively, with T-RFLP
the bacterial richness was highly variable between
patients and ranged from 1 to 8 genera per patient, with a
median of four genera (Fig. 1). P1 appeared to be
colonized exclusively by Pseudomonas sp. (100%,
although Proteus sp. was highly represented in culture,
Fig. 2); P2 was colonized by Haemophilus sp. and
Pseudomonas sp.; P3 by Pseudomonas sp., Streptococ-
cus sp., Escherichia sp., and several facultative or
obligate anaerobes such as Prevotella sp., Veillonella
sp., and Rothia sp. However, P4 had the most diversified
flora with several anaerobes, Streptococcus sp., Hae-
mophilus sp., Escherichia sp., and Staphylococcus sp. In
three out of the four patients (P2, P3, and P4),
unidentified bacteria were found by T-RFLP, ranging
from 1.5 to 15% of the total taxa. The mean number of
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Fig. 1 Boxplot comparison of bacterial (a) and fungal (b)
taxonomic diversity in the airway microbiota from four CF
patients using three methods: culture, first generation sequenc-
ing and ultra-deep sequencing (UDS, 454 technology). The fop
and bottom boundaries of each box indicate the 75th and 25th
quartile values, respectively, and the lines within each box

genera per patient as detected by T-RFLP was not
statistically different from that found by -culture
(p = 0.56) (Fig. 1).

Using ITS-PCR-cloning, a total of 400 clones
containing the correct insert size (approximately
650 bp for the whole ITS region) were collected per
patient. For each patient, 100 clones were sequenced
and the remaining 300 clones were analysed using
melting curves. All sequences exhibited a similarity
score of >99% when compared with the reference
sequences present in the GenBank database. Overall, 1
or 2 fungal genera were identified per patient, which
was not statistically different from that revealed by
culture (p = 0.16) (Figs. 1, 3).

UDS method using UDS approach, we obtained a
total of 15,837 trimmed reads for the bacterial 16S
rRNA gene and 18,477 reads for the fungal ITS2
locus. For all samples, the rarefaction curves repre-
senting the number of genera (or sections) identified
per read reached a plateau, indicating that almost all
the microbiota present in each sample were detected.
Overall, 99.2% of bacterial reads (clustered in 248
OTUs) and 98.3% of fungal reads (434 OTUs) were
attributed to a genus or a section level.
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represent the median values. Ends of whiskers mark the lowest
and highest diversity values in each instance. The overall
comparison of the three methods by Friedman variance analysis
test for paired data was significant for both bacteria (p = 0.038)
and fungi (p = 0.018). The significance of method-to-method
comparisons is shown with asterisks on the plot

The median number of detected bacterial genera
was 11, ranging from 3 to 22 per patient, which was
significantly different from findings from conven-
tional approaches (p = 0.038) (Figs. 1, 2). We could
not find bacterial genera common to the four patients,
and we could not identify a bacterial core (1%) [26],
i.e. some bacterial genera were found with a relative
abundance of more than 1% in three of the patients.
The four patients had highly variable bacterial
profiles: P1, P2, and P3 harboured mostly cultivable
genera, whereas P4 had over 50% of poorly or non-
cultivable genera, since P4 was essentially colonized
by anaerobes including Prevotella sp. (23%), Lep-
totrichia sp. (22.5%) and other anaerobes. This last
patient also received 7 antibiotics courses in the
previous year, probably eliminating most of the
conventional pathogens.

The median number of fungal genera or sections
recognised via UDS was 8.5, ranging from 9 to 14,
which was statistically different from findings from
conventional approaches (p = 0.018) (Figs. 1 and 3).
The fungal core was represented by Aspergillus
section Fumigati (relative abundance >70% in 3/4
patients) and Penicillium sp. (relative abundance
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Fig. 2 Taxa plots summarising the relative abundance of bacterial genera identified in respiratory samples from four CF patients (P1,
P2, P3 and P4) by three methods: culture, first generation sequencing (T-RFLP) and ultra-deep sequencing (UDS, 454 technology)

varying from 1.5 to 9% in 4/4 patients). Of note, for
P1, A. fumigatus was found by culture but not detected
by ITS-PCR cloning or UDS, which could be
explained by a possible contamination event during
culture (Fig. 3). Candida spp. were detected in all
patients (predominantly C. albicans); however, their
relative abundance found with UDS for P2 and P3 was
low (0.81 and 0.2%, respectively), especially when
compared with their relative abundance in culture (6.7
and 28.60%, respectively). Malassezia spp. were
found at low relative abundance (0.5%) for P1 and
high relative abundance for P3 (17.8%), with a

predominance of Malassezia restricta (data not
shown).

Analysis of Microbiota Richness According
to Lung Function

P1 and P2, who had a severe respiratory disease as
assessed by standard spirometry (FEV; < 50%)
(Table 1), exhibited a reduced fungal and bacterial
diversity as represented by Shannon equitability and
Shannon diversity indexes compared with P3 and P4
(Fig. 4).
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Fig. 3 Taxa plots summarising the relative abundance of
fungal genera or sections identified in respiratory samples from
four CF patients (P1, P2, P3, and P4) by three methods: culture,

Comparison of the Three Methods

Overall, 27 bacterial and 18 fungal genera were
detected from the four patients. Five (18%) and 3
(16%), 9 (33%) and 3 (16%), 26 (96%) and 18 (100%),
were detected by culture, FGS methods, and UDS for
bacteria and fungi, respectively. The median number
of genera detected per patient by UDS was signif-
icantly higher compared with that detected by culture
or FGS methods (Fig. 1). On the other hand, no
significant difference was noticed between the median
number of detected genera by culture and FGS
methods. Nonetheless, T-RFLP detected for P3 and
P4, who had the highest bacterial diversity,
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first generation sequencing (ITS-PCR cloning—sequencing)
and ultra-deep sequencing (UDS, 454 technology)

respectively, 4 and 5 additional bacterial genera
compared with culture. With culture-based methods,
only major cultivable species (e.g. Pseudomonas,
Stenotrophomonas, Haemophilus, Staphylococcus,
and Proteus for bacteria, and Aspergillus, Scedospo-
rium, and Candida for fungi) were detected. These
major species were also detected by the two other
methods; however, FGS methods showed limitations
and missed Candida spp. in P2, P3, and P4, Scedospo-
rium species in P4, and Proteus species in P1.

Less abundant species and the species that require
specific media or conditions to grow were not detected
by culture-based methods. For example, the Malasse-
zia, which were detected by UDS, were not detected
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Fig. 4 Relation between bacterial (a) or fungal (b) richness and
lung function expressed as FEV and FVC values. Total richness
of bacterial or fungal communities from each patient was
expressed using Shannon diversity index and is represented by
proportional spots of different colours. Red spots represent

by culture (Fig. 3). Likewise, anaerobes were detected
by T-RFLP and UDS but not by culture (Fig. 2).

Discussion

Although culture-based methods have been widely
used for the analysis of bacterial and fungal diversity
in respiratory samples of CF patients, these techniques
have significant limitations. Few culture-independent
strategies have already been developed to replace or
complement them [12, 13, 15, 16, 26]. In the present
study, we did a comparative analysis of the bacterial
and fungal communities compositions and structures
of the airway microbiota of four adult CF patients
using two culture-independent methods (T-RFLP and
ITS-PCR cloning as FGS approach and UDS method),
and a conventional culture-based strategy.

Our findings are complementary to those of previ-
ous studies [17-19, 27, 28], showing major differences
between the fungal and bacterial community compo-
sition and structure in sputa from CF patients. First, the
number of fungal genera per patient was smaller than
the number of bacterial genera, which is consistent
with the fact that the fungal microbiome (or myco-
biome) belongs to the rare biosphere [29]. Every
individual’s microbiome contains thousands of
microbes, of which 99.9% belong to only a few
species, and the less abundant (<0.1%), but more
diverse, components of the microbiome constitute the
rare biosphere according to Huffnagle and Noverr

FVC (%)

patients with a highly impaired lung function (P1 and P2), green
spots represent a patient with mildly impaired lung function
(P3), and blue spots represent a patient with preserved lung
function

[29]. Interestingly, this rare biosphere contains less
fungal species compared to bacterial species. Sec-
ondly, at the individual level, the bacterial microbiota
did not demonstrate a high degree of diversity (3—22
genera/patient) and was dominated by a small number
of genera with high relative abundance. No bacterial
core was identified and each patient had a unique
bacterial profile. This was consistent with the results of
previous studies showing that the airways of CF
patients harbour a reduced bacterial diversity com-
pared to healthy subjects and are associated with a
high degree of inter-individual variability and only a
small number of common taxa [17, 26, 28, 29]. In
contrast, we identified a fungal core since Aspergillus
Section Fumigati and Penicillium were present in 75%
of the patients with moderate to high relative abun-
dance [17, 30]. This result can easily be linked to the
past A. fumigatus colonisation in 3/4 patients during
the year prior to sampling.

Depending on the employed method, the assessed
bacterial and fungal diversities were significantly
different. If all three methods were able to detect the
most predominant, easily cultivable genera, as true or
potential pathogens, we observed that FGS methods
were sometimes unreliable, especially regarding
fungi. However, in patients with high bacterial diver-
sity profiles, T-RFLP did better than culture and
detected a higher number of genera [12, 13]. Com-
pared with both culture and FGS methods, UDS has
proven to be more efficient and more reliable,
providing precise taxon identification, even with low
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abundance (additional 17 bacterial and 15 fungal
genera detected compared with FGS methods). More-
over, the bacterial flora was exhaustively identified
using UDS with only <0.5% of unidentified sequences
versus 5% with FGS methods. As culture relies on a
priori selection of organisms with specific culture
media and conditions, UDS evidently reveals a much
higher diversity for both bacteria and fungi [17]. Apart
from the inherent limitations of T-RFLP and ITS-PCR
cloning, e.g. T-RFLP is based on amplicon size
determination and its resolution power is sometimes
too weak to separate organisms that produce very
close or similar fragment sizes [13, 31], UDS allows a
much higher sequencing depth and therefore detection
of less abundant or rare microorganisms. The superior
efficiency of UDS versus culture method is easily
attributed to the UDS ability to detect uncultivable,
difficult to cultivate, or rare microorganisms, like
some fungal species [17]. Compared with FGS, UDS
efficiency is mostly related to the depth of the new
generation sequencing as well as to the inherent
limitations of T-RFLP and ITS-PCR cloning.

Among the bacterial genera identified only through
molecular methods (22/27), we found, as expected, a
variety of obligate or facultative anaerobic genera
which are difficult or impossible to detect using
standard culture methods. Although the majority of
these genera (13/22) were associated with very low
relative abundance (<1% per patient), a few of them
were markedly represented. For instance, Streptococ-
cus, Prevotella, Veillonella, Leptotrichia, Selenomo-
nas, Rothia, Actinomyces and Porphyromonas were
major taxa in the sputa of 2/4 patients. These genera
are known as major members of the oral bacterial
microbiota [32] and they have already been described
as part of a complex signature characterizing the
microbial profile of CF airway microbiota [28, 29].
Currently, the role of anaerobic bacteria is not well
understood in CF lower airway disease. Studies have
shown that the relative abundance of anaerobes
fluctuates in the lower airways of CF patients, and
that a reduced lung function and increased inflamma-
tory reaction were associated with a decrease in
anaerobic load [8, 33].

Among the fungal taxa identified via molecular
methods only, eight were not rare taxa (relative
abundance >1% in at least one patient). Two of these
genera (Penicillium and Cladosporium) are environ-
mental fungi, often isolated from respiratory
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secretions by cultures; two (Malassezia and Saccha-
romyces) are transient or persistent human commensal
yeasts; one (Bjerkandera) is both a wood-rotting
macromycete and an agent of asthma exacerbation;
and the three others (Gloeotinia, Parastagonospora,
Pseudopithomyces) are cereals pathogenic fungi.
Except for the cereals fungi, which probably have a
food-borne origin, the other fungi are known to be part
of the CF airway microbiota [17, 19, 32, 33]. Unlike
bacteria, these fungal genera (except Malassezia) are
cultivable using standard Sabouraud dextrose agar.
However, in CF patients, the conventional fungal
cultures are sometimes subjected to bacterial over-
growth mainly by predominant bacteria, such as P.
aeruginosa, which can hinder the growth of some
fungi, thus explaining the lower efficiency of culture
method to isolate the whole fungal biota.

Briefly, UDS is a powerful method to identify
dominant taxa, estimate their diversity, and detect
minor or difficult-to-cultivate taxa, such as Malassezia
spp. or anaerobes. As it has been described previously,
about 60% of the species inhabiting the airways of CF
patients are not detected by cultures; thus, UDS
appears to be a suitable tool for further exploration of
CF respiratory flora [17]. Furthermore, UDS methods
are able to discriminate the fungal taxonomic level
genera and sometimes the level of the section, such as
Fumigati or Flavi, whereas culture-based methods do
not give these precisions that are important in the
therapeutic management of patients.

However, UDS methods also have inherent bias
sources, mostly related to extraction protocols or
choice of amplification targets, which can lead to
misrepresentation of some bacterial or fungal taxa
[34-36]. In our study, for instance, the identification of
major cultivable taxa concurred between culture-
based method and UDS; however, we observed
significant variations in terms of relative abundance
between the two methods. In one patient, we found
50% of Proteus via culture, whereas UDS detected this
genus at a low abundance (<1%). To fully apprehend
the CF airway microbiota, its disturbances, and the
clinical manifestations associated with, it is vital to get
a true picture of the bacterial and fungal community
structures. For this purpose, minimizing UDS biases
and thus defining robust standardized protocols,
especially regarding extraction protocols and PCR
amplification target, will be of major interest. Differ-
ent extraction protocols, mostly adapted for stool
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samples and the corresponding gut microbiota analy-
sis, have been tested for bacterial diversity assessment
[37], but few studies have focused on protocols
dedicated to both bacterial and fungal extractions,
especially in respiratory specimens [38]. Available
data highlighted the great variation of the relative
abundance of the major and minor fungal taxa from
one extraction protocol to another, whereas the
bacterial community structure appeared more
stable (Angebault et al. Poster 0977, ECCMID 2017)
[35]. In terms of fungal target choice, ITS1 is the most
commonly used [38]. However, its added value
compared with ITS2 has not been demonstrated yet.
In addition to the technical optimization of UDS
method, the metagenomic approach should probably
be used in combination with (rather than instead of) an
optimized version of culture, such as the culturomics
approach. The latter is based on the use of multiple
culture media under various conditions (temperature,
duration of incubation) to assess, as exhaustively as
possible and without the UDS biases, the microbiota
[39, 40]. Moreover, maintaining a culture-based
approach will also allow assessing antibiotic and
antifungal susceptibility testing of patient isolates, an
essential step in patient’s management. Finally, UDS
allows the simultaneous detection of fungi and bac-
teria which is rarely done. But the cost, time and
analysis capacity needed for UDS are not appropriate
for routine use in clinical microbiology laboratories.
In conclusion, our study, despite the limitations
related to the small number of enrolled patients,
highlighted benefits on UDS for fungal and bacterial
population detection. With UDS method, we were able
to detect taxa, not revealed by culture or FGS methods,
at relatively high proportions, and to designate a
mycobiota core composed of Aspergillus belonging to
the Fumigati section and Penicillium sp. which was
consistent with the patient past history of A. fumigatus
colonisation the year before. Similarly to other studies
[17,27], we observed a reduced diversity of fungal and
bacterial communities in patients with impaired lung
functions (low FEV, and FCV). These data reinforce
the major interest of using well-characterized UDS
approach in combination with other appropriate
methods in clinical laboratories to fully analyse the
CF airway microbiota, to understand the ecological
processes of CF airway microbiota during non-exac-
erbation periods, and to open new path towards better
CF healthcare oriented to halt fungi or bacteria-related

disease progression. Beside these bacterial—fungal
interactions, it is also likely that other agents, such as
viruses, play an important role in the CF airway
microbiota [41].
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