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Abstract Fungal respiratory colonization of cystic

fibrosis (CF) patients emerges as a new concern;

however, the heterogeneity of mycological protocols

limits investigations. We first aimed at setting up an

efficient standardized protocol for mycological analysis

of CF sputa that was assessed during a prospective,

multicenter study: ‘‘MucoFong’’ program (PHRC-06/

1902). Sputa from 243 CF patients from seven centers

in France were collected over a 15-month period and

submitted to a standardized protocol based on 6 semi-
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selective media. After mucolytic pretreatment, sputa

were plated in parallel on cycloheximide-enriched

(ACT37), erythritol-enriched (ERY37), benomyl

dichloran–rose bengal (BENO37) and chromogenic

(CAN37) media incubated at 37 �C and on Sabouraud–

chloramphenicol (SAB27) and erythritol-enriched

(ERY27) media incubated at 20–27 �C. Each plate

was checked twice a week during 3 weeks. Fungi were

conventionally identified; time for detection of fungal

growth was noted for each species. Fungal prevalences

and media performances were assessed; an optimal

combination of media was determined using the Chi-

squared automatic interaction detector method. At least

one fungal species was isolated from 81% of sputa.

Candida albicans was the most prevalent species

(58.8%), followed by Aspergillus fumigatus (35.4%).

Cultivation on CAN37, SAB27, ACT37 and ERY27

during 16 days provided an optimal combination,

detecting C. albicans, A. fumigatus, Scedosporium

apiospermum complex and Exophiala spp. with sensi-

tivities of 96.5, 98.8, 100 and 100%. Combination of

these four culture media is recommended to ensure the

growth of key fungal pathogens in CF respiratory

specimens. The use of such consensual protocol is of

major interest for merging results from future epidemi-

ological studies.

Keywords Cystic fibrosis � Molds � Aspergillus �
Filamentous fungi � Mycological examination � Lung
mycobiota

Introduction

Cystic fibrosis (CF) is a major genetic disease

affecting more than 28,000 and 35,000 people in the

USA and Europe, respectively [1–3]. In France, 6,369

people were suffering from this orphan disease in 2014

[2]. Autosomal recessive mutations affecting the

cystic fibrosis transmembrane conductance regulator

(CFTR) gene which encodes a chloride channel

characterize the disease. This leads to dysfunction of

this membrane transporter involved in the maintaining

of the electrochemical balance of epithelial cells,

especially in bronchi [4], and therefore to thick

secretions and impaired mucociliary clearance in the

respiratory tract. The mucus impaction leads to a

chronic bacterial and fungal colonization of the

airways, resulting in subsequent epithelial inflamma-

tion and damages that finally end to progressive lung

function decline [3, 4].

Since several years now, the management of CF

patients has favorably evolved, with a marked increase
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in life expectancy (51.6% of adults in the CF

population in 2015 according to the US Cystic Fibrosis

Foundation Patient Registry) [1]. This trend is also

punctuated with a concomitant increase in the median

predicted survival age (?12.6 years within a 29-year

period) and an overall upward trend in the annual

number of lung transplant procedures [1].

However, along with the increase in life expectancy,

fungal colonization and/or infection emerged as a new

concern in CF, as evidenced by the sharp increase in the

incidence of filamentous fungi from respiratory secre-

tions over a 10-year period [6]. Indeed, a significant

number of data places several fungi as key elements in

the natural course of the disease as well as real threats in

case of lung transplantation [5, 7, 8]. Thus, assessing the

real occurrence of fungal species in the CF airways, as

well as deciphering their clinical relevance, ismore than

ever of high medical importance [3, 4]. Several

epidemiological studies, mostly observational and

retrospective, have been designed to clarify the contri-

bution of fungi to lung deterioration in CF [9–15].

However, the heterogeneity in study design and the lack

of standardization of mycological protocols hinder

exhaustive epidemiological investigations and hold

back from making a thorough picture of the current

fungal situation in CF [3, 6, 16, 17]. As recently

proposed, optimization of routine laboratory culture

methods and implementation of consensual approaches

to ensure an efficient and robust recovery of fungi from

sputa from CF patients are required [16, 18].

In this context, we first aimed at setting up an

effective standardized and consensual protocol for

routine mycological analysis of CF sputa, ensuring

growth of the key fungal species involved in airway

colonization/respiratory infections. To meet this pur-

pose, a multicenter prospective study was conducted

within a large cohort of CF patients in France

(‘‘MucoFong’’; PHRC-06/1902) that allowed us to

propose an optimal protocol for CF sputum mycolog-

ical analysis and to gather epidemiological data

regarding fungal prevalence rates.

Patients and Methods

Study Design and Data Source

This 3-year multicenter prospective observational

study was supported by our national clinical research

program ‘‘PHRC’’ (protocol number 06/1902, acro-

nym: MucoFong). Its overall aim was to make a

thorough and reliable mycological assessment of CF

respiratory tract. For each patient, clinical data

including spirometry, therapeutic, radiological and

biological data along with ABPA criteria were

prospectively collected by clinical staff of the CF

Resource and Competence Centers (CRCM) of

Angers, Bordeaux, Dijon, Dunkerque, Grenoble, Lille

and Rouen (France). One sputum sample was col-

lected per patient into a sterile cup after a water rinse to

prevent excessive salivary contamination as previ-

ously described [16, 19], and the same protocol was

used in all centers for mycological analysis (see

mycological analysis section). This study was

approved by the Institutional Ethics Committees of

Lille University Hospital (Reference Number CPP

06/84), and a written informed consent was provided

by all participants.

Study Population

In each center, patients were included according to the

following criteria: (1) patient with a well-documented

diagnosis of CF with either the two known mutations

in the CFTR gene or an abnormally high sweat

chloride test as required [20]; (2) patient belonging to

one of the participating centers (CRCM of Angers,

Bordeaux, Dijon, Dunkerque, Grenoble, Lille and

Rouen); (3) patient older than 6 years; (4) patient

undergoing a mycological analysis as part of either the

annual microbiological checkup or the clinical man-

agement of an acute pulmonary exacerbation; and (5)

written informed consent form endorsed. Pulmonary

transplant recipients were excluded at baseline.

Mycological Analysis

In all centers, the following standardized protocol was

used.

Sample pre-treatment Sputa were homogenized for

30 min at 37 �C with Digest-EUR� (Eurobio, France)

in a 1:1 (v:v) ratio, and mycological cultures were

performed after direct examination, as previously

described [14, 16, 19, 21] (Fig. 1).

Mycological analysis After incubation, digested

sputa (50–100 lL) underwent direct examination and

were plated onto six semi-selective culture media

(10 lL of digested sample per plate). Remaining sputa
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were stored at -20 �C for further analysis if needed.

Cultures were incubated aerobically for 3 weeks at

various temperatures according to the medium (Fig. 1;

Table 1).

Briefly, all sputum samples were inoculated in

parallel onto 6 agar media (CAN37, SAB27, ACT37,

BENO37, ERY27 and ERY37—see details in

Table 1) to allow growth and identification of the

highest number of fungal species. Characteristics of

each medium and incubation temperature are summa-

rized in Table 1. Volume-limited samples (especially

from pediatric patients) were preferentially cultured

on three media (CAN37, ACT37 and SAB27).

The chromogenic medium (CAN37) enables the

growth of both yeasts and molds but is specifically

designed to identify and quantify yeasts from the

Candida genus through the hydrolysis of chromogenic

substrates, when incubated at 37 �C.
Sabouraud medium with chloramphenicol and gen-

tamicin (SAB27) represents the usual mycological

culture medium, enabling growth of most yeasts and

filamentous fungi, and was routinely used mainly to

detect Aspergillus species when incubated at 20–27 �C.
The Sabouraud or YPDA medium with chloram-

phenicol and cycloheximide (ACT37) is a semi-

selective medium allowing the isolation of slow-

growing molds that are cycloheximide resistant

(Table 1) and therefore facilitating the recovery of

filamentous fungi associated with the more rapidly

growing A. fumigatus.

Dichloran–rose bengal–chloramphenicol (DRBC)–

benomyl medium (BENO37) is based on microtubule

inhibitory properties of benomyl that inhibits growth

or significantly reduces the hyphal elongation, espe-

cially for A. fumigatus. Benomyl and DRBC com-

pounds facilitate the development of slow-growing

filamentous fungi such as Scedosporium species [22].

Plates were incubated at 37 �C.
Erythritol-enriched medium (ERY27 and ERY 37)

is designed to allow the selective growth of the

dimorphic fungus Exophiala dermatitidis, through the

presence of a specific carbon source, erythritol. Plates

were incubated both at 20–27 �C (ERY27) and at

37 �C (ERY37).

Media were checked twice a week. For each semi-

selective medium, the first day of positive culture was

reported, as well as species number and colony counts

for each species isolated. Molds were identified by

their macroscopic and microscopic morphology. For

isolates with atypical morphology, identification was

Fig. 1 Protocol of sputum mycological examination consensually designed during ‘‘MucoFong (PHRC 06/1902) program’’
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confirmed by ITS1-ITS2 and b-tubulin locus sequenc-
ing. Yeasts were identified according to colony color

on chromogenic medium, latex tests and biochemical

patterns (API�/ID 32C, bioMérieux, Marcy-l’Etoile,

France) when necessary. Subcultures of micromycetes

were performed on Sabouraud or YPDA medium in

order to assess precise identification, to determine

their antifungal susceptibility and to preserve them for

any further analysis.

Statistical Analysis

Means of ages or species number were compared

using the Student’s t test. Prevalences were estimated

for each fungal species, and performances of each

growth medium were individually assessed.

Prevalences were compared through Fisher’s exact

test. The optimal combination of growth media

allowing the best detection of a given fungus was

established using decision trees obtained by the

CHAID (Chi-squared automatic interaction detector)

method [23, 24]. Significance was set at p value\
0.05. The statistical software SAS� (version 9.2) was

used for data acquisition and analysis.

Prevalences of each species were calculated among

the entire population and, then, separately among adult

and pediatric populations as follow: For a given

species and a given sputum sample, culture was

considered positive when the species growth was

evidenced on at least one of the six media.

The assessment of growth medium performances

was based on sensitivities (Se) and negative predictive

Table 1 Semi-selective growth media: characteristics, incubation temperatures and specificities

Medium Composition, characteristics Incubation

temperature

Specificities

Chromogenic medium

[CAN37]

Medium based on Candida hydrolysis

of chromogenic substrates, when

incubated at 37 �C. The specific

hydrolysis of the hexosaminidase

chromogenic substrate allows direct

identification of Candida albicans

while the hydrolysis of other

substrates only provides presumptive

species identification for other yeasts

including C. tropicalis, C. lusitaniae

or C. kefyr

37 �C Yeast isolation and identification—two

brands were used according to

centers’ practices: chromIDTM

Candida agar (bioMérieux, Marcy-

l’Etoile, France) or BBLTM

CHROMagarTM Candida (BD

Diagnostics, Le Pont de Claix,

France)

Sabouraud ? chloramphenicol

? gentamicin [SAB27]

Conventional medium used to detect

filamentous fungi, especially

Aspergillus species. Since molds are

environmental fungi, the chosen

incubation temperature was 20–27 �C
to facilitate growth

20–27 �C Filamentous fungi, especially A.

fumigatus

YPDA or

Sabouraud ? chloramphenicol

and cycloheximide

[ACT37]

Media containing 0.5 g/l

chloramphenicol and 0.5 g/l

cycloheximide and therefore allowing

the isolation of slow-growing molds

fungi such as dermatophytes

37 �C Filamentous fungi, especially species of

the S. apiospermum complex—due to

the presence of cycloheximide, this

medium inhibits growth of the

aspergilla, thus facilitating the

detection of Scedosporium species

Dichloran–rose bengal–

chloramphenicol agar

supplemented with benomyl

[BENO37]

This in-house prepared medium

comprises (in g/L): dichloran–rose

bengal agar base, 31.5;

chloramphenicol, 0.5; glucose, 10;

and benomyl 0.008

37 �C Facilitation of the detection of slow-

growing filamentous fungi

Erythritol-enriched medium

[ERY27, ERY37]

This in-house prepared medium is made

up of (in g/L): yeast nitrogen base,

6.7; agar, 25; meso-erythritol, 10; and

chloramphenicol, 0.5

20–27 and

37 �C
Isolation of Exophiala dermatitidis

based on its ability to use erythritol as

substrate
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values (NPV) that were established for each medium,

focusing on fungal species isolated at least in five

sputum samples over the whole sample panel.

To define the optimal combination of growth media

able to detect 99.99% of the opportunistic fungal

pathogens, including A. fumigatus, species of the

Scedosporium apiospermum complex and Exophiala

spp., that were recovered from the ‘‘MucoFong’’

population, we used decision trees obtained by the

CHAID method. This statistical detection tree tech-

nique is based upon adjusted significance testing,

providing highly predictive algorithms of optimal

fungal detection. Using CHAID method with the

chromogenic medium as reference growth medium

(due to its best sensitivity and negative predictive

values for all species combined), we determined which

other medium was the best choice to isolate oppor-

tunistic fungi not found on the reference medium.

Results

General Data of ‘‘MucoFong’’ Population

A total of 300 CF patients were included in ‘‘Mu-

coFong’’ study between July 2007 and October 2008.

Half of our subjects came from Lille and Grenoble (25

and 21%, respectively), while 12, 10, 7, 12 and 14% of

our patients were recruited in Dunkerque, Bordeaux,

Angers, Dijon and Rouen, respectively.

Fifty-seven patients did not expectorate and were

not included in the statistical analysis of mycological

data; then, 243 sputa (one sputum per patient)

underwent mycological analysis. Mean age of the

‘‘MucoFong’’ population was of 21.2 ± 8.7 years

(median and Q1–Q3 interquartile ranges of 21.5,

15.1–24,7 y.o.). No significant difference was

observed between mean and median ages of CF

patients who expectorate and those who did not

(24.04 ± 10.3 y.o. vs. 21.2 ± 7.3 y.o., and 22.5,

Q1: 16.6–Q3: 30.5 y.o. vs. 21.5, Q1: 15.1–Q3: 24.7

y.o.).

Regarding patients who expectorated, from 0 to 5

fungal species were recovered for each patient with a

median number of one species isolated per sputum

(Fig. 2), and 81% of patients had a positive culture for

at least one fungal species (including yeasts). The

mean age of culture-positive patients was significantly

higher than that of culture-negative patients

(24.9 ± 9.2 vs. 20.4 ± 11.2 y.o., p = 0.03). One

hundred and seventy-four sputa were provided by

adult patients (71.6%) and sixty-nine from pediatric

patients (28.4%). Direct examination of sputa

remained negative in 76.3% of cases, while hyphae

and/or yeast forms were observed in 16 and 11.6% of

the cases, respectively.

Species Prevalence Estimation

Species identification was mainly assessed through

conventional methods, ITS and/or b-tubulin locus

sequencing being performed on 5% of fungal isolates.

Considering our global CF population (n = 243),

Candida albicans was the most prevalent species

(58.8%), followed by A. fumigatus (35.4%), Penicil-

lium spp. (10.4%) and species of the S. apiospermum

complex (5.3%), while Exophiala dermatitidis

accounted for only 1.7% of positive cultures

(Table 2). Those prevalences followed the same trend

in both the adult and the pediatric populations

(Table 3).

Candida albicans showed the highest prevalences

among adults (63.3%) and pediatric patients (47.8%).

Non-albicans Candida species accounted for 5.3% of

the 243 sputa, mostly made of C. parapsilosis, C.

glabrata and C. tropicalis.

Fig. 2 Number of fungal species isolated per sputum

(n = 243). Histogram and box plot display data’s dispersion.

Maximum values (ends of the whiskers), interquartile range

(length of the box), median (line through the box) and outliers

(open circle) are represented on the box plot
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Prevalence of A. fumigatus was not significantly

different between our adult and pediatric populations,

this mold being recovered as frequently among adults

(35.6%) and children (34.8%) (p = 0.58). Mean age

of pediatric patients with A. fumigatus-positive cul-

tures was of 13.5 ± 4.0 y.o. Regarding non-fumigatus

Aspergillus species, A. flavus and A. terreus were the

most frequently isolated species (prevalence of 3.7 and

2%, respectively), mainly recovered from adults.

Five percent of our patients exhibited the S.

apiospermum complex in their respiratory secretions.

Prevalence was higher in adults (6.9%) than in

children (1.4%), although this difference was not

statistically significant (p = 0.20). In 75% of the case,

S. apiospermum was associated with A. fumigatus in

cultures. Lomentospora prolificans (previously named

Scedosporium prolificans) was recovered from only

two children.

Exophiala dermatitidis was evidenced from 4

patients (global prevalence of 1.7%), all cases origi-

nating from Northern France. In most cases, this

fungus was associated with A. fumigatus. Exophiala

jeanselmei was isolated from one sputum sample. The

two Exophiala species were considered together for

sensitivity, NPV and CHAID analysis.

Penicillium species ranked the third in our popu-

lation. They preferentially grew at 20–27 �C and were

often recovered on a unique agar plate, with a low

number of colonies.

Individual Performances of Growth Media

for Fungal Species Detection

Individual sensitivities and negative predictive values

of each culture medium regarding fungal species

detection are presented in Tables 4 and 5. CAN37,

Table 2 Prevalence rates

of molds and yeasts

recovered from all CF

patients (n = 243)

a Includes all members of

the S. apiospermum

complex

Cultures Number of patients

(n = 243)

Prevalence rate

(%)

Molds

Aspergillus fumigatus 86 35.4

Aspergillus flavus 9 3.7

Aspergillus glaucus 1 0.4

Aspergillus terreus 5 2.1

Aspergillus ustus 1 0.4

Aspergillus versicolor 2 0.8

Scedosporium apiospermuma 13 5.4

Lomentospora prolificans 2 0.8

Exophiala dermatitidis 4 1.7

Exophiala jeanselmei 1 0.4

Acremonium spp. 1 0.4

Fusarium spp. 1 0.4

Geotrichum spp. 5 2.1

Penicillium spp. 26 10.7

Mucor spp. 1 0.4

Trichoderma spp. 2 0.8

Yeasts

Candida albicans 143 58.8

Candida glabrata 3 1.2

Candida kefyr 1 0.4

Candida lipolytica 1 0.4

Candida norvegensis 1 0.4

Candida parapsilosis 5 2.1

Candida tropicalis 2 0.8
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ACT37 and BENO37 showed high similar sensitivi-

ties (79.3%) and negative predictive values (76.6%)

for C. albicans. Additionally, the chromogenic

medium (CAN37) exhibited the best performances

for detection of non-albicans Candida species

(Se = 61.5%, NPV = 97.9%), establishing it as the

best medium for yeast detection from CF sputa.

CAN37 also showed the best performances for

detection of A. fumigatus (Se = 72.1%,

NPV = 86.7%), followed by SAB27 (Se = 65.1%,

NPV = 84%). The latter, along with ERY37, also

showed high sensitivity (66.7%) and NPV (98.7%) for

detection of A. flavus.

SAB27 and ACT37 were the most suitable media

for detection of the S. apiospermum complex with

sensitivities of 69.2 and 53.9% and NPVs of 98.3 and

97.5%, respectively. It is noteworthy that 3 of the

isolates were exclusively detected through ACT37.

The benomyl-enriched medium (BENO37) showed

lower performances than the two aforementioned

media (Se = 46.2%, NPV = 97.1%).

Three out of the four Exophiala spp. isolates were

recovered exclusively through the erythritol-enriched

growth medium incubated at 27 �C (ERY27).

Establishing the Optimal Combinations of Growth

Media

Decisional trees providing optimal combinations and

allowing to define the best performance to detect a

given micromycete were designed for three fungi or

species complexes, i.e., A. fumigatus, S. apiospermum

complex and Exophiala spp., which were selected on

the basis of their pathogenicity in CF. For each of these

fungi, algorithms were built according to the CHAID

method, based on: (1) our categorical variable, namely

the presence of a given fungus in a given medium; (2)

our reference medium (chromogenic medium

(CAN37)) given its sensitivity and negative predictive

values; and (3) the individual performances of each

medium previously established. According to CHAID

analysis, each of the five culture media was

Table 3 Prevalence rates of molds and yeasts in adults (n = 174) and pediatric (n = 69) CF patients

Cultures Number of adult cases

(n = 174)

Prevalence rate

(%)

Number of pediatric

cases (n = 69)

Prevalence rate

(%)

Molds

Aspergillus fumigatus 62 35.6 24 34.8

Aspergillus flavus 8 4.6 1 1.4

Aspergillus glaucus 0 0 1 1.4

Aspergillus terreus 4 2.3 1 1.4

Aspergillus ustus 1 0.6 0 0

Aspergillus versicolor 1 0.6 1 1.4

Scedosporium apiospermuma 12 6.9 1 1.4

Lomentospora prolificans 0 0 2 2.9

Exophiala dermatitidis 2 1.1 4 2.9

Exophiala jeanselmei 1 0.6 0 0

Fusarium spp. 0 0 1 1.4

Geotrichum spp. 5 2.9 0 0

Penicillium spp. 21 12.1 5 7.2

Mucor spp. 1 0.6 0 0

Trichoderma spp. 2 1.1 0 0

Yeasts

Candida albicans 110 63.2 33 47.8

Candida spp.b 9 5.2 5 5.8

a Includes all members of the Scedoporium apiospermum complex
b Non-albicans Candida species
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categorized as the best choice for isolating a given

species not detected with the reference medium.

The use of the four CAN37, SAB27, ERY37 and

ACT37 culture media allowed the recovery of almost

all A. fumigatus isolates, with a sensitivity of about

99% (85 isolates evidenced over 86). Regarding

detection of the S. apiospermum complex, the com-

bination of CAN37, SAB27 and ACT37 exhibited an

excellent sensitivity, nearly 100%, the cycloheximide-

enriched medium (ACT37) allowing to detect three

missed strains. Erythritol-enriched medium (ERY27)

was the most suitable medium for isolating Exophiala

spp., in combination with SAB27, although the

number of isolates (n = 5) was low.

Finally, the combination of CAN37, SAB27,

ACT37 and ERY27 provided the best sensitivities

Table 4 Individual sensitivities of the different culture media regarding fungal species detection from CF patients (n = 243)

Sensitivity in %

CAN 37 SAB27 ACT37 ERY37 ERY27 BENO37

Molds

Aspergillus fumigatus 72.1 65.1 55.8 61.6 58.1 2.3

Aspergillus flavus 44.4 66.7 11.1 66.7 44.4 0

Aspergillus spp.a 50.0 25.0 25.0 25.0 12.5 0

Scedosporium apiospermumb 30.8 69.2 53.9 30.8 23.1 46.2

Exophiala spp.c 20.0 40.0 20.0 20.0 60.0 0

Penicillium spp. 11.5 46.2 7.7 19.2 61.5 7.7

Yeasts

Candida albicans 79.3 75.9 79.3 58.6 59.3 79.3

Candida spp.d 61.5 53.9 15.4 38.5 23.1 53.9

a Includes Aspergillus glaucus, A. terreus, A. ustus and A. versicolor
b Includes all members of the Scedoporium apiospermum complex
c Includes Exophiala dermatitidis and Exophiala jeanselmei
d Non-albicans Candida species

Table 5 Individual negative predictive values of the different culture media regarding fungal species detection from CF patients

(n = 243)

Negative predictive value in %

CAN 37 SAB27 ACT37 ERY37 ERY27 BENO37

Molds

Aspergillus fumigatus 86.7 84.0 80.5 82.6 81.4 65.2

Aspergillus flavus 97.9 98.7 96.7 98.7 97.9 96.3

Aspergillus spp.a 98.3 97.5 97.5 97.5 97.1 96.7

Scedosporium apiospermumb 96.2 98.3 97.5 96.2 95.8 97.1

Exophiala spp.c 98.4 98.8 98.4 98.4 99.2 97.9

Penicillium spp. 90.4 93.9 90.0 91.2 95.6 90.0

Yeasts

Candida albicans 76.6 73.7 76.6 62.0 62.4 76.6

Candida spp.d 97.9 97.5 95.4 96.6 95.8 97.5

a Includes Aspergillus glaucus, A. terreus, A. ustus and A. versicolor
b Includes all members of the Scedoporium apiospermum complex
c Includes Exophiala dermatitidis and Exophiala jeanselmei
d Non-albicans Candida species
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for C. albicans (96.5%), A. fumigatus (98.8%), the S.

apiospermum complex (100%) and Exophiala spp.

(100%), as well as higher detection sensitivities for

non-albicans Candida species (77%) and non-fumi-

gatus Aspergillus species (77.7% for A. flavus, 80%

for A terreus). Besides, the addition of an erythritol-

enriched medium at 37 �C (ERY37) allowed us to

reach 100% sensitivity for detection of A. fumigatus,

A. flavus and A. terreus.

Estimating Optimal Incubation Period

Regarding the incubation time (in days) necessary for

culture positivity (Fig. 3), the shortest median times

were observed for C. albicans and A. fumigatus (2 and

3 days, respectively), with a range of 2–6 days

required regardless of the culture medium. Scedospo-

rium and Exophiala species required a longer incuba-

tion time (median of 6 and 8 days, respectively). The

longest incubation time required for culture positivity

was seen for the S. apiospermum complex (16 days for

67% of the isolates). Therefore, a incubation time of

16 days should be recommended in clinical practice,

especially when Scedosporium or Exophiala species

are suspected.

Discussion

The ‘‘MucoFong’’ French multicentric project was

designed to establish an optimal culture protocol

efficient for the detection of all fungal species present

in CF sputa and to measure prevalence rates of these

fungi in our CF patients’ cohort. Over the 243 patients

able to expectorate, 81% exhibited positive mycolog-

ical cultures. Half of those patients presented with

only one species, while 37% were co-colonized with

two species, in agreement with previous data

[18, 25, 26]. It appears difficult to compare our results

with previous published data because of the large

heterogeneity of study design, with significant varia-

tions between absolute detection rates of fungi ranging

from 32.4 to more than 80% of positive patients or

from 15.2 to 92.4% of positive samples

[3, 6, 14, 16, 18, 25–30]. Such dispersion can be

explained by several variables: (1) study duration

which greatly varied (between 6 months [27] to

10 years [6]), entailing large variations of sampling

size from less than 100 [25] to more than 600 patients

[6]; (2) study design which exhibited numerous

discrepancies, especially regarding populations’

recruitment and characteristics, or the nature of

respiratory samples (nasal swabs, sputa or bron-

choalveolar lavage fluids); (3) the definition of pos-

itive fungal cultures which was highly flexible as some

authors considered all micromycetes including yeasts

[6, 25, 26, 30], while others focused on filamentous

fungi [18, 27, 28, 31]; (4) the repeated sampling of

chronically colonized patients in some studies which

may have contributed to an overestimation of some

prevalence rates when each biological sample was

considered individually; and (5) finally, the lack of

standardization of culture protocols, particularly

regarding the use and type of sample pre-treatment

Fig. 3 Median (gray bar) and mean (black bar) of the number of days of incubation necessary to obtain positive cultures for Exophiala

spp., Scedosporium apiospermum complex, Aspergillus fumigatus, and Candida albicans
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[21, 31], the number and type of culture media

(selective vs. non-selective agar), the incubation

temperature and time (from 7 [31] to 28 days [18])

or the fungal identification methods used [25]. How-

ever, our high recovery rates are in agreement with the

actual upward trend highlighted by the US Cystic

Fibrosis Foundation Registry [1] and several studies

among which an 11-year American prospective cohort

analysis [6]. Although a true rise in the rate of fungal

colonization among the CF population over time has to

be considered, this may also be explained by the

increase in life expectancy and/or the recent improve-

ment of routine laboratories practices including the

use of selective media and of a prolonged incubation

time [16, 18, 25, 26, 30].

In the ‘‘MucoFong’’ project, patients experiencing

fungal colonization were on average significantly

4.5 years older than patients exhibiting negative

cultures, as already highlighted by several authors

[5, 6, 11, 14, 27]. De Vrankrijker et al. [11] demon-

strated in a cross-sectional analysis involving 259

patients that the airway colonization by A. fumigatus

was independently associated with increased age (OR

4.80, 95% CI 2.2–10.4; p\ 0.001), while Saunders

et al. [14] demonstrated that A. fumigatus isolation was

rare under 9 years old through a retrospective study of

bronchoalveolar fluids obtained from 51 patients in the

UK. This association between age and fungal colo-

nization may be explained by additional variables

(confounders) linked directly to the natural course of

CF disease, such as the use of long-term antibiotic

courses [6, 11] and inhaled corticosteroids [32]. Both

Sudfeld et al. [6] and de Vrankrijker et al. [11]

demonstrated that the fungal colonization was inde-

pendently associated with the chronic use of antibi-

otics on multivariate analysis (OR 1.66, 95% CI

1.20–2.31; p = 0.002 and OR 5.79, 95% CI 3.1–10.8;

p\ 0.001, respectively). This may also explain the

high number of fungal species recovered from oldest

patients. However, difficulties to obtain sputum from

children may have resulted in an underestimated

prevalence of filamentous fungi in younger patients

and created biases in studies based on sputum samples

[33], as illustrated by the higher mean age of sputum-

producing patients in our study (24 vs. 21.2 years old),

although the difference was not statistically

significant.

Taking into account the lack of standardization of

CF sputum processing methods [16, 34] and the need

for a consensual approach allowing better compara-

bility of the data between CF centers worldwide, we

built a standardized culturing protocol using six semi-

selective growth media. To warrant reliability of our

protocol, we assessed the performance of each culture

medium regarding each clinically relevant species and

deduced an optimal medium combination using

CHAID method.

MucoFong protocol was designed, based on the

expertise of the different participating laboratories and

on literature data. Firstly, as sampling techniques may

affect the rate of fungal recovery [17], sputa appeared

to be the best noninvasive option for routine exami-

nation of the CF lung fungal biota [14, 19, 35] under

practices that avoid salivary contamination [19, 21].

Secondly, we applied a mucolytic chemical pre-

treatment in agreement with published studies

[16, 17, 21, 25] and as recently recommended by the

UK Health Protection Agency [17]. Homogenization

of CF sputum does increase sensitivity of the detection

procedures, especially for C. albicans and A. fumiga-

tus [30]. Serial dilutions to prevent the overgrowth of

some microorganisms [30] were not realized because

we used in turn a high number of semi-selective media

to overcome this issue. Finally, incubation tempera-

ture and time (3 weeks at 20–27 or 37 �C, depending
on the medium, Table 1) were selected to ensure

optimal conditions for isolating clinically relevant

fungal species in CF, especially slow-growing fungi

that are difficult to cultivate at body temperature [25].

Our medium choice was intended to be as effective

and relevant as possible for detecting the most

common fungal species colonizing the CF airways.

Chromogenic media best suit for the isolation and

identification of Candida species, as already high-

lighted by Borman et al. [16]. In addition, chro-

mogenic substrates do not seem to interfere with the

growth of Aspergillus spp., CAN37 being also the

most suitable medium for the detection of most of

Aspergillus species (including A. fumigatus), with the

exception of A. flavus.

Sabouraud agar with chloramphenicol and gentam-

icin incubated at 20–27 �C (SAB27) was the most

suitable medium for isolating clinically relevant molds

including A. fumigatus, A. flavus and species of the S.

apiospermum complex, but also environmental spe-

cies such as Penicillium spp., the low incubation

temperature (under 30 �C) likely playing a role in the

isolation of these environmental molds. Antibiotics
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play a crucial role in mycological media as demon-

strated by Nagano et al. [25, 36] with a large increase

in recovery rate of fungi when using antibiotic

combinations. Particularly, the concomitant use of

cotrimoxazole, chloramphenicol, ceftazidime and col-

istin was the most effective at suppressing bacterial

growth including Pseudomonas aeruginosa [36]

which is known to inhibit growth of some fungal

species [37]. These data support the use of agar-based

media with selective antibiotic combinations (usually

gentamicin and chloramphenicol) as standard culture

media for routine mycological analysis of CF sputa

[25, 30].

Culture medium supplemented with cycloheximide

(ACT37) showed high performances for the detection

of the S. apiospermum complex. ACT37 allowed the

growth of three isolates that had not been detected by

conventional media such as SAB27 or CAN37. As

expected, ACT37 exhibited the lowest sensitivities for

detecting rapidly and extensively growing molds like

Aspergillus or Penicillium species, thus facilitating the

selective isolation of slow-growing cycloheximide-

resistant molds. Combination of ACT37 with SAB27

therefore appears to be the best option for detection of

the S. apiospermum complex from CF sputa.

Surprisingly, the benomyl-containing medium

(BENO37) displayed mild sensitivity values for the

detection of S. apiospermum, lower than those of

ACT37 and SAB27 media. Benomyl limitates the

growth of Aspergillus spp. by acting on microtubules

[18] and has recently been included, together with

dichloran, in a culture medium called SceSel?

intended for the semi-selective isolation of the S.

apiospermum complex from highly contaminated

environmental sources [22]. The usefulness of this

medium as a diagnostic tool for the S. apiospermum

complex in CF patients has been highlighted in several

studies [18, 38]. Here, we did not evidence higher

detection rates when using our BENO37 medium

compared with our cycloheximide-supplemented

medium (ACT37), although it remained by far the

most efficient to inhibit growth of the aspergilli. This

discrepancy may be explained by the low prevalence

of the S. apiospermum complex in our cohort

compared to the other studies [18, 38]. Nevertheless,

there is now accumulated evidence that the use of a

selective medium able to inhibit the growth of rapidly

growing fungi from CF sputa is highly recommended

for isolating species of the S. apiospermum complex

during routine mycological examination, especially

given its pathogenicity in transplant recipients

[16, 18, 30, 38, 39].

Finally, the erythritol-enriched medium revealed to

be suitable for recovery of Exophiala species when

incubated at 20–27 �C (ERY27), assimilation of

erythritol being a particularity of these black yeasts.

However, it is noteworthy that the selective advantage

of this medium was lost with a higher incubation

temperature (ERY37), with a sensitivity divided by

three. The low number of isolates cannot allow us to

draw relevant conclusions regarding its use for

mycological analysis of CF sputa. Although some

authors highlighted its usefulness for E. dermatitidis

detection [40], its superiority compared with conven-

tional media such as Sabouraud gentamicin–chloram-

phenicol agar has not been evidenced yet, even when

incubated at ambient temperature [41].

Delay of culture positivity for the most frequent

species, namely C. albicans and A. fumigatus, was

short, 2–6 days, as previously reported [18, 21].

Pathogenic fungi known as slow-growing species

required a longer incubation time, 1 week on average

and up to 9 and 16 days for some isolates of S.

apiospermum complex species and Exophiala, spp.,

respectively. Blyth et al. [18] reported similar delays,

with 96.9% of Scedosporium species-positive cultures

within 10 days of incubation (range 3–14 days).

Regarding Exophiala spp., a 15-day incubation period

is required for growth of most of the isolates (between

4 and 16 days, median time of 8 days), although some

isolates require from 4 [41] to 6 weeks [17, 34]. These

results led the authors to extend the incubation time of

routine mycological cultures of CF sputa to at least

2 weeks, as already implemented within several

centers [16, 17]. In light of our results, we recommend

a similar incubation time of 16 days.

Taking into account individual performances of

each medium and processing our results with an

algorithm based on the CHAID method, we were in

fine able to propose a standardized protocol for

mycological analysis of CF sputa allowing an accurate

detection of all clinically relevant fungal species

(Fig. 4). This protocol is quite easy to implement in

routine laboratories both in terms of technical means

and of financial resources, and provides a clear benefit

by ensuring a relevant fungal diagnosis in peculiar

clinical situations (chronic fungal colonization, aller-

gic diseases or lung transplantation). This procedure
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enhances the detection of all established pathogenic

species, especially those currently under-diagnosed

such as Scedosporium and Exophiala species, with

excellent sensitivity rates ranging from 98.8% (A.

fumigatus) to 100% (S. apiospermum complex and

Exophiala spp.). It also allows to detect fungal species

able to chronically colonize the airways even if their

pathogenicity is still debated such as C. albicans

(sensitivity of 96.5%), non-albicans Candida species

(sensitivity of 77%), A. flavus (sensitivity of 77.7%)

and A. terreus (sensitivity of 80%). The potential

addition of a fifth medium, namely an erythritol-

enriched medium, incubated at 37 �C finally leverages

all Aspergillus species’ detection rates up to 100%.

By using this protocol, A. fumigatus was isolated

from 35.4% of the patients, appearing to be the most

frequent fungus after C. albicans, regardless of patient

age. This result is in agreement with data from

previous prospective studies (median isolation rate of

36.5%, with rates ranging from 5.2 to 88.9% of

positive patients) [3, 6, 14, 18, 25–31, 33, 42–44].

Regarding our pediatric cohort, the mean age of

patients with A. fumigatus-positive cultures

(13.5 ± 4.0 y.o.) is in line with published data,

arguing that the A. fumigatus colonization is uncom-

mon among young children [5, 14, 42]. Particularly,

Cimon et al. [42] reported a mean age of 12.3 years at

the date of the first isolation of A. fumigatus, while

other authors evidenced the increased age (around

23 years old) as a risk factor for chronic colonization

by A. fumigatus [6, 27]. In contrast, we did not

evidence any statistical difference between our adult

and pediatric prevalence rates, maybe because of the

limited size of our pediatric population. Aspergillus

fumigatus stands out as the major lung colonizer

among CF patients [5], all increased age, chronic

Fig. 4 Proposed protocol

for routine mycological

examination of sputum

samples from CF patients
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bacterial lung colonization/infection and antibiotic use

being risk factors for colonization [6, 11, 17, 27].

However, the clinical significance of A. fumigatus

colonization within non-ABPA patients remains

poorly understood yet. Since establishing this fungus

as either a bystander or a pathogen is still a matter of

debate [34], criteria to differentiate A. fumigatus

colonization from infection have been proposed

[17, 25, 45]. Our present work was not focused on

studying clinical relevance of A. fumigatus isolation;

the ‘‘MucoFong’’ database including the entire longi-

tudinal data (2-year follow-up of the patients) is

currently being analyzed. To date, some authors

evidenced an association between persistent A. fumi-

gatus colonization and lower predicted FEV1% or

severe pulmonary exacerbation requiring hospitaliza-

tion [6, 10, 15], while other did not [11]. Additionally,

the administration of itraconazole to non-ABPA

colonized patients found no benefit with respect to

exacerbations or lung function parameters in a recent

double-blinded placebo study, although 43% of

patients did not achieve therapeutic levels [13].

Non-fumigatus Aspergillus species were isolated to

a lower extent, A. flavus and A. terreus accounting for

the most frequent ones (prevalences of 3.7 and 2%,

respectively), as reported in previous literature data

[3, 16, 27, 28, 30, 31, 42, 44], while A. versicolor, A.

glaucus and A. ustus were exceptionally recovered in

CF sputa. Like A. fumigatus, A. terreus has been

reported to chronically colonize the CF airways and

may be involved in ABPA [46].

The S. apiospermum complex ranks the second

among the clinically relevant filamentous fungi iso-

lated in our CF cohort, after A. fumigatus, displaying a

5.3% prevalence rate in line with previous published

data [3, 6, 18, 22, 25, 26, 28, 30, 31, 42, 47]. Inter-

estingly, our result tends to the prevalence rates

reported in studies using selective media for detection

of the species complex [18, 22, 30]. The emergence of

these fungi could be partly explained by the improve-

ment of detection techniques as well as by the increase

in life expectancy and the subsequent use of antibiotics

[18, 48]. Chronic colonization of the airways by these

saprophytic fungi occurs almost exclusively in CF

patients, CFTR mutations therefore being considered

as a risk factor for the airway colonization by

Scedosporium species [5]. Patterns of lung coloniza-

tion by these fungi resemble those of A. fumigatus.

Scedosporium species seem to better settle down in

older patients, as highlighted in our study by the higher

prevalence among adults, and as supported by the

median age of first isolation of the S. apiospermum

complex (14.5 y.o.) reported in a prospective study

[47]. The clinical significance of a persistent colo-

nization still remains unclear. Nagano et al. [25]

considered Scedosporium species as clinically signif-

icant fungi (class I). Sensitization [42] and allergic

bronchopulmonary (ABPA-like) manifestations have

already been described and may contribute to the

progression of the CF lung disease [5, 39, 47, 49].

Similarly, a mere fungal airway habitation may hasten

progressive deterioration of lung function [48] by

causing direct mucosal damages through the produc-

tion of metallopeptidases and serine proteases and by

participating in inflammatory reaction [39]. However,

although some authors have described this phe-

nomenon [48], colonization by Scedosporium species

has not been found to be associated with any clinical

parameters yet [34]. Three-quarters of our patients

presented with co-colonization by Scedosporium

species and A. fumigatus, an association frequently

reported [5, 18, 26, 47] that underlines the need of

selective media designed to limit the growth of A.

fumigatus. The marked mortality of disseminated

Scedosporium infections after lung transplantation in

CF [8] places its systematic research in sputa as a

prerequisite for lung transplantation [5, 49]. Out of the

S. apiospermum complex, we rarely evidenced L.

prolificans. Unlike the S. apiospermum complex, L.

prolificans is not closely tied to CF disease but

preferentially affects individuals suffering from hema-

tological malignancies [50]. However, its high resis-

tance level combined with a high mortality rate should

alert us in case of positive culture.

Candida albicans was the most common fungus

encountered within our cohort, accounting for almost

60%of the patients, with a higher prevalence rate among

adults (Table 3). This result is consistent with published

data showing prevalence rates ranging from 32.4 to

94.6% in CF [9, 16, 25, 26, 29, 30, 42, 43, 51, 52]. A

long-term colonization has been demonstrated in some

studies [9, 26, 51], but its clinical relevance is still

controversial [25, 51, 53]. By participating in the

maintenance of an inflammatory environment, C. albi-

cans could be considered as a real contributor extending

mucosal damages, especially since several authors

evidenced specific serum IgE responses [16, 42]. How-

ever, its significant association with clinical features
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such as pancreatic insufficiency, osteopenia or P.

aeruginosa colonization raises the question of a simple

marker of advanced disease [9, 53].

Prevalence of non-albicans Candida species was

low (5.3% of positive patients), slightly lower than

those of published data (from 10 to 20%)

[16, 25, 26, 29, 30, 51]. Candida parapsilosis, C.

glabrata and C. tropicalis were the main species

encountered within our CF cohort; Candida dublin-

iensis usually recovered in CF prospective cohorts

with a high occurrence was not evidenced here.

Similarly, E. dermatitidis exhibited a lower preva-

lence rate (1.7%) than usually published (around 4%

and up to 17%) [3, 5, 12, 25, 41, 52, 54]. This black

yeast can be considered as a marker of CFTR-related

disease [5, 41] and is often isolated among older

patients presenting with exocrine pancreatic insuffi-

ciency [12, 34, 41], in association with other fungi

[30]. We do not have any explanation regarding our

low prevalence rate despite the use of a selective

media, especially since most of our patients were more

than 12 years old. Such as yeasts from the Candida

genus, a persistent colonization has been described

[30, 54] but its clinical relevance is not well

established yet, although pulmonary infections [30],

sensitization and a significant association with lung

function impairment have been evidenced [55].

Penicillium spp. exhibited a 10.7% prevalence rate,

ranking the third after C. albicans and A. fumigatus.

Their isolation rates vary from 0.6 to more than 20%

depending on the studies [6, 16, 18, 25, 27, 29–31];

their isolation is currently considered as contamina-

tion of the cultures [5] or transient carriage without a

real clinical significance [5, 25].

To conclude, the ‘‘MucoFong Project’’ was set up

in response to the urgent need of developing an

optimal and standardized protocol for the detection of

key fungal pathogens currently involved in coloniza-

tion of the CF airways. This project was based on a

prospective data collection from seven French CF

Resource and Competence Centers and involved 243

patients. Our results enable us to put forward a well-

defined standardized protocol for mycological anal-

ysis of CF sputa ensuring the detection of most of

clinically relevant fungi. This protocol is based on:

(1) a mucolytic chemical pre-treatment of sputum

samples; (2) plating two usual media providing the

growth of most of Aspergillus species and yeasts plus

two semi-selective media facilitating the detection of

slow-growing molds closely related to CF disease,

namely the S. apiospermum complex and E. dermati-

tidis; and (3) a prolonged cultivation period of

16 days (Fig. 4).

The exhaustive analysis of data allowed us to

update epidemiological data of the fungal respiratory

biota recovered among CF patients in France. Our high

fungal recovery rate corroborates the actual rising

trend of fungi in CF. However, the significance of a

positive culture requires to be interpreted with regards

to the clinical context. As reported in the literature, C.

albicans stands out as the most frequent isolated

species—although its pathogenic power remains con-

troversial—followed by A. fumigatus and the S.

apiospermum complex which clearly emerge as cen-

tral key species. Exophiala dermatitidis remains

relatively uncommon despite the use of selective

media.

By overcoming the major bias associated with the

wide heterogeneity of mycological procedures, the

implementation of such consensual standardized pro-

tocol appears to be of major interest for a better global

comprehension of the fungal airway colonization

determinants and for an exhaustive mapping of the

CF mycobiome at the international scale.
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19. Delhaes L, Monchy S, Fréalle E, et al. The airway micro-

biota in cystic fibrosis: a complex fungal and bacterial

community—implications for therapeutic management.

PLoS ONE. 2012;7:e36313.

20. Rosenstein BJ, Cutting GR. The diagnosis of cystic fibrosis:

a consensus statement. Cystic Fibrosis Foundation Con-

sensus Panel. J Pediatr. 1998;132:589–95.

21. Pashley CH, Fairs A, Morley JP, et al. Routine processing

procedures for isolating filamentous fungi from respiratory

sputum samples may underestimate fungal prevalence. Med

Mycol. 2012;50:433–8.

22. Rainer J, Kaltseis J, de Hoog SG, Summerbell RC. Efficacy

of a selective isolation procedure for members of the

Pseudallescheria boydii complex. Antonie Van Leeuwen-

hoek. 2007;93:315–22.

23. Moles DR, Bedi R. A simple technique for data manage-

ment in general dental practice audit. Prim Dent Care.

1997;4:61–5.

24. Song Y, Lu Y. Decision tree methods: applications for

classification and prediction. Shanghai Arch Psychiatry.

2015;27:130–5.

25. Nagano Y, Elborn JS, Millar BC, et al. Comparison of

techniques to examine the diversity of fungi in adult patients

with cystic fibrosis. Med Mycol. 2010;48:166–76.
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