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Résumeé

Résumé

Aujourd’hui, la contamination de I'environnementéieur par des moisissures aéroportées est
considérée comme un probléeme de santé publique.méthodes analytiques classiques de
surveillances, basées sur la culture et l'ideatifim microscopique, présentent des limitations
liées a la dépendance vis-a-vis de la culture ¢éthps requis pour les analyses.

Par conséquent des biais peuvent étre introdutiganmment concernant la fraction morte
(champignons non-cultivables ou morts), pouvantrapotentiellement un impact sur la santé

humaine.

Dans ce contexte, les outils moléculaires semb&trg d’excellentes alternatives pour la
surveillance des contaminations fongiques aéropertd’intérieurs. Ainsi, différents outils
moléculaires ont été développés lors de cette hawedétecter et identifier les champignons dans
I'air intérieur (qPCR SYB®yreen, High Resolution Melting (HRM), Luminex xMARt NGS).
L'objectif étant d'améliorer la détection des comtents fongiques, la fraction morte inclue, par
rapport aux méthodes de surveillance classiquemiiigées, mais également d’améliorer les

connaissances actuelles sur la contamination foegaéroportée d'intérieur.

Ainsi, un test PCR en temps réel (QPCR) a été dppél pour la détection Alspergillus
versicolor,une moisissure pathogene de I'air intérieud’Exophiala jeanselmgiune moisissure
pathogéne suspectée de faire partie de la "fractiorte”. Bien que validée selon des critéres
stricts prouvant la qualité des outils développdss limites, notamment concernant la
discrimination des espéces génétiquement prochegsratltiplexage ont été observées.

Dans cette thése, la premiére question a été eépalul'utilisation d’'une analyse post-PERJh
Resolution MeltindHRM). Utilisé tel unproof of conceptle HRM a été testé sur/spergillus
génétiquement procheé.(versicolor Aspergillus crebeet Aspergillus sydowjidémontrant que

son utilisation peut améliorer le suivi de ce tggecontaminants.

La problématique du multiplexage a été résolue egracla technologie Luminex xMAP
Développé pour la détection simultanée de 10 nwmists fréquemment observées dans l'air
intérieur. Ainsi, il a été démontré que l'introdoct de cette technique dans un protocole de
monitoring permettrait de réduire le temps d’analgs, in fing, le temps de transmission des
résultats a I'équipe médicale en charge du patigependant, puisqu’une sélection des espéces a
identifier est nécessaire avant I'analyse, cettdrtelogie ne convient pas pour I'étude de la
diversité fongique.

Dans ce contexte, la technologiext generation sequencifiiyGS) semble offrir une alternative
valable en tant qu'outil universel d’identificatioies moisissures intérieures. Dans cette étude, la

fraction « morte » a été investiguée grace a uatyse NGS métagénomique, permettant par la
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méme occasion de détecter pour la premiéreHoijganselmedans l'air intérieur. De plus, une
analyse de la diversité fongique de l'air intériguiovenant de résidences contaminées a été
réalisée démontrant qu'une analyse NGS métagénenpegut contribuer a l'amélioration des
données sur la diversité fongique aéroportée dieg nécessaire au développement de méthodes
de détections, ainsi que de tests immunologiguegsentatifs de cette diversité.

Les méthodes développées ainsi que les résultaswblors de ce doctorat sont une premiere
étape pour une meilleure compréhension du lientatisentre les champignons aéroportés

présents dans l'intérieur de I'habitat et la samitélique.



Summary

Summary

Currently, contamination of the indoor environmégtfungi is suggested to be a public health
problem, although scientific evidence on the calisklis still limited. The monitoring of indoor

airborne fungal contamination is a common tool éphunderstanding the link between fungi in
houses and respiratory problems. Classical mongomethods, based on cultivation and
microscopic identification, have some limitatiorfsor example, uncultivable or dead fungi

(“unknown” fraction) cannot be identified, althoutitey could have an impact on human health.

In this context, molecular tools seem to be a \@&ialternative. In this PhD work, different
molecular tools were developed, from simplex totipldx, to detect and identify indoor airborne
fungi. The goal was to improve the detection ofgaincontaminants, including the “unknown”
fraction, as compared to the currently used claksitonitoring methods. The necessary air
sampling and DNA extraction protocols, adapted he tlownstream molecular monitoring
methods have also been developed. Through thecappti of the developed tools to specific case

studies, we aimed to improve the current knowleatyéungal contamination.

At first, we developed a specific ITS-based SYBRen real-time PCR (qPCR) assay for
Aspergillus versicolgra species frequently observed in indoor air amowk to be allergenic.
Additionally, an ITS-based qPCR assay was develdpedhe specific detection dExophiala
jeanselmeia pathogenic yeast suspected to be a part dtitthmown fraction”. The performance
of these qPCR methods was assessed. This compalésoonstrated that SYBBreen qPCR
assays can be used as a molecular alternative doitaning of contaminated samples while

eliminating the need for culturing and thereby édeably decreasing the required analysis time.

However, gPCR has some limitations especially aorieg the discrimination of genetically close
species and multiplexing. The first issue was ahr@ through the usef post-gPCR high
resolution melting (HRM) analysis, providing a pfod-concept for this approach, using 3
closely relatedAspergillus,i.e., A. versicolor Aspergillus creberand Aspergillus sydowii This
HRM tool will allow a more accurate monitoring tiese closely related indoor air contaminants,
thereby contributing to an improved insight in tteusal link between the specific presence of

these species and health issues

The multiplexing issue was overcome through a LemixMAP® assay, developed for the
simultaneous detection of the 10 most frequentlyingoor air found fungi. All the species
identified with the classical method were also det@ with the xMAP assay, however in a
shorter time frame, and using less sample matdriat assay will improve the communication

with the involved medical team and the patient.
To provide scientific evidence for the causal libktween indoor airborne fungi and health
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problems, the full diversity needs however to bentdied. This cannot be achieved by using a
targeted assay. Therefore, next generation sequediGS) could offer a valuable alternative as
an open approach multiplex monitoring method. AnSMéased metagenomics approach was used
to investigate the “unknown” agents in air sampésffices in contact with air-conditioning
reservoirs and showed the first detectiorEofeanselmein indoor air. Finally, a metagenomics
analysis was performed to investigate the indooboane fungal diversity in contaminated
residences in Brussels where people with healtbl@nes were living. This demonstrated that
NGS could contribute to improved data concerning idoor airborne fungal diversity, as

compared to the currently used classical methods.

The methods developed in this PhD work and theglnsiobtained are a first step for a better

understanding of the causal link between indodraaive fungi and public health.



Abbreviations

Abbreviations

pl
ACq
AG

Ac
Aversi_|ITSassay

BCCM/IHEM
BLAST
BLAST

bp

CFU
CFU/m3
CFU/m3
CFU/mlI
C,

Cq
CRIPI

CTAB

ddNTP
DNA
dNTP
dsDNA

E
EDTA
Ejeanselmei_IT&ssay

ELISA
ENGL
EPA
ERMI

FNR
FPR
FRET

9
gDNA

GIGA
GMO
Gs

HPLC
HRM analysis

IgE
IgG
ITS

microliter
guantitative cycle difference
Gibb’s energy

Avogadro’s constant
qPCR SYBRyreen assay developed for the detectioAsgfergillus
versicolor

Biomedical Fungi and Yeasts Collection
basic local alignment search tool
standard nucleotide BLAST

base pair

colony forming unit

colony forming unit per cubic meter
colony forming unit per cubic meter
colony forming unit per milliliter
genomic copy number

guantitative cycle

Cellule Régionale d’Intervention en Pollution Ingmrefrom Brussels

Environment
hexodecyltrimethylammonium bromide

2',3’-deoxythimidine triphosphate
desoxyribonucleic acid

deoxynucleotide triphosphate

double stranded desoxyribonucleic acid

efficiency
ethylenediaminetetraacetic acid
qPCR SYBRyreen assay developed for the detectioBxafphiala
jeanselmei
enzyme-linked immunosorbent assay
European Network of GMO Laboratories
Environmental Protection Agency of the Uniiates of America
environmental relative moldiness index

false negative ratio
false positive ratio
fluorescence resonance energy transfer

unit of speed

genomic desoxyribonucleic acid

Groupe Interdisciplinaire de Génoprotéomique Appdig
genetically modified organism

genome size

high performance liquid chromatography
high resolution melting analysis

immunoglobuline E
immunoglobuline G
internal transcribed spacer



Abbreviations

ITS-1
ITS-2

I/min
LDA
LNA
LOD
LSU

m
m3

Mb
MEA
MFI

MFI

mg

min

ml
MSQPCR
MUSCLE
My,

NCBI
ND
ng
NGS
NTC
NRL

OoTu

PacBio
PC
PCR
PG
PNA

gPCR

r
R2
RAST
RCS
rDNA
RFU
RNA
RSDr

S
SAPE
SBS

SD

SMRT
SMRT
spores/m3
SSuU

internal transcribed spacer 1
internal transcribed spacer 2

liter per minutes

ligation dependent amplification
locked nucleic acids

limit of detection

large subunit of ribosomal RNA

amount of DNA
cubic meter
megabase
malt extract agar
median fluorescence intensity
median fluorescence intensity value
milligrams
minutes
milliliters
mold-specific gPCR
multiple sequence comparison by log-exp#xia
base pair mean molecular weight

National Center of Biotechnology Information
not determined

nanograms

next generation sequencing

no template control

National Reference Laboratory

operational taxonomic unit

Pacific Biosciences

positive control

polymerase chain reaction

pulse group of the air-conditioning system
peptide nucleotide acids

real-time polymerase chain reaction

repeatability

coefficient of determination
radioallergosorbent test

Reuter Centrifugal Samplaslus — air sampler
ribosomal DNA

relative fluorescence unit

ribonucleic acid

relative standard deviation of the repeatability

seconds
streptavidin-R-phycoerythrin
sick building syndrome
standard deviation
sequencing single-molecule real-time segagnc
single molecule real-time sequencing
spores per cubic meter
small subunit of ribosomal RNA

vi



Abbreviations

SN

Tm
Taqg
TMAC
ULg

VFMs
VOCs

WHO
WIV-ISP

XMAP

signal-to-noise ratio

melting temperature

Thermus aquaticuU®NA polymerase)
tetramethylammonium chloride

University of Liege

volatile fungal metabolites
volatile organic compounds

World Health Organisation
Wetenschappelijk Instituut Volksgezondheid — its8tientific de
Santé Public

MAP: multi-analyte profiling, x: the unknown

Vii



Contents

Contents

RESUME ...ttt et e e bbbt n e e e e e annne [
SUMMIATY ettt et e et e e e et e e e et ettt eeeeaeeeaeeeeaessssas e saeaeeeeaeeesessssssnnnnneeeseessnnnns ii
ADDIEVIATIONS ...ttt %
(©70] 0115 | KT P TP PPURRTRTTP viii
LISt Of FIQUIES ... s Xiv
IS A ) N = 1] =2 P XV
Chapter 1

General introduction, rationale and outline of D thesis.............ccccvviiinnnnnnn. 1

1.1. Indoor air pollution and public health . ...cooeeeeiiiiiee. 1

1.2.  Fungi: definition, reproduction, classificatiand ecology............c.ccoeeeeeeinnn. 2
1.2.1.  The KIngdom Of FUNQI .....uuuiiiiiiiaaeaee e 2
1.2.2. Morphological characteristics of the vegegagirowth ............................ 3
1.2.3. Reproduction..........ccoooiiiiiiiieeeee e, 4
1.2.4. ClasSIfICALION..........ooe i e e e e e e e e eeeeeeennanes 6
1.2.5. T oT0)] 0] V2R 8

1.3.  Fungal contamination of indoor environment..............ccccooeeiiiiiiiineeen. 9.
1.3.1. Indoor airborne fungi and public health.............................co 11
1.3.2. Fungal immunological testing.........cccceeeeieiiieiiiiieeeaen 15
1.3.3. Some important fungal species found indadr a

their clinical relevance ................oooi e 17

O S VT o F=1 I 4o a1 o] 10T S 22

1.4.1. Fungal Sampling........cooooiiiiiiiimeeee e 23



Contents

1.4.2. Classical method for fungal identificationlture and microscopic

(0023 =T 00 011 0 F= 4o o ISP PPEPPPRR 26
1.4.3. Molecular tools for fungal detection ..............eeveiiiiiiiiiiiiaiieee e, 21.
1.4.4, Quantitation of the indoor air fungal conitaation................................. 37
Rationale and outline of the thesSiS ..., 38
Chapter 2
Development and performance assessment of a divaligYBR°green real-time
PCR assay for the detectionAdpergillus versicolom indoor air..................... 41
2.1 1] oo {3 Tox 1 o] o TP 43
2.2 Materials and Methods ... e 45
221 Fungal Strains ........oooiiiiiiieiiee et 45
2.2.2 Culture conditions and DNA extraction..........cccccceeevviiiiiiiiiieeeneeeennnnns 45
2.2.3 Design Of PrIMErS........ooiiiiiieeeeeeeeeeeeeeeeeee s 47
2.2.4  Qualitative SYBRyreen qPCR @SSAY .......cccccvevevevverersmmmememaseneeennann. 48
2.2.5 Strain confirmation: Sequencing and theaaklig calculation .............. 49

2.2.6  Aversi_ITSassay: Performance assessment...........mmm-eeeeeeeeeeeee.. D0

2.2.7 Environmental testing: Inhibition test ccccc...ooovvvvievii, 1.5

2.2.8 Environmental testing: Proof of concept ..., 52
2.3 RESUIS .t 53

231 Design and selection of A. versicolor gPCiIR@r pair..........ccccceeeeeennn. 53

2.3.2  Aversi_ITSassay: Performance asseSSMENLt ..o eeeeeeeieenenn. D3

2.3.3 Proof of concept: Environmental teSting .ccce..oovvvvvvevvveeiiiiiiiiiiiiies 59
2.4 DISCUSSION ..ottt ettt ettt e e e e et e e e e e e e mmn e e 63

Chapter 3

A molecular approach for the rapid, selective amsgive detection dExophiala
jeanselmein environmental samples: Development and perfoomassessment

Of @ real-time PCR @SSAY .......uuuiiiiiiiiieieceeieeeeeeeeies s e e e e e e e e ennnne e 69
3.1 INErOAUCTION ...t e e e 71
3.2 Materials and Methods ............cooiiiiiiiii e 73

3.2.1 FUNQal STraiNS ........ooiiiiiiieeeees et eee e mmmmme e 73



Contents

3.2.2 CUlture CoONAItIONS ...t 73
3.2.3 DNA @XEFACTION ....eviiiiiiiiiie ittt ierme sttt emmeean 73
3.2.4. PrimMer deSIigN ..o 75
3.25 Qualitative SYBRYreen qPCR @SSAY .........ccveveviveeeeseememmmmesevseenenns 75
3.2.6 Inhibition test (pure CURUIES) .......cccccmvviiiiiiiiiieiiiiiiiiiieeeeeee e A ©
3.2.7 SEOUENCING ..ottt mmmmmme ettt e e e e e e e r e e e e e e e e e mne e e e 77
3.2.8 Theoretical T CalCUIAtION .......vveeiiie et e eeens 77

3.2.9 Ejeanselmei_IT&ssay performance assessment............cowoeeeee 11

3.2.10 Proof-of-concept: Environmental teStinGu......cccovvvvviiiiiiiiiiiiiiiiiiiinnns 79
3.3 RESUILS ...ttt e e e e e rmmmne e 80
331 Design and selection of gPCR primer paila........cccceeeeeeeeiiiiiieieennee, 80
3.3.2 Ejeanselmei_IT&ssay performance assessment............ooomm oo 83
3.3.3 ENnvironmental teStNG .......uuueeeiiiereeeeeviieivevii e e 89
3.4 DISCUSSION ..ottt ettt e e e e e e e e mnn e e 90
Chapter 4
Discrimination of three genetically clos&spergillus species by using high
resolution melting analysis applied to indoor aircase study.............cccccceeeeees 95
4.1 BacKgrouNd .......coooeeieee e 97
4.2 RESUIS ..ottt e 98
42.1 HRM assay development ............eeveeccee e 98.
4.2.2 Symmetric and asymmetric DNA concentratiGh.ie..............ccvvveeee. 104
4.2.3 SpeCifiCity aSSESSMENT..........ieiieeeeeeee et 106
4.2.4. Proof-of-ConCept ... 106
4.3 DISCUSSION ...ttt ettt e e e e e e e e e e e ammnnee s nnnes 108
4.4 CONCIUSIONS ....cciiiiiiiie ittt ettt ettt e e sneeeesre e e e 111
4.5  Material and MethodS..........ccuviiiiicmeeee e 111
45.1 Strains, culturing and DNA iSOlatioN .. ccceeeivvviiiiiiiiiiieeeeee e, 111
45.2 QPCR and high resolution melting (HRM) caodis........................... 111
453 HRM data @nalySiS........ccoooiiee s e eesaees s ae e e e e e e e e e e e e e eean 112
45.3 Sensitivity test: Limit of detection ............ccccoeeeiiiii . 113
4.5.4. Symmetric and asymmetric DNA concentratést.t................ccvveeeeee. 113
455 SPECIfICItY ASSESSMENL......ceviveiitieeeeeeei e 114



Contents

4.5.6.

Chapter 5

Proof-of-concept using environmental air [®@sn...............cooeeeeeeeeen.n. 114

Development and performance assessment of a LumkMAP® Direct
hybridization assay for the detection and iderdtfmn of indoor air fungal

CONTAMINALION ...ttt mmrrre et e e e e e eennn e e as 116
5.1 INErOAUCTION .....oiiiiiiiiiiiii e e 118
5.2 Materials and Methods ... 120

5.2.1 Fungal strains and DNA iSOlatioN ......ceeweeevvveveriiiiiiiiireee e e 120
522 PCR amplifiCatioN...........ceuuuiiiitm e e e eeeeeeeeeee e eeeeeeeeeeeeeeeeeeeeeneees 122
5.2.3 Probe Selection ..o 122
524 Probe coupling to XMAP beads ... 122
525 Coupled beads hybridization and MagPix amalys...............ccccccuueeee. 123
5.2.6 Data analysis and interpretation.......ccccc....c..oovvvveviiieeiieeiiieviiinnnn. 123
527 SPECITICITY TEST...iiiiiiiiiiiit e 124
5.2.8 Proof of concept with real-life environmergamples .................cc....... 125
5.3 RESUILS ...ttt e e e e s rmmmne e 126
531 Probe Selection ..........cc.ovviiiiiceece e 126
5.3.2 SPECITICITY TEST...iiiiiiiiiiiit e smmmne e 127
5.3.3 Proof of concept using environmental samples............cccoeeeeeeeeeennn. 133
5.4 DISCUSSION ...ciiiiiiiiiie ettt ettt e e e emme e 136

Chapter 6

Exploiting the advantages of molecular tools fa thonitoring of fungal indoor

air contamination: First detection Bkophiala jeanselmen indoor air........... 141
6.1 INEFOAUCTION ... 143
6.2  Material and MethodS............ooiiiimmmece e 145

6.2.1 SAMPIING e 145
6.2.2 ClassiCal @NalYSiS .......uuuuuuiiiiiimmmmmmm e e e eee et 147
6.2.3 DINA EXIraCHON ...t eemmme e e e e eneens 147
6.2.4 (0 =08 = o 1= T=T o 1V P 147
6.2.5 Massive parallel SequUEeNCING ........oocccooceeeeeeeeeeeeeeeeeeeeeeee 148
6.2.6 Bio-informatics analysis .............oceeceeee e 148

Xi



Contents

6.3 RESUILS ...ttt e e e e emmmne e 149
6.3.1 Classical analysis by CUltUNiNg ......cccooeeeeeieeeieeee 149
6.3.2 JPCR ELECHON ....vviiiiiiieee it 153
6.3.3 Massive parallel SEQUENCING .......coocccceeeeieeeeeeeeeeeeeeeeeeaes 154

6.4  Discussion and CONCIUSION ..........ooiieummeiiiieiee e meees 158

Chapter 7
Exploring the indoor airborne fungal community wahmetagenomic approach
and next generation SEQUENCING .......cvvvvuuuuuuieiieeeeeeeeeeeeeeeiannnn e e e e e e eneas 162

7.1 INEFOAUCTION ... 163

7.2 Material and MethOdS. ...........cooiiimmmer e 165
7.2.1 Sample COIECHION ...t e 165
7.2.2 ClassiCal @NalYSiS .......uuuuuiieiiicmmmmmm e ee e 165
7.2.3 DINA EXIraCHON ...t eemmme e e e e e eeeeans 165
7.2.4 Massive parallel SEQUENCING ........ooccceeeeieeieeeeeeeeeeeeeeees 165
7.2.5 Bio-informatics analysSis ..........oooi oo 166
7.2.6 Statistical analySiS........cooiii it 167

7.3 RESUILS ...ttt e e e e s rmmmmne e 168
7.3.1 Description of sample collection.........ccccccovviiiiiiiiiiiii 681
7.3.2 Classical analysis: relative abundance aedisprichness................... 171
7.3.3 Massive parallel sequencing data analySiS..........covvveeeeeeiieeeireeennns 179
7.3.4 Clustering: ITSone database .........ccccccceeeeiiiiiiiiiiiiiieee, 179
7.3.5 Clustering: UNITE database ...........ccccemmurriimmiimmmiiiiiaaaeaaaeeeeeeeeeenns 801
7.3.6 ANOVA @NAIYSIS ...oeeiiei i 181

T4 DISCUSSION ..ottt ettt ettt e e e e e e e e e e e e e e e s s ammmeee s e annes 181

Chapter 8

General conclusions and future PerSPECHVES . .cevvvveeeriiiiiiiiiieeeeeeeeeeeee 187
APPENAIX A e e ettt e e e e et e e et rb b ———mm—eeeerees 196
Supporting information for Chapter 4.........cccceeiiiiiiiii e 196

Xii



Contents

APPENIX B ..ttt eeeeee 201
Supporting information for Chapter 7.........ccooeeiiiiiiii e 201

(1] o] [ToTo] =1 o ) V2N PRPTPPPPRT 210
List Of pUBICALIONS ........eveeiiie e 230
CUITICUIUM VITB ... e 232
ACKNOWIEAGEMENT ... eeeenne 233

Xiii



List of Figures

List of Figures

1.1.Worldwide distribution of fungal allergy 2
1.2. Relathionship between organisms referred to fungi . 3
1.3.Fungal life cycle: the example of Ascomycota 5
1.4.Phylogeny and classification of FUNGI e 8
1.5. Schematic reprensentation of the allergenic readgipes |, Il,

AN IV 12
1.6. RAST test - schematic PriNCIPI 16
1.7. Figure 1.4: ELISA test — schematic prinCiple 16
1.8. Stages Andersen cascade impactor mimicking thesitegn in the

FES IR O Y (TG, 24
1.9.(a) RCS air sampler (b) Hycon Agar StripS. 25
1.10. The SartoriusSTM AIrPOI M 8 e 25
1.11. (a) Corioli8 p sampler (b) concentration of particles into the

U SaMID 26
1.12. Internal transcribed spacer region and 1T8eYS 28
1.13. SYBRgreen and TagM&massays.__ 13
1.14. (a) Bead-suspension array detection by C@iEecaimager (b) read-out of liquid

bead suspension array with a laser read-QU. 32
1.15. Sanger sequencing — schematic principle 34
1.16. lllumin& sequencing technology — schematic principle 35
1.17. Pacific Bioscienc&gechnology- schematic principle. 36
1.18. Schematic outline of the thesis 40

Xiv



List of Figures

(b) the difference temperature DlOt 100
6.1. Neighbor Joining tree obtained with the wasemples . 154
6.2. Neighbor Joining tree obtained with the amglkes 155
7.1. Classical analysis: Relative abundance peiespe. . 171
7.2. ITSone clustering: Relative abundance per OTU . 179
7.3.UNITE clustering: Relative abundance per OTU 180

B1 General phylogenetic tree obtained during thisteling analysis of all air samples using the
ITSone database as reference 208

B2 General phylogenetic tree obtained during thisteting analysis of all air samples using the
UNITE database as reference 208

XV



List of Tables

List of Tables

2.3.C4 values obtained during the six runs of the linfitletection estimation for the
Aversi_ITSYBR green qPCRassay
2.4. Limit of detections result€{mean, SD and % positive) fwversi_ITSSYBR®Green

3.3.C4 values obtained during the six runs of the linfidletection estimation for
theEjeanselmei_IT§PCR SYBRgreen assay
3.4. Limit of detection results fd@&jeanselmei_IT§PCR SYBRgreen assay

3.5. Environmental testing on water from air-coiodiing reservoirs

4.1. Species discrimination by HRM analysis

4.2. Limit of detection of HRM assay

4.3. Symmetric, asymmetric and specificity assessmiedifferent mixes

4.4. Environmental test

5.1. Fungal species and probes used in this study

5.2. Composition of DNA Mixes analysis

5.3. Simplex xMAP analysis

5.4. Multiplex xMAP® analysis to test the bead- probe specificity

5.5. DNA Mixes analysis

5.6. Limit of detection a of the fungal Lumirfeassay

101
103
105
107

121
125
128
129
131
132

134

135
139

XVi



List of Tables

6.1. Detection oE. jeanselmein indoor air and water in air-conditioning system

Classical analysis and qPCR 146

and sequencing analysis comparison 150

comparison 151

sequencing data and clustering results 156

7.1. Overview of air samples taken, sample andéobaracteristics and global fungal

AIVOT S Y 169
7.2. Classical and metagenomics analysis: Speetesmination and

ADUNGANCE 172
AL SPIKE 1St TOSUI S 197
A2 Melting temperature obtained for the speciemftbeVersicoloresgroup______ 200

B1 Full data obtained during the classical cultobased and the bio-informatics approaches 202

XVii



General introduction, rationale and outline of B thesis

Chapter 1

General introduction, rationale and outline of B thesis

1.1Indoor air pollution and public health

Currently, poor indoor air quality is consideredagsublic health issue, this is important as people
spend increasing times in indoor environment sushathome, in residential buildings or
professional buildings (Asikainen et al. 2016; B#ein et al. 2008; Bruce et al. 2000; European
Environment Agency 2013; United States EnvironmeRtatection Agency 2016; World Health
Organization 2009). Three groups of airborne compsuare indexed as major indoor air
pollutants i.e., smoke, volatile organic compourf§f©Cs) and biological agents (European
Environment Agency 2013; Revah and Morgan-Sagastd@f@b). 'Smoke’ groups all the
products from the outdoor or indoor obtained by immbustion, especially from traffic, heating
or cooking and cigarette smoking. The second gafupdoor air pollutants includes all VOCs
released in gaze by some liquids and solids suclspaasys, paints, solvents, cleaners, air
fresheners, plastic components, etc. VOCs are etefas all the volatile compounds with a
photochemical reactivity in atmospheres which dontaarbon molecules except carbon
monoxide, carbon dioxide, carbonic acid, carbonated ammonium carbonates (Revah and
Morgan-Sagastume 2005). Finally, the biologicalrager pollutants refer to all the compounds
produced or emitted by biological organisms whiobld have an impact on health. So, this group
includes for instance algae, bacteria, dust mitlesits, parasites, pollen, viruses but also fundi a
fungal compounds such as spores, cell wall fragsp@mgcelium and mycotoxins.

Among those biological contaminants, indoor fungahtamination is increasingly studied in
order to define the possible impact on health, @apg the implication in respiratory diseases
(Anses 2016; Bellanger et al. 2009; Packeu et @22 Reboux et al. 2010). Indeed, a large
number of studies in many geographical regions fbasd a consistent association between
evident indoor dampness, fungal contamination altih effect in infants, children as well as
adults (Fig 1.1) (Anses 2016; Bornehag et al. 20@4ywes 2005; Douwes et al. 2003; Mendell et
al. 2011). According to the World Health Organiaat{\WHO) and the scientific literature, indoor
air pollution could be implicated in some diseaggduding allergies, asthma exacerbation,
cancer, cystic fibrosis, allergies and in some £as®kes, particularly in immune-deficient people
(Amegah and Jaakkola 2016; Anses 2016; Asikainexh &016; European Environment Agency
2013; Ponsoni and Gongalves Raddi 2010; World He&atganization 2009). Poor air quality is
also associated to the sick building syndrome (SB@)acterized by mucous irritation (eyes and

throat especially), neurotoxic effect as fatigued aloss of concentration, chemosensory

1
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disturbance, skin symptoms and respiratory problsuth as wheezing or shortness of breath
(Anses 2016; European Environment Agency 2013; ddniBtates Environmental Protection
Agency 2016; World Health Organization 2009). Néweless, even if the impact of the air
pollution on health is recognized, some sciengficdence, especially for the causal link between

fungal airborne contamination and health, is stil well elaborated.

Figure 1.1: Worldwide distribution of fungal allgr¢adapted from Twaroch et al. 2015).
In yellow, countries in which sensitization to futgs been described.

1.1. Fungi: definition, reproduction, classification agcblogy
1.1.1. The kingdom of Fungi

The Mycota, or Fungkingdom brings together different groups of micemd macroscopic
multicellular and heterotrophic eukaryotes showmgous forms and cellular organizations and
have great economic importance (Scientific Ingtitédr Public Health 2015; Tom and Aime
2012). They live everywhere in air, in water, ondain soil, and on or in plants and animals. The
organisms in kingdom fungi include mushrooms, ygastolds, rusts, smuts, puffballs, truffles,
morels, and molds. The abence of cellulose as agethe wall cell composition (formed by a
network of microfibrils containing chiting-glucans and soluble polysaccharides) distinguish t
true fungi, or Eumycota (e.g. Ascomycota and Basigicota), from the filamentous false fungi
(i.e. the Chromista group (which groups the Hyplytribmycota, the Labyrinthulomycota, the
Oomycota, diatoms or brown algae) and non-filamehfalse fungi from the Protista group (i.e.,
the Plasmodiophoromycoyta, the Dictyosteliomycdtite, Myxomycota and the Acrasiomycota)
(Scientific Institute for Public Health 2015) (Fi2).
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The diversity of the Mycota kingdom is still beiimyestigated and might contain at least 1.% 10
species (Hawksworth 2001), but according to nevimasions obtained with high-troughput
sequencing methods, this diversity might reach1®flspecies (Blackwell 2011). Despite these
estimations, until today only 99,000 species haentdescribed (Carris et al. 2012). All of them
are characterized by a cell wall containing chétird are able to carry out a zygotic meiosis (Tom
and Aime 2012).

Chromista Plants Fungl Animals
Straminipila
Domycetes
Myxomycota
Archaea

Plasmodiophoromycota

/

Bacteria

Figure 1.2 Relationship between organisms refawwexs fungi (adapted from Rossman and Palm
2017). Fungi correspond to the Eumycota or truegifuand include Ascomycota and

Basidiomycota. The Chromista, Myxomycota and Plalophormycota correspond to false

fungi.

1.1.2. Morphological characteristics of the vegetativevgio

Fungi present different kinds of morphological stues i.e., vegetative structures and
reproductive structures. Vegetative structures siscthe thallus or rhizoids are developed for the

fungal growth and nutrition.

The fungal thallus could be unicellular (i.e., temigch asSaccharomyctes cerevisae, Candsga,
etc) or pluricellular (mushroomaspergillussp.,Alternariasp.,Cladosporiunsp., etc) (Scientific
Institute for Public Health 2015). The thallus @mposed of a network of hyphae containing
protoplasm which moves from the oldest parts to e ones. A mass of hyphae is called
mycelium. The mycelium grows through nucleic diets and could be divided by septa in

regular segments having one or more nuclei. Eaptuseis pierced in the middle by a pore
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allowing the moving of the organelles, inclusionsd anucleus from a segment to another
(Scientific Institute for Public Health 2015). larse cases, hyphae are aggregated forming a false
tissue (sort of stacking up of cells) called psguadenchyma or could form a solid tissue rich in
nutrients called sclerotium (Scientific Instituter fPublic Health 2015). The mycelium could
present also some particular structures such agidsi or appressoria which are branched organs
developed for the fixing of the organisms on sutss. In parasite fungal species, the nutrients are
taken directly in the host through a special stngctcalled haustorium (Scientific Institute for
Public Health 2015).

1.1.3. Reproduction

Fungal reproduction could be sexual or asexual.(Ei§) and most of the true fungi are

pleomorphic (or polymorphic), i.e., able to produtifferent forms of spores (i.e., sexual or

asexual) having a reproductive function. The sexeptoductive stage is called teleomorph or
perfect stage, while the asexual reproductive stagelled anamorph or imperfect stage. The term
holomorph is used to appoint the whole fungus, (ineluding the anamorph and the teleomorph)
(Scientific Institute for Public Health 2015).

Asexual reproduction
The asexual reproduction produces identical indiaisl through the production of asexual
“spores”, called conidia. Conidia are producedegitiirough the budding of the mycelium (or a
cell for unicellular thallus) or through particulaells (i.e., conidiogenous cell) set into the

mycelium or on specific hyphae called conidiophai@gr 2009; Scientific Institute for Public
Health 2015).

Sexual reproduction

The sexual spores are diploid cells (true sporédindd through the fusion of 2 particular cells
(i.e., gametangium) from a same mycelium or froooghpatible mycelia. The gametangium is a
structure which contains gametes (haploids), wtdobld be morphologically identical (i.e.,
isogamy) or different (heterogamy). In the casdeterogamy, the gametangium containing the
male gametes is called the antheridium (Fig. I.B& one containing the female gametes is called
ascogonium (Fig. 1.3). In some cases, the vegetétiallus is totally converted in gametangium
(or in reproductive structure). The thallus is tlremsidered as holocarpic (Cyr 2009; Scientific
Institute for Public Health 2015). In other casesgetative and reproductive structures coexist

forming a eucarpic thallus.

The life cycle of most of the fungi (Fig. 1.3) cddde summarized as the germination of spore or a
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conidium, giving a haploid mycelium (Cyr 2009; Stiéic Institute for Public Health 2015). Two
compatible mycelia or spores form a diploid cytspia(fusion of cytoplasm without fusion of
nuclei) (Fig. 1.3). Then, after caryogamy, the rsei@ccurs and the zygote is transformed in
sexual spores (4, 8 or more) (Cyr 2009; Scientifgtitute for Public Health 2015). Finally, after

dispersion, spores grow (germination) and givetdisgew mycelia (Fig. 1.3).

®

Amtherdium L

Ascus Dikaryolic

Developed Ascocarp
with Dikaryolic Hyphae
Dikaryobic Hyphae

Sexual Reproduction

ﬂﬂm Aznxual —h
EWRg Reproduction

Spores form
Condia {1n) g %

+ mating type
- mating type @
Mycalia (1n)

ascosporas (1n)

Figure 1.3 Fungal life cycle: the example of Asceootg (Cyr 2009).

Sexual part of Ascomycota life cycle:
(1) Formation of the ascogonium and antheridium fropidid hyphae type “+” and type “-“.
(2) Nuclei from antherium moved into the ascognium.
(3) Ascocarp formation with dikaryotic hyphae.

(4) Formation of ascus (dikaryotic) into an ascocanhetips of dikaryotic mycelium.

(5) Karyogamy and formation of diploid nucleus (diplaiscus).

(6) Meiosis of the diploid ascus, giving new genetigdiktinct nuclei into the ascus.

(7) Mitosis and formation of new haploid nuclei inte thscus.

(8) Formation of ascopores containing haploid nucleas (ucleus per ascospore).

(9) Ascospore release in the environment.

(10) Development of haploid mycelia from the releasszbpores.

Asexual part of Ascomycota life cycle:

(11)Segmentation of the hyphae and formation of haptmdidia (asexual spores). Conidia
dispersion and germination giving a new haploid eliyen identical with the original
hyphae.

Sporulation and spores dispersal
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For most of the fungi, spore maturation, as wellspsrulation (i.e., spores dropping into the
environment), is light and circadian cycle depend8gientific Institute for Public Health 2015).
Most of the time, the sporulation is due to anéase of pression inside the ascus which causes a
membrane breakdown and then, the drop of sporestli® environment. In some cases, the
sporulation is caused by humidity variation whichuses structural changes (turgescence,
torsion...) and finally the propelling of the spor&ientific Institute for Public Health 2015).
Other factors could also induce sporulation suchaas or thermic changes as well as physical
interactions (Scientific Institute for Public HéaR015).

Spore forms and sizes are variable. They couldvizl slarge, curved, ovoid, spheric, ramified or
colored. They could also present ornamentation sisctvings or hooks to favour the dispersion
into the air or by animals (Scientific Institute #eublic Health 2015). Most of the time, spores are

required to perform the species identification ¢&tific Institute for Public Health 2015).

Spore viability is variable according to the ta%ame of them are resistant to extreme conditions
(desiccation, insolation,...) such as the sporeasisr other ones have a short life time (e.g., 10
hours for theCronartium ribicola spores) (Scientific Institute for Public Health13). The
germination is also variable. Parasitic speciesiireghosts to germinate; other ones require a
specific substrate. In some cases spores couldt iasan infertile mycelium (i.e., a mycelium
which is not able to sporulate) which do not shbe morphological structures required for their
identification (Scientific Institute for Public Hida 2015).

1.1.4. Classification

In mycology, the classical classification is shksed on the microscopic visualisation and the
identification of reproductive structures from taleorphs (e.g., spore form and size, presence of
special structure on the spores, form of the repotiek structures...). However, while in
environmental conditions, anamorphs and teleomosgtages coexist, in culture, anamorphic
colonies are often observed due to the cultureitond (especially due to the selected medium),
the absence of a compatible partner or becausstithias are not able to sporulate. In addition,
some species, such Benicillium chrysogenumare also only known in the anamorphic stage
(Scientific Institute for Public Health 2015). Thésre, before the use of molecular tools, the
anamorphic forms were included with a specific nootegture into a group called Fungi
imperfecti, till the observation of the teleomorplut this classification system is complex,
because a double nomenclature occurs (i.e., one famnthe anamorph, one for the teleomorph),
e.g. Aspergillus glaucus(anamorphe) and=urotium herbariorum (teleomorphe) (Scientific

Institute for Public Health 2015). Moreover, in sorases the classical identification does not
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give the same species for the 2 stages due tobtbenee of the anamorphic stage on plate, or
because the strain cannot produce conidia and alsgperes (Scientific Institute for Public Health
2015). In this case, the closely related speciesgawmuped into a complex of species. However,
since 2011, new fungal taxonomy rules were defeed it was decided to use only one name to
identify the anamorph and the corresponding telepméungus. This decision has had an impact
on the whole nomenclature and induced some bidessrof information. Indeed, most of the
species were determined according to their phygjolnd some species are known only under
their anamorphic stage. For exampRenicillium marneffei (anamorph) is now named
Talaromyces marneffefbecause the genuBalaromycesgroups together the sexual stage of
Penicillium) (Scientific Institute for Public Health 2015; Yilmat al 2014).

The more recent classification is based on theofiseolecular tools and the DNA sequence of the
fungi. Because the use of new molecular tools ivgsdhe knowledge on fungal phylogeny, the
fungal classification is continuously adapted. Heeveit is now considered that Fungi are divided
in 7 phyla, two of which, thé&scomycotand theBasidiomycotaare contained within a branch
representing subkingdom Dikarya (Fig. 1.4) (Hibbattal. 2007; Scientific Institute for Public
Health 2015). ThéAscomycotand theBasidiomycotghyla are characterized by the production
of dicaryons (i.e., cells containing two nucleiidgrthe dicryotic stage of the sexual reproduction)
and non-mobile spores. THgasidiomycotaphylum contains the most familiar fungi such as
mushrooms, toadstools, stink-horns, puffballs, fsheilgi and plant pathogens such as rust or
smuts (Scientific Institute for Public Health 201%he Ascomycotaontains taxa such as yeasts,
Aspergillus Penicillium, Cladosporium but also edible morels or truffles (Scientificstitute for
Public Health 2015). In scientific literature, ttegm “molds” is often used to show anamorphic
fungi, as well as some microscopic teleomorphicgiunom the Ascomycotaor Basidimycota
phyla (Scientific Institute for Public Health 2015)
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Figure 1.4 Phylogeny and classification of Fungbf¢tt et al. 2007).
Branch lengths and genetic distances are not piiopal (Hibbett et al. 2007).

1.1.5. Ecology

Adapted to various ecological niches, fungi arentbin several habitats from the sea to the air as
well as on soil, living organism as hosts (plantanimals) or rocks. Most of the fungi grow
between 15°C and 30 °C, but some could grow ineexdr environments (below 10 °C or up to
50 °C) ( Scientific Institute for Public Health Z1Based on this, fungi could be classified as

- thermophilic if the organism could growth till 3Q, but not below 20 °C

- thermotolerant if the organism has a minimum terafure of growth at or above 20 °C, and a

maximum temperature of growth extending up to 6626C



General introduction, rationale and outline of B thesis

- mesophilic if the organism has an optimal tempueeaof growth around 25 °C

- psychrophilic if the organism has an optimal tenapure of growth lower than 10 °C.

The humidity level is also an important factor floe fungal growth. Actually, two groups of fungi
are observed (Scientific Institute for Public He&015) i.e., the osmophilic species which require
a water saturation of the substrate lower than 8&n% the hygrophilic species which require a

water saturation of the substrate higher than 90 %.

Fungi are generally aerobic taxa. Some specie$, asilucor species, consume a high level of
oxygen and so, could only grow in upper ae@ontrarig Stachybotryss able to grow at depths

where the level of oxygen is very low (Scientifitstitute for Public Health 2015).

Fungi are key species for the ecosystem. Theseofratehic organisms (no chlorophyll) are able
to digest the biologic matter externally and abswyhe nutrient through their cell wall. Some of
them are biotrophs (i.e., obtain nutrients froniveng) host), other are saprotrophs (i.e., nutrients
are taken from dead organisms) or necrotrophs §pecies growing on living host and causing
the death of the cell) (Carris et al. 2012).

In the ecosystem, fungi play the role of decompesat so, are important for the recycling of
nutrients. The source of carbon used by fungi cofreea glucose and fructose especially. But
because only a low number of fungi can produceeti®yme required for the hydrolysis of starch
and cellulose, only a few species are able to groindoor environment (Scientific Institute for

Public Health 2015). However, even if the numberfuofgal species able to grow in indoor
environment is limited in comparison to the diversibserved in outdoor environment, their
impact on health could be important due to theilitgio produce toxins and allergens, but also

due to their strong association to non-healthyrenwents (water-damadged and damp habitats).

1.2 Fungal contamination of indoor environment

Contamination of indoor environment by fungi is ecoanly observed in industrialized countries
(European Environment Agency 2013; United StategirBnmental Protection Agency 2016;
World Health Organization 2009). For example, i®4%he prevalence of fungal contamination
inside houses was estimated at 50 % in the UnitattSof America (USA) (Mudarri and Fisk
2007). In 2013, Moularat and colleagues sampledch@dses located in the urban and rural
Auvergne region (France), and they showed that %8 #tese houses were contaminated by fungi
and 19 % by visible moisture (Moularat et al. 201h) Brussels (Belgium), 42.2 % of houses
sampled between 2000 and 2006 in the frameworkefrégional intervention unit for indoor

pollution, calledCellule Régionale d’Intervention en Pollution Ingmre or CRIPI (Brussels
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Environment, Belgium), showed fungal contaminati@isible or not) (Brussels Environment
2007). In 2011, 20 % of by the CRIPI investigateddings in Brussels showed more than 3 m2 of

visible fungal colonies in a single room (Brusdetwironment 2015).

Fungal contamination could consist of active conmpisu(spores or mycelium) or of spores in
dormancy. They penetrate into buildings via differ&ays of contamination. Most of them come
from the direct outdoor environment and are trartggoin buildings via aeration and ventilation
systems (i.e., windows, air conditioning, etc). @¢hare carried on build materials or on cloths
(Nevalainen et al. 2015). Because they are ubigsjtéungi grow on various substrates such as
building materials (e.g., gypsum, paste, wood)imsliing materials (e.g., paints, linoleum, wall
paper), mattress, pipes, and even on fabric oroampost of indoor plants (Andersen et al. 2011,
Kelley and Gilbert 2013; Horner et al. 2004; Newrsda et al. 2015; Nishimura et al. 1987; World
Health Organization 2009; World Health OrganizatiBegional Office for Europe 2004).
Additionally, energy saving measures not corredtiyplemented could also favor fungal
development (World Health Organization Regionalic@fffor Europe 2004). Indeed, moisture,
poor ventilation and darkness could stimulate tbeetbpment of fungal contamination (World
Health Organization Regional Office for Europe 200¥ccording to the WHO, in 2009, among
10 to 50 % of buildings around the world were affdcby water-damage and 15 to 40 % of them
showed fungal contamination (World Health Orgamizat?009). In Brussels, in 1994, it was
estimated that 90 % of water-damaged dwellings sloalso fungal contamination (Beguin and
Nolard 1994).

Even if numerous data on indoor fungal diversitg available in scientific literature, the
community of indoor fungi is complex to study deethe variability of the indoor environment
and the fungal ecology (Nevalainen et al. 2015)tieumore, climate changes and urbanization
could also affect the diversity of the fungal conmityi observed in indoor environment with the
detection of species not yet observed in our im@liged countries (Vardoulakis et al. 2015;
World Health Organization Regional Office for Eueo@004). However, in our industrialized
countries, it is commonly accepted that indoor alrgpmmunities are dominated by 6 generai.e.,
Alternaria, Aspergillus Cladiosporium Penicillium Stachybotrysand Ulocladium (Andersen et

al. 2011; Beguin and Nolard 1994; Chew et al. 2@3s et al. 2003; Jones et al. 2011; Shelton et
al. 2002). More specifically among these genere, itiost common species addternaria
alternatg Aspergillus fumigatys Aspergillus versicolgr Cladosporium cladosporioides
Cladosporium  herbarum Cladosporium  sphaerospermum Penicillium  chrysogenum
Stachybotrys chartarurandUlocladium botritys(Andersen et al. 2011; Beguin and Nolard 1994;
Chew et al. 2003; Jones et al. 2011; Shelton €204l2).A. versicolorandP. chrysogenunare

considered as the major species in terms of pres@land public health effects among the species

10
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in indoor environment especially in water-damageitdings (Andersen et al. 2011; Andersson et
al. 1997; Beguin and Nolard 1994) and to a lesg&ng S. chartarumwhich is particularly
observed on humid substrata containing cellulogé s wood or wall paper (Andersen et al.
2011). As forA. versicolor, U. botrytisS. chartarunis commonly observed on gypsum and other
mural coatings (Scientific Institute for Public Ht&a2015). These species are typically considered
as “real indoor fungi” because their occurrenceindoor environments is higher than that
observed outdoors (Fradkin et al. 1987). Conversyne species are observed with a lower
occurrence in indoor area than in outdoor, suchAasalternata A. fumigatusand the 3
Cladosporium species. Their levels of detection are closelked to the level of their
contamination observed in outdoor air (Beguin amdaMNl 1994). Present in the air from May to
October, these species present a seasonality with@ortant peak of sporulation during summer.
During this period, their spores could reach numlsémore than 10.000 spores/m? (Sautour et al.
2009; Scientific Institute for Public Health 2014%)d could correspond to more than 50 % of the
total diversity of fungal spores observed in th&doar air (Sautour et al. 2009; Scientific Ins&tut
for Public Health 2015). In Belgium, it was estigdtthat the contamination of indoor air by
Alternaria sp. spores correspond to 1.5 % of the total amofusprores yearly observed in outdoor
air (i.e., minimum 500 spores/m3) and that aroufd% of dust samples contaf alternata
(Scientific Institute for Public Health 2015).

1.2.1 Indoor airborne fungi and public health

Because fungi are ubiquitous, but also because réilgem are found all around the world,
fungal contamination of indoor environment, by ssprmycelia or other fungal particles, is
increasingly assimilated into a public health gioest

Fungi cause adverse human health effects throwgge&ific mechanisms: direct infection by the
organism, generation of a harmful immune respoasg, (allergy or hypersensitivity pneumonitis)
and toxic-irritant effects from fungi by-producBush et al. 2006). The world-wide prevalence of
fungal allergy among atopic subjects is estimateldet from 3 to 10 % depending on the allergic
population studied, the test system and extraat asd fungi species tested (Horner et al. 1995).
Additionally, it was reported that 80 % of the asttiic patients are sensitized to fungi (Simon-
Nobbe et al. 2007). Indeed, today, the exposufarigal components is considered as a potential
source for allergic diseases like allergic asthraliergic rhinitis, allergic sinusitis and
hypersensitivity (Pieckova and Wilkins 2004). Aflens could be found in food and feed but also
in air. The fungal allergens group mycotoxins (<Dak volatile fungal metabolites (VFMs),
spores (viable or not), hyphae and fungal fragmentstaining especially (1-3-D glucans,
intracellular proteins, secreted proteins and nmglggopeptides which have enzymatic activities
(Douwes 2005; Khan and Karuppayil 2012; Hornen.et295; Portnoy et al. 2008; World Health

11
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Organization 2009). Most of the these allergensygre | allergens (Fig. 1.5) (Crameri et al. 2014;
Green et al. 2006; Khan and Karuppayil 2012). Thegél allergens’ aerosolization could occur
by differents mechanisms i.e., the sporulation assbciated mechanisms of spore dispersion,
fungal fragment dispersion by air, physical disturtes and suspension of dust containing fungal
allergens (Gorny et al. 2002). However, the exaethanism of aerosolization and inhalation is
still not well understood (World Health Organizatip009).

It is considered that the airborne fungal generatipamplicated in allergies arélternaria,
Aspergillus Cladosporiumand Penicilium which are all common in indoor environments and

which are characterized by their capacity to excadlergens.

These allergens could induce IgE-mediated hypeitsatys (Portnoy et al. 2008) which could
cause systemic anaphylaxis and localized anaplsylsuch as asthma, eczema and wheeze
(Janeway et al. 2001). But, fungi are also regasdetype 11l (IgG-inducing) allergens producers,
especially species from thaspergillus and Penicillium genera (World Health Organization
Regional Office for Europe 2004, Khan and Karuppb2§12). In some case, fungal contamination
could also be implicated in the combination of tyjpend IV allergic reactions (Fig. 1.5), such as
is the case for hypersensitivity pneumonitis (WolHdalth Organization Regional Office for
Europe 2004).

TYPEI TYPE II TYPE Il TYPE IV
Mast Cell Drug Antigen Antibody Complement
D / 4a Cell-Bound
/

IgE

Mediator J Polymorphonuclear Sensitized
Release Red Cell Leukocyte T Cell Cytokines
Figure 1.5:Schematic representation of the allergenic readyipes I, 11, 1ll and IV(http://what-

when-how.com

Indeed, as mentioned above, fungi are able to pmdwmpounds such as spores, proteins,
mycotoxins, (1-3B-D glucan and volatile fungal metabolites (VFMs)iethcould induce illness

by inhalation or ingestion. Some scientific studsé®wed a correlation between some diseases
such as allergies, asthma exacerbation, SBS aitishimmd fungal contamination (de Ana et al.
2006; Gots et al. 2003; Horner et al. 1995; Jani Miller 2005; Jones et al. 2011; Meheust et al.
2014; Mendell et al. 2011; Packeu et al. 2012aigckBva and Wilkins 2004; Portnoy and Jara
2015; Rosenbaum et al. 2010; United States Envieoish Protection Agency 2016; Vardoulakis
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et al. 2015; Verhoeff and Burge 1997; Vesper e2@l3; World Health Organization 2009). The
following paragraphs discuss the most importang&icompounds which could be implicated in

health problems.

Proteins
Most of the time fungal allergens are proteins fritwa cell wall of airborne spores or inserted in
the mycelium membrane (Horner et al. 1995; Kurup3}0Produced by several species, these
proteins are frequently observed in indoor envirents. Indeed allergenic proteins are observed
in several genera and species commonly observaddoor environment as for example, in
Alternaria suchas the Alt al fronA\. alternata;in Aspergillussuch as Asp f1 and Asp f2 frofn
fumigatusjn Cladosporiunmsuchas Cla c9 fornC. cladosporioidesr Clahl and Cla h2 front.
herbarum in Penicillium such as Pen ch13 frobh chrysogenumand inUlocladiumsuchas Ulo
C1 (Horner et al. 1995; Fukutomi and Taniguchi 2015
Among all proteins currently found, Alt al frof alternata(Kustrzeba-Wojcika et al. 2014;
Gabriel et al. 2016), Asp f2 from. fumigatus(Banerjee et al. 1998) and Cla c9 fran
cladosporioideqChou et al. 2008) are considered as major ale;g@volved in IgE mediated

allergy.

Mycotoxins
Mycotoxins are toxic secondary metabolites produmgdeveral fungal species and which could
contaminate food and feed. Generally not volatilese toxics compounds could be found in air
because of their attachment to some small biolbgiagticles (Portnoy et al. 2008). Mycotoxin
inhalation could have an impact on health induemgous irritations, skin rash, immune system
suppression and immunotoxic effects, liver damdgeage of the central nervous system and the
endocrine system (Fromme et al. 2016; Jarvis arll@éMi005; World Health Organization 2009).
Some mycotoxins are also known to be cytotoxic @ardinogenic (De Ruyck et al. 2015; Jarvis
and Miller 2005).

Today, around 400 different mycotoxins have beentifled and they are produced especially by
Alternaria spp.,Aspergillusspp.,Fusariumspp.,Penicillium spp. andstachybotryspp. (Fromme

et al. 2016; World Health Organization 2009). Thséns are found in the indoor air of water-
damaged, air-conditioned or ventilated buildingd agricultural buildings such as cereals depots,
stables, compost or manure depots (Fromme et &b;20orld Health Organization Regional
Office for Europe 2004). In indoor environment, timost often detected mycotoxins are the
aflavotoxins produced especially Byspergillusspecies; the ochratoxins produced for the most
part byAspergillusand Penicilliun cladosporinfrom Cladosporiumspecies; and alternariol and

alternariol methyl esther frorlternaria species (Fromme et al. 2016). As shown in Table 1.1
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more than one mycotoxin could be observed simutiasig in indoor environments. Polizzi and
colleagues investigated 99 samples from 7 Belgmrsdés and showed that 62 samples contained
at least one mycotoxin. Using liquid chromatograpdnydem massive spectrometry (LC-MS/MS),
they have identified 7 major mycotoxins i.e., rofgueéne C, chaetoglobosin A, sterigmatocystin,
roridin E, ochadrine A, aflavotoxin B(1) and aflamein B(2) (Polizzi et al. 2009). The mycotoxin
production depends largely on the growth conditiboth in terms of quantity and of number of
toxins produced by species (Jarvis and Miller 20@®yld Health Organization Regional Office
for Europe 2004). For examplé). versicolor one of the most important indoor fungal
contaminants, produces sterigmatocystin only umdbigh level of humidity (Jarvis and Miller
2005; World Health Organization Regional Office Earrope 2004).

It should be noted that chromatographic technigeesh as LC-MS/MS, are not the only ones
used to detect these toxins, but MALDI-TOF (ma#ssisted laser desorption/ionization - time of
flight massive spectrometry) and immunochemicaktasethods such as ELISA (enzyme linked
immunosorbent assay) are also largely exploited lemce contributed to improve mycotoxins
monitoring (Anfossi et al. 2015). However, todag tbausal link between exposure to indoor

mycotoxins and specific diseases is still poorlgudoented (Khan and Karuppayil 2012).

Table 1.1: Frequently found indoor fungal species their mycotoxins

Species Mycotoxins Reference
Alternaria alternata Alternariol, alternariol monomethyl esther, Ren et al. 1998;
Fumonisin B1 Jarvis and Miller 2005
Aspegillus creber Sterigmatocystins Jurjevic et al. 2013
Aspergillus flavus Aflavotoxin B1, Aspergillic acid, Kojic Nielsen 2003
acid, cyclopiazonic acids, 3-nitropropionic
acid
Aspergillus fumigatus Gliotoxins, fumigaclavines, Nieminen et al. 2002;
fumitoxins, fumitremorgens, Nielsen 2003
tryptoquivalins, verruculogen
Aspergillus niger Ochratoxin A, naphtho-c-pyrones, Nielsen 2003

tetracyclic compounds, nigragillin, kotanin,
orlandin, malformin A, B, and C

Aspergillus sydowii Aspermutarubrol, sydowinins, sydowic acid Jarvid Bhller 2005

Aspergillus versicolor versicolorins, Sterigmatocystins, Jarvis and Miller 2005
5-methoxysterigmatocystin

Cladosporium Asperentin, cladosporic acids Jarvis and Miller200

cladosporioides

Penicillium chrysogenum Roquefortine C, meleagrin, chrysogine,  Jarvis and Miller 2005;
x-hydroxyemodine, pyrovoylamin- Nielsen 2003
obenzamides, xanthocillin X

Stachybotrys chartarum  Macrocyclic trichothecenes, atranones,  Jarvis and Miller 2005
dolabellanes stachybotrylactones and
lactams, stachybotrydials
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(1-3)$-D glucans
(1-3)$-D glucan is a polymer of glucose, found in mosttleé fungal species, and it has a
structural function in the cell. Inside the celllw#his polymer is bound to carbohydrates, lipids,
proteins and other polymers such as (B-£)-glucans (World Health Organization Regional
Office for Europe 2004). According to the sciewtifiterature, bioaerosols containing (18P
glucans could be implicated in respiratory problemd non-specific inflammation (Douwes et al.
2003; Douwes 2005).

Volatile Fungal metabolites (VFMs)
Besides glucans and mycotoxins, indoor air coukb atontain volatile fungal metabolites
(VFMSs). VFMs are secondary metabolites such ashalsp aldehydes or ketones produced during
the exponential growth of several fungal speciedkiig et al. 2003). The impact of VFMs on
health is poorly documented, but some studies denghat VMFs inhalation could have some

respiratory irritation (Weinhold 2007).

1.2.2  Fungal immunological testing

Today, fungal sensitivity is detected through catars tests. Briefly, these tests consist of putting
some drops of standardized allergens from diffefengal species, on the skin of the patient.
After incubation, a patient is considered as sémdib the allergen when immunological signs

such as red patches, inflammation or rashes at#evis

A second approach is based on allergen-specificinselgE antibodies such as in the
radioallergosorbent test (RAST) and enzyme-linkethunosorbent assay (ELISA) (Horner et al.
1995; Kurup et al. 2003). The RAST diagnosis cdsg$ anin-vitro detection of IgE antibodies

in blood, through the use of allergens coated tdnanluble substrate and a radiolabeled anti-
human IgE (Fig. 1.6). Briefly, some specific antigeoated to an insoluble substrate are dropped
into the patient serum. If the patient is sensitivethe allergens, specific IgE will bind the
allergens. After a wash step, radiolabeled antidruihgE are added into the solution and bind the
antigens-antibodies complexes. The presence ofatgibodies are detected by the radioactivity
measurement. The radioactivity level is proportidnathe level of IgE anti-allergens binding in
the serum (Negrini et al. 1985).
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Figure 1.6: RAST test - schematic principghtt|f://what-when-how.cojn

With the ELISA test (Fig. 1.7), antigens of intdrase coated to the bottom of a polystyrene plate
with proteins blocking the free plastic sites. Whbe serum of patients is added, if they are
present in the serum, specific IgE (primary antibspbind the antigens. After a wash of the non-
binding IgE, enzyme labeled antibodies (secondatipadies) bind primary antibodies. Finally, a

specific substrate is added and consumed by therenwhich changes the color of the liquid.
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g
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Figure 1.7: ELISA test — schematic principle (Adapfrom Day 2015)
A: Positive test. B. corresponding to the negatiwetrol
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[1] If they are present in the serum, specific IfEimary antibodies) recognize the coated
antigens.

[2] Addition of secondary antibodies labeled withemzyme (E) which bind primary antibodies.
[3] After a wash, free secondary antibodies areorard.

[4] Addition of a substrate which is used by theyane and changes the substrate color.
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Even though the allergenicity of several fungalcggeis well known, the health impacts of a large
part of the diversity are unknown. Indeed, todaymarous fungal monitoring protocols, still

culture-based, are not able to detect dead or tivahle species (also called dead fraction or
unknown agent). But, because these unknown agentd contain allergenic compounds, they

could be allergenic and could have an impact oftthea

Moreover, the lack of data concerning the unknogenss as well as the difficulties to produce
and to standardize allergens required for clinieats has an impact on the representativeness of
the fungal species tested during immunologicalstgfortnoy et al. 2008; World Health
Organization 2009). Thus, today, representativgdluextracts available for immunological tests
are focused on allergens from fungi only frequeftlynd indoor. However, to understand the
causal link between fungal contamination and heatttblems such as respiratory diseases and
allergies, the representativeness of immunologiests is required to demonstrate that a direct

exposure of an affected person to the detectedafiapgecies occurred.

1.2.3 Some important fungal species found indoor and thigiical relevance

This paragrah describes the fungal genera andesptanigeted in this doctoral research and their

clinical relevance.

Alternaria
The genudAlternaria is found all around the world and contains aboity §pecies Alternaria
species are plant pathogens, but are also decorsmisarganic matter from vegetables, food, and
soil.

At the clinical level Alternaria is associated with allergies. In outdoor air, itégsidered that a
concentration of 100 spores/m3 is a clinical thoécbhin Europe, between June and October, this
concentration is commonly reached (Scientific tngti for Public Health 2015). In addition, a
concentration of 500 spores/m3 is considered aseahold for asthmatic reactions. Also this level
of outdoor air contamination is often reached dytire year.

In indoor environmentAlternaria species are also frequently observed, but mostef spores
found inside are coming from outdoor air. The tofahdoorAlternaria spores corresponds to 1.5
% of the Alternaria spores observed outdoor (Scientific Institute farblR Health 2015).
However, Alternaria colonies are also observed inside buildings on swvall mattresses. In
Belgium, 50 % of dust samples cont#@ifternaria species (Scientific Institute for Public Health
2015).
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In indoor environmentAlternaria alternatais the most abundant species of the genus. This
species is frequently associated with respirat@sedses such as allergies, allergic rhinitis or
asthma. In Europe, sensitization Ao alternataallergens is ranging between 3 to 30 % of
allergenic patients (Katotomichelakis et al. 20K@strzeba-Wajcicka et al. 2014). In the United
States, 3 % of children between 12 to 17 years/ahéo of young adults (18-24 years) have been

sensitized td\. alternataallergens (Sanchez and Bush, 2001).

Aspergillus

Aspergillusis a large fungal genus containing more than 2@#riss. Although this genus is
common in tropical regions (Scientific Instituter Bublic Health 2015), some of the species are
present all around the world and found in soil, post, rooting organic matter, spices, seed
depots,...Aspergilluscolonies are colored and the color is considered &sonomic criterion.
Aspergillus spores are small, generally rounded, without apgcific characteristics, and
especially observed in indoor environments. In ootdair, Aspergillusspores are frequently
found and the concentration could reach 30.000espme. While Aspergillus fumigatuss
considered as the most common species of the genositdoor environmentsAspergillus
versicoloris one of the most frequently observed fungi inomdenvironments (Beguin and
Nolard 1994; Packeu et al. 2012a). In indoor emvitent, A. fumigatusis less frequently

observed than in outdoor habitats and is foundagsiheon ornamental plants.

At the clinical level,Aspergillusspecies (especiall.fumigatus, Aspergillus flavus, Aspergillus
terreus, Aspergillus nidulans, Aspergillus nigerdaf.versicoloy are known to induce invasive
aspergillosis infection which could impact the eatis survival (Hope et al. 2005). Species from
this genus, such a&. fumigatusand A. versicolor are associated with respiratory deseases
(asthma, allergies, pulmonary and broncopulmonafgctions) especially due to their production
of allergens and toxins (Benndorf et al. 2008; &die Institute for Public Health 2015; Kousha
et al. 2011). Therefore, although fumigatuds less observed in indoor environment, its presen

could have an important impact on health.

In the Aspergillus genus, species from the compl¥ersicoloresare commonly observed in

buildings. The Versicolores complex groups together 9 species (i&spergillus amoenus,

Aspergillus austroafricanus, Aspergillus cvjetkdayidspergillus fructus, Aspergillus jensenii,
Aspergillus protuberus, Aspergillus puulaauensis, ubversicolor, Aspergillus tabacinus,
Aspergillus tennesseensend Aspergillus venenatys which are closely related based on
morphological and genetic characteristics, andcefoee difficult to discriminate with classical and
molecular tools of determination.

Among them,A. versicoloris frequently observed in indoor environment, ey in water
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damaged and humid buildings (Andersen et al. 2@Eguin and Nolard 1994; Packeu et al.
2012a; Pitkaranta et al. 2011). In Belgium, thisgfus is observed in 76 % of sampled houses and
is found in all the rooms of houses; the contanonaits frequently observed above 375 CFU/m3
but in some case it could pass 3.750 CFU/m3 (Sfieshtstitute for Public Health 2015).

A. versicoloris known to produce carcinogenic toxins, but algsobé associated with lung
infections and exacerbation of asthma or aller(Besindorf et al. 2008; Fischer and Doot 2002).
Aspergillus crebeandAspergillus sydowiare both species from theersicoloresgroup, as is also
A. versicolor Genetically close, these 2 species are diffitulbe morphologically discriminated
from A. versicolor(Visagie et al. 2014), as well as to be discringdadbased on results obtained
with molecular tools (Haugland et al. 2004; UnitBthtes Environmental Protection Agency
2015). Found in the indoor environmem, creberand A. sydowii are less common than
A.versicolor However, it may seem that their impact on humealth could be different. Indeed,
asA. versicolor A. creberproduces sterigmatocystin, a precursor of theadia B1 which is a
carcinogenic mycotoxin, but in identical environm@nconditions at a lower concentration
(Jurjeciv et al. 2013). In contragt, sydowiiis a non-sterigmatocystin producer (Rank et al1201
but is known to be an agent of human mycosis (\ésag al. 2014). Nevertheless, health data
associated wit\. creberandA. sydowiiare poorly documented. This might be due to tbhetfat

they are difficult to be discriminated amongst eattter.

Cladosporium

Species from th€ladosporiumgenus are found in several outdoor and indoor &sbguch as
plants, organic waste, soil... Seve@hdosporiumspecies are plant parasites, but most of them
are saprotrophs. Forming dark coloni€igdosporiumspecies produce ramified spores which can
be easily scattered by the wind. Spores are roundylindrical, presenting septa or not, but
characterized by scars at the ends. In outdooCadosporiumspores could reach 56 % of the
total of fungal airborne spores per year (Scientifistitute for Public Health 2015). Among the
Cladosporiumgenus, 3 species are mostly observed in air Ckdosporium cladosporioides
Cladosporium herbarunand Cladosporium sphaerospermuiuring the winter, the spores are
present at low concentration. Although the sporaecentrations of these three species are
comparable during winter, the spore concentratio@.oherbarumincreases during the summer
and could be above 10.000 spores/m3 (Scientifiitiivs for Public Health 2015). It should be
noted that the scientific community considers alleaf 3000 ofCladosporiumspores/m? as a

threshold provoking respiratory diseases (Scientifstitute for Public Health 2015).
In the indoor environment, the most abundalaidosporiumis C. sphaerospermurin Belgium, 6

% of the houses present an important contaminafic®, over 375 CFU/m3) ofC.

sphaerospermur{Scientific Institute for Public Health 2015). THisngus is especially observed
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on walls and the ceiling of bathrooms or bedroomsadbso in dust of mattresses. Although its
optimal temperature of growth is 24 °C, herbarumis also observed in fridges and cold rooms
(Scientific Institute for Public Health 2015).

At the clinical level,Cladosporiumare known to produce allergens and mycotxins. gaisus is
also known to be an opportunistic pathogen whichicc@ause solid-organ transplant recipient
infection, but which could also be implicated inlmpanary infection such as pulmonary

phaeohyhpomycosis (Castro et al. 2013).

Exophiala
The Exophialagenus contains saprophytic fungi living in olig@ihdc environments rich in
hydrocarbons (Woo et al. 2012). These species lacefaund in hot, humid and oligotrophic
environments such as sanitary pipes, bathroomamndtaths, swimming pools, water reservoirs...
Exophialacolonies are black and therefore this speciestenafamed “black yeast”. Most of the
Exophialaspecies are known to be agents of skin and subsutaninfections as well as to be
associated with sytemic infections, especiallynimiunodeficient patients. Among the 30 species
of the Exophialagenus Exophiala dermatitidiss the best known, which is related to airway and
respiratory infections such as cystic fibrosis bitet al. 2001, 2002; Packeu et al. 2012b; Woo et
al. 2012).

Exophiala jeanselmés an ubiquitous black yeast found, as otaeophialg in warm and humid
environments and on diverse substrates such agesladil or water (Dixon et al. 1980; Nishimura
et al. 1987; Nucci et al. 200Zx. jeanselmeis difficult to grow on plate as it requires spaxif
culture conditions such as a minimum temperaturds56C, a high humidity and a long time of
incubation (till 21 days). As othé&xophialaspeciesE. jeanselmeis considered as a causal agent
of cutaneous or subcutaneous infections or systeénfections (Nucci et al. 2001, 2002).
Nevertheless, limited data on the number of casesrdng are available and the epidemiology of

airway infections caused & jeanselmeis poorly documented.

Inside buildings, the way of contamination by thigcies is presumably linked to water reservoirs
of air-conditioning units or pipings (Badali et a012; Wang et al. 2001). Indeds, jeanselmeis
frequently observed in water from humidifiers ar@nditioning systems in which it could reach
100 CFU/ml. During a study performed in 2004 on thierobiological contamination of 417
humidifier systemsE. jeanselmeiwas observed with an occurrence of 15.51 % (26dbfor
Exophialaspp.) (Nolard et al. 2004). It should be mentiotieat E. jeanselmehas never been
detected in indoor air with culture-based toolslefection, probably due to the sensitivity of this

species to desiccation. However, because otheiespgom this genus seem to be implicated in
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respiratory diseases (e.g., dermatitidi3, E. jeanselmeis suspected to be an agent of respiratory
infection. Alternative tools are needed to investiigits presence in the indoor air and to make the

link of its presence with health problems.

Penicillium
Penicilliumis the more ubiquitous fungal genus containing ntbas 200 species found in each
part of the world in soil, organic matter, organssative or not. Most of thBenicillium colonies
show a blue-green color. Spores are produced ge lamounts. Chains of spores are produced by

special structures called phialides and are indgéntéhe conidiophores.

In indoor environment®enicilliumis found in humid habitats on walls, furniture, tredses and
dust. In these habitats, the most common specePanicillium aurantiogriseumPenicillium

brevicompactum Penicillium corylophilumand Penicillium spinulosum.However the most
common, which is also the most ubiquitousPenicillium chrysogenumwhich is particularly
known by the medical community due its ability tooguce andp-lactam antibiotics and

penicillin, an antibiotic which inhibits the biosyresis of bacterial cell walls (Flemming 1929).

However, severdPenicillium species produce spores containing mycotoxins, aséfenicillium
brevicompactumspores containing mycophenolic acid which may hasme implication in
immune deseases (Scientific Institute for Publialthe2015). MoreoveRenicillium mycotoxins
may be associated chronically with respiratory aes, especially asthma (Scientific Institute for
Public Health 2015)P. chrysogenunis also known to have some implication on healththie
United States, it was estimated that 68 % of adflompatientis (on a total of 100) was sensitive to
P. chrysogenunfSantilli et al. 1985). This particular impact oealth is especially due to the
emission of allergenic proteins such as the vacwsalene protease Pen ch 13 and 18 (Shen et al.
2003). The emissions of these proteins in indooca@ild induce or enhance allergenic reactions
and in some cases asthmatic reactions (Fisher attd2D02). Moreover, some studies showed
associations betwee. chrysogenunspores in indoor air and asthmatic reaction otdodm
rhinitis (De Ana et al. 2005; Fisher and Dott 2QQ#pbably due to the presence of proteases on
conidia (Schwab et al. 2003).

Ulocladium
Ulocladiumis a genus commonly observed in the indoor enviemtmSpecies from this genus
form dark colonies and produce short chains of eppaharacterised by a sympodial growth.
Ulocladium spores are morphologically close to #hiéernaria spores, but without beaks. In the
indoor environmentJlocladium botrytiss the common species of this genus. This spec@ssg

on gypsum and protective coating of walls. At thieical level, Ulocladium species produce
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allergens and some association between allergaatiengs andUlocladium contamination has
been shown (Scientific Institute for Public He&015).

Stachybotrys
Stachybotrygroups less than 100 species among which some=pnf #re anamorphic stages of
species from th€haetosphaeriaCodrycepsaandMelanopsammaenera. Colonies are dark green
which grow slowly. The most known species Stachybotrys chartarumvhich is a species
observed all around the world, especially foundait and cellulose-rich media (e.g., hay, seeds,
wood chips, papers, clothes, tobacco...). In indoeirenments, it is found on building materials
(e.g., wall paper, wood, insulation material, gypshoards...).S. chartarum as other species
from this genus, are hygrophilic and so are mog$tiynd in rooms showing long term
condensation such as the bathroom and water damaatedials (INSPQ 2016).

Because spores are aggregated and covered by gaycileey are not easily carried by air.
However, most of the time, these spores are mechlnimoved Yia animals or human) or
attached on dust (INSPQ 2016). Howewrcharatundetection, associated with poor air quality,
is considered as clinically relevant and dangerfoushealth. IndeedS. chartarumis known to
produce tricholthecens mycotoxins and to be astatim chronic diseases and building-related
illness such as headache, muscular pain, cougtpmeruespiratory complaints (INSPQ 2016;
Khun and Ghannoum 2003; Scientific Institute foblRuHealth 2015).

1.3 Fungal monitoring

As the fungal contamination is considered as acgoaf indoor air pollution and because it could
have some effect on health, different approachge baen developed to detect and identify this
indoor airborne pollution. In our industrializedurtdries, these monitoring activities are performed
by governmental laboratories, academic laborat@iessome private companies. In Brussels for
example, since 2009, a partnership has been ogghbtween the CRIPI team from the Brussels
Environment (Belgium) and the Environment and Healhit from the Scientific Institute of
Public Health (WIV-ISP) (Belgium). The main goaltésdetect indoor pollution, such as chemical
pollution (aldehydes, carbon monoxide, nitrogendesi and hydrocarbons) and biological
pollutions (acarids, dust mites and fungi) of aid aurfaces (dust, mattress or wall), which could
cause some health problems. Briefly, when a paisesitffering from some health problem which
could be due to indoor air pollution, the patietizbitation is sampled by the CRIPI team to give
environmental data for the medical diagnosis. Tdllewing samples are collected by the team:
dust from mattresses, swabs from visible mold deand air samples. These samples are then
transferred to the laboratory of the Environmerd &fealth unit from the WIV-ISP. There, the

samples are put into culture, followed by funganitification and quantification performed by
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mycologists.

It should be noted that air and dust are not tHg smbstratum which could be collected in the
framework of fungal monitoring. In some cases, watemples are also collected in order to verify
that no fungal contamination is present. This ésdhse for the Environment and Health unit from
the WIV-ISP who analyzes water samples collectechbtiyate companies in charge of quality

control of air-conditioning systems of client’s ldimgs.

However, although fungal contamination appearsetu Ito public health issues, international
guidelines are poorly documented to define harnamhrotocols for fungal monitoring including
sampling methods and identification and quantificaprotocols. Therefore, quantitative standard
limits are ranging from 100 CFU/m?3 to 1000 CFU/mft fungal species mixed) to define a non-
contaminated indoor environment (Rao et al. 1986%ording to the recommendations made by
the WHO in 1988, if the total fungal contaminatisnower than 150 CFU/m3, no investigation
should be made. This limit is allowed to reach &FJ/m3, if Cladosporiumspecies are present
in the mix (Rao et al. 1996). In contrast, if opedes is present at a concentration higher than 50
CFU/m3 or if a toxigenic and/or pathogenic spe@esbserved, the WHO recommends organizing
investigations in order to confine the contamimat{®ao et al. 1996). However, in 2009, the
WHO communicated thatAs the relations between dampness, microbial exposod health
effects cannot be quantified precisely, no quatitigahealth-based guideline values or thresholds
can be recommended for acceptable levels of contdion with microorganisms. Instead, it is
recommended that dampness and mould-related prsbleEnprevented. When they occur, they
should be remediated because they increase theofislazardous exposure to microbes and
chemicals (World Health Organisation 2009). Based on tl@sommendation, the interpretation

of fungal monitoring results must be carefully fatated.

1.3.1 Fungal sampling
1.3.1.1 Surface sampling — Tape and Swab

Fungi can be found in diverse substrata. Therefamples could be directly collected from the
substratum and transferred to the sampling surfatéessterile swabs or tapes (Anses 2016; Urzi
and De Leo 2001). Swab samples or tape sampletha@meanalyzed directly with microscopic
identification. Swab samples could also be transfepnto a culture media and incubated before
identification.

The direct sampling offers the advantage to be mhiest and to give a picture of the fungal
diversity present on the sampled surface at the enviof the sampling. Nevertheless, this direct

approach has some disadvantages. Firstly, the sampglze is limited and so it is not
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representative of the real diversity existing ia thtal sampling place. Secondly, these techniques

could cause some damage to the fungal structweeslthh making the taxa unidentifiable.
1.3.1.2 Air sampling

If the direct sampling gives an idea of the furgpcies present on surfaces or dust, this approach
is not helpful to detect airborne fungi. To colleitborne particles such as spores or other
aerosolized fungal compounds, 2 types of air samm@gist i.e., a sampler collecting air particles
into growth media contained in petri dishes (e5ix,stages Andersen cascade impactor) or strips
(e.g., Reuter centrifugal samplgiRCS’ plus)), and those collecting air particles nobigtowth
media but onto filters (e.qg., Sartorilisairport MD8) or into sampling liquid (Coriofigu).

Six stages Andersen cascade impactor: The sixsstagdersen cascade impactor is a common
sampler used in aerobiology commercialized by Tl&isher Scientific (Waltham, USA). This
sampler is designed to collect airborne particlesoading to their size and their aerodynamic
characters into 6 stages of petri dishes (Fig. I.l8)ough a constant air flow of 28.3 L/min, from
the top to the bottom, airborne particles, accaydintheir size, are pulled down across the stages
(ThermoFisher Scientific). This special design negnthe deposit of airborne particles in the
human respiratory tract. Indeed, the particleselatigan 7 pm are deposited in the two first stages
which correspond to the size of particles depositethe nose. Particles with a size ranged
between 3 and 7 um are collected in the 2 folloveitagges and correspond to the particles able to
reach the trachea to the bronchioles. Finally, fiadicles, inferior to 3 um, are collected inte th

last petri dishes and correspond to particles tltlan alveoli (ThermoFisher Scientific).
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Figure 1.8 6 stages Andersen cascade impactor Riigithe deposition in the respiratory tract
(adapted from http://archive.bio.ed.ac.uk)
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Reuter Centrifugal Sampfr(RCS) plus: The Reuter Centrifugal Sampl¢RCS’) plus from
Merck Millipore is a portable air sampler (Fig. L.th this system airborne particles are impacted
directly into Hycon agar strips (Merk Millipor, Dastadt, Germany) containing growth media.

With this system, the air flow can reach 100 L/min.

@) ﬁ (b)

/
) }
a

Figure 1.9 RCS air sampler (a) and (b) Hycon Agdpss(adapted from Merckmillipore)

Sartorius Airport MD8: The Sartorius' Airport MD8 (Sartorius, Goéttingen, Germany) is a
portable air sampler (Fig. 1.10) commercializedSaytorius which collects airborne particles into
soluble gelatin membrane filters. The use of fiteistead of growth media gives the possibility to
analyze the airborne diversity independently of th&ro-organisms viability. However, if
culturing is required during the analysis, the mHorganisms’ viability could be impacted by
desiccation occurring during the air flowing thrbutpe filter. This air flow could rise till 2000 L

of air with a flow rate of 125 L/min (Sartorius).

-

Figure 1.10 The Sartorill$ Airport MD8 (adapted from Sartorius)

Coriolis ®u: The Corioli€p is an air sampler recently developed by Bertin hfietogies
(Montigny-le-Bretonneux, France). With this tecltow), air particles are collected into a
sampling liquid consisting of Twe8r20 or Triton x-100 solution. Using the centrifudaice, the
sampler collects the biological particles and saggagrthem from the air into the liquid as shown in
Fig. 1.11. Compatible with culture as well as witblecular analysis, the use of liquid guaranties

also the integrity of viable organisms. This samdast and efficient, and able to develop an air
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flow of 300 L/min.

(b)

Figure 1.11 (a) Coriolfsp sampler (b) concentration of particles into tluiii sample (adapted
from Bertin Technologies)

1.3.2 Classical method for fungal identification: cult@ed microscopic determination

After the sampling, the next step is the identtfara of the fungal species contained in the sample.
Today, in aerobiology, most of the techniques usedetect, identify and quantify the fungal
contaminants are based on culture, isolation, reampic and macroscopic visualization of fungal
colonies on plate and fungal structures such asesp@ulturing protocols are used for different
purposes such as allergen studies, clinical testimgfungal resistance, or strain isolation.

Briefly, samples form air or dust are depositecaguiate containing a culture media and incubated
at a specific temperature and during a determinedbiation time. Temperature, humidity rate,
incubation time and substrata are chosen in acooedwith the characteristics of the species or
group of species which is targeted (World Healtbaization Regional Office for Europe 2004).
So, during a routine analysis of indoor air sampteassophilic hydrophilic fungal species such as
A. versicolor C. herbarum, C. sphaerospermuwnsS. chartarumare cultivated on Rose Bengal
chloramphenicol agar or Sabouraud chloramphenigal @t 25 °C during 5 days (Scientific
Institute for Public Health 2015), whereas mesadphitrophilic species such as soRenicillium

sp. or theAspergillus glaucusare incubated as well at 25 °C during 5 days, dsudichloran
glycerol characterized by a low water content. Santheer species, such #@s fumigatus are
thermophilic and are isolated at 45 °C on Yeastdvi@ar medium (Scientific Institute for Public
Health 2015). Other species grow slower than othedsso, are requiring a longer incubation time
such a se.gExophiala jeanselmeavhich needs 21 days of incubation at 25 °C (Sifienbstitute

for Public Health 2015; Libert et al. 2016). Soyautine analysis, several protocols with defined
culture conditions (i.e., medium composition, temapgre, humidity and time of growth) are used
depending on the species targeted by the analysi®oitoring.

Subsequently, fungal identification is performednhigroscopic determination of colonies present

on plate. The identification of species by micrgsco visualization is based on their
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morphological characteristics (e.g., color of thelony, spore size or form, mycelium
characteristics, presence of sexual structures fifrsexual structure, etc) but also the medium
used and/or the time and temperature of incubdiidrich could affect phenotype expression)
(World Health Organization Regional Office for Epen2004; Vesper 2011; Scientific Institute
for Public Health; 2015). This is a complex distiplwhich requires a high expertise, especially
as many classifications exist as well as many symarfor the same species.

An advantage that is frequently cited is that auly gives a picture of the fungal diversity
existing at the time of the sampling. Neverthelglsss, argument does not take into account the
bias of fungal diversity observed on plate whichuldobe impacted by inhibitors or other
competition factors, the difference in growth spetéé selection induced by the used media and
the nutrients availability (Vesper 2011). Moreoveome species are not able to reproduce or
produce reproductive structures on culture medéh s cannot be correctly identified (Vesper
2011). Others are not viable or not cultivable tatepand therefore are not detectable on plate
(Vesper 2011). Thus, due to these drawbacks anplitdethe common resort to culture, the
culture-based techniques seem to be not suffigienthaustive to monitor or study the indoor
fungal community in order to understand their imfpat public health. Indeed, as well as viable
and cultivable species, not detected or not cuidtevaand/or dead species could have also an

impact on health.

1.3.3 Molecular tools for fungal detection

Molecular approaches are increasingly used foirthestigation of indoor airborne fungi. Being
fast, sensitive and accurate, molecular tools dffer possibility to reduce the time needed to
perform the analysis and to be independent of thbility/cultivability of biological materials

which is in contrast with the detection protocasdd on the culture.

1.3.3.1 Use of polymerase chain reaction and quantitatbhgnperase chain reaction

Developed in the 80’s by K. Mullis (Mullis et al986), the polymerase chain reaction (PCR) is
the most common tool of molecular biology. BriefRCR consists of an enzymaiit vitro
amplification of a part of DNA by a thermostable BNyolymerase using specific nucleotides
(i.e., the primers) complementary to the DNA regtonbe amplified. The PCR reaction is a
thermal cycling process, commonly composed of 3@yles, each of these cycle constituted of 3
steps i.e., the DNA denaturation at a temperatamging between 90-95 °C, the primer
hybridization, also called annealing which occura éemperature between 50 and 65 °C and the
DNA synthesis, also called the DNA polymerase edtiog. Because one copy of each targeted

sequence is produced at the end of each cycle,P@R reaction allows the exponential
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amplification of the sequence of interest.

PCR reactions are used since many years in thalfdagnain, especially for the detection of
fungal pathogens in biological samples such asuspublood or biopsies (Polzehl et al. 2005), but
also for the identification of isolates from enviroental samples such as indoor air samples
(Martin and Rygiewicz 2005; Wu et al. 2002; Zhowakt2000). Often these molecular tools are
targeted to the internal transcribed spacer re@@i®8 region). This region is flanking thel8S
rRNA gene encoding the small subunit of the ribcsoRNA (SSU RNA), and the 28S rRNA
gene encoding the large subunit of the ribosomaARDNSU RNA). The ITS region contains 2
internal transcribed spacers separated by the BRB®A gene (Fig. 1.12), which are both
polycistronic rRNA precursor transcripts, i.e., fhéernal transcribed spacer 1 (ITS-1) and the
internal transcribed spacer 2 (ITS-2) (Schoch .e2@12). Most of the PCR tools used for fungal
identification are based on universal primers ablamplify these ITS-1 and ITS-2 regions, i.e.
primers ITS1, ITS2, ITS3 and ITS4 (White et al. @p@-ig.1.12). The ITS region is usually used
for phylogenetic analysis of fungal taxa and issidered as a barcode marker for fungal species
identification. This is because the ITS region tas advantage to be, on the one hand, highly
variable at the interspecies level and on the olfzard species-specific (Schoch et al. 2012;
Chemidlin Prevost-Boure et al. 2011; Costa et@012 lwen et al. 2002).

The high number of copies of this ITS region in fhagal genome explains also why these
ribosomal regions are targeted by molecular apmem¢Black et al. 2013). The more copies of
the targeted sequence are present, the more #asilgetection by molecular approaches. This
observation is especially true for quantitative P@QRCR), which is faster, more accurate and

sensitive than PCR.

ITS1 ITS3
— —
SSU RNA -r-—--- 5.8SRNA- "=+ == =" | LSU RNA
ITS-1 ITS-2
ITS2 ITS4

Figure 1.12: Internal transcribed spacer regionlagdprimers

The arrows present the primers and their oriemtatibS1 and ITS3 are forward primers. ITS2
and ITS4 are reverse primers. ITS-1 and ITS-2 spord to the internal transcribed spacer 1 and
2.

gPCR is another classical tool used in molecularlogy. Developed in the 90’'s as an
improvement of the classical PCR (Holland et aB1)9gPCR gives the advantage to measure the
DNA polymerization along the process of amplifioati The visualization of the classical PCR
amplification requires a post-amplification anadysprocess such as e.g., agarose gel

electrophoresis and Ethidium bromide as interaadatiluorescent dye. gPCR allows to follow in
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real-time the amplification process by the detectod the measurement of a fluorescence level
from a specific gPCR chemistry (Navarro et al. 200% and Capeau 2003). Today, 2 types of
chemistries are available (Navarro et al. 2015) ke first one is based on nucleotides which are
labeled with fluorophores, i.e. hybridization preb&uch as the fluorescence resonance energy
transfer (FRET) probes or molecular beacons; hydimbrobes such as TagMarobes; primer-
probes such as scorpion primer probes or hairfpingss-probes; and finally fluorescently labeled
analogues of nucleotides acids such as peptideestidd acids (PNA) or locked nucleic acids
(LNA®). The second type of chemistry is based on theofi$leiorescent double stranded DNA
(dsDNA) intercalating agents such as SYigFreen or EvaGreen.

For each gPCR run, the results are expressed intification cycle values (¢ (Bustin et al.
2009). The ¢ corresponds to the cycle where the fluorescenad feom the amplification rises
above the fluorescence background (Navarro et G52Tsé and Capeau 2003). As such, a
measurable amplification is observed, only when flnerescence level is higher than the
fluorescence from the background.

Currently, in the fungal domain, qPCR is largehedisor the detection of fungal species in
clinical samples (Costa et al. 2001; Khot and Fe&dr2009; Schalbereiter-Gurtner et al. 2007),
but also for the detection of environmental contation (Hospodsky et al. 2010; Lignell et al.
2008; Pitkaranta et al. 2011).

Many gPCR assays are available for fungal deteédtiandoor environment. Most of them are
based on the TagM&rchemistry (Bellanger et al. 2009; Haugland e2@04; Melkin et al. 2004)
which consists of the hybridization and the hydsayof a short nucleotide sequence containing at
the 5’-end a fluorescent dye reporter inhibitecaliyuencher located at the 3'-end (Fig. 1.13). The
fluorescent signal is emitted only when the quendétighysically separated from the reporter,
which will occur during the elongation step, where tprobe is hydrolyzed by the DNA
polymerase by its 5-3' exonuclease activity (Nawaet al. 2015). For this technology the
specificity is determined by two factors i.e., fir@mers and the probe, the latter which is designed
to bind to a region contained in the amplicon deliby the primers. Another advantage resides on
the possibility to perform multiplex analysis (j.@nalysis of more than one target at the same
time) by combining different probes labeled witffifetient dyes. The number of multiplexing is

limited to 4 or 5, as there are only a limited amtaaf different dyes available.

Besides the TagM&ntechnology, the SYB®yreen chemistry (Fig. 1.13) is also used, although
less than the TagM&n especially for fungal detection, despite its lowest than probe-based
qPCR tools. The SYBRyreen chemistry is based on an asymmetric cyanjaéntercalated into
dsDNA. The fluorescence signal is emitted whendpe is released during the DNA extension
step and its intensity increases with the DNA payization (Navarro et al. 2015). Besides the C

value, the SYBRgreen chemistry provides a second value based eiilubrescence i.e., the
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melting temperature ¢J). This value is obtained through a post-amplifaatanalysis of all
amplicons produced during the process and is dbfisehe temperature at which 50 % of dsDNA
template is denaturated. Because this temperatudigdctly linked to the nucleotide composition
of each amplicon, the ;Tvalue from SYBRgreen qPCR assays gives an evaluation of the

specificity of each amplicon obtained at the enthefassay.

Even though multiplexing is more difficult to berfiemed with SYBRgreen than multiplexing
with probe-based methods, the discrimination cduddmade if the J of each amplicon is
sufficiently distinct (i.e., 1 °C minimum). Howevesometimes the nucleotide variation between 2
amplicons from different targets is too small towaldiscrimination based on theg,Value, i.e. no
discrimination can be made and false positives evbel recorded.

To avoid this problem, since 2003, another gPCR iavailable for the analysis of sequences
containing small differences i.e., the high regolutmelting (HRM) analysis (Wittwer et al.
2003). The HRM analysis is an improvement of SPBRen qPCR assays using the Evagreen
dye instead of SYBRyreen. Evagreen is a new generation of intercglatiyjes which is a
saturating dye, unlike SYBWreen. Consequently, all amplicons obtained alfieNA template
amplification are saturated by the dye, improvilg tdetection of nucleotide variation. In
combination with a small-stepwise increase of tempee during the DNA denaturation step
(commonly 0.2 °C) and a high resolution gPCR imsgnt, the use of Evagreen allows a very
accurate [, analysis (Wittwer et al. 2003). Therefore, closgiyilar targets not distinguishable
with classical SYBRgreen analysis will be able to be discriminatedhwifRM analysis
(Lengerova et al. 2014; Nemcova et al. 2015; Sowvanget al. 2012). Unlike SYBRjreen qPCR
assays, the results form HRM analysis are not baked on the {and T, values, but also the
similarities of the shape of the melting curvesamralysed and samples with similar shapes of the
melting curves are grouped together within a ctu®g including a positive control for each of

the targets, the discrimination and identificatidreach cluster can be done.
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Figure 1.13: SYBRgreen and TagM&nassays (adapted from Kim et al. 2013)

Because environmental samples could contain mane ¢ine species, the detection tool must be
able to identify all taxa present in the samplewkleer, most of the molecular tools, such as PCR
and gPCR, are designed to detect only one speca@ga. These tools are called simplex assays.
In order to reduce the time needed for a complei@yais, and therefore the time before

interventions can start, and in order to save somstvery scarce, but precious sample material,
more and more assays are designed to detect rauliglets in a single run. These tools are called

multiplex assays.

As explained above, TagManprobe- based assays are the most suited gPCR fdool
multiplexing. However, due to the number of fludnopes and quenchers available for
multiplexing, probe detection is limited to 4 ordfferent ones (Gurvich and Skoblov 2011).

Therefore, if more targets are to be detected samebusly, alternatives are needed.
1.3.3.2 Multiplex analysis: Luminek technology

At the end of the 90’s, Luminex Corporation develd@ detection system specifically dedicated
for multiplexing. Based on the principle of flowtoynetry, the Luminex technology consists of

the fluorescent detection of multiple sets of puolsene magnetic microspheres (beads)
characterized by a specific spectral emission (Eig}4), i.e. a liquid bead suspension array. The
power of this technology is that each set of bdwdsa unique combination of red, infra-red and

orange dyes which allows their specific recognitignthe Luminex instrument used for read-out
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of the assay. This means that in a mixture of sétbeads, each bead could be identified
individually by the machine (Dunbar 2006). Dependim the type of LuminéXinstrument, the
number of sets which can be detected during aesingh ranges from 50 for the MAGPIX
instrument (read out with a CCD camera) to 500tter FLEXMAP 3D (read out with a laser).
The emission of a red fluorescence is the signatfitbe beads, the green fluorescence indicates
the ligation of a target to the beads. Indeedathdead set a biological molecule such as proteins
or oligonucleotides could be coupled (Dunbar 20@88jch will bind or hybridize to a specific
target in the sample. In the case of oligonuclestidwhich are called ‘probes’, different

technologies exist, e.g. ligation dependent anggalifon (LDA) and the direct hybridization.
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Figure 1.14: (a) Bead-suspension array detectioB®p camera imager (adapted from Luminex)
(b) read-out of liquid bead suspension array wildisar read-out (adapted from Luminex)

LDA is based on the Luminex xTAGtechnology and MagPlex-TAGmagnetic microspheres
(XTAG® beads). Briefly, each set of xTAGeads is pre-coupled to a specific anti-TAG which
can hybridize to a complementary TAG. In parakkgich TAG is coupled to the target during a
primer extension step performed in the presendsotin. Subsequently, the TAG hybridization to
the anti-TAG takes place and the resulting prodgicubated with streptavidin-R-phycoerythrin
(SAPE) as a reporter. The use of biotin and SAP&irsd to produce the green fluorescence
which is used during the analysis on the Luminestrimment. So, if the target is present in the
sample, it will be coupled to the TAG and markethviotin. After hybridizing to the anti-TAG
and SAPE treatment, a green fluorescence will bdymred, that can be measured. If the target is
absent, the biotin will not be able to be addedh® TAG and so, no green fluorescence will

eventually be detected.
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The direct hybridization approach is based on thmihex xMAF® technology. In this case, the
detection is made through target-specific probd®e Probes are firstly coupled to Magplex
microspheres (beads). Then, the probe-beads ceapléybridize to a specific PCR amplicon,
previously obtained with biotinylated primers usihg DNA of the sample as template. Finally,
after the addition of SAPE, the read-out on the instrument is performed. Once again, if

the target is present in the sample, a green fgeree signal will be measured on the instrument.

Mainly used for the study of proteins (includingtakines), microRNA, gene expression or
enzyme immunoassays, the Luminex technology isusd in a public health context especially
in microbiology for the detection and charactei@atof food-borne pathogens (Wuyts et al.
2015), but also for fungal detection in a clinisatting. Indeed, some Lumirferssays exist for

the detection and characterization of fungal pathsgin biological samples such as blood,

biopsies or biological secretion (Etienne et aD20 andlinger et al. 2009).

Because the Luminex xMAPtechnology is based on a probe detection systeenselection of
species to be detected should be a priori madagltine development of the assay, to be able to
include the specific probes. So, if a non-targéted initially not included) species is presengin
sample, and for which no probes are present inatisay, it will not be detected during this
analysis. Therefore, the Luminex technology cowddbnsidered as targeted multiplex approach.
The identification of initially not included tax@quires an open approach where all the species

can be detected in a single run.

1.3.3.3 From Sanger to next generation and third generagguencing

For years, fungal identification as well as fungalnitoring has been studied with culture-based
protocols Pitkaranta etl. 2011; Vesper 2011). However, due to the lomg-&round-time and

the expertise required for the identification, noolar tools such as sequencing have been used.
Even though sequencing is not yet used as a ftdttden or monitoring system, this technology is
strongly linked to the improvement of knowledge lbielogical systems such as the fungal
community (Cuadros-Orellana et al. 2013; Dudhagted. 2015; Tonge et al. 2014).

Considered to be a standard technique for DNA segijng, the Sanger sequencing is largely used
in the mycology research domain (Kawasaki et a@01MNilsson et al. 2008; Wang et al. 2001).
Sanger sequencing consists of a dideoxy reactionination sequencing using the inhibitory
activity of the 2’,3’-deoxythimidine triphosphatéddNTPs) on the DNA polymerase enzyme
(Sanger et al. 1977). During the reaction, a sisglanded DNA template is copied by a DNA

polymerase enzyme in the presence of a specifiegoriThe production of the amplicon occurs in
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5'-3’ direction by the incorporation of complememtaucleotide bases (ANTPs). When a ddNTP
(i.e., ddATP, ddTTP, ddCTP or ddGTP) is incorpattabestead of a dNTP, the extension is
stopped (Sanger et al. 1977). Each ddNTP is labelith a specific fluorescent marker. Therefore
each product will be specifically labelled (Figl13). Through a high resolution electrophoresis,
the products are then separated by size and igehbi laser detection (Fig. 1.15). Based on the
detection of the specific fluorescent marker, trgeo of the nucleotides, i.e. the sequence, can be

determined. Sanger sequencing is limited to asisghnd from only one target at a time.

3'-... ATCGTTACAGT... (DNA template)

5'-... TAGCAAT (Primer)
DNA amplification Fluorescence detection
...TA
..TAGCA
Polymerase + dNTPs + labeledd dNTPs ..TAGCAA
..TAGCAA

Figure 1.15: Sanger sequencing — schematic prancipl
Colored letters represent the fluorescent labeléNTéPs. The colored bridges illustrate the
fluorescence emitted by the ddNTPs.

Some years ago, a second generation of sequencatigodn appeared, referred to as next
generation sequencing or NGS. These new methodsidespread in all the fields of biological

research from cancer research to ecology, virolbggteriology, food-pathogen subtyping or
GMO identification, but also mycology and aerobgyoln contrast to Sanger sequencing which
is limited to one single strand (one DNA sequend&}S tools are able to sequence multiple

strands during a single run.

Among the different NGS technologies available, ithemina platform is the most used (Fig.
1.16). Developed in 2006, lllumina sequencing iseldaon the “sequencing by synthesis”
chemistry which is characterized by the incorporatf reversible terminator nucleotides labeled
with fluorescent markers (one marker per nucleptidesorge 2009; Loman et al. 2012). The
reaction occurs on a support covered densely bgtadaon which the DNA is linked after the
denaturation step. The free extremity of the DNAhjdridized to a complementary adapter
forcing the DNA to form a bridge on the support.efhthe single strand DNA fragment is
polymerized by the DNA polymerase. During the P@fiplification, the nucleotide incorporation
releases a fluorescent signal which is detectedidamdified by a camera. The signal is emitted

and recorded, the 3’-end terminator group coateth¢onucleotide is removed and the DNA
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polymerization begins again (Ansorge 2009; Lomaal.€2012).

lllumina sequencing platforms are also charactdrizethe large amount of reads which could be
produced per run i.e., between 12,000,000 and 300M00 per reads depending on the
instrument and the sequencing kit used for analy$is sequencing error rate is estimated to be 1

per 1000 sequenced bases (Roos et al. 2013).

Because the lllumina platform, such as other N@SBta@ould analyze multiple targets in a single
run, this tool could be considered as a multiplpgroapproach in terms of sample analysis. This
approach gives the opportunity to perform enviromtale research based on metagenomics
approaches which consist of the analysis of all DdAspecifically generated PCR amplicons)
available in a sample (Thomas et al. 2012; Veritat. 2004). This platform was also used for the
investigation targeting the ITS region of the doilgal community (Schmidt et al. 2013), of the
cutaneous mycobiota in cats (Meason-Smith et dl6RMut also for metagenomic studies applied
on indoor airborne fungal community (Tedersoo eR@ll5; Uroz et al. 2013). In 2016, Lee et al.
performed a high —throughput lllumina sequencingider to analyze the composition and the

diversity ofAspergillusspecies in outdoor air (Lee et al. 2016).
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Figure 1.16: Illumin sequencing technology — schematic principle (ahfstom Anandhakumar
et al. 2015)

Although NGS technologies provide a large amouninfdrmation on biological systems, these
tools are limited to short read lengths i.e., betw86-100 bp for the Illumina HiSeq 2000 and
HiSeq 2500 and 36-300 for the Illumina MiSeq 30Quitiina 2016; Robert 2013). Read size
restriction is eliminated by the third generati@oencing tools such as the single molecule real-

time sequencing (SMRT) performed by Pacific Biogcas (PacBio), initiated in 2011, and which
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could reach more than 14 kb per read. Another ingareent can be found in the sensitivity of the
technology, which is able to detect only one mdeauthout any pre-amplification step before.
Due to these features, the SMRT sequencing is pfuhedool for full genome sequencing.
However, the error rate is estimated to be 1 pesetfienced bases. This is one reason to explain
why SMRT PacBio is yet currently used mainly ineagh, especially for whole genome
sequencing applications (Di Bella et al 2013). SMBaquencing is also a “sequencing by
synthesis” technology but, in this case, an ulff@ient DNA polymerase enzyme is coated to the
surface of a SMRT cell (Fig. 1.17). Briefly, atstirthe DNA fragment to identify is ligated at the
3- and 5- ends to adaptors. Then, this polymeidra complex is annealed to the DNA
polymerase. During the reaction, a constant flovilarescently labeled nucleotides is captured
by the polymerization complex and the fluorescefioen the incorporation of nucleotides is
recorded in real-time all along the DNA amplificati When a nucleotide is incorporated and the

signal emitted, the fluorophore is released andresxon can go on (Loman et al. 2012).

SMRT adaptor
DNA
~\\ "‘4‘ d 'c
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Figure 1.17: Pacific Biosciencesechnology- schematic principle (adapted from Metz2010
and Rhoads and Au 2015)
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1.3.4 Quantitation of the indoor air fungal contamination

Besides identification, quantification is also riegd to determine in its entirety the impact of a
contaminant on health. Quantitative data on thgdlioharge in indoor air is an important element
in understanding the causal link between airbonmegdl contamination and health effects.
Because no norms or guidelines exist to harmohizdéungal quantification (as elaborated above),

several approaches are used to quantify the fuulhgage in air.

A lot of protocols used for fungal load quantificatt are culture-based as it is done for the fungal
identification (Anses 2016; Rosembaum et al. 2(Rifmoni et al. 2011). Using microscopic or
direct visualization, these techniques consisbohting of colony forming units (CFU) present on
an agar plate after a determined time of growthifiation. In this case the results are expressed in
CFU (or CFU/L air, CFU/m3 air). However, as it isserved for the identification, culture-based
protocols could induce some bias, due to inhibitiwncompetition, and so, the results are not
representative of the complete fungal charge pteeethe sample. Moreover, some colonies are

aggregated and hence are counted as a single colony

Some protocols determine the fungal contaminatiwaugh the charge of spores present in air,
using spectrophotometry measurements, a hymocygoroet flow cytometry or molecular tools
such as gPCR (Anses 2016; Morris and Nicholls 1¥&@hee et al. 2009). Although these spore-
based approaches are fast, easy and useful tonitetéethe total charge of fungal spores in air, the
disadvantage is that no information is given altbet other compounds (such as fragments of
mycelium, parts of cell wall...) which could be presa air and which could have some impact
on health. Other quantification methods are basedhe detection of chitin, fatty acids or
ergosterolia biochemical methods or high performance liquidoamtography (HPLC) (Davey
et al. 2009). Nevertheless, because these compauedsot present in all fungal lineages, the

measurements obtained with these tools are bi@lsdan et al. 2003).

Many gPCR assays are also developed for fungaltifjoation (Filofteia Diguta et al. 2010;
Haugland et al. 2002; Liu et al. 2012; Zeng e2@06). In 2002, Haugland and Vesper proposed a
metric called relative moldiness index (EMRI) toaqtify molds contamination in U.S. homes.
This metric is obtained through a mold-specific BPGISQPCR), targeting rRNA genes (ITS
regions, LSU) which measures the concentratior6duBgi possibly present in American houses
(Haugland and Vesper 2002). Although commonly uied technique could be impacted by PCR
inhibitors present in air (Melkin et al. 2007; T&ubt al. 2016). The use of standard curves is also
largely used to estimate the amount of DNA amglifie a samples according to thg v@lues

obtained during the analysis of a serial DNA ddatcontaining a determined amount of DNA.
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However, the observation of the lack of usable syp® assessment methods for unknown agents
is also valid for the quantification methods. Theence of data concerning quantification of these

“unknown” contaminants hampers the understandirtheaif impact on human health.

Rationale and outline of the thesis

Currently, there still exists controversy on theiga relationship between exposure to indoor
airborne fungi and adverse health effects. The nstaleding of this relationship is key to reduce
the burden of fungal exposure in favor of publialtte However, scientific evidence is still
lacking due to the absence of uniformly environrabsdmpling and detection methods to assess
the indoor fungal contamination. Most of the comiviateveloped and used detection methods
are culture-based. However, although conventiorethods have proven their effectiveness, some
problems are encountered such as the expertiséreddior morphological identification, the
extended time needed to perform the analysis dadsaof representativeness of fungal diversity.
Indeed, in addition to the problems related to oetitipn, difference in speed of growth,
dependence on growth media selected, culture-baisgtdcols are not able to detect the non-
viable taxa or non-cultivable species in the samfdalled unknown agents or uncultivable and/or
dead fraction). As a result, there is a lack ofdat the fungal diversity in indoor air. In parhlle
immunological tests available to assess the impédhdoor fungal contamination and health
effects are still limited to the most commonly ouli-based detected species. Therefore, increasing
the data available on indoor airborne fungal diteensill contribute to improve the data available
for the development of immunological tests and @adly to fill the gap between fungal

contamination and public health.

In this context, this PhD thesis aimed to develapecular approaches for specific, sensitive, fast,
accurate and non-culture based detection of in@iworne fungi, which could be potentially

allergenic. Besides this technological objectités tvork aimed at providing a better insight into
fungal contamination and especially into the fi@atthot yet detected by conventional methods,

such as the uncultivable or dead fraction.

In order to deal with this challenge (Fig. 1.18)firat step of this study was to dispose of an
appropriate workflow, including sampling, DNA exttisn and purification, compatible with
molecular analyses. This part of the work was peréal for two study cases i.Aspergillus
versicolor, one of the most common indoor fungal speciespteln®) andExophiala jeanselmea
species suspected to be a species belonging tietttefraction and not yet detected in indoor air

by the classical monitoring approaches (chapteF8j.these two study cases, a simplex gPCR
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SYBR®green detection tool was developed and its perfocmaassessed. Subsequently, the
molecular tools developed in this work focused oultiplexing in order to reduce the turn-
around-time of the fungal monitoring, and to redtdice amount of sample used for a single
analysis. The multiplexing was applied using twiiedeént approaches i.e., a multiplex targeted
approach focused on selected fungal species (3igalheclosely related species and the 10 most
common species found in indoor air) and a multimpen approach focused on the whole fungal
airborne community. Chapter 4 describes the dewedop of a post-gPCR high resolution melting
analysis (HRM) used for the discrimination of 3 ggcally closely related species i&. creber,

A. sydowiiandA. versicolor This chapter could be considered as a studyad=®®nstrating that
HRM could be useful in the context of closely rethspecies discrimination, based on previously
developed gPCR assays. While the HRM presentdtkeichapter 4 is focused on the detection of
closely related species, the Luminex xMA®ol elaborated in chapter 5 was developed to
improve the detection, during a single run, of pi@cées commonly observed in indoor air. Both
chapters 4 and 5 show that multiplex targeted ambres could improve the detection and the

monitoring of indoor airborne contaminations, clgselated species included.

To gain a better insight into the fungal diversityltiplex tools should however not be restricted
to the most common or the most commonly observediap in indoor air but must include all
species that can potentially impact health. NGSdcbe such an open approach multiplex tool.
Chapter 6 presents a study case to demonstratél@fatcan be used to collect data on the dead
fraction for which the classical detection cultdiependent tools are not adapted, applie#.to
jeanselmeiChapter 7 reports the metagenomic analysis oifndh@or airborne fungal diversity in
contaminated houses, as well as a comparison betdata obtained with classical methods and
those obtained by NGS.
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Chapter Technologies Cases studies

gPCR SYBRGreen
2 A. versicolor
3 E. jeanselmei

Post-gPCR HRM

4 A. creber, A. sydowiiandA. versicolor
Luminex® xMAP

5 10 most commonly found fungal species in indoor ai

Massive parallel sequencing
First detection oE. jeanselmeiin indoor air
Metagenomic analysis of indoor airborne fungi

Figure 1.18: Schematic outline of the thesis
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Chapter 2

Development and performance assessment of a dvalita
SYBR®green real-time PCR assay for the detectiorAspergillus

versicolorin indoor air

This chapter was previously published as Libert,Chasseur, C.; Bladt, S.; Packeu, A.; Bureau,
F.; Roosens, N.H., De Keersmaecker, S.C.J. (2W&)elopment and performance assessment of
a qualitative SYBRgreen real-time PCR assay for the detectiorAsergillus versicolorin
indoor air. Appl Microbiol Biotechnol 99(17):726282. DOI:10.1007/s00253-015-6785-9
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Abstract

Currently, contamination of indoor environment lundi and molds is considered as a public
health problem. The monitoring of indoor airbornadal contamination is a common tool to help
understanding the link between fungi in houses @awpiratory problems. Classical analytical
monitoring methods, based on cultivation and mimopsc identification, depend on the growth of
the fungi. Consequently, they are biased by difies to grow some species on certain culture
media and under certain conditions or by non-caiiti¢ or dead fungi that can consequently not
be identified. However, they could have an impattaman health as they might be allergenic.
Since molecular methods do not require a cultuep, shey seem an excellent alternative for the
monitoring of indoor fungal contaminations. As aeatudy, we developed a SYBReen real-
time PCR based assay for the specific detectioridemification ofAspergillus versicolgrwhich

is frequently observed in indoor environment andvim to be allergenic. The developed primers
amplify a short region of the internal transcrilspdcer 1 from the 18S ribosomal DNA complex.
Subsequently, the performance of this qPCR methed wassessed using specific criteria,
including an evaluation of the selectivity, PCRigéncy, dynamic range and repeatability. The
limit of detection was determined to be 1 or 2 espf genomic DNA oA. versicolor In order to
demonstrate that this SYBBreen gPCR assay is a valuable alternative for towimg indoor
fungal contamination witk. versicolor environmental samples collected in contaminatadsés

were analyzed and the results were compared tonie obtained with the traditional methods.

Key words

Aspergillus versicolgr indoor air, public health, real time PCR, SYRBfReen, performance

assessment
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2.1Introduction

The effects of allergenic molds on public healtk arell documented (Bellanger et al. 2009;
Packeu et al. 2012a; Reboux et al. 2010). Indeettjsxtan produce mycotoxins, spores, hyphae
and wall fragments containing 61 3)3-D-glucans and proteins which could induce allergic
reactions of types I, lll and IV (Douwes et al. 30@eo et al. 2008). Some studies revealed an
association between the fungal levels in the airthe occurrence of allergy (Horner et al. 1995;
Meheust et al. 2014; Mendell et al. 2011; Rebouxalet2010) and between water-damaged
buildings and human exposure to fungal contamingpieesent in indoor air (Jones et al. 2011,
Vesper et al. 2013). Presently, with the climatengfe, the new energy conservation measures, the
development of the urbanization, and the consideramount of time spent inside buildings,
people are increasingly exposed and might be moseeptible to developing a respiratory
problem caused by a fungal contamination (de Arel.e2006; Mendell et al. 2011; Sharpe et al.
2014). More specificallyAspergillus versicolofs one of the most important fungal contaminants
of houses (Beguin and Nolard 1994; Packeu et dl2&0and this species is known to produce
allergenic compounds (Benndorf et al. 2008), widah have an implication in the development
of asthma (de Ana et al. 2006).

Usually in routine analysis, the detection and fifieation of indoor airborne fungi are based on
culture, microscopic visualization and visual cautiowever, this classical approach requires an
important level of expertise and is time-consum{Ngsper 2011). Another drawback of this
approach is that it depends on the growth of tHauey which is known to be affected by the
growth media chosen, the culture conditions (esigdemperature and humidity), the incubation
time (some species grow faster than others) or etitign between species. Furthermore, a part of
the sampled biological fraction is dead and notir@ltle, and therefore is not always detected by
traditional analysis methods, although it could éhan impact on human health as it might be
allergenic. Therefore, this could lead to an unstaration of the total fungal airborne community
and level of the contamination classically deteedity colony forming units (CFU) on an agar
plate (Pitkaranta et al. 2011; Vesper 2011).

Molecular techniques like the real-time polymerakain reaction (QPCR), amplifying a specific
DNA sequence in the fungal genome with a real-timiection of the amplification products, have
been proposed as an alternative to these clasktadtion methods (Black et al. 2013; Haugland
et al. 2004; Timothy et al. 2004). Besides beirgy, faensitive and specific, gqPCR also gives the

advantage of being independent from culture.

Most often gPCR methods designed for fungal detectre based on the ribosomal gene complex
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and particularly on its internal transcribed spag€rS) (Bellanger et al. 2009; Chemidlin Prevost-
Boure et al. 2011; Costa et al. 2001; Johnson.&02; Melkin et al. 2004; Michealsen et al.
2006; Roussel et al. 2013), which are non-codigipres of the fungal rDNA (ITS-1 and ITS-2)
flanked by the small subunit (SSU) rRNA and by thege subunit (LSU) rRNA genes. The
sequence variation of ITS regions has led to thedr in phylogenetic studies of many different
organisms (Nilsson et al. 2008). These ITS regaasselected for gPCR assays due to their good
conservation and their weak level of polymorphismoagst DNA sequences of the same genus
(Chemidlin Prevost-Boure et al. 2011; Costa eR@01; lwen et al. 2002). Therefore they offer
the possibility to develop specific molecular methdor detection at the genus or even at the
species level (Hinrikson et al. 2005; Nilsson eR8D8; Schoch et al. 2012).

The gPCR methods are started to be more frequasdlg for environmental investigations and
monitoring of the most common fungal contaminamessent inside buildings (Bellanger et al.
2009; Roussel et al. 2013), such as performed byUhited States Environmental Protection
Agency (EPA). Indeed, the EPA has developed a lagjeof qPCR methods based on the
TagMarf chemistry, as real-time detection system of theldied products, aimed for indoor
fungi monitoring A. versicolorincluded) (Haugland et al. 2004; United States Emmnental
Protection Agency 2014). These labeled probe-bag@@R assays are highly specific. An
alternative to TagMa@hmethod is the SYBByreen chemistry. Here, the detection of amplifarati

is based on an intercalating fluorescent dye, ieddent of the use of a labeled probe. The
specificity of this method is determined by thenmis’ specificity and by the melting temperature
(T of the amplicon. This approach is also sensiémd fast, but cheaper than the probe-based
one. However, despite these advantages, not maBR&)feen assays exist yet for the detection
and identification of airborne indoor molds. To thest of our knowledge, no SYBg&reen based

detection and identification method far versicolorhas been reported yet.

Additionally, currently, even if many qPCR methaglgst for the fungal detection, no specific
guidelines are proposed concerning the assessmeheio performance. This is in contrast to
other domains where real-time PCR methods ared3inesed during many years for the detection
and identification of specific targets, such astfer detection of genetically modified organisms
(GMO) in food and feed (Broeders et al. 2014; EN@Q08; ENGL 2015). Recently, the
guidelines established for the validation of réaet PCR methods for GMO detection have been
used to evaluate gPCR assays for the detectiondantlfication of bacterial pathogens (Barbau-

Piednoir et al. 2013b). However, for fungal gPCedéon methods, this has not yet been done.

The present study reports on the development of BRSgreen qPCR method fa. versicolor
detection. The primers designed in this study atected in the ITS region. The performance of

the developed qPCR assay was subsequently assessagl,the guidelines for validation of
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qualitative real-time PCR methods based on critdeéined for GMO. The PCR efficiency,
dynamic range, sensitivity, selectivity and repbiitg of the developedA. versicolor

SYBR®green qPCR were evaluated and discussed. Finafiypaf of concept for the developed
gPCR method was delivered using air samples celleéh two contaminated houses, by

comparing the qPCR results to the results obtaividtraditional analysis.

2.2 Materials and methods

2.2.1 Fungal strains

All the fungal species A. versicolor, Aspergillus creber,Aspergillus sydowii,Aspergillus
fumigatus, Alternaria alternata, Cladosporium cladosporoidesCladosporium herbarum
Cladosporium sphaerospermuienicillium chrysogenupStachybotryscharatum Ulocladium
botryti) and strains used in this study are listed in @&0l. All of them were purchased from the
BCCM/IHEM collection (Scientific Institute of PubliHealth in Brussels, Belgium).

2.2.2 Culture conditions and DNA extraction

The fungal strains were grown in a S10 Sabourauddimedium (Biorad, Temse, Belgium) at 25

°C with constant agitation between 3 to 10 daysutog to the species’ growth conditions.

After this incubation time, 300 mg of wet samplesvizansferred to cryotubes containing 0.25 ml
of acid washed glass beads (Sigma Aldrich, Dieggehgium) put at -80 °C during 40 minutes
and freeze-dried overnight with a freeze-dryer IBpsiL-6D (Martin Christ, Osterode am Harz,
Germany). Freeze-dried fungi were subsequently-beaten with a Mini bead beater (Biospec
Products, OK, USA ) during 1 minute at maximal shee

The total DNA was extracted with an adapted pheh@droform (24:1) protocol (Ashktorab and
Cohen 1992) and purified with the Qiagen CTAB geitwohip-20 kit (Qiagen Benelux — B.V., KJ
Venlo, the Netherlands) according to the manufactsirecommendation. DNA was eluted with
100 pl Gibc8 DNase, RNase, protease free water (Life Technadp@ent, Belgium). The DNA
integrity was verified on an 2 % agarose gel. TIMADamount and purity was evaluated with a
Nanodrof§ 2000 (Thermo Scientific, Wilmington, USA).
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Table 2.1: Selectivity evaluation of SYBgeen qPCR\versi ITSassay

Genus Species Reference  Positive C, Tm
BCCM/IHEM*  signal mean £+ SD mean = SD (°C)
Aspergillus versicolor IHEM 18884 yes 26.13+0.06 76.25+0.35
Aspergillus versicolor IHEM 2023 yes 26.73+0.06 76.25+0.35
Aspergillus versicolor IHEM 2157 yes 27.2+0.11 76.50+0.00
Aspergillus versicolor IHEM 10351 yes 26.74 +0.08 76.25+0.35
Aspergillus versicolor IHEM 22014 yes 28.10+0.10 76.50+0.00
Aspergillus versicolor IHEM 22975 yes 26.54 +0.07 76.50 +0.00
Aspergillus versicolor IHEM 24424 yes 28.05+0.99 76.25+0.29
Aspergillus versicolor IHEM 29832 yes 28.18+0.16 76.50 +0.00
Aspergillus creber IHEM 2646 yes 30.70 £0.70 76.50 £ 0.00
Aspergillus sydowii IHEM 895 yes 30.18 +0.13 76.25+£0.35
Aspergillus sydowii IHEM 1360 yes 37.34+1.84 76.25+0.35
Aspergillus sydowii IHEM 20347 yes 33.34 +£0.88 76.50 £0.00
Aspergillus fumigatus IHEM 1365 no / /
Aspergillus fumigatus IHEM 3562 no / /
Alternaria alternate IHEM 4969 no / /
Cladosporium cladosporoides IHEM 0859 no / /
Cladosporium herbarum IHEM 2268 no / /
Cladosporium sphaerospermum IHEM 1011 no / /
Penicillium chrysogenum IHEM 4151 no /
Penicillium chrysogenum IHEM 20859 no / /
Stachybotrys charatum IHEM 0359 no / /
Ulocladium botrytis IHEM 0328 no / /

yesdefined as a positive signiat. amplification with a €< 40, and T, value (°C) as expectedp defined
as no amplificationC, mean + SD and ,J mean + SD were based on two runs per extract fom
independent DNA extracts for each strain whichdiaen a positive signal in qPCR using 1,000 thécmbt
genomic copies. The strain in bold is the referarsad for the validation, and was fully charactstiasA.

versicolor

* [HEM/BCCM collection, Mycology and Aerobiology,c&ntific Institute for Public Health, rue Juliette
Wytsman 14, 1050 Brussels, Belgium.
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2.2.3 Design of primers

All the at the time of primer design in NCBI GenRafnttps://www.ncbi.nlm.nih.gov/genbank/)
available 18S rDNA sequences froin versicolorstrains as well as from other closely related
species (namehA. creber, A. fumigatus, A. sydowii, P. chrysogenuvare collected and aligned
with the “MegAlign” software V10.0.1 (Lasergene, diison, USA) to identify the sequence
region of interest. The publicly available sequesnoé 18S rDNA used were fok. versicolor
AJ937751.1/ AJ937753.1/ AJ937754.1/ AJ937755.1/ BRIH5.1/ AM883156.1/ AY728196.1/
EF125026.1/ EU042148.1/ FJ878627.1/ FJ878625.1616BR.1/ FJ904814.1/ KJ466864.1/
JN205048.1; for A. creber KJ775474.1; for A. fumigatus KC411924.1/ KC237295.1/
KC237291.1/ KC237292.1/ KC142152.1/ HE864321.1/ K&1199.1/ KC119200.1/ JX944178.1/
JX944118.1; forA. sydowii DQ114468.1/ FJ807779.1/ HQ625522.1/ JN94914.T7/7K368.1/
KJ775569.1/ KJ775570.1/ KJ775571.1/ KJ775574.1, for chrysogenum JN903544.1/
JN798499.1/ JX535315.1/ AF033465.1/ HQ336383.1/ #8636.1/ EU709771.1/ JX996985.1/
JF834167.1/ FJ004280.1.

Then, different primer pairs were designed in #gions of ITS-1 and ITS-2 with the “Primer 3
V.0.4" software (http://bioinfo.ut.ee/primer3-0.4.QUntergasser et al. 2007). Primer dimers and
secondary structure formation were evaluated dutimey design with Primer 3. An in silico
specificity test was performed with the “wprimensdd software
(https://wemboss.uio.no/WEMBQOSS/) (Sarachu and tC2085). This in silico PCR simulation
allows selecting the primer pairs that only ampttig targeted sequences. The specificity of the
primers was also verified using BLASTn (http://blasbi.nim.nih.gov/Blast.cgi). In total 7 primer

pairs have been designed (Table 2.2).
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Table 2.2: Primer sequences develoipesilico

Name Purpose Sequence 5'to 3’

Aversi_ITSr. Reverse primer AGTTCGCTGCGTTCTTCATC

Aversi_ITSr2 Reverse primer CTGCATCACTCTCAGGCATG

Aversi_ITSfl Forward primer CTGAGAGTGATGCAGTCTGAG
Aversi_ITSf2 Forward primer CCCACCCGTGACTACCTAA

Aversi_ITSf Forward primer CTGAGAGTGATGCAGTCTGAGTCTG
Aversi_ITSf2 Forward primer TGCCTGAGAGTGATGCAGTCTGAGTCTGA
Aversi_ITSf3 Forward primer CTGAGAGTGATGCAGTCTGAGTCAG
Aversi_ITSf4 Forward primer GAGTGATGCAGTCTGAGTCTG
Aversi_ITSf5 Forward primer CTTCATGCCTGAGAGTGATGCAGTCTGC

In bold: primers selected as the most specifidtierselected region &. versicolor yielding an
amplicon of 53 base pairs.

2.2.4 Qualitative SYBRgreen qPCR assay

The gPCR assayAyersi_ITSqQPCR method) was performed with the SYBRen chemistry

using a real-time PCR 1Q%' system from Biorad (Temse, Belgium).

The standard reaction mix (25 pl final volume) eimed 12.5 pl of 2x SYBRyreen PCR
Mastermix (Diagenode, Liege, Belgium), 0.25 plAefersi_ITSforward and reverse primers (0.2
M) and 7 pl of Gibc® DNase, RNase, protease free water (Life Technedodsent, Belgium).
To this mix, 5 pl of genomic DNA (gDNA) at 200 thretical genomic copy numbers per pl was
added. The number of genomic DNA copies was catedilaccording to the formula presented

below:

_ m X A
"M, x G

with C, = genomic copy numbemn = the amount of gDNA (grams) and determined by
Nanodro§2000 (Thermo Scientific, Wilmington, USAKc the Avogadro’s constant (Mohr et al.
2008); M,, = base pair mean molecular weight (649 Da) @God Genome size (expressed in bp)
of A. versicolor= 33,130,000 bp (Joint Genome Institute 2014).r&e only publicly available

information on the size of the genome of one spedif versicolorstrain. This size was taken to
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calculate the number of genomic DNA copies forAallversicolorstrains, although some strain-

dependent deviations may exist.

All the runs were performed using following thernegtling conditions: 1 cycle of 95°C for 10
minutes (Tag activation), followed by 40 amplificat cycles of 15s at 95°C (denaturing step) and
the annealing and extension step at 60°c for 1 Afterwards, a melting curve was performed
with a gradual increase of temperature of 0.5 °@t®w 55 to 95 °C during 15 min. The threshold
level for the reaction was automatically determitgdthe Biorad 1Q 5 software V. 2 (Biorad,

Temse, Belgium).

In each reaction, a “no template control” (NTC) wasluded for the analysis i.e. the DNA
template was replaced by ultrapure water in theti@amix. This NTC allowed verifying that no

contamination occurred and that no primer dimenev@med.
2.2.5 Strain confirmation: Sequencing and theoretigatalculation

In order to confirm their identity, the ITS-1 anfiS-2 regions ofA. versicolor (IHEM 18884,
IHEM 1323, IHEM 1355, IHEM 2023, IHEM 2157, IHEM 88, IHEM 6598, IHEM 9674,
IHEM 10351, IHEM 19014, IHEM 19210, IHEM 19256, INE29832, IHEM 22014, IHEM
2757, IHEM 24424)A. creber(IHEM 2646) andA. sydowii(IHEM 895, IHEM 1360, IHEM
20347) was verified by Sanger sequencing analys@noABI3130xlI Genetic Analyzer apparatus
(Applied Biosystems, Life Technologies, Gent, Betg) with the BigDye Terminator v3.1 cycle
sequencing kit (Applied Biosystems, Life Technoésgi Gent, Belgium) according to the
manufacturer's recommendations. The ITS-1 and ITr8¢fons were firstly amplified with the
primers ITS1F (5-CTTGGTCATTTAGAGGAAGTAA-3") (Gardeand Bruns 1993) and ITS4
(5- TCCTCCGCTTATTGATATGC-3) (White et al. 1990nd then sequenced with the primers
ITS1 (5-TCCGTAGGTGAACCTGCGG-3’) and ITS2 (5-GCT@&ITCTTCATCGATGC-3)
(White et al. 1990). The consensus sequence of @attte targeted regions was made based on
the forward and reverse sequence. These sequerses aligned with the MEGA v6.06
(http://vww.megasoftware.net/) software and vizeli with the CLC sequence viewer v7.0.2
(Qiagen Benelux — B.V., KJ Venlo, the NetherlandBhe consensus sequences were also
compared to the sequences available in the NCBlabdae by using BLASTn
(http://blast.ncbi.nim.nih.gov/) in order to comfithe amplification of the targeted DNA regions
and their identity.

Based on these sequences, the theoretjcaf The amplicon obtained in ti#esersi_ITSassay was
calculated in silico with the online tool OligoAgaer 3.1 from IDT
(http://eu.idtdna.com/calc/analyzer) (IDT, Leuv&glgium) under the PCR conditions described
above (White et al. 1990).
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2.2.6 Aversi_ITSassay: Performance assessment

Selectivity test
The selectivity test was composed of 2 steps asgqusly reported for the validation of gPCR
methods for food pathogens (Barbau-Piednoir éxGdl3a, b). Firstly, a preliminary selectivity test
was carried out on the target specisversicolorlHEM 18884) and 2 non-target species (Re.
fumigatusIHEM 3562 andP. chrysogenumiHEM 20859), using 15,000 theoretical copies of
gDNA.
Secondly, a larger selectivity test was perforne@luating the inclusivity (the selected primers
should amplify DNA of each tested strain from testéd target species) and the exclusivity (DNA
of non-target species close to the target or desdrio frequently occur in the same environment
with the target species should not be amplifiedh®y selected primers) of theversi_ITSQPCR

method.

The experimental design of the full selectivitytt@gas adapted from Barbau-Piednoir et al.
(2013a), i.e. 16 target strain&. (versicoloj and 14 non-target strains were included,4.é&com
the AspergillussectionVersicolores(Jurjevic et al. 2012)A. creberlHEM 2646 A. sydowii
IHEM 895, IHEM 1360, IHEM 20347) and 10 of the mostmmon indoor airborne fungi (Beguin
et al. 1994) (Table 2.1).

Each qPCR was performed with the SY®Reen technology under the conditions described
above using a total of 1,000 theoretical copiegD@NA per reaction (evaluated for each target

with its own corresponding genome size).

Dynamic range and efficiency estimation
The linearity of this SYBRgreen qPCR assay was assessed based on the R aria serial
dilution, in duplicate, of gDNA (1000, 500, 100,,5D, 5, 2 and 1 theoretical copy number of
gDNA) obtained by 2 independent extractionsfofversicolorlHEM 18884. This analysis gives
the possibility to assess 2 parameters the. coefficient of determinatiorR}) and the PCR
efficiency. R? is an indicator of the correlation of the dataareing the linear regression curve.
The PCR efficiency ) calculation was previously described in Rutledgel Cote (2003).
According to the most recent guidelines develomeddMO detection with gPCR SYBigreen
(ENGL 2015), theR? and amplification efficiency are not applicable doalitative methods.
However, a R> 0.98 and a PCR efficiency ranging between 80% k2@ % have previously
been indicated as performance criteria for thedaéibn of qualitative gPCR methods (Broeders et
al. 2014).

Sensitivity test: Limit of detection

To evaluate the sensitivity of theversi_ITSassay, a serial dilution of gDNA &. versicolor
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IHEM 18884 was performed to determine the limitiefection (LOD). The LOD is defined as the
lowest concentration of an analyte which is detketigh a probability of 95% (Barbau-Piednoir et
al. 2013b).

To estimate this LOD, seven dilutions of gDNA4ofversicololHEM 18884 (i.e. 10, 5, 2, 1, 0.5,
0.2 and 0.1 theoretical copies of gDNA) were tegtedlindependent runs, each with 6 repetitions.
The qPCR conditions applied here were the sambaae tdescribed above. The LOD should be
below 25 copies according to definition of minimyarformance requirements for analytical
methods of GMO testing (ENGL 2015).

Repeatability calculation
As previously described (Barbau-Piednoir et al. 31)]1 the repeatability limitr] of the
Aversi ITS gPCR method was evaluated with the same experndesign than that applied for
the LOD evaluation (see section Sensitivity teghit.of detection). This value is defined as the
maximal difference of 2 results obtained under fidah experimental conditions with a
probability of 95 % (Barbau-Piednoir et al. 2013b).
The relative standard deviation of the repeatghiRSDi) was calculated as the absolute value of
the coefficient variation and expressed in peragt&or these criteria, there is no limit fixed for
qualitative qPCR methods (ENGL 2015). TR8Dr, evaluated for the Oralues, should bg 25
% for all dilutions above the LOD for quantitatiwneethods (ENGL 2015).

2.2.7 Environmental testing: Inhibition test

Before gPCR analysis of the environmental samjglesnhibition test was performed in order to
verify that no inhibition from the collection liqiii used for air sampling with the CoriSlig air
sampler (Bertin Technology, Montigny-le-Bretonnelxance), occurred during the gPCR. To
this end, 300 mg of aA. versicolorIHEM 18884 culture was spiked, in duplicate, it ml of
collection liquid, i.e. ultra-pure water containifigveerf 20 0.01 % (Sigma-Aldrich, St Louis,
USA ). Then, the spiked solutions were centrifugeB000g during 15 min. The supernatant was
removed, the pellet was suspended in 1.5 ml of @iBtNase, RNase, protease free water (Life
Technologies, Gent, Belgium) and the DNA was ex¢téaccording to the protocol described
above. Afterwards, each undiluted DNA extract add-dold dilution thereof were analyzed with
the Aversi_ITSgPCR assay. Theoretically, thg d@fference AC;) between the Lvalue of the 10-
fold diluted and the undiluted sample is 3.3 when PCR efficiency is 100%. The experimental
AC, is calculated based on the obtaingdd® both samples (difference between the obtalbed
for the 10-fold diluted and the undiluted samplegking into account the PCR efficiency of each
run, we considered that there are no PCR inhibitothie DNA extract if the experimentalC,

value for the 10-fold dilution equals 3.3 +0.5.
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2.2.8 Environmental testing: Proof of concept

To assess the performance of theersi_ITS assato detectA. versicolorin real-life samples, 2
houses contaminated by fungi were studied in thenéwork of the activities of the CRIPI
(Cellule Régionale d’Intervention en Pollution Imédire from Brussels Environment, Brussels,
Belgium). In each house, two sets of air samples weadependently collected for classical and
molecular analysis respectively, in minimum fouffedtent rooms, i.e. the bedroom, bathroom,
living and kitchen. In each procedure, air samplese taken at the height of a seated person. To
avoid any contamination by air flow, each room wasnuch as possible isolated from outside by

closing windows and doors.

A first set of samples of air (0.08 m3 for each penwere collected and analyzed according to
the procedure previously defined (Nolard et al.4hd used in routine by the CRIPI (Nolard et
al. 2004). Briefly, air contaminants were direcigmpled on Sabouraud chloramphenicol agar
(Biorad, Temse, Belgium) slipped on HYC®Mgar Strips (Merck, Darmstadt, Germany), using
the RCS plus (Biotest, Rupperswil, Switzerland) s&mpler following the manufacturer’s

instructions and with a flow rate of 80L/min durihgninute.

After an incubation of 5 days at 25 °C for mesdpland 2 days at 45°C for thermophilic fungi,
the species determination was performed by micmscdsualization (Nolard et al. 2004). The
level of contamination was evaluated by countinghefcolony forming units (CFU) on plate and

expressed as CFU/m3 according to the guidelingsatéby Nolard and co-workers (2004).

The second set of air samples (1.5 m? for each lsdmwere taken in duplicate with the Cori6lis
K cyclone collector (Bertin Technology, MontignyBe&etonneux, France) and collected in 15 ml
of ultra-pure water containing Tweer20 (0.01 %) (Sigma-Aldrich, St Louis, USA) in an
appropriate sterile cone (Bertin Technology, Momyide-Bretonneux, France). A flow rate of 300
L/min during 5 minutes was applied in each roome#&ch room, two cones were collected; the
first one was analyzed by culturing and microscefsoalization, the second one by qPCR for the

detection ofA. versicolor.The first cone was put at — 80°C until analysis.

To analyse the Corioffsu air samples with the culturing approach, the semplere centrifuged

at 5000g during 15 min and the supernatant was discardegl pEhet was suspended in 1.5 ml of
Gibcd® DNase, RNase, protease free water (Life TechnadpgBent, Belgium) and plated on

Sabouraud chloramphenicol agar (Biorad, Temse,ialg using an inclusion method. Hereto,
under laminar flow, the 1.5 ml samples were pub etpty petridishes. Afterwards, Sabouraud
chloramphenicol medium was poured into the plated kept at room temperature until the
medium was solidified. The plates were incubatethys at 25 °C for mesophilic and 2 days at

45°C for thermophilic fungi as it was done for tloaitine protocol described above. The species
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determination was performed by microscopic visadiin (Nolard et al. 2004).

To analyse the Corioffsp air samples by gPCR for the presencé ofersicolor samples were
first centrifuged at 500Q during 15 min and the supernatant was discardest, the pellet was
suspended in 1.5 ml of GibB®Nase, RNase, protease free water (Life TechnadodBent,
Belgium) and the extraction was performed with /A extraction protocol used for pure
cultures (see section Culture conditions and DN#&agkion). The DNA amount and purity was
evaluated with a NanodrB2000 (Thermo Scientific, Wilmington, USA). The gR@eactions
were performed on 10 pl of eluted DNA X0 % of the total DNA eluted from in 1.5 m3 of air

sampled, corresponding to the amount of DNA meetian Table 2.4.

2.3Results

2.3.1 Design and selection of A. versicolor gPCR prinmer p

To select théA. versicolorprimers, all the at the time of the primer despgiblicly availableA.
versicolor 18S rDNA sequences were searched. This colledicgequences was extended with
those available foA. creberandA. sydowii.These species are both members ofMéssicolores
group as is alsé. versicolor These 3 species are difficult to be morphologicdistinguished.
Based on an in silico analysis of these sequeritdsyward primers and 2 reverse primers
targeting a conserved region of the full ITS-1 oegof A. versicolorwere designed (Table 2.2,
Fig. 2.1).

Unfortunately, in the conserved ITS-1 region for versicolor it was not possible to design
specific primers which are not conservedAincreberand A. sydowii(Fig. 2.1). The amplicons
obtained with theAversi_ITSf/r primers present 100 % of identity when usihg sequences for
these 3 species available in NCBI (Fig. 2.1). Prglary experimental specificity tests were
performed on DNA ofA. versicolor A. fumigatusand P. chrysogenumThe Aversi_ITS 1f/r
primer pair (Fig. 2.1, Table 2.2) was selectedifierdetection of. versicoloras it was the unique
combination of forward and reverse primers allowting amplification ofA. versicolorDNA and

not that of the closely genetically relat&dfumigatusandP. chrysogenunfdata not shown).
2.3.2 Aversi_ITSassay: Performance assessment

The performance of thi&versi_ITSassay was assessed according to the guidelineeddér the
validation of qPCR detection and identification huets in other fields (Barbau-Piednoir et al.
2013b; Broeders et al. 2014; ENGL 2015). The paréorce assessment includes the evaluation of
the following criteria: the selectivity of the préms, the dynamic range, the PCR efficiency, the

LOD, and theAversi_ITSassay repeatability.
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Selectivity of the qPCR SYBRyreenAversi_|ITSassay
The assessment of the selectivity was performédarsteps, i.e. an inclusivity and an exclusivity
test.

To perform the inclusivity test, DNA extracted frdr@ BCCM/IHEM strains oA. versicolorwas
amplified. DNA of all the strains was amplified (16) with a G range of 24.26 + 0.44 to 28.67
0.23 for 1,000 copies of gDNA. The, Values ranged between 76.25+ 0.35 and 76.75 +C29
(Table 2.1, Fig. 2.2). The sequence of these BCBENM strains matches perfectly the ones
published on NCBI for the corresponding region. éfllthe amplicons showed 100 % identity
(Fig. 2.1). The obtainedJfor each amplicon corresponds to the theoretiga{76.50 °C) (Fig.
2.2)

Subsequently, the exclusivity test was performedguBNA of non-target specieé\( creber A.
sydowij A. fumigatus A. alternata C. cladosporoidesC. herbarum C. sphaerospermun®.
chrysogenumsS. charatum U. botrytis), closely related t@\. versicolorand/or occurring in the
same environment i.enold species from indoor air. As expected based onrttsilico analysis,
no DNA from non-targeted species considered asckgbaund set of indoor air fungal species
(i.,e. A. fumigatus A. alternata C. cladosporoidesC. herbarum C. sphaerospermumP.
chrysogenumS. charatumU. botrytig was amplified during the test (Table 2.1), exdeptheA.
sydowii(3 strains tested IHEM 895, 1360, 20347) andreber(IHEM 2646) strain. Although the
in silico analysis of the targeted ITS regionfofversicolor A. creberandA. sydowiiwith the
available sequences in the NCBI database did mot siny sequence dissimilarities (Fig. 2.1), for
a same genome copy number (i.e. 1,000 theoreterlrgic copies), the&alues ranged between
30.18 £ 0.13 and 37.34 £ 1.84 farsydowiiand 30.70 + 0.70 foh. creber(Table 2.1). To clarify
this issue, the obtained amplicons were sequeridedisequence of the ITS-1 amplicon obtained
for the experimentally tested. creber(IHEM 2646) differs from that oA. versicolorwith 17
nucleotides, of which 7 in the annealing site @& ginimers; Amplicons of. sydowilHEM 895,
IHEM 1360, IHEM 20347 differ with 8 nucleotides which 3 in the annealing site of the forward
primer (Fig. 2.1). But despite of the differencesucleotide composition, the obtained Vialues
for the amplicon oA\. creberandA. sydowiiwere in the same range as that of the targd?®.25

- 76.75) with respectively 76.50°C and 76.25°C (&&hl). The BLAST analysis of the ITS-1 and
ITS-2 regions obtained by sequencing confirmedl#teM 895, IHEM 1360 and IHEM 20347 as
A. sydowiiwith 93 % of identity and the IHEM 2646 &As creberwith 81 % of identity. Despite
this latter low identity, the strain was confirmasl aA. creberbased on morphological analysis
and sequencing of the regions 5.8 S and ITS-2 b§BIHEM (data not shown).

In each assay, an NTC was included to verify thatcontamination occurred during the

preparation of the gPCR mixes and filling of thev@#ll plates. In none of the assays a signal was
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observed for the NTC. This absence of signal alsnahstrates that no dimerization of primers

occurred during the analysis, as predicted duhiegrt silico test (Fig. 2.2).

Aspergillus \'ersicalor. cHGHGTGHET
IHEM18884_ITS1 HGHGHGEGHEE
IHEM24424_ITS1 EGHGECEGET
IHEM22975_ITS1 BclcBcEcEE
IHEM29832_ITS1 BGHcEcECEE
IHEM22014_ITS1 EcBcEcEcRE
IHEM19256_ITS1 G| T
IHEM19014_ITS1 EcHcEcECEE
IHEM10351_TS1 BcHcEcEcEE
IHEM9674_ITS1 6
IHEM2023_ITS1 EcHcHcEcEE
HEMB582_ITS1 HeBcHcECEE
IHEM2157_ITS1 6
IHEM1323_ITS1 BcHcHcEcEE
IHEM1355_ITS1 RGBcEcECEE
IHEM2023_ITS1 6
IHEM2157_1TS1 BcBcEcEcET
HEM2788_ITS1 HGHGHcECER

Aspergillus sydowii
IHEM1360_ITS1 EcBcEcECEE
IHEM395_ITS1 ECHCEGECEE

IHEM20347_ITS1 Gl

Aspergillus creber ToBcHGTGET
IHEM2646_ITS1 HCNGEcECRT GRITGH TcRETETG .

Aversi TS BENCECEEEN ENNERENEEE BEEE- - - - - - ---------- ---------- - ssseseeeee mmemmeeess mmmemmmem= ===
AVOISLITS f - e eeeece ceeeeceics seeeeciees seesessess seeeeseces seseesesss seseseesas seeen GHETGE HcHEEGCEEGE cHEE

TCEETETE HEETI
TCHETHTE HEET
TCRETETH Tl

-
(2]

OOODOOOOQOO%OOOOOOOOOOO

Figure 2.1: Alignment of selected forward and reeeAversiITS primers on ITS-1 region sequences of
Aspergillus versicolqrA. creberandA. sydowii

This alignment was made using publicly availablé& ISequences dhspergilus versicolor, A. crebeand A.
sydowij extended with ITS sequences from the strains froemn BCCM/IHEM collection used during the
validation of the gPCR assay (indicated with IHEMefix) and with the primers designed in this study
(Aversi_ITSf andAversi_ITSr). Because no nucleotide variation was deteatecdch of the public sequences
used, only one sequence was introduced for thigm@ként, as a representative for that species. athession
numbers of all the NCBI sequences used in thisyst listed hereundere. for Aspergillus versicolor
AJ937751.1/ AJ937753.1/ AJ937754.1/ AJ937755.1/ BBIS5.1/ AM883156.1/ AY728196.1/ EF125026.1/
EU042148.1/ FJ878627.1/ FJ878625.1/ FJ461692.104819.1/ KJ466864.1/ JN205048.1, fé creber
KJ775474.1, forA. sydowii DQ114468.1/ FJ807779.1/ HQ625522.1/ JN94914.1/785968.1/ KJ775569.1/
KJ775570.1/ KJ775571.1/ KJ775574.1. The ITS-1 megb the BCCM/IHEM strains of\. versicolor(8), A.
creber(1) andA. sydowii(3) used during the validation of the gPCR assag sequenced and aligned to those
publicly available. Consensus (last line of theyminent) corresponds to a consensus sequence défndde
software. The conservation level among each segu@ht¢o 100 % of conservation) is represented bypihk
rectangles at the bottom of the figure. The alignminveas made with MEGA 6.06. software and visualingith
CLC sequence viewer 7.
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Figure 2.2: Melting curves obtained with tAgesi_ITSqQPCR assay for thA. versicolorpure
strains listed in Table 1. The melt curves wereaioled with the Biorad IQ 5 software V. 2
(Biorad, Temse, Belgium). The X axis shows the terafre (°C). The Y-axis presents the
inverse of the first derivative of the best-fittedrve of the measured fluorescence decrease. The
grey curves correspond to tle versicolorlisted in Table 1. The blue flat curves represést t
non-template controls.

Limit of detection and PCR repeatability
Based on 6 independent runs with a total of 18 titapes (Table 2.3), the LOD for this
SYBR®green assay was determined as being 1 or 2 copieswersicolorgenomes (£35.32 =
0.78 and 34.65 * 0.91) (Table 2.4). ThandRSDrwere respectively 2.4 and 6.889 % for the C
value at LOD.
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Table 2.3: G values obtained during the 6 runs of the limitlefection estimation for gPCR SYB@reen assapversi_ITS

Run 1 Run 2 Run 3
Theoretical copy numbe Rep. 1 Rep. 2 Rep. 3 Rep. 4 Rep. 5 Rep. 6 Rep. 7 Rep. 8 Rep. 9
of gDNA
10 32.36 31.89 31.76 31.63 31.59 31.81 31.58 31.96 31.56 30.98 31.53 31.47 32.32 32.14 31.87 32.83 32.04 31.78
5 32.87 33.22 327 3292 32.88 33.42 3242 32.86 32.33 3293 319 32.82 34.07 33.23 33.27 33.66 32.23 33.36
2 34.38 33.78 33.55 34.12 33.85 33.83 33.36 34.46 34.12 34.34 33.33 34.37 34.96 34.71 35.04 35.86 34.74 32.49
1 35.04 34.77 34.37 35.12 35.68 3496 34.35 35.71 35.59 34.33 33.87 33.95 37.06 36.53 35.79 36.02 35.15 34.7
0.5 35.03 35.68 37.45 3531 371 35 34.79 34.89 36.32 35.14 35.09 358 378 35.58 37.98 35.64 36.07 36.61
0.2 36.8 359 37.68 36.6 N/A 35.65 37.97 35.95 N/A 36.58 36.77 36.85 37.38 37.72 36.82 N/A N/A N/A
0.1 36.96 35.65 N/A N/A 37.3 36.25 38.21 N/A N/A N/A 36.66 N/A N/A N/A 37.63 N/A 38.01 N/A
Run 4 Run 5 Run 6
Theoretical copy numbe Rep. 10 Rep. 11 Rep. 12 Rep. 13 Rep. 14 Rep. 15 Rep. 16 Rep. 17 Rep. 18
of gDNA
10 33.17 3297 3277 338 33.28 33.84 33.17 3297 33.38 33.18 33.33 33.12 33.89 3451 33.17 32.97 33.38 33.18
5 34.54 32.88 33.76 33.89 33.52 33.04 3454 32.88 33.82 34.16 33.64 34.02 33.34 3341 3454 32.88 33.82 34.16
2 34.79 354 3497 348 35.19 36.37 34.79 354 3421 34.62 34.59 34.73 37.58 35.76 34.79 354 3421 34.62
1 36.18 3451 36.7 35.83 N/A 35.74 36.18 3451 35.28 35.46 35.36 3494 35.73 N/A 36.18 3451 35.28 35.46
0.5 N/A N/A 38.45 349 36.29 N/A N/A N/A 36.45 36.63 36.04 36.73 37.27 36.79 N/A N/A 36.45 36.63
0.2 N/A N/A 36.9 N/A N/A 37.34 N/A N/A 36.59 36.79 36.03 37.84 N/A 38.16 N/A N/A 36.59 36.79
0.1 N/A 37.87 36.94 36.61 37.02 N/A N/A 37.87 N/A N/A N/A N/A N/A N/A N/A 37.87 N/A N/A
Mean of G value obtained for 6 repetitions (Repetition 118) of 6 independent runs (Run 1 to 6) of a sefilation of genomic DNA ofA.

versicolor(concentration expressed in copy number of genarhtbee IHEM 18884 strain). The LOD is defined b tdashed line.

57



Development and performance assessment of a divali®YBR’green real-time PCR assay for

the detection oAspergillus versicolom indoor air

Table 2.4: Limit of detection results {@ean, SD and % positive) fwersi_ITSSYBR®Green
gPCR assay

Theoretical copy number @nean % positive
+SD

10 32,29+ 0.86 100.00 (36/36)

5 33.33+0.66 100.00 (36/36)

2 34.65.£0.91 100.00 (36/36)
E 35.32+.078  94.44 (34/36)

0.5 36.2+1.00 80.56 (29/36)

0.2 36.90 + 0.09 61.11 (22/36)

0.1 37.21 £0.75 38.89 (14/36)

Mean of G value obtained for 6 repetitions of 6 independens of a serial dilution of genomic
DNA of A. versicolor(concentration expressed in theoretical copy nusbé genomes of the
IHEM 18884 strain), the standard deviation (+ SDY g&he percentage of positive response
observed at each dilution point. The number oftp@ssignal per assay is given between brackets.
The LOD is defined by the dashed line.

Dynamic range and PCR efficiency
Based on a dilution series of 8 levels, correspantth 1000 to 1 theoretical genomic copied\of
versicolor, the dynamic range and efficiency of #eersi_ITSassay was determined. Between the
tested range, a linear model wittRaof 0.9919 and an efficiency of 88.34 % were olsdifor
this gPCR method (Fig. 2.3).
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Figure 2.3R? and PCR efficiency of thaversi_ITSJPCR assay.

The PCR efficiency (E) was evaluated in duplicateaoserial dilution of gDNA (1000 to 1
theoretical copy number of gDNA) obtained by 2 ipgledent extractions &. versicolorlHEM
18884. R2: the coefficient of determinatioR’) regarding a linear correlation curve. Log copy
number: logarithm of the theoretical copy numbegbNA. C;: C,values obtained by gPCR for
each repetition of each gDNA dilution.

2.3.3  Proof of concept: Environmental testing

At first, an inhibition test was performed to vgrithat no inhibition occurred during the
amplification of the DNA extracted from the envimental samples. Theoretically, with a 100 %
efficient amplification, a 10-fold dilution correspds to a gdifference of 3.3. The obtained, C
value was 25.06 + 0.34 for the undiluted DNA extmaicthe collection fluid spiked with purg.
versicolorand 28.28 + 0.64 for the 10-fold dilution. ThistteBowed that no inhibition of the

amplification occurs.

The Aversi_ITSassay was subsequently tested on environmentgblasncollected with the
Coriolis® p air sampler and compared to the results obtaing#d whassical detection and
identification method used by CRIPI in routine. Aahally, environmental samples collected
with the Corioli€ p were also analyzed using culturing and microsceisigalization, in order to
be able to evaluate whether possible observedrelifées are due to the differences in the

sampling method or in the detection method use8I€TA5).

With the classical routine method (culturing, cawogt and microscopic visualization).
versicolor was detected in the 2 sampled houses with a quanatitging between 13 and 50
CFU/m3.P. chrysogenumvas found as the most important contaminant im edadhe sampled
houses with a range of 75 to 300 CFU/m3. Other,ta@aA. glaucus Cladosporiumspp. and an
undetermined species were also observed, thoutfe isame range of quantitiesfasversicolor.

These taxa occur in the list of most frequentlynbfungal contaminants of indoor environments.
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Infertile mycelia were also present in the sampledses. The range of counts farversicolor
correlated with the results obtained with #heersi ITSqQPCR assay. For each sample whire
versicolor was identified by microscopic analysis, a positijfCR signal ranging between, C
30.26 + 0.49 to £35.85 * 0.07 was obtained (Table 2.5). The sampleseA. versicolorwas

not detected on plate, gave a negative signal CRqP

Similar observations were made for the resultsinbtawith culturing of the Coriolfsu air
samples. For the different sampling places, theesspacies as identified for the samples collected
with the RCS plus sampler were found, with in twoms (room of house 1 and the bathroom of
house 2) some additional undetermined speciestddtéar the Corioli p sampler. The number
of colonies on plate for these species was for botkamplers in the same range, includingAfor
versicolor As for the RCS plus based sampling, also for aliesamples collected with the
Coriolis® p, for each sample where versicolomwas identified by microscopic analysis, a positive
gPCR signal was obtained (Table 2.5). A negatigeadiin qPCR was obtained for the samples

whereA. versicolorwas not detected on plate.
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Table 2.5: Environmental sampling, comparison asical analysis methods with the SY&jReen qPCRAversi_|TSassay

Sampling place Species Classical method Molecular method
RCS plus sampler Coriolis® M sampler Coriolis® u sampler and gPCR
and culturing and culturing
Number CFU/m3? Number Amount of total Cymean + Theoretical copy number of
of colonies of colonies DNA/PCR SD°¢ gDNA for 1 m3¢
per plate per plate reaction (ngf
House 1
Room A. versicolor 3 38 9 19.8 32.15+0.49 67
P. chrysogenu 7 88 17
Infertile mycelium 0 0 1
Kitchen A. versicolo 1 13 2 21.7 3525+£0.21 7
A. glaucu 1 13 1
P. chrysogenu 8 100 7
yeastundetermined) 1 13 1
Living room P. chrysogenu 24 300 25 53.3 N/A /
Bathroom  A. versicolor 4 50 6 50 30.26 +0.35 93
infertile mycelium 4 50 4
P. chrysogenur 15 188 17
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Table 2.5Continued

Sampling place Species Classical method Molecular method
RCS plus sampler Coriolis® M sampler Coriolis® p sampler and gPCR
and culturing and culturing
Number CFU/m3? Number Amount of total Cymean + Theoretical copy number of
of colonies of DNA/PCR SD® gDNA for 1 m3¢
per plate colonies per plate reaction (ngf
House 2
Room 1 infertile mycelium 4 50 4 51.5 N/A /
P. chrysogenu 17 213 15
Room 2 infertile mycelium 2 25 1 10.4 N/A /
P. chrysogenu 3 38 4
Kitchen P. chrysogenu 6 75 5 125 N/A /
infertile mycelium 3 38 4
Living room  A. versicolor 1 13 2 49.5 35.85+0.07 7
P. chrysogenu 18 225 20
Bathroom A. versicolor 1 13 2 45 339+0.28 33
Cladosporium spp. 1 13
P. chrysogenu 15 188 13
yeast(undetermined) O 0 2

aThe value for CFU/m3 is an estimation of fungaitamination based on the number of colonies p¢eplhe Coriolis® u samples that were put intowselt
to serve as a qualitative control for the spedestified with the RCS plus sampler and for A. iegkor detected in the Coriolis® 1 samples with ¢RCR
method. b 10 pl of extracted DNA from 1.5 m3 samd@e (and eluted in 100 pl of water) were use &5aul -PCR reaction.

¢ Cq values are Cq means40) + standard deviation (SD) obtained with thideded Aversi_ITS primers. N/A defined as no arfigdition, i.e. A. versicolor
was considered as not detected in the sample. ar@tieal copy humber of gDNA based on the Aspargillersicolor IHEM 18884 strain defined as theistra
of reference for the validation of the Aversi_ITS ssay (Table 2.1).
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2.4Discussion

Currently, indoor fungal contamination is consider@s an important public health problem
(World Health Organization 2009). Among the differespecies described). versicolor is

considered as one of the most important (BeguinNwidrd 1994; Benndorf et al. 2008; de Ana et
al. 2006; Melkin et al. 2004) and is suspectedaeeha link with asthma (Mendell et al. 2011;
Sharpe et al. 2014; Verhoeff and Burge 1997). Heneto provide more scientific-based, causal
evidence on this, efficient screening and moniwrarf indoor airborne fungal communities is

crucial and necessary.

In this study we developed a SYB@teen gqPCR method for the detectiondofversicolor This
Aversi_ITSassay targets the ITS-1 region, which is the ssubecus than the one targeted by the
TagMarf-based EPA assays (including the one Aowversicoloj (Haugland et al. 2004). This
region from the 18S rDNA is considered as the masfble locus of this complex and therefore
it is the most efficient species marker for fungliigson et al. 2008), making it the most
appropriate region of the fungal DNA for the deypef®nt of a molecular screening tool. This
some intra-species variability of ITS sequence migipact TagMafi-based methods and the
probe’s hybridization when different strains ofpeaific species need to be detected with the same
probe. An alternative to the hydrolysis probe canfdund in the SYBRgreen chemistry. Less
expensive than TagMan based assays, SiBfen assays theoretically allow for species

specificity and species discrimination based ore#ing curve and the Jvalue of the amplicon.

Most published PCR and gqPCR assays to detect nasklsot uniformly assessed for their

performance with clear guidelines or norms (Costal.e2001; Haugland et al. 2004; Johnson et
al. 2012; Melkin et al. 2004; Roussel et al. 2018)the present study, we propose a strategy to
evaluate the performance of gPCR assays appliedotd detection. Therefore, using the same
strategy than the one published for foodborne pmthe (Barbau-Piednoir et al. 2013b), the
guidance existing for GMO was used to select ab@erformance criteria for the qPCR assay
(Broeders et al. 2014; ENGL 2015); namely, the ctisliey, PCR efficiency, dynamic range,

sensitivity and repeatability parameters were asskgo evaluate the performance of our

developediversi_ITSassay.

First, the results of the specificity test showbdttall of the tested\. versicolorstrains were
detected with thé&versi_ITSassay. However, for an identical number of genaojfies (i.e1000
gDNA copy numbers), a variation of approximatelC4 between these strains was observed.
Because no differences in the ITS sequences wesenaa between the tested BCCM/IHEM

stains (Fig. 2.1), including the sites of primenealing, this difference in Onight be explained
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by variation in the copy number of the 18S rDNA mymeto which the targeted ITS region
belongs. This ITS region is known to vary not ohBtween species but also within the species
(Black et al. 2013; Corradi et al. 2007; lwen et28102; Schoch et al. 2012). For example Aor
fumigatus the intra-species variation factor was estimate@®.5, implying that the 18S rDNA
gene complex could vary between 38 and 91 copiegg@me (Herrera et al. 2009). A similar
variation rate forA. versicolor might explain the observed difference @ values between
different strains of this species. However, thipdthesis needs more investigation of the copy
number of 18S rDNA irA. versicolorstrains, similar to what was described by Herréral.€for

A. fumigatugHerrera et al. 2009). Consequently, qPCR assayslaped on the ITS region, such
as thisAversi_ITSassay, are qualitative detection methods. To dpval quantitative method
based on ITS, the copy number of the 18S rDNA shbaldetermined for each target strain of the

species.

The Aversi_ITSassay did not amplify DNA extracted from 10 norgéd strains selected among
the most common airborne fungal species. This @d&c a good selectivity of thversi ITS
assay (Beguin et al. 1994). However, the assayadiglify DNA of 2 other members of the
AspergillussectionVersicoloresi.e. A. creberand A. sydowii This was expected, based on the
primer sequences and the alignments of alreadyighylavailable ITS sequences, which were
identical to the one oA. versicolorin the selected region. These species are vesg @ad their
ITS sequences in general differ only in a few noiitles (Hinrikson et al. 2005; Jurjevic et al.
2012). However, the {obtained for the amplicons &. sydowiiandA. creberwere not in the
expected range based on the identity of the pytdichilable sequences, although they resulted in
the expected . Therefore additional tests for strain identifioat were performed. These
additional tests confirmed the identity of the istsaused for the exclusivity test. They also
confirmed the obtained experimentg|, Toinciding with the one calculated based on thained
sequence which however shows mismatches as compardéue ITS-1 target region oA.
versicoloror of the publicly available sequencesfofcreberandA. sydowiiused for the primer
design. Although normally the Tallows for species discrimination, in the selectadplicon
region, this is not the case far versicolor A. creberandA. sydowii The obtained Cis however
higher forA. creberandA. sydowiifor the same amount of template DNA, which mightdoie to
the mismatches in the primer annealing sites, ditiat to the difference in ITS copy number.
These observations demonstrate the need for mdaélyuavailable sequences for these closely

related species to be used for qPCR assay devefpme

These non-target amplifications Af sydowiiwere also previously reported for the Tagflan
assays of EPA with probesvers2and Asydo3developed respectively for the detection/fof

versicolorandA. sydowii(Haugland et al. 2004; United States EnvironmeRtatection Agency
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2014). These probes amplified each time both spekiecreberis a recently described species,
isolated from indoor air samples and identifiecbtigh multilocus DNA sequencing (Jurjevic et
al. 2012), and has not yet been commonly usechiotdsting of TagM&hA. versicolorspecific
assays. However, these aspecific detections sliave a limited impact on a possible use of the
Aversi_ITSassay in routine analysis in Belgium. Indeéd, creberand A. sydowiiare not
frequently detected in indoor environment, as cargh¢oA. versicolor.Further investigations are
needed to evaluate the difference between thepe@es concerning the impact of their presence

in indoor air on public health.

To improve the discrimination between these 3 ¢tjosdated species based on merely molecular
methods, an alternative approach should be dewkldpee possibility could be the use of a
combination of different markers similar to whaslaready been done for the detection of GMO
(Van den Bulcke et al. 2010) and food-borne pathsg@arbau-Piednoir et al. 2013a). The
presence or the absence of an amplification sifgmatach of the markers and their combination
defines a decision-taking tree. For fungi, thisrapph to improve the species discrimination could
be possible if we would combine our primers of theersi_ITSassay with primers targeting
another gene marker or a discriminatory SNP. le that the sample is composed of a mixture of
DNA from different species (e.g. from an air samptee results will hint to a “candidate mold”
which should be further confirmed by downstreamlysmi®, such as sequencing. This idea is
supported by Schoch and co-workers in 2012 who estgd that the use of a combination of
different DNA regions, like ITS-1 angttubulin or another region, i.e. the DNA barcodmgiple,
should improve the phylogenetic analysis of furggioch et al. 2012). Hereto, more genomic
sequences of both specids ¢reberandA. sydowi) should become publicly available in order to

design primers for such discriminatory regions.

Subsequently, the PCR linearity and efficiency weraluated as quality criteria for the developed
assay. The BCCM/IHEM 18884 strain was collected jaundfied from a contaminated house by
CRIPI and is used as a reference strain for allstggies by the CRIPI. Therefore, this strain was
selected as a reference to determine the paranwdtensr qPCR assay during the performance

assessment.

The efficiency of this assaf) was estimated to be 88.34 %, which complies wiehguidelines
for qualitative gPCR methods (Broeders et al. 2004y method is also characterized by a high
R? value (0.9919) which demonstrated the linearityoaf assay and of the accuracy of our

experimental setup.

Moreover, theAversi_ITSassay is sensitive with a LOD defined asl or 2ogea copies per

reaction, and therefore it complies with the acaepe criteria, i.e. LOD below 25 copies (ENGL
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2015). This LOD is similar to the results reporteg Johnson et al. (2012) for their gPCR
detection method &&. fumigatusvhich has an LOD ranging between 6 and 0.6 genddodsison

et al. 2012). OuAversi_ITSshowed also to be repeatable, witR8D for all dilutions above the
LOD, lower than 25 %, thereby fulfilling the reqeinents of the validation guidelines used in this
study.

As discussed above, we mainly used the guidelioe&MO detection for the evaluation of our
gPCR assay. As it was recently shown (Barbau-Piedrtoal. 2013a), these guidelines were
successfully used to evaluate with high standaed garformance of the SYBRgreen qPCR
methods for the detection of bacterial pathogesvéver, requirements defined for food and feed
analysis are not necessarily adapted for indodromie fungi monitoring, as the laws and the
control measures are more numerous for food thamifcrobiological air pollution and the impact
of food contamination on public health is more dueunted and better understood than for fungal
air contamination. The increasing development as&l af molecular tools for the identification
and the monitoring of indoor airborne microbiolaicontamination imposes the establishment of
guidelines for harmonization of performance requeats and threshold values for the parameters
of the qPCR assays. Ultimately, this may contribiatehe establishment of standardized and
reproducible microbiological methods, highly neededlietermine a causal link between indoor

fungal contamination and health effects.

To deliver a proof-of-concept of our developed gP&3Ray aimed to be used for indoor fungal
contamination monitoring, th&versi_ITSassay was tested on environmental samples anilsresu
were compared to those obtained with traditionahods of screening (i.eulture, CFU counting
and microscopic identification). This last partoafr study confirmed that th&versi_ITSassay is

a valuable alternative for the currently used ita$snethods. The results of the gPCR assay were
comparable to the ones obtained with the classmatine protocol as to indicate whether the
targeted specieA. versicolorwas present or not, and this using a shorter peréod to obtain
these results with the gPCR method, i.e. 2 daysmamr for the qPCR analysis (including DNA
extraction with an overnight lyophilisation stepdagPCR analysis) compared to 5 to 10 days for
the classical methods. Based on the obtaingadn@ an extrapolation from thfe versicolordata
obtained for the LOD estimation, a theoretical copynber ofA. versicolorgDNA per m3 of air
could be estimated in order to attempt a more leéetaiomparison of the results from molecular
and the classical methods (Table 2.5). The thealatumber of genomic copies far versicolor
ranged between 7 and 67 for 1 m3 of sampled aia fuumber of CFU/m3 ranging between 13 and
50 for those collected with the RCS plus air sampiethe routine classical method. A similar
range of colonies oA. versicolorwas obtained for the samples collected with theois® . The

culturing of Corioli§€ p samples was included as a control to verify thif¢rént samplers do not
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lead to different species detected on plate, ealefor A. versicolor.

TheA. versicoloramounts obtained are in a similar range when cdngéhe culturing results to
the gPCR results, despite the following considenati The small difference in amounts could be
attributed to the sampling method, the performarfabe sampler used and the conversion factor
used to express the results in m3, which are eiffiefor the RCS plus and Coridlist sampling
methods. Also, the possibility that one colony vdogkow from an aggregate of fungal cells
should be taken into account, explaining why theilts are not exactly coinciding. Additionally,
gPCR will also include the non-culturabfe versicolorfraction, while this fraction remains
undetected using the classical methods. It is iakpmrtant to note that the estimation of gDNA
copies was based on the strain IHEM 18884, whicloisiecessarily the strain that was present in
the contaminated houses. As observed during tHeagien of the assay, the real copy number of
the ITS regions of the strains detected here cdifiler from that of the strain IHEM 18884. This
would lead to another amount of gDNA copies. Néhaess, the trend for the contamination by
A. versicolorwas similar as detected by the different methoesthie house 1 was the most

contaminated and bathrooms presented more cont@oniriaan other rooms.

Our environmental test also showed, as expectatpther species thak versicolorare present
inside buildings. Therefore it will be interestitigdevelop and assess a more exhaustive multiplex
tool targeting different indoor airborne fungal sigs. Different types of multiplex technologies
can be envisaged, including the SYRfReen technology, where the discrimination between
species could be based on thgvhlues of the amplicons obtained with universahprs for the
ITS region. However, this might imply the use of renaccurate technologies such as high
resolution melting (HRM) gPCR to perform the diguriation of some closely related taxa.
Indeed, some species differ by a few nucleotides are hardly discriminated with traditional
gPCR methods. Based on a very fine temperaturdegitiaddRM could be an interesting tool to
perform the discrimination and the identificatiointlee airborne fungal community (McCarthy et
al. 2013). It would also be interesting to investey whether HRM in combination with the
primers of theAversi_ITSassay might offer a solution to discriminate thesgcies of the

AspergillussectionVersicolores.

In conclusion, the developedversi_ITSmethod based on the SYBfteen chemistry is a
convenient qualitative assay for the detectiol ofersicolor.With the increased risk for public
health linked to the augmentation of indoor fungaitamination, such a molecular assay is a first
step in offering a valuable alternative to the ently used classical methods in the framework of
routine monitoring of indoor air fungal contamimetiby a public health laboratory. A reduced
time of detection of both the culturable and nolterable fungal fraction, allows to reduce the

time of reaction and taking of measurements airaingducing the impact on human health. With
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an extension towards other important indoor airbofungal contaminants, tools as the one
developed in this study, based on harmonized goeketo be urgently established, will contribute
to an improved indoor air quality monitoring antirahtely to an improved insight into the causal
effect between indoor airborne fungal contaminamd health effects. Once this causal link is
established, meaningful regulatory individual expesstandards for well-defined airborne mold
allergens can be established (AIHA 2011; Verhoeff Burge 1997).
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Chapter 3

A molecular approach for the rapid, selective asnsgive detection
of Exophiala jeanselman environmental samples: Development and

performance assessment of a real-time PCR assay
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Abstract

Exophiala jeanselmas an opportunistic pathogenic black yeast grovimbumid environments
such as water reservoirs of air-conditioning systeBecause this fungal contaminant could be
vaporised into the air and subsequently causeheadtblems, its monitoring is recommended.
Currently, this monitoring is based on culture amidroscopic identification which are complex,
sometimes ambiguous and time-demanding, i.e., upltaays. Therefore, molecular, culture-
independent methods could be more advantageoutdomonitoring ofE. jeanselmeiln this
study, we developed a SYBBreen real-time PCR assay based on the internciaed spacer

2 from the 18S ribosomal DNA complex for the specidetection ofE. jeanselmei The
selectivity (100 %), PCR efficiency (95.5 %), dynamange and repeatability of this qPCR assay
were subsequently evaluated. The limit of detectiwrthis QPCR assay was determined to be 1
copy of genomic DNA oE. jeanselmeiFinally, water samples collected from coolingeresirs
were analyzed using this gPCR assay to delivepafmf concept for the molecular detection of
E. jeanselmeiin environmental samples. The results obtained jecnlar analysis were
compared with those of classical methods (calture and microscopic identification) used in
routine analysis and were 100 % matching. This @ispn demonstrated that this SYRfReen
gPCR assay can be used as a molecular alternativeadnitoring and routine investigation of
samples contaminated lB. jeanselmeiwhile eliminating the need for culturing and tdsy

considerably decreasing the required analysis tinZdays.
Key words

Black yeastdetection, environmenExophiala jeanselmeieal-time PCR, molecular method.
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3.1Introduction

Exophialais a fungal genus containing numerous speciegnéoed to be pathogenic (Nucci et al.
2001, 2002; Packeu et al. 2012a,b; Woo et al. 2GHR) it is a member of the black yeasts. This
genus is described as ubiquitous and has beerneddi@mm diverse substrates.d. wood, soil,
sludge, water and feed) (Dixon et al. 1980; Nishianet al. 1987; Nucci et al. 2002). Within this
genusExophiala jeanselmés$ usually causing cutaneous or subcutaneous iofesctHoweverE.
jeanselmeinfections are also frequently observed as a systmfection or as a causal agent of
cystic fibrosis in immunosuppressed patients (Nwtcal. 2001, 2002). Nevertheless, although
limited data on the number of cases occurring &elable and the epidemiology of airways
infections caused byE. jeanselmeiis poorly documented. Inside buildings the way of
contamination by this species is presumably linikediater reservoirs of air-conditioning units or
pipings (Badali et al. 2012; Wang et al. 2001). tAis species can cause health problems, its

monitoring is needed.

Currently, monitoring ofE. jeanselmecontamination of buildings is complicated and iesgi
specific expertise. Indeed, in routine analysids tmonitoring is often based on culture,
microscopic visualization and visual counts (Anigiss al. 2003). This approach depends on the
growth of the culture, which fdE. jeanselmetan take up to 21 days (Anaissie et al. 2003). In
addition, this culturing is also influenced by t@wth media chosen, the culture conditions such
as temperature and humidity, or by competition ketwspecies (Pitkaranta et al. 2011; Vesper
2011). MoreoverE. jeanselmeis a complex species belonging to a group of nalgaically
difficult (or impossible) to differentiate speci@sawasaki et al. 2005; Zeng and De Hoog 2008;
Zeng et al. 2007), i.e., tHexophiala spiniferaclade (De Hoog et al. 2003), which groups among
othersE. jeanselmeiExophiala exophialae, Exophiala lecanii-corand Exophialaxenobiotica
(Kawasaki et al. 1999; Wang et al. 2001; Woo et2813; Zeng and De Hoog 200&Iso
Exophiala dermatitidis,considered as an important and much studied pathaggde the
Exophialagenus, is morphologically similar . jeanselmeiKawasaki et al. 1990, 2005; Masuda
et al. 1989)A molecular approach could bring a solution to ¢hiesttlenecks in classification and
identification ofE. jeanselmefHaase et al. 1995; Hee and Yoon 2002; Kawasadti 4090).

Actually, the use of molecular tools (such as pasese chain reaction (PCR), real-time
polymerase chain reaction (qQPCR) and sequenciniggiigy increasingly used for the detection,
monitoring and the identification of fungi in geabr{Chemidlin Prevost-Boure et al. 2011;
Hospodsky et al. 2010; Melkin et al. 2004; Unitedt& Environmental Protection Agency 2015).
For example for the genu&xophiala some PCR (Nagano et al. 2008; Najafzadeh et04dl3;2

Sudhadham et al. 2010), gPCR and other molecutds tave been developed for the detection
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and identification oE. dermatitidis(Wang et al. 2013). Most often these moleculatstéarget
the 18S rDNA regions and especially the interrahgcribed spacer 1 and 2 (ITS-1 and ITS-2).
This ITS region is fully documented and a vast am@d data is available for in silico analysis. In
2012, Schoch and co-workers proposed to defineethtsrnal regions as a part of the barcode
marker for fungi (Schoch et al. 2012). Farjeanselmeithese ITS regions offer the possibility to
develop molecular tools to discriminate the spe@gen inside th&. spiniferaclade (Wang et al.
2001; Woo et al. 2013; Zeng and De Hoog 2008). De#pese previous studies investigating the
E. jeanselmeigenotype (Badali et al. 2012; Kawasaki et al. 200899; Woo et al. 2013),

molecular tools for the specific detection of thingus are however still poorly documented.

Based on ITS-1 and ITS-2, diagnostic molecularstéal E. jeanselmeinfections were developed
using PCR and classical Sanger sequencing (Nagaio2008; Najafzadeh et al. 2013; Packeu et
al. 2012b; Wang et al. 2001; Woo et al. 2013). &8thiough these approaches have proven their
effectiveness, they are not really adapted to meutinalysis of many environmental samples due
to the low specificity of the universal primers dise the PCR assay the time needed for the
analysis and the cost. Indeed, environmental sagaleld contain more than one species. Then,
in these samples the use of universal primers wordduce a mix of amplicons which would be
poorly discriminated with Sanger sequencing. Thigbfem could be solved by next generation
sequencing (NGS) tools but the associated costexpettise needed (especially in data analysis)

might be too high for routine analysis.

gPCR is an alternative approach offering specjfiaihd a reduction in analysis time and cost,
especially when many samples need to be analyded,. £AqPCR instrument might be more in the
reach of a routine laboratory, as compared to a B¥4uencing instrument. Today, despite the
development of qPCR tools for the detection of smvdéungal contaminants such as the
monitoring of airborne molds from outdoor and ind@mvironment (Hospodsky et al. 2010;

Libert et al. 2015; Nagano et al. 2008; Vesper 2044 qPCR assay specific o jeanselmeyet

exists.

In this context, this paper describes a SYBRen qPCR assay for the specific detectiof.of
jeanselmei To assess the performance of the developed qRE®R/.athe selectivity, sensitivity
and efficiency were evaluated. As previously diseds (Libert et al. 2015), no harmonized
guidelines exist for this performance assessmeqP@R assays for fungal detection. Therefore,
we followed a similar approach as the one previoregborted forAspergillus versicolofLibert et

al. 2015) which is based on the guidelines develojpe the qPCR detection of genetically
modified organisms (GMO) (Broeders et al. 2014) futlborne pathogens (Barbau-Piednoir et
al. 2013b) and the minimum information for publioatof quantitative real-time PCR experiment

(MIQE) proposed by Bustin et al. in 2009 (Bustirakt2009). Finally, a proof of concept for the
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detection of. jeanselmein environmental samples was provided, compariegdtine protocol
based on classical techniques involving culturingps, and the molecular gPCR method
developed and evaluated in this study. Therefbie,study offers a new molecular tool based on
SYBR®green chemistry which could be used as a routinéopol for the detection and/or the

monitoring ofE. jeanselmein environmental samples, by all actors concerned.

3.2Materials and methods

3.2.1 Fungal strains

Table 3.1 lists all the fungal specie&cfenonium strictum, Alternaria alternata, Aspelgsl
fumigatus, Cladosporium cladosporioides, Cladogpori herbarum, Cladosporium
sphaerospermum, E. dermatitidis, E. exophialage&nselmei, E. lecanii-corni, E. spinifera, E.
xenobiotica, Penicillium chrysogenum, Stachybotgiartarum and Ulocladium botrytiy and
strains (19 strains in total) used in this studigeyl were all purchased from the BCCM/IHEM

collection (Scientific Institute of Public Health Brussels, Belgium).
3.2.2 Culture conditions

The fungal strains were grown as described preljiolisbert et al. 2015). Briefly, the fungal
strains were spiked into a S10 Sabouraud liquidiumedBiorad, Temse, Belgium) and were
grown at 25 °C with constant agitation between 21odays according to the species’ growth

conditions.
3.2.3 DNA extraction

DNA of the fungal cultures was prepared as preWoreported (Libert et al. 2015). Briefly, after
the incubation time, 300 mg of wet sample weresfiemned to cryotubes containing 0.25 ml of
acid washed glass beads (Sigma Aldrich, Diegengi@&®l) and put at -80 °C during 40 minutes
and freeze-dried overnight with a freeze-dryer IBpsiL-6D (Martin Christ, Osterode am Harz,
Germany). Freeze-dried fungi were then beat-beatttna Mini bead beater (Biospec Products,

OK, USA) during 1 minute at maximal speed.

Subsequently, the total DNA was extracted with dapéed phenol chloroform (24:1) protocol
(Ashktorab and Cohen, 1992) and purified with thieg@n CTAB genomic Tip-20 kit (Qiagen
Benelux — B.V., KJ Venlo, the Netherlands) accagdio the manufacturer’'s protocol. 100 pl
Gibcd® DNase, RNase, protease free water (Life Technadp@ent, Belgium) was used to elute
the DNA. The DNA integrity was verified on an 2%aagse gel. The DNA concentration and
purity were evaluated with a Nanodfop000 (Thermo Scientific, Wilmington, USA).
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Table 3.1: Selectivity evaluation of SYBgeen qPCFEjeanselmei_|IT&ssay

Genus Species Reference Positve Cqymean+SD | mean =*
BCCM/IHEM* signal ©

Exophiala Jeanselmei IHEM 4740 yes 23.57 +0.38 79.75+£0.29

Exophiala Jeanselmei IHEM 4741 yes 20.86 + 0.22 79.25 +0.50

Exophiala Jeanselmei IHEM 22665 Yes 21.81+0.43 79.63 £ 0.25

Exophiala Dermatitidis IHEM 9780 No / /

Exophiala Exophialae IHEM 5976 No / /

Exophiala Exophialae IHEM 20759 No / /

Exophiala lecanii-corni IHEM 3662 No / /

Exophiala Spinifera IHEM 20752 yes** 26.04 + 0.05 78.50 £ 0.00

Exophiala Xenobiotica IHEM 6582 No / /

Acremonium Strictum IHEM 993 No / /

Alternaria Alternata IHEM 4969 No / /

Aspergillus Fumigatus IHEM 3562 No / /

Cladosporium Cladosporioides IHEM 0859 No / /

Cladosporium Herbarum IHEM 2268 No / /

Cladosporium Sphaerospermum IHEM 1011 No / /

Penicillium Chrysogenum IHEM 4151 No / /

Penicillium Chrysogenum IHEM 20859 No / /

Stachybotrys Chartarum IHEM 0359 No / /

Ulocladium Botrytis IHEM 0328 No / /

The strain in bold is the reference used for théopmance assessment and is fully characterised
asExophiala jeanselImgilHEM 4740). Positive signaly€g is defined as an amplification with a
Cy < 40, and T, value (°C) as expected; *Tmis different no defined as no amplificatiorC,
mean + SD and .J mean + SD are based on two runs per extract freoindependent DNA
extracts for each strain which has given a posgigeal in qPCR using 1,000 theoretical genomic

copies.

* IHEM/BCCM collection, Mycology and Aerobiology,c&ntific Institute for Public Health, rue
Juliette Wytsman 14, 1050 Brussels, Belgium.
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3.2.4. Primer design

First, a collection of publicly available 18S rDNs&quences fror. jeanslemestrains and other
closely related species (hamdty lecanii-corniand E. spiniferd and from the common water
contaminani. fumigatugHeinemann et al. 1994; Parat et al. 1996), wasenfid@BI, GenBank).
The following sequences were included: for E. jeanselmei
AB531492.1/AF549447.1/AF050271.1/ AJ866273.1/AY85T3/ AY163553.1/ AY163549.1/
AY163550.1 AY163552.1/ AY163556.1/ DQ836791.1/ D@833.1/ DQ836795.1/ IN625228.1/
JX192603.1/ JX473278.1/ EF025410.1/ EF025411.126&02.1/ EU910261.1/ JX473276.1; for
A. fumigatusKC411924.1/ KC237295.1/ KC237291.1/ KC237292.01K2152.1/ HE864321.1/
KC119199.1/ KC119200.1/ JX944178.1/ JX944118.1; for lecanii-corni GQ426959.1/
GQ426975.1/ GQ426980.1/ IJN675374.1/ IN675375.1/73X83.1/ IX473285.1/ JX681038.1/
JX681039.1/ JX681040; fdE. spinifera AB025891.1/ AB025892.1/ AB025857.1/ AB025876.1/
AY156966.2/ AY156970.1/ EF551539.1/ EF551459.1/ B@&®r2.1/ NR_111131.1. These
sequences were aligned with the “MegAlign” softw&i®0.0.1 (Lasergene, Madison, USA) to
identify the ITS-1 and ITS-2 sequence regions ¢érest wherein different primer pairs were

designed using the “Primer 3 V.0.4” softwahdtp://bioinfo.ut.ee/primer3-0.4 ){Untergasser

et al. 2007). Primer dimers and secondary strudtureation was evaluated and predicted during

the design with Primer3. The “wprimersearch” sofevfattps://wemboss.uio.no/wEMBOSS/

(Sarachu and Colet 2005) was used to perfornm &ilico specificity test, allowing to select the
primer  pair that only amplifies the target sequsnce Also BLASTn

(http://blast.ncbi.nlm.nih.gov/Blast.ggias used to evaluate the specificity of the préane

3.25 Qualitative SYBRgreen qPCR assay

The gPCR assay for the detection Bf jeanselmei(Ejeanselmei ITSJPCR method) was
performed as previously described far versicolor(Libert et al. 2015), using the SYBgreen
chemistry and a real-time PCR I®% system (Biorad, Temse, Belgium). All the primesgdiin

this study were synthetized by Eurogentec (LiegdgiBm).

Briefly, the reaction mix (25 pl final volume) caied 12.5 pl of 2x SYBRyreen PCR
Mastermix (Diagenode, Liege, Belgium), 0.25 pEpfITSforward and reverse primers (0.2 uM)
(Table 3.2) and 7 ul of Gib€oDNase, RNase, protease free water (Life Technedogbent,
Belgium). To this mix, 5 pl of genomic DNA (gDNA} 200 theoretical genomic copy humbers
per ul was added. The number of genomic DNA cop@s calculated according to the formula

presented below i.e.,
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C_mxAC
"M, X G

with C, = genomic copy numbem = the amount of gDNA (grams) and determined by
Nanodrof¥2000 (Thermo Scientific, Wilmington, USAXc the Avogadro’s constant (Mohr et al.
2008).M,, = base pair mean molecular weight (649 Da) @nd Genome size (expressed in bp)
of E. jeanselmeF 30,000,000. Because no information on the gensize ofE. jeanselmeis
currently publicly available, we used an estimatiased on the average of the genome sie of
dermatitidis E. xenobioticaE. spinifera(Broad Institute 2015). We are also aware that some

strain-dependent deviations may exist.

The optimization of the gPCR conditions was perfdmwith the E. jeanselmeistrain
BCCM/IHEM 4740. Therefore, this species was considas a reference and used as a positive

control added in each run performed in this study.

In each run, a “no template control” (NTC) was utdd for the analysis whereby the DNA
template was replaced by ultrapure water in thetimamix. This NTC aimed at verifying that no

contamination occurred and that no primer dimengev@med.

Following thermal cycling conditions were used &irruns: 1 cycle of 95 °C for 10 minutes (Taq
activation), followed by 40 amplification cycles % s at 95 °C (denaturing step) and 60 °c for 1
min (annealing and extension step). Subsequentipeling curve was made with a gradual
increase of temperature of 0.5 °C/6s from 55 t6®@%luring 15 min. The Biorad 1Q 5 software V.

2 (Biorad, Temse, Belgium) automatically determittezlthreshold level for the reaction.
3.2.6 Inhibition test (pure cultures)

Because PCR inhibitors (e.g. co-extracted substaocédRNA contaminations) could affect the
amplification, the validation results and also tletection of low amount of the targeted DNA, it
is important to verify that all of these substanaeese removed during the DNA extraction step.
This was done using an inhibition test. The wonkflof this inhibition test was based on that
proposed in 2012 by Broeders et al. for the assasisai absence of inhibitors in DNA extracts.
Briefly, gDNA was extracted independently from 2rgucultures ofE. jeanslemeistrain
BCCM/IHEM 4740. Afterwards, a calibration curve waade based on the analysis of each set of
gDNA, diluted 10, 100 and 1000, 5000 fold, with fieanselmei_ITSYBR green assay. Two
criteria exist to assess the absence of inhibilorshe DNA extracts; i.e., the slope of the
calibration curve which should be between -3.6 &hd; and the differenceAC,) observed
between the experimentally obtainegiv@lues and an extrapolated dbtained by the regression
of the G from the undiluted sample (Broeders et al. 2018)the absence of inhibition, theC,
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should be< 0.50 for each dilution (Broeders et al. 2012, ENZBI11).
3.2.7 Sequencing

The identity of the strains d&. jeanselmeiHEM 4740, IHEM 4741, IHEM 22665 and &.
spiniferalHEM 20752 that resulted in a specific amplicorhia gPCR assay was confirmed based
on the sequence of their ITS-1 and ITS-2 regiorezetd a dideoxy sequence analysis with the
BigDye Terminator v3.1 cycle sequencing kit (ApgliBiosystems, Life Technologies, Gent,
Belgium) and an ABI3130x|I Genetic Analyzer appasdypplied Biosystems, Life Technologies,
Gent, Belgium) was used according to the manufactirecommendations. Primers ITS1F
(Gardes and Bruns 1993) and ITS4 (White et al. 1980e first used to amplify the ITS-1 and
ITS-2 regions. Primers ITS1 and ITS2 (White et H90) were used for the subsequent
sequencing reaction. The consensus sequences lofoéabe targeted regions (based on the
forward and reverse sequence of each target regimng aligned with the MEGA v6.06
(http://wvww.megasoftware.net/) (Tamura et al. 20%8jtware and visualized with the CLC
sequence viewer v7.0.2 (Qiagen Benelux — B.V., hl¥, the Netherlands). Using BLASTn
(http://blast.ncbi.nim.nih.gov/), the amplificatiai the targeted DNA regions and their identity

was confirmed by comparing them to the sequencaitasie in the NCBI database.

3.2.8 Theoretical J calculation

The online tool from IDT Kttp://eu.idtdna.com/calc/analy2€iiDT, Leuven, Belgium) with the
consensus sequences obtained through sequencimgpas and under the PCR conditions
described above, was usedrgsilico calculate the theoretical,Tof the amplicon obtained in the

Ejeanselmei _IT&ssay.
3.2.9 Ejeanselmei_IT@&ssay performance assessment

For the performance assessment of the qPCR abksagpproach as previously outlined by Libert
et al. (2015), which on its own is based on thalstaf Barbau-Piednoir et al. (2013), was
followed. Different parameters of the qPCR meth@terevaluated i.e., the selectivity (based on
inclusivity and exclusivity), the PCR efficiencyhet limit of detection (sensitivity test) and the

repeatability.

Selectivity test

The selectivity test was composed of a prelimiraarg a larger selectivity test.

For the preliminary selectivity test, the targeta@ps E. jeanselmeiHEM 4740) and 1 non-target
species . dermatitidissHEM 9780) were used, both at 15,000 theoreticaienof gDNA. The

amplicon obtained for thE. jeanselmestrain IHEM 4740, which was taken as a referencthé
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performance assessment study, was confirmed bysepg analysis.

The larger selectivity test aimed at evaluating iti@dusivity (i.e., the selected primers should
amplify the DNA of each tested strain from the &rgpecies) and the exclusivity (i.e., DNA of
non-target species close to the target or desctibé@quently occur in the same environment as
the target species should not be amplified by #lected primers, with a specific,Jl of the
Ejeanselmei_IT§PCR method, using the selected primers and t&Rgfonditions as described
above. So, a result has been considered as positiee the sample is amplified and the observed
T corresponds to the,[defined in silico for the target. If these two ciiimhs are not observed,

the result has been considered as negative.

For the inclusivity 3 target strains (i.d&, jeanselméifrom the BCCM/IHEM collection were
selected. The experimental design of the exclysitast included 14 non-target strains i.e., 5
species closely related & jeanselmefi.e., E. dermatitidis, E. exophialae, E. lecanii-corhi,
spiniferaand E. xenobioticg (Zeng and De Hoog 2008) and 9 other common epdai wet
environment as described by Heinemann et al. (19®4)A. strictum A. alternata, A. fumigatus,
C. cladosporioides, C. herbarum, C. sphaerospermBmc¢hrysogenum, S. chartaruamd U.

botrytis).

The conditions described above were used for e®&Rgrun using a total of 1000 theoretical

copies of gDNA per reaction (evaluated for eachebwith its own corresponding genome size).

Based on the selectivity test, the false posithat® (FPR) and false negatives ratio (FNR), the
sensitivity and the selectivity values (%) werecaldted according to the formulas presented by
Blakely and Salmond (2002), i.e.,

FPR = False positives / (False positives + Truatiegs)

FNR = False negative / (False negatives + Trudipes)

Sensitivity = True positives / (True positives Hdeapositives)*100
Selectivity = True negatives / (True negatives ls&aegatives)*100

PCR efficiency estimation
The gPCR analysis of a serial dilution, in dupkgaif gDNA (1000, 500, 100, 50, 10, 5, 2, and 1
theoretical copy number of gDNA obtained by 2 irelggent extractions) &. jeanselmeiHEM
4740 was used to assess the linearity of the S'gBfen qPCR assay. Based on this analysis, 2
parameters can be evaluated, thee, coefficient of determinatiod®) and the PCR efficiency?’
is an indicator of the correlation of the data rdga the linear regression curve. The PCR

efficiency €) calculation was previously described by Rutledgel Cote (Rutledge and Cote
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2003). As previously described fér versicolor(Libert et al. 2015), according to the most recent
guidelines developed for GMO detection with qPCRB&Ygreen (ENGL 2015), th& and
amplification efficiency are not applicable to dtalve methods. However, & > 0.98 and a
PCR efficiency ranging between 80 % and 120 % lpageiously been indicated as performance

criteria for the validation of qualitative gPCR fneds (Broeders et al. 2014).

Limit of detection (Sensitivity test)
The limit of detection (LOD) is defined as the I@tveoncentration of an analyte which is detected
with a probability of 95 % (Barbau-Piednoir et 2013; Broeders et al. 2014). Six dilutions (i.e.,
100, 50, 10, 5, 2, 1, 0.5, 0.2 and 0.1 theoretizglies of gDNA) of genomic DNA oE.
jeanselmeiHEM 4740 were tested in 6 independent runs (utieggPCR conditions described
above), each with 6 repetitions, to estimate thédL@) the Ejeanselmei_IT&ssay. The LOD
should be below 25 copies according to definitidnminimum performance requirements for
analytical methods of GMO testing (ENGL 2015; Libetral. 2015).

PCR repeatability
This repeatability limit ) is defined as the maximal difference of 2 reswoltdained under
identical experimental conditions with a probapilif 95 % (Barbau-Piednoir et al. 2013b). The
experimental design used for the LOD evaluatioe @@ove) was also applied for the evaluation
of ther value of theEjeanselmei_IT§PCR method.

As described previously (Barbau-Piednoir et al. 01 ibert et al. 2015), the relative standard
deviation of the repeatabilityRSD) was calculated as the absolute value of the icoesit
variation (%). For these criteria, there is no fifitked for qualitative gPCR methods (ENGL
2015). TheRSDy, evaluated for the Lvalues, should be below 25 % for all dilutions \abthe
LOD for quantitative methods (Barbau-Piednoir eP8ll 3b; Broeders et al. 2014).

3.2.10 Proof-of-concept: Environmental testing

Sampling
The sampling method for air-conditioning systems \peeviously described by Nolard and co-
workers (Nolard et al. 2004). Briefly, 1 L of wateas collected in a sterile Duran bottle with a
vacuum pump at a distance between 1 and 5 cm dfdttem of the tank of the air-conditioning
system. In total, 8 tanks from different air-coradiing system were sampled. The water samples

were stored at 4 °C until their analysis.

Classical analysis: culture, microscopic analysis @ell counting
Under laminar flow, a first part of the water samplas diluted 10 and 100 fold and each dilution,

as also an undiluted aliquot of 1 ml, was pour¢d an empty petridish. Afterwards, Malt Extract
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Agar (MEA) chloramphenicol liquid medium (Bioradese, Belgium) was put in the petridish
and the plate was kept at room temperature tillnieglium had solidified. Then, the plate was
incubated at 25 °C during 21 days. A first micrggcoanalysis was made after 5 days of
incubation in order to determine the fastest grgwapeciesand a second after 21 days of

incubation to determine other species such aExbphialaspecies.

Molecular analysis: DNA extraction and gPCR analysi
Additionally, aliquots of 15 ml were taken of mixadter samples used for the classical analysis
described above. After 15 min of centrifugatiorb@0 g, DNA from aliquots was extracted with
the DNA extraction protocol used for pure cultufese above). The DNA concentration and
purity was evaluated with a Nanodfop000 (Thermo Scientific, Wilmington, USA). The gRC
reactions were performed on 5 pl of eluted DNA i1€. % of the total DNA eluted from water

samples corresponding to the amount of DNA mentiang¢he Table 3.4.

PCR inhibition test (spike test)
To verify that no inhibition from the anti-fungahemistry used to clean the air-conditioning
occurred on the PCR amplification, as part of thesemicals might have been retained in the
DNA extract, 1000 theoretical copy numberskofjeanselmegDNA (IHEM 4740) were spiked
into 5 ul of DNA extract from sample 3 (considessdan “environmental” no template control, as
by classical analysis, . jeanselmeivas detected) and analysed with Hjeanselmei IT§PCR
assay. To determine whether inhibition occurrednduthe gPCR reaction, the obtainegv@lue
with the spiked sample was compared to theliained with 1000 copy numbers of gDNAE(f
jeanselmelHEM 4740 in pure water (Table 3.1).

3.3Results
3.3.1 Design and selection of gPCR primer pair

For the design of th&. jeanselmespecific gPCRprimers, all theE. jeanselmeil8S rDNA
sequences that were publicly available at that,twere used. This selection of sequences was
extended with those available for the closely eslaspecie€. lecanii-corniand E. spinifera,
which arebelonging together witk. jeanselmetio theE. spiniferaclade (Wang et al. 2001; Zeng
and De Hoog 2008), and those available Aoffumigatusa common species observed in water
(Heinemann et al. 1994; Parat et al. 1996). Baseahaalignment of these sequences, two couples
of E. jeanselmeprimers targeting a conserved region within the-PTi®gion of the 18S rDNA of

E. jeanselmeivere designed (Table 3.2, Fig. 3.1). It was howeweé possible to design primers in
this region that were exclusively specific o jeanselmeias part of the primers were also

conserved inE. spinifera, with some nucleotide variations especially in tloewhrd primer
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annealing site. The impact of this sequence coatervwas addressed during the specificity test

as part of the performance assessment (see below).

Preliminary specificity tests with these 2 primeuples were performed on the ITS-2 regions of
E. jeanselme{IHEM 4740) ancE. dermatitidis(IHEM 9780) as a negative control, showing that
only the ITS-2 region oE. jeanselmeivas amplified (data not shown). Finally, basedtentiest
combination of primers in terms of amplificatiorfi@éncy (data not shown), thgj ITS f and
Ej_ITSr primers (Table 3.2) were selected for the dedactif E. jeanselmein this gPCR assay

(Ejeanselmei_IT&ssay).

In order to verify that no inhibition occurred cgithe PCR amplification, an inhibition test was
performed with the selected primers. The slopéefdalibration curve obtained with the two sets
of gDNA dilutions was determined to be -3.35 (H@). This slope is in the range of -3.1 to -3.6
as recommended by the ENGL (201A4%, values were calculated for each dilution i.e. &7
the 5000-fold dilution, 0.43 for the 1000-fold ditan, 0.02 for the 100-fold dilution and 0.33 for
the 10-fold dilution. According to the acceptancédecia from the ENGL for GMO for the

assessment of the absence of inhibitors in the Bitracts (ENGL 2011), no inhibition occurred.
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Figure 3.1: Alignment of region of ITS sequence&ofeanselmegikE. lecanii-cornj E. spinifera
andA. fumigatusstrains, and of selected primers

This alignment was made using publicly availabl& I3equences @&. jeanselmei, E. lecanii-
corni, E. spiniferaand A. fumigatusextended with ITS sequences from the strains frben t
BCCM/IHEM collection used during the performancesessment of the gPCR assay (indicated
with IHEM prefix) and with the primers designedtims study Ej_ITS f andEj_ITS r). Because

no nucleotide variation was detected for each efpiblic sequences used, only one sequence (*)
was introduced for this alignment, as a represeetédr that species. Consensus (last line of the
alignment) corresponds to a consensus sequencedddy the software. The conservation level
among each sequence (0 to 100 % of conservatiompresented by the pink rectangles at the
bottom of the figure. The alignment was made withEGA 6.06 software
(http://wvww.megasoftware.net/) and visualized withC sequence viewer 7 (Qiagen Benelux —
B.V., KJ Venlo, the Netherlands).

Table 3.2: Primer sequences develojpesilico

Name Purpose Sequence 5'to 3 Amplicon size (bp)
Ej_ITS_f Forward primer Ccgagttagggtcctcaca

Ej_ITS r Reverse primer ggcctaccgaagcaacata 70

Ej_ITS_2f Forward primer Cccggtacactgagcatctt 107

Ej_ITS 2r Reverse primer Cctacctgatccgaggtcaa

The amplicon size is expressed in base pairs (bfjold, the primers selected as efficient primer
couple in the preliminary specificity test for tthetection of E. jeanselmei (IHEM 4740).
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3.3.2 Ejeanselmei_IT@ssay performance assessment

To evaluate the quality of thi§jeanselmei_ITSssay, a performance assessment was done as
previously described fok. versicolor(Libert et al. 2015), according to the guidelinesirked for

the validation of gPCR detection and identificatioathods in other fields (Barbau-Piednoir et al.
2013b; Broeders et al. 2014). The following créeniere evaluated: the selectivity of the primers,

the LOD, the PCR efficiency, the dynamic range, thiedEjeanselmei_IT&ssay repeatability.
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Figure 3.2: Calibration curve (inhibition test)
Data were obtained with 4 replicates of 4 diluti@300, 1000, 100, 10 fold) of gDNA
of E. jeanselmeflHEM 4740). The dotted line corresponds to thadrkne.

Selectivity of theEjeanselmei_IT§PCR assay
First, an inclusivity test was performed with DNA 8 E. jeanselmeistrains from the
BCCM/IHEM collection. We have included all in thisllection availableE. jeanselmesbtrains
originating from water. DNA of each of the selectrhins E. jeanselmeBCCM/IHEM 4740,
BCCM/IHEM 4741, BCCM/IHEM 22665) was amplified (3/&ith a G, of, respectively, 20.86 *
0.22, 21.81 + 0.43 and 23.57 + 0.38 for 1,000 comiegDNA (Table 3.1). Themelting curve
analyses showedyvalues between 79.25 + 0.50 and 79.75 = 0.25 €Tafl, Fig. 3.3).
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Figure 3.3: Melting curves obtained with tBganselmei_IT§PCR assay for thE. jeanselmei
pure strains listed in Table 3.1

The meltcurves were obtained with the Biorad IQofiveare V. 2 (Biorad, Temse, Belgium).
The X-axis shows the temperature (°C). The Y-axés@nts the inverse of the first derivate of
the best-fitted curve of the measured fluoresceleceease. The gray curves corresponith¢oE.
jeanselmelisted in Table . The blue flat curve represer the NTC.

The sequence of these BCCM/IHEM strains matchefeqr with the ones publicly available for
the corresponding region and all amplicons shovi#1% identity (Fig. 3.1). The obtaineg, Tor
each amplicon corresponds to the theoretigalvihich was calculated to be 79.50 °C. No false

negatives were obtained.

Then, an exclusivity test was performed on DNA ohdtarget species (i.eA. strictum A.
alternata, A. fumigatus, C. cladosporioides, C.Ha@um, C. sphaerospermum, E. dermatitidis, E.
exophialae, E. lecanii-corni, E. spinifera, E. xbiutica, P. chrysogenum, S. chartarand U.
botrytig. These species amosely related tdE. jeanselmeiand/or are occurring in the same
environment (i.e.water reservoir) and/or in indoor environment (Abg et al. 2014; Anaissie et
al. 2003; De Hoog et al. 2003; Heinemann et al41%&wasaki et al. 1999). No false positives
rewere observed (Table 3.1). Indeed, with thijsanselmei_ITRPCR assay, except for DNA
extracted from theE. spiniferalHEM 20752 strain, no DNA from non-targeted speciess
amplified. The amplification oE. spiniferawas not unexpected based on the in silico analysis
including the alignment (Fig. 3.1), which includalll the publicly available ITS sequenceskof
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jeanselmeiand E. spinifera Because the sequence between the two primersfouasl to be
identical for all the sequences available for opecis, only one sequence for each species has
been represented in the figure.

However, theE. spiniferaamplification should be considered as a true negatsults based on
the SYBR'green characteristic. Indeed, for a same copy nuedienation (i.e.1,000 theoretical
genomic copy number), the obtainegh@lue forE. spiniferawas 26.04 + 0.05 (Table 3.1) and the
Tm was 78.50 °C (Table 3.1, Fig. 3.4), which are défé from the ones obtained fd&.
jeanselmei Based on these amplification results and Tm walne false negative values were
observed, i.e., FPR and FNR values of 0 % werdradita

To explain these differences, ampliconskofjeanselmeand E. spiniferawere sequenced and
aligned (Fig. 3.1). The amplicon &f spiniferadiffers from that obtained fdE. jeanselmewith

11 nucleotides, of which 2 in the annealing sitehaf forward primer (Fig. 3.1). These results
were expected and met those obtained during thweprdesign (Fig. 3.1). These nucleotide
differences explained the difference in the obskrvg for the two species (Table 3.1). The
BLAST analysis of the ITS-1 and ITS-2 regions conéd the IHEM 20752 &B. spiniferawith

97 % of identity.

Based on these results, a sensitivity of 100 %aasplecificity of 100 % were observed. An NTC
was included in each assay to verify that no comation occurred during the qPCR assay
preparation (preparation of the mixes, filling bétqPCR plates). In none of the assays, the NTC
resulted in a signal. This also showed that no dizagon of primers occurred during the analysis,

as predicted during the in silico test (Fig. 3.3).
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Figure 3.4:Melting curves obtained with tHejeanselmei_IT§PCR assay for the. jeanselmeandE.
spiniferapure strains listed in Table

The melt curves were obtained with the Biorad I@o8ware V. 2 (Biorad, Temse, Belgium). The X-
axis shows the temperature (°C). The Y-axis prasthet inverse of the first derivative of the béted
curve of the measured fluorescence decreasebllibdlat curvesepresent the NTC.

Limit of detection (sensitivity test) and PCR refadulity
The limit of detection (LOD) of th&jeanselmei_IT@ssay, based on 6 independent runs with a
total of 18 repetitions, was determined to be bitbcal copy number (Table 3.3 and Table 3.4)
(Cq=34.86 £ 0.90). TheandRSDrwere 3.45 and 9.73 % respectively for this assay.

Dynamic range and PCR efficiency
A serial dilution of 1,000 to 0.1 theoretical gerioroopy numbers oE. jeanselmepermitted to
define the dynamic range and PCR efficiency offjeanselmei_IT&ssay. A linear model with a
R2 of 0.9977 and an efficiency of 95.5 % were atediwith this SYBRgreen assay (Fig. 3.5).
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Table 3.3: Cq values obtained during the 6 rurth@fimit of detection estimation for JPCR SYBRreen assafjeanslemei ITS

Run 1 Run 2 Run 3
Theoretical | Rep. 1 Rep. 2 Rep. 3 Rep. 4 Rep. 5 Rep. 6 Rep. 7 Rep. 8 Rep. 9
(estimated)
copy
number
of gDNA
10 33.47 | 32.63| 3255 3255 3242 3293 32/03 31.658131.31.38| 31.58| 31.78 | 30.73 | 30.41 | 29.98 | 30.43 | 30.14 | 30.42
5 33.91 | 33.88| 33.91] 34.02 34.16 34.07 32/78 32.740732.32.06| 32.43] 32.82 31.74 3155 31.h8 30{82 31.681.12
2 36.50| 35.16| 35.03 35.06 35.35 35.18 33[20 33.33.383| 33.78| 33.20 33.6% 32.84 32.T5 3270 3233 533.83.78
1 36.89| 36.27| 3554 3587 36.38 36.18 35|67 33.88.773| 34.43| 36.13 3459 33.92 34.12 3417 33.81 734.84.07
05 T 37.08| 36.61 37.92 37.46 37.]9 3655 35064 359581 36.08| 36.66 36.09 34.35 3500 34|61 235.14.403% 36.31
0.2 N/A 37.59| 38.21] 37.91 3850 38.72 37.01 N/A N/A36.69 | 37.97| 37.31] 35.95 N/A 3594 36.22 3651 N/
0.1 N/A 39.59| N/A 39.44| N/A 39.28 38.1F N/A 38.66 /AN | N/A 36.81 | N/A N/A N/A N/A N/A N/A
Run 4 Run 5 Run 6
Theoretical | Rep. 10 Rep. 11 Rep. 12 Rep. 13 Rep. 14 Rep. 15 . 1RRep Rep. 17 Rep. 18
copy
number
of gDNA
10 31.76| 31.68/ 31.79 32.0p 3155 31.B2 30|87 31.871.03| 30.96| 31.00 31.34 31.61 31.59 31/30 31.28 0931.31.70
5 32.71| 32.07| 32.33 32.70 32.83 32.f7 31|76 31.72.063] 31.97| 31.63 31.9q3 33.26 32.31 32/16 3263 632.82.43
2 34.15| 33.17| 33.33 3351 33.85 34.50 32|57 32.88.523| 32.48| 32.64 32.78 34.75 34.72 3309 3453 934.84.18
1 34.33| 34.33] 36.08 3496 34.46 34.03 35[45 33.88.663| 34.76| 35.29 34.20 35.12 N/A 34.62 3544 34.45.19
0.5 37.83| 36.17| 36.67 3550 3591 36.24 3656 3%.33.09| 35.43| 34.69 3588 38.39 37.13 N/A N/A 37/136.71
0.2 37.64| 38.06] 39.51 N/A 38.91 38.02 37.30 36/06.88| 36.91| 38.14 37.7% 38.31 38.32 38,91 3955 8&7.0I/A
0.1 N/A 36.61| N/A N/A N/A N/A N/A 39.61| 37.34 N/A M N/A N/A N/A N/A N/A N/A N/A

Mean of G value obtained for 6 repetitions (Repetitidtep] 1 to 18) of 6 independent runs (Run 1 to 6) sksdal dilution of genomic DNA
of E. jeanselmef{concentration expressed in copy number of genaht® IHEM 4740 strain). The LOD is defined by titashed line.
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Table 3.4: Limit of detection results fEjeanselmei_IT§PCR SYBRgreen assay

Theoretical (estimated) copy number qM@ean+SD % positive

10 3151+0.78  100.00 (36/36)
5 32.45+0.88  100.00 (36/36)
2 33.78+0.98  100.00 (36/36)
1 34.86+0.90  97.22 (35/36)
05 36.27+1.07  94.44(34/36)
0.2 37.62+1.06  80.56 (29/36)
0.1 38.39+1.21  25.00 (9/36)

The table shows the mean, @alue obtained for 6 repetitions of 6 runs of dadalilution of
genomic DNA ofE. jeanselme{concentration expressed in copy number), thedaraindeviation

(x SD) and the percentage of positive responserefdeat each dilution point. The LOD is
defined by the discontinuous line.

y=-34346x +33.985
R*=0.9977

Cq

0 0.5 1 15

Log copynumber

Fig. 3.5: Coefficient of determination and PCRa#icy ofEjeanselmei_IT§PCR assay
Data are obtained with four replicates for eaclceatration i.e.1,000 to 0.1 theoretical copy
number of genome d&. jeanselme{IHEM 4740).
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3.3.3 Environmental testing

To evaluate the performance of thisjeanselmei_IT&ethod on real-life samples, a test was
performed on different water samples collected fiairrcooled systems in office buildings.
This proof of concept allows to test tBgeanselmei_IT@ssay on environmental samples and
to compare this method of detection with a classmatine analysis method (Table 3.5).

The detection method used in routine (culture, tiagnand microscopic identification)
allowed to detecE. jeanselmein 3 water samples with an amount ranging betwe€r@/ml
and 4 CFU/ml (Table 3.4). All of these samples am&d one or two other contaminants
frequently recovered from water reservoirs (Tab® Be.,Acremoniunsp.,A. fumigatusand

asterilemycelium (undetermined).

The results from th&jeanselmei_ITSssay were in accordance with those of the clssic
method for the detection &. jeanselmeilndeed, this gPCR assay gave positive signals for
the same water samples whé&ejeanselmeivas detected using the classical methods, i.e.,
sample n° 1, 2 and 3 (Table 3.5). The obtainggalies were all ranging around 35 and the
Tm values around 79.5 °C, as expected. No signalolvasrved for the samples where B0
jeanselmeivas detected on plate. The spike test confirmatirth inhibition from potentially
remaining anti-fungal chemistry products occurredrd) the qPCR analysis as gdf 22.50
+0.68 was obtained which corresponds to the vahevs in Table 3.1 foE. jeanselmei
IHEM 4740.
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Table 3.5: Environmental testing on water fromainditionning reservoirs

Classical method Molecular method
Sample Species CFU/ml  Amount of total Cymean £+ SO  Theoretical copy
number a DNA/PCR reaction number of gDNA
(ng)® for 1 ml®
1 E. jeanselmei 2 2.93 35.20+£0.72 1
Sterile mycelium 5
2 Acremoniunsp. 5 2.53 N/A
Penicilliumsp. 1
3 N/D 0 0.36 N/A
4 E. jeanselmei 4 3.27 34.63+0.76 2
Acremoniunsp. 2
5 N/D 0 0.94 N/A
6 A. fumigatus 1 1.73 N/A
7 E. jeanselmei 3 35.24 £0.34 1
Acremoniunsp. 1 3.07

[y

Sterile mycelium
8 Acremoniunsp. 17 9.80 N/A

@ The value for CFU/ml is an estimation of the fungantamination based on the number of
colonies per platé’ 5 pl of the extracted DNA from 15 ml of sampledtavaand eluted in
100 pl of extra pure DNAase, RNAase, protease Wawer) were used in a 25 pl-PCR
reaction.® C, values are ¢ means £ 40) + standard deviation (SD) obtained with the
validated Ejeanselmei_ITSssay with 4 technical replicatésTheoretical copy number of
gDNA based on th&. jeanselmelHEM 4740 strain defined as the strain of refereotéhe
performance assessment of tiigeanselmei_IT§PCR SYBRgreen assay.

3.4Discussion

E. jeanselmeis frequently found inside buildings in canalieas, reservoirs of drinking
water, non-drinking water reservoirs for air-coiaitng. As this species is an opportunistic
pathogen causing health problems (Al-Gabr et @l420lucci et al. 2001; Nucci et al. 2002;
Zeng et al. 2007), its monitoring is important. Siaal approaches used for the detection of
this pathogenic fungus are difficult because ofphotogically closely related species and are
moreover time-consuming. Inde&d jeanselmefequires up to 21 days of incubation at 35 °C
before microscopic identification (Najafzadeh et28113; Nishimura et al. 1987; Nolard et al.
2004). This is why molecular analysis, such asitthinis study developeBjeanselmei_ITS
assay, could be attractive for a more efficient ooimg and diagnosis of a contamination by
E. jeanselmeiThe real-time PCR analysis, and especially thBEYgreen gPCR chemistry,
offers the advantage to be fast, sensitive, ingniat-wise more accessible and more cost-
effective than other molecular techniques like atireequencing, especially when many
samples need to be analysed. Indeed, the $¥YBRn chemistry is cheaper than the
chemistry used for sequencing, with a cost of thas 1 euro per reaction. In comparison

with the classical tools, this technique is morpessive. However, the time saving (2 days
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against 21 for the classical approach) is a kegaidge in terms of monitoring and diagnosis.

Another advantage is that the specificity is based primer couple and on the associatgd T

value of the generated amplicon, thereby avoidirsg@uencing step which is needed when
using classical PCR approaches (Klein, 2002). imdksay, the primers were designed in the
ITS-2 region from the 18S rDNA complex.

Because no guidelines nor norms exist for the dgweént of gPCR methods for the detection
of fungi, the performance assessment flow was baseduidelines and recommendations
given for GMO detection and foodborne pathogen i§BasPiednoir et al. 2013; Broeders et
al. 2014), as was previously done for a gPCR afsahe specific detection &. versicolor
(Libert et al. 2015)To evaluate the performance of tEiganselmeilTS SYBR green assay,
the selectivity, PCR efficiency, dynamic range,ssvity and repeatability parameters were

investigated.

First, the inclusivity tests revealed that tBganselmei_ITS&ssay detects all the tested
jeanselmei strains. Neverthelesshetween these two amplified species, a variation of
approximately 3 ¢was observed. As shown by sequencing analysis 879, no variation
occurred between the amplicon obtained for eadhede strains, and the sequence between
the primers matched 100% with the correspondingretreeved for all publicly availablg.
jeanselemilTS-2 sequences. This variation in thg ¢uld however be explained by a
dissimilarity of the 18S rDNA copy number whichkisown to have an interspecies and an
intraspecies variability (Black et al. 2013; Coiratlal. 2007; Iwen et al. 2002; Schoch et al.
2012), and which was also suggested Aorversicolor (Libert et al. 2015). Because no
variation rates for the 18S rDNA copy number arevim for E. jeanselmeor closely related
species, thi€jeanselmei_ITSssay is a qualitative gPCR. To develop a quangtabol
based on the ITS sequence, the range of variafitimeol8S rDNA copy number should be
determined for each targeted strain in order toapeiate the quantity expressed in genome

copy numbers.

The exclusivity test, the second step of the spdyitest, showed that no non-targeted strains
from indoor environment, including the air-condiiog system, were detected with the
EjeanselmeilTS assay. This demonstrates the good specificity ®Ejaanselmei_IT&ssay.
For none of the closely related and morphologicdifficult to discriminate species the DNA
was amplified with thé&Ejeanselmei_IT&ssay, except fdE. spinifera However, despite this
amplification, the melting curve analysis allowéé discrimination betwee. spiniferaand

E. jeanselmeias the T, differs with 1 °C between the two species, @. spinifera= 78.50
°C, T E. jeanselmek 79.50 °C) (Fig. 3.4). This difference in, Tan be explained by the
interspecies diversity observed in the ITS regibapecies from th&. spiniferaclade which
includesE. jeanselme{Wang et al. 2001; Woo et al. 2013; Zeng and DegH2@08) (Fig.
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3.1). The post-analysis based on the melting teayer to discriminate a species is currently
used with the SYB&green chemistry also in other fields to discriménato different strains
amplified by the same couple of primers (Barbawfier et al. 2013b), without the need for

sequencing confirmation.

In the future, high resolution melting (appliedthe Ejeanselmei_IT&ssay) might be used to
obtain an even more pronounced discrimination e$ehtwoExophialaspecies based on the
T of the amplicon, if needed. Nevertheless, Bfeanselmei_IT&ssay allows to discriminate
between species that are frequently confused withleanselmeiwith culture dependent

analysis and some molecular methods like clasBiCit.

Then, efficiency and PCR linearity were evaluatedthis SYBRgreen assay. To evaluate
these parameters, the str&n jeanselmelHEM 4740 was selected as the reference strain.
Because the {ralues obtained for this strains were the highesirgyst those for the strains
tested, the results obtained for these parametersspond to the worst case scenario for this
assay. With an efficiency of 95.5 %, this SYRfReen assay is efficient according to the
criteria defined for qualitative analysis of GMO r@Bders et al. 2014). Moreover, the
obtained R? value (0.9977) shows the linearity #redaccuracy of this qPCR SYBgeen

assay.

Furthermore, with an LOD defined at 1 theoreticaingmic copies per reaction, this
Ejeanselmei_IT® sensitive and well within the criteria put famd by the GMO community
(ENGL 2015). Thi€jeanselmei_IT&ssay is also repeatable wit(B.45) andRSDr(9.73 %)
values below the limits defined by the guidelinegdiin this study (Barbau-Piednoir et al.
2013Db; Broeders et al. 2014). Because no informatias available on the genome sizeéEof
jeanselmeithe copy number estimation was done with an aveshglee genome size based
on the size of Exophialaspecies (i.e.E. dermatitidis E. spiniferaand E. xenobiotica
Therefore, this estimation should be reviewed wherreal genome size Bf jeanselmewill

be available. Nevertheless, if the genome sizE.adermatitidis(i.e., 26.35 Mb) is used as
“worst case” scenario to define the copy number gffNA of E. jeanselmei the
underestimation of the copy number at LOD is evallido be 1 % only, which should not

influence drastically our results.

These performance assessment tests were doneRiSivgxtracted from pure strains from
the BCCM/IHEM collection, which are well charactsd. In order to test this
Ejeanselmei_IT&ssay under environmental conditions, water sasrfpten air-conditioning
were submitted to our gPCR method. The obtainadtsesere compared with those obtained
with the routine protocol based on the classicallysis method (i.e.culture, microscopic
visualisation and counting). As similar results evebtained for both classical and gPCR

method, this proof of concept demonstrated thaEjbanselmei_IT&ssay could be useful for
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the monitoring ofE. jeanslemeiConcerning the time period to obtain these restltis
Ejeanselmei_IT&ssay seems to be a better alternative to theicdhsinalysis. Indeed, using
the classical methods, the incubation period wasl@ts, while our SYBRyreen analysis
(lyophilisation step and DNA extraction includedyjuired 2 days. A low diversity, maximum
two species per sample, was observed with theicddssethod as it was previously observed
in other study (Hamada and Fujita 2002; Kelkar [e2@05; Parat et al. 1996). In total, 5
species were observeflgremoniunsp.,A. fumigatusk. jeanselmeiP. chrysogenuin(Table
3.4). This implies that the water reservoirs wergutarly cleaned with anti-fungal chemistry
to avoid health problem as allergies, asthma dt biglding syndrome. Therefore, it was
verified that this anti-fungal chemicals did ndhiliit the gPCR reaction, which was found not
to be the case. Based on thgv@lues obtained for the LOD estimation, an extiamn of

the DNA theoretical copy number was performed ideorto compare the results from the
classical and the molecular methods. Accordindni® éstimation, the theoretical (estimated)
copy number of genomic DNA fdE. jeanselmeivas evaluated to 1 and 2 copy number of
DNA per ml of analysed water. These estimationsewerthe range of those obtained with
classical methods (between 2 and 4 CFU/ml). Howes@me considerations should be made.
Firstly, this extrapolation was done based on tilaes obtained for the reference strain (with
the estimated genome size of 30 Mb), and it is swtunlikely that another strain &.
jeanselmeiwas present in the real life samples. Therefoeeefifiect of the variation in 18S
rDNA copy number should be taken into account. 8élyo this comparison supposed that
one CFU observed on plate corresponds to one coémDBA. However, a colony can
originate from more than one copy of gDNA if aggresg were present. Therefore, although
the range of detecteH. jeanselmecontamination was comparable for both methods, and
therefore the qPCR assay could be regarded as mqeamntitative method, the absolute
guantities ofE. jeanselmeare difficult to be compared between the two asialynethods.
However, this was expected, because as elaborbte athe ITS-based gPCR method is a
qualitative method. If an absolute quantificatismeeded, the classical methods should still

be used.

The results of this proof of concept demonstras tholecular methods such as gPCR could
also be used for the detection of other contamingnésent in the water reservoir of air-
conditioners. In order to reduce even more theyaigtime, it should also be interesting to
develop a multiplex tool for the detection of s@arontaminants simultaneously. This will
allow achieving the same advantage of the classiethod, which is not limited to the
detection oE. jeanselmeodnly.

In addition, the use of this SYBBreen qPCR assay should not be reduced to water
environments. It would also be useful for the détec of E. jeanselmeiin other
environmental or in clinical samples. As qPCR mdthdeing based on DNA amplification,

offer the advantage of detecting also non-cultefalelad organisms, it would be interesting to
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apply this method to the monitoring Bf jeanselmein environments where its occurrence has
not yet been reported. Indeed, becdtsganselmeiequires a humid environment to be kept
alive and the currently used monitoring methodsthis pathogen are based on culturing
(which implies that the to be detected organisnukhbe alive and culturable), its presence in
for instance indoor air, where the organism coulffes from desiccation impacting its
growth, could not yet be demonstrated.

In conclusion, this paper reports on a novel SY&Ren qPCR assay for the specific
detection ofE. jeanselmei called Ejeanselmei_ITSBecause classical methods are time
consuming, and. jeanselmehas demanding growth conditions, this qualitatgsay, and
molecular tools like gPCR in general, offers thegdoility to reduce the analysis time period
and to extend the monitoring to other environmeftss will contribute to an improved
response against fungal contamination and a bieisgght into the causal link betwedh

jeanselmeand health problems.
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Abstract

Background: Indoor air pollution caused by fungaitamination is suspected to have a public
health impact. Monitoring of the composition of timeloor airborne fungal contaminants is
therefore important. To avoid problems linked tdtune-dependent protocols, molecular
methods are increasingly being proposed as amatiee. Among these molecular methods,
the polymerase chain reaction (PCR) and the resd-BCR are the most frequently used tools
for indoor fungal detection. However, even if thésels have demonstrated their appropriate
performance, some of them are not able to discataibetween species which are genetically
close. A solution to this could be the use of at9®%CR high resolution melting (HRM)
analysis, which would allow the discrimination bese species based on the highly accurate
determination of the difference in melting temperatof the obtained amplicon. In this study,
we provide a proof-of-concept for this approachingisour previously developed gPCR
SYBR®Green method to deteéspergillus versicoloiin indoor air, an important airborne
fungus in terms of occurrence and cause of headhlgms. Despite the good performance
observed for that gPCR method, no discriminationldt@reviously be made betweén

versicolor, Aspergillus crebeandAspergillus sydowii

Results: Using HRM analysis, the discriminatiortled 3Aspergillusspecies could be made.
No false positive, nor false negatives were obskrdering the performance assessment
including 15 strains oAspergillus The limit of detection was determined for eacécégps i.e.,
0.5 pg/ul of gDNA forA. creberandA. sydowij and 0.1 pg/pl of gDNA foA. versicolor The
HRM analysis was also successfully tested on enmiemtal samples.

Conclusion: We reported the development of HRM gofdr the discrimination ofA.
versicolor, A. creberandA. sydowii However, this study could be considered as aystade
demonstrating that HRM based on existing qPCR assdlpws a more accurate identification
of indoor air contaminants. This contributes toirmproved insight in the diversity of indoor
airborne fungi and hence, eventually in the caliglalwith health problems.

Keywords

Aspergillus High resolution melting analysis, Indoor air, Rubealth, molecular method
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4.1Background

Today, the contamination of indoor air of buildingsfungi is suggested to be associated with
public health problems (World Health Organizati@®2). However, the causal link between
fungal air contamination and respiratory problemstill not well understood. This is partly
due to the issues related to the detection andifidetion of fungal species in indoor air.
Indeed classically, the detection and monitoringkflow of indoor fungal contamination are
based on the microscopic identification of fungiadbed after a cultivation step (Beguin and
Norlard 1994; Nolard et al. 2004). This culture-elegent workflow leads to some bias in the
diversity observed due to e.g., species competitiorplate, uncultivable species or dead
fungi(Beguin and Norlard 1994; Nolard et al. 2084JD 2006; Pitkaranta et al. 2011)
However, these by classical workflow undetectectiggecould affect human health (HUD
2006). To avoid this bias, the use of culture-irdefent, molecular techniques seems to be
more advantageous than the classical workflow &Pathta et al. 2011; Vesper 2011). That is
why PCR (Martin et al. 2005; Zhou et al. 2000) aedl-time PCR (qPCR) are currently
increasingly used for the monitoring of indoor aimte fungi (Bellanger et al. 2009; de Ana et
al. 2006; Haugland et al. 2004; Martin et al. 20@6yrisson et al. 2004).

Although gPCR methods are specific and allow thentification up to species level,
genetically close species are sometimes diffiaulbé discriminated using these molecular
tools. For example, we previously proposed a cdlé qPCR SYBRgreen method
targeting the ITS2 regiom\yersi_ITSassay) for the detection Apergillus versicolofLibert

et al. 2015) an important indoor fungal contaminant (Anderseralet2011; Beguin and
Norlard 1994; Packeu et al. 2012a). Among the ®gisg from the indoor air background that
had been included in the specificity test, thid weveloped for the specific detection Af
versicolor resulted in false positives only for the DNA ofg2netically close species, i.e.,

Aspergillus crebeandAspergillus sydowijibelonging to the same group\¢érsicolores

As previously elaborated (Libert et al. 2015), th8sspecies are difficult to be discriminated,
both morphologically as genetically. The availaBlagman assays of the United States
Environmental Protection Agency (EPA) for the sfiediletection ofA. versicolorand A.
sydowiirespectively, also amplify both species each (iHeugland et al. 2004; United States
Environmental Protection Agency 2015). FAr creber no Tagman assays have been
developed and/or tested yet. Nevertheless, it kas lpbserved that closely related species
could show different antifungal patterns, whichifgportant information to choose the
appropriate therapeutic regime (Jurjevic et al. 220Rdditionally, Jurjeciv et al. (2013)
reported that, in a same environmental context, different species belonging to this
Aspergillusgroup (includingA. creberandA. versicolo} produce different concentrations of
sterigmatocystin, a precursor of the aflatoxin Bhiok is a well-known carcinogenic

mycotoxin.A. sydowiiis known as a non-sterigmatocystin producer (Rardd. 2011). These
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observations indicate that these 3 genetically etyoselated speciedbelonging to the
Versicoloresgroup could have a different effect on health. deev, it has not yet been
investigated what the difference is concerningithpact of their presence in indoor air on
public health. Hereto, a rapid, culture-independhistriminative method is currently lacking.
Therefore, this is an interesting case study ferdiavelopment of a molecular method that can

discriminate genetically close species of indodsane fungi.

In the present study, we developed a molecular edetifased on our previously proposed
SYBR®green qPCR method for the detectionfofversicolor(Libert et al. 2015), for the
discrimination of A. versicolor A. sydowii and A. creber Indeed, the advantage of
SYBR®green includes the possibility to discriminate efiént amplicons based on their
melting temperature ¢JJ. However, despite nucleotide variations betwéen 3 amplicons
obtained for respectivel. versicolor A. sydowiiandA. creber poor discrimination could be
made with a classical melting curve analysis (ltibetr al. 2015). In this context, the
technology of high resolution melting (HRM) coulffes a good alternative method for the
discrimination of species closely related at theege level. Unlike the SYBRyreen
chemistry, the dye used for HRM analysis is a sditum dye. Consequently, all amplicons
obtained after the DNA template amplification amgusated by the dye improving the
detection of nucleotide variation, in combinatioithwa high resolution qPCR instrument
(Reed et al. 2007). Based on this particularitypegieally closely related species can be
distinguished with HRM analysis as it was shown @andida species and some other
invasive fungal species (Lengerova et al. 2014; ¢¢@ et al. 2015; Somogyvari et al. 2012)
including someAspergillusspecies (Alonso et al. 2012). The HRM analysis pgsotogether
(i.e., clusters) samples with similarities in theage of the melting curves. By including
positive controls for each of the expected spedies, discrimination in species-specific
clusters can be done.

By taking 3Aspergillusspecies closely related at the genetic level @ssa study, we deliver
the proof-of-concept that existing SYBBreen qPCR methods can be further developed
using HRM into more discriminating molecular method hese offer the possibility to
improve the identification of indoor airborne fupghereby eventually contributing to
establishing the causal link between these contamtsrand adverse health effects.

4.2 Results
4.2.1 HRM assay development

The HRM analysis reported in this study is based aorpreviously published gPCR
SYBR"Green assay (Libert et al. 2015), calkeersi_ITS In that study (Libert et al. 2015),
during the performance assessment, the specificiytested for 10 species frequently found
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in indoor air i.e.,Alternaria alternata A. creber Aspergillus fumigatysA. sydowij A.
versicolor,  Cladopsorium  cladosporioides Cladosporium  herbarum Penicillium
chrysogenum Stachybotrys chartarunand Ulocladium botrytis This test showed to be
specific forA. versicolor i.e. no amplification for the non-targeted specieith the exception
of A. creberand A. sydowiiwhich yielded an amplicon with the samg, than the one

observed foA. versicolor(i.e., 76.5 °C).

Therefore, the species discrimination using Awersi_ITSassay was optimized using the
HRM approach as elaborated in Materials and Metfad$e species for which amplification
was obtained with thédversi_ITSassay. Hereto, firstly, the HRM assays were peréarin
duplicate using gDNA extracted from pure strainsngcas reference strains in Libert et al.
(2015) i.e., the BCCM/IHEM strain 18884 fér versicolor the BCCM/IHEM strain 20347
for A. sydowiiand the BCCM/IHEM strain 2646 féx. creber The 3 reference strains showed
an expected melting temperature,Tanging between 76.40 +0.28 and 76.50 +0.14 and
could be classified each in a different clusteig(M.1a,b; Table 4.1). Cluster 1 grouped
together all the replicates of tie versicolorBCCM/IHEM 18884 with a confidence of 98.6
+0.9. Cluster 2 was defined by all the replicatesnf the A. sydowiiBCCM/IHEM 20347
strain with a confidence of 99.8 +0.1. Finally, alie replicates from theé\. creber
BCCM/IHEM strain 2646 were classified in clustewi3h a confidence of 97.9 +1.2.

Subsequently, all other strains available in theCRIOHEM collection and belonging to the
speciesA. creber,A. versicoloror A. sydowiiwere tested. TheJof the obtained amplicon
was determined to verify the PCR amplification stAp previously reported (Libert et al.
2015), gDNA of all species tested resulted in aplaon with a T, around 76.5 £0.18 °C
(Table 4.1). No amplification was observed in afyhe NTCs added to the assays. All the
strains ofA. versicolorwere grouped in cluster 1 defined by the referetigén BCCM/IHEM
18884 with a confidence defined between 97.6 + 2aP% 99.0 + 0.5%. Those Af sydowii
were grouped in cluster 2 defined by the referesitain BCCM/IHEM 20347 with a
confidence ranging between 99.1 + 0.4% and 99.3%&nd those oA. creberin cluster 3
defined by the reference strain BCCM/IHEM 2646 v@igh9 = 1.3 % of confidence.

P. chrysogenunwas tested as negative control because of its gagletic proximity with the
Aspergillusgenus (van den Berg et al. 2008) and its importamdéedoor air contamination
(de Ana et al. 2006; Hyvarinen et al. 2001). Twidedént strains were included, but they did
not yield an amplicon as expected based on thetséle previously determined for the
Aversi_ITSassay (Libert et al. 2015).
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Figure 4.1: High resolution melting analysis pld#RM analysis results are illustrated with
(a) the normalized melt curves. Each cluster wdmetd with the Biorad Precision Melt
Analysis software 1.2 (Temse, Belgium) (b) the atiééhce temperature plot. The red curves
correspond t@\. versicolorstrains, the green curvesAocreberstrains and the blue curves to
A. sydowii gDNA of each strain, i.eA. creberlHEM 2646 (5 ng of gDNA)A. versicolor
IHEM 18884 (5 ng of gDNA) and\. sydowiilHEM 20347, was tested in duplicate in 2
independent runs.

Sensitivity test: Limit of detection

To define the lowest amount of gDNA that can berifisinated with the HRM analysis, a
serial dilution, from 1000 to 0.01 pg in 10 steppeated in duplicate in 6 independent runs
was tested (Table 4.2). Because the HRM supermmiratebe used with an amount of input
DNA lower than 0.1 ng, all the dilutions were madealmon sperm DNA. No amplification
was observed in the negative controls i.e., N&Nd NTGamon sperrfdata not shown). Fok.
versicolor, the LOD of theAversi_ITSgPCRassay was previously defined at 1 copy of gDNA
(Libert et al. 2015) which corresponds to 0.05 pgBNA. In the HRM assayA. versicolor
was amplified until 0.1 pg of gDNA with 12/12 pagé detection events and until 0.05 pg of
gDNA with 10/12 positive detections, i.e. corregticon and cluster and confidence >95%.
Below this limit of 0.05 pg, no amplification wadserved forA. versicolorin the tested
concentrationsA. creber and A. sydowii were detected with minimum 11/12 positive
detection events until 0.5 pg of gDNA (Table 423.shown in Table 4.2, the discrimination
in the 3 different clusters could be made with HRMil 0.5 pg of gDNA, under this limit no
discrimination could be made betwe&ncreberandA. sydowii Based on these observations,
the LOD for theHRM assay was defined at 0.5 pg of gDNA AorcreberandA. sydowiiand

at 0.1 pg forA. versicolor(Table 4.2).
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Table 4.1: Species discrimination by HRM analysis

Genus Species Reference BCCM/IHEM T,,mean + SD Cluster* Confidence mean + Sb
(’C)" (%)
Aspergillus versicolor IHEM 1323 76.45 £0.07 98.4+04
Aspergillus versicolor IHEM 1355 76.30 £0.14 97.6+2.2
Aspergillus versicolor IHEM 2023 76.40 +0.28 98.9+0.9
Aspergillus versicolor IHEM 2157 76.35 1£0.21 98.6+0.4
Aspergillus versicolor IHEM 2983 76.30 £0.14 98.6+1.0
Aspergillus versicolor IHEM 6598 76.40 +0.28 98.2+0.4
Aspergillus versicolor IHEM 9674 76.55 £0.07 98.9+04
Aspergillus versicolor IHEM 10351 76.30 £0.14 99.0+£0.5
Aspergillus versicolor IHEM 18884 76.40 +0.28 98.6 £0.9
Aspergillus versicolor IHEM 19014 76.35 +0.21 98.8+0.6
Aspergillus versicolor IHEM 19210 76.40 £0.01 98.5+0.9
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Table 4.1 Continued

Genus Species Reference BCCM/IHEM T, mean +SD Cluster’ Confidence mean + SD
: (%)
(’C)"

Aspergillus versicolor IHEM 19256 76.40 £0.28 1 98.8+0.2
Aspergillus versicolor IHEM 22014 76.35 1£0.21 1 98.3+1.1
Aspergillus versicolor IHEM 22975 76.30 +0.14 1 98.6+1.0
Aspergillus versicolor IHEM 24424 76.50 £0.42 1 99.0+£0.5
Aspergillus  sydowii IHEM 895 76.35 1£0.21 2 99.1+04
Aspergillus sydowii IHEM 1360 76.40 +0.00 2 99.2+0.3
Aspergillus  sydowii IHEM 20347 76.50 £0.14 2 99.8+0.1
Aspergillus creber IHEM 2646 76.40 £0.28 3 97.9+1.2
Aspergillus  creber IHEM 2916 76.38 £0.08 3 98.9+1.3
Penicillium chrysogenum IHEM 20859 / ND /
Penicillium chrysogenum IHEM 4151 / ND /

The strains in bold are considered as a referesea for the assay development and are fully
characterised as respectivély creber A. sydowiiand A. versicolor ® Pure strains from the
BCCM/IHEM collection.” Average of the J + standard deviation (SD) obtained for each
strain analyzed in duplicate during 2 independenss Cluster 1, 2 and 3 were defined with
the Biorad Precision Melt Analysis software 1.2 rfiBe, Belgium). ND: d not detected.
Average of the percentage of confidence (+ stahdawiation SD) from the mean of the
cluster, defined with the Biorad Precision Meltadysis software 1.2 (Temse, Belgium). The
percentage of confidence threshold was defined5a% 9below this threshold the result is

considered as not acceptable as a true positive.
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Table 4.2: Limit of detection of HRM assay

Paramete  Genu: Specie?  Cluster® gDNA amount (p¢
1000 500 50 10 5 1 0.5 0.1 0.05 0.01
Detection Aspergillus  creber 3 12/12 12/12 12/12 12/12 12/12 12/12 11/12 6/12 0/12 0/12
Aspergillus  sydowii 2 12/12 12/12 12/12 12/12 12/12 12/12 11/12 9/12 0/12 0/12
Aspergillus  versicolor 1 12/12 12/12 12/12 12/12 12/12 12/12 12/12 12/12 10/12 0/12
'Eo/o'ng_id'e,\ﬁcé_/is_pé@lrug'Eréb‘e? TR 97.98 +1.28 96.66+1.54 99.03+0.59 99.30#0.29 99.70+0.02 97.99+0.53 96.65+0.36 97.99+0.53. / /A
0
°0 Aspergillus  sydowii 2 98.72 +0.39 99.25 +0.26 99.28+1.66 99.67+1.12 98.840+2.34 96.83+3.11 95.63+1.63 95.83 +3.11 / /
Aspergillus  versicolor 1 98.99 +0.26 99.23+0.35 99.49+2.01 98.93+0.60 99.76+096 98.52+2.32 97.49+0.11 97.60+1.06 96.37+1.540 /

2 gDNA extracted from pure strains from the BCCM/IMEollection. BCCM/IHEM strains used as referengecreberlHEM 2646,A. sydowilHEM 26347 A. versicololHEM
18884

P Cluster defined with the Biorad Precision Melt Arsi$ software 1.2 (Temse, Belgium)

¢ Detection: Number of positive signals i.e., cotrelaster and confidence > 95%, observed for edatiah, the LOD for each species is indicated @b

dConfidence (%) is the average and standard deri&ti8D)
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4.2.2 Symmetric and asymmetric DNA concentratiah te

The capacity to detect and to discriminate thesBergillusspecies when they are mixed, was
tested with two different types of mix compositioe., a symmetric mix including an equal
amount of gDNA from each targeted speci&sdreber A. sydowiiandA. versicoloj and a
asymmetric mix composed of a different amount oNgDfrom the 3Aspergillusspecies,
including one species present at LOD, and mixes ¢batained the negative contrBl

chrysogenum

The HRM analysis of the symmetric mix A (i.e., axrof 5 ng of gDNA of eaclspergillus
species) yielded 3 different clusters, correspanttinthe 3 targeteAspergillusspecies (Table
4.3).

In the 3 first asymmetric mixes (i.e., mixes B, @l d®, Table 4.3), the amount of gDNA from
one of the 3Aspergillusspecies was taken at the LOD previously defined 0.4 pg forA.
versicolorand 0.5 pg for the 2 others. The results obtainexk wimilar (i.e., correct cluster,
confidence % in the same range) to those obseridtie symmetric mix, even when the
amount of gDNA was at the LOD (Table 4.3). In thixes E, F and G, one of the 3 species
was added in a higher amount than that of the @h@nce again, the 3 clusters were found
with high confidence with all mix configurationsgfile 4.3).
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Table 4.3: Symmetric, asymmetric and specificityessment of different mixes

Parameter Species Mix
A B C D E F G H | J K
DNA amount (nd}¢ A. creber 5 LoD? 5 5 25 5 0 5 5 0
A. sydowii 5 5 LOD 5 5 25 5 5 0 5 0
A. versicolor 5 5 5 LOD 5 5 25 5 5 0 0
P. chrysogenurr 0 0 0 0 0 0 0 25 25 25 0
NTCuater / / / / / / / / / / 5
Cluster™ 7 A.creber 3 7 I S T 3 3T 3 3T
A. sydowiii 2 2 2 2 2 2 2 2 / 2 /
A. versicolor 1 1 1 1 1 1 1 1 1 / /
P. chrysogenun / / / / / / / ND ND ND /
NTCyater ND ND ND ND ND ND ND ND ND ND ND
‘Confidence (%)  A.creber ~ 97.56+1.05 99.67+0.07 99.13+1.80 99.18+1.87 99.67+1.87 99.67+1.17 99.64+1.17 /| ¢ 98.27 +0.34 99.20+1.43 |
A. sydowii 99.85 +0.20 99.59 £0.01 99.85 +0.20 99.88+0.10 99.60+0.10 99.581+0.61 99.50+0.68 99.27 +0.61 / 98.27 £+0.51 /
A. versicolor 98.67 £1.09 100.00 £1.09 98.68 +1.19 98.48 +1.19 100.00£0.10 99.90 +0.02 99.67+0.02 98.20 +1.03 98.98 +0.03 / /
P. chrysogenurr / / / / / / / ND ND ND /
NTC\ater ND ND ND ND ND ND ND ND ND ND ND

2 gDNA extracted from pure strains from the BCCM/MEollection

b Each assay contained 3 pure strains i.e., BCCMUHIB46 forA. creber BCCM/IHEM 895 forA. sydowij BCCM/IHEM 10351 forA. versicolor and BCCM/IHEM
4151 forP. chrysogenumEach run was performed with 3 strains definegh@sitive control for each target i.&\, creberBCCM/IHEM 2646,A. sydowiiBCCM/IHEM
20347 andA. versicolorBCCM/IHEM 18884.P. chrysogenurBCCM/IHEM 20 859 was used as a negative contrattBEHRM reaction was done with 5 pl of mix.

°LOD defined as the limit of detection defined fach species i.e., 0.1 pg far versicolorand 0.5 pg foA. creberandA. sydowii

dDetection parameters i.e., clusters and percemthdetection defined with the Biorad Precision Meitalysis software 1.2 (Temse, Belgium). /: noapplication, as not
present in the mix; ND: no amplicon obtained, nestér detected

¢ Confidence (%) is the average of each percenthgenfidence defined with the Biorad Precision Mattalysis software 1.2 (Temse, Belgium) obtainedefach repetition
and standard deviation (£SD).
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4.2.3 Specificity assessment

Although theAversi_ITSassay was previously shown to be specificXoversicolor as evaluated
for the 10 most frequent species from the indoobatkground, the discrimination betweg&n
versicolor, A. creberandA. sydowiiwas not observed in classical gPCR (Libert e2@l5). To
evaluate that the discrimination of theseAS8pergillus species by the HRM method is not
influenced by the presence of non-targeted speeies; at a dominant concentration, 3 others

mixes were made and analyzed with HRM.

In mixes H, | and J, one of the targeted species rganoved from the mix (Table 4.3), and
replaced by 5 ng d®. chrysogenurgDNA and analyzed with thaversi ITSHRM method. This
analysis indicated th&. chrysogenumvas not amplified in any of the mixes (Table 4\8hich
was expected based on the results of Libert €2@1.5) and in agreement with the results obtained
for mix K, whereP. chrysogenunwvas the only species present. The targeted speaes all
classified in their corresponding clusters i.eust#dr 1 forA. versicolor cluster 2 forA. sydowii
and cluster 3 foA. creber(Table 4.3).

4.2.4. Proof-of-concept

In order to verify whether this HRM analysis coble used on real-life samples, 4 environmental
air samples, previously analyzed by classical mithf.e., plate counting and microscopic
identification) and by gPCR for the detection Af versicolor (Libert et al. 2015), were re-
analyzed with thédversi_ITSHRM assay.

As summarized Table 4.4, theversi_ITSHRM analysis defined 3 different clusters for Be
positive controls with or without the addition @lismion sperm DNA. The 2 NTCs (NTfgerand

NTC saimon sperh did Not yield an amplicon.

Three environmental samples (i.e., samples 1, 24andith or without the addition of salmon
sperm DNA, gave a positive signal fAr versicolorand were all classified in only one cluster
corresponding to the one of the versicolorpositive control. The number of positive detections
(i.e., amplification and classification in the et cluster and confidence above 95%) of the 8
repetitions was between 5/8 and 8/8 with a confideranging between 98.58 +0.55 and 99.76
+0.01 (Table 4.4). The lowest number of positivéedtons and the lowest confidence were
obtained for a sample without the addition of saimgperm DNA. These results were in
accordance with those previously obtained by adasshethods and qPCR whefe versicolor
was found on plate and detected by gPCR (Libeat.2#015). No amplification and consequently
no cluster, was observed for the sample 3. Thidtress also obtained with the classical analysis

(Libert et al. 2015), where m®. versicolorwas detected on plate (Table 4.4).
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Table 4.4: Environmental test

Sample Sample type Specied Amount of Salmon Cluster Percentage of Number of
DNA/HRM spernf confidence (%) positive
banalysis (ng) d detections

Control

"NTCyaer  Wateronly ~ Waterony 0  No  NA [/~~~ 7T

NTCsaimon sperm Salmon sperm Salmon sperm 10 Yes N/A /

only only

Positive control  Pure culture A. creber 25 No 3 95.74 +7.07 4/4

Positive control  Pure culture A. creber 25 Yes 3 97.32 £3.90 4/4

Positive control  Pure culture A. sydowii 25 No 2 97.91 +3.26 4/4

Positive control  Pure culture A. sydowii 25 Yes 2 98.89 +0.97 4/4

Positive control  Pure culture A. versicolor 25 No 1 99.16 +0.49 4/4

Positive control ~ Pure culture A. versicolor 25 Yes 1 97.99 +2.38 4/4

“Envionmental T T T o T T T T oo T TTTTommm T T mmm o m s
sample e
Sample 1 Indoor air A. versicolor 19.8 No 1 99.15+0.08 6/8
sample
Yes 1 99.76 + 0.01 718
P. chrysogenum
Sample 2 Indoor air A. versicolor 217 No 1 98.10 £ 0.88 5/8%
sample
Yes 1 98.93 +0.45 718
A. glaucus
P. chrysogenum
Yeast
(undetermined)
Sample 3 Indoor air P. chrysogenum 53.3 No N/A
sample
Yes N/A
Sample 4 Indoor air A. versicolor 50 No 1 98.81 +1.90 58
sample
Yes 1 98.58 +0.55 8/8
Infertile
mycelium

P. chrysogenum

@Determined with classical methods i.e. plate calamd microscopic analysis (determination and
counting) in Libert et al. 2015

® Amount of DNA extracted from air samples of 1.5; NA amount determined with a
Nanodrofy 2000; 5 pl of extracted DNA (5ng/ul) were used &0aul -HRM analysis.

¢ Salmon sperm (salmon sperm) DNA carrier addech@0

4 Cluster and % of confidence * standard deviat®B)(defined with the Biorad Precision Melt
Analysis software 1.2 (Temse, Belgium) .

®A sample is defined as positive for a specific &df an amplicon is obtained, if the observed
Tm corresponds to the Tm defined by Libert et 2016) forA. versicolor(i.e., 76.5 £0.18 °C)
and if the sample is classified in the same clussethe cluster defined for its respective positive
control with a confidence > 95%.
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Based on the above described results, it coulddpeluded that the 3 environmental samples
contained thé\. versicolorspecies, and not one of the 2 species closelyetekttthe genetic level
belonging to the sam¥ersicoloresgroup. However, in order to verify that if onetb& other 2
species would have been present, it would have pessible to be detected in the environmental
sample, a spike test with each of the targetediep@@s performed as described in Materials and
Methods. At the highest gDNA concentration, withagthout salmon sperm DNA, all the species
were detected and classified in the correct clus¢dined by the corresponding positive control
(Appendix A — Table Al). The same observations weade for all spikes at LOD with a
confidence between 97.70 £1.56% and 99.08 +1.14%@agositive rate between 5 and 8 for the 8
repetitions depending on the addition of salmomra@@NA (Appendix A — Table Al).

4 .3Discussion

Currently, an increasing amount of studies are deduon fungal indoor contamination and its
impact on public health (Bellanger et al. 2009; iBeorf et al. 2008; de Ana et al. 2006; Jones et
al. 2011; Meheust et al. 2014; Packeu et al. 20R2aroux et al. 2009; Vesper et al. 2013). To
rapidly detect and identify the fungal contaminag2CR holds a great potential in comparison to
the classical methods based on plate counting acrsaopy. Indeed, this molecular technique is
rapid, sensitive, easy to use and culture indepen¢isitkaranta et al. 2011). However, some
issues could occur especially for the discrimimatd species closely related at the genetic level.
This problem was highlighted by Libert et al. (2pHiring the development of a SYBgteen
gPCR tool for the detection &. versicolor(Aversi_ITS, an important contaminant of indoor
environment. Even if thisAversi_ITSassay is fast, efficient, sensitive and specific A.
versicolor as evaluated for the 10 most frequently occurrimggél species in indoor air, no
discrimination betweeA. versicolor, A. crebeandA. sydowiicould be previously made. Indeed
the insufficient variation of nucleotides insideithrespective amplicons yielded a too similgr T
value impeding discrimination by gPCR (Libert et &015). Nevertheless, the accurate
identification of fungal contaminants is importamteventually determine the causal link between

indoor airborne fungal pollution and respiratonaltie problems.

In this context, to improve the specific detecttdr. versicolorin indoor air and to discriminate

it from the other target8. creberandA. sydowij a post-gPCR HRM was optimized on the basis
of theAversi_ITSassay (Libert et al. 2015). The HRM analysis dgwedbin this study showed the
possibility to improve theAversi_ITSqgPCRassay by the discrimination @&. versicolorfrom
A.creberandA. sydowii All the strains for the 3 species that were add in the BCCM/IHEM
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collection were not only detected but also clasdifivith a high confidence in 3 different clusters

(Table 4.1, Fig. 4.1 a,b), demonstrating the irieltysand discriminative power of the assay.

The absence of amplification when using gDNA of 2& chrysogenumegative controls (Table
4.1) confirms the exclusivity of the primers of theersi_ITSassay. These results confirmed those
previously shown by Libert et al. (2015), during extlusivity test on 10 species selected as the
most detected fungal species in indoor air whereamplification was obtained for the non-

targeted species.

During this study, a total of 20 strainsAdpergilluswere tested, including all strains available for
each species in the BCCM/IHEM collection i.e., @isis forA. creber 3 for A. sydowij and 15
for A. versicolor In addition, based on a sequence alignment pueljioshown during the
Aversi_ITSdevelopment (Libert et al. 2015) with all the seages ofA. creber A. sydowiiandA.

versicoloravailable on NCBI at the date of the study.

Because thesdéspergillus speciesare genetically grouped in théersicoloresgroup, primer
exclusivity was also verified using an alignmentpoimers sequences and all the ITS sequences
available in the NCBI database for all the spedies this group, i.eAspergillus amoenus,
Aspergillus austroafricanus, Aspergillus cvjetkdayidspergillus fructus, Aspergillus jensenii,
Aspergillus protuberus, Aspergillus puulaauensisspegillus subversicolor, Aspergillus
tabacinus, Aspergillus tennesseensisd Aspergillus venenatusAs these showed several
nucleotide variations, i.e. more than 3 as is #edorA. versicolor A. creberandA. sydowij
inside the amplicon (primers annealing site inctl)déefined by the primers sequences, these
species should be able to be discriminated fforereber A. sydowiiandA. versicolorwith gPCR
(based on the ) (Appendix A — Figure Al and Table A2).

The sensitivity for the HRM assay was also testiedddining the LOD for discrimination for each
species. FoA. versicolor the LOD was previously determined for theersi_ITSgPCRassay at
1 or 2 copies of gDNA (Libert et al. 2015), corresging to 0.05 pg of gDNA oA. versicolor
The LOD observed foA. versicolorin the HRM assay was determined at 0.1 pg of gDN#is
difference is due to the confidence threshold aplpin this study (i.e., 95%). The dissimilarity
observed between the LOD for the gPCR and HRM cbal@xplained by the fact that an HRM
analysis needs a higher amount of DNA templatediszriminate with high confidence.
According to the user guide for the HRM analysiso(&d 2016), the threshold for a HRM
discrimination is observed around 3@ (€orresponding to 0.5 pg of DNA &. versicolo}.
Above this @ limit, the results are too variable. As no LOD wiggined in the previous study for
A. creberand A. sydowij a sensitivity test was performed for the HRM sszad the LOD for
these two species was defined at 0.5 pg of gDN/AIErd.2). Thus, as observed by Libert et al.
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(2015) with the SYBRGreen chemistry, théversi_ITSprimers are more efficient for the
amplification of gDNA of A. versicolorthan for the two other species. This difference of
sensitivity could impact the level of detectionraal-life samples where some species could be
present in very low concentration. However, in #ddito the sensitivity assessment, HRM assays
were performed on gDNA mixes from pure culturesfofcreber, A. sydowind A. versicolor
present at different amounts, including at the LOMe results obtained during these tests
demonstrated that the HRM technology can be uselistmiminate a mix of species, even when
the gDNA mix is not equilibrated (Table 4.3).

Sensitivity and discrimination were also observedthe environmental, i.e. indoor air samples
containing a mix of gDNA from these 3 species. @héhose samples, which was demonstrated
to be negative foA. versicolorbased on classical methods and gPCR (Libert é20dl5), was
used to spike the 3 targeted species for HRM aisal{$0 inhibition from the environmental
sample matrix on the detection and discriminatidntlee 3 species was detected. The
discrimination between the 3 species could be mexkm if one of them was present at the LOD
or if a non-targeted species was present (B.gchrysogenum{Tables 4.4, Appendix A — Table
Al).

In the other non-spiked indoor air samplas,versicolorwas detected, in accordance with the
previous results obtained with classical methodsthan culture and microscopic determination
(Table 4.4). In each of these positive samphesyersicolorwas present with other common
indoor air species (i.eA. glaucusand P. chrysogenuinor with undetermined strains. This
however did not affect the HRM-based detectionhwat detection and discrimination &f
versicolorin each of the samples where the SYBRenAversi_ITSqPCR method previously
detectedA. versicolor(Libert et al. 2015). However, based on the ctadsiletection methods
(Libert et al. 2015), it was observed that the ll@fecontamination byA. versicolorin sample 2
was close to the LOD of the gPCR (i.e., 0.05 pg®RNA). This could explain why the level of
positive repetitions in the HRM analysis variedvmgn 62.5% (5/8, without salmon sperm DNA
added) and 100% (8/8, with salmon sperm DNA ad@Eable 4.4). This might also indicate that
adding salmon sperm DNA to the HRM reactions impsothe performance of this assay, as a
similar trend was observed for the other enviroralesamples. However, no statistical evidence
could be obtained for this observation due to tiwe dmount of total extracted DNA available per
environmental sample for the analysis which limited number of repetition which could be

made.
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4.4 Conclusions

Conclusively, our study, by taking/spergillusgenetically closely related species as a case ,study
demonstrated that HRM analysis, based on existihfGRy methods, could be used to more
accurately detect and identify indoor fungal coriteation. HRM analysis offers the advantage to
easily discriminate genetically close species wilaighdifficult to be distinguished. This increase
in accuracy will improve data on indoor air fungahtamination. This is especially important for
currently difficult to be discriminated speciest that could however diverge in terms of toxicity,
allergenicity or pathogenicity. In this study, theof of concept was delivered for the 3 species
from the Versicoloresgroup based on a SYBBreen Aversi ITSqQPCR method previously
developed forA. versicolor(Libert et al. 2015). In the future, other exigti8YBR°green gPCR
assays could be adapted for HRM for other spetieisnprove the discrimination of genetically
close species. Eventually, the use of HRM in rautimalysis performed in the framework of
monitoring activities will contribute to the insiglin the causal link between indoor fungal

contamination and public health.

4 5Material and methods

451 Strains, culturing and DNA isolation

All the species and strains used in this study wmmeviously used to develop the gPCR
SYBR®GreenAversi_ITSassay (Libert et al. 2015). All of these strairerevpurchased from the
BCCM/IHEM collection (Brussels, Belgium) and arstdéd in Table 4.1, i.eA. creber, A.

sydowij A. versicolorand P. chrysogenumCulturing and the DNA extraction protocols were

previously described in Libert et al. (2015).
45.2 QPCR and high resolution melting (HRM) coiodis

The HRM assays were performed using a CFX96 TouBle®l-Time PCR Detection System and
the CFX manager 3.1 software (Biorad, Temse, Beiyjiu

The gPCR program was previously described and ogtn(Libert et al. 2015). The following

thermal cycling conditions were used i.e., 1 cytl®5 °C for 2 min for the complete activation of
the hot-start DNA polymerase, 40 cycles at 95 °C1f® s for the denaturing step, followed by
one step at 60 °C for 30 s (annealing and exteysioml a final extension at72 °C for 30 s. The
PCR amplification was followed by the HRM analysikich is performed in 2 stages, adapted

from the instruction manual for the Precision M&ltpermix (Biorad, Temse, Belgium). The first
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stage was the heteroduplex formation, i.e. 95 t@fos and 60 °C for 1 min. The second step was
the high resolution melting (HRM) itself between &3 95°C with an increment of 0.10 °C each
10 s.

As recommended by the manufacturer, the reaction(2ti ul final volume) contained 10 ul of
Precision Melt Supermix with Evagreen dye (Bioréeémse, Belgium), 1.2 pl &versi_ITS and
Aversi_ITS (Eurogentec, Liege, Belgium) at 300 nM final cortcation each (Libert et al. 2015),
and 2.6 pl of Gibc® DNase, RNase, Protease free pure water (Life Téobies, Gent, Belgium).

In each well, an equal amount of 5 ul of each gead@hNA (gDNA) template (1 ng per ul, so 5
ng gDNA in total per well) was added to the reacttioix. During the optimization phase of the
HRM assay, 5 ng of gDNA was analyzed in duplicateh in two independent runs. In each assay
a non DNA template control (NT,&.) composed of GibébDNase, RNase, Protease free pure
water (Life Technology, Gent, Belgium) and 3 pesitcontrols i.e.A. creberlHEM 2646 (5 ng

of gDNA), A. versicoloriIHEM 18884 (5 ng of gDNA) and\. sydowiil[HEM 20347 (5 ng of
gDNA) were added.

45.3 HRM data analysis

The melt-curve data were analysed with the BionatiBion Melt Analysis software 1.2 (Biorad,

Temse, Belgium).

A sample is defined as positive for a specific g®edf an amplicon is obtained, if the observed
T corresponds to the,defined by Libert et al. (2015) fé. versicolor(i.e., 76.5 +£0.18 °C) and

if the sample is classified in the same clustethascluster defined for its respective positive
control. The software also calculates a percenfidemce. This value provides a percentage
chance that a given well is correctly categorizethiw the assigned cluster. It is based on the
number of standard deviations the sample is froenntlean of the cluster. This assumes that the
found "cluster means and standard deviations" ecerate descriptions of the real probability
distributions of the data (Biorad 2016). The thrédhof the percent confidence was fixed at 95%.

Below this limit, the sample was considered asacotptable as a true positive.

The clustering of each sample can be visualizethbysoftware with different melt curve charts,
i.e. the normalized melt curve chart and the diffiee curve chart. The first one (Fig. 4.1a) shows
a normalized view of the melting curve of each danfPre-melt (initial) and post-melt (final)
fluorescence signals of all samples are normaliaedlative values of 100% and 0%, differences
in background fluorescence between curves areredienil) and plots their relative fluorescence
unit (RFU) against the temperature. The secondt ¢ray. 4.1b) magnifies curve differences by
subtracting each curve from the most abundant dygem a user-defined reference. By setting a

baseline, small differences between the RFU ohtiaimeeach cluster become visible.
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45.3 Sensitivity test: Limit of detection

To evaluate the sensitivity of the use of theersi_ITSf/r primers for the HRM application, a
serial dilution of gDNA ofA. creberBCCM/IHEM 2646,A. sydowiiBCCM/IHEM 20347 andA.
versicolor IHEM 18884, defined as a reference by Libert et(2015) for the performance
assessment of thversi_ITSassay, was made and the limit of detection (LOD3 determined.

A serial of 10 dilutions from 1000 to 0.01 pg (i.£000, 500, 50, 10, 5, 1, 0.5, 0.1, 0.05, 0.01 pg)
was analyzed in duplicate with 6 independent riiiescomply with the Precision Melt Supermix
requirements on the minimum amount of DNA to besen¢ in the well, all the dilutions were
made in 10 ng deoxyribonucleic acid sodium saltnfrealmon testes i.e., salmon sperm DNA
(Sigma-Aldrich, Diegem, Belgium). In each assayegative control (NTGimon sperds 1.€., 10 Ng

of salmon sperm DNA (Sigma-Aldrich, Diegem, Belgjuand NTC (composed of Gib®o
DNase, RNase, Protease free pure water) were adthedLOD was determined as the lowest
amount of gDNA where for at least 11 out of therdj2etitions the amplicon (with the corregt) T

and the correct cluster (with confidence > 95 %enabtained.
4.5.4. Symmetric and asymmetric DNA concentratest t

In order to evaluate the discriminative power & HRM assay, 12 mixes of gDNA &f creber,

A. sydowiiand A. versicolorwere analyzed in duplicate. The mixes’ compositopresented in
the first part of Table 4.3. Briefly, first 5 ng gDNA from a mix (A) containing an equal amount
of gDNA from each targeted species (i.e., 5 ngaghespecies for 5 ul of total volume of mix) that
were mixed together (Table 4.3) was analyzed wiVH To assess the capacity of the HRM
assay to detect and discriminate the 3 targets imhalanced mix of gDNA, as it could occur in
environmental samples, a second (B to G) set oésnixas analyzed (Table 4.3). In mixes B to D,
2 species were introduced with an equal amounDdAy(i.e., 5 ng both for 5 ul of total volume
of mix) and a third one at the LOD; in mixes E tpd@e species dominated the others (i.e., 25 ng
for 5 ul of total volume of mix), while the 2 otlsewere added at the same amount of gDNA (i.e.,
5 ng both for 5 pl of total volume of mix). Each MRanalysis was performed in duplicate with 5
pl of gDNA mix. The strains used for the mixes wdre BCCM/IHEM 2646 folA. creber the
BCCM/IHEM 895 forA. sydowiiand the BCCM/IHEM 10351 fok. versicolor

In each assay, an NTC (no DNA) and 3 positive aistwere added to the assay i&. creber
IHEM 2646 (5 ng of gDNA)A. versicolorlIHEM 18884 (5 ng of gDNA) ané. sydowiilHEM
20347 (5 ng of gDNA). At the time of these expenmse the strain BCCM/IHEM 2646 was the
only confirmed strain ofA. creber available in the collection. During the redactioh this
manuscript, a newA. creber strain (BCCM/IHEM 2916) was added to the BCCM/IHEM

collection. To verify whether a correct discrimioatcould be done for this new strain, a test was
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performed following the conditions described in wections gPCR and high resolution melt
conditions and HRM data analysis (Table 4.1). ®Esalts matched with those previously obtained
with the strain BCCM/IHEM 2646. Therefore it wasciked that the strainA. creber
BCCM/IHEM 2646 could be used as a representative Ao creberin the symmetric and

asymmetric concentration tests.
455 Specificity assessment

In order to verify that the discrimination of thet&geted speciesA( creber, A. sydowiiA.
versicolol) can be done in the presence of a non-targetedespf. chrysogenuin 3 additional
mixes (H to J, Table 4.3) were tested, whiereehrysogenumeplaced one of the Bspergillus
species. The pure strath chrysogenurBCCM/IHEM 20849was selected as a negative control.
The mixes H, | and J have equal composition coimgib ng perAspergillusspecies and 25 ng
for P. chrysogenur{iTable 4.3). The mix K was introduced as a negatintrol containing only 5
ng of P. chrysogenumgDNA extracted from the strain BCCM/IHEM 20 849 fl@4.3). In each
assay, an NTgzerand 3 positive controls were added ife.creberlHEM 2646 (5 ng of gDNA),
A. versicolorlHEM 18884 (5 ng of gDNA) and. sydowiilHEM 20347 (5 ng of gDNA). The
strains used for the mixes were the BCCM/IHEM 2&#6A. creber the BCCM/IHEM 895 folA.
sydowiiand the BCCM/IHEM 10351 fok. versicolor

4.5.6. Proof-of-concept using environmental air gias

To assess the performance of ghersi_ITSassay to discriminate the 3 targefespergillusspp.
using the HRM technology, 4 environmental samplesvipusly collected in a single
contaminated house and previously analysed wititieesi_ITSassay and classical identification
methods (Libert et al. 2015), were used. The samgplrotocol, the classical method of
identification (i.e., counting and microscopic itléoation) and the gDNA extraction have been
previously described (Libert et al. 2015). The HRMalysis was performed in duplicate in 4
independent repeats, as described above. In additiousing the DNA extracted from the
environmental samples as such, in a second roumkpdriments, in order to avoid any issues
with the HRM supermix, 10 ng of salmon sperm DNAsveaided to all DNA mixtures prior to
HRM analysis. As mentioned above, each HRM analysisided a positive control for each of

the species to be discriminated (25 ng of gDNA).

To be sure that no inhibition occurs during the HRMlysis and in order to verify that all the 3
species can be detected and discriminated witlHiRg! analysis, two sets of gDNA from pure
cultures were spiked into one environmental samylere A. versicolorwas notdetected by
classical nor qPCR methods (i.e., sample 3). A fiet contained 25 ng gDNA extracted from
pure culture A. creber2646 IHEM/BCCM,A. sydowii895 andA. versicolorl0351) spiked into
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the DNA extracted from the environmental sampldn3addition, spikes were made with an
amount of DNA for each of the targeted specieb@lOD in order to verify whether a very small
amount could be detected in this environmental sangimilarly to what was done with the
‘pure’ environmental samples, a second set of sanvps made with an addition of salmon sperm
DNA (10 ng) into the spiked samples in order toréase the DNA amount available for the
supermix (cfr. the sensitivity test). As mentiorszbve, in each assay, a NJue, & NTGaimon sperm
and 3 positive controls were added i&.,creberlHEM 2646 (25 ng of gDNA)A. versicolor
IHEM 18884 (25 ng of gDNA) and. sydowilHEM 20347 (25 ng of gDNA).
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Chapter 5

Development and performance assessment of a LumiveP®
Direct hybridization assay for the detection anénidication of

indoor air fungal contamination

This chapter was previously submitted for publmatas Libert X., Packeu A., Bureau F., Roosens
N.H., De Keersmaecker S.J.C. “Development and peeoce assessment of a Luminex xMAP

Direct hybridization assay for the detection arghiification of indoor air fungal contamination”.
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Abstract

Considered as a public health problem, indoor fungatamination is generally monitored using
classical protocols based on culturing. Howeveis thilture dependency could influence the
representativeness of the fungal population dedentan analyzed sample, including the dead and
uncultivable one; moreover, they are often timesoomng. In this context, molecular tools are a
powerful alternative, especially those that allowltiplexing. In this study a Luminex xMAP
assay was developed for the simultaneous detectitve 10 most frequently in indoor air found
fungi that may cause health problems. This xMABsay is sensitive, i.e. the limit of detection is
ranging between 0.05 and 0.01 ng of gDNABhe assay was subsequently tested with
environmental air samples which were also analyazi#l a classical protocol. All the species
identified with the classical method were also det with the xMAP assay, however in a
shorter time frame. These results demonstratetiedtuminex xMAPF fungal assay developed in
this study could contribute to the improvement ablix health and specifically to the indoor

fungal contamination treatment.

Keywords

Luminex, indoor air monitoring, fungi, Public hdglmultiplex, molecular

Practical implications

Considered as a public health problem, indoor fungatamination is generally monitored using
classical protocols based on culturing. Howeveis thilture dependency could influence the
representativeness of the fungal population dededte an analyzed sample. Effectively,
competition factors, time of incubation or the gtiownedium could impact the fungal diversity
observed after culturing. This paper showed anir@ignolecular tool based on the Luminex
XMAP® technology for fungal detection which is simpleb performed, fast (maximum 3 days)
and accurate which improved fungal detection anditonng by an important reduction in turn-
around-time, with a faster communication of theultssto the involved medical team. This will

improve the framework of fungal monitoring in indor.
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5.1Introduction

Currently, indoor airborne fungal contaminatiorsigygested to be associated with public health
problems World Health Organization 2009). Evenniflaor air fungal contaminants could be
allergenic or could have an implication in resmgrgtdiseases, such as asthma, wheezing or
rhinitis (Bellanger et al. 2009; Horner et al. 19%8eheust et al. 2014; Mendell et al. 2011,
Packeu et al. 2012a,b; Rebroux et al. 2010) thensfic evidence for the causal link between
these molds and adverse health effects is stilllpamcumented. The use of classical methods
involving culturing and microscopic visualizatiom rioutine monitoring analysis could be pointed
out as one of the reasons explaining this lackvafemce in scientific literature. Even if culture-
dependent tools are useful and well documentedgettechniques are known to be affected by
competition factors, selection of growth media attwre conditions (Pitakaranta et al. 2011;
Vesper 2011) and they are only able to detectivirgglfungal fraction. Therefore, these technical
problems could cause an underestimation of thergltyeof the indoor air fungal population and
reduce the evidence for the causal link betweergdurrontamination and health problems
(Pitakaranta et al. 2011). Another drawback is tivase classical tools are time-consuming, taking
5 up to even 21 days in some cases (Pitakaraiaia 2011; Libert et al. 2015; Libert et al. 2016;
Nolard et al. 2004).

In order to avoid these problems of culture depeogeand being time-consuming, molecular
tools are increasingly being used to detect inddidaorne molds. Amongst them are the real-time
polymerase chain reaction (QPCR) tools which areerand more developed for their application
in fungal monitoring (Black et al. 2013; Dean et 2004; Haugland et al. 2004). Besides being
fast, accurate and specific, JPCR methods havetladsadvantage of being culture-independent.
Furthermore, gPCR could be developed for multigletection, detecting simultaneously several
different species, reducing once more the time amdunt of sample needed for an analysis.
Many gPCR assays are based on hydrolysis probels,asuthe TagM&hones, which are highly
specific and useful in multiplex analysis (Bellangéal. 2009; Roussel et al. 2013; United States
Environmental Protection Agency 2016). Howevehaligh multiplexing is possible and already
successfully performed, the number of targetsilklshited to 4 or 5, especially because the
number of available fluorophores and quenchers\iGluret al. 2011), which can be detected at

the same time, is limited.
The Luminex xMAP technology has been demonstrated to be a valadtbmative to the gPCR

multiplex. This technology is based on the detectib multiple sets of polystyrene microspheres

(beads) characterized by a specific spectral eamis3ihe number of sets that can be detected is
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dependent on the type of Luminex instrument beisgdu For the benchtop model, the MagPix
instrument, 50 sets of beads can be simultanealesbcted. The coupling of each set of xMAP
beads with a specific oligonucleotide probe, sjpetif a certain target, permits to detect up to 50
different targets in a single assay (Dunbar et28D6). One set of coupled beads-probes is
hybridizing to a specific PCR amplicon previouslmnmified with biotinylated primers. The
addition of streptavidin-R-phycoerythrin as a répoallows the detection of each hybridized PCR
amplicon on a beads set coupled with the spedifibg (Dunbar et al. 2006). So, if the target was
present in the sample, it will be detected throaghreen fluorescent signal read out on the
Luminex instrument. Today, fungal xMARassays have been mainly used for the diagnosis of
relevant fungal pathogens in clinical samples gs someAspergillussp.,Candidasp.,Mucor sp.

or Fusariumsp. (Etienne et al. 2009; Landlinger et al. 200%ese assays included the testing of
isolated colonies from biological samples such iapdy’s tissues, bronchoaveolar secretions or
blood, and these were not yet tested on DNA exdactirectly from environmental samples
(Etienne et al. 2009; Landlinger et al. 2009). &ctf until now, no Luminex xMAP tool is
available for indoor air fungal monitoring.

In this study, a Luminex xMAP assay was developed, for the first time, for theltiplex
detection of the 10 airborne fungal species mesfuently found in indoor air and that may cause
health problems i.eAlternaria alternata Aspergillus creberAspergillus fumigatysAspergillus
sydowii, Aspergillus versicolpr Cladopsorium cladosporioidesCladosporium herbarum
Penicillium chrysogenupttachybotrys chartarurand Ulocladium botrytis (Beguin et al. 2004;
Bellanger et al. 2009; Shelton et al. 200@hout prior cultivation As it is required for the
performance assessment of molecular tools, theifgitgcand sensitivity of the developed
Luminex xXMAP® assay was determined. Finally, the assay wasdtesteeal-life environmental
samples as a proof of concept demonstrating teatdminex xMAF technology can be used for
the monitoring of indoor air fungal contaminatidtne development of a Luminex xMARssay
aimed at the improvement of the framework of fungainitoring in indoor air, which will
eventually improve public health. Indeed, the stan#ous detection allowed by the multiplexing
permits to reduce the time required for the analgsid for the communication of the results to the
involved medical team. Moreover, the use of LumirB¥AP® technology has the advantage that
the sample size requirements are reduced and dhsitilled mycologist is needed to perform the

microscopic-based identification analysis.
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5.2 Materials and methods

5.2.1 Fungal strains and DNA isolation

All the fungal species and strains used in thiglystare listed in Table 5.1. All of them were
purchased from the BCCM/IHEM collection locatedtsd Scientific Institute of Public Health in
Brussels (WIV-ISP, Belgium).

The culture and extraction protocol were both presiy described in Libert et al. (201 Byiefly,

all the strains were incubated with constant agitain a S10 Sabouraud liquid medium (Biorad,
Temse, Belgium) at 25 °C during 3 to 10 days dejpgnoin the species’ culture conditions. Then,
after a centrifugation of 1 min at 12 000g to efiate all the Sabouraud liquid, 0.25 ml of acid
washed glass beads (Sigma Aldrich, Diegem, Belgiware added to the wet sample (300 mg)
transferred into cryotubes and put at -80 °C dud@gminutes. After that, the samples were
freeze-dried overnight with a freeze-dryer Epsil#®D (Martin Christ, Osterode am Harz,

Germany) and subsequently beat-beaten (1 minutginrab speed) with a Mini bead beater

(Biospec Products, OK, USA).

Finally, an adapted phenol chloroform (24:1) protqéshktorab and Cohen 1992) was applied to
extract DNA, which was then purified with the Qiag€TAB genomic Tip-20 kit (Qiagen
Benelux — B.V., KJ Venlo, the Netherlands) and edutvith 100 pl Gibc® DNase, RNase,
protease free water (Life Technologies, Gent, Bel)i The purity and the amount of extracted
DNA were evaluated with a Nanodf®@000 (Thermo Scientific, Wilmington, USA), and DNA

integrity on a 2 % agarose gel.
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Table 5.1: Fungal species and probes used inttidy s

Genus Species Reference Probe name Sequence 5" -> 3’ Lengtifarget Modified
Reference
BCCM/IHEM?
Alternaria alternata IHEM 4969 AaltP2.2 TGAATTATTCACCCTTGTCTTTTGCGTACT B ITS-1 17
Aspergillus creber IHEM 2646 VersP1 AGACTGCATCACTCTCAGGCATGAAGTTCA 30 ITS-1 17
Aspergillus sydowii IHEM 20347 VersP1 AGACTGCATCACTCTCAGGCATGAAGTTCA 30 ITS-1 17
Aspergillus versicolor IHEM 18884 VersP1 AGACTGCATCACTCTCAGGCATGAAGTTCA 30 ITS-1 17
Aspergillus fumigatus IHEM 3562 AfumP1 CCCGCCGAAGACCCCAACATGAACGCTGTT 30 ITS-1 20
Cladosporium cladosporioides IHEM 0859 CcladP1 CCGGGATGTTCATAACCCTTTGTTGTCC 28 T9-2 17
Cladosporium herbarum IHEM 2268 CherbP1 CTGGTTATTCATAACCCTTTGTTGTCCGACT 13 ITS-1 17
Penicillium chrysogenum IHEM 20859 Pchrisl GCCTGTCCGAGCGTCATTTCTGCCCTCAAGC1 ITS-2 17
Stachybotrys charatum IHEM 0359 StachP2 CTGCGCCCGGATCCAGGCGCCCGCCGGAGA 30 ITs-1 17
Ulocladium botrytis IHEM 0328 UloP1 TGAATTATTCACCCGTGTCTTTTGCGTACT 30 T6-1 17

#Identification number as defined by the BCCM/IHEMIlection, Mycology and Aerobiology, Scientific litsite for Public Health, Juliette
Wytsman street 14, 1050 Brussels, Belgium
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5.2.2 PCR amplification

The PCR amplifications were performed in duplexider to amplify both the internal spacer 1
and 2 regions, using the following couples of urgeé primers: ITS1 (5
TCCGTAGGTGAACCTGCGG-3)/ ITS2 (5-GCTGCGTTCTTCATCGASC-3') and ITS3 (5'-
GCATCGATGAAGAACGCAGC-3)/ ITS4 (5'- TCCTCCGCTTATTGARATGC-3") (White et

al. 1990). All primers were manufactured by Eurdgen(Liége, Belgium) and purified with
HPLC. The ITS1 and ITS3 forward primers were labele5’ with biotin.

Duplex PCR amplifications were performed on a SM#xPro and Aeris thermal cycler (Esco,
Barnsley, the Netherlands). All the reactions ciowetth 4 pl of 10 X Phusion High Fidelity PCR
Buffer with 15 mM MgC} (Thermo Fisher Scientific, Erembodegem, Belgiut}, pl of each
primer at 0.5puM, 0.4 pl of dNTPs each at 200 pMeffio Fisher Scientific, Erembodegem,
Belgium) and 0.2 pl of High Fidelity TagPolymerasazyme at 0.02 U/ul (Thermo Fisher
Scientific, Erembodegem, Belgium). Finally, 11.40fiGibcd® DNase, RNase, protease free water
and 5 ul of pure gDNA template (1 ng/ul) were adtedbtain a final volume of 20 pl per
reaction.

The PCR amplifications were carried out with follog/thermal cycler programme: 30 s at 98 °C
(initial denaturation); 35 cycles of 30 s at 98(t@naturation), of 1 min at 55 °C (annealing) and

1 min at 72 °C (extension); a final extension af@2uring 10 min and a final hold at 16°C.

5.2.3 Probe selection

All probes were selected from literature (qPCR Taamrobes transferred into Luminex probes,
Table 1) and adapted if needed in order to hawmidas range of length. Probe quality estimation
(hairpins, AG values...) was performed with Visual OMP versio8.42.0 (DNA software,
Washington, USA). Arin silico analysis of each probe was done with the Thermsobdel from
Visual OMP version 7.8.42.0 (DNA software, WashamgtUSA).

All probes were manufactured by Eurogentec (Liggium) and tagged with a 5’-end amino
modifier C12, followed by a RP-Cartridge-Gold pigaftion.

5.2.4 Probe coupling to xXMAP beads

According to the Luminex xMAPtechnology, each specific probe is coupled toexifip set of

beads. The coupling protocol used in this studpaised on the Luminex recommendations for
carbodiimide coupling of amine-modified oligonudides to MagPlex magnetic carboxylated
microspheres (beads) (Angeloni et al. 2014). Thal fconcentration of the coupled beads was
12500 beads/ul. These working stocks of coupled$eere stored in the dark at 4 °C until their

use.
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5.2.5 Coupled beads hybridization and MagPix amalys

For all Luminex analyses, every coupled bead seedusvas diluted with 1.5X
tetramethylammonium chloride (TMAC) solution coniag 5 M tetramethylammonium chloride
(Sigma-Aldrich, Diegem, Belgium), 75 mM Tris (Sigm&drich, Diegem, Belgium), 6 mM
EDTA (Sigma-Aldrich, Diegem, Belgium), and 0.15%ksesyl, pH 8.0 (Sigma-Aldrich, Diegem,
Belgium) to arrive at a final concentration for le@aet of coupled beads of 76 beads /ul.

The hybridization mix contained per reaction 3®{i specific coupled bead set (76 beads/ul), 12
pl of Tris-EDTA buffer, pH 8 (Sigma-Aldrich, DiegenBelgium) and 5 pl of fresh PCR
amplicons. The hybridization reaction was perforroachn Aeris thermal cycler (Esco, Barnsley,
the Netherlands) according to the following protdca, a first step at 96 °C during 1 min 30 s
and a second one at 58 °C during 30 min. Befohérd incubation step of 5 min at 58°C, 25 pl of
reporter mix composed of 4 ug/ml of SAPE (StremtisvR-Phycoerythrin) (Life Technologies,
Gent, Belgium) and 1X TMAC buffer (Sigma-Aldrich,idgem, Belgium), were added to each
sample.

Finally, all analyses were performed on a MAGPIXide (Luminex Corporation, Austin, USA)
equipped with the xPONENT for MAGPIX v4.2 softwdtaiminex Corporation, Austin, USA).
The protocol applied in all runs was performed&f6 with a minimum of 50 beads counted for
each bead region. A wash of each sample was aldedccaut on the machine during the analysis.
Because each bead set has a unique spectral addistssct red color code) and each PCR
amplicon hybridized to the probe bound to the beadsbeled with SAPE, the fluorescence
intensity (red and green) gives information on d@neount of beads per region (bead set) and on
the amount of beads bound to a PCR amplicon. Hssihformation is given by the median

fluorescence intensity value (MFI) and is defineddach region (bead set).

5.2.6 Data analysis and interpretation

The data analysis and the interpretation of thaltesvere based on Wuyts et al. (2015). At the
end of each run, the bead counts were checkedify whether the bead count was homogenous
for all of the coupled bead sets. If this was et tase, the run was repeated. Then, the median
fluorescence intensity (MFI) of each target wasdusecalculate a signal-to-noise ratio (SN) with
the following formula i.e.,

SNtargeta: MFI sample targea/ MFlyrc targeta

SN rgeta = the signal-to-noise ratio observed for the $ebopled beads selected for the detection
of the target

MFI sample targen = MFI data (collected by the XPONENT software) esled for the target in a

specific sample
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MFInTc targen = MF1 Obtained for the NTggeta

According to Wuyts et al. (2015), a result was der®d as positive if SNgea> 3.00. For each
SN ratio close to the limit (i.e. close to 3), #®$t (95 % confidence) was performed with the SN
ratio obtained for the negative control. If thefeliénce is significant (*), the results were
considered as positive. If no difference was olexerwith the negative control, the data were

considered as negative.

5.2.7 Specificity test

The specificity of each coupled beads-probes wsiedenith 3 different assays: a simplex analysis
where each probe was tested only on its targetediesp (i.e., one bead set, one species) and a
multiplex analysis where each species was subjdotegch coupled bead set at the same time.

Finally, a mix of gDNA extracted from different spes was tested.

Simplex analysis (DNA of 1 species, 1 set of beads)
The probe specificity was firstly tested duringrapgex analysis. This test consisted of the one by
one analysis of all the targeted species with #gécific coupled beads —probe set. So, 10 specific
hybridization mixes were made, i.e. one mix per cfebeads and one mix per species, and
analyzed in duplicate during 3 independent runsaAalyses were performed with 5 pl of PCR
amplicon, obtained as described above. The repaitivere done with DNA template extracted
from independent cultures. For each mix and rure oon-template-control PCR reaction
(NTCpcp i.e., gDNA replaced by water, was introduced meo to evaluate the background

linked to the analysis.

Multiplex analysis (DNA of 1 species, multiple sefdeads)
The second step of the specificity evaluation csiedi of the multiplex analysis. In this test, the
hybridization mix contained every of the coupleddesets, and this mix was tested on each
species in duplicate in 3 independent runs. Evelyais was performed with 5 pl of PCR
amplicon, obtained for each species with 5 ng oNgCfrom pure culture, as elaborated above.
The repetitions were done with DNA template exedctrom independent cultures. A NI&G
was added to all runs.

DNA mix analysis (DNA of multiple species, multipdets of beads)
Subsequently, a Luminex analysis was performecherptoduct of a PCR reaction containing a
mix of gDNA extracted from different species. Nitiéferent PCR mixes were made (Table 5.2).
Mix 1 contained 5 ng of gDNA from all targeted sjgscas mentioned in the Table 5.2 and was

considered as a positive control.

124



Development and performance assessment of a LumidéP® Direct hybridization assay for

the detection and identification of indoor air fahgontamination

For the mixes 2 to 9, gDNA of all species targatethe test was added in the PCR mix, except
for one, whereby the missing species changed fon ezx (Table 5.2). All analyses of mixes

were done in duplicate in 3 independent runs. Fernyeanalysis, a NTg&grwas added.

Sensitivity evaluation: Limit of detection
To evaluate the sensitivity of the Luminex assayetigped in this study, a serial dilution of gDNA
of each targeted species was made to determindintlite of detection (LOD). Because no
guidelines exist on the development and the pedoom assessment of molecular methods for
fungal detection, the LOD estimation performedhiis study is based on the workflows elaborated
for the validation of molecular methods for theedtibn of GMO and food-pathogens. In these
fields, the LOD is defined as the lowest conceitrabf an analyte which is detected with a
probability of 95% (Barbau-Piednoir et al. 2013b{@&._ 2015).
In order to estimate this LOD, 9 dilutions from @0.001 ng of gDNA of each speciegre
amplified independently in a PCR reaction accordinthe above described PCR protocol. All of

the PCR reactions were analyzed in duplicate mi@pendent runs.

Table 5.2: Composition of DNA Mixes analysis

BCCM/IHEM

Species strain* Mix

1 2 3 4 5 6 7 8 9
A.alternata 3320 \% XV V V V V V V
A. versicolor 18884 \ vV X V V V V Vv V
A. fumigatus 3562 \% V V X V V V V V
C.
cladosporioides 859 \% VvV V. .V X V V V V
C. herbarum 2268 \ VvV V. .V V X V VvV V
P. chrysogenum 20859 \% VvV V. .V V VvV X V V
S. chartarum 359 \Y vV V. .V V V V X V
U. botrytis 328 \% V V. V V VvV V VvV X

" |dentification number as defined by the BCCM/IHEMIlection, Mycology and Aerobiology,
Scientific Institute for Public Health, Juliette ¥¥gnan street 14, 1050 Brussels, Belgium

V shows the presence of the species in the mirdicates the absence of the species in the mix.
20nly DNA fromA. versicolowas added for the mixes analysis as the probe Yéssfot

specific and detects also the 2 closely relatediepd\. creber and A. sydowiii.

5.2.8 Proof of concept with real-life environmergaimples

The environmental testing was performed on real-ifr samples previously collected from
contaminated houses (Libert et al. 2015). The padsofor the sampling, the DNA extraction and
microscopic determination were previously descrilpeldbert et al. (2015).

The Luminex assay was applied on samples that alkecellected in the same house in 4 different
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rooms (i.e., bathroom, bedroom, kitchen and liviagm). The analysis was performed in
duplicate with 3 independent runs according to fiwetocols described above. The PCR
amplifications were done with 5 ng of gDNA extratfeom each sample. In each run a NE&
and 8 positive controls (i.e., gDNA extracted frpare cultures oA. alternatg A. versicolor A.
fumigatus C. cladosporioidesC. herbarumP. chrysogenunss. chartarumandU. botrytig were
added. It should be noted that neiti#er crebernor A. sydowiipositive controls were added,
because their detection was done with the sameehain that for the detection Af versicolor

For each SN ratio close to the limit (i.e., clos8}, a t-test (confidence 95 %) was performed with
the higher negative results considered as a negadintrol. If the difference is significant (*),eh
results were considered as positive. If the ncedifice was observed with the negative control,
the data were considered as negative.

To verify that no inhibitors were present in theiesznmental samples extracts and to confirm that
if the species would be present, it could be detkwiith the Luminex fungal assay, a final amount
of 5 ng of gDNA from pure culture of each specietdetected during the Luminex assay and the
classical monitoring were spiked into the DNA esteal from the 4 environmental samples. The
spiked DNA extract comes from the same culture thabhwas used to prepare the DNA used as

positive controls. The Luminex analysis was subsatiy repeated.

5.3Results

5.3.1 Probe selection

This Luminex assay aims at the detection of th&uh@al species most frequently found in indoor
air and that may cause health problems Aealternata A. creber A. fumigatusA. sydowii, A.
versicolor C. cladosporioidesC. herbarum P. chrysogenumS. chartarumand U. botrytis
(Beguin et al. 1994; Bellanger et al. 2009; She#tbal. 2002). The Luminex XMAP technology
used in this study is based on the direct DNA Hijbation to a specific probe coupled with a
unique set of beads. Specific probes to be coufdethe beads were selected in the internal
transcribed spacer (ITS) regions of the ribosomBIAD These ribosomal regions have the
advantages to be conserved and to show, at thes dewel, few polymorphisms (Chemidlin
Prevost-Boure et al. 2011; Costa et al. 2001; leteal. 2002), allowing the specific detection of
particular species. Another advantage is the fadtthe small subunit (SSU), 5.8 S and the large
subunit (LSU) from the rRNA genes flanking the ITSand ITS-2 regions, are sufficiently
conserved among species to design some univeisargrsuch as the primers ITS1 and ITS2 and
ITS3 and ITS4 (White et al. 1990) to create the R@#plicons to be hybridized to the probes.
The probes were designed based on gPCR Tagmanspawhiable in literature. Six probes i.e.,
AaltP2.2, UloP1, StachP2, AfumP1, CherbP1 and \lersietect amplicons in ITS-1, while
Pchrisl and CcladP1 detect amplicons the ITS-Dnefffable 5.1). All of them are specific to
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their target except the probe VersP1l from the EPAu@land et al. 2004; United States
Environmental Protection Agency 203@)ich can also hybridize to the ITS-1 regionfofcreber
and A. sydowii The probes were evaluatéd silico and adapted if needed in order to have a
similar range of length (Table 5.1). Indeed, ttab#ization of the formation of the hybridization
complex between probe and PCR amplicon is assyrékebaddition of TMAC which reinforces
AT base-pairs (Dunbar 2006). Consequently, the illigation efficiency is more influenced by
the length of the probe than by the nucleotide amsition (Dunbar et al. 2006). According to the
in silico testing, a consensus length for an optimal deteatf each target was found to be
between 29 and 31 nucleotides (Table 5.1).

5.3.2 Specificity test

The specificity of each probe was tested in thtepssi.e., a simplex analysis, a multiplex analysis
and the multiplex analysis of a mix of DNA. Witteteimplex analysis, it was verified whether the
protocol and probe can detect the amplicon fromtdhgeted species only (i.e., one species, one
probe, one bead set for detection of one spedespndly, with the multiplex analysis, it was
investigated if no aspecific annealing occurred mhespecific amplicon was put into a mix of
probes, the specific probe included (i.e., oneisgemultiple sets of beads mixed for detection of
one species); thirdly, with the multiplex analysisa mix of DNA, it was verified if no mis-
detection happened when a mix of amplicons frorfediht species was analyzed with a mix of
different beads (i.e., multiple species mixed, pldtsets of beads mixed for multiple specific

detection).

Simplex and multiplex analysis
During these tests, the PCR amplicon of each spee#s detected by its own specific coupled
probe-bead set in every of the 6 repetitions argllibth in the simplex analysis (Table 5.3) as
well as in the multiplex analysis (Table 5.4). T¢implex analysis yielded average SN ratios
ranging between 3.50 +0.25 (fér. sydowi) and 22.69 +1.54 (fod. botryti§ (Table 5.3). The
average SN ratios obtained in the multiplex analyanged between 3.52 +0.05 and 27.15 +0.18
for C. cladosporioidesand U. botrytis respectively (Table 5.4). During these analysesfalse
positives as well as no false negatives were obdgfables 5.3 and 5.4), according to the criteria

defined for obtaining a positive result (i.e., M&tio >3.00).
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Table 5.3: Simplex xMAP analysis

BCCM/IHEM ?

Number of positive8

AaltP2.2 VersP1 AfumP1 CcladP1  CherbP1 Pchrisl StachP2 UloP1
A.alternata 3320 6/6
A. creber 2646 6/6
A. sydowii 20347 6/6
A. versicolor 18884 6/6
A. fumigatus 3562 6/6
C. cladosporioides 859 6/6
C. herbarum 2268 6/6
P. chrysogenum 20859 6/6
S. chartarum 359 6/6
U. botritys 328 6/6
Species BCCM/IHEM?® SN ratio®®
AaltP2.2 VersP1 AfumP1 CcladP1  CherbP1 Pchrisl StachP2 UloP1
A. alternata 3320 4,15 +1.10
A. creber 2646 3.63 +£0.43
A. sydowii 20347 3.50 £0.25
A. versicolor 18884 4.85 +0.52
A. fumigatus 3562 15.24 +2.39
C. cladosporioides 859 6.86 +0.92
C. herbarum 2268 7.6 £0.66
P. chrysogenum 20859 5.15+0.81
S. chartarum 359 4,19 +£0.11
U. botritys 328 22.69 +1.54

identification number as defined by the BCCM/IHEWIlection, Mycology and Aerobiology, Scientificdtitute for Public Health, Juliette
Wytsman street 14, 1050 Brussels, Belgium
® Number of positive detections obtained duringd@eimendent runs done in duplicate.
° SN ratio defined as the average (+standard demjadf the ratio between the MFI values for thepke and the NTC for a specific target,
obtained with 3 independents runs of independemAgBxtracts of pure cultures (5 ng of gDNA)
41n bold are the values considered as positive @verage SN ratie3)
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Table 5.4: Multiplex xMAF analysis to test the bead- probe specificity

Species BCCM/IHEM ?# NTC® Number of positive$§

AaltP2.2 versP1 AfumP1 CcladP1 CherbP1 Pchris1l StachP2 UloP1
A.alternata 3320 0/6 6/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6
A. creber 2646 0/6 0/6 6/6 0/6 0/6 0/6 0/6 0/6 0/6
A. sydowii 20347 0/6 0/6 6/6 0/6 0/6 0/6 0/6 0/6 0/6
A. versicolor 18884 0/6 0/6 6/6 0/6 0/6 0/6 0/6 0/6 0/6
A. fumigatus 3562 0/6 0/6 0/6 6/6 0/6 0/6 0/6 0/6 0/6
C. cladosporioides 859 0/6 0/6 0/6 0/6 6/6 0/6 0/6 0/6 0/6
C. herbarum 2268 0/6 0/6 0/6 0/6 0/6 6/6 0/6 0/6 0/6
P. chrysogenum 20859 0/6 0/6 0/6 0/6 0/6 0/6 6/6 0/6 0/6
S. chartarum 359 0/6 0/6 0/6 0/6 0/6 0/6 0/6 6/6 0/6
U. botrytis 328 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 6/6
Species BCCM/IHEM ? NTC SN ratio®®

AaltP2.2 versP1 AfumP1 CcladP1 CherbP1 Pchrisl StachP2 UloP1
A.alternata 3320 / 14.06 £1.05 1.12 +0.55 0.42+0.11 0.19 +0.09 0.21+0.12 0.25 +0.46 1.78 +0.23 1.72 +0.17
A. creber 2646 / 1.46 £0.12 3.98 +0.37 1.17 +0.08 1.24 +0.02 1.28 +0.03 1.26 +0.01 1.3+0.04 1.21+0.11
A. sydowii 20347 / 1.95+0.25 3.87 +0.05 1.63+0.11 1.20+0.18 1.31+0.18 1.15+0.15 243+0.25 1.34 +0.15
A. versicolor 18884 / 154 +0.16 5.51+0.15 1.51 +0.10 1.16 +0.12 1.07 +0.13 1.1+0.11 2.01+0.19 243 10.17
A. fumigatus 3562 / 1.15+0.18 1.42+.0.06 17.19+#2.01 1.11+0.12 1.13+0.18 1.16 +0.17 1.13+0.18 1.31 £1.86
C. cladosporioides 859 / 1.02+0.16 2.01+0.34 1.45 +0.06 3.52 +0.05 1.50 +0.07 1.32#0.15 1.69 +0.69 1.45 +0.20
C. herbarum 2268 / 2.19+0.70 2.94 +0.06 1.29 +0.89 1.98 +0.89 4.02 +1.35 1.63+0.35 1.67 £0.75 2.36 +0.32
P. chrysogenum 20859 / 1.04£0.23 2.95+0.87 0.87+0.03 1.03+0.18 0.99 +0.13 10.69 +4.14 1.16 +0.23 0.88 +0.07
S. chartarum 359 / 1.22+0.16 0.94 +0.22 1.21 +0.22 1.33+0.27 1.23+0.19 1.28 +0.33 21.59+0.20 1.14+0.87
U. botrytis 328 / 2.03+0.99 1.05+0.07 1.26 +0.14 1.44 +0.02 2.00 +0.13 1.38 + 0.00 1.43 +0.18 27.15 +0.18

#|dentification number as defined by the BCCM/IHEBIlection, Mycology and Aerobiology, Scientificdtitute for Public Health, Juliette

Wytsman street 14, 1050 Brussels, Belgium
PNTC defined as no template control

¢ Positive results obtained with 3 independents afrisdependent gDNA extracts of pure culturesiruduplicate. A result is considered
positive when the average (tstandard deviatiorth@fSN ratio is-3.00.

4 In bold are the values considered as positive é\erage SN ratin3.00)
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DNA mix analysis
Subsequently, an analysis was performed on 9 diffeDPNA mixes (Table 5.2), with a design
allowing to verify that the detection of each spsds still possible in the presence of other ggeci
and with a mix of set of beads. All the positivazols were correctly detected for each repetition
(6/6) with a SN ratio ranging between 4.31 +0.92 Ao fumigatusand 17.82 +0.63 foA.
versicolor.The first mix contained all of the targeted spgciEhe Luminex analysis resulted in an
SN ratio>3.00 (i.e. all positive) for all of the expectedesigs and probes for each repetition (6/6
positive for all), with a lowest SN ratio obsena&d4.69 +0.68 (foA. fumigatuy and the highest
SN ratio observed at 16.98 +2.85 (forversicolo) (Table 5.5). In the other mixes (mixes 2 to 9)
each time one species was omitted (Tables 5.2 a)d Bhe gDNA of each target species
introduced in the mixes was each time detected (@ith SN ratios ranging from 3.37 +0.25 for
the detection 08. chartarunin the mix 7 to 26.10 £1.37 fd?. chrysogenunn the mix 4 (Table
5.5), indicating that no false negatives were oiatédi No positive Luminex signal was obtained
for any coupled bead sets for which no correspandpecific gDNA was added to the mix (SN
ratios ranged between 0.92 +0.20 and 2.62 +0.28bl€r 5.5). This means that for the 6

repetitions, no false positives were observed duitiis test.

Sensitivity: Limit of detection
The sensitivity of this Luminéxassay was determined with 9 points of serial igihst (from 10 to
0.001 ng of gDNA for each of the targeted speci€he LOD was 0.05 ng foh. alternata, A.
creber, A. sydowii, A. fumigatus, C. herbarum, fitysogenunandS. chartarumand 0.01 ng for

A. versicolor C. cladosporioideandU. botritys(Table 5.6).
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Table 5.5: DNA Mixes analysis

Species BCCM/IHEM NTC Number of positive$

strain® b

Positive contrdl Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9

A.alternata 3320 0/6 6/6 6/6 0/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6
A. versicolor 18884 0/6 6/6 6/6 6/6 0/6 6/6 6/6 6/6 6/6 6/6 6/6
A. fumigatus 3562 0/6 6/6 6/6 6/6 6/6 0/6 6/6 6/6 6/6 6/6 6/6
C. cladosporioides 859 0/6 6/6 6/6 6/6 6/6 6/6 0/6 6/6 6/6 6/6 6/6
C. herbarum 2268 0/6 6/6 6/6 6/6 6/6 6/6 6/6 0/6 6/6 6/6 6/6
P. chrysogenum 20859 0/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 0/6 6/6 6/6
S. chartarum 359 0/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 0/6 6/6
U. botrytis 328 0/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 0/6

BCCM/IHEM NTC
Species strain® b SN ratio + SD*®

Positive contrdl Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9

A.alternata 3320 ND™  6.98 £0.83 7.73+1.95 1.20+0.35 575%136 6.18%1 8.49:0.14 5.3920.33 6.82+0.89 4.90:0.17 0%@.32
A. versicolor 18884 ND  17.82+0.63 16.98+2.85 13.88+0.04 283  18.83:0.37 18.290.06 17.340.29 10.9540. 17.35+1.31  15.52 0.5
A. fumigatus 3562 ND 4.31+0.92 4694068 4274009 427+0.19 243033 508+1.67 4.060.63 3.47+0.34 458+0.17 5.85+1.02
C. cladosporioides 859 ND 10.04 +0.74 5.40 £0.15 5.52 +1.65 10.08492 3.81 +0.69 1.81+0.63 5.39 +0.46 8.72 +1.03 5.85 +1.69 70836
C. herbarum 2268 ND 6.39 +0.23 6.56 +0.25 539123 5.26%0.0 20.55+0.63 8.72+0.26  2.62+0.25 5.98+1.79 4023 7.33+1.23
P. chrysogenum 20859 ND 6.66 £1.26 7.69 £1.48 4.39 +0.02 4.07270 26.10+1.37 9.01#1.97 4.85 +0.26 0.92 £0.20 3625 8.41+2.01
S. chartarum 359 ND 7.04 £0.75 6.54+153 587+0.01 5.87+1.21441+0.82 6.16+1.30 4.46 +0.45 3.37+0:25 1.77+0.41  4.42 +0.10
U. botrytis 328 ND 8.90 £1.02 8.16 £1.90 8.31+0.21 7.32£1.626.02 +0.54 9.18 +0.19 5.31 +0.64 7.53 +1.38 5.02% 1.81 +0.05

% Identification number as defined by the BCCM/IHEM collentiMycology and Aerobiology, Scientific Institute for MialiHealth, Juliette Wytsman
street 14, 1050 Brussels, Belgium

® No Template control

“ Number of positive detections obtained during 3 indegenilins done in duplicate

4 SN ratio defined as the average (+ standard deviatfcthe ratio between the MFI values for the samptethe NTC for a specific target, obtained
with 3 independents runs of independent gDNA extracpaic# cultures (5 ng of gDNA)indicates the significance of each result obtained durtng a
test (confidence 95 %) performed between the SN ralitaned for the mix and the negative control mix of thgetsd species (in bold).

€In bold are the values considered as negative (i.etage SN ratio <3.00)

"ND defined as not detected
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Table 5.6: Limit of detection a of the fungal Lurifi assay

LOD

Species DNA amount (ng) (ng)
10 5 1 0.5 0.1 0.05 0.01 0.005 0.001

A. alternata 100° (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 83 (5/6) 50 (3/6) 0 (0/6) 0.05
A. creber 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 83 (5/6) 50 (3/6) 0 (0/6) 0.05
A. sydowii 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 67 (4/6) 50 (3/6) 0 (0/6) 0.05
A. versicolor 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 83 (5/6) 33 (2/6) 0.01
A. fumigatus 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 50 (3/6) 33 (2/6) 0 (0/6) 0.05
C. cladosporioides 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 83 (5/6) 17 (1/6) 0.01
C. herbarum 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 50 (3/6) 50 (3/6) 17 (1/6) 0.05
P. chrysogenum 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 83 (5/6) 17 (1/6) 0 (0/6) 0.05
S. chartarum 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 67 (4/6) 67 (4/6) 50 (3/6) 0.05
U. botritys 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6) 50 (3/6) 17 (1//6) 0.01

& Limit of detection (LOD) obtained in duplicate wi8 independents runs of independent gDNA exti@fgtsire cultures.
defining the LOD” The % of positive results. The number of positiesults is indicated between brackets.

In bold: results
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5.3.3 Proof of concept using environmental samples

Following the performance assessment, DNA extrafrieth environmental indoor air samples

collected from different rooms inside a contamidatouse was analyzed using the fungal
Luminex assay. This gave the opportunity to test mholecular tool with real-life samples

containing a mix of a priori unknown fungal speciésinknown concentration. Therefore, in this
study, the proof of concept using environmentalamallows not only to test the performance
(detection of DNA at very low or variable concetitras, detection in a mix of species, etc.) of the
developed tool but also to demonstrate that theldped tool can be used with uncharacterized
strains (i.e., strains not coming from a culturdlemtion) of targeted species which could be

present in an environmental air sample.

The 4 samples used in this study were previousfyyaad with classical methods (Libert et al.
2015) and only 3 species were determined ife.,versicolor Cladosporiumsp and P.
chrysogenumP. chrysogenunwvas observed in each sample, wiileversicolorwas retrieved in

2 of them (i.e., samples from bathroom and liviagm) andC. cladosporioidesn sample 4 (i.e.,
sample collected in the bathroom) only. Infertilgcelia were also observed in the living room
and the kitchen (Table 5.7a).

These 3 species were also detected in the sames iopthe fungal Luminex assay performed on
the extracted DNA from these 4 real-life samplesb(€& 5.7b). SN ratios obtained for each species
were 3.84 + 0.18 fo€. cladosporioides3.67 +0.04 and 3.34 +0.05 fér versicolorrespectively

in the bathroom and the living room and ranged betw3.77 + 0.09 in the kitchen and 14.83
+0.22 for P. chrysogenunn the bathroom (Table 5.7b). No other speciesvastected (Table
5.7b).

In order to verify that no inhibition occurred cugithe analysis of the environmental samples, and
to verify that if a species would have been presiérmould be detected in the 4 environmental
samples, a spike of all species not detected byLtimineX’ assay was performed into every
environmental sample, according to the resultsiobdafor the first part of the proof-of-concept
analysis. So, according to the results obtainedhi®ranalysis of the 4 environmental samples,
versicolorwas spiked into the samples 1 and 2, but notdatoples 3 and 4. cladosporioides
was spiked into the samples 1 to 3 and not in sadhpFinally, as it was detected in each sample,
no spike ofP. chrysogenurwas performed. Every gDNA spiked into the 4 sasimlas properly
detected (Table 5.7b). Indeed, in the 4 sampleB species, spiked or not (as already present),
was detected (SN ratkB.00).
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Table 5.7a: Proof of concept with environmental gimst Culture, microscopic determination and quization *

Sampling Species Number of CFU/m?
place colonies
on plate
Bedroom infertile mycelium 4 50
P. chrysogenum 17 213
Kitchen P. chrysogenum 6 75
infertile mycelium 3 38
Living room A. versicolor 1 13
P. chrysogenum 18 225
Bathroom A. versicolor 1 13
Cladosporiumsp. 1 13
P. chrysogenum 15 188

8The value for CFU/m3 is an estimation of fungal teonination based on the number of colonies peeplat
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Table 5.7b: Proof of concept with environmental pls: Luminex xMAP analysis

Species Control*®®  Environmental sampl& Spike tesf®

1 2 3 4 Spike 1 Spike 2 Spike 3 Spike 4

Bedroom Kitchen Bathroom Living room (bedroom) (kitchen) (bathroom) (living room)
A.alternata 416 +0.68 0.72+0.17 0.98+0.53 1.41+0.09 1.12+0.01 3.74 +0.10 4.29 +0.09 3.26 +0.26 4.03 +0.57
A. versicolor 422+0.22 0.94+0.16  1.91+0.53 3.67+0.04 3.34+0.05 4.91 +0.55 4.09 +0.71 3.78 40.27 3.1840.12
A. fumigatus 3.41+0.14 2.03+0.62 2.16+0.35 1.39+0.03 1.72+0.49 4.18 +0.52 3.69 +0.21 3.08 +0.35 3.05 +0.39
C. cladosporioides 3.44 +0.04  0.72+0.20  0.76 +0.25 3.84 +0.18 0.88 +0.08 3.57 +0.16 3.58 +0.17 3.60 +0.14 3.23 +1.02
C. herbarum 3.01+0.06 0.62+0.17 0.71+0.22 1.59+0.62 1.11 +0.01 4.12 +0.76 3.93 +0.50 4.10 +0.28 3.83 +0.15
P.chrysogenum  3.00+0.09 7.77+0.22 3.77+0.09  14.83+0.22 12.27+0.23  9.40 +2.46 3.60 +0.11 3.64 +0.01 4.47 +#1.39
S. chartarum 4.82+0.02 064+0.16 0.60+0.16 1.54+0.16 1.43+0.04 9.41 +2.46 7.09 +0.07 4.81 +1.51 3.99 +0.66
U. botrytis 8.68+0.52 0.60+0.13 0.36+0.13 1.05+0.17  1.24 +0.48 6.15 +0.38 492 +1.13 4.61 +0.70 3.70 +0.99

BCCM/IHEM 3320 forA. alternata BCCM/IHEM 18884 forA. versicolor BCCM/IHEM 3562 forA. fumigatusBCMM/IHEM 859 forC.
cladosporioidesBCCM/IHEM 2268 forC. herbarum BCCM/IHEM 20859 forP. chrysogenusrBCCM/IHEM 359 forS. chartarumand

BCCM/IHEM 328 forU. brotytisBCCM/IHEM collection, Mycology and Aerobiology, Scidit Institute for Public Health, Juliette Wytsman street
14, 1050 Brussels, Belgium

® SN ratio defined as the average (+ standard deviatfcthk ratio between the MFI values for the sampletaadiTC for a specific target, obtained
with 3 independents runs of independent gDNA extractsia# cultures (5 ng of gDNA). In bold are the valuessa#red as positive (i.e., average
SN ratio>3.00)." indicates the significance of each SN ratio closeedithit (i.e., 3) was evaluated with t-test (confidence 9p&sjormed with the
higher negative results considered as a worst negatiteoto

¢ In each air sample, 5 ng DNA extracted from each shaiietected in the indoor samples were spiked i@®NA extracted from the air
samples. The SN ratios of each species detectedsaraples (not spiked) were put in italic. DNA used fer $hike comes from the same strains than
those used as positive control.

“In bold are the values considered as positive (i.erageeSN ratie=3.00)
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5.4Discussion

For years, fungal indoor air contamination is cdestd as a public health problem, even if today
no substantiated scientific evidence on the cdirdakxists. This lack of evidence is principally
due to a scarcity of data on the full compositidrinaloor airborne fungal community. Indeed,
most of the protocols used today for fungal conteatibn monitoring are culture-dependent and
revealed some limitations, such as the non-reptatbeeness of the full indoor fungal community
or of being time-consuming. To improve the colleetdf data in terms of time and completeness,
molecular methods, such as qPCR, have been dedefopehe detection of the indoor fungal
community. However, even if the efficiency of mastthese qPCR methods has been well
established, their multiplex capacities are stilb dimited. With its ability to simultaneously
analyze up to 50 different targets, the use oflLtheinex XMAF® technology using a MagPix
instrument could significantly upgrade the indoamdal contamination monitoring as was
previously demonstrated for the diagnosis of somlevant fungal and other pathogens from
clinical samples (Christopher-Hennings et al. 20@8nbar et al. 2011; Etienne et al. 2009;
Landlinger et al. 2009; Wuyst et al. 2015; Lin e2811).

This study presents the first Luminex xMARssay developed for the monitoring of 10 fungal
species most frequently found in indoor air and thay cause health problems, i&. alternata
A. creber A. fumigatus A. sydowii, A. versicolgr C. cladosporioides C. herbarum P.
chrysogenumsS. chartarumand U. botrytis (Beguin and Nolard 1994; Bellanger et 2009;
Shelton et al. 2002). WhilA. creber, A. versicolor, A. sydovdnd P. chrysogenunare typical
indoor speciesA. alternata A. fumigatusand C. herbarumare known to be outdoor species.
Despite their outdoor sources, these 3 speciex@remonly detected in indoor air samples,
especially in the forms of spores, and they arnvéndoor environment through the draft and

ventilation system (i.e., windows, ventilation ar@onditioning system).

Some of these species suchAasalternata, A. versicolorP. chrysogenumU. botrytis or S.
chartarumare known to have implications in the worseningedpiratory diseases or allergies
(Crameri et al. 2011; Denning et al. 2006; Knusteal. 2011; Mendell et al. 2011; Pieckova et al.
2004; Rosembaum et al. 2010). The detection okthedltiple species is therefore important in
the context of health issues. The Luminex xMAfchnology using different sets of beads,
characterized by a specific spectral signatureeggihe opportunity to perform in a single run a
multiplex analysis able to detect multiple speaigth high specificity, defined itself by the

specificity of the probes bound to the each séieafds.
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To have a species-specific detection, the probes d&signed to target the ITS-1 or ITS-2 regions
from the ribosomal DNA, which are recognized as riiast suitable region for the detection of
fungi due to their low intra-species variablilitiilsson et al. 2008; Schoch et al. 2012). There
exist universal primer pairs (i.e., ITS1/2 (an&13/4) (White et al. 1990) to amplify these regions
in all fungi. Therefore, targeting of ITS-1 and FPSalso allowed to easily design a multiplex
detection based on species-specific probes. Indieedargeting of the ITS regions and the use of
one set of universal primers for each region alloweduce the number of step and so, the time
and amount of sample needed for the generation epexies-specific amplicon i.e., PCR
amplifications could be done in a duplex PCR reactvith universal primers for fungal gDNA
amplification (primers ITS1, 2, 3 and 4). Due teithuniversal character, the use of these primers
also gives the possibility to extend the panel pdcies to be detected in the future, by adding
specific probe-coupled bead sets, and so, to inepttee powerful fungal monitoring based on this
XMAP® assay. Indeed, the specific detection of the geeeramplicons is based on the
hybridization with specific probes coupled to Lusnnbead-sets. Every probe used in this study
was found in literature (Table 5.1) and developtiitst for a TagMafi gPCR method (Etienne et
al. 2009; United States Environmental Protectioerfty 2016). So, the specificity of each probe
used in this study was previously validated and liphéed. According to the Luminex’
recommandations, the optimal probe length usedforMAP® analysis is defined between 15
and 20 nucleotides (Dunbar et al. 2006). Howevémprabes used in this study, obtained from
literature, are larger than 20 nucleotides. Fortrabthem, according to tha silico analysis, their
specificity was negatively impacted by a size réidnc Therefore, in this study the length defined
for the best detection of each species targetediirmulitplex assays was found to be around 30
nucleotides. To optimize the TMAC-based hybridizatstep, which is probe-size dependent, all

the probes were adapted to have a length betw&an®31 nuclotides.

The current assay showed a specific detectionaf Eageted species, as observed in the simplex
and multiplex assays. The species-specific deteatias further demonstrated with the DNA
mixes test. The remark has to be made that thelajma fungal Luminek assay targets 10
different fungal species. Seven of them are dedamtéquely with specific probes; the 3 remaining
species (i.e A. creber A. sydowiiandA. versicoloJ are detected by the same probe. Therefore, no
false negative nor false positives were observecem for the probe VersP1 which detects the
closely related specigs. versicolor, A. sydowiandA. creber The poor discrimination between
these 3Versicolores(A. creber, A. sydowiand A. versicoloj species was already observed in
other studies (Haugland et al. 2004; Libert eR8l5). To improve the specific identification of
these 3 species, an additional marker could bedaddeh as the gene coding fdtubulin or
mycotoxin genes (Etienne et al. 2009; Lezar e2@L10; Nilsson et al. 2008; Schoch et al. 2012).

However, the use of a new marker requires the dgdiion of the PCR workflow (multiplex
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optimization or addition of an amplification step)d probably of the hybridization temperature in
the XMAP® workflow, depending on the probe length. Indeeith vihe use of TMAC, the
specificity of the annealing depends only on théridyzation temperature, and not on the
composition of the probe. So, to avoid any problefirspecificity, adding markers (and thus
probes) to a workflow will require the optimizatiaf this parameter. When using multiple
markers to target closely related species suchea8Versicoloresin this study, a decision-tree-
based workflow could be applied after the Luminesay to perform the discrimination based on
the combination of the signals obtained for eachrkera With such a decision-tree-based
workflow, the xMAF® assay developed in this study could already be asea first screening
without modifications. If a positive result is obged for the VesP1 probe, a second analysis could
be performed with some new markers in order totifjethe species. This kind of decision tree
already exists in other fields e.g., for the détecof genetically modified plants (Van den Bulcke
et al. 2010). Alternatively, another molecuar assayld be used, e.g. based on high resolution
melting gPCR for the discrimination of closely tethspecies (Libert et al. submitted). Being able
to discriminate between these 3 species will couteé to our understanding of the impact of
indoor fungal contamination and health problems, casrently, the presence of these 3
Aspergillus species in indoor air and their difference in istpan health could not yet be

evaluated.

In addition to its specificity, the xMAPassay developed in this study is also sensitith wi
LOD ranging between 0.05 and 0.01 ng of gDNA. Adawy to the limited information available
on the genome size of each targeted species, tt@fe correspond to a range from 2.51
theoretical genomic copy numbers f0r cladosporioidesand U. botritysto 19.84 theoretical
genomic copy numbers f@. fumigatus(Table 5.8). It should be noted that intraspegieslA
copy number variations observed in some fungaliespesuch as\. alternata, A. fumigatysA.
verscicoloror C. cladopsorioidexould affect the LOD (Black et al. 2013; Herretaak 2009;
Johnson et al. 2012; Libert et al. 2015), therehgeading the theoretical genomic copy number
variation estimation. Therefore, it has been detimdedetermine the LOD in mass, instead of in

genomic copy humbers.

The proof of concept using environmental samplesvsd that the xMAP technology can be
used for the fungal monitoring in indoor environmedndeed, the 3 species detected with the
classical methods (i.eA. versicolor C. cladosporioideg&ndP. chrysogenujnwere also detected
with the xMAP technology. Also, the species not detected withdlassical protocol were not
detected with the XMAP assay. This test indicat@s our Luminex assay can be used on mixed
and unbalanced concentrations of fungal specidsouiitgiving the problem of false detection.

This observation is supported by the spike testiteshich showed that the species present in the
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gDNA extracted from the environmental samples @poked) could still be detected even when a
high amount of spiked DNA of other species wasgmesThe spike test results also demonstrated
that no inhibitors were present in the DNA mix,the spiked DNA could be detected by the
Luminex assay performed on the environmental sasnffliehe species would have been present
in the environmental sample, it would have beeredet by the Luminéxassay. So, if the
species was not detected, it was not present ienkizonmental samples, or it was present at a
concentration below the LOD. According to the ofbaBons based on culturing, besides
chrysogenumalso some infertile mycelia were observed witissical analysis in samples from
the kitchen and the bedroom while the xMABssay only detecteB. chrysogenun{Tables
5.7a,b) According to these results and those from theesfikt, these undetermined taxa do not
belong to the targeted species, excepPfochrysogenumAs no DNA sequencing was performed
on the infertile mycelia observed on plate, we camxclude that these infertile mycelia belong to

an untargeted species of our xMARSsay.

Table 5.8: Theoretical genomic copy number estonatif the LOD

Species Genome size (Mb' Reference LOD

DNA amout (ng) CN estimatiorf

A. alternata 32.99 47 0.05 14.06
A. creber 33.76° 47 0.05 13.74
A. fumigatus 29.39 a7 0.05 19.84
A. sydowii 34.38 47 0.05 13.49
A. versicolor 33.13 47 0.01 2.80

C. cladosporioides 36.9T 48 0.01 2.51

C. herbarum 36.91° 48 0.05 12.57
P. chrysogenum 31.34 a7 0.05 14.80
S. chartarum 40° 49 0.05 11.60
U. botritys 36.91° 48 0.01 2.51

4 CN estimation defined as an estimation of therétazal gDNA copy number (CN).

® No sequencing data available; genome size obtaisesh average of the genome size from the
other species from the Versicolores group AesydowiiandA. versicolor.

“ No sequencing data available ; genome size camesides general estimation of the Ascomycota
genome size.

9 Genome size estimation based on the whole genequescing of the environmental str&in
chartarum51-11.

However, if needed, probes for additional taxaeothetermined, can be easily added to the assay,
as elaborated above. Additionally, a ‘general Ip8be, detecting all fungal species, could be
added to the assay. If none of the specific prgiesa Luminex signal, but there is fungal DNA

present in the sample (as detected by the generak)y other methodologies, including massive
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parallel sequencing, could be applied to furthexratterize the sample, if needed. Nevertheless,
this environmental test delivered the proof of @pidor the use of the xMARechnology, which

is culture-independent and less time-consuminghi@ianalysis of real-life samples i.e., 3 days for
the xMAP® technology (sampling, DNA extraction included) @ared to 5 to 21 days for the

classical analysis (sampling and the culturinguidet).

To conclude, this study reported on a fast, speeifid sensitive Luminex xMAPassay targeting
10 important fungal contaminants frequently obsgriveindoor air and that could have health
impacts. The use of the xMARechnology allows a culture—independent analytis & reduced
turn-around-time compared to the classical protocbhe use of this molecular multiplex tool to
investigate the indoor contamination could imprdatie monitoring of fungal diversity. The
improvement of data on the fungal population inldings will contribute to the knowledge

concerning their impact on public health, espegialfi respiratory diseases.
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Chapter 6

Exploiting the advantages of molecular tools fog thonitoring of
fungal indoor air contamination: First detection &xophiala

jeanselmein indoor air

This chapter was previously submitted for publmatias Libert X., Chasseur C., Packeu A,
Bureau F., Roosens N.H., De Keersmaecker S.J.Qul6Exg the advantages of molecular tools
for the monitoring of fungal indoor air contamirmati First detection oExophiala jeanselmen

indoor air”

141



Exploiting the advantages of molecular tools fore tmonitoring of fungal indoor air

contamination: First detection Bikophiala jeanselmen indoor air

Abstract

Today, indoor air pollution is considered a puli@alth issue. Among the impacting pollutants,
indoor airborne fungi are increasingly highlightétbst of the monitoring protocols are culture-

based, but these are unable to detect the unduiivend/or dead fraction, even though this
fraction could impact health. Among the contaminastispected to be part of this fraction,
Exophiala jeanselmas an interesting case study. Known to be pathiog#his black yeast grows

in humid environments such as air-conditioning esyst, where it has been previously detected
using classical culture-based methods. Howeveil ootv, this fungus was never detected in

indoor air.

This study shows the first detectionEfjeanselmein indoor air collected from offices in contact
with contaminated air-conditioning reservoirs. Vhits presence in indoor air could not be
demonstrated with culture-based methods, it wasdidoy gPCR and massive parallel sequencing.
The latter also allowed obtaining a broader viewtlwsn fungal diversity in the tested samples.
Similar approaches were applied on water sampléscted from the conditioning reservoirs to
trace the source of contamination. The comparisbrresults obtained with both methods
confirmed that the molecular tools could improvedar air monitoring, especially of dead and/or

uncultivable contaminants.

Key words

Exophiala jeanselmeair contamination, indoor, qPCR, NGS, detectmrlic health

Practical information

Indoor air fungal contamination monitoring is sfilbquently based on culture and microscopic
identification. Consequently, based on these dabkdechniques, the dead and/or uncultivable
fraction present in the indoor environment is ifisigntly investigated. However, this dead and/or
uncultivable fraction could have an impact on pubkalth, independently of their viability. This

study shows that the use of the biological air samporiolis” p combined with molecular tools

such as the real-time polymerase chain reactiooanmdassive parallel sequencing permits to
detect uncultivable and/or dead fungal contaminaniadoor air such as Exophiala jeanselmei,

which was for the first time detected in indoorsamples.
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6.1Introduction

Today, as most of their time is spent inside honoéfices and other workplaces, people are
increasingly impacted by a low indoor air qualigtmong the different indoor pollutants
inventoried, fungi and molds appear to be imporgaritorne contaminants in workplaces, houses
and buildings and they are suspected to have aacimpn health, especially on respiratory
diseases such as allergy, asthma, asthma exaoerkmtirhinitis. In this way, indoor fungal
contamination is more and more considered as dcphibalth issue by the scientific community
(Bellanger et al. 2009; Dannemiller et al. 2016pi@es et al. 2003; de Ana et al. 2006; Khan and
Karuppayil et al. 2012; Mendell et al. 2011; Packeal. 2012a; Pieckova et al. 2004; Meheust et
al. 2014; Sharpe et al. 2014; Portnoy et al. 2@®) by preventive health care actors such as
environmental agencies (European Environment Age2@y6; United States Environmental
Protection Agency 2016) or the World Health Orgatian (World Health Organization 2009).

These fungal contaminants could originate fromedéht sources, including from the outdoor via
windows, aeration and ventilation such as is tree darAlternaria alternataand Cladosporium
(Adams et al. 2013; Horner et al. 2004; Kelkarle2@04; Ponsoni and Gongalves Raddi 2010;
Shelton et al. 2002) species or could occur in watatained in reservoirs air-conditioning
systems. One such exampleéEsophiala jeanselmea black yeast known as a pathogenic species
associated amongst others with cutaneous infectimudcutaneous cysts, systemic and
nosocomial infections (Nucci et al. 2001; Nuccakt2002; Wang et al. 2001; Zeng et al. 2007).
This species, living in humid and oligotrophic enwviments, is observed in feed, sludge and
stagnant water. In indoor environmenis, jeanselmeis currently detected in sludge pipings,
water systems (pipes, bathroom, reservoir, saunaand) water reservoirs of air-conditioning
systems (Badali et al. 2012; Nishimura et al. 198Tcci et al. 2002; Sterflinger et al. 2009). For
some other species, it has been postulated thavdleof indoor air contamination is linked to
these water reservoirs of air-conditioning unitpimings (Kelkar et al. 2005). However, although
E. jeanselmetcan be detected in humid indoor environments (ewgter samples taken from
water reservoirs of air-conditioning systems),at mever been found before in indoor air. It can

be hypothesized that this is due to the disadvastafthe currently used monitoring methods.

Indeed, routine protocols for indoor air fungal moring are still based on culture, colony
counting and microscopic visualization. Therefdhe, results of these methods are dependent on
the culture conditions such as the selection ofiibdium, species competition, growth conditions
and differences in terms of incubation time (Pitkaa et al. 2011; Vesper 2011). Moreover,
culture-based protocols are not able to detecuitioaltivable and/or dead fraction (i.e., fragments

of mycelia or cell walls, dead cells...) which couté airborne and so, collected during the
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sampling (Pitkaranta et al. 2011; Vesper 2011). &l@w, this fraction could have an impact on
health and should therefore also be monitored;raibe, important elements are missing to
establish the scientific link between fungal airrcontamination and health problems. This
could especially be true fde. jeanselmeiThe monitoring of this fungus in water samples is
complicated, as it needs up to 21 days to growuituie (Libert et al. 2016, Nolard et al. 2004),

while being highly demanding in terms of culturendiions, i.e. growth medium chosen,

competition between species, temperature and htymigspecially this last factor could impede

the detection oE. jeanselmein indoor air, as the fact that it might occurdiesiccated form will

prevent its cultivation, and hence its detectiamag the classical monitoring procedures.

The use of molecular methods such as the polymerasa reaction (PCR), quantitative real-time
PCR (gPCR) and sequencing could offer a solutiomntestigate the indoor airborne fungal
community, including this uncultivable and/or ddeattion (Haugland et al. 2004; Hospodsky et
al. 2010; Michealsen et al. 2006; Pitkaranta e2@L1; Rebroux et al. 2009; Timothy et al. 2004;
Vesper 2011). We have previously developed a gP&feé assay for the detection Bf
jeanselmein water samples (Libert et al. 2016). In the pnestudy, we have tried this method on
air samples collected with the CoriSlig air sampler from different offices in contact wiir-
conditioning reservoirs contaminated with jeanselmei The aim was to investigate the
hypothesis that this species is occurring in indpas uncultivable and/or dead fraction, i.et tha
it is not detectable with the classical monitoringthods based on culturing, but that it can be

detected using molecular, i.e. DNA-based, techrietog

To demonstrate that massive parallel sequencingd dmprove our insight in the fraction of
uncultivable fungi, the gPCR analysis was compldegmwith massive parallel sequencing of the
DNA extracted from the air and water samples. @aults, withE. jeanselmeas a case study, not
only demonstrated for the first time the presentd.ojeanselmein air samples, but it also
delivered a proof-of-concept for the added valu¢hefuse of molecular tools to monitor indoor

airborne fungal contamination, including the dead/ar uncultivable fraction.

144



Exploiting the advantages of molecular tools fore tmonitoring of fungal indoor air

contamination: First detection Bikophiala jeanselmen indoor air

6.2 Material and methods
6.2.1 Sampling

All the samples (i.e., air and water samples) wetkected between February™and March 1%,
2015.

The reservoir of water from 5 air-conditioning &yss (Table 6.1), for which previous monitoring

results had pointed tB. jeanselmecontamination, was investigated using the sampirgocol

of water from air-conditioning reservoirs previgudescribed (Nolard et al. 2004). In short, 1 L of
water situated between 1 cm and 5 cm above theratf the water-reservoir situated in the

pulse group (PG, i.e. the part of the air-conditigrsystem containing the machinery to pulse the
air and the water-reservoir needed to maintainghaired hygrometry level) was put into a sterile

Duran bottle. All samples were kept at 4 °C utidit analysis.

In addition to the water sampling, an air samplivas done in the offices connected to the 5 air-
conditioning systems of which water samples weréected. For each of the air-conditioning
systems, 3 offices were selected based on theiandis to the PG i.e., the closest and most
distantly located office relative to the PG and offfice in between the two other offices. Each
sample was taken in duplicate. The indoor air samplere collected with a Coridliqu air
sampler following the sampling protocol reportedLilyert and colleagues in 2015 (Libert et al.
2015).
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Table 6.1: Detection d&. jeanselmein indoor air and water in air-conditioning syster@lassical
analysis and gPCR

Sample ID Pulse group Office Sample type Analysis method

Culture gPCR

CFU/mIt Tm(°C)? (oh
PG1* 1 Water® 0 N/A N/A
PG1-1 1 1 Air 0 N/A N/A
PG1-2 1 2 Air 0 N/A N/A
PG1-3 1 3 Air 0 N/A N/A
PG2 2 Water® 10 79.53+0.12 28.00 +1.35
PG2-1 2 1 Air 0 N/A N/A
PG2-2 2 2 Air 0 N/A N/A
PG2-3 2 3 Air 0 N/A N/A
PG3 3 Water® 10 79.79 +0.32 28.39 +0.93
PG3-1 3 1 Air 0 N/A N/A
PG3-2 3 2 Air 0 N/A N/A
PG3-3 3 3 Air 0 N/A N/A
PG4 4 Water® 100 79.93 +0.05 20.32 +1.98
PG4-1 4 1 Air 0 79.44 +0.10 23.79 +0.92
PG4-2 4 2 Air 0 79.49 +0.03 24.49 +0.23
PG4-3 4 3 Air 0 79.38 +0.03 34.05 +1.75
PG5 4 Water® 15 79.34 +0.23 27.36 +1.12
PG5-1 5 1 Air 0 79.39 +0.02 27.62 +0.63
PG5-2 5 2 Air 0 N/A N/A
PG5-3 5 3 Air 0 N/A N/A

! CFU/ml defined as the number of colonie€ofeanselmedn plate after 21 days of incubation at 37

°C (Nolard et al. 2004)

% T, defined as the average of the melting tempergt@eobserved for each gqPCR amplicon obtained
during the gqPCR SYBR®Green analysis performed glidate in 2 independent runs.

3 C,defined as the average quantification cycle obsefmeeach gPCR amplicon obtained during the
gPCR SYBR®Green analysis performed in duplicat2 imdependent runs.

4 PG1 was maintained before the sampling

® One sample per pulse group was analyzed

“ Percentage obtained as the ratio between the nuofibbeads grouped into the 10 OTUs and the total
number of reads observed for each sample

®> Number of reads corresponding to OTU identifietE aeanselmei

® Percentage obtained as the ratio between the mwhbeads corresponding to the jeanselmeDTU and
the total number of clustered reads

" PG1 maintained before the sampling

8 One sample per pulse group was analyzed
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6.2.2 Classical analysis

The protocol used for the classical analysis (celture and fungal determination) of the water
and air samples, collected with the Coridlisair sampler, has been previously described (Libert
et al. 2015; Libert et al. 2016; Nolard et al. 20¥ccording to the protocols, the incubation time
ranged between 5 and 21 days as recommended fdetietion of major indoor air species and
for the detection oE. jeanselmeiAfter 5 days of incubation the plate was analyasdt was
recommended for the detection of indoor air spediéier this microscopic analysis, the plate was
re-incubated during 16 days (total incubation tRdedays) as it is recommended for the detection

of E. jeanselmei
6.2.3 DNA extraction

The protocol used for the DNA extraction from wafieibert et al. 2016) and indoor air samples
(Libert et al. 2015) was previously described. GeicoDNA amount and purity were evaluated
with a Nanodroff 2000 (Thermo Scientific, Wilmington, USA).

6.2.4 gPCR screening

The analyses of DNA extracted from air and watendas were performed in duplicate in 2
independent runs. The gPCR assay used was the Q)& Ejeanselmei_ITSassay earlier
reported for the detection d&. jeanselmein water (Libert et al. 2016). This assay uses the
SYBR® green PCR Mastermix (Diagenode, Liége, Belgiume $aquences of the primers used
(targeting the internal transcribed spacer regidis)) are provided by Libert and colleagues
(Libert et al. 2016). The primers were purchasechfEurogentec (Liege, Belgium). Each run was
done on a CFX Toucl Real-Time PCR detection System equipped with CFatajer software
V. 2 (Biorad, Temse, Belgium) and was carried outhws pl of a positive control (PC)
corresponding to 200 theoretical copies of gDNAEofjeanselmeistrain BCCM/IHEM 4740
purchased from the BCCM/IHEM collection of the $ifc Institute of Public Health in Brussels
(Belgium). A “no template control” (NTC), i.e. ugirGibc&® DNase, RNase, Protease free pure
water (Life Technologies, Gent, Belgium) as tenglatas also added in order to verify that no

contamination occurred.

In order to confirm the identity of each qPCR ammh, a Sanger sequencing analysis was
performed on an ABI3130xlI Genetic Analyzer appadpplied Biosystem, Life Technologies,
Gent, Belgium) with the BigDye Terminator v3.1 @yctequencing kit (Applied Biosystems)
according to the manufacturer’s instructions. Esefjuence was identified by comparison to the

sequences available in the NCBI database usingLtA&Tn tool (http://blast.ncbi.nim.nih.gov/).
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6.2.5 Massive parallel sequencing

To confirm the identity of gPCR amplicons, but algp demonstrate that massive parallel
sequencing could be useful for the investigationrafultivable and dead species present in the air

and water samples, all the samples were sequesaaglan lllumina MiSeq instrument.

Because a massive parallel sequencing analysig tigrillumina MiSeq with a MiSeq reagent kit
v3 reaches its optimal performance with fragment$onger than 600 bp and because the fungal
ITS region has a length around 800 bp, the PCRieomd for library preparation were prepared
for both the ITS-1 and ITS-2 region using DNA egteal from different environmental (water and
air) samples. Hereto, amplification with the unsadr forward (f) and reverse (r) primers
ITS1f/ITS2r (White et al. 1990) for the amplificai of the ITS-1 region and with the universal
primers ITS3f/ITS4r (White et al. 1990) for the FRSegion was performed. The primers used
were extended with the lllumina sequences needeB@RR-based library preparation. The PCR-
reaction mix (25 pl final volume) contained 2.5qfihigh fidelity PCR buffer (10X), 0.5 pL of a
mix of 0.2 mM of each dNTP, 0.5 pM of each printed, pl of Platinurfi Tag DNA Polymerase
high fidelity enzyme (5 U/ul) (ThermoFischer Sciéiot Life Technology, Gent, Belgium) and
15.90 pl of GibcB DNase, RNase, Protease free pure water (Life Téobies, Gent, Belgium).

At the end, 5 pl of gDNA (10 ng) were added. Eagh was performed with following PCR
protocol i.e., 1 cycle at 94 °C for 3 min, 35 cyctd 30 sec at 94 °C, 30 sec at 55 °C and 1 min at
72 °C and at last, 10 min at 72 °C.

After the PCR-reaction, all samples were purifieithvihe AMpuré XP PCR purification kit
(Agencourt Biosciences corporation, Beverly, USR)e quality and amount of PCR fragments
for massive parallel sequencing was verified on ieam®alyzer 2100 (Agilent Technologies,
Amstelveen, the Netherlands). ITS-1 and ITS-2 aopk from a same sample were mixed
together. Equimolar mixes were made according ¢éosilze of the peaks observed during the
Bioanalyzer analysis. Sequencing was performeddseBlear (Venlo, The Netherlands) with an

lllumina MiSeq, yielding 2 x 300 bp paired-end read
6.2.6 Bio-informatics analysis

The FASTQ sequence files were generated using ltin@iha Casava pipeline version 1.8.3
(BaseClear, Venlo, the Netherlands). The first itpiassessment was based on the lllumina
Chastity filtering. Reads with PhiX control sigraaid/or short reads below 20 bp (after adapter
clipping) were removed using an in-house filterimgptocol from BaseClear. Then, a second
quality assessment control was done using theRBONSEQ-lite quality control v.0.20.4. Finally,
an average quality score per sample was obtaintdd RaistQC v.010.1. (Andrews et al. 2010).

The sequences which did not pass this quality obmtere removed for the remainder of the
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analysis.

To determine the presence Bf jeanselmeiand other fungal species in indoor air and water
samples, sequencing reads were analyzed with aatapel taxonomic unit (OTU) classification
approach with the Microbial Genomics Module frora tBLC Genomic Workbench V8 software
(Qiagen Benelux, B.V., KJ Venlo, the Netherland3jiefly, in order to have comparable read
lengths and to remove reads with low coverage ptired-end reads were firstly treated with 3
different tools i.e., the “adapter trimming”, théxéd length trimming” and the “filter samples
based on the number of reads”. Thus, at the entheofworkflow, the OTU clustering was

performed only on reads with the same length aogvdevel of bias.

The OTUs clustering was made with the OTUs clustetdol. The database used as reference was
the fungal rDNA sequences Database UNITE V7.1t (ipdated January 812016) (Ké&ljag et al.
2005). Finally, all the OTUs were aligned with &/ SCLE tool and a Neighbor Joining tree was

constructed according to the Jukes Cantor nuclestiabdel.

6.3 Results

6.3.1 Classical analysis by culturing

The sampling of the offices and water reservoirghefair-conditioning systems was performed as
elaborated in Materials and Methods. The wateriaddor air samples were both incubated on

plate in order to dete&. jeanselmeias outlined in the classical monitoring procedure

For the 5 water samples collected from the pulseigi(PG) of the air-conditioning systenas,
jeanselmeiwas detected in 4 of them (Table 6.1). Expressedolony forming units per ml
(CFU/ml), the range of contamination of the watmples was determined to be between 10 and
100 CFU/ml (Table 6.1E. jeanselmetolonies were not observed for the sample collefrtad

the PG 1 (Table 6.1). In addition, 4 other deteedirntaxa and 3 infertile mycelium or
undetermined species were detected on plateAispergillus fumigatysAspergillus puulaeunsis

andPenicillium chrysogenurTable 6.2).

As it was done for the water samples, the indoorsamples collected in each office were
incubated according to the protocol developed ier detection oE. jeanselmei (Libert et al.
2015; Libert et al. 2016; Nolard et al. 2004). Aswn in Table 1a, after 21 days of incubation, no
E. jeanselmeivas detected on plate for any of the offices intacnwith the air-conditioning
system. However, 4 other determined taxa and 4tilefenycelium or undetermined species were

observed on plate i,€A. alternata Aspergillussp.,A. versicolorandP. chrysogenur{iTable 6.3).
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Table 6.2: Fungal contamination in water sampl#graharE. jeanselmeiClassical analysis and
sequencing analysis comparison

Sample Classical analysis NGS

Species CFU/ml Species Abundance of reads per OT (%)

PG1 P. chrysogenum

PG2 P. chrysogenum
A. puulaaeunsis
Infertile mycelium

5 P. chrysogenunr 100
5
1
1
A. fumigatus 4 A. fumigatus 36.34
5
2
1

P. chrysogenun 60.64
A. puulaaeunsis 11.27

o

PG3 P. chrysogenum . chrysogenun 30.15
Infertile mycelium
Undetermined species

PG4  A.fumigatus 2 A. fumigatus  12.19
PG5 A. puulaaeunsis 0 A. puulaaeunsis 11.86
P. chrysogenum 3 P. chrysogenun 23.30

" CFU/ml defined as the number of colonies obseoredlate after 5 days and 21 days of
incubation at 37 °C (Nolard et al. 200&),jeanselmegéxcluded.

2The massive parallel data were analyzed with th€ Glenomic Workbench software (Qiagen
Benelux, B.V., KJ Venlo, the Netherlands) and thierbbial Genomics Module. The database
used as reference was the UNITE database (Kéljaly 2005), last update January'2D16

The PG4 containeH. jeanselmednly.
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Table 6.3: Fungal contamination in air sampless§ital analysis and sequencing analysis

comparison
Samples Classical analysts NGS
Species CFU/mI Species Abundance of reads per OT (%)
PG1-1  A. alternata 5 A. alternata 21.86
A. versicolor 3 A. subversicolor 11.49
P. chrysogenum 9 P. chrysogenum 66.65
PG1-2 A. alternata 3 A. alternata 24.72
Aspergillussp. 2 A. monodii 7.70
Infertile mycelium 1 A. rugulosus 4.43
P. chrysogenum 7 P. chrysogenum 62.40
PG1-3 A. alternata 2 A. alternata 31.28
Undetermined species 1 A. monodii 15.93
Infertile mycelium 1 A. rugulosus 12.47
P. chrysogenum 7 P. chrysogenum 39.58
PG2-1  Undetermined sp. 2 E. olivicola 16.22
P. chrysogenum 6 P. chrysogenum 71.44
E. undulata 12.35
PG2-2  A. alternata 2 A. alternata 24.59
P. chrysogenum 6 P. chrysogenum 75.41
PG2-3  A. alternata 4 A. alternata 32.28
A. versicolor 5 A. subversicolor 32.09
Aspergillussp. 1 A. monodii 24.26
Infertile mycelium 1 A. puulaaeunsis 11.37
PG3-1 A. alternata 4 A. alternata 53.50
P. chrysogenum 5 P. chrysogenum 46.50
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Table 6.3 Continued

Samples Classical analysis NGS
Species CFU/mI Species Abundance of reads per 0T (%)
PG3-2 A alternata 5 A. alternata 71.96
Undetermined sp. 2 E. olivicola 16.41
E. undulata 11.63
PG3-3  Aspergillussp. 2 A. monodii 11.18
A. rugulosus 19.56
A. subversicolor  20.40
P. chrysogenum 6 P. chrysogenum 48.85
PG4-1 A alternata 1 A. alternata 26.18
A. versicolor 1 Undertermined sp 13.07
Infertile mycelium 1
PG4-2 A alternata 3 A. alternata 17.48
P. chrysogenum 9 P. chrysogenum 40.88

Undetermined sp.

PG4-3  A. versicolor 4 A. subversicolor 29.12
Infertile mycelium 1 A. puulaaeunsis  24.38
A. monodii 7.17

152



Exploiting the advantages of molecular tools fore tmonitoring of fungal indoor air

contamination: First detection Bikophiala jeanselmen indoor air

Table 6.3 Continued

Samples Classical analysts NGS
Species CFU/mI Species Abundance of reads per O (%6)

PG5-1 P. chrysogenum 7 P. chrysogenumr 64.57
Undetermined sp. 1 E. undulata 13.98
Infertile mycelium 1 E. olivicola 10.46

PG5-2 A alternata 4 A. alternata 31.33
A. versicolor 4 A. subversicolor 32.55

A. puulaaeunsis 36.12

Infertile mycelium 2

PG5-3  A. versicolor 6 A. subversicolor 39.24
P. chrysogenum 8 P. chrysogenumr 60.76

* CFU/ml defined as the number of colonies obseoredlate after 5 days and 21 days of
incubation at 37 °C (Nolard et al. 2004)

2The massive parallel data were analyzed with th€ Glenomic Workbench software (Qiagen
Benelux, B.V., KJ Venlo, the Netherlands) and thierbbial Genomics Module. The database
used as reference was the UNITE database (Kéljaly 2005), last update January'2D16.

6.3.2 gPCR detection

The qPCR screening was performed on DNA extragtat £ach air and water sample with the

primers specific for the detection Bf jeanselmebnly (Libert et al. 2016).

In each run, the PC was amplified with an averagatification cycle (¢ value of 19.48 +1.08
and a melting temperature (JTaverage at 79.58 +0.27°C, corresponding to tipeeed values
previously reported by Libert and colleagues (Liketral. 2016). Four of the five water samples
gave a positive signal f&. jeanselmeivith a T,, average at 79.63 £0.30 °C (Table 6.1). No signal

was observed for the water sample collected frorh.PG

Of the 15 indoor air samples tested, 4 of them gapesitive signal with the expected,T.e.,
offices 1, 2 and 3 from PG4 and office 1 from PGakle 6.1). All the NTC were negative.
Although the specificity of thé&. jeanselmegPCR primers has previously been demonstrated
(Libert et al. 2016), the identity of each amplidor., amplicons from air and water samples) was
confirmed a<E. jeanselmewith a BLASTn analysis. The identify scores ob¢girwith BLASTn

for the 8 positive samples ranged between 97 %aifosample PG4-2 and 100 % for the water

samples from PG 2 and 4.
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6.3.3 Massive parallel sequencing

In order to confirm the results observed in qPCR tanobtain a broader view on the uncultivable
fraction in the air and water samples, a massigeiesgcing analysis was performed on all the

DNA samples.

As shown in Table 6.4, the massive parallel anslgsrformed on all samples (water and air) has
generated between 6,352 (sample PG1-3) and 29¢668 (sample PG1-1). Among these reads,
between 6,797 and 11,602 reads from water sampdes @lustered into OTUs present in the
UNITE database, corresponding to 60.97 % (sampl® R&d 99.95 % (PG5) of the total reads.

For the PG 2, 3, 4 and 5 (water samples), betweg&v2and 5,700 reads were grouped into the
OTU identified asE. jeanselmebtrain AY156963 (Table 6.1, Fig. 6.1), the onlpresentative
sequence foE. jeanselmeincluded in the UNITE database. The percentageands identified as
E. jeanselmewas between 28 % (sample PG2) and 53.69 % (sdP@de of the total number of
clustered reads. No reads from the PG1 were c@gstato theE. jeanselmeDTU (Table 6.4).

~@ Aspergillus_puulaauensis|JO301883|SH091472 07FU|refs|

—® Penicillium_chrysogenum|AY213669|SH407681.07FU|refs|

—e Aspergillus_fumigatus|HQO26746|SH221298 07FU|refs|

# Exophiala_jeanselmei|lAY156963|SH193069.07FU|refs|

Figure 6.1: Neighbor Joining tree obtained withweer samples
The Neighbor Joining tree constructed according flukes Cantor model for the reads obtained
for all water samples grouped together.

The number of reads from air samples clustering @TUs was between 6,305 (sample PG1-3)
and 25,260 (sample PG2-3). The percentage of astered into OTUs was recorded between
42.95 % (sample PG5-2) and 99.99 % (PG4-2). Intdbthe 15 air sampleg. jeanselmeieads
were found. Indeed, among the reads clusteredOitds, between 1,248 (sample PG5-1) and
7,888 (sample PG4-3) reads were clustered intcEtheanselmeiAY156963 OTU (Table 6.4,
Fig. 6.2). Expressed in %, between 10.99 % (saP@le-1) and 60.74 % (sample PG4-1) of reads
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grouped into OTUs were identified & jeanselmelOTU. These samples were collected in 4
offices connected to 2 PG i.e., the office 1, 2 amaf PG4 and the office 1 of PG5 (Table 6.4).
For the samples of PG1, 2 and 3, no reads weredathyrclustered into th&. jeanselmeDTU
(Table 6.4).

In addition toE. jeanselmeias shown in Tables 2 and 3, additional OTUs wletected besides
E. jeanselemei.e., 3 in water sample#\spergillus fumigatus, Aspergillus puulaaeuresisl P.
chrysogenun(Fig. 6.1) and 9 in air samples i.&., alternata Aspergillus monodiiAspergillus
puulaaeunsis Aspergillus rugulosys Aspergillus subversicolprAspergillus sp., Emericella

olivicola, Emericella undulatandP. chrysogenur(Fig. 6.2).

r# Emericella_olivicola|EU448268|SH186284.07FU|reps|
Aspergillus_puulaauensis[JQ301893|SH091472 07FU|refs|
Aspergillus_subversicolorlJQ301894|SH186265.07FU|refs|

Aspergillus_rugulosus|GQ461910|SH186266.07FU|refs|

Emericella_undulatal| AB248982|SH186295.07FU|reps|

. Penicillium_chrysogenum|AY213669|SH407681.07FU|refs|

Alternaria_alternata|KF530731|SH215500.07FU|reps|

Exophiala_jeanselmeilAY156963|SH193069.07FU|refs|

Aspergillus_monodiilFJ531150|SH221889.07FU|refs|

Figure 6.2: Neighbor Joining tree obtained withdivesamples
The Neighbor Joining tree constructed according flukes Cantor model for the reads obtained
for all air samples grouped together.
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Table 6.4: Detection d. jeanselmein indoor air and water in air-conditioning systemmequencing data and clustering results

Samples  Pulse group Office’ Sample type Total number Total of Percentage of Abundance of reads into  Percentage of reads into
ID of reads’ reads clusteretl reads clustered (%) E. jeanselmeDTU° E. jeanselmeDTU (%)°
PG1’ 1 Water® 13,124 11,602 88.40 0 0

PG1-1 1 1 Air 29,666 23,545 79.37 0 0

PG1-2 1 2 Air 19,753 19,603 99.24 0 0

PG1-3 1 3 Air 6,352 6,305 99.26 0 0

PG2 2 Water® 9,755 9,741 99.86 2,727 28.00

PG2-1 2 1 Air 28,487 20,928 73.47 0 0

PG2-2 2 2 Air 15,193 15,093 99.34 0 0

PG2-3 2 3 Air 28,338 25,260 89.14 0 0

PG3 3 Water® 11,148 6,797 60.97 2,278 33,51

PG3-1 3 1 Air 9,154 9,003 98.35 0 0

PG3-2 3 2 Air 9,474 9,434 99.58 0 0

PG3-3 3 3 Air 9,474 9,165 96.74 0 0
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Table 6.4 Continued

Samples Pulse group Office” Sample type Total number Total of Percentage of Abundance of reads int Percentage of reads into
ID
of reads’ reads clusterell reads clustered (%) 4 E. jeanselmeDTU ° E. jeanselmeDTU (%)°
PG4 4 Water® 10,675 10,616 99.45 5,700 53.69
PG4-1 4 1 Air 8,402 8,360 99.50 5,078 60.74
PG4-2 4 2 Air 16,838 16837 99.99 7,011 41.64
PG4-3 4 3 Air 20,286 20,059 98.88 7,888 39.32
PG5 4 Water® 9,302 8,458 90.93 4453 52.65
PG5-1 5 1 Air 12,288 11,355 92.41 1248 10.99
PG5-2 5 2 Air 16,337 7,016 42.95 0 0
PG5-3 5 3 Air 9,328 9,320 99.91 0 0

The massive parallel data were analyzed with th€ Glenomic Workbench software (Qiagen Benelux, BQJ.Venlo, the Netherlands) and

the Microbial Genomics Module. The database useéfasence was the UNITE database (Kdljalg et@05), last update January™32016.

! 3 offices per pulse group (PG) were sampled adegro their distance to the PG. The offices 1 espond to the closest located office to the PGoffiees 3
the most distantly located office to the PG anite# 2 correspond to the office located betweer2tbthers.

2 The total number of reads observed for each sample

 Number of total reads grouped in the 10 OTUs detete.,A. alternata Aspergillus fumigatusAspergillus monodjiAspergillus puulaaeunsif\spergillus
rugulosus Aspergillus subversicolpEmericella olivicola Emericella undulataP. chrysogenurandE. jeanselmei

* Percentage obtained as the ratio between the muwhbeads grouped into the 10 OTUs and the tataitver of reads observed for each sample.

®> Number of reads corresponding to OTU identifieEaganselmei

® Percentage obtained as the ratio between the muwhbeads corresponding to tBejeanselmeDTU and the total number of clustered reads.

" PG1 maintained before the sampling.

8 One sample per pulse group was analyzed.
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6.4 Discussion and Conclusion

E. jeanselmeis commonly found in moist environments, espegiall water reservoirs of air-
conditioning systems, but it has not yet been dedein indoor air (Beguin et al. 1994; Parat et al.
1996). This could be explained by the classicalafseulture-based protocols for the monitoring
and investigation of fungal indoor air contaminatidndeed, competition between species,
incubation conditions and the presence of uncuitevaaxa (dead or not) could impact the
diversity observed on plate (Pitkaranta et al. 20Esper 2011). Therefore, the results from these
culture-dependent workflows could be biased. The-detected part of the fungal diversity could
however also have an impact on health and shoeckfitre also be investigated. It could be
hypothesized thaE. jeanselmeipreferring humid environments and requiring u@iodays of
incubation to be able to be detected on plate (Ligeal. 2016), cannot be detected in indoor air
samples using the classical culture-based moniamethods. In this study it was investigated
whether the presence @&'. jeanselmeiin indoor air could be demonstrated using molecula

methods, for which the viability of the fungal camtinant is not required.

Hereto, a sampling was organized in different effitcn contact with an air-conditioning system
for which a contamination b. jeanselmeivas previously detected. First, water samples fitten
water-reservoir from 5 PG were collected in ordewerify the presence &. jeanselmeinside
the system, i.e. in the water samples. These samy#ee analyzed using the classical protocol
based on culture and microscopic identification |@x et al. 2004), and molecular methods
including gPCR (Libert et al. 2016) and massive@rsequencing analysis. All samplings were
performed between February and March i.e., at &aly restart of the air-conditioning systems,
in the framework of the air-conditioning water moning. This monitoring is yearly carried out
before the water decontamination (part of the reaimnce of the system), except for the PG1
which had been maintained (including decontaminaginod draining) already before the time of
sampling. The classical analysis of the water sasmphowed that all of the investigated water
systems were contaminated wikh jeanselmeiexcept the one from PG1 (Table 6.1). The
maintenance performed on PG1 explained the absdrieejeanselmeiThe results of the gPCR
as well as of the massive parallel sequencing oefil these positive detectionskfjeanselmei

in water samples (Tables 6.1, 6.4) of PG2, 3, 4@r@onsistently, neither a signal nor a read was

observed for the PG1 sample with qPCR or massikadlpbsequencing, respectively.

In parallel, indoor air samples were collected Hdffices in contact with the air-conditioning
systems. For each system, 3 offices were seleetseidbon their distance to the pulse group i.e.,

one close to the pulse group, one far from theepgisup and one in the middle of the 2 others.
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This was done in order to define whether a distagféect could impact the detection &f
jeanselmein air. As performed for the water samples, eaclainple was analyzed with classical
and molecular approaches. Hojeanselmetolonies were observed for the air samples ineabat
on plates, even after 21 days of incubation. Howepesitive signals foE. jeanselmeivere
observed by gPCR in air samples from the office2 dnd 3 linked to PG4, and in the office 1 of
PG5. These positive detections were obtained ®rath-conditioning systems where the highest
water contamination was observed on plate (100 @tdr PG4 and 15 CFU for PG5, compared
to 10 for PG2 and PG3). In the PR, jeanselmeivas observed only in the office the closest
located to the PG, not in office 2 and 3 of PG5.réddeer, according to the gPCR results, a
gradient of distance from the closest to the mdstadtly located offices was observed for the
PG4 with G values ranging between 23.79 +0.92 for the PGAdL3#.06 +1.12 for the PG4-3.
The distance between the source of the contaminatid the sampling site and the contamination
load could probably affect the spreading of biatagjimaterial originating frori. jeanselmeas it
was observed for others species from indoor andooutenvironment (Afanou et al. 2015). It
would be interesting to study the size and the fofrthe airborne biological compounds ©f

jeanselmeinvolved to determine their aerosolizing distaircedoor air to verify this hypothesis.

The results of the massive parallel sequencingiroafl the ones obtained by gqPCR. The
obtained reads were clustered onto the UNITE datlas reference which contained 6,825
reference ITS sequences at the date of researaldsReere clustered onto the jeanselmeDTU

for samples PG4-1, PG4-2, PG4-3 and PG5-1. It Wsas far these samples that positive gPCR
signals were obtained. The % of reads clustering B jeanselmeiis decreasing with an
increasing distance between the sampling site laadP6G location. This is a similar trend as was
observed with the Lvalues in the gPCR analysis. This points towarderai-quantitative nature

of the massive parallel sequencing analysis.

The massive parallel sequencing was performed tairola broader view on the uncultivable
species present in the water and air samples. dindbesides. jeanselmein indoor air and water
samplesA. alternata, A. fumigatus, A. puulaaeundis versicolor P. chrysogenumas well as
Aspergillussp., an undetermined sp. and an infertile myceliwene detected on plate with the
classical culture-based protocol. These taxa amanmmly observed in indoor environment
(Bellanger et al. 2009; Libert et al. 2015). In tater samples, the sequencing and classical
approaches yielded the same species. However esé&sijeanselmeifive additional OTUs were
retrieved from air with the massive parallel seairg which were not detected by the classical
methods in the air samples, i.&, monodij A. puulaaeunsisA. rugulosus E. olivicola E.
undulata This means that of the species retrieved in th& @nalysis from air samples, only 2

were confirmed by the culturing approach, AealternataandP. chrysogenunmd. versicolorwas
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found in the air samples with the classical methbds not with the massive parallel sequencing.
However, two species from the same phylogeneticiepé.e. Versicoloreswere observed in the
OTUs, i.e.A. puulaaeunsigndA. subversicolarlt should be noted that poor read quality could
affect the correct determination of closely relategecies, e.g. for the species from the
Versicolorescomplex and especiall. versicolorandA. puulaauensijsfor which the ITS region

differs only in a few nucleotides.

During the clustering, between 0.01 and 57.05 Yeafls were not included in the OTUs. This can
be linked either to reads that did not comply it quality criteria or to reads that correspond to
species that are not covered in the UNITE databasehimeric reads. This indicates that the
massive parallel sequencing approach would befnefit improved and extended ITS databases in
the future. The lower number of clustered readsiobd for some samples, especially for the
samples PG3 and PG5-2, could have an impact orrethdts obtained during the diversity

analysis. However, based on the gPCR results, thetential biases have not affected the

detection oE. jeanselmei

According to the literature available & jeanselmeithis study is the first to show the detection
of E. jeanselmein air samples. In 2010, Huang and his team regatease of hypersensitivity
pneumonitis caused Wy. jeanselmein a person who was a regular visitor of a speafiuna
(Huang et al. 2010). According to their conclusitire way of contamination was probably by the
sauna stearfHuang et al. 2010), due to the presence of thekblaast in the water of the sauna
visited by the patient. However, this black yeaaswever detected before in dry indoor air from

buildings as it was reported in this paper.

The detection oE. jeanselmeivith molecular tools but not with the classical hwat confirms the
hypothesis thak. jeanselmercould be present in the dead and/or uncultivatdetibn of the
indoor airborne fungal community. As shown in tsisdy, qPCR but even more massive parallel
sequencing analysis could improve the monitoringndbor air, especially in the field of fungal
contamination. Indeed, the use of universal priraenplifying the ITS region of a large panel of
fungal species, increases the number of specigsc#mbe simultaneously detected during a
monitoring. This is limited to one or a few a priselected species with gPGRfanou et al.
2015). Another advantage of massive parallel sezjngris that the detection and identification
are performed simultaneously, while the confirmaiid gPCR results requires the sequencing of
the amplicon if the tool is not fully specific. Hewer, massive parallel sequencing is more time-
consuming and requiring bio-informatics expertisethe data interpretation which is not the case
for gPCR. In addition to the use of molecular tptie detection oE. jeanselmehas probably
also been facilitated by the use of this particarcollector, which is different from the one

generally used for culture-dependent monitoringe Torioli§’ p allows collecting a high volume
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of air (1.5 m3) directly into collection liquid wtth can be incubated on plate or analyzed with

molecular tools without culturing step, as it wase in this study.

The results obtained in this study, taklagieanselmeas a case study, demonstrate that molecular
methods, such as gPCR or massive parallel sequemambined with an appropriate air sampler
can increase the data retrieved on the fungal coritynudiversity in indoor air. More
investigations on indoor air should be performedider to improve the knowledge on indoor
airborne fungi contamination, in particular on ttead/uncultivable fraction. Eventually, an
improved insight on this diversity will contribute the understanding of public health problems
such as respiratory diseases (asthma, rhinitisttar ahronicle respiratory infections) and sick
buildings syndrome observed in many indoor enviremt® and to taking the appropriate

preventive measures.
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7.1Introduction

Over the years, the number of studies focusinghenldéad of micro-organisms or biological

fragments in air has augmented, driven by the tfaatt air pollution is suggested to be a public
health problem. Even if bacteria are the major grofiorganisms found in air, airborne fungi,

especially from indoor environment, and their pt#nimplication in health issues are

increasingly studied (American Industrial Hygienas@ciation 2011; European Environment
Agency 2013; Bernstein et al., 2008; Bruce 2000s@b al. 2003; Horner et al. 1995; Khan et al.
2012; Meheust et al. 2014; Mendell et al. 2011;Mrida007; Rebroux et al. 2010; United States
Environmental Protection Agency 2016; Verhoeff letl®97; World Health Organization 2009;

World Health Organization Regional Office for Eueap004).

At first, studies on airborne organisms were basadconventional tools and phenotypical
determinations (Beguin and Nolard 1994, Sheltoralet2002). However, the complexity of
microscopic determination and the problems linkedctilturing such as species competition,
influence of media selection, time of growth or thgossibility to cultivate some species, could
lead to some bias in the diversity composition olex in some studies. So, to overcome the
disadvantages of the culture-based methods, thegeéries are now increasingly performed with
molecular methods, and mainly sequencing toolschvinlarge the diversity observed, including
for applications in mycology (White et al. 1990y&& et al. 2003; Dannemiller et al. 2014). Not
only do molecular tools facilitate the species deiteation, but they are also culture- and
viability- independent. So, the use of polymeradairt reaction (PCR)-based tools as an
alternative for microscopic-based determinationnpged to have more insights in the indoor
airborne diversity, including in those species Hrat uncultivable or dead. However, some studies
considered that climate changes, new policies fiergy saving and the increase of urbanization
could favor the development of species not yet mfeskin our countries and so, not targeted by
the current monitoring methods (Schenck et al. 2@@Amato et al. 2015; Vardoulakis et al.
2015). So, according to these observations anthtiahat it is not alwaya priori known which
fungi are present, fungal diversity investigatiormuld benefit from an open approach, not limited
to ana priori species selection as it is done with molecularstsach as PCR-based tools. In this
context, next generation sequencing (NGS) techiedogeem to be ideal tools to explore the

fungal community and enlarge the knowledge abastdiversity.

Therefore, metagenomics approaches, developedderstand biological activities or processes
and then, used for the analysis of each genomemtres an environmental sample (Venter et al.
2004; Thomas et al. 2012), appear to be a valualtdenative for the classical and targeted

molecular tools used in the studies on fungal dityerAs it was done for most of the taxonomic
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tools developed for fungi, most of the metagenomstaslies were performed on the basis of the
analysis of the internal transcribed spacer regi®8 region) included in the nuclear ribosomal
gene cluster. The ITS region is comprised betwéen18S (small subunit, SSU) and the 28S
(large subunit, LSU), and contains the internatgcaibed spacer 1 (ITS-1), the 5.8S subunit and
the internal transcribed spacer 2 (ITS{@upadros-Oreliana et al. 2013pue to their interspecies
variability, but also to their high copy numberSFIL and ITS-2 of fungal species are widely used
for phylogenic studies. By the way, in 2012, th& IFEgion was appointed as a valuable barcoding
region for the fungal kingdom (Schoch et al. 20@R)ch offers the possibility to inventarise the

fungal diversity.

Performed at first with clone libraries and shotgsequencing techniques, metagenomics
approaches have been recently improved by the twoland use of NGS technologies. Most of
these NGS studies have been performed on pyroseiggeplatforms such as the 454 Life
Sciences NGS system (Cuadros-Oreliana, 2013). Wik platform is relatively fast (i.e.
between 10h for the GS Junior System and the GSFHtaXium XLR70 and 23h for the GS FLX
Titanium XL+), it has the disadvantage to produdeva amount of reads per run (i.e. 1,000,000
reads per runs). The 454 NGS system is also netangilable on the market. For these reasons,
today, metagenomics studies use mainly NGS plaffgrravided by Illumina such as the HiSeq
and the MiSeq platform. Indeed, these sequenciatfopms can produce between 12,000,000 and
3,000,000,000 of reads during a single run. Inéngathe number of reads allows increasing the
amount of information delivered during the analydidespite this, the lllumina platform is
restricted in terms of read length i.e., betwee@ &p for the HiSeq and 300 bp for the MiSeq.
Therefore, because the fungal ITS region has atHeagpund 800 bp, fungal metagenomics
analyses based on ITS region sequencing are mastedfime limited to one part of the ITS
region, i.e. ITS-1, which is considered as the niofstrmative for fungal diversity. There exist
publicly available databases of ITS sequences daatbe used for the analysis of ITS-bases
metagenomics analyses, such as the User-friendigidNbl'S Ectomycorrhiza Database (UNITE)
(Kdljag et al. 2005) and ITSoneDB (ITSone) (Fossal €2012).

Although metagenomics were already applied to thrgdl indoor air community (Shin et al.
2015; Tedersoo et al. 2015; Uroz et al. 2013), mbghe studies were based on the use of a
pyrosequencing platform and on the ITS-1 as fungaltker. The present study describes a
metagenomics analysis of fungal airborne commumnitid houses where health problems,
especially respiratory diseases (such as asthrabieogies) were detected. The NGS analysis was
performed using an lllumina MiSeq 300 targeting ¢ndéire ITS region, i.e. a combination of the
ITS-1 and ITS-2. The results were analysed withGh€ Microbial Module and CLC Genomics

Workbench tools. Results obtained from NGS were atsnpared to those obtained for the same
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samples analyzed with classical methods (i.e.u@iland microscopic visualization) in order to
verify whether this approach could be used to imprthe knowledge on the indoor airborne

diversity allowing to enlarge the scientific datafangal contamination and public health issues.

7.2 Material and methods

7.2.1 Sample collection

Indoor air samples were collected, from Februarg420ntil June 2015, in houses or flats in
Brussels (Belgium), in the framework of the indpatlution investigation of the CRIPLCgllule
Régionale d’Investigation en Pollution Intériedrem Brussels Environment, Brussels, Belgium)
(Table 7.1). Two sets of samples were independeotlgcted i.e., one for classical analysis, and
one for NGS analysis, at the height of a seatedopelin different rooms i.e., the bedroom, the
bathroom, the kitchen and the living room. To avaitd/ contamination from outside or from
another part of the house, the sampling site walatexd by closing doors and/or windows and

with no one inside.

The sampling workflow was previously describedLiibért et al. 2015). Briefly, 1.5 m3 (300
L/min, 5 min) of air were collected with a CoriSlis (Technology, Montigny-le-Bretonneux,
France) into an sterile cone containing 15 ml oBugpure water and Tween20.01% (Sigma-
Aldrich, St Louis, USA).

7.2.2 Classical analysis

The protocol used for the classical analysis (telture and fungal determination) of air samples
collected by the Coriolfsp sampler was previously described in (Libert et28l15). In short
after an incubation of 5 days at 25 °C for mesadphihd 2 days at 45 °C for thermophilic fungi,
the species determination from the air samplesdeas by microscopic visualization (Nolard et
al. 20049.

7.2.3 DNA extraction

The DNA extraction of the indoor air samples wasalaccording to the protocol described in
Libert et al. (2015). DNA quality and concentratioas evaluated on a Nanodfop000 (Thermo
Scientific, Wilmington, USA).

7.2.4 Massive parallel sequencing

Because a massive parallel sequencing analysig ti@rillumina MiSeq with a MiSeq reagent kit

v3 reaches its optimal performance with fragmemntsonger than 600 bp and because the fungal
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ITS region has a length around 800 bp, the PCRieomd for library preparation were prepared
for both the ITS-1 and ITS-2 region (with an ovpding region) using DNA extracted from the
different air samples. Hereto, amplification wittetuniversal forward (f) and reverse (r) primers
ITS1f/ITS2r (White et al. 1990) for the amplifioati of the ITS-1 region and with the universal
primers ITS3f/ITS4r (White et al. 1990) for the FPSegion was performed. The primers were
extended with the lllumina sequences needed for-B&¥Rd library preparation. The PCR-
reaction mix (25 pl final volume) contained 2.5qfilhigh fidelity PCR buffer (10X), 0.5 pyL of a
mix of 0.2 mM of each dNTP, 0.5 uM of each printed, pl of Platinuri Taq DNA Polymerase
high fidelity enzyme (5 U/ul) (ThermoFischer Sciiot Life Technology, Gent, Belgium) and
15.90 ul of GibcB DNase, RNase, Protease free pure water (Life Téobies, Gent, Belgium).
At the end, 5 pl of gDNA (2ng/ul) were added. Eaah was performed with the following PCR
protocol i.e., 1 cycle at 94 °C for 3 min, 35 cyctdf 30 sec at 94 °C, 30 sec at 55 °C and 1 min at
72 °C and at last, 10 min at 72 °C.

After the PCR-reaction, all the samples were pedifivith the AMpur@ XP PCR purification kit
(Agencourt Biosciences Corporation, Beverly, USRM)e quality and amount of PCR fragments
for massive parallel sequencing were verified oBi@analyzer 2100 (Agilent Technologies,
Amstelveen, the Netherlands). ITS-1 and ITS-2 aopk from a same sample were mixed
together. Equimolar mixes were made according ¢éosilze of the peaks observed during the
Bioanalyzer analysis. Sequencing was performeddseBlear (Venlo, The Netherlands) with an

lllumina MiSeq, yielding 2 x 300 bp paired-end read

It has to be remarked that initially 2 sets of 60 samples from 20 residences (houses or
apartments, and different rooms per residence) weltected all around Brussels (Belgium) in

order to identify the fungal contamination in tways: a classical culture-depend identification
protocol and a metagenomics analysis based on veaparallel sequencing. However, due to
some problems during the sequencing step that edsrmed by an external company, only 28

samples from 10 residencies gave usable sequedeitsy Therefore, the number of samples
analyzed by classical analysis was reduced to tB8seamples in order to have a valuable

comparison between the classical and the metages@pproaches.
7.2.5 Bio-informatics analysis

The FASTQ sequence files were generated using lin@iha Casava pipeline version 1.8.3

(BaseClear, Venlo, the Netherlands). The first itpialssessment was based on the lllumina
Chastity filtering. Reads with PhiX control sigraaid/or short reads below 20 bp (after adapter
clipping) were removed using an in-house filterimgptocol from BaseClear. Then, a second

quality assessment control was done using thePRBONSEQ-lite quality control v.0.20.4. Finally,
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an average quality score per sample was obtaingdRaistQC v.010.1.40. The sequences which

did not pass this quality control were removedtifigrremainder of the analysis.

Sequencing reads were subsequently analyzed witlopemational taxonomic unit (OTU)
classification approach with the Microbial Genonfi¢sdule from the CLC Genomic Workbench
V8 software (Qiagen Benelux, B.V., KJ Venlo, thetidglands). Briefly, in order to have
comparable read lengths and to remove reads witltéwverage, the paired-end reads were firstly
treated with 3 different tools i.e., the “adaptemming”, the “fixed length trimming” and the
“filter samples based on the number of reads”. Tlaisthe end of the workflow, the OTU

clustering was performed only on reads with theeslangth and a low level of bias.

The OTUs clustering was made with the OTUs clustgtdol using two different approaches. The
first approach was performed using the ITSone daml{Fosso et al. 2012) as the reference
database for the clustering. ITSone is an ITS-aldete specifically developed for amplicon-based
metagenomic identification of environmental fungjil the sequences collected in ITSone come
from the GenBank database of the National Cent8iaiEchnology Information (NCBI) from the
United States (Fosso et al. 2012). The second apipravas based on the use of the UNITE
database V7.1. (last updated January 31th, 201&)a@Ket al. 2005) as the reference database.
This database contains ITS sequences (i.e., seegénaen ITS-1 and ITS-2 regions), available in
the GenBank database of NCBI (Kdljag et al. 206%)ally, all the OTUs were aligned with the
MUSCLE tool and a Neighbor Joining tree was comstal according to the Jukes Cantor

nucleotides model.
7.2.6 Statistical analysis

All the data obtained with the classical culturedzh analysis and the two bio-informatics
clustering approaches (UNITE and ITSone) were coethéo each other during an analysis of
variance (ANOVA). Moreover, ANOVA analysis was uséal verify whether the houses’
conditions (i.e., presence/absence of visible fungkonies, presence/absence of water damage)
were associated with the fungal diversity. Addisithyy the impact of fungal diversity on the
presence of healthy people/people with health problwas also investigated through the use of
ANOVA analysis. During these tests, a differences wansidered as significant for a p-value <
0.05 %. Each statistical analysis was performech wite R free software_(https://www.r-

project.org/).
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7.3 Results

7.3.1 Description of sample collection

As shown in Table 7.1, 3 rooms per house were sainflhe bedroom, the bathroom and the
kitchen (or the living room) - except in the “hotkevhich was composed of only 2 rooms - were
each time sampled according to the sampling placéguration. Out of the 10 sampled houses
further investigated, 7 displayed visible moldsatrieast 1 sampled room and in 6 of them, water
damage was observed (Table 7.1). Finally, 8 oulL.¢hsampled places housed at least one person

affected by health problems, especially allergies @asthma (Table 7.1).
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Table 7.1: Overview of air samples taken, samptetaruse characteristics and global fungal diversity

House ID Sample ID Room Respiratory Visible Water Classical analysis Metagenomics analysis
Problems  Fungi damage Total # fungal taxa Total # fungal taxa
in house
ITSone DB UNITE DB*
/ house /room / house /room /house /room

1 CR1-1 Kitchen No No No 2 1 3 2 4 2
1 CR1-2 bathroom No No 2 2 3
1 CR1-3 bedroom No No 2 2 2
2 CR2-1 bedroom Yes No No 3 2 6 2 5 2
2 CR2-2 bathroom No No 2 1 2
2 CR2-3 living room No No 4 4 5
3 CR3-1 bedroom Yes Yes No 3 2 4 4 7 B
3 CR3-2 bathroom Yes No 3 3 B
3 CR3-3 living room Yes No 2 3 3
4 CR4-T bathroom Yes Yes Yes 5 3 8 4 7 5
4 CR4-2 bedroom/kitcheh Yes Yes 4 6 6
B CR5-1 bathroom Yes Yes Yes 6 4 5 4 7 3
B CR5-2 Bedroom Yes Yes 2 3 2
B CR5-3 kitchen Yes Yes 2 3 3
6 CR6-1 Laundry room Yes Yes Yes 3 2 4 3 3 2
6 CR6-2 bathroom Yes Yes 2 2 2
6 CR6-3 bedroom/kitcheh No Yes 2 2 2
7 CR7-1 Bedroom Yes No Yes 5 2 7 4 9 6
7 CR7-2 bathroom No Yes 3 4 4
7 CR7-3 kitchen/living Yes Yes 3 5 8

roont
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Table 7.1 Continued

House ID SampleID Room Respiratory  Visible Water Classical Metagenomics
Problems Fungi damage  analysis analysis
in house Total # fungal Total # fungal taxa
taxa
/house /room /house /room /house /room
8 CR8-1 Bedroom Yes Yes Yes 3 3 6 4 8 4
8 CR8-2 bathroom Yes Yes 3 4 3
8 CR8-3 bedroom/kitcheh Yes Yes 2 3 4
9 CR9-1 Kitchen No No No 2 1 3 2 2 2
9 CR9-2 bathroom Yes No 2 2 2
9 CR9-3 Bedroom No No 2 3 2
10 CR10-1 Bedroom Yes Yes Yes 3 2 6 4 4 3
10 CR10-2 bathroom Yes Yes 3 5 4
10 CR10-3 kitchen/living room Yes Yes 3 4 2

The classical analysis was based on culture ancbatiopic determination. The metagenomics analyashased on bio-informatics clustering performethen

massive parallel sequencing data and using 2 dsdalzes reference i.e., ITSone (Fosso et al. 20ERYAITE (Kbljag et al. 2005).
!Flat of 2 rooms i.e. a bathroom and a room comgittie kitchen and bedroom.
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7.3.2 Classical analysis: relative abundance aadiap richness

At first a classical protocol based on culture, nwscopic identification and cell counting was
performed according to the routine monitoring pcotaNolard et al. 2004). As shown in Table
7.2, 4 genera were identified i.Alternaria, Aspergillus CladosporiumandPenicillium Among
them, the most abundant groups weeaicillium chrysogenurwhich corresponded to 44.15 % of
relative abundancéspergillus versicolof29.52 % of relative abundance), Bkadosporiumsp.
(15.69 % of relative abundance) and thiéernaria alternata(4.26 % of relative abundance).
Aspergillus nidulansindAspergillus nigemwere also observed but with a lower occurrenc2 %

of relative abundance). Infertile mycelium and samdetermined yeast were also observed (Fig
7.1). The maximum level of colony forming units pate was determined at 15 CFU/plate, and
observed foP. chrysogenurin 4 samples (i.e., CR1-2, CR4-1, CR6-2 and CR1(Agpendix B

— table B1).

As shown in Table 7.1, the species richness pesehcanged between 2 (houses 1 and 9) and 6
(house 5), while the species richness per roomecbgtween 1 (CR1-1 and CR9-1 samples) and
4 (samples CR2-3, CR4-2 and CR5-1). The fungalasoimation was mostly observed in the
bathroom with 38.03 % of the relative abundance ianthe bedroom (32.09 %), and reached
18.31 % in the kitchen. The remaining 11.27 % wstared between the laundry room and the

living room.

m A alternata

® A. nidulans

m A. niger

m A. versicolor

m Cladosporium sp.
= P. chrysogenum

m Undetermined yeast

Figure 7.1: Classical analysis: Relative abundgecespecies
Relative abundance of each species observed aa pltulation based on the total number of
CFU per plateAppendix B — Table B)L
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Table 7.2: Classical and metagenomics analysii€péetermination and abundance

House ID Sample ID Room

Classical analysis

NGS

Metagenomic analysis

ITSone DB Unite DB
Taxa Abundance Total number Taxa Abundance Taxa Abundance
froom (%} of reads /room (%) /rom (%)
1 CR1-1 Kitchen P. chrysogenum 100 29,666 P. chrysogenum 16.65 P. chrysogenum 99.73
Uncultured fungi 84.35 A. puulaauensis 0.27
CR1-2 Bathroom Cladosporiunsp. 34.78 19,753 C. cladosporioides 30.35 C. cladosporioides 41.45
P. chrysogenum 65.22 P. chrysogenum 69.65 P. chrysogenum 58.54
C. halotolerans 0.01
CR1-3 Bedroom Cladosporiunsp 42.86 13.124 C. cladosporioides 19.89 C. cladosporioides 10.42
P. chrysogenum 57.14 P. chrysogenum 80.11 P. chrysogenum 89.58
2 CR2-1 Bedroom A. versicolor 62.50 6,352 A. versicolor 80.27 A. versicolor 59.09
Cladosporiunsp.  37.50 C. herbarum 19.73 C. herbarum 40.91
CR2-2 Bathroom A. versicolor 59.09 6,526 A. versicolor 80.27 A. versicolor 64.46
Cladosporiunsp.  40.91 C. herbarum 19.73 C. herbarum 35.54
CR2-3 Livingroom  A. alternata 10.00 5,163 A. alternata 25.76 A. alternata 20.44
A. nidulans 20.00 A. nidulans 28.38 A. nidulans 15.61
A. versicolor 60.00 A. versicolor 24.75 A. versicolor 42.28
Cladosporiunmsp.~ 10.00 C. herbarum 21.12 C. herbarum 21.02
Alternariasp 0.64
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Table 7.2 Continued

House ID SamplesID Room Classical NGS
Analysis
Metagenomics analysis
ITSone DB Unite DB’
Taxa Abundance Total number Taxa Abundance Taxa Abundance
froom (%} of reads /room (%) /room (%)
3 CR3-1 Bedroom A. nidulans 20.00 28,847 A. nidulans 18.79 A. nidulans 42.44
A. versicolor 60.00 A. versicolor 49.98 A. versicolor 47.91
Infertile mycelium  20.00 Aspergillussp. 6.17 Aspergillussp. 8.77
Uncultured fungi 5.306 E. undulata 0.80
E. olivicola 0.08
CR3-2 Bathroom A. nidulans 9.09 15,193 A. nidulans 5.05 A. nidulans 8.96
A. versicolor 40.91 A. versicolor 23.83 A. versicolor 29.35
P. chrysogenum 50.00 P. chrysogenum 71.11 P. chrysogenum 20.86
E. undulata 0.75
E. olivicola 0.25
CR3-3 Living room A. nidulans 20.00 28,338 A. nidulans 15.20 A. nidulans 0.28
A. versicolor 80.00 A. versicolor 75.02 A. versicolor 90.31
Aspergillussp. 9.77 A. subversicolor 9.41
4 CR4-1 Bathroom A. niger 14.71 16,337 A. niger 6.62 A. niger 20.15
Cladosporiumnsp. 35.29 C. herbarum 12.55 C. herbarum 20.06
P. chrysogenum 4412 P. chrysogenum 62.04 P. chrysogenum 53.25
A. nidulans 0.57 A. nidulans 0.49
Uncultured species 18.23 Aspergillussp. 6.06
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Table 7.2 Continued

House ID  Sample ID Room Classical analysis NGS
Metagenomic analysis
ITSone DB Unite DB’
Taxa Abundance Total number Taxa Abundance Taxa Abundance
Iroom (%Y of reads /room (%) /room (%)
2 CR4-Z Bedroom/kitchen A. alternata 29.41 9,328 A. alternata 15.81 A. alternata 21.43
A. niger 5.88 A. niger 12.61 A. niger 29.14
Cladosporiunsp. 23.53 C. herbarum 16.36 C. herbarum 10.88
P. chrysogenum 41.18 C. cladosporioides 16.21 C. cladosporioides 10.69
P. chrysogenum 37.44 P. chrysogenum 29.97
Alternariasp. 1.57 Aspergillussp. 0.89
5 CR5-1 Bathroom A. versicolor 5.41 12,324 A. versicolor 37.05 A. versicolor 11.70
Cladosporiumnsp. 21.62 C. herbarum 3.37 C. herbarum 1.59
P. chrysogenum 37.84 P. chrysogenum 59.58 P. chrysogenum 86.71
Undetermined yeast 5.41
CR5-2 Bedroom P. chrysogenum 87.50 27,066 P. chrysogenum 8.19 P. chrysogenum 80.00
Infertile mycelium 12.50 C. herbarum 10.91 C. herbarum 20.00
Uncultured species  7.19
CR5-3 Kitchen A. alternata 66.67 19,753 Alternariasp. 12.66 Alternariasp. 72.44
Infertile mycelium 33.33 C. herbarum 27.55 C. herbarum 27.47
Uncultured species  6.42 A. monodii 0.09
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Table 7.2 Continued

House ID Sample ID

Room

Classical analysis

NGS

Metagenomics analysis

ITSone DB Unite DB
Taxa Abundance Total number Taxa Abundance Taxa Abundance
/house (%) of reads /house (%) /house (%)
6 CR6-1 Laundry room A. versicolor 36.36 24,937 A. versicolor 25.27 A. versicolor 27.93
P. chrysogenum 63.64 P. chrysogenum 63.39 P. chrysogenum 72.07
Aspergillussp. 10.84
CR6-2 Bathroom A. versicolor 42.31 18,153 A. versicolor 447.45 A. versicolor 62.64
P. chrysogenum 57.69 P. chrysogenum 52.25 P. chrysogenum 37.36
CR6-3 Bedroom/kitchen4 A. alternata 40.00 20,333 Alternaria sp. 62.06 A. alternata 56.56
A. versicolor 60.00 A. versicolor 37.94 A. versicolor 43.44
7 CR7-1 Bedroom A. alternata 16.67 13,673 A alternata 3.08 A alternata 48.71
A. versicolor 83.33 A. versicolor 10.49 A. versicolor 14.43
A. niger 14.07 A. niger 31.69
uncultured species 45.36 A. puulaauensis 4.11
E. undulate 0.58
E. olivicola 0.77
CR7-2 Bathroom A. nidulans 16.00 9,335 A. nidulans 32.58 A. nidulans 32.98
A. versicolor 36.00 A. versicolor 22.08 A. versicolor 19.23
P. chrysogenum 48.00 P. chrysogenum 36.06 P. chrysogenum 41.01
uncultured species 9.28 A. fumigatus 6.78
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Table 7.2 Continued

House ID Sample ID Room

Classical analysis

NGS

Metagenomices

ITSone DB Unite DB’
Taxa Abundance Total number Taxa Abundance Taxa Abundance
froom (%} of reads /room (%) /room (%)
CR7-3 Kitchen/living room A. alternata 6.25 11,024 A. alternata 23.55 A alternata 35.31
A. niger 6.25 A. niger 6.29 A. niger 9.86
A. versicolor 31.25 A. versicolor 38.21 A. versicolor 20.28
P. chrysogenum 56.25 P. chrysogenum 28.82 A. puulaauensis 0.24
Aspergillus sp. 3.14 P. chrysogenum 31.01
A. fumigatus 3.03
E. undulata 0.12
E. olivicola 0.17
8 CR8-1 Bedroom A. alternata 33.33 7,338 A. alternata 20.42 A. alternata 66.31
A. versicolor 50.00 A. versicolor 59.35 A. versicolor 42.26
Cladosporiunsp. 16.67 C. cladosporioides 16.92 C. cladosporioides 52.74
Uncultured species 3.31 Aspergillussp 12.11
8 CR8-2 Bathroom A. alternata 21.05 15,373 A. alternata 32.04 A. alternata 30.94
A. versicolor 42.11 A. versicolor 34.75 A. versicolor 501.38
Cladosporiunsp. 36.84 C. cladosporioides 13.17 C. cladosporioides 18.68
Uncultured species 20.04
8 CR8-3 Kitchen A. alternata 50.00 8,126 Alternariasp. 12.14 A. alternata 15.54
A. versicolor 50.00 A. versicolor 45.42 Alternariasp. 5.03
Uncultured species 42.44 A. versicolor 61.35
C. cladosporioides 18.08
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Table 7.2 Continued

House ID Sample ID Room Classical analysis NGS
Metagenomics analysis
ITSone DB Unite DB’
Taxa Abundance  Total number Taxa Abundance Taxa Abundance
Iroom (%) of reads /room (%) /room (%)
9 CR9-1 Kitchen Cladosporiunsp. 16.67 5,323 C. herbarum 100 C. cladosporioides 20.48
P. chrysogenum 83.33 C. herbarum 79.52
CR9-2 Bathroom Cladosporiunsp. 30.00 10,114 C. herbarum 30.48 C. cladosporioides 11.91
P. chrysogenum 70.00 P. chrysogenum 47.69 P. chrysogenum 52.62
A. alternata 21.84 A. alternata 31.47
CR9-3 Bedroom Cladosporiunmsp. 11.11 6,005 C. herbarum 18.45 C. cladosporioides 15.96
P. chrysogenum 88.89 P. chrysogenum 52.23 P. chrysogenum 47.56
A. alternata 29.32 A. alternata 36.48
10 CR10-1 Bedroom A. versicolor 33.33 17,632 A. versicolor 26.34 A. versicolor 23.69
Cladosporiunmsp. 8.33 C. herbarum 6.57 C. herbarum 6.63
P. chrysogenum 58.33 P. chrysogenum 67.09 P. chrysogenum 69.68
CR10-2 Bathroom A. versicolor 5.88 23,829 A. versicolor 12.98 A. versicolor 9.61
Cladosporiunsp. 5.88 C. herbarum 9.35 C. herbarum 14.05
P. chrysogenum 88.24 P. chrysogenum 51.98 P. chrysogenum 55.54
Alternariasp. 20.30 Alternariasp. 20.80
uncultured sp. 4.88
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Table 7.2 Continued

House ID SampleID Room Classical analysis NGS
Metagenomics analysis
ITSone DB Unite DB
Taxa Abundance Total number Taxa Abundance Taxa Abundance
froom (%} of reads /room (%) /room (%)
10 CR10-3 Kitchen/living A. alternata 20.00 28,487 Alternariasp. 20.45 Alternariasp. 17.85
roort A. versicolor 80.00 A. versicolor 19.77 A. versicolor 14.57
P. chrysogenum 58.99 P. chrysogenum 67.58
uncultured sp. 0.79

*Fosso et al. 2012
2 Ksljag et al. 2005

% Abundance/house (%) corresponds to the ratio fEtee abundance of each taxa (expressed in CRUnaber of reads) in the samples and the total

abundance observed per room.
“Flat of 2 rooms i.e. a bathroom and a room comgitiie kitchen and bedroom.
°*Open space considered as one room.
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7.3.3 Massive parallel sequencing data analysis

The data obtained with the massive parallel sequgngere analyzed as described in Materials
and Methods using two different ITS databases,|T8one (Fosso et al. 2012) and UNITE
(Kdljag et al. 2005).

7.3.4 Clustering: ITSone database

Alpha diversity: Relative abundance and speciestifigation
The massive parallel sequencing results wereyfiesthlyzed with the ITSone database containing
ITS-1 fungal sequences. As shown in Table 7.2, diustering performed with the ITSone
database revealed in total 7 taxa belonging to Berge (i.e., Alternaria, Aspergillus and
Cladosporiun (Table 7.2 Appendix B — Fig. B). Corresponding respectively to 40.08 % and 25.98
% of the total relative abundand®, chrysogenurandA. versicolorwere the most abundant taxa
(Fig.7.2), followed byAlternaria sp. (6.25 %) andC. herbarum(5.52 %),A. nidulans(3.16 %)
andC. cladosporioide$3.08 %). The other taxa (i.6A, alternata, A. nigeand Aspergillussp)
reached together 4.34 %. Finally, 11.59 % of thltoelative abundance corresponded to
uncultured species.
1.96 m A alternata

m Alternaria sp.
® A. nidulans
mA. niger
m A. versicolor
u Aspergillus sp.

C. herbarum

C.cladoporioides

3.16
0.73
P. chrysogenum
1.66

6.25
11.59 /
40.08 \‘L
l \5.52

3.08

Uncultured species

Figure 7.21TSone clustering: Relative abundance per OTU
Relative abundance of each species observed wéhclistering performed with the ITSone database as

reference (Fosso et al. 2012). The relative abucelari each species was calculated on the basikeof t
number of reads per OTU obtained during the clisgefAppendix B — Table B1).
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Species richness repatrtition
The species richness observed among the 10 sangsieénces ranged between 8 and 3, with an
average per house of 5 species (Table 7.1). Thémaxof species richness was observed for the
“house” 4 and the minimum for the “houses” 1 and’Be fungal relative abundance among the
rooms was distributed as follows: 33.01 % in thdrbem, 30.10 % in the bathroom and 26.21 %
in the kitchen. The remaining 10.68 % corresportdetie group the living room and the laundry

room.
7.3.5 Clustering: UNITE database

Alpha diversity: Relative abundance and speciestifigation

The massive parallel sequencing results were subgatly analyzed with the UNITE database
containing ITS-1 and ITS-2 fungal sequences. lalt@# species belonging to 5 genera (i.e.,
Alternaria, Aspergillus Cladosporium EmericellaandPenicillium) were observed in the indoor
air samples (Table 7.2, Appendix B- Fig.B2). Indaar samples were largely dominated By
chrysogenurmand A. versicolorwhich corresponded respectively to 35.11% and&%60of the
total relative abundance (Fig. 7.3) whereas spestiel asA. alternata, A. nidulansA. niger, C.
cladosporioidesand C. herbarumhave a relative abundance ranging between 2.7588 8% %
(Fig 7.3). Finally, the remaining relative abundar{ce., 11.51 %) included sonfespergillus
species,Cladosporiumspecies and&Emericella species, but also undeterminéddternaria and

Aspergillus

m A, alternata
m Alternaria sp.
m A, fumigatus
®m A. monodii
m A. nidulans
= A, niger
® A, puulaauensis
m A. versicolor
A. subversicolor
m Aspergillus sp.
m C. herbarum
C.cladoporioides

P. chrysogenum

0.09 C. halotolerans
0%0()43; | E. undulata
. 472 5 29 \ E. olivicola
2~ 0.86 \_0.55

Figure 7.3: UNITE clustering: Relative abundance@é&U

Total relative abundance per OTU relative abundafi@ach species observed with the clustering
realized with the UNITE database as reference @gadit al. 2005).

The relative abundance of each species was cadutat the basis of the number of reads per
OTUs obtained during the clustering (Appendix Bablt B1).
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Species richness repatrtition
Among the 10 analyzed residences, the speciesesshper house was on average 6, with a
maximum of 9 species observed in the "house” 7 thedminimum of 2 species in “house” 9
(Table 7.1). Among the rooms, the fungal relatibeiralance was quite the same between the
bathroom (31.73 %) and the bedroom (32.69 %). énkitchen, this relative abundance reached
25.96 %.

7.3.6 ANOVA analysis

The ANOVA analysis performed between water damdgrges and non-water damaged houses
revealed no significant difference concerning theghl richness (P-value = 0.9871 for the
classical analysis; P-value = 0.8725 for ITSongake = 0.9245 for UNITE). Moreover, for the
culture-based approach as well as for the 2 bioamnétic analysis, no significant differences in
terms of fungal richness were detected betweendsoafspeople affected by respiratory problems
and those of healthy people (P-value = 0.6042 Herdiassical analysis; P-value = 0.7326 for
ITSone and 0.7219 for UNITE).

The richness per house observed with the clasaitalysis was significantly different to those
observed for the 2 metagenomics-based clusterimgsp-value = 0.0095 for the ITSone and p-
value = 0.0040 for the UNITE. Between the two dasas, this richness (uncultured species
included) is not considered as significant differghvalue = 0.3583). However, the determination
at the species level (i.e., uncultured speciesueed) is significantly different between the 2

databases (p-value = 0.024).

7.4 Discussion

Based on their independence to cell viability drerthigh sensitivity, molecular methods seem to
be a good alternative to the classical approachh®monitoring of fungal diversity. However,
most of these tools are designed only for one gmall panel of species, i.e. those considered as
the most important in terms of occurrence or imgof public health impacEor some years,
microbial diversity has been studied using metagec® approaches. Thanks to the development
of metagenomics tools based on NGS technologiegsiigations on the airborne microbial

diversity have largely improved, especially thoseusing on the indoor airborne fungal diversity.

This study reports the analysis of the indoor aimbofungi from residences of people with

respiratory problems (asthma, allergies, sick symdr buildings...). Because most of the
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investigation protocols are still culture-baseds thtudy was carried out with two different
approaches i.e., a classical approach based anealhd microscopic determination and an ITS-
based metagenomics analysis coupled to a NGS pertbdirectly on DNA extracted from
samples without cultivation. The NGS data have tméisequently analysed using two different

ITS databases.

In total, with all 3 types of analysis, five diffait genera were observed in this study i.e.,
Alternaria, Aspergillus Cladosporium, Emericelland Penicillium. Apart from theEmericella
genus, the 4 others are commonly observed in @mn indoor environments (Beguinand Nolard
1994, Bellanger et al. 2009, Shelton et al. 200%) are known to have some implications in
respiratory diseases such as asthma and alleklfieite Aspergillusand Penicillium species are
considered as indoor speciddiernaria and Cladosporiumspecies are considered as outdoor
species coming inside across the ventilation systendows or any other openings. In this study,
these 4 genera were all detected on plate withcldmssical analysis. Easily cultivable, these 4
fungal groups are commonly observed with a clabgic#tocol. As toEmericellg this is also an
outdoor species but less observed in indoor ain tth@ two othersEmericella species are
considered as a sexual state of s@rapergillusspecies, such as. nidulansor A. niger,and so,
are genetically close to theAspergillus For this genus not much information is availapge on

its allergenic potential. However, some specieh sascEmericella nidulansare suspected to
induce aspergillosis and hypersensitivity reactigfisher et al. 2006 Emericellaspecies are also
cultivable but require a longer time of growth -tiubA0 days of incubation - and are rarely
observed on plate. In this study, the classicalyaisawas based on a culture-based protocol used
in routine analysis which included an incubationSofdays. So, the absence of detection of
Emericellaspecies (i.e.E. undulataandE. olivicold) by the classical approach could be due to a
shorter incubation time used. Nevertheless, notimdicated that th&Emericella species were
viable. Hence, these taxa could also belong tal#zal fraction as well &. puulaauensiandA.
monidii, which were detected by the metagenomics approathydre not detected either with the
classical approach, while they should be able tawvgn 5 days at 37 °C (Samson et al. 2014,
Jurjevic et al. 2012).

Among those five detected genera, the common spsaich ad\. alternata A. niger A. nidulans,

A. versicolorand P. chrysogenumvere each time detected with the 3 approachespefoeP.
chrysogenunin sample CR 9-1 which was not detected with the NGS approaches aril
nidulansin sample CR4-1 which was not detected with thesital analysis. These 5 species are
commonly observed in indoor environmeAt. alternatais considered as an outdoor species,
while the other species are ubiquitous indoor gseavhich are frequently associated to water-

damaged buildings (Andersen et al. 2011). Howeagshown in Table 7.1, 3 houses did not show
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moisture or water damage (houses 1, 2 and 9) whiele fungal community was dominated Ay
versicolor, Cladosporiunspecies andP. chrysogenun(Table 7.2). It has been hypothesized that
fungal diversity is higher in water-damaged houbas in non-water damaged houses (Pitkaranta
et al. 2011). However, in this study, based onANOVA results, the correlation between the
fungal diversity and moister or water damage wasfomend. However, more houses should be

sampled to increase the data need to confirm Hssreation.

In terms of diversity, as expected, the speciebBndss observed with the massive parallel
sequencing is superior to the one observed wisidal tools whatever the database considered as
reference for the clustering. Indeed, a maximun® dbxa per house was observed with the
clustering with UNITE database, 8 with the ITSoagainst 6 for the classical protocol. Despite
these variations, the richness observed with the bioinformatics approaches was not
significantly different (P value = 0.3823). Howeyehis absence of significance could be
explained by the higher number of undetermined talxserved with the ITSone database as
compared with the UNITE database. When the compargas made after exclusion of the
‘undetermined’ species, the metagenomics approathg uthe UNITE database yielded an
observation of a significantly higher fungal divgrs The detection of ‘undetermined’ species
(‘uncultured’ species) with the ITSone databasddtaiso partly explain why the identity of the
house with the highest number of fungal speciesatied is different for both metagenomics
approaches. These observations permit to suggastthh type of sequences included in the
UNITE database allows a better taxa discriminatitan that contained in the ITSone database.
Indeed, the ITSone database contains only ITS-Gesegs (Fosso et al. 2012), which are known
to be useful for fungal species discrimination ¢Nii et al. 2008, Schoch et al. 2012). The UNITE
database contains the entire ITS sequence i.elT8d, the 5.8S rDNA and the ITS-2 regions
(Kdljag et al. 2005, Abarenkov et al. 2010). Scereif the 5.8S rDNA and the ITS-2 regions are
known to be less informative for fungal specie<irilisination (less variable than the ITS-1), the
results obtained in this analysis suggest thatctirabination of the 3 regions allows a better

discrimination than the ITS-1 alone.

Among all the species identified with the classiaall the NGS approaches, some taxa were
undetermined. With the culture-based protocol,eéhaga were not identified due to an absence of
identifiable structures (e.g., reproductive strees) or to the presence of unknown species. They
were called “infertile mycelium” or “undetermine@ast”. In this study, this undetermined group
corresponded to less than 3 % of the total relatiwendance observed on plate. Uncultured taxa
were also observed with the NGS approach, but @soedted above, only for the clustering
performed with the ITSone database and correspotadé&d.30 % of the total relative abundance

observed in this analysis.
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In addition to the reads corresponding to “uncelutaxa” in the ITSone database, some reads
were not attributed to an OTU. These undetermieaeds reached 37. 29 % of the reads with the
ITSone and 28.86 % of the reads with UNITE (Apperli— Fig. B3). This poor identification
could be due to different drawbacks i.e., an ineigfit quality of the reads (and therefore they
were excluded from the clustering analysis, or vggving no match with the database because of
sequencing errors, or low quality overlap betwden|TS-1 and ITS-2 region) and insufficient
ITS sequences in the database. Therefore, it idedefor the future to extend the ITS database

with more sequences of other and new species.

Additionally, according to some studies, the useth&f ITS region could be not sufficiently
adequate for the correct identification of someghlrtaxa up to the species level (Bellemain et al.
2010; Schoch et al. 2012). This observation woaldif the use of a genetic marker combination
to identify fungal taxa at the species level, sasHTS, actin genes, beta-tubulin gene, elongation
factors genes, Small Subunit rRNA genes (SSU), d.&gbunit rRNA genes (LSU)... However,
the use of such other markers requires adaptedfbioiatics tools (combination of the markers,
and linking them to the same isolate) and the dgweént of additional databases, as it was

suggested for the fungal barcoding (Schoch ettdl2p

Despite the higher discrimination observed with &S approaches as compared to the classical
method, some results could be explained by thegoality of the reads. This quality issue could
explain whyP. chrysogenunwas not found with the 2 bio-informatics analyserfprmed on
sample CR9-1 sequencing data, while it was obseoreghlate during the classical analysis.
Similarly, in sample CR3-3A. subversicolowas retrieved only with the UNITE database (while
the OUT is present in the ITSone database), whileversicolorwas detected by the three
workflows. Knowing the close genetic relationshigtleenA. versicolorand A. subversicolor
(Jurjevic et al. 2012) and the few nucleotide vanies existing between their ITS regions, the
detection ofA. subversicolorcould be attributed to a low quality of reads vkhimould have
inferred an incorrect determination. This hypothesiuld support the fact that a high read quality
is required to perform metagenomics analysis ireotd avoid as many determination biases as
possible (Thomas et al. 2012, Tonge et al. 2014jis Talso underlines once more the
recommendation that additional markers as wellaasptete database should be used for correct

fungal determination, up to species level.

All along the study, the sampling focused spediffcan rooms frequently visited by the patient

during everyday life. So, most of the samples weriéected in the bathroom, the bedroom, the
kitchen and to a lesser extent in the living rods.observed in other studies, the bathroom and
bedroom were the most contaminated rooms withativelabundance higher than 30 % retrieved

with each approach. There the most frequently oserfungal contaminants were.
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chrysogenurmandA. versicolor However, it is important to note that the 2 roonese also the

most frequently sampled rooms. Indeed, dependinfp@mouse configuration, kitchen and living
rooms were not each time sampled. Thus, even ibliservations match with others observed in
other studies, it seems interesting to increasentimber of sampling places in order to confirm

these observations.

As previously elaborated, with the exceptionEmfericella the 4 other genera observed during
this study are all common in indoor environmentgt, these genera are known to produce
allergens and were associated in some studiespiratory diseases such as allergies or asthma
(Garrett et al. 1998), especially thdternaria and the Cladosporiumspecies. Interestingly,
Cladosporiumspecies were the major contaminants together Rvitthrysogenunn the house 1
and 9 which were the only sampling residences wherbealth problems were detected. In this
study, however, according to the ANOVA analysis, significant association between species
richness and health problems was observed. Inog#s: number of sampled houses is however

needed to confirm this observation.

However, these environmental data are not sufficierassess the causal link between fungal
exposure and health problems. Immunological testsneeded to confirm fungal sensitivity.
However, these are still limited to few species mmmly observed in indoor environment and
detected by culture based-methods suclA.akimigatus, A. versicolpA. niger, Cladosporium
species ant. chrysogenumBut as it was observed in this study, some atpecies are present
in indoor air such a#\. puulaauensis, A. monodCladosporium halotoleranand Emericella
species So, to improve the understanding about the fungglact on health, it is important to
include these species in studies on fungal allengy fungal sensitivity. Moreover, as it was
observed for pollen, the absolute quantificatioreath fungal allergen should be determined to
confirm their impact on health (Kaarijeveld et 2015). In this study, because NGS analysis
requires a PCR amplification step and because efptbblem of the copy number of the ITS
region (see chapter 2), no absolute quantificadfdthe fungi present could be performed with this
technology. However, based on the number of rekdsreed for each taxon, and comparing these
with the abundance of colonies found for each gseiable 7.2) we can consider a “semi-
guantitative” estimation of their contribution iaah cluster and so we can obtain an estimation of
their contribution to the diversity observed in kagample. Nevertheless, in the future, more
immunological qualitative and real quantitativeadate needed to clearly understand the causal

link existing between indoor airborne fungi andltirea

In conclusion, this study describes an analysitheffungal diversity performed by 3 different
ways: a classical culture based protocol and twwirformatics analyses based on massive

parallel sequencing data. The comparison betweenléssical protocol and the NGS approaches
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reveals a higher diversity detected with the naditucel based methods. When comparing the two
bio-informatics approaches (i.e., based on the WEN&hd ITSone database) both differed on the
level of discrimination. Indeed, the analysis perfed with the ITSone database showed some
undetermined species that could be identified with UNITE database, such As monodij A.
puulaaunesis, A. fumigatus, C. halotolerans, E.ulstd and E. olivicola. According to their
growth conditions, the detection of these taxa alsggests that current culture protocols used in
monitoring should be adapted in order to deteetrger diversity on plate. Moreover, this study
demonstrates that the use of NGS analysis as am a@oach, multiplex detection tool could
increase the number of species detected duringiogée analysis compared to the culture-based
approach. This could reduce the turn-around-tinggiired to detect fungal species and thereby
could improve the treatment of contamination. Aiddially, our results suggest that the use of
NGS analysis performed on the entire ITS regioovadl a better species discrimination than a
culture based method or metagenomics analysis basethe ITS-1 only, although some
improvements of current ITS databases are needeulefbre, NGS could be promising and could
be more informative to understand the fungal dit)eia indoor air and the link with the human
health.
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Even if associations between indoor fungal contation, indoor air pollution and health
problems, especially respiratory diseases (asthafl@rgies, rhinitis, SBS...), have been
established, the scientific evidence for the caugast between indoor airborne fungal
contamination and public health issues is stillrfpodocumented. This could be partly attributed
to the routine analysis protocols which are yeteagn classical culturing methods. Although
culture-based methods are useful and have incretmedknowledge in the field of fungal
contamination, some drawbacks have been obserwtdasuan underestimation of the diversity,
the impossibility to detect the “unknown” fractiddead cells or uncultivable species), etc.
Moreover, commercial extracts currently used fomimological tests and which are needed to
make the causal link between fungal contaminatiwh lsealth issues, are limited to a few species
such adAlternaria alternata, Aspergillus fumigatus, Canali@bicans Cladosporiumherbarumor
Penicillium chrysogenurfO’Driscoll et al. 2005). Indeed, eventually, aedi exposure (‘intake’)

of an affected person to the detected fungal spestieuld be demonstrated by immunological
tests where specific antibodies recognizing thdlsegens are present in the serum of that person.
These studies are hampered by the lack of repedsentcommercial extracts, containing the
allergens of species that are frequently found andin this context, the aim of the present PhD
research was to develop and implement a moleclddfopm that allows to collect more data
about the indoor airborne fungal diversity and esdly the composition of its “unknown
fraction”. Through the future use of these toolgdntine analyses, the collected data could be
used to develop immunological tests required toravp the scientific evidence to assess the link
between indoor airborne fungi and public healtluésswhich will contribute to the definition of

the most clinically relevant indoor airborne fungpécies.

The first part of this PhD research had a techncddgim and consisted of the development of
different molecular tools, from simplex (qQPCR SYRfReen methods) to multiplex (HRM,
Luminex technologies and massive parallel sequghaimethods, focused on indoor airborne
fungi. Through the development of molecular methalds goal was to improve the detection of
fungal contaminants, including the uncultivable /andliead fraction, as compared to the currently
used classical monitoring methods. A special fozas put on the feasibility of the developed
methods to be used in a routine environment. Ehigquired for the Scientific Institute of Public
Health (WIV-ISP), the location where this PhD reshehas been performed, to be able to apply
these tools to fulfill its mission and tasks in sag of a proactive public health policy. Moreover,
the molecular tools (QPCR, HRM, Luminex xMARNd the NGS metagenomics approach) as
well as the sampling protocol implemented duririg BEhD work could be used in the future in the
framework of the monitoring and studying of othé@barne bio-contaminants such as pollen,

outside airborne fungi and spores, bacteria osesu

The second part of this PhD research had a sdteatif, with the application of the developed
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tools to specific case studies to improve the cititkaowledge on fungal contamination, including
on the indoor airborne fungal diversity presenBinssels. The insights obtained could eventually
lead to the development of new immunological tetstsgallow a better understanding of the link

existing between indoor airborne fungi and pubéalth.

The fungal monitoring starts with the air samplifidnis must be representative for the species
present in the indoor air at the time of sampliAj.environmental sampling performed during
this PhD work was done with an efficient protocaséd on the use of the Cori6lisair sampler.
Through the use of a special collection liquid catiige with classical culture-based and
molecular protocols, but also thanks to the higluwe of air sampled, which is limited with other
air samplers, this apparatus has improved the s agnpt indoor airborne fungi, including that of
dead and/or uncultivable species, and speciesrgraséow concentration. So, the use of this air
sampler in future routine analysis could improve itidoor air monitoring and could increase the
data available on these airborne contaminantsnBuhis PhD work, the accompanying protocols
for the extraction of high quality DNA, free of iibitors for downstream molecular reactions,
have been successfully developed, starting frontafiection liquid obtained from the Coridtis

| sampler.

The development and application of gPCR tools (&rap2 and 3), as well as the Luminex
XMAP® tool (chapter 5), have demonstrated that molectdals could improve the routine
analysis by a decrease of the turn-around-time {TAvhile detecting at least the same fungal
species as was done with the classical culturedbamthods. As molecular tools are faster than
classical culture-based protocols, their use inoaitaring framework of targeted species, could
improve the chain of communication of the reswitshe involved team, e.g. in the framework of
the CRIPI investigations. By advancing the commaitidn to the medical team, the treatment of
the patient could be improved as well. For exanipdegPCR tool developed for the detection of
E. jeanselmefchapter 3kould enhance the monitoring of water from air-étoding systems by

a drop of the TAT from 21 days for the classicdture based-protocol to 3 days for a molecular
assay. Thé&. jeanselmePCR assay also allowed demonstrating for thetfirs the presence of
this pathogenic species in indoor air samples (enaf). As it was not found by the classical
monitoring methods, this indicates that the molacumhethods not only have the advantage of
reducing the TAT, but also of detecting the dead/@nuncultivable fungal fraction, that could

also be allergenic.

Although the chosen qPCR chemistry (i.e. SYBRen) has advantages in terms of assay costs,
the discrimination of fungal species is not alwagsevident to do with qPCR SYBRjreen
because numerous species are genetically closdiiedfrom each other by a few nucleotides
only. This issue was addressed during the developofehe gPCR tool for the identification of

A. versicolor(chapter 2). A solution was provided through teeaedopment of a HRM tool for the
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discrimination ofA. versicolorand the two genetically close speciescreberand A. sydowii

(chapter 4). In this PhD work, the discriminatidrttte 3Aspergilluswas used as a study case to
demonstrate that HRM could be easily implementedoirtine analysis for the monitoring of
“problematic” (i.e., genetically closely relatedpesies or in the framework of the BCCM
collection in order to confirm the identificatiof @aew strains introduced in the collection.
Moreover, this tool will make it possible in thadte to investigate the differential impact of the

three genetically closely related speciesyersicolor A. creberandA. sydowij on public health.

Nevertheless, because of the number of targetc#imabe detected during a single run is limited,
gPCR technologies did not appear to be the mosbpppte alternative in the framework of the
monitoring of indoor airborne fungal contaminatiémdeed, environmental samples could contain
more than one species. Today, ten species are colynroonsidered as the most frequently
occurring fungal species in indoor air (i.A., alternata A. creber A. fumigatusA. sydowii, A.
versicolor C. cladosporioidesC. herbarum P. chrysogenumS. chartarumand U. botrytig,
although a dozen of others have been detectedlbbuveavith less occurrences. So, if a molecular
tool has to be used in the context of a monitopragramme, for the sake of time and sometimes
scarce sample availability, it would be preferattiat this tool could detect at least the most
frequently occurring species in a single analybisthis context, the Luminex xMAPassay
developed in this PhD study is a valuable alteveatd the culture based-protocols (chapter 5).
Another advantage of the Luminex xMAR that it could detect up to 50 targets in alsimgn
(when using the MagPix instrument), so additiomagéts could be easily added to the current
assay in the future. The fact that the developeddlLumineX assay is based on a PCR using
universal ITS primers, will facilitate the extensiof the assay, i.e. only additional probes
(specific for the other species to be targetedpulksh be included. Additionally, as already
elaborated above, the TAT is highly reduced, aspawed to the culture-based methods which

could take between 5 to 21 days depending on thget&d species.

During the development of these molecular toolswdts noticed that the guidelines or the
minimum of requirement for the development of malac tools are poorly documented in the
field of fungal detection. Until now, no documerdfided exactly the levels of specificity, the

PCR efficiency or the thresholds of the LOD reqiite assess the performance of a new
molecular tool specific for fungal detection in &ommental samples. Additionally, no

recommendation exists on the number of positive regghtive strains which should be used to
validate the specificity of molecular tools for skeapplications. Therefore, in this PhD study, it
was decided to assess the performance of the geektlools according to the recommendations
available in other domains such as GMO detectibthd resort to these recommendations was
helpful to confirm the validity of tools, it wassal observed that these criteria were not fully

adapted to fungal detection. As guidance documargsrequired to verify the performance of
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molecular methods, but are also vital to attestghedity of a molecular method, it is essential in
the future to develop specific guidelines to harimerthe molecular tools available for fungi
detection in environmental samples and subsequédatiynprove the quality of the tools used in

routine.

Considered as an open, non-targeted multiplex askayuse of massive parallel sequencing,
coupled to a metagenomics analysis targeting t&eré€bion (considered as the most informative
region for fungal determination), offered the adege to subsequently investigate the cultivable
fraction as well as the non-cultivable fractiontheut knowinga priori the composition of the

fungal community.

This NGS-based approach was developed on air saropliected in contaminated houses using
the ITS region. However, because of the size ofidgion is estimated to be around 800 bp and
because of the NGS sequencer most likely availebl®utine labs (benchtop model, MiSEQ)
delivers at maximum 2x 300bp reads, the ITS regias amplified in two parts, i.e. ITS-1 and
ITS-2 using universal primers, and assuring an lapebetween both PCR fragments. The
sequencing data was analyzed by clustering usioglatabases as reference i.e., ITSone (Fosso et
al. 2012) containing only sequences form the IT&dion and UNITE (Kdljag et al. 2005)
containing sequences from ITS-1 and ITS-2 regibusing this analysis, a higher diversity in the
samples was observed after the bio-informaticsyaisaperformed with the UNITE database. This
observation suggested that the use of the entig&répion is more informative for the fungal
determination than the ITS-1 alone (chapter 7).

It should be noted that poor read quality coule@cifthe correct determination of closely related
species, e.g. for the species from tfersicolorescomplex and especiallx. versicolorand A.
puulaauensis for which the ITS region differs only in a few aleotides. Therefore, the
determination of these species could be consideseslispicious if the quality of the reads is too
low, especially in the region of the overlap betw€ES-1 and ITS-2. It might be interesting to put
a quality threshold or ‘certainty’ when performitige bioinformatics analysis, and to only define
the genus level, if the quality is below this thalsl. Indeed, the use of this threshold couldrfilte
the reads with a high quality level which couldused to determine until the species level from
those with low quality for which the determinatishould be limited at the genera level. The
application of this type of filter will increaseethrueness of the results. Alternatively, this peob
could also be partly overcome by the use of theBRasequencing technology. Indeed, as the
PacBio platform is able to deliver large read lasduntil 14 kb), the sequencing of the entire ITS
region could be performed in one single read, witichld improve the identification based on
sequencing comparison with the databases. Thisopabpwill be investigated in the future to
improve the metagenomic analysis performed duhigRhD study.

During this analysis, also many unidentified reagse observed. This could be due to a low
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quality of the reads which could impact their idiécdtion based on the reference sequences
available in the databases. The completeness afatadase is also an issue which could explain
the number of unidentified reads. Indeed, somesreamild be considered as ‘unidentified”
because of the absence of a reference sequenice database. In the future, the metagenomics
analysis would benefit of extended databases Wighsequences of more fungal species.

Finally, in some cases the use of ITS markers (ITe&8d ITS-2) is not sufficient to delineate the
species from the reads. Additional markers, e.g.bta-tubulin gene, the calmoduline gene or
gene encoding the elongation factor, might be rbdde full species identification as it was
observed for fungal barcoding (Schoch et al. 204&) as it is also currently done for the
BCCM/IHEM collection using Sanger sequencing. Saw mlatabases containing fungal markers
other than ITS-1 and ITS-2 should be created, hegewith adapted bioinformatics analysis
pipelines. However, it might be difficult to linke data of several markers (all in separate reads)
in a metagenomics approach to the same ‘isolatsemt in the sample. Hereto, more advanced
metagenomics approaches might be needed, not ingdiargeted sequences (PCR fragments per
marker), but relying on shotgun metagenomics atidgknome reconstruction. At the moment,
this is not yet completely feasibly in terms of emage (and hence cost per sample) or in available
user-friendly data analysis tools. Alternatively, should be investigated whether PacBio
sequencing might be helpful to resolve this issieyway, the use of the whole genome
sequencing applied on pure strains from fungakcttins, such as the BCCM/IHEM, might be

interesting to increase the information on ‘diséniative’ markers for species level determination.

The NGS analyses performed during this PhD studh l@monstrated that more information on
the “dead fraction” and the uncultivable speciesl@¢de collected, as compared to the classical
monitoring tools. And as these species could havenmgpact on health, the use of NGS to
investigate the entire fungal diversity could alldiling the gap in the link between fungal

contamination and public health issues. Based enofitained results (chapter 7), it might be
interesting to extend the incubation time for ttassical analysis in order to be able to detect als

species likeemericella undulat®r Emericella olivicola

The application of the metagenomics approach tevdter and air samples collected in the offices
of the European Union commission, not only allow@dbtain a broader view of the diversity of
fungi present in those samples, but also confirmleat had already been suggested by qPCR, i.e.
the first detection oE. jeanselmein indoor air (chapter 6). By comparing the presenfE.
jeanselmein water and air samples, taken at different dista from the air-conditioning system,
also allowed hypothesizing that the distance beatwbe source of the contamination and the
sampling site and the contamination load could abbb affect the spreading of biological
material originating fromE. jeanselmeas it was observed for other species from indowr a

outdoor environment.
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The NGS approach was also applied to investigate indoor airborne fungal diversity in
residences in Brussels. This study confirmed thedsecal protocols underestimate the fungal
diversity existing in indoor air (chapter 7), amatt NGS-based metagenomics approaches would
be a valuable alternative tool to be used to ireethe insight in the fungal diversity in air.
However, as during this study the sample size waslimited to make significant associations
between the airborne fungal species present antefiueted health issues, it would be important
to repeat the analysis in the future with additidr@ises (with people with and without reported
health issues) included. Moreover, as these armlysee restricted to the Brussels area, it would
be interesting to enlarge the sampling to the ceta@elgium territory. Increasing the number of
data available on indoor airborne fungi by enlaggine sampling area, will contribute to verify
the observations made for Brussels and to imprdwe dnderstanding between fungal
contamination and health issues. However, it sei@tesesting to include some of the species
from the “unknown” fraction observed in this studiye., A. puulaauensis, A. monodii, C.
halotolerans, Emercillsspecies and. jeanselméito immunological studies in order to define
their implication in health problems. Additionallthe allergenic potential of these species could
be investigated through whole genome sequencinfprmpeed with a metagenomics shotgun
method, where all DNA content is sequenced (nog the ITS marker). In this context, the data
collected during this PhD study, as well as thobe&kvwill be collected in the future through the
protocols developed during this work, will be uséfuthe framework of the bioSENS project (O.
Denis, WIV-ISP) in order to develop new immunol@ditesting for fungal allergies assessment.
With the development of new tests, which includegil species from the unknown fraction, the
gap in the link between fungal contamination andlipuhealth could be filled. Indeed, if
immunological tests are more representative toftihgal diversity, more accurate correlations
(i.e., direct exposure) between the fungal diversftindoor air and the patient’s sensitivity could
be made and the clinical relevance of each speoiglsl be established. This information would
also allow to adapt the multiplex tools such asxWeAP® tools to detect the clinically relevant

species in order to generate data usable by @imsci

The technological objective of this PhD researcts wa develop molecular tools usable in a
monitoring framework. This means that the toolsulthde qualitative (i.e. identification of the
correct species), but also quantitative (i.e., ltteed of the fungal contamination). However,
harmonized guidelines or norms do not exist tordeéi standard protocol in order to quantify the
airborne fungal contamination or to define a thoédslof indoor air contamination. Today, most of
the microbial quantification tools are expressea@eny forming units (CFU) or in CFU/L air.
Because these tools are culture-dependent, coiopdttctors, difference in speed of growth, the
presence of dead or uncultivable species couldcediiases giving estimation errors as it was
observed for the fungal detection.

As all the molecular tools developed during thisjgct are based on the ITS region, an exact
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quantification is not possible, as elaborated iaptér 2. Indeed, the copy number of the ITS
region is variable, between species but also betveteins from a same species. Therefore,
molecular tools based on the ITS marker should dresidered as semi-quantitative, not as
guantitative, which was illustrated in this worly @ach time comparing with the number of CFUs
found on plate). Moreover, tools such as the LumirBIAP® or massive parallel sequencing
contain at least one step of PCR amplification. @ee to the exponential amplification of the
DNA, the quantification cannot be done rigoroushly, the detected fluorescence or the number of
reads does not translate directly to the numbé&NA molecules in the sample. These methods
are therefore only semi-quantitative, as elaboratedhapter 5 and 7. To develop quantitative
molecular tools, more studies would have to be ntadind a marker that is very well conserved
all along the fungal kingdom, and with a constaigycnumber, preferably a single copy gene, and
which could be used for the quantification. Herdtere is a need for more whole genome
sequence data of fungal species (and this for phellStrains per species) to screen the fungal
genome in order to find a conserved single copykeraor a unique single copy marker per

species, as was previously found for A. fumigatdsr({era at al. 2009).

Some solution could also be found in the use of felnologies such as digital PCR where each
targeted DNA is separated from the others and &ieglindividually, as was done f&andida
albicansin blood (Schell et al. 2012). The quantificatidneach PCR reaction is then estimated
based on the emission of fluorescence during thelification. So, through the use of digital
PCR, the copy number of ITS could be determinedthed, a quantification system could be set
up. This will involve the use (and the developmiémieeded) of specific primers targeting the
species to quantify. However, as digital PCR rexguana priori selection of the fungal species,
an absolute quantification of each contaminant cabe made without a prior screening of the
diversity. This screening step, performed beforedbantification step, could be done through a

metagenomics NGS analysis.

These considerations on NGS and fungal quantifinatould be an interesting topic for a follow-
up project of this PhD study focused on the detactind identification of the most clinically

relevant species.

In the future, the combination of molecular detattisuch as xMAP tools or massive parallel
sequencing, with an efficient quantitative tool {@rhwill involve the whole genome sequencing
of several important fungal contaminants as elabdrabove) will improve greatly the monitoring
of indoor air pollution. These tools applied toignfficant high number of sampled contaminated
and non-contaminated control houses will increaseatnount of data available on indoor airborne
fungal contaminants. This information can then beduto develop the specific immunological
tests to demonstrate the direct exposure to furgahminants. Eventually, this will contribute to

filling the gap in the causal link between indoarbarne fungi and public health issues.
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Technologies Molecular approach
qPCR
SYRB® green Simplex apprgach
Post-gPCR
HRM Multiplex targeted

LuminexX® xMAP approach

Massive parallel

sequencing Multiplex open approach
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Table Al: Spike test results

Sample Sample type Specieg Amount of Salmon Cluster®  Percentage of Number of positive
DNA/HRM analysis (ngj  Sperm® confidence (%§  detection$
Control
"NTC water ~~ wateronly  waterony o0 7 No 1 77N
NTC salmon Salmon sperm Salmon sperm 10 Yes N/A /
sperm only only
Positive control Pure culture A. creber 25 No 3 95.74 +7.07 4/4
Positive control Pure culture A. creber 25 Yes 3 97.32 +3.90 4/4
Positive control ~ Pure culture A. sydowii 25 No 2 97.91 £ 3.26 4/4
Positive control ~ Pure culture A. sydowii 25 Yes 2 98.89 £ 0.97 4/4
Positive control Pure culture A. versicolor 25 No 1 99.16 + 0.49 4/4
Positive control Pure culture A. versicolor 25 Yes 1 97.99 + 2.38 4/4
) _Sr_)iIZe_d_eﬁJir_or_wrﬁe_nEa_l §a_m_pl_e_s ___________________________________________________________________
"Sample3 ~ Spike  A.creber 25 """ ""No 3 99.08+1.14 88
Sample 3 Spike A. creber 25 Yes 3 98.52 +1.41 8/8
Sample 3 Spike A. creber LOD © No 3 97.97 + 1.57 5/8%
Sample 3 Spike A. creber LOD© Yes 3 98.22 +1.57 7/8
Sample 3 Spike A. sydowii 25 No 2 96.43 £ 2.29 7/8°
Sample 3 Spike A. sydowii 25 Yes 2 98.47+1.51 8/8
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Table Al:Continued

Sample Sample type Specieg Amount of Salmon Cluster”  Percentage of Number of positive
DNA/HRM analysis (ngj  Spern confidence (%J  detections
Spiked environmental samples
"Sample3~ Spike  A.sydowii L Lob® T No 2~ 9865+0.99  6/8

Sample 3 Spike A. sydowii LOD© Yes 2 99.07 £ 0.18 7/8

Sample 3 Spike A. versicolor 25 No 1 98.25+1.12 7/8

Sample 3 Spike A. versicolor 25 Yes 1 98.38 + 0.85 8/8

Sample 3 Spike A. versicolor LOD© No 1 97.70 £ 1.56 5/8¢

Sample 3 Spike A. versicolor LOD© Yes 1 98.98 + 0.93 8/8

4 Determined with classical methods i.e. plate caland microscopic analysis (determination and toghin Libert et al. 2015.
® Amount of DNA extracted from air samples of 1.5 BINA amount determined with a Nanodf000; 5 pl of extracted DNA (5ng/pl) were used 20ay! -

HRM analysis.
¢ Salmon sperm (salmon sperm) DNA carrier addech@)0

d Cluster and % of confidence + standard deviat®b)(defined with the Biorad Precision Melt Analysisftware 1.2 (Temse, Belgium) .

°A sample is defined as positive for a specific sg®df an amplicon is obtained, if the observgdcbrresponds to the Tm defined by Libert et al1&0forA.
versicolor(i.e., 76.5 £0.18 °C) and if the sample is clasdiin the same cluster as the cluster defineitaespective positive control with a confidenc85%.
'LOD defined as limit of detection i.e. 0.1 pg forversicolor and 0.5 pg f@k. creberandA. sydowii
% At least one repetition is considered as negatixeto a confidence below the 95 % threshold.
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Figure Al: Alignment of th® Versicolorespecies and th&versi_ITSprimers
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This alignement was made using with the consensgaesices of all publicly available ITS sequence¥efsicoloresspecies (i.e.Aspergillus amoenus
Aspergillus austroafricanysAspergillus creber Aspergillus cvjetkovicii Aspergillus fructus Aspergillus jenseniji Aspergillus protuberys Aspergillus
puulaauensisAspergillus subversicolpAspergillus sydowijiAspergillus tabacinusAspergillus tennesseenshspergillus versicoloandAspergillus venenatjis
and the Aversi_ITS primers (Aversi_ITS_fand Avel$iS_r).

Consensus (last lign of the alignment correspoodsdonsensus sequence defined by the softwarecdrservation level among each sequence (0 to 160 %
conservation) is reprensented in the pink rectangi¢he bottom of the figure.

The alignment was made and visualized with the Cldgquence viewer B.V,

Benelux, KJ Venlthhe Netherlands).

7 (Qiagen
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Table A2: Melting temperature obtained for the ggeérom theVersicoloreggroup

Species Tm (°C)
A. amoenus 76.3
A. cvjetkovicii 76.8
A. fructus 76.4
A. jensenii 76.7

A. protuberus 76

A.puulaauensis  76.4
A. subversicolor 76.9
A. tabacinus 77.1
A. tennesseensis 76.1
A. venenatus 76.3
A. sydowii 76.6
A. creber 76.2
A. versicolor 76.5

Melting temperature calcultated with OligoAnalyx£3.1 software
(IDT,https://eu.idtdna.com/calc/analyzer).
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Table B1: Full data obtained during the classicdture-based and the bio-informatics approaches

House Sample Room Classical analysis NGS
ID
Metagenomics analysis
ITSone DB Unite DB?
Taxa CFU/plate Total # Taxa Reads in Abundance/ Taxa Readsin  Abundance/
of reads OTUs OTUs OTUs OTUs
1 CR1-1 kitchen P. chrysogenum 8 29,666 P. chrysogenum 22,359 3,500 P. chrysogenum 25,187 25,120
Uncultured fungi 18,859 A. puulaauensis 67
CR1-2 bathroom Cladosporiunsp. 8 19,753 C. cladosporioides 16,543 5,020 C. 17,550 7,274
cladosporioides
P. chrysogenum 1 P. chrysogenum 11,523 P. chrysogenum 10,274
5
C. halotolerans 2
CR1-3 bedroom Cladosporiunsp. 3 13,124 C. cladosporioides 10,976 2,183 C. 11,469 1,195
cladosporioides
P. chrysogenum 4 P. chrysogenum 8,793 P. chrysogenum 10,274
2 CR2-1 bedroom A. versicolor 5 6,352 A. versicolor 5,843 4,690 A. versicolor 4,903 2,897
Cladosporiunsp. 3 C. herbarum 1,153 C. herbarum 2,006
CR2-2 bathroom A. versicolor 1 6,526 A. versicolor 4,956 3,978 A. versicolor 4,809 3,100
3
Cladosporiunsp. 9 C. herbarum 978 C. herbarum 1,709
CR2-3 linving room A. alternata 1 5,163 A. alternata 4,158 1,071 A. alternaria 4,823 986
A. nidulans 2 A. nidulans 1,180 A. nidulans 753
A. versicolor 6 A. versicolor 1,029 A. versicolor 2,039
Cladosporiunsp. 1 C. herbarum 878 C. herbarum 1,014
Alternariasp. 31
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Table B1:Continued

House Sample ID Room Classical analysis NGS
Metagenomics
analysis
ITSone DB Unite DB
Taxa CFU/plate Total Taxa Reads Abundance/ Taxas Reads in Abundance/
number in OTUs OTUs OTUs
of reads OTUs
3 CR3-1 bedroom A. nidulans 28,847 A. nidulans 21,175 3,978 A. nidulans 22,662 9,618
A. versicolor 3 A. versicolor 10,584 A. versicolor 10,857
Infertile mycelium 1 Aspergillussp. 1,307 Aspergillussp. 1,987
Uncultured fungi 5,306 E. undulata 181
E. olivicola 19
CR3-2 bathroom A. nidulans 15,193 A. nidulans 13,848 700 A. nidulans 14,514 5,365
A. versicolor 9 A. versicolor 3,300 A. versicolor 5,526
P. chrysogenum 11 P. chrysogenum 9,848 P. chrysogenum 3509
E. undulata 87
E. olivicola 27
CR3-3 living-room A. nidulans 28,338 A. nidulans 18,417 2,800 A. nidulans 22,702 63
A. versicolor 4 A. versicolor 13,817 A. versicolor 20,503
Aspergillussp. 1,800 A. puulaauensis 2,136
4 CR4-T bathroom A. niger 5 16,337 A. niger 16,084 1,064 A. niger 15,421 3,107
Cladosporiunsp. 12 C. herbarum 2,019 C. herbarum 3,093
P. chrysogenum 15 P. chrysogenum 9,978 P. chrysogenum 8,211
Uncultured species 2,932 A. nidulans 76
A. nidulans 91 Aspergillussp. 934
CR4-2 bfdroom/kitche A. alternata 5 9,328 A. alternata 6186 978 A. alternata 9,009 1,931
) A. niger 1 A. niger 780 A. niger 2,625
Cladosporiunsp. C. herbarum 1,012 C. herbarum 980
P. chrysogenum 7 C. cladosporioides 1,003 C. cladosporioides 963
P. chrysogenum 2,316 P. chrysogenum 2,430
Alternaria sp. 97 Aspergillussp. 80
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Table B1:Continued

House Sample ID Room Classical analysis NGS
Metagenomics
analysis
ITSoné®! Unite DB?
Taxa CFU/plate Total Taxa Reads Abundance/ Taxa Reads in Abundan
number in OTUs OTUs ce/
of reads OTUs OTUs
CR5-1 A. versicolor 13 12,324 A. versicolor 7,728 2,339 A. versicolor 11,182 1,378
Cladosporiunsp. 8 C. herbarum 486 C. herbarum 189
P. chrysogenum 14 P. chrysogenum 8,590 P. chrysogenum 10,190
Undetermined yeast 2
CR5-2 Bedroom P. chrysogenum 7 27,066 P. chrysogenum 24,153 19,782 P. chrysogenum 26,809 21,578
Infertile mycelium 1 C. herbarum 2,634 C. herbarum 5,231
Uncultured species 1,737
CR5-3 kitchen A. alternata 2 19,753 Alternariasp. 19,174 12,661 Alternaria sp. 18,708 13,552
Infertile mycelium 1 C. herbarum 5,282 C. herbarum 5,140
Uncultured species 1,231 A. monodii 16
6 CR6-1 Laundry room  A.versicolor 4 24,937 A. versicolor 23,495 5,937 A. versicolor 22,305 6,229
P. chrysogenum 7 P. chrysogenum 15,012 P. chrysogenum 16,076
Aspergillussp. 2,546
CR6-2 bathroom A. versicolor 11 18,153 A. versicolor 17,516 8,364 A. versicolor 15,968 10,003
P. chrysogenum 15 P. chrysogenum 9,152 P. chrysogenum 5,965
CR6-3 bfdroom/kitche A. alternata 2 20,333 Alternariasp. 19,626 11,800 A. alternata 18,922 10,703
) A. versicolor 3 A. versicolor 7,826 A. versicolor 8,219
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Table B1:Continued

House Sample ID Room Classical analysis NGS
Metagenomics analysis
ITSone DB Unite DB’

Taxa CFU/plate Total Taxa Reads  Abundance/ Taxa Reads in  Abundance/
number in OTUs OTUs OTUs
of reads OTUs

7 CR7-1 Bedroom A. alternata 13,673 A alternata 9,325 2,805 A alternata 12,665 6,169

A. versicolor 5 A. versicolor 978 A. versicolor 1,789

A. niger 1,312 A. niger 4,014
uncultured species 4,230 A. puulaauensis 521
E. undulata 74
E. olivicola 98
CR7-2 bathroom A. nidulans 4 9,335 A. nidulans 8,459 2,756 A. nidulans 9,029 2,978
A. versicolor A. versicolor 1,868 A. versicolor 1,736
P. chrysogenum 12 P. chrysogenum 3,050 P. chrysogenum 3,703
uncultured species 785 A. fumigatus 612
CR7-3 kitcflenlliving A. alternata 1 11,024 A. alternata 11,008 2,690 A alternata 10,165 3,589
oo A. niger A. niger 800 A. niger 1,002
A. versicolor A. versicolor 4,060 A. versicolor 2,061
P. chrysogenum P. chrysogenum 3,058 A. puulaauensis 24
Aspergillus sp. 400 P. chrysogenum 3,152
A. fumigatus 308
E. undulata 12
E. olivicola 17
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Table B1:Continued

House Sample ID Room Classical analysis NGS
Metagenomics analysis
ITSone DB' Unite DB’

Taxa CFU/plate Total Taxa Reads  Abundance/ Taxa Reads in Abundance/
number in OTUs OTUs OTUs
of reads OTUs

8 CR8-1 bedroom A. alternata 2 7,338 A. alternata 6,039 1,233 A. alternata 6,965 1,998

A. versicolor 3 A. versicolor 3,684 A. versicolor 3,013

Cladosporium sp. 1 C. cladosporioides 1,022 C. cladosporioides 1,589

Uncultured species 200 Aspergillussp. 365
8 CR8-2 bathroom A. alternata 4 15,373 A. alternata 14,975 4,798 A. alternata 14,439 4,468
A. versicolor 8 A. versicolor 5,204 A. versicolor 7,274
Cladosporium sp. 7 C. cladosporioides 1,972 C. cladosporioides 2,697
Uncultured species 3,001
8 CR8-3 Kitchen A. alternata 1 8,126 Alternariasp. 6,426 780 A. alternata 7728 1,201
A. versicolor 1 A. versicolor 2,919 Alternariasp. 389
Uncultured species 2,727 A. versicolor 4,741
C. cladosporioides 1,397
9 CR9-1 Kitchen Cladosporium sp. 1 5,323 C. herbarum 5,040 5,040 C. cladosporioides 4,131 846
P. chrysogenum 5 C. herbarum 3,285
CR9-2 bathroom Cladosporium sp. 6 10,114 C. herbarum 9,187 2,800 C. cladosporioides 10,085 1,201
P. chrysogenum 14 P. chrysogenum 4,381 P. chrysogenum 5,710
A. alternata 2,006 A. alternata 3,174
CR9-3 bedroom Cladosporium sp. 1 6,005 C. herbarum 5,702 1,052 C. cladosporioides 4272 1,300
P. chrysogenum 8 P. chrysogenum 2,978 P. chrysogenum 3,874
A. alternata 1,672 A. alternata 2,972
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Table B1:Continued

House Sample ID Room Classical analysis NGS
Metagenomics analysis
ITSone DB' Unite DB’

Taxa CFU/plate Total Taxa Reads  Abundance/ Taxa Reads in Abundance/
number in OTUs OTUs OTUs
of reads OTUs

10 CR10-1 bedroom A. versicolor 4 17,632 A. versicolor 15,021 3,956 A. versicolor 16,034 3,798

Cladosporium sp. 1 C. herbarum 987 C. herbarum 1,063

P. chrysogenum 7 P. chrysogenum 10,078 P. chrysogenum 11,173

CR10-2 bathroom A. versicolor 1 23,829 A. versicolor 20,033 2,601 A. versicolor 22580 2,169
Cladosporium sp. 1 Alternaria sp. 4,067 Alternaria sp. 4,697
P. chrysogenum 15 C. herbarum 1,973 C. herbarum 3,173
P. chrysogenum 10,414 P. chrysogenum 12,541
Uncultured sp. 978
CR10-3 kitcrlenlliving A. alternata 1 28,487 Alternaria sp. 25,181 5,149 Alternariasp. 25345 4,523
room A. versicolor 4 A. versicolor 4,978 A. versicolor 3,694
P. chrysogenum 14,854 P. chrysogenum 17,128
uncultured sp. 200

'Fosso et al. 2013
2Abarenkov et al. 2010

3Flat of 2 rooms i.e. a bathroom and a room contaitine kitchen and bedroom.

*No separation between the rooms. Open space coedids one room.
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Figure B1 General phylogenetic tree obtained duthegclustering analysis of all air samples
using the ITSone database as reference

The phylogenetic tree of all OTUs is a Neighbonijog tree constructed with a Jukes Cantor
nucleotides model and generated with MUSCLE acogrtth the CLC bio recommendations. All
the parameters used during these analyses wererdmsmmended by the software manufacturer.
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Figure B2 General phylogenetic tree obtained duthegclustering analysis of all air samples
using the UNITE database as reference

The phylogenetic tree of all OTUs is a Neighbonijog tree constructed with a Jukes Cantor
nucleotides model and generated with MUSCLE acogrtth the CLC bio recommendations. All
the parameters used during these analyses wererdtmsmmended by the software manufacturer.
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