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DEFINITIONS ET LIDHES ABREVIATIONS

Al Aspergilloserivasive

ATOPIE Aptitude a présenter, isolées ou associées, un certain nombre de manifestations cliniques
«immeédiates» (rhinite allergique, asthme bronchique, urticaireczémaconstitutionnel, allergies
alimentaires)et biologique (augmentation des IgE totales ou spécifiques), puS 8§ [ oo EP v -«
banals, inoffensifs pour les sujets normaux.

Cq: Cycle seuil, nombre de cycles nécessaires pour détecter la fluorescence@htiG®@ [puv Vv 0C-e
par QPCR.Il 3 JVA Ee+ u v % E}%}ES]}vv 0 O <u vSs]s [ E % &
o[ Z vs§]oo}v

EBRAELFE Environnement miciologique et Risque Allergigseus cohorte nichée de la cohorte
o[ Sp &E v ] >}vBRJEe Joof v( Vv

EDC Electrostatic Dust Collectbr %S WE o0 SE}*S S]«u %o}lpuee] E X ]*%}e]S
lingette électrostatique permettant le recueil de la poussiére

EPA US EnvironmentalrBtection Agency, agence ameéricaine pour la protgeti o[ nANE®t
et de la santé publiqudhttp://www.epa.org)

ERMI: Environmental Relative Moldiness Indesorrespond a un scorealculé a partir de la
guantification en QPCR de 36 moisissur28 feconnues comme indicatrice de logements moisis et

il Juupv e o[ VA]®}wy BDVE%IUEE 15 % Eu 33E [ A op & <] pv o}
% }UE pv v( v$§ A 0} % % E o[ *3Zu }u v}ivX

LPS Lipopolysaccharidescomposant essentiel de la membrane des bacgrieP®E& u v P S](X [ *$§
une endotxine pyrogéne.

MALDITOF instrument/spectrométre de masseouplant ungsource d'ionisation laser assistée par
[une_matricé (MALDI,Matrix-Assisted Laser Desorption/lonisaicet unfanalyseur & temps de Vol
(TOFtime-of-flight mass spectrometjyLe laser frappe la souche a identifier, associée a une matrice
spécifique, les protéines libérées sont ensuite identifiées ewtfon de leur masse et leur charge et

le spectre obtenu comparé a une base de données pour fournir une identification en quelques
minutes.

QPCR quantitative polymerase chain reactipou PCR en temps réalst une méthode permettant

o[ u%o](] S]}v A%}v vS] oo i E]ve [Muv ¢« Puvs [ EU p }uE-
% Eu 33 v38 08 Ev §]A u vs o v SUE 3]}v ol EU o[ZC E] 3&]}v
o[ %o Spu] U § o] olevéhzghpW %o [[@BEmérase Les produits d'amplification,

peuvent étre détect68 p (HE § u st quep) v psSlo]e vS o[ pPu vs §]}v
of u]ee]}v  (op}E +« v % E} p]s p . JuEs o[ u%o](] S]}v



Résumé

Objectifs

>} i 8]( 0 SZ o o3 E 5 E]* E % E W Z <y v3]8 3]A v S u%e+ E 0 ~YW Ze«
Jve]l <p o[ 4 %d}eS|Brganismes allergisants dariens et animaux de compagnie). Cette caractérisation des

logements a pour butle mieux comprendre les interactions entre les différents migi@ P v]eu -« o[ VA]JE}vv u vs§

intérieur et leurs relations aux maladies allergiquesv s o E [pwdegrapdecohorte.

>[} i 8]1( ¢« }v l|a@&ise e placee nouvellesYW Z ve [ pSE  ]JE& }veS v « o PH$4flEde ~]v( S]}ve
ul pE €E S E]* & o[]Ju% S =+ u] E}}IEP v]eu - o[ VAJE}vv u viX

>[ &u -EEFE

>[ S|ELFEncluant i6 iid v( vSe 3 0 % @& u] E }Z}ES (E v ]+ <p] *[]vs @Eeda p A 0}%
naissance a leur majorité dans une approche maiiciplinaire.Une étude nichée EBRA (Environnement microBiologique
et Risque Allergiquedst centrée suro[ Sp u] &} J}o}Phpdues] E ¢ ve o s Z u E « [ v( VS

Leu} [ Z v§]oo{pavcapteur éectrostatique a poussiere, EDC¥ [ v o @RCRYnt été validés et optimisés
pour garantir o [ %S ]0]8 pet le Gudlné e quatifications. Un panel de 10 cibles (moisissures, acariens,
bactéries) sélectionnées pour leur caractére allergisant, toxique, infectieux ou potentiellement protectéuvivisies
maladies allergjues a été initialement utilisé.

Ainsi lors de la premié collectead la naissance des enfants en 2013217 CEP ont été quantifiés par QPCEs
concentrations de six moisissureéspergillus fumigatus, Aspergillus versicolor, Alternaria alternata, Cladosporium
sphaerospermum, Penicillium chrysogenustachybotrys chartarum)tirois groupes de bactériesEfiterobacteriaceae
Mycobacteriaet Streptomycesgt un acarien Dermatophagoides pteronissynus) o[ VA]JE}vv u v8 Juu ] 8§ W VIMA u
né ont été obtenues. ¢ }vv ¢ }vS % Eule [] vsdé]JogEmehiE difidenis)avec un gradient géographique

EK E }HAE v3 0 J*3E] us]}v » «]((o u vse o[ *$Zu v &E v X

Un deuxiéeme panel de 10 ciblesét choisi et documentéll inclut entre autres des cibles« chien» et «chat» pour
proposer un test complet comprenantles allergénesprincipaux des logementd.a collaboration avete groupe ELFE
IvSIv S pv %o EL}i S %o} E pv MAE] u U% Pv [ Z vS8]oo}vv P i vee us VvV %0

>[usS]o]e §]}v 0 YW Z %}uE (& oSs&EibgqueE [ USE * «]Spu 3]

La QPCR est un oudi# quantificationstandardiséet reproductibleet ses applications sont multiples. Au cours de ce travail
de thése, elle a été utilisée pour caractérisef uSE e« ]S pu $]}vquantiEdr layprésence dd@hermoactinomyces
vulgaris dans les aérads des stations de compostagesgétecter la présence [ % EPJ]oopes dans]&esSp-
environnements pouvant recevoir des patients immunodéprimés $3S E v Al v 0 % E -“Aspergillus E [
fumigatusou de mucorales dans le sérum de patients immunodéprimés

Conclusion

Les outils développés et les résultats obtenus pendant la these représentent une avancée pour une meilleure connaissance
du monde microbien qui nous entoure ebntribueront amieux comprence les mécanismes de développement des

maladies allergiques

Mots clés: PCR quantitative en temps réel, flore intérieure, momdierobien, profil de logemenicohorte, asthme et
uo ] oo EPl<p U A 0}%% u v$ o[ v( v8X
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. INTRODUCTION BESOIN DE MESURER>[/Es/~/ > U
>[ ES/ZKEE D ENDIVIBY

1. Caractériserl[ VA]E}vv u v$§
1.1.Impact des micreorganismes

Depus la crise pétroliere de 1973, lgsys industrialisés se sont tournés vers une politique

[ }viu]l] Vv[EP] X hv %Z viu v [ (E}]e--auseis ddZlpgeindrdts, favorable
au développement des microrganismes, a ainsi été observé suite a la réduction des températures

Ve 0 ¢« Z ]85 8¢ & HAE % E} o u o []e}amél]aitrise. EnArarkepetdans

[ HSE -« bichea», différentes études montrent que 20 & 50% des logements présenteraient

* %0 E} o0 u « [2udekcogmaminations aux moisissuréBoutinForzano et al. 2006, Host et
al. 2010) De par lapetite taille de leurs sporesles moisissuregpeuvent atteindre les voies
respiratoires et étre responsables de maladies infectieuses, allergiques ou toXiguba and
Ghannoum 2003)

a. Allergique

>[ oo EP] & %opive ]Jv(o uu S}]E o[ £%}*]S]}v MV }H %oOpe] HEe* P
extérieur (pollens,moisissurey ou intérieur (acariens, moisissures) qui entrainent une réponse
immunitaire exagérée (notamment en Immunoglobulines gay rapport aux agentsen cause
(Denning et al. 2014)>[ oo CEP] * u Vv]( *S % E ](( & udsqu€ladhigifylas oJv]<u
}vilv 8]A18 }p Vv }JE of *8Zu X > }.8 o[ *3Zu § «3]u i ujc
Europe en 2005 (European Environmemgency) incluant des milliers de décés et des jours

[ = v8 Jeu « }0 ]JE S %o E}(vee vy oXZw &UEE ]S }v EvVv oUS6 9 o]
v TiioU « o}v of[]veS]Sus E Z & 4 en&conomjede lassahilg, avec une
prévalence cumulée approchant 1qQ®@elmas et al. 2009) p V]A p u}v ] oU o[ <37 S o]
comme la28eme cause de "disabilisadjusted life years", ou DALYs, castire de nombrede perte

« VV e Al % & Ju]lvps]lv o[ *% &E v Al & [vv « A pe A
la maladig(Murray et al. 2012)

W &u] o ( S HE* Ju%eo]cu expositidgne Sattuelles plus longues dans
o[ VA]E}vntérieus ont été mises erause(Kaszniakocot et al. 2010)Vingt et un pourcent
dee ¢ [ ¢8Zu }vS § SSE] U * o ZA %WMupdir}andfridk 20pYY]ecpuE& -

Une récente métanalyse australienne a montré que ldsgenres demoisissuresrégulierement

retrouvées dans les logemenétaient impliqué dans les phénoménes allergiques. Malgré les modes



Echantillonnage § [ v 0C- B( (eskautesirs concluent queCladosporium, Alternaj
Aspergillus et Penicilliim sont présents a des concentrations supérieures chez les personnes
asthmatiques, § <p 0 PE % E Vv pHPu vs o @E]Je<p [ (Ebarpeket &l] }v o[
2015)

00 EP] . o[.v(vsSU sZu

>[ *3Zu  *3 0 uUO ] ZE}v]<y 0 %oo0pe sh@réviencsest Z[ ivA] @ Yy §i

en France(Saadeh et al. 2018} reste cependant une pathologie difficile eagnostiquer.

Avs i veU }v % Eo [ «$Zu toup épisqdEE dizspn€lque avec sibilants qui se
E % E} u]8 p u}]ve SE}]* (}]* A vs o[ P T veX % @& 1 veU of
maladie inflammatoire chronique des voies aérienn@ste inflammation provoque des symptémes
récidivants: sifflements, essoufflement, toux, particulierement la nuit et au petit matin, associés a
MV } SEW S]}v J((He « A}] + E]vv eX v }uE- E]s U o pe pos

de nonbreux rales ronflants bronchiques et des sibilants (rale sonore @archac 2007)

>[ «SZu S Uv % S$Z}o}P] ]Jv(o uu S}JE U o0 EP]J«u He % E %o
[ v§ vie (uJo] HE ~ 00 EPJcpu «lrerds, %] duueU SP%d]«qtes % | o[ v( v§

concerné) est primordiale dans le diagnostic. Les conditions de survenue des crises peuvent aussi

orienter sur les allergénemn cause. Les plus fréqguemment rencontrés sont les acariens, les phanéres

[ vl]u pA&E HeZpdliens, les blattes et les moisissures.

Bien quela relationdose/effetentre quantité inhalée et apparition des symptémes allergiques reste
mal connue, de nombreuses é@es rapportent le fait que desnfants vivant dans des logements
humides et contaminés par les moisissures présentent un risque accru de dévedespeathologies

respiratoires(Kasznigkocot et al. 2010)

% V V33U [ USE ¢ puS HE-* *}vE % ES]e dite « théori& Bygdi€Rister)v.A Ee ~
certains micreorganisu ° o[ vA]E}nkéniew Bourraientavoir des effets bénéfique®ans
les années 80, Btchan a été le premier a proposer cette théorie, en se basant sur une obseryvation
les phénomens allergiques liés aux polleretles dermatites atopiques somhoins fréquens chez
0+ Vv(vVv3e AJA v8e ve pv (E S3E] Uupos8]%0 U % E} o0 u v3-% E <]

organismes gue les enfants uniqué&trachan 1989)

Plusieurs études en Europe, dont certaines menée collaboration avede laboratoire Chrono
Environnemeni(Riedler et al. 2001, Sudre et al. 2009, Vacheyrou et al. 2011, von Mutius 8607)

montré que des enfants ayant grandi en c@ay des fermes, des animaux, du lait non pasteurisé et



e }]e*}ve ( Eu vS A 0}%% ] v3 u}]ve [ sSZallergiques que desjo]e 3]}v
V( vSe V[ C vS %0 « (E <p vS§ « VA]JE}vv u v§eX (Lymehgival. 2814) %ooue &
o[ E%}*]8]}v * v( v3e HE vS 0 % E ultaiBes bastéries d® lquBussigre
domestique a été évoquée comme ayant un réle protectewawss des sifflements respiratoires a 3
ans. S§§ S *S % ES] po] € u vs ]Jvs E <+ VS Ea dorée. Elle op o[ A&
% E]Ju o Adddrehts]aliergenesdomestiques a un instant donnéais également en
valeurs cumulatived.es auteursu}vSE v3 <u o[ A& %o }e] X dllergénes de blattes, souris
et acariens sur les premieres années de la vie est significativement associéadgomentation de
la sensibilisation, elle méme associgex sifflementsX >[ A% }*]S]}v uALE 00 EP v - Z
souris dans la premiére année de vimiguementpourrait avoir un role protecteur wiavis des

sifflements a 3 ans.

Les allergies alimen E * ¢}vSs E G u vS ¢ e ¢ ]Je}o °* [ *SZu S v = E}VS
niveau du travail. Toutefois, on commence a percevoir@le du microbioteintestinal sur le

A 0}% % u V3§ 3 C %ole dgvelopdE RI] v33% ope o EP ors l®mierpbiokeX |,
intestinal des enfants est probablement influencé par les maganismes rencontrésians
o[ VA]JE}vv u v |apdtipgenfancgKonya et al. 2014)

00 EP]. % EL( 22]lVV. 00 U %V UUL% SZ] ¢ [ZC% E= ve] ]cC
> %oV HU}% SZ] [ZC% Ee ve] ]0]S ~W,"e o5 puv % v talerffigueZ | u
lu% o £ o[]vZ o §]}v e *S VvV e+ VS|P v]<p e 0 %ope *}pA v3 }E
§ %E 0 0 uvsS « ve] Jo]e X o0 raniqye] ndBiS parfdis Anternift¢nte, de
concentrations élevées de microorganismes bactériens ou fongiques ou de substances aviaires. Ces
v ]S]}ve [ A %o} pbibrvéedle Plus souvent en milieu professionnegmme pour la
maladie du poumon de feriar par exemple, qui est la forme la plus courante des pneumopathies

[ZC% E+ (PRhin]2012)

Le micreorganisme initialement mis en cause dans la maladie du poumon de fermier est un
actinomyceétethermophile,Saccharopolyspora rectivirgulilicropolyspordaeni) (PEPYS et al. 1963)
Depuis, de nombreuses études ont complété la liste des rayanismes pouvant étre incrimés et
égalementcertainessituations, professionnelles ou non, aette exposition répétée a des ano-
organismes pouvait provoquer une PH% PHS domestique est au quatriemegrde fréquence
apres o « W,n [} @Vifdres, <celle liées aux jacuzziou spa etle poumon de fermierDe
nombreuses autres expositions sont décrites, notammaunk mycobactériesprésentes dans les

huiles de coupealans le domaine industrigMurat et al. 2012)aux moisissures intervenant dans les



§ %o ( &] 3]}v M o W ]ee}vU p/E u}]e]epE « 3 E] ve JvE EA v

(Thaon et al. 2006)La ou il y a prolifération de micarganisme, avec une aérosolisation liée a

o[ 8]A]8 & puv  AE%}*]13]}v & % & U Jo C Hv EJecp W,AX > e
survient § 0 ¢ P vSe Ju%o]«pu » ¢}vs v }E Mi}u Ee$tinéls.De @Gobvellesu vS e}

pratigues, comme le compostage, peuvent représenter despositions professionnelles

potentiellement a risquele par la prolifération de micrebrganismes.

b. Infectieux
Les infections superficielles sont les atteinfesgiquesles plus fréquentes dans le mondeed
mycoses cutanées touchenD& 25 % dda population générale a travers le mondélavlickova,
Czaika, and Friedrich 200&lles sont le plus souvent liées a une infection par des dermatophytes,
qui selon leur espéce, peant A}JE Juu E » EA}E]w[ZBpuo) WAIE}IVV u v$§
o[ VA]JE}vv u v8 Jv8 E] HEU %}3 v3] oo u vs E] Z v | E S]v -
majoritairement représentées par le gen@andida Ces infections sont généralemdrgnigneschez

o[Juupv} }u% S vsX

[ 1S @hampgnonsenvironnementax (Aspergillus particulierementAspergillus fungatus mais
égalementA. flavus CryptococcusparticulierementC. neoformanset également les levuredu

genre Candida sont de plusen plusimpliqués dans des infections invasives, gravissimes chez les

ulje

% S] vSe Juupv} % E]Ju X >[ e v E %o}ve JUuupv]Sche€E les o[]v( S

% S] vS§e VvV UWSE}%o V]<H *U SE ve%o vS ¢ [}EP v ¢ ¢}0] * }IH e}

200000 aspegilloses invasives par an, dont le taux de mortalité est d&5€ous traitement et de
1009 v o[ = vV S (HBySwn eva. 2012)

Les mucorales sont également capables de provoquer des infections invéhigesurs especes sont
impliguées, commeRhizopus, Lichtheimia corymbifera, Rhizomutes mucorales sont composées

de filaments larges, non septés, et si leur implication en pathologie est moins fréquente, elle est en
nette augmentation. En France, de 1996 a 2007, chez les patients atteints de pathologie
Z u S}o}P]J<pg ¢ u o]Pv eU o[]v ] vV e up }E WG % par an(Bitd? ¢t ak
2009)

MIJUE [ZH]U 0 ¢ % Ee}vv ¢ 8§ JvS ent plus la seuledpopisi@ion & gisque

[nfections opportunistes les thérapeutiques utilisées en oncologie, hématologie (dont les greffes

S Z

de moelle osseuse), dans le cadre des traitements- @atii S e PE ((« [}JEP v e+ ¢}0] -l

autant de situations altérant le systéeme immunitaire et pant laisser une place de pathogene a des



micro-organismes <olonisans iU ] v }Jv3@E€0 « Z | o[]uuglddnt ladrésence est

fréquente en milieu hospitalier mais également au domicile.

c. Toxique
Les champignons ont également un rdle toxique en pathologie humiaseproduitsintracellulaires
luu o «glu v ¢ }u o[ EP}eStr@aent dafs des spores cdléments mycéliens et les
produits extracellulaires tels que les mycotoxines owteaposés organiques volatils (COV), sécrétés

par les moisissures, ont un effet toxig(tuhn and Ghannoum 2003)

Stachybotrys chartarurast une moisissurédien connee pour sa production de mycotoxines (dont la
safratoxine et la Roridine E} serait impliqué dans dgshénoménesnflammatoires. De nombreuses

autres moisissures (domtspergilluset Penicillium sont capales de produire des mycotoxinédont

la gliotoxin = 8 0 % SHO]V *X + UC }3}&E]nflahREVEP[VEO0 %%BEE pA} < V3
niveau des voies respiratoiresrienter la réponse immunitaire vers un profil T3chitze et al.

2010)X KE o[ *SZu - E 35 &E]- tivke Ges poies A€%nnas @k une réponse

immunitaire orientée en profil Th2 en réponse a des allergénes respiratoires.

Les composants de la paroi des champigngm®Beta glucanecomposé majoritaire de la paroi des

celldes fongiquesles polysaccharidesctracellulaires u]e ve o[ vA]E panie eharipignon

lors de sa croissanget les endotoxines (composants de la paroi des bactéries) sont des composés

trée % @E  v3e ve o[ VAJ@EB}oy]u%ws s *pE 0 + vS Zuu (Nsch&E et®l. % E ]
2011)

d. Emergence de liens entre miaganismes et pathologies autres que
o[ oo EP]

>[Ju% & o[ VAJE}VV u v suE o0 * % 5Z}0}P] « 00 EP]Jcp e+ <5 0
stimulation du systéme immunitaire par les miargganismes pourrait également conduire a

[ UEE + % $Z}0}P] *X

Ainsi, Jedrychowski, en 2011, a montré pour lapfeE (}]* <u o[ A% }*]S]}v %}*S v § o U
aux moisissuregexposition évaluée par questionnaire répété tous les 3 naigjt un rble péjoratif
sur le développement cognitif des enfants a 6 s utilisant le WISC, mesure de QI par Wechlsler

Intelligence Scale for Childre@edrychowski et al. 2011)

Une étude allemande, menée sur 4860 enfants a mis eseéee une augmentation des difficultés

de comportements et de symptébmes émotionnels chez des enfants agés de 10 ans qui avaient été
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exposeés a des moisissures visibles dans leur environnement intérieur au cours de ces 10 années
(Casas et al. 2013jlifficultés probablementmédiées par une neurotoxicité et une activian des
A}l - o[]Jv(o.uu §]}v

La méme équipe a travaillé sur une cohorte espagnole de 482 enfdmms 424 ont bénéfié de
testspsychome S E < o[ P 0 VveX >[Zdahs]ié logam@stedu slansla chambre
o[ v (dans legddeuxpremieres années de vie est associée a une diminution des scores obtenus
aux tests psychométriques-D” U D &SZC ~ | « }( Z]Jo & v]- ]o]s§] ¢« § W
Preshool Social Competence Saaspectivemenf(Casas et al. 2013)La présence de chien et de
Z 33U ] o00 V[ *Se% une diférence derésultats aux tests, est associée a une

augmentation des endotoxines dans le logement.

/o Pouvsd § u}vSE Z 1 o[ pod yhanidité et E@ressiphs pang Geie

de réelles mesure vdient pu étre réalisée¢Shenassa et al. 2007)

Certaines expositions précoces a des facteurs environnementaux (comme le contact avec chien et
Z 3+ }vd & wu]e vo]lv A o A 0}%% uvs [MUSE » uo ]+ }uu

désordre immunitaire touchant la fonction pancréatig(Mértanen et al. 2014)

>[ vA]E}vveu lar Poussiereen particulier, sont des réservoirs de mictrganismes qui

modifient la composition en bactéepou microbiote) o[]vs *8]v (Kdnya(etwak 2014hes
connaissances concernant[ IS v o[Ju% § -organisheE}suE o[Z}uu S

% ES] po] €& u vs «u& o A 0 36it%n constante évlutionCét impact pourrait

ISE U }U% %oope o EP <y O Z U %o o[l oo EP]J] U § 0o v}lu &

organismes sont impliqués augmente.

De par le manquele mesures, de visibilité de cette flore qui nous entoure, le rdle de chacun reste

encore mal connu.

1.2.Micro-organismes une flore mal connue, caractéridi < [Uv
environnement
a. Moisissures
Les micromycétes, également appelés moisissuresnt des organises eucaryotes, sans
Z0o}E}% ZCoo U <u] o ¢ ]e-3drgBrisationv A B Hsgulg mejs en hyphe, ou
thalle, uni ou pluri cellulaire.hv ve u o [ZC % Z « myg@iumXo/o <[ P]S [}EP v]eu

immobiles, dont la paroi est richen sucre et en chitine qui conférea la membrane une certaine

10



E +]*S v X > v}u &Eet ld diversitésont considérable X

vE Jv e [ *% ¢ *}VvS§
découvertes chaque année.

/o <[ Pof§anigmes hétérotroprevisa-Ale p & }v U rporentvipds directement le
carbone minéral mais dépendent de matieres organiques préformées, présentes et produites par

[ USE « ISE + AJA vieX

> e u}]e]e*u&E ¢+ }vS pv PE v % 18 [ %S S]purpnégencq anSevSe ep ¢S
nombreux enironnements etleurs effets visibles pewent étre délétéres(destruction de matiére
organiques dégradation des habitatioflsou bénéfiques (industrie fromagére, production des
antibiotiques).> 8§ u% & SuE Faiogi fueulg fndlieu de cultur@ptimales de croissance
sontpropresa chaque espéce
Leurseffets invisibles, sur la modification de la flore intérieure, la contamination de personnes
susceptibles,o[]Jv(o uu S§]}v e A}] ¢ E *%]E S}JE ¢ 5 %ope ]J((] ]o u
évaller. Une récente étude menée en France, au cours de laquelle 150 logements ont bénéficié

[ Z Vddmage pir et de poussiéra montré que de especes commeCladosporiumet
Penicillium étaient présentes dans 9® « % E o A u vs3présgnjgrian®?2 et 80% des

prélevements de poussiéréPallongeville et al. 2015)

b. Bactéries

Les bactériessont des organismes unicellulaires se mulipli par scissiparité.On les sépare
classiquement en bactéries a gram positif (parmi lesquels on retrouve les actinomycetes, comme
Streptomycek et bactéries a gram négatif (parmi lesquelles toutes detrobactéries dont les
parois contiennent depopolysaccharidesou LPSqui est une endotoxine pyrogenegs répandue

ve o[ VA]JE}VV u v3e « 0}v 0 HE E <]+3 v -alcoolmue.Bigm ¢dBnuesien ] }
% SZ}0}P] ¢ Zpu ]Jv U 00 ¢ *}vS JUu%O]<h * Ve viu G pe ¢ Jv( S]tve
lister.

00 ¢ *}v38 P o UuUVS S3E * %E «v3 e vVve 0 (0}JE [P «38]A & E *%o]¢
humain contient environ 1&' bactéries, représentées au moins par 400 & 500 espéces différentes.
Ces bactéries commensales créent un environnement qui p&riné& ]S % E}S P E o[Z}uu
% SZ}P v e § E] ve 8 JVSE] u E o 3]A]S u § }ol«pu o[]vs

Z 1 o[ vpoudit étre influencée par la composition en bactéries daolussiéredomestique
cellela mémeétant Jv(opu v % E 0 %E Vv [ (KoBya et ali 2014 )Cétte
interaction erre bactéries environnementate microbiote, développement de maladiest de plus
en plus étudiéeAinsi, le microbiote respiratoire de 60 enfants a étédié par séquencage haut
débitX > <p]A] e Vv( VS % EuU]e ulvs® & «u[]Jo A]+S ]8 * %0 d
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certains étaient assoc® WV %oOpe* % S]S viu E [ %]} < ]v(BicsbrpefEetave o[ v( v
2014)

Au niveau des logementsed bactéries comme les moisissures, peuveatoitre sur différents
milieux, dont les matériaux de construction et peuvent, au cours de cette croissance produire des
métabolites toxiquesou inflammatoires. Si les bactéries ont toujours été présentes dans

o[l VAJE}vv u v3U 0 « VIUA pAE u § Et] q/AA}opuIMSEp &} vieur A]
fournissent de nouvelles niches écologiqu&elanous conduit a chercher a les identifier et les
guantifier (Nevalainen and Seuri 2008u vu de la grande diversité des bactéries exisamt des

1((] pos « [] vsS](] Sl}v ~o « § Zv]c<u « []priostgiggment fte misps@o « }vs
point pour les bactéries [JvS E!S u ] o*U o0 ¢ < E&evalupv Bur prédenge par leur
«charge», leur présence Igbale. lla ainsi été mis au point des QPCR ciblant les bactéries gram
positives et gram négativefKarkkainen et al. 2010 Cette évaluation générale deteutes les
bactériesi PE u v P §]A ¢ % pu !SE ule v }EE 0 3]}v A 0 % E v
logements (Adhikari et al. 2014)Cette méme étude, caractérisant les logements par QPCR
bactérienne et par 36 QPCR fongiques (ou index ERMI) a permis de montrer que les logements
fortement contaminés en moisissures avaient une concentration en bactéries gram négatives dans

o[ & - ué&a call¢ deSHogements moins contaminés.

Cette présence sinitanée des bactéries et des moisissyrdécrite également pour les bactéries du

type mycobactries (Torvinen et al. 2006)v[ S Y%nodine. CertainescOmme Streptomyces
californicus, Mycobaetium terraee ¢}vS }vvu ¢ %}uE o HE (( 8§ []v u §]}v o[]
leur effet cytotoxique sur les macrophages de la souris, effet plus riamuo que pour les
champignons(Hirvonen, Huttunen, and Roponen 2008)r par exempleStadybotrys chartarum

potentialis o[ (( § ]v(oeude Stigpdmyces californicuduttunen et al. 2004)>[ ve u o

des interactions possibles @[ Z oo [uv  VA]E }pas pu @& étfidié mais les micro

}EP v]eu ¢ JvS E P]Jee v§ § [ sifitevacti@seqt odn Seulement leur présence, qui

impacte notre santé.

c. Acariens
Les acariens sont des miefdE P v]eu « JvA]e«]no, appacg¢idnt la classe des arachnile
et & la sous classe des acariens. Il existe plusieillisrs [ *% ¢ ] vS8](] U }vs &S ]Jv « }
E€o0 % E °*]8 0[Z}uu Sardoptes gcabdr P vS$§ o Poe+e 8§ [ USCE -
contaminant de logements, on les appelle alors les acariens domestiques. Ces acariens domestiques

sont séparés en deux groupesles acariens de la poussiére, essentiellemesh Europe
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Dermatophagoides ptonyssinus Dermatophagoides farinaeet Euroglyphusnaynej alors que les
acariens di# «de stockages, sont plutbt retrouvés dans les alimentst sont essentiellement
représentés paAcarus sirpTyrophagus putrescentiaa Gycyphagus domesticus
Les feces des acariens de poussiéres sont connus pour é&es allergenes majeurs dans le

A 0}% % U V3 o[ *3Zu (CeleddnEeP Jalp 2007)Ces allergénes majeurs sont
régulierement quantifiées ve o ¢ Spu o }ZYES » %} ES g pres@nce estwesEP] S «
répandue(Dallongeville et al. 2015, Weiler et al. 2015)
Audela desonrble allergfue propre, ce micrmrganismede taille beaucoup plus élée que les
autres omposants de la flore domestiqueourrait interagir avec eux, soit en transportant et en
assurant la dissémination des spores dans le logepsaiten modifiant la composition en spores
% E o WE }veluu S]}v % & ( E vS] oo nverd@esla) présendd deecant@inesX o[]
moisissures, commespergillus penicilloidegnontré en culture) pourrait réduire la population

[ &E]J(Men Asselt 1999)

d. Blattes

Les blattesen général et particulierement la blatte germaniquen France et en Allemagrpetite

espé&e de cafard mesuraritO a 16 rm de longretrouvée en Europe pewent occuperdes endroits

chauds, sombres et humides des logemehtae étude menée a New York a montré quprksence

de blattes pouvaitindiquer un probléeme de moisissures dans le logem@rawford et al. 2015)

>[ £%}*]8]}v. pHE 085+ pPuvd o (E]ecpu ] (@afiin,vs  Z 1
Kanchongkittiphon, and Phipatanakul 2014) J¢ ipe <] MIi}HE [ZU] O % E Vv o §
étre évaluée que parqueS]}vv JE }H % E u *pE&E [ 00 EP v e ve 0 %}uce] E

€. USE Y ~%V pu} Ce3]eU AJEpue-
Qonsidéré i pue <« u[1988 comme un parasitePneumocystis cariniest un champignon a pait ne
% HUS % * o HOS]A E *pE& u]Jo] HE pep 0°U Jo V % E} H]S %o ucC
thérapeutiques habituellement utilis&econtre les champignan Ila comme point commun avec
Aspergillus fumigatupar exemple [!3E % E * v }ww w[vIB]Eve o[ JEU § v A
% SZ}P Vv % }UE oO[Z}uu <u ve pv }vs AES [Juupv}epu%o % & ¢*]}vU
patients atteints de VIH. Difficilement accessible par technique de culture, on commence a mieux
connaitrePneumocystislepuiso[ <} E o J}o}P] u}o po ]JE X /o gie u}vsE U
de nombreux enfants étaient en contact avec ce champignon dans la petite enfabéé feraient

une €ro }vA E-<]J}v A v§ o[ P 1 u}]eX >« i pv e v( v3voiketppuEE | v$§
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Pneumocystis(Vargas et al. 2001).a transmission se faitia les aérosols(Brown et al. 2012)
>[Ju%e S *puE o A 0} %o %s respigatoiresuvp %o ¢ p Sius 5§ Sp ] X Z u%o]
peut étre recherché dans o [ ([Boukri et al. 2010 outefois, ce pathogéne ne sera pas abordé dans
SE A ]o §Z - U EU *SEY SHE ](( & vs * MUSE ° u}]e]eepa
[ £SE S5]}v et choisbdans nos études environnementales ne perrtet % [ £SE | E
o[ E PneumocystisCelareste une question en suspens, un projet a mettre en place au vu des

données a venir.

Concernant les virus, ils font paintégrante du développementd o[ v( v3 § JvstdEklavyv
ule Vv %0 o[Juupv]s (Gern ebdl. @AW BJnt alors recherofs dans le tractus
respiratoire  + v( v8e 5 v}v ve o[ VA]JE}vv u v § v lUs@@ijtedle v %o ¢ V}

travail.

1.3.D 8Z} « [ Z v38]oo}vv P & E %E « v 5]A]3 o[ VA]«
En reprenant plusieurs études, B. Flannigan montre la difficulté du prélevement(llamigan
1997) La libération des spores provenant des tapis, murs et autres surfaces introduit une variabilité
importante dans la mesure des concentrations en spores de l'air. Elle dépend du type et du degré

d'activité des occupants.

Par exemple, la marche sur un tapis augmente de facon significative le nombre de spores fongiques

retrouvées dans l'air.

Les différences de taille, de structure et donc de vitesse de sédimentation des spores affectent
également la compason en moisissures que I'on peut retrouver dans l'air. Hunter et al. ont montré
gue les grandes sporesUlocladiumprovenant des murs sédimentent rapidement, et ne peuvent
donc étre retrouvées dans l'air que si le prélevement a lieu & courte distaneepaeturbation ayant

provogué la mise en suspensifidunter et al. 1988)

Cependanto *« % @E 0 A u v3e [ ]E *}v3 0 EP u VvS E % V Ue %}uE A ou G
fongiques dans les logements. Il existe plusieurs modes de prélevement de tids dioaérosols

(c'esta-dire les particules biologiques retrouvées dans l'air). Le choix du mode de préléevement doit

étre fait en fonction de l'intensité de contamination du milieu et de la technique d'analyse prévue. Le

temps d'échantillonnage et le mdbre de prélevements nécessaires pour permettre une
représentativité du milieu, doivent également étre discutés. Il n'existe pas de méthode unique

appropriée a toutes les étudé€Sergey et al. 2007)
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Les différentes méthodes couramment utilisées sont les suivantes :
La sédimentation

C'est une méthode de faible colt, qui expose de fagon passive un support nutritif & la chute naturelle
des spores sous l'effet de la gravitation. E]e<u ee] S]}v pu]lo]l p S o vV
L Alopu [ ]| Gorse@Eraméson abandan

L'impaction

La méthode d'impaction sépare les particules du flux d'air en utilisant leurs propriétés d'inertie. Les
particules sont impactées directement sur les milieux de culture. Elle ne permet donc pas la mise en
évidence des spores non vivantessdgores non adaptées au milieu de culture choisi, et le «stress»
provoqué par le prélevement peut rendre certaines spores non cultivabtds.v oCe+ u] &} ] vv
peut ensuite se faire par cultureet méme plus récemmerpar QPCRBellanger et al. 20108n

utilisant des milieux gélosés spécifiques.

La filtration

Les particules sont recueillies a travers un filtre, de nature varigimévinyle fibre de verre,
cellulose téflon), disposé dans un portre, associé a une pompe aspirante de faible déBit 5
L/min). Le filtre peut ensuite étre examiné au microscope, mis directement en culture ou étre rincé
avec un liquide stérilequi sera alors utilisé comme échantillon. Les inconvénients majeurs sont la
perte de viabilité, essentiellement par dessiccation, et I'efficaicitparfaite du ringage. De plus, la
dilution induit une sélection des espéces les plus présentes au détriment espéces moins

représentées dans I'échantillon.

Le biocollecteur en milieu liquide

Il s'agit d'une nouvelle génération d'échantillonneur d'air, basée sur la technologie cyclonique. Son
principe (}v 8]}vv u vSaspirgr a un fort débit I'air eles particules aéroportées. L'air est
vSE v Ve UV U}MA u vS S}uE Joo}vv v$ o[]Jvs E] WE [nv €v X

centrifugation des particules sur les parois du céne et la formation d'un vortex de liquide qui balaie
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ces parois. Cette tecloue permet donc la récupération des ka@rosols en milieu liquide. Le liquide
peut ensuite étre utilisé pour la culture ou l'analyse en biologie moléculaire. Grace a un débit d'air
élevé, cette technique permet une durée de prélevement moindre, et pduétee utilisée pour les

contrdles de la qualité de I'air de milieux faiblement contamif\és Thien et al. 2008)

Le capteur individuel de poussiéne CIP

C'est un appareil autonome destiné aux prélévements de poussiéres en vue d'en évaluer les teneurs
susceptibles d'étre inhalées par I'hnomme. L'échantillonnage de l'air est assuré nogatlan d'une

mousse dont les alvéoles engendrent un débit d'aspiration del&@in, similaire au débit
respiratoire de I'étre humain § pv (JoS& S]}v o[ ]E % & pv (JoSEesE}S §](
préléevements d'air sont réalisés sur des temgstcourts (de 10 minutes ahkure le plus souvent,

igecp— Zu]8 Z UWE o 5 % MA VS Iv VvV %o ¢ ISE E %E * v3 3](
permettre une évaluation de la contamination d'un logement, plusieurs prélévements répétés sont
souhaitables De plus, ces prélevements d'air soumettent les organismes a un stress pouvant

conduire a une diminution de viabilité.

Autre appareil individuel capable de capter la fraction inhalichdntillonneudOM, est utilisé dans
le monde entierLes particule *¢}vE ¢%]E ¢ ve 0 J*%}*]3]( SE A E- pv }E](]
iA uu e}ue pv 15 [ «%d]@kr minue. Leicapteur contient une cassette en plastique

avec un filtre de 25 mm.

Préléevements de surface

[ USE « SC % - %o SBntautifsés, ednme les prélévements de surface (effectués a l'aide
d'adhésifs, d'écouvillons, de boitesontact»), mais ils ne prennent pas en compte la facilité du
champignon a se remettre en suspensidis ne sont donc pas révélateurs des quagditde spores

inhaléeset dépendent de la zone échantillonn@dcGinnis 2007)

Prélévementsle poussiéres

Les préléevements de poussiéres sont également couramment utfliggrsell et al. 2008, Chew et al.
2003, Meyer et al. 2005, Pitkaranta et al. 2008)s poussiéres peuvent étre colkes a l'aide d'un

aspirateur puissant. L'aspiration est standardisée en temps et en surface. Cependant, ils ne
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permettent pas [ A o [lex@osition au long terme, dans la mesure ol la poussiére déposée au sol
est nettoyée, plus ou moins fréquemment, paslhabitants. De plus, ils ne représentent pas la
fraction de moisissures « respirées » car la composéimmoisissuresle la poussiere déposée peut

étre tres différente de celle de I'afFlannigan 1997)

Plus récemment, certains auteurs ont utilisé des dispositifs pour recueillir de la poussiére igeeman

passive dans les logements

Capteur Electrostatiqude Poussieres DG« Electrostatidust Collectos

Wirtz et al. utilisent un dispositif constitué d'un support couvert d'une feuille d'aluminium et
protégé par une grille. Laissé en place durant 140 jours, il permet de recueillir la poussiére, qui peut
alors étre pesée et exploitée powr mesure des moaisissures cultivabled'davironnement et les (L

3)- t-D-glucanes (constituant des spores fongiques). L'étude montre que si le dispositif n'est pas
adapté a l'estimation de la concentration en glucanes, il peut étre utilisé pour I'évailuddola

concentration en spores fongiques cultivab{@g¢urtz et al. 2005)

Thorneet al. ont testé l'utilisation de lingettes pour la mesure des endotoxiresprbposent un
essuyage actif par les participardes surfaces a l'aide de lingettes commerciales et d'un protocole
établi (Thorne et al. 2005)Ce mode de recueil a pour but de simplifier le prélevement, et donc de
diminuer les codts, facilitant ainsi les études de cohortes. L'étudemigsissures ou des particules

viables n'a pas été réalisée.

Enfin, en 2008, Noss et al. mettent au point un collecteur électrostatique de poussiére de faible codt,
recueillant de facon standardisée la poussiére tombante. Le dispositif est constitué dee quat
lingettes, d'une surface totale de 42 par 29,6 cm, disposées dans une pochette en polypropyléne. Il
est laissé en place durant 14 jours et peut étre retourné par la poste au laboratoire. Les
prélevements ont été réalisés sur deux périodes différentelegtrésultats ont montré une bonne
corrélation sur ces deux périodes. Cela tend a prouver la possibilité d'une évaluation de I'exposition
chronique par ce systeme. L'étude conclut a la possible alternative (ou a un complément) aux
échantillonnages de posire par aspiration pour I'étude des endotoxines. Il n'a pas été étudié pour

les moisissures ou les particules viables.

Ces différentesechniques Echantillonnageont pu étre mmparées Filtration, impaction en milieu

liquide, EDC, collecteur, et poussss aspirées ont été comparés pour une analyse par culture. Il en
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E ¢+}JES <p 0 }EE o0 3]}v VEE %E o Auvs []JE 3§ § JEE 3
pu étre démontrée pour les bactéries et les endotoxiffemnkel et al. 2012)ne récente revue de la
0] E SHE <*p&E o0 u} ¢« [ Z vS]oo}vv P § [ v oCe o (o}CE

montre la difficulté Jju% E E o0 ¢ E *p0S Se ]Jeepe [ Z vS]Joo}vv P ~ S5 [
E % % 00 <u o Z}AE %o V ¢MéhgaBt & aP P014) o[ S

14.D 82} « [ v etguans](] S]}v o[l VA]JE}vv u vs

Culture

> posSucE S us]o]e % }HE o[ v 0C-~ e U}]e]e*u@& U ulJe P o uvs
des actinomycetes. Elle permet udétermination sans prioride la contamination du logement en
micro-organismesmais les compétitions entre espéces peuvent conduire a des résultats qui ne
reflétent pas la composition réelle en mieooganismes du logement. De plus, la cultneemet en
évidence que legélémentsviables et cultivables. Or, les spores mortes maiseégant les fragments
de filaments mycéliens peuvent provoquer des effets sur la s@@tEny 2004X %o0peU Jo V[ A£E]-
pas de milieu idéal pour toutes les especes. On sait par exemple queSpmitybotrys chartarum
méme ensemencée sur le milieu adéquat, une suspension de sporesndentration connue ne

Ivv E v Jo S e laguiantité attendugDillon et al. 1999)>[ A% ES]e u] E}e }%o]<
% }U@E& o] vS](] S]}v % usS pilpE& [Zu] 'SCE lu%o § a@ge @ pv ] V¢

spectrométrie de masse (ou Mattif).

PCR

Le concept de PCRalymerase chain reactipndécouvert en 1983 par Kary Mullis (prix Nobel de

chimie en 1993), esiv. u §Z} e+ ve] 0 8 *% ]J(]J<Mu %o Eu 55 v8 o[ u%o](] 8]

T E&]ve [Muv ¢« Puvs [ EU p }uEe [pv C O S U% E SPE % Eu
v SUE 38]}v ol EU o[ZC &E] S8]}v ¢ U}E =« *% O(lobwP SDHv%m E

une enzymeW o [polgmérase

Les produits d'amplification, lorsqu'ils sont en quantité suffisante, peuvent étre mis en évidence par

électrophorése. La présence et la taille des ampBgoeuvent ainsi étre testées.

Russell Higuchifub[uv ¢ % & u] &« ( ]J]E& o[ v oC- e Jv S]<u - o W Z
W~z p (MLE 8§ u suE <«<uf]Jo [ unepwmedsrd a chagdd acyelev de la
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(Op}E » Vv %o E} H]S p o }UCE *(Higud et%d.0]992) B4rIRCR quartttive en
temps réel ou QPCR.

En utilisant une sonde[ZC E}oCe U Z[ybooC(Jo S]1}v u ,(E$ond¢, specifique

de la partie a amplifier, est détachée de sa cible par lapbhgnéraseet libére ainsi sa fluorescence

Le cycle seuil, ou Cg+*S o v}iu & C 0 * [ u% el hécekdairec pdur que la
(Ou}E » v o] & % E 0 e}V *}]S u% E] HE u Euls (}v X
% E& * VS Ve o[ Z vS8]oo}v <3 ]u% }descyeks hécéssaipepaur délactdEle

signal g est faible. En rapportvs o < MAE } S viue % E pv P uu [ § o}
}v. vSCE §]}v v E }vvp U Jo *8 %}ec] O <h V8](] €& o] E % E + v§
Image 1. C}pCE [ S o}vv P U <imabe 2 CluE + [ u%o](] 8]}vU o <«
(}v S]}tv 0 <p v§]soncéntrBtion o[ Z v8]oo}lv <& & (Eulv o[]vs G
despoints de la gamme calibrée et connue avec la ligne de seuil

> W U Pv u ] ]Jv %}uE o WE]}St aghisva dispoitioA LEe Jistdeu v
systemes [ U}@E - § 9@ }sepécifigues pour la quantification de 74 moisissure
environnementales (voir Annexe 1, liste au 24 09 2015jen cache dansGoogle:

(http://www.epa.gov/nerlcwww/moldtech.htm%23prime)s
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Descibles spécifiques des moisissures, mais également des bactéries, acariens ont été dessinées
permettant la quantificationde plusieurs cibles et leur analyse éventuelle par scof@iu o[ ZD/
(Méheust et al. 2012, Reponen et 2011, Vesper et al. 2007)

Mesure des composants des microorganismadiergéenes, endotoxines, mycotoxines, glucanes

Les acariens sont les plugrands» u §S pEe+s [ oo EP v ¢ ve 0 ¢ 0}P u vs8eX ¢ o0
décrits par les trois premiéres lettresd P VE U 0 % E u] E o 3 Xffre (pao graréko S uv
de découverte). Les allergenes les plus fréquemment dosés dans les logements sont ceux de

Dermatophagoides ptenonyssinasD. farinae, respectivemenDer p 1 et Der f1.

Aprés les acarienggs blattes sont les allergenes lesipimportants de la poussiére de maisores.

allergénes majeurs dBlatella germanicaont Bla g1 et Bla g2.

>[ oo EP vV % E]v ]% o Hu Z SU viuu & 0 i *8 % E * vSEep€E 0 * %o}]¢
sudor] % E ¢ u ol[sehblecgde les chats & soient plus allergisants que les femelles ou les
chats castrégVerloet et al. 2003)Ces allergénes peuvent persister plusieurs moigspe départ

(1v]s]( o[ allprgémeprindipal du chien est nommé Can f1. Il est également présent

dans la poussiére de maison.

Les allergénes, protéines préalablement identifiées pour induire une réponse allergique, sont
mesurablesdans & poussiére par ELISA, Enzyimke ImmunoSorbent AssayDallongeville et al.
2015 X &S ]Jv e Sp e o[pu3]o]e VS %}uE A op HEO® trPgsHEppons que + 00 EF

la poussiére de maison, comme sur les jouf@¥s et al. 2014)

Une technique avec Luminex commercialisée par Indoor Biotechnologpnsisant a mélanger

ol Z vS8]oo}v %otpee] E A e Joo ¢ u E<u o %Boet@ées & depu%o}e ¢ (O
anticorps spécifiques des 9 antigenes domestiques propcsstségalement utilisééWeiler et al.

2015)X > ¢ ]o0 ¢ *}vS vVeu]S OH * %o E PV %o%o E ]O <U]%o [UV 0 « E
fluorescence liée 0O <Mu VvS]S [ v8]P v (]A& X §§ (op}E ¢ vV e veul]s

P uu o] & S]}v % Eu S5 vs§ <p v8](] & o[ v§]P v X

Les autres composants sont également classiquement dosés par Elisa avec des étapes de préparation
o[ Zllondui leur sont propreX hv & Aup 0 0]88 & SuCE ulvd8@E& «u of

composants sur le développement de maladadlergiques restait a préciser, malgré les études
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existantes. Cette difficulté & conclure est la encore en lien avec une gvd ]} v o[ £%}*]8]}v

tempe § ¢ o}v ¢ u} 0]8 ¢ <u]l v *}v38 Pu E }u% EHanrchpP@il) Spu o[ |

Séquencage et analyse métagénomique

Pitkaranta et al. ont utilisé le séquencgage large échelle sss-unités ribosomale o[ E %}uCE
caractériser la flore fongique de la poussiere intérieapésclonage lls ont ainsi pu mettre en

évidence des espéceg] C vS i u fetrodvées par les aus technigues, maisette technique

% US o— A E E U v]% po SJ}v 8§ []JvS % E& § S]}v o] S U o] U vs
de donnéegqPitkaranta et al. 2007)es auteurs concluaient alors gséguencage, culturet QPCR

étaient complémentaires et permettaient de mieux appréhender la flore globale

> u S P viu]cp *S UV %0% E} Z <u] % Eu S o[ vV oC- o] Ju%o}e]
microbiennes grace au séquencage hedéabit de régions conservées du génome mioden
(généralement, pour les micromycetes, les genes codant pour les régions « ITS » (Internal transcribed
spacer)Schoch et al. 2012)

>[]v& majeurest [ u%o0](] E 0 * P v -« o[ veu o e % o (}ViB]<p o %0 E
les espéces non cultivables:[ E % E}A vémeénts [fongiques non viables est cependant
également détectéCette technique permet une approche unique de la diversité présente dans le
logement. Toutefois, toutes les espéces ne sont pas déteetéec la méme faciliteyamamotcet al.

2014) S o[ v oC-~ U viu E déwdeohnéas reste une difficul@®annemiller, Reevest

al. 2014)X ~}v uSJo]e S]}v Ve e }Z}Y®ES ¢ [ v( vSe % Eul]e -[] vS8](] «
JEP v]eu o oo} ] o pv EJe<p Epu A 0}% % u v3Crypwmfoedidu U }uu
(Danneniller, Mendell, et al. 2014)

2. Etudierpv PE v v}iu E [ spow sqromréndre les impacticohortes)
>[ eS§Zu <8 pv pluriactprielleU o « § Zvéehantillohnagenvironnementakt celles
[ VOCe ¢ ¢}vS uPod]%osU S % E(}]s []vS H®Bxi@Ee 8nVidibesom] 1 ¥
indicateur reproductible capable de caraétiser les logements des patients asthmatiques et non
asthmatiques afin de mieux comprendre les facteurs influencant cette mal@etiendicateur doit
% Eu SSE [ e*pE E pv <pul]A] 3}ps p o}vP @& Tio W le }]1H[FA E
dynamgue. Cet indicateur pourrait avoir « A o p@Ee « ploe % 0 [ A op E o

développemente la maladie allergique.
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Des étueés de cohortes ont été menées dans plusieurs pay$%e v vSU % P [ Sp o }Z}E
e[]JvS (E e VS | JHUuUMO O £%}*]8]}v v E % E} p]e vS(Reponen 0Ce -

et al. 2011, Pongracic et al. 2020) > [ <] %o Z %}v v U}VSE <<pu o[ E%o}*]S]1}v %o
moisissures et non celle a 7 ans augmentait kexfit [ *SZu 0 Ve ule MUV U puE V][

été faite entre 1 et 7 ans, ni aug suivi de enfants aprés 7 ans

>[ Sp ovP]Su Jv o & E v ]+ nfanc%. |(BleFED [est la premiére cohorte francaise
pluridisciplinaire consacrée au suivi du dévelopgat des enfants elrrance métropolitaine, de la
V Jee v o[ P pos X >[ Spu >& 1 &E O * UUOS] %0 * % S 0
e o]V ¢} ] o0 U o «v3 & o[ VA]E}vv u v3U ierpdibne.] pA& Ju%
Des sujets aussi variés que les problemes de santé, le recours aux soins, les vaccinations, les
conditions sociales et économiques, les évolutions de la structure famitalepntextes éducatifs,
o[ oJu v8 8]}vU o ¢« /AE%}*]S]1}ve o b POAUERYY ZME HEC8Elcu o}vs [
H(Jo ¢ J(( E vS « S % E plo p YUE- u -ulA] o[ v( vs §
> }ve}ES]puu >& 8 pv '/N ~"E}Y% u vs [/vs E!S M ] vs](]«pn » & PE
v S]}vo [ SHu ¢ %UWGREe* ~/v U o[/ve§]SusS v §]}v o 0 ¢ VvS§ S 0
(Ins EusU o[ 8 0]ee uvsd (E vV Je H e VP ~ &"U O[/0{BYSESus A 0oV o Vv

statistiques e#tudes économiques (Insee).

La cohorte ELFE inclue 389 enfants francgais nés en 2011 : 1 bébé sur 50 nés en 2011 est donc un
o( X > & &uS u vs e v ( vSmaissancg gn |11, dans@44 maternités
(E v Je *U ¢ 0}v <u SE % E]} - o[ vv U ¢ 0 S§]}lvvomn CatleuE & %o(

cohorte sera suivie pendant 18 af\sandentorren et al. 2009)
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Il. OBJECTIFS DE LA B4ES

1. D SSCE M %}]vS pv «CeS u & S E]e* S]}v o[ VA]E}
adapté et pertinent ve o0 E [LV Su § JIDESU]A]
longitudinal

>[} i 8]( % E]v [% o 0 8Z o 3§ A o] E pv «Ce3 u u uE %

grande u% o PEU [ Su ] &E o0 « oJu]S ¢« Wn *C*3 u U []vénBeXarklyses }vv o
de la cohorte, de coordonner la réalisatides mesures et leur analyse statistique avec les données

de santé issues des guestionnaires.

> S§E A Jo v (1% o[} i & A 0}% % u \WPCRIifféfentescde eelles o o
% (E}%o}s o+ %WiSEAGE W -+ %jugées pertinentesqfpmme par exemple le chat ou la blatte)

>[pv e E]JPV ¢ u %E}i 5§ 3§13 <u o pedingdnuet addpt@gdar %ine }]3
participation aux campagnes ultérieures au cours du suivi longitudinainsi obtenir des données

[ £%}]5]}v easdans I&ienps.

2. %S E oo E S E]e & [ USE ¢ ]S S]}ve E]ecp
> MAE]T u } i S8]( 8 [uS]o]e &  }vv Javantages éetues diniteg ledas
qW Z v «]3u 8]}v VA]JE}vv u vE 0 %}pE & End@imncenfapddE + Z v3

diagnostic

3. Elargir les connaissances sur les mieboganismes autres que microbiens
notamment les acarient) ve 0 E o[ SH o[ VAJE}vv u v Jvs

Le troisieme objectif est, eanvisageant la flore intérieure comme emsemble interactif de micro

}EP v]eu U [ u o0]}E & 0+ }vv ]Jee v « ouE o EE€O . E] ve v
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lll. CHAPITRE :JETUDE LONGITUDINAEEANCAISE Wh/~ >[ E& E
MISE EN PLACE ETHMHRRS RESULTATS REQHODRTE

1. Echantillonneur et logistique Etude pilote

d]sE o:[gPER Jstandard operating procedure for measuring microorganisndust from dwellings in
large cohort studies

Auteurs: Emeline Scherer, SteRocchi Gabriel RebouxStéphanieVandentorren Sandrine RousseMallory
VacheyroyChantal RaherisqiaurenceMillon

Journal, annéele publication: Science of the Total Environmegg013

A. @ntexte

hv 3Spu }Z}ES [uv § oo U% 0 WE U S %oue] UE€EMmMObilige de ¢ u S§
viu E pe ¢ JveS v e v §]J}vo e ~/v U /ve EGuU /ve U (U u]v]es E
de nombreuses équipes de recherche (selon trois axes principstignces sociales, santé, santé
environnement) [ ¢S pv % E}i Sitdapseé]long E@rme> P E} %o [JEH »} S]}v

dans un premier temps fait un appel a pragour évaluer les équipes susceptiblds participer a

aux différents groupesle travail Parmi les disciplines abordées, le groupe de recherdialadies

respiratoiresi ¢[]JvS & *¢ % ES] po] €& u vs§ o[ *SZu § % EHEBRAS pv <}u
ELFE) pour étudier spécifiguement les relations entre environnement biologique et risque allergique.

Cette cohorte est prévue surl8 ans. & caactére pringpal des mesures aonduire devait étre la

continuité: la reproductibilité technique, mais également unexcellente acceptabilité des

% ES] ]% vSeU % Eu SS v3 ]Jve] o pE Z *]}v o[ deecampagnes % E}i $
ultérieures.

La mesurade moisissures paqW Z % ES|]E [uv Z vS§]oo}lvv u&E <Jo v ] pAEU ]
%o o %0 uvsS pu }u] ]o [ uo § Ap  Juu pv 3}uS %IpuE o0 %
sein du groupe respiratoire. Plusieurs réunions ont été conduites des responsables du groupe

pour ajuster les besoins puis une étude pilote a été lancée. Une partie du projet pilote a été
organis& par le consortium ELFElle concernait 50 logements.oNs avons recruté 25 logements
supplémentaires pour augmentéa quantité de résultats et de recul sur le dispositif.

Dans le cadre de ce pilote, Eapteurs,congitués de lingettes électrostatiques collées dans une

pochette a rabats en plastique au format Adt été distribués La pochette dvait étre ouverte sur

un meuble pendant une durée de @mainesA la fin de la période de prélevemen, lingette est

E S}PEV % E o0 W}eS X 00 ¢S vepl]s &E]v § o analyse bar EJ]v
culture et par QPCR spécifiques laift 10 micrcorganismea: 6 champignonsfilamenteux

(Aspergillus  fumigatus, dpergillus versicolor, Penicillium chrysogenum, Cladosporium

sphaerospermum, Stachybotrys chartarum, Alternaria alternahbaisis pour leur présence connue
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dans les logementst leurs effets allergisants, toxiques ou infectietpactéries Streptomycesp.,
Mycobacteria sp, entérobactéries, ciblantSerratia Enterobacter Klebsiella et un acarien
domestique Dermatophagoides pteronyssinus
SES u  Z +]Ju% o iUjampip ét¢ waliséauparavantpour une analyse pagPCR a
*Juo A %oope] HEe* <u *3]}ve [} E Eé dés tBstdpqur cahnaitre ae]mieux les
limites du dispositifX ES Jve e § ¢3¢ lvs § alicEsuivarit <[ € <Botffait
parti de la mise en place de la méthode standardisée radlioration de notre expérience et
vgnt pas été publis. Toutefois, les étapes principales des différents choix techniques ont été
E %}ES « ve o] E3] o U =« A}]E
- Choix de la m#&re premierede lingettela plus @ méme de restituer les spores au moment
du ringageen comparant 6 marquesommercialisées
- Choix des ciblegorcément limité parle cd0S S % E o0 § u ¥des pluypertthentes
selon lexconnaissances actuelles
- Evaluation des performances analytiquegmites de détectionyecherche [JvZ] 1§ pEe+ v
udJo]e v8 o[ i}us [uv «u v3]S gpowichum caadiflynEecberche de
détectiorscroisées entre les espéces
- Evaluation de la capacité a caractérism logement c'esta-dire & mettre en évidence des

différences

B. Rincipauxrésultats

Acceptabilité Condition sine qua non pour poursuivre le projet, nous avons pu mammrue le
dispositif était bien accepté, correctement utilisé settourné au laboratoire dans de bonnes
conditions dans 5% des cas. Les participants ont fait la remarque que le dispositif était grand (2*A4
une fois ouvert) et difficile & placer sur un meeibCette remarque a été intégrée dalasfabrication

du nouveau dispositipour la cohorte un boitier DVD transparent contenant une seule lingette.

Photo 1: Capteur utilisé pour le pilote, Photo 2: Capteur moins encombrant utilisé

trop encombrant pour la cohorte
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Maitrise des limites techniques de la méthodkees séries sur ¢ P uu ¢ [ E }vS % Eu]e

[ Jentifier des seuils adela desxp o o u §Z} V[ *S %oope E %E} p S] o S o
quartifiable. Le seuil est différent selon la cible et il est donc indispensable de réaliser ces tests pour
chaque cible.
La recherchesystématique []vZ] ]S HMEe* *uE o[ ve U O . Z vS]oo}ve W %]O}
évidence Echantillon «inhibé», phénongéneprob o u v8 n o ]ocBahwllon lood des
phases de rincag&lous aviongpour le pilote ajouté une quantité connue dgeotrichum candidum
dans chaque puits réactionnel et comparé le résultagPCR avec le résultat attendwa flecherche

[JvZ] ]38 PEe+ 5 v |gCRearde viv E pAE P v3e % HA vE u%! Z E o[ §
TagPolymérasd) u ]« o i}us E - %séarésantey3n tAOt et un risque de contamination
non négligeable. Ce résultat a donc été primordi&l} uE o[} % S]u]e S]}v VISE <CeS u
% EuUu $3 vS§ vine ((E€ v Z]&E o E Z E Z <+<C+5 u S]«p [IvZ] 18
échantillons de la cohorte.
> ¢ 0]JvP 8§85 ¢« 0 S E} fasstpuieseles mémse structusé) o0 ¢ v][}vEesha mémpu
capacité a capter les spores ni a lestigsy E o} Ee* [uV S %o 0o AP X > puc
« électrostatiquei V[ %o ¢ %op !'SE §urEonipontenientolors du rincage a montré des
différences. les modélesavec les mailles les moins tissérelarguent plus de spores dans le liquide

EJ]v P X > % ES u S E&] o o} & importahte (itdgage avEc|un vBlume de

20mL) u ] o[ veede®échantillons étant traitde la méme maniere, en ckgissant un modéle
de lingette ayant un comportement reproductible, les résultats seront comparables. Le pourcentage
de spores retrouvé ve 0 0]<u] v 0Ce ad 12 5®}%wvselon la marque. Ces tests ont
permis de choisir le fournisseur pour la réalisation des 7000 capw@eira premiére campagne

[ Z-ELFE.

Résultats sur les échantillons issus de logements

"MUE o ¢« AT O0}P u v8e v 0Ce *U pv » po 35185 v P 8]( %o}uE o[ ve U O
résultats sous forme de quartile par espéece (tableau 1) etgpelyse statistique par Analyse en
Composante Principale, nous avonspumenttyy o0 ¢ *% ¢ v[ § ] vS % ¢« }EE o =+ V3§
gue les logements avaient des profils propres, différents les uns des autres. Le systéeme a donc été
validé comme discrimant de la contanmation intérieure des logements (tableaux 4 et 5 de

o] ES] o X
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Ve 0 « (E *pu0Ss S 41 v[[S % « - o[y&parererhpléo

- 0 }Ju% E ]e}v VSIE c0% E o0 A u vie [ ] alE l&pésiode Bur\o
logements,

- Le test de plusieursu §Z} ¢ [ +<}@rés rincagepour gaantir un essorage
reproductible: d « 0 A P o e ee](e 0o o]JvP 83 }vd & @& o0]e *U suJA
culture pour estimer la perte liée aux spores prisonnieres denigetie lors du premier
essorage

- le choix d[pwmix réactionnel garantissant un équilibrsatisfaisantentre spécificité et
e ve] JO0]S u ] P ouv3 [uv pS}u $§ répomdat adajpsoblématique

[ Z v3]oo}venemantdb® gomplexes eiombreux.

§8 8§ %o %]0}3 v[ Akrmisweette en évidence différences significatives

v (}v §]}v ¢ }vv o ev§ Uu]Je 0o P & vS8] puv }vv u ]JSE]" of]
sonoptimisation S & uU%}ES o[ Z ¢]J}v U PE}IU% E *%]E S}]Et >& %o}p
rendu possible son utilisation dans la samatorte EBRALFE.
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HIGHLIGHTS

€ Pilot study of the gPCR analysis of dust collected by an Electrostatic Collector

€ Standard Operational Procedure ful lIs feasibility, cost and ef cacy criteria.

€ Chosen targets were 6 fungi, Enterobacteria, Mycobacteria, Streptomycesand mites.
€ With this SOP, dwellings can be classi ed according to microbial DNA quantity.

article info abstract
Avticle history: The aim of the present study was to assess performance, feasibility and relevance of a Standard Operational
Received 15 March 2013 Procedure (SOP) for large-scale use in the microbial analysis of children's indoor environments.

Received in revised form 14 June 2013
Accepted 15 July 2013
Available online 25 August 2013

We analyzed dust settled on Electrostatic Dust Fall Collectors (EDCs) by using qPCR which targeted 6 molds, 3
bacteria and 1 mite, chosen for their involvement in allergic or in ammatory processes. Six types of commercial-
ized electrostatic wipes were tested for their releasing capacity of fungal DNA from fungal spores captured by the
wipes. Speci city, repeatability and detection limits of the gPCR procedure were tested using calibrated microbial
suspensions. The feasibility and relevance of this sampling and analysis method were assessed in a 75-home pilot

Editor: Adrian Covaci

Keywords: study.

Indoor microorganisms Our result showed that one speci ¢ make of wipe was more effective than the others in releasing fungal DNA.
Chronic exposure gPCR procedure showed good repeatability. The quanti ~ cation limit was about5 fg DNA/ L for all species except
Dust mites Penicillium chrysogenum (0.5 fg DNA/ L) and Dermatophagoides pteronyssinug10 fg DNA/ L). No cross-reactivity
Environmental fungi was observed.

Environmental bacteria

DNA concentrations in the 53/75 homes participati ng in the pilot study were between 0 and 24 625, 0 and
69 738 equivalent cells per cm 2 for the fungi and bacteria, and between 0 and 1 equivalent mites per cm
for D. pteronyssinus Using the SOP described, we were able to classify the 53 dwellings from the least to the
most contaminated according to the quantity of DNA measured for each species.

Our SOP measured fungi, bacteria and mites using a cost-ef cient, discreet and well-accepted sampling method
with just one qPCR tool. The whole procedure can be used for microbial analysis in large cohort studies such as
the ELFE study (+Etude Longitudinale Frangaise depuis I'Enfance 2) and could help improve our understanding
of the interactions between the environment, allergic diseases and child development.

© 2013 Elsevier B.V. All rights reserved.

Wipes 2

1. Introduction

T omespond thor at: Laborat ¢ Parasitol 4 Mveol CHU J. Mini Asthma and related atopic diseases are now among the most com-
orresponding autnor at: Laboratory of Parasitology an ycology, . Minjoz, . . . L . )
Boulevard Fleming, F-25030 Besangon, France. Tel.: +33 3 81 66 91 65; fax: +33 3 81 mon childhood diseases in |nQustr|aI|zed countries ( Asher et al., 2006;
66 89 14. Eder et al., 2006). The combined effect of environmental exposure to
E-mail address: gabriel.reboux@univ-besancon.fr (G. Reboux). indoor chemical pollutants and microbial contaminants, and genetic

0048-9697/$ .. see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.scitotenv.2013.07.054
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predisposition is unknown ( Braun-Fahrlander et al., 1999; von Mutius,
2007b). A signi cant difference in mold exposure between non-
asthmatic and severely asthmatic populations has also been demon-
strated ( Reboux et al., 2009; Reponen et al., 2011; Vesper et al., 2008).
Some studies have shown that exposure to higher levels of endotoxin
protects against allergy ( Ownby et al., 2010 ). Despite extensive research,
doubt remains that exposure to indoor allergens causes asthma and
allergy, because various studies have presented con icting evidence, as
reported by Arshad after a review of the literature. He concludes that
the greatest effect of exposure to indoor allergens (molds, mites, pets,
etc.) probably occurs during the postnatal period ( Arshad, 2010).

The purpose of the ELFE <Etude Longitudinale Frangaise depuis
I'EnfanceZ project is to establish a nationally representative cohort of
20 000 children to be followed from birth to adulthood using a multidis-
ciplinary approach to characterize the effects of environmental expo-
sure, disease and the socio-economic context on health ( Vandentorren
et al., 2009). Many factors are known to in  uence child development
and children's health and different working groups have been con-
vened, including a speci ¢ group focusing on asthma and allergic respi-
ratory diseases.

To study environmental exposure we suggested using Electrostatic
Dust Fall Collector (EDC) (Normand et al., 2009; Noss et al., 2008;
Frankel et al., 2012) and analyzing settled dust from the EDCs using
gPCR, targeting 6 molds (Alternaria alternata, Aspergillus fumigatus, Asper-
gillus versicolor, Cladosporium sphaerospermum Penicillium chrysogenum,
Stachybotrys chartarum), 3 bacteria ( Enterobacteriaceae Mycobacteria,
Streptomyceg and 1 mite ( Dermatophagoides pteronissynu$. Literature
concerning microbial species involved in allergic diseases is abundant
and controversial. The 10 target microorganisms were chosen because
they belong to classes or genera that are phylogenetically very distinct,
and because they have been implicat ed in human diseases due to their
allergic, toxic or infectious effects.

EDC is a newly developed assessment method that provides an alter-
native to surface or air sampling in epidemiological studies (  Frankel
et al., 2012; Tischer and Heinrich, 2013 ). Previous studies have shown
that gPCR quanti cation of targeted species is an easy and reliable tool
for characterizing the homes of allergic patients, and have demon-
strated its advantages for studies in homes ( Kaarakainen et al., 2009;
Reponen et al., 2011; Rintala et al., 2004; Vesper, 2011; Vesper et al.,
2007).

In the present study, we assessed the optimization, feasibility and
relevance of this sampling and analysis method in a 75-home pilot
study with the aim of determining a Standard Operational Procedure
(SOP) that can be used in large-scale microbial and allergenic analyses
of children's indoor environments; we had the ELFE study speci  cally
in mind.

2. Materials and methods
2.1. Dust collection

2.1.1. Sampling device (EDC)

The EDC consists of commercially available electrostatic wipes de-
scribed by Noss et al. (2008) set in a plastic case, which the participant
opens. The collection involves capturing settled airborne dust via the
electrostatic properties of the wipe. The EDC may be considered as a sur-
rogate for the assessment of indoor airborne microbial exposure. The
EDC is also easy to use, as it can be sent by mail (Frankel et al., 2012).
Wipes were rst sterilized in an autoclave (124 °C for 30 min) and
stuck on a disinfected (Surfanios ™, Anios®, Lille-Hellemmes, France)
polypropylene case (resembling a DVD case) with white glue (UHU®,
Buhl, Germany).

2.1.2. Wipe material selection
Six different types of commercialized electrostatic wipe cloths, each
with different textures, were tested for their capacity to release fungal

DNA from the fungal spores captured on them ( Table 1). Three wipes
of each type were impregnated with two 1 mL suspensions, one of
P. chrysogenumand one of S. chartarum in known concentrations
(7x10° and 4 x 10° spores/mL respectively) and dried overnight.
Each wipe was put in a plastic bag with a washing solution of 20 mL of
0.1% Tween 80 solution (Merck®, Darmstadt, Germany) and shaken for
ten minutes in a Stomacher ™ (AES®, Combourg, France). Ten (x0.5)
mL of washing solution was then collected.

The gPCR protocol as described below was then applied to the
DNA extract from the 2 initial fungal spore suspensions and from
the washing solution from the wipe. The capacity of the wipe to
release microbial DNA was deduced by comparing the two qPCR
results taking into consideration the dilution by the washing liquid
volume (20 mL). Tests were also performed using volumes of wash-
ing liquid of 40 mL.

2.2. gPCR protocol

2.2.1. DNA extraction

Rapid DNA extraction, chosen for its simplicity, cost and ef  ciency
(Haugland et al., 2002), was performed as previously described by
Keswani et al. with the following changes ( Keswani et al., 2005).

Extraction was carried out using an initial sample volume of 200 L
of fungal spore suspension or 200 L of washing solution from the
wipe. The samples were placed in 2 mL conical-bottom screw-cap
tubes (MagNA Lyser Green Beads, Roche Applied Science®, Mannheim,
Germany) containing 1.4 mm diameter ceramic beads and 200 L of
brain ..heart infusion (BBL ™, Becton Dickinson®, Sparks, NJ, USA). The
tubes were shaken in a MagNA Lyser Instrument (Roche Applied
Science®, Mannheim, Germany) three times for ten seconds at the
maximum speed with one minute in the cooling block (4 °C). The
tubes were then heated in a boiling water bath for ten minutes. The
samples were placed on ice for ten minutes, followed by centrifuga-
tion for two minutes at 8000 rpm at room temperature. The superna-
tant above the beads was removed and stored at 4 °C for subsequent
gPCR analysis.

A sterile distilled water sample was used as a negative control in
each extraction series.

Table 1

Different makes of wipes and their capacity to release microbial DNA. Wipes were
impregnated with suspension of P. chrysogenumand S. chartarum, then washed as
described in <Materials and methods Z The qPCR protocol was applied to the DNA
extract from the initial suspension and from the washing solution. Each experiment was
done in triplicate. Quantitative results were expressed by determining the detection
threshold, or quanti cation cycle (Cq), that marked the cycle at which uorescence of
the sample became signi cantly different from the baseline signal. Thus, the higher the
Cq, the smaller the amount of DNA in the sample.

Make of wipes Penicillium Stachybotrys ~ Recovery
chrysogenum chartarum ef ciency
(P9 (S9 (%)
Fungal suspension 7 % 10° 4 x10° (P9 (S9
(sp/mL)
Cq (cycles) 32.3 23.8
Cqg fromthe EDC  Wipes 1 36.8/1.1 28.5/0.8 5.9% 5%
washing liquid ~ (Aptatop budget) 4.1 x 104 sp/mL 2 x 10 sp/mL
(mean Cqg/SD) Wipes 2 36.9/0.9 29.1/0.6 5.6% 2.5%
(Dia) 3.9 x 10% sp/mL 1 x 10“ sp/mL
Wipes 3 36.9/1.7 30.5/1.4 5.6% 1.3%
(Casino) 3.9 x 10% sp/mL 5 x 10° sp/mL
Wipes 4 37.1/1.1 30.8/1.4 4.9% 1%
(Casino-First) 3.4 x 10% sp/mL 4 x 10° sp/mL
Wipes 5 37.8/1.2 29.1/0.9 3.1% 2.5%
(Wiffer) 22 x10%sp/mL 1 x 10* sp/mL
Wipes 6 38.6/0.7 30.1/0.9 1.9% 1.8%
(Super U) 1.3 x 104 sp/mL 7 x 10° sp/mL

sp/mL: spores per milliliters; Cq: quanti  cation cycle; SD: standard deviation.
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2.2.2. Selected target species

A limited number of targets were chosen for their involvement in
allergic, infectious or in ammatory processes and their presence in
indoor air.

Six fungi targeted species: A. alternata, A. fumigatus, A. versicolor,
C. sphaerospermumP. chrysogenum S. chartarum.

Three families of bacteria or genus: Enterobacteriaceag Mycobacterium
spp., Streptomycesspp.

One house dust mite: Dermatophagoides pteronyssinus

2.2.3. DNA ampli cation

DNA from A. alternata, A. fumigatus, A. versicolor, C. sphaerospermum
P. chrysogenumand S. chartarum was detected by qPCR using primers
and TagMan™ probes previously described by Haugland et al. (2004)
(http:/Mww.epa.gov/ne  rlewww/moldtech.htm ). DNA from Streptomyces
spp. and Mycobacterium spp. was detected by gPCR using the primers
described by Rintala and Nevalainen (2006) and Torvinen et al. (2010) .
D. pteronyssinuswas detected using primers and probes designed and
developed in our laboratory ( Roussel et al., 2013). Enterobacteria DNA
was detected using a unique system of primers and probes targeting
three different bacterial species: Serratia sp., Enterobactersp. and Klebsiella
sp. (Sen and Asher, 2001). See Table 2 for the sequences of primers and
probes that were used.

The PCR mix was prepared identically for each of the ten targets in
a 20- L nal volume using the Brilliant Ill Ultra-fast gPCR Master Mix
(Agilent technologies®, Massy, France), with ROX as a passive refer-
ence, including 5 L DNA, 1000 nM primers, 200 nM probe and DNA-
free water (except primer AversF2 which was used at a concentration
of 5000 nM). Reactions were prepared in a 96 well optical reaction
plate (Life Technologies, Carlsbad, CA, USA). PCR setup was automated
(Qiagility UV/HEPA ™, Qiagen®, Hilden, Germany). The ampli cation
protocol was as follows: three min at 95 °C, followed by 45 cycles
for 15 s at 95 °C for template denaturation and one min at 60 °C for
primer and probe annealing and extension. PCR's reactions and absolute

Table 2
Sequences and sources of the primers and probes used.

quanti cation were run and monitored using Applied Biosystems
7500 Fast System (Life Technologies, Carlsbad, CA, USA). Sterile dis-
tilled water samples were used as negative controls in each series of
ampli cation.

2.2.4. Calibration scale

Absolute quanti cation was applied, using calibrated suspensions
of environmental reference strains prepared as follows: A. alternata
(BCCM/IHEM 2669), A. fumigatus (BCCM/IHEM 22670), A. versicolor
(BCCM/IHEM 22671), C. sphaerospermum (BCCM/IHEM 18883),
P. chrysogenum (BCCM/IHEM 22667), S. chartarum (BCCM/IHEM
22672), Klebsiella oxytoca (laboratory strain), Mycobaterium terrae
(DSMZ 43277), and Streptomyces coelicolor(DSMZ 40233) were pre-
pared from a culture plate and D. pteronyssinus(identi cation con rmed
by sequencing) from laboratory farming. DNA was extracted as previ-
ously described followed by a puri  cation step, using the NucleoSpin
Plant Il kit ™ (MachereyNagel®, Duren, Germany). DNA was then quan-
ti ed using a Nanodrop® (Thermo Fisher Scienti c¢®, Waltham, MA,
USA). The rst calibration point was adjusted to 100 pg/ L DNA for
D. pteronyssinusand to 5000 fg/ L for other species, and then 10-fold
diluted.

2.2.5. Detection limits and repeatability

For each of the targeted species, dilutions of the calibration DNA
(from 100 to 0.01 pg/ L for D. pteronyssinusand from 5000 to 0.5 fg/ L
for the other species) were ampli ed in qPCR for seven times. Limit
guanti cation is de ned as the smallest amount of DNA at which seven
successful detections can be observed out of seven trials ( Hospodsky
et al., 2010).

2.3. Application of the process in a pilot study
2.3.1. Sampling

To test the SOP before applying this process to the ELFE study (5000
dwellings), a pilot study was conducted in 75 households.

Name of the targeted species Sequences (primers and probe)

Source

Alternaria alternata

Forward primer AaltrF1: 5 -GGCGGGCTGGAACCTC-3

http://imww.epa.gov/nerlcwww/moldtech.htm

Reverse primer AltrR1-1: 5 -GCAATTACAAAAGGTTTATGTTTGTCGTA-3
Probe AaltrP1: 5 -FAM-TTACAGCCTTGCTGAATTATTCACCCTTGTCTTT-TAMRA-3

Aspergillus fumigatus

Forward primer AfumiF1: 5 -GCCCGCCGTTTCGAC-3

http://imww.epa.gov/nerlcwww/moldtech.htm

Reverse primer AfumiR1: 5 -CCGTTGTTGAAAGTTTTAACTGATTAC-3
Probe AfumiP1: 5 -FAM-CCCGCCGAAGACCCCAACATG-TAMRA-3

Aspergillus versicolor Forward primer AversF2 (5x): 5

-CGGCGGGGAGCCCT-3

http://www.epa.gov/nerlcwww/moldtech.htm

Reverse primer AversR1-1: 5 -CCATTGTTGAAAGTTTTGACTGATCTTA-3
Probe versP1: 5 -FAM-AGACTGCATCACTCTCAGGCATGAAGTTCAG-TAMRA-3

Cladosporium sphaerospermum

Forward primer CsphaF1: 5 -ACCGGCTGGGTCTTTCG-3

http://www.epa.gov/nerlcwww/moldtech.htm

Reverse primer CsphaR1: 5 -GGGGTTGTTTTACGGCGTG-3
Probe CsphaP1: 5-FAM-CCCGCGGCACCCTTTAGCGA-TAMRA-3

Dermatophagoides pteronissynus

Primer Dpter F1: 5 -TGT TGT GGT TAA AAA GCT CGT AGT TG-3

Roussel et al. (2013)

Primer DpterR1: 5 -ATG CGA TAATCT GCT CAG TAT GAC A-3
Probe DpterP1: 5 -FAM-CAG CTC ATG TAT GGC GGT CCA CCT G-TAMRA-3

Enterobacteriaceae
(Serratia sp., Enterobacter sp. and Klebsiellasp.)

Forward primer UF2: 5 -GGCGGCAGGCCTAAC-3
Reverse primer UR2: 5 -CAGGCAGTTTCCCAGACATTACT-3

Sen and Asher (2001)

Probe: 5 FAM-AGCAAGCTCTCTGTGCTACCGCTCGA-TAMRA-3

Mycobacteria

Primer: Mf939: 5 -GAT GCA ACG CGA AGA ACC TT-3

Torvinen et al. (2006)

Primer Mr1011: 5 -TGC ACC ACC TGCACA CAG G-3
Probe Mp960:5 -FAM-CCT GGG TTTGAC ATG CAC AGG ACG-TAMRA-3

Penicillium chrysogenum

Forward primer PchryF4-1: 5 -GCCTGTCCGAGCGTCACTT-3

http://www.epa.gov/nerlcwww/moldtech.htm

Reverse primer PchryR8: 5 -CCCCCGGGATCGGAG-3
Probe PenP6: 5-FAM-CCAACACACAAGCCGTGCTTGAGG-TAMRA-3

Stachybotrys chartarum

Forward primer StacF4: 5 -TCCCAAACCCTTATGTGAACC-3

http://www.epa.gov/nerlcwww/moldtech.htm

Reverse primer StacR5: 5 -GTTTGCCACTCAGAGAATACTGAAA-3
Probe StacP2: 5-FAM-CTGCGCCCGGATCCAGGC-TAMRA-3

Streptomyces

Primer SMfw8: 5 -GCC GAT TGT GGT GAA GTG GA-3

Rintala and Nevalainen (2006)

Primer Mrev9: 5 -GTA CGG GCC GCC ATG AAA-3

Probe: SMp6 5 -FAM-ATC CTATGC TGT

CGA GAA AAG CCT CTA GCG-TAMRA-3
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Seventy- ve households were recruited in the Picardy and Burgundy
regions and in the Territoire de Belfort area (France) by the INED
(French National Institute of Demographic Studies) and by the DDASS
(Local Division of Health and Social Affairs). Participants were volunteer
mothers who had given birth less than six months previously. The
households were visited by an investigator who set up an EDC.

No particular criterion for selecting the type of dwellings was used.

The EDC was exposed to air on a horizontal surface between 1.60 m
and 1.80 m above the oor in the child's room, a height that was inacces-
sible for children and pets. Dust settling was allowed to occur over a ten
week period. A previous assay showed that this duration was enough to
detect an increased biodiversity and to generate a slightly greater g°CR
signal compared to the results obtained with a collection phase lasting
one month. The EDC was folded up by the participants and sent to the
laboratory by mail in a pre-addressed envelope. The EDC was stored at

20 °C before being analyzed. Microbial DNA was extracted from the
EDC and the ten selected species were quanti ed as described above.

2.3.2. Search of inhibitors

Ten suspensions of 200 L of DNA-free water with 2 x 10 2 conidia
of Geotrichum candidum (BCCM/IHEM 5560) were prepared. DNA ex-
traction was performed on the ten suspensions with the same rapid
technique as for environmental samples (see above), and G. candidum
DNA was quanti ed in the ten extracts (three gPCR replicates for each
extract) using speci c primers and probes ( http://www.epa.gov/
nerlcwww/moldtech.htm ). A Reference Quanti cation Cycle (Cqyef)
value was de ned as the mean of the 30 measured values.

To assess the presence of inhibitors in the pilot ELFE study samples,
2 x 102 conidia of G. candidumwere added as internal controls to the
washing liquid of each wipe ( Roe et al., 2001), and G. candidum DNA
was quanti ed in separate tubes (Haugland et al., 1999). The Cq of
G. candidumin samples was then compared to the Cq ef-

2.3.3. Expression of results
Each Cq below the quanti cation limit was expressed as a DNA con-
centration using absolute quanti cation with the Thermocycler soft-

ware (7500 Software, 2.0.5, Life Technologies, Carlsbad, CA, USA).

Samples with higher Cq were considered as negative. DNA concen-
tration in the sample given by absolute quanti  cation is converted to
equivalent cells using the following equation:  *DNA mass in one cell
[Pg] = (genome size [bp]) / (0.978 x 10  ° [bp/pg]) Z Equivalent cells
are then related to the surface of the wipes (360 cm ). The mean genome
size of lamentous fungi has been estimated at 30 Mbp, and at 5 Mbp
for bacteria and Streptomyces(GenBank: http://www.ncbi.nlm.nih.gov/
genbank/) ( Gibbons and Rokas, 2013; Yamamoto et al., 2011). As far as
the expression of the mite results is concerned, the quantity of DNA in
one specimen of D. pteronyssinushas been tested during qPCR develop-
ment and is estimated at 400 pg of DNA per mite (data not shown).

The comparison between dwellings was expressed as follows: for
each species, concentration levels were de ned by the percentage of
the maximum concentration found for each species in this series.

2.3.4. Statistical analysis

Independence between species was tested using two by two cor-
relations with Spearman's rank correlation rho. A rst analysis by
PCA (Principal Component Analysis), using the DNA logarithmic concen-
tration as a result, allowed us to dete rmine species found simultaneously
in dwellings with varying concentrations. Statistical analyses were per-
formed using R 2.12.1 software ( R Development Core Team, 2012).

3. Results
3.1. Selection of cloth texture and supplier

Tests performed with suspensions of P. chrysogenumand S. chartarum
in known concentrations showed that the highest remaining quantities

of fungal DNA was obtained for the two species with the same make
of wipe (Apta Top Budget™ Eurowipes®, Nogent le Rotrou, France)
(see composition at ( www.eurowipes.com/uk/lawful-information.php ).
The difference between the Cq of the initial suspension and the Cq
of the wipe washing uid was 4.5 and 4.7 for P. chrysogenumand
S. chartarum respectively ( Table 1). The Cq was higher (+0.6) when
wipes were washed using 40 mL of washing liquid, than with 20 mL.
Washing with 20 mL was thus considered effective.

3.2. Detection limits and repeatability

Repeatability is expressed by the Cq standard deviation ( Bustin
etal., 2009). For each species targeted, mean Cq, Cq Standard Deviation
(SD Cq), and the number of successful trials are reported in Table 3.
The lowest concentration, with seven successful trials and SD Cq b 1
was considered as the limit of quanti  cation. The correlation coef cient
(r?) of each calibration scale is also reported.

The quanti cation limit was about 5 fg DNA/ L for all species except
P. chrysogenum(0.5 fg DNA/ L) and D. pteronyssinus(10 fg DNA/ L).

3.3. Pilot study

3.3.1. Acceptability to households

Fifty-three EDCs were returned to our laboratory: 43 (57%) were
spontaneously returned and ten others were returned after an ad-
ditional phone call or mail request. Seventy-one percent of the
installed devices were studied. Of the participants in the remaining
households (29% of the total) who did not return the device, some
had either moved or had had extensive renovation work carried
out in their home.

3.3.2. Search for inhibitors

The mean Cges Of the ten assays, replicated three times, for
G. candidum in water alone was 28.7 (SD = 0.12). When performed
on environmental samples, the Cq for the G. candidumgPCR assay was
b29.5 cycles. We thus assume that the presence of inhibitors was very
low in our series.

3.3.3. Detection of microbial DNA from EDC using gPCR

No positive results were observed for the negative control of ampli-

cation and extraction.

Cross-reactivity was checked by testing every primer/probe system
with suspensions of the ten species targeted and G. candidum No cross-
reactivity was observed.

Quantities per cm 2 of equivalent cells or mites are presented in
Table 4. DNA concentrations in the 53 dwellings were between 0 and
24 625 equivalent cells per cm 2 for fungi, between 0 and 69 738 equiv-
alent cells per cm 2 for bacteria, and between 0 and 1 equivalent mites
per cm? for D. pteronyssinus

Percentages of the maximum concentration for each species and all
dwellings are presented in Table 5. Five dwellings had more than two
species higher than 75% of the maximum concentration found for
these species in this series.

Only one dwelling (L16) had a negative signal for all ten targets. The
species with the highest concentrations were Enterobacteriaceaewith
94% of positive samples (a mean of 12 119 cells/cm 2). D. pteronyssinus
and A. alternata were detected in 55% (a mean of 0.04 cells/cm 2) and
53% (a mean of 33.9 cells/cm?) of samples, respectively. Mycobacteria
and A. versicolor were detected in 47% of cases (with a mean of
1020 and 884 cells/cm 2, respectively). Frequency of P. chrysogenum
Streptomyces spp. and C. sphaerospermumwas 38%, 30% and 25%
(with mean concentrations of 0.3, 74 and 9.4 cellsicm 2, respec-
tively). Species with the lowest concentrations were  A. fumigatus and
S. chartarumwith 7% and 9% of positive samples (mean concentrations
of 3 and 2 cells/cm 2).
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Table 3
Detection limits and repeatability of the ten targets used in gPCR; correlation coef

cient of the scale (r 2), mean of the Quanti  cation Cycle obtained (Cq mean), Standard Deviation of these
Cq (SD Cq), number of successful trials (n = 7) for each species. In bold are the concentrations chosen for quanti

cation limit (7 successes and SD Cq b 1).

Cq SD Cq Number of Cq SDCq Number of

mean successful trials mean successful trials
Concentration (fg/ L) Alternaria alternata (r? = 0.97) Concentration (fg/ L) Aspergillus versicolor(r? = 0.93)
5000 26.4 0.4 7 5000 24.7 0.1 7
500 29.8 0.1 7 500 30.5 0.3 7
50 33.2 0.8 7 50 32.0 0.2 7
5 35.8 0.2 7 5 35.1 0.8 7
05 38.0 1.0 7 0.5 38.6 21 6
Concentration (fg/ L) Aspergillus fumigatus (r? = 0.96) Concentration (fg/ L) Cladosporium sphaerospermum(r 2 = 0.98)
5000 27.0 0.3 7 5000 224 0.1 7
500 30.2 0.8 7 500 25.7 0.3 7
50 34.6 0.3 7 50 289 0.1 7
5 385 0.7 7 5 325 0.4 7
05 39.4 0.4 4 0.5 36.9 17 6
Concentration (pg/ L) Dermatophagoides pteronyssinugr? = 0.98) Concentration (fg/ L) Enterobacteria (r 2 = 0.93)
100 28.4 0.1 7 5000 30.9 0.4 7
10 31.6 0.1 7 500 34.3 0.5 7
1 34.7 0.2 7 50 36.6 0.4 7
0.1 38.4 0.6 7 5 39.1 0.3 7
0.01 40.3 0.6 7 0.5 39.8 1.0 7
Concentration (fg/ L) Mycobacteria (2 = 0.97) Concentration (fg/ L) Penicillium chrysogenum (r2 = 0.99)
5000 24.2 0.1 7 5000 24.6 0.1 7
500 276 0.2 7 500 285 0.3 7
50 30.6 0.1 7 50 31.0 0.1 7
5 33.9 0.4 7 5 34.7 0.3 7
05 36.9 21 6 0.5 37.6 1.00 7
Concentration (fg/ L) Stachybotrys chartarum (r? = 0.98) Concentration (fg/ L) Streptomycesspp. (r? = 0.95)
5000 27.9 0.0 7 5000 29.7 0.1 7
500 315 0.1 7 500 33.1 0.3 7
50 34.0 0.2 7 50 36.1 0.3 7
5 38.3 11 7 5 39.1 0.6 7
05 405 0.6 2 0.5 38.6 1

3.3.4. Correlation between species

No correlation between species was observed (Rho b 0.5 using the
Spearman's test) except for A. versicolorand Mycobacteria (Rho = 0.54
using the Spearman's test).

The presence of two species could be associated using PCA analysis
(Fig. 1): A. versicolorand Mycobacteria. D. pteronyssinushad completely
distinct behavior. No link was found between species whose points on
Fig. 1 are dispersed.

4. Discussion

In this paper, we report the analysis method chosen to respond to
the requirements of the ELFE team which had asked that we offer an
environmental sensor that is acceptable to participants, inexpensive
and provides results that are representative of chronic exposure.

This environmental sensor will be placed in the homes of the 5000
children in the ELFE sub-cohort to evaluate indoor exposure.

Because of changes over time in bioaerosol concentrations and the
small volume size of the air sample, the assessment of airborne microor-
ganisms in an environment of interest often requires several air samples
(Sergey et al., 2007). Dust sampling using a vacuum is generally indis-
creet, whereas participants seemed to accept the presence of our device
in their home. The percentage of responses to surveys without sampling
usually varies from 40% to 67% (data from the French National Institute
of Demographic Studies,, INED). The number of EDC returns (71%) in
our study, which included both a survey and sampling is satisfying,
and suggests that the EDC could be used for large cohort studies.

Since this sampling method has been relatively underused up to
now, there is no comparable study. To our knowledge, only one study

has reported gPCR quanti cation of microorganisms using wipe sam-
pling ( Yamamoto et al., 2011). However, in this study, cloths were
used to actively wipe the  oor, and they were not left exposed to the
air for extended periods to collect dust.

In our study, fungi, mites, actinomycetes, mycobacteria and entero-
bacteria from standardized dust from the rooms of newborn babies
sampled by EDC were analyzed by gPCR. The targets, which were limit-
ed in number by time and cost, were chosen for their involvement in
allergic orin ammatory processes.

The genus Cladosporium, Penicillium, Aspergillus and Alternaria are
the most commonly detected molds in indoor air (  Chew et al., 2003;
Kaarakainen et al., 2009; Meklin et al., 2004; Vandentorren et al.,
2009; Zeng et al., 2006). S. chartarum, with its in  ammatory potential
(Huttunen et al., 2004 ) and complex role in toxicological pathology,
must be quanti ed and analyzed ( Kuhn and Ghannoum, 2003 ).

Mycobacteria and Streptomycesare dif cult to cultivate, but several
studies have found evidence of their presence in the indoor environ-
ment ( Dawson, 1971; Kaarakainen et al., 2009; Lignell et al., 2008;
Obihara et al., 2007; Rintala et al., 2004 ) and of their involvement in al-
lergic phenomena. Mycobacteria and Streptomycesinduce in  ammatory
and cytotoxic effects ( Hirvonen et al., 2005 ) and could be associated
with an increased concentration of fungi and thus with adverse health
effects (Torvinen et al., 2006 ). Furthermore, co-cultivation with some
fungi increases the production of certain mycotoxins ( Hirvonen et al.,
2005). Endotoxins are major components of the outer membrane of
negative bacteria, and could have a protective effect on asthma in
some circumstances ( Gehring et al., 2007; von Mutius, 2007a ). A previ-
ous study showed that most of the gram negative bacteria in indoor
environments was Enterobacteriaceae(Bouillard et al., 2005 ). Therefore,
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Table 4

Concentration of the ten microorganisms in 53 dwellings expressed in equivalent cells or mites per cm 2,

Housing Concentration estimated in equivalent cells (or mite) percm 2

Aalt A fumi A.versi C.spha D.ptero EnteroB MycoB P.chry S.char Strepto
L1 41 128 7261 2345 0.3
L2 41 3329
L3 45 0.12 19,023
L4 31 0.01 2620 1125 0.3
L5 0.03 1017
L6 50 173 14,599 135
L7 40 359 0.01 4440 1798
L8 36 5267
L9 1451 2325 0.5 27
L10 0.09 5329
L11 64 146 0.01 1763 1387 1.3 18
L12 389 0.01 26,305 5700
L13 0.03 2494 192
L14 121 44 32 13,621 1.1
L15 22 40 1557 1080
L17 173 29 916 19
L18 61 19 4221
L19 63 33 3822 1.6
L20 193 60 967 2217 1142 0.4
L21 20 0.01 1558 1267 2.1
L22 115 45 21 0.01 10,294 293
L23 19 151 0.05 23,255 1870 0.8
L24 42 0.06 69,738 973 167
L25 113 0.03 21,680 0.4
L26 0.02 13,196
L27 34 20 0.03 6706 1096 355
L28 10,545
L29 55 29 0.03 13,781 948 24 259
L30 164 34 30,058 1269 376
L31 21 73 0.07 37,502 3635 140
L32 46 0.03 0.3
L33 24 6915 0.2
L34 0.01 1224 0.5
L35 48 0.02 9338 0.3
L36 24,625 27 0.07 22,944 5286 14 222
L37 21 39 988
L38 9519 1041
L39 37 1976 1038
L40 21 138 24,556 4050 2.1 545
L41 41 7020
L42 25 0.01 36,461 1006 260
L43 54 951
L44 90 8627
L45 43 54 0.03 13,757 1816 0.4 160
L46 0.02 37,403 243
L47 43 24 3063 0.8 194
L48 0.97 534
L49 19,113 93 0.05 29,139 5306 1.2
L50 903
L51 72 147 27 0.02 4108 1397
L52 29 31 0.02 62,902 4183 0.3 18 224
L53 21 24 0.32 1465 185

The ten targets were: Alternaria alternata (A.alt), Aspergillus fumigatus (A.fumi), Aspergillus versicolor (A.vers), Cladosporium sphaerospermum(C.spha), Dermatophagoides pteronyssinus
(D.pter), Enterobacteriaceae(EnteroB), Mycobacteria sp. (MycoB), Penicillium chrysogenum (P.chry), Stachybotrys chartarum (S.char), Streptomycesspp. (Strepto). Negative or lower than
the quanti  cation limit results are indicated by~ e...Z

we chose a primer/probe system that targets Enterobacteriaceae(Sen at 80 °C). Quantifying these microorganisms with the same proce-

and Asher, 2001) to quantify bacteria that release endotoxins into the dure and the same tool is a new and original approach. gPCR was the
indoor environment. most appropriate tool for this purpose and gives quantitative results
House dust mites are a common allergen, and sensitization is fre- for a microbial database to be established for future comparisons with
quently observed despite control measures ( Vallance et al., 2006). Also, environmental and clinical data in the ELFE longitudinal study.
complex interactions between domestic mites and fungi have been ob- Although the DNA extraction method was run without the use of
served (transportation and consumption of fungal spores) ( Van Asselt, a commercial kit, it gave reliable results. There was a compromise
1999). Extended exposure to fungi and mites enhances asthma symp- between the sensitivity, the quality and the available quantity of the
toms (Harrison, 1999) and interactions could be further speci ed if DNA extract. Extraction time and the cost of 20 samples were evaluated
these microorganisms were measured simultaneously using the same at 45 min and 60 Euros with our method, while they require 150 min
tool. and about 100 Euros using a commercial kit. Repeatability (seven
However, the target group could be extended if other species are times) enabled us to determine the limit of quanti cation for each spe-

shown to be involved by other studies (rinse suspension is maintained cies. All signals under this limit must be considered as a negative result.
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Table 5
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Relative concentrations of ten microorganisms in 53 dwellings expressed in percentages of the maximum concentration obtained in each species.

L16
L50
L37
L28
L10
L33
L5

L26
L34
L2

L43
L41
L38
L18
L39
L13
L8

L25
L4

L35
L15
L44
L7

L32
L6

L1

L3

L53
L51
L46
L48
L47
L42
L23
L11
L17
L45
L21
L27
L12
L22
L19
L9

L24
L14
L30
L31
L29
L20
L40
L52
L36
L49

Squares with 0 to 25%, 25 to 50%, 50 to 75%, andN75% results are white, light gray, dark gray or black, respectively.

Percentage of the maximum concentration for each species
A.alt A.fumi A.versi C.spha D.ptero EnteroB MycoB P.chry S.char Strepto
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 1.3 0.0 0.0 0.0 0.0
10.8 0.0 0.2 0.0 0.0 1.4 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 15.1 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 8.8 7.6 0.0 0.0 0.0 0.0
0.0 0.0 0.1 0.0 0.0 9.9 0.0 10.1 0.0 0.0
0.0 0.0 0.0 0.0 2.7 0.0 17.9 0.0 0.0 0.0
0.0 0.0 0.0 0.0 1.6 18.9 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.6 1.8 0.0 23.7 0.0 0.0
21.4 0.0 0.0 0.0 0.0 4.8 0.0 0.0 0.0 0.0
27.9 0.0 0.0 0.0 0.0 1.4 0.0 0.0 0.0 0.0
21.1 0.0 0.0 0.0 0.0 10.1 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 13.7 18.3 0.0 0.0 0.0
31.7 0.0 0.1 0.0 0.0 6.1 0.0 0.0 0.0 0.0
19.2 0.0 0.0 0.0 0.0 2.8 18.2 0.0 0.0 0.0
0.0 0.0 0.0 0.0 2.9 3.6 0.0 0.0 0.0 35.2
0.0 0.0 0.0 38.6 0.0 7.6 0.0 0.0 0.0 0.0
0.0 0.0 0.5 0.0 2.9 31.1 0.0 18.0 0.0 0.0
16.1 0.0 0.0 0.0 0.5 3.8 19.7 15.4 0.0 0.0
25.1 0.0 0.0 0.0 2.3 13.4 0.0 15.4 0.0 0.0
0.0 36.5 0.2 0.0 0.0 2.2 19.0 0.0 0.0 0.0
46.7 0.0 0.0 0.0 0.0 12.4 0.0 0.0 0.0 0.0
20.8 0.0 1.5 0.0 0.6 6.4 31.6 0.0 0.0 0.0
0.0 0.0 0.0 sy 3.4 0.0 0.0 14.7 0.0 0.0
25.8 0.0 0.7 0.0 0.0 20.9 0.0 0.0 0.0 24.8
21.3 0.0 0.5 0.0 0.0 10.4 41.1 13.8 0.0 0.0
0.0 0.0 0.0 49.0 12.5 27.3 0.0 0.0 0.0 0.0
0.0 0.0 0.1 25.8 32.7 2.1 0.0 0.0 0.0 34.0
37.4 0.0 0.6 28.7 2.5 5.9 24.5 0.0 0.0 0.0
0.0 0.0 0.0 0.0 2.2 0.0 0.0 0.0 44.5
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22.5 0.0 0.1 0.0 0.0 39.9 0.0 35.7
0.0 0.0 0.1 0.0 17.6 0.0 0.0 47.7
9.6 0.0 0.6 0.0 5.5 33.4 32.8 40.0 0.0 0.0
33.0 0.0 0.6 0.0 0.4 2.5 24.3 0.0 0.0
89.8 0.0 0.0 31.3 0.0 1.3 0.0 0.0 0.0 0.0
22.0 0.0 0.2 0.0 3.4 19.7 31.9 20.7 0.0 29.4
10.2 0.0 0.0 0.0 1.3 2.2 22.2 0.0
17.6 0.0 0.0 21.5 2.9 9.6 19.2
0.0 0.0 1.6 0.0 1.4 37.7
:ﬂ 0.2 22.2 1.1 14.8
32.6 0.0 0.0 0.0 .
0.0 0.0 0.0 0.0 0.0 0.0
21.6 0.0 0.0 0.0 5.8
0.1 0.0 0.0
0.0 0.1 0.0
0.0 0.0 0.1 25.8
0.0 0.0 31.3 3.3
0. .0 3.9 0.0 0.0
10.7 0.0 0.6 0.0 0.0
0.0 0.0 0.1 33.3 1.8
0.0 0.0 0.0 28.6 7.6 32.9 .
0.0 0.0 77.6 100.0 4.7 41.8 0.0 0.0

The ten targets were: Alternaria alternata (A.alt), Aspergillus fumigatus (A.fumi), Aspergillus versicolor (A.vers), Cladosporium sphaerospermum(C.spha), Dermatophagoides pteronyssinus
(D.pter), Enterobacteriaceae(EnteroB), Mycobacteria sp. (MycoB), Penicillium chrysogenum (P.chry), Stachybotrys chartarum (S.char), Streptomycesspp. (Strepto).

These results also demonstrate the ef ciency of the setup PCR machine.
Because of the presence of brain..heart infusion proteins and sample
dilution by rinsing, no gPCR inhibitors were found. Thus, the protocol
can be simpli ed for the 5000 expected samples for the ELFE study,
with no search for inhibitors.

The results of our study indicated the best choice of make of wipe
(Eurowipes®, Nogent le Rotrou, France) for the EDCs for the ELFE

study because of its practicality and capacity to release spores. Recovery

ef ciency was 5.9% and 5% forP. chrysogenumand S. chartarum, re-
spectively, which is lower than to those reported by Yamamoto et al.

(10, 19 and 25% for C. cladosporioidesA. fumigatus and P. chrysogenum

respectively) ( Yamamoto et al., 2011). However, the sensitivity of the
technique is limited by a pre-analytical step that requires a large extrac-

tion liquid volume (20 mL). We tested rinsing wipes with a smaller
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Fig. 1. Principal Component Analysis with 53 dwellings, using data from logarithmic con-
centrations (dwellings named L1 to L53). Axes are principal components, PC 1 and PC 2,
with loading values. PCA Graphic analysis enables us to outline groups of microorganisms
which could be correlated: the more the arrows are long and close to the axes, the more
information they give on the data set. The ten targets are named as follows:  Alternaria
alternata (aalte), Aspergillus fumigatus (afumi), Aspergillus versicolor(avers), Cladosporium
sphaerospermum (cspha), Dermatophagoides pteronyssinus (dpter), Enterobacteriaceae
(EnteroB), Mycobacteria sp. (mycoB), Penicillium chrysogenum (pchry), Stachybotrys
chartarum (schar), Streptomycesspp. (Strepto).

volume of liquid using the  Itration step as described by Gibbons and
Rokas (2013) and Yamamoto et al. (2011) but extraction ef ciency
proved inadequate and the results were less reproducible (data not
shown). The results obtained for mite quanti  cation are lower than one
organism per cm %; qPCR can detect all D. pteronyssinuscells left by the
mite. Quantities detected for P. chrysogenumare low compared to other
species. However, our aim was to identify differences that could have
an impact on health and this method was able to differentiate between
contaminated households and less contaminated ones, and to highlight
the composition of species in each household.

Because no evidence of a correlation was found between species,
we conclude that the presence of each one was entirely independent
of other species. The analysis by PCA showed a possible link between
A. versicolor and Mycobacteria, but this result is greatly in  uenced by
just two dwellings: L36 and L49. We can thus assume that all species
are independent and that it is appropriate to maintain the ten targets.
Species were individually quanti ed and classi ed within their own
usual ranges.

5. Conclusion

The requirements for ELFE study were as follows: one tool to evalu-
ate allergenic components (fungi, bacteria and mites), a cost-ef  cient,
discreet and well-accepted sampling method that can be easily carried
out by participants, and a method that can provide qualitative and
quantitative discrimination of microbiological data from children's
dwellings. These preliminary tests have shown that the SOP we used
meets these requirements. The overall procedure is a compromise be-
tween sensitivity and ef  cacy on the one hand, and economic feasibility

on the other. EDC sampling associated with qPCR provides quantitative
data on several indoor microorganisms that should help improve our
understanding of the interactions between the environment, allergic
diseases and child development.

Con ict of interest

The authors have no competing interests.

Acknowledgments

The authors wish to thank Frances Sheppard of the Clinical Investiga-
tion Centre of Besangon (CIC Inserm), and Pamela Albert and Lois Rose
for correcting and improving the English.

The authors are grateful to Simon Bellec and the staff from de DDASS
Territoire de Belfort.

Thanks go to all the participants who accepted to participate in this
pilot study.

The authors are grateful to Audrey Laboissiére, Marina Muzeau and
Marléne Barthoulot for their technical help and Hélene Sarter for her
management and organizational help.

Financial support: This work was supported by a grant from the
ANSES (Agence Nationale de Sécurité sanitaire de l'alimentation, de
I'Environnement et du travail) (EST 2010-40).

References

Arshad SH. Does exposure to indoor allergens contribute to the development of asthma
and allergy? Curr Allergy Asthma Rep 2010;10:49 .55.

Asher MI, Montefort S, Bjorksten B, Lai CK, Strachan DP, Weiland SK, et al. Worldwide
time trends in the prevalence of symptoms of asthma, allergic rhinoconjunctivitis,
and eczema in childhood: ISAAC Phases One and Three repeat multicountry cross-
sectional surveys. Lancet 2006;368:733 . 43.

Bouillard L, Michel O, Dramaix M, Devleeschouwer M. Bacterial contamination of indoor
air, surfaces, and settled dust, and related dust endotoxin concentrations in healthy
of ce buildings. Ann Agric Environ Med 2005;12:187 ..92.

Braun-Fahrlander C, Gassner M, Grize L, Neu U, Sennhauser FH, Varonier HS, et alPreva-
lence of hay fever and allergic sensitization in farmer's children and their peers living
in the same rural community. SCARPOL team. Swiss study on childhood allergy and
respiratory symptoms with respect to air pollution. Clin Exp Allergy 1999;29:28 .34,

Bustin SA, Benes V, Garson JA, Hellemas J, Huggett J, Kubista M, et al. The MIQE guidelines:
minimum information for publication of quantitative real-time PCR experiments. Clin
Chem 2009;55:611 ..22.

Chew GL, Rogers C, Burge HA, Muilenberg ML, Gold DR.Dustborne and airborne fungal
propagules represent a different spectrum of fungi with differing relations to home
characteristics. Allergy 2003;58:13 ..20.

Dawson DJ.Potential pathogens among strains of mycobacteria isolated from house-dusts.
Med J Aust 1971;1:679 ..81.

Development Core Team. Vienna, Austria: R: A Language and Environment for Statistical
Computing; 2012 [ISBN 3-900051-07-0].

Eder W, Ege MJ, von Mutius E. The asthma epidemic. N Engl J Med 2006;355:2226 ..35.

Frankel M, Timm M, Hansen EW, Madsen AM. Comparison of sampling methods for the
assessment of indoor microbial exposure. Indoor Air 2012;22:405 ..14.

Gehring U, Heinrich J, Hoek G, Giovannangelo M, Nordling E, Bellander T, et al. Bacteria
and mould components in house dust and children's allergic sensitisation. Eur Respir
J 2007;29:1144.53.

Gibbons JG, Rokas AThe function and evolution of the ~ Aspergillusgenome. Trends Microbiol
2013;21:14 ..22.

Harrison PT. Creature comforts,, living with mites and moulds. Clin Exp Allergy 1999;29:
148..9.

Haugland RA, Vesper SJ, Wymer LJQuantitative measurement of Stachybotrys chartarum
conidia using real time detection of PCR products with the TagMan( ™) uorogenic
probe system. Mol Cell Probes 1999;13:329 . .40.

Haugland RA, Brinkman N, Vesper SJ.Evaluation of rapid DNA extraction methods for
the quantitative detection of fungi using real-time PCR analysis. J Microbiol Methods
2002;50:319 ..23.

Haugland RA, Varma M, Wymer LJ, Vesper SJQuantitative PCR analysis of selected Aspergillus
Penicillium and Paecilomycesspecies. Syst Appl Microbiol 2004;27:198 ..210.

Hirvonen MR, Huttunen K, Roponen M. Bacterial strains from moldy buildings are highly
potentinducers of in  ammatory and cytotoxic effects. Indoor Air 2005;15(Suppl. 9):
65..70.

Hospodsky D, Yamamoto N, Peccia J.Accuracy, precision, and method detection limits of
quantitative PCR for airborne bacteria and fungi. Appl Environ Microbiol 2010;76:
7004..12.

Huttunen K, Pelkonen J, Nielsen KF, Nuutinen U, Jussila J, Hirvonen MR. Synergistic interac-
tion in simultaneous exposure to ~ Streptomyces californicusand Stachybotrys chartarum.
Environ Health Perspect 2004;112:659 ..65.



724 E. Scherer et al. / Science of the Total Environment 466167 (2014) 716 724

Kaarakainen P, Rintala H, Vepsalainen A, Hyvarinen A, Nevalainen A, Meklin T. Microbial
content of house dust samples determined with qPCR. Sci Total Environ 2009;407:
4673..80.

Keswani J, Kashon ML, Chen BT.Evaluation of interference to conventional and
real-time PCR for detection and quanti  cation of fungi in dus t. J Environ Monit
2005;7:311..8.

Kuhn DM, Ghannoum MA. Indoor mold, toxigenic fungi, and Stachybotrys chartarum:
infectious disease perspective. Clin Microbiol Rev 2003;16:144 ..72.

Lignell U, Meklin T, Rintala H, Hyvarinen A, Vepsalainen A, Pekkanen J, et al. Evaluation of
quantitative PCR and culture methods for detection of house dust fungi and  strepto-
mycetesin relation to moisture damage of the house. Lett Appl Microbiol 2008;47:
303..8.

Meklin T, Haugland RA, Reponen T, Varma M, Lummus Z, Bernstein D, et al. Quantitative
PCR analysis of house dust can reveal abnormal mold conditions. J Environ Monit
2004;6:615 ..20.

Normand AC, Vacheyrou M, Sudre B, Heederik DJ, Piarroux R. Assessment of dust sam-
pling methods for the study of cultivable-microorganism exposure in stables. Appl
Environ Microbiol 2009;75:7617... 23.

Noss |, Wouters IM, Visser M, Heederik DJ, Thorne PS, Brunekreef B, et al. Evaluation of a
low-cost electrostatic dust fall collector for indoor air endotoxin exposure assessment.
Appl Environ Microbiol 2008;74:5621 ..7.

Obihara CC, Bollen CW, Beyers N, Kimpen JLMycobacterial infection and atopy in childhood:

a systematic review. Pediatr Allergy Immunol 2007;18:551 ..9.

Ownby DR, Peterson EL, Wiliams LK, Zoratti EM, Wegienka GR, Woodcroft KJ, et al.
Variation of dust endotoxin concentrations by location and time within homes of
young children. Pediatr Allergy Immunol 2010;21:533 ..40.

Reboux G, Bellanger AP, Roussel S, Grenouillet F, Sornin S, Piarroux R, et allndoor mold
concentration in Eastern France. Indoor Air 2009;19:446 ..53.

Reponen T, Vesper S, Levin L, Johansson E, Ryan P, Burkle J, et dfligh environmental
relative moldiness index during infancy as a predictor of asthma at 7 years of age.
Ann Allergy Asthma Immunol 2011;107:120 ..6.

Rintala H, Nevalainen A. Quantitative measurement of streptomycetes using real-time
PCR. J Environ Monit 2006;8:745 ..9.

Rintala H, Hyvarinen A, Paulin L, Nevalainen A. Detection of streptomycetes in house dust ,,
comparison of culture and PCR methods. Indoor Air 2004;14:112 . 9.

Roe JD, Haugland RA, Vesper SJ, Wymer LXQuanti cation of Stachybotrys chartarum
conidia in indoor dust using real time, uorescent probe-based detection of PCR
products. J Expo Anal Environ Epidemiol 2001;11:12 ..20.

Roussel S, Reboux G, Naegele A, Martinez J, Vacheyrou M, Scherer E, et aDetecting and
quantifying mites in domestic dust: a novel application for real-time PCR. Environ Int
2013;55:20 . 4.

Sen K, Asher DM.Multiplex PCR for detection of Enterobacteriaceae in blood. Transfusion
2001;41:1356 ..64.

Sergey A, Grinshpun M, Buttner MP, Willeke K. Sampling for airborne microorganisms. In:
Hurst CJ, Crawford RL, Garland JL, Lipson DA, Mills AL, Stetzenbach LD, editors. Manual
of environmental microbiology. Washington DC: American Society of Microbiology;
2007. p. 939..53.

Tischer CG, Heinrich J. Exposure assessment of residential mould, fungi and microbial
components in relation to children's health: achievements and challenges. Int J Hyg
Environ Health 2013;216(2):109 ..14.

Torvinen E, Meklin T, Torkko P, Suomalainen S, Reiman M, Katila ML, et al. Mycobacteria and
fungi in moisture-damaged building materials. Appl Environ Microbiol 2006;72:6822 4.

Torvinen E, Torkko P, Rintala AN. Real-time PCR detection of environmental mycobacteria
in house dust. J Microbiol Methods 2010;82:78 ..84.

Vallance G, McSharry C, Wood S, Thomson NC.House dust mite control measures in the
treatment of asthma. Ther Clin Risk Manag 2006;2:347 ..54.

Van Asselt L. Interactions between domestic mites and fungi. Indoor Built Environ 1999:
216..20.

Vandentorren S, Bois C, Pirus C, Sarter H, Salines G, Leridon H.Rationales, design and
recruitment for the ELFE longitudinal study. BMC Pediatr 2009;9:58.

Vesper S.Traditional mould analysis compared to a DNA-based method of mould analysis.
Crit Rev Microbiol 2011;37:15 ..24.

Vesper S, McKinstry C, Haugland R, Wymer L, Bradham K, Ashley P, et al. Development
of an environmental relative moldiness index for US homes. J Occup Environ Med
2007;49:829 ..33.

Vesper S, McKinstry C, Haugland R, Neas L, Hudgens E, Heidenfelder B, et alHigher Envi-
ronmental Relative Moldiness Index (ERMIsm) values measured in Detroit homes of
severely asthmatic children. Sci Total Environ 2008;394:192 . 6.

von Mutius E. Allergies, infections and the hygiene hypothesis ,, the epidemiological evidence.
Immunobiology 2007a;212:433 ..9.

von Mutius E. Asthma and allergies in rural areas of Europe. Proc Am Thorac Soc 2007b;4:
212.6.

Yamamoto N, Shendell DG, Peccia JAssessing allergenic fungi in house dustby  oor wipe
sampling and quantitative PCR. Indoor Air 2011;21:521 ..30.

Zeng QY, Westermark SO, Rasmuson-Lestander A, Wang XRDetection and quanti cation
of Cladosporiumin aerosols by real-time PCR. J Environ Monit 2006;8:153 ..60.



29



2. Premiere campagne résultat de QPCR des 339logements analysés et
établissement de pofils

d]SE o:[Migréhiological characterization of 3193 French dwellings of Elfe cohort children

Auteurs: Steffi Rocchi, Gabriel Reboux, Victor Frossard, Emeline Scherer, Benoit Valot, Audrey Laboissiere,
Cécilezaros, Mallory Vacheyrou, Francois Gillet, Sandrine Roussel, Chantal Raherison, LaurendbeVillfan,

team

Journal, année de publicatiorScience of the Total EnvironmeR015

A. Contexte

>[ Su -ELFE est une étude nichée concernant certaiaesllies volontaires qui ont accepté
[JveS oo (E pv %S WE o SE}S §]c<klectrostMic} pest] CRllechorlansUla
Z u & ol v( v3X > % E u] & %HELFE (EBFEFE (ESD-48)) a bénéficié

[uv (Jv v u vS(1EBNiN §2011-2014).

Au vudesrésultats satisfaisastdu pilote la premiére campagne a débuté avec la cohorte ELFE en
2011. Les enfants oété recrutés sur degours de naissance définisgprésentant les quatre saisons,

a savoir, du " au 4 avril, di27 juin au 4 juillet, du 27 septembre au 4 octobre et du 28 novembre au

5 décembre. Les EDC avaient préalablement été fabriqués au laboratoire (selon un format plus
discret que celui du pilote) et ont été distribués aux participants a la maternité. Ldtefaouvraient

le capteur au retour a domicile et le laissati en place pendant 10 semaines.[ devat ensuite

étre renvoyépar la poste. Dés leur retour, le capteur émiiregistréinformatiguement sur une base

de données avec saisie sécuriséesmango Vv SS v vS o[ v oCe X

Ainsi,3193 ED@onformesnous ont été renvoyés par la postés ont été analysépar q°PCR avet0
microorganismes ciblés (6 moisissures, 3 groupes de bactéries et 1 acarien
- les moisissures :Alternaria alternata, Aspergillus fumigatus Aspergillus versicolpr
CladosporiunsphaerospermunPenicillium chrysogenurtachybotrys chartarum
- les 3 groupes de bactéries : Enterobacteries, Mycobactesiesptomycespp,

- o[ EDevmilfophagoides pteronyssinus

Trois questionnairesW pv <g *8]}vv JE u ] oU pv <«u <8]}vv JE o u S Ev]
deux mois des nouveatés de retour dans le domicile, ont été remplis par famille. Plus de 200

A E] o0« }vs vepld 3 (JUEV] * % E 0EUWYVIIES] U VO (%o tho SEH JEEWS ]
sécurisée.
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B. Principaux résultats

Cette premiere approche statistique, utilisant des analyses multivariées (de type analyses en
composantes principales), a permis de catégoriser les 3193 logenis#atsis des 10 cibkedeqPCR.

Les populations desdifférents microo}EP v]eu ¢ % & * vSe ve o[ VA]JE}vvV u v ]v
enfants ont été analysées simultanément, et non deux a defiinsi, & profils de logements

différents, caractérisés par leur contamination en miorganismes ongété définis:

- (1) Un profil trés peu contaminé

- (2) Un profil peu contaminé par les bactéries

- (3) Un profil dominé par les 3 bactériesAdternaria

- ~8¢ hv % E}(Jo u]v % E oe+j & E]+ 0] E]vV
- (5) Un profil dominé les 3 bactérigslternaria § o[ ,E] v

- (6) Un profil dominé par les 3 bactériesAdternaria toutes a fortes concentrations.

Ces six profils sont differemment représentés dans les différentes régions de Riancarte
JEE *%}V o (JPuE 0o o[ ES] o -
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le profil (5) et le reste de la France par un profittéaies/Alternaria(3).

Une approche statistiquepar analyse de redondance a pu mettre en évidence un lien entre ratio
[} M% S]}v ~viu CE [Z 15 v8 | pv]s sUE( elagontanivatiom em}P u vSe
micro-organismes observée (augmentatides concentrations de bactéries avec la promiscuité). De
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en évidence une concentratioren moisissuressupérieure dans les maisons e¢n Aspergillus
fumigatus supérieure dandes appartements. Enfita présence [ vlu pZ&A }u ¢S]<cpu o %o 1S E

reliée a des concentrations pliraportantes de moisissures et @&reptomyces
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par Delmas en 2012. Elle concerne le suivi d@@Denfants de maternelle, en France, et présente

plus particuliérement une carte relevantslsiflemensU <« Cu % S€u e | Juupv o[ *SZu >
fréquence des enfants présén vd ¢ ¢]((0 u v3e o[ @E}]ee ] v3 [ ¢35 Vv Kp *3X > |
0 % E}%}IES]}V 0 %oOue JuSHflpESS w8 o[Ky( «5« hb 9 hvec nétie zone

des profils 4 et 5.
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Figure présentant la répartition des profils des 3193 logetnéftude EBRA Elfe) et la répartition des
sifflements chez 2000 enfantgDelmas et al. 2012)

Ainsi, nos travaux sur la thématique allergique essayent de palier a la plupart des problemes soulevés

%o (E Uu VS % E 0 ¢ 5 Zv]cpu o [} » EA 3](RebouEand Nojard200&h pospE
utilisart des méthodes de prélevement (EDC) couvrant une longue période de sédimentation des

% }puee] €&  § {PCR) Gtandardisées pouvant mesurer indépendantrplusieurs micre

organismes avec la méme efficacité.
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abstract

Although exposure to indoor microorganisms in early life has already been associated with respiratory illness or
allergy protection, only a few studies have performed standardized samplings and speci ¢ microbial analysis.
Moreover, most do not target the different groups of microorganisms involved in respiratory diseases (fungi,
bacteria, dust mites).
Inour study, ten speci ¢ qPCR targets (6 fungal species, 1 family and 2 genera of bacteria, 1 house dust mite) were
used to analyze the microorganism composition of electrostatic dust fall collector (EDC) from 3193 dwellings of
the Elfe French cohort study.
Multivariate analyses allowed us to show that the microbial composition of dwellings, assessed with
simultaneous analysis of 10 microorganisms, can be characterized by four entities: three bacteria, house dust
mite Dermatophagoides pteronyssinusfungi Alternaria alternata , and ve other molds.
Some dwellings' intrinsic characteristics (occupational ratio, type of dwelling and presence of pets) clearly
in uence microorganism distribution, and six different pro les of dwellings, characterized by their composition
in microorganisms, have been described across France.
The use of these clusters seems promising in the evaluation of allergic risk. Allergic respiratory diseases will
develop in the near future in some children of the Elfe cohort and will indicate to what extent our approach
can be predictive of respiratory disease.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Several studies deal with microorganisms and their implication in
allergic respiratory illness or symptoms such as wheezing, allergic
rhinitis and asthma. Dust mite allergy is the most common, and some
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molds like Aspergillusspp. (Agarwal and Gupta, 2010 ), Alternaria spp.
(Salo et al., 2006), Penicillium spp. (Bundy et al., 2009), Cladosporium
spp. (Garrett et al., 1998) are also involved in respiratory disorders.
However, in their review, Bornehag et al. (2004) showed that only
four publications out of the 547 studies on this subject (1998
2000) presented fungal concentration measures in dwellings.
Tischer et al. (2011) found 1398 scienti ¢ publications with at least
one keyword related to respiratory disorders, but only 36 publi-
cations included measurements of exposure and health outcomes
validated by medical advice.
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Over the past 30 years, more than 100 cohorts of children have been
created around the world (  Bousquet et al., 2013) to study asthma and
allergy ( Keil et al., 2006).

Children's exposure to high levels of fungi at 8 months of age
has been linked to rhinitis and wheezing at 3 years and asthma at 7
(Reponen et al., 2012; Reponen et al., 2011). Conversely, proponents
of the hygiene hypothesis ( von Mutius, 2007 ), suggested that early-
life exposure to microbial agents such as molds and bacteria may offer
protection against atopic wheezing and asthma. In the ALEX study
(Riedler et al., 2001), children younger than 1 year exposed to stables
developed asthma less frequently (1% vs 11%) than older children. In
the PARSIFAL study Ege et al., 2011; Schram-Bijkerk et al., 2005 ), dust
endotoxins, Aspergillusand Penicillium extracellular polysaccharides
and -1,3-glucan levels were higher in control children's dwellings
than in wheezers' homes. In the PASTURE study (Karvonen et al.,
2014), children exposed to molds, bacteria and/or endotoxins devel-
oped fewer allergic diseases than children less exposed.

Overall, many child cohort studies have been based on questioning
parents to assess microorganism effects on respiratory health. In the In-
ternational Study of Asthma and Allergies in Childhood (ISAAC) studies
(phases |, Il and 1lI), parents answered questionnaires and the presence
of dampness was linked to respiratory disorders. However, the use of
metrology is now gaining in importance especially when studies such
as those of Roussel et al. (2008) showed that 18% of sampled rooms
had no damp smell nor visible molds on walls, though the air was, in
fact, contaminated ( N470 fungi colony forming unitm ). Thus, some
studies have included microbial measures such as biomarkers. The
birth cohort Epidemiology of Home Allergens and Asthma Study
(EHAAS) analyzed fungal and bacterial biomarkers suchas  -d glucans,
endotoxins, muramic acid and ergosterol in family room dust samples
(Sordillo et al., 2011). Finally, only a few studies have done speci ¢ mi-
crobial measurement with standardized tools like quantitative Poly-
merase Chain Reaction (QPCR) (Karvonen et al., 2014; Reponen et al.,
2012; Reponen et al., 2011).

In our study, we used the electrostatic dust fall collector (EDC)
(Frankel et al., 2012; Noss et al., 2008) and gPCR, with the Standard Op-
erational Procedure (SOP) previously described ( Scherer, 2014), to as-
sess the microbiology composition of a large number of dwellings. We
analyzed a sample of children's dwellings included in the Elfe (Etude
Longitudinale Frangaise depuis I'Enfance) project ( Vandentorren et al.,
2009). Elfe was the rst multidisciplinary French cohort devoted to
monitoring children's development in France from birth to adulthood.
This Elfe subsampling, called EBRA (Environnement Biologique et
Risque Allergique) study, included 6390 children's dwellings. We
targeted ten microorganisms by qPCR: 6 molds, 3 bacteria and 1 mite
(Scherer et al., 2014) using a multi-group approach to study micro-
organisms involved in respiratory diseases.

The six fungal species were chosen because they are commonly
found in homes and are known for their allergic and/or toxic effects
(Chew et al., 2003; Huttunen et al., 2004; Kaarakainen et al., 2009;
Kuhn and Ghannoum, 2003; Meklin et al., 2004 ). Mycobacteria and
Streptomyceswere selected for their allergic andin  ammatory strength
(Huttunen et al., 2004; Obihara et al., 2007 ). Enterobacteriaceae are
used here as markers of endotoxins that may have a potential protective
effect for asthma ( Gehring et al., 2001; von Mutius, 2007 ) or play a
major role in the respiratory morbidity of livestock farmers ( Reynolds
etal.,, 2013). Mites Dermatophagoides pteronyssinusare also sought be-
cause they are common allergens involved in asthma ( Vallance et al.,
2006).

The aim of our study was to describe the microbial composition of
French dwellings included in the EBRA-Elfe study with a multivariate
analysis to analyze the main factors involved: geographic distribution,
meteorology, socioeconomic levels, parents' health and the intrinsic
characteristics of dwellings. Finally, we soughtto  nd a new proxy
that could summarize the microbial composition of French housing.
We do not yet know which children will develop asthma, but we

performed environmental measures of 10 microorganisms, linked to
allergic diseases, in dwellings in which children spend the rst months
of their lives.

2. Material and methods
2.1. Recruitment of children and questionnaires

349 maternity hospitals were randomly selected among the 542 in
France and 320 participated in the study. Children were recruited de-
pending on their birth date and their birth region. From April 2011, all
babies born in the included maternity wards on given recruitment
days could be included with their parents' consent. Inclusion criteria
were as follows: children born after 33 weeks of gestation, of mothers
aged 18 years or older. Foreign families could also participate in the
study, if mothers were able to read French, Arabic, Turkish or English.
Recruitments were made over several four-day periods the same
year: from April 1 to April 4, from June 27 to July 4, September 27
to October 4 and nally November 28 to December 5. EDCs were dis-
tributed in the 320 participating maternities based on the annual
number of deliveries. Families agreeing to participate in the study
installed an EDC for two months in the room where their child was
sleeping. Thus, 6390 EDCs were distributed at the children's births.
3217 well-identi ed EDCs were returned to the laboratory in time
and 3193 of the 3217 families who sent the EDCs responded to the
questionnaire. In fact, mothers were interviewed at the maternity
ward for medical information about their pregnancy and the new-
born baby, their exposure to pollutants and their eating habits. Two
months after the birth, telephone interviews with mothers and fa-
thers took place and included different types of questions. The lists
of variables were as follows:

- Demographic and socioeconomic variables including country of
birth, educational level, profession, monthly income, number of
family members.

- Dwelling characteristics such as type, surface area, number of rooms.

- Health variables of both children and parents: parents' asthma and
eczema, mother's psychological dif culties, children's birth weight
and height. Clinical and medical data related to pregnancy were
also accessible and used as variables.

Families signed a consent form presenting the general aim of
the study and all data were anonymous. For privacy concerns, the
geographical location of the dwellings could only be indicated at the
regional level.

2.2. Sample analysis

EDCs were washed and rapid DNA extraction was performed
from the washing liquid using mechanical and thermal lysis (runs
in MagNA Lyser Instrument (Roche Applied Science®, Mannheim,
Germany), boiling water bath and ice) as previously described
(Scherer et al., 2014). In each extraction series, a sterile distilled
water sample was included as a negative control to be sure that
manipulation was not contaminated.

Primers and hydrolyze probes were used in the gPCR analyses. Ten
speci ¢ gPCR targets were used as previously described and distributed
as follows:

- 6 fungal species: Alternaria alternata, Aspergillus fumigatus,
Aspergillus versicolor, Cladosporium sphaerospermum Penicillium
chrysogenumand Stachybotrys chartarum described by Haugland
et al. (2004) (and available at http://www.epa.gov/nerlcwww/
moldtech.htm );

- 1 family and 2 genera of bacteria: Enterobacteriaceae ( Sen and Asher,
2001), Mycobacteria ( Torvinen et al., 2006 ) and Streptomycesspp.
(Rintala and Nevalainen, 2006 );
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- 1 house dust mite: Dermatophagoides pteronyssinugausing primers
and probes developed in our laboratory ( Roussel et al., 2013).
Negative and positive controls were added in each gPCR reaction.
Speci city, repeatability and detection limits of the gPCR pro-
cedure were tested using calibrated microbial suspensions of
reference strains.

2.3. Statistical analysis

Data analysis was done through multivariate analysis as principal
component analysis (PCA) and redundancy analysis (RDA). PCA is a
multivariate ordination analysis that simpli es a complex data set to a
reduced number of dimensions or axes, called principal components
(PC). The rst axes are projected on one or two ordination plots in
which samples (dwellings) and variables (qPCR targets) are represent-
ed by points and arrows, respectively ( Legendre and Legendre, 2012).
RDA is an extension of PCA that models response variables as a function
of explanatory (environmental) variables. Rules of interpretation iden-
tify two close variables as positively correlated, two opposing variables
as negatively correlated and two orthogonal variables as uncorrelated.

A single redundancy analysis (RDA) was performed to assess the
structuring effects of region coordinates (latitude and longitude) and
month of sampling on microorganism composition. A partial principal
component analysis (pPCA) was performed to explore the relationships
between the different gPCR targets in removing the effect of the tempo-
ral structure contained in the dataset by including sampling month as a
conditional variable constraining the PCA. This analysis highlights the
main underlying gradients of microorganism composition among the
3193 dwellings. The signi  cance of the PCA axes was assessed graphi-
cally using the broken-stick model ( Legendre and Legendre, 2012).

A cluster analysis was then performed using sample scores of pPCA
axes supporting a signi cant amount of variance according to the
broken-stick model (here, the  rst two axes). Ward's minimum vari-
ance clustering method, where the within-group sum of squares is min-
imized ( Borcard et al., 2011) was applied to the matrix of Euclidean
distances between sample scores. The gap statistic ( Tibshirani et al.,

Table 1
Number of dwellings included in the study by region and recruitment period.

S. Rocchi et al. / Science of the Total Environment 505 (2015) 10261035

2001) was used to de ne the number of signi  cant clusters that could
be retained from the dendrogram.

The in uence of environmental dwelling variables on communi-
ty composition was assessed through partial redundancy analysis
(pRDA). Here, explanatory variables constrain the  rst ordination
axes in order to explain the species matrix. In pRDA, dwelling region
and month of sampling were considered as covariables so that their in-

uence was removed prior to assessing the effect of dwelling variables.
This procedure allowed examination of the determinants of community
variability at a dwelling level once regional and sampling month vari-
ability was accounted for. Thirteen explanatory variables related to
dwelling characteristics (housework frequency, number of oors, num-
ber of windows, use of pesticides, plants, pets, dwelling type, occupa-
tion ratio, oor covering in bathroom, living room, kitchen, renovation
and if parents were owners of the dwelling) were considered necessary
to explain the structure of the microorganism community. Forward
selection was used to select explanatory variables. Other pRDAs were
preformed to assess the in uence of socioeconomic variables
(mother's country of birth, father's country of birth, educational
level, family month income) and parent's health variables (psycho-
logical dif culties, parent's asthma and eczema) on the microor-
ganism community. Other variables such as ventilation and type of
heating cannot be used in analyses.

DNA concentrations of gPCR targets were log-transformed prior
to the statistical analyses. Statistical analyses and graphical displays
were performed using R 3.0.2 ( R Development Core Team, 2013) and
the svegane (Oksanen et al., 2012), smgcve (Wood, 2006), ‘mapdata*
and smapse (Becker and Wilks, 2013 ) packages.

3. Results
3.1. Regional child recruitment

The 3193 children included in the study were recruited during four
periods in the different French regions as presented in  Table 1. EBRA-
Elfe dwellings were located in 21 French regions and distributed in
the same proportion as the Elfe total cohort (chi 2 test: p-value = 0.24,
data not shown). Dwellings in Corsica were removed from our analysis
because of their underrepresentation (only 10 dwellings).

Regions Inhabitant numbers in 2011 Area (km ?) Maternity unit Number of sampling dwellings by inclusion period Total
numbers April 1 June 27 September 27 November 28
April 4 July 4 October 4 December 5

1 Alsace 1,852,325 8280 12 21 31 44 27 123
2 Aquitaine 3,254,233 41,308 15 40 48 29 31 148
3 Auvergne 1,350,682 26,013 3 10 17 16 17 60
4 Basse-Normandie 1,475,684 17,589 8 19 19 23 20 81
5 Bourgogne 1,642,734 31,582 10 25 22 24 28 99
6 Bretagne 3,217,767 27,208 19 42 51 58 47 198
7 Centre 2,556,835 39,151 11 30 31 32 28 121
8 Champagne-Ardenne 1,336,053 25,606 7 15 15 21 15 66
9 Franche-Comte 1,173,440 16,202 6 15 15 19 13 62
10 Haute-Normandie 1,839,393 12,317 8 24 33 30 20 107
11 lle-de-France 11,852,851 12,012 62 139 151 151 129 570
12 Languedoc-Roussillon 2,670,046 27,376 16 32 32 37 38 139
13 Limousin 741,072 16,942 2 7 9 4 4 24
14 Lorraine 2,350,657 23,547 11 24 18 31 21 94
15 Midi-pyrenees 2,903,420 45,348 12 26 28 16 37 107
16 Nord-pas-de-Calais 4,042,015 12,414 23 50 74 63 62 249
17 PACA 4,916,069 31,400 28 49 65 58 50 222
18 Pays de Loire 3,601,113 32,082 15 50 60 60 66 236
19 Picardie 1,918,155 19,399 11 21 30 26 16 93
20 Poitou Charente 1,777,773 25,809 10 24 24 26 15 89
21 Rhone-Alpes 6,283,541 43,698 31 75 86 73 71 305
Total 62,755,858 535,283 320 738 859 841 755 3193
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Table 2
Dwelling characteristics.

Qualitative variables Quantitative variables

Dwelling type Housework daily ‘ Window number
Appartment 1151 time Median 4
Home 1973 | |None 26| |Max 21
NA 69 <0.5h 414 NA 184

0.5-1h 962
Family situation 1-2h 1091 Floor number
Owner 1895| |2-3h 412 | |Median 1
Tenant 1018 | [>3h 131| |Max 20
Free accomodation 102 | |NA 157| |NA 73
NA 178
Pets Floor covering l Occupation ratio ‘
(cats, dogs, birds, rodents) Bathroom (inhabitant/m 2)
Yes 1406 | |Tile 2300 | |Median 0.04
No 1489 | |Linoleum 406 ax 0.2
NA 298| |Parquet 218 | |NA 199
Other 85
Dwelling renovation NA 184
Yes 1469 Kitchen
No 1660 | |Tile 2437
NA 64| |Linoleum 337
Parquet 167
Pesticide use (insects) Other 76
Yes 769 NA 176
No 2252 Living room
NA 172 | |[Tile 1778
Linoleum 830

Potted plants Parquet 279
Yes 2186 | |Other 130
No 833 NA 176
NA 174

NA = not available data.

NA = not available data.

3.2. Family characteristics

EBRA-Elfe mothers were 33 and fathers 35 years old on average.
Most parents (90% of fathers and 91.5% of mothers) were born in
France. Fathers not born in France were born in North Africa, other
countries in Africa, Eastern Europe, Western Europe, America and Asia

in 2.4%, 2%, 1.1%, 0.8%, 0.3% and 0.2% of cases respectively. Mothers not

born in France were born in Africa, North Africa, Western Europe, East-

ern Europe, America and Asia in 1.9%, 1.6%, 1.5%, 0.9%, 0.5% and 0.5% of

cases respectively. Mothers went to university in 74% of cases, and

93% of fathers had a job. The monthly family income was 3500  on av-
erage. Three percent of fathers and 4% of mothers had unemployment

bene ts.

One-third of mothers smoked, but 60% of them quit during their
pregnancy. 11% of mothers and 13% of fathers had asthma. 16% of
mothers and 10% of fathers had eczema. 371 mothers had psychological
dif culties during pregnancy. Gestational age at birth was between 33
and 42 weeks and 47% of children were girls. Dwellings characteristics
are presented in Table 2.

3.3. Microorganism community features

Molds were detected by gPCR from 27% ( S. chartarum) to 88%
(A. alternata) of dwellings. Bacteria were detected from 92 to 98%
and the mite in 48% of dwellings. The amount of DNA found in dwell-
ings varied among targets ( Fig. 1). The abundance of targets mainly
varied between 0 and 1000 fg/ L except for Enterobacteriaceaand

D. pteronyssinusthat exhibited the highest abundances, ten and
hundred fold respectively. None of the 10 targets was detected in
22 dwellings (0.7%) and 6 ..9 targets out of 10 were detected in 76%
of dwellings.

3.4. Spatio-temporal data set structure

According to the RDA ( Fig 2), the microorganism distribution
differed signi  cantly both among region coordinates (p-value b 0.01)
and months of sampling (p-value b 0.01). These two variables explain
13% of microorganism variability.

3.5. Microorganism ordination and classi cation

The initial dataset was signi  cantly structured by the seasonal effect,
the month of sampling explaining 9.7% of the variance. Using pPCA, the
variance in community composition among dwellings was ef ciently
supported by the rst two pPCA axes. Axis 1 (PC1) and axis 2 (PC2)
accounted respectively for 41.2% and 20.7% of the variance of the dataset
(61.9% of the total variance). According to the broken stick model, only
these two axes supported a signi  cant amount of variance. A. alternata
and the dust mite D. pteronyssinusare the two most structuring targets
that differentiated samples (longer arrow lengths,  Fig. 3a). Their distri-
butions are poorly related as indicated by their orthogonal position in
the correlation plot. Quite differently, molds and bacteria had related
distributions although molds were the less discriminant group of
targets. All targets were positively correlated with PC1 indicating that
the main gradient obtained by pPCA was a quantitative gradient of con-
tamination. Thus, the higher PC1 score a dwelling has, the more con-
taminated it is. Complementarily, PC2 allowed discrimination
especially among the A. alternata dominated community (high PC2
scores) and D. pteronyssinusdominated community (low PC2 scores).

Following the gap statistic, three groups of dwellings could be
de ned according to their microorganism composition ( Fig. 3b). None-
theless, because of the large number of dwellings, each group was
subdivided into two groups (according to hierarchical clustering) so
that dwelling typology could be described in more detail (  Fig. 3d).
Thus, 6 different pro les can be identi ed in France.

Dwellings in clusters 1 and 2 have the lowest levels of micro-
organisms (negative coordinates on PC1in Fig. 3c). Clusters 1, 2, 3 and
6 which follow the A. alternata and bacteria gradients ( Fig 3a, 3c)
contained increasing amounts of microorganisms (cluster 1 b cluster
2 b cluster 3 b cluster 6). Clusters 4 and 5 contained molds, bacteria
and D. pteronyssinuswith a stronger mixed microbial composition in
cluster 5. Mean abundance diagrams supporting interpretations of
pPCA allow a thorough description of the microorganism community
among the clusters ( Fig. 4).

Thus, six different pro
composition in microorganisms have been identi

les of dwellings, characterized by their
ed (Fig 4):

- Clean pro le (cluster 1);

- bacteria only pro le (cluster 2);

- bacteria and A. alternata pro le (cluster 3);

- bacteria and mite pro le (cluster 4)
organism pro le (cluster 5);

- high bacteria and A. alternata level pro le (cluster 6).

High level of all micro-

3.6. Spatial clustering

Although all clusters were present in each French region, their
occurrence differed greatly ( Fig. 5). A dominant cluster was identi  ed
in each region. The regional dominant cluster represented from 22% to
47% of the total dwellings ( Fig. 5). For one region (Bretagne), two clus-
ters co-dominated. Mild bacteria and A. alternata level pro le (cluster
3) was the most dominant cluster in France and dominated more than
half of the regions (12/21). Bacteria and mite pro  le (cluster 4) and
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Fig. 1. Box plots for gPCR target concentrations (in log fg/ L) in the 3193 dwellings.

mixed strong pro le (cluster 5), both with a strong mite component,
were dominantin only four and six regions respectively. The few micro-
organism pro le (cluster 1) was found dominant only in Champagne-
Ardenne and Nord-Pas-de-Calais. Bacteria pro le (cluster 2), strong
bacteria and A. alternata level pro le (cluster 6) were never dominant
in the French regions. Once plotted on the national territory, the region-

al distribution of clusters appeared interestingly coherent.

Mild bacteria and A. alternata level pro le (cluster 3) was found in
central and eastern regions ( Fig. 6a). Pro les with a mite component
were found in western regions with cluster 5 dominant in south-
western regions and cluster 4 in the north-western regions. The least
contaminated pro le (cluster 1) occurred in northern regions. This
map (Fig. 6a) was compared to the distribution of wheezing in nursery
school children ( Delmas et al., 2012) ( Fig. 6b), a single study conducted
throughout France and dealing with a large number of children
(N20,000 children). The recovery rate between the two most contami-
nated clusters (clusters 4 and 5) on our map and the highest wheezing
prevalence on Delmas' map ( N9.8%) is 85% of the undivided regional
area. In the same way, the recovery rate between the two less contam-
inated clusters (clusters 1 and 3) on our map and the lowest wheezing
prevalence on Delmas' map ( 9.8%) is 88% of the undivided regional
area.

3.7. In-dwelling determinant of microorganism community

Following the spatial analysis, a pRDA was conducted to search for
variables within a dwelling that could shape the microorganism com-
munity. Considered together, months of sampling and regional coordi-
nates accounted for 15% of the variance of the dataset. Once these
effects were removed, the socioeconomic characteristics and presence
of asthmatic parents, who could change the microorganism ora by
implementing preventive measures (anti dust mite bedding for

example), failed to explain the remaining variability in microorganism
community between dwellings (p NO.1).

However, among the 13 dwelling characteristics, three variables, oc-
cupation ratio, dwelling type and presence/absence of pets, were signif-
icant(p b 0.01) in explaining a part of the microorganism distribution in
dwellings; but they only explain a small fraction of the variance (3%).
Species association observed in the correlation plot from pRDA differed
from that of the pPCA for two reasons: (i) in pPCA, only the month of
sampling effect was removed whereas in pRDA, the region of sampling
effect was also removed,; (i) moreover, in a pRDA, observed graphical
structure is constrained by the explanatory variables, i.e. occupation
ratio, dwelling type and presence/absence of pets in the present
analysis. D. pteronyssinusand Enterobacteriacea and to a lesser ex-
tent C. sphaerospermumwere mainly associated with occupation
ratio ( Fig. 7), whereas Streptomycesand secondarily Mycobacteria,
A. alternata and A. versicolorwere primarily related to both houses
and the presence of pets. Alternatively, apartments with a low occu-
pation ratio and no pets exhibited a low level of microorganisms.

4. Discussion

Our results showed that the microbial composition of dwellings,
assessed using a combination of gPCR assays targeting 10 microor-
ganisms, can be characterized by four entities: three bacteria,
D. pteronyssinus A.alternata, and ve other molds. These community
distributions made it possible to divide dwellings into 6 clusters with
different pro les and regional distributions. Some dwellings' intrin-
sic characteristics clearly in  uence microorganism distribution as
well.

The aim of the Elfe project was to follow a 20,000 child cohort repre-
sentative of French births and thus include one child out of 50 born in
France. With 18,300 children, the Elfe study has nearly reached its ob-
jectives. As recruitments in the EBRA-EIlfe sub cohort resulted in a re-
gional distribution with the same proportions as the Elfe cohort with
regards to overall births in France. The average monthly family income
is 3500 in our study whereas the French National Institute of Statistics
and Economic Studies (INSEE) estimated the average monthly income
at 2998 in 2011. From a sociological standpoint, our recruitment
seems to be slightly different from the overall French population

Fig. 2. Redundancy analysis (RDA) plot showing target microorganisms and spatio tempo-
ral (regions coordinates and months of samplings). Solid arrows indicate microorganisms
while dotted arrows indicate quantitative variables (LON: longitude and LAT: latitude).
Months of samplings are qualitative variables and are represented without arrows.
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Fig. 3. Partial PCA (pPCA) and clustering analysis. a) Taxa correlation plot of the pPCA analysis. b) Hierarchical clustering constructed from PC1 and PC2 scores of the pPCA plots.
c) Correlation plot showing dwelling distribution according to cluster obtained from hierarchical clustering. d) Distribution of dwellings among clusters.

based on a French reference study (DREES, 2010). In the EBRA-Elfe
cohort, mothers pursued higher education in 74% of cases whereas the
estimated proportion was 52.33%. Moreover, in our study, only 3% of
fathers and 4% of mothers received unemployment bene ts while the
estimated unemployment rate was 12.64% for men and 12.1% for
women ( DREES, 2010.

The methodology used in this study allows measures of fungi, bacte-
ria and mites using a single cost ef cient sampling method (EDC) with
gPCR, known to be a standardized quantitative method. This methodol-
ogy (EDC + gPCR) has already been used in another recent important
study which measures children's exposure at school ( Jacobs et al.,
2014). The EBRA-Elfe study targeted a small number of microorganisms
focusing only on ten. However, when characterizing our dwellings, we
used 5 very phylogenetically distinct families of microorganisms
(fungi, mites, mycobacteria, Enterobacteriacea and Actinomycetes) in-
volved in human respiratory diseases. Moreover, multivariate analysis
used in this study allowed us to obtain an overall view of the dwellings'
microbial composition, and to observe how targets were distributed
with respect to each other. The 10 targets were simultaneously analyzed
and provided essential information about the microbiology of different
dwellings. Itis for this reason that our study is original with respect to

those that target only fungi communities ( Reponen et al., 2013;
Reponen et al., 2011; Vesper et al., 2007b; Vesper et al., 2007c) or stud-
ies which characterized cumulative microorganism exposure ( Egeetal.,
2011; Karvonen et al., 2014; Roussel et al., 2011).

Multivariate analysis was done in three steps. First, we showed a
spatiotemporal effect on microorganism distribution. A seasonal effect
has previously been observed in different studies in both indoor and
outdoor environments ( Madsen et al., 2012). Second, using pPCA
allowed us to summarize intwo signi  cantly representative dimensions
the complex distribution of ten microorganisms taking into account the
month of sampling effect. Finally, we removed the spatio-temporal ef-
fects to keep only the variability explained by the characteristics inside
the homes.

Bacteria, mites and molds are already known to be involved in respi-
ratory disease, for their negative or positive effects. These three impor-
tant groups have allowed us to clearly differentiate between different
types of housing. In fact, A. alternata, bacteria and D. pteronyssinusare
the targets with the heaviest weight in our analysis.  A. alternata and
D. pteronyssinusare the two most important microorganisms structur-
ing our dataset, and the presence of one appeared to be independent
of the other (orthogonality in  Fig. 3a). A. alternata and D. pteronyssinus
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Fig. 4. Mean DNA concentration (log fg/ L) of qPCR targets by cluster.

are both part of the most described allergens (with grass, cats and dogs)
tested with a prick test ( Arshad et al., 2001; Bousquet et al., 2007 ). Both
have been signi cantly associated with the severity of asthma ( Zureik
et al.,, 2002).

Contrary to other studies ( Reponen et al., 2013; Reponen et al.,
2011), the origin of the parents and their incomes do not in uence the
observed microbial composition in homes. We had previously supposed
that asthmatic parents would take precautions to reduce the observed
microorganism levels in their homes and thus in  uence the presence
or absence of certain fungal species ( Reboux et al., 2009). However, no
link was found between asthmatic parents and dwelling microbial
composition in the present study.

Different communities have been studied based on occupation ratio,
dwelling type (house/apartment) and presence/absence of pets. The
presence of occupants has already been shown to signi  cantlyin uence
the measured exposure to bioaerosol components ( Madsen etal., 2012).
Small but densely occupied apartments have been associated with

increased mold levels in Eastern France ( Roussel et al., 2008).
Cladosporium cladosporoidesand A. fumigatus are the only two

molds which seem to be in uenced by the occupation ratio. Pets

can in uence the presence of home bacteria and molds ( Sordillo
et al., 2011). In our analysis, pets were associated with A. alternata,
A. versicolor, Mycobacteria, Streptomyces and also with the type of

dwelling.

Region and sampling month variables accounted for 15% of the var-
iability in the dataset whereas intrinsic characteristics accounted for 3%.

It is very important to identify the indoor characteristics of dwellings
taking into account the Geographical location.

The involvement of genetic factors in asthma is recognized but these
factors alone cannot explain the geographic disparity of the disease's in-
cidence already mentioned above. Vesper et al. (2007b) has quanti ed
36 molds in house dust using gPCR and established an Environmental
Relative Moldiness Index (ERMI) to predict asthma in children. Overall,

a higher index is found in houses of children with respiratory illness
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Fig. 5. Dwelling distribution by region and cluster. Dwellings of a dominant cluster in a given region are brightly colored. Others are paler. (Chi 2 test on regional cluster
distribution yields p-value b 0.0001.)

Fig. 6. Dominant cluster distribution (from our analysis) and wheezing distribution over the last 12 months in a study of 21,140 school children ( Delmas et al., 2012).
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Fig. 7. Partial redundancy analysis (pRDA) plot showing target microorganisms and
environmentally signi  cant variables in dwellings (p b 0.01). Solid arrows indicate
microorganisms while the dotted arrow indicates quantitative environmental variable.
Other environmental variables without arrows are qualitative variables.

and has been linked to asthma when these children are 7 years old
(Reponen etal., 2011). Yet, different targets have been related to asthma
in children depending on the study location: ~ Scopulariopsis brevicaulis
Trichoderma viride in Ohio ( Vesper et al., 2006), Chaetomium globosum
A. fumigatus, Eurotium group in North California ( Vesper et al., 2007a),
Aspergillus nigerand Aspergillus unguisin Michigan ( Vesper et al., 2008).

In the present study, six clusters, built from pPCA scores, were
de ned to summarize a smicroorganism cocktail Zin the dwellings.
These groups of dwellings, with different microbiological pro les were
located throughout France. However, a mapping of France was carried
out taking into account the dominant cluster represented in each region,
showing a spatial effect on the microbial composition of dwellings.

As described by Kinney (2008) , climate canin uence the indoor dis-
tribution of microorganisms. Meteorological data (temperature, rainfall,
humidity obtained from Météo France) do not allow us to explain the
microorganism distribution on the pPCA (data not shown) but observed
patterns of regional dominant cluster lead us to believe that there is in-
deed an in uence on the local level Regional ora, linked to climate,
soils, and agriculture may in uence indoor microorganisms'  ora.
Other characteristics such as the architecture of buildings (data not
available in our study) or type of heating (not exploitable data because
of the low response rate to this question) could explain the observed
differences.

This new proxy synthesizing microorganism level and diversity and
re ecting the complexity and interaction of a panel of microorganisms
in dwellings, could allow researchers to determine the precise link be-
tween microbiological environment and allergic diseases (probably
when children are about six years old). In fact, our cluster mapping
could be compared to asthma and the wheezing prick test or the prev-
alence of speci c IgE results.

A study of about 21,140 children in nursery schools throughout
France showed different prevalences of asthma and wheezing and nota-
bly a difference between the Nord, Western and Southwestern regions
and those of the East and Centre ( Delmas et al., 2012).

In our study, we found that clusters 4 (Bacteria and mite pro le) and
5 (highest level of all the microorganism pro  les) are dominant in
western France. Dust mites (clusters 4 and 5) and A. alternata (cluster
5) characterized these two pro les and are known to be the allergens
most closely related to asthma. Therefore, the allergy prevalence in

these regions will probably be greater. This hypothesis is consistent
with the Delmas map which showed a wheezing gradient between
the eastern and western parts of France. On the two maps (clusters
and wheezing), both the Bretagne and southwest regions are very dif-
ferent from the others.

Our new proxy, pro les with a cluster approach and integrating a
regional effect, seems, therefore, appropriate and promising. The results
obtained through the simultaneous analysis of 10 microorganisms from
3 different types (bacteria, mold and mites) make it possible to analyze
the indoor air biological pollutants of homes and provide a picture of the
complex microbial composition in a large number of French dwellings
throughout the country. In the future it will be easier to include new re-
sults from new samplings in this pPCA (without modifying the initial
data set) to characterize new dwellings in the same way, with 1 of the
6 pro les.

Available samples have been kept and could be used for other gPCR
target analyses in the near future to further develop and enhance our
conclusions. For example, the Dermatophagoides farinaetarget, created
in our laboratory ( Roussel et al., 2013) could also be used. New EDC
will be made and distributed to families to sample dwellings again
when children are 3 1/2 years old and will enable us to monitor the chil-
dren over time. Thus, we hope to obtain the most continuous and de-
tailed approach possible of analyzing biological composition which
will then help us to explain the occurrence of respiratory diseases in
children. These diseases will develop in the near future in some children
of the Elfe cohort and they will show us to what extent our approach can
be predictive of respiratory disease.
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A. Contexte

Les résultats précédemment décrits sont trés encourageants sur la capacité du dispositif & décrire
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autres), les 10 cibles initialement testédsvaien étre complétées par un nouveau panel de cible

Les liquides de ringage de la premiere campagne ont été conser885@ depuis la réception des
échantillons. Pour tenter de répondre de fagon plus complete ces associations entre
environnement et impact sur la santé humaingy V}pA oo + &E] il ] o+ Al vs [I3CE
sur une étude pilote. Les dix nouvelles cibles choisies doivent répondre plus largement aux
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(1) Elargir la détection des moisissusglonsonde etamorcesdécrites par EPA)

- Penicillium «groupe2»: regroupant Penicillium crustosum/camembertii /commune

/echinulatum/solitum.

Penicillium est fréquent dans les logements. La premiére campagne a montré des résultats
guantitativement bas pour la cible dpenicillium choisie, contrairement aux résultats attendus.
Féquert dans logement et récemment impligudans la littérature comme facteur desque
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- Trichoderma viride producteurde mycotoxing (Bean, Jarvis, and AbeNhksr 1992)

- Wallemia sebi difficlementretrouvé en culture mais pouvant avoir des interactions avec les
acariengdNaegele et al. 2013)

- Chaetomium globosumimpliqué dans les phénoménes allergiques nyaési étudié car

difficile a mettre en évidence en cultu(ghi et al. 2014)
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(2) Compléter le panel ghampignor» par une levure

- Genre cryptococcughors neoformans), récemment décrit comme protect@annemiller,

Mendell, et al. 2014)Sondeet amorces ont été dessinées et validées au laboratoire.

(3) Elargirla détectiondesacariens (de pousre de logement et de stockage)

- Dermatophagoides farinae

- Acarus siro Ces acariens sont également fréquents dans les logements et leurs
communautés pourraient interagir. Ainsi, Acarus siro pourrait étre plus présent léans
logemens ou les acariensde poussiéres sont plus rareSa présence dans le logemeast

étenduea la chambre et non pas limitée aux zones de stockage.
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00 EP v U o[]v(op v e Z ]13p - Al U 0 ¢ }vs e Jv ]E &eo
quantitatif « o}v pv u} [ A% E ]}V pv]cp X

>[] % V 0 }u%oestdevopaBer, pour la premiere campagmaais egalement
pour les campagnes ultérieures, une analyse élargieemesde diversité des agents mesurés, sans

]*8]v 8]}v 0 ** U }vS 0 (E *pos S %}pEE}vS !ISE wu]s v o] v o
reste «restreinte» puisque le choix 11 ] 0 ¢ v % HuS E]JE& o[]vs P& 0]8 e %
dans un logement. Mais leur sélection pertinente selon les éléments de la littérature et leur analyse
simultanée pourraient représenter un proxy du risguenicrobiotique» représenté par ldogement

ou de son caractere protecteur

e ] o=+ e}vS v }uEes [ Vv 0CE *u%bo0P Vo HLRE. Ellamt été adaptées et

validées sur des échantillons tests pour étre passées en d@plesirdT. viride; Chatpen2; W.
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sebiChien; QyptococcutC.globosum D.farinagBlatte) U (]v [} % S]ule BB o « },8¢« § ( E}\
[MVv %o 0] S]}v pos E] p&E X

X WE]V 1% pE E *pod 3o o[ 8u  %ORCKS chdt] ehied, blafie adpnsd@eso o

logements

>e J]oOose Z]lv 8§ Z S }vs § ee]v ¢ n o }E S}idEesattimaleEdary v3](] S
0 & E Z E Z +uE o[ Z]v}} }e+ X Aswdes 398lager@ents, mous o0C-e
avons validé la capacité ded®CRa détecter la pésence de chat et de chien dans un domicile mais

Heel o % 15  <p Vv3(] & 35 %E v & ] v8](] & [ A vsp oe }

Vingt-quatre o}P u vSe }vS % ES] ] %o o[ Sp X hv S %ole %o V V¢
étapes de rincage§ [ v oCe+ }vS § (& o0]* ¢ }uu % Eequestionudre E]SX
rempli par les participantsontenait entre autre les points suivarit¢ viu &E [ VIu pAEdd % E& -+ v
o[ VIu ove 0 u ]e}v 3 0 %o] Z v§loo}vv U }v&®Es &nimalx as A [
ol £ E] PLE  0}P u vsX

Le premier résultat était qude signal deqPCRétait significativement plus important dans les

logements possédant au moins un animal (chat ou chiefP@R chat ou chien) (graphigue.

Dans un deuxiéme tempsp[ A% }*]S5]}v E o0 W/E  véuepldE fagon SuivaAteo p

viu E [ v]u odielh umgroupe A i ] o[ vdal sgstématiquement absent de la piéce,

«M» e¢[]J0 E VSE % E(}]* ve 0 u Je}vU i u ]e wP»we[Ps]souverk v§]oo}v
présent dans la piece. Ainsi, pour les logements possédant un seul chien (catégorie la plus
représentéedans notre petit échantillonnageil y avait une différence significative enties EDC

posés dans une piéaal le chien allait réguliererant et ceux posés dans une piéce olckden ne

rentrait jamais(voir graphiques 2)
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Graphiques 1 Résultats des QPCR spécifiques en Cqg Chat et Chien en fonction de la présence ou
viv [ v]u p&E& p édhdniimnné

Graphiques2 : Résultats des QPCR spécifiques en Cq Chat et chien en fonction de la catégorie
[ £%}*]S]}v SSCE] p
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De nombreux résultatétaient positifs enqPCR chien pour des logements déeg participants ne
possédaient pas de chien. Pour tous les logements ou le signal était inférieur & un Cq de 39, une
exposition indirecte a été rapportéegarde exceptionnelle de chien au domicile, enfants gardés chez
une assistante maternelle possédadés chiens ou famille régulierement visitée possédant des
chiens

Cette étude pilote a permis de valider une cible misgaimt pour une utilisation trés différenten

déterminant sa capacité apu vS8](] € 0 % E ¢ v [ v]u pAE£ u }u] Jo X

En y associarles autres cibles citées, nous serons en mesure pour la premiére fois de caractériser

A o ulu u® Z A PEV « (u]lpooe EREP vlu % E}S 3§ HuE-U [pV
et ainsi de décrire et clasg probablement sous forme de profil, leggkements de la cohorte ELFE,
de suivre leur évolution tout au long de la cohorte et de confronter ces données quantitatives aux

évenements de santé a venir.
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Quantification of pets and cockroaclesin homes using gPCR a new tool to evaluate
exposure andrisk of allergies
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Runningtitle: QPCRfor pets and cockroaekquantification

Highlights: QPCRis awidely-usedtool tha can be usetb detectvariousorganismsMeasuringcat,dog and
cockroactDNA by QPCRIis a hewapproactto characterize indoor contaminatidpPCR for pets and cke
roacteswould be obtainesvhenfungi and bacteriaremeasued QPCR measuremesghouldenable us to

identify new home profiles which may belated tahe development aisthman children

Abstract:

Contradictory results are found in the literataoncerning fungi, bacteria, pet and cockroach exposure and the
risk of developing asthma. All these allergens have been thoroughly studied separately in cohort studies, and a
variety of sampling and analytical methods are used. It is already possibkractehize fungi, mites and baet

ria by QPCR. The aim of our study is to evaluate QPCR systems to quantify the presence of cats, dogs and coc
roaches in homes.

Twenty-four houses were sampled with an Electrostatic Dust Collector which was analyzed by Q&R
tionnaires were completed on the presence of pets or cockroaches in homes.

The results from QPCR were correlated for real presence of cats and dogs, and highlighted indirect exposure.

No participants reported the presence of cockroaches inhtbgies and this was confirmed by the results of
cockroach QPCR.

This study validated a screening tool that will be used in future in the ELFE cohort study.

Key words: QPCR, housing, cat, dog, cockroach, antigens



Introduction

Asthma has become thmost common chronic
childhooddisease in the industrialized wor(Eder

et al. 2006)Asthma isdescribed aan environma-

tal disease resulting from thateraction between
genetic predisposition and environmental exposure
to pets, house dust mites (HDM) and molgartic-
ularly indoor pollution during theearly years of
life.

Many studieshave attemptedo explain enviro-
mental involvementn the developmenbf allergic
disease Realtime quantitativePCR (QPCR) tech-
nologies have highligetd a number offungi in-
volved in allergy or sensitization(Vesper et al.
2008) but theirprecise involvementemains inca-
clusive. Although someteans haveidentified some
fungi specieghatare correlatel with a high risk of
developng asthma(Reponen et al. 2018harpe et
al. 2015) the role of the different agents and rhec
anisns is unknown. Cohort studies haveached
different conclusioa The difficulty in reaching
conclusionsis relatedto the multifactorid chara-
teristics of asthma andto the heterogeneityof the
methods used foindoor characterizationQues-
tionnaires may be used instead safmpling sam-
ples may inclde active dust, passive dust air.
These samples may be quantifiectirtureor with
PCR, orthrough antigenmeasureens. It is also
difficult to time these measurements accurately, as
samples may vary considerably at different stages
R1 D F Kfe,@u@ fiay be taken once or repeiate
ly. Therefore, lhe available data camot be com-
pared and the conclusions of the different studies
areoftenincompletebecause¢hey are so diverse

QPCRis a usefultechngue for environmental
cro-organism characterizationand quantification
and has recently been used in numerouscohort
studies.The nain advantages araccurate quanii
cation, efficacy, sengivity and reproducibility
QPCR has been wused by several teams
(Kaarakainen et al. 2009; Kaarakainen et al. 2011,
Yamamoto et al. 2011; Reponen et al. 2012;
Méheust et al. 2012; Vesper et al. 20b8} in all
these studieQPCRwas restricted to detection and
guantification & molds and bacteria.

The ELFE study (Etude Longitudinale Francaise
GHSXLV O,fwigchDstaad in 2011gonsists
of a 20000 birth cohort study conducted on almu
tidisciplinary basis.Several working group have
beenestablishedone of themfocusingon asthma
and allergic respiratory diseasedhis particular
group required a tailored system for taking sea
urements

In the first step of this study, ten specifi@QPCR
targets $ix fungal species,one family and two
genera of bacteriane house dust mitejvere used
to analyze the microorganism composition af
electrostatic dust fall collector (EDC) from 3193
dwellings in the Elfe cohort study. Multivariate
analysesshowed that the microbial composition of
dwellings ould be expressed in clusters, which
seems promisindor the evaluation of allesgrisk
(Rocchi et al. 2015)Theseprofiles which synthe-
size microorganism diversityregardless of which
type of living organismand reflect the complexity
and interaction of a panel of microorganisms in
dwellings, could enhanceour knowledge 6 the
relationship betweenthe microbiological enviro-
ment andallergic diseases.

Because our results so far are esacouraging, it
would be usefuto improvethese profileby adding
other allergenic agens which do not comefrom
micro-organismsi.e. petsandcockroacles
Therelationship between exposuredogs and cas

in early childhoodandthe incidence of allergieis
still controversial(Chen etal. 2010; Lodge et al.
2012) It has been suggestethat contact with pets
increass the risk ofallergic diseasesnd sensitia-
tion (Pyrhdnen et al. 2015) or protect against
them (Gaffin et al. 2012) Allergen measurements
correlatedwith the presence of animals at home
(Almqgvist et al.2003) and questiomairesare the
current methoslusedto determine pet expoeein
cohort stuies (Crawford et al. 2015)Cockroaches,
particularly Blatella germanica can befound in
inner ciiesand their presence may indicate chronic
dampin homes (Crawford et al. 2015)Exposure
has been shown to increase the risk of wimeen
children of atopic and neatopic @rents(Gaffin et
al. 2014)but this exposre hasonly been quantified
by measuring antigens on vacuum dust

The aim of our study was tassesQPCR tecth-
niquesthat werepreviously developetb detect cat
and dog DNA in samplesf fecescontainingpara-
sitical disease(Knapp et al. 2015)We intendedo
measue exposureo petsin dwellings by obtaining
guantitative resultghat can be integrated inthe
profile model previously usedo measure enviroe
mental conditions in dwellings fronthe ELFE
cohort The second objectivevasto design a new
QPCRsystem to quantify cockroael to complete
the panel of potential allergens to be quantified in
dwellings.

The final step would be testablish ainique result
in the form ofa profile synthesizing the allergen
mixture of eachdwelling. This will include micro-
organisms, mites, pets ancbckroacles all of
which could be related to health data of children
from the ELFE Cohort.



Materials and methods

gPCRdevelopment

QPCRsystem for pets

The system was developed to identify carnivore
feces using the high sensitivity of the rtiate PCR
technique. Probes and primers werepreviously
designed for dogland cas using the Primer Express
3.0 for the host fecal test(Knapp et al. 2015)
shown inTable 1.

QPCRsystem for cockroaes

Probes and primers wereéesigred for these stuigs
on the 18sDNA, using the Primer Express 3.0
VIC TAMRA labeling was usedbecause duplex
QPCR guantification wasrequired for the ELFE
study (Table 1).

Efficacy, limit of detection and specificity

DNA from the epipdydimand ear tipvas extracted
usingthe High Pure PCR Template Preparation kit
(Roche Diagnostic, Penzberg, Germany), as re
ommended by the manufacturer awds usedto
definethe calibration scalef dogs and cas respe-
tively. The concentration of thdirst calibration
pointwas50 pg/uL.

DNA from Blatella germinicawas obtained fom

was as followstwo minutes at 50°C, temin at 95

°C for the activationfollowed by 45 cycles for 15 s
at 95 °C for templatelenaturation and one min at
60 °C for primer and probe annealiagd exte-
sion. PCR reactions and absolute quantification
were run and mdtored using Applied Biosysterfis
7500 Fast System (Life Technologies, Carlsbad,
CA, USA). Sterile distilled water sargs were
used as negative controls in each series of amplif
cation.The resuls are expressed with the Quaitif
cation Cycle, CqNegative results are expressed as
Cg=45.

Application of QPCRon dwellings with and wlt-
out pet occupation

Samplingand QPCRAnalysis of dwelling
Twenty-four hougs were recruited ineastern
France ErancheComté regioi. No environmental
or medicalcriteria for selecting the type of dwlel
ings were used. An Electrostatic Dust Collector
(EDC) was exposed tthe air on a horizontal su
face between 1.60 m and 1.80 m above the floor in
an occupiedroom. Dustwas allowed to settlever a
six week periodn winter. A questionnaireon the
type of housing pet and the presence ofcock-

specimes provided byWKH 3& HQWUH GHYV Vdacles@asigivercix the participants. Participants

gout et de OOJO L P H Q YtabutyL &t @ciences,
Dijon, France) Extraction was performedising

mechanical lysis rgins in MagNA Lyser Insto-

men) (Roche Applied Scienfe Mannheim, Ge

many) andthenusingthe same k, as reommerm-

ed by the manufacturefhe @ncentration of the
first calibration point waS0 pg/uL.

For each of these targeted species, DiN&act was
diluted from 50 000 t00.5 fg/uL. Each calibrating
point was runseven times. Limit quantificatiois

defined as the smallest amount of DNiAwhich

seven successful detectioase observedin seven
QPCRtrials (Hospodsky et al. 2010)

Specificity was testd using DNA extract from52
indoor micreorganisns currently found in howss
andbelonging to groupof mold (n=38), actinorg-
cetes (n=4)yeasts (n=}} mycobacteria (n=2),re
terobacteria(n=1) and dust mite(n= 3). DNA
concentrationin the sample tested was 500fg/uL
except for dust mitegl0fg/uL). Cultivable micre
organisms were cultivated on adapted media at the
correcttemperatureand extraction was performed
as previously describg@cherer et al. 2014)

QPCRanalysis

QPCRreactionwas performed in a final volume of
20pL, containing 10uL of Hydrolysis Gene Expgre
sion Master mix 2X(Applied Biosystem, Foster
City, CA), 1000nM primers et 200nM proband
5uL of DNA extract. The amplification protocol

returnedthe questionnairesandthe EDC at the end
of thesampling period.

DNA extraction fromthe EDC wasperformed as
previously described(Scherer et al. 2014DNA
from cas, dogs andcockroacles was amplified
using theQPCRassayslescribed above

Estimation of real expase topetsin homes
Participantshad to respondnot only to questions
aboutthe presece of cat or dogs in ther homes
butalsoaboutthe number of petandthe frequency
of thepes | S Ude¢kh® house and ithe room
tested (Direct Exposure) Using all of this infor-
mation three categories oéxposire were dete
mined The cai(s) or day(s) wasidentified with the
letter Pif the animal was often in the testadom,
and with the letter Aif the pet was nevemn the
tested roomIn cases where aninslvere often in
the house butarely inthe tested roorthe letter M
wasused

Participantsalso had to give information about
regular contact with relativeshe hada cat or dog
at home (considered &sdirect Exposure(Almqvist
et al.2003).

Statistical analysis

Non-parametric tests (Wilcoxon rank sum test and
Kruskal#Vallis test) were used to investigatespo
sible differences il©q resultsthe presence orla
sence of pets at honamdtype of expoare,andthe
category of expage Statistical analyses were



performed using R 2.13.1 (R Development Core
Team, 2012).

Results

QPCRefficacy

Repeatability is expressed by the Cq standard dev
ation (Bustin et al. 2009)For each species targeted,
mean Cq, Cq Standard Deviation (SD Cq), and the
numker of successful trials are reportéthble 2).
The lowest concentration, with seven successful
trials and SD Cqg<1 was considered as the limit of
guantification. The quantification limit was about
5fg DNA/uUL for Blatella germanicaand dogs,
correspondingo Cqg =39.8 and 39.0, respectively
For cas, we considered Cq=39.5 as the limit of
detectionbecause theample with 5fg/uL was &
tected inthe 5/7 run, and the sample with & fg
was not detectedt all

QPCRspecificity

The results oQPCRanalysesising the primers and
probes designed for cat, degqd cockroachdetec-
tion were negativedq > 40 cycles) when applied
to DNA extract from theb2 micro-organismsara-
lyzedin specificity tests

Dwelling recruitment

Eighteen hoseswere in urbanareas and six in
rural areasThe meartime of exposrewas45 days
(minimum 24 days, maximum 60 days).

Of the participants46% declared having at least
onecat, 42% at leagsinedog, 21%a cat and a dog
The numberof dogsis divided irto five categories,
and the number afassinto six categoriesTable3).

None of theparticipantslived in inner city areas
and nonereported seeingcockroacles in their
homes.

gPCRon dwelling samples

Correlation betweeQPCRresulis and presence of
petsin homes

The rumber of animalsexposure categoryand Cq
results are shomfor each samplen Table4.
CatQPCRwas positive in 50% of hoas anddog
QPCRwas positive in 87.5% of hoes All houses
with cas were catQPCRpositive Cq "395 cy-
cles.

A higher DNA concentration i(e. lower Cq in
QPCR was measuredn hougs with the highst
number of catsCat QPCR Cqwas highly correld-
ed with the presence or absence of¢ptvalue=
<0.000) (Figure 1) and wih the category of
exposire (p-value<0.0) (Figure 3). The QPCR
signal was significantly higher (pvalue < 001)
whenmore than oneatwaspresent(Figure 2).

Only one hous without a cat presente@ positive
gPCRsignal H 17; Cq =37.7), but indirect exp-
sure was reported by frequent istb andfrom
family with cats and dogs

All houses with dogs were dogQPCRpositive The
Dog-Cq is highy correlated with the presence or
absence of dagy(p-value <0.005) (Figure 4). Krus-
kal #Vallis was used tdestthe difference between
categories of expase indog ownersThe dffer-
encewas statiically significant between Dogq
whendogs were presenh the room (1Pfompared
to when they weraever in the room (1A) (Bure
5).

In 11 cases, a positivgPCR signal was detected
when nodogs were reported ithe home In six
cases the Cqg vas lower than39 (our previously
determined limit of quantificatio but indirect
exposure w@sreported In thefive other cases, Cq
was higher than39.2. The dfference betweerlog
QPCR signal when indirect expgs or no exp-
sure was reported wastatistically significant (p
value<Q01) (Figure 6).

Cockroach results

CockroachQPCR was negative in all the hoes
and no participantseported seeingockroacksin
theirhomes.

Discussion

When used together with ED&ampling,QPCRis

a simpleand accuratéechnique that can be applied
to largenumbersof samples. In this study, we rco
firmed the usefulness @PCRtechniquego quan-
tify exposure to dogs and cats in hegisand we
developed a cockroadPPCRassaylf we associa¢
these new assays with fungi, bacteead mite
QPCR as previously described(Scherer et al.
2014) we will provide a new todio quantify the
overall allergenic risk in housing with the same
samplingand analytical methosl The results will
also be expressed in the same way.

The primers and probes systgmerformed well, as
shown by the analytical ressltThe quantification
limit is set by sevemut of seversuccessfutletec-
tions, so itis strictin relationto thecomplexenu-
ronmental situation If we goply this limit (Cq =
36.5; DNA concentration = 50fg/p)lto cats, many
of the resuls from houseswvould have been inter-
preted asunquantifiable, even thoughit corre-
sponakd to real exposre The analytical limits of
the methodmust be understoodbutit is important
to adapt these to the environmental situatidthen
results are between JF6and 3% cycles in 5/7
cases, theeal amount ofcat DNA is successfully
guantified We thereforeaccept a limit of quantif
cation Cq = 395 (DNA concentration= 5fg/pL),
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knowingthat the results frosome houss maybe
false negative

The limit of quantification is 5 fg/ul(Cq=39) for

dog QPCR reactigrwhich seeradto correspond to
the limit in terms ofcontactwith dogs(direct and

indirect) anda backgroundsignal which could be
an umuantifiable but detectable real signal

The QPCRsignal is correlated with the presence of
animak at home, and with gradation linked fie-
guencyof presence in the tested ro@nd with the
number of animal in the home The correlation
betweerthe QPCRcat signal and category of exqp
sure, the significant difference between having a
dog indoos or outdoos and the ability to detect
indirect dog exposureare convincingresults. They
show that this tool is effective for quantification
and provids more detailedinformation tlan a
guestionnaire alone

Thereseems tdea backgrounadlog QPCR signal
This background also exsstwhen allergens are
measured(Almqgvist et al. 2003) In the Arbes
study, 100% and 99% of houss testedpositive
for dog and cat allergen respectivéhrbes et al.
2004) He suggestthat thesocial environment is
major source 6 dog and cat allergedue tothe
transport of allergensntieed, this isvhat we -
serve witha positive QPCR signal when indirect
pet contact is reportedVhenthe limit of quantif-
cationwas higher the signalusually highlighted a
low presence of dog partide lower than with
known indirect exposurd his should be interpted
as a positive result withno quantification. This is
why it is essential to takeneasurenents questiam-
naires alone cannot accurately evaluate peb-exp
sure

It is unsurprisingthat we did not detedblatella
Participants were recruited from all ovBesarmgon
andthe city center, but not in inner citgreas Se-
lection criteria were not usedlatella was never
observed by the volunteer participaritse houses
weremodernandwe did not expect to find signal.

We have developed new tool which allowsis to
guantitativdy measure petandcockroach expase
with a unique samplingand analytical technique
Associated with fungi, bacteria and mfPCRas
previously described, providesa multi-parameter
profile of the houss This overall evaluation is
needed tobetter understand the implicatisnof

chronic exposure, and to analyze the synergistic

role of different micreorganismsand other alle
gens LQ WKH GHYHORSPHQW RI
Another adantage of the proposed tool is thatnsa
pling can be done using EDC, whighvery cheap

FKLOGUHQTTV

and easy to usand does not requirmvestigato
intervention Therefore,sampling can be repeated
to betteranalyzeearly childhood and lateon in
childhood in longitudinal stugks (Gaffin et al.
2014; Pyrhdnen et al. 2015)

Despite thesmall number of houss theseresults
are encouraging. The quantification of animakss
well correlated withreal expoare (unquantifiable
by the questiomairg and the analysis of these data,
associatedwith other data on fungi, bacteriand
house dust mitecould explain the interactiobe-
tweenthe different organism@ the environment
and help to understand thelationship letween
complex exposre andallergic disease The ELFE
cohort study is colleaig measureents from the
dwellings of manychildren. The EDC has already
been usedonce when the children wereewborns
and these childrerwill be followed until they are
aged18. Another roundof EDC samplingwill be
performedwhen the children are agdive. These
new targed described in ts articlewill be tested in
thefirst frozen samplesFurther investigations will
be madeto collect homogeosus and quantitative
data m allergenic expage in dwellings

DOOHUJLHYV



Tables

Table 1 Primers and hydrolysis probes designed to identify, clatgs and cockroaabsby QPCR.

Table 2.Detection limits and repeatability of thiereetargets used in qPCR; correlation coefficient of the scale
(r?), mean of the Quantification Cycle obtained (Cq mean), Standard Deviation of these Cq (SD Cq), humber of
successful trials (n=7) for each species. In bold are the concentrations choseiit fofr dimantification. (nd =
absence of signal)

Table 3 Distribution of housing accordingo categories of expose number of each pet, completed by A=pet
never in tested room, M= presence at home but rarely in tested room, P= frequent preseecerootast

Exposition category 0 1A 1M 1P 2M 2P 3M 3P
Cat 13 0 1 7 1 1 0 1
Number ofdwellings
Dog 14 3 1 5 0 0 1 0
Number ofdwelling

Table 4 Number of animals, Expose category and Cq results for each of the 24 samples. Grey cases corr
VSRQG WR VDPSOH ZLWK SRVLWLYH VLIQDO ZLWKRXWhereKidir@HW FRQF}
exposire has been reported



Declared Exposure Mean Cq Declared Exposure Mean Cq |[Mean Cq

Name of Number of | category of for cat number of category for dog |[for blattela
sample cats cat QPCR dogs of dog QPCR QPCR
H1 0 0 45.0 0 0 45.0 45.0
H2 0 0 45.0 0 0 *36.7 45.0
H3 0 0 45.0 1 1P 355 450
H4 1 1P 36.3 1 1M 34.9 45.0
H5 1 1P 395 1 1A 394 450
H6 2 2M 35.1 3 3M 34.9 45.0
H7 0 0 45.0 0 0 40.6 45.0
H8 0 0 45,0 1 1P 294 450
H9 1 1M 38.8 0 0 40.6 45.0
H10 1 1P 36.9 0 0 45.0 45.0
H11l 1 1P 36.6 0 0 *38.1 45.0
H12 1 1P 34.9 0 0 39.2 45.0
H13 0 0 45.0 0 0 40.6 45.0
H14 0 0 45.0 1 1P 337 45.0
H15 0 0 45.0 0 0 *36.3 45.0
H16 2 2P 328 0 0 39.7 45.0
H17 0 0 *37.7 0 0 *37.5 45.0
H18 3 3P 334 1 1P 323 45,0
H19 1 1P 37.2 1 1P 316 45.0
H20 1 1P 35.4 0 0 *39.2 45.0
H21 0 0 45.0 0 0 45.0 45.0
H22 0 0 45.0 0 0 *36.9 45.0
H23 0 0 45.0 1 1A 37.0 45.0
H24 0 0 45.0 1 1A 39.2 45.0




Figures

Figure 1.Boxplot with Cat QPCR results accorditigpresence (1) or absence (0) of cat indihelling

Figure 2. Boxplot with Cat QPCR results accorditignumber of cat



Figure 3.Boxplot with Cat QPCR results (in Cglnversly proportional to the concentration) accordioghe
category of expage (M=rarely in the room; P= often present in the room)

Figure 4.Boxplot with Dog QPCR results accorditgpresence (1) aabsence (0) of dagn thedwelling



Figure 5.Boxplot with Dog QPCR results (in CetInversely proportional to the concentration) according the
category of expage (A=never in the room; M=rarely in the room; P= often present in the room)

Figure 6.Boxplot with positive Dog QPCR results (in Cgnversly proportional to the concentration) acder
ing the type of expase no, indirect ¢utsidecontact but no dogesiding permanentlin the dwelling direct
(dogresiding permanentlin the dwelling
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4. Suivi de la cohorte pour une campaga ans: le Projet Embrase
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Le projet EMBRASE préveitgn janvier 2016lorsque leenfants ELFE auront entre 4 ®fans, de
nouveaux capteurs soient distribués dans les logements des familles qui avaient accepté de placer un
%S WE o0 V Jee vV o[ X (VS i~ Ele(iérifier la constate (ou la variationdles
profils de logements 3 [ A op E o HUMO o[ A% }*]S]}v U }IHE- 0 % 8]8
U suE U <g o <u *}]8 o SC %o utiligé, Estv@ariede} \Les |in@vidus ne vivent pas
cloisonnés dans leurs logerm e & ¢}vs p }vd § [ uSE « VA]JE}vv u vieX (ES
ZY]e] [ Sp[]A%}+]158]}v v {Jacobs ettal. 2014Joutefois, le tempFbo ©° o[]vs ] U&E

du domicilesemble le plus représentatif, carestele plus long, notamment pour un enfant.

Il est attendu environ 806 de participation par rapport a la premiéere collecte de capteurs (soit un
E SIJUE [ VAIE}V THAN % Tl BEBR*X ~ % E da EkS 2655\capt€urs déposés
Ve 0 ¢« 0}P u vs8e « v ( \V5anspargFCR, surles 20 cibles

Danscette méme période (2015ii6«U ES Jve e v(v8e h o( i A 0}%% E}
SI}p [ USE » *Cu%S€U » 00 EP]J<p X > Z]((E « []Jv] Vv o[ *SZL
79U o Z]J((E 83 v p 8 [ VA]E}v itbrhe dansid sous sofarie-EBEHMe.

A partir des capteurs déposés dans les logements de 120 enfants avec asthme, ainsi que dans 120
o}P u vSe [svsansSmaladie respiratoirenous réaliserons uneanalyse métagénomique,
permettant de dresser un bilamicrobiologique complémentairquasi exhaustif. Une liste de tous

les champignongrésents, y compris ceux ne cultivant pas, pourra étre dressée dans les différents
logements. Cet outil moléculaire, en caractérisant de facon exhaustive les agents biedogiqu
présents dans les logements des deux groupes, permettra d'évaluer l'impact de la diversité sur les
E]ocu o A 0} % % E 0— *SZu Sorghhismes| piéséntantsurudaiiggr ou un
E]e<t % ES] po] & %}uE o[Z}uu X

Une fois identifiées,les espéces (2 espéces envisagées dans un premier temps) les plus
caractéristiques (par leur présence ou leur absence) des logements des enfants asthmatiques seront
guantifiees parqgW Z euE o[ ve u o e 0}P u vse o] }ZYE®S dlaz » ~ Z
naissance et & ans). Les résultats seront confrontés aux données des différents questionnaires, soit
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Le deuxiéme objectif est de décrirpar des analses de séquencage haut dédis principales

*% ¢ (}JVP]<h ¢ % E ¢ VS o ve 0 ¢ }lu] ]Jo - iihT v( vSe %QE - vS vS§
«enfants témoins» sans asthme. Par comparaison, les migrganismes présgant
potentiellement un isque et au contraire, les microrganismes ¢rotecteurs», pourront étre
identifiés. Ces agents identifiés seront quantifiés par de nouvgldés Z (]Jv [} % S]Ju]e & o[]v ] ¢
en le basant sur un nombre restreint de parametres choisis parmi les 2@ ¢#sesa priori et

celles testées aprés analyse métagénomique.
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IV.CHAPITRER: C Z d Z/* d/KE RE&SITUATIONS A QUE
ADAPTATION DES OUWTALLA QUESTION EROUNNEMENTALE POSEE

1. Composteursndustriel et risque de PHS

Titre de o[ ES]Development and evaluation of a method for the quafitation of airborne
Thermoactinomyces vulgarigy reattime PCR

Auteurs: Laetitia Betelli, Philippe Duquenne, Frédéric Grenouillet, Xavier Simon, Emeline Sé&hvelgne
Geéhin, AlairHartmann

Journal, date de publicatiordournal of Microbiological Method2013

A. Contexte

Comme les nouveaux matériaux de construction peuvent maodifier les flores de nos logements, les

nouvelles activités peuvent influencer la composition o [ eh@icro-organismes et avoir un impact

sur la santé. Ainsi, les actinomycetes thermophiles peuvent induire des pneumopathies
[ZC % Ee+ ve] ]O]S V ulJo] B % E}( **]J}vv oX 7] 58 E%}e]S]}v ~ § o

dans le cadre dpoumon de fermier elles vgnt pas été documentés pour les plateformes de

compostage ou | «+ A P § uE v Ju%1}e]131}v % PA vE ISE pv }uE
§Z Eu}%Z]o « S 0 pE (&E}e}o]e 8]}V uv u} [ £%0}*]8]}Vv %} E 0 « SCE

B. Principaux résultats

hv «Ce*S u }v [ZC E}oC- S gPCRe} € desshaé |5 la zone GyrB de
Thermoactinomyces vulgarit validé sur 10 souches ddermoactinomyces vulgarest 82 souches

pctinomyces ou bactériesutres Le systéme a montré une bonne spéitié (seules les souches de
Thermoactinomyces vulgarant présenté un Cq < 25, les rares autres souches avec un signal positif
(n=7) avaient un Cq >35), et une bonne sensibilité (la limite de quantificaticaststée20 copies

du gene GyrB par réactipn

Quarante<u S &E Z vS]oo}ve piélgd@sd diffiéredits points de 5 stations de compostage
43 des 44 échantillons étaient positifs avec des valeurs comprises entré &x3810 copies de
GyrB.nT, décrivant ainsi pour la premiére fois[ xposition & T. vulgarissur les stations de

compostage.

> [ ( S }dessusk[ntéresseaux activités de compostageirdustrielles» mais cette pratique est

également de plus en pldsdquente chez les particuliers. % E * v Fiev u1} o[]wduE] |
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logement souléve les mérsénterrogations. Une premiére étude a déja été menée et moe la
flore ne semble pas affectée a une distance supérieure a 50 cm du (d&mgele, Reboux,
Vacheyou, et al. 2015)
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this study were to develop and standardize a method to quantify workers exposure to bioaerosols. We
have developed and evaluated a method to quantify airborne
crobial communities and qPCR. Four DNA extraction protocols were compared, and primers and a hydrolysis
probe were designed for speci
to traditional methods based on viable or cultivable counting by epi
lective media. The method was applied on environmental bioaerosols sampled under real exposure condi-
tions in composting plants. We demonstrate that the method to quantify

speci c, sensitive and repeatable. We demonstrate the occurrence and quanti
sphere of composting facilities with concentrations ranging from 3x 10

T. vulgaris based on DNA extraction of aerial mi-

c ampli cation of the target species ( gyrB gene). This method was compared
uorescence microscopy or plating on se-

T. vulgaris in bioaerosols is

ed T. vulgaris in the atmo-
2t03x10 °xm 3,

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Actinomycetes are Gram positive bacteria producing branched
hyphae and spores. They are ubiquitous in the environment and are as-
sociated with organic matter and biodegradation process. Actinomycetes
can be present at high concentration levels in the air of numerous work-
ing areas, particularly those associated with agricultural activities and
waste composting ( Miyashita et al., 1982; Strom, 1985; Lacey, 1997; Le
Goffetal., 2010). Actinomycetes (i.e. Streptomyces albusMicromonospora
halophytica, Saccharomonospora viridig are able to produce small spores
with aerodynamic diameters ranging from 0.9 to 1.5 m ( Grinshpun et
al., 1997; Reponen et al., 1998; Madelin and Johnson, 1992 ). They are
able to enter the respiratory track with a high probability and may de-
posit in the deepest part of the lungs (  ICRP, 1994; CEN, 1993 Worker
exposure to bioaerosols containing thermophilic actinomycetes spores
may induce numerous health disorders, hypersensitivity pneumonitis
(HP), being the most severe ( Kagen et al., 1981; Kleyn et al., 1981,

Corresponding author at: INRA, UMR 1347 Ag roecology, Microbiologie Environ-
nementale et Risque Sanitaire, 17 rue Sully, BP 86510, 21065, Dijon, France. Tel.: +33
380693295, +33 680995266; fax: +33 380693224.

E-mail address: alain.hartmann@dijon.inra.fr (A. Hartmann).

0167-7012/$ ..see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.mimet.2012.10.009

Pepys et al., 1990; Lacey and Dutkiewicz, 1994; Dalphin et al,
1998..1999; Jamey, 2008). Risks associated with occupational exposure
to Thermoactinomyces vulgaris i.e. dose. effects relationship and thresh-
old limit value for occupational exposure, remain to be assessed.

Among thermophilic actinomycetes, T. vulgarisrepresents one of the
main causing agents of HP, such as farmer's lung disease, mushroom-
worker's lung disease and bagassosis, (Barboriak et al., 1972; Kleyn et
al., 1981; Pepys et al., 1990; Reijula, 1993; Dalphin et al., 1998 ..1999).
This species is widely present in high temperature biotopes like
composts during the heating ph ase of the composting process ( Millner
et al., 1980; Lacey, 1997). It produces true endo spores ranging in size
from 0.5to 1.5 m diameter ( Cross, 1970; Lacey, 1989; Reponen et al.,
1998).

The most often used technique for analyses of microbiological
aerosols containing actinomycetes is plate counts on agar media.
Well-adapted for the investigation of new unknown environments,
standard culture has however some drawbacks: the need for a huge
diversity of culture media and incubation parameters and the
underestimation of microbial concentrations in the samples. Plate
counts only give access to cultivable microorganisms and colony
masking may occur due to overgrowth of fast growing microorgan-
isms on Petri dishes. Alternative culture-independent methods such
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as, epi uorescence microscopy (after DAPI or acridine orange staining),
ow cytometry or  uorescence in situ hybridization (FISH), exist meth-
od but have been poorly assessed for the enumeration of actinomycetes.

Previous studies reported fungi in bioaerosols such as Penicillium sp.
(Lignell et al., 2008), Aspergillus sp (Haugland et al., 2002; McDevitt et
al., 2004; Lignell et al., 2008; Pietarinen et al., 2008 ), Cladosporium sp
(Zeng et al., 2006; Lignell et al., 2008; Pietarinen et al., 2008 ) or
Stachybotrys sp (Haugland et al., 2002; Lignell et al., 2008; Pietarinen
et al., 2008), Fusarium circinatum (Schweigko er et al., 2004), or
yeast-type fungi like Candida albicansspecies (Haugland et al., 2002).
Several pathogenic bacteria were also reported in bioaerosols such as
Mycobacterium tuberculosis (Chen and Li, 2005), Legionella pneumophila
(Sirigul et al., 2006), Bacillus anthracis, Brucella sp or Yersinia pestis
(Makino and Cheun, 2003; Fykse et al., 2008 ).

The use of quantitative real-time polymerase chain reaction (JPCR)
based protocols represents a very attractive alternative for the detection
and the quanti cation of microorganisms in bioaerosols ( Bustin et al.,
2009). This method is increasingly used for environmental detection
and quanti cation of microorganisms, on substrates (dust) as well as
in indoor air (house, water-damaged buildings, working areas f ). To
date, mold speci c¢ quantitative PCR (MSQPCR) was designed for envi-
ronmental detection of more than 100 molds, and combined results of
the 36 of them were used to design the Environmental Relative Moldi-
ness Index (ERMI) for mold exposure assessment of different patient
groups (Reponen et al., 2011; Vesper, 2011). As well, g°PCR was used
for global assessment of bacterial load in aerosols from contaminated
environments ( Oppliger et al., 2008; Blais Lecours et al., 2012), and en-
vironmental studies targeting mainly  Streptomycesspecies, in dust or
building materials ( Rintala and Nevalainen, 2006; Pietarinen et al.,
2008). To date, implementation of species-speci ¢ or genus-speci ¢
gPCR for airborne actinomycetes detection is scarce, and was only re-
cently developed to quantify Saccharopolyspora rectivirgulaand Strepto-
myces spp in bioaerosols ( Schafer et al., 2011; Kaarakainen et al., 2011;
Blais Lecours et al., 2012).

The aim of this study was to develop a standardized method,
based on gPCR, for the survey of worker exposure to bioaerosols
contaminated with actinomycetes. T.vulgaris was used as a model mi-
croorganism because of its wide distribution in the environment and
its potential health hazard. A gPCR based method was designed and
then validated for the quanti cation of T. vulgaris in bioaerosols.
This method has been compared with traditional plate count method
and validated under laboratory conditions using pure cultures and
experimental bioaerosols. Then, it is has been evaluated in real
exposure conditions to monitor the occurrence of  T. vulgaris in the
atmosphere of ve composting plants.

2. Materials and methods
2.1. Origin, maintenance and growth conditions of microbial strains

The strains used for sequence alignment and oligonucleotide
speci city testing are listedin  Table 1. They were used to design speci ¢
primers and a hydrolysis probe for the speci ¢ quanti cation of
T. vulgarisby gPCR. Collection strains were from DSMZ (German Collec-
tion of Microorganisms and Cell Cultures), CIP or UMIP (Pasteur
Institute Collection), IHEM (Biomedical Collection of the Scienti ¢ Insti-
tute of Public Health) and ATCC (American Type Culture Collection).
Strains were cultured according to the protocols given by the supplier.
Strains from the environment were isolated from hay at the University
Hospital of Besancon (Jamey, 2008 and from bioaerosols sampled in
composting plants by  Itration (37 mm closed-face cassettes). Environ-
mental strains were isolated and identi  ed by 16S rDNA sequencing at
the University Hospital of Besangon. The model microorganism chosen
for the rest of the study is the type strain of  T. vulgaris (ATCC 43649).
Stock culture was prepared by inoculation of the strain in 750 mL cell
culture  ask containing 90 mL of BBL™ Trypticase™ Soy Agar TSA

Table 1

Type of wastes treated in the  ve composting plants where environmental bioaerosols
were sampled. Green waste corresponds to plant wastes (garden trimmings, wood  f ).
Biowaste corresponds to the biodegradable fraction of municipal solid waste (after se-
lective sorting).

Composting facility Type of waste treated

designation Green Sewage Biowaste Municipal solid
waste sludge waste

1 X X x

2 x x X

3 X X

4 x X

5 X X

(Becton Dickinson, USA) and incubation at 50 °C for 15 days, under
high relative humidity.

2.2. Design of the primers and probe for gPCR

We targeted the gene gyrB which encodes the beta subunit of DNA
gyrase (accession number AB242203) in T. vulgaris. gyrB is often used
as a target gene for gPCR in bacteria (Kasai et al., 2000; Shen et al.,
2005). gyrB gene is considered as a single copy gene present in all bac-
teria ( Dauga, 2002). However, Rodrigues and Tiedje (2007) reported
from the analysis of 194 genomes from the Joint Genome Institute
(http://genome.jgi.doe.gov/ ) that 11.8% of the bacterial species har-
bored 2 to 3 copies of the gyrB gene. In the absence of complete genome
data for T.vulgaris we cannot exclude the occurrence of multiple copies
of this gene in T. vulgaris. gyrB sequences from several actinomycetes
species (Thermoactinomycessp., Laceyellasp., Mechercharimycessp.f )
were retrieved from GenBank and aligned with ClustalW (through the
bioinformatic platform Mobyle, Pasteur Institute). From the alignment,
variable regions of gyrB were selected and used to design primers and a
hydrolysis probe speci ¢ for T. vulgaris using the Primer Express soft-
ware (Applied Biosystems, USA). The speci city of the primers and
probe was tested <in silico Zagainst the GenBank database using BLAST
(http://blast.ncbi.nim.nih.gov/Blast.cgi ) on the National Center for Bio-
technology Information (NCBI) website. Selected primers were: for-
ward primer Tvu-F751 (5 -GCC GAT CAT TTC CAA ACC TAT T1);3
reverse primer Tvu-R824 (5 -GCC ATC ACG GCT TTG TTA ATA ATQ-3
and the hydrolysis probe was Tvu-S776 (5 -FAM-ACG AGC ATC CCG
CGG AAG CG-TAMRA-3. The corresponding PCR product has a 74 bp
length. All puri  ed oligonucleotides (Reverse-phase cartridge Puri  ca-
tion for primers and High Performance Liquid Chromatography for
probes) were obtained from Sigma-Aldrich (USA).

2.3. Genomic DNA extraction

Four protocols for genomic DNA extraction from bioaerosols were
tested and compared. The rst protocol is based on the FastDNA®
SPIN kit for soil (MP Biomedicals, USA). The second protocol is
based on the UltraClean® Microbial DNA Isolation Kit (MO BIO Labo-
ratories, USA). The two last protocols tested are based on the
DNeasy® Blood and Tissue Kit (Qiagen®, Netherlands); DNA was
extracted following the supplier recommendations, using either the
Gram negative bacteria speci c¢ protocol or Gram positive bacteria
speci ¢ protocol. In preliminary experiments, we determined that
the FastDNA® SPIN kit for soil associated to the FastPrep automated
homogenizer (MP Biomedicals, USA) and following the manufac-
turer's protocols was the most ef  cient method to extract DNA from
environmental bioaerosols (higher DNA vyield). This DNA extraction
method was chosen and used for both experimental and environmen-
tal bioaerosols as well as for DNA extraction from pure cultures of
T. vulgaris.
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2.4. gPCR assay

PCR reactions contained: 12.5 L of iQ™ supermix (Bio-Rad®, USA)
ata nalconcentrationof 1X,1 L of each primer ( nal concentration of
300 nM), 1 L of the probe ( nal concentration of 200 nM), 7.5 L of
ultrapure water for molecular biology and 2 L of DNA sample. PCR as-
says were done on a Bio-Rad® CFX96™ real-time PCR system with the
following cycles: 95 °C for 10 min followed by 40 cycles 95 °C for 10 s
and 60 °C for 1 min. Results were analyzed with the software Bio-Rad
CFX Manager, version 1.0.1035.131 (Bio-Rad, USA). Absolute quanti -
cation was achieved using standard DNA dilutions. We used as a stan-
dard the recombinant plasmid containing one copy of the 74 bp  gyrB
fragment from T. vulgaris (ATCC 43649) cloned in the pCRII-TOPO vec-
tor (Invitrogen). A standard curve was obtained by amplifying serial
dilutions of this plasmid from 1 to 10 ° copies per reaction ( Fig. 1).
Standard curves were validated according to the PCR ef ciency (in the
range of 80% to 120%) and to the coef cient of determination r 2
(above 0.98). For bioaerosols, nal results were expressed as gyrB
copy number-m 2 of sampled air.

2.5. Quanti cation of T. vulgaris in liquid cultures

An experiment was carried out in laboratory conditions to com-
pare qPCR, epi uorescence microscopy and culture for the enumera-
tion of T. vulgaris in liquid culture. For the comparison, T. vulgaris
strain (ATCC 43649) was grown in Tryptic Soy Broth TSB (AES
Chemunex, France), at 50 °C with shaking at 80 rpm for 15 days.
Then, the culture was centrifuged during 7 min at 7000 rpm and at
4 °C. The supernatant was eliminated and pellet was resuspended in
ultrapure sterile water. Five serial 10 fold dilutions of the suspension
were done in a solution of Tween® 80 at 0.05% and each sample was
divided into three aliquots (replicates). Each aliquot was analyzed to
quantify T. vulgaris DNA (gPCR following DNA extraction), total
spores by epi uorescence and cultivable bacteria.

2.6. Quanti cation of T. vulgaris in experimental bioaerosols

An experiment was carried out in laboratory conditions to com-
pare qPCR, epi uorescence microscopy and culture for the enumera-
tion of T. vulgaris in experimental bioaerosols. Bioaerosols were
produced according to the protocol we previously optimized and de-
scribed (Simon et al., 2013). Six cell culture asks containing eshly
grown T. vulgaris strain were prepared as described above. Cells
(spores and mycelium) were then washed from the agar surface by
adding 15 mL of a solution of Tween 80 (Merck, Germany) at 0.05%
and approx. 400 sterile glass beads (1.5 mm diameter) in the asks.
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Fig. 1. Standard curve used for absolute quanti cation of T. vulgaris in samples by gPCR
(mean values of 54 standard curves realized during the work). Error bars represent the
95% con dence interval associated to the values.

After a gentle agitation, the solutions recovered from the 6 asks
were mixed and Itered through a sintered glass Iter (10to 16 m
pore size). The obtained suspension was centrifuged 7 min at
7000 rpm, 4 °C and the pellet was re-suspended in 50 mL of
ultrapure sterile water. The latter suspension was immediately used
to produce an experimental bioaerosol using the bioaerosol generator
device fully described by Simon et al. (2011) . Brie y, the device in-
cludes a bubbling-type generator and a 12 L chamber for conditioning
and sampling bioaerosols. Microorganisms are aerosolized by bub-
bling compressed air through a  Im of liquid culture. The sampling
chamber is equipped with 6 sampling tubular probes allowing the
simultaneous connection of 5 bioaerosol samplers and a particle
counter. For the whole study, the generation parameters were those
described previously ( Simon et al., 2013): a complementary air  ow
rate Qe of 20 L-min %, aliquid Im height H iq Of 8 mm and a relative
humidity HR of 50 (+2) %. Bioaerosols with different cell concentra-
tions were produced by changing the bubbling ow rate Qs from 0.4
to4.7 L-min 1. The entire generation process has been repeated 12th
in our study. Each generated bioaerosol was simultaneously sampled
using ve 37 mm closed-face cassettes (CFCs) connected to the
chamber (see below). The duration of sampling was about 50 (+5)
min with stable bioaerosol. All CFCs were analyzed to quantify T.
vulgaris DNA (qPCR following DNA extraction), total spores by
epi uorescence and cultivable bacteria.

2.7. Detection and quanti cation of airborne T. vulgaris in composting
facilities

Environmental bioaerosols were sampled from the atmosphere of
composting plants. Sampling campaigns were organized, between
April and June 2011 in 5 composting plants processing different
types of waste ( Table 1). Stationary samples were collected with
37 mm open-face cassettes (OFCs) held at 1.7 m above ground
level. The duration of sampling was about 4 h. For each composting
facility, samples were collected during the 3 main exposing tasks
and for three consecutive days. Samples were then brought to the lab-
oratory and analyzed within 24 h to quantify ~ T. vulgaris by qPCR fol-
lowing DNA extraction and enumeration of thermophilic cultivable
bacteria.

2.8. Bioaerosol sampling methods

Bioaerosol sampling was performed using the lItration method
but the two versions of the method were used throughout the study
depending on the aims of the measurements. For the  rst version,
sampling was done by air ltration using 37 mm polystyrene
3-piece closed-face cassettes (CFCs) provided by Millipore. Each CFC
contained a support pad (thick cellulose absorbent pad, Millipore®,
USA) and a polycarbonate membrane (Nuclepore ™ membrane,
0.8 m pore size, Whatman®, United Kingdom). It was connected to
a personal sampling pump Gilian® GilAir-3 or GilAir-5 (Sensidyne®,
Germany) at an average ow rate of 2 L-min * for about 50 (+5)
min when the bioaerosol was stabilized. For the second version, air-
borne microbiological particles were sampled by the Itration meth-
od using 37 mm polystyrene 3-piece open-face cassettes (OFCs)
provided by Millipore. Samples were collected with OFCs mounted
with a sterile polycarbonate  lter (Nuclepore®, 0.8 mm pore size)
and a backing cellulose pad (Millipore®, thick cellulose absorbent
pad). Each OFC was connected to a pump operating at a 25 L-min
average ow rate (General Electrics, models 1531-176A-G445-X and
-G629-X). CFCs were used for assays with experimental bioaerosols
and for the isolation and identi  cation of environmental actinomy-
cetes strains (duration of sampling approx. 90 min.). OFCs were
used for bioaerosol sampling on composting facilities (duration of
sampling approx. 300 min.).

1
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2.9. Pre-treatment of bioaerosol samples before analysis

Microbial particles collected on polycarbonate membranes were
resuspended in a sterile solution before being analyzed. This was
done during an elution step described previously ( Duquenne et al.,
2012). Brie y, 10 mL of a sterile solution containing 0.1 g-L ' of
Tween 80® (Merck, Germany) and 1 g-L  * of peptone (Oxoid, Unit-
ed Kingdom) were introduced into the cassette. The cassettes were
then shaken at 2000 rpm for 20 min (Multi reax, Heidolph®, UK)
and the elution was recovered using a syringe and transferred to a
sterile tube for further analysis.

2.10. Total spores counting by epi uorescence

Epi uorescence microscopy after DAPI (4 ,6-diamidino-2-
phenylindole) staining allows us to count all the cells present in a sam-
ple (live and dead cells) ( Kepner and Pratt, 1994 ). A minimal volume of
10 mL of sample was mixed with DAPI (Sigma-Aldrich®, USA) solution
(05 gmL ). The suspension was then ltered onto a 25 mm
polycarbonate membrane (Millipore®, Isopore ™ black membrane,
0.22 m pore size). The membrane was rinsed with sterile ultrapure
water, mounted between slide and cover slip with paraf n oil immer-
sion. Spores were observed using a uorescence microscope (Leica
DM2500) at 1000x magni cation. The microscope is connected to a
video camera (Qicam Qimaging Fast1394) and spores were counted
on 20 or 30 spaced elds using the software Histolab version 7.4.0
(Microvision Instruments). The concentrations were expressed in num-
ber of spores per milliliter of suspension analyzed (  Mesa et al., 2003) or
were given per cubic meter of sampled air (spores-m 3.

2.11. Cultivable thermophilic bacteria enumeration

Thermophilic bacteria were enumerated by the spread plate tech-
nique. This was done directly from liquid culture or bacterial suspension
obtained from CFCs and OFCs after elution. Bacterial suspensions were
serially diluted in tryptone-salt solution (AES Chemunex, France). Ap-
propriate dilutions were spread plated on BBL ™ Trypticase ™ Soy Agar
(Becton Dickinson, USA). Two Petri dishes were inoculated per dilution
for three successive dilutions and incubated at 50 °C (for laboratory
assays) or 56 °C (for real exposure condition assays) for 3 days. Colonies
were counted daily on each dish. After incubation, only dishes containing
fewer than 300 colonies were used to calculate the sample concentration
of viable cultivable. The calculations are described in a food microbiology
standard ( AFNOR, 19964. Cultivable thermophilic bacteria concentra-
tions were expressed as Colony Forming Units per milliliter of suspen-
sion analyzed (CFU-mL 1) or per cubic meter (CFU-m  3).

2.12. Statistical analysis

All statistical analysis (arithmetic means, standard deviations, and
con dence intervals) and graphics were computed with Microsoft® Of-
ce Excel® 2007 (Microsoft Corporation, USA). ANOVA tests (95% con-
dence) were done with log transformed values using the software
Statgraphics Centurion XV, version 15.2.00 (StatPoint Technologies,
USA).

3. Results
3.1. Validation of the gPCR detection system

The primer pair Tvu-F751/Tvu-R824 and the Tagman probe
Tvu-S776, respectively corresponding to the nucleotides 751 ..773,
824..847 and 776 ..795 of the gyrB gene of T. vulgaris were found to be
speci c for this species. The BLAST analysis showed that the corre-
sponding oligonucleotide sequences matched perfectly to  T. vulgaris
gyrB gene sequence (coverage of 100% associated with an e-value of

1.0x10 °). Signi cantly similar sequences were found only in
Thermoactinomyces intermedius (query coverage 64%, e-value of
2.0x10 ©). The gPCR detection system was then tested using genomic
DNA extracted from 93 bacterial strains belonging to 19 genera. The re-
sults are summarized in Table 2. Ten of the eleven T. vulgaris tested
strains were detected with cycle threshold (C ) values below 25 cycles.
One T. vulgaris strain was detected with a C 1 value of 35 cycles. All the
other tested strains (82 microorganisms belonging to 18 different
genera) were not detected (n=75) or gave a C 1 value above 35 cycles
(n=7). The absolute quanti  cation from standard curve appears to be
highly reproducible ( Fig. 1). The log (gene copy number) and the C +
over a wide range of concentrations (1to 10  gene copies per | of solu-
tion) were strongly correlated (n=7; r= 0.9937; p=0.0000). The
detection limit of the gPCR detection system is low (20 copies of  gyrB
gene per PCR reaction) indicating a high sensitivity.

Pure cultures of T.vulgaris strain ATCC 43649 were analyzed by total
spore counting (epi uorescence), enumeration of cultivable bacteria
and qPCR. Results are given inFig. 2. A linear regression between log
(gyrB copy number) and log (cultivable bacteria concentration) vari-
ables is highly signi cant (n=6; r=0.997; p=0.0000). The adjusted
model explained 99.31% of the log ( gyrB copy number) variability and
there was no serial correlation of the residuals (p=0.4296) which con-

rms model validation. Similar results were obtained betweenlog (  gyrB
copy number) and log (total spore concentration) (n=6; r=0.998;
p=0.0000). The model explains 99.52% of log ( gyrB copy number)
variability. As previously, this model is validated by the lack of a serial
correlation of the residuals (p=0.8947).

3.2. Detection of T. vulgaris in experimental bioaerosols

We were able to detect T. vulgaris in experimental bioaerosols by
gPCR targeting the gyrB gene. Results are summarized in Fig. 3. Linear
regressions were computed between log ( gyrB copy number) and log
(concentration of cultivable T. vulgaris) or log (total spore concentra-
tion) for variable cell concentrations in bioaerosol. The linear regression
between log ( gyrB copy number) and log (cultivable bacteria concen-
tration) variables was highly signi cant (n=12; r=0.861; p=
0.0003) (Fig. 3). The adjusted model explains 74.09% of variability
from the log ( gyrB copy number) variable and there was no serial corre-
lation of the residuals (p=0.7388) which con rms model validation.
The linear regression between log ( gyrB copy number) and log (total
spore concentration) variables was also signi  cant (n=12; r=0.819;
p=0.0011). The model explains 67.11% of log ( gyrB copy humber) var-
iability. This model was validated by the lack of a serial correlation of
the residuals (p=0.6714).

Finally, DNA concentration is on average 16 times higher than cultiva-
ble concentration; the averaged difference between log ( gyrB copy
number) and log (cultivable bacteria concentration) is 1.11+0.36. gPCR
overestimated T. vulgaris concentration in experimental bioaerosols by
about one log (16 fold) compared to classical cultivable enumeration.

3.3. Detection and quanti cation of T. vulgaris in the atmosphere of
composting plants

Environmental bioaerosol samples were collected in real exposure
conditions in composting plants and analyzed by the culture method
and by qPCR. Forty four samples were collected during the campaign
and one was lost during the transport. Levels of cultivable thermophilic
bacteria in the air depended either on the composting plant, the work-
ing activity and the period at which the samples were collected (  Fig. 4).
Two samples from the composting plant 1 lead to concentrations over
7.2x10° CFU-m 3 (overlapping colonies on Petri dishes). When
exploiting the other samples, cultivable thermophilic bacteria numbers
ranged from 10 *to 107 CFU-m  of the air of the composting facilities
that we investigated ( Fig. 4). T. vulgaris was detected by qPCR in 43
samples among the 44 collected samples at concentrations between
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Table 2

Organisms used for testing oligonucleotides speci city and associated results. DSMZ,
CIP, UMIP, ATCC and IHEM are collection strains while WT strains environmental iso-
lates identi ed by the CHU Besancgon. Results are given with Ct (cycle threshold) and
ND (not detected) means that no signal was observed after 40 PCR cycles.

SPECIES (samples with a DNA mean concentration of 6.76+2.17 gmL *) Cr

Thermoactinomyces vulgarisATCC 43649 and WT 01 b25
Laceyella sacchariWT 02 >35
Bacillus pumilus DSMZ 27 ND
Escherichia coliCIP 53.126 ND
Laceyella putida DSMZ 44608 ND
L. sacchariwT 06 ND

Marinactinospora thermotolerans WT 02 ND

Micromonospora halophytica ATCC 27596 ND
Nocardiopsis albaDSMZ 43377, DSMZ 44552 and WT 06 ND
Nocardiopsis compostaDSMZ 44551 ND
Pseudomonas uorescensCIP 69.13 ND
Saccharomonospora azureaDSMZ 44631 ND
Saccharomonospora caesiddSMZ 43068 ND
Saccharomonospora cyaneeDSMZ 44106 ND
Saccharomonospora glaucaDSMZ 43769, DSMZ 43770, WT 03 and 05 ND
Saccharomonospora viridisDSMZ 43017 ND
Saccharopolyspora rectivirgulaDSMZ 43747 ND
Streptomyces albussubsp. albus DSMZ 40313 and ATCC 3004 ND
Streptomyces californicusATCC 3312 ND
Streptomyces coelicolorDSMZ 40233 ND
Streptomyces griseo avus IHEM 14577 ND

Streptomycessp. WT 03 and 10 ND

Thermoactinomyces intermedius DSMZ 43846 ND
Thermobi da alba DSMZ 43795 ND
Thermobi da fuscaDSMZ 43792 ND

SPECIES (samples with a DNA mean concentration of 12.74+1.96 g-mL ') Cr

T. vulgaris WT 02, 03, 04, 05, 07, 08, 09 and 11 b25
Brevibacillus borstelensisWT 01 >35
L. sacchariwT 07 and 09 >35
S. azureaWT 01 >35
Streptomycessp. WT 05 >35
T. vulgaris WT 06 >35
T. fuscaATCC BAA-629 >35
Aspergillus niger UMIP 1431.83 ND
Bacillus atropheus CIP 107159 ND
Enterococcus hiraeCIP 58.55 ND
L. sacchariwT 03, 04, 05 and 08 ND
M. thermotolerans WT 01, 03 and 04 ND
Nocardia carneaWT 01 ND
N. alba WT 01, 02, 03, 04, 05, 07 and 08 ND
Pseudomonas aeruginoseCIP 82.118 ND
Saccharomonospora azureaNT 02, 03 and 04 ND
Saccharomonospora glaucaVT 01, 02 and 04 ND
Saccharomonospora viridisWT 01 ND
Saccharopolysporasp. WT 01 ND
Staphylococcus aureussubsp. aureus CIP 4.83 ND
Streptomyces cellulosaéWT 01 and 02 ND
Streptomycessp. WT 01, 02, 04, 06 to 09 and 11 to 15 ND
Streptomyces thermoatroviridis WT 01 ND
T. albaWT 01 and 02 ND

3x102 and 3x10°gyrB copiessm 3. The PCR negative sample was
collected at the exit of a fermentation tunnel (5th sample from
composting plant number 4). T. vulgaris was found in the two other
samples collected at the same sampling point (1st and 6th sample
from composting plant number 4). Concentrations of cultivable
thermophilic bacteria were from 0.4 to 585 higher than those measured

for T.vulgaris by gPCR, except for one sample from the composting plant
number 3. A signi cant and moderately strong correlation was ob-
served between cultivable bacteria and T wvulgaris by qPCR (n=40;
r=0.57; p=0.0001).

4. Discussion

We have designed a new method based on real time PCR to detect
and quantify T. vulgaris in bioaerosols. This method is speci c¢ for
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Fig. 2. Correlation between gyrB copy number detected by gPCR and microbial counts
from pure cultures of T. vulgaris: cultivable bacteria concentration , total spores ().
Error bars represent the 95% con dence interval of three repetitions.

T. vulgaris as demonstrated by the absence (or weak) PCR signals
obtained with closely related actinomycetes species tested.

Laboratory experiments using pure liquid culture and experimental
bioaerosols showed that gyrB copy numbers of T. vulgaris were directly
correlated to the numbers of bacterial cells given by plate counts and
epi uorescence microscopy. These results demonstrate the usefulness
of the gqPCR method we developed to quantitatively assess T. vulgaris
in controlled conditions. They also provided data proving the robust-
ness of the method.

Data from laboratory experiments revealed that total bacterial
counts (epi uoresence and qPCR) are higher than cultivable ones. In-
deed, assays with T. vulgaris liquid cultures revealed that counts of cul-
tivable bacteria were from 280 to 1300 times lower than the total
bacteria counted by epi uoresence and from 1370 to 20000 times
lower than the total bacteria counted by qPCR. These results were
expected since culture methods are known to underestimate the real
number of naturally existing microorganisms ( Amann et al., 1995).
The underestimation is attributed to the selective culture conditions
(culture medium, growth temperature  f ) as well as the physiological
status of cultured microbial cells (viable but non-cultivable, dead, dor-
mant f ) that do not support the growth of the entire microbial popula-
tion on Petri dishes. On the other hand, epi  uorescence microscopy was
used after DAPI staining on T. vulgaris cell cultures and experimental
bioaerosols to monitor total spores. Thus, we did not take into account
the vegetative cells (mycelium form) in our study. Furthermore, we
didn't use this technique on environmental bioaerosols as several draw-
backs were reported as in previous studies for its application in highly
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Fig. 3. Correlation between microbial counts and gyrB copy number detected by real
time PCR from experimental bioaerosols of T. vulgaris: cultivable bacteria concentra-
tion ( ) and total spore concentration (). Error bars represent the 95% con dence in-
terval of  ve repetitions. There is no repetition for the results of total spores.
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contaminated environments such as composting facilities ( Duquenne
et al., 2012; Cartwright et al., 2009 ). The gPCR technique counts gene
copies whatever their origins (mycelium, spores, free DNA f ).

Results from T. vulgaris experimental bioaerosols revealed the same
tendency but with lower ratio between cultivable and total counts. In-
deed, counts of cultivable bacteria in experimental bioaerosols were
from 2 to 10 lower than the total bacteria counted by epi uorescence
and from 3 to 45 lower than the total bacteria counted by gPCR. The dif-
ferences between liquid culture and experimental bioaerosols were
assigned to the physiological status of T. vulgaris spores. On one hand,
the cultural conditions for the enumeration of  T. vulgaris were chosen
among several conditions we have tested in a separated study (not de-
tailed in the present manuscript). This was done by simultaneously
comparing 3 growth temperatures (45 °C, 50 °C and 56 °C) and 3 agar
media (non selective agar TSA, Amner's R8 thermophilic actinomycetes
(Amner et al., 1989) and DifcoTM actinomycete isolation agar
supplemented with glycerol (Becton Dickinson, USA)). Results showed
that growths of T.vulgaris on TSA agar at 50 °C, were optimal conditions
for enumeration of cultivable bacteria (data not shown) limiting the
cause of non cultivability. On the other hand, the development cycle
of T. vulgaris involves the formation of endogenous spores also called
endospores. Most actinomycetes spores can only germinate upon favor-
able environmental conditions (nutrients, growth temperature f ), but
Thermoactinomyces sp endospores are constitutively dormant and
need to be activated to germinate ( Ensign, 1978; Locci, 2006). Indeed,
spore dormancy would lead to the lack of culture on agar without
prior activation and considerably underestimates the number of viable
and cultivable T. vulgaris measured by the plate count method in sam-
ples (Attwell and Colwell, 1982 ). This may partly explain the non culti-
vability observed in our experiments with liquid cultures. Previous
studies have shown that T. vulgaris dormant spores could be thermally
reactivated by both a brief cooling followed by a heat shock or a
prolonged cooling without heat shock ( Kalakoutskii and Agre, 1976;
Ensign, 1978). Our results from experimental bioaerosols suggest that
the analytical process we used (preparation of the bacterial culture,
generation airborne spores, and method for bioaerosol sampling) have
impacted the dormant state of spores, improving their germination
and increasing cultivable counts.

Total bacteria counted by gPCR were from 7 to 36 higher than
those counted by epi uorescence for the liquid culture assays and
from 1 to 10 for the experimental bioaerosol assays. The difference
between the two techniques may be due to the vegetative cells (my-
celium form) that were not taken into account in the epi uorescence
microscopy protocol we used whereas they are counted with qPCR.
The ratio between total counts and DNA is not well documented in lit-
erature and depends on the copy number of the target gene in cells.
The copy number of gyrB gene in T. vulgaris gene is believed to one
but this can't be easily extrapolated from our data.

Results from real exposure conditions experiments show that the
concentrations of cultivable thermophilic bacteria measured in the air
of the composting facilities vary in a wide range and up to
107 CFU-m 2 (Fig. 4). These data are in agreement with the range of
ambient concentrations (10 2..10° CFU-m 3) reported in other
compost studies for thermophilic bacteria ( Duquenne et al., 2012;
Persoons et al., 2010). The concentrations measured inside composting
facilities exceed those reported in the literature, i.e. between 11 and
1.6x103 CFU-m 3 in ambient outdoor concentrations without emis-
sion source (Jones and Cookson, 1983; Grigorevski-Limaa et al., 2006).
Our study con rms that bioaerosols are emitted at high and variable
levels during composting operations. The use of the developed gPCR
method to assess speci ¢ components of bioaerosols allowed us to
demonstrate the occurrence airborne T. vulgaris of in the investigated
composting facilities. Indeed, T. vulgaris has been detected in 98% of
the collected bioaerosol samples. Around 50% of the measured concen-
trations were below 10 “ gyrB copies:-m 2 and 28% were between 104
and 10° gyrB copies-m 3. The sampling plan designed for our study
did not allow us to demonstrate any signi  cant effect of either the
composting operations in progress close to the sampling points or the
type of waste processed in the composting facilities, on the airborne
concentration of T. vulgaris DNA or of cultivable bacteria. Concentra-
tions of T. vulgaris DNA were generally lower than those measured for
cultivable thermophilic bacteria (from 0.4 to 585 fold) (  Fig. 5). This
was particularly true for the composting plant 2. Cultivation of bacteria
on TSA medium at 56 °C promote the growth of several thermophilic
bacteria, belonging to actinomycetes genera and Bacillus species. Thus,
T. vulgaris is not the only bacteria strain able to grow in the culture con-
ditions we used. These results suggest that T. vulgaris may not be the
major component of airborne microbial particles in bioaerosol pro-
duced during composting operations in our study. To our knowledge,
this is the rst reported data of airborne T. vulgaris using a gPCR based
method in composting facilities.
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Loss of DNA due to sample elution, DNA extraction or matrix inter-
ferences, was not taken into account in our study. Inhibition of PCR is
reported in literature, often due to biological compounds found in the
sample matrix such as bile salts in feces ( Lantz et al., 1997), humic
acid compounds from soil or plant ( Watson and Blackwell, 2000 ), im-
munoglobulin in blood ( Al-Soud et al., 2000). The materials and the
reagents used throughout the measurement process may also consti-
tute sources of inhibitors for PCR. Potential sources of inhibitors in our
assays could be the sampling cassettes (polystyrene), the absorbent
pads (cellulose bers), the membrane for the Itration sampling
(polycarbonate) or the extraction solution (containing Tween 80
and peptone). Bej et al. (1991) showed that the Iters most widely
used for bioaerosol sampling by ltration, including cellulose acetate

Iters or polycarbonate membranes were PCR inhibitors when DNA
extraction is directly done on these  lters. In our assays, DNA extrac-
tion was not performed directly on the polycarbonate membranes
and we assumed that PCR inhibition due to polycarbonate was mean-
ingless. The other compounds such as polystyrene from sampling cas-
settes or sodium chloride contained in peptone would have created
interference as they are not known as inhibitors or as they are used
in too small amount. As cellulose  bers and/or polycarbonate could
be released in the elution solution during shaking at 2000 rpm for
20 min we suggest that interferences should be further investigated.

5. Conclusion

We have developed a method to quantify T. vulgarisin bioaerosol by
gPCR. The quanti cation of T. vulgaris DNA is based on the speci ¢ enu-
meration of the g yrB gene copies. SinceT. vulgaris genome is not fully se-
quenced, we cannot exclude the presence of multiple gyrB gene copies
per genome, which might lead to a 2 fold overestimation of  T. vulgaris
numbers in samples. The method has been developed and improved by
working both on cells culture samples and experimental bioaerosols, be-
fore its application on environmental bioaerosols in real exposure condi-
tions. In laboratory experiments, gPCR counts were correlated to both
epi uorescence and cultivable counts and gave a speci ¢, sensitive and
repeatable evaluation of T. vulgaris density in samples. It also overcame
some drawbacks of the traditional counting methods (culture and
epi uorescence). In real exposure conditions the method provided the

rst reported concentrations of airborne  T. vulgaris in composting
facilities.
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2. Détection des moisissures concernant le risque aspergillaire

Dans les deux études suivantéspergillus fumigatusst recherché v e o [ntg@eur, pargPCR et
% E MHOSUE U A e u} -« dffé@niss[[doi}viesPdans les deux cas A ou E
o[ £%}+]38]}v VvA]dpdwriesipati&nts a risque.

A. Contexteet résultats gincipaux de la premiére étude

d]sE&E o:[Ca@ntibution of Cyclonicbased Air Collector for detection of Aspergillus fumigatus in air
samples
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B. Contexte et ésultats principaux de la deuxieme étude

d]sE o:[Evalgdtian of invasive aspergillosis risk of immunocompromised patients alternatively
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de poursuivre la surveillance dans le domaine hospitalier, milieu ou sont amenés a circuler les
patients dans leur phases de neutropénie profonde. Les aspergillosesiviesarestent des
pathologies rares et il faudrait un nombpdus importantde cas pour pouvoir établir des seuils
définissant lesdomiciles a risque. Mais dés maintenant, il semble pertinent de proposer ce
« diagnostic> aspergillaire avant le retour auonhicile et de conseillemau patient en cas de
contamination forte, un autre hébergement ou des limitationg . E S pjéces
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Evaluation of invasive aspergillosis risk of immunocompromised
patients alternatively hospitalized in hematology intensive care
unit and at home

Abstract Contrary to hospital exposure, little is known about the indoor fungal | S. Rocchi, G. Reboux?
exposure of hematology patients at home. The aim of our study was to E. Laros%, E. Scherérz,
investigate the mold exposure of hematology patients both at home and at E. Daguindeai)

hospital to assess their invasive aspergillosis (IA) risk. Fungal exposure was A. Bercean& E. Deconinck?
assessed by quantifying opportunistic molds at hospital during hospitalization L. Millon~2 A.-P Bellangérz’
and in homes of 53 hematology patients. IA was diagnosed in 13 of 53 patients| T
and invasive fungal infection (IFI) in one patient. In hospital, no opportunistic iChrono-Environnement UMR 6249 Research Team,
species, or low levels of opportunistic species, were found in 98% of weekly Franche-Centiniversity, BesancFrance,

controls. Only 2% of hematology intensive care unit (ICU) controls showed a Department of Parasitology-Mycology, University
high level of Aspergillus fumigatuspores in corridor air. Five patients IA were Hospital (CHU), BesanErancilinical Hematology,
hospitalized during these periods. Seven dwellings of 53 (5/14 dwellings of CHU, Besant FrancdNSERM U645 FrancheeComt
patients with IA/IFI and 2/39 dwellings of non-IA patients) had a percentage of | University, BesancFrance

A. fumigatusand Aspergillus Ravuso total mold (signibPcant predictor variable
of IA/IFI in our study, general linear model, P-value = 0.02) as high as 15%.
Maintaining a OzerdAspergillu® goal at hospital is essential, and establishing
specibc and individually opportunistic mold monitoring at home could help to
further reduce the IA risk through continuous surveillance.
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Practical Implications

This study emphasizes the fact that preventive measures should not be aimed only at the hospital setting: among
patients diagnosed with invasive aspergillosis/invasive fungal infection (IA/IFI), 5 of 14 (36%) were exposed to oppor-
tunistic fungal species at home exclusively. Moreover, four of these bPve patients were living in homes having the high-
est percentage ofAspergillus fumigatusand Aspergillus Bavus(>15%), one of which had 48% of A. fumigatus.
Therefore, our work supports the need for a counselor to carry out an environmental survey in patientsO homes.

fungal infections (IFl) in these patients. Despite
advances in early diagnosis, IFI are related to mortal-
By improving the care of patients with hematologic ity with rates between 30% and 70% (Marr et al.,
malignancies, the number of hematopoietic stem cell 2002; Panackal et al., 2010). AlthoughAspergillus
transplantations (HSCT), and modern immunosup-  fumigatus is the main etiologic agent of most mold
pressive therapies, the survival of patients can be infections, other opportunistic Plamentous fungi may
extended, but there is still a major risk of invasive be involved such asMucor spp., Lichtheimia spp.
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(formerly Absidia spp.), Rhizomucor spp., Rhizopus
spp., Scedosporiunspp., or Fusariumspp. (Garcia-Vi-
dal et al., 2008). For patients with hematologic malig-
nancies, invasive aspergillosis (IA) incidence follows a
two-peak pattern: one just after graft for inpatients
and the second approximately 100 days later when
patients are at home (Viscoli and Castagnola, 2010).
The prognosis is severe with a 57.5% mortality rate at
12 weeks among allogenic HSCT patients (Baddley
et al., 2010) and an 80% death rate in these patients
the year following an IFI (Marr et al., 2002).

Many studies dealing with environmental fungal
measures and IFIl risk were conducted in hospitals
(Benet et al., 2007; Cornet et al., 2002; Fourneret-
Vivier et al., 2006). The importance of preventive
measures at hospital, especially during building con-
struction or repairs, is well recognized (Bouza et al.,
2002). Specibc measures against contamination by fun-
gal spores must be applied during construction work
such as e cient and controlled ventilation, protective
isolation of patients and bio-cleaning (Gangneux et al.,
2012). However, the contribution of systematic envi-
ronmental surveys is debatable (Falvey and Streifel,
2007; Rupp et al., 2008). No guidelines about monitor-
ing in intensive care units (ICUs) exist in France, but
the 2000 consensus conference recommended quarterly
controls in hematology ICUs (rooms and corridors) to
reach the Ozerdspergillu® goal. Since 2002, in addi-
tion to quarterly controls, weekly environmental mea-
sures have been implemented in corridors of the
hematology ICU at the Besanon University Hospital
and served as indicators. These control checks were
useful to anticipate increased prevention in high e -
ciency particulate air (HEPA) pltered rooms when high
levels of opportunistic species were detected in ICU
corridors, especially during building periods (Gang-
neux et al., 2012).

Unfortunately, despite chemoprophylaxis and all
usual preventive and monitoring measures used in hos-
pitals, IFI incidence remains high with IA incidence
between 5% and 10% in allogenic HSCT patients
(Panackal et al., 2010). These patients return home
between two hospitalization periods with recurrent
neutropenia episodes. Once at home, some of them still
have impaired immune status, and most of them spend
more than 90% of their time inside, in an environment
where fungal contamination is unknown. Recommen-
dations are given when patients leave the hospital (no
pets, no carpets, no potted plants or "ower arrange-
ments at home..); but, unlike the rigorous hospital
environmental surveillance, no environmental mea-
sures are taken at home while various domestic activi-
ties, such as sweeping for example, are known to
increase airborne fungi (Lehtonen et al., 1993). The
aim of our study was to investigate the fungal exposure
of hematology patients both at home and at hospital
and thus to assess their IA risk.

2

Patients and methods
Hematology ICU

The Hematology ICU of the University Hospital of
Besanon hospitalizes around 275 patients per year,
corresponding to approximately a cohort of 125 fol-
lowed patients. Each year, around 40 chemotherapy
with aplasia (induction or consolidation) and 50
allografts are performed in the hematology ICU.

Patients

From January 2010, all neutropenic patients from the
hematology ICU were contacted (within 723 days
after the return home) to obtain their agreement to
participate in the study. Data from patients were col-
lected from the date of malignancy diagnosis to May
2012 (end of the study). Clinical, biological, and radio-
logical data useful for IA diagnosis or fungal risk
assessment were collected from numeric medical
records. Dates of hospitalization, chemotherapy,
allograft, neutropenia episodes and recovery of poly-
nuclear neutrophils, mycological culture (bronchoalve-
olar lavage and sputum), galactomannan antigen,
histopathology, high-resolution computed tomography
(CT) Pbndings, and antifungal treatments were
compiled.

Patients who developed IA were classibed into three
groups (possible, probable, and proven) according to
the standard depPnitions of the European Organization
for Research and Treatment of Cancer (EORTC; De
Pauw et al.,, 2008). Proven and probable cases were
then reported to the French network for surveillance of
IFI.

Weekly environmental surveillance in hematology ICU

Environmental surveillance of hematology ICU corri-
dors was performed weekly at the Besamn University
Hospital. Five samples of air were taken in corridors
by a MAS100™ impactor (Merck, Darmstadt, Ger-
many) on DG18 medium for 2.5 min/sample (250 | of
air). Media were incubated for 7 days at 30C. Molds
were identibed according to microscopic and macro-
scopic characteristics, and results were expressed in col-
ony-forming units per cubic meter of air (CFU/m?3).
ICU rooms of patients were sampled during quarterly
controls (4 rooms/15 sampled during each quarterly
control with three swabbing samples of 25 cfand
2 air samples of 500 I).

Environmental surveys at home

When patients agreed to participate in the study, they
received one home visit the following week. Home vis-
iting in summer was avoided to exclude the variation



due to the opening of windows and doors (Roussel
et al., 2008). The patients were asked to keep windows
and doors closed for at least one hour before the visit
to avoid interferences with outdoor spores. Air samples
were carried out in di erent rooms (bedroom, bath-
room, and the two other rooms where patients spent
most of their time) as previously described for hematol-
ogy ICU corridors. Air concentrations were expressed
as averages per dwelling in CFU/M. Each patient had
only one visit at home over the 3 years of the study.
Electrostatic dust fall collectors (EDC) were deposited
in one room of each dwelling during a 10-week period
and returned by post to the Mycology Department
afterward by the patients. This sample device makes it
possible to estimate the chronic fungal contamination
of the environment (Scherer et al., 2014). Twelve real-
time quantitative polymerase chain reactions (qPCR;
targeted A. fumigatus A. versicolor, Alternaria alter-
nata, Penicillium brevicompactumPenicillium chrysoge-
num, Cladosporium sphaerospermum, Cladosporium
herbarum Cladosporium cladosporoide&urotium spp.,
Lichteimia spp., Mucor spp., and Rhizomucor spp.)
were performed on the washing solution of the electro-
static wipe.

Evaluation of risk periods

Little is known about the incubation period, inasmuch
as the patient colonization may be possible before hos-
pitalization (Fairs et al., 2013). Thus, in addition to
usual risk factors such as severe and prolonged neutro-
penia (polynuclear neutrophils<0.5 G cells/l for more
than 15 days), severe neutropenia<Q.5 G cells/| for
less than 15 days), immunosuppressive and corticoid
therapy, and all situations of mold exposure in the
3 months prior to IA diagnosis were analyzed. Mold
exposure in the 3 months prior to IA only involved
potential fungal exposure during hospitalization
periods.

As environmental samples at hospital were collected
every week, if an air sample was positive> . CFU/m?)
for the most frequent opportunistic speciesA. fumigatus
complex Aspergillus Ravus, Mucorspp., Lichtheimia
spp., Rhizomucor spp., Rhizopus spp., Scedosporium
spp., and F. solan), an inpatient, hospitalized 7 days
before or after environment sampling, was considered as
potentially exposed. At home, mold exposure was
considered possible if opportunistic species were found
in air samples.

Statistical analyses

Nonparametric tests (Wilcoxon rank sum test and
Kruskal-Wallis test) were used to investigate possible
di erences in total and opportunistic mold levels
regarding the types of rooms and the characteristics of
dwellings.

Mold exposure for hematology patients

A generalized linear model with logit-link function
for binomial distribution and odds ratio (OR) with
conbdence intervals were used to compare the develop-
ment of IFl and potential predictor variables. Statisti-
cal analyses were performed usingr 2.13.1 (R
Development Core Team, 2012).

Results
Patients

Seventy-nine patients were contacted when they left
the hospital: 53 agreed to participate in the study. Dur-
ing the study period, patients came to the hematology
ICU three times on average (from 1 to 9 times) and
were hospitalized for 27 days (on average). Severe and
prolonged neutropenia episodes were observed for 42
patients of 53. At the end of the study, 41 patients had
undergone allogeneic HSCT (four before January 2010
and 37 during the 3 years of the study).

Invasive aspergillosis and IFI were diagnosed for 14
of 53 patients (26%), from 31 to 56 years old.

During the present study, the rate of IA/IFI diag-
nosed was high compared with the frequency reported
in the literature (Bitar et al., 2013). Three main reasons
may explain this result: (i) the numerous building pro-
jects in the University Hospital over the past few years,
(ii) the active screening strategy and recording of IFI
conducted by our Mycology Department (using sys-
tematic galactomannan twice a week and. fumigatus
gPCR; Millon et al., 2011), and (iii) the large cohort of
patients presenting IFI at risk factors as debned by the
EORTC/mycoses study group (EORTC/MSG) of the
hematology ICU.

Thirteen patients had acute myelogenous leukemia
(AML) and one patient had a lymphoma. One patient
had a proven IFl, nine had probable IA, and four had
possible IA according to EORTC/MSG standardized def-
initions. Data for the 14 cases are presented in Table 1.

Possible IA cases were included in the analysis, as in
other works (Chai et al., 2012; Ghosh et al., 2013),
because imaging arguments (halo, nodule) were present
for all of them and three improved under antifungal
therapy. The fourth died the day of diagnosis, before
mycological data could be obtained. For the case of
proven IFI (P1), CT indicated a halo sign and biopsy
showed mycelium, but galactomannan antigenemia
and culture remained negative. The term IA/IFI will be
used throughout the manuscript to speak about the
case of IFI and the 13 cases of IA. During the 90 days
before IA/IFI, one patient had immunosuppressive
therapy and seven had corticoid therapy (two patients
for a long period and bve patients for a few days). Nine
patients had antifungal prophylaxis with Aspergillus
active molecules before the prst 1A/IFI sign (four were
treated with caspofungin, three with voriconazole, one
with posaconazole, and one with amphotericin B).
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Table 1 Clinical and biological data of patients with IA/IFI at the time of IA/IFI diagnosis

Underlying IFI diagnosis GM index Mycological Curative Antifungal

Patients disease Sex/Age IFI period IFI localizatiodetectich CT imagifig criteria therapy Outcomes (90 days)
P1 AML M/32 Proven IFI Induction Pulmonary 0.44 Halo sign Bidfisyconazole Alive

filaments ampbhotericin B
P2 AML F/36 Probable IA Induction Pulmonary 0.58 Cavitation 0 Posaconazole Alive
P3 Lymphoma M/34 Probable IA  Allograft Pulmonary 0.99 Nodules 0 Amphotericin B Alive
P4 AML M/55 Probable IA Ambulatory Disseminated  4.87 Sinus 0 Posaconazole Alive
P5 AML M/55 Probable IA  Consolidation Pulmonary 0.54 Nodules 0 Voriconazole Alive
P6 AML F/58 Probable IA Consolidation Pulmonary 0.88 Nodules 0 Voriconazole Death (2 montt
P7 AML F/65 Probable IA  Induction Pulmonary 0.98 Nodules 0 Voriconazole Alive
P8 AML M/55 Probable IA  Consolidation Pulmonary 1.19 2 infection foci 0 Voriconazole Alive
P9 AML F/66 Probable IA  Induction Pulmonary 0.91 Nodules Expectoration  Voriconazole Alive
P10 AML F/56 Probable IA  Induction Pulmonary 0.52 Nodules 0 Voriconazole Alive
P11 AML M/34 Possible IA  Induction Pulmonary 0 Nodules 0 Voriconazole Alive
P12 AML M/37 Possible Al Consolidation Pulmonary 0 Nodules 0 Voricordxeae

amphotericin B

P13 AML F/31 Possible IA Other hospitalization ~ Pulmonary 0 Halo sign nodules 0 Voriconazole Death (17 de
P14 AML M/55 Possible IA Hospitalization Pulmonary 0 Nodules 0 Voriconazole Death (2 months)

for fever

AML, acute myeloblastic leukemia; M, male; F, female; IFI, invasive fungal infection; IA, invasive aspergillosis.

2The threshold of positivity for Galactomannan antigenemia index (GM) was 0.5.
PHigh-resolution computed tomography (CT) findings.

Among the 39 patients without 1A (Table 2), aged
from 4 to 68, 20 patients had AML, 5 myeloma, 4 lym-
phoma, 4 acute lymphoid leukemia (ALL), 4 myelo-
dysplasia, 1 chronic lymphoid leukemia (CLL), and 1
chronic myeloid leukemia (CML). At the time of
recruitment, after hospitalization periods, 15 patients
had antifungal prophylaxis with anti-Aspergillus
active molecules (3 with voriconazole and 12 with
posaconazole).

Weekly environmental surveillance at hospital

In general, hematology ICU corridors were presented a
low level of molds. During the study period (January
2010-May 2012), three dierent situations were
observed: (i) no opportunistic species were found in
101 of the 126 total weekly controls (80%), (ii) low lev-
els of opportunistic species (mean of 1 CFU/r) were
found in 22 of the 126 (18%) weekly controls, and (iii)
high levels of A. fumigatus spores in hematology ICU
corridors (9, 14, and 25 CFU/n?) were found in 3 of
the 126 weekly controls (2%). However, ndA. fumiga-
tus were detected in rooms when hematology ICU
corridors were contaminated.

Environmental surveys of patientes

Forty-two dwellings were rural and 11 urban. Mean
indoor temperature of dwellings was 21.8C (range
20.3-24.7C) and mean relative humidity 38.5% (range
30-53%). Around 56% of patients (30/53) had more
than bve plants in their dwelling and 58.5% of patients
(22/53) had pets.
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Culture-based results of impactor samplesMold concen-
trations in homes varied from 23 to 1263 CFU/n?
(Table S1). According to classibcation previously
developed by our group (Reboux et al., 2009), most
homes (35/53) had low level of molds<170 CFU/m?3),
whereas two homes had very high levels of molds
(>1000 CFU/m®). No dierence in mold contamina-
tion was observed between the four rooms sampled in
a given dwelling, which is consistent with our previous
results on a larger cohort (Reboux et al., 2009). Three
to 12 dierent molds were found in dwellings, with
Penicillium spp. found in 100% of the studied homes,
Eurotium amstelodamiin 91%, A. versicolorin 81%,
Cladosporiumspp. in 53%, and Alternaria spp. in 19%.
Opportunistic molds were identiped in 68% of homes
(36/53) by culture after impaction, and in 58% of cases
(31/53), A. fumigatus and A. Bavuswere found (Fig-
ure 1). Other opportunistic molds such as mucorales
and Scedosporiunspp. were observed in 38% and 2%
of homes, respectively.

Seven dwellings of 53 (5/14 dwellings of patients IA/
IFI and 2/39 dwellings of non-lA patients) had a per-
centage of A. fumigatus and A. Bavus, the two most
common thermophilic Aspergillus involved in IA, to
total molds as high as 15% (Table 3). The four dwell-
ings (P14, P1, P3, and P7) with the highest percentage
of A. fumigatus and A. Ravusto total molds (48, 35,
27, and 22%) were homes of patients with 1A/IFI
(Figure 1).

No signibcant di erence between total contamina-
tion or A. fumigatus and A. [Bavus percentage in
samples and the environment type (rural, urban) or the
type of dwelling (apartment, house) was found.



Table 2 Characteristics of patients without A at the time of recruitment
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Hospitalization before

Antifungal therapy Outcomes (end of the study)

Patients Underlying disease Sex/Age recruitment GM index detéction (outpatient) Death (after recruitment)
P15 Myeloma Fla7 Allograft 0 Posaconazole Death (9 months)
P16 AML M/29 Consolidation 0 0 Alive

P17 AML M/53 Allograft 0 Voriconazole Alive

P18 AML M/14 Allograft 0 Posaconazole Alive

P19 AML M/60 Allograft 0 0 Alive

P20 CML M/A7 Induction 0 0 Alive

P21 AML F/33 Allograft 0.68 0 Alive

P22 Lymphoma F/40 Allograft 0 0 Alive

P23 AML F/46 Induction 0 0 Alive

P24 ALL M/68 Consolidation 0 0 Alive

P25 Myeloma Fl47 Allograft 0 0 Alive

P26 AML Mm/18 Aplasidever 0 Voriconazole Alive

p27 AML F/54 Allograft 0 Posaconazole Death (2 months)
P28 AML F/38 Other hospitalization 0 0 Alive

P29 Myelodysplasia M/67 Consolidation 0.67 0 Alive

P30 ALL F/51 Consolidation 0 0 Alive

P31 CLL M/59 Other hospitalization 0 Voriconazole Alive

P32 AML M/48 Induction 0 Posaconazole Alive

P33 AML M/48 Allograft 0 Posaconazole Death (1 year)
P34 AML M/60 Other hospitalization 0 0 Alive

P35 AML FI36 Induction 2.05 0 Alive

P36 AML FI22 Induction 0 0 Alive

P37 Lymphoma M/57 Allograft 0 0 Alive

P38 ALL M/24 Rescue 0.58 0 Alive

P39 Myelodysplasia M/35 Allograft 0 0 Alive

P40 Anemia F/A1 Allograft 0 0 Death (8 months)
P41 AML M/42 Consolidation 0 0 Alive

P42 AML F/59 Allograft 0 Posaconazole Alive

P43 Lymphoma M/61 Allograft 0 Posaconazole Alive

P44 Lymphoma F/46 Allograft 0 0 Alive

P45 Myeloma M/51 Allograft 0 Posaconazole Alive

P46 ALL Fl4 Allograft 0 0 Alive

P47 AML Fl44 Allograft 0 0 Alive

P48 AML F/49 Allograft 0 Posaconazole Alive

P49 AML M/25 Consolidation 0 0 Alive

P50 AML F/22 Induction 0 0 Alive

P51 Myeloma F/38 Allograft 0 Posaconazole Alive

P52 Myeloma M/56 Other hospitalization 0 Posaconazole Death (1 year)
P53 Myelodysplasia M/56 Allograft 0 Posaconazole Alive

AML, acute myeloblastic leukemia; ALL, acute lymphoid leukemia; CLL, chronic lymphoid leukemia; CML, chronic myeloid lelkemiesieraleegilfesisle;

#The threshold of positivity for Galactomannan antigenemia index (GM) was 0.5.

Variables such as ventilation, opening windows, the

presence of visible mold, and the presence of plants
and pets were taken into account for the analysis. No

proxy could be established for housing contamination

with opportunistic species and number of species.

gPCR results of EDC samples.QPCR targets were

detected in 84100% of samples. Infective and non-
infective spores were concomitantly quantibed; thus,
no discrimination could indicate whether or not there

was actually an IA risk (Table S2).

IFl and fungal exposure

The fact that recruitment was based on the presence of
neutropenia (aplasia episode) aimed at eliminating

neutropenia as a confusing factor, we can better ana-
lyze the role of environmental exposure to opportunis-

tic species, at home and/or at hospital (Table 1). The
absence of a signibcant link between neutropenia and
patients with IFl was checked by statistical analyses.

Patients with IA/IFl. As indicated in Tables 2 and 3,
IA/IFI occurred during severe neutropenia for 10
patients (six patients during induction chemotherapy,
two patients in consolidation therapy, one in allograft
hospitalization, and one admitted to the hematology
ICU for relapse). 1A occurred during a non-neutrope-
nic period for four patients (two patients in consolida-
tion therapy, one with ambulatory treatment, and one
hospitalized for fever). The hospitalization periods of
pve patients who developed IA (P2, P3, P5, P6, and

5
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Fig. 1 Percentage ofAspergillus fumigatusand Aspergillus Ravugo total molds in the 53 dwellings. Black bars represent dwellings of
patients with invasive aspergillosis/invasive fungal infection (IA/IFI; PEP14) and empty bars dwellings of patients without IA.
Arrows represent dwellings of patients with |A without A. fumigatusand A. Bavus(P5, P2 and P12) detected at home. The four dwell-
ings with the highest percentages o&. fumigatusand A. Ravusare those of patients with IA/IFI (P14, P1, P3 and P7). The percentage
of A. fumigatusand A. Ravusat home was a predictor variable for the development of IA/IFI (general linear modelP-value = 0.02)

P13) were concomitant with abnormally high levels of
A. fumigatus ( 75 to +3 days from the day of IA
diagnosis) in hematology ICU corridors (14 and
25 CFU/m?®). Four patients (P4, P8, P10, and P12)
were hospitalized when fungal contamination was low
(1 CFU/m? on average), including two patients (P10
and P12) who were in severe neutropenia at the time.
No fungal contamination was observed during the
hospitalization periods of the bve remaining patients
(P1, P7, P9, P11, and P14) diagnosed with 1A/IFI.
However, A. fumigatusand A. Ravuswere found in the
homes of these bve patients with percentages of 35%,
22%, 9%, 15%, and 48%, respectively (Table 3).

Non-IA patients. If we consider neutropenia as the prst
risk factor for IA, the most critical periods for the 39
patients without 1A were as follows: 25 allograft, 5
induction, 7 consolidation, and 2 other hospitalization.
Twenty-three patients su ered from severe and pro-
longed neutropenia, 11 su ered from severe neutrope-
nia, and 5 did not su er from severe neutropenia. Two
patients (P44 and P52) were not exposed at home or at
hospital. Thirty-two patients were hospitalized during
a contamination in hematology ICU corridors (11 hos-
pitalizations with high levels and 21 hospitalizations
with low levels). A. fumigatusand A. Bavuswere found
in 21 dwellings of the 39 non-IA patients with 19 dwell-
ings with a percentage ofA. fumigatusand A. Bavusto
total mold below 14%. The two remaining patients
(P15 and P39) had dwellings with a percentage of
A. fumigatus and A. Bavusto total mold as high as
19% and 18% and were also exposed in hospital dur-
ing the period of severe neutropenia (Table 3).

General linear model f = 0.02) and odds ratio
(OR = 1.09 and 95% interval conbdence between 1.02
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and 1.2) both determined that the percentage oA. fu-
migatusand A. Ravusat home was a predictor variable
for the development of IA/IFI.

Discussion

This study investigated fungal risk exposure for at-risk
hematological patients during their hospitalization in
the hematology ICU but also when returning home. As
it deals with IA risk, we focused on A. fumigatus and
A. RBavus the two most common thermophilic Aspergil-
lus involved in IA. The present study demonstrated
that among patients diagnosed with 1A/IFI, 6 of 14
patients (43%) were potentially exposed to opportunis-
tic molds both at home and in hospital, 3 of 14 (21%)
were potentially exposed only in hospital, and 5 of 14
(36%) were exposed at home exclusively. Moreover,
four of these last bve patients, exposed only at home,
were living in homes having the highest percentage of
A. fumigatus and A. Bavus(>15%), one of which had
48% of A. fumigatus.

An environmental survey of hematology ICU is rec-
ommended, but no referent threshold has been pro-
posed thus far, in France or in any other country.
Alberti et al. (2001) demonstrated in a previous study
that an increase of more than 2 CFU/n? of A. fumiga-
tus had a determining role in IA occurrence for hema-
tological patients. According to Warris et al. (2001),
the risk of IA can be avoided in inpatients if fungal
contamination remains under 5 CFU/n? in an isola-
tion area and under 0.1 CFU/n? in a HEPA-Pltered
area. In our study, the few positive mycological results
from environmental surveillance in hematology ICU
corridors were concomitant with the hospitalization of
patients who developed IA (9/13 patients potentially
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Table 3 Host factors and exposure to opportunistic molds at home and at hospital in patients with and without invasive aspergillosisii(ivebie fungal infect

Clinical data Environmental exposure
A. fumigatus A.
Level oA. fumigatus flavugpercentages
Patients IA/IFI Hospitalizafion Neutroperfia hematology corridlors at home (%)
P1 Proven IFI Induction Severe prolonged 0 35
P2 Probable 1A Induction Severe prolonged High level 0
P3 Probable 1A Allograft Severe prolonged High level 27
P4 Probable 1A Ambulatory No Low level 6
P5 Probable 1A Consolidation Severe High level 0
P6 Probable 1A Consolidation No High level 1
P7 Probable 1A Induction Severe prolonged 0 22
P8 Probable 1A Consolidation No Low level 1
P9 Probable 1A Induction Severe prolonged 0 9
P10 Probable 1A Induction Severe prolonged Low level 3
P11 Possible 1A Induction Severe prolonged 0 15
P12 Possible IA Consolidation Severe Low level 0
P13 Possible IA Other hospitalization Severe prolonged High level 0
P14 Possible IA Hospitalization for fever No 0 48
P15 No Allograft Severe prolonged High level 19
P16 No Consolidation Severe Low level 4
P17 No Induction Severe prolonged Low level 1
P18 No Allograft Severe prolonged Low level 1
P19 No Allograft Severe 0 5
P20 No Allograft Severe 0 1
P21 No Allograft Severe prolonged High level 6
P22 No Allograft Severe 0 6
P23 No Induction Severe prolonged Low level 0
P24 No Consolidation Severe Low level 0
P25 No Allograft Severe High level 6
P26 No Consolidation Severe Low level 2
P27 No Allograft No High level 0
P28 No Other hospitalization No High level 0
P29 No Consolidation Severe prolonged Low level 0
P30 No Consolidation Severe Low level 0
P31 No Allograft Severe prolonged 0 1
P32 No Induction Severe prolonged Low level 1
P33 No Allograft No High level 0
P34 No Allograft Severe prolonged Low level 0
P35 No Induction Severe prolonged Low level 0
P36 No Allograft Severe prolonged Low level 0
P37 No Allograft Severe Low level 0
P38 No Consolidation Severe High level 6
P39 No Allograft Severe prolonged Low level 18
P40 No Allograft Severe prolonged Low level 1
P41 No Other hospitalization Severe High level 0
P42 No Allograft No Low level 0
P43 No Allograft Severe prolonged Low level 5
P44 No Allograft Severe prolonged 0 0
P45 No Allograft Severe prolonged Low level 0
P46 No Allograft Severe prolonged High level 12
P47 No Allograft No Low level 0
P48 No Allograft Severe prolonged 0 2
P49 No Induction Severe prolonged Low level 14
P50 No Consolidation Severe prolonged High level 5
P51 No Allograft Severe prolonged Low level 0
P52 No Allograft Severe prolonged 0 0
P53 No Allograft Severe prolonged High level 0

% or patients with IA/IFI, the hospitalization period indicated corresponded to the period when infections were diagnosed.tRredestiebedwitad was the most critical
period for the patient if we consider neutropenia as the first risk factor for IA and environmental mold contamination as the stopeditatid.Ggeerépwynuclear neu-

trophils/L, prolonged, for more than 15 days.

PLow levels @fspergillus fumigatud CFU/fron average and high levels @imigatus 9, 14 and 25 CF&/m
°A. fumigatusndAspergillus flavpsrcentage relative to the total count of molds at home.
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exposed at hospital). This observation corroborates the
need of e cient systematic fungal environmental sur-
veillance. Environmental studies about water contami-
nation (Warris et al., 2010), food contamination (Marr
et al., 2009), and the in"uence of weather conditions
on fungal contamination (Bo et al., 2013; Panackal
et al., 2010) have already been conducted.

There is a growing interest in the issue of outpatient
safety, especially because several antifungal drugs are
now available for prophylaxis (Kontoyiannis, 2013).
However, antifungal prophylaxis has shown varying
success rates in preventing fungal infections (Kontoy-
iannis, 2011; Kousha et al., 2011). Prolonged antifun-
gal prophylaxis in hematological patients seems
inadequate to eliminate fungal risk without careful
infection control and educating patients to avoid fun-
gal exposure (Partridge-Hinckley et al., 2009). How-
ever, although nurses and physicians explain
preventive measures to patients when they leave the
hospital (no pets, no carpet, no “ower arrange-
ments ..), home visits often showed that these mea-
sures were not applied. This observation illustrates the
need for an explanatory educational document indicat-
ing the measures to prevent fungal exposure at home.
It could be given to patients to further explain and
reinforce the information provided by hematologists.
While environment risk factors are beginning to be rec-
ognized, the importance of a dwelling survey after hos-
pitalization is rarely mentioned by authors in the
literature (Kontoyiannis, 2013). However, our study
illustrates that when signibcant exposure té. fumiga-
tus and A. Ravusis detected in homes of at-risk hema-
tological patients, the risk of developing IA/IFI exists.

Unlike the regular weekly hospital environment sur-
veillance, there was only one home visit in our study. A
previous study dealing with reproducibility showed
that 92% of air fungal concentration in dwellings
remained constant when sampling was performed
again 3-7 months afterward (Reboux et al., 2009).
Thus, we considered that a single visit was enough to
assess the level of fungal contamination in homes and
that this level was stable during the study period. In
the present study, dwellings showed relatively low con-
tamination and are comparable with the standard
housing Pndings presented in the Reboux et al. (2009)
study conducted in Eastern France.

While a relatively common distribution of usual spe-
cies among dwellings was observed, homes with the
highest count of total mold were not those with the
highest number of A. fumigatus and A. BavusMore-
over, the bve patients who were only exposed at home
are among those who lived in dwellings with the high-
est percentage ofA. fumigatus and A. Bavus Neither
the total contamination nor the A. fumigatudA. RBavus
count was signibcantly linked to the IA/IFI cases.
Other explanatory variables such as the count or the
percentage of other Aspergillus (such as Eurotium
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amstelodam)i were also not signibcantly linked to the
fungal infections. The A. fumigatudA. Ravus percent-
age is the only predictive factor for IA/IFI highlighted
by our statistical analysis.

However, two patients with the same immunocom-
promised status and dwellings with highA. fumigatus
and A. Bavuspercentage did not develop IA. Thus, an
approach using theA. fumigatusand A. [3avuspercent-
age relative to the total count of molds (especially
>15%) could be an original and appropriate strategy
to assess the IA risk in chronically immunocompro-
mised patients® homes. However, environmental home
mold contamination should be integrated into the ser-
ies of host factors (genetic factor, underlying disease,
immune system, and immunosuppressive therapy) in
this approach (Chamilos et al., 2006; Kousha et al.,
2011; Meersseman et al., 2007; Pagano et al., 2006).
Moreover, as any new concept, this approach using
A. fumigatus and A. Bavuspercentage must be tested
on a di erent set of patients.

Investigating a patientOs home exposure for longer
sampling times would have been an improvement.
Therefore, we tested EDC devices over a 10-week per-
iod followed by gPCR quantibcation of target species,
which has been proven to be a reliable way to investi-
gate allergic risk (Scherer et al., 2014). However, as
gPCR quantibped equally viable (infective) and non-via-
ble (non-infective) spores, the results obtained were not
useful in discriminating which patients were at risk of
IA.

Neither the Otype of dwellingd variable, nor any of
the habit or lifestyle variables tested (such as opening
windows, the presence of plants, e cient ventilation,
or the presence of pets) signibpcantly in"uenced total
fungal contamination. Nevertheless, the two homes
most contaminated with fungi were uncommon: one
attached to a farm and one above a restaurant. In addi-
tion to the type of work, already mentioned by Pagano
et al. (2011), personal habits, hobbies, and lifestyles
are known to expose inhabitants to pathogenic fungi
(Sipsas and Kontoyiannis, 2008). Another example
from our study showed that the highest quantities of
A. fumigatus were found in a home (P14) decorated
with plaited dried wheat in all rooms (considered as a
lucky charm in rural culture).

To conclude, this study emphasizes the fact that pre-
ventive measures should not be aimed only at the hos-
pital setting and, therefore, supports the need for a
counselor to carry out an environmental survey in
patients® homes. Future monitoring at home, focusing
on A. fumigatus and A. Ravus percentage, could help
to detect IA risk and substantiate the usefulness of spe-
cibc preventive measures. Advice may be given such as
avoiding activity in highly contaminated rooms (cellar,
attic, garage, etc.), cleaning contaminated rooms,
installing air treatment devices, delaying hospital
release, or introducing health monitoring before



patients return home if a high risk of fungal infection is
suspected.
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3. Détection des mucoralesst Aspergillus au niveau sanguinpour le diagnostic
précoce des infections fongiques invasives
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fragiles aux spores potentiellement infectieuses.

Cestechniquesde culture et degPCR peuvent également étre utilisqasur réali®r le diagnosic de
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utilisés pour apporteraméliorerle diagnostioen médecinéhumaire.

A. Contexte et résultats pringiaux de la premiére étude

d]sSE o[ Ribaspmal and Mitochondrial DNA Target for Reédime PCR Diagnosis of Invasive
Aspergillosis

Auteurs: Laurence Millon, Fredar Grenouillet, Fezeh Legrand, Stéphane Loewert, Anne Pauline Bellanger,
Houssein Gbaguidiaore, Emeline Scherer, Thierry HenBierre Simon Rohrlich, Eric Deconninck

Journal, année publicationJournal of Microbiology2012

La mortalité des aspergilloses invasives est supérieure%.5Beule la précocité du diagnostic et la
ule Vv %0 [Mv SCE ]85 u v3 rébuite cédie @artdité. Les patients a risque sont
régulierement suivis par des dosages sanguins de galactomari@he Le GM est uncomposant
de la paroi du champignorL est utilisé commenarqueur de sa prolifératianSon dosage sanguin
est outil de screening validé poudiagnostiquerles aspergilloses invasives. CependantGhM ne
permet pas un diagnostic de certitude et tpW Z %o ] (Aspergillus fumigatugst utilisée en
complément pour argumenter le diagnostilogique Une cible mitochodriale était déja mise en

place au laboratoirelu CHU de Besangon ¢ < [ patient présentait un dosage deM positif.

>} i S]( o[ S *3 S o5 BN UZ -« %o AABpergillus fumigatusiblant une
zone ribosomale et de valider sperformancesassociés a celle du test immunenzymatiqueGM

et de lagPCR mitochondriale.

Les sérums de 26 patients ayant présenté deux réactions positives successives au test
immunoenzymatique etchez qui une Al prouvée ou probablgselon les criteresEORTMISG
European Organization for Research and Treatment of Carldgcose Study Group) a été

diagnostiquéeont été analysés.
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Ces patientsayant eu unantigéne GM positjff A 13 i v (] ]19PgR wmitochondriale. La
gPCR ribosomale a été réalisée rétrospectivement. En paralléle, les limites de linéarité, la spécificité
visa-Al]e [ USE * u}]e]e*puE « }vd 3 ZHPGR.* %}puE o0+ uAkE

Les résultats montrent une plus grande spécificité de la cible ribosomale. Toutefiéactions
croiséede la cible mitochondriale peuvent étre un atout pour le diagnostities ont été observées
pour Aspergillus flavus, A. nidulans, A. niger, A. terrdDsA. flavusest une moisissure dont
o[Ju%eo] 8]}v ve 0 ¢ |/ ddux des cXs owvldPCRm était positive avec ug@®CRr
négative, la culture était positive pouy. flavus Par contre, la limite de détectiqmour lagPCRr est
plus faible etpermet une meilleure sensibilité diagnostiquéh combinant les deuxgPCR, la

sersibilité diagnostique eshtugmentée et attein65 %.

B. Contexte et principauxésultats de la deuxieme étude

d]s& o:[Quaatjtative Polymerase Chain Reaction Detection of Circulating DNA in Serum for Early
Diagnosis of Mucormycosis immunocompromised Patients

Auteurs: Laurence Millon, Fabrice Larosa, Quentin Lepiller, Faezeh LegraridR8tehi, Etienne Daguindau,
Emeline Scherer, AnrRauline Bellanger, Joel Leroy, Frederic Grenouillet

Journal, année publicatiorClinical InfedbusDiseass, 2012

Si lagPCRlétectant Aspergillus fumigatusst testée par plusieurs équipes geis plusieurs années,

o0 ] Pv}e§] e UM }JEUC }e ¢ E %}e ]S *uE o £ wwrla caliurg}o}P]<p « §]

> us o[ Sde testesrétrospectivement3 cibles degP@R spécifiques de mucorales swsd

sérums de patients pour lesquels une mucormycagdé diagnostiquée.

Ainsi10 patiens, avec un diagnostic certain et des sérums disponibleZ0&C,ont été inclus dans
o[ Su X >[levesusérumsavant et aprés le diagnostic histologiqumt été extrais et analysés
par gPCR spécifiqueAbsidia corymbiferdactuellement nommé Lichtheimia corymbifea Mucor
~]o %0 O [ U%o0](] E %o o0 puMugoEacemé&us, eircii@ideset Rhizopuy et
Rhizomuco(plusieurs especes également). Les sondes et amatidsgessont celles publiées sur le

*]8 o(annexe). Elles soidentiques acelles utilisées pour IgPCR dans les logements.

Sur les 10 patients, @PCRaurait permis de faire le diagnosytus précocement dans 9 cade 68 a
i iJuE+s A vSE 0 ] Pv}e3] Z]*3}0}P]J<p X ve 0 3 U 0 ] 0 %}°]8

retrouvée en cultureu par séquencgage de la piece paraffinée.
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C.Conclusion par les deux études

>[ £ 00 vS ¢ ve] Jo]S pPERKSItonaless, e o} ] o[ u o]}& S]}v 4 ] Pv}e
e |/ % & i}uS [pv Jp&Enhetiun sicreening efficace chez les patients a risetiee,

surun seul prélevement sanguin§ pv ¢ po ASE S]}v [ EX

Dans le cadrée cediagnostiomédical la sensibilitéest primordialea spécificitédoit étre intégrée a

0[]vs & % EesSsysidmes de sondes et amoretisésen environnemente[ A E v3 % ES]v vie,

La bonne connaissice des limites o[ v o%*Eu S H ]}o}P]eS [1] & o ojv] ] v
]*]1}v ule Vv %0 [uv SZ E % pS]cp %8[ XZ v omwldoit P }vU h

étre intégréa arterprétation W o0 % & * v [ v§](}vP]<HewgmentparSrapportadE

développement fongique et la qualitde la phaseré analytigue sont des éléments influencant le

résultat.
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MAJOR ARTICLE

Quantitative Polymerase Chain Reaction
Detection of Circulating DNA in Serum for
Early Diagnosis of Mucormycosis in
Immunocompromised Patients

Laurence Millon?Fabrice LarosdQuentin Lepillef;* Faezeh LegrantiStef Rocchit Etienne Daguindat),
Emeline Scheret? Anne-Pauline Bellanger?Joel Leroy’ and Frederic Grenouillét

ICNRS-Université de Franche-Comté, UMR 6249 Chrono-environnement, arfé@episntomntdyfoldgiinical Hematololyirology,
and®infectious Diseases, University Hospital, Besangon, France

Background The aim of our study was to assess the detection of circulating DNA from the most common
species of Mucorales for early diagnosis of mucormycosis in at-risk patients.

Methods We retrospectively evaluated a combination of 3 quantitative polymerase chain reaction (QPCR)
assays using hydrolysis probes targeMhgcor/RhizopusLichtheimia(formerly Absidia), andRhizomucorfor
circulating Mucorales detection. Serial serum samples from 10 patients diagnosed with proven mucormycosis
(2-9 samples per patient) were analyzed.

Results No cross-reactivity was detected in the 3 gPCR assays using 19 reference strains of opportunistic
fungi, and the limit of detection ranged from 3.7 to 15 femtograms/10 uL, depending on the species. DNA from
Mucorales was detected in the serum of 9 of 10 patients between 68 and 3 days before mucormycosis diagnosis
was corrmed by histopathological examination and/or positive culture. All the gPCR results were concordant
with culture and/or PCR-based idertition of the causing agents in tissueidghtheimiaspeciesRhizomucor
species, anMucor/Rhizopuspecies in 4, 3, and 2 patients, respectively). Quantitative PCR was negative in only 1
patient with proven disseminated mucormycosis causdddbtheimiaspecies.

Conclusion Our study suggests that using specgiPCR targeting several species of Mucorales according to
local ecology to screen at-risk patients could be useful in a clinical setting. The costcauny ef this strategy
should be evaluated. However, given the human and economic cost of mucormycosis and the need for rapid
diagnosis to initiate prompt directed antifungal therapy, this strategy could be highly attractive.

Keywords quantitative PCR; mucormycosis; biomarker; circulating DNA.

Several recent studies report the increasing incidencencontrolled diabetes mellitus). Recent data from the
of mucormycosis in hematopoietic stem cell transplantUnited States shows that 63% (105/169) of non-
recipients, but also in other at-risk patients (ie, solid Aspergillusnold infections in transplant recipients are
organ transplant, hematological malignancy, andMucorales infectionsi]. An increasing incidence of
mucormycosis was reported in France between 1996
and 2007, particularly in patients with hematological
13R|f;§r|:zgy12%103?t0ber 2012; accepted 11 February 2013; electronically H‘iﬂlf’ﬂf‘f’ancies (>24% per year) or bone marrow trans-
Correspondence: Laurence Millon, PharmD, PhD, University Hospital, Dpfafthe(®15% per year) but also in the population of
of Parasitology-Mycology, Bd Fleming, 25030 Besangon, France (Iaurenvﬁgﬁ@ﬁg with diabetes (>9% per yeéﬂ) [I'he increas-
univ-fcomte.fr). . . e i
Clinical Infectious Diseases 2013:56(10):e961 ing incidence of mucormycosis in Belgium between
© The Author 2013. Published by Oxford University Press on behalf of the I2880uand 2009 was reported as probably related to the
Diseases Society of America. All rights reserved. For Permissions, pleasi(h%-lxé%'il'se in the number of high-risk patients, particu-

journals.permissions@oup.com. . . ] .
DOI: 10.1093/cid/cit094 larly in those with an underlying hematological
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malignancy 8]. Mucormycosis is being diagnosed more andmay thus help to diagnose invasive mucormycosis quickly and
more frequently in developing countries, especially in Indiato introduce directed therapy earlier.
China, and Latin Americad] 5]. Rhino-orbitocerebral presen- The aim of our study was to assess the detection of circulat-
tation is the predominant form, possibly because of its associng DNA from the most common species of Mucorales for
ation with diabetes. Renal mucormycosis has also emerged @arly diagnosis of mucormycosis in at-risk patients. We retro-
a new clinical entity in India and Chin&][ spectively evaluated a combination of 3 quantitative PCR
Rhizopusspecies are the most common genera in the(gPCR) assays targetingucorRhizopus Lichtheimia, and
United States and in France (55% and 49%, respectively). DiRhizomucorspecies using serial serum samples from 10 pa-
tribution of other Mucorales species depends on geographictients diagnosed with proven mucormycosis between January
location. Rhizopusspecies were followed bylucor species 2004 and June 2012 in our hospital.
(19%), Rhizomucor species (7%)Cunninghamellaspecies
(9%), andLichtheimiaspecies (formerlAbsidiaspecies, 3%) \ATERIALS AND METHODS
in the United States, and hyichtheimiaspecies (29%lRhizo-
mucor species (7%), anMucor species (3%) in Franc&]{  Strains
The prognosis of mucormycosis remains poor, with a reporteq\ineteen strains from the fungal species that are most fre-
mortality rate between 22% and 25% for cutaneous and rhiguently isolated in human infections, either from an interna-
nocerebral infections, to between 48% and 79% for pulmonanyonal collection (Belgian Coordinated Collections of
and disseminated forms]f Microorganisms/Institute of Hygiene and Epidemiolegy
Clinically and radiographically, mucormycosis is often in-Mycology section [IHEM], Brussels, Belgium; Centraal bureau
distinguishable from other invasive mold infections such agoor Schimmelcultures [CBS], Utrecht, Netherlands; Institut
aspergillosis and remains diflt to diagnose. Coinfection pasteur [IP] collection, Paris, France) or from our own labora-
with Aspergillusspecies may be frequerft].[ However, Mu-  tory collection (Mycology laboratorfUniversity Hospital Be-
corales species are not susceptible to voriconazole, whichdgncon [BES]), were used in this study, as follaiestheimia
often used as ast-line treatment in aspergillosis. Thus, early corymbiferaBES 227 Lichtheimia ramosaCBS582.65L.ich-
specic diagnosis and prompt therapeutic intervention with theimia ornataCBS 291.663hizopus oryzaBES 2224Rhizo-
active antifungal treatment such as amphotericin B are essepus oryzaeBES 1683 Mucor racemosu8ES1510Mucor
tial for improving the outcome of mucormycosis. ramosissimuBES1439Rhizomucor pusilluBES 2506Rhizo-
Diagnosis is done by histopathological examination andmucor pusillusBES 2495Aspergillus fumigatu® 2279,As-
positive culture of a Mucorales species. Mucorales polymerag@rgillus nidulansBES 1022 Aspergillus terreuBES 1429,
chain reaction (PCR) performed on formalixed, parah- Scedosporium protiansIHEM 23387 ,Scedosporium apiosper-
embedded tissue samples followed by sequencing is useful faum BES 328Fusarium solancomplex BES 30&andida
diagnosis commation in cases of culture-negative invasive glpicandHEM 9559,Candida glabrat€CBS 138Candida tro-
mold infection B, 9]. However, in a clinical setting, obtaining picalisCBS 192, anGaccharomyces cerevisiteM 6036.
deep tissue samples or bronchoalveolar lavaigs from a Fungal DNA was extracted using the High Pure PCR Tem-
patient with suspected mucormycosis may be not feasible, egtate Preparation Kit (Roche Diagnostics, Meylan, France), ac-
pecially in hematological patients. If done, histopathologicatording to the manufacturar recommendations, after the
identi cation of Mucorales in tissue specimens idif and  mechanical disruption of mycelia in liquid nitrogen using a
requires signcant expertise. Moreover, Mucorales species obpestle for molds. DNA extract from Mucorales species was se-
served in tissue often fail to grow in fungal cultuBg Up to  rially diluted from 300 femtograms [fg]/10 pL to 1 fg/10 pL
now, none of the fungal biomarkers availablglgican, galac-  for qPCR sensitivity testing. For all other species, DNA con-
tomannan) have been useful for mucormycosis diagnosigentrations were adjusted to 300 fg/10 L for gPCR sjitgci
Developing DNA or antigen-based detection for early diagnotesting. For each qPCR assay, a positive control containing 30
sis has been underlined as a key issue in mucormycosis rgy/10 uL of DNA from the main targeted species was pre-
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search 10. pared. These controls were run in 10 separate series to assess

Circulating DNA from Mucorales has been detected inreproducibility.
plasmasamples obtained from an in vivo rabbit model of in-
vasive pulmonary mucormycosis. Spe@NA was detected Patients
using quantitative PCR in plasma samples from rabbits infectTwenty-one patients were diagnosed with proven or probable
ed with Rhizopus Mucor, and Cunninghamellaspecies, as mucormycosis at the University Hospital of Besancon between
early as day 1 after inoculatioil]. A molecular approach, January 2004 and June 2012. Ten patients diagnosed with
detecting circulating DNA from Mucorales in at-risk patients, proven mucormycosis and with available sera at the time of
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diagnosis were included in the study. The date of histopatho- Sequences from primers and probes can be found on the
logical diagnosis was ded as day 0. Other patients present- US Environmental Protection Agency websitetg:/www.
ing with probable mucormycosis, or without available sereepa.gov/nerlcwww/moldtech.htm#primprs
between day-10 and day 10 were not included. Biological, ra- The PCR mix was prepared in a 20 pal volume using
diological, and clinical data were collected at the time of diagthe LightCycler 480 Probes Master (Roche Diagnostics,
nosis. Seven patients had hematological malignancy: acuteylan, France): 11 pL of Master Mix containing 0.4 uL probe
myeloid leukemia (AML; n = 2), lymphoma (n =2), acute lym- (P1, 4 uM), 0.5 pL primers (F1/R1, 40 uM), and 9 puL DNA.
phoid leukemia (n=1), allogenic hematopoietic stem celPCR reactions were run on a LightCycler 480 Instrument I
transplant (allo-HSCT) for myelodysplasia (n=1), severgRoche Diagnostics). The thermal cycling conditions were as
aplastic anemia (n=1); and 3 patients had other risk factoréollows: an initial denaturation step at 95°C for 10 minutes,
(renal transplantation, polytraumatism, alcoholism, andfollowed by 50 cycles of 15 seconds at 95°C, and 1 minute at
undernutrition). 60°C. We did not use an internal control for inhibition
The clinical presentations included pulmonary (n=1), rhi- because with the type of commercial kit we used, PCR inhibi-
nocerebral (n =2), cutaneous (n =1), and disseminated (n = 6jors are rarely observedqj.
localizations. All the cases were proven mucormycosis accord-
ing to European Organization for Research on Treatment oPetection of Circulating DNA in Serum
Cancer and the Mycoses Study Group (EORTC/MSG) conseetection of fungal DNA using gPCR was done retrospective-
sual denitions (Table 1), with identication of causative Iy on 51 serum samples stored aR0°C. Sera sampled
Mucorales by culture and/or molecular techniques on biop-between day-75 and day 29 from the time of diagnosis of
sies. Positive culture was obtained in 7 patidriththeimia c. mucormycosis were tested-@sera per patient).
(n=3), L. ramosa(n=1), R. pusillus(n=2), andR. oryzae Automatic DNA extraction was performed using 1 mL of
(n=1). In 7 of 10 cases, fresh and/or par&mbedded serum with a Large Volume MagNa Pure Nucleic Acid Isola-
tissues were available for investigation by PCR sequencing tdien Kit on a MagNa Pure Compact apparatus (Roche Diag-
geting 18S ribosomal DNA (18S rDNA), as described byostics, Meylan, France). Elution was performed in a 50-pL
Bialek et al 12, and/or internal transcribed spacetd. For  volume. Detection of fungal DNA was performed with 9 pL of
the 3 patients without positive culture, the causative Mucoralegxtract, using each of the 3 qPCR assays described above.
species was idergt using molecular techniques only: it was  Quantitative results were expressed by determining the de-
Lichtheimiaspecies for patient &. oryzaeor patient 7, and tection threshold, or quantation cycle (Cq), that marked
Rhizomucospecies for patient 10. the cycle at whichuorescence of the sample became signi
cantly different from the baseline signal. Thus, the higher the

. Cq, the smaller the amount of DNA in the sample.
Negative Controls

Ten healthy patients without hematological malignancy and

10 patients with hematological malignancy but without inva-RESULTS

sive fungal infection described in a previous stuti} jvere o o o
included as negative controls. Sera from 17 patients with probc_:ross-Reactlwty, Reproducibility, and Detection Limits of PCR

able or proven invasive aspergillosis according to EORTC‘%mIOII cation vyas obtained only with DNA extracts frqm the
MSG criteria L5 and sera from 14 patients witineumocystis targeted species for each of the 3 gPCR assagerymbifera,

jiroveciiinfection were tested using the 3 gPCR assays. L. ramosa, L. ornata{nh. the Acory assaj. oryzaeM. race-
mosus and M. ramosissimuwith the Mucl assay; ard. pu-

sillus with the Rmuc assay. No cross-reactivity with other
Quantitative PCR Assays DNA fungal extracts was detected for any of the 3 qPCR
The following 3 qPCR assays, previously described by the Wssays. Serial dilution of DNA extracts showed that the limit
Environmental Protection Agency for environmental analysisof detection ranged from 3.7 to 15 fg/10 pL depending on the
were adapted for detection of Mucorales DNA from serum:species (Tabl2). Reproducibility testing showed that the vari-
(1) Absidia corymbifergassay name: Acory [gPCR assay wastion coefcient was <0.02 (mean Cq= 1) for each of the
designed before the taxonomy was changed fAdidiato gPCR assays.
Lichtheimig); (2) Mucor amphibiorum/circinelloides/hiemalis/
indicus/mucedo/racemosus/ramosissiengsRhizopus azygo- Detection of Circulating DNA in Serum
sporus/homothalicus/microsporus/oligosporus/oryzgassay All of the 3 qPCR assays were negative in patients without he-
name: Mucl); (3Rhizomucor meihei/pusillus/variabilessay = matological malignancy and in patients with hematological
name: Rmuc). malignancy but without invasive fungal infection. All 3 gPCR

gPCR Diagnosis of MucormycostsCID 2013:56 (15 May)® e97

GTOZ ‘8¢ legqwaldas uo 1sanb Aghio sjeuinolpiojxo’pio//:dnyuol) papeojumod



[e 18 UO|IIIN e(ABIN GT) 9S:ETOZ AID 869

Table 1 Clinical, Histological, and Mycological Findings, Antifungal Treatment, Results of Quantitative Polymerase Chain Reaction Assays, and Outcomes for 10 Patients

Proven Mucormycosis

Localization of Days From  Days From
Infection, Date® of Positive Antifungal 1st Positive  1st Positive
First Clinical Date® of Positive Histology Mycological Therapy (Day of PCR to 1st PCR to
Patient Sex®  Underlying Symptoms/First Fever (Day 0)/Molecular Cultures (Day)/ Initiation of L-  Outcome Clinical Positive
No. Age Disease Radiological Signs Onset Diagnosis Identification AmB, POS) atDay 90  gPCR Result Cq (Day) Signs® Histology®
1 F/65 Undernutrition, Disseminated D-5 Skin/not done Skin, urine (DO)L.  FLU Death (D1) Acory Neg (D-8, D-1) / /
alcoholism D -1/not done corymbifera
2 M/37 HL Disseminated D -28 Lung, liver/not done  Lung, liver (DO)L.  L-AmB (D -1) Death (DO) Acory 28 (D-3), Neg +13 3
D —16/not done corymbifera (D-10)
3 M/51 ALL Rhinocerebral D-9 Sinus/Lichtheimia Sinus (DO)L. L-AmB (D0) POS  Death (D3) Acory 36 (D-8), 32 7 8
D-1/D -1 corymbifera corymbifera (DO) (D-5), 30 (D-1),
25 (D0), 27 (D2),
Neg (D -18,
D 15, D -12)
4 F/48 Polytrauma Cutaneous DO SkinlLichtheimia sp ~ Skin (DO)/negative ~ FLU, CAS Death (D2) Acory 27 (D0), Neg +5 0
D —5/not done (D-2,D-9)
5 M/59 NHL, diabetes  Disseminated D-14  KidneylLichtheimia  Cerebrospinal fluid FLU, CAS, L-AmB  Alive Acory 32 (D-23) 38 18 23
mellitus D -5/D -22 sp (D -10)/ (DO) (D-8), Neg
Lichtheimia (D -1, D5)
ramosa
6 F/41 PNH, SAA Disseminated D-17 Sinus/Rhizopus sp Sinus (DO)R. CAS, POS (D-11) Death Mucl 36 (D -10), 35 +20 10
D -30/D -4 oryzae L-AmB (D0) (D15) (D-1), 38 (D2), 36
deferasirox (DO) (D6), 38 (D9), 34
(D13)
7 F/13 AML Pulmonary® D -65 Lung/Rhizopus Not done VOR, L-AmB (D—  Alive Mucl 35 (D -68), 40 6 68
D —62/D -61 oryzae 60) (D-62), 36 (D—
55), 38 (D-21), 36
(D10), Neg (D—
75, D29)
8 M/57 MDS, allo- Rhino-cerebral DO Sinus/not done Sinus (DO)R. ITR (D-96), L-AmB Alive Rmuc 39 (D-18), 39 (D— 0 18
HSCT D -18/D -11 pusillus (DO) POS (DO) 1), Neg (D-11,D
-8, D9, D13)
9 F/55 Renal Disseminated D -30 Lung, heart/ Lung, heart (DO)R. CAS Death (DO) Rmuc 29 (D4), 22 (D-3), +20 4
transplant D —24/D -11 Rhizomucor pusillus Neg (D24, D —
pusillus 19)
10 M/60 AML Disseminated D -50 Liver, spleen/ Liver, spleen (D0)/ VOR, L-AmB (D—  Alive Rmuc 41 (D-49), 28 (D— +1 49

D -50/D 47

Rhizomucor sp

negative

44) POS (D-36)

46), Neg (D-52,
D-42,D-39,D -
36, D-18, D 13,
D-1)

Abbreviations: ALL, acute lymphoblastic leukemia; allo-HSCT, allogeneic hematopoietic stem cell transplant; AML, acute myeloblastic leukemia; CAS, caspofungin; FLU, fluconazole; HL, Hodgkin lymphoma; ITR,
itraconazole; L-AmB, liposomal amphotericin B; MDS, myelodysplasia, NHL, non-Hodgkin lymphoma; PCR, polymerase chain reaction; PNH, paroxysmal nocturnal hemoglobinuria; POS, posaconazole; qPCR,
quantitative polymerase chain reaction; SAA, severe aplastic anemia, VOR, voriconazole.

2 M, male; F, female.

b D0 = date of positive histology.

¢ A minus sign indicates that polymerase chain reaction was positive before the first clinical signs.

9 A minus sign indicates that polymerase chain reaction was positive before the positive histopathology.

¢ Aspergillus niger-Rhizopus oryzaecoinfection, based on molecular analysis of operative specimen (lobectomy).
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Table 2. Quantitative Polymerase Chain Reaction Results for Calibrated DNA Extract From Several Mucorales Species Using the
Acory, Mucl, and Rmuc Assays

Quantification Cycle

Acory Assay Mucl Assay Mucl Assay Rmuc Assay
Amount of Mucorales, Lichtheimia corymbifera/ Rhizopus Mucor racemosus/ Rhizomucor
DNA in Volume Tested (10 pL) L. ramosal/L. ornata oryzae M. ramosissimus pusillus
300 fg 35/28/30 34 32/35 39
30fg 37/32/33 36 35/37 41
15fg 39/34/35 38 37/38 45
7.5fg 42/39/41 43 >46/>46 >46
3.7fg >46/43/>46 >46 >46/>46 >46
1.9fg >46/>46/>46 >46 >46/>46 >46
0.9fg >46 >46 >46/>46 >46

assays were also negative in sera from patients with invasiveRhizomucoDNA was detectable at dayl9 in patient 10,
aspergillosis andPneumocystisnfection. Quantitative PCR who presented with febrile neutropenia associated with pul-
was negative in only 1 patient (patient 1) with proven dissemimonary nodules during induction chemotherapy of AML.
inated mucormycosis, causedlhycorymbiferaThe combina-  Initial antifungal therapy based on intravenous voriconazole
tion of 3 targeted gPCR assays was positive before diagnosias switched to L-AmB (day44 to day-35), because vorico-
for the 9 other patients with proven mucormycosis. All the nazole caused neurological adverse events to occur rapidly.
positive gPCR results were concordant with culture and/ofThe patient was discharged from hospital at d&p, with
PCR-based identation of the causing agents in tissugdh-  posaconazole therapy. Compliance to posaconazole therapy re-
theimia Rhizomucagr and Mucor/RhizopugiPCR assay posi- mained poor, however. Radiological evidence of liver and
tive in 4, 3, and 2 patients, respectively). spleen abscesses (d&g) led to surgical resection and then
First serum with positive qPCR was sampled from 68 to 3liagnosis by direct examination of operative specimens (liver
days before diagnosis, with Cq between 39 and 25 cyclesid spleen abscesses, day 0),rowed by histology and mo-
(Tablel). In 5 of the 9 patients, circulating Mucorales DNA lecular analysis performed on these specimens.
was detected-B days before occurrence of thest clinical or Only 4 patients underwent surgery (pulmonary lobectomy
radiological signs. Of note, 2 patients showed circulating DNAn patient 7, abdominal surgery in 2 patients (patients 5 and
>6 weeks before diagnosis of proven mucormycosis (68 arntD), and sinus debridement without enucleation in patient 8).
49 days, respectively). All 4 of these patients were alive at day 90 after diagnosis,
Patient 7 presented with circulatinRhizopusDNA at  while the 6 patients who were not treated with surgery died
day —68. She was originally diagnosed with probable pulmobefore day 15 (5/6 patients died before day 3).
nary aspergillosis (nodules, halo sign, positive galactomannan
in serum at day—62) during induction chemotherapy for p|SCUSSION
AML. She received a combination of liposomal amphotericin
B (L-AmB) 3 mg/kg/day and voriconazole for 14 days (day Detection of spect circulating DNA appears to be a nonin-
61 to day—49), followed by combined voriconazole-caspofun-vasie, sensitive, and specitechnique that may be a useful
gin (day—48 to day-23), and later voriconazele-AmB (day  tool for early diagnosis of infection involving Mucorales, espe-
—22 to day-5), voriconazole-caspofungin (dag to day 31), cially in patients who cannot undergo a biopsy or a bron-
and voriconazold_-AmB (day 32 to day 98, including allo- choalveolar lavage due to thrombocytopenia, coagulopathy, or
HSCT at day 50). Lobectomy was planned before allo-HSC®Bny other reason. We were able to detect Mucorales DNA in
Diagnosis of proven aspergillosis was performed by examinaerum samples from 9 of 10 patients up to 68 days before mu-
tion of lung operative specimen (day 0: positive histology, negsormycosis diagnosis was aoned by histopathological ex-
ative mycological culture). The diagnosis Apergillus  amination and/or positive culture. The combination of 3
Mucorales coinfection was performed retrospectively 3 yeatargeted gPCR assays allowed us to diagnose the genera impli-
later by another expert pathologist examination (2 distinctcated accurately, and in particular could identify theorym-
types of hyphae, including characteristic features of Mucoraldsifera species, which is the most frequent cause of
hyphae) and molecular analysis of day O operative specimensnucormycosis in our hospital (8/21 cases of proven or
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probable mucormycosis diagnosed between January 2004 abetween 1 and 23 days earlier and/or not temporarily discontin-
June 2012). ued (as in patient 7) if the PCR result had been known.

Speccity of the 3 gPCR assays was checked: no cross-am- Taxonomy of thelL. corymbiferacomplex was recently
pli cation with yeast species or other molds commonly reevaluated and 3 distinct species are now recognized:
causing invasive fungal infectiofrusarium Scedosporium L. corymbiferal.. ramosaandL. ornata[22 23. Interestingly,
and Aspergilluspecies) was observed. This very good speci the gPCR Acory assay is able to detect all 3 spediesL.
ity is the main advantage of the technique, especially in casesrymbiferd’complex is a rare cause of mucormycosis in the
of double infections that are difilt to diagnose by histopath- United States 1] but has been reported as one of the main
ological examination. Indeed, infections with a concomitantspecies idengd in France (29%) 7], and accounted for 19%
fungal pathogen were observed in one-third of patients (8/24df species in a recent European serg& [Lichtheimiaspecies
with mucormycosis in one well-described series, includisl)gy  were identied in 38% of cases of probable and proven invasive
pergillus Fusarium or Candidacoinfection [L7]. Occurrence  mucormycosis since 2004 in our hospital, and were observed in
of such coinfections is probably underreport&l However, 50% of the patients in this study. Environmental differences
detection of double infections involving a Mucorales species igrobably explain these contrasting data. Besancon is located
crucial for identifying an appropriate treatment. Detectingin a rural area in eastern France, where thecorymbifera
Mucorales circulating DNA, in association with the detectioncomplex has been shown to be one of the most frequent molds
of other biomarkers {glucan, galactomannan, arilspergillus in farming environments and an etiological agent of fatmer
circulating DNA), could be very helpful when making the de-lung disease2. Four of the 5 patients with mucormycosis
cision to initiate directed therapy early in patients showing ra-due to Lichtheimiaspecies in our series had been living in a
diological signs of fungal infection. Patient 7 is a goodrural district (ie, villages with <2000 inhabitants).
example of this kind of coinfection, as she showed numerous Our strategy does not include a pan-Mucorales DNA assay
positive galactomannanemia and positiéepergillusgPCR,  or a spect qPCR assay targeting less frequent genera of Mu-
concomitantly with positive Mucorales DNA detection in sera.corales (ieCunninghamellsspecies Saksenaeapecies Apo-

We used primers and probes that targeted the 18S rDNAbhysomycespecies), contrary to previous gPCR studies [
gene to detect circulating DNA from the most common specie®6], but infections due to such fungi have never been diag-
causing mucormycosis in EuropéMycorRhizopusspecies, nosed in our institution. SpecigPCR assays targeting these
Lichtheimia species, andRhizomucorspecies); targeting this genera should be implemented to optimize the panel of
multicopy gene allows us to detect a very small amount o$pecies detected, if required by local ecology. Detection of ad-
DNA. Indeed, in our preliminary experiment, as few as-B57/  ditional Mucorales species from subtropical areas could be re-
fg DNA could be detected, depending on the species and targgtired in assays to be used in developing countries.
studied. These values were quite similar to those we obtainedOur study suggests that using specgPCR targeting
previously (3fg) with AspergillusgPCR [L4. The copy several species of Mucorales according to local ecology for
numbers of the 18S rDNA varied between fungal spetids [ screening at-risk patients is feasible in a clinical setting.
and also between different strains of the same species, that lisgdeed, the use of a high-throughput gPCR system reduces
Aspergillus fumigatusvith 3891 copies per genomel{. analysis time and cost. About a hundred samples can be ana-
Quanti cation of rDNA provided by gPCR and gPCR assaylyzed with different targets in a single run of 2 hours, if har-
limit of detection depend on infecting species or strains, as thenonized amplcation protocols are used. A key issue will be
18S rDNA copy number cannot be assumed based on anothé&s identify the population of susceptible patients to increase
value previously determined from an unrelated strain. the positive predictive value of the assay redidl. [First, the

The ability to detect a very small amount of DNA is essentiacombination of the 3 gPCR assays targeting Mucorales species
for early diagnosis using gPCR technigues. There are numeroissnow performed in our hospital in immunocompromised pa-
benets of early mucormycosis diagnosis: prevention of progrestients with clinical signs of fungal infection, when available
sion to dissemination, reduced need for surgery or less surgidalomarkers (galactomannanglucan and qPCR targetings-
resection, less digurement and suffering, and improvement of pergillusspecies) remain negative. Second, a strategy including
outcome and survivalp]. Delayed therapy was shown to resulta combination of the 3 gPCR assays targeting Mucorales
in a 2-fold increase in mortality at 12 weeld][ In our series, species and 2 qPCR assays targefisgergillusspecies for
6 of the 10 patients died before day 90, including 3 patientswice-weekly screening of very high-risk patients (patients
without any Mucorales-active antifungal treatment, and 3 pawith acute leukemia or lymphoma receiving intensive chemo-
tients who died 415 days after implementation of L-AmB therapy, during the aplasia period, and allo-HSCT recipients,
therapy. For all patients except 1 with a negative PCR resullom day O to day 35 after the graft) is ongoing for prospective
appropriate antifungal treatment would have been giverevaluation. The cost and edicy of this strategy should be
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evaluated. However, given the human and economic cost of
mucormycosis, the importance of rapid diagnosis to initiate a

prompt, efcient antifungal therapy, and the possible cost op- 15

timization of a high-throughput qPCR system, we believe this
strategy could be highly attractive.

13.
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V. CHAPITRE :3 ELARGISSEMENT DEA COMPREHENSIONE
>[ Es/ZKEE D Ed//Ed >[ , >CROBCOPIQUE

A mesure du développement des technologies, la caractérisation du monde microbien va vers une
meilleure reproductibilité etune représentativité élargie, mais également vers des proxy traduisant
les micreorganismes et non plus les microorganismes eux méme la culture, donnant des
}olv] ] vS8](] o U 0O u uCE [ oo &GP v « }u u%le v % ](]<M
unité arbitraire, a lagPCRexpriméedans un premier temps en @iyalent sporeqBellanger et al.
2009, Scherer et al. 2014) %o p]e v }v vSE (Rpkehi ¢t aE 2015, Millon et al. 2013t
enfin & la métagénomiqueexprimant les résultats en nombre[ K d (Operational Taxonomic Uit
Si ces améliorations sont un atout pour la recherche, il reste important de comprendre, par
of A% E] v U o+ ]J(( E wvant]edstE SPJjveZ %0 u] E}e* }%o]<H V}S

environnement intérieur
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1. Introduction

Real-time quantitative PCR (qPCR) is a widely used method to
quantify the abundance of organism or gene expression in the envi-
ronment. QPCR based analyses combine classical DNA ampli cation
by PCR with real time counting of amplicons during each cycle of
PCR ampli cation. Target speci city of gPCR assays is determined by
the design of the primers and in some cases internal probes. Indeed,
gPCR analyses have been developed to quantify species belonging to
fungi and protista kingdoms, and are currently used in human environ-
ment investigations of allergies to assess allergen exposure ( Haugland
et al., 2004; Kaarakainen et al., 2011; Vesper et al., 2007b ). The advan-
tage of the gPCR approach is its ability to quantify numerous individual
species in a complex mixed community with a single tool. QPCR to
detect fungi was used to investigate the relationship between mold
exposure and asthma ( Reponen et al., 2012; Vesper et al., 2007a) but
has not yet been developed for house dust mite quanti cation,
although there is good evidence suggesting a causal relationship
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between mite exposure and allergic disorders such as asthma ( Cole
Johnson et al.,, 2004; Lodge et al., 2011; Platts-Mills et al., 1997 ).
Mites found in house dust causing the development of IgE antibody
responses are mainly house dust mites (from the Pyroglyphidae
family, e.g. Dermatophagoides pteronyssinusDermatophagoides farinae
Dermatophagoides microcerasand Euroglyphus maynei), storage mites
(e.g. Lepidoglyphus destructorAcarus siroand Tyrophagus putrescentiag
and other species such as Blomia tropicalis (Colloff and Spieksma, 1992;
Platts-Mills et al., 1992 ). The ELISA was the most commonly used
method for investigating allergens from these mites in the environ-
ment (Dunn et al., 2008; Krizkova-Kudlikova et al., 2007 ). In our
study, we propose to broaden the use of qPCR assays to quantify
mites in the environment. Primers and probes were designed to detect
and measure amounts of nucleic acids from D. pteronyssinus D. farinae,
Dermatophagoides speciesand, less speci cally, from several mites
present in domestic dust. Analytical characteristics (speci  city, linear
dynamic range, limit of detection and ef  ciency) were determined to
validate each gPCR assay. QPCR was tested on 19 dust samples for mat-
tresses and the results were compared to the results of Der p | quanti-

cation (ELISA) and to the results of guanine semi-quanti  cation test
(ACAREX® test).

2. Material and methods
2.1. Tested strains

D. pteronyssinus D. farinae, L. destructor, Glycyphagus domesticus
and A. siro (Mite collection, Laboratory of Parasitology, Faculty of
Pharmacy, University of Basque Country, Vitoria, Spain) were used to
test speci city. The strains were cultured on a 1:1 (wt:wt) autoclaved
mixture of commercial mouse meal and dried yeast powder according
to Cardona et al. (2004) .

Individuals of Ephestia kuehniellawere collected in a house using
glue traps.

Fungal species used were those currently found in indoor dust
samples. Stains are deposited in the fungal BCCM/IHEM collection (Sci-
enti ¢ Institute of Public Health, Brussels, Belgium): Aspergillus
versicolor (BCCM/IHEM 22975), Cladosporium sphaerospermum(BCCM/
IHEM 18883), Penicillium chrysogenum (BCCM/IHEM 22667), Aspergillus
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fumigatus (BCCM/IHEM 22670), Alternaria alternata (BCCM/IHEM
22669), Eurotium amstelodami (BCCM/IHEM 16286) and Wallemia sebi
(BCCM/IHEM 16284). Fungi were cultured onto Sabouraud or Malt
Agar media (Beckton Dikinson, New Jersey, USA) at 20 or 30 °C for two
weeks. Spores were removed using sterile distilled water and were
recovered by centrifugation (10 min at 6000 x ).

2.2. DNA isolation

Two hundred microliters of DNA-free water containing almost 400
mites, 3 individuals of E. kuehniellaor 10 mm 2 fungal suspension was
placed into 2.0 ml conical-bottom screw-cap tubes (MagNA Lyser
Green Beads, Rochediagnostics GmbH, Germany) containing 1.4 mm
ceramic beads and 400 | of lysis buffer from the NucleoSpin Plant Il
kit (Macherey-Nagel, Germany). The tubes were shaken in a MagNA
Lyser Instrument (Roche Applied Science®, Germany) three times
for ten seconds at the maximum speed, with one cooling minute in
the cooling block. The tubes were then heated in a boiling water
bath for 10 min. The samples were placed on ice for 10 min, followed
by centrifugation for 2 min at 6000 x g. DNA was then puri ed with
NucleoSpin Plant Il kit according to the manufacturer's instructions.
The DNA concentration of each extract was determined by a dosage
program (160 nm) with a spectrophotometer (ND-1000 Nanodrop,
Thermo Fisher Scienti ¢, USA).

2.3. QPCR

PCR reactions contain 10 | two-fold concentrated TagMan® Gene
Expression Master Mix (Applied Biosystems, USA), reverse and
forward primers ( nal concentration 1 M each) (Sigma-Aldrich,
USA), a hydrolysis probe ( nal concentration 200 nM) (MWG Euro  ns
Operon, Germany), 5 | of DNA sample and nuclease-free water to
complete the 20 | total volume of reaction mixture. Plates were
centrifuged (one min at 1000 x g) and PCR reactions were run and
monitored using Applied Biosystems 7500 FAST Real-Time PCR System
and 7500 Software v2.0.5. Sterile DNA-free water was extracted with
samples and used as negative controls in each series of ampli cation.
Thermal cycles consisted of 2 min at 50 °C, 10 min at 95 °C, followed
by 45 cycles of 15 s at 95 °C and 1 min at 60 °C.

2.4. Design of probes and primers and analytical specicity

Eighteen rRNA sequences of the main mite species isolated
indoors were retrieved from the GenBank database and were aligned
using BioEdit Software (Tom Hall Ibis Biosciences, California) to choose
the most appropriate areas for primer design. Aligned sequences
were those of D. pteronyssinus (accession numbers: EU152579;
DQ025512; DQ025511), D. farinae (GQ864309; EU152578; GQ864309),
Dermatophagoides evansi(EU152577), A. siro (AF022023; EU152495),
L. destructor (EF203771), and T. putrescentiae(DQ025510). Primers and
probes were designed using Primer Express® 3.0 for Real-Time PCR soft-
ware (Applied Biosystems). Parameters used to design primers and
probes were chosen to ensure optima | conditions for gPCR. Indeed, the
minimum and maximum melting temperatures (T ,) permitted for
primers were 58 and 60 °C respectively. The minimum and maximum
percentages of C and G contained by either primer were 30 and 80%
respectively, with a maximum of two residues on the 3 end required
to be a G or C. The optimal length allowed for each primer was 20
bases (9 bases minimum and 40 bases maximum). Minimum and max-
imum T ,, allowed for probes were 68 and 80 °C respectively. The min-
imum and maximum percentages of G and C contained by the probes
were 30 and 80% respectively for a length range of 13 to 30 bases. No
more 3 G repeats were required in probe. The ampli  ed region length
permitted ranged from 50 to 150 bases.

Analytical speci city, which refers to the qPCR assay detecting the
appropriate organism rather than the other, was tested against seven
fungal and ve mite DNA extracts at 1 pg/ | (Sections 2.1 and 2.2).

2.5. QPCR linear dynamic range, limit of detection and efciency

To generate calibration curves, DNA extracts were adjusted at
100 pg/ | in the NucleoSpin Plant Il kit elution buffer, and were
then serially (1:10) diluted, resulting in a six point calibration curve
range of 100 to 0.001 pg/ |. QPCR analysis was repeated three times
for each concentration. For each qPCR assay, the calibration curve
allowed us to calculate the linear dynamic range, the limit of detec-
tion (LOD) and PCR ampli cation ef ciency. The linear dynamic
range is the concentration range over which the quanti  cation cycle
(Cq) and concentration remain directly proportional to each other.
Range interval and correlation coef cient (r 2 value) were then
reported. The LOD was the lowest concentration at which DNA was
detected in all three samples. PCR ampli cation ef ciency was
established as the slope of the log . linear portion of the calibration
curve: PCR ef ciency=10 slore 7,

2.6. Applying gPCR assays on dust from mattresses

Dust from 19 mattresses belonging to people with allergic rhinitis
or asthma was collected using nylon sampling socks that were
designed to t on a vacuum cleaner. The whole area of the mattress
from which the sample was taken was cleaned for 15 min. The
socks were then removed from the vacuum cleaner and closed.

The ACAREX® test (Dyn'R, France) was used according to the
manufacturer's instructions directly after dust collection. A colorimet-
ric scale can determine the amount of guanine in dust according to
four levels: none, low, medium and high.

In the laboratory, dust samples were  ltered (hole of 1 mm in di-
ameter) and stored at 20 °C. To prepare the DNA extracts as de-
scribed in Section 2.2, 15 mg of dust was mixed with 200 | of
DNA-free water. QPCR assays were performed for each target three
times on different days and by different technicians, with the aim of
calculating reproducibility expressed by the coef cient of variation
from the three points after conversion in pg/ | using calibration curves.

Concentrations of Der p | in dust were determined by ELISA assays
(Der p | Assay, Citeq Biologics, The Netherlands) according to the
manufacturer's instructions. Results were grouped into three catego-
ries according to calibration points: less than 0.05 g Der p | per gram
of dust, between 0.05 and 0.4 g/g and more than 0.4 g/g.

Table 1
Primers and probes ? list.

Dermatophagoides pteronyssinus

Fwd Dpter F1 TGTTGTGGTTAAAAAGCTCGTAGTTG

Rev DpterR1 ATGCGATAATCTGCTCAGTATGACA

Probe DpterP1 CAGCTCATGTATGGCGGTCCACCTG
Dermatophagoides farinae

Fwd DfariF1 TGTTGTGGTTAAAAAGCTCGTAGTTG

Rev DfariR1l ATGCGATATTCTGCTCAGCATGACA

Probe DfariP1 CAGCTCATGCATGGTGGTCCACTTG
Dermatophagoides spp.

Fwd DermaF1 CCTCGTGGTGGAGTGCATT

Rev DermaR1 TCAGCTGCAGTTATCCAGAGTCA

Probe DermaP1 ATTAGACCAAGACCAAAGGTGGCAACACC
Mites

Fwd MisppF1 GAGGTTCGAAGGCGATCAGA

Rev MisppR1 TTGCTGGTTGGCATCGTTTA

Probe MisppP1 ACCGCCCTAGTTCTA

Fwd: forward primer; Rev: Reverse primer.
@ Labeled with FAM reporter and TAMRA quencher.
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Table 2
Mean of threshold cycles (standard deviation) for the speci  city study of qPCR.
Species extracts DpterF1/ DfariF1/ DermaF1/ MisppF1/
R1/P1 R1/P1 R1/P1 R1/P1

Dermatophagoides 36.84 (0.85) 37.59 (0.36)

pteronyssinus

35.10 (0.53) Und.

Dermatophagoides Und. 35.35(0.42) 36.15(0.81) 37.31(0.55)
farinae

Lepidoglyphus destructor Und. Und. Und. 36.79 (0.55)

Glycyphagus domesticus  Und. Und. Und. 36.28 (0.98)

Acarus siro Und. Und. uUnd. 39.99 (1.64)

Und. (undetermined): no ampli  cation curve was obtained after 45 cycles of PCR.

3. Results
3.1. Design of primers/probes and analytical specicity

The alignment of mite sequences enabled us to choose areas
for primer and probe designs. Primer and probe sequences are listed
in Table 1. DpterF1/R1/P1 was designed speci cally to amplify
D. pteronyssinus DfariF1/R1/P1 speci cally to amplify D. farinae; and
DermaF1/R1/P1 to amplify D. pteronyssinusand D. farinae. MisppF1/
R1/P1 was designed in a conserved area in sequences, so as to detect
several genera of mites.

Analytical speci city was rst validated using BLAST searches, and
then by gPCR assays against mites, E. kuehniella and fungal extracts.
No fungal or insects DNA extracts were detected in qPCR assays using
the four primers/probes designed. Mite extracts were ampli ed as
reported in Table 2, showing a good analytical speci city: only the tar-
get species were detected. For MisppF1/R1/P1, we found 3.7 cycles of
difference between G. domesticusand A. siroampli cation, all tested at
1pgDNA/ |. This suggests that there were differences in PCR ef ciency
or that target repetition was not the same for each of the two species.

3.2. Analytical characteristics of gPCR assays

Linear dynamic ranges and LOD of qPCRs were calculated using
calibration curves of targeted organisms ( Table 3). Linear dynamic
ranges were between 100 pg/ | and 1 or 0.1 pg/ | depending on
gPCR assays. Correlation coef cients were up to 0.99 for DpterF1/
R1/P1, DfariF1/R1/P1 and DermaF1/R1/P1, showing a good linearity
between logarithms for DNA concentration and Cg. A weaker cor-
relation coef cient was obtained with the MisppF1/R1/P1 assay
performed with the D. pteronyssinus calibration curve. The limit of
detection ranged from 10  to 10 ° equivalent mites per microliter
of extract.

Coef cients of variation for reproducibility, established on dust
sample extracts, were higher for MisppF1/R1/P1 than for the three
other gPCR assays. Coefcients of variation higher than 0.8 are not

acceptable in gPCR because they represent a very high dispersion of
Cq values for the same DNA extract.

3.3. Applying gPCR to mattress dust

QPCR assays on the 19 dust extracts were performed using
DermaF1/R1/P1 primers and probes. Quantities of Dermatophagoides
ranged from 1 to 532 mites per gram of dust, with a mean of 78
mites per gram (standard deviation (SD)=136).

Acarex® test results showed that the amount of contamination
caused by mites was low in  ve mattresses, medium in ten mattresses
and high in four mattresses. There was no correlation between the
gPCR and Acarex® test results in mattress dust ( Fig. 1).

ELISA Der p | results were correlated with the quantities of
Dermatophagoides determined by gPCR assays (r?=0.55) ( Fig. 2). A
mean quantity of four Dermatophagoidesf of dust (SD=2) were
determined by qPCR when Der p | was found to be less than
0.05 g/g of dust, 13 Dermatophagoides/g(SD=8) when Der p | in
dust was 0.05 to 0.4 g/g and 140 Dermatophagoides/g (SD=168)
when Der p | was more than 0.4  g/g.

4. Discussion

We proposed and validated a method to quantify house dust
mites using qPCR. Four primers/probes were designated to tar-
get D. pteronyssinus (DpterF1/R1/P1), D. farinae (DfariF1/R1/P1),
Dermatophagoides speciegDermaF1/R1/P1) and the main mites pres-
ent in domestic dust (MisppF1/R1/P1). The gPCR experiments were
validated following the MIQE guidelines ( Bustin et al., 2009). The
speci city of targets was validated by tools for sequence aligning
and by direct experimental assays. The linear dynamic ranges covered
three or four orders of magnitude and was range to 3 or 2 log 1o.
Ideally, the linear dynamic range should be 5 log 0 but our assays
were restricted by the limit of detection. We should thus have tested
more concentrate DNA extracts to reach 5 log 0. The limit of detection
for the qPCR experiments mainly ranged from 1 to 0.1 pg/ |, allowing
us to detect 13 to 1 mites per gram of dust. This limit of detection is
equivalent to those of the ELISA Der p | method ( Lind, 1986) and is
higher to those of the ELISA allowing detection of A. siro in grain
(Krizkova-Kudlikova et al., 2007 ).

For the last twenty years, three methods have been used in envi-
ronmental studies to estimate exposure to mites: mite counts, assays
for speci ¢ mite allergens by ELISA, and measurements of guanine,
the major nitrogenous excretory product of arachnids (  Platts-Mills
et al., 1992). These three methods are correlated with each other
(Hallas et al., 1993; Hoyet et al., 1991; Lind, 1986; Van Bronswijk
et al.,, 1989). Mite counts by microscopic analysis allow to specify
the founding species and demonstrate a good correlation with
group | allergen quanti cation ( Platts-Mills et al., 1992 ). However,
determining species requires expert knowledge and this method

Table 3

Performance of gPCR assays to detect speci ¢ mite strains extracted.
Targets Linear dynamic range Limit of detection PCR ef ciency in % CViep
Primers/probes DNA extract tested Interval r 2 In pg/ | In mites/ |
DpterF1/R1/P1 D. pteronyssinus 100to 0.1 pg/ | 0.998 1 10 * 74 0.52
Dfari F1/R1/P1 D. farinae 100to 1 pg/ | 0.990 0.1 10 ¢ 73 0.41
DermaF1/R1/P1 D. pteronyssinus 100to 1 pg/ | 0.995 1 10 @ 70 0.43
DermaF1/R1/P1 D. farinae 100to 1 pg/ | 0.996 0.1 10 4 79 0.40
MisppF1/R1/P1 D. pteronyssinus 100to 1 pg/ | 0.974 0.1 10 4 63 0.59
MisppF1/R1/P1 D. farinae 100to 1 pg/ | 0.997 0.1 10 78 0.77
MisppF1/R1/P1 A siro 100 t0 0.1 pg/ | 0.981 1 10 3 75 0.82
MisppF1/R1/P1 L. destructor 100to 0.1 pg/ | 0.997 1 10 * 85 0.86
MisppF1/R1/P1 G. domesticus 100to 1 pg/ | 0.999 0.01 10 ° 81 0.90

CViep: coef cient of variation for reproducibility.
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Fig. 1. Correlation between qPCR assays (DermaF1/R1/P1) and ACAREX® tests in mattress dust (n=19).

takes too long to be applicable to a large number of samples. Guanine
production of mites is also correlated with allergen Der p | and with
mite counts ( Koren et al., 2000). Quanti cation is limited by the
amounts of guanine not originate to house dust mites ( Hallas et al.,
1993). The ELISA was the most commonly used method for investi-
gating the human environment with species-speci ¢ monoclonal an-
tibodies to bind group | (Der p | and Der f |) allergens. Measurements
were usually performed on dust from oor and mattresses
(Brunekreef et al., 2002; Gent et al., 2012 ). The generalized use of
molecular biology has made it possible to propose new methods for
guantifying mites in the environment.

The results of detection and quanti cation of Dermatophagoides
species in dust by gPCR correlated with ELISA assays for Der p | quan-
ti cation, as there is a correlation between mite counts and Der p |
guanti cation (Lind, 1986). Quantities of dust necessary for assays
are different for q°PCR and ELISA tests: 100 mg of dust was needed
to perform the ELISA whereas gPCR experiments were performed
with 15 mg of dust. In gPCR experiments, a single dust extract allows
us to quantify fungi and bacteria as well as house dust mites. The
human environment is a complex biota in which these organisms
interact ( Naegele et al., 2012). The study of these interactions may
be facilitated by a single method to quantify all organisms.

We did not show a clear relationship between the qPCR assay
and ACAREX® test results. However, studies comparing ACAREX®
and ELISA tests showed that ACAREX® was especially accurate in
detecting negative results (level 0: none) and highly positive results
(levels 2 and 3: medium and high) ( Haouichat et al., 2000; Ridout et
al., 1993). The ACAREX® test is simple to use in the domestic environ-
ment. Itis used to identify sources of mites in houses. This colorimetric
test has educational properties that can help involve the patient in

nding remedies, but is not used to quantify allergen exposure.

Variation coef cients for reproducibility were better for assays
speci ¢ to one or two species (DpterF1/R1/P1, DfariF1/R1/P1 and
DermaF1/R1/P1) than those detecting a large range of species
(MisppF1/R1/P1). Furthermore, the correlation coef  cient of calibration
curves and PCR ef ciency were also lower for MisppF1/R1/P1. We thus
recommend using the DpterF1/R1/P1, DfariF1/R1/P1 and DermaF1/R1/P1
speci c targets for assessing environmental exposure.

5. Conclusions
New developments in molecular biology have enabled us to quan-

tify organisms in the human environment quickly. QPCR is thus used
in epidemiological studies on asthma and allergy to quantify fungi.

Fig. 2. Correlation between qPCR (DermaF1/R1/P1) and ELISA Der p 1 assays in mattress dust (n=19).
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We validated new qPCR assays to quantify house dust mites that have
an important role in asthma and in the development of other
allergic diseases. It would be useful to measure levels of exposure in
epidemiological studies on human health.
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2. Place des acaens dans le monde invisible quelles intgactions avec les
moisissures?
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Acariens et moisissures sont trés présents dans les logements et impliqués dans les phénoménes
[ oo EP] X >[}i 3]( 8 ]%0[[§u EA E o Ju%}ES u v [uv * %o

(Dermatophagoides faringevisa-vis de 6 especes courantes de moisissures des logements.

Pour cela, un dispositif particulier a été utiliséne boite dePétri remplie avecun milieu gélosé
doéme de milieu gélosé sur lequel est ensemencée (puis incubée) une suspension calibrée £n spore
de moisissure Au centre du dispositif sont déposés 10 acaridreur positiondans le dispositiést

observée aprés 180 minutes.

En réalisant cette expérience avec 6 , puis 2, puis 1 seule moi¢g4slrg o § u}vsE «u[]lo A
e U}]e]*e*pHE ¢« SSE 3]A ¢ %}uE : Aadospdbum spHaerc®Eprmum, Alternaria

alternata, Wallemia sebet des espéces répulsives, que les acariens ne choisissent pas, méme

O}Eescu[]o VIC  <H[HV ¢ MO <% PeniciNiumachry}desuie 18spéergillus versicolor,

Stachybotrys chéarum.

U JUE-. o[ Sp U o - @Epréseleyr re@BsAétaiemt couverts de spores. Par leur
}veluu S]}v ES Jv » % }E ¢ %0 [ USE U % E 0 SE Vve%}ES
leur feces les acariens, en grand nombre ddaspoussiére de logement, pourraient influencer les

équilibres entre les différentes espéces de moisissures.
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House dust mite (HDM) feces and molds are the main allergenswvolved in
allergic asthma. Di€erences exist between the housing fuaigbiome of allergic
patients and standard or unhealthy housing. House dust mitdHDM) feed o€

spores and transport them on their bodies, but do they have figal food
preferences? We observedermatophagdéies farinae in vitrowith 16 mold menus
and repeated the experiment 10 times. This observation led tsde®neAlternaria
alternata, Cladosporium sphaerospermymnd Wallemia sebias “tasty" molds and
Penicillium chrysogenumAspergillus versicolgr and Stachybotrys chartarumas
“repulsive” molds. The food preferences ob. farinae may play a role in the
following two phenomena: a decrease in spore numbers due to DM

consumption and a scattering of spores that stick to the boais of HDMs. The
extent of these two phenomena should be estimated in futurduslies for other
common domestic HDM species.

Keywords:Dermatophagoides faringefungi; spores; selection; dispersal

Introduction

House dust mite (HDM) feces and molds are the main allergenswolved in IgE-

mediated allergic asthma (Vandentorren et al. 2003; Fisk etl. 2007). Dermatopha-
goides pteronyssinugTrouessart) and Dermatophagd@es farinae (Hughes) are
present in dwellings in variable proportions.Dermatophagoides farinaés found in

mattresses, carpets, and soft furnishings, whereds. pteronyssinusis found most

frequently in mattresses. The concomitant presence of HDMand molds increases
the frequency and severity of asthma attacks (Prescott 2003 he level of total IgE is

signi®cantly higher in children exposed to both fungi and HDs (Su et al. 2005).
House dust mites (HDMs) contribute to mold transportation (McGinnis 2004).

Di€erences exist between the housing fungal biome of allam patients and
unhealthy housing (Vesper et al. 2006; Bellanger et al. 200Reboux et al. 2009).
House dust mites (HDMs) may modify patient exposure to allegens in dwellings by
selecting and transporting some molds in the same way as agtiatic mites do in

stored grain silo (Van Asselt 1999).
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This study aimed to determine the food preferences db. farinae between six
fungal species commonly found in housing and responsible fallergic diseases.

Materials and methods
HDMs

Dermatophagoides farinagvere identi®ed according to morphological and genoty-
pical characteristics and by sequencing of internal transibed spacer (ITS) regions.
House dust mites (HDMs) were bred at 28C and relative humidity at 45%. House

dust mites (HDMs) were fed Saccharomyces boulardii®sh food, and beard hair
(Unpublished data supplied by Christian Bories (AssistanProfessor, University of

Paris 11, Chatenay Malabry, France)).

Molds

Six common indoor molds were used as food for HDMs: Alternaria alternata,
Wallemia sebj Cladosporium sphaerospermyrBtachybotrys chartarum Penicillium
chrysogenumand Aspergillus versicolarrespectively, registered in the BBCM-IHEM
collection (22669, 16284, 18883, 22672, 22667, 22671).

Device and protocols

In a Petri dish, six ““corridors" (35 mm6 10 mm) connected with a central sector
(diameter: 15 mm), were cut from agar (agar 2%) (thickness: &im) (Figure 1). At
the corridor extremity, 500 m of agar was arranged to obtain six lenticular domes

Figure 1. Six mold devices and HDMs eatingWallemia sebispores. This device consists of
six corridors cut from a gelose (Agar 2%) with six molds scattred on six lenticular domes and
a central section for HDMs.
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(diameter: 8 mm). Calibrated suspensions of YGpores/mL were prepared for the six
mold species. The domes were then seeded with 1@0of spore solution and
incubated at 3@C for 7 days. Ten D. farinae individuals were then placed in the
center of the device. House dust mites (HDMs) were observech imold cultures
through a binocular microscope with cold light (Leica S6D, $Ims, Germany) after
180 min. This time span was determined by a preliminary tesibtestablish HDM
movement speed (7 mm/min.). Movement was preceded by an adafion time due
to the environmental change (breeding/Petri dish). Dust niés have to adapt to the
space to turn to the tasty mold.

Each of the following tests was repeated 10 times (160 obsations in all with 10
HDMs for each test). Only HDMs that were seen to consume mold wre included in
the analysis.

First, six molds were presented to HDMs in each device (Figurd), in order
to divide molds into two groups: “tasty fungi" and “‘repusive fungi". Molds
chosen at least once were considered tasty and those not censwere considered
repulsive.

Second, each tasty fungus Alternaria/Cladosporium/Wallemig was placed
alongside each repulsive fungusPenicillium/Stachybotrys/Aspergillusin a di€erent
dish (nine dish combinations in total).

Third, the movement of D. farinae was studied with each of the six isolated
molds. Dermatophagdéies farinaechose whether or not to eat the mold.

Results

The results are summarized in Table 1.

The ®rst experiment (six molds)r(”~ 10) enabled us to divide molds into two
groups: tasty: 20% of deposited HDMs chose@A. alternata, 13% C. sphaerospermum
8% W. sebi+ and repulsive: 0% for the other three speciesP( chrysogenumA.
versicolor and S. chartarum).

The second experiment (with two molds)rf ~ 30) con®rmed this classi®cation:
48% of HDMs chose A. alternata, 35% C. sphaerospermunB83% W. sebi 9.3% P.
chrysogenum12% A. versicolor, and 13% S. chartarum

The third experiment (0~ 60) showed that this choice was “deliberate": 31%
choseA. alternata, 36% C. sphaerospermun4% W. sebi 7% P. chrysogenum3%

Table 1. Choice of molds consumed byD. farinae.

Mold species Alternaria  Cladosporium Wallemia Penicillium Aspergillus Stachybotrys
Experiments alternata sphaerospermum sebi  chrysogenum versicolor chartarum

6 molds 2 (1.8) 1.3 (1.1) 0.8 (0.7) 0 (0) 0 (0) 0 (0)
(n™ 10)
Tasty fungi Repulsive fungi
2 molds 4.8 (0.7) 3.5 (0.7) 3.3(0.7) 0.9(0.3) 1.2 (0.2) 1.3 (0.3)
(n”~ 90)
1 mold 3.1 (0.7) 3.6 (0.4) 2.4 (0.8) 0.7 (0.4) 0.3 (0.4) 0.7 (0.4)
(n~ 60)

Notes: n: test for each device. In bold: mean number oD. farinae choosing the fungi species of 10
individuals. In brackets: standard deviation.
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A. versicolor, and 7% S. chartarum When o€ered these latter three species, more
than 90% of the HDMs preferred to go without food.

Discussion

Our observation of D. farinae in vitro together with 16 menus consisting of six molds,
repeated 10 times, led us to de®nf& alternata, C. sphaerospermujrand W. sebias
“tasty” and P. chrysogenumA. versicolor, and S. chartarumas “repulsive” molds.
Only certain mold species were consumed Hy. farinae.

House dust mites (HDMs) moved towards " tasty” mold specig ate them and
disseminated the spores attached to their body during moveants (Figure 2) as has
been shown in astigmatid mites Acarus sirqg Lepidoglyphus destructqr and
Tyrophagus putrescentigeg(Hubert et al. 2004). In their study, the preferred mold
species werd\. alternata, C. sphaerospermupand W. sebi. Dermatophagd@@s farinae
were able to detect repulsive fungal species at a considerabflistance: 45 mm
(equivalent to 7 min of movement) and move further away. Thissuggests thatD.
farinae actively select molds.

A study on stored grain shows that tasty fungi as a food sourcéor stored mites
are more commonly dispersed than those not chosen. Fungalgfiersions caused by
mites depend on mite species (Hubert et al. 2003). This is altoe case for plants
(Gamliel-Atinsky et al. 2010), possibly through dispersaby an insect vector (Roets
et al. 2009). However, the ability of mites to disperse spe®c fungal propagules
remains questionable because it was not possible to provelesgtive eating and
dissemination through the fecal pellets (Renker et al. 2005 The astigmatid
mites degrade around 50% of spores. It is hard to determine if iis the eating or
dispersal due to astigmatid mites which play the more impo&nt role (Nesvorna
et al. 2012).

The large proportion of HDMs + more than 100 HDMs per grams of dust and
more than 2 million per mattress (Korsgaard 1998) + suggesta potentially
signi®cant in"uence on fungal biome. The behavior of HDMs tavards molds is
modulated by the nature of fungi and the compounds they emit.

Figure 2. Observation of aDermatophagoides farinabefore (A) and after (B) consumption
of Wallemia sebispores and the girdle formed around the legs and body of the dusnites
(Arrow) (6 40, binocular microscope with cold light, Leica S63 , Solms, Germany).
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An HDM prevention program (removing carpets, using anti-dust mite covers)
modi®es the indoor environment of allergic patients.

It is true that other factors are involved in the dispersal of tingi spores such as
air ow, temperature, damp, and sometimes “ooding. Reseatt into mold exposure
in asthma patients should examine the extent of the role of HMs in destroying and
dispersing mold colonies compared to the role of environmeal factors.
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VI.DISCUSSION

Bilan des différentes études menée
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peut encoreétre augmenté en période pré et post natale.

Le nombre de patient immunodéprimés, a risque de développer des infections graves a cause de
micro-organismes opportunistes augmente également A  élafgissement deo[p3]o]e $]}v
thérapeutiques immunosuppressives (par exemple dans le cadre da la prévention de rejet de greffe,

de greffe de moelle osseuse, de pathologie amtonune).

>[Ju% § e« arda@Sines sur notre santé est donc une préoccupation majeure et le niveau de

compréhensiordu microbiote doit augmentetd P E o[ u o]}& S8]}v 8§ Zv]<pu ¢ [ S

Dans ce travail, |gPCR est ltechnique o %oope p3Jo]e U u Jo 00 V[ %o ¢ %p !SE A
uls v "HAGE Alop H JHEs ¢ J(( E vSe % E}i SX

En effet, de®tapes de cultureet des validations sur des souches sont obligatoiregjR@R est un
}usS]JoU o[]vSs E% & § S3adsignificatitéesd le Favail du scientifique. laomparaison a

des méthodes pour lesquelles un plus grand recul existsndispiensable dans un premier temps.

Le matériel disponible évolué au cours de ce travail. Les fournisseurs ont conscience des avantages

§§ 8§ Zv}o}P] S % E}%}e vS o elouS]}ve E S]}vv oo(@U%}UE S}}
presque) sans ge les compositions soient connues. Les efficacités gieCR peuvent étre
considérablement modifiées et ces ajustemefdnt partie des étapes de validatioiCes étapes de
validation sont essentielles et font de I[gPCR un outil fiable et reproductible polés enquétes

environnementales comme en diagnastiédical

Ce travail a débuté g le pilote de la cohorte ELFE, %op]e 0 %]o0}S U o %E&} pCE
}veS uu v8 u o]}E X >[ pPu vs 3]} fail péidiedeocette gmélioration tout

comu 0 % @E}i 8§ [pv Z v3]oo}lvv P i veX uw Ap o }vv e V3§ .
o[ v( v8U [ USE ¢« % E} o u S]<pu ¢ %}pEE}VS ISE *}po A « § (

développements.

Cette procédure simpléEDC+ gPCRmise aupoint dans e travailU %o S § %S o U [pv }
modéré pourait devenir un test considéré comme undiagnostio> de A contamination
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De la méme faggriesgPCR mises au point dans lemitinedu diagnostc sont aptes a étre (et sont
déja) utilisées en routine pour Ecreeningles patients a hauts risques de développer des infections

fongiques invasives.

Dans les deux cas, environnemental et diagopstl) [ ¢S 0] % %c0] S]}vsur unwplyszZ} -

PE v viu E [ Z v3]oo}ve <pu] % Eu Ze ¢t ldurs jimiies biolodgquas. ES]v v

Critiques des méthodes utilisées
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guantification (tant surla technique que sur les cibles choisies) des allergénes ou agents

potentiellement impliquésians le risque allergique
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% ES] U 58 Jops]ltv  ve puv e<}opusS]}v €] Z V % (EpNSS]vof ~ Mu]oO}v
[1vZ] ]S oEGR.
La plus grande inconnue Adsvis de ce dispositif est la reproductibilité dans un méme logement. Elle
§ § 8 ‘uCE MAE o]JvP 88 ¢ J(( & vS ¢« %}lpE o €& Z C& Z [ v }8]
% }UE o paraCR. La poussiere sédimentant pendant 10 semainesst iprobable que
o[ Z vS$oibrgprésentatif du niveau moyen de contamination, moins sensible aux variations
%}V S 00 * < O * %o E réalsés sursun tdmb&altoup plus courtn test portant sur
6 logements avait été réalisé en 20@idierScherer 2009)Dans chaquidgementdeux EDC étaient
déposés, ap pendant 1 mois,0[ USE % v VS LA . Ddq préldvemes [ JE S ] vS
égalementréalisés de fagon bnensuelle
}Jv Ev vd 0 }Ju% E Je}v A o0 %E o A uvse []JEU o[ 8p Vv[ A ]38
moisissures, mais pouladosporium sphaerospermuplus le nombre de prélevemesit [ |E ~VAOG-
positifs était important, plus le signal paPCR sur la lingette était important. La lingette semble bien
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o ulu ( }vU o nE [ A %&tre] Stiigtement Be 10 semaines pour chaque
participant. | est toléré quelques jours de décalage. Cette variabilité a été abordée dipsle
préliminaire de 2009 citée plus haut, y(E v§ 0 <g 00 Of § ]S %0 %o Vv VS

différentes.Silee (E *po0S S¢ v U}VSE ] vS % ¢ [ MPu vS 8]}V % E}% }ES]}vyV
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mois et deux mois et demi, les EDC a deux mois et demi mettaient en évidence une plus grande

diversité en micreorganismesn cultureet une quantité moyenne plus importanigar gPCR.

> [ *$ E 00 U VS UV ]*%}*]8]( % o© ussSE v A] v e }Jv v
moisissures et microrganismes dans les logementsdurée de 10 semaines semble la plus propice

a la mise en évidence de ces différences.

Les cibles dgPCR choisiesont égalementliscutables. Le choix se fait selon les éléments disponibles
dans la littérature etes possibilités techniques actuelleso [ P]8 % v v§ [pv A v u i |

%}UE o[ v 0C- e 0}P u vseXesmortua@® un]ligl entrednpoisissures et allergies
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sur le long terme.
Certes, 0 ¢[ P]S [uV[ 26 ] A priori, mais il pourraétre complété, notamment en fonction
des résultats [ v o Cmétagénomiqus. La véidation des essais en duplex, c'éstlire en réalisant

ve 0 ulu %o u]de & 3]}vv o o[ u%o](] $]}sondesmprduiée} mamdes A .

fluorophores différentsdiminue le prix (quantité de Mix commercial divisée par deux) et le nombre
desréactions par deugans altérer la qualité des résultats

De plus, nus avons également pu moetrque lagW Z % }pA 18 ISE ps]o]e juu u Ecu
exposition visible et accessible par questionnaire (présence de chien et chat au donscilep[ oo
apportait en plus un@otion quantitative Elleaugment ainsi les possibilités de comprendre les liens

de cause a effet

Le traitement statistique des premiers résultats par ACP a permis de mettre en évidence des profils
de logements, avec une distribution géographique propre. Cette distribution géographique est
comparable a celle des sifflements chez les enfants en Fr&les.résultatdrés encourageants

doivent étre confirmés par les données de santé des enfants de la cohorte ELFE, mais ces données ne
seront disponibles que dans les années a vetllesseront a ré évaluer tout au long de la croissance

des enfants. Les pfils seront compléts par de nouvelles cibles, mis en lianec de nouvelles
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VII. CONCLUSION ET PERSPEES

Ce travail constitue la base solidiel recueil de données environnemtles pour ELFE. Il elst
preuve de la pertinence de nos choix pour un travail ultérieur de plus grande ampleylus, ce
screening«completi eyu@E& o[ ve U O H S EE]S}]E pefmdtpeEd@Econritre la v S

répartition privilégiée de certainmicro-organismes en fonction du climat.

De la méme faconles autres utilisations de IgPCR présenté&edans cette theseconstituent les
bases techniques indispensables pour un usage a plus grande éhelteo < u } vahi&liovation [
des connaissancess of £% E] v ve 0 ¢ J(( & XS>[JMB]Jlo 3 ]Ae]v VS
validé, il reste a étre utilisé sur un grand nombre de sujet [ vA]E } vy (au deSséquences

temporelles)pour établir des seuils utilisables en pratique.

Perspecties

La perspective concernant le projet ELFE est la réalisation du projet EMBRASE avec un nouvel
échantillonnage & veX §§ }vv [ £%}*]58]}v pupo 3]A 3 E E u vs ]*%
% E&} o uvS puv o uvs o 0 Ju% & Z ve]lv O % % E]S]}v ¢
*CUu%S€uU o[ @®Zu%X Eu SSCE JI(( E v] & o[]Ju% 3adgie A %}e]

[UV  E%}*]13]}Vv %oope § E JA X

En fonction des résultats des deux campagnes, des résultats de métagénomiques mais aussi des
E 8§ E]*8]<pu e <+ AV uvse e V3§ e v( v8e ep]AJeU [ USE * Uu%o
au cours des 14 annéesstantesX "] o[ 4 %o} ]S }dnganisAesusendBlplus impliqué dans la
petite enfance vist Al A 0}%0 % U V3§ o[ *3Zu U 00 %}UEE ]§ i}u E pv
comportement ou la croissance } E*«<u o v( v§ . G sUividengiwiRal est une occasion
HV]<p [ A% 0}E & }vi}]vS-argarismes eu He& Hisciplines longtemps restées
0}]etvv X [ *8 pv ¢ S}usSe u i pE- etandes ehjelxe laxphejte ELFE

la multidisciplinarité

Pneumocystigst pv ] o uvcu vs Ve 0 % E}i §X > u §Z} [ £SE 38]}v
Z}]*] %o}UE o0 ¢ u}l]e]e*HE X >[ £SE S§]}v est inefficicen¥et ety SC %o]«<|
extraction et la cible choisiegle Pneumocystisll pourrait étre intéressant de atnprendre ce

phénoménedetenter [C E u ] E § ]vPheumotystia prochaines ciblenesurées
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En effet, en situation médicaléa q°PCR a considérablement augmenté la sensibilité des diagnostics

de pneumocystose, cette amélioration pourréite utilisée dans le domaine environnemental.

o[]vA pa@us Aspergillus fumigatugt les mucoralesja qQPCR a amélioré la caractérisation
environnementale de nombreuses espéces de moisissures eddagtationen situation médicale a

considérablemat augmenté la sensibilitdu diagnostic.

VAJE}vv u v & ¢ vs «}vs * % E} o u SJ<p e v }ves vs ]JvsS E

Jvv Jee v o[puv A % ]JE A o[ u o]}E §]}v o[ HSE X
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