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Glive so ubikvitarni organizmi, prisotni v zraku, vodah, tleh in tudi znotraj
Clovekovih bivalisé. V doktorski nalogi smo z gojitvenimi in molekularno
genetskimi tehnikami raziskali glivno bioto v pomivalnih in pralnih strojih, kjer jih
kot potroSniki ne pri¢akujemo. Nadalje smo glive osamili tudi iz vodovodne in
podzemne vode. Ugotovili smo, da pomivalne stroje, vzor¢ene globalno, naseljuje
zdruzba gliv, ki jih sicer redkeje najdemo v naravi. O selektivnosti pogojev v
strojih pri¢a podobnost mikobiote ne glede na lokacijo. Predstavljajo jo
poliekstremofilni ¢rni kvasovki vrst Exophiala dermatitidis in E. phaeomuriformis,
ki prezivijo pri temperaturah do 45 °C in pH vrednostih med 2,5 in 12,5. Tudi
pralni stroji vsebujejo $tevilne glive, vecinoma iz rodov Fusarium in Candida. Z
metodo strojnega ucenja smo pokazali, da na glivno raznolikost v pralnih strojih
zlasti vplivata uporaba mehcalca in temperatura pranja. V vzorceni vodi so bile
najpogosteje prisotne glive rodov Aspergillus in Aureobasidium. Potrdili smo
domneve, da na pojav gliv v vodi vpliva lokacija vodonosnika. Glede na presek
osamljenih wvrst iz vseh treh habitatov smo ugotovili, da vodovodna voda
predstavlja vektor prenosa gliv v stroje, znotraj katerih zivljenjski pogoji selektivno
vplivajo na namnozitev oportuno patogenih gliv iz rodov Candida, Exophiala,
Fusarium, Rhodotorula in Saprochaete. Rezultati so pokazali ponovljivost sestave
glivnih zdruzb znotraj gospodinjskih strojev ter omogocili prepoznavo tveganja
okuzb s porajajocimi oportunisti¢énimi patogeni predvsem pri ljudeh z oslabljenim
imunskim sistemom.
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Fungi are cosmopolitan organisms, globally present in air, water, soil and within
human dwellings. In the doctoral thesis we investigated mycobiota with the use of
culture-dependent and culture-independent techniques on samples obtained from
the interior of dishwashers and washing machines, where fungal growth is not
expected. We additionally isolated fungi from drinking- and ground-water. We
found that dishwashers sampled globally were inhabited by fungi, otherwise rarely
found in nature. Due to selective conditions within the appliances, mycobiota was
very similar, regardless of the geographic location. It was mainly represented by
polyextremophilic black yeasts Exophiala dermatitidis and E. phaeomuriformis,
which were able to survive at temperatures up to 45 °C and at pH between 2.5 and
12.5. We also isolated many different fungi from washing machines; the majority
belong to the genera Fusarium and Candida. Statistical machine learning method
showed that fungal diversity in washing machines is affected by the washing
temperature and by the use of fabric softener. From tap water we mostly isolated
fungi from the genera Aspergillus and Aureobasidium, and showed that the
occurrence of fungi in water is depending on the location of the aquifers. According
to the cross-section of isolated species from all three sampled habitats we
confirmed tap water as the vector for fungal transmission into the appliances and
estimated that the conditions within the appliances selectively affect propagation of
opportunistic pathogens from the genera Candida, Exophiala, Fusarium,
Rhodotorula and Saprochaete. The results revealed the repetitive diversity of fungi
in household appliances and confirmed the tap water as the main transmission
vector. These results enable risk assesment for infection of immunocompomised
people with emerging opportunistic fungal pathogens.
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1 PREDSTAVITEV PROBLEMATIKE IN HIPOTEZE

1.1 TAKSONOMSKA UVRSTITEV GLIV, VLOGA V OKOLJU IN PATOGENEZA
Glive so v samostojno kraljestvo prvi¢ uvrstili leta 1784. Razlogi za uvedbo samostojnega
kraljestva so bile o€itne razlike med glivami in rastlinami, kamor so glive uvrsc¢ali pre;j.
Glive se od rastlin razlikujejo po tem, da nimajo klorofila, ne tvorijo korenin, stebel in
listov, kopic¢ijo glikogen ter so heterotrofni organizmi. Na podlagi poznejs$ih dognanj v
evolucijski biologiji glive danes uvrs¢amo v domeno evkariontov ter v samostojno
kraljestvo, ki se podrobneje deli na sedem debel. Razdelitev gliv v debla temelji na
molekularnih analizah razli¢nih genetskih markerjev; tako lo¢imo debla Chytridiomycota,
Neocallimastigomycotina, Blastocladiomycota, Microsporidia, ~ Glomeromycota,
Ascomycota in Basidiomycota (Hibbett in sod., 2007). Zaradi polifiletske narave predvsem
skupine Zygomycota je le-ta po omenjeni shemi ostala neuvr$éena v rang debla, temvec je
razpadla v poddebla Mucoromycotina, Kickxellomycotina, Zoopagomycotina in
Entomophthoromycotina. Izmed nastetih skupin tvorijo glive iz debel Ascomycota in
Basidiomycota septirane micelije ter jih obravnavamo kot vi§je glive. Razvojni krog pri
glivah lahko sestoji iz dveh stadijev — spolnega (telomorfni) in nespolnega (anamorfni),
vendar pri nekaterih glivah spolna oblika ni poznana (de Hoog in sod., 2014). Glive
najdemo na vseh kontinentih, v oceanih, zraku ter v oblakih; kot prostozivece saprofite,
simbionte ali zajedalce. Glede na njihovo zmoznost kolonizacije okolij jih lahko razdelimo
v tri skupine — mezofilne glive, generaliste in specialiste. Mezofilne glive obicajno
naseljujejo okolja kjer so dejavniki za njihovo rast bolj ali manj konstantni. Nasprotno
generaliste najdemo v okoljih, Kkjer dejavniki za rast zelo variirajo, vendar nikoli pri
skrajno ekstremnih pogojih. Glive poznane kot specialisti, so prilagojene na skrajnostna
okolja in jih opisujemo kot ekstremotolerantne ali ekstremofilne organizme (Gostincar in
sod., 2010). V naravi imajo vlogo razkrojevalcev organskih snovi, z vidika bioremediacije
okolja pa so pomembne tudi zaradi sposobnosti razgradnje dolgoveriznih ogljikovih spojin,
med katerimi je veliko onesnazeval (Taylor in sod., 1993). Nekatere glive so uZitne,
ljudem neSkodljive ter zaradi teh lastnosti Siroko uporabljane v zivilski industriji in
biotehnologiji. V bazi¢ni znanosti so razliéne vrste gliv v uporabi kot modelni organizmi
za preucevanje osnovnih procesov v celicah, tvorbe biofilmov, fiziologije, biotehnologije,
genetike in molekularne biologije ter kot proizvajalke antibiotikov. Z vidika medicinske
znanosti ter ekologije so glive pomembne kot naseljevalke c¢loveskih bivalis¢ saj so
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povzrociteljice bolezni pri rastlinah, zivalih in ljudeh. Glivne okuzbe ljudi postajajo
globalno prepoznan zdravstven problem, ¢eprav je med ve¢ kot 100.000 opisanimi vrstami
le za okoli 100 vrst znano, da so pogosto povzrociteljice okuzb pri ljudeh ali Zivalih (de
Hoog in sod., 2014). Glivne okuzbe so Vv porastu predvsem pri bolnikih z rakom, virusnimi
okuzbami ter avtoimunskimi in kroni¢nimi boleznimi (Anaissie in sod., 2002). Stevilo
ljudi, obolelih z invazivnimi glivnimi mikozami, kot so invazivna aspergiloza, kandidemija
in kriptokokni meningitis, je priblizno 12 milijonov (Parkin in sod., 2002; Park in sod.,
2009; Brown in sod., 2012). Okoli 4,8 milijonov ljudi trpi zaradi alergijske
bronhopulmonarne aspergiloze (Denning in sod., 2013), 12 milijonov ima alergijski
sinusitis (To in sod., 2012), 6 milijonov ljudi pa oboleva za glivnimi okuzbami oc¢i (Lam in
sod., 2002). Najpogostejse so glivne okuzbe koze, nohtov in las, s ¢imer se spopada

milijarda ljudi po svetu (Vos in sod., 2012).

1.2 PRISOTNOST GLIV V BIVALNEM OKOLJU LJUDI

1.2.1 Zivljenjski pogoji in pojav gliv znotraj bivalnih prostorov

Glive so razsirjene globalno in so prisotne tudi znotraj ¢loveskih bivaliS¢. Na koncentracijo
glivnih spor in delov micelija vpliva ve¢ dejavnikov, kot so: temperatura, vlaZznost zraka,
prisotnost rastlin in Zivali. Temperatura stanovanj v povprecju dosega med 19 °C in 21 °C,
vendar v dolocenih prostorih, kot so kopalnice, savne, bazeni ter kuhinje z gospodinjskimi
aparati, odstopa od povprecja. Tako je v kopalnicah temperatura med 19 °C in 28 °C, v
savnah od 40 °C do 100 °C, med 40 °C in 75 °C v pomivalnem stroju, med 30 °C in 95 °C
v pralnem stroju, 50 °C do 70 °C v susilnikih za perilo in med 80 °C do 90 °C v strojih za
pripravo Caja ali kave. V primeru zamrzovalnih skrinj, hladilnikov ter v klimatskih
napravah so temperature podpovpre¢ne in dosegajo med -20 °C in 7 °C (Elektro Energija,
2015). Nihanje temperature vpliva na hitrost rasti, fiziologijo celic, tvorbo spor in
patogenost nekaterih gliv (Onofri in sod., 2007).

Poleg temperature je pomemben dejavnik za rast in razmnozevanje gliv tudi relativna
zracna vlaga. Vlaga je odvisna od temperature, namembnosti prostora in naprav v prostoru,
nanjo pa vplivajo tudi vsakodnevne dejavnosti ter nacin gradnje. Gradbene nepravilnosti
lahko negativno vplivajo na ohranjanje zra¢ne vlaznosti (Atrij, 2008). ldealna relativna

zracna vlaga prostora je med 40 in 60 %. Obicajno jo dosezemo pri temperaturi zraka med
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22 °C in 24 °C. Ce je zraéna vlaga nizja od idealne, je zrak suh. Zaradi suhega zraka se v
prostorih poveca nastajanje prahu, s Cimer se prenasajo spore nekaterih gliv. Ko je vlaga v
zraku viSja od idealne ter dosega med 60 in 90 %, se lahko na povrSinah sten razvije glivni
micelij. Ce se plesen razprostira po ve&jih povrsinah, lahko neugodno vpliva na imunski
sistem ter povzroca alergije, okuzbe dihalnih poti in o¢i, glavobol, v najhujsem primeru
tudi mikoze. V notranjih prostorih so prisotne predvsem glive, ki se razsirjajo po zraku s
sporami ter jih najdemo tudi v zunanjem okolju, v vodi in na odmrlem rastlinskem
materialu (de Hoog in sod., 2014; Adan in Samson, 2011).

Za ohlajanje ali ogrevanje bivalnih prostorov so v razvitem svetu pogosto v uporabi
Klimatske naprave. Zgrajene so iz sistema zadrzevalnih posod in cevi, Kjer se voda
skladi$¢i, uparja in meSa z zrakom. Na ta nacin se zrak vlazi in ohlaja / segreva ter na
koncu prehaja v Zelen prostor. V ceveh ob dolgotrajni uporabi nastaja vodni kamen, Ki
vsebuje biofilme bakterij in gliv. V sistemu nihata tako temperatura kot tudi zracna
vlaznost. Te mnaprave predstavljajo problem predvsem v bolniSnicah in drugih
rehabilitacijskih ustanovah, saj je preko njih mozZno razsirjanje mikroorganizmov z aerosoli
in pojav alergij ter okuzb dihalnega sistema pri imunsko oslabljenih ljudeh (Macher in
Girman, 1990). Sisteme klimatskih naprav v stavbah in avtomobilih obi¢ajno kolonizirajo
glive iz rodov Alternaria, Aspergillus, Aureobasidium, Candida, Cladosporium, Fusarium,

Paecilomyces, Penicillium in Rhizopus (Simmons in sod., 1999; Kelkar in sod., 2004).

Podobno kot pri klimatskih napravah, tudi v kopalnicah, savnah in kuhinjah prevladuje
vi§ja relativna zracna vlaga in vi§je temperature, za vzdrZevanje higiene v teh prostorih pa
dodatno uporabljamo mila in detergente. Pod vplivom teh dejavnikov se na stenskih
povrsinah ter ploscicah kopalnic najpogosteje pojavljajo glive iz rodov Acremonium,
Aureobasidium, Cladophialophora, Cladosporium, Cyphellophora, Paecilomyces,
Phialophora, Phoma, Ramichloridium in Scolecobasidium. V vecji meri so prisotne tudi
kvasovke iz rodov Candida in Rhodotorula, kar 80 % vseh izolatov pa predstavljajo glive
iz rodu Exophiala (Hamada in Fujita, 2000; Hamada in Abe, 2010). Iz aerosolov, ki se
sproscajo neposredno pri uporabi tusev, so izolirali glive iz rodov Acremonium, Alternaria,
Aspergillus, Bipolaris, Cladosporium, Curvularia, Epicoccum, Fusarium, Mucor,
Paecilomyces, Penicillium in Ulocladium, kar nakazuje na pitno vodo kot medij za prenos
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teh gliv v prostore (Anaissie in sod., 2002). V turskih savnah in kopelih so na stenah in tleh
prostorov polozene plos¢ice, zra¢na vlaga pa dosega 80 - 100 %. Pri takih pogojih so iz tal
in natika¢ev uporabnikov izolirali glive Aspergillus, Candida, Epidermophyton, Exophiala,
Penicillium in Trichophyton (Goksugur in sod., 2006). Matos s sodelavci je ugotovila tudi,
da razlike v temperaturi vplivajo na pojav gliv rodu Exophiala. 1z vroc¢ih predelov turskih
savn so izolirali E. dermatitidis, iz hladnejSih pa E. phaeomuriformis, E. mesophila in E.
janselmanii (Matos in sod., 2002). Za razliko od turSkih savn so finske savne suhe, vroce
ter sestavljene pretezno iz lesenih delov, ki jih kolonizirajo glive iz rodov Arthrobotrys,
Cephalosporium, Dactylaria, Gliodendron, Harposporium, Mucor, Nematoctonus,
Phialophora, Rhinocladiella, Stemphylium in Trichoderma (Salonen in Ruokola, 1969). Ce
so glivne zdruzbe v prostorih z visokimi temperaturami in visoko zra¢no vlago relativno
dobro dokumentirane, pa se prostorom s povpre¢nimi temperaturami in nizjo zracno vlago
namenja manj pozornosti. Do nedavnega so glivno zdruzbo v kuhinjskih prostorih
povezovali predvsem s sporogenimi glivami v zraku. Sele $tudija Adamsove in sodelavcev
(2013) se je osredotocila na pojav gliv na kuhinjskih pultih, v koritih in odtokih.
Dokumentirali so pojav glivnih rodov, ki so obi¢ajno prisotni bodisi v zraku ali v pitni
vodi, in sicer Botryotinia, Candida, Cladosporium, Claviceps, Coniosporium,
Cryptococcus, Debaryomyces, Exophiala, Fusarium, Kondoa, Malassezia, Lewia,
Ochroconis, Penicillium, Phoma, Rhodotorula, Sclerococcum, Stemphylium, Trichosporon

in Verrucocladosporium (Adams in sod., 2013).

1.2.2 Pomivalni in pralni stroji kot Zivljenjski prostor

Ne samo znotraj bivalnih prostorov, tudi v manjSih vlaznih celicah, kot so gospodinjski
aparati, so zivljenjski pogoji primerni za razSirjanje gliv, Ceprav je do nedavnega
prevladovalo mnenje, da temu ni tako. Pomivalni in pralni stroji so v gospodinjstvih
razvitega sveta pogosti. Po statisticnih podatkih 0 opremljenosti gospodinjstev s trajnimi
potrosnimi dobrinami je bilo leta 2012 v Sloveniji 97,6 % stanovanj opremljenih s pralnimi
stroji, 52,8 % gospodinjstev pa s pomivalnimi stroji (Statisti¢ni urad Republike Slovenije,
2012). Oba gospodinjska aparata za delovanje uporabljata vodo iz vodovodnega omrezja,
pred ciklom pranja pa uporabniki v stroje dodajajo detergente, ki izbolj$ajo ucinek pranja.
V zadnjih letih so le-ta vse bolj pogosto biolosko razgradljiva (Porocilo komisije..., 2009).

Zaradi poveCane skrbi za Cisto okolje in manjSo porabo energije, se vedno pogosteje



Novak Babi¢ M. Glive v izbranih gospodinjskih aparatih in njihov prenos iz naravnih okolij. 5
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2016

uporabljajo varéni programi pranja. Le-ti med ciklom dosegajo nizje temperature (med 30

in 60 °C) in porabijo manj vode (Elektro Energija, 2015).

O mikroorganizmih in njihovih medsebojnih interakcijah v pomivalnih strojih je malo
znanega. Prve posredne $tudije so povezovale okuzbe ljudi z vrstami gliv iz rodu Candida
s pomivalnimi stroji (Bennett, 1998; Nedret Koc in sod., 2002). Neposrednih $tudij, ki bi
podrobno predstavile problematiko pojava gliv v pomivalnih strojih ni bilo. Nasprotno pa
je bilo o prisotnosti mikroorganizmih v pralnih strojih narejenih precej raziskav, ki pa so
bile usmerjene predvsem v bolni$ni¢no okolje zaradi vzdrzevanja higiene in moznosti
prenosa patogenih mikroorganizmov iz bolnikov na perilo, preko perila pa na druge
bolnike. 1z razlicnega perila so takoj po pranju v pralnih strojih izolirali dermatofitne glive
rodu Fusarium, Microsporum canis, Mucor sp., Trichophyton mentagrophytes ter
kvasovke iz rodov Candida in Rhodotorula (Blaser in sod., 1984; Shah in sod., 1988;
Neely in Orloff, 2001; Tanaka in sod., 2006; Stapleton in sod., 2013). Novejse raziskave so
se zaradi vse pogostejSega pojava zatohlega vonja oblacil osredotocile tudi na prisotnost
gliv na razlicnih delih pralnih strojev, od kovinskih (boben), plasti¢nih (predalcki za
detergente) do gume (tesnilo ob bobnu). Iz gume so najpogosteje izolirali bele in rdece
kvasovke, kot so Candida sp., Cryptococcus sp., Rhodotorula minuta, R. mucilaginosa in
R. slooffiae (Gattlen in sod., 2010; Stapleton in sod., 2013). Plasti¢ne dele strojev so
obiCajno naseljevale filamentozne glive Alternaria sp., Aspergillus ochraceus, A.
versicolor, Cladosporium cladosporioides, C. sphaerospermum, Fusarium oxysporum in
F. solani (Hamada, 2002; Gattlen in sod., 2010; Stapleton in sod., 2013). Iz temnih
biofilmov v predalckih za detergente, kjer je koncentracija detergentov najvi§ja, so osamili
¢rne kvasovke Aureobasidium sp., Capronia coronata, Exophiala alcalophila, E. equina,
E. lecanii-corni, E. mesophila, Ochroconis constricta, O. humicola ter Phialophora
olivacea (Gattlen in sod., 2010; Isola in sod., 2013). Pri primerjavi glivne diverzitete
znotraj strojev in glivne flore ljudi so ugotovili, da veéina izolatov iz pralnih strojev
pripada vrstam gliv iz okolja, le majhen delez izolatov iz strojev so povezali z normalno

floro ¢loveka (Stapleton in sod., 2013).
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1.3 PRISOTNOST GLIV V GLOBALNEM VODNEM KROGU

Glive so kot del mikrobnih zdruzb prisotne tako v povrSinskih vodah, izvirski vodi kot tudi
v podtalnici. V vodo vstopajo iz razli¢nih okolij kot so tla in rastlinski materiali, voda pa
deluje tudi kot vektor za njihov prenos med habitati. Zaradi prisotnosti anorganskih in
organskih molekul iz okolja, voda glivam omogoca vir hranil in ionov. Vode iz razli¢nih
okolij se razlikujejo glede na pH in trdoto, zaradi ¢esar se dolo¢ene glivne vrste lahko
selektivno pojavljajo na dolo¢enih podroc¢jih (Hageskal in sod., 2006). V razvitem svetu
ima vecina gospodinjstev dostop do vodovodne vode, ki jo uporabljamo v kopalnicah,
kuhinjah in za delovanje gospodinjskih aparatov. Vodovodna voda se pridobiva v postopku
¢is¢enja surove vode iz povrsinskih voda ali podtalnice. Tako vodo s postopki filtracije in
flokulacije najprej ocistijo vecjih delcev, obsevajo z UV svetlobo ter po potrebi klorirajo,

kar pa ne odstrani nujno vseh mikroorganizmov (Defra, 2011).

1.3.1 Glive v sladkih vodah

Sladke vode predstavljajo 2,5 % vseh vodnih zalog na Zemlji. Vecina sladke vode se
nahaja v obliki ledu na obeh polih, nekaj je predstavljajo povrSinske vode in podtalnica.
Sladke vode, podobno kot morska voda, vsebujejo razli¢ne primesi; od naravnih organskih
snovi, do polutantov, kot rezultat antropogenega delovanja, npr. celulozo, lignin, glikogen
in alifatske ogljikovodike. Tonska sestava sladkih voda se razlikuje glede na povrsino po
kateri teCejo, glede na letne Case in pretocnost. Zaradi teh dejavnikov se lahko razmere
med posameznimi to¢kami v naravi zelo razlikujejo (Defra, 2011). Zaloge sladke vode na
Zemlji predstavljajo ledeniki, ki so zaradi ekstremnih Zivljenjskih pogojev in
odmaknjenosti od ¢loveske kolonizacije zanimivi za preucevanje. 1z povrSine in globine
razliénih ledenikov ter iz ledeniske vode so osamili glivne rodove Acremonium,
Aspergillus, Aureobasidium, Candida, Cladophialophora, Cladosporium, Clavispora,
Cryptococcus, Debaryomyces, Dioszegia, Exophiala, Filobasidium, Fusarium,
Geotrichum, Leucosporidium, Meyerozyma, Metschnikowia, Mrakiella, Penicillium,
Phialophora, Phoma, Pichia, Rhodosporidium, Rhodotorula, Sporidiobolus,
Sporobolomyces, Trichosporon in Udeniomyces (Catranis in Starmer, 1991; Ozerskaya in
sod., 2009; Branda in sod., 2010; Vaz in sod., 2011; Zalar in Gunde-Cimerman, 2014). V
povrsinskih vodah izvirov, rek in jezer, ki se polnijo z raztapljanjem ledenikov ter s

padavinsko vodo, so do sedaj odkrili filamentozne glive iz rodov Acremonium, Alternaria,
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Aspergillus, Cladosporium, Fusarium, Penicillium, Scopulariopsis, Trichoderma ter
kvasovke rodov Candida, Cryptococcus in Rhodotorula (Hageskal in sod., 2006; Pereira in
sod., 2009). Podtalnica se od povrsinske vode razlikuje v vsebnosti kisika, temperaturi,
pretocnosti ter pH. 1z podtalnice so osamili glive iz rodov Aspergillus, Cladosporium,
Fusarium, Stachybotrys, Trichoderma ter kvasovke Candida, Kloeckera in Rhodotorula
(Hageskal in sod.,2006; Pereira in sod., 2009; Pereira in sod., 2010).

1.3.2 Pogoji za tvorbo biofilma v vodovodnem sistemu in pitni vodi

Pri procesu pridobivanja pitne vode iz surovih vodnih virov drzave upostevajo globalna in
lokalna splosna priporocila, pravilnike in standarde, ki jih predpisujejo Svetovna
zdravstvena organizacija (WHO), Ameriska agencija za zaSCito okolja (US EPA) ter
Evropska Unija (EU). Nastajanje biofilmov in posledi¢no koli¢ino mikrobnih celic v
planktonski obliki spremljajo z rednimi monitoringi pitne vode, primerno Stevilo
mikroorganizmov pa vzdrzujejo z dezinfekcijo. Dezinfekcijo vode lahko glede na mesto
delovanja razdelimo na primarno in sekundarno. S primarno dezinfekcijo odstranimo
mikroorganizme v surovi vodi v zbiralnikih. Sekundarna ali rezidualna dezinfekcija
preprecuje razrast mikroorganizmov v vodovodnem omrezju. Obicajno postopek primarne
dezinfekcije zagotavlja tudi rezidualno delovanje (Stopar, 2007). Mikroorganizme iz vode
odstranimo s filtracijo, kemijsko koagulacijo, inaktiviramo jih z UV sevanjem, ionizacijo s
kovinami, kloriranjem, ozoniranjem ali ultrasonifikacijo, pri ¢emer je uporaba klora
globalno najpogostejsi nacin dezinfekcije (Gray, 2014). V Sloveniji od 928 oskrbovalnih
obmodij s pitno vodo 48,5 % nima dezinfekcije, brez redne dezinfekcije vode pa je 56,0 %
oskrbovalnih obmocij (Lapajne in Sovi¢, 2012). Kljub uporabi dezinfekcije pitna voda ni
sterilna, pri transportu od ¢rpalis¢ do uporabnikov je podvrzena razliénim dejavnikom, Ki
vplivajo na Stevilo mikroorganizmov ter njeno kon¢no kakovost. Taki dejavniki v
vodovodnem sistemu so kovine, kisikove in klorove spojine, temperatura, spremembe
pretoka vode, spremembe pH in posledi¢no tvorba biofilmov (Defra, 2011). Biofilmi so
skupek zdruzb mikroorganizmov, ki vkljucujejo bakterije, glive in prazivali, pritrjene na
abiotsko (kamen, plastika, kovine,...) ali biotsko (sluznice, koza,...) povrsino.
Mikroorganizmi predstavljajo priblizno 15 % biofilma, preostanek predstavljajo
ekstracelularni polisaharidi (EPS) (Donlan, 2002). Biofilmi nastajajo na interfazi med

tekocCino in trdno snovjo ter so zgrajeni iz treh slojev: povezovalni, temeljni (bazalni) in
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sekundarni. Prvi, povezovalni sloj vsebuje molekule, pritrjene na povrsino, ki olajSajo
vezavo mikrobnih celic. Temeljni biofilm vkljucuje zac¢etne mikrobne kolonizatorje, ki se
pritrjajo na svezo povrsino, sekundarni biofilm pa sekundarne kolonizatoje, ki se pritrjajo
na predhodne mikroorganizme. Znotraj biofilmov so mikrobne celice fiziolosko obic¢ajno
drugacne kot v planktonski obliki. Razlike se pojavijo zaradi spremenjenih gradientov
oksigeniranih in anoksi¢nih podro¢ij in zaradi razlik v koncentraciji hranil. Biofilm
predstavlja zascCito za celice v stresnem okolju, omogoca jim daljSe prezivetje brez hranil,
veca moznost prezivetja pri kemijskih, fizikalnih in bioloskih vplivih iz okolja (Doggett,
2000; Paterson in Lima, 2005; Cooper, 2010). Na nastanek biofilmov v antropogenih
vodnih okoljih imajo velik vpliv gradbeni materiali v vodovodnih sistemih. Glive in
bakterije so v ve¢ji meri prisotne na povrSinah iz Zeleza ali jekla, na povrSinah iz PVC
materialov pa je koli¢ina mikroorganizmov manjsa (Doggett, 2000; Grabinska-Loniewska
in sod., 2007). Biofilm nastane neodvisno od hidrofobnosti ali hidrofilnosti materiala,
¢eprav naj bi biofilmi teoreti¢no nastajali hitreje na hidrofobnih povrsinah (plastika) kot na
hidrofilnih (kovine) (Donlan, 2002). Material cevi vpliva tudi na kakovost dezinfekcije.
Kovinski materiali zaradi korozije reagirajo z ostanki klora in tako preprecijo vdor klora v
biofilm (Le Chevallier, 1999). Pri primerjavi u¢inka kloriranja na bakterijske biofilme so
Lehtola in sodelavci (2005) ugotovili, da je kloriranje u€inkovitejSe v ceveh iz polietilena
(PE) kot v ceveh iz bakra. Na tvorbo biofilmov v ceveh vpliva tudi raven dostopnih hranil,
zato v nekaterih drzavah preverjajo vsebnost organskih snovi pred in po dezinfekciji
vodovodnih sistemov. Hranila se obi¢ajno koncentrirajo na medfazni povrs§ini med trdnimi
in teko¢imi deli sistema, njihova koli¢ina pa se spreminja glede na pretok vode. Ce so v
ceveh prisotna hranila, dezinfekcija ni dolgotrajno uéinkovita, saj se biofilmi ob prisotnosti
hranil hitreje obnovijo (US EPA, 2002). Za glive je sicer znano, da so oligotrofne in lahko
prezivijo ter se razmnozujejo tudi pri zelo nizki vsebnosti hranil (Kinsey in sod., 2003).
Sestava mikrobne zdruzbe biofilmov v vodah je v veliki meri odvisna tudi od temperature.
Biofilmi v vodovodnih sistemih najhitreje nastajajo pri temperaturah med 15 °C in 25 °C
(Donlan in sod., 1994; Lund in Ormerod, 1995). Biofilmi, ki nastanejo pri temperaturi
vode okoli 20 °C, so pretezno sestavljeni iz bakterij rodu Pseudomonas. Le-te predstavljajo
96 % vseh mikroorganizmov, prisotne pa so tudi nekatere prazivali. Pri temperaturah 40,
50 in 60 °C so v biofilmih najbolj zastopane vrste gliv iz rodu Aspergillus, prisotne so
nekatere vrste bakterij, prazivali ni ve¢ (Rogers in sod., 1994). Pomemben dejavnik za
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kakovost pitne vode je tudi pretok vode. Odvisen je od postavitve, dolzine in Sirine cevi,
vzdrZevanja in delovanja ¢rpalk (US EPA, 2002). Pretok vode vpliva na moznost zacetne
pritrditve celic na povrSino, dostopnost hranil, izgubo ekstracelularnih polisaharidov ter
strukturo biofilmov. Biofilmi, ki nastajajo pri laminarnem toku vode imajo visje celokupno
Stevilo celic kot biofilmi, ki nastajajo pri turbulentnem toku. Biofilmi, nastali pri
turbulentnem toku imajo visje stevilo celic na volumsko enoto, tak biofilm je zgoSc¢en in
bolj stabilen (Pereira in sod., 2002). Pri nizjih pretokih vode so biofilmi manj zgo$¢eni, na

videz debelejsi in puhasti (Percival in sod., 1999).

Med organizme, ki jih najdemo v pitni vodi in predstavljajo komponente biofilmov spadajo
tudi glive. Delci glivnih hif in spore se v biofilm obicajno prilepijo naknadno, lahko pa so
glive tudi primarni kolonizatorji. Stevilo celic, ki tvorijo kolonije v mililitru (CFU/mL) je v
biofilmih 1000 — 5000 krat vecje kot v teko¢i vodi (Grabinska-Loniewska in sod., 2007).
Od tega je §tevilo kvasovk v biofilmih med 0 in 8,9 CFU/cm?, §tevilo filamentoznih gliv pa
med 4,0 in 25,2 CFU/cm? (Doggett, 2000). Glivni deli, predvsem hife, zamreZijo strukturo
biofilmov, zaradi Cesar jih je tezje odstraniti iz sistema. Tvorba biofilmov pri kvasovkah je
raziskana pri vrstah iz rodov Candida, Saccharomyces, Cryptococcus in Aureobasidium.
Biofilmi, ki jih tvorijo kvasovke so podobni bakterijskim biofilmom. Veliko glivnih vrst
raste v dimorfni obliki kar pomeni, da lahko preklapljajo med kvasno in filamentozno
morfologijo. Ta lastnost jim omogoca hitro prilagoditev na razmere in boljSo kolonizacijo
povrsin. Nasprotno pa filamentozne glive v nespolni fazi zivljenjskega cikla nimajo rastne
dinamike, ki jo omogocata cepitev in brstenje pri kvasovkah (Harding in sod., 2009). O
biofilmih filamentoznih gliv so porocali Anaissie in sodelavci (2003), ki so le-te nasli v
vodovodnih sistemih bolnisnic. Tvorba biofilmov je raziskana pri rodovih Aspergillus,
Penicillium, Coriolus, Trichoderma in nekaterih dermatofitnih glivah ter poteka v ve¢
fazah. Zacetna faza vkljucuje adsorpcijo propagul (spor, fragmentov hif, sporangijev) na
povrsino. Sledi faza aktivne vezave na povrsino, pri cemer kalece spore izlocajo adhezivne
substance. V tretji fazi zacnejo z apikalno rastjo in razvejanjem hif nastajati mikrokolonije
gliv. Sprva je rast enoslojna, nato postane invazivna. Ta faza vkljucuje tudi nastanek
polimernega, izvenceli¢nega matriksa, ki omogoci rastoCi koloniji mocnejSe pritrjanje na
povrsino. Sledi faza zaCetnega zorenja kolonije, ko se hife povezejo v micelij. Tvorijo se

sloji in sveznji hif, med katerimi potekajo vodni kanali. V naslednji fazi biofilm dozori, pri
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glivah nastajajo sporogene celice, sklerociji in prezivetvene strukture. V zadnji fazi se iz
dozorelega biofilma odcepljajo strukture v planktonski obliki, sledi razSirjanje v vodo
(Harding in sod., 2009). Iz pitne vodovodne vode so razli¢ni avtorji najpogosteje osamili
glive iz rodov Acremonium, Altenaria, Arthrinium, Aspergillus, Aureobasidium,
Beauveria, Botrytis, Chaetomium, Cladosporium, Epicoccum, Exophiala, Fusarium,
Geotrichum, Gliocladium, Mucor, Paecilomyces, Penicillium, Phialophora, Phoma,
Phomopsis, Rhizopus, Sporothrix, Trichoderma in Verticillium. Ugotovili so, da lahko
prisotnost nekaterih gliv, npr. nekaterih vrst iz rodov Penicillium, Cladosporium,
Aspergillus, Phialophora, Acremonium, Candida, Fusarium in Exophiala vpliva na pojav
alergij, okuzb koze in sistemskih okuzb pri ljudeh (Defra, 2011). Raziskav, kjer bi povezali
vrstno sestavo gliv v vodovodni vodi in v biofilmih pomivalnih ter pralnih strojev do sedaj

ni bilo.

1.3.3 Glive v odpadnih vodah

Glive kot ubikvitarni organizmi, ki naseljujejo zrak, sladke vode in gospodinjska okolja, so
v kon¢ni fazi prisotne tudi v odpadnih vodah. Odpadne vode iz gospodinjstev in industrije
se stekajo v Cistilne naprave, kjer se med postopkom mehanskega in bioloSkega ¢iS¢enja
precistijo ter vrnejo v vodni krog. Glivne vrste Candida albicans, C. dubliniensis, C.
glabrata, C. krusei, C. utilis in Trichosporon beigelii, osamljene iz vode v ¢istilnih
napravah, so izvirale iz komunalne odpadne vode in so klasificirane kot oportuno
patogene. Nekatere vrste gliv so v odpadnih vodah prisotne konstantno, npr. C. albicans,
C. krusei, C. tropicalis, C. utilis, Meyerozyma guilliermondii in Saccharomyces cerevisiae.
Dolocene vrste se tekom procesa ¢iS€enja iz sistema ne odstranijo in se z ociS¢eno vodo
vrnejo v naravni vodni krog. Med njimi so kvasovke C. krusei, Debaryomyces
polymorphus, M. guilliermondi, Rhodotorula spp. ter filamentozne glive Aspergillus spp.,
Mucor spp., Penicillium spp. in Rhizopus spp. (Biedunkiewicz in Ozimek, 2009).
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1.4 RAZISKOVALNE HIPOTEZE IN CILJI

V okviru doktorske disertacije smo si zastavili dve hipotezi:

1: Notranjost pralnih in pomivalnih strojev kolonizirajo kvasovke in filamentozne glive, ki
jih uvrs¢amo v razli¢ne rodove.
2: Glive se v pomivalne in pralne stroje prenesejo z vodo iz vodovodnega sistema, Ki je

povezan s povrSinsko vodo ali podtalnico.

V okviru hipotez smo si zadali cilje, da bi ugotovili, ali pralne in pomivalne stroje
naseljujejo glive in ali se te glive glede na identifikacijo po veljavnih taksonomskih
kriterijih uvrSajo med poliekstremotolerantne oportuno patogene mikroorganizme.
Nadalje smo zeleli ugotoviti, ali so v glivnih zdruzbah vodovodne, povrsinske vode ali
podtalnice prisotne glive, ki naseljujejo notranjost pralnih in pomivalnih strojev in ali voda
deluje kot vektor za dolo¢ene vrste gliv, ki nato kolonizirajo notranjost strojev in se v njih

Stevil¢no obogatijo.
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2 ZNANSTVENA DELA
2.1 OBJAVLIENA ZNANSTVENA DELA

2.1.1 Pomivalni stroji — umetno ustvarjeno okolje za naselitev oportunisti¢nih

patogenih gliv

Naslov v originalnem jeziku: Dishwashers - a man-made ecological niche

accommodating human opportunistic fungal pathogens

Avtorji: Polona Zalar, Monika Novak, Sybren de Hoog, Nina Gunde-Cimerman

Objavljeno v: Fungal Biology, 2011, letnik 115, Stevilka 10, strani 997-1007.

POVZETEK

Gospodinjstva lahko naseljujejo mikroorganizmi, Ki sicer v naravnem okolju niso pogosti
ter jih le redko najdemo. V 189 pomivalnih strojih iz privatnih gospodinjstev iz 101 mesta
smo opazili obogatitev gliv, ki sicer za rast zahtevajo specifi¢ne okoljske pogoje. Sto dva
vzorca sta bila odvzeta v razlicnih mestih po Sloveniji, 42 iz ostalih evropskih drzav, 13
vzorcev iz Severne in 3 iz Juzne Amerike. Nadalje je bilo 5 vzorcev odvzetih iz Izraela, 10
iz Juznoafriske Republike, 7 iz Azije in 7 iz Avstralije. Glive so bile izolirane pri
temperaturi 37 °C. Vrste iz rodov Aspergillus, Candida, Magnusiomyces, Fusarium,
Penicillium in Rhodotorula smo osamili ob¢asno, medtem ko sta bili vrsti ¢rnih kvasovk
Exophiala dermatitidis in Exophiala phaeomuriformis (Chaetothyriales) najdeni
najpogosteje. 1z 62 % odstotkov pomivalnih strojev smo osamili glive, od tega v 56 %
glive iz rodu Exophiala. Obe najdeni vrsti iz rodu Exophiala sta znani kot povzrociteljici
sistemskih okuzb pri Cloveku, pogosto pa kolonizirata tudi pljuca bolnikov s cisti¢no
fibrozo. Ugotavljamo, da pogoji v strojih kot so visoke temperature, visoka vlaga ter
bazicen pH zagotavljajo zivljenjsko okolje, ki selekcionira oportunisticno patogene glive

za Cloveka.
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Habitats in human households may accommodate microorganisms outside the common
spectrum of ubiquitous saprobes. Enrichment of fungi that may require specific environ-
mental conditons was observed in dishwashers, 189 of which were sampled in private
homes of 101 towns or communities. One-hundred-two were sampled from various local-
ities in Slovenia; 42 from other European countries; 13 and 3 from North and South Amer-
ica, respectively; 5 from Israel; 10 from South Africa; 7 from Far East Asia; and 7 from
Australia. Isolation was performed on samples incubated at 37°C. Species belonging to
genera Aspergillus, Candida, Magnusiomyces, Fusarium, Penicillium and Rhodotorula were found
occasionally, while the black yeasts Exophialn dermatitidis and Exophinla phaeomuriformis
(Chaetothyriales) were persistently and most frequently isolated. Sixty-two percent of
the dishwashers were positive for fung, and 56 % of these accommodated Exophiala.
Both Exophiala spedes are known to be able to cause systemic disease in humans and fre-
quently colonize the lungs of patients with cystic fibrosis. We conclude that high temper-
ature, high moisture and alkaline pH values typically occurring in dishwashers can provide
an alternative habitat for species also known to be pathogenic to humans.

@ 2011 British Mycological Society. Published by Elsevier Ltd. All rights reserved.

Introduction

as only a few hundred fungal taxa have thus far been encoun-
tered (Samson et al. 2002). A vast amount of literature is avail-

During the last decade a growing number of biodiversity stud-
ies have focussed on remote habitats, like tropical and arid re-
gions, and on environments where conditions are considered
to be unfavourable for microbial growth. Extreme habitats in
general are characterized by low diversity of species that are
present with high numbers of individuals. In this respect in-
door environments may also be viewed as extreme habitats

able on the airborne fungal flora in our homes and especially
on Aspergillus fumigatus because of its potential impact on hu-
man health. Surprisingly, the wet environments in our houses
have only recently received attention. Wet cells like bath-
rooms, sinks, kitchens and saunas were described as novel
niches for adaptation of human pathopens (Hamada & Abe
2010;Lian & de Hoog 2010; Nishimura etal. 1986, 1987). Modern

* Corresponding author. Biology Department, Biotechnical Faculty, University of Ljubljana, Veéna pot 111, 1000 Ljubljana, Slovenia.

Tel.: +386 13203392, fax: +386 12573390.
E-mail address: polona.zalar@bfuni-lj.si

1878-6146/% — see front matter @ 2011 British Myrological Society. Published by Elsevier Ltd. All rights reserved.

doi: 10.1016/j. funbio.2011.04.007
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ways of life involve a growing number of electric appliances
and especially those that use water may provide alternative
ecological niches suitable for enrichment of extremotolerant
fungi. Habitats in these devices since recently tend to become
less extreme and easier to occupy for microbes due to decreas-
ing ecological constraints of energy-saving regimens, such as
the application of lower temperatures for washing clothes and
dishes, and the use of less aggressive detergents.

In this article we forus on the fungal flora inside dish-
washers, or more precisely the rubber seals of the doors.
Due to washing of dishes used for food, dishwashers are con-
sistently rich in nutrients under alkaline conditions, while in-
termittent high temperatures are prevailing and large
amounts of water are processed in each washing cycle.

Material and methods
Isolation of strains

Samples were collected from dishwashers in private homeson
six continents, while more extensively sampling was per-
formed in Slovenia (Table 1). Samples were taken by rubbing
the surface and inside of invaginations of rubber sealing lo-
cated on the folding doors of dishwashers using sterile cotton
swabs, pre-moistened in sterile physiological solution. Cotton
swabs were placed in sterile tubes in plastic bags. The swabs
were processed either immediately or stored at 4 °C and used
within up to 2 weeks. Swabs were rubbed over the surface of
culture media with malt extract agar (MEA) supplemented
with chloramphenicol, and incubated at 37 °C for up to 7 d.
Pure cultures were isolated and deposited at the Culture Col-
lection of Extremophilic Fungi (EXF, Department of Biology,
Biotechnical Faculty, University of Ljubljana, Slovenia).

DMNA extraction

Strains were transferred to fresh MEA plates and incubated for
3—7d. DNA from yeast-like colonies was extracted with the
PrepMan Ultra reagent (Applied Biosystems) according to the
manufacturer's instructions. In the case of filamentous
growth the DNA was extracted after mechanical lysis of
approx. 1 cm® of mycelium using the protocol of Gerrits van
den Ende & de Hoog (1999).

Molecular characterization

For the identification of Exophiala strains and filamentous
fungi, a fragment of rDNA including internal transcribed
spacer region 1, 5.85 rDNA and ITS 2 (ITS) was amplified and
sequenced using primers ITS5 and ITS4 (White et al. 1990).
Yeasts were identified based on their large subunit ribosomal
DMA (LSU) sequence (partial 285 rDNA, D1/D2 domains), am-
plified and sequenced with primers NL1 and NL4 (Boekhout
& Kurtzman 1996); when species groups were involved, fur-
ther characterization has not been performed. BigDye termi-
nator cycle sequencing kits were used in sequence reactions
(Applied Biosystems, Foster City, CA, U.S.A)). Sequences
were obtained with an ABI Prism 3700 (Applied Biosystems)
and assembled and edited using SeqMan 3.61 (DNAStar, Inc.,

MI, US.A). Sequences were automatically aligned using Clus-
tal¥ 1.81 (Jeannmougin et al. 1998). Alignments were adjusted
manually using Molecular Evolutionary Genetics Analysis
(MEGA) software version 4.0. (Tamura et al. 2007). Genotypes
of Exophiala dermatitidis were determined according to Matos
et al. (2003).

Mating and M13 fingerprinting

One strain each of Exophiala dermatitidis genotypes A (EXF-
5718), B (EXF-5653) and C (EXF-5586) were mixed (A < B, A« C,
B =« C) on the surface of synthetic nutrient-poor agar (SNA)
(Gams et al. 1998) and incubated for 1 week at 37 °C, followed
by twoweeksincubation at4 °C. Streak plates were performed
and single colonies were isolated, followed by DNA isolation
with PrepMan Ultra reagent (Applied Biosys tems). Fiveselected
colonies of each listed genotype and ten of each mating reac-
tion were subjected to micro/mini satellite-primed PCR (MSP-
PCR) fingerprinting with M13 microsatellite primer performed
according to (Andrighetto et al. 2000) with minor medifications.
Amplified DNA fragments wereseparated by electrophoresisin
1% agarosegelin0.5« Tris-acetate-EDTA TAE buffer, and visu-
alized by Invitrogen SYBR™ Safe DNA gel staining. The GeneR-
uler 100bp DMA Ladder Plus (Fermentas) was used as the
standard todetermine size of fragments. The DNA fingerprints
of selected isolates were determined with the aid of the soft-
ware package Gene Tools (Syngene).

Physidlogy

Inocula of selected Exophiala dermatitidis and Exophiala phaeo-
muriformis strains were prepared by suspending a loop-full of
cells in 1 ml physiological saline. The testing of pH tolerance
was performed in 96 well microtiter plates in 300 pl of liguid
malt extractmedium (Gams et al. 1998) with set pH values prior
autoclaving from 2.0 to 14.0, with the addition of appropriate
amountsof 0.1 MHClor 0.1 M NaOH. In the range of pH values
form2.0t03.0and11.0-12.5, thetested pHvalues were in steps
of 0.1, while between pH 3.0 and 11 Oonly fullunits were tested.
At pH above 12.5-13.7 media were not autoclaved. Tempera-
ture tests were performed on MEA plates, onto which 10 pl of
cell suspension was applied and incubated at the following
temperatures: 5, 10, 25, 30, 37, 40, 42, 45, 47 and 50 °C. Growth
was checked once a week for two weeks. Halotolerance was
tested on MEA media containing 5 %, 10 % and 17 % NaCl (w/v).

Scanning electron microscopy

For scanning electron microscopy, 0.25 cm” pieces of rubber
seal were cut off from a used dishwasher. Samples were sub-
jected to fixation in 2.5 % glutaraldehyde, 4 % paraformalde-
hyde in 0.1 M sodium phosphate buffer (pH 7.2) at room
temperature for 24 h. Samples were rinsed with buffer and ex-
posed to postixation in 1% 0s0, in distilled water for 24 h at
4°C. After rinsing the material was dehydrated through
a graded series of alechols, twice for 15 min for each step
(30 %, 50 %, 70%, 80 %, 90 %, 100 %), followed by the mixture
of absolute alcohol and acetone (1:1) and 100 % acetone. Dehy-
drated material was dried in the mixture of acetone and hex-
amethyldisilazane (HMDS), ratio 1:1, twice for 30min,
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Fig 1 — (A) Sampling site in a dishwasher (indicated by an arrow); (B, C) In vivo morphology (separate muriform cells
embedded in EPS) of a sample taken from the rubber seal of a dishwasher, of which Exophiala dermatitidis, genotypes A and C
were isolated; (D) rubber seal surface with several bacterial cells; (E) rubber seal of a frequently used dishwasher over 6 y
colonised with hyphae and yeast cells; (F, G) Primary isolation plates cultured from dishwasher swab samples, (F) E. der-
matitidis (gen. A) and Candida parapsilosis; (G) E. dermatitidis (gen. A). Scale bar on picture C valid also for picture B. Scale bar on
picture F valid also for picture G.



Novak Babi¢ M. Glive v izbranih gospodinjskih aparatih in njihov prenos iz naravnih okolij. 17
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2016

Fungi in dishwashers

1001

Table 2 — Exophiala dermatitidis strains from dishwasher’s rubber, with location of sampling, hardness of water, genotypes,
and GenBank accession numbers of ITS rDNA sequences.

Genotype Country, city or town Water Ho. of Representative GenBank accession
hardness isolates strain — EXF no. no. (ITS tDNA)
A Slovenia, Goriécko 5 3 EXF-5711 JE766637
A Slovenia, Kostanjevica s 2 EXF-5763 JF766638
A Slovenia, Ljubljana and suburbs MH 9 EXF-5580 JF766639
A Slovenia, Ribnica MH 1 EXF-5573 JF766640
A Slovenia, Cerklje (Gorenjska) MH 1 EXF-5578 JE766641
A Slovenia, Ankaran MH 1 EXF-5713 JE766642
A Slovenia, Sezana MH 2 EXF-6106 JF766643
A Slovenia, OrmoZ H 1 EXF-5649 JF7e6644
A Slovenia, Bistrica ob Sotli H 1 EXF-5721 JF766645
A Slovenia, Mislinja H 1 EXF-6096 JF766646
A Slovenia, Jamnica H 1 EXF-5771 JF766647
A Australia, Traralgon / 2 EXF-6100 JF766648
A Austria, Graz {f 1 EXF-5767 JF766649
A Belgium, Leuven {f 1 EXF-5727 JE766650
A Brazil, Sdo Paulo, Rio Clare / 1 EXF-6276 JF766651
A Germany, Bonn (Niederkassel) ! 2 EXF-5716 JF766652
A Ierael, Jerusalem {f 1 EXF-5827 JF766653
A Japan, Eanagawa {f 2 EXF-5769 JF766654
A South Africa, Cape Town / 2 EXF-6110 JF766655
A South Africa, Stellenbosch ! 2 EXF-6118 JF766656
A USA, Salt Lake City ! 1 EXF-5652 JF766657
A USA, Flacerville ! 1 EXF-5656 JF766658
A2 Slovenia, Sentjernej S 1 EXF-5761 JF766659
A2 Slovenia, Jamnica H 1 EXF-5768 JF766660
AZ Australia, Traralgon ! 1 EXF-5758 JF766661
AZ Austria, Linz / 1 EXF-5766 JE766662
A2 Italy, Viterbo ! 1 EXF-5770 JE766663
A3 Slovenia, Ljutomer MH 1 EXF-5647 JF766064
A3 USA, Placerville ! 2 EXF-5654 JF766665
B USA, Utah, Arches / 2 EXF-5653 JE766666
B Slovenia, Ljutomer MH 1 EXF-5645 JE766667
B Slovenia, Marijina vas H 2 EXF-5760 JE766668
B South Africa, Stellenbosch ! 3 EXF-6114 JF766669
B Brazil, Sao Paulo, Rio Claro ! 1 EXF-6275 JF766670
L Slovenia, Kamno MH 1 EXF-5567 JE766671
L Slovenia, Ljubljana MH 1 EXF-5586 JE766672

In column of water hardness, the following abbreviations are used: S (soft: 4—8 dH), MH (moderately hard: 8—12 dH), H (hard: 12—18dH), / (no

data on water hardness).

followed by 15 min and 24 h incubation in HMDS, respectively.
Dried materialwas mounted on specimenstub and coated with
a5or 7 nmthick layers of platinum and gold. The samples were
stored until required in a desiccator containing silica gel and
viewed with a Jeol JSM-6500F scanning electron microscope.

Results

Direct inspection of some dishwashers's rubber seals showed
structures interpreted to represent Exophiala muriform cells
(Fig 1). Other fungal cells with yeast-like morphology were
also found. Sampling and isolation of fungi from dishwashers
of different age (6 m, up to 15 y), with different frequency of
usage (once per month up to 3 imes per day), at geographi-
cally different locations was performed (Table 1). Samples
were collected from 102 dishwashers in Slovenia and 87 dish-
washers from other countries on several continents. Thirty-
eight percent of dishwashers were negative for fung in the
studied conditions, where incubation temperature was 37°C.

The most frequently encountered species were Exophiala
dermatitidis and Exophiala phaeomuriformis, while Candida para-
psilosis, Pichia guilliermondii, Rhodotorula mucilaginosa, Magru-
siomyces capitatus, and Fusarium dimerum were less often but
repeatedly isclated. On the primary isolation plates the
growth was observed within 3-5 d after inoculation.

Data on E. dermatitidis and E. phaeomuriformis isclates, in-
cluding their genotypes, are shown in Tables 2 and 3, respec-
tively, while data on other filamentous fungi and other yeasts
are given in Table 4. GenBank accession numbers of the se-
quences reported in this paper are also given in Tables 2—4.
The prevalent genotype of E. dermatitidis in dishwashers was
genotype A (Matos et al. 2003). Although black yeast colonies
with different morphologies were often observed on primary
isolation plates, generally only a single genotype was isolated
per dishwasher. On three occasions, viz. in Slovenia (Ljubljana),
Australia (Traralgon, South Victoria), and Brazil (Rio Claro) two
genotypes were foundin the samedishwasher: A plusC, A plus
A2 and A plus B, respectively. The co-occurrence of two
Exophiala species, E. dermatitidis plus E. phaeomuriformis was
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Table 3 — Exophiala phaeomuriformis strains from dishwasher's rubber, with location of sampling, genotypes, and GenBank

numbers of submitted ITS sequences.

Genotype Country, city or town Water Mo. of Representative GenBank accession
hardness izolates strain — EXF no. no. (ITS tDNA)
1 Slovenia, Ljubljana and suburbs MH 5 EXF-5570 JF766611
1 Slovenia, Ljutomer MH 2 EXF-5644 JF766612
1 Slovenia, Jesenice MH 1 EXF-5569 JF766613
1 Slovenia, Lokev MH 1 EXF-6108 JF766614
1 Slovenia, Gabrovka H 1 EXF-5640 JF766615
1 Slovenia, Izlake H 1 EXF-6121 JF766616
1 Slovenia, Maribor H 1 EXF-65122 JF766617
1 Germany, Bonn / 1 EXF-5826 JF766618
2 Denmark, Copenhagen ! 1 EXF-5715 JF766619

In eolumn of water hardness, the following abbreviations are used: 5 (soft: 4—8 dH), MH (moderately hard: 8—12 dH), H (hard: 12—18dH), / (no

data on water hardness).

evidentin a single case. Exophiala species were often accompa-
nied by white yeasts (P. guilliermondii, C. parapsilosis, M. capita-
tus) or red yeasts (R. mucilaginosa). Exophiala phaeomuriformis
was only isolated from European samples; the species
exhibited two clearly different genotypes, indicated here as 1
and 2. The majority of strains were genotype 1, whileone strain
from Denmark represented genotype 2 (Table 3).

The ability of Exophiala species, the most commonly en-
countered fungal genus in dishwashers, to grow at different
temperatures, pH and salinities is shown in Table 5. Strains
of all genotypes of E. dermatitidis were able to grow between
10°C and45°C, while genotypes A, Cand the majority of strains

of genotype B still showed growth at 47 °C. Strains of E. phaeo-
muriformis grew at 42°C and mostly also at 45—47 °C. None of
the isolates grew at 50°C. Only genotype C of E. dermatitidis
showed active growth at pH 2.5. All genotypes, with some var-
iation within the groups, were extremely alkalotolerant being
ableto grow atpH 12.5. The growth spectrum of E. phaeomurifor-
miswas even wideras all isolates could grow from pH 2.5-12.5.
The morphology of E. dermatitidis strains subjected to different
pH values was variable, growing as single cells and muriform
clumps (Fig 2A) at low pH values, but transforming into fila-
mentous growth with catenate conidial chains at pH 5.0 (Fig
2B) and maintaining this phenotype up to pH 12.5 (Fig 2C).

Table 4 — Remaining isolates (yeasts, filamentous fungi) from dishwasher’s rubber, with location of sampling, GenBank
numbers of submitted sequences, used for identification (ITS rDNA/LSU rDNA).

Identification Country, city Mo. of Representative GenBank accession
or town izolates strain — EXF no. no. (ITS/LSU)
Acremanium strictum Canada 1 EXF-6129 JE766680/—
Aspergillus niger group Canada 1 EXF-6083 JET66673/—
Aureobasidium pullulans Slovenia 1 EXF-5628 JET66676/—
Candida inconspicua Slovenia 1 EXF-5648 —/[F766626
Candida parapsilosis Slovenia 9 EXF-5540 —JF766620
Austria 1 EXT-6088 —{|F766621
Belgium 1 EXF-5728 —/JF766622
Canada 1 EXF-6126 —(JF766623
Germany 1 EXF-5717 —/|F766624
South Africa 2 EXT-6112 —{|F766625
Magnusiomyces capitatus Slovenia 7 EXF-5633 JF766683/JF766627
Ierael, Jerusalem 1 EXF-6084 JF766681/—
Austria, Graz 1 EXT-6087 JF766682/—
Fusarium dimerum Slovenia 2 EXF-5636 JE766677/—
UsA 1 EXF-5658 JF766679/—
Denmark 1 EXF-6079 JE766678/—
Paedlomyces variofi Canada, Pointe Claire 1 EXF-6125 JF766675/—
Penidllium sp. Croatia, Med2zimurje 1 EXF-6098 JF766674/—
Pichia sp. Slovenia, OrmoZ 1 EXF-5650 —JF766632
Pichia guilliermondii Slovenia 4 EXF-5541 —(JF766628
Great Britain, Sutherland 1 EXF-6089 —(JF766629
South Africa, Cape Town 1 EXF-6111 —|F766630
Canada, Pointe Claire 1 EXF-6127 —(JF766631
Rhodotorula calyptogenae France, Martinique 1 EXF-6004 —(|F766634
Rhodotorula mudlaginosa Slovenia 4 EXF-5543 —(JF766635
Sparopachydermia cereana Belgium, Leuven 1 EXF-5729 —(JF766636
Pratwtheca aff. wickerhamil Slovenia, Cerkno 1 EXF-5544 —/JF766633
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Table 5 — Growth of Exophiala dermatitidis and E. phaeomuriformis at different temperatures, pH values and high NaCl
concentration.

Temperature tests [°C| pH tests Growth on MNaCl [%]
10 42 45 47 25 4 10 125 17

E. dermattidis

Genotype A + + + + -+ + + + +

Genotype A2 + + + -+ - + + +— +

Genotype A3 - - - - -+ - - - +(=9

Genotype B + + + +- +— + + +— +

Genotype C - + + + + + + + +
E. phagam uriformis

Genotype 1 + + +/— +- + + + + +-9

Genotype 2 + + +/- + - - - - + +

+: Growth; —: no growth; +/—: 50 % or more of tested strains are positive; —/+: 50 % or more of tested straing are negative.

Tested strains of E. dermatitidis, genotype A (n = 16): EXF-5573, EXF-5656, EXF-5767, EXF-5711, EXF-5718, EXF-5588, EXF-5576, EXF-5585, EXF-5649,
EXF-5657, EXF-5713, EXF-5721, EXF-5724, EXF-5727, EXF-5827, EXF-5772, EXF-6110. Tested strains of E. dermatitidis, genotype A2 (n = 5): EXF-5766,
EXF-5761, EXF-5770, EXF-5768, EXF-5758. Tested strains of E. dermatitidis, genotype A3 n =3): EXF-5647, EXF-5654, EXF-5655. Tested strains of
E. dermatitidis, genotype B (n =9). EXF-5760, EXF-6114, EXF-6115, EXF-6116, EXF-5653, EXF-5645, EXF-5646, EXF-5765, EXF-5712. Tested strains
of E. dermatitidis, genotype C (n=2): EXF-5586, EXF-5567. Tested strains of E. phaeomuriformis, genotype 1 (n=10): EXF-5571, EXF-5644, EXF-
6121, EXF-5575, EXF-5826, EXF-5569, EXF-5640, EXF-5642, EXF-6108, EXF-5570. Tested strains of E. phacomuriformis, genotype 2 (n =1): EXF-5715.

a Good growth on 5% NaCL

The M13 fingerprint of strains of E. dermatitidis resulted in
7 fragments (2290, 1830, 1400, 1120, 900, 700, 590 bp) in geno-
type A, in 7 fragments of slightly different sizes (2300, 1380,
1180, 860, 760, 580 and 340 bp) in genotype B, and in 8 frag-
ments (2100, 1600, 1450, 1300, 1100, 850, 800, 660bp) in geno-
type C (Fig 3). The fingerprints were consistently present in
all 5 strains of each genotype. Mating events mostly resulted
in fingerprints of either one genotype. Only in a single case
(mating of genotypes A x B) a mixed profile was observed:
seven fragments were identical to genotype A (2290, 1830,
1400, 1120, 900, 700, 590 bp), while one fragment (760 bp) was
characteristic for genotype B (Fig 3, lane 24).

Discussion

Wet rooms, such as bathrooms, kitchens and steam baths in our
households tend to harbour fungal biota. Recurrent groups of
species are those with mucous propagules found in white, red
andblack yeasts and yeast-like fungi, coelomyretes, and species
of the genera Fusarium and Agemonium (Anaissie et al. 2001;
Gottlich et al. 2002). Cladosporium species are mostly those of
the C. sphaercspermum complex (Zalar et al. 2007), comprising spe-
cies that are not easily dispersed in air (B. Andersen, pers.
comim.). Black yeast-like organisms grow very slowly and may
therefore be overlooked, but their consistent occurrence has
been noted in the classical studies by Nishimura et al. (1986,
1987) and confirmed in several recent papers (Gottlich et al
2002; Hamada & Abe 2010; Lian & de Hoog 2010; Matos et al.
2002). Black yeast-like fung discovered in bathrooms and
kitchens belong to different species of the genera Exophiala (Mish-
imura et al. 1987) and Cladophialophora (Lian & de Hoog 2010).
Dishwashers as habitats for fung share a number of char-
acteristics with certain wet indoor environments including
continuous moisture, high pH due to the regular use of deter-
gents, and temporarily increased temperatures. In some
niches in wet rooms, such as sinks, the concentration of

organic matter may be high. Dishwashers also intermittently
experience temperatures as high as 60—80°C, high organic
loads, high concentrations of salt to prevent calcareous accu-
mulation and aggressive alkaline detergents. The seals of
dishwashers are less rich in nutrients and might be even
used as nutrition source for microorganisms (Rose & Steinbu-
chel 2005). Our study focused on these rubber seals of house-
hold dishwashers that can provide support and extent
protection to microorganisms.

Fungal biota isolated from dishwasher rubber seals were
similar to those reported from wet rooms, particularly in the
occurrence of red, white and black yeasts, and Fusarium spe-
cies. Among the white yeasts Candida parapsilosis was prevail-
ing This species is known from hospital settings where it
forms extracellular slimes as a component of biofilms (Levin
et al. 1998) in catheters, tubing systems and on prosthetic ma-
terials. These provide portals of entry to the human body. Can-
dida parapsilesis has frequently been reported as an agent of
opportunistic fungemia in severely compromised patients
(de Hoog et al. 2009). Also members of Rhodotorula are known
from catheter-related infections (Neofytos et al. 2007).

Fusarium dimerum was repeatedly encountered (Table 4).
This species is apparently a water-transmitted fungus (Hage-
skalet al. 2006) that has beenidentified as an opportunistic hu-
man pathogen causing disseminated or localized infections in
immunocompromised patients (Austen et al. 2001; Bigley et al.
2004; Krcmery et al. 1997; Letscher-Bru et al. 2002). Schroers
et al. (2009) mentioned an investigation at the Loyola Univer-
sity Medical Center (5. Johnson et al., unpublished data) where
plumbing systems were supposed to be a source for F. dime-
rum. Zhang et al. (2008) concluded for opportunistic fusaria
in general that they might have nosocomial origin.

The isclation of Magnusiomyces capitatus from dishwashers
was unexpected. This species has first been found as an op-
portunistic invader of debilitated patients causing pulmonary
infections (Gemeinhardt 1976), and has been repeatedly
detected in disseminated infections in leukemic patients
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Fig 2 — Morphology of two Exophiala species growing in liquid malt extract medium with different pH values. (A—C) Exophiala
dermatitidis, (A) pH 2.5, muriform cluster of cells (strain EXF-5766); (B) pH 6.0, catenate conidial chains (strain EXF-5647); (C) pH
12.0, catenate conidial chains (strain EXF-5766). (D—F) Exophiala phaeomuriformis (strain EXF-5642), (D) pH 2.5, budding cells;
(E) pH 6.0, catenate chains of conidia on conidiophore; (F) pH 12.5, budding cells. Scale bars on pictures C, D, F as indicated on
picture A (10 pm). Scale bars on pictures E as indicated on picture B (20 pm).

(reviewed by de Hoog et al. 2009). The natural habitat of this suggests that it has found a niche in the human-made envi-
fungus is not known as only two strains derived from heated ronment of household machinery.

woodpulp have been found in the environment (Smith & Poot The composition of black yeast biota of wet indoor envi-
2003). Our recurrentisolation of this fungus from dishwashers ronments is determined by temperature relations. The study

Fig 3 — MSP-PCR fingerprints of E. dermatitidis single strains and of strains subjected to mating obtained with the M13 primer.
L, molecular size marker GeneRuler 100 bp DNA Ladder Plus, Fermentas (lanes 1, 48). Lanes 2—6: genotype A (EXF-5718); lanes
7—11: genotype B (EXF-5653); lanes 12—16: genotype C (EXF-5586); lanes 17—27: genotypes A x B; lanes 28—38: genotypes

A x C; lanes 39-47: genotypes B x C. The white arrow indicates the unique fragment, present in the fingerprint after mating.
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of fungi in Norwegian tap water revealed 94 different species
belonging to 30 genera (Hageskal et al. 2006), including differ-
ent species of black yeast genus Phialophora. Similar fungi
were noted in Finnish tap water, where also species of the ge-
nus Exophiala were found (Karkkamen et al. 2009). Géttlichet al.
(2002) noticed an abundance of Phialophore-like species (now
known as Cadophora; G. 5. de Hoog et al.,, unpublished data)
in cold tap water. Cadophora species are clinically insignificant
and have never been reported to cause human or animal in-
fections. At high water temperatures, Exophiala species are
prevalent. Matos et al (2002, 2003) and Sudhadham et al.
(2008) noted the very regular presence of Exophiala dermatitidis
and Exophiala phaeomuriformis in steam baths. Matos et al.
(2002) noticed small differences in ecological preferences of
the two species: E. dermatitidis occurred in steam rooms,
whereas E. phaeomuriformis was mostly encountered in the
warm but less extreme environments of adjacent halls and
bathrooms. This matched with physiclogical differences: E.
dermatitidis tolerates higher temperatures, while the produc-
tion of extracellular capsules (Yurlova & de Hoog 2002) also
enhances its adhesion to smooth plastic surfaces and tiles of
steamn rooms. These properties are less pronounced in E.
phaeomuriformis. The results of our worldwide screening
revealed that domestic dishwashers represent anctherimpor-
tantextreme habitat for these species that was overlooked un-
til recently. Roughly one-third of sampled dishwashers was
infested mostly with one of the two Exophiala species. The wa-
ter hardness (Tables 2, 3) seems to have an important role in
the persistence of E. dermatitidis and E. phaeomuriformis in
dishwashers. The majority of isclates of both species were
found in medium hard (E. dermatitidis: 59 %, n =19; E. phaeo-
muriformis: 75%, n=19) and hard water areas (E. dermatitidis:
22%, n=7; E. phaeomuriformis: 25 %, n =3). In areas with soft
water only E. dermatitidis was found, representing 20 %
(n=86) of all isclates of this species. Karuppayil & Szaniszlo
(1997) found that the concentration and availability of Ca’-
ions can influence the growth form in E. dermatitidis and sup-
posedly also its virulence. Lower Ca' concentrations favoured
the non-polarized, muriform growth type, matching the inva-
sive form of black fungi in human chromoblastomycosis,
whereas higher concentrations promoted polarized growth
such as the development of hyphae or budding cells.

The high prevalence of the two Exophiala species can be
explained by their remarkable thermotolerance, halotolerance
and pH tolerance (Table 5), the combination of which has pre-
viously not been observed in fungi They could therefore be
classified as polyextremotolerant microorganisms, in accor-
dance with Bowers et al. (2009). These authors use the term
“polyextremophiles” for anaerobic Bacteria and aerobic
Archaea from African alkaline and hypersaline lakes that are
able to grow optimally at elevated salt concentration (between
3.7and 43 MNa'), alkaline pH (above pH 9.5), elevated temper-
atures (between 46 and 66°C) (Bowers et al. 2009). Active
growth for Exophiala was recorded with up to 47 °C, in a pH
range between 2.5 and 12.5, and with up to 17 % NaCl salinity.
The latter is im portant for survival of osmeotic stress during the
dry periods in the dishwasher, as well as during washing when
a high concentration of salt is added to prevent accumulation
of calcarecus deposits in the machine. The black yeasts under
adverse conditions are able to produce an extremotolerant

ecotype, expressed as meristematic, heavily melanised muri-
form cells. This was also the prevailing meorphology exhibited
on the rubber sealing of the examined dishwashers (Fig 1). It
seems that the muriform phenotype in dishwashers is a result
of multiple stress factors, such as changing pH (from 6.5t0 9.5
in awashingcycle), alternation of dry and wet periods, low and
high salinity and increase of temperature from 10 to 80 °C, all
experienced cyclically, according to the frequency of usage.

Thermophilic members of Exophiala and related genera are
frequently encountered as agents of human disease, both in
compromised and in otherwise healthy hosts. Both species
identified, but particularly E. dermatitidis, have a significant
opportunistic potential In our study E. dermatitidis and
E. phaeomuriformis were consistently found in dishwashers in-
dicating a preferred habitat Special attention to this habitat
has to be paid particularly in hospital wards with immuno-
compromised patients. Wet rooms are also a likely source of
contamination of the lungs of patients with cystic fibrosis,
where E. dermatitidis, and to a lesser extent E. phaeomuriformis
are regular colonizers (Haase et al. 1990). Although there were
so far no reports on the infection of healthy humansin house-
holds using dishwashers, the potential hazard they represent
should not be overlocked. Based on a screening of 2300 sam-
ples of faeces from humans with and without underlying dis-
ease revealed that E. dermatitidis is present in 0.5 % of the
samples (de Hoog et al. 2005).

The genotype A of E. dermatitidis (Matos et al. 2003, match-
ing genotype [ of Ujjthof et al. 1998) was prevalent in ourstudy,
comprising 67 % of strains of this species isolated. This is the
most common genotype, with an apparent higher infective
ability than genotype B, judging from the number of isolates
from systemic disease as well as intestinal prevalence (Hir-
uma et al. 1993; de Hoog et al. 2005). Several genotypes may
be found in a single dishwasher. MSP-PCR fingerprint data
suggest that occasional recombination takes place (Fig 3), al-
though telecmorphs are not known in this species.

The dishwasher habitat enriches a limited biota of polyex-
tremotolerant fungi Mixed biofilms formed on the rubber
seals of dishwashers are rich in excreted polymeric sub-
stances (EPS). These EPS have multiple roles in the protection
of the microbes. They provide a hydrated matrix that regu-
lates the passage of ions from the neighbouring environment,
prevents mechanical damage and increases heat resistance of
microorganisms, whether the embedded microbe is in its hy-
drated state or inits dry form (Sterflinger 1998). The presence
of such fungi in dishwashers increases the risk of infection
through tableware or otherwise.

The ability of opportunistic fungi to survive near-boiling
temperatures needs special attention. Amongst them black
yeast represent a potential threat, due to their ability to con-
vert into extremotolerant meristematic forms [Karuppayil &
Szaniszlo 1997; Sterflinger 1998). The black yeast genus Exo-
phiala, particularly E. dermatitidis and E. phaeomuriformis
show a surprising combination of merstematic morphology,
thermotolerance and opportunistic pathogenic behaviour.
Their human association has been documented in colonisa-
tion of the lungs of patients with cystic fibrosis and occurrence
as causative agents of neurotropic disseminated infections
(Hiruma et al. 1993; Machouart et al. 2011), particularly in
East Asia (Sudhadham et al. 2008).
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In conclusion we have shown that dishwashers are among
househeld machineries that provide a specific habitat for pol-
yextremotolerant, potentially human pathegenic fungi The
co-existence of different genotypes of the same species possi-
bly enables genetic recombination resulting into new geno-
types with unknown pathogenic potential. Knowing that
these fung coinhabit our homes, further research is impera-
tive as only this could reveal, whether the presence of
E. dermatitidis inside our households poses any threat to hu-
man health.
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2.1.2 Pomivalni stroji zagotavljajo selektivno ekstremno okolje za oportuno patogene,

kvasovkam podobne glive

Naslov v originalnem jeziku: Dishwashers provide a selective extreme environment for

human-opportunistic yeast-like fungi

Avtorji: Ramazan Gumral, Betil Ozhak-Baysan, Aysegiil Timgor, Mehmet Ali Saracli,
Sinasi Taner Yildiran, Macit Ilkit, Jerneja Zupanci¢, Monika Novak Babi¢, Nina Gunde-

Cimerman, Polona Zalar, Sybren de Hoog

Objavljeno v: Fungal Diversity, 2015, letnik 76, Stevilka 1, strani 1-9.

POVZETEK

Urbano zivljenje je proizvedlo umetna okolja, ki iz mikrobioloSkega stalis¢a zagotavljajo
ekstremne Zivljenjske pogoje. Mnogi mikroorganizmi kot so npr. termofilni predstavniki
¢rnih kvasovk iz rodu Exophiala, se v takih okoljih lahko razmnozijo. V pomivalnih strojih
se na tesnilu vrat ter v stoje¢i vodi v notranjosti Stroja neprestano kopicijo Stevilne ¢rne,
bele in rdeCe kvasovke. Mnoge od njih so predvsem znane kot povzrociteljice
oportunistiénih okuzb pri ¢loveku. V preglednem ¢lanku so podatki iz literature podprti S
Studijo, ki vkljucuje 937 gospodinjstev iz 15 mest v Tur¢iji. Glive so bile najdene v 265
vzorcih (28,3 %). Z uporabo sekvenciranja rDNA regije so bile kot najpogostejse
identificirane vrste Exophiala dermatitidis (n = 116), Candida parapsilosis (n = 44), E.
phaeomuriformis (n = 35), Magnusiomyces capitatus (n = 22), Rhodotorula mucilaginosa
(n = 15) in Clavispora lusitaniae (n = 14). V c¢lanku je povzeta tudi vloga pomivalnih

strojev pri prenosu gliv na ljudi.
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Dishwashers provide a selective extreme environment
for human-opportunistic yeast-like fungi
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Abstract Urban life has led to the creation of human-made
environments that, from a microbiological perspective, pro-
vide extreme life conditions. Certain non-ubiquitous micro-
organisms such as thermophilic members of the black
veast genus Exophiala are enriched within these habitats
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for which no counterpart is known in nature. Dishwashers
consistently accumulate a number of specific black, white
and red yeasts on the rubber seals of doors and in stag-
nant water at the interior. Several of these yeasts are pr-
marily known as agents of human opporunistic infections.
In this review, the literature data are supported by a
screening study involving 937 households in 15 cities in
Turkey. Fungi were detected in 230 samples (24.5 %).
Using rDNA sequencing, the prevalent species were identified
as Exophiala dermattidis (n=116), Candida parapsilosis
(n=44), E. phaeomuriformis (n=35), Magnusiomyces
capitatus (n=22), Rhodotorula mucilaginosa (n=15), and
C. lusitaniae (n=14). The possible role of dishwashers in
transmitting disease is discussed.

Keywords Candida parapsilosis - Exophiala -
Extremophile - Indoor environment - Magnusiomyces
capitatus - Opportunistic pathogen

Introduction

Daily life in urban settings takes place in human-made envi-
ronments, which often have no identifiable counterpart in na-
ture. Many ofthese environments, which can be considered as
microbiologically extreme, provide artificial habitats to a lim-
ited number of fungi whose natural niche is often unknown.
The airborne fraction of this fungal flora is associated with a
wide range of adverse health effects, including infectious re-
spiratory disease, toxicity, and allergy (Méheust et al. 2014).
Less is known about health risks of fungi in wet cells such as
bathing facilities and kitchen equipment, which are character-
ized by (i) high and low temperatures, (i) elevated salt con-
centrations, (iii) acidic and basic conditions, and (iv) toxicity,
along with (v) low nutrient availability. Fungi that are
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particularly selected by such complexes of stress factors have
been referred to as ‘polyextremotolerant” (Gostinéar et al.
2011).

Zalar et al. (2011) and Dogen et al. (2013a) observed that
the thermophilic black veasts Evophiala dermatitidis and
E. phaeomuriformis show widespread colonization in the rub-
ber seals of household dishwashers. The dishwasher environ-
ment is particularly unique in providing conditions of high
temperature and alkalinity. Black yeasts have long been
known as colonizers of wet human-made environments such
as humidifiers (Nishimura and Miyaji 1982), private (Dogen
et al. 2013a; Lian and de Hoog 2010) and public (Nishimura
etal. 1987) bathing facilities, Turkish steam baths and Finnish
saunas (Matos et al. 2002; 2003). These and other members of
Exophiala are also known from other habitats, which are all
human-made, such as creosoted railway sleepers (Dogen et al.
2013b; Gumral et al. 2014; Sudhadham et al. 2008), and are
otherwise known as opportunistic pathogens on healthy or
compromised humans (de Hoog et al. 2000; Matsumaoto
et al. 1993; Woo et al. 2013; Zeng et al. 2007). The latter
behavior is underlined by the regular finding of opportunistic
Candida species and Magnusiomyces capitatus, for which no
natural habitat is known either.

In the present paper, we review recent findings demonstrat-
ing that dishwashers provide an extreme and unique environ-
ment for selected opportunistic fungi, particularly for thermo-
philic black and white veasts (Dogen et al. 2013a; Zalar et al.
2011). The conclusions were verified by a screening study
involving 937 households in 15 cities in Turkey. We also
verified the results of previous reports demonstrating differ-
ences in fungal prevalence with hardness of municipal waters
across the households studied.

Materials and methods
Sample area

We collected samples from 15 cities in Turkey ( Adana, Ankara,
Antalya, Burdur, Erzurum, Eskigehir, Gaziantep, Isparta,
Istanbul, Izmir, Kahramanmarag, Kars, Osmaniye, Sivas, and
Sanlurfa) during the study period of June to August 2013, The
types and characteristics of water in these cities, including the
elements naturally found in water, are presented in Table 1. All
water samples were free from nitrite and ammonia, allowing
the water to be drinkable. The study protocol was reviewed and
approved by the Ethic’s Committee of Giilhane Military
Medical Academy, Ankara, Turkey.

Sample collection

A total of 937 samples were collected from dishwashers in
different urban private dwellings. The samples were obtained

‘ﬂ Springer

using sterile cotton swabs moistened with sterile physiological
saline. The insides of the invaginations of the rubber seals
located on the folding doors of each dishwasher were
swabbed, as described by Zalar et al. (2011). Samples were
transported in sterile tubes and inoculated onto malt extract
agar (MEA; Oxoid; Basingstoke, UK. ) culture plates contain-
ing 100 pg/ml chloramphenicol (Sigma; Steinheim,
Germany). The plates were incubated at 37 ®C and monitored
daily for up to 21 days for evidence of fungal growth. Strains
with slow, veast-like growth, either white, black or red, were
selected for further study.

DNA extraction, PCR, and molecular analysis

DNA extraction and PCR amplification were performed as
described previously (Turin et al. 2000). The ribosomal
DNA (rDNA) sequences spanning the internal transcribed
spacer (ITS) region were amplified with the universal fungal
primers ITS1 and ITS4 using an Applied Biosystems PRISM
3130XL Genetic Analyzer (Refgen Biotechnology; Ankara,
Turkey). CAP contig assembly software included in the
BioEdit Sequence Alignment Editor software version 7.0.9.0
was used to edit the sequences (Hall 1999). The assembled
DN A sequences were examined using the BLAST
(nucleotide-nucleotide) software program from the National
Center for Biotechnology Information (National Institutes of
Health; Bethesda, MD, US.A.).

Genotyping Exophiala isolates

Sequences were aligned with ClustalW (Tanura et al. 2011)
and compared through neighbor-joining phylogenetic tree
analyses using the Molecular Evolutionary Genetic Analysis
(MEGA) version 5.05 software package (www.megasoftware.
net). Genotype indications of E. dermatitidis (A, B, C)and E.
phaeomuriformis (1, 2) were made according to Zalar et al
(2011). The genotypes were compared using the local CBS
research database (www.cbs_knaw.nl/collections) containing
approximately 10.000 black yeast sequences.

Physiology

All veast isolates were tested for several growth characteris-
tics. First, thermotolerance tests were performed in 96-well
microtiter plates containing 300-pl malt extract broth (MEB)
inoculated with 10 pl of a cell suspension in each well. The
plates were then incubated at 5, 10, 40,42, 45, and 47 °C. The
growth in the media samples was assessed daily for 2 weeks.
Visual and spectrophotometric readings were performed at
450 nm using a Thermo Scientific Multiskan™-GO
Microplate Spectrophotometer (Vantaa, Finland). The toler-
ance atpH 2.5, 4, 10, and 12.5 was assessed in the MEB using
appropriate amounts of 0.1 M HCI and 0.1 M NaOH.
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lable 1 Water charactenstics of the study areas in Turkey

City Water type pH Total hardness (FF)  Ca(mgD Mg(mgT NO3I (mgD Cl(mgT  Na(mgT K (mg/T)
Adana Hard 8.1 2238 51.75 2294 0.5 0.05 21.63 015
Ankara Soft 7.63 9.41 26.88 653 0.3 0.01 9.09 0.06
Antalya Very hard 768 3748 121.85 17.04 31 0.04 34.14 018
Burdur Medium hard  7.532 1031 36.96 259 33 0.06 12.04 016
Ermurum Medium hard 768 1882 5254 13.57 83 0.05 17.95 0.1s
Eskisehir Very hard 79 312 48.05 46.62 1 0.04 30.16 013
Gaziantep Medium hard 7.6 13.06 48.56 223 0.6 0.04 12.62 0.04
Isparata Medium hard 854 1509 3149 17.53 0.8 0.01 14.52 0.09
Istanbul Medium hard 7.8 13.69 47.92 415 0.5 0.02 1323 012
[zmir Medium hard  7.94  17.18 4632 13.6 1.7 0.05 16.24 012
Kahramanmaras ~ Medium hard 833 1924 4837 17.36 0.7 0.04 18.59 01
Kars Medium hard ~ 7.71 18.02 533 114 1.1 0.05 17.41 0.11
Osmaniye Medium hard 832 1467 3742 1291 0.4 0.05 14.81 0.07
Sivas Medium hard 802 18356 60.24 85 0.3 0.05 17.94 011
Sanhurfa Medium hard 814 166 43.08 14.16 1.3 0.06 1541 013

Halotolerance was assessed in MEB supplemented with 5, 10,
or 17 % NaCl {w/v). Tolerance to 100 pg/ml cycloheximide
(Sigma) was also tested on MEA (Dogen et al. 201 3a; Gumral
et al. 2014; Zalar et al. 2011).

Results

Of the 937 dishwasher samples, 230 (24.5 %) were positive for
fimgi, including 116 black yeasts, 79 non-black veasts, and 35
polyfiingal populations of black and non-black veasts, at a selec-
tive temperature of 37 *C. From a total of 265 veasts, Exophiala
dermatitidis was the most common species (43.8 %) identified,
tollowed by Candida parapsilosis (16.6 %), E. phaeomuriformis
(13.2 %), M. capitatus (8.3 %), Rhodotorila mucilaginosa
(5.6 %), C lusitamiae (5.3 %) (Fig. 1), other Candida species
(6.4 %), Trchosporon asahii (0.4 %), and Yarrowia lipolwica
(0.4 %). Exophiala dermaritidis isolates were identified accord-
ing genotypes A (n==86), B (n=20), and C (»=10). Isolates of 19
E. phaeomuriformis were assigned to genotype 1, and 16 isolates
were assigned o genotype 2 (Table 2). The Exophiala isolates
grew on MEA within 3—7 days, and the remaining yeast isolates
grew within 1-3 days. The presence of black veasts in dish-
washers was not correlated with (1) the type or age of the dish-
washer, (ii) its cleanness, (iii) or the type of detergent used.
Black yeasts were detected in isolates from all 15 cities, while
non-black yeasts were identified in solates from 7 out of 15
cities. Prevalence of black veasts according to water hardness
was 30 % m soft, 0-36.7 % in medium hard, 7 % in hard, and
9-28 % in very hard water Genera of non-black veasts were
identified in 19 % in soft, 44625 % in medium hard, and
20% of very hard water, while there were no data for fungi from
areas with hard water. We also compared the prevalence ofblack

and non-black yeasts among the 7 cities where both types of
veasts were detected. The black yeast prevalence was found to
be higher (15.6-30 %) in 4 cities ( Ankara, Eskisehir, Isparta, and
Istanbul) compared to that of non-black yeasts (4-20 %). In
contrast, the prevalence of non-black yeasts was higher
(43.3-62.5 %) in the remaining 3 cities (Erzurum, Sivas, and
Kars) than that of black yeasts (28-36.7 %). Candida
parapsilosis was detected in all 7 cities, while M. capitatus and
R. mucilaginosa were identified in 5 out of 7 cities (Table 2).

Exophiala dermatitidis genotype A and £, phaeomuriformis
genotype 1 strains grew at temperatures ranging from 5 to
47 °C, at pHs ranging from 2.5 to 12.5, and tolerated
cycloheximide and 5-17 % salinity (Table 3).

A selection of the study isolates were deposited at the CBS-
KNAW Fungal Biodiversity Centre, Utrecht, The Netherlands.
In addition, the ITS rDNA sequences of these isolates were
deposited in GenBank (Table 4).

Discussion

Dishwashers represent a selective environment favoring the
growth of a small number of stress-tolerant fungi. Zalar et al.
(2011) conducted the first global screening of dishwasher fun-
gal communities and identified 120 strains representing 14
genera. A high prevalence of fungi (61.9 %), particularly
black yeasts (28 %), was noted. Later studies yielded fungi
in 17.7 % of the samples (Dogen et al. 201 3a), while in the
present study, 24.5 % of dishwashers were positive for the
presence of yeast-like species. Previous data also revealed
the consistent presence of a fungus that is not commonly en-
countered in the environment, M. capitatus (Dogen et al.
2013a; Zalar et al. 2011), with rates of prevalence similar to
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Fig. 1 a swab sampling — Exophiala dermaritidis and Magnusiomyces
capitatus; b E. dermatitidis, E. phaeomuriformis, Candida parapsilosis,
and Rhodotorula mucilaginosa; ¢ pure culture — E. dermatitidis; d swab

those observed in the present study (16.6 and 8.3 %, respec-
tively). The prevalence of black yeasts in the study of Dogen
et al. (2013a) conducted in Turkey was 15.2 %, while in the
present analysis, conducted across a wider geographic range,
it was 16.1 %. Zalar et al. (2011) noted that the frequency of
black yeasts in dishwashers varied among countries. Indeed,
in the present study, we recovered the highest rate of black
yeasts (36.7 %) in Sivas, whereas we did not identify any
black yeast in Gaziantep (Table 2). At a regional scale, how-
ever, the presence of fungi, and the relatively large proportion
of chaetothyrialean black yeasts, appears to be relatively
consistent

Furthermore, the species composition of the dishwasher
fungal biota also appears to be rather consistent. In order to
verify this consistency, we investigated the presence of fungi

4 Springer

sampling ~ E. dermatitidis; e swab sampling —~ C. parapsilosis,
R. mucilagi and C. lusii f E. dermatitidis, E. phaeomuriformis,
ilosis, R. mucilag ,and C. Jusi (16> magnification)

C. pargy

in household dishwashers from 937 samples of private
dwellings across 15 cities in Turkey. As in preceding studies,
the thermophilic black yeasts E. dermatitidis and
E. phaeomuriformis were found at high frequency,
C. parapsilosis and M. capitatus were also repeatedly recov-
ered. Most notably, R. mucilaginosa and C. parapsilosis were
isolated from water sources, also some species from genus
Exophiala are known to be waterborne such as
E. oligosperma, E. lecani-cornii, and E. mesophila (de Hoog
et al. 2011; Heinrichs et al. 2013; Shaker and Sharif 2012).
The rest of the identified white yeasts are neither members of
the common environmental saprobic biota nor the airborne
fraction of indoor biota (Samson et al. 2010). For example,
M. capitatus was found only once in heated wood pulp, with
an unconfirmed report from a hollow tree trunk (Randhawa
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Table 3
and salinity concentrations

Growth charactenstics of Exophiala species, Candida parapsilosis, and Magnusiom yees capitaius isolates at various temperatures, pH valoes,

Strains ( number) Temperatures pH values Growth on MNa(l Cycloheximide
5°C W= 15°C 42°C 45°C 47°C 25 4 10 125 5% 0% 17 %

E. dermaiitidis (n=116)
Genotype A (n=69)  65/69 + + + + o469+ + + o+ 6569 6369 6369 +
Genotype A2 (h=9) &9 + + + + + + + o+ + + + +
Genotype A3 (n=8) + + + + + + o+ o+ o+ + + + +
Genotype B (n=20) 17/20 + + + + 1920 + + + o+ 1920 1920 1920 +
Genotype C (n=10)  + + + + + + + + o+ + + + +

E. phacomuriformis (n=35)
Genotype 1 (n=19) 1719 1719 + + 1819 1619 + + + o+ + + 1719+
Genotype 2 (n=16)  15/16  + + + 1516 1416 + + + o+ + + 1516 +

et al. 2001), while all remaining known strains of this species
originated from human patients (de Hoog 2014b; de Hoog and
Smith 2004).

There is some resemblance of dishwasher biota to that of
bathing facilities, particularly with respect to the frequent iso-
lation of black yeasts (Lian and de Hoog 2010). Exophiala
dermatitidis has also been recovered from hot springs
(Sudhadham et al. 2008), however Sudhadham et al. (2008)
proposed a natural life cycle for E dermatitidis that included
intestinal passage in frugivorous tropical animals.

Rhodotorula species are a known part of indoor wet cells,
which are characterized by intermittent humidity and high
temperature, with nutrient depletion as a constant factor. The
natural habitat of C. lusitaniae and C. parapsilosis is enigmat-
ic; they have occasionally been found in sugary environments
such as fruits, but are otherwise associated with mammals,
either as opportunists or as intestinal colonizers (Kurtzman
etal 2011).

The relative enrichment of the above black and white
veasts in the dishwasher environment provides clues into

Iable 4 CBS and GenBank

accession numbers (ITS rDNA solate Sampling area CBS no. GenBank accession

sequences) for the selected study Mo (ITS rDNA)

isolates
E. dermaiitidis genotype A Osmaniye 139110 KPG5SEE32
E. dermaritidis genotype A2 Kahramanmarag 139113 KPGSEE3S
E. dermaritidis genotype A3 Izmir 139114 KPGSEE3G
E. dermaiitidis genotype B Burdur 139117 KPGSEE39
E. dermaritidis genotype C Adana 139120 KPGSEE42
E. phasomuriformis genotype 1 Antalya 139124 KPGSEEAG
E. phacomurijformis genotype 2 Isparta 139127 KPGSEE49
C. guilliermondii Kars 139.39 KP65EES ]
C. inconspicua Sivas 139 38 KPGSEES2
=, intermedia Sivas 139.37 KP638853
~. kefir Ermurum 13936 KP658854
”, krusei Istanbul 139.35 KPGSEESS
C. lusitaniae Ermurum 13934 KPGSEES6
C. parapsilosis Kars 13947 KPGSEEST
C. mopicalis Eskigehir 139.33 KPGSEESR
M. capitatus Ankara 139.32 KPGSEES0
R. mucilaginosa Istanbul 139.31 KPGSEEO0
T asahii Ankara 13948 KP65EEG]
¥ lipolviica Ermurum 13930 KPGSEEG2

CBS Centraalbureau voor Schimmelcultures

41 springer
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some of the factors that are essential for their colonization.
Chaetothyrialean black yeasts show (i) thermotolerance
(=42 °C), (i1) acidotolerance (pH<3), (iii) alkalitolerance
(pH=9), (iv) halotolerance (NaCl=10 %), and (v) tolerance
of oxidative stress and harsh detergents (Dogen et al. 2013a,
2013b; Zalar et al. 2011). Fungi that colonize harsh environ-
ments mostly have low competitive ability against ubiquitous
saprobes. For example, the predominant fungus in dish-
washers, the black yeast E. dermatitidis, has been found in
other hostile habitats such as on creosoted railway sleepers
(Dogen et al. 2013b; Gumral et al. 2014; Sudhadham et al.
2008).

The veastlike fungi isolated from dishwashers rubber
seals were shown to be tolerant to a wide range of tem-
peratures, pH levels, and salt concentrations, indicating a
degree of ‘polyextremotolerance’ (Gostincar et al. 2011),
which is rarely observed in other classes of fungi
(Table 3). In agreement with previous reports (Dogen
et al. 2013a; Zalar et al. 2011) we observed active growth
of E. dermatitidis and E. phacomuriformis at 547 °C,
across a wide pH range (2.5-12.5) and at up to 17 %
NaCl, with tolerance to cycloheximide (Table 3). We recov-
ered genotype A of E. dermaiitidis more frequently than ge-
notypes B and C, with a ratio of 8.6:2:1. Genotype A of
E. dermatitidis is known to be more successful at entering
urban environments (Dogen et al. 2013a; Sudhadham et al.
2008; Zalar et al. 2011) and in infecting patients. This geno-
type shows the highest pulmonary colonization rate in human
patients with cystic fibrosis (Kondori et al. 2011; Packeu et al.
2012), and caused fatal cerebritis in immunocompetent adults
in East Asia (de Hoog et al 2000; Matsumoto et al. 1993). A
recent review noted that in nearly 40 % of patients with
E. dermatitidis systemic infections the underlying risk factors
remain unknown (Patel et al. 2013). E. phaeomuriformis has
been observed in deep infections (Zeng et al. 2007), and long-
term E. phaeomuriformis colonization in the lungs of cystic
fibrosis patients has been reported (Packeu et al. 2012).

The prevalent white yeasts in dishwashers, such as
C. parapsilosis, M. capitatus, and C. lusitaniae, are almost
exclusively known from clinical settings. Members of the
C. parapsilosis species complex, ie., C. parapsilosis sensu
stricto, C. metapsilosis, and C. orthopsilosis, are important
nosocomial opportunists, representing the second most com-
mon cause, after C. albicans, of fungemia in immunocompro-
mised patients. They also have a marked ability to produce
biofilms (Bonfietti et al. 2012; Ruiz et al. 2013), entering the
host via cathethers and prosthetic materials. The predomi-
nance of C. parapsilosis s. st. in dishwashers is consistent
with its prevalence in human infections. This species has also
been reported in fruit juices (Maciel et al. 2013) and in the
fecal samples of synantropic wild birds (Lord et al. 2010). It
was regularly isolated from water sources (Pires-Gongalves
et al. 2008) and from residential surfaces (Adams et al.

2013). Latest research revealed that C. parapsilosis s. str. is
not only consistently present on dishwasher rubber seals but
also inhabits the interior of washing machines, presenting a
possible route of infection (Novak-Babié et al. 2015).
Candida lusitaniae was also recovered from the soil of parks,
schools, and kindergarten recreational areas (Wojcik et al.
2013), and from decaying wood in tree trunk hollows
(Randhawa et al. 2001). It is a very rare (~1 %) cause of
candidemia in patients with hematological malignancies
(Atkinson et al. 2008). In the present study, we recovered
C. lusitaniae (5.2 %) as the sixth most common fungus dwell-
ing in dishwashers, while Zalar et al. (2011) have not recorded
it at all.

Magnusiomyces capitatus is pnimanly associated with pul-
monary infections in leukemic patients (Garcia-Ruiz et al.
2013; Girmenia et al. 2005), and has been occasionally isolat-
ed from patients with oral infections (Hattori et al. 2007).
Magnusiomyces capitatus is phylogenetically and phenotypi-
cally closely related to Saprochaete clavara. These two spe-
cies are often misidentified (Desnos-Ollivier et al. 2014). All
strains but one, which was confirmed to be M. capitarus, from
Zalar et al. study (2011) were later identified as S. clavata
(Vaux et al. 2014). In 2012 in France an outbreak of rapidly
fatal cases of invasive fungal infections due to 5. clavata was
reported and no common infection source has been confirmed
(Vaux etal. 2014). Although it is known that this species can
be transmitted via contaminated medical devices (Ersoz et al.
2004) or can be associated with dairy products (Gurgui et al
2011). It appears that this newly recognized emerging patho-
gen can survive dishwasher conditons. A detailed taxonomic
study is necessary to ascertain inasmuch the teleomomh spe-
cies Magnusiomyces capitata and the anamomph Saprochaete
clavata tly belong to different species or whether a single,
variable complex is concerned.

The fact that uncommon opportunists, some of which are
hardly known outside humans, are enniched by the dishwasher
environment provides insight into the ecological preferences
of these organisms. Given their wide range of resistance to
divergent stressors, combined with their consistent occurrence
in human hosts, it may be hypothesized that dishwashers, and
other human-made environments provide enrichment condi-
tions for these fungi. The fact that only a very small fraction of
all known opportunists (de Hoog et al. 2014a) is found in the
dishwashers indicates that ‘polyextremotolerance’ is not a
general prerequisite for opportunism. Rather, a common col-
onization history from an as-yet-unrevealed source seems
likely. After enrichment in the dishwasher, with up to
10° CFU/cm® of dishwasher rubber seal (N. Gunde-
Cimemnan, personal communication) human hosts might be
contaminated via fungus-loaded aerosols that are liberated
when opening the dishwasher, via traumatic inoculation or
repeated contact with contaminated surfaces. To date, there
15 no hard evidence supporting these transmission routes.
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Gostincar et al. (2011) speculated that the highly variable
and stressful environment of the dishwasher may generate
evolutionary adaptation. The possibility is not excluded that
such increased stress-tolerance would consequentially en-
hance the fungus’ opportunistic ability in the human host.
However, since this evolution takes place outside the human
hosts, it does not necessarily increase fungal virulence.
Whether or not change takes place, data should be compared
of the entire life cycle with habitat jumps. Currently, environ-
mental data on the dishwasher biota mainly concem artificial,
i.e., human-dominated habitats, while their behavior in natural
settings remains unknown. Although previous studies ofblack
yeast-like fungi in groundwater (Géttlich et al. 2002;
Heinrichs et al. 2013) did not list E. dermatitidis amongst
isolates, E. dermatitidis has recently been found in
groundwater-derived municipal drinking water networks in
Slovenia (Novak Babié¢ et al. submitted), which suggests a
closed route from nature to dishwasher. At this point in time
health risks for human patients remain difficult to estimate.
Intuitively, for severely immunocompromised patients, dish-
washers may convey a risk that is comparable or due to higher
infection doses even higher to that of bathing facilities
(Anaissie et al. 2001).

Acknowledgments The authors would like to thank Associate
Professor Aylin Dogen for conducting the physiological analysis. The
muthors would also like to thank the staff of the CBS-KNAW Fungal
Biodiversity Centre collection service, specifically, Mrs. Trix Merkx,
Mrs. Marizeth Groenewald, and Mr. Gerard Verkleij, for processing
several of the fingal isolates.

Competing interests
nterests exist.

The authors declare that no competing

References

Adams RI, Miletto M, Taylor JW, Bruns TD (2013) The diversity and
distribution of fimgi on residential surfaces. PLoS One (11 e TEE66

Anaissie EJ, Kuchar BT, Rex JH, Francescom A, Kasai M, Miller FM,
Lozano-Chiu M, Summerbell RC, Dignani MC, Chanock SJ, Walsh
TJ (2001) Fusariosis associated with pathogenic Fusarum species
colonization of a hospital water system: a new paradigm for the
epidemiology of opporhmistic mold infections. Clin Infect Dis
33(11 18711878

Atkinson BJ, Lewis RE, Kontoyiannis DP (2008) Candida fusitaniae
fangemia in cancer patients: risk factors for amphotericin B failure
and outcome. Med Mycol 46(6):541-546

Bonfietti LX, Szeszs MW, Chang MR, Martins MA, Pukinskas SR,
Mimes MO, Pereira GH, Paniago AM, Purisco SU, Melhem MS
(2012) Ten-year study of species disribution and antifungal suscep-
tibilities of Candida bloodstream isolates at a Brazilian tertiary care
hospital. Mycopathologia 174(5-6):389-396

de Hoog GS (2014) Ecology and phylogeny of black yeast-like fimgi:
diversity in unexplored habitats. Fungal Divers 65:1-2

de Hoog GS, Smith MT (2004) Ribosomal gene phylogeny and species
delimitation in Georichum and its teleomorphs. Stud Mycol 50:
480-515

@ Springer

de Hoog GS, Queiroz-Telles F, Haase G, Femandez-Zeppenfeldt G,
Attili-Angelis D, Gerits van den Ende AH, Matos T, Peltroche-
Llacsahuanga H, Pizzirani-Kleiner AA, Rainer J, Richard-Yegres
M, Vicente V, Yegres F (2000) Black fimgi: clinical and pathological
approaches. Med Mycol 38(suppl 1):243-250

de Hoog G5, Vicente VA, Najafzadeh MJ, Hamak MJ, Badal H,
Seyedmousavi S (2011) Waterbome Exophiala species cansing dis-
ease in cold-blooded animals. Persoonia 27:46-72

de Hoog GS, Guarro I, Figueras MJ, Gené J. Atlas of Clinical Fungi: The
Ultimate Benchtool for Diagnostics (20 14a) 4th CD-ROM ed. CBS-
KMNAW Fungal Biodiversity Centre, Utrecht/Universitat Rovira i
Virgili, Reus

Desnos-Ollivier M, Blanc C, Garcia-Hermoso D, Homard D, Alamo A,
Dromer F (2014) Misidentification of Saprochaere clavaia as
Magnusiomyees capitatus in clinical isolates: utility of intemnal tran-
scribed spacer sequencing and matrix-assisted laser desorption
ionization-time of flight mass spectrometry and importance of reli-
able databases. J Clin Microbiol 52(6):2196-2198

Dogen A, Kaplan E, Oksuz Z, Serin MS, Ilkit M, de Hoog GS (2013a)
Dishwashers are a major source of human opportiunistic yeast-like
fungi in indoor environments in Mersin, Turkey. Med Mycol 51(5):
493-498

Dogen A, Kaplan E, Ikit M, de Hoog GS (2013b) Massive contamination
of Exophiala dermaritidis and E. phaecomuriformis in rallway sta-
tions in subtropical Turdkey. Mycopathologia 175(5-6):381-386

Ersoz G, Otag F, Eruran Z, Aslan G, Kaya A, Emekdas G, Sugita T
(2004) An outhreak of Dipodascus capitams infection in the ICU:
three case reports and review of the literature. Jpn J Infect Dis 57(6):
248-252

Garcia-Ruiz JC, Lopez-Soria L, Olazibal I, Arutio E, Amrieta-Aguirmme 1,
Velasco-Benito V, Ponton J, Momgues MD (2013) Invasive infec-
tions caused by Saprochaeie capitaia m patients with haematologi-
cal malignancies: report of five cases and review of the antifungal
therapy. Rev Theroam Micol 3004):248-255

Girmenia C, Pagano L, Martine B, D"Antonio D, Fanci R, Specchia G,
Melillo L, Buelli M, Pizzarelli G, Venditti M, Martino P, GIMEMA
Infection Program (2005) Invasive infections caused by
Trichosporon species and Georrichwm capitanen in patients with
hematological malignancies: a retrospective multicenter study from
Italy and review of the literature. J Clin Microbiol 43(4):18 18- 1828

Gostinéar C, Grube M, Gunde-Cimerman N (2011) Evolution of fungal
pathogens in domestic environments? Fungal Biol 115(10):
10081018

Gattlich E, vand der Lubbe W, Lange B, Fieler S, Melchert I, Reifenrath
M, Flemming HC, de Hoog G5 (2002) Fungal flora in groundwater-
derived public drinking water. Int J Hyg Environ Health 205(4):
269-279

Gumral R, Tumgor A, Sarach MA, Yildwan ST, Ikt M, de Hoog GS
(2014) Black yeast diversity on creosoted railway sleepers changes
with ambient climatic conditons. Microb Ecol 68(4):699-707

Gurgui M, Sanchez F, March F, Lopez-Caontreras J, Martino R, Cotura A,
Galvez ML, Roig C, Coll P (2011) Nosocomial outbreak of
Blastoschizomyces capitatus associated with contaminated milk in
a haematological unit. J Hosp Infect 78(4):274-278

Hall TA (1999) BioEdit: a user-friendly biological sequence alignment
editor and analysis program for Windows 9598 NT. Nucl Acids
Symp Ser41:05-08

Hattori H, Inoue C, Tomita Y, Kanbe T (2007) A case of oral geotrichosis
caused by Geomrichum capitaton in an old patient. Jpn J Infect Dis
GO(5):300-301

Heinrichs G, Hibner I, Schmidt CK, de Hoog GS, Haase G (2013)
Analysis of black fimgal biofilms occurring at domestic water taps.
I: compositional analysis using Tag-Encoded FLX Amplicon
Pyrosequencing. Mycopathologia 1755-6):387-397

Kondori N, Gilljam M, Lindblad A, Jénsson B, Moore ER, Wenneras C
(2011) High rate of Exophiala dermatitidis recovery in the airway of



Novak Babi¢ M. Glive v izbranih gospodinjskih aparatih in njihov prenos iz naravnih okolij. 33
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2016

Fungal Diversity

patients with cystic fibrosis is associated with pancreatic insufficien-
cy. J Clin Microbiol 49(3):1004-1009

Kurtzman CF, Fell W, Boekhout T (2011) The veasts: a toconomic study,
5th edn. Elsevier, Amsterdam

Lian X, de Hoog GS (2010) Indoor wet cells harbour melanized agents of
cutaneous infection. Med Mycol 48(4):622-628

Lord AT, Mohandas K. Somanath 8, Ambu 8 (2010) Multdrug
resistant yeasts in synanthropic wild birds. Ann Clin Microbiol
Antimicrob 9:11

Maciel MO, Pilo FB, Freitas LF, Gomes FC, Johann S, Mardi RM,
Lachance MA, Rosa CA (2013) The diversity and antifungal sus-
ceptibility of the yeasts isolated from coconut water and
reconstituted fruit juices in Brazil. Int J Food Microbiol 160(3):
201-205

Matos T, de Hoog GS, de Boer AG, de Crom I, Haase G (2002) High
prevalence of the neurotrope Exophiala dermatitidis and related
oligorophic black yeasts in sauna faciliies. Mycoses 45(9-10):
373-377

Matos T, Haase G, Gerrits van den Ende AHG, de Hoog GS (2003)
Molecular diversity of oligotrophic and neurotropic members of
the black yeast genus Exophiala, with accent on E. dermatifidis.
Ant Leeuw 83(4x293-303

Matsumoto T, Matsuda T, McGinnis MR, Ajello L (1993) Clinical and
mrycological spectra of Wangiella dermatitidis infections. Mycoses
36(5-6):145-155

Méheust D, Le Camnn P, Reboux G, Millon L, Gangneux P (2014} Indoor
fimgal contamination: health risks and measurement methods in
hospitals, homes and workplaces. Crit Rev Microbiol 40(3):
248-260

Mishimura K, Miyaji M (1982) Smdies on a saprophyte of Exophiala
dermaritidis isolated from a humidifier Mycopathologia 77(3):

173-181
Mishimura K, Miyaji M, Tagochi H, Tanaka R (1987) Fungi in bathwater
and sludge of bathroom drainpipes. 1. Frequent isolation of

Exophiala species. Mycopathologia 97(1):17-23

MNovak-Babié M, Zalar P, Zenko B, Dieroski S, Gunde-Cimerman N
(submitted) Fungi in tap water and groundwater— an overlooked threat?

Novak-Bahié M, Zalar P, Zenko B, Schroers H-I, D#eroski S, Gunde-
Cimerman N (2015) Candida and Fusarium species known as op-
portunistic human pathogens from customer-accessible parts of res-
idential washing machines. Fungal Biol 119 (2-3): 95-113

Packen A, Lebecque P, Rodriguez-Villalobos H, Boeras A, Hendriclox M,
Bouchara JP, Symoens F (2012) Molecular typing and antifangal
susceptibility of Evophigla isolates from patients with cystic fibro-
sis. J Med Microbiol 6 1(P9):1226-1233

Patel AK, Patel KK, Dagi P, Singh R, Shivaprakash MR, Chakrabart A
(2013) Exophiala dermatitidis endocarditis on native aortic valve in
a postrenal transplant patient and review of the literature on
E dermatitidis infecions. Mycoses 56(3):365-372

Pires-Gongalves RH, Sartori FG, Montanan LB, Zaia JE, Melhem MS,
Mendes-Giannini MJ, Martins CH (2008) Occumrence of fungi in
water used at a haemodialysis centre. Lett Appl Microbiol 46(5):
542-547

Randhawa HS, Mussa AY, Khan ZU (2001) Decaying wood in tree tnmk
hollows as a natural substrate for Crpiococcus neoformans and
other yeast-like fungi of clinical interest. Mycopathologia 151(2):
6369

Ruiz LS, Khouri 8, Hahn RC, da Silva EG, de Oliveira VK, Gandm RF,
Paula CR (2013) Candidemia by species of the Candida
parapsilosis complex in children’s hospital: prevalence, biofilm pro-
duction, and antifingal susceptibility. Mycopathologia 175(3-4):
231-239

Samson RA, Hoekstra ES, Fnsvad JC (2010) Introduction to food- and
arbome fungi. CBS-KNAW Fungal Biodiversity Centre, p 389

Shaker KB, Sharif MF (2012) olation and identification of some fungi
from Al-Sader water treatment plant, Baghdad, Irag. Al-
Mustansiriyah J Sci 23:1-12

Sudhadham M, Prakitsin 3, Sivichai 8, Chaiyamt R, Domestein GM,
Menken 3B, de Hoog GS (2008) The neurotropic black yeast
Exaophiala dermatitidis has a possible ongin in the tropical rain
forest. Stud Mycol 61:145-155

Tamura K, Peterson D, Peterson M, Stecher G, Mei M, Kumar 5 (2011)
MEGA 5: molecular evolutionary genetics analysis using max immm
likelihood, evolutionary distance, and maximum persimony
methods. Mol Biol Evol 28(10):2731-2739

Turin L, Riva F, Galbiati GG, Cainelli T (2000) Fast, simple and highly
sensitive double-roumded polymerase chain reaction assay to detect
medically relevant fingi in dermatological specimens. Eur J Clin
Invest 30(6):511-518

Vaux 5, Crscuolo A, Desnos-Ollivier M, Diancourt L, Tamaud C,
Vandenbogaert M, Brisse 5, Coignard B, Dromer F, The
Geotrichum Investigaion Group (2014) Multicenter outbreak of
infections by Saprochaete clavata, an unrecognized oppormistic
fungal pathogen. MBio 5(0):e02309-€02314

Wajcik A, Kumatowski P, Blaszkowska J (2013 ) Potentially pathogenic
yeasts from soil of children’s recreational areas in the city of Lodz
(Poland). Int J Occup Med Environ Health 26(3):477-487

Woo PC, Ngan AH, Tsang CC, Ling I'W, Chan JF, Leung 5Y, Yuen KY,
Lau SK (2013) Clinical spectrum of Exophiala infections and a
novel species, Exophiala hongkongensis. ] Clin Microbiol 51(1):
260-267

Zalar P, Novak M, de Hoog GS, Gunde-Cimerman N (2011) Dishwashers—
a man-made ecological niche accommodating human opporumistic
fimgal pathogens. Fungal Biol 115(10):997-1007

Zeng JS, Sutton DA, Fothergill AW, Rinaldi MG, Harrak MJ, de Hoog
G3 (2007) Spectra of clinically relevant Exophiala species. J Clin
Microbiol 45(11):3713-3720

ﬂ Springer



Novak Babi¢ M. Glive v izbranih gospodinjskih aparatih in njihov prenos iz naravnih okolij. 34
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2016

2.1.3 Oportuno patogene vrste iz rodov Candida in Fusarium izolirane iz

uporabnikom dosegljivih delov pralnih strojev

Naslov v originalnem jeziku: Candida and Fusarium species known as opportunistic

human pathogens from customer accessible parts of residential washing machines

Avtorji: Monika Novak Babié, Polona Zalar, Bernard Zenko, Hans-Josef Schroers, Saso

Dzeroski, Nina Gunde-Cimerman

Objavljeno v: Fungal Biology, 2015, letnik 119, Stevilka 2-3, strani 95-113.

POVZETEK

Omejitve pri porabi energije so spremenile navade potrosnikov pri uporabi gospodinjskih
pralnih strojev. Razviti so bili stroji, ki pri svojem delovanju uporabljajo nizje temperature
pranja, manjSe koli¢ine vode in biolosko razgradljive detergente. Taki pogoji v pralnih
strojih selektivno vplivajo na obogatitev oportunisticno patogenih gliv za ¢loveka.
Osredotocili smo se na izolacijo gliv iz dveh uporabniku dostopnih delov pralnih strojev, ki
pogosto vsebujejo mikrobne biofilme: predali za detergente in tesnila na vratih. Od 70
gospodinjskih pralnih strojev, vzor¢enih v Sloveniji, smo iz 79 % osamili glive. Skupno
smo izolirali 72 sevov, ki pripadajo 12 rodovom in 26 vrstam. Med njimi so glive iz
kompleksov Fusarium oxysporum in Fusarium solani, Candida parapsilosis ter Exophiala
phaeomuriformis skupno predstavljale 44 % vseh izoliranih gliv. Te vrste so sicer poznane
kot oportunisti¢ni patogeni ¢loveka, vendar so pogosto povzrociteljice okuzb koze, nohtov
ter o¢i tudi pri zdravih posameznikih. Analiza strojnega ucenja je pokazala, da so
prisotnost detergentov, mehcalcev ter temperatura pranja kljuéni dejavniki za kolonizacijo
pralnih strojev z glivami. Tri pralne stroje s prevladujo¢im neprijetnim vonjem smo
dodatno analizirali na prisotnost gliv in bakterij. V' teh primerih so bile glive izolirane v
manjSem Stevilu (7,5 %), prevladovale pa so bakterije vrst Micrococcus luteus,

Pseudomonas aeruginosa in Sphingomonas sp.
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Energy constraints have altered consumer practice regarding the use of household washing
machines. Washing machines were developed that use lower washing temperatures,
smaller amounts of water and biodegradable detergents. These conditions may favour
the enrichment of opportunistic human pathogenic fungi. We focused on the isolation of
fungi from two user-accessible parts of washing machines that often contain microbial bi-
ofilms: drawers for detergents and rubber door seals. Out of 70 residential washing ma-
chines sampled in Slovenia, 79% were positive for fungi. In total, 72 strains belonging to

12 genera and 26 species were isolated. Among these, members of the Fusarium oxysporum
and Fusarium solani species complexes, Candida parapsilosis and Exocphiala phaeomuriformis
represented 44% of fungi detected. These species are known as opportunistic human path-
ogens and can cause skin, nail or eye infections also in healthy humans. A machine leam-
ing analysis revealed that presence of detergents and softeners followed by washing
temperature, represent most critical factors for fungal colonization. Three washing ma-
chines with persisting malodour that resulted in bad smelling laundry were analysed for
the presence of fungi and bacteria. In these cases, fungi were isolated in low numbers
(7.5 %), while bacteria Micrococcus luteus, Pseudomonas aeruginosa, and Sphingomonas species
prevailed.
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Introduction

Infections by oppertunistic human pathegenic fungi are be-
coming an increasing health concern all over the world. The
number of patients who are at risk of invasive fungal mycoses
(invasive aspergillosis, candidaemia, cryptococcal meningitis)
is around 12 million (Parkin et al. 2002; Park et al. 2009; Brown
et al. 2012). About 4.8 million patients suffer from allergic
bronchopulmonary aspergillosis (Denning et al. 2013), 12 mil-
lion have allergic fungal sinusitis (To et al. 2012), and 6 million
have fungal eye infections (Lam et al. 2002). About 1 billicn
people around the world suffer from skin, nail, and hair infec-
tions (Vos et al. 2012). At the same time, fungal infections are
increasing as the number of patients suffering from cancer,
AIDS, and autoimmune or chronic diseases increase
(Anaissie et al. 2001).

Water environments in nature represent reservoirs for
a large spectrum of microorganisms. Some of these invade
our homes via the tap-water system (Pereira et al. 2010), and
these can represent a potential health risk, particularly to im-
munocompromised people. Recent studies have shown that
they can also invade water-connected household appliances,
such as washing machines, and dishwashers. Consumer
awareness toward a sustainable use of resources and hazard-
ous chemicals, led also to the development of machines oper-
ating at lowered washing temperatures and with reduced
amounts of water and biodegradable detergents. The selection
of these conditions can promote thermotolerant, oxidative-
stress resistant, and generally stress-tolerant microbes and
may lead to an accumulation of opportunistic human patho-
genic species in equipments and possibly also in other
indoor-environments (Gostincar et al. 2009).

The discovery that dishwashers from residential house-
holds can be colonized with the polyextremotolerant and op-
portunistic human pathogenic black yeast Exophiala
dermatitidis and other potentially pathogenic fungi (Zalar
et al. 2011) received considerable public attention. Although
it had been known already earlier that washing machines ac-
commodate bacteria and fungi in visible and non-visible bio-
films that can often result in malodour of clothes inside
washing machines or laundries in healthcare facilities and
residential homes. Different species of the bacterial genera
Acinetobacter, Bacillus, Clostridium, Corynebacterium, Escherichia,
Micrococcus, Pseudomonas, and Staphylecoccus have been the
most frequently isolated (Robinton et al 1968; Blaser et al.
1984; Smith et al. 1987; Perry et al. 2001; Panagea et al. 2005).
In comparizson, fungi have been reported less frequently and
belonged to genera such as Alternaria, Aspergillus, Candida,
Capronia, Cladesporium, Cryptoceccus, Fusarium, Penicillium, Rho-
dotorula, and Trichosporum (Munk et al. 2001; Hamada 2002;
Gattlen et al. 2010; Kubota et al. 2012; Stapleton et al. 2013).

Further studies have indicated that malodour usually is as-
sociated with the bacterial degradation of various substances
present in detergents (Munk et al. 2001). As washing machine
colonizing microorganisms can also cross-contaminate
clothes during washing cycles, they also present a threat for
humans as they may case cutaneous and other infections
and may lead to the development of nosocomial infections
in hospital environments (Munk et al. 2001; Gattlen et al.

2010). Such nosocomial infections have been reported for
the bacteria Clostridium difficile, Staphylococcus aureus, Klebsiella
pneumoniae, and Pseudomonas aeruginosa (Rozman et al. 2013),
and for dermatophytic fung and yeasts belonging to the gen-
era Microsporum, Trichophyton, and Candida (Shah et al. 1988;
Tanaka et al. 2006).

In the present study, we focused on the presence and di-
versity of fungi that inhabited 70 residential washing ma-
chines in Slovenia. With emphasis on potentially pathogenic
species that have not been studied to date, we sampled easily
accessible plastic drawers for washing powder and softener,
and the rubber door seals. These parts are often covered visi-
bly with persistent, even stained microbial biofilms. As they
are also frequently manipulated by consumers, they require
special attention. Additionally, three of the sampled washing
machines preducing strong malodour persistently, were sam-
pled to identify invelved fungi and bacteria. Isolated fungal
strains were tested for their ability to grow at 37 °C, commer-
clal softener and produce esterases and proteases. Eventually,
we used a machine learning approach for the identification of
the most important factor that supports fungal growth in
washing machines.

Materials and methods
Washing machines sampled

Seventy three residential washing machines were sampled for
fungi, three of these also for bacteria. The mean time of use of
machines was 3.5 y. These washing machines were also used
from once per week to once per day, at 30 °C—95 °C, and were
from different producers and located in different geographical
sites in Slovenia. Samples were taken from the washing pow-
der and fabric softener drawers, and from the rubber door
geals around the washing machine deors (Table 1).

Isolation of fungi and bacteria

Sterile cotton swabs pre-moistened in saline solution (0.9 % w/
vMaCl) were used for taking samples by rubbing the surface of
the drawers and the rubber door seals. These swabs were kept
in sterile tubes and were processed either immediately or
stored at4°C for up to 7 d. Swabs were rubbed over the surface
of malt extract agar (MEA) supplemented with 0.05 gL~ chlor-
amphenicol, and incubated at 25°C and 30 *Cfor up to 7 d. Vis-
ibly developing fungl were then transferred to fresh MEA
plates. All pure cultured fungal isclates were tested for their
ability to grow at 37 °C on MEA.

Bacteria and fung were isolated from three washing ma-
chines selected due to their intense malodour, and from three
washing machines without malodour (Tables 2 and 3), using
the same sampling technique as described above. Additional
samples were taken from the inner parts of the washing ma-
chine drum, the water-supply connector, and the waste-
water connector. These swabs were rubbed over the surface
of R2A culture medium (Conda, Spain) and nutrient agar
(MA; Biolife, Italy), and incubated at both 25 °C and 37 °C for
up to 7 d.
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Table 1 — Frequency of occurrence of strains, their sampling sites and GenBank accession numbers of recruited DNA
barcodes from the 70 residential washing machines from Slovenia.

Identification Frequency of isolation Representative strain — EXFno. GenBank Accession no.
Washing powder drawer

Aureobasidium pullulans 1 EXF-6298 KJ481250 (ITS)
Candida parapsilosis 3 EXF-8293 KJ481229 (LSU)
Cladosporium sphagrosper murm 2 EXF-8279 KJ500007 (act)
Exophiala lecanii-comi 1 EXF-6140 EJ481253 (ITS)
Exophiala mesophila 1 EXF-6138 EJ481254 (ITS)
Exophiala phaeomurifarmis genotype 1 3 EXF-8235 KJ481255 (ITS)
Fusarium axysporum species complex (FOSC) 9 EXF-5661 KJ481241 (t2f )
Fusarium proliferatim 1 EXF-5664 EJ481246 (tef )
Fusarium solani species complex (FS5C) 2 EXF-5665 KJ481247 (tef )
Fusarium verticillicides 2 EXF-5553 EJ481244 (2f )
Meyerozyma guilliermaondii 1 EXF-8240 KJ481231 (LSU)
Mucor circinelloides 1 EXF-629 KJ481257 (ITS)
Ochroconis sp. 1 EXF-5565 KJ481236 (act)
Penicillium crustosum 2 EXF-8272 KJ481238 (benA)
Phoma radicing 1 EXF-6297 EJ481248 (ITS)
Fhoma fimeti 1 EXF-5551 EJ481245 (ITS)
Fabric softener drawer

Aureobasidium melanogen wm 1 EXF-8259 KJ481251 (ITS)
Candida parapsilosis 9 EXF-8289 KJ481227 (LSU)
Cladosporium pseudodadosporioides 1 EXF-5563 KJS00008 (act)
Cladosporium halotolerans 1 EXF-5564 EJS00009 (act)
Exophiala equina 1 EXF-5566 KJ481252 (ITS)
Fusarium oxysporum species complex (FOSC) 7 EXF-8264 EJ481243 (tef )
Mucor racemaosus 1 EXF-5556 KJ481258 (ITS)
Penicillium brevicompactum 1 EXF-5558 KJ481240 (benA)
Penicillium crustosum 3 EXF-8276 KJ481239 (benA)
Rhodotorula slooffiae 1 EXF-5557 EJ481234 (LsU)
Rubber door seal

Candida parapsilasis 2 EXF-8290 KJ481228 (LSU)
Cladesporium bruhnei 1 EXF-5660 EJS00006 (act)
Cryptococcus diffluens 1 EXF-6329 EJ481230 (LSU)
Exophiala phaeomurifarmis genotype 1 1 EXF-6326 KJ481256 (ITS)
Fusarium axysporum species complex (FOSC) 2 EXF-6333 KJ481242 (t2f )
Fusarium proliferatim 1 EXF-6330 EJ481245 (tef )
Meyerozyma guilliermandii 1 EXF-6331 KJ481232 (LSU)
Rhodotorula mudlaginosa 3 EXF-6325 KJ481233 (LsU)
Rhodotor ula slooffiae 1 EXF-6328 EJ481235 (LSU)
Ochroconis sp. 1 EXF-6327 EJ481237 (act)

EXF, strain accession number in Ex Culture Cellection of the Departrent of Biology, Biotechnical Faculty, University of Ljubljana (Infrastructural
Centre Mycosmo, MRIC UL, Slovenia); act, partial sequence of the gene encoding for actin; benA, partial sequence of the gene encoding beta tu-
bulin; ITS, internal transcribed spacer region of ibosamal DNA; LSU, large subunit of ribosomal DMA, tef, translation elongation factor 1alpha

partial sequence.

For the six washing machines selected for the malodour
comparison, samples of waste water (50 ml) and incoming
tap water (500 mL) were also collected. For the isolation of
fungi, the water samples were filtered through 0.45-pm mem-
brane filters (Merck, Millipore). The filters were then placed on
dichloran rogse bengal chloramphenicol agar (DRBC; Oxoid, En-
gland), and MEA (Biolife, Italy) with addition of chloramphen-
icol. The culture media were incubated atboth 25 "Cand 30°C
forup to 7 d. For determination of the bacteria in the incoming
and waste water, 10 mL of each were filtered through 0.22-ym
membrane filters (Merck, Millipore). These filters were placed
on MA and R2A culture media and incubated at both 25°C and
37 °C for up to 7 d. All of the pure microbial cultures obtained
are deposited in the Ex Culture Collection of the Department
of Biology, Biotechnical Faculty, University of Ljubljana (Infra-
structural Centre Mycosmo, MRIC UL, Slovenia).

DNA extraction

DNA was extracted from freshly growing yeast and yeast-like
colonies on MEA, and from bacterial colonies on NA, using
PrepMan Ultra reagent (Applied Biosystems) according to the
manufacturer instructions. DNA from filamentous fungi was
extracted after mechanical lysis of 1 cm® of mycelium using
the protocol of Gerrits van den Ende & de Hoog (1999).

Molecular characterization and identification of strains

Filamentous fung were first identified on the basis of morpho-
logical characters that allowed the recognition of genera. Mo-
lecular then selected for further
characterizations and for species typing. For all filamentous
fungi and for genotyping Exophiala strains, the internal

barcodes were



Novak Babi¢ M. Glive v izbranih gospodinjskih aparatih in njihov prenos iz naravnih okolij. 38
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2016

98

M. N. Babic et al.

Table 2 — Bacteria and fungi isolated from three washing machines characterized with intense malodour.

Bacteria Frequency Representative Fungi Frequency of Representative
of isolation  strain— EXB no. isolation strain — EXF no.

Washing powder drawer

Agrobacterium tumefaciens 1 EXB L-612 Sporobolomyces ruberrimus 1 EXF-8989

Pseudomonas putida 1 EXB L-602

Roseamonas genomaspecies 1 EXB L-618

Sphingobium yanoikuyas 1 EXB L-1236

Stenotrophomonas maltophila 1 EXE L-601

Fabric softener drawer

EBacillus homeckiae 1 EXE L-598 Sistotrema brinkmannii 1 EXF-8992

Microbacterium sp. 1 EXB L-599

Micrococcus luteus 3 EXE L-610

Micrococcus yunnanensis 2 EXB L-617

Ochrobactrum anthropi 1 EXB L-600

Drum interior

Brevibacterium casei 1 EXB L-604 Penicllium chrysogenum 1 EXF-8995

Micrococcus luteus 3 EXE L-619

Micrococcus yunnanensis 1 EXB L-603

Paracoccus marcusii 1 EXE L-1232

Russen poor sEaL

Achromobacter xylosoxidans 1 EXB L-613 Penicllium sanquifiuwm 1 EXF-8994

Brevundimonas diminuta il EXE L-605

Kocuria rhizophila 1 EXE L-622

Micrococcus luteus 2 EXB L-623

Pssudomonas agruginosa 2 EXB L-1228

Interior of water supply connector tube

Elastomonas natatoria 1 EXB L-1238 Phialophora europasa 1 EXF-8990

Chryseobacterium dascheongense 1 EXB L-625

Methyloversatilis sp. 1 EXB 1.-1234

Sphingomonas koreensis 1 EXB L-606

Sphingomonas sp. 1 EXB L-1233

Sphingopyxis chilensis 1 EXB L-1237

Interior of waste water connector tube

Massilia timonag 1 EXBE L-629 Penicllium chrysogenum 1 EXF-8996

Micrococcus luteus 3 EXE L-626

Pseudomonas aeruginosa 1 EXBE L-1230

Pseudomonas nitroreducens 1 EXB L-607

Water from water supply system

Adnewbacter sp. 1 EXB L-614 Altzrnaria altzmata 1 EXF-8991

Micrococcus sp. 1 EXE L-608 Cladosporium cladosporioides 2 EXF-8997

Sphingomonas yabuuchiae 1 EXB L-1239 Cladosporium 1 EXF-8998
paeudocladosporioides

Sphingomonas sp. 1 EXB L-1235 MNeosartarya fischeri 1 EXF-8593
Penicillium chrysogenum 1 EXF-9011
Sporobolomyces ruberrimus 1 EXF-9005

Waste water from washing machines

Klebsidla variicola 1 EXB L-1241 Penidllium chrysogenum 1 EXF-9012

Pseudomonas aeruginosa 1 EXB L-1231 Simplicillium chinense 1 EXF-9013

Pseudomonas putida 1 EXB L-609

Shewanella putrsfaciens 1 EXBE L-615

EXEB, accession number for Bacteria and EXF- for Fungi in Ex Culture Collection of the Department of Biclogy, Biotechnical Faculty, University of

Ljubljana (Infrastructural Centre Mycosmao, MRIC UL, Slovenia).

transcribed spacer regions 1 and 2 and the 585 rDNA was am-
plified and sequenced using primers ITSS and IT54 (White et al.
1990). For Penicillium strains, partial beta tubulin gene exons
and introns (benA) were amplified and sequenced with
primers Bt2a and Bt2b (Glass & Donaldson 1995); for Cladospo-
rium strains the partial actin gene (act) with primers ACT-512F
and ACT-783R (Carbone & Cohn 1999); for Fusarium strains the
nuclear translation elongation factor 1-alpha (tef) with
primers EF1 and EF2 (O'Donnell et al. 1998). Yeast were

identified based on their large subunit ribosomal DNA (LSU)
sequence (partial 285 rDNA, D1/D2 domains), which were am-
plified and sequenced with primers NL1 and NL4 (Boekhout &
Kurtzman 1996). BigDye terminator cycle sequencing kits
were used in the sequence reactions (Applied Biosystems, Fos-
ter City, CA, U.5.A). Sequences were obtained with an ABI
Prism 3700 Big Dye Sequencer (Applied Biosystems) at Micro-
synth AG, Switzerland. The sequences were assembled with
the software FinchTV 14 (Geospiza, PerkinElmer, Inc) and
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Table 3 — Bacteria and fungl isolated from three washing machines not assoclated with malodour.

Bacteria Frequency Representative Fungi Frequency Representative
of isclation  strain— EXB no. of isolation  strain — EXF no.

Washing powder drawer

Halomonas hamiltonii 2 EXE L-1347 Fusarium oxysporum 1 EXF-9794

Micrococcus luteus 1 EXB L-1340

Fabric softener drawer

Brevibactarium casei 1 EXE L-1355 Candida parapsilosis EXF-9781

Microcoorus luteus 1 EXE L-1339 Meyerazyma guilliermaondii 1 EXF-9786

Drum interior

Bacillus amyloliquefaciens 1 EXE L-1349 Cladesporium dadosporioides 1 EXF-9795

Bacillus purmilus 1 EXEB L-1350 Cladosporium langeranii 1 EXF-9796

Micrococcus luteus 3 EXB L-1357 Penicillium virdicatum 1 EXF-9757

Rubber door seal

Acinetobacter sp. 1 EXB L-1358 Aspergillus furmigatus 1 EXF-9799

Bacillus sp. 1 EXE L-1343 FPenicillium bialowiezense 1 EXF-9800

Bacillus subtilis 1 EXE L-1354 Penicillium expansim 1 EXF-9798

Micrococcus lutzus 1 EXE L-1342 Fenicillium glabrum 1 EXF-9792

Pseudomaonas pseudoalcaligenes 1 EXEB L-1353

Interior of water supply connector tube

Blastomonas natataria 1 EXE L-1344 Aureobasidium pullulans 1 EXF-9785

Brevundimonas aurantiaca 1 EXB L-1359

Sphingobacterium spiritivarum 1 EXE L-1360

Interior of waste water connector tube

Acinetobacter sp. 1 EXE L-1361 Debaryomyces hansenii 1 EXF-9780

Pseudoxanthomaonas sp. 1 EXEB L-1345 Exophiala phasormur iformis 1 EXF-9788
Ochroconis constricta 1 EXF-8793

Water from water supply system

Microcoocus [uteus 1 EXB L-1351 Aspergillus versicol o 1 EXF-8692

Pseudomaonas pseudoalcaligenes 1 EXEB L-1352 Aureobasidium melanogenum 1 EXF-8428
Trichoderma citrinouirids 1 EXF-6299

Waste water from washing machines

Pseudomanas aeruginosa 1 EXE L-1229 Penicillium oxalicum 1 EXF-8693

EXB, accession number for Bacteria and EXF- for Fungi in Ex Culture Collection of the Department of Biology, Biotechnical Faculty, University of

Ljubljana (Infrastructural Centre Mycosmo, MRIC UL, Slovenia).

automatically aligned. The alignments were manually ad-
justed wusing Molecular Evolutionary Genetics Analysis
(MEGA) software version 5.0 (Tamura et al. 2011). Taxa were
identified through BLAST searches (Altzchul et al. 1990) by
recruiting the sequence database at httpy//www.ncbinlm.-
nih.gov/ in June 2014.

Machine-learning analysis

For the investigation of differences between samples in terms
of absence or presence of different fungal genera, machine-
learning methods were used. The J48 algorithm for the induc-
tion of decision trees in the WEKA data-mining package
(Witten et al. 2011) was used, which is a reimplementation of
the well-known C4.5 algorithm (Quinlan 1993). Default param-
eter settings for J48 were applied, but reduced error pruning of
the tree was used instead of the standard C4.5 pruning. The
dependent (class) variable in our analysis was the absence
or presence of fungi: ‘no’if no fungl were present, and ‘yes’ if
any fungus was present in the sample. The independent vari-
ables (attributes) were age of washing machine (years), fre-
quency of washing machine use (times per week), use of
detergents (yes/no), use of fabric softeners (yes/no), tempera-
ture programmes used for washing (one binary attribute for
30 °C, 40 °C, 60 °C and 90 °C as yes/no and two numeric

attributes for minimum and maximum temperatures) and
temperature of isolation of fungl (one binary attribute for
25 °C, one for 30 °C as yes/no and one for the actual tempera-
ture value).

Growth of fungal strains from washing machines on selected
softener

Solid culture media containing a selected commercial fabric
softener were prepared with distilled water, with the fabric
softener as the only source of nutrients. The fabric softener
was diluted to concentrations of 50 %, 25 %, 10 %, 5 %, and
1 % (w/'v). Medium prepared only with distilled water and
agar was used as a negative control. The diameters of fungi
on media with different concentrations of softener were mea-
sured after 3 weeks of incubation at 25 °C and 30 °C and com-
pared to negative controls. When the diameter on media with
softener was larger than in the negative controls, the growth
was assigned as positive. As a replacement for softener, con-
sumers often use acetic acid, and thus, fungal growth was
also tested on liquid yeast nitrogen base medium supple-
mented with 1 % (vw/v) acetic acid. Fungal growth cbserved
on MEA was used for comparisons. The media were inocu-
lated with 10 pL fungal suspensions, prepared with saline
and incubated at 25 °C and 37 °C for 2 weeks.
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Production of different extracellular enzymes

For testing whether the fungal strains can break down the
substrates containing fatty acids and proteins, one represen-
tative isolate of each species from the washing machines
was tested for the production of extracellular proteases and
esterases. Proteolytic activity was tested using agar supple-
mented with milk, while for testing of the esterase activity,
agar with the addition of Tween 80 was used (Paterson &
Bridge 1994).

Results

Different communities of fungi known also as opportunistic
human pathogens inhabiting drawers for washing powder,
fabric softener, and rubber door seals

Mo fungiwere isolated in 21 % (n = 15) of the 70 sampled wash-
ing machines. The mean age of these washing machines was
6y and the temperature most often used for washing within
this group was 60 °C. In the 79 % of washing machines that
were positive for fungi, the most often used temperature for
washing was 40 °C. Drawers for fabric softeners were fungus
positive in 80.6 % cases; drawers for powder in 74.4 % and rub-
ber door seals in 52.6 %. This sampling resulted in a total of 72
fungalisolates (Table 1), of which 43 (60 %) had earlier beenre-
ported as an opportunistic human pathogen (Table 4). The
most frequently isolated fungi were members of the Fusarium
oxysporum species complex (FOSC; 19 strains) and Candida par-
apsilosis (14 strains), followed by different species of black
yeasts from genus Exophiala (7 strains).

Most often, there were three different types of fungal com-
munities for each single sampling site. Filamentous fungi pre-
vailed over yeasts in drawers for washing powder. This
filamentous fungal community was composed of members
of the FOSC and Fusarium solani species complex (FSSC) that
occurred together with Cladosporium sphaerospermum, Exo-
phiala phaeomuriformis genotype 1, Exophiala mesophila, Exo-
phinla  lecanii-corni, Meyerozyma guilliermondii, Candida
parapsilosis, and Penicillium crustosum. The most frequently iso-
lated species were from the FOSC, followed by Exophiala spe-
cies and C. parapsilosis (Figs 1 and 2). The second most
common community was observed most frequently in the
drawers for fabric softener, and it was represented by a pre-
dominance of C. parapsilosis, followed by members of the
FOSC and P. crustosum. The third most commeon community
was dominated by yeasts, and was mainly observed on the
washing machine rubber door seals. This was represented
by the red yeast Rhodotorula mucilaginosa, the white yeast C.
parapsilosis, the black yeast-like E. phacomuriformis, and Ochro-
conis species. In this community R. mucilaginosa and C. parapsi-
losis prevailed.

Increased occurrence of fungi in washing machines primarily
correlates with use of fabric softener

The occurrence of fungi in drawers for washing powder and
softener and on rubber door seals were statistically analysed
with the machine-learning model (Fig 3). Correlations of

fungal diversity and key variables such as the age and fre-
quency of use of washing machines, the temperatures used
in washing cycles, and the use of detergents were tested.
The accuracy of the model when used for predicting the pres-
ence or absence of fungi was 82.5 % when evaluated on the
training data and 73.2 % when evaluated with the 10-fold
stratified cross-validation procedure. The 10-fold stratified
cross-validation gives a more realistic estimate if the model
is used for predictions of unknown samples. The decision
tree suggests that the type of washing machine, its time of
use, and its frequency of use are not important parameters
for the presence of fungi (i.e, they do not appear in the tree).
The key variables that most influenced the presence of fungi
at these sampled sites were the use of fabric softener, the
washing temperature, and the temperature used for the isola-
tion of the fungi When both detergents were used (washing
powder and fabric softener; first leaf in the decision tree in
Fig 3), the diversity of fungi was higher than in cases where
one or both of these detergent types were not used. In four
cases when neither of these detergent types was used, no
fungi were isolated from the chosen sample sites. The temper-
ature of cultivation also appeared to be important - incubation
at 25 °C resulted mainly in the isolation of filamentous fungi,
while at 30 °C, filamentous fungi and white and black yeasts
were isolated.

Characterization of the fungal isolates for selected virulence
factors

The isclated fungal strains were characterized in terms of
their growth at 25 °C and 37 °C, their proteclytic and esterase
activities, and their use of softener as sole source of carbon
(Table 5). When examined for their thermotolerance, all fungi
grew well at 25°C on MEA because they formed solid colonies
within 2 weeks incubation. As the ability to grow at37 "Cisan
important factor for fungal pathogenesis in human (Anaissie
et al. 2001), the isolated fungi were also tested for their ability
to grow at this temperature. Aureobasidium pullulans, Mucor
racemaosus, Ochroconis spp. and the species of Cladosporium, Pen-
icillium, and Phoma did not grow at 37 °C, while all other iso-
lated taxa grew well at 37 °C (Table 5). Another important
fungal virulent factor is the production of esterases and prote-
ases (Ishidaet al. 2012). All of the tested fungi showed esterase
artivities at 25 °C, while A. melanogenum, E. phaeomuriformis,
FOSC and FSSC members, Fusarium proliferatum, Fusarium ver-
ticillivides, M. guilliermondii produced esterases at 37 °C. The
tested strains of A. melanogenum, Cladosporium bruhnei, C.
sphaerospermum, F. solani, F. verticillioides, Mucor circinelloides,
P. crustosum, and Penicillium brevicompactum produced prote-
ases at 25 °C. At 37 °C, protease activity was measured only
for A. melanogenum, F. solani, F. verticillicides, and M.
circinelloides.

Alltested strains, listed in Table 5, except Phoma fimeti grew
well on the medium with 1 % fabric softener (Fig 4), while F.
verticillivides and P. crustosum even grew on the medium con-
taining 5 % fabric softener. No growth was observed at higher
concentrations of fabric softener. The growth of 26 of the iso-
lated strains was tested on medium with 1 % acetic acid but
none of the tested fungi developed colonies.
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Fungi are not the causative agents of malodour in washing
machines

The six residential washing machines tested for bacteria and
fungi had been used from 1 month up to 10 y with different
frequencies of use. In one of these six cases, fabric softener

2006,

machine

had never been used. In all six cases, the most frequently
used temperature program ran at 40 °C.

While fungi prevailed over bacteria in the sampled tap wa-
ter, very low numbers of fungal colony forming units (CFU)

References for fung
isolated from washing

:attlen et al. 2010,

Stapleton et al. 2013,

Harnada 2005

Tanaka et al.

were recovered from washing machines with maledour, and
in waste water samples (Fig 5). Although the microbiota iso-
lated from the different parts inside the washing machines
was very diverse, it was dominated by Micrococcus luteus, fol-
lowed by different Pseudomonas and Sphingomonas species in
washing machines with malodour. Only a few species from
the genera Pseudomonas, Klebsiella, and Shewanella were iso-
lated from the waste water. Fungi of the genera Penicillium
and Cladosporium occurred rarely, if at all (Table 2). In compar-
ison, the three washing machines that did not have intensive
malodour were mainly colonized with M. luteus, different Ba-
cillus species, and Pseudomonas pseudoalcaligenes, with only P.

Vector of
transmission
Air, water
Air, water
Clothes, animals

Water

aeruginosa isolated from waste water. Fung were detected
more often in these machines, compared with those with mal-
odour. Here, different Penicillium species were isclated, fol-
lowed by the fungal genera Aspergillus, Cladosporium, and
Aurecbasidium. Also white and black yeasts from the genera
Candida, Meyerozyma, Debaryomyces, and Exophiola were
detected, which were not isoclated from the machines with
maladour (Table 3).

Human pathogenicity
systemic infections, pneumonitis

Superficial, subcutaneous,
Onychomycosis, hair, skin
infections, Tinea pedis

Fungemia, endocarditis,

meningitis
Pulmonary infections

Discussion

Infections with opportunistic human fungi can occur in many
ways (de Hoog et al. 2009). Presence of fung that are known
also as opportunistic human pathogens in household appli-
ances might represent a so-far largely overlooked risk factor
for fungal infections (de Hoog et al. 2009). Dishwashers and
washing machines may have become more microbe-friendly
environments than they used to be in the past because they
use now lower temperatures and less aggressive detergents
without bleach (Beadle & Verran 1999) promoting the selection
of species that are stress-resistant and have become known as
opportunistic human pathogens (Gostincar et al. 2011). This
ecological trend is confirmed also in the present study, as
40 *C was the washing temperature of choice for most users.
Gram-negative bacteria in planctonic form can survive wash-
ing temperatures up to 50 °C, while Gram-positive bacteria
can survive up to 60°C (Munk et al. 2001). Although there is lit-
tle data on the highest temperatures that fung can survive
during the washing cycle, it has been reported that Candida

Habitats
Seil, water, air,
fruits, bathrooms
Water, soil, air,
bathrooms
Soil, water,
human skin
Seil, human skin,
animals

Washing
machine site
Different parts,
towels
Different parts
Flastic parts
Laundered socks

albicans strains can be successfully recovered at lower tem per-
atures, while 60 °Cis needed for the inactivation of Trichophy-
ton rubrum (Hammer et al. 2011). It is also known that certain
filamentous fungi and yeasts can survive temperatures above
60 °C, or even near to 100 °C (Rogers et al. 199%4; Sterflinger
1998).

The main way for fung to enter washing machines is via
the water supply system and/or dirty laundry. This study did

BSL, Bicsafety level (de Hoog et al. 2009).

Table 4 — [continued )

Species
Trichosporon domesticus

Rhodatorula sp.
Scolecobasidium
constricturm
Trichophytan
mentagrophytes
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Fig 1 — Fungi in biofilm formation from selected parts of washing machines. (A) Drawers for washing powder (WP) and fabric
softener (SO) covered with visible dark brown blemishes. (B) Rubber door seal (RDS). (C—E) Isolation culture media (MEA with
chloramphenicol): (C) With members of the Fusarium oxysporum species complex. (D) With dense colonies of Exophiala
phaeomuriformis genotype 1 among white yeast colonies of Candida parapsilosis. (E) With pink colonies of Fusarium oxysporum
accompanied with colonies of Candida parapsilosis. (F, G) Fungal/bacterial biofilms viewed with light microscopy (F) and
fluorescent microscopy (G): Autoflourescence of fungi and bacteria. Scale bar in (B) (5 cm) applies also for (A). Scale barin (C)

(1 cm) applies also for (D, E). Scale bar in (F) applies also for (G).

not focus on dermatophytes, which are transferred mainly via
the laundry, but primarily on water-bome fungi Fungi enter-
ing household appliances via the tap-water system, might
present a health risk, since they are enriched within the de-
vices such as washing machines. Thus, many investigations
focused on the presence of microbes in groundwater and in
domestic water systems and pipes. Spores of filamentous
fungi from the genera Acremonium, Alternaria, Aspergillus, Cla-
dosporium, Fusarium, Penicillium, and Trichoderma, black yeasts
from the genera Aureobasidium, Cladophialophora, Exophiala,
and Phialophora, white yeasts from the genera Candida, Meyer-
ozyma, Pichia, and Saccharomyces, and red yeasts from the gen-
era Rhodotorula and Sporobolomyces have all been retrieved
from tap water (Anaissie et al. 2001; Gottlich et al. 2002;

Gongalves et al. 2006; Hageskal et al. 2007, 2009; Sammon
et al. 2010). Previous studies of fungi in different sites of wash-
ing machines revealed contamination with filamentous spe-
cies from the genera Alternaria, Aspergillus, Capronia,
Cladosporium, Fusarium, Penicillium, and Trichosporon, and of
yeasts from the genera Candida, Cryptococcus, and Rhodotorula
(Gattlen et al. 2010; Stapleton et al. 2013). Hamada (2002) ana-
lysed rinsing and washing water from washing machines for
fungal contamination, and reported the presence of Exophiala,
Phoma, Cladosporium, Scolecobasidium, Penicillium, and
Phialophora.

During the washing cycle, water-borne fungi entering
a washing machine may become completely inactivated, re-
tain their viability without colonizing surfaces, or become
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Fig 2 — Occurrence of different fungal species in washing machines. Members of Fusarium oxysporum species complex
(22.9 %) were detected most often, followed by Candida parapsilosis (143 %), Penicillium crustosum (5.7 %), Exophiala phaeo-
muriformis (4.3 %) and Rhodotorula mucilaginosa (4.3 %).
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Fig 3 — Decision tree for samples from 70 washing machines not showing malodour, generated with J48 machine-leaming
method. Internal nodes (blue boxes) represent conditions for values (or presence) of different factors including use of
washing powder and fabric softener, washing temperature, and temperature used during taxon isolation. Tree leaves (red
and green boxes) contain the samples that satisfy all of the conditions on the path from the tree root to the given leaf. Each
leaf provides information of total number of samples in a leaf (in black), fungal genera in these samples with numbers of
samples for each genus (in red and blue), and number of samples where no fungi were found (in green). Red colour indicates
genera with possible pathogenic potential, while blue colour indicates fungi without pathogenic potential. The red colour of
the leaf means that the majority of samples contained at least one fungal genus, while the green colour of the leaf means that
in the majority of samples no fungi were found.
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Fig 4 — Growth of pure cultured fungi after 2 weeks at 25 °C on water agar containing 1 % commercial fabric softener.
(A) Cladosporium bruhnei. (B) Fusarium verticillicides. (C) Fusarium oxysporum. (D) Mucor circinelloides. (E) Penicillium crustosum.
(F) Fusarium solani. (G) Exophiala phaeomuriformis genotype 1. (H) Meyerozyma guilliermondii. (I) Aureobasidium pullulans.

selectively enriched. Compared to their planktonic form, mi-
croorganisms in biofilms can survive higher temperatures
and are more resistant to the ‘cleaning’ effects of detergents
(Gattlen et al. 2010), and thus the development of biofilms is
favoured inside washing machines. Biofilm formation is fur-
ther influenced by the presence of the appropriate nutrients
and conditions, such as moisture and the type of material
(Lund & Ormerod 1995; Hageskal et al. 2007), production of ex-
tracellular polysaccharides, and diversity of the microorgan-
isms present (Doggett 2000; Steenbergen et al. 2001; Pereira
et al. 2002; Kinsey et al. 2003).

The potential build-up of biofilm formation in washing ma-
chines and on laundry can result in persistent malodour
(Munk et al. 2001). Paststudies have identified the main cause
of malodour as a result of bacterial degradation of different
substances including detergents and dirt on clothes (Munk
et al. 2001), which results in the production of volatile organic
compounds, and in particular dimethyl disulphide (Stapleton
et al. 2013). The fungal species R. mucilaginosa, F. oxysporum,
and F. solani have also been investigated for the production
of volatile organic compounds; however, they were not classi-
fied as producers of such (Gattlen et al. 2010; Stapleton et al.

2013). In different studies, bacteria from the genera Brevundi-
monas, Micrococcus, Moraxella, Ochrobactrum, Pseudomonas, Rose-
omonas, Shewanella, Sphingobacterium, Sphingomonas, and
Stenotrophomonas have been connected with washing machine
malodour (Legnani & Leoni 1997; Labows et al. 1999; Gattlen
et al. 2010; Kubota et al. 2012; Stapleton et al. 2013). Munk
et al. (2001) observed adhesion and survival of Staphylococcus
epidermis, Escherichia coli, and P. aeruginosa to textiles at low
temperatures of washing (less than 60 °C) and with use of de-
tergents without bleach. Almost all of the isolated bacterial
species were previously reported from freshwater or from
household surfaces such as shower curtains, kitchen sponges,
and dish racks (Munk et al. 2001).

The 73 washing machines included three with persistent
malodour. When the fungi were isolated from the inner parts
of these machines, only six fungal isolates (Penicillium chryso-
genum, Penicillium sanquifluum, Phialophora europaea, Sistotrema
birkmannii, and Sporobolomyces ruberrimus) were retrieved and
bacterial communities consisting of Micrococcus, Pseudomonas,
and Sphingomonas clearly dominated. By means of contrast,
the three washing machines without malodour accommo-
dated 15 fungal strains from ten different genera, mainly
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Fig 5 — Growth of fungi and bacteria from different sites of washing machines with malodour. The different samples were
smeared either on MEA supplemented with chloramphenicol for the isolation of fungi (A —C), or on nutrient agar for bacteria
(D —F). (A, D) Sample from washing powder drawer, showing no fungi (A) and no bacteria (D). (B, E) Sample from fabric

softener drawer showing several yeast colonies (B) and numerous bacteria (E). (C, F) Sample from rubber door seal, showing

several yeast (C) and numerous bacterial colonies (F).

different Penicillium species, followed by Cladosporium species
and Candida parapsilosis. Micrococcus and Bacillus species were
the most frequently isolated bacteria, while other bacterial
genera were only sporadically identified. These findings indi-
cate that the malodour is associated with the presence of bac-
teria, especially from the genera Pseudomonas, Shewanella, and
Sphingomonas. The presence of fungi does not have any effects
on malodour formation. Pseudomonas species are typical wa-
terborne opportunistic bacteria that have been previously re-
ported from washing machines (Legnani & Laoni 1997), and
in particular as biofilms on elastomeric and polyethylene sur-
faces, and less so on metal surfaces (Moritz et al. 2010). These
are known producers of dimethyl polysulphides and ammo-
nium, which can cause a ‘swampy’ odour. In our study, P. aer-
uginosa and P. putida prevailed, and both of these bacteria
originate from water and soil Pseudomonas aeruginosa is
known as a human pathogen that can cause wound infections
(Kelly et al. 2004; Feazel et al. 2009; Gattlen et al. 2010), while P.
putida can break down aliphatic and aromatic hydrocarbons
and organic toxins of the herbicide atrazine, and itis not clas-
sified as a human pathogen (Palleroni 1992). Bacteria from ge-
nus Sphingomonas, which mainly originate from water, can
cause wound and respiratory infections in immunocompro-
mised people, and the corrosion of metals (White et al. 1996).
Micrococcus luteus, which was the most frequently detected
bacteria in the present study, are commensals and are only
rarely pathogenic. They can be isolated from water, dust,
and human skin. On the surface of skin, they break down fatty
acids to produce volatile organic compounds that result in
malodour (James et al. 2004).

Microbial degradation of detergents might be a reason for
malodour and biofilm persistence. Detergents are mixtures
of different chemical components that include aromatic hy-
drocarbons (polyvinylpyrollidone), alcohols (terpineol, sorby-
tol), surfactants (anionic, non-ionic, cationic, zwitterionic),
fragrances (citral, lymonene), enzymes (amylase, protease, li-
pase), and bleaches (sodium percarbonate) (ZPS 2009; Isola
et al. 2013). Not only bacteria, but also fungi have been de-
scribed as having the ability to degrade washing detergents.
Hamada & Abe (2009) tested the growth of different bath-
room-colonizing fungi on media containing different compo-
nents of detergents like fatty acids and anionic and non-
ionic surfactants. Most of these fungl grew on fatty acids
and anionic surfactants, while the growth on non-ionic sur-
factants varied from species to species. Detergents containing
bleach successfully prevent both bacterial and fungal growth
(Beadle & Verran 1999; Hamada & Abe 2009).

The machine-learning analysis used in our study indicates
that in washing machines where both washing powder and
fabric softener are used, the diversity of fungi is significantly
higher than in washing machines where only one or none of
these are used. The use of fabric softener presents a key pa-
rameter that influences fungal colonization of washing ma-
chines. To the best of our knowledge, there have been no
reports on the growth of fungi on commercial fabric softeners.
In contrast to washing powder, softeners do not include
bleach. When we tested the growth of 26 of the most represen-
tative fungal isolates from the washing machines on media
that contained a commercial fabric softener, all of the tested
fungi, except P. fimeti, assimilate the softener at least to
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a concentration of 1 %. Acetic acid at 1 %, which is in some
cases used as an alternative for commercial fabric softeners,
completely inhibited the growth of these same fungal strains.

Amongst these fungi isclated from washing machines, fil-
amentous fungi prevailed over yeast, in contrast to the myco-
flora detected in dishwashers (Zalar et al. 2011). Surprisingly,
around 30 % of the washing machines in the present study
were colonized with species from the genus Fusarium: FOSC,
FSSC, F. proliferatum, and F. verticillioides. The FOSC and FSSC
fungi are causative agents of approximately 80 % of human
fungal infections (0'Donnell et al 2010; Sutton & Brandt
2011; Garnica & Nucci 2013). Members of FOSC and FSSC are
also known for their ability to form biofilms on surfaces of
contact lenses and polyvinyl chloride pipes (Short et al.
2011), and thus these are often involved in eye (mycotic kera-
titis) or catheter-related (Wey & Colombo 1997; Mukherjee
et al. 2012) infections. In nature, representatives of FOSC and
FSSC have been isolated from plants, plant materals, soil,
air, and water, and have primarily been seen as plant patho-
gens and soil inhabitants (O'Donnell et al. 2004; Zhang et al.
2006; Smith 2007).

Cladosporium pseudocladesperioides and C. sphaerospermum at
least occasionally colonize washing machines. Both are exam-
ples of stress-resistant cosmopolitan fungi disseminated
through air and colonizing water and bathrooms and habitats
with lowered water activities such as salterns (de Hoog et al.
2000; Zalar et al. 2007; Pereira et al. 2010). They were also iso-
lated from the water distribution system of hospitals
(Hayette et al. 2010). Representatives of the cosmopolitan ge-
nus Penicillium were also isolated. Penicillium crustosum and P.
chrysogenum, which dominated among the fungi in the wash-
ing machines with malodour, are not recognized as opportu-
nistic human pathogens (de Hoog et al 2009), instead, they
are primarily known as food spoilage organisms.

Species of the genus Exophiala were isolated in 85 % of
cases. Different species of the genus Exophiala are oligotrophic
and can be commonly found on rocks and in water (Sterflinger
1998), and also in water-related human-made environments,
such as bathrooms, water pipes for taps, and saunas (Matos
et al. 2002; Biedunkiewicz & Schulz 2012). The majority of Exo-
phiala species are classified as opportunistic pathogens that
can cause cutaneous and subcutaneous infections, and lung
infections (de Hoog et al. 2009) and known from biofilms
(Hamada & Abe 2009; Isola et al. 2013; Heinrichs et al. 2013).
The present study resulted in the isolation of E. phaesomurifor-
mis, E. mesophila, E. equine, and E. lecanii-corni, which have all
been reported as human pathogens. All of these species are
able to cause infections in humans (Woo et al. 2013;
Majafzadeh et al 2013). They decompose aromatic hydrocar-
bons (lsola et al 2013), assimilate different detergents
(Hamada &Abe 2009) and survive high temperature and high
pH (Zalar et al. 2011).

Candida parapsilosis has been reported as an emerging path-
ogen (van Asbeck et al. 2009; Miceli et al. 2011). It was the
second-most frequently detected species (14.3 %) in washing
machines investigated here and in dishwashers (Zalar et al.
2011). Candida parapsilosis is a ubiquitous microorganism that
can be isolated from seil, water, and plants (Deresinski et al.
1995) and occurs on catheters and other prosthetic materials
(Lewin et al 1998). It is a causative agent of opportunistic

fungemia in immuneocompromised patients (Barone & Bran-
chini 1998; de Hoog et al. 2009). Rhodotorula mucilaginesa pre-
vailed amongst the red-pigmented yeasts in dishwashers
(Zalar et al. 2011) and in the present study of washing ma-
chines. Members of the genus Rhodotorula are known to form
biofilms (Gattlen et al 2010) and have been involved in
catheter-related infections (Neofytos et al. 2007) and fungemia
in cancer and AIDS patients (Pfaller et al. 2007). Itis capable of
behaving in a vigorous and highly competitive manner and
therefore dominates various habitats (Cray et al. 2013). These
red yeasts are very common in the environment and have
been isolated from air, soil, food, and saline water (Wirth &
Goldani 2012).

We were able to show that the majority of the analysed
washing machines were colonized with various fungal species
of which several are known also as opportunistic human path-
ogens. Fungi and bacteria commonly ocour in water and water
supply systems as single propagules, however, typically in low
numbers. Within washing machines, they can become estab-
lished as colonies and in biofilms that may release cells or con-
idia during washing cycles. Accordingly, washing machines
may present a reservoir for these fung from where they are
further disseminated to clothes and wastewater. It appears
that cloth washing at temperatures below 60 °C, mild deter-
gents and commonly used fabric softeners can lead to an in-
creased presence of microbial diversity in  washing
machines. The processes during washing may allow the selec-
tive enrichment of thermotolerant species and are not capable
of eliminating non-thermotolerant species. Washing regimes
recruiting reduced amounts of water, lowered water tempera-
tures and biodegradable detergents may increase the diversity
and quantity of microbes in households and could present
a health risk specifically for immunocompromised people.
The regular cleaning of washing powder drawers with bleach
or bleach containing cleaners helps to restrict or remove mi-
crobial biofilms. Performances of such cleaning procedures
are recommended by washing machine manufacturers.
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2.1.4 Kvasovke in kvasovkam podobne glive v pitni vodi in podtalnici ter njihov

prenos v gospodinjske stroje
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and their transmission to household appliances
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POVZETEK

V raziskavi smo opisali pojav gliv v 100 vzorcih pitne vode ter 16 vzorcih podtalnic iz
Slovenije. Pri tem smo uporabili tako gojitvene tehnike kot tudi molekularno-genetski
pristop. Z gojitvenimi metodami smo iz vzorcev vode osamili 28 glivnih vrst iz 16
razli¢nih rodov. Osredotoc¢ili smo se na kvasovke in kvasovkam podobne oportuno
patogene glive. Med njimi posebno skrb vzbuja odkritje gliv Aureobasidium
melanogenum, Exophiala dermatitidis, Rhinocladiella similis, Candida parapsilosis in
Rhodotorula mucilaginosa. DGGE analiza, narejena na podlagi ITS1 regije rDNA iz
vzorcev celokupnih DNA je razkrila med 6 do 16 hipoteti¢no razli¢nih glivnih enot,
medtem ko smo z metodo pirosekvenciranja potrdili prisotnost rodov Aspergillus in
Exophiala. S statisticno metodo strojnega ucenja smo ugotovili, da na prisotnost gliv v
vodi vplivajo kalcijevi in magnezijevi ioni ter prisotnost nitrata. Vrste Exophiala spp., C.
parapsilosis in R. mucilaginosa osamljene iz vode, so znane kot naseljevalke
gospodinjskih strojev. Predvidevamo, da se preko vode prenesejo v pomivalne in pralne

stroje, kjer se namnozijo.
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In the present study we describe the occurrence of fungi in 100 tap water and 16 groundwater samples
from Slovenia, We used culture-dependent and culture-independent technigues, 28 fungal species
belonging to 16 genera were isolated with selected culturing conditions, targeting human opportunistic
vyeasts and yeast-like fungi. Of special concern was the detection of Aurecbasidium melanogenum, Exo-
phiala dermatitidis, Rhinocladiella similis, Candida parapsilosis and Rhodotorula mucilaginosa. The DGGE
analysis of ITS1 rDMNA revealed from 6 to 16 bands hypothetically corresponding to different taxa, while
pyrosequencing showed the presence of Aspergillus and Exophigla, According to the statistic machine
learning methodology, the profile of fungi in water is determined by the concentration of caldum and
magnesium ions and the presence of nitrate, Exephiala spp., C. parapsilosis and R. muciloginesa are known
as dominant contaminants of household appliances. It appears that they are transferred with water to
dishwashers and washing machines, where they subsequently proliferate
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Exophiala spp.

House hold appliances
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© 2015 Published by Elsevier Ltd.

1. Introduction

Over the last 30 yr, fungi in indoor environments, in particular
the clinical environments have increasingly been recognized as a
health problem, linked to a growing immunocompromised
population. Over the last 30 yr more than one billion people
around the world have suffered from different fungal infections.
These were also reported from more than 10% of autopsied pa-
tients (Lehrnbecher et al., 2010; Vos et al., 2010). Fungi can cause

infections of skin, hair, nails, urinary and respiratory tract,
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hittp: [fdx doi.org [10.1016/j funeco 2015100001
1754-5048/2 2015 Published by Elsevier Ltd.

catheter related and systemic infections. People not only come
across pathogenic fungi in nature, but also in public places and
households. Thus, fungi are present in indoor air, they can invade
indoor damp walls {Adan and Samson, 2011), household wet
cells, such as bathrooms and kitchens (Matos et al., 2002: Adams
et al., 2013), and even extreme indoor habitats such as household
appliances, for example dishwashers (Zalar et al, 2011) and
washing machines (Gattlen et al., 2010; Novak Babic et al., 2015).
Conditions inside household appliances used to be considered
hostile to microbial growth. However, increased consumer
awareness toward sustainable use of resources and hazardous
chemicals, and novel technologies led to the development of
household appliances operating at lower temperatures, with
reduced amounts of water, and increased use of biodegradable
detergents. These conditions are selective for thermotolerant,
oxidative-stress resistant, and stress-tolerant fungi generally
recognized as polyextremotolerant fungi, many of which are
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opportunistic human pathogens (Gostinéar et al, 2009; Zalar
et al, 2011). Thus, dishwashers around the world are consis-
tently colonized with polyextremotolerant vyeasts, black-
pigmented Exophiala dermartitidis and Exophiala phaeomur-
iformis, white Candida parapsilosis, red-pigmented Rhodotorula
mucilaginesa, and filamentous Fusarium dimerum, Fusarium oxy-
sporum and Fusarium solani species complexes (Zalar et al., 2011;
Gimral et al, 2015). Surprisingly, mycobiota of washing ma-
chines showed an overlap with the mycobiota of dishwashers in
the occurrence of C parapsilosis, R. mucilaginosa and
E. phaeomuriformis, whereas members of the E oxysporum species
complex, recovered from dishwashers with very low frequency,
have been isolated with the highest frequency from washing
machines (Novak Babic et al., 2015).

The majority of Exophiala species are opportunistic pathogens
that can cause cutaneous and subcutaneous infections, lung and
neurotropic infections, mainly of immunocompromised but also of
immunocompetent individuals (de Hoog et al., 2009; Machouart
et al., 2011). Both R mucilaginosa and C parapsilosis have been re-
ported as newly emerging pathogens, causing primarily catheter-
related infections and opportunistic nosocomial fungemias in
immunocompromised patients (Neofytos et al., 2007; Pfaller et al,
2007; Van Asbeck et al, 2009:; Miceli et al., 2011). Various Fusarium
species are causative agents of approximately 80% of human fungal
infections. They produce mycotoxins in water (Kelley et al, 2003),
cause localised subcutaneous infections, sinusitis, and onychomy-
cosis (O0'Donnell et al,, 2010; Sutton and Brandt, 2011; Garnica and
MNucci, 2013).

Fungi might enter household appliances via air or water, food
and waste, with influence of humans and their pets. Colonization of
both dishwashers and washing machines with largely overlapping
fungal species points at the water supply system as the main vector.
Although several studies investigated the presence of fungi in wa-
ter, their primary focus was on fungal genera that can be dispersed
from water to air due to sporulation (Anaissie et al., 2002). There-
fore, genera such as Acremonium, Alternaria, Aspergillus, Aur-
eobasidium, Cladosporium, Fusarium, Kloeckern, Paecilomyces,
Penicillium, Phialophora, Phoma, Scopulariopsis, Stachybotrys and
Trichoderma were mostly isolated. Among yeasts, the presence of
the genera Candida, Cryptococcus and Rhodotorula has been re-
ported (Kinsey et al., 1999; Gottich et al., 2002; Paterson and Lima,
2005; Hageskal et al., 2006; Grabinska-Loniewska et al, 2007;
Pereira et al, 2010). No study has so far focused on the potential
presence of human opportunistic pathogenic yeast and yeast-like
fungi in public tap water systems as an entry point to household
appliances, where selection and enrichment of selected species
OCCUrs,

In the present study we focused on the diversity of human
opportunistic pathogenic yeasts and yeast-like fungi in ground-
water and tap water, based on culturing techniques. In parallel,
we analysed fungal communities in raw water sources (rivers,
groundwater), selected tap water samples, as well as water after
waste water cleaning treatment, by the analysis of ITS1 rDNA
amplicons from total DNA by Denaturing Gradient Gel Electro-
phoresis {DGGE). Using next generation sequencing (NGS) tech-
nology, we have analysed a single tap water sample by
pyrosequencing of ITS2 rDNA. We investigated the potential
correlations between the appearance of yeasts and yeast-like
fungi, detected by culture-dependent techniques, and water
characteristics, using machine learning methodology. The
overall aim was to determine whether tap water acts as
the main vector for the inoculation of fungi in household ap-
pliances, where extreme abiotic conditions promote settlement
and proliferation of selected human opportunistic fungal
pathogens.

2. Materials and methods
2.1. Isolation and cultivation of fungi from water

Slovenia can be divided inte 5 geographical regions: Alpine and
Subalpine, Littoral, Pannonian and Dinaric Karst regions, which
differ in geology, and thus also in water characteristics. The study
mainly focused on water sampling in the Ljubljana valley, which is
partly Subalpine and Dinaric Karstic, while the remaining samples
originated from 9 Slovenian cities, representing all geographical
regions mentioned above. Samples of tap water were collected
from regularly used water pipes (running tap water) of 100 private
homes in different locations in Slovenia. Out of these, 50 samples
were obtained in the capital city of Ljubljana, and originated from
the 8 main water supply systems, while 50 samples originated from
the following cities and sub-urban areas: Bohinj, Celje, Mislinja,
Lasko, Litija, Logatec, Ljutomer, Ormoz, Portoroz, Postojna, Ravne na
Koroskem, Radomerje, Rodica, Ruse, Secovije, Sezana, Trebnje,
Trebce and Velenje (Fig. 1). Additionally, 16 samples of groundwater
used for tap water were obtained from Ljubljana. In the case of
running tap water, 5 | of cold water were collected according to the
standard SIST I1SO 5667-5:2007. The groundwater samples were
collected at main water supplies in sterile containers by employees
of Waterworks and Sewage Company, according to the standard
SIST 150 5667-5:2007 (VO-KA, Ljubljana). An aliquot of 1 L of each
sample was filtered twice using 0.45 pm membrane filters (Merck,
Millipore), which were placed on Dichloran Rose Bengal Agar
(DREC; Oxoid Ltd., England) {Pereira et al, 2010), and were each
incubated at 30 and 37 *C for 5—7 d. Pure cultures of fungi were
transferred to malt extract agar (MEA) and deposited in the Ex
Culture Collection of the Infrastructural Centre Mycosmo, MRIC UL,
Slovenia: hittp: [fwww.ex-genebank.com/, at the Department of
Biology, Biotechnical Faculty, University of Ljubljana.

22. Genomic DNA extraction from pure cultures and from water
samples

DNA from 3 d old yeast cultures grown on malt extract medium
(MEA; Biolife, Italy) was extracted using PrepMan Ultra reagent
(Applied Biosystems) following the manufacturer's instructions.
DNA of filamentous fungi was extracted from 7 d old cultures
grown on MEA using mechanical lysis of 1 cm? of mycelium,
following instructions of Van den Ende and de Hoog (1999).
Genomic DNA from water samples was obtained from 3 | of water,
filtered through 0.45 pm membrane filters (Merck, Millipore) and
extracted using PowerWater DNA Isolation Kit (MO BIO Labora-
tories Inc.) according to the manufacturer's instructions. DNA
samples ready for downstream applications were stored at —20°C.

23. Identification of pure cultures

Fungi were identified according to their morphological charac-
ters, but their identification was complemented with rDNA nucle-
otide sequence analyses of internal transcribed spacer region 1,5.85
rDNA and ITS 2 (ITS). For amplification and sequencing primers ITS5
and ITS4 were used (White et al., 1990). Yeasts were identified by
sequencing D1/D2 domains of 285 rDNA, (large subunit of ribo-
somal DNA; LSU) using primer set NL1 and NL4 (O'Dionnell, 1993).
All sequences were obtained at Microsynth AG, Switzerland using
an ABI Prism 3700 Big Dye Sequencer (Applied Biosystems). Se-
quences were assembled by FinchTV 1.4 (Geospiza, PerkinElmer,
Inc.). Fungi were identified with the BLAST algorithm at NCBI web
page (Altschul et al, 1990) and by use of other taxonomically
important databases (Centraalbureau wvoor Schimelcultures,
Utrecht, the Netherlands CBS). Software Molecular Evolutionary
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from 100 private homes in different locations (indicated with black drcles) positioned in 5 geographic regions of S| ia. Fifty les were obtai

Ljubljana, while 50 les originated from the foll
Koroskem, Radomerje, Rodica, Ruse, Secovlje, Sezana, Trebnje, Trebie and Velenje.

Genetics Analysis (MEGA) version 5.0 (Tamura et al, 2011) was used
for alignments.

2.4. Pyrosequencing (454) of a tap water sample

Total DNAwas extracted by PowerWater® DNA Isolation Kit{MO
BIO Laboratories Inc.) from 3 | of a single tap water sample from
Ljubljana, sampled according to standard SIST ISO 5667-5:2007.
The DNA concentration was 3.55 ng pl~". The ITS2 of fungi was
amplified using primer set ITS3 and ITS4 (White et al, 1990). Se-
quences and clusters were obtained with QIIME software package
(Caporaso et al., 2010). Reads with less than 60% similarity were
discarded, while sequences with 97% or more similarity were
clustered into operational taxonomic units (OTU) and assigned to
taxonomic identities from the sequence databases UNITE, NCBI,
EMBL and DDBJ. Metagenome data was deposited in NCBI Short
Read Archive (SRA) under following accession numbers: BioProject
number: SRP059666, Sample number: SRS965821, Experiment
number: SRX1065967, and Run number: SRR2070801.

2.5. DGGE analysis of fungal communities in water

DGGE was used for diversity visualisation within and between
fungal communities in different water samples. Samples were
derived from two aquifers: Ljubljana field (local name “Ljubljansko
polje”) at north, and Ljubljana moor (local name “Ljubljansko
barje”) at south of Ljubljana, Slovenia. Three samples of water from
rivers were taken from river spring Ljubljanica in Vrhnika, river
mouth Ljubljanica (Ljubljana), and from river Sava (Ljubljana).
Additionally, 5 groundwaters, 5 tap waters and 2 water treatment
plants from above mentioned aquifers were sampled. Total
genomic DNA fromwater samples was extracted as explained in the
section ‘Genomic DNA extraction from pure cultures and from

hical Institute, Ljublja k

ia) with indicated sampling sites. Samples of tap water were collected
d from the capital city of

ing cities and sub-urban areas: Bohinj, Celje, Mislinja, Lasko, Litija, Logatec, Ljutomer, OrmoZ PortoroZ, Postojna, Ravne na

water samples’, and amplified in two polymerase chain reactions
(PCR): first with primer pair ITS4 (White etal,, 1990) and EF4 (Smit
et al, 1999), followed by second, nested PCR using primer set ITS1-
gc (Gardes and Bruns, 1993) and ITS2 (White et al, 1990). Poly-
acrylamide gels were prepared according to Muyzer et al. (1993).
The electrophoresis was run at 70 V for 16 h. The gel was stained
with SYBR” Safe DNA Gel Stain (Life Technologies). Image of the gel
was analysed using the GeneTools software (Syngene). DGGE pat-
terns were analysed with software tool BioNumerics, version 7.1
(Applied Biomaths). Cluster analysis was performed using Pearson
correlation with 1% optimization and presented as an UPGMA
dendrogram.

2.6. Analysis of ionic concentrations in tap water samples

-, NO3, NO3, PO3~, and SO%~ ions were measured with high
performance ion chromatography (HPIC), implemented with
Chromeleon equipment (Chromatography Management System)
using eluent solutions 1.8 mM Na;C0O3, 1.7 mM NaHCO;3 and the
separation column HPIC-AS4A AC (Dionex). For the analytical pro-
cedure micro-membrane ASRS (Dionex) was used as suppressor
and 12.5 mM H;SO4 as regenerator. The calibration curves were
prepared and retention times determined. Based on the intensity of
the signal, the concentration of each ion type was estimated ac-
cording to Standard SIST EN ISO 10304-1:2009.

Na®, Mg?*, Ca®" ions were measured with atomic emission
spectrometry using Varian AA240 Atomic Absorption Spectrome-
tra. Na-EDTA (Merck, Germany) was used as standard for the cali-
bration curve. Ten-fold serial dilution of 10 ml of each water sample
were anal¥sed; the water sample flow through the machine was
5 ml min™". The mixture of ethylene and N0 was used as the flame
source. Final concentrations were determined following the
method from Standard SIST EN ISO 11885:2009.
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2.7. Statistical analysis of data using machine learning methods

To investigate the differences between samples in terms of the
absence or presence of different fungal genera, a machine learning
methodology that develops interpretable models, i.e. decision
trees, was used. Decision trees typically do not require prior data
transformation, and we did not perform data transformations.
Decision trees (Breiman et al., 1984; Quinlan, 1993 ) are hierarchical
models in which each internal node contains a test on a descriptive
attribute of a water sample and each branch leaving this node
corresponds to an outcome of this test. Each terminal node (leaf) of
a tree represents a cluster of samples with similar values of the
dependent variable. We used the decision tree learning algorithm
from the CLUS data mining software {Blockeel and Struyf, 2002),
which implements the paradigm of Predictive Clustering Trees
(Blockeel et al, 1998). Default parameter settings for the learning
algorithm were applied except that the minimum number of
samples in tree leaves was set to 5 in order to get trees small
enough to be easily interpreted. The independent variables ( attri-
butes) were the concentrations of CI~, NO3, NO3, 503, Mg®", Ca®*
and Na™ ions in mg 17", The dependent (class) variable in our
analysis was the absence or presence of individual fungal genera:
“no” if no fungi were present, and “yes” if any genus of the fungi
studied was present in the sample.

3. Results
3.1. Chemical analyses of tap water

Ninety tap water samples from 5 geographic regions of Slovenia
were analysed for ion content Average concentrations of CI-, NO3,
NOz, POi~, S03~, Mg”*, Ca’* and Na™ ions are presented in Table 1.
Main differences were observed for samples taken from different
sites of Slovenia, especially when comparing concentrations of (1~
and Ca’*. Alpine and Subalpine sites were characterized by
increased concentrations of Mg?* and Ca®*, whereas €I, Ca’* and
Ma™ ions dominated in littoral sites. The water from the eastern, flat
Pannonian part of the country had the highest concentrations of
S0~ and Mg2™, while the water samples from Dinaric Karst had the
highest concentrations of NO3 and Ca®*.

32, Culturable yeasts and yeast-like fungi in tap water and
groundwater samples

All 116 water samples were analysed for the presence of selected
culturable fungi with emphasis on human opportunistic patho-
genic species. Eighty percent of tap water samples were positive for
at least one fungal species while samples of groundwater were
positive in 69% (Table 2).

Eighty eight percent of groundwater samples and 48% of tap
water samples contained filamentous fungi from the genus Asper-
gillus, which were not identified to the species level. More than a
half of the groundwater samples were positive for A. melanogenum

Table 1
Average of ion mncentrations in tap water samples according to geographic loca-
tons n Slovenia

Geographic site Concentration of ions (mg =)

C-  NOF NOF PO3T S06T Mg Cat NaT
Alpine and Subalpine 870 613 000 000 1150 1317 G5.81 405

Littoral 4273 300 000 000 1270 910 76.00 2230
Fannomnian 1210 650 000 0.00 1940 1410 31.30 9.9
Dinaric Karst 750 830 0.00 0.00 110 1020 8690 340

(56%), followed by E. dermatitidis (12%), C parapsilosis (12%) and F
dimerum (6%), while other fungal species were detected only
sporadically. Colonies of Exophiala species usually appeared after
3 d of cultivation at 37 °C. If they were notobserved after 7 d at this
temperature, plates were moved to 4 °C for 2 additional weeks.
A melanogenum was present in 25% of tap water samples together
with the following black yeasts, all assigned to Biosafety Level-2
(BSL-2): E dermatitidis (6%). E. phaeomuriformis (5%) Exophiala
lecanii-corni (3%), Exophiala oligosperma (1%) and Rhinocladiella
similis (8% ). Additionally, tap water hosted ubigquitous opportunistic
pathogenic yeasts R mucilaginosa, C. parapsilosis and non-
pathogenic Meyerozyma guillermondii, detected in 13%, 11%, and
10% of samples, respectively. Filamentous fungus E dimerum was
isolated from 6% of the samples, while other fungal species
appeared sporadically. In Fig. 2 the comparison of mycobiota be-
tween groundwater and tap water samples with the focus on taxa
detected in household appliances (Zalar et al, 2011; Novak Babic et
al., 2015) is presented. Black yeast-like A. melanogenum and
E dermatitidis were isolated from both water types with lower
presence in tap water than in groundwater. The percentages of
C parapsilosis and E dimerum were in the same range in both water
types, while yeasts like R mucilaginosa, M. guilliermondii and black
fungi R similis, and E. phaeomuriformis were isolated in larger
amounts from tap water.

33. Mycobiota in water detected with cultivation inde pendent
methods

33.1. DGGE analysis

DGGE profiles of fungal communities from different water
samples were obtained to characterize mycobiota in water from 2
rivers, 5 groundwaters, 5 household tap waters and water from 2
waste water treatment plants, all located in the area of two Ljubl-
jana aquifers (Ljubljansko polje and Ljubljansko barje). DGGE pro-
files showed two separated groups, one including water samples
from north aquifer Ljubljansko polje and another group with
samples collected from south aquifer Ljubljansko barje. High sim-
ilarity (96—98%) was observed inside each group, regardless of
whether it was an environmental water sample (river, ground-
water) or tap water sample (Fiz. 3). For instance, mycobiota from
river-1 (Sava) was related to the samples of groundwater located in
the basin of the same river (groundwater-1a, 1b). Similar results
were observed for samples of river-2 (Ljubljanica mouth at north)
and river-3 (Ljubljanica spring at south), which also included
comparison to samples of tap water and water derived from waste
water treatment plants. Since profiles of samples derived from the
same aquifer are closely related, DGGE profiles indicate that pre-
ceding water treatments had no significant effect on the compo-
sition of fungal species in the water.

34. Next generation sequencing

Analysis of the fungal community in a single tap water sample
(W3-Hrastje) performed with 454 pyrosequencing revealed only
two genera and three species: out of 3259 reads, Aspergillus sp.
represented 95% of all detected OTUs, Aspergillus conicus (3% of
OTUs) and E. dermatitidis(0.1% of OTUs). Other detected OTUs (1.5%)
were only identified at the level of families { Polyporaceae, Tricho-
comaceae, Mycosphaerellaceae), order (Pleosporales), classes
(Sordariomycetes, Eurotiomycetes) or phylum {Ascomycota). The
majority of detected fungal OTUs belonged to the Ascomycota. Only
0.4% of 3259 OTUs was classified as Basidiomycota (family Poly-
poraceae) (Table 3).
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Table 2

The list of species isolated from 16 groundwater and 100 tap water samples from Slovenia, their frequency of isolation, EXF- and Gen Bank accession numbers.
Identification of the strains Frequency of isolation Representative strain — EXF* na, GenBank acoession no, BsLe
Groundwater
Aspergillus spp. 14 | | 1-2
Aureobasidium melanogenum 9 EXF-B476 KPO34983 (IT5") 1
Candida parapsilosis 2 EXF-B460 KPO34964 (LSU7) 1
Exophiala dermatitidis genotype A 2 EXF-8493 KP034991 (ITS) 2
Fusarium dimerum 1 EXF-8478 KP034999 (ITS) 1
Rhnodadidla s inils 1 EXF-8262 KPO34994 (ITS) 2
Rhodotorula mucilaginosa 1 EXF-8464 KPO34970 (LsU) 1
Sporidiobolus samonicolor 1 EXF-8680 KPO34975 (LsU) 1
Trichosporon coremiiforme 1 EXF-8679 KPO3976 (LsU) 1
Tap water
Aspergillus spp.* 48 | | 1=2
Aureobasidium melanogenum 25 EXF-8432 KPD34984 (ITS) 1
Candida pseudointermedia 2 EXF-8894 KPO3967 (L5U) 1
Candida orthopsilosis 1 EXF-8409 KPO3968 (L5U) 1
Candida parapsilosis 11 EXF-8411 KPO3965 (L5U) 1
Candida pararugosa 1 EXE-10051 KPO34966 (L5} 1
Candida saitoana 1 EXF-10054 KPO34969 (L5U) 1
Clavispara lusitaniae 1 EXF-8458 KPO34982 (L5U) 2
Debaryomyces hansenii 4 EXF-8402 KPO34981 (LsU) 1
Exophiala akcalophila 2 EXF-9876 KP034990 (IT5) 1
Exophiala dermatitidis genotype A* 5 EXF-B470 KP034992 (ITS) 2
Exophiala dermatitidis genotype B 1 EXF-8435 KP034993 (ITS) 2
Exophiala lecani-corni 3 EXF-9878 KPO34985 (ITS) 2
Exophiala mesophila 1 EXF-8424 KPO34986 (ITS) 1
Exophiala olgosperma 1 EXF-B434 KPO34988 (ITS) 2
Exophiala phasomuriforme genotype 1 5 EXF-8441 KPO34987 (ITS) 2
Exophiala xenobiotica 2 EXF-8261 KPO34989 (ITS) 1
Fusarfum dimerum® [ EXF-8427 KPO35000 (ITS) 1
Galactomyces candidum 1 EXF-10052 KPO35008 (ITS) 1
Meyerozyma caribbica 1 EXF-9902 KPD34974 (LsU) 1
Meyerozyma guiliermondi® 10 EXF-8455 KPD34973 (LsU) 1
Pichia fermentarns 3 EXE-8414 KPO34980 (L5U) 1
Peeudozyma crassa 3 EXF-9893 KP034979 (L5U) 1
Ehinodadidla s imils 8 EXF-8433 KPD349495 (ITS) 2
Rhodotorul mucilaginosa 13 EXE-8417 KP034971 (LSU) 1
Rhodotoruln siooffine 4 EXE-8420 KP034972 (L5U) 1
Trichosporon montevideense 1 EXF-10056 KPO34977 (LsU) 1
Yarrowia lpolytica 2 EXE-8418 KPO34978 (L5U) 1

“Species isolated from the sample of tap water, which was also subjected to NGS analysis,
* EXF strain accession number in Ex Culture Collection of the Department of Biology, Biotechnical Faculty, University of Ljubljana { Infrastructural Centre Mycosmo, MEIC UL,

Slovenial
" ITS, internal transcribed spacer region of ribosomal DNA.
© 15U, large subunit of ribosomal DNA
4 gL, Biosafety level (de Hoog et al. 2009)
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Fig. 2. Comparison of the occurrence of fungal spedes in ground- and tap water
samples from Slovenia, with the focus on taxa detected in dishwashers (Zalar et al.,
2011) andjor washing machines (Movak Babit et al, 2015) Aureobasidium melanoge-
num was predominant in both water types. The frequency of isolation was higher from
ground water (56%) and lower from tap water (25%). Exophigle dermattidis was
frequent in groundwater samples (12%) upon tap water (6%), while the percentage of
occurrence of Candide parapsilosts and Fusarfum dimerum was the same in both water
sources. Rhodotorula mudlginesa, Meyerozyma guilliermondii and Exophiale phaeo-
murformis were only found in ap water.

3.5. Statistical analyses of the occurrence of fungi in water in
relation to water characteristics

To determine the correlation between ion composition of tap
water and the occurrence of culturable fungi, the results of the
analyses of the 90 tap water samples were processed with machine
learning methods. In the resulting decision tree (Fig. 4), we
observed two separate groups of ions determining fungal presence
in the tap water. In the first group, the presence of fungi was
positively correlated with high concentrations of Ca>* (more than
52.9 mg I="), high concentrations of Mg and S0%~. In the second
group, the presence was primarily correlated with concentrations
of Ca®* lower than 52.9 mg |, In this group only the concentration
of NO3 had an important positive influence on the presence of fungi
in tap water. Surprisingly, the decision tree model did not include
(" as a factor influencing the presence of fungi in tap water sys-
tems. To verify the apparent low importance of Cl~ for the absence/
presence of fungal species, we calculated the mutual information
between the latter and each of the ion concentrations: this was the
lowest for the Cl~ ion concentration.
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Fig. 3. DGGE profiles of fungal communities from different water samples, Rivers, groundwater, tap water and waste water samples from 2 different aquifers of Ljubljana valley
were compared. The blue box shows duster of samples from north aquife r Ljubljana field (Slovenian name “Ljubljansko polje”), and the green box indicates cluster of samples from
south aquifer Ljubljana moor (Slovenian name “Ljubljansko barje™). Numbers 1,2, and 3 indicate the samples from nvers and surrounding areas. Similarities betwee n communities
derived from the same aquifer are apparent (96-98%). Fungal communities inside dusters are closely related regardless of the type of water.

4. Discussion

Seventy one percent of the Earth is covered with water. Only
0.6% of this water, originating in gladers, rivers, lakes and
groundwater, is fresh water (Wurzbacher et al. 2011). The World
Health Organisation (WHO), the US Environmental Protection
Agency (US EPA) and the European Union (EU) issue directives,
determine legislations, set recommendations and require testing of
drinking water quality. In EU, standards for water sources are
defined in Directive 2000/60/EC and Council Directive 80/778/EC.
Tap water in Slovenia is regularly checked for bacteria and chem-
icals, as determined in the European Council Directive 80/778/EC
for drinking water (European Union, 1980). Mainly groundwater
and to a lesser extent recycled surface water derived from rivers is
used as tap water in Slovenia. Among 928 water supply facilities

Table 3
Analysis of tap water sample performed with 454 Pyrosequencing, where 3259
reads were obtained. Highest taxonomic unit is presented on the top of the able.

Taxomomic unit OTU-5 Percentage of fungal community (%)
Fungi 8 024
Ascomycota 12 037
Eur otiomycetes 2 0.06
Sordariomycetes 2 006
Fleosporales 2 006
Mymsphaerellaceae 2 006
Trichocom aceae 9 028
Polyporaceae 12 037
Aspergillus sp. 3100 95.12
Aspergillus conicus 106 325
Exophiala dermatitidis 4 0,12

56% are regularly disinfected with chlorine, while 44% of water
supply sources are not disinfected at all (Lapajne and Sovi¢, 2012).
After disinfection, the total count of mesophilic bacteria, coliforms,
Escherichia coli and spores of Clostridium perfringens are determined
(European Union, 1980). Water quality legislations, with the
exception of some white papers and recommendations (US EPA,
2002; US EPA, 2006), do not mention fungi or set limits for fungi
in drinking water (European Union, 1980; US EPA, 2002; Defra,
2011). As a consequence the presence of fungi in tap water is not
measured, and its potential influence on human health is rarely
investigated (Defra, 2011).

Filamentous fungal genera reported in tap water worldwide in
previous studies included Acremonium, Alternaria, Arthrinium,
Aspergillus, Beauveria, Botrytis, Chaetomium, Cladosporium, Epi-
coccum, Fusarium, Geotrichum, Gliodadium, Mucor, Paecilomyces,
Penicillium, Phoma, Phomopsis, Rhizopus, Sporothrix, Trichoderma
and Verticillium (Kinsey et al., 1999; Gongalves et al., 2006; Kanzler
et al., 2008; Sammon et al,, 2010; Defra, 2011; Heinrichs et al,
2013a, 2013b). Selected species of Aspergillus, Fusarium, and Peni-
cllium, some of which are also isolated from tap water, are known
producers of mycotoxins (Kelley et al., 2003). Yeasts isolated from
tap water were black yeast-like genera Aureobasidium, Exophiala,
Phialophora, white yeasts of the genera Candida, Cryptococcus and
red yeasts from the genus Rhodotorula (Kinsey et al., 1999; Gottlich
etal, 2002; Hageskal et al, 2006; Grabinska-Loniewska et al., 2007;
Pereira et al., 2010).

Amongst the most important opportunistic human pathogens
that have been detected so far in tap water are Cryptococcus neo-
formans, Stachybotrys chartarum, and representatives of the genera
Acremonium, Alternaria, Aspergillus, Aureobasidium, Candida, Chae-
tomium, Cladosporium, Exophiala, Fusarium, Mucor, Nectrig,
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Paecilomyeces, Penicillium, Phialophora, Phoma, Rhizopus, Rhodotor-
ula, Scopulariopsis, and Sporothrix (Defra, 2011).

In our study, 80% of tap water samples harboured fungi. This is
in accordance with Niemi et al. (1982) who reported that 50%—
100% of water samples were positive for fungi. We have focused on
yeasts and yeast-like fungi with pathogenic potental, thus Asper-
gillus isolates were not identified to the species level. Among yeasts
and yeast-like fungi we mostly isolated black pigmented fungi A.
melanogenum, R. similis, and Exophiala spp, white yeasts Candida
spp., M. guilliermondii and red yeasts from the genus Rhodotorula. In
addition to these, representatives of the genera Clavispora, Debar-
yomyces, Galactomyces, Meyerozyma, Pichia, Pseudozyma Tricho-
sporon, and Yarrowia were detected. Among them E. dermatitidis,
Pseudozyma crassa and Yarrowia lipolytica, which are rarely isolated
from the environment, were identified from 6%, 3% and 2% of the

tap water samples, respectively. To our knowledge, this is the first
report of the isolation and cultivation of E. dermatitidis, the domi-
nant opportunistic human pathogen in dishwashers, from tap wa-
ter. Our results obtained with pyrosequencing from a single tap
water sample also confirmed the results of culture dependent
techniques. Aspergillus spp. and E. dermatitidis were detected, but
other taxa (E dimerum, M. guillermondii), which have been isolated
and cultured from a single tap water sample, have not been iden-
tifiable by ITS2 rDNA to the species level.

Black yeast-like Aureobasidum pullulans has previously been
reported mainly from oligotrophic environments (Gostincar et al,
2014), but also in approx. 5% of groundwater samples (Kanzler
et al., 2008). Four varieties of the genus Aureobasidium (Zalar
et al., 2008) were in 2014 elevated to the species level
(Gostincar et al. 2014). Among them only A. melanogenum was
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reported to be involved in human infections, causing phaeohy-
phomycosis and other localized infections (Hawkes et al., 2005).
Surprisingly, A. melanogenum was the only Aureobasidium species
detected in the water samples. It was present in 56% of ground-
water samples and in 25% of tap water samples with CFU even up
to 160 17", However, A. melanogenum was isolated in low amounts
from dishwashers (1%) and from washing machines (less than 2%
of the samples) (Zalar et al., 2011; Novak Babic et al, 2015), indi-
cating its sensitivity to the extreme conditions within household
appliances.

Amongst other black yeast-like fungi we isolated representa-
tives of the genera Rhinocladiella and closely related Exophiala spp.
Species R similis, Exophiala alcalophila, E. lecanii-corni, Exophiala
mesophila, E oligosperma E phaeomuriformis and Exophiala xen-
obiotica were isolated from 22% of water samples. In previous
studies they have been isolated from groundwater, biofilms in tap
water systems (Gottlich et al., 2002; Heinrichs et al,, 2013a, 2013b),
and from gladers (Branda et al., 2010; Blasi et al, 2015). These
species are all classified as human opportunistic pathogens, causing
cutaneous or subcutaneous infections (de Hoog et al., 2009). An
important finding is our discovery of the E. dermaritidis in tap water
(6%) and groundwater samples (12.5%). This species is the domi-
nant fungus in dishwashers worldwide (Zalar et al., 2011; Dogen et
al., 2013; Giimral et al, 2015); however, its presence was not
confirmed in other household appliances, like washing machines
(Movak Babic et al., 2015). E. dermatitidis is a causative agent of
phaeohyphomycosis, mycetoma, brain infections and colonizer of
respiratory tract. Patients with cystic fibrosis represent a particular
risk group (de Hoog et al,, 2009; Kondori et al., 2011). Previous
studies reported isolation of E dermatitidis from glaciers (Branda
et al., 2010; Blasi et al, 2015), bathrooms {Ddgen et al, 2013),
saunas (Matos et al, 2002; Blasi et al., 2015), railway sleepers
(Giimral et al., 2014) and also beach sand (Efstratiou and Velegraki,
2009), but never directly from tap water.

Red yeasts of the genus Rhodotorula, known to form biofilms, are
common in the environment and have been previously reported
also from 10% of groundwater samples (Kanzler et al, 2008; Wirth
and Goldani, 2012). We isolated R mucilaginosa from 13% of tap
water samples with up to 36 CFU I"\. R mucilaginosa can colonise
kitchen surfaces (Adams et al, 2013), and was recently also isolated
from household appliances such as dishwashers (2%) (Zalar et al,
2011), and washing machines (7%) (Novak Babit et al, 2015). It
can cause catheter-related infections (MNeofytos et al., 2007), eye
infections, meningitis and fungemia in immunosuppressed in-
dividuals (Pfaller et al., 2007; de Hoog et al., 2009).

Yeasts from the genus Candida were isolated from both
groundwater (12%) and tap water (16%) with up to 42 CFU I-%
C.  parapsilosis dominated among other Candida species
(Candida pseudointermedia, Candida orthopsilosis, Candida para-
rugosa, Candida saitoana), while Candida albicans was not detected
in any water sample. C. parapsilosis was previously reported from
soil, plant material and tap water samples ( Deresinski et al., 1995;
Pires-Gongalves et al, 2008; Lord et al, 2010). It can invade hu-
man indoor environments, in particular kitchens (Adams et al,
2013), and also household appliances (Gattlen et al,, 2010). It was
isolated from 15% of sampled washing machines { Novak Babitetal,
2015) and from approx. 5% of dishwashers (Zalar et al, 2011;
Gimral et al, 2015). C. parapsilosis is an emerging pathogen,
causing opportunistic fungemias (de Hoog et al., 2009), colonizing
catheters and other prosthetic materials (Levin et al, 1998).

Other fungi, frequently present in washing machines and for
dishwashers, like E dimerum, E oxysporum, and E solani species
complexes were only detected in low amounts or were absent in
tap water. However, F dimerum, also previously reported as
groundwater inhabiting species (Hageskal et al, 2006), present in

2% of dishwashers (Zalar et al., 2011), was isolated from 6% of tap
water samples.

Machine learning analysis correlated measured water charac-
teristics and the presence of fungi in water. This presence most
strongly correlated with the concentrations of Ca®*, Mg*", and
MO3. Thus, fungi were primarily isolated from samples with a
combination of high concentrations of ca* and Mgl*', or low
concentration of Ca®* and presence of NO3. It is noteworthy that
the growth morphology of certain fungi can depend on the pres-
ence of some ions, such as Ca>*, and also that some fungi can affect
aqueous geochemistry in karst, ie, rocks made of limestone
(Wang and Szaniszlo, 2009; Hou et al, 2013). A remarkable
conclusion, based on machine learning, was the very low impor-
tance of CI” in determining the fungal presence in tap water,
indicating that naturally occurring chloride or additional chlori-
nation for water treatment does not affect fungi. Similar results
have been observed in a previous study of melanised fungal spe-
cies (Defra, 2011).

The lack of influence of chlorination on water mycobiota and
the resemblance between fungal communities in the raw water
source to the communities detected in tap water was illustrated
with DGGE analysis. Fungal DGGE profiles in selected rivers,
groundwater, tap water, and waste water showed closely related
profiles of fungal species between samples derived from the same
aquifer and that these profiles were only little changed throughout
the water cycle — also after chlorination of tap water, although we
have to stress that this could not be quantified with the method-
ology used.

Many of the fungal species detected in tap water and ground-
water can affect human health, causing allergies, eye, hair, skin and
nail infections (Defra, 2011) as well as colonising the respiratory
tract{e.g in cystic fibrosis, and even without) ( Kondori et al, 2011;
Mukaino et al., 2006). Aging human populations, the high numbers
of immunocompromised individuals and the lifestyles that are
increasingly confined to indoor environments all contribute to an
increased risk of allergies, severe infections with fungi, or systemic
mycoses (de Hoog et al., 2009).

Our study revealed high occurrence of several human oppor-
tunistic fungi, in particular black-pigmented yeasts Exophiala spp.,
A melanogenum and white yeast C parapsilosis. These and other
opportunistic pathogenic species present in low counts in @ap wa-
ter, enter household appliances via water. Here they undergo a
strong selection process exposed to intermittent dry and wet
conditions, changes in pH, together with the presence of man-made
substrates and chemicals, such as rubber and detergents, and oc-
casionally relatively high temperatures for fungi (40 °C and above).
As a result, the enrichment of species, adapted to multiple abiotic
stress factors via melanisation, meristematic growth, and produc-
tion of extracellular polysaccharides, biofilm formation and
phenotypic plasticity, occurs. This enrichment can increase the
number of individual spedes, and considerably increases the risk of
humans as a vector for fungal dispersal. Itis thus a neglected health
risk, particularly in hospitals (Anaissie et al, 2002; Warris et al,
2010), as well as in our households.

We conclude that a variety of fungal species, including oppor-
tunistic human pathogens, can be isolated from groundwater as
well as tap water. The results of data mining show that the presence
of fungal species in water is related to the concentration of certain
inorganic ions. We do not yet know in which natural environments
they are established before they are transferred — by the water
system — to the extreme environments of household appliances.
However, it is certain that some of these fungal species can estab-
lish themselves in dishwashers and washing machines, where they
subsequently proliferate and can constitute a threat to human
health.
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3 RAZPRAVA IN SKLEPI

3.1 RAZPRAVA

Zaradi nara$Canja Stevila prebivalstva, daljSanja Zivljenjske dobe v razvitem svetu in
naras¢anja Stevila ljudi s kroni¢nimi ali avtoimunskimi boleznimi postajajo oportuno
patogene glive globalno prepoznan zdravstven problem, s katerim se spopada nekaj vec¢ kot
milijarda ljudi po svetu (Vos in sod., 2012). Ker so glive razsirjene globalno, so prisotne
tudi znotraj ¢loveskih bivaliS¢, kjer na njihov pojav in pogostost vplivajo temperatura,
vlaga, Stevilo oseb v prostoru ter prisotnost rastlin in zivali (de Hoog in sod., 2014).
Najprimernejsi pogoji za pojav plesni v prostorih so pri temperaturah visjih od 22 °C in pri
relativni zrac¢ni vlaznosti nad 60 % (Elektro Energija, 2015). Pojav plesni v prostorih
neugodno vpliva na imunski sistem, pojav alergij, okuzb dihalnih poti, v najhujSem
primeru pa na razvoj mikoz (de Hoog in sod., 2014). V razli¢nih $tudijah so glive osamili
iz vlaznih prostorov, savn, kopalnic in kuhinj. Le-te so najpogosteje pripadale rodovom
Acremonium, Alternaria, Aspergillus, Aureobasidium, Candida, Cladophialophora,
Cladosporium, Cyphellophora, Exophiala, Fusarium, Meyerozyma, Mucor, Ochoconis,
Paecilomyces, Penicillium, Phialophora, Phoma, Ramichloridium, Rhizopus, Rhodotorula
in Scolecobasidium (Hamada in Fujita, 2000; Matos in sod., 2002; Adams in sod., 2013).
Izum gospodinjskih strojev je moderni druzbi omogocil skrajSanje Casa, ki ga porabimo za
opravljanje gospodinjskih del. Ce so bili pralni in pomivalni stroji v preteklosti redkost v
gospodinjstvih, je imelo v svoji posesti po podatkih Statisticnega urada Republike
Slovenije v letu 2012 97,6 % gospodinjstev pralni ter 52,8 % pomivalni stroj (Statisti¢ni
urad Republike Slovenije, 2012). Ekoloske smernice v modernem casu stremijo k uporabi
t.i. var¢nih strojev, ki med ciklom pranja dosegajo nizke maksimalne temperature, pri tem
pa porabijo ¢im manj elektri¢ne energije in vode. Da bi kljub temu vzdrZevali kakovostno
pranje posode / perila kot pralna sredstva uporabljamo detergente z razlicnimi dodatki, ki
izboljSajo ucinek pranja (npr. encimi, belila) (Isola in sod., 2013). Prav tako s standardi,
kot je npr. NSF / ANSI Standard 184 zagotavljajo, da gospodinjski stroji dobro ocistijo
posodo ali perilo. Proizvodi certificirani po tem standardu naj bi po uporabi programa
pranja zmanjsali prisotnost bakterij za 99,9 % (NSF International, 2008). Pralni in
pomivalni stroji so po splo$nem prepricanju ljudi dolgo Casa veljali za prostor, Ki ni
primeren za naselitev mikroorganizmov. Pojav gliv v gospodinjskih aparatih, njihova vlioga

ter morebitni vplivi na zdravje ljudi so slabo raziskani. Prisotnost gliv v povezavi s
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pralnimi stroji se v literaturi omenja predvsem zaradi neprijetnega, zatohlega vonja
prostorov kjer so stroji namesceni ter zaradi moznega prenosa nekaterih glivnih vrst med
okuzeno osebo ter ostalimi lastniki perila, ki se isto¢asno pere v stroju (Shah in sod., 1988;
Munk in sod., 2001). Pomivalni stroj, kjer so bile oprane stekleni¢ke za mleko so omenjali

kot moZen vir okuzbe novorojenckov z vrsto Candida glabrata (Nedret Koc in sod., 2002).

3.1.1 Pomivalni stroj kot Zivljenjski prostor gliv

V predhodnih raziskavah higiene v gospodinjstvih so se v glavnem osredotocali na pojav
enterobakterij na kuhinjskih povrSinah ter v pomivalnih strojih. Ugotovili so, da ima visja
temperatura pranja v pomivalnem stroju vecji vpliv na odstranjevanje mikroorganizmov
kot izbira detergentov (Johanson in sod., 2004). Prav tako so temperature pranja znotraj
pomivalnih strojev visje kot pri pranju na roke, zaradi ¢esar naj bi z uporabo pomivalnih
strojev odstranili ve¢ bakterij s posode kot pri klasiénem pranju. Pri pranju posode na roke
se namre¢ kot pripomocek uporabljajo gobice za pomivanje, ki vsebujejo ~ 8,5%10°
CFU/ml mikroorganizmov, med njimi tudi glive rodu Aspergillus, po pranju pa jih je tezko
temeljito odistiti (Hilton in Austin, 2000; Alwakeel, 2007). V globalni raziskavi gliv v
pomivalnih strojih smo za mesto vzorcenja izbrali tesnilo iz gume, ki omogoca tesnenje
vrat stroja med ciklom pranja. Tesnilo je zaradi svoje lokacije v stroju v primerjavi z
notranjostjo stroja izpostavljeno nizjim temperaturam ter manjSemu pretoku vode. Poleg
tega ima hrapavo povrSino, zaradi Cesar se na njem lazje zaustavijo delci hranil in
mikroorganizmi, kar omogoci tvorbo biofilma. Izmed 189 vzoréenih pomivalnih strojev
smo prisotnost gliv potrdili pri 62 % strojev. Iz velike vecine strojev smo osamili vrste iz
rodov Aspergillus, Candida, Magnusiomyces, Fusarium, Penicillium, Pichia in
Rhodotorula ter najpogosteje vrsti ¢rnih kvasovk Exophiala dermatitidis in E.
phaeomuriformis. Le-te smo potrdili pri 55 % na glive pozitivnih strojih, sopojav obeh vrst
v stroju pa je bil zabeleZen samo v enem primeru. V poznejsi Studiji glivne raznolikosti v
pomivalnih strojih, kjer smo le-to preucevali v sodelovanju s sodelavci iz Tur¢ije na vzorcu
937 pomivalnih strojev, se je izkazalo, da je glivna raznolikost v strojih ne glede na
lokacijo presenetljivo podobna. Na glive pozitivnih strojev je bilo 2,5-krat manj kot v prvi
Studiji (24,5 %), kljub temu pa smo v primeru pozitivnih strojev v kar 43,8 % detektirali E.
dermatitidis. Sicer so glivno bioto, tako kot v globalni Studiji, poleg ¢rnih kvasovk

predstavljale Se Candida parapsilosis, Meyerozyma (prej rod Pichia) guilliermondii,
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Rhodotorula mucilaginosa ter v okolju redko najdena dimorfna gliva Magnusiomyces
capitatus. Prisotnost vseh omenjenih gliv je bila potrjena tudi v Studiji, kjer so podrobno
preucili glivno zdruzbo na razli¢nih mestih znotraj pomivalnih strojev kot tudi njihov
prenos iz strojev na kuhinjske povrsine. Pri tem ugotavljajo, da ¢rne kvasovke na tesnilu
pomivalnih strojev dosegajo do 10°® CFU/cm?, ostale glive pa se pojavljajo v Stevilu od 10
do 10° CFU/cm? ter, da so kuhinje s pomivalnimi stroji pogosteje kolonizirane s &rnimi

kvasovkami kot tiste brez strojev (Zupancic in sod., 2016).

Pri obeh vrstah ¢rnih kvasovk smo v obeh izvedenih $tudijah dolo¢ili tudi genotipe (Matos
in sod., 2002). Pri vrsti E. dermatitidis je v pomivalnih strojih v obeh studijah prevladoval
genotip A, ki je v primerjavi z genotipom B tudi pogosteje najden v klini¢cnem materialu
(de Hoog in sod., 2005). Rezultati eksperimenta MSP-PCR prstnega odtisa kazejo na
moznost rekombinacije v stresnih pogojih med genotipoma A in B vrste E. dermatitidis.
Teleomorfna oblika pri rodu Exophiala sicer ni opisana kljub temu, da so v genomu te
glive potrdili obstoj genov za parjenje in mejozo (Chen in sod., 2014). Pri vrsti E.
phaeomuriformis smo prvi¢ opisali pojav dveh genotipov, poimenovanih 1 in 2. Vecino
izolatov te vrste je v globalni studiji pripadalo genotipu 1, medtem ko sta bila v primeru
turske Studije oba genotipa zastopana enakovredno.

Zaradi pogostosti E. dermatitidis in E. phaeomuriformis v strojih smo predvidevali, da so
sevi teh vrst prilagojeni na zivljenjske pogoje znotraj strojev. Na izbranih posameznih
sevih smo zato v obeh $tudijah testirali rast pri razli¢nih temperaturah, pH in pri razli¢nih
koncentracijah soli (NaCl). Vecina sevov je bila sposobni rasti pri temperaturi do 47 °C; da
sta obe vrsti sposobni rasti pri visokih temperaturah so sicer opazili ze Matos in sodelavci
(2002), ki so prisotnost E. dermatitidis potrdili v vro¢ih savnah, E. phaeomuriformis pa v
nekoliko hladnejSem okolju kopalnic. ZmoZnost prezivetja pri visokih temperaturah pri
vrsti E. dermatitidis je verjetno pogojena s tvorbo melaniziranih meristematskih skupkov
in kapsule, ki celice sciti pred izsusitvijo (Yurlova in de Hoog, 2002, Zupanci¢ in sod.,
2016). Taksen ekotip ¢rnih kvasovk kot del biofilma na tesnilu pomivalnih strojev smo
opazili tako pod svetlobnim kot tudi vrstiénim mikroskopom in je najverjetneje posledica
kombinacije stresnih dejavnikov, ki so jim celice izpostavljene tekom ciklov pranja v

pomivalnem stroju. Obe vrsti sta rasli tako pri kislem kot bazi¢nem pH vse do pH 12,5.
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Pojav sicer Sibke rasti pri tako visokem zacCetnem pH gojisca je najverjetneje posledica
naknadnega znizanja le-tega zaradi metabolne aktivnosti prezivelih glivnih celic v gojiscu.
Pri opazovanju mikromorfoloskih sprememb smo ugotovili, da sevi E. dermatitidis v
v bazi¢nem obmocju pa tvorijo psevdohife. E. phaeomuriformis je za razliko od E.
dermatitidis ne glede na pH gojisca rastla v psevdohifni obliki. Pri testiranju rasti na slanih
njuna rast Sibkejsa, Se zlasti pri E. phaeomuriformis. Prilagoditev na slanost je sicer dobro
poznana pri mnogih psihrotolerantnih vrstah iz rodu Exophiala (de Hoog in sod., 2011), pri
vrsti E. dermatitidis pa bi lahko predstavljala pomemben virulentni dejavnik pri bolnikih s
cisti¢no fibrozo (Haase in sod., 1991). Glede na rast pri teh pogojih smo obe glivni vrsti
uvrstili med poliekstremotolerantne mikroorganizme, ki so sposobni rasti pri kombinaciji
ve¢ razli¢énih ekstremnih pogojev kot so visoke koncentracije soli (med 3,7 in 4,3 M Na"),
bazic¢en pH (nad 9,5) in visoke temperature (med 46 in 66 °C) (Bowers in sod., 2009).

Najpogostejsi naseljevalki pomivalnih strojev E. dermatitidis in E. phaeomuriformis
spadata v rod Exophiala (Ascomycota, Chaetothyriales), ki zdruzuje dimorfne ¢rne
kvasovke. Za 17 od 38 opisanih vrst znotraj tega rodu razli¢ne Studije potrjujejo, da so
oportuno patogene za zivali ali ljudi (Anaissie in sod., 2009). Povzrocajo
kromoblastomikozo, okuzbe centralnega zivénega sistema ter okuzbe dihal pri imunsko
oslabljenih ljudeh. Slednje so pogoste predvsem pri bolnikih s cisti¢no fibrozo (Chang in
sod., 2000; de Hoog in sod., 2014; Taj-Aldeen in sod., 2006; Kondori in sod., 2011). V
naravnem okolju sta bili vrsti ob¢asno najdeni v tropskih gozdovih, na povrsini sadja ter v
iztrebkih ptic in netopirjev (Sudhadham in sod., 2008). Pogosteje so ju osamili iz
antropogenih okolij, kot so savne in kopalnice ter iz okolij, onesnazenih z ogljikovodiki
(bencinske ¢rpalke, Zelezniski tiri) (Matos in sod., 2002; Gimral in sod., 2014). Dokazano
S0 sposobne asimilacije toksi¢nih monoaromatskih spojin kot edinega vira ogljika, kar bi
lahko bil eden od virulentnih dejavnikov teh gliv. Alkilbenzeni, ki jih te glive razgrajujejo
Vv naravi, So namre¢ strukturno podobni nevrotransmiterjem v zivénem sistemu (de Hoog in

sod., 2014; Matos in sod., 2002; Prenafeta-Boldu in sod., 2006).
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Nepri¢akovan rezultat je bila osamitev gliv Magnusiomyces capitatus iz pomivalnih
strojev. Iz novejsih taksonomskih studij je sicer razvidno, da je za pravilno taksonomsko
uvrstitev teh gliv potrebna ionizacija v matriksu z desorpcijo z laserjem in masnim
analizatorjem Casa preleta ionov (MALDI-TOF) in ne le zaporedje ITS regije v genomu
(Desnos-Ollivier in sod., 2014). Z naknadno identifikacijo smo ugotovili, da vecina
pridobljenih izolatov iz pomivalnih strojev spada v vrsto Saprochaeta clavata (deblo
Ascomycota). O ekologiji in naravnem rezervoarju vrst iz rodov Magnusiomyces /
Saprochaeta je zelo malo znanega (de Hoog in Smith, 2011). Za vrsto S. clavata so malo
poroc¢ali o patogenosti za ljudi, ¢eprav je taksonomsko ozko povezana s patogeno M.
capitatus. O glivi M. capitatus so porocali kot o povzrociteljici invazivnih okuzb, zlasti pri
pacientih s hematoloSkimi obolenji (Pimentel in sod., 2005; Garcia-Ruiz in sod., 2013).
OkuZzbe imunsko oslabljenih ljudi s to glivo so povezali s kontaminiranimi mle¢nimi
produkti (Ersoz in sod., 2004). lzgleda, da sta ti vrsti, sicer redko najdeni v naravi, v

pomivalnih strojih nasli novo ekolosko niSo.

3.1.2 Glive kolonizirajo uporabnikom dostopna mesta v pralnih strojih

Glive v pralnih strojih so predhodne §tudije omenjale predvsem v kontekstu prenosa perilo-
uporabnik in verizne kontaminacije razliénega perila s potencialnimi patogeni ljudi in
zivali. Pri tem je bilo najve¢ pozornosti namenjene vrstam iz rodu Candida, Microsporum
in Trichophyton, ki so prezivele na opranem perilu (Shah in sod., 1988; Tanaka in sod.,
2006). Le malo pozornosti se je namenjalo ostalim niSam znotraj pralnih strojev, kjer je
prezivetje pogojeno s prilagojenostjo na visoke koncentracije detergentov in belil. V
raziskavi pojava gliv v pralnih strojih smo Zzeleli ugotoviti, katere glive naseljujejo
predalcke za pralni prasek in mehcalec ter tesnilo vrat strojev. Pri 79 % vzorcenih strojev
smo potrdili prisotnost gliv, kar smo v nadaljevanju povezali tudi z najpogosteje
uporabljeno temperaturo pranja. V strojih, pozitivnih na glive, je bila le-ta 40 °C, medtem
ko so uporabniki strojev, kjer gliv nismo osamili, uporabljali programe pranja s
temperaturami med 60 in 95 °C. Podobno kot pri pomivalnih strojih, smo tudi pri pralnih
strojih opazili konzistentnost glivne biote le, da so jo predstavljale druge vrste. V
primerjavi s pomivalnimi stroji smo iz pralnih strojev izolirali veliko ve¢ filamentoznih
glivnih vrst. Najve¢ pralnih strojev (23 %) je bilo kontaminiranih z glivami iz Fusarium

oxysporum kompleksa vrst, na drugem mestu je bila kvasovka Candida parapsilosis (14
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%), ki spada med porajajoce se patogene (Miceli in sod., 2011). Pogoste so bile tudi
filamentozne glive iz rodov Penicillium, Cladosporium ter ubikvitarna kvasovka
Rhodotorula mucilaginosa. Ceprav smo iz 9 % strojev osamili glive iz rodu Exophiala pa
presenetljivo iz nobenega od vzorc¢enih pralnih strojev nismo osamili vrste E. dermatitidis,
ki je bila najpogosteje prisotna v pomivalnih strojih. E. phaeomuriformis smo potrdili le v
4 % vseh vzoréenih strojev. Dobljeni rezultati se ujemajo z rezultati predhodnih raziskav,
kjer so glive iz pralnih strojev osamili iz bobnov, razli¢nih plasti¢nih delov in tesnila.
Najpogosteje so poroc¢ali o pojavu kvasovk iz rodov Candida in Cryptococcus ter vrst
Rhodotorula minuta, R. mucilaginosa in R. slooffiae (Gattlen in sod., 2010; Stapleton in
sod., 2013). Plasti¢ne dele so naseljevale vrste Alternaria sp., Aspergillus ochraceus, A.
versicolor, Cladosporium cladosporioides, C. sphaerospermum, Fusarium oxysporum in
F. solani (Hamada, 2002; Gattlen in sod., 2010; Stapleton in sod., 2013). Vrste
Aureobasidium sp., Capronia coronata, Exophiala alcalophila, E. equina, E. lecanii-corni,
E. mesophila, Ochroconis constricta, O. humicola in Phialophora olivacea pa so osamili iz

temnih biofilmov v predalckih za detergente (Gattlen in sod., 2010; Isola in sod., 2013).

Razlog za razlike med glivno bioto pomivalnih in pralnih strojev je najverjetneje
temperatura pranja, zaradi katere v strojih pride do selekcije vrst. Ugotovili smo, da velika
vecina uporabnikov pomivalnih strojev pri ciklu pranja izbere vi§je temperature (~ 60 °C),
medtem ko pri pranju perila ve¢ina uporablja programe pranja z nizjimi temperaturami (~
40 °C). To smo v nadaljevanju potrdili tudi s testom rasti izbranih gliv pri temperaturah 25
in 37 °C, kjer so vse testirane glive bile sposobne rasti pri 25 °C, medtem ko pri 37 °C za
vecinoma filamentozne vrste Aureobasidium pullulans, Mucor racemosus, Ochroconis sp.
ter vrste iz rodov Cladosporium, Penicillium in Phoma nismo zabelezili rasti. Za doloCitev
ostalih faktorjev, ki vplivajo na pojav gliv v pralnih strojih smo uporabili statisti¢no
uporaba detergentov, Se posebej mehcalca. Razen vrste Phoma fimeti, so ostale rasle na
g0jis¢u z 1 % mehcalcem, vrsti Fusarium verticillioides in Penicillium crustosum pa tudi
na gojis¢u s 5 % koncentracijo mehcalca. Ker smo med raziskavo ugotovili, da veliko ljudi
namesto mehcalca pri pranju uporablja alkoholni kis, smo izbrane seve izpostavili 1 %
ocetni kislini; v tem primeru pri nobenem od sevov nismo potrdili rasti. Iz literature je

razvidno, da lahko nekatere vrste gliv iz rodov Cladosporium, Exophiala in Scedosporium
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surfaktanti (Hamada, 2002; Hamada in Abe, 2010, Isola in sod., 2013). Detergenti
vsebujejo razlicne snovi kot so aromatski ogljikovodiki, alkoholi, surfaktanti, diSave,
encimi in belila, ki so jih glive sposobne razgraditi (Isola in sod., 2013). Pri izbranih sevih
smo zato preverjali esterazno in proteazno aktivnost, ki mikroorganizmom omogoca
razgradnjo mas¢obnih kislin in beljakovin. Pri vseh glivah smo opazili esterazno aktivnost
pri 25 °C, medtem ko so vrste iz rodu Fusarium ter vrste Aureobasidium melanogenum,
Meyerozyma guilliermondii in Exophiala phaeomuriformis izrazale esterazno aktivnost
tudi pri 37 °C. Manj gliv je pri danih pogojih izrazalo proteazno aktivnost, vse razen A.
melanogenum, ki spada med polimorfne glive, pa so spadale med filamentozne vrste (F.

solani, F. verticillioides, Mucor circinelloides).

Pri razgradnji detergentov in pri nizkih temperaturah pranja lahko pride do namnozitve
mikroorganizmov, zaradi katerih imajo obleke ali stroj po pranju neprijeten vonj (Munk in
sod., 2001). V studiji smo izbrali 3 pralne stroje, pri katerih so uporabniki porocali 0
neprijetnem vonju ter 3 stroje kot kontrolno skupino, iz vseh smo osamili tako glive kot
tudi bakterije. Izkazalo se je, da so stroji z neprijetnim vonjem vsebovali §tevilcno manj
gliv, z manjSo vrstno raznolikostjo kot stroji brez neprijetnega vonja, kar nakazuje na to, da
glive niso glavne povzrociteljice neprijetnega vonja. V veéini vzorcev smo iz Strojev z
neprijetnim vonjem osamili glive iz rodu Penicillium ter bakterije iz rodov Micrococcus,
Pseudomonas, Shewanella ter Sphingomonas, kar se ujema z ugotovitvami predhodnikov
(Stapleton in sod., 2013). Za navedene bakterije je znacilno, da proizvajajo metabolne
produkte z neprijetnim vonjem kot so dimetil disulfid in dimetil trisulfid (Palleroni in sod.,
1992; James in sod., 2004; Stapleton in sod., 2013).

Pri vzorCenju pomivalnih strojev nismo zasledili vecjega Stevila gliv iz rodu Fusarium
(Ascomycota, Hypocreales), le-te pa so bile najpogosteje prisotne v pralnih strojih.
Kolonije teh gliv so bele, oranzne ali roza barve in tvorijo zra¢ni micelij. Rastni optimum
dosezejo pri temperaturah med 25 °C in 35 °C in pri pH med 5 in 7 (de Hoog in sod.,
2014). Vrste iz kompleksov vrst F. solani in F. oxysporum so vpletene v priblizno 80 %
glivnih okuzb pri ljudeh (O’Donnell in sod., 2010; Sutton in Brandt, 2011; Garnica in

Nucci, 2013). Identificirane so kot oportunisti¢ni patogeni, ki povzroc¢ajo okuzbe koze, o¢i,
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okuzbe preko katetrov, sintetizirajo mikotoksine ter so sposobne tvoriti biofilme na
umetnih materialih kot so npr. kontaktne lece (Austen in sod., 2001; Bigley in sod., 2004;
Krcmery in sod., 1997; Letscher-Bru in sod., 2002; Wey in Colombo, 1997; Mukherjee in
sod., 2012). Oportunisticni patogeni rodu Fusarium naj bi v splosnem povzrocali
bolnisni¢ne okuzbe pri bolnikih, ki prejemajo kemoterapijo ali imajo sladkorno bolezen
(Zhang in sod., 2006). Tovrstne okuzbe je tezko odpraviti, saj so nekatere vrste rodu
Fusarium odporne na vecino antimikotikov, smrtnost pacientov je 37 % (Arikan in sod.,
1999). Vodovodni sistemi, vlazne nie v prostorih in sistemi za hlajenje so se izkazali kot
mozen vir teh gliv (Schroers in sod., 2009). V naravi so sicer to glive prisotne na
rastlinskem materialu, v tleh in zraku. Prvotno so bile okarakterizirane kot rastlinski
patogeni (O’Donnell in sod., 2004; Zhang in sod., 2006; Smith, 2007).

Poleg gliv rodu Fusarium smo iz pralnih strojev v ve¢jem $tevilu osamili tudi filamentozne
glive iz rodov Cladosporium in Penicillium. Oba rodova sta globalno gledano med najbolj
razSirjenimi glivami. Vrste rodu Cladosporium (Ascomycota, Capnodiales) vsebujejo
melanin, zaradi ¢esar tvorijo olivno zelene ali rjavkaste kolonije. Njihov rastni optimum je
pri 25 °C, pri temperaturah visjih od 35 °C pa vecina vrst ne raste. Znotraj rodu lo¢imo 3
komplekse vrst: C. sphaerospermum, C. herbarum in C. cladosporioides kompleks.
Najbolj razsirjene so vrste C. herbarum, C. cladosporioides in C. oxysporum (Bensch in
sod., 2012). V naravi te glive najdemo v zraku, tleh, na rastlinskem materialu, v tropih,
izolirali pa so jih tudi iz izjemno slanih okolij ter kopalnic (Zalar in sod., 2007; Hamada in
Abe, 2010; de Hoog in sod., 2014). Glive iz rodu Cladosporium so redko povzrociteljice
okuzb pri ljudeh. Zaradi tvorbe spor in njihove Steviléne prisotnosti v zraku, so vecinoma
vpletene v oportunisticne okuzbe dihalnega trakta, kot so sinusitis ali plju¢ne okuZbe,
lahko pa povzrocajo tudi alergije, okuzbe koze in keratitis (de Hoog in sod., 2014).
Copicaste plesni iz rodu Penicillium (Ascomycota, Eurotiales) so pogosto izolirali iz vode,
zraka ter tal (de Hoog in sod., 2014). Vecina vrst dobro raste pri temperaturi 25 °C,
oportuno patogeni vrsti P. verrucosum in P. marneffei pa sta sposobni rasti tudi pri 37 °C
(Skoulidis in sod., 2004). Konidiji so lahko razli¢no pigmentirani, zaradi ¢esar so kolonije
teh plesni bele, sive, rumene ali zelene barve. Mnoge vrste tega rodu so znane Kot

kvarljivci hrane, tvorijo pa tudi zdravju Skodljive mikotoksine, lahko povzrocajo okuzbe
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dihalnega trakta, keratitis ter alergije pri ljudeh z oslabljenim imunskim sistemom (de
Hoog in sod., 2014).

Kvasovka Candida parapsilosis (Ascomycota, Saccharomycetales) je bila druga
najpogostejsa glivna vrsta, izolirana tako iz pralnih, kot tudi pomivalnih strojev. Predhodno
je bila osamljena tudi iz kuhinjskih povr$in in vode (Adams in sod., 2013). Znano je, da
proizvaja veliko ekstracelularnih polisaharidov, tvori lepljive biofilme in jo zaradi te
sposobnosti najdemo na povrSini umetnih materialov. Zaradi vse pogostejSe izolacije iz
Klinicnega materiala velja za porajajoCega se patogena (van Asbeck in sod., 2009; Miceli
in sod., 2011). Pogosto je povzrociteljica okuzb preko katetrov ali drugega prosteticnega
materiala, v hujSih primerih lahko pri imunsko oslabljenih ljudeh povzroci tudi sepso
(Levin in sod., 1995). V naravi je sicer prisotna v tleh, vodi in na rastlinskem materialu
(Bodey in sod., 1992; Deresinski in sod., 1995).

3.1.3 Voda kot vektor prenosa gliv v gospodinjske aparate

Pomivalni in pralni stroj za svoje delovanje potrebujeta vodo, ki jo v veliki ve¢ini primerov
dobimo preko priklju¢itve na lokalno vodovodno omrezje. Ceprav je vnos gliv v stroje
mogo¢ tudi preko perila, posode ter ostankov umazanije, pa je obema napravama skupna
prav uporaba vode. Zaradi tega nas je zanimalo ali bi voda iz lokalnega omrezja lahko
predstavljala vir gliv, ki naselijo stroje. Voda iz vodovodnega omreZja pri vzorcenih strojih
po Sloveniji je pitna, kar pomeni, da zadoS¢a kriterijem Evropske direktive za kakovost
pitne vode 80/778/EC (Evropska Unija, 1980). Trenutna direktiva sicer ne vsebuje
omejitev ali posebnega monitoringa za prisotnost gliv, ¢eprav je porocanj o glivah v vodi
veliko. Najpogosteje omenjene so vrste iz rodov Aspergillus, Cladosporium, Paecilomyces,
Penicillium, Phialophora, Trichoderma in Verticillium. Gre za glive, ki tvorijo spore, se
raz$irjajo z aerosoli in predstavljajo najpogostejSe tveganje za razvoj respiratornih infekcij
pri ljudeh z oslabljenim imunskih sistemom (Defra, 2011). O prisotnosti kvasovk in
kvasovkam podobnih gliv v pitni vodi ni veliko podatkov. Predhodniki so iz vode ali
biofilmov na ceveh osamili vrste iz rodov Aureobasidium, Candida, Cryptococcus,
Exophiala, Geotrichum, Rhodotorula in Sporotrix (Doggett, 2000; G6éttlich in sod., 2002;
Kinsey in sod., 2003; Hageskal in sod., 2006). Da bi potrdili prisotnost najpogosteje

najdenih gliv v pomivalnih in pralnih strojih tudi v pitni vodi, smo se v glavnem
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osredotocili na kvasovke in kvasovkam podobne glive. Glive smo osamili iz 80 % vzorcev
vodovodne in 69 % vzorcev podzemne vode. V obeh primerih smo najpogosteje osamili
filamentozne glive iz rodu Aspergillus, ki so jim sledile ¢rne kvasovke in kvasovkam
podobne glive iz rodov Aureobasidium, Exophiala in Rhinocladiella. E. dermatitidis in E.
phaeomuriformis sta bili osamljeni iz 6 0z. 5 % vzorcev vodovodne vode, pri ¢emer je to
prvi zabeleZeni primer izolacije E. dermatitidis neposredno iz pitne vode. Izmed ostalih
kvasovk smo tako kot v primeru pralnih in pomivalnih strojev najpogosteje izolirali vrsti
Candida parapsilosis in Rhodotorula mucilaginosa (11 in 13 %). Prisotnost gliv rodov
Aspergillus in Exophiala smo nato naknadno potrdili e z molekularno-genetsko metodo

sekvenciranja naslednje generacije (NGS).

Glive rodu Aspergillus (Ascomycota, Eurotiales) spadajo med najbolj pogosto izolirane
glive iz vode (Pereira in sod., 2010; Defra, 2011). Zaradi tega jih najdemo tudi v prostorih,
ki so bili poplavljeni ali so nenehno vlazni (npr. kopalnice). Obicajno so v takih prostorih
najpogostejSe vrste Aspergillus flavus, A. fumigatus, A. niger, A. ochraceus in A.
versicolor (Klich, 2009). Proizvajajo mikotoksine, zaradi njihove sposobnosti tvorbe spor
in razSirjanja po zraku pa pogosto povzrocajo okuzbe dihalnega trakta, alergije, astmo,
okuzbe uses, v redkih primerih pa tudi kroni¢ne micetome in invazivno aspergilozo (de

Hoog in sod., 2014; Rementeria in sod., 2005).

Druga najpogosteje osamljena gliva iz vode je bila ¢rna kvasovka Aureobasidium
melanogenum (Ascomycota, Dothideales). A. melanogenum je bila kot samostojna vrsta
na podlagi primerjave genomov opisana sele leta 2014 (Gostincar in sod., 2014), pred tem
je spadala v eno od varietet znotraj vrste A. pullulans (Zalar in sod., 2008). Kolonije teh
gliv so roznate in gladke, zaradi vsebnosti melanina pa s starostjo potemnijo. Sposobne so
tvorbe velikih koli¢in izvenceli¢nih polisaharidov, najpogosteje pululana. A. melanogenum
je edina izmed vrst v rodu Aureobasidium, ki raste tudi pri 37 °C (Gostincar in sod., 2014).
Glive iz rodu Aureobasidium sicer najdemo v tleh, na rastlinskem materialu, osamili pa so
jih tudi iz ledenikov, vode, kuhinj in kopalnic. Pogosto so povezane tudi z oligotrofnimi
okolji (Hageskal in sod., 2006, Kanzler in sod., 2008; Gostin¢ar in sod., 2014). Med
opisanimi vrstami je trenutno le za A. melanogenum potrjeno, da lahko povzroca lokalne

okuzbe koze, alergije, meningitis in plju¢ne mikoze (Collier in sod., 1998; Hawkes in sod.,
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2005). Ceprav je bila ta gliva v nasi raziskavi osamljena iz 56 % vzorcev podzemnih voda
ter iz 25 % vzorcev pitne vode pa smo jo redko nasli v pomivalnih (1 %) in pralnih strojih

(2 %), kar nakazuje njeno obcutljivost na pogoje znotraj strojev.

Izmed ubikvitarnih gliv smo poleg gliv iz rodu Candida v ve¢jem $tevilu osamili tudi rdece
pigmentirano kvasovko Rhodotorula mucilaginosa (Basidiomycota, Sporidiobolales). V
naravi je razSirjena v zraku, sladki in slani vodi, tleh, rastlinskem materialu, mle¢nih
izdelkih, na kuhinjskih povrSinah in znotraj gospodinjskih aparatov (Rose in Kurup, 1977;
de Hoog in sod., 2014; Kanzler in sod., 2008; Adams in sod., 2013). Okuzbe ljudi s to
kvasovko so najveckrat povezane z uporabo katetrov v bolniSnicah (Neofytos in sod.,
2007). Pri imunsko oslabljenih ljudeh lahko povzroca tudi okuzbe o¢i, meningitis in sepso

(Pfaller in sod., 2007; de Hoog in sod., 2014).

Ze v primeru $tudije gliv v pomivalnih strojih smo predpostavili, da ima trdota vode vpliv
na pojav dolo¢enih glivnih vrst v strojih. Da bi to preucili, smo v primeru vzorcev
vodovodne vode izvedli tudi kemijsko analizo ionov, dobljene rezultate pa nato s
statisticno metodo strojnega ucenja primerjali s prisotnostjo glivnih vrst v taistih vzorcih.
Izkazalo se je, da smo glive najpogosteje osamili iz vzorcev vode z vi§jo vsebnostjo
kalcijevih ionov (Ca** > 53 mg/I) ter ob zmerni prisotnosti magnezija (5 mg/l < Mg?* > 13
mg/l). Pri vzorcih, kjer je bila koncentracija kalcijevih ionov niZja, se je za prisotnost gliv
kot pomemben dejavnik izkazala prisotnost nitrata (NO3’). Nepri¢akovano pa statistiCna
analiza kot dejavnika, pomembnega za pojav gliv v vodi, ni prikazala kloridnih ionov (CI').
Znano je, da prisotnost kalcijevih ionov v okolju regulira obliko rasti pri E. dermatitidis
(Karuppayil in Szaniszlo, 1997) in bi zato lahko pozitivno vplivala na pogostejse
pojavljanje te glive v vodi. Poleg tega so za melanizirane glive na splosno v predhodnih
raziskavah porocali o vi§ji stopnji odpornosti na dezinfekcijska sredstva. Na slabso
ucinkovitost dezinfekcije, ki temelji na Kkloriranju prav tako vpliva agregiranje gliv v
skupke (Langfelder in sod., 2003; Mamane-Gravetz in Linden, 2005). 1z rezultatov analize
strojnega uCenja Smo nadalje sklepali, da je za prisotnost gliv v vodi in posledi¢no v
gospodinjskih strojih pomembna tudi lokacija. Z metodo denaturacijske gradientne gelske
elektroforeze (DGGE) smo zato primerjali glivne zdruzbe iz razli¢nih vzorcev vode (recna,

vodovodna, podzemna, odpadna voda) na podrocju Ljubljanske kotline. Pricakovali smo,
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da bodo glivne zdruzbe enake znotraj podobnih vzorcev (npr., med vzorci vodovodne
vode). Presenetljivo pa so rezultati DGGE analize pokazali podobnost glivnih zdruzb v
vzorcih, ki so bili odvzeti bodisi znotraj vodonosnika Ljubljansko polje na severu, ali
vodonosnika Ljubljansko barje na jugu. Pojav dolocenih glivnih rodov v razli¢nih vzorcih
vode se je tako izkazal vezan na lokacijo primarnega vodnega vira (zajetja). Da lokacija
vpliva na pojav dolo¢enih glivnih rodov v vodi in posledi¢no na njihovo prisotnost v
biofilmih, je bilo pozneje potrjeno v primeru britanske Studije biofilmov iz glav tusev

(Moat in sod., 2016).

Slika 1 povzema rezultate izolacije in identifikacije gliv, osamljenih iz pomivalnih in
pralnih strojev ter vodovodne vode. Na podlagi dobljenih rezultatov je razvidno, da smo iz
vseh treh okolij osamili glive Aureobasidium melanogenum, Candida parapsilosis,
Cystobasidium slooffiae, Exophiala phaeomuriformis, glive iz Fusarium oxysporum
kompleksa vrst (FOSC) ter ubikvitarni kvasovki vrst Meyerozyma guilliermondii in
Rhodotorula mucilaginosa. Za te glive lahko sklepamo, da so se po prenosu z vodo
sposobne prilagoditi razlicnim zivljenjskim pogojem znotraj obeh gospodinjskih aparatov.
Iz Slike 1 je prav tako razvidno, da so nekatere glive, osamljene iz vode, uspesnejse pri
kolonizaciji bodisi pralnih strojev (Aspergillus niger, Exophiala lecanii-corni ter E.
mesophila) ali pomivalnih strojev (A. fumigatus, C. intermedia, Clavispora lusitaniae,
Debaryomyces hansenii, E. dermatitidis, E. oligosperma in Fusarium dimerum). Razlike se
najverjetneje pojavijo zaradi temperature pranja, ki je bila pri vzoréenih pomivalnih strojih
obicajno vi§ja kot pri pralnih strojih. To je razvidno na primeru vrst ¢rnih kvasovk 1z rodu
Exophiala, kjer so ze v studijah Matos in sodelavcev (2002) ter de Hoog-a in sodelavcev
(2011) ugotovili, da se nekatere vrste pogosteje pojavljajo v okoljih z visjo temperaturo
(npr. E. dermatitidis), druge pa bolje rastejo pri mezofilnih pogojih (npr. E. mesophila).
Nekatere glive, ki smo jih sicer osamili iz vode, se v strojih niso pojavile, zaradi Cesar
lahko sklepamo, da pogoji v strojih inhibirajo njihovo rast (nekatere vrste iz rodov
Candida, Exophiala, Pseudozyma, Rhinocladiella, Trichosporon in Yarrowia). Na to, da
voda kljub vsemu ni edini vir vnosa gliv v stroje, pa nakazujejo preostale glive iz locenih
zdruzb v pomivalnih oz. pralnih strojih. V pomivalnih strojih so to predvsem kvasovke ali
kvasovkam podobne glive, ki so povezane s hrano (rodovi Candida, Cryptococcus,

Metschnikovia, Pichia, Saccharomyces in Saprochaete). V pralnih strojih pa gre ve¢inoma
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za filamentozne glive, prisotne v zraku, tleh ter na rastlinskem materialu. Le-te se v pralne
stroje najverjetneje prenesejo preko perila (rodovi Aureobasidium, Cladosporium,
Fusarium, Mucor, Ochroconis, Penicillium in Phoma) (Slika 1).

POMIVALNI STROIJI PRALNI STROIJI

Candida (conspicua, zeylanoides) Aureobasidium pulfulans
Cryptococcus (albidus, liguefaciens)

Metschnikowia fructicola

Cladosporium (bruhnei,

Cladosporium
sphaerospermum

F55C
Penicillium crustosum

halotolerans, pseudocladosporioides)
Cryptococcus diffluens

Pichia kudriavzevii
Exophiala equina
Fusarium (proliferatum, verticillioides)

Rhodosporidium sp.
Saccharomyces cerevisioe

Saprochaete / Magnusiomyces clade Mucor (circinelloides, racemosus

Trametes versicolor

Aureobasidium melanogenum
Candida parapsilosis

Exophiala phaeomuriformis
Meyeroryma guilliermondii
Rhodotorula mucilaginosa
Cystobasidium slocffice

Ochroconis mirabilis

Penicillium brevicompactum
Phoma (fimeti, radicina)

Aspergillus
fumigatus
andida intermedio
Clavispora lusitaniae
Debaryomyces hansenii
Exophiala (dermatitidis,
oligospermal)
Fusarium dimerum

Aspergillus niger
Exophiala (lecanii-corni,
mesophila)

Candida (orthopsilosis, pararugosa, saitoana)
Exophiala (alcalophila, xenobiotica)
Geotrichum candidum
Meyerozyma caribbica
Pichia fermentans
Pseudozyma crassa

Rhinocladiella similis

Sporobolomyces salmonicolor
Trichosporon (coremiiforme, montevideense)
Yarrowia lipolytica

VODOVODNA VODA

Slika 1: Glivne vrste, osamljene iz vodovodne vode (modra barva), pralnih strojev (zelena barva) in
pomivalnih strojev (roza barva).

Legenda: Barvni krogi vkljucujejo glive, osamljene iz pomivalnih in pralnih strojev ter vodovodne vode, s
preseki zdruzb s skupnimi predstavniki. Rodovi gliv so oznaceni s krepkim tiskom; glive, ki spadajo v 2

stopnjo bioloske varnosti pa z rdeco barvo.
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3.1.4 Vpliv selekcije v gospodinjskih aparatih na pojav gliv v odpadnih vodah

Gospodinjski stroji so prikljuceni na vodovodno omrezje in zaradi odpadnih voda po
konCanem postopku pranja tudi v globalni vodni krog. Pri DGGE analizi, ki smo jo
opravili tekom Studije o glivah v vodah smo med drugim ugotovili, da je glivna sestava v
odpadnih vodah podobna glivni sestavi podzemne in vodovodne vode. Taksen rezultat
lahko nakazuje, da se glive po namnozitvi v strojih preko odplak vrnejo v naravno vodno
okolje. Za kvasovke Candida krusei, Debaryomyces polymorphus, M. guilliermondi,
Rhodotorula spp. ter filamentozne glive Aspergillus spp., Mucor spp., Penicillium spp. in
Rhizopus spp. je znano, da so tudi po procesu ¢is¢enja odpadne vode prisotne v vodi, ki se

vrne v okolje (Biedunkiewicz in Ozimek, 2009).

Glive so globalno prisotne v naravi, od zraka, sladke in slane vode, ledenikov, tal ter
rastlinskega materiala. Prav tako so prisotne v zraku ¢lovekovih bivalis¢, kot tudi na
stenah, v kopalnicah in kuhinjah. Tekom doktorske naloge smo potrdili hipotezi, da
pomivalne in pralne stroje naseljujejo razlicne glive ter pokazali, da zivljenjski pogoji
znotraj izbranih gospodinjskih aparatov selektivno vplivajo na namnoZzitev oportuno
patogenih gliv ter gliv, ki spadajo med porajajo¢e patogene. Potrdili smo tudi domneve, da
lahko vodovodna voda predstavlja vektor prenosa gliv v stroje ter, da ionska sestava vode
selektivno vpliva na pojav gliv v vodovodni vodi. Rezultati DGGE analize so pokazali
konstantnost glivne diverzitete tako v pitni kot v odpadni vodi, kar prica o prenosu
oportuno patogenih gliv iz strojev nazaj v okolje. Dobljeni rezultati doprinasajo k boljsemu
poznavanju pojava in sestave glivnih zdruzb v vodovodni vodi, pralnih in pomivalnih
strojih ter omogocajo poznavanje tveganja okuzb z glivnimi patogeni za rizicne skupine

ljudi.
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3.2 SKLEPI

1. Glivna diverziteta v pomivalnih strojih

V dveh locenih §tudijah pomivalnih strojev (N=189, 937) smo skupno osamili 23 vrst gliv
iz 14 rodov; najpogosteje ¢rne kvasovke Exophiala dermatitidis in E. phaeomuriformis so
bile prisotne v 19 % vseh strojev. Stalno glivno bioto so v obeh Studijah predstavljale Se
vrste Candida parapsilosis, Magnusiomyces capitatus, Meyerozyma guilliermondii,
Rhodotorula mucilaginosa, ki so sposobne tvoriti biofilme na umetnih podlagah kot je

guma.

la. Fizioloske lastnosti érnih kvasovk omogoc¢ajo njihovo naselitev v pomivalnih strojih

Crne kvasovke E. dermatitidis in E. phaeomuriformis so prilagojene na specifiéne
Zivljenjske pogoje v pomivalnih strojih. Rastejo pri temperaturah do 45 °C, izbrani
genotipi tudi v pH obmocju od 2,5 do 12,5 ter do 17 % NaCl v gojisc¢u. Vsi genotipi E.

dermatitidis lahko kot edini vir ogljika izkoris¢ajo tesnila iz gume.

2. Glivna diverziteta v pralnih strojih

Iz 70 pralnih strojev, vzor¢enih v Sloveniji, smo osamili 26 vrst gliv iz 12 rodov.
Najpogostejsi so bili izolati gliv kompleksa vrst Fusarium oxysporum (23 % pralnih
strojev) ter kvasovka Candida parapsilosis (14 %), pogosto prisotni pa predstavniki rodov
Aureobasidium, Cryptococcus, Cladosporium, Exophiala, Meyerozima, Mucor,
Penicillium in Rhodotorula.

2a. Temperatura pranja in prisotnost mehdéalca vplivata na naselitev gliv v pralnih strojih

Vsi testirani glivni izolati iz pralnih strojev so rasli pri 25 °C, le nekateri pri 37 °C. 96 %
izoliranih vrst gliv je raslo na komercialnem mehcalcu kot edinem viru hranil. S statisti¢no
analizo strojnega ucenja smo ugotovili, da imata predvsem prisotnost mehcalca in
temperature pranja od 30 do 60 °C pomemben vpliv na pojav gliv v strojih. Esterazno in
proteazno aktivnost, kot virulentne faktorje gliv, je pri 25 °C izrazala vecina sevov, pri 37
°C pa le vrste iz rodu Fusarium ter vrste A. melanogenum, Exophiala phaeomuriformis,

Meyerozyma guilliermondii in Mucor circinelloides.
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3. Glivna diverziteta v vodovodni in podzemni vodi

Iz 100 vzorcev vodovodne vode in 16 vzorcev podzemne vode iz podro¢ja Slovenije Smo
izolirali 28 glivnih vrst iz 16 rodov. Najpogostejse so bile glive rodu Aspergillus in ¢rne
kvasovke vrste Aureobasidium melanogenum. Pogosto prisotne so bile Se vrste iz rodov
Candida, Rhodotorula, Exophiala, Meyerozyma in Rhinocladiella. Crno kvasovko
Exophiala dermatitidis smo prvi¢ izolirali iz vodovodne in iz podzemne vode. Prisotnost
gliv rodov Aspergillus in Exophiala v vodovodni vodi smo potrdili tudi z negojitveno

metodo sekvenciranja naslednje generacije (NGS).

3a. Trdota vode, vsebnost nitratov in lokacija vplivajo na pojav gliv v vodi

S statisticno analizo strojnega ucenja sSmo pojav gliv v vodovodni vodi povezali z vi§jo
vsebnostjo kalcijevih (Ca** > 53 mg/l) in magnezijevih ionov (5 mg/l < Mg®* > 13 mg/l)
ter s prisotnostjo nitrata. DGGE analiza primerjave glivnih zdruzb iz razli¢nih vzorcev
vode na podrocju Ljubljanske kotline je pokazala povezavo med pojavom gliv v vzorcih

vode in lokacijo primarnega vodnega vira, 0z. vodonosnika.

4. Skupne glive iz vseh treh okolij, njihov prenos z vodo in selekcija v strojih

Iz pomivalnih in pralnih strojev ter vodovodne vode smo osamili glive Aureobasidium
melanogenum,  Candida  parapsilosis,  Cystobasidium  slooffiae, = Exophiala
phaeomuriformis, glive iz Fusarium oxysporum kompleksa vrst (FOSC) ter ubikvitarni
kvasovki vrst Meyerozyma guilliermondii in Rhodotorula mucilaginosa. Sklepamo, da te

glive vstopijo z vodo, se naselijo in razmnoZzujejo znotraj obeh vrst gospodinjskih aparatov.

Iz pomivalnih strojev smo izmed gliv, ki se prenasajo z vodo, osamili vrste A. fumigatus,
C. intermedia, Clavispora lusitaniae, Debaryomyces hansenii, E. dermatitidis, E.
oligosperma in Fusarium dimerum, ki so odporne na visje temperature. Nasprotno so
mezofilne vrste iz vodovodne vode Aspergillus niger, Exophiala lecanii-corni in E.
mesophila, naseljevale le pralne stroje. Razlike med glivno diverziteto v obeh strojih so
posledica predvsem temperature pranja, ki je pri pranju v pomivalnih strojih obicajno visja

kot pri pranju v pralnih strojih.
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Rezultati doprinasajo k boljSemu poznavanju pojava in sestave glivnih zdruzb v vodovodni
vodi, znotraj pralnih in pomivalnih strojev ter omogocajo poznavanje tveganja okuzb z

glivnimi patogeni pri riziénih skupinah ljudi.
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4 POVZETEK (SUMMARY)

4.1 POVZETEK

V zadnjih letih so zaradi ekoloSke ozavescenosti proizvajalci gospodinjskih strojev znizali
temperature pranja in koli¢ino porabljene vode, uveljavilo pa se je tudi pranje z
biorazgradljivimi detergenti. V pralnih strojih so iz razli¢nih delov osamili glive Fusarium
sp., Microsporum canis, Mucor sp., Trichophyton mentagrophytes ter kvasovke rodov
Candida in Rhodotorula, pomivalne stroje pa so posredno povezovali z okuzbami gliv iz
rodu Candida. Oba gospodinjska aparata za svoje delovanje potrebujeta vodo, ki zaradi
tega predstavlja eno od poti za vnos mikroorganizmov v stroje. Ceprav je mikrobioloska
kakovost vodovodne vode nadzorovana tudi z dezinfekcijskimi postopki, pa se vode iz
razli¢nih podro¢ij razlikujejo glede na pH, trdoto, vsebnost hranil in prisotnost biofilmov v
cevnih sistemih. Za glive je znano, da lahko prezivijo tudi v oligotrofnih razmerah, z malo
hranili. 1z pitne vodovodne vode so razliéni avtorji najpogosteje osamili vefinoma
filamentozne glive rodov Acremonium, Altenaria, Arthrinium, Aspergillus, Aureobasidium,
Beauveria, Botrytis, Chaetomium, Cladosporium, Epicoccum, Exophiala, Fusarium,
Geotrichum, Gliocladium, Mucor, Paecilomyces, Penicillium, Phialophora, Phoma,
Phomopsis, Rhizopus, Sporothrix, Trichoderma in Verticillium. Raziskav, Kjer bi povezali
vrstno sestavo gliv v vodovodni vodi in v biofilmih pomivalnih ter pralnih strojev do sedaj
ni bilo mogoce zaslediti. Tekom doktorske naloge smo preucevali prisotnost gliv v
pomivalnih in pralnih strojih ter v podzemni in vodovodni vodi kot vektorju za prenos gliv
v stroje. V globalni §tudiji pomivalnih strojev iz 18 drzav smo iz tesnil na vratih strojev
izolirali 23 vrst gliv iz 15 rodov, v $tudiji 937 pomivalnih strojev iz podro¢ja Turcije pa 14
vrst gliv, ki so pripadale 6 rodovom. Glivna sestava je bila v obeh primerih presenetljivo
podobna, saj smo obakrat najpogosteje osamili oportuno patogene c¢rne kvasovke
Exophiala dermatitidis in E. phaeomuriformis ter kvasovke Candida parapsilosis,
Magnusiomyces capitatus, Meyerozyma guilliermondii in Rhodotorula mucilaginosa.
Ugotovili smo, da so sevi vrst E. dermatitidis in E. phaeomuriformis
poliekstremotolerantni, saj so rasli pri temperaturah od 10 °C do 45 °C, brez ali do 17 %
NaCl v gojis¢u in v pH obmoc¢ju od 2,5 do 12,5. Za seve teh vrst iz Tur€ije smo potrdili
odpornost na cikloheksimid pri koncentraciji 100 pg/ml. Z metodo parjenja in prstnega
odtisa smo ugotovili, da je med genotipi znotraj vrste E. dermatitidis mogoca

rekombinacija, ¢eprav spolna oblika te glive ni poznana. Pri raziskavi pralnih strojev smo
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se osredotocili na uporabnikom dosegljive dele kot so predalcki za detergente in tesnilo ob
vratih strojev. Iz 70 v Sloveniji vzorcenih pralnih strojev smo iz omenjenih okolij osamili
26 vrst iz 12 rodov. Glivno bioto so v glavnem predstavljale glive rodov Cladosporium,
Exophiala, Penicillium in Rhodotorula, najpogostejse pa so bile glive iz Fusarium
oxysporum kompleksa ter Candida parapsilosis. Za razliko od pomivalnih strojev iz
pralnih strojev nismo osamili E. dermatitidis pa¢ pa mezofilne vrste iz rodu Exophiala kot
sta npr. E. mesophila in E. equina. Ugotovili smo tudi, da lahko vsi testirani glivni izolati
rastejo pri 25 °C, pri 37 °C pa za Aureobasidium pullulans, Mucor racemosus, Ochroconis
sp. ter vrste rodov Cladosporium, Penicillium in Phoma nismo zabelezili rasti. Pri
testiranju esterazne aktivnosti smo rast pri 25 °C prav tako zabelezili pri vseh sevih, pri 37
°C pa le pri vrstah iz rodu Fusarium ter vrstah A. melanogenum, Meyerozyma
guilliermondii in Exophiala phaeomuriformis. Proteazno aktivnost so pri danih pogojih
izrazale vrste A. melanogenum, Fusarium solani, F. verticillioides in Mucor circinelloides.
Ugotovili smo, da so so glive iz pralnih strojev, razen Phoma fimeti sposobne rasti na
vodnem agarju z dodatkom 1 % mehcalca. Pri vrstah Fusarium verticillioides in
Penicillium crustosum smo rast zabelezili tudi na gojis¢u s 5 % koncentracijo mehcalca. V
raziskavi je veliko ljudi porocalo o uporabi alkoholnega kisa namesto mehcalca, zato smo
seve iz pralnih strojev testirali Se na rast v gojiS€u z 1 % koncentracijo ocetne kisline. Pri
nobeni od testiranih gliv nismo zabelezili rasti. Statisti¢na analiza strojnega ucenja je
potrdila ugotovitve, da ima prisotnost detergentov, $e posebej mehcéalca, pomemben vpliv
na pojav gliv v strojih. Najvec gliv in najvi$jo raznolikost smo opazili pri strojih, kjer se pri
pranju uporabljata tako mehcalec kot pralni praSek. Statisticna analiza je prav tako
izpostavila tudi pozitiven vpliv nizjih temperatur pranja (30 - 60 °C) na glivno raznolikost
in Stevilo. Pri preucevanju vpliva mikroorganizmov na neprijeten vonj v pralnih strojih
smo ugotovili, da je le-ta povezan s prisotnostjo bakterij rodov Micrococcus,
Pseudomonas, Shewanella in Sphingomonas. 1z strojev z neprijetnim vonjem smo namre¢
osamili veliko ve¢ bakterijskih vrst in zelo malo gliv v primerjavi s stroji, ki neprijetnega
vonja niso imeli. Pri obeh tipih gospodinjskih strojev je voda klju¢nega pomena, zato smo
sklepali, da bi lahko sluzila kot vektor prenosa gliv v stroje. Z metodo filtracije smo
preucili 100 vzorcev vodovodne vode in 16 vzorcev podzemnih voda iz podroc¢ja Slovenije
in izolirali 28 glivnih vrst iz 16 rodov. V obeh tipih vode smo najpogosteje opazili glive iz

rodu Aspergillus (48 in 14 % vzorcev) ter ¢rne kvasovke vrste Aureobasidium
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melanogenum (25 in 9 %). Pogosto smo izolirali e vrste rodov Candida, Rhodotorula,
Exophiala, Meyerozyma in Rhinocladiella. Stevilo glivnih kolonij v 1 litru vzorcev vode se
je gibalo od 0 do nestevnega (>300). E. dermatitidis je bila prvi¢ neposredno izolirana tako
iz vodovodne kot tudi podzemne vode, Stevilo kolonij pa v nobenem od vzorcev ni
preseglo Stevila 10. V izbranem vzorcu vodovodne vode smo nato na podlagi ITS2 regije
prisotnost gliv rodov Aspergillus in Exophiala potrdili tudi z molekularno-genetsko
metodo sekvenciranja naslednje generacije (NGS). Statisticna analiza strojnega ucenja je
pojav gliv v vodovodni vodi povezala z vigjo vsebnostjo kalcijevih (Ca** > 53 mg/l) in
magnezijevih ionov (5 mg/l < Mg2+ > 13 mg/l), ob nizjih koncentracijah kalcija pa se je za
prisotnost gliv v vodi kot pomemben dejavnik pojavil nitrat. Kloridni ioni se, presenetljivo,
niso izkazali kot eden izmed dejavnikov, ki bi vplivali na pojav in raznolikost gliv v vodah.
DGGE analiza, s katero smo primerjali glivne zdruzbe iz vzorcev rek, vodnjakov,
vodovodnih voda ter vzorcev vode iz ¢istilnih naprav na podroc¢ju Ljubljanske kotline je
pokazala, da je pojav gliv v razli¢nih vzorcih vode neodvisen od tipa vode, ampak je vezan
na lokacijo primarnega vodnega vira in vodonosnika. Da je pojav nekaterih glivnih vrst v
strojih povezan z vstopno vodo je razvidno iz podatka, da smo iz vseh treh okolij osamili
glive Aureobasidium melanogenum, Candida parapsilosis, Cystobasidium slooffiae,
Exophiala phaeomuriformis, glive iz Fusarium oxysporum kompleksa (FOSC) ter
ubikvitarni kvasovki vrst Meyerozyma guilliermondii in Rhodotorula mucilaginosa. Te
glive so prisotne v vodi, po prenosu v stroje pa so se sposobne prilagoditi zivljenjskim
pogojem znotraj obeh gospodinjskih aparatov. Kljub vsemu pa so nekatere glive iz vode
uspesnejSe pri kolonizaciji bodisi pralnih strojev (Aspergillus niger, Exophiala lecanii-
corni ter E. mesophila) ali pomivalnih strojev (A. fumigatus, C. intermedia, Clavispora
lusitaniae, Debaryomyces hansenii, E. dermatitidis, E. oligosperma in Fusarium
dimerum). Nastale razlike bi lahko bile posledica temperature pranja, ki je bila pri
vzorCenih pomivalnih strojih visja kot pri pralnih strojih. Primer so vrste iz rodu
Exophiala, pri katerih je znano, da se vrsti E. dermatitidis in E. phaesomuriformis pojavljata
v okoljih z vi§jo temperaturo, E. equina, E. mesophila in E. oligosperma pa so bile
osamljene iz okolij z mezofilnimi pogoji. Za nekatere vrste rodov Candida, Exophiala,
Pseudozyma, Rhinocladiella, Trichosporon in Yarrowia iz vode, ki se v strojih niso
pojavile smo sklepali, da pogoji v strojih negativno vplivajo na njihovo rast. Da voda ni

edini vir vnosa gliv v stroje, nakazujejo preostale glive iz lo¢enih zdruzb v pomivalnih oz.
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pralnih strojih. VV pomivalnih strojih so to predvsem kvasovke in kvasovkam podobne
glive, povezane s hrano (Candida, Cryptococcus, Metschnikovia, Pichia, Saccharomyces
in Saprochaete). V pralnih strojih pa filamentozne glive, prisotne v zraku, prsti in na
rastlinskem materialu, ki se v pralne stroje lahko prenesejo preko perila (Aureobasidium,
Cladosporium, Fusarium, Mucor, Ochroconis, Penicillium in Phoma). Odpadne vode iz
gospodinjstev se vracajo v reke, jezera in morja. Konéni rezultati, predstavljeni v doktorski
nalogi, doprinasajo k poznavanju ekologije glivnih zdruzb v pralnih in pomivalnih strojih
ter njihovega pojava in prenosa iz vodovodne vode. S tem omogofamo poznavanje
tveganja okuzb s porajajo¢imi in oportunistiénimi glivnimi patogeni med ljudmi z

oslabljenim imunskim sistemom.
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4.2 SUMMARY

In the last years, increasing ecological awareness as well as the need for low energy
consumption among producers of household appliances lead to lowered temperatures of
washing and reduced amount of water, as well as to the use of biodegradable detergents.
Recent studies report the presence of fungal species Fusarium sp., Microsporum canis,
Mucor sp., Trichophyton mentagrophytes, as well as yeasts of the genera Candida and
Rhodotorula from different parts of washing machines. Fungal contamination of
dishwashers was indirectly associated with infections of fungi from genus Candida. Both
types of household appliances use water, which might serve as the entry route for
microorganisms. Although the microbiological quality of the drinking water is regularly
controlled with disinfecting procedures, water from different areas may vary depending on
the pH, water hardness, nutrient content and the presence of biofilms in piping systems.
Fungi can survive in the oligotrophic conditions present in water. Most frequently reported
filamentous fungi in drinking water belong to the genera Acremonium, Altenaria,
Arthrinium, Aspergillus, Aureobasidium, Beauveria, Botrytis, Chaetomium, Cladosporium,
Epicoccum, Exophiala, Fusarium, Geotrichum, Gliocladium, Mucor, Paecilomyces,
Penicillium, Phialophora, Phoma, Phomopsis, Rhizopus, Sporothrix, Trichoderma and
Verticillium. To the best of our knowledge there were no reports, which would link the
diversity of fungi in drinking water to the diversity and presence of fungi detected in
dishwashers and washing machines. During the doctoral thesis we studied the presence of
fungi in dishwashers and washing machines using culturable and unculturable techniques.
We also wanted to test the assumption that groundwater and drinking water can act as a
possible vector for the transmission of fungi into the appliances. In a global study of
dishwasher's rubber seals sampled in 18 countries, we isolated 23 fungal species from 15
genera, while in the study of 937 dishwashers from a single country (Turkey) 14 fungal
species that belong to 6 genera were isolated. Fungal diversity was in both cases very
similar. Amongst the most numerous isolates were opportunistic pathogenic black yeasts
Exophiala dermatitidis and E. phaeomuriformis, followed by yeasts and yeast-like fungi
Candida parapsilosis, Magnusiomyces capitatus, Meyerozyma guilliermondii and
Rhodotorula mucilaginosa. Black fungi E. dermatitidis and E. phaeomuriformis are
polyextremotolerant microorganisms, since they were able to grow at temperatures from 10
°C to 45 °C, up to 17 % NaCl, and in the pH range from 2.5 to 12.5. Strains of these
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species obtained from Turkey, which were also tested for cycloheximide resistance at
concentration of 100 mcg/ml all showed resistance. After mating of different strains and
subsequent fingerprint, we proved the recombination ability among the genotypes of the
species E. dermatitidis, although sexual form of the fungus is not yet known. In the
washing machine study we focused on the fungal isolation from user-accessible parts, such
as compartments for detergents and rubber seal on the door. From 70 washing machines
sampled in Slovenia, we isolated 26 fungal species from 12 genera. Fungal biota is mainly
composed of species belonging to the genera Cladosporium, Exophiala, Penicillium and
Rhodotorula, while the most common were fungi from Fusarium oxysporum species
complex and the yeast Candida parapsilosis. Unlike in dishwashers, E. dermatitidis was
not isolated from washing machines, but only the mesophilic species E. mesophila and E.
equina. All the tested fungal isolates were able to grow at 25 °C, while the species
Aureobasidium pullulans, Mucor racemosus, Ochroconis sp. and species of the genera
Cladosporium, Penicillium and Phoma did not grow at 37 °C. At 25 °C the esterase
activity was evident in all tested fungal strains, while some activity at 37 °C was observed
only for Fusarium species, A. melanogenum, Meyerozyma guilliermondii and Exophiala
phaeomuriformis. Protease activity was observed at 37 °C for A. melanogenum, Fusarium
solani, F. verticillioides and Mucor circinelloides. We also tested the growth of isolates on
the medium with added 1 and 5 % fabric softener as a sole nutrient source. Except Phoma
fimeti, all tested strains were able to grow on the water medium with 1 % fabric softener,
while the growth of Fusarium verticillioides and Penicillium crustosum was recorded also
with the addition of 5% fabric softener. During our research many people reported the use
of alcohol vinegar instead of fabric softener, thus we tested also the growth of isolated
strains in the medium containing 1 % acetic acid. We did not observe growth in any of the
tested fungi. Statistical analysis based on machine learning confirmed that the presence of
detergent, and specifically fabric softener, has a significant impact on the occurrence of
fungi in washing machines. The highest fungal diversity was observed in machines where
both, fabric softener and washing powder were used. Statistical analysis also highlighted
the positive impact of low washing temperatures (30-60 °C) on the fungal diversity. When
examining the influence of microorganisms on the smelly odor in the washing machines,
we found that it is mainly associated with the presence of bacteria belonging to the genera

Micrococcus, Pseudomonas, Shewanella and Sphingomonas. From washing machines with
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an unpleasant odor we isolated more bacterial species and very few fungi in comparison to
the non-smelly machines. Because both types of household appliances use water we
assumed that water can serve as a vector of transmission of fungi into the machines. We
examined 100 samples of drinking water and 16 groundwater samples from different areas
of Slovenia by filtration and subsequent cultivation and isolated 28 fungal species
belonging to 16 genera. In both kinds of water we frequently observed fungi of the genus
Aspergillus (48 and 14 % of the samples), and the black yeasts-like species Aureobasidium
melanogenum (25 and 9 %), followed by the species of the genera Candida, Rhodotorula,
Exophiala, Meyerozyma and Rhinocladiella. The number of fungal colonies in 1 liter of
water samples ranged from 0 to uncountable (> 300). To the best of our knowledge we
reported for the first time cultivation of E. dermatitidis directly from drinking water as well
as groundwater, although the number of colonies did not exceed the number of 10 per liter.
The presence of fungi of the genera Aspergillus and Exophiala was also confirmed in the
selected drinking water sample with the next-generation sequencing (NGS) method based
on the ITS2 rDNA sequence. Statistical analysis based on machine learning approach
connected the emergence of fungi in tap water with a higher content of calcium (Ca** > 53
mg/l) and magnesium ions (5 mg/l < Mg®* > 13 mg/I). At lower concentrations of calcium,
however, the presence of fungi in water was dependent on nitrate. Surprisingly, chloride
ions did not have any significant effect on the occurrence and diversity of fungi in the
water. DGGE analysis, in which we compared the fungal communities from the rivers,
groundwater, drinking water and water from water treatment plants in the area of the
Ljubljana basin, showed that the occurrence of fungi is independent of the water type, but
is linked to the aquifer location. Occurrence of certain fungal species in household
appliances is connected to the water inlet, evident from the data of isolation of the
following fungi from dishwashers, washing machines and water: Aureobasidium
melanogenum,  Candida  parapsilosis,  Cystobasidium  slooffiae, = Exophiala
phaeomuriformis, fungi from Fusarium oxysporum species complex (FOSC) and the
ubiquitous yeasts Meyerozyma guilliermondii and Rhodotorula mucilaginosa. These fungi
were able to adapt to the living conditions within both household appliances. Nevertheless,
some waterborne fungi were able to successfully colonize only washing machines (e.g.
Aspergillus niger, Exophiala lecanii-corni and E. mesophila), or only dishwashers (e.g. A.
fumigatus, C. intermedia, Clavispora lusitaniae, Debaryomyces hansenii, E. dermatitidis,
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E . oligosperma and Fusarium dimerum). The observed differences may be the resulty of
different temperatures inside the appliances. Sampled dishwashers were usually operating
on higher temperatures but maximally at 68 °C, in comparison to sampled washing
machines, where the possible 95 °C is rarely used. As an example we can list different
species from genus Exophiala, where temperature plays the key role in habitat occupation,
since E. dermatitidis and E. phaeomuriformis occur in environments with high
temperatures, while the majority of species, represented by E. equina, E. oligosperma and
E. mesophila, were isolated only from environments with mesophilic conditions. Some
species of the genera Candida, Exophiala, Pseudozyma, Rhinocladiella, Trichosporon and
Yarrowia were isolated from water samples, but were detected as well inside the
appliances. Thus, we conclude that the conditions inside the appliances may have negative
impact on their growth. Remaining fungi from separated groups in dishwashers and
washing machines indicated that the water is not the only source for fungal contamination
of the household appliances. Fungi belonging to such dishwasher group were mostly yeasts
and yeast-like fungi associated with food (Candida, Cryptococcus, Metschnikovia, Pichia,
Saccharomyces and Saprochaete), while the washing machine group was represented
mainly by filamentous fungi associated with air, soil and plant material. These could be
introduced to the washing machines with laundry (Aureobasidium, Cladosporium,
Fusarium, Mucor, Ochroconis, Penicillium and Phoma). The results presented in the
doctoral thesis, contribute to the knowledge of fungal communities within washing
machines and dishwashers, and reveal the possible transmission route via tap water to the
appliances. These findings enable risk assesment of infections potentially caused by
emerging and oportunistic fungal pathogens particularly among immunocompromised

people.
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