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autoinducer 2 — autoinduktor 2
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aglutininim

adenosine triphosphate — adenosin trifosfat
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polyglutamic acid — polymer kyseliny glutamové
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polysacharide synthesis locus — operon kodujici syntézu stejnojmenného
polysacharidu

sodium dodecyl sulphate - polyacrylamid gel electrophoresis —
polyakrylamidova gelova elektroforéza v ptitomnosti dodecylsiranu sodného

target of rapamycin — oznaceni signalni drahy inhibovatelné rapamycinem
Vibrio polysacharide substance — extracelularni polysacharidové komponenty
biofilmt bakterie Vibrio sp.



Abstrakt

Kvasinky jsou schopny tvofit Sirokou Skdlu mnohobunéénych utvarti, které umoziuji
ptrezivani populaci v nehostinnych a ¢asto se ménicich podminkéch okoli. Piikladem takovych
spolecCenstvi jsou utvary tvotici se na riznych povrsich jako naptiklad biofilmy, spojené ¢asto
s infekcemi v lidském téle, a kolonie. Tato prace se zabyva studiem vzniku a vyvoje
komplexnich strukturovanych kolonii Saccharomyces cerevisiae, které jsou charakteristickym
rysem kment izolovanych ze svého ptirozené¢ho prostiedi. Svou architekturou a vlastnostmi
se zasadné liSi od prostorové nediferencovanych kolonii vétSiny laboratornich kment a
v mnoha ohledech naopak pfipominaji biofilmy patogennich kvasinek. Populace
kvasinkovych bunék vyuzivaji specifickych  vyvojovych procesi indukovanych
komunika¢nimi mechanismy Kk synchronizaci ranych fazi svého vyvoje. Tvorba specifické
trojrozmérné architektury kolonii je umoZnéna pfitomnosti extracelularni hmoty a
adhezivniho proteinu Flo11p, jez se podileji na stabilité a integrité utvaru. Na ochrané kolonii
se podileji funkéné a prostorové diferencované populace bunék s vyuzitim raznych
mechanismu jako je naptiklad ptitomnost membranovych pump odstranujicich toxické latky
¢1 produkce zminéné extracelularni hmoty plnici rovnéz funkci selektivné propustné bariéry.
Charakteristickym rysem pfirodnich kmenii je rovnéz fenotypova variabilita a ztrata
typickych vlastnosti pii kultivaci V laboratornich podminkach projevujici se vznikem
nediferencovanych kolonii. Za urcitych podminek miize dochézet k obnoveni schopnosti
tvorby strukturovanych kolonii. Repertoar takovych zmén ve fenotypu a mechanismu
vedoucich ke vzniku ttvart vyhodnych pro existenci v nehostinnych podminkach mtze byt
rozsahlejsi. Projev nékterych specifickych vlastnosti je pod kontrolou epigenetickych
mechanismu. Vysledky této prace prokazuji, ze vznik mnohobunéénych utvard piirodnich
kment kvasinek skryva fadu vlastnosti charakteristickych pro mnohobuné¢né organismy a
zaroven predstavuji komplexni strukturované kolonie jako dobry model pro studium procest

zodpovédnych za vysokou odolnost nékterych kvasinkovych populaci.

Kli¢ova slova: architektura kolonie, biofilm, diferenciace bunék, extraceluldrni matrix,
fenotypova variabilita, Flo11p, kvasinkové kolonie, mnohocetnd 1ékova rezistence, ptirodni

kmeny, Saccharomyces cerevisiae



Abstract

Yeasts are capable of forming a wide range of multicellular communities, which enable the
survival in harmful and changing environment. Surface associated biofilms, often connected
with infections in human body, and colonies can serve as an example of such populations.
This work investigates formation and development of complex structured colonies of
Saccharomyces cerevisiae, which can be considered as a distinctive feature of yeast strains
isolated from the wild. Architecture and properties of such colonies are fundamentally
different from the spatially undifferentiated colonies of most of laboratory strains and
resemble in many ways rather natural biofilms of pathogenic yeasts. Yeast populations use
specific developmental processes induced by communication mechanisms to synchronize the
early stages of their development. Formation of specific three-dimensional colony architecture
is enabled by the presence of extracellular matrix and adhesive protein Flo11p which provide
stability and integrity of the whole structure. Protection of the colonies is accomplished by
spatially differentiated cell subpopulations using various mechanisms such as expression of
efflux pumps capable of removing toxic substances or production of extracellular matrix
functioning also as selectively permeable barrier. Phenotypic variability and loss of
characteristic properties during prolonged cultivation under laboratory conditions resulting in
emergence of smooth undifferentiated colonies are other features characteristic for wild yeast
strains. However, these strains retain the ability to restore the formation of structured colonies
and associated properties under certain conditions. The repertoire of such phenotypic changes
and the mechanisms leading to formation of the life-style preferred in hostile environment
may be more complex. Expression of some specific phenotypic properties is controlled by
epigenetic mechanisms. Results of this work show that the formation of wild yeast strain
communities involves many processes distinctive for the development of multicellular
organisms and also present complex structured colonies as a powerful and tractable model for

studying the processes responsible for high resistance of certain yeast populations.

Keywords: biofilm, cell differentiation, colony architecture, extracellular matrix, Flo11p,
multidrug resistence, phenotypic variability, Saccharomyces cerevisiae, yeast colonies, wild

strains



1.  Uvod

Kvasinky, Saccharomyces cerevisiae predevsim, jsou Siroce vyuzivanym biologickym
nastrojem provazejicim ¢lovéka po dlouha staleti v fad€ oblasti jeho ¢innosti. Diky nékterym
vlastnostem jako je nendkladna a rychla kultivace ¢i snadna genetickd manipulace se rovnéz
staly dobrym modelem pro studium zdkladnich procest v eukaryotické bunce. Stejn¢ jako
cela tada dalsich mikroorganismi vsak ani kvasinky nejsou pouhym laboratornim ¢i
biotechnologickym prostfedkem, ale pfedevsim zivym organismem nachazejicim se v piirodée
v prostfedi a podminkéach, které jsou diametraln€ odliSné od stabilnich podminek v
laboratotich. Ve svém piirozeném prosttedi se kvasinky viceméné nevyskytuji jako
individualni bunky, ale maji schopnost se sdruZzovat do organizovanych mnohobunécnych
utvart, které jim umoziuji se s nastrahami nehostinného okolniho prostfedi UCinné
vyrovnavat. Takova spolecenstva nejsou pouhym homogennim shlukem bunék, ale vykazuji
fadu vlastnosti typickych pro ,,vys$§i* mnohobunécné organismy jako je funkéni diferenciace a
specializace jednotlivych bunéénych populaci ¢i jejich vzajemna komunikace a kooperace.

Ptikladem mnohobunéénych utvarta kvasinek, které pozorujeme u populaci rostoucich na
rozhrani dvou fazi, jsou biofilmy a kolonie. Vznik heterogennich spolecenstev biofilmu
pozorujeme zejména u patogennich kvasinek, kdy pravé biofilmy porutstajici tkané ¢i umélé
materidly v téle Cloveéka casto slouzi jako zdroj a rezervoar vaznych infekci. Kolonie jsou
utvary tvofici se na pevném substratu a jejich tvar je charakteristicky pro dany rod, druh i
kmen kvasinek. VétSina laboratornich kment S. cerevisiae tvoii hladké, prostorové neptilis
diferencované utvary. Kolonie ptirodnich kment, jejichZ studiem se zabyva tato prace, jsou
vSak charakteristick¢ svou komplikovanou trojrozmérnou strukturou piipominajici fadou
vlastnosti vySe zminéné biofilmy.

Vznik komplikovanych mnohobunéénych tutvara kvasinek je provazen vziajemnym
ovliviiovanim, interakcemi a specifickymi vlastnostmi bunéénych populaci. Jaké formy
mezibunéénych interakci a faktory, které je ovliviiuji, se podileji na vyvoji komplexnich
strukturovanych kolonii? A které spolecné rysy a vlastnosti jsou charakteristické a zaroven
nezbytné pro jejich tvorbu? To jsou hlavni otazky, na které se tato prace pokousi odpovédét.

Biofilmy a dal$i mnohobunétné utvary kvasinek jsou rovnéZ zndmy svou znacnou
rezistenci vici Siroké Skale chemickych latek. Podstata tohoto jevu vSak neni uspokojivé
vysvétlena i kvili nepfili§ snadnému studiu biofilmi. Objasnit mechanismy podilejici se na
ochran€¢ mnohobunéénych spolecenstvi kvasinek a ukézat kolonie pfirodnich kmenli jako

dobry model pro studium takovych procest je dals$i z ambici této prace.
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Pti delsi kultivaci pfirodnich kment v laboratornich podminkach dochazi u ¢asti bunék v
populaci ke zméné fenotypu, ztraté fady vlastnosti typickych pro pfirodni kmeny a zaroven
ztraté schopnosti tvorby strukturovanych kolonii. Takovéto tzv. domestikované kmeny si pak
za stabilnich podminek udrzuji své fenotypové vlastnosti a tvofi prostorové nediferencované
kolonie podobné laboratornim kmentim. Za jistych okolnosti Ize vSak pozorovat
znovuobnoveni schopnosti tvorby strukturovanych kolonii. Posledni vyzvou této prace je
definovat vlastnosti takového systému a identifikovat molekularni faktory, které se na téchto

zménach ve fenotypu podileji.

2. Cile prace
Hlavni cile této disertacni prace lze definovat v nasledujicich bodech:

. Prostudovat vliv mezibunéénych interakci a vlaknitého rustu bunék na vznik a vyvoj
strukturovanych kolonii kvasinek S. cerevisiae.

. Identifikovat obecné fyziologické a molekularni faktory pftispivajici k vyvoji a
architektufe strukturovanych kolonii pfirodnich kmenut S. cerevisiae.

. Analyzovat vnitini strukturu kolonii pfirodnich kment S. cerevisiae a definovat role
riznych bunéénych populaci pfi jejim vyvoji a ochrané.

. Charakterizovat proces, pii1 kterém dochdzi ke zméndm ve fenotypu domestikovanych
kmenti vedoucim k obnoveni schopnosti tvorby strukturovanych kolonii a analyzovat

moznou molekularni podstatu takovych fenotypovych zmén.
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3. Literarni prehled

Vyzkum mikroorganismi se vramci tradicnich mikrobiologickych postupti zaméfuje
prevazné na homogenni populace individudlnich, tzv. planktonnich, bunék v ¢istych tekutych
kulturach za optimalnich a stabilnich podminek. Takovy pfistup je vhodny pii studiu
zakladnich procest odehravajicich se na trovni jedné bunky. Vétsina mikroorganisma vsak
ve svém piirozeném prostiedi, kde jsou vystaveny nepfiznivym a rychle se ménicim
podminkam, tvofi rozmanitou plejadu velmi komplexnich mnohobunécnych utvara
(PALKOVA, 2004; WIMPENNY, 2009). Mnohobuné¢na spolecenstvi nejsou pouze nahodilym a
homogennim shlukem bunék, ale pomérné slozité prostorové a funkéné organizovanymi
utvary, kde dochazi k procesim bunétné diferenciace, koordinace chovani bunék a jejich
vzajemné komunikace (CREsSPI, 2001). Vznik a vlastnosti organizovanych mnohobunéénych
spolecenstvi poskytuji ve srovnadni s planktonnim zpiisobem zivota fadu vyhod umoziujicich
ptezivani populaci v nehostinnych podminkach. Mnohobunééné utvary zajist'uji ochranu proti
piitomnosti riznych typa stresortt v okoli, umoziuji schopnost zisku htite dostupnych Zivin a
jejich efektivni utilizaci, tvorbu relativné stabilnich mikroprostiedi a v neposledni fadé rovnéz
zajistuji piipadné efektivni rozsitovani populace (MARKX et al., 2004). Velkou ¢ast svého
zivota buiiky mikroorganismu pravdépodobné skute¢né stravi v mnohobunééné formé¢, ovsem
pro disperzi populace a obsazovani nového prostiedi je Casto nezbytné i jednobunécné
stadium. Stfidani jedno - a mnohobunécnych forem je tedy typickym znakem Zzivotniho stylu
mikroorganismt (WIMPENNY, 2009). Nutno také dodat, ze ,,vy$§i“ mnohobunééné organismy
ve svém zivotnim cyklu rovné€z obsahuji jednobunécné stadium.

Kvasinky, vedle své jiz tradi¢ni role biologického nastroje vyuzivaného pro vyrobu mnoha
potravinaiskych i chemickych produktii, slouzi jiz po léta jako osvédceny model pro vyzkum
zakladnich dé&ji v eukaryotické bunce. Schopnost tvorby mnohobunéénych utvara,
preferovaného Zivotniho stylu v pfirozeném prostredi, si vSak také zaslouzi pozornost a
studium kvasinkovych populaci skutecné nabird v poslednich letech na intenzit¢ a zdjmu
mnoha védeckych tymd.

Nekolik nasledujicich kapitol se vénuje piedstaveni mnohobunéénych populaci
mikroorganismi a charakterizaci rysi a vlastnosti, které jsou pro né typické a ptispivaji
k jejich vzniku a vyvoji. Rada faktorti a mechanismi je pomérné univerzalni a nachazime je
jak u prokaryotickych, tak eukaryotickych mikroorganismi. Kvili tomu a také vzhledem

k faktu, ze vyzkum bakterialnich spoleCenstev dospél zatim mnohem dal nez podobna
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problematika u kvasinek, jsou zakonitosti bakteridlnich a kvasinkovych mnohobunéénych

populaci diskutovany ptevazné pohromadé.
3.1. Mnohobunécna spolecenstva mikroorganismi — priklady a vyznam

Mnohobunééné utvary zpravidla vznikaji v reakci na podminky vnéj$iho prostiedi a ¢asto
mikroorganismu jsou biofilmy, populace bunék tvofici se na riznorodych povrsich, ¢i jejich
rizné varianty (GHANNOUM & O'TOOLE, 2004). Vedle toho ovSem nachazime né&které
mikroorganismy sdruzené¢ do mnohobunéénych shluktl i v kapalném prostiedi (WIMPENNY,
2009) a ke konceptu mnohobunéénosti mikroorganisma piispély i specializované utvary,
plodnice, tvofené zejména myxobakteriemi a eukaryotickymi hlenkami (KAISER, 1986), dnes

jiz tradi¢nimi modely vyzkumu socialniho chovani mikroorganisma (obr. 1) (FOSTER, 2010).

R Ll X \, <

Obr. 1: Piiklady mnohobunéénych utvari mikroorganismi. A) Trojrozmérna projekce
biofilmu Pseudomonas aeruginosa, vpravo pohled z boku (KLAUSEN et al., 2003); B) kolonie
ptirodniho kmene Bacillus subtilis (BRANDA et al., 2001); C) plodnice myxobakterie
Chondromyces crocatus (GRILIONE & PANGBORN, 1975); D) plodnice hlenky Dictyostelium
discoideum.
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3.1.1. Biofilmy

Vyzkum mikrobidlnich populaci se Vsoucasnosti zamétuje predevSim na biofilmy.
Biofilmy lze definovat jako heterogenni spolecenstva ptisedla K biotickému ¢i abiotickému
substratu, ktera obsahuji masivni mnozstvi extracelularni hmoty (COSTERTON, 1999). V uz§im
smyslu se za biofilmy povazuji Gtvary vznikajici zpravidla na rozhrani pevného povrchu a
kapaliny (DONLAN, 2002), vyse zminénou obecné&jsi definici vSak spliuji jakékoliv ttvary
tvofici se na rozhrani libovolnych skupenstvi. V tomto kontextu Ize tedy za formu biofilmu
povazovat i nize diskutované populace kolonii, ¢i povlaky na povrchu kapaliny. S biofilmy se
muzeme V piirod¢ setkat takika v libovolném prostiedi a na libovolném povrchu, namatkou
uved'me horniny v moiském i sladkovodnim prostiedi, téla rostlin a zivocichd ¢i pudni
ekosystémy. Uvadi se, Ze témét 80% vSech bakterii se v pfirodé vyskytuje ve formé
ptisedlych biofilmovych populacich (DONLAN, 2002) a né€ktefi autofi biofilmy oznacuji za
nejuspésnéjsi formu zivota na Zemi (FLEMMING & WINGENDER, 2010). Na biofilmy narazime
rovnéz v fadé oblasti lidské €innosti, a byt je lze Castokrat vyuZzit, diky jejich absorpcnim
vlastnostem naptiklad pii ¢isténi odpadnich vod (SINGH et al., 2006), zpisobuji pifevazné
problémy jak v prumyslu, tak zejména v medicin€¢. Odhaduje se, ze az 65% infekci
zpusobenych mikroorganismy u c¢lovéka je spojeno s biofilmy (DONLAN & COSTERTON,
2002). Zna¢nym problémem je také skuteCnost, ze ke vzniku biofilmt nedochazi pouze na
povrchu tkéni, ale rovnéz na cizorodych povrsich v lidském téle. Rada plastovych nahrad a
umélych katetri se posléze stavad vhodnym substratem pro vznik biofilmu, ktery slouzi jako
zdroj vaznych infekci (DONLAN, 2001; RAMAGE et al., 2006). Vzhledem ke svym vlastnostem
jsou biofilmy casto odolné vaéi imunitnimu systému hostitele a nékolikanasobné
rezistentnéjsi k 1é¢bé antibiotiky ve srovnani s planktonnimi buiikami (LEWIS, 2008; RAMAGE
et al., 2010). Vyzkum biofilmu je proto motivovan objasnénim déju, které pfispivaji k vysoké
odolnosti patogennich mikroorganisma s cilem vyvinout efektivni strategie k jejich eliminaci.

Vznik mikrobialnich biofilmu sdili podobné faze vyvoje (obr. 2), at’ jiz uvazujeme 0
bakteriich ¢i kvasinkach. Inicia¢ni faze tvorby biofilmu je definovana piiblizenim bunék
k povrchu substratu a jejich adhezi. Poté dochazi k efektivnimu buné¢nému déleni, vytvoieni
bazalniho povlaku bun¢k a pocatku produkce extracelularni matrix (ECM). Extracelularni
material oddéluje a propojuje jednotlivé shluky bun€k a podili se na vzniku tzv. mikrokolonii.
V prubéhu maturace biofilmu dochazi také diky masivngj$i produkci ECM Kk prostorové

expanzi populace a vzniku typické vrstevnaté trojrozmérné architektury. Findlni fazi vyvoje
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biofilmd je jejich disperze a uvolnéni bunék slouzici ke kolonizaci a rozsifeni populace

(BLANKENSHIP & MITCHELL, 2006; O'TOOLE et al., 2000).

planktonni bunky biofilm

Obr. 2: Vyvojové faze biofilmu. A) Adheze Kk substratu; B) tvorba bazalniho povlaku a
zacatek produkce ECM; C) tvorba mikrokolonii, po¢atek vzniku vrstevnaté architektury; D)
maturace biofilmu, 3D expanze; E) disperze populace (upraveno z www.biotuesdays.com).

Vznik biofilmt a jejich struktura muze byt ovlivnéna faktory vnéjs$iho prostiedi jako je
teplota, vlastnosti substratu, pH ¢i tok kapaliny. Studium biofilmi je pomérné obtizné a
informace lze ziskdvat pouze z arteficidlnich in vitro systémi, které vSak diky riznym
vlastnostem a podminkdm casto nemohou poskytnout komplexni, konzistentni a
reprodukovatelné vysledky (GHANNOUM & O'TOOLE, 2004). Tvorba biofilmi je z vyse
uvedenych divodi studovana zejména u patogennich mikroorganisma, u bakterii typicky
Pseudomonas aeruginosa kolonizujici tkan¢ imunosuprimovanych pacienti (MA et al., 2009).
U kvasinek je modelovym organismem pro studium biofilmi zejména nejbéznéjsi lidsky
patogen Candida albicans (obr. 3A) (DouGLAs, 2003), vznik biofilmd vsak pozorujeme i u
dalSich patogennich kvasinek Cryptococcus neoformans (MARTINEZ & CASADEVALL, 2006)
¢i Trichosporon asahii (DI BONAVENTURA et al., 2006). Vlastnosti potiebné pro vznik
biofilmt, napt. adheze Kk abiotickému substratu, rovnéz spliuje jinak benigni kvasinka
Saccharomyces cerevisiae (REYNOLDS & FINK, 2001), klinicky ¢&i ekologicky vyznam

takovych utvart vSak nebyl prokazan. BéZnou situaci v ptirodnich systémech jsou smiSené
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biofilmy, kde dochazi k vzajemnym vztahiim riznych mikroorganismi jako je kooperace,
kompetice ¢i predace, které maji vliv na strukturu a vyvoj celého spolecenstvi (ELIAS &
BANIN, 2012). Jako takové si smiSené biofilmy a jejich studium uréité zaslouzi pozornost.

Tato problematika vSak jiz ptesahuje rozmér této prace.
3.1.2. Kolonie

Kolonie jsou spoleéenstva mikroorganismi vznikajici pfi rdstu na pevném substratu,
Vv laboratofich zpravidla na agarovém médiu, na rozhrani se vzduchem. Ptirodni populace
bakterii 1 kvasinek tvofi na pevném povrchu €asto komplexni trojrozmérné kolonie obsahujici
uréité mnozstvi extracelularni matrix (AGUILAR et al., 2007; PALKOVA, 2004) a vtomto
kontextu je tedy mizeme povazovat za jakousi prostorové definovanou obdobu biofilmu.
Bakterie tvofi tvarové rozmanité utvary, kde dochazi k vzajemné kooperaci bunék a jejich
prostorové a funkéni diferenciaci (BEN-JACOB et al., 1998), casto v reakci na nepiiznivé
podminky prostfedi vetné pfitomnosti riznych typu stresord (CHO et al., 2007). U nékterych
bakterii dochdzi ke vzniku kolonii aktivnim shlukovanim pohyblivych bunék. Specifickym
typem takovych kolonii jsou tzv. hejna schopné aktivniho pohybu po pevném povrchu (tzv.
swarming motility) a kolonizace okolniho prostfedi (FRASER & HUGHES, 1999). Pravé vznik
kolonie je nezbytnym ptedpokladem pro expanzi populace, kdy izolované buiiky pohybu po
agaru schopné nejsou a pohyb je tak kolektivnim dilem celé populace (SHAPIRO, 1998). Tvar
bakterialnich kolonii je ve stabilnich podminkach charakteristicky pro dany druh a dokonce i
kmen, je tak casto vyuzivan rovnéz jako diagnosticky a systematicky znak, a miize byt zna¢né
ovlivnén byt’ jen nepatrnymi zménami vnéjSich podminek (AGUILAR et al., 2007).

Kolonie kvasinek jsou produktem riistu nepohyblivych bunék na povrchu pevného média.
Jejich morfologie v podstaté¢ spliuje charakteristiky vyiéené pro tvar a vzhled kolonii
bakterialnich (PALKOVA, 2004). Bézné pouzivané laboratorni kmeny kvasinek vytvaieji, az na
vyjimky, zpravidla kolonie hladké (obr. 3B), na druhou stranu kmeny izolované ze svych
pfirozenych ekosystéml casto tvofi prostorové heterogenni trojrozmérné utvary (dale
nazyvané strukturované kolonie, obr. 3C). Tvar kolonie a jeji architektura je rovnéz
ovlivnitelna kultivaénimi podminkami, kdy napfiklad kolonie nékterych kment S. cerevisiae
ztraci svij typicky komplexni tvar pfi kultivaci na zkvasitelném zdroji uhliku (GRANEK &
MAGWENE, 2010) ¢i vykazuji extrémni expanzi ve vertikalnim sméru pii ristu na zvySené
koncentraci agaru (SCHERz et al., 2001). Naopak na snizené koncentraci agaru dochazi ke
vzniku Sirokych a plochych povlakd nazyvanych ,maty“ (REYNOLDS & FINK, 2001). Cela

fada informaci 0 struktufe a vlastnostech strukturovanych kolonii byla ziskdna zejména pfti
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studiu patogennich kvasinek C. albicans a C. neoformans. U riznych izolatt téchto kment
totiz velmi Casto dochazi k fenotypové variabilité projevujici se tvorbou morfologicky

odlisnych typa kolonii, kdy si kazdy z fenotypti udrzuje schopnost ptechazet v jiny a vice

versa. Tento fenomén byl nazvan piepinani fenotypl (SLUTSKY et al., 1985).

Obr. 3: Biofilmy a kolonie kvasinek. A) Biofilm C. albicans na vaskularnim katetru (NETT &
ANDES, 2006); kolonie S. cerevisiae, B) laboratorni kmen, C) piirodni kmen (PALKOVA,
2004).

3.1.2.1. Prepinani fenotypi

Piepinani fenotypu je spontanni a reverzibilni proces, pii kterém dochazi, s frekvenci vyssi
nez je bézna mutacni frekvence, ke vzniku fenotypovych variant projevujicich se zménami
v morfologii kolonii (obr. 4). Schopnost nahodné¢ ménit vlastnosti ¢asti populace se zda byt
V kontextu mnohobunéénych spolecenstvi vyskytujicich se ve svém piirozeném prostredi
ucinnym adapta¢nim mechanismem. V nepiedvidatelném a rychle se ménicim prostiedi totiz
,predptiprava® malého mnozstvi odliSnych variant mize zajistit flexibilni reakci populace a
jeji preziti v podminkach, které by pro homogenni populaci mohly byt fatalni (obr. 4B)
(RAINEY et al., 2011). Schopnost piechodi mezi riznymi fenotypy je tedy efektivnéjsi nez
adaptacni moznosti bunék (napf. vlaknity rust — viz kap. 3.2.3.1.1.) umoziujici reakci na
aktualni podminky, kterd v proménlivém prostiedi nemusi byt dostatetna (D'Souza &
HEITMAN, 2001). Navzdory tomu, Ze je piepinani fenotypl ¢asto ndhodné a dochazi k nému i
za konstantnich podminek, mize byt jeho frekvence specifickymi faktory modulovana ¢i
pfimo vyvolavana (ALBY & BENNETT, 2009b; SousA et al., 2011). Zmény v morfologii

kolonii pochopitelné odrazeji celou fadu zmén ve fyziologickych a morfologickych
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charakteristikach bunék a maji v pfipadé patogennich mikroorganismi za nasledek vznik

virulentnéjsich a ¢asto velmi odolnych fenotypti (GOLDMAN et al., 1998; JONES et al., 1994).

Obr. 4: Piepinani fenotypi. A) Nejprostudovangj$i ptepinaci systém ,white-opaque™ C.
albicans, nahote zleva ,,white* bufiky a ,,opaque® buiky, dole ,white* kolonic (bilé¢) a
,opaque“ kolonie (rizové) na médiu s phloxinem B (MORSCHHAUSER, 2010); B) model
vzniku novych fenotypu, inokulace homogenni populace bunék — in vivo vznik nového
fenotypu — proliferace odolnéjsiho a virulentnéjsiho fenotypu (JAIN et al., 2006); C) piiklady
ptepinani fenotypt u riznych kmenti C. neoformans, W/WR — vras¢ité, S/SM — hladké, C —
zoubkované, PH — pseudohyfalni, MC — mukoidni (FRIES et al., 2002).

Pfepinani fenotyptl projevujici se zménami v morfologii kolonii bylo zaznamenano rovnéz
u celé¢ tady patogennich i nepatogennich bakterii a zdd se byt pomérné rozsitenym
fenoménem (SOUSA et al., 2011). U kvasinek byl popsan zejména u patogennich druha (obr.
4) Candida sp. (JAIN et al., 2008; SoLL, 1992), C. neoformans (GOLDMAN et al., 1998) ¢i T.
asahii (ICHIKAWA et al., 2004) a zajimavé je, Ze byl zaznamenan rovnéz u Vvirulentnich izolatt
jinak spise nepatogenni kvasinky S. cerevisiae (CLEMONS et al., 1996). Nejznaméjsi a rovnéz

neprostudovangj$i prepinaci systém WO-1 spocivajici v reverzibilnich pfechodech ,,white* a
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,opaque“ kolonii (SLUTSKY et al., 1987) ma i dalsi zajimavy vyznam vedle produkce
rezistentniho a virulentniho fenotypu. Pfepnuti na ,opaque“ je totiz predpokladem pro
probéhnuti konjugace bunék C. albicans, kdy pouze ,,opaque* bunky jsou konjugace schopné.
Piepinani fenotypi typu WO-1, a tedy zaroven pohlavni rozmnozovani, je zavislé na
homozygosité v parovacim lokusu (LOCKHART et al., 2002). Takovy vyskyt je mezi
klinickymi kmeny pomérné tidky, coz mimo jiné vysvétluje, pro¢ nam parovani u C. albicans

zstalo tak dlouho skryto (SoLL, 2004).
3.1.3. Agregaty bunék v kapalném prostredi

Rada mikroorganismii tvofi mnohobunééné utvary i v kapalném prostiedi. Vznik takovych
utvartl je zavisly na specifickych vlastnostech bun¢k umoznujicich jejich vzajemnou adhezi a
postupnou agregaci. Podobn¢ jako je tomu u biofilmt i podstatnou ¢ast bunéénych shluki
tvofi extracelularni materidl, ktery vedle své strukturalni role rovnéZ zasadnim zplsobem
ovliviiuje fyzikalné-chemické vlastnosti populaci (RASZKA et al., 2006). Schopnosti tvorby
mikrobialnich agregati v kapalném prostiedi se velmi Casto vyuziva pii biotechnologickych
procesech. Jednou z takovych dilezitych pramyslovych aplikaci je vyuziti tzv. aktivovaného
kalu pii ¢iSténi odpadnich vod. Aktivovany kal je velmi riznorodou smési mnoha druhti
organismu od bakterii, pfes houbové mikroorganismy az po nalevniky. Biologické slozky
aktivovaného kalu jsou schopny absorbovat velka mnozstvi zneciStujicich slozek vody
(organickych polutantti, tézkych kovll) a piipadné je diky zvySené lokalni koncentraci
prislusnych enzymua efektivné degradovat. DalSi vyhodou aktivovaného kalu je zvySena
rezistence vuci toxickym latkam a moznost snadného odstranéni z vody filtraci (MINO, 2000).

Bunky kvasinek jsou schopny tvorby mnohobunécnych agregatti v pribéhu procesu
zvaném flokulace (obr. 5A). Jeho podstatou je pievazné interakce povrchovych adhezivnich
glykoproteint se sacharidovymi komponentami buné¢né stény adherujicich bunék v zavislosti
na pritomnosti vapenatych iontd (VERSTREPEN & KLIS, 2006). Flokula¢ni schopnosti
jednotlivych kvasinek se mohou liSit v zavislosti na genetickém pozadi. U S. cerevisiae
muizeme proces rozdelit do nckolika kategorii podle jeho citlivosti k pfitomnosti urcitych
sacharida (MASY et al., 1992). Klasicky, tzv. Flol, typ je inhibovan manosou, kdy tato
funguje jako kompetitor vazby povrchovych flokulinii. NewFlo typ flokulace je inhibovan
vedle manosy rovnéz mnoha dal§imi sacharidy (mimo jiné glukosou) a tohoto jevu se vyuziva
zejména v pivovarnictvi. Pivovarské kmeny diky svym vlastnostem tvoii agregaty bun¢k az
po skonéeni fermentacniho procesu, kdy se v okoli jiz nevyskytuji zadné volné sacharidy a

buniky sedimentuji na dno fermentoru ¢i povrch média, coz usnadiiuje jejich nasledné
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odstranéni (VERSTREPEN et al., 2003). Nékteré kmeny kvasinek vykazuji flokulaci, ktera
probiha i v pfitomnosti manosy a absenci vapenatych iontd (MASY et al., 1992). Tento typ
adheze muize byt dan odlisnou specifitou flokulinG takovych kmend, vyuzitim jinych
adhezivnich proteinti nebo nespecifickymi interakcemi povrchti adherujicich bunék (BAUER et
al., 2010). Vedle biotechnologického vyuziti flokulace ma tato interakce i ekofyziologicky
vyznam pro organismus. Bunky S. cerevisiae produkujici jeden z hlavnich flokulinti Flolp
navzdory niz$i reprodukéni schopnosti tvofi mnohobunééné agregaty, které jsou vSak odolné
vuci nékterym stresovym faktorim (SMUKALLA et al., 2008).

Mikroorganismy c¢asto tvofi mnohobunétna spolecenstva na povrchu kapaliny. Takové
chovani ¢asto souvisi s vyCerpanim zivin v médiu a slouzi tedy jako mechanismus k zajisténi
ptistupu populace ke kysliku a umoZnéni aerobniho metabolismu. Vznik téchto populaci je
zavisly na schopnostech vzajemné adheze bun€k a zaroven interakce s povrchem kapaliny,
pravdépodobné na zakladé hydrofobicity bunééného povrchu (WIMPENNY, 2009). Takové
povlaky bunék se u kvasinek nazyvaji ,,flor* (Spanélsky kvétina) biofilmy (obr. 5B) a jejich
vznik je charakteristicky zejména pro vinafské kmeny kvasinek S. cerevisiae ucastnici se
procesu zrani sherry Vv dubovych sudech. Tyto kmeny tvofi po skonceni fermentace na
povrchu vina blanku, v aerobnim prostfedi metabolizuji ethanol na acetaldehyd a dodavaji pak
vinu specifické chutové vlastnosti (ESTEVE-ZARZOSO et al., 2001). Schopnost tvorby ,.flor«
biofilmu je vzdy zavisla na expresi specifickych povrchovych adhezivnich proteint (ISHIGAMI
et al.,, 2004) a setkame se s ni i U kmend, které bézné vino nezusSlecht'uji, ale extenzivni
oxidaci ho kazi a je tedy primarné¢ obecnym mechanismem kvasinek adaptovanych na

specifické prostfedi (NAKAGAWA et al., 2011).

3.1.4. Plodnice

Nékteré mikroorganismy tvofi v reakci na nepfiznivé podminky prostfedi mnohobunééné
utvary — plodnice. Plodnice jsou specializované bunééné agregaty, uvnitt kterych dochazi ke
vzniku rezistentnich a metabolicky neaktivnich spor. Diky své specifické trojrozmérné
struktufe slouzi plodnice rovnéz k elevaci spor nad Groven substratu, jejich u¢innou disperzi a
tim rozsifeni populace do nového prostiedi (CRESPI, 2001). Tvorba plodnic je dilezitym
krokem v zivotnim cyklu myxobakterii (SHIMKETS, 1990) a socialni hlenky D. discoideum
(DAO et al., 2000). Vzhledem k bunééné diferenciaci a kooperaci odehravajici se pii jejich
tvorb& a vyvoji jsou plodnice typickym a Siroce studovanym piikladem mnohobunééného

chovani mikroorganismi (FOSTER, 2010). Plodnicim podobné utvary se tvoii i na povrchu
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biofilmi a kolonii B. subtilis, kde tyto plni ziejmé totoznou funkci jako plodnice
myxobakterii a hlenek, tedy elevaci spor a jejich efektivni disperzi (BRANDA et al., 2001).
Kvasinky i nékteré bakterie jsou schopny v reakci na UV zafeni tvofit makroskopické
stopkaté utvary (obr. 5C). Podminky jejich vzniku jsou sice pon€kud arteficialni (zvySena
koncentrace agaru, provzdusnéné a vysuSené médium), k jejich tvorbé vsSak dochazi
reprodukovatelné a sSuréitymi odliSnostmi i u riznych druh@ mikroorganismi. Jak
morfologicky, tak funkéné se tyto podobaji opét vySe zminénym plodnicim, kdy u
sporulujicich druhi dochazi ve spicce stopek k tvorbé spor (ENGELBERG et al., 1998).

Obr. 5: Spolecenstva kvasinek. A) Vlevo flokulujici kmen S. cerevisiae tvofici sediment na
dné zkumavky, vpravo neflokulujici kultura (BRUCKNER & MOSCH, 2011); B) ,,flor* biofilm
vinafskych kment (FIDALGO et al., 2006); C) stopkaty utvar S. cerevisiae (ENGELBERG et al.,
1998)

3.2. Faktory podilejici se na vzniku mnohobunécnych ttvari

mikroorganismu

Vznik a vyvoj mnohobunéénych utvari mikroorganismi je umoznén piitomnosti fady
procest, které Casto nelze pozorovat na urovni individudlnich bun¢k. Adhezivita bun¢k,
produkce extracelularni hmoty, diferenciace odlisnych bunécnych populaci jsou vyctem prave
takovych vlastnosti typickych pro mnohobunééné populace mikroorganismia a jejich

detailngj$i rozbor je naplni nasledujicich kapitol.
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3.2.1. Extracelularni matrix

Extracelularni matrix je znama predev§im jako nebunécna slozka tkani zivocichu, ktera
poskytuje mechanickou oporu buiikdm jednotlivych tkani. Zaroven slouzi jako propojujici
element a plni tak nezbytnou ulohu rovnéz v mezibunééné komunikaci. Extracelularni hmota
obalujici a propojujici bunky mikroorganismid vramci mnohobunéénych ttvarta je
charakteristickym rysem vétSiny pifirodnich mikrobidlnich populaci, kdy mtze tvotit az 90%
veskeré hmoty utvaru (DONLAN, 2002). SloZeni a struktura ECM je zna¢né heterogenni. Je
sloZzena zejména z biopolymernich latek, avSak znaéné se 1i§i, podobné jako struktura
jednotlivych atvart, v zavislosti na vnéjsich podminkach, druhu mikroorganismu a dokonce
také mezi riznymi kmeny daného druhu. Na tvorbé mimobunécné hmoty se podileji
komponenty bunééného povrchu daného organismu a Casto neni moZné jednoznacné
definovat, co je jeSté integralni soucasti buriky a co se nachazi vné. Extracelularni matrix je
tak jakousi ,,prodlouzenou rukou“ bunééného povrchu a slozky bunééné stény, napf.
kovalentné vazané proteiny jsou ¢asto nezbytné pro vznik, konsolidaci a stabilizaci ECM
(FLEMMING & WINGENDER, 2010). V tomto kontextu a $irS§im thlu pohledu je tedy poticba
jako slozky ECM, podobné¢ jako je tomu u vysSich eukaryot, brat v potaz i integralni soucasti
bunky (BRANDA et al., 2005).

Vzhledem k neexistenci univerzalni metody izolace a vySe zminéné provazanosti ECM
S buné¢nym povrchem je piesné slozeni a definice struktury u fady mikroorganismu spise
velkou neznamou. Nesnadna experimentalni uchopitelnost rovnéz znesnadiiuje piimé
prokazani jeji role v mnohobuné¢nych populacich. ECM si vyslouzila piezdivku ,temna
hmota®, kdy je ji pfisuzovana celd fada funkci a vlastnosti, které jsou Casto vice ¢i méné
spekulativni (FLEMMING & WINGENDER, 2010). Cim dal vice je vSak ziejmé, ze ECM je
nezbytna pro prostorovou a funk¢ni heterogenitu mnohobunécnych populaci, kdy se podili
predev$im diky svym adhezivnim vlastnostem na mechanické stabilité jednotlivych shluka
bungk, zaroven je oddéluje a propojuje mezi sebou za vzniku az komplexnich trojrozmérnych
utvart vykazujicich typickou porovitou strukturu (obr. 6) (DOUGLAS, 2003; LoOPEZ et al.,
2010). To mize umozinovat efektivni rozvod rdznych zivin, metabolitd ¢i signalnich a
odpadnich latek. Plsobi téz jako bariéra chranici utvar pfed vnéjSim stresem (napf.
vysychanim ¢i UV zafenim) a imunitnim systémem hostitele. Soucasné brani priniku
cizorodych latek dovnitt Gtvaru a V pfipadé patogennich mikrobti se tak mize podilet na
vysoké odolnosti populaci a jejich rezistenci viici jinak efektivni 1€¢bé antibiotiky. Diky svym

absorpénim vlastnostem se ECM podili na zadrzovani vody a jinych zivin z prostiedi, mize
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ptispivat ke zvySené prostorové koncentraci enzymti umoziujici efektivni utilizaci potravnich
zdroju ¢i sama o sob¢ slouzit jako zdroj sacharidii, aminokyselin ¢i dalsich latek, ze kterych je
slozena (FLEMMING & WINGENDER, 2010).
3.2.1.1. Extracelularni polymerni hmota bakterii

Nejvyznamnéjsi slozkou extracelularni matrix bakteridlnich populaci jsou polysacharidy.
Puvodné byly povazovany za téméi vyhradni komponentu ECM, a proto se pro ni vzil nazev
,extracelularni  polysacharidova  latka™  (extracellular  polysaccharide  substance).
S ptibyvajicimi znalostmi se ovSem ukazalo, Ze vyznamnou souc¢asti ECM mohou byt i dalsi
latky jako napf. proteiny, DNA ¢i lipidy (obr. 6), kdy napf. proteiny v nékterych pfipadech
mohou byt slozkou majoritni. Nazev byl tedy elegantné zménén na extraceluldrni polymerni
latku (extracellular polymeric substance) a ustalena zkratka EPS je pouzivana dal (BRANDA et
al., 2005).

Protein
DN Ajcry/\\l 1\\‘ S

Obr. 6: Extracelularni matrix. A) Schématické znazornéni polymert (polysacharidy, proteiny,
DNA) vypliujicich mezibunéény prostor (FLEMMING & WINGENDER, 2010); B) elektron
mikroskopicky snimek biofilmu Salmonella enterica, patrné zna¢né mnozstvi ECM obalujici
buriky (ANNOUS et al., 2009).

ECM mnohobunéénych populaci mnoha druhii bakterii je tvofena homopolymerem
glukosy — celulosou. Celulosa je nezbytna pro tvorbu biofilmi a strukturovanych
(,,vrascitych®) kolonii Salmonella spp. a Escherichia coli, kdy mutanty neschopné produkce

celulosové matrix netvoii biofilmy na abiotickych substratech, jejich kolonie jsou hladké a
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postradaji zietelnou prostorovou diferenciaci (ZoGAJ et al., 2001). Vedle toho celulosova
matrix rovnéz mize slouzit jako ochrana proti vysychani (WHITE et al., 2006), ¢i zajistovat
biologickou a mechanickou ochranu proti vlivim vné&jsiho prostiedi u mnoha dalSich druhi
bakterii (Ross et al., 1991). Jiny homopolymer tzv. PIA polysacharid (polysaccharide
intercellular adhesin) — kladné nabity polymer f-1,6 N-acetylglukosaminu — pini
mezibunéénou adhezivni funkci a zajist'uje tak strukturni integritu biofilmu Staphyloccocus
spp. (O'GARA, 2007). Zaroven miize zastavat i protektivni funkci, kdy zajist'uje ochranu proti
bunkam imunitniho systému hostitele (BEGUN et al., 2007). PI1A nebo jeho derivaty se G¢astni
tvorby biofilmi i jinych druhii bakterii napf. E. coli (WANG et al., 2004) ¢i Yersinia pestis
(JARRETT et al., 2004).

Vétsina polysacharidovych matrix je vSak slozena z heteropolymeri, tedy polymerd
nékolika rtiznych sacharidi a velmi ¢asto se 1isi i mezi kmeny piislusného druhu bakterie.
Klinické izolaty bakterie P. aeruginosa produkuji alginat jako komponentu potiebnou pro
pocatecni fazi vyvoje biofilmu a také mechanickou stabilitu maturovanych biofilmt. Alginat
také prispiva ke zvySené rezistenci biofilmid k antibiotikim a obrannym mechanismim
hostitele (RYDER et al., 2007). Jiné kmeny P. aeruginosa vsak alginat neprodukuji a jejich
matrix je slozena z jinych polysacharidi Pel — obsahuje zejména glukosu a Psl — obsahuje
manosu, glukosu a rhamnosu. Tyto slozky plni podobnou funkci jako alginat, kdy Pel je
nezbytny pro tvorbu biofilmu na rozhrani voda/vzduch, vznik strukturovanych kolonii
(FRIEDMAN & KOLTER, 2004) a tcastni se téz ochrany proti antibiotikim (COLVIN et al.,
2011). Psl se Gcastni adheze bunék k povrchu a ovliviiuje tak inicia¢ni fazi vyvoje biofilmu,
zaroven zabezpe€uje mezibuné¢nou adhezi a tedy integritu maturovaného biofilmu (MA et al.,
2009).

Velmi heterogenni smés sacharidti obsahujicich mimojiné polymery glukosy, galaktosy,
N-acetylglukosaminu a manosy nazvana VPS (Vibrio polysaccharide substance) je nezbytna
pro tvorbu biofilmu a strukturovanych kolonii Vibrio cholerae a jejich rezistenci vii¢i riznym
stresovym faktorim (WAI et al., 1998; YILDIZ & SCHOOLNIK, 1999). Komplexni smés
polysacharidii obsahuji rovnéz mohutné biofilmy a trojrozmérné strukturované kolonie B.
subtilis (LoPEz et al., 2010; MARVASI et al., 2010).

Vedle polysacharidi najdeme cCasto jako vyznamnou slozku ECM také proteiny, kdy
nékdy jejich hmota mize vyznamné pievazit celkovy obsah sacharidi (LIU & FANG, 2002;
SHENG et al., 2005). Role proteint pii tvorbé matrix a vyvoji biofilmu je ¢asto nezastupitelna,
kdy se podileji zejména diky svym adhezivnim vlastnostem na vzniku a konsolidaci biofilmu.

Pro ptiklad uved'me extracelularni protein Tas, ktery se podili spolecné s polysacharidy na
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tvorbé extracelularni matrix u B. subtilis (BRANDA et al., 2006), ¢i u jinych kment polymer
glutamatu (PGA) (STANLEY & LAZAZZERA, 2005). Bap proteiny se podili na tvorbé biofilmu
Staphylococcus sp., kdy u nékterych kmenti neni potiebna dalSi produkce
exopolysacharidovych slozek (CUCARELLA et al., 2004). Spole¢né se strukturnimi proteiny
jsou soucasti matrix také enzymy, které slouzi diky své koncentraci v uritych mistech
k efektivnimu vyuzivani potravnich zdroju, ¢i natraveni matrix a disperzi biofilmu
(FLEMMING & WINGENDER, 2010).

Strukturni ulohu vECM muize plnit rovnéz DNA, kterda je vyznamnou slozkou
v biofilmech P. aeruginosa (WHITCHURCH et al., 2002) ¢i S. aureus (RICE et al., 2007). DNA
by mohla rovnéz piedstavovat ochranou bariéru, kdy je souéasti matrix biofilmu Bacillus
cereus a jeji pritomnost zvysuje resistenci vici aktinomycinu D (VILAIN et al., 2009). Lipidy,
lipoproteiny ¢i lipopolysacharidy jsou casto také soucasti matrix mnoha mnohobunéénych
utvari bakterii, kdy vyznamnou meérou pfispivaji ke zméné povrchovych vlastnosti
mnohobunéénych komunit a umoZnuji jejich adhezi k jinak nepfistupnym povrchiim
(FLEMMING & WINGENDER, 2010) nebo mohou dokonce slouzit jako signalni molekuly
(KOLTER, 2010).
3.2.1.2. Extracelularni matrix mnohobunéénych populaci kvasinek

Podobné jako u bakterii je ECM neodmyslitelnou soucasti vétSiny mnohobunécnych
populaci kvasinek a je slozena z polymert sacharidového ¢i proteinového charakteru. SloZeni,
struktura a pfesna funkce extracelularni matrix v mnohobunéénych spole¢enstvech kvasinek
je pomérné¢ velkou neznamou. Nejvice informaci ohledné slozeni a mozné funkci
extracelularni matrix je k dispozici zejména diky studiu biofilmi patogennich kvasinek
Candida sp. (obr. 7) a to zejména zdivodi jeji potencialni role v rezistenci vuci
antimykotickym latkdm (D'ENFERT, 2006). ECM biofilmu Candida sp. je velmi komplexni
smési prevazné polysacharidli (zejména na bdzi glukosy), jejich derivatl jako jsou
hexosaminy ¢i kyselina uronova, proteini (BAILLIE & DOUGLAS, 2000) a také DNA
(MARTINS et al., 2010). Slozeni se li§i mezi jednotlivymi druhy kvasinky, kdy naptiklad
matrix biofilmi C. albicans je slozena ptevazné z polymeru glukosy B-1,3 glukanu, zatimco
v biofilmech C. tropicalis tvofi majoritni slozku N-acetylglukosamin (AL-FATTANI &
DouacLAS, 2006).

Pokud je biofilm vystaven proudu kapaliny, dochazi k masivngj$i produkci ECM a
zméndm ve stavbé a architektuie biofilmu ve srovnani s biofilmy statickymi, coz prokazuje
strukturni roli ECM na tvorbé¢ biofilmu a zajisténi jeho integrity (BAILLIE & DOUGLAS, 2000).

Prvni studie zaméfujici se na podil ECM v rezistenci biofilmi C. albicans vuaci
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antimykotickym latkdm neprokézaly, Zze by masivni produkce ECM zamezovala priniku
nékterych antimykotickych latek dovniti biofilmu a zodpovidala tak za jeho zvySenou
rezistenci (AL-FATTANI & DoOUGLAS, 2004; BAILLIE & DOUGLAS, 2000). Jina studie této
laboratofe vyuzivajici odlisny model kultivace biofilmu ukazuje, ze pfi urcitych podminkach
dochazi k dostatecné produkci ECM, kterd zvysuje rezistenci takto indukovanych biofilmt
k amfotericinu B. Rezistenci vii¢i antimykotikiim nezajiStuje pouze zvySené mnozstvi ECM,
ale také jeji slozeni, kdy biofilmy C. tropicalis obsahujici polymer N-acetylglukosaminu, ¢i
smisené biofilmy C. albicans s bakterii S. aureus, jejiz matrix je tvoiena PIA polysacharidem
(viz kap. 3.2.1.1.) vykazuji vyssi resistenci ve srovnani s biofilmy samotné C. albicans (AL-
FATTANI & DOUGLAS, 2006). Jako slozka ECM skute¢né zadrzujici antimykotické latky a
zodpovédna za zvySenou rezistenci biofilmu C. albicans viéi flukonazolu byl identifikovan f3-
1,3 glukan (NETT et al., 2007). Jeho produkce je zavisla na funkci hlavni glukanasy Fkslp
(NETT et al., 2010) a nekterych ¢lenti PKC drahy (NETT et al., 2011), ktera aktivitu glukanasy
reguluje, kdy mutanty v téchto genech sice jsou schopny tvofit biofilm produkujici ECM, jsou
vSak vyrazné citlivéjsi vici Siroké Skdle azolovych antimykotik. Glukan tedy neni esencialni
strukturni slozkou ECM biofilmi, diky svému potencialu zadrZzovat cizorodé latky je vSak
nezbytny pro vysokou rezistenci biofilmu C. albicans.

| v biofilmech kvasinek, podobné jako u bakterii mize hrat strukturni roli DNA (MARTINS
et al., 2010). Zajimavé je zjisténi, ze ptidani DNasy zvysuje citlivost biofilmu vici nékterym
latkhm a byt neni pravdépodobné, ze by DNA zabranovala priniku cizorodych latek
k bunikam, mize se podilet na rezistenci jinym mechanismem (MARTINS et al., 2012).

Zna¢né mnozstvi ECM nachazime i v koloniich Candida sp. (WHITTAKER & DRUCKER,
1970), kdy jeji zvySenou produkci lze zaznamenat zejména u strukturovanych variant kolonii
(FRANCA et al., 2011). Exopolysacharidova matrix je rovnéZz pfitomna v biofilmech jiné
patogenni kvasinky C. neoformans (MARTINEZ & CASADEVALL, 2006) a ma vliv na
architekturu strukturovanych (,,vras¢itych*) kolonii (GOLDMAN et al., 1998).

Rizna mnohobuné¢na spolecenstvi kvasinky S. cerevisiae jsou rovnéZz charakterizovana
pritomnosti ECM. Strukturované kolonie piirodnich kment S. cerevisiae obsahuji zna¢né
mnozstvi ECM (obr. 7), jejiz vyznamnou slozkou by mohla byt i proteinova komponenta.
Extrakty takovych kolonii totiz obsahuji vysokomolekularni protein, ktery neni patrny
Vv hladkych koloniich laboratornich kment, které ECM neprodukuji ¢i pouze v zanedbatelném
mnozstvi (KUTHAN et al., 2003). Tzv. , maty“, tedy kolonialni povlaky, rostouci na snizené
koncentraci agaru, produkuji fluidni matrix, jejiz vyznamnou slozkou je adhezivni protein

bunécné stény Flo11p. Zde je vSak tento protein uvoliiovan ze stény buné€k a plni spise
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Obr. 7: Extracelularni matrix
kvasinkovych ~ populaci.  A)
Elektronmikroskopicky snimek
biofilmu C. albicans (AL-
FATTANI & DOUGLAS, 2006), B)
elektronmikroskopicky  snimek
povrchu strukturovanych kolonii
ptirodniho kmene S. cerevisiae
BR-F (KUTHAN et al., 2003).

lubrikacni funkci, pravdépodobné vyvazovanim ligandi na povrchu média, ktera ma za
nasledek rozsifovani populace po povrchu substratu (KARUNANITHI et al., 2010). ECM také
tvoii soucast populaci buné€k ,flor kment S. cerevisiae rostoucich ve formé biofilmd na
povrchu zrajiciho sherry (ZARA et al., 2009). Flokulujici bunky S. cerevisiae produkujici
povrchovy adhezivni protein Flolp jsou obaleny v extracelularni hmoté, ktera je slozena
pievazné z polymerta glukosy a manosy. Tato ECM neposkytuje populacim zvySenou
rezistenci vicéi nékterym stresovym latkam, je v8ak schopna branit pruniku nékterych vétsich,
napf. proteinovych, molekul dovnité buné¢ného shluku (BEAUVAIS et al., 2009).

Na ptikladech z kvasinkového svéta Ize tedy sméle demonstrovat teze vyir¢ené na zacatku
této kapitoly. ECM je vyznamnou soucasti Siroké Sskaly mnohobunéénych populaci, ma velmi
heterogenni sloZeni a mize plnit rozlicné funkce v zavislosti na druhu organismu, dané

populaci a specifickych podminkach.
3.2.2. Adhezivni vlastnosti bunék mikroorganismi

Kritickou vlastnosti bunék mnohobunéénych populaci mikroorganismu je jejich schopnost
adheze. Vznik fady tutvaru je zavisly na vzajemné adhezi bunék, V piipadé populaci
vyvijejicich se na rozhrani dvou fazi (de facto nejbéznéjsi Zivotni styl mikroorganisma
V piirozeném prostiedi) zaroven na adhezi bunék Kk biotickému ¢i abiotickému povrchu.
Adhezivni vlastnosti bunék jsou v piipad¢é patogennich mikroorganismu také kliGové pro
uspésnou kolonizaci tkané hostitele (DRANGINIS et al., 2007; KLINE et al., 2009).

Adhezivita bunék muze byt zprostfedkovana nespecificky hydrofobnimi ¢i
elektrostatickymi interakcemi mezi bunéénym povrchem, jeho bezprostiednim okolim a
substratem. Specifickd adheze je zprostiedkovdna molekularnimi faktory wvnéjSi vrstvy
bunécné stény Ci extracelularni matrix. Zjednodusené se predpoklada, ze adheze bunék na

nezivy substrat je nespecifickou interakci dvou adherujicich povrchi, ktera je ddna jejich
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fyzikalné chemickymi vlastnostmi. Mezibunécna adheze a adheze na bioticky povrch je pak
zprostfedkovana praveé specifickymi adhezivnimi molekulami na povrchu mikrobidlnich
bun¢k (DUNNE, 2002).

3.2.2.1. Bakterialni adhezivni molekuly

Bakterie vyuzivaji pro adhezi polysacharidové, lipopolysacharidové ¢i proteinové
povrchové struktury, které mohou pfispivat k nespecifickym adhezivnim vlastnostem
bunééného povrchu (napi. zvySovanim hydrofobicity) ¢i se specificky vazat na jiné molekuly
v okoli. Naptiklad adheze na povrch tkané¢ muze byt zprostiedkovana pies komponenty
extracelularni matrix hostitele nebo mohou adhezivni molekuly slouzit jako ligandy
receptorim na membrané hostitelskych bun¢k (KLINE et al., 2009). Multimerni proteinové
utvary jako jsou bi¢iky, fimbrie a jim podobné pily a curli (kadete) slouzi mimo jiné primarné
k pohybu ¢i konjugaci. Tyto ttvary jsou vedle toho vyuzivany pro svoje adhezivni vlastnosti
se na stavbé ECM a tim zajist'uji také rast a integritu biofilmu (DUNNE, 2002).

Bic¢iky jsou u nékterych pohyblivych bakterii za urcitych podminek nezbytné pro vznik
mnohobunéénych populaci. Jsou vyuzivany zejména K piiblizeni bunky k povrchu a
piekonani odpudivych sil mezi buitkou a povrchem, spiSe nez pro svou vlastni adhezivni
funkci (O'ToOLE & KOLTER, 1998; WATNICK & KOLTER, 1999). Pilus typu IV se ucastni
adheze k zivému i neZzivému substratu (GILTNER et al., 2006), kmeny P. aeruginosa
postradajici pilus nejsou schopny tvorby biofilmu na umélych povrsich (O'TOOLE & KOLTER,
1998). Zjistilo se také, Ze pilus mize vazat extracelularni DNA (VAN SCHAIK et al., 2005).
Vzhledem k tomu, Ze DNA plni strukturalni funkci v ECM biofilmu, mohl by pilus hrat
rovnéz roli v zajisténi mechanické stability biofilmu jako spojka mezi extracelularni DNA a
bunkou (VAN SCHAIK et al., 2005). Jiné vlasovité povrchové struktury CupA fimbrie se rovnéz
podileji na vzniku biofilmu P. aeruginosa (VALLET et al., 2001), vedle toho také
pravdépodobné hraji roli v mezibunécné adhezi maturované¢ho biofilmu a jsou nezbytné pro
tvorbu ,,vraséitych* kolonii (D'ARGENIO et al., 2002). Fimbrie typu I zprostiedkovavaji vazbu
na povrch eukaryotické buriky, kdy mohou vazat komponenty matrix hostitele, ¢i byt pfimo
ligandem receptoru eukaryotické bunky (KLINE et al., 2009). Jsou vyznamné pro vznik
biofilmu E. coli na umélych povrsich i povlaki na rozhrani kapaliny a vzduchu (PRATT &
KOLTER, 1998; WRIGHT et al., 2007). Zvlastni typ adhezivnich povrchovych struktur tzv. curli
(kadefe), tenkd proteinovd vldkna sdruzend do Utvari podobnych amyloidiim, se Ucastni
tvorby biofilmt a povrchovych populaci fady bakterii (ZOGAJ et al., 2003). Vedle vazby na

nezivy povrch spole¢né s celulosou tvoti strukturni slozky ECM (BOKRANZ et al., 2005),
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ucastni se mezibunécné adheze a rovnéz vazi komponenty ECM hostitelské tkan¢ (AUSTIN et
al., 1998).

Vedle multimernich vlaknitych struktur hraji roli pfi vyvoji mnohobunéénych populaci
také monomerni specializované proteiny. Lektiny, adhezivni proteiny vazici sacharidové
zbytky, se podili na mezibunééné interakci a na adhezi bakterialnich bunék k ECM hostitele a
ucastni se tak tvorby biofilmu (TIELKER et al., 2005). Nékteré kmeny bakterii, které vykazuji
vyssi lektinovou aktivitu, tvoifi biofilmy efektivnéji (AzAkAmI et al., 2006). Vedle jiz
zminénych proteintt TasA B. subtillis a Bap S. aureus jmenujme jesté alespon velkou rodinu
tzv. MSCRAMM proteinii gram-pozitivnich bakterii, které se ucastni interakci S ECM
hostitelské tkang. Caste¢né podobnym proteinem disponuji i buiiky gram-negativnich bakterii.
LapA protein se ucastni tvorby biofilmi P. fluorescens a P. putida a umoznuje kolonizaci
riznych zivych ¢i nezivych povrchd jako jsou plast ¢i sklo (ESPINOSA-URGEL et al., 2000;
HINSA et al., 2003).
3.2.2.2. Adhezivni proteiny bunééné stény kvasinek

Adheze kvasinkovych bunék je zpravidla zprostfedkovana specifickymi glykoproteiny
vnéj$i vrstvy bunéfné stény. Adhezivni molekuly kvasinek se ucastni celé fady procesi
spojenych s buné¢nymi interakcemi V priabéhu konjugace a vyvojem mnohobunécnych
populaci (BRUCKNER & MOsCH, 2011). Kvasinkové adheziny jsou charakteristické viceméné

podobnou modularni doménovou strukturou (obr. 8)
N-koncova

e ) (VERSTREPEN et al., 2004). Obsahuji sekre¢ni signal
adhezivni doména

navadéjici protein do endoplasmatického retikula, N —

koncovou doménu, ktera je ve vétSiné piipadi zodpoveédna

za efektorovou funkci proteinu, centrdlni  silné¢

Ser/Thr bohata glykosylovanou doménu sloZenou z repetitivnich element
centraini doména bohatych na serin a threonin a C — koncovou ¢ast, ktera
obsahuje signal pro piipojeni glykosylfosfatidylinosSitolové

\ glykosylace

kotvy. GPl-kotva upeviiuje ptechodné proteiny do

MWW=

plazmatické membrany. V membrané¢ bunck je lipidicka
C-koncova cast kotvy odstépena a protein je navdzan cukernym
doména zbytkem na komponenty (zpravidla glukan) bunécné stény

(DRANGINIS et al., 2007).
GPI kotva

CElnw

Obr. 8: Charakteristickd doménova struktura kvasinkovych
adhezivnich proteint.
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3.2.2.2.1. Adhezivni proteiny S. cerevisiae

Burky S. cerevisiae disponuji n€kolika funkéné odlisnymi adhezivnimi proteiny. Adheziny
specifické pro odlisné parovaci typy (a,a) — aglutininy (Agalp, Aga2p, Saglp) — se ucastni
interakce bun€k v pribéhu konjugace. N — koncova ¢ast aglutininu o bun¢k Saglp obsahuje
imunoglobulinovou doménu a jeho ligandem je vazebna podjednotka aglutininu a bunék
Aga2p. Podstatou adheze bun¢k dvou parovacich typu v prubéhu pohlavniho rozmnoZovani je
tedy protein-proteinova interakce (DRANGINIS et al., 2007).

Proteiny tzv. FLO rodiny, flokuliny, se ucastni vzajemné adheze bunék a adheze bunck
k substratu, nezbytné pro vznik celé fady mnohobunécnych ttvart S. cerevisiae. Proteiny
Flolp, FloSp, Flo9p a castecné také Flo10p se primarné ucastni mezibunécnych interakci
(Guo et al., 2000) vegetativnich bun¢k pfi tvorbé mnohobunéénych shlukt v prabéhu tzv.
flokulace (viz vySe). Flokuliny vazi za pomoci své N — koncové domény sacharidové zbytky
bunééné stény protéjsi bunky a reprezentuji tedy skupinu lektinovych proteini (VERSTREPEN
et al., 2003). Takové vazba je zavisla na pritomnosti Ca®* jontd a je inhibovatelna volnymi

sacharidy v okolnim prostfedi (obr. 9) (MASY et al., 1992).
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Obr. 9: Zjednoduseny model lektinovych mezibunéénych interakci zprostfedkovanych
flokuliny (upraveno z www.maltingandbrewing.com).
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Analyza N — koncové c¢asti vySe zminénych flokulinli prokdzala, Ze obsahuje doménu

podobnou tzv. PA14 domén¢ (NAKAGAWA et al., 2011) a specifickou subdoménu nazvanou
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FloSA, které se ucastni vazby manosovych derivati za piimé Ucasti vapnikovych iontd
(VEELDERS et al., 2010). Pro zajisténi vazby proteinu na povrch protéjsi bunky je potiebné
sekundarni vazebné misto na subdoméné FIO5A, které nezavisle na pritomnosti vapniku vaze
manosové derivaty na povrchu vlastni bunkky a umoznuje vazbu primarniho mista Vv tzv. trans
orientaci (VEELDERS et al., 2010). Lg-Flo1lp, modifikovany protein nékterych prumyslovych
kmend, ktery umoziuje newFlo typ flokulace (viz kap. 3.1.3.) inhibovatelnou i jinymi cukry
nez pouze manosou, neobsahuje doménu Flo5A a jeho vazebné misto je pak pristupné vazbé
vice sacharidii (BRUCKNER & MOSCH, 2011). Pfitomnost a struktura této specifické domény
tedy zasadn¢ ovlivituje vazebné vlastnosti flokulinu. Protein Flo10p, ktery ma doménu Flo5a
pozménénou, vykazuje zpravidla nizsi schopnost flokulace a muize zptsobovat, pokud je
zvysena jeho produkce, i adhezi k substratu (Guo et al., 2000).

Adhezin Flo11p se ucastni mezibunécnych interakci, zaroven vsak umoznuje adhezi k celé
fad¢ biotickych a abiotickych substratl. Je sice zatfazovan do rodiny flokulinti, jeho N -
koncova doména je vSak odliSnd od ostatnich flokulind a neni pfili§ jasné jakym
mechanismem je vazba Flol1p uskuteciiovana. Funkce Flollp je zna¢né pleiotropni a
variabilni 1 v zavislosti na pozadi ur¢itého kmene S. cerevisiae. Flol1p je nezbytny pro
flokulaci u kmenua S. cerevisiae var. diastaticus (BAYLY et al., 2005), u jinych kmena pro
tvorbu biofilmi na rozhrani kapaliny a vzduchu (ISHIGAMI et al.,, 2004), vznik
strukturovanych kolonii (GRANEK & MAGWENE, 2010) a také povlakd na plastovém povrchu
(REYNOLDS & FINK, 2001) a filamentarni rast (viz dale) (LO & DRANGINIS, 1998).
Mezibunééna interakce u flokulujicich bunék S. diastaticus se zda byt vysledkem vzajemné
adheze proteini Flol1p adherujicich bunék, kdy proteiny vzajemné rozezndvaji Svou
specifickou manosylaci (DouGLAs et al., 2007). Role pii adhezi K povrchu je pfi¢itana
nespecifické funkci proteinu pii zvySovani hydrofobicity buné¢ného povrchu (REYNOLDS &
FINK, 2001). ZvySena produkce flokulina Flolp, Flo5p, Flo9p totiz rovnéz zvySuje
hydrofobicitu povrchu buriky a takové kmeny jsou pak také schopny adherovat k plastu (VAN
MULDERS et al., 2009). Neinvaduji ovSem agarovy substrat a navic buiiky laboratornich
kmend exprimujici FLO11 jsou schopny adheze i ke spiSe hydrofilnim povrchim
(PUREVDORJ-GAGE et al, 2007). To naznaCuje, ze mechanismus adheze Kk povrchu
zprostiedkovany proteinem Flo11p musi zahrnovat vice nez jen pouhé zvySeni hydrofobicity
povrchu bungk.

Rada studii ukazuje, e rovnéz centralni domény flokulinii mohou pfispivat k jejich
adhezivnim vlastnostem. Tyto domény jsou slozeny z repetitivnich oblasti bohatych na serin a

threonin, které jsou siln¢ glykosylovany. MnozZstvi repetitivnich ¢asti a tedy délka této
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domény pozitivné¢ ovliviiuje funkci daného proteinu (FIDALGO et al., 2006; VERSTREPEN &
KLIS, 2006; ZARA et al., 2009). Repetitivni oblasti jsou také cilem mnoha rekombinaci a maji
tak evolu¢ni vyznam pii vzniku novych variant proteinti s riznymi adhezivnimi vlastnostmi
(VERSTREPEN & FINK, 2009; VERSTREPEN et al., 2004). Silna glykosylace centralni domény
by mohla byt zodpovédna za vysokou hydrofobicitu proteint, kdy byl skute¢né prokazan
vztah mezi zvySenou hydrofobicitou a manosylaci proteinu (MASUOKA & HAZEN, 1997).
Centralni doména proteinit Flolp, ¢i Flol1p obsahuje rovnéz sekvenéni oblasti, které maji
potencial k tvorbé amyloidi. Diky shlukovani téchto domén dochazi k tvorbé multimert
proteinti, coz by mohlo slouzit k pevné fixaci N - koncové adhezivni domény a zvySeni
kapacity vazat ligand v trans orientaci (RAMSOOK et al., 2010).

Funkce flokulind sice nejsou identické, ale mohou se ¢asto do jisté miry piekryvat a jejich
schopnost zastavat riizné funkce zavisi na genetickém pozadi jednotlivych kmenti. Spole¢né
s vysokym rekombinanim potencidlem proto maji nezastupitelny vyznam pro vznik fady
fenotypti a umoznuji rychlou a efektivni reakci populace bunék na ménici se podminky

vnéjsiho prostiedi (DRANGINIS et al., 2007).
3.2.2.2.2. Adhezivni proteiny patogennich kvasinek Candida sp.

Bunécna sténa patogennich kvasinek je vybavena Sirokou Skalou adhezivnich proteint.
Mezi nejvyznamnéjsi se fadi predevsim proteiny z ALS (aglutinin-like sequence) rodiny C.
albicans, které se ucastni jak mezibunécnych interakci, tak adheze mezi bunikami a biogennim
¢i nebiogennim substratem. N-koncova doména Als proteini ma, podobné jako je tomu u
aglutinind S. cerevisiae, imunoglobulinovy charakter a je zodpovédna za adhezivni funkci
(Kuis et al., 2009). Proteiny Als jsou schopné vazat Sirokou Skalu syntetickych peptidi a
zprostiedkovavaji vazbu na hostitelskou tkan a umoziuji tak jeji kolonizaci (DRANGINIS et al.,
2007). Néekteré z téchto proteinti (Alslp, Als3p, AlsSp) se rovnéZ tcastni vzajemné adheze
bungk a tvorby biofilmu (NOBILE et al., 2008). Podobn¢ jako u flokulini i centralni repetitivni
doména bohata na threonin ma vliv na adhezivni vlastnosti proteint, kdy vétsi mnozstvi
repetic zpusobuje silngj$i adhezi Als3p K epitelialnim bunkam (OH et al., 2005) a centralni
doména Als5p je potiebna pro vazbu k fibronektinu a agregaci bunék (RAUCEO et al., 2006).
Centralni doména Als proteini je rovnéZ zodovédnd za shlukovédni proteinii ve formé
amyloidii, coZz zvySuje adhezi bunck, jejich masivni agregaci a pfispiva k tvorb¢é biofilmi
(GARClA et al., 2011).

Jind adhezivni molekula Eaplp umoznuje adhezi bun¢k C. albicans na plastovy povrch a

umoziuje tak kolonizaci umélych materiali v téle hostitele (LI & PALECEK, 2003). Eaplp se
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rovnéz podili na tvorbé biofilmi v pfipad¢ in vitro i in vivo modela (LI et al., 2007).
Adhezivni protein Hwplp zprostfedkovava adhezi k povrchu hostitelské bunky. Je ligandem
tranglutaminas na povrchu sav¢ich bun€k, coz vede k ireverzibilnimu propojeni bunck C.
albicans a hostitelské matrix (STAAB et al., 1999). Bylo prokazano, Ze hraje roli i pii tvorbé
biofilmd (NOBILE et al., 2006), mimojiné také moznou ucasti na mezibunécnych interakcich
vazbou s proteiny Alslp a Als3p (NOBILE et al., 2008).

EPA rodina adhezivnich proteini dal$i patogenni kvasinky C. glabrata je podobna
flokulinim S. cerevisiae, kdy tyto proteiny obsahuji PA14 doménu a vazi sacharidy, v tomto
ptipadé prevazné galaktosové polymery. Zprosttedkovavaji adhezi bunék ke slozkam tkané

hostitele v pribéhu kolonizace a jsou rovnéz diileZité pro tvorbu biofilmi (KAUR et al., 2005).
3.2.3. Diferenciace buné¢nych populaci

Jednou ze =zékladnich vlastnosti mnohobunécnych organismi je schopnost bunék
diferencovat a tvofit bunééné populace, které plni specifické funkce a podileji se tak na
zajisténi prosperity celého organismu. Ani casto klonalni mnohobunééné utvary
mikroorganisma nejsou homogennimi populacemi bunék vykazujicich jednotné fyziologické
vlastnosti. Efektnim dukazem heterogenity bunéénych populaci je sledovani produkce
urcitych proteinii v buiikach tvoticich mnohobunécna spolecenstva. Tyto piistupy poukazuji
na odliSnou genovou expresi v ruznych oblastech biofilmu ¢i kolonii, jak bakterii, tak

kvasinek a ¢asto odhaluji specifické expresni profily danych proteind (obr. 10) (MINARIKOVA

et al., 2001; VACHOVA et al., 2009) a fascinujici stratifikaci atvaru (VLAMAKIS et al., 2008;
WERNER et al., 2004).

Obr. 10: Odlisnd exprese specifickych proteint
- vraznych  castech  mnohobunécnych  utvart
mikroorganismii. A) Exprese dvou odlisnych
fluorescencnich proteini z promotort specifickych
genu a jejich lokalizace v ramci biofilmu B. subtilis
(VLAMAKIS et al.,, 2008), B) exprese genu lacZ
z promotoru  specifického genu v kolonii  S.
cerevisiae (MINARIKOVA et al., 2001), C) produkce
fazniho proteinu Atolp-GFP v kolonii S. cerevisiae
(VACHOVA et al., 2009).

Je nadevsi pochybnost, Ze mnohobunééné ttvary jsou sloZeny z morfologicky a funkéné
odlisnych bunék, které zasadnim zptisobem ovliviwji tvorbu, strukturu ¢i ochranu celého
spoleCenstvi Casto bez ohledu na sviij vlastni osud. EXistence a bistabilni povaha fady
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bunéénych vyvojovych procest (bunééna morfogeneze, bunééna smrt, sporulace) a znac¢na
Casoprostorova heterogenita mnohobunéénych komunit generujici odlisnda mikroprostiedi s
gradienty Zivin a signalnich latek rovnéz ptispivaji k fenotypové divergenci mnohobunéénych
struktur mikroorganisma.
3.2.3.1. Morfologicky odliSné buiiky pii vyvoji mnohobunéénych utvari
Rizné druhy bakterii jsou schopny tvofit celou fadu morfologicky odlisnych bunék.
Takové typy bun¢k pak mohou vyznamnou mérou prispivat ke vzniku, vyvoji a heterogenité
biofilmi (O'TOOLE & KOLTER, 1998) (viz také kap. 3.2.2.1.) a tvofi bazalni vrstvu biofilmt a
kolonii. Byt timto jejich role pti vyvoji mnohobunéénych utvart pravdépodobné konci, svou
pohyblivost pozdé&ji ztraceji a jsou pfeménovany napiiklad na bunky produkujici ECM, jsou
esencialni a specifickou bunécnou subpopulaci tvotici biofilmy (VLAMAKIS et al., 2008).
Morfologicky odlisné bunky proliferujici v populacich kolonii Paenibacillus dendritiformis
v zavislosti na kultiva¢nich podminkach déavaji vznik az bizarnim povrchovym strukturdm
(BEN-JACOB et al., 1998). V biofilmech Pseudomonas sp. nachazime vedle klasickych
tyCkovitych bunck také vyrazné protdhlé vlaknité buiiky. Jejich zastoupeni se 1i$i v zavislosti
na vyvojové fazi biofilmi (SILLANKORVA et al., 2008) a cCasto vznikaji pii stresovych
podminkach napt. hladovéni, kdy by mohly slouzit k zisku hife dosazitelnych Zzivin
(STEINBERGER et al., 2002).

3.2.3.1.1. Dimorfismus u kvasinek

Kvasinky jsou schopny ménit zpusob svého bunétného déleni, morfologické vlastnosti
bunék a tim charakter svého ristu a tvofit protahlé buiiky spojené ve formé vicebunécnych
vlaken. Byt’ se pro takové pfechody na polarizovany typ rustu vzil nazev dimorficka tranzice
(tedy prechod mezi dvéma morfologicky odliSnymi typy bunck), mize byt repertoar
vlaknitych utvarii u nékterych druhii kvasinek $ir$i. Takové druhy pak vedle tzv. pseudohyf,
tedy vlaken vznikajicich polarnim typem puceni a elongaci bunék (generované prodlouzenim
G2 faze bunécného cyklu), které zlistavaji vzajemné spojeny i po skonéeni puceni (GANCEDO,
2001), tvori také tzv. hyfy (SUDBERY et al., 2004). Hyfalni bunky vznikaji tzv. kli¢enim
Z ptivodné ovalnych kvasinkovych bun€k. Dalsi rGst hyfalniho vldkna ma, na rozdil od
pseudohyf, které vznikaji klasickym pucenim, charakter déleni bunck, kdy k tvorb& septa
dochazi uvniti rostouciho vlakna. Tento zptlisob tvorby pseudohyt a hyf ma za nésledek jejich
typicky vzhled, ktery pomahé k jejich snadnému rozliSeni. Pseudohyfalni vldkna jsou zzena

vV mistech styku matefské buiiky a pupenu, kdy posledni buika vlakna je vzdy nejmensi,
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zatimco hyfalni vladkna maji stejny pramér po celé délce a posledni bunka byva zpravidla
naopak nejdelsi, pokud jesté nedoslo ke vzniku septa (obr. 11) (SUDBERY et al., 2004).

Sama o sob¢ je schopnost vlaknitého ristu vyvojovou alternativou, pomoci niz buiky
reaguji na urcité zmény ve vnéjSim prostiedi. Naptiklad patogenni kvasinka C. albicans tvoii
pseudohyfy pfi teploté 35°C, hodnoté pH média 6 ¢i pritomnosti vyssi koncentrace fosfatu,
zatimco k tvorbé hyf dochazi pti zvySené teploté a pH a v pritomnosti Specifickych faktora
jako je sérum ¢i N-acetylglukosamin. Ob¢ vldknité formy umoznuji invazi riiznych substrat a
mohou se podilet na kolonizaci tkané hostitele v pocatecnich faze infekce (Gow et al., 2002).
Jaky je specificky vyznam jednotlivych forem neni uplné ziejmé. Mohly by byt vhodnym
programem za specifickych podminek, ale také se spekuluje, ze je pseudohyfa jakousi
piechodovou fazi mezi rustem ve formé blastospor (kvasinkovych bunék) a hyf (SUDBERY et
al., 2004).

V biofilmech C. albicans dochazi po adhezi a ustaveni mikrokolonii k proliferaci
pseudohyfalnich a hyfalnich bunék a, v kombinaci s produkci ECM, tvorbé heterogenni
trojrozmérné struktury (obr. 11) (BAILLIE & DouGLAs, 1999). Kmeny neschopné tvorby
vlaknitého rlstu tvoti spise tenké biofilmy bez typické mnohovrstevné struktury. Byt vlaknité
bunky nejsou samy o sob& nezbytné pro tvorbu biofilmi, bezprecedentné piispivaji k jeho

strukturni integrité a komplexni architektufe (RAMAGE et al., 2002c).

Obr. 11: Morfogeneze kvasinkovych
bunék. A) Schéma vzniku a
morfologické odliSnosti pseudohyf
(vlevo) a hyf (vpravo) (SUDBERY et
al., 2004), B) biofilm C. albicans
S vyznacenymi strukturalnimi
slozkami (kvasinkové bunky — yeast
cells, hyfy — hyphae, ECM — matrix)
(NETT & ANDES, 2006).
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Strukturované kolonie C. albicans jsou rovnéz slozeny smési bun¢k s riznou morfologii
(JosHI & GAVIN, 1975), kdy se zda, ze jejich vzajemny pomér a prostorova lokalizace
prispiva k typické struktuie daného morfotypu (PESTI et al., 1999; RADFORD et al., 1994).
Kupftikladu vrasnéni kolonii vznikajicich pfi piepinani fenotyptt kmene C. albicans 3153A
(SLuTsKy et al., 1985) je pric¢itano zejména tvorbé hyfalnich bunék na povrchu kolonie
(RADFORD et al., 1994).

Schopnost tvorby vlaknitého ristu u kvasinky S. cerevisiae byla primarné definovana jako
reakce populace bunék na nedostatek dusiku (GIMENO et al.,, 1992). Byla ovSem rovnéz
nalezena tada dalSich faktord, které mohou vznik pseudohyf indukovat, jako je nedostatek
aminokyselin (BRAUS et al., 2003), pfitomnost ptiboudlych alkohold (DICKINSON, 1996) ¢i
zdroj uhliku (ZARAGOZA & GANCEDO, 2000). Tvorba pseudohyf je ¢asto spojena s adhezivni
schopnosti a invazi substratu a slouzi tedy pravdépodobné populaci bunék ke kolonizaci okoli
a zisku nedostatkovych Zivin. Tvar a charakter rlstu bunék rovnéZz ovliviiuje vzhled a
strukturu mnohobunéénych kolonii. Hladovéjici kolonie rostouci na povrchu agaru diky
piechodu okrajovych bunék na vlaknity rist ziskavaji typicky stfapaty vzhled (KRON, 1997).
Strukturované kolonie nékterych piirodnich kment S. cerevisiae jsou charakterizovany
pritomnosti pseudohyfalnich bun¢k (CASALONE et al., 2005), zatimco kolonie hladké
morfologicky odli$né typy bunék neobsahuji (KUTHAN et al., 2003).
3.2.3.2. Programovana bunééna smrt pii vyveji populaci

Buné¢na smrt samoziejmé neni vyhodnou strategii pro jednobunéény organismus, je vSak
velmi duleZitym znakem mnohobuné¢nych organismu, kdy slouzi k odstrainovani starych ¢i
poskozenych bunék v populaci a piispiva k vyvoji organismu jako celku. Bakterie disponuji
schopnostmi autolyzy bunék, kterda by mohla plnit podobnou funkci v bakterialnich
populacich jako programovand bunééna smrt (PCD) u vysSich organismi, kdy naptiklad
eliminuje bunky E. coli nakaZené bakteriofagy (ENGELBERG-KULKA et al., 2006).
Mechanismy bunééné lyze jsou zpravidla zaloZzené na existenci systému toxin-antitoxin v
buiice, kdy za normdlnich okolnosti jsou obé slozky v rovnovaze. V piitomnosti néjakého
stresového faktoru, napiiklad limitace Zivin nebo specifického signalu, dochazi k redukci
produkce antitoxinu, ktera vede k toxinem indukované smrti bunék (obr. 12) (ROSENBERG,
2009). Takové chovani by mohlo byt vyhodné pro pocetné populace bunék, kde vétsina
lyzovanych bun¢k miiZze poskytnout Ziviny pro malou cast bunck piezivSich, coZ zajisti
perzistenci dané populace (ENGELBERG-KULKA et al., 2006).

Subpopulace bun¢k prochazejicich autolytickou variantou bunécné smrti a jejich
specifickad lokalizace hraji dilezitou roli pfi vyvoji bakteridlnich mnohobunéénych utvart
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(BAYLES, 2007). Velka cast populace plodnice Myxococcus xanthus lyzuje a Ziviny z nich
uvolnéné jsou pouzity pro vyvoj spor (NARIYA & INOUYE, 2008). PCD ur¢ité populace buné¢k
v biofilmech P. aeruginosa je pravdépodobné zodpovédna za uvolnéni DNA z bungk, ktera
hraje roli pfi tvorbé prostorové struktury biofilmu (ALLESEN-HOLM et al., 2006). Podobnou
funkci by mohla plnit lyze bunék i v biofilmech S. aureus, kdy mutanty neschopné buné¢né
smrti tvofi méné adherentni biofilmy s vyrazné¢ zménénou strukturou (RICE et al., 2007).
Uvolnéni bunék pfi disperzi biofilmu P. aeruginosa je zase umoznéno lyzi bunék
nachazejicich se pod vrstvou ECM zptisobujici jeji natraveni uvolnénymi enzymy (MA et al.,
2009). Mechanismy umoziujici PCD mohou byt vyuzity i jako prostfedek kanibalistického
chovani ¢asti populace. Timto zptsobem populace bun€k v biofilmech B. subtilis produkujici
ECM registrujici nedostatek zivin spousti produkci extracelularniho toxinu zabijejiciho
,hepotfebné™ bunky v okoli, zatimco samy jsou chranény diky produkci antitoxinu. Timto
zpusobem ziskdvaji ziviny pro svou vlastni proliferaci a bylo prokazano, Ze takto rovnéz

oddaluji proces tvorby spor (LOPEZ et al., 2009a).

lyze bunky

disrupce membrany
(bunécéna smrt)

plazmaticka
membrana

Obr. 12: Mechanismus PCD u S. aureus. LrgA faktor inhibuje multimerizaci proteinu CidA.
Poruseni této rovnovahy ve prospéch CidA vede k tvorbé périt v plazmatické membrané a
nasledné lyzi, a tedy smrti, bun¢k (BAYLES, 2007).

U kvasinek rovnéZ pozorujeme znaky charakteristické pro programovanou bunécnou smrt,

které dokonce pfipominaji apoptdzu jako formu bunééné smrti zasadnim zpisobem se lisici
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od prosté bunécné lyze (HERKER et al., 2004). V koloniich S. cerevisiae dochazi k PCD buné¢k
nachazejicich se v centralni ¢asti kolonie, kde dochdzi k akumulaci stresovych faktord,
zatimco bunky na okraji kolonie moduluji svlij metabolismus na zakladé¢ amoniakového
signdlu a na stres se ucinn¢ adaptuji. Tento typ PCD brani nekontrolované lyzi bun¢k, ktera
by zpusobila rozsifeni toxickych produktti metabolismu do zbytku populace a umoziuje jejich
efektivni metabolizaci na netoxické latky, které jsou pozdéji vyuzity pro rust okrajovych casti
kolonie (VACHOVA & PALKOVA, 2005). PCD procesy lze pozorovat i v biofilmech C.
albicans vystavenych ptisobeni amfotericinu B. Ziejmé je to vsak dusledek plisobeni stresoru
na populaci a neni ziejmé, ze by existence PCD hrala vyznamnou ulohu pfi vyvoji biofilmi
(AL-DHAHERI & DoOUGLAS, 2010).

3.2.3.3. Populace odolnych bunék v kontextu mnohobunéénych utvara

Vznik spor, specifickych typt bun€k rezistentnich vici Siroké skale extrémnich podminek,
je dalSim z vyvojovych programti bunék mikroorganismi vyuzivanych pii zaregistrovani
urc¢itého typu stresu, zpravidla hladovéni na nékterou z dulezitych zivin. Proces sporulace je
ovSem velmi zajimavym zplsobem u fady mikroorganiSmi provazan S vyvojem
mnohobunéénych populaci, kdy generuje butiky umoziujici expanzi populace ¢i jeji obnoveni
za priznivych podminek (VLAMAKIS et al., 2008).

Vznik spor miize byt v kontextu komplexnich utvart pomérn¢ slozité prostorové a ¢asoveé
regulovan a casto je divodem pro¢ takové ttvary vibec vznikaji. U jiz zminénych socialnich
myxobakterii dochazi ke sporulaci pouze po vzniku specializovanych plodnicovych struktur
(SHIMKETS, 1990). Spory bakterie B. cereus tvofi za ur¢itych podminek az 90% populace
biofilmu, ktery se tak formuje k zajisténi vysoké lokalni koncentrace spor a nasledné masivni
rozsiteni populace (WIIMAN et al., 2007). V biofilmech B. subtilis vznika subpopulace
sporulujicich bunék z populace bunék produkujicich ECM zejména na okrajich utvaru
(VLAMAKIS et al.,, 2008) a za ur¢itych podminek dochazi dokonce ke vzniku specifickych
vyvysenin obsahujicich vysokou koncentraci spor (BRANDA et al., 2001). Ekonomicky
nakladny proces tvorby spor muize byt v bakteridlnich biofilmech rovnéz specifickymi
mechanismy oddalovan (LOPEZ et al., 2009a).

Sporulace u kvasinky S. cerevisiae je iniciovana nedostatkem uhlikatych a dusikatych
zivin. 'V priibéhu sporulace kvasinkové buiky prestavaji vegetativné rlst a prochéazeji
meiotickym délenim. Haploidni spory jsou obaleny masivni buné¢nou sténou a uspotfadany
v Gtvaru zvaném viecko (NEIMAN, 2011). Vedle specifickych stopek kvasinek, kde se spory
tvoii ve SpiCce utvaru (SCHERZz et al., 2001), rovnéz kolonie mohou obsahovat specificky

lokalizované populace sporulujicich bun¢k. Spory jsou i v morfologicky odlisnych koloniich
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mnoha rtiznych kment S. cerevisiae uspotadany podobné ve dvou vrstvach, jedné na povrchu
média a druhé na okraji kolonie, fyzicky separovanych vrstvou nesporulujicich bunék
(PICCIRILLO & HONIGBERG, 2010). Autofi spekuluji, Ze podobny konzervovany vzorec
vyskytu spor v kolonii by mohl slouzit Vv pfirodnich podminkach v ptipadé smisenych
populaci rtiznych kmend k zajisténi variability ¢i konzervaci zivin pro uritou oblast
populace. Existence horni vrstvy spor naznaCuje jeji ucast pii rozSifovani populace
(PICCIRILLO & HONIGBERG, 2010). Tuto teorii podporuje skutecnost, Ze vznik spor
Vv koloniich nékterych kment je zavisly na produkci vy¢nivajicich vlaknitych bun¢k (WHITE
etal., 2011).

V' mnohobunéénych ttvarech nékterych nesporulujicich mikroorganismii  vznikaji
s relativné vysokou frekvenci metabolicky dormantni buiky, které jsou vyrazné odolnéjsi
k toxickym latkam nez zbytek populace (LEwIs, 2010). Ktakovému piechodnému a
reverzibilnimu stavu urcité subpopulace tzv. perzistujicich bunék pravdépodobné dochazi
nahodné a mechanismus zvysené rezistence je dusledkem utlumeni fady procest a snizeni
exprese gent, které jsou cilem antibiotickych latek. Z hlediska jedné buiky je utlumovat bez
zjevné priiny svou rustovou aktivitu neptili§ vyhodnou strategii, v popula¢nim kontextu je
vznik rezistentni bunééné subpopulace G¢innym adaptaénim mechanismem zajistujicim
pieziti populace v nepfiznivych podminkach (DAWSON et al., 2011). Perzistujici burnky tvoii
az 1% populace biofilmi E. coli, P. aeruginosa a S. aureus (DAwsON et al.,, 2011).
V biofilmech patogenni kvasinky C. albicans je rovnéZ mozné najit bunky vykazujici
zvySenou rezistenci vic¢i antimykotickym latkam a pfesto, Ze neni jisté jakym zptsobem jsou
jejich vlastnosti zajistény, se zda, ze vyznamnou mérou piispivaji ke zvySené rezistenci
biofilmu jako celku (LAFLEUR et al., 2006).
3.2.3.4. Ochranna funkce specifickych bunéénych populaci

Uréité bunééné populace mohou diky specifickym vlastnostem rovnéz plnit funkci
ochrannych vrstev branicich priichodu nékterych latek k bunikdm uvnitf mnohobunéénych
spole¢enstev. Bunky produkujici ECM v prubéhu maturace biofilmu P. aeruginosa jsou
lokalizovany zejména na periferii mikrokolonii a formuji tak bariéru obklopujici buiiky uvnitf
mikrokolonie (MA et al., 2009). Vnéjsi vrstvu stopkatych utvard S. cerevisiae zase tvori
nékolik vrstev vétSinou mrtvych bunck, které vSak stdle maji kompaktni a nezvykle masivni
bunéénou sténou a zietelné ohranicuji populace bunék uvniti stopky (SCHERZ et al., 2001).
Kolonie laboratornich kmend S. cerevisiae jsou pokryté ochrannou vrstvou bun€k branici
prichodu nékterych latek pravdépodobné diky odlisSnému proteinovému slozeni bunécéné

stény (VACHOVA et al., 2009). Mnohobunécné floky tvotfené smésnou populaci bunék
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produkujicich a neprodukujicich povrchovy adhezin Flolp jsou tvofeny vyhradné buiikami,
které protein neprodukuji a tato populace tak slouzi jako prvni linie bun€k vystavenych

okolnimu stresu (SMUKALLA et al., 2008).
3.2.4. Komunikaé¢ni mechanismy mikroorganismi

Vznik a vyvoj mnohobunéénych utvart je pomérné komplikovany proces zahrnujici fadu
mechanismu, které jsou zavislé na koordinovaném chovani jednotlivych bun€k a bunéénych
populaci. Mikroorganismy jsou schopné vylu¢ovat do svého okoli fadu molekul, pomoci
nichz spolu buniky komunikuji, ovliviiuji své okoli a koordinuji tak spole¢né sviij vyvoj.
Komunikaéni potencial signalnich molekul ¢asto spociva v autoindukénim efektu, kdy takové
latky zménami Vv genové expresi spousti specifickou odpovéd’ bun€k a zaroven produkci
signali samotnych. Jako piiklady autoindukénich mechanismi mohou slouzit CAMP jako
atraktivni signal slouzici k aktivni agregaci bun¢k D. discoideum pii tvorbé mnohobunécnych
plodnic (SCHAAP et al., 1984), quorum sensing mechanismus (FUQUA et al., 1994)
zodpovédny za celou fadu vyvojovych procesi vcetné tvorby biofilmt (NADELL et al., 2008)
¢1 amoniakova signalizace kvasinkovych kolonii umoznujici dlouhodobé ptezivani populaci,
jejich synchronizovany vyvoj a adaptaci na limitaci zivin (obr. 13) (PALKOVA & VACHOVA,
2003).

Obr. 13: Piiklady autoindukénich komunikaénich mechanismi mikroorganismi. A) Quorum
sensing vedouci ke spoleéné odpovédi populace bakterii ve formé bioluminiscence, B)
produkce cAMP vedouci k agregaci bun¢k D. discoideum, C) komunikace a vzajemna
indukce kvasinkovych kolonii s vyuzitim amoniaku jako signalni molekuly (PALKOVA, 2004)
3.2.4.1. Quorum sensing

Quorum sensing je mechanismus komunikace mikrobidlnich bun€k charakterizovan

primarné jako fenomén slouZzici k rozpoznavani hustoty populace. Pti riistu bunék a zvySovani
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bunééné denzity dochazi k akumulaci signalnich molekul produkovanych buiikami a po
dosazeni urcité kritické koncentrace (a tedy urcité hustoty bunck) dochazi K signalem
spusténé reakci populace skrze regulaci genové exprese, véetné syntézy a produkce vlastniho
induktoru (FUQUA et al., 1994). Quorum sensing tedy umoziuje realizaci chovani, které muze
slouzit k adaptaci na urcit¢é podminky prosttedi, napiiklad omezeni ristové rychlosti pied
dosazenim kritické hustoty populace a fatalniho vycerpani zivin, nebo chovani, které ma
smysl pouze pti simultannim projevu velkého poctu bunck. Vedle toho vsak takovy
mechanismus muze slouzit k rozpoznavani difuzni bariéry v okoli a regulovat napt. spole¢né
vyluovani hydrolytickych enzymt (REDFIELD, 2002). Quorum sensing ovliviiuje Sirokou
Skalu riznych procest. Vedle adaptace bunék na specifické podminky prostfedi rovnéz
mimojiné bunécnou morfogenezi, horizontalni ptenos DNA, produkci ECM, sporulaci ¢i
produkci riznych sekundarnich metabolitii a virulentnich faktord. Toto variabilni vyuziti a
fakt, ze mikroorganismy vyuzivaji zaroven nékolik signalnich systémi, vede k zavéru, ze
quorum sensing slouzi zejména ke koordinaci chovani bunéénych populaci. V ptiipadé
pouhého rozeznavani hustoty populace by pfitomnost mnoha systémi byla nadbyte¢na. Pokud
v8ak takovy mechanismus slouzi k propagaci koordinovaného chovani, pak kazdy systém

reguluje specificky typ odpovédi v zavislosti na pottebach populace (PAPPAS et al., 2004).
3.2.4.1.1. Quorum sensing u bakterii pii vyvoji mnohobunéénych populaci

Gram-negativni bakterie vyuzivaji jako signalni molekuly pro své komunikacni
mechanismy acylované homoserin laktony (AHL). Tyto latky jsou syntetizovany uvnitf bunék
a posléze rychle difunduji po koncentraénim gradientu skrze plazmatickou membranu do
extracelularniho prostoru. Po dosazeni urCité hustoty populace a tim urcité koncentrace
signalu se dostavaji zpét do bun€k a vazbou na regulacni proteiny aktivuji transkripci ur¢itych
gentl. Roli signalnich molekul u gram-pozitivnich bakterii zastavaji ptevazné kratké peptidové
fragmenty, které jsou po translaci upravovany a aktivné transportovany ven z bunék. Signal je
poté rozeznavan dvouslozkovymi systémy, kdy membranova receptorova kinasa fosforyluje
cytoplazmaticky transkripéni regulator, ktery spousti genovou expresi (obr. 14) (MILLER &
BASSLER, 2001). Toto zobecnéni a rozdéleni vak neni zcela presné a striktni. Gram-negativni
bakterie vyuzivaji i jiné systémy, napf. myxobakterie vyuZzivaji k signalizaci v prub&hu svého
zivotniho cyklu nékolika riznych molekul, zpravidla smési aminokyselin, ¢i kratkych
peptidi. Jiné bakterie vyuzivaji i fady chemicky odlisnych molekul, kdy nékteré skupiny
bakterii vyuZivaji latky lipidické povahy, jako jsou lipopetid surfaktin ¢i rtizné mastné

kyseliny (PAppAs et al., 2004). Jakymsi univerzalnim sighalem, jenz je vyuzivan napfic
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bakterialnim svétem, je tzv. Al-2 (Autoinducer 2, chemicky ester furanonu a kyseliny
boronové) (CHEN et al., 2002). Pravé pro svou univerzalnost a potencial v mezidruhové
komunikaci byva Casto nazyvan bakterialnim esperantem (PAPPAS et al., 2004; SPRAGUE &
WINANS, 2006).
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Obr. 14: Quorum sensing mechanismy bakterialnich populaci. A) produkce signalnich peptida
a jejich rozeznavani dvouslozkovym pienosovym systémem u S. aureus, B) produkce AHL
luminiscentni bakterii V. fisherii (SPRAGUE & WINANS, 2006).

Bunky v mnohobunéénych spolecenstvech dosahuji lokalné¢ vysoké bunétné hustoty,
dasledkem c¢ehoz dochazi k akumulaci fady extracelularnich produktti, metaboliti a
samoziejmé také signalnich molekul. Je patrné, Ze je to tedy idealni prostiedi pro interakci a
komunikaci bunék pomoci quorum sensing mechanismut. Jedna z prvnich studii zabyvajicich
se vyvojem mnohobunéénych populaci a roli mezibunécné signalizace ukazuje, Ze prostorova
diferenciace a tvorba architektury biofilmu P. aeruginosa je zavisla na pfitomnosti signalnich
molekul. Mutanty, neschopné produkce jednoho z derivati homoserin laktonu (3-OC12-
HSL), tvofi, ve srovnani s klasickou trojrozmérnou porovitou strukturou normalnich biofilm,
pouze nestrukturované homogenni uzké povlaky (DAVIES et al., 1998). Quorum sensing
systémy také u nékterych kmend P. aeruginosa reguluji uvoliiovani DNA do mezibuné¢ného
prostoru, kde ovliviiuje strukturu a maturaci biofilmu (ALLESEN-HOLM et al., 2006). Jiné
kmeny zase potiebuji komunika¢ni mechanismy K precizni tvorbé biofilmu pravdépodobné
regulaci produkce slozky ECM — polysacharidu Pel (SAKURAGI & KOLTER, 2007). Acylované
homoserin laktony jako signalni molekuly gram-negativni bakterie Serratia liquefaciens
ovliviyji tzv. swarming motility (EBERL et al., 1996), ale také agregaci bunék a jejich

morfogenezi potiebnou pro maturaci biofilmt (LABBATE et al., 2004).
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Quorum sensing miize byt rovnéz vyuzivan pro negativni regulaci pochodl spojenych
s vyvojem mnohobunécénych populaci, kdy slouzi k redukci tvorby VPS, hlavni slozky ECM,
u V. cholerae. Absence komunika¢nich mechanismii naopak vede ke zvysené produkci ECM
a vzniku strukturovaného biofilmu ¢i ,,vras¢itych® kolonii (HAMMER & BASSLER, 2003).
Peptidové signalni molekuly Staphylococcus sp. maji také spiSe negativni vliv na maturaci
biofilmu, kdy komunikace neschopné mutantni kmeny tvofi robustnéjsi utvary. Tyto QS
molekuly ovSem spousti expresi extracelularnich protéaz, které¢ jsou potfebné pro disperzi
¢asti bunék z biofilmu. Z tohoto hlediska tedy nejsou obecnym negativnim regulatorem
vyvoje biofilmu, kdy pozitivné ovliviuji uréitou ¢ast jeho vyvoje (BOLES & HORSWILL,
2008). Lipopetid surfaktin nepiimo aktivuje produkci ECM v biofilmech B. subtilis. Je
zajimavé, ze produkci spousti pouze u bungk, které surfaktin samy neprodukuji a prispiva
tedy tak nejen k prostorové restrukturalizaci biofilmu, ale rovnéZz k jeho populaéni
diferenciaci. Soucasné tak rozsifuje star$i schéma role a funkce quorum sensing molekul

(LoPez et al., 2009b).
3.2.4.1.2. Quorum sensing u kvasinek

Ve srovnani se svétem bakterii je prozatim u kvasinek seznam signalnich mechanismi a
molekul splitujicich kritéria vyslovena pro quorum sensing pomérné kratky. Prvnim
identifikovanym kvasinkovym chemickym signalem, K jehoZ piasobeni dochdzi pomérné k
hustoté populace, je farnesol. Tato latka brani v pfechodu na vlaknity rast buné¢k C. albicans
(HORNBY et al., 2001) a to, nikoliv piekvapivé, represi exprese gent specifickych pro hyfalni
bunky (CAO et al., 2005). Regulace filamentarniho rustu C. albicans quorum sensing
mechanismem je vSak velmi komplexni regula¢ni proces. Druha signalni molekula, tyrosol, je
totiz schopna hyfalni rist naopak indukovat (CHEN et al., 2004). Ob¢ tyto latky se svou
regula¢ni schopnosti podili na tvorbé biofilmu C. albicans. Farnesol inhibici tvorby hyf a
adhezivity bun€k plni negativni tlohu pfi vzniku biofilmu (RAMAGE et al., 2002b). Tyrosol je
siln¢ produkovan v biofilmech ve srovnani s planktonnimi buikami a ma stimulacni efekt na
rané faze vyvoje biofilmu. Je rovnéZ schopen negovat inhibi¢ni efekt farnesolu na vyvoj
biofilmu v zavislosti na jeho koncentraci (ALEM et al., 2006).

Vlaknity rist S. cerevisiae (v tomto piipad¢ tvorba pseudohyf) mize byt rovnéz regulovan
signaliza¢nimi molekulami produkovanymi v zavislosti na hustoté populace. Pti hladovéni na
dusik produkuji buiiky S. cerevisiae aromatické alkoholy tryptophol a fenylethanol, které
posléze reguluji syntézu genti zodpovédnych za pseudohyfalni riist, zejména pak genu pro

povrchovy adhezin FLO1l. Produkce molekul je, alesponn v pifipadé¢ tryptopholu
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autostimulacni, kdy jeho pfidéni k bunkam vede ke zvySeni exprese genli zodpoveédnych za
jeho syntézu (CHEN & FINK, 2006). Takova stimulace pseudohyfalniho ristu muze slouzit ke
kolonizaci okolniho prostoru a zisku zivin, ¢i tvorbé slozitéjSich mnohobunéénych utvart
(HoGAN, 2006).
3.2.4.2. Amoniak jako lingua franca kvasinek

Kvasinky mohou vyuzivat molekuldrni signdly pro adaptaci na nepfiznivé podminky
prostfedi. Jako takovy alarm signal produkovany kvasinkovou kolonii registrujici nedostatek
zivin byl identifikovan plynny amoniak. To vyvolava v ¢asti populace zménu v metabolismu
a umoziuje efektivni pfipravu na budouci nepiiznivé podminky. Amoniak rovnéz slouzi jako
komunika¢ni kanal mezi jednotlivymi kvasinkovymi populacemi (Palkova et al. 1997). Pokud
jsou v okoli kolonie produkujici amoniak jiné kolonie, takovy signal registruji, provedou
piislusné zmény nezavisle na své vyvojové fazi (jiz zminé€né reprogramovani metabolismu ¢i
omezeni ristu ve sméru signalu) a vyslou vlastni amoniakovy signal zpét. Timto zplisobem si
tedy kvasinkové kolonie vyménuji informace o své pfitomnosti a ucinn€ reguluji a
synchronizuji svllj vyvoj. Amoniak rovnéz zpisobuje diferenciaci jednotlivych bunécnych
populaci v ramci kolonie a mize téz ovliviiovat bunéénou morfogenezi a morfologii kolonie
(PALKOVA & FORSTOVA, 2000). Amoniakova signalizace je pomérné univerzalnim
fenoménem kvasinkového svéta, kdy je podobnym zplsobem vyuzivana raznymi druhy
kvasinek a muze tedy téz slouzit jako prostiedek mezidruhové komunikace (PALKOVA &
VACHOVA, 2003).

Amoniak &i jeho protonovana varianta NH;" se rovnéZ na regulaéni urovni uéastni mnoha
fazi zivotniho cyklu socialni hlenky D. discoideum a podili se na diferenciaci populaci bunék

V ramci mnohobunéénych ttvara (Gross et al. 1983).

3.3. Genetické determinanty vyvoje mnohobunécénych populaci kvasinek

Vznik a vyvoj slozitych mnohobunéénych utvarii je velmi komplexni proces, ke kterému
zpravidla dochdzi v reakci na podminky vnéjSiho prostfedi. Kvasinky, stejné jako dalsi
organismy, disponuji mechanismy, kterymi zmény v okolnim prostiedi zaznamenavaji a
regulaci genové exprese spousti adekvatni odpovéd. Takovy systém zahrnuje receptor,
zpravidla na bunééném povrchu, rozpoznavajici ur¢itou udalost (napf. zménu v koncentraci
zivin), komplexni kinasové kaskady tzv. signalnich drah, které informaci pienaseji do bunky a
aktivaci ¢i deaktivaci transkripénich faktort regulujicich expresi pfislusnych gend. Vlastnosti
populaci mnohobunéénych utvari a planktonnich bun¢k se vyraznym zplsobem l1iSi

dusledkem dramatickych zmén V transkriptomovych profilech (GARCIA-SANCHEZ et al.,
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2004). Praveé diky ¢innosti signalnich drah k takovym zménam v genové expresi dochazi a
proto je, nikoliv piekvapivé, fada komponent téchto tzv. vyvojovych drah potiebna pro vyvoj
mnohobunéénych tutvart, ¢i alespoit pro vznik vyvojovych procest (napf. vlaknity rast, ¢i
adheze), které se na tvorbé mnohobunéénych utvari podileji (GRANEK et al., 2011).

3.3.1. Vyvojové drahy u S. cerevisiae

Bylo prokazano, ze hned nékolik signalnich kaskad S. cerevisiae, primarné uréenych
k regulaci Siroké Skaly bunéénych procest, se uréitym zplsobem ucastni vzniku
mnohobunéénych komunit (obr. 15). Takovy pleiotropni efekt je typickym rysem takika
v kontextu vyvoje mnohobunéénych populaci se zdaji byt CAMP/PKA draha a MAPK
kaskada nazyvana téz filamentarni draha (FG draha). MAPK kaskada je zndma zejména svou
ucasti pri konjugaci bunék, kdy pienasi signal o pfijeti feromonu a aktivaci kinasy Fus3
reguluje aktivaci procest nutnych pro zahajeni konjugace (HUNT et al., 2004). Vedle toho
ovSem S vyuzitim této kaskady burika reaguje na vyCerpani Zivin (napt. dusiku) aktivaci Kssl
kinasy a jejich piislusnych transkripénich faktoris (GANCEDO, 2001). Rada komponent MAPK
kaskady je potieba pro vyvoj komplexnich strukturovanych kolonii a pseudohyfalniho ristu,
kdy jednim z cili této drahy je aktivace exprese genu FLO11, ktery je pro tvorbu zminénych
fenotypti nezbytny (GRANEK & MAGWENE, 2010; LO & DRANGINIS, 1998). Generovanim
cAMP a aktivaci proteinkinasy A reaguje buiika primarné na piitomnost glukosy v okoli a
reguluje tak svij rist, metabolismus, piipadné stresovou odpovéd’ (WERNER et al., 2004).
cAMP/PKA draha se rovnéz podili na regulaci pseudohyfalniho ristu (GANCEDO, 2001) a
nezavisle na ném na tvorbé komplexnich kolonii (GRANEK & MAGWENE, 2010) a opét je
jednim z jejich cilit skrze transkripéni faktor Flo8p gen FLO11l. Vedle téchto drah se na
tvorbé mnohobunécénych populaci mize rovnéz podilet tzv. draha glukosové represe reagujici
prostiednictvim kinasy Snflp, ktera reguluje expresi genti produkujicich proteiny nutné napf.
pro utilizaci alternativnich zdroji uhliku, na nedostatek glukosy (GRANEK et al., 2011). Tato
dréha rovnéz aktivuje adhezivni vlastnosti bunék a pseudohyfalni riist mimojiné regulaci
exprese genu FLO11 (KUCHIN et al., 2002). Bylo prokazano, ze i TOR draha modulujici
odpoveéd’ na pfitomnost Zivin (napifiklad aminokyselin) v okoli ¢i Rim101 drdha, pomahajici
bunice reagovat na zmény pH, by se rovnéZ mohly uréitym zplsobem podilet na procesech
vedoucich ke vzniku mnohobunéénych populaci (BRUCKNER & MOSCH, 2011; GRANEK et al.,

2011). Roli negativniho regulatoru v kontextu morfogenetickych déja by mohla pinit
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osmoregula¢ni tzv. HOG draha, kdy absence kinasy Hoglp vede k vlaknitému rtstu a vzniku

strukturovanych kolonii (FURUKAWA et al., 2009).

+- dusik | osmostres

Obr. 15: Schématické znazornéni signalnich drah S. cerevisiae a jejich komponent
podilejicich se na vzniku strukturovanych kolonii a pfechodl na vlaknity rist (upraveno podle
www.qiagen.com/geneglobe).

Témet kazda z kliCovych signalnich drah v bunce se tedy urcitym zptsobem podili na
vzniku mnoha vyvojovych procesi, které pozorujeme pfi mnohobunééném chovani. Jejich
efekt je velmi pleiotropni a vyvstava tak otazka, jakym zptisobem buiiky moduluji odpoveédi
k podminkam vné&jsiho prosttedi vedouci ke vzniku casto velmi komplexniho fenotypu.
Odpovéd’ pravdépodobné spociva v kombinatornim ptispévku jednotlivych drah. Jednotlivé
drahy casto sdili spole¢né komponenty (CHAVEL et al., 2010) a jejich vzajemné ovliviiovani a
relativni aktivita jsou kliCovymi faktory pro vznik a integraci ptislusnych procestt (GRANEK et

al., 2011). Je ovSem ziejmé, ze vznik trojrozmérnych mnohobunéénych populaci je obrovsky
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komplexni proces, jehoZ precizni pochopeni a rekonstrukce na molekularni irovni nebude

snadné.
3.3.2. Signalni drahy podilejici se na vzniku biofilmi C. albicans

Signalni kaskady C. albicans sdileji podobné rysy s drahami S. cerevisiae a fada jejich
komponent byla identifikovana na zédkladé homologie ¢i komplementace funkce v butikach S.
cerevisiae. | u C. albicans se mnoho signalnich drah ¢asto redundantnim zpisobem podili na
procesech jako je adheze, hyfalni rast ¢i tvorba biofilmu (BIsSwAs et al., 2007). Vyzkum
takovych kaskad je tedy dulezity i z medicinského hlediska, kdy inhibitory nékterych drah
zamezuji vzniku vySe zminénych procesu prispivajicich k virulenci a perzistenci patogenniho
organismu (GRANEK et al., 2011). Na regulaci vlaknitého rdstu se za rtznych podminek
podileji, podobné¢ jako u S. cerevisiae, MAPK kinasova draha podobna FG draze S.
cerevisiae, cCAMP/PKA draha, Rim101 a negativné¢ rovnéz HOG draha, zodpovédna u C.
albicans pievazné za reakci na oxidativni stres (BISWAS et al., 2007). CAMP/PKA draha
reguluje aktivitu dileZitého transkripéniho faktoru Efglp, ktery je nezbytny nejen pro
produkci hyf, ale rovnéz pro vznik biofilmu (RAMAGE et al., 2002c) a zaroven se podili na
,white-opaque* piepinani fenotypi (SRIKANTHA et al., 2000; VLAMAKIS et al., 2008). Efglp
aktivuje expresi celé fady gent specifickych i nespecifickych pro hyfalni buiky, jez kéduji
adhezivni proteiny ¢i extracelularni enzymy napomahajici kolonizaci tkani (BISWAS et al.,

stresové podminky 2007). Na vzniku biofilmi se rovnéz podili tzv.
draha bunécné integrity. Jeji komponenty, Kinasy
Pkclp a Mkclp, aktivuji fadu transkripénich
faktorti, napt. Berlp a moznd paraleln€¢ rovnéz

@ Efglp, nezbytnych pro expresi povrchovych

-9

adhesinti a vznik normalniho biofilmu (obr. 16)
(NOBILE & MITCHELL, 2006). PKC draha nebo

P

—p | Czfl
alesponi nékteré jeji komponenty by se téZ mohly

tvorbabioﬁlmu\/l :;‘;51’ ZC"E;I modulaci aktivity glukanas podilet na stavbé a
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hyfalnirust tvorba biofilmu PriEp P Y
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rezistenci biofilmt (NETT et al., 2011).

Obr. 16: Signalni drdha proteinkinasy C a jeji komponenty regulujici expresi geni
zodpovédnych za vznik biofilmu C. albicans (upraveno podle (BISwAS et al., 2007).
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3.4. Ztrata socialnich vlastnosti mikroorganismu

Mikroorganismy péstované po delsi dobu v laboratornich podminkach ztraceji fadu
vlastnosti, které jsou typické pro mnohobunééné populace vyskytujici se ve svych
ptirozenych ekosystémech. Kultivace cistych tekutych kultur za stabilnich podminek
neposkytuje tlak k tvorbé ¢asto nakladnych mechanismi zodpovédnych za adaptaci na ménici
se a nehostinné prostiedi v pfirod¢ ¢i v pfipadé patogennich mikroorganismi uvniti téla
hostitele. Naopak jsou timto zpusobem selektovany kmeny vykazujici optimalni a stabilni
fyziologické vlastnosti umoZnujici jejich snadnou kultivaci. Takové kmeny pak bud’ nejsou
schopny mnohobunécna spoleCenstva tvofit viubec, nebo davaji vznik vyrazné¢ méné
prostorové a funk¢né heterogennim tGtvarim (AGUILAR et al., 2007; PALKOVA, 2004).

Typicky ptiklad takového jevu, casto nazyvaného domestikace, nachdzime u jinak silné
socialni skupiny mikroorganismt - myxobakterii. Dlouhodoba kultivace bunék Myxococcus
xanthus v bohatém médiu v prostiedi chemostatu vede ke ztraté tzv. S pohyblivosti bungk,
vlastnosti nezbytné pro jejich agregaci v reakci na podminky vnéjSiho prostiedi, u vSech
paralelnich bunécnych linii. VétSina takovych populaci ztraci schopnost tvorby plodnic a
rezistentnich spor, tedy vlastnost zcela charakteristickou pro tuto skupinu bakterii (VELICER et
al., 1998).

Pfirodni izolaty B. subtilis tvofi robustni biofilmy, strukturované kolonie a také plodnice
obsahujici spory. Oproti tomu bézné pouzivané laboratorni kmeny pravdépodobné po Iéta
stravena ve stabilnich podminkach nashromazdily fadu genetickych zmén vedoucich ke ztraté
schopnosti tvofit strukturovana spolecenstva. Jejich biofilmy jsou tenké a kiehké, kolonie
hladké a buinky nejsou schopny diferenciace a tvorby plodnic (BRANDA et al., 2001).
Domestikované kmeny rovnéz neprodukuji surfaktin, ktery mimo jiné slouzi jako vyznamna
signalni molekula pii vyvoji strukturovanych biofilmi pfirodnich kment (AGUILAR et al.,
2007). Klinické izolaty patogennich bakterii P. aeruginosa, Staphylococcus aureus ¢i Vibrio
cholerae tvoti komplexni strukturované kolonie a biofilmy ve srovnani s bézné pouzivanymi
kmeny (FRIEDMAN & KOLTER, 2004; VALLE et al., 2003; WA et al., 1998). Tyto rozdily jsou
dany zejména ztratou ¢i zménou v produkci ECM (FRIEDMAN & KOLTER, 2004). Klinické
varianty jsou diky témto vlastnostem zaroven virulentnéjsi a rezistentné&j$i vici antibiotiklim
(WAl et al., 1998).

Podobné jako u bakterii i laboratorni kmeny kvasinek byly selektovany pro vlastnosti,
které umoznuji snadné a reprodukovatelné studium zakladnich déji v eukaryotické buiice.

Vlastnosti jako jsou fenotypova variabilita, schopnost produkce ECM, vlakintého rustu,
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tvorby biofilmt a strukturovanych kolonii proto pozorujeme pievazné u klinickych izolati
patogennich kvasinek (ASHBEE & BIGNELL, 2009; JAIN et al., 2008) a u ptirodnich kment
specificky adaptovanych na urcité prostiedi (PALKOVA, 2004). Pti kultivaci ptirodniho kmene
S. cerevisiae, ktery tvofi strukturované kolonie charakteristické komplexni trojrozmérnou
strukturou a masivni produkci ECM, v laboratornich podminkach dochézi s pomérné vysokou
frekvenci ke vzniku variant tvoficich kolonie hladké (obr. 17) (KUTHAN et al., 2003). Kolonie
domestikovaného kmene jsou pak podobné bézné pouzivanym laboratornim kmend, jejichz
vnitini struktura nevykazuje prostorovou diferenciaci (obr. 17), buiky jsou pravidelné
uspofadany bez piitomnosti vyraznéjSich mezibunéénych prostor (VACHOVA et al., 2009).
Zména v morfologii kolonie je provazena dramatickymi zménami v expresnich profilech obou
fenotypl a rovnéz mimo jiné ztratou produkce extracelularni matrix ¢i schopnosti vlaknitého
ristu (KUTHAN et al.,, 2003). Tedy vlastnosti charakteristickych pro mnohobunécna
spoleCenstva a faktord, jejichz studium je nezbytné pro pochopeni zivotniho stylu

mikroorganismu zijicich ve svém ptirozeném prostiedi.

Obr. 17: Domestikace ptirodniho kmene S. cerevisiae BR-F. Nahote, strukturovana kolonie
puvodniho kmene, vpravo elektronmikroskopicky snimek vnitini struktury kolonie; dole,
hladkd kolonie domestikovaného kmene, patrnd zména v morfologii, velikosti i vnitfnim
usporadani (KUTHAN et al., 2003).
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4.  Material a Metody
4.1. Pouzity biologicky material

Pfirodni kvasinkové kmeny Saccharomyces cerevisiae BR-F, BR-88, BR-99 a BR-103
byly ziskany ze sbirky Chemického tistavu Akademie véd Slovenské republiky. Kmen » 1278
byl ziskan z laboratofe membranového transportu Fyziologického ustavu Akademie véd
Ceské republiky a kmen ZSh vznikl jeho sporulaci (podrobnéjsi popis kmenti viz Tabulka 1).
Dalsi kmeny (fenotypové varianty, deleni mutanty atd.) byly izolovany ¢i pfipraveny

z uvedenych rodicovskych kmentl v rdmci ptislusné studie.

Pro transformaci a amplifikaci plazmidi byl vyuzit bakterialni kmen E. coli DH5a (F',
980dlacZAM15, A(lacZYA-argF)U169, deoR, recAl, endAl, hsdR17(rk’, mk*), phoA, supE44,
A, thi-1, gyrA96, relAl)

Genotyp Pivod (reference)
‘o h Sporulace kmene X1278
S. cerevisiae =S MATa (VOPALENSKA et al., 2005) (kap. 5.1.)
Piivodné komer¢ni sbirka
S. cerevisiae £1278° MATa/MATa  pekaiskych kvasinek (MORTIMER (kap. 5.1.)

& JOHNSTON, 1986)

plodnice hub, Zahorska niZina,
S. cerevisiae BR-88 ~MATa/MATo  jihozdpadni Slovensko (KOCKOVA- (kap. 5.2.)
KRATOCHVILOVA et al., 1988)

S cerevisiae BR-99 MATa/MATo feka Dunaj, jihozépadni Slovensko

(SLAVIKOVA & VADKERTIOVA, (kap. 5.2.)
1997a)
feka Morava, jihozapadni

S.cerevisiae BR-103 MATa/MATa  Slovensko (SLAVIKOVA & (kap. 5.2.)

VADKERTIOVA, 1997b)

Rybnik  Jakubov, jihozapadni
S. cerevisiae BR-F MATa/MATa  Slovensko (SLAVIKOVA &  (kap.5.3.& 5.4.)
VADKERTIOVA, 1995)

. Domestikace kmene BR-F
S. cerevisiae BR-S ~ MATa/MATa (KUTHAN et al., 2003) (kap. 5.4.)

Tabulka 1: Popis kmend Saccharomyces cerevisiae pouzitych pro studie zahrnuté
v disertacni praci
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4.2. Vycet pouzitych metod

Mikrobiologické metody
Zakladni mikrobiologické techniky, kultivace kvasinek i bakterii, pfiprava Sirokého spektra
kultivacnich médii, specifické metody manipulace s kvasinkovymi koloniemi, testy

senzitivity k riznému druhu stresort - kapkové testy

Genové inZenyrstvi

Geneticka manipulace kvasinek (delece geni, GFP fuze, zavadéni arteficidlnich promotort)

Mikroskopie
Svetelna: pozorovani bunek s vyuzitim Nomarského diferen¢niho kontrastu
Fluorescencni: pozorovani preparatii bunék s proteiny znacenymi GFP, ¢i obarvenych

fluorescenénimi barvivy (calcofluor)

Prace s DNA a RNA
PCR, izolace, separace, stanoveni koncentrace, southern a northern blotting, znaceni DNA,

reverzni transkripce, microarrays.

Prace s proteiny
Izolace, separace, stanoveni koncentrace, SDS-PAGE, western blotting, imunochemické

znaceni, barveni proteint (stiibro, Coomassie briliant blue)

Pokrocilé mikroskopické metody pouZité ve studiich, které jsou soucasti diserta¢ni prace
Dvoufotonova konfokdlni mikroskopie — provedena Z. Palkovou, L. Vachovou a A.
Ceriavskym

Elektronova mikroskopie — environmentalni skenovaci mikroskopie (provedena M.

Kuthanem), transmisni mikroskopie (provedena L. Stépankem)
DalSi metody

Fluorescencni spektrofotometrickd méteni

Pritokova cytometrie
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5.  Vysledky

5.1. Mezibunécné interakce a signaly pr¥i vyvoji strukturovanych kolonii

VétSina laboratornich kment kvasinek S. cerevisiae tvofi pfi rustu na pevném substratu
hladké kolonie s pravidelnymi okraji bez na prvni pohled zietelné diferenciace a tvorby
sloZité trojrozmérné struktury. Oproti tomu kmeny izolované ze svého piirozeného prostiedi
jsou schopny tvorby strukturovanych, prostorové zna¢né heterogennich kolonii. Vyznamnou
vyjimku mezi laboratornimi kmeny tvofi kmen X1278. Jeho ptivod je sice ¢astecné podobny S
vétsinou laboratornich kment, avSak podstatnou ¢ast svého genomu ziskal kiizenim s kmeny
z komeréni pekatské sbirky kvasinek (Yeast Foam) (MORTIMER & JOHNSTON, 1986). Kmen
¥1278 je, narozdil od ostatnich laboratornich kmenil, prototrofni a schopny naptiklad
ptechodu na pseudohyfalni rist (tzv. dimorfické tranzice, viz kap. 3.2.3.1.1.) (GIMENO et al.,
1992), tvorby strukturovanych ,mati“ (REYNOLDS & FINK, 2001) a kolonii (GRANEK &
MAGWENE, 2010) ¢i exprese genu FLO11 kodujiciho povrchovy adhezin (LO & DRANGINIS,
1998). Tyto vlastnosti piedurcily jeho pouziti jako modelu pro studium procestt morfogeneze
bunék. Zaroven je schopen (na rozdil od fady ptirodnich kmenti) sporulace a tvorby
haploidnich gamet a Ize ho tak vyuzit pro studium vlivu ploidie na vySe zminéné procesy.
Zajimalo nés, jaka je role bunécné morfogeneze pii vyvoji kolonii se sloZitou trojrozmérnou
architekturou.

Nase vysledky prokazuji, ze pfi vyvoji kolonii kmene S. cerevisiae £1278 a jeho haploidni
varianty ¥S" dochazi k dvéma riznym dimorfickym piechodiim, které se odliSnym zptisobem
uplatniuji v riznych fazich vyvoje mnohobunééného spolecenstvi. Prvni dimorfickd tranzice
vede k orientovanému vlaknitému ristu bun€k na okrajich mikrokolonii rostoucich v té€sné
blizkosti a naslednému sriistu mikrokolonii, jez se posléze chovaji jako jedno pocetnéjsi
spolecenstvi. Tento jev, ke kterému dochédzi velmi brzy po inokulaci bun¢k na pevné médium
a tedy nezavisle na koncentraci zivin v médiu, pak skutecné zavisi pouze na hustoté populace,
kdy bunky solitérnich mikrokolonii pfechod na vlaknity rist nevykazuji. V jejich piipadé
vSak lze pfidanim arteficidlniho zdroje amoniaku a nékolika dal§ich té€kavych amini
dimorficky pfechod indukovat a, co je zajimavé, k takovému indukovanému vlaknitému rastu
bun€k dochazi specificky pravé ve sméru ke zdroji induktoru. To tedy naznacuje funkci téchto

molekul pfi komunikaci mezi populacemi rostoucimi ve vzajemné blizkosti vedouci k jejich
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pozdéjSimu sjednocovani. Ke druhému dimorfickému piechodu dochdzi v dobé, kdy kolonie
zacina rist ve vertikdlnim sméru a vytvari charakteristickou trojrozmérnou strukturu. Tato
tranzice je, na rozdil od raného orientovaného rustu, zavisld na ptitomnosti povrchového
adhezinu Flo11p a dochazi k ni nejen na okrajich, ale v ramci celé kolonie. Buiiky postradajici
gen FLO11 nejsou schopny prodluzovani bunék a jejich pseudohyfalni expanze v prib&hu

druhé dimorfické tranzice a tim rovnéz ztraci schopnost tvorby strukturované kolonie.

Vysledky prace jsou prezentovany v nasledujici publikaci:
(VOPALENSKA et al., 2010)
Vopalenska 1., Stoviéek V., Janderova B., Vachova L., Palkova Z. (2010): Role of distinct
dimorphic transitions in territory colonizing and formation of yeast colony architecture.

Environmental Microbiology 12:264-77. 1F510=5,537
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Summary

Microbial populations in nature often form organized
multicellular structures (biofilms, colonies) occupy-
ing different surfaces including host tissues and
medical devices. How yeast cells within such popula-
tions cooperate and how their dimorphic switch to
filamentous growth is regulated are therefore impor-
tant questions. Studying population development,
we discovered that Saccharomyces cerevisiae
microcolonies early after their origination from one
cell successfully occupy the territory via dimorphic
transition, which is induced by ammonia and other
volatile amines independently on cell ploidy and
nutrients. It results in oriented pseudohyphal cell
expansion in the direction of ammonia source, which
consequently leads to unification of adjacent micro-
colonies to one more numerous entity. The further
population development is accompanied by another
dimorphic switch, which is strictly dependent on
Flo11p adhesin and is indispensable for proper for-
mation of biofilm-like aerial 3-D colony architecture.
In this, Flo11p is required for both elongation of cells
organized to radial clusters (formed earlier within the
colony) and their subsequent pseudohyphal expan-
sion. Just before this expansion, Flo11p relocalizes
from the bud-neck of radial cell clusters also to the tip
of elongated cells.
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Introduction

Microorganisms growing in natural conditions usually form
multicellular structures, which are highly organized and
exhibit specific properties which do not arise under labo-
ratory conditions (Palkova and Vachova, 2006). Examples
are complicated biofilms causing serious problems in
medical care because of their adhesion to different mate-
rials and high resistance against the chemical treatment.
Multicellular colonies are another example of structures
which are common in nature. Cooperation of yeast cells
and their growth within a community is beneficial in
harmful natural environment and might also contribute to
successful colonization of the host tissue and effective
struggle with the host immune response.

In spite of the fact that exact mechanisms involved
remain largely unknown, three yeast capabilities are of a
great significance in a community organization, develop-
ment and survival. These are yeast dimorphic transition,
adhesion to solid surfaces and cell-cell communication.
Dimorphic transition to pseudohyphal/hyphal form was
clearly documented in different yeast species including
C. albicans and Saccharomyces cerevisiae (Gancedo,
2001; Sudbery et al., 2004). It was shown to be important
for C. albicans biofilm maturation and colony formation
(Radford etal., 1994) and for successful S. cerevisiae
biofilm adhesion (Reynolds and Fink, 2001). Yeast cell
ability to adhere other cells and solid surfaces is con-
nected with production of extracellular matrix and various
adhesins (e.g. S. cerevisiae FLO, C. albicans ALS, C. gla-
brata EPA families) (Dranginis et al., 2007). The structure
of these extracellular proteins is somewhat similar,
sharing the key structural elements including N-terminal
domain important for specific adherence, extensively gly-
cosylated central domain rich in Ser/Thr and C-terminal
hydrophobic signal directing the GPI anchor addition. In
contrast to some natural S. cerevisiae strains, Flo11p is
not produced by most of the laboratory strains, probably
due to a mutation in the gene of one of its regulators,
FLOS8 (Liu et al., 1996). FLO11 gene is important for both
the formation of pseudohyphae in diploids and invasive
growth of haploids during nitrogen and glucose limitation
(Lo and Dranginis, 1998), for adhesion to plastic and the
formation of mats and biofilms (Reynolds and Fink, 2001).

Successful occupation of a niche and survival
under particular conditions is also dependent on ability


mailto:zdenap@natur.cuni.cz

of microbial populations to communicate via different
chemical signals, often functioning as quorum sensing
molecules inducing coordinated cell behaviour. These
molecules participate in formation of antimicrobials resis-
tant biofilms causing infections either by attaching to
plastic material or directly to tissues (Douglas, 20083;
Juhas et al., 2005; Keller and Surette, 2006). Two signal-
ling compounds farnesol and tyrosol influencing filamen-
tation in opposite way are important in cell density
sensing, dimorphic transitions and biofilm formation by
C. albicans (Alem et al., 2006; Nickerson et al., 2006;
Kruppa, 2009). A high-cell-density-induced morphoge-
netic switch controlled by signalling via the aromatic alco-
hols phenylethanol and tryptophol was recently described
in S. cerevisiae (Chen and Fink, 2006). Furthermore,
volatile ammonia is important signalling molecule in
ageing colonies of various yeasts (Palkova et al., 1997)
where it is connected with metabolic reprogramming and
adaptation of the population to incoming nutrient shortage
(Palkova et al., 2002; Vachova et al., 2009).

In contrast to most other laboratory strains, S. cerevi-
siae 1278 (and its derivatives) is capable of dimorphic
transition and filamentous growth under nitrogen starva-
tion (Gimeno et al., 1992). It can also bind to solid sur-
faces via Flo11p surface adhesin forming a biofilm-like
structure (Reynolds and Fink, 2001). This, together with
the fact that this strain is able to perform sexual cycle
including production of viable spores (this ability is often
limited in S. cerevisiae natural isolates), makes the strain
1278 very useful tool for studies of processes mentioned
above, and allows also to explore differences potentially
caused by different mating type.

Here, we show that S. cerevisiae is capable of two
differently regulated dimorphic transitions from yeast to
multicellular filamentous form, having distinct roles during
development of yeast population. The first one is induced
by volatile ammonia (or other volatile amines) and results
in oriented cell growth and joining of adjacent microcolo-
nies. It is independent of cell ploidy, nutrients and pres-
ence of yeast surface flocculin Flo11p. The second one,
which occurs at the moment when young smooth micro-
colonies change character of their growth and start to
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form aerial structure, is dependent on the Flo11p and it
is essential for the formation of three dimensional aerial
colony architecture.

Results

Yeast cell switch from axial to unipolar growth depends
on young microcolony density, but not on the nutrients

To obtain an overview on the early organization of
S. cerevisiae population, we plated the haploid strain *S"
on complex glycerol medium (GMA-BKP) as 5 ul drops
containing various cell numbers (C5-C50000,Table 1 and
Fig. S1). For plating, we used a culture of exponentially
growing =S" cells in YPD medium, which contained mostly
small clusters of 3—8 axially budding cells (non-separated
mother—daughter cells), but also some primary axial clus-
ters possessing elongated unipolarly budding cells.

The development of solitary microcolonies (plating C5)
was always similar and independent of whether axially
or unipolarly budding cell clusters were originally plated.
On the agar, both formed new generations of oval axially
budding cells and continued axial budding at the edge
of the microcolony for at least 48 h (Fig. S1). At higher
plating densities, peripheral cells of microcolonies were
able to undergo dimorphic transition, switching from
rounded axially budding cells to prolonged unipolarly
budding cells, depending on the distance between the
growing microcolonies (Table 1, Fig. S1). At densities
C50000 and C5000, peripheral cells switched as early as
4 h after the inoculation and grew in all directions out of
the colony. In contrast, peripheral cells of microcolonies in
sparse plating (C50) switched only 24 h after the inocula-
tion and only the cells located at the margin adjacent to
the neighbouring colony(ies) were able to switch. This,
specifically localized, unipolar cell-budding resulted in
oriented growth of peripheral cells preferentially towards
adjacent microcolony (Fig. 1A). Averaging from three
independent experiments and evaluating at least 200
colonies in each, 78 = 2% of all unipolarly budding cells
(or cell-chains) at colony peripheries were markedly ori-
ented in the direction towards the neighbouring colony.

Table 1. How the timing of dimorphic transition and medium alkalization varies with colony density.

Density of Number of cells Timing of switch to Visible alkalization Initiation of the formation
the plating per 5 ul drop unipolar budding (h) of the medium (h) of aerial structure (h)

C5 1-5 48 (at least) 36482 72

C50 30-50 24 36482 55-72

C500 300-500 4-9 30° 50-60

C5000 3 000-5 000 4 20° 36

C50000 30 000-50 000 4 11° 24

a. Weak alkalization below the microcolony.
b. Intensive alkalization below and also around the microcolony.
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Fig. 1. Polarized growth of =S" and £1278¢°
cells located at colony periphery, effect of
ammonia and other amines.

A. Polarized growth of cells located at
margins of =S" and £1278¢ microcolonies
towards adjacent colony. Bar, 20 um.

B. Development of S" solitary microcolonies
on GMA affected by volatile ammonia,
methylamine or propylamine. Control solitary
microcolony growing on GMA is given for
comparison. Upper right, scheme of the
experimental set-up. Colonies affected by
higher amine concentration denoted by
dark-grey discs and those affected by lower

side VIEW‘1 i . amine concentration by light-grey discs. Black
arrow indicates amine gradient orientation.
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The timing of the dimorphic switch and development
of microcolonies during the first 24 h of cultivation was
independent of nutrients, which were available in surplus
in the plate. Thus, as expected, development was identi-
cal when microcolonies were grown on either 1.5 mm or
3.5 mm layers of the agar medium with either 0.5% or 3%
glycerol concentrations (data not shown).

Ammonia induces first dimorphic transition leading to
oriented growth of neighbouring microcolonies

The obtained data indicated an intriguing possibility,
that the dimorphic transition could be a result of a form
of signalling between young microcolonies. This, together
with our knowledge of the weak release of ammonia
detected early after giant colony inoculation (Palkova
etal., 1997), led us to analyse the possibility of ammonia

fsssnssensnsnenese

being involved in this early intermicrocolony communica-
tion and in the merging of microcolonies.

Monitoring of pH changes occurring during the devel-
opment of microcolonies plated on GMA-BKP revealed
alkalization, the timing of which was also dependent on
microcolony density (Table 1). With C50000, C5000 and
C500 plating, intensive alkalization of the medium among
the microcolonies was observed when the colonies
had already approached each other and exhibited inten-
sive unipolar growth (i.e. after 11, 20 and 30 h of growth
respectively). With sparse plating (C50 and C5) only weak
alkalization appeared under individual microcolonies after
36—48 h (Table 1).

An important question was whether an ammonia
production preceded the dimorphic transition and could
be involved in the induction of oriented filamentous growth
or, alternatively, only unipolarly budding cells started to

© 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 12, 264-277



produce ammonia, which consequently alkalized the
colony surroundings. Hence, we shortly exposed sparsely
plated =S" cells to various amounts of volatile ammonia
vapour. After 17-18 h, the cells of solitary microcolonies
originating from ammonia-affected cells exhibited efficient
unipolar budding. The efficiency of the transition was
dependent on the ammonia dosage (Fig. 1B). Colonies
exposed to the higher ammonia concentration were
smaller in their diameter than control microcolonies
growing from nonaffected cells, and contained a lot of
elongated unipolarly budding cells, some of those even in
central colony regions. In contrast, the solitary microcolo-
nies exposed to lower ammonia concentrations did not
exhibit a growth reduction and contained elongated uni-
polarly budding cells mostly at the periphery and usually
facing to the ammonia source. Control colonies were
always large, flat and symmetrical with smooth margins
and did not contain elongated unipolarly budding cells
(Fig. 1B).

As proposed previously the action of ammonia on
amoebas of Dictyostelium discoideum could be con-
nected with its ability to penetrate through the plasma
membrane and to influence the pH of internal compart-
ments. This could consequently be registered by cells as
a signal leading to changes in cell behaviour. This hypoth-
esis was mostly based on the finding that the effect of
ammonia on D. discoideum development can also be
elicited by other volatile amines (Davies et al., 1993). To
explore the possibility of a similar ammonia action on
yeast microcolonies, we exposed sparsely plated XS"
cells to the vapours of various amines and followed the
efficiency of the dimorphic switch, comparing it with the
induction by ammonia. Besides ammonia, which was
the most potent inductor, methylamine and propylamine
were able to induce the formation of unipolarly budd-
ing cells expanding from microcolonies (Fig. 1B). As
with ammonia, the effect of both other amines was also
dosage-dependent. In some cases we observed the
polarized formation of unipolarly budding cells expanding
in the direction of the amine source, thus simulating a
neighbouring colony (Fig. 1B). In addition, some effect of
ammonia on cell growth was observed also in liquid =S"
culture. Here, increased level of ammonia (but not of
ammonium) induced formation of branched cell-chains
(Fig. S2).

Finally, to determine whether ammonium and/or pH
can influence the transition, we analysed the growth and
budding pattern of solitary S" microcolonies (C5) on
GMA-BKP with either the pH adjusted to 5.5 or 6.5, or with
a higher NH4* concentration. Both microcolonies growing
at pH 6.5, or on 75 mM (NH,4).SO, developed unipolarly
budding cells earlier than control microcolonies (Fig. 2A)
and their growth was partially inhibited. The effect of
ammonium supplementation was stronger and led to an
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earlier dimorphic transition (18 h after the inoculation)
than the effect of adjusting the medium to a higher pH
(36 h after the inoculation).

Oriented filamentous growth and the effect of ammonia
(and of other volatile amines), ammonium and pH on the
dimorphic transition in young microcolonies were not
restricted to the haploid =S" strain; we obtained similar
results with the diploid £1278¢ strain (Fig. 1A, Figs S3 and
S4A). The observed difference between the XS" and
12789 strains was mostly in terms of the morphology
of the cells and unipolarly budding filaments, but not of
the process of initiating their formation. As also descri-
bed previously (Roberts and Fink, 1994), the cells and
pseudohyphae of 12789 were always longer and more
branched than the elongated cells and filaments of ZS". It
also disabled to distinguish possible effect of ammonia on
31278% pseudohyphae in liquid culture (data not shown).

Early dimorphic transition of young microcolonies
growing on SLAD medium is stimulated by increased
ammonium level

As shown above, a higher concentration of ammonium
in GMA-BKP effectively potentiated the early switch of
both £S" haploid and £1278¢ diploid strains to unipolar
growth and pseudohyphae formation. In contrast, Gimeno
and colleagues (1992) showed that diploid £1278-derived
cells switch to pseudohyphal growth (leading to the radial
expansion of cells from the colonies in all directions) when
growing on low ammonium glucose SLAD medium (syn-
thetic dextrose medium with 0.05 mM ammonium sulfate).
On the other hand, colonies growing on SLAD in the
presence of the standard level of ammonium [7.6 mM
(NH,4)2S0,] had smooth margins without pseudohyphae
(Gimeno et al., 1992). To find out whether this discrep-
ancy was caused by the different cultivation conditions
(complex glycerol GMA versus SLAD glucose minimal
medium) or, more interestingly, by the different physiology
of cells occurring in different growth phases, we com-
pared the effect of various concentrations of (NH4).SO,
added to SLAD agar on the early dimorphic transition.
In both £1278¢ and XS" strains, the addition of (NH,).SO,
to concentrations of 7.6 mM, 37.9 mM or 75.7 mM did not
prevent the early switch to pseudohyphal growth (Fig. 2B,
Figs S4B and S5A). In fact, £1278¢ pseudohyphal growth
was very pronounced on SLAD agar with 7.6 mM ammo-
nium sulfate, where pseudohyphae were formed as early
as 18 h after the inoculation of a solitary microcolony
(Fig. 2B). At higher (NH,).SO, concentrations (37.9 mM
and 75.7 mM) in SLAD, the £1278% microcolonies formed
long branched pseudohyphae (data not shown). =S"
formed elongated unipolarly budding cells with the same
pattern (data not shown). These data fully agreed with our
observations on the early dimorphic transition on glycerol
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Fig. 2. Effect of ammonium and pH on
development of young solitary microcolonies.
A. Development of S" solitary microcolonies
on GMA affected either by higher ammonium
sulfate concentration in or higher pH of GMA.
Control solitary microcolonies growing on
GMA are given for comparison.

B. Development of 212789 solitary
microcolonies on SLAD agar with

(bottom row) or without (upper row)

7.6 mM ammonium sulfate. Bar, 20 um.

212784

GMA-BKP and proved that also on glucose SLAD agar
with a standard level of ammonium [7.6 mM (NH,)>SO4],
the cells of microcolonies undergo the early dimorphic
transition to unipolar growth with high efficiency. The
development of older colonies on SLAD and SLAD
with 7.6 mM (NH.).SO, (Fig. 2B and 3-day-old colonies)
corresponded to previous observations (Gimeno et al.,
1992), thus confirming identical strain behaviour under
the growth conditions used. 1278 pseudohyphal growth
in liquid SLAD was not affected by changes in ammonium
level (Fig. S5B).

Second dimorphic transition occurs during development
of wrinkled aerial structures

Both solitary-developing microcolonies and microcolo-
nies within a group (performing ammonia-induced dimor-
phic transition of margin cells, see above) were smooth
until the time when the first wrinkled aerial structures
started to appear (Fig. 3B, Video S1). The exact timing
of wrinkle appearance was dependent on microco-
lony density, i.e. densely plated microcolonies formed
wrinkles earlier than solitary microcolonies (Table 1).

The formation of wrinkles was accompanied by second
dimorphic transition as shown in Fig. 3C. The smooth
*S" microcolonies were composed of rounded and elon-
gated cells organized to small radial clusters (Fig. 3C,
a—c). Later the number of elongated cells increased;
however, they remained attached in the radial clusters
(Fig. 3C, d). In contrast to elongated cells and pseudo-
hyphae induced by ammonia, which were mostly local-
ized at colony margin, these clustered cells were spread
throughout the smooth colony. At the time just before
wrinkle formation, new cells growing unipolarly out of the
clusters appeared and were able to develop to relatively
long pseudohyphae (Fig. 3C, e). This process appeared
independently of microcolony density, thus suggesting
that the ammonia-induced early dimorphic transition
of peripheral cells was not a prerequisite of wrinkle
formation. However, as shown below, early dimorphic
transition influenced the structure of giant fluffy colony
developing from joined microcolonies.

A cursory glance at structured £S" fluffy giant colony
developed by joining of a group of microcolonies did not
show any precise wrinkle organization. However, when
following the process of microcolony joining and wrinkle
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formation, some regularity was found. The solitary
growing microcolony usually first developed a circular
wrinkle on its periphery and sometimes one central
wrinkle in parallel (Fig. 3B and Video S1). However,
wrinkle development on microcolonies growing in a crowd
was strictly dependent on microcolony distance. Those
microcolonies grown from cells plated closer than 0.2 mm
joined within the first 24 h and consequently behaved as
one entity and developed common wrinkles at their
periphery and central region (Fig. 3A and B; Video ST,
green arrow). In contrast, those microcolonies arising
from more distant cells, which join only several hours later,
remained separated and each formed its own wrinkle
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Fig. 3. Development of aerial structure
depends on second dimorphic transition and
Flo11p.

A. Maximal distance between inoculated cells
leading to formation of unified colonies (un)
and minimal distance between inoculated
cells, which develop to separated colonies
(sep).

B. Development of wrinkles on the border

of solitary microcolony, on unified microcolony
originated from two cells 174 um distant and
on individually developing microcolonies
(from two cells 395 um distant). Bar, 1 mm.
C. Examples of radial clusters from young
=S8"-Flo11p-GFP microcolonies. Some
Flo11p-GFP containing clusters of mostly
oval cells (b) can be observed among majority
of Flo11p-GFP non-producing clusters (a)
already in 9-hour-old densely plated
microcolonies. The number of clusters formed
by elongated cells (c and d) increases from
24 to 48 h of microcolony development
(C50-C500). White-black arrows mark centres
of the two radial cell clusters (harvested from
48 h old microcolonies, C500), from which
pseudohyphae started to expand (e).

Cells visualized by Nomarski contrast and
GFP-fluorescence of Flo11p-GFP are

shown. Bar, 5 um.

D. Radial clusters from 48 h old =S"-flo11
microcolonies (C50-C500). Neither largely
elongated cell clusters (see Cd for
¥S"-Flo11p-GFP) nor pseudohyphae

are present. Bar, 5 um.

(Fig. 3B; Video S1, red arrow). Thus, the original dis-
semination of microcolony stirps was important for the
resulting wrinkle development of neighbouring micro-
colonies: they either unified and developed further as one
entity, or remained as autonomous microcolonies.

After aerial wrinkle formation, the subsequent develop-
ment of the typical fluffy colony structure continued over
several days. During this period, no newly formed wrinkles
were observed at the colony periphery and the develop-
ment proceeded inside the colony by increasing the size,
waving, and sometimes by joining and splitting already
formed wrinkles, which often did not have enough space
to grow further horizontally (Video S1).
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Fig. 4. Localization of Flo11p-GFP in cells of
older £S"-Flo11p-GFP colonies.

A. Changes in Flo11p-GFP localization during
development of densely (C50000) plated
microcolony population forming consequently
giant colony. Initial Flo11p-GFP appearance at
bud-neck regions and consequently at the tip
of elongated cells correlates with the initiation
of the formation of aerial structure (day 1);
Flo11p-GFP localizes to the whole cell surface
during the period of intensive formation of
wrinkles (day 2); Flo11p-GFP level gradually
decreases during days 3—4 and the GFP
signal appears in the vacuoles (day 4).
Colonies, bar, 1 mm; cells, bar, 5 um.

B. The 24-hour-old £S"-Flo11p-GFP stained
with Calcofluor white. Flo11p-GFP colocalizes
with calcofuor to bud-necks of radial clusters,
but it does not localize to scar-rings (white
arrow). Green, GFP; red (false colour),
Calcofluor white. Bar, 5 um.

C. Scheme of FLO11 gene tagged with
loxP-GFP module in the genome of
S"-Flo11p-GFP strain.

Merge

FLO11-C

FLO11-N - 66bp downstream region encoding M-terminal part of Flo11p
FLO11-C - rest of the region encoding C-terminal part of Flo11p

Flo11p surface flocculin is not involved in the first
dimorphic transition leading to oriented growth and
initial area colonizing, but it is essential for second
dimorphic transition and aerial structure formation

To be able to evaluate the possible role of Flo11p during
the development of ZS" microcolonies, we constructed a
2S"-Flo11p-GFP strain containing the FLO17 gene fused

with the GFP gene directly in the genome, i.e. under the
control of its own promoter. In this construct, the GFP
gene was introduced after the FLO11 signal sequence to
ensure that both the secretion sequence and C-terminus,
important for GPIl-anchor tagging, were preserved
(Fig- 4C). In the resulting =S"-Flo11p-GFP strain, the
Flo11p-GFP protein properly localized to the cell surface
and £S"-Flo11p-GFP colony morphology and develop-
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ment was identical to that of the =S" colony (Fig. 4A). In
parallel, we prepared the isogenic ZS"-flo 77 strain lacking
a functional FLO11 gene.

In young microcolonies, the first visible production of
Flo11p-GFP was dependent on plating density. The initial
Flo11p-GFP fluorescence was observed as early as 9 h
after C50000 plating and as late as approximately 36 h
when solitary microcolonies (C5) were plated. The first
visible Flo11p-GFP fluorescence signal was never spread
over the cell surface, but always specifically localized to
the area of the bud neck of either rounded or elongated
cells (Fig. 3C, b,c). Hence, strong Flo11p-GFP signal was
visible at the joining site of the cell clusters within smooth
microcolonies. Calcofluor white staining of scars of S"-
Flo11p-GFP cells showed colocalization of GFP and
Calcofluor in the joining sites of the clusters (Fig. 4B).
Flo11p-GFP, however, never exhibited scar ring localiza-
tion, which was often visible for the Calcofluor. This sug-
gests that Flo11p localizes to the sites of the division, but
it does not encircle emerging buds. As cells became more
elongated, Flo11p-GFP started to appear at opposite
site, i.e. at the cell tip (Fig. 3C, d). Approximately one day
after the first visible Flo11p-GFP appearance, the second
dimorphic transition to pseudohyphal growth and the
aerial structure organization were initiated. In parallel,
Flo11p-GFP signal at the tip intensifies and later becomes
spread to the whole surface of elongated cells, in some
cells still being the most intensive in the bud-neck regions
(Fig. 3C, e; Fig 4A, 2 and 3 days).

In colonies with fully developed wrinkles (e.g. 3—4 days
old, C50000 plating), the cell surface Flo11p-GFP fluores-
cence became weaker and a relatively strong GFP signal
appeared in the vacuoles (Fig. 4A), indicating that a frac-
tion of the surface Flo11p-GFP was probably removed
by endocytosis. As the colony population became more
heterogeneous in this period, it also contained rounded
cells with an intense Flo11p-GFP signal on their surface
(Fig. 4A). In aged 8-day-old colonies, cells in central
areas were mostly oval and rounded with weak surface-
localized Flo11p-GFP and a vacuolar GFP signal, while
cells forming colony margin still contained, besides a
vacuolar, a strong GFP signal on their surface (data not
shown).

Analysis of the development of young =S"-flo11 micro-
colonies revealed that both the initial dimorphic transition
to unipolar budding and the oriented growth towards
neighbouring colonies were not affected by the absence
of Flo11p (Fig. 5A). However, the subsequent organiza-
tion of the aerial structure was completely abolished and
the XS"-flo11 strain developed only smooth colonies
(Fig. 5C). Likewise parental strain microcolonies, young
¥S"-flo11 microcolonies were also composed of radial
clusters of oval and short elongated cells (Fig. 3D), which,
however, never reached the length of parental cells
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having Flo11p-GFP localized at the tip (Fig. 3C, d). In
addition, =S"-flo71 clusters were usually composed of
fewer cells than those of the parental strain. The second
dimorphic transition leading to pseudohyphae formation
was completely abolished and older (2-3 days old) ZS"-
flo11 smooth colonies were thus formed mostly by oval
cells (Fig. 5D). In addition, presence of Flo11p was essen-
tial for cell attachment to the agar (Fig. 5B). Some cells
attached to the agar appeared even in 9-hour-old densely
growing S" microcolonies, i.e. in colonies, which already
contained some cells with Flo11p-GFP signal. The attach-
ment intensified in *S" smooth colonies just before the
second transition and wrinkle formation. In contrast,
almost no cells remained attached to the agar after
washing of XS"-flo71 microcolonies (Fig. 5B). In this
developmental stage, smooth XS"-flo17 microcolonies
started to be more flat than those of the =S" strain,
showing that the three-dimensional organization of micro-
colonies was disrupted by the absence of Flo11p
(Fig. 5B).

Discussion

Our study revealed that territory colonizing and organi-
zation of S. cerevisiae population into structured colony
are dependent on the two differently regulated events of
dimorphic transition (Fig. 6). Early development of both
the haploid =S" and diploid £1278¢ significantly differs
when an individual cell grows and divides in isolation, or if
more cells are present in proximity. Solitary cell forms a
smooth-edge microcolony, without any unipolarly budding
filaments on its margin. In contrast, when more cells
occurring in proximity form microcolonies, the cells of their
margin quickly switch to unipolar budding and form
elongated cells or pseudohyphae preferentially oriented
mutually towards the neighbour. The rate and efficiency of
this ploidy-independent dimorphic change and oriented
growth is dependent on population density and it is very
probably induced by cell-cell communication among the
developing microcolonies. This early dimorphic transition
to the unipolar oriented growth is entirely different from
the transition of diploid 1278 cells to pseudohyphae in
older colonies grown on SLAD agar (Gimeno et al., 1992;
Fig. 2B, 3-day-old colonies) as well as from high-cell-
density-induced morphogenetic switch controlled by the
aromatic alcohols phenylethanol and tryptophol (Chen
and Fink, 2006). Both these previously described events
occur under conditions of nitrogen starvation. In contrast,
cell unipolar growth out of the colonies can be induced
by volatile ammonia as well as by other volatile amines. It
can be potentiated by increased ammonium concentra-
tion in the medium and less efficiently also by increase
in the medium pH. These findings, together with the
detection of ammonia produced shortly after giant colony
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inoculation (Palkova etal., 1997) and observation that
ammonia induces formation of cell-chains in liquid GM,
strongly support the hypothesis that volatile ammonia
itself could function as the signalling molecule, which
induces oriented unipolar growth in young microcolonies

Fig. 5. Absence of Flo11p affects distinct
phases of colony development in different
ways.

A. =8"-flo11 (left) undergoes early dimorphic
transition and exhibits oriented unipolar
growth like the parental =S" (right).

B. £S"-flo11 microcolonies are more flat than
8" microcolonies. Their cells lack the ability
to adhere the agar (washed). Left, densely
(C50000) plated 9-hour-old microcolonies;
right, solitary (C50) plated 24-hour-old
microcolonies.

C. 2S"-flo11 microcolonies (left) are defective
in the formation of aerial structure as
compared with £S" microcolonies (right).

D. The cells of £S"-flo11 microcolonies (left)
are more rounded than cells of =S"

24 h microcolonies (right). Black-white bar, 20 um;
white bar (cells), 5 um; white bar (colonies),
1 mm; d, day.

(Fig. 6). The finding that other volatile amines can sub-
stitute ammonia function suggests that mechanism of its
action could be connected with pH changes of internal
cellular compartments (e.g. vacuoles) similarly as it was
proposed for D. discoideum (Gross et al., 1983).
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Fig. 6. The scheme of regulation and roles of the two distinct dimorphic transitions during S. cerevisiae territory colonizing and population
development. Development of either colonies growing in tight proximity (A) or colonies, which are more distant (B). Important role of ammonia
in the transition to unipolar budding and oriented growth (first dimorphic transition) as well as essential role of Flo11p in cell elongation and
formation of aerial structure (second dimorphic transition) are depicted. The development of radial clusters within whole microcolonies in both
(A) and (B) is indicated in central part of the scheme. Red arrows indicate two distinct dimorphic transitions. Brown lines/contours indicate

position of wrinkles.

In contrast to the natural situation where ammonia is
produced by sparse microcolonies, treatment with a high-
dose uniform artificial ammonia cloud or excess of ammo-
nium in the medium leads to the non-oriented formation of
unipolarly budding cells from the colony in all directions,
similarly to the behaviour under conditions of high density
plating. Thus, one can hypothesize that the small amount
of ammonia produced by neighbouring colonies forms a
gradient, which is mutually sensed by microcolonies
and induces the oriented unipolar growth of their cells. In
an excess of the signalling molecule, the gradient is
destroyed and cells grow unipolarly in all directions from
the colony. This is supported by finding that asymme-
tric pulse of ammonia or other volatile amine applied on
sparsely plated microcolonies leads to asymmetrically
localized unipolarly budding cells on the colony side ori-
ented towards the ammonia source (Fig. 1B and Fig. S3).
Similar yeast behaviour has been described during the
mating of haploid cells of opposite mating type. Also there,
the proper concentration of the pheromone arriving
at cells in the form of an oriented gradient is required for
proper shmoo orientation and highly efficient mating
(Jackson and Hartwell, 1990). Characteristics of the
ammonia-induced dimorphic transition of cells plated at
high density resemble those of the quorum-sensing

phenomenon, where autoregulatory molecules released
in a cell density-dependent fashion cause a coordination
of whole community behaviour (Bassler, 2002). Neverthe-
less, as current techniques do not enable us to directly
monitor the gaseous ammonia gradient produced by
individual microcolonies, definitive proof of its effect in a
natural environment remains to be found.

The above data imply an intriguing question, why small
microcolonies growing in relative proximity have evolved
the system (Fig. 6), which allows them not only to find
their surrounding neighbours, but also to grow towards
them and not onto a free, nutrient-rich space. In contrast
to the previously described behaviour of much older colo-
nies, in which the initiation of ammonia production by
nutrient shortage leads to colony growth towards areas
of less nutrient competition (Palkova et al., 1997), these
small young microcolonies are still growing in nutrient
excess. Thus, it seems that in this early developmental
stage neighbouring dividing yeast cells and small micro-
colonies prefer to unify to form a more numerous com-
munity, which consequently develops and behaves
synchronously. This strategy could be advantageous for
at least two reasons. First, under natural conditions, more
cells should have more chance to survive than fewer cells.
This can be advantageous for yeast colonizing the host
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organism or forming a biofilm, where quick occupation of
a territory by numerous cooperating cells brings better
protection against host immune system and/or allows
quick formation of extracellular matrix protective layer.
Second, unification into one structure prevents the pos-
sible subsequent competition for space and nutrients
since after the unification, the cells of original microcolo-
nies develop regularly within one multicellular community.
This can be supported by observation that the unification
of small adjacent microcolonies can occur only before the
first wrinkles start to form on their surface. Then the uni-
fication is confirmed by the formation of one common
wrinkle surrounding the unified microcolonies, while non-
unified microcolonies each form their own wrinkle (Fig. 3,
Video S1). In contrast to unified microcolonies, clear
space competition is visible among wrinkle-separated
colonies (Video S1) over the next few days. From this
point of view, oriented growth of non-motile yeast cells
can, to some extent, substitute the aggregation capabili-
ties of motile bacteria (or other microorganisms), impor-
tant for various forms of social microbial behaviour
(Shimkets, 1990).

Early dimorphic transition and oriented growth occur
predominantly at margin regions of adjacent microcolo-
nies independently of Flo11p flocculin. On the contrary,
Flo11p is required for the second dimorphic transition,
which occurs throughout the whole microcolonies and
leads to the formation of aerial structure (Fig. 6). This is
documented by finding that =S"-flo11 cells fail to form
pseudohyphal cells arising from the radial clusters and
they do not create aerial structure, although their young
microcolonies are able to switch from axial to unipolar
budding and to perform oriented growth. Aged =S"-flo11
smooth colonies are composed of mostly rounded cells.
Hence, Flo11p is apparently indispensable for both elon-
gation of cells in the clusters and consequent dimor-
phic transition to pseudohyphal growth of cells forming
wrinkles. It also participates in (but it is not essential for)
cell—cell adhesion within the radial cluster (XS"-flo77 clus-
ters usually contain fewer cells than =S" clusters). Polar-
ized localization of GFP-tagged Flo11p to the bud neck of
axially and unipolarly budding cells and its later appear-
ance also at the tip of elongated cells resembles locali-
zation of various proteins involved in establishment of
yeast cell polarity (Madden and Snyder, 1998; Cullen and
Sprague, 2002) and suggests a similar role of Flo11p.
Later, during formation of wrinkles, i.e. during the process
which is strictly dependent on Flo11p presence, the
amount of Flo11p-GFP increases and it spreads to the
whole cell surface. Interestingly, in already developed
wrinkles, asymmetric Flo11p localization at the bud-neck
and at the tip is still visible in some elongated cells, while
more rounded cells have Flo11p spread over the whole
surface. These data suggest that Flo11p may be directly

involved in the process of initiation of aerial structure
formation and regulation of cell-oriented growth from the
radial clusters and arrangement of cells within the three-
dimensional colony structure. At later phases Flo11p may
be also involved in the attachment and interconnection of
elongated and rounded cells within the wrinkles. This is
supported by observation that Flo11p is indispensable for
attachment of massive number of cells to the surfaces
(Fig. 5B) as also described previously (Reynolds and
Fink, 2001).

Our discovery of nutrient- and Flo11p-independent
dimorphic transition induced in conditions of high nitrogen
independently on carbon source indicates as yet unknown
possibilities of S. cerevisiae behaviour under natural
conditions. Dimorphic transition of S. cerevisiae cells was
until now doubted for nitrogen- and glucose-rich serum
(Crispens, 1975) or even ruled out for older yeast popu-
lations grown on nitrogen-rich agar plates (Gimeno et al.,
1992). The finding of ammonia as inducing agent implies
that increase in pH shifting ammonium/ammonia ratio
in favour of ammonia (Palkova and Vachova, 2003) can
potentiate dimorphic transition, and thus could help yeast
to colonize particular niche. Ammonia (or possibly some
volatile amines) can even function as an attractant
inducing oriented yeast growth towards the ammonia
producer, e.g. either wounded fruit or particular tissue of
a host organism. Fruits can release NH; by the action
of phenylalanine-ammonia lyase, which is activated by a
wound (Kato et al., 2000) or during ripening (Gatto et al.,
2008). In mammals, brain is the organ where ammonia/
ammonium metabolism plays important role and, interest-
ingly, it is the organ in which S. cerevisiae survive the best
at least in CD-1 mice (McCusker, 2006).

Experimental procedures
Strains

The S. cerevisiae diploid strain ©1278% (a/o) was obtained
from H. Sychrova (AS CR, Prague, Czech Republic); its
haploid derivative S" (a) was obtained by sporulation (Vopal-
enska et al., 2005). £8"-flo11 (a, flo11::kan’) and £S"-Flo11p-
GFP (a, FLO11-GFP) strains were prepared in this study.

Media and cultivation

Yeast liquid cultures were grown in YPD (1% yeast extract,
1% pepton, 2% glucose), GM (1% yeast extract, 3% glyc-
erol), YPGal (1% yeast extract, 1% pepton, 2% galactose)
and liquid SLAD (Gimeno etal., 1992). For liquid culture
experiments, the exponential cells grown in YPD medium
were diluted to an Agg of 0.01 into GM or liquid SLAD medium
with supplements and adjustments described below. Colo-
nies were grown on GMA (GM with 2% agar), on GMA-BKP
(GMA supplemented with the pH indicator bromcresol purple
(BKP) to a final concentration of 0.01%; pH 5.2) or on SLAD
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agar (Gimeno etal, 1992) at 28°C. When required, the
media were supplemented with either 200 ug ml~" Geneticin
(GMA-G418) (Sigma-Aldrich) or 10 pug ml™ Phleomycin
(GMA-Phleo) (InvivoGen), or the following adjustments were
made: (i) lowering the glycerol concentration in GMA-BKP
to 0.5%; (ii) supplementation of GM and GMA-BKP with
(NH,).SO, to final concentrations of 50 and 75 mM respec-
tively; (iii) supplementation of GM with 7.6, 50 and 100 mM
(NH,).SO,4 and modifying the pH to 7.3 with 1 M NaOH; (iv)
modifying the initial GMA-BKP pH to 5.5 or 6.5 with 1M
NaOH; and (v) liquid SLAD and SLAD agar supplementa-
tion with (NH,).SO, to final concentrations of 7.6, 37.9 or
75.7 mM. BKP changes colour from yellow (pH =5.2)
through violet (pH 6.5) to purple (pH = 6.8).

Determination of cell budding pattern

The budding pattern of the cells from liquid medium or in
colonies was ascertained by evaluating the cell arrangement
in cell clusters. When required, the budding pattern was
confirmed by staining the bud scars with 0.2 uM Calcofluor
white (Vopalenska et al., 2005). The proportion of unipolarly
budding cells and pseudohyphal cells on the periphery of
young microcolonies was followed in situ. The presence of
these cells in wrinkles or inside the microcolonies was deter-
mined by evaluating cells harvested from microcolonies.

Exposure of cells to ammonia or amine vapour

Ammonia was generated in a small vessel containing 1 M
NH,CIl in 1 M NaOH (Palkova et al., 1997). 1 M methylamine
or 1 M propylamine was prepared from 12 M stock solutions
(Sigma) diluted in H,O in the vessel. The vessels were placed
near the agar as indicated in the scheme in Fig. 1B for
15 min, 1 h after plating the cells on GMA.

Construction of £S"-Flo11p-GFP strain

The LoxP-GFP module was inserted behind the 66th bp
downstream of the FLO11 coding region (Fig. 4C) using inter-
nal tagging as described (Gauss etal., 2005). The loxP-
kanMX6-GFP transformation module was amplified by PCR
from plasmid pOM40 (containing the kanMX6 marker and
GFP tag) using PPP Master Mix (TopBio) and the primers
MA1 (gcttatttggtcctttcgcttctatttaactcggctttgggtititgcaggtcgac
aacccttaat) and MA2 (acagctagttccticggaggatcctcttggaacta
gtgcagttgggcggecgeataggecact). Transformants were selec-
ted on GMA-G418. The kanMX6 marker was removed by
transforming the cells with plasmid pSH65 (containing
Cre-Recombinase and the ble" marker gene) as described
(Gueldener etal., 2002). Positive transformants were
selected on GMA-Phleo plates. Cre expression was induced
by shifting the cells grown overnight in YPD to YPGal (both
media supplemented with 10 ug mI™' Phleomycin) for 2 h.
Approximately 200 cells were then plated on GMA and cells,
which lost kanMX6 were detected by replica plating onto
GMA-G418. Selected clones were examined under the
fluorescence microscope and the integration of the loxP-GFP
module was verified by colony PCR (Gauss et al., 2005).
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Deletion of FLO11 gene

Deletion of the FLO17 gene was performed using a disruption
cassette, as described (Gueldener et al., 2002). The cassette
was amplified by PCR with primers DEL1 (ttaaaatatacttt
tgtaggcctcaaaaatccatatacgcacactcagcetgaagcttcgtacge) and
DEL2 (atgaaaacatcgtaatgaagaaacgaacatgttggaattgtatcagca
taggccactagtgga) homologous to the flanking regions of
FLO11 ORF and complementary to plasmid pUG6 (contain-
ing kanMX6 marker gene) or plasmid pUG66 (containing ble’
marker gene). The cassette was transformed into yeast cells
and positive transformants were selected on GMA-G418 or
GMA-Phleo plates. Selected clones were then examined by
colony PCR for the presence of the kanMX6 or ble" marker
integrated instead of the FLO77 gene.

Yeast transformation

>S" cells were transformed as described (Gietz and Woods,
2002). Before plating on selection medium (GMA-G418 or
GMA-Phleo), cells were incubated for 3 h in YPD at 28°C with
shaking. Plates were incubated at 28°C for 4 days.

Photography of colonies and cells

Larger colonies were photographed with illuminating light from
above. A HITACHI HV-C20 colour camera with Cosmicar or
Navitar objectives was used, along with a Fiber-Lite PL-800
and Kaiser Prolite illumination system and NIS-Elements AR
2.30 software (Laboratory Imaging). The time-laps experi-
ments documenting colony development (for video acquiring)
were performed using camera Nikon DS-5M with objective
Navitar 12x Zoom 12:1 with led diode illumination, operated
by time-lapse image recording NIS-elements system (Labora-
tory Imaging). The cells and young microcolonies were pho-
tographed with a high performance CCD camera (Cohu) and
microscope (Leica DMR) with a 10x, 20x or 40x objective.
Cells with Flo11p-GFP were evaluated under an HCX PL
fluotar 100x/1.3 oil objective with a GFP filter, when stained
with Calcofluor white with a UV filter (excitation 340—-380 nm)
and under Nomarski contrast with Leica DMR.

Acknowledgements

We thank D. Mai8aidrova for excellent technical assistance.
This study was supported by grants from the Grant Agency
of Academy of Sciences IAA500200506, Grant Agency of
the Czech Republic 204/08/0718 and from the Ministry of
Education (LC06063 and LC531, Research Concepts
MSM0021620858 and AV0Z50200510) and by the Howard
Hughes Medical Institute International Research Award
(#55005623 to Z.P.).

References

Alem, M.A., Oteef, M.D., Flowers, T.H., and Douglas, L.J.
(2006) Production of tyrosol by Candida albicans biofiims
and its role in quorum sensing and biofilm development.
Eukaryot Cell 5: 1770-1779.

© 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 12, 264-277



276 |. Vopalenska et al.

Bassler, B.L. (2002) Small talk. Cell-to-cell communication in
bacteria. Cell 109: 421-424.

Chen, H., and Fink, G.R. (2006) Feedback control of mor-
phogenesis in fungi by aromatic alcohols. Genes Dev 20:
1150-1161.

Crispens, C.G. (1975) Section IV: Blood. In Handbook of the
Laboratory Mouse. Springfield, IL, USA: Charles C.
Thomas Pub. Ltd., pp. 93—123.

Cullen, P.J., and Sprague, G.F. Jr (2002) The roles of
bud-site-selection proteins during haploid invasive growth
in yeast. Mol Biol Cell 13: 2990-3004.

Davies, L., Satre, M., Martin, J.B., and Gross, J.D. (1993) The
target of ammonia action in dictyostelium. Cell 75: 321—
327.

Douglas, L.J. (2003) Candida biofilms and their role in
infection. Trends Microbiol 11: 30-36.

Dranginis, A.M., Rauceo, J.M., Coronado, J.E., and Lipke,
P.N. (2007) A biochemical guide to yeast adhesins: glyco-
proteins for social and antisocial occasions. Microbiol Mol
Biol Rev 71: 282—294.

Gancedo, J.M. (2001) Control of pseudohyphae formation in
Saccharomyces cerevisiae. FEMS Microbiol Rev 25: 107—
123.

Gatto, P., Vrhovsek, U., Muth, J., Segala, C., Romualdi, C.,
Fontana, P., et al. (2008) Ripening and genotype control
stilbene accumulation in healthy grapes. J Agric Food
Chem 56: 11773-11785.

Gauss, R., Trautwein, M., Sommer, T., and Spang, A. (2005)
New modules for the repeated internal and N-terminal
epitope tagging of genes in Saccharomyces cerevisiae.
Yeast 22: 1-12.

Gietz, R.D., and Woods, R.A. (2002) Transformation of
yeast by lithium acetate/single-stranded carrier DNA/
polyethylene glycol method. Methods Enzymol 350: 87-96.

Gimeno, C.J., Ljungdahl, P.O., Styles, C.A., and Fink, G.R.
(1992) Unipolar cell divisions in the yeast Saccharomyces
cerevisiae lead to filamentous growth — Regulation by
starvation and Ras. Cell 68: 1077—-1090.

Gross, J.D., Bradbury, J., Kay, R.R., and Peacey, M.J. (1983)
Intracellular pH and the control of cell differentiation in
Dictyostelium discoideum. Nature 303: 244—245.

Gueldener, U., Heinisch, J., Koehler, G.J., Voss, D., and
Hegemann, J.H. (2002) A second set of loxP marker
cassettes for Cre-mediated multiple gene knockouts in
budding yeast. Nucleic Acids Res 30: e23.

Jackson, C.L., and Hartwell, L.H. (1990) Courtship in
S. cerevisiae: both cell types choose mating partners by
responding to the strongest pheromone signal. Cell 63:
1039-1051.

Juhas, M., Eberl, L., and Tummler, B. (2005) Quorum
sensing: the power of cooperation in the world of
Pseudomonas. Environ Microbiol 7: 459—-471.

Kato, M., Hayakawa, Y., Hyodo, H., Ikoma, Y., and Yano, M.
(2000) Wound-induced ethylene synthesis and expres-
sion and formation of 1-aminocyclopropane-1-carboxylate
(ACC) synthase, ACC oxidase, phenylalanine ammonia-
lyase, and peroxidase in wounded mesocarp tissue of
Cucurbita maxima. Plant Cell Physiol 41: 440-447.

Keller, L., and Surette, M.G. (2006) Communication in
bacteria: an ecological and evolutionary perspective. Nat
Rev Microbiol 4: 249-258.

Kruppa, M. (2009) Quorum sensing and Candida albicans.
Mycoses 52: 1-10.

Liu, H., Styles, C.A., and Fink, G.R. (1996) Saccharomyces
cerevisiae S288C has a mutation in FLO8, a gene required
for filamentous growth. Genetics 144: 967-978.

Lo, W.S., and Dranginis, A.M. (1998) The cell surface
flocculin Flo11 is required for pseudohyphae formation and
invasion by Saccharomyces cerevisiae. Mol Biol Cell 9:
161-171.

McCusker (2006) Saccharomyces cerevisiae: an emerging
and model pathogenic fungus. In Molecular Principles
of Fungal Pathogenesis. Heitman, J., Filler, S.G., Edwards,
J.E., Mitchell, A.P. (eds). Washington, DC, USA: ASM
Press, pp. 245-259.

Madden, K., and Snyder, M. (1998) Cell polarity and morpho-
genesis in budding yeast. Annu Rev Microbiol 52: 687—-744.

Nickerson, K.W., Atkin, A.L., and Hornby, J.M. (2006)
Quorum sensing in dimorphic fungi: farnesol and beyond.
Appl Environ Microbiol 72: 3805-3813.

Palkova, Z., and Vachova, L. (2003) Ammonia signalling in
yeast colony formation. Int Rev Cytol 225: 229-272.

Palkova, Z., and Vachova, L. (2006) Life within a community:
benefit to yeast long-term survival. FEMS Microbiol Rev
30: 806—-824.

Palkova, Z., Janderova, B., Gabriel, J., Zikanova, B.,
Pospisek, M., and Forstova, J. (1997) Ammonia mediates
communication between yeast colonies. Nature 390: 532—
536.

Palkova, Z., Devaux, F., Ricicova, M., Minarikova, L., Le
Crom, S., and Jacq, C. (2002) Ammonia pulses and meta-
bolic oscillations guide yeast colony development. Mol Biol
Cell 13: 3901-3914.

Radford, D.R., Challacombe, S.J., and Walter, J.D. (1994) A
scanning electron-microscopy investigation of the structure
of colonies of different morphologies produced by pheno-
typic switching of Candida albicans. J Med Microbiol 40:
416-423.

Reynolds, T.B., and Fink, G.R. (2001) Bakers’ yeast, a model
for fungal biofilm formation. Science 291: 878-881.

Roberts, R.L., and Fink, G.R. (1994) Elements of a single
map kinase cascade in Saccharomyces cerevisiae
mediate 2 developmental programs in the same cell-type —
mating and invasive growth. Genes Dev 8: 2974—-2985.

Shimkets, L.J. (1990) Social and developmental biology
of the myxobacteria. Microbiol Rev 54: 473-501.

Sudbery, P., Gow, N., and Berman, J. (2004) The distinct
morphogenic states of Candida albicans. Trends Microbiol
12: 317-324.

Vachova, L., Kucerova, H., Devaux, F., Ulehlova, M., and
Palkova, Z. (2009) Metabolic diversification of cells during
the development of yeast colonies. Environ Microbiol 11:
494-504.

Vopalenska, I., Hulkova, M., Janderova, B., and Palkova, Z.
(2005) The morphology of Saccharomyces cerevisiae colo-
nies is affected by cell adhesion and the budding pattern.
Res Microbiol 156: 921-931.

Supporting information

Additional Supporting Information may be found in the online
version of this article:

© 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 12, 264—-277



Fig. S1. Density of plating influences polarity of cell growth
and microcolony development.

Fig. S2. Effect of ammonia on morphology of =S" cells
growing in liquid GM medium.

Fig. S3. Effect of ammonia and other amines on develop-
ment of young solitary microcolonies.

Fig. S4. Effect of ammonia, ammonium and pH on develop-
ment of young solitary microcolonies.
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Fig. S5. Impact of ammonium sulfate concentration on
morphology of cells growing in liquid or on solid SLAD.
Video S1. Development of =S" microcolonies.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.

© 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 12, 264-277



5.2. Obecné faktory prispivajici k tvorbé strukturovanych kolonii

Vedle tvorby strukturovanych kolonii se slozitou trojrozmérnou strukturou je
charakteristickym rysem piirodnich kment S. cerevisiae, podobné jako v ptipadé mnoha
druht patogennich kvasinek (JAIN et al., 2008), zna¢na fenotypova variabilita. Ta se projevuje
schopnosti tvofit nékolik morfologicky odlisnych typti kolonii, od kolonii ,vrascitych*
(,,fluffy*) ptes razné typy kolonii ,Casteéné vrasCitych® (,,semi-fluffy”) az po kolonie
nhladké™ (,,smooth®). Byt jiz primarni izolaty obsahuji buiiky schopné produkce vSech
popsanych fenotyptd, lze méné strukturované a hladké morfotypy, podobné jako je tomu
v piipadé¢ domestikace kmene BR-F (viz kap 3.4.) (KUTHAN et al., 2003), reprodukovatelné
s relativné vysokou frekvenci ziskat z ,vrasCité” varianty pi1 kultivaci v laboratornich
podminkach.

Obecné faktory, které jsou dulezité pro vznik a vyvoj strukturovanych kolonii, nejsou zcela
objasnény a jejich komplexni definice na SirSim genetickém pozadi spiSe chybi. V tomto
kontextu se jevi vySe popsana fenotypova variabilita nepiibuznych ptirodnich kmenii jako
idedlIni prostor pro charakterizaci fyziologickych a genetickych ryst zodpovédnych za vznik
chovani typického pro zivot v ptirodnich podminkach. Produkce extracelularni matrix je
jednou z vlastnosti typickych pro strukturované kolonie. S piitomnosti ECM rovnéz
pravdépodobné souvisi dalsi fyziologické charakteristiky kolonii, jako je jejich velikost ¢i
obsah vody. VSechny vySe zminéné vlastnosti pifimo koreluji se strukturovanosti
(,,vrascitosti®) kolonii, kdy nejvetsi mnozstvi ECM, nejvyssi obsah vody a nejvyraznéjsi
velikost vykazuji kolonie ,vrasCité”. Intenzita téchto charakteristik je niz8i u méné
typické pro skupinu kolonii ,hladkych®. Podobny trend je mozné pozorovat i v piipade
exprese nékterych genti napi. AQY1 a FLO11. Delece genu FLO11 navic zptisobuje, podobné
jako u kmene 21278, ztratu schopnosti tvorby strukturovanych kolonii u vSech testovanych
ptirodnich kment. Klicovou roli povrchové adhezivni molekuly Flollp jsme zaroveii
prokazali zavedenim regulovatelného promotoru pied funk¢ni alelu genu FLO11. Kolonie
takového kmene je za neinduk¢nich podminek hladka, pfidani induktoru a tedy obnoveni
exprese genu FLO11l vede k obnoveni tvorby strukturované kolonie. Mezi charakteristiky,
které ptimo nesouvisi s tvorbou komplexnich kolonii, patfi pomérné prekvapivé morfologie a
typ puceni bungk, ze kterych jsou kolonie slozeny. Tvar, vlaknity rust a charakter puceni

bunék v populaci kolonii jsou vlastnosti odlisné mezi jednotlivymi kmeny, kdy ,,vras¢ité*
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kolonie nekterych kment jsou sloZzeny s pomérné vyznamného poctu pseudohyfalnich,
polarné¢ pucicich bun€k, zatimco morfologicky velmi podobné kolonie kmene jiného jsou

slozeny pouze z klasickych kulatych ¢i ovalnych bunék.

Vysledky prace jsou prezentovany v nasledujici publikaci:
(STOVICEK et al., 2010)
Stoviek V., Vachova L., Kuthan M., Palkova Z. (2010): General factors important for the
formation of structured biofilm-like yeast colonies. Fungal Genetics and Biology 47:1012-
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The lifestyle of wild and laboratory yeast strains significantly differs. In contrast to the smooth colonies of
laboratory strains, wild Saccharomyces cerevisiae strains form biofilm-like, strikingly structured colonies
possessing distinctive traits enabling them to better survive in hostile environments in the wild. Here,
comparing three sets of strains forming differently structured colonies (fluffy, semi-fluffy and smooth),
each derived from ancestors with distinct genetic backgrounds isolated from natural settings (BR-88,
BR-99 and BR-103), we specified the factors essential for the formation of structured colonies, i.e. for
the lifestyle most likely to be preferred in the wild. The ability to form an abundant extracellular matrix
(ECM) is one of the features typical for structured colonies. ECM influences colony architecture and many
other physiological properties, such as the capability to retain water in a 2-fold surplus to wet cell bio-
mass. ECM composition, however, differs among distinct strains, depending on their particular genetic
background. We further show that the expression of certain genes (AQY1, FLO11) is also strictly related
to the particular colony morphology, being highest in the most structured colonies. Flo11p adhesin,
important for cell-cell and cell-surface adhesion, is essential for the formation of fluffy colonies and thus
significantly contributes to the phenotype variability of wild yeast strains. On the other hand, surpris-
ingly, neither the cell shape nor budding pattern nor the ability to form pseudohyphae directly influences
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Flo11p adhesin
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the formation of three-dimensional fluffy colony architecture.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Microorganisms under natural conditions usually organize with-
in multicellular communities exhibiting specific features which do
not emerge under laboratory conditions (Palkova and Vachova,
2006). Examples are complicated biofilms, which settle different
natural surfaces, e.g. in rivers and lakes. They also cause serious
problems in medical care and technology because of their adhesion
to various materials and high resistance to chemical treatments. Col-
onies growing on wet solid surfaces are another example of multicel-
lular structures which are common in the wild. Microbial strains
isolated from various natural environments (e.g. vineyards, water
habitats, host body) form populations markedly differing from the
populations of typical laboratory strains (Aguilar et al.,2007; Branda
et al., 2001; Cavalieri et al., 2000; Franzot et al., 1998; Kuthan et al.,
2003; Liu et al., 1996). Prolonged cultivation of social microorgan-
isms in unstructured habitats such as non-changing batch condi-
tions may lead to a loss of their social behavior (Velicer et al., 1998).

Various types of bizarre structured colonies as well as the phe-
nomenon of their phenotypic switching were described many

Abbreviations: ECM, extracellular matrix; HMWGP, high molecular weight
glycoprotein; 3-D, three-dimensional.
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years ago during studies of clinical isolates of pathogenic yeasts
of Candida sp. and Cryptococcus neoformans (Goldman et al.,
1998; Slutsky et al., 1985). Phenotypic switching is a reversible
occurrence of the spontaneous emergence of colonies with differ-
ent morphological and physiological characteristics, with a fre-
quency higher than mutations usually occur. Phenotypic
switching thus provides population variability and contributes to
rapid adaptation to a changing harmful environment (Jain et al.,
2008). In the case of pathogenic yeasts, each phenotype displays
a different level of virulence (Soll, 1992). Candida albicans is consid-
ered to be a dimorphic yeast (nowadays called polymorphic), capa-
ble of transitioning between different cellular forms (round
budding form, pseudohyphae or true hyphae) depending on the
environmental conditions (Sudbery et al., 2004). Scanning electron
microscopy revealed the relationship between colony shape and
the morphology of the constituent cells. While smooth colonies
were entirely composed of rounded cells, the morphology of struc-
tured colonies was determined by the specific proportion of all cel-
lular forms organized to variable layers. The surface waving of
wrinkled colonies was suggested to be an effect of developing hy-
phae (Joshi and Gavin, 1975; Pesti et al., 1999; Radford et al., 1994).

The development of Saccharomyces cerevisiae populations living
for a long time under laboratory conditions significantly differs
from that of populations growing in the wild. This is particularly
evident in the organization of colony architecture, which exhibits
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a biofilm-like aerial morphology when formed by a S. cerevisiae
strain freshly isolated from natural settings, while it becomes
smooth when the same strain grows for some time on rich agar
media. This process of domestication is connected with extensive
changes in cell physiology, as indicated by changes in gene expres-
sion and other cellular characteristics (Kuthan et al., 2003). A wild
yeast colonial population consequently acquires various features
typical for the population of a laboratory strain. The domestication
switch is a stable process, as the progenies of domesticated clones
form typical smooth colonies during subsequent generations.

Despite all the described differences between natural colonial pop-
ulations on one side and domesticated or laboratory strain popula-
tions on other side, the general traits essential for the formation of a
biofilm-like colony architecture remain somewhat unknown. In this
study, we analyzed three unrelated wild S. cerevisiae strains exhibiting
significant phenotypic variability consisting of the formation of differ-
ently structured colony variants. We examined the morphology and
physiology of the cells of these variants as well as the principles in-
volved in the organization of their colonies. This allowed us to identify
the general traits essential for the formation of the aerial three-
dimensional (3-D) architecture of S. cerevisiae colonies.

2. Material and methods
2.1. Strains and media

The wild S. cerevisiae strains BR-88 (CCY 21-4-88), BR-99 (CCY
21-4-99) and BR-103 (CCY 21-4-103) were from the collection of
the Chemical Institute of the Academy of Science, Bratislava, Slovak
Republic. Colonies were grown on GMA (3% glycerol, 1% yeast ex-
tract, 2% agar). For selective plates, the medium was supplemented
with 200 mg/l G418 (Duchefa Biochemie, The Netherlands) or
100 mg/1 nourseothricin (Werner Bioagents, Germany).

2.2. Determination of colony biomass and number of cells forming the
colony

The average diameter of a colony, biomass and number of cells
within a colony were determined for colonies 3-5 or 7-14 days old
plated at a density of 100-120 or 40-50 colonies per Petri dish,
respectively. Such a colony density avoids colony size fluctuations
caused by colony-colony inhibition, which occurs in high-density
plating. The total number of cells forming one colony was deter-
mined using a haemocytometer. The biomass of colonies was esti-
mated as their wet weight. To determine dry biomass, the wet
biomass was dried on a Speed-vac for at least 6 h. Water content
was calculated as the difference between wet and dry biomass.
Data is the average of three independent experiments (two repeti-
tions in each) + SD (standard deviation).

2.3. Analysis of budding pattern

Cells from colonies were stained with 2 uM Calcofluor White
M2R (Molecular Probes). Approximately 400 cells from the colonies
were counted and scored for their percentage budding pattern under
a Leica DMR fluorescent microscope (UV filter, excitation 340-
380 nm). Data is the average of three independent experiments.

2.4. Staining of colony “footprint”

Colonial cells were washed off the agar. The remaining cells
were stained with a solution of 0.1% Coomassie blue R250 in 40%
methanol and 10% acetic acid for 1 h. After washing the plate with
water and 40% methanol, 10% acetic acid, the stained cells were
photographed in transmitted light.

2.5. Construction of the strains

Flo11p-GFP strains containing the FLO11 gene fused with the GFP
gene in their genome were constructed via previously described pro-
cedure (Gauss et al., 2005; Vopalenska et al., 2010), which enables
the introduction of the GFP gene behind the FLO11 signal sequence
so that both the secretion sequence and C-terminus (important for
GPI-anchor tagging) are preserved. Gene deletions and artificial pro-
moter (Pcypy) insertions were performed by transforming the cells
with DNA cassettes generated by PCR using the primers and plas-
mids listed in Suppl. Tables 1a and 1b according to the procedures
described in (Gueldener et al., 2002; Janke et al., 2004). Yeast cells
were transformed according to (Gietz and Woods, 2002).

2.6. Photography and determination of the cell volume

Colonies were photographed in incident light. A Hitachi HV-C20
color camera was used with a Navitar objective, Fiber-Lite PL-800
or Kaiser Prolite illumination systems and NIS Elements software
(Laboratory Imaging). One-day-old colonies (10x objective) and
cells (100x immersion objective and Nomarski differential con-
trast) were photographed in transmitted light using a Leica DMR
microscope and Cohu CCD camera. Cell micrographs were cali-
brated and cell parameters evaluated using NIS Elements. The vol-
ume of individual cells was estimated according to their particular
shape. At least 300 cells were evaluated per sample.

2.7. ESEM analysis

The procedure for preparing samples of yeast colonies for obser-
vation under the AquaSEM (Tescan) environmental scanning elec-
tron microscope (ESEM) was described earlier (Kuthan et al., 2003).
A matrix-preserving protocol was used to improve the visualiza-
tion of ECM. Samples were observed under 500 Pa at —18 °C using
an ionization detector at 15 kV.

2.8. Extracellular material extraction, SDS-PAGE and detection of
protein glycosylation

The biomass of whole colonies was collected, mixed thoroughly
and centrifuged (15 min, 4 °C, 18,000g) to remove cells. The extra-
cellular aqueous phase was treated with acetone for 2 h (four vol-
umes of acetone per one sample volume) at —20 °C. The precipitate
containing the proteins was suspended in a denaturing sample
buffer (1 pl of the sample buffer per extract from a biomass corre-
sponding to 2 mg of dry biomass), denatured for 15 min at room
temperature and separated on 9% SDS-PAGE. Gels were stained
with silver (Rabilloud, 1990). Alternatively, the SDS-PAGE sepa-
rated proteins were transferred to a PVDF membrane and the gly-
coproteins were visualized by sequential incubation in
concanavalin A, horseradish peroxidase and chloronaphthol-H,0,
solution as described previously (Hawkes, 1982).

2.9. Northern blot analysis

Biomass from colonies (200 mg for fluffy and 100 mg for
smooth colonies) was suspended in 400 pl TES (10 mM Tris pH
7.5, 10 mM EDTA, 0.5% SDS) buffer. Total RNA was isolated by
the hot phenol method (Cap et al., 2009). Twelve microgram of
denatured total RNA in water-formamide (3:10) was separated
on 1.5% agarose gel, transferred to a positively charged nitrocellu-
lose membrane (Hybond N*, Amersham Biosciences) and hybrid-
ized with specific probe. The probes used were complete ORFs of
particular genes prepared by PCR reaction. For the FLO11 probe, a
PCR fragment corresponding to the last 1382 bp of the FLO11 gene
was used. The [o->?P]dCTP labeled probes were obtained by ran-
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dom priming using the DECAprime II Kit (Ambion). The Northern
blots were densitometrically quantified using UltraQuant 6.0 soft-
ware. The values presented are relative densities calculated for the
maximal value of each film (set as 100%).

3. Results and discussion

In this study we used a set of 10 strains (Fig. 1 and Table 1)
forming colonies with differently structured morphology, arising
by phenotypic switching similar to that described previously for
clinical isolates of C. albicans (Slutsky et al., 1985; Vargas et al.,
2004). These strains were obtained as individual subclones of the
three original S. cerevisiae natural isolates BR-88, BR-99 and BR-
103 (isolated from different habitats such as a river, lake or mush-
rooms) plated on solid medium with a non-fermentable carbon
source (GMA) (Suppl. Fig. 1). The strains were categorized into
three groups according to their morphology. The first “fluffy” group
includes the BR-99-F, BR-88-F and BR-103-F strains, the colonies of
which exhibited highly structured biofilm-like fluffy morphology
from early in their growth (3rd day). The second, “semi-fluffy”
group includes strains forming less structured colonies than the
fluffy group and/or those only developing the structured morphol-
ogy later during their development. These are the BR-99-SF and
BR-88-R colonies, which became fluffy on the 4th day and colonies
of BR-103-SF and BR-88-WE strains, which remained less struc-
tured throughout their development. The third, “smooth” group in-
cludes the domesticated derivatives BR-99-S, BR-88-S and BR-103-
S, forming colonies which were smooth over the whole of their
development, thus resembling the colonies of laboratory strains.
All isolated strains were stable and formed colonies with typical
morphology under standard conditions.

3.1. Physiological properties of colonies are strictly related to their
morphology

To characterize the basic physiological features of the colonies
of the three groups (fluffy, semi-fluffy and smooth) during their
development, we determined the average colony diameter, average
cell number within a colony, wet and dry colony biomass and thus
indirectly the water content (Fig. 2). The fluffy colonies were on
average slightly but significantly larger in their diameter than their
smooth counterparts (Fig. 2A). This difference was much more pro-
nounced for the total wet colony biomass, usually 3-fold higher in
fluffy colonies (Fig. 2B). This indicates that fluffy colonies are taller
and more voluminous structures than relatively flat smooth colo-
nies. On the other hand, smooth colonies were composed of a lar-
ger number of cells, counted per colony (Fig. 2C) or per biomass
unit (data not shown). All this suggests that a fluffy colony is either
composed of cells at least three times larger than in a smooth col-
ony, or it contains a high percentage of extracellular fluid, to create
the differences described above. As shown in Fig. 2D, there is no
significant difference in the volume of cells harvested from fluffy
and smooth colonies. On the other hand, fluffy colonies contain
more water (Fig. 2B), which can be deposited in the intercellular
space and within their extracellular matrix (ECM) possibly func-
tioning as an extracellular water reservoir. Both suggest that extra-
cellular fluid deposited in the intercellular space represents the key
contribution to the large volume of a fluffy colony. As for semi-fluf-
fy colonies, they fit in-between smooth and fluffy colonies in all
measured characteristics (Fig. 2).

3.2. Differently structured colonies differ in their production of
extracellular matrix

ECM containing a glycoprotein of MW >200 kDa was found in
fluffy colonies formed by the S. cerevisiae BR-F strain (Kuthan

et al., 2003). Therefore, we analyzed the colonies of all natural
strains for the presence of ECM by environmental scanning elec-
tron microscopy (Fig. 3A). From day 6, abundant ECM was detected
in the fluffy colonies of all three strains, while there was no such
material present in any of the smooth colonies. A minor amount
of ECM was also detected in semi-fluffy colonies.

We then asked the question of whether the high molecular
weight glycoprotein (HMWGP) (Kuthan et al., 2003) is essential
for the formation of a fluffy colony architecture in general. We pre-
pared extracts of colony ECM and analyzed the proteins therein by
electrophoresis. Despite all fluffy colonies contained abundant
ECM, only BR-88-F fluffy colonies excreted glycoprotein (rust-col-
ored by silver staining; Fig. 3A, blue arrow) with gel mobility sim-
ilar to that of the HMWGP described previously. Presence of sugar
moiety linked with this HMWGP was proved by ConA/peroxidase
staining (Fig. 3B). A smaller amount of this protein was also visible
in the ECM from colonies of one of the two semi-fluffy BR-88 de-
rived strains (BR-88-R) (Fig. 3A). Interestingly, this strain formed
colonies that in later developmental phases had morphology com-
parable to that of BR-88-F (Fig. 1). In contrast, such a glycoprotein
was neither detected in the colonies of other fluffy and semi-fluffy
strains nor in the colonies of any smooth strain.

This data suggests that the presence of an ECM is one of the fea-
tures important for the formation of S. cerevisiae fluffy colony mor-
phology. Smoothness is always connected with the absence of
ECM. In the case of C. neoformans, wrinkled colony morphology
was ascribed to a disordered packing of cells caused by a profuse
amount of exopolysaccharide, in contrast to the more ordered and
tight organization of smooth colonies (Fries et al., 1999). The ECM
composition can however differ in different S. cerevisiae strains.
For example, as in the case of bacterial glycocalyx (Costerton et al.,
1981), in some our S. cerevisiae fluffy strains, the carbohydrate com-
ponent could prevail over the protein component in such a way that
the amount of an HMWGP protein could be below the detection lim-
it. In addition, in some of the strains HMWGP protein could be cova-
lently bound to the cell surface (e.g. to the cell wall), which could
complicate its release to the extracellular liquid. It also cannot be ex-
cluded that other yet unknown proteins of substantially different
MW could participate in the formation of the ECM. The finding that
extracellular extracts of fluffy colonies generally contain larger
amounts and a wider spectrum of different proteins than their
smooth counterparts (Fig. 3A) supports this possibility.

Polysaccharides often form the major component of the extra-
cellular material produced by microorganisms. It was shown, for
example, that they can comprise up to approximately 80% of the
extracellular polymeric material produced by C. albicans (McCour-
tie and Douglas, 1985). Polysaccharides possess a high water bind-
ing capacity as was shown for the extracellular mannans of
Rhodotorula acheniorum, which were able to retain such an amount
of water to multiply its own mass by a factor of 3.5 (Pavlova et al.,
2005). ECM thus can considerably contribute to the retention of
extracellular fluid in fluffy S. cerevisiae colonies. As a result, the
proportion of dry mass in whole fluffy (and semi-fluffy) colony bio-
mass is lowered (Fig. 2E) compared to smooth colonies, while the
proportion of wet biomass is increased (Fig. 2B). Accordingly, the
structured colonies of the BR-88 strain (BR-88-F, BR-88-R), con-
taining the highest amount of ECM (Fig. 3), on average retain
slightly more water than the structured colonies of other wild
strains (not shown).

3.3. Distinct colony morphology develops independently of cell
morphology and the polarity of cellular budding

Despite striking differences in colony morphology, the analysis of
cells from S. cerevisiae colonies did not reveal any clear link between
colony morphology, cell morphology and budding pattern (Fig. 4).
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BR-99-F

BR-99-SF
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BR-103-F

BR-103-SF

BR103-S

Fig. 1. Colony morphology of “fluffy”, “semi-fluffy” and “smooth” strains derived from natural S. cerevisiae ancestors BR-88, BR-99 and BR-103. Rightmost column, footprints

of attached cells after washing out the colony. White bar, 1 mm; black bar, 10 pm.

The colonies of all three groups (fluffy, semi-fluffy and smooth) were
mostly composed of cells exhibiting bipolar budding (55-90%),
which is typical for diploid cells (Chant and Pringle, 1995); fraction
of cells budded randomly (Fig. 4A). The ratio of bipolarly and ran-
domly budding cells did not significantly change during colony
development (data not shown) and was more dependent on the
strain genetic background than on its particular colony morphotype.

In addition, exclusively in the fluffy colonies of BR-99-F and BR-88-F
strains, we found a fraction (20%, approximately) of elongated unip-
olarly budding cells, which formed short pseudohyphae in some
cases. Fluffy colonies can be therefore composed of either elongated
cells and pseudohyphae (strains BR-99-F, BR-88-F) or rounded/oval
cells (strain BR-103-F) (Fig. 4C), similar to those usually present in
semi-fluffy and smooth colonies (Fig. 4B). This data clearly shows
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Table 1

Strains used in this study.
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Strain Colony morphology Genetic background
category”
BR-88-F Fluffy BR-88, MATa/MATo.
BR-88-F- Fluffy BR-88, MATa/MATo, FLO11-GFP/
Flo11p-GFP FLO11
BR-88-F-flo11 Smooth BR-88, MATa/MATu,
flo11A::kanMX|flo11A::nat1
BR-88-R Semi-fluffy BR-88, MATa/MATo.
BR-88-WE Semi-fluffy BR-88, MATa/MATu
BR-88-S Smooth BR-88, MATa/MATo.
BR-99-F Fluffy BR-99, MATa/MATo.
BR-99-F- Fluffy BR-99, MATa/MATo., FLO11-GFP/
Flo11p-GFP FLO11
BR-99-F-flo11 Smooth BR-99, MATa/MATu,
flo11A::kanMX|/flo11A::nat1
BR-99-F-Pcyp;-  Smooth BR-99, MATa/MATo, Pcyp;-FLO11/
FLO11 flo11A::kanMX
BR-99-F-aqy1 Fluffy BR-99, MATa/MATu,
aqy1A::kanMX[aqy1A::nat1
BR-99-SF Semi-fluffy BR-99, MATa/MATo.
BR-99-S Smooth BR-99, MATa/MATo.
BR-103-F Fluffy BR-103, MATa/MATo
BR-103-F- Fluffy BR-103, MATa/MATe, FLO11-GFP/
Flo11p-GFP FLO11
BR-103-F-flo11  Smooth BR-103, MATa/MATo,
flo11A::kanMX|/flo11A::nat1
BR-103-SF Semi-fluffy BR-103, MATa/MATx
BR-103-S Smooth BR-103, MATa/MATo
BR-F Fluffy MATa/MATo:.

" For colonies grown on standard GMA medium.

that the polarity of budding and shape of S. cerevisiae cells are not
essential prerequisites for the formation of distinct colony morphol-
ogy. This findingis in direct contrast to previous studies of some non-
conventional yeasts, where a clear link between colony and cell mor-
phology was described (see also Section 1) (Radford et al., 1994;
Wartmann et al., 2000).

Most S. cerevisiae laboratory strains form colonies that are not
attached to the agar surface and thus their cells can be completely
washed out from the agar (data not shown). In contrast, the colo-
nies of all tested strains, whether fluffy or smooth, left footprints
of remnant cells when washed out from the agar (Fig. 1). In gen-
eral, more structured colonies appeared to be more attached to
the agar than smooth or semi-fluffy colonies, however the exact
pattern was specific to the particular strain and probably reflects
the internal organization of the colony and the sites of its attach-
ment to the agar surface.

3.4. Specific gene expression in fluffy and smooth colonies

A genome-wide comparison of transcriptomes isolated from
fluffy BR-F and smooth BR-S colonies (Kuthan et al., 2003) showed
relatively extensive gene expression differences. We therefore
asked the question of which of the most prominent expression dif-
ferences described for BR-F and BR-S, could be directly and gener-
ally related to specific colony morphology, and which genes could
thus play a role in determining morphology. We analyzed the
expression profiles of selected genes in the colonies of all studied
strains during 14 days of their development. We chose the genes
FLO11 (for Flo11p surface cell adhesin), TIP1 (for serine-alanine-
rich cell wall mannoprotein), AQY1 (for water channel aquaporin),
MAL31 (for high-affinity maltose permease), MAL32 (for maltase in-
volved in maltose catabolism) and INO1 (for inositol 1-phosphate
synthase) as prominent representatives of the group of genes
which were expressed at higher levels in fluffy BR-F colonies com-
pared to domesticated BR-S colonies, and the SPS100 (encoding
spore wall associated protein) and CTS1 (encoding endochitinase)

genes as members of the gene group which was less expressed in
BR-F than in BR-S colonies (Kuthan et al., 2003).

The expression of most of the analyzed genes (TIP1, INO1,
MAL31, MAL32, SPS100 and CTS1) was not specific for any particular
colony morphotype (Suppl. Figs. 3 and 4). This can be demon-
strated with the following examples: The expression of CTS1 gene
was changed similarly to BR-F versus BR-S colonies (Kuthan et al.,
2003), but only in the colonies of BR-103 derived strains; i.e. a high
expression in the smooth and low expression in the fluffy BR-103
morphotype was observed. There was, however, no difference in
CTS1 expression between the structured and non-structured colo-
nies of BR-88 and BR-99 derived strains. Similarly, the expression
of the TIP1 gene followed the same pattern of highest expression
in a fluffy morphotype observed in BR-F in strains derived from
BR-88 and BR-99. On the other hand, TIP1 expression was highest
in the smooth colonies of BR-103-S strain (Suppl. Fig. 3). Genes
of maltose metabolism (MAL32) and transport (MAL31) exhibit a
similar high expression pattern in fluffy and semi-fluffy colonies
of BR-88 and BR-103 strains, while their expression was lower in
the smooth colonies (Suppl. Fig. 4). BR-99-derived strains, how-
ever, did not express these genes in any type of colonies, thus
excluding the possibility that maltose metabolism is essentially in-
volved in the formation of all structured colonies. This data clearly
shows that many differences in gene expression which were previ-
ously detected are specific for the particular genetic background of
an isogenic set of fluffy and smooth strains, and thus are not di-
rectly involved in the changes connected with the formation of dis-
tinct colony morphology.

Only two of the studied genes, FLO11 and AQY1, have an expres-
sion which was strictly dependent on colony morphology, indepen-
dently of the genetic background (Fig. 5, Suppl. Fig. 2). The first,
FLO11 encoding the adhesin Flo11p, was highly expressed in the fluf-
fy colonies of all three strains, while its expression was low in colo-
nies of the smooth group strains and intermediate in colonies of
semi-fluffy strains. During the first days of fluffy colony develop-
ment, FLO11 expression was at its highest, being more than five
times higher than in the colonies of the smooth strains. FLO11
expression gradually decreased during fluffy colony ageing, while
in smooth colonies, it was maintained at the same, although low, va-
lue. Interestingly, in semi-fluffy colonies, the maximum of the FLO11
expression (50-60% of the maximal value reached in fluffy colonies)
was maintained until the 5th day of their development, which corre-
lates with the initiation of their fluffy structure formation. Some
relationship between structured colony morphology and elevated
expression from the FLO11 promoter was suggested for “flor” yeasts
(Barrales et al., 2008) carrying the modified FLO11F allele (Fidalgo
et al., 2006). The second gene, AQY1 encoding aquaporin, was also
highly expressed in fluffy colonies compared to their smooth coun-
terparts (Fig. 5). Its expression was, however, not only low in smooth,
but also in semi-fluffy colonies. In contrast to FLO11, the expression
of AQY1 in fluffy colonies was highest at about the 7th day, thus indi-
cating that Aqy1p probably participates in later colony developmen-
tal periods than Flo11p. This prediction is supported also by the
observation that formation of fluffy colony morphology is not af-
fected by the deletion of AQY1 gene (not shown).

3.5. Changes in Flo11p expression affect colony morphology

To evaluate effect of different level of Flo11p on colony and cell
morphology, we constructed flo114 strains derived from BR-99-F,
BR-88-F and BR-103-F, respectively. In addition, we constructed
the BR-99-F-Pcyp-FLO11 strain containing FLO11 gene under the
control of inducible CUP1 promoter (Table 1). Deletion of FLO11
gene caused loss of 3-D structured colony architecture and resulted
in formation of flat smooth colonies composed of oval cells
(Fig. 6A) exhibiting bipolar or random budding pattern (not
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Fig. 2. Physiological properties of fluffy, semi-fluffy and smooth colonies. Changes in average colony diameter (A), wet biomass (full symbols) and water content (open
symbols) (B), cell number (C), cell volume (D) and relative dry biomass (E) of particular morphotype during colony development. All parameters were estimated and
calculated for the colonies of all strains. Averaged parameters of BR-99-F, BR-88-F and BR-103-F colonies represent characteristics of the fluffy morphotype; those of BR-103-
SF, BR-99-SF, BR-88-WE and BR-88-R colonies the semi-fluffy morphotype and of BR-99-S, BR-88-S and BR-103-S colonies the smooth morphotype. Bars represent standard
deviation of particular strain(s) from average value of particular morphotype. Volumes of cells from colonies of individual strains are shown in Suppl. Fig. 5.

shown). These colonies were indistinguishable from colonies
belonging to the “smooth” group. BR-99-F-Pcyp1-FLO11 strain also
formed smooth colonies when growing on GMA plates, i.e. under
the conditions where FLO11 expression is absent. Induction of Pcypq
by the copper triggered formation of colonies with fluffy morphol-
ogy (Fig. 6B). In addition, presence of the copper in GMA partially
modifies fluffy morphology appearance of both BR-99-F and of
BR-99-F-Pcyp1-FLO11 colonies (Fig. 6B). It had, however, no impact
on smooth morphology of flo11A mutants (not shown). These data
strongly supported predicted function of Flo11p in formation of
structured colony morphology.

3.6. Flo11p is present on the surface of cells from fluffy colonies
independently of cell shape

The function of Flo11p protein was linked with yeast cell ability
of invasive/pseudohyphal growth (Lo and Dranginis, 1998) and

particularly with the effectiveness of cell-cell adhesion resulting
in flocculation (Verstrepen and Klis, 2006) and cell-surface adhe-
sion, a feature essential for the successful maturation of a S. cerevi-
siae biofilm (Reynolds and Fink, 2001). It was also proposed that
FLO11 expression is specific for pseudohyphae, while it is absent
in the yeast cell form (Guo et al., 2000). Analysis of FLO11 expres-
sion in the colonies of the particular morphotype formed by strains
of different genetic background, showed a clear link between the
FLO11 mRNA level and colony fluffiness. The strains containing
the highest level of FLO11 mRNA formed the most structured colo-
nies. Cell morphology analysis, however, revealed that BR-103-F
colonies are mostly composed of rounded cells. This elicited the
question of whether the Flo11p protein is produced in fluffy colo-
nies independently of the type of cells (elongated pseudohyphae
versus rounded cells). To examine this, we constructed strains de-
rived from BR-99-F, BR-88-F and BR-103-F containing the GFP gene
fused with the FLO11 gene (Table 1). Newly constructed strains
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Fig. 3. Colony ultrastructure and ECM protein composition. (A) Surfaces of 10-day-old colonies observed from above by ESEM using matrix-preserving protocol are shown.
Proteins extracted from the extracellular fluid are shown on the right. The typical pattern of two BR-88 semi-fluffy morphotypes (BR-88-WE, BR-88-R) is represented here by
the BR-88-R strain. Scale bars, 20 pm. Red arrow, ligaments of ECM; blue arrow, glycoprotein of MW >200 kDa. (B) On the left, SDS-PAGE (7.5% gel) of fluffy strain protein
extracts; extract from BR-F colonies is shown to compare position of HMWGP (blue arrow) (Kuthan et al., 2003). On the right, conA/peroxidase visualization of a sugar moiety

linked to the glycoprotein.

formed colonies with a morphology comparable to that of colonies
of the particular parental strain (not shown). As shown in the
Fig. 6C, the fluffy colonies of all strains possess a high amount of
Flo11p-GFP on the surface of the majority of cells harvested from
the colony, independently of the particular cell morphology, i.e.
not only the pseudohyphae or elongated cells of BR-88-F and BR-
99-F colonies, but also the rounded and slightly oval cells of BR-
103-F colonies produce Flo11p-GFP in high quantities in young col-
onies as well as in colonies with a fully developed aerial structure.
This indicates that Flo11p role in shaping the 3-D architecture of
fluffy colonies is not connected with its possible role in pseudohyp-
hae formation, but more probably with function in cell adhesivity
and the organization of cells within the structured colony. This
proposal is supported by the finding that although colonies of all
natural strains adhere to agar more effectively than the colonies
of laboratory strains, this adherence is most intense in most struc-
tured fluffy colonies. Simultaneously, cell clumping is most prom-
inent in the colonies of all fluffy strains, while it is weak in smooth
colonies (not shown). In conclusion, our data shows that indepen-
dently of its possible role in cell morphogenesis, Flo11p is signifi-
cantly involved in the process of fluffy colony formation and thus

contributes to phenotypic variability by which population plastic-
ity can be achieved in strains living in a changing harmful
environment.

4. Conclusions

Environmental conditions have an important impact on the
properties of the multicellular communities that are formed by
microorganisms. Besides the structured natural biofilms (Stoodley
et al., 2002) formed by mobile bacteria as a pellicle at the surface of
water ecosystems or attached to their bottom, this is particularly
evident in the biofilm-like colonies of yeast and bacteria grown
on wet surfaces (Ben-Jacob et al., 1998; Granek and Magwene,
2010). It was shown that S. cerevisiae laboratory strains usually
form smooth colonies with no markedly structured morphology,
whereas wild S. cerevisiae strains freshly isolated from natural set-
tings form structured fluffy colonies, even in the laboratory
(Kuthan et al., 2003). New results allowed us to distinguish two
categories of features connected with the “fluffiness” and “smooth-
ness” of S. cerevisiae colonies. The first category is comprised of
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colony features which are strictly related to a particular colony
morphology regardless of which strain (genetic background) is
the original ancestor of the fluffy, semi-fluffy and smooth strains.
These can be considered to be essential characteristics inevitable
for the development of 3-D colony architecture of a particular mor-

photype. These features include FLO11 and AQY1 gene expression,
which is high in all fluffy strains. The Flo11p surface glycoprotein
when present in high levels could be involved in adhesion and
cell-cell interaction and organization within the structure. The
water channel aquaporin Aqy1p can influence water permeability
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Localization of Flo11p-GFP to the surface of cells forming fluffy colonies. Bar, 5 pm.
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and the surface properties of cells within the colony. Certain effects
of another S. cerevisiae aquaporin Aqy2p on the morphology of
31267 colonies were recently described (Furukawa et al., 2009).
Interestingly, FLO11 is not expressed in the majority of laboratory
strains due to a mutation in the FLO8 transcriptional activator
(Liu et al., 1996) and AQY1 seems to be mutated in smooth labora-
tory strains (Bonhivers et al., 1998). Furthermore, the S. cerevisiae
31278 strain, a wide-spread laboratory model of morphogenetic
studies, is able to express the FLO11 gene and contains a functional
allele of the AQY1 gene (Bonhivers et al., 1998). The cells of the
31278 strain and its haploid derivative are capable of forming fluf-
fy colonies similar to those of wild S. cerevisiae isolates and Flo11p
is important to the formation of their morphology (Vopalenska
et al., 2010).

Another prominent property of all studied fluffy colonies is the
production of a high amount of ECM. This means that as in bio-
films, ECM also plays an important role in the formation of the fluf-
fy colonies of natural yeast strains. ECM retains extracellular liquid,
thus increasing the water content of fluffy colonies, which is an-
other typical characteristic markedly related to the colony struc-
ture (Fig. 2). Due to this property, the matrix can protect a
natural colony against desiccation and can help with feeding cells
located far away from the nourishing agar. The exact composition
of the proteins within this matrix, however, belongs to the second
category of properties specific for strains derived from particular
ancestor(s) i.e. those not determining fluffiness or smoothness in
general. This applies to the HMWGP detected in the ECM of BR-F
colonies (Kuthan et al.,, 2003), the analogous protein of which
was only found in fluffy and semi-fluffy colonies derived from
the BR-88 ancestor. The ECM of structured colonies derived from
other two ancestors (BR-99 and BR-103) either contains HMWGP
covalently bound to the cell surface or some other proteins of dis-
tinct MW are involved, or the ECM is composed mostly of polysac-
charides. Besides differences in protein composition, the
polysaccharide composition of ECM can also differ. This is indi-
cated by the finding that maltose metabolism and transport may
be involved in forming the fluffy colonies with BR-F (Kuthan
et al., 2003), BR-88 and BR-103 ancestors, but not of those derived
from the BR-99 ancestor.

Besides these two categories of features related to differences in
colony morphology, a relatively large group of characteristics was
mostly specific for strain genetic background independently of col-
ony architecture. These characteristics surprisingly also include
such features as cell morphology and budding pattern. There was
no significant difference in the polarity of budding of cells from
colonies of different morphotypes and colony morphology does
not correlate with cell morphology. Fluffy colonies can be formed
from either elongated cells or pseudohyphae (e.g. BR-99 or BR-88
derived strains) or rounded yeast cells (BR-103 derived strains).
This data is in agreement with the previous observation that dis-
ruption of the BUD1 gene does not significantly influence the mor-
phology of the colonies of various S. cerevisiae laboratory strains
(Vopalenska et al., 2005). Thus, budding and cell morphology are
not the key factors influencing S. cerevisiae colony architecture di-
rectly, and the formation of pseudohyphae is not essential for the
organization of fluffy colonies.
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5.3.  Vnitini struktura kolonii a mechanismy podilejici se na jejich ochrané

Tvorba strukturovanych kolonii a jim v mnoha ohledech podobnych biofilmt je vyhodna
strategie pro zivot v nehostinnych podminkach vnéjsiho prostiedi (PALKOVA & VACHOVA,
2006). Je znamo, Ze biofilmy patogennich kvasinek jsou velmi rezistentni vaci
antimykotickym latkam a imunitnimu systému hostitele (CHANDRA et al., 2005). Jaky je vSak
mechanismus zodpovédny za takové vlastnosti? Je ziejmé, ze odpoveéd’ na tuto otazku nebude
jednoduchd a pravdépodobné lezi v komplexni architektufe mnohobunéénych populaci a
koordinovaném pusobeni mnoha faktord, které se na jeji tvorbé podileji (D'ENFERT, 2006).
NaSe vysledky ukazuji, Ze praveé strukturovand kolonie pfirodnich kmenii kvasinek mtize byt
dobrym modelem pro studium takovych d&€ji 1 vzhledem k nesnadné experimentalni
uchopitelnosti modelti studia patogennich biofilma. Vyuziti dvoufotonové konfokalni
mikroskopie ndm totiz dovolilo nahlédnout hloub¢€ji do struktury prostorové heterogenni
kolonie, sledovat jeji vznik a diferenciaci jednotlivych bunécnych populaci a definovat jejich
roli pii ochrané a vyvoji celého spoleCenstvi.

K vyvoji komplexni trojrozmérné architektury kolonii pfirodnich kment dochazi béhem
n¢kolika dnt riistu na pevném médiu z ptivodné na prvni pohled nepftilis diferencovaného
utvaru. Avsak jiz velmi brzy po zformovani takové populace dochazi uvnitt kolonie k funkéni
a prostorové diferenciaci jednotlivych bunéénych subpopulaci. Podlouhlé vlaknité burnky se
vyskytuji zejména na bazi kolonie a pozdéji s vyvojem kolonie vytvaii masivni ,,kofenovitou*
strukturu upevnuji cely utvar k substratu. Od ranych fazi vyvoje kolonie se vné¢jsi vrstva
kolonie podili na ochran¢ celého spoleCenstvi proti nezadoucim toxickym latkdm v okoli.
Buiky v tomto misté totiz maji v membrané aktivni transportéry (Pdr5p a Sng2p z rodiny
transportéri zodpovédnych za tzv. pleitropni Iékovou rezistenci), které jsou schopny tyto
latky odstrafiovat. Vnitini oblast kolonie je zase chranéna selektivné propustnou extracelularni
hmotou, ktera zabranuje prichodu nékterych latek a poskytuje tak ochranu délicim se buiikam
uvnité kolonie a umoziuje vznik novych bunéénych generaci. Vrstva bunék vybavenych
efluxnimi pumpami se postupem casu zuzuje, paralelné se ovSem rozsifuje oblast vyplnéna
ECM. Pro komplexni ochranu spolecenstvi je tedy nezbytnd rovn&z casoprostoroveé
koordinovana a komplementarni interakce vySe zminénych mechanismi. Stabilitu celého
utvaru, jeho vertikdlni expanzi a vznik typického ,vrasCitého* vzhledu, pravdépodobné
zajistuji vlaknité mezibunééné spoje, kterymi jsou burniky v celé kolonii propojeny a na jejichz

tvorbé se podili povrchovy adhezivni protein Flo11p.
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Vysledky prace jsou prezentovany v nasledujicich dvou publikacich:
(VACHOVA et al., 2011)
Vachova L., Stovi¢ek V., Hlavagek O., Chernyavskiy O., gtépének L., Kubinova L., Palkova
Z. (2011): Flol1lp, drug efflux pumps, and the extracellular matrix cooperate to form

biofilm yeast colonies. Journal of Cell Biology 194:679-87. 1F2010=9,921

&
(STOVICEK et al., 2012)
Stovicek V., Vachova L., Palkova, Z. (2012): Yeast biofilm colony as an orchestrated

multicellular organism. Communicative & Integrative Biology 5 (2):1-3.
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uch like other microorganisms, wild yeasts pref-

erentially form surface-associated communities,

such as biofilms and colonies, that are well pro-
tected against hostile environments and, when growing as
pathogens, against the host immune system. However, the
molecular mechanisms underlying the spatiotemporal de-
velopment and environmental resistance of biofilms and
colonies remain largely unknown. In this paper, we show
that a biofilm yeast colony is a finely tuned, complex
multicellular organism in which specialized cells jointly

Introduction

In natural environments, microorganisms preferentially form
organized multicellular communities, such as biofilms and col-
onies. These structures possess unique attributes that provide
resistance against chemicals and other threats and also adapt-
ability to changing conditions, allowing the community to
survive in a hostile natural environment (Donlan and Costerton,
2002; Palkova, 2004). Features implicated as being essential for
the formation of complex fungal biofilms include adhesion
to surfaces, the production of an ECM, multidrug resistance
(MDR) plasma membrane transporters, and specialized cell
subpopulations, such as stationary cells that are more re-
sistant to various stresses (Douglas, 2003; Blankenship and
Mitchell, 2006).

Cell—cell and cell-surface adhesion are often mediated by
specific cell wall-adhesive glycophosphatidylinositol-anchored
proteins (Dranginis et al., 2007). In Saccharomyces cerevisiae,
the FLO family of protein adhesins is considered the most im-
portant, with pleiotropic Flo11p involved in cell adhesion to
inert substrates (Verstrepen et al., 2004), filamentous growth
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Abbreviations used in this paper: 2P-CM, two-photon excitation confocal micros-
copy; MDR, multidrug resistance; NR, Nile red.
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execute multiple protection strategies. These include a
Pdr1p-regulated mechanism whereby multidrug resis-
tance transporters Pdr5p and Snq2p expel external com-
pounds solely within the surface cell layers as well as
developmentally regulated production by internal cells of a
selectively permeable extracellular matrix. The two mecha-
nisms act in concert during colony development, allowing
growth of new cell generations in a well-protected inter-
nal cavity of the colony. Colony architecture is strength-
ened by infercellular fiber connections.

(Lambrechts et al., 1996), and the formation of structured colo-
nies (Vopélenskd et al., 2010), flor biofilms (Ishigami et al.,
2004), and mats (Reynolds and Fink, 2001). In contrast to
Flolp, Flo5p, and Flo9p, which are crucial for cell-cell adhe-
sion during flocculation (Guo et al., 2000), the role of Flo11p in
this process is strain specific (Bayly et al., 2005; Douglas et al.,
2007). The ALS family and Hwplp, which are related to FLO ad-
hesins, mediate the adhesion of Candida albicans and are impor-
tant for normal biofilm development (Nobile et al., 2008).

An ECM is exclusively present in structured S. cerevisiae
colonies but not in their domesticated counterparts (Kuthan
et al., 2003), and it is found in air-liquid flor biofilms (Zara
et al., 2009). In addition, flocculating S. cerevisiae cells ex-
pressing the FLOI gene secrete a mixture of polysaccharides
that blocks the permeation of large molecules (e.g., antibodies;
Beauvais et al., 2009). In addition to these findings in S. cerevi-
siae populations, an ECM is regularly encountered in biofilms of
Candida species (Baillie and Douglas, 2000). In both structured
S. cerevisiae colonies and yeast biofilms, the ECM facilitates

© 2011 Véchové et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the pub-
lication date (see http://www.rupress.org/terms). After six months it is available under a
Creative Commons License (Aftribution-Noncommercial-Share Alike 3.0 Unported license,
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).

Supplemental Material can be found at:
http://jcb.rupress.org/content/suppl/2011/08/24/jcb.201103129.DC1.html

JCB 879



http://www.rupress.org/terms
http://creativecommons.org/licenses/by-nc-sa/3.0/
http://jcb.rupress.org/

Published August 29, 2011

680

the formation of pores for water and nutrient flow (Douglas,
2003; Kuthan et al., 2003) and protects the communities against
dehydration (Flemming and Wingender, 2010).

S. cerevisiae MDR transporters belonging to the ATP-
binding cassette family are involved in the ATP-dependent
efflux of a wide variety of unrelated compounds, including drugs
and other noxious substances. Deletions of these pumps lead to
the cells becoming drug hypersensitive (Rogers et al., 2001;
Sipos and Kuchler, 2006). The function of the MDR pumps in
S. cerevisiae multicellular structures has not yet been examined.
Flocculating cells up-regulate some MDR transporter genes
(Smukalla et al., 2008), but their function in floc resistance
remains undocumented. It has been shown, however, that
C. albicans biofilms increase their expression of the MDR
genes CDRI, CDR2, and MDRI (Ramage et al., 2002), and
deletions of these genes decrease the resistance of biofilms
(Mukherjee et al., 2003).

In contrast to the smooth colonies of laboratory strains,
wild S. cerevisiae strains form structured colonies possessing
attributes common to fungal biofilms and are hence referred to
as biofilm colonies. Their attributes include the production of an
ECM rich in polysaccharides and high water retention capacity
and the production of the adhesin Flo11p for substrate adhesion
and 3D architecture formation (Stovitek et al., 2010). Using
two-photon excitation confocal microscopy (2P-CM; Vichova
et al., 2009) in combination with fluorescent protein tagging and
staining methods, we show here the dynamics of colony develop-
ment. Colony structure was composed of an aerial part with an
internal cavity and subsurface pseudohyphae, was strengthened
by intercellular fibers formed in the presence of Flo11p, and was
protected by Pdr5p and Snq2p transporters together with an
ECM that was secreted by internal cells.

Results and discussion

Spatiotemporal architecture of a

biofilm colony

Examining the population of a wild S. cerevisiae BR-F strain, we
show (Fig. 1) that a 25-h-old population of mostly rounded cells
had already formed a small colony with short pseudohyphae (i.e.,
elongated cells joined into filaments; Gimeno et al., 1992) invad-
ing the agar at its base. Several hours later, an internal cavity ap-
peared within the mound colony (Fig. 1 A, 3442 h). The colony
then expanded primarily horizontally with an elevated ridge at its
margin (Fig. 1 A, the earlike structure in the cross section) and an
internal cavity (Fig. 1 A, 48-60 h). The colony also formed abun-
dant rootlike pseudohyphae that grew radially into the agar from
its central bottom region (Fig. 1, A and B). Later, the central col-
ony area further expanded horizontally, pushing the ridge apart
(Fig. 1 A, 3 d), and the colony became cup shaped (Fig. S1 A).
During this period, secondary roots began to grow from the base
of the ridge, anchoring it to the agar. The continued horizontal
growth of the central cell layer thereby led to its undulation and the
formation of wrinkles (Fig. 1 A, 7 d; and Video 1), as also observed
in some types of biofilms (Uppuluri et al., 2009). The architecture
of structured colonies formed by various wild S. cerevisiae strains
is comparable, thus indicating universal underlying principles.
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The cells within colonies are interconnected by long, thin
fibers that extend from cell walls and form a velcrolike struc-
ture (Figs. 1 E and S1 B). The fibers interconnect oval cells in
the upper layer and pseudohyphae in the roots (Fig. S1 B).
They can hold cells close to one another but can also be
stretched up to 460 nm. These fibrous interconnections appear
to be composed of two halves, each belonging to one of the inter-
connected cells, as they are more electron dense in the adhe-
sion area. Adhesin Flo11p participates in the formation of the
fibers, which are absent in colonies from the strain lacking
Flol1p (BR-F—flol1; Fig. S1 B). Two Flol1p molecules are
long enough to form a fiber interconnection 460 nm long, even
if they are partially coiled, and they may aggregate into bun-
dles via amyloid formation (Ramsook et al., 2010). Alterna-
tively, the effect of Flo11p could be indirect, e.g., eliciting a
change that leads to the production of other surface adhesins.
The finding of velcrolike interconnections is of particular
interest in C. albicans, in which brushlike fibrillar structures
composed of long fibers (100-160 nm) were observed on the
surface of cells growing in liquid cultures (Tokunaga et al.,
1986), and an involvement of adhesins has been proposed (Klis
et al., 2009). Much shorter fibers related to Flolp were ob-
served on the surface of flocculating S. cerevisiae cells (Beauvais
et al., 2009).

To distinguish between the areas of dividing and station-
ary cells within the developing colony, we used two detection
systems: (1) a BR-F-Hmglp-GFP strain with a GFP gene
fused to the HMGI gene encoding the hydroxymethylglutaryl-
CoA reductase of the nuclear envelope (Koning et al., 1996),
which exhibits typical distributions in dividing and stationary
cells (Fig. 2 B), and (2) the BR-F—cdc3" strain with the ts
mutation in the CDC3 gene for septin (Fig. 2 A; Hartwell,
1971). Dividing cells were spread uniformly throughout the
colonies that were 24-36 h old (Fig. 2 C). Beginning at ~40 h,
the colony became stratified with the upper cells becoming
mostly stationary while the rest of the colony contained divid-
ing cells (Fig. 2 D). In colonies that were 3 d old, the surface
layers of the ridge and central plateau mostly consisted of
stationary cells. The internal layers consisted of sporadically
or slowly dividing, but still relatively young, cells, whereas
only the ridge interior and the root bases and tips still con-
tained actively dividing cells (Fig. 1, C and D). These observa-
tions demonstrate that clearly demarcated zones of dividing
and nondividing cells are discernible within the structured col-
onies (Fig. 1 F).

Structured colony defense by MDR pumps

Unlike the smooth laboratory strain colony (Vichovd et al.,
2009), the biofilm colony was not covered by a protective cell
monolayer (unpublished data). However, we did identify a dis-
tinct property of the surface cell layers that was important for
protecting the population as a whole. Surface cells (visualized
by ConA-AF [ConA conjugated with Alexa Fluor 488] cell
wall staining in vertical transverse colony cross sections) could
not be stained with Nile red (NR), which targets lipid granules
and membranes (Greenspan and Fowler, 1985). This NR-free cell
layer was present throughout the BR-F colony (Fig. 3, A and B),
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Figure 1. Colony architecture and topology of different cell types. (A) Vertical transverse cross sections of BR-F colonies stained with ConA-AF (ConA) and
BR-F-Hmg 1p-GFP (Hmg) colonies. Vertical white lines mark the borders of three individual colonies. (B) Typical morphology of cells in roots and the upper
colony region (magnified regions are marked in A). (C) Cell morphology in BR-F-Hmg1p-GFP colonies. Areas with stationary (red bar), dividing (green
bar), and young nondividing (blue bar) cells are shown. Arrows indicate examples of dividing (white) and stationary (red) cells (magnified regions are
marked in A). (D) Distribution of dividing cells in root tips of BR-F-cdc3" colonies. Examples of cells reaching a terminal phenotype (Fig. 2 A) are marked
by arrows. (E) Velcrolike interconnection (marked by arrows) between cells in the upper central region of 3-d-old colonies visualized by EM (more in Fig. S1).
(F) Diagrammatic illustrations of the cell topology in the course of colony development (based on BR-F-Hmg1p-GFP and BR-F-cdc3" data; also see Fig. 2).
Regions with dividing (green), early stationary (yellow), stationary (red), and younger with no apparent division activity (blue) cells are shown. Two (A, 60 h
and 3 d) or three (A, 7- and 3-d merged colonies) individual images spanning the width of the colony were acquired and assembled after acquisition
to generate the composite image shown. Details in B2 and C1 were obtained by composing two images of neighboring fields of view.
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100 um

Figure 2. Topology of dividing and stationary cells in colonies. (A and B) Visualization of dividing, nondividing, and stationary cells. (A) Morphology
of BRF-cdc3" cells from liquid cultures grown for 2 h at permissive (22°C) and nonpermissive (37°C) temperature. Arrows indicate a typical morphology
reached by dividing cells at 37°C. (B) Distribution of Hmg1p-GFP in dividing, nondividing, and stationary cells grown in liquid medium. (C and D) Cell
topology in BR-F-Hmg1p-GFP colonies. Areas with stationary (red bars and arrows), early stationary (yellow bar and arrows), and dividing (green bars
and white arrows) cells are shown. Arrows mark typical cell types. Magnified regions are marked with boxes. (C) A 1.5-d-old colony. (D) A 2-d-old colony.
The detail in D4 was obtained by composing two images of neighboring fields of view.

including the pseudohyphae tips (Fig. 3 C). This layer was
thick (17.8 £ 2.5 pm) in colonies 24-36 h old, persisted over
the next 2 d, became thinner in the aerial part (11.5 + 1.2 um
in a colony 3 d old), and, with the exception of the root tips,
disappeared in older colonies (7 d old). After formaldehyde

fixation or treatment with NaNj; causing rapid cellular ATP
depletion, entire colonies could be stained with NR (Fig. 3 D).
This demonstrated that lipid particles are present in untreated
colonies, but NR is probably removed from the surface cells.
We considered MDR pumps to be prime candidates for this
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Figure 3. Localization of active MDR pumps within colonies. (A-D) Vertical transverse cross sections of BR-F colonies that were 36 h old, stained with

ConA-AF (ConA) and NR. (A) A layer of NR-free cells covers the entire colony. (B and C) Details of the upper (B) and root (C) cells from the boxes in A are
shown. (D) NR extrusion by the surface cell layer is reduced by removing the transcription factor Pdr1p and blocked by energy depletion (using NaN3) or
the absence of both Pdr5p and Snq2p MDR transporters. (E) A model of MDR gene regulation. (F) Pdr5p-GFP localization in the membrane of the upper
cells and root tips compares well with that in the NRfree colony layer in A-C. (G) A model of Pdr5p and Sng2p distribution (violet) in colonies. (H) NR
extrusion and transporter localization in colonies of different strains. wt, wild type.

process. Indeed, the disruption of the PDRI gene, encoding a
transcription activator of some MDR transporters (Balzi et al.,
1987; Fardeau et al., 2007), significantly diminished the re-
moval of NR (Fig. 3 D). Deleting various combinations of
genes coding for individual MDR pumps (Snq2p [Servos et al.,
1993], Pdr5p [Balzi et al., 1994], and the latter’s close rela-
tives Pdr10p and Pdr15p [Wolfger et al., 1997]; Fig. 3 H and
Table I) demonstrated that Pdr5p and Snq2p are essential for
the extrusion of NR from the surface cells of colonies, as dye
export was completely blocked in the BR-F—pdr5sng2 strain
(Fig. 3 D). Moreover, we demonstrated that the Pdr5p-GFP
transporter was mainly present in the plasma membrane of
cells located at the surface of BR-F-Pdr5p-GFP colonies that

were 1.5 d old. Meanwhile, internal cells exhibited mostly
vacuolar GFP fluorescence, which is indicative of Pdr5p deg-
radation (Fig. 3 F). Deletions of other potential MDR regu-
lator genes, PDR3, STB5, and YAPI (Jungwirth and Kuchler,
2006), in the BR-F—pdrI strain had no effect on Pdr5p/Snq2p
function (Fig. 3 H). This indicates that the expression of PDR5
and SNQ?2 in the surface layer of BR-F colonies is regulated
by the Pdrlp transcription factor, probably jointly with an
additional, yet unidentified, MDR gene regulator (Fig. 3 E).
Together, these findings imply an important protective role of
the surface cells equipped with PdrSp, Snq2p, and possibly
other MDR exporters in the removal of external toxic com-
pounds (Fig. 3 G).
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Table I.  Yeast strains used in this study

Name Genotype Source
BR-F MATa/MATa Institute of Chemistry, Slovak Academy of
Sciences (collection no. CCY 21-4.97)
ts104 MATa adelA ade2A uralA tyrlA his7A lysA gallA cdc3-1 Charles University in Prague
(collection no. DMUP 12-4-80)
BR-F-pdr1° MATa/MATa pdriA::kanMX/pdri1A::nat] This study
BR-F-pdr3° MATa/MATa pdr3A::kanMX/pdr3A::nat] This study
BR-F—pdr1pdr3° MATa/MATa pdri1A::kanMX/pdr1A::nat] pdr3A::hph/pdr3A::ble This study
BR-F—pdr5° MATa/MATa pdr5A::kanMX/ pdrSA::nat] This study
BR-F-pdr5snq2° MATa/MATe pdr5A::kanMX/pdr5A::natl snq2A::hph/snq2A::ble This study
BR-F-pdrlyap1°® MATa/MATa pdri1A::kanMX/pdriA::natl yap1A::hph/yap1A::ble This study
BR-F-pdr1stb5® MATa/MATa pdri1A::kanMX/pdr1A::natl stb5A::hph/stb5A::ble This study
BR-F-Pcyp-GFP? MATa/MATa HIS3/his3A::nat1-Pcyp-GFP This study
BR-F-Pg4 -GFP® MATa/MATa HIS3/ his3A::nat1-Pga-GFP This study
BR-F-Hmg 1 p-GFP° MATa/MATa HMG 1-EGFP-kanMX/HMG 1 This study
BR-F-Pdr5p-GFP® MATa/MATa PDR5-EGFP-kanMX/PDRS This study
BR-F-Snq2p-GFP® MATa/MATa SNQ2-EGFP-kanMX/ SNQ2 This study
BR-F-Pdr10p-GFP® MATa/MATa PDR10-EGFP-kanMX/PDR10 This study
BR-F-Pdr15p-GFP® MATa/MATa PDR15EGFP-kanMX/PDR15 This study
BR-F-cdc3CDC3° MATa/MATa cdc3A::kanMX/CDC3 This study
BR-F-cdc3’b MATa/MATa cdc3A::kanMX/ cdc3-1-nat1 This study
BRF-flo11¢ MATa/MATa flo11A::kanMX/flo11A::ble This study

°Forms structured colonies. Their morphology is identical to that of the parental BR-F strain.

®Colonies grow more slowly at 22°C. Their morphology is identical to that of the parental BRF strain.

Forms smooth colonies.

Nutrient flow in the colony and

its protection by ECM

In contrast to the tightly packed cells within smooth colonies,
pores are present within structured colonies (Kuthan et al.,
2003) that are similar to those allowing nutrient flow in biofilms
(Douglas, 2003). To study nutrient flow within the biofilm colony,
we set up detection systems based on the expression of GFP under
the control of a regulatable promoter, Pg,;; or Pcyp;, in the BR-F
strain (Table I). 45 min after feeding the colonies of such strains
with the inductor (galactose or copper ions) from the agar side,
GFP fluorescence was detected not only in the tips of the pseudo-
hyphae (i.e., closest to the inductor) but also in all of the cells
in the surface layer, implying a very efficient propagation of the
inductor within the colony. Surprisingly, a majority of the root
cells and internal parts of the ridge remained uninduced even
after 5 h of induction (Fig. 4 A). However, all colony cells were in-
duced when the exposed vertical transverse cross section of the
colony was placed flat on agar soaked with the inductor (Fig. 4 C).
Therefore, we hypothesize that the uninduced part of the colony
produces an ECM (different from the velcrolike fibers that are
present throughout the entire colony), completely blocking the
penetration of certain chemical species, even small ones, to the
inner parts of the intact colony. The low-permeable ECM begins
to be produced in the central area of young (33-35 h old) colo-
nies, and the area expands with the colony growth (Fig. 4 B).

In contrast to the zones of stationary cells that appear in
the air-facing aerial part of the colony, the ECM prevents the
penetration of chemicals from both the aerial and subsurface
colony parts. The existence of the ECM is supported by the
earlier scanning EM observation of an abundant extracellular
material containing a sugar component (Kuthan et al., 2003).
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A microscopically similar ECM of C. albicans species biofilm
(Al-Fattani and Douglas, 2006) and the extracellular glucan of
C. albicans biofilm sequestering antifungals (Nett et al., 2010)
both contribute to the biofilm drug resistance.

A model of biofilm colony formation
and protection
These developmental principles, as revealed in this study, pro-
vide new insights into the differentiation of a biofilm colony and
the function of specialized cell subpopulations, and they suggest
the presence of unique mechanisms of population protection
(Video 2). What are the colony strategies? A colony arising from
a single cell grows very quickly, as most cells efficiently divide.
In contrast to a smooth laboratory strain colony, biofilm colony
also expands substantially in the vertical direction. This expan-
sion may be enabled by the velcrolike interconnection of its
cells. Initially, the colony population protects itself from exter-
nal chemical threats by inducing MDR exporters (Fig. S2) capa-
ble of removing toxic compounds (Sipos and Kuchler, 2006).
Later, the activity of the exporters persists exclusively in the sur-
face cell layers over the entire colony, and, in parallel, additional
protection strategies are initiated. The upper cell layers of the
aerial part of the colony become stationary and thus more resis-
tant to chemical and other threats. As the nutrients from agar are
efficiently transported, the formation of such nondividing cells
appears to be not simply the result of nutrient exhaustion but,
more likely, a regulated process that helps to protect the colony
surface that is directly exposed to the open air. In parallel, the
internal cells near the agar begin to produce the ECM.

The preservation of the velcrolike joints then contributes
to the mechanical stability of the expanding colony and may
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Figure 4. Nutrient flow and localization of ECM within colonies. Verfical transverse colony cross sections. (A) Areas of galactose or Cu?* induction in
colonies (the vertical arrow indicates diffusion into the colony). (B) Timeline of ECM formation. (A and B) Green, GFP fluorescence marks areas in which
the inducer reached the cells; red, autofluorescence of all colony cells visible in areas where ECM prevented the inducer from accessing the cells. Intact
colonies were induced from the bottom by placing them for 5 h on agar soaked with 2% galactose or 5 mM CuSO,. GFP fluorescence was detectable by
2P-CM as early as 45 min affer induction. (C) The exposed area of the vertical transverse colony section was placed flat on galactose-soaked agar (a 2-h
induction), after which internal cells were induced as well. (D) A model scheme featuring impermeable ECM (yellow). Two (B [55 h] and C) or three (A)

individual images spanning the width of the colony were acquired and assembled after acquisition to generate the composite image shown.

lend flexibility to the layer, forming aerial wrinkles with inter-
nal cavities. Subsequent cell generations formed by the divid-
ing inner cells of that layer are thus well protected. The cells
in the inner bottom part of the ridge and the pseudohyphae in
the subsurface colony regions do not enter a stationary phase.
Rather, they continue to produce the ECM that is impermeable
to some small compounds such as galactose and to harmful
chemicals such as copper ions. Only the pseudohyphae tips
protrude from the ECM, but these are still protected by the
MDR exporters. The tips may function as the sensors of nutri-
ents and other environmental stimuli important to the colony.
The questions remain as to what the chemical nature of the
ECM is and how the embedded cells access the nutrients that
are essential for their growth. It was previously shown that the
ECMs of various microorganisms function as sorptive sponges
that sequester organic molecules close to the cells (Decho,
2000) and that they also bind and sequester drugs (Nett et al.,
2010). Yeast ECMs vary by their content of different poly-
meric and monomeric carbohydrates, proteins, and phosphorus
(Al-Fattani and Douglas, 2006) and are even preferentially
grazed by ciliates (Joubert et al., 2006), suggesting that ECMs
have nutritional value. Thus, we hypothesize that in the bio-
film colony, the ECM itself may function both as a sequestra-
tion barrier and a nutrient pool essential for new cell progeny
within the cavities.

In conclusion, the specific architecture of the biofilm col-
ony enables multiple protection strategies (Video 2), yielding a
high level of resistance in the wild. Importantly, some of the
colony features that we have shown here (e.g., a specific growth
pattern, the production of the ECM, and drug efflux pumps) are
the traits that are also implicated in the formation of complex
fungal biofilms (Blankenship and Mitchell, 2006). The struc-
tured yeast colony thus represents a well-defined and powerful
in vivo model system that may help to uncover the underlying
general principles of microbial biofilm formation.

Yeast strains and media

The wild yeast strain BR-F was supplied from a collection of the Institute of
Chemistry (Slovak Academy of Sciences). The temperature-sensitive mutant
strain ts104 was obtained from a collection of Charles University in Prague.
All other strains were derivatives of the BR-F strain and were prepared in
this study (Table I). Colonies were grown on GMA (3% glycerol, 1% yeast
extract, and 2% agar) at 28°C unless otherwise indicated.

Strain constructs

Strains with gene deletions, C-terminal GFP fusions, and artificial-promoter
(Pcurr and Pgaiy) constructs replacing the HIS3 gene were prepared
according to Gueldener et al. (2002) and Sheff and Thorn (2004)
by transforming the cells with DNA cassettes generated by PCR that used
the primers and plasmids listed in Tables ST and S2. The cdc3-1 allele
from the ts104 strain was first cloned into the pFA6a-natNT2 vector
using BamHI and Ascl restriction enzymes. The DNA cassette was then
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amplified and used to replace the wild-type CDC3 allele in the BR-F-
cdc3CDC3 strain. Yeast cells were transformed as described by Gietz and
Woods (2002).

Fluorescence microscopy of cells and colony imaging

Cells in the cultivation medium were examined at RT under a microscope
(DMR; Leica) equipped with a 100x/1.3 oil objective and a GFP filter or
Nomarski contrast and then photographed with a charge-coupled device
camera (ProgRes MFcool; Jenoptik; Figs. 2 [A and B] and S2). Colony images
were captured in incident light with a Navitar objective and a complemen-
tary metal-oxide semiconductor camera (ProgRes CT3; Jenoptik; Fig. ST A).
Time-lapse experiments were performed using a camera (DS-5M; Nikon)
with a Navitar 12x objective and light-emitting diode illumination (Video 1).
NIS-Elements software (Laboratory Imaging) was used throughout.

2P-CM

2P-CM (Figs. 1 [A-D], 2 [C and D], 3 [A-D and F], and 4 [A-C]) was per-
formed according to Véchova et al. (2009). In brief, colonies were embed-
ded in low-gelling agarose directly on the plates at RT and cut vertically
down the middle. They were placed on the coverslip (the cutting edge to the
glass), and the colony side views were obtained by 2P-CM. When required,
the cross sections were stained with the following fluorescent dyes: 2.5 pg/ml
NR, 30 pg/ml ConA-AF, and 1 pg/ml calcofluor white. Alternatively, GFP
fluorescence was monitored. Images were acquired at RT with a true con-
focal scanner microscope (SP2 AOBS MP; Leica) fitted with a mode-locked
laser (Ti:Sapphire Chameleon Ultra; Coherent Inc.) for two-photon excitation
and using 20x/0.70 and 63x/1.20 water immersion plan apochromat ob-
jectives. Excitation wavelengths of 920 nm were used for ConA-AF, NR, and
GFP, and wavelengths of 790 nm were used for calcofluor white. Emission
bandwidths were set to 470-540 nm for ConA, 580-750 nm for NR, 480-
595 nm for GFP, and 400-550 nm for calcofluor white. An overview of the
morphology of colonies and individual cells was obtained simultaneously
with green fluorescence as autofluorescence in the 600-740-nm wavelength
range. Images of colonies older than 2 d were composed of two or three
stitched fields of view. Details in Fig. 1 (B2 and C1) and Fig. 2 (D4) were
obtained by composing two images from neighboring fields of view.

EM

Small blocks (~1 mm?®) of colonies embedded in a 2% agarose gel were
fixed by glutaraldehyde/potassium permanganate according to Wright
(2000) and embedded in PolyBed 812 (Polysciences, Inc.). Using a fransmis-
sion electron microscope (1011; JEOL Ltd.) at 80 kV, 70-nm ultrathin sections
(prepared on a ReichertJung ultramicrotome) stained by uranyl acetate and
lead citrate were examined. Images (Figs. 1 E and S1 B) were acquired by
a digital camera (MegaView ll) and AnalySIS software (Olympus).

Online supplemental material

Fig. S1 shows the differences between parental BR-F and knockout BR-F-
flo11 strains. Fig. S2 shows the early production of Pdr5p-GFP. Tables S1
and S2 list primers and plasmids used in this study, respectively. Video 1
shows BR-F colony growth. Video 2 shows flash animations of biofilm col-
ony development and defense strategies. Online supplemental material is
available at http://www.icb.org/cgi/content/full /icb.201103129/DC1.
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Ithough still often considered as
simple unicellular organisms, in
natural settings yeast cells tend to
organize into intricate multicellular com-
munities. Due to specific mechanisms only
feasible at the population level, their
capacity for social behavior is advantageous
for their survival in a harmful environ-
ment. Feral Saccharomyces cerevisiae strains
form complex structured colonies, which
display many properties typical of natural
biofilms causing (among others) serious
infections in the human body. In our
recent paper, we looked inside a growing
colony using two-photon confocal micro-
scopy. This allowed us to elucidate its
three-dimensional colony architecture and
some mechanisms responsible for com-
munity protection. Moreover, we showed
how particular protective mechanisms
complement each other during colony
development and how each of them
contributes to its defense against attacks
from the environment. Our findings
broaden current understanding of micro-
bial multicellularity in general and also
shed new light on the enormous resistance
of yeast biofilms.

Microbial multicellular communities can
be found (even extreme)
environments in the wild.! Yeast cells can

in various

form diverse structures when attached to
solid surfaces (e.g., biofilms,> colonies’),
when growing at a liquid/air interface
(e.g., cell films on the surface of sherry
wine that are called “flors™) or when they
mutually interact in a liquid environment
and form cell clumps called “flocs™. Each
of these structures possesses some level
of internal cell organization and comple-
xity connected with the formation of
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differentiated cell subpopulations and
also possesses a significant resistance to
environmental impacts. Pathogenic yeasts
(i.e., of Candida sp.) can colonise various
surfaces within the human body, including
host tissues and artificial medical devices,
and form biofilms that resist otherwise
effective drug therapy. Biofilms are thus
very difficult to eliminate and serve as a
source of serious systemic infections.*”
The questions of how yeast multicellular
populations orchestrate their development
and how they achieve their environmental
protection are therefore also important in
terms of medical care. However, as it is
difficult to grow artificial biofilms in the
laboratory that have properties similar to
those of fully developed natural biofilms,
many aspects of biofilm formation are still
rather elusive.

Single cells of feral S. cerevisiae strains
plated on solid medium retain the ability
to develop into structured colonies with
typical “fluffy” morphology>® within a
couple of days of growth. As shown below,
such colonies share many properties with
natural biofilms, and we therefore call
them biofilm colonies. The biofilm colony
model enabled us to discover the spatio-
temporal localization of specific cell sub-
populations with different functions and
determine their impact on the protection
and survival of the whole colony.

After relatively few cell divisions occur
and a simple mound colony is formed,
particular cell subpopulations begin to
diverge and play different roles. Cells at
the colony base form elongated cell chains
called pseudohyphae.” These filaments
invade the agar medium, anchoring the
structure to the solid substrate. Cells in
peripheral layers surrounding the entire
colony (including subsurface parts) are
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Figure 1. Internal structure of colony of feral Saccharomyces cerevisiae strain. Thirty-six h-old (left) and 72 h-old (right) colony. Boxes in vertical colony
cross-sections summarize structure and function of cell subpopulations in upper aerial and bottom subsurface colony parts; the localization of dividing,
non-dividing and stationary cells is depicted, as well as cells with active drug efflux pumps Pdr5p and Sng2p. The presence of ECM is marked with
black line hatching. Flo11p-dependent fibers interconnect cells in both aerial and subsurface colony parts.

equipped with drug-efflux pumps (Pdr5p
and Snq2p) localized to the plasma mem-
brane, the expression of which is con-
trolled by Pdrlp together with another,
as yet unidentified transcription factor
(Fig. 1). These proteins that belong to
the family of pleiotropic drug resistance
membrane transporters are capable of
removing various (including toxic) sub-
stances from the cells'® and protect them
(and thus also the whole colony) against
external attacks. It has been demonstrated
that various drug-efflux pumps play a
role in yeast biofilm resistance against
extracellularly added toxic compounds.
However, this has usually been based on
the overall change in behavior of mutated
strains or expression differences between

1112 without

biofilms and planktonic cells,
more detailed information on the trans-
porter’s function over the course of
community development. In addition to
the presence of these pumps, cells at the
surface layers of the aerial colony part enter
the stationary phase and thus become
more resistant to potential environmental
stress (Fig. 1). Meanwhile, cells in internal
colony areas start to produce extracellular
polymeric matrix (ECM; Figurel) of
unknown composition and thus become
fully embedded in this matrix. The ECM
apparently adopts the role of a protective
barrier, because it blocks the penetration
of even harmful compounds. ECM is one
of the defining components of many
yeast multicellular communities including
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biofilms.>'*'* Despite the sequestration
potential of the ECM in clinical biofilms
being implied,"'*
film resistance is unclear and sometimes
even doubted.”'” As a colony develops, the
area of cells embedded in ECM expands
(Fig. 1); in later stages, the ECM encloses
almost all colony cells. Complementarily,
the layer of cells containing functional
drug-efflux pumps surrounding the colony
becomes thinner as the transporters are
degraded (Fig.1) and almost completely
disappears in an older, fully developed
colony. Only the tips of the pseudohyphae
in the agar not covered with ECM still
maintain functional drug efflux pumps on
the membrane, thus enabling the active

its contribution to bio-

defense of these exposed cells.
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From the early developmental stage
(34-42 h), a cell-free cavity in the colony
interior is formed. As the timing of its
formation correlates with the appearance
of ECM, we can speculate that the cavity
could be filled with ECM. The ECM may
also be involved in the storage of water
and possibly nutrients, as the extracellular
material isolated from colonies possesses a
high water retention capacity.® Moreover,
it may provide a porous nutrient-rich
space for dividing cells in the colony inter-
ior. Together with the division of internal
cells, site-specific ECM  production and
its subsequent swelling can lead to rapid
colony expansion in both the horizontal
and vertical direction. As a result, the aerial
surface layer undulates and forms ridges
containing other cavities, giving the colony
its typical “fluffy” appearance.

In addition to ECM that may provide
stability to the 3-D colony structure, the
flexibility and undulation of the surface
colony layer could be dependent on the
presence of  fibrous
between the cells. These interconnections

interconnections
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colonies are tightly packed and neither
pores nor cavities can be observed.>** In
contrast, the strategy of feral strains is to
quickly occupy territory ahead of com-
petitors, to build a complex structure
protected by several cooperating mecha-
nisms so as to provide a sheltered space for
new cell generations. Despite the high
energy costs, it is advantageous to build
such a complicated structure, because it
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Thus, a

structured biofilm yeast colony should be

with a hostile environment.

considered to be a multicellular organism,
where everything is subordinated to the
success of the community, regardless of
individual cell fate.
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5.4.  Genetické parametry fenotypové heterogenity prirodnich kmenii kvasinek

Pomérné Casto pozorovanou vlastnosti ptirodnich populaci mikroorganismu je ztrata fady
vlastnosti, které¢ jim umoznuji tvorbu komplexnich mnohobunéénych spolecenstvi, pti delsi
kultivaci ve stabilnich laboratornich podminkach (VLAMAKIS et al., 2008). Domestikace
ptirodnich kment S. cerevisiae je charakterizovana ztratou schopnosti tvorby strukturovanych
kolonii. Tento jev je provdzen rovnéz zménami v produkci ECM, morfologii bun¢k a
dramatickymi rozdily v genové expresi (KUTHAN et al., 2003). Zajimalo nas, zda je mozZny i
reverzni proces, tedy vznik fenotypu schopného produkce strukturovanych kolonii z
domestikovaného kmene, ktery si bézn€¢ udrzuje na komplexnich médiich své vlastnosti a
tvoti kolonie hladké.

V podminkéch dlouhodobé statické kultivace domestikovaného kmene BR-S s omezenym
piisunem zivin skutecné¢ dochdzi k modulaci fenotypu a vzniku strukturovanych kolonii.
Repertoar takovych zmén je $irsi, kdy vznikd vEétsi mnozstvi fenotypl s odliSnou strukturou
kolonie, mezi nimi ovSem rovnéz kolonie na prvni pohled nerozeznatelné od kolonii
puvodniho ptirodniho kmene BR-F. Detailn€j$i analyza takového kmene, nazvaného BR-RF,
prokazuje obnoveni fady vlastnosti, které jsou typické a nezbytné pro vznik strukturovanych
kolonii (viz. kap. 5.2) jako je produkce ECM a také exprese genu FLO11. Na druhou stranu
jsou ovSem pfi bliz§im pohledu patrné odlisnosti a to zejména ve stabilit¢ obou kmenu, kdy
kmen BR-RF piepina na komplexnich médiich zpét na hladké varianty s frekvenci vyrazné
vys§i nez ptvodni kmen a rovnéz v morfologii bun¢k ze kterych jsou ob¢ strukturované
kolonie sloZeny.

Vzajemné transkriptomové srovnani vySe uvedenych kmend umoznilo identifikaci
molekularnich faktort, které se mohou podilet na tvorbé strukturovanych kolonii. Ve
strukturovanych koloniich pivodniho pfirodniho kmene BR-F a ,,zdivocelého* kmene BR-RF
dochazi ve srovndni s hladkymi koloniemi kmene BR-S ke zvySené expresi gend, jejichz
produkty se ucastni syntézy a transportu sekretovanych proteinii ¢i fada nezndmych gent
z velké casti kodovanych v subtelomerickych oblastech. V kmeni BR-S lze zaznamenat
zejména zvysenou expresi gend, jejichZ produkty se ucastni stresové odpovedi. Rozdily jsou
mezi obéma morfotypy, tedy strukturovanym na jedné strané¢ a hladkym na stran¢ druhé,
rovnéz patrné v expresi gend ovliviiujicich slozeni bunééné stény a metabolismus lipidd.
Vzajemné srovnani zminénych fenotypovych zmén a jejich nam rovnéz umoznilo identifikaci
gend, které jsou specifické pro kazdy ze strukturovanych fenotypt a odhalil rovnéz jejich

zna¢né transkritomové odliSnosti. Nepftili§ funkéné souvisejici geny specifické pro kmen BR-
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RF jsou lokalizovany na pomérné uzkych chromozomélnich oblastech a to dominantné na
levém rameni chromozomu XV. Analyza skupiny gent specificky aktivovanych v kmeni BR-
F prokazuje, ze zna¢na Cast téchto genti se nachazi v oblastech kontrolovanych transkripénim
uml¢ovanim, kdy se tento mechanismus zprostiedkovany specifickou deacetylasou Hdalp

miuiZze ucastnit regulace n€kterych fenotypovych projevii pivodniho pfirodniho kmene BR-F.

VysledKy jsou prezentovany v nasledujicim rukopisu:

Stovitek V., Begany M., Vachova L., Palkova Z. (2012): Genetic determinants of three
distinct colony variants formed by yeast phenotypic switching. Rukopis pripraveny pro

odeslani k recenznimu rizeni v impaktovaném casopise.
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Abstract

Saccharomyces cerevisiae strains isolated from natural settings are able to form complex
biofilm colonies equipped with intricate protective mechanisms. However, these strains
reprogram themselves with a certain frequency under cultivation in plentiful laboratory
conditions. Resulting domesticated strains switch off some of the protective mechanisms
and form smooth colonies resembling those of common laboratory strains. Here, we
show that domestication is not one-way process. It can be reverted when domesticated
strains are challenged by various adverse conditions and consequently results in
restoration of biofilm colony formation. However, phenotypic, microscopic and
transcriptome analyses showed that phenotypic transitions are complex processes that
affect different aspects of yeast physiology and can lead to generation of phenotype
resembling in some parameters the original wild strain and in the others its
domesticated derivative. Comparing the transcriptomes of the three distinct phenotypic
variants we specified genetic determinants possibly involved in formation of biofilm
colony phenotype. In addition, we identified many changes occurring during the
phenotypic transitions, not related to colony morphology, but in some cases affecting
other properties of phenotypic strain-variants such as resistance to impact of
environmental stress. We documented a role of histone deacetylase Hdalp in such
resistance of the original wild strain. Altogether, our findings indicate that phenotypic
modulation of wild S. cerevisiae strains generates phenotypic heterogeneity enabling
flexible adaptation of the strains to particular environment. Part of this adaptation may

be controlled by epigenetic mechanism conferred by specific histone deacetylase.

Introduction

In natural environment microorganisms are not situated in stable and optimal growth
conditions. Instead, microbial populations are often challenged by harmful external factors.
Formation of complex multicellular communities such as biofilms or colonies provides the
advantage for survival in the wild due to cooperative behavior of cells and formation of
common protective mechanisms [1]. Beside this and general adaptive response of individual
cells, phenotypic heterogeneity which allows the survival and efficient adaptation to quickly
changing environment is also one of the important properties enabling populations to thrive in
natural settings. So-called phenotypic switching is a mechanism how such heterogeneity may
be achieved. This spontaneous process with certain frequency generates the cell phenotypes

which are better adapted to particular setting and allow thus flexible reaction of the population

99



on environmental changes [2]. Phenotypic switching is common phenomenon observed in
both prokaryotic and eukaryotic microorganisms [3,4]. In yeast, phenotypic switching
randomly generates diverse array of phenotypic changes leading to emergence of colonies
with altered morphology [5]. The appearance of different colonies occurs at frequencies above
that of somatic mutations and the switch is often reversible. The switched variants, although
relatively stable during the subsequent passages, thus retain the ability to switch back with
particular frequency to the phenotype of its original ancestor [6]. In contrast to adaptive
conversions of the whole population such as filamentous growth evoked by nutrient starvation
[7,8], only small number of cells in population changes phenotype during the phenotypic
switching, while the others retain original properties [5].

Phenotypic switching is a phenomenon observed frequently in pathogenic yeasts such as
Candida sp. [9-11], Cryptococcus neoformans [12] or Trichosporon asahii [13] and also in
clinical isolates of S. cerevisiae [14]. During these phenotypic transitions morphologically
diverse colonies including spatially heterogeneous “wrinkled”, “fuzzy” or ‘“serrated”
morphotypes are formed [3]. Phenotypic switching occurs also in site of infection and
generates the phenotypes which evade effectively host immune response [15] and display also
many factors contributing to increased virulence [12,16].

Although defined as a random event not necessarily induced by external factors,
environmental conditions can usually affect the frequency and the “orientation” of the switch.
Some strains of C. albicans undergo transition from “white” to “opaque” colony phenotype
and vice versa [17], which represents a widely studied example of phenotypic switching
system important also for mating [18]. Frequency of switching can be increased in both
directions by UV light. Exposure to higher temperature above 30°C induces the frequency of
switch to “white” phenotype with massive conversion of almost whole population at 37°C
[17]. Thus, white cells predominate in the blood stream with physiological temperature of
37°C, while “opaque” cells more efficiently colonize the skin surface, an environment with
lower temperature [16]. Anaerobic conditions and other environmental factors modulates the
transition in “opaque” direction [19], revealing that switching provides mechanism of
adaptation to certain niches and variety of conditions within mammalian body.

Wild S. cerevisiae strains isolated form their natural habitats also exhibit considerable
phenotypic heterogeneity and gain the ability to switch phenotype between the two [20] or
more [21] different colony morphotypes. Under laboratory conditions of cultivation on rich
media, the switch is usually oriented in the direction of formation of less structured colonies

[21]. Such so called “domestication” results in formation of strains that are stable during
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subsequent passages on both fermentable and non-fermentable agar media and form smooth
colonies that are similar to colonies formed by standard S. cerevisiae laboratory strains [20].
Formation of domesticated BR-S derivative of wild S. cerevisiae BR-F strain on non-
fermentable medium occurs efficiently with average frequency about 2-3% [20] which
suggests that it is caused by a regulated event rather than by some mutation. We have
therefore ask a question of whether domestication event is reversible and whether BR-S strain
can switch back, restore the properties of parental BR-F strain and form structured biofilm
colonies similar to those formed by the wild strain. We show here that during BR-S
cultivation in adverse conditions the phenotypic changes leading to the formation of
structured colonies indeed occurs. However, our results also show that potential of phenotypic
variability of this strain is wider and that the reverse transition of domesticated BR-S strain is
more complex process. Using transcriptome comparison of original wild BR-F strain, its
domesticated derivative BR-S and feral strain BR-RF restoring biofilm colony formation, we
identified the expression changes involved in such transitions, specified the factors involved
in formation of structured biofilm colonies and suggested that at least some of the properties

of original wild strain may be under control of epigenetic mechanisms.

Results
Under starvation feral subclones of domesticated BR-S strain forming structured colonies
arise

Wild S. cerevisiae strains form structured biofilm colonies that significantly differ in their
properties from smooth colonies formed by wild strain domesticated derivatives [20]. The
frequency of domestication process varies in individual strains, but it is always higher than
frequency of random spontaneous mutations [21]. This finding indicates that regulatory
event(s) rather than selective mutation is/are responsible for this transition and that
domestication could be a reversible event. Taking to account the fact that domestication is
evoked by favorable and plentiful laboratory conditions, we set up different stressful and
long-term starvation conditions to induce opposite process, i.e. conversion of domesticated
BR-S strain to the wild-type strain. We incubated BR-S strain several months stationary (i.e.
without shaking) in different media with limited carbon source (e.g. YE-Eth medium) and, in
some cases with increased concentration of salts, simulating conditions with different osmotic
pressure. During the incubation, the number of colony forming units (CFU) in the suspension
was monitored and, in parallel, morphology of arising microcolonies was determined on

GMA plates (Fig. 1A). Reproducibly, cell culture was slowly growing until approximately

101



60™ day, as indicated by gradually increasing number of CFU. From approximately 80" day,
the CFU number started to decrease suggesting gradual dying of the part of the population
(Fig 1A, line graph). Colonies with structured morphology rarely started to appear among
smooth colonies between 30™ and 40™ day. Frequency of their appearance increased from
about 60™ day, being between 1-4% of CFU (Fig. 1A, bar graph). Interestingly, at later stages
of cultivation (140 days), proportion of structured colonies increased up to 20% (Fig. 1A), in
some parallels even to 40 % of all CFU (not shown).

The morphology of emerging structured colonies was not identical, varying from
moderately structured to fully structured colony phenotype. After re-plating, we classified
emerging colonies into four typical structured colony phenotype categories (Fig. 1B).
Colonies of I\V" category resembled the phenotype of biofilm colonies formed by the original
wild BR-F strain. One BR-S subclone forming colony phenotype of this category was
designated BR-RF and selected for further analyses.

BR-RF feral strain domesticates more efficiently than original wild BR-F strain

With the aim to monitor stability of BR-RF strain, we tested the frequency of its
domestication evaluated as frequency of formation of smooth colonies and we compare it with
that of BR-F strain growing on media with fermentable (glucose) and non-fermentable
(glycerol) carbon sources. Structured BR-F and BR-RF colonies were grown on complex
glucose (YEGA) and complex glycerol (GMA) plates, respectively. Colonies at different
time-points of their development were taken, their cells re-plated on fresh GMA and the
number of smooth colonies formed by domesticated subclones determined. In BR-F colonies,
the percentage of domesticated subclones was in average from 0,05% (4-days old colonies) to
2,6% (22-days old colonies) when growing on non-fermentable medium and from 0,6% (4-
days old colonies) to 7,5% (22-day old colonies) when growing on fermentable medium (Fig.
1C, upper graphs). In individual BR-F colonies the frequency of domesticated subclones
varied from 0% to 15% on non-fermentable and from 0% to 24% on fermentable medium
(Fig. 1C, bottom graphs). In general, the domestication rate of BR-RF strain was much higher
than that of the BR-F strain in colonies grown on both media. In BR-RF colonies grown on
non-fermentable GMA, domesticated subclones appeared with average frequencies from 2%
(4-days old colonies) to 21% (22-days old colonies) with variation in individual colonies from
0% to 37%. Likewise BR-F domestication, also BR-RF domestication was even higher when
BR-RF colonies were grown on fermentable YEGA, varying in average from 10% (4-days old

colonies) to 26% (22-days old colonies) with individual colony variation from 2% to 53% of
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domesticated subclones (Fig. 1C). Taken together, these data indicate higher rate of
domestication events on fermentable than on non-fermentable medium in general and also
suggest that although BR-RF forms colonies morphologically identical with BR-F colonies,
feral BR-RF domesticates much efficiently than the original BR-F strain.

Morphology and physiology of colonies formed by feral BR-RF strain

The bird view morphology of colonies formed by BR-RF strain is identical to that of
colonies formed by original BR-F strain (Fig. 2A). The analysis of internal ultrastructure
using 2P-confocal microscopy confirmed that likewise BR-F colony [22], also BR-RF colony
is composed of aerial part and subsurface roots attaching colony to the substratum. Colonies
of both strains contain internal cell-free cavities (Fig. 2B). On the other hand, this analysis
also revealed that in contrast to BR-F [22], BR-RF colonies are formed exclusively by oval
cells including subsurface parts where chains of oval cells instead of pseudohyphae are
invading the agar (Fig. 2B). In this aspect BR-RF strain resembles its domesticated BR-S
ancestor and not original BR-F strain. Thus, although BR-RF strain gain ability to form fully
structured colonies, it does not revert cell phenotype and retain oval cells typical for BR-S
strain (Fig. 2D).

Decreased BR-RF stability as revealed by increased rate of BR-RF domestication as
compared with BR-F, together with observed cell-shape differences indicated that although
forming similarly structured colonies, BR-F and BR-RF strains could differ in some other
physiological parameters (Fig. 2). We have therefore compared prominent morphological and
physiological characteristics typical for colonies formed by wild versus domesticated strains
[21] in BR-F, BR-RF and BR-S colonies.

As described previously [20], BR-F and BR-S colonies differ significantly in time-line of
wet biomass accrual, water content (dry mass) and approximate number of cells within the
colony. Monitoring the same characteristics in BR-RF colonies grown on GMA revealed that
these colonies in some aspects behave as “intermediate” between BR-F and BR-S (Fig. 2).
This “intermediate” behavior regards mostly biomass accrual (Fig. 2C) and colony size (Fig.
2A) (growth rate), while the water content (dry mass) of BR-RF almost resembles BR-F
colonies (Fig. 2C).

Another typical feature of BR-F colony when compared with BR-S colony is presence of
high molecular weight glycosylated protein (HMWGP), a possible constituent of extracellular
matrix (ECM), the production of which is switched off during the domestication [20]. BR-RF

colonies restored production of this protein, the level of which was however lower in BR-RF
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than in BR-F colonies and also mobility slightly shifted to lower MW, which suggests lower
level of its glycosylation (Fig. 3A). These data also implied that BR-RF colonies restored the
ECM production. We have therefore prepared BR-RF Pga1-GFP strain and monitored
presence of ECM in developing colony by 2P confocal microscopy as described [22].
Obtained data confirmed that likewise in BR-F colonies [22] also in BR-RF colonies internal
colony regions are protected via low-permeable ECM (Fig. 3B).

Production of Flol1lp adhesin is indispensable for formation of structured colonies
[21,23] and Flo11p production is switched off during domestication [20]. Both FLO11 gene
expression (Fig. 3C) and Flo11p protein production (Fig. 2D) were recovered in feral BR-RF
strain. Interestingly, the FLO11 mRNA from BR-RF is longer than that of BR-F strain (Fig.
3C), which indicates that some FLO11 gene arrangements occurred during phenotypic
transitions of wild BR-F strain.

Expression differences in BR-F, BR-RF and BR-S colonies

Although differing in some physiological characteristics, both BR-F and BR-RF strains
form structured colonies with similar morphology, harboring prominent features typical for
biofilm colonies (e.g. ECM and Flo11p adhesin production). To obtain an overall view of the
transcription characteristics typical for biofilm colony morphotype, we isolated
transcriptomes of 4- and 7-days old colonies formed by BR-F, BR-S and BR-RF strains. We
then compared transcriptomes of BR-RF versus BR-F, BR-RF versus BR-S and BR-F versus
BR-S using the microarray technique. The mutual comparison of the obtained gene sets
allowed identification of genes specifically activated or repressed in complex biofilm colonies
(represented by BR-F and BR-RF strains) when compared with smooth colonies (represented
by BR-S strain) (Fig. 4, Table 1). However, these expression differences possibly related to
biofilm colony phenotype were only part of observed expression differences between colonies
of particular strains. Other, probably colony phenotype unrelated differences were observed
between BR-RF and BR-F colonies as well as between BR-RF and BR-S colonies. Some of

these differences are summarized in Fig. 4 and discussed below.

Expression characteristics of complex biofilm colonies

The comparison of structured colony transcriptomes and smooth colony transcriptomes
revealed 86 and 105 genes with significantly higher expression in 4- and 7-days old structured
colonies, respectively, with 31 genes common to both time points. Smooth colonies increased
expression of 75 and 173 genes in 4- and 7-days old colonies, respectively, with 39 genes

common to both time points (Table 1, Fig. 4). Despite differences in individual genes, the
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main “structured” and “smooth” expression categories remained the same on days 4 and 7
(Table 1).

Structured biofilm colonies upregulated genes involved in protein secretion and
modification (9 genes). Some of these genes, such as MNN9 for the ER-localized subunit of
Golgi mannosyltransferase complex that mediates elongation of the polysaccharide mannan
backbone, CWHA41 for ER-localized processing a-glucosidase | involved in assembly of cell
wall B-1,6 glucan and asparagine-linked protein glycosylation, and genes BST1 and PER1
involved in GPIl-anchor remodeling, can influence structure of the cell wall and/or the
membrane. In addition, structured colonies upregulated several cell wall localized genes (5
genes) such as BSC1 with similarity to FLO11 coding for Flo1l1lp adhesin important for
structured colony formation [21] and ASP3 genes for cell wall L-asparaginase Il involved in
asparagine catabolism. On the other hand, structured colonies down regulate expression of
some other cell wall related genes (8 genes) such as SPS100 and PFS1 involved in
sporulation, CTS1 for endochitinase required for cell separation after mitosis and BGL2 for
endo-B-1,3-glucanase, as well as secretion and protein modification related genes (8 genes)
including GYP7 involved in vesicle transport, KTR4 in protein glycosylation and RCR1 in cell
wall chitin deposition. These data indicate that structured and smooth colonies differ in
composition of cell wall carbohydrate structure and protein composition and modification.
Structured and smooth colonies differed also in expression of metabolism related genes and
nutrient transporters. Structured colonies upregulated several amino acid metabolic genes (8
genes) and transporters (4 genes) including genes involved in arginine and methionine
metabolism, CAN1 for arginine uptake and VBA3 for basic amino acid transport in vacuole.
Structured colonies also upregulated vitamine metabolic genes (3 genes) and VHT1 for high-
affinity plasma membrane H*-biotin symporter. In addition, structured colonies expressed
also genes involved in lipid metabolism and fatty acid B-oxidation (7 genes) and inositol
transporter gene ITR1. In contrast, few amino acid metabolic genes upregulated in smooth
colonies (4 genes) comprise genes for mitochondrial glycine decarboxylase complex. Smooth
colonies also upregulated number of nucleotide metabolism related genes (7 genes), genes
involved in copper and iron resistance and homeostasis (4 genes) and several lipid metabolism
related genes including those involved in ergosterol (ERG3, ERG4), sphingolipid and
ceramide (SUR1, SUR4, CSG2) metabolism. Expressed genes for transporters include those
for transport of hexoses (HXT genes, MAL11) and phosphate (PHO84, PHO87).
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In addition, smooth colonies upregulated large group of genes related to stress response
(32 genes) including genes for different chaperones (15 genes), genes involved in cell-wall
stress response/maintenance (5 genes) and some genes involved in oxidative stress response
such as GPX1 for phospholipid hydroperoxide glutathione peroxidase and TRX3 for
mitochondrial thioredoxin. Few stress-response genes induced in structured colonies (9 genes)
include oxidative stress response genes (GRX3, TSAL, TSA2, CTAl and SOD2) and genes
involved in DNA damage response and repair (DDR48, YBL036C, DDI3 and RAD10).

Cells of structured and smooth colonies also differ in expression of a remarkable number
of different signaling cascade components (3 genes upregulated in structured and 12 genes in
smooth colonies), transcription regulators (5 genes upregulated in structured and 17 genes in
smooth colonies), and genes involved in translation and RNA processing (10 genes
upregulated in structured and 14 genes in smooth colonies) (Table 1). Transcription factor
genes upregulated in structured colonies include TEC1 and SFG1 involved in yeast
filamentation and pseudohyphal growth, while those expressed in smooth colonies include
RLM1, YFLO52W and USV1 related to cell wall integrity and several genes related to
chromatin structure and remodeling (TOS8, TOD6, TMA23, HIR2 and HHT1).

In addition, structured colonies predominantly expressed genes for transposons and large

group of genes with unknown function, some of which localize to subtelomeric regions.

Feral BR-RF colonies upregulated expression of genes located at specific positions in
chromosomes

In addition to expression of typical “biofilm colony” genes, BR-RF colonies increased
expression of 265 and 524 (genes in 4- and 7-days old colonies, respectively), when compared
with BR-F with 182 genes common to both time-points. Repressed BR-RF genes versus BR-F
comprise 265 and 525 genes in 4- and 7-days old colonies, respectively, with 184 genes
common to both time-points. As to the BR-RF and BR-S comparison, BR-RF increase
expression of 284 and 483 genes in 4- and 7-days old colonies, respectively, with 132 genes
common to both time-points, and it represses expression of 232 and 489 genes in 4- and 7-
days old colonies, respectively, with 123 genes common to both time-points. Relatively large
number of genes was specifically upregulated (106 genes in 4 days old and 197 genes in 7
days old colonies) and downregulated (61 genes in 4 days old and 179 genes in 7 days old
colonies) in BR-RF when compared with both BR-F and BR-S (Fig. 4).

Interestingly, Positional Gene Enrichment analysis (PGE) revealed that large number of

gene expression differences between BR-RF and either BR-F or BR-S or both, regard
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expression of genes localized in specific chromosomal positions (Fig. 5) rather than genes
randomly distributed in the genome. Most prominently, high number of genes upregulated in
BR-RF localize to the 300 Kbp long region of the left arm of chromosome XV. It is, in
particular, 34% of all activated genes in BR-RF versus BR-S, 30% of all activated genes in
BR-RF versus BR-F and 60% of all activated genes in BR-RF versus both BR-S and BR-F.
Smaller groups of genes upregulated in BR-RF versus either BR-S or BR-F localize to 320
kbp region of chromosome IX (Fig. 5A) and group of BR-RF down-regulated genes versus
BR-F and BR-S localizes to the 240 kbp region of chromosome XII (Fig. 5B). In contrast,
neither gene expression differences between BR-F and BR-S, nor expression typical for
biofilm colonies (i.e. expression differences between BR-F and BR-RF versus BR-S) are
localized to specific chromosomal position.

BR-F colonies upregulate expression of genes located in HAST domains that affect BR-F
resistance

Some expression characteristics of colonies of different phenotypes suggest also
differences in metabolism (e.g. amino acid and carbon metabolism). However, most of the
involved genes include those that are related to age dependent colony changes described
previously [24]. These expression differences thus probably reflect slightly different growth
rate of individual strains (see above) than being other colony phenotype related
characteristics.

Beside that, cursory glance at the list of differently expressed genes revealed that some of
them are localized close to telomers. Taking to account the hypothesis that transitions among
different phenotypes during phenotypic switching could be controlled by transcriptional
silencing mechanisms performed by specific chromatin remodeling enzymes [25,26], we have
performed comparison of genes differently expressed in BR-F, BR-S and BR-RF colonies
with databases of genes under the control of different deacetylases causing transcriptional
repression in often specifically localized subtelomerical chromosomal regions. Such analyses
revealed correlation between genes localized to so-called HAST domains, regions controlled
by Hdalp histone deacetylase [27], and genes upregulated in BR-F colonies. In particular,
17% of genes upregulated in BR-F versus BR-S, 20% of genes upregulated in BR-F versus
BR-RF and 31% of genes upregulated in BR-F versus both BR-F and BR-S 4-days old
colonies localize to these domains. In contrast, upregulation of HAST domain genes in BR-S
and BR-RF versus BR-F was mostly below 8% (Fig. 6A). Binding and histone deacetylation

by Hdalp suggests that HAST domain genes are repressed. Upregulation of such genes in
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BR-F colonies thus indicates decreased activity of Hdalp in BR-F colonies as compared with
BR-S and BR-RF colonies.

HAST domain genes upregulated specifically in BR-F (Fig. 6B) include genes coding for
different glucosidases (8 genes) proteins with mostly unknown function with predicted
localization to the cell wall (11 genes) and various transporters (9 genes). On the other hand,
almost none of these HAST domains genes belong among biofilm colony expressed genes
(i.e. the genes upregulated in BR-F & BR-RF versus BR-S). These data indicate that cells of
BR-F colonies harbor specific properties of their envelope (both cell wall and the membrane)
as compared with both BR-S and BR-RF colonies, but these properties seem not to be related
to biofilm colony phenotype. To test this prediction, we prepared strain BR-S-hdal with
deleted HDA1 gene that should presumably derepress HAST domain genes and we analyzed
its colony morphology and resistance to various stresses as compared with BR-F, BR-RF and
BR-S strains (Fig. 6C). BR-S-hdal strain formed smooth colonies that were smooth and only
slightly larger than colonies of BR-S strain of the same age (Fig. 6C). BR-F strain is
significantly more resistant to chitin binding dye calcofluor and it grows better in higher
temperature (37°C) than both BR-S and BR-RF strains. Deletion of HDA1 gene in BR-S
increased its calcofluor and temperature resistance that become at the same level as in BR-F
(Fig. 6C). These data supported our prediction that HAST domain gene products do not affect
colony morphology, but they significantly affect BR-F cell surface properties and thus its

resistance to the environment.

Discussion

In addition to domestication process that occurs when wild S. cerevisiae strains are
transferred to favorable laboratory conditions [20,21], we showed that domesticated BR-S
strain can switch back to the wild-type-like phenotype and form structured biofilm colonies
after very long-term stay under starvation conditions. In contrast to original BR-F strain that
forms highly structured colonies with uniform morphology, feral BR-S subclones formed
spectrum of different colony phenotypes including those that were fully structured such as
colonies formed by feral BR-RF strain resembling the original BR-F colonies. In addition,
several intermediate BR-S colony phenotypes varying between smooth and structured have
been also isolated. These data agrees with previous findings that different unrelated S.
cerevisiae strains (i.e. the strains isolated independently from various habitats) can form

differently structured colonies. One strain can even create several colony phenotypes in some
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of the cases [21] similarly to the phenotypic transitions in pathogenic fungi, which also
involve several different colony phenotypes [3]. Interestingly, such phenotypic variability was
induced by long-term starvation even in BR-F strain that originally exhibited only two
phenotypic variants — highly structured wild colonies and smooth domesticated colonies.
During the BR-S strain growth under nutrient restricted conditions, first feral subclones
started to appear after approximately 30 days of the cultivation, varying between 1-5 % of
colony forming units until about 130 days of the cultivation, i.e. the time when the population
started to die rapidly. Later, the survivals in the population comprise 15-40 % of cells that
formed differently structured colonies. This finding suggests that feral subclones gained better
ability to survive starvation than domesticated cells supporting thus the prediction of
environmental effect on strain behavior and stability. Similarly, various stress factors have
been shown to promote phenotypic switching of C. albicans resulting in production of cell
variants more resistant to stresses [28]. Furthermore, exposure of C. neoformans cells to
defense mechanisms within the mammalian body also leads to modulation of phenotype of
originally homogenous population and subsequent prevalence of variants more resistant to
host immune response [15].

Feral strain BR-RF forms structured colonies with bird view morphology identical to
original BR-F colonies. This feral strain, however, differed in several aspects from wild BR-F
strain. Firstly, it domesticated 4 to 8 times more effectively on both fermentable and non-
fermentable media, respectively, than BR-F strain. Presence of glucose efficiently promotes
switching to smooth variant in both BR-F and BR-RF colonies. Fermentable carbon source
also causes transient change to less structured colony morphology [29], supporting inhibitory
function of rich nutrient conditions in biofilm colony formation and its inductive potential in
switching to smooth colonies during domestication. Also the other feral subclones quickly
switch back to the domesticated phenotype when grown on complex media (not shown). This
suggests that although the several months of starvation induced formation of feral subclones,
such treatment was not sufficient enough to stabilize the feral subclones similarly as original
BR-F has been stabilized under natural settings. In addition, formation of different types of
feral strains as well as differences observed in BR-RF and BR-F strains imply that different
processes of phenotypic variation occur under starvation. Secondly, colonies of feral BR-RF
strain differ in some physiological parameters, such as water content and growth efficiency,
from colonies of both related strains, being an intermediate between BR-F and BR-S colonies.
Likewise, BR-RF strain still forms oval cells and not elongated cells and pseudohyphae

typical for BR-F, supporting the idea that cell morphology is not a key factor indispensable
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for formation of biofilm colony architecture [21]. On the other hand, both formation of ECM
and production of Flol1p adhesin, i.e. the traits essential for the formation of structured
colony morphology [21] have been recovered in BR-RF strain colonies. Interestingly, length
of FLO11 transcript differs between original wild BR-F and feral BR-RF strain.
Recombination of central repeat domain of genes encoding yeast adhesins which often leads
to generation of longer protein with different and even enhanced adhesive function [30] can
be frequently observed [31]. However, change in FLO11 gene happened probably already
during the domestication process, since the FLO11 transcript, although observed at very low
level in BR-S colonies, has the same size in the case of BR-S and BR-RF. Thus, it seems that
more than actual gene and potentially protein size, its expression level is important in context
of biofilm colony formation. In addition, this finding together with different MW of the
protein component of ECM, which could be caused by different posttranslational
modifications, but also possibly by changes at gene level, reveals that DNA recombination
events may occur frequently during the phenotypic transitions of wild BR-F strain. Thirdly,
mutual expression comparison of colonies of the three strains (BR-F, BR-S and BR-RF)
clearly showed that colonies of feral BR-RF differ in expression from both BR-F and BR-S.
Altogether, these data showed, that BR-RF strain selected under conditions of long-term
nutrient deprivation gain some properties of BR-F (e.g. formation of structured biofilm colony
morphology) and keep some others of BR-S (e.g. formation of oval cells).

Transcriptome comparison of colonies of the three strains also allowed us to determine
gene expression profile typical for structured colony phenotype as compared with smooth
phenotype. Biofilm colonies both upregulate and downregulate distinct genes involved in cell
wall remodeling as well as in delivery and modification of secreted and cell wall/membrane
attached proteins. This finding indicate that in addition to Flo11p adhesin, cell wall backbone
carbohydrate composition and other specific protein appearance and/or protein glycosylation
could contribute to specific properties of cells, production of ECM and formation of biofilm
colony morphology. Expression of transposone genes as well as several unknown genes
located in subtelomeric regions in biofilm colonies suggests that different regions of the
genome can be activated in biofilm than in the smooth colonies, resulting in expression of
genes that are unessential for development of laboratory and domesticated strains. In this
respect, finding that smooth colonies upregulated expression of group of genes involved in
histone modification and chromatin remodeling could be important. Smooth colonies also
upregulate significant amount of genes involved in response to various stressors. One could

speculate that upregulation of such genes is general response typical for smooth colonies that
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did not yet fully reached the phase when adaptive stress-releasing mechanisms are activated
[24] and lack sophisticated protective mechanisms such as ECM production that are
functional in young biofilm colonies [22]

Importance of chromatin remodeling in phenotypic switching is supported also by
observation that BR-F colonies, but not BR-RF colonies, seem to express genes located to
HAST domains, i.e. to the regions in the genome, the expression of which is modulated by
histone deacetylase Hdalp [27]. Derepression of these genes does not affect smooth colony
morphology of BR-S-hdal colonies, which means that HAST domain BR-F expressed genes
are unrelated to biofilm colony morphotype. Interestingly, one of the mechanisms of FLO11
expression regulation (i.e. regulation that is very complicated and affected by various factors)
that seems not to be relevant to formation of structured biofilm colonies was ascribed to
Hdalp [32]. On the other hand, deletion of HDAL and thus the derepression of HAST domain
genes significantly increased BR-F cell resistance to the cell wall binding dye calcofluor and
to the high temperature as compared with both BR-S and BR-RF. Calcofluor interferes with
assembly of cell wall [33] and several mutants affecting cell wall exhibiting increased
sensitivity to calcofluor dye can be observed [34] suggesting that the resistance of original
BR-F strain can be indeed caused by expression of HAST domain genes encoding various cell
surface-related proteins. In this respect, cells from feral BR-RF colonies behaved as BR-S
cells, which agrees with the observation that HAST domain genes were not derepressed in
BR-RF strain. In contrast to our results, role of specific deacetylases with important role of
Hdalp in controlling of “white-opaque” colony phenotypic transition has been also
demonstrated [25,35]. This reveals on one side that epigenetic mechanisms mediated by
chromatin remodeling enzymes have the capacity of phenotypic heterogeneity regulation and
that some of the phenotypic properties of original wild BR-F strain may be conferred by
turning off the transcriptional silencing mechanism. On the other side, however, the data
indicate that different colony phenotypic switching in different yeasts is controlled by
different pathways and very probably even by multiple pathways in particular yeast genera. In
addition to biofilm colony specific expression characteristics, expression in BR-RF colonies
seem to be related to 3 specific regions of their genome. 80% (in case of 4-days old colonies)
of genes upregulated exclusively in BR-RF is located in either chromosome XV or
chromosome IX. 46% of specific BR-RF down regulated genes locates to the chromosome
XI1. These data indicate that some chromosome rearrangements could occur during feral BR-
RF strain selection that either resulted in duplication of some parts of the chromosomes or,

more probably, to their rearrangement to some more actively transcribed genome regions.
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These chromosome site specific expression characteristics of BR-RF have nothing to do with
structured colony phenotype as only few biofilm colony specific genes localize to these
chromosomal regions. DNA rearrangement events leading even to karyotypic instability have
been observed also during the transitions of certain C. albicans [9] and C. neoformans strains
[12]. Likewise in BR-RF, also these previously observed changes were not consistently
correlated with phenotypic variability and were irreversible. Thus, it seems that DNA
rearrangements resulting possibly in particular expression changes are not the cause of the
phenotypic switch, they could be rather side-product of increased rate of recombination events
occurring during the phenotype transitions.

Obtained data clearly indicate wide variability of natural S. cerevisiae strains, which can
be even more potentiated under variable environmental conditions. Observed phenotypic and
expression differences between the three strains provide some clues on processes specific for
biofilm colony formation. In addition, they also document that simple comparison of the two,
even originally isogenic strains, such as wild BR-F and domesticated BR-S reveals many
significant gene expression and phenotypic differences, but only few of those seem to be
related to formation of biofilm colonies.

Materials and Methods
Strains and media

Wild S. cerevisiae strain BR-F is from the collection of the Chemical Institute of the
Academy of Science, Bratislava, Slovak Republic. BR-RF and BR-S strains are isogenic to
BR-F strain and arose by phenotypic switch. All other strains were prepared from the strains
mentioned above and are listed in Supplemental table 1. Colonies were grown on GMA (3%
glycerol, 1% yeast extract, 2% agar) or YEGA (2% glucose, 1% yeast extract, 2% agar) media
at 28°C unless otherwise indicated. For stationary cultivation liquid YE-Eth (1% yeast extract,
2% ethanol) in special cases supplemented with different concentration of salts was used. For
selective plates, media were supplemented with 200 mg/l G418 (Duchefa Biochemie, The

Netherlands) or 100 mg/l nourseothricin (Werner Bioagents, Germany).
Fluorescence microscopy of cells and colony imaging

Cells were examined under a Leica DMR microscope equipped with a 100x/1.3 oil objective
and a GFP filter or Nomarski contrast and then photographed with a ProgRes® MF® CCD

camera (Jenoptik, Germany). Colony images were captured in incident light. ProgRes® CT3
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CMOS camera with a Navitar objective, Fiber-Lite PL-800 illumination system and NIS

Elements software (Laboratory Imaging) were used.
Determination of colony biomass

To avoid colony size fluctuations caused by neighboring colonies in high density plating, cells
were plated in the concentration of approximately 100-120 and 40-50 per plate for 4 and 7
days old colonies, respectively. Colony diameter was determined using the NIS Elements
software. The biomass of colonies was estimated as their wet weight. To determine dry
biomass, the wet biomass was dried on Speed-vac for at least 6 hrs. Water content was
calculated as the difference between wet and dry biomass. Presented data is the average of
three independent experiments (several parallels in each) = SD (standard deviation),

Determination of switching frequency

The occurrence of switching from the BR-F and BR-RF to the BR-S colony type was
determined by visually scoring the colonies derived from structured biofilm colonies of
different age growing either on GMA or YEGA media. For calculation of switching
frequencies, 100-200 BR-F and BR-RF cells were plated on GMA plates, and at least 5000
colonies were scored. The percentage of colonies of the total CFU with smooth morphology

relative to those with fluffy morphology was determined.
Construction of the strains

Flo1l1p-GFP strains containing the FLO11 gene fused with the GFP gene in their genome
were constructed via previously described procedure [23]. Gene knock-outs were performed
by transforming the cells with deletion cassettes generated by PCR using the primers and

plasmids listed in Supplemental table 2. Yeast cells were transformed according to [36]
Sensitivity of the strains to Calcofluor White

Sensitivity of particular strains was tested by drop assay. 4-days old colonies were harvested
to make a suspension containing 2x108 cells per ml. 5 ul drops of 10-fold serial dilutions were
applied to GMA plates supplemented with 10 mg/l or 200 mg/l of calcofluor white (Sigma
Aldrich). Plates were scored after 3 days of incubation at 28°C or 37°C.

Northern analysis

Biomass from colonies growing on GM plates was resuspended in TES (10mM Tris pH 7.5,
10mM EDTA, 0.5% SDS) buffer. Approximately 200 mg biomass of BR-F, BR-RF and 100

mg of BR-S colonies were used for one isolation procedure. Total RNA from the cells was
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isolated by hot phenol method. Concentration of obtained samples was measured on
spectrophotometer. The samples were then diluted in mixture of water and formamide (3:10)
to a final concentration of 2 pg/pl. 6 ul of each sample were denatured for 10 min at 65°C and
loaded on 1.5% agarose gel. RNA molecules were transferred to positively charged
nitrocellulose membrane (Hybond-XL, Amersham Bioscience) overnight in 20x SSC buffer.
The membrane was then exposed to a certain labeled probe overnight at 65°C. Radioactive
signal was visualized on Fuji X-ray film. DNA probe for the RDN18 gene is complete ORF of
the gene prepared by PCR reaction. For the FLO11 probe, a PCR fragment corresponding to
the last 1382 bp of the FLO11 gene was used. The [a->*P] dCTP labeled probes were obtained
by random priming using the DecaPrime 11 Kit (Ambion).

Microarray analysis

mRNA was isolated from 800 pg of total RNA using a Micro-Fast track 2.0 Kit (Invitrogen).
Reverse transcription was performed for 3h at 42°C from 2-4 ug of mRNA with 5 pg of
random hexamers (Roche), 2 pg of Oligo(dT) (Invitrogen), 33 uM dUTP-Cy3 or dUTP-Cy5
(GE Healthcare), 500 uM dATP, dCTP and dGTP, 250 uM dTTP (Roche) and 600 U of
Superscript 11l reverse transcriptase (Invitrogen). After reverse transcription, RNA was
hydrolyzed with 0.1 N NaOH for 10 min at 70°C, the two reactions (Cy3 and Cy5) were
pooled and unincorporated nucleotides removed by ethanol precipitation followed by
purification in a Quiaquick column (Quiagen). 30 ul of labelled cDNA was mixed with 50 pl
of hybridization solution (100 uL of DIG Easy Hyb solution (Roche), 5 uL of yeast tRNA (10
mg/ml, Invitrogen) and 5 pL of calf thymus DNA (10 mg/ml, Sigma)), incubated at 65°C for
2 min and then cooled to room temperature. The mixture was then applied to Yeast 6.4K
Array (Y6.4K) double spotted ORF slides (University Health network, Toronto, Canada) and
incubated overnight at 37°C. The arrays were washed according to the manufacturer's protocol
and scanned using Axon fluorescent scanner and Genepix software. Three double-genome
microarrays (biological replicates) were used. Spots were detected using TIGR Spotfinder
(TM4.org) software and normalized in TIGR MIDAS (TM4.org) using the LOWESS method.
Differentially expressed genes were selected using a combined fold change and t-test p-value
cut-off criterion. Genes showing at least 1.5-fold change (log,>0.585) in their average

expression and simultaneously a p-value<0.05 were considered to be differentially expressed.
Extracellular material extraction, SDS—PAGE and detection of protein glycosylation

The biomass of whole colonies was collected, mixed thoroughly and centrifuged (15 min,

4°C, 18 0009) to remove cells. The extracellular aqueous phase was treated with acetone for 2
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h (four volumes of acetone per one sample volume) at -20°C. The precipitate containing the
proteins was suspended in a denaturing sample buffer (1 pl of the sample buffer per extract
from a biomass corresponding to 2 mg of dry biomass), denatured for 15 min at room
temperature and separated on 7,5% SDS-PAGE. SDS-PAGE separated proteins were
transferred to a PVDF membrane and glycoproteins were visualized by sequential incubation
in concanavalin A, horseradish peroxidase and chloronaphthol-H,O, solution as described

previously [37].
Two-photon confocal microscopy

Vertical transverse cross-sections of colonies were prepared and their side views obtained by
2P-CM as described by [38]. The cross-sections were stained with ConA-AF (concanavalin A
conjugated with AlexaFluor 488; 30 ug/ml). Alternatively, GFP fluorescence was monitored.
Images were acquired with a Leica TCS SP2 AOBS MP confocal laser scanning microscope
fitted with a mode-locked Ti:Sapphire Chameleon Ultra laser (Coherent Inc., Santa Clara,
CA, USA) for two-photon excitation and using 20x/0.70 and 63x/1.20 water immersion plan
apochromat objectives. Excitation wavelengths of 920 nm were used for ConA-AF and GFP
and emission bandwidths were set to 470-540 nm for ConA and 480-595 nm for GFP. An
overview of the morphology of colonies and individual cells was obtained simultaneously

with green fluorescence as autofluorescence in the 600—740 nm wavelength range.
In silico analysis of gene sets obtained by microarray comparison

Comparison of gene sets and their overlaps with HAST domain gene list was performed using
Venny online tool available on http://bioinfogp.cnb.csic.es/tools/venny/index.html [39]. Genes
were classified into the functional categories using particular gene description in genome
database available on http://www.yeastgenome.org/. Enrichment of gene sets on particular
chromosomal regions was determined by Positional gene enrichment (PGE) analysis using the

tool available on http://homes.esat.kuleuven.be/~bioiuser/pge [40].
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Figure legends

Figure 1. Origination and stability of BR-RF strain. A) Line graph (left y axis) represents
total CFU per ml of BR-S strain grown in static culture at indicated time period. Bar graph
(right y axis) shows representation of colonies with structured morphology relative to total
CFU of BR-S strain at indicated time of cultivation. B) Morphology of colonies with
structured morphology originated from domesticated BR-S strain during the cultivation in
static culture. From the left, morphotype I, II, Il and 1V (named BR-RF), bar 1 mm. C)
Representation of domestication frequency of the colonies of BR-F and BR-RF strains grown
on complex solid media with glycerol (GMA) and glucose (YEGA) as a carbon source. Upper
graphs represent average appearance of smooth colonies after re-plating of BR-F (white
columns) and BR-RF (grey columns) colonies relative to total CFU of all re-plated colonies.
Bottom graphs show the switching frequencies of individual colonies.

Figure 2. Morphology, ultrastructure, Flol1p production and physiological properties of
colonies of BR-RF strain and its ancestors. A) Fluffy colonies of original wild S. cerevisiae
BR-F strain, fluffy colonies of feral BR-RF strain and smooth colonies of domesticated BR-S
strain, bar 1 mm. B) Vertical transverse cross-section of 84 hrs old BR-RF colony stained by
ConA-AF visualized by 2P-CM, bar 100 um. At the bottom, magnification of upper aerial
(left) and lower subsurface (right) part of the BR-RF colony, bar 10 um. C) Physiological
characteristics of BR-F (black columns), BR-RF (grey columns) and BR-S (white columns)
colonies. Left, graph representing amount of wet biomass per colony. Right, graph
representing relative amount of dry mass. D) Localization of Flo11p-GFP and morphology of
cells taken from 4-days old BR-F and BR-RF colonies. Rightmost, Nomarski contrast image
of cells from 4-days old BR-S colonies. The Flo11p production in these colonies is below the

detection level, bar 5 um.

Figure 3. Visualization of ECM and its protein component and FLO11 expression in BR-
RF colonies. A) Visualization of sugar moiety linked to the glycoproteins in extracts from
BR-F, BR-S and BR-RF colonies separated on SDS-PAGE gel, arrow shows HMWGP. B)
Visualization of ECM in BR-RF PgaL1-GFP colonies using 2P-CM. Vertical colony cross
section. Green, GFP fluorescence marks areas in which the inducer reached the cells; red,
autofluorescence of all colony cells visible in areas where ECM prevented the inducer from

accessing the cells. Intact colonies were induced from the bottom by placing them for 5 h on
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agar soaked with 2% galactose, bar 100 um. C) Expression of FLO11 gene in 4- and 7-days
old BR-F, BR-RF and BR-S colonies. On the right, stronger exposition is used to show low
FLO11 level in BR-S colonies, discontinuous line compares length of FLO11 transcript in
BR-RF and BR-S cells. RDN18 gene was used as a loading RNA control.

Figure 4. Trancriptome comparison of cells forming BR-F, BR-RF and BR-S colonies. A)
Diagrams represent number of genes in datasets obtained from transcriptome comparison of
BR-F, BR-RF and BR-S colonies. The amount of genes activated in certain strain background
is indicated in appropriate color (i.e. blue for genes activated in BR-F, red for genes activated
in BR-RF, yellow for genes activated in BR-S). Mutual comparison of all three
transcriptomes (overlap of the two transcriptome gene datasets compared to remaining one) is
represented in intersection of all diagrams as indicated in the picture (i.e. black — number of
genes activated/repressed in both BR-F and BR-RF compared to BR-S, violet — number of
genes activated/repressed in both BR-F and BR-S compared to BR-RF, green — number of
genes activated/repressed in both BR-S and BR-RF compared to BR-F).

Figure 5. Positional gene enrichment analysis of the genes upregulated in colonies of the
BR-RF strain. A) The images represent genes activated in 4- and 7-days old colonies of BR-
RF compared to BR-F (red bar), BR-S (blue bar) and both BR-F and BR-S (green bar)
enriched in illustrated chromosomal regions, percentage of gene enrichment on distinct
chromosomal region is shown on upper scale bar. Approximate length (in kbp) of the
chromosomal regions is indicated. Representation of genes enriched in distinct chromosomal
regions relative to all differently expressed genes in certain datasets is indicated in an
appropriate color as “% of all activated genes”. B) The same layout as described above with
the genes repressed in 4- and 7-days old colonies of BR-RF compared to BR-F (red bar), BR-
S (blue bar) and both BR-F and BR-S (green bar).

Figure 6. HAST domains and HDA1 derepression in BR-F colonies. A) Percentage of
genes localized in HAST domains relative to all genes in certain gene set compared as
described in Fig. 4. B) Table of genes localized in HAST domains [27] upregulated
specifically in 4- and 7-days old BR-F colonies compared to both BR-RF and BR-S colonies.
Genes differently expressed only 4™ day are in standard letters, genes differently expressed in
both 4™ and 7" day are in bold and genes differently expressed only 7" day are italicized. B)
Left, drop assay of cells from BR-F, BR-RF, BR-S and BR-S hdal colonies on GMA and
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calcofluor supplemented plates grown at 28°C and 37°C as indicated. Right, 6-days old
colonies of BR-F, BR-S and BR-S hdal strains, bar 1 mm.

Table 1. Functional classification of genes differently expressed in structured versus
smooth morphotypes. Functional categories of genes activated (left column) / repressed
(right column) in cells from 4- and 7-days old structured biofilm colony morphotypes
(represented by BR-F and BR-RF strains) when compared to smooth colony morphotype
(represented by BR-S strain). Genes differently expressed only 4™ day are in standard letters,
genes differently expressed both 4™ and 7" day are in bold and genes differently expressed

only 7" day are italicized.
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Figure 5
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Figure 6
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Table 1

structured biofilm colony smooth colony
morphotype morphotype
Cell wall YLRO42W, SVS1, ASP3,BSC1,  SPS100, CTS1, BGL2, CCW14, FLO9, PFS1,
OSWS5 PSA1, ZPS1
Secretory transport BST1, LST7, PER1, CWH41, BTN2, NCE102, GYP7, KAP95, KTR4,
& processing MNN9, YOL107W, APM4, GVP36, PEP12, RCR1, SNC2, TIM17, TIM21
YIP4
Metabolism JLP1, MLS1, SNO1, SNZ1, SNZ2, PIG2, SFAL, STR3, CRS5, CUP1-1, FBP26,

TPI1 — YMR226C, BNAL, DFR1, FOL2, FRE6, FRE7, MTD1, NFS1
ENO1, HPT1, MDH2, RHR2, SOL4

, . ARG3, ARG4, BAT1, MET17, GCV1, GCV2, GCV3, SHM2
Aminoacids MET22, ARG1, GDH3, LAP3
o _ INO1, VAC14 — ECI1, POT1, YNL144C, ERG3, ERG4, HFD1, CEM1,
Lipids & fatty acids POX1, TES1, VPS66 CSG2, SUR1, SUR4
Nucleotides RNR4 — ADE1, ADE2, ADES, ADE13, PRS3,
URA2
Transport ITR1, PUT4, VHT1, PDR12, VBA3, MUP3, PHO84, THI74, ZRC1, HXT5, HXT15,
ATO2, CAN1, GAP1, MEP2, PIC1 HXT17, MAL11, PHO89, YFL054C, HXT1,
HXT2, HXT3, HXT4, HXT6, HXT7, HXT10,
HXT11, HXT12, HXT13, PHO87, ZRT2
Degradation OMA1, HSP33, MGR1, NAS2 ATGS, BSD2, CIC1, DFG16, GIDS, JID1,
UMP1, RPN5, RPN13, RPT2, SNA3, VID24,
YPT53
Stress response DDR48, GRX3, TSAL, YBL036C, OLAl, GRE1, HSP26, HSP42, SPG1, SPG4,
CTAL, DDI3, RAD10, SOD2, TSA2 SSA4, APJ1, FES1, GPX1, HSP30, HSP78,
HSP104, SSE1, YNL190W,YOR186W, AADS,
CCT5, CPR6, DUN1, GLO1, GSH1, HSP150,
MGE1, OYE3, PST1, RCN2, SED1, STI1,
TRX3, YDJ1,YGP1
Regulation
Translation & RNA BRR2, MTQ2, DUS4, SLF1, PUS2, SLH1, NGL3, RPA135, RSC30,
processing SPP381, IST3, NTR2, POA1, YDR341C, CBF5, SRO9, RPS30B, RPL35B,
RPP1A, RPR2 RRP3, RRP7, SNU66, SRC1
Signal transduction ASG7 — PKH1, FAR3 GPA2, MRK1, STD1, LST8, RGS2,
YMR291W, GLC8, HRK1, KIC1, MTH1, STE7,
YAK1
Cell cycle & polarity SHE1 PCL9, HBT1, TAH11, CLG1, CDC13, CDC3,
DSE1, VHS1
Transcription CUP9, SFG1, TEC1, YAP7, RDS1 HMS1, YFLO52W, RLM1, USV1, ZPR1,
ALPHA2, CIN5, HAP4, OPI1, PHO2, STP2,
STP4
- chromatin structure TOS8, HHT1, HIR2, TMA23 ,TOD6
General transcription IWR1, RBA50, RPA135, RPB10, SPT15,
SUA7, TAF12, TFA1
Transposons 21 genes, 12 genes, 0 genes
Unknown 12 genes, 6 genes, 24 genes 8 genes, 5 genes, 16 genes
Others MDV1, SPO7, VMA4 YLR164W, DIA1, DIA3, MRH1, MRPS17,

IXR1, PIN3
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6. Diskuse

Kvasinky, podobné jako cela fada dalSich mikroorganismu, tvofi pii ristu na rozhrani
dvou skupenstvi riznd mnohobunécna spoleCenstvi. Takové Utvary reprezentuji zejména
biofilmy, komplexni buné¢né aglomeraty charakteristické svou komplikovanou trojrozmérnou
strukturou, které pozorujeme pievazné u patogennich kvasinek (BLANKENSHIP & MITCHELL,
2006; RAMAGE et al., 2010), a kolonie - utvary vznikajici na pevnych povrsich (v laboratofich
na agarovych médiich), povazované za méné heterogenni a prostorové omezenou obdobu
biofilmu (PALKOVA, 2004). Existence vramci mnohobunécnych utvari je preferovanym
zivotnim stylem kvasinek v pfirozeném prostiedi, kdy charakter a vlastnosti takovych
spolecenstvi poskytuji fadu vyhod pro pfezivani v Casto neptiznivych podminkach vnéjsiho
prostiedi (MARKX et al., 2004; PALKOVA & VACHOVA, 2006).

Kmeny kvasinek izolované z pfirozenych ekosystémii ¢asto tvoii kolonie charakteristické
komplikovanou trojrozmérnou strukturou. Takto prostorové heterogenni utvary pozorujeme
zejména u patogennich kvasinek C. albicans a C. neoformans (JAIN et al., 2008). Tvorba
strukturovanych kolonii je vSak rovnéZz charakteristicka i pro ptirodni kmeny S. cerevisiae,
kdy tuto schopnost maji napfiklad kmeny izolované z vinnych hroznt (CAVALIERI et al.,
2000) ¢i vodniho prostiedi (KUTHAN et al., 2003), kmeny pouzivané pii vyrob¢é vina
(FIDALGO et al., 2008) a také nekteré klinické izolaty jinak spiSe neskodného druhu kvasinky
(GRANEK & MAGWENE, 2010). Oproti tomu béZné pouzivané laboratorni kmeny tvoii na
prvni pohled nediferencované hladké kolonie s pravidelnymi okraji rostouci pievazné
V horizontalnim sméru (VACHOVA et al., 2009). Z tohoto pohledu velmi podstatnou vyjimku v
roding ,,laboratornich kment vsak tvoii kmeny pouzivané pro studium vyvojovych programu
bunék jako je sporulace ¢i bunééna morfogeneze (viz kap. 3.2.3.1 a 3.2.3.3), jejichz kolonie
tvarem a strukturou piipominaji spiSe kolonie kmeni piirodnich (GRANEK & MAGWENE,
2010). Zatimco jejich laboratorni souputnici jsou Casto selektovani pro vlastnosti umoziujici
jejich snadnou kultivaci a manipulaci, zejména kmen 1278 si udrzel fadu ryst
charakteristickych pro pfirodni kmeny jako je silnd adhezivita ¢i schopnost vldknitého ristu

(KRON, 1997).

Mezibunécné interakce a signaly pri vyvoji strukturovanych kolonii

Pti vyvoji pocetnych populaci kmene S. cerevisiae > 1278 ¢i jeho haploidni varianty ZSh
(VOPALENSKA et al., 2005) na pevném médiu dochazi k modulaci charakteru rustu bun¢k na

okrajich vznikajicich mikrokolonii, ke zmén¢ z axidlniho na polarni zpisob puceni a tvorbé
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vlaknitych bunc¢k. K jejich vzniku a ristu dochdzi dominantné ve sméru sousedni
mikrokolonie, coz vede az k postupnému sjednocovani jednotlivych populaci. K tomuto jevu
dochazi jiz velmi brzy po inokulaci bun¢k a tedy nezavisle na stavu zivin (kap. 5.1.). Je to
tedy proces odliSny od pied mnoha lety objeveného vlaknitého rastu, kterym bunky reaguji na
nedostatek dusiku (GIMENO et al., 1992), pfipadné jinych zivin (BRAUS et al., 2003;
ZARAGOZA & GANCEDO, 2000). Rany orientovany pseudohyfalni rast sousedicich
mikrokolonii je rovnéz nezavisly na pfitomnosti povrchového adhezinu Flo11p (kap. 5.1.),
pticemz vSak byla prokazana jeho esencialita pro hladovénim indukovany vlaknity rist (LO &
DRANGINIS, 1998).

Dulezitym faktorem ovliviiujicim indukci orientovaného vlaknitého rtstu je ovsem hustota
populace, kdy pocetnéjsi populace prochazeji rychlejSim pfechodem na vlaknity rist a
diivéj$im sjednocenim populace, zatimco buiky solitérnich mikrokolonii dimorficky pfechod
nevykazuji viibec. Charakter vySe popsaného jevu naznacuje existenci ur¢it¢ho zplisobu
mezibunééné komunikace (kap. 5.1.). K pseudohyfalnimu rastu v populacich o vysoké
bunééné hustoté rovnéz dochazi indukénim pusobenim aromatickych alkohold, k jejich
produkci vSak také dochazi pouze pii hladovéni na dusik a jeho ptfitomnost v dostatecném
mnozstvi takové dimorfické ptechody inhibuje (CHEN & FINK, 2006). Naopak orientovany
vlaknity rast je indukovatelny amoniakem, pfitomnosti vyssi koncentrace amonnych iontl a
alkalizaci okolniho média spolecné se skuteCnosti, Ze 1 pti ristu obiich kolonii laboratornich
kmenti dochazi kratce po inokulaci k produkci kratkého pulzu amoniaku (PALKOVA et al.,
1997), naznaCuje piimou roli amoniaku Vv komunikaci mezi mladymi sousednimi
mikrokoloniemi. Suplementace role amoniaku pomoci riznych tékavych amint ¢i zvySené
koncentrace amonnych ionti vede k myslence, Ze mechanismus funkce amoniaku spociva
Vv modulaci pH uvniti bunék podobné jako je tomu i v ptipad¢ fady vyvojovych procesi u
socialni hlenky D. discoideum (GRoss et al., 1983). Amoniak byl identifikovan jako molekula
slouzici jako signal vedouci ke zménam v metabolismu, adaptaci na omezené mnozstvi Zivin
a také k rustové inhibici ve sméru produkce amoniaku (PALKOVA & VACHOVA, 2003).
Podobné jako jiz bylo diive popsano (GIMENO et al., 1992), i v ptipadé nasi studie pfitomnost
zvySené koncentrace amonnych iontd inhibuje vlaknity rist v pozdéjSich fazich vyvoje
populace (kap. 5.1.). Tato fakta naznacuji, ze role amoniaku i vlaknitého ristu je ziejmé zcela
zavisla na vyvojové fazi urCitych populaci. Pti ranych fazich vyvoje populaci mize dochéazet
k tvorbé gradientu amoniaku produkovaného rostoucimi mikrokoloniemi, ktery je rozeznavan

populacemi v okoli a indukuje ptislusné zmeény vedouci k orientovanému ristu a sjednoceni
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populaci. V tomto kontextu role amoniaku jako induktoru synchronizujiciho popula¢ni vyvoj
pfipomind quorum sensing fenomén slouzici ke koordinaci chovani pocetnych bunécnych
populaci (viz kap. 3.2.4.1.) (PAPPAS et al., 2004). Vedle toho je zajimava rovnéz mozna role
amoniaku jako atraktantu pii vyvoji kvasinkovych populaci Vv pfirozenych ekosystémech a
kolonizaci urcitého prostfedi, kdy je amoniak uvolilovan naptiklad pii procesu zrani ovoce
(GATTO et al., 2008).

Kvasinkové populace tedy disponuji mechanismy, které umoznuji jejich vzajemné sristani
vedouci ke vzniku jednotné pocetnéj$i komunity. Takové chovani kvasinkovych populaci
piipomina aktivni agregaci pohyblivych bun¢k myxobakterii ¢i hlenek nezbytnou pro vznik
mnohobunécnych plodnic (KAISER, 1986). Vzajemné ovliviiovani a fuze sousednich populaci
rovnéz pozorujeme piiranych fazich vyvoje kolonii E. coli (SHAPIRO, 1992). Vyvoj takovych
populaci je tfizen pravidlem maximalizovat vzajemny kontakt a navySovat svou bunécnou
hustotu spiSe nez zajiStovat piistup individualnich bun¢k k volnému substratu (SHAPIRO,
1998). Sdruzovani populaci do pocetnéjsich utvaru je tedy obecnéjsi fenomén, ktery miize
Vv piirozenych podminkéch slouZit k efektivnimu zbudovani mnohobunééného utvaru a rychlé
produkci spole¢nych ochrannych mechanismi. Koordinovany vyvoj vramci spolecné
komunity diky efektivni kooperaci bun€k na stavbé ttvaru také mize zamezovat piipadné

budouci kompetici o prostor a ziviny (kap. 5.1.).

Faktory prispivajici k vyvoji strukturovanych kolonii

Schopnost pfirodnich kmena kvasinek S. cerevisiae tvofit tvarové rtiznorodé komplexni
kolonie a zaroven odlisny puvod nepiibuznych kment ptedstavuje dobry systém pro studium
vlastnosti obecné potiebnych pro vznik takovych typl spolecenstvi. SpoleCnym rysem
strukturovanych kolonii pfirodnich kmenu S. cerevisiae je masivni produkce ECM. Jeji
mnozstvi klesd s komplexitou kolonii, kdy malé mnoZstvi ECM nachazime v méné
strukturovanych koloniich, a v podstaté zadna extracelularni hmota neni ptitomna v koloniich
hladkych (kap. 5.2.). ECM je vyznamnou slozkou mnohobuné¢nych populaci kvasinek (viz
také kap. 3.2.1.2.), at’ jiz hovoiime o ruznych typech biofilmi (CHANDRA et al., 2001; ZARA
et al.,, 2009) ¢i shlucich bun¢k v tekutém médiu (BEAUVAIS et al., 2009), kdy ma casto
rozhodujici vliv na jejich stavbu a strukturu. V biofilmech C. albicans ECM zabezpecuje
vzajemné propojeni mikrokolonii, jejich prostorové uspofadani, tvorbu poru a kanalkd a tim
vznik typické houbovité architektury (DOUGLAS, 2003). V koloniich pfirodnich kment pak

ziejmé plni podobnou strukturdlni funkci, kdy obaluje a oddéluje jednotlivé bunééné shluky
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(KUTHAN et al., 2003) a zodpovida tak rovnéz za zna¢nou velikost strukturovanych kolonii ve
srovnani s menSimi a usporné¢ strukturné organizovanymi koloniemi hladkymi (kap. 5.2.).
vznik strukturovanych kolonii C. neoformans (FRIES et al., 1999). ECM téz udrzuje integritu
celé populace, kdy vypliuje mezibunécné prostory véetné¢ pomérné rozsahlych nebunéénych
dutin uvnitt kolonie a jeji prostoroveé specifickd produkce miize spole¢né s ristovou aktivitou
délicich se bun¢k pilisobit jako mechanicka sila zodpovédna za horizontalni a posléze rovnéz
vertikalni expanzi kolonie, stabilizaci nové vzniklého prostoru a typicky ,,vrascity” vzhled
kolonie (kap. 5.3.).

Produkce ECM rovnéz ziejmé souvisi s obsahem vody v koloniich, kdy jeji mnozstvi
stoupa s komplexitou struktury kolonii a tedy mnozstvim ECM (kap. 5.2.), ktera tedy vedle
své strukturni funkce mtize chranit populaci proti dehydrataci. Velky obsah vody zadrzované
za pomoci ECM je typicky rys i1 pro mikrobidlni biofilmy, kdy extracelularni kapalina muaze
tvofit pies 90% mokré vahy celé populace (MELO, 2005). Vedle vody mize ECM rovnéz
piispivat k akumulaci nékterych pro rist potiebnych latek, ¢i sama o sob¢ slouzit jako zdroj
zivin (FLEMMING & WINGENDER, 2010). Jeji lokalizace v rozsahlych nebunéénych dutinach
tedy piedstavuje idealni prostor pro rozsifovani novych generaci bun€k uvniti kolonie (kap.
5.3.). Slozeni ECM strukturovanych kolonii pfirodnich kment neni znamé, lze vsSak
predpokladat, ze vyznamnou slozku budou tvofit polysacharidy, podobné jako v piipadé
dalsich mnohobunéénych utvaru kvasinek (AL-FATTANI & DOUGLAS, 2006; BEAUVAIS et al.,
2009). Pravé polymery raznych sacharidi tvoficich vnéjsi vrstvy mikrobialnich bunék jsou
charakteristické svou reten¢ni kapacitou (PAVLOVA et al., 2005; SUTHERLAND, 2001) a jsou
tak pravdépodobné zodpovédné mimo jiné také za hygroskopické vlastnosti ECM. Ur¢itou
roli v ECM ptirodnich kmenti by mohly hrat rovnéZ proteiny. Proteiny plni nezastupitelnou
strukturni ilohu v ECM biofilmt nékterych bakterii (BRANDA et al., 2006), kdy mohou tvofit
v nékterych ptipadech i majoritni slozku matrix (CUCARELLA et al., 2004). Fluidni
extracelularni matrix kvasinkovych ,,mati* muize byt tvofena proteinem Flol1p castené
uvolilovanym z buné¢né stény do extracelularniho prostoru (KARUNANITHI et al., 2010).
Pfitomnost extracelularniho  vysokomolekuldrniho proteinu byla zaznamendna ve
strukturovanych koloniich ptfirodniho kmene BR-F, zatimco podobna komponenta neni
ptitomna v hladkych koloniich laboratornich kmenti (KUTHAN et al., 2003). Nezda se vsak, ze
by takovy protein byl obecnym rysem strukturovanych kolonii, kdy se nenachazi v extraktech
z kolonii dal$ich ptirodnich kmeni a jeho role v tvorbé ECM tak neni objasnéna (kap. 5.2.).

Je mozné, ze u nékterych kmenli nedochézi k jeho uvoliovani do mezibunééného prostoru,
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podobné jako je tomu v ptipadé tvorby ECM flokulujicich bunék produkujicich protein Flo1p
(BEAUVAIS et al., 2009), nebo se na tvorbé ECM rovnéz podili jiné extracelularni proteiny,
jejichz mnozstvi je obecné vyrazné vyssi ve strukturovanych koloniich. Stejné tak je ovSem
mozné, 1 vzhledem k odlisnému sacharidovému metabolismu jednotlivych kmen, ze slozeni
ECM neptibuznych ptirodnich kmeni je odlisné co do obsahu sacharidi i proteinti. Rozdily
ve slozeni ECM jsou béznou skute¢nosti v porovnani riznych druhd a kment bakterii (LOPEZ
et al., 2010) i kvasinek (AL-FATTANI & DouUGLAs, 2006).

Tvar a struktura mnohobunécnych utvari kvasinek cCasto odrazi morfologické
charakteristiky bun¢k, ze kterych jsou slozeny. Vznik strukturovanych kolonii nékterych
kvasinek schopnych pfechodli mezi morfologicky odlisnymi bunkami (viz kap. 3.2.1.3.1) je
tak pfimo spojen s dominantni ptitomnosti ur¢it¢ho bunécného typu. Kolonie nékterych
dimorfickych druhii kvasinek jsou hladké, pokud jsou tvofeny pouze kvasinkovymi bunkami
(POMES et al., 1985). Avsak v pripadé, Ze bunky rostou ve formé pseudohyfalnich ¢i hyfalnich
vlaken indukovanych specifickymi faktory ¢i mutaénim fenotypem tvoti zpravidla kolonie
vyrazné strukturované (BAUER & WENDLAND, 2007; WARTMANN et al., 2000). Castgji jsou
vSak strukturované kolonie sloZzené z nékolika riiznych bunécnych typi a specifickd struktura
kolonii je zavisla na zastoupeni jednotlivych bunécnych typl a jejich specifické lokalizaci
(LAFFEY & BUTLER, 2005; RADFORD et al., 1994), podobné¢ jako je tomu u biofilmi (BAILLIE
& DOUGLAS, 1999). Vertikalni rust kolonie kmene Y 1278 je spojen s piechodem bunék na
vlaknity rist zavisly na pritomnosti Flo11p, ke kterému dochdzi v ramci celé kolonie a to i u
solitérnich kolonii, jejichz buniky nevykazuji odlisné regulovany rany orientovany vldknitych
rust vedouci ke srustani sousednich populaci. Elongace bun¢k v ramci bunécnych shlukl a
jejich polarizovany rust ve form¢ pseudohyfalnich vldken se tedy zifeyjmé podili na
vybudovani charakteristické trojrozmérné architektury kolonie (kap. 5.1.). Pfi maturaci
biofilmu C. albicans dochazi také k expanzi populace, na které se podileji vlaknité buriky, a
ktera vede ke vzniku typické vrstevnaté struktury biofilmu (RAMAGE et al., 2002c).
,,Vrascitost™ kolonii uréitych kmenid C. albicans je rovnéz pfic¢itana pfitomnosti vlaknitych
bungk, které tvoii povrchové vrstvy kolonii (RADFORD et al., 1994). Tvorba pseudohyf je
rovnéz charakteristickou vlastnosti fady ptirodnich kment S. cerevisiae (CASALONE et al.,
2005). Néekteré kmeny vsak tvoii strukturované kolonie, aniz by vykazovali pseudohyfalni
rast a morfologie jejich bunék se ani jinak zasadné nelisi od bunék kolonii hladkych (kap.
5.2.). Kolonie jinych kment, schopnych tvorby vlaknitych bunek, zase obsahuji pseudohyfy
zejména na bazi kolonie, kde invaduji agar a tvoii podpovrchovou strukturu upeviujici utvar

k substratu, zatimco povrchové vrstvy jsou slozeny z ovalnych bunék (kap. 5.3.). Podobnou
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stratifikaci mizeme nalézt i ve strukturovanych koloniich uréitych kment C. albicans, kdy
vrchni ¢ast je tvofena kvasinkovymi buitkami, zatimco hyfalni buiiky se nachazeji uprostied
kolonie a v masivni mife rovnéz zartstaji do média (PESTI et al., 1999). Nékteré kmeny C.
neoformans jsou také schopné tvorby pseudohyfalnich bunék a takova zména se muze
projevit na struktufe kolonie, ,,vras¢ité” kolonie jsou vSak tvofeny z tvarové homogennich
kvasinkovych bunék a vznik struktury kolonie je zavisly na jejich trojrozmérném uspofadani
(FRIES et al., 1999). Jak je vidét, morfogeneze bunék muze plnit rizné funkce pfi vyvoji
populaci v zavislosti na studovaném kmeni a neni pouhou reakci bun¢k na hladovéni (kap.
5.1.). Rozhodn¢ v8ak neni ani univerzalné vyuzivanym mechanismem potiebnym pro vyvoj
strukturovanych kolonii. Podobné ani polarita puceni bunék v koloniich ptirodnich kmeni
neni pro vyvoj jejich struktury rozhodujici (kap. 5.2.) a podporuje piedchozi zjisténi, ze
absence genu definujicich vybér mista puceni neovliviiuje zasadné strukturu a morfologii
kolonii (VOPALENSKA et al., 2005).

Vznik strukturovanych kolonii pfirodnich kmenti S. cerevisiae je zavisly na pfitomnosti
povrchového adhezinu bunééné stény Flollp, kdy absence genu FLO1l vede ke ztraté
schopnosti tvorby trojrozmérné architektury (kap. 5.2.). Jeho role je tedy pomérné
univerzalni, ovSem také znacné pleiotropni (viz také kap. 3.2.2.2.1.). Bylo prokazano, zZe je
nezbytny rovnéz pro tvorbu strukturovanych kolonii vySe zminénych laboratornich kmeni
(GRANEK & MAGWENE, 2010), vznik vlaknitého rastu (LO & DRANGINIS, 1998), tvorbu
oflori“ na povrchu sherry (ISHIGAMI et al., 2004) a rovnéz biofilmovych povlaki na
plastovych povrSich (REYNOLDS & FINK, 2001), tedy celou fadou fenotypu spojenych s
mnohobunéénym chovanim kvasinek. Exprese genu FLO11l pifimo koreluje se
strukturovanosti kolonii, kdy je nejvyssi ve strukturovanych koloniich a velmi nizka
Vv koloniich hladkych (kap. 5.2.). Souvislost surovni exprese a strukturou kolonie Ize
pozorovat rovnéz u vinaiskych ,flor* kment obsahujicich specifickou alelu genu FLO11
(FIDALGO et al., 2006), jejiz zvySena exprese je zodpovédna za komplexni morfologii kolonii
(BARRALES et al., 2008). K produkci proteinu dochazi nezavisle na morfologii bun¢k, kdy
Flollp lokalizuje na povrch ovalnych i vlaknitych bunék a to i soucasné v koloniich
slozenych z obou bunéénych typt a neni tedy specificky pouze pro vlaknité ¢i invazivni
buriky, jak ukazuji nékteré studie (GUO et al., 2000; HALME et al., 2004). Flo11p je sice
rovnéZ nezbytny pro tvorbu pseudohyfalnich bun¢k (nikoliv vSak raného orientovaného ristu
pozorovaného u populaci kmene ) 1278) a tim muze pfispivat K vyvoji trojrozmérné
architektury (kap. 5.1.), jeho obecnou funkci v kontextu vzniku strukturovanych kolonii se

vSak zda byt participace na tvorbé mezibunéénych fibrilarnich spojii. Tato mezibuné¢na
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spojeni zajistuji vzajemnou bunécnou adhezi, stabilitu celé kolonie a rovnéz poskytuji
flexibilitu povrchovym vrstvam bunék a umoznuji tak vertikalni expanzi kolonii a jejich
,vrasCity” vzhled (kap. 5.3.). Podobné vlaknité projekce vnéjSich vrstev bunééné stény
ptipisované adhezivnim proteinim byly zaznamenany rovnéz u bunek C. albicans
(TOKUNAGA et al., 1986) a vméné vyrazné podobé u flokulujicich bunék S. cerevisiae
produkujicich protein Flolp (BEAUVAIS et al., 2009). Mechanismus vzajemné vazby bungk
zprostfedkované proteinem Flo11p neni zfejmy. Byl vSak prokédzan potencidl proteint Flo11p
k homotypické interakci, tedy vzdjemné vazbé dvou stejnych proteinmi, pravdépodobné
rozeznavanim specifické glykosylace (DOUGLAS et al., 2007). Prechod na vlaknity rist bunék
piedchazejici tvorbs strukturovanych kolonii kmene Y'S" je provazen zménami v lokalizaci
proteinu Flollp. Z mista kontaktu bun¢k zlstavajicich po vypuceni spojenych se v prib&hu
dimorfického ptechodu Flollp piesouva rovnéz na distalni pol elongovanych
pseudohyfalnich bun€k a k rozsiteni na cely povrch dochazi az v pozdé¢jSich fazich vyvoje
kolonie (kap. 5.1.). Podobna lokalizaéni zména je charakteristickd pro nékteré proteiny
umoziujici polarni puceni a tvorbu invazivnich vlaknitych bunék (CULLEN & SPRAGUE,
2002). To naznacuje, ze vedle adheze mezi polarné pucicimi bunikami nezbytné pro vznik
pseudohyt a tvorby podélnych mezibunécnych spoji potiebnych pro tvorbu strukturovanych
kolonii, by se protein Flollp mohl uritym zplGsobem podilet i na zajisténi polarity
bunééného rastu. Podobnou lokalizaci proteinu Flo11p, i kdyz ne tak zietelnou jako u kmene
ZSh, je mozné pozorovat i v mladych koloniich diploidnich pfirodnich kment a to dokonce
nezavisle na morfologii bun¢k (kap. 5.2.). Tento jev by mohl v pfipadé strukturovanych
kolonii ptirodnich kment slouzit k produkci polarizovanych invazivnich bun€k zartstajicich
do média, kdy tuto funkci mohou plnit u kmenl netvoficich pseudohyfy ovalné bunky
uspofadané do fetizkli (nepublikovand data). Absence genu FLO11l rovnéz vede ke ztraté
adhezivity kolonii k substratu (kap. 5.1.). Zda je vSak za tuto skute¢nost obecné zodpovédna
funkce Flol11p pfi tvorbé adhezivnich vlaken ¢i nespecifické zvySovani hydrofobicity povrchu
bungk, jako je tomu pii adhezi bun¢k k abiotickému povrchu (REYNOLDS & FINK, 2001), ¢i

kombinace obojiho, neni mozné v soucasné situaci jednoznacné urcit.

Ochranné mechanismy kvasinkovych populaci

Od brzkych fazi vyvoje kolonii ptirodnich kmenii kvasinek dochazi k prostorové a funkéni
diferenciaci riznych bunécénych populaci. Tyto populace se podileji s vyuZitim riznych

mechanismu na ochrané celého spolecenstvi. Od pocatku vyvoje populace se na okraji celych,
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prostorove jeSté nepfili§ diferencovanych kolonii ustavuje tenkd vrstva bunék
V bezprosttednim kontaktu s okolnim prostfedim, a to jak vzduchem, tak pevnym substratem,
které jsou vybavené membranovymi proteiny Pdr5p a Snq2p (kap. 5.3.) z rodiny ABC (ATP
binding cassette) transportérti schopnych aktivnim procesem za podpory energie generované
Stépenim ATP odstranovat z bun€k Sirokou skalu latek véetné substrati toxickych (ROGERS et
al., 2001). Takové tzv. efluxni pumpy pfispivaji k fenoménu mnohocetné Iékové rezistence
(MDR), u S. cerevisiae nazyvanému pleiotropni 1ékova rezistence (PDR) a jejich absence
vede ke zvySené senzitivité bunek k uréitym latkam (SIPOS & KUCHLER, 2006). Vzhledem ke
svym vlastnostem a lokalizaci v kolonii se tak zminéné transportni proteiny podileji na
ochran¢ kolonialnich populaci pfed vngjsimi vlivy. Jejich produkce je 1 Vkoloniich
regulovana transkripénim regulatorem Pdrlp (BALzI et al., 1987), jehoZz absence ma za
nasledek redukci ochranné vrstvy (kap. 5.3.). Urcitou ulohu hraji MDR transportéry i
v rezistenci biofilmti C. albicans. Byla prokazana jejich zvySena exprese v uréitych fazich
vyvoje biofilmu ve srovnani s planktonnimi bufikami (RAMAGE et al., 2002a), ktera mize
souviset se zvySenou rezistenci biofilmi vici nékterym latkam (MATEUS et al., 2004).
Absence MDR transportéri vede ke snizeni rezistence vuci azolovym antimykotikiim
v ranych fazich vyvoje biofilmu (MUKHERJEE et al., 2003). Podobné jako ve strukturovanych
koloniich, kde svyvojem kolonie dochazi k postupnému ztencovani vrstvy bunck
obsahujicich PDR transportéry (kap. 5.3.), i v biofilmech C. albicans se proteiny zodpovédné
za lékovou rezistenci mohou uréitym zptsobem podilet na ochrané spoleCenstvi ve
specifickych fazich jeho vyvoje, jejich pfesna prostorova lokalizace v biofilmu vsak neni
znama (RAMAGE et al., 2012). Povrchovou vrstvu bunék branici priachodu nékterych latek
spatfujeme i u hladkych kolonii laboratornich kmenti. Takové buiiky ov§em nejsou vybaveny
aktivnim ochrannym mechanismem a jejich vlastnosti jsou dany pravdépodobné ¢astecné
odliSnym proteinovym slozenim bunétné stény (VACHOVA et al., 2009). Okrajova vrstva
flokulujicich bunék je sloZzena dominantné z bun€k neprodukujicich Flolp adhezin, které
rovnéz postradaji ochranné mechanismy a jsou pouze pasivni vnéjsi linii, ktera je dusledkem
povahy vazebnych interakci proteinu Flolp znemozZiujici inkorporaci takovych bunék dovnit#
bunééného shluku (SMUKALLA et al., 2008).

Buriky ve vnéjSich vrstvach povrchové ¢asti kolonie, které jsou v kontaktu se vzdu$nym
okolim, vstupuji brzy po ustaveni kolonie do staciondrni faze, zatimco buiiky uprostied, na
bazi kolonie a v podpovrchovych ¢astech se déale efektivné déli. Tato situace ziejmé neni
produktem nedostatku zivin, kdy k ni dochazi skute¢né zahy po vzniku populace a distribuce

zivin do téchto oblasti je velmi efektivni (kap. 5.3.). Stacionarni bunky jsou znamé svou
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zna¢nou odolnosti vi¢i Siroké skale stresovych podminek (HERMAN, 2002) a mohou tedy
slouzit jako paralelni ochranny mechanismus. Paralelni proto, Ze ¢ast stacionarnich bunék
V bezprosttednim kontaktu s prostfedim si udrzuje aktivni MDR transportéry (kap. 5.3.). Role
fyziologického stavu bungk a jejich rustovych a metabolickych aktivit, které jsou vzhledem ke
znaéné heterogennimu prostfedi v rdmci mnohobunécnych utvara taktéz heterogenni, je casto
zminovana i v souvislosti s rezistenci kvasinkovych biofilmt. Neni vSak upln¢ ziejmé, zda
niz8i rdstova aktivita populaci v biofilmech plsobi jako faktor zvySujici rezistenci proti
antimykotickym latkam (BAILLIE & DOUGLAS, 1998; CHANDRA et al., 2005). Ziejmé ovsem
je, ze v biofilmech C. albicans se ve zvySené mife vyskytuji stacionarnim buiikdm podobné,
metabolicky dormantni, tzv. perzistujici buiiky, které jsou vysoce odolné proti stresovym
podminkam a antimykotické terapii (LAFLEUR et al., 2006). Nezda se, ze by byly né&jak
specificky lokalizované a pravdépodobné se podileji na perzistenci populace spise nez na jeji
fyzické ochrané (LAFLEUR et al., 2006).

Komplementarné k tvorbé povrchové vrstvy stacionarnich bunék a bunkdm s aktivnimi
efluxnimi pumpami obalujicimi celou kolonii dochazi ke vzniku mechanismu branicimu
prichodu i nékterych potencialné toxickych latek do vniténich ¢asti kolonie (kap. 5.3.). Za
tento efekt je pravdépodobné zodpovédna zpocatku centralnimi buitkami produkovana ECM,
kterd se postupné rozsifuje do celé kolonie, vCetné¢ podpovrchovych ¢asti. Zda se tedy, ze
vedle své strukturni a integralni role pii vyvoji kolonie (viz vyse), slouzi ECM rovnéz jako
selektivné propustna ochranna bariéra (kap. 5.3.). Flokulujici bunky produkuji
polysacharidovou matrix, kterd brani prichodu nékterych vétSich proteinovych komplexi,
avSak neucastni se rezistence ,,flokt* proti chemickym stresorim (BEAUVAIS et al., 2009).
Potencial ECM ve fyzickém zadrzovani fady antimykotickych latek a tim jeji role v rezistenci
byla prokazana u biofilmt C. albicans (NETT et al., 2010). Komponentou zodpovédnou za
takové absorp¢ni vlastnosti ECM je polysacharid B-1,3 glukan, kdy jeho snizena produkce
nevede ke zméné v architektufe biofilmu, zdsadné vSak ovliviluje jeho rezistenci vici
antimykotiktim (NETT et al., 2011).

Je ziejmé, ze ochrana a odolnost mnohobunéénych populaci kvasinek je velmi komplexni
proces, na kterém se podileji ¢asové i prostorové divergentni bunééné populace generujici
odlisné ochranné mechanismy. Jejich vzajemna koordinace a komplementarita je pak
klicovym faktorem, ktery je nezbytny pro profit celé populace (kap. 5.3.). Strukturovana
kolonie pfirodnich kmend S. cerevisiae poskytuje dobré moznosti, kterak pravé syntézu
mnoha vySe popsanych déji studovat na popula¢ni Grovni a mize tak pomoci k objasnéni

extrémni rezistence mnohobunécnych spolecenstvi kvasinek, biofilmi predevsim.
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Fenotypové zmeény prirodnich populaci kvasinek

Vedle tvorby strukturovanych kolonii je typickou vlastnosti ptirodnich kment kvasinek S.
cerevisiae zna¢na fenotypova heterogenita, projevujici se schopnosti tvorby nékolika
morfologicky odlisnych typi kolonii (kap. 5.2.). Tento jev je charakteristicky pro tzv.
prepinani fenotypt objevujici se ve zvySené miie zejména u klinickych izolatd patogennich
kvasinek Candida sp. (LACHKE et al., 2002; SoLL, 1992) ¢i C. neoformans (GUERRERO et al.,
2006), kde umoznuje generaci fenotypu vykazujicich zvySenou virulenci. Podobné jako je
tomu v ptipadé domestikace piirodniho kmene BR-F a tedy ztraté schopnosti tvorby
strukturovanych kolonii (kap. 3.4.) (KUTHAN et al., 2003) dochazi i k pfechodim mezi
ruznymi fenotypy pfirodnich kment pii kultivacich na komplexnich médiich za stabilnich
podminek pouze ve sméru méné strukturovanych variant (kap. 5.2.) Kultivace myxobakterii
Vv neménnych podminkach chemostatu rovnéz zpiisobuje ztratu jejich socidlniho chovani, coz
vede az k neschopnosti tvorby mnohobunéénych utvart (VELICER et al., 1998). Nevratny
domestika¢ni proces predstavuje evoluce laboratornich kmend mikroorganismi. Pozadim
tohoto procesu je vSak dlouhodoby vyvoj takovych kment ve stabilnim prostfedi a selekce a
fixace pomalych muta¢nich zmén (AGUILAR et al., 2007; KRON, 1997). Proces domestikace
prirodnich kmenti je vSak rychly a efektivni a splituje tak spiSe charakter pfepinani fenotypi.

Pfepinani fenotypi je primarné charakterizovano jako nahodny a reverzibilni proces, ktery
probiha v obou smérech i za konstantnich vnéjsich podminek (SoLL, 1992). Rada faktort
vnéjsiho prostiedi v§ak muze frekvenci piepinani modulovat (ALBY & BENNETT, 2009b) ¢i
fenotypové pirechody piimo vyvolavat (VAN DER WOUDE, 2006). Pritomnost stabilnich
podminek a bohatych médii tedy piedstavuje spoustéci faktor, ktery fenotypové piechody
piirodnich kment indukuje. Tyto zmény lze rovnéz povazovat za nahodné v tom smyslu, Ze
neni mozné predikovat, ktera z bunék v populaci ,,ptepne na jiny fenotyp (VAN DER WOUDE,
2006). Domestikovany kmen BR-S, ktery na komplexnich médiich tvofi stabilné kolonie
hladké, si ovSem udrzuje schopnost pii dlouhodobé statické kultivaci V neptiznivych
podminkach s urcitou frekvenci ménit sviij fenotyp, prochdzet reverznim procesem a tvofit
dokonce nékolik morfologicky rozdilnych strukturovanych typt kolonii (kap. 5.4.). Pfepinani
fenotypti patogennich kvasinek je téz casto indukovano stresovymi faktory, at jiz
specifickymi (ALBY & BENNETT, 2009a) ¢i pti expozici populace obrannym mechanismim
hostitele a vede k produkci odolnéjsich variant (FRIES et al., 2001). Indukéni funkci
neptiznivych podminek a stresu umociuje fakt, ze ke vzniku strukturovanych variant dochazi

s vyssi frekvenci v pozdéjsich fazich kultivace, kdy vétsina populace odumira (kap. 5.4.).
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Nelze ovSem rovnéz vyloudit, byt to neni pravdépodobné, ze k piepinani na fenotyp tvotici
strukturované varianty kolonii dochazi i na komplexnich médiich, avsak s nizkou frekvenci,
kterd je obtizné zaznamenatelna.

Byt jeden znové vzniklych fenotypti (nazvany BR-RF) tvofi strukturované kolonie
morfologicky velmi podobné koloniim pavodniho ptirodniho kmene BR-F, nékterymi
vlastnostmi se od né¢j zasadné lisi. Vedle urcitych odlisnosti ve fyziologickych parametrech je
patrny rozdil zejména v bunééném slozeni kolonii, kdy strukturované kolonie kmene BR-RF
jsou, na rozdil od protahlych az vlaknitych bun¢k pfirodniho kmene BR-F, tvoteny kulatymi
bunikami, podobné jako hladké kolonie domestikovaného kmene BR-S (kap. 5.4.). To pouze
potvrzuje jiz vyicené teze, ze morfologie bunék neni rozhodujici faktor uplatiujici se pfi
tvorbé strukturovanych kolonii (kap. 5.2.). Dalsi duleZitou vlastnosti, ktera oba kmeny
odliSuje, je jejich stabilita, kdy ,zdivocCely“ kmen BR-RF tvofi hladké kolonie na
komplexnich médiich s mnohem vys$i frekvenci nez kmen ptvodni. Frekvence piepinani
muze byt u obou kmeni jesté zvySena piitomnosti glukosy v médiu a umoctniuje fakt, Ze
bohaté kultiva¢ni médium indukuje pfepinani na hladké varianty (kap. 5.4.). Glukosa a dalsi
dobré zkvasitelné zdroje uhliku jsou rovnéz faktorem, ktery zptisobuje piechodnou zménu
v morfologii kolonii (nepublikovana data) (GRANEK & MAGWENE, 2010).

Pii opétovném vzniku strukturované kolonie kmene BR-RF dochazi i k obnové nékterych
faktort, které byly postulovany jako nezbytné pro vznik trojrozmérné architektury (kap. 5.2.).
Pfedné je to produkce extracelularni hmoty a rovnéz ptitomnost jeji mozné strukturni slozky
Vv podobé vysokomolekularniho glykosylovaného proteinu, ktery je charakteristicky pro
piirodni kmen BR-F a neni piitomen v hladkych koloniich domestikovaného kmene BR-S
(KUTHAN et al., 2003). Dalsim z faktoru, ktery je nezbytny pro tvorbu strukturovanych kolonii
je exprese genu FLO11 (kap. 5.2.). I v kmeni BR-RF dochazi k obnoveni jeho exprese. Vedle
toho ovSem je patrné zvySeni ve velikosti transkriptu ve srovnani s ptivodnim kmenem BR-F
(kap. 5.4.). Geny pro adheziny jsou znamy svym znaénym rekombina¢nim potencialem,
zejména Vv repetitivni oblasti kdédujici centrdlni doménu bohatou na serin a threonin
(VERSTREPEN et al., 2004), ktery zpusobuje zmény ve velikosti genti a s tim ¢asto spojené
odlisnosti ve funkci proteinu (FIDALGO et al., 2006). Velmi nizka exprese genu FLO11 je
patrna i v koloniich kmene BR-S a lze tedy zaznamenat, ze transkript genu je stejné velikosti
jako u ,zdivocelého* kmene BR-RF. Je tedy zfejmé, ze pokud doslo k néjaké rekombinaéni
udalosti, stalo se tak jiz v pribéhu domestikacniho procesu. Variabilitu ve velikosti
transkriptu spatfujeme i V koloniich ostatnich pfirodnich kment (nepublikovana data), bez

zifejmé korelace mezi velikosti transkriptu a morfologii kolonii. Vliv rekombinace a délky
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genu na funkci proteinu Flo11p pfi vyvoji kolonii tedy nelze snadno posoudit. Zda se vsak, ze
spise nez délka genu a potazmo jeho proteinového produktu je krucidlni jeho regulace a
uroven jeho exprese (kap. 5.4.). V tomto kontextu je rovnéz zajimavé, ze vySe zminény
vysokomolekularni protein jako potencialni slozka ECM se jevi mensi v kmeni BR-RF ve
srovnani s vice nez 200 kDa velikosti proteinu Vv extraktu kolonii kmene BR-F. Je mozné, ze
dochazi k odliSnym posttranslacnim modifikacim projevujicim se rozdilnou mobilitou
proteintl, a nebo i zde mohlo dojit k rekombinaci na genové Grovni. To by naznacovalo, ze
k podobnym udalostem miize dochazet v pribéhu fenotypovych piechodii s pomérné vysokou
frekvenci. Ztohoto pohledu bude urcit¢ =zajimava identifikace potencidlnich cila
rekombinaénich procest, které by mohly byt zdrojem variability urcitych specifickych
vlastnosti (VERSTREPEN & FINK, 2009).

Pfepinani fenotypl patogennich kvasinek je rovnéz charakteristické zménami v expresi
celé fady geni (SoLL, 2002; SRIKANTHA et al., 2005). Rovnéz pii domestikaci ptirodniho
kmene BR-F a reverznim procesu, V prub&hu kterého zpétné vznikaji strukturované varianty,
dochazi k masivnim zménam v genové expresi (KUTHAN et al., 2003). Transkriptomové
srovnani vySe popsanych variant vznikajicich v prubéhu fenotypovych piechodi ptirodniho
kmene BR-F nam umoznilo identifikaci gent, jejichZ exprese je specificka pro dany morfotyp
kolonie, tedy strukturovany (reprezentovany kmeny BR-F a BR-RF) na jedné stran¢ a hladky
(reprezentovany kmenem BR-S) na strané druhé (kap. 5.4.). Byt neni bez podrobnéjsi dele¢ni
analyzy mozné jednoznacné urCit jaké zmény V genové expresi jsou piiCinou a jaké
dusledkem uvedenych fenotypovych zmén (GRANEK & MAGWENE, 2010), Ize konstatovat, Ze
ve strukturovanych variantach dochazi ke zvySené expresi transponovatelnych elementt,
expresi genti, které mohou souviset s odlisSnostmi v bunééné sténé ¢i se sekreci GPI-proteint,
které zasadnim zpisobem mohou ovliviiovat napiiklad adhezivni vlastnosti bunck
(DRANGINIS et al., 2007), ¢i produkei a slozeni ECM. Ziejmé také je, v hladkych koloniich
dochazi ke zvysené expresi fady stresovych gend (kap. 5.4.). Spekulujme, ze divodem
takovych zmén je zejména nepiitomnost nakladnych ochrannych mechanismu, které jsou
typické pro strukturované kolonie (kap. 5.3.). Transkriptomové srovnani ovSem rovnéz
ukazuje na zna¢né rozdily i mezi jednotlivymi morfologicky podobnymi, avsak caste¢né
odlisnymi (viz vyse), fenotypy. Vedle expresnich zmén fady metabolickych gent svédc¢icich o
rizné fazi vyvoje z hlediska metabolické adaptace kolonii (PALKOVA et al., 2002), je mozné
znaénou ¢ast gent specificky exprimovanych v koloniich pfirodniho kmene BR-F lokalizovat
do tzv. HAST domén (kap 5.4.). Tyto Casto subtelomerické oblasti chromozomi jsou pod

kontrolou specifické deacetylasy Hdalp (RoBYR et al., 2002). Tento enzym zptsobuje
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modifikaci histond represi transkripce gend v urcitych oblastech chromozomi a reprezentuje
tak epigeneticky mechanismus regulace genové exprese zvany transkripéni umlcovani
(RUNDLETT et al., 1996). Geny nachazejicich se v HAST doménach jsou za normalnich
okolnosti reprimovany, k jejich expresi pak casto dochdzi v reakci na urcité stresové
podminky ¢i pfi ristu na ne zcela standardnich médiich (ROBYR et al., 2002). Mezi geny
exprimované v koloniich kmene BR-F, jez se nachazeji ve zminénych oblastech patii zejména
fada geni kodujicich glukosidasy, tedy enzymy ucastnici se metabolismu komplexnich
sacharidii a geny kodujici proteiny bunééné stény s ¢asto neznamou funkci. Delece HDA1
v kmeni BR-S sice nezpusobuje zmény v morfologii kolonie (geny specifické pro
strukturované kolonie se v HAST doménach nenachazeji), vede vSak napiiklad ke
zvyseni rezistence na calcofluor a lepsi rust pifi vyssi teploté, fenotyp, ktery je charakteristicky
pro kmen BR-F (kap. 5.4.). Calcofluor interferuje stvorbou bunééné stény kvasinek
(RONCERO & DURAN, 1985) a fada mutant v genech, jejichZ produkty ovliviiuji sestavovani a
strukturu bunécné stény, vykazuje hypersenzitivitu vuci calcofluoru (RAM et al., 1994).
Alespon urcité fenotypové vlastnosti kmene BR-F by tak mohly byt dasledkem vypnuti
mechanismu transkripéniho uml¢ovani regulovanych specifickou deacetylasou Hdalp, coz se
projevuje mimojiné expresi genli zpusobujicich zmény ve sloZeni bunétné stény. Je také
znamo, ze Hdalp se rovnéZ podili na epigenetické regulaci genu FLO11 (HALME et al., 2004).
Vzhledem k tomu, ze FLO1l je exprimovan v obou strukturovanych variantach, tedy i
V koloniich kmene BR-RF, kde nedochézi ke zvySené expresi genli nachazejicich se v HAST
doménach (kap. 5.4.), vSak neni ziejmé zda Hdalp ovliviluje rovnéz expresi FLO11l ve
strukturovanych koloniich. Absence deacetylasy Hdalp zpisobuje vyznamné zvySeni
frekvence prechodu z ,,white* na ,,opaque® pii tzv. WO-1 piepinani fenotypti u nékterych
kment C. albicans (KLAR et al., 2001). Byt funkce Hdalp pravdépodobné nespociva piimo
Vv represi gend specifickych pro ur¢ity fenotyp (SRIKANTHA et al.,, 2001), je ziejmé, Ze
disponuje potencialem k regulaci pfechodi mezi riznymi fenotypy. Geny exprimované
specificky v kmeni BR-RF jsou lokalizované ve zvySené mife na tzkych oblastech dvou
chromozoma (kap. 5.4.). Spekulujme, Ze k takovym expresnim zménam mize dochazet
vlivem urcitych chromozomalnich translokaci ¢i duplikaci, ke kterym dochdzi v pribéhu
prepinani z domestikovaného kmene. Pfi pfepinani fenotypt u C. neoformans rovnéz Casto
dochazi ke zménam Vv uspoiadani DNA a nestabilité karyotypu (FRIES et al., 1999). Nezda se
vsak, ze by tyto zmény byly n&jak zodpovédné za samotné piepinani (JAIN et al., 2006). Je
spiSe mozné, ze jsou vedlejSim produktem mechanismi zpusobujicich zvySeni

rekombinacénich procesi.
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Tvorba strukturovanych kolonii je preferovanym zivotnim stylem pfirodnich kment
V neptiznivych podminkach a je, podobné jako jejich domestikace, indukovana a modulovana
faktory vngjsiho prostiedi. Byt zatim neni zfejmé, jakym mechanismem piimo dochazi
k regulaci vzniku strukturovanych kolonii, 1ze uvazovat roli transkripéniho uml¢ovani vlivem
jinych deacetylas ¢i jejich riznych kombinaci. Naptiklad delece genu SIR2, ktery koduje
deacetylasu zodpovédnou v S. cerevisiae za uml¢ovani genti v subtelomerickych oblastech,
parovacich lokusi a rDNA (RuscHE et al., 2003), vede k opakovanému vzniku mnoha
morfologicky odlisnych typt kolonii u C. albicans (PEREZ-MARTIN et al., 1999). Funkce
Sir2p je pomérné pleiotropni, kdy vedle represe uritych genli mize rovnéz inhibovat
rekombinaéni procesy (GOTTSCHLING, 2000). Vznik morfologicky heterogennich fenotypi
kment C. albicans je rovnéz provazen zna¢nymi karyotypovymi zménami, které mohou byt
produktem absence Sir2p (PEREZ-MARTIN et al., 1999). Zajimavé je, Ze mezi velkym poctem
genll s nezndmou funkci, jejichz exprese je zvySend v kmenech tvoficich strukturované
kolonie (tedy BR-F i BR-RF) se nachazi urCity pocet gend, které jsou lokalizovany
v subtelomerickych oblastech. Vedle toho nase data rovnéz prokazuji, Ze v prubéhu
fenotypovych piechodd mize dochazet k urcitym rekombinacnim udalostem (viz vyse) (kap.
5.4.). Objasnéni ulohy Sir2p ¢i dalSich deacetylas pfi piepinani fenotypt ptirodnich kmenu a
tvorbé strukturovanych kolonii vSak zlstava prozatim nezodpovézenou otazkou a dulezitou
budouci vyzvou.

Potencial pfirodnich kmenti S. cerevisiae ke zménam ve fenotypu je tedy pomérné
rozsahly. Mechanismua a faktort Gcastnicich se pfechodi mezi ruiznymi fenotypy mize byt
vice a jejich komplexni definice nemusi byt snadna. Ziejmé ovSem je, ze modulace fenotypu
v zavislosti na vné¢jSich faktorech je typickou vlastnosti ptirodnich kmena slouzici k efektivni

adaptaci na specifické podminky prostiedi.
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7. Zavér

Typickou vlastnosti pfirodnich kmenti kvasinek S. cerevisiae je tvorba strukturovanych
kolonii, zna¢na fenotypova variabilita a schopnost v zavislosti na vnéjSich podminkach sviij
fenotyp podle potieby modulovat. Studium vzniku, vyvoje a vlastnosti strukturovanych
kolonii nékolika riznych kment, jimz se zabyvala tato prace, lze shrnout do nékolika
nasledujicich odstavct:

Pii rastu urcitych kmend S. cerevisiae muze dochazet k aktivni agregaci sousednich
populaci za vzniku jednotné pocetnéjsi komunity. Pro sjednoceni sousednich mikrokolonii je
vyuzivan orientovany vlaknity rist, ktery neni odpovédi bun¢k na hladovéni, nybrz
specifickym vyvojovym programem. Tento proces neni zdvisly na ptitomnosti adhezinu
Flol1p a je indukovatelny amoniakem, coZ naznacuje funkci této signdlni molekuly pti
synchronizaci ranych fazi popula¢niho vyvoje.

Vznik specifické trojrozmérné architektury kolonii je zavisly na ptitomnosti adhezivniho
proteinu Flo11p. Jeho exprese koreluje se strukturalni komplexitou kolonii, je lokalizovan na
periferii bun¢k Casto nezdvisle na jejich morfologii a jeho funkce pravdépodobné spociva
V participaci na tvorb&é mezibunécnych spoji zajistujicich stabilitu a flexibilitu celého ttvaru.
Svou roli Flo11p rovnéz plni pii adhezi bunék a kolonii k substratu.

Morfologie bungk, polarita jejich puceni a schopnost vldknitého rastu prekvapivé nejsou
klicovymi faktory obecné ovliviiujicimi vznik strukturovanych kolonii. Schopnost vlaknitého
rustu je specifickou vlastnosti ur¢itych kmenit a miize vykazovat odlisné vlastnosti a plnit
odlisné funkce i v riznych fazich vyvoje populace jednoho kmene. Jako piiklad specifickych
funkci vldknitého rastu slouzi jiz zminéné srustani populaci kmene ) 1278b a odlisné
regulovand modulace ristu pii vertikdlni expanzi takové kolonie, ¢i tvorba podpovrchové
struktury ukotvujici kolonii k substratu u pfirodniho kmene BR-F.

Vyvoj strukturované kolonie je spojen se znacnou diferenciaci bunéénych populaci, které
se podileji na ochrané spolecenstvi. Bunky v okrajovych ¢astech kolonie jsou vybaveny
membranovymi proteiny schopnymi odstraniovat toxické latky z prostfedi a podileji se tak na
ochrané celého spolecenstvi. Komplementarni ochranny mechanismus piedstavuje selektivné
propustna extracelularni hmota branici priniku nékterych latek. ECM je rovnéz obecnym
rysem strukturovanych kolonii, kdy vedle ochranné funkce slouzi také jako diilezity strukturni
element zasadnim zptsobem ovliviiujici tvar a vnitini strukturu kolonie.

Nalezli jsme podminky, pfi kterych dochdzi ke zmén€ fenotypu casti populace jinak

stabilntho domestikovaného kmene BR-S a obnoveni schopnosti tvorby strukturovanych
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kolonii. Potenciadl fenotypovych zmén je ovSem Sir$i, a byt dochazi k obnoveni tady
vlastnosti, které jsou nezbytné pro tvorbu strukturovanych kolonii, v fad¢ jinych vlastnosti se
,»zdivocelé® kmeny svymi vlastnostmi mohou od pivodniho ptirodniho kmene lisit. Tento
soubor fenotypovych pfechodii nam rovnéz umoznil identifikaci gend specificky
exprimovanych ve strukturovanych koloniich a genti zodpovédnych za urcité vlastnosti
puvodniho pfirodniho kmene BR-F. Projevy téchto vlastnosti mohou byt regulovany

mechanismy transkripéniho uml¢ovani za tcasti specifickych histonovych deacetylas.
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