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Abstract

This thesis follows previous works of our group (RiegerT. et al.,2008, Cepl J. et al., 2010 and
Patkova I. et al., 2012), where we focused on the morphology of the bacterial colonies Serratia
marcescens and its variety caused by changing of the inoculation conditions on nutrient agar.
When bacterial colonies S. marcescens are grown on nutrien agar enriched with glucose isolated
enough from other colonies in its living space, it can form coloured structured colonies, which
we named morphotype ,,fountain“ (F). This morpotype becomes ideal for following studies of
mutual influencing of the bacterial colonies, because of its ability of pigmentation change or

structure loss caused by altering surrounding inoculation conditions.

We noticed in normal sowed agar plates, that bacterial colonies, which grows in the close
distance with other colonies develop their pigmentation sooner, than colonies, that grows more
isolated. We studied how is this influencing happening and what are the necessary conditions
for it. We proved, that different species of bacterial macrocolonies (S. marcescens — morphotype
(M), S. rubidea and E. coli) emits into the nutrient agar informative signal, which makes the
recipient colonies S. marcescens reacts on this signal with the same manner (X structure). It
looks, that this is kind of universal reaction on some compounds emitted by diferent species of

Enterobacteria.

Growth of the F morphotype on minimal agar is conditional on its induction by growing
hetospecific or conspecific macrocolony nearby. In the work on signal molecule identification
we found out, that growing macrocolony of S. rubidea (R) emits to distant agar (up to few
centimetres) protein, which we identified as hypothetical protein (35KDa) of Serratia
marcescens ,,WP_025304701.1* with 100 % identity. Nevertheless filtration of the functional
minimal media obtained from growing fluid culture of R morfotype through the mebrane with
cut-off 3500Da proved, that this protein has not the capability to induce growth of F colony on

minimal agar plate.

Medium obtained from the growing fluid culture of the R morphotype, when is deprived from
the bacterial cells, induce growth of F colony when is added on the minimal agar plate. In the
next part of this thesis we tried to identify signal molecule that is contained in the minimal
medium obtained from the fluid culture of R morphotype by modern biology analytic methods.
We detected taht possible siganl molecule can be short thermostable peptide of approximate

mass 3284 Da.

We believe, that this thesis can act as a solid base for further study, that can lead, with
optimalization of purging methods, to identification of the signal molecules emitted and received
by different species of Enterobacteria and thus contribute to our knowledge of intra — and inter-

species communiaction of microorganisms.



Abstrakt

Tato disertace navazuje svym zaméienim na dalsi prace nasi skupiny (Rieger T. ef al.,
2008, dale Cepl J. et al., 2010 a Patkova L. et al., 2012), kde jsme se vénovali studiu morfogeneze
bakterialnich kolonii Serratia marcescens za riznych inokula¢nich podminek na nutri¢né
bohatych agarech. Bakterie S. marcescens dokazi, pokud rostou v dostate¢né izolaci na misce s
zivnym agarem obohaceném o glukozu, vytvaret barevné strukturované kolonie, jez jsme
nazvali ,,fontanka“ (F). Diky schopnosti reagovat na promény okolnich podminek zménou
struktury ¢i barevnosti, se tento fenotyp stal idedlnim organismem pro dalsi studia vzajemného

ovliviiovani bakterialnich kolonii.

Vsimli jsme si, ze pfi standardnim vysevu se bakteridlni kolonie rostouci v té€sné
blizkosti vybarvuji diive nez kolonie rostouci na misce izolované. Zjistovali jsme, za jakych
podminek a jakym zplsobem se toto ovliviiovani d&je. Prokazali jsme, Ze rtuzné druhy
bakterialnich makrokolonii (S. marcescens-fenotyp M, S. rubidea a E. coli) vysilaji skrze zivny
agar informac¢ni agens, po jehoz pfijeti na ni dokazi recipientni fontankové kolonie S.
marcescens reagovat vzdy stejnym zpusobem (X struktura). Jde tedy patrné o jakousi

univerzalni reakci na latku vysilanou riznymi druhy Enterobakterii.

Rast kolonii fenotypu F na definovaném agaru je pominén jeho indukei konspecifickou
i heterospecifickou rostouci makrokolonii. Pti snaze identifikovat hledanou signalni molekulu
jsme zjisitli, ze rostouci makrokolonie S. rubidea (R) vypousti do vzdalen¢ho agaru (az nékolik
centimetril) protein, ktery jsme identifikovali jako hypoteticky protein (35 KDa) Serratie
marcescens “WP_025304701.1” se 100 % shodou. Nicméné filtrace funkéniho kondiciovaného
média membranou s propustnosti 3500Da prokéazala, ze tento protein neni signdlni molekula,

jez indukuje rast F kolonie na definovaném médiu.

Pro indukci rtstu kolonii fenotypu F, sta¢i do definovaného agaru zasaknout médium
kondiciované rostouci makrokolonii R. V dalsi ¢asti prace jsme se snazili identifikovat signalni
agens obsazené v kondiciovaném minimalnim médiu vyuzitim analytickych metod moderni
biologie. Podaftilo se nam zjistit, Zze hledanou molekulou je patrné kratky termostabilni peptid o

priblizné velikosti 3284 Da.

Vérime, ze predkladana disertacni prace miize poskytnout kvalitni zaklad pro dalsi
studii, jez by za predpokladu optimalizace postupu procisténi signalni molekuly, mohla vést k
presné identifikaci signalniho agens vysilaného a pfijimaného riznymi druhy Enterobakterii a
mohla by tak prispét k lep§Simu porozuméni intra — i inter — druhové komunikace téchto

mikroorganismu.
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Seznam zKkratek:

acyl-ACP acyl carrier protein

AE akusticka emise

AHK a-hydroxyketon

AHL acylated homoserine lactones
Al-1 autoinduktor 1

Al-2 autoinduktor 2

Al-3 autoinduktor 3

AIP autoindukujici peptidy

AV CR Akademie Véd Ceské Republiky
CCA 4 - hydroxy-g-kyanoskoficova kyselina
D20 deuteriumoxid

Da dalton

ddH»O dvakrat destilovana voda

DNA deoxyribonukleova kyselina

DP diplomova prace

DSF diftzni signalni faktor

DTT dithiotreitol

E.coli Escherichia coli

E.coli I15TAU mutant E. coli vyzadujici pro rust thymin, uracil a arginin
F fenotyp “fontanka™ Serratia marcescens
FA kyselina mravenci

FT Fourierovy transformace

H+ vodikovy kationt

HAC kyselina octova

HGT horizontalni geneticky transfer
HSL homoserinlaktonovy kruh

ICR iontova cyklotronova rezonance
1P autoindukujici peptidy

KDa kiloDalton

LUX-I rodina I gent pro luminescenci
Lux-R rodina R genti pro luminescenci

M klon M odvozeny od Serratia marcescens



MALDI TOF Matrix Assisted Laser Desorption/Ionization) v kombinaci s
detektorem doby letu (TOF, Time-Of-Flight)

MeOH methanol

MM minimalni médium

MMA minimalni agar

MS hmotnostni spektroskopie

Na+ sodikovy kationt

nm nanometr

NMR Nuklearni Magnetickd Rezonance

oD opticka densita

oMV vnéjsi membranovy vesikl (Outer membrane vesicle)

PAGE polyakrylamidovy gel

PCR polycykclic reaction

PFRQ frekvence nejvyssich pikt

pH vodikovy exponent

P.m. Petriho miska

PQS Pseudomonas quinolonovy signal

PVDF polyvinylidenfluorid

QS quorum sensing

R “wild type” Serratia rubidea

RCP reversed phase chromatografie

RNA ribonukleova kyselina

SB pufr lyzacni pufr

SDS dodecylsiran sodny

S.marcescens Serratia marcescens

struktura X bily povlak anéjéi casti kolonie F pfivracené k rostouci makule (R, M
¢iE.coliynaZA+ G

SzU Statni Zdravotni Ustav

TCA kyselina trichloroctova

TRIS trisaminomethan

A% volt

ZA zivny agar

ZA+G zivny agar s glukozou



1. Teoreticka c¢ast

1.1. Komunikace

Chceme-li porozumét néjakému slovu, je nutné se podivat na jeho ptivod. Slovo
komunikace pochazi z latinského communicare, jenzZ znamena ,,spole¢né néco sdilet,
¢init néco spole¢nym*

Komunikace v sobé nezahrnuje pouze vyménu informaci mezi ucastniky, ale 1
podileni se na celkovém dopadu zpravy a kontextu, jenz mize cely vyznam tohoto
procesu pozménit. V tomto slova smyslu tedy mizeme komunikaci chapat spiSe jako

synonymum interakce, procesu vzajemného ovliviiovani a pisobeni (Vybiral Z., 2005).

1.2. Komunikace v Zivé prirodé

Vsechny organismy Ziji v neustale se ménicim prosttedi. Schopnost ptizptisobeni
se témto zméndm je zasadni pro Uspéch kazdého jedince, a v dlouhodobém uvazovani 1
kazdého druhu. Vzhledem k tomu, Ze mezi organismy a jejich prostiedim dochazi k
neustalému toku latek, energii a informaci, je uméni dorozumivani mezi jednotlivymi
organismy nezbytné pro jejich pieziti. Neustdle se ménici vlivy prostiedi tak vytvaie;ji
tlak na jednotlivé organismy i spolecenstva a nuti je vytvaret nové strategie pro preziti.
Tyto nové strategie nezfidka zahrnuji i nové komunika¢ni moznosti vyvijejicich se
organismtl.

Pokud chceme v laboratofi zkoumat vliv komunikace s prostiedim na vysledny
fenotyp daného organismu, je potfeba mit neustdle na paméti celou §ifi moznych
informaénich vstupl. Proto je potfeba s peclivosti volit pokusné uspotadani tak,
abychom m¢éli cely systém v konstantnich podminkach a vzdy ménili pouze jediny
poZadovany parametr. Potom miZeme s Uspéchem popisovat vliv tohoto konkrétniho

parametru na vysledny fenotyp buné¢ného téla.



Pokud péatrame v literatuie po definici pojmu “komunikace v zivé ptirodé”,

nalezneme mnoh¢ interpretace, které se zamétuji na poskytovani ¢i prenos informace:

“Komunikace je poskytovani informace od odesilatele k prijemci” (Bradbury J. a

Vehrencamp S., 1998).

“Pri komunikaci jde o prenos informace z jednoho zvirete na druhé. Informace
je zakodovana jednim zviFetem do signalu. Kdyz je signal obdrZen druhym zviretem, tato

informace je opét dekodovana (Green S. a Marler P., 1979).

“Pri komunikaci jde o presun informace prostrednictvim signalu, jez je vyslan

pomoci kandlu, ktery je mezi vysilajicim a prijimajicim” (Hailman J., 1977).

Jednim z vrcholli komunikaéniho systému je vyvoj fec¢i a pisma u clovéka,

lingvisté definuji komunikaci takto:

“Jeden organismus (zdroj) ma informaci, jiz sdéluje jinému organismu. Tento
zdrojovy organismus prezentuje chovani, které zakoduje tuto danou informaci.
Prijimajici organismus (prijimac) zpozoruje chovani, identifikuje jej ve smyslu
kodovani, pochopi jeho smysl a jako vysledek tohoto spojeni nadale vyuziva ziskanou
informaci pro své ucely” (Anderson S. a Patrick A., 2006). Tento typ komunikace se

nazyva kddovy model komunikace.

Marc Hauser (Hauser M., 1996) pak ve své praci pise, ze kvalita komunikace je
zéavisla na prirozenych omezenich. Pro komunikaci organismi muze byt toto omezeni
komunikace spatfovano na mnoha urovnich, od neurobiologickych omezeni pies
fyziologické aZ po psychologické. Tato omezeni jsou velice dilezita, protoze urcuji
relativni tspéSnost organismi reagovat na relevantni stimuly vysilané okolim. Hauser
dale rozliSuje mezi aktivné vysilanym signdlem (pifima komunikace ve smyslu adresné
komunikace) a pasivné “vystavujicim se” (vytvareni elektrickych vin biofilmem)
podnétem (Cue). Podnét predstavuje, stejné jako signal, také zdroj informace, ale 1isi se
od signalu ve dvou kvalitach: 1/ podnét je neustéle ve stavu ZAPNUTO. Signal naopak
mize ménit stavy na ZAPNUTO/ VYPNUTO. Tudiz je to pravé signal, ktery je
produkovan jako socioekologicky relevantni odezva na zmény prostfedi v Case; 2/

podnét Casto koresponduje s individualnim, nebo druhovym fenotypem a jeho exprese

vvvvv



Je zjevné, ze potfeba komunikace a interakce s ostatnimi organismy i vnéjSim
prostfedim hrala v pribéhu evoluce vyznamnou roli a Ze umoznila rozvoj biodiverzity a
rozmanitosti zivota. Komunikace je evolu¢ni vyhodou ve svéte, ktery neni komunikaéné
perfektni. Kdyby neexistovaly ve svété prekazky v komunikaci, vSechny organismy by
komunikovaly se stejnym uspéchem, a tudiz by tato komunikace zadnou evolucni
vyhodu nepfinésela, ale v naSem nedokonalém svété je mira a kvalita komunikace mezi
jednotlivymi organismy i mezi organismy a prostfedim pro evolu¢ni tispé$Snost daného

organismu zasadni.

1.3. Mechanismy komunikace v Zivé prirodé

Komunikace mezi organismy v Zivé pfirodé probiha na mnoha Urovnich. Miize
probihat na vzdalenosti velké (plynné signaly mezi stromy) az ohromné (velrybi pisng)
¢ina vzdalenosti malé (¥e€), az mikroskopické (bunécny kontakt). Komunikace vyuziva
riuzné typy signalti od optickych (barvy kvétl, vzorce veelich tancti), zvukovych (pisné
ptakt, motskych savci), pres hmatové (fyzicky kontakt pti patfeni) az po biochemické

(signalni molekuly u bakterii, vin€ u rostlin).

/4 e

1.3.1. Komunikace v ZivociSné risi

V Zivocisné 1isi je pestrost palety riznych variant komunikaci zavisla na riznych
typech organl, jez komunikacni signdl mohou pifijmout. Pfijaty signal se poté
interpretuje, coZz vyzaduje urcity stupent vyvinutosti kognitivnich funkci (nervova
soustava). Zivo¢ichové dokazou pfijimat signaly riiznych fyzikalnich typu.

Jsou to naptiklad chemoreceptory, ¢ichové ¢i chutové, schopné zachytit latky
rozpustné ve vod¢ ¢i prendSené vzduchem; zrakové receptory, které piijimaji optické
signaly a termoreceptory analyzujici rozdily v teploté okolniho prostfedi. Krom toho
jsou né€kteti zivoc¢ichové uzplisobeni k vnimani ionizujiciho zafeni, tzv. elektrorecepéni
schopnost (Gtocné chovani sr$ni, vos a vcel pted bouikou). Jini ZivoCichové dokazi
vnimat magnetické pole zemé (holubi, hmyz). Signaly akustické, dotykové (taktilni), ¢i

vibracni dokaZzi vnimat tzv. mechanoreceptory.



Kazdy zivociSny druh ma svij charakteristicky soubor signalii, ktery je schopen
prijimat. Tento unikétni repertoar se evolucné vyvinul pravé pro kazdy zivo¢isny druh
jedinecné v zavislosti na tom, které signdly jsou dulezité pro pteziti tohoto konkrétniho
zivoc¢isného druhu v dané lokalité. Jednotlivé druhy se pfitom lisi v mife citlivosti na
stejné podnéty z okolniho svéta. Selektivita ptijmu signall je zavisla jak na senzorické
vybavé, tak 1 na aktudlnim motivaénim stavu daného zivocicha (Cerpano z

http://pfyziollfup.upol.cz/castwiki/?p=2633).

1.3.2. Komunikace v rostlinné risi

Rostliny si vyvinuly nékolik moZnosti komunikace s okolnim prostfedim.
Naptiklad je zndma schopnost rostlin aktivné ptildkat hmyz k opylovani diky prezentaci
pestrych barevnych vzorli okvétnich listkii (n€kdy 1 s pouZitim mimiker pro oSaleni
ptipadného opylovace), nebo produkci vini lakavych pro opylovace.

Je také znamo, ze rostliny dokézou vypoustét smési plynnych organickych latek
do ovzdusi jako odpovéd na napadeni herbivornim hmyzem. Tyto latky mohou ptlisobit
jako voditko (atraktant) pro pfirozené neptatele tohoto herbivorniho hmyzu a timto
zpusobem si rostlina miize piivolat pomoc (Hare J.D., 2011). Rostliny dale vypoustéji
mnoho variant organickych i anorganickych latek do podzemi. Podzemni sité
mykorhiznich hub, jez propojuji kofeny vétSiny rostlin v blizkém sousedstvi, tvofi pfimé
spojeni mezi jednotlivymi rostlinami a umoziuje rychlé ptfedavani biochemickych zprav
mezi sousednimi rostlinami (van der Heijden M.G.A. a Horton T.R., 2009). Pokud je
napfiiklad rostlina napadena Sktidcem, ¢i patogenem, produkuje signalni latky (pro rizné
typy napadeni produkuje rizné latky), které vysSle diky mykorhizni siti okolnim
rostlindm a ty tak varuje o konkrétni aktudlni hrozb¢. (Song Y.Y. et al., 2010, Babikova
Z. et al., 2013). Krom toho mohou touto mykorhizni siti vzrostlé stromy posilat ziviny
ke svym malym piibuznym. Ty pak mohou I€pe piezit ve stinu svého rodice, 1 kdyz ze
zacatku zivota nemaji dostatek svétla na dostatecnou fotosyntézu. (Fortey R., 2016).
Pomoci této sité Ize také poslat toxické allelochemikalie, coZ jsou latky limitujici rast
okolnich rostlin (Bartho E.K. ef al., 2011). U Douglasovych jedli byl pifi odlisténi
pozorovan prenos stresovych signalii pomoci mykorhizni sit€ (Song Y.Y. et al., 2015).

Jak je patrné, rostliny si vyvinuly pestrou paletu variant komunikace

mezidruhové i vnitrodruhové. Vzajemna komunikace je pro rostliny nutnd pro spravnost
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a rychlost reakci na okolni neptijemné zmény (nalety hmyzu, otrava ptudy). Zaroven je
pro rostliny vyhodné si pomahat v ramci rodiny (pfeddvanim Zivin a obranych enzymul)

i neptibuzenského souziti na dané lokalité.

1.3.3. Komunikace u hub

Vldknité houby c¢asto formuji coenocytické mycelium, kterym se mize
cytoplasma a jeji organely distribuovat v ramci jejich rozvétvené myceliarni sité. Buiky
této myceliarni sit¢ maji septa, ve kterych miize byt jediny vétsi por (uniperforate form),
nebo vice mensich pért (multiperforate form) (Lutzoni F. et al, 2004). Zda se, ze
podobné jako u zvifat ¢i rostlin jsou mezibunécné spojeni dilezité pro diferenciaci a

spravny vyvoj plodnic hub (Beckett A., 1980)

1.3.4. Komunikace u mikroorganismi

Stejné jako vyssi organismy, vyuzivaji i mikroorganismy vnitro- i mezidruhovou
komunikaci. U komplexnich ekosystémii (plaky, biofilmy, ptida) dochéazi k simultdnni
vyméné signalti mezi Cleny vlastniho druhu 1 mezi jedinci jinych druhti nebo s eukaryoty.
Signalem v tomto kontextu je mala molekula generovana jednim organismem, jez je
rozpoznavana organismem jinym, ndsledkem c¢ehoz dochazi k bunécné odpovédi.

Obvyklou odpovédi je pak zména genové exprese recipienta.

1.3.4.1. Kvasinky

U kvasinek je popsan tzv. ping-pong mechanizmus, ktery mize za autoindukci
amoniaku u kvasinkovych kolonii. Amoniak byl identifikovan jako signdlni molekula,
ktera je Sifena vzduchem u riiznych neptibuznych kvasinek a je dillezita pro vyvin
kolonie a jeji pteziti (Palkova Z. et al., 1997; Palkova Z. a Vachova L., 2003).
Kvasinkové kolonie periodicky méni pH ve svém okoli z kyselého na zasadité a naopak.
Kolonie rostou v kyselé fazi, kdy také produkuji amoniak, a jejich rist je prechodné
inhibovan v zésadité fazi. Amoniak indukuje v koloniich riiznych kvasinek dalsi
produkci amoniaku nedbaje na jejich vlastni fazi vyvinu. Proto vS§echny kolonie v daném

okoli shodné zah4ji produkci amoniaku poté, co amoniak za¢ne vyluCovat nejstarsi



kolonie. Tato jednoducha signalni molekula mize mit univerzalni funkci jako signal
alarmu pfi stresu, jako je nedostatek zivin nebo vysoké uroven toxickych latek v okoli.
Amoniak pak indukuje svou vlastni produkci v okolnich koloniich a nasledkem toho se
celd populace kolonii pfepne na rezim pusobeni adaptivnich mechanismi. Navic je
pozorovana piechodné inhibice ristu ve sméru gradientu amoniaku, coz znamena, ze
kolonie se orientuje na neokupovana mista, kde nehrozi tak vysoka kompetice o potravu

(Palkova Z. a Forstova J., 2000).

1.3.4.2. Bakterie

Bakterie byly v minulosti povaZovany za primitivni jednobunécné

mikroorganismy, které Ziji samostatné nebo nahromadény v jednoduSe strukturované
kolonie, kter¢ se skladaji z identickych pasivnich partikuli. Pfi pozorovani kolonii za¢ina
byt dnes evidentni, Ze na né¢ mizeme hledét jako na mnohobunécné komunity (kazda s
podtem cca. 10° — 10'? bakterif), které maji pokro¢ilé moznosti, jak prezivat v prostiedi,
véetn¢ rozdéleni ukoll, regulace genové exprese, bunécné diferenciace a dokonce i
vlastni regulace specialnich ukolovych skupin (bakterie se specialnimi genetickymi
moznostmi) (Ben- Jacob E., 2004).
Pro tento ucel si bakterie vyvinuly a vyuZzivaji Sirokou paletu biochemickych
komunikacnich prostiedkt, jako jsou jednoduché molekuly, napiiklad AHL (Bassler
B.L., a Losick R., 2006), vnémembranové vesikly OMV (Schwechheimer C., a Kuehn
M.J., 2015), peptidové signalni molekuly a bakteriociny (Dirix G. et al., 2004) a dokonce
celé soubory téchto Ciniteli (plazmidy, viry) (Miller R.V., 1998). Takto je zajiSténa
horizontdlni vyména informaci v kolonii ale i s jinymi organismy (v placich,
biofilmech).

Ben-Jacob navrhl, aby se celé spektrum bakteridlni komunikace délilo do dvou
skupin: na signaly vyvolavajicireakci a signaly informativni (sémantické a smysluplné).
1- Vyvolavajici reakci rozumime, Ze buiika po piijeti specidlniho signalu spusti
specifickou, pfedem determinovanou odezvu. Napiiklad pfitomnost laktézy v prostiedi
indukuje skrze specifické¢ vnitrobunééné drahy expresi souboru genti, které koduji
zmény nutné pro metabolismus laktdzy.

2- Informativnimi (sémantickymi) rozumime piipad, kdy Cinitel prostfedi spousti
bunéénou odpovéd, kterd neni pfedem definovana a nemd specifickou drahu (neni

presné determinovéana). Smysluplnd informace, kterou signal pfedstavuje spusti v buiice

6



individudlni proces interpretace té konkrétni informace, v zavislosti na daném stavu
buiiky a na ulozeni pfedchozich smysluplnych informaci v buiice. Poskytuje to burce
svobodu ke zvoleni odpovédi na obdrzenou zpravu, vcetné vlastni prestavby a vyslani

samé zpravy dal$im bunkam, jez pak prestavbu provedou také (Ben-Jacob E., 2003).

1.4. Typy a mechanizmy bakterialni komunikace

Mezibunééna komunikace v koloniich je zaloZena jak na difuzi specifickych
signald, tak na piimém kontaktu mezi buiikami. Cleny svého vlastniho druhu, &i jinych
druhli, vnimaji pomoci procesu quorum sensing, ktery umoziluje detekovat hustotu
bakterialni populace.

Inter- a intra- druhova komunikace mezi jednotlivymi jedinci miize vést k
vytvofeni vysoce organizované struktury, jenz je definovana jako orientovany shluk
mikroorganismil, jez jsou napojeny k sobé navzajem, ¢i k povrchu a jez je obklopena
extracelularni polymérni substanci, kterd je produkovana témito mikroorganismy. Takto
utvofend vysoce komplexni interagujici kolonie se nazyva biofilm. Tvorba biofilmu pak
poskytuje nejen vhodné prostiedi pro rist, ale vytvaii i prostfedi, které je odolné viici
antibakteridlnim substancim (Mahajan A. et al., 2013). Tvorba biofilmu je vysoce
organizovany proces, zahrnujici sekven¢ni tvorbu vznikajiciho povlaku, kolonizaci
primarnich kolonizatorii a poté sekundarnich kolonizatorti. Bez moznosti komunikace
by tyto uspofadané zmény byly nahodné (Mahajan A. et al., 2013).

Jednim z nejlépe prostudovanych biofilmt je zubni plak. Jde o ptiklad vysoce
sofistikovaného komunikaéniho systému sestavajiciho se z vice nez 500 rtznych
bakteridlnich druhd, pfi jehoZ tvorbé se uplatiiuji rizné podoby komunikace mezi
mikroorganismy jako je fyzicky kontakt, metabolick4d komunikace, komunikace pomoci
malych signalnich molekul ¢i genetickd vyména. Specidlnim typem biofilmu je

bakterialni kolonie (viz diskuze).

1.4.1. Fyzicky kontakt

Fyzicky kontakt hraje zdsadni roli pfi formovani a maturaci biofilmt. UmozZiuje

osidleni nového povrchu a poskytuje receptory pro primdrni kolonizatory. Ty pak



poskytuji specifickd vazebna mista pro kolonizatory sekundérni. Pti formovani zubniho
plaku (biofilm) jsou popsany rizné faze jako je adheze, formovani mikrokolonii, zrani
(maturace) a prilezitostné rozsiteni se do okolniho prostoru. Procesu adheze a formovani
mikrokolonii se uc¢astni mechanismy bakteridlniho kontaktu mikrobialni koagregace a
koheze. B€hem koagregace dochézi ke vzajemnému specifickému rozpoznavani “hract”
a vzajemnému prilnuti obou partnerti. Koagregace byla poprvé popsana u bakterii
zubniho plaku (Gibbson R.J. a Nygaard M., 1970) a byla pozorovana u riznych
bakterialnich kmenti izolovanych z rtiznych prostfedi véetné pitné vody (Rickard A.H.
et al, 2000). Koagregace je Casto zprostiedkovana interakci adhesinu (napf. lektin) na
jedné burce, ktery interaguje s komplementarnim karbohydratovym receptorem na
druh¢ bunce. Tyto vazebné agregaty se nachazeji na bakteridlnich bicikach a pilech
(Pratt L.A. a Kolter R., 1998). Koagregace miize byt zablokovana pifidanim
jednoduchych cukrt (laktoza a dalsi beta-galaktosidové derivaty), ale je popsano mnoho
typt koagregace, na né¢z jednoduché cukry inhibi¢ni projevy nemaji. Schopnost bakterii
koagregovat se objevuje v suspenzich, nebo pokud je jeden bakterialni druh navazan na
né¢jaky povrch, dalsi druhy pak koagreguji k nému. Schopnost koagregace maji dokonce
1 mrtvé buiiky, tato vlastnost je tak vazana na existenci vhodnych povrchovych molekul
a ne na zZivotnosti dané bunky.

Koheze je proces, kdy pfilnuti (adheze) jednoho typu bakterie k povrchu
podporuje naslednou adhezi dalSich bakteridlnich druhti. Toto lze spatfit pii primarni
kolonizaci nového prostoru (zubu). Tito primarni kolonizatofi, kteti se ptichyti k zubu,
umozni dal$im bakterialnim druhtim, aby diky koagregaci ptisedli na povrch jejich
vlastnich tél a tim modifikuji samotny povrch zubu, ¢imz podporuji dalsi pfilnuti
sekundarnich kolonizatori (Datta A. et al, 2017). Zajimavosti je, Ze primarni
kolonizatoti (vétSinou streptokoky) vétSinou nejsou schopni koagregovat se
sekundarnimi kolonizatory. Toto vzdjemné propojeni ¢asnych a pozdnich kolonizatort
ma vétSinou na svédomi bakterie Fusobacterium nucleatum, kterd vytvari mistek mezi
témito dvéma skupinami Gstnich bakterii (Obr. 1). Casni i pozdni kolonizatofi

koagreguji se svymi skupinami navzajem a zaroven i s touto F. nucleatum.
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Obr. 1: Schéma zubniho plaku. Model Ustni bakterialni kolonizace ukazuje rozpoznani receptorQ
slinnych pelikul ¢asné kolonizujicimi baktetiemi a koagregaci mezi primarnimi kolonizatory, fusobakterii
a sekundarnimi kolonizatory na povrchu zubu. V tomto modelu kolonizace jsou ptitomny bakterialni
kmeny Actinobacillus  actinomycetemcomitans, Actinomyces israelii, Actinomyces naeslundii,
Capnocytophaga gingivalis, Capnocytophaga ochracea, Capnocytophaga sputigena, Eikenella
corrodens, Eubacterium spp., Fusobacterium nucleatum, Haemophilus parainfluenzae, Porphyromonas
gingivalis, Prevotella denticola, Prevotella intermedia, Prevotella loescheii, Propionibacterium acnes,
Selenomonas flueggei, Streptococcus gordonii, Streptococcus mitis, Streptococcus oralis, Streptococcus

sanguis, Treponema spp., a Veillonella atypica. (ptevzato od Kolenbrander P.E. et al., 2002)

1.4.2. Metabolicka komunikace

Schopnost bakterii rychle analyzovat informace ziskané z prostiedi a adaptovat
se na n¢ hraje zasadni roli ve strukturovani bakteridlnich komunit (Casto i
mezidruhovych), v usmériiovani konkrétnich aktivit jednotlivych bakterii, ale 1 v
ovliviiovani riznorodych interakci mezi bakterii a okolnim prostfedim.

Metabolickda komunikace na Grovni vnémembranovych proteint a ptislusnych
receptorti zajiStuje zaklad pro koagregaci. Bakterie vnimd zmény v lokalnim

mikroenviromentalnim prostiedi, které jsou zplisobeny sousednimi buiikami a ziskavaji



tak informace o okolni mikrobidlni populaci. V reakci na tyto nové informace se dokaze
bakterie adaptovat zménou genové exprese.

Ptikladem vlivu lokéIlniho mikroenviromentalniho prostiedi na chovani bakterie
je chemotaxe, jez je jednim z nejlépe prostudovanych biologickych gradientovych
senzorickych systémi. Jde o proces, pfi kterém pohyblivd bakterie vyuziva svou
schopnost vnimat okolni podminky a jejich zmény v konkrétnim misté. Diky rozdilnym
gradientm rtznorodych fyzikdln¢ chemickych latek v tésném okoli bakterie, dokaze
tato bakterie vyhodnotit, kterym smérem se aktivnim pohybem vyda (pozitivni/negativni
chemotaxe). Senzitivita tohoto systému, jehoz zakladni sit’ je v ramci prokaryot v zdsadé
univerzalni, je velmi vysoka. Koncentrace rozpozndvanych ligandi klesa az k 3
ligandim na bunku (3 nM). Tento systém jak pak kromé vniméani metabolického
prostiedi, pfitomnosti zivin ¢i toxini vyuzivan v odpovédi na dal$i enviromentalni
faktory jako jsou pH, osmoticky tlak ¢i pfitomnost jinych bunék — quorum sensing

(Sourjik V. a Wingreen N.S., 2012; Micali G. a Endres R.G., 2016).

1.4.3. Komunikace pomoci signalnich molekul

Signalizace pomoci chemickych agens zahrnuje produkci malych signalnich
molekul, které, stejné jako v ptipade metabolické komunikace, zptsobuji u recipienta
zménu genoveé exprese. Tento druh komunikace se vyrazné uplatiuje pfi quorum

sensing.

Quorum sensing (QS)

Quorum sensing je spiSe typem blizké (cell to cell) bunééné komunikace, 1 kdyz
v rdmci suspenzi miZze tato komunikace fungovat i na véts§i vzdéalenosti. Jsou popséany i
systémy komunikace pomoci QS v ramci celého biofilmu, ale zda se, ze pivod tohoto
komunikaéniho systému byl v potiebé komunikace v ramci dané lokality (blizké
sousedstvi). Tento typ komunikace, jeZ je Siroce roz$ifend mezi bakteridlnimi patogeny
umoznujici koordinaci exprese v ramci dosazeni spole¢nych cili, jako je
bioluminiscence, syntéza antibiotik, produkce virulentnich determinantd, formace
biofilmi ¢i swarming (Rice S.A. et al, 2005), vede ke spolecné odpovédi celé
bakterialni populace. Quorum sensing je zaloZen na principu autoindukce (Suga H. a
Smith K.M., 2003), kdy dochézi k zapojeni enzym, které katalyzuji syntézu signalu a
receptoru, jenz signal vaze. Tyto enzymy déle pozménuji genovou expresi nekterych
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genl, vcetn¢ téch, které koduji enzymy produkujici signal, ¢imz vytvaii pozitivni
zpétnou vazbu (Castillo-Judrez 1. et al., 2015). Systém tak dovoluje zvysSit pocet
signdlnich slozek efektivnéji, nez jak by toho bylo mozno doséhnout jednoduchym
zvySovanim signalnich slozek bez moznosti autoindukce. Diky tomu miize populace
zménit svoje chovani dfive, nez dojde ke kritickému zvySeni denzity. Exprese quorum
sensing kontrolovaného fenotypu je vSak energeticky velmi naro¢na a ziskana vyhoda
je tak relevantni pouze u populaci, jez dosahuji vysoké hustoty (Diggle S.P. et al., 2007;
Pai A. et al., 2012). Spolu s aktivnim piisobenim imunitniho systému, je Quorum sensing
hlavnim faktorem, jenz determinuje hustotu bakteridlni infekce. Bakterialni patogeny,
kterym k infekci postacuje jejich nizké mnoZstvi, postradaji QS systém. Tyto patogeny
vSak uc¢inné inaktivuji imunitni odpovéd’ zabijenim fagocyti. Naproti tomu patogeny,
jejichz plisobeni je zavislé na vysokych hustotach, jsou na QS odkéazany (Gama J.A. et

al., 2012).

Typy signalnich molekul pouZzivanych pro quorum sensing

Dilezitou roli v mezibunééné komunikaci hraji signdlni molekuly, tedy
molekuly, které se ucastni prenosu informace pii zprosttedkovani odpovédi buiiky na
zménu prostiedi. U mikroorganismii jsou takovymi molekulami autoinduktory a

mikrobialni feromony.

Aktivita autoinduktort je zavisla na hustoté populace a ma urc¢itou hrani¢ni mez.
U Gram-negativnich bakterii jsou autoinduktory prevazn¢ AHL molekuly, zatimco u
Gram-pozitivnich bakterii jsou jimi procesované oligopeptidy (Yajima A., 2011).

Aktivita mikrobidlnich hormont je zdvisld na ddvce a nema hrani¢ni omezeni.
Mezi doposud identifikované mikrobidlni hormony pak patii terpeniody, steroidy,

butenolidy, cerebrosidy a nukleové kyseliny (Yajima A., 2011).

Acylované homoserinlaktony (AHL, acylated homoserine lactons; Al-1)

AHL jsou amfifilni molekuly, které volné difunduji pfes bakteridlni plazmatickou
membranu (Fuqua W.C. a Greenberg E.P.,1998), a jeZ jsou béZné pouZivané Gram-
negativnimi baktériemi jako quorum-sesnging autoinduktory. Tyto molekuly jsou
slozeny z invariantniho homoserinlaktonového (HSL) kruhu, k némuz je navéazan

acylovy ftetézec skladajici se z 4-18 uhlikovych atomli. Kromé délky navazaného

11



acylového fetézce se AHL molekuly dale 1iSi v mife saturace navazaného fetézce a také
oxida¢nim statusem na pozici 3. Obecné jsou AHL molekuly syntetizovany ¢leny Lux-
I rodiny AHL syntetdz za pouziti S-adenosylmethioninu jako substratu a acylovaného
proteinu (acyl-ACP, acyl carrier protein) (Parsek M.R. et al., 1999). Syntetizované AHL
molekuly poté volné difunduji skrze bunéény povrch a akumuluji se v blizkém okoli. V
nékterych piipadech vSak dochazi i k aktivnimu transportu AHL (Pearson J.P. ef al.,
1999; Chan Y.Y. et al, 2007). Jakmile je piekrocena kritickd koncentrace signalnich
molekul, dochazi k vazbé AHL k Lux-R typu receptorového proteinu v cytoplazmé
bunék. Clenové Lux-R rodiny receptort jsou transkripéni regulatory, jejichz DNA-
vazebnd aktivita je zavisla na interakci s ligandem, po niz dochazi k modulaci cilové
genoveé exprese v odpoveédi na akumulaci AHL (Zhu J. a Winans S.C., 2001). Kazdy
bakterialni druh nese kognatni syntetadza/receptorovy par, ktery produkuje a odpovida
na specifické AHL molekuly. Nékteré druhy, jako Pseumonoas aeruginosa, vsak
vyuzivaji vicero syntetazovo/receptorovych paru, které generuji a odpovidaji na rozlisné

AHL molekuly (Jimenez P.N. et al., 2012).

Autoindukéni peptidy (AIP, autoinducing peptides)

AIP jsou Gram-pozitivnimi bakteriemi vyuzivané geneticky kédované a ribozomalné
generované 5-17 aminokyselin dlouhé peptidy, jez mohou nést neobvyklé modifikace v
jejich sekvenci (Mayville P. et al., 1999). Na rozdil od AHL, jsou tyto peptidy aktivné
sekretovany do extracelularniho prostfedi procesem, ktery usnadniuji transportéry na
bunééném povrchu (Ansaldi M. et al., 2002). K detekci téchto molekul dochézi na
bunééném povrchu i intracelularné. Mnoho znamych autoindukcnich peptidi je
detekovdno membranov€é vazanou senzorickou kindzou, kterd ptepind svoji
kindzovo/fosfatdzouvou aktivitu v odpovédi na interakci s peptidem. Jakmile dojde k
dosazeni kritické hranice signalnich molekul, vazi se AIP k extracelularni doméné
specifického kindzového receptoru. Tato interakce aktivuje kindzovou aktivitu
receptoru, ktery pak fosforyluje sam sebe a kognatni cytoplazmaticky odpovédny
regulator, coZ ve svém disledku vede k aktivaci, nebo represi quorum sensing cilovych

genil (Solomon J.M. et al., 1996).
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Autoinduktor-2 (Al-2, autoinducer-2)

AI-2 je povazovan za univerzalni signdlni molekulu uzivanou pro mezidruhovou a
vnitrodruhovou komunikaci u mnoha Gram-pozitivnich i Gram-negativnich bakterii
(Bassler B.L. a Losick R., 2006). Tento autoinduktror je generovan z prekurzoru S-
adenosylhomocysteinu sekven¢ni enzymatickou aktivitou pfislusnych enzymt. Vznika
tak molekula, jenz voln¢ difunduje ptes bakterialni membranu, kde dochazi k jeji
akumulaci. Rozdilné bakterialni druhy pak rozpoznavaji rizné modifikované formy Al-
2 a k detekci dochézi extra —1 inter-celularné v zavislosti na druhu bakterie (Yajima A.,

2011; LaSarre B. a Federle M.J., 2013).

DalSi signalni molekuly ticéastnici se quorum sensing

Krom vyse zminénych tfi hlavnich skupin autoinduktorii, existuje celd fada dalSich
signdlnich molekul participujicich na quorum sensing. Jedna naptiklad o DSF (diffusible
signal facor), PQS (Pseudomonas quinolone signal), Al-3 (autoinducer-3) ¢i AHK (a-
hydroxyketon) (LaSarre B a Federle M.J., 2013, Liu Y.C. et al., 2015). Zna¢nou roli
hraji dale mikrobidlni hormony, kdy ale vzhledem k absenci mnohobunééné sité€, je pro

vvvvvv

latky ¢i feromony.

1.4.4. Horizontalni genovy transfer

Horizontalni transfer genetické (HGT) informace je povazovan za hlavni pti¢inu
molekularni evoluce mnoha bakterialnich genomti. Zaroven maji bakterie diky témto
moznostem skvély ndstroj, jak bojovat proti antibiotikiim v minimdlnim case a to
pfeddvanim si resistence horizontalng. Husta bakteridlni populace v biofilmech zvySuje
moznost genového transferu mezi druhy. Dikazem pro horizont4lni genovy transfer je
pfitomnost konjugativnich transpozoémii a inzertovanych sekvenci u mnoha

bakterialnich druhti.
Popsano bylo 5 druhi horizontdlniho genového transferu (HGT):

1/ konjugace - polarni transfer genetického materialu skrze ptimy kontakt bun¢k
(cell-to-cell) (Heinemann J.A., 1999; Cabezon E. ef al., 2015). Proces konjugace byl
popsan i mezidruhové mezi bakterii a kvasinkou (Heinemann J.A. a Sprague G.F.,

1991).
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2/ transformace - ptijem a udrzeni DNA z prostedi (Dubnau D., 1999; Chen I. a
Dubnau D., 2004).

3/ transdukce - geneticky transfer pomoci bakteriofaga (Mahajan A. ef al., 2013)
¢i prenos skrze zprostiedkovatele pfenosu gentl - gene transfer agents (McDaniel L.D.
et al., 2010; Lang et al, 2012).

4/ ptenos DNA pomoci nanotrubic¢ek (nanotubes)(Dubey G.P. a Ben-Yehuda S.,
2011).

5/ ptenos DNA membranovymi vezikuly. Pfenos genetické informace pomoci
vnéjSich membranovych vackti (OMV - outer membrane vesicle) je popsan predevsim
u Gram-negativnich bakterii. Tyto malé partikule o velikosti pfiblizné 20-250nm (Kulp
A. a Kuehn M.J., 2010) obsahuji vétSinu komponentli vn¢j$i plazmatické membrany.
Tvorba OMYV, ktera probiha ve vSech rtistovych fazich bakterialni kultury (Manning A.J.
a Kuehn M.J., 2011), je spojena se ztratou podstatného mnozstvi materidlu vnéjsi
membrany a znamena tak pro bakterialni buiiku znaény energeticky vydaj. Opodstatnéni
tohoto procesu prinesl intenzivni vyzkum v posledni dobé, jenz odhalil diilezitou roli
OMYV v bakterialni fyziologii i patogenezi. Bylo prokazano, Ze se vesikly GiCastni sekrece
a dorucCeni biomolekul (napf. toxinl), horizontdlniho tranferu, intra — i intercelularni
komunikace, podili se pii odpovédi na stresové podnéty, formaci biofilmu,

imunomodulaci a u patogent piilnuti k hostitelské buiice (Roier S. et al., 2016).

1.4.5. Signalizace pomoci fyzikalnich signala

V literatuie jsou popsany dalsi typy signalizace mikroorganismi, kde jako
nositel signalu neslouzi biochemickd molekula, nybrz ptfenaSeny signdl je povahy

fyzikalni.

Signalizace pomoci elektrického pole

V nedavné dobé€ byla popsdna komunikace mezi bakteriemi s dlouhym dosahem,
ktera je zprostfedkovana elektrickym signalem. V biofilmech bakterie Bacillus subtilis
vedou iontové kandly, jez vedou elektrické vzruchy v ramci celého biofilmu. Signély
jsou vysilany skrze prostorové Sifené vilny drasliku. Vypusténi drasliku do
extracellularniho prostou jednou buiikou kandlu vede ke kratkodobé depolarizaci
membrany sousedni bunky. Tato depolarizace je vSak ihned nasledovana

hyperpolarizaci této sousedni buiiky, a to diky pozitivni zp&tné reakci, béhem niz jsou z
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této sousedni bunky opét aktivné vypustény draslikové ionty do vnéjsiho prostoru k dalsi
buiice. Takto se pomoci iontovych kanalu §ifi elektricky signal biofilmem (Prindle A. et
al., 2015). Bylo zjisténo, ze tento aktivni pfenos elektrického signalu v biofilmu
pestovaném v tekuté kultufe (microfluidic chamber) ma naptiklad souvislost s reakei
biofilmu na nedostatek glutamatu v buikach uprostfed biofilmu ve srovnanim s jeho
dostatkem na jeho vnéjsi hranici. Jako reakce na tento koncentraéni rozdil glutamatu v
ramci biofilmu byla pozorovana oscilace v rustu hrani¢nich bunék biofilmu, ktera byla
synchronizovana s oscilaci elektrického signalu, jez je generovan pomoci iontovych
kanald (Liu J. et al., 2015).

Dale bylo popsano, Ze pokud jsou dva oddélené biofilmy bakterii rodu Bacillus
subtilis, jez rostou v omezeném prostoru a vzajemné tésné blizkosti (pfiblizné 2 mm od
sebe), pokusné vystaveny kompetici o glutamat, dokazi vzajemné spolupracovat. Tyto
dvé populace vzajemné sladily (posunuly fazi oscilace rtstu / elektrického signalu) svoji
oscilaci riistu 1 elektrickou signalizaci (viz obr. 2) v rdmci obou biofilmti (Liu J. et al.,
2017) tak, aby zfejm¢ minimalizovaly negativni dopad kompetice o stejnou zivinu
(glutamat) na riist obou biofilmd.

Biofilm bakterii rodu Bacillus subtilis rostouci v tekutém médiu dokaze po
dosazeni urcité velikosti do okolniho prostfedi uvoliiovat draslikové ionty ve vinach,
které na membranach okolnich mikroorganismi vyvoldvaji zménu membranového
potencialu, a tim prevadi chemicky signal na signal elektricky. Tento signal tak piisobi
jako atraktant na vzdalené bakterie stejného, ale 1 jinych druhti (Pseudomonas
aeruginosa). Pohyblivé bakterie v dosahu tohoto signdlu ptizpisobi smér svého pohybu
a zamifi pfimo k signalizujicimu biofilmu. Jak je patrné, jde o mezidruhovy zptisob

“svolavani se” (Humphries J. ef al., 2017).
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Obr. 2: Vzdalené biofilmy synchronizuji svij riist; A - Individualni biofilmy podléhaji metabolickym oscilacim,
které periodicky pozastavuji rist biofilmu. Metabolické oscilace jsou koordinovany elektrickou komunikaci, jejiz
dosah mtize piesahovat hranice vlastniho biolfilmu. Navic se dva biofilmy mohou propojovat diky kompetici o ziviny
(Cervené Sipky); B - Schématické znazornéni ristu dvou biofilmt v pritokové mikrokomtirce se stabilnim pritokem
zivného média. Fialové a oranzové obdélniky jsou zvétSené na obrazku C; C - Fotografie ukazujici okraje biofilmt v
case. Tyrkysova barva indikuje florescenci Thioflavinu T (ThT), florescencni barvivo, diky nemuz lze pozorovat
zmeény v membranovém potencidlu v biofilmu. Méfitko je 50 um; D - Oscilace v rychlosti riistu méfené rychlosti
ristu kraje biofilmu viz obr. C; E - Oscilace v membranovém potencidlu métené primérnou florescenci ThT v

okrajovych ¢astech biofilmu, viz obr. C. (pfevzato od Liu J., et al., 2017).

U bakterie Geobacter sulfurreducens bylo prokazano, ze pilus, jez si tato
bakterie formuje dokdze prenaSet elektricky naboj na extracellularni elektronové
akceptory jako jsou kovy FE(III) a Mn (IV) a tak dokaZe elektrickou energii
konzervovat. Bakterie Geobacter sulfurreducens dokéze pomoci téchto pillli tvofit
jakési sité (nanowires) skrze porovité materialy a tim se propojovat s dalSimi bakteriemi,
se kterymi jinak nema piimy fyzicky kontakt, do vétSich komunit (Reguera G. et al,.
2007).

Signalizace za vyuZiti zvukovych vin
Jiz diive byl pak popsan vliv uhlikovych sloucenin, jako je grafit nebo
aktivované Zivoc¢isné uhli, na rlst nékterych bakterii béhem b&zné netolerovanych

stresovych podminek a to na vzdalenosti az nékolika centimetrti. Bakterie rodu Bacillus
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carboniphilus vystavené stresu odpovidaji na vzdaleny ucinek uhlikovych latek
zvySenim ruistu. Je predpoklad ze grafit dokdze ménit externi elektromagnetickou energii
na zvukové viny (Matsuhashi M. et al., 1997). Pti dal$im studiu tohoto efektu bylo
zjisténo, ze bakterie Bacillus carboniphilus, vyseté na misku s agarem, na kterém
standardn¢ nerostou, dokazi rGst svych kolonii nastartovat, pokud je na né z
reproduktoru poustén zvuk s frekvenci 10, 30, a 40 kHz. Pti dal$im studiu této reaktivity
bakterii na zvuk bylo zjisténo, ze z husté narostlé kolonie Bacilus subtilis vychéazi zvuk,
ktery 1ze detekovat pomoci vykonného piedzesilovace. Zvuk byl méfen ve frekvencich
mezi 1 - 50 kHz. U husté€ narostlé kolonie byly zaznamenané 3 maxima (peaky) a to na
frekvencich 8 - 10 kHz, 18 - 22 kHz a 27 - 43 kHz. Diky podobnosti namétenych hodnot
frekvenci vypousténych kolonii Bacilus subtilis a namétenych hodnot frekvenci, na nez
reaguji kolonie Bacillus carboniphilus, autor uvazuje, ze tento systém komunikace
funguje jako univerzalni signal regulujici riist bakterialnich spoleCenstvi (Matsuhashi
M. et al., 1998).

U 3 riiznych mutantii bakterie E.coli byla také popsana emise zvukovych vin (AE
- acoustic emission). Mezi riznymi mutanty se kvalita AE rtizné liSila, a to jak v intenzité
nejvétSiho piku - higher peak frequencies (PFRQ), tak 1 v rtiznych frekvencich, kde byl
PFRQ zachycen (Cox T. J., 2014). Zda se, ze kazdy mutant ma svoji vlastni unikatni
pattern AE, coz by Slo teoreticky vyuzit pro identifikaci bakterialnich klonti.

Signalizace pomoci svétla

Mnoho organismii (od bakterii po ryby) vyvinulo proces zndmy jako
bioluminiscence, jez vyuziva exergonni chemické reakce k produkei viditelného svétla.
Je také znamo, Ze nékteré druhy nesvitivych mikroorganismil véetné bakterii, kvasinek
a prvoki emituji zafeni znamé pod pojmem biofotony, Biofoton je ultraslaby typ radiace
zahrnujici viditelné, blizko infra-Cervené ¢i blizko ultrafialové svétlo. Reaktivita na
tento signalni systém byla prokazéna nejen u bunék vyssich organismii (krysi mozkové
bunky, kiec¢¢i ledvinové buinky, krysi jaterni buiky), ale také u mikroorganismti. Pokud
byly kolonie E. coli péstovany ve sklenéném valci s riznymi variantami (prihlednd,
neprihlednd) oddé€leni rostoucich populaci, byli mezi populacemi popsany vzajemné
interakce (synchronicita ristu) pouze pokud mezi koloniemi byl prithledna prepazka.

Svételnd emise byla naméfena mezi 450-800nm (Trushin MV, 2003).
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Elektromagnetické zafeni tedy muze slouzit jako médium pro prenos informace mezi

mikroorganismy.

Fyzikalni signdly maji oproti chemickych nékolik vyhod. Prostupuji prosttedim
rychleji, nejsou tolik limitovany diftzi a dokéazi piekonavat volny prostor mezi
bakterialnimi komunitami, a tak poskytuji dobry mechanismus pro rychly ptenos
informace. Zaroven jsou tyto signaly, diky svym vyhodam, idedlni pro mezibunéénou
komunikaci 1 na vét§i vzdalenosti v fadu centimetrd, narozdil od biochemickych
signalnich molekul, které¢ maji vétSinou dosah v fddu milimetrti a méné (Reguera G.,

2011)

1.5. Techniky mapovani signalnich molekul a jejich
uskali

Z vyse uvedenych informaci je vice nez patrné, Ze bakterie vyuzivaji pro vnitro
— 1 mezidruhovou komunikaci rozlicné fyzikalni, chemické i1 biologické procesy.
Studium signdlnich drah, tak nardzi na mnoha uskali, které mohou byt piekazkou i pii
vyuziti nejmodernéjSich technik, které v soucasné dob€ mikrobiologie ¢i molekularni
biologie nabizi. Signalni molekuly mohou byt akceptorem signalu rozpoznavany i pii
velmi nizkych koncentracich, jez mohou byt pod detek¢nim limitem metodik
pouzivanych pfti jejich odhaleni.

Vzhledem k tomu, Ze technické zdzemi naSi laboratofe nebylo pro studium
odhaleni signalni molekuly ovlinujici rast bakterie Serratia marcescens dostacujici,
navazali jsme spolupraci s odbornikem z Mikrobiologického ustavu AV CR.

Na&s§ externé spolupracujici kolega je soucasti tymu, jeZ se specializuje na
chromatografii, purifikaci proteini, hmotnostni spektrometrii proteini a jejich

naslednou identifikaci (Mrazek et al, 2012).
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1.6. Taxonomicky a strukturni popis bakterie Serratia
marcescens

Rod Serratia, ¢len rodiny Enterobacteriaceae, sestava ze skupiny bakterii, které
jsou si blizké fenotypové i sekvenci DNA. Typicky zastupce tohoto rodu je Serratia
marcescens.

Nékteré druhy Serratii produkuji ¢erveny pigment prodigiosin (Williams R.P. a
Qadri S,M,H., 1980). JelikoZ bakterie rodu Serratia dobfe rostou na potravinach
obsahujicich Skrob, objevuje se jejich narst v podobé malych Cervenych kulovitych

skvrnek, ¢i souvislého ¢erveného porostu na pecivu, €1 polenté.

Ekologie

S. marcescens je nejcastéji izolovanym zastupcem rodu Serratia z icni vody a
hospitalizovanych pacientii, jenz jsou pti styku s touto bakterii imunokompromitovani,
pfiCemz se nejCastéji nakazi konzumaci kontaminovanych potravin. Mensi mnoZstvi
tohoto druhu pak byla v porovnani s ostatnimi ¢leny rodu Serratia izolovana z roslin,
malych savci ¢i ze zvifecich teritorii. Bakteriim S. marcescens rostoucim ve vodé, ¢i v
pudé, miize davat znacnou ekologickou vyhodu fakt, ze jsou schopné produkovat
prodigiosin, jenz je toxicky pro prvoky. Diky své schopnosti mineralizovat organické
zelezo a rozpoustét zlato ¢i méd’ mize pak v pude hrat S.marcescens vyznamnou roli v

biologickém cyklu kovii (Grimont F. a Grimont P.A.D., 2006).

Vyznamné slou¢eniny produkované Serratii

Pigmenty (prodigiosin)- nedifuzni ¢erveny pigment vznikly jako sekundarni metabolit
vznikly enzymatickou kondenzaci 2-metyl-3-amylpyrrolu a 4-metoxy-2,2"-bipyrrole-5-
carboxy-aldehydu, jez vede k produkci 2-methyl-3-amyl-6-methoxyprodigiosinu.
Syntéza pigmentu vyZzaduje pfitomnost vzduchu, avSak konkrétni biosyntetickd draha
vstupnich komponent neni doposud pfesné¢ znama. Nékteré kmeny Serratii pak dale
produkuji rizovy ¢i Zluty difuzni pigment.

Biosurfaktanty (Serrawetin)- dva pigmentované a nckteré nepigmenované druhy
S.marcescens produkuji biosurfaktanty, jenZ mohou pisobit jako zvlhcujici ¢inidlo.
Toto ¢inidlo je produkovano ve velkém mnoZzstvi pti 30°C (avSak ne pii 37°C) béhem

stacionarni faze rustu.
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Mastné  kyseliny — Serratia produkuje hlavné 3-hydroxy-tetradecanové, n-
hexadecanové, hexadecanové a octadecanové kyseliny, jez tvoii 50-80% komponent
mastnych kyselin.

Enzymy - S.marcescens produkuje 5 proteinil, jez maji chitinolytickou aktivitu. Tato
aktivita je potencialn¢ vyuzitelna k upravé chitin-obsahujiciho odpadu produkovaného
pii zpracovani plodii mote, pii vyrobé Cinidel proti rostlinnym patogennim houbam,
produkci adheziv, pii regeneraci vody od tézkych kova atd. Dalsi vyuziti nékterych

Serratii se objevuje v biotechnologiich (Grimont F. a Grimont P.A.D., 2006).

Riistové podminky

Pigmentované druhy Serratii vykazuji rGzoveé, nebo Cervené zabarveni kolonii na
zivném agaru. Pouziti nizko-fastatového agaru bez gluk6zy je nejlepSim zptisobem pro
demonstraci pigmentace. Na zivném agaru s glukozou vSak tvoii morfologicky slozitéjsi
kolonie (Rieger T. et al., 2008). Nepigmentované druhy Serratii vytvati na zivném agaru
nepruhledné bélavé mukoidni kolonie, popiipadé¢ transparentni hladké kolonie. Serratie
jsou tolerantni ke koncentraci soli a jsou schopny riist pii relativné nizkych minimalnich
teplotach. Nejlepsi zisky pii kultivaci jsou ziskavany, pokud je kultura Serratii
inkubovana pti 30°C. Pfi 37°C dochazi Casto k neobjeveni pigmentace (mimo S.
marcescens). Divoké kmeny rodu Serratia obvykle nevyzaduji piidani rastovych
faktorti do minimalniho média. DostateCnym pro jejich ruast je tedy minimalni medium
obohacené o zdroj uhliku.

Béhem riistu produkuji bakterie rodu Serratia extracelularni gelatinazy, lecitindzy a
DNAA4zy, jez jsou tak zakladnim charakteristickym prvkem tohoto rodu a mize tak
slouzit k jeho identifikaci. VétSina zastupct rodu Serratia je navic rezistentni k n€kterym
komponentim jako colistimethate, cephalothin ¢i thaliové soli, jenz pak mohou byt

pouzity jako selektivni marker tohoto rodu.
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2. Cile prace

Tato prace navazuje na predchozi prace nasi skupiny, v nichz jsme studovali
morfogenezi, variabilitu a vzajemnou komunikaci bakteridlnich kolonii jiz fadu let.
Nejdtive jsme zkoumali a popisovali morfogenezi kolonii zdrojového kmene Serratia
marcescens CNCTS 5965. Tento kmen tvoii po vyseti na standardni Zivné pidé (ZA)
ervené nestrukturované kolonie. Po vyseti na ptidu obohacenou o glukézu (ZA + G)
narostlo vice barevnych a tvarovych variant kolonii. Kromé bilych nestrukturovanych 1
lehce strukturovanych (lehce ¢erveny vnéjsi val) jsme pozorovali i kolonie se zvednutym
¢ervenym valem a vystouplym ¢ervenym stfedem, které jsme nazvali Fontanka (fenotyp
F; Obr. 3). Tento fenotyp byl po nékolikerém vyseti na ZA + G nadale stabilni a pro

naSe ucely optimalni z divodu komplexni morfogeneze (Rieger T. et al., 2008).

Obr. 3 - Kolonie fenotypu F; dole - profil kolonie

Zajimalo nas, jakym zpiisobem dokazi podminky prostfedi, kterym je kolonie
béhem svého vyvoje vystavena ovlivnit ¢asny vyvoj kolonie a vysledny vzhled kolonie
zralé (fenotyp F). K tomuto zjisténi jsme testovali vliv kvality zivné ptidy — konkrétné
jeji typ, zdroj cukru, hustotu, vlhkost. Na vysledny vzhled kolonie (F) ma vSak vyrazny
vliv také Zivotni prostor, ve kterém dana kolonie roste. Pokusili jsme se tedy definovat,
jaky dopad ma na vyvoj a vysledny vzhled kolonie pozice ve vysevu v ramci Petriho
misky (zda je na okraji ¢i v prostoru) a jakou roli hraje hustota vysevu, obzvlasté pak

ptipadny kontakt vice stejnych ¢i riznych druhti kolonii (Rieger T. ef al., 2008).
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V dalsich pracich jsme popisovali, jak jsme z ptivodnich zdroji postupné vyizolovali
dalsi stabilné€ udrzitelny morfotyp (M) bakterie S. marcescens (Patkova 1. et al., 2012).
Zkoumali jsme, jak se rizné klony i druhy vzajemné ovliviiuji, pokud rostou v blizké
vzdalenosti, nebo jsou dokonce nateckované ve smési, a v neposledni fad¢ jsme se
zaméfili, jak spolu jednotlivé kolonie ¢i makrokolonie interaguji a komunikuji. (Cepl J.

et al.,, 2010).

Cilem této prace ze zacatku bylo podrobnéji popsat efekt ovliviiovani blizko
rostoucich kolonii. Posléze jsme se chtéli zaméfit na fyzikalni ¢i biochemickou podstatu
tohoto ovliviiovani. Béhem studia tohoto ovliviiovani byl popsan efekt podpory ristu
vyteckované F kolonie na MMA (fenotyp F za standardnich podminek na MMA
neroste) za ptitomnosti rostouci makrokolonie (fenotpy M, fenotyp R, E. coli) na MMA.

Po tomto pozorovani bylo dal§im cilem této prace:

1: Identifikace mechanizmu (vzduch, agar) pfenosu informacni agens

2: Nalezeni konkrétni signalni molekuly
Navazujeme na publikované prace (Rieger T. et al., 2008; Patkova I. et al., 2012).

Publikované prace rozsitujeme o studii tykajici se ovliviilovani rastu kolonie typu F na

MMA.
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3. Definice, materialy a metody

3.1. Definice pojmi

3.1.1. Typy usporadani bunéénych tél na Petriho misce

Kolonie — mnohobunécny utvar vznikly po inokulaci bakteridlni suspenze vysevem na
Petriho misku s zivnou ptidou, kdy narostou uniformni kolonie vzniklé z jednotlivych
bakterialnich bun¢k. Pfi dostatecném fedéni je pfedpoklad, Ze vzrostlé kolonie maji
puvod v jediné buiice, ale defintivni jistotu toho, Ze tyto kolonie nevznikaji z vice bun¢k
najednou, mit nemiizeme. Casto se pii experimentech pouZivaji tzv. , makrokolonie
(,,giant colonies* - Palkova Z., et al., 1997, ,toothpick inoculation* - Shapiro J. A. a
Higgins N.A., 1989) majici stejny vzhled i vlastnosti jako kolonie ze standardniho
vysevu. I my jsme zjistili, ze na vysledné morfologii neni patrné, zda kolonie vznikla pti

inokulaci z jediné bunky (“idealni” vysev - obr. 3B), ¢i z vice bun¢k (vycarkovani - obr.

3C, vyteCkovani - obr. 3A).

Obr. 3 - Morfologie kolonie F fenotypu na ZA + G p¥i riiznych typech inokulace; A - vytetkovana

kolonie; B - vyseté kolonie; C - vycarkovana kolonie.
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Definice fenotypii a zdrojovych organismii studovanych kolonii.

F - “fontanka” - kolonie Serratia marcescens s Cervenym vystouplym stiedem, nizkym
nepigmentovanym mezikruzim a ¢ervenym vystouplym lemem na okraji

R -lesklé radialn€ symetrické ¢ervené kolonie - “wild type” Serratia rubidea

M - bila nestrukturovana kolonie Serratia marcescens s lehce nacervenalym sttedem
Makrokolonie — makrokolonii rozumime jakykoliv bunény nartst (linky, husté

suspenze), ktery neni vytvoien z jednotlivé buiiky (vysevem).

Linka — Inokulum bakterialni suspenze (cca 30 pl), které je rozprostieno pomoci
sterilni plastové ty€inky na Petriho misku do linearniho tvaru cca 5 cm dlouhého,
tvoticiho tak makrokolonii. Toto linedrni uspotfadani nazyvame také Makula. Pro nase

ucely jsme rozprostirali linku dle uspofadani, jenz je zndzornéné na Obr. 4.

E Inokulum __J

\x____q__dd__

Obr. 4 - schéma inokulace makuly na Petriho misku

Vsechny bakteridlni makrottvary (kolonie, makula) rostouci na zivné pid¢ nazyvame

dle potieby také ,,bunécna téla“.
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3.1.2. Typy kondiciovanych kultur

Kondiciované médium:

Bakterialni suspenze narostla v tfepané kulture v tekutém minimalnim médiu (MM) do
stacionarni faze (inkubace pii 27°C, po dobu alespon 72 hod) byla sto¢ena v centrifuze
pri 10 000 g po dobu jedné minuty. Nasledovala filtrace supernatantu pies bakteridlni
filtr (Acrodisk). Ziskané médium je tak obohacené o vSechny pfidané latky, jez

produkuje rostouci populace bakterii, ale je zbavené vSech Zivych i mrtvych bunék.

Kondiciovany agar:

Na Petriho misce se Zivnou piidou (MMA, ZA + G) byla inokulovana linka bakterialni
suspenze (30 pul suspenze s obsahem cca 10¢ bakteridlnich bun€k) a inkubovana pti 27
°C po dobu minimalné€ 72hod. Poté byla sterilnim skalpelem odfiznuta spodni ¢ast agaru
1 s narGstem bakterii (Obr. 5). Zbyly prazdny agar je kondiciovany latkami

vypousténymi rostouci suspenzi bakterii nanesenych do linearniho uspotadani.

Agar kondiciovany
_—~  rostouci makulou

Hrana fezu

\z

Odfiznuty agar -
prazdny prostor

Obr. 5: Schéma procesu kondiciace agaru; Spodni ¢ast agaru byla odfiznuta po 72 hodinach riistu

inokulované makuly.
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3.2. Material a metody

3.2.1. Média a zivné pudy

ZA + G — viz NAG (Patkova L., et al, 2012)
Minimalni médium MM - viz Minimal medium (Patkova L., et al, 2012)

Minimalni agar MMA - viz Minimal agar (Patkova 1., ef al/, 2012)

3.2.2. Bakterialni kmeny

Kmen Serratia rubidaea byl ziskan ze sbirek Katedry Genetiky a Mikrobiologie,
Ptirodovédecké fakulty, Univerzity Karlovy. Kolonie S. rubidaea po vyseti na Petriho
misku s ZA + G ve vzajemné minimalni vzdalenosti 20 mm vyrostou do hladkych,
lesklych radidln¢ symetrickych cervenych kolonii (fenotyp R, viz obr. 6 nahoie). Ve
vysevu se ¢asto objevuji i stabilni bilé klony.

Kmen S. marcescens CNCTS 5965 byl ziskan ze Statniho Zdravotniho Ustavu (SZU). Z
pavodniho zdroje S. marcescens CNCTS 5965 byl po vyseti na zivnou padu ZA + G
vyizolovan fenotyp F (Fontanka viz. Obr. 6), ktery je na pidé ZA + G dale udrzitelny.
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Obr.: 6: Vzhled kolonie R (Serratia rubidaea) a F (Serratia marcescens) fenotypu na Zivné padé ZA

+ G; R — vyizolovany z puvodniho zdroje S. rubidaea tvoii Cervené, hladké, lesklé, nestrukturované
kolonie.; F — vyizolovany ,,fontankovity* fenotyp z pivodniho zdroje S. marcescens, kolonie fenotypu F
je tvofena Cervenym vystouplym stfedem, nizkym nepigmentovany mezikruzim a na okraji je opét

vystouply Cerveny lem, jehoz vytvorenim kolonie ukoncuje svij (pievzato od Cepl J. et al., 2010).

Fenotyp M byl odvozen z fenotypu F. Bakterie fenotypu F (S. marcescens) v MM médiu
standardné nerostou, pouze prezivaji. Po né€kolika cyklech péstovani fenotypu F v MM
v tfepané kultivaci a nasledném vysevu na definovanou pidu MMA byla ve vysevu
zpozorovana bild nestrukturovana kolonie s lehce cervenym sttedem, jez jsme
vyizolovali a pojmenovali fenotyp M. (Casové schéma zisku M klonu na Obr. 7). Tento
fenotyp byl nadale udrzitelny nejen na ZA + G, ale rostl i na MMA (na rozdil od
»~matetského* fenotypu F, viz niZe). Nov€ vznikly morfotyp M jsme porovnali s
pivodnim morfotypem F metodou MALDI- TOF a pomoci PCR fingerprinti. Oba
morfotypy F 1 M se ve vysledcich obou metod shodovaly (Cepl J., 2013).

27



MG

slo12d
MM 2B+G
|oD=0,49 | 0D=1,2

Al 1d

6d
MM
0D=0 0D=0,57| - 0D=0
B
19d
V
MM MMA ZA+G MM MMA 7A+G MM MMA IA+G MM MMA 7A+G
0D=0 - F 0D=0 - F 0D=0 - F 0D=0,64 | FMM FMM
A C D \
2d
MMA IA+G
FMM | FMM

Obr. 7: Casové schéma izolace M klonu z piivodniho F Klonu Serratia marcescens; Sipky oznaduji
kultivaci v tfepaném MM; Barevné Sipky ukazuji postup ziskani M klonu; ¢isla u Sipek oznacuji pocet
dnd kultivace v daném médiu; F oznacuje kolonie morfotypu fontanka (F); FMM oznacuje kolonie

morfotypu M. (pfevzato od Cepl J., 2013).

Kmen E. coli 281 byl ziskdn ze sbirek Katedry Genetiky a Mikrobiologie,
Ptirodovédecké fakulty, Univerzity Karlovy.

3.2.3. Metody
3.2.3.1. Péstovani bakterialnich kolonii

Metodika zahrnujici méfeni OD, vysev kolonii, inkubaci a dokumentaci byla popsana v
ptiloZeném c¢lanku (Rieger T., et al, 2008).

Pro zbaveni kondiciovaného média bakterii bylo kondiciované médium ptefiltrovano
ptes filtr Acrodisc (Sigma - Aldrich).

Pro odfiltrovani molekul vétSich nez 3500 Da z kondiciovaného média bylo
kondiciované médium piefiltrovano ptes filtr Slide - A - lyzer mini dialysis unit (Thermo

scientific).
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3.2.3.2 SDS-PAGE elektroforéza

Elektroforéza v polyakrylamidovém gelu za pfitomnosti dodecylsiranu sodného
(SDS) je biochemickd metoda vyuzivana k separaci proteinii na zékladé jejich
elektroforetické pohyblivosti. Tato pohyblivost zavisi na mnoha faktorech jako je naboj,
molekulova vaha, stupen rozbaleni (denaturace) proteinu, posttranslacni modifikace
proteinu, okolni teplota ¢i viskozita. Nékteré z téchto faktorti nelze ménit (molekulova
vaha), ale jiné se daji vhodnymi experimentalnimi podminkami ménit (tvar, naboj,
okolni teplota, atd.)

SDS je anionaktivni detergent, ktery nese pomérné vysoky ndboj, a proto ve
vazbé€ na bilkovinu vyrovnava nabojové rozdily bilkovin a ty se pohybuji v gelu jen
podle velikosti. VSechny bilkoviny totiz vazi SDS v konstantnim poméru, asi 1,4g SDS
na 1g bilkoviny, a tim charakteristicky méni svou konformaci. Vysledné komplexy SDS-
bilkovina pak maji stejnou hodnotu povrchového naboje a jejich konformace se do té
miry unifikuje, Ze relativni molekulova hmotnost bilkoviny odpovida velikosti jejiho
komplexu s SDS. Experimentdlné byla prokdzdna pifima Uumérnost elektroforetické
pohyblivosti komplexti SDS-bilkovina v polyakrylamidovém gelu a logaritmu relativni
molekulové hmotnosti. Takto stanovené hodnoty rel. mol. hmotnosti se obecn¢ uznavaji
pro ucely charakterizace bilkovinného preparatu (Cerpéano z
http://biochemie.sweb.cz/x/metody/elektroforeza.htm).

Priprava vzorki pro SDS PAGE.

Pro analyzu pomoci SDS — PAGE elektroforézy byl z misek 4 dnech ristu ve 27
°C steriln¢ vytiznut kousek agaru. Agar byl pienesen do 50 ml zkumavky, kde k nému
bylo ptfidano 15 ml ddH.O a 4 dny jsme tento agar tfepali pti 30 °C. Poté byl vzorek
prefiltrovan pies 0,22 pum filtr. Nasledné bylo ke vzorkiim pfidano 10 ml 30 % TCA a 1
ml 10 % Tritonu X-100. Vzorek byl inkubovan ve 4°C po dobu 6 hodin. Déle byl vzorek
odstfedén pii 9000 g pii 4°C po dobu 60 minut. Supernatant byl odstranén a peleta
resuspendovana v 10 ml acetonu. Pak byl vzorek inkubovan pti4°C po dobu 48 hodin a
opé&t odstiedén pti 9000 g pii 4°C po dobu 60 minut. Supernatant byl odstranén a vzorek
byl lyofilizovan na pfistroji SpeedVac po dobu 3 hodin pii 30 °C. Peleta byla poté
rozpusténa ve 200 pl pufru SB + 100 mM DTT (dithiotreitol ).

SB pufr: 50 mM Tris, 12 % glycerol, 4 % SDS, 0,1 % bromfenolova modf, 2%
beta-merkaptoethanol, pH = 6,8.
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Vzorky byly naneseny do 15 % separac¢niho polyakrylamidového gelu, ktery byl
prevrstven zaostfovacim gelem. Elektroforéza probihala s pocate¢nim napétim 200 V,
65 mA po dobu 60 minut. K vizualizaci separovanych proteind byla pouzita Commasie
Blue briliant R250 po dobu 20 minut pfti laboratorni teploté. Jako odbarvovaciho roztoku
jsme pouzili smés H.O: MeOH: Hac v poméru 55:45:10 ve kterém byl gel inkubovan pii

laboratorni teplot¢ a stalého michani do Gplného odbarveni.

3.2.3.3. MALDI-TOF

Hmotnostni spektrometrie je zaloZena na rozdéleni nabitych ¢astic ve
zkoumaném vzorku podle jejich molekulovych hmotnosti v elektrickém/magnetickém
poli. K ionizaci vzorku se pouziva laser. Béhem analyzovani vzorku je nutné zajistit
efektivni a kontrolovatelny pienos energie na vzorek tak, aby se zaroven zamezilo jeho
tepelnému rozkladu.

Molekula rezonan¢né absorbuje pti vinové délce laseru, to znamena, Ze energie fotonii
laseru je rovna energii potiebné k vybuzeni dané molekuly a tim i1 k jeji ionizaci.
Samotny prenos energie na vzorek se déje ve velmi kratkém Case, fadoveé v jednotkach
az desitkach nanosekund.

Jsou-li molekuly vzorku ionizovany laserem piimo, vétSinou se Stépi nezadoucim
zpusobem. Proto se zaCala pouzivat matrice — latka, jejimz prostfednictvim se ioniza¢ni
energie laseru pfendsi na molekuly vzorku a tim brani jejich $t€peni. Ionizace laserem
pies matrici umoziuje méiit molekulové hmotnosti vice latek v tomtéz vzorku. V méteni
ani tak neptekéazi bézné pozadi biologickych a biochemickych vzorka jako naptiklad
pufracni roztoky.

K stanoveni vys$Sich molekulovych hmotnosti se pouzivd ionizace laserem za
pritomnosti matrice (MALDI, matrix assisted laser desorption/ionization) v kombinaci
s detektorem doby letu (TOF, time-of-flight). Detektor umoZiuje zméfit dobu priletu a
z ni Ize vypocitat rychlost ¢astice.

Smés matrice a vzorku v pevném stavu a na vhodném nosici, napiiklad na nerezové
destiCce, je zasaZena nanosekundovym pulzem laseru. Matrice energii pulzu absorbuje
a jeji rozklad ionizuje molekuly vzorku. Touto ionizaci se rozumi adice kationtu (H+,
Na+) ¢i aniontu na molekulu vzorku, disociace H+ z molekuly vzorku, vznik radikalu
odstépenim elektronu, poptipadé cilené rozkouskovani (vysokou energii laseru)

molekuly vzorku a opét spojeni kousktl. Ionty analyzované latky jsou urychleny silnym
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elektrickym polem (25-30 kV) a ptfes uzemnénou mtizku vstupuji do vakua v trubici
detektoru letu, kde se pohybuji rychlosti danou jejich hmotnosti a ndbojem. Zde se méti
doba letu Castice, z niz se pak vypocte pomér molekulové hmotnosti a naboje Castice.
Hmotnostni spektroskopie MALDI byla ptivodné vyvinuta pro kvalitativni analyzu
peptidi a bilkovin, avSak nyni se vyuziva i pro analyzy nukleovych kyselin nebo
nizkomolekularnich organickych i anorganickych latek. Vyhodou je vysoka citlivost a
rychlost métfeni. Pfi analyze se vzorek nerozpadd, coz umoziuje méteni slozitéjSich
smesi, zanedbatelny je 1 vliv pozadi. Metodu MALDI Ize kombinovat jako hmotnostni
detektor se separacnimi metodami, napiiklad gelovou elektroforézou ¢i kapalinovou
chromatografii.

(Cerpéno z http://casopis.vesmir.cz/clanek/hmotnostni-spektrometrie-maldi-tof).

Piiprava vzorki pro hmotnostni spektrometrii

Ptiprava zahrnovala vytiznuti band z SDS-PAGE skalpelem a jejich rozkrajeni
na piiblizné stejné velké kostiCky (cca 1 mme), jenz byly pfeneseny do Cistych
zkumavek. Gely byly dale odbarvovany sonikaci ve smési ethylmorfolinového pufru s
piidavkem 300uM cystaminu a acetonitrilu (AcN) v poméru 1:1 (o celkovém objemu
cca 30 pl). Smés byla n¢kolikrat vyménéna, dokud nebyly gely zcela bezbarvé a nakonec
byla smés odstranéna. Nasledné byly gely vysuSeny pétiminutovou sonikaci ve 30 ul
AcN. Roztok AcN byl pak odstranén a bylo piidano 30 pl ethylmorfolinového pufru, v
némz byly gely téZ 5 minut sonikovany. Tento proces byl zopakovan 3x, poté byly gely
vysuseny na vakuové odparce. Ke Stépeni proteinu byl pouzit trypsin. K vysusenym
gelim bylo pfidano 50 pl 10% AcN v ethylmorfolinovém pufru s 300uM cystaminem a
prislusnou protedzou (trypsin do findlni koncentrace 20 ng/ul) Smésy byly inkubovany
ptes noc pii 37 °C.

Extrakce peptidt z gelu:

Protedzy byly po této inkubaci inaktivovany 1% kyselinou mravenci (FA).
Nésledné byla smés ze zkumavek odebrana do novych zkumavek, kam byly ptfidavany
dalsi extrakty: 30 ul AcN a 30 upl 0,5% FA, v nichz byly gely stfidavé 5 minut
sonikovany. Extrakce peptidl z gelu byla provedena pomoci sonikace, ktera probihala
nejprve s AcN a poté s FA, a byla zopakovana 3x. Nakonec byly extrahované smési
odpateny na vakuové odparce.

Peptidy byly rozpustény v 0.5 % FA s 2 % CCA ktera slouZila jako matrice.
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3.2.3.4. Proteinovy fingerprint

Proteinovy fingerprint (Peptide mass fingerprinting (PMF)) je analyticka
technika pro identifikaci proteind, ve které je hledany protein nejprve rozstipany na
mensi peptidy, jejichz absolutni hmotnosti mohou byt piesné zméfeny pomoci
hmotnostni spektrometrie jako je MALDI-TOF nebo ESI-TOF. Hmotnosti peptidt jsou
porovnany s databdzi obsahujici zndmé proteinové sekvence dané¢ho organismu nebo
cely jeho genom. Genom se pomoci pocitacovych programi (napt. www. expasy.org)
pielozi do proteinovych sekvenci. Poté si dal§i program (naptf. Mascot) vSechny
teoretické proteiny “rozstiiha” na mensi peptidy a propocita absolutni hmotu takovychto
usekd peptidii vSech teoretickych proteinti. Poté se porovnaji hmoty nalezenych peptidt
(pomoci hmotnostni spektrometrie) se vSemi teoretickymi cCastmi vSech moznych
proteinit dané¢ho organismu. Vysledky jsou statisticky vyhodnoceny s cilem nalézt

nejlepsi shodu hledaného proteinu s néjakym teoretickym proteinem.

3.2.3.5. Gelova chromatografie

Gel je umistény ve svislé koloné. Uvnitt gelu jsou pory - jedna se o molekulové
sito. Smés latek se nanese na povrch gelu. Kolonou protéka konstantni rychlosti mobilni
faze neboli elucni roztok stejného slozeni jako ma roztok v pédrech gelu a latky
prochézeji kolonou rtznou rychlosti. Molekuly vétsi nez poéry gelu nemohou pronikat
do porii a prochazeji pres kolonu stejnou rychlosti jako mobilni faze. Objevi se v eluatu
hned po vyteCeni intersticialni kapaliny z kolony. Dochdzi k tzv. stérickému vylouceni
(= exkluzi) vétsich molekul. Malé molekuly pronikaji do pért gelu. Tam mobilni faze
neprotékd a neunasi je. Pokud se difiizi dostanou ven z Castice gelu, proud mobilni faze
jiodnese k dalsi ¢astici gelu. Latky se rozdéluji podle zmenSujicich se rozméri molekul.
Velké molekuly tedy prochazeji kolonou rychleji, malé¢ pomaleji. V praxi se vSak také
uplatiiuji dalSi interakce mezi Casticemi, napf. adsorp¢ni, polarni, apod. Pokud neni
uvedeno jinak, provadéla se chromatografie pfi absorbanci 280 nm.

Priprava vzorki pro gelovou chromatografii

Pro chromatografickou analyzu jsme ptipravili 60 ml minimalniho média (MM)
kondiciovaného ristem R fenotypu po dobu 4 dnil. Toto kondiciované médium jsme
odstiedili po dobu 15 min pti 4000x g. Supernatant jsme filtraci pfes bakterialni filtr

(Acrodisc) zbavili bakterii, poté byl pteveden do odparovacich ban¢k, zmrazen pii-80°C
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a vakuove odpaien (SpeedVac). Sucha hmota byla rozpusSténa v cca Sml 50mM octanu
amonné¢ho pii pH=5,8. Ziskany roztok byl zbaven nerozpustnych zbytka filtraci pfes
0,45um PVDF membranu. Poté bylo 0,5ml ptefiltrovaného roztoku naneseno na kolonu
Sephadex G-15 (300mm délka, 10mm primér, pristroj Biorad). Chromatografie
probihala pfi konstantnim priatoku 0,3ml/min.
Priprava vzorki o velkém objemu

Po 96 hodinach tfepani MM inokulovaného fenotypem R pii 27°C bylo 500 ml
kondiciovaného média odsttedéno pii 4000x g po dobu 15 min a poté piefiltrovano pies
bakterialni filtr (Acrodisc), abychom se zbavili bakterii z kondiciovaného média.
Supernatant byl pfeveden do odpatfovacich ban€k, zmrazen pii -80°C a poté vakuove
odparen. Suchd hmota byla rozpusténa v cca Sml 50mM octanu amonného (pH=5,8) a
roztok byl zbaven nerozpustnych zbytk filtraci ptes 0,45um PVDF membranu. Poté
bylo 0,5ml ptefiltrovaného roztoku nanaSeno na kolonu Sephadexu G-15 (300mm délka,
10mm pramér). Chromatografie probihala pfi konstantnim pritoku 0,3ml/min. V
ptipadé potieby ptipravy vétSich objemil bylo pouZito 2ml vzorku na koloné (Sephadex

G-15) s délkou 600mm a priimérem 26mm s pratokem 2ml/min.

3.2.3.6. Chromatografie (reverzni faze)

Typ chromatografie, u které je na nepolarni hydrofobni stacionarni fazi (napt. na
oktadecylovaném silikagelu) chovani analytii opa¢né vzhledem k chovani na silikagelu.
Jako mobilni faze se pouzivd smés polarnich rozpoustédel: voda-metanol, voda-
acetonitril, voda-isopropylalkohol. Vodna sloZzka mize obsahovat rozpusténou latku
(sul, kyselinu).

Priprava vzorki pro chromatografii s reverzni fazi

Funkéni frakce ziskané gelovou chromatografii byly smichany, vakuové
vysuSeny piipokojové teploté a znovu rozpusStény v 1,5 ml 5 % AcN + 0.1% TFA.
Chromatografie - pufr A: 5% AcN + 0,1% TFA

puft B: 95% AcN + 0,07% TFA

Takto ziskany vzorek jsme pouzili pro chromatografii s reverzni fazi (reversed
phase chromatography, RPC) na koloné¢ C18 v tomto ¢asovém schématu: 20 min A; 40
min — 20 % B; 10 min — 100% B; 10 min B; 10 min A. Nasttiknuto bylo 750 pl vzorku.
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3.2.3.7. NMR spektroskopie

Zkratka NMR znamend Nuklearni Magneticka Rezonance. Jde o analytickou
metodu, kterd na zakladé absorpce radiofrekven¢niho zateni vzorkem umisténym v
silném magnetickém poli poskytuje informace o struktute zkoumané latky. Tato metoda
je v chemii velmi dilezitd a slouzi jak ke studiu nizkomolekularnich latek, tak i k
objastiovani struktury velkych molekul z oblasti biologie a biochemie, napt. bilkovin,
DNA, RNA, atd.

Jak je patrné z nazvu, NMR spektroskopie se zabyva chovanim atomového jadra v
magnetickém poli. Atomové jadro se v nejjednodussim ptiblizeni sklada ze dvou castic
— kladné€ nabitého protonu a elektricky neutralniho neutronu. Kazda z téchto ¢astic ma
dalezitou vlastnost, ktera se nazyva spin. ZjednoduSené¢ mizeme fict, ze jde o smér
rota¢niho pohybu ¢astice. Hodnota spinu elementarni ¢astice (protonu nebo neutronu)
muze byt +1/2 nebo -1/2. Soucet spinil vSech ¢astic v jadie se nazyva jaderny spin. Tato
charakteristika nam tika, jestli bude dané jadro vhodné pro NMR spektroskopii nebo ne.
Pro vlastni méfeni jsou nejvyhodnéjsi jadra se spinem 'z, napt. 1H, 13C, 19F, 31P
(Cerpéno z http://nmrlab.chemi.muni.cz/img/NMR.pdf).

Piiprava vzorki pro NMR

Pti ptipravé vzorku na NMR byl vzorek rozpustén v 0.4ml D20. M¢ciena
byla spektra 1H s potlacenim rezidualniho signalu vody pomoci "excitation sculpting".
Pouzity pocet akumulaci byl 64. Vzorky byly analyzovany pomoci ptistroje Spektrometr
600MHz Bruker AVANCE III, jez byl vybaveny kryosondou.

3.2.3.8. Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR)

Pti analyze vzorku pomoci hmotnostni spektrometrie s iontovou cyklotronovou
rezonanci se excituji ionty pomoci kratkého vystaveni vzorku sttidavému proudu. Ten
zpusobi simultanni excitaci vSech iontl v cele. lont se v silném magnetickém poli zacne
pohybovat s cykloidalni trajektorii a frekvenci we. Simultanné se detekuje frekvence
vSech iontld (kazdd m/z ma charakteristickou frekvenci a pomoci FT (Fourierovy
transformace) se pievadi na hmotnostni spektrum.

Hmotnostni spektrometrie FT-ICR byla provedena na pfistroji 9.4 T Apex-Qe
mass spectrometer - Bruker Daltonics pii nastfiku 2ul/min. Pfed méfenim piesné

molekulové hmotnosti nativniho proteinu pomoci ESI-FT-ICR MS byl vzorek zbaven
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soli na kolon¢ MacroTrap C4 s reverzni fazi. Frakce byla testovana oproti blanku (Cisté
MM).

Priprava vzorki pro FT-ICR

Krok Roztok Objem roztoku

1. Okyseleni vzorku 0,5% FA doplnéno na 200 pl
2. Promyti kolony 80% AcN, 0,5% FA 150 pl

3. Ekwvilibrace kolony 0.5 % FA 100 pl

4. Naneseni a promyti vzorku 0,5% FA 500 pl

6. Eluce proteinu 80% AcN, 0,5% FA 200 pl

Tab. 1 : Postup pfipravy vzorku na FT-ICR.
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4. Experimentalni ¢ast

4.1. Formovani a morfogeneze “bunécnych tél” S.
marcescens

Téma a obsah disertacni prace navazuje na praci, kterou jsme zapocali jiz v roce
2004 a jez se zabyvala morfogenezi bakterialnich kolonii S.marcescens, kdy jsme u
téchto bakterii fenotypu F mimo jiné prokézali (Rieger T. et al, 2007) zavislost
vysledného vzhledu bakteridlniho nartstu inokulovaného jinak nez vysevem
(vyteCkovanim, vy€arkovanim) na rozmeérech prostoru, do kterého jsou bakteridlni

suspenze inokulovany (Obr. 8).
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Obr. 8: Zavislost prostoru rozeti‘eni bakterialni suspenze na vysledny vzhled; Tii bakterialni suspenze o stejné
hustote bakterii (kolem 10¢) byly rozprosttené do rizné velkych inokulacnich teréikt (2, 7 a 20 mm); Foceno 9 dni
po inokulaci; U prvnich 2 vzrostlych mnohobunéénych tél zleva je patrné, ze nartsty se podobaji (s rozdilnym
uspéchem) fenotypovému rozlozeni kolonie F, zatimco narist napravo se jiz kolonii typu F nepodoba viz. Makula ¢i

Linka (Rieger T., et al, 2008).
Krom toho jsme pii klasickych vysevech zaznamenali rychlej$i dozravani F

kolonii (vybarvuji se rychleji), které vyrtstaji v blizkém sousedstvi, nez u kolonii

osamocenych (Obr. 9).
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den 5 den 7 den 12

Obr. 9: Urychleni vybarvovani F kolonii vysetych na Petriho misku ve vziajemné blizkosti; Nalevo - Casovy

prubéh zrani kolonii na misce; napravo - detail urychleného zrani F kolonii (Patkova 1. ef al., 2012)

Z naseho ptredchoziho zkoumani (Rieger T. et al, 2008) jsme dale veédéli, ze
urychleni vybarvovani kolonii je patrné i u ,,bunéénych tél*, ktera rostou blizko nezivé
prekazky v jejich Zivotnim prostoru (prepazka, vytiznuty agar). Na tento typ urychleni
vybarvovani jsme se dale nesoustfedili. Zajimalo nas vice ovliviiovani rychlosti
vybarvovani diky blizko rostoucim Zivym ,,bunénym télim®.

Pro dalsi prozkoumani tohoto jevu urychleného vybarvovani jsme provedli sérii
pokust, kde jsme se na toto vzajemné ovliviilovani ,,bunécnych tél* rostouci v blizké
vzdalenosti detailnéji zamétili. Nejdiive jsme zvolili ndsledujici uspotadani pokust: na
Petriho misku s Zivnou piidou ZA + G jsme nanesli linearni makrokolonii bakterialni
suspenze a nad ni jsme vyteckovali kolonie v rizné vzdalenosti od linearni makuly (viz.
Obr. 10). V prvnich sériich pokusii jsme pracovali s variantou nanesené F makuly a nad

ni jsme vyteCkovali F kolonie.
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Obr. 10: F kolonie nad F Makulou; Snimky byly pofizeny 3. 4. a 7. den po inokulaci bakterii - osa X; (pievzato od
Cepl J. et al., 2010)

V téchto pokusech jsme opét pozorovali urychlené vybarvovani kolonii, jez byly
makule nejblize. Efekt urychleni vybarveni kolonii pifi ristu blize k dalSimu
,ounéénému télu* je podobny rychlejsimu vybarvovani kolonii rostoucich blizko u sebe.

Vzijemnd komunikace bakteridlnich tél urychluje vybarvovani blizSich sousedd,
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zaroven vSak tyto makrokolonie ztraceji strukturu (Obr. 10 - kolonie tpIn¢ napravo). V
dalsich pokusech jsme zjistovali, jak budou F kolonie reagovat na jiné druhy bakterii
rozprostfenych do makuly. Nanesli jsme do makuly bakterie S. rubidea fenotypu R a
také bakterie E.coli. (Obr. 11). Zaroven jsme stejné usporadani nanesli na délenou
Petriho misku, kde mezi jednotlivymi ¢astmi misky spolu agary nijak nekomunikuji.
Jedind mozna komunikace tak mize probihat vzduchem. Na jednu oddé€lenou ¢ast jsme
na tomto typu misek nanesli makulu (R, ¢i E. coli) a za ptepdzku jsme vyteCkovali

kolonie F.

R

E. coli

Obr. 11: Ovliviiovani F kolonii blizkym narastem makuly; A — F kolonie nad R makulou v nedélené misce; B —
F kolonie nad R Makulou v délené misce; C — F kolonie nad Makulou E.coli v nédélené misce; D — F kolonie nad

E. coli makulou v délené misce; foceno 5. den, (pfevzato od Cepl J. et al., 2010).

Potvrdili jsme, Ze 1 blizky okraj Zivotniho prostoru ovlivituje rychlost zbarvovani
blizkych ,,bunéénych tél“ (Obr. 11 B, D) — viz naSe pfedchozi prace (Rieger T. et al,
2008).

Pokud jsme na nedélenou misku pod kolonie F nanesli makulu R, ¢i E. coll,
pozorovali jsme vznik bilého okruzi u F kolonii (obr. 11 A, C), ktery jsme u kolonii F
do té doby nevidéli. Toto bilé okruzi jsme nazvali X struktura (Cepl J., et al. 2010).

Bylo patrné, ze rostouci makula (R, ¢i E. coli) musi byt s kolonii ve spole¢ném
prostoru, aby tato X struktura vznikala. Zajimalo nds, pomoci jakych molekul k tomuto
ovlivitovani dochézi. Do této doby jsme viak pracovali na nedefinovaném médiu (ZA +
G). Abychom mohli Iépe tyto informaéni molekuly identifikovat, museli jsme piejit na

médium definované (MMA).
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4.1.1. Kolonie typu F neroste na MMA.

Pti opakovani predchoziho pokusu na MMA jsme zjistili, Ze kolonie Serratie
marcescens typu F nanesené na MMA vysetim, roztérem ¢i vyteCkovanim nerostou.
Bakterie sice na médiu pfezivaji, po inokulaci nerostoucich bakterii zpét (i po 14 dnech)
na ZA + G vyroste klasicky fenotyp F, ale na minimalnim agaru nevytvoii Zadny
viditelny nartst (Patkova L. et al., 2012). Zkusili jsme tedy na MMA nanést jiné varianty
uspotfadani bunéénych tél a pozorovali jsme, ze pokud se na MMA inokuluje linearni
roztér fenotypu R, tak nad ni vyteckované kolonie typu F vyrostou (Obr. 12-2). Kolonie
sice nevytvori utvar pfipominajici klasicky F morfotyp, ale riist je evidentni. Stejné
pozitivni ovlivnéni rastu kibucu F na MMA jsme pozorovali i pokud jsme misto
fenotypu R pouzili jako ,,induktor* ristu makulu E.Coli (Obr. 12-1), ¢i makulu M (Obr.
12-4). Témto “induktorim” zplisobujicim rist F kolonii na MM A tikdme také “helpefi”.

U R, M i E. coli makuly je zajimavé propojeni jejich funkce podpory rustu F
kolonie na MMA s indukci tvorby X struktury (Patkova 1., et al, 2012) u F kolonii na
ZA + G. (Obr. 13). Zda se, 7e tvorba X struktury miZze byt univerzalni odpovéd

fenotypu F rostoucicho na ZA + G pii setkani se z cizi makrokolonii.
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Obr. 12: Vyteckované F kolonii nad riizné makuly na MMA. 1 - F kolonie vytec¢kované nad rostouci makulu E.
coli; 2 - F kolonie vyteckované nad rostouci makulu R; 3 - F kolonie (nerostouci) vyteckované nad (nerostouci)

makulu F; 4 - F kolonie vyte¢kované nad rostouci makulu M.

Obr. 13: Tvorba X struktury na F koloniich vyteckovanych nad makuly (R, M a E. coli) v dobé jejich inokulace
na Petriho misce s ZA + G. Foceno po 6 dnech riistu.
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4.2. Ovliviiovani rustu F kolonii na MMA

Na zaklad¢ vyse uvedenych informaci je tedy vice nez jasné, ze rist F kolonii na
MMA je podminén pfitomnosti latky/latek, jez do média produkuji bakterialni kmeny
stejného ¢i jiného bakteridlniho druhu. Tento fenomén, podporujici mysSlenku
ptitomnosti signalu, ktery je nezbytny pro indukci ristu F kolonii, nas velmi zaujal. V
dalsich experimentech jsme se tedy na ovliviiovani riistu a formovani morfotypti pomoci
“helpertt” zaméftili podrobnéji.

Pokud jsme k nerostoucim koloniim F vyteckovanym na MMA piidali po 7-10
dnech prezivani makulu R, doSlo k nastartovani riistu kolonie F (kolonie F na MMA
do pfidani R makuly nenarostla, ale ptezivani bylo potvrzeno vy€arkovanim na misku
se ZA + G).

Krom toho, pokud je F kibuc, narostly diky ptitomnosti “helperu” na MMA po
dobu alesponi 72hod, vycarkovany na novou misku MMA bez ptitomnosti “helperu”,
tak k jeho rtstu jiz znovu nedojde. Tato schopnost rozrosteni F kibucu diky “helprovi”
na MMA neni tedy pro bakterie fenotypu F dédi¢na.

Je patrné, Ze ani makula F fenotypu (ktera na MMA pouze pieziva, ale neroste,
viz Obr. 12-3) nanesena na MMA neindukuje rast kolonii stejného typu F. Podobny
pokus jsme provedli s klonem E. coli 15 TAU, coz je mutant, ktery k rlstu na
minimalnim agaru potiebuje pfitomnost nukleovych bazi (thyminu, uracilu) a
aminokyseliny argininu v médiu. Kdyz jsme nanesli tuto makulu na MMA a nad ni
vyteckovali F kolonie, k indukci riistu F kolonii taktéz nedoslo. Pokud jsme vSak MMA
obohatili o thymin, uracil a arginin a poté na tuto misku inokulovali makulu E. coli 15

TAU, doslo po 3 dnech inkubace k patrnému nariistu nad ni vyteckovanych F kolonii.

Vime tedy, ze rist F kolonii na MMA podporuje pouze rostouci makula.

Zajimalo nas tedy, zda je pro pozorovanou indukci rstu postacujici pfitomnost
helperovské makuly pouze v momentu inokulace, ¢i zda je jeji ptitomnost nezbytné po
celou dobu ristu. Provedli jsme tedy experiment, pii némz jsme rostouci makulu R na
MMA odfezavali od vyteckovanych F kolonii v riznych casech riistu kolonii / po
inokulaci (T 2hod, T 19hod, T 50hod a T 73hod). V ¢ase T 2hod nebyl pozorovan nartst
F kolonii viibec. V ¢ase T 19hod byl pozorovan slaby naznak rtstu F kolonii oproti

kontrole. V ¢ase T 50hod uz byly na misce pozorovany standardné narostlé¢ F kolonie
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na MMA. V case T 73hod byl nartist F kolonii nejvétsi, z cehoz usuzujeme, Ze pro rust
F kolonii na MMA je potieba kontinualni pfitomnost helprovské molekuly. Pokud se
molekula z agaru vyredi, kolonie rust zastavi.

Dale jsme chtéli vice specifikovat, na jakou vzdalenost je rostouci makula R
schopna iniciovat rist F kolonii na MMA. Ov¢tili jsme si, Ze rostouci makula R je

schopna helperovat koloniim F na MMA jen v omezeném prostoru (Obr.14).

Obr. 14: Helprovani rostouci makulou R na MMA ma omezeny dosah; Nahotfe na misce je inokulovana

makula R; Kolem ni jsou v kruzich vyteckované kolonie F; foceno 96 hodin po inokulaci.

Pro ovéfeni, zda makula F rostouci diky pomoci helperovské makuly R,
zpusobuje zaroven rust sousedni vyteCkované F kolonie, jsme inokulovali buné¢na téla
na Petriho misku dle schématu na Obr. 15. Bunécna téla byla inokulovdna soucasné.
Experimentalné jsme tak ovéfili, Ze F makula nanesend do prostoru ovliviiovani
“vychyta / spotiebuje” helperovské agens, takze sama (po 72 hodinach inkubace) trochu

povyroste (oproti kontrole), ale F kolonie nad ni riist nezahaji.
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Wyteckovana F kolonie
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Obr. 15: Schéma pokusu vychytavani signalni molekuly nerostouci F makulou.

Déle jsme testovali potencionalni helperujici schopnost MM A média, které bude
rostouci makulou (R, M ¢i E. coli) pouze kondiciovano (viz metody). Zjistili jsme, ze F
kolonie vyteckované (po odfiznuti zdrojové makuly) na kondiciovany minimalni agar
zahaji po inokulaci rist. Také eluat z kondiciovaného agaru (ttepany 5 dna pii 27 °C)
po zasaknuti (v potfebné koncentraci) do ¢erstvého MMA pied vyteCkovanim F kolonii,
podpofil jejich rust. Stejné tak bylo pokusné ovéreno, ze filtrat (ptefiltrovano pies
Acrodisc) z minimélniho média (MM) kondiciovaného ristem R fenotypu, zplisobuje
po zasaknuti (v potfebné koncentraci) do ¢erstvého MMA rust nasledné vyteCkovanych
F kolonii.

Tato indukce rtistu mize byt zplisobend informa¢nim signalem produkovanym
rostouci makulou, nebo k ni mize dochazet nasledkem vypousténi nékteré z
esenciadlnich stavebnich ¢i nutri¢nich agens rostouci makulou, které F kolonie pro rast
na MMA nezbytné potiebuyji.

V dalSich experimentech jsme testovali moznost indukce ristu F kolonii na
MMA po pfidani zdkladnich nutricnich komponent. Minimdlni agar jsme postupné
obohacovali o casamino kyseliny (hydrolyzovany kasein obohaceny o cystein a
tryptofan), thyamin (vit. B1), aminokyselinu histidin i nukleové baze adenin, guanin,
cytosin, thymin a uridin. Na Zadném z takto obohacenych minimalnich agart rast F
kolonii pozorovan nebyl. Glukoza, ktera ma zasadni efekt na vzhledu F kolonie na ZA

je v MMA jiz obsaZena.
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4.3. Hledani informacniho agens ovliviiujiciho rist F
kolonii na MMA

V dalsi fazi naseho vyzkumu jsme se tedy snazili zjistit, zda indukce rastu F
kolonii v pritomnosti “helpert’” probihd pomoci agens S$ificitho se agarem, ¢i zda k
prenosu informace dochazi vzduchem stejné jako v ptipadé synchronizace rostoucich
kvasinek amoniakem (Palkova Z. et al. 1997). Provedli jsme experiment v délenych
Petriho miskdch s MMA. Makulu R a vyteckované F kolonie dé€lila prepazka. Pti
takovémto uspofadani F kolonie rist nezacaly. Timto pokusem jsme tedy vyloucili
Sifeni induk¢niho agens vzduchem.

Rozhodli jsme se tedy zaméfit se na to, ¢im rostouci makuly obohacuji okolni
agar biochemicky.

Pro zjisténi, zda signalni molekula AHL (v naSem ptipad€ — N-hexanonyl — L —
Homoserine lactone) nezplsobi iniciaci rastu F kolonie na MMA (viz uvod), jsme ji
nechali zasaknout do MMA s vyslednou koncentraci AHL v agaru 0,5 uM (ptfevzato od
Slater et al., 2003). Ani tato signalni molekula rast F kolonie nezpiisobila (a to ani pti

zvysené koncentraci 1uM, ¢i 10uM).

Vzhledem k tomu, ze technické zdzemi naSi laboratofe nebylo pro odhaleni
signalni molekuly ovlinujici rast bakterie F na MMA dostaCujici, navazali jsme

spolupraci s odborniky z Mikrobiologického ustavu AV CR.

4.3.1. Biochemické hledani informacniho agens se zamérenim na
proteiny

Je zndmo, Ze rostouci bakterialni kolonie vypoustéji do okolniho agaru proteiny,
které mohou piisobit jako informacéni agéns (Be'er A., et al, 2010). Nejdfive jsme se tedy
zaméfili na identifikaci proteint v agaru MMA kondiciovaném rostoucimi makulami R
a E. coli pomoci hmotnostni spektrometrie. Jako prvni jsme zvolili pfistup tzv.
proteinového fingerprintu, kde se proteiny separuji pomoci polyakryamidové
elektroforézy. Pro elektroforetickou separaci byly pfipraveny tii Petriho misky s

riznymi variantami uspofadani bunécnych tél na MMA.
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Miska €. 1 - prdzdny MMA jako kontrola
Miska €. 2 - MMA se samotnym nartistem R linky ve spodni ¢asti P.m.

Miska €. 3 - miska s nartistem E. coli inokulovanym do linky ve spodni ¢asti P.m.

Z kazdé misky jsme po 4 dnech rtstu ve 27 °C sterilné vytizli kousek agaru (cca
0,5 x 1 cm) nad makulou ve vzdalenosti cca 2 cm od rostouci makuly R ¢i E. coli. Agar
byl pfenesen do 50 ml zkumavky a nasledné byl pfipraven k analyze pomoci SDS -
PAGE elektroforézy.

Na gelu byly po SDS PAGE patrny 1 vyrazny band, a to ve vzorku z misky ¢.2.
Tento band byl poté vytiznut a vzorek byl pfipraven na hmotnostné spektrometrickou
analyzu na pfistroji MALDI-TOF.

Porovnanim ziskanych molekulovych fragmentt s databazi Mascot byl nalezena

nasledujici sekvence (Obr. 16).

10 20 30 40 50 &0
MCLSCPQSRR NRPIFSYYGY ASMIRSMTAY ARREIKGEWG SAAWELRSVN QRYLETYIRL
70 20 50 100 110 120
PEQFRSLEPV IRERIRGRLT RGKVECNLRF ELDPSAQSSL ILNEKLAKOL VEARNWVEMO
130 140 150 160 170 180
SDEGEINPID VLRWPGVMSA QEQDLDAISV ELMQALDGAL DDFIVARESE GAALKTLIEQ
190 200 210 220 230 240
RLDGVSAEVV KVRAQMPNIL QWQRERLVSK LEEAQVQLEN TRLEQELVLM AQRIDVAEEL
250 260 270 280 290 300
DRLEAHVKET HNILKKKEAV GRRLDFMMQOE FNRESNTLAS KSINADVTAS AIELKVLIEQ

HMREQIONIE

Obr. 16: Aminokyselinové sekvence ziskané pomoci MALDI TOF z misky ¢islo 2. Pocet aminokyselin: 309;
Molekulova hmotnost: 35665.7; Teoretické pl: 5.3

Tuto sekvenci jsme zadali do programu BLAST

shodu s

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Program nalezl jednu 100%

hypotetickym proteinem Serratie marcescens “WP_025304701.1” (Obr. 18).

Tento pokus jsme zopakovali opét s riznymi variantami spole¢nych uspofadani na

pokusnych miskach. Na vysledném gelu jsou patrné jasné bandy.
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Miska €. 1 - prazdny MMA jako kontrola (vzorek 1)

Miska €. 2 - MMA se samotnymi nevzrostlymi F koloniemi (vzorek 2)

Miska €. 3 - miska s naristem R inokulovanym do linky ve spodni ¢asti P.m. (vzorek 3,

4)

Miska €. 4 - miska s nariistem R inokulovanym do linky ve spodni ¢asti P.m. a jednou
vyteckovanou F kolonii ve vzdéalenosti cca 2 cm od nartstu. (vzorek 5)

Miska €. 5 - miska s nariistem R inokulovanym do linky ve spodni ¢asti P.m. a jednou
vyteckovanou F kolonii ve vzdéalenosti cca 4 cm od nartstu. (vzorek 6)

Miska €.6 - miska s naristem R inokulovanym do linky ve spodni ¢asti P.m. a jednou
vyteckovanou F kolonii ve vzdalenosti cca 5 cm od narGstu.(vzorek 7)

Miska €.7 - miska s narGstem R inokulovanym do linky ve spodni ¢asti P.m. a jednou

vyteckovanou F kolonii ve vzdalenosti cca 6 cm od nartistu.(vzorek 8, 9)
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Vybrany na analyzu
L 4 c2

66 kDa
45 kDa

24 kDA

14 kDA

Obr. 17: Rozdéleni proteini ziskanych z vyrezii agari (vzorek 1-9) ziskanych z riznych variant inokulaci F/R
bunéénych tél péstovanych na Petriho miskach s MMA pomoci vertikalni agar6zové SDS PAGE; M - marker;
1 - vyfez (vSude cca 0,5, cnr) z prazdného agaru MMA; 2 - vyfez z misky se samotnymi F koloniemi na MMA (ve
vzdalenosti cca 1 cm od nevzrostlé kolonie); 3 - vyfez z misky se samotnou R linkou na MMA (ve vzdalenosti cca 2
cm od makuly); 4 - vyfez z misky se samotnou R linkou na MMA (ve vzdalenosti cca 1 cm od makuly); 5 - vyfez z
misky s R linkou a F koloniemi inokulovanymi ve vzdalenosti 2 cm od sebe na MMA (vyfez proveden ve vzdalenosti
cca 1 cm od makuly); 6 - vyfez z misky s R linkou a F koloniemi inokulovanymi ve vzdalenosti 4 cm od sebe na
MMA (vyfez proveden ve vzdalenosti cca 2,5 cm od makuly); 7 - vyfez z misky s R linkou a F koloniemi
inokulovanymi ve vzdalenosti 5 cm od sebe na MMA (vytez proveden ve vzdalenosti 3,5 cm od makuly); 8 - vyfez
z misky s R linkou a F koloniemi inokulovanymi ve vzdalenosti 6 cm od sebe na MMA (vyfez proveden ve
vzdalenosti 5,5 cm od makuly); 9 - vyfez z misky s R linkou a F koloniemi inokulovanymi ve vzdalenosti 6 cm od
sebe na MMA (vyfez proveden ve vzdalenosti 4,5 cm od makuly); Osa X nahofe : ¢isla testovanych vzorkt; Osa Y

nalevo: molekulova vaha bandl v markeru; Bandy ¢.1 a ¢.2 byly vybrany na analyzu hmotnostni spektrometrii.

Pro hmotnostné spektrometrickou analyzu na ptistroji MALDI TOF jsme vybrali
2 bandy oznacené Cervenou ¢arou. Tyto bandy pochazeji z vytiznutého agaru v blizkosti
(cca 2 cm) rostouci R makuly na MMAL. Jak je vidét na Obr. 17, tak i v dalSich variantach
uspofadani bunéénych t&€l na Petriho miskach s MMA jsou vysledky SDS PAGE
elektroforézy podobné. Na vSech téchto miskach (¢.3 - €.7) s vyraznymi bandy se
nachazela bud’to samotna rostouci makula R, nebo makula R v kombinaci s F koloniemi.
U vzorkli €. 5, €. 6, €. 7, €. 9 jsou patrné mén¢ vyrazngjsi bandy, coZ miize byt zplisobené
riznymi vzdéalenostmi agaru vyjmutého pro analyzu od vzrostlych bunéénych tél. U
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vzorku €. 8 nejsou patrné zadné vyrazné bandy. Muze to byt zptsobeno vétsi vzdalenosti
(5,5 cm od makuly R) vytizlého agaru od rostouci makuly.

Oba tyto vybrané bandy pochdazejici z ptivodni misky ¢. 3 (Obr. 17) byly
ptipraveny pro hmotnostné spektrometrickou analyzu na ptistroji MALDI-TOF.

Porovnanim ziskanych molekulovych fragmenti s databazi Mascot byla
nalezena stejnd sekvence jako v predchozim piipadé (Obr. 16). Jde tedy o druhé
potvrzeni nalezeni stejného proteinu v agaru kondiciovaném rostouci makulou R.

Identifikovany hypoteticky protein “WP_025304701.1” je jeden z mnoha
zéastupcli rodiny "PRK11820 family proteins" (Obr. 18). Tato proteinova rodina je
Clenem proteinové “superfamily cl26779”, jez je soucasti “DUF1732 Superfamily” a
YicC-N superfamily. Tento protein obsahuje DUF1732 domény (domény nezndmé
funkce) a také YicC_N domény.

YicC_N domény jsou Casto nalézany na C — konci bakterialnich proteinii. Mnoho
z nich je hypotetickych vcetné rodiny proteini YicC, jez maji na N — konci pfam03755
doménu.

YicC-N proteinové rodiny s N-koncovym regionem reprezentuji rodinu
bakterialnich proteinti s prozatim Spatné charakterizovanou funkci. Tyto proteiny se
vyskytuji 1 u organismu ptibuznych S. marcescens (Enterobakterie). Bylo prokazano, ze
proteiny z této rodiny hraji roli ptfi pfezivani ve staciondrni fazi vyvoje bakterialni
populace, a€ nejsou pro tuto stacionarni fazi esencidlni. Inaktivaci genu kodujiciho tento
protein se snizila schopnost rastu bakterii E.coli pti vysSich teplotach (Poulsen P. a
Jensen K.F., 1991). Strukturalni modelovani naznacuje, Ze by tato doména mohla vazat

nukleové kyseliny.
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0 This record is a non-redundant protein sequence. Please read more here

hypothetical protein [Serratia marcescens]
NCBI Reference Sequence ‘.‘"-"9_0253051701 1

GenPept |dentical Proteins FASTA
E o 20 30 4 S0 {={u] 70 80 [0 oo

WP_025304701.1: 1..287 (287r) ~ Find: SL==[C} s A Tools + | ¥ Tracks @ 7 ~
Fl_ - il_El_ 2E| - 35 - 46 - 5_6_ - 66 - |"G - |éé|_ - |9E| - \1&& . '1_1%1_ . 126 B ISE R l-tG R 156 X ‘léé |1?é| |lSE| |19 |20@ [210 |220 |230 |24@ |256 |2£6 |2?E| |28¢

180 190 |200 |2) 220 (230 |240 (250 (260 |270 (2dd

Protein Features

region Features - CDD

- # Tracks shown: 4/4

@ K+-transporting ATPase KdpF [Serratia sp. DD3]
Q enterobacteria | 22 leaves

h i enterobacteria | 67 leaves

L‘enterobacteria | 7 leaves

enterobacteria | 2 leaves

0.02 y :
I—I 1 Junnamed protein product

O hypothetical protein [Serratia lu‘n\‘;‘accr_\||

Obr. 18 - Specifikace hypotetického proteinu “WP_025304701.1”; nahofe - specifikace obsazenych domén; dole

- evolucni kladogram nelezeného hypotetického proteinu (oznacen Cervené)

Pti analyze bandu €. 2 (Obr. 17) bylo zjisténo, Ze jde o stejny protein, jako v
piipadé bandu €.1, pouze jde o jeho degradovanou formu. Tento nalezeny protein dokaze
ziejme vytvaret kovalentni dimery, diky ¢emuz byl na elektroforéze nalezen ve 2
variantach (monomer a homodimer). Proces izolace tohoto proteinu, konkrétné
n¢kolikadenni tfepani pti 30 °C, miize zptisobovat jeho rozpad na podjednotky. Pfipadné
se protein miize v roztoku vyskytovat ve form¢ jak monomeru, tak homodimeru.

Multiproteinové komplexy se obecné sklddaji do aktivni formy az na misté
uréeni. V cytoplazmé se tak vyskytuji jako volné monomery, které se nasledné za
pomoci napt. chaperonti skladaji do nativni konformace.

Pro findIni potvrzeni nebo vyvraceni varianty, ze tento nalezeny protein ma nebo
nema nami hledanou signalni funkci jsme v dal$im pokusu pfefiltrovali MM
kondiciované riistem (4 dny) R fenotypu v tfepané kultute ptes filtr s membranou o
velikosti do 3500 Da. Takto pofizeny filtradt ndm po zasdknuti na MMA tésné pied
inokulaci F kolonii rlst indukoval. Tim jsme specifikovali velikost nami hledané
signdlni molekuly, jez musi byt mensi nez 3500 Da. Ov¢rili jsme tedy, ze Zadny z
nalezenych bandii pomoci SDS-PAGE elektroforézy neobsahuje proteiny ¢i signalni

molekuly, které by zplsobovaly nami zkoumany efekt podpory riistu F kolonii na
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MMA. Proto jsme nadadle pokracovali v analyze kondiciovaného média jinymi
metodami zaméfenymi na identifikaci mensich molekul.

Ptitomnost proteinu této velikosti v agaru vzdaleném az nékolik centimetrti od
zdrojové bakteridlni masy vSak neni nezajimava. Zamysleni se nad davodem/vyhodou

pritomnosti tohoto proteinu ve vzdaleném agaru, se budu podrobnéji vénovat v diskuzi.

4.3.2. Biochemické hledani informacniho agens se zamérenim na mensi
molekuly

Pro testovani ptitomnosti menSich signalnich molekul v kondiciovaném MM
mediu jsme nejprve vyuzili gelovou chromatogarfii. Pfipravili jsme 60 ml minimalniho
meédia (MM) kondiciovaného ristem R fenotypu po dobu 4 dnii. Funkénost frakei

(chytany po 2 minutach) vzeslych z této chromatografie (dohromady 30 vzorkl) jsme

poté experimentalné otestovali specifickou inokulaci na Petriho misku (Obr. 19).

wyfizly agar

VyteckovanaF kolonie
jako kontrola

Wyteckované F kolonie wyfizly Zlabek v agaru.
Do #ldbku naneseno 80

pl frakce

Obr. 19: Schéma experimentu pro testovani funkénosti frakei ziskanych z chromatografie na MMA.

Pro dalsi procisténi jsme pouzili pouze frakce, které zpisobovaly rast F kolonii
na MMA. Tyto funkéni frakce jsme pak pfipravili pro chromatografii s reverzni fazi. Z
tohoto chodu chromatografie bylo ziskano 8 frakci (Obr. 20 - frakce # 1 - #8).
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Obr. 20: Vysledek druhé procist'ujici chromatografie s 8 patrnymi frakcemi vybranymi na dalsi analyzu. Osa

X - ¢as (min); osa y - absorbance.

Funk¢nost téchto frakcei jsme experimentalné otestovali specifickou inokulaci na
Petriho misku (Obr.19).
Vyznamna funkc¢nost byla zaznamenana u frakci 3, 4, a 6. Slab&jsi nariist je

patrny i na misce s frakci €. 5. (Obr. 21).
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Obr. 21: Ovéfeni funkénosti frakei vzeSlych z chromatografie s reverzni fazi. Cisla frakci jsou zapsany na

miskach (¢isla v krouzku); foceno 4 dny po inokulaci.

Vzorky ¢islo 3. a 4. byly, diky intenzit¢ svych pikd na chromatogramu i
pozitivnimu vysledku ovéteni funk¢énosti frakci, vybrany na dalsi analyzu pomoci NMR.
Vzhledem k dobrému narGstu F kolonii na MMA v pfitomnosti téchto frakci
pfedpokladame, Ze tyto frakce obsahuji 1 ndmi hledané helperovské agens. Vzorky byly
pfeneseny do servisniho pracovi§t€ NMR na Albertove.

Na Obr. 22 jsou vysledky obou frakci.
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Obr. 22: Vysledna spektra vzorku €. 3 a €. 4. Osa x - chemicky posun (ppm -parts per milion); y - intenzita signala

Dle ndzoru zkuSeného analytika metody NMR, RNDr. Zdeiika ToSnera Ph.D. ze
servisniho pracovisté¢ NMR, ktery vzorky vyhodnocoval, by se mohlo jednat o kratky
peptid. Nicméné Cistota vzorku nebyla optimalni a proto nam doporucil vzorek vice
procistit a optimalné v ném zkoncentrovat hledanou signalni molekulu.

ProtoZe jsme potitebovali ziskdvat ndmi hledané helperovské agens v co
nejveétsim mnozstvi, zvolili jsme pro pfipravu vzorkl na gelovou chromatografii trochu

pozménény postup (viz materal a metody). Ptipravili jsme tedy velky objem (500 ml)
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minimalniho média MM kondiciovaného rustem bakterii Serratia marcescens fenotypu
R, u nichz vime, ze maji schopnost pozitivn€ ovlivnit rist F kolonie na MMA.

Vysledny chromatogram vypadal vzdy trochu jinak, ale pokazdé mél podobny
pattern pikt (Obr. 23).

Ao Konduktivital
[mAU] [mS/cm]
1200 120
1000 100
800 80
600 60
400 m——151006-A,, - 40
200 151006-Konduktivita 20
0 0
0 20 40 60 80 100 120 (as 140
[min]
1200 120
1000 m— 141104-A,,, 100
] 41104-Konduktivita
800 80
600 160618-A,,, 60

== == 160618-Konduktivita

400 40
200 20
0 0
0 10 20 30 40 50 Cas 60

[min]
Obr. 23: Piekryv 3 ruznych chromatografii provadénych vzdy s velkym objemem filtratu ziskaného z média
kondiciovaného rostoucim R klonem Serratie marcescens. Nahote je chromatografie provadéna na koloné
Sephadex G-15 (600 mm délka, 26 mm prumér, prutok 2 ml/min) trvajici 2 hodiny; Dole jsou chromatografie
provadéné na koloné Sephadex G-15 (300mm délka, 10mm pramer, pritok 0,3 ml/min) trvajici 1 hodinu; osa y nalevo

- absorbance (mAU), osa y napravo - vodivost (mS/cm), osa x - ¢as (min).

Frakce z téchto chromatografii byly vzdy sbirdny po 2 minut4ch a dale testovany
specifickou inokulaci na Petriho misku s MMA (viz Obr. 19). Nejvice funkéni frakce
byly vzdy zjiStény kolem 48 minuty (viz chromatografie trvajici 1 hodinu - Obr. 23 dole)
a 115 minuty (viz chromatografie trvajici 2 hodiny; Obr. 23 nahofe).

Kolem 48 minuty (Obr. 23 dole) a 115 minuty (Obr. 23 nahote) by se mély
pomoci této metody odmyvat z nastfiknutého vzorku vzdy molekuly o podobné
hmotnosti.

V nékterych ptipadech ndm v naSich experimentech ovéfovani funk¢nosti frakei
vychazela slabsi funk¢nost i1 frakci kolem 32 minuty (Obr. 23 dole) nebo 78 minuty (Obr.

23 nahote). Toto mize byt zplsobeno tim, Ze rizné proteiny, pokud jsou ve smési,
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mohou pfed nastiiknutim do kolony pfirozené tvofit proteinové agregaty (shluky
ruznych proteintl), které se na koloné¢ vymyji diive (rozdil v ¢ase vymyti), a zaroven

mohou obsahovat ndmi hledanou signalni latku.

Z vyse zminénych vysledkii (NMR a gelova chromatografie) by se tedy dalo
uvazovat o tom, Ze ndmi hledana signalni molekula je kratky peptid, ktery by mél mit
hmotnost do 3500Da. Moznosti metodiky NMR by nam v idedlnim piipadé mély o
povaze, struktuie a sloZzeni ndmi hledané molekuly prozradit vice. Nicméné se nam do
dnes$niho dne riznymi separacnimi metodami, které mame k dispozici, nepodatilo
piipravit dostatecné Cisty a zaroven koncentrovany vzorek tak, abychom mohli naplno
vyuzit potencidl této moderni metody. Nicméné€ i tyto informace jsou pro nas velkym
piinosem a poskytly nam pfedstavu o tom, jaké povahy by mohla byt molekula, jez

ovliviiuje rtst F kolonie na MMA.

I ptes to, Zze jsme tlaceni terminem vymezeném pro sepsani disertacni prace a
ukonceni mého doktorského studia, jsme odhodlani pokracovat v testovani a hledani
postupt, které by nam nasledn¢ dovolily pln€ vyuzit moznosti, jenZ ndm tyto metody
poskytuji. Spoluprace s Akademii véd i servisnim stfediskem NMR bude tak 1 nadale
pokracovat a véfime, ze dosdhneme vysledkli publikovatelnych v nékterém s

vyznamnych periodik.

4.3.3. Stanoveni vahy hledané signalni molekuly metodou hmotnostni
spektrometrie

Vzhledem k tomu, ze vySe uvedené metody ndm podaly sice zajimavé, nicméné
neuplné informace o potencidlni signdlni molekule, zkusili jsme vyuZzit jinou metodu

(FT-ICR), jez by ndm mohla pomoci specifikovat pfesnou hmotnost této molekuly.

Vzorky pro FT-ICR byly pfipraveny opét gelovou chromatografii. Ziskané
frakce byly pro jejich funk¢nost experimentalné otestovany specifickou inokulaci na
Petriho misku (Obr. 19). Na vysledném chromatogramu (Obr. 24) je patrno na ose X
nahote potadi ziskanych frakci. ExperimentaIng byla zjiSténa slabsi funk¢nost ve frakcei

¢islo 17 a nejsilngj$i funkeénost ve frakei €. 36.
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Obr. 24: Ziznam gelové chromatografie média kondiciovaného ristem R klonu na koloné Sephadex G-15
napojenou na pristroj Biorad. Osa x dole - ¢as (min), osa x nahofe - ¢iselné oznaceni sbiranych frakci, osa y nalevo

- absorbance.

Vychéazeli jsme z ptredpokladu, Ze diky dvojité separaci pomoci gelové
chromatografie by mélo dojit k lepSimu procisténi nami hledané latky. Pro ziskéani
vzorkt s lepsi Cistotou byly nejlépe fungujici frakce (17, 36) znovu separovany gelovou

chromatografii ve dvou riznych chodech (Obr. 25).
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Obr. 25: Pitekryv 2 vzorkii analyzovanych gelovou chromatografii na pristroji Biosys a koloné Sephadex G-15
s nastiikem 0,5ml/min; Osa x - potadi a rozmezi dale testovanych frakci, osa y - absorbance; Fialova barva je znovu

separovana frakce ¢. 36; zelena barva je znovu separovana frakce ¢. 17.

Funk¢nost ziskanych frakci byla experimentalné otestovana specifickou
inokulaci na Petriho misku (Obr.19). Pfi experimentalnim ovéfovani fungovala nejlépe

frakce 36-5 (Obr. 26).
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Obr. 26: Testovani druhé separace pomoci gelové chromatografie. Nahoie - pozitivni kontrola, kde misto frakce
je nanesena suspenze obsahujici fenotyp R napomahajici ristu kolonii F na MMA; Dole nalevo - funkéni frakce 36-

5; Dole napravo - nefunkéni frakce 17-5; foceno 4 den po inkulaci.

Ziskand frakce 36-5 méla nejvyraznéjsi schopnost podpory rustu F kibucu na
MMA, a proto byla vybrdana na dalsi analyzu pomoci FT-ICR. Tuto frakci jsme
analyzovali hmotnostni spektrometrii.

Postup pro ptipravu vzorku pro hmotnostni spektrometrii FT-ICR je uveden v

tabulce (Tab. 1) v metodické casti.
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A | Ala | alanin 71 Da | M | Met | methionin | 131 Da

C | Cys | cystein 103 Da | N | Asn | asparagin | 114 Da

D | Asp | kyselina asparagova | 115Da | P | Pro | prolin 97 Da

E | Glu | kyselina glutamova | 129 Da | Q [ Gln | glutamin | 128 Da

F | Phe | fenylalanin 147 Da | R | Arg | arginin 156 Da
G | Gly | glycin 57Da | S | Ser | serin 87 Da
H | His | histidin 137Da | T | Thr | threonin 101 Da
I | Ile | isoleucin 113 Da | V | Val | valin 99 Da
K [ Lys [ lysin 128 Da | W | Trp | tryptofan | 186 Da
L | Leu | leucin 113 Da | Y | Tyr | tyrosin 163 Da

Tab. 2.: Tabulka hmotnosti jednotlivych aminokyselin v Daltonech.

Z vysledku FT-ICR (obr. 27) je patrny signal pfevysujici svoji intenzitou okolni
Sum cca 8nasobné. Analyzou signdlu se zjistilo, Ze zdrojova molekula je 4 x nabita, a
proto je tedy vyslednd hmota této molekuly ptiblizné 3284 Da. Vzhledem k tomu, zZe
podle drivéjsich vysledk uvazujeme, Ze ndmi hledanou signalni molekulou je kratky
peptid mensi nez 3500Da, je pfitomnost molekularni masy s touto velikosti odpovidajici
nasim pfedpokladim. Primérnd velikost aminokyselin je 119Da (vdha se pohybuje
od 57Da u Glycinu az po 186Da u Tryptofanu; Tab. 2). Nami hledana signalni molekula
by tedy mohl byt peptid majici pfiblizn¢ 21 aminokyselin.
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Obr. 27: Vysledek hmotnostni spektrometrie FT-ICR frakce 36-5; Osa X - m/z (hmota/naboj); Osa Y - intenzita
signalu
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5. Diskuze

Vsechny organismy ziji v neustdle se ménicim prostfedi. Jejich schopnost
adaptace na ménici se podminky, zahrnujici optimalizaci regulace rastu a vyvoje, tak
urcuje Sanci na preziti kazdého druhu. Bakterie Zijici v pfirozeném prostiedi mohou
spontann¢ rust ve velmi tésné blizkosti sousednich bakterii stejného, ¢i jiného druhu a
musi se tak vyrovnavat s konstantnimi zménami dosazitelnosti zivin, fyzikdlnich
podminek, dostupného prostoru ¢i pritomnosti kompetitorti. Je vice neZ patrné, ze pro
dlouho trvajici pteziti bakteridlnich druht, je schopnost vnimat své okoli, reagovat na

zmény a komunikace s okolnimi jedinci stejného €1 jin€ho druhu nezbytna.

Fakultativné anaerobni Gram-negativni bakterie Serratia marcescens je béZnym
oportunistickym patogenem infikujicim Siroké spektrum hostiteld, ale Zijicim 1 v
uniformnich populacich ve vodnich tocich (Dudova P., 2008). Pokud rostou bakterie
Serratia marcescens v uniformni kolonii, dokazi béhem rastu a vyvoje reagovat na
podminky prostiedi velmi zasadnimi zménami fenotypu kolonie, jez jsou dobie
rozpoznatelné a identifikovatelné na agarovych plotnach jiz po n€kolika dnech
kultivace. Z tohoto diivodu jsou vhodnym organismem pro studium ovliviiovani ristu a
vzhledu nasledkem zmén okolnich podminek, nebo piijimani signdli z okolniho

prostiedi (Koh K.S. et al., 2007; Rice S.A. et al., 2005).

To, ze bakterialni kolonie nejsou pouze nahodilym shlukem bunék, ale vysoce
sofistikovanym bunéénym konsorciem pfipominajici svymi vlastnostmi a schopnostmi
mnohobunééné organismy, je vSeobecné znamo uz od konce 80. let minulého stoleti
(Shapiro J. A., 1988). Bakterialni kolonie md moZnosti, jak sledovat okolni déni,
vyhodnotit aktudlni situaci a podle svého “uvazeni” rozhodnout, zda pouze ptizplsobi
svoji strukturu a ¢innost okolnim vliviim, ¢i spusti kompletni bunécnou ptestavbu
(sporulace). Dokaze také identifikovat okolni kolonie a reagovat na né. Diky témto
schopnostem miZzeme u bakterii v rdmci kolonie uvazovat o socialni inteligenci (Ben
Jacob E. et al., 2004).

Komunika¢ni schopnosti bakteridlnich “té]” byly za posledni roky hojné
zkoumany prevazné v rdmcei jedné kolonie/ biofilmu (Ben—Jacob E. et al., 2004; Bassler
B.L. a Losick R., 2006). Jak jsme ukazali (Rieger T. ef al., 2008), chimerické kolonie

maji schopnost restaurovat origindlni vzhled i po mechanickém rozruseni, ¢imz
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podporuji myslenku na diferenciaci bun¢k uvnitt kolonie, pfiémz diferenciace bunck v
biofilmu byla popsana jiz diive (Costerton J.W. et al., 1995). Rozdil mezi pojmem
kolonie a biofilm se tim stirda a o koloniich tak mizeme sméle uvazovat, jako o
specifickém typu bakteridlnitho biofilmu slozeného z jediného druhu bakterii, ale
schopného komplexni odpovédi na zménu okolnich podminek.

Mikroorganismy si pro schopnost komunikace vyvinuly mnoho specifickych
systémil v¢etné horizontalniho genového pienosu (Cabezoén E. et al., 2015), quorum
sensing (Bassler B.L. a Losick R., 2006), ale i signalt fyzikalni podstaty (chemicka —
plynny ¢pavek Palkova Z. a Vachova L., 2003) zvukové signalizace (Cox T. J., 2014) ¢i
elektrochemické signalizace pomoci K+ a iontovych kanalt v biofilmech (Liu J. et al.,
2015). Krom toho, pro komunikaci v ramci kolonie, ale 1 mezi koloniemi navzajem,
vyuzivaji mikroorganismy Sirokou Skalu bioinformativnich (signalnich) molekul (Dirix

G. et al, 2004; LaSarre B. a Federle M.J., 2013; Liu Y.C. et al., 2015).

V naSich predchozich pracich (Rieger T. et al., 2008) jsme ukézali, jakou roli na
vysledny vzhled bakterialnich té€l ma rozmisténi inokula¢niho ter¢iku na agarové plotné,
okolni prostor obklopujici kolonie (Rieger T., 2007), nebo piitomnost jinych bunécnych
tél v blizkém sousedstvi. Popsali jsme, ze béhem vyvoje bakterialni kolonie miizeme
spatiovat jistou ontogenezi srovnatelnou s mnohobunéénymi organismy (Patkova I. et
al., 2012). Také jsme popsali, jak dokazi kolonie identifikovat sousedské kolonie a
podle jejich piivodu specificky reagovat na jejich ptitomnost (Rieger T. et al, 2008). Po
vylou€eni moznosti pienosu signalu vzduchem, bylo patrné, Ze toto aktivni
rozpoznavani je zpusobeno schopnosti aktivni komunikace, vysilanim informac¢nich
agens a schopnosti pfijimani takovych agens z okolniho prostoru.

Pro identifikaci informacnich agens, pomoci kterych spolu bunécna téla
komunikuji, jsme vyuzili systém péstovani bunéénych té€l na definovaném médiu
(MMA), tak aby byla zarucend specifita latek ptitomnych v tomto médiu.

Pii pouziti definovaného média jsme zjistili nové vlastnosti studovanych
organismul, predev§im neschopnost ristu F kolonie na MMA a zéarovenl schopnost
indukce ristu F kolonii pomoci rostoucich heterospecifickych (E. coli, R) i
konspecifickych makul (M). Tato zjiSténi nas nasmérovala k naslednému studiu tohoto
fenoménu.

Siroké Skaly “vyzivovych doplikl” jsme usoudili, Ze pfi¢ina tohoto ovliviiovani bude
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spiSe povahy informacni nez metabolické. Déle jsme vyloucili variantu $ifeni signdlni
informace vzduchem. Bylo tedy patrné, Ze pozorovana iniciace rdstu je s nejveétsi
pravdépodobnosti zplisobena molekulou difundujici agarem.

Ukazalo se, ze bakterie fenotypu F na MMA sice nerostou, ale piezivaji na ném
v reverzibilnim dormantnim stavu a rozrostou se az po ptidani rostouci R makrokolonie
do stejného zivotniho prostoru, coz je v souladu se zndmou schopnosti bakterii aktivné
reagovat na zménu okolnich podminek, viz tvorba heterocyst u sinic rodu Anabaena za
nepfiznivych podminek (Shapiro J.A., 1998). Vzhledem k tomu, Ze rist F kolonii na
MMA je podminén pfitomnosti rostouci makrokolonie v blizkém okoli, jsou tyto
kolonie na helperujici molekule pIn€ zavislé. Tato zjiSténi jsou navic podpotena faktem,
7e schopnost rlistu na minimalnim agaru neni pfenositelna do dalSich generaci.

Zajimavé je, ze makrokolonii, jez produkuje domnélou helperujici molekulu,
muze byt druhové ptibuzny “wild type” R, bakterie jiného druhu (E. coli) a stejné tak 1
klon M, jez ma nevyraznou pigmentaci, roste na minimalnim agaru, ale je od fenotypu
F odvozeny. Podobna zména strategie zivotniho planu pomoci helpera byla popsana u
Myxococcus xanthus, kdy v ndvaznosti na ptitomnost bunck zdrojového klonu “wild
type” dochézi k ptepnuti zivotni strategie mutantnich klonti do sporula¢niho stavu. Tito
mutanti sporulacni schopnost bez pfitomnosti “wild type” bunék ve stejném zivotnim

prostoru nemaji (Kaiser D. a Losick R., 1993).

V soucasné dob¢ dokoncuje nase pracovni skupina dalsi publikaci, zaméfenou
na detailnéjsi rozpracovani studia ovliviiovani morfogeneze bakterialnich kolonii S.
marcescens a dalSich druhti pomoci zmény rtiznych vnéjSich faktort (pH, hustota agaru,
okolni prostor, hustota a ptivod okolnich organismil) se zvla$tnim zamétenim na fakt, Ze
stejné typy bakterii (R, M, E. coli) jez vyvolavaji tvorbu X struktury u F kolonii na ZA
+ G ovliviiyji 1 rist F kolonii na MMA. Je mozné, Ze tvorba X struktury u kolonii F
rostoucich na ZA + G v blizkosti makul (R, M a E. coli) je vysledek reakce na stejnou

signalni molekulu, jeZ u kolonii F na MMA indukuje rist.

Schopnost bakterii produkovat do okolniho zivotniho prostoru malé
informaéni/signalni molekuly je dobfe znama. V procesu zndmém jako quorum sensing
je vyuzivdno mnoho variant signalnich latek jako jsou molekuly obsahujici
homoserinovy laktonovy kruh (HSL), ale také peptidy, ¢i slouceniny cyklickych

furanond, jeZ mohou volné difundovat mezi Gram-pozitivnimi i Gram-negativnimi
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bakteriemi (LaSarre B. a Federle M.J., 2013). Jsou popséany peptidy, které se ucastni
quorum sensing fenoménu u Gram-pozitivnich bakterii, jejichz produkce byla ale
popsana i u Gram-negativnich bakterii. Tyto peptidy maji mnohdy velikost mezi 50 az
150 aminokyselinami (Dirix G. et al., 2004). U Gram-pozitivni bakterie Bacillus subtilis
byla popsana komunikace pomoci peptidoglykanovych fragment, které dosahuji
velikosti cca 1000Da (Shah I.M. et al., 2008).

Znamé jsou i piipady komunikace mezi dvéma koloniemi. Paenibacillus
dendritiformis dokéze predavat informaci pomoci relativné velkych molekul (12kDa,
30KDa a 32KDa), kter¢ jsou ale stale schopny difundovat skrze agar. P. dendritiformis
timto zpisobem aktivné reguluje smér ristu kolonii (Be'er A. et al., 2010).

Rostouci makrokolonie (R, M, E. coli) mize vysilat pro okolni dormantni
kolonie (v naSem ptipadé F na MMA) signal, ktery vede ke zméné€ Zivotni strategie, kdy
bakteridlni kolonie na zdklad€ pfijmu tohoto signdlu za¢nou rast. Prokazali jsme, Ze
rostouci makrokolonie R produkuje béhem rastu do okolniho agaru protein (35 KDa),
ktery mize mit signalni funkci. Lze se zamyslet nad tim, z jakého diivodu bakterialni
kolonie uvoliuje do svého okoli nemalou molekulu, pro jejiz syntézu bylo potieba
vynaloZit mnozstvi energie a prostfedkt. Vzhledem k tomu, ze tuto molekulu produkuji
rostouci makrokolonie, je zde pfedpoklad, ze uvoliiovani hypotetického proteinu
“WP_025304701.1” do okolniho prostfedi ma néjaky zatim nezjistény vyznam ¢i piinos
pro produkujici i/nebo akceptujici kolonii. Pfedstava altruismu u bakteridlnich kolonii
je prijatelnd v kontextu evolu¢niho zvyhodnéni této kolonie ptirozenym vybérem (Lo$
J.M. et al., 2013). Reciprocita schopnosti pfijimani a vysilani informaci vedouci k rastu
1 za podminek, které nejsou pro danou kolonii pfiznivé, tak mize byt selek¢nim
kritériem umoznujicim pfeziti celé populace. Relativni plytvani zdroji by tedy mohlo
mit biologické opodstatnéni v rdmci koevoluce mikroorganismii. My jsme popsali
systém pomoci ristu piibuznym i nepifibuznym jedincim u bakterii, jez se podoba
systému pomoci u vyssich organismil. Stromy dokaZzi diky propojeni podzemni siti hyf
mykorhiznich hub vnitro — 1 mezi-druhové pomoci v ristu malym semendckiim
rostoucim v okoli vzrostlych stromi (van der Heijden M. G. A. a Horton T. R, 2009).

Vzhledem k tomu, Ze k pfenosu signalu ke kolonii S. marcescens na MMA
dochazelo i po kondiciovani média rostouci S. rubidea a nasledné filtraci pfes membranu
s propustnosti pro molekuly s niz§i molekulovou vdhou nez 3500 Da, a zaroveii, Ze na
SDS PAGE u E. coli nebyl tento protein nalezen, bylo jasné, Ze vySe nalezeny protein

neni podstatou fenoménu indukce ristu F kolonie na MMA a ze v hledani signalni
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molekuly budeme muset dale pokracovat. Rozhodli jsme se proto vyuzit technické
moznosti moderni biologie.

Bohuzel se nam do dne$ni doby nepodatilo optimalizovat postup procisténi a
zakoncentrovani helperovského agens tak, abychom mohli jeho slozeni pomoci
dostupnych metod detailné¢ identifikovat. Z prozatimnich vysledki je patrné, Ze
helperovské agens, jez indukuje rist dormantnich kolonii S. marcescens na agaru s
definovanym slozenim, bude kratky peptid (cca 21 aminokyselin), jez je termostabilni
(mrazeni, nebo kratké povafeni nema na jeho funkci vliv) a ktery pravdépodobné

asociuje s ostatnimi proteiny v kondiciovaném médiu za tvorby proteinovych agregati.

Vétime, Ze se nam béhem nasi studie podafilo rozsitit znalosti o chovani
bakterialni kolonie Serratia marcescens v zéavislosti na meénicich se okolnich
podminkach. Popsali jsme, jak reaguje bakterie na blizké sousedstvi a jak je diky nému
urychlené jeji dozravani (1 za cenu ztraty struktury). Také jsme popsali, Ze blizko
rostouci bunécna téla dokazi vysilat agarem signdly, jez jsou navzajem piijimany a je na
n¢ adekvatné reagovano (X struktura). Nasledn¢ jsme popsali, jak miize byt “dormantni”
bakterialni kolonie F inokulovana na MMA “probuzena” k zivotu diky blizko rostoucim
heterospecifickym (E. coli, R) 1 konspecifickym makulam (M), ¢i pouze médiem
kondiciovanym jejich rastem. Tento indukéni efekt byl dikladné studovan a bylo
poukézéano, Ze tato indukce bude nejspiSe zpiisobena vyslanou signalni molekulou,
kterou bude zifejmé kratky termostabilni peptid o vaze cca. 3284 Da (pfiblizn¢ 21

aminokyselin).
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The bacterium Serratia marcescens produces a plethora of multi-
cellular shapes of different colorations on solid substrates, allowing
immediate visual detection of varieties. Such a plasticity allows
studies on multicellular community scale spanning two extremes,
from well-elaborated individual colonies to undifferentiated
cell mass.

For a single strain and medium, we obtained a range of different
multicellular bodies, depending on the layout of initial plating.
Four principal factors affecting the morphogenetic pathways of
such bodies can be distinguished: (1) amount, density and distribu-
tion pattern of founder cells; (2) the configuration of surrounding
free medium; (3) the presence and character of other bacterial
bodies sharing the same niche; and (4) self-perception, resulting
in delimitation towards other bodies. The last feature results in an
ability of well-formed multicellular individuals to maintain their
identity upon a close mutual contact, as well as in spontaneous
separation of cell masses in experimental chimeras. We propose an
“embryo-like” colony model where multicellular bacterial bodies
develop along genuine ontogenetic pathways inherent to the given
species (clone), while external shaping forces (like nutrient gradi-
ents, pH, etc.,) exert not formative, but only regulative roles in the
process.

Introduction

The morphogenesis of multicellular organisms is usually exem-
plified by the model case of animal ontogeny, i.e., as an irreversible
process resulting in an individual. Many multicellular life forms,
however, might be bound by much looser morphogenetic constraints,
allowing alternative developmental pathways controlled by external
or internal cues as, e.g., in plants. Not only a variety of shapes can
arise from a zygote or a spore; some ontogenetic strategies allow also
vegetative propagation by buds, cuttings, founder cells and similar
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body fragments. Some life forms can thus be “parsed” (even to the
level of single cells) and give rise to new shapes. We focused on such
plasticity in a model prokaryotic organism—the bacterium Serratia
marcescens, whose natural coloration greatly facilitates in vivo obser-
vation of developing multicellular structures.

Bacteria cover an admirable range of multicellular life forms, even
within a single species or strain. They may grow as undifferenti-
ated cell masses or suspensions; given, however, opportunities (free
space, nutrients, ground texture, neighbors, etc.), they give rise to
sophisticated body forms—societies created by billions of cells—
often following morphogenetic pathways akin to those observed in
genuine individuals.! S. marcescens is known for its extreme vari-
ability of multicellular bodies formed under different settings.”®
As nutritional conditions are a prominent factor, the variability
of bodies tends to be described as an epiphenomenon of nutrient
limitation and/or metabolite buildup in the medium.”!® Often
the morphogenesis of bacterial bodies is depicted or modeled as if
molded by external forces like, e.g., the behavior of iron particles
in a magnetic field, or as a crystallization-like process, with bacteria
playing role of “molecules”.!!"13 Decisive for a genuine embryonic
development are, however, not the nutrients and bulk metabolites
but specific signals. The participating cells are interpreting them in
a context-dependent, semantic manner, which results in cell popula-
tions proceeding along inherent morphogenetic trajectories. Here we
show that this indeed appears to be the case also in the development
of multicellular bacterial bodies.

Results

Classification of bacterial bodies. Under standardized nutrient
conditions and in the presence of glucose, Serratia marcescens CNCTS
5965 gives rise to distinctly shaped and colored colonies (see below),
while only smooth red colonies were obtained on identical media
without glucose. On glucose-containing media, the original bacterial
population occasionally segregated clones lacking the red pigment.
After several rounds of selection, we derived two stable variants of the
strain, colored (F) and white (W), which no longer segregated and
which have been used in all the subsequent experiments.

Surprisingly, colonies of both variants exhibited a finite growth,
reaching, under optimal settings, a maximum diameter of 15 mm
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Figure 1. Colonies of the F clone exhibit limited growth. Colonies were
started by sowing (open symbols) or dropping (closed symbols; see Methods)
at time 0; average diameter from 6 colonies + standard deviation is shown
for each time point.

(the final size was somewhat smaller under suboptimal conditions,
such as dense plating). Colonies and other multicellular bodies (see
below) reached their final size, shape and color within 7-10 days
upon plating, and survived for at least another three weeks without
substantial changes (Fig. 1).

Upon streaking the bacteria on a dish, multicellular bodies ranging
from an undifferentiated cell mass to characteristically patterned
colonies could be distinguished (Fig. 2). For the sake of further study,
we define three well-differentiated body types—colony, confluent
colony and macula—that appear on such a continuum, depending
on the number, density and distribution of colony-forming units
(CFU) in the original plating.

A colony was provisionally defined as a multicellular body grown
from a single cell. Its appearance depends on the density of plating:

(i) Bacteria sown at hundreds CFU per dish produce many small
colonies (diameter of 1-2 mm), colored or white depending on the
strain used (colored colonies shown in Fig. 3A). As we shall discuss
below, these can be viewed as incompletely developed, “dormant”
colonies.

(ii) At tens CFU per dish, colonies develop to a diameter of about
10 mm, i.e., the maximum mature size at that density of plating.
The colored form is characterized by a shape resembling a fountain
(F), with an elevated smooth red center and an elevated red rim,
separated by a rough white circle (Fig. 3B and C). Colonies in some-
what denser plating are smaller and produce only the red rim, but no
elevated center (see Fig. 6A). The colonies of the white (W) strain are
shaped somewhat differently (Figs. 2B and 3D).

Bodies indistinguishable from F or W colonies described above,
and of the same size, arose also from multicellular inocula, such as
up to 10° cells planted (dotted or dropped, as described in Methods)
to a strictly limited spot. Sometimes, however, multicellular CFU of
the F clone produced disheveled forms with many red protuberances
(Fig. 3E). Thus, in agreement with others (reviewed in refs. 14 and
15), a colony will be understood here not only as a clonal body grown
from a single cell, but also as a morphological entity, independent
from the number of founders. (This also brings a methodological
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Figure 2. Continuum of multicellular bodies, from an undifferentiated cell
mass to characteristically patterned colonies, develops upon streaking the
bacteria on solid media. (A) Colored (F) strain; (B) white (W) strain.

advantage, since colonies can be planted to desired coordinates on
the dish.) Even more importantly, mature large F and W colonies
can be viewed as fully developed specimens of a lineage-specific
“body plan”, while small colonies, or other forms described below,
may be interpreted as instances of an incompletely accomplished
development towards the prototype F or W colony pattern.

Next, we investigated initial and boundary conditions allowing
development of colonies or colony-like bodies. In particular, cell
density and the size and layout of the planting area (dot, drop
or smear), can be understood as two dimensions of a bacte-
rial “morphospace” that may act in mutual discordance (Fig. 4).
Two additional characteristic shapes were observed under such
“suboptimal” conditions.

Confluent colony (“concol”) develops upon spreading a bacterial
suspension (approx. 15-150 cells/cm?) over an area up to a diameter
of 15 mm, i.e., similar to, or slightly exceeding, the size of a mature,
fully developed colony (Fig. 5A). A concol can also arise if colonies
in a sparse sowing meet prior to achieving their fully differentiated
state (see Figs. 2A and 3B). Three types of concols can be observed
for the F strain; bodies of the W form are analogous, albeit white
(see Fig. 2B):

(i) At lower densities (approx. 20 cells/cm?), a small number of
colonies is initiated; they soon merge, establishing a center consisting
of several red spots (corresponding approximately to the number of
founder cells), surrounded by an elevated common red rim reminiscent
of an F colony (as in Figs. 2A and 3B; compare also Fig. 6C).

(i) Densities up to 150 cells/cm? produce concols with a single
granular red center surrounded by a white laced zone, which later
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Figure 3. Types of colonies. (A) A dense spread gives rise to small colonies (the F strain, 14 days); (B) a low-density spread (about 30 CFU/dish) leads to
the fountain (F) pattern (12 days); (C) a typical F colony at higher magnification with a profile of its cross-section (not to scale; 12 days); (D) a low-density
spread of the W strain (6 days); (E) colonies originated by planting dense inocula: top—F colony; middle—W colony; bottom—disheveled morphology

obtained sometimes for the F strain (6-9 days).

(3
01 . !

3 ° ' s ® Col

' = A Con

10° $ i B Mac

e ; O Dorm

:
10" g ¢ °
] = B
10 8 oy ©°8
s * o o o
i o g B
10° 8 L/ 8.
’ SA A 8 ;
ce @

10 o a . Be*® s

) A .l ® o o
117//'5“’
/ 2 10 100

diameter (mm)

Figure 4. A “phase diagram” of the colony morphospace. Depending on the
number of cells plated and the diameter of the (circular) area sown, bacteria
develop into well-developed colonies (Col), confluent colonies (Con), macu-
lae (Mac) or small, “dormant”, colonies (Dorm).

develops into a red rim, albeit less perfect than that at lower cell
densities (Fig. 5A). Best-looking concols developed from a single spot
of bacterial suspension per dish.

(iii) If the diameter of the inoculated area exceeds the 15—20 mm
limit, cells no longer establish a concol, the only exception being
elongated concols developing when one dimension in the spread
is limited to about 7 mm (Fig. 2, lower left of each dish). Again,
however long such a body might be, it never grows far into the
unoccupied area beyond its borders.

Unlike colonies, concols do not develop in the same manner after
planting multicellular inocula in a dense spacing instead of sowing a
cell suspension; results of such experiments will be described in more
detail below.

If the density of spreads is even higher than in concols (>150
CFU/cm?) and, at the same time, the planting area exceeds the
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Figure 5. Bodies originating from multicellular inocula. (A) Development of
a confluent colony (concol) of the F strain. Three subsequent stages at day
4, 11 and 14 after plating. (B) Spreading of a dense inoculum produces
maculae. Development of 3 identical cell suspensions (about 109) spread
to an area of a diameter 2, 7 and 20 mm, respectively, at 9 days after
plating. Whereas two bodies at the left and middle grew while differentiat-
ing and exhibited (to a varying extent) aspects of the F colony phenotype,
the body to the right did not grow beyond the original area of spread, and
produced a macula.

diameter of 10-15 mm, distinguishable colonies never appear.
Instead, the F bacteria develop into a macula—a red carpet without
apparent inner structuring but with a well-developed rim as the last
remnant of the F-type developmental pathway (Fig. 5B, right). Best
results were again obtained with a single body per dish: the develop-
ment of a macula requires a certain amount of unoccupied medium
in its surrounding. Smears as those in Figure 10 represent maculae
elongated in one dimension. An analogous phenotype was obtained
also for the W form.

We further focused on three factors affecting morphogenesis of
bodies described: availability of unoccupied substrate, the presence of
other bodies, and internal processes governing body shaping.

Behavior towards unoccupied medium. A dense suspension,
spread evenly over the whole dish, results in a population of small,
separated colonies (Fig. 3A and 6A). Spreading on dishes of varying

2008; Vol. 1 Issue 1



Ontogeny of bacterial colonies

Upon one-sided removal of the
free agar in the vicinity of the inocu-
lated central disk (Fig. GE), the
bacterial body responds by devel-
oping into an imperfect concol (as
in Fig. 6C) in the direction of
remaining agar, whereas the cut edge

remains flanked by free colonies.

Figure 6. Effects of plating geometry. (A) Growth of dense colonies (about 300 CFU/dish) sown evenly over the
whole surface of agar; (B) removal of surrounding agar leads to development of single colonies (wet tampons
maintaining humidity can be seen in the dish); (C) a concol grown from a suspension of the same plating density,
surrounded by free agar; (D) nutrient broth is not a sufficient substitution for the agar removed; (E) a combination
of a concol and colonies developing at the interface of free space and agar. Cultures are at least 20 days old,

but the same phenomena are well-developed already after 10-14 days.

Upon transfer of small (ca 1
cm?) discs cut out from a contin-
uous carpet of mature dormant
colonies (hundreds per dish; Fig. 7
left) into an opening of identical
diameter in an empty agar field
(from the same batch of dishes,

. . 1cm
—

Fig. 7 middle), colonies resumed
their development, expanded some-
what beyond the confines of the
transferred agar plug and merged
into a macula. Similar discs trans-
ferred into an empty dish without
agar remained unchanged (Fig. 7
right). Such a behavior took place
even with older (24 days) cultures.
(Note that a comparable number
of CFU—approx. 20—sown in the
middle of the dish would result in a

- ’.{

Figure 7. Transfer of colonies. Circular plugs were removed from a field of 4-day colonies (leff) and transferred
into a hole in a fresh agar dish (middle), or to a damp chamber (right). Fresh agar induced colonies to merge

intfo a macula within 8 days (all dishes photographed at the same time).

diameter (9, 6, 3.4 or 1.5 cm, see Fig. 4) or immediate removal of
the surrounding agar field after plating the cells in a 1.5 ¢cm disc in
the center of a dish (Fig. 6B) produces the same pattern, provided
the whole area is covered by the bacterial spread at a similar density.
However, spreading of an inoculum of the same density in a circle
of a diameter 1.5 c¢m in the center of a larger dish results in a concol
instead of multiple isolated colonies, indicating that the free agar
medium surrounding the inoculum provides some factor that facili-
tates colony expansion into the unoccupied space (Fig. 6C).

An obvious explanation would be that bacteria on fully occupied
plates simply cease growing due to exhaustion of the medium or
buildup of metabolites. However, the same pattern of small colonies
was obtained upon replacement of the removed solid medium by
liquid broth, maintaining constant nutritional conditions across
the whole dish (Fig. 6D). In subsequent experiments we found that
at least 1.5 cm of unoccupied medium in all directions is required
for full concol development (not shown). Hence, the development
of the growing concol reflects the availability of free agar in its
surroundings, possibly via perceiving some physical parameter or a
specific rate-limiting compound provided and/or sequestered by the
agar component of the solid media, unless we assume a substantial
influence of relatively minor differences in water availability in the
broth-supplemented agar block. The later explanation, however,
is unlikely, since even at agar concentration down to 0.5% some
aspects of the F pattern can develop, albeit less efficiently than on
full-strength agar (not shown).
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concol, as in Fig. 6C; however, here
we did not transfer freshly sown
cells but established colonies).

Thus, bodies seemingly in a
final stage of their ontogeny can resume development if challenged
by fresh unoccupied medium. However, even in such a case they
remain spatially restricted, suggesting the involvement of specific
regulatory processes as opposed to simple nutrient limitation.

Close neighborhood effects. To examine the mutual behavior of
bodies sharing the same dish, we followed the development at several
plating configurations.

First, dishes were sown with a suspension of the F strain at
hundreds of CFU per dish, which should produce small colonies,
and an inoculum of the same strain sufficient to start a colony or a
macula was planted (dropped or dotted) upon this field immediately.
Whereas the colonies of the background developed normally, only
an undifferentiated blotch lacking structures of a typical macula
or colony developed on the planting site, while controls developed
normally (Fig. 8A-F). Although inhibition was observed even if the
number of cells in the planting exceeded that in the field by several
orders of magnitude, it was more profound on a dense field and/
or upon planting a diluted suspension. As expected, dropping of
inocula corresponding to a colony or macula to fields of 2—4 days
old colonies led to even more dramatic impediment of development
(not shown).

If such a dense bacterial field was applied only to one half of a
dish, and a macula-producing inoculum was planted immediately
at the interface of the occupied and free agar, a typical macula with
a well-developed rim appeared in the direction of the free agar; its
rim, however, disappeared at the border facing neighboring colonies
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configurations in the morphospace phase
diagram at Fig. 4).

Long-distance signaling between
bodies. F colonies incidentally growing
in close vicinity develop their coloration
quicker than their peers growing sparsely;
from such a colored center the reddening
front spreads into the surroundings (Fig. 9).
The effect suggests that colonies can induce
final phenotypes in their neighbors.

To get a closer insight, a smear of approx.
10% cells was applied to a line on agar, and,
at the same time, colonies were planted
1-2 cm from that line. The smear developed
into a macula that accelerated the coloring
of colonies, as compared to the controls,
to a degree proportional to the distance
between both bodies (Fig. 10A). A trench
cut into the agar did not prevent accel-
eration of color development, suggesting
participation of a signal traveling through

the gas phase (Fig. 10B). A macula of W
cells also exerted an accelerating effect on F
colony coloration (Fig. 10C).

Surprisingly, also an F macula induced
weak pink coloration in W colonies,

Figure 8. Development of bodies on dense bacterial fields. (A and B) Maculae from about 1500 cells, (C
and D) those from about 150 cells, sown on (A and C) free agar and (B and D) a background of about
200 CFU per dish. (E and F) A similar layout with inocula normally giving rise to F colonies (3000 cells
above, 300 below, respectively); (A-F) 36 days, but identical results after 14 days. (G) Development
of a macula at the interface of small-colony field and free agar (6 days). (H) Three high-density drops
(100-150 cells) in close vicinity develop to delimited F phenotypes, without merging into a concol; the
same result was obtained with larger inocula up to 10 cells, while (I) drops containing only 10-15 cells

in the same configuration give rise to a typical concol (H and I, 15 days).

day 5 day 7 day 12

. .c.

Figure 9. Spread of colony coloring from “reddening centers”. The same dish
is shown at three time points.

(Fig. 8G), reminiscent of the situation at the interface of free agar
and empty space (Fig. 6E).

Multiple comparably strong inocula of 102-10° cells planted
close to each other developed to normal F colonies, neither inhibited
nor merged into a concol (Fig. 8H). However, colonies developing
from small inocula did produce a concol (Fig. 8I). This indicates
the existence of a limit inoculum size deciding the result of a
tradeoff between tendencies to merge into a concol, or to develop
a full-fledged colony, at a given distance (see also the overlap of
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together with disruption of colony struc-
ture (Fig. 10D; for structure disruption
see also Fig. 11A). Similar disruption of W
colony structure was observed also in the
vicinity of a W macula (not shown). Thus,
an F body can induce the production of
pigment in W colonies. The coloring, albeit
fainter, appeared also in a configuration
with the trench (not shown). Cells from the
pink crescent gave rise to normal W colonies, even after five rounds
of co-cultivation with an F macula as described above, indicating a
transient, regulatory nature of the observed changes.

Chimeric bodies. Upon collision of growing F and W colonies,
the two bodies do not merge into a concol with a common rim
but maintain a clear-cut boundary instead. As in the case described
above, the W colony develops a pink coloration adjacent to the F
neighbor (Fig. 11A). While this phenomenon might be analogous
to the above-described collision of large colonies that also do not
merge (Fig. 8H), it prompted us to investigate the behavior of bodies
originating from mixed suspensions.

When dense suspensions containing a mixture of cells of F and
W lineages were dropped in a manner that would produce colonies
under monoclonal conditions, colony-sized chimerical bodies (i.c.,
about 10-12 mm in diameter) lacking the typical F morphology
developed, with a red center and white periphery. The proportion
of colors roughly corresponded to the ratio of F and W cells in the
original suspension (Figs. 11B and 12A middle). Material dotted
directly from the red or white part of a chimera, or sown from
suspensions prepared from local samples, maintained the character-
istics of the place it was taken from, suggesting segregation of both
constituting clones into delimited territories, while a suspension
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Figure 10. Effect of a neighboring macula on the development of colonies.
(A) F colonies planted 1 and 2 cm, respectively, from an F macula; control
(colonies only) to the right; (B) macula accelerates color development across
a trench in agar; (C) a W macula accelerates ripening of F colonies; (D) W
colonies adjacent to an F macula develop a faint coloring. All preparations
are approx. 4 days old; snapshots were taken at the time of maximum dif-
ference between control and colonies close to a macula. After prolonged
incubation all F colonies developed the standard pattern while W colonies
did not acquire any additional structures.

A B

1cm

1cm

Figure 11. Encounter of colonies and development of WF chimeras. (A) W
and F colonies maintain their identity upon encounter. (B) Chimeric bodies
grown from mixed suspensions of W and F cells in the indicated proportions;
(C) colonies dotted from the red center (left) and white rim (right) of a chimeric
body; (D) colonies sown from a suspension prepared from the red center, white
rim, and the whole chimera, respectively. All colonies about 10 days old.

from the whole chimera gave rise to a mixture of F and W colonies
(Fig. 11C and D).

Chimerism was further confirmed by pattern reconstitution in
chimeras disrupted in situ using a sterile glass rod at 1, 2 and 4 days
after planting (i.e., prior to development of coloration, which was only
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A
day 1

day 4

Figure 12. In situ homogenization and regeneration of chimeric and mono-
clonal bodies. (A) Left: WF (1:1) chimeras disrupted after 1, 2 and 4 days,
respectively, and regenerated; middle: undisturbed controls; right: progeny
of the reconstituted bodies (samples taken from white margins and/or red
centers). For progeny of corresponding controls, see Figure 11C. (B) A
colony that has been disturbed at 3 days photographed 6 days later (top),
compared to an undisturbed control (bottom).

starting to appear in the oldest bodies). 24 days after such homog-
enization the body re-established its red center and white margin
(Fig. 12A). The younger the chimera at the time of disruption, the
more complete was the pattern regeneration; in 4 days-old chimeras,
the regeneration capacity is nearly lost (see bottom row of Fig. 12A).

When bacteria from white or red parts of such regenerated bodies
were replanted, they produced colonies whose character corre-
sponded to their kin in the region the dot was taken from, indicating
that reconstitution involves cell migration rather than phenotype
switching in individual cells. Material from red parts of incompletely
reconstituted older (4 days) chimeras produced mixed bodies, consis-
tent with imperfect redistribution of both cell types, possibly due to
increasing rigidity of older chimeras, which impedes their complete
homogenization.

Unlike chimeras, F colonies did not regenerate their original
pattern after homogenization at 2 to 3 days, producing only varie-
gated bodies (Fig. 12B). Obviously, cells of the same clonal origin
do not perceive their sisters as “strangers”, regardless of their (color)
differentiation status, and, thus, they do not migrate to segregate the
two colored variants.

Discussion

Prior to the advent of the DNA era, bacterial colonies were
mostly viewed as epiphenomena or diagnostic tools revealing “true”
performances taking place at cellular level, such as pathogenicity,
biochemical processes, mutations or even life cycles (reviewed in ref.
16). For example, Mary 1. Bunting in a series of papers on colony
plasticity (so called “dissociation”) in Serratia®® seeks after trends
going on not in colonies proper, but in suspensions that gave birth
to such colonies. (For a review written as an epilogue of the whole
period (see ref. 17).

Post-war bacterial genetics brought a somewhat higher status to
bacterial bodies, especially after the discovery of true life cycles (e.g.,
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Bacillus, Caulobacter), often encompassing multicellular stages with
multiple cell types (e.g., Myxobacteria, Streptomyces, Cyanobacteria).
Finally, multi-species consortia such as mats, plaques, stromatolites,
etc., joined the company. A colony is no longer perceived as a heap of
cells, which stick together only because they cannot disperse quickly
enough. Finally, in the 1980s Shapiro!®-2? introduced multicellularity
of colonies to common awareness.

The structure of multicellular bacterial bodies might simply reflect
environmental differences—often transient—caused by metabolism
of growing bacterial masses, such as nutrient limitation or accu-
mulation of various metabolites in the medium, which has been
the standard explanation in earlier works.2!22 Shapiro,%19:20 on
the other hand, takes the radial symmetry as one of the arguments
suggesting developmental coordination of processes within the bacte-
rial body (such as synchronous switching of transposons), i.e., active
participation of cell assemblies in true morphogenetic processes. A
plethora of colony shapes can also be acquired by treatment as simple
as changing the density of agar support.!! The recent studies of E.
Ben Jacob and others go even further, proposing genuine semantical
communication between bacteria comprising the colony.??

Here we suggest viewing the development of multicellular bacte-
rial bodies as a genuine counterpart of animal, plant or fungal
ontogeny, i.e., production of multicellular bodies through intri-
cate morphogenetic processes resulting from cell cooperation and
communication that channel the development along species- or
lineage-specific pathway (a “body plan”). We observed that bacteria
can (i) produce multicellular bodies of limited size that adjust
their development according to such parameters as layout of the
inoculum, availability of unoccupied solid medium, or the presence
of other bodies in the vicinity and (ii) distinguish between cells
of identical and non-identical clonal origin upon co-cultivation.
This suggests involvement of specific signals that are perceived in
a context-dependent manner, similar to morphogenetic signals of
multicellular eukaryotes.

“Embryology” of colonies. Bacteria in general (and our model
Serratia marcescens in particular) are known to be inherently pheno-
typically plastic—minute variation in the environment changes the
overall appearance of a multicellular body. Indeed, different colony
phenotypes can be obtained in S. marcescens upon minor variation
of media composition, including, e.g., variation in agar density—
reviewed in refs. 24 and 25; and our unpublished data. However,
here we focused on factors affecting the development of multicel-
lular bodies under constant nutrient conditions on rich media, such
as plating geometry and mutual interaction of bacterial bodies over
short or long distance.

To our surprise, we found that our strain exhibits restricted
growth, producing colonies whose size usually does not exceed the
limit of 10-12 mm in diameter, while most strains described in the
literature display unlimited growth of colonies, resulting in very
big bodies.?*?” Also some other isolates of S. marcescens exhibit
unlimited growth under the same conditions in our laboratory (not
shown), indicating that the observed limitation is not due to exhaus-
tion of the medium. It can be speculated whether such a limited
growth does not result from domestication of a sort; domestication
effects of laboratory life were described in bacterial® as well as in yeast
colonies.?® From our point of view, finite growth further justifies the
embryological analogy, with fully developed mature colonies as final,
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“accomplished” stages of a genuine morphogenetic pathway, consum-
mated and modified according to the parameters of the environment
(a “morphosphace” where geometry of the plating, chemical compo-
sition and its time course represent just some of multiple variables).
Alternative developmental outcomes may then be viewed as different
stages and/or endpoints of an endeavor towards such a final stage. In
particular, three such alternatives deserve closer attention.

The first variant outcome is represented by small colonies that
develop at densely populated plates, reaching their final appear-
ance rapidly, which suggests an early quorum-based decision. Such
colonies might be compared to “dormant” embryos, as frequently
encountered in plants or some animals. Dormancy, however, can be
overcome by discontinuing the supply of the quorum signal, e.g., by
transfer to a fresh medium. At even higher plating densities, distinct
colonies can no longer be established, and an unstructured lawn
develops instead (not shown).

The quorum signal is unlikely to be constituted by a simple
parameter such as concentration of nutrients in the medium or a
signal molecule in the gas phase above it, since colonies apparently
perceive directional information about the availability of unoccupied
substrate, even if they do not attempt to expand onto it to a larger
extent (see below). Studies on quorum signaling in Serratia revealed
a plethora of specific chemical signals regulating the bacterial pheno-
type, such as, e.g., various acyl homoserine lactones. However, these
phenomena were studied on bacteria grown in suspensions, i.e., the
traits followed were biochemical.?%3* (Similarly, when Engelbert-
Kulka et al.31:32 speak about the role of programmed cell death in
multicellular bacterial bodies, they mean bacterial suspensions).

The decision between the pathway towards fully developed
colonies and the “dormant” ones does not depend on the overall
number of cells on a dish but on the amount of colony seeds
(colony-forming units, CFU) that may be either unicellular or
multicellular. Surprisingly, even large multicellular CFU containing
millions of cells “respect” the quorum established by multiple
unicellular initiating centers that make up only a negligible fraction
of total cells present on the dish, thus further supporting the notion
of specific signaling.

It is well documented (reviewed in refs. 14 and 33) that fully
developed colonies can arise not only clonally from single cells, but
also from a dense suspension, planted to a small area by dotting or
dropping. Such a behavior reminds of “regulatory embryos” (like,
e.g., those of mammals), which can start not only from a zygote but
also from greater embryonic-cell masses or even chimaeras of different
genetic backgrounds, or of regeneration of an anatomically complete
plant from adventitious roots or shoots developing on a callus.
However, establishing the colony body plan from such cell masses
may be error-prone, as documented by occasional aberrant colonies.
It also apparently takes some time before a colony from a multicellular
inoculum acquires the ability to process environmental information,
e.g., to monitor the presence of close neighbors. Thus, fully developed
colonies form even in situations that soon lead to collision of growing
bodies originated from closely planted large inocula.

Plating of a dense suspension to an area greater than the maximum
colony size leads to another variant developmental outcome—
confluent colonies—that may be understood as a tradeoff between
several suboptimal options. The development cannot get canalized
to dormant small colonies, because of lack of the necessary quorum
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(too few CFU) and a vast area of free substrate. For the same reason,
the population cannot grow wild towards an unstructured cell mass.
At the beginning, the CFU interpret their situation as favorable for
establishing fully developed colonies (low CFU density plus free
substrate). In the prime of the morphogenetic process, however,
their growth becomes intersected with that of their peers, but at
this stage it is already too late to withdraw and channel the develop-
ment toward the—perhaps more appropriate—alternative pathway
towards small dormant colonies; moreover, free surrounding space
would not allow for such a trajectory anyway. The solution is an
attempt to share the formative activities of several nuclei, resulting
in a modification of the colony pattern. It is worth noting that the
stronger the founders, and the closer they are planted, the better is
the symmetry preserved. We interpret these outcomes as cases of
teleonomic morphogenesis whereof a single fully developed colony is
a fully accomplished end-point.

Finally, planting of a dense suspension to an area exceeding the
size of a developed colony results, over a range of cell suspension
densities, in a macula—a body whose single hint to the mature
pattern may be its elevated rim.

We interpret all the developmental outcomes discussed above
as products of mutual cooperation of cells within the body, i.e.,
not only results of passive patterning due to some external forming
forces (gradients of physical parameters and/or nutrients, limitation
for space, or phenomena that could be described using metaphors
like crystallization).

Effects of inoculum layout. Our observations suggest that colonies
adjust their development according to the parameters of surrounding
space. A decisive physical or chemical cue may be provided by free,
unoccupied agar medium. Moreover, this cue is likely to be specific,
since if such information were carried by absolute concentration of
nutrients (or by dilution of an inhibitory signal molecule), it would
be provided also by liquid broth replacing the agar, or even by agar
removal in case of an inhibitor. However, it has to be noted that even
simple small molecules including bulk metabolites may play the part
of a specific signal if they are “understood” as such (e.g., ethylene as a
plant signaling molecule, or ammonia governing the morphogenesis
of yeast colonies?).

Multicellular communities obviously cannot arise in liquid media,
as these do not provide structured environment with gradients of
nutrients, information, and—Ilater—support for the resulting bodies.
Only a semi-solid support (e.g., agar) allows establishing (often
transient) spatial structures that may mold more permanent multi-
cellular bacterial bodies. A single colony on the dish may impose to
its surroundings a steep gradient (of any compound), whose slope
conveys information on extent of free space available to establish a
big and well-structured colony. On the contrary, dense sowings may
hinder formation of such steep gradients, resulting in the choice of
the pathway towards small, unstructured “dormant” bodies. Such
explanations, which may deserve a more formal treatment in terms of
Turing-style reaction-diffusion models, may be adopted also for cases
of more complex plating layouts such as e.g., sowings to an already
occupied background.

Besides self-structuring, the growing bodies also influence the
development of their neighbors, at least partly via signals propagated
by the gas phase, similar to the case of yeast colonies.” Searches for the
“material basis” of structured gradients in the environment identified
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multiple candidate factors in yeasts;>* a similar outcome can be

predicted also for bacteria, but remains to be proved experimentally.

A natural white variety derived from our pigmented Serratia
strain allowed a deeper insight into the cell and body communica-
tion phenomena. Reddening of white colonies in the vicinity of a red
streak suggests that the white clone retained its capacity to synthesize
the pigment, but lost the ability to generate a releasing signal, thus
developing the color only in the presence of signal(s) coming from
outside. This feature is stable, as no signs of genetic assimilation3>3¢
were observed. Like the famous triton axolotl (Ambystoma), white
colonies remain as if locked at a “larval” stage, never proceeding to
the fully developed coloring. (An alternative explanation—transfer of
the dye from neighboring red cells—is extremely unlikely since the
color-inducing signal is airborne).

Genetic mutations, in particular those caused by transposable
elements, or stable regulatory states, can also cause morphological
changes in microbial colonies.41>19:33:37 A population of E. coli was
found to generate three metabolically distinguishable forms, which
persist, in constant proportions, through hundreds of generations,
and which specialize for distinct metabolic tasks while “cross-
feeding” the rest of the population.?® Older authors also described
such “differentiation-like” phenomena, showing that a suspension
in its “optimal” phase produces colonies with greatest heterogeneity.
Even for bacteria, true ontogeny where the developing body decides
for alternative developmental trajectories towards different endpoints
has been proposed in older works,'®3%40 opening the space for
recognition and analysis of phenomena such as developmental plas-
ticity or reaction norm of the strain. Indeed, we are inclined towards
such an explanation of our results.

According to M. Barbieri,! ontogeny represents a build-up of
new information by re-iterating inputs from both genome and envi-
ronment in an “organic memory”, which is virtually “empty” at the
beginning of development. Elaborated embryonic and organogenic
processes in multicellular eukaryotes are highly dependent on genetic
regulatory networks (reviewed in ref. 42). Since the complexity of
such possible networks in bacteria is far lower than that found in
eukaryotes, it can be speculated that in bacteria the memory is more
emancipated (less “hard-wired” into the genome).

Self/non-self recognition. We used the availability of two stable
colored lines of our strain to investigate the behavior of bacterial
bodies towards populations of the same species but different clonal
origin. To our surprise, mixed suspensions attempted, more or less
successfully, to segregate the two constituent clones into separate
populations. Regeneration experiments confirmed that segregation
is due to cell migration and not phenotypic switching or selective
cell death. The ability of bacteria to travel long distance just to be
able to reestablish zones of their own kin is an unexpected finding,
and resembles a similar incompatibility observed in embryonic cells
in cultures (a mixture of, e.g., ectoderm and mesoderm cells segre-
gates in a similar manner). Moreover, it suggests that the ability to
recognize “self” (i.e., cells of the same clone) from non-self (cells of
related but distinct clonal origins), that has been even suggested as
one of the criteria for assessing intelligence of a biological system,*?
may be characteristic not only for multicellular animals or plants,
but also for bacteria—and, indeed, possibly for all forms of life. The
capacity for intraspecific self/non-self recognition may present one of
the ancestral and fundamental features of living beings.
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We believe that our observations document the existence of surpris-
ingly sophisticated communicative potential within and between
bacterial colonies that presents a challenge both for experimental and
theoretical biologists. One possible pathway of future investigation
obviously leads towards identification of the signaling compounds
and molecular mechanisms involved. Theoretical (mathematical)
models of colony development also should be able to incorporate or
predict the observed colony/space interaction phenomena.

Materials and Methods

Strain and media. The strain S. marcescens CNCTS 5965
was obtained from the Czech National Institute of Health, and
maintained in nutrient broth No. 2 (Imuna Pharm, ZB No. 2,
containing 5 g beef extract, 5 g peptone, 6.25 g nutrient base No.
1, 6.25 nutrient base No. 2, 2.5 g NaCl per litre) with 15% glycerol
at -80°C. Upon reviving from the frozen stock, the bacteria were
colony-purified twice and their colony phenotype was verified prior
to subsequent experiments.

Bacteria were grown under standard conditions comprising 9 cm
dishes with a 4% nutrient broth with nutrient agar No. 2 (Imuna
Pharm ZA No. 2, i.e., ZB No. 2 with 1.5% agar), complemented
with 0.5% glucose unless stated otherwise. For liquid cultures,
nutrient broth No. 2 was also used.

Inoculation procedures. All manipulations were performed in a
laminar flow box, at room temperature. Cell suspensions for plating
were prepared in PBS (22 mM KH,PO,, 50 mM Na,HPO,, 8.6
mM NaCl, 18.7 mM NH,CI; pH 7.4) from agar-grown mature but
less than 3 weeks old bacterial bodies. Cell density of suspensions
was adjusted according to optical density at 450 nm, calibrated by
plating serial dilutions.

Methods of application to the agar surface were as follows:

(1) Sowing (standard procedure, used unless specified otherwise):
100 pl of an adequately diluted bacterial suspension was spread over
the whole surface of the 9 cm dish. Proportionally smaller volumes
were applied if sowing to a smaller area (e.g., 40 Ul to a 6 cm dish).

(2) Dropping: a dense suspension was applied as a small drop (ca
1 pl) within a diameter of about 2 mm.

(3) Dotting: Small amount of material was picked from a bacterial
body using a sterile needle and transferred to a fresh surface.

(4) Smear: 30 pl of bacterial suspension (approx. 108 cells) was
applied to a line of approx. 5 cm.

In all cases, the suspensions soaked into agar within 2-3 min.
Dishes were kept at 27°C for 2 days, and maintained at room
temperature (ca 22°C) in closed but not sealed boxes containing a
damp sponge to maintain humidity, wrapped in cloth to prevent
insect infestation.

Documentation. Cultures were photographed using an Olympus
digital camera under ambient light (except Fig. 12B that has been
taken under artificial illumination with the aid of an Olympus
dissecting microscope); black background was used for visualizing
white colonies in some cases. Colony size measurements have been
performed on the digital photographs, either manually or with the
aid of the Image] 1.32i software (http://rsb.info.nih.gov/ij/).

All experiments were done repeatedly; figures shown were
selected from an extensive collection of primary photos. Corel
Photo Paint was used to assemble the plates but no image
enhancement was performed.
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Abstract

Background: Bacteria grown on semi-solid media can build two types of multicellular structures, depending on the
circumstances. Bodies (colonies) arise when a single clone is grown axenically (germ-free), whereas multispecies chimeric
consortia contain monoclonal microcolonies of participants. Growth of an axenic colony, mutual interactions of colonies,
and negotiation of the morphospace in consortial ecosystems are results of intricate regulatory and metabolic networks.
Multicellular structures developed by Serratia sp. are characteristically shaped and colored, forming patterns that reflect
their growth conditions (in particular medium composition and the presence of other bacteria).

Results: Building on our previous work, we developed a model system for studying ontogeny of multicellular bacterial
structures formed by five Serratia sp. morphotypes of two species grown in either "germ-free" or "gnotobiotic” settings (i.
e. in the presence of bacteria of other conspecific morphotype, other Serratia species, or

E. coli). Monoclonal bodies show regular and reproducible macroscopic appearance of the colony, as well as microscopic
pattern of its growing margin. Standard development can be modified in a characteristic and reproducible manner in
close vicinity of other bacterial structures (or in the presence of their products). Encounters of colonies with neighbors of
a different morphotype or species reveal relationships of dominance, cooperation, or submission; multiple interactions
can be summarized in "rock — paper - scissors" network of interrelationships. Chimerical (mixed) plantings consisting of
two morphotypes usually produced a “consortium” whose structure is consistent with the model derived from interaction
patterns observed in colonies.

Conclusions: Our results suggest that development of a bacterial colony can be considered analogous to embryogenesis
in animals, plants, or fungi: to proceed, early stages require thorough insulation from the rest of the biosphere. Only later,
the newly developing body gets connected to the ecological interactions in the biosphere. Mixed “anlagen” cannot
accomplish the first, germ-free phase of development; hence, they will result in the consortium of small colonies. To map
early development and subsequent interactions with the rest of the biospheric web, simplified gnotobiotic systems
described here may tumn to be of general use, complementing similar studies on developing multicellular eukaryots
under germ-free or gnotobiotic conditions.

Keywords: Ontogeny of bacteria, Germ-free and gnotobiotic colonies, Interactions of colonies and/or chimeras, Serratia
sp., Scouting, Rock-paper-scissors

Background

All living beings find themselves embedded in a compli-
cated and fluid network of ecological (symbiotic) inter-
dependencies. Ontogeny, i.e. buildup of a multicellular,
species-specific body, may represent an exception: early
stages of embryonic development typically require
massive shielding against the influences of biospheric
web. Thus, animals and plants go to great pains to ensure
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sterile conditions for their embryos; even fungi, cham-
pions of web-dwelling who spend most of their life with-
out apparent body patterning, produce a special,
protected cocoon (“embryo”) whenever they decide to
produce fruiting bodies — mushrooms typical of their
kin. Bacteria, typical dwellers of multi-species consortia,
are allowed to build such species-specific bodies only at
rare occasions when they can claim suitable germ-free
environment (like freshly ruptured fruits, loafs of bread,
surface of milk, etc.). Only then we can admire their cre-
ativity in building macroscopic, species-specific bodies

© 2012 Patkova et al,; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
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(colonies). Bacterial axenic, i.e. germ-free growth on solid
media reveals many paraphernalia of their ontogenetic
potential (e.g., [1-5]).

Subsequent coupling of the developing embryo to the
biospheric web often requires a thorough coordination. For
example, all animals populate their bowels with a micro-
biome consisting of hundreds of microbial species (e.g.,
[6]). Some animals even require such cooperation for their
proper organogenesis; as in the squid-Vibrio interplay in
the development of light organ [7], or in mycetome of
insects [8]. In plants, mycorrhiza or legume-Rhizobium
symbioses [9,10] belong among paradigmatic examples. To
disentangle such complicated interactions, development
under germ-free or gnotobiotic conditions (involving two
or at most a small number of interacting species) is often
of a great help. Similarly, a “gnotobiotic” state, i.e. con-
trolled development of bacterial colony in the presence of
other bacterial bodies, may reveal rules and factors of
cross-species interactions that otherwise remain obscured
by their usual — consortial — way of life.

Bacterial colonies offer another advantage: Whereas
most “typical” multicellular organisms steer their devel-
opment towards a body capable of reproduction, for
most bacteria building a multicellular body is not the
precondition for maintaining the lineage. If, in spite of
the fact, they do not end in topsy-turvy assemblages of
cells, structured multicellular bodies must help somehow
in marking out and holding their spatial and temporal
claims. Hence, whenever freed from the grip of eco-
logical demands in the consortium, they orient their full
creative potential towards a single multicellular body.

Putting such bodies into contact with similar bodies —
of siblings, of other strains or other species — may reveal
some basic rules of bacterial interactions that are valid
not only for such gnotobiotic situation on the dish, but
also in natural consortia. In a similar way, chimeric
“colonies” started by a mixture of different bacterial
lineages, may shed light to “colonizing processes” that
take place in incomparably more structured, multispecies
ecosystems intangible experimentally. Such an approach
may be more informative than is the usual study of grow-
ing homogenous suspension cultures. In fact, trends
towards developing multicellular structured bodies
(colonies, films, coatings, fouls, etc...) fail only in
well-mixed suspension cultures: it seems that the plank-
tonic way of living is rather an extreme, an exception from
usual life strategies of most bacteria (e.g. [11]). Yet, most
information concerning bacterial communication comes
from suspension cultures ie. unstructured mass (e.g.
[12,13] for quorum sensing; [14] for signaling via antibio-
tics); but see works on intricate networks of quorum regu-
lations in Serratia biofilms [15-17]. “Morphogenetic”
data on colonies were mostly obtained under stress condi-
tions (as is the presence of antibiotics, phages, etc.), and
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the goal of such experiments was primarily diagnostical,
not aimed to study developmental processes as such.
Many authors therefore consider results obtained from
suspensions to be more representative, more “true” than
those obtained on bacterial bodies.

In contrast, in this paper we focused on revealing steps
towards a simple ecology on the Petri dish: how multicel-
lular bacterial structures (colonies or chimeras) feel the
self and the nonself, and how they react to the presence
of the others. We draw from earlier works on bacterial
colonies [4,5,18,19], but above all from our previous stud-
ies on developing Serratia colonies [3,20]. Thanks to
color and plastic patterning, their development is easy to
follow, without a need of artificial molecular or genetic
markers. Moreover, our morphotypes show a finite colony
growth, i.e. the whole development takes place in a lim-
ited area, and the markers of youth, prime, and senes-
cence are readily apparent. Due to relative “simplicity” of
their “embryogenesis”, colonies offer insights into strategy
of establishing morphogenetic fields, evaluating the qual-
ity and amount of space available, and reacting to bodies
occurring in the immediate neighborhood — both conspe-
cific (i.e. in axenic cultures) or heterospecific/heterotypic
(i.e. under gnotobiotic settings).

We further utilized a gnotobiotic approach in the
study of bacterial consortia. We believe that simple
chimeric communities, such as those developed in the
present work, will provide a pathway towards under-
standing behavior of the utmost important ecosystems
on the Earth — those of the prokaryotes (e.g. [21]).

We designed our study with the assumption that bac-
terial way of life is primarily multicellular [22]: they form
a body that comes to existence through a sequence of
elaborated, species-specific morphogenetic processes, in
a given environment. (It means that we shall not con-
sider such phenomena as flocculation, even if we admit
that even such aggregates may bring a selective advan-
tage in comparison to planktonic way of life; see, e.g.,
[23,24]). Depending on initial setting, bacteria can de-
velop two kinds of multicellular existence: (1) Axenic,
“germ-free” clonal growth from one cell or from a group
of cells of the same kin, leading to a colony or a swarm
(often with a fruiting body). Such colonies then com-
mand a plethora of strategies how to implement their
fitness towards neighboring bodies. (2) When the condi-
tions do not allow an axenic start, due either to simple
crowding, or to the presence of competing clones and
species, the body-building strategy will change towards
small colonies in close contact that establish consortia
elaborately interconnected with other dwellers of the
community (e.g. stromatolites, plaques, or mats; [25,26]).
An interesting phenomenon occurs when the edge of
such a chimera grows into free substrate: often it will
radiate rungs of monoclonal material; this phenomenon
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is apparent even if the chimerical body contains close
relatives [3,27,28].

Results

“Standard” development of solitary colony morphotypes
For our study, we selected two mutually related stable
morphotypes of Serratia rubidaea (R and W) and three
morphotypes of S. marcescens (F, Fw, and M). A common
laboratory strain of E. coli was included in some gnotobio-
logical experiments.

Figure 1 shows the typical adult appearances of all
morphotypes growing as single bodies on NAG substrate
(nutrition agar with added 27 mM glucose, 27°C), with
the time-course of colony margin development shown at
higher resolution (for corresponding macroscopic ap-
pearance of developing colonies see Figure 2a). Serratia
rubidaea colonies (Figure 1a), sown at a mutual distance
of minimally 20 mm, grow as smooth, glossy, radially
symmetrical red colonies (R) that frequently give rise to
a stable colorless variant W (white). Our S. marcescens
strain gives, on the same medium, a stable, rimmed mor-
photype F (“fountain”) that also produced a stable white
variant, Fw (Figure 1b, see also [20]). Except of color, the
behavior of white variants W and Fw were interchange-
able with their colored parents, R and F, respectively; that
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gave us advantages in further experiments involving
colony interactions.

The fifth clone, M, was selected upon long-term
cultivation of the F morphotype on liquid minimal
medium (MM). On the rich medium NAG (or NA)
it produces white optically undifferentiated, rimless
colonies (Figure 1b). Finally, the appearance of our
strain of Escherichia coli is shown in Figure 1lc.

As to the microscopic features, the macroscopically
smooth R (or W) colonies (S. rubidaea) develop terrace-
like layers of cells at the margin, as if the growth pro-
ceeded in waves of juxtaposed plies. The lowermost, and
the quickest layer, however, has no clear-cut edge, and
dispatches cohorts of freely moving cells (“scouts”) into
the space beyond; the main body of the colony will grow
into the area previously “investigated” by the scouts.
With the arrest of growth in adult colonies, the scouting
decreases and finally ceases (Figure la). In contrast, the
rimmed F (or Fw) colonies of S. marcescens start with a
fluffy verge, replaced by an edge of more solid appear-
ance on day 3; terraces do not appear (Figure 1b). Again,
from day 3 on, flocks of scouts travel beyond the edge
into the free space around, to subside with maturation
and cessation of growth. The adult M morphotype of S.
marcescens (Figure 1b) differs from its parent (F) by a
sharp margin, and delayed scouting (after day 5). Finally,

a 2
4—
W . — R e

b P =

Cc

100 pm

Figure 1 Single colony morphotypes, on NAG medium. a S. rubidaea R and W forms; b S. marcescens F, Fw, and M forms; and ¢ E. coli. Left:
colony appearance at maturity (7-9 days), with schemes of colony cross-sections. All Serratia colonies show terminate growth: final diameter is
about 15 mm in F, Fw, and M, 20 mm in R and W. Right: development of colony margins at days indicated (free agar is at the right).
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Figure 2 Role of external factors in colony patterning. a Effect of temperature: development at 27°C and 35°C, on NAG. b, F colonies, effect
of transfer from 35°C to 27°C. Diameters of colonies in a and b are normalized: real diameters grow from 1 mm at day 1 to 15 mm at day 7 for F
and Fw, or 20 mm for R and W). c Effect of cultivation on different media on the appearance (day 7) of F colonies (sugars or alcohols added as
nutrients; PEG as an osmotic). NA — nutrient agar, TN — tryptone. d Effect of delayed glucose addition on F colonies planted on NA (day 12). Note

the absence of glucose effect after 3 days on NA.

Figure 1c shows development of an E. coli colony under
identical conditions; colonies of this species also develop
terraces on the margin, and send out scouts during vig-
orous colony growth.

Developmental plasticity induced by varying culture
conditions

It is important to stress that given morphotypes develop
towards phenotypes described in Figure 1 only under
strictly defined culture conditions (the extreme sensitivity
of colony structure to cultivation protocols in Bacillus see

also [1,29], in S. cerevisiae [30]). Different media and/or
conditions will lead to different patterning (see below); we
have investigated the effects of temperature and manipula-
tions with media composition in more detail. Similarly,
the presence of colonies of either S. rubidaea or E. coli in
the vicinity leads to a switch of the F morphotype into a
new structure (called below X, see Figure 3).

Effect of temperature
R, W, E and Fw morphotypes were planted on NAG at
three different temperatures: 27°C (standard development),
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Figure 3 Modification of F colony structure by neighboring
baterial bodies. a Formation of X structures of the F morphotype
in the vicinity of non-F maculae (day 10) on media with (i-iii) and
without (iv) glucose (NA vs. NAG); b Cross-section diagram of X
structure and the microscopic pattern of its margin.

6°C, and 35°C. As expected, at low temperature the bacteria
did not grow, albeit they survived for long periods and
upon transfer to permissive conditions (27°C) resumed
standard growth, after some lag (data not shown).

Cultivation at 35°C (Figure 2a) did not affect the final
colony size, yet early phases of growth proceeded faster,
and the colony patterning frequently deviated from the
typical symmetry (especially in F, Fw); moreover, the col-
oration was lacking (F) or disrupted (R). Hence, higher
temperature somewhat interfered with morphogenetic
events. As shown in Figure 2b, the effect is, in F mor-
photype, fully reversible up to about the 3™ day of
cultivation at elevated temperature; older colonies trans-
ferred to 27°C did not attain the standard colony form in
spite of striving towards it, as testified by the onset of col-
oration. Such a critical time threshold in 3" day is appar-
ent also in connection with the effect of added glucose
(see below, Figure 2d).

Effect of media

The standard appearance of the F phenotype (Figure 1b)
was described for colonies grown on nutrient agar NA
supplemented with 27 mM glucose (NAG). Replacement
of glucose by sorbitol or mannitol at the same concen-
tration allows for a “partial” F pattern. Lower glucose
concentrations (0.27 or 2.7 mM) do not support stand-
ard patterning; higher concentration (54 mM) deforms
the final pattern. Semi-defined medium of comparable
composition (TN, or TN with added glucose) supports
healthy growth of well-formed colonies, albeit with a
patterning different from the phenotype grown on NAG.
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Finally, polyethylene glycol (PEG) added to NA in
amount mimicking the osmotic load caused by 27 mM
glucose did not promote the standard development
(Figure 2c).

Effect of glucose addition during development

At various times after planting on NA, F colonies were
“circumscribed” with glucose solution, to achieve its
concentration, in the agar, in the range of about 27 mM
in the immediate vicinity of the colony. As shown in
Figure 2d, the older the colony, the more difficult for it
to accomplish the standard appearance after glucose
addition: after the 3™ day the “struggle towards form”
became distorted, and the inner (intermediate) ring did
not appear at all (even if under normal condition it
grows until 5th day; see [3]).

All these effects of culture conditions are fully revers-
ible in the sense that cell material taken from “atypical”
colonies reverts to standard appearance when planted to
NAG; thus, we are dealing with true developmental plas-
ticity rather than selection of variants.

Morphotype F: development in the presence of neighbors
As already reported, F colonies are very sensitive to-
wards neighboring bodies on the dish. Closely planted F
(or Fw, or F and Fw) colonies grow into a confluent col-
ony with multiple centers and a common rim. An F
macula will inhibit normal growth and patterning of F
(or Fw) colonies growing in their vicinity, even when
planted across a mechanical septum. Finally, heterospecific
bodies (colonies or maculae of S. rubidaea or E. coli) were
shown to induce formation of a new quality, a special pat-
tern named X structure, characterized by an additional ring
round the standard F colony [3,20].

Here we investigated the formation of X bodies in a
closer detail (Figure 3; see also Figure 6a). First, we
found that even the M clone (i.e. the rimless derivative
of F) can induce the X structure in F. We also found
that, in contrast to standard development, there is no
critical period of induction: the X structure will appear
also on an older, or even adult and non-growing F col-
ony, if a non-F body is planted nearby. The characteris-
tic patterning of the X structure is apparent also at the
microscopic level, revealing a margin (devoid of terraces)
and scouting pattern somewhat different from typical F
(where scouting recedes by the time of maturation;
compare Figure la and Figure 3b). It is remarkable
(in the context of results discussed below), that the
margin pattern is identical around the whole perim-
eter of the X structure (even if the structure macro-
scopically, as well as microscopically first appears on
the site adjacent to the neighbor). Like in the previ-
ous cases, the transformation is developmental (i.e.
not genetic), as the cell material taken from X will
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give, upon planting under standard conditions, rise
to a typical F (or Fw) colony.

The induction of an X structure takes place also on
NA (i.e. without glucose, Figure 3a, iv): it follows that
the F morphotype can react by an X buildup regardless
of its actual phenotype at the time of induction. The ef-
fect is exerted also when F is planted to the substrate
previously conditioned by growth of any non-F body
(not shown). Hence, the colony is receptive to the “make
X” order under a great many of initial conditions and
the X-inducing signal persists in the agar substrate.

Growth on minimal medium

On rich medium such as NAG we observe exigent struc-
tures and coloration in both S. rubidaea and S. marces-
cens; it was of interest to what extent, if at all, such
patterns would develop on the minimal medium agar
(MMA). R and W morphotypes (colonies or maculae),
as well as our strain of E. coli, grow readily on MMA,
yielding, however, only white (occasionally faint pink in
case of R), concentric colonies that do not allow distin-
guishing a given morphotype by its appearance (see
Figure 11b). Moreover, of great interest is the absence of
scouts and the absence of marginal cascades (Figure 4)
in all types or developmental stages of growing bodies
interacting with their neighbors (see below). Morpho-
types F or Fw of S. marcescens do not grow on MMA,
although they survive on it for weeks as an unstructured
smear, and upon transfer to NAG commence growth to-
wards standard F or Fw patterns. Only after prolonged
efforts to habituate F cells in liguid minimal medium
(MM), we succeeded to obtain a new stable morpho-
type, M, that gives white colonies on MMA; on
NAG it grows towards smooth white colonies with ele-
vated center (Figure 1b). What is important, F col-
onies behave towards the M macula as if it were non-F
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material: M induces X structure in F when grown on
NAG (Figure 3a, ii.).

Unexpectedly, however, the F morphotype is also able
to grow on MMA when a “helper” in the form of a non-
F body grows nearby (Figure 4): in such a case, it gives
rise to small, smooth, white colonies that do not pro-
duce scouts or X structures.

The adjacent edges of non-F macula and F colony,
whether growing or not, appear sharp, and dispatch no
scouts (Figure 4; compare below to Figures 5-8). There is
also a difference in colony yield: An inoculum giving 50—
100 colonies/cm® on the NAG substrate, will give rise, on
MMA, to only 5-10 colonies/cm? and only at a distance of
about 2 cm from the helper colony (Figure 4d).

Even old (10-14 days), non-growing, persisting F
plants can be boosted to grow on MMA when a non-F
macula (including also M) is added to the dish, or even
when planted to a macula-conditioned agar (not shown).
Cells taken from such boosted F colonies will not gain
any (even transient) ability to grow independently on
MMA; when planed to NAG, however, they give rise to
normal F pattern.

Thus, the F morphotype might be dependent on some
essential nutrient or signal present in NAG but not
MMA; such a trigger diffusible in agar may be provided
by the growing macula (non-growing F “macula”, ie. a
mass of non-growing F cells applied to the dish, having
no effect), and survives in the medium for longer peri-
ods. Preliminary results (not shown) suggest that the
case may not reside in basic nutrients. First, the E. coli
15 TAU strain (auxotrophic for arginine-thymine-uracil)
does not grow on MMA even in the presence of helpers,
or on a conditioned agar (it also cannot serve as a helper
when, as in case of F above, a mass of non-growing cells
is applied to the vicinity od F, on MMA). Second, the F
morphotype will not resume growth on the MMA even

micro-photographs.

Figure 4 Induction of growth of F colonies on minimal medium (MMA) by maculae: a R macula; b M macula; c E. coli macula. (Day 7)
Middle row: macroscopic appearance, top and bottom row — magnified details (see inserts the macroscopic structure). Note the smooth, non-
interactive edges without scouts. d Helper colony of E. coli (arrow) in center of dense sowing of F. (Day 7). Bars: 1 cm in all macro-, 100 um in all
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if the substrate is supplemented with casamino acids
(caseine hydrolysate with cysteine and tryptophan added).

Mutual influencing of colony habitus

The ability of the F morphotype to develop towards a
new pattern in the presence of heterotypic (i.e. non-F),
neighbors instigated us to take a deeper look on the mu-
tual interaction of our standard colony types.

Homotypic interactions R:R and F:F

Figure 5 shows the simplest configurations of two colonies
of the same morphotype planted to close vicinity. Such col-
onies may come to a contact and even, in case of F, merge
into a confluent colony; when planted further apart, they
remain separated, albeit shape deformations occurred fre-
quently (Figure 5a). The common feature of two approach-
ing colonies is the presence of scouting bacteria beyond
both adjacent (and approaching) colony edges — even in
older colonies (10 days), when no such “freelancers” are
observable in solitary colonies of comparable age (Figure 5
i-iv; compare to Figure 1a, b). In contrast, the distal side of
an interacting colony showed no difference from the soli-
taires, i.e. no restoration of scouting occurred (not shown).
Planting a young R colony to the vicinity of an old one (R,
3 weeks) aroused a new wave of scouting towards the new
neighbor, in the old colony (not shown). The phenomenon
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is thus distinct from the induction of an X structure,
where scouting reappears around the whole perimeter
of the colony, accompanied by profound reshaping of
the colony phenotype.

Heterospecific interactions: R and Fw

As expected, an R colony planted at a distance not
allowing immediate overgrowth of its Fw neighbor
(10 mm, Figure 6a) will induce formation of the X struc-
ture, which will resist any contact: both colonies persist
as separate entities (as in Figure 3), with a typical colony
pattern and scouting in the interaction zone.

Figure 6b summarizes situations when young (0-24 h,
showing no typical structures) Fw colonies come into
close contacts with a plant of R. The Fw colony will al-
ways be overgrown by R planted on its outer perimeter.
The Fw material, however, maintains its identity in such
a conjoint body, and its territory remains free of R cells.
Note, in older colony, even an inclination towards the X
structure — however it is belated and not able to avoid
overgrowth by the neighbor.

Planting R to the inner perimeter of young Fw gives es-
sentially the same picture: the R material breaks free and
encircles the Fw if planting had occurred during the first
hours of Fw development. After one day, however, the
R material cannot “escape” any more, remains confined

10 mm distance 15 mm distance

100 pm

e9e9 L

3 mm distance

100 pm

100 pm

Figure 5 Interaction of homospecific neighbor colonies. a R colonies; b F colonies at two different distances; photos of adult colonies (Day
10). In micro-photographs (i-iv) only adjacent faces are shown; the distal faces of the colony are similar to fully developed controls shown in
Figure 1a, b.
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Figure 6 Interactions of Fw and R colonies. a R and Fw planted simultaneously at a distance of 10 mm - induction of X pattern in Fw; the
microscopic image of the X periphery is uniform round the perimeter, whereas R scouts appear only in the interaction area (day 10). b R dotted
to the vicinity or into Fw colonies (planted by dropping) of varying age (0-24 hours), photographed after 2 and 8 days of common growth.

¢ Interaction of F and R on MMA, planting distance 3 mm; dashed line delineates the contours of both colonies (Day 7).

100 ym

. "1cm

inside the Fw colony and does not grow (but survives).
Finally, when planted into the center of Fw, the R
material never resumes growth and remains encaged
(but not killed) inside the Fw colony as a tiny island
of foreign material.

All interactions on NA resemble to those observed on
the rich medium NAG, including colony patterning
(not shown). Different, however, is the interaction of
both clones (planted 3 mm apart) on MMA: thanks
to the helper function of R, both colonies grow to

approximately equal size, and come to a close contact
(Figure 6¢). The R colony, however, will not encircle the
F material (compare to Figure 6b).

Heterospecific interactions: F and E. coli

The interaction of young F colonies with plants of E. coli
(Figure 7a) is controlled by the F partner: if both partners
planted simultaneously, E. coli avoids approaching F (see
similar trend with the macula, Figure 3a, iii) and grows
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Figure 7 Mutual sensing of F and E. coli colonies. a At time 0, both partners were planted simultaneously at two different distances. Negative
values: F planted to E. coli colonies one (—1) or two days old (-2). Positive value: E. coli planted to F colonies 2 and 6 days old (note the
different magnification at lower left; arrow shows rudiment of E. coli). Day 10 after planting E. coli. Micro-photographs taken from areas
indicated. b Interaction on MMA, planting distance 3 mm; dashed line delineates the contours of both colonies. (Day 7).
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Figure 8 Mutual sensing of R and E. coli colonies. a At time 0, both
partners were planted simultaneously 5 or 15 mm apart. Negative value:
R planted to E. coli colony one day old. Positive value: E. coli planted to
R colony 1 and 2 days old. Day 10 after planting E. coli. Micro-photographs
taken from areas indicated. b Interaction on MMA, planting distance

3 mm, dashed line delineates the contours of both colonies. (Day 7).
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only at distal side. At the same time, the F colony devel-
ops an X structure induced by E. coli. If planted to a dis-
tance of 15 mm, resulting adult partners maintain their
scouts in the gap between them. Planting E. coli to older
F colonies results in drastic inhibition of the growth of
E. coli.

Even more profound the effect is in closer plantings
(5 mm apart): the E. coli plant will be “caught up”, and
its growth inhibited proportionally to the age of F
(Figure 7a); yet it survives and remains uncontaminated
by F material, even in cases of strongest growth inhib-
ition. The dominant role of F is even more profound
when F material is planted to older E. coli colonies: even
in such cases, the F body remains in control of events.
Such an inhibition is not bound to the presence of living
F cells: the F-conditioned agar has the same effect (not
shown). The effect is identical at 35°C, i.e. the inhibition
was not due to growth at temperature that may be con-
sidered suboptimal to of E. coli (not shown).

On the MMA medium (where the F material does not
grow when alone), E. coli turns into a helper, a neces-
sary precondition for the growth of F (Figure 7b, see also
Figure 4a). Yet, the growth of E. coli becomes inhibited
by the boosted F colony.

Heterospecific interactions: R and E. coli

As shown in Figure 10, E. coli is dominant only when
the R material is planted simultaneously (or to an older)
E. coli colony, and to a close vicinity (below 5 mm). In
all other instances, both bodies are in control of their in-
tegrity: (i) they maintain a clear boundary when grown
to confluence, and neither is able to overgrow the part-
ner, or (ii) when planted farther apart, they respect the
free space between the colonies. In comparison to previ-
ous situation (E. coli and F), the E. coli colony, albeit
inhibited, is not repulsed by the Serratia partner. Again,
mutual contacts induce appearance of the scouting at
adjacent faces of both colonies.

Interaction of both morphotypes on MMA leads to a
dominant role of E. coli: the R material is strongly
inhibited (but survives) and becomes engulfed by readily
growing material of E. coli (Figure 8b).

Interactions involving the M clone

Interactions of M colonies, planted simultaneously to a
close vicinity (cca 2 mm) to heterospecific plants are shown
in Figure 9. On the rich medium NAG (Figure 9a) no con-
fluent colony appears with the “mother” F morphotype: in-
stead, M was encircled by F (but surviving). On the other
hand, M becomes encircled and inhibited by R, as is F, its
maternal clone (see Figure 6b). Also in the third setting —
M with E. coli — the repulsive effect on E. coli was similar
to that observed in F (see Figure 7). On the MMA
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M-F

or E. coli. (Day 6).

M-R

Figure 9 Interactions of M bodies with neighbors. M planted on a

M-Ec

NAG or b MMA simultaneously into a close vicinity (2 mm) of F, R,

J

(Figure 9b), the M exerts the helper effect for F, yet the F
colony remains small and unstructured. Interaction M-R
reveals partners of equal strength on the minimal medium,
whereas E. coli is retreating as on NAG.

Binary interactions in liquid media

To investigate to which extend could the above-described
phenomena explained by differential growth rate of indi-
vidual clones, we investigated the growth of the studied
morphotypes in liquid media NBG (identical, except for
agar, with NAG).

Judged from doubling times Table 1 the R and W mor-
photypes should exert highest fitness in all interactions
studied. Obviously, this is not a rule, and ecological inter-
actions and mutual influencing enter the game in case of
multicellular bodies growing on agar substrates (cf., e.g.,
the doubling times of F and E. coli in NBG, and the com-
munication of their colonies in NAG). Inhibition of E. coli
by F (Figure 7), massive overgrowth of R by E. coli
(Figure 8), rapid circumspread of R along the margin of F
(Figure 6), etc., all suggest the existence of interactions
that appear at the level of multicellular structures, but
cannot be discerned in suspension. Compare also two
modes of overwhelming the neighbor: by “brute force”, as
in case of E. coli towards R (Figure 8), or “strangling”
(R towards F, Figure 6). The fact is even more notice-
able in chimeras referred to below.

Chimeras

Chimerical assemblages result from planting not a single
clone, but a mixture of two or more clones in a single
plant (with equal contribution of all partners involved and
with constant density of bacteria per unit of surface,
Figure 10 and Figure 11). All combinations studied where
both partners contributed to the result show a bipartite
structure: (1) The area of planting (the navel of future pat-
tern) hosts a consortium, i.e. a mix of small colonies of all

members of the plant (see especially Figure 10). (2) Clonal
outgrowths to the free space around the plant. This ruff is
usually composed only from cells of a single morphotype,
however, in cases when both partners are of equal
“strength”, alternating wedges of both clones appear in the
ruff (Figure 10a, b). The thickness of the ruff is essentially
constant, independent on the diameter of the navel, and
corresponding to the radius of single colony of particular
cell material.

On NAG (Figure 11a), the only exception from the
pattern is chimeras containing E. coli in combination
with F and M. In such cases, E. coli was eliminated
below the level of detection (no colonies out of about
1000 CFU per experiment), and a normal colony will re-
sult. Only occasionally E. coli manages control of the
ruff, see below. Finally, a plant containing a mix of three
morphotypes (Figure 11a) — F:R:E. coli (1:1:1) — led to
two alternative outcomes. In most cases, the ruff con-
sisted of R morphotype only, with the mixture of R and
F in the central disk, with E. coli below the level of de-
tection. Occasionally, however, as already observed in
case of F/E. coli chimeras, the E. coli cells managed to
outgrow to the periphery and control it, leaving a mix-
ture of R and F in the central disk. In the disk, how-
ever, E. coli was always under the detection level, even
in cases when the colony was started by a mixture R:F:
E. coli 1:1:10 (not shown). The outcomes depend
probably on how the mix escapes from the initial
metastable state: (1) either F cells are able to keep at
bay the E. coli population for a while, and both later
get overgrown by R (compare to Figure 6b, Figure 7a);
or (2) E. coli managed to acquire the control of periphery
and did not let its partners grow out from the center.

On MMA, all chimeras (and colonies) have an almost
uniform appearance, with a concave center, and white,
broad ruff (Figure 11b); they are white, sometimes
slightly pink when containing R cells. The exception is
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case of R/Fw chimera.
.

Figure 10 Growth of chimeras. a F/Fw b R/W c R/Ec, and d R/Fw chimera. Chimeras are either dropped, (a-d, i), or are spread to diameter of
5 (i) or 14 mm (iii). Note the consortium in the planting area, with clonal outgrowths of both clones in case of R/W, or of the R clone only in

the F morphotype that, without helper, does not grow at
all; chimeras F/R, F/M and F/E. coli eliminate F mater-
ial below the detection limit; technically speaking, they
build ordinary colonies.

All outcomes of chimerical growth on agar substrates
are summarized in Table 2 and in Figure 11.

Mixed suspensions in liquid medium NBG
In order to test the possibility that the behavior of
chimeras on the substrate is primarily deducible from
the growth rates of partners, chimeric suspensions con-
taining 1:1 inocula of partners, were grown also in the
nutrient medium NBG (an equivalent of NAG, except
the absence of agar). Figure 11d shows quantitative
ratios of some combinations 24 h after inoculation.
Some results are in congruence with observations on
chimerical bodies on NAG, ie. R is dominant over F,
and F dominates over E. coli; in this case, however, F
dominates absolutely, without rare cases of E. coli over-
growth. Similar is the dominance of M over E. coli (not
shown). The proportions of R/F/E. coli in principle also
match the situation observed on agar. The mixture R/E.
coli, however, with equal representation of both types,
differs markedly from chimeras where E. coli always
outcompetes R and confines it in the center of body.
Mixtures F/M and R/M (not shown) grow at roughly
similar rates, i.e. of no sign inhibition of M by F as
observed on NAG.

Chimera vs. colony

The interaction of chimerical bodies with single-clone col-
onies (Figure 11c) planted simultaneously at 5 mm dis-
tance depends usually on what material is contained in
the chimera’s ruff — essentially the interaction follows

patterns shown in Figures 5-9 (such a typical case is
the interaction of R/E. coli with R and F/E. coli with
M). Some exceptions, however, deserve attention: In
case of R/F chimera interacting with E. coli the result
was not the chimera overgrown by E. coli (as in R-E.
coli interaction. Figure 8a), but E. coli was effectively
repelled, obviously thanks to the F material residing in the
center of the chimera. Also interaction of R/E. coli
chimera with the F body led, as expected, to an inhibition
of E. coli by the F neighbor; this, however, enabled the R
material to escape to the periphery and to overgrow the F
neighbor.

Summary on chimeras

The outcome of chimerical interactions on both NAG and
MMA substrates can be summarized by 4 schemes of
interactions (triangular schemes in Figure 11a, b; for sim-
plicity, the white derivates W and Fw are not included —
they behave analogously to their parents, R and F).

Interactions, on NAG, in different settings, reveal a
“rock — paper — scissors” relationship for two of four pos-
sible ternary settings: R, F, or E. coli and M, R, and E. coli
(Figure 11a, scheme). In two remaining ternary combina-
tions, M is always a loser (cf. also Table 2).

The situation is different on MMA, where E. coli al-
ways wins the contest in chimeras, whereas F is an abso-
lute loser (Figure 11b, scheme): we are rather confronted
with a hierarchy E. coli~M >R > F. The only exception
to such a “pecking order” on MMA is not in chimeras
but in colony interactions: if M or F (plus helper) get a
chance to establish a colony, they take control over the
in-growing E. coli in a way similar to that on NAG
(Figure 7b).
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Figure 11 Growth of chimeras - a summary. Growth on NAG (a), or MMA (b) (white variants W, and Fw not included). Each matrix
shows the appearance of possible combinations (see also Table 2), plus the ternary mix R/F/E. coli on NAG below. Tetrahedral
schemes show dominance/submissivity relation for each combination; arrows widen towards the more dominant partner. a On NAG,
F, R, and E. coli play the rock-paper-scissors game, and the same holds for the combination M, R, and E. coli. Two remaining
triangles show absolute dominance of F or R in particular settings b On MMA, E. coli and M dominate the field, whereas F is the
absolute loser towards all partners. Smiley - no growth of F colonies. ¢ Interactions of chimeras with colonies on NAG. (simultaneous
planting to a distance of 5 mm, chimeras to the left, day 7). d Growth of suspension mixes in NBG - proportions of particular

morphotype.
. J

Discussion we draw inspiration from attempts to reduce extreme com-
We present here a simple system allowing study of bacterial ~ plexity of multispecies cohabitations from experiments with
development in two regimes of growth — germ free germ-free multicellular eukaryotes (mostly animals, or
(axenic), or gnotobiotic. As mentioned in the Introduction, humans with inborn defects of immunity, but also plants)
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Table 1 Doubling times in liquid medium NBG (27°C)
Morphotype

Doubling time

[min] (F=1)
F 64 (1.0)
Fw 73 (1.2)
M 58 (1.0)
R 38 (0.6)
w 37 (0.6)
E. coli 55 (0.9)

or gnotobiotic organisms where such a complexity
was reduced to an interaction of two, or small number,
of players.

Germ-free development

Formation of multicellular bodies is facultative in bac-
teria: they easily survive and multiply without multicel-
lularity, thus they can abound with much richer
repertoire of creativity, without endangering further
propagation of the lineage. Bacterial colonies, then, may
provide some cues to the nature of multicellularity.
Moreover, growth of a colony is a complex process spe-
cific for a given lineage, and specifically modulated by
environmental conditions (neighbors, nutrients, spatial
settings, an array of signals, etc.). We chose five easily
distinguishable morphotypes belonging to two Serratia
species; the sixth, “outgroup”, morphotype was a domes-
ticated strain of E. coli.

It deserves a notice that our morphotypes seem to resist
domestification, i.e. gradual loss of structural refinements
when grown under laboratory conditions commonly
observed in microorganisms [1,31]. What also deserves a
comment is the fact that the way of initiating a colony has
little, if any, effect on the resulting body building. The
same pattern can be grown from a single cell, from big
amount (millions) of cells planted to a limited area as a
dense homogenous suspension, or even from a chunk of
material from the donor colony. Provided the area of
planting is small, the cells can coordinate their behavior,
“make wise decisions and act upon them“(B. McClintock,
The Nobel lecture, 1983). Regulatory embryos of metazo-
ans provide another example of such a potential.

With our array of easily distinguishable morphotypes,
we were able to proceed from “germ-free” colonies to-
wards gnotobiotic colony interactions — either with con-
specifics, or with heterospecific bodies. We believe that
such arrangement may provide a promising tool for fu-
ture study of microbial communication at the level of
structured entities. Similarly, study of chimerical bodies
introduced in our works may reveal rules controlling self-
structuration of the bacterial body and/or multispecies
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Table 2 Composition of central and peripheral areas of
chimerical bodies

Medium: NAG MMA

Position: center ruff center ruff
R/M R+M R R+M R<M
R/Ec R+Ec Ec Ec>R Ec
F/M M+F F M M
F/Ec F F/Ec>F Ec Ec
M/Ec M M M Ec
F/R/Ec R+F R/Ec ND ND

community. Moreover, our hypothesis of two-phase for-
mation of multicellular body (e.g. axenic and cross-talk
stages) can be easily tested on bacterial bodies that are not
constrained by the need of producing special reproductive
structures (organs).

Gnotobiotic interactions of clonal bodies

Perceiving the neighbors and interacting with them is
one of the most natural conditions of all dwellers in the
biosphere; often new qualities (shapes and properties)
may appear as a consequence of such an encounter
(for review, see [32]). Colonies growing on an agar plate
provide a simplified model revealing some basic rules of
such interactions [33].

In our model, a bacterial plant (be it a single cell or a
clump of cells of a given morphotype) needs about 3 days
to establish its “self”, to become a genuine multicellular
body. During this initial period, its development may be
readily deviated by external stimuli (Figure 2), or the
presence of other bodies in its vicinity (Figures 3-9). Col-
onies of the same kin may even merge at this early stage
of development (confluent colonies as reported by [20]),
reminding early embryos of, e.g., of mammals.

In later stages of their development, colonies maintain
their integrity even in inevitable close encounters, pre-
ferring a channel of free space between them, sometimes
even “guarded” by advanced scouts; conspicuous is, in
this respect, the “immune reaction” of rimmed colonies
(E, Fw) that develop a specific “X” structure in the vicinity
of rimless bodies (see also [3]). Even more accentuated
such interactions become when colonies of different age
grow to a close contact or are artificially forced to it — with
the whole array of reactions such as breaking away from
the neighbor, overgrowing it, “strangling” it, changing
body pattern, changing the character of scouting, etc.
(Figures 6-9). The roles of scouts remain enigmatic for
the time being — albeit they may seem obvious candi-
dates for mediators of short-distance interactions), be-
cause similar reactions of bodies do take place also on the
minimal substrate (MMA) where we did not observe any
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scouting. What are they for, if obviously colonies can eas-
ily do without them?

Colonies on MMA appear as if underdeveloped: no
coloration, no patterning, and no scouts. In this respects,
they resemble very young colonies planted on NAG - as
if the minimal medium impeded the transition from the
juvenile phase into phase of growth and ornamentation
(which would require scouts). Growth would, however,
continue (as in experiments with higher temperatures,
Figure 2), and the result is an “overgrown youngster”.
Such a speculation may help to explain behavior on
MMA, yet does not help explaining the very role of
scouts in “full-blooded” development on NAG.

The ability to distinguish between self and non-self
may represent one of the preconditions for consortial
(or multi-species) way of life. The X structure, then, may
represent such a reaction of F to the presence of foreign
clones. Swarms of Proteus mirabilis (growing on solid
media) display a similar behavior: whereas two swarms
belonging to the same line will merge when grow to-
wards each other, swarms of two different lines will
maintain a demarcation line dividing both swarms [34].
The phenomenon is readily used in epidemiology, for
diagnostics of different strains of Proteus. The mutual
inhibition is communicated by secretion (and sensing) of
a great array of signaling proteins — proticins [35]; simi-
lar system was described in Pseudomonas aeruginosa
[36] Transforming P. vulgaris strain by a proticin from
P. mirabilis leads to abolishment of mutual inhibition
[37]. Yet, our observation of incompatibility even be-
tween isogenic strains (R:R, or F:F, see Figure 8) needs a
more parsimonious explanation than rapid mutation of
putative pheromone genes. As suggested by [38,39]), if
an identical signal is produced by approaching siblings,
it may lead to a quick surpassing of the quorum thresh-
old in the furrow between them - this will lead to the
inhibition of growth in that direction.

As a rule, we can recognize a “rock — paper — scissors”
interplay between colonies belonging to three groups:
(1) rimmed morphotypes F, Fw; (2) rimless morphotypes
R, W; and (3) E. coli, as summarized in Figures 5-9. The
morphotype M has a somewhat intermediary position.
Hence, even such a reduced, model “ecosystem”, will es-
tablish relations of dominance, cooperation, or subordin-
ation according to overall context. For the time being we
were able to prove that the induction of X structure is
the matter of a signal diffusing, and persisting, in the
agar substrate (see also [3]).

A similar situation was already described described
by Kerr et al. [40]: the authors cultivated three strains
of E. coli, one producing colicine and being resistant to
it, the second not producing but resistant (i.e. growing
in the presence of colicine), and the third sensitive (i.e.
killed in the presence of colicine). The authors interpret
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the results in neoDarwinian frames: The synthesizer will
always overgrow the sensitive strain. Because of the cost
of colicine synthesis, the resistant wins the contest with
the synthesizer. As resistance itself represents extra cost,
the sensitive strain will win over the resistant, but is a
loser in a contest with the producer (see also [41]).

The harsh behavior of our S. marcescens clones (F, Fw,
M) against E. coli might be explained as a relation pro-
ducer — sensitive. For example Fuller & Horton [42]
described production, by S. marcescens, of a factor
dubbed marcescin, resembling in its effect to colicins. In
such a schema, F would be in a role of the producer of
the repellent; R would be resistant towards it — and
therefore overgrowing the F, but at the same time sensi-
tive to E. coli. We suspect, however, that the situation is
more complicated and more factors are in the game.

The phenomenon of cooperation comes to the fore
even more with “helpers”: on the minimal medium, the
morphotype F can grow only in the presence of rimless
morphotypes or E. coli, as it is dependent on - at
present unknown — nutrient or signal secreted to the
substrate by the helper. Yet, as soon as helped, F can
exert its “powers” towards the neighbors: even if F col-
onies can grow only thanks to the E. coli plant in the
middle, the same plant will later be strongly inhibited by
colonies it supports (Figure 7b). Even more illustrative is
the interaction of the trio R, F, and E. coli. The R/E.coli
chimera (normally the growth of R suppressed) in the
vicinity of F, the F will keep E. coli at bay (as in Fig. 9),
which enables R to grow and, in turn, overgrow and
suppress the F (Figure 11c). All such interactions may be
considered as paradigmatic for much more complicated
ecosystems of natural microbial consortia.

Chimeras

The dominance/subordination rules as observed above
for colony encounters more or less fit also for chimeric
growths; i.e. they are not explainable from the growth
rates of particular morphotypes involved, as observed in
suspensions (Graph in Figure 11d). Which of the part-
ners will prevail will often depend by rock — paper —
scissors rules — as described for single colonies. This is
not surprising when we take into account that the
chimera represents a model gnotobiotic microbial eco-
system. The dense initial mixed suspension on the area
of planting is not able to negotiate the rules how to build
the final body: Compare to situation with planting axenic
cultures, where even very dense suspension establish a
full-fetched colony indistinguishable from that grow-
ing from a single colony. An exception is “chimeras”
where one of partners is completely eliminated, and
the “winner” continues in building an ordinary colony
(Table 2, Figure 11). Hence, in cases when all strains
present in the mix survive, the planting area represents
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not the center of a colony, but a gnotobiotic ecosystem
containing a nebula of very small colonies. An organized
outgrowth from this navel will build the external circle
composed of a single morphotype, or containing alterna-
tive wedges, each of a single morphotype. A chimera, thus,
does not represent a body, but a consortium of bodies,
even in simple gnotobiotic settings; only the clonal out-
growths into the free space may be compared to genuine
colonies, albeit “one-dimensional”.

It deserves attention that even closely related sister
clones F-Fw and R-W will not cooperate in building a sin-
gle colony upon chimeric planting: Especially conspicuous
is the “chrysanthemum” appearance of R/W chimeras
(Figure 10). The finding is not new. Korolev et al. [28]
working with a different pair of strains, argue that cells
that happen to appear on the margin of the plant, will es-
tablish cooperating groups of this of that origin. They take
over a corresponding part of the circumference and grow
out of it as monoclonal, one-dimensional colonies — hence
the “petals” of the chrysanthemum. Remarkably — in
quoted studies as well as in our results — outgrowing
“petals” grow to similar length, independently on the
diameter of the planted navel. Again, the rock-paper-
scissors rules (Figure 11) will mostly predict the outcome
of the growth; the rest of interactions being hierarchical.

The mutual behavior of strains is more or less similar
on both substrates tested, rich (NAG) and minimal
(MMA); the only expected exception is the submissive
role of F on MMA whose growth is dependent on the
presence of helpers. It is conspicuous that the role of F
is fully taken by its daughter morphotype M. As already
mentioned above, the behavior of particular strains in li-
quid media provides no guide for predicting their behav-
ior on solid substrates: the two kinds of media represent
to a great extent alternative, and incompatible, strategies
of growth.

Why multicellular bacteria?

If we take axenic bacterial colonies as analogues of clonal
body of multicellular eukaryots, two problems will come
out immediately: the objective of building such a body,
and the high plasticity of bacterial ontogenies. As far as
we know, colonies of Serratia never produce reproductive
organs: they can safeguard their propagation without any
demanding, and coordinated, activity of colony building.
Why, then, do they go into the trouble with elaborate
microscopic filigree of terraces and scouts, and even
macroscopic patterning and ornamentation? The answer
may lie in physiological division of labor [4] and perhaps
even “histological” differences across the colony.

Besides plastic responses, bacteria can — reversibly or
irreversibly — diversify also genetically into different
morphotypes, depending on conditions like those men-
tioned above. In Paenibacillus repeated and heritable
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switches between different morphotypes are induced by
the density of agar [43-45]. Genetic differentiation was
also often described in suspension cultures. For example
a clone of Pseudomoas aeruginosa differentiated quickly
and apparently purposelessly into multiple genetic var-
iants [46]. The authors ascribe the phenomenon to an
“insurance effect” preparing the lineage to conditions
that may set in the future. A similar effect in Serratia is
believed to play a role in colonization of new niches
[47]. Finally, a clonal population may break into different
specialized clones evoked by metabolic demands [48,49]
or antibiotic pressure [50].

However, since our clones were genetically stable in re-
spect to the observed characteristics, and since all mor-
phogenetic variation was found to be fully reversible, we
can exclude such genetic switches, as well participation of
phages, plasmids, transposons or similar elements, in our
model and ascribe all variations observed (like colony pat-
terning, scouting, or response to neighbors and environ-
mental cues) solely to phenotypic plasticity.

Conclusions

Multicellular bacterial models (colonies) match their
eukaryotic counterparts (animals, plants, fungi) in areas
of research classically focused only to eukaryotes:

1. Axenic (“germ-free”) and gnotobiotic settings are
easy to establish, and interactions within the body, as
well as between different bodies (of the same, or differ-
ent lineages) can be studied to minute details. Such
studies can be carried out on developing, fully formed
or mixed assemblages of colonies that can be brought
into defined spatial and temporal configurations. An
additional advantage of the bacterial model is its inde-
pendence on mature individuals that are able to produce
germs (sexually or asexually), i.e. the range of full-formed
phenotypes is much greater and can be influenced
towards many ends (plasticity).

2. Ontogenesis of a colony (starting either from a single
cell or from an assemblage of cells), similarly to the devel-
opment of multicellular eukaryotic bodies, proceeds in
two stages: the first stage must be thoroughly insulated
from the rest of the biosphere and relies to intrinsic set-
tings of the developing germ; in the second stage, the
germ establishes its bounds with its environment, and
plastically reacts to outside cues. In chimeric assemblages
where the first phase is wrecked, the mix is unable to es-
tablish germ(s) and proceed towards a colony, and devel-
ops toward a simple bacterial consortium. Such an
“ecosystem” allows detailed study of how different lineages
implement their fitness in a given context.

We bring here examples of model settings allowing, in
further research, detailed studies of ontogenies and ecol-
ogies on the dish.
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Methods

Media

PB : phosphate buffer as described in Rieger et al. [20].
NA: Nutrient Agar No2 (Imuna Pharm a.s.,) supplemen-
ted. For growth in suspensions Nutrient broth No2 (NB)
was used (Imuna Pharm a.s.,), of identical composition,
but without agar.

NAG: NA enriched with glucose (Sigma; 0.27 mM;
2.7 mM; 27 mM; 54 mM). In some experiments, NA
was enriched with manitol (Sigma; 27 mM), sorbitol
(Sigma; 27 Mm), or 6% (w/v) polyethylene glycol (Sigma;
mw 6000). In all such cases, the osmotic potential was
identical: 0.08 MPa.

Analogically, glucose-enriched broth (NBG) was used
for cultivations in suspension.

TN: 10 g Trypton (Difco), 5 g NaCl (86 mM), 1.5%
Agar (Oxoid No 1). Add 1000 ml H,O.

Minimal medium MM: 21 mM KH, PO, 48 mM
Na,HPO,, 8 mM NaCl, 18 mM NH,4CI, 3.9 mM MgSQO,,
27 mM glucose.

Minimal medium MMA: 1.5% agar in MMA.

Bacteria

The strain S. rubidea here labeled R was obtained from
the collection of the Department of Genetics and Micro-
biology, Faculty of Sciences, Charles University. The
strain S. marcescens CNCTS 5965 was obtained from the
Czech National Institute of Health [20].

The identity of strains was confirmed by MALDI -
TOF method, using Bruker Daltonik MALDI Biotyper
(performed by A. Nemec, National Health Institute,
Prague); the scores assigned to particular strains of
S. rubidaea (R=2241, W=2.214) and S. marcescens
(F=2.151, Fw=2.212 and M =2.168) indicate very high
probability of correct determination.

It is to be stated that in the previous work, the mor-
photypes F and Fw were erroneously determined as
belonging to S. rubidaea species. In the light of the
present, more reliable knowledge, the determination in
that paper should be reconsidered — albeit this change
has no influence on the results obtained.

The morphotype M of S. marcescens is a derivative
of F. It was obtained after many repeated attempts to
grow the F morphotype in suspensions in the minimal
medium MM.

E. coli strain 281 was obtained from the collection of
the Department of Genetics and Microbiology, Faculty
of Sciences, Charles University.

Cultivation

If not specified otherwise, bacteria were grown at NAG
at 27°C in sealed boxes with controlled humidity. Stabi-
lates were kept at —80°C [20].
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New colonies were initiated as follows: (1) as clones
from single cells, by classical sowing of bacterial suspen-
sion (in phosphate buffer); (2) planted by dropping dense
suspension (10%/ml) on a defined place (diameter about
2 mm); (3) planted by dotting from material taken by a
sterile needle from an older body; (4) by smearing
(to grow maculae): 30 ul of bacterial suspension (approx.
10® cells) was applied to a line of approx. 5 cm.

For conditioned agar see [3].

Documentation

Plates were photographed in situ using Olympus
C-5050ZOO0M digital camera under ambient or penetrat-
ing light (Fomei, LP-400 light panel, cold cathode light) or
under magnification using a binocular magnifier [3].

Colony margins were observed with fully motorized
microscope stand IX81 (Olympus) equipped with objec-
tives LUCPLFLN 20 (NA 0.45) and LUCPLFLN 40 (NA
0.60) and documented with the camera HAMMATSU
Orca, with differential interference contrast. Digital
images were further elaborated by the software Olympus
CELL"R SYSTEM.

Figures shown were selected from an extensive collec-
tion of primary photos from several repetitions (5 and
more) of each experiment.

Photoshop software was used to assemble the plates as
they appear in Figures. No image doctoring was per-
formed except automatic adjustment of brightness and
contrast in some cases.
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