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Abstrakt

Disertace svym tématem navazuje na piedchozi prace nasi skupiny, zejména Rieger et al.
2008 a Cepl et al. 2010. Popisovali a zkoumali jsme pravidelnosti morfogeneze kolonii S.
marcescens morfotypu F (od ,,fontdna“, kterou ndm kolonie svym tvarem pfipominaly).
Kolonii tvoii ¢erveny vystouply stfed, nizké nepigmentované mezikruzi a znovu vystouply
¢erveny lem, jehoz vytvofenim kolonie ukoncuje sviij rist. Jasné strukturovany profil kolonie
tohoto morfotypu, spolecné se zménami pigmentace struktur v pribéhu vyvoje, bez nutnosti
ume¢lé vizualizace, poskytuje pro pozorovani morfogeneze zna¢nou vyhodu.

Nasim cilem se postupné stalo (i) najit dalSi faktory, které ovliviiuji tuto morfogenezi a
pokusit se blize popsat; (ii) druhym cilem byla charakterizace interakci kolonii S. marcescens
s jinymi bakteridlnimi kmeny (S. rubidaea a E. coli) a kone¢né (iii) studovat fenomén
indukované resistence k antibiotikiim popsany v (Heal and Parsons 2002; Lu 2004; Bernier et
al. 2011) u nasich modelovych organismi.

(1) Vzijemné vztahy kolonii na misce ukazuji, ze morfogeneze kolonie je ovlivnéna
autokinnimi signaly, které difunduji do media a do atmosféry a ovliviiuji vyvoj i okolnich
kolonii. Béhem vyvoje kolonie jsme také pozorovali zmény pH media v jejim okoli - nejprve
acidifikaci okoli (pH 7,2 -> pH 6) do vzdalenosti nékolika milimetri od okraju kolonie,
pozdéji naopak alkalizaci prostfedi na pH 8,6 a to v rozsahu celé Petriho misky. Stfidani
téchto tfi fazi (neutralni, acidické a alkalické) Casové koreluje se zménami rlstu struktur
kolonie (stfed, mezikruzi, lem). Acidifikace media je zplsobena pravdépodobné produkty
metabolismu glukosy. Faktor, ktery ovliviiuje pfechod od struktury mezikruzi do struktury
lemu a zaroven piechod z acidické do alkalické faze jsme identifikovali jako amoniak.
Zastaveni rustu je pravdépodobné zptisobeno lokalnim vycerpanim zivin z media.

(ii) Dale jsme pozorovani kolonii S. marcescens rozsifili o ,,gnotobiologické* interakce se S.
rubidaea a E. coli. Jiné bakterialni klony piinaseji nové typy interakci. Dochazi k obrastani
kolonii S. marcescens koloniemi S. rubidaea, K repulzi ristu E. coli koloniemi S. marcesens
nebo k pohlceni kolonie S. rubidaea kolonii E. coli. Tyto vztahy jsme popsali jako heterarchii
typu kdmen, nlizky, papir. Zkoumali jsme, jak budou tyto konkuren¢ni vztahy vypadat pii
riznych nastavenich: v sousedstvi na pevném mediu, pfi smésném ristu v suspenznim mediu
nebo pii formovani chimerické kolonie. Pti sledovani popula¢ni dynamiky ve smésném ristu
dvou klont jsme rozpracovali pokus o vytvofeni metody pro neinvazivni detekci poméri
jednotlivych klont ve smésném riistu podle plynnych fingerprinti.

(ii1)) Amoniak byl popsan jako faktor vyvolavajici fyziologické zmény bakterii vedouci k
indukci resistence k antibiotikiim ampicilinu a tetracyklinu. Testovali jsme tuto skutec¢nost na
nasSich modelovych bakteriich. Uk4zalo se, Ze amoniak produkovany narGstem bakterii S.
rubidaea i S. marcescens, nebo uvolnény z roztoku ¢pavku zvysuje pocet vyrostlych kolonii
na antibiotiku v sousednim segmentu délené Petriho misky. Zjistili jsme ale, Ze takovou
resistenci vyvola zvyseni pH obecné a to rozkladem testovanych antibiotik; nabizime tak
alternativni vysvétleni tohoto v literatuie popsaného fenoménu.



Abstract

Topic of the thesis has been built on previous work of our group, especially Rieger et al. 2008
and Cepl et al. 2010. We examined and described the regularity of morphogenesis of .
marcescens, morphotype F colonies (from "the fountain", because of a shape it resembles).
Typical colony consists of elevated red navel, low non-pigmented ring and again elevated red
rim. Structured profile of the colony together with changes in pigmentation of structures
during development without need of artificial dying, provides considerable advantage in
observation of the morphogenesis.

Aims of this thesis were (i) to find other factors that affect the morphogenesis, (ii) to
characterize interactions of S. marcescens colonies with other bacterial strains (S. rubidaea
and E .coli) and finally (iii) to study the phenomenon of induced resistance to the antibiotics
described in (Heal and Parsons, 2002; Lu 2004; Bernier et al. 2011) in our model organisms.
(i) Mutual interactions of colonies on the plate indicates that morphogenesis is affected by
autocrine signals, which diffuse into the medium and the atmosphere and affect the
development of surrounding colonies. We have detected changes of pH of the medium
during the development of colonies in their vicinity. At first, we detected acidification of
neighborhood (pH 7.2 -> pH 6) to a distance of several millimeters from the edge of the
colony. Later, we saw alkalization of environment (pH 8.6) of the entire dish. Time course of
these three phases (neutral, acidic and alkaline) correlated with changes in the
morphogenesis of colonies (navel, interstitial ring and rim). Acidification of the medium is
probably caused by products of glucose metabolism. Factor that influences the interstitial
ring — rim transition together with acidic — alkaline transition was identified as ammonia.
Limited growth is probably caused by local depletion of nutrients from the medium.

(i) We extended our observations of colony morphogenesis by “gnotobiological”
interactions of interactions of S. marcescens with S. rubidaea and E. coli. Other bacterial
clones bring new types of interactions: wrapping of S. marcescens colonies by colonies of S.
rubidaea, the repulsion of growth of E. coli by factor produced by S. marcesens colonies or
overgrowth of S. rubidaea colonies by E. coli colonies. We described these relationships as
heterarchy like game rock, paper, scissors. We investigated how these competitive
interactions would appear at different settings: neighborhood of colonies on the solid
medium, mixed growth in suspensions or formation of chimeric colonies. To monitor
population dynamics in mixed growth of two clones, we attempted to develop a method for
non-invasive detection of ratios of individual clones in mixed growth by gaseous fingerprints.
(iii) Ammonia has been described as a factor inducing physiological changes leading to
induction of resistance to antibiotic ampicillin and tetracycline in bacteria. We tested this
phenomenon in our model bacteria. Ammonia produced by growth of bacteria S. rubidaea
and S. marcescens or released from the ammonia solution increases the number of colonies
grown on medium with antibiotics in a neighboring compartment of segmented Petri dish.
We found, however, that such resistance is caused by an increase of pH in general followed
by the degradation of antibiotic molecule.



Uvod

Velky systematik Carl von Linné zafadil v 18. stoleti v8echny mikroskopické organismy do
ttidy ,,chaos®*. A aby bylo jasné, Zze se jimi dale zabyvat nehodld, ptidal konstatovani, ze
Tvlrce nechtél, abychom mikroskopické organismy poznavali, proto je udélal tak malé*
(podle Kaprélek 1999).

Do jisté miry Linného namitka stale plati - mikroskopické organismy miizeme poznavat jen
skrze jejich hromadné projevy, epifenomény — privodni jevy jejich skrytého zivota. Vnimame
jen jejich zasahy do naseho makroskopického svéta (napt. fermentace, nemoci). Vyzbrojeni
piistroji pozndvame — ve smyslu detekce chemickych latek, pfecteni tsekit DNA, nahlizeni
obrazkl z mikroskopu atd. - bakterialni projevy do detaili, ale pfimé zkuSenosti se ndm opét
nedostava. Nemame piistup k bakteriim v originale, dostavame pouze zprostfedkovana data.
Podobn¢ ale nemame bezprostiedni zkusenost s jednotlivymi buiikami v téle mysi, muZzeme
vSak mit bezprostiedni zkuSenost s mySi samotnou. Takovou ojedinélou pfilezitost
zZ bakteridlniho svéta nabizi makroskopicka kolonie. Zacali jsme o bakteridlnich koloniich
premyslet jako o mnohobunéénych rélech s vlastni ontogenezi (Neubauer, 2002; Rieger et al.,
2008). A pievazné z tohoto pohledu je nazirano na kolonie v pribéhu celé prace, tedy ne jako
na epifenomén hromadéni se jednotlivych bakterii, ale jako na mnohobunétné, nebo 1épe
feceno proto-mnohobunécné bakterialni télo srv. (Ben-Jacob, Cohen, & Gutnick, 1998; Ben-
Jacob, 2003; James A Shapiro, 1995; James Alan Shapiro & Dworkin, 1997).

Serratia marcescens

Modelovym organismem nasi skupiny je Serratia marcescens, morfotyp F. Ten byl
pojmenovan podle vzhledu kolonie, ktery diky vystouplému sttedu, propadlému mezikruzi a
Znovu vystouplému okraji pfipomina fontanu.

Jasné strukturovany profil kolonie spole¢n¢ se zménami barevnosti struktur bez nutnosti
umélé vizualizace poskytuje vyhodu v pozorovani diferenciace bakterii v rdmci kolonie, na
rozdil od umé¢lé vizualizace srv. (Shapiro, 1995). Tato diferenciace a cel& morfogeneze F
kolonie se stala pfedmétem zajmu nasi skupiny (Cepl et al., 2010; Rieger et al., 2008).
Takto by se daly shrnout vysledky z ptedchoziho zkoumani:

V pribéhu morfogeneze F kolonie byly zaznamenany tfi kritické body:



Rozrustani stfedu a pfechod na strukturu mezikruzi

Stfedova ¢ast se vyviji béhem prvniho a druhého dne vyvoje kolonie do priméru 2 mm, nebo
po celé plose inokula¢niho prostoru. Poté nésleduje riist struktury mezikruzi, ale pouze

Vv piipad¢, Ze kolonie nebo rostouci Gtvar neptekroci kritickou hodnotu pro riist mezikruzi a
jeji okoli neobsahuje nadkritické mnozstvi jiného nartistu nebo signalu od jinud. Faktor, ktery

urcuje prechod stted-mezikruZi, se této fazi vyzkumu nepodafilo identifikovat.

Rozrustani mezikruzi a pifechod na strukturu lemu

Mezikruzi standardné roste mezi druhym az patym dnem do praméru kolonie 10 mm, a potom
vlivem faktoru, ktery je rastem klonu F produkovan, ptechdzi do struktury lemu. Pti zvySeni
jeho koncentrace jinym narlistem, a to i za pfepazkou nebo jeho lokalni akumulaci (napf.
okraj agaru, zmensSeny agar), dochazi k prekonani kritické koncentrace, a tak k zastaveni

vyvoje mezikruzi a zacatku rastu lemu.

Rozrustani lemu a zastaveni rustu kolonie

Lem roste standardné mezi patym a sedmym dnem do priméru kolonie cca 14,5 mm. Pokud
je inokulaéni ter¢ik vétsi nez kriticka hodnota priiméru kolonie pro tvorbu mezikruzi,
struktury stiedu a lemu splynou, a primér takového utvaru bude mit velikost inokula¢niho
ter¢iku plus pfirtstek cca 2 mm na kazdé strang. Velikost kolonie je mensi v prostiedi chudém

na ziviny, v hustém narastu, v omezeném prostoru, v blizkosti vyvinuté kolonie nebo makuly.

Materiél a metodika

Pro sledovani morfogeneze kolonii jsme pouzivali prevazné klasické mikrobiologické
techniky; plynnou analyzu jsme délali pomoci metody SIFT-MS; dokumentace fotoaparatem
Olympus C-5050Z00M na prosvétlovacim panelu (Fomei, LP-400) nebo pod binokularni
lupou; pro Casosbérna videa jsme pouzivali program QuickPHOTO. Pro ovéteni pfibuznosti

klonti bylo pouzito metody porovnani PCR fingerprintt.



Cile prace
Prvnim cilem bylo rozvinout téma morfogeneze kolonii S. marcescens morfotypu F a pokusit
se identifikovat plynny morfogen zodpovédny za prechod struktury mezikruzi do struktury

lemu a dale charakterizovat ptipadné dalsi faktory, které ovliviiuji morfogenezi kolonie.

Kromé faktort ovliviiujicich morfogenezi produkovanych S. marcescens samotnou jsme
studovali i vliv faktorti pochéazejicich od jinych organismu. Jiné bakterialni kmeny mohou
prispét novou kvalitou do naslednych interakci. Nasim dal§im cilem bylo charakterizovat

takové mezidruhove interakce a sledovat jejich vliv na morfogenezi F kolonie.

Cpavek, ktery byl v pritbéhu prace uréen jako jeden z faktorti ovlvitiujicih morfogenezi
kolonie, byl popsan jako faktor indukujici resistenci na antibiotika. Nasim dal$im cilem bylo
studium a dalsi charakterizace fenomenu indukované resistence k antibiotikiim popsané v

(Bernier et al., 2011; Heal & Parsons, 2002; Lu, 2004) u naSich modelovych organismti.

Vysledky

Rozvinuti morfogeneze

Podatilo se nam uréit faktor, ktery ovliviiuje piedchod mezikruzi-lem jako amoniak. Pii
koncentraci 0,1% roztoku ¢pavku jsme pozorovali miru ovlivnéni morfogeneze F kolonii
podobnou jako jiz diive pozorované ovlivnéni 3 dny starou makulou za piepazkou — tj.
kolonie normalni velikosti, ale bez typické F struktury.

Dokazali jsme, ze bakterialni narist sam amoniak produkuje: plynna analyza metodou SIFT-
MS odhalila v plynné fazi nad tfi dny starou makulou koncentraci ¢pavku v hodnoté 27185
ppb (parts per billion), coz je zhruba 150x vice, nez bylo zméteno nad kontrolnim zivnym
mediem.

Dale jsme sledovali jsme zmény pH v okoli kolonii pomoci pH indikatoru (fenol¢erven) a
zaroven métenim pH v agaru. Jak jsme piedpokladali, amoniak alkalizuje prosttedi. Navic
jsme zjistili, ze béhem prvnich dvou dni se v bezprostiedni bliskosti kolonie (i pies pufracni
kapacitu zivného agaru) snizuje hodnota pH z pivodnich 7,2 zhruba na hodnotu 6. Acidické
prostiedi vydrzi zhruba do patého dne, potom pH za¢ne stoupat az na hodnotu 8,6 a prostiredi

uz zustane nadale alkalické.



Pii zkoumani charakteru zmén pH v okoli kolonie jsme zjistili, Ze alkalizace probiha dfive
v mistech, kde je hustota kolonii lokalné¢ zvySena, coz potvrzuje nase ocekavani, Zze
koncentrace signalu se lokdlné zvySuje. Piikladem je setkani dvou kolonii. Pii vizualizaci pH
v okoli takto sousedicich kolonii pozorujeme zasaditou oblast na spojnici, kdezto na
odlehlych stranach je hodnota pH v prostiedi stale okolo 6.

Bylo ukédzano (Solé, Rius, & Lorén, 2010), ze kdyz se k bakteriim Serratia marcescens piida
glukosa, za¢nou ji pfednostné metabolizovat, a to vede k acidifikaci prostfedi (posun asi o 1,5
jednotky), prevazné diky produkci kyseliny octové, pyrohroznové a citronové, které bakterie
vylucuji do prostredi. Takto snizené pH vede k snizeni produkce prodigiosinu. Snizeni pH i
jinymi faktory vedlo ke stejnym vysledkim. Naopak zvySeni pH na hodnotu 7.5, i pfes
pritomnost glukosy, vedlo ke zvySeni produkce prodigiosinu (Sole, Francia, Rius, & Loren,
1997; Solé, Rius, Francia, & Loren, 1994). Shodn¢ s tim (Nijland & Burgess, 2010) referuji o
indukci tvorby prodigiosinu pisobenim ¢pavku, coz souhlasi s nami pozorovanym ristem

pigmentované struktury lemu na ukor nepigmentované struktury mezikruZzi.

Zmény pH koreluji se zménami struktur kolonie tak, jak se objevuji v morfogenezi. Z
predbéznych vysledki lze stanovit, Ze struktura stfedu roste v prvnim a ¢asteéné v druhém dni
pii neutrdlnim pH agaru. Struktura mezikruzi se objevi béhem druhého dne, kdyz vyvoj
kolonie vstoupi do kyselé faze pravdépodobné zplisobené metabolismem glukosy. Kysela faze
je potom vystiidana fazi alkalickou zpiisobenou produkei ¢pavku, ktery byl jiz dfive ur¢en

jako faktor, ktery zprosttedkovava piechod mezikruzi v lem.

Ukazka vizualizace zmén pH v okoli rostoucich
kolonii:

nahote: Vyvojova fada kolonie S. marcescens na agaru
s pH indikatorem;

dole: interakce dvou F kolonii 4. den vyvoje




»Gnotobiologické*“ zkoumani S. marcescens, S. rubidaea a E. coli

Sledovali jsem rozmanité typy vzajemnych interakci mezi riznymi bakterialnimi kmeny.
Nejprve jsme studovali vyvoj kolonii riznych kmeni ve vzajemném sousedstvi.

Kolonie S. marcescens vzdy reaguje na cizi narust vytvorenim sirokého bilého lemu - nejprve
smerem k cizimu nartstu, potom po celém jejim obvodu.

Interakce S. marcescens se S. rubidaea:

Pii pfimém kontaktu kolonie S. rubidaea kolonii S. marcescens obrista kolem dokola tenkou
linkou — coz S. marcescens znemozni dal$i rozrustani. Tato tenka linka se potom mohutné
rozroste.

Interakce S. marcescens s E. coli:

U E. coli pozorujeme vyraznou inhibici ristu smérem k S. marcescens. Tato repulze se
prohloubi, pokud budeme kolonie inokulovat do vétsi blizkosti nebo budeme E. coli
inokulovat ke star$i kolonii S. marcescens. Toto je pravdépodobné zpiisobeno plisobenim tzv.
marcescinu (Fuller & Horton, 1950) — tj. faktoru podobného colicintim.

Interakce S. rubidaea a E. coli:

Pii blizkém sousedstvi dojde k pohlceni kolonie S. rubidaea kolonii E. coli. Cim je jejich
vzdalenost mensi, tim vyrazngjsi je pohlceni.

Sledovali jsme vyvoj smési ruznych bakterialnich druhti — tzv. chimerické kolonie vzniklé
inokulaci v poméru 1:1.

V chimerickych koloniich pfedpokladdme rovnomérné rozlozeni bakterii obou typti po
obvodu inokulacni kapky, ale ve vysledku je okraj zcela zabran jednim z partnerti. V tomto
usporadani se odrazi jiz popsané vzajemné interakce, takze pozorujeme pievahu S. rubidaea
nad S. marcescens, kde S. rubidaea uplatni svou vlasnost obrust, a ptevahu E. coli nad S.
rubidaea, kde je vidét ¢aste¢na snaha S. rubidaea o rozrosteni do prostoru, ale zéhy je
uvéznéna proudy E. coli; v ptipadé chiméry S. marcescens a E.coli jsme pozorovali obé
varianty. Zda dojde k situaci, ze se E. coli rozroste, predpokladame, Ze zaleZi na prvnich
momentech po inokulaci, kde dojde k zavodu zda se E. coli rozroste do prostoru a zamezi tak
S. marcescens moznost dalSiho rozristani, nebo jestli S. marcescens stihne dostate¢né rychle
vyprodukovat repulzni faktor a zabranit tak E. coli v rastu. Smés vSech tii klond potom
ukazuje kombinaci vSech piedchozich interakci. Pozorovali jsme dva mozné vysledky:
prevahu S. rubidaea, nebo E. coli, kde ptedpokladame, ze znovu zalezi na zavodu S.
marcescens a E. coli — vitéz se potom utka se S. rubidaea. Tyto vztahy jsme sumarizovali do

systému analogickému s hrou kamen-ntzky-papir.



Zarovein pracujeme na vytvoreni metody pro neinvazivni detekci poméra jednotlivych kloni
podle plynnych fingerprintti. Byla navrzena prvni verze matematického modelu k propocitani
poméra jednotlivych klonti ve smési ze slozeni plynnych latek. Tato metoda by v dalSim
kroku mohla vést také k diagnostice superinfekci nebo infekci, kde se nachazi nékolik

infek¢nich variant z dechu pacienta.

Interakce S. marcescens (F), S. rubidaea (R) a E. coli (Ec) sumarizované do heterarchie

pripominajici hru kamen-nizky-papir

Indukovana resistence k ampicilicnu

Testovali jsme fenomén indukované resistence v nasem systému se S. marcescens, S.
rubidaea a E. coli. Pro ziskani indukované resistence jsme pouzili délenou misku, kde

v jednom kompartmentu byl zivny agar s glukosou (= ZAG) bez antibiotika, na ktery byla
inokulovana makula F, R nebo roztok épavku a v druhém kompartmentu byl ZAG

s ampicilinem. Makuly a roztok épavku pusobily tii dny svou plynnou fazi na ZAG s
ampicilinem, kontrolou byla miska s ZAG a ampicilinem ve stejnych podminkach, ale bez
ovlivnéni makulou nebo roztokem ¢pavku. Po tiech dnech jsme na zivny agar s ampicilinem a
na kontrolni misku vyseli suspenzi F, R nebo Ec.

V ptipad€ vysevu S. marcescens jsme pouzili koncentraci ampicilinu v mediu 300 pg/ml.

Na kontrolnim ZAG s ampicilinem i na ZAG s ampicilinem vystavenému ptisobeni makuly F
jsme rast kolonii nepozorovali. Aviak na ZAG s ampicilinem vytavenému pasobeni 0,1 %

roztoku ¢pavku jsme pozorovali 33 % narlst oproti kontrole.



V piipadé obdobného pokusu se S. rubidaea jsme pouzili koncentraci ampicilinu 10 pg/ml.
Pii vyseti na ZAG s ampicilinem pod tiidennim vlivem makul R, F, nebo roztoku &pavku
vyrostlo vzdy 100 % kolonii oproti kontrole.

Pii vysevech E. coli jsme pouzili koncentraci ampicilinu 10 pg/ml. Narast jsme pozorovali
pouze na ZAG s ampicilinem, ktery byl vystaven tiidennimu ptisobeni roztoku &pavku (100 %
oproti kontrole), makuly Ec, F ani R zvySenému pteziti nepomohly.

Ve vsech ptedchozich ptipadech plisobeni makul, nebo roztoku ¢pavku zpiisobilo alkalizaci
prostiedi v sousednim ZAG s ampicilinem na hodnotu pH mezi 8,3 a 8,6dale jsme vynechali
¢pavkovy signal a vyvolali indukovanou resistenci pouze alkalickym prostiedim.

Do ZAG s 300 pg/ml ampicilinu jsme aplikovali roztok TRISu tak, aby se pH zvysilo na
hodnotu 8,5. Na takové medium jsme vyseli S. marcescens a kolonie narostly na 69% oproti
kontrole. Z toho vyplyva zasadni poznani, Ze neni nutny vliv ¢pavku ptimo, ale staci pouze
vliv zvySeného pH.

Vliv zvySeného pH se miize projevit ve fyziologii bakterii ve smyslu spusténi SOS reakci a
tim 1 zvySené rezistence proti antibiotikiim (Miller et al., 2004). Abychom otestovali tuto
hypotézu, odd¢lili jsme proces alkalizace media s ampicilinem a rtst bakterii.

Ampicilin jsme pred piidanim do ZAG inkubovali v alkalickém prosttedi co nejpodobnéjsim,
jako je prostfedi na miskach. Do zkumavky jsme aplikovali ZBG, ampicilin a agens (amoniak
nebo TRIS), kterym jsme zvysovali pH na hodnotu cca 8,5 (coz odpovida hodnoté pH na
ZAG vystavenému tiidennimu ptisobeni makul nebo roztoku &pavku) a ponechali 24h

ve 27°C. Poté jsme tento roztok piidali do ZAG tak, aby koneéna teoreticka koncentrace
ampicilinu (tj. kdyby nedoslo k jeho rozkladu) odpovidala 300 pg/ml. Pfidani roztoku
neovlivnilo pH ZAG a to zistalo na hodnoté 7,2. Po vyseti S. marcescens na toto medium
narostlo 47 % (pti zvySovani pH ¢pavkem), resp. 100 % (pti zvySovani pH TRISem) kontroly
na mediu bez ampicilinu.

Kdyz jsme do zkumavky aplikovali pouze ZBG a ampicilin (pH tohoto roztoku bylo 7,2),
nechali 24h ve 27°C a poté smisili s ZAG (teoretick4 koncentrace ampicilinu 300 pg/ml), S.
marcescens na takovém mediu nevyrostla. Z toho plyne, Ze v prvnim ptipadé doslo

k inaktivaci ampicilinu v prostiedi se zvySenym pH simulujicim podminky v agaru
vystavenému plisobeni makul nebo roztoku ¢pavku, poptipadé agaru, jehoZ pH bylo vyseno
TRISem.

Abychom ov¢tili, zda ampicilin nerozklada néktera ze slozek zivného media, stejny postup

jsme zopakovali za pouziti fosfatového pufru a TRISu. I zde doslo k inaktivaci ampicilinu.
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Na zakladé€ vyse uvedenych vysledki jsme dosli k zavéru, ze role ¢pavku pii indukované
resistenci na antibiotika spoc¢iva v alkalizaci prostiedi, ve kterém se ampicilin inaktivuje.
Nase vysledky ovSem nevylucuji i jinou roli ¢pavku pfi zvySené resistenci, nez inaktivaci
antibiotika. Ud¢lali jsme podobny pokus za pouziti amoniaku k ovlivnéni bakterii pred
pobytem v antibiotiku. Nase pfedb&ézné vysledky naznacuji, ze u amoniakem ovlivnénych
bakterii také dochazi ke zvySeni poctl piezivsich v prostredi s antibiotiky — dostavame

¢tyfnasobné vice ptezivsich nez neovlivnéné populace.

Nejprve se makula nechd rozrist (3 dny) a

potom se do sousedniho kompartmentu s R/IZAG +amp 10ug/ml  R/IZAG + amp 10ua/mli
ampicilinem pfida vysev bakterii .

Stejnd procedura, poute se misto makuly R/ ZAG " RIZAG R/ ZAG

pouZije roztok ¢pavku, vysev bakterii se +amp 10pg/ml

provede okamZité po aplikaci ¢pavku

+amp 10pg/ml
3/‘/—\"7

Ampicilin a ¢pavek
nechény 24 h
v roztoku s pH 8,5

ZBG (pH 7,2) f24h ZBG+ amp ZBG + amp
(pH 7,2) 124h +amoniak (pH 8,4) /24h

¥ Tento roztok byl poté
' aplikovan do Zivného
|| agaru, kde se i po

aplikaci zachovalo pH

Srovnani pisobeni plynnych latek produkovanych makulou a roztoku ¢pavku na
bakterie rostouci na mediu s ampicilinem a ptisobeni ¢pavku pouze na ampicilin:

nahofte: vliv 3 dny staré makuly na "indukci resistence"
uprostied: vliv roztoku ¢pavku na "indukci resistence"
dole: inaktivace ampicilinu roztokem ¢pavku



Zavéry

Na rozdil od béznych mnohobunéénych organismi nemaji bakterie vlastni systém izolace od
vnéjSich vlivli pro ucely ontogeneze. My muzeme nabidnout prostfedi Petriho misky, ve
kterém bude kolonie od okolnich vztahti izolovana. Zde se ukaze morfogeneze

mnohobunééného celku — kolonie.

V navaznosti na minuld zjisténi jsme identifikovali amoniak jako morfogen zpiisobujici
pfechod od riistu struktury mezikruzi k ristu struktury lemu.

Béhem vyvoje kolonie jsme také pozorovali zmény pH media v jejim okoli - nejprve
acidifikaci okoli (pH 7,2 -> pH 6) do vzdalenosti n€kolika milimetr od okraju kolonie,
pozdéji naopak alkalizaci prostfedi na pH 8,6 a to v rozsahu celé¢ Petriho misky. Stiidani
téchto tfi fazi (neutralni, acidické a alkalické) Casové koreluje se zménami rustu struktur
kolonie (stfed, mezikruzi, lem). Acidifikace media je zplsobena pravdépodobné produkty
metabolismu glukosy, v mediu bez glukosy acidifikaci nepozorujeme. Faktor, ktery ovliviiuje
prechod z acidické do alkalické faze jsme znovu ur¢ili jako amoniak.

Zda se, ze acidifikace media je dilezita pro rust struktury mezikruzi, zaroven to vSak neni
jedina podminka. Jak ukazuje rist na mediu s ampicilinem v rozmezi 10 pg/ml az 200 pg/ml,

kde acidickou fazi ristu kolonii pozorujeme, ale struktura mezikruzi se neobjevi.

,,Gnotobiologické” zkoumani S. marcescens, S. rubidaea a E. coli ukazalo rozmanité typy
vzajemnych interakci: Obrustani kolonii S. marcescens koloniemi S. rubidaea; repulze ristu
E. coli vlivem kolonii S. marcesens; pohlcovani kolonii S. rubidaea koloniemi E. coli nebo
tvorbu Sirokého, bilého lemu kolem kolonii morfotypu F S. marcescens pisobenim nartstu E.
coli, S. rubidaea a dokonce i jeho dcefinym morfotypem M.

Ve vyvoji chimérickych kolonii, slozenych ze smési dvou klont, Se odrazi jiz popsané
vzajemné interakce. Tyto vztahy jsme sumarizovali do systému analogickému s hrou kamen-
nizky-papir.

Zaroven pracujeme na vytvoreni metody pro neinvazivni detekci pomért jednotlivych kloni

podle plynnych fingerprintt.

Ukazali jsme vliv ampicilinu na morfogenezi kolonii S. marcescens morfotypu F jiz od

urovné fadové nizsi, nez kterd snizovala pocet kolonii ve vysevu oproti kontrole.
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Vysvétleni indukce resistence na ampicilin pozorované Heal & Parsonsem které podali
Bernier et al., Ze se jedna o zménu fyziologie bakterii smérem k resistenci se v nasem systému
nepotvrdilo — resp. ukazali jsme, Ze role ¢pavku pifi indukované resistenci na antibiotika
spociva spisSe v alkalizaci prostfedi, ve kterém se ampicilin inaktivuje. Zaroven jsme ukazali,
7e signalni populace, kterou Heal & Parsons pouzili, byla schopna jiz béhem 24h alespon
Casteéné alkalizovat sousedni kompartment.

Ptimo tim ale nevylu€ujeme roli ¢pavku ve zméné fyziologie bakterii vedouci ke zvySené
odolnosti proti antibiotikim. Naopak, naSe pfedbézné vysledky ukazuji, Ze bakterie vystavené
plisobeni amoniaku tésné pied pobytem v prostiedi s ampicilinem piezivali se ¢tyfnasobnou

uspesnosti proti neovlivnéné kontrole.
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Introduction

Great systematist, Carl von Linné, ranked all microscopic organisms, without further
specification, in the class "chaos”. And to make clear that he did not intend to deal with them
any further, he added a statement: "God did not want us to learn about microscopic
organisms, so he made them so small."

To some extent, Linné"s objection is still valid - microscopic organisms can be seen only by
their collective manifestations - epiphenomena - concomitants of their hidden life. We can see
only their impact on our macroscopic world (e.g. fermentation, disease), but not them. Armed
with a scientific devices we can see - in terms of detection of chemicals, reading sequences of
DNA, viewing images from the microscope, etc. - bacterial symptoms in detail, but again, we
almost lack direct experience with them - we do not have access to the bacteria in the original,
we only get the mediated data.

Similarly, we do not have direct experience with individual cells in the body of the mouse, but
we can have direct experience with the mouse itself. Macroscopic colonies offer such unique
opportunity from bacterial world. We started to think about bacterial colonies as multicellular
bodies with their own ontogenesis (Rieger et al., 2008; Neubauer, 2002). We see bacterial
colonies throughout the work primarily from this point of view, not as an epiphenomenon or
the random accumulation of bacteria, but as multicellular, or better proto-multicellular
bacterial body (Ben-Jacob, et al., 1998; Ben-Jacob, 2003; James A Shapiro, 1995; James
Alan Shapiro & Dworkin, 1997).

Serratia marcescens

Our model organism is Serratia marcescens, morphotype F. It was named by the appearance
of it’s colonies, which, thanks to elevated navel, lower interstitial ring and again elevated rim
reminds fountain.

Clearly structured profile of colonies together with changes of coloration of structures,
without need of artificial visualization, provides the advantage for observing differentiation in
the colonies (Shapiro 1995). The differentiation and morphogenesis of the F colonies
becomes the subject of interest to our group (Cepl et al., 2010; Rieger et al., 2008).

During morphogenesis of F colonies, we recorded three critical points:
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Growth of the central navel and the transition to interstitial ring structure

The central navel is developed during the first and second day of colony development to
diameter of 2 mm, or on the entire surface area of the inoculation. Growth of the interstitial
ring structure follows, but only if the colony does not exceed a critical diameter for the growth
of the interstitial ring and its surroundings does not exceeds critical amount of signals from
other colonies. The factor that determines the transition central navel- interstitial ring, was not

identified this phase of the research.

Growth of the interstitial ring and the transition to the rim structure

Interstitial ring normally grows between the second and the fifth day to the diameter of colony
10 mm, and then due to a factor that is produced by the growth of clone F, transfers into the
rim structure. Increasing the concentration of the factor by another growth, even behind a
partition, or by the local accumulation (e.g. edge of agar) to the value that overcomes the
critical concentration, leads to the stop of the interstitial ring structure development and start

of growth of the rim structure.

Growth of the rim and the stop of the growth of colonies

Rim normally grows between the fifth and seventh day till colony diameter about 14.5 mm. If
the inoculum disc is greater than the a critical diameter for the growth of the interstitial ring,
central navel and rim structure merge together. The diameter of such body will have a size of
inoculation plus increment about 2 mm on each side. Colony size is smaller in an environment
poor in nutrients, in heavy growth, in the limited space, near developed colony or near the

macula.
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Material and Methods

To study morphogenesis of colonies, we used mainly classical microbiological techniques;
documentation was done by Olympus C-5050Z00M with the transilluminator (Fomei, LP-
400) or under a binocular magnifier; for time-lapse videos we used QuickPHOTO software.
To verify the kinship of clones we compared PCR fingerprints; gas analysis was done using
the SIFT-MS method.

Aims

The first goal was to develop a theme of morphogenesis of S. marcescens colonies,
morphotype F, and try to identify gas morphogen responsible for the transition from the
interstitial ring structure to the rim structure and further characterize any other factors that

might be involved in the morphogenesis of colony.

In addition to the factors influencing the morphogenesis of S. marcescens alone we were
interested also if we'll see effect of the factors derived from other organisms. Other bacterial
strains may contribute with new quality in subsequent interactions. Our next goal was to
characterize such interspecific interactions and monitor their effect on the morphogenesis of F

colony.

Ammonia, which was in the course of work identified as one of the factors affecting the
morphogenesis of the colony, was also described as a factor inducing resistance to antibiotics.
Our next goal was to study the phenomenon of induced resistance to antibiotics described in

(Bernier et al., 2011; Heal & Parsons, 2002; Lu, 2004) in our model organisms.

Results

Morphogenesis

We identified the factor that affects interstitial ring-rim transition as ammonia. At a
concentration of 0.1% ammonia solution, we observed degree of influence at F colonies
morphogenesis similar to previously observed effect of 3 days old macula separated in other
part of segmented Petri dish - i.e. colonies of normal size, but without the typical F structure.
We showed that bacterial growth itself produces ammonia: gas analysis method SIFT-MS
revealed in the gas phase above three days old macula concentration of ammonia in the
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amount of 27 185 ppb (parts per billion), which is about 150 times more than was measured
above the control nutrient medium .

We have also observed changes in pH in medium near colonies using pH indicator
(phenolred). As expected, ammonia alkalized environment. Furthermore, we found that
during the first two days near colonies (despite the buffering capacity of the nutrient agar), pH
is lowered from the initial 7.2 to about 6. Acidic environment lasts until about the fifth day,
then the pH will rise up to 8.6 and it will remain alkaline. pH changes correlate with changes
in colony structures as they appear in the morphogenesis.

When examining the nature of the changes in pH around the colony, we saw that alkalization
takes place earlier in areas where the density of the colonies is locally increased, which
confirms our expectation that the concentration of signal can be locally accumulated. An
example is the encounter of two colonies. When visualizing pH in the vicinity of neighboring
colonies, we can observe alkaline region at the junction, while around the remote sides of
colonies, the pH of the environment is still around 6.

From preliminary results can be indicated that the structure of central navel grows in the first
and partly in the second day at neutral pH as a default growth. The structure of the interstitial
ring appears on the second day, when the development of the colony enters the acidic phase,
probably due to the metabolism of glucose. The acidic phase is then replaced by alkaline
phase caused by the production of ammonia, which was previously identified as a factor that

mediates interstitial ring-rim transition.

»Gnotobiological“ examination of S. marcescens, S. rubidaea and E. coli

As expected, we observed various types of interactions:

Colonies F always reacts to foreign growth by creating broad white rim - at first towards a
foreign growth, then all around its perimeter.

Interaction of S. marcescens and S. rubidaea: at first, S. rubidaea colonies envelop S.
marcescens colonies with thin line - which prevents S. marcescens from further grow.
Interaction of S. marcescens and E. coli: We observe significant inhibition of E. coli growth
toward S. marcescens. This repulsion will increase if we inoculate colonies into closer vicinity
or inoculate E.coli to the older F colony. This is probably due to the effect of the marcescin
(Fuller & Horton, 1950) - i.e. factor like colicin.

Interaction of S. rubidaea and E. coli: In the close vicinity, E. coli colony tends to absorb S.

rubidaea colonies. Lesser the distance is, the greater is the absorption.
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In the chimeric colonies, we assume the uniform distribution of both types of bacteria on
perimeter droplets after inoculation, but the result is completely confiscated edge by one of
the partners. In this annexation are reflected described interactions, as we observe victory of
S. rubidaea over S. marcescens, where S. rubidaea applies its feature to wrap its S.
marcescens partenet; a victory of E. coli over S. rubidaea, where we can see a partial effort of
S. rubidaea to grow, but it is trapped by currents of E. coli growth. In the case of S.
marcescens and E. coli chimera we observed both variants of victory. We suppose that it
depends on the first moments after inoculation, when occurs the race if E. coli grows in space
and thus cuts off S. marcescens from sources and from the possibility of further grow, or
whether S. marcescens manages to produce a repulsion factor fast enough and prevent E. coli
from growth. A mixture of all three clones then shows a combination of all previous
interactions and we observe two possible outcomes: victory of S. rubidaea, or E. coli, where
we assume that again depends on the struggle between S. marcescens and E. coli - the winner
will then compete with S. rubidaea. These interactions are summarized in system analogous

with the game of rock-paper-scissors.

Induced resistance to ampicillin

We tested whether the observed phenomenon of induced resistance can be seen even in our
system with S. marcescens, S. rubidaea and E. coli. To get the induced resistance, we used
segmented Petri dish, where in one compartment was nutrient agar with glucose (= NAG)
without antibiotics, on which we inoculated either S. marcescens, S. rubidaea macula, or
ammonia solution and in the second compartment was NAG with ampicillin. Macula and
ammonia solution were kept for three days and influenced NAG with ampicillin by its
gaseous phase. After three days, we sown S. marcescens, S. rubidaea or E. coli on nutrient
agar with ampicillin influenced by gaseous phase of maculae or ammonia solution.

In the case of sowing S. marcescens, on the control NAG with ampicillin (300 pg/ml) as well
as on NAG with ampicillin exposed to effect of S. marcescens or S. rubidaea macula, we
haven’t seen any colony growth. However, on NAG with ampicillin exposed to 0.1 %
ammonia solution, we observed a 33 % growth compared to the control.

In case of a similar experiment with S. rubidaea, on NAG with ampicillin (10 ug/ml) under
three days of influence of S. marcescens or S. rubidaea or ammonia solution grew 100 % of
colonies compared to control.

In case of a similar experiment with E.coli, on NAG with ampicillin (10 pg/ml) under three

days of influence of S. marcescens or S. rubidaea, we haven’t seen any colony growth, on
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NAG with ampicillin exposed to 0.1 % ammonia solution, we observed a 100 % growth
compared to the control.

In all previous cases, maculae or ammonia solution caused alkalization in neighboring agar
with ampicillin to pH value from 8.3 to 8.6. We have tried to substitute the ammonia signal
with only alkalization of media.

In NAG with 300 pg/ml ampicillin were applied solution of TRIS so that the pH is increased
to 8.5. At such medium, we sown S. marcescens colonies and get grown to 69 % compared to
the control. This shows that impact of ammonia is in the increasing of pH.

We separated the process of alkalizing medium with ampicillin and the bacterial growth.
We made an experiment where we treated ampicillin in alkaline solution as similar to the
environment on the plates as possible, before adding to NAG: In the test tube, we applied
nutrient broth, ampicillin and an agent (ammonia or TRIS) to increase the pH to about 8.5
(which corresponds to a pH value of to NAG exposed for three days to the effects macula or
ammonia) and left for 24 hours in 27°C. Then we added this solution to NAG so the
theoretical final concentration of ampicillin (i.e. if not decomposed) corresponded to 300
pg/ml. The addition of this solution did not affect the pH of NAG and it remained 7.2. After
sowing of S. marcescens on this medium, we saw 47 % (when raising the pH by ammonia),
respectively 100 % (when raising the pH by TRIS) of control growth on media without
ampicillin.

When we applied to the test tube solution of nutrient broth and an ampicillin only (pH of the
solution was 7.2), and left for 24 hours in 27°C and then mixed with NAG (theoretical
concentration of ampicillin was 300 pg/ml), S. marcescens sown on media will not grow.
Based on the results above, we conclude that the role of ammonia in the phenomenon of
induced resistance to antibiotics involves alkalization of the environment in which is the
ampicillin inactivated. Support for this hypothesis can be find in the literature.

However, our results do not exclude a different role of ammonia in the resistance rising than
destruction antibiotics.

We did experiment using ammonia to affect the bacteria prior to their stay in the ampicillin.
Our preliminary results suggest that ammonia also affect bacteria to increase the number of
survivors in an environment with ampicillin — we have seen four times more survivors than

the unaffected population.
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Summary

Unlike conventional multicellular organisms, bacteria lack their own system of isolation from
external influences for the purpose of ontogeny. We can provide environment of the Petri dish
in which the colony will be isolated from outside relationships. The morphogenesis of the

multicellular unit - colonies will appear here.

Building on previous findings, we have identified ammonia as a morphogen causing the
transition from growth of interstitial ring to the growth of rim structure.

During the development of the colony, we have also experienced changes of pH of the
medium in its vicinity - at first acidification of neighborhood (pH 7.2 -> pH 6) within a
distance of several millimeters from the edge of colony, and later alkalization of the
environment to the value of pH 8.6, to the extent of the entire Petri dish. Transitions of these
three phases (neutral, acidic and alkaline) time-correlated with changes in the growth of the
structures of colony (central navel, interstitial ring, outer rim). Acidification of the media is
probably caused by products of metabolism of glucose. In the medium without glucose,
acidification have not been seen. Factor that causes the transition from acidic to alkaline phase
was again identified as ammonia.

It seems that acidification of media is important for the growth of interstitial ring structure,
but at the same time, it is not the only condition. It is illustrated by the case of growth on the
medium with ampicillin in the range of 10 ug/ml to 200 pug/ml, where the acidic phase of

growth of colonies is observed, but the structure of interstitial ring does not appear.

In ,,gnotobiological“ examinations we observed various types of interactions:

Colonies F always reacts to foreign growth by creating broad white rim - at first towards a
foreign growth, then all around its perimeter.

Interaction of S. marcescens and S. rubidaea: at first, S. rubidaea colonies envelop S.
marcescens colonies with thin line - which prevents S. marcescens from further grow.
Interaction of S. marcescens and E. coli: We observe significant inhibition of E. coli growth
toward S. marcescens. This repulsion will increase if we inoculate colonies into closer vicinity
or inoculate E. coli to the older F colony. This is probably due to the effect of the marcescin
(Fuller & Horton, 1950) - i.e. factor like colicin.

Interaction of S. rubidaea and E. coli: In the close vicinity, E. coli colony tends to absorb S.

rubidaea colonies. Lesser the distance is, the greater is the absorption.
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In case of chimeric colonies are reflected interactions as described above. These interactions
are summarized in system analogous with the game of rock-paper-scissors.

We have shown the effect of the ampicillin on the colony morphogenesis of S. marcescens
morphotype F from levels far lower than those that would reduce the number of colonies in
sowing on the dish.

Explanations of induced resistance to ampicillin observed Heal & Parsons and explained by
Bernier et al., that involves modifying of the physiology of bacteria towards resistance is not
consistent in our system. We have shown that the key role of ammonia in the induced
resistance to antibiotics is in alkalization of the environment in which is the ampicillin
inactivated.

But this does not directly rule out a role of ammonia in changing the physiology of bacteria
towards increased resistance to antibiotics. According to our preliminary results, bacteria
exposed to ammonia immediately before stay in an environment with ampicillin survived four

more against unaffected controls.
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