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ABSTRAKT

ey

Tato prace se zaméfuje na diverzitu mikroorganismu prokaryotického typu zijicich v prostiedi
mikrobialni dekompozice i tvorby sulfidickych mineralt a zkouma zde vztah mezi slozenim
mikrobialnich komunit a geochemickymi procesy. V prostiedi rozsahlého a ¢astecné
vytézeného loziska sulfidickych rud byly poprvé charakterizovany mikrobidlni komunity v
gossanu a jejich role v ramci ekosystému. Kromé toho byla srovnana mikrobialni
spolecenstva ze stanovist typickych pro tvorbu a pfemény kyselych dtlnich vod (AMD) a
byla nalezena diferenciace nik mezi ptibuznymi mikroorganismy. Nalez neobvykle
variabilnich mikrobidlnich komunit v biostalaktitech rostoucich na vyvérech AMD byl vyuzit
pro detekci neutralni variability mikrobialnich spolecenstev. Bylo zjisténo, ze jednoduché
mikrobialni komunity nevykazuji podobnost podle lokality, ackoliv podobnost prostredi
lokalitam odpovidala, ale ptfevazné nahodné. Tim se jednoduché komunity 1i$i od vysoce
diverzifikovanych spolecenstev z piidy, sedimenti a dal§ich komplexnich substrati, které
vykazuji vysokou korelaci bioty s faktory prostiedi. Pfedpokladana pii¢ina tohoto rozdilu je
kompozitni charakter bohatych komunit a potlac¢eni nahodnych fluktuaci primérovanim
velkého poctu fyzicky oddélenych mikrokomunit. Tomu nasvédcuje i fakt, ze podobnost
jednoduchych komunit fizené lokalitou byla posilena umélym spojenim nékolika komunit
dohromady. V dalsi ¢asti vyzkumu byly studovany mikrobialni komunity srazejici realgar
(As4S4) v melkém zvodnélém sedimentu. Bylo zjisténo, ze tento sediment obsahuje rizné a
kontrastujici mikrohabitaty, kde v nékterych ptipadech patrné probihaji protichidné d¢je,
napiiklad autotrofni oxidace a disimilativni redukce arzénu. Tento poznatek vedl k formulaci
hypotézy, Ze biogenni tvorba realgaru je zavisla na struktufe prostfedi podmifiujici existenci

mikrohabitatl s vysoce lokalizovanou tvorbou sulfidické siry.



ABSTRACT

This thesis is focused on the diversity of microorganisms of prokaryotic type living in the
environments, where microbial sulfidic mineral precipitation or decomposition occur. The
relationship between the microbial community composition and geochemical processes was
examined. To the best of our knowledge, we were the first to analyze microbial communities
from gossan and their significance for the ecosystem of a large sulfidic ore deposit. In
addition, we compared the microbial assemblies at multiple habitats associated with
generation or transformation of acidic mine drainage (AMD) and described niche partitioning
among closely related organisms. The unexpectedly variable communities in stalactites
growing on the AMD springs were utilized as a model for assessing neutral variability of the
microbial communities. They clustered almost randomly even though the environmental
conditions corresponded with the localities. This is an important difference of the simple
communities from stalactites and the common highly diversified microbial assemblies. The
communities found in sediments, soil, and many other complex substrates usually reveal high
correlation with their environment. We propose that neutral fluctuations of the community
composition are suppressed by averaging multiple physically separated microcommunities in
each highly-diversified microbial community. In agreement with this assumption, the
clustering of the stalactite communities by locality was enhanced by pooling few communities
from a single site together. The microbial communities precipitating realgar (AssSs) in the
shallow saturated sediment were examined in the second part of the study. Various and
contrasting microhabitats were revealed in the sediment. It is probable that opposing
processes, for example autotrophic arsenite oxidation and dissimilative arsenate reduction,
take place in close vicinity. Such a patchy structure of the sediment suggests that the highly

localized intensive sulfate reduction is essential for the realgar formation.
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2. UvoD

Geoveédni obory zabyvajici se procesy v podzemnich vodach a obecné v mélkych
oblastech zemské kiiry chdpou bakterie a archea jako zasadni katalyticky prvek. Aktivita
mikroorganismu zaji$t'uje, Ze na zemském povrchu a Vv mélkém podzemi probihaji redoxni
reakce mezi slou¢eninami, které spolu za danych fyzikalné-chemickych podminek (tlak,
teplota, koncentrace) spontanné nereaguji nebo reaguji velmi pomalu. Pii maximalnim
zobecnéni plati, Ze tyto organismy ovliviiuji Zivotni prostfedi prostiedi tim, Ze maximalni
moznou rychlosti odstranuji stav, kdy koexistuji na jednom misté slouceniny s vyrazné
odlisSnym reduk¢énim potencidlem. Tento vliv je tak silny a rozsiteny, Ze jej ani nejsme zvykli
vnimat jako néco mimotadného. Diky své metabolické a ekologické plasticité hraji v téchto
procesech zasadni roli bakterie a archea. Dale budeme tyto organismy pro zjednoduseni
souhrnné nazyvat prokaryota. Nejde o fylogenetickou skupinu, ale o morfologicky pojem
zhruba znamenajici ,,dopln€k eukaryot™ v ramci buné¢nych organismu.

Metabolicka variabilita prokaryot je znama jiz od prvni poloviny 20. stoleti,
demonstruji ji i klasické Skolni pokusy (napt. Vinogradského sloupec). Hlubsi pochopeni
ekologické role exotickych metabolismu vSak dlouho zpomalovaly obtiZe s detekei a studiem
bakterii a archei. Nas vhled do jejich zivota zaznamenal bouflivy rozvoj teprve s rozsifenim
metod bezkultiva¢ni determinace organismi. Prvni obdobi bylo typické pievratnymi objevy
tykajicimi se Sife mikrobialni diverzity a faktu, ze drtiva vétsina prokaryot je dosud
nekultivovand, a tudiZ v minulosti experiméntalné téméf neptistupna. Nejvyznamnéj$im
objevem z této kategorie bylo vy¢lenéni domény Archaea (ptvodné Archaebacteria) C.
Woesem v roce 1977. K objeviim novych skupin bakterii a archei na Grovni kmene (ve
smyslu Phylum, nikoliv ,,laboratorni kmen*, v tomto vyznamu bude slovo kmen uzivano i
nadale) dochézi stale, stejné jako nelze povazovat za vyfeSené fylogenetické vztahy téchto
kmeni viic¢i sob€. Ditkazem je naptiklad recentni objev n¢kolika desitek kment extrémné
malych a pravdépodobné parazitickych mikroorganismu tvoticich nejspise novou hlubokou
linii bakterii (Hug et al. 2016; Luef et al. 2015). Odhady celkové diverzity prokaryot se dnes
b&zné uvadji v fadu 10°— 107 klasicky definovanych druhii. Mnozstvi popsanych druhd je
ptiblizné 12 000 a rychlost izolace a popisu novych typovych kmenti dosahuje zhruba 600 —
700 za rok (Rossell6-Mora 2012). Z toho plyne, ze kultivacni charakterizece podstatné ¢asti
prokaryotické diverzity je (nechceme-li ¢ekat minimalné 1600 let) technicky neproveditelna i
environmentalnich izolati nezmenSenou rychlosti. Logickym feSenim je vyuziti jinych
zpusobii charakterizace mikrobialnich komunit, coz by mélo byt doprovazeno celkovou
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zménou pohledu na mikrobialni diverzitu. Sekvenovani téméf kompletnich genomi ze
smésnych environmentalnich vzork a rozdé€leni ziskanych kontig do jednotlivych genomi
uz je technicky mozné. Diky tomu lze popsat mikrobidlni procesy na irovni metagenomu
celych komunit a riizn€ kompletnich genomt konkrétnich nekultivovanych organismi. V
soucasné dobé (kvéten 2016) je evidovano 8561 publikovanych genomi bakterii z 35 kment
a 580 genomt archei z 12 kment a jejich celkovy pocet roste rychlosti vice nez 200 za mésic.

Kromé (meta)genomického pohledu je vSak stale zivy pfistup vyuzivajici
k charakterizaci mikrobialnich spoleCenstev jejich molekularni determinaci. Jeho vyhoda je
moznost semikvantitativné vyhodnotit velké mnoZzstvi vzorkt ¢i spoleCenstev pfi relativné
malych néakladech (finan¢nich, ¢asovych i vypocetnich). Velké a rychle rostouci vefejné
databaze sekvenci, napt. NCBI, také predstavuji stale ucinnéjsi nastroj pro ekologickou
charakterizaci mikroorganismt znamych pouze podle sekvence 16S rDNA (tj. genu pro 16S
rRNA). Snadna sekvenace mikrobialnich spole¢enstev spolu s moznosti metaanalyzy dat
z jinych studii dovoluje klast si otazky tykajici se globalni distribuce mikroorganismt (napf-.
Caporaso et al. 2011; Nemergut et al. 2011). Doslo i k vyraznému zlepseni metodiky
srovnavani mikrobialnich komunit diky zavedeni fylogenetické disimilarity (Faith et al. 2009;
Lozupone a Knight 2005) a celkové optimalizaci statistickych metod pro praci se
spoleCenstvy organismt znamych pouze podle podle sekvenci (Caporaso et al. 2010;
Kuczinski et al. 2010).

Environmentalni mikrobiologie v postgenomickém obdobi je schopna nejen pomérné
ucinné chrakterizovat nekultivované organismy, ale i funkci a metabolicky potencial celych
komunit. Stale vsak fesi dosti fundamentalni otazky tykajici se tvorby a slozeni mikrobialnich
komunit. Mimo jiné neni dofeSeno, zda je sloZzeni mikrobialniho spolecenstva na urcitém
misté viceméné deterministickym vysledkem environmentalni filtrace, ktery je pouze hrubé
ovlivnén dostupnosti organismi v dané oblasti, anebo zda hraji vyznamnou roli i ndhodné
procesy béhem tvorby komunity a interakce mezi mikroby. S tim souvisi problém
hyperdiverzity mikroorganismi, tedy otazka, zda obrovska diverzita bakterii a archei, bézné
dosahujici n¢kolika tisic pfedpokladanych druhii v jednom gramu piidy, reflektuje redlnou
diverzitu stanovist a ekologickych roli v prostfedi. Drtiva vétSina mikrobidlnich spolecenstev
je pro feseni téchto otazek relativné nevhodna z ditvodu vysoké diverzity a predevsim
vysokého podilu nedostateéné charakterizovanych organismu (odhad environmentalnich
preferenci bakterie je podstatné naroéngjsi nez rekonstrukce metabolismu). Reseni téchto
otazek lze usnadnit tim, ze vyuZijeme jako model pfirozené jednoduché mikrobialni komunity

obyvajici dobfe definované prostiedi.



3. CILE PRACE
Hlavnimi cili dizertacni prace bylo:
e popsat alfa a beta diverzitu prokaryot na raznych typech stanovist’ koexistujicich
V ramci opusténého rudného dolu s vyvinutou supergenni zonalitou
¢ zinformaci o slozeni mikrobialnich komunit a chemismu vod a mineralnich fazi se
pokusit rekonstruovat geochemickou funkci pfitomnych spolecenstev mikroorganismi
e analyzovat sloZzeni nékolika skupin mikrobidlnich komunit obyvajicich biostalaktity
rostouci na vyvérech kyselych dilnich vod
e pokusit se na tomto modelu o odliSeni neutralni variability jednoduchych pfirozenych

mikrobialnich spolecenstev od jejich odezvy na environmentalni proménné

¢ identifikovat hlavni skupiny mikroorganismti podilejici se na redoxnich cyklech
arzénu a siry v prostredi, kde dochazi k biogennimu srazeni realgaru (AssSa)

e urcit hlavni environmentalni faktory ovlivitujici slozeni mikrobidlnich spoleCenstev a
biogeochemické procesy v tomto prostiedi

e blize charakterizovat sloZeni jednotlivych funk¢nich skupin pomoci sekvenace gent

pro enzymy katalyzujici redoxni pfemény As a S
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4.\/YVOJ A SOUCASNY STAV RESENYCH PROBLEMU

4.1. Molekularni determinace a druhovy koncept u bakterii a archei

V mikrobiologii se stale jesté vyuziva takzvana polyfazicka taxonomie. Tento ptistup definuje
druhy bakterii a archei na zakladé kombinace rustovych charakteristik (naroky na zdroj
uhliku, energie, terminalni akceptor elektrond, teplotu, pH a dalsi podminky),
chemotaxonomickych udaju (slozeni membranovych lipidi, peptidoglykanti, polyaminti,
profil MALDI-TOF proteint apod.), obsahu GC part v DNA, shody sekvence 16S rDNA i
jinych gend se zndmymi organismy a miry hybridizace genomové DNA zkoumaného
organismu s potencialn¢ pfibuznymi druhy. Tento pfistup se dlouhou dobu zdal byt robustni,
zejména diky tomu, ze dokazal absorbovat zavadéni novych metod pouhym piiddvanim
novych kritérii do definice druhu, a je kompatibilni s fylogenetickym systémem bakterii a
archei (Roselo-Mora 2012).

Ke krizi tohoto pfistupu dochazi az v poslednich letech diky rozsiteni sekvenace
genomu jako bézné metody charakterizace novych mikroorganismt (Thompson et al. 2015).
Jedna kategorie nevyhod polyfazické taxonomie spociva v tom, ze stale jesté povazuje za
jéadro charakterizace mikroorganismu kultivaci a provadéni technicky naro¢nych metod,
jejichz vysledky €asto nelze zobecnit na dalsi taxony, coz plati naptiklad pro méteni miry
hybridizace DNA. To mize byt limitujici. Napiiklad v rodu Streptomyces (Bacteria:
Actinobacteria) je platné popsano asi 600 druht (Euzéby 2012). Neni predstavitelné, ze by
byla testovana DNA-DNA hybridizace vSech 179 700 dvojic, které z nich lze vytvofit. Trvani
na takovychto procedurach je v dob¢ studii popisujicich stovky novych genomil z desitek
novych hlubokych fylogenetickych linii pochopitelné neudrzitelné (Brown et al. 2015; Rinke
et al. 2013). Pokud by existovaly pouze tyto potize, bylo by teoreticky mozné polyfazicky
pfistup zachranit nahrazenim hybridizacnich metod analyzou a srovnavanim genomil (Roselo-
zavedeného druhového konceptu bakterii a archei. Pouzivané ptistupy v mnoha ptipadech
tykajicich se nejriiznéjSich mikrobialnich skupin vedou ke slucovani geneticky izolovanych a
ekologicky odlisnych linii. Tento problém vS§ak nelze fesit pouhym zptisnénim pozadavkili na
vzéajenmou podobnost pro slouceni sekvenci ¢i izolatl do jednoho druhu vzhledem k tomu, ze
speciace je dynamicky proces a jednotné kritérium z principu neexistuje (Shapiro a Polz
2014). Dalsi zdokonaleni druhové definice by tedy mélo spocivat v tom, Zze za druh

prohlasime skupinu populaci, jejichz genomy tvoii monofyletickou skupinu, v niz jsou vnitini
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evolucni vzdalenosti kratsi nez vzdalenosti ke genomtim jinych populaci (Thompson et al.

2015). Takovato formulace by se principialn¢ nelisila od tradi¢ni definice, z niz ptivodné

vychdzela i polyfazicka taxonomie a ktera ik, Ze druh je skupina kmeni podobnéjsich si

navzajem nez jinym kmentim. Vlastn¢ jde jen o adaptaci tradicni definice pro novy typ dat a

autofi sami pfiznavaji, ze tato definice je pragmatickd a necini si narok na zcela vérny popis

biologické reality. Recentni studie jasné potvrzuji, ze genomicky blizké organismy zaroven

sdileji ekologické vlastnosti a pokud sdili stanovisté nekolik pfibuznych, avsak genomicky

odlisnych linii, vytvaieji zfetelné oddélené populace (shrnuje Thompson et al. 2015).

Takovéto rysy je mozné ocekavat U ,,pravych* druhii odpovidajicich biologickym vztahim.
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Obr. 1. Rizné skupiny
prokaryotickych genti
vymezené na zaklade
zakonitosti jejich distribuce
uvniti populaci a mezi
populacemi (podle Cordero
a Polz 2014)

Biologicky vymezené druhy vSak musi spliiovat i dalsi pozadavky. V prvni fadé by si

jejich zastupci méli néjakym zpusobem mezi sebou homogenizovat genomy a pokud mozno z

tohoto procesu vylucovat vSechny ostatni. Diky takovému d¢&ji by mikrobialni druhy
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piedstavovaly paralelu tradi¢nich biologickych druht definovanych pro pohlavné se
rozmnozujici organismy. Je samoziejmé¢ znamo, Ze bakterie i archea sdileji geny 1 se zcela
nepiibuznymi organismy, takze pouziti tradi¢ni definice druhi jako geneticky izolovanych
jednotek je pfedem vyloucené. Historicky se objevily i pfedstavy, ze by pojem druhu mé¢l byt
u téchto skupin opustén a nahrazen jakymsi genetickym kontinuem, piinejlepSim s ostrivky
relativni stability. Genomické studie ale ukazuji, ze genovy tok u bakterii a archei neni prosty
zakonitosti ani neni determinovan jen bezprostiedni potiebou funkénich gent. Diky tomu
umoziuje vznik geneticky soudrznych skupin. Cadillo-Quiroz et al. (2012) nalezli populaci
archea Sulfolobus islandicus (Archaea: Crenarcheota) prodélavajici nejspis ¢asnou fazi
sympatrické speciace. Genomy ruznych izolati z jediného termélniho vyvéry tvotily dvé
vnitiné homogenni a navzajem odlisné skupiny. Srovnani jejich genového obsahu neodhalilo
zadné jasné interpretovatelné funkéni rozdily a kultivaéni charakterizace zjistila pouze rozdil
v rastové rychlosti a dosazitelné populaéni hustoté obou skupin. Ze srovnani genomt ovSem
vyplynulo, Ze obsahuji n€kolik oblasti, z nichz n€které byly zjevné pfedmétem relativné
¢astého horizontalniho pfenosu v ramci obou linii, zatimco jiné byly homogenni uvnitf linii,
ale nesly stopy, Ze pienos gent mezi liniemi byl vyrazné potlac¢en. Studie neobjastiuje, zda je
pfi¢inou nezndma nahodné vznikla bariéra v pfenosu DNA, ktera vyustila v izolaci obou
populaci, disruptivni selekce, ktera eliminuje jedince se smésnym genotypem, anebo jiny,
cilengjsi mechanismus. Podobny jev byl popsan i u Vibrio cyclitrophicus (Bacteria:
Gammaproteobacteria). V tomto piipadé bylo dokonce dolozeno, Ze rozdilny tok gent
umoznil specifické rozsifeni adaptivnich alel v jedné subpopulaci (Shapiro et al. 2012). Pét
skupin definovanych rozdilnym tokem genii v ramci skupiny a mezi skupinami bylo rozliSeno
u fytopatogenniho druhu Ralstonia solanaceum (Bacteria: Betaproteobacteria). Geny s vétsi
mezipopulaéni variabilitou tvofily ostrovy v genomu a Casté&ji souvisely s tvorbou
sekundarnich metaboliti nebo kodovaly méné bézné proteiny s neznamou funkci (Lefeuvre et
al. 2013). V populaci termofilni sinice Mastigocladus laminosus (Bacteria: Cyanobacteria)
obyvajici vodni tok s teplotnim gradientem byl nalezen variabilni Gisek genomu se silné
teplotné zavislym vyskytem jendotlivych forem. Distribuce jednobazovych polymorfii
prokazuje potlaceni horizontalniho pfenosu tohoto lokusu souvisejiciho se syntézou
ochranného pouzdra heterocyst. Jiné lokusy vykazovaly zna¢nou homogenitu, avsak byla
zkoumana jen ¢ast genomu (Wall et al. 2014). Acidofilni autotrof Leptospirillum ferrooxidans
(Bacteria: Nitrospirae) se vyskytuje v n¢kolika varietach liSicich se minimalnimi rozdily

v sekvenci 16S rDNA a drobnymi metabolickymi odchylkami (napt. vyuZivani riznych

kompatibilnich solutt). Tato bakterie vytvaii v extrémnich prostiedich téméf monotypické
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biofilmy, v nichZ existuji domény tvofené témér Cisté jednotlivymi varietami. Tyto
mikrodomény koexistuji v tésném kontaktu a podil jejich zastoupeni se méni béhem starnuti
biofilmu (Denef et al. 2010).

Cordero a Polz (2014) na zakladé téchto a podobnych vysledkt navrhuji rozlisit
jadrovy genom obsahujici geny nezbytné pro zivot a piitomné u vSech populaci daného
organismu ¢i skupiny organismd, geny souvisejici s adaptaci na urcity typ prostiedi a
pritomné ve vysoké frekvenci v nékterych populacich a chybéjici v jinych a konecné geny
pritomné ve stiedni az nizké frekvenci ve vSech populacich a podléhajici frekvencné zavislé
selekci. Tato hypotéza nabizi interpretaci prokaryotického druhu jakoZto skupiny populaci,
které se samy rozpoznavaji a jsou spolu schopné sdilet vSechny geny véetné téch klicovych
pro pieziti na svém typu stanoviste. Tato definice jesté neni dokonald, vzhledem k tomu, Ze
vlastnosti nutné pro pieziti na stanovisti Ize rozd¢lit do dvou skupin. V prvni skupiné jsou
vlastnosti pro pieziti sice zasadni, typicky schopnost odolat uré¢itému toxinu nebo vyuzivat v
energetickém metabolismu urdity iont, ale nevyzadujici velké piizpisobeni bunécéné
fyziologie a podminéné Casto nékolika geny v jednom operonu. Takovéto vlastnosti byvaji
Siroce sdilené mezi piibuznymi i nepfibuznymi organismy a jejich naruseni pfenosem DNA z
jiného ekotypu neni pravdépodobné. Typicka ukéazka takové vlastnosti je rezistence na arzen
popisovana v kap. 4.7 (Villegas-Torres et al. 2011). Podobnym zpisobem nejsis vznikla i
zminovana divertiza rodu Streptomyces. Mnozi zastupci se lisi jen konkrétnim typem
sekundarnich metabolitli, coZ je typicka vlastnost pfenosnd omezenym poctem gend, a
podobnost jejich 16S rDNA piesahuje 99,5 %. Kromé snadno ptenosnych metabolickych drah
existuji komplexni vlastnosti, majici charakter spi§ vyladéni riznych regula¢nich okruhi nebo
soucasné prizptisobeni mnoha enzymu a bunéénych komponent. Ukéazkou je adaptace na
teplotu prostiedi nebo na konkrétni rezim piisunu urc¢itého metabolického sbustratu. Tyto
vlastnosti jsou zavislé na mnoha genech a nahodna nahrada nékterého genu za jeho ortholog z
jiné populace je miize narusit. Je mozné, ze vySe zminény utlum rekombinace v rozsahlych a
funkéné nejasné definovanych ¢astech genomu Sulfolobus islandicus nebo Ralstonia
solanaceum je ptikladem prevence takovéhoto déje. Pokud by takovéto populace branici se
vzajemné vymeéné nezanedbatelné ¢asti genomu existovaly dlouhodobé, byly by to nejlepsi
poddruhy apod.) by mély sice velmi podobné vlastnosti a ekologické naroky, ale v ptipadé
své koexistence na jednom misté by obyvaly disjunktni stanovisté. Podle této teorie by
definovani druhti nejvice odpovidajicich realnym biologickym interakcim bylo mozné jediné

studiem genomu skupiny pfibuznych, ale nemisicich se populaci a pochopenim zakonitosti
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horizontalniho pfenosu geni mezi nimi. Prozatim pro takovy pfistup u vétsiny skupin

neexistuje dostatek dat, rozhodné vsak jde 0 smér, ktery si zaslouzi byt rozvijen. Dusledek,
ktery by jesté nedavno byl dosti kontraintuitivni, je to, Ze pro biologicky vérnou klasifikaci
prokaryot je nevhodné pouzivat kultivaéni piistup. Ten nejen neni dostateéné univerzalni a

operativni, ale predev§im miji jadro problému.

4.2. Fylogeneticka disimilarita a bioindika¢ni potencial mikrobialnich komunit
Z ptedchozi kapitoly vyplyva, ze pro environmentalni studie je vérné rozliSovani
biologickych druht prokaryot pii pouziti molekuldrni determinace na zéklad¢ 16S rDNA
nedosazitelné. VétSina studii proto slucuje podobné sekvence do operacnich taxonomickych
jednotek (OTU), které jsou definované vzajemnou podobnosti sekvenci. OTU sdruzujici
sekvence 16S rDNA shodné minimalné z 97 % (v novégjsich studiich téz 98,7 %) byvaji
pouzivany jako ekvivalent druht (Thompson et al. 2015). Je pravdépodobné, zZe fada hojné&ji
zastoupenych OTU odpovida i v ramci jedné lokality spise n¢kolika vzajemné podobnym
biologickym druhiim nez jednomu. Samoziejmé plati, ze pokud se podatilo jednoznacné
piifazeni OTU ke kvalitnim sekvencim z popsaného druhu, tak s velkou pravdépodobnosti
muzeme ztotoznit OTU a timto druhem alespon v zékladnich vlastnostech. Na druhou stranu
0 presném ekologickém vyladéni totéz fici nelze, jak ukazuji vyse citované studie. Z
uvedenych diivodl budeme v této praci v kontextu determinace pomoci 16S rDNA hovofit o
genotypech nebo OTU a nikoliv druzich bakterii a archei. Je nutné mit na paméti, Ze pfi jejich
identifikaci jde o pfifazeni druhim vymezenym podle biologicky ne zcela korektni definice, a
to 1 v ptipadech, kdy kvili plynulosti textu relativni charakter identifikace OTU
nezdiraziujeme.

Vzhledem k vyhodam molekularni determinace bakterii a archei ve srovnani
s jakoukoliv jinou metodou jejich detekce je velmi piinosné najit analytické postupy, které by
nebyly zatizeny umélym charakterem OTU a umoznily by vytézit ze sekvencnich dat
maximalni mnozstvi uzite¢nych informaci. V zasad¢ Ize rozlisit dva zakladni typy pfistupt.
Prvni je srovnani vét§iho poc¢tu mikrobialnich komunit a detekce odezvy na piitomnost
environmentalnich gradientl, rozhrani ¢i zmén v €ase i prostoru. Druhy pfistup je rozpoznani
signalt danych prostfedim ve sloZeni a struktufe individudlni mikrobialni komunity, tedy
vlastn¢ obdoba klasické bioindikace.

Srovnavani mikrobialnich spolecenstev, vétSinou zaloZené na metodach
mnohorozmérné analyzy, je v mikrobidlni ekologii velmi béZzné. Jejim zékladem je obecné

uznavany nazor, ze prokaryotické mikroorganismy maji unimodélni odpovéd’ na faktory
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prostiedi (Faith et al. 2009). Z toho vyplyva, Ze by pii postupné zméné prostiedi mélo
dochazet k postupné zméné struktury mikrobidlniho spolecenstva a Ze rozdilnost
mikrobidlnich komunit by méla korelovat s rozdilnosti stanovist’ (Ferrier et al. 2007).
Experimenty na simulovanych i readlnych datech potvrzuji, ze detekce gradienti 1 rozliSeni
mikrobiadlnich komunit z riznych prostiedi je mozné a staci (pii jinak dobré kvalité dat)
prekvapiveé mala hloubka prosekvenovani dosahujici 100 sekvenci/vzorek (Kuczynski et al.
2010). Hluboké prosekvenovani 16S rDNA z desitek environmentalné blizkych vzorkt vsak
jednoznac¢né ukazuje, Ze prekryv OTU mezi vzorky byva velmi nizky (Nemergut et al. 2011;
Falteisek et al. 2016). Z toho vyplyva, ze veskeré metody pievzaté z ekologie
makroorganismi, které vychdzeji ze vzdjemného srovnani vzorki na zédkladé podilu shodnych
organismu, budou v pfipadé mikrobialnich OTU vyuzivat velmi malou ¢ast informace. Jako
dnes jiz rutinni feseni tohoto problému se prosadila ndhrada disimilarity zalozené na
sdilenych taxonech takzvanou fylogenetickou disimilaritou. Ta je definovana jako pomér
délky fylogenetickych vétvi, které vedou k OTU zastoupenym pouze v jednom vzorku k délce
vétvi (v€etné vnitinich vétvi) vedoucich k zastupctiim obou srovnavanych vzorka (Faith et al.
2009; Lozupone a Knight 2005). Diky tomu, ze hodnota unikatni frakce fylogenetickych vétvi
vlastné nahrazuje miru druhové disimilarity komunit, Ize ji pouzit jako extenzi mnoha
klasickych metod (Ferrier et al. 2007). Srovnani riznych metod zalozenych na fylogenetické
disimilarité potvrdilo jejich velkou robustnost vzhledem k piesné hodnoté prahu pro vymezeni
OTU, vici nahodnému zakofenéni stromu a pfitomnosti dal§ich taxonti nezahrnutych do
srovnani (Parks a Beiko 2013). Nizka citlivost na pfesnou determinaci OTU je logicka
vzhledem k tomu, Ze variabilita na arovni blizce ptibuznych OTU tvoii zanedbatelny
piispévek k celkové délce unikatnich vétvi. Efektivitu metodiky ilustruje to, Ze ke klastrovani
komunit podle zakladniho typu prostiedi (napf. voda, ptda, stolice apod.) dojde jiz pti analyze
deseti sekvenci na vzorek (Caporaso et el. 2012). Metaanalyza Sirokého spektra volné Zijicich
mikrobidlnich komunit pfevzatych z celkem 111 studii feSila otdzku, které environmentalni
faktory zanechavaji v riznych komunitach navzajem ztotoznitelné signaly (Lozupone a
Knight 2007). Ukazalo se, Ze nejsilngjsi signal ve sloZzeni komunit zanechava salinita
prostfedi, nasledovana tim, zda byl sekvenovan environmentalni vzorek nebo odvozena
environmentalnich faktori je shodny v mikrobidlnich komunitach pochazejicich z riznych
prostiedi a neni prekryt projevem jinych rozdili. Diky tomu lze ekologicky klasifikovat i
mikrobialni spolecenstva z komplexniho prostiedi, které je proménlivé ve vice riznych

parametrech soucasné. Pii mnohorozmérné analyze zalozené na fylogenetické disimilarité
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komunit bude oblak vzorkt v riznych osach rozdélen podle riznych parametri, a to i v

ptipad¢, ze nékteré mikrobialni komunity nesdileji s ostatnimi zadné OTU (napt. Falteisek a

Cepicka 2012; obr. 2).
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Obr. 2. Mnohorozmérna analyza mikrobidlnich komunit z polymetalikého loZiska Zlaté Hory. Vlevo
PCA (analyza hlavnich komponent) zalozena na vyskytu a abundanci OTU, vpravo PCoA (analyza
hlavnich koordinat) zalozena na fylogenetické disimilarit¢ komunit. Vzorek ZH6 musel byt z PCA
vypustén, protoze nesdilel Zddnou OTU s ostatnimi. Vzorky z gossanu vykazuji typickou mikrobidlni
hyperdiverzitu a vyznamné snizuji rozliSeni pro ostatni komunity. Fylofenetickd PCoA pomérné
presné rozdélila vzorky podle typu stanovisté. Rozkladajici se biostalaktity krome ZH4 (tj. ZH9 a 12)
byly vymezeny na zaklad¢ slozeni mikrobidlni komunity, ostatni skupiny byly rozliSeny podle
chemismu a lokalizace v dole (podle Falteisek a Cepicka 2012, upraveno).

Je samoziejmé, Ze ne vSechny environmentalni proménné ovliviuji fylogenetické

sloZzeni mikrobidlnich komunit detekovatelnym zplisobem. Vyznamny faktor, ktery nevytvari

prilis silny signal, je pfitomnost toxickych latek, naptiklad arzenu (Drewniak et al. 2012;

Drahota et al. 2013). Tento jev je pravdépodobné vysvétlitelny tim, Ze rezistence k arzenu se

snadno $iii pomoci horizontalniho pfenosu genetické informace, takze pii dostatecné dlouhé

dobé¢ existence arsenové anomalie dojde ke vzniku dostate¢né velkého mnozstvi rezistentnich

organismil, aby se mohla projevit selekce jinymi faktory (Villegas-Torres et al. 2011).

Takovyto ptekryv faktorli s nevyraznym projevem ve fylogenetické disimilarité komunit s
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faktory, na které je mozné adaptace pienosem genetické informace, je logicky a konzistentni s
hypotézou, ze adaptace na podobné faktory u prokaryot neni spojena se speciaci. Rozhodn¢
by byla pfinosna studie zaméfena na testovani této korelace stejn¢ jako na srovnani sily
takovéa prace nebyla publikovana.

Druhy z moznych pfistupti pfi analyze mikrobialnich komunit je vyuziti individudlnich
spolecenstev pro bioindikaci. Tento pfistup ma uplatnéni pti detekci biogeochemickych
procest naptiklad v podzemnich akviferech. Takovéto procesy Casto nejsou dostupné pro
piimé pozorovani ¢i vzorkovani a nelze je odvodit z pouhého chemického slozeni vody nebo
jiného média. Z vySe uvedeného popisu fylogenetické disimilarity vyplyva i rozsah
pouzitelnosti tohoto konceptu pro bioindikaci. Diky relativné nezavislému projevu minimalné
nékterych environmentalnich faktori na strukturu komunity mizeme klasifikovat i jedinou
zkoumanou komunitu s vyuzitim referencnich mikrobidlnich komunit z podobnych prostiedi.
Tak lze posoudit jeji asociaci s predpokladanymi typy prostredi ¢i procesti (auto- ¢i
heterotrofie, vztah k pH, pfednostné vyuzivané donory a akceptory elektrond apod.).
Nevyhoda je, Ze vysledek je ovlivnén volbou referen¢nich komunit, tedy i oéekavanim, které
faktory budou vyznamné. Pokud plati, ze slozeni celé komunity je ovlivnéno urcitymi faktory
prostiedi, musi byt na stejné faktory se zvySenou pravdépodobnosti adaptovany i organismy,
které komunitu tvoii. Bylo sice ukazano, ze ani obtizn¢ pfenosné adaptace nemusi byt nutné
sdileny v§emi blizkymi organismy, lze ale pfedpokladat jejich alespon ¢aste¢nou konzervaci.
Pokud tedy zjistime environmentalni preference U organismii geneticky velmi blizkych tomu
zkoumanému, pravdépodobné pozname 1 preference zkoumaného organismu. Podobné tvrzeni
plati i 0 zakladnich metabolickych vlastnostech organismi. Diky existenci obrovskych
mezinarodnich databazi sekvenci (napi. NCBI) je nalezeni podobnych genotypt snadné a
diky témto rozsahlym ,,faunistickym® datlim lze odvodit pomé&rné¢ pfesné informace i o
vlastnostech dosud nijak necharakterizovanych organismu.

Rozpracovani konceptu fylogenetické disimilarity mikrobialnich komunit tedy nabizi
teoreticky ramec a vymezeni pouzitelnosti pro dosud pouze empiricky provozovanou
charakterizaci prokaryotickych sekvenci pomoci nejbliz§ich BLAST hitd. Definitivni ovéteni
by vyzadovalo naro¢nou studii, které se zatim nejvice blizi prace Langille a kol. (2013). Tito
autofi rekonstruovali genomy nositelt sekvenci 16S rDNA pomoci jejich zatazeni do
fylogenetického stromu obsahujiciho organismy se zndmym genomem a vytvoteni hypotézy o
fylogenetickém rozsifeni jednotlivych genti. Nasledné predikované genomy srovnali s redlné

osekvenovanym metagenomy komunit z projektu lidského mikrobiomu i dalSich velkych
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studii. Korelace predikovanych a skute¢nych metagenomu pro bézna malo extrémni prostiedi
dosahovala téméf maximalni hodnoty uz po analyze 105 sekvenci 16S rDNA ze vzorku. Pro
dosazeni stejné presnosti bylo nutné z kazdé komunity analyzovat 15 000 anotovanych
metagenomickych sekvenci (coz odpovida asi 72 000 metagenomickych ¢teni). To sice neni
nijak vysoké ¢islo, ale existence silného vztahu mezi fylogenetickym zafazenim a
pfinejmensim jadrovou ¢asti genomu bakterie je nespornd. Jde také o dalsi nezavisly vysledek
ukazujici, Ze pfi charakterizaci mikrobialni komunity lze ziskat vétSinu informaci analyzou
piiblizné 100 sekvenci.

Je tedy zfejmé, ze sekvenaci a fylogenetickym zafazenim relativné malého poctu
mikroorganismi miizeme ziskat informace o biogeochemickych procesech i prostfedi, v némz
probihaji. To usnadnuje studium komplexnéjSich systémi, ve kterych je nutné pro pochopeni
jejich funkce znat biotu vétsiho poctu stanovist. Jednim z takovych dosud komplexné
neprozkoumanych prostiedi, v némz navic prokaryotické mikroorganismy zcela dominuji,
donedéavna byla loziska sulfidickych rud a s nimi asociované podzemni vody. Rudni
ekosystém je navic diky své jednoduchosti a zna¢né prozkoumanosti geologickych a
geochemickych procestt dobrym modelem pro studie zkoumajici vztah mezi mikroorganismy

a prostfedim.

4.3. Kyselé dilni vody

Za kyselé dilni vody (AMD - acidic mine drainage, resp. ARD - acidic rock
drainage) se povazuji extrémné mineralizované roztoky vzniklé pfi zvétravani sulfidickych
rud. Ve slozeni téchto roztokt typicky dominuje vysoky obsah siranti, dosahujici od stovek
miligramii aZ po prvni desitky grami na litr, a srovnateln& vysoké obsahy iontti Fe?* a Fe®".
Nejvyznamnéjsi zdroj této mineralizace predstavuji snadno oxidovatelné mineraly pyrit
(FeS,), arsenopyrit (FeAsS) a chalkopyrit (CuFeS;). AMD kromé toho obsahuji dalsi kovy a
polokovy podle charakteru loziska (Cu, Zn, Mn, Pb, As, Cd, Hg aj.). Podstatnou slozkou
AMD jsou 1 latky uvolnéné pfi jejich reakci s okolni horninou (rozpousténi uhlicitani,
pfeména Zivcl a slid na jilové mineraly), zejména jde o ionty AI¥*, ca?*, Mg®*, Na*, K* a
slouceniny kiemiku. Obecné plati, Ze okolni horniny pufruji kyselou reakci AMD, takZze
vysledné pH zavisi nejen na obsahu pyritu, ale i na mife kontaktu AMD s nerudnimi mineraly
(Dopson et al. 2008). V extrémnich piipadech muze byt nizs$i nez 1 (Schrenk et al. 1998), v
alumosilikatovém horninovém prostfedi je vSak zpravidla utlumeno na hodnoty pfiblizné
kolem 2,5 az 3 i vys§i (napt. Falteisek a Cepitka 2012; Falteisek et al. 2016; Garcia-Moyano
et al. 2012; Martycak et al. 1993; Ziegler et al. 2009). V piipad¢ dalsi alkalizace dojde pii pH
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nad cca 3,5 k hydrolyze Fe®*, ktera pusobi proti zméné pH, ale vede k segregaci zeleza a
vétsiny tézkych kovt do pevné faze (Michalkova et al. 2013). Vody timto zptisobem ztraceji
charakter AMD a dochdzi i k velkym zménam jejich mikrobioty.

Zvétravani sulfida je mikrobidlné katalyzované a patii mezi tradi¢ni modely pro
vyzkum interakci mezi mineraly a mikroorganismy. Prvni popsana chemoautotrofni bakterie
schopnad zit diky oxidaci krystalického mineralu jako jediného zdroje energie je
Acidithiobacillus ferrooxidans (Bacteria (Proteobacteria): Acidithiobacillia) (Colmer a
Hinkle 1947). Tento primat a relativné snadna kultivace zastupcti rodu Acidithiobacillus
zpusobila, ze tito byli dlouho povazovani za jedinou ¢i hlavni pfi¢inu tvorby AMD a jejich
role v environmentalnich déjich byla az neuvétitelné nadhodnocovana (napi. Golyshina a
Timmis 2005). Dalsi vyznamny oxidator pyritu, Leptospirillum ferrooxidans (Bacteria:
Nitrospirae), byl objeven v 70. letech 20. stoleti (Markosian 1972). Dalsi vyzkumy ukazaly,
ze podstatnou roli v oxidaci pyritu hraji archea ze skupiny Thermoplasmatales (Golyshina et
al. 2000; Golyshina a Timmis 2005), a ptfedevsim rozliSily vyrazn¢ vétsi pocet ekotypii
mikroorganismi podilejicich se na genezi AMD (Johnson 2012). Postupné byla rozpoznana
také dulezitost habitath existujicich v rdmci tokit AMD. Hlavnim zdrojem enerzie tu je
autotrofni oxidace Zeleza. Produktem oxidace sulfidi Zeleza je roztok obsahujici pfevazné
Fe?* (Johnson 1998), v prostiedi porovych roztokd a zvodndlych puklin navic vznika diky
respirativnim pochodéim anoxie a dochézi tu k dal$i mikrobialni redukci Fe**. Vyvéry AMD
do prostiedi, kterd jsou v kontaktu s volnou atmosférou (povrch, diilni chodby) proto
predstavuji vyznamny habitat pro oxidatory Fe. Mikroorganismy na takovychto stanovistich
Casto vytvaieji masivni biofilmy obsahujici zna¢né mnozstvi polysacharidové mezibunééné
hmoty a tvofené ndpadné jednoduchymi komunitami obsahujicimi v extrémné kyselych a
mineralizovanych AMD zastupce rodu Leptospirillum a archea ze skupiny
Thermoplasmatales (Bond et al. 2000; Denef et al. 2010), nebo pii hodnotach pH 2 — 3 a nizsi
mineralizaci kombinaci zastupct rod Acidithiobacillus a Ferrovum (Bacteria:
Betaproteobacteria) (Hallberg et al. 2006, 2010; Johnson et al. 2014). Komunity obsahujici
Ferrovum spp. maji podle studii zaloZenych prevazné na metodé tRFLP pozoruhodné velkou
stabilitu v ¢ase a malou prostorovou proménlivost (Kay et al. 2012). Za hlavni faktor udrzujici
dominanci této bakterie 1ze povazovat jeji schopnost vytvaret mezibunéénou hmotu a tak
kolonizovat tekouci vody (Johnson et al. 2014).

Rostouci pocet mikroorganismil nalezenych v AMD pfirozené vyvolal otazku, jaké
jsou zakonitosti jejich distribuce a preference stanovist’ v ramci ekosystému rudniho loziska.

Vétsina studii se vSak zabyvala predevsim charakterizaci konkrétnich taxonti nebo popisem
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celkové diverzity mikroorganismi bez dirazu na prostorové rozliseni (napi. Golyshina et al.
2000; Hallberg et al. 2006, 2010, 2011; Heinzel et al. 2009; Johnson et al. 2001; Okabayashi
et al. 2005; Tan et al. 2007; Xiao et al. 2009). Jen v nekterych piipadech rozlisovaly nékolik
blizkych biotopt, naptiklad biofilm a okolni vodni sloupec nebo biofilm v riiznych
stani¢enich v témze odvodnovacim kanalu (Rowe et al. 2007) nebo zmény mikrobialniho
osidleni stejnych stanovist’ v ¢ase (Garcia-Moyano et al. 2012; Tan et al. 2009). Tyto prace
ovSem neobsahovaly informace dovolujici ekologickou interpretaci hlubsi, nez je pouhy popis
preferenci konkrétnich izolati konkrétnich mikroorganismu. Pfitom uz Schrenk et al. (1998)
prokazali pomoci fluorescenéni in situ hybridizace, Ze modelové druhy Acidithiobacillus
ferrooxidans a Leptospirillum ferrooxidans maji vyrazné¢ nehomogenni distribuci mezi
komunitami na riznych typech stanovist. Mimo jiné se v rozporu s rozsizenym presvédéenim
ukazalo, ze A. ferrooxidans na zkoumané lokalité prakticky chybi na mistech oxidace pyritu.
Prace Kimury et al. (2011) srovnavajici ¢tyfi odlisné habitaty pomoci nékolika molekularné-
biologickych metod ukazala, Ze sloZzeni mikrobidlnich komunit na téchto stanovistich se

nemusi prakticky viibec ptekryvat.

4.4. Beta diverzita mikroorganismi v ramci sulfidického loziska

Lozisko Zlaté Hory v Ceské casti Slezska ma nékolik vlastnosti, které z néj vytvareji idealni
model pro srovnavaci vyzkum mikrobialnich komunit. Hlavni vyhoda je, ze zde byla béhem
téZby odhalena celd dokonale vyvinuta supergenni zonalita (Marty¢ék et al. 1993). Historicka
dulni dila blizko k povrchu zptistupiuji zcela vylouzenou zoénu obsahujici oxidované
sekundarni mineraly Zeleza i dalSich kovi (gossan). Pod nimi se nachazi spektrum ruzné
zvétralych rudnich téles a minimalné alterovana oblast, ktera se az do 70. let 20. stoleti
nachéazela misty vice neZ 200 m pod erozni bazi, a byla tudiZ velmi dobte chranéna pied
oxida¢nimi procesy. Rudni akumulace pfedstavuje vulkanosedimentarni lozisko pfiblizné
odpovidajici typu Rosebery. Je tvofeno impregnacemi pyritu a rudnich sulfida

Vv metamorfovanych sedimentech staii devon, pfedevsim v kvarcitech a metatufitech (Patocka
a Vrba 1989). Diky impregna¢nimu charakteru zde nejsou kyselé roztoky omezeny na rudni
zily, ale vznikaji v porovém prostiedi v celém objemu horniny. Kontakt s ostatnimi slozkami
horniny téz pufruje pH puklinovych vod ve vétsing pripadl na hodnoty vyssi nez 2,5
(Falteisek a Cepicka 2012; Marty&ak et al. 1993). Zdejsi AMD se tedy lisi od diilnich vod
hosticich Leptospirillum spp. na loziskach s extrémné vysokym obsahem pyritu (napft. Iron
Mountain v Kalifornii; Schrenk et al. 1998; Denef et al. 2010) a pfedstavuje méné extrémni,
avsak rozsitenéjsi typ kyselych vod.
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Casti loziska Zlaté Hory-jih (ZH-jih) a vychod byly vyuZity pro srovnavaci studii 14
vzorki reprezentujich prostiedi vzniku AMD, mineralni i biogenni stalaktity na jejich vyvéru
z puklinového prostredi do diilnich chodeb i pH neutralni vody a sekundarni mineraly
v oblasti gossanu (Falteisek a Cepicka 2012). Sekvenace klonovanych amplikont Sangerovou
terminacni metodou umoznila identifikovat z kazdého mikrohabibatu pouze nékolik desitek
mikroorganismi. OvSem i takovy pocet je dostateny pro zakladni klasifikaci mikrobidlnich
komunit a pro detekci vyraznych ekologickych rozdilt a gradientti (Caporaso et al. 2012;
Kuczynski et al. 2010). Jiz pii zbéZném pohledu na vysledky je patrné, ze slozeni
mikrobialnich komunit koreluje s typy geochemickych procesu (obr. 2). Po charakterizaci
nalezenych sekvenci srovnanim se znamymi taxony i environmentalnimi klony byly nalezeny
zietelné zakonitosti v distribuci predpokladanych fyziologickych vlastnosti mikroorganismd.
To umoznilo odvodit i pravdépodobné biogeochemické procesy probihajici v jednotlivych
oblastech loziska.

Vzorky odebrané ve vylouzené zon¢ loziska dosahovaly podle ocekavani nejvétsi alfa
diverzity. Zajimavy nalez pfineslo srovnani vzorki odebranych v kominé odvodiujicim ¢ast
historickych dobyvek loziska ZH-vychod. Dva vzorky recentné vysrazenych sekundarnich
mineralll obsahovaly rozdilnd, ale funkéné ziejmé obdobna spolecenstva. Hostily aerobni 1
anaerobni oligotrofni mikroorganismy, piiblizné tietinu klond tvofili chemoautotrofni
oxidatofi sloucenin zeleza, siry a dusiku. Nezanedbatelny podil mély i bakterie z acidofilnich
¢i pfinejmensim acidotolerantnich skupin. Naproti tomu ve vzorku vody, ktera tekla pies tyto
mineraly, byly nelezeny zcela odliné ekotypy bakterii. Slo témé&f vyhradné o heterotrofni
aeroby, z velké cCasti blizce ptibuzné znamym oxidatorim uhlovodikd a rozpusténych
organickych latek ve vodach a patiici mezi beta- a gamaproteobakterie (napt. Acinetobacter
spp., Burkholderia cenocepacia a Achromobacter xylosoxidans). Takovéto slozeni
mikrobidlnich spolecenstev nabizi zajimavé vysvétleni vyznamu gossanu pro ekosystém
AMD. Suspenzni mikrorganismy indikuji, Ze v pfitékajici vod€ dochézi k intenzivni degradaci
pritékajicich organickych sloucenin. Velky podil oligotrofii a zejména autotrofnich bakterii
Vv pevné fazi, ktera podle chemickych rozborli obsahovala jen malé mnoZstvi substrati pro
autotrofni metabolismus, indikuje extrémni limitaci zdroji organického uhliku. Lze
predpokladat, Ze gossan plisobi jako bioreaktor zbavujici pfitékajici vody stop organickych
latek. Existence historickych dilnich dél, ktera oblast gossanu provzdusnuji a zcela jisté
piispé€la i ke zvétSeni jeho mocnosti, tento d¢j jeste posiluje. Nékteré autotrofni
mikroroganismy obyvajici AMD jsou extrémné citlivé na pfitomnost organikych sloucenin,

naptiklad Ferrovum myxofaciens je inhibovano i pfirozenymi degrada¢nimi produkty agaru
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V mineralnim médiu, coz zbrzdilo jeho laboratorni izolaci a popis o né€kolik let (Johnson et al.
2014). Schopnost heterotrofii riznymi zptisoby podporovat biogenni rozpousténi pyritu byla
rozpoznana jiz diive (Bacelar-Nicolau a Johnson 1999) a jejich nezbytnost pro udrzeni
citlivych autotrofnich spolecenstev je uznavany fakt (Méndez-Garcia et al. 2015), ale gossan
podle nasich znalosti dosud nebyl chapan jako bioreaktor upravujici vlastnosti pritékajicich
vod. Pro potvrzeni této hypotézy by pravdépodobné bylo nutné provést manipula¢ni
experimenty (napf. pfimé privedeni povrchové vody do zény tvorby AMD), avsak je ziejmé,
ze studium ekosystému AMD v celé §ifi miize prinést dosud neekané souvislosti ovliviiujici

tento intenzivné zkoumany fenomén.

Gallionellaceae
(probe GAL177)
@ Ferrovum spp.
4.0 - (probe FERRI643)
@ Acidithiobacillus spp.
(probe THIO1)

ZH10** .

3:5 1
=
o
? (o] e
ZH14* °
ZH10*® ©

3.0 - °
zh7 @ Mo |« S

M|1**. s .. ) 100%
T 50%
2.5 5 25%(:
| T T T T
2 4 6 8 10
Fe?* (mM)
Obr. 3 Difenrenciace nik v AMD mezi autotrofni bakterie oxidujici Fe?*. V pravé &asti vysledky prace

Jones et al. (2015), v levé jsou piidany mikrobidlni komunity studované v pracich Falteisek a Cepicka
(2012; *) a Falteisek et al. (2016; **). Zahrnuty jsou pouze komunity, u nichz bylo pfesné zmefeno pH
(koncentrace Fe2+ nebyla stanovovana) a vyskytovala se v nich néktera z vybranych bakterii. Je
patrné, ze oblast pH tolerovaného rodem Ferrovum je vétsi a nejspise spojita.

Dal3im ndpadnym typem habitati, které byly v praci Falteisek a Cepicka (2012)
studovany, jsou biostalaktity rostouci na vyvérech AMD z puklin do dilnich chodeb.
s odlisSnym a nékdy vyslovené kontrastujicim sloZzenim. Sedm z osmi spole¢enstev bylo
dominovano zndmymi autotrofy oxidujicimi Fe?*, aviak krom& zndmé kombinace Ferrovum

myxofaciens a Acidithiobacillus ferrivorans byly objeveny komunity s kombinaci F.
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myxofaciens a Gallionella sp. V dobé této studie nebyla takovato kombinace autotrofu

vV AMD popsand. Z nékterych vyvéri se bohuzel nepodatilo odebrat vzorky vody, které by
umoznily zjistit, zda je kombinace autotrofii determinovana sloZzenim vody. Bylo vSak
vylouceno, Ze by pfi¢inou byl pratok, obsah rozpusténého kysliku, a ziejm¢ i pH. Nové&jsi
studie Jonese a kol. (2015) analyzovala diferenciaci nik mezi stejnymi organismy a za faktory
ur&ujici sloZeni komunity povazuje kombinaci pH a koncentrace Fe?* (obr. 3). Tento zavér
vsak vyzkum Zlatych Hor nepotvrzuje. Vzorky z loziska ZH-jih dosahovaly pH pfiblizné 3,
pii kterém sice mohou podle citované prace hrani¢né koexistovat vSechny tfi bakterie, A.
ferrivorans byl v§ak v ZH pozorovan v prostfedich s nejvy$sim, a nikoliv nizkym obsahem
Fe, a Gallionella sp. naopak v nejméné mineralizovanych a relativné oxidovanéjsich vodach.
Jones et al. (2015) uvadi opaény vztah. Za velmi nepravdépodobnou musime povazovat i jim
uvadeénou predstavu skoro disjunktnich nik jednotlivych bakterii a ztoho plynouci nutnost
existence dvou nepropojenych oblasti vyskytu F. myxofaciens (obr. 3).

Prace Falteiska a Cepicky (2012) téZ ukéazala existenci biostalaktitt, které v okamziku
odbéru postradaly primarni produkéni systém. Vzorek ZH9 byl nalezen v sousedstvi
acidofilniho ZH8, morfologicky napadné odpovidal stalaktitim s F. myxofaciens, avSak zcela
postradal znamé autotrofy. Nejhojné&jsi sekvence se shoduje s Metallibacterium scheffleri
(Bacteria: Gammaproteobacteria), popsanou z prostiedi biostalalaktitt (Ziegler et al 2013),
vétSina ostatnich byly téz patrné acidofilni ¢i acidotolerantni heterotrofové, ¢ast sekvenci
patiila jednobunéénym eukaryotiim, jejich symbiontiim a bakteriim z kandidatni skupiny
Dependentiae. Tyto mikroorgasnismy Ziji patrné symbiotickym ¢i parazitickym zptsobem v
asociaci s jinymi bakteriemi (Yeoh et al. 2016). Lze povazovat za téméf jisté, ze krapnik
degraduje proteiny za vzniku alkalickych produktt a neni schopen metabolizovat sacharidy
(Ziegler et al. 2013). Tim padem neni schopen rozlozit ¢isté polysacharidovou kostru
stalaktitu (Johnson et al. 2014), muize ale usnadnit jeho kolonizaci neutrofilnimi bakteriemi.
Pfi¢ina poklesu ¢etnosti autotrofi zatim nebyla vysvétlena. Velmi pravdépodobné neni
pfi¢inou pokles pfisunu roztoku Fe?, vzhledem k tomu, Ze &isté heterotrofni biostalaktity
byly pozorovény i na mistech s nezanedbatelnym priitokem (Falteisek et al. 2016 a
nepublikované vysledky). Ndhodné nalezeny Cerstvé odpadly gelovity stalaktit (vzorek ZH4)
obsahoval kromé& F. myxofaciens i identicky genotyp Ralstonia pickettii, Acidobacteria gen.
sp., a dokonce obdobného zastupce jednobunéénych eukaryot jako ZH9. Jmenované

organismy jsou z prostfedi AMD zndmé (shrnuje Méndez-Garcia et al. 2015) a je
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pravdépodobné, Ze mohou fungovat i jako oportunni rozkladaci odumielych biostalaktiti. Nic
nenasvédcuje existenci pii¢inné souvislosti mezi jejich vyskytem a absenci autotrofie.
Samotna mikrobialni oxidace pyritu (a dalSich sulfidll) probihé v kyselém prostiedi
takzvanym nepiimym mechanismem, kdy bakterie a archea produkuji ionty F e®, které pak
atakuji pyrit uz bez biogenni katalyzy (Rohwerder et al. 2003). Z tohoto duvodu jsou za
potencialni oxidatory pyritu povazovany prakticky vSechny acidofilni auto- i heterotrofni
mikroorganismy oxidujici zelezo (Bacelar-Nicolau a Johnson 1999; Méndez-Garcia et al.
2015) a vétsina autort striktn€ nerozlisuje mikrofloru pfitomnou pii oxidaci pyritu a pfi
dalsich pfeménach AMD. Na lozisku ZH-jih byly odebrany vzorky z leptovych jamek v kusu
horniny obsahujicim pyrit a nachazejicim se mimo tekouci vodu (ZH6) a voda vyvérajici z
pukliny v oblasti rudniho télesa (ZH7a). Mikrobialni spole¢enstava na povrchu horniny
dotované pouze kondenza¢ni vodou a aerosoly byla tvofena pouze typickymi oxidatory pyritu
Acidithiobacillus ferrooxidans, Leptospirillum ferrooxidans a Ferroplasma acidiphilum
(Archaea: Euryarcheota). Ve vytoku z pukliny byl hojny potencialni oxidator pyritu
Acidiferrobacter thiooxidans (Bacteria: Gammaproteobacteria) a nepopsané archeum blizké
F. acidiphilum. Tyto organismy nebyly zaznamenany na zadném jiném stanovisti a S
vyjimkou jednoho zachytu A. thiooxidans nebyly detekovany ani pti dalsi vyrazné
podrobng;jsi studii spolecenstev vyvéri AMD (Falteisek et al. 2016). Pravdépodobna pficina
je odlisné environmentalni selekce na zminénych typech stanovist, kterd se samotnou oxidaci
pyritu souvisi spise neptimo. Napadna je striktni diferenciace nik mezi blizce piibuznymi
Acidithiobacillus ferrooxidans a A. ferrivorans v prostiedi, kde 1ze pfedpokladat moznost
setkani obou bakterii diky podobnosti prostiedi i fyzické blizkosti stanovist’ (ziji na rizné
zvodnélych mistech v ramci jedné haldy suti). Tento jev je vysvétlitelny nizsi toleranci A.
ferrivorans na vysokou aciditu a koncentraci toxickych prvkd, ktera vylucuje jeho vyskyt na
povrchu leptaného mineralu, a zaroven vyssi ristovou rychlosti, a tudiZ patrné 1 vyssi
konkurenceschopnosti této bakterie v méné limitujicim prostfedi tokii AMD (Hallberg et al.
2010). Je ovsem zajimavé, ze tyto rozdily, které se v laboratornich podminkach projevuji jen
mirnym posunem rustovych optim, zpizobuji v pfirozeném prostiedi ostrou diferenciaci nik.
Diusledkem je, Ze riizné procesy jsou katalyzovany riiznymi organismy dokonce i v piipadeé,
ze jejich zékladni chemicka podstata (vyjadfitelna napf. jako sumarni rovnice biogenniho
chemického procesu) je stejna. Neni vSak pravdépodobné, Ze by A. ferrooxidans byl na
kontakt s pyritem vazany, spise jde o kombinaci riznych parametrii prostiedi. Ve vysoce
kyselych AMD bylo naopak prokazano, Ze tento mikroorganismus obyva stanovist€¢ mimo

mista oxidace pyritu (Schrenk et al. 1998). Je patrné, ze k pochopeni funkce urcité
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mikrobidlni komunity v takto komplexnim systému nestac¢i znalost metabolickych

charakteristik jejich ¢lenti, pokud neni zafazena do kontextu okolnich komunit.

4.5. Problém mikrobialni hyperdiverzity
Rostouci pocet studii diverzity mikrobidlnich komunit ukazuje, ze v komplexné
strukturovanych prostiedich, jako jsou ptudy, rizné sedimenty a biofilmy ve vodnich tocich,
ale 1 stfevni obsah nebo motské voda, 1ze detekovat nékolik tisic pfevazné vzacnych genotypt
prokaryotické 16S rDNA piiblizné odpovidajicich druhu v kazdim gramu materialu
(Caporaso et al. 2011; Nemergut et al. 2011). Podobny jev, tradi¢né ozna¢ovany jako pradox
planktonu, byl ekologtim studujicim mikroorganismy znamy jiz v dob¢ pted nastupem
molekularni taxonomie (Hutchinson 1961). Tak vysoka alfa diverzita organismu
nachdazejicich se na jedné ¢i malém poctu trofickych tirovni je obtizn€ vysvétlitelnd vzhledem
k tomu, ze by mélo dochazet ke kompetitivni exkluzi i nahodnému mizeni druht soutéZzicich o
stejné zdroje. Vétsina obvyklych vysvétleni mikrobialni hyperdiverzity predpoklada, ze
studované substraty nejsou homogenni a skryté fyzikaln€ chemické gradienty umoziuji
diferenciaci ekologickych nik (Nemergut et al. 2013). Alternativnim vysvétleni je, Ze
prostiedi je tak proménlivé v Case, ze mikrobialni spoleenstva nedosahnou rovnovazného
slozeni, nebot’ rtizné organismy jsou v riznych podminkach rizné konkurencné zdatné. Navic
se v kazdém okamziku mtiize nezanedbatelna ¢ast spolecenstva nachdzet v dormantnim stavu
(Cavender-Bares et al. 2009). Kazdopadné je nutné poditat s tim, ze bézné zpracovavané
vzorky mohou pfedstavovat homogenat prostiedi, ktera jsou z pohledu mikroorganismil
znaéné riznoroda, a to, co povazujeme za alfa diverzitu, je ve skute¢nosti soucet diverzit
mnoha riiznych stanovist, ¢ili v tradi¢nim nazvoslovi gama diverzita (Nemergut et al. 2011).
Dalsi vyznamny jev lze pozorovat, pokud porovname slozeni 16S rDNA genotypt ve
vice nezavisle odebranych vzorcich ze stejného typu prostiedi. Pocet spoleénych OTU bude
minimalni bez ohledu na pfesnou hodnotu sekven¢ni homologie pouzité pro determinaci
OTU. Velikost tohoto ptekryvu navic neni vyraznéji zavisla na geografické vzdalenosti
porovnavanych vzorkt. Jedina patrna zékonitost je to, Ze mikroorganismus s vyssi ¢etnosti v
urcitém vzorku bude s vys$si pravdépodobnosti pfitomny i v jiném vzorku (Nemergut et al.
2011). Dalsi metaanalyzy sekvenacnich studii ukazuji, Ze sobépodobnost mikrobidlnich
komunit je zavisla na jejich geografické blizkosti pouze pti vzdalenostech dosahujicich
maximaln¢ desitek metrt. Pti vétSich vzdalenostech je mira odliSnosti komunit na vzdalenosti
prakticky nezéavisla (Nemergut et al. 2013). Interpretace t€chto pozorovani neni jednoznacna.

Nemergut et al. (2011) se priklaneji k vykladu, Ze jde o disledek nahodné kolonizace kazdého
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stanovisté. Hojnéj$i mikroorganismy jsou hojnéji zastoupeny 1 mezi migrujicimi bunikami,
takze se s vEtsi pravdépodobnosti dostanou na nové stanovisté. Tato hypotéza pocita s tim, ze
slozeni mikrobialni komunity neni determinovano pouze prostfedim, ale i koloniza¢ni historii
a ndhodnym piezivanim taxoni, které na kazdé potencidlni stanovisté ptichazeji v nadbytku.
Pro platnost tohoto modelu je zcela nezbytné, aby byl splnén piedpoklad, Zze mnozstvi druhti
¢i aspon genotypll mikroorganismil schopnych prebyvat na libovolném stanovisti je
mnohonasobné vétsi nez pocet genotypu, které tam prebyvaji. Klasicka predstava
environmentalni filtrace, podle které se mikrorganismy $ifi tak ucinné¢ a homogenng¢, Ze se na
kazdém stanovisti ustavi spolecenstvo nejlépe prizptisobené lokalnimu prostredi, tedy musi
byt doplnéna minimalné€ o vliv kolonizac¢ni historie (tj. pofadi, v némz organismy ptichazely),
omezeného $ifeni a ndhodného vymirani taxonii (Nemergut et al. 2013).

Ptedstava komplexniho ptisobeni zminénych jevu pii tvorbé mikrobialnich komunit
sama o sobé€ neni nijak kontraintuitivni. Vzhledem k prokazatelng existujicimu mnozstvi
bakteridlnich a archealnich taxoni je té¢zko predstavitelné, ze by model idealniho §ifeni vSech
byl fyzicky mozny. Potencialné zajimavé disledky ov§em vyplynou z kombinace této teorie a
vySe zminéného vysvétleni vysoké zdanlivé alfa diverzity bakterii. Jestlize zdanliva
mikrobialni komunita pozorovana pii pouziti klasickych vzorkovacich metod je kompozitem
velkého poc¢tu mikrobialnich spolecenstev obyvajicich riizné mikrohabitaty (dale ji budeme
oznacovat , kompozitni komunita“), Ize piedpokladat, ze jednotliva mikrospole¢enstva budou
navzajem nejspis velmi nepodobnd, podobné jako jsou si nepodobné kompozitni komunity
odebrané na riznych mistech. Pozorovana disimilarita kompozitnich komunit mize byt
dokonce jesté snizena ,,primérovanim‘ mnoha mikrostanovist’. V souladu s touto hypotézou
byva nejvétsi alfa 1 beta diverzita pozorovana v sedimentech a podobnych prosttedich, ve
kterych existuje heterogenni anorganickd matrice a ktera jsou (v métitku relevantnim pro
mikroorganismy) fyzicky nespojitd, takze tu miiZze existovat mnoho stanovist’ s individualni
kolonizaéni historii (Lozupone a Knight 2007; Nemergut et al. 2013). Obdobn¢ fyzicky
nespojité, ale homogennéjsi ptidy dosahuji téz vysoké alfa diverzity, vykazuji ale
fylogenetickou underdisperzi ptitomnych prokaryot (Lozupone a Knight 2007).

Pokud predpokladdme vysokou odlisnost mikrokomunit, nabizi se otazka, jak vznika
odezva kompozitnich komunit na environmentalni gradienty. Podle empiricky dobfte
podlozené piedstavy (Faith et al. 2009; Ferrier et al. 2007; Kuczynski et al. 2010) se budou pfi
postupné zméné podminek pusobicich na kompozitni komunitu postupné nahrazovat
jednotlivé druhy nebo evolué¢ni linie jinymi. VSechny Gspésné teorie pracuji s postupnym

poklesem cetnosti az vymizenim druhu, kdyz se prosttedi vzdaluje od jeho optima. Jak ovSem
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budou reagovat jednotlivé mikrokomunity? Je mozné, Ze bude ve vSech téz gradualné klesat
cetnost urcitych druhi a riist ¢etnost jinych podobné jako v kompozitnich komunitéach, ale téz
je mozné, ze bude dochazet k viceméné ndhlému ,,pfepinani“ z dominance urcitych organismu
na dominanci jinych nebo i K jinym jevam. Takovou moznost nelze vyloudit ani v piipadé
faktort pusobicich na vS§echna mikrostanovisté stejné, napi. teploty, nebo v piipadé
zvodnélych prostedi pH ¢i chemického slozeni porového roztoku.

Je jasné, ze pokud se redlné mikrobialni komunity chovaji vyrazné odli$né nez ty
kompozitni, mtize to mit dusledky pro nase chapani pfi¢in mnoha jevii v ekologii prokaryot.
Velikost piredpokladanych mikrokomunit navzdory pokroku metod stale limituje jejich pfimy
vyzkum, je ale mozné se alespon ¢aste¢né v nékterych ohledech ptiblizit jejich charakteru.
hosti pokud mozno jednoduché spolec¢enstvo mikroorganismu. Dal$i dilezita vlastnostnost
modelového stanoviste je, ze se Vyskytuje v co nejvétsim poétu kopii, které jsou navzajem
oddélené, ale dostatecné blizké, aby byl odiivodnény piedpoklad, Ze jsou vystaveny stejnym
faktorim okolniho prostfedi a je mezi nimi mozna migrace organismil. V takovém uspofadani
by ¢ista environmentalni selekce méla vést ke vzniku stejnych komunit ve vSech kopiich
stanoviSté. Naopak stochastickd tvorba komunit by mohla vést ke vzniku zna¢nych odli$nosti.
Pokud bychom méli k dispozici nékolik sad takovych stanovist, nachazejicich se v mirné
odlisnych podminkach, bylo by mozné sledovat i to, jakym zptisobem individualni komunity

odpovidaji na environmentélni gradienty.

4.6. Vyvéry AMD jako model neutralni variability mikrobialnich spolecenstev

Jednim z potencialnich modelt pro studium komunit blizicich se idedlnim mikrokomunitam
by mohly byt biogenni stalaktity rostouci na vyvérech AMD. Riizné studie ukézaly, Ze
obsahuji druhové chudé mikrobialni komunity (Hallberg et al. 2006; Kimura et al. 2011;
Falteisek a Cepicka 2012). Mikrobialni spoledenstva v ramci stalaktitu jsou navic vystavena
homogenizujicimu ucinku tekouci vody a méfenim iontové selektivnimi mikroelektrodami se
podatilo zjistit, ze prostfedi v ramci stalaktitu se méni pouze smérem od povrchu do stiedu,
ale podél dlouhé osy utvaru je znacné homogenni (Ziegler et al. 2009, 2013). Proto s velkou
pravdépodobnosti nebudou stalaktity obsahovat rizné komunity specifické pro jednotlivé
tiseky nebo jiné typy vyrazné beta diverzity. Studie Falteiska a Cepicky (2012) ukazala, Ze
biostalaktity mohou obsahovat navzajem dost odlisné mikrobialni komunity. Navic velmi
Casto rostou v pocetnych skupinach na jednom mist¢, ¢asto na jediném vyvéru vody. Tyto

vlastnosti davaji ur¢itou nad&ji, Ze by biostalaktity mohly ptedstavovat ukédzku navrhovaného
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modelu pro studium jednoduchych mikrobidlnich komunit. Proto byla navrzena studie k
ovéteni neutralni variability mikrobidlnich komunit z dilnich biostalaktitd.

Na lokalit¢ ZH-jih se podafilo vytipovat skupinu vice nez 20 biostalaktit rostoucich
Vv fadé podél jedné hydraulicky propustné pukliny ve stropé dulni chodby. Z pukliny v celé
délce prosakovala AMD a stalaktity vznikly na mistech, kde se diky tvaru skaly odtrhavaly
kapky. Tim padem bylo mozné véfit, ze jsou vSechny krapniky napajené vodou ze stejného
zdroje. Vzdalenosti mezi sousednimi stalaktity ¢inily pouze nékolik centimetri. Z této
skupiny byly odebrany vzorky 21 stalaktitii. Dale bylo odebrano 20 stalaktitl z jiné skupiny,
kde vinou Zelezité kliry na strop€ nebylo mozné tak jednozna¢né vystopovat zdroj vody, ale
nachazely se v podobn¢ tésném usporadani jako piedchozi skupina. Dalsi jednotlivé vzorky (6
ks) byly odebrany ze Zlatych Hor a tii dal$ich dolu (Falteisek et al. 2016).

Cilem studie bylo ovéfit hypotézu, Ze jednotlivé stalaktity rostouci ve stejném
prostfedi v tésné blizkosti mohou obsahovat vyrazné odlisné mikrobidlni komunity, v nichz
jsou stejné funkéni role (gildy) obsazeny riznymi organismy. Pokud se tento zakladni
predpoklad potvrdi, dalsi cil je srovnat slozeni komunit z riiznych lokalit a zjistit, do jaké miry
je mnozina alternujicich se bakterii a archei omezena na konkrétni misto. Zékladni ptedpoklad
je, Ze rizné lokality se budou vZdy environmentalné lisit vic nez sousedici stalaktity na jedné
z nich. V tomto piipadé 1ze ocekavat dva mozné typy distribuce organismd. Podle prvniho si
budou komunity z kazdého odbérového mista podobnéjsi navzajem nez komunitdm z jinych
mist. Hojné genotypy budou na lokalité sdileny vS§emi nebo skoro v§emi vzorky a genotypy
dominujici jednotlivym spole€enstviim na jedné lokalit€¢ mohou byt pfitomny na ostatnich
lokalitach, ale pravdépodobné s mensi ¢etnosti. Specialni ptipad distribuce typu 1 je situace,
kdy jeden organismus dominuje na v$ech lokalitach. Takovy vysledek by znamenal, ze byly
vybrany pfili§ podobné lokality, které pro feSeni popsané otazky nejsou vhodné. Pti druhém
typu distribuce se urcité genotypy (resp. potencialni druhy) budou vyskytovat v nékterych

komunitach na vice lokalitach a zaroven na Zadné nebudou ve vSech komunitach. To by mélo
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lokalitach, ale kazdé z nich se bude v roli nejhojné&jsiho mikroorganismu stiidat vétsi pocet
raznych potencidlnich druhii. Pokud na takové komunity aplikujeme klastrovaci analyzu,
budou podpoteny klastry, které neodpovidaji lokalitdm (ani jiné zjevné proménné). V
idealnim pfipad¢ ze slozeni jedné mikrobialni komunity ani nebude mozné poznat, ze které
lokality pochazi.

Odebrané vzorky byly pfedbézné charakterizovany pomoci tRFLP (terminal

restriction fragment lenght polymorphism), které potvrdilo, ze komunity maji pomérné
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znaénou variabilitu. Z 58 vzorku (pocet v¢etné replikat z nékterych stalaktiti) bylo vybrano
34 pro pyrosekvenaci. Vinou zna¢né nerovnomérné distribuce sekvenci mezi témito vzorky
(coz je znamy neduh 454 pyrosekvenace; P. Baldrian, osobni sd¢leni) bylo pouze 24 vzorka
hodnotitelnych. Porovnani komunit na zéklad¢ fylogenetické disimilarity ukédzalo existenci
péti statisticky podlozenych klastri komunit, z nichz Ctyfi obsahovaly vzorky z vice lokalit.
VétSina klastrit méla jako nejhojnéjsi organismy rtizné autotrofni oxidatory zeleza (resp.
genotypy 16S rDNA téméf identické s popsanymi chemolitotrofnimi bakteriemi). Na pozici
nejhojnéjsich OTU se nejcastéji objevila dvojice Acidithiobacillus ferrivorans a Ferrovum
myxofaciens, tyto bakterie vSak byly ve dvou piipadech piecéisleny autotrofem
Acidiferrobacter thiooxidans, resp. heterotrofnim Metallibacterium scheffleri. Dalsim
komunitam vyrazn¢ dominovalo samotné F. myxofaciens (az 97 % sekvenci) a jeden klastr
(jediny omezeny na jedinou lokalitu ZH-B) mél v roli pravdépodobného primarniho
producenta Gallionella capsiferriformans a blizce piibuznou Sideroxidans litotrophicus
(Bacteria: Betaproteobacteria). Jedna skupina vzorki se od ostatnich lisila absenci nebo
malym podilem autotrofu a pfevahou riznych kombinaci heterotrofnich proteobakterii
(Acidocella, Acidiphilium, Bradyrhizobium, Burkholderia, Metallibacterium aj.).

Celkové byla prok4zana zna¢na altenace mikroorganismu v roli pravdépodobnych
primarnich producentl i konzumentt (genotypy blizké znamym heterotrofiim), a to i v piimo
sousedicich stalaktitech. Vétsina hojnych mikroorganismi souc¢asné zila na né€kolika riznych
lokalitach, takze dtivodem jejich alternace v ramci jednoho vyvéru ziejmé nebyla extrémné
uzka ekologicka valence. Popsané vysledky tedy odpovidaji distribuci typu 2.

Pti analyze jednotlivych 97% OTU byla vyloucena statisticky vyznamné asociace
drtivé vétsSiny z nich s konkrétnimi lokalitami (s vyjimkou stoprocentni asociace
betaproteobakterie Thiobacillus aquaesulis a pH neutralniho vyvéru BN tvoficiho pozitivni
kontrolu pro tento test). Komunity s vysokou dominanci F. myxofaciens byly omezeny na
stalaktity s vys$sim pritokem, avSak celkové i v ramci jedné lokality (ZH-A) patiily komunity
Se zvySenym prutokem k riznym typim, pficemz ne ve vSech bylo F. myxofaciens
zastoupeno. Prutok u riznych komunit s F. myxofaciens se navic lisil az fadové, pouze platilo,
ze nikdy nebyl blizky nule. Vyssi pritok je tedy ziejmé podminkou vysoké dominance F.
myxofaciens (jeho silna produkce extracelularni hmoty se zda byt dobrou adaptaci na takova
stanoviste), avSak ani v tomto prostiedi neni slozeni komunit uniformni nebo piedvidatelné.
Neni bez zajimavosti, Ze prevaha této bakterie neni stala v Case. Ve vyveéru ZH10 pii odbéru v
roce 2009 prevazovala Gallionella sp. (Falteisek a Cepicka 2012) a v roce 2012 tu byla

pozorovana extrémni dominance F. myxofaciens. Pti druhém odbéru byl zaznamenan

30



podobny pritok a dokonce vyssi pH (3,6 vs. 3,1) a nizsi konduktivita (1,9 vs. 2,3 mS/cm) nez
pfi prvnim, podminky se tedy posunuly spise k optimu pro mizejici acidotolerantni zastupce
rodu Gallionella (Jones et al. 2015). Ve vzorku ZH7 byl sou¢asné zaznamenan relativni
pokles ¢etnosti F. myxofaciens, coz snizuje pravdépodobnost, Ze jde o zkresleni vinou pouziti
riznych metod. Pfesto je nutné tento dil¢i zaver brat s rezervou, je jasné, Ze srovnani dataseta
obsahujicich o fad odlisné pocty sekvenci je zatizeno vétsi chybou. Dlouhodobé sledovani
narusta (streamers) v rychleji tekoucich AMD naopak naznacuje mimotadnou stalost
spoleCenstev s F. myxofaciens (Kay et al. 2012).

Popsané vysledky jsou v rozporu s vysSe citovanym faktem, podloZzenym mnoha
studiemi, Ze sloZzeni mikrobialnich komunit citlivé reflektuje prostiedi a pomoci jejich
srovnani lze detekovat i malo strmé environmnetalni gradienty. Jedna z moznych hypotéz je,
ze kompozitni komunity odrézeji charakter prostedi piesnéji, protoze vznikaji primérovanim
velkého poétu mikrokomunit. Tim je potlacena neutralni ¢i jina variabilita mikrokomunit a
naopak dojde ke zvyraznéni nenapadnych, ale konzistentnich trendti. V nejsilné;jsi verzi této
hypotézy je spojity riist podilu urcité bakterie v kompozitni komunité pii zmén¢ prostiedi
zpusoben postupnym piibyvanim mikrokomunit, kde tato bakterie dominuje, a ubyvanim
téch, kde je vzéacna ¢i chybi. Tato verze je zatim Cisté hypotetickd, ale mirnéjsi verzi, tedy Ze
specificky charakter kazdého stanovisté je zvyraznén pramérovanim individualnich komunit,
lze ¢astecné testovat na zkoumaném datasetu. Za timto ucelem byly vytvoieny umélé
komunity tvofené souctem cetnosti OTU z pouhych tfi (v jednom ptipadé dvou) nahodné
zvolenych stalaktitli ze skupin ZH-A a ZH-B. Pfitom bylo pochopitelné vylouceno opakované
pouziti téze komunity. Takto bylo vyrazné posileno klastrovani umélych kompozitnich
komunit podle lokalit. Dataset bohuzel neobsahuje dostateény pocet komunit pro statisticky
zcela priikazné ovéteni, Ze s rostoucim poctem sloucenych spolecenstev roste vliv lokality,
avSak jde minimalné€ o naznaceni sméru dal$iho vyzkumu.

Tyto vysledky je nutné jako celek povazovat za predbézné. Kromé zvySeni poctu
vzorki a vyuziti u¢innéjSich sekvenaénich postupt bude tfeba vyrazné propracovat
charakterizaci jednotlivych stalaktitil. Stale neni zcela vylouc¢ena moznost existence
environmnetalnich rozdili mezi sousedicimi stalaktity, byt’ to rozhodn¢€ neni nejvice
parsimonni vysvétleni pozorované distribuce mikroorganismi. Nepotvrzuji ho ani dalsi
experimenty. Nové ziskané vysledky ukazuji, ze pii opakované regeneraci poskozeného
biofilmu (tepelné nebo chemicky) na sulfidickém vyvéru vznikaji komunity dominované
riznymi bakteriemi, pfi¢emz vSechny katalyzuji stejny proces, autotrofni oxidaci sirovodiku.

Vsechny vzorky byly v tomto ptipad€ odebirany na identickém misté (biofilm na ptelivové
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hrané Sikmého vrtu v boku Stoly) a méfeni prakticky vyluc¢uji vysvétleni zménou chemismu
vody, teploty nebo pritoku. Komunita na sousednim vyvéru, ktery byl chranén pired
disturbancemi, méla ve stejném obdobi velmi konstantni slozeni v¢etné kvantity
mikroorganismu (L. Falteisek, nepublikovano).

Ptedstava, Zze mikrobidlni spolecenstva obsahuji skrytou diverzitu, nepozorovanou
pomoci béznych makroskopickych vzorkovacich metod, samoziejmé neni nova (Nemergut et
al. 2013). Riizné prace ukazuji, ze i v homogennim prostiedi mohou byt mikrokomunity
tvofené raznymi organismy, v nékterych ptipadech dokonce fyziologicky odlisSnymi
populacemi, které jsou si geneticky tak blizké, Ze je rutinni DNA barcoding ani neodli$i (napf.
Denef et al. 2010). Dulezité je, ze tyto mikronehomogenity jsou udrzovany ¢isté biotickymi
procesy. Stochasticky vliv koloniza¢ni historie byl pozorovan jiz i pti de novo kolonizaci
nov¢ odhalené pudy (Schmidt et al. 2014). Pfesto je piinosné studovat tvorbu a dynamiku
struktury jednoduchych mikrobialnich komunit v co nejlépe kontrolovatelnych ptirodnich
podminkach. Jedin¢ takto miiZzeme propojit slozeni komunity s kvalitativnimi i
kvantitativnimi rysy jeji ¢innosti a pfitom se vyhnout artefaktim kultiva¢ni mikrobiologie.
Fundamentalni otazka, zda piesné slozeni mikrobialniho spolecnenstva ma vliv na prib¢h
biogeochemickych d&ju, anebo zda miizeme mikroorganismy redukovat na univerzalni
katalyzator, ktery na kazdém stanovisti pfedvidatelné pfeménuje pfitomné latky na
termodynamicky nejstabilngjsi produkty, je stale oteviena. Jeji zodpovézeni je vyznamné pro
pochopeni nekterych rysi funkce celych ekosystémii.

Pokud by bylo potvrzeno, Ze hyperdiverzita mikroorganismi je neutralni vici funkci
komunit, znamenalo by to mimo jiné definitivni konec nazoru, Ze 1ze ovliviiovat
environmentalni procesy tim, Ze budeme dodéavat do prostiedi vybrané organismy. Tato
doktrina je v praxi stale uplatilovana a pravdépodobné predstavuje dillezity faktor zpomalujici
rozvoj environmentalnich biotechnologii v poslednich desetiletich. A naopak, pokud by se
ukazalo, ze existuji mikroorganismy schopné ovlivnit Gi¢innost ¢1 vysledek procesu naptiklad
tim, Ze zméni strukturu ¢1 nosnou kapacitu prosttedi, byla by to cesta k mnohem cilengjSimu
ovlivilovani environmentalnich déji. Ilustraénim ptikladem mikroorganismu potencialné
schopného meénit u¢innost procesu mize byt mnohokrat zminované F. myxofaciens. To diky
masivni mezibunécné hmoté zvysuje mnozstvi biomasy, ktera je v kontaktu s tekouci vodou, a
prodluzuje drahu, na niz voda s mikroorganismy (a to nejen s Ferrovum, Hallberg et al. 2006;
Kay et al. 2012 aj.) muze interagovat. Cilené ovlinéni prostiedi tak, aby v ném bylo F.
myxofaciens konkurenéné nejzdatnéjsim organismem, by tedy mohlo napt. zvysit uc¢innost

oxidativniho ¢isténi vytokiit AMD. Systematicky vyzkum testujici tuto moznost v§ak zatim
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neprobéhl, znamy jsou pouze viceméné nechténé pokusy na Cisticich stanicich dulnich vod

(Heinzel et al. 2009).
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4.7. Mikrobialni sraZeni realgaru

Slouceniny arzenu se v podzemnich vodach se vyskytuji na mnoha svétovych lokalitach a
vzhledem ke své toxicité jsou pfedmétem intenzivniho vyzkumu (Nordstrom 2002). K jejich
mobilizaci dochézi Casto pii zvétravani primarnich rud i1 pfi mikrobialnim reduktivnim
rozpousténi oxohydroxidi Zeleza a dalSich fazi nabohacenych As diky jeho sorpci (Hudson-
Edwards a Santini 2013). Arzen je pro bakterie a archea obecné toxicky, kromé toho ovsem
muze v podob¢ arseni¢nanu slouzit v mikrobidlnim energetickém metabolismu jako
terminalni akceptor elektronii, arsenitan mtize byt donorem elektronti pro chemolitotrofni
metabolismus. Nekteré mikroorganismy dokonce mohou rtist s arsenitanem jako jedinym
donorem elektront (Cai et al. 2009). V prostiedich obyvanych mikroorganismy je tedy forma
vyskytu arzenu siln€ ovlivnéna biologickymi procesy.

V oblasti Mokrska ve Stiednich Cechach existuje pfirozena arsenova anomalie v pudg,
sedimentech i mélkych podzemnich vodach, ktera souvisi se zdej$im loziskem zlatych rud
obsahujicich arsenopyrit (Drahota et al. 2009). Pii odbérech vzorki na této lokalité byly v
pude a sedimentech v hloubce prvnich desitek centimetri nalezeny akumulace zluté zbarvené
hmoty, ktera byla identifikovana jako sulfidicky mineral realgar (AssS4; Drahota et al. 2013).
Mineral pokryval i prostupoval pohibené tilomky dieva a rostlinnou masu véetné odumielych
kofent rostlin recentné rostoucich na lokalité. Tato distribuce svédci o recentni tvorbé
realgaru v pudé¢ zcela mimo dosah hydrotermalnich roztokt nebo jinych hypogennich vlivi.
Jde o vlibec prvni detekci makroskopickych mnoZstvi realgaru vzniklych mimo hydrotermalni
prostiedi. Pfedchozi studie nalezly realgar v mélkém redukénim prostiedi v asociaci s
organickou hmotou pouze na dvou lokalitach. V obou pfipadech tvofil mikroskopické
akumulace, které bylo mozné detekovat jedin€ pomoci synchrotronové rentgenové absorpéni
spektroskopie (XAS; O Day et al. 2004; Langner et al. 2013). Autofi téchto studii
predpokladali, Ze realgar vzniké diky mikrobidlni redukci siry v anoxickém prostiedi chudém
na rozpustné slouceniny zeleza. Mikrobiologické analyzy vSak neprovadéli. Dalsi podrobny
vyzkum se zabyval vznikem biogennich sulfidi arzenu v laboratofi. Z hypersalinnich jezer
v Chile se podafilo ziskat smésné kultury srazejici pravdépodobné pararealgar (AssSs) @

Z téchto konsorcii byly izolovany dokonce dvé €isté kultury schopné srazet amorfni sulfid se
slozenim zhruba odpovidajicim auripigmentu (As,S3). V precipitatech z inkubacnich pokust
byla prokéazana deplece izotopu 343, ktera odpovida enzymatické redukci siry. Stejny
izotopovy podpis byl prokazan i u sulfidu arzenu (podle sloZeni patrné auripigmentu)

nachazejiciho se v sedimentech solnych plani (Demergasso et al. 2007).
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Obr. 4 Vysledek srovnani mikrobialni komunity z Mokrska s referenénimi komunitami z prostfedi
mélkych podzemnich vod.

Referen¢ni komunity: Redukce siranti - sediment kontaminovany uhlovodiky, siran je jediny akceptor
elektronti (Winderl et al. 2008); Hanford - podzemni akvifer na rozhrani acrobni a anaerobni zony (Lin
et al. 2012); Cernuc - sediment z vrtii v geochemicky pestrém akviferu obsahujicim As a sirany (L.
Falteisek, nepublikovano); Hrad¢any - akvifer kontaminovany uhlovodiky, probiha aerace (Kabelitz et
al. 2009); Ztoty Stok - ¢asteéné aerobni biofilm z vody bohaté na As a metan (Drewniak et al. 2012);
Lava - extrémné oligotrofni biofilmy ze stén lavovych tuneld (Northup et al. 2011); Ledovec -
recentn¢ odhalena puida pod ledovcem, pievazné fototrofni (Nemergut et al. 2007).

Na zakladé téchto informaci byla formulovana hypotéza, ze realgar v Mokrsku je
produktem mikrobidlni redukce arzeni¢nanu a siranu v anoxické podzemni vodé chudé na
Fe?* (Drahota et al. 2013). Nizky obsah Zeleza je zde zplisoben mineralnim slozenim podloZi,
které obsahuje jen malé mnoZstvi pyritu a dalSich sulfidi ptedstavujicich potencidlni zdroj
Zeleza, a také reduk¢nim prostfedim, které vedlo k reduktivni solubilizaci vétSiny snadno
rozpustnych mineralli zeleza v mistech srazeni realgaru. Vzorky odebrané pro
mikrobiologicky vyzkum piedstavoval regolit velmi chudy na organicky uhlik (0,14 hmot. %)
a pon¢kud bohatsi sediment (1,4 hmot. %). Oba vzorky obsahovaly Spatné rozpustné oxidické
mineraly obsahujici Zelezo a arzen, v sedimentu byl pfitomen realgar. Sekvenace piiblizné 50
klonti 16S rDNA z kazdého vzorku odhalila velmi diverzifikované mikrobialni komunity (95
OTU pfi 101 sekvencich). Charakterizace mikroorganismi srovnanim s nejbliz§imi zndmymi

environmentalnimi sekvencemi odhalia smés aerobnich a anaerobnich bakterii (vzacné archet)
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vétsinou adaptovanych na oligotrofni prostfedi limitované zdrojem uhliku. Nékteré organismy
patfily do autotrofnich skupin. Analyza fylogenetické disimilarity ukédzala, ze mezi komunitou
ze sedimentu a regolitu neni signifikantni rozdil, ackoliv nesdilely zddnou OTU. Pro
otestovani signifikance ekologického zafazeni byla komunita srovnana se sadou vybranych
komunit z podzemnich akvifert a horninového prostredi. Tyto komunity reprezentuji
prostedi s riizné zastoupenou anaerobicitou, respiraci sirantl, oligotrofii a s riznym obsahem
arzenu. Komunita z Mokrska jednozna¢né vytvaiela klastr s oligotrofnimi spolecenstvy

Z redoxné proménlivych lokalit, neklastrovala ani s pievazné methylotrofni komunitou

zZ dilnich vod siln¢€ kontaminovanych As ani s ¢aste¢né anaerobni, ale nikoliv uhlikem
limitovanou komunitou z arzenem kontaminovaného akviferu staii cenoman z Ceské kiidové
panve (obr. 4). Tento zavér je konzistentni s poznatkem, Ze rezistence k As je snadno
pfenosna horizontalnim pfenosem genti (Villegas-Torres et al. 2011). Navzdory rozsdhlym
pokusum se nepodafilo detekovat gen pro béznou detoxika¢ni reduktazu arzeni¢nand arsC.
Mozny divod je, ze v Mokrsku je vétSina arzenu ve formé arsenitanu diky respirativni
redukeci, a prevazuje tu tim padem jina detoxikacni draha nevyzadujici redukei.

Mikrobialni komunita z regolitu ani sedimentu tedy nebyla nejblizsi spolecenstviim
vyuzivajicim redukci sirani jako hlavni typ respirativniho metabolismu. Pro bliZsi
chrakterizaci metabolismu byly ze stejnych vzorki nasledné sekvenovany geny pro
respirativni reduktazu siranti (dsrB) a arzeni¢nant (arrA) a pro autotrofni oxidazu arzenitanu
(aioA). Vsechny tii geny byly detekovany v obou vzorcich. Fylogeneticka diverzita téchto
geni, kterd samoziejmée nemusi odpovidat diverzité bakterii, kterym zminéné geny patfily,
byla vyrazné nizsi nez diverzita 16S rDNA. Kazdy gen byl podle ocekavani ptfifazen k jinym
skupinam bakterii. V pfipad€ genu arrA patfila vétsina sekvenci k neidentifikované skupiné,
jejiz zastupci byli predtim detekovani pouze jednou z methylotrofnich biofilmu ve zlato-
arzenovém dole ve Ztotém Stoku (Drewniak et al. 2012). VSechny klony genu aioA byly
odvozeny od alfa a beta proteobakterii. Nejvyssi diverzitu vykazoval gen dsrB, u kterého byla
také jako u jediného prokdzana signifikantni fylogenetickd odliSnost vzorka sedimentu a
regolitu. V sedimentu byly zdrojem dsrB piedevsim Desulfobacteria a Firmicutes, v regolitu
Syntrophobacterales a hlavné neidentifikované skupiny, které se od vSech jmenovanych
jednoznacné lisily. Nejjednodussi interpretace tohoto Stavu je, Zze v obou vzorcich probiha
redukce siranu ve vyrazné odlisnych mikroprostiedich.

Molekularni determinace mikroroganismt a jejich gent tedy nevylucuje, Ze ve
zkoumaném prostfedi probihaji reakce generujici prekurzory realgaru. Mikrobialni redukce

siry v realgaru byla potvrzena i rozborem izotopového slozeni (P. Drahota, osobni sdéleni).
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Z4dné vzorky pidni vody v§ak nebyly vii¢i realgaru nasycené a namétené Eh bylo vyrazngé
mimo pole stability tohoto mineralu. Tento zavér je konzistentni s charakterem mikrobialni
komunity, kterd odpovidala smési riznych a zfejmé kontrastujicich prostiedi. Detekované
bakterie patfily do skupin s navzajem neslucitelnymi naroky, byly auto- i heterotrofni, aerobni
1 striktn¢ anaerobni. Vzhledem k sekvenaci jen 101 klont ze vzorkt, v nichz Ize ocekavat
pritomnost n¢kolika tisic OTU i druht, je pravdépodobné, ze byly zachyceny spi§ hojné a
aktivni organismy nez dormantni stddia. Vysvétleni vSech ekologicky disjunktnich OTU
pomoci dormance je extrémné nepravdépodobné. O soucasné piitomnosti autotorfni oxidace i
heterotrofni redukce arzenu svédéi i detekce genu arrA a aioA. Velka variabilita stanovist’ i
mikrobialnich komunit v prostiedich typu sedimenti je znamy fenomén (Nemergut et al.
2013). Je pravdépodobné, ze v Mokrsku v sedimentu i okolni ptid¢ a zvétraling existuji
mikrodomény extrémné redukéniho prostiedi v tésném okoli ¢astic rostlinné hmoty a dieva.
V téchto mistech probihd respirace siranu jako jediného dostupného akceptoru elektront a
pravdépodobné tu je v prosttedi o objemu fadové milimetrti krychlovych piekro¢ena mez
nasyceni roztoku vii¢i realgaru. V takto malém objemu nebylo mozné pouzitymi metodami
méfit parametry roztoku. Tésnd asociace realgaru s organickou hmotou pozorovana
vV Mokrsku i na dalSich vyskytech (Langner et al. 2013) tomuto scénafi odpovida.
Mikroskopické pozorovani inkrustovaného dieva nasvédcuje ohniskovité distribuci realgaru i
v ramci jedné dievni Castice (obr. 5). Zviditelnéni samotnych oblasti redukce sirand se zatim
nepodaftilo. Recentni vysledky vSak potvrzuji tuto hypotézu, sice nepiimo, ale konzistentné
Z n¢kolika riiznych uhli pohledu (P. Drahota, L. Falteisek, nepublikovano).

Pokud bychom méli zobecnit vysledky vyzkumu biogenniho sraZeni realgaru, tak
Z pohledu environmentéalni mikrobiologie jde v prvni fad€ o ukazku situace, kdy bézny jev,
tedy mikroheterogenita prostiedi a vysoka fylogeneticka i funk¢ni diverzita mikrobidlnich
komunit v malém objemu, vede ke zcela mimotadnému dusledku. Je velmi nepravdépodobné,
ze by v Mokrsku Zila neobvykla bakterie podminujici zvlastni biomineralizaci na této lokalité.
TéZ pokud by dochazelo k redukci siranu homogenné v celém objemu sedimentu, 1ze
oCekavat, Ze by se zde realgar nesrazel. Mikrodiverzita a kompozitni charakter mikrobialnich
komunit tedy nema diisledky pouze pro teoretické chapani interakci mezi mikroorganismy,
ale muze vést k segregaci nékterych prvka do pevné faze, a tedy k ovlivnéni celého
makroskopického systému i k environmentaln¢ vyznamnym disledkiim. Struktura prosttedi a
prostorova distribuce mikrohabitati by tedy méla byt povazovana za podstatny prvek

ovlivityjici biogeochemické procesy. Je mozné, Ze diky budoucimu vyzkumu se pfi analyzach
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mikrobidlnich procest stane ze struktury prostiedi faktor rovnocenny chemismu vody nebo

fylogenetické disimilarité¢ mikrobidlnich komunit.

Obr. 5 Mikrostruktury asociované s biogennim srazenim realgaru: A Bunécna sténa rozkladajiciho se
dfeva s kavernami patrné vytvorenymi ¢innosti mikroorganismi (TEM, kontrast UO,(C,H30,), a
Pb3(C¢Hs04),). B Mineraly vysrazené na povrchu dievni ¢astice v inkuba¢nim experimentu (SEM,
identifikace minerald EDS): K - kalcit, RE - realgar, oznacen je kostrovité vyvinuty krystal a vlaknita
mikrokystalicka hmota patrné vznikla jako membrana na rozhrani dvou riznych roztoki. C, D
Realgarem inkrustovana sténa jedné bunky a sténa a prusvit cévy v dievni hmoté, ktera v okoli realgar
neobsahuje (TEM, bez kontrastovani, identifikace minerald EDS a SAED). Snimky C, D foto Petr
Drahota.
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Abstract A wide variety of microhabitats within the
extremely acidic abandoned underground copper mine
Zlat¢ Hory (Czech Republic) was investigated. SSU rDNA
libraries were analyzed from 15 samples representing
gossan, sulfide-leaching environments in the oxidation
zone, and acidic water springs in the mine galleries.
Microbial analyses were extended by analyses of chemical
composition of water and solid phases and identification of
arising secondary minerals. The microbial communities of
the three main classes of microenvironments differed in
almost every aspect. Among others, ecological partitioning
of Acidithiobacillus ferrooxidans and the recently descri-
bed A. ferrivorans was observed. Distinct types of com-
munities inhabiting the water springs were detected. The
more extreme springs (pH <3, conductivity >2 mS/cm)
were inhabited by “Ferrovum™ spp. and A. ferrivorans,
whereas Gallionella sp. dominated the less extreme ones.
A new role for gossan in the extremely acidic ecosystem is
proposed. This zone was inhabited by a large diversity of
neutrophilic heterotrophs that appeared to be continuously
washed out to the acidic environments localized down-
stream. Five species originating in gossan were found in
several acidic habitats. Here they can survive and probably
serve as scavengers of dead biomass, particularly from
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chemoautotrophic growths. No such process has been
described from acidic mine environments so far.

Keywords Acidophiles - Chemolithotrophy - Microbial
consortia - Phylogeny - Gossan - Supergenic processes

Introduction

Ecosystems based on oxidation of sulfides have been
attracting the attention of scientists for decades. Moreover,
they have large economical potential (Pecina et al. 2010;
Puhakka et al. 2007). Since sulfides, and especially pyrite,
are very common minerals in the Earth’s crust, numerous
extremely acidic environments associated with sulfidic
mineral deposits and sulfur-rich water springs can be found.
Many studies have focused on describing biodiversity of
acidic drainages from sulfidic mines and on the character-
ization of the most important bacterial species (e.g.
Golyshina et al. 2000; Johnson et al. 2001; Okabayashi et al.
2005; Hallberg et al. 2006; Tan et al. 2007; Heinzel et al.
2009; Xiao et al. 2009; Hallberg et al. 2010, 2011). The
influence of the season, the depth of the sample in the
sediment and the distance of the sampling site from
the mine adit on microbial community composition have
been thoroughly investigated (Rowe et al. 2007; Tan et al.
2009; Kimura et al. 2011). These efforts resulted in a dis-
covery of a large number of bacterial species involved in
the main biogeochemical processes in extremely acidic
environments. The association of various processes with
particular sets of bacterial species is thus well established
and the diversity of acidophiles, although generally rather
low, has been described in more detail than the microbial
diversity of many less extreme environments. However,
most of the studies have been limited to a single or a few
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sampling sites similar to each other within the locality. Yet
numerous distinct habitats can be found in a single sulfidic
ore mine. The habitats differ primarily in the presence of
rock dissolution, in water composition, the presence of
bacterial streamers, sediment formation, etc. (Kimura et al.
2011). Another factor which may increase the complexity
of the mine ecosystem, but which is usually neglected in
geomicrobiological studies, is the presence of the leached
zone (gossan). This zone forms the uppermost part of the
deposits (Enders et al. 2006). Virtually all water infiltrating
the deposit has to pass through gossan. During this passage
water may become enriched in certain chemical compounds
(Romero et al. 2011). The degree to which gossan affects
water composition depends on its thickness and on the way
the water passes through (e.g.. single, highly permissive
fracture vs. filtration through altered rock) both of which
influence the retention time and the intensity of contact with
gossan. The role of microorganisms in mobilization of
silver from gossan has been reported recently (Izawa et al.
2010).

It could be expected that bacterial communities inhab-
iting various microenvironments within the sulfidic ore
deposit vary considerably. It has been well established that
the true extent of natural habitats of certain microbes cannot
be inferred solely from their requirements in laboratory
culture. Although the total diversity of prokaryotes at an ore
deposit is dictated mainly by its acidic character, the
diversity at a particular microenvironment is driven mostly
by the biological processes, like competition or mutualism
(Johnson 1998). Ecosystems of sulfidic ore deposits contain
numerous types of habitats whose diversity is influenced not
only by interactions within a single habitat, but also by
interactions with other habitats. The factors shaping
microbial diversity should be studied in detail since the
composition of microbial communities influences the
geochemical processes significantly (e.g. Johnson 1998).
However, only few authors have focused on bacterial con-
sortia at various types of habitats within a single locality, or
in various microenvironments within a single sampling site
(Schrenk et al. 1998; Espana et al. 2007; Macalady et al.
2007; Amaral-Zettler et al. 2011; Kimura et al. 2011).

The combination of bacteriological, mineralogical and
chemical analyses can provide deep insight into the pro-
cesses taking place at particular sites. Certain bacterial
species may even serve as indicators of particular bio-
chemical processes (Baker and Banfield 2003; Mendez
et al. 2008). Despite major progress in the knowledge of
the ecology of various bacterial species as well as whole
bacterial communities, the understanding of the sulfidic
ecosystem in its complexity remains a challenge.

In the present study, we have chosen a sampling scheme
that differed from most of the published works. The large
abandoned sulfidic mine Zlat¢é Hory, with highly acidic
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character, has been explored in order to assess the vari-
ability of its habitats. Non-acidic sites in the subsurface
part of the deposit were also included. Composition of the
microbial communities is discussed in the context of local
geochemical conditions.

Materials and methods
Site description

The Zlaté Hory deposit is located in Silesia (Czech Republic)
in a mountain region (50°12-13’N, 17°23-24°30"E) and
reaches an elevation of 540-974 m a.s.l. It is composed of
sulfidic ores dispersed in metamorphic Devonian volcano-
sedimentary rocks, mostly quartzites, quartzitic shales and
metatuffites. The impregnation type of mineralization
dominates throughout the deposit (Vanécek 2004). The
deposit is strongly altered by oxidative weathering of sul-
fides. Typical leached zone (gossan) with heavy metals (Fe,
Cu, Zn, Pb) present in the form of oxides, sulfates and other
oxidized secondary minerals can be found in depths of up to
hundred meters below the surface. This zone contains
low-mineralized and pH-neutral water. Various secondary
minerals (goethite, gypsum, alumogel, allophane, linarite,
brochantite, malachite, clay minerals) have been observed in
the mine works in gossan. Spontaneous leaching of sulfidic
ores causing alteration of the ambient rock and massive
formation of acidic mine waters (typical pH 2.5-3.5; total
mineralization 2-5 g/L.) takes place in the oxidation zone.
Both neutral and acidic, metal-rich waters rise from various
rock fractures, but the proportion of acidic waters is much
larger and increases with the depth. Precipitation of various
pH-neutral secondary minerals from the less mineralized
neutral water occurs in the oxidation zone as well.

The mining district is divided into several deposits. Our
study focused on two deposits, ZH-south and ZH-east (Fig.
S1). The deposit ZH-south contains monometallic pyrite—
chalcopyrite-pyrrhotite Cu ores. The deposit was partially
mined out in 1965-1990. The leached and oxidation zones
of ZH-east were extracted in several periods from the
fourteenth to the nineteenth century. The oxidation zone
containing polymetalic Zn-Pb-Ag sulfidic ores with a
significant content of pyrite was partially mined out by
sublevel chambering during the twentieth century; the
deposit ZH-east was abandoned in 1993 (Kotris 2004).

The vertical range of presently accessible mine works
reaches 350 m and represents all zones of the deposit from
strongly weathered subsurface rock to unaltered ore bodies.
The mine is fully spontaneously ventilated and has a stable
air temperature of 8-10 °C and water temperature of 8-9 °C
in the deep parts throughout the year. In the area close to the
surface the water and air temperature may decrease (o
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4-5 °C in winter period, certain parts of the zero and first
haulage levels may experience sub-zero temperatures.

Sample collection

Initially, 28 samples were collected from sites representing
a broad spectrum of combinations of pH, conductivity,
oxygenation and secondary minerals. After preliminary
chemical and biological analyses (SEM-EDS, XRD,
sequencing up to 10 SSU rDNA clones), a set of 15 sam-
ples representing main types of environments was selected
for further examination.

Samples of secondary minerals, rock biofilms and
streamers for microbiological analyses were taken into sterile
15-mL tubes (one biological sample per site). Each mineral
was also sampled for XRD and EDS analyses. When samples
immersed in water were collected, the pH, conductivity,
temperature and dissolved oxygen level of the water were
measured using WTW Multi303i universal pocket meter
(WTW, Germany). The water samples for microbiological
and chemical analyses were collected into sterile 1.5-L plastic
bottles without disturbing a potential solid phase. The water
flow was estimated from the filling times of the sample bottles
(the flow was directed into the bottle quantitatively). All
samples were delivered to the laboratory within 24 h. For the
TEM analysis, small pieces of material (ca. 2 mm) were
collected directly into the fixing solution (see below).

Chemical analyses of water

The chemical analyses of the water samples were con-
ducted in the certified commercial analytical laboratory
VZ lab s.r.o. (Prague, Czech Republic). Anions were
determined using ion chromatography analyzer ICS 1100
(Dionex, USA), total organic carbon (TOC) using the
TOC-VCPN (Shimadzu, Japan), Si and humic substances
were determined photometrically following the protocol of
Horakova et al. (1986), concentrations of metal cations by
AAS using SpectrAA 220FS (Varian, USA), chemical
oxygen demand by permanganate (CODyy,) by titration,
CODc; by photometry, and total minerals by gravimetry.

Mineralogical analyses

A representative portion of each solid sample was
homogenized and analyzed by XRD using X'Pert Pro
(PANalytical BV, Netherlands) in Cu Ko at 40 kV, 30 mA,
step scanning at 0.05°250 s in the range 3°-70° 20. Min-
eral phases were identified using the analytical software
X'Pert HighScore 1.0d (PANalytical B.V., Netherlands).
Microstructure of carbon-covered solid samples was
examined by scanning electron microscopy (SEM) using
CamScan S4 (Siemens, Germany) in both the backscattered
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and secondary electron signal at 15 kV. The elemental
composition of various morphologically distinguishable
materials was identified using energy dispersive spectros-
copy (EDS) microanalytic system Link ISIS 300 (Oxford
instruments, GB).

Cryo-FESEM

Samples were transferred into a special holder with a slot
and clamping facility, mounted into a drop of glue and
clamped. The samples were extremely quickly frozen
(>10% K/s) in slushy nitrogen. Then, the samples were
transferred into the cryo-stage of the preparation chamber
(ALTO2500, Gatan, USA) where they were freeze-frac-
tured at —140 °C, freeze-etched at —95 °C for 3 min, and
then coated with 3 nm layer of platinum at —135 °C. The
coated samples were inserted into the chamber of the JSM-
7401F microscope (JEOL, Japan) precooled to —130 °C.
Images were obtained by both the secondary and back-
scattered electron signal at 3 kV.

TEM

Immediately after collection, the sample was transferred
into a fixative containing 2.5% glutaraldehyde in 0.1 M
SCB (pH 7.2) at mine temperature (ca. 9 °C) and delivered
to the TEM laboratory. There, it was postfixed in 2 % OsO,
in 0.1 M SCB (pH 7.2) at room temperature for 3 h fol-
lowed by dehydration through ethanol series and substitu-
tion with acetone. The sample was embedded in a resin
(Epon 812, Polysciences, USA). Ultrathin sections were
cut on Leica EM UC6 ultramicrotome (Leica Microsys-
tems) and double-stained with 2% (w/v) uranyl acetate and
lead citrate (Reynolds 1963). The sections were observed
using JEOL JEM-1011 TEM (Jeol, Japan) with CCD
camera Veleta and acquisition software Olympus Soft
Imaging Solution (Olympus, Japan).

DNA extraction, amplification, cloning and sequencing

The solid and gelatinous samples were divided by flame-
sterilized lancet and forceps. Approximately 250 mg of
each sample were used for DNA extraction. 0.5 L of each
water sample was filtered using sterile 0.22 um pore syr-
inge filter (Millipore, USA) and the membrane from the
filter was used for DNA extraction. Genomic DNA was
isolated using ZR soil microbe DNA kit (Zymo research,
USA). The primers U515F (GTGCCAGCMGCCGCGG-
TAA) and U1406R (GACGGGCGGTGTGTRCA) (Turner
et al. 1999) were used to amplify approximately 860-bp-
long fragment of the SSU rRNA gene from Bacteria,
Archaea, and mitochondria. The annealing temperature
of 55°C and LA DNA polymerase (Top-bio, Czech
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Republic) were used. PCR products were purified using
Zymoclean gel DNA recovery kit (Zymo Research, USA),
TA cloned into pGEM-T easy vector (Promega, USA)
using chemocompetent Escherichia coli TOP10 cells.
45-50 clones of each sample were sequenced on 3100
Genetic Analyzer (Applied Biosystems, USA). Newly
determined sequences have been deposited in GenBank
under accession numbers JQ217496-JQ218118.

Phylogenetic analyses

At first, a preemptive data set containing all 614 newly
determined sequences was created. The sequences were
aligned using MAFFT (Katoh et al. 2002) with the help of the
EBI server (http://www.ebi.ac.uk/Tools/msa/mafft/); both
the number of iterations and the number of tree rebuildings
were set to 100. Genetic distances (p-distances) of the
aligned sequences were computed in PAUP* 4.0b10
(Swofford 2002). Sequences with p-distances lower than
2 9% were considered to belong to conspecific organisms.
The species identity of up to seven representatives of each
putative species was estimated by BLAST. In some cases
two already described species with p-distances lower than
2 9% were detected (e.g., Af. ferrooxidans and At. ferrivo-
rans). The coverage of microbial diversity was estimated
using Chaol-bc diversity estimator (Chao et al. 2005). Four
final data sets were created. The first data set consisted of 196
SSU rDNA sequences from GenBank representing broad
bacterial diversity and 75 newly determined sequences of
non-proteobacterial eubacteria. The second data set con-
sisted of 220 SSU rDNA sequences representing the diver-
sity of Proteobacteria and 163 newly determined sequences
belonging to Proteobacteria; 15 non-proteobacterial seq-
uences were used as outgroups. The third dataset consisted of
40 sequences representing the diversity of main archaeal
groups and 11 archaeal sequences from the present study.
The fourth dataset consisted of 41 mitochondrial SSU rDNA
sequences representing main eukaryotic groups and 7 newly
determined sequences; 5 proteobacterial sequences repre-
sented outgroup. For divergent sequences (no identified
sequence with homology higher than ca. 95 % was found),
closest neighbors were found by BLAST and were included
in the datasets as well. Sequences from each data set were
aligned by MAFFT as described above and the alignments
were then manually edited. Phylogenetic trees were
constructed by maximum likelihood in RAxML 7.2.6.
(Stamatakis 2006) under the GTRGAMMALI substitution
model, and were bootstrapped with 1000 replicates.

Statistical methods

Multivariate analyses were run in Canoco 4.5 (ter Braak
and Smilauer 2002). Since the gradient lengths in the data

@ Springer

51

were long, we used unimodal methods. The variability
within the dataset was visualized using a correspondence
analysis (CA) and a canonical correspondence analysis
(CCA) was applied to test whether the differences in spe-
cies composition are significantly related to the habitat
type. We created dummy variables for each of the habitat
types. In case of mixed habitat character, a value was
assigned to the two relevant dummy variables.

Results and discussion

Surprisingly high diversity of ecological niches and
microbial communities has been found within the aban-
doned sulfidic ore deposit Zlat¢ Hory. Samples represent-
ing three basic types of habitats—(1) gossan or the border
zone between gossan and the acidic environment; (2) the
oxidation zone where the rock dissolution dominated and
(3) the mine gallery springs, where secondary minerals
precipitated from extremely acidic waters—were collected
(see Fig. S1 for the spatial arrangement of the sampling
sites within the mine and Fig. S2 for the typical in situ
appearance of bacterial growths and associated secondary
mineral accumulations). The essential characteristics of
the samples are summarized in Table 1. Six species of
Archaea, 137 species of Bacteria and 5 species of protists
were detected; their identification was confirmed by phy-
logenetic analyses (Figs. $3-S6). More than 50 % of the
total diversity estimated by Chaol-bc was identified in all
samples except ZH7a and 16, although the confidence
intervals were large in more samples.

The proposed clustering of the samples by the three
basic types of environments (i.e. gossan, leaching and
acidic springs) was confirmed by a correspondence analysis
(Fig. 2). An additional type of samples was established
during the analyses. Samples of this type were interpreted
as acidic spring growths that were undergoing decay at the
time of collection (see below). Differences in bacterial
communities living in these types of habitats were signif-
icant (p < 0.002) and the variable habitat explained 33 %
of the observed variability.

Non-acidophilic bacterial communities

Virtually all water infiltrates the mine through gossan. As a
result, chemical compounds and bacteria are continuously
being transported from gossan to the acidic ecosystem of the
mine. We have analyzed samples representing water perco-
lating through gossan (ZH16a—a water stream flowing from
old stopes through a contemporary chimney), three different
sediments found in proximity of this water stream (ZHI16,
16b, and 19), and the sediment from a gossan-like islet found
deep in the acidic zone (ZH2, Table 1).
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Table 1 The basic characterization of sampled materials and mineral phases identified by XRD

Sample Physical Depth pH  Conductivity Dissolved Temperature Estimated Mineralogy
character below (mS/cm) O, (mg/l) (°O) water flow
surface (m) (1/s)
Gossan
ZH2 Wall crust 140 NA NA NA 9 0 Serpierite-deviline, (hendricksite,
gypsum)
ZH16  Wall crust 65 645 0.76 10.3 8.4 0.2 99 % amorphous
ZH16a Water 65 645 0.76 10.3 8.4 0.2 -
ZH16b  Wall crust 65 6 NA NA 8.4 =0.05 Goethite
ZH19 Wall crust 65 645 0.76 10.3 8.4 0.05 Schulenbergite, cuprian,
hydrowoodwardite,
zincowoodwardite, ca. 50 %
amorphous
Rock dissolving environments
ZH6 Corroded 125 NA NA NA 9 0 Quartz, pyrite, K-feldspar,
rock aluminocopiapite, sulfur
ZH7a  Water 190 29 37 3.09 8.7 0.1 -
Mine gallery springs
ZH4 Gelatinous 140 NA NA NA 9 0 -
ZH7 Gelatinous 190 29 37 3.09 8.7 0.1 Schwertmannite
stalactite
ZHS Soda straw 220 NA NA NA 9 Very low"  Schwertmannite, (gypsum), 90 %
stalactite amorphous
ZH9 Pendulous 220 3 NA NA 9 Very low"  Schwertmannite, goethite
stalactite
ZHI0  Hard 220 3.08 23 7.9 9 0.5 Schwertmannite, (gypsum, goethite),
stalactite 90 % amorphous
ZHI12  Soda straw 180 NA NA NA 9.5 Very low"  Schwertmannite, goethite, (gypsum),
stalactite 90 % amorphous
ZH13 Pendulous 180 3 NA NA 9.5 Very low" Schwertmannite, (mica, baryte)
stalactite
ZH14 Streamer 70 3.1 1.94 7.55 4.5 0.4 Schwertmannite, quartz, (muscovite,

gypsum), 90 % amorphous

Minerals with minor proportion are in parentheses

* The stalactites were moist from acidic water, but not enough to measure exact values of dissolved oxygen concentration and conductivity

Samples ZH16, ZH19, and ZH2 were various Cu- and Zn-
containing secondary minerals formed at circumneutral pH.
ZH16 precipitated from the water stream ZH16a. It was the
only sample to contain fibers, probably organic, encrusted by
alumosilicates (Fig. lh). ZH19 was a dark blue-green
material precipitated from the same stream as ZH16, but at
the peripheral zone, which had been washed by water only in
high-flow periods. Both ZH16 and 19 contained grains
enriched in noble earth elements (Table S2).

Although obviously only a fraction of the true bacterial
diversity has been identified in these samples, the overall
character of bacterial communities was similar (Fig. 3;
Table S1). Aerobic or microaerophilic heterotrophs and
facultative or obligatory iron- and nitrite-oxidizing auto-
trophs dominated gossan. ZH16a was ecologically strik-
ingly uniform. Only aerobic (one aerotolerant) neutrophilic
heterotrophic bacteria were detected. Known hydrocarbon
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degraders were found in ZHl6a (Acinetobacter spp.,
Achromobacter xylosoxidans, Burkholderia cenocepacia;
Sette et al. 2007; Boontawan and Boontawan 2011),
probably due to an industrial contamination of the mining
area. In ZH16, methanogenic Archaea indicated the
occurrence of anaerobic environments. Frequent iron oxi-
dizers were found in ZH19, which contained almost no
iron. Most likely, these bacterial cells were transported to
the sampling site from corroding iron supports in the upper
parts of the chimney.

ZH16b, which was found at the opposite side of the
same chimney as ZH16, differed both chemically (almost
pure goethite, Table |; Table S2) and microbiologically
from the other gossan samples. In addition to typical gos-
san bacteria, a large proportion of acidophilic Fe-oxidizers
were found, even though the pH of the sample was neutral

(interestingly, the same acidophilic, iron-oxidizing

@ Springer



Extremophiles (2012) 16:911-922

Fig. 1 A typical microstructure of samples as observed by cryogenic
(a—c¢) and classic (d-h) SEM and by TEM (i, j). Minerals were
identified by elementary composition and XRD patterns of the
samples. a Newly formed schwertmannite between bacterial fibers in
ZH7. b A rock element in the stalactite ZH9. ¢ Bacterial cells in the
filamentous matrix of ZH13. d Mineral domains in the presumably
organic material from the gelatinous stalactite ZH7. e Schwertman-
nite—goethite particles covered by presumably organic material in the
pendulous stalactite ZH9. f A compact schwertmannite crust of the
soda straw stalactite ZH12. g A corroded surface of the rock ZH6

archaeal species were found in ZH7a—water from a site
where pyrite dissolution occurred; Fig. 3). Our interpreta-
tion is that ZH16b differed from the other gossan samples
in the source of water. The water flowing through samples
ZH16 and 19 originated in gossan associated with old mine
works above the chimney. In contrast, the water flowing
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covered with bacterial cells and sulfur particles. h Amorphous Al-, Si-
and Cu-rich material of the sample ZH16 with an encrusted, probably
organic, fiber and Mn- and Ce-enriched grain. i, j Transmission
electron microscopy of an unidentified lobose amoeba found in the
sample ZH7 A amorphous Si- and Al-rich material, A-REE amor-
phous material enriched in noble earths, K-feld altered K-feldspar,
O organic material, Q quartz, S schwertmannite, Su sulfur, arrows
glycocalyx, G Golgi body, N nucleus with central nucleolus,
P pseudopodium with ectoplasm

through ZH16b originated in a modern mining chamber
containing an altered ore pile, a possible source of acidic
mineralized water. This water would then get neutralized
on its way to the chimney. Unfortunately, the water path
could not be explored since the outset of the chimney is
inaccessible today.
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Rock dissolution sites

The habitats of this type were represented by samples ZH6
and ZH7a (Table 1). The sample ZH6 represented strongly
corroded quartz rock that had been located in a talus pile in
a large mine chamber for 30-40 years. The SEM-EDS
examination of a rock cavity from ZH6 showed frequent
bacterial cells on the quartz, pyrite, and altered K-feldspar
surface. Newly formed grains of elemental sulfur of up to
25 pm in diameter were observed (Fig. 1g). The cavities
were partially filled with secondary minerals. Although the
volume of the sample ZH6 was not sufficient to perform
XRD, an analysis of a very similar material collected from
another piece of rock in the same waste pile indicated
gypsum and aluminocopiapite. None of the prokaryotes
from ZH6 (At. ferrooxidans, F. acidiphilum, L. ferrooxi-
dans) were found in any other sample. These prokaryotes
were shown to tolerate lower pH values than bacteria found
in less extreme habitats (Bond et al. 2000; Golyshina and
Timmis 2005; Hallberg et al. 2010). In ZH6, At. ferrooxi-
dans replaced the recently described At. ferrivorans, which
was found at the other habitats. A possible explanation is
the higher extremity of the rock surface. Although the pH
value of ZH6 could not be determined due to an insufficient
amount of water, we suppose it was extremely low, prob-
ably the lowest from all the samples. For decades, the air
moisture and possibly minute amounts of splashing water
in extremely wet periods had been the only source of water,
so the water film covering the sample was extremely
concentrated. Remarkable corrosion of K-feldspar and
even quartz together with a formation of an acidic evapo-
rite aluminocopiapite (Buckby et al. 2003) support this
hypothesis.

ZHT7a was collected from a water spring running through
a rock crack in the same mine chamber where ZH6 was
found (Fig. S1). It represented one of the most acidic water
springs in the mine, with high content of sulfates, Fe, Al
and Cu (see Table 2). Interestingly, CODyy,.cr Was deter-
mined several times in 2009 and 2010 and was continu-
ously high with a maximum of 257 mg/l during dry
periods.

In contrast to ZH6, the sample ZH7a was dominated by
an uncultured Thermoplasmatales archeon, which was
recently found in various acidic iron-rich waters (e.g.
Amaral-Zettler et al. 2011; Kimura et al. 2011), and by Fe-
and S-oxidizing Proteobacteria which indicated the sulfide
dissolution as the main process in the rock fracture. Aci-
dophilic heterotrophic Dokdonella sp., possibly acidotol-
erant Stenotrophomonas maltophilia and five species
related to poorly described environmental samples were
also detected. Elevated concentrations of Al and Si in
ZH7a indicated that acidic leaching of alumosilicate
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Table 2 The composition of water from the samples ZH7/7a, 14 and
16/16a

Sample ZH7a ZH14 ZH16a
pH 247 2.9 73
Conductivity (lab, mS/cm) 3.78 1.48 0.649
Ammonia 0 0 0
Nitrites 0 0 0
Nitrates 2.7 0 2.7
Chlorides 8.3 3.6 130
Sulfates 3509 797 68.5
Fluorides 501 0.93 0.13
Na 29 1.8 55.1
K 25 0.91 0.91
Ca 49.7 40.5 66.1
Mg 97.4 21.8 14.9
Fe 774 573 0
Mn 26.7 44 0.07
Si 18 17 4.7
CODy, 71:2 1.6 2.6
Total mineralization 5805 915 -
Phosphates 0 0 0
Humic substances 0 0 0
TOC 77 49 -
As 0.225 0.044

Ba 0.82 0.63 24
Be 0.0039 0.001 0
Al 131 19.9 0
Cr 0.11 0 0
Cd 0.048 0.007 0
Co 1.5 0.19 0
Cu 90 7.6 0.08
Ni 0.74 0.12 0
Pb 0 0 0
Ag 0 0 0
Zn 59 0.91 0.37
Li 0.09 0.023 0

All concentrations, TOC, COD and total mineralization are in mg/l

minerals occurred in the rock surrounding the fracture (see
Dopson et al. 2007).

Bacterial communities of the two rock dissolution
environments were unique among the examined samples,
although the same main biogeochemical reaction (oxida-
tion of Fe’", Rawlings 2002) was found at many other
sites. The only similar community was found in ZH16b,
where rock dissolution was also proposed (Figs. 2, 3). This
is the first report of ecological differences in situ between
Acidithiobacillus ferrooxidans (ZH6) and A. ferrivorans
(ZH7 and 8, Fig. 3). Our data support the laboratory culture
results of Hallberg et al. (2010).
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Fig. 2 Correspondence analysis showing clustering of samples into
groups corresponding to the main types of environments. Sample ZH6
was left out since it shared no species with other samples and
disrupted the clustering of other samples. The dissolving environment
ZH7a seems to cluster with acidic springs, but it clearly separated
from them and clustered with ZH16b in the third dimension (data not
shown). Optimal positions of selected important species are shown.
[l Betaproteobacteria OTUI, p4 Gammaproteobacteria OTU4, AA
Acidovorax avenae, AF Acidiferrobacter thiooxidans, AL Acineto-
bacter lwefii, AT Acidithiobacillus ferrooxidans, AX Achromebacter
xvloxidans, BP Burkholderia phenazinium, DI Dokdonella sp. OTUI,
F1 “Ferrovum” sp. OTUl, FM “Ferrovum myxofaciens”, Gl
Gallionella sp. OTU1, G2 Gallionella sp. OTU2, G3 Gallionella
sp. OTU3, HI Herbaspirillum sp. OTUL, RP Ralstonia picketii, T1
Thermoplasmatales sp. OTU1, T2 Thermoplasmatales sp. OTU2, TM
Thichalomonas sp

Extremely acidic waters in mine galleries

A dramatic change occurs when water gets from the rock
cracks to the mine gallery. It loses its contact with the rock
serving as a source of iron and sulfuric acid, but also as a
source of neutralizing agents. Accumulation of schwert-
mannite, goethite and gypsum is common in mine gallery
environment. The acidic water springs are represented by
samples ZH4, 7, 8, 9, 10, 12, 13, and 14 (Table 1). Our
results show a surprising diversity of habitats and bacterial
communities in water springs located within a relatively
small territory (Fig. 3 Fig. S1).

As observed during the preliminary site prospection,
massive gelatinous growths were abundant in springs with
pH lower than 3 and conductivity greater than 2 mS/cm.

@ Springer

55

They were missing in places where pH increased or con-
ductivity decreased as a result of mixing with contami-
nating water. In springs with significant water flow
(samples ZH7, 10, 14, and a decaying stalactite ZH4) bulky
hard or gelatinous stalactites often develop, while at places
where acidic water drops slowly (samples ZH8, 13, and
decaying stalactites ZH12 and 9), hard soda straw-like
stalactites and thin pendulous stalactites are usually formed
(Fig. S2, compare with Kimura et al. 2011).

ZH7 was a gelatinous stalactite growing in the water
spring sampled as ZH7a. ZH7 consisted mostly of rod-
shaped bacteria, usually arranged in fibers, accompanied by
mineral grains with predominating schwertmannite
(Fig. la, d). Microbial community was dominated by iron-
oxidizing autotrophs, “Ferrovum myxofaciens” and At.
ferrivorans, and resembled acid streamers described in
Hallberg et al. (2006). The same bacterial species also
predominated in the streamers growing in highly mineral-
ized acidic water streams in proximity of ZH7 (data not
shown). A single clone of a neutrophile was also detected
in ZH7 (Fig. 3). Examination by TEM revealed two mor-
photypes of rod-shaped bacteria and an amoeba with
numerous vacuoles containing symbiotic or phagocytized
bacteria (Fig. 1i).

Another high-flow spring stalactite, ZH10, grew in
highly mineralized water, with pH slightly higher than 3,
which was flowing out of a crack in the ceiling. The
microbial community of ZH10 differed substantially from
ZH7, with predominating iron-oxidizing autotrophic bac-
teria Gallionella sp., “F. myxofaciens”, and an uncultured
Acidimicrobiaceae bacterium (Fig. 3; Table S1). Similarly
to the other stalactites where the water pH was higher than
3, ZH10 was formed by porous granular schwertmannite,
which was probably layered. The massive gelatinous
growths were not observed (Fig. S2a—d).

Another set of conditions, i.e. water with pH fluctuating
around 3, but with significantly lower concentrations of the
main ions, was found in ZHI4. This sample was a gelati-
nous streamer found right next to a spring which was
impossible to sample directly for technical reasons. The
water composition was similar to ZH7a, but approximately
six times diluted. CODy;, was 44,5x lower in ZHI14
(Table 2). A greater diversity of iron-oxidizing autotrophs,
including a novel “Ferrovum™ species, diverse acidophilic,
mostly aerobic or facultatively anaerobic, heterotrophs and
a single non-acidophile (Acinetobacter Iwofii) was detected
(Fig. 3; Table S1). The increasing diversity of bacteria is
consistent with the decreasing extremity of the habitat
(Bond et al. 2000).

These findings underline the essential role of pH
and mineralization in the composition and morphology
of bacterial communities, even when the energy source,
the terminal metabolic products, the hydrodynamic
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parameters, and the main biogenic or toxic elements are
almost identical. The ecological niches of the bacterial
consortia were much more limited than would be assumed
from the known growth requirements of particular bacterial
species in the laboratory culture. The most likely expla-
nation is that competition limits the occurrence of every
species to habitats with optimal physico-chemical condi-
tions (Johnson 1998; Bond et al. 2000).

Eukaryotic organisms and bacteria considered to be their
symbionts were detected in all acidic spring samples
(Fig. 1i, j). The eukaryotes probably belonged to the
Amoebozoa, although the statistical support was sufficient
for some clones only (Fig. S6). Eukaryotes are probably
common constituents of acidic metal-rich environments
(Amaral-Zettler et al. 2002; Macalady et al. 2007).

In order to complete the spectrum of analyzed water
streams, we examined four stalactites from places where
the water drops slowly from the minor rock cracks (ZH8, 9,
12, 13). Two of the stalactites, one soda straw-like (ZH8)
and one pendulous (ZH13), showed simple communities
similar to the growths in high-flow highly acidic and
mineralized waters (e.g. ZH7, Fig. 3). However, the num-
ber of cells per typical visual field of cryo-FESEM was
approximately ten times lower (Fig. la, c¢). Additionally,
one clone of adivergent amoebozoan and a divergent amoebal
endosymbiotic bacteria belonging to Parachlamydiaceae and
Rickettsiales were detected.

Another soda straw stalactite (ZH12) hosted a community
of Gallionella sp., “F. myxofaciens” and four other auto-
trophs as the primary producers, together with five hetero-
trophs. Some of them were not typical acidophiles
(Table S1). Despite macroscopic similarity to ZHS8, the
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microstructure of ZH12 was different. The SEM observation
showed quiescent crystallization of layered schwertmannite
indicating a slower rate of encrustation in ZH12 (Fig. 1f),
whereas ZH8 had more chaotic porous structure. We con-
clude that the low-flow stalactites host microbial associa-
tions dependent on the chemoautotrophic oxidation of iron
by the primary producers. These associations clustered with
the high-flow communities in CA analysis (Fig. 2) while no
significant difference was detected by CCA.

The microbiota of the pendulous stalactite ZH9 was
completely different. Typical acidophilic autotrophs were
replaced by multiple species of acidophilic and neutrophilic
heterotrophs. The clones were affiliated to various taxo-
nomic groups including candidate groups TM6 and WS6.
R. picketii, Acidovorax avenae and Herbaspirillum sp. rep-
resented the most abundant neutrophilic species (Fig. 3;
Table S1). The microstructure of ZH9 differed from the other
gelatinous samples. In contrast to samples ZH7 and 13,
where the organic matrix was fibrous and porous, with
numerous freshly formed schwertmannite beads and bacte-
rial cells (Fig. la, c), the structure of ZH9 was compact,
without any visible cells or the bulky organic matrix (Fig. 1b,
e). It was composed of schwertmannite—goethite in Fe:S ratio
varying from 9.1 to 11.7. The proportion of goethite was thus
markedly higher than in all other high-flow (Fe:S 2.8-3.9)
and low-flow stalactites (Fe:S 4.4-7.7). Therefore, the min-
eral material of ZH9 must have been older than that of other
samples since schwertmannite passes to goethite spontane-
ously as a result of aging (Schwertmann and Carlson 2005).
The most likely explanation of the unique character of ZH9 is
that the organic matrix enclosing mineral grains was
decomposing at the time of sampling.
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These observations are consistent with the growth phase
of stalactites being followed by the decay when the supply
of ferrous iron becomes insufficient. The primary produc-
ers then disappear and are replaced by heterotrophic bac-
teria decomposing the organic matrix of the stalactite.
Alternate explanation that the stalactites does not decay but
simply grow at less extreme sites is not applicable for many
reasons. Mainly because the less extreme but not decaying
samples ZH10 and 14 were inhabited almost strictly by
acidophiles that were mostly autotrophic (Fig. 3).

This hypothesis was also supported by the analysis of
ZH4. This sample was a fragment of gelatinous stalactite
similar to ZH7 found at the bottom of a mining chamber.
Most likely, it had fallen down from the mining chamber
shortly before the collection and thus is in the beginning
phase of decay. If our hypothesis is correct, a mixture of
bacteria resembling ZH7 and 9 should be detected in ZH4.
Its microbial community consisted of “F. myxofaciens”
accompanied by R. picketii and the same species of Aci-
dobacteria and amoebae as in ZH9 (Table S1).

Stalactites in several different phases of the growth—
decay cycle were sampled in the recent study: samples
ZH7, 8, 10, and 13 represented growing stalactites, ZH4
and 12 were in the initial phase of decay, and ZH9 was in
the advanced decay phase after colmatage of its tributary

mobilization
oxidation zone

!

8 e
A el
ZH8,13 (Dokdonelia sp.

rock cracks. Our observations are most similar to the
results of Kimura et al (2011) showing heterotrophic bac-
teria flourishing at the bottom of gelatinous acidic water
streamers. There, the low supply of ferrous iron and oxy-
gen limited the autotrophs and dissimilative iron reduction
may have been favored. However, the microbial commu-
nity differed from the communities in our present study and
no decaying stalactites were explored.

Interestingly, a large portion of the bacteria contributing
to the decay in Zlaté Hory mine were not typical acido-
philes. Furthermore, five out of ten species of non-acido-
philic heterotrophs found at the acidic habitats were
abundant in gossan, including the most frequent R. picketii,
A. avenae, and Herbaspirillum sp. (Fig. S4; Table S1).
Moreover, we expect that the observed proportion of het-
erotrophs common for both gossan and the acidic zone
would increase with more thorough gossan sampling. Such
a phenomenon has not yet been reported from acidic
environments, although acidotolerant isolates of Sphingo-
monas sp. and R. picketii were described recently (Kimura
et al. 2011). Due to the high content of heavy metals in
gossan, the bacteria should be preadapted to the metal-rich
environment. Heavy metal-resistant strains of Ralstonia,
Herbaspirillum, Burkholderia, and Acinetobacter have
already been reported (Sun et al. 2010; Yang et al. 2010).
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Fig. 4 A scheme showing the main processes, types of habitats and
bacterial species identified in the Zlaté Hory mine ecosystem. Mainly
aerobic oxidation of organic compounds, mobilization and redeposi-
tion of heavy metals, Si and Al occurs in gossan (dark grey). The
organics-depleted drainage from gossan percolates in the fissures of
the oxidation zone (white), where oxidative dissolution of sulfides by
chemolithotrophic bacteria occurs. Water becomes acidic and
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enriched in Fe?* (reduced AMD). Autotrophic iron-oxidizing bacte-
rial growths flourish at the places where water discharges from
fissures to the mine gallery and in the drainage streams. Heterotrophic
bacteria are continuously imported to these growths and may
overgrow the autotrophs, especially when the source of ferrous iron
is lost due to the local changes in water circulation
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We hypothesize that the bacteria living in gossan are
continuously being washed out and imported to the deeper
zones of the deposit. Here some of them survive the acidic
conditions, become part of the ecosystem and serve as
decomposers of the organic material. Although non-aci-
dophilic heterotrophs constitute only a minor part of
growing acidic streamers, they may overgrow the acido-
philes in the decay phase. The adaptation of the bacteria to
low pH could be explained by prolonged coexistence of
acidic and neutral zones in close proximity. The boundary
between the zones represents an optimal environment for
adaptation of bacteria. Thus, the heterotrophic bacteria
originating in gossan should be recognized as a novel
component of the sulfide weathering ecosystem.

Concluding remarks

Geochemical processes maintain distinct microbial com-
munities in the three main zones of the ecosystem (i.e.
gossan, the rock dissolution sites in the oxidation zone, and
the mine gallery springs; Figs. 2, 4) despite the water flow
that continuously transports bacterial cells from gossan to
the oxidation zone and from the oxidation zone to the mine
gallery springs. In the mine gallery springs, several dif-
ferent consortia of autotrophic bacteria sharply delimited
by pH and mineralization grow next to each other (Fig. 4).
At the same time, some of the gossan bacteria preadapted
to the acidic and toxic conditions and are able to survive
even in acidic environment, where they decompose
decaying growths of acidophilic bacteria. Stable import of
gossan bacteria to the acidic ecosystem may be an impor-
tant factor influencing the biodiversity and functions of the
whole ecosystem. Thus, the role of gossan in the sulfidic
ore deposit weathering should not be neglected because it
has the potential to change both the chemical and the
microbiological processes taking place in the deposit.
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ARTICLE INFO ABSTRACT

Critical factors leading to arsenic release and attenuation from the shallow subsurface were studied with
multidisciplinary approach in the natural gold—arsenic geochemical anomaly at Mokrsko (Czech Re-
public). The results show that microbial reduction promotes arsenic release from Fe(Ill) (hydr)oxides and
Fe(lll) arsenates, thereby enhancing dissolved arsenic in the shallow groundwater at average concen-
tration of 7.76 mg/L. In the organic-rich aggregates and wood particles, however, microbial sulfate
reduction triggers the formation of realgar deposits, leading to accumulation of As in the distinct organic-
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ﬁzﬂdﬁ rich patches of the shallow subsurface. We conclude that precipitation of realgar in the shallow sub-
Microbial mobilization surface of soil/sediment depends on specific and non-trivial combination of water and rock chemistry,
arrA microbial community composition and spatial organisation of the subsurface zone, where speciation in
dsrB saturated environments varied on a centimeter scale from reduced (decomposed wood, H,S and realgar
Realgar present) to oxidized (goethite and arsenate minerals are present).

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

With elevated levels of arsenic (As) being detected in ground-
water, most notably in Bangladesh, West Bengal and other South-
east Asian countries (Charlet and Polya, 2006), United States (Welch
etal.,, 2000), and Europe (Lindberg et al., 2006), As has emerged as a
serious health concern worldwide.

Among the many different mechanisms proposed to explain As
mobilization into the groundwater, reductive dissolution of As-
bearing Fe(lll) (hydr)oxides has gained particular attention, with
several studies providing evidence that dissimilatory Fe(IIl)-
reducing microorganisms can play a critical role in mediating As
mobilization (Islam et al., 2004; Smedley and Kinniburgh, 2002).
The amount of As released into solution due to the microbial
reductive dissolution of Fe(Ill) minerals has been shown to depend
on the As oxidation state and Fe(Ill) mineralogy (Campbell et al.,
2006; Islam et al., 2004; Tufano et al., 2008; Zobrist et al., 2000).
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Furthermore, several microbiological studies, e.g. Campbell et al.
(2006), Kocar et al. (2006), Tufano et al. (2008) and Zobrist et al.
(2000), have suggested that As release via the reductive dissolu-
tion of As-bearing Fe(Ill) (hydr)oxides is negligible under abiotic
laboratory simulations, but significant through direct enzymatic
reduction of sorbed As(V). Their observations indicated that As
retention and release from Fe(Ill) (hydr)oxides is controlled by
complex pathways of Fe biotransformation and that reductive
dissolution of Fe(Ill) (hydr)oxides can promote As sequestration
rather than desorption and release into the solution. Direct reduc-
tion of As(V) to As(Ill) is another mechanism by which As may be
mobilized. Arsenate is usually not reduced abiotically by any other
reductant than sulfide (Rochette et al., 2000), and the presence of
As(III) in anoxic, but sulfide-depleted, waters has been attributed to
microbial As(V) reduction (Nicholas et al., 2003; Paez-Espino et al.,
2009). There are two known microbial pathways for direct reduc-
tion of As(V) to As(lll). The respiratory pathway (arrA pathway)
couples the oxidation of an organic substrate with As(V) reduction,
resulting in cell growth (Malasarn et al., 2004). Alternatively, mi-
crobial reduction of As(V) may occur through a detoxification
pathway (arsC pathway), during which organisms do not acquire
energy for growth (Nicholas et al., 2003; Pdez-Espino et al., 2009).
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Somewhat less attention has been paid to factors that remove As
from solution under anoxic conditions, such as precipitation with
sulfide, a reaction observed in laboratory studies of microorganisms
and in shallow aquifers (Kirk et al., 2004; Ledbetter et al., 2007,
McCreadie et al., 2000; O'Day et al., 2004). For these reasons, As
concentrations in groundwaters can also be lowered by precipita-
tion with sulfide produced by microbial sulfate reduction (O'Day
et al., 2004; Héry et al.,, 2010; Kirk et al., 2004), and here evolu-
tionarily highly conserved dsrB functional gene offers a potentially
useful genetic marker for sulfate-reducing microorganisms.

Given the complexity of As release into solution, and the
numerous parameters that can regulate it, a multidisciplinary
approach using complementary microbiological, mineralogical
and geochemical techniques has been used in the present study to
identify critical factors promoting this process in the shallow
subsurface of the natural geochemical anomaly in the central
Czech Republic. The study site is a natural As—Au geochemical
anomaly at Mokrsko (central Czech Republic) that is well known to
have high concentrations of As present in shallow groundwater
(0.13—1.14 mg/L) (Drahota et al., 2009).

The aims of the study were to: (i) explore the association of As
with the solid phase in two contrasting shallow subsurface envi-
ronments; (ii) characterize the microbial communities present,
with particular emphasis on their functions (including chemo-
autotrophic As(Ill) oxidation, As(V) detoxification, dissimilatory
As(V) respiration, and sulfate reduction); and (iii) investigate the
biogeochemical processes associated with As mobilization/atten-
uation by developing suitable microcosm experiments.

2. Methods
2.1. Sample collection

The sampling site was located in the vicinity of the village of Mokrsko, Czech
Republic, at N 49°44'42,93" and E 14°20'0.69", in area known to have elevated
concentrations of As present in shallow groundwaters (Drahota et al., 2009). To
represent the characteristic end-members of the range of the shallow subsurface
conditions found in the surroundings of the village, two contrasting samples were
chosen for this study. They were collected in triplicate from a depth of one meter.
Sample R (regolith) was disintegrated granodiorite material within the range of
water table fluctuations, whereas sample S was organic-rich stream sediment from
the permanently saturated hyporheic zone. Samples were immediately transferred
from the auger to N;-filled sterile polyethylene bags, de-aerated with a stream of N,
packed under ice, and transported to the laboratory where they were immediately
homogenized using an acid-washed 2 mm nylon sieve in a glove bag under Ny at-
mosphere. For microcosm experiments and DNA extraction, both samples were
processed within two hours after their removal from the auger. For mineralogical
and geochemical characterization, samples were freeze-dried and stored frozen
in an Ny atmosphere until geochemical and mineralogical data collection (within
1 month).

One-meter-long suction lysimeters were installed directly in the holes previ-
ously excavated for regolith and sediment samples and left to settle for more than
six months. Groundwater pH, Eh, and specific conductivity were measured in the
field, following stabilization, with calibrated portable multimeters (WTW). The
field-measured Eh values were corrected to be presented relative to the standard
hydrogen electrode. Groundwater samples were divided into precleaned HDPE or
glass bottles and analyzed within four days, unless noted otherwise.

2.2. Micracosm experiments

Microcosms were set up by mixing 50 g of wet solid samples with 1 L of sterile
synthetic groundwater (16 mg/L KNO3, 240 mg/L CaCOs3, 110 mg/L MgS0y4-7H50,
0.72 mg/L KH,PO4, with pH adjusted to 7.1 with NaHCOs) in 1-L bottles. Five
different types of microcosms were prepared for regolith and sediment samples: (i)
aerobic with no amendment, (ii) aerobic with no amendment and poisoned with
azide (10 mM sodium azide); (iii) anaerobic with no amendment, (iv) anaerobic with
50 mM glucose amendment, and (v) anaerobic with 50 mM glucose amendment and
poisoned with azide (10 mM sodium azide). Aerobic conditions were maintained by
the clamps with a 0.2 um membrane to allow the free oxygen into the microcosm.
Anaerobic conditions were maintained by sealing the bottles with a butyl rubber
stopper, sealed with clamps and stored in a glove box under N3 atmosphere, Each
microcosm was performed in triplicate and incubated at 23 + 2 °C in the dark for
29 days.
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Slurry samples (c. 10 mL) were removed from the bottles for analysis on days
0, 2, 5,9, 14, 19, 24, and 29 using sterile stainless steel hypodermic needles and
syringes. Arsenic, Fe, and Sin filtered (0.45-pm) and stabilized (2% HNOs, Suprapure,
Merck) samples was determined by ICP OES; changes in solid-phase As and Fe
speciation after 29 days of incubation were tracked by sequential extraction.

2.3. Analysis

2.3.1. Regolith/sediment samples

Solid phase concentrations of major and minor elements were determined
using an X-ray fluorescence spectrometer (XRF; ARL 9400 XP*, Thermo ARL). The
total organic carbon (TOC) and S were quantified using an ELTRA CS 530 total
carbon analyzer and ELTRA CS 500 total inorganic carbon. All analyses were
conducted in triplicate to assess the reproducibility, which was found to be within
11% and 3% for XRF and ELTRA, respectively. In order to characterize As-bearing
minerals in the regolith and sediment, heavy minerals were separated using
bromoform diluted with 1,4-dioxane (d = 2.81 g[cmE) in the 0.1-0.5 mm fraction.
Mineral identification of separated particles was undertaken by X-ray diffraction
(XRD) using a PANalytical X'Pert Pro diffractometer with CuKe. radiation (40 kv,
30 mA, step scanning at 0.02°/200 s in the range 5-70° 26). A scanning electron
microscope (SEM; CamScan S4) equipped with an energy dispersive spectrometer
(EDS; Oxford Link) was used to image the heavy mineral fraction and semi-
quantitatively analysed mineral grains. The distribution of As, Fe, and S within
different fractions of the solid phases was determined by sequential extraction,
adapted from the method detailed by Wenzel et al. (2001). Extractants were used
in the following order: (i) 0.05 M ammonium sulfate; (ii) 0.05 M ammonium
dihydrogen phosphate; (iii) 0.2 M ammonium oxalate, pH 3 in the dark; and (iv)
0.2 M ammonium oxalate, pH 3 at 80 “C. To minimize sample oxidation, extrac-
tions were performed in a glove box under Nz atmosphere, All extractions were
conducted in triplicate to assess the reproducibility, which was found to be within
27% (avg. 10%).

2.3.2. Aqueous samples

Major cations (Ca, Mg, K, Na, Mn, Al, Fe) were analyzed by ICP OES (IRIS Intrepid
11 XPS), after the stabilization by 2% HNO3 (Suprapure, Merck). Field and laboratory
duplicates indicated a relatively high level of reproducibility ( <8%). Groundwater As
species were determined by HPLC-ICP MS (Agilent 7700x ICP MS with Agilent 1200
Series HPLC isocratic pump). The precision of the results was approximately 5%.
Groundwater HaS was preserved with Zn acetate prior to determination by the
methylene blue method (APHA, 1998). Aliquots of groundwater were added to 1,10-
phenanthroline solutions for Fe?" determination (APHA, 1998). Sulfide and Fe?
concentrations were determined within three hours after their collection on a Cintra
3300 UV—Visible Spectrophotometer (GBC) with a precision of +15%. Anions (SO,
Cl~, NO3 ) were analyzed by ion chromatography (HPLC, column Dionex 1CS-2000),
with a precision of about +8%; dissolved organic carbon (DOC) was determined by a
TOC-VW analyzer (Shimadzu); the alkalinity was determined by titration (TitroLine
Easy, Schott) with 0.1 M H,50,.

2.3.3. Microbiological samples

Approximately 250 mg of each sample was collected from 50 g of homogenized
material for DNA extraction. Genomic DNA was isolated using a ZR soil microbe DNA
kit (Zymo Research). An approximately 860 bp-long fragment of 165 rDNA from
Bacteria and Archaea was amplified following Turner et al. (1999). A 160—-200 bp-
long fragment of dissimilative arsenate reductase gene (arrA) was amplified
following the touchdown protocol of Malasarn et al. (2004). An approximately
540 bp-long fragment of arsenite oxidase gene (aioA) was amplified following
Inskeep et al. (2007). A 350 bp fragment of respiration sulfite reductase (dsrB) was
amplified using the semi-nested PCR protocol of Foti et al. (2007). LA DNA poly-
merase (Top-bio) was used for all the PCR reactions. For primer sequences see
Supplementary Information (Table 51).

PCR products were purified using the Zymoclean gel DNA recovery kit (Zymo
Research) and TA cloned into pGEM-T easy vector (Promega) using chemocompetent
Escherichia coli TOP10 cells. Approximately 50 randomly selected clones of 165 rDNA
and 20 clones of each metabolic gene from each sample were reamplified and
sequenced on a 3100 Genetic Analyzer (Applied Biosystems).

The newly determined sequences were deposited in the GenBank database
under accession numbers KC149573 to KC149744. The newly determined sequences
of arrA gene are listed in the Supplementary information (Table S2).

2.4. Data analysis

2.4.1. Equilibrium modeling calculation

Equilibrium aqueous speciation and mineral saturation states were calculated
using the Geochemist's Workbench software package (Bethke and Yeakel, 2010),
version 8.0.12, with a modified version of the thermodynamic database (thermo.dat)
by Kirk et al. (2010). We added data for the sulfate form of green rust from Bourrie
et al. (1999). The table of reactions for aqueous As species and Fe and As minerals
(Table S3) included in the modified dataset is available in the Supplementary
information.
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Table 1
Overview of microbial communities used in the classification of the community found in the Mokrsko shallow subsurface.
Name Description As  Anaerobic  Locality Reference
respiration
Sulfate Hydrocarbon contaminated river sediment where reduction of sulfates [ Disseldorf-Flingern, Germany Winderl et al. (2008)
reducing  occurs
Hradcany Hydrocarbon contaminated soil under remediation by aeration - ++ Hradcany, Czech Republic Kabelitz et al. (2009)
Lava tube Oligotrophic heterotrophic bacterial communities from the walls of the i Azores, Havaii and New Mexico ~ Northup et al. (2011)
lava tubes
Zioty Stok As-impacted biofilm with prevailing methylotrophy and heterotrophy ++ + Zioty Stok, Poland Drewniak et al. (2012)
Cernuc Partially anaerobic underground water naturally containing . e+ Cernuc and Knézmost, Falteisek et al.,
hydrocarbons, sulfates and arsenic Czech Republic unpublished
Hanford Partially anoxic groundwater without As and hydrocarbon - ++ Hanford, USA Lin et al. (2012)
contamination
Mokrsko See Methods +4 o Mokrsko, Czech Republic This study
Glacier Mostly phototrophic bacterial community from recently deglaciated soil ~ — + Cordillera Vilcanota, Peru Nemergut et al. (2007)

As — presence of elevated As concentrations (- not elevated, + partially elevated, + + greatly elevated); anaerobic respiration — estimated proportion of metabolisms using

alternate electron acceptors (+ minor, ++ important part of ecosystem, +++
2.4.2. Phylogenetic analysis

The newly determined sequences were aligned using MAFFT (Katoh et al., 2002)
with the help of the EBI server (http://www.ebi.ac.uk/Tools/msa/mafft/); both the
number of iterations and the number of tree rebuildings were set to 100. The 165
rDNA sequences with genetic distances (computed by PAUP* 4.0b10; Swofford,
2002) lower than 2% were considered to belong to conspecific organisms. Five
final datasets were created: (i) 252 bacterial 165 rDNA sequences from GenBank and
100 newly determined sequences of Bacteria, (ii) 31 GenBank sequences and 1 newly
determined 16S rDNA sequence of Archaea, (iii) 27 GenBank and 28 newly deter-
mined sequences of arrA, (iv) 42 GenBank and 32 newly determined aioA sequences;
(v) 34 GenBank and 36 newly determined dsrB sequences. All the datasets contained
first BLAST hits of the newly determined sequences as well as representatives of the
broad diversity of the studied genes. Sequences from each data set were aligned by
MAFFT and coding sequences were in silico translated. Phylogenetic trees of 165
rDNA were constructed by maximum likelihood in RAXML 7.2.6. (Stamatakis, 2006)
under the GTRGAMMAI substitution model, and trees of functional genes in Phyml
3.0 under LGGAMMAI model (Guindon and Gascuel, 2003). Node support was
assessed by maximum likelihood analysis of 1000 bootstrap datasets.

2.4.3. Microbiological statistical methods

The 165 rDNA clone library was compared with clone libraries from various well-
characterized pristine and hydrocarbon-impacted underground environments both
impacted and non-impacted by As. These environments are described in Table 1. The
final data set contained 100 randomly selected sequences from each environment
and all the newly determined eubacterial 165 rDNA sequences. The distances be-
tween bacterial communities were calculated and subsequent analyses (PCoA,
UPGMA, significance test) were performed using the Fast UniFrac online tool
(Hamady et al., 2010) with phylogenetic trees constructed in RAXML.

3. Results
3.1. Characteristics of the regolith, sediment and groundwaters

Characterization of regolith and sediment samples by XRD
indicated similar mineralogy, consisting mainly of quartz with
lesser amounts of plagioclase, K-feldspar, hornblende and phyllo-
silicate minerals, including muscovite, biotite, vermiculite, and
chlorite. Major element compositions determined by XRF were
consistent with the XRD data, with a high percentage of Si and
significant proportions of Al and Fe in both samples (Table 2). Bulk
analysis of the As, S and organic C concentrations revealed that the
contents of these minor components in the regolith were signifi-
cantly lower than those in the organic-rich sediment sample
(Table 2). Despite the relatively high As content, no As-bearing
minerals were identified with XRD, even in the heavy mineral
fractions, probably because abundances were below the detection
limit of the method ( ~5 wt%). Nevertheless, examination of heavy
mineral fractions by SEM/EDS showed relatively abundant As-
bearing goethite (up to 3.9 wt% of As) (Supplementary
Information, Fig. S1) and minor bariopharmacosiderite [BaFe4(A-
s04)3(OH)s-5H20] and arseniosiderite [CaszFes(OH)g(AsO4)s-3H20]
in the regolith sample (confirmed by XRD of separated particles),
which is in agreement with the previous data reported by Filippi
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main metabolism present).

et al. (2007) and Drahota et al. (2009). A minor amount of As-
bearing goethite and arseniosiderite was also detected in the
heavy mineral fraction of the sediment (Table 2). In addition to
these minerals, many organic aggregates and large organic particles
contained vyellow-orange powdery coatings (Supplementary
information, Fig. S2) with only As and S peaks in the EDS anal-
ysis, indicative of As sulfide, realgar (AssS4) (confirmed by XRD;
supplementary information, Fig. S3). These data were consistent
with the XRF data, with a considerable accumulation of S and As,
suggesting the predominance of As sulfide in the organic-rich
sediment.

Concentrations of dissolved As and other constituents in
groundwater sampled from lysimeters are reported in Table 3.
Groundwater pH ranged from 7.25 to 7.70; field Eh measurements
showed a qualitative trend to slightly more reducing conditions in
the sediment compared to regolith. Total dissolved As concentra-
tions were very high in both sites (from 7.33 to 8.08 mg/L), with
high fraction of As(Ill) (from 80% to 89%). The groundwater con-
centrations of Fe(Il) and total Fe (up to 3.78 mg/L) were lower than
As and agreed within 20%, indicating that Fe(Ill) was negligible
compared with Fe(Il). Other dissolved elements did not exhibit very
different concentrations from the background levels (Drahota et al.,
2011, 2013).

Table 2
Major and minor element concentrations and arsenic mineralogy in the regolith and
sediment from 1-m depth samples in the Mokrsko geochemical anomaly.

Component Regolith R Sediment §
Major elements (wt%)*

Si0; 65.44 (+0.98) 65.32 (+£1.40)
Al>04 19.88 (+0.47) 19.00 (+0.53)
Fe,05 4,58 (+0.39) 3.86 (+0.40)
Na;0 2.34(£0.14) 3.15 (+0.04)
K20 2.65 (+0.09) 291 (+0.14)
ca0 2.43 (+0.06) 2.65 (+0.02)
MgO 1.67 (£0.12) 1.86 (+0.12)
Minor elements (ppm)*

Mn 658 [+62) 852 (+38)

s 51.07 (+1.28) 1401 (+8.67)
P 360 (+19) 402 (+39)
As 905 (+79) 1750 (+151)
Total inorganic carbon (wt%) <0.005 <0.005

Total organic carbon (wt%)"
Arsenic mineralogy”

0.139 (£0.004) 1.41 (£0.035)

Goethite e+ .
Bariopharmacosiderite ++

Arseniosiderite 4+ "
Realgar b+

* Errors refer to 1a level about the mean of the triplicate sample analyses.
b Mineral frequency in the heavy mineral fractions estimated from SEM/EDS
study: +++ abundant, ++ minor, + rare.
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Table 3
Shallow groundwater chemistry in monitoring lysimeters. Concentration of
elements is given in mg/L.

Date Lysimeter R Lysimeter S
5/16/2012 6/29/2012 5/16/2012 6/29/2012
T(°C) 95 13.5 46 10.8
EC (pScm ') 438 479 494 533
pH 7.37 7.25 7.59 7.70
Eh (mV) 143 78 92 42
ASiar 7.33 8.08 7.76 7.87
A 5.88 6.74 6.35 7.02
As¥ 1.46 1.34 1.41 0.85
Feror 2.61 3.78 3.21 330
Fe' 2.38 3.01 3.11 3.08
Na 10.73 13.45 15.72 16.74
K 027 1.241 0.51 3.564
Ca 57.94 57.35 78.10 74.22
Mg 15.72 15.34 16.19 15.31
Al 0.05 0.01 0.07 0.02
Mn 1.96 1.77 0.98 0.85
503 121 108 135 126
=H,S 0.03 0.01 0.01 0.02
NO; 2.01 <02 <02 <0.2
ar 403 335 421 38.7
HCO; 94.6 99.1 1159 117.0
pocC 6.35 4.47 2.57 224

3.2. Regolith and sediment incubations

Having characterized the As mineralogy of the regolith and
sediment samples, the fate of As during prolonged incubation of

microcosms containing regolith or sediment was determined. The
aim of this experiment was to find direct proof that indigenous
microorganisms at this site can influence the release or attenua-
tion of As from solid materials. As illustrated in Fig. 1, substantial
release of As, arising from As and/or Fe dissimilatory respiration,
was observed in the regolith microcosm stimulated by glucose
under anaerobic conditions, while no release of As was seen in
the sterile microcosm control. In the amended regolith micro-
cosm, the As concentration reached 33% of the total As and the Fe
concentration reached 8% of the total Fe. These observed con-
centrations of released Fe and As are consistent with the data of
sequential extraction (Supplementary information, Fig. S4) that
indicated a decrease in the As-rich Fe(lll) (hydr)oxide concen-
trations by the end of amended microcosm incubation from
2110 mg/kg to 1030 mg/kg (determined by considering Fe(Ill)
(hydr)oxides as the sum of Fe liberated by the oxalate extrac-
tions). Release of As and Fe from amended sediment microcosm
under anaerobic conditions reached 5% of the total Fe, whereas
the As concentration stayed at the same level for the first 19 days
and then increased slightly again, releasing only 3% of the total As.
It could thus be concluded that reductive dissolution of As-
bearing Fe(lll) compounds in both amended microcosms under
anaerobic conditions released substantial amounts of Fe and As,
but As in the sediment microcosm was immediately sequestered
to the fraction that was not sulfate-, phosphate-, or even oxalate-
soluble. This fraction may include non-sulfide Fe(Il) minerals that
are formed by dissimilatory Fe(Ill)-reducing bacteria (Islam et al.,
2005).
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Fig. 1. Variations in As, Fe and S concentrations over the course of microcosms of regolith and sediment from Mokrsko in artificial groundwater. The five sets of microcosms include
an amendment with glucose under anaerobic conditions (@), no amendment under anaerobic conditions (4 ), a control with amendment of glucose under anaerobic conditions (=),
no amendment under aerobic conditions (M), and a control under aerobic condition (+). Note the different scales for the regolith and sediment. Error bars indicate the standard

deviation of triplicates; some error bars are obscured by the symbols.
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Fig. 2. (A) Contribution of bacterial and archaeal phyla to the bacterial community of regolith (R) and sediment (S) determined by 16S rDNA sequencing. (B) Total numbers and
phylogenetic affiliation of OTU of metabolic genes detected in environmental samples. Legend: Zloty Stok — poorly characterized arrA clade previously found in Zioty Stok gold
mine; fen — poorly characterized arrA clade, that seems to be specific for freshwater wetland bacterial communities.

The amount of As released from the sediment in the non-
amended anaerobic microcosm was also higher (by a factor of 7
on an average) than the sterile control microcosm. Assuming that
the poisoned control microcosms represent the amount of As
released into anaerobic Mokrsko groundwater via abiotic pro-
cesses, it is suggested that the higher amount of As released from
the sediment into solution in the non-amended microcosm rep-
resents As released by a microbial metabolism based on natural
organic matter present in the sediment.

3.3. Molecular characterization of regolith and sediment

The aim of the 16S rDNA sequencing was to detect the most
abundant phylogenetic and ecological groups of bacteria rather
than to describe the total biodiversity in the samples. 52 clones
from regolith and 49 from sediment were sequenced. At the level of
phylum, 23 groups were detected and 11 of them were shared
by both libraries. None of the 95 OTU at 2% distance level was
shared between the regolith and sediment clone libraries (Fig. 2;
Supplementary information, Fig. S5).

The UniFrac metrics were selected to classify the regolith and
sediment libraries. This method enables comparison of microbial
communities even if they do not share any OTU (Lozupone and
Knight, 2005). The regolith and sediment libraries were compared
with a set of microbial communities at sites representing a gradient
in two environmental characteristics: (i) As contamination and (ii)
anaerobic sulfate respiration (Table 1). The regolith and sediment
libraries were analysed as a single sample since no significant dif-
ference (p > 0.05) was detected although most samples from other
environments differed significantly in the same analysis.

The whole microbial community at Mokrsko did not cluster
with communities that originated from As-impacted environments
but differed in the predominating metabolism (samples Cernuc,
Ztoty Stok) in UPGMA clustering (Fig. 3) and PCoA. Both methods
placed the Mokrsko community in the group containing microbial
communities from either oligotrophic partially anaerobic (samples
Lava tube, Hanford) or hydrocarbon-containing and strictly anaer-
obic environments (sample Sulfate reducing). Consistent with field
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observations, a similar spectrum of microhabitats is proposed in
the Mokrsko locality, where organic remnants are buried in the
prevailing inorganic material.

3.4. Functional genes arrA, aioA and dsrB

The presence of a microbial community able to metabolize As
compounds can be tested by detection of genes encoding metabolic
enzymes involved in As solubilization and attenuation (Drewniak
et al.,, 2012).

-Glacier

Hradcany
100
Cernuc

-100

Ztoty Stok
199

Sulfate reducing

79
Mokrsko

Hanford
-{ 76
Lava tube
0.1

Fig. 3. UPGMA dendrogram of UniFrac distances showing phylogenetic relationship of
microbial communities from Mokrsko and other As-impacted and unimpacted
underground environments. Jackknife values higher than 70% are shown by the nodes.
For the characteristics of the communities see Table 1.
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In the regolith, 4 species-level phylogenetic clusters of arrA were
detected. Three of them were affiliated to an environmental clade
previously reported only from Ztoty Stok gold mine microbial mat
(Drewniak et al., 2012), the last cluster belonged to Deltaproteo-
bacteria (Fig. 2; Supplementary Information, Fig. S6A). The diversity
in the sediment was markedly higher with 12 species-level clusters
detected among 13 sequences. Representatives of Gammaproteo-
bacteria and an undescribed group were present in the sediment in
addition to the same groups as in the regolith (Fig. 2; Supplementary
Information, Fig. S6A).

The gene aioA encoding metabolic arsenite oxidase of alpha- and
beta-proteobacterial origin was found similarly in both regolith and
sediment samples. In contrast to arrA and dsrB, all the aioA se-
quences were related to previously described bacterial isolates or
species (Supplementary Information, Fig. S6B). The dissimilatory
sulfite reductase (dsrB)-bearing bacteria were represented by Syn-
trophobacterales and two undescribed groups in the regolith, and by
Desulfobacteria, Firmicutes and one of the two undescribed groups
in the sediment (Supplementary information, Fig. S6C). Interest-
ingly, the dsrB sequences exhibited the lowest similarity between
the regolith and sediment libraries among all the functional genes.
A significant difference (p < 0.002) was confirmed by UniFrac
metrics for dsrB regolith and sediment libraries, whereas the other
pairs of clone libraries did not differ (p >> 0.05). This observation
indicates presence of sulfate reducing bacteria in both habitats,
but under very different local conditions and thus mediated by
different phylogenetic groups of bacteria.

The presence of both autotrophic oxidisers and dissimilative
reducers of As may be explained by a mixture of microenviron-
ments with various redox conditions within the sample. Consis-
tently, the obtained 16S rDNA sequences belong to various
ecologically different groups. Some sequences were grouped with
typical oligotrophic heterotrophs or even chemoautotrophs by
BLAST, but others were closely related to isolates from anoxic
environments heavily contaminated by hydrocarbons. This
observation is consistent with UPGMA clustering analysis (see
Chapter 3.3.).

4. Discussion

Due to the devastating impact on the health of millions of
people worldwide, a better understanding of the biogeochemical
processes controlling As release/attenuation into groundwaters is a
crucial issue and has been the subject of numerous recent studies
(e.g. Campbell et al., 2006; Héry et al., 2010; Islam et al, 2004;
Kocar et al., 2006; Tufano et al., 2008).

Although the groundwater samples obtained from the undis-
turbed shallow subsurface in this study were slightly reducing
(from 42 to 143 mV), they fell within regions where aqueous
As(V) and Fe(lll) phases (shown as ferrihydrite) or Fe(IL,lll) phases
(shown as green rust) were the predominant species, based on
the measured pH and Eh (Pt electrode) (Table 3, Fig. 4). None of
the groundwater sample fell within the predominant stability
fields of aqueous As(lll) and dissolved Fe(Il) that were found by
chemical analyses as the major aqueous species. Apparent
nonequilibrium thermodynamic conditions thus indicate that the
As(111) and Fe(ll) species are released into the solution by an un-
expectedly rapid process. However, neither a strong reducing
agent nor a reservoir of As(Ill) were detected in the groundwater
and sediment or regolith. Active biogeochemical reduction of As
and Fe from sediment and regolith and partitioning to ground-
water thus appear to be the most probable explanation. The
microcosm data indicate that indigenous bacteria solubilize As
from sediment and regolith samples, whereas almost no solubi-
lization occurs in azide-poisoned parallels. It is noteworthy that
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Fig. 4. Eh—pH predominance diagram showing equilibrium among aqueous (un-
shaded, dashed line) and solid phase (darker-gray shaded) arsenic, and aqueous (un-
shaded, solid line) and solid phase (lighter-grey shaded) iron at Asye = 10 398
Fey — 107424, 5, = 107, Precipitation of thermodynamically stable Fe (hydr)ox-
ides (hematite, goethite, and magnetite) was suppressed in order to examine in-
teractions with the more reactive, metastable solid phases ferrihydrite and green rust.
Field-measured Eh and pH ranges from groundwater samples shown as rectangles
were taken from lysimeters in the saturated zone at Mokrsko between March and May
2012.

our observed concentrations of As released in the non-amended
sediment microcosms under anaerobic conditions were almost
consistent with concentrations of As in sediment groundwater,
further reinforcing the relevance for microbial processes for As
mobilization at this site. The presence of bacteria bearing dis-
similative arsenate reductase including so-far undescribed
phylogenetic lineages was confirmed by molecular analyses in
both the regolith and sediment. The diversity of this gene was
three times greater in the sediment, with consistently greater
content of organic carbon and thus probably greater rate of
anaerobic respiration. Dissolved H;S generated in the local
sulfate-reducing environments in the sediment and potentially in
the regolith reacted with the As(Ill) species, causing them to
precipitate as realgar. Depending on the balance between As(l1l)
and HaS production, some or all of the As(1ll) produced should be
lost from solution. The H3S levels were near the detection limit
(~0.01 mg/L) in all the groundwater samples, despite the fact
that groundwater SO~ concentrations were very high (from 108
to 135 mg/L), suggesting that, in the sampled areas, As(1ll) pro-
duction typically exceeded H3S production. On the basis of these
findings, ultimate control of the As concentration in the shallow
Mokrsko aquifer cannot be attributed to sulfate-reducing envi-
ronments with precipitating sulfides.

Thermodynamic calculations show that formation of realgar is
possible at ambient temperature depending on the activity of the
sulfide and As, and on the system pH and Eh (Couture and Van
Cappellen, 2011; Gallegos et al., 2008; O'Day et al., 2004). Howev-
er, previous studies have also noted the difficulty in precipitating
crystalline realgar abiotically at ambient temperature (Gallegos
et al., 2008; Kirk et al., 2010; Nordstrom and Archer, 2003), which
may point out the importance of microbial mediation in the for-
mation of low-temperature As sulfides. The groundwater samples
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Fig. 5. Conceptual model of arsenic in the shallow subsurface, summarizing the main microbially mediated reactions potentially controlling the As concentration and speciation at
the Mokrsko site. DARP: dissimilatory arsenate respiring prokaryotes, DIRP: dissimilatory iron respiring prokaryotes, DSRP: dissimilatory sulfur respiring prokaryotes.

did not really fall within the calculated stability field where realgar
is predicted to be dominant (as opposed to mineralogical evidence)
(Fig. 4), but this is not surprising since extraction of groundwater
from sediment in the vicinity of realgar coatings was unsuccessful.
It should be noted that all of the analyzed groundwater was
sampled from a nonspecific area of the saturated zone. In fact,
mineralogical findings and geochemical modelling in the sediment
enable us to formulate the hypothesis that precipitation of realgar
at the study site is constrained to sharply delimited anaerobic
domains that form around and within buried wood particles and
organic aggregates. Two requirements must be fulfilled in these
domains. The first one is intensive microbial reduction of sulfate in
the presence of As(Ill). We expect this process here since oxygen
and other alternative terminal electron acceptors are limited
within the organic matter through microbial respiration,
becoming depleted within millimeters of the organic particle and
organic aggregate exterior (Masue-Slowey et al., 2011), and sulfate
is indisputably the major terminal electron acceptor available in
the groundwater (Table 3). Consistently, the dsrB and 16S rDNA
clone library analyses indicated that sulfate-reducing bacteria
represent a functionally important fraction of the total microbial
community (Figs. 2 and 3). The second requirement is low con-
centration of dissolved iron, since iron preferentially reacts with
H3S and thus prevents formation of As sulfides (e.g. Kirk et al.,
2010; Saunders et al., 2008). This fact is supported by SEM/EDS
and XRD analyses, which demonstrated the absence of easily
accessible forms of Fe(lll) for bacterial reduction, such as Fe(Ill)
(hydr)oxides and Fe(III) arsenates in the close vicinity (mm scale)
of realgar (e.g. Supplementary information, Fig. S3).

Given the spatial proximity (cm scale) of oxidized (Fe(lll) (hydr)
oxides, Fe(lll) arsenate minerals) and reduced (realgar) As species
within the sample, our results demonstrate the importance of the
soil/sediment structure and local redox transitions when assessing
the mobilization and speciation of As species in the shallow
subsurface.

5. Conclusions

Our findings provide strong evidence that microbes play a key
role in mediating As release as well as attenuation from the shallow
subsurface at the Mokrsko natural geochemical anomaly. The main
interactions between microbes, As-bearing geologic materials and
water that are envisioned to result in the high levels of As in
groundwater and regolith/sediment are summarized in the con-
ceptual model (Fig. 5). Notably, our finding that the concentration
of reduced As(lll) is very high in the shallow groundwater even
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under aerobic conditions allows us to conclude that the solubility
and the transport of As in the shallow subsurface at the Mokrsko
geochemical anomaly is influenced by microbial respiratory
reduction of As(V) to As(lll) and is consistent with reports from
other studies (Héry et al., 2010; Jonsson and Sherman, 2008; Kocar
et al., 2006; Tufano et al., 2008). Our conclusions are supported by
the molecular analyses and microcosm experiments. Although
newly formed realgar was noted as a major sink for As(Ill) at this
site, dissolved As(1ll) concentrations in shallow groundwater are
not obviously limited by realgar formation, further suggesting that
sulfate-reducing conditions occur only in local environments that
were found to be restricted to the organic-rich particles. Our evi-
dence shows that realgar precipitation was facilitated by a combi-
nation of bulk anaerobic, but very oligotrophic sediment (where
only weak reductive iron dissolution occurs) and macroscopic
insoluble organic particles and aggregates. The existence of these
restrictions also explains why precipitation of realgar is not com-
mon at As-impacted sites. To our knowledge, this is the first report
published to date on the precipitation of macroscopic deposits of
realgar in a natural environment at low temperatures.
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Abstract Deep sequencing of prokaryotic 16S rDNA regu-
larly reveals thousands of microbial species thriving in many
common habitats. It is still unknown how this huge microbial
diversity, including many potentially competing organisms,
may persist at a single site. One of plausible hypotheses is that
a large number of spatially separated microcommunities exist
within each complex habitat. Smaller subset of the species
may exist in each microcommunity and actually interact with
each other. We sampled two groups of microbial stalactites
growing at a single acidic mine drainage outlet as a model of
multiplicated, low-complexity microhabitat. Samples from six
other sites were added for comparison. Both tRFLP and 16S
rDNA pyrosequencing showed that microbial communities
containing 6 to 51 species-level operational taxonomic units
(OTU) inhabited all stalactites. Interestingly, most OTUs in-
cluding the highly abundant ones unpredictably alternated re-
gardless of physical and environmental distance of the stalac-
tites. As a result, the communities clustered independently on
sample site and other variables when using both phylogenetic
dissimilarity and OTU abundance metrics. Interestingly, arti-
ficial communities generated by pooling the biota of several
adjacent stalactites together clustered by the locality more
strongly than when the stalactites were analyzed separately.
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The most probable interpretation is that each stalactite con-
tains likely random selection from the pool of plausible spe-
cies. Such degree of stochasticity in assembly of
extremophilic microbial communities is significantly greater
than commonly proposed and requires caution when
interpreting microbial diversity.

Keywords Acidophiles - Chemolithotrophy - Phylogenetic
dissimilarity - Community assembly - Neutral processes

Introduction

Analyses of microbial communities from ecological and bio-
geographical points of view have recently undergone a rapid
progress, thanks to modern sequencing methods. Despite this
progress, we are still far from assessing the contribution of
environmental filtering and other processes, such as interspe-
cific interactions, dispersal limitation, and colonization history
to the microbial community structure [1, 2]. One of so far
unexplained phenomena observed in all but most extreme
environments is the high level of prokaryotic diversity that is
considered hardly sustainable by the theory of ecological com-
munities [1]. Additionally, Nemergut et al. [3] showed that
multiple deeply sequenced samples from similar environ-
ments show markedly low overlap of prokaryotic 16S rDNA
genotype composition. This finding was reproduced in vari-
ous types of environments on a wide scale of geographical
distances and operational taxonomic unit (OTU) definitions
[3]. The main problem in understanding the mechanisms that
sustain the large diversity is our inability to scale down the
sampling in order to examine the true habitats of microbes.
Thus, it cannot be determined whether ecologically similar
organisms detected within a single sample inhabit spatially
isolated microhabitats or are equally distributed. The
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important difference between the abovementioned scenarios is
that direct competition is enabled only in the latter case [1].

Extreme habitats dominated by bacteria, such as
chemolithotrophic microbial growths in acidic or sulfidic wa-
ters, host conspicuously low microbial diversity compared to
common environments. Only a few species occupying key
ecological roles are usually detected at the extreme sites
[4-7]. Distinct partitioning of niches among competing mi-
crobes with slightly differing growth optima has been reported
in microbial communities developing in habitats with low
complexity in extreme environments [8, 9].

Diversity of microbial species and metabolisms at various
sites impacted by acidic mine drainage (AMD) generated by
dissolution of sulfide minerals is described better than in com-
mon, highly diversified environments, including soils or sur-
face waters [10]. Many prokaryotic species typically recov-
ered from AMD environments were isolated in culture and
formally described [11-15]. However, the majority of the
studies were descriptive rather than attempting to get a deeper
insight into the ecological processes. Studies focusing on mi-
crobial diversity typically employed deep sequencing of a few
samples [16] or pooled drip-water from a larger seepage area
[17] in order to characterize the typical composition of the
microbial assemblages, and thus did not take into consider-
ation distribution of particular species to individual microhab-
itats. Data from other environments suggest that bacteria can
be non-equally distributed among related microhabitats. It has
been shown that physiologically similar but genetically dis-
tinct populations of bacteria alternate in both spatial and tem-
poral manners in lake biofilms [18].

Typical examples of well-described AMD-related extreme
habitats are outlets of iron-rich, acidic mine water from rock
fissures [17, 19, 20]. These outlets commonly host macroscop-
ic growths of prokaryotic microorganisms forming stalactite-
like structures (i.e., snottites) composed of bacterial biomass
and secondary minerals. The species composition of the stalac-
tites is similar to the communities found at other habitats asso-
ciated with AMD flow. The most conspicuous example are
gelatinous snottites strikingly dominated by Ferrovum
myxofaciens and Acidithiobacillus ferrivorans, which are
known from both AMD streams and stalactites [4, 15].

The thorough description of organisms inhabiting AMD-
related microbial stalactites encourages employing them as a
model for research on the variability of natural microbial com-
munities. It has been shown that the environment at the termi-
nal part of a stalactite is relatively uniform despite a slight
gradient of oxygenation and iron redox state along the stalac-
tite body [19]. At least, the terminal part of the stalactite rep-
resents a homogenous habitat that hosts microbial community
with limited diversity. Additionally, the stalactites grow com-
monly in large groups at a single water seepage area.
Stalactites in each such group, supplemented by the same
AMD source (i.e., one permeable section of a rock fracture),
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represent multiplied microhabitats of a single type. The local
environments of each microhabitat show the highest possible
rate of similarity that is accessible in naturally occurring mi-
crobial habitats. Yet, these microenvironments are physically
isolated from each other, and thus, each of them has an indi-
vidual history. Therefore, we should be able to observe the
residual heterogeneity of microbial communities by compar-
ing individual stalactites, while the influence of environmental
variability is suppressed.

In this study, we reveal microbial diversity of 51 stalactites
and snottites representing two groups, each collected from a
single AMD outlet, and ten similar samples from variably
distant sites, both geographically and environmentally. We
employed tRFLP and 16S rDNA pyrosequencing to compare
composition of microbial communities intentionally collected
at maximally similar adjacent sites with communities from
additional more varied sites in four abandoned mines.

Materials and Methods
Site Description

The samples were collected in four abandoned sulfidic ore
mines. Three of them are located in the Czech Republic
(Zlaté Hory, Lehnschafter, and Kristynov) and one in
Slovakia (Banska Stiavnica).

The Zlaté Hory-south deposit was described in Falteisek
and Cepicka [20]. Briefly, it is located in Silesia
(Czech Republic; 50°12'N, 17°24'E) and represents a large
Rosebery type volcanosedimentary copper deposit [21]. The
pyrite-chalcopyrite ore is dispersed in metamorphic Devonian
quartzites and shales, forming extensive ore bodies. Mining
activities ceased in 1990. The extensive supergenic processes
generating acidic mine drainage (AMD), accompanied by typ-
ical secondary zonation, were described by Martycdk et al.
[22]. All samples were collected at or close to the 3™ haulage
level, which represented the typical oxidation zone (190—
220 m below the surface).

The Lehnschafter mine in the town of Mikulov is located in
Ore Mountains in north-western Bohemia (50°41.46'N,
13°43.28'E). It represents a vein-type Pb-Ag-As sulfidic de-
posit with orthogneiss and rhyolite as adjoining rocks. The
mining operations lasted from the late Middle Ages to 1885.
The AMD-related environments are developed locally
throughout the mine and depend on weathering of pyrite and
arsenopyrite.

Kristynov mine is located near Plzen city in western
Bohemia (49°43.61'N, 13°26.2'E). The deposit is located in
upper proterozoic pyritic shales and was partially exploited by
pillar mining in the nineteenth century. The mine is shallow (ca.
15 m) and almost dry, with only local weak seepages of AMD.
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Banska Stiavnica mine district is located in Stiavnica
Mountains, Slovakia (48°27'N, 18°53'E). It is a large
polymetallic deposit consisting of veins and impregnations
of Fe, Cu, Pb, Zn, and Ag sulfides developed mostly in an-
desites and quartz-diorite porphyry. The mining operations
ceased in 1993. The AMD seepages occur at multiple sites
where significant pyrite impregnations exist. The sampling
sites are located in modern mining galleries at the 12" haulage
level, ca. 550-600 m below the surface.

Sample Collection

The stalactites for microbiological analyses were harvested
directly into sterile 15-mL tubes. Information about their
physical appearance (hard, gelatinous, encrusted) and approx-
imate water flow was collected as well. Conductivity, pH, and
temperature of the water for samples with significant water
flow were measured using WTW Multi303i universal pocket
meter (WTW, Germany). Water samples for chemical analy-
ses were collected into clean 50-mL tubes. The water flow was
estimated from the filling times of the sample tubes (the flow
was directed into the tube quantitatively). Most samples were
delivered to the laboratory within 5 h; the samples from
Banské Stiavnica within 12 h. After transport, the water was
filtered through 0.22-pm filter with PES membrane (Carl
Roth, Germany), and the aliquots designated for analysis of
cations were stabilized by 2 % HNO; (suprapure, Merck). The
solid samples were stored in —80 °C until the DNA extraction.

Chemical Analyses of Water

Anions (SO42", E.CIE. B, PO43_, and NO; ) were analyzed
by ion chromatography (HPLC, column Dionex ICS-2000),
with a precision of about +8 %. Major and minor cations (Fe,
Al, Cu, As, Si, Ca, Mg, and Mn) were analyzed by ICP OES
analyzer iCAP6500 (Winsford, UK).

DNA Extraction, Amplification, and tRFLP Analyses

The stalactites were divided by sterile lancet and forceps. One
to three sections ca. 1-cm long were dissected from the near-
end region of each sample and used for DNA extraction.
Genomic DNA was isolated using ZR soil microbe DNA kit
(Zymo research). The universal primers U515F
(GTGCCAGCMGCCGCGGTAA) and U1406R
(GACGGGCGGTGTGTRCA) [23] at annealing temperature
of 55 °C and LA DNA polymerase (Top-bio, Czech Republic)
were used to amplify approximately 860-bp long fragment
containing V4-V8 regions of the 16S rDNA from Bacteria,
Archaea, and mitochondria.

Primers US15F-A488 and U1406R-A546 labeled by
AlexaFluor dyes were used for PCR prior to tRFLP. The
PCR products were purified by agarose electrophoresis,
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digested by Haelll (Thermo Scientific), and analyzed by
3130 Genetic Analyzer (Applied Biosystems).

454 Pyrosequencing and Sequence Analyses

PCR amplification of 16S rDNA was performed in triplicates
as described above. Products were purified using
Zymoclean™ Gel DNA recovery kit (Zymo Research),
mixed, and subjected to short (10-cycle) secondary PCR with
primers containing 6-bp sequence tags unique for each sam-
ple. The tagged PCR products were mixed equally and se-
quenced on a GS FLX Titanium Platform (Roche) at the
Laboratory of Environmental Microbiology, Institute of
Microbiology of the ASCR, Prague, Czech Republic.

Sequence data were analyzed by the Seed pipeline [24].
Sequences were extracted and denoised using Mothur 1.28.0
[25]. The reads from both ends of the amplified fragment were
present due to random ligation of pyrosequencing adaptors.
Only forward reads (i.e., from primer U515F) were selected
for further analyses. They were clustered into OTUs with
97 % threshold by usearch 5.2.32 [26], and chimeras were
removed by uclust 3.0.167 [26]. Species identities of the con-
sensus sequences were assessed by BLASTn 2.2.26+ [27]
against NCBI nt/nr database. Singletons were excluded from
further analyses due to a high number of suspect erroneous
sequences.

The consensus sequences were aligned using MAFFT [28]
with help of the CBRC server (http://mafft.cbre.jp/alignment/
server/). The alignment was manually edited, and a
maximum-likelihood phylogenetic tree was constructed by
Phyml 3.0 [29] under GTR +I"+1 substitution model.

The newly determined sequences have been deposited in
MG-RAST [30] under project ID 12174, and selected repre-
sentatives of species-level OTU from each sample were de-
posited in GenBank under accession numbers KP688592—
KP689090.

Statistical Methods

Multivariate analyses of tRFLP patterns were run in Canoco
5.0 [31]. The variability within the dataset was visualized
using a detrended correspondence analysis (DCA), and canon-
ical correspondence analysis (CCA) was applied to test wheth-
er the differences in tRFLP patterns are significantly related to
the stalactite properties and sampling sites. Localities were
used as explanatory variables and the other properties (drip-
ping rate, encrustation, and physical character) as covariates.
We created dummy variables for each of these variables. The
dripping rate was transformed into semi-quantitative catego-
ries for this purpose. Association of terminal restriction frag-
ments (i.e., normalized peak area) with sampling sites was
tested using one-way ANOVA for each fragment separately.
Localities were used as categorical factors and peak areas as
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dependent variables. The association of a fragment with sam-
ple sites was assessed from F value and p value of the
ANOVA.

Clustering of the microbial communities based on a set of
if-then logical split conditions was determined from the
presence/absence and abundance of principal OTUs using
tree-building algorithms in Statistica software package [32].
All samples were randomly subsampled to 300 sequences for
this analysis.

The phylogenetic dissimilarity of microbial communities,
principal component analyses (PCoA), and UPGMA cluster-
ing were performed in Fast UniFrac software package [33]
using the maximum-likelihood phylogenetic tree of consensus
sequences of individual OTUs. Both weighted normalized and
unweighted algorithms were employed. For Jackknife analy-
sis, all the samples were transformed to 1000 sequences per
sample, and 75 % of sequences were kept in each replicate.

Results
Field Observations and Sampling

We sampled 51 ferruginous stalactites from eight sites located
in four abandoned underground mines (Table 1). The four
sites were in Zlaté Hory-south mine (ZH). The ZH-A is a
group of gelatinous and hard soda-straw stalactites that grow
from water seepage from two parallel rock bedding planes in
an area of ca. 0.2 % 1 m. The water composition was consid-
ered to be homogeneous within the site due to the small area
and existence of abundant fractures that served as cross-
conduits at a centimeter scale (Fig. Sla). The group ZH-B
consisted of hard soda-straw stalactites growing from a hard
ferrous crust that covered the roof and walls of the mine gal-
lery. Only the central part (ca. 1-m wide) of the large group of
stalactites was sampled. Samples ZH7 and ZH10 represent
massive, partially gelatinous stalactites growing on greater
springs. Both sampling sites were described in detail by
Falteisek and Cepicka [20]. All the sites in Zlaté Hory mine
were localized around a single ore body with the maximum
distance between each other being 100 m. Samples from
Kristynov mine (KU) represent six hard or gelatinous stalac-
tites from a single weak seepage area ca. 30-cm wide. In the
Lehnschafter mine (MI), a gelatinous snottite flourishing at a
water seepage from caved mine gallery was sampled. The
main difference from the other sites was a high content of
arsenic in the water (Table 1) causing precipitation of amor-
phous ferric arsenate (pitticite) inside the gelatinous material.
Banska Stiavnica mine (BS, BN) differed from the others in
temperature, which reached 20-24 °C, in contrast to 9-10 °C
in the other mines. Sample BS was an acidic, gelatinous
gypsum-encrusted stalactite growing on extremely mineral-
ized, As-containing water. Stalactite BN was uniquely found
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at AMD seepage neutralized by filtration through the concrete
support of the mine gallery. The stalactite consisted of miner-
alized and gelatinous parts that were obviously different and
were processed as two samples.

tRFLP Analyses

Characteristic patterns with a few dominant peaks, indicating
highly unequal abundance of 16S rDNA genotypes (i.e., sin-
gle or a few highly dominant species in each community),
were obtained for all the samples. DCA analysis was per-
formed in order to preliminarily classify tRFLP patterns. The
samples formed several visually distinct clusters and gradients
(Fig. 1a). Samples selected for subsequent pyrosequencing
were dispersed evenly on the DCA plot and thus probably
represented the true scale of the microbial community types.
To evaluate possible association of the terminal restriction
fragments (TRFs) and sample sites, CCA analyses of all the
TRFs, as well as selected TRFs, which represented more than
10 and 20 % of total peak area at least in one sample, were
performed. The log-transformed peak areas were used in all
the analyses. The sample sites were used as explanatory var-
iables, and the other stalactite properties were included as
covariates. Variability explained by sampling site was
30.8 % (p=0.002) for all peaks (Fig. 1b), 27.6 % (p=0.002)
for peaks over 10 % of the total peak area (Fig. Ic), and
22.2 % (p=10.02) for peaks over 20 % of the total peak area
(data not shown). Although certain localities appeared diver-
gent in the CCA analyses, the huge majority of peaks clus-
tered in the center with no clear association with localities.
Significance of association of peaks and localities was tested
by ANOVA for each single peak. This analysis showed that
most of TRFs, except for several, mostly small, peaks, were
not associated with sample site (p value median=0.22).
Additionally, the TRFs corresponding to most abundant
species-level OTUs as determined by 16S rDNA sequencing
were identified and analyzed in the same way. The TRF of
Thiobacillus aquaesulis was found only in samples from site
BN; the rest of the identified TRFs revealed only a weak
association with sampling sites (Fig. 1d, ANOVA p value
median=0.09). No correlation between TRF’s total or average
area and the strength of association with sampling site was
detected indicating that more abundant organisms were nei-
ther more generally distributed nor more confined to certain
sites (p=0.6). The exception of T. aquaesulis may be easily
explained by the different chemism of the BN site (see above).

16S rDNA Pyrosequencing

A subset of 24 samples from 21 stalactites was subjected to
pyrosequencing of a fragment of 16S rDNA. Samples from
two stalactites were doubled to test homogeneity of the micro-
bial assembly, and both hard encrusted and snotite-like
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Table 1 Number of samples collected at the sampling sites, characterization of the sites, and water that flowed through the stalactites
Locality Zlat¢ Hory Kristynov Lehnschafter Banska Stiavnica Total
Sampling site ZH-A ZH-B ZH7 ZH10 KU MI BS BN

No. stalactites 21 19 1 1 6 1 1 1 51
tRFLP samples 23 22 1 1 6 1 2 2 58
Sequenced 9 (7 stal.) 8 1 1 1 1 1 2 (1 stal.) 24 (21 stal.)
Temperature oG 9.5 9.5 9.5 95 10 9 22 20

Water flow L/s low low 0.04 0.2 0 0.02 0.01 0.02

pH ca.3 ca. 3 2.95 3.6 ca.3 2.68 1.92 7.07
Conductivity mS/cm n.a. n.a. 4.8 1.86 n.a. 2:3 30.8 n.a.

Fe mg/L n.a. n.a. 774% n.a. n.a. 272 18,780 24

Al mg/L na. n.a. 131° na. n.a. 22 510 0

Cu mg/L n.a. n.a. 90" n.a. n.a. 0.1 1130 0.0011

As mg/L n.a. n.a. 0.225*  na. n.a. 4.99 50 0.00011

Si mg/L n.a. n.a. 18° na. n.a. 4.05 110 6.48

Ca mg/L na. n.a. 49.7° na. na. 112 500 205.8

Mg mg/L na. n.a. 97.4° na. na. 26.3 710 474

Mn mg/L n.a. n.a. 26.7° na. n.a. 322 1180 0.05

S04 mg/L n.a. n.a. 3509* n.a. n.a. 943 42314 466.65

Clr mg/L na. n.a. 8.3* na. n.a. 245 <1 3.64

NO; mg/L n.a. n.a. 2.7° na. n.a. <0.2 <2 11.23

* Water composition of ZH7 after Falteisek and Cepicka [19]

sections were sampled from the stalactite BN. We obtained 78,
077 reads longer than 200 bp in two orientations; 31158 qual-
ity-filtered, non-chimeric forward reads were used for further
analysis. Microbial diversity ranged from 6 to 51 OTUs per
sample at 97 % similarity level (median 28). When sorted by
frequency, the top 80 % of sequences represented from 1 to 14
OTUs (median 5). The Chao-1-estimated richness [34] varied
from 6 to 53 OTUs per sample (median 36.5; Table S1). In
total, 187 OTUs at 97 % similarity level were defined
(Table S2). Two OTUs with 42 sequences belonged to
Archaea, 10 OTUs with 74 sequences were eukaryotic nuclear
18S rDNA sequences, and 10 OTUs with 409 sequences were
identified as mitochondrial 12S rDNA. The archaeal and mi-
tochondrial sequences were included in the dataset.
Eukaryotic nuclear sequences were discarded due to their het-
erogeneity and probable bias in the recovered eukaryotic com-
munity composition. When all the samples were equalized to
300 randomly selected sequences per sample, a highly similar
distribution of 162 OTUs was revealed.

The OTUs related to a known organism with sequence
homology greater than 98 % were assigned to this species.
Abundant OTUs with lower homology were assigned to
higher-level taxa (genera, families, etc.). The most abundant
organisms in most samples were iron-oxidizing
chemoautotrophs (F. myxofaciens, A. ferrivorans,
Gallionella capsiferriformans, Sideroxydans litotrophicus,
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Acidiferrobacter thiooxidans). Seven samples lacked auto-
trophs completely or almost completely and were dominated
by acidophilic heterotrophic bacteria (Acidiphilium sp. PK48,
Acidocella sp. CFR23, Metallibacterium sp. X11) and even
organisms closely related to ubiquitous neutrophilic hetero-
trophs (Burkholderia sp., Bradyrhizobium elkanii,
Flavobacteria gen. sp.) (Table 2). Only 14 OTUs reached
more than 20 % of sequences in at least one sample. They
seemed to form conserved or semi-conserved associations that
alternated in the stalactites and usually were not confined to a
single sample site. To test this suggestion, an analysis of mi-
crobial communities by weighted normalized Fast UniFrac
using maximum-likelihood phylogenetic tree of consensus se-
quences was performed. It revealed four clusters (C1-4) of
microbial communities with high statistical support in the
jackknife analysis (Fig. 2a, b). The four samples were associ-
ated with these clusters but with low statistical support, or
remained unclustered. Duplicates from a single stalactite re-
vealed similar composition in both cases. A similar clustering
was also obtained by a non-phylogenetic approach based on
tree-building algorithm (Fig. S2a). Interestingly, all the clus-
ters but C3 contained stalactites found at more sites, and com-
munities belonging to various clusters were found in stalac-
tites from both deeply sampled sites ZH-A and ZH-B, show-
ing that the clusters were not site-specific. The communities of
cluster C2, which was strikingly dominated by <. myxofaciens,
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Fig. 1 Results of multidimensional analyses of 16S rDNA tRFLP
profiles of 58 samples representing 52 stalactites. The analysis was
performed using log-transformed peak areas. Replicated samples from
individual stalactites are indicated by commas and replicate numbers.
Centroids of the sample sites and variability explained by sampling site
are shown. The other stalactite properties (encrustation, water flow) are
not visible since they were analyzed as covariates. a DCA plot of all the
samples. Stalactites selected for 16S rDNA sequencing are shown in bold.
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b CCA of all detected TRFs. ¢ CCA of TRFs representing at least 10 % of
total peak area in at least one sample. d CCA of TRFs related to organ-
isms representing >20 % of sequences in at least one sample. Sample site
abbreviations: ZH-A (samples A), ZH-B (samples B), ZH7, ZH10—Zlaté
Hory; MI—Mikulov; BSa, b—Banska Stiavnica, acidic spring; BNa, b—
Banska Stiavnica, neutral spring; KU—Kristynov; indexed sample
names (i.e., A12-1) label duplicated samples from a single stalactite
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Fig. 2 Results of 16S rDNA
amplicon sequencing of selected
samples, a UPGMA clustering of

the microbial communities based
on weighted normalized UniFrac
metrics. Jackknife values higher
than 50 % are shown at the nodes
(B). b PCoA analysis of the
microbial communities based on

weighted normalized UniFrac

metrics. ¢ Map showing locations
of the sampling sites. Legend:
Sample site abbreviations: BS—
Banska Stiavnica; CZ—

Czech Republic; KU—Kristynov
mine; MI—Lehnschafter mine,
Mikulov; SK—Slovakia; ZH—
Zlaté Hory. Clusters of similar
communities revealed by the
UniFrac analyses are labeled C1
(with sub-clusters a and b), C2,
C3,and C4

were found only at sites with elevated water flow. The other
clusters, C1, C3, and C4, contained microbial communities
from both, high- and low-flow sites.

‘When unweighted UniFrac, which neglects the abundances
of OTUs, was used for clustering the samples, only stalactites
from C3 sharing also the sampling site remained partially
clustered. The other samples clustered roughly by sites, but
generally with low statistical support (Fig. S2B).

Discussion
Variability of the Habitats

The aim of this study was to uncover if processes independent
on environmental filtering may deeply influence microbial
community structure. These processes are commonly elusive
due to two phenomena: (i) practical impossibility to detect all
relevant environmental variables and subsequently clearly dis-
tinguish environmental filtering and other sources of dissimi-
larity [35]; and (ii) mixing of numerous physically separated
microhabitats within a single sample, which commonly leads
to examination of the average microbial community instead of
multiple real ones [1]. We tested the possibility to circumvent
these issues by sampling strategy. The main stalactite groups
ZH-A and B were sampled from sites where water from a
single source drips at multiple spots, and thus, more stalactites
developed in close vicinity there. Therefore, each stalactite
hosted a microbial community supplied by the same water
but physically separated from the others. Thus, each stalactite
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had an individual history. Unfortunately, the existence of mi-
nor but important differences between the stalactites (e.g., due
to changes in water flow) may not ever be excluded evenina
single group. This impossibility was circumvented by adding
samples from other undoubtedly more varied sites. If commu-
nities from distant sites repeatedly revealed greater similarity
than those from adjacent stalactites, the explanation solely by
environmental traits would be highly improbable. For this
reason, we added stalactites from both geographically and
environmentally distant AMD outlets to the sample set.
Samples ZH7 and 10 were collected at sites near to ZH-A
and B, where, however, the water flow was higher by an order
of magnitude [20]. Sample MI was influenced by naturally
present As, samples from Banska Stiavnica grew at elevated
temperature, and the most divergent site BN was an outlet of
ferrous and sulfate-rich but non-acidic water.

The internal homogeneity of each stalactite is as important
as the similarity of the stalactites from a single site. The
whole stalactite is formed by the same process, and longitu-
dinal water flow maintains only a moderate gradient of the
main dissolved compounds [19]. The chemoautotrophic mi-
crobial communities inhabiting such environments are known
to be conspicuously homogenous in space and time, as was
shown by Kay et al. [7] for the assemblage of F. myxofaciens
and A. ferrivorans, which frequently flourish in well-aerated
ferruginous acidic mine water outlets and streams with pH
between 2 and 3. Similarly, the iron-oxidizing microbial con-
sortia from mine water treatment plants are stable despite
variable composition of the water input [36]. Macalady et
al. [9] revealed considerable stability of the autotrophic,
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sulfur-oxidizing bacterial biofilms growing in sulfidic water
outlets in the Frassasi cave system. These biofilms may be
formed by several distinct types of microbial communities,
which do not mix, even though the conditions below the
surface of a biofilm of a certain type can be more suitable
for another type. To examine the possibility that the stalactites
host homogeneous communities, we sequenced two indepen-
dent samples from stalactites ZH-A12, Al14, and BN. In sta-
lactites ZH-A 12 and 14, the replicated samples were more
similar to each other than to samples from different stalactites.
The only exception was the stalactite BN, which consisted of
two both visually and biologically distinct parts (Table 2,
Fig. 2).

Microbial Communities in the Stalactites

Even though certainly not all environmental variables were
examined, our experimental design circumvented this con-
straint by comparing adjacent and thus similar samples with
those from distant and dissimilar sites. Both phylogenetic and
abundance-based clustering of the microbial communities ob-
viously depended on the presence or absence of a small num-
ber of highly abundant OTUs. Some of these OTUs were
closely related to typical chemoautotrophs, and they probably
represented primary producers in the stalactite ecosystem
(F. myxofaciens, A. ferrivorans, Sideroxydans litotrophicits,
Gallionella capsiferriformans, Acidiferrobacter sp.). On the
other hand, some stalactites were dominated by presumably
heterotrophic bacteria, similarly as in the previous study from
Zlaté Hory deposit [20]. Considering the currently available
data, it is impossible to decide whether the autotrophs disap-
peared due to insufficient water flow (excluded for samples
BN and BS) or unknown spatial/temporal dynamics of the
ecosystem. Nevertheless, it should be noted that a
heterotrophs-only community cannot independently persist
or even synthesize the organic mass of a snottite in the
organic-poor AMD.

Importantly, the majority of the highly abundant species
were detected at multiple sites, and, concurrently, various in-
dividual stalactites belonging to both groups ZH-A and B
were dominated by various species of bacteria. The TRFLP
data covering all 51 stalactites were used to test a possible
association between the organisms and localities. The variabil-
ity explained by sampling site was high up to 30.8 %, but the
inferred optima for most TRFs and OTUs were not associated
with specific sites (Fig. 1b—d). The TRFs, except for those of
T’ aquaesulis and several unidentified minor peaks, were nei-
ther sampling site-specific nor followed any monitored envi-
ronmental variable.

Because a large unexplained variability of the communities
was detected, it is important to exclude that it was generated
by PCR or sequencing bias, insufficient depth of sequencing,
or other artifacts. It is widely accepted that amplicon
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sequencing yields not only presence/absence data of particular
OTUs but also their approximate quantities [37].
Nevertheless, we verified the reproducibility of the methods
used in the study. The PCR-tRFLP analyses of most samples
were repeated twice, always with high similarity of the repli-
cates (data not shown). Also, the sequencing of replicated
samples from certain stalactites showed good reproducibility
of the method (see above; Table 2, Fig. 2 a, b). The depth of
sequencing was probably insufficient to reveal the complete
diversity of rare species in some samples (Table S2).
However, most statistical methods used in the community
comparison can correctly detect dissimilarities even at a sam-
pling depth of 100 sequences per sample [37]. We analyzed
samples with the depth greater than 300 sequences per sample,
and the observed patterns were based on substantial variation
in abundance of common OTUs and even the absence of cer-
tain OTUs in a particular stalactite and their dominance in
others (Tables 2 and S2). Such patterns are unlikely to be
generated by sequencing bias or undersampling of the rare
species.

The amplicon sequencing of the samples from Zlaté Hory
mine showed that the microbial community in each acidic
ferruginous stalactite may display almost no similarity to the
microbial communities in the adjacent stalactites, and that
every single stalactite contains only a subset of organisms that
can thrive in such environment and are present in the mine.
Some stalactites from sites ZH-A and B were even more sim-
ilar to stalactites from other mines than to the adjacent ones. It
is in contradiction to the widely accepted conception, stating
that microbial community composition is dictated by environ-
ment or by combination of environment and dispersal limita-
tions. It can be objected that the rate of dripping varied con-
siderably even within the stalactite groups ZH-A and B. The
dripping rate was not assessed with accuracy sufficient to test
its statistic correlation with microbial community composi-
tion. However, the same dominant species were found among
the samples that differed in water flow by an order of magni-
tude in both groups ZH-A and B. Clustering analysis by
UniFrac confirmed the similarity of these communities
(Fig. 2, e.g., ZH7, B04, and B16; B07 and B10; BSa and
KU2; ZH10 and MI1). When the stalactites are arranged by
dripping rate semi-quantitatively into the four categories
(Table 2), different microbial communities appear in each cat-
egory, and similar communities appear in the different catego-
ries as well. The dripping rate (i.e., the number of drops per
minute) was considered to be sufficiently accurate estimate of
the water flow, because all stalactites had similar area of the
terminus and thus produced drops of similar volumes. The
differences in dripping rate between stalactites hosting similar
communities were securely greater than the possible uncer-
tainty of any estimation method. For these reasons, we con-
clude that the dripping rate neither determines nor restricts the
microbial community composition. More interestingly, all the
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clusters of similar communities, apart from C3, contained
samples from multiple sites within Zlat¢ Hory mine or even
samples from the other mines as well. It implies that the clus-
tering of the microbial communities does not follow geo-
graphic distance, temperature, pH, and concentration of toxic
elements (As, Cu). The only exception was the sample BN,
which contained a neutrophilic microbial community, almost
completely different from the other samples (e.g.,
T aquaesulis, Fig. 1d). The number of samples was not suffi-
cient to test whether the abovementioned environmental var-
iables influence the probability of the presence of certain or-
ganism at a certain site. Nevertheless, the distribution of the
community types among the sites (Fig. 2a, b) suggests two
different scenarios. Either, some of the unidentified environ-
mental factors, likely the water composition, have a greater
spatial variability within the continuous water film originating
from a single rock crevice at sites ZH-A and B than among
various springs. Or alternatively, the composition of the com-
munities is only delimited, but not determined, by the envi-
ronmental traits, and thus may considerably vary even at al-
most identical habitats. From the hydrogeological point of
view, the latter explanation is significantly more plausible.

Ecological Implications

These results urge the question whether the influence of the
environmental traits can be retrieved from the composition of
the stalactite microbial communities. We pooled the communi-
ties from randomly selected triads of stalactites from sites ZH-
A or ZH-B and analyzed them by UniFrac. Interestingly, the

communities from the triads of stalactites from a single site
clustered together (Fig. 3), while the pooling never overlapped.
It indicates that the pooled microbial communities show stron-
ger relation to the environment than the individual ones. The
simplest explanation is that the pooling suppresses the influ-
ence of random processes. This explanation should be con-
firmed by further research performed on substantially greater
set of samples. It supports the theory that environmental traits
influence probability whether various individual species will or
will not be included in the community, rather than set the fre-
quencies of the species in community containing all suitable
organisms.

Our interpretation is not in conflict with findings that micro-
organisms have unimodal response to the environment and that
biological responses to environmental gradients can be re-
trieved by analyzing the phylogenetic dissimilarity of microbial
communities [38]. A recent study showed that bacteria evince
more deterministic community composition than larger and
more dispersal-limited fungi at the newly emerging habitats
[2]. Tt also concurs with our findings, since these results imply
that stochastic processes play a significant role in both bacterial
and fungal community assembly. On the other hand, numerous
studies focusing on AMD-related environments surprisingly
overlooked the effects of neutral processes. Likely, it may be
explained by sampling of bulky environments that were non-
homogeneous at micro-scale, such as sediments and massive
biofilms on submerged surfaces [16, 39—41], or by sampling of
diverse rather than similar habitats within a single site [17, 20].
Neither of these sampling strategies enables comparison of
individual microbial communities from similar habitats. It has
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Fig. 3 UniFrac PCoA (a) and UPGMA (b) clustering of composed
microbial communities generated by pooling of three (exceptionally
two) randomly selected samples from ZH-A or ZH-B, respectively.
Repeated use of any sample in more than one composed community
was avoided. Sample site abbreviations are identical to those in Fig. 1.
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to 1000 sequences prior to analysis in order to avoid potential bias caused
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been recently shown that the dissimilarity of AMD-related
extremophilic microbial communities might be underestimated
also due to low sequencing depth in older studies. Even the
seemingly identical biofilm communities dominated by
Leptospirillum sp. revealed distinct populations of rare species
when the whole-community transcriptomes were analyzed
[42]. It shows that more microorganisms than was previously
expected can thrive in such conditions, and that only part of
them is present at a specific site at a specific time.

Conclusions

We observed unexpected dissimilarity of microbial communi-
ties thriving in ferruginous mine stalactites. Due to the spatial
arrangement of the samples, this dissimilarity can be hardly
explained by environmental variability. The important ques-
tion for further research is whether the observed dissimilarity
is restricted to habitats such as the microbial stalactites or
represents a generally widespread phenomenon. If the present
results will be corroborated in multiple various ecosystems,
the widely accepted assumption that microbial species alter-
nate in samples primarily due to environmental gradients
should be applied with greater caution for extremophilic com-
munities. The subsequent question is whether the common,
highly diversified microbial communities (e.g., revealed by
most soil metagenome studies) show robust response to the
environmental gradients due to mixing of multiple
microcommunities in each sample. The mixing supposedly
reduces the noise generated by stochastic community assem-
bly. The first step to answer this question may be to test if such
typical communities will be obtained by pooling of large num-
bers of stalactite samples from a single site.
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7. SHRNUTI A ZAVER

V pribéhu uplynulych let jsem mé&l moznost v ramei tymu Ivana Cepicky zavadét do
pouzivani rizné metody environmentalni mikrobiologie a geomikrobiologie. Pfi tom bylo
nutné se potykat kromé vlastnich zac¢ate¢nickych chyb i s tak zdanlivé banalnimi potizemi,
jako je to, ze v budové, kde se dlouha desetileti péstuji stovky kultur Escherichia coli pro
potieby molekularni biologie i dal$ich obort, je téméf nemozné ptipravit sekvenaci, ve které
nebude tato bakterie pfitomna jako kontaminant. Naopak vyhodou byla moznost spojit
mikrobiologicky vyzkum se svoji speleologickou ¢innosti, diky které jsem se mohl dostat na
rizna neobvykla mista a poznavat rizna biologicky extrémni stanovisté. Jednémi s nich byla i
stanovisté vazana na produkty zvétravani sulfidickych rudnich mineralt. Pti srovnani
terénnich pozorovani s dostupnymi publikacemi bylo ziejmé, Ze ackoliv mikrobialni diverzité
extrémné kyselych prostfedi byla vénovana velka pozornost, dosavadni vzorkovani
mikroorganismu vazanych na rudni loziska je selektivné zamétené na nékolik malo
napadnych typt stanovist. Nekteré, Casto dosti bézné typy stanovist’ nebyly studovany. Mimo
jiné se nepodafilo nalézt praci o systematickém vyzkumu gossanu neboli podpovrchové
vylouzené ¢asti loziska. Kromé toho vSak byla patrna tendence vétSiny studii zabyvat se sice
podrobnym, ale vice ¢i mén¢ faunisticky zamérenym popisem malého poctu stanovist’.
VétSina praci automaticky spojovala konkrétni biogeochemické procesy s konkrétnimi
organismy.

V prvni studii (Falteisek a Cepicka 2012) proto bylo snahou nalézt a mikrobiologicky i
sulfidického loZiska. Bylo potvrzeno, Ze vylouZena zona loziska obsahuje charakteristicka
mikrobialni spolecenstva, jejichz slozeni odpovida extrémné oligotrofnimu charakateru
stanovi$t' a jejichZ vyznam ziejmé spociva v udrZzovani nizkého obsahu organickych latek ve
vodé napajejici vlastni oxidacni zonu. V rdmeci stanovist’ s extrémné kyselym prostfedim se
podaftilo na zéklad¢ slozeni OTU 1 fylogenetické vzdalenosti jednozna¢né odlisit spoleCenstva
zijici na mistech oxidace pyritu a v odtékajicich kyselych vodach. V obou prosttedich je
hlavni mikrobialné¢ katalyzovanou reakci chemolitotrofni oxidace F ¢?* a znama ekologicka
valence organismd, které se téchto déju ucastni, takovéto rozdeleni neptedpovida. Tento
vysledek ukazuje, ze pro vymezeni vyskytu bakterie je zdsadni predevsim jeji
konkurenceschopnost, kterd je dana kombinaci velkého po¢tu podminek. Vysledek, ktery se
stal podnétem pro dalsi vyzkum, bylo zjisténi, Ze na mistech vyvéri kyselych Zelezitych vod
(AMD) se miiZze nachazet fada riiznych typt mikrobidlnich komunit, které se 1i$i i na
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vzajemn¢ blizkych vyvérech. Studie naznacila, ze n¢které z téchto komunit viibec neobsahuji
nebo obsahuji pouze v malém mnozstvi chemoautotrofni mikroorganismy povazované za
nezbytné primarni producenty. Je ziejmé, ze jde o ptechodny stav, ov§em nebylo vysvétleno,
jak a pro¢ vznika. Néktefi z nalezenych pravdépodobnych heterotrofii dosud nebyli zachyceni
na stanovistich pfimo ovlivnénych AMD.

Pro dals$i vyzkum bylo dulezité zjisténi, Ze biostalaktity rostou na vyvérech AMD
casto ve velkych poctech na jednom misté a mohou hostit odlisné mikrobidlni komunity. Tyto
komunity jsou navic relativn€ jednoduché, tvofené v typickém piipad¢€ jednim az dvéma
pravdépodobnymi chemoautotrofy, kteti v komunité vyrazné prevazuji, a dalSimi
mikroorganismy, z nichz je zpravidla téz jen n€kolik hojnych. Sousedici stalaktity navic ¢asto
byvaji napajené vodou ze stejného zdroje a pravdépodobné o stejném slozeni, takze
predstavuji mimotfadné dobrou ukazku oddélenych, ale pfitom skoro identickych pfirozenych
stanoviSt. Takovéto usporadani mikrobidlnich komunit bylo v dalsi studii vyuzito k feSeni
otazky, zda je slozeni jednotlivych spoleenstev determinovano prostiedim nebo je vyznamna
ijina variabilita (Falteisek et al. 2016). Teoretické pozadi tohoto problému vychazi ze
soucasného rozstépeného pohledu na mikrobialni spole¢enstva. Jednak je evidentni, Ze
pomoci analyz fylogenetické disimilarity mikrobialnich komunit je mozné piesné setadit
jednotliva spolecenstva podle ekologickych gradienti (Faith et al. 2009; Kuczinski et al.
2010), ale na druhou stranu ¢asto ani komunity z velmi podobnych stanovist’ nesdileji téméer
zadné mikrobialni genotypy ¢i OTU (Nemergut et al. 2011). S tim zfejmé souvisi i druhy
problém, kterym je mimotadné vysoka diverzita bakterii v riznych substratech, predevsim
Vv nehomogennich materialech typu plid a sedimentl. VétSina soucasnych vysvétleni, proc¢
nedojde ke kompetitivnimu vyloucéeni ¢asti z nich, predpoklada rozdéleni téchto spolecenstev
do mnoha jednodussich mikrokomunit (Nemergut et al. 2013). Tim vznika zajimava otazka,
jak vypada struktura téchto mikrokomunit. Lze si samoziejmé piedstavit, ze mikrokomunity
budou podobné zjednodusenym kompozitnim komunitam, piitomnost konkrétnich OTU i
jejich kvantita tedy bude vérné odrazet lokalni mikroprosttedi. Mikrokomunity vsak téz
mohou mit velmi jednoduché a variabilni slozeni, fizené kromé& mikroheterogenity prostiedi i
nahodou. Vysledna slozend komunita, kterou pozorujeme pii analyze typického
makroskopického vzorku, bude mit nahodnou variabilitu potlacenou diky primérovani mnoha
mikrokomunit a jeji spojita reakce na spojitou zménu podminek bude vznikat Cisté na
statistickém zaklade¢.

Biostalaktity se mikrokomunitdm podobaji svoji relativni homogenitou a

jednoduchosti, 1ze je v§ak snadno analyzovat oddélené (Falteisek et al. 2016). Amplikonova
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pyrosekvenace odhalila v nékterych tésné sousedicich stalaktitech spolecenstva lisici se ve
vSech hojnych OTU a naopak stejné dominantni OTU ve stalaktitech z rznych lokalit.
Analyza fylogenetické disimilarity ukazala klastrovani komunit necekané slabé zavislé na
lokalitach. S jednou vyjimkou plati, ze podobnost komunit nesouvisela s zadnou testovanou
proménnou. I kdybychom brali do iivahy neuplnou charakterizaci jednotlivych mikroprostiedi
a moznost existence skryté variability, je velmi malo pravdépodobné, Ze by environmentalni
rozdily v ramci fady stalaktitii rostoucich na priisaku z jediné pukliny podminovaly vyskyt
nekolika zcela odlisnych spolecCenstev a soucasné by se témét identické komunity vyskytovaly
Vv raznych dolech na vyvérech, mezi nimiz chemické rozbory odhalily rozdily.
Nejpravdépodobnéjsi vysvétleni je, ze existuje pomérné velkd mnozina mikroorganismu
schopnych obyvat tento typ stanovist’ a z téchto organismi se konkrétni komunity sestavuji
viceméné ndhodnym vybérem. Pfi tom nejspiSe plati, Ze moznost koexistence podobnych
organismu V kazd¢é komunité je omezena, a predevsim Ze presny charakter prostedi pouze
méni pravdépodobnost obsazeni urcité role konkrétnim organismem, ale nedeterminuje
slozeni komunity. Pfi spojité zméné podminek se tedy nebude spojit¢ menit ¢etnost
jednotlivych mikroorganisma v komunité, ale poroste pravdépodobnost, ze bude néktery z
nich nahrazen jinym. Kdyz byly komunity z n¢kolika stalaktitli z jednoho vyvéru AMD
spojeny do um¢lé kompozitni komunity (s vylou¢enim opakovaného pouziti kazdého
stalaktitu), bylo tim vyrazné posileno jejich klastrovani podle lokality. Pocet vzorka byl pfilis
maly na exaktni ovéfeni tohoto trendu, ale ukazuje se, Ze oslabeni nahodné variability zvysuje
asociaci s lokalitou, a tedy i prostiedim.

Tyto vyzkumy mikrobidlnich komunit z kyselych dtlnich vod poskytly zéklad pro
jejich budouci podrobnéjsi studium a predevsim ukazaly, Ze to je pouzitelny model pro feseni
obecnéjsich otazek mikrobialni ekologie. V prvni fad€ jde o pochopeni vztahu mezi sloZzenim
mikrobidlni komunity, probihajicim procesem a faktory prostiedi. Je jasné, Ze nastinéné
otazky byly vyfeSeny jen ¢astecné a bude nutné spojit analyzy mikrobialnich spolecenstev
S podrobnéj$im studiem prostiedi. Jako velkd vyhoda AMD se jevi ptfedevsim to, Ze tu jsou
detailn€ znamé mechanismy primarni produkce a energetického metabolismu. To umoZiuje
snadno a pomérné& piesné kvantifikovat vstupy do systému a popisovat biodiverzitu ve vztahu
k nim.

Dalsi vyzkum se tykal prosttedi, kde dochazi ke sraZeni sekundérnich sulfidd, v tomto
ptipad¢ sulfidu arzenu. Precipitace realgaru na pohibené rostlinné hmoté v Mokrsku ve
sttednich Cechach piedstavuje jediny zndmy piipad tvorby makroskopického mnozstvi tohoto

minerdlu mimo hydrotermalni prostiedi (Drahota et al. 2013). Fyzikalné chemické

84



charakteristiky (pH, reduk¢ni potencial, sloZzeni) podzemni vody i poérového roztoku v pudée
pritom lezi dosti daleko od oblasti stability tohoto mineralu. Jeho tvorba proto byla pfipsana
mikrobialni redukci siranti, coz bylo pozdé&ji potvrzeno i srovnanim izotopového slozeni
sulfidické a siranové siry na lokalité. Analyzy mikrobialnich komunit ze sedimentu
obsahujiciho realgar a z ptidy (resp. regolitu) bez realgaru odhalily v obou piipadech dosti
podobné mikrobialni komunity, odpovidajici redoxné i chemicky pestrému prostredi s
kontrastujicimi aerobnimi i striktné¢ anaerobnimi mikrohabitaty. Dalsi sekvenace potvrdily i
pritomnost jak autotrofni oxidace arsenitanu, tak disimilativni redukce arseni¢nanu i siranu.
Vzhledem k tomu, Ze vzorky byly odebrany jako typické ,.kompozitni® mikrobialni komunity,
je obraz nalezené bioty pIn¢ konzistentni s existenci lokalnich anoxickych mikrohabitati v
okoli organickych ¢astic, v nichz probiha intenzivni redukce siranti a tvorba realgaru.
Zajimavé je, ze mikrobidlni komunity v sedimentu s realgarem a v pid¢ bez néj vykazovaly
minimalni fylogenetickou odli$nost, pouze srovnani gent pro sulfat reduktazu (dsrB)
nasvédcovalo signifikantné odlisnému slozeni komunity redukujici sirany v obou prostiedich.
Tyto vysledky tedy nabizeji pouze v§eobecnou piedstavu zpiisobu biogenni tvorby realgaru a
nestaci pro jeji bezpecné potvrzeni (Drahota et al. 2013). Staly se v$ak zakladem pro dalsi
intenzivni vyzkum, ktery jiz poskytl fadu dalSich nepfimych dikazd, ze klicovym prvkem je
mikroheterogenita prostfedi a ze v homogennim prostiedi by realgar pravdépodobné
nevznikal. Dulezity zavér je, ze mikroskopicka heterogenita habitati i mikroorganisma mutize
vést k segregaci nékterych prvka do pevné faze a tedy k ovlivnéni funkce celého
makroskopického systému i k environmentalné vyznamnym disledkim.

Prace je jako celek ovlivnéna piedevs§im v§eobecné rostoucim vyznamem vhledu, ze
diverzita biogeochemickych pochodl neni vysvétlitelna ptitomnosti konkrétnich taxoni
bakterii a archet, ale teprve propojenim biodiverzity s vlivem struktury prostfedi, a to véetné
struktury mikroskopické. Struktura prostiedi je zaroven tou Casti systému, ktera zodpovida za
to, Ze procesy nesméiuji vzdy ptimo do termodynamického optima, ale né¢kdy vedou k

neo¢ekavanym produktim.
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