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Abstrakt

ey

Tato prace se zamétuje na diverzitu mikroorganismi prokaryotického typu zijicich v prostiedi
mikrobiadlni dekompozice i tvorby sulfidickych minerali a zkouma zde vztah mezi slozenim
mikrobidlnich komunit a geochemickymi procesy. V prostfedi rozsahlého a ¢astecné
vytézeného loziska sulfidickych rud byly poprvé charakterizovany mikrobialni komunity v
gossanu a jejich role v ramci ekosystému. Krome¢ toho byla srovnana mikrobidlni
spoleCenstva ze stanovist’ typickych pro tvorbu a pfemény kyselych dilnich vod (AMD) a
byla nalezena diferenciace nik mezi pfibuznymi mikroorganismy. Nalez neobvykle
variabilnich mikrobiadlnich 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
lokalitdm odpovidala, ale pfevazn€ nahodn¢. Tim se jednoduché komunity li§i od vysoce
diverzifikovanych spolecenstev z piidy, sedimentil a dalSich komplexnich substratt, které
vykazuji vysokou korelaci bioty s faktory prostiedi. Pfedpokladana pticina tohoto rozdilu je
kompozitni charakter bohatych komunit a potlaceni nahodnych fluktuaci primérovanim
velkého poctu fyzicky oddélenych mikrokomunit. Tomu nasvédcuje 1 fakt, Ze podobnost
jednoduchych komunit fizené lokalitou byla posilena umélym spojenim nékolika komunit
dohromady. V dalsi ¢asti vyzkumu byly studovany mikrobidlni komunity srazejici realgar
(As4S4) v melkém zvodnélém sedimentu. Bylo zjisténo, ze tento sediment obsahuje riizné a
kontrastujici mikrohabitaty, kde v nékterych piipadech patrné probihaji protichidné déje,
napiiklad autotrofni oxidace a disimilativni redukce arzénu. Tento poznatek vedl k formulaci
hypotézy, ze biogenni tvorba realgaru je zavisla na struktufe prostifedi podminujici existenci

mikrohabitatl s vysoce lokalizovanou tvorbou sulfidické siry.



Cile prace

popsat alfa a beta diverzitu prokaryot na riznych typech stanovist’ koexistujicich
Vv ramci opusténého rudného dolu s vyvinutou supergenni zonalitou

® 7 informaci o slozeni mikrobialnich komunit a chemismu vod a mineralnich fazi se

pokusit rekonstruovat geochemickou funkci ptitomnych spolecenstev mikroorganismut

® analyzovat slozeni nékolika skupin mikrobidlnich komunit obyvajicich biostalaktity
rostouci na vyvérech kyselych dalnich vod
® pokusit se na tomto modelu o odliSeni neutrdlni variability jednoduchych piirozenych

mikrobidlnich spolecenstev od jejich odezvy na environmentalni proménné

e identifikovat hlavni skupiny mikroorganismti podilejici se na redoxnich cyklech

arzénu a siry Vv prostiedi, kde dochazi k biogennimu srazeni realgaru (AssSy)

e urcit hlavni environmentélni faktory ovliviiujici sloZzeni mikrobialnich spolecenstev a
biogeochemické procesy v tomto prostredi

® blize charakterizovat sloZeni jednotlivych funk¢nich skupin pomoci sekvenace genti

pro enzymy katalyzujici redoxni pfemény As a S



Shrnuti disertac¢ni prace

Rozvoj molekularné genetické determinace mikroorganismil a environmentalni
metagenomiky vede k rychlému nartstu znalosti o pfirozenych mikrobialnich spoleCenstvech,
zaroven pochopitelné vytvaii nové a asto fundamentalni otazky. Mezi né patii i to, zda je
slozeni mikrobidlnich komunit determinovano hlavné¢ prostfedim, anebo maji podstatny vliv 1
dalsi faktory. Postupné se vytvaii konsensus, Ze podstatnou roli hraje i koloniza¢ni historie a
nahodné fluktuace Cetnosti jednotlivych mikroorganismt (Nemergut et al. 2013). V kontextu
téchto poznatki je dalezita otazka, do jaké miry slozeni mikrobialnich komunit koreluje s
biogeochemickymi procesy, které jsou témito komunitami katalyzovany. Pro vyzkum téchto
jevu je vhodné studovat mikrobidlni komunity na stanovistich, kde probiha omezeny pocet
dobfte definovanych procest. Tuto podminku spliiuji stanovisté vazand na produkty zvétravani
sulfidickych rudnich mineralt.

V pribéhu této prace byl navstiven, prohlédnut a do rizné miry analyzovan velky
pocet lozisek sulfidickych rud. Pfi srovnani terénnich pozorovani s dostupnymi publikacemi
bylo zfejmé, Ze ackoliv mikrobidlni diverzita extrémné kyselych prostfedi byla popsana
mnoha autory, dosavadni vzorkovani mikroorganismi vazanych na rudni loziska je selektivné
zamétené na nékolik malo napadnych typt stanovist. Nepodatilo se nalézt zadnou praci o
systematickém vyzkumu gossanu neboli podpovrchové vylouzené ¢asti loziska. U jinych typt
stanovist’ autofi az na vyjimky (napt. Rowe et al. 2007) nesrovnavali komunity z vétSiho
poctu mist ¢i vyskytli. Naopak byla patrna tendence vétsiny studii zabyvat se sice podrobnym,
ale vice ¢i méné faunisticky zaméfenym popisem malého poc¢tu vzorkt (napt. Kimura et al.
2011). Vétsina praci automaticky spojovala konkrétni biogeochemické procesy s konkrétnimi
organismy.

V préci Falteisek a Cepicka (2012) proto bylo snahou nalézt a mikrobiologicky i
sulfidického loziska. Vzorky z vylouZené zony loZiska obsahovaly charakteristicka
mikrobidlni spolecenstva, jejichz sloZeni odpovidalo vyrazné oligotrofnimu charakteru
stanovist a jejichz vyznam ziejme spociva v udrzovani nizkého obsahu organickych latek ve
vodé napajejici vlastni oxidacni zonu. V rameci stanovist’ s extrémné kyselym prostfedim se
podafilo na zéklad€ vyskytu operacnich taxonomickych jednotek (OTU) i fylogenetické
vzdalenosti komunit jednoznaéné¢ odlisit spolecenstva Zijici na mistech oxidace pyritu a v
odtékajicich kyselych vodach. V obou prostiedich je zdrojem energie pro mikroorganismy

chemolitotrofni oxidace Fe**. Znama ekologicka valence organismii, které zde byly nalezeny,
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takovéto rozdéleni nepiedpovida. Tento vysledek ukazuje, ze pro vymezeni vyskytu bakterie
je zasadni ptedevsim jeji konkurenceschopnost, kterd zavisi na vice faktorech nez jen shodé
podminek s jejim ristovym optimem. Vysledek, ktery pomohl nasmérovat dalsi vyzkum, bylo
zjisténi, ze na mistech vyvéra kyselych zelezitych vod (AMD) se mohou nachéazet nec¢ekané
variabilni mikrobidlni komunity, které se 1isi i na vzajemné blizkych vyvérech. Nekteré z
téchto komunit prekvapiveé vilbec neobsahuji nebo obsahuji pouze v malém mnozstvi
chemoautotrofni mikroorganismy, bez kterych tu nemiize vznikat nové organickd hmota. Je
ziejmé, ze jde o prechodny stav, pficina jeho vzniku ale nebyla objasnéna. Nékteti z
nalezenych pravdépodobnych heterotrofii predtim nebyli zachyceni na stanovistich piimo
ovlivnénych AMD.

Zminéné komunity z vyvérd AMD casto obyvaji biostalaktity, které nékdy rostou
okolo jediného vyvéru ve velkém poctu. Tyto komunity jsou navic relativné jednoduché,
tvotené v typickém piipad€ jednim az dvéma pravdépodobnymi chemoautotrofy, kteti v
komunit€ vyrazné ptevazuji, a dalsimi mikroorganismy, z nichz je zpravidla té¢z jen n¢kolik
hojnych. Sousedici stalaktity ¢asto byvaji napajené vodou ze stejného zdroje a pravdépodobné
o stejném slozeni, takze predstavuji mimotadné dobrou ukazku oddé€lenych, ale pfitom skoro
identickych pfirozenych stanovist. Skupiny mikrobidlnich komunit ze sousedicich stalaktitt
byly v dalsi studii vyuzity k feSeni otazky, zda je slozeni jednotlivych spolecenstev
determinovano prosttedim nebo je vyznamna i jiné variabilita (Falteisek et al. 2016).
Teoretické pozadi tohoto problému vychézi ze souasného rozstépeného pohledu na
mikrobidlni spolecenstva. Jednak je evidentni, Ze pomoci analyz fylogenetické disimilarity
mikrobidlnich komunit je mozné piesn¢ setadit jednotliva spoleenstva podle ekologickych
gradientd (Faith et al. 2009; Kuczinski et al. 2010), ale na druhou stranu ¢asto ani komunity
Z velmi podobnych stanovist’ nesdileji témét Zadné mikrobidlni genotypy ¢i OTU (Nemergut
etal. 2011). S tim zfejme souvisi i druhy problém, kterym je mimotadné vysoka diverzita
prokaryot v riznych substratech, pfedev§im v nehomogennich materialech typu pud a
sedimentl. VEtSina soucasnych vysvétleni, pro¢ nedojde ke kompetitivnimu vylouceni ¢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 ptedstavit, ze mikrokomunity budou podobné zjednodusenym
kompozitnim komunitdm, ptitomnost konkrétnich OTU 1 jejich kvantita tedy bude vérné
odrazet lokalni mikroprostiedi. Téz je ale mozné, Ze mikrokomunity maji velmi jednoduch¢ a
variabilni slozeni, které vznika ndhodné a charakterem prostiedi je jen omezovano. Vysledna

sloZzen4 komunita, kterou pozorujeme pii analyze typického makroskopického vzorku, bude
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mit nahodnou variabilitu potlacenou diky primérovani mnoha mikrokomunit a jeji spojita
reakce na zménu podminek bude vznikat na statistickém zakladg.

Dulni biostalaktity se mikrokomunitam z nespojitych prostiedi podobaji svoji relativni
homogenitou a jednoduchosti, 1ze je vSak analyzovat oddélen¢ (Falteisek et al. 2016).
Pyrosekvenace amplikona genu pro 16S rRNA odhalila v nékterych tésné sousedicich
stalaktitech spolecenstva liSici se ve vSech hojnych OTU a naopak stejné dominantni OTU ve
stalaktitech z riznych lokalit. Analyza fylogenetické disimilarity ukazala klastrovani komunit
necekané slabé zavislé na lokalitach. S jednou vyjimkou plati, ze podobnost komunit
nesouvisela s zadnou testovanou proménnou. Jednotliva mikroprostiedi nebyla
charakterizovana kompletné a nelze vyloucit existenci skryté variability, je vSak velmi malo
pravdépodobné, ze by neocekavané environmentalni rozdily v rdmci fady stalaktiti rostoucich
na vyvéru z jediné pukliny podminovaly vyskyt nékolika zcela odlisnych spolecenstev a
soucasné by se téméf identické komunity vyskytovaly v riiznych dolech na vyvérech, které se
svym chemismem jednoznacné lisily. Nejpravdépodobnéjsi vysvétleni je, Ze existuje pomerne
velkd mnozina mikroorganismt schopnych obyvat tento typ stanovist’ a z téchto organismt se
konkrétni komunity sestavuji viceméné ndhodnym vybérem. Pii tom nejspiSe plati, ze
moznost koexistence podobnych organismi v kazdé komunité je omezena, a Ze piesny
charakter prostiedi pouze méni pravdépodobnost obsazeni urcité role konkrétnim
organismem, ale nedeterminuje slozeni komunity. Pfedpokladame, ze pfi spojité zméné
podminek se nebude spojité menit cetnost jednotlivych mikroorganismi v komunité, ale
poroste pravdépodobnost, Ze bude néktery z nich nahrazen jinym. Kdyz byly komunity z
jednotlivych vyvéri AMD nahodné slou¢eny do umélych kompozitnich komunit (s
vyloucenim opakovaného pouziti téhoz stalaktitu), bylo tim vyrazné posileno jejich
klastrovani podle lokality. Navzdory pomérné malému poctu vzorku je tento vysledek
konzistentni s hypotézou, Ze spojita reakce mikrobialnich komunit na prostiedi je dana
primérovanim mnoha mikrokomunit.

Tyto vyzkumy mikrobidlnich komunit z AMD poskytly zaklad pro jejich budouci
podrobné;jsi studium a predevsim ukazaly, Ze je 1ze vyuzit jako model pro feSeni obecnéjSich
otazek mikrobidlni ekologie. Pfedev§im jde o pochopeni, jak mliZze byt slozeni mikrobialni
komunity a probihajici proces ovlivnén riznymi faktory prostredi. Je jasné, Ze nastinéné
otazky byly vyfeSeny jen ¢astecné a bude nutné spojit analyzy mikrobidlnich komunit
S podrobnéj$im studiem prostiedi. Jako velkd vyhoda AMD se jevi pifedevsim to, Ze tu jsou

dobte definované zdroje pro primarni produkci a energeticky metabolismus. To umoziiuje



snadno a pomérné presné kvantifikovat vstupy do systému a popisovat biodiverzitu ve vztahu
k nim.

Dalsi vyzkum se tykal prostiedi, kde dochazi ke srdzeni sekundarnich sulfidd, v tomto
piipadé¢ sulfidu arzenu. Precipitace realgaru na pohibené rostlinné hmot¢ v Mokrsku ve
stiednich Cechach predstavuje jediny znamy ptipad tvorby makroskopického mnoZstvi tohoto
mineralu mimo hydrotermdlni prostiedi (Drahota et al. 2013). Fyzikaln& chemické
charakteristiky (pH, reduk¢ni potencial, sloZzeni) podzemni vody i pérového roztoku v ptidé
pritom lezi dosti daleko od oblasti stability tohoto mineralu. Jeho tvorba proto byla pfipsana
mikrobialni redukci sirand, coz bylo pozdéji potvrzeno i srovnanim izotopového slozeni
sulfidické a siranové siry na lokalité (P. Drahota, osobni sdéleni). Analyzy mikrobidlnich
komunit ze sedimentu obsahujiciho realgar a z pudy (resp. regolitu) bez realgaru odhalily v
obou piipadech velmi podobné mikrobialni komunity, svéd¢ici o redoxné i chemicky pestrém
prostiedi s kontrastujicimi aerobnimi 1 striktné anaerobnimi mikrohabitaty. Sekvenace
funk¢nich gent potvrdila pfitomnost autotrofni oxidace arsenitanu i disimilativni redukce
arseni¢nanu i siranu. Vzhledem k tomu, ze vzorky byly odebrany jako typické ,.kompozitni‘
mikrobidlni komunity, je obraz nalezené bioty pln¢ konzistentni s existenci lokdlnich
anoxickych mikrohabitatl v okoli organickych ¢astic, v nichz probiha intenzivni redukce
sirantl a tvorba realgaru. Zajimavé je, ze mikrobialni komunity v sedimentu s realgarem a v
pude bez néj nevykazovaly vyznamnou fylogenetickou odliSnost, pouze srovnani genti pro
reduktazu siranu (dsrB) odhalilo signifikantné odli$né slozeni komunity redukujici sirany v
obou prostiedich. Vysledky nabizeji pouze vS§eobecnou ptedstavu o zptisobu biogenni tvorby
realgaru a nestaci pro jeji bezpecné potvrzeni (Drahota et al. 2013). Staly se vSak zdkladem
pro dalsi intenzivni vyzkum, ktery jiz poskytl fadu neptimych dikazi, Ze klicovym prvkem je
mikroheterogenita prosttedi, bez které by realgar pravdépodobné nevznikal. DileZity zaver je,
ze mikroskopickd heterogenita stanovist’ i mikroorganismii miZe vést k segregaci n¢kterych
prvki do pevné faze a tim k ovlivnéni funkce celého makroskopického systému i
k environmentalné vyznamnym disledkiim. Podobny zavér naznacuji i jiné studie zaméfené
na srazeni sulfidi arzénu, ovSem téZ pouze s nepiimymi dikazy (Langner et al. 2013).

Prace je jako celek ovlivnéna piedevsim vSeobecné rostoucim vyznamem vhledu, Ze
diverzita biogeochemickych pochodl neni vysvétlitelna ptitomnosti konkrétnich taxont
bakterii a archei, ale teprve propojenim biodiverzity s vlivem struktury prostiedi, a to véetné
struktury mikroskopické. Struktura prostiedi je zaroven tou ¢asti systému, kterd zodpovida za
to, Ze procesy nesméiuji vzdy piimo do termodynamického optima systému, ale nékdy vedou

k neocekdvanym produktim.



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 (AssS,) 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.



Aims of the study

e describe alpha and beta diversity of prokaryotes at various habitats coexisting within

an abandoned ore mine with well-developed supergenic zonality

e infer geochemical function of the microbial communities from their species
composition and chemical composition of associated water and mineral phases

e analyze the composition of several groups of microbial communities inhabiting
biostalactites growing at the acidic mine water seepages

e attempt to distinguish neutral variability of the simple microbial assemblies from their

response to environmental traits using the biostalactites as a model

e identify main groups of microorganisms involved in redox cycling of sulfur and

arsenic in the environment where biogenic precipitation of realgar (As;S,) takes place
e identify main environmental traits influencing the composition of microbial
communities and biogeochemical processes at such habitats
e characterize composition of selected functional groups of microorganisms by

sequencing the genes for enzymes catalyzing redox transitions of As and S



Summary of the Ph.D. thesis

The improvement of molecular determination of microorganisms and environmental
metagenomics has led to a rapid increase of our knowledge about natural microbial
communities. However, it has also generated new questions, often of a fundamental nature.
One such question is whether the composition of microbial communities is dictated mainly by
the environment or whether other factors play a significant role as well. The increasingly
accepted model proposes an important role of colonization history and random fluctuations of
abundance of the microorganisms (Nemergut et al. 2013). This model urges the question to
which extent the composition of microbial communities correlates with biogeochemical
processes catalyzed by them. It seems useful to examine microbial communities from habitats
where only few well-defined processes take place for addressing this question. One kind of
such habitats are the sites associated with products of sulfidic mineral weathering.

During this research, we visited and examined a large number of sulfidic ore deposits.
We took into consideration that most of the previous microbiological sampling efforts were
confined to a few conspicuous types of habitats in the sulfidic ore mines even though a plenty
of various sites impacted by acidic mine drainage (AMD) were studied by many authors. We
found no study on systematic research of the near-surface leached zone of the deposits or
gossan. With few exceptions (e.g., Rowe et al. 2007), the authors did not compare
communities from more sites with defined similarity or relations to each other. By contrast,
there was an obvious inclination to faunistic descriptions of a limited number of samples (e.g.,
Kimura et al. 2011). Most of the authors stereotypically associated the microbial species with
specific geochemical processes.

The aim of our study was to describe microbiologically and geochemically a
maximally wide spectrum of habitats associated with sulfidic deposit ecosystem (Falteisek
and Cepicka 2012). The samples from gossan contained characteristic microbial communities
whose composition corresponded to the oligotrophic character of the site. They are probably
important for maintaining low organic carbon content in the water flowing into the oxidation
zone. At the extremely acidic habitats, we were able to distinguish the microbial communities
thriving at sites of the pyrite oxidation from that in the draining water by both operational
taxonomic units (OTU) composition and phylogenetic dissimilarity. The oxidation of ferrous
iron represents the main energy source in both types of habitats. The observed habitat
differentiation cannot be predicted from known ecological valences of the microorganisms.

This result shows that the occurrence of a certain bacterium depends on its ability to compete
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with other organisms. This ability is a complex trait and cannot be derived from mere
comparison of the environment with growth optimum of the bacterium in culture. We also
revealed an unexpected variability of microbial communities inhabiting the AMD springs at
mine galleries, which can substantially differ even at the adjacent sites. Interestingly, some
communities lacked or almost lacked primary producers. This should be a transient stage
since the primary producers are essential for building the biomass, but our data did not allow
us to explain the observation. Some of the heterotrophs present in the AMD outflows were
detected at extremely acidic sites for the first time by this study.

Microbial communities associated with AMD springs regularly inhabit biostalactites
that may grow in large number around a single seepage point. These communities are
relatively simple, with one or two primary producers, which are usually the most abundant
organisms in the stalactite, and a group of other microorganisms, from which only few are
abundant in most cases. The adjacent stalactites are frequently supplied by water from the
same source and with the same composition. Therefore, they represent an example of
physically separated but almost identical natural habitats. We analyzed the groups of
microbial communities from neighboring stalactites in a study addressing the question in what
manner the simple communities follow the environmental traits (Falteisek et al. 2016). This is
important also for understanding more complex microbial assemblies. We are able to classify
the microbial communities and arrange them by ecological gradients using phylogenetic
dissimilarity analyses (Faith et al. 2009; Kuczinski et al. 2010). However, the origin of
microbial diversity is not fully understood. Even the communities from highly similar habitats
usually share almost no OTUs (Nemergut et al. 2011). In addition, extremely high diversity of
prokaryotes is usually detected in various substrates, mainly in the non-homogenous materials
such as soil and sediments. The common explanation why a part of the microbes is not
eliminated by competitive exclusion proposes the division of the complex assemblies into
multiple microcommunities (Nemergut et al. 2013). It raises an interesting question how the
microcommunities are structured. They may be similar to simplified complex communities
with species composition fine-tuned to the local microenvironment, but they also may consist
of only a small number of randomly selected organisms, and differ from each other. The
environment can only delimit the group of organisms that may be included in the community
in the latter case. Thus, the stochastic variability in the composed communities that are
usually examined by common analyses of macroscopic samples would be suppressed, and the

signal of environmental traits amplified by averaging many microcommunities. The fine-
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tuned reaction of the composed communities to various environmental variables is generated
only statistically in this model. The variability of OTU composition has an identical origin.

The mine stalactites resemble the microcommunities from discontinuous substrates by
their relative homogeneity and simplicity, but they can be analyzed separately (Falteisek et al.
2016). Pyrosequencing of the 16S rRNA gene amplicons revealed that the microbial
assemblies from adjacent stalactites may differ in all highly abundant genotypes and,
conversely, the same dominant OTUs can be found at different sample sites. Analysis of
phylogenetic dissimilarity revealed clear clustering of the communities, which was
unexpectedly weakly correlated with sample sites. With only one exception, the similarity of
the communities was not associated with any tested environmental variable. We were unable
to characterize the environmental traits completely, and the existence of unobserved
variability cannot be excluded. However, it is hard to imagine that the elusive environmental
variability within a group of stalactites growing at single water seepage caused great
dissimilarity of the communities, and, concurrently, almost identical communities grew at
sites with clearly observed differences. Most probable explanation is that relatively many
organisms can live in this type of habitat, but only a small and randomly selected subgroup
inhabits each biostalactite. Coexistence of similar organisms in a single community is
probably limited. The exact character of the environment influences only the probability that a
certain organism will be included in the community but does not determine the composition
of the community. We propose that the probability of complete replacement of certain species
by another would increase, but the community will not change continuously along the
environmental changes. The clustering of the communities by sample sites was substantially
enhanced by random pooling of the samples from individual AMD springs (repeated use of
individual samples was avoided). Despite a small number of samples, this result is consistent
with the hypothesis that the seemingly continuous reaction of complex microbial communities
to the environmental traits is generated by averaging multiple microcommunities.

The microbial communities from AMD springs proved to be a potential model for
addressing questions of general importance in microbial ecology. Our study will probably
serve as a basis for more thorough future research. It will be focused on better understanding
the relation of microbial community composition to biogeochemical processes. It is clear that
the present study solved the problem only partially, and more thorough characterization of the
environment will be required in the future. The well-defined sources fueling the primary
production are a great advantage of the AMD-related communities. It enables quantification

of the input to the system and description of the biodiversity in relation to the energy flow.
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We also focused on the environments where precipitation of secondary sulfides of
arsenic takes place in shallow underground. The precipitation of realgar (As.Ss) in Mokrsko
in central Bohemia represents the only known case of formation of a macroscopic amount of
this mineral outside hydrotermal environments (Drahota et al. 2013). Nevertheless, the physico-
chemical parameters (pH, ORP, composition) of the groundwater and pore solution in soil are
quite distant from the field of stability of realgar. Thus, the mineral formation was assigned to
microbial sulfate reduction. This hypothesis was later confirmed by the comparison of sulfate
and sulfide sulfur isotopic composition (P. Drahota, personal communication). Analyses of
microbial communities from sediment containing realgar and from regolith lacking realgar
revealed functionally almost identical microbial communities. They indicated that the
environment was significantly heterogeneous in chemical composition and redox state. The
environment contained both, aerobic and strictly anaerobic, microhabitats. Sequencing of
functional genes revealed occurrence of autotrophic oxidation of arsenite as well as
dissimilative reduction of arsenate and sulfate. Such character of macroscopic samples is
consistent with the existence of sharply-delimited anoxic microhabitats around organic
material particles where intensive sulfate reduction and realgar formation take place.
Interestingly, the communities from sediment and regolith were indistinguishable from each
other by phylogenetic dissimilarity metrics with the exception of the sulfate reductase gene
(dsrB). This indicates that sulfate reducing populations of microorganisms differed significantly in
both environments. Our results enable to propose only a rough model of realgar precipitation and are
not sufficient for testing the hypothesis (Drahota et al. 2013). However, ongoing research based on the
results revealed a range of indirect proofs that the environmental microheterogeneity is the essential
factor for realgar formation. The main results of the study support the idea that the microheterogeneity
of habitats and microorganisms can cause segregation of certain elements to the solid phase and thus
can influence functioning of macroscopic system. This led to environmentally important results at the
Mokrsko geochemical anomaly. Although the conclusion is consistent with results of other studies on
arsenic sulfide bioprecipitation (Langner et al. 2013), only indirect indications were published so far.

This work is influenced mainly by increasing acceptance of the assumption that
diversity of geochemical processes cannot be explained merely by the presence of specific
bacteria or archea, and understanding of the biodiversity in context of the structure and even
the microstructure of the habitat is necessary. Spatial heterogeneity is an important factor
preventing various biogeochemical systems from straight progress towards the seemingly best

thermodynamic state and thus amplifying diversity of the processes.
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