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ABSTRAKT

Mikrobialni biofilmy hraji ve vodnich ekosystémech vyznamnou roli v procesu
degradace organickych latek, jsou centrem metabolické aktivity a umoziiuji existenci
Sirokého spektra mikrobidlnich spolecenstev. V tekoucich vodach se biofilmové
narosty vyskytuji nejcastéji na ponotfenych substratech, jako jsou kameny, kotfeny
stromd, vodni makrofyta, makroskopické agregaty, ale také benticky a hyporheicky
sediment. Piestoze sedimenty tekoucich vod byvaji povazovany za aerobni prostiedi,
zda se, ze mohou obsahovat nepravidelné uskupené anoxické a hypoxické kapsy, jez
vytvari v sedimentu mozaiku riiznych typt prostiedi. Tato rtizna prostifedi podmiruji
existenci rozmanitych mikrobidlnich spolecenstev, jimiz zprostiedkované odlisné
mikrobialni procesy mohou v tomto prostedi probihat souc¢asné. Aerobni i anaerobni
metabolické procesy jsou vyznamné nejen pro odbourdvani organickych latek a
dynamiku dekompozice, ale také pro zakladni tok energie a kolob¢h elementarnich
prvki v celém ekosystému. Rozklad organické hmoty je klicovym procesem
v lokédlnim 1 globalnim kolob¢hu uhliku, kdy dochéazi k uvoliiovani potencidlnich
sklenikovych plynli (metan, oxid uhli¢ity). Proto maji procesy, probihajici v biofilmu
sedimentll, vyznam i z hlediska zvySovani obsahu sklenikovych plynt v atmosféie a

globalnim oteplovani.

Tato disertaéni prace se zabyva analyzou spoleenstva mikroorganizmi, jez se
vyskytuji v biofilmovém konsorciu a podili se na procesech metanogeneze.
Abychom 1épe pochopili roli mikroorganizmii v environmentalnich procesech, je
prvnim krokem k pochopeni funkce spolecenstva jeho detekce a identifikace. V této
praci jsme pro analyzu mikrobidlnich spolecenstev pouzili Siroké spektrum
detekénich metod, se zaméfenim na metody molekularni. Molekuldrni biologické
techniky nabizi nové moznosti detekce, analyzy diverzity a slozeni mikrobidlniho
spoleCenstva. Vystupy téchto metod a jejich vzijemné propojeni nam mohou

poskytnout obraz o vztazich a fungovani spolecenstva v ptirodnich ekosystémech.

Kli¢ova slova: biofilm, hyporheicky sediment, metan, tekouci vody



ABSTRACT

Microbial biofilms play a fundamental role in organic matter decomposition, they are
hot spots of microbial activity and allow coexistence of a great diversity of microbial
communities. Microbial biofilms are formed in rivers on submerged surfaces such as
stones, plants, roots, macroscopic aggregates and also bentic and hyporheic
sediments. The seemingly well-oxygenated river sediments contain anoxic and
hypoxic pockets associated with irregularities in sediment surfaces and creating a
mosaic structure of various environments, where different microbial populations can
live and different microbially mediated processes can occur simultaneously. Aerobic
and anaerobic metabolic processes are important not only for decomposition
dynamics, but also for energy and nutrient cycling within a whole ecosystem.

Moreover, organic matter decomposition in sediments is an important process in
global and local carbon budgets as it ultimately recycles complex organic compounds
from environments to carbon dioxide and methane. Thus the river sediment biofilms
may act as a considerable source of these greenhouse gases which are important in

global warming.

The aim of this Ph.D. thesis is to analyse microbial community occurring in biofilm
structure and influencing the processes of methanogenesis. An important first step
towards understanding the role of microorganisms in environmental processes is
their detection and determination. We have used a variety of molecular biological
techniques for microbial community analysis, with focus on detection, microbial
diversity and community structure determination. The application of these methods
and their combination can help us in understanding the microbial processes and their

impact on the whole ecosystem.

Key words: biofilm, hyporheic sediment, methane, running waters
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OBECNY UVOD
Mikrobialni biofilmy

Mikrobialni spolecenstva se ve vodnim prostiedi vyskytuji bud® ve formé
planktonnich mikroorganizmi nebo jako pfisedla biofilmova komunita (Van Horn
etal. 2011). Odhaduje se, ze 99% bakterii, vyskytujicich se v pfirodnim prostredi,
zije v biofilmu nebo alespori pretrvava na néjakém povrchu (Costerton et al. 1987).
Existuje cela fada definic biofilmu, obecné jej Ize charakterizovat jako komplexni
soustavu mikroorganizmil (bakterii, archei, sinic, hub, fas a prvoki), které¢ produku;ji
extracelularni polymerni produkty a vytvaii tak na podkladu funkéni mikrobidlni
konsorcium ukotvené v rozsahlé polymerni matrici (Lock et al. 1984, Costerton et al.
1987, Neu et Lawrence 1997, Fried et al. 2000). Jedna z nejaktudlnéjSich definic
popisuje biofilm jako ,,pfisedlé spole¢enstvo mikroorganizmii, charakterizované tim,
ze buiky, které jsou ireverzibilné pfichyceny k podkladu nebo k sobé navzajem, jsou
zanofeny v matrici svych extracelularnich produkti a vykazuji odlisSny fenotyp
s ohledem na rychlost riistu a transkripci geni“ (Donlan et Costerton 2002).
Mikroorganizmy Zziji v biofilmu z mnoha divodi, polysacharidovd matrice je nejen
mistem akumulace Zivin, ale slouzi také jako bariéra, jeZ chrani mikrobidlni
spolecenstvo pied predatory, patogeny, extrémnimi podminkami prostiedi jako pH,
teplota, UV-zafreni, vysychani nebo ptsobeni toxickych latek a antibiotik (Lock
1994, Paerl et Pinckney 1996, Boureau et al. 2003, Hall-Stoodley et al. 2004).

Dalsi vyhodou biofilmu je koexistence vice mikrobidlnich druhti, kdy jeden druh
mikroorganizmu vyuziva produkty metabolismu jiného druhu, coz umoziiuje
prezivani ,,obyvatel” biofilmu i v prostiedi chudém na ziviny (Korber et al. 1995).
Biofilmova spolecenstva také umoziuji mikroorganizmim pfetrvat v tomto
vyhodném prostiedi a nebyt odplaveny vodnim proudem (Johnson 2008).

Biofilm se vytvari v podstaté¢ v kazdém prostiedi, jez je v kontaktu s vodou; jeho
vznik a vyvoj probihd ve 4 fazich (Costerton 1987, Mueller et al. 1992, Neu 1996,
Donlan 2001, Rulik et al. 2011):

1) faze vzniku organického filmu tzv. conditioning - pfiseddni a adsorpce
organickych molekul na podklad

i1) faze priseddni bunék (adheze) - buiky k ptichyceni pouzivaji specifické,
povrchové aktivni molekuly tzv. adheziny, jez mohou mit povahu bilkovin,

glykopeptidli nebo polysacharidii, nebo burikam pfti adhezi poméhaji bunééné
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struktury napft. fimbrie; proces ptichyceni miize byt bud’ reverzibilni, nebo
ireverzibilni

iii) faze rastu biofilmu - po Uspé€Sném piichyceni bun¢k k povrchu nasleduje
faze rastu a zrani biofilmu, v této fazi mikroorganizmy produkuji pomérné
velké mnozstvi extracelularnich polymernich produkti a postupné se tak
vytvari vyzrala a stratifikovand vrstva biofilmu

iv) faze uvoliovani bun¢k zbiofilmu - vtéto fazi dochazi k uvolnovani
jednotlivych mikrobidlnich bunék nebo jejich shluki a nasledné disperzi do
okolniho prostfedi; k disperzi dochazi zpravidla po dosazeni kritické
abundance bun¢k v biofilmu anebo piisobenim fyzikdlnich faktorG (napf.

hydraulickych sil)

Zejména v poslednich dvou vyvojovych fazich biofilmu dochazi ke wvzniku
vnitrobiofilmové komunikace tzv. quorum sensing. Diky quorum sensing mohou
buiiky v biofilmu kontrolovat rist a denzitu celého spolecenstva. Proces je zalozen
na produkci chemickych signdlti a jejich vysilani do okolniho prostiedi. Tyto
chemické signdly mohou byt dvojiho typu, bud’ je to N-acyl-homoserin lakton,
vyskytujici se u gramnegativnich bakterii nebo oligopeptidy, jimiz disponuji
pfedev§im grampozitivni bakterie. Quorum sensing je UuUCinnym regulacnim
mechanismem tvorby biofilmu; pokud je bunécna denzita nizka, k vysilani signalu
nedochazi, naopak pii zvySujici se bunécné hustoté roste také intenzita vysilanych
signali. Produkované chemické signdly tak upozortiuji okolni buiiky o populacni
hustoté a zabranuji dalSimu popula¢nimu ristu (Dobretsov 2010).

Morfologie biofilmového spoleCenstva vSak neni ovliviiovana pouze behavioralnimi
faktory uvnitt biofilmu, ale také faktory fyzikalnimi jako je napft. rychlost proudéni.
V prostiedi s vyssi rychlosti proudu, jsou biofilmy hustsi a hladsi, naopak ty, které
rostou pii pomalejSim proudéni, jsou vice porézni. PIné vyzraly biofilm ma
heterogenni  strukturu, buiikky rostou v mikrokoloniich, navzajem spojenych
spletitymi kanalky (Rulik et Hold 2012). Vyvoj téchto kanalkli miize podporovat
transport zivin a odpadnich produktii smérem do hlubsich ¢asti nebo naopak ven

z biofilmu (De Beer et al. 1994).

Biofilm nalezneme prakticky vSude, kde je relativni dostatek vody, zivin, pfiméfena
vymeéna plynil a jakykoli povrch. Kromé ptirodniho prostfedi se biofilmy vyskytuji i

v Cetnych primyslovych odvétvich ¢i huméanni mediciné. Vlastnosti a funkce téchto



unikatnich mikrobidlnich spolecenstev jsou vyuzivany pro nékteré primyslové
aplikace (Cistirny odpadnich vod), zatimco v jinych odvétvich primyslu mize mit
pfitomnost biofilmu spiSe negativni vliv (vodarenstvi). V ¢isténi odpadnich vod se
biofilmové spolecenstvo uplatiiuje zejména v podobé biofilmovych reaktort jako
druhy stupent ¢isténi odpadni vody (BaudiSova et Mikes 2011). Ve vodarenskych
zatizenich dochézi k tvorbé¢ biofilmt na vnitinich sténach potrubi, komor vodojemi a
dal§ich zatfizenich rozvodnych siti, coz ma negativni vliv na kvalitu pitné vody
(Rittmann et Snoeyink 1984).

Nejen v primyslovych odvétvich ma vyskyt biofilmu dopad na lidskou spole¢nost,
biofilmové narosty také vyznamné ovliviiuji lidsky organizmus jako takovy. Bakterie
vyskytujici se v lidském organizmu ve formé biofilmu zplsobuji celou tadu
zavaznych zdravotnich problémi (Costerton et al. 1999). Mezi nejcastéjsi zdravotni
problémy spojené s tvorbou biofilmu patii infekce dutiny Ustni, zanét sttedniho ucha,
cystickd fibroza a dalS§i. Vyznamnym problémem poslednich desetileti je také
pfitomnost biofilmovych narostii na umélych implantatech, jako jsou um¢lé srde¢ni
chlopné, kardiostimulatory, umélé kloubni nahrady ¢i nitrodélozni téliska (Hola et

Razicka 2011).

Prirodni biofilmy ve vodnich ekosystémech

V ptirodnim prostiedi se biofilm vytvaii vSude tam, kde jsou dostupné zdroje Zivin a
vody, tedy prakticky ve vSech vodnich ekosystémech. V tekoucich vodach
kolonizuje biofilmové spolecenstvo ponofené substraty, jako jsou kameny, kofeny
stromt, vodni makrofyta, ale také benticky a hyporheicky sediment a makroskopické
agregaty (Romani et al. 2004, Grossart et Ploug 2000, Eggert et Wallace 2007,
Hempel et al. 2008, piiloha ¢. I)

Jak uZ bylo feceno, ne vSechny mikroorganizmy, vyskytujici se ve vodnich
ekosystémech, Zziji v biofilmu. Bakterie, které Zadny povrch nekolonizuji, jsou
dispergovany ve vodnim sloupci a jsou velmi ¢asto oznacovany jako tzv. free-living,
tedy voln¢ 7zijici bakterie. Abychom Iépe pochopili fungovani a ekologii
biofilmovych spolecenstev, je dulezité zjistit, zda mezi témito dvéma typy bakterii
existuji podstatné rozdily (Boureau et al. 2003).

Rada autorti (Jones et al. 2006, Haglund et al. 2003, Crump et al. 1999, Garneau et

al. 2009) uvadi rozdil nejen ve fylogenetickém slozeni spoleCenstva, ale predev§im

v metabolické aktivité volné Zijicich a pfisedlych bakterii. Znacné rozdily mezi



spolecenstvem mikrobidlniho biofilmu a volné Zijicimi bakteriemi jsme potvrdili také
v nasi studii na fi¢ce Bystfici (viz ptiloha €. I).

zpracovani zivin, jsou ,,obyvatelé” biofilmu mnohem aktivnéj$i nez planktonni
mikroorganizmy. Divodem miize byt skutecnost, ze metabolismus planktonnich
mikroorganizmli je ovliviilovan pouze dostupnosti alochtonnich zdroji (Ziviny
z okolniho prostiedi) a top-down efektem predatord a jsou zde téméf zanedbatelné
synergické a kooperativni vazby (Dufour et Torréton 1996, Thelaus et al. 2008).
Protoze je biofilm vysoce strukturovanym spoleCenstvem vzajemné kooperujicich
mikroorganizmd, vyuzivaji bunky v biofilmu nejen alochtonni zdroje zivin z okoli,
ale také Ziviny vznikajici pfimo uvnitf biofilmu (autochtonni zdroje Zivin), jez
produkuji pfedevsim sinice a fasy (Sobczak 1996, Pohlon et al. 2010, Romani 2010).
Vétsina dostupnych Zivin se vSak nachéazi ve formé vysokomolekularnich latek a neni
proto pro mikroorganizmy pifimo vyuzitelna. Tyto latky musi projit procesem
degradace, na niz se podili Sirokd Skdla extracelularnich enzymi. Hlavnimi
producenty téchto extracelularnich enzymu jsou predev§im bakterie, v mensi miie
také houby a fasy (Romani 2010).

Diky této degradac¢ni schopnosti tak hraji biofilmy ve vodnich ekosystémech
klicovou roli v odbourdvani organickych latek a uvoliiovani Zivin do okolniho
prostiedi (Chrost et Overbeck 1990, Meyer 1994). Nejvyssi metabolické aktivity
dosahuji zejména biofilmova spoleCenstva dnovych (bentickych) sedimentii, nebot’
v sedimentu dochdzi k akumulaci Zivin, coz zajistuje optimalni podminky pro rist a
enzymatickou aktivitu mikrobidlniho spolecenstva (Giorgio et Williams 2005).
Pomérné vysokou metabolickou aktivitu sedimentu ve srovnéani s bakteriemi vodniho
sloupce jsme prokézali také pfi vyzkumu fi¢nich biofilml na ficce Bystfici (pfiloha
¢. V). Vyznamnym faktorem ovliviiujicim abundanci a aktivitu mikrobidlniho
spoleCenstva v sedimentu je velikostni frakce zrn sedimentu. Inverzni vztah mezi
mikrobidlni abundanci a velikosti zrn, tedy vyssi pocet mikroorganizmi na menSich
zrnech sedimentu, uvadi hned nékolik autorti (Leichtfried 1985, Griebler et al. 2001,
Santmire et Leff 2007). Vys$i abundanci a enzymatickou aktivitu na mensich zrnech
sedimentu jsme potvrdili také v nasi studii (ptiloha ¢. VI).

Protoze jsou biofilmy nejen centrem transformace latek z prostiedi, ale také mistem
jejich akumulace a imobilizace, ma biofilm ve vodnich ekosystémech vyznamnou
funkci nejen jako biondikator znecisténi, ale i jako ,,zpracovatel” vodnich polutantt,

¢imz vyznamné pfispiva k samocisténi vodnich tokt (Mickelburg et al. 1984, Fried
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et al. 2000, Froehner 2012, Rulik 2012). Mikroorganizmy biofilmu jsou také soucasti
potravnich fetezcii a prostiednictvim tzv. mikrobialni smycky slouzi jako potravni
zdroje pro organizmy na vys$ich trofickych urovnich (Azam et al. 1983). Ling et
Alldredge (2003) a Pusch (1996) navic zjistili, Ze zejména mista s vysokou

mikrobidlni aktivitou jsou hojné kolonizovdna vodnimi bezobratlymi zivocichy.

Hyporheicky biofilm a produkce metanu

Bentické sedimenty tekoucich vod poskytuji vysokou aktivni plochu pro pfichyceni a
vyvoj mikrobidlniho spolecenstva. Biofilmové spolecenstvo se vSak nevyskytuje
pouze na povrchu sedimentu, ale kolonizuje také sedimenty pod povrchem fi¢niho
dna. Biotop, jenz se nachazi pod povrchem fi¢niho dna, se nazyva hyporheicka zéna
(Armnon et al. 2010, Wong et Williams 2010). Hyporheickd zéna je obecné
definovéna jako intersticidlni (porézni) oblast pod povrchem fi¢niho dna, zasobovana
¢astecné vodou z koryta a ¢astecné vodou podzemni. Hyporheickd zéna je centrum
vysoké metabolické aktivity a hraje proto vyznamnou roli v procesu samocisténi,
akumulace, mineralizace a pfemény Zivin (Hendricks 1993, White 1993, Jones et
Holmes 1996, Storey et al. 1999, Fischer et al. 2005). KdyZ kyslikem saturovana
povrchovéa voda vstupuje pod povrch fi¢niho dna, dochédzi k poklesu koncentrace
kysliku, ktery je spotfebovavan pii degradaci organické hmoty. ProtoZe ale voda
v hyporheické zo6né€ nesetrvava na jednom misté, nedochazi tak k celkové spotiebé
kysliku, jak je to napf. u stojatych vod v jezerech, a hyporheické sedimenty tak
mohou lokélné¢ obsahovat kyslik az do hloubky 80 cm (Bretschko 1981, Holmes et
al. 1994). Ptitomnost kysliku v hloubce az 50 cm jsme potvrdili také béhem naSeho
vyzkumu hyporheickych sedimentt (ptiloha ¢. IT a IV).

Zdanlive dobie okyslicend hyporheicka zona obsahuje anoxicka a hypoxicka mista,
tzv. anaerobni mikrohabitaty, a vytvafi tak mozaikovitou strukturu environmentalné
odli$nych prostredi, jez poskytuji optimalni podminky pro existenci Sirokého spektra
mikrobidlnich populaci (Baker et al. 1999, Storey et al. 1999, Morrice et al. 2000,
Fischer et al. 2005). Protoze je degradace organické hmoty zavisla na enzymatické
aktivit¢ téchto mikrobidlnich populaci, dochazi v hyporheické zo6n¢ k odbouravani
organické hmoty jak za oxickych, tak za anoxickych podminek. Rozklad latek je
zpravidla efektivnéjsi za pftistupu kysliku, av§ak v mistech, kde je mnozstvi kysliku
minimalni, dochazi k odbouravani latek predevSim pomoci anaerobnich pochodi

(Triska et al. 1993). V hyporheické zéné se vyskytuje Sirokd Skdla anaerobné



respiracnich procest, jako je napf. respirace nitratu, Zeleza, sulfatu ¢i metanogenni
respirace (Storey et al. 1999). VétSina téchto procesi je fizena aktivitou vzajemné
kooperujiciho biofilmového spolecenstva, kdy napf. metanogenni archea vyuzivaji
produkty metabolismu nékterych jinych ,,obyvatel biofilmu (fermentacnich a
acidogennich bakterii), za vzniku findlniho produktu — metanu (Dolfing 1988, Ferry
1993, Hornibrook et al. 2000). Metanogeneze je striktné anaerobnim procesem,
v biofilmu k ni dochazi bud’ za ptedpokladu, Ze se biofilmové spolecenstvo nachéazi
v anaerobnim prostedi, anebo v pfipadé, Ze ma biofilmova vrstva dostate¢nou
tloustku a umoziiuje tak vznik anoxického prosttedi v hlubsich vrstvach biofilmu
(Damgaard et al. 2001).

Metan (CHs) je vyznamnym komponentem v geochemickém cyklu uhliku ve
vodnich ekosystémech, a protoZze v mnohych fi¢nich sedimentech byla naméfena
jeho vysoka koncentrace (Schindler et Krabbenhoft 1998, Hlavacova et al. 2005,
Sanders et al. 2007, Wilcock et Sorrell 2008, ptilohy ¢. II, III, IV), mizZeme fi¢ni
sedimenty povazovat za vyznamny zdroj tohoto sklenikového plynu, jenz se podili
na globalnich klimatickych zménach (Hlavaova et al. 2006). Kromé fi¢nich
sedimentll se metanogenni spolecenstva vyskytuji také v ryzovistich (Garcia 1990,
Watanabe et al. 2006), travicim traktu piezvykaved (Lin et al. 1997) nebo
permafrostu (Kobabe et al. 2004, Ganzert et al. 2006).

Vyskyt metanogennich archei nelze pfirozené¢ omezit pouze na piirodni ekosystémy.
Ptitomnosti metanogenii v biofilmovém konsorciu se vyuziva napi. k ¢isténi
odpadnich vod prostiednictvim anaerobnich biofilmovych reaktorti. V reaktorech
dochézi k procesu tzv. anaerobni digesce, tedy odbourdvani organickych latek bez
ptistupu kysliku, kdy konecnym produktem je metan, vyuzitelny jako zdroj energie
(Lettinga 1995). Model biofilmového reaktoru je v podstaté analogicky s prostfedim
sedimentu. Béhem anaerobni digesce je organickd hmota degradovana konsorciem
mikroorganizmi za vzniku prekurzorl jako H,/CO,, acetat, metanol nebo formiat,
z nichZ metanogenni archea vytvaii metan (Lens et al. 1994, McKeown et al. 2009).
Bylo prokazano, ze efektivitu metanogeneze muize ovliviiovat hned nékolik faktord.
Vyznamnou roli v regulaci koncentrace metanu hraje kyslik, nebot’ v aerobnim
prostfedi dochdzi k jeho spotiebé diky metanotrofnim bakteriim (Damgaard et al.
2001). Kromé oxickych podminek miize vést kinhibici metanogeneze také

pfitomnost dalSich mikroorganizmt (napi. sulfat-redukujicich bakterii, které



s metanogeny soupeii o dostupné elektrony) a zména teploty, ovliviiujici mikrobialni

aktivitu (Overmeire et al. 1994, McHugh et al. 20006).

Mikroorganizmy v procesu metanogeneze

Metan je produkovan vyhradné prostfednictvim metanogennich archei, jakoZto
findlni produkt anaerobni respirace (Garcia et al. 2000, Chaban et al. 2006).
Metanogenni archea, nalezici do kmene Euryarchaeota, se déli na 5 ftadi:
Methanopyrales, Methanococcales, Methanobacteriales, Methanomicrobiales a
Methanosarcinales. Fylogenetické analyzy odhalily, Ze metanogeny mohou byt také
rozdéleny do dvou tfid. Metanogenni ,tifida I sdruzuje tady Methanopyrales,
Methanobacteriales a Methanococcales, zatimco ,tiida II“ je tvofena dvéma
zbyvajicimi tady: Methanomicrobiales a Methanosarcinales (Bapteste et al. 2005).
Metanogeny se vyskytuji zejména v anoxickych prostiedich s extrémné nizkym
redoxnim potencidlem. Mira produkce metanu je ve vodnich sedimentech
kontrolovana piedev§im dostupnosti prekurzorti metanogeneze (acetatu a H,/CO»).
Podle schopnosti asimilace substratu, délime metanogeny na acetoklastické a
hydrogenotrofni. Acetoklastické metanogeny vyuzivaji ke tvorbé metanu predevsim
acetat, zatimco hydrogenotrofni vytvafi metan z H,/CO, (Conrad 2007). Za
normalnich okolnosti vznikaji aZ dv€ tfetiny metanu z acetatu; acetoklasticka
metanogeneze je dominantni cestou vzniku metanu také v  prostredi
charakteristickém niz$i primérnou teplotou (Schulz et al. 1997, Conrad 1999, Fey et
al. 2004, McKeown et al. 2009).

V pftirodnich sladkovodnich ekosystémech dochézi ptirozené vedle produkce metanu
také k jeho odbouravani. Ke spotiebé metanu mize dochéazet jak za aerobnich, tak za
anaerobnich podminek. Anaerobni odbourdvani metanu bylo popsano teprve
neddvno a mikroorganizmy zodpovédné za tento proces vyuzivaji k asimilaci metanu
jako donory elektront pfedev§im nitraty a sulfaty (Strous et Jetten 2004). Aerobni
oxidace metanu je CastéjSim jevem a zodpovidaji za ni metan-oxidujici bakterie,
neboli metanotrofy. Metanotrofni bakterie patii do kmene Proteobacteria a stejné
jako metanogeny se dé€li na dvé zékladni skupiny. Metanotrofy ,,typu I taxonomicky
nalezi do ttidy Gammaproteobacteria a do Celedi Methylococcaceae, jez sdruzuje
jesté dalsi dveé podskupiny; druhou skupinu tvoii metanotrofy ,typu I1*, jez patti do
ttidy Alphaproteobacteria a sdruzuji Celedé Methylocystaceae a Beijerinkiaceae

(Bowman 2006, Semrau et al. 2010). Nejcast¢jSimi biotopy metanotrofnich bakterii



jsou jezerni sedimenty (Carini et al. 2005), trvale zamrzlé ptdy a polarni jezera
(Whalen et al. 1996, Trotsenko et Khmelenina 2005) a ryzovisté¢ (Henckel et al.
1999).

Metanotrofy jsou specializovanou skupinou metylotrofnich bakterii, které vyuzivaji
metan jakozto zdroj uhliku a donor elektronti, pii¢emz elektronovym akceptorem je
zde O,. Oxidace metanu proto piimo zavisi na dostupnosti téchto dvou zdroji
(Hanson et Hanson 1996).

ProtoZe jsou metanotrofni bakterie zavislé na ¢innosti metanogennich archei, hraji
tyto dvé skupiny mikroorganizmuli vyznamnou roli v procesu vzniku/spotfeby metanu

a vyrazn¢ tak ovliviiuji kolob&h uhliku ve vodnich ekosystémech (viz ptiloha €. II).
Detekce mikrobidlnich spolecenstev

Protoze velka cast environmentalnich procesti je uzce spojena s vyskytem
mikrobidlnich spolecenstev, je prvnim krokem k pochopeni jejich funkce
v ekosystému pfedev§im detekce a identifikace jednotlivych mikroorganizmi
(Cottrell et Kirchmann 2000, Neufeld et Mohn 2006).

Vsoucasné dob¢ se kdetekci, identifikaci a charakteristice spoleCenstva
mikroorganizmi pouziva Siroka Skala detekénich metod. V minulosti hojné rozsitena
metoda kultivace mikroorganizmi dnes jiZ zvolna ustupuje modernim molekuldrnim
technikam, jez jsou schopny detekovat 1 nekultivovatelné mikroorganizmy.
Molekularni biologické techniky nabizi nové moznosti detekce a analyzy diverzity a
sloZeni mikrobidlniho spolecenstva (Muyzer et al. 1993, Amann et al. 1995, Araya et
al. 2003). Dnes jiz standardné pouzivané metody jsou zaloZeny na detekci bunécné
DNA pomoci fluorochromli nebo identifikaci mikroorganizmti spolehlivymi
molekularnimi markery jako je 16S rRNA (a kodujici geny) (Muyzer et Smalla
1998).

Vizualizace mikroorganizmii prostiednictvim molekularné vazanych fluorochromi
se pouziva nejen k odhadu celkové abundance mikroorganizmi (nejcastéji pomoci
fluorochromu DAPI), ale také k detekcei a identifikaci jejich fylogenetickych vztaht,
prostorové distribuci ve vzorku a relativni abundanci (metoda fluorescencni in situ
hybridizace - FISH) (Juretschko et Fritsche 2011).

Ob¢ vySe uvedené metody byly aplikovany ke zjisténi celkové abundance a
fylogenetického slozeni spoleCenstva ve vzorcich piirodnich biofilmt (ptiloha €. I,
V) a také kidentifikaci metanogenniho a metanotrofniho spolecenstva

hyporheického sedimentu (ptiloha ¢. II, IIL, IV, VI).



Pro pochopeni vztahli mezi slozenim a funkci spolecenstva je klicové také odhaleni
mikrobidni diverzity a metabolické aktivity daného spolecenstva (Neufeld et Mohn
2006). Kurceni taxonomické diverzity, hrubého odhadu druhové bohatosti
spoleCenstva a vizualizaci ptevladajicich (dominantnich) druhli se pouzivd metoda
denatura¢ni gradientové gelové elektroforézy (DGGE) (Tabatabaei et al. 2009). Tuto
moderni a efektivni metodu jsme pouzili k porovnani diverzity spoleCenstva
metanogennich archei na péti lokalitdch ficky Sitky (pfiloha ¢. 1IV). Ke zjisténi
intenzity metabolickych procesti mikrobidlniho spolecenstva se pouzivaji metody
zalozené na detekci enzymatické aktivity, kdy je po aplikaci substradtu (napf.
tetrazoliovych soli nebo fluorogennich substrati esterdz) sledovano mnozstvi
vzniklého produktu (Baruch et al. 2004). Tyto metody mefeni enzymatické aktivity
jsme aplikovali také v ptilohdch €. II, V a VL.

Pouziti metod, které nas informuji o vyskytu, slozeni, diverzit¢ a aktivité
mikrobialnich spolecenstev a jejich vzajemné propojeni, ndm miize poskytnout obraz
o fungovani mikrobidlnich spolecenstev v tekoucich vodach a pfispét tak ke zvySeni
informovanosti v oblasti biodegradability polutantli, zneciSténi vodnich tokl a
procest hrajicich kli¢ovou roli v problematice klimatickych zmén (Neufeld et Mohn

2006).



CILE A STRUKTURA DISERTACNI PRACE

Cilem diserta¢ni prace bylo analyzovat spoleCenstvo mikroorganizmi, vyskytujici se
v biofilmovém konsorciu a podilejici se na procesech metanogeneze v pfirozeném

prostiedi vodniho toku.

V disertacni praci byly sledovany dva hlavni cile:

Charakterizovat a porovnat biofilmové spoleenstvo mikroorganizmi, kolonizujici
rizné typy substratu a spoleCenstvo planktonnich mikroorganizmii pomoci

determinace

e fylogenetické struktury planktonniho a biofilmového spolecenstva (piilohy
¢.1,V)

e bunécné biomasy planktonniho a biofilmového spolecenstva (ptilohy €. I, VI)

e enzymatické aktivity planktonniho a biofilmového spolecenstva (piilohy €. V,

VI)

Detekovat a popsat spolecenstva mikroorganizmt zapojenych do metanogenniho

cyklu v biofilmu hyporheického sedimentu se zaméfenim na

e distribuci spolecenstva metanogennich archei (pfilohy ¢. II, III, IV, VI) a
metanotrofnich bakterii (ptiloha ¢. II)

e diverzitu spolecenstva metanogennich archei (ptiloha ¢. IV)

Struktura disertaéni prace

Disertacni praci tvoti publikace nebo manuskripty v anglickém (piilohy ¢. I, 11, III,
IV) a ¢eském (pfiloha ¢. V, VI) jazyce, v nichZ jsem hlavni autorkou (pfilohy ¢. I,

IV, V), nebo spoluautorkou (ptilohy ¢. II, III, VI).
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V prvni publikaci srovndvame biofilmova spolecenstva, kolonizujici rizné typy
pfirodnich substrati (kameny, kofeny stromil, vodni makrofyta, sediment a
makroskopické agregaty) a planktonni spolec¢enstvo volné zijicich bakterii. Zaméfili
jsme se na charakteristiky, jako je abundance, biomasa a fylogenetické slozeni
spoleCenstva. Prokdzali jsme vyznamné rozdily, jak mezi biofilmovym a

planktonnim spolecenstvem, tak mezi biofilmovymi spoleCenstvy navzajem.

I1.

Ve druhé publikaci se zabyvame studiem distribuce a aktivity metanogennich archei
a metanotrofnich bakteriina péti lokalitich a dvou hloubkach hyporheického
sedimentu. Ob¢ skupiny mikroorganizmli byly detekovany na vSech studovanych
lokalitich 1 v obou hloubkich. Soubézné¢ byla sledovana také enzymaticka a
metanotrofni aktivita a metanogenni potencidl studovanych mikrobidlnich

spolecenstev.

I11.

Tteti prace je zaméfena na produkci metanu v malém niZinném toku. V této studii
jsme detekovali jak mnozstvi tohoto sklenikového plynu, jenz unikd do atmosféry,
tak 1 vyskyt a relativni pocty metanogennich archei. Tato prace obsahuje primarni

vystupy vyzkumu, jenZ je detailnéji popsan v piispévku €. IL

IV.

V tomto manuskriptu jsme zkoumali vyskyt a genetickou diverzitu spolecenstva
metanogennich archei na péti lokalitach a dvou hloubkovych frakcich hyporheického
sedimentu. Potvrdili jsme pfitomnost metanogennich archei na vSech lokalitach a
v obou zkoumanych hloubkach sedimentu. Z hlediska druhové diverzity se jevila
jako nejbohatsi lokalita ¢. 4. Dale byl potvrzen vyskyt dvou konkrétnich

metanogennich rodd.
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V.

V patém piispévku opét srovnavame biofilmy riznych substrati (s vyjimkou vodnich
makrofyt) se spoleCenstvem volné Zijicich bakterii. V této studii jsme zkoumali
abundanci, fylogenetické sloZzeni a enzymatickou aktivitu spolecenstva. Tato prace
obsahuje predbézné vysledky, jez byly finalizovany v piispévku €. 1, vystupem je

souhrnné pojednani o namétenych parametrech.

VI

V poslednim  piispévku srovndvame charakteristiky tfi velikostnich frakci
hyporheického sedimentu na péti lokalitach malého niZinného toku. Zaméftili jsme se
na studium parametrt, jako je celkova abundance, biomasa, enzymaticka aktivita a
vyskyt metanogennich archei na jednotlivych frakcich. Prokazali jsme, Ze vétSina
vySe uvedenych parametri byla mnohem vice asociovdna snejmensi frakci

sedimentu.
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STUDOVANE LOKALITY

Bysttice je 53.9 km dlouhd feka 2. fadu, pramenici v Nizkém Jeseniku v nadmotské
vySce 600m. Je levostrannym piitokem tfeky Moravy, do niz se vléva v Olomouci.
Plocha povodi je 267.4 km* a pramérny pritok &ni 1.88 m?/s.

Bystfice je neregulovanym tokem s bohatou riparidlni vegetaci. Studovana lokalita
(49°44'N, 17°26'E) se nachazi v P¥irodnim parku Udoli Bysttice, kde feka vytvaii
hluboké skalnaté udoli s kationy, na nichz se prosadily kvalitni lesni porosty misty
pfipominajici prales.

Vysledky vyzkumu probihajicim na této lokalité jsou uvedeny v ptilohach ¢. Ta V.

Sitka je 35 km dlouhé teka 3. fadu, pramenici v Hrubém Jeseniku v nadmotské vysce
650 m. Plocha povodi je 118.81 km? a primérny pritok ¢ini 0.81 m?/s. Sitka se vléva
do feky Oskavy asi 5 km severné od Olomouce.

V hornim tseku toku feka protékd zalesnénym tzemim s minimalnim antropogennim
vlivem, zatimco ve své dolni ¢asti feka piirozené meandruje zemédélsky intenzivné
vyuzivanou krajinou. AZ na malé useky je Sitka pfevazné neregulovanym tokem
s bohatou riparidlni vegetaci. V hornim useku feky (kde se nachazi studované
lokality I - IIT) pfevazuje spiSe Stérkovité podlozi, dolni ¢ast toku (lokality IV-V) je
charakteristickd jemnozrnnym sedimentem.

Vysledky vyzkumu probihajicim na péti vybranych lokalitdich feky Sitky jsou
uvedeny ve studiich ¢. IL, III, IV a VL.
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VYBRANE METODY DETEKCE MIKROORGANIZMU

Odbeér a uprava vzorkii

Na lokalité feky Bystfice byly odebrany vzorky povrchového sedimentu, kament,
plavenych kotenli stromt, vodnich makrofyt a ficni vody pro analyzu a porovnani
biofilmového a planktonniho spoleCenstva. Na ficce Sitce byl na péti vymezenych
lokalitach odebran hyporheicky sediment za pouziti metody freeze-core (Bretschko
et Klemens 1986). Touto metodou jsme ziskali vzorky sedimentu aZ do hloubky 50

cm.

Pro upravu environmentalnich vzorkd se stile Castéji pouzivd metoda hustotni
centrifugace, ktera je zalozena na skutecnosti, ze se ve vzorku vyskytuji ¢astice o
rizné hustoté. Kazda Castice sedimentuje v centrifugaéni tubé pouze do té urovné
média, ktera odpovida hustotou jeji vlastni hustoté; zde se zastavi a setrvd. Ve
vétsin€ piipadi je gradient vytvaren tak, Ze hustota na dné centrifugacni tuby
odpovida hustoté castic, které chceme ze vzorku odstranit, zatimco hustotni vrstva
nebo vrstvy nad ni odpovidaji hustoté ¢astic, které chceme uchovat (Rickwood et al.
1982). Aplikaci hustotni centrifugace vSak musi pfirozené predchazet postupy, které
buriky z environmentalniho vzorku uvolni (jako nejefektivnéjsi se jevi kombinace
pouziti detergentu a sonikace, tedy vystaveni vzorku pfimému plisobeni ultrazvuku).
Uprava vzorku s vyuZitim kombinace vyse uvedenych metod je doporucovéna pro
vzorky pldy, sedimentu nebo mikrobidlniho biofilmu (Whiteley et al. 2003,
Amalfitano et Fazi 2008). Pouziti mikroskopickych technik je totiZ ¢asto limitovano
pritomnosti anorganického materialu, ktery prekryva ptitomné mikrobidlni buriky.
Hustotni centrifugace slouzi zpravidla k separaci bun¢k od anorganického materialu

a zvysuje tak cistotu vzorku (Boenigk 2004, Fazi et al. 2005).
Stanoveni celkové abundance mikroorganizmii

Abundance a s ni souvisejici biomasa mikrobidlniho spolecenstva jsou vyznamnymi
ukazateli v mikrobialni ekologii. Tyto parametry ndm umoziuji kvantifikovat
spolecenstvo mikroorganizmi v pfirodnim vzorku (Bratbak 1985).

Pro stanoveni celkové abundance mikroorganizmti ve vzorku se nejcastéji pouzivaji
metody zaloZené na barveni bun€k fluorochromy a nasledné detekci obarvenych
bunék v epifluorescenénim mikroskopu. Jedna se vétSinou o barviva se specifickou

vazbou na nukleové kyseliny a soucasnou schopnosti fluorescence. Mezi nejcastéji
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pouzivané fluorochromy patii DAPI (4,6-diamidino-2-fenylindol), barvivo s modrou
fluorescenci. Diky specifické vazbé DAPI na DNA je mnohem jednodussi rozpoznat

obarveny anorganicky material a jednotlivé buriky (Porter et Feig 1980).
Stanoveni bunécné biomasy

Obecné je biomasa charakterizovana jako koncentrace zivych organizmu na urcité
jednotce plochy v ur€itém c¢asovém meétitku. Mikrobidlni biomasu (objem bunék) ve
vzorku je mozné stanovit riznymi metodami. Kombinace fluorescencni mikroskopie
a analyzy obrazu je vysoce efektivni metodou, kterd umozinuje zméfit hned nékolik
bunécnych parametrid najednou (délka, Sitka, plocha, celkovy obvod buiiky) (Bratbak
1985). Zakladem pro stanoveni bunécné biomasy je barveni vzorku DAPI a ziskani
snimki z epifluorescenéniho mikroskopu. Snimky jsou poté analyzovany pomoci
software (NIS Elements). Tento program obsahuje funkce, jez zméfi Zadané
parametry objektu. Hodnoty téchto bunéénych parametri lze pak pomoci

konverzniho faktoru pfepocist na bunéénou biomasu (metodika dle Norland 1993).

Fluorescencni in situ hybridizace

Fluorescen¢ni in situ hybridizace (FISH) je efektivni metoda, kteréd slouzi k detekci a
identifikaci fylogenetické struktury mikrobidlniho spoleCenstva piimo v pfirodnim
vzorku. FISH je =zalozena na identifikaci jednotlivych mikroorganizmi
prostiednictvim 16S rRNA oligonukleotidovych sond, jez obsahuji fluorescenc¢ni
barvivo — velmi ¢asto indokarbocyanin Cy3 (Kallistova et al. 2007, Shiraishi et al.
2008).

Metoda FISH zahrnuje dvé zékladni faze; v prvni fazi jsou buiky s roztokem
oligonukleotidové sondy (proby) hybridizovany pii specifické teploté v tzv.
hybridiza¢ni peci. Nasledné¢ je nenavdzand nebo nespecificky navdzand préba
vymyta ,,pracim® pufrem. Tato ¢ast postupu zajisti spojeni prob s komplementarnimi
cilovymi useky. Tyto cilové useky jsou pfitom vybrany tak, aby ptedstavovaly
specifickou ¢ast genomu urcitého taxonu, tudiz plati, co préba, to jiny taxon

(Pernthaler et al. 2001).
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Denaturacni gradientova gelova elektroforéza

Denatura¢ni gradientova gelova elektroforéza (DGGE) se pouziva k determinaci
genetické diverzity mikrobidlniho spolecenstva. Jednd se o moderni technologii,
umoziujici separaci molekul DNA v polyakrylamidovém gelu. Pomoci DGGE lze
vygenerovat geneticky profil neboli tzv. fingerprint zkoumaného spolecenstva.

Metoda je zaloZzena na rozdilné pohyblivosti fragmentd 16S rDNA
v polyakrylamidovém gelu, jenZ obsahuje linearné se zvySujici gradient denaturanti.
Prostfednictvim DGGE jsou tak na gelu tfidény fragmenty stejné délky, které se vSak
lisi v zastoupeni jednotlivych nukleotidt.. Fragmenty lisici se v zastoupeni nukleotid
se tak zastavi na riznych pozicich v gelu a vytvoii soustavu prouzkii (tzv. band),
kdy pocet vytvofenych bandii pfedstavuje pocet dominantnich zéastupci
mikrobidlniho spoleCenstva. Vzniklé bandy mohou byt poté z gelu vyfiznuty a
pomoci sekvenace tak mtizeme zjistit detailni informace o jednotlivych druzich, které

se ve spolecenstvu vyskytuji (Fischer et Lerman 1979, Muyzer et al. 1993).

Meéreni enzymatické aktivity

K méfeni intenzity metabolickych procesi jsme v této praci pouzili metody, zaloZzené
na detekci aktivity bunéfnych enzyml (konkr. nespecifickych esteraz a
dehydrogenaz). K detekci se vyuzivaji ptivodné nefluoreskujici substraty, u nichz po
inkubaci se vzorkem vznika fluoreskujici produkt, detekovatelny mikroskopicky
nebo spektrofotometricky. Konkrétné jsme ke stanoveni podilu respirujicich bunek /
méteni aktivity dehydrogendz vyuzili jako substrat tetrazoliové soli (CTC 5-cyano-
2,3-ditolyltetrazolium-chlorid / INT 2-iodo-3-nitrotetrazolium-chlorid). K méfeni
esterazové aktivity slouzi jako substrat fluorescein diacetat (FDA). Mnozstvi
vzniklého produktu (v pfipadé INT a CTC formazanu, u FDA fluoresceinu) tak
odpovida intenzité metabolické aktivity (T6th 1993, Battin 1997).
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SHRNUTI VYSLEDKU

V prvni ¢asti této prace jsme se zabyvali porovnanim mikrobidlniho spolecenstva
biofilmu se spoleCenstvem voln¢ Zijicich bakterii. Konkrétné jsme se zaméfili na
biofilmy tekoucich vod, kolonizujici povrchy sedimentu, kament, vodnich makrofyt,
kotent riparidlni vegetace a makroskopickych agregatli vodniho sloupce.

Pro srovnani jsme vyuzili mikrobidlnich parametri, jako jsou celkova abundance a
biomasa, bunéfny objem, enzymatickd aktivita a fylogenetickd struktura
studovanych spolecenstev.

Co se fylogenetické struktury tyce, potvrdili jsme pfitomnost zdstupcli obou
studovanych domén (Bacteria, Archaea) i podskupin proteobakterii (4lpha-, Beta-,
Gamma-, Deltaproteobacteria), jak pro vSechna biofilmova spolecenstva, tak 1 pro
voln¢ zijici bakterie. Z kvantitativniho hlediska byl fi¢ni kamen substratem, u nehoz
bylo nejvyssi zastoupeni téméf vSech fylogenetickych skupin, naopak celkové
nejniz8i relativni pocty byly nalezeny u volné Zijicich bakterii.

Celkova abundance a buné¢na biomasa byly nejvyssi v biofilmu sedimentu a kotene;
pramérné nejvyssiho bunééného objemu dosdhlo biofilmové spolecenstvo kamene,
zatimco nejniz$i hodnoty byly detekovany v sedimentu.

Pti studiu enzymatickych aktivit vykazovalo nejvyssi aktivitu biofilmové
spolecenstvo sedimentu a kamene a ve srovnani s mikroorganizmy volné vody, byla
aktivita v sedimentu mnohonasobné vyssi. Pfi porovnani velikostnich frakei
sedimentu byla nejvyssi aktivita potvrzena u nejmensi frakce (<1 mm), stejné jako
dal$i studované parametry (celkova abundance, biomasa, mnozstvi polysacharidi i

abundance metanogennich archet).

Ve druhé c¢asti prace jsme se zaméfili na detekci a identifikaci spolecenstva
metanogennich archei a metanotrofnich bakterii ve dvou hloubkovych
frakcich hyporheického sedimentu (povrchova a hloubkova frakce). Vzorky
sedimentu byly odebrany na péti lokalitach v podélném profilu malého nizinného
toku. Krom¢ samotné detekce jsme studovali také dalsi parametry spoleCenstva, jako
jsou enzymatickd a metanotrofni aktivita, metanogenni potencial a v neposledni fadé
genetickd diverzita metanogennich archei.

Jak metanogenni archea, tak 1 metanotrofy byly detekovany na vSech lokalitach a
v obou zkoumanych hloubkovych profilech sedimentu, pticemz s rostouci hloubkou

vykazovaly obé skupiny rostouci podil ve spoleCenstvu. Naopak hodnoty ostatnich
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zkoumanych parametri (enzymatickd a metanotrofni aktivita, metanogenni
potencial) byly vyssi v povrchové vrstvé hyporheického sedimentu.

Z hlediska genetické diverzity jsme identifikovali mezi lokalitami 19 odliSnych
metanogennich taxonil. Ziskand data byla déale analyzovdna pomoci shlukové
analyzy, jez odhalila tfi skupiny lokalit, liSici se mnozstvim dominantnich taxond.
Prvni skupinu tvofily lokality dolni ¢asti toku s vyrazn€ vysSim poctem taxonti, dalsi
dvé skupiny lokalit (s niz§im poctem taxonil) se nachazely v hornim useku toku. Jako
nejbohatsi se jevila lokalita ¢. 4 (v dolni ¢asti toku), na nizZ sekvenacni analyza
odhalila jeden ze dvou nalezenych metanogennich rodl, patticiho do ftadu
Methanomicrobiales. Druhy zastupce metanogennich archei byl nalezen také v dolni

¢asti toku (na lokalité €. 5) a taxonomicky nélezi do fadu Methanosarcinales.

ZAVER

Vystupy této prace poskytuji nové zajimavé informace o vyskytu, struktufe a
diverzité¢ biofilmovych spolecenstev v tekoucich vodach. Zaroven ale potvrzuji
vSeobecné predpoklady o rozdilnosti biofilmovych a planktonnich spolecenstev,
pfitomnosti a aktivit¢ mikroorganizmii metanogenniho cyklu v sedimentech
tekoucich vod a jejich vyznamu v kolobéhu uhliku.

Pivodni zamér, vénovat se v této disertacni praci pouze tématice mikrobidlnich
biofilmti tekoucich vod, byl posléze rosifen také na problematiku mikrobidlnich
procesti, vyznamnych v procesu metanogeneze. Impulsem k této zméné byla
spolutdast na vyzkumném grantu GACR ,Biogeochemie metanu a detekce
metanogennich a metanotrofnich bakterii v fi¢nich sedimentech”. Prace na tomto
grantu vyustila nejen v rozsifeni tématu této disertacni prace, ale také k celkovému

roz§iteni znalosti v oblasti mikrobidlnich procest v ekosystémech tekoucich vod.
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Abstract The phylogenetic composition, bacterial biomass,
and biovolume of both planktonic and biofilm commu-
nities were studied in a low-order Bystfice stream near
Olomouc City, in the Czech Republic. The aim of the
study was to compare the microbial communities colo-
nizing different biofilm substrata (stream aggregates,
stream sediment, underwater tree roots, stream stones,
and aquatic macrophytes) to those of free-living bacte-
ria. The phylogenetic composition was analyzed using
fluorescence in situ hybridization for main phylogenetic
groups. All phylogenetic groups studied were detected
in all sample types. The stream stone was the substra-
tum where nearly all phylogenetic groups were the most
abundant, while the lowest proportion to the DAPI-
stained cells was found for free-living bacteria. The
probe specific for the domain Bacteria detected 20.6
to 45.8 % of DAPI-stained cells while the probe spe-
cific for the domain Archaea detected 4.3 to 17.9 %.
The most abundant group of Proteobacteria was
Alphaproteobacteria with a mean of 14.2 %, and the
least abundant was Betaproteobacteria with a mean of
11.4 %. The average value of the Cytophaga—
Flavobacteria group was 10.5 %. Total cell numbers
and bacterial biomass were highest in sediment and root
biofilm. The value of cell biovolume was highest in
stone biofilm and lowest in sediment. Overall, this study
revealed relevant differences in phylogenetic composi-
tion, bacterial biomass, and biovolume between different
stream biofilms and free-living bacteria.
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Abbreviations

FLB  Free-living bacteria

AGR  Macroscopic stream aggregates
SED  Stream sediment

STN  Stream stone

ROT  Riparian underwater roots

PLT  Water buttercup leaves

DAPI 4',6-Diamidino-2-phenylindole, fluorescent dye
Cy3 Indocarbocyanine fluorescent dye
FISH Fluorescence in situ hybridization
Introduction

Microbial biofilms, i.e., assemblages of bacteria, archaea,
fungi, algae, and protozoans, are formed in rivers on sub-
merged surfaces such as stones, plants, roots, and also
macroscopic aggregates (Zubkov and Sleigh 2000;
Grossart and Ploug 2000). The biofilm matrix allows for
the storage of nutrients and extracellular enzymes (Lock
1994), and thus, biofilms are considered to be hot spots
for the turnover of organic matter and the transfer of carbon
to higher organism groups in small streams (Augspurger et
al. 2008). Biofilms may also offer protection from naturally
occurring stresses as well as from pathogenic agents
(Boureau et al. 2003).

Only a part of microbial life, however, is associated with
biofilms: the remainder exists as solitary or non-aggregated
cells. For this reason, as a first step in understanding the
impact of biofilms on the ecology of bacteria, it is important
to determine whether there are differences in types of bac-
teria within biofilms compared to those outside (Boureau et
al. 2003). One of the available biofilm substrata is the
macroscopic aggregate. Macroscopic aggregates are known
to be preferential sites of microbial colonization in aquatic
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systems (Grossart and Ploug 2000). The community struc-
ture of bacteria attached to particle detritus (aggregate)
differs from that of free-living bacteria. Bacteria attached
to particles are more important for the degradation and
subsequent recycling of carbon and nutrients than free-
living bacteria (Jones et al. 2006).

Other available biofilm substrata are in most cases, rocks,
cobbles, sand, and wood which coexist in stream reaches,
and all of these substrata host biofilms with differing struc-
tural characteristics (Lock 1994). Golladay and Sinsabaugh
(1991) suggested that wood biofilms (epixylon) might be
overlooked sites of metabolic activity in streams. Since
leaves break down at a faster rate in streams, wood serves
as a long-lasting substrate for biofilm development. Given
the high microbial activity associated with wood biofilms,
epixylon probably serves as a high-quality food source for
invertebrates. Rocks are common substrata at the edge of
lakes where they are kept free from fine sediment by waves
and ice scour and are physically stable relative to unconsol-
idated sediment or macrophytes (Vadeboncouer and Lodge
2000).

Microbial colonization of stones depends on environ-
mental factors, such as water availability and nutrient sour-
ces, and on petrologic parameters, such as mineral
composition, as well as the porosity and permeability of
the material (Arino and Saiz-Jimenez 1996). Within sedi-
ments, there is often a heterogeneous mixture of particles of
different sizes, origins, and surface features. These differ-
ences potentially impact the number of bacteria as well as
the composition of the bacterial community (Eisenmann et
al. 1999).

Biofilms are not only formed on abiotic surfaces but also
on living organisms such as aquatic plants and algae. In
contrast to algae, information on bacterial biofilms on aquat-
ic macrophytes is rather scarce. Biofilms can be both bene-
ficial and detrimental to submerged macrophytes. On the
positive side, epiphytic biofilms provide organic com-
pounds and carbon dioxide to the macrophytes and enhance
nutrient recycling. Negative impacts on submerged macro-
phytes could arise from increased shading by thick biofilms
and possibly also from pathogenic bacteria present in the
biofilm (Hempel et al. 2008).

In this study, we compare the microbial communities of
five different biofilm substrata to those of free-living bacte-
ria (FLB). These substrata are macroscopic aggregates
(AGR), stream sediment (SED), riparian underwater alder
(Alnus glutinosa) roots (ROT), bottom stream round stones
(STN), and water buttercup (aquatic macrophyte
Batrachium aquatile) leaves (PLT). We focused on charac-
teristics such as total cell numbers (TCNs), bacterial bio-
mass and biovolume, and phylogenetic structure by
fluorescence in situ hybridization (FISH). FISH is a power-
ful technique for detecting and identifying bacteria and
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archaea in situ in environmental samples. It has been applied
to various types of sample, including environmental bio-
films (Shiraishi et al. 2008). In FISH, taxon-specific oligo-
nucleotide probes that target the rRNA of cells are used to
differentiate among cells of different taxa. Specifically, we
enumerated members of the domains Bacteria and Archaea;
the Alpha-, Beta-, Gamma-, and Deltaproteobacteria; and
the Cytophaga—Flavobacteria groups.

The biomass and abundance of bacterial populations are
recognized as an important parameter when studying micro-
bial ecology. These parameters are used to determine the
quantity of microorganisms (Bratbak 1985). Several
approaches have been used to determine bacterial biomass in
natural aquatic ecosystems. In this study, we assessed bacterial
abundance and biomass by direct microscopic methods.

Materials and methods
Study site and sampling

The sampling site is located on the second-order Bystfice
stream (49°44'N, 17°26'E), near Olomouc City, in the
Czech Republic. The Bystiice is an undisturbed 53.9-km-
long stream originating in the Nizky Jesenik mountains at
600 m above sea level, and it becomes confluent with the
Morava river in Olomouc (212 m above sea level). The
catchment area is 267.4 km”. The geology is composed
mainly of lower carboniferous flysch with a preponderance
of shale and graywack. The mean annual discharge is
1.88 m’/s. The Bystfice stream is unregulated with well-
established riparian vegetation. The sampling site is located
in the Natural Park Udoli Bystiice, where the stream has
created a deep rocky valley with canyons overgrown with
high-quality old-growth forest.

Six types of environmental samples (sediment, sub-
merged tree roots, aquatic macrophytes, round stones, river
aggregates, and free-living bacteria) were taken from 40 m
stream reach in the autumn of 2008. At the sampling site,
the stream was 4 m wide and approximately 0.3—0.4 m deep.
Sampling and measurements were done during the normal
discharge levels (i.e., no spates or high flood levels were
included). Generally, six subsamples were taken from all
environments studied.

Sediment samples and round stones averaging 30 mm in
diameter were randomly collected from the uppermost sed-
iment layer. Riparian underwater alder roots (4. glutinosa)
<50 mm in diameter were cut from different trees, and
submerged leaves from different living stands of water
buttercup (aquatic macrophyte B. aquatile) were also col-
lected. Surface water was collected at a depth of 0.1 m
below the surface level into six previously acid-washed
borosilicate glass bottles (1.5 L volume each).
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Sample preparation

The collected samples of sediment, submerged tree roots,
aquatic macrophytes, round stones, and stream water were
immediately transferred to the laboratory. Sediment samples
were sieved (pore size, 1 mm) to exclude large gravel, and
only a fraction <1 mm was used for subsequent analysis.
The roots were cut into small pieces (10 mm in length). A
total of 9 L of stream water (1.5 L for one subsample) was
filtered through 2-pum pore size polycarbonate filters to
separate river aggregates (onto the filter) and free-living
bacteria (into filtered water). All samples were then fixed
with formaldehyde (2 % final conc.)

To remove cells from the substrata, all samples, except
for filtered water, were incubated for 3 h under mild agita-
tion with detergent mixture (Tween 20 0.5 %, v/v, 0.1 mol/L
tetrasodium pyrophosphate, and distilled water), followed
by sonication for 3x30 s at 15 % power (sonotroda MS 73,
Sonopuls HD2200, Sonorex, Germany) and density centri-
fugation (protocol by Amalfitano and Fazi 2008). For den-
sity centrifugation, 2 mL of the non-ionic medium
Nycodenz (1.31 g/mL; Axis-Shield, Norway) was placed
underneath 4 mL of sample (incubated and sonicated cell
suspension) using a syringe needle and then centrifuged at
3,000xg for 1 h (Rotofix 32A, Hettich, Germany). After the
centrifugation, 2 mL of supernatants was taken for subse-
quent analysis.

Additional purification of cells by a combination of son-
ication and detergent treatment, followed by density gradi-
ent centrifugation, is often recommended for soil, sediment,
or biofilm samples (Amalfitano and Fazi 2008; Whiteley et
al. 2003). Even if the total cell numbers could be slightly
underestimated, sonication and density centrifugation are
techniques still powerful enough to enable comparison be-
tween equally treated samples (Griffits et al. 2003; Bjerkan
et al. 2009). Further, checking of direct microscopic cell
counts after sonication showed that efficiency of the soni-
cation reached up to 85-90 % (as shown in our previous
experiments). Direct counting of bacteria in sediment is
limited due to masking of bacteria by sediment particles.
Density centrifugation results in the separation of bacteria
from sediment particles and improves the purity of cell
suspensions (Boenigk 2004; Fazi et al. 2005).

Measurement of physicochemical parameters

Sediment organic matter content was determined by oven-
drying at 105 °C and subsequent combustion at 550 °C for
5 h. Organic matter values were then converted to carbon
equivalents and expressed in percentage (protocol by Meyer
et al. 1981). Nitrate (NO5 ) and phosphate (PO,>") concen-
trations were measured spectrophotometrically (DR-2000,
Hach-Lange, Germany). Running water temperature,

dissolved oxygen saturation, conductivity, and pH were
measured directly in the field with a portable Hanna HI
9828 pH/ORP/EC/DO multimeter (Fischer Scientific,
USA) (Table 1).

Direct counts and biomass measurement

The supernatants and filtered water were filtered onto 0.22-
um polycarbonate membrane filters (GTTP; Millipore,
France). Filters were then cut into sections and stained for
10 min with DAPI solution (6.3 mg/mL, w/v; Sigma,
Germany) in a dark, cold place (protocol by Porter and
Feig 1980). After staining, the samples were rinsed in dis-
tilled water and 80 % ethanol, air-dried, mounted onto
slides, and counted on an epifluorescence microscope
(Olympus BX 60, x1,000 magnification, Olympus
Corporation, Japan) equipped with a camera (Olympus DP
12). A total of 400 bacterial cells were counted on at least 20
fields in six subsamples for each substratum. As it was
impossible to provide the same unit for all studied samples,
we used volume unit for filtered water, aggregates, and
sediment and area unit for stones, roots, and macrophytes.
TCNs were expressed per milliliter or square centimeter
(depending on type of substratum).

The area of tree roots and macrophytes was estimated via
scanning, and images were then analyzed by image analysis
software (NIS Elements, Laboratory Imaging, Prague,
Czech Republic). The stone surface area was estimated by
the “aluminum foil method” (Lamberti et al. 1991). Cell
volumes were evaluated via images taken with the camera
(Bertoni et al. 2010). A total of 400 bacterial cells were
measured. Proportions of the cells (length, width, area, etc.)
were measured and analyzed using image analysis software
(NIS Elements). For the evaluation of bacterial biomass, cell
volume was converted into carbon content using allometric
model: m=120x V0'72, where m is biomass, 120 is the con-
version factor between biomass and volume, V is bacterial
volume (in cubic micrometers), and 0.72 is a scaling factor
(protocol by Norland 1993; modified after Simon and Azam

Table 1 Selected physicochemical parameters of the sampling site

Variable

Stream water temperature [°C] 9.90
Dissolved O, content [mg/L] 9.50
Nitrate—NO;3; [mg/L] 0.15
Phosphate—PO,>~ [mg/L] 0.14
Conductivity [puS/cm] 186.50
pH 6.62
Organic carbon concentration—sediment <1 mm [%] 1.14

Values are means (n=2)

@ Springer



Folia Microbiol

1989). The biomass was expressed as micrograms of carbon
per liter or square centimeter.

Fluorescence in situ hybridization

We used indocarbocyanine dye Cy3-labeled oligonucleotide
probes EUB338 (5'-GCTGCCTCCCGTAGGAGT-3") for
the domain Bacteria (Amann et al. 1990b) and ARCH915
(5'-GTGCTCCCCCGCCAATTCCT-3") for the domain
Archaea (Raskin et al. 1994). ALFIB (5'-
CGTTCGYTCTGAGCCAG-3"), BET42a (5'-
GCCTTCCCACTTCGTTT-3"), GAM42a (5'-
GCCTTCCCACTTCGTTT-3"), and DELTA495a (5'-
AGTTAGCCGGTGCTTCCT-3') probes were used for
Alpha-, Beta-, Gamma-, and Deltaproteobacteria groups
(Manz et al. 1992; Lucker et al. 2002) and CF319a+b (5'-
TGGTCCGTRTCTCAGTAC-3") for Cytophaga—
Flavobacteria (Manz et al. 1996). The cells were hybridized
according to the protocol described by Pernthaler et al. (2001).
The supernatants and filtered water which were also used for
direct counts were filtered onto polycarbonate membrane
filters (0.22 um GTTP; Millipore, France). The filters were
then cut into sections and placed on glass slides. For the
hybridization mixtures, 2 puL of probe-working solution was
added to 16 pL of hybridization buffer in a microtube.
Hybridization mix was added to the samples, and the slides
with filter sections were incubated at 46 °C for 3 h. After
incubation, the sections were transferred into preheated wash-
ing buffer (48 °C) and incubated for 15 min in a water bath at
the same temperature. The filter sections were washed and air-
dried. The DAPI staining procedure was carried out as previ-
ously described. Finally, the samples were mounted in a 4:1
mix of Citifluor and Vecta Shield. The relative proportion of
bacteria and archaea to the total number of DAPI-stained cells
was calculated.

Statistics

One-way ANOVA was used to compare TCNs, biovolume,
and bacterial biomass of different substrata. Owing to

different units (area vs volume), in the case of TCNs and
bacterial biomass, SED, AGR, and FLB were grouped,
while ROT, PLT, and STN were analyzed separately. All
tests were considered significant at p<0.05. Data analyses
were performed using the NCSS 6.0 software (Hintze 2007).

Results and discussion
Total cell numbers

The TCNs dominated in sediment biofilm (SED) where the
average value was 21.03x10° cells/mL wet sediment, while
significantly different abundance was estimated for bacteria
attached to aggregates (AGR) 0.05x 10° cells/mL (p<0.05).
For substrata with area units (in square centimeters), there was
a significant difference between TCNs found in root biofilm
(ROT—7.10% 10° cells/cm?) and plant biofilm (PLT—1.29x
10° cells/cm?; p<0.05) (Table 2).

As was expected, cell abundance for substrata with vol-
ume unit was found to be highest in SED. Our prediction is
supported by studies of Fischer et al. (2002) and Haglund et
al. (2003). These authors suggest that sediment bacteria
constitute an important component of the benthic food
web as well as of nutrient cycling and the decomposition
of organic matter. Sediment organic matter content thus can
be an important indicator of high bacterial abundance.

Simon et al. (2002) suggested that bacteria on marine
snow aggregates are several orders of magnitude more
abundant than those in the surrounding water. For this
reason, we would expect higher cell numbers for AGR.
However, we found higher cell numbers for FLB than for
AGR. The lower cell numbers for AGR can probably be
explained by the rocky bottom stream character which can
limit the number of riverine aggregates and thus the number
of bacterial cells which are attached to these aggregates.
Crump et al. (1999), who studied FLB and AGR in the
Columbia River estuary, reported similar values to our
study. Bertoni et al. (2010) found slightly higher values in
Lake Maggiore than in our study.

Table 2 The values of total cell numbers, bacterial biomass, and biovolume per unit of volume or area for five different substrata and free-living

bacteria

FLB AGR SED STN ROT PLT
TCNs*x10° 2.424+0.82 0.05+0.01 21.03£1.36 2.54+0.23 7.10+3.66 1.29+0.14
Bacterial biomass® 67.25+12.36 1.56+0.19 512.30+£65.92 0.09+0.04 0.22+0.02 0.04+0.01
Bacterial biovolume® 0.14+0.12 0.17+0.16 0.12+0.08 0.22+0.17 0.17+0.13 0.16+0.17

Values are means (n=6)£SD

#Total cell numbers per milliliter for FLB, AGR, and SED and per square centimeter for STN, ROT, and PLT
® Units are micrograms of carbon per liter for FLB, AGR, and SED and micrograms of carbon per square centimeter for STN, ROT, and PLT

¢ Units are cubic micrometers per cell
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Nunan et al. (2005) and Dakora and Philips (2002) sug-
gest that plants are likely to be a major factor influencing
bacterial communities through, for example, root exudation.
The composition of the root exudates often ranges from
mucilage, root border cells, extracellular enzymes, simple
and complex sugars, vitamins, and amino and organic acids
and can serve as nutrient elements for microbial communi-
ties. Similarly, the leaves offer optimal conditions for mi-
crobial growth due to their ability to secrete mucilage and a
diversity of chemical compounds including simple sugars
and proteins (Morris and Monier 2003). Thus, in our study,
we could assume high cell numbers for both ROT and PLT.
Indeed, a relatively high value of bacterial abundance was
found in ROT, but the abundance in PLT was lower than
assumed (Table 2). However, we are aware that the PLT
biofilm in our study cannot represent the biofilms formed on
all kinds of plant surfaces.

Root biofilm studies are very scarce, particularly for tree
roots. For wood biofilm, there is a comparable study by
Eggert and Wallace (2007) who studied biofilm on small
wooden sticks in a first-order stream in North Carolina and
found slightly higher values than in our study. Kang and
Goulder (1996), who studied the biofilm on Callitriche sp.
and Elodea canadensis leaves in a small stream in North-
East England, found an order of magnitude higher abun-
dance than values for the PLT (B. aquatile) in our study.

We expected that the lowest value of microbial abun-
dance would occur in STN because stone is assumed to be
a nutrient-poor surface. Surprisingly, the least abundant
substrate was PLT. Stone biofilm was studied, for example,
by Romani et al. (2004) in northeast Spain (values two
orders of magnitude higher than in our study), and another
stone biofilm study was presented by Olapade et al. (2006),
who studied cobbles in biofilm in the Mahoning River, USA
(similar values as our study).

Bacterial biovolume and biomass

The proportion of cell biovolume ranged from 0.01 to
3.0 um’, and the most abundant size class was 0.1—
0.3 um® per cell (Fig. 1). The mean biovolume of bacterial
cells in studied biofilms was 0.16 um®. The value of bacte-
rial biovolume in stone biofilm (STN) was significantly
different from that in the sediment (SED) biofilm (p<0.05)
(Table 2).

For the substrata with volume units, a significantly dif-
ferent value of bacterial biomass was found for SED
(512.30 pgC/L) compared to the value from AGR
(1.56 ugC/L) (p<0.05). Among substrata where TCNs were
calculated per area unit, a significantly different value of
bacterial biomass was estimated in the ROT biofilm
(0.22 pgC/ecm?) than in the PLT biofilm (0.04 pugC/cm?;
p<0.05) (Table 2).
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Fig. 1 Percentage size class distribution of cell biovolume for six
different samples

The relatively low value of cell biovolume found in
sediment biofilm is rather surprising. We expected the low-
est cell volume for FLB, because FLB are considered to
have worse nutrient conditions than bacteria in a biofilm
matrix (Schweitzer et al. 2001). Nevertheless, the values of
cell biovolume measured in sediment are not in conflict with
other studies. For example Koutny and Rulik (2007) esti-
mated similar values of cell biovolume in sediment biofilm
of a Sitka stream in Czech Republic. Generally, the cell
biovolume values in our study are not in contrast with other
studies. Similar values were measured by Buesing and
Gessner (2002), Bertoni et al. (2010), and Eggert and
Wallace (2007).

Biomass is commonly derived from biovolume and cell
number estimates (Buesing and Gessner 2002). Thus, it was
not surprising that the highest values of bacterial biomass
were found in SED and ROT (samples with the highest cell
numbers; Table 2). Similar biomass values were estimated by
Eggert and Wallace (2007) who studied biofilm on small
wooden sticks in North Carolina. The value of C content for
FLB was an order of magnitude lower than the values mea-
sured by Chrost et al. (2000) in the eutrophic Mazurian lake.
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Fig. 2 The relative percentage proportion of the domains Bacteria and
Archaea to DAPI-stained cells in all studied samples detected with
EUB338 and ARCH915 probes. Error bars give the standard deviation

@ Springer



Folia Microbiol

malpha ©Sbeta @gamma ®=delta =CF

100

% of DAPI-stained cells

sample type

Fig. 3 The percentage of DAPI-stained cells detected with probes
targeting Proteobacteria (ALF1B—alpha, BET42a—beta, GAM42a
—gamma, DELTA495a—delta) and Cytophaga—Flavobacteria
(CF319a+b—CF) for six different environmental samples

The reason for this might be the lower trophic level of our
stream (Table 1).

Phylogenetic composition (FISH)

The Proteobacteria groups, Cytophaga—Flavobacteria
group, and both domains were detected on all types of
substrata. The proportion of DAPI-stained cells detected
with the probe specific for the domain Bacteria varied
between 20.6 (FLB) and 45.8 % (PLT) with a mean of
29.9 %. The probe specific for the domain Archaea detected

8.7 % of DAPI-stained cells, with a range of 4.3 (FLB) to
17.9 % (STN) (Fig. 2).

The Alphaproteobacteria group dominated among
Proteobacteria groups with a mean of 14.2 %, while the
least abundant group was Betaproteobacteria with a mean
of 11.4 %. The relative proportion of the Alphaproteobacteria
group varied from 9.7 (PLT) to 23.9 % (ROT). The relative
abundance of the Betaproteobacteria group was highest in
STN (18.4 %) and lowest in SED (6.6 %). The proportion of
the Gammaproteobacteria group ranged from 8.8 (FLB) to
20.6 % (STN). The last Proteobacteria group,
Deltaproteobacteria, was the most abundant in PLT
(21.7 %) and the least abundant for AGR (7.1 %). On average,
the Cytophaga—Flavobacteria group comprised 10.5 % of the
DAPI-stained cells with a range of 6.1 (FLB) to 17.8 % (STN)
(Fig. 3).

The average value of DAPI-stained cells detected with
the EUB338 probe specific for the domain Bacteria was
only 29.9 %. Bacterial abundance detected by this probe
was really low in our study, while in most studies, the values
were much higher (Cottrell and Kirchman 2003; Gillan et al.
2005; Jones et al. 2006). However, Bouvier and Giorgio
(2003), who wrote a general review of the percentage of
cells detected by EUB338, found different results. The
percentage of bacterial cells detected with this probe in the
water column of the Kitahashi River was only 20 %, and the
value in the sediment of a refinery aquifer (Germany) was
22 % of DAPI-stained cells. The same authors also suggest
that one of the main factors for explaining the number of
cells is the ecosystem type. Marine and freshwater sedi-
ments tend to yield a lower percentage of EUB than all

Table 3 Comparison of the most abundant Proteobacteria groups on the six different environmental samples

Sample type ~ The most abundant Proteobacteria group ~ Locality Study

FLB Betaproteobacteria [13 %) River water; Elbe River, Germany Kloep et al. (2006)
Alphaproteobacteria [22 %)] Seawater; Delaware Bay, USA Jones et al. (2006)
Betaproteobacteria [11 %) Stream water This study

AGR Gammaproteobacteria [up to 50 %) River aggregates; river Weser, Germany Grossart and Ploug (2000)
Betaproteobacteria [50-54 %) River aggregates; Elbe River, Germany Bockelmann et al. (2000)
Alphaproteobacteria [14 %] Stream aggregates This study

SED Betaproteobacteria [10 %] River sediment; Elbe River, Germany Kloep et al. (2006)
Betaproteobacteria [17 %] Reservoir sediment; Quitzdorf reservoir, Germany Wobus et al. (2003)
Alphaproteobacteria [12 %) Stream sediment This study

STN Alphaproteobacteria [up to 12 %] River cobbles; Mahoning River, USA Olapade et al. (2006)
Betaproteobacteria [40 %) Basalt core; Snake river aquifer, USA Lehman et al. (2001)
Gammaproteobacteria [20 %] Stream stones This study

ROT Betaproteobacteria Rice roots; Gottinger Wald, Germany Kreuzer et al. (20006)
Deltaproteobacteria [14 %] Underwater alder roots This study

PLT Alphaproteobacteria [17 %] M. spicatum; Lake Constance, Germany Hempel et al. (2008)

Alphaproteobacteria [40 %]
Alphaproteobacteria [24 %]

Maple leaves; Mahoning river, USA
B. aquatile

McNamara and Leff (2004)
This study
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other systems. Usually, the number of bacteria detected by
the EUB338 probe exceeds or equals the sum of the numb-
ers of bacteria detected with the group-specific probes
(Cottrell and Kirchman 2000). However, in our study, the
sum of the bacterial numbers detected with the group-
specific probes greatly exceeded the bacterial abundance
detected with EUB338 (Figs. 2 and 3). This finding might
imply that the specificity of the EUB338 probe for the domain
Bacteria was probably too low in our study. The other reason
for the lower EUB values in our study may be due to using
only the EUB338 probe—other EUB probes (e.g., EUB338 II
and EUB338 III suitable for Planctomycetales and
Verrucomicrobiales) were not used.

As expected, the domain Archaea showed the lowest
value for FLB in our study. Surprisingly, the number of
cells detected by the ARCH915 probe was found to be
highest in STN rather than in SED as we had anticipated.
However, the value found for SED in our study (Fig. 2) was
much higher than the value found in marine sediment in
Norway (Gillan et al. 2005) and also in stream sediment in
the Austrian Alps (Battin et al. 2001). The higher abundance
of Archaea members in stone biofilm than in sediment could
indicate the maturity of the biofilm because with increasing
biofilm maturity, the proportion of Archaea and Eucarya
(mainly fungal filaments) increases (Wilmes et al. 2009).

In this study, the Alphaproteobacteria group was the dom-
inant bacterial taxa, and surprisingly, Betaproteobacteria,
which are accepted as the most frequent group in freshwater
ecosystems, were the least abundant group of Proteobacteria.
In stream biofilms, Betaproteobacteria are considered to
be ecarly colonizers, whereas in mature states,
Alphaproteobacteria and Cytophaga—Flavobacteria
dominate (Amann et al. 1990a; Manz et al. 1999).
Thus, the higher abundance of the Alphaproteobacteria
group can signify that most of the biofilm substrata in
this study are in their mature states. In addition, the
proportion of bacterial groups can change over time due
to environmental factors. Brimmer et al. (2000) studied
microbial community composition in two rivers with
different levels of pollution. They revealed that mem-
bers of Betaproteobacteria were the most abundant
organisms in massively polluted rivers. Based on these
hypotheses, we speculate that the rather low abundance
of Betaproteobacteria members might be influenced by
the low trophic level of the studied Bystfice stream
(Table 1). A detailed comparison of Proteobacteria
groups for FLB and studied biofilm substrata is given
in Table 3.

The members of the Cyfophaga—Flavobacteria group
were the most abundant in STN, while the lowest percentage
of DAPI-stained cells was found for the FLB (Fig. 3). High
percentages of this phylogenetic group were reported by
Grossart and Ploug (2000) for river aggregates and

Hempel et al. (2008) for epiphytic bacteria. The
Cytophaga—Flavobacteria group is known to be abundant
in aquatic ecosystems and to have a potentially unique role
in the utilization of organic material. Cytophaga-like bacte-
ria are well known for their capacity to use biopolymers and
other large dissolved organic matter molecules (Kirchman et
al. 2003; Cottrell and Kirchman 2003).

We found considerable differences in the proportion of
cells hybridized by FISH for all substrata studied. The STN
was the substratum with the highest efficiency of DAPI-
stained cells. The sum of percentage of DAPI-stained
cells hybridized with Proteobacteria and Cytophaga—
Flavobacteria probes attained about 86 % in the STN
sample. In contrast, the lowest efficiency of DAPI-
stained cells was found for FLB (about 46 %; Fig. 3).
Moreover, the lowest proportion of DAPI-stained cells
for both domains was also detected for FLB (Fig. 2).
Factors limiting detection of microbial cells by FISH
might be the abundance of ribosomes per cell, accessi-
bility of the rRNA, and cell wall permeability (Cottrell
and Kirchman 2000).

Generally, the values detected by FISH in particular bio-
film substrata exceeded the values obtained for FLB. Our
findings that biofilm members of different phylogenetic
groups are more abundant than free-living bacteria can be
supported by the fact that substrate-associated bacterial
communities have a higher proportion of metabolically ac-
tive cells than free-living bacteria (Haglund et al. 2003).

Authors are aware that the results of this paper can be
limited (comparing variables from different media, absence
of more detailed analyses); however, comparison of micro-
bial communities colonizing different habitats in aquatic
environments can help to illustrate the diversity and poten-
tial functions of distinct biofilm communities.
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Abstract: Distribution of microbial activity, methanogenic archaea and type T and I methanotrophs were studied in
a small lowland stream Sitka in Czech Republic. The methanogens and methanotrophic bacteria were delected us-
ing FISH with 16 5 rRNA-targeted oligenucleotide probes. The highest micrabial density was obtained in the upper
sediment layer 0-25 cm; this zone comresponded also fo that of the highest metabolic activity, as indicated by the
methanogenic potential, methanotrophic activity, INT and FDA profiles. Both methanogenic archaes and aerobic
methanotrophs were found at all localities along the longitudinal stream profile. The proportion of these groups to
the DAPL-stained cells was quite consistent and varied only slightly but a higher proportion to the DAPI-stained
cells in the deeper sediment layer 2550 cm was chserved. On average 23.4 % of DAPI-stained cells were detected
by FISH with a probe for methanogens while type I methanotrophs reached ~21.4% and type I methanotrophs
11.9%, respectively. The percentage of DAPl-stained cells hybridizing with methanoiroph-specific probes was
generally higher for type | than type IL Our data show that the methanogenic archasa and aerobic methanotrophs
can be numerically dominani components of the hyporheic biofilm community and affect CH, cycling in river sedi-

ments.

Key words: methane, hyporheic sediment, methanogenic archaea, methanotrophs, FISH.

Introduction

The hyporheic zone, the volume of saturated sediment
beneath and beside streams containing some propor-
tion of water from surface channel, plays a very im-
portant tole in the processes of self-purification be-
cause the river bed sediments are metabolically active
and are responsible for retention, storage and miner-
alization of organic matier transported by the surface
water (Hendricks 1993, Jones & Holmes 1996, Baker
etal. 1999, Storey etal. 1999, Fischer et al. 2005). The
seemingly well-oxygenated hyporheic zone contains
anoxic and hypoxic pockets (“anaerobic microzones”)

associated with irregularities in sediment surfaces,
small pore spaces or local deposits of organic matter,
creating a ‘mosaie’ structure of various environments,
where different microbial populations can live and
different microbially mediated processes can oceur si-
multaneously (Baker et al. 1999, Morrice et al. 2000,
Fischer et al. 20035). Moreover, hyporheic-surface ex-
change and subsurface hydrologic flow patterns result
in solute gradients that are important in microbial me-
tabolism. Oxidation processes may occur more readily
where oxygen is replenished by surface water infiltra-
tion, while reduction processes may prevail where sur-
face-water exchange of oxygen is less, and the redue-
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ing potential of the environment is greater (Hendricks
1993, As water moves through the hyporheic zone,
decomposition of the organic matter consumes oxy-
gen, creating oxygen pradients along the flow path.
Thus, compared to marine or lake surface sediments,
where numerous studies on O, profiles have showed
that O, concentrations become zero within less than
3mm from the surface, the hyporheic sediment may
be a well-oxygenated habitat even up to a depth of
&0 cm (e.g. Bretschko 1981, Holmes et al. 1994} . The
extent of the oxygen gradient is detenmined by the in-
terplay between flow path length, water velocity, the
ratio of surface to ground water, and the amount and
quality of organic matier,

Crganic matter decomposition in sediments is an
impaortant process in global and local carbon budgets
as it ultimately recycles complex organic compounds
from terrestrial and agquatic environments to carbon
dioxide and methane. Methane is a major component
in the carbon cyele of anaerobic aquatic systems,
particularly those with low sulphate concentrations.
Since a relatively high production of methane has
been measured in river sediments (e.g. Schindler &
Erabbenhoft 1998, Hlavadova et al. 2005, Sanders et
al, 2007, Wilcock & Sorrell 2008, Sanz ef al. 2011),
we proposed that river sediments may act as a con-
siderable source of this greenhouse gas which is im-
portant in global warming (Hlavaéova et al. 2000).
Methane is the second-most abundant gas containing
carbon in the atmosphere and has a greenhouse effect
some 20 times greater than that of CO,, resulting in a
significant contribution to the radiation forces of the
atmosphere and global climate changes (Houghton et
al. 2001, Schimel 2004). Methane (CH,) 1s an aimos-
pheric trace gas present al concentrations of about
1.8 ppmv representing about 15 % of the anthropogen-
ic greenhouse effect (Forster et al. 2007). The atmos-
pheric CH, concentration has increased steadily since
the beginning of the industrial revolution (~0.7 ppmv)
and has stabilized at ~1.8 ppmv from 1999 to 2005
(Forster et al. 2007). An unexpected increase in the
atmospheric growth of CH, during the year 2007 has
been recently reported (Righy et al. 2008), indicat-
ing that the sources and sinks of atmospheric CH, are
dynamic, evolving, and not well understood. Fresh-
water sediments, including wetlands, rice paddies and
lakes, are thought to contribute 40 to 50 % of the an-
nual atmospheric methane flux {Cicerone & Orem-
land 1988). However, despite anaerobic metabolism
being described in many lake, estuary and wetland
sediments, there is still a paucity of information in
rver ecosyslems,

Methane (CH,} is mostly produced by methano-
genic archaea (Garcia et al. 2000, Chaban et al. 2006)
as a final product of anaerobic respiration and fer-
mentation, but there is also aerobic methane forma-
tion, for example the aerobic degradation of methyl
phosphonates (e.g. Karl et al. 2008) or oxidation of
ascorbic acid using iron minerals and hydrogen per-
oxide (Althoff et al. 2010). Methanogenic archaea,
which belong to the kingdom Eurvarchasota, are ubig-
uitous in anoxic environments. Methanogens require
an extremely low redox potential to grow. They can
be found both in moderate habitats such as rice pad-
dies (Grosskopf et al. 1998a, b), lakes (Hirgens et al.
2000, Keough et al. 2003) and lake sediments (Chan
et al. 2005), as well as in the gastrointestinal tract of
animals (Lin et al. 1997} and in extreme habitats such
as hydrothermal vents (Jeanthon et al. 1999), hyper-
saline habitats {Mathrani et al. 1988) and permafrost
soils (Kobabe et al. 2004, Ganzert et al. 2006). Rates
of methane production and consumption in sediments
are controlled by the relative availability of substrates
for methanogenesis (especially acetale or hydrogen
and carbon dioxide). The most important immediate
precursors of methanogenesis are acetate and H,/CO,.
The acetotrophic methanogens convert acetic acid to
CH, and CO, while the hydrogenotrophic methano-
gens convert CO, with H, to CH, (Conrad 2007). The
degradation pathway of polysaccharides, for exam-
ple, is such that about two-thirds of the produced CH,
should be derived from acetate and one-third from H,/
CO, if steady state conditions exist (Conrad 1999).

Methane oxidation can oceur in both aerobic and
anaerobic environments; however, these are com-
pletely different processes involving different groups
of prokaryotes, Aerobic methane oxidation is carried
out by aerobic methane oxidizing bacteria (methano-
trophs, MOB), while anaerobic methane oxidizers,
discovered recently, thrive under anaerobic condi-
tions and use sulphate or nitrate as electron donors for
methane oxidation (e.g. Strous & Jetten 2004), MOB
are a physiologically specialized group of methylo-
trophic bacteria capable of utilizing methane as a sole
source of cathon and energy, and they have been rec-
ognized as major players in local and global elemental
cyeling in aerobic environments (Hanson & Hanson
1996, Murrell et al. 1998, Costelo & Lidstrom 1999,
Costelo et al. 2002, McDonald et al. 2008). Aerobic
MOB have been detected in a variety of environments,
and in some they represent significant fractions of to-
tal microbial communities {e.g. Henckel et al. 1999,
Carini et al. 2005, Trotsenko & Khmelenina 2005, Ka-
lyuzhnaya et al. 2006). However, the data on the diver-
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sity and activity of methanotrophic communities from
the river ecosystems are fragmentary as yet. MOB
are grouped within alpha and gamma subdivisions of
the Proteobacteria. The a-methanotrophs include the
family Methylocystaceae (genera Metfylosinus and
Metivlocystis), also known as type 11 methanotrophs,
and acidophilic methanotrophs belonging to the fam-
ilv Beijerinkiaceae (Methylocelly and Methnvlocapsa).
The y-methanotrophs include the family Methylo-
coccaceae, which consists of type 1 (Metnlomonas,
Methylobacter, Methylomicrobium, Methvlosphaera,
Methylosarcing, Methvlothermus) and type X metha-
notrophs (Metindococcus and Methyvlocaldumr). Meth-
anotrophs play an important role in the oxidation of
methane in the natural environment, oxidizing meth-
ane biologically produced in anacrobic environments
by the methanogenic archaea and thereby reducing the
amount of methane released into the atmosphere. Al-
though methanotrophs can oxidize as much as 100 % of
methane production (Le Mer & Roger 2001). authors
monitoring methanotrophy in riverineg ecosystems in-
dicate that CH, losses due to microbial consumption
are rather less (Zaiss et al. 1982, Lilley et al. 1996).
Estimates of methanogens and methanotrophs
abundance m natural samples are based on a number of
complementary techniques. Fluorescent in situ hybrid-
ization (FISH} with rRNA-targeted oligonucleotide
probes has become very useful in studies of microbial
ecology, as this method allows target populations to be
detected and enumerated directly in their environment

without cultivation. A classical FISH method is based
on the direct microscopic identification of single cells
after hybridization with 165 rRNA targeted Auores-
cent dye-labelled oligonucleotide probes. The inten-
sity of probe signal depends on cellular rRNA content,
which correlates with the physiological status of the
microbial population (Kallistova et al. 2007).

The present results are part of a long-term study
of organic catbon dynamics and associated micro-
bial communities in hyporheic sediments in the Sitka
Stream, Czech Republic. The main objective of this
study was a basic characterization of both methano-
genic and methanotrophic populations in different lo-
calities along the longitudinal profile of a small low-
land stream. We used FISH method for the analysis of
microbial community composition and determination
of methanogenic and methanotrophic abundance using
oligonucleotide probes targeting the 16 S rRNA. In ad-
dition, total sediment microbial activity was measured
simullanepusly with potential methane production and
oxidation in order to assess whether a relationship be-
tween the activity and distribution of the methanogens
and methanotrophs could be found.

Material and methods

Study site

The sampling sites are located on the Sitka stream, Czech Re-
public (Fig. 13 The Sitka is an undisturbed, third-order, 35 km

Czech Republic

Sitka stream

Praque

Fig. 1. A map showing the location of the Sitka stream. Black circles represent the study sites (1-3).
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long lowland stream originating in the Hruby Jesenik mountains
at 650m above sea level. The catchment area is 118,81 kn®,
geology being composed mainly of Plio-Pleistocene clastic
sediments of lake origin covered by quaternary sediments,
The mean annual precipitation of the downstream part of the
catchment area varies from 500 to &0 mm. Mean anmual dis-
charge is 0.81m® 57 The Sitka stream flows in its upper reach
through o forested area with a low intensity of anthropogenic
effects, while the lower course of the stream naturally mean-
ders through an intensively managed agricultural landscape,
Except for short stretches, the Sitka stream is unregulated with
well-established riparian vegetation. River bed sediments are
composed of gravels in the upper parts of the stream (wedian
grain size 13 mm) while the lower part, several kilometres away
from the confluence, is characterized by finer sediment with a
median gram size of 2,8 mm. The Sitka stream confluences with
the Oskava stream about 5 km north of Olomonc. More detailed
characteristics of the geology, gravel bar, longitudinal physico-
chemical (e.g. temperature, pH, redox, conductivity, O., CH,,
N0, ", 50,5 patterns in the sediments and a schematic view of
the site with sampling point positions have been published pre-
viously (Rulik et al. 2000, Rulik & Spacil 2004). Earlier meas-
wrements of a relatively high production of methane, as well
as potential methanogenesis, confirmed the suitability of the
field sites for the study of methane cycling (Rulik ef al. 2000,
Hlavadowa et al. 2005, 2000).

Sediment sample collecting and sample
processing

Five localities alongside siream profile were chosen for sam-
pling secliment and interstitial water samples based on previous

investigations (Table 1). Hypotheic sediments were collected
with a freeze-core using N, as a coolant {Bretschko & Klemens
1986 throughout Septepaber 2002, At each locality, three cores
were taken for subsequent analyses. After sampling two layers,
the surface 0—25cm and 25-50cm depth were immediately
separated and stored at a low temperature whilst being trans-
ported to the laboratory, Just after thawing the wet sediment of
each layer was sieved. Only particles < 1 mm were considered
for microbial and microbial activity measurements as most of
the biofilm is associated with this fraction (Leichtfried 1988},

Four randomiy selected subsamples (1 mL) were used for
extraction of bacterial cells and, consequently, for estimations
of bacterial numbers; other sub-samples were used for meas-
urement of microbial activity and respiration, organic matter
content determination, etc. Sediment organic maller content
was determined by oven-drying at 105 °C to constant weight
and subsequent combustion at 550°C for 5 hours to obtain
ash-free dry weight (AFDW). Organic matter values were
then converted 1o carbon equivalents assuming 45 % carbon
content of organic matter (Meyer et al. 1981). Sediment from
another freere-core was oven-dried at 103 *C and subjected 1o
granulometric analysis. Grain size distribution and descriptive
sediment parameters were computed using the database Selhi
{Schinbauver & Lewandowskd 1994,

Water samples and analysis of methane

Surface water was collected from the river at a depth of 1{cm
below the air-water interface in awunm 2009 at each study
site, Interstitial water samples were collected using a set of
56 minipiezometers (Trulleyovi et al. 2003) randomly plced
at depths of about 2050 cm in the sediments at each study site.

Table 1. Selected longitudinal physicochemical patterns (anmual means) of the hyporheic interstitial water taken from the depth
25-30cm. Saturation ratie R of methane = measured concentration of the gas in the water divided by the concentration in equilib-

rinm with the atmosphere).

Wariable! Locality L 1L

1L Iv. V.

Geographic coordinates

40°49°27 TRV, 49° 457 539537 N, 49°42' 46,1007 N, 40°40° 43 700N, 497 38"THTTON,

17718747328 E 171950417 17913 36.225°E  17°14°49.025"E 177 14'37.068"E
elevation above sea-level 535 330 240 225 215
[m]
distance from the spring 6.9 18.2 256 309 349
[km]
dominant subsiraie aravel aravel gravel sand-clay eravel-sand
cotposition
grain median size 124 12.9 132 0.2 54
[mum]
organic carbon in sediment 0y 0.7 (L6 1.0 1.2
< 1 mm [%&]
interstitial dissolved oxveen 63.0 BO3 833 625 593
saturation [%a]
interstitial water DOC 2.05 1.31 27 5,76 2a2
[mg L]
mterstitial CH, eoncentration 1.34 (.65 10.34 7 2608 18.38
[ug L]
saturation ratio B of 296 1.3 22416 146321 402.1

mterstitial CH,




Methanogens and methanotrophs distribution in the hyporheic sediments 91

The imitial 30—100ml of water was used as 2 ninse and discard-
ed. Then two subsamples of interstiial water from each min-
ipiezomeler were collected from a continuous column of water
with a 100 mL polypropylene syringe connected to a hard PVC
tube. The subsamples were injected into separate sterile, clear
vials {40 mL) with screw-tops, covered by a polypropylene cap
with PTFE silicone septa (for analysis of dissolved gasses) and
stored before retuming Lo the laboratory. All samples were taken
in the morumg between 9 am. and 12 noon, All measurements
were done at base flow, Interstitial water temperature, dissolved
oxygen {me L' and percent saturation) and conductivity were
measured in the field with a portable Hanma HI 9828pH/ORP/
EC/DC meter. Dissolved organic carbon (DOC) was measured
by Pi-catalysed high temperature combustion on a TOC FOR-
MACSH analyser,

Concenirations of dissolved methane in the siream and
interstitial water were measured divectly using a headspace
equilibration technigue, Dissolved methane was extracted from
the water by replacing 10mL of water with N, and then vigor
ously shaking the vials for 15 seconds (to release the gas from
the water to facilitate equilibration between the waler and gas
phases). All samples were equilibrated with air at laboratory
temperature. Methane was analysed from the headspace of the
vials by injecting 2 mlL of gas sub-sample with a gas-tight syv-
ringe into a CHROM 5 gas chromatograph, equipped with the
flame iomization detector (CH, detection limit=1 pgz L7 and
with the 1.2 m PORAPAK Q column (1.d. 3 num), with nitrogen
as a carrier gas. Gas concentration i water was caloulated us-
ing Henry's law. The satration ratio (R} was calculated as the
measured concentration of gas divided by the concentration in
equilibrium with the atmosphere at the temperature of the wa-
ter sample using the solubility data of Wiesenburg & Guinasso
(1979, Welss & Price (1980), and Weiss (1974).

Methanogenic potential and methanotrophic
activity

The rate of methane production (methanogenesis) was meas-
ured using the PMP method {Segers 1998). The sediment was
sieved and placed into incubation flasks. C-amended solutions
(flushed for 5minotes with N;) with acetate Ca{CH,CO0),
(I mz C in the incubation flask) were used for the exami-
nation of methanogenic poential, The substrate (acetate) was
choszen according to our previous results obtained for the same
smudy site which showed thai acetate is more important than
hydrogen for methanogenesis in the hyporheic sediments
(Hlavicovi et al. 2005). All laboratory sediment incubations
were performed in 230-mL dark glass fasks, capped with rub-
ber stoppers, using approximately 100 g (wet mass) of sediment
{grain size < | mm) and 180mL of amended solution or distilled
water. The headspace was maintained at 20 mL. Typically, trip-
licate live and dead {methanogenesis was inhibited by addition
af 1.0miM chloroform) samples from each depth were stored at
200°C in the dark and the incubation time was 72 hours; how-
ever, subsamples from the headspace atmosphere were taken
every 24 hours. Gas production was calculated from the dif-
ference between final and initial headspace concentration and
volume of the flask; results are expressed per unit wet weight of
sediment per one hour (pM CH, mL™ WW hour™).

Rate of potential methane oxidation {methanotrophy) was
measured using a modified method of methane oxidation in soil
samples from Hanson (1998). The sediment was sieved and
placed nto mevbation fasks, S0mL of methane was added by

syringe (o the closed incubation flask with the sieved sediment
and then the pressure was balanced to atmospheric pressure,
All laboratory sediment incubations were perfonned in 230-mL
dark glass flasks. capped with rubber stoppers, using approxi-
matehy 100 g (wet mass) of sediment {grain size < 2 mna). Typi-
cally, triplicate live and dead (samples killed by HgCl, to arrest
all biological activity) samples from each depth were stored at
20°C in the dark, and incubation time was 72 hours; however,
subsamples from the headspace atmosphere were taken every
24 hours. Potential CH, oxidation rates at the different concen-
irations were obtained from the slope of the CH, decrease with
time {r° > 0.90; methane oxidation was calculated from the dif-
lerence between final and wmtial headspace concentration and
volume of the flask; results are expressed per unit wet weight of
sediment per one hour (nh CH, mL™ WW how™),

Respiratory — electron transport system (ETS)
activity and hydrolytic {esterase) activity

ETS activity was measured using the assay originally proposed
by Kenner & Ahmed (1975) and modified by Toth (1995) and
Sun@d (2005), Samples of sediment were collected by the
freeze-core method and then transported to the laboratory and
analysed within 24 hours. The samples (approximately 1 mL
of sediment) were gently shaken for 5minuies (300 pm: O8
Control 10 in 4 mL volume of ice-cold homogenization buffer.
After that samples were sonicated (20 seconds, 20% power;
Sonopuls 22000 and centrifuged (5 minutes, 3000x=g; Rotofix
32.A). Then 0.5 mL of supernatant (in triplicate) was incubated
in 1.5 mL substrate solution (containing NADH, NADPH) with
035ml reagent solution [2({p-iodophenyl)-3-(-p-nitrophenyD)-
S-phenvl tetrazoliwm chloride, INT] for 30 minutes at in s
termperature. Controls with no supematant were also incubated.
After incubation a stopping solution (formalin conc. @ H,PO,)
was added to all samples {including the controls). The formazan
production was determined specirophotonetrically against a
calibration curve produced by formazan standards. Results are
expressed per unit wet weight of sediment per one hour (phd
O, hour™ mL).

Sediment samples for measurement of esterase activity
were also coflected by the freeze-core method and then trns-
ponted to the laboratory and analysed within 24 hours. The
samples (approximately 1 mL) were placed into sterile tubes.
Secondly 5 mL of phosplate buffer, 4 mL of distilled water and
1 mlL of FI2A solution were added to all samples. Controls were
inactivated with HeCl, All samples were gently shaken for
Smimutes (300rpm; OF Control 10} and after that meubated
for 30minutes at in situ temperature. Incubation was stopped
with HgCl,, the samples were then somicaied (30 seconds, 40%
power; Sonopuls 22003 and centrifuged {3 minutes, 3 000xg;
Rotofix 32 A). Absorbance of the supernatant at 490mm was
measured spectrophotometrically against a fluorescein calibra-
tion curve. The assay proposed by Battin (1997), modified by
Ntougias et al, (2000), was used for measuring hydrolytic activ-
ity. Results are expressed per unit wet weight of sediment per
one hour {pM FDA hour? mL ).

Abundance of microbial cells and microbial
community composition

For measuring microbial parameters, formaldehyde fived sam-
ples (2% final conc.) were first mildly sonicated for 30 sec-
onds at the 13 % power (sonotroda MS 73, Sonopuls HD2200,
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Sonorex, Genmany), followed by incubation for 3 hours under
mild agitation with 10ml of detergent mixture (Tween 20
0.5 %, volivol, tetrasodium pyrophosphate 0.1 M and distilled
water) and density centrifugation (Priemé et al. 1996, Santos
Furtado & Casper 2000, Amalfitano & Fazi 2008). For density
centrifugaton, the non-ionic medium Nyeodenz {1.31 g mL™;
Axis- Shield, Oslo, Norway) was used at 4600G for 60 min-
utes (Rotofix 32 A, Hetich, Germany). After the preparation
processes, 1mL of Nyeodenz was placed underneath 2ml of
treated shory using a syringe needle (Fazi et al. 2005). | mL of
supernatant was then taken for subsequent analysis.

Total cell numbers (TCN)

The supernatant was filtered onto membrane filters (0.2 pm
GTTP;, Millipore Germany), stained for 10 minutes in cold
(4—6°C) and in the dark with DAPT solution (0.0063g ml.™; wt
vol ™ Sigma, Gennany) and gently rinsed i distilled water and
0% ethanol. Filters were air-dried and mounted in immersion
oil. Stained cells were enumerated on an epifiuorescence mi-
croscope {Olympus BX 600 equipped with a camera (Olympus
DP 12) and image analysis software (INIS Elements; Laboratory
Imaging, Prague, Czech Republic). At least 200 cells within
at Jeast 20 microscopic fields were counted in three replicates
from each locality. TCN was expressed as bacterial numbers
per L mL of wet sediments.

Prokaryotes community composition

The methanogenic archaea and methanotrophic bacteria were
detected using FISH {Fluorescence in sitn hybrdization) with
168 ANA-tarpeted oligonuclectide probes labelled with in-
docarbocyanine dye Cy3 (see Table 2). The prokaryotes were
hvbridized aceording to the protecol by Pernthaler etal. (2001).
Briefly, the supernatants which were used also for TCN were
filtered onto polycarbonate membrane filters (0.2 pm GTTP;
Millipore), filters were cut into sections and placed on glass
slides. For the hybridization mixtures, 2 pl of probe-working
solution was added to 16 pl of hybridization buffer in a mi-
crofuge fube, Hybridization mix was added to the sanples
and the slides with filter sections were incubated at 46 °C for 3
hours, After incubation, the sections were transferred into pre-
heated washing buffer (48 *C) and incubated for 15 minutes in
a water bath at the same temperature. The filter sections were
washed and air-dried. The DAPI staining procedure followed
as previously described. Fmally, the samples were mounted in
a 4:1mix of Citifluor and Vecta Shield. The methanogens and
methanotrophs were counted in three replicates from each lo-
cality and the relative proportion of bacteria, archaea, metha-
nogens and methanotrophs to the total number of DAPT stained
prokaryotes was then caleunlated.

Statistics

Data analyses were performed using statistical sofiware R-
version 2.6.0 and GLM (General linear models). Analysis of
deviance was chosen for the factors cogency. Models with de-
pendent variable {methanogenic potential and methanotrophic
activity) were log-transfonned (v = log[x+1]) to achieve nor-
mality, In the models where the dependent variable was abun-
dance (TCN, FISH), Negative Binomial Moedel was used. De-
pending on data distribution Wilcoxon signed rank sum test or
paired t-test were used.

Results

General processes

a) Cell counts and in situ hybridization

The total cell number (DAPI-stained cells, TCN) on
hyporheic sediments < lmm revealed from DAPI
staining (TCN) varied between 2.06+1.7x10° and
123687 10° cells mL™" wet sediment. DAPI-
stained prokaryotes showed significantly higher av-
erage cell numbers in the middle par( of the stream
{(p =0.001,n=120) (Fig. 2a). Generally, cell numbers
were higher in the upper 0-25cm sediment layer
(7.5£1.9x10° cells mL™) than at greater sediment
depth of 25-50cm (4.6%1.2x10° cells mL™"). The
highest number of cells was found in the 0-25¢m
layer at the locality IV where the TCN reached up to
18x 10° cells mL™’ wet sediment.

The percentage of cells identificd with probe
EUB338 which tarzeted members of the domain Bac-
teria, accounted for 5.1 to 31.3 % of the DAPI-stained
cells, The averape portion of EUB-hybridized bacte-
ria in the upper sediment layer (13.8 %) was similar
to that in deeper sediments (14.7 %) (Table 3). Probe
ARCH913 targeting members of the domain archaea
resulted in average cell counts of 109 1o 14.3% of
the DAPI-stained cells. The portion of arch-hybridized
cells slightly increased with the sediment depth, how-
ever no significant difference has been found between
both sediment lavers (Table 3).

Table 2. Sequences and target organisims of vsed oligonucleotide-probes.

Probe Target sequence (5°-37) Target phylogenetic group Reference

EUB338 GCTGCCTCCOGTAGGAGT Eubactena Amann et al. (1990}
IvlvBa CCACTCGTCAGCGOCCGA Tvpe 1 methanotrophs Eller & Frenzel (2001)
My705 CTGGTGTTCCTTCAGATC Type I methanotrophs Eller & Frenzel (2001)
Meed 50 ATCCAGGTACCGTCATTATC Type I methanotrophs Eller & Frenzel (2001)
ARCH?15 GTGCTCOCCCGUCAATTCCT Archaen Raskin et al. (1994}
MPBI CATGCACCWCOCTCTCAGC Methanogen-specific probe Jupraputtasri et al. {2005}
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Fig. 2. Total cell numbers (grey bars), methanogens {panel a).
type 1 (h) and 11 {¢) methanotrophs (white bars) at different lo-
calities along longitudinal profile of the Sika stream. The lines
indicate the percentage of methanogens or methanotrophs as
compared to total bacterial cell numbers. Values are averages
for both sediments layers (standard errors are given for bars).

b} ETS and esterase activity

ETS activity measured as INT reduction varied be-
tween 0.14-2.84uM O, hour™ mL™" wet weight sedi-
ment; however, no differences were found in ETS ac-
tivity between localities studied. Esterase activity as
showed by FDA method was in the range from 0.73
to 16.22uM FDA hour” mL™ wet weight sediment
and the values were significantly different at various
localities (p < 0.05, n=40). Both ETS activity and es-
terase activity exhibited significantly much higher val-
ues for the upper sediment layer at all localities (Table
4), These results supported measurements of MP and
MA mentioned above and suggest that the majority of
metabolic processes occur in the upper 0—25 em of the
sediments where input of dissolved oxygen from the
surface stream is still sufficient.

Methane related processes
a) Methanogens and MOB numbers

Methanogens-targeting probe MPBI gave a much
higher signal for the deeper sediment layer (p <0.03)
{Table 3) and percentage of MPB1-hybridized metha-
nogen was in the range of 4.6 to 31 % of the DAPI-
stained bacteria. The percentage of DAPI-stained cells
hybridizing with methanotroph-specific probes was
generally higher for type I than type I, with a pro-
nounced increase in type I towards to the deep sedi-
ments (Table 3). Percentage of type I methanotrophs,
hybridized with combination of MyB4 plus My705
probes was in the range 5 to 33.4% of the DAPI-
stained cells and clearly tended to be significantly
much higher in deeper sediment layers compared to
that from the surface (p <0.05) (Table 3). By con-
trast, type IT methanotrops showed significantly lower
percentage of DAPl-stained cells (2.9-18.2% of the
DAPI) and the portion of their cell count was almost
the same in both sediment lavers (Table 3).

Table 3. Relative numbers of eubacteria, archaea, methanogens and methanotrophs detected by FISH in relation to the tofal DAPI
counts m different sediment depths of the Sitka stream (average + SE, range in parentheses). EUB338 — a probe that targets all
bacteria, ARCH915 — a probe that targets archaea; MPB1 — a probe that is specific for methanogens; My84 plus My705 — a probe
combination that is specific for type I methanotrophs; Ma430 —a probe that is specific for type I methanotrophs.

Depth EUB338 ARCHO15 MPBI My&4 + My705 Moed50
[em] [*%] [%] [*a] [%] [¥a]
0-25 13.8+3.8 10.9+35 12.843.7 13.7+3.6 88237
(5.1-28.5) (3.8-252) (4.5-234) (5.3-30.9) (2.8-17.6)
25-50 14.7£39 143429 234467 214248 119+23
(5.6-31.2) (6.5~ 23.4) (13.6-31.0) (14.8-33.3) (79-18.1)
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Table 4. Summary of the microbial metabolic activity in the different sediment depths of the Sitka strean (average & SE),

Depith ETS FDa MP Ma
[cm] [bd O, fmlhour ] [uhd FDA/mL hour] [pM CH,fmL hour [nh CH/mL hour |
0-25 159029 11.4£1.5 380+301 18474697
25-50 0.25£0.13 24403 19036 15.71+6.48
g 0-26¢cm
E
£ g TCN
g i g Methanegen
25-50cm [T, m Methanotroph |
: Methanotroph 1l
0 2 4 & 8 10

abundance [x 10°mi™]

Fig. 3. Average total cell numbers, (DAPE-stained, TCN), methanogens, type I and II methanotrophs found in different sediment

lavers, horizontal bars indicate | SE.

Fig. 2 shows the population of methanogenic and
methanotrophic communities along a longitudinal pro-
file of the Sitka stream. Cell numbers of methanogens
and type I methanotrophs differed among localities (p
= 0.001, n=30) while type II methanotrophs exhibited
less significant difference in the cell numbers among
localities (p=0.026, n = 30). Generally, both methano-
genic archaca and aerobic methanotrophs were found
in all samples and at all localities along the longitudi-
nal profile. The proportion of these groups to the TCN
was quite consistent and varied only slightly (Fig. 2a—
¢) along the longitudinal stream profile. The percent-
age of methanogens to total DAPI counts revealed a
maximum (22.9 %) at locality II; despite the fact that
this locality showed relatively low TCN as well as
number of methanogens. Methanotrophs showed simi-
lar trends, however they differ in percentage — type
I methanotrophs reached the maximum at locality III
(24.8 %) while IT type methanotrophs at locality 1I
(15.5 %) (Fig. 2b, ¢).

All three groups also formed a higher proportion
(although non-significant) of the TCN in the deeper
sediment layver. Methanogens comprized on average
up to 23 % of the total (p=0.167, n=30), while type
I methanotrophs comprized ~22% (p=068, n=30)
and type Il methanotrophs comprized 12 % (p=0.793,

n=30} of the total respectively (Table 3). However,
the abundance of methanogens and methanotrophs
remained almost unchanged with increasing sediment
depth, thus their increase in the proportion to the TCN
corresponded mostly to the total bacterial cell count
decreasing from 7.53£1.93x 10° cells mL™' wet sedi-
ment in the upper sediment layer to 4.6x 10° cells mL™
wet sediment in the deeper sediments (Fig. 3).

The average abundance of methanogens
(0.88+028 and 1.07+0.23x10° cells mL™" in the
upper and deeper layer, respectively) and type I
methanotrophs  (0.44+0.14x10° cells mL™ and
0.56:+£0.1x 10° cells mL™") increased slightly with the
sediment depth (Fig. 3), while type I methanotrophs
had lower average abundance in the decper layer
(0.98£0.23:x 10° cells mL™ ) compared to their abun-
dance 1.07£0.28: 10° cells mL™' in the upper sedi-
ment layer (Fig. 3). Increase in the abundance with in-
creasing sediment depth had been expected in the case
of methanogens; however, we have no explanation yet
for type 11 methanotrophs.

b) Methanogenic potential (MP) and
methanotrophic activity (MA)

Methanogenic potential was significantly higher in the
upper sediment layer compared to that from the deeper
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Fig. 4. Methanogenic potential (MP) and methanotrophic activ-
ity (MA) along longitudinal profile of the Sitka stream. Vertical
bars indicate SE.

sediment layer (p =0.001, n=30) {Table 4). Gener-
ally, average MP varied between 0.74-158.6 pM CH,
mL " WW hour™ with the highest values found at site
IV located the furthest downstream (Fig. 4a). In the
long term, this locality also exhibits both high inter-
stitial methane concentrations and emissions of meth-
ane to the atmosphere. Average MA varied between
0.02-31.3nM CH, mL™"' WW hour and the highest
values were found to be at the downstream localities
{(» =0, n=30) while sediment from sites located up-
stream showed much lower or even negative activity
(Fig. 4b). Similar to MP, values of MA were signifi-
cantly higher in sediments from upper layers com-
pared to those from deeper layers (p <0.001, n=30)
{Table 4).

Discussion

During this study we found relatively well developed
populations of methanogenic archaea at all localities
and that all localities also showed positive methano-
genic potential. Afier DAPI staining, the highest mi-
crobial density was obtained in the upper sediment
layer 0—25 cm and density decreased with depth. This
zone corresponded to that of highest metabolic activ-
ity, as indicated by the methanogenic potential, metha-
notrophic activity, INT and FDA profiles whereas the
methane profile increased in the deeper sediment. This
observation is in strong concordance with some previ-
ous studies which suggested that there may be a spatial
uncoupling of bacterial production and organic carbon
mineralisation in sediments, with growth occurring
predominantly in the near-surface aerobic layer whilst
the bulk of mineralisation takes places in deeper, an-
oxic sediment (Wellsbury et al. 1996).

Artificial electron acceptors such as tetrazolium
salts are commonly used as an indicator of electron
transport system (ETS) activity. Although it is well
established that tetrazolium salts (mostly $-cyano-2,3-
ditolyl tetrazolium chloride, CTC, triphenyl tetrazo-
lium chloride, TTC and INT} can be used to detect
specifically the metabolic activity of aerobic bacte-
ria, some results suggest that tetrazolium salts could
potentially be used to detect the metabolic activity of
bacteria under some anaerobic conditions (Fukui &
Takii 1989, Walsh et al. 1995, Smith & McFeters 1997,
Bhupathiraju et al. 1999) and a positive response to
the INT test has been found even in strictly anaerobic
bacteria in activated sludge (Maurines-Carboneill et
al. 1998). Hence, measurement of ETS activity in the
Sitka stream sediments should not be affected by the
prevalence of an anaerobic metabolism in the deeper
sediments {Hlavagova et al. 2005, 2006) and, moreo-
ver, ETS activity can be considered as a measure of the
total microbial respiratory potential in the sediments
(Simeid & Mori 2007). Though one would expect that
freezing and thawing of sediment samples may affect
cell numbers and ETS activity we never observed any
serious changes. Similarly, activities of extracellular
o-glucosidase, (-glucosidase and [i-xylosidase that
were repeteadly measured in frozen and thawed hypo-
rheic sediments and compared to those from the sam-
ples taken by handy shovel showed also no significant
difference (Rulik & Spacil 2004), Hence, number of
cells and microbial activities should not be affected by
freezing and thawing. On the other hand, results from
some experiments revealed that the tetrazolium salt
INT is toxic to some groundwater bacteria at concen-
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trations normally used for ETS assays, and may thus
alter the composition of the microbial community un-
der study. The results also suggest that some viable and
actively growing bacteria do not reduce tetrazolium
salts and tetrazolium salt assays are likely to dramati-
cally underestimate total ETS activity in groundwater
(Hatzinger et al. 2003). Fluorescein diacetate (FDA)
is hydrolysed by non-specific esterases and can be
considered as a useful indicator of cell activity {Bat-
tin 1997). In our study, we have used this method to
measure esterase activity of the sediment biofilm. The
distribution patiern of both ETS and esterase activ-
ity showed the highest values in the upper sediment
laver and also reflect to some extent the methanogenic
and methanotrophic activities mentioned above. This
observation is in accordance with the results of ETS
measurements by Vosjan (1982) in sediments of the
Wadden Sea and also with our previous study focusing
on enzyme activity (Rulik & Spacil 2004). Surface sed-
iments exhibited significantly higher enzyme activities
compared to deeper layers and we had suggested that
higher activity in surface sediments could be attributed
to the occurrence of biofilm internal DOC cycling me-
diated by epilithic algae. Under light conditions, au-
totrophic algae in the biofilm are a possible source of
labile compounds that may be used by biofilm bactenia
living in close proximity (Rulik & Spacil 2004).

The method we have used for characterisation of
ETS activity did not allow us to determine the number
of metabolically active cells. However, if the abun-
dance of metabolically active cells correlates with to-
tal cell numbers (Haglund et al. 2002}, then we can
suppose that sediment microbial community of the up-
per 0-25cm layer exhibits a larger proportion of ac-
tive cells compared to the deeper sediment layer (see
Fig. 3).

Methanogenic processes

Measurement of potential methane production could
be affected by a different methodological approach,
because there is no standardized approach. The MP
range is quite broad and may differ up to three orders
of magnitude (107 to 10" pmol m™ s7'); however, de-
pending on temperature or availability of electron ac-
ceptors for methanogens the values of MP may reach
up to 10° pmol m™ 57 (Segers 1998). Our data from
the Sitka stream showed much greater differences with
maximum value being 230 times higher compared to
the lowest one. Anaerobic incubation of sediment
from various depths (0-8cm) of chalk streams re-
vealed maximum MP in the depth of 6em (16.5 CH,

nmol g™ wet sed h™') with MP decrease with increas-
ing sediment depth (Sanders et al. 2007). This finding
corresponds to our own research that methane produc-
tion in the upper 0—25 cm sediment layer was higher
compared to the lower sediment depth.

Methane production was detected in all samples;
generally, upper sediment layer 0-25c¢cm showed
much higher potential methane production compared
to lower 25—50 em layer. We have no exact explana-
tion for these findings. In the case of locality IV, where
considerable methane production has been found in
the upper sediment, we suppose that predominance of
clay sediment in deeper layvers could be a reason ex-
plaining the failure of methanogenesis at this locality.
Another suggestion could be better substrate provision
in the upper sediment layer (Galand et al. 2002, Kob-
abe et al. 2004). These authors studied methanogens
and their activity in peat bogs or fens and found that
most of the degradation of organic matter occurs in the
surface layers. The low potential methane production
in the deeper layers of the peat can then be explained
by the lack of suitable substrate or the presence of
less favourable substrate for the methanogens at those
depths (Valentine et al. 1994). In their study, Chan et
al. (2005) observed that the vertical decrease of meth-
ane production rates correlated better with the similar
decrease of bacterial rather than archaeal numbers.
This assumption is based on the fact that very first
steps of organic matter degradation were found to be
rate-limiting for methane production and that the de-
crease in bacterial numbers reflects a similar decrease
in methane production (Chan et al. 2005). Indeed, our
results show that the total number of microbial cells
decreased with depth. However, decrease in total num-
bers of microorganisms is the rule for stratified lake
sediments {Zepp-Falz et al. 1999, Haglund et al. 2003,
Koizumi et al. 2003) as fresh substrates are only sup-
plied from above (Schulz & Conrad 1995}, Distribu-
tion of organic matter in running waters is dependent
on many factors such as stream velocity or river bed
topography (Rulik 1994). We have found no clear dif-
ference in the organic carbon content between differ-
ent sediment layers, thus the hypothesis of the better
substrate provision might be refused. However, much
higher microbial cell mumbers and both ETS and es-
terase activity in the upper sediment layer compared to
deeper layer (cf. Table 4) would indicate that the “hot
spot’ of microbial metabolic activity indeed occurs in
the surface sediment layer and can support methano-
genic populations living here.

The distmbution pattern of all methanogens did
not reflect the sediment methanogenesis activity as



Methanagens and methanotrophs distribution in the hyporheic sediments 97

it did in the study of Casper et al. (2003). Generally,
the number of methanogens increased slightly with
increasing depth; however methanogenic potential
in deeper sediments remained very low, as has been
showed earlier. One reason for such a difference could
be adding only acetate as a methanogenic substrate
for MP measurements. Our current results of stable
carbon isotopic analysis of interstitial methane indi-
cate that hydrogenotrophic methanogenesis predomi-
nates in the sediment zones where the most amount
of methane is produced (unpublished data). Very re-
cently, however, using the FISH method we found that
abundance of methanogens belonging to three selected
families reached their maximum in the sediment depth
of 20-30cm and had closely reflected vertical distri-
bution of acetate concentrations. Species of family
Methanomicrobiaceae grow only with hydrogen, for-
mate and aleohols (except methanol), Methanosarci-
naceae can grow with all methanogenic substrates ex-
cept formate, and members of Methanosetaceae grow
exclusively with acetate as energy source. All three
families also showed similar proportion to the DAPI
stained cells, ranging from 9.9% (Methanosarcie-
naceae) to 12.3 % (Methanobacteriaceae). Thus, these
results indicate that low methanogenic activity within
the deeper sediments are unlikely to be caused by the
presence of predominantly hydrogenotrophic metha-
nogens which did not grow in the MP assay when
amended by acetate.

Generally, the proportion of prokaryotic cells were
low in the samples. The factors limiting detection of
microbial cells by FISH might be the abundance of
ribosomes per cell, accessibility of the fRNA and cell
wall permeability (e.g. Cotrell & Kirchmann 2000,
Bouvier & del Giorgio 2003). In addition, methano-
gens scem more abundant than total archaea in hypo-
rheic sediments of the Sitka stream. One reason could
be a lack of specificity of the ARCH915 domain probe,
which has been shown to hybridize non-specifically
to some members of the Bacteria (see e.g. Battin el
al. 2001, Simon et al. 2000, Lehours et al. 2005), The
ohservation of the number of methanogens is simi-
lar to that made by Kotsyurbenko et al. (2004} in an
acidic West-Siberian peat bog who also found a slight
mcrease with depth. The proportion of methanogens
{15—28 % of total microbial cell numbers) in our study
is similar to those found by Casper et al. (2003) and
Kobabe et al. (2004), but rather higher than mentioned
by other authors (Zepp-Falz et al. 1999, Koizumi et al.
2003, Chan et al. 2003),

One might wonder how methanogenic archaea can
accur in the river surface sediments fully saturated

with dissolved oxyeen, One possibility could be the
existence of hyporheic microbial biofilm attached to
the sediment particles where separated layers allow
coexistence and growth of various microorganisms
(Koutny & Rulik 2007). Although we tried to explain
the discordance between the number of methanogens
and potential methanogenic production in the ver-
tical profile of the sediment, there is still a question
to be answered: why analysis of interstial water usu-
ally showed higher methane concentrations in deep-
er sediments compared to the upper sediment layers
{unpublished data). A possible explanation might be
that methane concentrations in the upper sediments
are continually lowered by oxidation and consump-
tion by aerobic methanotrophic bacteria. Neverthe-
less, we should be very careful when comparing sedi-
ment methanogenic activity, interstitial water methane
concentration and distribution of methanogenic Ar-
chaea in the hyporheic sediments. Firstly, river bed
sediments are already much more heterogeneous com-
pared to the lake sediments. We mwst take into account
that our data on number of bacterial/archaeal cells are
based on numbers obtained from sediment particles
smaller than | mm; therefore, distribution pattern of
microbial cells reflects to some extent the distribution
of those particles, which may vary from 2 up to more
than 60 % of the Sitka stream bulk sediment (unpub-
lished data). Secondly, vertical distribution of organic
matter, and particularly dissolved oxygen in the river
sediments, is quite different from those in lakes and
may change substantially step by step due to unpre-
dictable movement of the interstitial water. Finally,
we should also consider that we measured methano-
genesis on substrate amended with acetate as has been
mentioned above,

Although only a small basis of experimental meth-
ods for measurement of potential oxidation of methane
are reported, MA may vary in three orders of magni-
tude (Segers 1998). In Lake Miiggelsee, MA depend-
ing on the location varied from 0.68 to 10.10 mmol
m? day™' and correlated also with the measured MP
{Rolletschek 1997) while Sanders et al. (2007) found
values to be 0.145 ymol CH, g’ wet sediment h™ in
a chalk stream. Since oxidation of methane requires
both available methane and oxygen, methanotrophic
activity is expected to be high at sites where both
methane and dissolved oxygen are available. There-
fore, high values of the MA were usually found in the
upper layers of the sediments (Segers 1998) or at the
interface between oxic and anoxic zones. Relatively
high methanotrophic activity found in deeper sedi-
ments of the localities III-V (Fig. 4b) indicates that
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methane oxidation is not restricted only to the surface
sediments as is common in lakes but also takes place
at greater depths, It seems likely that an oxic zone
oceurs in a vertical profile of the sediments and that
methane diffusing from the deeper layer into the sedi-
mentary acrobic zone is being oxidized by methano-
trophs here, Increased methanotrophic activity at this
hyporheie oxic-anoxic interface is probably evident
also from higher abundance of type I1 methanotrophs
in the same depth layer (Fig. 3). A similar pathway of
methane cycling has been observed by Kuivila et al.
{1988) in well oxygenated sediments of Lake Wash-
ington. Nevertheless, all the above mentioned findings
support our previous measurements that coexistence
of various metabolic processes in hyporheic sediments
is common due to vertical and horizontal mixing of the
interstitial water and occurrence of microbial biofilin
(Hlavacova et al. 2005, 2006),

Rather surprisingly we found a relatively high
number of methanotroph cells compared to the toal
number of cells determined by DAPI counting. In
our sediments methanotrophs accounted for 10.6 to
25.7 % of the total cell numbers while papers focused
on peat bog or rice soils mention much lower values
(0.8 % — 4.9 %) (Dedysh et al. 2003a, b, Eller & Fren-
zel 2001). An exception is Kallistova et al. (2007} who
found that methanotrophs accounted for about 50 %
of the total bacterial population. The number of acro-
bic methanotrophic bacteria in the sediments of three
coastal thermal springs of Lake Baikal varied between
107 =10* cells mL™, with the highest number of metha-
notrophs (10° cells mL™") found in the Sukhaya spring.
These values for methanotrophs were much higher
than their numbers in the deepwater sediments of Lake
Baikal: 10°=1{ cells mL™" (Zelenkina et al. 2009). To-
tal methanotrophs in Lake Washington were estimated
o be 3.6x 10°—7 4% 10° cells g dry weight sediment
{Costello et al. 2002). The total number of type I
methanotrophs g dry weight sediment was found to
be 3.4x 10°~6.7x 10°, while the total number of type
11 methanotrophs was found to be 2.3x 107-6.8x 10"
cells g dry weight sediment (Costello et al. 2002).

In soils type 11 methanotrophs are found more fre-
quently than type 1 methanotrophs. Type IT methano-
trophs were dominant in boreal peatland soil, type I
methanotrophs were also found to be the dominant
methanotrophs in peat bogs, whereas type I methano-
trophs seem to prevail in aquatic environments, such
as lake water and lake sediments (Henckel et al. 1999).
Our data correspond to this premise. Type | methano-
trophs were found in higher density and percentage to
DAPI stained cells compated to type I methanotrophs.

Similar results were also published by Costello et al.
(2002) in Lake Washington sediments and Rahalkar
et al. (2009) in Lake Constance sediments. Moreover,
methanotrophs of type 1 also dominated over type Il in
the studies by Kallistova et al. (2007), Urmann et al.
(2009) and Wang et al. (2008),

Several hypotheses have been raised for the eco-
logical differences between Type I and Type II metha-
notrophs. For example, it has been hypothesized that
Type I methanotrophs prefer relatively low CH; and
high O, concentrations, while Type II methanotrophs
prefer relatively high CH, and low O, concentrations
{Amaral & Knowles 1995). A test of this hypothe-
sis using Ttalian rice field soil showed that Type I in
contrast to Type II methanotrophs indeed prefer rel-
atively low CH, concentrations, but show no prefer-
ence for high versus low O, concentrations (Henckel
et al. 2000, Conrad 2007). In the Sitka stream, type
1 and type I methanotrophs were found at all locali-
ties in nearly the same abundance, thus, it is not clear
whether any preference for methane concentration or
dissolved oxygen exists between both types of metha-
notrophs. However, higher abundance of the type II
methanotrophs {compared to those from upper layer
found in the deeper sediment layer 25—50 ¢m in depth
where also high methanotrophic activity has been de-
tected) may suggest that suitable conditions for type
11 methanotrophs would occur here. However, since
methanotrophs are able to survive periods of CH, or
0, deficiency (Roslev & King 1994, Schnell & King
1995), this suggestion is only speculation.

Conclusions

To our knowledge this study is the first analysis of the
composition of active methanogenic/methanotrophic
communities in river hyporheic sediments. By use of
FISH we have shown that both methanogenic archaea
and aerobic methanotrophs occur commeonly within
river sediments, however their distribution only partly
reflects potential methane production and consump-
tion rates measured simultaneously. Rather surprising
is the detection of type I and II methanotrophs in the
deep sediment layer 25—-50 ¢m, indicating that suita-
ble conditions for methane oxidation occur here, Since
we have only used oligonucleotide probes to specifi-
cally detect all methanogens and type I and Il metha-
notrophs, we cannot show whether a function-strue-
ture relationship exists along longitudinal and vertical
profile of the Sitka stream sediments. Thus, our future
investigations will focus more on FISH population
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analysis with family and genus specific probes and
phylogenetic analyses conducted by DGGE and se-
quencing.

Acknowledgements

This work was supported by the Crech Grant Agency grant
526/09/1639 and partly by the Ministry of Education, Youth
and Sports prants 1708/G4/2009 and 2135/G4/2009. We would
like to thank Mark Sixsmith for his helpful improving of the
manseript and two anonymous reviewers for their valuable
conuments regarding an earlier version of the paper.

References

Althoff, F., Jugold, A. & Keppler, F, 2010: Methane formation
by oxidation of ascorbic acid using iron minerals and hydro-
pen peroxide. — Chemosphere 80: 286292,

Amalfitano, 8. & Fagi, 5., 2008: Recovery and quantification of
bacterial cells associated with sireambed sediments. — J. Mi-
crobiol. Meth. 75: 237-243.

Amann, B. 1. Binder, B. J., Olson. R, 1., Chisholm, 5. W,
Deverenx, B & Stahl, I A, 1990 Combination of 165
RN A-targeted oligonucleotide probes with flow cytometry
for analyzing mixed microbial populations. — Appl. Environ,
Microb. 56; 1919-1925,

Amaral, 1. AL & Knowles, B, 1993: Growth of methanotrophs
in methane and oxveen counter gradients. — FEMS Micro-
biol. Lett. 126: 215-220.

Baker, M. A, Dalm, C. N. & Vallet, H. M., 1999: Acetate re-
tention and metabolism in the hvporheic zone of 2 mountain
stream. — Limnol. Oceanogr. 44: 15301539

Battin, T. 1., 1997: Assessment of fluorescent diacetate hydroly-
siz as a measure of total esterase activity in natural stream
sediment biofilms. — Sci. Total, Environ, 198: 51-60.

Battin, T. 1, Wille, A, Sattler, B. & Psenner, B, 2001: Biofilms
along Environmental Gradients in a Glacial Stream. — Appl,
Environ. Microbicl, 67; 799-807

Bhupathiraju, V. K| Hemandez, M., Londfear, D. & Alvarez-
Cohen, L., 1999: Application of tetrazolium dye as an indica-
tor of viability in anaerobic bacteria. — J. Microbiol. Meth.
37 231-243.

Bouvier, T. & del Giorgio, P A, 2003: Factors influencing the
detection of bacterial cells using fluorescence in situ hybridi-
zation (FISH): A quantitative review of published reports. -
FEMS Microbiol. Ecol. 44: 3-15

Bretschko, G., 1981; Vertical distribution of zoobenthos in an
alpine brook of the RITRODAT-LUNZ study area. — Verl,
Intemnat. Verein. Limnol. 21: 873-876,

Bretschko, G, & Klemens, W. E., 1986: Quantitative methods
and aspects in the study of the interstitial fauna of mming
waters. — Stygologia 2: 297-316.

Carind, 5., LeCleir, G. & Jove, 5. B, 2005 Aerobic methane
oxidation and methanotroph community composition during
seasonal stratification in Mono Lake, California (IFSA). -
Environ. Microbiol. 7: 1127-1138,

Casper, B, Chan, 0. C., Furtado, A. L. 5. & Adams, D. I,
2003: Methane in an acidic bog lake: The influence of peat in
the catchment on the biogeochemistry of methane, — Aquat,
Sci. 65: 3n—46,

Chaban, B., Ng, 5. Y. M. & Jarrell, K. F., 2006: Archacal habi-
tats — from the exireme (o the ordinary. — Can. L. Microtaol.
52: 75-116.

Chan, 0. C., Klaus, P, Casper, P, Ulrich, A., Lueders, T. &
Conrad, B, 2005: Vertical distribution of methanogenic ar-
chaeal community in Lake Dagow sediment. — Environ Mi-
crobiol 7: 1139-114%,

Cicerone, R I & Oremland. R. 8., 1988: Biogeochemical as-
pects of atimospheric methane — Global Biogeochem Cy L
G61-86.

Conrad, K., 1994 Contribution of hydrogen to methane produe-
tion and contrel of hydrogen concentrations in methanogenic
soils and sediments. — FEMS Microbiol. Ecol. 28: 193202,

Conrad, B, 2007 Microbial ecology of methanogens and
methanotrophs, — Adv, Agron. 96: 1-63.

Costelo, A. M., Auman, A, J., Macalady, I. L., Scow, K. M. &
Lidsirom, M. E.,, 2002: Estimation of methanotroph abun-
dance in a freshwater lake sediment. — Environ Microbiol 4:
443450

Costello, &, M., & Lidstrom, M. E., 1999: Molecular Character-
ization of Functional and Phylogenetic Genes from Natural
Populations of Methanotrophs in Lake Sediments. - Appl.
Environ. Microbiol, 65: 30663074,

Cotirell, M. T, & Kirchman, D. L., 2000: Commumty Comprosi-
tien of Marine Bacterioplankton Determined by 1635 rRNA
Gene Clone Libraries and Fiuerescence In Sitn Hybridiza-
tion. = Appl. Environ. Microbiol. 66: 51165122

Dedysh, 5. N, Derakshani, M. & Liesack, W, 2003: Detection
and emimeration of methanotrophs in acidic Sphagnum peat
by 165 tRNA fluorescence in situ hybridization, including
the use of newly developed oligomucleotide probes for Me-
tivdlacella palistris, — Appl. Environ. Microb. %: 48504837,

Dedysh, 5. N, Dunfield, % F. Derakshani, M., Stubner, 3,
Hezer, J. & Liesack, W, 2003: Differential detection of type
1T methanotrophic bacteria in acidic peatlands using newly
developed 168 RNA-targeted fluorescent oligonucleotide
probes. — FEMS Microbiol. Ecol. 43: 299308,

Eller, G. & Frenzel, P, 2001: Changes in activity and conmu-
nily structure of methane-oxidizing bacteria over the growth
period of rice. — Appl. Environ. Microb. 67: 2395-2403.

Fazi, 5., Amalfitano, 5., Pernthaler, J. & Puddu, A, 2005 Bac-
terial communities associated with benthic organic matler in
headwater stream: microhabitats. — Environ. Microbiol. 7:
1633-1640.

Fischer, H., Kloep, F., Wilezek, 8. & Pusch, M. T, 2005 A
rivers liver — microbial processes within the hyporheic zone
of 4 large lowland river. — Biogeochemistry 76: 349-371.

Forster, P, Ramaswamy, V., Artaxo, P, Bernisen, T., Betts, R.,
Fahey, D. W, Haywood, I, Lean, K., Lowe, . C., Myhre,
(G., Nganga, I, Prinn, B, Raga, G, Schulz, M. & Van Dor-
land, R, 2007 Changes in aimospheric constituents and in
radiative forcing, — In; Solomon, 5., Qin, D, Manning, M.,
Chen, Z., Marquis, M., Averyt, K. B., Tignor, M. & Miller, H.
L. (eds): Climate Change 2007: The Physical Science Basis.
Confribution of Werking Group I to the Fourth Assessment
Report of the Infergovernmental Panel in Climate Change. -
Cambridge University Press, Cantbridge, United Kingdom!
Mew York, NY, UsSA.

Fukui, M. & Takii, 5., 1989: Reduction of tetrazolinm salts
by sullate-reducing bacteria, — FEMS Microbiol. Ecol, 62:
13-20.

Galand, P. E_, Saamio, 5., Fritze, H. & Yrjili, K., 2002: Depth
related diversity of methanogen Archaea in Finnish oligo-
trophic fen. — FEMS Microbiol. Ecol. 42; 441449



100 va Buriankova et al.

Ganzert, L, Jirgens, G, Minster, U. & Wagner, D, 2006
Methanogenic communities in permafrost-affected soils
of the Laplev Sea coast, Siberian Arctic, characterized by
165 rRMNA gene fingerprints. — FEMS Microbiol. Ecol, 59
476488,

Gareia, J-L., Patel, B. K. C. & Ollivier, B., 2000: Taxonomic,
phylogenetic, and ecological diversity of methanogenic Ar-
chaea. — Anaerobe 6: 205-226.

GroBkopt, ., Janssen, P. H. & Liesack, W., |998: Diversity
and structure of the methanogenic comnmnity in anoxic rice
paddy soil microcosms as examined by cultivation and direct
16 5 tRNA gene sequence retrieval. — Appl. Enviren. Microb.
64 DE0-969.

GroBlkopt, B, Stubner, 8. & Liesack, W, 1995: Novel euryar-
chagotal lineages detected on rice roots and in the anoxic soil
of flooded rice microcosms. — Appl. Environ. Microb. 64:
4983 -4989,

Haglund, A. L., Laniz, P, Témblom, E. & Tranvik, L., 2003:
Diepth distribulion and bacterial activity in lake sediment. —
FEMS Microbiol. Ecol, 46: 31-38.

Haglund, A. L., Témblom, E., Bosirtm, B, & Tranvik, L., 2002:
Large differences in the fraction of active bacteria in plank-
tom, sediments, and biofilm. = Microb. Ecol. 43: 232-241,

Hanson, B, 8., 1998: Ecology of Methanotrophic Bacteria. - In:
Burlage, R. 5., Aflas, B, Stahl, [, Geesey, G. & Sayler 5.
{eds): Techniques in Microbial Ecology. — Oxford University
Press Mew York, pp. 137-162

Hansem, B 8. & Hanson, T, E., 1996: Methanotrophic bacteria,
— Microbiol. Rev. 60: 439471

Hatzinger, P. B., Palmer, P, Smith, B. L., Pefarmieta, C. T. &
Yoahinari, T, 2003 Applicability of tetrazolin salts for the
mensurement of respiratory activity and viability of ground-
water hacteria. — J. Microbiol. Meih. 52: 47-38

Henckel, T., Friedrich, M. & Conrad, B, 1999: Molecular anal-
vses of the methane-oxidizing microbial community in rice
field zoil by targeting the genes of the 16 5 1RNA, particulate
methane mono-oxygenase, and methanol dehydrogenase. —
Appl. Environ, Microb. 65: 19801990,

Henckel, T., Roslev, P & Conrad, R., 2000; Effects of O, and
CH, on presence and activity of the indigenous methano-
trophic community in rice field soil. — Environ. Microbial.
2: GEG-GTY.

Hendricks, 8. B, 1993; Microbial ecology of the hyporheic
Fone: @ perspective integrating hydrology and biclogy. -
I M. Am. Benthal. Soc, 12,1 70-78

Hiavacovd, E., Rulik, M. & Cap, L., 2005: Anacrobic microbial
metabolism in hyporheie sediment of a gravel bar in a small
lowland stream. = River Res. Appl. 21: 10031011,

Hlavacovd, E., Ruolik, M., Cap, L. & Mach, V., 2006; Green-
house gases (CO,, CH,, N,0) emissions fo the atmosphere
from a small lowland stream. — Arch. Hydrobiel, 163
330-353.

Holmes, B. M., Fisher, 8. G. & Grimun, N, B., 1994; Parafluvial
nitrogen dynamics m a desert stream ecosystem. — 1. N. Am.
Benthol. Soc. 13: 468478,

Houghton, J. T., Ding, Y., Griggs, D. 1, Noguer, Yan der Lin-
den, P J. & Xiaosu, D, {eds.), 2001: Climate Change 2001
The Scientific Basis. Contribution of Working Group 1 to the
Third Assessment Feport of the Infergovernmental Panel on
Climate Change (IPCC). — Cambridge University Press, UK,
pp. 944,

Jeanthon, C., L'Haridon, 5., Reysenbach, A, L., Come, E., Ver-
net, M., Messner, Boet al, 1999 Methanococcus vileanius

sp. nov., a novel hyperthermophilic methanogen isolated
from East Pacific Rise, and identification of Methanococeus
sp. D, 4213 Merhanococcus fervens sp. nov, — Int. I Syst,
Evol. Microbiol. 49: 583589,

Jones, . B. & Holmes, B, M., 1996; Surface-subsurface inter-
actions in stream ecosystems. — TREE 11,6: 239-242.

Jupraputtasri, W., Boonapatcharoen, N, Cheevadbanarak, 5.,
Chaiprasert, P, Tanticharoen, M. & Techkamjanaruk, 5.,
2005; Use of an alternative Archaga-specific probe for meth-
anogen detection. — J. Microbiol. Meth. 61: 95— 104,

Jitrgens, G., Glackner, F-0O., Amann, R., Saano, A., Montonen,
L., Likolarmnd, M. & Minster, U, 2000; Identification of
novel Archaen in bacterioplankion of a boreal forest lake by
phylogenetic analysis and fluorescent in situ hybridization, —
FEMS Microbiol. Ecol. 34: 4556,

Kallistova, A. Y., Kevbrina, M. V., Nekrasova, V. K., Shoyrev,
N. A, Finola, T-K. M, Kulomaa, M. S, Rintala, . A. &
Wazhevnikova, A. W, 2007: Enumeration of methanotrophic
bacteria in the cover soil of an aged municipal landfll. — Mi-
crob. Ecol. §4: 637-645,

Kalyuzhnaya, M. G, Zabinsky, R., Bowerman, 5., Baker, D. B,
Lidstrom, M. E, & Chistoserdova, L., 2006: Fluorescence in
sity hybridization-flow evtometry-cell sorling-based method
for separation and enrichment of type T and type 11 methano-
troph populations. — Appl. Environ. Microb. 72: 4293—4301,

Karl, D. M., Beversdoerf, L., Bjorkman, K. M., Church, M. I,
Martinez, A. & DeLong, E. F, 2008: Aerobic production of
methane in the sea. — Nanre Geoscience 1: 473478,

Kenner, B A, & Ahmed, 5, 1, 1975: Measurements of electron
transport activities in marine phytoplankton. — Mar. Biol, 33:
119-127,

Keough, B, B, Schmide, T. M. & Hicks, R. E., 2003: Archaeal
migleic acids i n picoplankion from great lakes on three con-
tinents, — Microb, Ecol. 46: 238248,

Kobabe, 5., Wagner, . & Pfeifer, E. M., 2004: Characterisa-
tion of microbial comumunity composition of a Siberian fun-
dra soil by fluorescence in sitn hybridization. = FEMS Micro-
ol Ecol, 50: 13-23.

Koz, Y., Takii, 5., Nishino, M. & Nakajima, T, 2003: Ver-
tical distribution of sulfate-reducing bacteria and methane-
producing archasa quantified by oligonucleotide probe hy-
bridization in the profundal sediment of a mesotrophic lake.
— FEM& Microbiol. Ecol. 44: 101-108.

Koutny, I & Rulik, M., 2007: Hyporheic biofilm particulate or-
ganic carbon (BPOC) in a small lowland stream Sitka (Czech
Republic): structure and distribution. — Int. Rev. Hydrobiol.
92 402412

Kotsvurbenko, 0. ., Kuk-Jeong Chin, K. I, Glagolev, M. V.,
Stubner, 5., Simankova, M. V., Nozhevnikova, A. M. & Con-
rad, B, 2004: Acetoclastic and hydrogenoirophic methane
production and methanogenic populations in an acidic West-
Siberian peat bog, — Environ. Microbiol. 6:1159-1173.

Kuivila, K. M., Murray, J. W, Devol, A. H., Lidstrom, M. E. &
Reimers, C. E.. 1988: Methane cycling in the sediments of
Lake Washington. — Limnol. Oceanogr. 33: 371-381.

Lehours, A -C., Bardot, C., Thenot, A., Debroas, I, Foaty, G.,
2005: Anaerobic Microbial Comumunities in Lake Pavin, a
Unigue Meromictic Lake in France. — Appl. Environ. Micro-
biol. T1: Y389—7400

Leichtfiied, M., 1988 Bacterial substrates i gravel beds of a
second order alpine stream {Project Ritrodat-Lunz, Austria).
—Verh, Internat. Verein. Limnol. 23: 1335-1332,



Methanogens and methanotrophs distribution in the hyporheic sediments 101

Le Mer, 1. & Roger, P, 2001: Production, oxidation, emission
and consumption of methane by soils. A review. = Eur. I. Soil
Biol. 37; 25-50

Litley, M. [3,, de Angelis, M. A & Olson, 1. E., 1996; Methane
concentrations and cstimated fiuxes from Pacific Northwest
rvers. — Mitt, Internat, Verein, Limnol. 25 187-196.

Lin, €., Raskin, L. & Stahl, D. A, 1997: Microbial commu-
nity structure in gasirointestinal fracts of domestic animals:
comparative analyzes using rRNA-fargeted oligonueleotide
probes. = FEMS Microbiol. Ecol. 22; 281-294.

Mathrani, I. M., Boone, I, B, Mah, B A Fox, G E. & Lau, P
B, 1988 Methanohalophilus zhilinge, sp. nov., an alkaliphi-
lic, halophilic, methylotrophic methanogen. — Int. J. Syst.
Bacteriol. 38: 139-142.

Maurines-Carboneill, C., Pemelle, L-I., Merin, L., Sachon, G.
& Leblon, G.. 1998: Belevance of the INT test response as an
indicator of ETS activity in monitoring heterotrophic acrobic
bacterial populations in activated sludges. — Wat, Res. 32:
12131221,

McDonald, I B, Bodrosy, L., Chen, Y. & Murrell, J. C., 2008
Molecular Foology Techmigues for the Smdy of Aercbic
Ilethanotrophs. — Appl. Enviren. Microbicol. 74: 13051315,

Meyer, 1. L., Likens, G. E. & Sloane, I, 1981: Phosphorus,
nitrogen, and organic carbon flux in a headwater stream. -
Arch. Hydrobiol. 91: 28-44,

Morrice, 1. A, Dahm, C. M., Valett. H. M., Unnikrishna, P. &
Campana, M. E, 2000: Terminal electron accepling pro-
cesses in the alluvial sediments of a headwater stremmn. —
J. M. Am. Bethol. Soc. 19: 593608,

Murrell, I. C., McDonald, L B, & Boumne, D). G, 1995: Molecu-
lar methods for the study of methanotroph ecology. — FEMS
Microbiol. Ecol. 27: 103114,

Ntougias, S, Ehaliotis, C., Papadopoulon, K. K. & Zervakis,
., 2006: Application of respiration and FDA hydrolysis
measurements for estimating microbial activity during com-
posting processes. — Biol, Feril. Soils 42: 330-337.

Pemthaler, J., Glockner, F. O, Schénhuber, W. & Amann, .,
2001 Fluorescence in situ hybridization (FISH) with tRNA-
targeted oliponueleotide probes. — Method Micrebiol. 30:
207-225.

Priemé, A., Sitaula, 1. I B, Klemedisson, A. K. & Bakken, L.
R.. 1996: Extraction of methane-oxidizing bacteria from soil
particles, — FEMS Microbiol. Ecol. 21: 5068,

Rahalkar, M., Deutzmann, T, Schink, B. £ Bussmann, 1., 2009:
Abundance and activity of methanotrophic bacteria in litto-
ral and profundal sediments of lake Constance {(Germany).
— Appl. Environ. Microbiol. 75: 119-126,

Raskin, L, Stromley, J. M., Rittman, B. E. & Stahl, DA, 1994:
Group-specific 165 tBNA hybridization probes to describe
natural communities of methancgens, — Appl. Environ. Mi-
crobiol, 60 12321240,

Rigby, M., Prinn, &. G, Fraser, B. I, Simmonds, P. G., Lan-
genfelds, R. L., Huang, I, Cunneld, D). M., Steele, L. P,
Krummel, P B., Weiss, R, F,, O¥Doherty, 5., Salameh, P K.,
Wang, H. J., Harth, C. M., Mihle, J. & Porter, L. W, 2008
Renewed growth of atmospheric methane. — Geophys, Res.
Lett. 35: L22803

Rolletschek, H., 1997; Temporal and spatial variations in meth-
ane cycling in Lake Miggelsee, — Arch, Hydrobiol. 140:
195206,

Roslev, P & King, G. M, 19%4: Survival and recovery of
methanotrophic bacteria starved wnder oxic and anoxic con-
ditions. = Appl. Environ. Microbiol, 60: 26022608

Rulik, M., 1994: Vertical distribution of coarse particulate or-
ganic matter in river bed sediments (Morava River, Czech
Republic). = Regul. Riv.: Res, Manage. 9 65-69.

Rulik, M., Cap, L. & Hlavaéova, E., 2000: Methane in the
hyporheis zone of a snall lowland stream (Sitka, Czech Re-
puldic). — Limnologica 30: 359-366.

Rulik, M. & Spatil, R., 2004: Extracellular enzyme activity
within hyporheic sediments of a small lowland stream. — Soil
Biol. & Biochem. 36: 16531662,

Sanders, 1. AL, Heppell, C. M., Cotton, 1. A., Wharton, G., Hil-
drew, A. G, Flowers, E. J. & Trimmer, M., 2007: Emissicns
of methane from chalk streams has potential implications for
agricultural practices. — Freshwat, Biol 52: 1176-1186.

Santos Furtado, A, L. & Casper, B, 2000: Different methods
for extractg bactetia from freshwater sediment and simple
method to measure bacterial production in sediment samples.
— I Microbiol. Meth. 41: 249-257.

Sanz, J. L., Rodriguer, N, Diaz, E. E. & Amils, R., 2011: Meth-
anogencsis in the sediments of Rio Tinto, an extreme acidic
river. — Environ. Microbiol. 13; 2336-2341.

Schimel, 1., 2004: Playing scales in the methane cycle: From
mictobial ecology to the globe. — PNAS 101: 12400-12401.

Schindler, I E. & Krabhenhodt, D, P, 1998: The hyporheic zone
as a source of dissolved organic carbon and carbon gases to a
temperate forested stream. — Biogeochemistry 43: 157-174.

Schnell, §. & King, G. M., 1995: Stability of methane oxida-
tion capacity to variations in methane and nutrient comcentra-
tons. — FEMS Microbiol, Ecol, 17 285-294.

Schénbauer, B. & Lewandowski, G., 1999 SEDI — a database
oriented analysis and evaluation tool for processing sediment
parameters. = I Biol. 5tn. Lunz 16: 13-27,

Schulz, 5. & Conrad, R., 1995: Effect of algal deposition on ac-
etate and methane concentrations in the profundal sediment
of a deep lake (Lake Constance). — FEMS Microbiol. Ecol.
16: 251=259.

Segers, R, 1998; Methane production and methane consump-
tiom: a review of processes underlying wetland methane fAux-
es. — Biogeochemistry 41: 23-51.

Simgic, T., 2005; Respiratory electron transport system (ETS)
achvity and respiration rate in cold-stencthermal and eu-
rythermal chironomid larvae from high-mountain lakes. —
Arch. Hydrobiol, 162: 399—415.

Siméie, T. & Mord, M., 2007: Intensity of mineralization in the
liyporheie zone of the pre-alpine river Bada (West Slovenia).
— Hydrobiclogia 586: 221-234.

Simon, H. M., Jeremy, A, Dodsworth, J. A, & Goodman, R.
M., 2000: Crenarchaeota colonize terrestrial plant roots. —
Environ. Microbiol. 2: 495505

Smith, . J. & McFeters, G. AL, 1997 Mechanisms of INT
{2-(4-iodopheny])-3-(4nitrophenyl)-5-phenyl  tetrazolium
chloride) and CTC (5-cyno-2,3-ditoly] tetrazolivm chloride)
reduction in Escherichia cali E-12. - 1. Microbiol. hMeth. 2%
161-175,

Storey, R. G., Fulthorpe, R. R, & Williams, I. D, 1999: Per-
spectives and predictions on the microbial ecology of the
hyporheic zone. — Freshwat. Biol. 41: 119-130

Stroms, MWL & Jetten, M. S. M., 2004: Anaerobic oxidation
of methane and ammoniom. — Anou. Rev. Microbiol, 58;
9o-117.

Taoth, L. G., 1993: Measurement of the terminal electron trans-
port system (ETS) activity of the plankton and sediment
— International Training Course. — Balaton Limnelogical
Eesearch Institute of the Hungarian Academy of Sciences,

Hungary.



102 Iva Buridnkova et al.

Trotsenko, ¥, A. & Khmelenina, V. N_, 2005: Aerobic metha-
notrophic bacteria of cold ecosystems. = FEMS Microbiol.
Ecol. 53: 15-20.

Truleyova, 5., Bulik, M. & Popelka, 1., 2003: Stream and in-
terstitial water DOC of a gravel bar (Sitka stream, Czech
Republic): characteristics, dynamics and presumable origin.
— Arch. Hydrobiol, 158; 407420,

Urmann, K., Lazzaro, A, Gandolfi, ., Schroth, M., H. & Zever,
T, 2009: Respomse of methanotrophic activity and comimu-
nity structure to temperature changes in a diffusive CH,/0,
counter-gradient in an wnsaturated porous medivm, — FEMS
Microbicl. Ecol. 69: 202-212,

Valentine, 1. W, Holland, E. A. & Sclumel, D. 5., 1994: Eco-
system and physiological controls over methane production
in northern wetlands. = T Geophys. Res. 990 15631571,

Vosjan, 1. H., 1982: Respiratory electron fransport systein activ-
ities in marine enviromnents. — Hyvdrobiol, Bull. 16: 61-68.

Walsh, %., Lappin-Scott, H. M., Stockdale, H. & Herbert, B.
WL, 1995: An assessment of the metabolic activity of starved
and vegetative bacteria using two redox dyes. I, Microbiol.
Meth. 24: 1-9.

Wang, Y., Inamori, R, Kong, H, Kaigin, Xu. K., Yuhei In-
amori, Y., Takashi Kondo, T. & Zhang, 1., 2008; Influence
of plant species and wastewater strength on constructed wet-
land methane emissions and associated microbial popula-
tions, — Eeological engineering 32; 22-29.

Submitted; 2 December 2011; accepted: 9 Augunst 2012,

Weiss, B, F, 1974: Carbon dioxade in water and seawater: the
solubility of a non-ideal gas. — Mar. Chem. 2: 203-2135.

Weiss, B F. & Frice, B. A, 1980: Niwous oxide solubility in
water and seawaler, — Mar. Chem. 8: 347,

Wellsbury, P, Herhest, B, A, & Parkes, R. 1, 199 Bactenal
activity and production in near-surface estarine and frash-
water sediments. — FEMS Microbiol. Ecol. 19 203-214

Wiesenburg, D. AL & Guinasse, N. L., 19749 Equilibrium solu-
bilities of methane, carbon monoxide, and hydrogen in water
and sea water, — I, Chem. Eng. Data 24: 3563610,

Wilcock, R. T. & Sorrell, B. K., 2008: Emissions of greenhouse
gases CH, and N.O from low-gradient streams i agricul-
turally developed catchments. — Water Air Soil Poll. 188:
155-170.

Zaiss, U, Winter, P & Kaltwasser, 1., 1982; Microbial meth-
ane oxidation in the river Saar. — Z. Allgem. Microbiol. 22:
139-148.

Zelenkina, T. 8., Eshinimayev, B. T., Dagurova, (3. P, Suzina,
N. E., Namsarayev, B. B. & Trotsenko, Y. A 2009: Acrobic
methanotrophs from the coastal thenmal springs of Lake Bai-
kal. = Microbiology T8: 4924497,

Zepp-Falz, K., Holliger, C., Grosskopf, R., Liesack, W., Noz-
hevnikova, A. N, Miller, B., Weluli, B. & Hahn, D, 1993
WVertical distribution of methanogens in the anoxic sediment
of Rotsee (Switzerland). - Appl. Environ. Microbiol. 65:
24022408,



[II. Running waters as important source of methane emissions
to atmosphere: preliminary results from the Sitka stream, Czech
Republic

Martin Rulik, Vaclav Mach, Jana Cupalova, Lenka Brablcova, Iva Buriankova
Lubomir Cap

(J Environ Sci Eng 10: 43-52)



J. Environ. Sci. Eng. (2008), 10, 43-52

Running waters as important source of methane emissions to
atmosphere: preliminary results from the Sitka stream, Czech
Republic

Martin Rulikl’z*, Vaclav Machl, Jana Cupalovél, Lenka Brablcovél,
Iva Buriankova', Lubomir Cép’

!Department of Ecology and Environmental Sciences, Faculty of Science, Palacky University, Slechtitelii 11, CZ-
783 71 Olomouc, Czech Republic

? Department of Environmental Science, Hankuk University of Foreign Studies (HUFS), Mohyeon-myeon,
Cheoin-gu, Yongin-si, Gyeonggi-do, 449-791, Korea

9 Department of Analytical Chemistry, Faculty of Science, Palacky University TF.
Svobody 8, CZ-771 46 Olomouc, Czech Republic

In order to find whether streams might be the important producers of greenhouse gases into
the atmosphere, we focused to determine total emissions of CH, from a surface water of the
small lowland stream in Czech Republic to the atmosphere. We found that vast majority of
annual emissions (90 %) was produced in lower, 7 km long stretch of the stream (localities
IV-V), which represent only 1/5 of the total calculated area of the stream. Emissions of the
methane to the atmosphere are greatest during the spring and summer period when the water
temperature is elevated. Totally, more than half tonne of methane was annually emitted to
the atmosphere from the stream water level (~ 0.2 km?®). Our findings have also revealed
occurrence of methanogen archaea in insterstitial water along longitudinal stream profile and
that percentual proportion of methanogens to DAPI stained bacterial cells did not correspond
always to the methane concentration in the interstitial water. Based on our results from a
Sitka stream we suppose that due to their numbers and potential area for emitting, the
contribution of streams and rivers to the contribution to total methane annual emissions
would not be negligible.

Introduction

The hyporheic zone plays a very important role in the processes of self-
purification because the river bed sediments are metabolically active and are
responsible for retention, storage and mineralization of organic matter transported by
the surface water. Hyporheic sediments are characterized by longitudinal/depth
physical and chemical gradients, which enable a broad spectrum of metabolic
pathways to occur within small spatial scales and imply important biological
consequences for the fate of the transported matter. The seemingly well-oxygenated
hyporheic zone contains anoxic and hypoxic pockets associated with irregularities in
sediment surfaces, small pore spaces or local deposits of organic matter, creating a
‘mosaic’ structure of various environments, where different microbial populations
can live and different microbially mediated processes can occur simultaneously
(Baker ez al. 1999). The extent of aerobic and anaerobic metabolism in streams is of
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significance not only for the decomposition dynamics, the chemical form and
quantity of many nutrients and trace metals, but also for the increase in atmospheric
greenhouse gas concentrations and global warming (Houghton e al. 2001; Schimel
2004). Since a relatively high production of methane has been measured in river
sediments (e.g. Schindler er Krabbenhoft 1998; Hlavacova ef al. 2005; Sanders ef al.
2007; Wilcock et Sorrell 2008), we proposed that river sediments may act as a
inconsiderable source of greenhouse gases (Hlavacova ef al. 2006). Methane is the
second-most abundant gas containing carbon in the atmosphere and has a greenhouse
effect some 20 times greater than that of CO,, resulting in a significant contribution
to the radiative forcing of the atmosphere and global clime changes (Houghton e al.
2001). Atmospheric concentration of CHy is estimated to be increasing at a rate of ca.
1% per year (Lloyd et Jenkinson 1995). Freshwater sediments, including wetlands,
rice paddies and lakes, are thought to contribute 40 to 50 % of the annual
atmospheric methane flux (Cicerone et Oremland 1988). However, in spite anaerobic
metabolism has been described in many lake, estuary and wetland sediments, there is
still a paucity of information in river ecosystems.

Organic matter decomposition in sediments is an important process in global and
local carbon budgets as it ultimately recycles complex organic compounds from
terrestrial and aquatic environments to carbon dioxide and methane. Methane is a
major component in the carbon cycle of anaerobic aquatic systems, particularly those
with low sulfate concentrations. Complex molecules are converted to methane via
the co-operative interaction of cellulolytic, fermentating, syntrophic and
methanogenic bacteria — and methane is converted back to carbon dioxide by
methanotrophic bacteria, and at small rates also by nitrifying bacteria (Conrad 2007).
Methane (CHy) is produced exclusively by methanogenic archaea (e.g. Chaban et al.
2006) as a final product of anaerobic respiration and fermentation. Rates of methane
production and consumption in sediments are controlled by the relative availability
of substrates for methanogenesis (especially acetate or hydrogen and carbon
dioxide). The most important immediate precursors of methanogenesis are acetate
and H,/CO,. During the acetoclastic pathway, CHy is produced primarily from the
methyl group of acetate. The degradation pathway of polysaccharides, for example,
is such that about 2/3 of the produced CH4 should be derived from acetate and 1/3
from H,/CO, if steady state conditions exists (Conrad 1999). Nevertheless, the
contribution of these two precursors can range between 0 and 100 % depending on
which methanogenic systems is studied. However, the reason for such a large
variability is not always obvious. Although methanotrophs can oxidize as much as
100 % of methane production (Le Mer ef Roger 2001), authors monitored
methanotrophy in the riverine ecosystems indicate, that CHy4 loss due to microbial
consumption are rather less (Zaiss et al. 1982; Lilley ef al. 1996).

Our previous research focused mainly on carbon cycling within Sitka stream
hyporheic sediments revealed some interesting trends, perhaps resembling some of
the above-described findings. Firstly, we found that occurrence of precursors of
sulfate reduction and methanogenesis like lactate and acetate are common even in
high aerobic subsurface water of the hyporheic zone (Rulik er Hekera 1998).
Employing oligonucleotide RNA-targeted probes (FISH method) we detected
relatively high number of methanogenic archea within hyporheic sediments. While
the abundance of sediment-associated Eubacteria (on average 35 % of DAPI-stained
cells) declined with depth, Archaea (on average 8% of DAPI-stained cells) showed
no gradient in abundance with increasing depth. Our findings confirm that Archaea
may occur commonly within well-oxygenated hyporheic sediments (Cupalova et



Rulik 2007). Following measurement of terminal electron acceptors concentrations
in interstitial water showed that both interstitial and surface water were
supersaturated with respect to atmosphere (Rulik ez al. 2000, Hlavacova et al. 2005).
In the latter study, we documented the respiration of oxygen, nitrate, sulfate and
methanogenesis may simultaneously coexist within the hyporheic zone and that
coupling of anaerobic metabolism and methanogenesis appear to be an important
pathway in organic carbon cycling in the Sitka stream sediments. Based on our long-
term study, we suggested hyporheic sediments to be viewed as a sink for some
nutrients (nitrates), while sources of biodegradabile DOC for surface stream and
gases that are important in global warming (N,O, CO,, CHs)(Hlavacova et al. 2006).

In order to find whether streams might be the important producers of greenhouse
gases into the atmosphere, we focused to examine total annual emissons of CH, from
surface water of a small lowland stream to the atmosphere.

Material and methods

Study site

The sampling sites are located on the Sitka stream, Czech Republic. The Sitka is an
undisturbed, third-order, 35 km long lowland stream originating in the Hruby Jesenik
mountains at 650 m above sea level. The catchment area is 118.81km? geology
being composed mainly of Plio-Pleistocene clastic sediments of lake origin covered
by quartenary sediments. The mean annual precipitation of the downstream part of
the catchment area varies between 500—-600 mm. Mean annual discharge is 0,81
m’.s”. Sitka stream flows in its upper reach till Sternberk city through forested area
with low intensity of anthropogenic effects, while lower course of the stream is
naturally meandering through agriculturally intensive managed landscape. Except for
short stretches the Sitka stream is unregulated with well-established riparian
vegetation. Bottom sediments are composed of gravels in the stream upper parts
(grain median size 13 mm) while lower part, several kilometers far from the
confluence is characterised by finer sediment having grain median size 2,8 mm. Sitka
stream confluences with Oskava stream ca 5 km far north of Olomouc city. More
detailed characteristics of the geology, gravel bar, longitudinal physicochemical (e.g.
temperature, pH, redox, conductivity, O,, CHa, NO3, SO4) patterns in the sediments
and a schematic view of the site with sampling point positions have been published
previously (RULIK et al. 2000, Rulik ez Spacil 2004). Earlier measures of a relatively
high production of methane, as well as potential methanogenesis, confirmed the
suitability of the field sites for the study of methanogens (Rulik ez al. 2000;
Hlavéacova et al. 2005, 2006).

Our research intent was assess an amount of gaseous methane emissions that are
released by the stream Sitka annualy. For the reliable assessment it was necessary to
know spatio-temporal variability in the distribution of the emissions produced. We
reached this intent by all-season measurement on five localities alongside stream
where concentrations of CH4 were measured in the both surface and interstitial water
and emissions from the surface water to atmosphere were measured using floating
traps (see below). In order to assess emissions produced from a total stream area, the
stream was divided into five stretches according to the channel width, water velocity
and substrate composition. For each stretch we then chosen one representative
sampling site (locality I-V)(Figs. 1 and 2) where samples of both stream and
interstitial waters and sediments, respectively, were repeatedly taken. Localities were
chosen in respect to their character and availability by car and measuring



equipments. Numbering of every locality also corresponds to numbering of every
stretch. For calculation of whole-stream methane emissions into the atmosphere, the
total stream area was derived from summing of 14 partial stretches. The area of
these stretches was caculated from known lenght and mean channel width (measured
by a metal measuring type). Longitudinal distance among the stretches was evaluated
by using ArcGIS software and GPS coordinates that have been obtained during the
field measurement and from digitalised map of the Sitka stream. The total area of the
Sitka stream was estimated to be 181 380 m? or 0.18 km?. Stretches have differed in
their percentual contribution to this total area and also by their total lenght.

Sample collecting

Hyporheic sediments were collected with a freeze-core using N, as a coolant
(Bretschko ef Klemens, 1986). Usually the maximum sediment depth reached by the
cores was 50 cm. Immediately after sampling two sediment layers, surface 0-20 cm
and 20-50 cm in depth, were separated. These were stored at low temperature whilst
being transported to the laboratory. Just after thawing, wet sediment of each layer
was sieved and only particles <I mm were considered for the following
measurements since most of the biofilm is associated with this fraction (Leichtfried
1988). Sediment >1 mm remaining in the sieve was dried at 105 °C and subjected to
granulometric analysis. Grain size distribution and descriptive sediment parameters
were computed using the database SeDi (Schonbauer ez Lewandowski 1999).

Sample processing

The sediment samples were homogenized by sieving through a sieve (mesh size 1
mm) and only the size fraction < 1 mm of sediment was analysed further. A few
randomly selected subsamples (1 cm’) were used for extraction of bacterial cells and,
consequently, for estimations of bacterial numbers; other subsamples were used for
organic matter content determination etc. Sediment organic matter content was
determined by loss of ignition at 550°C Ash Free Dry Weight (AFDW). Organic
matter values will then converted to carbon equivalents assuming 45 % carbon
content of organic matter.

Fig. 1. Median (Pso) sediment grain size (in mm) at study localities with both upper (P;5) and
lower (P,5) quartiles.
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Fig. 2. Concentrations of organic carbon (in %o) in sediment < 1mm at all study localities
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Water samples

Surface water was collected from running water at a depth of 10 cm below the
surface level seven times from autumn 2005 to spring 2007 at each study sites.
Interstitial water samples were collected using set of 5-6 minipiezometers
(Trulleyova et al. 2003) placed at a depth of c. 30 cm randomly in sediments two
times (spring and summer 2006) at each study sites. The initial 50-100 ml of water
was used as a rinse and discarded. Usually, two subsamples of interstitial water from
each minipiezometer were collected from a continuous column of water with a 100
ml polypropylene syringe connected to a hard PVC tube, drawn from a
minipiezometer and injected into sterile, clear vials (40 ml) with screw-tops, covered
by a polypropylene cap with PTFE silicone septa (for analysis of dissolved gasses)
and stored before returning to the laboratory. All samples were taken in the morning
between 9 a. m. and 14 noon. DOC concentration is measured by Pt-catalysed high
temperature combustion on a TOC FORMACSHT analyser. The flow velocity was
measured by flowmeter Flomate 200 Masen-McByrney. All measurements were
done during the normal discharge levels (i. e. no spates or high flood levels were
included).

Measurement of emissions

Gas flux across the air-water interface was determined by the floating chamber
method four times during the year period in 2005 — 2006. The open-bottom floating
PE chambers (5L cylinders with an area of 0.03 m?) were maintained on the water’s
surface by a floating body (Styrene) attached to the outside. The chambers (n = 4-5)
were allowed to float on the water‘s surface for a period of 3 hrs. Due to trees on the
banks, the chambers at all study sites were continuously in the shade. On each
sampling occasion, one ambient air samples were collected for determining the initial
background concentrations. Samples of headspace gas were collected through the
rubber stopper inserted at the chamber’s top, and stored in 100ml PE gas-tight
syringes until analysis. Emissions were calculated as the difference between initial
background and final concentration in the chamber headspace, and expressed on the
1m? area of the bottom per day according to the formula:

F=[(c;—cp) *V*24/t*1000] /p (1)



where F is a gas flux in mg/m*/day; c;is a concentration of particular gas in the
chamber headspace in pg/l; cr is a concentration of particular gas in background air;
Vis volume of the chamber in L; t is time of incubation in hr; p is an area of
chamber expressed in m?

Total annual methane emissions were derived from seasonal average,
maximum or minimum emissions measured on every locality and extrapolated to the
total area of the particular stretch. The total emissions produced by the Sitka stream
annauly were then calculated according to the following formula:

E=(3p;i *F:*365) /1000000 )

where FE is average, maximal or minimal assess of emission of particular gas from
the total stream area in kilograms per year; p; is an area of stretch (in m?)
representing given locality; F;is average, maximal or minimal assess of emission of
methane gas from the given locality, expressed in mg CHy/m?/day.

Analysis of methane

Concentrations of dissolved trace gases in the stream water were measured directly
using a headspace equilibration technique. Dissolved trace gases were extracted from
the water by replacing 10 ml of water with synthetic air (N,) and then vigorously
shaking the vials for 15 s (to release the supersaturated gasses from the water to
facilitate equilibration between the water and gas phases). All samples were
equilibrated with air at laboratory temperature. Methane was analysed from the
headspace of the vials by injecting 2ml of air subsample with a gastight syringe into
a CHROM 5 gas chromatograph, equipped with the flame ionization detector (CHy
detection limit = 1pg/l) and with the 1.2m PORAPAK Q column (i. d. 3 mm), with
nitrogen as a carrier gas. The CO, and N,O subsamples were analysed in the same
way using a Becker Gas Chromatograph model 419 equipped with electron capture
detector, and with the 2m PORAPAK Q column (i. d. 1.8 mm), with helium as a
carrier gas. For gas emission calculation, 2 ml subsamples of headspace air from the
static and floating chambers were analysed in the same way as described above. Gas
concentration in water was calculated using Henry’s law. The saturation ratio, R, was
calculated as the measured concentration of gas divided by the concentration in
equilibrium with the atmosphere at the temperature of the water sample using the
solubility data of Wiesenburg et Guinasso (1979), Weiss ef Price (1980), and Weiss
(1974).

Methanogenic potential

Rate of methane production (methanogenesis) was measured using PMP method
(Segers 1998). Sediment samples for incubation were collected from I. — IV. study
sites at a depth of cca 20-30 cm throughout the March 2007. The sediment was
sieved and placed into incubation flasks (incubations started approximately 2 hours
after removal of the sediment from the river bed). We used C-amended solutions
(flushed for 5 min with N) with glucose for the examination of methanogenic
potential. All laboratory sediment incubations were performed in 250-ml dark glass
flasks, capped with rubber stoppers, using approximately 100 g (wet mass) of



sediment (grain size <3 mm) and 180 ml of amended solution or distilled water. The
headspace was maintained at 20 cm’. Flasks were stored at 20°C in the dark, and
incubation time was 72-96 hours; however, subsamples from the headspace
atmosphere were taken every 24 hours. Gas production was calculated from the
difference between final and initial headspace concentration and volume of the flask;
results are expressed per unit dry weight of sediment per day (mg kg’ DW day™).

Abundance of bacterial cells and bacterial community composition

For measuring of bacterial parameters, formaldehyde fixed samples (2% final conc.)
were firstly mild sonicated for 15 s at power level 2 (sonotroda MS 73, Sonopuls
HD2200, Sonorex, Germany), followed by incubation for 30 min under mild
agitation with 15 ml of detergent mixture (Tween 20 0,5%, vol/ vol; tetrasodium
pyrophosphate 0,1 M; NaCl 9 g1 and distilled water) and density centrifugation.
For density centrifugaton, the non-ionic medium Nycodenz (1,31 g/ml; Axis- Shield,
Oslo, Norway) was used at 4600 G for 60 min (Rotofix 32A, Hettich, Germany).
After preparation processes, a 1 ml Nycodenz cushion was placed underneath 1 ml of
treated slurry using a syringe needle.

Total bacterial abundance (TBA)

Samples were filtered on membrane filters (0,2 um GTTP; Millipore Germany),
stained for 10 minutes in cold and dark with DAPI solution (0,0063 g/ ml; wt/ vol,
Sigma, Germany) and gently rinsed in distilled water and 80% ethanol. Filters were
air- dried and fixed in immersion oil. Stained cells were enumerated on an
epifluorescence microscope (Olympus BX 60) equipped with a camera (Olympus DP
12) and image analysis software (Lucia 5.0; Laboratory Imaging, Prague, Czech
Republic). At least 200 cells within at least 20 microscopic fields were counted in
four replicates from each locality. TBAs were expressed as bacterial numbers per 1
g of dry sediments (105°C).

Bacterial community composition

The methanogenic archebacteria were detected using FISH (Fluorescence in situ
hybridization) with 16S rRNA — targeted oligonucleotide probe MPB1-methanogen
labelled with indocarbocyanine dye (Cy3)(Jupraputtasri et al. 2004). The bacteria
were hybridized according to the protocol by Pernthaler er al. (2001). Briefly,
samples were filtered onto polycarbonate membrane filters (0,2 um GTTP;
Millipore), filters were cut into sections and placed on glass slides. For the
hybridization mixtures, 2 pl of probe-working solution were added to 16 pl of
hybridization buffer in a microfuge tube. Hybridization mix was added to the
samples and the slides with filter sections were incubated at 46 ° C for 3 h. After
incubation, the sections were transferred into preheated washing buffer (48 °C) and
incubated for 15 min in a water bath the same temperature. The filter sections were
washed and air-dried. The DAPI staining procedure followed as previously
described. Finally, the samples were mounted in a 4:1 mix of Citifluor and Vecta
Shield. The methanogens were counted in three replicates from each locality. The
relative proportion of methanogens to the total number of DAPI stained bacteria was
calculated.



Results

Horizontal patterns of dissolved methane

Highly supersaturated concentrations of methane were found in both surface and
interstitial water at every locality along the Sitka stream (Table 1). Average R has
usually reflected concentrations of the methane found in both surface and interstitial
waters (Table 2). Methane concentrations differed slightly along the longitudinal
profile, only exception represents locality IV where huge amount of methane was
found, namely in the interstitial water.

Table 1. Comparison of methane concentrations (in ug " ) in surface and interstitial water
at various study sites of Sitka. Values are annual means and range; n = number of samples
in parenthesis

Locality/Gas I I Im v v
1.1 041 112 1153 9.63
Surface CH, 0.5-244 0.18-1.04 0.4-211 0.22-3547 4.66-2273
(n=3) (n=75) n=7) (n=a) {n=48)
1,34 0.65 10.34 7260.8 18,38
Interstitial CH, 041-293 0.19-1.15 052-699 995,31 - 11968 86 6.92 - 36,86
(n=4) n=4) (n=8) (n= &) (n=16)

Methane concentrations ranged between 0,18 — 35,47 pg/l in surface water and
showed no expected trend of gradual increase from upstream localities to those
laying downstream (Table 2). Instead, significant enhancement of CH,4 concentration
was found on locality IV and V, respectively. Methane concentrations measured in
interstitial water were generally higher compared to those from the surface water,
notably at localities IV and V, respectively (Table 1).

Table 2. Saturation ratio R of methane of the Sitka stream (R = measured concentration of
the gas in the water divided by the concentration in equilibrium with the atmosphere)

Saturation ratio R [mean (range)]

Locality/Location : T i v v
17.1 6.36 267 2677 165.7
Surface water -
(4.247.7) (2.6-17.3) (5.6459) (70.2-797.1) (80-312.3)
et o 296 113 2246 146 321 4021
f1al w3
FSiial watet (23.3-358) (3.3-19.2) (164-8255) (28 117-194 902) (131.3-598.5)

Methanogenic potential

Methanogenic potential varied between 0.55-44.6 ¢ CHykg"'.day™ (Tab. 3.) with the
highest values found at the 4th site localized the most downstream. These data are
comparable to those found in case of either interstitial methane concentrations or
methane emissions and indicate that interstitial sediments are able to produce
methane.



Table 3. Average values of methanogenic potential measured at four localities (n = 3)

Locality I II III v
Methanogenic potential
(ng C‘H4.kg'1 .day'l)

16.6 0.55 44.6 317

Total bacterial abundance and proportion of methanogenic archaea to the total
bacterial abundance

To support an evidence that methanogenic bacteria may occur in the hyporheic
sediments and really contribute to supersaturation of interstitial water with methane
at all localities studied we have carried out analyses of hyporheic bacterial
communities. The highest bacterial densities were found to be on the locality III
(14,79 + 4,38. 10® cells/ g DW, particles < 1 mm), while the minimum was found on
the locality V ( 1,63 + 0,31 .10% cells/g DW, particles < 1 mm)(Fig. 3A).
Methanogenic archaea have proved right countertendency. Relative proportion of
archeal methanogens to the total bacterial counts was found to be the highest on the
localities situated downstream with maximum 9,1 *+ 3,8 % being found at locality V
(Fig. 3B). However, due to higher total bacterial counts found on the localities from
the upper stretch of the Sitka stream, it is clear that number of methanogenic archaea
is almost the same at all localities. After recalculation of relative proportion or
methanogens to the total bacterial counts, locality III has showed the maximum
abundance of methanogens (1,136 .10® cells/ gDW, particles < 1 mm).

Fig. 3. The average total bacterial abundance detected by DAPI staining (A), and the
relative proportions of methanogen archaea (FISH- targeted cells) to the total bacterial

counts found at studied localities (B).
A ' | i
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Patterns of emissions

Gaseous methane emissions from surface water to the atmosphere were found at all
localities except locality I, where emissions were not measured directly but were
calculated lately using a known relationships between concentrations of gases in
surface water and their emissions to the atmosphere found at downstream laying
localities II-V. Average values of atmospheric concentrations (background) were to
some extent similar at all localities and did not vary during the time as well as no
clear trend was found along longitudinal profile of the Sitka stream (Table 4).
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Table 4. Average values of background atmospheric concentrations for the methane
measured at localities II-V. Standard errors and sample size are given in parentheses.

CH; [pel’] Locality II Locality III Locality IV Locality V
1.61 1.53 1.48 1.41
(£0.04:n=4) (=0.12:n=4) (0.13;n=4) (£0.16;n=3)

Methane emissions measured at localities II-V ranged from 0 — 167,35 mg m™ day™
and no gradual increase in downstream end was found in spite of our expectation.
However, sharp increase in amount of methane emitted from the surface water was
measured at lowermost localities IV and V (Table 5). We found only slight
correlation between surface water concentration of methane and measured emissions.

Table 5. Average emissions (CH, [mg/mzday'1]) to the atmosphere and their range from all
localities except locality I. Sample size is in parenthesis. Emissions values for the locality |
were calculated using a known relationships between concentrations of gases in surface
water and their emissions to the atmosphere found at downstream laying localities 11-V

Locality I Locality II Locality III Locality IV Locality V
0,25 1.26 32.1 36,27
239 0-06 0-501 725-879 2,83 -16735
(n=29) (n=10) in=28) (n=12)

Whole-stream emissions

We estimated that mean annual emission of the methane from the Sitka stream to the
atmosphere was 636,7 kg y"' with minimal and maximal values being 429,6 - 925,1
kg.y'. A vast majority of annual emissions (90 %) is produced in lower, 7 km long
stretch of the stream (localities IV-V; Fig. 4A), which represent only 1/5 of the total
estimated area of the stream (= 0.18 km?). Contribution of methane emissions to the
total annual methane emissions was found to be the highest during spring-summer
period (Fig. 4b).

Fig. 4. Contribution of methane emissions to the atmosphere from different localities (I-V)
along the longitudinal profile to the total annual mean emissions of methane gas from the
Sitka stream. (a); contribution of methane emissions to the atmosphere from different
seasons to the total annual mean emissions of methane gas from the Sitka stream (b)

I
a) 6% 19 Il b)
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Discussion

Occurence of methane in stream water and sediments

In spite of commonly percepted view of streams as well-oxygenated habitats, we
found both surface and interstitial water to be supersaturated with methane compared
to the atmosphere at all five localities. Emissions of methane from water ecosystems
results from complex microbial activity in the carbon cycles (production and
consumption processes), which depend upon a large number of environmental
parameters such as availability of carbon and terminal electron acceptors, flow
velocity and turbulence, water depth. In our previous paper (Hlavacova et al. 2006),
we suggested that surface water concentrations, and as a consequence monitored gas
emissions resulted from downstream transport of gases by stream water (advection
in/out), and moreover, from autochthonous microbial metabolism within the
hyporheic zone. If so, surface water is continually saturated by gases produced by
hyporheic metabolism, leading to supersaturation of surface water and induced
diffusion of these gases out of river water (volatizing). Moreover, the run-off and
drainage of adjacent soils can also contribute greatly to the degree of greenhouse gas
supersaturation (De Angelis ef Lilley 1987, Kroeze et Seitzinger 1998; Worral et
Lancaster 2005, Wilcock et Sorrell 2008). Availability of interstitial habitats for
bacteria and archaea carrying out anaerobic processes have been confirmed by our
previous and contemporary findings. We found that members of phylogenetic
domain Archaea may occur commonly within well-oxygenated hyporheic sediments
(Cupalové et Rulik 2007). In addition, during this study we found relatively well
developed populations of methanogenic archea at all localities and all localities also
showed positive methanogenic potential (Table 3).

Spatial and temporal distributions of emissions

Our working hypotesis suggested that along with the longitudinal profile of a stream,
slope and flow conditions also change together with corresponding settling velocity,
sediment composition and organic matter content (Figures 1 and 2). Thus, according
to this prediction sediment with prevalence of fine-grained particles containg higher
amount of organic matter should dominate at the downstream stretches. Moreover,
due to prevalence of anoxic environment, production of methane and its emissions
was expected to be also higher here compared to that from upstream stretches. Based
on our findings, it seems that this presumption is valid for the methane. Hovewer,
different situation with high methane concentration in the upstream part with
subsequent decline further downstream was reported from USA by Lilley ez al.
(1996).

Flux rates of gaseous emissions into atmosphere depend on partial pressure of
particular gas in the atmosphere and its concentration in water, water temperature
and further on the water depth and flow velocity. Thus, maximum peak of emissions
may be expected during summer period and in well torrential stretch of the river.
Distribution of the methane emissions to some extent reflect sediment organic carbon
content and interstitial methane concentrations. When consider seasonal distribution
of gas emissions, it is clear, in concordance with above mentioned presumption, that
majority of methane emissions was relesed during a warm period of the year (81%).
Effect of temperature on methane production was observed in southeastern USA
where the most methane reased to the atmosphere during warm months (Pulliam
1993). In addition close correlation between methane emissions and temperatute was
reported also from south part of Baltic Sea; the temperature has been found to be a
key factor driving methane emissions (Heyer et Berger 2000). These findings also



indicate that we should be very carefull in making any generalization in total
emissions estimation for any given stream or river. Even though some predictions
can be made based on gas concentrations measured in the surface or interstitial
water, result values may be very different. From this point, noteworthy was locality
IV showing highest interstitial methane concentrations. Enormous methane
concentrations and saturation ratio R (Table 1 and 2) found in the deep interstitial
water were caused probably by very fine, clayed sediment containing high amount of
particulate organic carbon, as well as high DOC concentrations. Supersaturation led
also to the enrichment of the surface water with methane - such places may be then
considered as important methane sources for surface stream and, consequently source
of emissons to the atmosphere. On the other hand, high interstitial but low surface
water methane concentrations at locality III might be probably explained high
oxidation of methane by methanotrophs.

Emissions
Breakdown of organic matter and gas production are both results of well functioned
river self-purification. This degrading capacity, however, requires intensive contact
of the water with biologically active surfaces. Flow over various morphological
features ranging in size from ripples and dunes to meanders and pool-riffle sequences
controls such surface-subsurface fluxes. Highly permeable streambeds create
opportunities for subsurface retention and long-term storage, and exchange with the
surface water is frequent. Thus, study of the methane production within hyporheic
zone and its subsequent emission to the atmosphere can be considered as a measure
of mineralization of organic matter in the freshwater ecosystem and to used in
evaluation of both the health and environmental quality of the rivers studied

Methane released from the sediments into the overlying water column can be
consumed by methanotrophs. Although methanotrophs can oxidize as much as
100 % of methane production (Le Mer ef Roger 2001), authors monitored
methanotrophy in the riverine ecosystems indicate, that CHy4 loss due to microbial
consumption are rather less (Zaiss et al. 1982; Lilley ef al. 1996). According to the
season, 13-70 % of methane was consumed in a Hudson River water column (de
Angelis et Scranton 1993). For the Sitka stream, unfortunately, similar data are
missing so far. High average methane emissions found at the lowermost localities IV
and V corresponded to high methane concentrations that had been found in both the
interstitial and surface water. Average values of methane emissions on localities V-
V (ca 30 mg CH; m” day") are similar to values reported for rivers in USA (de
Angelis et Lilley 1987, Lilley et al. 1995). For example, CH4 emissions from small
streams in Arizona ranged from 1 to 7.6 mg m 2d"' (Jones e al. 1995) and calculated
CH, flux using the large eddy model from Oregon rivers were 1.2— 71 mg md "' (De
Angelis ez Lilley 1987) and 0-52 mg m >d"' (Lilley et al. 1996). However, our data
were on average > 6 times those measured in the Hudson River (de Angelis et
Scranton 1993).

Areal view

To our knowledge this is the first attempt focusing on the assessment of whole
stream flux of methane emissions to the atmosphere, at least based on a direct
measurement of emission fluxes from surface water to the atmosphere. Hovewer, the
extrapolation of limited data makes it difficult to estimate accurate annual global
greenhouse gas emissions to the atmosphere from river ecosystems, particularly due
to different methods of measurement used by different authors. For example,



previous data from the the Sitka stream (~ 100m?) obtained by the floating chamber
method allowed the rough estimation of emissions 0.06, 0.6 and 134.3 kg N,O, CH4
and CO,; per year, respectively, while estimated fluxes across the air-water interface
(“large-eddy model”) were 0.5 kg N,O, 1.4 kg CH4 and 595 kg CO, per year. de
Angelis et Scranton (1993) reported that a seasonally averaged diffusive flux to the
atmosphere from the Hudson River was estimated to be 5.6 mg CH; m 2 d',
corresponding to an annual flux of 0.76 x 10° g CH,. The Hudson River Estuary also
releases approximately 0.2 x 10° g CH4 annually to nearshore marine waters.

Conclusion

With respect to concern about global warming, we look for possible ways and
strategies to mitigate emissions of greenhouse gases, particularly originated from the
antropogenic sources (e.g. Milich 1999). However, on the other hand, some natural
sources of those gases are totally omitted or as yet we have very scarce information
about their role in greenhouse gases production. Extensive effort has been directed
towards the identification and quantification of the source strength of greenhouse gas
emissions to the atmosphere from a variety of aquatic environments. Running water
are not consider to be important source of methane till now, thus, they are not
included into the global budget models. However, our results from a Sitka stream
suggest that streams and rivers cannot be omitted from those models, even thought
they do not reach the values typical for wetlands or rice paddies, for instance. There
is worlwide lack in information dealing with methane and other greenhuse gases
emissions from the running waters, therefore is not possible to assess their
contribution to total greenhouse gases annual emissions. Nevertheless, we can
suppose that due to their numbers and potential area for emitting, this contribution
would not be negligible. Good example is provided by Sanders et al. (2007) who
estimated CHy4 emissions from U.K. chalk streams to be in the order of 3.2 x 10 Tg
CH,4 year. Another example comes from much better studied lakes, where one of
the assessment suggets the lakes represents 6-16% of the global natural methane
emissions and 1,6-9,6% of the total methane emissions (Bastviken et al. 2004).
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Summary

The occurrence and diversity of methanogenic archaeal community were analyzed by
fluorescence in situ hybridization (FISH) and denaturing gradient gel electrophoresis
(DGGE) in hyporheic sediment samples collected from two sediment depths (0-25 cm
and 25-50 cm) at five localities along the lowland stream Sitka (Czech Republic). Both
methods confirmed the presence of methanogenic archaea at all localities and depths.
The proportion of methanogens to the DAPI-stained cells varied among all localities and
depths with average value 18.1% (range 4.4 — 31.1%). A total of 19 different bands were
observed on the DGGE gel. Cluster analysis of DGGE image showed three main clusters
consisting of localities that differed in the amount and similarity of the DGGE bands.
Sequencing analysis revealed only two different clones which were affiliated with
members of Methanosarcinales and Methanomicrobiales orders. Our data show that the
methanogenic archaea may be important component of hyporheic sediment community

and can affect CH,4 cycling in river ecosystem.

Key words: methanogens, hyporheic sediments, denaturing gradient gel electrophoresis

(DGGE), fluorescence in situ hybridization (FISH), sequencing

*Corresponding author. Mailing address: Department of Ecology and Environmental Sciences - Laboratory of

Aquatic Microbial Ecology, Faculty of Science, Palacky University in Olomouc, Slechtiteld 11, CZ-783 71

Olomouc, Czech Republic. Phone: (420) 585 634 557, Fax: (420) 585 634 553. e-mail: formicula@email.cz




Introduction

The hyporheic zone, volume of saturated sediment beneath and beside streams
containing some proportion of water from surface channel, plays a very important
role in the processes of self-purification because the river bed sediments are
metabolically active and are responsible for retention, storage and mineralization of
organic matter (Hendricks, 1993; Jones and Holmes, 1996; Baker et al., 1999; Storey
et al., 1999; Fischer et al., 2005). Organic matter decomposition in sediments is an
important process in global and local carbon budgets as it ultimately recycles
complex organic compounds from terrestrial and aquatic environments to carbon
dioxide and methane. Methane is a major component in the carbon cycle of
anaerobic aquatic systems. Since a relatively high production of methane has been
measured in river sediments (e.g. Schindler and Krabbenhoft, 1998; Hlavacova et al.,
2005; Sanders et al., 2007; Wilcock and Sorrell, 2008), we proposed that river
sediments may act as a considerable source of this greenhouse gas which is important

in global warming (Hlavacova et al., 2006).

Methane (CH4) is produced exclusively by methanogenic archaea as a final product
of anaerobic respiration and fermentation (Garcia et al., 2000; Chaban et al., 2006).
Methanogenic archaea belonging to the Euryarchaeota phylum are divided into five
orders: Methanopyrales, Methanococcales, Methanobacteriales,
Methanomicrobiales and Methanosarcinales. Phylogenetic analyses revealed that
methanogens can be grouped into two classes. “Class I” methanogens consists of
Methanopyrales, Methanobacteriales and Methanococcales orders, and “Class 11" is
made of Methanomicrobiales and Methanosarcinales orders (Bapteste et al., 2005).
Methanogens are ubiquitous in anoxic environments and require an extremely low
redox potential to grow. They can be found both in moderate habitats such as rice
paddies (Grosskopf et al., 1998), soils (Garcia, 1990), lake sediments (Chan et al.,
2005), as well as in the gastrointestinal tract of animals (Lin et al., 1997) and in
extreme habitats such as hydrothermal vents (Jeanthon et al., 1999) and permafrost
soils (Kobabe et al., 2004; Ganzert et al., 2006).

Estimates of methanogens abundance, diversity and phylogenetic composition in
natural samples are based on a number of molecular biological techniques.
Fluorescence in situ hybridization (FISH) is a powerful technique which allows to
detect and identify the community composition directly in environmental samples.

FISH is based on the direct microscopic identification of single cells after



hybridization with 16S rRNA targeted fluorescent dye-labelled oligonucleotide
probes (Kallistova et al., 2007; Shiraishi et al., 2008).

Denaturing gradient gel electrophoresis (DGGE) is using to determine the genetic
diversity of microbial communities. The procedure is based on electrophoresis of
PCR-amplified 16S rDNA fragments in polyacrylamide gels containing a linearly
increasing gradient of denaturants. In DGGE, DNA fragments of the same length but
with different base-pair sequences can be separated. Separation is based on the
electrophoretic mobility of partially melted DNA molecules in a polyacrylamide gel
(Fischer and Lerman, 1979; Muyzer et al., 1993).

Based on the previous studies of methane production in Sitka stream (Ruliket al.,
2000; Hlavacova et al., 2005, 2006; Buriankova et al., 2012; Rulik et al., 2012), we
have decided to study methanogens occurrence and diversity in two sediment depths
(0-25 cm and 25-50 cm sediment layers) at five localities alongside the stream. We
have used FISH and DGGE methods for the detection, quantification and assessment
of diversity of methanogenic archaea, respectively. In addition, analysis of dissolved
methane, potential methane production and other physiochemical parameters
(sediment grain size, organic carbon, dissolved oxygen saturation etc.) were
measured on studied localities simultaneously. The results presented in this study are
a part of a long-term study of organic carbon dynamics and associated microbial

communities in hyporheic sediments of Sitka stream, Czech Republic.

Results and discussion

Environmental parameters of the study sites

The interstitial water revealed relatively high dissolved oxygen saturation with the
exceptions of localities no. 4 and no. 5, where concentration of dissolved oxygen
sharply decreased with the depth, however, never dropped below ~ 10% of the
oxygen saturation. Vice versa, these two localities were characterized by much
higher concentration of dissolved ferrous iron, dissolved methane concentration and
high methanogenic potential compared to those sites located upstream (Table 1).
Namely locality no. 4 proved to be a methane pool; methane concentrations in a
depth of 40 cm were found to be one order of magnitude greater than those from the

depth of 20 cm (Rulik et al., 2012).



Table 1 Selected longitudinal environmental parameters (annual means) of the hyporheic
interstitial water and sediment of studied localities

Variable/ Locality 1 2 3 4 5

49°49'27.782" N 49°45' 53.953" N 49°42'46.109" N 49°40"43.709" N 49°38'7.977" N
17°18'47.528" E  17°19'5.141"E  17°15'36.225" E 17°14'49.025"E 17°14'37.068" E

geographic coordinates

dominant substrate

composition gravel gravel gravel sand-clay gravel-sand
grain median size [mm] 12.4 12.9 13.2 0.2 5.4
organic carbon in sediment 0.9 0.9 0.6 0.8 0.7
<1 mm [%]
. tial dissol
lnterstlFla dissolved oxygen 205 381 223 185 50.9
saturation [%)]
ferrous iron [mg /1] <1 <1 1.8 8.1 4.2
interstitial CH trati
interstitia 4 concentration 49 07 81 2 480.2 08
[ug/l]

th ic potential
methanogenic potentia 6.6 1.9 29 207 9.7

[ng CHy/kg DW/day]

Total cell numbers and methanogens proportion

The total cell numbers (DAPI-stained cells, TCNs) of hyporheic sediments < 1 mm
varied between 0.3 + 0.1 x 10° and 4.1 + 2.2 x 10° cells per g DW. DAPI-stained
cells showed significantly higher average cell numbers in the middle part (localities
no. 3 and 4) of the stream (p < 0.05). Generally, TCNs were higher in the upper (0 -
25 cm) sediment layer than at greater sediment depth of 25 - 50 cm. The highest
TCNs were found in the upper sediment layer at the locality no. 4 (Table 2).

The proportion of methanogens to the DAPI-stained cells was significantly different
among all localities (p < 0.05). The average proportion of MPBI1-hybridized
methanogens accounted for 18.1% of the DAPI-stained cells with the range of 4.6 to
31.1 % (Table 2), and much higher signal gave probe MPBI1 for the deeper sediment
layer (p < 0.05).

Table 2 Relative numbers of methanogens detected by FISH and total cell numbers (TCNs)
in two sediment depths of studied localities (average + SD)

Variable/ Locality / 2 3 4 5
TCN*

[depth 0-25 cm] 0.8+04 05+04 1.9+1.1 41+22 0.6+0.3
[depth 25-50 cm] 0.3+0.1 04=+0.3 2.2+0.9 1.6 +£0.6 0.8+0.8
Methamogensb

[depth 0-25 cm] 44+22 206+82 235+194 72+8.1 83+27
[depth 25-50 cm] 26.7+13.5 252+142 13.6+103 31.1+155 203+199

% total cell number x 10° per g DW
b percentage [%] ofthe DAPI-stainedcellsdetected by FISH



Although the proportion of prokaryotic cells was relatively low in our samples, the
number of methanogenic archaea observed in our study is similar to that detected by
Kotsyurbenko et al. (2004) in an acidic West-Siberian peat bog. Another studies
which revealed the similar methanogens proportion as in our study are presented by
Casper et al. (2003) and Kobabe et al. (2004). Rather higher numbers of archaeal
cells were mentioned by other authors (Zepp-Falz et al., 1999; Koizumi et al., 2003;
Chan et al., 2005).

One might wonder how methanogenic archaea can occur in the river surface
sediments fully saturated with dissolved oxygen. One possibility could be the
existence of hyporheic microbial biofilm attached to the sediment particles where
separated layers allow coexistence and growth of various microorganisms (Koutny
and Rulik, 2007). Moreover, river bed sediments are already much more
heterogeneous compared to the lake sediments. Environmental characteristics such as
distribution of organic matter, and particularly dissolved oxygen may change in the
river sediments substantially due to unpredictable movement of the interstitial water.
The detailed research of methanogenic archaea detected by FISH analysis is

presented in our previous study (Buridnkova et al., 2012).

Methanogenic diversity by denaturing gradient gel electrophoresis

Methanogenic archaeal communities associated with hyporheic sediments along the
longitudinal stream profile were compared by DGGE analysis either among localites
or among different sediment depths. As shown in band pattern (Fig. 1), the presence
of DGGE bands in all samples indicates that methanogenic archaea occur at all
localities up to 50 cm of the sediment depth. Analysis of DGGE image revealed a
total of 73 detectable bands at 19 different positions (Fig. 1). The highest number of
bands occurred at locality no. 4 (24 bands), while the lowest number of bands was
detected for locality no. / (9 bands; Fig. 2A). The highest band richness of locality
no. 4 indicatesthe highest methanogenic diversity at this locality among all localities
studied. The relatively high methanogens diversity can be explained likely by most
favourable environmental conditions for occurrence of methanogenic archea at this

locality (see Table 1).



Fig. 1 DGGE band pattern obtained from sediment samples of the Sitka stream.

1P — locality 1, layer 0-25 cm; 1H — locality 1, layer 25-50 cm;
2P — locality 2, layer 0-25 cm; 2H — locality 2, layer 25-50 cm;
3P — locality 3, layer 0-25 cm; 3H — locality 3, layer 25-50 cm;
4P — locality 4, layer 0-25 cm; 4H — locality 4, layer 25-50 cm;
5P —locality 5, layer 0-25 cm; SH — locality 5, layer 25-50 cm;
S — molecular standard

Excised bands are described as C (cloned bands) and B
(reamplified bands)

The number of DGGE bands ranged also from 4 to 11 for the samples from upper
sediment layer (0 - 25 cm) and from 5 to 13 for the samples from deeper layer (25 -
50 cm), respectively (Fig. 2B). We found no clear trend in the number of DGGE
bands with increasing depth (Fig. 2B); in contrast to Huang et al. (2011), who
showed that band number of bacterial communities increased with the sediment

depth, Pearl River, China.

No one DGGE band appeared in all sediment samples, while unique bands were
observed for localities no. / (two bands), no. 2 (one band) andlocality no. 4 (two
bands; Fig. 3). The number of total different bands (i.e. estimated diversity of
methanogenic archaeal communities), observed in this study, was comparable with a
number of the DGGE bands found in other studies. For example, Ikenaga et al.
(2004) found about 15 - 19 DGGE bands in their study of methanogenic archaeal
community in rice roots (Japan), Watanabe et al. (2010a) showed 27 bands at
different positions in the DGGE band pattern obtained from Japanese paddy field soil
and Lee et al. (2012) detected 20 DGGE bands in oxic soil microcosm of paddy field
from Japan. Relatively high number of archaeal bands was presented by Bomberg et
al. (2011), who detected 35 DGGE bands in mycorrhizal samples of three different

trees from boreal forest, Finland.



Fig. 2 Number of DGGE bands associated with hyporheic sediments at two different depths
along the longitudinal stream profile. A — Total number of all bands detected at each locality;
B — number of bands found at different sediment depths
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Cluster analysis of DGGE band pattern

Cluster analysis was performed for the DGGE pattern to evaluate the changes in the
methanogenic archaeal communities in hyporheic sediments along the longitudinal
profile of the Sitka stream. Cluster analysis revealed three main clusters consisting of
localities that differ in the amount and similarity of the DGGE bands (Fig. 3). First
cluster is composed of localities no. 4 (both sediment layers), no. 5 (both sediment
layers) and no. 3 (deeper sediment layer 25 - 50 cm) with notably higher number of
DGGE bands (8 - 13); second cluster consists of localities of upper part of the stream
- locality no. 7 (upper sediment layer 0 - 25 cm), locality no. 2 (both sediment layers)
and locality no. 3 (upper sediment layer 0 - 25 cm); the third cluster is made of the
deeper sediment layer of locality no. / and stands separately. Both second and third
clusters showed less number of bands (3 - 7).

Cluster analysis revealed also the highest Jaccard similarity for upper sediment layers
of localities no. 4 and no. 5 among all samples studied. The lowest band sharing to
the other sediment samples was detected for the deeper sediment layer of locality no.

1 (Fig. 3).



Fig. 3 Jaccard cluster diagram of DGGE bands from stream hyporheic sediments
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In addition, the cluster analysis revealed no depth-specific grouping among all
sediment samples, i.e. there is probably no difference in methanogenic diversity
between the upper and deeper sediment layer (Fig. 3).

No relationship of sediment depth and methanogenic community is in contrast with
study of Watanabe et al. (2010b), who found an archaeal community to be clustered

according to two soil depths of paddy fields in Japan.

Analysis of excised bands

In total, 17 excised DGGE bands were sent for sequence analysis (5 cloned bands, 12
reamplified bands). Sequence analysis detected two methanogens affiliated strains
belonging to the orders Methanosarcinales and Methanomicrobiales. Both of the
sequences originated from cloned bands (C2 and C4 in Fig. 1).

Although several authors (Watanabe et al., 2004; Ganzert et al., 2006; Bomberg et
al., 2011; Lazar et al., 2011; Lee et al., 2012) have used the same method of bands
reamplification for obtain the target seguences from excised bands, we received no
positive results from seguencing of reamplified bands. These obstacles could be
caused by the fact, that the primer pair used did not cover target methanogenic
sequences, as did in several studies with research of methanogenic community
(Watanabe et al., 2004, 2006, 2007; Ganzert et al., 2006). Moreover, samples
originating from locality no. 4 showed no positive affiliation to methanogens, despite

the fact, that our previous sequence analysis revealed clones affilated to



methanogenic archaea (I. Buriankova, unpublished). Another and more probable
explanation for negative sequencing results in our study can be the fact, that a single
band does not always represent single bacterial strains (Sekiguchi et al., 2001). The
authors of the study observed unreadable sequences from repeatedly purified bands.
We can confirm their findings, that sequencing analysis failed due to the presence of
many ambiquous peaks, although we have repeated DGGE analysis until the desired
band appeared to be single.

Even though some of the authors advised the cloning of excised bands (Sun et al.,
2011; O’Reilly et al., 2009), the cloning method proved to be not so effective as we
expected. A total of 20 selected DGGE bands was cloned into chemically competent
E. coli. Many of the competent cells with the cloned band fragments did not grow on
agar plates, while other clones did not prove specific PCR product;hence only 5
colonies (representing different bands) showed PCR product of desired length and
currently particular band position while screened by control DGGE. Only two
sequences of the 5 colonies were identified as belonging to particular methanogenic
genus or species. The first clone showed 99% similarity to Methanosarcina sp. and
originated from upper sediment layer of locality no. 5, the second clone was closely
related to Methanosphaerula palustris (with 93% similarity) and was detected in
deeper sediment layer of locality no. 4.

Although Methanosphaerula palustris is a member of the order Methanomicrobiales,
phylogenetic analysis using 16S rRNA and amino acid sequences indicate signifiant
differences from other genera in this order, which has led to the proposition of
Methanosphaerula as novel genus within Methanomicrobiales. Like other members
of the order Methanomicrobiales, Methanosphaerula palustris inhabits peat forming
wetlands, more specifically fens and grows only with hydrogen and formate
(Cadillo-Quiroz et al., 2009). Contrary Methanosarcina sp. (Methanosarcinales
order) can utilize all methanogenic substrates except formate. The members of genus
Methanosarcina occur in various types of habitat like freshwater and marine
sediments, wetlands, sewage sludge, anaerobic digestors and animal rumens
(Whitman et al., 2005).

Our results indicate the presence of both hydrogenotrophic and acetotrophic
methanogens in river sediment. This is in accordance with results of our ongoing
study on stable carbon isotope signature of methane (8'°CH,) originating in

hyporheic sediments. We found that both acetoclastic and hydrogenotrophic



pathways take part in the methanogenesis along a vertical profile of the Sitka stream

sediments (Rulik et al., 2012).

Overall, the locality no. 4 seems to provide the most favorable conditions prevailing
for the methanogens life (lower dissolved oxygen concentration, higher
concentration of the ferrous iron, high dissolved methane concentration and a
relatively low grain median size; Table 1).

Due to these environmental indicators and previous measurements of methane
production (Hlavacova et al., 2005, 2006; Rulik et al., 2012), currently we have
focused our attention to the study of vertical distribution of methanogenic archaea
here.

Using fluorescence in situ hybridization (FISH) analysis with oligonucleotide probes
targeting methanogen families Methanosarcinaceae, Methanobacteriaceae and
Methanosaetaceae we detected the relatively high abundance of methanogens within
the whole vertical sediment profile. The proportion of these groups to the total cell
numbers (DAPI counts) varied between 5 - 24% and reached a maximum in the
depth of 20 - 30 cm (unpublished data). Although only one methanogens aftiliated
strain was revealed at this locality by sequencing of DGGE bands, the presence of
Methanomicrobiales member has been also confirmed by our simultaneous study (I.
Buriankovd, unpublished). The phylogenetic composition of the methanogenic
archaea in hyporheic sediment of locality no. 4 was analyzed by PCR amplification,
cloning and sequencing of methyl coenzyme M reductase (mcr4) gene and revealed
26 different mcrA gene sequences and phylotypes. Though most of the methanogenic
sediment community belonged to an uncultured group of methanogens, some of the
sequences were related to  Methanomicrobiales, = Methanosarcinalesand
Methanobacteriales orders. In addition, more than half of the phylotypes have
formed specific river sediment cluster.

In conclusion we confirmed denaturing gradient gel electrophoresis (DGGE) to be a
powerful tool for detecting methanogens diversity within hyporheic sediments.
Combination of DGGE and FISH methods provide us information about
methanogenic abundance and composition which may be crucial for an

understanding of the methane cycle in stream ecosystems.



Experimental procedures

Study site

The sampling sites are located on the Sitka stream, Czech Republic. The Sitka is an
undisturbed, third-order, 35 km long lowland stream originating in the Hruby Jesenik
mountains at 650 m above sea level. The catchment area is 118.81 km® geology
being composed mainly of Plio-Pleistocene clastic sediments of lake origin covered
by quaternary sediments.

The mean annual precipitation of the downstream part of the catchment area varies
from 500 to 600 mm. Mean annual discharge is 0.81 m?/s. The Sitka stream flows in
its upper reach through a forested area with a low intensity of anthropogenic effects,
while the lower course of the stream naturally meanders through an intensively
managed agricultural landscape. River bed sediments are composed of gravels in the
upper parts of the stream (grain median size 13 mm) while the lower part is
characterized by finer sediment (grain median size 2.8 mm). More detailed

characteristics of the study sites are shown in Table 1.

Sample collecting and processing

Five localities (no. / — 5) alongside stream profile were chosen for sampling
sediment and interstitial water samples. The locality no. / is situated in uppermost
part of the stream, while locality no. 5 is the most downstream (for the map of the
study sites see Buridankova et al., 2012). Hyporheic sediments were collected with a
freeze-core using N, as a coolant (Bretschko and Klemens, 1986) throughout
summer period 2009 and 2010. After sampling, surface sediment layer (0 - 25 cm)
and layer of 25 - 50 cm in depth were immediately separated and were stored at a
low temperature while being transported to the laboratory. Wet sediment of each
layer was sieved and only particles < 1 mm were considered for the following
measurements (Leichtfried, 1988). Sediment samples for estimation of total cell
numbers and, consequently, for FISH analysis were fixed with paraformaldehyde
(2% final conc.). Samples for measurement of organic matter content and
determination of methanogenic potential were used immediately and samples for

DNA extraction were frozen until used.



Interstitial water samples were collected using a set of 5 - 6 minipiezometers
(Trulleyova et al., 2003) randomly placed at depths of about 10 - 50 cm in the

sediments at each study site.

Analysis of environmental parameters

The rate of methane production (methanogenic potential) was measured using the
PMP method (Segers, 1998). The sediment samples (100 g) with acetate addition
were incubated for 72 h at 20°C in the dark. Subsamples were taken every 24 h. Gas
production was calculated from the difference between final and initial concentration
and expressed per unit dry weight of sediment per day (ug CH4/kg DW/day).
Sediment organic matter content was determined by oven-drying at 105°C and
subsequent combustion at 550°C for 5 h. Organic matter values were then converted
to carbon equivalents and expressed in percentage (protocol by Meyer et al., 1981).
Sediment grain size distribution was analyzed from air-dried sediment samples and
descriptive parameters were computed using the SeDi database (Schonbauer and
Lewandowski, 1999).

Concentrations of dissolved methane in the interstitial water were measured directly
using a CHROM 5 gas chromatograph. Gas concentration in water was calculated
using Henry’s law (protocol by Wiesenburg and Guinasso, 1979; Weiss and Price,
1980; Weiss, 1974). Results were expressed in pug CHy per liter of water. Dissolved
ferrous iron (Fe*") concentration was measured using absorption spectrophotometry
(DR-2000, Hach-Lange, Germany) after reaction with 1,10-phenanthroline.
Interstitial dissolved oxygen saturation was measured directly in the field with a
portable Hanna HI 9828 pH/ORP/EC/DO multimeter (Fischer Scientific, USA). The

detailed protocol of methods described above in Buridnkova et al. (2012).

Direct cell counts

For complete removal of cells from the sediment particles, the fixed subsamples were
sonicated for 3 x 30 s at 15% power (sonotroda MS 73, Sonopuls HD 2200,
Sonorex, Germany), followed by incubation for 3 h under mild agitation with 10 ml
of detergent mixture (Tween 20 0.5%, v/v, 0.1 M tetrasodium pyrophosphate and
distilled water) and density centrifugation (protocol by Amalfitano and Fazi, 2008).
For density centrifugation, the non-ionic medium Nycodenz (1.31 g/ml, Axis- Shield,

Oslo, Norway) was used (Rotofix 32A, Hettich, Germany). 2 ml of Nycodenz was



placed underneath 4 ml of treated sample and centrifuged at 3000 g for 60 min. 2 ml
of supernatant was then taken for subsequent analysis.

The supernatants were filtered onto 0.22 pm polycarbonate membrane filters (GTTP,
Millipore, France). Filters were then cut into sections and stained for 10 min with
DAPI solution (6.3 mg/ml, w/v, Sigma, Germany) in a dark cold place (protocol by
Porter and Feig, 1980). After staining the samples were rinsed in distilled water and
80% ethanol, air-dried, mounted onto slides and counted on an epifluorescence
microscope (Olympus BX 60, 1 000 x magnification, Olympus corporation, Japan)
equipped with a camera (Olympus DP 12). A total of 400 bacterial cells were

counted on at least 20 fields in three replicates and expressed per g DW.

Fluorescence in situ hybridization

We have used Cy3-labeled 16S rRNA-targeted oligonucleotide probe MPB1 5’-CAT
GCA CCW CCT CTC AGC-3° (Jupraputtasri et al., 2005) for detection of
methanogenic archaea.The cells were hybridized according to the protocol by
Pernthaler et al. (2001). The supernatants which were used also for direct counts
were filtered onto polycarbonate membrane filters (0.22 pum GTTP, Millipore,
France). The filters were then cut into sections and placed on glass slides. For the
hybridization mixtures, 2 pl of probe-working solution was added to 16 pl of
hybridization buffer into a microtube. Hybridization mix was added to the samples
and the slides with filter sections were incubated at 46°C for 3 h. After incubation,
the sections were transferred into preheated washing buffer (48°C) and incubated for
15 min in a water bath at the same temperature. The filter sections were washed and
air-dried. The DAPI staining procedure followed as previously described. Finally, the
samples were mounted in a 4:1 mix of Citifluor and Vecta Shield. The relative
proportion of methanogenic archaea to the total number of DAPI stained cells was

calculated.

Nucleic acid extraction and PCR reaction

Nucleic acids were extracted from 0.3 g of sieved sediment with a Power Soil DNA
isolation kit (MoBio, Carlsbad, USA) according to the manufacturer’s instructions.
DNA fragments (~350 bp) were amplified by PCR using a primer pair specific for
methanogenic archaea. Primer sequences for 16S rDNA fragments are as follows,
0357 F-GC 5’-CCC TAC GGG GCG CAG CAG-3* (GC clamp at 5’-end CGC CCG
CCG CGC GCG GCG GGCGGAG GCG GGG GCA CGG GGG G) and 0691 R 5°-



GGA TTA CAR GAT TTC AC-3° (Watanabe et al., 2004). PCR amplification was
performed in TC-XP thermal cycler (Bioer Technology, Hangzhou, China) in 50 pl
reaction mixture within 0.2 ml, thin walled microtubes. The reaction mixture
contained 5 pl of 10 x PCR amplificationbuffer, 200 pM of each dNTP, 0.8 uM of
each primer, 8 pl oftemplate DNA and 5.0 U of FastStart Taqg DNA polymerase
(Polymerase dNTPack, Roche, Mannheim, Germany).The initial enzyme activation
and DNA denaturation were performed for 6 min at 95°C, followed by 35 cycles of 1
min at 95°C, 1 min at 55°C and 2 min at 69°C and a final extension at 69°C for 8
min (protocol by Watanabe et al., 2004). PCR products were visualised by

electrophoresis in ethidium bromide stained, 1.5% (w/v) agarose gel.

Denaturing gradient gel electrophoresis (DGGE)

DGGE was performed with an INGENYphorU System (Ingeny, Netherlands). PCR
products were loaded onto a 7% (w/v) polyacrylamide gel cast in 1x TAE (40 mM
Tris, 20 mM acetic acid, 1 mM EDTA, pH 7.4). The polyacrylamide gels
(acrylamide: bisacrylamide, 37.5:1) were made with denaturing gradients ranging
from 45 to 60%. 100% denaturant contained 7 M urea and 40% formamide.
Electrophoresis was initially run at 110V for 10 min at 60°C, and afterwards for 15 h
at 85 V. After electrophoresis, the gels were stained for 60 min with SYBR Green I
nucleic acid gel stain (1:10 000 dilution, Lonza, Rockland, USA). DGGE gel was
then photographedunder UV illuminator (Molecular Dynamics). Images were
arranged by image analysis software (NIS Elements, Czech Republic) and analyzed
by programme Gel2K (University of Bergen, Norway).

Excising the bandls

DGGE bands were excised from gel using a sterile scalpel blade. The bands were
incubated in 40 pl of molecular grade water overnight at 4°C. The supernatants were
then used for reamplification and individual bands were verified by a subsequent
DGGE analysis. Isolated bands from second (some of them from the third) DGGE
gel were excised and reamplified using the primer pair (0357 F and 0691 R) without
a GC-clamp (protocol by Watanabe et al., 2004; Huang et al., 2011). The PCR
products were purified (Qia Quick prep kit, Qiagen, Netherlands) and then sent for
sequence analysis to Macrogen company (Seoul, Korea).

Alternatively, the DGGE band fragments from prior gel were reamplified and cloned
using TOPO TA Cloning kit (Invitrogen, Carlsbad, USA) following the



manufacuturer’s instructions. Positive colonies were verified onto second DGGE gel
and plasmids were then extracted using UltraClean 6 MinutePlasmid Prep Kit
(MoBio, Carlsbad, USA). The obtained clones were determined by sequencing as
described above.

Raw sequences obtained after sequencing were analyzed by BLAST software to
search for the sequence identity among other methanogen sequences available in the

GenBank database.

Statictics

The analyses were performed using statistical software R version 2.6.0. and GLM
(General linear models). Total cell numbers (TCNs) and values of methanogens
detected by FISH were analyzed by a Negative Binomial Model and Wilcoxon
signed rank sum test. All tests were considered significant at probability level p <
0.05.

DGGE band pattern was analyzed using Gel2K software (Svein Norland, Dept. of
Biology, University of Bergen, Norway) to produce a binary file of banding patterns.
A Jaccard similarity tree based on these binary files was constructed using a

CLUSTER programme packaged with a Gel2K software.
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Uvod

Bakterialni spolecenstva v tekoucich 1 stojatych sladkych vodach jsou v poslednich
letech stale CastéjSim predmétem mikrobidlné-ekologickych studii na celém svéte. Pozornost
se vSak od volné a priilinové vody obraci zejména ke spolecenstviim biofilmu, tj. takovym,
které tvoii povlaky ¢astic sedimentli, kamend, kofend a riznych jinych predmétd,
vyskytujicich se ve vodnim prostfedi. Tato biofilmova kultura se také vyskytuje na povrsich
Castic (agregatil), které jsou unaSeny vodou a nemaji tak staticky charakter jako jiz vySe
zminéné typy biofilmu. Céstice jsou jak ,uto¢istém“ tak i primarnim ,dopravnim
prostfedkem* pro svou mikrobidlni komunitu a miizeme tedy fici, Ze se jednd o tzv. mobilni
typ biofilmu (Grossart et al. 2003).

Existuje celd fada definici biofilmu, obecné jej lze charakterizovat jako mikrobialni
prisedlé spoleCenstvo (bakterii, ftas, hub, prvokil), tvofené buitkkami ireverzibilné
prichycenymi k substratu nebo k sob¢ vzajemné. Jsou ukotveny v zakladu, tzv. extracelularni
matrix, tvofené extracelularnimi polymery- produkty metabolismu mikrobidlnich organismi
(Donlan et Costerton 2000).

Dutvodi, pro¢ je vedle biofilmi humannich (na endoprotézach, povrchu zubt, apod.)
je znehodnocovani vodnich zdroji nezadoucimi a toxickymi latkami a rostouci tlak na vyvoj
ucinnéjSich metod jejich dekontaminace.

Na Univerzit¢ Palackého v Olomouci se mikrobialni vyzkum vod zacal zamétovat
zejména na biofilmova spolecenstva sedimenti. AZ pozdéji byl vyzkum rozsifen 1 na ficni a
jezerni agregaty s mobilni formou biofilmu a biofilmu na plavenych kofenech stromt a
kamend.

Z konkrétnich analyz jsme se zaméfili pfedevSim na vyuziti fluorescen¢nich barviv, a
to jak pro ucely stanoveni celkového bakteridlniho oziveni (DAPI), tak pro zjiSténi
taxonomického slozeni biofilmovych spolecenstev (barvivo Cy3 pfi fluorescencni hybridizaci
- FISH). Déle nas zajimala problematika hydrolytické a respiraéni aktivity mikrobidlniho
spolecenstva. K urceni metabolickych aktivit jsme pouzili metodu vyuZzivajici absorbanci
vzorkl k vyjadieni mnoZstvi produktu, ktery vznikl ¢innosti enzymu bakterii rozkladajicich
dany substrat. Jako substrat byl pro enzymatickou aktivitu zvolen FDA a u respira¢ni aktivity
INT. U vSech typu biofilmu a filtratu bylo také sledovano mnozstvi chl a.

Informace ziskané pii tomto vyzkumu ndm pomohou lépe porozumét procesim, které
v biofilmu jako centru mineralizace probihaji. Srovnani rGznych typli biofilmovych
spolecenstev a volné vody muze byt zase voditkem pii vysvétleni nekterych shodnych ¢i
naopak odliSnych parametr a procest, jez tato prostiedi charakterizuyji.

Metodika

Na lokalit¢ feky Bystfice, v blizkosti Domasova nad Bystfici, byly odebrany vzorky
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sedimentu, kamend, plavenych kotfent stromi a fi¢ni vody, z niz byly analyzovany agregaty s
formou mobilniho biofilmu a bakterie volné rozptylené ve vodnim sloupci. Vzorky ti¢ni vody
byly filtrovany pro potfebu oddéleni agregatii od volnych bakterii. Cast filtri i filtratd byla
thned pouzita pro stanoveni hydrolytické a respira¢ni aktivity pomoci FDA a INT, druhd ¢ast
byla fixovdna a nasledné¢ v ni byla stanovena celkova bakteridlni abundance (DAPI) a
fylogenetické slozeni bakterialniho spolecenstva fluorescen¢ni hybridizaci in situ (FISH).

Stejné¢ jako u filtrG a filtrath byla u prvni ¢éasti sedimentu a kamenl stanovena
hydrolytické a respiracni aktivita a druhd c¢ast byla opét fixovana a uzita k pozdéjsi analyze
bakteridlni abundance a fylogenetického sloZeni bakteridlniho spolecenstva.

Kofeny stromu s biofilmovymi spolecenstvy na povrchu byly nejprve nafezany na
primétené velké kousky (cca 1cm) a u nich provedeny vSechny vyse uvedené analyzy

Pro kvantifikaci autotrofni slozky byla pouzita metoda extrakce chlorofylu a do
extrak¢ni smési a ndsledné vyhodnoceni ve spektrofotometru (Pechar 1987).

U vétsiny typi biofilmu bylo nezbytné zatadit pied aplikaci vlastnich detekénich latek
minimalné sonifikaci (tj. pfimeéfené puisobeni ultrazvuku) a néasledné hustotni centrifugaci (s
hustotnim médiem Nycodenz), tedy metody, které oddéli partikule od bakterii.

Barveni DAPI je pomérné rychlé, barvivo plsobi pouze po dobu 10 min v chladu a
temnu, nasledné je vymyto destilovanou vodou a ethanolem, filtr je ususSen a imerznim olejem
ukotven na sklicku. DAPI m& modrou fluorescenci a vaze se na DNA (postup dle Porter et
Feig 1980)

FISH méa dvé zakladni faze, v prvni jsou buriky s roztokem proby hybridizovany pti
teploté 46°C po dobu 3 hodin v tzv. hybridizacni peci a nasledné¢ je nenavazana nebo
nespecificky navdzand proba vymyta ,,pracim® pufrem. Tato Cast zajisti spojeni préb, tedy
umeéle syntetizovanych sekvenci oligonukleotidii zna¢enych fluorescencnim barvivem Cy3, s
komplementarnimi cilovymi tuseky. Tyto cilové useky jsou pfitom vybrany tak, aby
predstavovaly specifickou ¢ast genomu urcitého taxonu, tudiz plati co préba, to jiny taxon. Ve
druhé fazi je na vzorky, které prosly barvenim prébami, aplikovano jesté DAPI, jehoz pouziti
je v ptipadé¢ metody FISH nezbytné pro urceni podilu bun¢k oznacenych probou na jejich
celkovém poctu (dle Cotrell et Kirchman 2003). Cilem nasi detekce bylo 7 fylogenetickych
skupin a to pro domény Eubacteria (EUB), Archaea (ARCH) a skupiny alfa(o)-, beta(p)-,
gama (y)-, delta (8)-proteobacteria a skupinu Cytofaga-Flavobacterium (CF).

K urceni hydrolytické aktivity se osvédcila metoda vyuzivajici absorbanci vzorkl k
vyjadieni mnozstvi produktu, ktery vznika diky ¢innosti bakteridlnich enzymi. Jako substrat
zde byl zvolen fluorescein-diacetat (FDA), coZ je ptivodné nefluoreskujici, nepolarni derivat,
ktery snadno pronikd bunéfnou membranou. Po vstupu do bunky je hydrolyzovan
nespecifickymi enzymy (esterazami), které $tépi esterovou vazbu FDA a uvoliluji zngj
fluorescein, ktery emituje svétlo pfi vystaveni UV- zafeni. ZjiSténé hodnoty absorbance byly
porovnany s kalibrac¢ni kiivkou fluoresceinu a ze zjisténych hodnot byla poté vypoctena
hydrolyticka aktivita (dle Battin 1997).

Pro vyjadieni respira¢ni (ETS) aktivity jsme pouzili analogickou metodu jako u
aktivity hydrolytické, ovSem pied samotnou aplikaci substratu (INT- iodo-nitro-tetrazolium
chlorid) bylo tfeba aplikovat roztok s elektronovymi ptenaSec¢i (NADH, NADPH), které
usnadiiuji probihajici reakci. INT je bezbarva latka, ktera ma schopnost prostupovat
membranou a produkuje Cervené fluoreskujici produkt (formazan), pokud je redukovana
elektron-transportnim systémem bakteridlni buriky. Redukce INT je pouzita jako indikator
aktivity dehydrogendz. Respiracni aktivita byla stejné jako u hydrolytické aktivity vypoctena
ze vzniklych hodnot produktu - formazanu. Nutno dodat, ze ETS piedstavuje potencidlni
respiraci organismi, ne aktudlni spotiebu kysliku, jak je tomu u pfimé respirace. Indikuje
mnozstvi spotfebovaného kysliku, ktery je vytvofen, pokud vSechny enzymy funguji
maximalné. ETS aktivita vyjadfena ve spotieb¢ kysliku by tedy méla byt vétsi nez skutecna
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respirace (postup dle G.-Totha 1993).

Vysledky a diskuze
Na lokalit¢ byly méfeny zakladni fyzikalné- chemické charakteristiky jako mnozstvi
O,, teplota, vodivost, dale bylo stanoveno mnozstvi dusi¢nand, fosforecnanti a org. uhliku

(viz Tab. 1).

Tab. 1: Zakladni fyzikalné-chemické charakteristiky

Méiené parametry Hodnoty
0, 8 -10,98 mg /I
pH 6,25 - 6,99
teplota 9,44 -12,9°C
vodivost 172 -251 uS
NO;y 0,12 - 0,19 mg/l
PO> 0,12-0,17 mg/l
org. C 1,13-1,14 %

JelikoZ jsme se pii srovnani vétSiny métenych veli€in potykali s problémem odliSnych
jednotek, nebylo mozné srovnat vSechny typy biofilmu a vody vzajemné mezi sebou.
Srovnavame proto ve vétSin€ piipadid mezi sebou sediment, filtrat a agregaty (na jednotku
objemu -ml) a koteny s kameny (na jednotku plochy - cmz).

Celkova bakterialni abundance

Pti srovnani sedimentu, filtratu a agregatli vykazoval nejvyssi primérnou hodnotu
bakterialni abundance sediment a to 11,06.10° bakterii. ml” (rozmezi 5,4-21.10°), nejméné&
bakteriii v ml se pak nachazelo u agregatii (0,065.10° bakterii. ml™'; rozmezi 0,046-0,084. 106);
promérna abundance u filtratu dosahla hodnoty 3,49.10° bakterii. ml" s rozmezim (1,24-
7,9.10%).

Relativné malé zastoupeni bakteridlnich bun€k u fti¢nich agregati (ve srovnani
s agregaty z jiného prostedi) by mohlo byt ovlivnéno charakterem ti¢niho dna, u néhoz ma
velké zastoupeni kamenitd a Stérkovita frakce a tudiz zde neocekédvame vyssi podil agregatd,
na nez bakterie ptisedaji (viz Graf 1, z divodu relativné velkych rozdili mezi hodnotami
abundance byla zlogaritmovana stupnice hodnot osy z).

Graf 1: Celkova bakterialni abundance u sedimentu, agregatu a filtratu
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Celkova bakteridlni abundance byla piekvapivé vyssi u kamenii nez u kofent.
Hodnota pramérné abundance u kamend byla 16,01.10° bakterii. cm™ s rozmezim (0,52-
45.102), u kofenti pruimérnd hodnota abundance ¢inila 8,26.10° bakterii. cm™, rozmezi (5,8-
12.10°).

Vzhledem k produkci exudati (kofenové vymeésky rostlin, obsahujici velké mnozstvi
organickych latek), které by mohly slouzit jako ptidatny zdroj potravy pro bakterialni narost
na kofenech, bychom mohli ocekavat spiSe opacny trend. Je dost pravdépodobné, ze u
bakteridlnich pocti na pevnych substratech doslo k podhodnoceni a to diky pouziti
separacnich technik (detergenty, sonifikace, ev. filtrace), béhem kterych zifejmé dochazi
k urcitych ztratdm bakterii (viz Graf 2).

Graf 2: Celkova bakterialni abundance u kamenu a korenu
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Mnozstvi chlorofylu a (chl a)

Mnozstvi chl a, jakozto kvantitativniho ukazatele ptitomnosti fas, bylo nejnizsi u vody
a nejvyssi u sedimentu. Hodnota chl a u sedimentu je prekvapivé vysokd, ale jelikoz byl
odebiran sediment z hornich 15 cm, kde je jeSté relativné dobry piistup kysliku 1 svétla,
mohlo zde byt obsazeno 1 vét§i mnozstvi bentickych fas.

Hodnota mnozstvi chl a pfi srovnani kofent a kament byla zhruba 2x vyssi u kament
nez u kofenti. Vzhledem k tomu, Ze mnozstvi slune¢ni energie dopadajici na plochu toku neni
ve vSech mistech stejné, neni tento nepomér nikterak ptekvapujici. Kameny v koryté jsou
mnohem vice exponovany, nez kotfeny u biehd, stinéné¢ho vétSinu dne stromy (viz Tab. 2).

Tab. 2: MnozZstvi chl a jednotlivych typu biofilmu a filtratu

Substrat Hodnota [pg chl.a/ ml]
filtrat 0,0009 + 0,0004
agregaty 0,0135+0,010
sediment 20,33 + 16,35
Substrat Hodnota [pg chl. a/ cm2]
kamen 10,37 +9,58
koten 4,76 + 1,20

Respiracni (ETS) aktivita
Respiracni aktivita mikrobidlniho spolecenstva filtratu a agregati byla ve srovnani
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s aktivitou v sedimentu velice nizkéd (opét zlogaritmovéana stupnice hodnot osy z). Primérna
hodnota aktivity u filtratu byla 0,20%£0,12 pl O,. ml™. hod”, rozmezi (0,030-0,455),
bakteridlni aktivita u agregatii byla o néco vy$si s primérnou hodnotou 0,46+ 0,08 ul O,.
ml™. hod a rozmezim (0,279-0,526).

Primérna respiradni aktivita v sedimentu byla 1 388,6%554,39 pl O,. ml". hod™;
rozmezi hodnot (600 - 2 465). Piestoze by méla byt respiracni aktivita zavisld na teploté,
hodnoty u zddného typu substratu tomu neodpovidaji. Nejvyssi hodnotu aktivity pifi nejvyssi
teploté vSak vykazoval filtrat (viz Graf 3).

Graf 3: Respira¢ni aktivita mikrobialniho spolecenstva sedimentu, agregati a filtratu
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Pti srovnani kamenti a kofend byla respiracni aktivita vyssi u sledovanych kament.
Priimérna hodnota byla 351,52+ 135,35 ul O,. cm™. hod™, rozmezi (90,5-542,97). Respiracni
aktivita mikrobidlniho spoleCenstva kotfenii byla o néco niz$i s primérnou hodnotou
153,88+ 46,28 ul O,. cm?. hod!' a rozmezim (80,53-239,45). U kament 1 kofent byla aktivita
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Graf 4: Respiracni aktivita mikrobialniho spolec¢enstva kamenu a kofenu
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Vzhledem k tomu, Ze rozdily v teploté¢ vody béhem méfeni nejsou piili§ markantni,
jako hlavni faktor by se dala uvazovat sezonalita. Nejniz§i hodnoty (krom¢ sedimentu)
respiracni aktivity byly naméteny v fijnu, nejvyssi pak v srpnu. U agregati také korelovala
respiracni aktivita s celkovou abundanci bakterii.
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Hydrolyticka aktivita

Hydrolyticka aktivita u agregat a filtratu byla stejné jako u aktivity respiracni ve
srovnani s aktivitou v sedimentu velice nizka (zlogaritmovéna stupnice hodnot osy z).
Primérna hodnota aktivity u filtratu byla 0,0014%0,0003 pM FDA. ml”. hod”, rozmezi
(0,0007-0,002), bakteridlni aktivita u agregatii byla o néco vyssi s primérnou hodnotou
0,0022%0,0004 pM FDA. ml”. hod” a rozmezim (0,0017-0,003). Praméma hydrolyticka
aktivita v sedimentu byla 42,42+ 20,48 uM FDA. ml". hod™”; rozmezi hodnot (3,58-73,15).
Stejné jako u respiracni aktivity ani hodnoty hydrolytické aktivity u sedimentu nekoreluji
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filtratu, tak u agregatt (viz Graf 5).

Graf 5: Hydrolyticka aktivita mikrobialniho spolecenstva sedimentu, agregati a filtratu
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Hydrolyticka aktivita u kament a kofentu byla stejné jako respiracni aktivita vysSsi u
kamenti. Priimérn4 hodnota dosahla 9,10t 5,99 uM FDA. cm™. hod!, rozmezi (0,64-20,69).
Hydrolyticka aktivita mikrobidlniho spoleCenstva kofeni byla o néco nizsi, s primérnou
hodnotou 2,75%0,75 uM FDA. cm™. hod™ a rozmezim (1,68-4,21). Stejné jako u aktivity
respiracni byla hydrolyticka aktivita u kament a kotfenti nejvyssi pti nejvyssi dosazené teploté
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Graf 6: Hydrolyticka aktivita mikrobialniho spolecenstva kamenit a kofeni
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U hydrolytické aktivity nebyl (az na kdmen) prokazan tak vyrazny trend sezonality,
obzvlasté u agregati a filtratu je trend témét opacny. MozZnou pri¢inou by mohla byt rychlejsi
reakce na piisun potravy u mobilni formy biofilmu, oproti stacionarnim biofilmiim s vyraznéji
vyvinutou vnitini strukturou. Vztah hydrolytické aktivity a celkové abundance bakterii, nebyl
prokdzan u zadného typu substratu.

Fylogeneticka in situ hybridizace (FISH)

Cilem nasi detekce bylo sedm fylogenetickych skupin: doména eubacteria (proba
EUB338), o- proteobacteria (proba ALF1b), - proteobacteria (proba BET42a), y-
proteobacteria (préoba GAM42a), & proteobacteria (préba DELTA495a), CF-bacterium
(préba CF319a+b), doména archaca (ARCHI15).

Pti srovnani fylogenetickych skupin byla u v§ech typt substratu nejhojnéji zastoupena
doména Eubacteria, primérnd hodnota byla 26.80 % s rozmezim 20,94-35,21 %, coz je v
souladu s obecné zndmymi fakty o hojnosti domény Eubacteria v ramci pfirodnich biofilmu.
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Nejnizsi primérnou hodnotu vykazovala skupina CF a to 9,77 % s rozmezim hodnot 6,09-

18,18 %, nejhojnéji se tato skupina vyskytovala u kamene a nejméné u filtratu.

Doména Archaea byla primérné zastoupena 10,68 % (rozmezi 6,41-18,79), pficemz nejnizsi

hodnota byla opét u filtraru a nejvyssi u kamene. Tato skutecnost je pomérné piekvapiva,

vzhledem k naSemu ptfedpokladu, ze doména Archaea by méla dominovat spiSe v sedimentu.
U podskupin proteobakterii pievazovala skupina y- proteobacteria s prumérnou

hodnotou 14,09 % a rozmezim 9,43 % (agregaty)-20,62 % (kamen). Nejmén¢ byla zastoupena
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agregatii a nejvyssi 14,38 % u kotene. Priméma hodnota zbylych dvou skupin byla témér
totoznd, pficemz hodnota skupiny a- proteobacteria byla o néco vyssi s hodnotou 12,89 % a
rozmezim 9,8 % (filtrat)-15,78 % (kdmen). (- proteobacteria byla zastoupena 12,14 %
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Graf 7: Zastoupeni bakterii v jednotlivych fylogenetickych skupinach u vSech typu
substratu
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Zavér

Zavérem lze ftici, Ze naméfené hodnoty pouze ¢astecné potvrdily nase predpoklady.
Totalni bakteriadlni po¢ty odpovidaji jednotlivym typiim substratli a jsou v souladu s vysledky
pfedchozich vyzkumi. Enzymatické aktivity vSak nekoreluji se zjiSténymi bakteridlnimi
pocty a nebyla prokazana ani zavislost na teploté (rozdily teploty vody béhem meéteni vSak
nejsou prili§ vyrazné). V ptipad¢ respiracni aktivity se vSak projevil trend zavislosti na
sezonalité prostiedi (a tedy na pfisunu potravy). V ramci méfeni koncentrace chlorofylu a, nas
zaujala pomérné vysoka hodnota u sedimentu, nevymyka se vSak dfive zjisténym udajim.
Fylogenetickou analyzou bakteridlnich spoleCenstev byla potvrzena pfitomnost vSech
sledovanych skupin na vSech typech substratl, piekvapenim byl pomérné vysoky podil
domény Archea u kamenti, oproti sedimentu.

Jen pro predstavu, z hlediska bakterialnich po¢ti bychom mohli fici, ze (podle
vysledkil naseho vyzkumu) odpovida pocet bakterii v 100 ml fi¢ni vody (filtrat + agregaty) 35
ml sedimentu, 24 cm® epilitického narostu na kamenech a 46 cm” epixylického narostu na
zaplavenych kotenech.
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Abstrakt

Uvod

Bentické a hyporheické mikrobidlni biofilmy jsou vyznamym centrem metabolismu fi¢niho
toku, kde dochdzi k retenci, absorbci, ukladani a transformaci latek a zivin (napt. Edwards et
al. 1990; Dahm et al. 1998; Storey et al. 1999). Biofilmy tak pfispivaji k samocisticim
procestim, ale zaroveni akumuluji nejriznéj$i polutanty, které mohou dale piechazet do
vysSich trofickych stupnii. Tyto biofilmy obvykle koncentruji vétSinu mikrobialnich bun¢k
intersticialniho prostfedi (srv. Harvey et al. 1984; Griebler et al. 2002) a nachazi se na
povrchu sedimentd. Ve srovnani s relativné homogennimi sedimenty stojatych vod (jezer)
vSak predstavuji dnové (hyporheické) sedimenty tekoucich vod zna¢né heterogenni prostredi,
které muze ovliviiovat jak abundanci, tak i metabolickou aktivitu piisedlych bakterii.
Heterogenita prostedi se navic mize meénit jak v asovém (napf. zvySené priitoky pii jarnim
tani sn¢hu), tak prostorovém métitku (napt. v podélném profilu toku ¢i s rostouci hloubkou
sedimentu). Z praktického hlediska predstavuje tato heterogenita problém spojeny predevsim
se vzorkovanim a analyzou reprezentativnich vzorkd. Mezi abundanci pfisedlych bakterii a
velikosti zrn sedimentu totiz byla zji§téna signifikatni negativni korelace. Inverzni vztah mezi
poctem bakterii a velikosti zrn je dan vztahem mezi objemem a plochou dané Castice, to
znamena, Ze na mensich zrnech se nachazi obvykle vyssi abundance prokaryot. Tento vztah
byl opakované potvrzen v motskych (Hargrave 1972), estuarinnich (Almeida & Alcantara
1992), intertidalnich (Dale 1974; DeFlaun & Mayer 1980), jezernich (Tsernoglou & Anthony
1971) a ticnich (Leichtfried 1985, 1988; Bott & Kaplan 1985; Barlocher & Murdoch 1989;
Griebler et al. 2001; Santmire & Leff 2007) sedimentech a také v podzemnich vodach (Holm
et al. 1992; Albrechtsen 1994). Povrch castic (zejména tzv. kolonizovatelny povrch) je
vyznamnym habitatem pro mikroorganizmy obyvajici sediment; otazkou vsak zilistava, jaka je
abundance téchto mensich zrn v celkovém (tj. neporuseném) vzorku sedimentu, resp. jaka
velikost zrn je idedlni pro rutinni analyzy mikrobidlnich poctii a aktivit. Protoze vétSina
biomasy biofilmu a celkového organického uhliku (TOC) byla v tekoucich vodach zjisténa na
zrnech < Imm, Leichtfried (1988, 1991) doporucila, aby se pro mikrobialni analyzy potokl a
ek pouzivala pouze tato frakce. V toku Sitka se frakce zrn < Imm podili cca 60 % na obsahu
TOC v celkovém sedimentu, proto jsme piedpokladali, ze vétSina hyporheického organického
uhliku a biofilmu bude vazana na tuto frakci, ackoliv jeji podil v celkové hmotnosti sedimentu
je pouze 20% (Koutny & Rulik 2007).

V predlozené studii jsme zjistovali, zda existuji rozdily mezi tfemi velikostnimi frakcemi
sedimentu, odebraného na riznych mistech v podélném profilu toku Sitka, z hlediska jejich
kvalitativnich charakteristik a zda se 1iSi celkovd abundance prokaryotickych bunék,
abundance vybranych taxonomickych skupin (metanogenni archea, metanotrofni bakteria
skupin I a II) a indikatory metabolické aktivity a rGstu méfené na téchto tfech frakcich.
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Zvolené taxonomické skupiny byly vybrany na zékladé naSich piedchozich studii, které
prokazaly, ze tyto skupiny se bézn¢ nachédzeji v podélném profilu toku a tvoii
nezanedbatelnou ¢ast mikrobidlniho spoleCenstva. Tyto taxony se také 1isi ve svych odezvach
na environmentalni podminky prostfedi, proto nds zajimalo, zda se budou lisit i jejich
abundance na rtiznych velikostnich frakcich zm.

Material a metody

Vyzkum byl proveden na toku Sitka v CR. Sitka je dosud zachovaly tok 3. fadu o délce 35
km, ktery prameni v Hrubém Jeseniku a vléva se do Oskavy a poté do feky Moravy cca 5 km
severné¢ od Olomouce. Na tomto toku probihaji dlouhodoba méfeni a sledovani dynamiky
metanu v hyporheickych sedimentech, podrobna chrakteristika toku vcetné¢ zmén zakladnich
fyz-chem. parametri povrchové i intersticidlni vody v podélném profilu je uvedena v naSich
ptedchozich pracich (napf. Rulik & Spacil 2004; Hlavacova et al. 2005, 2006; Buriankova et
al. 2012; Rulik et al. 2012). V podélném profilu toku bylo na zdklad€ predchozich analyz
vybrano pét lokalit, kde probéhly odbéry vzorki hyporheickych (do hloubky 50 cm) a
povrchovych sedimentii (do hloubky 10 cm) a intersticidlni vody. Replikiaty (n=3)
hyporheickych sedimenti byly odebrany pomoci freeze-core metody s tekutym dusikem
(Bretschko & Klemens 1986), replikaty (n = 5) heterogennich, povrchovych vzorka byly
nahodné odebrany na kazdé lokalit¢ pomoci lopatky a poté byly transportovany v chladu do
laboratote. Zde byly vzorky ve vlhkém stavu opatrné prosety pies sérii sit a pouze frakce <1
mm, 1-3 mm a 3-5.6 mm byly pouzity pro dal§i analyzu. V podvzorcich byly métfeny
nasledujici fyzikélné-chemické a mikrobidlni parametry, jejichz piehled je uveden
v nasledujici tabulce ¢. 1 a metody stanoveni s vyjimkou stanoveni dusiku a fosforu jsou
popsany detailn¢ v praci Rulik & Spacil (2004), Buriankova et al. (2012) a Rulik et al. (2012).
Pro analyzu dusiku byla pouzita metoda dle Dumase (Dumatherm, Gerhardt Analytical
Systems, Germany), fosfor byl stanoven metodou ICP-OES (emisni spektrometrie s indukéné
vazanym plazmatem).

Tab. 1. Pfehled métenych parametrti ve zvolenych frakcich sediment
MéFené parametry

Vlastnosti sedimentii  granulometrie, Primér medianu velikosti zrna (Qsg) a obsah zrn <
Imm, obsah organického uhliku, obsah celkového dusiku a fosforu

Mikrobialni abundance mikrobidlnich bun¢k (DAPI), % zastoupeni a abundance

charakteristiky bunék domény Archaea, metanogennich archea, obsah
extracelularnich polymernich sacharidd, respiracni activita,
hydrolyticka activita , CTC a % CTC aktivnich buné€k, biovolum,
biomasa

Vysledky a diskuze
Viastnosti sedimenti

Sediment ze vSech péti lokalit vykazoval znacné Siroké rozpéti zrn (Tab. 1), nicméné
v priméru vykazovalo relativni mnozstvi zdjmovych frakci podobné hodnoty (Tab. 4).
S vyjimkou lokality II se median velikosti zrna (Qso) snizoval s rostouci hloubkou sedimentu,
coz naznaCuje kumulaci jemnych sedimenti v hlubsi vrstvé sedimentii. Mezi lokalitami
vykazovala velmi nizky median velikosti zrna lokalita ¢. IV, kterd je charakteristicka
dominanci zrn < Imm. Relativni mnozstvi zrn mensich nez 1 mm se pohybovalo mezi 3.96 az
49,8.43 % v ramci vSech lokalit a obvykle vykazovalo tendenci se rapidné zvySovat s rostouci

hloubkou — viz lokality IV a V (Tab.1). Zbylé dvé¢ frakce 1-3 a 3-5,6 mm vykazovaly podobné
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trendy s hloubkou, avSak nartst jejich relativniho mnozstvi v celkovém sedimentu byl méné
zejmy ve srovnani s velikostni frakci < 1 mm. (srv. Tab.1).

Tabulka 1. Primér medidnu velikosti zrna (Qso) a procentudlniho podilu studovanych frakci
v celkovém sedimentu, odebraném na riznych mistech v podélném profilu toku Sitka
metodou freeze-core s tekutym dusikem do hloubky 50 cm

% celkového sedimentu

Qso Frakce < 1 mm Frakce 1-3 mm Frakce 3-5,6 mm
Lokalita/
hloubka 0-25cm  25-50  0-25cm  25-50  0-25cm 25-50  0-25cm  25-50
cm cm cm cm
1 8,57 2,74 8,99 13,24 9,54 15,25 14,43 24,6
11 5,91 12,41 10,88 4,13 11,97 4,01 20,89 9,33
111 13,59 11,0 3,96 13,02 5,24 7,26 1,65 8.4
1\Y 0,94 0,48 37,43 49,8 17,7 20,44 21,97 15,9
A% 7,45 0,81 10,87 48,98 5,95 16,39 13,96 16,52

Obsah organického uhliku zna¢n¢ kolisal mezi jednotlivymi frakcemi a lokalitami (Tab.2), ale
v pruméru vykazovala nejmensi frakce < Imm jeho nejvétsi procentudlni podil (Tab.3).
Podobny trend lze vysledovat i u celkového dusiku a poméru uhlik:dusik, jejichz hodnoty
rovnéz s rostouci velikosti zrn klesaly, naopak z tohoto schematu vybocuji hodnoty fosforu
(Tab. 3).

Tabulka 2. Procento organického uhliku *+ SE vzork z kazdé lokality

Lokalita Procento organického uhliku + SE
Velikostni Velikostni Velikostni
frakce frakce frakce
<1 mm 1-3 mm 3-5.6 mm
I 1.40 £ 0.04 1.37£0.02 1.10 £0.03
11 1.29 £ 0.06 1.08 £0.03 0.92 +£0.05
I 0.91£0.05 0.82+0.04 0.88 £0.02
v 0.84 £0.03 0.92+£0.08 0.86 £ 0.03
A% 0.67 £ 0.06 0.51%£0.06 0.42 £ 0.06

Pomér C/N je Casto pouzivanou charakteristikou kvality potravy pro konzumenty (Russel-
Hunter 1970, Taylor & Roff 1984). Nizky pomér (tj. C/N < 16) je povazovan za indikator
vysokého obsahu proteint a proto dobré dostupnosti energie obsazené v potravé (Cummins &
Klug 1979, Naiman & Sedell 1979). Na sledovanych velikostnich frakcich sedimentu kolisal
pomér C/N mezi 15.7-16.8 (Tab. 3), coz je méné nez v nasi piedchozi studii (Rulik 2000),
naopak je v souladu s hodnotami poméru C/N 9-18 uvadénymi Lechtfried (1995). Taylor &
Roff (1984) zjistli signifikntné niz§i hodnoty poméru C/N v sedimentech dolniho tiseku toku
(15-16) ve srovnani s hodnotami v pramenném useku toku (22.5-25.2). Z hlediska ,,nutri¢ni
hodnoty* tedy nebyl zjistén zcela konzistentni vztah mezi velikosti zrna a méfenym
parametrem nutricni hodnoty. Tuto skute¢nost popisuje u motského sedimentu rovnéz napf.
Cammen (1982), ktery doporucuje opatrné pouzivani generalizace vztahu mezi bakterialni
koncentraci a velikosti zrn. Vys$s§i abundance bakterii byly ¢asto zjistény u vétSich zrn a
1982). Naopak dobrou korelaci mezi obsahem organického uhliku a celkového dusiku a
velikosti zrn uvadéji Hargrave (1972), Dale (1974) a Bergamaschi et al. (1997).
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Tabulka 3. Procentudlni podil (£ SD) organického uhliku, celkového dusiku, fosforu a
poméru uhlik : dusik na zrnech rizné velikosti

Frakce (mm) % organic. C % N % P Pomér C/N
<1 mm 1.02£0.12 0.07 £0.03 0.06 17.1

-3 mm 0.94+£0.13 0.06 £0.01 0.07 15.7
3-5,6 mm 0.84 0.1 0.05 £0.01 0.07 16.8

Abundance prisedlych bakterii vs velikost zrna

Mezi celkovou abundanci bakterii (DAPI) a vzistajici velikosti zrn byl dle o¢ekavani zjistén
signifikantni negativni vztah. Ackoliv relativni mnozstvi vSech tii frakci v celkové suché
hmotnosti sedimentu se v priméru téméf nelisilo, vétSina detekovanych mikrobidlnich bunék
se nachdzela na nejmensi frakci < 1 mm (Tab. 4).

Tabulka 4. Primérna distribuce zrn sedimentu a abundance pfisedlych prokaryot na tfech
velikostnich frakcich

Frakce zrn Relativni mnozstvi zrn - Abundance prokaryot
(mm) (% celkové hmotnosti)* (% celkové populace)
<1 14.43 +5.89 74.36 £ 1.29
1-3 10.08 £2.26 20.57+ 1.15
3-5.6 14.58 +3.62 5.07£0.95

* Primér a SE byly pocitany pro 5 vzorkl odebranych na riznych lokalitach v podélném
profilu toku Sitka

Negativni vztah mezi velikosti zrn a abundanci byl zjistén rovnéz u vybranych
taxonomickych skupin (archea a metanogenni archea)(Tab. 5) Tento trend se strikné
vyskytoval na vSech lokalitdch, prestoze se celkova abundance prokaryontnich bunck
obarvenych DAPI a abundance taxonomickych skupin vzdjemné lisila (Obr. 1 - v soucasné
dobé¢ nejsou jesté k dispozici statistické vysledky).
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Obr. 1. Srovnani abundance prokaryot na péti studovanych lokalitdich. (A) celkové
epifluorescencni pocty po obarveni DAPL (B) FISH se specifickou sondou pro doménu
Archaea a (C) FISH se specifickou sondou pro metanogenni archea. Usecka znaci SE.
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Sacharidy a mikrobialni aktivita

Polysacharidy jsou diilezitou strukturni jednotkou mikrobialnich biofilmi a jejich mnozstvi ve
vzorku proto miize odrazet biomasu pfitomného biofilmu. Mnozstvi sacharidi v celkovém
biofilmu bylo nejvétsi ve velikostni frakci < 1 mm, coz naznacuje nejveétsi rozvoj biofilmi na
této frakci. Vyssi hodnoty polysacharidi i1 proteinti (srv. Tab.3) na menSich zrnech uvadé;ji
z hyporheickych sedimenti rovnéz Rulik & Spacil (2004). Podobnd je i distribuce
metabolické aktivity bun¢k (Tab. 5). Procentudlni podil CTC aktivnich bun¢k v jednotlivych
frakcich byl spiSe vyssi (srv. Sendergaard et Danielsen 2001). Abundance CTC aktivnich
bunék byva obvykle korelovdna s dostupnosti organického substratu; zda se tedy, ze
procentudlni podily aktivnich bunék z celkového poctu bunék oznacenych DAPI koresponduji
s naméfenymi nutricnimi hodnotami. Podle del Giorgio et al. (1997) pocty aktivnich bun¢k
rovnéz dobie koreluji s bakteridlni produkci. V naSich analyzdch jsme neméfili rychlost
mikrobidlniho riistu, ale respiracni a hydrolytickou aktivitu mikroorganizmi. Oba dva
parametry vykazovaly dobrou shodu jak s hodnotami celkovych poctl, tak abundanci CTC
aktivnich bun¢k (Tab. 5), tj. ve vSech piipadech byla zjisténa jejich dominance na zrnech
velikosti < I mm.

Tabulka 5. Mikrobidlni charakteristiky tfi velikostnich frakci sedimentu. Hodnoty jsou
priméry £ SE

Velikostni frakce (mm)

Proménna <1 1-3 3-5.6
DAPI (buriky x 10° g suginy) 9.94+1.04 275+033  0.63+0.07
Archaea (buiiky x 10° g suginy) 0.55+0.03  0.17£0.03  0.02+0.002
Methanogeni achea (buiiky x 10° g 0.50+£0.02 0.14+£0.03  0.01 £0.005
susiny)

Sacharidy (mg C g'1 susiny) 0.52+0.12 0.11+0.01 0.07 £0.01
Respira¢ni activita (ul O, g susiny h™) 5.46+1.77 1.52+0.64  2.64+1.03
Hydrolyticka activita (1M FDA glsudiny  10.00+1.74 2.88+0.83  3.98+0.90
h™)

CTC (abundance x 10%g suginy) 2.23+£0,56 0,61 £0.14 0,1 £0.03
% CTC aktivnich bun¢k z DAPI 2578 +£5.03 21.27%+2.15 14.21+£3.63
Biovolum (um’ buitku™) 0.12+£02  0.13£0.02  0.2%0.02
Biomasa (ug C g susiny) 0.23 £0.04 0.06 £ 0.01 0.02 £ 0.00

Biovolum, biomasa vs velikost zrna

Biovolum a jeho konverze na biomasu umoziuji odhadnout potencidlni prispévek
mikrobialnich bun¢k do potravniho fetézce. Pro ptepocet biovolumu na biomasu se pouzivaji
ruzné konverzni faktory (viz Posch et al. 2001), v nasich analyzach pouzivame tradi¢né faktor
navrzeny Norlandem (Norland 1993). Ve srovnani s ostatnimi parametry vykazoval biovolum
zcela opacny trend, nejvetsi primérné hodnoty byly zjisténé na nejveétsi frakei sedimentu.
Tento fakt byl potvrzen rovnéz na vétSiné lokalit v podélném profilu toku Sitka. S timto
zjisténim nekoresponduji vysledky, které namétili Kuwae & Hosokawa (1999), kteti uvadi, ze
nejvetsi biovolum bunék (rozpéti 0.17-0.22 um3) byl zjistén u nejjemnéjsiho sedimentu.
Zjisténé rozpéti hodnot pro biovolum mikorbidlnich bunék se shoduje sudaji, které
publikovali pro jemny sediment Koutny & Rulik (2007), Brablcova et al. (2012) ¢i ze
zahrani¢i Buesing & Gessner (2002), Eggert & Wallace (2007) a Bertoni et al. (2010).
ProtoZze biomasa je zavisla na celkové abundanci mikrobidlnich bunék ve vzorku, neni
piekvapivé, ze nejveétsi hodnota biomasy byla zjiSténa na nejmensi frakce sedimentu.
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Zavér

Z vyse uvedenych vysledkl vyplyva, Ze v ramci tii studovanych zrnitostnich frakci byly jak
mikroorganizmy, tak i dal$i mikrobidlni parametry mnohem vice asociovany s ¢asticemi
mensimi nezZ 1 mm. Toto zjisténi podporuje jednak zavéry piedchozich studii, provedenych
zejména v moiském prostiedi, jednak naznacuje, ze pro dalsi, rutinni mikrobiologické analyzy
hyporheickych sedimenti je tifeba zabezpecit odbér dostatecného mnozstvi jemnych
sedimentq.

Podékovani 5
Tento vyzkum byl finan¢né podpoten projekty GACR 526/09/1639 a IGA 453104081/31
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ABSTRAKT

Mikrobidlni biofilmy hraji ve vodnich ekosystémech vyznamnou roli v procesu
degradace organickych latek, jsou centrem metabolické aktivity a umoznuji existenci
Sirokého spektra mikrobialnich spolecenstev. V tekoucich vodach se biofilmové narosty
vyskytuji nejcastéji na ponofenych substratech, jako jsou kameny, kotfeny stromti, vodni
makrofyta, makroskopické agregaty, ale také benticky a hyporheicky sediment. Pfestoze
sedimenty tekoucich vod byvaji povazovany za aerobni prostiedi, zda se, Ze mohou
obsahovat nepravidelné uskupené anoxicke a hypoxické kapsy, jeZ vytvari v sedimentu
mozaiku riiznych typl prosttedi. Tato rizna prostiedi podmiiiuji existenci rozmanitych
mikrobidlnich spolecenstev, jimiZ zprosttedkované odliSné mikrobialni procesy mohou
v tomto prostfedi probihat soucasné. Aerobni i1 anaerobni metabolické procesy jsou
vyznamné nejen pro odbouravani organickych latek a dynamiku dekompozice, ale také
pro zékladni tok energie a kolobéh elementarnich prvkl v celém ekosystému. Rozklad
organické hmoty je klicovym procesem v lokalnim i globalnim kolob¢hu uhliku, kdy
dochazi k uvoliiovani potencialnich sklenikovych plyni (metan, oxid uhlicity). Proto
maji procesy, probihajici v biofilmu sedimentii vyznam i z hlediska zvySovani obsahu

sklenikovych plyni v atmosféfe a globalnim oteplovani.

Tato disertacni prace se zabyva analyzou spolecenstva mikroorganizmii, jez se vyskytuji
v biofilmovém konsorciu a podili se na procesech metanogeneze. Abychom Iépe
pochopili roli mikroorganizmii v environmentalnich procesech, je prvnim krokem
k pochopeni funkce spolecenstva jeho detekce a identifikace. V této praci jsme pro
analyzu mikrobidlnich spolecenstev pouzili Siroké spektrum detekénich metod, se
zaméfenim na metody molekuldrni. Molekuldrni biologické techniky nabizi nové
moznosti detekce, analyzy diverzity a sloZeni mikrobidlniho spoleCenstva. Vystupy
téchto metod a jejich vzajemné propojeni ndm mohou poskytnout obraz o vztazich a

fungovani spolecenstva v pfirodnich ekosystémech.

Kli¢ova slova: biofilm, hyporheicky sediment, metan, tekouci vody



ABSTRACT

Microbial biofilms play a fundamental role in organic matter decomposition, they are
hot spots of microbial activity and allow coexistence of a great diversity of microbial
communities. Microbial biofilms are formed in rivers on submerged surfaces such as
stones, plants, roots, macroscopic aggregates and also bentic and hyporheic sediments.
The seemingly well-oxygenated river sediments contain anoxic and hypoxic pockets
associated with irregularities in sediment surfaces and creating a mosaic structure of
various environments, where different microbial populations can live and different
microbially mediated processes can occur simultaneously. Aerobic and anaerobic
metabolic processes are important not only for decomposition dynamics, but also for
energy and nutrient cycling within a whole ecosystem.

Moreover, organic matter decomposition in sediments is an important process in global
and local carbon budgets as it ultimately recycles complex organic compounds from
environments to carbon dioxide and methane. Thus the river sediment biofilms may act
as a considerable source of these greenhouse gases which are important in global

warming.

The aim of this Ph.D. thesis is to analyse microbial community occuring in biofilm
structure and influencing the processes of methanogenesis. An important first step
towards understanding the role of microorganisms in environmental processes is their
detection and determination. We have used a variety of molecular biological techniques
for microbial community analysis, with focus on detection, microbial diversity and
community structure determination. The application of these methods and their
combination can help us in understanding the microbial processes and their impact on

whole ecosystem.

Key words: biofilm, hyporheic sediment, methane, running waters
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UVOD
Mikrobialni biofilmy

Mikrobidlni spolecenstva se ve vodnim prostiedi vyskytuji bud’ ve formé planktonnich
mikroorganizmit nebo jako prfisedld biofilmovd komunita (Van Horn et al. 2011).
Odhaduje se, ze 99% bakterii, vyskytujicich se v pfirodnim prostiedi, zije v biofilmu
nebo alespon pietrvava na néjakém povrchu (Costerton et al. 1987).

Existuje celd tfada definic biofilmu, obecné jej lze charakterizovat jako komplexni
soustavu mikroorganizmu (bakterii, archei, sinic, hub, fas a prvoki), které produkuji
extracelularni polymerni produkty a vytvairi tak na podkladu funkéni mikrobidlni
konsorcium ukotvené v rozsahlé polymerni matrici (Lock et al. 1984, Costerton et al.
1987, Neu et Lawrence 1997, Fried et al. 2000). Jedna z nejaktudlnéjSich definic
popisuje biofilm jako ,ptisedlé spoleCenstvo mikroorganizmii, charakterizované tim, ze
buiiky, které jsou ireverzibilng ptichyceny k podkladu nebo k sobé navzajem, jsou
zanofeny v matrici svych extraceluldrnich produkti a vykazuji odliSny fenotyp
s ohledem na rychlost rastu a transkripci geni* (Donlan et Costerton 2002).
Mikroorganizmy Ziji v biofilmu z mnoha davodi, polysacharidovd matriceje nejen
mistem akumulace Zivin, ale slouzi také jako bariéra, jeZz chrdni mikrobialni
spoleCenstvo pifed predatory, patogeny, extrémnimi podminkamiprostiedi jako pH,
teplota, UV-zafeni, vysychani nebo ptisobeni toxickych latek a antibiotik (Lock 1994,
Paerl et Pinckney 1996, Boureau et al. 2003, Hall-Stoodley et al. 2004).

Dalsi vyhodou biofilmu je koexistence vice mikrobidlnich druhd, kdy jeden druh
mikroorganizmu vyuziva produkty metabolismu jiného druhu, coz umoziuje prezivani
,obyvatel“ biofilmu 1 v prostfedi chudém na Ziviny (Korber et al. 1995). Biofilmova
spolecCenstva také umoziuji mikroorganizmiim pretrvat vtomto vyhodném prostredi a
nebyt odplaveny vodnim proudem (Johnson 2008).

Biofilm nalezneme prakticky vSude, kde je relativni dostatek vody, Zivin, pfiméfena
vymeéna plyna a jakykoli povrch. Kromé ptirodniho prosttedi se biofilmy vyskytuji i

v Cetnych priimyslovych odvétvich (vodarenstvi, Cistirenstvi) ¢i humanni medicing.



Prirodni biofilmy ve vodnich ekosystémech

V tekoucich vodach kolonizuje biofilmové spoleCenstvo ponotené substraty, jako jsou
kameny, kofeny stromti, vodni makrofyta, ale také benticky a hyporheicky sediment a
makroskopické agregaty (Romani et al. 2004, Grossart et Ploug 2000, Eggert et Wallace
2007, Hempel et al. 2008)

Jak uz bylo feceno, ne vSechny mikroorganizmy, vyskytujici se ve vodnich
ekosystémech, ziji v biofilmu. Bakterie, které¢ zaddny povrch nekolonizuji, jsou
dispergovany ve vodnim sloupci a jsou velmi €asto oznaCovany jako tzv. free-living,
tedy volné zijici bakterie. I kdyz planktonni buniky sdileji s buitkami zijicimi v biofilmu
stejné funkce zpracovani Zzivin, jsou ,,obyvatelé” biofilmu mnohem aktivnéj$i nez
planktonni mikroorganizmy. Diivodem miZe byt skuteCnost, Ze metabolismus
planktonnich mikroorganizmil je ovlivilovdn pouze dostupnosti alochtonnich zdroji
(Zziviny z okolniho prostfedi) a top-down efektem predatordi a jsou zde témér
zanedbatelné synergické a kooperativni vazby (Dufour et Torréton 1996, Thelaus et al.
2008). Protoze je biofilm vysoce strukturovanym spoleCenstvem vzajemné
kooperujicich mikroorganizmi, vyuZivaji buiiky v biofilmu nejen alochtonni zdroje
zivin z okoli, ale také Ziviny vznikajici pfimo uvnitf biofilmu (autochtonni zdroje Zivin),
jez produkuji pfedevSim sinice a fasy (Sobczak 1996, Pohlon et al. 2010, Romani 2010).
VétSina dostupnych Zivin se vSak nachéazi ve formé vysokomolekuldrnich latek a neni
proto pro mikroorganizmy piimo vyuZitelnd. Tyto latky musi projit procesem
degradace, na niz se podili Siroka Skala extracelularnich enzymii. Hlavnimi producenty
téchto extraceluldrnich enzymu jsou prfedevsim bakterie, v mensi mitfe také houby a fasy
(Romani 2010).

Diky této degradacni schopnosti tak hraji biofilmy ve vodnich ekosystémech klicovou
roli v odbouravani organickych latek a uvoliovani Zivin do okolniho prosttedi (Chrost
et Overbeck 1990, Meyer 1994). Protoze jsou biofilmy nejen centrem transformace
latek z prostiedi, ale také mistem jejich akumulace a imobilizace, ma biofilm ve
vodnich ekosystémech vyznamnou funkci nejen jako biondikator znecisténi, ale 1 jako
»zpracovatel” vodnich polutantli, ¢imz vyznamné piispiva k samocisténi vodnich toka
(Mickelburg et al. 1984, Fried et al. 2000, Froehner 2012, Rulik 2012).
Mikroorganizmy biofilmu jsou také soucésti potravnich fetezcii a prostfednictvim tzv.
mikrobialni smycky slouzi jako potravni zdroje pro organizmy na vysSich trofickych

urovnich (Azam et al. 1983)



Hyporheicky biofilm a produkce metanu

Bentické sedimenty tekoucich vod poskytuji vysokou aktivni plochu pro piichyceni a
vyvoj mikrobidlniho spoleCenstva. Biofilmové spoleenstvo se vSak nevyskytuje pouze
na povrchu sedimentu, ale kolonizuje také sedimenty pod povrchem fi¢niho dna.
Biotop, jenZ se nachazi pod povrchem ti¢niho dna, se nazyva hyporheickd zéna (Arnon
et al. 2010, Wong a Williams 2010) a je definovana jako intersticidlni (porézni) oblast
pod povrchem ficniho dna, zdsobovand caste€né vodou z koryta a Castecné vodou
podzemni. Hyporheicka zona je centrum vysoké metabolické aktivity a hraje proto
vyznamnou roli v procesu samocisténi, akumulace, mineralizace a pfemény Zivin
(Hendricks 1993, White 1993, Jones et Holmes 1996, Storey et al. 1999, Fischer et al.
2005).

Zdanlivé dobre okysli¢ena hyporheicka zona obsahuje anoxicka a hypoxickd mista, tzv.
anaerobni mikrohabitaty, a wvytvari tak mozaikovitou strukturu environmentéalné
odliSnych prostiedi, jeZ poskytuji optimalni podminky pro existenci Sirokého spektra
mikrobidlnich populaci (Baker et al. 1999, Storey et al. 1999, Morrice et al. 2000,
Fischer et al. 2005). Protoze je degradace organické hmoty zavisla na enzymatické
aktivité¢ téchto mikrobidlnich populaci, dochazi v hyporedlu k odbourdvani organické
hmoty jak za oxickych, tak za anoxickych podminek. V hyporheické zoné se vyskytuje
Siroka Skala anaerobné respiracnich procesii, jako je napf. respirace nitratu, zeleza,
sulfatu ¢i metanogenni respirace (Storey et al. 1999). VétsSina téchto procest je fizena
aktivitou vzajemné kooperujiciho biofilmového spolecenstva, kdy napf. metanogenni
archea vyuzivaji produkty metabolismu nékterych jinych ,,obyvatel” biofilmu
(fermentacnich a acidogennich bakterii), za vzniku findlniho produktu — metanu
(Dolfing 1988, Ferry 1993, Hornibrook et al. 2000). Metanogeneze je striktné
anaerobnim procesem, v biofilmu k ni dochazi bud’ za ptedpokladu, ze se biofilmové
spolecenstvo nachazi v anaerobnim prostiedi, anebo v ptipad€, ze ma biofilmova vrstva
dostatecnou tloustku a umoznuje tak vznik anoxického prostfedi v hlubSich vrstvach
biofilmu (Damgaard et al. 2001).

Metan (CH4) je vyznamnym komponentem v geochemickém cyklu uhliku ve vodnich
ekosystémech, a protoZze v mnohych fi¢nich sedimentech byla namétena jeho vysoka
koncentrace (Schindler et Krabbenhoft 1998, Hlavacova et al. 2005, Sanders et al. 2007,

Wilcock et Sorrell 2008), miizeme ficni sedimenty povazovat za vyznamny zdroj tohoto



sklenikového plynu, jenZ se podili na globalnich klimatickych zménach (Hlavacova et

al. 2006).

Mikroorganizmy v procesu metanogeneze

Metan je produkovan vyhradné prostiednictvim metanogennich archei, jakoZto finélni
produkt anaerobni respirace (Garcia et al. 2000, Chaban et al. 2006). Metanogenni
archea, nalezici do kmene Euryarchaeota, se dé&li na 5 tadh: Methanopyrales,
Methanococcales, Methanobacteriales, Methanomicrobiales a Methanosarcinales.
Fylogenetické analyzy odhalily, Ze metanogeny mohou byt také rozdéleny do dvou tiid.
Metanogenni ,tiida 1 sdruzuje tady Methanopyrales, Methanobacteriales a
Methanococcales, zatimco ,tfida II“ je tvofena dvéma zbyvajicimi tady:
Methanomicrobiales a Methanosarcinales (Bapteste et al.,, 2005). Metanogeny se
vyskytuji zeyjména v anoxickych prostiedich s extrémné nizkym redoxnim potencidlem.
Mira produkce metanu je ve vodnich sedimentech kontrolovana predev§im dostupnosti
prekurzori metanogeneze - acetatu a H,/CO, (Conrad 2007).

V ptirodnich sladkovodnich ekosystémech dochazi pfirozené vedle produkce metanu
také k jeho odbouravani. Ke spotfebé¢ metanu mize dochazet jak za aerobnich, tak za
anaerobnich podminek. Aerobni oxidace metanu je CastéjSim jevem a zodpovidaji za ni
metan-oxidujici bakterie, neboli metanotrofy. Metanotrofni bakterie patii do kmene
Proteobacteria a stejné¢ jako metanogeny se déli na dvé zakladni skupiny. Metanotrofy
Ltypu I taxonomicky nalezi do tfidy Gammaproteobacteria a do celedi
Methylococcaceae, jez sdruzuje jeSté dalsi dvé podskupiny; druhou skupinu tvofi
metanotrofy ,typu II, jez patfi do tifidy Alphaproteobacteria a sdruzuji celedé
Methylocystaceae a Beijerinkiaceae (Bowman 2006, Semrau et al. 2010). Metanotrofy
jsou specializovanou skupinou metylotrofnich bakterii, které vyuzivaji metan jakoZto
zdroj uhliku a donor elektront, pficemz elektronovym akceptorem je zde O,. Oxidace
metanu proto piimo zavisi na dostupnosti téchto dvou zdroji (Hanson et Hanson 1996).

ProtoZe jsou metanotrofni bakterie zavislé na ¢innosti metanogennich archei, hraji tyto
dvé skupiny mikroorganizml vyznamnou roli v procesu vzniku/spotfeby metanu a

vyrazné tak ovliviiuji kolobéh uhliku ve vodnich ekosystémech.
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CILE DISERTACNI PRACE

Cilem disertacni prace bylo analyzovat spolecenstvo mikroorganizmi, vyskytujici se
v biofilmovém konsorciu a podilejici se na procesech metanogeneze v pfirozeném

prostiedi vodniho toku.

V disertacni praci byly sledovany dva hlavni cile:

Charakterizovat a porovnat biofilmové spolecenstvo mikroorganizmi, kolonizujici

rizné typy substratu a spoleenstvo planktonnich mikroorganizmii pomoci determinace

e fylogenetické struktury planktonniho a biofilmového spolec¢enstva
e bunécné biomasy planktonniho a biofilmového spoleCenstva

e enzymatické aktivity planktonniho a biofilmového spolecenstva

Detekovat a popsat spolecenstva mikroorganizmill zapojenych do metanogenniho cyklu

v biofilmu hyporheického sedimentu se zaméfenim na

e distribuci spolecenstva metanogennich archei a metanotrofnich bakterii

e diverzitu spolecenstva metanogennich archei

STUDOVANE LOKALITY

Bysttice je 53.9 km dlouha teka 2. tadu, pramenici v Nizkém Jeseniku v nadmotskeé
vysce 600m. Je levostrannym pritokem feky Moravy, do niz se vléva v Olomouci.
Plocha povodi je 267.4 km” a primérny pratok &ni 1.88 m’/s.

Bystfice je neregulovanym tokem s bohatou riparidlni vegetaci. Studovana lokalita
(49°44'N, 17°26'E) se nachazi v Pfirodnim parku Udoli Bysttice, kde feka vytvéii
hluboké skalnaté doli s kanony, na nichZ se prosadily kvalitni lesni porosty misty

pfipominajici prales.
Sitka je 35 km dlouhé teka 3. fadu, pramenici v Hrubém Jeseniku v nadmoiské vysce

650 m. Plocha povodi je 118.81 km” a primérny pritok &ini 0.81 m’/s. Sitka se vléva do

teky Oskavy asi 5 km severné od Olomouce.
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V hornim useku toku teka protékd zalesnénym uzemim s minimalnim antropogennim
vlivem, zatimco ve své dolni casti feka pfirozené meandruje zemédélsky intenzivné
vyuzivanou krajinou. AZ na malé useky je Sitka pfevazné neregulovanym tokem

s bohatou riparialni vegetaci.

VYBRANE DETEKCNI METODY

V soucasné¢ dobé se kdetekci, identifikaci a charakteristice spolecenstva
mikroorganizmil pouZiva Siroka Skala detekénich metod. V minulosti hojné rozsifena
metoda kultivace mikroorganizml dnes jiZ zvolna ustupuje modernim molekularnim
technikdm, jez jsou schopny detekovat i nekultivovatelné mikroorganizmy. Molekularni
biologické techniky nabizi nové moznosti detekce a analyzy diverzity a sloZeni
mikrobialniho spolecenstva (Muyzer et al. 1993, Amann et al. 1995, Araya et al. 2003).

Mezi nejcastéji pouzivané metody detekce patii vizualizace mikroorganizmu
prostfednictvim molekularné vazanych fluorochromtl, jez se pouZzivaji nejen k urceni

celkové abundance a biomasy mikroorganizmil (nejcastéji pomoci fluorochromu DAPI),

ale také k identifikaci jejich fyvlogenetickych vztahii, prostorové distribuci ve vzorku a

relativni abundanci (metoda fluorescencni in sifu hybridizace - FISH)(Porter et Feig
1980, Pernthaler et al. 2001).
Dal$i molekuldrni metody slouzi naptf. k odhaleni mikrobialni diverzity daného

spoleCenstva. K urceni taxonomické diverzity, hrubého odhadu druhové bohatosti

spoleCenstva a vizualizaci pievladajicich (dominantnich) druhi se pouziva metoda
denaturacni gradientové gelové elektroforézy (DGGE), zalozena na separaci molekul
DNA v polyakrylamidovém gelu (Tabatabaei et al. 2009).

Neméné hodnotné vysledky poskytuji také metody, jez slouzi k detekci metabolické
aktivity mikrobidlniho spolecenstva. Ke zjiSténi intenzity metabolickych procesi
mikrobialniho spoleCenstva se pouzivaji metody zalozené na detekci enzymatické
aktivity, kdy je po aplikaci substratu (napt. INT, FDA) sledovano mnozstvi vzniklého
produktu (Téth 1993, Battin 1997).

Pouziti metod, které nas informuji o vyskytu, slozeni, diverzit¢ a aktivit¢ mikrobialnich
spoleCenstev a jejich vzajemné propojeni, ndm miiZze poskytnout obraz o fungovani
mikrobialnich spoleCenstev v tekoucich vodéch a ptispét tak ke zvySeni informovanosti
v oblasti biodegradabilty polutanti, zneciSténi vodnich tokii a procesii hrajicich

klicovou roli v problematice klimatickych zmén (Neufeld et Mohn 2006).
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SHRNUTI VYSLEDKU

V prvni ¢asti této prace jsme se zabyvali porovnanim mikrobidlniho spoleCenstva
biofilmu se spoleCenstvem volné¢ Zzijicich bakterii. Konkrétné jsme se zaméfili na
biofilmy tekoucich vod, kolonizujici povrchy sedimentu, kament, vodnich makrofyt,
kofentl riparialni vegetace a makroskopickych agregati vodniho sloupce.

Pro srovnani jsme vyuzili mikrobidlnich parametrti, jako jsou celkova abundance a
biomasa, bunéény objem, enzymaticka aktivita a fylogenetickd struktura studovanych
spoleCenstev.

Co se fylogenetické struktury tyce, potvrdili jsme pfitomnost zastupcii obou
studovanych domén (Bacteria, Archaea) 1 podskupin proteobakterii (Alpha-, Beta-,
Gamma-, Deltaproteobacteria), jak pro vSechna biofilmova spolecenstva, tak 1 pro
volné Zijici bakterie. Z kvantitativniho hlediska byl ficni kdmen substratem, u nehoz
relativni poCty byly nalezeny u volné zijicich bakterii.

Celkova abundance a bunécna biomasa byly nejvyssi v biofilmu sedimentu a kotene;
prumérné nejvysSiho bunécného objemu dosihlo biofilmové spolecenstvo kamene,
Pti studiu enzymatickych aktivit vykazovalo nejvyssi aktivitu biofilmové spolecenstvo
sedimentu a kamene a ve srovnani s mikroorganizmy volné vody, byla aktivita
v sedimentu mnohondsobn¢ vyssi. Pi1 porovnani velikostnich frakci sedimentu byla
nejvyssi aktivita potvrzena u nejmensi frakce (<1 mm), stejné jako dalsi studované
parametry (celkovd abundance, biomasa, mnoZstvi polysacharidi 1 abundance

metanogennich archei).

Ve druhé cCasti prace jsme se zaméfili na detekci a identifikaci spolecCenstva
metanogennich archei a metanotrofnich bakterii ve dvou hloubkovych
frakcich hyporheického sedimentu (povrchova a hloubkova frakce). Vzorky sedimentu
byly odebrany na péti lokalitach v podélném profilu malého niZinné¢ho toku. Kromé
samotn¢ detekce jsme studovali také dalSi parametry spolecenstva, jako jsou
enzymatickd a metanotrofni aktivita, metanogenni potencial a v neposledni tad¢
geneticka diverzita metanogennich archei.

Jak metanogenni archea, tak i metanotrofy byly detekovany na vSech lokalitach a

v obou zkoumanych hloubkovych profilech sedimentu, pficemz s rostouci hloubkou
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vykazovaly ob¢ skupiny rostouci podil ve spolecenstvu. Naopak hodnoty ostatnich
zkoumanych parametri (enzymatickd a metanotrofni aktivita, metanogenni potencial)
byly vyss$i v povrchové vrstvé hyporheického sedimentu.

Z hlediska genetické diverzity jsme identifikovali mezi lokalitami 19 odliSnych
metanogennich taxonil. Ziskana data byla dale analyzovana pomoci shlukové analyzy,
jez odhalila tfi skupiny lokalit, liSici se mnoZstvim dominantnich taxonil. Prvni
skupinu tvofily lokality dolni ¢asti toku s vyrazné vySSim poctem taxond, dalsi dvé
skupiny lokalit (s niz§im poctem taxonll) se nachazelyv hornim useku toku. Jako
nejbohatsi se jevila lokalita ¢. 4 (v dolni ¢asti toku), na niz sekvenacni analyza odhalila
jeden ze dvou nalezenych metanogennich rodu, patfici do fadu Methanomicrobiales.
Druhy zastupce metanogennich archei byl nalezen také v dolni €asti toku (na lokalité ¢.

5) a taxonomicky nalezi do fadu Methanosarcinales.
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ABSTRAKTY PUBLIKACI A PRISPEVKU ZAHRNUTYCH V DISERTACNI
PRACI

I. The phylogenetic structure of microbial biofilms and free-living bacteria in a
small stream

Lenka Brablcova, Iva Buriankova, Pavlina Badurova, Martin Rulik
Folia Microbiol, in press

The phylogenetic composition, bacterial biomass, and biovolume of both planktonic and biofilm
communities were studied in a low-order Bystfice stream near Olomouc City, in the Czech
Republic. The aim of the study was to compare the microbial communities colonizing different
biofilm substrata (stream aggregates, stream sediment, underwater tree roots, stream stones, and
aquatic macrophytes) to those of free-living bacteria. The phylogenetic composition was
analyzed using fluorescence in situ hybridization for main phylogenetic groups. All
phylogenetic groups studied were detectedin all sample types. The stream stone was the
substratim where nearly all phylogenetic groups were the most abundant, while the lowest
proportion to the DAPI stained cells was found for free-living bacteria. The probe specific for
the domain Bacteria detected 20.6 to 45.8 % of DAPI-stained cells while the probe specific for
the domain Archaea detected 4.3 to 17.9 %.

The most abundant group of Proteobacteria was Alphaproteobacteria with a mean of 14.2 %,
and the least abundant was Betaproteobacteria with a mean of 11.4 %. The average value of the
Cytophaga—Flavobacteria group was 10.5 %. Total cell numbers and bacterial biomass were
highest in sediment and root biofilm. The value of cell biovolume was highest in stone biofilm
and lowest in sediment. Overall, this study revealed relevant differences in phylogenetic
composition, bacterial biomass, and biovolume between different stream biofilms and free-
living bacteria.

I1. Methanogens and methanotrophs distribution in the hyporheic sediments of a
small lowland stream

Iva Buriankova, Lenka Brablcova, Vaclav Mach, Aneta Hyblova, Pavlina Badurova, Jana
Cupalové, Lubomir Cap, Martin Rulik

Fundam App! Limnol, 181(2): 87-102

Distribution of microbial activity, methanogenic archaea and type I and II methanotrophs were
studied in a small lowland stream Sitka in Czech Republic. The methanogens and
methanotrophic bacteria were detected using FISH with 16 S rRNA-targeted oligonucleotide
probes. The highest microbial density was obtained in the upper sediment layer 0 — 25 cm; this
zone corresponded also to that of the highest metabolic activity, as indicated by the
methanogenic potential, methanotrophic activity, INT and FDA profiles. Both methanogenic
archaea and aerobic methanotrophs were found at all localities along the longitudinal stream
profile. The proportion of these groups to the DAPI-stained cells was quite consistent and varied
only slightly but a higher proportion to the DAPI-stained cells in the deeper sediment layer 25 —
50 cm was observed. On average 23.4 % of DAPI-stained cells were detected by FISH with a
probe for methanogens while type I methanotrophs reached ~ 21.4 % and type II methanotrophs
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11.9 %, respectively. The percentage of DAPI-stained cells hybridizing with methanotroph-
specific probes was generally higher for type I than type II. Our data show that the
methanogenic archaea and aerobic methanotrophs can be numerically dominant components of
the hyporheic biofilm community and affect CH4 cycling in river sediments.

II1. Running waters as important source of methane emissions to atmosphere:
preliminary results from the Sitka stream, Czech Republic

Martin Rulik, Vaclav Mach, Jana Cupalova, Lenka Brablcova, Iva Buriankova, Lubomir Cap
J Environ Sci Eng 10: 43-52

In order to find whether streams might be the important producers of greenhouse gases into the
atmosphere, we focused to determine total emissons of CH, from a surface water of the small
lowland stream in Czech Republic to the atmosphere. We found that vast majority of annual
emissions (90 %) was produced in lower, 7 km long stretch of the stream (localities 1V-V),
which represent only 1/5 of the total calculated area of the stream. Emissions of the methane to
the atmosphere are greatest during the spring and summer period when the water temperature is
elevated. Totally, more than half tonne of methane was annually emitted to the atmosphere from
the stream water level (~ 0.2 km?). Our findings have also revealed occurrence of methanogen
archaea in insterstitial water along longitudinal stream profile and that percentual proportion of
methanogens to DAPI stained bacterial cells did not correspond always to the methane
concentration in the interstitial water. Based on our results from a Sitka stream we suppose that
due to their numbers and potential area for emitting, the contribution of streams and rivers to the
contribution to total methane annual emissions would not be negligible.

IV. Occurrence and diversity of methanogenic archaea detected by FISH and
DGGE in stream hyporheic sediment

Lenka Brablcova, Iva Buriankova, Pavlina Badurova and Martin Rulik
Submitted to Environ Microbiol

The occurrence and diversity of methanogenic archaeal community were analyzed by
fluorescence in situ hybridization (FISH) and denaturing gradient gel electrophoresis (DGGE)
in hyporheic sediment samples collected from two sediment depths (0-25 cm and 25-50 ¢m) at
five localities along the lowland stream Sitka (Czech Republic). Both methods confirmed the
presence of methanogenic archaea at all localities and depths. The proportion of methanogens to
the DAPI-stained cells varied among all localities and depths with average value 18.1% (range
4.4 —31.1%). A total of 19 different bands were observed on the DGGE gel. Cluster analysis of
DGGE image showed three main clusters consisting of localities that differed in the amount and
similarity of the DGGE bands. Sequencing analysis revealed only two different clones which
were affiliated with membersof Methanosarcinales and Methanomicrobiales orders. Our data
show that the methanogenic archaeca may be important component of hyporheic sediment
community and can affect CH4 cycling in river ecosystem.
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V. Mikrobialni biofilmy tekoucich vod

Lenka Brablcova, Iva Buriankova, Martin Rulik
Zbornik prednasok a posterov (Mikrobioldgia vody 2009): 42-49

Bakterialni spolecenstva v tekoucich i stojatych sladkych vodach jsou v poslednich letech stale
CastgjSim predmétem mikrobialné - ekologickych studii na celém svété. Pozornost se vSak od
volné a prilinové vody obraci zejména ke spoleCenstvim biofilmu, tj. takovym, které tvoii
povlaky castic sedimentli, kamend, kofenli a riznych jinych predmétd, vyskytujicich se ve
vodnim prostiedi. Tato biofilmova kultura se také vyskytuje na povrsich ¢astic (agregatt), které
jsou unaseny vodou a nemaji tak staticky charakter jako jiz vySe zminéné typy biofilmu.

Na Univerzité¢ Palackého v Olomouci se mikrobialni vyzkum biofilmovych spolecenstev
zaméiuje predev§sim na vyuziti fluorescencnich barviv, a to jak pro ucely stanoveni celkového
bakterialniho oziveni (DAPI), tak pro zjisténi taxonomického slozeni biofilmovych
spoleCenstev (barvivo Cy3 pfi fluorescenéni hybridizaci - FISH). Dale na problematiku
hydrolytické a respira¢ni aktivity mikrobialniho spolecenstva. U vSech typt biofilmu a filtratu
bylo také sledovano mnozstvi chl a.

rMIY 1

V1. Srovnani mikrobialniho osidleni tri velikostnich frakei riéniho sedimentu

Martin Rulik, Pavlina Badurova, Lenka Brablcova, Iva Buriankova, Kristyna Gratzova, Vaclav
Mach & Adam Bednaiik

Zbornik prednasok a posterov (Mikrobioldgia vody 2012): 115-122

Bentické a hyporheické mikrobialni biofilmy jsou vyznamym centrem metabolismu fi¢niho
toku, kde dochazi k retenci, absorbci, ukladani a transformaci latek a zivin. Tyto biofilmy
obvykle koncentruji vét§inu mikrobialnich bun¢k intersticidlniho prostfedi a nachazi se na
povrchu sedimentli. Ve srovnani s relativné homogennimi sedimenty stojatych vod (jezer)
predstavuji dnové (hyporheické) sedimenty tekoucich vod zna¢né heterogenni prostiedi, které
mize ovliviiovat jak abundanci, tak i metabolickou aktivitu ptisedlych bakterii. Abundance a
aktivita bakterii tak mize byt ovlivnéna napt. velikostni frakci sedimentu, nebot’ mnohé studie
potvrzuji signifikatni negativni korelaci mezi abundanci prisedlych bakterii a velikosti zrn
sedimentu.

V predlozené studii jsme zjistovali, zda existuji rozdily mezi tiemi velikostnimi frakcemi
sedimentu, odebraného na riznych mistech v podélném profilu toku Sitka, z hlediska jejich
kvalitativnich charakteristik a zda se 1iSi celkova abundance prokaryotickych bungk, abundance
vybranych taxonomickych skupin (metanogenni archea, metanotrofni bakteria skupin I a II) a
indikatory metabolické aktivity a rustu méfené na téchto tiech frakcich.
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