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Zusammenfassung

An oxisch-anoxischen Grenzschichten mariner Habifaiden vielfaltige mikrobiell
katalysierte Prozesse statt. Neben der Mineradisation organischem Material durch
heterotrophe Mikroorganismen stellen solche Grdmgzhten auch Lebensrdume fir eine
grol3e Zahl von chemolithotrophen Mikroorganismen tfader Vergangenheit wurden viele
Studien an oxisch-anoxischen Grenzschichten ma8edimente durchgefihrt, jedoch gibt es
bisher nur wenige umfassende Untersuchungen an Ueergangszonen der groRen
anoxischen Wasserkorper, wie dem Schwarzen Meedandiefen Becken der Ostsee. Ziel
der vorliegenden Arbeit war es, Einblick in die efischen Bedingungen und die Abundanz
und Verteilung chemoorganotropher und chemolithmtes Mikroorganismen entlang der
Gradienten an der Chemokline anoxischer Beckeriirzentralen Ostsee zu gewinnen.

Zunachst wurde ein neues Verfahren zur Bestimmurikyoivieller Biomasse in
Anreicherungen und Reinkulturen entwickelt, das Basis einer Floureszenzfarbung und
anschlieBender Floureszenzmessung eine einfachesangitive Detektion von Wachstum
erlaubt. Mit Hilfe dieses Verfahrens war es moglidine grof3e Zahl von selektiven
Anreicherungen zur Bestimmung der Lebendzellzahterb&opher und lithotropher
Mikroorganismen anzulegen und empfindlich auf Waaimszu untersuchen.

Die Lebendzellzahlbestimmungen ergaben, dass wdhstagnierender Bedingungen
aerobe und anaerobe heterotrophe Mikroorganismeveigleichbaren Zelldichten an der
Chemokline vorkommen. Nach einer Durchmischung uDxidation des anoxischen
Tiefenwassers, wie sie im Sommer 2003 auftratemandern sich diese Verhéaltnisse
gravierend. Vermutlich aufgrund des lateralen Bigér von aeroben Mikroorganismen
gemeinsam mit sauerstoffhaltigen Wassermassenrmstagfier diesen Bedingungen erhohte
Zahlen aerober Mikroorganismen einer drastischenafime fakultativ oder strikt anaerober
Mikroorganismen an der neu gebildeten Chemoklingegéber. Gemeinsam mit der
gefundenen Schwefelabhangigkeit mikrobieller ,RXxierung, legen die vergleichsweise
hohen Lebendzellzahlen aerober und anaerober Seloxiglierer nahe, dass alternative
Elektronenakzeptoren wie Nitrat und Manganoxid nadichen Durchmischungs- und
Oxidationsereignissen vorwiegend fir mikrobielleendchemische Sulfidoxidation zur

Verfligung stehen und organisches Material hauplisiicierob mineralisiert werden kdnnte.



Summary

A variety of microbially catalysed processes ocatiroxic-anoxic interfaces in the
marine environment. Besides the mineralisation rgfanic matter by chemoorganotrophic
microorganisms, such environments also provide ehenifor a large number of
chemolithotrophic microorganisms. In the past, salvetudies have investigated the oxic-
anoxic interfaces of marine sediments. There aegher, only a few comprehensive studies
available on oxic-anoxic interfaces of the largexan water bodies, like the Black Sea or the
deep basins within the Baltic Sea. The goal ofpfesent study was to gain insights into the
chemical zonation, as well as the abundance ardbdion of chemoorganotrophic and
chemolithotrophic microorganisms along the gradieait the chemocline of anoxic basins
within the Central Baltic Sea.

During the present study, a new method for therdeteation of microbial biomass in
enrichments and pure cultures was developed. Basdhliorescent staining and subsequent
measurement of fluorescence emission, this methodsaa sensitive detection of microbial
growth. Using this technique, it was possible talgse a large number of selective
enrichments to determine viable counts of chemowgaphic and chemolithotrophic
microorganisms.

The results showed that aerobic and anaerobicdieiphic microorganisms occur in
similar numbers at the chemocline during stagnammditions. This pattern changes
significantly after mixing and oxidation of the awo bottom water, as observed during
summer 2003. Presumably due to the lateral inpwtenbbic microorganisms together with
oxygen-rich water masses, increased viable codrg®mbes and strongly reduced numbers
of facultative or strict anaerobes were observati@nhewly established chemocline.

High numbers of aerobic and anaerobic sulphur egidi in conjunction with the
observed sulphur dependence of microlmakitu CO,-fixation, suggested that nitrate and
manganese oxide might preferentially serve as releacceptors for microbial or chemical
sulphur oxidation, whereas organic matter couldhbeeralized mainly aerobically.
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1. Einleitung

1.1 Mikrobielle Kohlenstoffmineralisation in marinen Habitaten

Die biogeochemischen Kreislaufe der wichtigstemtgste (C, H, O, N, P, S, Fe, Mn)
sind gepragt durch die sauerstoffhaltige ErdatmésphDie Quelle des atmospharischen
Sauerstoffs ist die Photosynthese. Phototrophe riBmgeen nutzen Lichtenergie zur
Reduktion von C@ zu organischen Kohlenstoffverbindungen, aus demerzusammen mit
anderen Nahrstoffen ihre Biomasse aufbauen. Im nmari Milieu wird oxygene
Photosynthese hauptsachlich von photosynthetisBii@omeen, Grinalgen, Flagellaten und
Cyanobakterien durchgefuihrt. Schatzungen zufolddebi diese Organismen im Ozean
jahrlich etwa 45 Gigatonnen organischer Substaatk¢skiet al, 1998).

Der Grol3teil der photosynthetisch gebildeten orgeren Substanz (50 bis 90 %) wird
direkt in der euphotischen Zone der Wassersaule weterotrophen Bakterien wieder
mineralisiert und bildet die Grundlage fir ein weeigtes biologisches Nahrungsnetz (Azam
et al, 1983; Azam, 1998). Nur ein kleiner Teil der Pripréduktion sedimentiert aus der
photischen Zone herab in tiefere Wasserschichtehwemiger als 1 % erreicht im offenen
Ozean die Sedimentoberflache. An néhrstoffreichentiientalrdndern und in Randmeeren
mit hoher photosynthetischer Primarproduktion sioid Sedimentationsraten wesentlich
hoher. Hier werden zwischen 10 und 50 % der jdmelcPriméarproduktion auf dem Sediment
abgelagert und von Mikroorganismen mineralisiedr Bin sehr kleiner Teil der organischen
Substanz wird nicht abgebaut und dauerhaft in reari@edimenten abgelagert (Hedges &
Keil, 1995).

Die Mineralisation von organischer Substanz im Bedlit unterscheidet sich deutlich
von der Mineralisation in der Wassersaule. Wahtdildoorganismen im Wasser organische
Substanz ausschlieBlich durch aerobe Atmung abbawmid in Sedimenten mit hohem
Eintrag von organischem Material der geléste Saokrsnnerhalb weniger Millimeter
unterhalb der Sedimentoberflache von Mikroorganismelistandig verbraucht. Die aerobe
Mineralisation im Sediment wird daher durch Nadielieng von Sauerstoff Uber Bioturbation
und Diffusion limitiert. Tiefere Sedimentschichtemd frei von Sauerstoff und der Abbau
organischer Substanz erfolgt durch Garung und abaeAtmungsprozesse (Denitrifikation,
dissimilatorische Nitratammonifikation, Manganretiak, Eisenreduktion, Sulfatreduktion,

Methanogenese sowie Acetogenese) (Canéehll, 1993; Lovley, 1991).
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Mit zunehmender Sedimenttiefe lasst sich oftmate ajertikale Abfolge der Nutzung
alternativer Elektronenakzeptoren feststellen. ®ie8bfolge lasst sich anhand der
Redoxpotentiale der verschiedenen Elektronenakemptoachvollziehen. Die Oxidation von
organischem Material oder dessen Garprodukten .(zF8miat, Lactat, Acetat und
Wasserstoff) setzt, abhangig vom Redoxpotential demsvendeten Elektronenakzeptors,
unterschiedlich viel Energie frei (Abb. 1, Tab.Ehhder & Stumm, 1988).

Redox-

otential
o, [CHO] p[mv] [CH,0] CO,

+ -410 [H] NADH, NAD'

Fe(OH), FeCQ

Abb. 1: Vereinfachte schematische Darstellung demtdXpotentialdifferenzen, die bei der
Bildung von organischer Substanz durch photosyisittet Organismen und beim Abbau
organischer Substanz durch heterotrophe Organisiberbriickt werden. Mit Hilfe von
Lichtenergie koppeln griine Pflanzen und das Phgtdgbn die Oxidation von Wasser
an die Reduktion von COzu organischer Substanz [@B] (schraffierter Balken).
Organotrophe Organismen koppeln die Oxidation dsgéer Substanz an die Reduktion
von Sauerstoff oder anderer Elektronenakzeptorerer Mabei frei werdende
Energiebetrag hangt vom Redoxpotential des verwendelekironenakzeptors ab (graue
Balken).

Ein typisches Beispiel eines Garproduktes, dasMdaoorganismen durch anaerobe
Atmungsprozesse oxidiert werden kann, ist AcetaciNder aeroben Atmung liefern in
absteigender Reihenfolge prinzipiell Denitrifikatio Mangan- und Eisenreduktion den
grofdten Energiegewinn je oxidiertem Acetat-MoleKtigb. 1). Nach dem Verbrauch von

Sauerstoff an der Sedimentoberflache werden denthaohetisch Nitrat und Manganoxid als
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erste Elektronenakzeptoren verwendet, da die betdén Mikroorganismen z.B.

Eisenreduzierer und Sulfatreduzierer auskonkumi&tenen.

Tab. 1: Einfluss von Elektronenakzeptoren auf dedgliohen Energiegewinn durch aerobe und
anaerobe Atmungsprozesse am Beispiel der OxidatonAcetat. Angegeben ist die Anderung der
freien Energie&G”) je Mol oxidierten Acetats.

Aerobe Atmung: H0, +20,+H => 2CQ+2HO -853.9 kJ/mol
Denitrifikation: 5GH;0, +8NOQy +13H  => 4N+14H0+10CQ  -801.8 kdJ/mol
Manganreduktion: £1:0, +4MnG,+9H  => 2CQ+4 M +6H0 -535.5 kJ/mol
Eisenreduktion: @0, + 8 Fe(OH)}+ 6 HCQ' +7H => 8 FeCQ+ 20 HO -367.9 kJ/mol
Sulfatreduktion: H.0, +SO>+2H => 2CQ+HS+2H0 -57.4 kd/mol
Methanogenese: B0, +H => 1CQ+CH, -35.9 kJ/mol

'Thermodynamische Daten aus Thaekeal (1977), Lide (1992), Stumm & Morgan (1981).

Den grofldten Anteil an der mikrobiellen Mineralisatiin marinen Sedimenten macht
dennoch oft die Sulfatreduktion aus (Jergensen2)1IBer Energiegewinn aus der Oxidation
organischer Substrate mit Sulfat liegt zwar debtliaunter dem der anderen
Elektronenakzeptoren, jedoch liefert das UberladeriMeerwasser an der Sediment-
Wassergrenzschicht etwa 100fach mehr Sulfat nash baispielsweise Sauerstoff. In
Oberflachensedimenten ist die mikrobielle Sulfatlgétbn daher meist nicht durch die
Verfugbarkeit des Elektronenakzeptors limitiert.

Die Konzentrationen der anderen Elektronenakzeptsired im Meerwasser oder an der
Sedimentoberflache selten gro genug, um subdtartie Kohlenstoffmineralisation
beizutragen (Canfieldt al, 1993). Eine Ausnahme davon sind z. B. besondargganreiche
Sedimente, wo Manganoxid als Elektronenakzeptorereirwesentlichen Anteil der
Mineralisation ausmachen kann (Canfielet al, 1993; Thamdrupet al, 2000).
Methanogenese herrscht im marinen Milieu nur ifeten Sedimentschichten vor, die kein
Sulfat mehr enthalten.

1.2 Mikrobielle Oxidation von reduzierten anorganishen Verbindungen

Abhéngig von der Intensitat der mikrobiellen Rematisierung organischen Materials

werden durch anaerobe Atmungsprozesse grof3e MengeBulfid, reduziertem Mangan und
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Eisen sowie Ammonium freigesetzt. Aufgrund des groBnteils der Sulfatreduktion an der
Mineralisation macht Sulfid den wesentlichen Teiésgr reduzierten Verbindungen aus.
Gemessen an den Sulfatreduktionsraten akkumuliggdach nur etwa 10 % davon als
Eisensulfid dauerhaft im Sediment (Jgrgensen, 19@pfi et al, 2004). Der Uberwiegende
Teil des Sulfids und der anderen reduzierten Veldmigen diffundiert an die
Sedimentoberflaiche und wird dort entweder chemisoder von lithotrophen
Mikroorganismen wieder oxidiert (Jgrgensen, 19@fgdnseret al, 1990; Yao & Millero,
1993; Yao & Millero, 1996; Zhang & Millero, 1993An der oxisch-anoxischen Grenzschicht
konkurrieren daher organotrophe und lithotrophe rblikganismen mit chemischen
Redoxreaktionen um Elektronenakzeptoren.

Abgesehen vom Wasserstoff, der durch GarungspreZesgesetzt wird und aufgrund
seines niedrigen Redoxpotentials auch in tiefennsaatschichten von Sulfatreduzierern und
Methanogenen genutzt werden kann, sind die anditestrophen Prozesse eng an die
Gegenwart von Sauerstoff und Nitrat gekoppelt umanten folglich oft an oxisch-
anoxischen Grenzschichten vor. Die von lithotropl@manismen zur Energiegewinnung
nutzbare Redoxpotentialdifferenz hangt daher im é&kehen von dem verwendeten
Elektronendonor ab (Abb. 2). Die Oxidation von Mandann mikrobiell katalysiert werden,
jedoch ist bisher unklar, ob diese Reaktion auahEnergiekonservierung genutzt werden
kann (Tebeet al, 2005).

Auf Grundlage der Redoxpotentialdifferenzen sindchhoviele weitere lithotrophe
Prozesse denkbar, z.B. eine mikrobielle Kopplungn v Sulfid-, Eisen- oder
Ammoniumoxidation an Manganreduktion. Jedoch kommtieht alle theoretisch méglichen
Prozesse auch in der Umwelt nachgewiesen werdeB. @roda, 1977; Luther lllet al,
1997).

Lithotrophe Mikroorganismen missen in der Regel chiémischen Redoxreaktionen
konkurrieren. Dies trifft insbesondere fur die Catidn von Sulfid, Eisen und Mangan zu.
Wahrend die Wasserstoff- und Ammoniumoxidation cisemrelativ langsam ablaufen und
daher in marinem Milieu fast ausschlieBlich mikesbikatalysiert werden, sind die
chemischen Reaktionsgeschwindigkeiten der Sulfitd Metalloxidationen vergleichsweise
hoch (Thamdrup, 2000; Yao & Millero, 1993; Yao &IMro, 1996; Zhang & Millero, 1993).
Entsprechend der Redoxpotentialdifferenzen kannfidcSuthemisch durch Sauerstoff,
Mangan- und Eisenoxid oxidiert werden, wahrend zezites Eisen durch Sauerstoff sowie

Manganoxid und reduziertes Mangan nur durch Saaférstidiert werden kann (Abb. 2).
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Redox-
potential
vl H, H
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Abb. 2: Vereinfachte schematische Darstellung einiBedoxpotentialdifferenzen, die
von lithotrophen Mikroorganismen durch die aerobdero anaerobe Oxidation
inorganischer Verbindungen zur Energiegewinnungiggwerden kénnen.

An oxisch-anoxischen Grenzschichten mariner Sediendsufen die verschiedenen
Prozesse raumlich sehr eng nebeneinander ab. bweess- und Metallverbindungen kdnnen
daher intensiven Kreislaufen unterliegen. Die genaMechanismen der Schwefeloxidation
und der dabei auftretenden Intermediate (z. B. etearer Schwefel, Thiosulfat, Sulfit) sowie
die Metallkreislaufe und die Rolle von Mikroorgamisn in diesen Prozessen sind bisher im
Detail noch nicht verstanden (Thamdrup, 2000; Zep#al, 2004).

In den vergangenen Jahren ist erkannt worden, dass$h Huminstoffe als
Elektronendonoren und -akzeptoren fur organotraptu lithotrophe Organismen fungieren
kénnen (Benzt al, 1998; Coatest al, 2002). Die Redoxpotentiale natirlicher Huminstoff
lassen sich recht schwer bestimmen und sind starkrayig von deren chemischer Struktur
und Herkunft. Anhand des Redoxpotentials von Hutoffi®réparationen aus Bodensee-
Sediment (+84 mV, Benzt al, 1998) lasst sich jedoch nachvollziehen, dass atse
Elektronendonoren und -akzeptoren von Bedeutung lg@nten (vgl. Abb. 1 und 2). Auch

diese Prozesse sind bisher kaum untersucht.
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1.3 Struktur geschichteter Randmeere am Beispiel d€®stsee

Gegenuber dem offenen Ozean sind Randmeere wieMdtssdmeer, das Schwarze
Meer und die Ostsee durch Meeresschwellen von talgn Zirkulation des Ozeans
abgeschnitten. Wahrend das Mittelmeer kontinuieglic Wasseraustausch mit dem
Atlantischen Ozean hat, ist die Wasserbilanz désv8xzen Meeres und der Ostsee durch
Uberwiegenden Einstrom von SufRwasser aus FlisserNiederschlag gepragt. Der Abfluss
von salzarmem Oberflachenwasser ins Mittelmeer bewdie Nordsee Uberwiegt daher
deutlich gegeniiber dem Einstrom von Meerwasser.Skisvarze Meer und in die Ostsee
dringt Meerwasser nur in unregelmaBigen Abstandem w@nd unterschichtet das
Oberflachenwasser aufgrund seiner hoheren Dich@lgedessen sind diese Randmeere
durch eine permanente Dichtesprungschicht, einersomte Halokline, gekennzeichnet.
Diese Sprungschicht trennt das salzarme Oberflacheser vom salzreicheren Tiefenwasser
und unterbindet die Durchmischung beider Wasserhtdm. Né&hrstoffe und organisches
Material konnen nur Uber Diffusion oder Partikeiseehtation durch die Halokline zwischen
beiden Wasserkorpern ausgetauscht werden.

In der Ostsee nimmt der SiuRwassereinfluss auf daerfl@chenwasser mit
zunehmender Entfernung von der Nordsee zu. Disig#lides Oberflachenwassers und die
Wassertiefe, in der sich die Halokline befindetksen ab. In der zentralen Ostsee betragt die
mittlere Salinitédt etwa 8 % im Oberflachenwassed W %. im Tiefenwasser und die
Halokline liegt zwischen 60 und 80 m Wassertiefe bfA 3). Das salzéarmere
Oberflachenwasser wird im Sommer zusatzlich duink @emperatursprungschicht, eine so
genannte Thermokline, unterteilt. Der Wasserkdrigérdaher durch eine thermo-haline
Schichtung in drei Zonen geteilt: (1) eine warmee@lichenzone geringer Salinitat, (II) eine
kalte Zwischenzone geringer Salinitat und (lll) eestagnierende Tiefenwasserzone héherer
Salinitat (Abb. 3).
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Abb. 3: Physikalische und chemische Zonierung deda®d Beckens in der zentralen
Ostsee im Juli 2002. A) Tiefenprofile von Temperdi), Salinitat (Sal), Dichteog) und
Chlorophyla Fluoreszenz (Ch). B) und C) Tiefenprofile chemischer Parametere Di
warme Oberflachenschicht (1), die kalte Zwischeitddh (1) und das stagnierende
Tiefenwasser (Ill) sind auf der rechten Seite nmetkiThermokline, Halokline und die
Sedimentoberflache sind grau, die Chemokline sfiarahinterlegt.

1.4 Entstehung oxisch-anoxischer Grenzschichten iffiefenwasser der Ostsee

Die photosynthetische Priméarproduktion an der Wabseflache ist auch in der
zentralen Ostsee die wesentliche Quelle des omzems Materials. In der sudlichen und
zentralen Ostsee kommt es in der Regel jahrlichewai Algenbliten, deren Léange und
Intensitat von Temperatur, Lichtintensitat und Nbifverfigbarkeit bedingt werden. Die
Frahjahrsblute zehrt die Uber die WintermonatedmrsFllissen eingetragenen Nahrstoffe auf.
Ihr Maximum liegt im April und Mai und ist in derahrstoffreichen Kistengebieten starker
ausgepragt als in der zentralen Ostsee. Sie windden Diatomeenartefchnanthesaeniata
und Skeletonemacostatumdominiert. Nach auftretender Stickstofflimitierursgirbt diese
Algenblite innerhalb weniger Wochen ab und es folgewohnlich einige Wochen geringer
Algendichte. Im Juli bis Oktober wéachst dann eineire, hauptsachlich vollicrocystissp.

und den stickstofffixierenden ArteAphanizomenorilos-aquae und Nodularia spumigena
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dominierte Cyanobakterien-Blite heran. Beiden Algéten folgt leicht zeitversetzt eine
Blute von heterotrophem Bakterioplankton (Rheinhezim 995).

Die gesamte jahrliche photosynthetische Primarpkolo liegt in der zentralen Ostsee
mit ca. 6.5 mol C M deutlich hoher als im offenen Ozean (Schneider ¥ 2004). Ein
groRRer Teil des fixierten Kohlenstoffs (ca 3.2 n®Im?) wird analog zum offenen Ozean
direkt in der photischen Zone von organotrophenrbbkganismen remineralisiert (Gast &
Gocke, 1988; Rheinheimeet al, 1989; Schneider & Kuss, 2004). Im Durchschnitt
sedimentieren jahrlich etwa 3.3 mol Crals partikuldres organisches Material tber die
Halokline in das Tiefenwasser ab (Schneieeal, 2002). Insbesondere nach dem Absterben
von Algenbluten konnen jedoch groRe Ansammlungen ¥mgregaten entstehen, die
innerhalb weniger Tage bis Wochen auf das Sediatesinken (Rheinheimer, 1995).

Unterhalb der Halokline ist die Nachlieferung vausrstoffhaltigem Wasser nur durch
lateralen Transport innerhalb des Tiefenwassersliomges kommt daher insbesondere in
den abgeschnittenen tiefen Becken durch den migllebi Abbau des an der
Sedimentoberflache akkumulierenden organischen rdéezum vollstandigen Verbrauch
von Sauerstoff, Nitrat, Mangan- und Eisenoxid. DiMineralisation an der
Sedimentoberflache erfolgt demnach ausschlie3lisckhhdFermentation, Sulfatreduktion und
Methanogenese (Pikeret al, 1998). Der von Sulfatreduzierern produzierte
Schwefelwasserstoff, im Sediment akkumuliertes zextes Mangan und Eisen sowie
Ammonium konnen nicht wie im Ozean direkt an dedi®entoberflache wieder oxidiert
werden. Sie diffundieren in die Wasserséaule hibésnan die oxisch-anoxische Grenzschicht,
die sogenannte Chemokline (Abb. 3). Dort treffeasdi potentiellen Elektronendonoren fir
lithotrophe Organismen auf Elektronenakzeptoren wetden entweder chemisch oder
mikrobiell oxidiert (Brettar & Rheinheimer, 1991gkétinet al, 2003).

Die Stoffkreislaufe solcher stagnierenden anoxischligecken unterscheiden sich
deutlich von denen an einer oxischen Sedimentd@wmdd. An der Chemokline im
Wasserkdrper akkumuliert kein absedimentierenddskpkires organisches Material. An der
Sedimentoberflache wird organisches Material zudetistandig anaerob abgebaut und die
Reoxidationsprozesse laufen mehrere zehn bis huligger oberhalb in der Wassersaule ab.

In der Vergangenheit sind umfassende Studien asclaxdnoxischen Ubergangszonen
mariner Sedimente durchgefuhrt worden (z. B. Fobekt al, 1979; Jagrgensen, 1977,
Jargensen, 1982; Jagrgenseinal, 1990; Kostkaet al, 2002; Llobet-Brossat al, 1998;
Llobet-Brosseet al, 2002; Thamdrup & Canfield, 1996; Thamdreipal, 1998; Wieringaet

al., 2000). Im Gegensatz dazu gibt es abgesehen vaeleén Studien an Chemoklinen
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hypersaliner Becken und anoxischer Fjorde (Daffaneh al, 2006; Ramsinget al, 1996;
Sasset al, 2001; Zopfiet al, 2001) wenige vergleichbare Studien an der Wasskrsler
grolRen anoxischen Wasserkorper, wie dem Schwarzeer Mnd den tiefen Becken der
zentralen Ostsee. Die vorhandenen Studien koneetefni sich weitgehend auf einzelne
physiologsiche Gruppen von Mikroorganismen, wie iDdizierer (Brettar & Rheinheimer,
1991; Brettar & Rheinheimer, 1992; Bretttral, 2002), Manganreduzierer (Nealsenal,
1991), Sulfatreduzierer (Tesket al, 1996), Schwefeloxidierer (Jannasei al, 1991,
Sorokin, 2003) oder Manganoxidierer (Tebo, 19913hBr gibt es keine Studien, welche die
verschiedenen physiologischen Gruppen von Mikragisyaen gemeinsam untersuchen, um
deren Verteilung entlang der chemischen Gradieateaxisch-anoxischen Grenzschichten in

der Wassersaule aufzuklaren.

1.5 Moderne Strategien zur direkten Untersuchung wvo Mikroorganismen in der
Umwelt

Aufgrund der Entwicklung und Anwendung neuer Uniehsingsmethoden in der
Mikrobiologie hat sich die Sicht auf Mikroorganismdan der Natur in der jlingeren
Vergangenheit wesentlich verandert (Amaatral, 1995; Handelsman, 2004). Im Folgenden
sollen einzelne wichtige Beispiele und deren Esslauf die mikrobielle Okologie kurz
dargestellt werden.

Traditionelle lichtmikroskopische Verfahren zur ©rguchung von Mikroorganismen
ermoglichen nur sehr selten eine genaue Bestimmuerg gesamten Zellzahl, da die
Zelldichten in nattrlichen Proben meist zu gerimglsDie Einfihrung von epifluoreszenz-
mikroskopischen Methoden, in Verbindung mit dertrition gréRerer Probenvolumina,
haben dieses Hindernis weitgehend Uberwunden undleweheute standardmafig zur
Bestimmung von Zellzahlen eingesetzt (Hobéteal, 1977; Kepner & Pratt, 1994). Neben
speziellen Verfahren zur Abschéatzung der Zahl ert@ellen hat sich fir die epifluoreszenz-
mikroskopische Bestimmung von GesamtzellzahlenNditzung von Fluoreszenzfarbstoffen
durchgesetzt, die selektiv an Nukleinsduren bir{@&pner & Pratt, 1994; Noble & Fuhrman,
1998; Porter & Feig, 1980; Weinbauet al, 1998). Mit Hilfe dieser Methode wurde
festgestellt, dass die Zahl von Mikroorganismen den meisten Habitaten um
GrofRenordnungen hoher liegt, als bis dahin durchiierungsverfahren detektiert werden
konnte (Amanret al, 1995; Kepner & Pratt, 1994). Man geht daher daaos, dass bisher
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weniger als 1 % der Mikroorganismen aus Wasserprabel noch deutlich weniger aus
Sedimentproben mit Hilfe klassischer Verfahren ikidtt werden kénnen (Amanet al,
1995). Demzufolge ist vermutlich eine grof3e Zah @rganismen und mdglicherweise auch
eine Vielfalt von mikrobiell katalysierten Prozesseiner direkten mikrobiologischen
Untersuchung unzuganglich (Handelsman, 2004; Letath@003; Lorenz & Schleper, 2002;
Tyson & Banfield, 2005).

Ein erster Schritt zur Untersuchung dieser bishentrkultivierten Organismen wurde
durch die Entwicklung und Anwendung neuer molekuitadogischer Methoden ermdéglicht.
Hier ist insbesondere die Entwicklung der Polymesidsttenreaktion (PCR, Sailat al,
1988) von Bedeutung. Dieses Verfahren zur enzyotais Vervielfaltigung von
Nukleinsauresequenzen erlaubt heute die Analyseggeer Mengen von Nukleinsduren. Die
PCR ist daher Ausgangspunkt oder wichtiges Hilfehitast aller molekularbiologischen
Untersuchungsmethoden und wird unter anderem flue dBestimmung von
Nukleotidsequenzen mittels DNA-Sequenzierung und dmtersuchung mikrobieller
Diversitat verwendet (Kowalchuit al, 2004).

Zur Untersuchung mikrobieller Diversitat steht ierdnolekularen Okologie bis heute
die Analyse von einzelnen Markergenen im Vorderdrubieses sind insbesondere Gene,
von denen angenommen wird, dass sie aufgrund Huektionen bei der DNA-Replikation
oder der Proteinsynthese in jedem lebenden Orgasisrorkommen. Das am haufigsten
verwendete Markergen fir die Untersuchung phylotiscieer Diversitat natdrlicher
Mikroorganismengemeinschaften ist das Gen fur despomale 16S rRNA (Olsest al,
1986; Pace, 1997; Woese & Fox, 1977).

Durch die direkte Isolierung von DNA aus Umweltpeob anschlieRender PCR-
Amplifikation, Auftrennung der unterschiedlichen gdenztypen mittels Klonierung oder
elektrophoretischer Methoden, wie der DenaturieeendGradienten-Gelelektrophorese
(DGGE, Muyzeret al, 1993) oderSingle Stranded Conformation Polymorphi¢8SCP,
Sunnuckset al, 2000) und anschlieRender Sequenzierung, kannUbarblick (ber die
phylogenetische Zusammensetzung mikrobieller Gesohaiften gewonnen werden. Auf
diese Weise sind bisher mehr als 220.000 Sequeateei16S rRNA Gens von Reinkulturen
und aus Umweltproben bestimmt und in Offentlichemtddbanken hinterlegt wordefihe
Ribosomal Database ProjecCole et al, 2005, http://rdp.cme.msu.edu/abgerufen am
12.06.2006).

Anhand der vorhandenen 16S rRNA-Gensequenzen und plenotypischen

Unterschiede konnen heute drei Organismengruppegenannte Doménen, abgegrenzt
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werden: Bakterien, Archaeen und Eukaryonten (Hugknlet al, 1998; Woese & Fox,
1977). Innerhalb der Domé&ne der Bakterien lassem aufgrund von Sequenzéhnlichkeiten
derzeit etwa 53 GrofRgruppen, sogenannte Phylarteiea. Etwa die Halfte dieser Phyla
enthalt keine Kkultivierten Vertreter und viele veeg Phyla umfassen 16S rRNA-
Gensequenzen mit einem sehr geringen Anteil voeitsekultivierten Organismen (Rappé &
Giovannoni, 2003).

Ein wichtiger Schritt zur direkten mikroskopischerdentifizierung von
Mikroorganismen aus der Umwelt, und damit auch Identifizierung bisher unbekannter
Organismen, wurde durch die Entwicklung der Flupeeg-In-Situ-Hybridisierung (FISH)
eingeleitet (Amanret al, 1990; DelLonget al, 1989). Anhand von fluoreszenzmarkierten
Sonden, die komplementar zu Abschnitten der 16SAR8Iind, ermdglicht dieses
epifluoreszenzmikroskopische Verfahren eine Zuondnweinzelner Zellen zu einzelnen
phylogenetischen Gruppen.

Mit den genannten Methoden ist es gelungen, Eikblim die Struktur naturlicher
Bakteriengemeinschaften zu gewinnen. Jedoch lasisendamit nur selten Einblicke in die
Lebensweise der Organismen oder deren Rolle im ySkas gewinnen. In der Regel ist dies
nur anhand des Vergleichs mit bereits kultiviel&ammen mdglich.

Jungste methodische Entwicklungen zur Untersuchumagirlicher mikrobieller
Gemeinschaften basieren daher in der Regel auf Kembination verschiedener
Untersuchungsmethoden, die sowohl Einblick in diesaédnmensetzung mikrobieller
Gemeinschaften, als auch in deren Aktivitat erlaubBeispielsweise wurde die FISH-
Technik mit gleichzeitiger mikroautoradiographisch@nalyse des Umsatzes vofiC-
markierten Substraten kombiniert (MAR-FISH, Daistsal, 2001; Grayet al, 2000; Nielsen
et al, 2003). Auf diese Weise konnten in den genanntardi& Organismengruppen
identifiziert werden, die organische Substrate ebfmen oder COfixieren. Ein weiteres
Beispiel stellt die Kombination der FISH-Technik tmider Analyse stabiler
Kohlenstoffisotopenverhaltnisse in einzelnen Zellan (Orpharet al, 2001). Enzymatische
Umsetzungen sind mit der Diskriminierung von Kolskaffisotopen verbunden. Dieser
Effekt tritt besonders bei Enzymen in Erscheinutig, kleine Molekile wie C®oder CH
umsetzen. Wenn Mikroorganismen diese Molekile alsl&nstoffquelle verwenden, spiegelt
das Isotopenverhdltnis ihres Zellkohlenstoffs diessopenfraktionierung wieder. Werden
komplexere Kohlenstoffverbindungen aufgenommergrgspricht das Isotopenverhaltnis der

Biomasse in etwa derjenigen der Substratquelle. Adialyse stabiler Isotopenverhéltnisse
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kann daher Aufschluss Uber die verwendeten Koloéfgsiellen in natirlichen Habitaten
geben (Manefielet al, 2002; Radajewslet al, 2000).

Trotz der methodischen Entwicklungen sind bis hevtde Prozesse und deren
mikrobielle Beteiligung schwer nachzuweisen. Ausgehvon den geringen Kultivierungs-
erfolgen und dem hohen biotechnologischen Potenzias in der genetischen Vielfalt
naturlicher mikrobieller Gemeinschaften vermutetrdyiwird daher zunehmend versucht,
durch Sequenzierung grolBer DNA-Mengen aus Umwdigro direkt die genetische
Information unkultivierter Mikroorganismen zu ertfitsseln bzw. ganze Genome
unkultivierter Mikroorganismen zu rekonstruierenduderen Stoffwechselkapazitaten zu
verstehen (Handelsmaat al, 1998; Lorenz & Schleper, 2002; Tysehal, 2004; Venteet
al., 2004).

Solche metagenomischen Studien haben ein gro3estRdt neue Einsichten in die
Biologie bisher nicht kultivierter Organismen zumwdgtteln (Handelsman, 2004). So wurden
beispielsweise durch metagenomische Studien Bakiedopsine in bisher unkultivierten
Bakterien der SAR86-Gruppe in Kistengewassern & gefunden. Dies hat einen vdllig
neuen Anhaltspunkt fir den Energiestoffwechsel etigsisher unkultivierten Organismen
gegeben (Béj&t al, 2000). Nach der hierdurch stimulierten gezielBarthe konnten diese
Rhodopsine dann ebenfalls in einem Bakterienstamnind Ozean sehr abundanten SAR11-
Gruppe, CandidatuBelagibacter ubiquenachgewiesen werden (Giovannehial, 2005). Im
Rahmen einer weiteren metagenomischen Studie wemevon nur flinf Organismen
dominierter Biofilm aus sauren Minenwdassern nahealstandig sequenziert. Dadurch
konnten wesentliche Einblicke in den Energie-, koistoff- und Stickstoffmetabolismus der
bis dahin unkultivierten Bakterien gewonnen werd&yson et al, 2004). Die Erkenntnis,
dass ein Organismus in diesem Biofilm die gene@isBisstattung zur Stickstofffixierung
besitzt, wurde anschlieend zur selektiven Anreiging und Isolierung einer der beiden
dominanten Mikroorganismen in diesem Biofilm genTasonet al, 2005).

Haufig sind natirliche Organismengemeinschaftelghdzu vielfaltig, um sie mittels
konventioneller DNA-Sequenzierung ausreichend ziassen. Die Entwicklung neuer
Sequenziertechniken, z. B. der sogenannten Poleauehzierung (Marguliest al, 2005;
Shendureet al, 2005), wird in naher Zukunft die Sequenzierlaigtwervielfachen und noch
wesentlich detailliertere metagenomische Studi¢guben. Jedoch stdf3t auch dieser Ansatz
methodisch an Grenzen, da sich vielen Genen kémueetige Funktion zuordnen lasst und
vorhandene Gene nicht zwangslaufig auch genutztleverEin einfaches Beispiel dafur ist

die Tatsache, dass selbst im Genom von einem d&uriiersuchten Mikroorganismen,
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E. coli, groRen Teilen der vorausgesagten Gene keine iburitigeordnet werden kann und
ein genaueres Verstandnis des Genoms Eoncoli gegenwaértig durch Intensivierung
physiologischer Untersuchungen erzielt werden(&uietoet al, 2004).

Anhand des gerade erst aufkommenden Wissens ubgrsfyan von Mikroorganismen
und der Organisation bzw. Selbstorganisation zikul Prozesse kommen bereits Zweifel an
der weit verbreiteten Konzeption auf, dass zelaldblaufe rein genetisch determiniert sind
(Harold, 2005). Das genetische Material von Orgaeis ist nur ein Teilbestandteil dessen,
was im Laufe der Evolution von Generation zu Getiemaweitergegeben wird. Eine intakte
rAumliche Organisation der Zelle, stereochemischelekBvitdt von enzymatischen
Reaktionen und intakte Membranen werden ebenfaitevgegeben und sind gleichermalRen
Bedingung und organisatorische Basis fiur lebendga@smen und Gegenstand naturlicher
Selektion (Cavalier-Smith, 2001). Es erscheint fs¥leaft, ob Phanomene, wie die
Kontinuitdt der Membranen, Interaktion von Genpiddu, intrazellulare physikalische
Kréafte oder die strukturelle Integritat von Zellatigemein sich tberhaupt auf genetische
Information beziehen bzw. durch sie zu erklarem gi@avalier-Smith, 2001; Harold, 1990;
Harold, 2005).

1.6 Gegenwartige Ansatze zur Verbesserung von Kulierungsverfahren

Das Fehlen von kultivierten Vertretern vieler plgdoetischer Gruppen von Mikro-
organismen und die Diskrepanz zwischen Gesamt- Leftbndzellzahlen in Proben aus
naturlichen Mikrobengemeinschaften hat die skizerer methodischen Entwicklungen
kultivierungsunabhéangiger Verfahren wesentlich stiert (Amannet al, 1995; Handelsman,
2004). Jedoch ist die Untersuchung Kkultivierter Mdrganismen nach wie vor eine
unverzichtbare Quelle von prinzipiellen Erkenntarssiber deren Aufbau und Lebensweise
(Fry, 2000; Harold, 2005; Leadbetter, 2003) undntligariber hinaus auch zum besseren
Verstandnis molekular-phylogenetischer und metagescher Analysen (Leadbetter, 2003;
Tyson & Banfield, 2005).

In den vergangenen Jahren haben Erkenntnisse aliviekungsunabhangigen
Untersuchungen wiederum nachhaltig zu neuen Kaltivigsuntersuchungen angeregt. Dabei
sind wesentliche Fortschritte in der Kultivierungsbnders abundanter phylogenetischer

Gruppen sowie neuer physiologischer Typen von Mikganismen erzielt worden
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(Leadbetter, 2003). Die gewahlten Ansatzpunkteelassich generell in drei verschiedene
Kategorien einteilen oder stellen KombinationersdreKategorien dar.

Zum einen hat die Nutzung molekularbiologischerdgsiichungsmethoden wesentlich
zur gezielten Anreicherung und Isolierung neuerlg@dsnetischer Gruppen beigetragen.
Entgegen ihrer physiologischen Vielfalt sind Mikrganismen morphologisch oft schwer zu
differenzieren. PCR- oder FISH-basierte Analysen vYmreicherungen haben ermdglicht,
einzelne phylogenetische Gruppen zu identifizianed zu selektieren. Der erste erfolgreiche
Bericht Uber die Nutzung einer solchen Strategie di@ Isolierung neuer hyperthermophiler
Archaeen, die zuvor durch 16S rRNA-Gen Analysemtifieiert wurden (Hubeet al, 1995).
Auf &hnliche Weise wurde spater auch das schonheme@dsolat aus der SAR11-Gruppe der
Gammaproteobakterien gewonnen (Ragpal, 2002). Weitere Beispiele fur die erfolgreiche
Anwendung dieser Strategie sind die Isolierungeieehaeons aus der Gruppe der marinen
CrenarcheotaKonnekeet al, 2005) und neuer bisher unkultivierter Bodenba&teaus den
bakteriellen PhylaAcidobacteriaund Verrumicrobia(Chin et al, 1999; Jansseet al, 2002;
Stevensonet al, 2004) sowie die stabile Anreicherung von Orgaeisnaus dem bisher
unkultivierten bakteriellen Phylum TM7 (Hugenhodzal, 2001).

Ein zweiter Ansatzpunkt zur Kultivierung neuer Mikrganismen ist die gezielte Suche
nach neuen mikrobiell katalysierten Prozessen, diestoffwechselwegen und
physiologischen Eigenschaften, die entweder dutdmische Messungen in der Umwelt,
durch thermodynamische Berechnungen oder anderébaBktungen postuliert werden
konnen. Dieser Ansatz ist unabhangig von der eiSteaiegie und mit sehr unterschiedlichen
Versuchen zur selektiven Anreicherung von neuerafisgnen verbunden, wird aber haufig
mit phylogenetischen Analysen kombiniert. Beispilediese Herangehensweise sind viele
in den vergangenen Jahren neu entdeckte mikrobiehergiestoffwechsel, wie die
mikrobielle Reduktion von Metallen, z. B. Eisen W&y & Phillips, 1988), Mangan (Lovley
& Phillips, 1988; Myers & Nealson, 1988), Vanadig@rtiz-Bernadet al, 2004) und Uran
(Lovley, 1993), die Reduktion von halogenierten biedungen (Coatest al, 1999) und
Trinitrotoluol (TNT, Esteve-Nufiezet al, 2000) sowie die anaerobe nitrat- oder
nitritabhéngige Oxidation von Methan (Raghoebarstcl, 2006), Ammonium (Van de
Graaf et al, 1995), Eisen (Straukt al, 1996), Phosphonat (Schink & Friedrich, 2000),
Arsenit (Santiniet al, 2000), Huminstoffen (Coate=t al, 2002) und Benzol (Coates al,
2001).

Ein dritter Ansatzpunkt besteht in der Verbesserwuger Neuentwicklung von

Kultivierungsmethoden, um den Kultivierungserfolgingipiell zu verbessern. Derartige
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Studien versuchen ein differenziertes Verstandniesr dVachstumsphysiologie von
Mikroorganismen und der naturlichen Bedingungemen Umwelt zu nutzen, um besser an
die natlrlichen Bedingungen angepasste Kultiviesbegingungen zu entwickeln und mit der
phylogenetischen Analyse von Anreicherungen zu Koiaten.

Neue methodische Entwicklungen in diesem Sinne shmispielsweise die
physikalische Separation mariner Bakterien durchbé&itung in Agar-Mikrokapseln, die
anschlieend im Durchfluss von naturlichem Meeremgskubiert und mittels Durchfluss-
Zytometrie isoliert werden (Zenglegt al, 2002). Auf diese Weise konnte ein breites
Spektrum an bisher unkultivierten Bakterien der|&Broteobacteria Planctomycetesind
Bacteroideteszum Wachstumin vitro stimuliert werden. Vergleichbare Beispiele siné di
Weichagar-Einbettung von Mikroorganismen aus Weditsenten in Diffusionskammern, die
nach Inkubation mit Ursprungssediment in Laboragmanereinzelt und isoliert werden
konnen, sowie die Agar-Einbettung intakter Sedirsiéicke in Substratgradienten. Durch
beide Methoden konnte die Diversitat neuer Isalistetlich erhdht werden (Kaeberlesh al,
2002; Kopkeet al, 2005).

Andere erfolgreiche Studien basieren auf der gSeasit Detektion von geringem
Wachstum in Flussigkultur durch Fluoreszenzmikrgéi&o oder Durchfluss-Zytometrie
(Connon & Giovannoni, 2002; Rapeé al, 2002; Kénnekest al, 2005; Schutkt al, 1993)
bzw. auf Agarplatten durch sensitive mikroskopisthmersuchung von Anreicherungen nach
langen Inkubationszeiten (Chat al, 1999; Stevensoet al, 2004). Dartber hinaus spielt die
Variation der Zusammensetzung synthetischer Mediae wesentliche Rolle. In diesem
Zusammenhang sind z. B. die Verbesserung der Kaidtimgserfolge von natirlichem
Bakterioplankton durch Herabsetzung der Substratiainationen (Connon & Giovannoni,
2002; Kopkeet al, 2005; Schutet al, 1993; Siifket al, 2004), Zusatz von mikrobiellen
Signalstoffen wie zyklisches AdenosinmonophospbAMP) oder Homoserinlaktone (HSL)
(Brunset al, 2002; Brunset al, 2003; Stevensoat al, 2004), oder die Anhebung des £0
Partialdrucks in der Atmosphére als Beispiele zonea (Chinet al, 1999; Stevensoat al,
2004).
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1.7 Ziele der vorliegenden Arbeit

Ziel der vorliegenden Arbeit war es, einen Einbliokdie Abundanz und Verteilung
verschiedener physiologischer  Gruppen von orgapb#o und lithotrophen
Mikroorganismen in der Wassersaule und insbesondereder Chemokline anoxischer
Becken in der zentralen Ostsee zu gewinnen. Voarigesem Interesse war dabei die Frage,
welche Bedeutung die verschiedenen Elektronenaimaptan der Chemokline fir die
mikrobielle Mineralisation von organischem Materiahd der Oxidation anorganischer
Verbindungen haben.

Bisher erlauben weder Aktivitatsmessungen noch kutde-phylogenetische Analysen
oder mikroskopische Verfahren eine direkte Iderigfiung und gleichzeitige Analyse
mehrerer verschiedener physiologischer Gruppen Méroorganismen. Metagenomische
Studien, mit deren Hilfe die Rekonstruktion der wendigen genetischen Kapazitaten
moglich ware, sind extrem aufwendig und lassen sighan einzelnen Proben realisieren. Es
war daher wesentliches Ziel der vorliegenden ArHaittivierungsbasierte Verfahren so zu
modifizieren und an die naturlichen Bedingungenardaptieren, dass sie zum einen eine
selektive Anreicherung einzelner physiologischeugpen von Mikroorganismen erlauben
und zum anderen einen groRtmdglichen Anteil der robiellen Gemeinschaft zum
Wachstum in vitro stimulieren konnen. Durch eine anschlieRende cberai und
molekularbiologische Analyse der Anreicherungenltsotann die spezifische Aktivitat
nachgewiesen und die phylogenetische Zugehdrigkleit angereicherten Organismen
festgestellt werden. Chemische Gradienten, Lebdimdiden und phylogenetische Analysen
sollten schlief3lich zu einer ersten EinschatzungBggleutung der einzelnen physiologischen
Gruppen fur die verschiedenen Umsetzungsprozesderadhemokline genutzt werden.

Teilprojekt 1:

In den vergangenen Jahren haben verschiedenesucieingen gezeigt, dass neue
Isolate von im Meerwasser haufig vorkommenden Riagen nicht zu hohen Zelldichten
heranwachsen (Konneket al, 2005; Rappéet al, 2002; Schutet al, 1993). Zur
Identifizierung von Wachstum sind daher empfindéidiethoden nétig. Bisher war dies nur
durch aufwendige mikroskopische Verfahren moglizhB., Connon & Giovannoni, 2002).
Das wesentliche Ziel dieses Teilprojektes bestaaited darin, ein einfaches Verfahren zu
entwickeln, dass einen sensitiven Nachweis von abiktlem Wachstum nicht nur in

partikelarmen oxischen Proben, sondern auch in echfiitrierbaren eisensulfid- oder
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manganoxidhaltigen Anreicherungen anaerober Baktarmdglicht. Dieses Verfahren sollte
die Grundlage fur die nachfolgenden Analysen arereigro3en Zahl von selektiven

Anreicherungen darstellen.

Teilprojekt 2:

Ziel dieses Teilprojektes war es, einen Einblicklia Verteilung aerober und anaerober
Mikroorganismen entlang der chemischen Gradientendar Chemokline des Gotland
Beckens und des Far6 Tiefs zu gewinnen. Durch diddafion des sulfidischen
Tiefenwassers im Gotland Becken und der nachfolgendeubildung der Chemokline im
Jahr 2003 ergab sich zudem die Mdglichkeit, dieratilellen Gemeinschaften vor und nach
der Reoxidation des Tiefenwassers zu vergleichezuDQvurden die chemischen Gradienten
an der oxisch-anoxischen Grenzschicht beider Beckaarsucht und Wassertiefen fur die
Analyse der mikrobiellen Gemeinschaften ausgewdfittHilfe des Most Probable Number
(MPN)-Verfahrens wurden Lebendzellzahlen von Mikgamismen aus den unter-
schiedlichen Wasserschichten und der Chemoklinevargchiedenen Elektronenakzeptoren
bestimmt. Anhand der Ergebnisse wurde die Vertgilwmon aeroben und anaeroben
Mikroorganismen in beiden Becken sowie der Einflusa Durchmischung und Oxidation

des sulfidischen Tiefenwassers auf Mikroorganisereder Chemokline beurteilt.

Teilprojekt 3:

Basierend auf den in Teilprojekt2 festgestellternernischen Gradienten,
Lebendzellzahlen und G&ixierung lithotropher Mikroorganismen an der Cloiiine des
Gotland Beckens, ergab sich die Frage, welche ksajfwechselwege von diesen
Mikroorganismen genutzt werden. Ziel dieses Tejgktes war es daher, dia situ CO,-
Fixierungsaktivitat und die Verteilung von potefidea Elektronendonatoren
(Schwefelwasserstoff und Ammonium), Elektronenakazem (Sauerstoff, Nitrat,
Manganoxid) sowie von intermedidren Schwefelverbimgen (Elementarschwefel,
Thiosulfat und Sulfit) hochaufldsend zu untersuchHearch Stimulationsexperimente sollten
dariber hinaus Anhaltspunkte Uber die limitierend&ubstrate lithoautotropher
Mikroorganismen gewonnen werden. Basierend aulediémalysen sollten diffusive Flisse
von Elektronendonatoren und -akzeptoren berechmépotentielle Energiestoffwechselwege

abgeleitet werden.
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Teilprojekt 4:

Ziel dieses Teilprojektes war es, parallel zu dealgsen in Teilprojekt 3, organotrophe
und lithotrophe Mikroorganismen mit Hilfe des MPNeiWahrens anzureichern. Dabei wurde
das Spektrum der Anreicherungen erweitert und ehw®rpunkt auf die Anreicherung
aerober und anaerober Schwefeloxidierer gelegt. Miilfe chemischer und
molekularbiologischer Analysen wurden die Aktivitidtd die phylogenetische Zugehdrigkeit
einzelner Anreicherungen untersucht. Die Ergebnigsagden abschlieend zu einer
Einschatzung der Rolle verschiedener physiologischikroorganismentypen fir die

Stoffkreislaufe an der Chemokline in der Wasseesdak Gotland Beckens genutzt.
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The determination of cell numbers or biomass in laboratory cultures or environmental samples is usually
based on turbidity measurements, viable counts, biochemical determinations (e.g., protein and lipid measure-
ments), microscopic counting, or recently, flow cytometric analysis. In the present study, we developed a novel
procedure for the sensitive quantification of microbial cells in cultures and most-probable-number series. The
assay combines fluorescent nucleic acid staining and subsequent fluorescence measurement in suspension. Six
different fluorescent dyes (acridine orange, DAPI [4',6’-diamidino-2-phenylindole], ethidium bromide,
PicoGreen, and SYBR green I and II) were evaluated. SYBR green I was found to be the most sensitive dye and
allowed the quantification of 50,000 to up to 1.5 X 10°® Escherichia coli cells per ml sample. The rapid staining
procedure was robust against interference from rRNA, sample fixation by the addition of glutaric dialdehyde,
and reducing agents such as sodium dithionite, sodium sulfide, and ferrous sulfide. It worked well with
phylogenetically distant bacterial and archaeal strains. Excellent agreement with optical density measure-
ments of cell increases was achieved during growth experiments performed with aerobic and sulfate-reducing
bacteria. The assay offers a time-saving, more sensitive alternative to epifluorescence microscopy analysis of
most-probable-number dilution series. This method simplifies the quantification of microbial cells in pure

cultures as well as enrichments and is particularly suited for low cell densities.

The quantification of microbial cells in pure cultures, en-
richments, and environmental samples is a key measurement in
microbiology, ecology, and biotechnology. Several methods are
currently applied to obtain direct (light and epifiuorescence
microscopy and flow cytometry) or indirect (turbidimetry,
nephelometry, and biochemical determinations [17]) measures
of cell density or biomass. These methods vary considerably
regarding their sensitivities and time requirements. While bio-
mass determination by turbidimetric measurement is fast and
easy to perform, and therefore still frequently used, its sensi-
tivity is rather low, and it is susceptible to interference, for
example, by precipitates or cell aggregate formation. Micro-
scopic measures, in turn, are more sensitive, but particularly in
the case of epifluorescence microscopy, are more time-con-
suming, require some experience, and may be influenced by
biases between individuals. The application of flow cytometry
is an emerging technique with a high sensitivity that simplifies
the counting procedure, but it needs careful setup, and the
equipment is not generally available (16, 18).

Cultivation-based estimates such as plate counts and most
probable numbers (MPN) are widely used, since they offer the
opportunity to target particular physiological groups (e.g., sul-
fate reducers) and can serve as a source for the isolation of
pure cultures (12, 28, 30). However, some bacterial groups
exhibit little growth, such as chemolithoautotrophic ammonia
oxidizers (5) and oligocarbophilic marine bacteria (11), and
thus are hardly analyzable by simple turbidimetric measure-
ments. Therefore, following the growth of these organisms

* Corresponding author. Present address: School of Earth, Ocean
and Planetary Sciences, Cardiff University, Park Place, Cardiff CF10
3YE, Wales, United Kingdom. Phone: 44 (0)29 208-76001. Fax: 44
(0)29 208-74326. E-mail: henrik@earth.cf.ac.uk.
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requires the use of fluorescence microscopy, flow cytometry, or
chemical or activity measurements (1, 5, 12, 27).

During balanced growth of microbial cultures, every cell
component is supposed to change at the same rate (23). Ac-
cordingly, the culture biomass and its particular constituents,
such as proteins and nucleic acids, will occur at constant ratios,
although for a single cell the biomass and nucleic acid content
may vary significantly during the cell cycle (6, 23). Therefore,
the increase in cellular constituents such as proteins or nucleic
acids is supposed to serve as a reliable marker of biomass
increase during balanced microbial growth. In recent years, the
determination of cellular nucleic acid contents by fluorescent
staining and flow cytometry has been successfully applied (10,
16). Hence, the determination of bulk nucleic acid content in
microbial cultures is likely to provide a reliable and sensitive
tool for the determination of microbial growth. However, little
research has focused in this direction, although fluorescence
measurements have already been applied for determinations of
microbial cell numbers in samples from soils, sediments (34),
and pelagic environments (14, 31).

The aim of the present study was to develop a sensitive
method for the quantification of microbial cells in pure and
enrichment cultures that is particularly suitable for low cell
densities. A simple protocol combining nucleic acid staining of
fixed or untreated cultures or enrichments and subsequent
measurement of fluorescence emission was developed and ap-
plied to growth experiments and most-probable-number dilu-
tion series.

MATERIALS AND METHODS

Nucleic acid dyes and staining procedures. Stock solutions (10 mg ml™%) of
acridine orange (3,6-bis[dimethylamino]acridine hydrochloride) and DAPI
(4’,6'-diamidino-2-phenylindole dihydrochloride) were freshly prepared from
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TABLE 1. Bacterial and archaeal strains used for the present study
Cultivation conditions and substrate Fluorescence/OD ratio?
Domain Phylum Strain T
Medium (oxygen status) (Eﬁg)p Substrate (concn) Fresh cells Fixed cells
Bacteria  Alphaproteobacteria Ruegeria _lglgicola ATCC Marine (oxic) 20 Glucose (10 mM) 8.06 =352  5.09 =155
51440
Gammaproteobacteria Shewan_?lla baltica DSM Brackish (oxic) 20 Monomer mix* 340*=134 339+1.20
9439
Oceanosg;iri]lum sp. strain Brackish (oxic) 20 Acetate (100 nM) ND¢ 343 =115
GMI
Deltaproteobacteria Desulfovl_‘,llgrio acrylicus DSM Marine (anoxic/FeS) 30 Lactate (20 mM) 4.29 = 0.40 NA®
10141
Epsilonproteobacteria Arcobacter sp. strain Na105” Marine (oxic) 20 Monomer mix* 302+135 149=+041
“Firmicutes” Desulfosporosinus orientis Freshwater 28 Lactate (10 mM) 523+120 816=214
SM 765 (anoxic/dithionite)
“Bacteroidetes” Muricauda ruestringensis Marine (oxic) 20 Mannose (10 mM) 693082 11.6 =3.79
DSM 132587
Archaea  Euryarchaeota Methanaz;iri_{_lum hungatei Freshwater (anoxic/sulfide) 30 Acetate (10 mM), H, 831 9.66
DSM 864
Freshwater (anoxi¢/sulfide) 30 Acetate (10 mM), H, 7.94 9.22

Methanosarcina barkeri
SM 8007

@ According to the work of Suf} et al. (30).
% Sass and Martens-Habbena (unpublished).

< NA, was not fixed because of a possible reaction of aldehydes with sulfide. ND, not done.

4 Data are means * standard deviations.

crystalline powder by dissolving the powder in double-distilled and sterilely
filtered (0.2 pum) water and were stored at 4°C. Stock solutions of ethidium
bromide (2,7-diamino-10-ethyl-9-phenyl-phenanthridinium bromide; 10 mg
ml ™) were prepared in TE buffer (10 mM Tris-HCL, 1 mM EDTA, pH 8) and
subsequently sterilely filtered and stored at 4°C. Stock solutions of SYBR green
I and II as well as of PicoGreen were purchased from Molecular Probes (Eugene,
OR), subdivided into small aliquots upon receipt, and stored in 1.5-ml reaction
tubes at —20°C. All other dyes were obtained from Sigma (Deisenhofen, Ger-
many).

‘Working solutions of dyes were freshly prepared each day at five times the
desired final assay concentrations in sterile plastic petri dishes. Working solu-
tions of DAPI were prepared in sterilely filtered phosphate-buffered saline (PBS)
(8.0 g NaCl, 0.2 g KCl, 1.44 g Na,HPO,, 0.24 g KH,PQ, per liter; pH 7.2). All
other working solutions were prepared in sterilely filtered TE buffer concentrate
(200 mM Tris-HCl, 50 mM sodium EDTA, pH 8.0). Unless otherwise stated,
staining experiments were performed with 200 pl of sample plus 50 ul of dye
working solution in black untreated 96-well microplates (Nunc 237108; VWR
International, Darmstadt, Germany).

Comparison of nucleic acid dyes. The applicability of nudleic acid dyes was
tested with suspended Escherichia coli cells. Therefore, E. coli K-12 was cultured
aerobically in liquid Luria-Bertani broth (17) at 37°C on a rotary shaker. Early-
stationary-phase cultures were harvested by centrifugation for 20 min at 10,000
% g (Beckman J2-HS centrifuge with a JA20 rotor). Cells were washed, resus-
pended in sterilely filtered (0.2-pum) vitamin-free freshwater medium (see below)
to a final cell density of approximately 2 % 10° cells per ml, and stored at 4°C.
The cell suspension or cell-free medium was dispensed into black microplates,
stained by the addition of dye working solution, incubated at room temperature
in the dark, and subsequently analyzed by fluorescence measurement (see be-
low). For dilution series of E. coli, the cell numbers were determined exactly by
epifluorescence microscopy after SYBR green I staining and checked again after
fluorescence measurements. For pH optimization of each dye, the respective dye
working solution was adjusted to the desired pH by the addition of HCl or NaOH
prior to use. Because of the small sample volume, the final pHs in the assays were
checked with narrow-range pH paper (CS series; Whatman, Maidstone, United
Kingdom), and they deviated no more than 0.1 pH units.

Nucleic acid quantification. For DNA quantification, a X phage DNA standard
(100 pg ml™*; Molecular Probes, Eugene, OR) was diluted 100-fold in sterilely
filtered TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8). Aliquots were dis-
pensed into black microplates and brought up with TE buffer to a final volume
of 200 pl. Staining was performed by the addition of 50 il SYBR green I working
solution (2,000-fold dilution of the stock solution). After 5 minutes of incubation
in the dark, the samples were analyzed on a fluorescence microplate reader (see
below).

The quantification of rRNAs in the presence of DNA was performed with a A
phage DNA standard and E. coli rRNAs (16S and 23S rRNAs at 4 mg ml™%;
Roche, Mannheim, Germany). Briefly, RNase-free TE buffer was prepared by

incubation in the presence of 0.1% diethyl pyrocarbonate at 37°C overnight and
subsequent autoclaving. The DNA standard (200 ng ml~*) and rRNA standard
(0 to 1,600 ng ml™*) were prepared with RNase-free TE buffer. One-hundred-
microliter aliquots of DNA standard were mixed with 100 pl diluted rRNA
standard and 50 pl SYBR green I working solution (2,000-fold dilution of the
stock solution in RNase-free concentrated TE buffer) in sterile and RNase-free
microplates (Costar 3596; Corning Inc., NY). Fluorescence measurements were
performed after 5 minutes of incubation in the dark.

Cultivation of pure cultures. Pure cultures were grown in artificial seawater,
brackish water, or freshwater. Artificial seawater contained (in g liter ') NaCl
(24.3), MgCl, - 6H,0 (10.0), CaCl, - 2H,0 (1.5), KCl (0.66), and Na,SO, (4.0).
One milliliter each of stock solutions of KBr (0.84 M), H;BO; (0.4 M), SrCl,
(0.15 M), NH,Cl (0.4 M), KH,PO, (0.04 M), and NaF (0.07 M) was added per
liter of medium. Brackish water contained (in g liter ') NaCl (5.5), MgCl, -
6H,0 (2.3), CaCl, - 2H,0 (0.34), KCl (0.15), and Na,SO, (0.91). A 0.23-ml
volume each of stock solutions of KBr (0.84 M), H;BO; (0.4 M), SrCl, (0.15 M),
NH,CI (0.4 M), KH,PO, (0.04 M), and NaF (0.07 M) was added per liter of
medium. Freshwater medium contained (in g liter ) NaCl (1.0), NH,CI (0.3),
MgSO, - 7TH,0 (0.025), CaCl, - 2H,0 (0.1), MgCl, - 6H,0 (0.4), and KH,PO,
(0.6). For cultures of methanogens, a slightly modified freshwater medium was
used, which contained (in g liter ') KIL,PO, (0.1), NH,CI (0.1), NaCl (0.25),
K1 (0.1), MgClL, - 6H,O (0.31), CaCl, - 2H,0 (0.1), and resazurine (0.5 mg
liter 1). All oxic media were buffered by the addition of HEPES (2.38 g liter ')
and by adjusting the pH to 7.2 with 1 M NaOH. Anoxic media were cooled under
a N,/CO, atmosphere (80/20 [vol/vol]) after being autoclaved and were supple-
mented with 30 ml of a sodium bicarbonate solution (1 M). The pH was adjusted
to pH 7.2 with sterile 1 M HCI or NaOH, if necessary. All media received 10 ml
of a sterilely filtered vitamin solution (4), 1 ml trace element solution SL10 (36)
(for methanogens, SL9 was used [32]), and 0.2 ml of selenite tungstate solution
(35) per liter. Anoxic media were reduced by adding separately 1.2 ml of 1 M
Na,S and 0.6 ml 1 M FeSO, per liter of medium (FeS-reduced medium) or by the
addition of a few crystals of sodium dithionite to medium containing resazurine
as a redox indicator (dithionite-reduced medium). The pure cultures used in the
present study and the respective cultivation conditions are given in Table 1.

Growth experiments. Growth experiments were performed with selected bac-
terial strains (Table 2). All oxic growth experiments were performed in 250-ml
Erlenmeyer flasks on a rotary shaker at 90 rpm. Anoxic growth experiments were
performed in 100-ml serum bottles or 100-ml screw-cap bottles. Subsamples (2
ml) were taken aseptically from the growth vessels, and the optical density at 436
nm (OD,34) was immediately determined on a spectrophotometer (Shimadzu
REF-1501) relative to distilled water. Samples were diluted with growth medium
if the optical density exceeded 0.3. Samples were then stored in 2-ml reaction
tubes on ice until fluorescence analysis. Parallel samples were fixed by the
addition of glutaric dialdehyde (2% final concentration).

Fluorescence analyses of all culture samples were performed in duplicate by
the addition of 50 pl SYBR green I working solution (1,000-fold dilution of
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TABLE 2. Comparison of growth rates of selected strains

Growth rate |

Phylum Strain @y

OD, FH FX

Alphaproteobacteria  Ruegeria algicola™ 015 017 017
Gammaproteobacteria Shewanella baltica™ 018 022 018
Oceanospirillum sp. 0.09 nd. 009

strain GM1

Deltaproteobacteria  Desulfovibrio acrylicus™ 016 0.16 nd.
Epsilonproteobacteria  Arcobacter sp. strain 013 018 0.16

NA105
Desulfosporosinus orientis™ 013 0.16 0.15
Muricauda ruestringensis®  0.05 0.05 0.05

“Firmicutes”
“Bacteroidetes”

@ Growth rates were calculated from optical density (436 nm) and fluorescence
data obtained upon SYBR green I staining of fresh (FH) and glutaric dialde-
hyde-fixed cells (FX).

stock), incubation in the dark for at least 2 hours, and subsequent analysis on a
microplate reader (see below).

Environmental samples and total cell counts (TCC). Water was collected at
Buzzards Bay (Woods Hole, MA) in July 2003, approximately 1 km offshore.
About 20 liters of water from a 50-cm water depth was used to fill a clean plastic
container that had been thoroughly flushed five times with deionized water and
once with sample water before being filled. Immediately after return to the
laboratory, a 50-ml subsample was transferred aseptically into a 50-ml Falcon
tube, fixed with 3 ml 37% formaldehyde, and stored at 4°C in the dark until
further processing.

Total cell counts were performed according to the protocol of Noble and
Fuhrman (25). Briefly, 1 ml fixed sample was mixed with 100 ! staining solution
(SYBR green I; 400-fold dilution of the stock solution) and incubated for 10 min
in the dark. A 100-pl aliquot of this mixture was filtered through a black poly-
carbonate filter (0.2-um pore size; Millipore, Eschborn, Germany), rinsed with
particle-free (0.2-pum sterilely filtered) PBS, air dried, and fixed on a microscopic
slide by the addition of 10 pl mounting solution (50% glycerol, 50% PBS, 0.1%
p-phenylenediamine [Sigma]). Samples were counted using a Zeiss Axioscope
microscope equipped with a 100-W mercury vapor lamp and filter set 09 (BP450-
490, FT510, and LP515). At least 20 fields and 400 cells were counted.

Most-probable-number dilution series. Most-probable-number dilution series
were inoculated with the Buzzards Bay sample immediately after return to the
laboratory, using three different media based on oxic artificial seawater (de-
scribed above) with reduced vitamin contents (0.02 ml liter ! instead of 2 ml
liter ). Medium A was supplemented with 70 mg liter * Bacto peptone, 14 mg
liter ! Bacto yeast extract (both from BD Biosciences, San Diego, CA), 1.4 mg
liter ! ferric citrate, and 1 ml liter ! substrate mix (glucose, lactose, cellobiose,
fructose, glucosamine, sodium salts of acetate, malate, succinate, tartrate, and
pyruvate, and amino acids [cysteine, methionine, leucine, proline, glycine, ala-
nine, and phenylalanine] [I mM each], as well as 0.05% chitin). Medium B
received only 1 ml liter ! substrate mix. Medium C received no organic sub-
strates at all.

MPN series were prepared in 2-ml 96-well polypropylene deep-well plates.
First, 800 pl of medium was dispensed into each well of the plates, and then
200-p1 samples were added as the inoculum to seven wells of the first row. One
row of wells served as a control without inoculum. Subsequently, the contents of
the first row of wells were diluted fivefold into consecutive wells, creating 12
dilutions. The MPN series were incubated in total for 141 days at 15°C. After 3,
17, and 141 days, 200-pl subsamples from the wells were transferred to black
microplates. Fifty microliters of SYBR green I working solution was added to
each well. Fluorescence was measured after 2 h of incubation in the dark.
Fluorescence measurements of MPN samples after 3 and 17 days of incubation
were conducted in a Tecan SPECTRAFluor Plus microplate reader (Tecan
GmbH, Groding, Austria) (excitation, 485 nm; emission, 540 nm). After 141
days, fluorescence measurements were done as described below. The mean
fluorescence emission of uninoculated controls was 45.7 relative fluorescence
units (RFU), and the standard deviation was 6.1. Growth was scored as positive
if the fluorescence emission in the inoculated wells was at least 80 RFU. This
value exceeds the average of the controls by at least five times the standard
deviation. The rationale for this was that it would detect significant but low
growth, as can be expected for assays with little or no substrate addition.

Bias-corrected most probable numbers with approximate Cornish and Fisher
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FIG. 1. Comparison of six nucleic acid dyes for the detection of
bacterial cells in a microplate assay. Each data point represents the
mean of four (PicoGreen) or eight replicates. Standard deviations
were omitted for clarity. AO, acridine orange; EthBr, ethidium bro-
mide; PG, PicoGreen; SG II, SYBR green II; SG I, SYBR green I.

confidence limits were calculated using the MPN calculator software described
by Klee (22).

Fluorescence measurements. Fluorescence intensities were determined in a
microplate reader (Fluostar Optima; BMG Labtechnologies, Offenburg, Ger-
many) at the following excitation/emission wavelengths: 485/520 nm (acridine
orange), 360/460 nm (DAPI), 540/590 nm (ethidium bromide), and 485/520 nm
(SYBR green dyes and PicoGreen). All measurements were carried out in three
reading cycles, with integration of 20 flashes, a 0.5-s delay between plate move-
ment and reading, and 10 s of shaking before each cycle. During comparisons of
the different dyes, the gain of the photomultiplier was adjusted for each dye
separately so that the fluorescence intensity (FI) of the highest E. coli cell density
tested (ca. 2 x 107 cells per ml) equaled approximately 60,000 RFU. All subse-
quent measurements of SYBR green I-stained samples were carried out with a
constant detector gain of 1,300 arbitrary units. Unless otherwise stated, stained
samples were incubated overnight before fluorescence measurement (see Re-
sults).

However, the time dependence of SYBR green I fluorescence emission was
analyzed by transferring the microplates to the reader directly after the addition
of the SYBR green I working solution. Fluorescence data were acquired over 50
to 200 reading cycles, with integration of 10 flashes. Data points represent the
averages of two parallels.

No data manipulation was applied to the raw data, except for subtraction of a
blank when noted.

RESULTS

Comparison of nucleic acid dyes. For staining of E. coli cells,
the optimal final dye concentrations were found to be 2 pg
ml™! (ethidium bromide and DAPI), 1:5,000 to 1:10,000
(SYBR green I and II), and 1:400 (PicoGreen). Acridine or-
ange turned out to be unsuitable, since it displayed very high
background fluorescence even at very low concentrations (Fig.
1) and did not allow discrimination between a cell-free control
and 10° E. coli cells ml~*. While DAPI worked best in PBS
(pH 7.2), the best signal-to-noise ratios for all other dyes were
found at pH 8.0 in TE buffer (data not shown). In particular,
SYBR green I and II, PicoGreen, and ethidium bromide were
found to be pH sensitive. Therefore, working solutions of these
dyes (5X final concentration) were prepared at elevated buffer
concentrations (200 mM Tris, 50 mM EDTA, pH 8.0) to en-
sure stable pH conditions even during the analysis of very acid
or alkaline samples.
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FIG. 2. Quantification of washed E. coli cells at low cell densities by
SYBR green I staining. Error bars represent standard deviations for
eight replicates.

The fluorescence yields and background fluorescence dif-
fered remarkably among the different dyes. With SYBR green
1(1:10,000) or PicoGreen (1:400) in a sample volume of 200 p.l,
even as few as 10,000 E. coli cells per well (equivalent to 50,000
cells mI~*) were unambiguously detected (Fig. 1), while SYBR
green II (1:10,000) allowed the detection of 1.7 X 10° E. coli
cells m1~*. Ethidium bromide and DAPI were far less sensitive
and required cell densities of at least 2 X 107 and 10® cells
ml ™!, respectively (Fig. 1). However, further dilution to final
concentrations of 1:20,000 (SYBR green dyes) and 1:800
(PicoGreen) did not result in the expected decrease in back-
ground fluorescence (data not shown). For further experi-
ments, SYBR green I was chosen, because it is less prone to
interference with various chemical compounds than SYBR
green II or PicoGreen (20, 37).

Characteristics of quantitative SYBR green I cell staining.
Linear and log-transformed calibration curves obtained with
washed E. coli cells are shown in Fig. 2 and 3. A double
logarithmic plot of fluorescence intensities versus cell densities
showed a linear correlation (R* > 0.999) over 4 orders of
magnitude, from 50,000 to 2 X 10® cells ml~, following the
equation FI = (cells ml~)%%* x 107>* indicating that over
a broad range of cell numbers the calibration curve follows a
power law function. However, at low cell densities, when scat-
tering and quenching of emitted fluorescence can be neglected,
a direct linear correlation between cell numbers and fluores-
cence intensity was observed.

SYBR green I quantification of DNA. Quantification exper-
iments with purified double-stranded DNA were performed to
confirm the results of the cell staining experiments described
above but also to investigate potential interference by RNA
and fixation agents. The increase in fluorescence was linearly
correlated (R? > 0.999) with increases in the DNA concentra-
tion from 10% to 10° pg m1~! DNA, following the equation
(Fig. 3) FI = [DNA]*** x 107*77¢, for DNA concentrations
in pg ml~ 1.

In contrast to the case for SYBR green I-stained cells, for
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FIG. 3. Quantification of washed E. coli cells (open circles) and
lambda phage DNA (closed circles) in a microplate assay. Samples
were serially diluted, and fluorescence intensities were measured after
staining with SYBR green I. Linear regression was calculated from

log-transformed data. Error bars represent standard deviations for
eight replicates.

purified DNA the slope of the regression curve was nearly 1.0
over almost the whole range of DNA concentrations tested.
However, the quantification of very low DNA concentrations
was limited by the intrinsic background fluorescence, and at
DNA concentrations above 10° pg ml ™", the amount of SYBR
green I in the assays became limiting. This could be circum-
vented by the use of a dye working solution with a higher
SYBR green I concentration. For the experiments presented
here, a 1:10,000 dilution of the dye was chosen, since it worked
well with the desired range of cell counts per ml. Higher cell
numbers were avoided, since fluorescence emission would be
negatively influenced by scattering and quenching.

From the plots of fluorescence versus DNA concentration or
cell number (lower parts of the curves), it can be estimated that
1 RFU corresponds to approximately 9,250 cells ml~* or 55.5
pg DNA ml ! (Fig. 2 and 3). From these data, a DNA content
of 6.0 X 1072 pg per cell can be inferred. Considering a ge-
nome size of 4.75 X 10° bp for E. coli K-12 (3) and an average
molar weight of 618 g for nucleotides (6), it can be calculated
that the E. coli K-12 cells used in the present study contained,
on average, 1.23 genomes per cell.

The addition of rRNA to DNA-containing assays led to a
noticeable increase in fluorescence (Fig. 4). As expected, the
increase in fluorescence correlated linearly with the amount of
rRNA added. However, RNA yielded much less fluorescence
than DNA. Even at the highest rRNA-to-DNA ratio tested in
this study (eightfold), the increase in fluorescence compared to
that with DNA alone was only by a factor of 0.8.

Influence of sample fixation on quantification of dissolved
DNA. At concentrations commonly used for sample fixation,
ethanol strongly inhibited fluorescence upon SYBR green I
staining. After staining of glutaric dialdehyde- or formalde-
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FIG. 4. Interference of rRNA with SYBR green I staining of dou-
ble-stranded DNA. Increasing amounts of E. coli TRNA were added to
100 ng ml~! lambda phage DNA and stained with SYBR green L. The
fluorescence was measured and is displayed as a relative increase
compared to that of pure DNA (defined as 100%). Linear regression
was calculated from two parallel experiments.
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hyde-fixed samples, a fixative concentration-dependent de-
crease in fluorescence emission was also observed but was
much weaker than that caused by ethanol. This effect seemed
to be independent of the actual DNA concentration (Fig. 5).
Up to 2% glutaric dialdehyde did have a minor effect on
fluorescence. However, at higher concentrations, the fluores-
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FIG. 5. Effects of different glutaric dialdehyde (circles) and form-
aldehyde (triangles) concentrations on fluorescence emission of SYBR
green I-stained DNA. Different DNA concentrations (dotted lines, 10
ng ml™%; dashed lines, 100 ng ml™*; solid lines, 1,000 ng ml’l) were
incubated with fixative for 1 hour prior to staining. The resulting
fluorescence was recorded and is displayed as a relative decrease
compared to that of pure DNA (defined as 100%). Each data point
represents the mean of three replicates. Standard deviations were
negligible and were omitted for clarity.
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cence decrease seemed to be linearly correlated with the glu-
taric dialdehyde concentration. With 5% fixative, an approxi-
mately 30% reduction in fluorescence was observed (Fig. 5).
Overall, formaldehyde had a significantly stronger effect than
glutaric dialdehyde. While 0.25 or 0.5% (vol/vol) formaldehyde
had no effect on fluorescence, concentrations of 1% and 2%
already resulted in 20% and 80% reductions in fluorescence,
respectively. However, it was critical to measure the fluores-
cence of formaldehyde- or glutaric dialdehyde-fixed DNA sam-
ples within 10 minutes of dye addition, since a longer incuba-
tion regularly caused a further decrease in the fluorescence
signal. After several hours of incubation, glutaric dialdehyde-
fixed DNA samples stained with SYBR green I developed a
visible yellowish color.

SYBR green I staining of viable and glutaric dialdehyde-
fixed cells. Fresh as well as glutaric dialdehyde-fixed cultures
could be stained with SYBR green I, with similar fluorescence
intensities, but they had different response times. Fresh
(stained directly after sampling or stored on ice for some
hours) cells needed several hours to reach stable fluorescence
signals after the addition of dye, and it was advisable to incu-
bate samples at least overnight or for approximately 20 h.
Fixed samples attained stable signals after a minimum of 4
hours of incubation, while fluorescence could already be mea-
sured with sufficient accuracy after 2 hours. In contrast to the
case with fresh samples, fluorescence in fixed samples should
be measured within a maximum of 4 to 5 hours after the
addition of dye, since glutaric dialdehyde-fixed cell suspensions
developed a visible yellowish color after continued incubation,
accompanied by an increasingly fluorescent background. How-
ever, in contrast to the case with glutaric dialdehyde-treated
DNA samples, fluorescence levels in fixed cell suspensions did
not decrease and remained constant for at least 6 hours. Con-
trols without the addition of DNA or cells, however, also
turned slightly yellowish with time, indicating an interaction of
dye, buffer, and glutaric dialdehyde.

Growth experiments. Growth experiments were performed
with several bacterial strains representing different physiolog-
ical types, including aerobes and sulfate reducers. As an exam-
ple, growth curves of aerobic bacteria growing in rich (panel A)
and substrate-poor (panel C) media as well as of sulfate-re-
ducing bacteria in ferrous sulfide-reduced medium (panel B)
are shown in Fig. 6. Growth was monitored by both optical
density and fluorescence measurements after SYBR green
staining. The latter was performed for comparison with glu-
taric dialdehyde-fixed cells and cells that were stored on ice
between sampling and staining (fresh cells) but yielded no
significant differences. Generally, both approaches (optical
density and fluorescence determinations) showed similar time
courses (Fig. 6) and consequently resulted in almost the same
growth rates (Table 2). Minor deviations were observed only
during the late lag and stationary phases. During late lag
phase, some cultures, such as Oceanospirillum sp. strain GM1,
already exhibited increased fluorescence while the turbidity
remained stagnant, whereas in some stationary-phase cultures
(Fig. 6C) the fluorescence started to decline earlier than the
optical density.

The ratio of fluorescence to optical density was calculated
separately for each strain. For all cultures (Table 1), this ratio
remained almost constant, even during the different growth
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FIG. 6. Growth curves of Muricauda ruestringensis (A), Desulfovibrio acrylicus (B), and Oceanospirillum sp. strain GM1 (C) obtained by
determining the optical density at 436 nm (filled squares) and by fluorescence measurement after SYBR green I staining (circles). The resulting
growth rates of the strains in panels A to C and the other strains tested are given in Table 2.

phases. However, pronounced differences were found between
the different strains, ranging from 1.5 X 10* (Arcobacter sp.
strain NA105) to 11.6 X 10* (Muricauda ruestringensis™) RFU
OD ™, and in some cases, between fresh and glutaric dialde-
hyde-fixed samples of a single strain (Table 1).

Most-probable-number dilution series. MPN series were
monitored for growth after 3, 17, and 141 days (Fig. 7). Among
the different series, pronounced differences were observed that
could be easily linked to nutrient concentrations. Medium A,
with the highest nutrient additions, stimulated the fastest
growth, already reaching maximum cell numbers, as indicated
by fluorescence, after 17 days. Growth on medium B com-
menced later and resulted in lower cell numbers than that on
medium A. Surprisingly strong growth was obtained even with-
out substrate addition (medium C). According to the DNA
calibration curves (Fig. 3), the maximum fluorescence levels of
10,000, 1,000, and 700 RFU achieved with the different media
correspond to DNA concentrations of approximately 500, 50,
and 38 ng ml~?, respectively. Assuming a DNA content of 5 X
1073 pg DNA per cell (6), this would represent 105, 107, and
7.5 X 10° cells m1™%, respectively. With a total cell count of 9.8
X 10° cells mI™! in the original sample, an inoculum size of
approximately 200,000 cells in the first dilution can be estimated,
which would amount to a fluorescence of about 20 RFU. The
values observed after 3 days even with the substrate-free series
were clearly higher, demonstrating cell reproduction.

For evaluation of the fluorescence data, single wells of the
MPN plates were checked by microscopy as well. Cells were
never found in wells shown to be negative by SYBR green I
staining. Because of their high sensitivity, fluorescence mea-
surements revealed positive scores in cases when direct micro-
scopic observation remained questionable and would require
filtering of a larger volume of sample. The MPN count ob-
tained with medium A was 42,000 cells ml™* (4.3% of the
TCC), while those with medium B and C reached 610 cells
ml™* (0.06% of the TCC) and 153 cells ml™* (0.016% of the
TCC), respectively.

DISCUSSION

A novel assay for the detection and quantification of micro-
bial cells in aqueous suspension was developed. The described

assay is simple, sensitive, and fast to perform, allowing a reli-
able quantification of cells in pure culture experiments as well
as estimations of microbial biomass in enrichment procedures
or MPN series. In combination with molecular phylogenetic
analysis of successful enrichments, the selection of promising
enrichments for subsequent isolation procedures is made eas-
ier. In addition, this assay can facilitate physiological investi-
gations of strains which do not exhibit high growth yields, e.g.,
oligocarbophilic or strictly lithotrophic microorganisms.

Comparison of nucleic acid dyes. For the detection of mi-
crobial cells in suspension, fluorescent nucleic acid dyes were
chosen because they stain any type of microbial cell (14, 25, 26,
34), irrespective of phylogeny or physiological capacities. How-
ever, the different dyes were found to vary remarkably in terms
of sensitivity and the range of cell numbers they can detect.
Cyanine dyes (PicoGreen and SYBR green) that are com-
monly employed for the quantification of dissolved DNA (20,
33, 37) were the most sensitive and allowed reliable quantifi-
cation of microbial cells. Consistent with this, PicoGreen has
previously been used for the determination of microbial bio-
mass in environmental samples (14, 31). However, it is sensi-
tive to interference from a broad range of organic compounds
and salt concentrations present in seawater (20). Similarly,
cations can impair the SYBR green I fluorescence yield. How-
ever, this effect can be minimized by maintaining a clear molar
dye surplus. Zipper et al. (37) estimated an approximate con-
centration of 10 mM in the bulk stock solution of SYBR green
I and discovered that at molar-dye-to-base-pair ratios higher
than 10:1 (mol:mol nucleotide), this effect was negligible. Thus,
with a 1:10,000 dilution of the SYBR green I stock, as used in
the present study, DNA concentrations of up to 100 nM base
pairs, corresponding to 1.2 X 107 E. coli cells per ml, can be
expected to be determined free of interference. However, us-
ing freshwater media, even up to 1.5 X 10% E. coli cells per ml
could reliably be determined (Fig. 3). For marine media or
higher cell densities, a narrower working range is expected, but
for these applications dye working solutions with a higher
SYBR green I concentration can be prepared.

In addition, SYBR green I has been reported to exhibit
some inherent limitations that are commonly found with cya-
nine dyes, as its binding behavior to double-stranded DNA
depends on the GC content, fragment size, and conformation
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FIG. 7. Analysis of most-probable-number dilution series inoculated with water from Buzzards Bay. MPN series were set up in 96-well plates
using three different media with different substrate additions. To 800 wl medium in the first dilution, 200 wl of sample was added and consecutively
diluted into the following 11 wells. Subsamples were taken after 3, 17, and 141 days of incubation and were analyzed by SYBR green I staining
and fluorescence determination. Different symbols represent seven parallel dilutions, and open diamonds represent uninoculated controls (by
accident, the least diluted control of series C was inoculated but not further diluted). Medium A (top) contained peptone, yeast extract, and a
substrate mix, while medium B (middle) received only the substrate mix and medium C (bottom) received no organic substrates.

of DNA (33, 37). These effects were not apparent, however, in
the present study and seemed not to impair the applicability of
SYBR green I for sensitive biomass determinations. A much
more important effect was the sensitivity of SYBR green I
stock solution to multiple freeze-thaw cycles, which was
avoided by subdivision into small aliquots upon receipt (20,
24).

Possible constraints by fluorescent compounds. The use of
nucleic acid stains for the measurement of fluorescence in
aqueous cell suspensions is possible only if concentrations of
interfering compounds emitting autofluorescence upon excita-
tion are negligible. This effect can easily be recognized by
fluorescence measurement prior to nucleic acid staining. Ex-
amples of fluorescent compounds are aromatics that may be
present in considerable concentrations in culture media (e.g.,
amino acids or vitamins) but also compounds present in the
inoculum, such as humic acids (34, 38). The latter, however,
would probably be diluted out during the MPN procedure but
still might interfere if only low cell growth occurs or even result

in false-positive results for the low dilutions. Interference by
autofluorescence of the medium, however, can be circum-
vented by separating cells from the medium by filtration prior
to analysis. No loss of accuracy was found if samples were
filtered onto black polycarbonate membranes and subjected to
fluorescence measurements (data not shown).

Interference with ribosome content and sample fixation.
rRNA is the most abundant nucleic acid in bacterial cells and
in E. coli can surpass the DNA content by a factor of 11.5 (6).
It is therefore likely to interfere with the quantification of
microbial cells by nucleic acid staining. However, the fluores-
cence yield of rRNA was only 10% that of DNA (Fig. 4),
confirming the results obtained for single-stranded DNA by
Zipper et al. (37) and indicating that even in extremely fast-
growing E. coli cells, IRNA might only double the fluorescence
yield. Nevertheless, for growth rate determinations the fluo-
rescence of rRNA can be neglected, since during exponential
growth rRNA contents are supposed not to change dramati-
cally (6, 9). A slight influence might be seen only during the lag
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phase, when ribosome contents are built up, and during sta-
tionary phase, when cells reduce their cellular rRNA contents,
like the case for Oceanospirillum sp. strain GM1 in Fig. 6.
However, this effect is too weak to impede even the determi-
nation of cell numbers from fluorescence data. The present
approach was particularly intended for the quantification of
environmental isolates or chemolithoautotrophs that are slow
growing and reach only low cell densities. These organisms are
generally characterized by lower rRNA-to-DNA ratios, and
therefore RNA interference should be of minor importance.

In many cases, an immediate analysis of cultures after sam-
pling is not possible, and therefore sample fixation is required.
Of the typical preservation protocols involving formaldehyde,
glutaric dialdehyde, or ethanol, glutaric dialdehyde was most
recommendable and could be used at final concentrations of
up to 2%. Formaldehyde can be used as an alternative to
glutaric dialdehyde, for example, for fluorescence in situ hy-
bridization or flow cytometry (10), but must not be present at
final concentrations exceeding 0.5%. Ethanol was found to be
completely incompatible with SYBR green I staining. Since
ethanol leads to a quantitative secession of SYBR green I from
the DNA (20), it can be expected that it in turn also inhibits
binding of the dye to DNA.

Alternatively, storing samples on ice until processing, such
as during growth experiments, may be considered, since it
avoids side reactions, but it requires several hours of incuba-
tion (for example, overnight) to achieve stable fluorescence
signals. An advantage of this method, however, is that samples
can serve subsequently for other purposes, e.g., nucleic acid
extraction.

Biomass determination during growth experiments. Classi-
cal growth experiments typically rely on measurements of op-
tical density, or in some cases, on microscopic counting. Count-
ing is time-consuming and often associated with large standard
deviations. Optical density, however, was found to be in good
agreement with culture biomass for single bacterial types (9,
23), but there might be variations depending on the growth
phase (6). Optical densities obtained for different organisms
can hardly be compared, since cell size and shape vary between
different species and strongly influence the optical density (19).
This may be reflected by the variation in the FI/OD ratios
found among the different strains in the present study (Table
1). DNA concentrations in prokaryotic cultures are directly
dependent on cell numbers and are related to the growth phase
(6). Each cell contains at least one and normally not more than
two genomes, but genome sizes may vary from approximately
1 to 12 Mbp per cell among different prokaryotic taxa (15).
However, the majority of bacterial and archaeal species seem
to contain in the range of 1.5 to 5 Mbp (15). Similarly, little
variation in DNA contents per cell (approximately 2.5 fg per
cell) was found for aquatic prokaryotes and appeared to be
independent of the phylogenetic position of the single cells (10,
29). Therefore, it seems that apart from exceptions with very
large genomes, DNA fluorescence upon SYBR green I staining
allows a better comparison of different strains than optical
density.

Measuring the optical density is also hampered by cells
forming chains, filaments, clumps, or aggregates or by the
presence of particles (e.g., FeS in cultures of sulfate-reducing
bacteria). It is also reliable over only 1 to 2 orders of magnitude
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(OD, ~0.01 to 0.3). At lower densities, no reliable signal is
obtained, while at higher densities the OD deviates from lin-
earity and cultures have to be diluted. Similarly, SYBR green
I fluorescence may be scattered and quenched at very high cell
densities. However, it offers a lower detection limit (by 1 to 2
orders of magnitude) and reliable signals over 4 to 5 orders of
magnitude (Fig. 1 and 3). It therefore allows growth detection
even in substrate-limited cultures (Fig. 6C) that are hardly or
not analyzable by simple optical density determination.

Particles seem to affect fluorescence determinations less
than they affect optical density measurements. During growth
experiments with the sulfate-reducing bacterium Desulfovibrio
acrylicus, OD measurements resulted in a rather sigmoid
growth curve (Fig. 6B). A reliable determination of the growth
rate was possible only several hours after exponential growth
commenced, as could be seen by comparison with the plot of
fluorescence data. Similarly, it is to be expected that fluores-
cence delivers more reliable data for filamentous cultures,
clumping cultures, etc. OD measurements rely on the relative
surface area of the cell and a homogenous distribution of cells
in the sample. Fluorescence determination, in contrast, de-
pends on the DNA (and RNA) content of the cells, and since
normally the whole sample is scanned and integrated, the al-
location of the cells within the sample is of minor importance.

Most-probable-number enrichments. Similar to dilution-to-
extinction methods (11, 13), which are generally applied to
aquatic habitats, during MPN analysis samples are serially di-
luted. Therefore, MPN series offer the opportunity to enrich
potentially abundant cells from the highest positive dilutions
(12,21, 28, 30). For analyses of MPN series, dilution-to-extinc-
tion cultures, or dilution culturing assays (2), generally a large
number of samples needs to be screened for growth. This is
often achieved by visual inspection of color changes related to
growth, turbidity measurement, or microscopic observation.
During recent years, the use of low-substrate media helped to
improve cultivation by yielding higher viable counts and more
diversity (8, 13, 27, 30). However, the addition of small
amounts of substrate allows only low cell densities to develop
and makes growth detection more difficult. Microscopy is re-
liable, but screening of a single MPN series can take consid-
erable time (several hours). Furthermore, an approximate de-
tection limit of only 5 X 10° cells m1™" has to be considered.
Detection could be improved by filtration through membranes,
but this cannot be applied to novel approaches with reduced
culture volumes (13, 27, 30). The high sensitivity of the fluo-
rescence assay, however, allowed growth detection in MPN
series, even with low or no substrate additions allowing cell
growth that was hardly detectable by light microscopy.

The fluorescence microplate assay is particularly advanta-
geous if deep well plates are used for preparing MPN series
(30), since multichannel pipettes can be used for the transfer of
cultures samples to fluorescence assay plates. Therefore, the
method presented in this study is faster, as it requires about 30
min of work for analysis of a 96-well plate plus the incubation
of the dye, and is comparable in terms of sensitivity to flow
cytometry (13) or microgrowth assays (7). Since it requires only
small sample volumes, the remaining sample volume can be
used for subculturing or chemical or molecular analysis.

36



Publikation 1: Sensitive determination of microlgabwth

VoL. 72, 2006

ACKNOWLEDGMENTS

We thank Alfred Spormann and the Microbial Diversity Summer

Course, Woods Hole, 2003, for inspiration and help during the initial
work of this project. Alice Child and Kendra Williams are acknowl-
edged for providing access to a fluorescence plate reader (Tecan).
Torsten Brinkhoff, Yvonne Hilker, and Uwe Maschmann are gratefully
acknowledged for providing type strains.

W.M.-H. gratefully acknowledges financial support by the Lower

Saxony Graduate Program.

o

o

~

©

13.

14.

15.

16.

REFERENCES

. Aakra, A&., J. B. Utdker, L F. Nes, and L. R. Bakken. 1999. An evaluated

improvement of the extinction dilution method for isolation of ammonia-
oxidizing bacteria. J. Microbiol. Methods 39:23-31.

. Ammerman, J. W,, J. A. Fuhrman, A Hagstrom, and F. Azam. 1984. Bac-

terioplankton growth in seawater. I. Growth kinetics and cellular character-
istics in seawater culture. Mar. Ecol. Prog. Ser. 18:9-31.

. Bachmann, B. J. 1990. Linkage map of Escherichia coli K-12, edition 8.

Microbiol. Rev. 54:130-197.

. Balch, W. E., G. E. Fox, L. J. Magrum, C. R. Woese, and R. S. Wolfe. 1979.

Methanogens: reevaluation of a unique biological group. Microbiol. Rev.
43:260-296.

. Bollmann, A., M.-J. Bir-Gilissen, and H. J. Laanbroek. 2002. Growth at low

ammonium concentrations and starvation response as potential factors in-
volved in niche differentiation among ammonia-oxidizing bacteria. Appl.
Environ. Microbiol. 68:4751-4757.

. Bremer, H., and P. P. Dennis. 1996. Modulations of chemical composition

and other parameters of the cell by growth rate, p. 1553-1569. In F. C.
Neidhardt, R. Curtiss II, J. L. Ingraham, E. C. C. Lin, K. B. Low, B.
Magasanik, W. S. Reznikoff, M. Riley, M. Schaechter, and H. E. Umbarger
(ed.), Escherichia coli and Salmonella: cellular and molecular biology, 2nd
ed., vol. 2. ASM Press, Washington, D.C.

. Brewster, J. D. 2003. A simple micro-growth assay for enumerating bacteria.

J. Microbiol. Methods 53:77-86.

. Bruns, A.,, H. Cypionka, and J. Overmann. 2002. Cyclic AMP and acyl

homoserine lactones increase the cultivation efficiency of heterotrophic bac-
teria from the Central Baltic Sea. Appl. Environ. Microbiol. 68:3978-3987.

. Brunschede, H., T. L. Dove, and H. Bremer. 1977. Establishment of expo-

nential growth after a nutritional shift-up in Escherichia coli B/r: accumula-
tion of deoxyribonucleic acid, ribonucleic acid, and protein. J. Bacteriol.
129:1020-1033.

. Button, D. K., and B. R. Robertson. 2001. Determination of DNA content of

aquatic bacteria by flow cytometry. Appl. Environ. Microbiol. 67:1636-1645.

. Button, D. K,, F. Schut, P. Quang, R. Martin, and B. R. Robertson. 1993.

Viability and isolation of marine bacteria by dilution culture—theory, pro-
cedures, and initial results. Appl. Environ. Microbiol. 59:881-891.

. Chin, K. J., D. Hahn, U. Hengstmann, W. Liesack, and P. H. Janssen. 1999,

Characterization and identification of numerically abundant culturable bac-
teria from the anoxic bulk soil of rice paddy microcosms. Appl. Environ.
Microbiol. 65:5042-5049.

Connon, S. A., and S. J. Giovannoni. 2002. High-throughput methods for
culturing microorganisms in very-low-nutrient media yield diverse new ma-
rine isolates. Appl. Environ. Microbiol. 68:3878-3885.

Cotner, J. B.,, M. L. Ogdahl, and B. A. Biddanda. 2001. Double-stranded
DNA measurement in lakes with the fluorescent stain PicoGreen and the
application to bacterial bioassays. Aquat. Microb. Ecol. 25:65-74.

Fogel, G. B., C. R. Collins, J. Li, and C. F. Brunk. 1999. Prokaryotic genome
size and SSU rDNA copy number: estimation of microbial relative abun-
dance from a mixed population. Microb. Ecol. 38:93-113.

Gasol, J. M., U. L. Zweifel, F. Peters, J. A. Fuhrman, and A. Hagstrom. 1999.
Significance of size and nucleic acid content heterogeneity as measured by
flow cytometry in natural planktonic bacteria. Appl. Environ. Microbiol.
65:4475-4483.

[y

7

18.

19.
20.

21.

25.

26.

27.

28.

29.

30.

31

33.

34.

35.

36.

37.

38.

NUCLEIC ACID STAINING FOR MICROBIAL GROWTH DETECTION 95

. Gerhard, P., R. G. E. Murray, W. A. Wood, and N. R. Krieg (ed.). 1994.
Methods for general and molecular bacteriology. ASM Press, Washington,
D.C.

Gruden, C., S. Skerlos, and P. Adriaens. 2004. Flow cytometry for microbial

sensing in environmental sustainability applications: current status and fu-

ture prospects. FEMS Microbiol. Ecol. 49:37-49.

Giinther, H. H., and F. Bergter. 1971. Determination of dry mass of cell

suspensions by extinction measurements. Z. Allg. Mikrobiol. 11:191-198.

Haugland, R. P. 1996. Handbook of fluorescent probes and research chem-

icals, 6th ed. Molecular Probes, Eugene, Oreg.

Jaspers, E., K. Nauhaus, H. Cypionka, and J. Overmann. 2001. Multitude

and temporal variability of ecological niches as indicated by the diversity of

cultivated bacterioplankton. FEMS Microbiol. Ecol. 36:153-164.

. Klee, A. J. 1993. A computer program for the determination of most prob-
able number and its confidence limits. J. Microbiol. Methods 18:91-98.

. Koch, A. L. 1994, Growth measurement, p. 248-277. In P. Gerhard, R. G. E.
Murray, W. A. Wood, and N. R. Krieg (ed.), Methods for general and
molecular bacteriology. ASM Press, Washington, D.C.

. Lunau, M., A. Lemke, K. Walther, W. Martens-Habbena, and M. Simon.

2005. An improved method for counting bacteria from sediments and turbid

environments by epifluorescence microscopy. Environ. Microbiol. 7:961-968.

Noble, R. T., and J. A. Fuhrman. 1998. Use of SYBR green I for rapid

epifluorescence counts of marine viruses and bacteria. Aquat. Microb. Ecol.

14:113-118.

Porter, K. G., and Y. S. Feig. 1980. The use of DAPI for identifying and

counting aquatic microflora. Limnol. Oceanogr. 25:943-948.

Rappé, M. S., S. A. Connon, K. L. Vergin, and S. J. Giovannoni. 2002.

Cultivation of the ubiquitous SAR11 marine bacterioplankton clade. Nature

418:630-633.

Sass, H., H. Cypionka, and H. D. Babenzien. 1997. Vertical distribution of

sulfate-reducing bacteria at the oxic-anoxic interface in sediments of the

oligotrophic Lake Stechlin. FEMS Microbiol. Ecol. 22:245-255.

Simon, M., and F. Azam. 1989. Protein content and protein synthesis rates of

planktonic marine bacteria. Mar. Ecol. Prog. Ser. 51:201-213.

SiiB, J., B. Engelen, H. Cypionka, and H. Sass. 2004. Quantitative analysis of

bacterial communities from Mediterranean sapropels based on cultivation-

dependent methods. FEMS Microbiol. Ecol. 51:109-121.

Tranvik, L. J. 1997. Rapid fluorometric assay of bacterial density in lake

water and seawater. Limnol. Oceanogr. 42:1629-1634.

. Tschech, A., and N. Pfennig. 1984. Growth-yield increase linked to caffeate

reduction in Acetobacterium woodii. Arch. Microbiol. 137:163-167.

Vitzthum, F., G. Geiger, H. Bisswanger, H. Brunner, and J. Bernhagen.

1999. A quantitative fluorescence-based microplate assay for the determina-

tion of double-stranded DNA using SYBR green I and a standard ultraviolet

transilluminator gel imaging system. Anal. Biochem. 276:59-64.

Weinbauer, M. G., C. Beckmann, and M. G. Hofle. 1998. Utility of green

fluorescent nucleic acid dyes and aluminum oxide membrane filters for rapid

epifluorescence enumeration of soil and sediment bacteria. Appl. Environ.

Microbiol. 64:5000-5003.

Widdel, F., and F. Bak. 1992. Gram-negative mesophilic sulfate-reducing

bacteria, p. 3352-3372. In A. Balows, H. G. Triiper, M. Dworkin, W. Harder,

and K. H. Schleifer (ed.), The prokaryotes, 2nd ed. Springer, New York,

N.Y.

Widdel, F., G.-W. Kohring, and F. Mayer. 1983. Studies on dissimilatory

sulfate-reducing bacteria that decompose fatty acids. III. Characterization of

the filamentous gliding Desulfonema limicola gen. nov., sp. nov., and Desul-

fonema magnum sp. nov. Arch. Microbiol. 134:286-294.

Zipper, H., H. Brunner, J. Bernhagen, and F. Vitzthum. 2004. Investigations

on DNA intercalation and surface binding by SYBR green I, its structure

determination and methodological implications. Nucleic Acids Res. 32:¢103.

Zipper, H., C. Buta, K. Limmle, H. Brunner, J. Bernhagen, and F. Vitzthum.

2003. Mechanisms underlying the impact of humic acids on DNA quantifi-

cation by SYBR green I and consequences for the analysis of soils and

aquatic sediments. Nucleic Acids Res. 31:¢39.

37



2.2 Spacial and temporal distribution of cultivatedmicrobial communities in the Central

Baltic Sea

Willm Martens-Habbena, Gunter Jost, Bernhard Sgeraind Henrik Sass

(in Bearbeitung)

38



Publikation 2: Spatial and temporal distributiomuitrobes in the Central Baltic

Spacial and temporal distribution of cultivated miaobial communities in the Central

Baltic Sea

Willm Martens-Habberta Gunter Jodt Bernhard Schnetgrmand Henrik Sas¥

Y Institut fir Chemie und Biologie des Meeres, Umiét Oldenburg, Carl-von-Ossietzky
StralRe 9-11, D-26111 Oldenburg, Germany.

2 Leibniz-Institut fir Ostseeforschung Warnemiindeesrasse 15, D-18119 Rostock,

Germany.

Keywords

Chemocline, oxic-anoxic interface, chemocline, bdat heterotrophy, lithotrophy,

denitrification, manganese, cultivation

* Corresponding author. Present address: Schdehah, Ocean and Planetary Sciences,
Cardiff University, Park Place, Main Building, Cd&fdCF10 3YE, Wales, U.K. Phone: +44-

29-208-76001, FAX +44-29-2087-4329, email: henrile@®cf.ac.uk

39



Publikation 2: Spatial and temporal distributiomuitrobes in the Central Baltic

Abstract

The vertical distribution of aerobic, nitrate-rethg; manganese-reducing, and
fermenting microorganisms along the chemical gratdief two adjacent anoxic basins in the
Central Baltic Sea was investigated by means of RNMlilution series approach. In both
basins, the Gotland Basin, and the Far6 Deep, aimi@ble counts were obtained and varied
between < 10 and 240.000 cells per ml. After mixamgl oxidation of the sulphidic deep
water in the Gotland Basin during 2003, viable d¢euof aerobes were strongly elevated
whereas anaerobes were significantly reduced atdhdy established oxic-anoxic interface.
A distinct change from denitrification activity incomplete nitrate reduction to nitrite was
found in dilution series across the interface. Aiddal dilution series targeting manganese
oxidisers, as well as aerobic and anaerobic ammoxidisers showed significant viable
counts but no specific manganese- or ammonia awitaictivity. The results of the present
study indicate that microbial populations in then€al Baltic Sea are tightly linked to the
chemical gradients of the respective electron aocgepDenitrifying and manganese reducing
populations might significantly contribute to orgamatter decomposition during long-term
stagnant conditions, whereas their small populationight be of minor importance during

successive reestablishment and upward movemehe aixic-anoxic interface.

Introduction

Mineralisation processes in sediments show a artsequence that follows the
decreasing redox potentials of the electron accgpwailable. In many sediments the most
favourable electron acceptors like oxygen, nitcte Mn(IV) are already consumed within
the surface layers and strictly reducing conditians established within a few centimeters
(Llobet-Brossaet al, 2002). These resulting steep chemical gradientsirn indicate that
different microbial respiration processes occurciose proximity. This is not the case in
pelagic environments where, apart from a few exoppily steep chemoclines, e.g. at the
hypersaline Urania Basin in the Eastern Meditemangasst al, 2001; Daffonchicet al,
2006), the transition from oxygenated to sulfidiaters can span over several meters. These
comparatively shallow gradients offer the opportyitd separately investigate layers defined
by specific chemical settings and hence can beate@eo be populated by specific microbial
communities. Most pelagic chemoclines differ froneit sedimentary counterparts also by

their relatively low availability of organic carbofBrettar & Rheinheimer, 1992). Hence,
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lithotrophic processes may not only be importantrézycling of potential electron acceptors
but also by providing alternative electron donoos fespiratory processes (Brettar &
Rheinheimer, 1991; Labrert al, 2005; Brettaet al, 2006).

The Black Sea and the deep basins of the Centrdtic BBea are among the largest
stratified water bodies, containing such pelagic-@noxic interfaces. Whereas the Black Sea
exhibited relatively stable chemical gradients dgihe last 7000 years, the Baltic Sea basins
are characterized by more unsettled physicochenuioatlitions. The deep basins of the
Central Baltic Sea are characterized by one or pyenoclines, a summer thermocline at
about 30 to 40 m and a permanent halocline at 680tm water depth. In contrast to the
thermocline that disappears in autumn until rekdstaing in late spring, the halocline
prevents advective mixing processes leading torangeent separation of the bottom waters
(Rheinheimer, 1996). Microbial processes lead t@oasumption of oxygen and other
potential electron acceptors within the bottom wsestablishing a chemocline that moves
upwards from the sediment and can eventually r¢laehhalocline. However, sporadically
(e.g. 1993, Pikeet al, 1998) major inflows of oxygenated water from terth Sea reach
the central Gotland Basin and due to its higheisiersinks to the bottom of the basin. This
results in a partial or complete oxidation of th@tbm waters and starts a new sequence of
progressive oxygen consumption, establishment pélagic oxic-anoxic interface and it's
upward movement. It was previously shown that #uxidation of the bottom water had only
a minor effect on the anaerobic microbial commesitiithin the sediment and that sulfate
reduction at the sediment surface was even sligtitiyulated (Pikeet al, 1998). However,
it is still widely unknown how pelagic microbial konunities, in particular if anaerobic, are
affected by reoxidation events.

In the present work, the interrelation between featcal settings and microbial
communities at the Gotland Basin and the Far0 Dieephe Central Baltic Sea was
investigated. An unexpected inflow of oxygen-richrth Sea water into the Gotland Basin
additionally offered the opportunity to compare thikepth distribution of targeted
physiological groups before and after the reoxatagvent.

A miniaturized cultivation approach based on mastbpble number dilution (MPN)
series was established, targeting a wide variegeabbic and anaerobic physiological groups.
Since low biomass production was expected, in @adr in the assays targeting lithotrophic
bacteria, a recently developed very sensitive tigclkento quantify biomass formation during
microbial growth by means of direct SybrGreen irstegy (Martens-Habbena & Sass, 2006)

was applied and combined with the chemical analyssibstrates.
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Material and Methods

Sampling sites and sample retrieval

The Gotland and Fard Deep are two adjacent basitisei Central Baltic Sea, located
between Sweden and Latvia with water depths ofapmately 240 and 180 m, respectively.
Samples were taken from the Gotland Deep duringsesuwith the RV “Prof. Albrecht
Penck” in July 2002 (57° 17.74'N, 20° 05.82'E) ahaigust 2004 (57° 18.94'N, 20° 03.70°E)
and from the adjacent Fardé Deep during a cruish thi¢ RV “Alexander von Humboldt” in
August 2003 (57° 59.47'N, 19° 53.58'E).

59° 59°N

Fard Deep

Gotland
Basin

58° 58°

£
ol

57° 57°

56° 56°

16° 18° 20° 22° 24°

Fig. 1: Sampling locations at the Gotland Basin #relFar6 Deep in the Central Baltic
Sea. Areas with water depth greater than 150 m2&@dm (grey and black lines) and
exact sampling locations (crosses) are indicathd. map and depth lines were generated
with datasets and PanMap software and availabteugfir the PANGEA Project at the
AWI Bremerhafen lfttp://www.pangaea.de/Software/PanMap/

Water samples were collected with GoFlow bottlesmchied to a rosette sampler
(Hydro-Bios, Kiel, Germany) and processed immedijaaéter retrieval. Data for temperature,
oxygen concentration, conductivity, chlorophglfluorescence and pressure from the CTD
probe (conductivity-temperature-depth; SBE 9PIlu§088, Seabird Electronics, Bellevue,

WA) were received and processed online.
Chemical determinations

Sulfide concentrations were determined after thehyiene blue method of Cline

(1969). Ammonium, nitrite, nitrate were analysedotoimetrically and accurate oxygen

42



Publikation 2: Spatial and temporal distributiomuitrobes in the Central Baltic

concentrations by Winkler titration (Grassheffal, 1999). For the analysis of ammonium,

nitrate, and nitrite in MPN series, samples (Ju0O@olume) had to be diluted 100 to 300-fold.

Determination of dissolved and particulate manganes

Water samples for the determination of dissolved garticulate manganese were
collected from depths between 50 m and the sedimanféce. Precisely 1000 ml of sample
were filtered through a polycarbonate membraneerfil{0.45um pore size, Millipore
HTTPO04700, VWR, Darmstadt, Germany) mounted onpmlgicarbonate filter holder (Type
16510, Sartorius, Gottingen, Germany). Each fitess subsequently rinsed with deionized
water (electrical resistance > 1&}ito remove residual salts, and was stored inlstplastic
petridishes in the dark until measuring particulagnganese.

For the determination of dissolved manganese 56ubsamples of the filtrate were
collected, filled into polyethylene bottles (prewsdy equilibrated with 2 % HN@and rinsed
with filtrate before filling), and acidified by adobn of 1 ml redistilled HNQ. Complete acid
digestion of filters and analysis of manganeseisordwas performed by inductively coupled
plasma optical emission spectroscopy (ICP-OES) esxribed previously (Hinrichst al,
2002).

Growth media

An artificial brackish water medium was used foegmring MPN series. This medium
contained (in g -¥): NaCl (5.6), MgC} - 610 (2.3), CaGl- HO (0.34), KCI (0.15), N8Oy
(0.91), KBr (0.023), BBOs (0.006), SrGl - 6HO (0.009), NHCI (0.021), KHPO, (0.0054),
and NaF (0.0007). The medium was supplemented wwitt - I* trace element solution SL10
(Widdel et al, 1983) and 0.2 ml *lof a selenite and tungstate solution (Widdel & Bak
1992). After autoclaving, the anoxic medium wasledainder WCO, (80/20, v/v) and per
liter of cold medium 10 ml of a solution of tenaitins (Balctet al, 1979) and 30 ml lof
a 1 M NaHCQ solution were added from sterile stocks. Finalyg medium was reduced by
addition of NaS and acid FeGlsolutions to final concentrations of 1.2 mmot-dnd
0.5 mmol - T, respectively. The pH of the reduced medium wagasaed to 7.2 — 7.4 with
sterile HCI or NaCQOs. The oxic medium differed from the anoxic one leynlg buffered with
HEPES (2.4 g -}). The pH of the oxic medium was adjusted to 724-with NaOH before
autoclaving and the medium was cooled under aiffimadly supplemented with vitamins and

sodium bicarbonate (final concentration 0.2 |
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Substrates used for MPN series

MPN series were prepared for heterotrophic andtiidphic bacteria. For heterotrophic
microorganisms a substrate mixture was used, eontpa broad range of different carbon
compounds (SuBt al, 2004): the common 20 L-amino acids, the alcohwshanol, ethanol,
n-propanol, andh-butanol, the short chain fatty acids formate, ategtpropionate, butyrate,
valerate and caproate, and in addition glyceralcgse, lactate, fumarate, malate, succinate
(all compounds 0.1 mmdl final concentration). Four different electron auiwes were
offered for heterotrophic growth: oxygen (air),rate, manganese oxides and sulfate. For
manganese and nitrate reducers the anoxic mediwnused, but with sulfate replaced by
manganese oxides (15 mmdlfinal concentration) or nitrate (6 mmal4inal concentration).

In 2004, a set of additional MPN series targetiagrnienting microorganisms was prepared,
lacking any of these electron acceptors.

MPN series for manganese-oxidising bacteria werepamed with oxic medium
supplemented with MngI(7 mmol-I* final concentration) and those for nitrifying beia
with NH4CI (6 mmol-* final concentration) as electron donor, respebtivielPN series for
anaerobic ammonium oxidisers were supplemented Sitimol-1* NH,CI and either with
15 mmol-* manganese oxides or a combination of 5 mMM4NQ; and 2 mmolt NaNG,

as electron acceptors.

Preparation and incubation of MPN series

MPN series were inoculated onboard ship. All eq@ptmeeded for preparation of the
MPN series was transferred into a polyethylene dmam(AtmosBag, 280 I, Aldrich,
Milwaukee, Wisconsin, USA) that was flushed withrogen gas, evacuated and filled with
N again. The procedure was repeated up to five ttmesmove atmospheric oxygen.

For the preparation and incubation of the MPN sepelypropylene 96-deep-well
plates (Beckman, Fullerton, CA) were used. Eackeptantained four different MPN series
with three replicates and six tenfold dilutions leagvery well contained 900 pl medium. To
the first dilution 100 pl sample were added andafigrdiluted into the subsequent wells.
After inoculation the plates were covered with iselids (CAPMAT, Beckman, Fullerton,
CA), sealing each well separately. In addition e tMPN series, on each plate four
uninoculated dilution series were prepared as obnfhe inoculated and sealed MPN plates
were placed into gas-tight plastic bags equippdt wigas generating and catalyst system for
anoxic conditions (Anaerocult A mini, Merck, Darmdt, Germany) and incubated for at
least 12 weeks at 10°C in the dark.
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Analysis of MPN series

The MPN plates were analysed for microbial growghstaining with SybrGreen | and
fluorescence analysis (Martens-Habbena & Sass, )20®éveral MPN series were also
checked by microscopy, mostly those for lithotr@phacteria. In a microbiological cabinet
the MPN plates were removed from the gas-tighttigldsgs and the lid cut into pieces and
carefully lifted using sterile tweezers. From eaedll 200 ul were transferred to a black
microtiter plate and supplemented with 50 ul of I€deen | working solution. SybrGreen |
working solution was freshly prepared each dayivetfdéld desired final assay concentration
in sterile-filtered TE buffer concentrate (200 mNsFHCI, 50 mM NaEDTA, pH 8.0). All
fluorescence measurements were carried out at @8&xaitation and 520 nm emission on a
fluorescence microplate reader (FLUOSTAR Optima, ®@Nabtechnologies, Offenburg,
Germany) with the following settings: three readmgles with integration of 20 flashes,
0.5 sec delay between plate movement and readmtigl@ s shaking before each cycle and a
detector gain of 1,300 arbitrary units. MPN coumisre calculated using the software
developed by Klee (1993).

Results

Stratification, temperature and salinity

During summer, the water column at the basins ef @entral Baltic Sea generally
exhibits three distinct water layers (I to lll ingF2) separated by thermal and haline
stratification (Rheinheimer, 1995). This stratifioa pattern was confirmed during the
sampling campaigns. The surface layer (layer lign E) comprised most of the photic zone,
as indicated by the depth profile of chlorophgjland extended to an approximate depth of
25 m. Temperatures in the surface layer ranged fidmto 22°C during the sampling
campaigns and rapidly dropped to values aroundib°the intermediate layer beneath the
thermocline (layer Il in Fig. 2). Salinity did hdycchange within the surface and intermediate
layers with values around 7 practical salinity sn{fPSU), but gradually increased to
approximately 10 PSU within the halocline betwe@&naid 90 m depth. Parallel to salinity,
temperature also slightly increased. Within theyistent bottom water (layer IIl in Fig. 2) a
slight increase in salinity with depth was obseruafiile in the Gotland Deep in 2002 and in

the Far6 Deep in 2003 maximum salinities were adolih.9 PSU, in the Gotland Deep in
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2004 higher values of up to 13 PSU were recordésé elevated values could be traced
back to an influx of North Sea water in 2003 (Fedist al, 2003).

Temperature [C]
0O 5 10 15 20 0O 5 10 15 20 O 5 10 15 20 25
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Fig. 2: Hydrographical structure of the Gotland iBda 2002, and 2004, as well as the
Faré Deep, 2003. Given are the temperature (T)nisal(S), and Chlorophylla
fluorescence intensity (Céll. Numbers on the right denote the three distiretiewlayers,
separated by a thermocline and a halocline (shadks).

Gradients of oxygen and sulfide

In 2002 and 2004, oxygen concentrations alonguhf@ce and intermediate layers were
in the range of 300 to 350 uM with little depth m#ion (Fig. 3). In 2003 oxygen
concentrations were in a similar range in the mttiate layers but lower in the surface
layers. All oxygen gradients, exhibited a strongrdase within the halocline. In the stagnant
bottom water, however, differences between thelsisgmpling campaigns were found. In
2002, along the upper 40 to 50 m low oxygen comagéinhs (less than 20 pmaf)lwere still
present and anoxic conditions were reached ondydepth of 135 m. In contrast, in the Faro
Deep sampled in Summer 2003 anoxic conditions wersent in most of the deep water and
a sharp oxic-anoxic interface was found alread$CGf m depth. In 2004, however, a very
unusual oxygen profile was obtained. Oxygen had#ndt minimum at the lower boundary

of the halocline. Beneath, concentrations increasgdin to values around 50 uM and
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remained relatively constant down to a depth ofraxmately 200 m. However, a newly
established oxic-anoxic interface was detecte@@tr@ depth.

Sulfide was generally detected just beneath the-amoxic interface, except for 2002,
when a slight overlap between the gradients of emygnd sulfide was found. Sulfide
concentrations generally increased with depth \@itmaximum of around 100 pmé!-hkt
220 m depth in 2002.

Gradients of nitrate, nitrite and ammonium

Nitrate concentrations in the surface and interatedlayers were low, but strongly
increased within the halocline. Elevated nitratacamtrations were generally found between
the halocline and the oxic-anoxic interface. Whihe 2002 and 2003 maximum nitrate
concentrations were about 6 pmdlin 2004 up to 12 pmotlwere detected. In the sulfidic
layers no nitrate was found. In 2002, above thec-axioxic interface the nitrate profile
appeared erratic with several local maxima and mménmirroring local variations in oxygen.
These small-scale variations of oxic and anoxicda@ns reflect the vertical sequence of
individual water bodies separated due to tiny déifees in salinity.

Ammonium concentrations were highest in the botteaters above the sediment with
concentrations of up to 30 umél:land with a steep decrease just beneath the orixia
interface. Between the halocline and the oxic-amamxierface virtually no ammonium was
detected. In the surface and intermediate layeneker, low concentrations of ammonium
were present (up to 2 pmal)! Nitrite concentrations were generally very Idvecal peaks
with values reaching 0.25 to 0.41 pmiblere, however, observed at the upper and lower

borders of the nitrate maximum zone (data not shown

Gradients of dissolved and particulate manganese

Dissolved manganese showed a similar depth pridtigeammonium with the highest
concentrations in the bottom water, but with astexp just above the oxic-anoxic interface
and a few meters above of that of ammonium. In 2808 2003, dissolved manganese
profiles exhibited some small local maxima abowe dkic-anoxic interface. In 2004, a small
additional dissolved manganese maximum was detqudedllel to the oxygen minimum at
approximately 75 m depth. Elevated concentratidngaoticulate manganese were observed
in a layer of 20 to 30 m above the oxic-anoxic lif#ee exhibiting a double peak during all
campaigns. Beneath the oxic-anoxic interface p#eie manganese was consumed within a

few meters.
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Viable counts of heterotrophic microorganisms

In August 2002, high numbers of aerobes were dateict the surface (240,000 cells
ml') and intermediate layers. Numbers in the bottogerlawere at least one order of
magnitude lower, but with a small local maximuniteg oxic-anoxic interface. While no data
are available for 2003, in summer 2004 a complatéfgrent situation was found, with the
highest viable counts around the chemocline (up25®.000 cells mi) situated at
approximately 220 m depth and with lower numbersthie oxygen-rich surface and
intermediate layers.

Viable counts with nitrate as terminal electron egtor were highest (up to
100,000 cells mf) at the oxic-anoxic interface, concurrent withtr@isg decrease in nitrate. In
the oxic surface and intermediate layers abovealsatin the anoxic layers beneath the oxic-
anoxic interface, MPN counts with nitrate were digbower. Similarly, highest viable counts
with manganese oxides as terminal electron acceptoe observed with samples from the
oxic-anoxic interface (up to f@ells mi*). However, with exception of 2003, no pronounced
decrease in MPN numbers towards the oxic surfaselfidic deep layers was observed.

A similar situation was found for MPN series pregghwith medium containing sulfate
as terminal electron acceptor. In 2002 no cleardii@ MPN counts with depth was found,
while in 2003 and 2004 viable counts were highestirad the oxic-anoxic interface (up to
10 cells miY), like it was found for MPN series with nitratecamanganese oxide. MPN
series for fermenting microorganisms were prepangg during sampling in summer 2004
(data not shown). The MPN counts obtained with thutfate-free medium showed no
difference in depth distribution or in numbers lte tounts obtained with medium containing
sulfate. Maximum counts were obtained around tleardtline. However, numbers obtained
for layers above the chemocline (30-100 cell§)miere just higher than the background
numbers (20-40 cells i), determined in pure mineral media without addiafnelectron

donors and electron acceptors (data not shown).

Chemolithotrophic microorganisms

MPN series targeting manganese-oxidising bactemeelly yielded low viable counts,
rarely exceeding 100 cells th{Fig. 4). In 2002 and 2004, in the Gotland Deepcarrelation
with the geochemical gradients was found. In 20@8yever, a clear maximum was found
within the upper part of the chemocline, and wifl®Q cells mif' being higher than any other

MPN count obtained with this medium combination.
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Viable counts in MPN series prepared with oxic roedicontaining NH" as sole
substrate were one to two orders of magnitude hititen those obtained with ¥th Similar
to the latter, for ammonium-amended medium onlyeakvcorrelation with the geochemical
gradients was observed. Numbers were relativellp mghe surface and intermediate layers
(up to 23,000 cells il in 2002). In the chemocline, numbers were alswvadésl when
directly compared to those in the adjacent layleus,were not exceeding those in the upper
water layers. An exception was the situation in200hen the highest counts (up to 36,000
cells mi*) for aerobes with ammonium were obtained with damfrom the chemocline at
approximately 220 m depth.

The depth profile for MPN series targeting anaer@mmonia-oxidising bacteria using
manganese oxides as terminal electron acceptohipugflected the results obtained with
oxic medium (Fig. 4). Maximum numbers of up to 3MCells per ml were obtained with
samples from the upper part of the chemocline B228hd 2004, whereas in the lower part of
the chemocline numbers were about one order of e lower. Apart from the
chemocline less than 500 cells were detected Withdubstrate combination. Samples from
the Far6 Deep delivered in lower numbers (less 12 cells per ml) and resulted in no
significant correlation with the chemical gradients

MPN series targeting anaerobic ammonium-oxidisiagtéria with nitrite and nitrate as
terminal electron acceptors were performed only2003 and 2004 (data not shown).
Whereas, in 2003 no growth was obtained at al2G@4 numbers at the surface and in 40 m
depth (230 and 900 cells per ml, respectively) wammnificantly above the background

obtained in substrate-free medium.

Analysis of MPN series by SybrGreen | staining andluorescence measurement

In the present study MPN series were analysedrfortty by staining with SybrGreen |
and fluorescence measurement. This method givematitptive measure of the nucleic acid
content that can be converted into cell numberse Tange of fluorescence and the
corresponding cell numbers per ml for the diffefgiftN series prepared in 2004 are depicted
in Fig. 5. The results obtained reveal strong Valitst in cell yield achieved in the different
wells of a single MPN. Highest total and averagd gelds were obtained after oxic
incubation with the medium for heterotrophic baiete¥ariations of fluorescence intensities
between single positive wells corresponded to defisities differing by approximately two
orders of magnitude. Similarly high cell yields weachieved with manganese oxides as

electron acceptors, although the average yield chealy lower. With nitrate that offers an
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only slightly lower energy vyield than oxygen, cdinsities of heterotrophic bacteria were
generally over one order of magnitude lower thaeradxic incubation. In the absence of any
potential electron acceptors fewer cells were oletdi even compared to the MPN series with
sulfate. Surprisingly high cell densities were aslid with media targeting lithotrophic
bacteria. For these assays on average almésell§ per ml were estimated. However, assays

with ammonium and manganese oxides even vyielded @ cells per ml.
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Fig. 5. Biomass formation in Most Probable Numbetutlidbn Series according to
fluorescence measurement of SybrGreen | staineshsuyfies. Given are the median, the
25 to 75 % (bars), as well as the 10 to 90 % ceniieé intervals (error bars) of
enrichments with detectable growth from August 20Dde estimated cell density was
calculated according to the calibration curve gikgrMartens-Habbenet al. (2006).

Chemical analysis of MPN series
Besides detection of growth by fluorescence analgfier staining with SybrGreen |,

MPN series amended with ammonium, nitrite or nitnatre subjected to chemical analysis.
Results obtained after analysing MPN series foetogtophic nitrate reducers prepared in
2004 are presented in Fig. 6. Chemical analysiealed that in all but two out of 22 wells
that were proven positive after staining with Syle€h | nitrate was almost completely
removed. On the other hand, in several wells, @asrly for 220 and 226 m depth, chemical
analysis revealed nitrate reduction without detdetgrowth. In MPN series inoculated with
sample from 215 m (above the oxic-anoxic interfat&pte was mostly reduced te,Nvith

exception of the lowest dilution in which nitriteag detected in reasonable amounts. Samples
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from 231 m, in contrast, resulted mainly in incoetpl reduction to nitrite. Nitrate
ammonification played only a minor role, since l&ésan 10 % of the nitrate was converted

into ammonium (Fig. 6).

Different results were obtained for the MPN seriaggeting ammonium-oxidising
bacteria. While nitrate and nitrite, when presewgre clearly reduced. Ammonium
concentrations showed, if even, only a weak dedligeto 50 pmold), irrespective of the
incubation conditions (data not shown). Determovatof growth by fluorescence analysis
upon SYBRGreen | staining was hampered by the poesef nitrite. In wells containing
more than 500 pumol per liter a reduced fluorescenelel was obtained, depending on the

nitrite concentration.

Discussion

In the present work the vertical distribution otdm®trophic and lithotrophic microbial
communities were examined along the vertical gradi®f two adjacent deep basins in the
Central Baltic Sea. Under stably stratified comudisi the presence of anaerobic communities
was tightly correlated to the gradients of the eesipe electron acceptors, e.g. nitrate, or to
sulfidic conditions in case of fermenting microangans. The lateral intrusion of oxic water
into the bottom layer caused not only an oxidattbthe ammonium and sulphide pools, but

also a major disturbance of the in situ communities

Hydrography and chemistry of the Gotland Basin and~aré Deep

During sampling campaigns in 2002 and 2003 the &adtiBasin and the Faré Deep
exhibited thermo-haline stratification patternsitygb for the Central Baltic Sea during late
summer (Brettar & Rheinheimer, 1991; RheinheimB@5t Feistel, 2003). The water column
above the halocline was oxygen-saturated and alekegketed in nitrate and ammonium,
whereas the layers between halocline and oxic-anioxerface exhibited maxima in nitrate
and particulate manganese. However, the two bamiasseparated by an embankment
restricting water exchange to the upper part ofthger column and hence had prevented the
lateral intrusion that reached the Gotland Dee003 from swashing over into the Faro
Deep. The two basins differed slightly in their erature and salinity profiles along the
halocline. This suggests that here the lateralsnn had a slight effect on the Faré Deep.
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Such smaller intrusions of nearly iso-pycnic watppear to be relatively frequent, at least in
the Gotland Basin, where they are thought to caélusesrratic depth profiles of oxygen and
nitrate that were observed at 80 to 130 m dep200R (Fig. 3). The lateral intrusion of oxic
water to the bottom layers of the Gotland Deeppirng 2003, in contrast, had a much more
drastic effect. It was ensued by intense nitrifmatand manganese oxidation completely
depleting the ammonium and dissolved manganeses fmieath the halocline. However,
soon after this re-oxidation event a new chemodiisiablished at the sediment surface and
was slowly moving upwards. In Summer 2004, over yaer after the intrusion, immediately
beneath this new oxic-anoxic interface steep sulidd ammonium gradients were detected,

but maximum concentrations were still significaridwer than in 2002.

Impact of advective mixing and bottom water oxidaton on microbial communities

Extent and vertical distribution of the differentysiological groups analysed in the
present work substantially varied between the sirsgimpling campaigns. These variations,
however, appear to have different reasons whenrdiegathe upper and the bottom water
layers.

During all sampling campaigns physico-chemical isgét were similar above the
halocline, while nonetheless viable counts variedsaderably. Numbers of aerobes and
nitrate reducers for example were apparently nizsited to changes in oxygen and nitrate
concentrations and hence appear to depend on phtitesic activity. It has been estimated
that in the Central Baltic Sea about 45 % of thenary production is already remineralised
above the halocline (Schneidstral, 2002) and it has been shown that microbial conities
rapidly respond to changes in photosynthetic agtivand hence exudation, but also to
cessation of algal communities (Gocke, 1975; Rhaimhbr, 1995). The excretion of nitrogen-
poor exudates depends on nutrient supply and iityeokirradiance and is highest during
spring and summer. Decaying phytoplankton bloonisviing the high productive periods,
in turn, provide a more complex combination of elint chemical compounds, like it was
aimed with the substrate mixture for heterotropbsduin the present study. Therefore, it can
be assumed that the changes in community compoditiond above the halocline reflect

seasonal and meteorological effects.
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Fig. 6. Nitrate utilisation in MPN series targetihgterotrophic Nitrate-reducing bacteria
from the chemocline of the Gotland Basin, 2004. Saepling depths and dilution steps
are indicated above each panel. Dilutions with cetde growth as revealed by
SybrGreen | staining are highlighted in gray.
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Microbial communities beneath the halocline canbpenefit from algal exudates but
nevertheless play an important role in the degradadf sedimenting organic material.
Approximately 40 % of the primary production is iiearalised here (Schneidet al, 2002).

It is likely that the microbial communities in thmttom layers are more influenced by the
chemical settings and the changes caused by thesion of oxic water. In 2004, a
completely different picture emerged compared ®dtuation in the stably stratified basins
sampled previously. The lack of nitrate-reducingtbdaa and at the same time high numbers
of aerobes in the MPN series indicates a stronfjraeof facultatively aerobic bacteria. One
reason is that the deep water intrusion not orgdported oxygen but also an allochthonous
microbial community. On the other hand the reldyiieigh oxygen concentrations beneath
the halocline may favour different types of baaetihan the microaerophilic and anoxic
conditions pervailing previously. It was reportéett denitrification in the chemocline of the
Central Baltic Sea is mainly driven by the oxidataf sulfide (Brettar & Rheinheimer, 1991).
This lithotrophic metabolism helps saving organicatenial for assimilation and is
advantageous under organic carbon-limited conditidime dominance of lithoheterotrophic
and mixotrophic nitrate reducers is supported l® @halyses of the MPN series targeting
nitrate reducers. Generally, very low growth yiglds obtained (Fig. 5) and in all positive
series FeS had completely vanished, whereas thatimegvells still exhibited black FeS
precipitates. After the oxic water intrusion suffidn the bottom water was completely
reoxidised leaving only organic material as potdrglectron donoin situ. If nitrate reducers
can utilise organic material, it can be imaginedttthey are easily outcompeted by strict
aerobes, explaining their apparent disappearantethéd newly established oxic-anoxic
interface, however, where sulfide became availaii@te-reducing populations started to

develop again, even in the presence of high nundfexsrobes.

Assessment of chemolithotrophic microorganisms

Previous investigations in the Black Sea and thidB8ea have shown, that microbial
manganese oxidation at the oxic-anoxic interfagmicantly contributes to the overall
electron balance (Tebo, 1991; Nereé@hal, 2003). Several studies revealed aerobic and
anaerobic ammonium oxidation in chemoclines ofti§ied water bodies (Enoksson, 1986;
Kuypers et al, 2003). During the present study it was tried ctmrrelate numbers of
lithotrophic organisms to the respective gradiesftgheir electron donors. However, true

lithotrophic growth was rarely detected, although least in a few cultures targeting
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autotrophic manganese oxidisers the precipitatfomanganese particles was found. Growth
detection of lithotrophic bacteria is generally lmsred by the low growth yield.
Lithoautotrophic bacteria have to spend substaatiaunts of energy for reversed electron
transport to NADP and this energy demand increases with increasidgxr potential of the
electron donor. On the other hand, a more positddox potential of the electron donor
reduces the ATP yield per molecule oxidised. Famneple two MA* have to be oxidised to
generate one ATP, while for each electron transfefrom Mrf* to NAD(P)' one to two ATP
have to be spent. Hence, one can expect that aplitr manganese oxidation would only
support low growth if even at all. It is still mettof debate, whether manganese oxidation can
be used for energy conservation (Tekical, 2005). Nonetheless, it has been shown to be
important in situ (Neretin et al, 2003) and it has further been demonstrated timat a
Erythrobacter sp. strain can attain higher cell densities whemwmg under manganese-
oxidising conditions (Francis, 2001). Thereforemay be more likely that manganese is
either utilized in a mixotrophic or in a chemolitteierotrophic metabolism (Tebo & He,
1999; Tebeet al, 2005).

In contrast, significant viable counts and cell sldaes were detected in dilution series
supplemented with ammonium (Fig.4), but unexpegtedly a weak turnover of ammonium
was detected. Viable counts inferred from these MigNes can thus not be considered as
numbers of true lithotrophs. It has been shown teerotrophic bacteria can outnumber
enrichments of nitrifying bacteria (Aaked al, 1999), even in standard media. In the present
work, however, a highly sensitive method for growt#tection was used that was originally
considered for lithotrophic and oligocarbophilicltaues (Martens-Habbena & Sass, 2006).
But obviously this sensitive growth detection isme to deliver false positive results, when
not combined with chemical analysis of substratadwer, like in the present work. If in the
enrichment targeting lithotrophic bacteria orgaophic growth was obtained, there must
have been organic carbon sources in the basal media develop a more reliable growth
assay for lithotrophic bacteria the potential oigacarbon sources had to be identified.
Besides the vitamin solution (sums up to 18 pmal; chemical analysis revealed the
presence of short chain volatile organic acidsnféte, acetate, and propionate each up
t010 umol 1) in the basal medium. Assuming that 40 % of thés@a would be assimilated,
and considering a carbon content of 15fg per (®inon & Azam, 1989), the vitamin
solution and volatile organic acids would suppamvgh of up to 10cells mI*, what is

approximately the cell yield obtained in the littoggthic MPN series in the present study.
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Abstract

Microbial carbon dioxide fixation is commonly founih pelagic oxic-anoxic
interfaces. However, its exact location and extastwell as microbial energy metabolisms
supporting microbial Cefixation are still a matter of debate. The preseotk provides a
comprehensive study of nutrient, sulfur, and maeganchemistry in comparison to
microbial CQ fixation around the oxic-anoxic interface of theotland Basin in the
Central Baltic Sea. Typical opposite gradientsistalved oxygen and sulfide approached
the detection limits at 204 m water depth, accoriguhby nitrate depletion at the same
depth. In contrast, decreasing amounts of partieulaanganese were detected down to
215 m water depth, stretching ten meters into tiiedg zone. Whereas thiosulfate and
sulfite were below the detection limit (< 50 nmof)Lthroughout the entire interface, a
peak of about 4 umol'}_zero—valent sulfur was detected around 210 m, &3imilation
extended over 20 meters beneath the oxic-anoxécfate and a maximum of 0.7 to 1.1
umol C L* d* was located at 215 m water depth, thus aboubtémelve meters below the
chemocline. More than 70% of the measured @xation could neither be attributed to
aerobic, nor nitrate-dependent sulfur oxidationikiBg experiments revealed that €0
fixation could only be enhanced by thiosulfate ofypulfides, whereas elevated sulfide
concentrations, dithionite, as well as anthraquénalisulfonate inhibited COfixation.
Chemical gradientsn situ CO, assimilation, and spiking experiments togetheigssted
that bulk microbial dark C@assimilation below the chemocline of the GotlarabiB was
sulfur dependent and redoxsensitive. It is propabed a microbial manganese oxide-
dependent incomplete sulfide oxidation to thiogelfar elemental sulfur accounts for a
large fraction of the bulk C{fixation and that sulfide is recycled by thiostéfaand sulfur

reducing microorganisms.

Introduction

Dark microbial carbon dioxide fixation has beenaslied at oxic-anoxic interfaces
of several aquatic ecosystems. These include manmgonments like Framvaren Fjord,
Norway [43], Cariaco Trench, Caribbean Sea off \#zeieéa [74], brackish environments
like the Black Sea [61], the Baltic Sea [14, 34,veell as freshwater systems like Lake

Kinneret, Israel [24]. Although dark carbon dioxifieation in oxic-anoxic interfaces can
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make up a significant fraction of the overall inmnic carbon assimilation in these
environments [e.g. 14, 65], knowledge about undesglynicrobial energy metabolisms is
still scare.

Chemical gradients at pelagic oxic-anoxic interfage general suggest that several
processes could support carbon dioxide fixatioresehinclude, e.g., aerobic and anaerobic
ammonia oxidation [5, 58, 60], disproportionatioh sulfur compounds [2], aerobic
methane oxidation [26], metal oxidation [21], andltogen oxidation [46]. Yet, none of
these processes has been proven to be of quamtiiatportance. Aerobic and nitrate-
dependent microbial sulfur oxidation, thus rem#ia most important reactions to explain
the observed carbon dioxide fixation [e.g. 8, 9]. 3this view is also supported by
molecular analyses, which provided the presenceaatidty of sulfur-oxidizing genera of
the Gamma andEpsilonproteobacterian pelagig oxic-anoxic interfaces of the Black Sea
as well as the Cariaco Trench [40, 42, 75]. Regentl was also demonstrated that
members of the Epsilonproteobacteria closely related to the obligate
chemolithoauthotrophic sulfur-oxidizing bacteriumhiomicrospira denitrificans are
present in the oxic-anoxic interfaces of the Gatl&@asin and the Landsort Deep in the
Baltic Sea and make up about 8% of the microbiahmaonity at the Gotland Basin
redoxcline [36, 37].

However, considering the carbon and energy metsinotif known sulfur-oxidizing
bacteria, the amount of sulfide supplied by a gmatlifrom the sediment usually
underscores the microbial assimilation of inorgamiarbon at pelagic oxic-anoxic
interfaces significantly [33, 65, 79]. Two mechansshave been suggested to explain this
discrepancy. Either the activity of sulfate redgcimacteria could lead to an additional
sulfide supply for autotrophic sulfur oxidizing bheda [33], or the activity of heterotrophic
microorganisms itself could substantially contribub the observed carbon fixation by
inorganic carbon assimilation via anaplerotic reast [14, 54, 79]. Some studies reported
carbon dioxide fixation significantly below pelaguxic-anoxic interfaces and it has
therefore additionally been speculated, that npaghways of microbial sulfur oxidation
via reduction of particulate metal oxides such aganese oxide and iron oxide could
support microbial carbon dioxide fixation [33, 69).

The present study attempted to gain insights inéoviertical distribution, intensity,
and characteristics of microbial carbon dioxideafign in relation to chemical gradients
observed at the oxic-anoxic interface of the Gatl&asin. Therefore, a comprehensive

analysis of nutrients, sulfur-, and manganese speaiound the oxic-anoxic interface was
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combined with the analysis of microbial carbon diexfixation in situ as well as in

spiking experiments.

Methods

Study areaand sampling The Gotland Basin is a 248 m deep basin in thetr&@e
Baltic Sea (Fig. 1) and contains one of the largeserent water masses of the Baltic Sea.
Sampling was performed during cruise AL256 aboafd Rlkor” in May 2005 at the
deepest part of the basin. Profiles of temperasaknity, and oxygen were recorded with
a Seabird SBE 9%lus conductivity-temperature-depth profiler (Sea-Biéctronics Inc.,
Washington, USA) mounted on a rosette water samplater samples from discrete
depths were collected with 5-Liter Free-Flow batt{elydrobios, Kiel, Germany) attached
to the sampler. Subsamples were directly filled rdlibrated 120 mL oxygen bottles with
at least three flask volumes overflow. Special caas taken to avoid any oxygen
contamination during filling procedure. For contmlrposes, the filling procedure was
repeatedly done under a stream of argon to avgicharcontact of the water samples. No

differences in chemical as well as activity measwsts were observed between both

procedures.
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Fig. 1. Bathymetric map of the Central Baltic SBae sampling location at the central
Gotland Basin (57° 19.2'N 19° 57°E) is indicated.
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Chemical analysesdAnalyses of inorganic nutrients, as well as oxygad hydrogen
sulfide were performed immediately after sampling $tandard manual colorimetric
methods [23]. Samples for total inorganic carbomcemtration were taken, preserved with
mercury chloride, and determined later by the cmglsic SOMMA system [30].

Thiosulfate and sulfite concentrations were deteeni by HPLC analysis of
monobromobimane-derivatized samples [16, 53, 780 AL water samples were taken
from the Free-Flow bottles by means of a Hamiltgringe, filled into 1.5 mL reaction
tubes and instantly derivatized by the additiod@® uL monobromobimane reagent (see
below). Samples were maintained for 30 min at rdemperature in the dark, and the
reaction was stopped by acidification with 50 pLnoéthanesulfonic acid (324 mmot')L.
Samples were subsequently stored frozen at —80%C WHIRLC analysis within three
weeks. The stability of thiosulfate-bimane compleas reported to be somewhat sensitive
to long-term storage [78]. Samples spiked with knoamounts of thiosulfate were
therefore derivatized and analyzed in parallel diddhot exhibit significant decomposition
of the thiosulfate-bimane complex within this sggperiod. Monobromobimane reagent
was freshly prepared each day by mixing equal veliof HEPES buffer (500 mmol'L
HEPES, 50 mmol £ Na-EDTA, pH 8) and monobromobimane (Calbiochemlsbad,
CA; 45 mmol L* in acetonitrile). Standards of thiosulfate andfigulwere prepared in
serum bottles, flushed with nitrogen, and store4f@t

Analysis was carried out with a gradient HPLC Syst&ykam, Flrstenfeldbruck,
Germany) equipped with a low-pressure gradientrotiat (S8111), autosampler (S5200),
and column oven (S4011). Separation was performeda oreversed-phased column
(Adsorbospere OPA HR 5p, 150x4.6 mm, Alltech, Umaehing, Germany) thermostated
to 25°C at a flow rate of 1.0 mL minEluent A was 0.25% (v/v) acetic acid (pH 3.5) and
eluent B was 100% HPLC gradient grade methanoll (Rath, Karlsruhe, Germany). The
gradient employed was as follows: 0-0.5 min 10% Bjin 12% B, 15 min 30% B, 19 min
30% B, 23 min 50% B, 30 min 100% B, 36 min 100%3B,min 10% B, 44 min 10% B.
Fluorescence emission was recorded on a Lineauments LC 305 fluorescence detector
(excitation 380 nm, emission 480 nm). Sulfite amdgulfate eluted after 3.3 and 5.9 min,
respectively. Reproducibility of standards (1 pniol) was better than 5% and at an
injection volume of 100 pL the detection limit wa@ nmol L.

Zero-valent sulfur was determined in parallel saaphs described by Zopfi et al.
[78, 79] with the following modifications: One mLater sample was immediately fixed
with 100 pL 2% (w/v) ZnGl and stored at —80°C. Sulfur was extracted withv@llme
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chloroform for 2 hours and 70 pL of the chlorofoextract was resuspended in 900 pL
methanol and analyzed by HPLC (see below). Standatdtions were prepared in
methanol and diluted in methanol:chloroform (90:p@pr to analysis. HPLC separation
was carried out on the HPLC system and column destiabove with an isocratic eluent
of 100% HPLC gradient grade methanol (Carl Rothilstahe, Germany). Absorption at
265 nm was recorded on a Linear Instruments UVI8 @6tector. Injection volume
totalled 100 pL and cyclosSulfur eluted after 3.1 min. The detection limasv300 nmol
L™, and reproducibility of 5 pumolt.standards was better than 5%.

Dissolved and particulate manganese analysis wdsrped according to Hinrichs
et al [27]. Exactly one liter of water sample was fitd through polycarbonate
membranes (0.45 pm poresize, Millipore, Goéttinggbermany) mounted onto a
polycarbonate filter holder (Type 16510, Sartori@jttingen, Germany) as soon as
possible after sampling. Each filter was subsedyemised with 18 2 water and stored
in sterile plastic Petri dishes in the dark untiblysis. For the determination of dissolved
manganese 50 mL subsamples of the filtrate weteatet, filled into polyethylene bottles
(equilibrated with 2% nitric acid and rinsed witlingple filtrate), and acidified by addition
of 1 mL redistilled nitric acid. Complete acid dagen of filters was done in closed PTFE
autoclaves at 180°C in a mixture of nitric acidrgbdoric acid and hydrofluoric acid.
Extracts were resuspended in 25 mL of 2% nitricdadinalysis of manganese was
performed by inductively coupled plasma-optical €sitin spectroscopy (Perkin Elmer
Optima 3000XL). Manganese was calibrated betwe®d &nd 36 pmol . The detection
limits for dissolved and particulate manganese wW&B6 pumol ! and 0.01 pumol T,

respectively.

In situ carbon dioxide dark fixationOver a period of 10 days, multiple profiles
throughout the redoxcline (180 to 220 m water depttre taken for the determination of
CO, dark fixation rates according to the method oke8tann Nielsen [34, 63]. The anoxic
sodium [“C]-bicarbonate stock solution (250 uCi MLwas prepared as follows.
Deionized water (18@) was filled into serum vials and carefully flusheith argon to
remove any oxygen. Weighted sodiutfid]-bicarbonate crystals (SA 53.0 mCi mmL
Hartmann Analytic GmbH, Braunschweig) were addedh® serum vials under argon
atmosphere in an anaerobic chamber and dissolved.

Incubations were performed in 120 mL oxygen bottigsich were carefully filled as

described above. 40 to 60 pL of an anoxfC]-bicarbonate stock solution were added
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with a gas-tight Hamilton syringe. Samples weraubated ain situ temperature (x 1°C)
in the dark. Incubation was stopped by filtratiémior to filtration of the samples, 50 pL
sub-samples were drawn from all incubations, planéal scintillation vials containing 50
uL ethanolamine to quantify the amount of addé@]fbicarbonate. Samples were then
filtered onto polycarbonate membrane filters (0/ pore size, Whatman, via VWR
International, Weiterstadt, Germany), exposed tol fitnes for 30 min, mixed with
scintillation cocktail (UltimaGold XR, Packard, UgAand counted on board in a Triathler
liquid scintillation counter (Hidex Oy, Turku, Fard) and in the laboratory in a TriCarb
2560 TR/X liquid scintillation counter (Packard, A)S Carbon dioxide fixation of control
samples immediately fixed with 1 mL formalin (37%&fore adding’{'C]-bicarbonate was
0.0043 umol C I* d* (standard deviation 0.0029 umol C' d%). All incubations were

started within 15 min upon sample collection argddd not longer than 24 hours.

Substrate spiking experimentsccording to the results af situ rate measurements
water samples were taken from above, within, arldvbeéhe zone of maximain situ
carbon dioxide fixation (204, 214, and 226 m watepth, respectively). Carbon dioxide
fixation was analyzed as described above and pasdimples were immediately spiked
with working solutions (see below) of the followingotential electron donors and
acceptors: oxygen, sodium nitrate, manganese oxide,oxide, AQDS (anthraquinone
disulfonate), sodium thiosulfate, polysulfide, sodi sulfide, and sodium dithionite.
Working solutions (2.4 mmolt) of sodium nitrate, manganese oxide, iron oxid@Ds,
and sodium thiosulfate were prepared by dilutiocaicentrated sterile stocks (1 métL
into sterile filtered deionized water, filled intmutyl rubber-stoppered serum vials, and
flushed with argon for at least 15 minutes. Staalkitson of polysulfide was made by short
heating of 50 mL sodium sulfide solution (1 méf)lto 90°C, after addition of 0.11 moles
of elemental sulfur under nitrogen atmosphere. \Worksolutions of polysulfide and
sodium sulfide were flushed with argon prior to thddition of concentrated stock
solutions. Sodium dithionite is a strong reduciggrat and rapidly decomposes in agueous
solution. The working solution was therefore prepafrom sodium dithionite crystals
directly on board. Oxygen solution was made froarilg-filtered air saturated water. All
working solutions were prepared within 4 hours ptiduse. One mL of substrate working
solutions was injected in the lower part of 120 odygen flasks (final concentration 20

umol L, oxygen approximately 5 pmol*) by means of disposable syringes after filling
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with sample water and before starting the inculakip addition of {*C]-bicarbonate. Al
incubations were made in duplicate and analysisanfiples was performed as described
above.

Sulfide spiking experiments were done to estimée relation between sulfide
concentrations and carbon dioxide fixation. Incieg@smounts of sodium sulfide working
solution (see above) were added to water samptes the depth of maximum carbon
dioxide fixation (216 m water depth) resulting imafl sulfide concentrations of 10 to
110 pmol . Sulfide concentrations were confirmed by coloririzeinalysis of control

samples (see above). Incubations were startedraaigizad as described above.

Results

Hydrography Over a period of nine days CTD casts were takapth profiles of
temperature, salinity, and oxygen (sensor dataysHa typical stratification of the water
column of the central Gotland Basin (Fig. 2A). Atimocline at around 40 m water depths
and a permanent halocline at 75 m separated they waliumn into three layers: the upper
warmer water, the cold winter water, and the loegmt stagnant deep water. The
comparison of temperature and salinity profilesesed small anomalies below the
halocline, indicating recent lateral water intrusidoetween 80 and 142 m (Fig. 3). Below

this depth, only one anomaly due to a major seaviafiew in 2003 was detected.

Chemistry At the water surface super saturated oxygen ctrat@ns of about 450
umol L were accompanied by nitrate concentrations bel@ndetection limit. Below the
halocline, nitrate concentrations increased stgauil 6 umol L}, whereas the oxygen
concentrations dropped rapidly to 50 umé! (Fig. 2B). Between 100 to 175 m oxygen
concentrations decreased slowly and nitrate inere&s more than 9 umorlL The pelagic
chemocline was found at a depth of about 202 to rR0O4t these depths, the measured
oxygen was below 5 pmoliand sulfide was below 0.3 umof'LFrom all depth profiles
between 185 m and the chemocline, mean oxygen aradengradients of 0.26 and 0.13
umol L' m™, respectively, were calculated. Below this integfanitrate was completely
depleted and sulfide increased steadily by aboltyimol L* m™* to approximately 20

umol L' at 226 m, accompanied by an increase of ammonarabbut 8 pmol L.
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However, ammonium started to increase 4 meterseahosignificant increase of sulfide
(Fig. 4 A and C). During the sampling campaign, tlepth of the chemocline, i. e., the
zone of oxygen < 5 pmol L and no detectable sulfide, did not change sigpuifiky.
However, the sulfide concentrations near the seuliraerface increased from about 25 to
about 50 pmol L during the last sampling days (data not shown).

The analysis of thiosulfate and sulfite revealedcemtrations below the detection
limit of 50 nmol L* between 180 and 221 m. Zero-valent sulfur, ithee,sum of cyclo-§
sulfur plus sulfane sulfur of polysulfides, wasead#éd at concentrations between 0.8 and
4.2 pmol !, with the maximum located at 210 m (Fig. 4A). Thias in accordance with
microscopic observations of filtered water samplasich revealed the highest density of

sulfur globules at this depth.
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Fig. 2. Depth profiles of temperature, salinity,daoxygen (sensor) (A), oxygen
(titrated), nitrate, ammonium and sulfide (B) oé tivater column at central Gotland
Basin (May, &' 2005). The shaded area denotes the section afatez column shown
in figure 4.
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Dissolved and particulate manganese were analyzédietected between 180 and
230 m. Dissolved manganese increased from 2.5 jiificht 180 m to 32 pumol t at
220 m (Fig. 4B). Above the sediment surface, at@3Me concentration was 42 pmot L
(data not shown). Particulate manganese decreasedd@.5 pmol [* above 190 m to
about 0.2 umol 1 at the oxic-anoxic interface. Particulate manganeas also detected
below the oxic-anoxic interface. From 208 m dowr220 m, the concentrations decreased
from 0.1 t0 0.01 pmol &

In situ carbon dioxide dark fixatiorFrom 180 m down to 225 m (Fig. 4C) fixation
of carbon dioxide was detectable. Above 205 m h@neahe fixation rate remained below
0.1 umol C [* d*. Beginning at 205 m, it increased steadily to mmaxh values between
0.7 - 1.1 pmol C £ d* at 215 m water depth. The maximum carbon dioxixiibn was
about 10 m below the oxic-anoxic interface withie Binoxic environment. Below 215 m a
slight decrease was observed down to 220 m follobwedan almost complete decline
below 225 m.

Three profiles of carbon dioxide fixation were camgd to the respective sulfide
concentrations (Fig. 5). This comparison showst thleeady the presence of small
concentrations of sulfide significantly stimulaterbon dioxide fixation in comparison to
the situation just above the oxic-anoxic interface.

The peak of CQfixation was always found in a water depth of am@®215 m with
hydrogen sulfide concentrations between 5 and 16ljuifh Carbon dioxide fixation
decreased with further increasing hydrogen sulfedscentrations below 215 m but
remained significantly higher than above the chdmec until hydrogen sulfide
concentrations exceeded 20 pmdl (Fig. 4C and 5). The integrated carbon dioxide

fixation in the anoxic layer was about 9.3 mmol G .

Effects of substrate spiking on in situ carbon @lexdark fixation Three distinct
water layers, (1) the layer of just elevated,@i&ation below the chemocline, (2) the layer
of maximum CQ fixation, and (3) the layer with declining fixaticates, were chosen to
test the effect of substrates which may potentidligl or inhibit autotrophic carbon

dioxide fixation.
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Fig. 6. Effect of single potential electron donasgeptors, and reducing agents on the
dark carbon dioxide fixation rate above (204 m)thii (214 m) and below the
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control, spiked with nitrogen flushed water. Twoglkel determinations of thia situ
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In water samples from near the oxic-anoxic intexfg@04 m) with a sulfide
concentration of about 2 pmot'Landin situ carbon dioxide fixation of 0.54 and 0.59
umol C L* d*, stimulation of the fixation rate by 35-50% wassetved by the addition of
thiosulfate and polysulfide, respectively (Fig. BJhereas the addition of oxygen, nitrate,
or manganese oxide had neither stimulating norbiting effect, iron oxide, AQDS,
sulfide, and dithionite had a strong inhibitoryesff on the carbon dioxide fixation. The
addition of dithionite reduced the fixation rate 59% to 0.33 pmol C td*, and iron
oxide, sulfide, and hydrogen reduced the rate byo780% to approximately 0.15 pmol C
L d. AQDS showed the strongest inhibitory effect.dtilition caused a decrease of the
rate to less than 0.05 pmol C 0™ in all three depths (Fig. 6).

In water samples from the fixation maximum (214 an)pelow (226 m), only slight
or no stimulation of then situ rate was observed during these experiments. In lsamp
taken from the layer of highest carbon dioxide tia thein situ fixation rates were 0.56
and 0.8 pmol C t d*. The addition of oxygen, thiosulfate, polysulfided iron oxide had
neither stimulating, nor inhibiting effe¢d samples from this depth. On the other hand,
nitrate, and manganese oxide (one parallel), asasedulfide (one parallel) and dithionite,
significantly reduced the fixation rate (from 30rtre than 80% reduction of the situ
rate) (Fig. 6).

Water samples from 226 m with 48 umé! kulfide and arin situ fixation of 0.09
and 0.18 pmol C t d* carbon dioxide fixation were not significantlyrstilated by any of
the added electron donating or electron acceptingpounds. The addition of nitrate led to
an increase of fixation by 0.2 pmol C' @ in one incubation. The addition of manganese
oxide, iron oxide, AQDS, and dithionite caused duion of thein situ carbon dioxide
fixation rate (Fig. 6).

Effect of sulfide on in situ carbon dioxide fixatiAs described above, the situ
carbon dioxide fixation decreased, when sulfidecemtrations exceeded 25 pmét.LThis
phenomenon was further addressed by spiking separallel samples from the depth of
fixation maximum with increasing amounts of sodisnifide (Fig. 7). Atin situ sulfide
concentrations of 11 pmol, the fixation was between 0.57 and 0.8 pmoltdLt. The
addition of 10 umol L* sulfide had neither increasing, nor decreasingoefin the carbon
dioxide fixation. However, the fixation rate alrgadecreased in samples, which received
additional 20 pmol I, and declined to values below 0.2 umol €d* at added sulfide

concentrations of more than 30 umdl (Fig. 7).
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Fig. 7. Effect of sulfide on the dark carbon dicxiéixation in samples from the
fixation maximum. Given are the G@ixation rates in relation to the final sulfide
concentrations (11 pmol'LH,Sin situ concentration plus spiking).

Discussion

Hydrographic and chemical characteristics of the tl@ged Basin The
hydrographical structure of the central GotlandiBas characterized by a thermo-haline
stratification [17, 49]. Below the permanent haioel between 60 and 80 m water and
nutrient exchange occur only by lateral mixing aldg diffusion [49]. Following a
stagnant period of ten years, a large inflow ofgetated seawater into the deep basin and
a complete oxidation of the sulfidic bottom watezre/ recorded during spring 2003 [17].
Since summer 2003, stagnant conditions have beserwdd and sulfidic conditions began
to reestablish in the bottom water (Fig. 2 andl'Be oxic-anoxic interface moved from the
sediment surface upwards to 225 m in August 2004 Buring the present study in May
2005, the chemocline was located between 202 ton20%he rise of the chemocline by
about 30 m per year demonstrates the electron trdapitation, i. e., oxygen limitation,
of the stagnant water body below the halocline.

Due to the proximity of the chemocline to the sesliinsurface, we expected steep
gradients of sulfide and ammonium. However, assgnanmixing coefficient of about
0.053 crd s [59], the ammonium, and hydrogen sulfide fluxesev@bout 0.17 and 0.52

mmol m?d?, respectively. These fluxes were in the same ramy@ the years 1999 to
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2001, when the chemocline was located between a@0.40 m water depth [49]. Sulfide
oxidation was additionally indicated by the present zero-valent sulfur throughout the
redoxcline even in the absence of oxygen and aitfaig. 4A). However, thiosulfate and
sulfite were not detectable. Similar settings, etleough with lower concentrations of
zero-valent sulfur have been observed at the Bfak and other anoxic basins [33, 41,
79]. Zopfi et al. [79] reported that concentratimissulfur intermediates increased during
enhanced mixing of oxygenated and sulfidic wated afterwards decreased remarkably
within days. In turn, the low concentrations ofothilfate and sulfite observed during the
present study, may be explained by a stable setfirije oxic-anoxic interface (Fig. 3),
where sulfur transformations are preferentially ragstl by microbial activity and lead to a
rapid depletion of these sulfur compounds readitgeasible by a broad range of

autotrophic and heterotrophic microorganisms.

Dissolved and particulate manganese around the oleéne During the renewal of

the bottom water and associated oxygenation ofdsulvater layers, like in January 2003
[17], the entire manganese pool is oxidized andelaamounts of particulate manganese
oxides accumulate at the sediment surface [25,128].concentration maxima of dissolved
and particulate manganese around the chemocline aleout two times higher than in
2002, when the chemocline was located at aboutni3@ater depth. Usually, similar
concentration®f manganese oxides of more than 1 pnidlhave only been observed in
much smaller or shallower water bodies [e. g. 65, 7). In the Black Sea, similar
manganese oxide concentrations have been repdrtesiashelf stations [57, 66] whereas
lower concentrations were recorded at off shoréosts [38, 51]. Thus, the potential for
manganese cycling across the chemocline in thidysisi among the largest known for
pelagic systems. The data presented here, additicsteow that detectable amounts of
particulate manganese are present up to ten mefgng the sulfidic zone. To our
knowledge, this has not been reported from anygielaedoxcline before. Usually,
particulate manganese disappeared immediatelyeabxit-anoxic interface [e. g. 49, 79].
Although, this discrepancy remains puzzling, a fiesxplanation could be that during
collection of particulate manganese by membramefibn, sulfide present in the samples
is filtered through the manganese particles on dbghe filter surface and speed up
manganese dissolution during the filtration procediDetection of particulate manganese
within sulfidic water may thus rely on filter sizitration volume, as well as the amount

of particulate manganese present in those wateplsamA comparatively large pool of
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particulate manganese associated with low sulfmlgcentrations could have allowed its

detection during the present study below the chémec

Carbon dioxide dark fixation below the chemoclite the present study, carbon
dioxide fixation was analyzed at high resolutioors the oxygen and sulfide gradients.
Our data suggest that in spring 2005, only the, @kation directly at the oxic-anoxic
interface could be related to the activity of aérotr denitrifying bacteria. Oxygen and
nitrate concentrations dropped below the detediioit at 204 m water depth (Fig. 4A and
C). The fluxes of both electron acceptors were al83 and 0.13 mmol d?,
respectively. Thus, the oxygen flux provided ab®&bfo and the nitrate flux about 35% of
the electron uptake capacity. The corresponding @xation was about 0.03 mmol
C m® d™. In this layer, significant carbon dioxide assatibn could be expected due to the
activity of aerobic ammonia-oxidizing bacteria. &ivthat nitrifying bacteria oxidize about
8.3 moles of ammonia per mole g@ssimilated into biomass [4], the calculated amimon
flux of 0.17 mmol rif d* could account for carbon dioxide assimilation dil0mmol C
m™ d* within a two meters layer of active ammonia-oxiizbacteria. Thus, one third of
the detected inorganic carbon assimilation in thiger could be due to the activity of
ammonia-oxidizing bacteria, whereas the remainiahe@n dioxide assimilation may be
due to aerobic as well as nitrate-dependent solidizing bacteria.

The detected maximum G@ixation rates between 0.7 of 1.1 pmol € &* were in
the same range as reported from other pelagic amnidc interfaces [33, 43, 65, 79]
(Table 1). Also, the fixation maximum was locatagngficantly below the oxic-anoxic
interface and was more than twentyfold higher tbaactly at the interface. In contrast,
Gocke [22] and Detmest al [14] reported a distinct peak of about 4.5 pmaltd™ near
the oxic-anoxic interface of the Gotland Basin androader secondary maximum below
this layer of about 2 pmol CLd™. At that time, the interface was located at 130amg
higher maximum values of carbon dioxide fixationraveelated to higher areal fixation
rates as well as higher sulfide fluxes. The maxinmaarbon dioxide fixation at the Black
Sea redoxcline seems in general to be slightly tpletween 0.2 and 0.5 umol C id*
[33, 62] (Table 1). Significantly higher fixatioates between 5.8 and 11.2 umol €d*,
as well as up to 86 pmol C'Ld* were reported from Framvaren Fjord and Mariager
Fjord, respectively, which showed a much steepadignt of hydrogen sulfide [43, 79]
(Table 1).
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In the present study, the zone of maximum carboridé assimilation in the Central
Baltic Sea was consistently found about ten mdietew the oxic-anoxic interface and,
therefore, clearly under anoxic conditions (Figard 5). This was also shown for other
ecosystems [33, 43, 65, 74, 79]. A comparison gobred sulfide fluxes and carbon
dioxide fixation rates revealed a mean ratio ofud®D pmol CQ fixation per pmol HS
diffusion. This value exceeded reported ratios rfocrobial non-photosynthetic carbon
dioxide fixation by a factor of 100 [33, 43, 62liggesting that either the calculated sulfide
flux is strongly underestimated or the primary &ldfflux would not substantially support
microbial chemoautotrophy (see below). Howeverdisi reporting significantly higher
sulfide fluxes also reported higher g@xation rates [43, 79]. Thus, even in those
environments the sulfide flux is far from providirgough electron donors for the detected

chemoautotrophic C{rixation.

Stimulation and inhibition of in situ GQdark fixation Spiking experiments with
single electron donors or acceptors were condwetibdwater samples from above, within,
and below the maximum carbon dioxide fixation todfiout, if chemolithoautotrophic
microorganisms may be limited by either electromating (above) or electron accepting
compounds (below the fixation maximum).

The only significant stimulation observed duringr @xperiments was due to the
addition of the potential electron donating compmsithiosulfate and polysulfide above
the fixation maximum, pointing towards a possibieceon donor limitation in this layer.
Interestingly, sulfide and dithionite additions sad a significant decrease of Citxation
in all three depths. None of the electron donatagpounds stimulated GQixation at
the fixation maximum as well as ten meters beloe rtaximum (Fig. 6). These results
indicate that sulfide concentrations higher tharud@ol L™ itself, significant changes of
the redox potential, or a combination of both magrgyly affect microbial C@fixation
below the chemocline.

Surprisingly, none of the tested electron acceptoc@wnpounds significantly
stimulated carbon dioxide fixation (Fig. 6). A pitds explanation could be that above the
fixation maximum, electron acceptors may not ligibwth of chemolithoautotrophic
microorganisms and therefore cause no stimulatio6@, fixation. Within the fixation
maximum no stimulation of autotrophic activity wasgpected, as electron donating and
accepting compounds should be available in balameadunts. The addition of single

electron donating or -accepting compounds could that lead to increased carbon dioxide
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assimilation. The inhibitory effect of nitrate atidh at the fixation maximum seems
conspicuous and could only be attributed to fativBamicroorganisms, which might

exhibit a lag phase while switching from one eleatacceptor to another. This effect,
however also supports the hypothesis, that niisatet the dominating electron acceptor
for autotrophic microorganisms at the carbon diexXidation maximurmin situ

Below the fixation maximum, it was expected thab&wphic microorganisms could
be limited by the availability of electron accegtinompounds, but surprisingly, none of
the tested electron acceptors caused increasedncditixide assimilation. The absence of
oxygen and nitrate in this layer may explain whgsi electron acceptors cause no
stimulating effect, whereas such stimulation hasvipusly been observed in long-term
enrichment experiments [37], where significant mixal growth is possible. In contrast,
particulate manganese was detected down to théidiixanaximum. An addition of
manganese oxide particles could therefore causecagase of autotrophic activity below
the fixation maximum. Yet, this effect was not alveel during the present study. On the
one hand, this may be explained by the chemicaktttre of the synthetic manganese
oxide particles employed. On the other hand, inpgasnfrom the oxic-anoxic interface of
the Gotland Basin analyzed by fluorescence micmgcae found natural manganese rich
particles to be highly colonized by microorganisfdata not shown). The addition of
sterile manganese oxide particles may not providsigaificant amount of available
electron acceptor, and thus stimulate carbon déxdsimilation, unless bacteria have
successfully colonized these particles.

Thein situ CO; fixation maximum at the Central Baltic Sea wagrieted to sulfide
concentrations below 25 pmol'L(Fig. 7). A similar restriction of carbon dioxide
assimilation was found at the Black Sea redoxc[®®& and surprisingly also at the
Mariager Fjord, where significantly steeper gratieand an about sixtyfold higher sulfide
flux has been determined [79]. The results of aulfide spiking experiments (Fig. 7)
demonstrate that carbon dioxide fixation at its mmaxn rate at 215 m water depth was
also strongly susceptible to sulfide concentratioigher than 30 umolt, indicating that
increasing sulfide concentrations may be respomsibl decreasing carbon dioxide
fixation rates in deeper water layers below 220Ttis is also supported by the inhibitory
effect of dithionite addition observed in our spiiexperiments (Fig. 6). Dithionite acts as
a reducing agent and significantly lowers the regokential and additionally facilitates

chemical dissolution of manganese oxides.

79



Publikation 3: CQfixation below the chemocline of the Central Baliea

The detected susceptibility to high sulfide concatitns may not contradict the
importance of sulfide oxidation for chemolithotrapimicrobial CQ fixation. Jgrgenseat
al. [33] determined a surprisingly reasonable madgiorof **S-sulfide oxidation to carbon
dioxide fixation below the Black Sea chemocline. dar carbon dioxide assimilation
experiments, all control experiments poisoned hyntddehyde showed negligible @O
fixation, contradicting chemical effects. In ourildpg experiments, we additionally
included anthraquinone disulfonate (AQDS). AQDStaors quinone-moieties and serves
as an electron shuttle, e. g. by mediating thetreledransfer between bacteria and metal
oxide surfaces [3, 11, 50, 55]. It therefore sermgsn alternative electron acceptor for a
variety of bacteria [e. g. 3, 12, 13, 50]. AQDSalso immediately reduced chemically in
the presence of sulfide. It thus removes free deilfapidly and provides an electron short
circuit between sulfide and metal oxides. In ouperiments, AQDS caused the strongest
reduction of carbon dioxide fixation above, withamd below the fixation maximum (Fig.
6), supporting the hypothesis that sulfide and mspeecies may be involved in the
metabolism of chemolithoautotrophmssitu.

Taken together, our spiking experiments suggedt ¢hebon dioxide fixation of
chemolithoautotrophic microorganisms below the @doxic interface of the Gotland
Basin was related to a redox-sensitive sulfur didda Stimulation was observed only by
addition of reduced sulfur compounds, which do sighificantly alter the apparent redox
potential. Intentional lowering of the redox potahby sulfide or dithionite addition, as
well as chemical electron shuttling from sulfide rieetal surfaces induced by AQDS

addition strongly impaired carbon dioxide fixation.

Chemical versus biological oxidation of sulfitkethe presence of manganese oxide
Several studies have provided strong evidencecthamical oxidation of free sulfide, as
well as iron sulfide, and pyrite by manganese oxsdfast, if not even spontaneous [1, 6,
10, 56, 68, 69, 77]. Consequently, a direct miabloiobupling of sulfide oxidation and
manganese reduction has not been considered toetenghemical sulfide oxidation.
Moreover, chemical sulfide oxidation in sedimenss lbeen shown to be fast enough to
support microbial sulfur disproportionation [6, B3)].

Yao and Millero [77] established the kinetic belwavof chemical sulfide oxidation
(-d[H2S]t/dt) by manganese oxide in seawater as to be dind¢r with respect to total

sulfide ([H.S]r) and manganese oxide concentrations ([MnO
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-d[HzS]T [dt=k* [H ZS]T * [MnOz] (l)

The rate constarktwas determined to decrease with temperature fi@énM* min™
at 25°C to 285 M mint at 5°C, respectively [77]. Following this equaticsulfide
oxidation rates of 7.2 pmol ¢ind® have been estimated for manganese-rich marine
sediments [68]. During the studies mentioned abave high rates of chemical
manganese-dependent sulfide oxidation were obseaveslilfide and manganese oxide
concentrations in the micromolar or even millimotange, typical for manganese-rich
marine sediments [68]. However, throughout the -@xioxic interface of the Gotland
Basin, sulfide concentrations of up to 10 pmdldnd manganese oxide concentrations of
0.1 down to 0.02 umol'f_at 6°C would result in a chemical manganese-depd@rsilfide
oxidation between 0.05 and 0.07 pmd! &*. The chemical manganese oxide-dependent
sulfide oxidation would thus account for a dailyidation of less than one percent of the
present sulfide pool. This demonstrates that intresh to marine sediments
microorganisms could potentially compete with cheahsulfide oxidation at pelagic oxic-
anoxic interfaces.

Complete and incomplete microbial sulfide oxidatiBnaerobic oxidation of sulfide
has been proven to act via reduction of nitrate senkral microorganisms have been
described turning out this reaction [35, 71, 72)wdver, the data presented here suggest,
that nitrate is not the predominant electron aarefar autotrophic microorganisms at the
fixation maximum in the Gotland Basin. It has bedgscribed, that in the absence of
oxygen and nitrate, microorganisms catalyze theteahic disproportionation of sulfur
species [2]. And a connection of the marine sudiod metal cycles has been found to act
via microbial sulfur disproportionation reaction®$9]. In marine sediments, the
disproportionation of sulfur species becomes eneajly favorable, if sulfide is
efficiently trapped as FeS or rapidly oxidized cleatly [68]. However, undein situ
conditions at the fixation maximum the chemicaldation of sulfide by manganese oxide
is far too slow (see calculations above) to sumulfficient sulfur intermediates for the
energetically unfavorable sulfur disproportionatidsy autotrophic microorganisms

(reactions 14 to 16, Table 2) to account for thectedin situcarbon dioxide fixation.
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Table 1: Comparison of dark carbon dioxide assimiteand sulfide gradients reported from five marpelagic redoxclines. Hydrogen sulfide
gradients were estimated or taken from the respebterature, because flux calculations were hetgs reported.

Site Maximal rate  Total assimilation Integrated H,S flux H,S gradient Reference
CO,-fixation CO,-fixation depth
[umol C L d?] [mmol C m?dY [m] [mmol S m?d?* [umol L™ m?]
Black Sea 0.19 2.0 14 0.2 0.68 [33]
0.32 5.3 25 n.r? 0.51 [33]
Baltic Sea 4.8 362 23% n.r. 2.0% [22]
469 343 233 n.r. 3.6% [14]
1.1 9.3 21 0.52 1.1 This study
Cariaco Basin 0.33 14.2 136 n.r. n.r [74]
04-25 26 - 157 80 - 100 0.71-1.35 0.08-0.18 [65]
Mariager Fjord 86 10.4 0.3 6.11 > 659 [79]
Framvaren Fjord 5.8/11.2 n.r. n.r. n.r. > 50% [43]

) From Brewer & Spencer (1974) cited[83]
2 Estimated from GockR22, figure 2].

% Estimated from Detmer et 404, figure 2].
*) Estimated from Zopfj 79, figure 6.

® Erom Millero[44].
® N.r., not reported.
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Table 2: Potential anaerobic sulfur oxidation riaxst involving nitrate and manganese
oxide, as well as disproportionation reactionswifus and thiosulfate. For each reaction
the Gibbs standard free energy change (pH 7; 25°@yen.

Reaction AGy' [kJ mol ™yt

) 530 +8NQ +H,0 => 10SGF +4N+2H -383.1
(3) 59+6NO, +2HO => 5SS +3N+4H -548.0
4) 108+4NQ +3HO => 53807 +2N+6H -164.9
(5) 5HS+8NO, +3H => 5SQ +4N+4H0 -744.3
(6) 10HS+8NO;y +8H => 5S0>+4N,+9HO -361.3
) EHS+2NO +7H => 538+1N+6H0 -196.4
(8) SOZ+4MNG+6H => 2SQ*+4Mrf"+3H0 -274.0
9) S+3MNQ+4H => SQ*+3Mrt"+2HO -384.3
(10) 28+2MnG+2H => SOZ+2 Mt +H0 -110.4
(11) HS+4MnG+7H => SO +4Mrf"+4HO -526.1
(12) 2HS+4MNG+8H => S0Z+4Mrf"+5H0 -252.2
(13) HS+MnO,+3H => S+ Mnr*+2HO0 -141.7
(14) SOZ+H0 => SQ*+HS+H" -10.9
(15) 48+4H0 => SQ*+3HS+5H +10.3
(16) 48+3H0 => SO/ +2HS+4H +15.7

"Refers to the Gibbs free energy change of one @a®ms oxidized or reduced. Thermodynamic
constants from Thauet al [70], Stumm and Morga[64], Lide [39].

Jargensen [32] argued that metal oxides, such aganase oxide or iron oxide could
serve as the terminal electron acceptors for swkidizing bacteria under such conditions.
This view is supported by the detection of paratelmanganese down to the Cixation
maximum at the central Gotland Basin (Fig. 4B), thg observed susceptibility to high
sulfide concentrations and lowering of the redoxeptal (Fig. 7), as well as by the dense
colonization of manganese-rich particles. Howet@mate there is neither a description of a
pure culture turning out one of these reactions, aaletailed analysis of the microbial
assemblage associated to manganese-rich paricés.

Chemostate experiments with sulfur oxidizing badaterevealed thatThiobacillus
denitrificans oxidizes about 2.5 moles of sulfide (~1530 kJ wurdfeemostate conditions) to

sulfate (reaction 5, Table 2) to assimilate oneemall carbon dioxide under denitrifying
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conditions [72]. An incomplete oxidation of sulfide thiosulfate under similar conditions
would yield approximately half of the energy (reaect6, Table 2), and thus five moles of
sulfide had to be oxidized to thiosulfate per mosbon dioxide fixed. In comparison, a
potential manganese-dependent incomplete oxidaifosulfide to thiosulfate would yield

only 33% of the energy (reaction 12, Table 2) dngstthe oxidation of about 7.5 moles of
sulfide was required to allow the fixation of on@lm carbon dioxide. This estimation fits
surprisingly well to the experimentally determineadio of seven to nine moles of sulfide
oxidized per mole carbon dioxide fixed and the fdtat up to 80% of sulfide was

incompletely oxidized to thiosulfate below the clumtime of the Black Sea [32, see above].

Sulfide recycling by heterotrophic bacteriaseems likely that chemoautotrophic sulfur
bacteria are predominantly responsible for theadetedark carbon dioxide assimilation [see
above, 32, 65], but the consumption of sulfide by¥fide-oxidizing bacteria exceeds the
sulfide flux from the sediment more than 100-fo82]. It has therefore been argued, that
sulfate-reducing bacteria could recycle sulfide sidfate reduction. However, the sulfate
reduction rates determined at the Black Sea, alsaselt the Gotland Basin chemocline were
very low and could not supply substantial amountssolfide [32, L. Neretin, pers.
communication)].

The calculations above, as well as ti®8-sulfide oxidation experiments by Jgrgensen
[32] suggest that sulfide-oxidizing bacteria maydize sulfide to thiosulfate (reaction 12,
Table 2) or elemental sulfur (reaction 13, Tablei@¥tead of sulfate. Yet, thiosulfate and
elemental sulfur can readily serve as an electooetor for a broad variety of heterotrophic
microorganisms [18, 20, 45, 48, 52, 73]. Such oisyas have repeatedly been isolated from
oxic-anoxic interface of the Gotland Basin, the dBl&ea, and other oxic-anoxic interfaces
[e. g. 7, 47, 48, 73]. Additionally, molecular says have shown that thiosulfate- and sulfur
reducing bacteria are among the abundant membet® ahicrobial communities below the
chemoclines of anoxic basins [37, 42, 75]. It issthikely, that heterotrophic sulfur-reducing
bacteria, instead of sulfate-reducing bacteria,responsible for the recycling of sulfide and
that sulfate reduction rates significantly undeneate the potential of sulfide recycling by

heterotrophic bacteria in such environments (Fig. 8
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Heterotrophic Autotrophic
sulfur reduction sulfide oxidation
SQ W
CH,0O 82032' Mn?*
g0
Co, HS MnO,

Fig. 8. Proposed scheme of the interaction betweeomplete hydrogen sulfide
oxidation coupled to manganese reduction and Hetgtuc sulfur reduction at the dark
CO, fixation maximum below the redoxcline of the cahtéotland Basin.
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Abstract

The vertical distribution of organotrophic andhétrophic microbial communities
throughout the water column of the Gotland Basins wavestigated by an integrated
cultivation approach based on miniaturised MostbBbbe Number (MPN) dilution series.
Sensitive quantification of microbial growth wasndaned with chemical and molecular
analysis of selected enrichments. High viable ceundf aerobic organotrophic
bacterioplankton were predominantly obtained frdra photic zone and from around the
chemocline at 204 m depth (>1.5 x°Xlls mi*). At the chemocline up to 1@ells mi* of
manganese-reducing or fermenting bacteria wereukdied to grow, while MPN counts of
nitrate reducers reached*1@I*. Numbers of sulphate-reducing bacteria were jbswva the
detection limit. Aerobic sulphur oxidisers were etged throughout the water column with
maximum numbers of about 7.5 x°kélls per ml at 100 m depth and around the chenmcl
Nitrate-dependent sulphur oxidisers were detectesshnilar numbers but appeared to be more
restricted to the chemocline, with maximum numbarghe zone of maximum dark carbon
dioxide fixation at 215 m water depth. Thiosulphdigproportionating bacteria were detected
only in very low numbers in the anoxic layers ab2dnd 220 m depth, while nitrifying
enrichments were obtained exclusively from 40 mtlleplolecular analysis of enrichments
from above (195 m) and below the oxic-anoxic irdeef (215 m) revealed the presence of
eleven separate phylotypes affiliated with thélpha- and Gamma; and
Epsilonproteobacteriaof which only two were found in enrichments frdmth layers. The
results of the present study indicate that miclobeemmunities in the water column of the
Gotland Basin are highly structured, even on a kweatical scale throughout the chemocline.
The heterotrophic microbial community at the chelinecapparently harbours a significant

fraction of facultatively lithotrophic sulphur-ox&ng microorganisms.

Introduction

Aquatic microbial communities harbour a large deigrof microorganisms that is now
routinely investigated based on 16S rRNA gene sexpianalysis (e.g. Rappé & Giovannoni,
2003). Direct insights into the metabolic diversitly environmental microbial assemblages
are however still scarce. Only in a few cases & Yt been possible to obtain clues about
microbial metabolismén situ by means of molecular approaches (Allen & Banfi@d05;

Béja et al, 2000; Sharkeyet al, 2004). Hence, insights into metabolic propertas
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phylotypes abundant in the environment still oftefy on inferring phenotypic properties
from those cultured close relatives, if this is gibke at all. Therefore, the cultivation and
unravelling of the metabolism of novel microorgamssstill remains an important task in
microbial ecology (Zengleet al, 2002). Isolation of microorganisms is usuallydabus and
rarely gainsin situ abundant phylotypes (Amaret al, 1995). Recent advances, however,
have been made by the application of sensitivenigoles for the detection of growth in
combination with providing close tmn situ growth conditions, what has helped to stimulate
growth of several so far uncultured types and tngoa larger diversity into culture (Connon
& Giovannoni, 2002; Kaeberleiat al, 2002; Rappét al, 2002). On the other hand, it has
been shown that the systematic variation of cuitiva conditions can also increase the
cultivation success (Kopket al, 2005; Stevensoet al, 2004).

During the present study, an integrated cultivatagproach has been used to gain
insights into the metabolic diversity of organotnapand lithotrophic microbial communities
along the water column of the Gotland Basin. Thatf2¢ Baltic Sea represents a physically
and chemically highly structured environment (Aitsat al, 1984; Feistekt al, 2003). A
thermocline developing usually from April to Octolseparates the surface layer that contains
the photic zone with its active phytoplankton adskge from permanently cold intermediate
layer characterised by significantly low microb&undance and activity. A stagnant deep-
water body extends from a permanent halocline foanh@0 to 100 m depth down to the
sediment (Rheinheimaat al, 1989; Schneideet al, 2002). These deep layers are typically
characterised by low microbial activities that aignificantly increased only after oxygen is
depleted and the sediment releases sulphide amd ekbctron donors fuelling lithotrophic
microbial communities at the oxic-anoxic interfg&heinheimeret al, 1989). It was shown
that microbial chemosynthesis at such pelagic cloéimes can provide a significant carbon
source for the microbial food web (Tayler al, 2001). As a consequence, the composition of
microbial assemblages along the chemical gradielifters remarkably (Madrid, 2000;
Vetriani et al, 2003). Knowledge on the vertical structure of thater column and the
respective chemical gradients can help to idertidyizons of specific metabolic activities
(Jorgenseret al, 1991; Rheinheimeet al, 1989) and hence should provide guidance for
developing target-oriented cultivation assays.

In a previous study on the Gotland Deep, cultivatiased methods targeting different
physiological types likes aerobes, nitrate or maega reducers were applied to samples
taken with high spatial resolution from the diffiergarts of the chemocline. Heterotrophic

populations exhibited a vertical sequence withghiepopulations utilising different electron
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acceptors reflecting the respective chemical grdasgielLateral intrusions of oxygen-rich
water, however, lead to an almost complete disappea of this facultatively anaerobic
community (Martens-Habbenet al, submitted). Chemolithoautotrophic bacteria weod
detected, although there is ample indication farobially mediated oxidation of manganese,
sulphide and ammonium (Bauer, 2003; Brettar & Rheimer, 1991; Neretiet al, 2003).

As a consequence, in the present study, we hawerdiogly modified the set of substrate
combinations, targeting aerobic and anaerobic afgaphic as well as lithotrophic bacteria.
However, lithoheterotrophic bacteria might alsoypdan important rolen situ and it can be
expected that they yield only low cell densitieghe respective media but on the other hand
would be detectable by their activities. Therefarggrobial growth in the MPN series was
quantified with high sensitivity (Martens-HabbenaS&ss, 2006) and most assays were also
analysed for substrate turnover and finally sulsjg@td molecular analysis for identification of

the enriched microorganisms.

Material and Methods

Study area and sampling. Water samples were collected from the Gotland rBasi
(Baltic Sea) during cruise AL256 with the RV “AlKoin Mai 2005. Samples were collected
using rosette samplers equipped with online sen®mrsonductivity, density, temperature,
and turbidity (Sea-Bird Electronics Inc., WashingttdSA) and twelve 5 Liter Goflow bottles
(Hydrobios, Kiel, Germany). Water samples for chmahi analyses and cultivation
experiments were taken directly upon sample redtie8amples for cultivation procedures
were taken from the sampling bottles and diredtlgd into autoclaved glass tubes with at
least five volumes overflow and sealed withoutaaicess.

Chemical analysesn situ. Determination of dissolved oxygen, sulphide, méraitrite,
and ammonia was carried out manually as descriGeasghoffet al, 1999). Dissolved and
particulate manganese were determined as followe lire of water sample was filtered
through nucleopore filters (0.45 pm poresize, Mdlie, Gottingen, Germany). The filtrate
was acidified by addition of 0.02 volumes redistll HNQ and stored in screw-capped
polyethylene bottles, preconditioned with redistlIHNG for the determination of dissolved
manganese. Analysis was carried out in the laborditpy means of ICP-OES as described in
detail elsewhere (Hinrichst al, 2002). The filters containing particulate mangsmevere

rinsed with 18 M2 water and stored in sterile plastic Petri dish&d turther treatment in the
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laboratory. The filters were completely digestedaimixture of HNQ@, HCIO,, and HF in
closed PTFE autoclaves and manganese was analysedans of ICP-OES.

Carbon dioxide assimilation. Dark CQ fixation rates were determined according to
the method of Steemann Nielsen (Steemann Niels#2)1 Incubations were performed in
120 ml oxygen bottles, carefully filled with severlumes of sample overflow. Anoxic
[**C]-bicarbonate (40 to 60 pl, 250 puCithiwas added from a stock solution prepared with
4C labelled sodium bicarbonate (specific activity.®63nCi mM?*, Hartmann Analytic,
Braunschweig, Germany). Samples were incubatetbnger than 24 hours at 6 + 1°C in the
dark. The exact amount of'C]-bicarbonate added was determined by mixing ofi68ub-
samples with 50 pl ethanolamine in scintillatioalsi Samples were fixed by filtration onto
polycarbonate membrane filters (0.2 pum pore siz&/RV International, Weiterstadt,
Germany), exposed to HCI fumes for 30 min, mixethvecintillation cocktail (UltimaGold
XR, Packard, USA), and counted after return toléberatory in a TriCarb 2560 TR/X liquid
scintillation counter (Packard, USA). Activity okgative controls immediately fixed with 1
ml formaldehyde (37%/) before adding’fC]-bicarbonate was 0.0043 uM C (standard
deviation 0.0029 umol C'id™).

Growth media for MPN dilution series. Oxic and anoxic sulphate-free artificial
brackish water medium was designed according tealirity present in the deep water of the
Gotland Basin (Brunst al, 2002). The medium contained the following saittsg(I™') NaCl
(5.6), MgCh - 6O (2.3), CaCGl- O (0.34), KCI (0.15), KBr (0.023), 4805 (0.006),
SrCh - 6HO (0.009), NHCI (0.021), KHPO, (0.0054), and NaF (0.0007). After autoclaving
the mineral salts solution, the oxic and anoxic imecekre cooled under air orKCO, (80/20,
v/v), respectively and were aseptically supplemgntgth 1 ml . T trace element solution
SL10, 0.2 ml -t of a selenite and tungstate solution, 10 ml oém vitamin solution, and
30ml-1* of a 1M NaHCQ (Kopke et al, 2005). The anoxic medium was reduced by
addition of NaS and acid FeGl solutions to final concentrations of 1 mmdl and
0.6 mmol I, respectively. Finally, the pH of the media waguatéd to 7.2 — 7.4 with sterile
HCI or NaCQ;. Oxic medium that received organic substrates, mdgered with HEPES
(2.4 g - 1) instead of NaHC@and the pH was adjusted to 7.2 — 7.4 prior to@ating by
addition of NaOH.

Substrate combinations for MPN seriesThe basal oxic and anoxic mineral media
were supplemented with substrates from concentradtstile stock solutions. For
organotrophic microorganisms a monomer substrate (@il et al, 2004) was combined

with (final concentration in mM) oxygen (air), sadi nitrate (5), manganese oxide (20), or
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sodium sulphate (10). For dilution series targefamnenting organisms no electron acceptor
was added. For dilution series targeting lithotiogirganism the monomer mix was replaced
by thiosulfate (5), ammonium chloride (oxic incubas: 5, anoxic incubations: 2), or
manganese chloride (5). One set of dilution sevwes prepared without addition of an
electron donor, and combined with the given electaoceptors.

Preparation of MPN dilution series. MPN dilution series were set up with samples
from eight water depths (10 m, 40 m, 100 m, 192@2 m, 208 m, 215 m, and 220 m) in 96-
deep-well plates (Beckman, Fullerton, CA) with 900rowth medium and 100 pl inoculum
per well as described previously (Kopke al, 2005; Sufet al, 2004). A parallel dilution
series without inoculum served as contaminationtrohnAfter inoculation the plates were
sealed with sterile lids (CAPMAT, Beckman, FullertdCA), placed into gas-tight plastic
bags equipped with a gas generating and catalggrmayfor anoxic conditions (Anaerocult A
mini, Merck, Darmstadt, Germany). All cultivatioxperiments were prepared under nitrogen
atmosphere in an anaerobic cabinet (AtmosBag, ,2&0drich, Milwaukee, Wisconsin,
USA). Plates intended for oxic incubation were rget from the anaerobic cabinet and
subsequently placed into plasic bags on top ofpager towels to prevent water loss due to
evaporation. All MPN series were incubated for JeWs at 10°C in the dark.

Analysis of microbial growth. Growth of microorganisms was quantified by meains o
SybrGreen | staining of 200-pl sub-samples (Mardabbena & Sass, 2006). Deep-well
plates were transferred into an anaerobic chantay Laboratory Products, Grass Lake, MI,
USA), removed from the plastic bags and opened. |2006f sub-sample were removed
aseptically from each well and transferred intackjanon-treated 96-well microplates (Nunc
F 96, VWR International, Weiterstadt, Germany). $las were stained by the addition of 50
ul of a freshly prepared 1:2000 dilution of Sybr&rd dye (Sigma-Aldrich, Schnelldorf,
Germany) in 0.2 um sterile-filtered buffer (200 mMis, 50 mM NaEDTA, pH 7.8).
Incubation was performed overnight and fluorescentnsity was subsequently analysed on
a fluorescence microplate reader as describedquslyi (Martens-Habbena & Sass, 2006).
The varying media composition caused a backgroluaddscence between 50 and 150 RFU.
Growth was scored positive only when fluorescenas exceeding 200 RFU, corresponding
to about 1.7 x 1DE. coli cells mI*. The performance of the fluorescent staining polace
was routinely checked by combined light- and flsoence microscopy directly following
fluorescence analysis.

Chemical analyses of MPN dilution seriesSelected samples were subjected to

analysis of substrate utilisation and product fdrama For this, 50-pl sub-samples were taken
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from the respective MPN series and diluted as mecgswith anoxic water in HPLC
autosampler vials. Analysis of nitrite, nitrate|phute, sulphate, and thiosulphate was carried
out by ion chromatography on a HPLC System (Syk#&mrstenfeldbruck, Germany)
equipped with an anion exchange column (LCAZ22)osampler (S5200), column oven
(S4110), regeneration unit (S2210/S6330) and cdiullycdetector (S3110). Anoxic eluent
was prepared by carefully flushing a solution of@® sodium hydroxide and 15 % (v/v)
ethanol with helium for 15 min. Subsequently, Og7&" sodium carbonate were added under
a stream of helium to avoid air contact. Separatias performed at 70°C and at a flow rate
of 1.0 mL min". Chromatograms were recorded and analysed usigCtiromStar 6.3
software package (SCPA, Weyhe, Germany).

Colorimetric analysis of ammonium and nitrite wetene as described elsewhere
(Grasshoffet al, 1999).

Isolation of nucleic acids, PCR, DGGE, and DNA seance analysisA subset of
MPN dilution series inoculated with water samplenfr 195 m water depth and all dilution
series with inoculum from 215 m water depth wasaeld for the extraction of nucleic acids.
Due to the small sample size, it was necessaryot pOO-pl aliquots out of the three
parallels of the two highest positive dilutions.n@mic DNA was extracted from the pooled
samples using the UltraClean™ Soil DNA Kit (MobiBarlsbad, CA, USA). Direct PCR
amplification of a 550 bp fragment for subseque®d@A analysis using the primers GC-341f
(5'-CGC CCG CCG CGC CCC GCG CCC GGC CCG CCG CcCcC @ C-CC TAC
GGG AGG CAG CAG-3) and 907r (5-CCGTCAATTCCTTTGAQT-3) was not
successful. Therefore, the almost entire 16SrRNAegeas PCR-amplified using the primers
8f (5"-AGA GTT TGA TCC TGG CTC AG-3’) and 1492r (83GT TAC CTT GTT ACG
ACT T-3’). The 50-ul PCR mixtures contained 5 pll@Ffold ThermoPol PCR buffer (New
England Bioloabs, Ipswich, MA, USA), 200 uM of eadNTP, 200 nM of each primer
(MWG Biotech, Ebersberg, Germany), and 1 unit off TNA polymerase (New England
Biolabs). PCR products were purified using the Qiekj PCR Purification Kit (Qiagen,
Hilden, Germany) and subsequently re-amplified gigie primers GC341f and 907r.

PCR products were separated by DGGE using the y3¢@R U System (Ingeny,
Leiden, The Netherlands) as described by Wikhsl. (2006). Bands were excised with a
sterile scalpel, frozen, crushed, rinsed with wabderemove excess of urea and formamide,
and DNA was eluted in 50 pl Tris buffer (10 mM THEI, pH 8) at 4°C overnight.
Subsequent re-amplification and sequence deternomatere done as described elsewhere
(Kopkeet al, 2005).
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A specific PCR protocol targeting a 16S rRNA gerguence type belonging to the
EpsilonproteobacterigHofle et al, 2005) was employed to screen the MPN dilutioreser
for this uncultured but in situ abundant phylotyfdae PCR mixtures were composed as
described above and combined with the primers 8f@8T1r (5-CTT AGC GTC AGT TAT
GTT CCA GG-3', Hofleet al 2005). PCR reactions were performed for 35 cyuliks an
annealing temperature of 66°C. Products of thigifipePCR were purified and directly used
for cycle sequencing as described above.

Phylogenetic analysis.Partial 16S rRNA gene sequences retrieved from &3GB
bands and specific PCR reactions were comparetiasetin GenBank using the BLAST
program (Altschulet al, 1997). Sequences were grouped into operatiomahtanic units
(OTU) after alignment to their closest databaseched using the arb program package
(Ludwig et al, 2004).

DNA sequences obtained during this study are adailom GenBank under accession

no. to .

Results

Chemical gradients. During the present study in May 2005, super-sédraoxygen
concentrations of more than 400 uM at the surfagerk, were accompanied by very low
concentrations of nitrate and ammonia (Fig.1). Bémehe halocline, dissolved oxygen
rapidly decreased to values below 50 uM, whereaataiincreased with depth to about 9 uM
at 150 m. Beneath nitrate declined until both oxyged nitrate approached the detection
limit at a water depth of 204 meters. From 205 msetbwnwards, sulphide was detectable
and steadily increased to about 40 uM at the sedimsarface. Similarly, ammonium
concentrations started to increase at the oxiciano®erface to 8.5 pM at 220 meters
(Fig. 1).

Dissolved and particulate manganese was analys#tkitayers adjacent to the oxic-
anoxic interface. Gradients of dissolved and paldte manganese showed a large overlap
and extended some tens of meters into the oxicnoxia layers. Dissolved manganese
increased from 2.5 uM at 180 m depth to values ratod0 uM at the sediment surface.

Particulate manganese, in turn, decreased rapidiy firound 0.5 uM detected at 180 m to
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less than 0.2 uM at the oxic-anoxic interface. Bé&iméhe chemocline, however, particulate
manganese was still detected but rapidly decretasieelow 0.01 pM at 220 meters (Fig. 1).

0, [uM] NO, [uM] M oy [HM]
0 0 100 200 300 400 0 2 4 6 8 10 1200 0.2 04 06 0.8
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- - - -e
- - - -
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Fig.1. Chemical structure and dark carbon dioxigsimailation at the Gotland Basin in
Mai 2005. Given are depth profiles of dissolved gety and sulphide, as well as
microbial dark carbon dioxide assimilation (A),rate and ammonia (B), as well as
dissolved [Mniss) and particulate manganese [Mrl (C). Arrows indicate sampling

depth for preparation of Most Probable Number dituseries (see Fig. 2).

Carbon dioxide assimilation.Microbial dark carbon dioxide assimilation was lgsad
to assess the distribution of active chemoautotmophcteria. Above the chemocline, in the
presence of dissolved oxygen, carbon dioxide ataion activity was generally around 0.02
UM d*! and slightly increased to about 0.04 pl\]/Iat the oxic-anoxic interface. Beneath the
interface, a further increase in carbon dioxideinaitstion rates was found, reaching
maximum values around 0.7 uM @t 215 to 220 m depth. Below 220 m the rates dse
again to values around 0.3 pNt ¢hot shown).

MPN counts of organotrophic microorganisms. Highest viable counts of
organotrophic microorganisms were obtained aftec mcubation and using the monomer
mix as electron donor and carbon source. More tiigells mi* were detected in the surface
layer, as well as above (195 m) and beneath the-amoxic interface (215 m, 220 m). MPN
counts obtained with samples from 40, 100, andr@0Bere about one order of magnitude
lower and did not significantly differ from thosethout electron donor (Fig.2).
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Significantly lower counts were observed in thdatiént anoxic incubations. Highest
MPN counts with nitrate reached“li€ells mi* at 195 m and 215 m depth. At the other depth
the viable counts reached only 1000 cell§ mif even less. Generally the counts were lower

than those in the controls dilution series withmanomer mix but with nitrate.
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Fig. 2: Viable counts in MPN dilution series withivgn substrate combinations
throughout the water column of the Gotland BasinMay 2005 as revealed by
SybrGreen | staining. Error bars represent lowat apper 95% confidence intervals.
Bars without error bars are given in case thaialtilutions were positive.

Viable counts obtained with monomer medium supplaet with manganese oxide,
with sulphate, or even without electron acceptorewe a similar range and clearly exceeded
those with nitrate. While about 18ells mI* were detected within the photic zone, numbers

increased by one order of magnitude in the inteiatedayers. Highest numbers (around 10
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cells mi*) were found around the oxic-anoxic interface anthe CQ fixation maximum at
215 m.

The utilisation of nitrate could be confirmed byiohromatography for positive wells
that exhibited growth (data not shown). Decreasesudphate as an indication of actively
sulphate reducing bacteria was found only in seanesulated with samples from 215 and
220 m water depth and only in the lowest'{kdlution steps. Therefore, the main metabolism
in these series must have been fermentation. Atgentp detect dissolved manganese by
colorimetric analysis were not successful, probahlg to the precipitation of manganese
carbonates in the carbonate-buffered medium. Buéentieeless, the microbial reduction of
manganese became evident from decolourisation aoch fthe formation of whitish
precipitates that was absent in the controls.

MPN counts of sulphur-oxidising microorganisms.Dilution series targeting sulphur-
oxidising bacteria were supplied with thiosulphagelectron donor. In oxic dilution series
about 750.000 cells Miwere detected in samples from the layers betw®énahd 215 m
depth. In the layers above and below, MPN did ignicantly differ from the background
obtained with the control series without electramar. Anoxic series generally yielded low
numbers (10to 10 cells mi*) above the halocline. Beneath, viable counts ased and
reached maximum numbers at the oxic-anoxic intereaceeding those obtained for aerobes.
In nitrate and manganese oxide-amended MPN sérigisest counts (>focells mI') were
obtained in the anoxic layers at 215 m water depthprisingly, in series supplemented with
sulphate or without electron acceptor, maximum t®wvere in a similar range (around®10
cells mI"), but these counts were obtained with obtaineshimples from 202 m depth, above
the oxic-anoxic interface.

With exception of a few samples, from above theotlale and from 215 m depth,
viable counts were significantly higher than inutibn series without electron donor.
However, analysis of thiosulphate consumption inNvBeries inoculated with samples from
215 m depth revealed that under oxic conditionssiliphate was completely oxidised in
most cases (Fig. 3), except for the highest pesitiutions. Generally, only part of the
thiosulphate was oxidised to sulphate.

From the analysis of the anoxic series, a slightlijfferent picture emerged.
Thiosulphate consumption increased from the lowess(1.5 mM, Fig. 3) to the higher
dilution steps (up to 3 mM), but was in all casesdr than in the oxic MPN series. Like for
aerobic incubations, only part of the thiosulphates oxidised to sulphate. However,

thiosulphate reduction or disproportionation carekeluded at least for the higher dilutions
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as indicated by the absence of FeS precipitatekjdimg the reducing agent in the medium
that apparently was oxidised, too. Nonethelessyidigle counts determined according to the

Sybr Green | staining matched those obtained blysisaof thiosulphate turnover.
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Fig. 3. Left panel: Thiosulfate utilisation in MP#ilution series with A) oxygen, B)
nitrate, C) manganese oxide, and D) without electroceptor, inoculated with water
sample from 215 m water depth. Right panel: Imajéke dilution series, illustrating the
presence or absence of ferrous sulphide precimiistiThe total amount of sulphur atoms
present in the incubations was 10.5 mM (5 mM thjgsate, 0.5 mM ferrous sulphide).
For construction of the pie charts 1 mole thiosatptwas converted to two moles sulphur
atoms.
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MPN counts of ammonium and manganese-oxidising mioorganisms. Except for

100 m depth, viable counts in dilution series tingeaerobic ammonium oxidisers did not
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differ from those in the control dilution seriesdF2). Chemical analysis, however, revealed
nitrite formation (up to 50 uM) in the Ftand 10 dilutions of the 40 m-series indicating the
presence of nitrifying bacteria (data not shown, ot in any other samples.

Anoxic dilution series supplemented with ammoniumd anitrate exhibited viable
counts of 7.5 x 10at 40 m and about 1.4 x °L6ells mI* at 215 m water depth. For the other
depths numbers were in a similar range as in tméraodilution series. Chemical analysis
revealed nitrate consumption, but only a weak twen@f ammonium. Similarly, cell counts
obtained in incubations with ammonium as potengigictron donor and with manganese
oxide did neither differ significantly from the dool incubations (Fig. 2), nor exhibited
ammonium turnover (data not shown).

Viable counts in dilution series supplemented with(ll) under oxic conditions, were
generally even lower than the background detectedccdntrol dilutions. A surprising
exception was the series inoculated with water f&ifh m depth yielding about 750.000 cells
ml™. However, oxidation of manganese could not befiegriby microscopical investigation
and was not analysed further.

Growth in medium without substrate additions. It was previously recognized that by
means of SybrGreen | staining, growth could be deteeven with the substrate-free basal
medium alone (Martens-Habbena & Sass, 2006). Timats the effect of this unspecific
growth, in particular on assays targeting litholigpmicroorganisms, control dilutions were
prepared by omitting the electron donor, the etecticceptor or both. In all these controls,
either under oxic or anoxic conditions, surprisynigigh viable counts were obtained (Fig. 2).
In several assays up to®6ells mI* were found, for example under oxic conditions with
samples from above the halocline or under anoxitlitions with samples from 215 m depth,
even without added electron acceptor nor donor.

Biomass formation in Most Probable Number Dilution Series. All MPN dilution
series were analysed fluometrically after stainnth SybrGreen |, what allowed not only a
sensitive detection despite low growth yields Habaffered the opportunity to quantify the
biomass formed. Fig. 4 depicts an estimate of tleenéss produced in the 158 different
dilution series. As expected, highest cell yieldsevobtained in dilution series supplemented
with monomer substrate mix. Median cell densitiesiad from 1.3 x 10in series with
manganese oxide (40 m depth) to 6 % a6lls per ml in oxic dilution series inoculatecthvi
surface water. Surprisingly, cell yields in the @rOMPN series with monomer mix often
equalled or exceeded that in the oxic assays, Xamele for the depths beneath the oxic-

anoxic interface. Quantification of biomass in gssaith nitrate was strongly hampered by a
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strong interference of nitrite (>500 uM), that wiasmed in several of the wells, with Sybr

Green | fluorescence.
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Fig. 4 Variability of biomass formed in MPN serigs revealed by SybrGreen | staining.
Given are the 25 to 75 % intervals of cell densjtighite and grey squares, respectively,
formed in wells with detectable growth in eachtwd 158 dilution series shown in Fig. 2.
Substrate combinations and water depth of sampenaare indicated. Fluorescence data
were converted to cell densities (legend) accorthng calibration curve obtained with
coli cells.

In the dilution series without electron donor aitditiess variation in biomass formation
was found among the single series supplementedtietidifferent electron acceptors but also
from the different depths. (Fig. 4). After oxic irtmation between 10 and 24 x°xlls per ml
were obtained, whereas anoxic incubation resuftéitd 13 x 18cells per ml, irrespective of
the electron acceptor provided. This means tha¢rgdly biomass formation in anoxic MPN
series supplemented with monomer mix was signiflgamgher than in the electron donor-
free control. For aerobes, in turn, a more ambiguoesult was obtained. After oxic
incubation the monomer mix apparently supportedighdr average cell yield in series
inoculated with samples from the surface and frsould the oxic-anoxic interface, except
for 208 m. Samples from this depth and from therimediate layers above and just below the
halocline (40 and 100 m), however, resulted in agercell numbers generally not exceeding
those in the electron donor-free control (Fig. Wierestingly, in the lowest one to two
dilutions only low cell numbers were observed ih sdries, even those vyielding higher
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averages. These series, inoculated with samples 1@, 195, 202, 215, and 220 m depth,
tended to exhibit highest cell yields in the highmssitive dilutions (Fig.5).
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Fig. 5. Comparison of biomass formation in oxic MENution series with monomer
substrate mix (black squares) and without substfapen squares) from given water
depth. Fluorescence data were converted to celsitiesn using a calibration curve
obtained withE. colicells.

Cell densities in dilution series with thiosulphatere lower and showed less variation
than those obtained with monomer media. In oxiatdih series median cell numbers varied
between 8 and 18 x i@ells mi*, and were only slightly higher than in the anoM®N
series. However, cell numbers obtained in MPN sesigoplemented with thiosulphate did not
significantly exceed those obtained in electronattdree controls.

In contrast, MPN series with ammonium as potergiatctron donor and oxygen or

nitrate as electron acceptor yielded clearly higtelt numbers than the respective controls.
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Interestingly, highest numbers (5.1 x”k&lls mI*) were obtained with samples from 40 m
depth after oxic incubation, the only wells in winiconversion of ammonium to nitrite was
observed. Cell numbers in the other oxic serieshmiswere at least 50 % lower.

Dilution series supplemented with ammonium andatetrexhibited more variation
among the single wells. Cell numbers clearly higtmen in the electron donor-free control
were only found in the low dilutions (@o 103, in contrast to those in the high dilutions, in
the assays with manganese oxide or without elecaoreptor. MPN series targeting
manganese-oxidising bacteria yielded the lowedtydeld and were even lower than in the
electron donor and electron acceptor-free control.

Molecular analysis of MPN enrichments.Molecular analysis focussed on dilution
series prepared with samples from 195 m and 21®pthd The first sample originated from
above the chemocline, a layer characterised bgepgradient of nitrate and trace amounts of
oxygen, whereas the latter sample was from the pbreghestin situ dark carbon dioxide
assimilation (Fig. 1). In addition, the dilutionrs showing nitrification activity was also
analysed.

Out of 28 dilution series analysed, sequences & AMNA gene fragments were
obtained from all 53 excised DGGE bands. Togeth#r @ne sequence obtained by a specific
PCR protocol all sequences could be affiliatedléwen operational taxonomic units (OTU)
according to their closest cultured relatives (€aldl). Four OTUs belonged to the
Alphaproteobacteriafive to theGammaproteobacterjaand one OTU from 40 m water depth
belonged to théetaproteobacteriaFrom the 195 m samples three OTUs were affiliated
the Gammaproteobacterjsone OTU was affiliated to th&lphaproteobacteriaand one to the
EpsilonproteobacteriaThree OTUs affiliated to th&ammaproteobacteriand four related
to Alphaproteobacteriavere detected in the dilution series from 215 m.

Generally, not more than three different generaewdstected within a single dilution
series. Most notably, this was the case in the omitrol dilution series from 195 m water
depth. In all other dilution series analysed onéwar different OTUs were found. Only two
OTUs, Thalassospiralucentensisand Pseudomonasp. were retrieved from both depths
(Table 1). WhereasThalassospiraelated sequences were found in four differentssake

combinationsPseudomonaeelated sequences were detected in all substoatbinations.
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Table 1: Phylogenetic affiliation of enrichmentshighest positive dilutions of MPN series from % 215 m sampling depth.

Substrate combination

Monomer mix Thiosulphate Ammonium Mn(Il) no
Sampling OTU' DGGE Band No. Grodp Sequence Closest relative c @ - @ c c - @
(m) (%) 832 53 232 53232 s 2 8 62 s 3 ¢
40° 1 25 Alpha 99.0 Tistrella mobili§ +
5 26 Beta 96.6 Limnobacteithiooxydan$ +
195 2 1,9,14,43 Alpha  97.1-99.4 Thalassospirducentensis + + +
6 5, 30, 44 Gamma 90.8-97.8 Marinobacterexcellens + + +
7 7 Gamma 96.8 Thalassolituusleivorans +
8 3,15, 32,45-48 Gamma  92.6-100 Pseudomonasp. SN + + + +
11 3 Epsilon 100 uncult. G138ep81 +
215 1 19 Alpha 99.1 Tistrella mobilis” +
2 27,49, 50 Alpha 96.2-98.2 ThalassospiraucentensiE + +
3 4 Alpha 97.3 Sulfitobacterdubius +
4 17 Alpha 99.4 Citreicellathiooxydand +
10, 12, 18, 20,
8 22-24,29, 35-38, Gamma  95.6-100 Pseudomonasp. SN + O+ O+ o+ o+ o+ o+ o+ o+ o+ o+ o+ o4 + + O+ O+ o+ o+
40, 42, 51, 52, 53
9 39 Gamma 97.0 Shewanelldaltica” +
10 21 Gamma 100 Halomonasaquamarina +

! Operational taxonomic units.

2 Refers to the subgroup of the Proteobacteria.

3 Enrichments yielding low viable counts were nwlgsed.
4 Assignment to a type strain not unambiguously ibtss

® Detected by specific PCR, not by DGGE.
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Sequences related tdarinobacter were detected in three different substrate
combinationsistrella-related sequences in two, while all other OTUsenretrieved from a
single substrate combination. Interestingly, afjusnces detected in the MPN series, except
from the Thalassolituus oleivoranselated one, are known to gain energy from oxaratf
sulphur compounds. However none of them belong émern typically representing
autotrophic sulphur oxidisers.

In a previous study, however, a so-far uncultigedilonproteobacteriunwas shown to
dominate the denitrifying community at the Gotldbelep chemocline (Labreret al, 2005).
Since a specific PCR protocol for this organisravailable, MPN series supplied with nitrate
as electron acceptor were checked. While it wasfountd in the DGGE approach applying
general bacterial primers, the organism was dedebte specific PCR in the MPN series
supplemented with nitrate but without an electronat.

Due to low viable counts detected in some dilugeries from 195 m these enrichments
were not considered to harbour microbes abundatiténenvironment. These enrichments

were thus not included in the molecular analysis.

Discussion

Similar to the Black Sea, the water column of thenttal Baltic Sea possesses three
major compartments. During summer, the warm surfager that is characterised by intense
photosynthesis is separated by a thermocline fraznlé and DOC-poor intermediate layer
that extends down to the permanent halocline aadthagnant bottom waters (Aitsahal,
1984; Feistekt al, 2003). Between these layers exchange of orgamimoo and nutrients is,
except for mixing between the upper two compartsémtspring and autumn, restricted to
sedimentation. Accordingly, the activity as well gdate counts of heterotrophic
bacterioplankton change considerably along the mwa@umn (Brunset al, 2002;
Rheinheimeret al, 1989). The aim of the present study was to gamnentdetailed insights
into the metabolic diversity within the differenbrapartments of the water column of the

Gotland Basin with special attention paid to thernbcline.

Physiologic types of microbes in the photic zone dnintermediate layers. During

late spring season, the heterotrophic bacterioptenthrives on polysaccharide- and amino
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acid-rich exudates released by an acthehnanthesand Skeletonemaominated diatom
bloom (Granumet al, 2002; Rheinheimer, 1995). Therefore, the high Mi®Nnts obtained
for the surface layers might be explained by thessate combination, e.g. glucose and
amino acids, used in the present study that pagflgcts the most important substrates in situ.
However, the availability and in particular the quomsition of the algal and cyanobacterial
exudates varies considerably between spring andnittegen-limited conditions during
summer (Granunet al, 2002), and likely affects the cultivation succéBrunset al, 2002,
Martens-Habbena et al., submitted). Anaerobic gnpas well as thiosulphate oxidation may
not play an important role for microorganisms & wWater surface.

Analysis of glucose turnover rates and potentialeeizyme activities revealed that the
cold intermediate layers harbour less active mialobommunities (Rheinheimeet al,
1989), that also exhibits a lower cultivation sisscéBrunset al, 2002). Decreased viable
counts as well low cell yields (Figs. 4 and 5) ntigidicate that these communities rely on
different sets of substrates than in the photicezohhis is easy to imagine since the
sedimenting organic matter consists of rather cempblymeric substrates and is depleted in
the easily degradable compounds (Rheinheieteal, 1989). However, microbes might then
grow at least on some of the substrate compoundsshauld be able to use some of the
others for assimilation, e.g. amino acids. The camatvely high background growth in the
basal oxic medium without monomer substrates indgcthat HEPES buffer (10 mM) and the
mixture of vitamins (equal to approximately 20 pfooganic carbon) might at least in part
serve as a potential substrate.

Aerobic and anaerobic organotrophs at the chemocli The microbial community at
the chemocline differs from that in the layers abéw two main reasons: First, the sulphide-
oxygen interface stimulates growth of autotrophidpkur oxidisers (e.g. Jannaset al,
1991; Sorokin, 1972; Zop#t al, 2001), which provide a significant contributioharganic
material for the heterotrophic microbial commun{fgrgenseret al, 1991; Tayloret al,
2001). Secondly, oxygen depletion compels the aitipn of alternative electron acceptors
by heterotrophic, but also lithotrophic microorgans (Brettar & Rheinheimer, 1991, Brettar
& Rheinheimer, 1992; Rheinheimet al, 1989).

Increasing counts of organotrophic microorganismth@ chemocline are generally in
accordance with the increased glucose turnoverexonénzyme activities as well as carbon
availability at the oxic-anoxic interface (Rheinmmeir et al, 1989; Tayloret al, 2001). The
presence of large numbers of aerobes points towardsbstantial fraction of facultative

aerobes what is in line with previous investigasiathat demonstrated reduced but still
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considerable viable counts of aerobes also in tiaxia water layers (Brunst al, 2002;
Martens-Habbenat al, submitted; Rheinheimet al, 1989).

The local maxima of aerobic and anaerobic hetepbgoat the upper part of the
chemocline (195 to 202 m depth) could be causedhkyvertical sequence of electron
acceptors available across the chemocline.

Heterotrophic nitrate-reducers are overwhelminglynambered by lithotrophic ones.
This finding is consistent with previous reportsaiténs-Habbenat al, submitted) and fits
well to findings that denitrification at chemoclioé the Gotland Basin is mainly driven by
the oxidation of sulfide (Brettar & Rheinheimer,919 Brettar & Rheinheimer, 1992). If
organotrophic nitrate reduction does not play apdrtant role in situ, manganese oxides
might serve as alternative electron acceptors fgamic matter degradation. This view is
supported by the steep gradients of particulate dissblved manganese and the relatively
high MPN counts obtained with this electron accepto fact, it was shown that at pelagic
chemoclines an intense manganese cycle can oceuet(iet al, 2003) and a number of
manganese-reducing bacteria were isolated frone thabitats (e. g. Nealson & Myers, 1992;
Nealson & Scott, 2003).

Surprisingly, most physiological groups includingtérotrophic aerobes, MPN numbers
showed a second local minimum at the ,Cf@ation maximum at 215 to 220 m depth.
Additional organic carbon substrates may becoméladbla to the heterotrophic microbial
community through autotrophic microorganisms (Tayb al, 2001). However, due to the
lack of electron acceptor in these depths, the mami of aerobes can hardly be explained.
Faint amounts of manganese oxides (Fig. 1) andng@iate oxidation products of sulphide,
e.g. elemental sulphur or thiosulphate might becaraglable to the heterotrophic microbial
community in situ. Therefore, it seems likely tlgabowth of aerobes in samples from these
depths might be due to facultative microorganisms.

Molecular analysis of the MPN series identified nbens of the generéhalassospira
HalomonasandPseudomonam dilution series with manganese oxides as elaciicceptors;
organisms that at first sight do not belong to ftiypical’ genera of manganese-reducing
bacteria. However, manganese reduction took placéhe MPN series and it has been
reported that aPseudomonasstrain was able to reductively dissolve manganesee
(Hernandezt al, 2004). On the other hand tests for manganesetieduare included only
in a very few species descriptions, indicating thatknowledge of how wide this capacity is
distributed among the different phylogenetic groigpstill very limited.
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The viable counts of fermenting organisms are simailar range like those of other
anaerobes. Assuming that nitrate is effectively etied by sulphur-oxidising bacteria
(Brettar & Rheinheimer, 1992), and manganese oxides only available to particle-
associated bacteria, then fermentative metabolisrag become important for free-living
microbes beneath the oxic-anoxic interface. HoweYermenters generally rely on the
activity of terminal oxidisers that consume theietabolic end products, for example sulfate-
reducing bacteria. The low number of sulphate redudetected at the chemocline of the
Baltic Sea is in good agreement with the very laates of sulphate reduction at the
chemoclines of the Gotland Basin (L. Neretin, pessnmunication) but also of the Black Sea
(Albert et al, 1995; Jgrgensest al, 1991). On the other hand, the MPN results mighact
underestimate the actual numbearsitu It has been shown that the chemocline of Mariager
Fjord harbours significant numbers of SRB (Teskeal, 1996) and just recently in a
molecular investigation 16S rRNA genes closely teglato the genu®esulfobaculawere
detected in the chemocline of the Gotland Basirbfgaz et al, submitted). These SRB,
however, can be expected to utilize only a restdatumbers of the substrates offered with
the monomer mix, e.g. the fatty acids that weresgméat 0.1 mM each, and might therefore
escaped recognition due to the low amount of silfatiuced. But when SRB are present in
significant numbers they apparently do not redudphate. It seems therefore likely that they
may also reduce partly oxidised sulphur compoundsvigged by the sulphur-oxidising
bacteria.

Lithotrophic microorganisms at the chemocline.The surprisingly high viable counts
of aerobic sulphur oxidising bacteria exceed previoeports by at least two orders of
magnitude (Jgrgenseet al, 1991; Sorokinet al, 1995). This is most likely due to the
sensitive detection method applied during the prieseidy.

Pseudomonas Citreicellas, and Thalassospiraelated Alpha and Gamma-
proteobacteriadominated the oxic MPN enrichments from 195 m add 2n Although
sulphur oxidation is known at least f&seudomonasnd Citreicella spp.,none of these
genera was shown to grow autotrophically (Lopezdagt al, 2002; Sorokin, 2003; Sorokin
et al, 2005) suggesting an chemolithoheterotrophic nudis.

The confined occurrence of nitrate-dependent sulpiudisers at the oxic-anoxic
interface fits well to the observation that actdenitrification takes place only within a 10 m-
interval around the chemocline (Brettar & Rheinh&im1991). Interestingly, the highest
viable counts of nitrate-dependent sulphur oxidiseere found within the zone of highest

carbon dioxide assimilation, while the bacterianiifeed in the MPN enrichments (closely
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related toPseudomonasp. andTistrella sp.) can be considered to lack the capacity for
autotrophic growth. Moreover, nitrate was not digdcat this depth, suggesting that the
enrichments only grow facultatively with nitraten fact, previous studies suggested that a
putative autotrophic sulphur-oxidising phylotypelated toSulfurimonagdenitrificans(Takali

et al. 2006), is abundant in the chemocline of the Gatl&asin and involved in sulphur
oxidation (Héfleet al, 2005; Labrenet al, 2005). Obviously, the ‘electron donor-free’ assay
supplemented with nitrate, which contained the mié electron donors ferrous iron and
sulphide from the reducing agent, selected bedghierlithoautotrophic type. It is known that
thiosulphate oxidation can be performed by a hugersity of bacteria and it is easy to
imagine that these putatively autotrophic bactenma outcompeted by lithoheterotrophic
bacteria in the thiosulfate-rich medium.

Cultivation-based assessment of microbial diversityThe goal of the present study
was to gain insights into the microbial diversityttee water column of the Central Baltic Sea
by cultivation-based means. The combination of ivafion assays with molecular
identification of enrichments has previously beearccessfully applied to isolate novel
phylotypes from marine bacterioplankton and soibrf@on & Giovannoni, 2002; Rapyet
al., 2002; Stevensomt al, 2004). Whereas, the use of agar plates in pima@tiows the
enrichment of various different microbes on a gnglate, liquid enrichments are usually
dominated only by a very few if not a single phyfjm. This limitation has been overcome by
application of dilution techniques, which enable thstablishment of hundreds of parallel
enrichments (Brun®t al, 2003; Connon & Giovannoni, 2002), that requirensiderable
efforts checking and identifying positive culturés.g. Brunset al, 2003; Connon &
Giovannoni, 2002; Rappét al, 2002). Additionally, such cultivation assays hawefar been
restricted to the cultivation of aerobic microorgams. During the present study a
miniaturized MPN dilution series approach suitdbleaerobic and anaerobic microorganisms
(Kopke et al, 2005; Sifet al, 2004) was combined with a new highly sensitivehoe for
the quantification of biomass (Martens-Habbena &sS2006). Subsequently, only a subset
of enrichments potentially harbouring environmdgtahbundant microorganisms was
subjected to chemical and molecular analysis. Ficgson two depths was in fact a
successful strategy. Two out of eleven phylotypesched, were previously detected by
molecular fingerprints at the chemocline of the |&@ud Basin (Labrenzt al, submitted),
those related to the metabolically versatile geRssudomonagroup detected in almost all
enrichments from 215m, and a so far uncultuiggsilonproteobacteriumrelated to

Sulfurimonas denitrifican®und in a single enrichment.
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3. Diskussion und Ausblick

Die vorliegende Arbeit beschaftigte sich mit mikielen Gemeinschaften an der
Chemokline anoxischer Becken in der zentralen @stg&eel der Arbeit war es, mit Hilfe
chemisch-analytischer und mikrobiologischer Methodgnen Einblick in die chemische
Zonierung der Wassersaule und der oxisch-anoxisthmmgangszone sowie der Verteilung

mikrobieller Energiestoffwechseltypen entlang degmischen Gradienten zu gewinnen.

3.1 Die chemische Zonierung der Chemokline und diRolle des Mangans

Die Untersuchung der chemischen Gradienten Ubegzneifeitraum von mehreren
Jahren ergab ein umfassendes Bild. Von besonderemesse war die vollstandige Oxidation
des stagnierenden sulfidischen Tiefenwassers imMa@btBecken und die nachfolgende
Neubildung eines anoxischen Wasserkorpers. Sologigriisse wurden bis Mitte der 1970er
Jahre regelmafRig im Abstand weniger Jahre beobachiel sind Folge groR3er
Salzwassereinstrome aus der Nordsee (Matthaus &ckral992). Kleinere Einstrome
wurden in der sudlichen Ostsee regelmélig registjggloch sind in den vergangenen dreil3ig
Jahren nur zwei Einstrome so massiv gewesen, dastiestiefen Becken in der zentralen
Ostsee erreichten (1993 und 2003, Feigtelal, 2003). Durch die Verdrangung von
Wassermassen kommt es bei solchen Ereignissen mmad=von Sauerstoff in die tiefen
Becken.

Die Analysen zeigten, dass zu Beginn der vorliegaridntersuchungen die chemischen
Gradienten eine typische Langzeitstagnation areejgtvie sie auch in friheren Studien
gefunden wurde (Brettar & Rheinheimer, 1991; Nereti al, 2003; Rheinheimeet al,
1989). Wahrend die Gradienten von Sauerstoff, Nitkatrit, Ammonium und Sulfid seit
langem detailliert analysiert werden, gab es bishersehr wenige Analysen von geldstem
und partikularem Mangan (Neretiet al, 2003; Pohl & Hennings, 1999). Aus den
Untersuchungen von Neretigt al. und der vorliegenden Arbeit kann geschlossen werde
dass im Gotland Becken und im Far¢ Tief langzaitstrende Bedingungen mit partikularen
Mangankonzentrationen oberhalb der Chemokline v@bls 1 uM verbunden sind. Die
Konzentrationen von geléstem Mangan an der Sedoberilache betragen dabei bis zu 15
UM (Kap. 2.2; Neretiret al, 2003). Die im Laufe der vorliegenden Untersuchbegbachtete
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Oxidation des Tiefenwassers hatte jedoch wesestlich Einfluss auf die
Konzentrationsverhaltnisse. An der neugebildeteen@kline in 220 m Wassertiefe wurde
im Jahr 2004 bis zu 2 uM an partikularem Mangan hisdzu 45 puM geléstem Mangan nahe
der Sedimentoberflache detektiert. Im Laufe derd@won der Wassersaule muss daher ein
lateraler Eintrag oder die Sedimentation mangahegicPartikel zur Akkumulation von
Mangan nahe der Sedimentoberflache gefiihrt habérseP Ereignis hatte nachhaltigen
Einfluss auf die chemische Zonierung an der ChemekDie hochaufgeloste Analyse von
geléstem und partikularem Mangan an der Chemolkiimblai 2005 zeigte, dass unter diesen
Bedingungen partikulares Mangan in messbaren Mengesulfidisches Wasser hinein
sedimentiert und bis zu 10 m innerhalb des schwadfidischen Wassers unterhalb der
Chemokline nachweisbar war. Im Gegensatz zu mari8edimenten, in denen hohe
Manganoxid-Konzentrationen eine schnelle chemis€hadation von Sulfid bewirken
(Thamdrup, 2000), ist unter den Bedingungen imviaeser die chemische Oxidation um
GrofRenordnungen langsamer und tragt nicht weskrziic Sulfidoxidation bei. Unter diesen
Bedingungen konnten daher Mikroorganismen die Goidation an die Reduktion von
Manganoxiden koppeln (Kap. 2.3).

Ein weiterer wichtiger strukturierender Effekt dérologischen oder chemischen
manganoxidabhangigen Sulfidoxidation ist die atdimde Trennung von Sulfid- und
Sauerstoffgradienten. So konnte in der vorliegeniidreit ebenfalls gezeigt werden, dass die
Gradienten von Sauerstoff und Nitrat nicht mit d8aifidgradienten tGberlappen und daher,
im Gegensatz zu stagnierenden Bedingungen, eineobndtle Oxidation von Sulfid mit
Sauerstoff oder Nitrat unter hohen Manganoxid-Kotrzgionen oberhalb der Chemokline
unwahrscheinlich erscheint (Kap. 2.3). Diese Ergedensind konsistent mit abnehmenden
Denitrifikationsraten, die im selben Untersuchumgsaum an der Chemokline bestimmt
wurden (Hanniget al, 2006 eingereicht). Darlber hinaus wurden vonriitpet al. nach der
Neubildung der Chemokline im Jahr 2003 und 2004 emri®e Ammoniumoxidation
nachgewiesen und mittels FISH die Gegenwart vonkibanyzeten der Gruppe Candidatus
Scalindulasp. gezeigt. Da Sulfid- und Nitratgradienten nictghr Uberlappen, wohl aber die
Gradienten von Ammonium und Nitrat, konnte das ¥éem von partikularem Manganoxid
eine Nische fur Anammox-Bakterien in der Konkurremiz sulfidoxidierenden Bakterien um
den Elektronenakzeptor Nitrat schaffen. Mangan hiaht nur einen Einfluss auf die
mikrobiellen Prozesse in manganreichen marinennsaaien, sondern offensichtlich auch

einen wesentlichen Einfluss auf die Prozesse agldemokline anoxischer Becken.
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Die Besonderheiten des Mangankreislaufs an der Gklame lassen jedoch nach wie
vor wichtige Fragen offen. So ist unklar, wie Heetsedimentation und Aufwartsdiffusion
von geléstem Mangan bilanziert werden kénnen. Gidilkelsedimentation verlauft deutlich
schneller als durch Eddy-Diffusion gesteuerter &lusn gelostem Mangan (Nerett al,
2003). Das Manganoxid oberhalb der Chemokline midaher deutlich schneller abnehmen
als wahrend der vorliegenden Arbeit beobachtet. Réeluktion von Manganoxiden durch
autotrophe und heterotrophe Mikroorganismen ist $mngem bekannt. Entsprechende
Mikroorganismen wurden unter anderem aus der Chkneokles Gotland Beckens und
anderer mariner anoxischer Becken isoliert.

Jingste Untersuchungen zur mikrobiellen Mangandixida zeigen jedoch, dass
Pseudomonaden, die in der vorliegenden Untersuchuaoly an der Chemokline des Gotland
Beckens in groRer Zahl nachgewiesen wurden>Mrunéchst zu léslichen Mn(lll)-
Komplexen oxidieren (Parkeat al, 2004; Webtet al, 2005). Erst in einem zweiten Schritt
disproportioniert das Mn(lll) aus diesen Komplexentweder chemisch zu partikularem
Manganoxid und Mf, oder es wird in einem zweiten enzymatischen Schwilstandig zu
partikularem Manganoxid oxidiert (Parket al, 2004; Webbet al, 2005). Dartiber hinaus
gibt es erste Hinweise auf die Gegenwart von getbdtin(ll)-Komplexen auch an der
Chemokline des Schwarzen Meeres (B. Tebo, persteiMitg). Die Bedeutung der
mikrobiellen Manganoxidation fur die beteiligtendganismen ist bis heute nicht aufgeklart
(Tebo et al, 2005). Der Nachweis von Mn(lll)-Verbindungen sdwo in
Reinkulturexperimenten als auch unter natirlichediBgungen lasst jedoch vermuten, dass
der Kreislauf von Manganoxidation und -reduktionchti zwangslaufig partikulare
Verbindungen einschlieen muss. Es konnte bereiteigt werden, dass geldste Mn(lll)-
Pyrophosphat-Komplexe vd. oneidensjsinem typischen metallreduzierenden Bakterium,
als Elektronenakzeptoren verwendet werden konnestiddet al, 1995). Geloste oxidierte
Manganverbindungen konnten auch weniger spezidgksie Mikroorganismen als
Elektronenakzeptor zur Verfigung stehen und Mareghrktion einer groReren

phylogenetischen Diversitat nicht partikelassomieMikroorganismen erlauben.
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3.2 Verbesserte Strategien zur Detektion und Kultierung von Mikroorganismen

Die Kultivierung von Mikroorganismen ist bis hewt@e wichtige Voraussetzung fir
eine detaillierte mikrobiologische Untersuchung r@éld, 2005; Leadbetter, 2003; Tyson &
Banfield, 2005). In den vergangenen Jahren hateswmidere die Kombination von neuen
Kultivierungsstrategien mit der molekularbiologisch Analyse von Anreicherungen zur
wesentlichen Verbesserung des Kultivierungserfolgggetragen. Dennoch konnte bis heute
ein grof3er Anteil der phylogenetischen Diversiighhnachweislich unter Laborbedingungen
kultiviert werden (Leadbetter, 2003). Es bestehhedanach wie vor grol3er Bedarf an
methodischen Weiterentwicklungen zur Kultivieruranwlikroorganismen.

Waéhrend der vorliegenden Untersuchung wurden Keftimgsbasierte Verfahren zur
Analyse mikrobieller Gemeinschaften an oxisch-aschxén Grenzschichten verwendet.
Mittels spezifischer Substratkombinationen in MPHRr¥innungsreihen wurden einzelne
physiologische Gruppen selektiv angereichert, dérelmendzellzahl bestimmt und anhand
von 16S rRNA-Gensequenzen identifiziert. Bisheldethoden zur derartigen Analyse einer
gro3en Zahl von Anreicherungen basieren auf eilerdszenzmikroskopischen Detektion
von Wachstum und anschlieBender Bestimmung vonrR8E\-Gensequenzen der isolierten
Phylotypen (z. B. Connon & Giovannoni, 2002).

Im Rahmen der vorliegenden Arbeit wurde ein neuesfalren zur Analyse des
Wachstums in den verschiedenen Anreicherungen ekiti Gleich einer
fluoreszenzmikroskopischen Detektion, basiert diegerfahren ebenfalls auf der Anfarbung
von Zellen durch nukleinsdurebindende Fluoreszebzfaffe. Ausgehend von der
Hypothese, dass einzelne fluoreszierende Zelldnt nigr im Mikroskop, sondern auch durch
die Messung der gesamten abgestrahlten Fluoresagsreichend genau detektierbar sein
missten, wurden dazu verschiedene Farbstoffe undudtesbedingungen getestet. Die
Ergebnisse dieser Untersuchungen (Kap. 2.1) zeiglass insbesondere die standardmailig
zur Fluoreszenzmikroskopie eingesetzten Fluore$adystoffe, DAPI und Acridine Orange,
zu diesem Zweck ungeeignet sind. Jedoch wurdemenieren Farbstoffen, wie SybrGreen |
und Il sowie PicoGreen, wesentlich bessere Ergebreszielt. Dieses Verfahren erlaubte es,
die mikroskopische Untersuchung von Anreicherungemlistandig durch die
Fluoreszenzmessung zu ersetzen. Auf diese Weisgevas moglich, eine grof3e Anzahl von
parallelen MPN-Verdinnungsreihen mit verschiede®estratkombinationen anzulegen und

insgesamt Uber 10.000 Einzelproben sehr sensifiwMachstum zu untersuchen. Einzelne
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MPN-Reihen konnten so einfach fir chemische undekuarbiologische Untersuchungen
ausgewahlt und ebenfalls analysiert werden.

In jungerer Vergangenheit wurde wiederholt gezeighss der Einsatz geringer
Substratkonzentrationen und die sensitive Detektimn Wachstum wesentlich zur
Verbesserung des Kultivierungserfolges beitrageon(@n & Giovannoni, 2002; Kdpket
al., 2005; Rappét al, 2002; Sufet al, 2004). Wahrend der vorliegenden Untersuchungen
wurden daher Kultivierungsmedien flr organotrophi&rbbrganismen verwendet, die viele
verschiedene Substrate in geringer Konzentratiohiedten. Darlber hinaus wurden Medien
fur lithotrophe Mikroorganismen und Medien ohne &ubche Substrate verwendet. Die
Ergebnisse zeigten, dass unter diesen Bedingumgeaduzierbar hohe Kultivierungserfolge
erzielt und abundante Phylotypen angereichert wekdanen.

Mit Hilfe der einfachen und sensitiven DetektionnviVachstum kdnnen kunftige
Studien wesentlich detaillierter Kultivierungsbeglimgen testen und optimieren. Daruber
hinaus wird es nicht mehr notwendig sein, Substraigche zu verwenden, sondern es kann
beispielsweise in parallelen Ansatzen gezielt deultierungserfolg mit einzelnen
Kohlenstoffsubstraten untersucht werden. Derarkigéivierungsstudien kdnnten nicht nur
dazu dienen, neue Phylotypen zu kultivieren, san@erch einen detaillierteren Einblick in

die potentiellen Substratspektren naturlicher nbletber Gemeinschaften geben.

3.3 Mikrobielle Gemeinschaften an der Chemokline de Gotland Beckens

Ein wichtiges Ziel der vorliegenden Untersuchungr ves, einen Einblick in die
Strukturierung der mikrobiellen Gemeinschaften an @hemokline der tiefen Becken in der
zentralen Ostsee zu gewinnen. Die Analyse versehmd Energiestoffwechseltypen in
naturlichen Gemeinschaften stellt bis heute eim8grHerausforderung dar. Bis auf wenige
Ausnahmen ist es nicht mdglich, eine molekularlgjdohe Detektion mit einem direkten
Nachweis der Verwendung bestimmter Elektronenakeeptzu koppeln. In der vorliegenden
Arbeit wurden daher MPN-Verdunnungsreihen verwendeh einen Einblick in die
Verteilung von Mikroorganismen entlang der chemestiGradienten zu gewinnen. Anhand
der Ergebnisse ist es zwar ebenfalls nicht mogtiah,aktive Verwertung der verschiedenen
Elektronenakzeptoren durch verschiedene Mikrooggaanin situ nachzuweisen. Dennoch
lassen sich aus den Ergebnissen wesentliche Stdigessingen Uber die Verteilung der

mikrobiellen Gemeinschaften an der Chemokline ziehe
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Wahrend langzeitstagnierender Bedingungen, wie zsieBeginn der vorliegenden
Arbeit im Gotland Becken vorgefunden wurden, schein recht ausgeglichenes Verhaltnis
von aeroben und fakultativ oder strikt anaerobenkrirganismen vorzuliegen. Im
Anschluss an die Reoxidation des Beckens und dabilieing der Chemokline &nderte sich
dieses Verhdltnis dramatisch. Erhohten Lebendzéémavon aeroben standen deutlich
reduzierte Zahlen von anaeroben Mikroorganismeremj@ger. Der laterale Eintrag von
sauerstoffreichem Wasser in das Becken scheintirmmedeutlichen Eintrag von aeroben
Mikroorganismen in das Tiefenwasser geflihrt zu habBariber hinaus blieben die
Gemeinschaften strikt oder fakultativ anaeroberrbikganismen im oxidierten Wasser nicht
erhalten. Unter diesen Bedingungen ist der Abbagarmischen Materials vermutlich
vorwiegend an oxische Verhaltnisse gebunden, bls sine neue anaerobe Gemeinschaft an
und unterhalb der Chemokline etabliert hat. DieggeBnisse bestatigen die schon erwahnten
geringen Denitrifikationsraten und zeigen zudemgssdaler gleiche Trend auch fir
Manganreduzierer und Fermentierer gelten konntevabbmit Hilfe molekularbiologischer
Methoden unter stagnierenden Bedingungen an dem@iime des Far6 Tiefs auch typische
Sulfatreduzierer der Gatturigesulfobaculadetektiert wurden (Labrenet al, eingereicht),
zeigen die kaum detektierbaren Sulfatreduktionarate Gotland Becken (L. Neretin, pers.
Mitteilung) und dem Schwarzen Meer, sowie die gggimLebendzellzahlen (Kap. 2.4), dass
mikrobielle Sulfatreduktion an der Chemokline gno@aoxischer Becken vermutlich kaum
von Bedeutung ist (Jgrgensenal, 1991). Ein wichtiger Aspekt, den es noch zu wsutenen
gilt, ist die Verwendung von Schwefel, ThiosulfatduSulfit als Elektronenakzeptoren. Die
hohen Raten von Sulfidoxidation und gBixierung durch lithotrophe Mikroorganismen
lassen vermuten, dass intermediare Schwefelverbgetuwichtige Elektronenakzeptoren fur
heterotrophe Mikroorganismen im Freiwasser dagstell

Lithotrophe Mikroorganismen spielen an der Chemmkleine wichtige Rolle. Viele
Untersuchungen deuten darauf hin, dass insbesonderemolithoautotrophe
Schwefeloxidierer einen signifikanten Anteil derknobiellen Gemeinschaft ausmachen.
Dartber hinaus sind die Raten der £Fxierung an der Chemokline solcher Becken nur
durch hohe Sulfidoxidationsaktivitat zu erklaremr@ensenet al, 1991). Passend dazu
wurden auch an der Chemokline des Gotland Beckdrs 52 % der Gesamtzellzahl einem
unkultivierten Phylotyp der Epsilonproteobaktermmeordnet (Labrenet al, 2005), der den
lithoautotrophen SchwefeloxidiereSulfurimonas denitrificansals nachsten kultivierten
Verwandten aufweist. Wahrend der vorliegenden UWnigtung konnte dieser Phylotyp

ebenfalls in MPN-Reihen mit eisensulfidhaltigem NMmd und Nitrat als Elektronenakzeptor
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angereichert werden. Jedoch stammte diese Anreicharicht aus der Zone der maximalen
CO,-Fixierung, sondern der sauerstoff- und nitratgelti Zone oberhalb der Chemokline
(Kap. 2.4). Es erscheint fraglich, ob dieser Orgamis auch fiur die maximalen Raten der
COy-Fixierung unterhalb der Chemokline verantwortliskein konnte. Die chemischen
Messungen und Stimulationsexperimente legten nalass die C@Fixierung an der
Chemokline von Mikroorganismen durch eine Kopplumgn Sulfidoxidation und
Manganreduktion geleistet wird. Dieser Prozess t@nbisher jedoch nicht durch
entsprechende eindeutige Kulturversuche nachgemwieseden. Es ist daher nach wie vor
unklar, ob dieser abundante Phylotyp neben Sadkustd Nitrat eventuell auch geltste oder
partikulare Manganverbindungen als Elektronenakaepitzen kann.

Die Ergebnisse der vorliegenden Arbeit zeigen awass nicht nur lithoautotrophe
Schwefeloxidierer von Bedeutung sein kdnnten, sondsbenfalls ein grof3er Anteil der
heterotrophen Bakteriengemeinschaft Energie ause®ben und anaeroben Oxidation von
Schwefelverbindungen gewinnen kann. Schwefeloxdatikbnnte fir heterotrophe
Organismen eine wichtige Rolle spielen, um wenigen der Verfligbarkeit organischer
Substrate abh&ngig zu sein und letztere nur aldelkstoffquelle verwenden zu miussen.
Dieses koénnte insbesondere von Vorteil sein, wene derfligbaren organischen
Kohlenstoffverbindungen schwer abbaubar sind. Tt wurden Uberraschend viele
16S rRNA-Gensequenzen von typischen Aromaten- uabldtwasserstoffverwertern, wie
Acinetobacter PseudomonasThalassolituus Marinobacter Thauera und Desulfobacula
direkt in der Wassersaule der zentralen Ostsee indénreicherungen detektiert (Kap. 2.4,
Labrenz et al., 2005; Labrem al, 2006 eingereicht). Bisher unveroffentlichte Hngisse
der vorliegenden Untersuchung zeigten, dass mit iRsémre-Praparationen als
Kohlenstoffsubstrat ebenfalls hohe Lebendzellzalelerielt werden kénnen. Die Wege und
Mechanismen des Abbaus komplexer organischer Subsiad bis heute nicht ausreichend
verstanden (z. B. Amoaet al, 2001) und es sind noch wesentlich detaillier&edien notig,
um die Mechanismen der Konkurrenz und Einnischuag Mikroorganismen an oxisch-

anoxischen Grenzschichten im Detail zu verstehen.
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