Spatial and seasonal distribution of methane and its
microbial oxidation in the water column of the central
Baltic Sea

Dissertation
zZur

Erlangung des akademischen Grades
doctor rerum naturalium (Dr. rer. nat.)
der Mathematisch-Naturwissenschaftlichen Fakultit

der Universitiat Rostock

vorgelegt von
M.Sc. Gunnar Jakobs

geb. am 15.07.1982 in Giistrow

Rostock, den 26.09.2014

urn:nbn:de:gbv:28-diss2016-0046-3


zef007
Schreibmaschinentext

zef007
Schreibmaschinentext

zef007
Schreibmaschinentext

zef007
Schreibmaschinentext

zef007
Schreibmaschinentext

zef007
Schreibmaschinentext

zef007
Schreibmaschinentext
urn:nbn:de:gbv:28-diss2016-0046-3

zef007
Schreibmaschinentext

zef007
Schreibmaschinentext


Doctoral Committee:

1. Referee
Prof. Dr. Gregor Rehder
Leibniz Institute for Baltic Sea Research Warnemiinde
Department: Marine Chemistry

2. Referee

Prof. Dr. Volker Thiel
Georg-August University Gottingen
Department: Geobiology

Day of submission: 26.09.2014
Day of defense: 18.12.2014



Table of Contents

Contents
o =] - Vo = \'
N <1 T Vi
ZUSAMMENTASSUNEG ....ieeeiiiiieiiiiieniiiieniereneertnnseesenssessensssrenssesssnsssssnsssssanssssenns IX
Motivation and ODbjJectiVe ......ccceereeeiiiieeiiiiicrrc e rene s enn e s e nnnes Xi
1  General INtroduction.........coiivieeiiiiiiiniiiiiiieiiin s saaen 1
1.1 Generation and emission Of MEthANE..........c.cccuivciiiciiiiiiieece e sere e s 1
1.2 Acrobic methane OXidation..........c.uiecuiiiiiieiiiicie ettt et s e e te e e sebeeeteeesabeeeraeesaveeas 2
1.3 Anaerobic methane OXidatiON ...........ccvevierieiiiriieiieitesee e sreere e esteesteesreseseesseesseessaesssessseesses 4
1.4 Study area: central BaltiC S€a........cccooiiiiiiiiiiiiiiiitet et 7
1.5 Methane production in the Baltic Sea Sediments..........cccvevvierieriinciieiiieieniesee e ereesreesne e 8
1.6 Water column distribution and oxidation of methane in the Baltic Sea ..........cccccceevvveviiivieriennnens 9
1.6.1 Central BaltiC S€a........c.ooociiiiiiiiiiiecee ettt et et ree e 10
2  Materials and Methods.........ccccceiiriiiiiiiiiiiiiiiii 12
2.1 Material and methods used in connection with the field studies ...........cccceevievierienciienieeeeeene, 12
2.1.1 Analysis of methane, oxygen and hydrogen sulfide concentrations ...............cccc........ 12
2.1.2 Stable carbon isotope ratio of Methane ...........ccoecveeiierierierieniee e 13
2.1.3 Methane 0X1datioN TALES .......c.eevveeriieriieiieeteere et esteesteesereereereesteesreestsesesessneesseenseesses 13
2.1.3.1  Sampling and '*C CHy tracer preparation ..............ocooooeeeeeeeeeeeeeeeseeersseessesssnees 14
2.1.3.2  SAMPIE PrOCESSING..c.uveivriirreerierrierieestiesteereereeseesseesseesssessseesseesseesseesssesssessseesessseesns 15
2.1.4 Vertical turbulent diffUSIVItIES .....ceccviiiiiiieiieieiccecee et 17
2.1.5 pmoA gene and tranSCript ANALYSIS ....cveervierierieriieieeie ettt e ste e ere e e eesaesae e 18
2.1.6 Biomarker aNalySIS.........cccueiviieriieriieiiesieereereeereesteesteesteestreeseesbeesreessaesssessneenseenseesens 18
2.2 Materials and methods used for the enrichment eXperiment .............ccceeeeerieerierieniieesieecieeeeenes 19
2.2.1 DAPL STAINING.....cveiiiiiiiieiieeie et ettt e etesreereeereesteesteeseseesbeesseesseesseesssesssesssessseesseesens 19
2.2.2 Cll COUNLINME ...viivvieiieiieciie ettt ettt e steestbeetbeesbeebeesteestbesebessbeesseessaesseesssessseesseesses 20
2.2.3 Nitrate and Nitrite CONCENITALIONS .........eveveerveerieerierierireereesseesseeseesresseesseessaessaessaeans 20
2.2.4 DenitrifiCatioN TALES......cviiiiieeiieeciie e eiee et e et e e sreesreeesteeesbeeeteeeseseessseeessneessseeenes 20
2.2.5 Analysis of methane and 0Xygen CONnCentration.............ecveevvereereervescveesieereeseesnenns 21



Table of Contents

2.2.6 Methane OXidatiON TATES .......evveeuieriertieierieeieeie ettt ettt ettt e e saeeeeseeeneas 22
2.2.7 Stable isotope probing and NanoSIMS analysis ........cccceceereerieniiiiienieeseeseeneeeene 22

2.2.7.1 BC CH, and "N NOy iNCUDAHONS +...veveeeeeeeeee e s s eresesese e 22

2.2.7.2  Stable 1SOtOPE PrODING....cc.eeiiieiieitieitieeie ettt ettt ettt e st e st e et et 23
2.2.8 NANOSIIMS ANALYSIS .....eetietieiiieiie ettt ettt sb e st eteeteesbeesbeesaeeens 24
2.2.9 PIOA ZENE ANALYSIS ...evieuiiiiieieieiie ettt este e sre e esbe e e esteessaessaessseasseesseessaessaesssenns 25
2.2.10 BIOMATKET ...ttt ettt et s 25

3 Comparative studies of pelagic microbial methane oxidation within the redox

zones of the Gotland Deep and Landsort Deep (central Baltic Sea).................. 27
TN B 6313 (014 11 (o150 1 A OSSR TRPRRRSSPR 27
R TN Y] 1111 1o T LSRR PRRRSRPR 28
TG TN 1014 | A (- OSSPSR 28
3.4 SAMPIING SIEALEEY ..eevvirerieerieiiesieestesteereesteesteesteesetessseasseesseesseesssesssessseesseesseesseesssessseassessseesseeses 30
3.5 RESUILS -ttt ettt ettt ettt e bt e bt e e h e e e at e et e e bt e bt e bt e nbteeateenteentean 30
3.5.1 GOtIANA DEEP ..ottt ettt an 30
3.5.2 LandSort DEEP ...ecveiruieiiiecieeie ettt sttt te et b e e e et e e ste e taessaessbeenneenseenees 32
I N B o0 1] o) 4 DR RRRR 34
3.6.1 Microbial methane consumption in the Gotland Deep and Landsort Deep ................ 35
3.6.1.1  Concentration and stable iSOtOPE PAttETN.........ccererriiririiriirieicreeieneeeee e 35
3.6.1.2 Methane oXidation TAtES ..........ceecueeriierierieiie ettt et et e stesteebeebeebeesseesseesaeesneeeneeas 35
3.6.1.3  Aerobic methanotrophs in the redoX ZONE.........cecvveriiiiiiiieiieereesee e 38
3.6.2 Hydrodynamic controls on the fate of methane in the Gotland Deep and Landsort
| 1S o TSRS 40
3.6.2.1  VertiCal MIXING.......coiueiveiieerieiieesieesiesteereereesseesseesssesssessseesseesseesseesssesssesssessseesseessns 40
3.6.2.2  Lateral INIUSIONS. ....eeruieeiieeieeieeieeitent et et e et et e te e bt e st e st e enbeenbeebeesbeesseesneesnseenseas 41
3.7 CONCIUSIONS ...ttt ettt ettt ettt et e e bt e st e st e st e eeeseen e e seestanseeseentenseeneensesseensensenneans 43

4 Seasonal and spatial methane dynamics in the water column of the central

Baltic Sea (Gotland S€aQ) ......ccceeueiiiiiieiiiirticceerrreeeerreeee e reenn e e s eenn e e seennnnns 44
4.1 INEFOAUCTION ..ottt ettt ene e 44
4.2 MEROGS ...ttt 44
4.3 SHUAY QICA ..ecuviieiiieeiieeeiee ettt et e ete e st eesteeestteeeteeestbeessbeeessseessseeesssaessseeasssaeasseeasseeasseeasseensseeanes 45
4.4 SAMPIING.....eeiiiiriieiieiie ettt esteete st e e et esteesteestaessseasseesseesaesssessseasseansaesseesaessseasseenseeseeseessseans 46
4.5 RESUILS ..ottt ettt ettt ettt ae et be e 47



Table of Contents

4.5.1 Salinity and temperature distribution and temporal variations in the central
BaltiC S@a ...ttt ettt st b e 48
452 Oxygen and hydrogen sulfide distributions and temporal variations in the central
BaltiC S@a ...ttt et st b e 49
453 Mid- and deep water methane distributions, isotopic compositions and microbial
1015110 )< USSP 50
4.53.1  Eastern Gotland Basin..........cccoeriiiiiniiiiiiiieeeee et 50
4.53.2  Western Gotland Basin..........c.cccveviiiiiiiiiiiiieriesie sttt eieeiee e seesneeseeseesseessnenns 54
4.0 DISCUSSION....c.uiiitieieieiireiteesteesteestesteereesteseesseessaessseasseesseesseesssessseasseassaesseesssesssesssensseessessseessenans 57
4.6.1 Influence of vertical mixing on the deep water methane distribution......................... 57
4.6.2 INtrusions 0f SAlINE WALET ........cceeviieriieiiirii ettt ee s aesbeesseesreeses 61
4.6.3 Microbial response on varying substrate availability in the redox zone ..................... 62
4.6.4 Methane production in the 0Xic Water 1ayer.........cccvevveriiiieerieereeniesie e ere e 64
4.7 CONCIUSION ....uviiiieitieeireete et et e st esveebe e bt esteesteestaessseasseasseessaasssasssessseassaesssesssessseasseasseesseesseesseeans 66
5 Bioreactor studies to investigate the methane-dependent denitrification
under suboxic conditions within the redox zone of the central Baltic Sea........ 67
R B 12 (T4 L To 5103 s OSSPSR 67
5.2 MEEROMAS ...t ettt ettt et ettt ettt st et eeae et et e ene et e eteeneeneeneenes 67
5.3 Sampling strategy at the Gotland Deep redoX Zomne...........ceeviveriierienieniieeieeeeeeeeree e 68
5.4 Cultivation PrOCEAULE ........cocuirtirierterieetete ettt sttt ettt b et bt et e st sbe et sbe et enbe b enee 69
B T ] 1 PSSR 72
5.5.1 Microscopy inspection and cell COUNting..........ccceceereeriirierieereereeeee e 72
5.5.2 OXYZEN CONCENIIALION ...vvveerieerierreereesieesreareereesseesseesseesssesssessseessessseessessssesssesssesssens 72
5.5.3 Nitrate and Nitrite CONCENIIALIONS .........evveerveerieerierierreereesseesseesaesreereasseesseesaessneans 73
5.54 DenitrifiCation TALES.........eeiviieiiieciiieeiee ettt et e et e e re e e veeesebeeeaveeesneesaseeenes 75
5.5.5 Methane 0Xidation TALES .......c.eevveeriieriieiieireeteeereesteesteesereereebeesteesreestaeseressseesseenseesses 75
5.5.6 SSCP ANALYSIS.....uieiieiiiriieiie ettt e ste st ete et e bt e teesseesseesssesnseesseenseesseessnesnsenns 75
5.5.7 pmoA detection and DGGE analysis .........cccvecveevieiieiieiienieiie e e e ereesreesvne v e 77
5.5.8 Stable ISOtOPE PrODINEZ......ccuviiiieiieitieeieeetieereeteeveeveeteesteesteesteesrseesseeseessessseesssessnenes 77
5.5.9 NANOSIMS ANALYSIS ....veeuiieiieiieiieiierie ettt e see sttt esbeeseeeseeessresnseesaesseessneans 78
5.5.10 BIOMATKET ... ..eivviiiiiiieciie ettt ettt et e e stb e e abe et e e beesteestaessbeeabeenbeenseenens 78
5.0 DIISCUSSION. .. .eeutieiieiieeiteete et et esttesteste e bt esteesseeseesseesseeasseasseasseessaesseesssesnseanseenseenseessaesssenssennsen 80
5.6.1 Development of microbial biomass..........ccvecvierieriienienienie ettt 80
5.6.2 Methane oxidation coupled to denitrifiCation ...........ccceeeveevieevieerienieniecre e 81
5.6.3 Phylogenetic and activity analysis ........ccceceeeuieriieriienienienieeieereesee e see e es 82
R 1073 Te] 181 [ ) SRS 84

111



Table of Contents

General conclusions and future perspectives ......ccccceeeirereeiiiiiinnnniininenniinnn. 86
2= L] =T 4 Lol 89
T o) T (UL =T 102
List of Abbreviations ........c.cceviiiiiiiiiiiiiiiiiiiniinn s 104
Contributions to the ManuUSCriPtS....cccccceiiieiiitiiitieieciteerteereenereecerenceraneeees 106
DaANKSAZUNE ...veeireiiiiiitieiieneereeiiteneteneetenserensesenseranssrassssnsessnsessnsesensesnnsssnnes 108
Eidesstattliche ErkIGrung.......cceecreeeiiieeiiiiccrreeccrececcreeecrreeeecrennneseenseenenns 109

v



Preface

Preface

The present thesis consists of a general introduction (Chapter 1), a description of the applied
material and methods (Chapter 2), and three main chapters regarding the investigations of the
spatial and seasonal distribution of methane and its microbial oxidation in the water column
of the central Baltic Sea (Chapter 3, 4, and 5). The results of chapter 3 and 4 have been
published in the peer-reviewed journals Biogeosciences and Continental Shelf Research. The
results of chapter 5 are in preparation for publishing. The titles and authors of the papers and

manuscript are listed below.

Chapter 3  Comparative studies of pelagic microbial methane oxidation within the

redox zones of the Gotland Deep and Landsort Deep (central Baltic Sea)
Authors Jakobsl, G., Rehderl, G., Jostl, G., KieBlichl, K., Labrenzl, M., Schmalel, 0.
Status published in Biogeosciences (2013)

Chapter 4  Seasonal and spatial methane dynamics in the water column of the central
Baltic Sea (Gotland Sea)

Authors Jakobsl, G, Holterrnannl, P., Berndmeyerz, C., Rehderl, G, Blumenbergz, M.,
Jostl, G, Nauschl, G, Schmalel, 0.

Status accepted manuscript in press (online published) by Continental Shelf Research
(2014)

Chapter 5  Bioreactor studies to investigate the methane-dependent denitrification
under suboxic conditions within the redox zone of the central Baltic Sea

Authors Jakobsl, G., Schmale', 0., KieBlich!, K., Vogts], A., Blumenbergz, M.,
Rehder’, G., Nausch', G., Labrenz], M.

Status manuscript in preparation

'Leibniz Institute for Baltic Sea Research Warnemiinde (IOW), Rostock, Germany

’Geobiology Group, Geoscience Centre, Georg-August-University Gottingen,

Gottingen, Germany
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Abstract

This thesis focuses on the determination of the spatial and seasonal methane distribution and
the pelagic methane oxidation within the central Baltic Sea. A multidisciplinary approach was
carried out that combines gas chemistry, methane oxidation rate measurements, and molecular
biological analysis to investigate the pelagic methane oxidation within the redox zone in
dependence on differing oceanographic conditions. For this reason, two representative
sampling sites were chosen in the central Baltic Sea, the Gotland Deep (GD) and Landsort
Deep (LD), which are characterized by a permanent stratified water column with a deep
anoxic water body, separated by a redox zone, from the upper oxygenated water body. These
sampling sites differ considerably in the disturbance of the redox zone and the vertical
transport of reduced compounds (vertical mixing) towards the redox zones (chapter 3). In
addition to this location-dependent investigation, the distribution and the microbial turnover
of methane was examined over a two-year period (August 2011 — August 2013) along a
transect from the eastern (EGB) to the western Gotland Basin (WGB), central Baltic Sea, in
order to identify influencing factors and their impacts on the seasonal and spatial distribution
of methane and to track changes in the associated microbial methane consumption (chapter 4).
A further goal of this thesis was the investigation of the methane-dependent denitrification
under suboxic conditions in the marine environment. For this purpose, a bioreactor
experiment was carried out over several months to enrich process-involved microorganisms

under specific conditions (chapter 5).

The comparative studies of pelagic microbial methane consumption within the GD and LD
(chapter 3) show that the redox zones of both deeps are characterized by pronounced methane
concentration gradients between the deep water and the surface water. This gradient together
with a 1°C CH, enrichment, clearly indicates microbial methane consumption within the redox
zones. Expression analysis of the methane monooxygenase identified only one phylotype of
aerobic type I methanotrophic bacteria in both redox zones. The turnover of methane within
the redox zones showed strong differences between both deeps, with a nearly four times lower
turnover time of methane in the LD. Vertical turbulent diffusivities for both deeps were
calculated on the base of the methane concentration profiles and the data on the methane

consumption within the redox zone. The vertical transport of methane from the deep water
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Abstract

body towards the redox zone as well as differing hydrographic conditions (lateral intrusions)
within the redox zone were identified as major factors that determine the pelagic methane

oxidation.

The two-years study across the transect from the EGB to the WGB (chapter 4) demonstrates
that enhanced vertical turbulent diffusivities in fall (November 2011) and winter (February
2012) lead to an enhanced flux of methane from the deep anoxic water towards the redox
zone. In both basins, the increased vertical transport of methane in fall/winter was mirrored by
reduced methane turnover times measured within the redox zone. Moreover, specific
biomarkers indicative for aerobic methanotrophic bacteria implied an increase in the
microbial population size from August 2011 until February 2012, indicating a methanotrophic
community adapting to the variable methane flux. The deep water methane inventory of the
EGB showed a seasonal pattern, with concentrations increasing during spring (May) and
summer (August) and decreasing during fall (November) and winter (February) as a direct
result of the seasonal varying vertical turbulent diffusivity. In contrast, the WGB showed no
clear correlation between the seasons and the observed deep water methane variability. Here,
the impact of lateral weak intrusions penetrating the deep water layer was identified as the
main factor controlling the fluctuation of the methane inventory in the deep water. Moreover,
methane concentrations and carbon stable isotopic data (8"*C CH,) in the oxic water column
demonstrate that the production of methane below the thermocline occurs in the entire central
Baltic Sea from May through November, and despite the large methane pool in the underlying
anoxic deep water, this might govern the moderate methane flux into the atmosphere in this

area during the summer.

For the investigation of the methane-dependent denitrification (chapter 5) a water sample was
gathered from the GD redox zone and the microorganisms contained therein were cultivated
in a bioreactor under suboxic conditions over a period of 12 months. To enrich the
microorganisms involved in the methane-dependent denitrification the bioreactor was
continuously sparged with methane as the sole energy and carbon source and simultaneously
supplied with a nutrient solution containing, compared to the environmental sample,
considerably increased nitrate and nitrite concentrations. The enrichment experiment was
monitored by different analytical methods such as nutrient analysis, cell counting, microbial
activity measurements, and biomarker analysis. For the detection of responsible organisms,

the enrichment culture was incubated with *C CH4 and BN NO; and the cell-specific
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incorporation of these ,,labels* was analyzed using the NanoSIMS technique in combination
with molecular biological methods. The bioreactor enrichment experiment showed a
correlation between the turnover of methane and the temporal concentration pattern of nitrite
and nitrate. Besides a mixture of uncultured microorganisms, type I methanotrophic and
heterotrophic denitrifying bacteria were identified in the enrichment culture. The obtained
results provide first indications for the occurrence of a methane-dependent denitrification
under suboxic conditions in the marine realm supporting the assumption of a symbiotic
interaction between methanotrophic and denitrifying bacteria as previously described for fresh

water environments.
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Zusammenfassung

Zusammenfassung

Die vorliegende Arbeit soll die rdumliche und saisonale Verteilung von Methan und dessen
mikrobielle Oxidation in der Wassersdule der zentralen Ostsee untersuchen. Die zentrale
Ostsee mit ihrer permanent dichtestratifizierten Wassersdule, die episodisch durch
ozeanographische Ereignisse beeinflusst wird, bietet ein ideales Untersuchungsgebiet um
Einfliisse auf das Methanverteilungsmuster und den mikrobiellen Umsatz von Methan zu
verfolgen. In der vorliegenden Arbeit wurde ein multidisziplindrer Forschungsansatz
durchgefiihrt, der Gaschemie, Methan-Oxidationsraten, und molekularbiologische Analysen
vereinigt, um die pelagische Oxidation von Methan in Abhingigkeit von unterschiedlichen
ozeanographischen Bedingungen zu untersuchen. Hierzu wurden zwei repréisentative
Probenahme-Standorte ausgewdhlt (Gotlandtief (GD) und Landsorttief (LT), zentrale Ostsee),
die sich durch unterschiedlich gestorte pelagische Redoxzonen sowie durch einen
unterschiedlich vertikalen Transport von reduzierten Verbindungen zur Redoxzone
auszeichnen (Kapitel 3). Zusétzlich zu diesen standortabhéngigen Untersuchungen wurde die
Verteilung sowie der mikrobielle Umsatz von Methan {iber einen Zeitraum von zwei Jahren
(August 2011 — August 2013) entlang der Beckenachsen des 0Ostlichen und westlichen
Gotlandbeckens (zentrale Ostsee) erforscht, um Einflussfaktoren auf die saisonale und
rdumliche Verteilung von Methan zu identifizieren sowie Verdnderungen des damit
einhergehenden mikrobiellen Methan-Umsatzes zu verfolgen (Kapitel 4). Ein weiteres Ziel
dieser Arbeit war die Untersuchung der methanabhéngigen Denitrifikation unter suboxischen
Bedingungen in marinen Lebensrdumen. Hierzu wurde ein mehrmonatiges Bioreaktor-
Experiment durchgefiihrt, bei dem involvierte Mikroorganismen unter spezifischen

Bedingungen angereichert wurden (Kapitel 5).

Die vergleichende Studie des GT und LT (Kapitel 3) zeigt, dass die Redoxzonen beider
Becken einen ausgepragten Methan-Konzentrationsgradienten zwischen dem Tiefen- und dem
Oberflachenwasser aufweisen. Das Auffinden des Methangradienten zusammen mit der
Anreicherung von °C CHj in der Redoxzone belegt den mikrobiellen Umsatz von Methan
innerhalb dieses spezifischen Tiefenintervals. Mit Hilfe der Gen-Expressionsanalyse der
partikuldren Methan-Monooxygenase konnte nur ein Phylotyp aerob Typ I methanotropher
Bakterien in beiden Redoxzonen identifiziert werden. Die Untersuchungen zeigen weiterhin,

dass die Methan-Umsatzzeit (turnover time) im LT um ein Vierfaches geringer ist als im GT.
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Zusammenfassung

Basierend auf den Methan-Konzentrationsprofilen und den Daten des Methan-Umsatzes
innerhalb der Redoxzone wurde die vertikale turbulente Diffusivitit fiir beide Standorte
berechnet. Diese Berechnungen zeigen unter anderem, dass der vertikale Transport von
Methan vom Tiefenwasser zur Redoxzone sowie unterschiedliche hydrographische
Bedingungen (laterale Intrusionen) innerhalb der Redoxzonen beider Standorte wesentliche

Faktoren darstellen, die den pelagischen Umsatz von Methan bestimmen.

Die zweijdhrige Studie entlang der Beckenhauptachsen der zentralen Ostsee (Kapitel 4)
verdeutlicht, dass eine erhohte vertikale turbulente Diffusivitdt im Herbst (November 2011)
und Winter (Februar 2012) einen verstirkten Methanfluss vom anoxischen Tiefenwasser zur
Redoxzone bedingt. Der erhdhte vertikale Transport von Methan im Herbst und im Winter
wird durch verringerte Methan-Umsatzzeiten innerhalb der Redoxzone wiedergegeben.
Weiterhin zeigen spezifische Biomarker, indikativ fiir acrobe methanotrophe Bakterien, eine
Konzentrationszunahme zwischen August 2011 und Februar 2012, die wiederum einen
Anstieg der mikrobiellen PopulationsgroBe impliziert und auf eine sich an variable
Methanfliisse adaptierende methanotrophe Gemeinschaft hindeutet. Das Tiefenwasser des
ostlichen Gotlandbeckens zeigt ein saisonales Methanverteilungsmuster mit einem
Konzentrationsanstieg wéhrend Friihling (Mai) und Sommer (August) und einer Abnahme
wihrend Herbst (November) und Winter (Februar) als unmittelbare Folge einer saisonal
variierenden Diffusivitdt. Das westliche Gotlandbecken zeigt im Gegensatz hierzu keine
Korrelation zwischen den Jahreszeiten und der beobachteten Variabilitit der
Methankonzentrationen im Tiefenwasser. Uber die Langzeituntersuchungen zur Korrelation
der Salz- und Methanverteilung im Tiefenwasser beider Becken konnten laterale Intrusionen
als maligebliche Ursache fiir die Fluktuation von Methan im Tiefenwasser des westlichen
Gotlandbeckens identifiziert werden. Dariliber hinaus zeigen die Methankonzentrationen und
das Verhiltnis der stabilen Kohlenstoffisotope (8'°C CHj) im oxischen Wasserkorper, dass
die Methanproduktion unterhalb der Thermokline in der gesamten zentralen Ostsee im
Zeitraum von Mai bis November aufzufinden ist. Diese oberflichennahe Methanproduktion
scheint, trotz des grofBen Methanpools im darunterliegenden anoxischen Wasserkorper, den

moderaten Methanfluss zur Atmosphére in den Sommermonaten zu steuern.

Zur Untersuchung der methanabhingigen Denitrifikation (Kapitel 5) wurde eine Wasserprobe
aus der Redoxzone des GT gewonnen und die darin befindlichen Mikroorganismen in einem

Bioreaktor iiber einen Zeitraum von 12 Monaten unter suboxischen Bedingungen kultiviert.
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Zusammenfassung

Uber die kontinuierliche Einleitung von Methan als alleinige Kohlenstoff- und Energiequelle
und der gleichzeitigen Zugabe eines mineralischen Mediums, das im Vergleich zur
Umweltprobe deutlich erhohte Nitrat- und Nitrit-Konzentrationen aufweist, sollten die an der
methanabhidngigen Denitrifikation beteiligten Organismen angereichert werden. Das
Bioreaktor-Experiment wurde dabei mit verschiedenen analytischen Methoden iiberwacht:
Néhrstoffanalysen, Zellzahlbestimmung, mikrobielle Aktivitdtsmessungen sowie Biomarker-
Analysen. Zur Charakterisierung der an der methanabhidngigen Denitrifikation beteiligten
Mikroorganismen wurden Inkubationsexperimente mit °C CH4 und "’N NO,™ durchgefiihrt
und die zellspezifische Inkorporation dieser ,Labels mittels NanoSIMS und
molekularbiologischen Methoden verfolgt. Das Anreicherungsexperiment im Bioreaktor zeigt
eine Korrelation zwischen der Oxidation von Methan und dem zeitlichen
Konzentrationsverlauf von Nitrit und Nitrat. Neben einem Gemisch aus unkultivierten
Mikroorganismen konnten Typ I Methanotrophe und heterotrophe denitrifizierende Bakterien
in der Anreicherungskultur nachgewiesen werden. Die gewonnenen Ergebnisse liefern erste
Hinweise fiir das Auftreten einer methanabhingigen Denitrifikation unter suboxischen
Bedingungen fiir den marinen Lebensraum. Die Abhingigkeit der Denitrifikation von der
Oxidation von Methan ist vermutlich analog zu Frischwassersystemen auf eine symbiotische
Wechselbeziehung  zwischen = methanotrophen  und  denitrifizierenden  Bakterien

zuriickzufiihren.
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Motivation and Objective

Motivation and Objective

Anoxic deep waters of silled basins such as the Black Sea, Cariaco Basin or the Baltic Sea are
known as methane-rich environments. In the central Baltic Sea the strong permanent haline
stratification leads to large vertical redox gradients in the water column with an upper oxic
and deep anoxic water layer, which are separated by the redox zone. The water column of the
central Baltic Sea is characterized by low methane concentrations in the oxic water layer and
higher concentrations in the deep anoxic water layer with a large methane concentration
gradient between both water bodies. The permanently stratified water column of the central
Baltic Sea represents a brackish environment that is periodically disturbed by lateral
intrusions and internal waves and that shows strong interactions with the basin boundaries.
The Gotland Deep (GD) and Landsort Deep (LD) located in the eastern Gotland Basin and the
western Gotland Basin (central Baltic Sea), respectively, differ considerably in their
oceanographic conditions. As regards the LD it is known that the specific basin structure
trigger an increased transport of deepwater towards the redox zone (vertical mixing). In the
GD the vertical mixing is dominated by the energy input from the wind and is much lower
compared to the LD. Furthermore, in the GD lateral intrusions and internal waves disturb the
water column periodically. In contrast, the redox zone of the LD is characterized by less
frequent and intense lateral intrusions leading to a more “undisturbed” situation of the redox
zone. The redox zone appears to play a pivotal role in the local methane biogeochemistry as
this specific depth interval is characterized by a pronounced methane concentration gradient
indicating efficient microbial methane consumption. Only little is known about the apparent
methane oxidation in the water column by microbially mediated processes preventing the

escape of methane from the deep water into the atmosphere.

The present thesis investigating the “Spatial and seasonal distribution of methane and its
microbial oxidation in the water column of the central Baltic Sea” was conducted within the
framework of a multidisciplinary joint project funded by the DFG (Aerobic and anaerobic
methane turnover in the water column of the central Baltic Sea) between the Leibniz Institute
for Baltic Sea Research Warnemiinde (IOW) and the Geoscience Center for Geobiology at the
Georg-August-University of Gottingen.
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Motivation and Objective

The prevailing oceanographic conditions at the GD and LD lead to the assumption that the
different characteristics of the water columns might have an impact on the pelagic methane
turnover. Based on this hypothesis, the first aim of the present thesis focuses on the
investigation of the pelagic methane turnover in dependence on the disturbance of the redox
zone and the vertical mixing of the water column. For this scope, the turnover of methane and
the composition of the methanotrophic community should be investigated at one time point in
the GD and LD using a multidisciplinary approach that combines methane chemistry,

methane oxidation rates and molecular biological analysis.

The second goal of this work is directed on the identification and the impact of controlling
factors on the seasonal and spatial methane distribution as well as the seasonal variability of
the microbial turnover of methane. In the central Baltic Sea little is known about the dynamic
of methane within the deep anoxic basins and the microbial response to changing
environmental conditions such as substrate availability. Therefore, data on the concentration
of methane and physical parameters needed to be collected on a total of 11 cruises over a time
period of two years (August 2011 — August 2013) along a transect from the eastern to the
western Gotland Basin (central Baltic Sea). The microbial response on seasonal varying
substrate availabilities within the redox zones of the GD and LD had to be analyzed for
selected cruises in summer, autumn and winter using the data on stable carbon isotope ratios

(813C CH,), methane oxidation rates and biomarker concentrations.

As well as these field studies conducted within the central Baltic Sea, the significance of the
aerobic methane oxidation coupled to nitrogen reduction also had to be investigated for the
marine environment. For this purpose, the goal was to transfer an environmental water sample
from the GD redox zone into a bioreactor to accumulate a microbial community under
suboxic conditions. Analogous to fresh water environments, the feeding with specific
substrates (methane, nitrite and nitrate) should favor the growth of methanotrophic bacteria
and heterotrophic denitrifiers which use organic compounds released by methanotrophs as the
electron donor for denitrification (methane-dependent denitrification). Moreover, the
bioreactor experiment will help to estimate the transferability of the coupled process to other

marine settings.
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Chapter 1: General Introduction

1 General Introduction

1.1 Generation and emission of methane

Methane (CH4) is the most abundant organic molecule in the atmosphere. The global
atmospheric concentration of methane (approximately 1800 ppbv) has been increased by a
factor of 2.5 since pre-industrial times (Dlugokencky et al., 2011). Methane influences the
earth’s climate directly by absorbing infrared radiation (Cicerone and Oremland, 1988).
Moreover, the atmospheric decomposition of methane via hydroxyl radicals leads to the
formation of tropospheric ozone and stratospheric water vapor, which contribute additionally
as greenhouse gases to the climate forcing (Dlugokencky et al., 2011). Methane can be
emitted to the atmosphere by natural (e.g. wetlands, digestive tracts of wild ruminants and
termites, oceans, and hydrates) and anthropogenic sources (e.g. agriculture, landfills, rice
paddies, biomass burning, extraction of fossil fuels) (Wuebbles and Hayhoe, 2002). In the
marine realm, methane is mainly generated by remineralization of organic matter within
anoxic sediments. The biological production of methane (methanogenesis) is the final step of
remineralization and is mediated by methanogenic archaea that require low-molecular
substances for the production of methane that are provided by other microorganisms during
the degradation of organic matter (Reeburgh, 2007). The most important molecules for
methanogenesis are hydrogen (1.1) and acetate (1.2), which are used by the majority of

methanogenic archaea (Heyer, 1990).

CO, +4H, - CH, + 2H,0 (CO, reduction) (1.1)

CH;COOH — CO, + CH, (acetate fermentation) (1.2)

Besides methanogenesis the generation of methane can also occur by abiotic processes in the
marine environment such as thermogenic generation of methane or serpentinization of olivine
at hydrothermal systems (Berndt et al., 1996; Keir et al., 2008). Although shelf regions and

marginal seas contribute about 75% to the oceanic methane flux into the atmosphere, the

1
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global flux from marine regions is estimated to account for only 2% of all anthropogenic and
natural sources (Bange et al., 1994). The most important reason for these low contributions
from the oceans is that microbial methane oxidation in the sediments and water column
effectively hampers the release of methane into the atmosphere (Reeburgh, 2007; Schmale et
al., 2012; Valentine, 2011). Methane is oxidized in the aerobic marine environment by
methanotrophic bacteria of type I, II and X (Hanson and Hanson, 1996), whereas in the
anoxic waters this process is mediated by methanotrophic archaea (ANME I and II) (Schubert
et al., 2006b). However, recent changes in global climate and near shore nutrient load suggest
that the capacity of marine oxidation pathways might be challenged (Best et al., 2006). One of
the regions particularly in the focus is the Arctic shelf because the current global situation
shows that the progressive climate warming on earth could trigger the enhanced release of
methane in Arctic shelf regions and thus trigger an abrupt climate warming (Shakhova et al.,

2010).

1.2 Aerobic methane oxidation

According to their carbon assimilation that can either be performed by the ribulose
monophosphate (RuMP) or serine pathway, aerobic methanotrophic bacteria are separated
into the main groups type I and type II, respectively. Type I methanotrophic bacteria belong
to the family Methylococcaceae and comprise the genera Methylococcus, Methylomicrobium,
Methylobacter, and Methylomonas. Methanotrophic bacteria of type II contain species
belonging to the genera Methylocystis and Methylosinus (Hanson and Hanson, 1996). Type X
represents methanotrophs (e.g. Methylococcus capsulatus) that, similarly to type I, utilize the
RuMP pathway for formaldehyde assimilation, but harbor also low enzyme levels of the
serine pathway and grow at higher temperatures than type I and II methanotrophs. The
biochemical pathway of aerobic methanotrophs was entirely revealed. Aerobic methanotrophs
oxidize methane via oxygen using the key enzyme methane monooxygenase (MMO), which
catalyzes the formation of methanol during the first step of methane oxidation (Fig. 1.1).
Depending on the copper concentration of the respective habitat aerobic methanotrophs
expresses two forms of MMO. Under low copper concentrations (1 pmol g dry cells), the

soluble (sMMO, soluble in the cytoplasm) and under high copper concentrations the
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particulate methane monooxygenase (pMMO, membrane-bound) is expressed (Hanson and

Hanson, 1996).

Methanol Formaldehyde Formate
sMMO
dehydrogenase  dehydrogenase dehydrogenase
CH4WCH30H — HCHO ——— HCOOH —» CO,
igh GuZ?,
pMMO

Assimilation

Figure 1.1. Pathway of aerobic methane oxidation after Modin et al. (2007), modified.

Only the particulate form (pMMO) is present in all three types of aerobic methanotrophs. The
functional pmoA gene encoding the alpha subunit of the pMMO is used as marker to identify
methanotrophs in different environments (Bourne et al., 2001; McDonald et al., 2008). In
addition, the two groups of aerobic methanotrophic bacteria can be studied by biomarkers
such as fatty acids and bacteriohopanepolyols. Type I methanotrophic bacteria contain
predominantly 16-carbon fatty acids and type II 18-carbon fatty acids (Nichols et al., 1985).
The bacteriohopanepolyols 35-aminobacteriohopane-31,32,33,34-tetrol (aminotetrol) and 35-
aminobatceriohopane-31,32,33,34,35-pentol (aminopentol) are characteristic for analyzing
aerobic methanotrophic bacteria, whereby the latter one is particularly specific for type I

methanotrophs (Talbot et al., 2008).

Aerobic methanotrophs have also an important impact on the nitrogen cycle, because they are
capable to oxidize ammonia to nitrite and nitrous oxide (N,0O). It was shown that this may be
due to the evolutionary relationship between the MMO and ammonium monooxygenase
(AMO), which is used by nitrifying bacteria for the oxidation of ammonia (Holmes et al.,
1995). Furthermore, aerobic methanotrophs are able to promote denitrifiers in the presence of
methane and low oxygen conditions (Knowles, 2005). In this process, denitrifiers utilize
organic compounds as electron donors, which are released by methanotrophic bacteria during
carbon assimilation. The consumption of methane and oxygen accompanied by the removal of
nitrate as well as the formation of nitrous oxide and nitrogen (N;) was observed in several

studies (Amaral et al., 1995; Knowles, 2005; Thalasso et al., 1997). The clear evidence for the
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synergetic interaction of methane oxidizing and denitrifying bacteria under oxic conditions
was firstly provided by Waki et al. (2004), who showed the absence of denitrification by
intended inhibition of methane oxidation using methyl fluoride. Biological studies
investigating enrichment cultures of denitrifying methanotrophic consortia identified type I
and II methanotrophic bacteria to be involved (Costa et al., 2000; Rhee and Fuhs, 1978). The
compounds methanol, citrate, acetate, proteins, nucleic acids, or carbohydrates were
suggested as intermediate organic substances that are released by the aerobic methanotrophic
bacteria and consequently consumed by heterotrophic denitrifiers. The denitrification under
oxygenated conditions represents an exception in the nitrogen conversion because it is known
that molecular oxygen represses the enzymatic system for denitrification. Therefore, it can be
assumed that the process of aerobic denitrification occurs in micro-anaerobic environments
(e.g. central anoxic parts of particles) or even in the presence of oxygen (Modin et al., 2007).
Jetten et al. (1997) presented an aerobic denitrifier (Thiosphaera pantotropha) which is
capable to denitrify under oxygenated conditions. The most important factor controlling the
aerobic methane-dependent denitrification seems to be oxygen. Several studies reported the
absence of denitrification when the oxygen supply is stopped, indicating again the essential
contribution of aerobic methanotrophic bacteria (Eisentraeger et al., 2001; Thalasso et al.,
1997; Waki et al., 2005). Based on the theoretical model presented by Modin et al. (2007) the
content of oxygen should be a compromise between suitable oxygen conditions to ensure
aerobic methane oxidation and the suppression of denitrification by excessively high oxygen
concentrations. Ronner and Sorensson (1985) proposed a threshold value of 9 uM O, for

denitrification.

1.3 Anaerobic methane oxidation

The anaerobic oxidation of methane (AOM) in marine sediments converts approximately 80%
of methane produced in the sedimentary environment before it is released into the water
column (Reeburgh, 2007). AOM was proposed as a sulfate-dependent methane oxidation,
which is mediated by a consortium of methanotrophic archaea and sulfate-reducing bacteria
with a very low energy yield of AG’ = -16.6 kJ/mol CHy (1.4) compared to the energy yield of
AG® = -773 kJ/mol CH4 obtained by the aerobic oxidation of methane (Boetius et al., 2000;
Knittel and Boetius, 2009).
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CH, + 3H,0 - 4H, + HCO3 + H* methanotrophic archaea (1.4)
4H, 4+ SO~ + H* > HS™ + 4H,0 sulfate reducer

CH,+ S0, > HS™ + HCO5; + H,0 net reaction

It was assumed that AOM is carried out by ANME using a reversal methanogenesis
mechanism under low hydrogen concentrations (Hoehler et al., 1994). Moreover, genes
encoding the methyl coenzyme M reductase (MCR) that catalyze the formation of methane in
methanogenic archaea were also found in ANME (Hallam et al., 2003). Besides hydrogen
also formate and acetate were suggested as possible electron shuttles between sulfate-reducing
bacteria and archaea (Serensen et al., 2001; Valentine and Reeburgh, 2000). However, the
underlying mechanism of AOM is still under debate. Three groups of archaea (ANME 1, 1,
IIT) were identified to be involved in AOM. ANME I and II can be assigned to the order
Methanosarcinales, whereby ANME III belongs to the Methanococcoides sp. (Knittel et al.,
2005). In contrast to the described syntrophic AOM process, Milucka et al. (2012) could
provide first evidences that ANME II is able to perform methane oxidation and sulfate
reduction in parallel. In this process, ANME II produces zero-valent sulphur (S°) as the
metabolic end product, which is finally converted to disulfide (HS;"). The released disulfide is
assumed to be disproportionated by associated Deltaproteobacteria (e.g. sulfate-reducing
bacteria) to sulfide (HS") and sulfate. The formed sulfate might be used again by the ANME
I1.

Apart from classical microbial processes to oxidize methane via electron acceptors such as
oxygen and sulfate, different alternative pathways have been proven in different aquatic
systems during the last decades (Modin et al., 2007; Reeburgh, 2007). In the sediments,
oxidation processes by the reduction of nitrate, nitrite, iron and manganese could be shown, in
the water column only by sulfate and oxygen (Reeburgh, 2007; Beal et al., 2009; Ettwig et al.,
2010). Beal et al. (2009) provided first indications for a manganese- and iron-dependent
AOM (MnO; and Fe(OH)3) in sediment samples which were gathered from a methane seep

site (Eel River Basin). The geochemical evidence under environmental conditions (mesocosm
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studies) was demonstrated by Sivan et al. (2011), who showed an increase in anaerobic
methane oxidation by adding of Fe (IlI)-oxide to intact sediment cores. Moreover, especially
the reduction of nitrate together with methane as electron donor became particularly of
interest during investigation of enrichment cultures which were inoculated with samples from
fresh water environments (Modin et al. (2007) and references therein). The first evidence for
anaerobic methane oxidation coupled to denitrification was provided in a bioreactor
containing acetate degrading and denitrifying organisms (Islas-Lima et al., 2004). Sludge of
this bioreactor was exposed to methane, which led to a decrease of nitrate as well as nitrogen
production by the use of methane as sole electron donor. The involved microbial community
was further described by Raghoebarsing et al. (2006), who enriched a microbial consortium
consisting of bacteria and archaea, which was capable to oxidize methane anaerobically by
the favored use of nitrite against nitrate. Further bioreactor studies could disprove the
involvement of archaea and identified only one responsible bacterium named “Ca.
Methylomirabilis oxyfera” that uses internally generated oxygen for the consumption of

methane according to the pathway proposed by Ettwig et al. (2010) (Fig. 1.2).

NZ
2NO,” — 2NO *<
OZ
>—> CHOH ==-=3C0;
CH,

Figure 1.2. Proposed pathway of anaerobic methane oxidation in the presence of nitrite after
Ettwig et al. (2010), modified.

Specific labeling experiments with “Ca. Methylomirabilis oxyfera” identified the
incorporation of carbon which originated from bicarbonate instead of methane, providing
evidence of a carbon dioxide fixing organism as well as the role of methane as the dominating
energy source in the process (Rasigraf et al., 2014). These observations are in contrast to the
metabolism of aerobic methanotrophic bacteria (MOB), which utilize exclusively methane as
source for carbon and energy (Hanson and Hanson, 1996). Furthermore, incubation

experiments with sediment samples from fresh waters demonstrated a stimulation of
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anaerobic methane oxidation by adding of nitrate and thus indicate a significant influence on

the sedimentary methane flux in nitrate-rich environments (Nordi and Thamdrup, 2014).

1.4 Study area: central Baltic Sea

The Baltic Sea is a landlocked intracontinental sea in Northern Europe and constitutes one of
the largest brackish environments on earth. The water balance in the Baltic Sea is driven by
the freshwater runoff from the adjacent rivers and the episodic inflow of saline water from the
North Sea (Fig. 1.3), resulting in an estuarine circulation (Lass and Matthdus, 2008). The
bottom topography of the Baltic Sea consists of a series of sub-basins that are separated by
submarine sills, which hamper the continuous water exchange with the North Sea. In the
central and southern Baltic Sea, the less saline surface- and more saline deep water cause the
formation of a permanent density boundary, the halocline, which has a crucial effect on the
vertical exchange of matter and the renewal of deep water (Reissmann et al., 2009).
Especially the downward diffusion of oxygen is affected by this density boundary, leading to
a vertical biogeochemical zonation with oxygen-limiting conditions in the intermediate and
deep water body and the microbial turnover of organic matter by electron acceptors such as
nitrate or sulfate (Lass and Matthdus, 2008). The oxygenated surface water and the anoxic
deep water are separated by the redox zone. This zone is a smooth transition between oxic and
anoxic conditions with an occasional overlap of oxygen and hydrogen sulfide containing
waters (Dellwig et al., 2012; Labrenz et al., 2010; Nausch et al., 2008). The pronounced
chemical gradients in redox zones of stratified water columns are known to provide favorable
conditions for different microbial processes such as ammonia oxidation, denitrification or
methane oxidation (Brettar and Rheinheimer, 1992; Labrenz et al., 2010; Schubert et al.,
2006a). Ventilation of the deep water by saline oxygenated water from the North Sea (so-
called Major Baltic Inflows) has occurred irregularly over the last decades, leading to long
periods of deep water stagnation in the central Baltic Sea (Matthdus et al., 2008; Reissmann et
al., 2009); the last Major Baltic Inflow took place in 2003. The more frequent but less intense
inflows contain water masses with a density too low to displace the old stagnant water in the
deep basins and propagate laterally into intermediate water layers of the central Baltic Sea

(Matthius et al., 2008).
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Figure 1.3. Large-scale circulation of the Baltic Sea after Matthdus et al. (2008), modified.
Green and red arrows denote the surface and bottom layer circulation, respectively. The light
green and beige arrows show entrainment. The gray arrow denotes diffusion.

1.5 Methane production in the Baltic Sea sediments

In the sediments of the Baltic Sea methane is generated through the process of
methanogenesis. The upper sub-surface sediment layer is dominated by sulfate-reduction
which represents a competitive microbial process to methanogenesis (Schmaljohann, 1996).
Sulfate reducing bacteria and methanogenic archaea are dependent on the same substrates as
energy sources, whereby sulfate reducing bacteria are able to degradate organic matter
energetically more efficient than methanogenic archaea and thus suppressing the production
of methane in the upper sediment layer. The competitive processes lead to steep methane and
sulfate concentrations gradients in the upper sediment layer. The process of methanogenesis is
situated below the so-called sulfate methane transition zone (SMTZ) where sulfate reducing
bacteria and methanogenic archaea coexist (Parkes et al., 2007; Schmaljohann, 1996). An
average sediment depth of 0.35 m was calculated for the SMTZ in muddy sediments such as

present in the central Baltic Sea (Jorgensen and Fossing, 2011). Moreover, Piker et al. (1998)
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could show for the Gotland Deep that the bulk production of methane occurs in the deeper
sediments (> Im). In this sediment horizon, methane accumulates below the sulfate-
containing sediment layer to high concentrations (> 1 mM) and diffuses upwards (e.g. average
flux rate of the Gotland Deep sediments: 259 pmol m™ d™') into the SMTZ where most of it is
efficiently consumed by AOM (Treude et al., 2005), which hampers the release of methane
into the water column (Iversen and Jorgensen, 1985; Piker et al., 1998). An important factor
influencing the production rate of methane is the availability of organic substances. The
amount of organic substances reaching the sediments depends again on the water depth and
flow conditions. In contrast to the deep waters, shallow waters of coastal areas act as sediment
traps and thus representing the most significant contribution to trigger enhanced methane
production (Heyer, 1990). However, the production rate of methane in marine sediments is on
average lower compared to limnic sediments, because most of the sedimented organic
material is mineralized in the sulfate-rich surface sediments. Furthermore, the production rate
of methane is strongly controlled by temperature (Bange et al., 1998; von Klein et al., 2002).
Field studies in coastal areas of the Baltic Sea showed pronounced seasonal variations with
increased methane production rates in summer compared to winter, which has been assigned

to temperature changes of several degrees Celsius (Bange et al., 1998).

1.6 Water column distribution and oxidation of methane in the

Baltic Sea

The vertical distribution of methane in the water column of the Baltic Sea strongly correlates
with the vertical distribution of oxygen as well as the density stratification (Schmale et al.,
2010). Below the halocline the concentrations of hydrogen sulfide and methane increase with
increasing depth and show, compared to the upper oxygenated waters, enhanced methane
concentrations in the deep saline water body. This particularly affects the permanent stratified
basins in the southern and central Baltic Sea because these basins are characterized by an
enhanced transport rate of organic matter into the deep anoxic waters (Reissmann et al.,
2009). Therefore, the highest deep water methane concentrations were measured in the central
Baltic Sea and the lowest in the northern basins of the Baltic Sea (Bothnian Bay and Bothnian

Sea). However, the northern and western Baltic Sea (Belt Sea) is also characterized by a
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widespread release of methane from the sediments, indicated by increasing methane
concentrations towards the sediments (Laier and Jensen, 2007; Schmale et al., 2010).
Although an active methane emission was observed in the whole Baltic Sea area, the flux of
methane into the atmosphere remains relatively small with a higher flux in winter (0.015—
1.145 nmol m™ s™) and a lower flux during summer (0.008-0.162 nmol m™? s™). Giilzow et al.
(2013) identified wind, temperature, mixing depth and processes such as water column
mixing and upwelling as controlling factors which determine the methane flux into the
atmosphere. In this context, temporal variations of dissolved methane were also measured in
the water column of the southwestern Baltic Sea (Eckernforde Bay) (Bange et al., 2010).
These temporal methane fluctuations are triggered by changes in the sedimentary release of
methane which, in turn, is caused by varying sedimentation rates of organic matter that
originated from phytoplankton blooms. However, seasonal variations of the sedimentary
methane emission are mainly regulated by temperature (Heyer and Berger, 2000).
Furthermore, seasonal variations of the water column methane distribution were also
identified in the western Baltic Sea (Arkona and Bornholm Basin) which are governed by the
summer stratification of the water column, enhanced vertical mixing during winter and the

frequent inflow of oxygenated saline water from the North Sea (Giilzow et al., 2014).

1.6.1 Central Baltic Sea

The central Baltic Sea (Gotland Basin) is characterized by strong methane enrichments in the
stagnant anoxic water bodies (Fig. 1.3, eastern Gotland Basin (Gotland Deep) and western
Gotland Basin (Landsort Deep); max. 504 nM and 1086 nM, respectively; Schmale et al.
(2010)). Compared to the atmospheric equilibrium, only slightly elevated methane
concentrations (3 — 5 nM CHy) prevail in the surface waters (Bange et al., 1994; Giilzow et
al., 2013; Schmale et al., 2010). Seasonal variations of these surface concentrations in the
Gotland Basin were considered to be small (Giilzow et al., 2013). High-resolution gas
chemistry studies in the water column of the Gotland Basins showed a pronounced methane
concentration gradient and an enrichment of '*C CH, within the pelagic redox zone that
indicates microbial activity related to aerobic oxidation of methane in that depth interval
(Schmale et al., 2012). This finding is supported by earlier methane oxidation rate

measurements, indicating that methane is preferentially oxidized under low oxygen
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concentrations (16 to 63 uM O,; Dzyuban et al. (1999)). Schmale et al. (2012) showed that
aerobic methane oxidation within the pelagic redox zone of the Gotland Deep is performed by
members of type I methanotrophic bacteria. Methane consumption being solely performed by
type I methanotrophs was also supported by biomarker studies, which demonstrated a specific
lipid pattern (i.e. the bacteriohopanepolyol 35-aminobacteriohopane-30,31,32,33,34-pentol
(aminopentol) and the fatty acid C16:1w8c together with the absence of C18:1w8c
(Berndmeyer et al.,, 2013; Schmale et al., 2012). Sediment studies in the Gotland Deep
showed that the water column biomarker signal is transferred into the geological record, and
that these biomarkers are useful for recording changes in the methanotrophic community

throughout the Holocene (Blumenberg et al., 2013).

11



Chapter 2: Materials and Methods

2 Materials and Methods

2.1 Material and methods used in conjunction with the field

studies

The following chapter gives an overview on the analytical methods used in conjunction with
the field studies conducted within the central Baltic Sea. These studies are about the
comparison of the pelagic microbial methane oxidation within the redox zones of the Gotland
Deep and Landsort Deep (chapter 3) and the seasonal and spatial methane dynamics and its
associated microbial response in the water column of the central Baltic Sea (chapter 4). Water
samples were taken using a rosette water sampler equipped with thirteen 5 L Free-Flow
bottles (Hydro-Bios) and a CTD system (Seabird sbe911+ turbidity sensor ECO FLNTU,
WET Labs) for continuous profiling of conductivity, temperature, water depth and turbidity.

2.1.1  Analysis of methane, oxygen and hydrogen sulfide concentrations

For the determination of methane concentrations, water samples were transferred from the
rosette water sampler into 250 ml glass flasks and poisoned with 500 pul of saturated mercury
chloride solution. Methane concentrations were determined directly after the cruise using a
modified purge and trap procedure (Michaelis et al., 1990; Thomas, 2011). This modified
method includes the following process steps: the samples were stripped with helium to
remove volatile constituents (purge step), dried using a Nafion® trap (Perma Pure LLC.,
USA), cryofocussed at -120°C (ethanol/nitrogen) on HayeSep D™ (Valco Instruments
Company Inc., Switzerland) desorbed by heating at 85°C and analyzed using a gas
chromatograph (Shimadzu GC-2014), which was equipped with an activated aluminum oxide
column (60/80 mesh) and a flame ionization detector. The oven temperature was 50°C and the
carrier gas (helium) revealed a flow rate of 25 ml/min. A precision of + 3.6% was determined
for the gas chromatographic analysis. The concentration of oxygen was determined by
titration method (precision = 0.9 uM O;) and the hydrogen sulfide concentrations were

measured calorimetrically using the methylene blue method (precision = 1.0 uM H,S)
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(Grasshoff et al., 1999). Oxygen concentrations were only determined for samples virtually

devoid of hydrogen sulfide.

2.1.2  Stable carbon isotope ratio of methane

Gas samples for stable carbon isotope analysis of methane (5'°C CHj) were gained using a
vacuum degassing system (described in detail in Keir et al. (2009)). Following this method, a
water sample of 600 ml was directly transferred from the rosette water sampler into an 1100
ml pre-evacuated glass bottle, leading to a partial degassing (about 90% of the dissolved gas)
of the water sample (Thomas, 2011). The extracted gas was decompressed to atmospheric
pressure and subsequently transferred to a gastight burette. An aliquot of the extracted gas
was conserved in a 10 ml pre-evacuated glass crimp vial containing a sodium chloride
solution poisoned with mercury chloride and stored upside down to prevent the contact with
the ambient air. The isotope ratio was determined using an isotope-ratio mass spectrometer
(MAT 253, Thermo Electron, Germany) according to the method described by Schmale et al.
(2012). 8"°C CHj values are expressed versus VPDB (Vienna Pee Dee Belemnite) standard.

2.13 Methane oxidation rates

To determine the methane oxidation rates within the water column of the Gotland Deep and
Landsort Deep (central Baltic Sea), a radio-labeling technique was applied. This labeling
procedure involved the sampling and '*C CH, tracer preparation (chapter 2.1.3.1), and the
processing of the samples (chapter 2.1.3.2). In this thesis, the applied radio-labeling technique
was exclusively developed for the investigation of the microbial methane turnover within the

water column of the Baltic Sea.
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2.1.3.1 Sampling and **C CH, tracer preparation

According to Iversen and Blackburn (1981), the '*C CH, tracer (Biotrend, Germany) used in
this thesis was purified by a Mn-Cu hopcalite catalyst and sodium hydroxide (50 % w/w) to
remove traces of '*CO and '*CO,, which both occur as by-products during microbial
generation of '*C CH,. Immediately before sampling, the sample bottles (transfusion bottles)
were flushed with argon. According to the sampling procedure by Reeburgh et al. (1991),
water samples were directly transferred from the rosette sampler into transfusion bottles and
sealed air-free with aluminum screw caps and natural rubber septa. Three times the volume of
the sample bottle (600 ml) was filled into the bottle in overflow to avoid any entry of oxygen
into the water samples. In contrast to methods described by Reeburgh et al. (1991) and
Durisch-Kaiser et al. (2005), a larger sample volume (600 ml) was chosen in order to account
for the low specific '*C CHj tracer activity (100 pl injection volume of '*C CHy dissolved in
sterile anoxic water, activity 3 kBq) used in this procedure and to obtain sufficient labeled
oxidation products even in case of a low methane turnover. The final concentration of the
injected tracer (each sample labeled with 5 nM 4C CH,) was lower than the in sifu methane
concentrations of the water samples (concentration range of the pelagic redox zone: approx. 8
— 800 nM CHy) to prevent any artificial stimulation of microbial methane oxidation by
increased methane concentrations. The '*C CH, activity of the injected tracer was determined
by stripping of the tracer liquid with synthetic air for at least 20 minutes and a following
combustion step on a Cu(Il)-oxide catalyst at 850°C (Treude et al., 2003). The resulting '*CO,
was  quantitatively  trapped with a  mixture of  phenylethylamine  and
ethyleneglycolmonomethylether (1:7 v/v), and the activity was measured by liquid

scintillation counting (Fig. 2.1).
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Figure 2.1. Schematic view of the combustion line.

2.1.3.2 Sample processing

After tracer injection, the bottles were incubated in the dark for 3 days near in situ
temperature (~ 4 °C). The microbial activity was terminated by injection of sodium hydroxide
(500 pl, 50 % (w/w)), which led to the precipitation of dissolved inorganic carbon compounds
(COxaq), HCO3, COsY). For trapping of the microbial-formed C0, a method described by
(Treude et al., 2005) was used. Briefly, the samples were transferred into gastight bottles
equipped with scintillation vials positioned in the gas headspace below the bottle cap. These
vials contained a mixture of sodium hydroxide (2.5 % w/w) and phenylethylamine in equal
amounts to capture the '*CO, released from the sample after acidification with hydrochloric
acid (5 ml, 25 %) under stirring for 24 hrs. The activity of the scintillation vials was measured
on a Tri-Carb 2910 TR (Perkin Elmer Inc., USA) liquid scintillation counter using a
scintillation cocktail (Irga-safe Plus, Perkin Elmer). For selected water depths, incubation
experiments were performed on triplicates to determine the standard deviation (s in
percentage of the average, n = 3) of the measured oxidation rates for the upper oxic-, deep
anoxic- and oxic-anoxic transition zone in intermediate water depth (80 — 145 m). For the
Gotland Deep, the standard deviation for the oxic zone is 12.4 %, the oxic-anoxic transition
zone 8.8 % and the anoxic zone 134.4 % derived from triplicates sampled in 70, 85 and 175 m

water depth, respectively. For the Landsort Deep, the standard deviation for the oxic zone is
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11.7 %, oxic-anoxic transition zone 11.2 % and the anoxic zone 173.2 % determined by
triplicates sampled in 70, 80 and 175 m water depth, respectively. The amount of '*C CH,
tracer used in this thesis was optimized for oxidation processes in waters with low methane
content, causing limitations in methane-rich waters, i.e. in the anoxic zone. Therefore, the
measured oxidation rates within the anoxic zone cannot provide reliable values for anaerobic
methane oxidation. Blank values were obtained by terminating with sodium hydroxide
immediately after tracer addition and sample treatment as described above. Assuming a first-
order kinetic during methane degradation, the methane oxidation rates (7,,) were calculated

according to Eq. (2.1),

. “Co,*CH,

w =T %709 [”Md*l] 2.1)
s .

where '*CO, is the radioactivity [dpm = disintegrations per minute] of the microbial-formed
carbon dioxide, '*C CH, is the radioactivity [dpm] of the injected tracer, CH, is the in situ
methane concentration of the water sample [nM], ¢ is the incubation time [d] and 0.9 the
experimentally determined recovery factor (recovery factor of 1 indicates a quantitative
release and capture of '*CO, produced by the turnover of CH). This factor was determined by
a known amount of H'*CO; (Hartmann Analytik GmbH, Germany) dissolved in water,
followed by acidification and the capture of '*CO, as described above. The turnover rate
constant (k) in Eq. (2.2) expresses the fraction of '*C CH, that is oxidized per unit time,

whereby the turnover time of methane is represented by its reciprocal (//k).

L 14CO2 [d’l]

WCH, *1%0.9 (2:2)

The integrated methane oxidation rate over the oxic-anoxic transition zone (ir,y) was
calculated by subdividing the depth range of major methane consumption (redox zone and
lower oxic zone) into individual depth intervals (Fig. 2.2). Eq. (2.3) describes the area

calculation of one depth interval (4;), with dz [m], the vertical distance of two consecutive
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sampling depths, and f{z) and f{z +dz) the determined oxidation rates (r,y) [umol d”' m ] of
these sampling depths. The integrated oxidation rate (ir,,) was finally obtained by summing

up the areas of the individual depths intervals (4;).

A =

l %(f(z)+ flz+d2))dz |umold™ m™] (2.3)

Water depth, z

Methane oxidation rate, roy

Figure 2.2. Graphical representation of the calculation of the integrated methane oxidation
rate (7).

2.1.4 Vertical turbulent diffusivities

To estimate the vertical mixing in the water column based on the methane data set, vertical
turbulent diffusivities (K,) were calculated for the upper anoxic zone using the integrated
oxidation rates (ir,c) over the depth range of major methane consumption and the methane
concentration gradients within the anoxic zone (GD: 150 — 200 m, LD: 150 — 300 m). Here, a
constant flux of methane from the deep anoxic water and an almost complete and steady
turnover of methane within the redox zone were assumed, i.e. the diffusive methane flux is

assumed to match the integrated consumption in the redox zone. K, was calculated according
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to Eq. (2.4), where ¢ [pumol m™] is the in situ concentration of methane, and z the water depth

[m].

i, _
K, = de/ds i a ] (2.4)

2.1.5 pmoA gene and transcript analysis

Water samples for pmoA gene and transcript analysis were taken from the rosette water
sampler and filled into PET flask. Of each water sample, 1000 ml was filtered on a Durapore
filter (0.2 um pore size, GVWP, Merck Millipore, USA), frozen in liquid nitrogen and stored
at -80°C. DNA and RNA were extracted from frozen filters as described by Weinbauer et al.
(2002). pmoA transcripts (abundance of active methanotrophs) were analyzed with reverse
transcriptase PCR (30 — 33 cycles) using the primer system A189f/mb661r (Costello and
Lidstrom, 1999; Holmes et al., 1995) followed by DGGE fingerprinting as described in
Schmale et al. (2012). Visible bands were cut out of the gel, reamplified and sequenced by
LGC Genomics GmbH (Berlin, Germany). Sequences were checked for quality using
SeqMan software (DNASTAR Inc., USA). Phylogenetic affiliations of the partial sequences
were initially estimated with the program BLAST (Altschul et al., 1990). In addition 50 ng
DNA of each water sample was processed via PCR (30 — 35 cycles) and DGGE under the
same conditions to determine the total methanotrophic assemblages (abundance of active and

inactive methanotrophs) within the entire water column.

2.1.6 Biomarker analysis

Filter samples were taken at pre-defined water depths based on physical parameters and
vertical methane distribution using an in-situ-pump on pre-combusted glass microfiber filters
(@ 30 cm; 0.7 um pore size). The filters were kept frozen until analysis. Samples were treated
as described in Berndmeyer et al. (2013). Briefly, the filters were repeatedly extracted with

dichloromethane:methanol (3:1, v:v) using a microwave extraction device (CEM Mars 5,
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Matthews, NC, USA). The extracts were combined to a final volume of 120 ml and an aliquot
(40 ml) was acetylated using acetic anhydride:pyridine (1:1, v:v; 1 h at 50° C, overnight at
room temperature). The aliquot was then dried under vacuum and analyzed for
bacteriohopanepolyols (BHPs) using liquid chromatography-mass spectrometry (LC-MS).
The  BHPs 35-aminobacteriohopane-31,32,33,34-tetrol (aminotetrol) and  35-
aminobacteriohopane-31,32,33,34,35-pentol ~ (aminopentol), indicative  for  aerobic
methanotrophic bacteria and the latter particularly for type I aerobic methanotrophic bacteria
(Talbot et al.,, 2008), respectively, were analyzed to assess the abundance of these

microorganisms within the redox zones.

2.2 Materials and methods used for the enrichment experiment

In the following chapter all specific methods are described which were used within the
bioreactor enrichment experiment to investigate the methane-dependent denitrification under
suboxic conditions within the redox zone of the central Baltic Sea (chapter 5). The applied
methods in this study aimed on the characterization of involved microorganisms and the
determination of the microbial substrate turnover during the enrichment experiment. A

detailed description of the bioreactor set up is given in chapter 5.3.

2.2.1 DAPI staining

The bacterial morphology in the enrichment culture were examined using fluorescence
staining after the method described by Porter (1980). Briefly, 20 ml of the enrichment culture
was fixed with 1 ml Formalin (37% formaldehyde) and stored for 1h at 4°C in the dark. An
aliquot (2 and 7 ml) of the fixed samples was filtered on a membrane filter (Whatman
Cyclopore Membrane Polycarbonate Black, 0.2 um, 25 mm). The filters were exposed to
DAPI (4’,6-diamidino-2-phenylindole) for 5 min in the dark and analyzed using fluorescence
microscopy (ZEISS Axioskop 2 mot plus).

19



Chapter 2: Materials and Methods

2.2.2  Cell counting

The cell number was analyzed using flowcytometrical measurements (FACS Calibur flow
cytometer, Becton & Dickinson) as described by Jost et al. (2008). Briefly, subsamples of 1
ml were taken weekly from the enrichment culture and preserved with 100 pl
paraformaldehyde. Bacterial cells were stained with SYBR Green I DNA stain and measured
for 3 minutes at a flow rate of 26.8 ul min"'. The measuring set up was adjusted to cover a

bacterial size range of 0 — 2 um. The standard deviation of this method is <5 %.

2.2.3 Nitrate and nitrite concentrations

The concentrations of nitrite and nitrate in the cultivation vessel were estimated weekly with
test stripes (range: 0.0 — 1.7 mM NO;7; 0.2 — 8.1 mM NOj’, Merck, Germany). Additionally,
accurate measurements of nitrite and nitrate were determined weekly after Grasshoff et al.

(1999) using a continuous-flow-analyzer (Flowsys, Alliance Instruments, Germany).

2.2.4 Denitrification rates

"*N-labeling experiments for the determination of denitrification rates were carried out after 7,
13, and 40 weeks of enrichment. According to the described method by Holtappels et al.
(2011), a serum vial of 50 ml was filled in overflow with enrichment culture and immediately
screw-capped with red butyl rubber septa. The serum vial was purged (50 ml min™) with
helium for 10 min -under formation of a small helium headspace (5 ml)- to lower the N,
background concentration and to decrease oxygen concentrations that accidentally
contaminated the enrichment culture during sampling. This procedure reduces the
concentrations of N> and O, to 20 % of their initial values (Holtappels et al., 2011).
Subsequently, '“N-labeled nitrite and nitrate (purity > 98 atom% '°N, Cambridge Isotopes
Laboratories, USA) were added to the serum vial under purging with helium to avoid the
entry of oxygen and to ensure homogeneous mixing of the labeled sample. The final tracer
concentration of the labeled samples was 200 uM "N NO,™ and 287 uM >N NO; at week 7,
385 uM N NO, and 245 uM "N NOs™ at week 13, and 54 uM "N NO,™ and 40 pM "N

20



Chapter 2: Materials and Methods

NOs™ at week 40. The labeled sample was subdivided into different Exetainers (4 ml liquid, 2
ml headspace). For each incubation time, two parallels were incubated in the dark at 25°C.
The microbial activity was stopped after preassigned incubation times ('’N-incubations at
week 7 after 17, 21 and 25 h; at week 13 after 7.5 h; and at week 40 after 23.5 and 47.5 h) by
adding of saturated HgCl, solution. The linearity of nitrogen conversion during the
incubations was verified by time series experiments in preliminary tests. To determine the
production of labeled nitrogen (*’N, and *°N,) a subsample from the Exetainer-headspace was
injected into a GC-MS system (Porapak Q, 80/100 mesh, isotope-ratio mass spectrometer
(Delta V plus Isotope Ratio MS (Thermo Fisher Scientific) at the University of Southern
Denmark, Department of Biology). Assuming a first-order kinetic during nitrogen conversion,
denitrification rates (r;) were calculated according to Eq. (2.5), where "N NOy is the tracer
concentration of the ’N-labeled nitrate and nitrite, ¢ is the incubation time [h], 29N2 and * ONZ
are the concentrations [uM] of the microbial-formed nitrogen and NO, is the nitrate and

nitrite concentration [uM] of the bioreactor sample.

r, = it Ts(z%fzoj\izt)*lm *NO, [”M hil] 25)

2.2.5 Analysis of methane and oxygen concentration

The concentration of dissolved methane in the culture liquid was determined by gas
chromatography. Briefly, a gas sample of 100 pl was taken with a gastight syringe (Hamilton)
from the bioreactor headspace and transferred via on-column injection into a gas
chromatograph (Shimadzu GC-2014), which was equipped with an activated aluminum oxide
column (60/80 mesh) and a flame ionization detector. The oven temperature was 50°C and the
carrier gas (helium) revealed a flow rate of 25 ml/min. A precision of = 3.6% was determined
for the gas chromatographic analysis. The concentration of dissolved methane in the culture
liquid was finally obtained by calculation after Weiss (1970) and Wiesenburg and Norman L.
Guinasso (1979).

The concentration of dissolved oxygen in the culture ligiud was determined by gas

chromatography. Gas samples were directly transferred via capillary from the reactor
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headspace into a gas chromatograph to avoid any contaminations with ambient air. The
injection volume was ensured by a 100 pl sample loop. The gas chromatograph (Thermo
Scientific, Trace GC Ultra) was equipped with a capillary column (80 m, molecular sieve) and
a PDD detector. The oven temperature was 40°C and the carrier gas helium revealed a flow
rate of 12 ml/min. A detection limit of 50 ppm O, was determined for this method. The
concentration of dissolved oxygen in the culture liquid was finally obtained by calculation
after Weiss (1970). Besides the gas chromatographic analysis dissolved oxygen in the culture
liquid was continuously measured with an oxygen sensor (Clark-type, precision £ 0.1%,

Applikon Biotechnology) to detect the entry of large oxygen quantities.

2.2.6 Methane oxidation rates

The methane oxidation rates measured during the bioreactor enrichment experiment (chapter
5) were determined using the method as described by Jakobs et al. (2013), see chapter 2.1.3.
Different to this procedure, a sample volume of only 100 ml was chosen to account for the
limited liquid volume of the enrichment culture (5.2 liter). The standard deviation (n = 3) of

the measured samples amounted to 10.1 %.

2.2.7 Stable isotope probing and NanoSIMS analyses

2.2.7.1 c CcH, and *N NO, incubations

Homogenous subsamples from the enrichment culture were taken anoxically and transferred
into transfusions bottles (600 ml), sealed air-free with aluminium screw caps and natural
rubber septa. The transfusion bottles were flushed with argon directly before sampling.
Incubation experiments were performed on six subsamples. To determine the cell-specific
incorporation of methane a headspace of 50 ml °C CHy (99.9 atom % "*C, Campro Scientific
GmbH, Germany) was applied for three subsamples. To define the cell specific incorporation
of nitrogen, Na'°NO, (dissolved in water) was additionally added to these subsamples, which
revealed finally a concentration of 1.3 mM N NO; (in situ conc. bioreactor: 1.1 mM NOy).

The '’N-incubations were carried out only with BN NO; due to the low and/or non-
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measureable denitrification rates of nitrate determined during the bioreactor runtime. The
three residual subsamples served as unlabeled blanks. For these blanks a 50 ml headspace was
applied, using the gas mixture that was used for the aeration of the bioreactor (CH4/CO,, 95:5
v/v, purity 99.995 %, Linde gas, Germany). Moreover, the NO, concentration of the blanks
was adjusted to the "N NO, concentration of the labeled subsamples by adding of NaNO,.
All labeled and unlabeled subsamples were carefully shaked and incubated in the dark for 72
h at 25°C.

2.2.7.2 Stable isotope probing

To determine the phylogenetic affiliation of active methanotrophs the incubated subsamples
(see 2.2.7.1) were processed for stable isotope probing as described below (Fig. 2.3). 500 ml
of each sample were filtered on Durapore filter (0.2 um pore size, GVWP, Merck Millipore,
USA), frozen in liquid nitrogen and stored at -80°C. The filtered samples were processed
according to the described method by Glaubitz et al. (2009) and references therein, which
includes the following procedure: RNA extraction, DNase digestion, and isopycnic
centrifugation. The gradients were fractionated and the density of each fraction was
determined by refractometry. The 16S rRNA of each fraction was quantified by qPCR.
Bacterial communities were analyzed with SSCP (Schwieger and Tebbe, 1998) using the
primer systems comlf/com2rpH and w036f/w039rph. Bands were cut out off the gel, re-
amplified and cloned in E.coli (Strataclone, Agilent). Sequencing was performed by LGC
Genomics GmbH (Berlin, Germany). The quality of sequences was checked using SeqMan
software (DNASTAR Inc., USA). Phylogenetic affiliations of the 16S rRNA gene sequences
were initially estimated with the program BLAST (Altschul et al., 1990). The phylogenetic

classification was calculated using the maximum-likelihood algorithms.
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Figure 2.3. Principle procedure of Stable Isotope Probing.

2.2.8 NanoSIMS analysis

The abbreviation NanoSIMS stands for secondary ion mass spectrometry (SIMS) performing
quantitative sample analysis of elemental and isotopic composition with a spatial resolution
down to nanometer-scale (Nano). In the field of environmental microbiology, the NanoSIMS
technique is applied to determine the metabolism of microbial cells using incubation
experiments with labeled substrates (Musat et al., 2008). In this study, an aliquot of 3 ml from
one labeled and unlabeled subsample (blank) was filtered on a Nucleopore filter (0.2 um pore
size, Nucleopore, Whatmann, USA), dried at RT and sputtered with a gold layer (~ 30 nm
Au). Analyses were performed at the IOW using a NanoSIMS 50L instrument from Cameca
(France). Images of *C-, °C-, *C"N-, and '*C'°N- were acquired simultaneously using
double focalization mass spectrometry at following conditions: 16 keV energy, *>Cs” primary
ion beam with a current of 4 pA, mass resolving power >7000. 9 — 45 planes were acquired
during scanning from 25 different spots (areas from of 5 x 5 pm to 13 x 13 pm, 512 x 512
pixels, dwelling time 250 ps per pixel). The obtained planes were processed using the
software Look@NanoSIMS (Polerecky et al., 2012) based on MATLAB (The MathWorks,
Inc.). Briefly, the planes were accumulated after correction of temperature-dependent shifts
from plane to plane. Bacteria were defined as regions of interest (ROIs) and the isotopic ratios
were calculated for each ROI. In this study, the isotopic enrichment is expressed as atom
percent enrichment (APE) according to Eq. (2.6), with the isotopic ratios of the unlabeled (R))
and ""N/"C-labeled bacteria (Ry).
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2.2.9 pmoA gene analysis

The abundance of active and inactive methanotrophs was determined using the pmoA4 gene
encoding the alpha subunit of the particulate methane monooxygenase (pMMO). The method
for the detection of pmoA genes was performed in the same manner as applied for the water

column studies (see chapter 2.1.5).

2.2.10 Biomarker

The cell material of the enrichment culture was centrifuged and the resulting pellet was
subsequently lyophilized. About 7 mg was extracted using a modified Bligh & Dyer
extraction method (White and Ringelberg, 1998). Details are described in Berndmeyer et al.
(2014). Briefly, about 35 ml of MeOH/DCM/phosphate buffer (2:1:0.8; v:v; phosphate buffer:
8.7 g KoHPOy4 in 1 1 nanopure water, adjusted to pH 7.4 with 6 N HCIl) were added to the
samples and shortly sonicated. Samples were then shaken and after centrifugation (30 min,
2000 rpm) the supernatant was decanted into a separatory funnel. DCM and water were added
to a final ratio of MeOH/DCM/phosphate buffer (1:1:0.9, v:v). The separatory funnel was
shaken and the aqueous (MeOH and water) and organic phases (DCM) separated for 6h. The

lower DCM phase was obtained and dried as above.

An aliquot (20%) was hydrolyzed using 6% KOH in methanol (2 h at 80 °C in ultrasonication
bath), in order to release ester-bound lipids and to extract free lipids. The resulting solution
was extracted with n-hexane (3%), yielding the neutral lipid fraction. This fraction was treated
with N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) for 2 h at 80 °C to silylate alcohols.
Fatty acids (FA) were obtained by acidification of the residue of the alkaline reaction solution
to a pH of 1 and subsequently extracted using n-hexane (3%). Fatty acids were then converted

to their methyl esters by adding trimethylchlorosilane in methanol (1:9; v:v; 2 h, 80 °C) and
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were subsequently extracted with n-hexane. Silylated neutral lipids and methylated fatty acids
were analysed with coupled gas chromatography-mass spectrometry (GC-MS) using a Varian
CP-3800 chromatograph equipped with a fused silica column (Phenomenex Zebron ZB-5MS,
30 m ID 0.32 mm, 0.25 um film thickness) coupled to a Varian 1200L mass spectrometer (He
as carrier gas). The temperature program was 80°C (3 min) to 310°C (held 25 min) at 6°C
min”'. Samples were injected splitless into a PTV. Compounds were identified by comparing

mass spectra and retention times with published data.
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3 Comparative studies of pelagic microbial
methane oxidation within the redox zones of
the Gotland Deep and Landsort Deep (central
Baltic Sea)

3.1 Introduction

Anoxic marine basins are fields of great interest, because they are characterized by high
methane concentrations in the deep waters compared to the prevailing concentrations in the
upper oxygenated water layer (Reeburgh et al., 1991; Schmale et al., 2010). The emission of
methane into the atmosphere has been considered to be small in these marine environments
(Giilzow et al., 2013; Schmale et al., 2011). Although microbial oxidation of methane in the
water column represents an important sink of methane before it escapes into the atmosphere,
the impact of dynamic drivers and environmental conditions, such as methane source strength
and hydrodynamic forces, on the efficiency of that particular mechanism is still insufficiently
described (Reeburgh, 2007; Schmale et al., 2012). With its distinct oxic and anoxic stratified
zones that are episodically perturbed by oceanographic events, the Baltic Sea provides an
ideal field to investigate these effects on the methane cycle. The following work focuses on
the influence of different oceanographic conditions on the methane turnover within the
pelagic redox zone. For this scoping, a comparative interdisciplinary study was carried out in
the Gotland Deep and Landsort Deep (central Baltic Sea) in August 2012. These sampling
sites differ considerably in the disturbance of the redox zone and the vertical transport of
reduced compounds (vertical mixing) towards the redox zone. The combined data on methane
chemistry, methane oxidation rates and molecular biological analysis allow first insights on
the impact of differing oceanographic settings and regional transferability of microbial

processes related to pelagic microbial methane consumption.
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3.2 Methods

The methods applied for this and the following field study (chapter 4) are introduced in
chapter 2.1 of this thesis. An overview of the conducted field studies and the analytical

approach is shown in Fig. 3.1.
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Figure 3.1. Flow diagram of the methods used in conjunction with the field studies conducted
in the central Baltic Sea. Details to the different methods are given in chapter 2.1.

3.3 Study area

Investigations were carried out in the water column of the Gotland Deep (57°19.2‘N
20°03.0°E; water depth 223 m) and Landsort Deep (58°35.0°N 18°14.0°E; water depth 422 m)
located in the central Baltic Sea (Fig 3.2). Both sampling sites are characterized by different
basin structures and hydrographic conditions (see cross section through the central Baltic Sea,

Fig. 3.2.C). The Landsort Deep represents the deepest areal in the western Gotland Basin
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(max. depth 460 m) with a relatively small spatial dimension. In contrast, the eastern Gotland
Basin represents the largest basin of the Baltic Sea, with a maximum water depth of about 250

m at the Gotland Deep.

During an inflow of saline waters from the North Sea towards the central Baltic Sea, this
water mass propagates first into the eastern Gotland Basin. Depending on the strength of the
inflow, the deep water mass can continue its path via a northern passage towards the western
Gotland Basin. The travel of inflowing saline water from the North Sea along different basins
and sills promotes the mixing between saline bottom water and less saline overlying water
masses, resulting in a decreasing salt content of the intruding water along its way into the
central Baltic Sea. Accordingly, the Landsort Deep is characterized by less frequent and
weaker lateral intrusions, resulting in a more stable oxic-anoxic transition zone (redox zone)

and a lower deep water salinity compared to the Gotland Deep (Matthius et al., 2008).
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Figure 3.2. (A) Sampling sites in the central Baltic Sea (red dots). (B) Bathymetric map of
the central Baltic Sea with the Gotland Deep in the eastern Gotland Basin and the Landsort
Deep in the western Gotland Basin. (C) Cross section from the eastern (a) to the western
Gotland Basin (b).
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3.4 Sampling strategy

Samples were taken during cruise 06EZ/12/13 on RV Elisabeth Mann Borgese in August
2012. Sampling for molecular biological analysis and radiotracer experiments were performed
after first inspection of the physical parameters of the water column (e.g. salinity, turbidity)
using a CTD probe (CTD system Seabird sbe911+ and a turbidity sensor ECO FLNTU, WET
Labs) and methane concentration analysis onboard to identify the most relevant depths
intervals for methane oxidation. To obtain enough sample volume for all analysis, water
samples were taken within five casts on two consecutive days at each sampling site. Methane,
oxygen and hydrogen sulfide analysis were performed on the first day of sampling. Water
samples for determination of methane oxidation rates and molecular biological analysis were
obtained on the following day. Between these two samplings the physical parameters of the

water column showed no significant differences.

3.5 Results

3.5.1 Gotland Deep

During the field study the temperature and salinity profiles (Fig. 3.3A) demonstrated strong
vertical gradients, revealing thermohaline stratification with pronounced density differences
of individual water bodies. The thermocline extended from 15 to 30 m water depth and the
halocline was located in a depth interval from 60 to 80 m. The vertical turbidity profile
showed two maxima — one in the surface water and the other in around 127 m water depth.
According to the content of oxygen (O, Fig. 3.3B), the water column can be separated into
different depths intervals (Rabalais et al., 2010; Tyson and Pearson, 1991), an oxic zone from
0 to 81 m (349 — 9 uM O,), a redox zone from 81 to 143 m (<9 uM O3) and an anoxic zone
below 143 m with no detectable O, concentrations. Hydrogen sulfide concentrations (H,S,
Fig. 3.3B) build up slightly between 93 and 127 m (3 — 17 uM H,S) but show a stronger
increase below that depth interval (max. 172 uM H,S). The turbidity anomalies covered a
depth interval of approximately 62 m (81 — 143 m), reflecting the redox zone and the
subsequent transition to anoxic conditions (chemocline) (Kamyshny et al., 2013). For the

Gotland Deep it is known that O, and H,S can co-occur at the redox zone (Labrenz et al.,
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2010). However, since O, concentrations were only measured until first detection of H,S, the
co-occurrence of O, and H,S is not documented in the dataset. Assuming that the suboxic
water layer is mirrored by the depth interval of turbidity anomalies (Kamyshny et al., 2013),
the redox zone is positioned between 81 m and 143 m water depth (Fig. 3.3A).
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Figure 3.3. Gotland Deep. (A) Vertical profiles of salinity (green), temperature (red) and
turbidity (black); (B) Oxygen (blue squares), hydrogen sulfide (black squares), methane (red
circles) and 8"°C values of methane (green triangles); (C) Methane oxidation rates (light-blue
diamonds) and sampling depths of pmoA gene expression analysis (black bars denote the
occurrence and white bars the absence of active type I methanotrophs). To obtain the standard
deviation (s) for methane oxidation rates, triplicates were taken in three water depths (70, 85,
175 m). The solid error bars indicate the standard deviation from these triplicates, whereas the
dashed error bars show the standard deviation calculated from these triplicates for the single
water samples. The redox zone is indicated by the gray-shaded area.

The methane profile (Fig. 3.3B) revealed concentrations lower than 10 nM CHy in the surface
water. Below 80 m water depth, the methane concentration increased with increasing water

depth with a methane maximum of 1233 nM CHy4 in the bottom water at 223 m water depth.
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The stable carbon isotope ratios in the deep water body are characterized by relatively low
8'"°C CH, values (-84 %o at 223 m water depth) and a continuous enrichment of *C CH,
towards the redox zone with strongly increasing 8'°C CH, values between 90 and 80 m water
depth (6"°C CH4 from -67 to -45 %o). Above the redox zone the isotopic ratio shifted back to
more negative values (813 C CHy4 from -45 to -68 %o0) and showed values at the sea surface that
are close to atmospheric 8°C ratios of methane (-47.6 %o, hitp://www.

esrl.noaa.gov/gmd/dv/iadv/) measured in the Baltic Sea.

Methane oxidation rates were measured in the oxic, suboxic and anoxic part of the water
column. The major consumption of methane occurred in a depth interval between 80 and
130 m (Fig. 3.3C). The highest rate was measured within the redox zone (0.12 nM d!'at 90 m
water depth) with a methane turnover time of 455 days (k= 0.0022 d’, Fig. 3.5).

Expression of the pmoA gene was restricted to only one type I methanotroph in a depth
interval from 85 to 125 m. Sequence analysis revealed a similarity of 100 % to an uncultured
bacterium named Uncultured GotDeep pmoAl (accession number KC188735), which had
already been detected earlier in the central Baltic Sea (Schmale et al., 2012). pmoA genes

could not be detected in the Gotland Deep.

3.5.2 Landsort Deep

Water column data from the Landsort Deep display thermohaline stratification similar to that
observed in the Gotland Deep (Fig. 3.4A). The thermocline extended from 10 to 30 m water
depth, and the halocline was located in a depth interval from 50 to 80 m. Apart from the
tubidity signal in the surface water, a pronounced signal was present in a depth interval
between approximately 91 and 130 m (Fig. 3.4A). The oxic zone extended from 0 to 84 m
(351 — 9 uM Og; see Sect. 3.5.1 above). Again following the assumption, that turbidity
anomalies can be used as an indicator for the depth interval of O, — H,S transition zone
(Kamyshny et al., 2013), the redox zone is positioned between 84 and 130 m water depth
(Fig. 3.4B). H,S concentrations increased only slightly within the lower redox zone and
remained relatively constant towards the sediment. The deep water revealed maximal H,S

concentrations of about 14 pM.
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Figure 3.4. Landsort Deep. (A) Vertical profiles of salinity (green), temperature (red) and
turbidity (black); (B) Oxygen (blue squares) and hydrogen sulfide (black squares), methane
(red circles) and 8'°C values of methane (green triangles); (C) Methane oxidation rates (light-
blue diamonds) and sampling depths of pmoA gene expression analysis (black bars denote the
occurrence and white bars the absence of active type I methanotrophs). To obtain the standard
deviation (s) for methane oxidation rates, triplicates were taken in three water depths (70, 80,
175 m). The solid error bars indicate the standard deviation from these triplicates, whereas the
dashed error bars show the standard deviation calculated from these triplicates for the single
water samples. The redox zone is indicated by the gray-shaded area. The insert in C)
illustrates the depth interval of the redox zone in higher vertical resolution.

The methane concentration profile showed a strong enrichment close to the bottom (2935 uM
CH,4 at 422 m), a pronounced methane gradient within the redox zone (from 80 to 124 m) and
methane concentrations lower than 10 nM CHy in the surface water. At the redox zone, a
sharp stable carbon isotopic shift was found between 99 and 85 m (8"°C CHy, from -71 to -20

%o in the upper part of the redox zone).
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Methane oxidation was detected throughout the water column, where the major consumption

of methane took place between 80 and 115 m water depth (Fig. 3.4C). The highest rate was

measured within the redox zone (0.61 nM d™ at 90 m water depth) with a methane turnover

time of 127 days (k = 0.0079 d™', Fig. 3.5).

As determined for the Gotland Deep, the expression of the pmoA gene was restricted to the

Uncultured GotDeep pmoAl in a depth interval from 70 to 115 m (Fig. 3.4C). pmoA genes

were detected between 80 and 115 m water depth.

Table 3.1. Result summary.

Parameter Gotland Deep Landsort Deep
depth interval of the redox zone 81 -143 m 84 -130 m
8"*C CH, (redox zone) -60 —-79 %o -20—-72 %o

max. CHy conc. (bottom water)
3'°C CH, (bottom water)

max. methane oxidation rate (7,y)
max. turnover rate constant (k)
min. methane turnover time (//k)

integrated methane oxidation rates in the
redox zone (ir,,)

vertical turbulent diffusivities (K, upper
anoxic zone)

pmoA detection (DNA analysis)

pmoA gene expression (mRNA analysis)

1233 nM, 223 m
-84 %o, 223 m
0.12nM d", 90 m
0.0022 d™!

455d
1.77 pmol d” m™
2.5%10° m’s™

not achieved

85-125m

2935 nM, 422 m
=71 %o, 422 m
0.61 nM d”, 90 m
0.0079 d!

127 d
4.85 ymol d”' m™
1.6¥10° m*s™

80—-115m

70-115m

3.6 Discussion

The physical, chemical and microbiological results (summarized in Tab. 3.1) show

considerable differences between both deeps. In the following chapter, we will discuss the
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different factors controlling the fate of methane in the Landsort Deep (LD) and Gotland Deep
(GD) based on data of the methane dynamics and the hydrodynamic situation.

3.6.1 Microbial methane consumption in the Gotland Deep and Landsort

Deep

3.6.1.1 Concentration and stable isotope pattern

The measured 8'°C CHy values (GD: -84 %o, 223 m; LD: -71 %o, 347 m) in the anoxic waters
of both deeps are in the range of those which are representative for a biogenic origin of
methane (Whiticar, 1999). This stable isotope signature is modified by microbial methane
turnover in the overlain water column as this consumption impacts the concentration
distribution of methane and its stable carbon isotope pattern (Reeburgh, 2007; Schmale et al.,
2010; Whiticar, 1999). The dataset points to prominent microbial methane consumption
within the redox zones in both deeps (Figs. 3.3 and 3.4). The significance of this specific
depth interval is emphasized by a constant methane concentration decrease and a pronounced
change of the 8'°C CH, values. Here, the observed enrichment of *C CHy4 within the redox
zone in both deeps can be explained by isotopic discrimination during microbial methane
oxidation due to the kinetic isotope effect that leads to an enrichment of C CH, in the
residual methane pool (Whiticar, 1999). In the LD, the steeper methane gradient within the
redox zone together with the stronger ?C CH, enrichment in the lower oxic zone indicates
more pronounced and efficient methane consumption compared to the GD assuming similar

eddy diffusion.

3.6.1.2 Methane oxidation rates

The outstanding position of the redox zone in the LD and GD as an important depth interval
for microbial methane oxidation is also supported by measured elevated oxidation rates in this
specific depth. However, remarkable differences are obvious between both deeps. Compared

to the redox zone of the LD, which is characterized by the highest oxidation rates (max. rate
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0.61 nM d™), the rates in the GD (max. rate 0.12 nM d') were much lower. Oxidation rates
measured in the suboxic zone of anoxic basins like the central Black Sea: 1x107° — 1.6 nM d ™'
(Durisch-Kaiser et al., 2005; Reeburgh et al., 1991) or the Cariaco Trench: 0.4 — 0.8 nM d!
(Scranton, 1988) are on the same order of magnitude as the data obtained in this study. Also,
the integrated oxidation rates (ir,,) calculated for the depth interval along the redox zone of
the LD (4.85 umol d”' m?, 84 — 130 m) is almost three times as high as the integrated rate in
the GD (1.77 pmol d™' m™, 81 — 143 m). At this zone the maximum turnover rate constant (k)
calculated for the LD (0.0079 d') is nearly four times as high as the constant in the GD
(0.0022 d', Fig. 3.5). Assuming that the turnover rate constant is reflecting the population
size of methanotrophic microorganisms (Kessler et al., 2011), the growth of these organisms
is possibly stimulated by the stronger stability of the intermediate water body that is less
perturbed by lateral intrusions in the LD compared to the GD (see Sect. 3.6.2.2). Furthermore,
elevated turnover rate constants were also detected in the oxic zone of the LD and not only
within the redox zone as it was observed in the GD. This is in accordance with the transcript
analysis, which could confirm the expression of the pmoA gene above the redox zone of the

LD, indicating active methanotrophs also in the oxic zone.
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In addition to these perturbations, the concentration of methane also influences the abundance
of the microorganisms involved in the turnover of CH4 within the redox zones of both deeps.
Previous studies showed that increased substrate availability results in a dynamic adaption of
the population size of the aerobic methanotrophic community (Kessler et al., 2011; Valentine
et al., 2001). In conjunction with the present study, this would imply that in comparison to the
GD the higher methane concentrations within the redox zone of the LD (GD: 200 nM CHy,
139 m; LD: 799 nM CHy, 124 m) promote microbial methane oxidation and the growth of the
methanotrophic community. The different population sizes within the redox zones are also
supported by the DNA analysis. In contrast to the GD, where no pmoA genes could be
amplified in PCR reaction and thus probably were below the detection limit, DNA analysis
for the identification of pmoA genes on the samples obtained in the LD yielded in PCR
products. Thus, the pmoA gene copy number at GD was below the detection limit of the used
approach. In this study, it was not feasible to determine this limit directly. But for soil
methanotrophs it ranged between 10' and 10* copies of the pmoAd gene per reaction (Kolb et

al., 2003), which could be a realistic number also for the present study.

To determine the kinetic fractionation factor (a) of microbial methane oxidation within the
redox zones a plot of 8°C CH, versus 1/CHy (Fig. 3.6) was created according to Mau et al.
(2012). To avoid any side effects in these calculations, which could be caused by lateral
intrusions (i.e. input of CH4 from other regions with a different 8'°C CH, signature), the
dataset obtained in the LD was used in a first step, which is compared to the GD characterized
by a less disturbed intermediate water layer (Dellwig et al., 2012). Motivated by the apparent
restriction of methane oxidation within the redox zone, as observable from the methane
concentration gradient and 3C CH, enrichment in the LD redox zone (Fig. 3.4B), a closed-
system Rayleigh fractionation approach was applied according to Coleman et al. (1981). The
methane oxidation trend between the deep water (1192 nM CHy, 8"°C CHy: -71 %o) and the
water depth, which is characterized by the strongest °C CH, enrichment within the redox
zone (8"°C CHy: -20 %o at 85 m water depth), fitted best with a fractionation factor («) of
1.012 (Fig. 3.6A). In a second step, this derived a was used to calculate the oxidation trend in
the GD, which is characterized by a more disturbed intermediate water layer (Dellwig et al.,
2012). The assumption of a similar a is justified because of comparable temperatures and
chemical conditions, and in particular by the identification of the same single methanotrophic

bacterium in both deeps (see Sect. 3.6.1.3). The calculated theoretical oxidation trend can be
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used to classify each CH4 data point into three main groups: below the mixing line (CHy
affected by mixing processes), between the mixing line and oxidation trend (CH4 influenced
by mixing and partly influenced by oxidation) and above the oxidation trend (CHj4 clearly
related to oxidation processes). The results show that the CH4 data points in both basins fit
reasonably well in the *C CHs-depleted part of the oxidation trend. However, within the
redox zone of the eastern Gotland Basin a deviation is visible in the *C CHy enriched part
(Fig. 3.6B). Based on oceanographic studies, which indicated a stronger perturbation of the
redox zone in the eastern compared to the western Gotland Basin (Dellwig et al., 2012;
Kamyshny et al., 2013), it is assume that the observed deviation from the oxidation trend

results from enhanced mixing within the redox zone of the eastern Gotland Basin.
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Figure 3.6. Landsort Deep (A) and Gotland Deep (B). '°C CHy versus 1/CH,. Please note
different scales for 8'°C CHy. The solid lines denote mixing between deep and surface water,
the dashed lines represent the oxidation trends based on a fractionation factor of a = 1.012,
the open triangles indicate the anoxic zone, the red circles the redox zone and the open circles

the oxic zone.

3.6.1.3 Aerobic methanotrophs in the redox zone

Sequence analysis revealed that in both deeps, methane oxidation in the redox zone is

restricted to type I methanotrophic bacteria, indicating that the different environmental
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settings (i.e., methane concentrations and disturbances within the redox zone by lateral
intrusions) did not influence the microbial diversity of aerobic methanotrophs. The exclusive
detection of type I methanotrophs confirms recently published biomarker analysis, which
indicates the absence of type II methanotrophic bacteria in the water column of the GD
(Berndmeyer et al., 2013; Schmale et al., 2012). The restricted diversity of type I
methanotrophs in the central Baltic Sea is in agreement with studies conducted by Schubert et
al. (2006¢) in the Black Sea, who identified type I methanotrophic bacteria as the most
important methane consumer in the redox zone. However, other studies conducted in the oxic
zone as well as in the redox zone of the Black Sea also proved the existence of type Il and X
methanotrophs (Blumenberg et al., 2007; Durisch-Kaiser et al., 2005). The methanotrophic
bacteria identified in the GD and LD is restricted to the phylotype Uncultured
GotDeep pmoAl (Schmale et al., 2012). A phylogenetically affiliated phylotype of the
Uncultured GotDeep pmoA1 was also detected in a meromictic crater lake (Lake Pavin) that
is characterized by a permanently stratified water column (Biderre-Petit et al., 2011). Apart
from the identified phylotype in the present study, two main phylotypes of type I
methanotrophs have been found in the meromictic lake. It can be assumed that the reduced
diversity in the Baltic Sea redox zone is related to an overlap of sulfide- and oxygen-
containing waters as a result of lateral intrusions (Dellwig et al., 2012). The influence of
sulfide-containing waters on the microbial diversity has been shown by Labrenz et al. (2010).
Based on this relation it is assumed that the toxicity of sulfide to many organisms may inhibit
the activity of other methanotrophs than the detected phylotype (Schmale et al., 2012).
However, a higher diversity of active aerobic methanotrophic bacteria in the compared to the

GD less disturbed redox zone of the LD could not be detected.

The detection of the mcrA gene for analyzing anaerobic methanotrophs was not performed in
the studies due to the main focus on aerobic methane oxidation. From a theoretical point of
view, sulfate-dependent methane oxidation (AOM) in the anoxic water layer should be
possible as the ambient sulfate concentrations (LD: 0.81 g kg and GD: 0.93 g kg'; derived
from the averaged salinity in the anoxic water layer; calculated after Bruland (1983) would
enable this process (Reeburgh, 2007). This assumption is supported by the methane oxidation
rate measurements, which indicate anaerobic turnover of methane in both basins. However,
the determined oxidation rates are significantly affected by high standard deviations and a

potential underestimation due to the chosen e CHy tracer amount. The method developed
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for this study was designed to analyze microbial methane oxidation within the oxic and redox
zone, and as such these oxidation rates cannot provide clear evidence for the existence of

AOM processes.

3.6.2 Hydrodynamic controls on the fate of methane in the Gotland Deep

and Landsort Deep

3.6.2.1 Vertical mixing

The vertical transport of matter (e.g., nutrients, gases, particles) in the central Baltic Sea is
strongly influenced by vertical mixing processes. The different intensities of mixing directly
impact the concentration distribution pattern of chemical species in the water column
(Holtermann et al., 2012; Nausch et al., 2008). Especially the transport across the chemocline
influences important biogeochemical processes as reduced and energy-rich chemical species
like CHy4, HaS, iron (Fe*") and manganese (Mn”") are abundant in high concentrations within
the deep water and can drive microbial reactions at the redox zone (Dellwig et al., 2012;

Labrenz et al., 2005; Schmale et al., 2012).

Between 300 m water depth and the lower edge of the redox zone (130 m) the LD is
characterized by a uniform methane profile, whereas the methane concentrations in the GD
decrease constantly with decreasing depth. The same relationship is also reflected by the H,S
profiles and the '°C CHy distribution in the anoxic water bodies. The shapes of the methane
profiles are related to the different vertical turbulent diffusivities (K,, see also Eq. 4) between
the two basins, which are increased nearly 6 times in the LD compare to the GD (X,: GD
1.1%10° m? s™', LD 6.2*¥10° m* s, annual mean at 150 m water depth; (Axell, 1998). The
uniform shape of the LD methane profile in a depth range between approximately 150 m and
300 m as well as the increase towards the bottom can be nicely explained by the vertical
structure of K, which shows a maximum (K 9.5%10° m? s™") in the depth range between 200

and 300 m and a decrease (K,: 1.0%10° m? s™) to the bottom.

Assuming that the flux of methane from the anoxic deep water to the redox zone and the

consumption of methane within the redox zone are in steady state, the dataset can be used to
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calculate vertical turbulent diffusivities (K,) for the upper anoxic zone (GD: 143-200 m, LD:
130-250 m). Using the integrated methane oxidation rates (ir,,) in the redox zones (see Sect.
3.6.1.2) and the methane concentration gradients within the upper anoxic zone, K, can be
calculated according to Eq. (4), where c is the in situ concentration of methane [pmol m™] and

z the water depth [m].

v, -
szm [ ] (4)

The vertical turbulent diffusivity calculated by this method for the LD are one order of
magnitude higher than those for the GD (GD: 2.5%¥10° m?® s, LD: 1.6¥10° m* s). This
higher vertical turbulent diffusivity in the LD is in accordance with the observations of Axell
(1998), who reported a 6 times larger K, for the LD than for the GD at the 150 m depth level.
However, the vertical turbulent diffusivity calculated within the present study are 4 times
lower compared to the values reported by Axell (1998). The enhanced vertical transport of
methane implies a higher supply of substrate to the methanotrophic community within the

redox zone of the LD.

3.6.2.2 Lateral intrusions

The turbidity in anoxic basins is often used as a marker to determine the depth of the
chemocline. Turbidity anomalies near the chemocline reflect an incompletely understood
phenomenon. It is often explained by the diffusion of reduced chemical species across the
redox zone, which lead to the precipitation of metal oxides (e.g., oxides of Fe and Mn) or the
oxidation of HS to elemental sulfur S° (Dellwig et al., 2010; Kamyshny et al., 2013). Another
theory is that the energy-rich compounds transported from the anoxic zone across the
chemocline increase microbial turnover of matter and thus the abundance of bacteria in a
discrete depth interval (Dellwig et al., 2010; Labrenz et al., 2010; Prokhorenko et al., 1994).
However, the distribution pattern can also be used to discuss the stability of that chemical

boundary as lateral intrusions of external water masses into the redox zone will perturb the
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established chemical stratification (Kamyshny et al., 2013) and may inject O,/H,S enriched
water into this specific depth interval (Dellwig et al., 2012). The turbidity profile of the GD
(Fig. 3.3A) reveals different distinct peaks along the redox zone. Previous studies in the GD
indicate that these turbidity anomalies are related to lateral intrusions into the redox zone
(Dellwig et al., 2012; Lass et al., 2003). Therefore, lateral intrusions or internal waves
produce perturbations in the intermediate water column and prevent the formation of a clearly
defined redox zone. In contrast, the LD reveals only one pronounced turbidity signal on top of
the redox zone with a constant decrease with increasing water depth (Fig. 3.4A). Even if this
decrease cannot currently be explained, the clear trend without turbidity spikes (in contrast to
the observation in the GD) point to a more undisturbed situation in the LD redox zone
(Dellwig et al., 2012; Kamyshny et al., 2013). Temperature-salinity diagrams (T-S) are useful
approaches to identify the strength of intrusions in the central Baltic Sea (Dellwig et al.,
2012). Signatures of intrusions can be identified in the GD by slight variations in the T-S
profiles across the entire redox zone (see insert Fig. 3.7A). The LD is characterized by a
relatively smooth T-S pattern, indicating the undisturbed situation of this intermediate water

layer (see insert Fig. 3.7B).
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Figure 3.7. Temperature-salinity diagrams. The inserts denote the depth interval where the
redox zone is located.
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3.7 Conclusions

In the present study, methanotrophic processes within the stratified water columns of the
Gotland Deep and Landsort Deep (central Baltic Sea) were investigated to reveal their
dependence on different hydrographic conditions. Within the redox zones of both deeps,
microbial consumption of methane was identified by the distribution patterns of the
concentration of methane, Bc CHy and elevated methane oxidation rates. In this intermediate
depth interval one potentially active type I methanotrophic bacterium was identified at both
sampling sites, indicating that the different hydrographic conditions apparently do not impact
the diversity of methanotrophic communities. In contrast, the microbial turnover of methane
in the redox zones reveals considerable differences with lower methane oxidation rates in the
Gotland Deep compare to the Landsort Deep. The intensity of lateral intrusions and the
vertical transport rate of methane from the anoxic zone into the redox zone are different
between both deeps, and seem to represent the key processes that control the turnover of
methane within the redox zone. The results confirm that pelagic microbial methane oxidation
within redox gradients represent an efficient methane sink that prevents the escape of methane
from the deep anoxic zone into the atmosphere. The comparative investigations in the Gotland
Deep and Landsort Deep also indicate that this microbially mediated process can react on
different environmental conditions by adapting the population size of methanotrophs and/or

the rate of methane oxidation.
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i Seasonal and spatial methane dynamics in the
water column of the central Baltic Sea (Gotland
Sea)

4.1 Introduction

Despite the recent progress in gaining a better understanding of methane turnover in the
oceans, little is known about the response of the pelagic methane sink to changing
environmental conditions such as substrate availability. So far, the few field studies and
model developments aimed at that crucial question suggest a dynamic adaptation of the
pelagic methanotrophic community on changing methane concentrations (Crespo-Medina et
al., 2014; Kessler et al., 2011; Schmale et al., 2011; Valentine et al., 2001; Valentine et al.,
2010). Based on these rare studies, the main goal of the present work is directed at the
identification and impact of controlling factors on the seasonal and spatial methane
distribution as well as the seasonal variability of the microbial turnover of methane.
Therefore, data on the concentration of methane and physical parameters was collected on a
total of 11 cruises over a two year time period (August 2011 — August 2013) along a transect
from the eastern to the western Gotland Basin (central Baltic Sea, see Fig. 4.1). The microbial
response on seasonal varying substrate availabilities was analyzed within the redox zones of
the GD and LD for selected cruises in summer, autumn and winter using the data on stable

carbon isotope ratios (813C CH,), methane oxidation rates and biomarker concentrations.

4.2 Methods

The methods applied for this study are introduced in chapter 2.1 of this thesis. An overview of

the conducted field studies and the analytical approach is shown in Fig. 3.1.
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4.3 Study area

The central Baltic Sea (Fig. 4.1) consists of two deep main basins, the eastern (EGB) and the
western Gotland Basin (WGB). The EGB comprises the Gotland Deep (GD, 57°19.2°N,
20°03.0°E), which represents the largest sub-basin (max. 250 m), and the adjacent Fard Deep
(FD, 58°00.0‘N, 19°54.0°E, max. 205 m). In the WGB, the Landsort Deep (LD, 58°35.0‘N,
18°14.0°E) is the major basin and is also the deepest spot (max. 460 m) in the Baltic Sea (Fig.
4.1). In the central Baltic Sea, the strong stratification at the halocline efficiently suppresses
the vertical exchange of the surface waters with the deeper water masses. The most efficient
way to renew the water masses below the halocline is due to so-called major Baltic Inflows.
These inflows, entering from the North Sea, are characterized by a relatively high density and
oxygen concentrations compared to the deeper Baltic Sea water. The pathway of the
inflowing dense water into the central Baltic Sea follows the basin structure, coming from the
western Baltic, reaching first the EGB and continuing its transport route via a northern
passage either counterclockwise around the island of Gotland into the north-western Gotland
Basin or north-eastwards into the Gulf of Finland, Fig. 4.1 (Meier, 2007). Such an inflow
event takes 4 — 6 months to reach the central Baltic Sea (Matthéus et al., 2008). The transport
of saline water along its transport route promotes mixing with less saline overlying water
masses, leading to a decreasing salt content of the intruding water towards the WGB.
Accordingly, the salinity in the deep sub-basins continuously decreases from the EGB to the
WGB. During the past two decades, only three (1993, 1997 and 2003) major Baltic Inflows
led to a complete ventilation of the deep water layer by the introduction of saline oxygenated
water (Matthdus et al., 2008), whereas weaker Baltic Inflows happen more frequently and can
renew parts of the deeper water masses (Feistel et al., 2003). In between these strong inflow
events, during the so-called stagnation periods, inflowing water masses are not dense enough
to replace the water at the bottom and thus, propagate laterally into intermediate water levels
of the easterly located Gotland Basin. In the EGB these lateral weak intrusions have a strong
effect on the physical and chemical stratification of the intermediate water layer and cause a
more perturbated redox zone compared to the prevailing conditions in the same depth level in

the WGB (Dellwig et al., 2012).
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Figure 4.1. Sampling sites (black circles) along the transect (dashed line) crossing the eastern
(EGB) and the western Gotland Basin (WGB). The general circulation of inflowing saline
water into the central Baltic Sea is illustrated by the red arrows. The insert shows the position
of the central Baltic Sea (red square) and the sampling sites (black circles).

4.4 Sampling

Investigations were carried out over a time frame of two years (August 2011 until August
2013) on a transect from the EGB to the WGB, central Baltic Sea (Fig. 4.1). Along this
transect water samples for measurements of methane, oxygen and hydrogen sulfide
concentrations were collected (Tab. 4.1) in predefined depths at 10 sampling stations on a
total of 11 cruises (performed within the monitoring program of the Leibniz Institute for
Baltic Sea Research Warnemiinde, IOW). At the Gotland Deep and Landsort Deep additional
water samples were gathered for methane oxidation rates, 8'°C CH, isotope analyses, and
biomarker studies. During these cruises the corresponding physical parameters (salinity,
temperature and turbidity) were obtained using a CTD system (Sea-Bird sbe911+ and
turbidity sensor ECO FLNTU, WET Labs). The sampling depths for methane oxidation rates
and biomarker studies were selected after observation of physical parameters and onboard

methane concentration analyses to evaluate the relevant depth interval for pelagic methane
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oxidation. On the main cruises where the turnover of methane was investigated (Tab. 4.1),
water samples were obtained within five casts: the first three casts were used to determine the
depth interval most relevant for methane oxidation (onboard methane, oxygen and hydrogen
sulfide analysis), and the remaining two casts to obtain water samples for the determination of
methane oxidation rates. The physical parameters of the water column showed no significant

changes between these casts.

Table 4.1. Overview of analyzed parameters along the transect from the eastern to the
western Gotland Basin. Samples for methane oxidation rates, 8'°C CH, isotope analyses, and
biomarker studies were only gathered at the Gotland Deep and Landsort Deep.

Time of cruise

Measured Aug. Nov. Feb. Mar. May Aug. Nov. Feb. Mar. May Aug.
parameters a1 11 12 ‘12 ‘12 12 ‘12 13 13 ‘13 '13

methane, oxygen &
hydrogen sulfide X X X X X X X X X X X
concentrations

methane oxidation

X X X
rates
8"C CH, isotope
X X X
analyses
biomarker X X

4.5 Results

In the following chapter, the illustration of the results are restricted of the first sampling year
(Aug. 2011 — Aug. 2012) to visualize the general physical and gas chemical conditions of the
water column. Seasonal and spatial variations of both sampling years (Aug. 2011 — Aug.
2013) will be described subsequently and further discussed in chapter 4.6. The results of the
Gotland Deep and Landsort Deep are described in more detail due to the higher vertical

sample resolution at these stations and the additional data on s13C CH4 values, methane
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oxidation rates and biomarker analysis (Tab.4.2). The presented data from the Gotland Deep
and Landsort Deep collected in August 2012 were already published in Jakobs et al. (2013)

and is here embedded into the comprehensive data set of this study.

4.5.1 Salinity and temperature distribution and temporal variations in the

central Baltic Sea

During the sampling campaigns between August 2011 and August 2013 the salinity and
temperature profiles showed pronounced gradients along the transect, indicating a stable
thermohaline stratification of the water column (Fig. 4.2). In the summer time (August) the
thermocline was situated in 30 m water depth, separating the warm surface water (max. 16 —
19°C) from the intermediate cold layer located in the 30 — 60 m depth interval. The fall
(November) and winter periods (February) were characterized by seasonal cooling (down to
3°C) and complete homogenization of the upper 50 — 60 m of the water column, resulting in a
sharp separation of the upper cold from the underlying warmer layer in 60 m water depth. The
halocline was located in 60 — 80 m water depth (Fig. 4.2). Salinity decreased continuously in
the deep water over time until March 2013. In May 2013 a slight increase of salinity was
measured in the EGB as well as in the WGB. The temperature evolved in time similarly to

salinity: decreasing slightly until March 2013, and increasing in May 2013.
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4.5.2 Oxygen and hydrogen sulfide distributions and temporal variations in

the central Baltic Sea

Along the transect, the vertical concentration patterns of oxygen (O;) and hydrogen sulfide
(H2S) were mainly governed by salinity and temperature. Above the halocline the O,
distribution showed a temperature correlation (Fig. 4.3) with high O, concentrations in
February/May and lower concentrations in August. Below the halocline, O, concentrations
decreased rapidly towards the redox zone. The water column can be separated according to
the O, content into an oxic zone (> 9 uM 0O;), an anoxic zone without detectable O,
concentrations, and the intermediate redox zone (Jakobs et al., 2013). H,S concentrations built
up slightly below the redox zone and increased towards the bottom water (max. H,S conc.,
GD: 176 uM; LD: 41 uM). Seasonal variations of the deep water H,S concentrations were
detected in the EGB as well as in the WGB (Fig. 4.3). O, and H,S can co-occur in the redox
zone (Dellwig et al., 2012; Kamyshny et al., 2013; Labrenz et al., 2010). In this study, O,
concentrations were only measured until the first detection of H,S, which restricted the exact
localization of the lower boundary of the redox zone (chemocline). Another approach to
define the lower boundary of the redox zone (i.e. the complete absence of oxygen) is the
inspection of water column turbidity anomalies (Jakobs et al., 2013; Kamyshny et al., 2013;
Yakushev et al., 2007). Turbidity anomalies are attributed to the precipitation of metal oxides
and sulfur caused by the transport of their reduced species (e.g. iron II, manganese II and
hydrogen sulfide) across the redox zone (Dellwig et al., 2010; Kamyshny et al., 2013).
Moreover, the increase of the bacterial abundance within the redox zone supported by the
supply of reduced chemical species from the anoxic deep water has been identified as the
reason for the observed turbidity anomalies (Berg et al., 2013; Prokhorenko et al., 1994). In
the present study, the chemocline was defined as the depth level where the turbidity dropped

down almost to the initial values observed above the redox zone (Figs. 4.4A and 4.8A).
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Figure 4.3. Contour plots of oxygen and hydrogen sulfide along the transect from the eastern
Gotland Basin (EGB) to the western Gotland Basin (WGB). Hydrogen sulfide is given as
negative oxygen equivalents. The bold black lines emphasize the shallowest detection of
hydrogen sulfide.

4.5.3 Mid- and deep water methane distributions, isotopic compositions

and microbial turnover

4.5.3.1 Eastern Gotland Basin

In the sampling period, maximum methane concentrations were determined in the bottom
water of the GD (1518 nM CHy, May 2013) and FD (1919 nM CHi, August 2012). The deep

. . 1 .
water was characterized by a continuous methane decrease towards redox zone. §'"°C ratios of
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methane remained stable over time with relatively low values in the deepest waters in

February and August (Fig. 4.4B).

February 2012 August 2012
A) Physical Parameters B) Methane Chemistry A) Physical Parameters B) Methane Chemistry
Salinity CH, Oxidation Rate ["M d] Salinity CH, Oxidation Rate [nM d]
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Figure 4.4. Gotland Deep. February and August 2012. A) Vertical profiles of temperature
(red line), salinity (green line), and turbidity (black line). The redox zone is denoted by the
gray shaded area. B) Methane concentrations (red circles), 5"°C values of methane (green
triangles), and methane oxidation rates (blue diamonds). The data of August 2012 were taken

from Jakobs et al. (2013).

In contrast, the contour plots (Fig. 4.5) of the methane concentration show considerable
seasonal variations in the deep water of the EGB. The deep water was characterized by a
pronounced methane concentration decrease from August 2011 towards November 2011.
Within this period, the deep water methane concentrations decreased by approximately 500
nM CHy. This concentration decrease became particularly apparent in the FD, where the water
layer characterized by concentrations lower than 300 nM CH4 expanded almost down to the
bottom water. However, from November on, the deep water methane concentrations of the
EGB increased to initial levels by August 2012. An identical seasonal trend for the EGB was

observed in the following year, with lowest methane concentrations in November 2012, which
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mostly recovered until February 2013 and further increased towards August 2013, data shown
in chapter 4.6.1.
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Figure 4.5. Contour plots of the vertical methane distribution along the transect from the
eastern (EGB) to the western Gotland Basin (WGB). Please note the non-uniform color
coding for the methane concentrations.

The redox zone of the GD was characterized by strongly decreasing methane concentrations
towards the oxic water layer and a pronounced *C CH,4 enrichment within the redox zone
(Fig. 4.4B). At this sampling station microbial methane oxidation was detected throughout the
whole water column, whereby elevated methane oxidation rates were measured within the

depth interval of the redox zone (Fig. 4.4B). Methane oxidation rates in this zone were highest
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in February 2012 (max. 0.49 nM d") with lowest turnover times of 159 days in November

2011 and 222 days in February 2012 (Tab. 4.2).

The vertical distribution pattern of specific biomarkers, indicative for aerobic methanotrophic
bacteria, showed a pronounced concentration increase of aminotetrol and aminopentol

between August 2011 and February 2012 within the redox zone (Fig. 4.6, GD).
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Figure 4.6. Gotland Deep and Landsort Deep. Vertical distribution of aminotetrol (blue
circles) and aminopentol (red triangles) in August 2011 and February 2012. Gray shaded
areas denote the redox zones.

In the oxic water layer (20 — 70 m) of the EGB slightly elevated methane concentrations
(max. 17 nM CH,) were detected annually below the thermocline in the time frame from May
to November (surrounding water: < 10 nM CHy, see Fig. 4.7). This methane anomaly was
accompanied by an isotopic shift towards lower 8'"°C values between the redox zone and
thermocline (Fig. 4.7). However, the water layer above the thermocline was characterized by
lower methane concentrations and increasing 8'°C CH, values towards the surface water (Fig.
4.7, 8°C CH,, August 2012: from -68 %o, 40 m to -47 %o, 2 m; atmosphere: -47.6 %o,

http://www.esrl.noaa.gov/gmd/dv/iadv/).
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Figure 4.7. Gotland Deep. Vertical profiles of methane concentrations (red circles), 8"°C
values of methane (green triangles), and temperature (blue line) for the upper water column.

4.5.3.2 Western Gotland Basin

The vertical methane distribution in the WGB showed strong methane enrichments with
relatively low 8'*C CH, values in the deep water (Fig. 4.8B). The methane concentration
pattern in the deep water was characterized by strong temporal variations (Fig. 4.5). Unlike in
the EGB, a correlation of the deep water methane variability and the seasonal cycle was not

observed.

The redox zone revealed a pronounced methane gradient together with increasing 8'°C CH,
values towards the oxic water layer (Fig. 4.8B).The methane oxidation rates showed relatively
low values in the oxic and anoxic zone of the water column, whereas elevated methane
oxidation rates were detected within the redox zone (Fig. 4.8B). At this zone, methane
oxidation rates were highest in February 2012 with lowest turnover times of 63 days in
November 2011 and 18 days in February 2012 (Tab. 4.2). As determined for the GD, the
highest concentrations of aminotetrol and aminopentol were measured in February 2012

within the redox zone (Fig. 4.6).
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Figure 4.8. Landsort Deep. February and August 2012. A) Vertical profiles of temperature
(red line), salinity (green line), and turbidity (black line). The redox zone is denoted by the
gray shaded area. B) Methane concentrations (red circles), 8"°C values of methane (green
triangles), and methane oxidation rates (blue diamonds). Please note different scales for
methane oxidation rates in comparison to Figure 4.4. The data of August 2012 were taken
from Jakobs et al. (2013).

The oxic water layer of the WGB was characterized by methane concentrations lower than 17
nM CH,. Similar to summer methane concentrations in the EGB, a methane maximum
accompanied by an isotopic shift could be observed in the oxic water layer below the
thermocline (Fig. 4.9). The water layer above the thermocline was characterized by lower
methane concentrations and increasing 8'°C CHy values towards the surface water (Fig. 4.9),
which were close to values measured in the atmosphere of the Baltic Sea (-47.6 %o,

http://www.esrl.noaa.gov/gmd/dv/iadv/).
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Figure 4.9. Landsort Deep. Vertical profiles of methane concentrations (red circles), 81C
values of methane (green triangles), and temperature (blue line) for the upper water column.

Table 4.2. Methane oxidation rates, turnover rate constants, and methane turnover times in
the Gotland Deep and Landsort Deep. The data of August 2012 were taken from Jakobs et al.

(2013).
Parameter Gotland Deep (GD) Landsort Deep (LD)
Aug. Nov. Feb. Aug. Aug. Nov. Feb.  Aug.
Time
‘11 ‘11 ‘12 ‘12 ‘11 ‘11 ‘12 '12
. meth idati Md!
max. methane oxidation rates [nMd7] ) 037 0.49 0.12 1.03 365 386 0.6l
in the redox zone
integrated methane oxidation rates,
ir,. [nmol d”' m™] in the redox and 1.72 6.29 6.45 1.77 895 14726 3763 485
lower oxic zone
i
max. turnover rate constant, k [d"]in o100 0063 00045 00022 0009 0016 0056  0.008
the redox zone
. . -1 .
min. methane turnover time, k™ [d] in 357 159 ) 455 11 63 18 125

the redox zone
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4.6 Discussion

4.6.1 Influence of vertical mixing on the deep water methane distribution

In the central Baltic Sea, vertical mixing directly impacts the vertical transport of reduced
compounds (e.g. iron II, manganese II, ammonia or methane) from the deep anoxic water
towards the redox zone (Dellwig et al., 2010; Jakobs et al., 2013; Reissmann et al., 2009).
Since the halocline efficiently decouples the surface from the deeper waters, vertical mixing
processes in the EGB below the halocline are triggered by wind events, which excite several
types of deep water motions (e.g. internal waves). These motions, through dissipation of
energy, lead to vertical mixing, which can be quantitatively described by vertical turbulent
diffusivities (Holtermann et al., 2014; Holtermann and Umlauf, 2012). In addition, the close
distance to the coastline, which can cause coastal-trapped waves, may also influence the

intensity of vertical mixing (Axell, 1998).

Seasonal studies conducted by Axell (1998), at the 150 m depth level, indicate a seasonal
variability with increased vertical mixing in the EGB in November and February compared to
August and May (GD, K,: August: 0.8%10° m” s™', November: 2.4¥10° m” s™). Calculations
for the depth range below 150 m showed even a slight increase of K, towards the bottom
water (Axell, 1998). In the EGB, these K, strongly correlate with the periodic decrease in
methane concentrations in November as well as with the increase in methane concentrations
between February and August (Fig. 4.5). These seasonal variations are also visible in the deep
water H,S concentration distribution (Fig. 4.3), which reflected the same fluctuation trend as
observed for methane concentrations. The contribution of decomposing organic matter to
pronounced seasonal shifts of H,S concentrations has not been observed in the water column
of the Baltic Sea (Nausch et al., 2012). The occurring significant changes of H,S
concentrations are rather described as a result of hydrodynamic events within the deep anoxic

water column (e.g. inflow events, turbulent diffusion) (Fonselius, 1981).

Although the vertical turbulent diffusivities calculated for the GD (Fig. 4.10A) are somewhat
lower than values determined by Axell (1998), the seasonal difference between August 2011
and November 2011 is of the same order of magnitude. When comparing the magnitude of the
calculated K, with the seasonal variations of the deep water (230 m) methane concentrations

(Fig. 4.10A), the pronounced methane decrease in November 2011 correlated with the
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enhanced K, reflecting an upward transport of deep water methane into the redox zone,
where most of it is microbially consumed. In contrast, the decreasing K, from November 2011
until August 2012 led to an increase in the deep water methane concentrations. Therefore, the
highest methane concentrations in the bottom water of the GD were detected in May in both
years. Similar to the GD, an even more pronounced fluctuation trend was found in the FD,
which can also be attributed to the enhanced vertical mixing during the time period from
November until February and lower mixing between May and August. The influence of deep
water mixing on the methane concentrations indicates that the observed methane
accumulations in the EGB can only occur during time periods of weak vertical mixing.
Furthermore, the annual wind-induced increased vertical mixing in November prevents the

continuing enrichment of methane even during periods of deep water stagnation.

As described for the EGB, the K, determined in the WGB are also highest in November and
February (e.g. LD, 150 m water depth: November: 7.0¥10° m” s™'; LD, August: 5¥10° m” s,
Axell (1998)) with considerably elevated values in the WGB compared to the EGB. However,
according to the determined depth variations of K, (Axell, 1998), the influence of vertical
mixing is strongly reduced below 350 m water depth in the WGB and showed a maximum
within the upper anoxic zone (200 — 300 m, K);: 9.5%10° m” s™). In this study, the vertical
structure of K, was reflected by the measured methane concentrations as well as the vertical
distribution of "°C CH, values (Fig. 4.8). The depth range between approx. 150 and 300 m is
directly affected by the enhanced intensity of vertical mixing, leading to the homogenization
of the water column and thus to relatively uniform and temporally stable methane
concentrations within the upper anoxic zone (e.g. CH4 conc. in 200 m water depth, Fig.
4.10B). In contrast to the EGB, the bottom water of the WGB was characterized by much
higher methane concentrations. The reason for this methane accumulation may be the strong
decrease of K, below 350 m water depth, which can efficiently suppress the turbulent vertical
methane flux in these depths. This assumption is further supported by the calculated K,
showing no clear correlation with the temporal methane concentration profile of the deep

water (Fig. 4.10B, 430 m).
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Figure 4.10. Calculated vertical turbulent diffusivities K, (blue squares) and bottom water
methane concentrations between August 2011 and November 2012. A) Gotland Deep.
Methane concentrations in 230 m water depth (red circles). B) Landsort Deep. Methane
concentrations in 200 m (green triangles) and 430 m water depth (red circles).

However, the deep water methane concentrations in the WGB (e.g. in the LD) were
characterized by considerable temporal variations (Figs. 4.10B and 4.11C). The
hydrodynamic impact of mixing processes on the deep water layer can be derived from the
vertical salinity distribution, as vertical mixing causes a decrease in salinity due to mixing
with less saline overlying water masses. In February 2012 and 2013, enhanced vertical mixing
is 1llustrated by a pronounced salinity decrease in the deep water layer of the LD (Fig. 4.11F).
This also implies that in February 2013, the deep water of the LD was significantly more
affected by mixing processes compared to February 2012, which is indicated by a strongly
decreased salinity below 250 m water depth during the second year. Therefore, methane could
only accumulate in that part of the water column (Fig. 4.11C, >300 m, February—May 2012),
which was not affected by enhanced vertical mixing. Summarizing, the intensity of vertical
mixing as well as the extent of the mixing depth are clearly crucial factors influencing the

deep water methane distribution in the central Baltic Sea.
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Figure 4.11. Gotland Deep, Fard Deep and Landsort Deep. A), B) and C) Temporal
development of the methane distribution in the deep water. D), E) and F) Temporal
development of the salinity distribution in the deep water. Please note different scales for
methane and salinity distribution.

Besides seasonal variations of vertical mixing, potential seasonal changes of the sedimentary
methane source (methanogenesis) may impact the methane flux into the redox zone as well.
An important factor influencing the methane production is the availability of organic
substances. Gustafsson and Stigebrandt (2007) demonstrated for the GD that sinking
particulate organic matter has a short residence time in the water column and is thus mainly
decomposed in the sediment. Changes in the methane flux caused by seasonal variations of

the sedimentation rate of organic material are considered to be insignificant due to the
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negligible production of methane within the upper sediment layer (Piker et al., 1998). Piker
and co-authors (1998) could show that the bulk production of methane occurs in the deep
sediment (> 1m) below the sulfate-containing sediment layer (0 — 20 cm). In addition changes
in the temperature, which can influence the methane production (Bange et al., 1998), cannot
explain differences in the methane production rates and sedimentary methane flux since the
temperature showed no significant changes (e.g. GD: £ 0.01 °C) in the deep anoxic water
during the sampling campaign. However, even if methane production rates are not available
for the time frame presented in this study, it is assumed that the two main drivers for the
seasonal modulation of methane production in the sediment are expected to have a minor

effect in the deeper basins of the Baltic Sea.

4.6.2 Intrusions of saline water

The salinity and temperature trends of the deep water indicate a stagnation period during the
entire sampling time without any ventilation by saline oxygenated water (Nausch et al., 2012,
2013; Reissmann et al., 2009). Besides strong intrusions of saline water from the North Sea,
which impact the physical, chemical and biological conditions in the deep water (e.g. major
Baltic Inflows), lateral weak intrusions also have the potential to influence the intermediate
water layer of the central Baltic Sea (Meier, 2007). The horizontal salinity gradient from the
EGB towards the WGB (Fig. 4.2) illustrates that most of these lateral weak intrusions will
bypass the GD and further propagate into the deep water layers of the WGB, provided that the
transport route is not blocked by any topographic obstacles. This assumption is supported by
the density distribution in both basins, which shows that the density measured in the GD at 95

m is similar to the one found in the bottom water (430 m) of the LD.

The seasonal patterns of salinity and methane in the deeper water column (Fig. 4.11) clearly
indicate the impact of saline intrusions on the seasonal methane distribution in the WGB.
Intrusions of saline water masses most likely directly influenced the deep water methane
concentration by dilution with less methane-enriched water. An intrusion of saline water into
the LD and a successive methane decrease could be identified in August 2012 and May 2013
(Figs. 4.11C and 4.11D). The penetration of saline water into the WGB was also documented

by the measured H,S concentrations in the deep anoxic waters, which also showed apparent
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decreases in the LD from May 2012 (41 uM H,S) until August 2012 (14 uM H,S) and from
March 2013 (29 uM H,S) until May 2013 (18 uM H,S).

The minor influence of lateral weak intrusions on the deep water methane distribution in the
EGB is reflected in the data set obtained at the GD. Although slight increases of salinity could
be detected in May 2012 and 2013 (Fig. 4.11D), these changes are explained by the variability
of the salinity and temperature profile due to deep water motions within the basin. The
motions can create reversible changes of about 0.1°C and 0.1 g/kg on time scales of 14 hours
to 3 days (Holtermann et al., 2014; Holtermann and Umlauf, 2012). The measured deep water
methane concentrations in May 2012 and 2013 even showed an increase (Fig. 4.11A),
supporting the notion that waters from deeper areas, which have a higher salinity and methane
concentration, have been advected by the deep water motions. The sediment in the GD are
characterized by a high turnover of organic matter, resulting in enhanced methane generation
and the release of methane into the water column, respectively (Piker et al., 1998). Therefore,
it is assumed that the sedimentary methane production in the EGB represents the dominant
methane source. Methane-enriched waters intruding from sub-basins upstream from inflowing
saline water are a minor additional methane source. In contrast to the hydrodynamic situation
in the GD, the northerly situated FD (Fig. 4.1B) shows indications of the impact of lateral
weak intrusions on the deep water methane distribution at least at the end of the time series.
At this sampling station, the pronounced salinity increase in May 2013 can be attributed to a
saline intrusion, and may have thus prevented the accumulation of methane (Figs. 4.11B and
4.11E). In summary, the areas more closely located towards the WGB and characterized by
less dense bottom water will be stronger affected by lateral weak intrusions than those in the

EGB.

4.6.3 Microbial response on varying substrate availability in the redox

zone

The obtained data set in this study together with the embedded data from Jakobs et al. (2013)
clearly emphasize the oxidation of methane within the redox zone by significant changes of
the 8"°C CH,4 values, a pronounced methane gradient, elevated oxidation rates, and the

presence of lipid biomarkers indicative of aerobic methanotrophic bacteria (Figs. 4.4B, 4.6
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and 4.8B). In this study, the integrated methane oxidation rates within the redox zone
demonstrated the apparent response of the methanotrophic community on seasonally varying
substrate (CHj4) conditions (Tab. 4.2). At both locations (GD and LD), the integrated
oxidation rates were much larger in November 2011 and February 2012 than in August
2011/2012 (Tab. 4.2). Based on the accelerated methane transport towards the redox zone
during November 2011 and February 2012 an adaption of the methanotrophic community can
be expected (Mau et al., 2013). Assuming that the turnover rate constant (k) is an indirect
proxy for the population size and/or cell activity (Kessler et al., 2011; Valentine et al., 2001),
the measured k-values indicated an effective adaption of the methanotrophic community

depending on the variable upward supply of methane from the deep anoxic waters.

Apart from k as an indirect proxy, the microbial response was further reflected in the
concentration pattern of bacteriohopanepolyols (Fig. 4.6). Within the redox zones at both
sampling sites, aminotetrol and aminopentol, together indicative for aerobic methanotrophs
and the latter for type I aerobic methanotrophic bacteria (Talbot et al., 2001) showed a
pronounced concentration increase from August 2011 to February 2012, indicating a positive
adaptation of the methanotrophic community to the increasing substrate supply during this
time period (Fig. 4.6). The analysis of biomarkers demonstrated that the enhanced methane
turnover in November 2011 and February 2012 (Tab. 4.2) are mainly caused by the increase
in population size. However, an increase in biomarker concentrations due to enhanced cell
activity cannot be completely excluded since changes in the enzyme activity can influence the
metabolism of bacterial cells and the concentration of metabolites and effectors (Rdling
(2007) and references therein). Interestingly, the aminotetrol and aminopentol were also
detected in the anoxic water below the redox zone (Fig. 4.6). Berndmeyer et al. (2013) and
Blumenberg et al. (2013) demonstrated that the biomarker signal of aerobic methanotrophs
within the GD redox zone is also transferred into the sedimentary geological record. The
presence of BHPs in the anoxic water column may thus reflect water column transport
between the redox zone and sediment. However, in the deep water, the contribution of other
bacteria to these bacteriohopanepolyols cannot be excluded, because sulfate-reducing bacteria
(SRB, e.g. genus Desulfovibrio), that are abundant in the anoxic waters of the Baltic Sea
(Gast and Gocke, 1988), were also identified as producers of aminotetrol and aminopentol

(Blumenberg et al., 2012; Blumenberg et al., 2006). However, both compounds were reported
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to be only trace compounds in SRB and thus methanotrophic bacteria are considered as the

main contributors of aminotetrol and aminopentol in the central Baltic Sea water column.

4.6.4 Methane production in the oxic water layer

In addition to methane oxidation, methanogenesis takes place in the oxic water layer of the
central Baltic Sea. First indications for methanogenesis within the water column of the
Gotland Deep (GD) were provided by Schmale et al. (2012), who observed a methane
anomaly during summer 2008. Similar methane anomaly was also detected in this study. In
the oxic water layer, the carbon isotope ratio of methane showed a considerable Bc CH,4
depletion and a pronounced increase of methane (Figs. 4.7 and 4.9) indicating microbial
methane production. The isotopic backshift to more negative 8'°C CH, values is caused by the
isotope discrimination against *C during methanogenesis (Whiticar, 1999). As 8"°C CH,
values were only determined in the GD and LD, the influence on the stable isotope pattern of
methane can only be shown for these two sites. However, during the two-year sampling
period, the methane concentration maximum in the oxic water column was detected in a large
spatial extension through the EGB and the WGB in a time frame from May until November
(Fig. 4.5).

The formation of a temporal thermocline at the beginning of summer separates the oxic water
layer into two physically different sub-layers which hamper vertical mixing and the transport
of methane towards the surface water (Figs. 4.7 and 4.9, temperature profiles). It is assumed
that the observed methane anomaly results from a continuous microbial methane production
in the oxic waters, which cannot be compensated by microbial methane oxidation or
ventilation into the atmosphere. This leads to an accumulation of methane in the oxic water
layer between 20 and 70 m water depth (see Fig. 4.5, August). Wind-induced water column
mixing at the beginning of November promotes the deepening of the mixing depth and thus,
the upward transport of the accumulated methane to the sea surface and an enhanced release
of methane into the atmosphere (see Fig. 4.5, February 2012). In the central Baltic Sea
significant differences in the methane fluxes during summer and winter were confirmed by
Giilzow et al. (2013), who reported higher methane fluxes in February compared to

July/August. The sedimentary methane source apparently does not significantly contribute to
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the steady methane enrichment in the oxic water layer during summer and early fall because
the isotopic signature within the oxic water layer cannot be explained by the upward transport
from the deep methane pool. The pronounced pelagic methane oxidation in the redox zone
results in an isotopic shift to more positive e CH,4 values. The 8¢ CHy4 value within the
sub-thermocline oxic water layer is lighter than below (governed by methane oxidation in the
redox zone) and above (governed by exchange with the atmospheric methane pool), thus

clearly pointing to biogenic production within this zone.

Methane anomalies under oxic conditions are well known as the “ocean methane paradox™
(Reeburgh, 2007). The accumulation of methane in oxic waters has been observed in different
marine environments like the Mediterranean Sea, North Atlantic Ocean (Traganza et al.,
1979) or the Gulf of Mexico (Brooks et al., 1981) demonstrating that the process of
methanogenesis is not restricted to anoxic sediments. Previous studies postulated that pelagic
methane production in the presence of oxygen may result from the metabolisms of methylated
compounds (e.g. methylphosphonates (MPn) Karl et al. (2008), dimethylsulfoniopropionate
(DMSP) Damm et al. (2010)) or the activity of methanogenic archaea in the presence of
photoautotrophs (Grossart et al., 2011). Other theories proposed that the production of
methane is related to anoxic micro-niches within organic particles or fecal pellets (Karl et al.,
2008; Karl and Tilbrook, 1994). Zooplankton grazing experiments conducted by De Angelis
and Lee (1994) showed zooplankton methane production rates depending on the grazing
zooplankton species and the phytoplankton diet. Mesozooplankton (copepods) can create
local anoxic microenvironments in their guts in an otherwise oxic water column (Tang et al.,
2011). These studies demonstrate that the different mechanisms of methane formation have
also to be considered as important potential methane sources in the oxic water column of the

Baltic Sea.

The data suggest that biogenic methane production within the oxic water column is a general
feature of the central Baltic Sea in the summer period, potentially driving the moderate
methane flux towards the atmosphere during that part of the year, as well as the enrichment of

methane in upwelled waters during summer upwelling reported by Giilzow et al., (2013).
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4.7 Conclusion

The present study in the central Baltic Sea shows that seasonal and episodic temporal
hydrographic events impact the water column methane distribution and the associated
methanotrophic response within the pelagic redox zone. In the eastern Gotland Basin, deep
water methane concentrations are regulated by seasonally occurring mixing events, whereas
those in the western Gotland Basin are mainly regulated by infrequent episodic lateral weak
intrusions. The methane oxidizing community at the redox zone reacts effectively to changes
in methane supply, which is determined by the transport from the deep anoxic methane pool.
In addition to methane oxidation, methane in the central Baltic Sea is produced in the oxic
water layer below the thermocline, in agreement with studies on the “ocean methane paradox”

in other marine regions.
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5 Bioreactor studies to investigate the methane-
dependent denitrification under suboxic
conditions within the redox zone of the central
Baltic Sea

5.1 Introduction

The evidence of aerobic methane oxidation coupled to denitrification was provided for
different freshwater environments, whereas the significance of this process for the marine
realm has not been adequately investigated. The goal of this study aims at the investigation of
methane-dependent denitrification under suboxic conditions in the marine environment. The
stratified water column of the central Baltic Sea with its oxygen-depleted intermediate depth
interval (redox zone), which is continuously supplied with methane from the sediments and
characterized by pronounced nitrate and nitrite gradients, provides an ideal study area to
investigate the link between methane oxidation and nitrogen conversion. In the present study,
an environmental water sample from the Gotland Deep redox zone (central Baltic Sea) was
gathered as inoculum to accumulate microorganisms under suboxic conditions in a bioreactor
consisting of methanotrophic and denitrifying bacteria, which perform methane oxidation
coupled to denitrification under suboxic conditions. During the enrichment experiment the
culture was monitored by different analytical methods (Fig. 5.1) such as nutrient analysis, cell
counting, microbial activity measurements ("N and '*C labeling experiments), biomarker
analysis, fingerprint methods, and further characterized by phylogenetic analysis (stable

isotope probing) and NanoSIMS measurements.

5.2 Methods

The methods applied for this study are introduced in chapter 2.2 of this thesis. An overview of
the analytical approach of the conducted bioreactor enrichment experiment is shown in Fig.

5.1.
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Figure 5.1. Flow diagram of the analytical approach of the conducted enrichment experiment.
The methods applied for the enrichment experiment are described in chapter 2.2.

5.3 Sampling strategy at the Gotland Deep redox zone

A water sample of 4.2 liter was taken using a rosette sampler in 86 m water depth from the
Gotland Deep redox zone in August 2012. The sampling depth was chosen exactly at the
depth where the profiles of nitrate and nitrite revealed pronounced concentration gradients
accompanied by strongly decreasing methane concentrations towards the upper water body
(Fig. 5.2). Moreover, the sampling depth was characterized by oxygen limiting conditions
(2.7 uM 0O,), representing suitable conditions for aerobic methane oxidation as well as the

potential of co-occurring denitrification (Modin et al., 2007; Thalasso et al., 1997).
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A) Physical Parameters B) Gas Chemistry C) Methane Oxidation D) Nitrate / Nitrite Concentration
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Figure 5.2. Gotland Deep. A) Vertical profiles of temperature (red line), salinity (green line),
and turbidity (black line). B) Methane (red circles), "°C values of methane (green triangles),
oxygen (blue circles) and hydrogen sulfide (black circles) C) Methane oxidation rates (light-
blue diamonds). D) Nitrate (black circles) and nitrite (green circles). The redox zone is
denoted by the gray-shaded area. The red dashed line illustrates the sampling depth of the
bioreactor inoculum.

5.4 Cultivation procedure

The water sample was directly transferred into an autoclaved bioreactor (Fig. 5.3, Applikon
Biotechnology, Netherlands, total volume 7 liter, max. working volume during enrichment 5.2
1). Before filling the bioreactor with the water sample, the culture vessel was flushed with
argon to avoid the entry of additional oxygen to the enrichment culture. The cultivation
procedure was immediately started directly on board after filling the bioreactor and later
continued at the IOW. The bioreactor was sparged with a mixture of CH4/CO, (95:5 v/v,
purity 99.995 %, Linde gas, Germany) with a flow rate of 10 ml min™'. The CO, concentration
in the gas supply maintained a relatively constant pH range (6.8 — 7.0) in the enrichment
liquid, which was monitored by a pH electrode. A nutrient solution (Tab. 5.1) was
continuously supplied (0.1 ml min™), consisting of an artificial brackish water medium (Bruns
et al., 2002), which was modified by addition of nitrite and nitrate, trace elements (Widdel et
al., 1983), vitamins (Balch et al., 1979), selenite and tungstate (Widdel and Bak, 1992). The
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nutrient solution was prepared with demineralized water (> 18 MQ cm™) and analytical-grade
reagents. Moreover, during the supply the nutrient solution was continuously sparged with a
mixture of Ar/CO, (95:5 v/v) to maintain anoxic conditions. To prevent the growing of
photosynthetic organisms, the bioreactor was covered with aluminium foil. In addition, all
tubings (Norprene®, Saint Gobain, France) for gas- and nutrient-supply were light-proof and
revealed a low oxygen permeability. The culture was continuously stirred (250 r.p.m.) and
temperature controlled at 25°C. The gas outlet of the bioreactor was equipped with a gas
cooler to condensate evaporated culture liquid, which would be exhausted with the gas
stream. The liquid volume of the culture vessel was maintained with a level controller and an
effluent pump. Dissolved oxygen in the culture liquid was continuously measured with an
oxygen sensor (Clark-type, precision + 0.1%) to detect the entry of large oxygen quantities.
For more sensitive measurements, oxygen was determined periodically via gas

chromatography in the headspace of the culture vessel.

observation of pH,
temperature, dissolved
oxygen

cooled gas outlet

gas inlet: CH,/CO, (95/5) 1
e headspace sample
influent ﬂ' ——
purge: | biomass
Ar/CO, (95/5) harvest

vacuum

mineral medium sample system

P —"1

Figure 5.3. Bioreactor set up for the evaluation of the methane-dependent denitrification.
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Table 5.1. Compound concentrations of the nutrient solution.

Artificial brackish water medium [mM]

NaCl 95.0 Na,S0, 6.4
MgCl,*6 H,O 11.2 KHCO; 10.0
CaCl,*2 H,O 2.3 KBr 0.192
KCl1 2.0 H;BO; 0.092
SrCl, 0.034 KH,PO, 0.009
NH,CI 0.092 NaF 0.016
Nitrate / Nitrite [mM]

NaNO; 5.0 NaNO, 1.0
Trace elements [pM]

FeCl, x 4 H,O 7.54 Na,MoO, 0.18
CoCl, x 6 H,O 0.79 NiCl, 0.19
MnCl, x 2 H,O 0.62 CuCl, 0.015
ZnCl, 0.51 HCI (solvent) 33
Vitamins [nM]

p-Aminobenzoic acid 1820 Thiamin HCI 29.64
Folic acid 9.08 Pyridoxine HCI (Vit B6) 97.2
Biotin 16.4 Cyanocobalamine (Vit B12)  0.15
Nicotinic acid 81.2 Lipoic acid 48.4
Cacium-Pantothenate 45.6 Riboflavin 26.56
Selenite and tungstate [nM]

Na,SeO; x H,O 6.94 Na,WO, x 2 H,0O 5.44
NaOH (solvent) 2000
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The bioreactor was supplied with nutrient solution over a time period of 7 days. Afterwards,
the gas influent and gas outlet were closed and the stirrer was stopped to allow for the settling
of microbial biomass on the bottom of the culture vessel. After settling for one hour, 1 liter of
the supernatant was removed using the effluent pump. During pumping, the gas outlet was
connected to a 2 liter flask, which was filled with the exhaust gas and continuously flushed
with argon (50 ml min™), to ensure pressure equalization and to prevent the entry of large
amounts of oxygen. This weekly cycle of filling and liquid removal was maintained during

the whole time of enrichment.

5.5 Results

5.5.1 Microscopy inspection and cell counting

The enrichment culture contained cocci and rods, whereby rod-shaped bacteria were
dominating the culture (Fig. 5.4, week 6 and 15). In the further time course changes in the
microbial community were observable, e.g. by the occurrence of flagellates (Fig. 5.4, see

luminous dots at week 19).

At the beginning of the enrichment experiment the cell number increased continuously (Fig.
5.5) and showed a maximum of 1.7%107 cells ml 1" at week 4 (environmental sample: 8.3%10°
cells ml I"). This cell number maximum was accompanied by the formation of
macroscopically visible particles (particle diameter: ~ 1 mm). In the following time course the
cell number dropped down by 73% from week 4 until week 7 and remained on a relatively
stable level afterwards (approximately 4.6%10° cells ml I'") with some minor variations until
week 40. The end of the enrichment experiment was characterized by two obvious maxima of

1.6%10” and 1.4*107 cells ml I'', which were observed in week 43 and 53, respectively.
5.5.2 Oxygen concentration

The gas chromatographically measured oxygen content in the culture liquid amounts on

average to 0.5 uM O,. No indications for huge oxygen amounts in the bioreactor were
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detected via the Clark-Electrode (detection limit: 45 pM O,) during the whole time of

enrichment.

5.5.3 Nitrate and nitrite concentrations

According to the continuous supply of nutrient solution (5 mM NO3™ and 1 mM NOy), the
concentrations of nitrate and nitrite increased steadily within the first weeks of enrichment
(Fig. 5.5, I) and reached a concentration plateau at week 10 (0.93 mM NO;  nitrite and 4.87
mM NOj"). An apparent decrease of nitrite (Fig. 5.5, II) was observed from week 12 (0.93
mM) until week 18 (0.54 mM). In this time frame the nitrate concentrations showed also a
pronounced decrease (from 5.12 to 4.79 mM NOy"). In the following time period (Fig. 5.5, III)
the concentrations increased significantly and reached values (max. 6.54 uM NOs™ and 1.13
uM NO;’), which exceeded the nitrite and nitrate concentrations of the added nutrient
solution. The end of the enrichment experiment (Fig. 5.5, IV) was characterized by nitrite and

nitrate concentrations, comparable to those, which were adjusted for the nutrient solution.

Figure 5.4. Microscopy examination (1000-fold magnification) of DAPI stained cells
showing coccoid- and rod-shaped bacteria. Please note the microscopy pictures were obtained
with varying filtration volumes (week 6 and 27: 2 ml; week 15 and 19: 7 ml).
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5.5.4 Denitrification rates

The determined reduction of nitrite at the beginning and at the end of the enrichment
experiment was on the same order of magnitude (Fig. 5.5, I and IV). Compared to these
measured rates the nitrite reduction was strongly decreased at week 13 (Fig. 5.5, II).

However, the conversion of nitrate was only observed at week 13.

5.5.5 Methane oxidation rates

The measured methane oxidation rates showed significant temporal variations over the course
of the enrichment. The lowest oxidation rate (132 nM d') was measured at the beginning of
the experiment at week 7 (Fig. 5.5, I). However, already the following measurement at week
13 (Fig. 5.5, II) showed a strongly increased oxidation rate (1191 nM d'). Compared to this
oxidation rate, the intermediate period of the enrichment experiment (Fig. 5.5, III) was
characterized by lower oxidation rates, which amounted on average to 416 nM d’'. The
determined oxidation rates at the end of the enrichment (Fig. 5.5, IV) showed a strong steady

increase from week 33 until week 46 (from 302 to 2398 nM d™).

5.5.6  SSCP analysis

The temporal development of the bacterial abundance showed substantial changes during the
enrichment experiment. Especially at week 13 (Fig. 5.5, II), the abundance of specific bacteria
changed, clearly visible by the variations of the band pattern (Fig. 5.6). Sequence analysis of
the dominant bands revealed sequences which cannot be assigned phylogenetically to
methanotrophic bacteria. Interestingly, the sequence analysis of band 8 (Tab. 5.2) at week 19
and 22 (Fig. 5.5, II and III) show evidence for the occurrence of bacteria belonging to the

Hyphomonas sp..
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Figure 5.6. SSCP analysis. Black
squares illustrate sequenced bands, the
numbers in red denote the phylogenetic
affiliations listed in Table 5.2.
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Table 5.2. SSCP sequence analysis. The phylogenetic affiliations of the sequenced bands are
listed according to the numbering in Fig. 5.6.

Band Phylogenetic affiliation sSi‘:I(llil;z:ict; Accession number
1 Acidovorax sp. 100 % KF556688

2 uncultured bacterium delta proteobacterium 99 % GU567808

3 uncultured bacterium clone 100 % FJ354442

4 Cafeteria roenbergensis mitochondrial 100 % AF193903

5 Bacterium BW3PHG 100 % KC012867

6 uncultured bacterium clone 100 % KC287100

7 uncultured bacterium clone 100 % HQ190478

8 Hyphomonas sp. 100 % AY690716

9 uncultured deep-sea bacterium clone 99 % JF973643
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5.5.7 pmoA detection and DGGE analysis

pmoA genes could be detected randomly at week 13, 22 and 30. DGGE analysis of the pmoA
gene (DNA level) at these times showed only one involved methanotrophic species. Sequence
analysis revealed a similarity of 100 % to an uncultured type I methanotrophic bacterium

(uncultured Methylococcus sp., accession number KF757070).

5.5.8 Stable isotope probing

Two groups of *C-enriched uncultured bacteria could be identified using the incubation with
3C CH, (chapter 2.2.7.1): the first group phylogenetically affiliated to type I methanotrophic
bacteria (Gammaproteobacteria), the second group belonging to Deltaproteobacteria (red
rectangles, Fig. 5.7). The detected unlabeled organisms can be assigned to denitrifying
(Betaproteobacteria) and sulfur oxidizing bacteria (Gammaproteobacteria) as well as to the

group of Alphaproteobacteria.
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Figure 5.7. Phylogenetic analysis based on stable isotope probing. Enriched organisms are
denoted by red rectangles. Black dashed rectangles denote “unlabeled” organisms.
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5.5.9 NanoSIMS analysis

The analyzed bacteria of the labeled sample (chapter 2.2.7.1) can be clearly differentiated by
their isotopic signature from those measured in the unlabeled sample (Fig. 5.8). Almost all
measured bacteria of the labeled sample showed an enrichment of '°N, of which a fraction of
~ 9 % revealed simultaneously an incorporation of °C. Therefore, the average enrichment of

>N was much higher than the measured "*C enrichment (average values of the atom percent

enrichment of all measured bacteria, coccoid bacteria: B3¢ 0.009 %, >N 0.06 %; rod bacteria:

BC0.015 %, "N 0.06 %).
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Figure 5.8. NanoSIMS analysis. A) "?C'*N image used as the basis for definition of the
region of interest (ROI). White rectangles represent areas for measuring of background
values. B) Coccoid and rod bacteria are illustrated according to their shapes. Green colored
symbols denote the measured bacteria of the unlabeled blank sample, red symbols the bacteria
of the *C CH, and "N NO, incubations.

5.5.10 Biomarker

The detected biomarker composition (Tab. 5.3) represents a highly diverse mixture of

different microorganisms. The occurrence of aerobic methanotrophic bacteria could be shown

78



Chapter 5: Bioreactor studies to investigate the methane-dependent denitrification

by the detection of the 16:1 fatty acids and by the abundance of 4a-methyl-C,;-steroid-3f-ol,
which are both representative for type I methanotrophs. The methanotrophy-specific fatty
acids were present in a relatively low abundance (16:1 FA: 1.5 — 3.7 %) compared to other
unspecific fatty acids, which cannot be precisely assigned to a specific group of organisms.
Furthermore, the stable carbon isotopic ratio of the compounds specific for methanotrophic
bacteria revealed the lowest measured 8"°C values of -74.1 %o (16:1 FA1) and -81.3 %o (40-
methyl-C,7-steroid-33-ol).

Table 5.3. Biomarker composition and stable carbon isotope signatures. Biomarkers specific
for type I methanotrophic bacteria are marked in bold letters. FA = fatty acid; i = iso branched
(02 methylated); ai = anteiso (o3 methylated); *tentatively identified.

Relative 8"C value [%o]

Biomarker abundance [%] (mean; n=2)
14:0 FA 1.5 -44.0
i15:0 FA 0.4 -31.0
ail5:0 FA 0.5 -29.4
15:0 FA 3.8 -28.6
i16:0 FA 1.2 -30.7
16:1 FA1 3.7 -74.1
16:1 FA2 1.5 -69.6
16:1 FA3 1.7 -31.1
16:0 FA 19.2 -30.8
17:1 FA 2.3 -28.9
18:1 9cis* 28.3 -25.5
18:1 FA2 1.8 -34.5
18:0 FA 11.3 -29.3
19:0 FA 7.7 -25.5
20:0 FA 10.3 -25.8
22:0 FA 5.1 -25.1
4a-methyl-C,;-steroid-3p-ol n.d. -81.3
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5.6 Discussion

5.6.1 Development of microbial biomass

The increase of the cell number by two orders of magnitude within the first four weeks of
enrichment implies a rapid accumulation of cell mass (Fig. 5.5, I). The following decrease of
the cell number after four weeks together with the formation of particles can be explained by
cell aggregation. This means that the major proportion of cells was located in the precipitating
aggregates leading to an apparent loss of single cells in the enrichment culture. The minor
variations in the following time period (Fig. 5.5, II and III) and the renewed increase of the
cell number at the end of the enrichment experiment (Fig. 5.5, IV) showed an obvious
correlation to the sampling events. This relation became particularly evident at week 40 (Fig.
5.5, IV), where almost two-thirds of the culture liquid was removed due to the sampling for
Stable Isotope Probing and NanoSIMS analysis. The removing of a considerable amount of
cell mass and the subsequent filling with nutrient solution caused a strong dilution of the
culture liquid. Therefore, the sampling led firstly to a decrease of the cell number by
withdrawal of cell mass and subsequently to an increase of the cell number during the filling
period (1 liter per week), which was followed by a renewed pronounced formation of

particles.

Furthermore, the formation of particles was accompanied by an increase of the microbial
activity (Fig. 5.5, period II: increasing methane oxidation and denitrification). The trigger of
the cell aggregation cannot be clarified in this study. However, the aggregation of cells can be
explained by active accumulation of single cells (quorum sensing) or by passive collision and
agglutination (cell adhesion) (Benoit et al., 2000; Waters and Bassler, 2005). Especially the
quorum sensing allows bacteria to communicate with their surrounding environment using
hormone-like molecules, leading to the formation of multicellular organisms. The aggregation
of cells enables a beneficial process in a large cell number, which would be not executable by
an individual single organism (Waters and Bassler, 2005). Besides the formation of particles,
the supply of nutrient solution may positively impact the microbial activity due to the

concentration reduction of toxic metabolism products during the filling period.

80



Chapter 5: Bioreactor studies to investigate the methane-dependent denitrification

5.6.2 Methane oxidation coupled to denitrification

During the enrichment experiment, the low content of oxygen (0.5 uM dissolved oxygen) was
not actively adjusted, but continuously maintained by the input of oxygen through gas tubings
with a low permeability to oxygen. The measured oxygen concentration in the culture vessel
was lower than the observed concentration at the sampling depth within the Gotland Deep
redox zone where the inoculum for the bioreactor was taken (2.7 uM O,). It is known that
oxygen suppresses the enzyme (nitrate/nitrite reductase) responsible for denitrification.
However, Ronner and Sorensson (1985) have proven an upper tolerance limit of 9 uM O, for
the denitrification under oxygen-limited conditions within the Baltic Sea water column.
Moreover, Modin et al. (2007) and references therein provided clear evidences for the
methane-dependent denitrification in the presence of oxygen. These studies demonstrated that
the concentration of oxygen should be high enough to enable the oxidation of methane, but at

the same time on a level which is not inhibiting denitrification.

Compared to previous studies investigating the coupling of denitrification and methane
oxidation using enrichment cultures from oxic fresh water habitats, the present study provides
first indication for a methane-dependent denitrification in the marine realm. The concentration
profiles of nitrite/nitrate showed a correlation with the turnover of methane during the first
twenty weeks of enrichment (Fig. 5.5, I and II). The obvious decrease of nitrite and nitrate
from week 12 to week 18 (Fig. 5.5, II) was accompanied by increasing methane oxidation
rates between week 7 and 13. Conversely, increasing nitrite and nitrate concentrations after
week 18 (Fig. 5.5, III) were accompanied by an apparent decrease of the methane oxidation
rates implying a coupling between methane consumption and denitrification under suboxic
conditions. However, the pronounced reduction of nitrite and nitrate was not in accordance
with the measured denitrification rates, because these rates are too low to achieve the
observed concentration decrease of nitrite and nitrate during the time period (Fig. 5.5, 1I). An
explanation could be the contamination with oxygen during '°N-labeling experiments leading
to an underestimation of the measured denitrification rates due to suppressing of the
nitrite/nitrate reductase activity (Dalsgaard et al., 2013). Furthermore, a large proportion of
nitrogen could be incorporated into the microbial biomass of heterotrophic denitrifiers during
assimilation of nitrite and nitrate (Jetten et al., 1997). The following concentration increase as

well as the exceeded nitrite and nitrate concentrations between week 30 and 40 (Fig. 5.5, III
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and IV) might be explained by the production of nitrite and nitrate, because some species of
denitrifiers (e.g. Thiosphaera pantotropha) are also known to act as heterotrophic nitrifiers

(Jetten et al., 1997).

In contrast to Ronner and Sorensson (1985) and Jensen et al. (2009), previous studies in the
Baltic Sea water column showed that denitrification was not detectable under suboxic
conditions, but occurred slightly below within the anoxic water layer (Dalsgaard et al., 2013;
Hietanen et al., 2012). The removal of nitrogen within the anoxic water layer of the Baltic Sea
is suggested to be regulated by autotrophic denitrification which is driven by the oxidation of
reduced sulfur compounds (Brettar et al., 2006; Brettar and Rheinheimer, 1991; Hietanen et
al., 2012). Therefore, the coupled process between methane oxidation and heterotrophic
denitrification which is assumed to be relevant in the present study plays most likely a
subordinate role for the nitrogen cycle under the prevailing environmental conditions within
the Baltic Sea redox zone. However, the enrichment experiment showed first implications of a
methane-dependent denitrification by microorganisms obtained from a pelagic marine

environment.

5.6.3 Phylogenetic and activity analysis

The detection of the pmoA gene together with sequence analysis clearly indicate the
involvement of type I methanotrophic bacteria which are phylogenetically affiliated to an
uncultured Methylococcus sp.. This finding could be verified by biomarker analysis which
also confirmed the occurrence of type I methanotrophic bacteria by the detection of specific
fatty acids (16:1) and 4-Me sterol (4a-methyl-C,7-steroid-3p3-ol). The latter was previously
found to be especially prominent in Methylococcus capsulatus (Bird et al., 1971; Elvert and
Niemann, 2008). The relatively low 8'°C values of these biomarkers are in agreement with the
high isotopic fractionation of type I methanotrophic bacteria (Jahnke et al., 1999). However,
the temporal development of the microbial community (SSCP analysis) showed no direct
evidence for the involvement of methanotrophic bacteria. Besides uncultured organisms the
occurrence of bacteria belonging to the Hyphomonas sp. could be proven using SSCP
analysis. These bacteria are known as denitrifiers, which use > C; compounds as a carbon

source (Moore et al., 1984), indicating potentially coexisting denitrifiers which are dependent
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on hydrocarbon species other than the supplied methane substrate. Whether these required
organic compounds were produced by methanotrophic bacteria or rather originate from

decomposed cell material cannot be clarified in this study.

In accordance with the biomarker analysis a diverse mixture of different organisms was
detected by analyzing the incubation assays for stable isotope probing (Fig. 5.7). The aim of
using enhanced nitrite and nitrate concentrations as well as providing methane as the sole
carbon source during the enrichment experiment was to enrich selectively denitrifying and
methanotrophic bacteria. Especially nitrite is known to inhibit bacterial processes. However,
the nitrite concentration (1 mM) of the nutrient solution was much lower than the toxicity
limit of many other bacterial species (e.g. methanogenic bacteria: ~ 3 M, Philips et al. (2002))
explaining the high bacterial diversity in the enrichment culture. Besides a variety of
unlabeled organisms, two groups of *C-enriched bacteria were observable, including type I
methanotrophs. Among the unlabeled bacteria, clone sequences of these organisms were
closely affiliated to a heterotrophic denitrifying bacterium belonging to Denitromonas sp.
(family Rhodocyclaceae), which was already described as a dominant bacterium in
denitrifying sludge reactors (Etchebehere et al., 2003; Lew et al., 2012). Interestingly, this
bacterium was associated with the formation of particles in the liquid media, whereas
aggregation in pure Denitromonas cultures could not be observed. Therefore, Lew et al.
(2012) supposed a symbiotic interaction between different organisms leading to the formation
of particles. The formation of particles was also observed in the present study shortly before
the time when denitrification and increasing methane oxidation rates were detected,
supporting the assumption of an involved syntrophic microbial community. However, the
isotopic signal from the '*C-enriched methanotrophic bacteria was not adequately transferred
into the biomass of coexisting denitrifiers, according to the described mechanism of the
methane-dependent denitrification under oxic conditions. Instead of that, bacteria affiliated to
the order Desulfuromonadales were identified as the second group of '*C-enriched
microorganisms. Probably, differences in the metabolism (i.e. utilization of soluble organic
compounds as energy and/or carbon source) of coexisting microorganisms may explain
differing ">C incorporation rates. Also, temporal delays in the propagation of the "*C signal
from the methanotrophic to the denitrifying organism during incubation have to be considered

as well.
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The incorporation of "*C into the microbial biomass was also observed at the cellular level
using NanoSIMS analysis (Fig. 5.8). Only 9 % of all measured bacteria in the labeled sample
showed a clear °C enrichment, which is in agreement with the relatively low abundance of
the detected fatty acids specific for type I methanotrophs. The ratio of "*C-labeled cells
suggest a strong accumulation of methanotrophic cells in the culture vessel compared to the
abundance of methanotrophs under environmental conditions, e.g. Black Sea, where only 2.5
% of DAPI-stained cells in the oxic water column accounts for methanotrophic bacteria
(Durisch-Kaiser et al., 2005). Also other bioreactor experiments inoculated with
environmental samples investigating the methane-dependent denitrification showed a large
number of non-methanotrophic bacteria in the enrichment culture (Eisentraeger et al., 2001;
Modin et al., 2007). Furthermore, our NanoSIMS analysis illustrates that the majority of the
measured bacteria were enriched in "N, including °C labeled bacteria. Most of these ’N-
enriched bacteria can be probably assigned to denitrifying bacteria. The simultaneous
enrichment of °C and "N was most likely caused by methanotrophic bacteria during
assimilation of nitrogen, which represents an essential compound in the metabolism of
methanotrophic bacteria (Hanson and Hanson, 1996; Madigan and Martinko, 2009).
Therefore, the uptake of nitrogen by methanotrophic bacteria in the present study could be
covered by "’N-labeled nitrogen released from denitrifying bacteria. Especially some of the
type I methanotrophs (e.g. Methylococcus sp.) are able to fix molecular nitrogen (Ward et al.,
2004). Another possibility is the direct uptake of the labeled inorganic nitrogen (i.e. '’N NOy,
>N NO5") by methanotrophic bacteria. The observed isotopic enrichment pattern obtained via
NanoSIMS was in agreement with the conducted phylogenetic analysis (stable isotope

probing), representing an involved denitrifying methanotrophic community.

5.7 Conclusion

The present study provides the first indication of the occurence of a methane-dependent
denitrification within the pelagic redox zone of the central Baltic Sea. The bioreactor
experiment showed a correlation between the consumption of methane and degradation of
nitrate/nitrite thus implying a direct linkage between both processes. The molecular biological
analysis that was identified involved type I methanotrophic and denitrifying bacteria

indicating the possible role of methanotrophs which may support heterotrophic denitrifiers by
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the release of organic compounds and accordingly representing a particular contribution for
the nitrogen removal under suboxic conditions in marine environments. The bioreactor
experiment showed the potential possibility of a methane-dependent denitrification under the
prevailing environmental conditions within the Baltic Sea redox zone. However, it can be
assumed that the nitrogen removal within the Baltic Sea redox zone is not being dominated by
this process due to the main regulation by chemolithoautotrophic denitrification, which is
considered as the relevant process for the nitrogen removal in the Baltic Sea. The selective
chemical settings in the bioreactor led rather to an enhancement of the observed coupling
process. The direct dependency of methanotrophy and denitrification from each other needs to
be examined using specific inhibitors for methane oxidation and denitrification. Furthermore,
for a better mechanistic understanding of the interaction between methanotrophs and
denitrifiers, the microorganisms involved in this process should be firstly labeled by
fluorescence in situ hybridization (FISH) and further investigated by NanoSIMS analysis to

gain a clear assignment between the activity and identity of involved microorganisms.
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General conclusions and future perspectives

In the present thesis, the pelagic microbial methane oxidation within the redox zones of the
Gotland Deep and Landsort Deep (central Baltic Sea) was investigated to reveal their
dependence on different oceanographic conditions such as the vertical transport rate of
methane towards the redox zones as well as differing situations of disturbance within the
redox zone. To identify influencing factors and their impacts on the seasonal and spatial
distribution of methane and to track changes in the associated microbial methane
consumption, a sampling campaign of, in total, 11 cruises from August 2011 to August 2013
was carried out along a transect from the eastern to the western Gotland Basin, central Baltic
Sea. Another goal of this thesis was the investigation of the methane-dependent denitrification

in a marine environment.

In the redox zones of the Gotland Deep and Landsort Deep microbial methane consumption
was identified by the distribution patterns of the concentration of methane, Bc CH4 and
elevated methane oxidation rates. In the redox zones at both sampling sites only one
phylotype of aerobic type I methanotrophic bacteria was identified, implying that the different
oceanographic conditions at both deeps do not influence the diversity of the methanotrophic
community. In contrast, the microbial turnover of methane in the redox zones reveals
considerable differences with lower methane oxidation rates in the Gotland Deep than in the
Landsort Deep. The turnover of methane within the redox zone is controlled by the intensity
of lateral intrusions and the vertical transport rate of methane from the deep anoxic water into
the redox zone. Furthermore, the obtained results confirm that the microbial methane
consumption within redox gradients represent an efficient methane sink preventing the escape

of methane from the deep anoxic zone into the atmosphere.

The two year sampling campaign showed that seasonal and episodic temporal hydrographic
events impact the water column methane distribution and the associated methanotrophic
response within the pelagic redox zone. In the eastern Gotland Basin, deep water methane
concentrations are regulated by seasonally occurring mixing events, whereas those in the
western Gotland Basin are mainly regulated by infrequent episodic lateral weak intrusions.
The methane oxidizing community at the redox zone reacts effectively to changes in methane

supply by adapting the population size of methanotrophs and/or the rate of methane oxidation,
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which is determined by the transport from the deep anoxic methane pool. Furthermore,
methane production under oxic conditions was identified below the thermocline by elevated
concentrations of methane and its stable isotope pattern, and appears to persist all summer and

within the entire central Baltic Sea.

The investigation of the methane-dependent denitrification using the accumulation of
involved microorganisms provides first indications of a dependency between aerobic methane
oxidation and nitrogen conversion in a marine environment. The correlation of both processes
was mirrored by a simultaneous increase or decrease of methane oxidation and denitrification.
The detection of type I methanotrophic bacteria and coexisting heterotrophic denitrifiers in
the enrichment culture inoculated with a water sample from the Gotland Deep redox zone
demonstrates the potential impact of aerobic methanotrophy on the nitrogen removal in

pelagic marine environments.

During the drafting of this present thesis further questions have arisen and will form the basis
of future work. Firstly, open questions regarding the involvement of other electron acceptors
besides oxygen, particularly the clear evidence of sulfate-depending anaerobic oxidation of
methane (AOM) in the deep anoxic waters need to be clarified in further studies using
suitable radio labeling techniques. This would be also linked to the question about the
regulation mechanisms of AOM processes in anoxic, sulfate bearing waters as present in the
deep basins of the central Baltic Sea. The present work could show that hydrographic events
impact the water column methane distribution and the associated microbial response within
the pelagic redox zone. However, for a detailed methane budget of the central Baltic Sea
additional studies are needed to determine for example the methane source strength from the
sediment, the microbial methane consumption in the anaerobic water layer, and methane
production in the oxic water column. Moreover, there needs to be an examination of whether
the microbial response on variable methane fluxes is caused by changes in the microbial
population size or if this is related more to the adaptation of the cell activity. Based on the
enrichment experiment further studies such as the labeling of involved microorganisms by
fluorescence in situ hybridization (FISH) combined with NanoSIMS measurements would be
helpful to gain a more precise assignment between involved microorganisms and activity
measurements. In addition, the interaction between methanotrophic and denitrifying bacteria
could be investigated by the use of specific inhibitors for methane oxidation and

denitrification. Besides additional analytical studies the optimization of the enrichment
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conditions such as shortening of the enrichment duration and the decrease of the time interval
for the mineral medium supply could reduce the accumulation of dead cell material and toxic
metabolism products. Furthermore, a more selective enrichment of process-involved
microorganisms could be achieved by an increase of the nitrate and nitrite concentrations.
These optimizations are promising measures in order to improve the mechanistic
understanding of the coupling between aerobic methane oxidation and denitrification. The
conducted enrichment experiment provides first indications that aerobic methane oxidation
has a favorable impact on the denitrification under suboxic conditions in marine
environments. This impact plays most likely a subordinate role for the Baltic Sea, because
chemolithoautotrophic denitrification is suggested as a dominating process for the nitrogen
reduction in the Baltic Sea. However, in the open oceans, where denitrification under suboxic
conditions is thought also to be regulated by heterotrophic denitrification, the influence of
aerobic methane oxidation on the nitrogen cycle appears to play an important role in these

aquatic systems.
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