MONASH University

Anoxic metabolism in permeable sediments

Michael Francis Bourke
BA/BSc(Hons)

Water Studies Centre
School of Chemistry
Monash University
September 2017

A thesis submitted to the Faculty of Science, Monash University, Clayton in the fulfilment of
the requirements for the degree of Doctor of Philosophy.






Copyright notice

© Michael Francis Bourke (2017).
| certify that | have made all reasonable efforts to secure copyright permissions for third-party

content included in this thesis and have not knowingly added copyright content to my work
without the owner's permission.






Table of contents

N 11 =T xi
DeClaration. . .cceiiiiiiiiieiieiiiieiieeietiiententeecsententessscnssnsessessnsansessnssnsansanes Xiii
Thesis including published Works declaration.......cceceeeeeeeiinieeieeenrenreeeeecerensencenn, XV
ACKNOWIEAGEMENTS. .t tuiieiieiieeiiiietieeersnteareesssntonssssnsonsssssssnssnssnsssssssnssnssssns xvii
IS o) o [V o PP XiX
(I ) = o =N XXi
Chapter 1: INtrOdUCTION «euiieiieiiiiiiniieeieeetieeeeeeeesensensescnsensessescnssnsansascnsansanses 1
1.1 Permeable sediment type and solute transport..............cooveeiiiiiiiiiiiiiee, 1

1.2 Flow through reactors (FTRs) and the challenge of replicating flow conditions......2
1.3 Anaerobic heterotrophic metabolism. ... 4

1.4 The discrepancy between rates of dissolved inorganic carbon (DIC) production and

rates of heterotrophic metabolism................. 6

1.5 Possible sources of large quantities of DIC under anoxic conditions.................. 7
1.5.1 Aerobic respiration............coooeiiiiiii i 7

1.5.2 Anoxic respiration by benthic meiofauna...........................o 8

1.5.3 DNRA viaintracellular nitrate pool...................coooiiiiiii, 9

1.5.4 Calcium carbonate disSOIUtION.............cooiiiiiiii e, 10

1.5.5 Fermentation uncoupled to heterotrophic metabolism................... 10

1.6 Project aims and thesis StrUCTUIe. ..........oviiiiii e, 12
L7 RETEIENCES. ..ot 13

anoXiC PermMeable SEAIMENTS. ..iveiriieiiiieieiitetiateeeerenrsasescessnsensssnssnssnsssssnsanss 19
2.1 ADSEIACE. ..ottt 19

2.2 INtrOQUCTION. . ...t 20

2.3 MEENOGS. ...t 26

2.3.1 Sample collection...........cooiiiiiiii 26

2.3.2 Flow through reactors and experimental design........................... 26

2.3.3 Intracellular nitrate pool experiment.................ooiiiiiiiiiiinn.n. 29

2.3.4 Dissolved oxygen gas leakage method validation experiment.......... 30

2.3.5 Sample analysis.........cooiiriiiiiiii 30

2.3.5.1 Denitrification rates............cooviieieiiiiiiieeea 30



2.3.5.2 Analysis of nutrients (nitrite, filterable reactive phosphorus and

AMIMONTUM) ..o 30

2.3.5.3 Dissolved inorganic carbon..................cocooiviiiiiee, 31

2.3.5.4 Isotopic analysis of dissolved inorganic carbon.................. 31

2.3.5.5 Dissolved OXYQeN. .....coviiriiii e 31

2.3.5.6 Dissolved Ca?* and Na*................cccoooviiiieiiieiiie, 31

2.3.5.7 AlKalNIty. .. ..o 32

2.3.5.8 Iron and sulfide analysis.............ccooiiiiiiiiie 32

2.4 RESUIS ..o 33
2.4.1 Intracellular nitrate lysing experiment................ccoiiiiiiiinnnn, 33

2.4.2 Rates of DIC production and heterotrophic metabolism................. 33

2.4.3 Alkalinity production and dissolved Ca?* and Na* ratios................ 36

2.4.4  Ammonium, phosphorus and nitrite production.......................... 38

2.4.5 Dissolved oxygen leakage rate method validation experiment ........ 39

2.4.6  Determining the source DIC isotopic signatures......................... 40

2.4.7 Extended anoxic conditions in FTR experiment4........................ 40

2.5 DISCUSSION. ...ttt ettt e e e e e e e et e 42

2.5.1 DIC production and heterotrophic metabolism in FTR experiments...42

2.5.2 Intracellular nitrate pools and dissimilatory nitrate reduction to

AMMONIUM . Lttt e e eaean, 43
2.5.3 Aerobic respiration arising from FTR gas leakage........................ 44
2.5.4 CaCOsdiSSOIULION. .. ...ueii e 44
2.5.5 Identifying the source of anoxic DIC production using isotopic
ANAIYSIS. ..o 45
2.5.6 Meiofaunal respiration ...............ccoooiiiiiiiiiii 45
2.6 CONCIUSION. ...ttt 47
2.7 REIOTONCES. .. i 48

Chapter 3: Investigation of fermentation as a possible source of dissolved inorganic

carbon production in anoxic permeable SEdiMENTS..cccieiieiieiieiiietiereeenrenreasescnsanes 53
UL ADSHIACT. ..o 53
B2 INtrOdUCTION. . ..ot 54
BB MELNOGS. ... 60

Vi



3.3.1 Flow through reactor experiments...............ccoooeiiiiiiiiiiiianin.n. 60

3.3.2 Sample ANalysiS. ... ..ooirii 63
3.3.2.1 Dissolved OXYQEN. ... 63
3.3.2.2 Dissolved inorganic carbon...............cceveeviiiiiiiiininnnn.n, 63
3.3.2.3 Denitrification rates ..........ccovveiriiiiiiiiieeieeeeeeeene, 63
3.3.2.4 Volatile fatty acid analysis via ion chromatography............ 63
3.3.2.5 Alcohol and volatile fatty acid (C1-3) analysis via
SPME-GCMS. ...ttt 64
B RESUIES. . 65
3.4.1 Comparison of DIC production and heterotrophic metabolism in FTR
BXPEITMENTS. ..ottt et 65
3.4.2 Volatile fatty acid analysis via ion chromatography..................... 66
3.4.3 Optimization of SPME for C1-3 volatile fatty acids and alcohols
analysisvia GC-MS..... ..o 67
3.4.4 FTR effluent analysis of C1-3 alcohol and volatile fatty acids via
SPME GC-MS.. .. i 71
3.4.5 Antibiotics FTR eXperiments...........cooviieiriiiiiiiiieeeieeeaenes 71
B D DIHSCUSSION. .ottt et e e e e e e e e e 74
3.5.1 Dissolved inorganic carbon in flow through reactor experiments...... 74
3.5.2 Volatile fatty acid analysis by ion chromatography...................... 74
3.5.3 Solid phase micro-extraction method optimization....................... 75
3.5.4 VFA and alcohol analysis of effluent using SPME GC-MS............ 76
3.5.5 Antibiotic FTR experiments and the prokaryotic contribution to anoxic
DIC ProduCtioN. ...t 77
BB CONCIUSION. ... et 79
BT REIEIBNCES. ... 80

Chapter 4: Eukaryotic dark fermentation dominates anoxic permeable sediments .....83

O 01 1 T S 83
A2 INrOAUCTION. ... e 84
A3 IMEINOGS. ...ttt 88
4.3.1 Flow through reactor experiments...............oooveiiiiiiiiiiiiien, 88

4.3.2 FTR experiment sample analysis.............ccoooviiiiiiiiiiiiin 91
4.3.2.1 Denitrification rates...........ooiiiiiiiiiiiiie e 91

vii



4.3.2.2 Dissolved inorganic carbon.................cooiiiiiiiiii, 91

4.3.2.3 DisSOIVEd OXYQEN.....viiriie i 91
4324 SUlfide. . ... 91
4.325Methane ..o 92
4.3.2.6 Chlorophyll aanalysis...........cccooviiiiiiiie, 92
4.3.2.7 Metabolome analysis ............ccooiiiiiiiiiiiiiiiie 92
4.3.2.8 Dissolved hydrogen...............cooiiiiiiiiiiiiiie 92
A A RESUIS. ... 93
4.4.1 Flow through reactor experiments ..................ccceeiviiennnn, 93
441 1FTRexperiment 1.......oooooiiiiiiiiiiiiiieeea, 93
44.12FTRexperiment 2 .......oovviiiiiiiiiieieieeeeaea, 97
4413 FTRexperiment 3.......cooviiiiiiiiiiiiieeee, 101
441 AFTRexperimentd.......cocoiiiiiiiiiiiiiiiii e, 102
R B T ol (o] PR 103
4.5.1 FTR experiment 1 and dissolved hydrogen production.................. 103

4.5.2 Heterotrophic metabolism and hydrogen production dependence on
0L L P 104
4.5.3 Eukaryotic dark fermentation pathways for hydrogen production...... 105
4.5.4 Delay period before observing dissolved hydrogen....................... 108
4.6 CONCIUSTON. ...ttt e 109
A7 RETBIBNCES ...t 110
Chapter 5: Hydrogen production in anoxic microalgae culture incubations............. 115
5.1 ADSHIACT. ..ot 115
5.2 INtrOQUCTION. ... .t e e 116
5.3 MELNOGS. ...t 118
5.3.1 Microalgal culture experiments..............cooviiiiiiiiiiiiiiieeene. 118
5.3.1.1 Dissolved OXYgeN........coviiiiiii e, 121
5.3.1.2 Dissolved hydrogen..........cccoooeiiiiiiiiiiiieee 121
53.1.3Quantumyield. .. ... 121
B4 RESUIS ..o 122
5.4.1 Culture eXperiments. ... .....couiiiriirii e 122
5.4.1.1 Cultureexperiment 1.........c.ooeiiiiiiiii i, 122
5.4.1.2 Culture experiment 2...........ooviiiiiiiiii i, 122



5.4.1.3 Culture experiment 3...........ccooviiiiiiiiii e, 123

5.4.1.4 Culture experiment 4..........ccoooiiiiiiiiiiiiiiee e, 124

5.4.1.5 Culture experiment 5.........ccooiiiiiiiiiieeeeeee, 125

5.5 DISCUSSION. ...ttt ettt e e e e e e e e e 127
5.5.1 Hydrogen production in microalgal culture experiments................. 127

5.5.2 Investigation of reduced hydrogen production rates and dissolved

NYArOgeN 10SS. ... 127

5.5.3 Examination of the influence of variables on microalgal culture
health. ... s 129
5.5.4 Influence of acetate on hydrogen production............................... 130
5.6 CONCIUSION ..ottt 131
5.7 RETEIBINCES. ...t 132
Chapter 6: Fermentation in dark anoxic permeable carbonate sediments ............... 135
8.1 ADSTIACT. ...ttt 135
6.2 INTrOTUCTION. ... .ttt 136
B.3 MELNOGS. ... 139
6.3.1 Site deSCriPtioNS. ... .ovieit i 139
6.3.2 Flow through reactors. ...........oviiiiiii e 139
6.3.3 FTR @XPeIIMeNt. .....vitiiiti e 140
6.3.4 Sampling and analysis............ccooiiiiiii e 140
6.3.4.1 Denitrification Rates...............cooeviiiiiiiiiin, 140
6.3.4.2 Dissolved inorganic carbon...................cooiiiii. 140
6.3.4.3 Dissolved OXYQeN........coiiirii i 141
6.3.4.4 Dissolved hydrogen. ..o 141
6.3.4.5 SUfide. . ..o 141
6.3.4.6 Metabolome analysis............ccooviiiiiiiiii e 141
B.4 RESUILS. ... 142
8.5 DISCUSSION ... ettt ettt e et et e 149
6.6 CONCIUSION. .....ee e e 153
6.7 RETEIBNCES. ... e 154
Chapter 7: DiSCUSSION 1.uivieiiiiiaiieieiiniiateesetentsncessessnssnsossessnsonsonsassossnssnsans 157
7.1 Research chapter summaries. ... .....o.ooviiiiieit e 157

7.1.1 Chapter 2: Investigation of dissolved inorganic carbon production in
anoxic permeable sediments. ... ..o 157



7.1.2 Chapter 3: Investigation of fermentation as a possible source of
dissolved inorganic carbon production in anoxic permeable sediments...... 158
7.1.3 Chapter 4: Eukaryotic dark fermentation dominates anoxic permeable
SEAIMENES. ..t 158
7.1.4 Chapter 5: Hydrogen production in anoxic microalgae culture
INCUDALIONS. ...\ e e e 159

7.1.5 Chapter 6: Fermentation in dark anoxic permeable carbonate

SR M NS . . oottt 160
7.2 Anoxic metabolism in permeable sediments..................coociiiiiiinaL. 160
7.3 Recommendations for future research ...........oooeeooeeeieiii e, 161



Abstract

Microorganisms within permeable sediments perform an integral role in organic carbon
fixation and mineralization. Despite this, anoxic metabolism in permeable sediments remains
poorly understood, with no systematic studies performed in the context of anoxic permeable
sediments. A common assumption in biogeochemistry is that bacterial communities will
utilise the most energetically favoured electron acceptor. Under anoxic conditions, this would
normally be expected to be denitrification. Previous studies and preliminary experiments
have, however, showed that even in the presence of large concentrations of nitrate,
denitrification only accounted for <5% of total dissolved inorganic carbon (DIC) production.
The large majority of DIC production under such conditions could not be assigned to a
known process and the investigation of which became the primary focus of this research.

In chapter 2, this phenomenon was consistently observed in flow through reactor (FTR)
experiments, with denitrification, sulfate and iron reduction accounting for <7% of mean
anoxic DIC production. These FTR experiments were also used to investigate possible
sources of anoxic DIC production including calcium carbonate dissolution, dissimilatory
nitrate reduction to ammonium (DNRA\) via stored nitrate, and respiration by meiofauna.
Each of these possible sources were found to contribute a negligible quantity of DIC relative
to measured productions rates and were therefore excluded as possible sources.

In chapter 3, fermentation was investigated as a possible major source of anoxic DIC
production by quantifying common fermentative products, such as C1-3 alcohols and volatile
fatty acids, in FTR effluent. Acetate and ethanol were detected, however, these accounted for
between 2.1 and 4.7% of anoxic DIC production. Broad spectrum antibiotic treatments in
FTR experiments revealed that DIC production remained relatively constant, whilst bacterial
processes were inhibited. This suggested that eukaryotic microorganisms were very likely

dominating anoxic DIC production in permeable sediments.

Xi



In chapter 4, large dissolved hydrogen production rates and accumulation of lipids were
found to accompany DIC production, indicating eukaryotic fermentation was occurring. The
production of DIC and hydrogen persisted despite the administration of broad spectrum
bactericidal antibiotics, but ceased following treatment with metronidazole. Metronidazole
serves to inhibit the ferredoxin/hydrogenase pathway of fermentative eukaryotic hydrogen
production, confirming that the observed hydrogen production occurred via eukaryotic dark

fermentation.

In research chapter 5, hydrogen production was observed in axenic cultures of five distinct
diatoms (Fragilariopsis sp.) and a chlorophyte (Pyramimonas) under dark anoxic conditions.
The existence of a hydrogen consumption mechanism was indicated as the hydrogen
concentration would peak within 24 hours of incubation, then gradually decline. These
findings confirm that eukaryotic microalgae found in permeable sediments are capable of

hydrogen production.

In chapter 6, heterotrophic metabolism in permeable carbonate sediment from Heron Island
was found to account for <12% of mean anoxic dissolved inorganic carbon (DIC) production.
Metabolomic analyses revealed very large increases in the relative quantity of C18-23 lipids,
including wax monoesters and unsaturated fatty acids, after short term (<24 hrs) exposure to
anoxic conditions. Following further anoxic incubation, high rates of dissolved hydrogen
production were observed and accompanied by further accumulation of these lipid
compounds. These observations indicate that fermentation is likely a major process in anoxic

carbonate sediments.
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Chapter 1: Introduction

1.1 Permeable sediment type and solute transport

Despite permeable sediments comprising a majority of the continental shelf 1, most research
into organic carbon metabolism has been within the context of cohesive sediments??.
Sediment types are distinguished by their grain size and subsequent permeability. Cohesive
(muddy) sediments are made up of very small, tightly packed grains whilst permeable (sandy)
sediments have comparatively larger grains (> 100 um®*). Due to the low permeability of
cohesive sediments, solutes are transported only via molecular diffusion, down concentration
gradients °. Permeable sediments, however, transport solutes via both diffusion and advective
pore water flow, i.e. bulk flow through the sediment®. Wave action results in the formation of
sediment ripples (Figure 1.1). Oxic water is advected through sediment ripple troughs’, whilst

sediment porewater is expelled at ripple crests®.

Figure 1.1: Conceptual diagram of a typical advective flow profile through a permeable
sediment ripple. Arrows represent the path of advection °. Relative dissolved oxygen
concentration is represented by light and dark shading corresponding to high and low
dissolved oxygen concentrations, respectively.



Rates of advective transport are caused by water pressure gradients from wave action
interacting with sediment ripple topography 1%, resulting in dynamic sediment conditions
that can shift between oxic and anoxic on an hourly-daily-weekly timescale!?. Research
focusing on how metabolism in permeable sediments change in response to rapid shifts in
oxygen concentration is scarce and to the author’s knowledge, the research presented in this

thesis is the first to do so.

1.2 Flow through reactors (FTRs) and the challenge of replicating flow conditions
Nutrient fluxes in cohesive sediments may be readily studied by employing benthic chambers
that enclose a portion of sediment and enable solutes to be easily sampled and fluxes
calculated®. However, enclosing permeable sediments in the same manner will disrupt the
overlying hydrodynamic pressure gradients from interacting with sediment topography,
altering conditions so that they may not be representative of natural conditions!*. Another
means to estimate nutrient fluxes in permeable sediments is with flume tanks*®. Flume tanks
reproduce wave action over sculpted sediment ripples and allow for measurement of nutrient
fluxes by sampling overlying water and direct sampling of porewater via silicon ports. Flume
experiments have allowed for excellent estimations of the spatial distribution of dissolved
oxygen'? and nitrogen®® in permeable sediments.

Flow through reactors (FTRS) (Figures 1.2 and 1.3), however, use idealized, non-
representative advective plug flow!”® and have been widely used to determine volumetric

biogeochemical rates at fixed solute concentrations!®-2?,



. —
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Figure 1.2: Rendering of a flow through reactor in exploded (a) and collapsed (b)
perspectives. FTRs are comprised of an acrylic cylinder with a diameter of 4.6 cm and a
length of 8.5cm to allow for a sediment height of 4.5 cm. PVC caps at either ends are
machined with groves converging on a central outlet port overlaid with a 0.1 mm nylon
mesh to allow even plug flow through the column. Plug flow within these columns has
been verified during breakthrough curve experiments performed by Evrard et al*® and
Bourke et al*’.

FTRs are a convenient means of determining potential rates under a wide variety of
conditions. Factors that influence porewater conditions, such as nutrient concentration, flow
velocity and temperature are easily manipulated. FTR experiments (Figure 1.3) can be rapidly
assembled within hours of collecting sample sediment and seawater. Reaction rates are
calculated based on the difference between the relevant solute concentration in the reservoir

and the outlet of the FTRs. Potential biochemical rates, measured in FTR experiments have

also been instrumental in constraining computational reactive transport models¢2223,



Figure 1.3: Rendering of a FTR experimental setup. Seawater is pumped from a
reservoir (a) using a peristaltic pump (b) up through a FTR, packed with permeable
sediment (c) and effluent is collected using a glass syringe (d).

1.3 Anaerobic heterotrophic metabolism

Groups of microorganisms can be broadly categorized by how they obtain organic carbon,
necessary for adenosine triphosphate (ATP) generation and cell function. Photoautotrophs fix
their own organic carbon using photosynthesis, while heterotrophs do not photosynthesize
and instead source their carbon extracellularly, usually from decaying matter or exuded from
photoautotrophs. Although there are several other methods of carbon fixation, e.g.
chemoautotrophs, lithotrophs etc., coastal permeable sediments are typically dominated by
autotrophic and heterotrophic microorganisms?’ and therefore other forms of carbon fixation
have little relevance. For this reason, only autotrophic and heterotrophic microorganisms will
be discussed in further detail.

Large particulate organic polymers are gradually mineralized via a series of hydrolytic and

fermentative reactions by a mutualistic consortia of heterotrophic microorganisms?-.



Prokaryotes are only able to transport molecules smaller than 600 Da across their cell
membranes?, and must therefore perform hydrolytic reactions extracellularly, relying upon
either enzymes embedded to the external surface of their cells (ectoenzymes) or enzymes
excreted from the cell (exoenzymes). The smaller organic molecules produced may then be
transported across cell membranes and undergo fermentation reactions. Fermentation
reactions are a diverse group of microbially-mediated pathways that involve organic carbon
simultaneously undergoing oxidation and reduction, serving as both the electron acceptor and
electron donor?®, Common products of fermentation reactions in anaerobic carbon
mineralization include volatile fatty acids, short chain alcohols, dissolved Hz and CO-

(reactions i-iv)?’.

i) Glucose fermentation to ethanol:
CsH1206 —— 2CH3CH20H + 2CO; AGP = -244.1 kJ mol™
ii) Ethanol fermentation to acetate:
CH3CH20H + H,0 —— CH3COOH + 2H; AG? = +34.8 kJ mol*
iii) Lactate fermentation to acetate:
CH3CHOHCOOH + H,O ——— CH3COOH + CO2 +2H: AG? = +23.9 kJ mol?
iv) Propionate fermentation to acetate:

CH3CH2.COOH +2H20 —— CH3COOH + CO2 +3H: AG® = +105.1 kJ mol!

The products of these fermentative reactions generally do not accumulate in sediments, as
these reactions are considered to be closely coupled to terminal heterotrophic reactions
(reactions v-viii)?’, which involve electrons being donated from small organic molecules to
an inorganic electron acceptor. These processes occur in the inner membrane of cell

mitochondria and utilize several redox steps to ultimately generate ATP at varying



efficiencies depending upon the electron acceptor used. The hydrolysis of the terminal
phosphate on ATP is a high energy yield reaction (AG= -32 kJ mol™) that enables otherwise

unfavourable reactions necessary for cell function.

V) Aerobic respiration:
CH20 + O, —— CO2 + H20 AG® = -501 kJ mol*
vi) Denitrification:
5CH20 + 4NO3+4H* —— 5CO02+2N,+7H.0 AG? = -453 k] mol*!
vii) Iron reduction:
CH20 + 4FeOOH+8H* —— CO2+4Fe?*"+7H,0 AG? = -114 kJ mol*!
viii) Sulfate reduction:

2CH,0 + S04 % +H* —— 2CO0; + HS" +H,0 AGP = -77 kJ mol?

Microbial selectivity for electron acceptors is primarily based upon the magnitude of their
energetic yield and their availability. Once the most energetically favourable electron
acceptor has been depleted, the next most favourable will be utilised, resulting in a gradual
cascade of progressively less favourable electron acceptors with increasing depth?. The
research presented throughout this thesis, represents the first systematic study of electron

acceptor utilization in freshly collected permeable sediments.



1.4 The discrepancy between rates of dissolved inorganic carbon (DIC) production and
rates of heterotrophic metabolism

According to the redox cascade, under anoxic conditions in the presence of nitrate,
denitrification (reaction vi) is expected to be the dominant metabolic pathway utilized. The
stoichiometric ratio of denitrification (reaction vi) indicates that for every 4 moles of NO3
consumed, 5 moles of CO2 should be produced. However, preliminary flow through reactor
(FTR) experiments revealed a large discrepancy between the measured dissolved inorganic
carbon (DIC) production rates and the expected DIC production rate (Figure 1.4). This
expected DIC production rate was calculated using the measured denitrification rate and
accompanying stoichiometric ratio between of NOs™ consumption and CO> production. In
fact, across five days of sampling, denitrification only accounted for between 2-5% of the
total DIC production, leaving a great deal of DIC without a known mechanism for
production. This phenomenon has also been observed in Kessler, et al. 1® and Evrard, et al. 2

and the investigation of which, is the primary focus of this research.
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Figure 1.4. Large gap between measured DIC production rate and expected DIC
production rate, based on denitrification rates (nmol ml-* h't) against time (days) from
preliminary FTR experiments in Kertimende, Denmark, performed by Assoc. Prof.
Perran L.M Cook.



1.5 Possible sources of large quantities of DIC under anoxic conditions
1.5.1 Aerobic respiration
One possibly substantial source of DIC may be that FTRs were not gas tight, allowing

leakage of oxygen into the sediment, and aerobic respiration to occur at high rates.

1.5.2 Anoxic respiration by benthic meiofauna

Another possible source of DIC that will be investigated is respiration by meiofauna.
Meiofauna are a group of invertebrates that are small enough to pass through a 1 mm sieve,
but will be retained by a 42 um mesh®. It includes representatives from 23 different phyla®,
however, nematodes, copepods and turbellarians typically comprise >95% of the total
meiofaunal community in sediments®!. While select species of meiofauna are capable of
facultative anaerobic respiration, such as the foraminifera Ammonia spp.%?, the large majority
are not. Copepods and turbellarians are generally considered to be highly sensitive to low
oxygen concentrations, with incubation experiments revealing almost all such organisms
perished within 24 hours of anoxia®>*3. Nematodes are considered to be more tolerant to
anoxic conditions, however, this is highly species dependent®*%. For example, during an
anoxic incubation experiment performed on marine permeable sediments, whole populations
of nematodes, belonging to three dominant species, perished within an 8 day incubation
period. The populations of 3 other dominant species did not diminish, despite a 14 day period
of extended anoxic incubation®®. In this experiment the total nematode community decreased
to one third of its original number over the 14 day period®.

While species of nematodes may exhibit adaptations to allow for survival of hypoxic

conditions, such as an increase in the surface area to volume ratio of their morphology®® and



decreasing oxygen demand by reducing rates of metabolism®’, adaptations enabling the
survival of extended anoxic conditions have not been well studied. Due to the varying
degrees of success by which nematode species survive extended anoxic conditions®, several
different strategies or adaptions may be being employed. One such strategy could be
analogous to that observed in the free-living terrestrial nematode species Caenorhabditis
elegans. This organism enters a state of recoverable suspended animation whereby energy
requiring processes are arrested upon exposure to anoxic conditions, including movement,
developmental progression and cell division®. These processes are resumed upon the return
to oxic sediment conditions and allow for the organism to survive extended periods of anoxia.
DIC production from meiofaunal respiration can therefore be expected to decrease
substantially after 24 hours of anoxic FTR conditions, as the majority of meiofauna will
likely perish. Thereafter, rates of DIC production by meiofauna would be expected to
gradually decline as a relatively small proportion of foraminifera may respire via facultative
anaerobic respiration and anoxic-tolerant nematodes survive to varying degrees of success.
Given this, it is unlikely that meiofauna are responsible for the majority of the anoxic DIC
production in permeable sediments, however, the size of their contribution may be substantial

and will be quantified during this research.

1.5.3 DNRA via intracellular nitrate pool

Dissimilatory nitrate reduction to ammonium (DNRA) (reaction ix) is a heterotrophic
metabolic process in which nitrate is reduced via the oxidation of organic carbon®. As nitrate
is reduced to nitrite and then to ammonium, bioavailable nitrogen is recycled within the
system*®. As DNRA is far less energetically favourable compared to aerobic respiration, it is

exclusively an anaerobic process*#2,



iX) Dissimilatory nitrate reduction to ammonium (DNRA):
NO; —— NOy —— NH4"

DNRA may be performed by a wide range of microorganisms including large sulphur
bacteria**#* and eukaryotic microorganisms such as benthic and pelagic diatoms*“®. Large
pools of intracellular nitrate have been observed to accumulate in excess of 100 mmol L in
the vacuoles of both prokaryotic*’“® and eukaryotic microorganisms***°, As diatoms
dominate intertidal sediments®!, DNRA via intracellularly stored nitrate may be an
overlooked process and a substantial source of anoxic DIC production. Although rates of
DNRA in permeable sediments have not been observed to occur at rates comparable to
anoxic DIC production, recent reports of high concentrations of intracellularly stored nitrate*®
in both prokaryotic and eukaryotic microorganisms suggests that DNRA may be an

alternative catabolic pathway for diatoms once oxygen is depleted.

1.5.4 Calcium carbonate dissolution
Calcium carbonate is the primary component of shells of marine organisms and has a
relatively low degree of solubility. Since seawater is oversaturated with respect to CaCOzand
precipitation is inhibited by high magnesium concentrations®’, the deposition of this mineral
in natural settings is almost exclusively biologically mediated. Carbonate dissolution
(reaction x) can be promoted by the acidity produced during H2S oxidation®? and aerobic
carbon mineralization®,

x) Calcium Carbonate Dissolution

CaCO3; —— Ca%" + COz>

Since the large majority of oxic DIC production can typically be ascribed to aerobic

respiration, rates of CaCOz dissolution would need to begin immediately following the
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transition from oxic to anoxic conditions for this process to be responsible for the observed

large quantities of anoxic DIC production.

1.5.5 Fermentation uncoupled to heterotrophic metabolism

Another potential source of anoxic DIC production is fermentation, uncoupled to
heterotrophic metabolism. As previously mentioned, in sediments, fermentation reactions
may be utilized during organic carbon mineralization, via reactions i-iv, and the small organic
molecules produced are thought to be consumed rapidly by the closely coupled terminal
heterotrophic metabolic processes?® (reactions v-viii). However, should rates of fermentation
exceed rates of heterotrophic metabolism, the contribution of anoxic DIC may be being
underestimated. Quantifying the rate of fermentation poses a challenge as the consumption of
an electron acceptor (like oxygen or nitrate) cannot be employed. It is further complicated as
there are a wide variety of reactants, products and stoichiometries that are often used in
combination with one another®**,

In prokaryotes, culture studies have revealed that the degree to which different fermentative
pathways are utilized is largely dependent upon what organic carbon source is metabolized?.
For example, E. Coli has been observed to produce ethanol when provided with sorbitol, but
when given glucuronic acid, no ethanol production was observed, and instead acetate was the
dominant product®®°’. Bacterial fermentation of low molecular weight organic carbon
molecules commonly produces dissolved hydrogen, carbon dioxide (DIC), lactate, succinate,
ethanol, formate and acetate®®-°%%°,

Fermentation may also be performed by autotrophic eukaryotic microorganisms as a means
of sustaining cell function in periods where sediment resuspension has resulted in cells being
buried at depths where no light or oxygen is available*®. Eukaryotic fermentation includes a

wide variety of pathways and reaction stoichiometries that vary with species, substrate and
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environmental factors®®-%2, For example, C Reinhardtii has been observed to produce formate,
acetate and ethanol in a 2:2:1 ratio under dark conditions®. Whilst, C.moewusii produced no
formate under dark conditions, with acetate, glycerol and ethanol being the major products®.
Amongst marine eukaryotic microalgae, common products that arise from the fermentation of
starch have included acetate, ethanol, formate, glycerol, lactate, H2 and CO,5%:656¢,

Some microalgae do not excrete fermentative products and instead accumulate them
intracellularly®’. Euglena gracilis has been found to store large concentrations of wax esters
when incubated anoxically®® and has been found to accumulate them to such an extent that
they have made up 65% of the algae’s dry weight®®. Upon returning to oxic conditions, these
wax esters are oxidized to generate ATP.

If fermentation by prokaryotic or eukaryotic microorganisms is occurring at rates exceeding
heterotrophic metabolism, the aforementioned fermentative products should be present in
high concentrations in sediment porewater, or be accumulating intracellularly. Quantification
of these products will determine whether fermentation may be dominating anoxic metabolism

in permeable sediments.
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1.6 Project aims and thesis structure
The primary aim of this research was to investigate metabolic pathways in permeable
sediments under anoxic conditions.
This was achieved by addressing 4 key research questions:
1. Can anaerobic DIC production be attributed to an abiotic source, such as calcium
carbonate dissolution?
2. Can anaerobic DIC production be attributed to a biotic source and if so, via what
process?
3. What group of organisms are responsible?
4. How widespread is this phenomenon and can it be observed in other permeable

sediments such as tropical carbonate sediments?
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Chapter 2: Investigation of pathways of dissolved inorganic carbon production in
anoxic permeable sediments

2.1 Abstract:

Heterotrophic metabolism using terminal inorganic electron acceptors has long been thought
to dominate respiration in anoxic permeable sediments. However, recent measurements
indicate that the contribution of these processes to total anoxic dissolved inorganic carbon
production may be smaller than previously assumed. During this research, experiments using
flow through reactors (FTRs) revealed that in anoxic permeable sediments, there exists a
large proportion (93-98%) of dissolved inorganic carbon production that cannot be attributed
to the consumption of well-known terminal electron acceptors. This phenomenon was
observed in all FTR experiments performed, indicating a highly reproducible phenomenon.
Dissimilatory nitrate reduction to ammonium (DNRA) via pools of intracellularly stored
nitrate, was investigated as a possible source of anoxic DIC, but was discounted after
intracellular nitrate pools were found to be negligible compared to rates of DIC production.
Calcium carbonate (CaCOs3) dissolution was discounted as a possible major source of anoxic
DIC production after alkalinity production rates were determined to be negative following the
change from oxic to anoxic conditions and there was no net increase in the ratio of dissolved
Ca?" to Na* ions throughout the FTR experiment. Gas leakage into the FTRs was negligible,
which discounted the possibility of aerobic respiration substantially contributing towards
anoxic DIC production. Isotopic analysis of DIC from FTR effluent gave a 3C/*?C
enrichment endpoint revealing the breakdown of organic material, produced by
phytoplankton and microphytobenthos, as the source of anoxic DIC production (as opposed
to carbonate dissolution). Meiofaunal respiration was also investigated as a contributing
source of anoxic DIC, but was estimated to be negligible after the expected gradual decline of

anoxic DIC production typical of meiofaunal anoxic survival was not observed.
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2.2 Introduction

In permeable sediments, solutes are transported via both molecular diffusion and advective
pore water flow 1, i.e. bulk flow through the sediment 2. Rates of advective transport are
determined by water pressure gradients from wave action interacting with sediment ripple
topography 34, resulting in a dynamic nature where sediment conditions can shift between
oxic and anoxic on an hourly-daily-weekly timescale®. This makes replicating
environmentally relevant flow conditions difficult®. However, flow through reactors (FTRS)
offer a convenient means of studying biogeochemical processes and measuring volumetric
rates accurately.

Microorganisms within permeable sediments derive energy by facilitating the breakdown of
organic carbon. Photoautotrophs catabolize photosynthetically derived organic polymers,
whilst heterotrophic microorganisms utilize organic carbon typically sourced from decaying
matter or exuded from photoautotrophs’. Particulate organic polymers are gradually
mineralized via a series of hydrolysis and fermentation reactions by a mutualistic consortia of
heterotrophic microorganisms®. The final stages of which, involve the donation of electrons
from small organic molecules (<600 Da®) to an appropriate inorganic electron acceptor®®.
These processes (reactions i-iv) occur in the inner membrane of cell mitochondria and utilize
several redox steps to ultimately produce adenosine triphosphate (ATP). The hydrolysis of
the terminal phosphate on ATP is a high energy yield reaction (AG=-32 kJ mol™) that
enables otherwise unfavourable reactions necessary for cell function.

Microbial selectivity for electron acceptors is primarily based upon their availability and the
magnitude of their energetic yield (reactions i-iv). Once the most energetically favourable
electron acceptor has been depleted, the next most favourable will be utilised, resulting in a

gradual cascade of progressively less favourable electron acceptors with increasing depth.
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However, these reactions are not altogether mutually exclusive, as iron reduction and sulfate
reduction have been observed to occur concurrently?,
1) Aerobic respiration:
CH20 + O —— CO2 + H20 AG® = -501 kJ mol*
ii) Denitrification:
5CH20 + 4NO3+4H* —— 5CO02+2N2+7H.0 AG? = -453 k] mol*!
1ii) Iron reduction:
CH20 + 4FeOOH+8H" ——— CO2+4Fe?"+7H,0 AGP = -114 kJ mol*
iv) Sulfate reduction:

2CH,0 + S04 % +H* —— 2CO0; + HS" +H,0 AGP® = -77 kJ mol?

According to the stoichiometric ratio of denitrification (reaction ii), for every 4 moles of NO3
consumed, 5 moles of CO2 should be produced. However, preliminary flow through reactor
experiments (discussed in chapter 1) revealed a large discrepancy between the measured and
predicted denitrification rates. In fact, across five days of sampling, denitrification only
accounted for 2-5% of the total CO> production, leaving a great deal of dissolved inorganic
carbon without a known mechanism for production. This phenomenon has also been
observed in Kessler, et al. *2 and Evrard, et al. 2.

Throughout this chapter, this phenomenon was investigated by analysing FTR effluent for all
reduced products of heterotrophic metabolism (reactions i-iv). Other possible sources were
also investigated, including aerobic respiration brought about by oxygen leakage into FTRs,
abiotic DIC production from CaCOg dissolution, respiration by meiofauna and DIC
production via dissimilatory nitrate reduction to ammonia (DNRA). Furthermore, isotopic
analysis of DIC produced during FTR experiments was also used to identify the source(s)

responsible.
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CaCOgiis the primary component of shells of marine organisms and has a relatively low
degree of solubility!*. Since seawater is oversaturated with respect to CaCO3 and precipitation
is inhibited by high magnesium concentrations®®, the deposition of this mineral in natural
settings is almost exclusively biologically mediated.

v) Calcium Carbonate Dissolution

CaCO; —— Ca?"+ COs>

Since the large majority of oxic DIC production can typically be ascribed to aerobic
respiration’®, rates of CaCOs dissolution would need to begin immediately following the
transition from oxic to anoxic conditions for this process to be responsible for the observed
large quantities of anoxic DIC production. An increase in the alkalinity production rates
proportional to twice the observed DIC production rates would be expected, due to the large
quantities of carbonate being released.
Another means of determining whether CaCOs dissolution or a biotic process like organic
carbon mineralization is responsible for the majority of anoxic DIC production in permeable
sediments is by determining its isotopic signature (8*3C). In chemical and physical processes,
the small difference in mass between *3C and *2C isotopes, leads to a preferential usage of
one isotope over the other'’. This results in a degree of isotopic enrichment characteristic of
the carbon source®®. The isotopic signature can then be determined by comparing the ratio of
13C and *2C isotopes to the Pee Dee Belemnite standard. For example, the DIC produced by
the dissolution of calcium carbonate would have an isotopic signature of approximately -
7.8%0°. Whereas, DIC produced during the metabolism of organic carbon produced by
microphytobenthos and phytoplankton will typically have §'*C values of between -15 to -16
%020 and -21.1%o%!, respectively.
However, the high background concentration of DIC in seawater means that the isotopic

signature of anoxic DIC production cannot be measured directly. Instead, a linear relationship
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between the sample DIC &!3C values and the inverse DIC concentration, also known as a
Keeling plot, must be used??. The y intercept of this relationship is known as the §'*C end
member, which can then be used to identify the carbon source.
Dissimilatory nitrate reduction to ammonium (DNRA) is a heterotrophic metabolic process in
which nitrate is reduced via the oxidation of organic carbon?3. As nitrate is reduced to nitrite
and then to ammonium, bioavailable nitrogen is recycled within the system, rather than being
removed?’. As DNRA is far less energetically favourable compared to aerobic respiration, it
is considered to be exclusively anaerobic process®>2°.

vi) Dissimilatory nitrate reduction to ammonium (DNRA):

NO; —— NOy —— NH4"

DNRA may be performed by a wide range of microorganisms including large sulphur
bacteria?”? and eukaryotic microorganisms such as benthic and pelagic diatoms?®2°. Large
pools of intracellular nitrate have been observed to accumulate in excess of 100 mmol L in
the vacuoles of both prokaryotic®'? and eukaryotic microorganisms®3**, As diatoms
dominate intertidal sediments®®, DNRA via intracellularly stored nitrate may be an
overlooked process and a substantial source of anoxic DIC production. Although DNRA rates
in permeable sediments have not been observed to occur at rates comparable to anoxic DIC
production, recent reports of high concentrations of intracellularly stored nitrate®® in both
prokaryotic and eukaryotic microorganisms suggests that DNRA may be an alternative
catabolic pathway for diatoms once oxygen is depleted. Quantification of the intracellular
nitrate pool will allow for a conclusive determination of whether DNRA could be a possible
source of anoxically produced DIC.
Another possible source of DIC that will be investigated is respiration by meiofauna.
Meiofauna are a group of invertebrates that are small enough to pass through a 1 mm sieve,

but will be retained by a 42 um mesh®. It includes representatives from 23 different phyla®,
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however, nematodes, copepods and turbellarians typically comprise >95% of the total
meiofaunal community in sediments®’. While select species of meiofauna are capable of
facultative anaerobic respiration, such as the foraminifera Ammonia spp.%, the large majority
are not. Copepods and turbellarians are generally considered to be highly sensitive to low
oxygen concentrations, with incubation experiments revealing almost all such organisms
perished within 24 hours of anoxia®®**°. Nematodes are considered to be more tolerant to
anoxic conditions, however, this is highly species dependent*®*!, For example, during an
anoxic incubation experiment performed on marine permeable sediments, whole populations
of nematodes, belonging to three dominant species, perished within an 8 day incubation
period. The populations of 3 other dominant species did not diminish, despite a 14 day period
of extended anoxic incubation®. In this experiment the total nematode community decreased
to one third of its original number over the 14 day period*.

While species of nematodes may exhibit adaptations to allow for survival of hypoxic
conditions, such as an increase in the surface area to volume ratio of their morphology*? and
decreasing oxygen demand by reducing rates of metabolism*, adaptations enabling the
survival of extended anoxic conditions have not been well studied. Due to the varying
degrees of success by which nematode species survive extended anoxic conditions*, several
different strategies or adaptions may be being employed. One such strategy could be
analogous to that observed in the free-living terrestrial nematode species Caenorhabditis
elegans. This organism enters a state of recoverable suspended animation whereby energy
requiring processes are arrested upon exposure to anoxic conditions, including movement,
developmental progression and cell division**. These processes are resumed upon the return
to oxic sediment conditions and allow the organism to survive extended periods of anoxia, on

a timescale of weeks to months.
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DIC production from meiofaunal respiration can therefore be expected to decrease
substantially after 24 hours of anoxic sediment conditions, as the majority of meiofauna will
likely perish. Thereafter, rates of DIC production by meiofauna would be expected to
gradually decline as a relatively small proportion of foraminifera may respire via facultative
anaerobic respiration and anoxic-tolerant nematodes survive to varying degrees of success.
Given this, it is unlikely that meiofauna are responsible for the majority of the anoxic DIC
production in permeable sediments, however, the size of their contribution may be substantial
and will be quantified during this research.

The key research questions addressed in this chapter will be:

1) What proportion of anoxic DIC production can be attributed to heterotrophic
metabolic processes (reactions i-iv)?

2) Does gas leakage in anoxic FTRs result in meaningful rates of aerobic respiration,
contributing to measured anoxic DIC production?

3) Does CaCOs dissolution substantially contribute to anoxic DIC production and can
the source of anoxic DIC production be identified using isotopic analysis of FTR
effluent?

4) To what extent does DNRA via an intracellularly stored nitrate pool contribute to
anoxic DIC production?

5) Does meiofaunal respiration contribute substantially to anoxic DIC production?
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2.3 Method

2.3.1 Sample collection

Seawater and sediment used in intracellular nitrate pool experiments were collected from 5
sites around Port Phillip Bay (PPB), Victoria (Table 2.1). Sea seawater and sediment used in
FTR experiments were collected from Elwood Beach in Port Phillip Bay, Victoria (Table
2.1). Sediment from Elwood beach has been characterized in related flow through reactor
studies®®*® and reportedly has sediment permeability in the range of between to 8.3 x 102
and 3.1 x 10™1* m2 and has a porosity of between 0.39 to 0.53. Sediment was collected from
the top 5 cm of sediment ripples approximately 5 meters from the shoreline, at low tide. Sea
water was collected using rinsed plastic carboys. Within 90 minutes of collection, sample
sediment was transported to Monash University and stored under oxic conditions using an
aquarium aerator.

Table 2.1: Sites and site coordinates where sample sediment and seawater were
collected for intracellular nitrate pool experiments.

Site Coordinates
37°50°23.253”S,
Hobsons Bay 144°55°12.173"E
37°50°53.967”’S,
Albert park 144°56°53.328”E
37°53°23.156S,
Elwood 144°59°1.869”E
37°56°10.965S,
Hampton 144°59°45.996”E
37°58°59.369’S,
Beaumaris 145°1°17.766”E

2.3.2 Flow through reactors and experimental design

Flow through reactors (FTRs), used in FTR experiments 1-4, consisted of acrylic cylinders
with a diameter of 4.6 cm and a length of 3 cm sediment. PVC caps were placed at either end
of the cylinder, and were machined with grooves converging to a central inlet/outlet port
overlaid with 0.1 mm nylon mesh to allow even plug flow through the FTRs and to prevent

sediment grain transport. Plug flow within these FTRs has been verified during breakthrough
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curve experiments performed by Evrard, et al. 2 and Bourke, et al. *°. Freshly collected site

water was pumped through the FTRs using a peristaltic pump located upstream of the FTRs.

Reservoirs were maintained in oxic/anoxic states by continuous purging with air or Ar,

respectively. Appropriate filtration, preservation and storage of samples were implemented

and are summarized in Table 2.2.

Table 2.2: Summary of sample filtration, preservation and storage methods.
Approximate temperatures of sample fridges and freezers were 4°C and -20 °C,
respectively.*For DIC samples intended for isotopic analysis, 12.5 mL of sample was
collected with 200 uL of HgClI2 preservative added. Methods of preservation and storage
remained the same.

Taraet Volume
Anaﬁlte sampled Method of filtration Preservation Storage
(mL)
100 pL of 50 % (m/m) i
N> 12.5 ZnCl,

Dissolved )

o 3* 100 L of 6% HgCl * -

(DIC)
Fo2+ 5 0.5 mL of Ferrozine added Dark
per mL of sample Cupboard
9 100 uL of 48 mmol L Zn .
S 2 Acetate per mL of sample Refrigerator
Alkalinity 10 100 pL of 6% HgCl» Refrigerator
Ca**and 5 MicroAnalytix 0.2 pm -
Na* Cellulose-Acetate Filters - rozen
Ammonium,
Filterable
Reactive 5 - Frozen
Phosphorus,
Nitrite

Sample sediment was sieved using a 2mm mesh to remove large debris, such as shell grit,

rocks and macroalgae, which can interfere with FTR plug flow. Four FTR experiments of

varying length, experimental conditions and sampling regimes were performed and are

summarized below (Table 2.3).
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Table 2.3. Summary of the flow through reactor (FTR) experiments performed.

Purpose

Sampling

Experimental summary

To determine what proportion

of anoxic DIC production can

be attributed to heterotrophic
metabolic processes.

DO, DIC,

N2, Fe?*, S%

Sampling occurred over an 8 hour period with oxic conditions
maintained for the first 3.5 hours, then changed to anoxic for the
remainder of the experiment. 5 FTRs were used. Reservoir was

spiked with 50 pmol L of ®NOs". Flow velocity was maintained
at 1.1 mL min,

To determine whether CaCO3
dissolution contributes
substantially to anoxic DIC
production.

DO, DIC,
N2, Na" and
Ca** and
Alkalinity.

Sampling occurred over a 12 hour period with oxic conditions
maintained for the first 4.5 hours, then changed to anoxic for the
remainder of the experiment. 3 FTRs were used. Flow velocity
was maintained at 1.1 mL min’. Reservoir contained seawater
spiked with 50 pmol L *NO3".

To identify the source of anoxic
DIC production using isotopic
analysis, as well as to further
investigate the contribution of
DNRA and CaCOs dissolution

to anoxic DIC production.

DO, Ny,
DIC, 5'3C-
DIC, APN,
Alkalinity

Sampling occurred over a 55 hour period with oxic conditions
maintained for the first 11 hours, then changed to anoxic for the
remainder of the experiment. 5 FTRs were employed. Flow
velocity was maintained at 1.0 mL min™. Reservoir contained
seawater spiked with 50 umol L™ **NOs". At t=16 hrs, Reservoir
was changed to regular anoxic seawater.

FTR Date
experiment | performed
1 23.04.13
2 11.09.13
3 16.09.14
4 15.07.15

To determine whether
meiofauna contribute
substantially to anoxic DIC
production.

DO, DIC,
N> and S*

Sampling occurred over a 245 hour period, during which, anoxic
sediment conditions were maintained. 4 FTRs were employed.
Reservoir contained 50 pmol L of ¥®*NOs". Flow velocity was

maintained at 0.74 mL min™,
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2.3.3 Intracellular nitrate pool experiment

Intracellular nitrate pools within sediment microorganisms were investigated by examining
three experimental treatments (Table 2.4), each with two subsamples: a and b. Preparation of
these subsamples involved placing 10mL of wet sediment into 50 mL falcon tubes along with
20 mL of deionised water. The falcon tubes were then shaken thoroughly and the sample
either: had its supernatant immediately filtered and frozen (subsample a), or was subjected to
three cycles of freezing and heating and then had its supernatant filtered and frozen
(subsample b). This freezing and heating cycle has been demonstrated to reliably rupture cell
walls®948 thereby releasing any pools of intracellularly stored nitrate.

Treatment 1 involved no sample pre-treatment and therefore represented intracellular nitrate
pools in in situ conditions. The sediment used in treatment 2 however, had been exposed to
spiked 50 uM NOs" seawater for one hour, then washed three times with sample seawater
from appropriate field sites. Treatment 3 involved the incubation of 10 mL of saturated
sediment within a 12.5 mL gas-tight exetainer in the dark, for a period of 3 days to induce
consumption of any intracellular nitrate pools.

Table 2.4: List of experimental treatments for determining intracellular nitrate pools
under varying conditions.

Treatment Purpose
Determine nitrate pool under environmental conditions

1

5 Determine nitrate pool following recent exposure to high nitrate
concentrations.

3 Determine nitrate pool following extended anoxic incubation

The concentration of nitrate within sample supernatant was analysed and the quantity of
intracellularly stored nitrate was determined by comparing nitrate concentrations between
subsamples a and b. Freezing and heating cycles were achieved using a freezer reaching -
20°C and a hotplate programmed to approximately 80°C. All treatments were performed in

triplicate and on five separate samples of sediment collected from different sample sites
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around Port Phillip Bay (Table 2.1). All supernatant samples were filtered using a 0.2 pm
cellulose-acetate filter.

2.3.4 Dissolved oxygen gas leakage method validation experiment

The gas leakage rate into the FTRs was determined by undertaking an experiment, during
which, three FTRs were assembled without sediment and had anoxic deionized water pumped
through them. Flow through dissolved oxygen sensors were fitted to the inlet and outlet ports
allowing for a highly representative determination of the dissolved oxygen concentrations.
2.3.5 Sample Analysis

2.3.5.1 Denitrification Rates

Concentrations of 1®N-Nz in FTR effluent were determined using headspace analysis on a Gas
Chromatograph (He carrier) coupled to isotope ratio mass spectrometer (Sercon 20-22). The
rates of denitrification reported throughout this chapter are total denitrification (D14+D1s) and
were calculated using the isotope pairing technique #’. No QC was used for this analysis,
therefore accuracy could not be determined.

2.3.5.2 Analysis of nutrients (Nitrite, Filterable reactive phosphorus and Ammonium)
Concentrations of ammonium, filterable reactive phosphorus and nitrite were determined
spectrophotometrically using a Lachat Quick-Chem 8500 Flow injection Analyser (FIA).
Nitrite concentrations were determined via a reaction with sulphanilamide and N-(1-napthyl)
ethylene diamine dihydrochloride that formed a purple azo dye (absorbance maxima at 520
nm). Ammonium concentrations were determined by reacting the sample with a dilute
solution of hypochlorite, forming monochloroamine, which, when reacted with phenol and
nitroprusside, forms indophenol blue (absorbance maxima at 630 nm). Filterable reactive
phosphorus concentrations were determined by exposing FTR effluent samples to ammonium
molybdate and antimony potassium tartrate to form phosphomolybdic acid, which may then

be reduced by ascorbic acid, producing a complex with a strong blue colour (absorbance
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maxima at 880 nm). No QC was used for this analysis, therefore accuracy could not be
determined.

2.3.5.3 Dissolved inorganic carbon

The concentration of dissolved inorganic carbon was evaluated using flow injection analysis,
fitted with a photometric detector. This method involved acidifying FTR sample effluent so
that any carbonate species would be converted to carbon dioxide, which, diffused across a
microporous membrane (Accurel® PP Q3/2 tubular membrane, ID 0.6 mm)“8. The resulting
change in pH caused the Bromothymol Blue indicator solution to produce a measurable
colour change proportional to the quantity of diffused carbon dioxide. The accuracy of this
analysis, measured as % relative error, was found to be 1.6% and was determined using a
2016.5 umol L QC.

2.3.5.4 Isotopic analysis of dissolved inorganic carbon.

Effluent samples stored in 12 mL gas tight exetainers had 4 mL of sample substituted with a
He headspace and 0.1 mL of 1 mol L™ HsPO4added. DIC present within headspace was
analysed using a Sercon 20-22 Isotope-Ratio Mass Spectrometer and isotopic ratios were
expressed in delta notation, relative to the Pee Dee Belemnite standard.

2.3.5.5 Dissolved oxygen

Dissolved oxygen was monitored at the inlet and outlet of the FTR using Pyroscience
Firesting flow through dissolved oxygen sensors.

2.3.5.6 Dissolved Ca?* and Na*

The concentration of dissolved Ca?* and Na* ions was performed using a Dionex 2100 lon
Chromatography system fitted with a CS12A cation exchange column and CG12A guard
column. Mobile phase was generated using 20 mmol L™ methanesulfonic acid. Analytical
precision was determined to be <1% RSD. Na* ions were quantified so as to serve as a

conservative ion to compare with Ca?* ion concentrations which would allow for the
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exclusion of any errors introduced via possible sample evaporation. A ratio between the
concentrations of Ca?* and Na* ions was calculated and the difference between this ratio in
FTR inlet and effluent samples was used as a metric for Ca* production via CaCO3
dissolution, expressed as ‘measured A[Ca?*/Na*]’. The A[Ca?*/Na*] required for CaCOs
dissolution to be responsible for the anoxic DIC production observed in FTR experiment 2
was calculated and expressed as ‘CaCOs3 piss A{Ca?*/Na*]’. This value was calculated based
on the flow velocity and the stoichiometry of reaction v. No QC was used for this analysis,
therefore accuracy could not be determined.

2.3.5.7 Alkalinity

Alkalinity production was quantified using a modified Gran titration*. Following the
addition of 100 pL aliquots of 0.01 mol L™* HCI, changes in pH were recorded using an NBS
buffer calibrated pH electrode attached to a portable HACH HQ40d meter. Acid was
standardised during a separate titration using 1 mmol L™ Na,COs. Analytical precision was <
1% RSD. No QC was used for this analysis, therefore accuracy could not be determined.
2.3.5.8 Iron and Sulfide Analysis

The concentration of iron was determined using the Ferrozine method described in Stookey
%0 A GBC UV Visible Spectrophotometer was used to measure the resulting absorbance at
632 nm following the addition of Ferrozine >1°2, Sulphide was also analysed using a GBC
UV Visible Spectrophotometer, however, samples were treated with a sulfide colour reagent
comprised of an acidified FeCls solution mixed with N,N’- dimethyl-1,4-phenylenediamine
sulfate. The resulting blue complex (methylene blue) exhibits an absorbance maxima at 670
nm?®3, Analytical precision in iron and sulfide analyses was <1% RSD. No QC was used for
the sulfide analysis, therefore accuracy could not be determined. The accuracy of the iron
analysis, measured as % relative error, was found to be 1.3% and was determined using a 0.5

mg L QC.
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2.4 Results

2.4.1 Intracellular nitrate lysing experiment
Mean concentrations of intracellular nitrate pools were determined for treatments 1-3 (Table

2.5) for 5 sediment sampling sites around Port Phillip Bay (Table 2.1). Intracellular nitrate
pools across all treatments were found to be extremely low, falling below 2 nmol mL™ in
each treatment. The intracellular nitrate pool was the highest in the second treatment (T2),
where sediment had been exposed to high concentrations of nitrate. However, the datasets
from T1 and T2 were found not to be significantly different (p>0.05). The intracellular nitrate
pool of treatment 3 (T3) was considerably lower than T1 and T2.

Table 2.5: Mean quantities of intracellular nitrate pools per mL of sediment from
treatments 1-3.

In situ pool (T1) Spiked sediment In situ pool after anoxic
(nmol/mL) pool (T2) (nmol/mL) incubation (T3) (hmol/mL)
1.4+04 15+11 0.1+0.8

2.4.2 Rates of DIC production and heterotrophic metabolism.

Mean aerobic DIC production approximately matched the mean dissolved oxygen
consumption rates during oxic sampling rounds in FTR experiments 1, 2 and 3. Single factor
ANOVA analyses revealed that these datasets were not significantly different (Table 2.6).
Oxic DIC production in FTR experiments 1, 2 and 3 was also found to have no significant

difference from DIC production under anoxic conditions.
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Table 2.6: Comparing rates of dissolved oxygen consumption under oxic conditions,
DIC production under oxic conditions and DIC production under anoxic conditions in
FTR experiments using single factor ANOVA statistical analyses.

p values
FTR Dissolved oxygen Oxic DIC Anoxic DIC DO and ox;:ﬂ?lc
Exot consumption rate production production oxic Anoxic
P (nmol mL? hr?) (nmol mL?hr?) (nmol mL?hr?) DIC DIC
1 126 + 17 135+43 161 +49 0.65 0.08
2 178 £+ 25 149 + 27 134 +78 0.053 0.56
3 174 + 15 210+ 85 186 + 97 0.23 0.47

Predicted denitrification rates were calculated using anoxic DIC production rates and the
NOs :CO:2 stoichiometry of 0.8 (reaction ii). Measured denitrification rates did not approach
predicted denitrification rates (p<0.05) at any point throughout FTR experiments 1, 2 or 3
(Figure 2.1a-c). Combined mean rates of nitrate, iron and sulfate reduction were measured

during FTR experiment 1 and amounted to less than 1% of mean anoxic DIC production.
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Figure 2.1 (a-c): Rates of DIC production, denitrification and predicted denitrification
in FTR experiments 1 (a), 2 (b) and 3 (c) over time. Red dashed line represents when
conditions were changed from oxic to anoxic. n=5, 3 and 5, respectively. FTR reservoirs
in experiments 1 and 2 had been spiked with 50 pmol L* NOgs". Black dashed line in
Figure 2.1c represents when reservoir was changed from 50 pmol L 1®NOs" seawater to
regular seawater. Error bars represent standard deviation in all instances.
2.4.3 Alkalinity production and dissolved Ca?* and Na* ratios.
During FTR experiment 2, mean alkalinity production during oxic sampling rounds was 37
31 nmol mL* hr (Figure 2.2a). Following the change from oxic to anoxic conditions, mean
alkalinity production dropped to -118 +61 nmol mL™ hr't. The same trend was observed in
FTR experiment 3 (Figure 2.2b). Mean oxic alkalinity production was 26 +36 nmol mL™ hr!

and under anoxic conditions, alkalinity production dropped to a mean production rate of -36

+24 nmol mL? hrt,
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Figure 2.2 (a and b): Rates of alkalinity production over time in FTR experiment 2 and
3. Red dashed line represents when conditions were changed from oxic to anoxic. Black
dashed line represents when reservoir was changed from 50 pmol L 5NOz" seawater to
regular seawater. n=3 and 5, respectively. All error bars represent standard deviation.
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Measured A[Ca?*/Na*] varied very little throughout FTR experiment 2 (Figure 2.3). Mean
values for measured A[Ca?*/Na*] under oxic conditions were found not to have any
significant difference between mean values of measured A[Ca?*/Na*] under anoxic conditions

(p>.05). At no point during the FTR experiment 2 did the measured A[Ca?*/Na*] approach

CaCOs piss A[Ca?*/Na’*].
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Figure 2.3: The change in the ratio between dissolved Ca?* and Na* ions (A[Ca?*/Na*])
over time in FTR experiment 2. ‘Measured A[Ca?*/Na*]’ represent the difference in this
ratio between FTR effluent samples relative to the inlet reservoir. ‘CaCQO3 piss
A[Ca?*/Na*]’ represents the A[Ca?*/Na*] required for CaCOs dissolution to be
responsible for the anoxic DIC production observed in FTR experiment 2. Red dashed
line represents when conditions were changed from oxic to anoxic. n=3. All error bars
represent standard deviation.

2.4.4 Ammonium, phosphorus and nitrite production.
Under oxic conditions, mean rates of ammonium, phosphate and nitrite production were
relatively negligible, <1 nmol mL™ hr'! in each instance (Figure 2.4). Following the change to

anoxic conditions, ammonium production decreased so that mean production rates were -1.2
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+ 0.6 nmol mL™ hr. Production rates of phosphate were inconsistent under anoxic
conditions, as rates of production increased to a maximum of 1.8 = 0.4 nmol mL?* hrtat t= 15
hr, then gradually declined to a minimum of -0.5 + 0.2 nmol mL™ hr?, at t= 39 hr. Nitrite
production rates were also inconsistent as production rates fluctuated between 6 and -6 nmol
mL™ hrtin the first 10 hours of anoxia. Production rates of nitrite began to stabilize at near
zero production rates (<0.1 nmol mL* hr?) from t=35 hr onwards. Mean anoxic nitrite
production rates contributed <0.3% of mean anoxic DIC production rates during FTR

experiment 3.
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Figure 2.4: Rates of production of ammonium, phosphate and nitrite in FTR

experiment 3. Red dashed line represents when conditions were changed from oxic to
anoxic (n=5). All error bars represent standard deviation. Black dashed line represents
when reservoir was changed from 50 pmol L 1°NOzs" seawater to regular seawater.
2.4.5 Dissolved oxygen leakage rate experiment

The mean difference in dissolved oxygen concentration between inlet and outlet ports across

the three FTRs was 1.8 = 2.5 umol L. This value represented <1% of dissolved oxygen

saturation under the conditions specified.
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2.4.6 Determining the source DIC isotope signatures
Plotting the §*3C isotopic enrichment values against the inverse concentration of FTR effluent

DIC experiment 3 revealed a y intercept end member value of 20.471+ 2.434 (Figure 2.5).
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Figure 2.5: Keeling plot showing the inverse DIC concentration plotted against the
isotopic 8'3C enrichment values of effluent samples in FTR experiment 3. High
background concentrations of DIC in seawater means that the isotopic signature of
anoxic DIC production cannot be measured directly. Instead, the y intercept of this
linear regression equation (known as the §3C end member), can be used to identify the
carbon source. All error bars are standard deviation.

2.4.7 Extended anoxic conditions in FTR experiment 4

The mean oxygen consumption rate was determined to be 158 + 3 nmol mL™ hr?, and
approximately matched the mean anoxic DIC production rate of 166 + 36 nmol mL™* hrt. A
single factor ANOVA analysis revealed that these datasets were not significantly different
(p>0.05). Anoxic DIC production remained relatively constant throughout this experiment
(Figure 2.6) as the DIC production during the first sixty hours of FTR experiment 4 was
found to not have any statistical difference compared to the DIC production of the final sixty
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hours (p>0.05). Denitrification rates reached a maximum of 15 + 1 nmol mL?* hrtatt =173
hr, while sulfide production reached a maximum of 28 + 1 nmol mL™* hrlat t=218. Mean
denitrification rate was 7 + 5 nmol mL™ hr? sulfide production was 5 + 9 nmol mL* hr,
Combined mean rates of denitrification and sulfide production was 12 + 7 nmol mL™* hr and

accounted for <8% of the mean anoxic DIC production rate.
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Figure 2.6: Rates of production of DIC, denitrification and sulfide in FTR experiment 4.
n=4. FTR reservoir was spiked with 50 umol L *®NOgs". Error bars represent standard
deviation in all instances.
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2.5 Discussion

2.5.1 DIC production and metabolism in FTR experiments.

In FTR experiments 1, 2 and 3, there was no statistical difference between rates of dissolved
oxygen consumption and oxic DIC production (p<0.05), indicating that aerobic respiration
was very likely dominating DIC production under oxic conditions (Table 2.6). Despite
denitrification being the next most energetically favourable process following aerobic
respiration (reactions ii and i, respectively), at no point during FTR experiments 1, 2 or 3, did
the measured denitrification rate approach the predicted denitrification rate (Figure 1a-c). In
fact, the mean measured denitrification rate comprised <2% of mean anoxic DIC production
across FTR experiments 1-3. Approximately 98% of anoxic DIC production, therefore, could
not be assigned to the most energetically favourable process.

Combined rates of nitrate, iron and sulfide reduction, measured during FTR experiment 1,
were determined to have a negligible contribution, accounting for <1% of mean anoxic DIC
production. Nitrite production measured during FTR experiment 3 also revealed that there
were negligible rates of incomplete denitrification occurring and accounted for <0.2% of
anoxic DIC production (Figure 2.4). Similarly, in FTR experiment 4, combined mean rates of
denitrification and sulfide production could only account for <7% of anoxic DIC production,
leaving the large majority of anoxic DIC production unassigned to a known process. The
excellent agreement of these FTR experiments with the preliminary observations made in
Kertimende (see chapter 1) suggests that this could be a highly reproducible phenomenon.
This phenomenon appears to continue regardless of the presence or absence of nitrate within
the FTR reservoir. During FTR experiment 3, DIC production remained relatively constant
despite reservoir conditions being changed from high nitrate concentrations to very low

nitrate concentrations (Figure 1c).
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2.5.2 Intracellular nitrate pools and dissimilatory nitrate reduction to ammonium.
Intracellular nitrate pool lysing treatments T1, T2 and T3 allowed for the quantification of
intracellular pools under three sets of conditions. These conditions corresponded to in situ
conditions (T1), recent exposure to high nitrate concentrations (T2) and sediment that had
undergone extended anoxic incubation (T3). The intracellular nitrate pool determined for in
situ conditions (T1) across the five sampling sites around Port Phillip Bay was found to have
a mean nitrate pool of 1.4 + 0.4 nmol mL™. This value was negligible compared to mean
anoxic DIC production rates observed in FTR experiments 1-4. In fact, if this entire nitrate
pool was converted to ammonium via DNRA, the DIC produced would account for <1% of
the anoxic DIC produced in a single hour for each of the FTR experiments 1-4. The in situ
nitrate pool determined in this research (T1) was far lower compared to the 11.7 nmol mL™*
pool found in sediments from the German Wadden Sea>* and approximately 200 nmol L*
pool found in sediments from the Aarhus Bight in Denmark?®.

The experimental design included using sediment collected from five sites around Port Phillip
Bay, as it was anticipated that point nutrient runoff sources could lead to locally high nitrate
concentrations. However, the low degree of variability observed indicated that any point
source runoff did not substantially impact intracellular nitrate pools. As Port Phillip Bay is a
nitrate limited oligotrophic system, it is likely that any nitrate present in point source runoff
was rapidly assimilated.

Even after sediment microorganisms were subjected to 50 umol L™ nitrate concentrations for

one hour (T2), mean nitrate pools did not significantly increase. The higher degree of
variability observed in this treatment could indicate that the ability to accumulate nitrate
varies across the microbial community. The general inability to accumulate nitrate within one
hour was likely due to the scarcity of nitrate in the Port Phillip Bay system, resulting in the

community being poorly adapted to nitrate accumulation.
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The extended anoxic incubation treatment (T3) resulted in a decrease in the intracellular
nitrate pool to 0.1 + 0.8 nmol mL™* (Table 2.5). The decrease in the nitrate pool indicated that
there was some degree of consumption. However, the sizeable difference in magnitude
between the in situ intracellular pool and the anoxic DIC production rate observed in FTR
experiment 1-4 indicates that microbes are not using DNRA via intracellularly stored nitrate
to sustain cell function during anoxic conditions.

The negligible production rate of ammonium observed in FTR experiment 3 compared to the
anoxic DIC production rate (Table 2.6) further supports the notion that DNRA is not being
utilized at meaningful rates in anoxic permeable sediments. DNRA via a pool of
intracellularly stored nitrate can therefore be reasonably dismissed as a possible major source
of anoxic DIC production.

2.5.3 Aerobic respiration arising from FTR gas leakage

The degree of gas leakage into anoxic FTRs was determined to be <1% of dissolved oxygen
saturation. This indicates that rates of aerobic respiration brought about by oxygen leakage
into the FTRs are relatively negligible and would not contribute substantially towards
measured anoxic DIC production.

2.5.4 CaCOs Dissolution

Approximately all oxic DIC production can be assigned to aerobic respiration under anoxic
conditions, whilst under anoxic conditions, in FTR experiments 1-4, between 93-98% of
anoxic DIC could not be attributed to a known process. For this reason, if CaCO3 dissolution
was substantially contributing to anoxic DIC production, rates of dissolution must sharply
increase following the shift from oxic to anoxic conditions. A large increase in alkalinity
production would necessarily accompany this increase in CaCO3 dissolution and would be
proportional to twice the anoxic DIC production rate. However, following the change to

anoxic conditions in FTR experiments 2 and 3, alkalinity dropped sharply in both instances
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(Figures 2.2a and 2.2b). This is strong evidence that CaCOs3 dissolution could not possibly be
responsible for the large quantities of unassigned anoxic DIC production.

Large scale CaCOz dissolution would also result in a noticeable increase in the ratio of
dissolved Ca?* to Na* ions (A[Ca?*/Na*]) in FTR effluent. The A[Ca?*/Na*] required for
CaCOs dissolution to be responsible for large quantities of anoxic DIC production was
defined as ‘CaCOs3 piss A{Ca?*/Na*]’ and plotted against the measured A[Ca®*/Na*] (Figure
2.3). However, measured A[Ca?*/Na*] remained relatively constant throughout FTR
experiment 2 and at no point did the measured A[Ca?*/Na*] approach ‘CaCOs3 piss
A[Ca?*/Na*]’. This is further evidence supporting the dismissal of CaCOs dissolution as a
possible major anoxic source of DIC in permeable sediments.

2.5.5 Identifying the source of anoxic DIC production using isotopic analysis.

A plot of the effluent DIC isotopic signature against the inverse concentration revealed an
end member value of 20.5%. (Figure 2.5). This value is very close to the characteristic value
of marine phytoplankton (-21.1%o) 2! and close to the characteristic value of
microphytobenthos (-15 to -16%0)%° . This result indicates that the mineralisation of algal
derived material is responsible for the vast majority of DIC under anoxic conditions. This
finding confirms that the major contributor of this unassigned DIC is in fact, biotic in nature
and reinforces the dismissal of abiotic explanations such as CaCOz dissolution, which would
have had an end member value of -7.8%o° .

2.5.6 Meiofaunal respiration

Due to the sensitivity of copepods and turbellarians to anoxic conditions, and the prevalence
of these phyla in the meiofaunal community, any DIC arising from meiofaunal respiration
under anoxic conditions would be expected to sharply fall within 24 hours of anoxic
incubation. Species dependent nematode tolerance to anoxic conditions would allow aerobic

respiration to continue under anoxic conditions, albeit at a far lower rate. However, as anoxic
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DIC production remained relatively constant throughout FTR experiment 4 (Figure 2.6), with
no statistical difference between DIC production occurring during the first sixty hours of the
experiment compared to the final sixty hours, it appears that any decline in meiofauna
respiration was too small to observe within the variability of the DIC data. It is therefore
highly unlikely that meiofaunal respiration was contributing substantially to anoxic DIC

production, and the source of the majority of anoxic DIC production remains unidentified.
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2.6 Conclusion

In agreement with previous observations, all FTR experiments performed here, showed a
large proportion (93-98%) of dissolved inorganic carbon production that could not be
attributed to the consumption on common electron acceptors. Given how consistently this has
been observed, it is highly likely that this is a common phenomenon. CaCO3 dissolution,
DNRA via a stored intracellular nitrate pool and meiofauna respiration were each
investigated as possible sources for large quantities of anoxic DIC production, but were each
found to contribute negligible quantities. The process by which the majority of anoxic DIC
production in permeable sediments occurs has not yet been identified, however, the isotopic
analysis has revealed that the source is likely a biochemical process with marine

phytoplankton and/or microphytobenthos as the carbon source.
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Chapter 3: Investigation of fermentation as a possible source of dissolved inorganic
carbon production in anoxic permeable sediments

3.1 Abstract

Approximately only 5% of dissolved inorganic carbon (DIC) production in anoxic permeable
sediments can be attributed to known heterotrophic metabolic processes, such as
denitrification or sulfate reduction, leaving the large majority without a known source. In this
chapter, effluent from flow through reactor (FTR) experiments was analysed for the typical
fermentation products, C1-3 alcohols and volatile fatty acids, to determine whether
fermentation uncoupled to anoxic heterotrophic metabolism was occurring, and whether it
could be a major source of anoxic DIC production. Acetate and ethanol were detected in FTR
effluent, however, based on established fermentation stoichiometries, these concentrations
accounted for between 2.1 and 4.7% of anoxic DIC production. FTR experiments using the
broad spectrum antibiotics, amoxicillin and ciprofloxacin, revealed that rates of DIC
production remained relatively constant, whilst bacterial processes, such as denitrification,
were inhibited. Eukaryotic fermentation is suggested as the most likely major source of
anoxic DIC production in permeable sediments, however, further research must be carried out

to identify the dominant pathway(s) being utilized.
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3.2 Introduction
Heterotrophic microorganisms within permeable sediments derive energy by facilitating the
breakdown of organic carbon, typically sourced from decaying matter or exuded from
photoautotrophs®. Particulate organic polymers are gradually mineralized via a series of
hydrolysis and fermentation reactions by a mutualistic consortia of heterotrophic
microorganisms?. As these microbes cannot transport molecules larger than 600 Da across
their cell membranes?, they must perform these reactions extracellularly, relying upon
enzymes embedded to the external surface of their cells (ectoenzymes) or enzymes excreted
from the cell (exoenzymes). The smaller organic molecules produced by these extracellular
hydrolytic reactions may then be transported across cell membranes and undergo
fermentation. Fermentation reactions are a broad category of microbially-mediated pathways
that involve organic carbon simultaneously undergoing oxidation and reduction, serving as
both the electron acceptor and electron donor®. Common products of fermentation reactions
in anaerobic carbon mineralization include volatile fatty acids, short chain alcohols, dissolved
H> and CO; (reactions i-iv)°.
i) Glucose fermentation to ethanol:
CsH120s —— 2CH3CH,0H + 2CO» AGP =-244.1 k] mol™
ii) Ethanol fermentation to acetate:
CH3CH20H + Ho O ——— CH3COOH + 2H> AGP = +34.8 kJ mol*
iii) Lactate fermentation to acetate:
CH3CHOHCOOH + H, O ——— CH3COOH + CO» + 2H> AG® = +23.9 kJ mol*
iv) Propionate fermentation to acetate:

CH3CH2COOH + 2H20 —— CH3COOH + COz2 + 3H2 AG® = +105.1 kJ mol*
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The products of these reactions are generally thought not to accumulate in sediments, as they
are considered to be closely coupled to heterotrophic metabolic processes (reactions v-viii)®.
In each of these fermentation reactions (reactions i-iv), adenosine triphosphate (ATP) is
generated via substrate level phosphorylation but represents a relatively inefficient means of
ATP generation compared to other respiration pathways®. The hydrolysis of the terminal
phosphate on ATP is a high energy yield reaction (AG= -32 kJ mol) that enables otherwise
unfavourable reactions necessary for cell function. Only two ATP molecules are produced for
each molecule of glucose fermented, whereas in aerobic respiration (reaction v), 32 ATP
molecules are generated per glucose molecule oxidized’. Despite its poor ATP production
efficiency, the key advantage fermentation presents to microorganisms is that it enables ATP
production without requiring any external electron acceptor, such as in other heterotrophic
metabolic pathways (reactions v-viii®).
V) Aerobic respiration:
CH20 + O —— CO2 + H20 AG? = -501 kJ mol*
vi) Denitrification:
5CH20 + 4NO3+4H" —— 5C02+2N2+7H,0 AGP = -453 kJ mol*
vii) Iron reduction:
CH,0 + 4FeOOH+8H* —— CO+4Fe?*+7H,0 AG® = -114 k] mol*
viii) Sulfate reduction:

2CH20 + S04 > +H* —— 2CO02 + HS™ +H20 AG® = -77 kJ mol!

Reactions v-viii are terminal heterotrophic metabolic pathways that involve electrons being
donated from organic matter to an inorganic electron acceptor. These reactions occur in the
inner membrane of cell mitochondria and produce dissolved inorganic carbon (DIC) as a

waste product while generating ATP at varying efficiencies dependent upon the electron
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acceptor used. Microbial selectivity for electron acceptors is primarily based upon the
magnitude of their energetic yield and their availability. Once the most energetically
favourable electron acceptor has been depleted, the next most favourable will be used,
resulting in a gradual cascade of progressively less energetically favourable electron
acceptors with increasing depth®.

However, while denitrification (reaction vi) is widely considered to be the next most
favourable process following aerobic respiration® (reaction v), research presented in chapter 2
of this thesis revealed that a large discrepancy exists between the measured and expected DIC
production rates arising from denitrification in anoxic flow through reactor (FTR)
experiments. Denitrification accounted for only between 2-5% of the total anoxic DIC
production, leaving a great deal without a known source. This phenomenon has also been
observed in Kessler, et al. ® and Evrard, et al. 1° and the identification of the process
responsible is the overarching focus of this thesis. In chapter 2 of this thesis, meiofauna
respiration, calcium carbonate dissolution and dissimilatory nitrate reduction to ammonium
(DNRA) were investigated as possible sources of anoxic DIC production and were each
found to have a negligible contribution.

One potential source that may be contributing to the 95-98% of currently unassigned anoxic
DIC production is fermentation, uncoupled to heterotrophic metabolism. In sediments,
fermentation is utilized by both prokaryotic and eukaryotic microorganisms and quantifying
the rate of fermentation poses a challenge as the rate of consumption of an electron acceptor
(like oxygen or nitrate) cannot be employed. It is further complicated as there are a wide
variety of reactants, products and stoichiometries that are often used in combination with one
another and products of some fermentation reactions will be quickly consumed by coupled
terminal heterotrophic metabolic processes (reactions v-viii)* 3, It is therefore very difficult

to estimate rates of fermentation and current rates may therefore be underestimated.
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Prokaryotic and/or eukaryotic fermentation could potentially be responsible for large
quantities of anoxic DIC production in permeable sediments.

In prokaryotes, culture studies have revealed that the degree to which different fermentative
pathways are utilized is largely dependent upon what organic carbon source is metabolized”.
For example, E. Coli has been observed to produce ethanol when provided with sorbitol, but
when given glucuronic acid, no ethanol production was observed, and instead acetate was the
dominant product'#®, Consistent with the reactions i-iv, bacterial fermentation of low
molecular weight organic carbon molecules commonly produces dissolved hydrogen, carbon
dioxide (DIC), lactate, succinate, ethanol, formate and acetate!*167,

Fermentation may also be performed by autotrophic eukaryotic microorganisms as a means
of sustaining cell function in periods where sediment resuspension has resulted in cells being
buried at depths where no light or oxygen is available!®. Eukaryotic fermentation includes a
wide variety of pathways and reaction stoichiometries that vary with species, substrate and
environmental factors!®2!, For example, C Reinhardtii has been observed to produce formate,
acetate and ethanol produced in a 2:2:1 ratio under dark conditions?2. Whilst, C.moewusii
produced no formate under dark conditions, with acetate, glycerol and ethanol being the
major products?. Amongst marine eukaryotic microalgae, common products that arise from
the fermentation of starch include acetate, ethanol, formate, glycerol, lactate, H> and
C0222’24'25.

Some microalgae do not excrete the products of fermentation reactions and instead
accumulate them intracellularly?®. Euglena gracilis has been found to store large
concentrations of wax esters when incubated anoxically?” and have been found to accumulate
them to such an extent that they have made up 65% of the algae’s dry weight?®. Upon

returning to oxic conditions, these wax esters are oxidized to generate ATP.
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In this chapter, I used flow through reactor (FTR) experiments to determine whether
fermentation could be a major source of anoxic DIC production. FTR experiments are a
convenient means of determining volumetric biogeochemical rates at fixed solute
concentrations? and effluent from these experiments will be analyzed for typical products of
prokaryotic and eukaryotic fermentation including short chain alcohols (C1-3) and volatile
fatty acids. If these products are accumulating in FTR effluent, fermentation could be
occurring at higher than expected rates and may be a major, if not dominant process in anoxic
permeable sediments.

In addition to the targeted analysis of typical fermentation products, the role of bacteria in
anoxic metabolic pathways will also be investigated. This will be accomplished using FTR
experiments that incorporate treatments spiked with the broad spectrum bactericidal
antibiotics, amoxicillin and ciprofloxacin. Amoxicillin is a beta lactam antibiotic and
functions by binding to the enzymes transpeptidase and D-alanyl-carboxypeptidase. This
disrupts structural cross linking during cell wall synthesis, resulting in damaged cell walls®.
The difference in the osmotic pressure inside and outside the cell causes the cell wall to
rupture, resulting in cell death. Amoxicillin has been demonstrated to be effective against
gram positive and negative bacteria and has an EC-50 concentration between 330 to 1400
nmol L1303 Eukaryotic microorganisms have a far greater tolerance towards amoxicillin,
with EC-50 values of 1700 umol L with respect to green algae®2.

Ciprofloxacin belongs to the class of antibiotics known as a fluoroquinolones and are
considered to be bactericidal to gram negative and gram positive bacteria®®. The antibacterial
mechanism of fluoroquinolones is to complex with a DNA molecule and the enzymes
topoisomerase Il and IV in gram negative and positive bacteria, respectively. While these
interferences occur at two distinct stages of DNA polymerization for gram positive and

negative bacteria, both interactions result in heavy DNA fragmentation that causes
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irreversible cell death®**. Single species assays have shown ciprofloxacin to have an EC-50
value ranging between 15 and 51 nmol L3638,
The key research questions addressed in this chapter will be:
6) Can key fermentative products, specifically C1-3 alcohols or volatile fatty acids be
detected in FTR effluent?
7) Are any of these compounds present in large concentrations that could indicate
fermentation could be a major source of anoxic DIC production?
8) Can broad spectrum antibiotic treatments reveal the degree to which prokaryotic

microorganisms contribute to anoxic DIC production?
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3.3 Methods

3.3.1 Flow through reactor experiments

Flow through reactors, (FTRs) were packed with sediment, using approximately the top 15
cm layer from Middle Park beach, Victoria, Australia (site coordinates are 37°51°8.73”S,
144°57°27.07”E). Within 90 minutes of collection, sample sediment was transported to
Monash University and stored under oxic conditions using an aquarium aerator.

The FTRs used were acrylic cylinders with a diameter of 4.6 cm and a length of 3 cm of
sediment (see Figure 1.2, Ch. 1). PVC caps were placed at either end of the cylinder, and
were machined with grooves converging to a central outlet port overlaid with 0.1 mm nylon
mesh to allow even plug flow through the sediment. Plug flow within these FTRs has been
verified via breakthrough curve experiments performed by Evrard et al*® and Bourke et al 4°.
Freshly collected sample seawater was pumped through the FTRs using a peristaltic pump
located upstream. Seawater was pumped in an upwards direction from the base of the FTR to
assist in maintaining plug flow (see Figure 1.3, Ch.1). Reservoirs were maintained in
oxic/anoxic states by continuous purging with air or argon, respectively.

Sample sediment was sieved using a 2mm mesh to remove large debris, such as shell grit,
rocks and macroalgae, which can interfere with plug flow. The system was confirmed to
have a negligible leak rate of oxygen by running deoxygenated water through the system,
which was then observed to have a concentration of <1 umol L at the outlet.

Water samples were collected by directly connecting glass syringes to the outlet, ensuring no
bubbles were introduced. Reaction rates were calculated based on the difference between the
relevant solute concentration in the reservoir and that present in the effluent, factoring in the
FTR volume and flow rate used. Appropriate filtration, preservation and storage of samples

are summarized in Table 3.1.
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Table 3.1: Summary of sample filtration, preservation and storage methods.
Approximate temperature of sample freezer was -20 °C.

Target Method of filtration Preservation and
Analyte conditions of storage
N 50% ZnCl2 100 pL
2 No refrigeration required
Dissolved - 6% HgClz 100 uL
inorganic . : :
No refrigeration required
carbon
¢1-3 PALL Polypropylene 47
Alcohols and
. mm 0.2 um membrane Samples frozen
Volatile filters
Fatty Acids

4 FTR experiments were performed (Table 3.2) with the overarching goal of determining
whether fermentation was dominating DIC production in anoxic permeable sediments and
what broad group of microorganisms were responsible. FTR experiments 1 and 2 were
carried out with the purpose of quantifying the typical fermentative products, C1-3 alcohols
and volatile fatty acids, present in FTR effluent. Effluent samples from FTR experiment 1
were analysed using ion chromatography to carry out a non-targeted quantification of short
chain volatile fatty acids. Analysis of effluent samples collected during FTR experiment 2,
however, utilized Gas Chromatography-Mass Spectrometry (GC-MS) allowing for the
quantification of C1-3 alcohols and volatile fatty acids present.

FTR experiments 3 and 4 were both performed in order to identify whether prokaryotic
microorganisms substantially contributed to anoxic DIC production. This was achieved by
comparing rates of biogeochemical processes, such as DIC production and denitrification,
from a control treatment to a treatment spiked with amoxicillin or ciprofloxacin in FTR
experiments 3 and 4, respectively. Amoxicillin was replaced by ciprofloxacin in FTR
experimental treatments as research progressed, as it became apparent that ciprofloxacin
would affect a broader spectrum of bacteria and was commonly used to target marine

bacteria®®4!,
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Table 3.2: Summary of the flow through reactor experiments performed.

FTR

Date

production, using a
broader spectrum
antibiotic.

experiment | performed Purpose Sampling Experimental summary
To determine whether DO, DIC, N2 Sampling occurred over a 30 hour period with oxic conditions maintained for the
1 16.05.14 short chain volatile and short chain | first 5 hours, then changed to anoxic for the remainder of the experiment. 3 FTRs
R fatty acids were present | VFAs (C1-3). were used. Reservoir was spiked with 50 pumol L™ of **NOs". Flow velocity was
in FTR effluent. maintained at 0.80 mL min™,
Short chain
To determine whether \?II:CAOQCf)CI)Sr agg Sampling occurred over a 55 hour period with oxic conditions maintained for the
short chain (C1-3) MS analvsis first 11 hours, then changed to anoxic for the remainder of the experiment. 5 FTRs
2 16.09.14 alcohols or volatile (Other sar)r: les were used. Flow velocity was maintained at 1.0 mL min™. Reservoir contained
fatty acids were present resented gh seawater spiked with 50 umol L **NOj3". At t=16 hrs, Reservoir was changed to
in FTR effluent. P 2) ' regular anoxic seawater
Sampling occurred over an 8 hour period, during which, anoxic sediment
To determine whether conditions were maintained. 5 FTRs were employed in 3 parallel experimental
prokaryotes DO. DIC and treatments. One included a reservoir concentration of 130 pmol L of the broad
3 06.03.15 | substantially contribute ’ N spectrum antibiotic amoxicillin (2 FTRs), one was a control treatment (2 FTRs)
to anoxic DIC z and one had the reservoir spiked with 2.2 mmol L* HgCl,. All reservoirs were
production. spiked with 50 umol Lt of *NOj3". Flow velocity was maintained at 0.72 mL min-
1
To determine whether Sampling occurred over an 22 hour period, during which, anoxic sediment
prokaryotes conditions were maintained. 7 FTRs were employed in 2 parallel experimental
substantially contribute DO. DIC and treatments. One included a reservoir concentration of 150 pmol L of the broad
4 22.04.15 to anoxic DIC ’ N spectrum antibiotic ciprofloxacin (3 FTRs) and one was a control treatment (4

FTRs). All reservoirs were spiked with 50 umol L of >NOs". Flow velocity was
maintained at 0.33 mL min‘.,
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3.3.2 Sample analysis

3.3.2.1 Dissolved oxygen

Dissolved oxygen was continuously recorded during FTR experiments using Pyroscience
Firesting flow through dissolved oxygen sensors. These flow through sensors were attached
directly to the inlet and outlet ports of the FTRs.

3.3.2.2 Dissolved inorganic carbon

The concentration of dissolved inorganic carbon was evaluated using flow injection analysis
apparatus (FIA), fitted with a photometric detector. This method involved acidifying FTR
sample effluent so that any carbonate species would be converted to carbon dioxide, which,
would then diffuse across a microporous membrane (Accurel® PP Q3/2 tubular membrane,
ID 0.6 mm)*2, The resulting change in pH causes the Bromothymol Blue indicator solution to
produce a measurable colour change proportional to the quantity of diffused carbon dioxide
with a precision <1%.

3.3.2.3 Denitrification rates

Concentrations of 1®°N-Nz in FTR effluent were determined using headspace analysis on a Gas
Chromatograph (He carrier) coupled to isotope ratio mass spectrometer (Sercon 20-22). The
rates of denitrification reported throughout this chapter are total denitrification (D14+D1s) and
were calculated using the isotope pairing technique®. Samples from FTR experiments were
transferred from glass syringes into 12 mL gastight Exetainers (Labco, High Wycombe).
3.3.2.4 Volatile fatty acid analysis via ion chromatography

The analysis of volatile fatty acids was performed using a Dionex 2100 lon Chromatography
system fitted with an AS12A anion exchange column and AG12A guard column. Mobile
phase was generated using a potassium hydroxide cartridge at a programmed concentration of
20mmol L1, Analytical precision was determined to be <1% RSD. Standards of formate,

acetate and propionate were used to identify VFA peak retention times. A 1/50 sample

63



dilution step was required to prevent detector saturation by the chloride concentration present
in seawater samples.

3.3.2.5 Alcohol and volatile fatty acid (C1-3) analysis via SPME-GC-MS

FTR effluent samples from FTR experiment 2 were analyszed for C1-3 volatile fatty acids
and alcohols using a Solid Phase Micro Exctraction (SPME) preconcentration step combined
with Gas Chromatography-Mass Spectrometry (GC-MS). Analyses were performed using a
20m Polyethyleneglycol column with a ramping oven temperature from 40 to 250°C over a
period of 21 minutes. No QC was analyzed therefore, analytical accuracy could not be
determined. Helium was used as the mobile phase at a flow rate of 1.5 mL/min. 10 mL of
sample effluent was used during the SPME preconcentration step and a variety of factors
were tested in order to optimize the method’s detection limit. Such factors included selecting
which SPME fibre would best adsorb the target analytes (Table 3.3), the length of time the
SPME fibre was exposed to the sample effluent headspace at 50 °C and whether the addition

of 2g of NaCl and/or 200 uL of 0.3 mol L™t HCI would improve analyte adsorption.

Table 3.3: List of SPME fibre coatings and their typical target analytes.

Fibre Coating Typical target analyte
Alcohols and polar compounds (MW 40-
PEG Polyethylene glycol 275)

.. Flavor compounds: volatiles and semi-
Divinylbenzene/Carboxen P

DVB/CAR/PDMS on polydimethylsiloxane volatiles, C3-C20 (MW 40-275)
olvdimethvisiloxane and Volatiles, amines and nitro-aromatic
PDMS/DVB poly y compounds (MW 50-300)

divinylbenzene

CAR/PDMS Carboxen/polydimethylsiloxane  Gases and low molecular weight compounds
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3.4 Results

3.4.1 Comparison of DIC production and heterotrophic metabolism in FTR
experiments

Mean aerobic DIC production approximately matched mean dissolved oxygen consumption
rates during oxic sampling rounds in FTR experiments 1 and 2 (Table 3.6). In fact, single
factor ANOVA analyses revealed that neither of these datasets were significantly different.
Oxic DIC production in FTR experiments 1 and 2 were also demonstrated to have no
significant difference from DIC production under anoxic conditions (Table 3.4).

Table 3.4: Mean rates of dissolved oxygen consumption, DIC production under oxic and

anoxic conditions in FTR experiments 1 and 2. Single factor ANOVA statistical tests
were used to evaluate statistically significant difference.

p values
Dissolved .
ETR oxygen Oxic DIC Anoxic DIC DO and Oxa|::1dDIC
Experiment consumption production production oxic Anoxic
rate (nmol mLthr?!) (nmolmL?hr?) DIC DIC
(nmol mL? hr?)
1 132+12 129+ 39 114 + 58 0.76 0.18
2 174 + 15 210+ 85 186 £ 97 0.23 0.47

In FTR experiment 1, expected denitrification rates (Figure 3.1) were calculated using anoxic
DIC production rates and the NOs™ :CO> stoichiometry of 4:5 (reaction vi). Measured
denitrification rates did not approach expected denitrification rate at any of the sampling
times. The mean measured denitrification rate amounted to <5% of anoxic DIC production,

leaving a large proportion of DIC without a known source.
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Figure 3.1: Rates of DIC production, denitrification and expected denitrification (based
on denitrification stoichiometry of 4:5 with respect to NO3 and CO: (reaction vi)) from
FTR experiment 1 over time. Red dashed line represents when conditions were changed
from oxic to anoxic. n=3. FTR reservoir had been spiked with 50 pmol L **NOs". Error
bars represent standard deviation in all instances.

3.4.2 Volatile fatty acid analysis via ion chromatography

Effluent samples from FTR experiment 1 were analysed using ion chromatography and C1-3
VFA standards were used to identify analyte peaks. Neither formate or propionate peaks were
detected in effluent samples from either oxic or anoxic sampling rounds. Acetate peaks were
detected in FTR effluent samples from anoxic sampling rounds at an approximate
concentration range of between 0.1 to 0.5 umol L. The method detection limit for acetate
was 0.1 umol Lt and the limit of quantitiation was determined to be 4 umol L. As a 1/50
dilution step was required to prevent chloride ions from saturating the detector, the effective
detection limit for acetate in FTR effluent samples was 5 pmol L™ and the effective limit of
quantitation was 200 pmol L. Based on the mean anoxic DIC production rate and

stoichiometry of reactions iii and iv, acetate production would need to exceed 5.3 and 213.3

nmol mL* hr?, respectively, to reach the limits of detection and quantitation, respectively.
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These rates would account for 4.7 and 187% of anoxic DIC production in FTR experiment 1,
respectively.

The maximum detected acetate concentration of 0.5 pmol L™, would corresponod to a FTR
effluent concentration of 25 umol L™ and a maximum production rate of 27 nmol mL™ hr?,
Based on the mean anoxic DIC production during FTR experiment 1 and the stoichiometry of
reactions iii or iv, this would account for a maximum of 23.4% of anoxic DIC production.
However, the acetate peaks detected in anoxic FTR effluent samples were below the limit of
quantitation and therefore cannot be reliably quantified.

3.4.3 Optimization of SPME for C1-3 volatile fatty acids and alcohols analysis via GC-
MS

Using the CAR/PDMS fibre during SPME pre-treatment consistently resulted in the highest
average peak area for all C1-3 alcohol and fatty acid analytes targeted (Figure 3.2a). It was
therefore used in all subsequent SPME GC-MS analyses. The PEG fibre offered the next
most effective adsorption of target analytes. For all fibres tested, 1-propanol and 1-propionate
were most effectively adsorbed, whilst ethanol and acetate were adsorbed to a far lower
degree (between 8-13 % of 1-propanol and propionate peak areas). Methanol and formate
were not adsorbed effectively, with their respective peak areas comprising only between 0.3
and 0.6 % of the C3 alcohol and fatty acid peaks.

The addition of salt and/or acid to the mixed standards during SPME pre-treatment was also
examined as way to further optimize this method (Figure 3.2b). Relative to the control
analyses (no salt or acid added), the ‘Control + salt’ treatment appeared to only marginally
improve the adsorption efficiency of the CAR/PDMS fibre, having a higher mean peak area
of all alcohols and all VFA’s with the exception of propionic acid which was 10% lower

compared to its control analysis.
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The addition of acid to the mixed standard resulted in a large improvement of the adsorbing
efficiency for the VFA components (Figure 3.2b), with a 46-62% increase in peak area
compared to the same peaks in the control treatment. The addition of acid did not appear to
affect the quantity of alcohol analytes adsorbed as the peak area of all alcohol analytes
remained relatively constant in the ‘Control + acid’ treatment compared to the control
treatment. The ‘Control + salt + acid’ treatment exhibited a greater adsorption efficiency wi

largest mean peak areas for all target analytes compared to any other treatment.

th
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Figure 3.2a and b: Comparison of adsorption efficiency of pre-treatment methods. 3.2a)
comparing different SPME fibres. 3.2b) comparing how the addition of salt and/or acid
affects adsorption of target analytes. Each data point represents triplicate analysis.
Error bars are standard deviation in all cases.
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The final factor that was tested was the duration of time the CAR/PDMS fibre was exposed to
the sample headspace during the SPME pre-treatment step. The greater length of time the
fibre was exposed, the more effectively analytes were adsorbed (Figure 3.3), until
approximately t= 50 min, where the quantity of analytes adsorbed began to plateau. The
maximum adsorbance was observed at t= 60 min. For all subsequent sample analyses, a 60
minute fibre exposure time was used. The positive correlation between the degree of analyte
adsorption and exposure time was consistent for all C1-3 alcohol and VFA analytes
examined.

For all subsequent FTR effluent sample analysed via SPME GC-MS, additions of salt and
acid were employed in conjunction with a 60 minute exposure time to the CAR/PDMS fibre.

The limits of detection and quantitation for each analyte were also determined (Table 3.5).
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Figure 3.3: Acetic acid peak area plotted against increasing length of SPME fibre
exposure time. Each data point represents triplicate analysis. Error bars are standard
deviation in all instances.
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Table 3.5: List of target analytes, their retention time and limits of detection and
guantitation using the optimized SPME pre-treatment with GC-MS analysis.
Limit of detection ~ Limit of quantitation

Target analyte Retention time (min)

(umol L) (umol L)
Methanol 7.1 150 194
Ethanol 7.6 1 18
Propanol 8 0.04 12
Formate 14.1 150 313
Acetate 16.7 0.5 12
Propionate 17.8 0.02 12

3.4.4 FTR effluent analysis of C1-3 alcohol and volatile fatty acids via SPME GC-MS
Effluent from FTR experiment 2 was analysed and no peaks for formate, methanol,
propionate or 1-propanol were detected in any of the samples analyzed. Peaks corresponding
to ethanol and acetate were detected in all anoxic sampling round samples analyzed. Though
in all instances, the peak area for both analytes fell below the respective limits of quantitation
(Table 3.5) and could therefore not be reliably quantified. The peak areas corresponded to an
approximate concentration of 1 umol L™ for both acetate and ethanol. These concentrations
would correspond to production rates of approximately 1.3 nmol mL™ hr?, and based on the
reaction stoichiometries from reactions i, iii and iv, would account for only 0.7 and 1.4 % of
anoxic DIC production for acetate and ethanol, respectively.

3.4.5 Antibiotics FTR experiments

Dissolved oxygen consumption rates approximately matched anoxic DIC production rates for
all treatments, across both experiments 3 and 4 (Table 3.6). In FTR experiment 3, there was
no statistical difference between control and amoxicillin treatments with respect to dissolved
oxygen consumption rates (p>0.05) or anoxic DIC production (p>0.05) (single factor
ANOVA analyses). In the HgCl. treatment however, rates of dissolved oxygen consumption
and anoxic DIC production were both negligible compared to either the control or amoxicillin

treatments.
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In FTR experiment 4, there was no statistical difference between control and ciprofloxacin
treatments with respect to rates of dissolved oxygen consumption (p>0.05) and anoxic DIC
production (p>0.05) (single factor ANOVA analyses).

Denitrification rates for the control treatment in FTR experiment 3 gradually increased over
time, in contrast with the amoxicillin and HgCl> treatments, which stayed constant (Figure
3.4a). The control treatment reached an experimental maximum of 6 + 2 nmol mL™* hr? and
had a mean production rate of 4 + 2 nmol mL™ hr, while amoxicillin and HgCl; treatments
had mean production rates of 1.2 + 0.4 and 0.1 nmol mL™ hr?, respectively. These mean
denitrification rates accounted for < 4% and <1% of the anoxic DIC production rates in the
control and amoxicillin treatments, respectively.

Table 3.6: Mean rates of dissolved oxygen consumption and anoxic DIC production
across the various treatment in FTR experiments 3 and 4.

FTR Dissolved oxygen consumption Anoxic DIC production

i Treatment 1 -l K |

Experiment rate (nmol mL?! hr?) (nmol mL* hrt)
3 Control 102 +2 110+ 21
Amoxicillin 97 +4 119 + 28

HgC|z 0 3

4 Control 645 71+17
Ciprofloxacin 68+7 60 + 23

In FTR experiment 4, denitrification rates in the ciprofloxacin treatment were far lower than
the control treatment (Figure 3.4b). Mean denitrification rates were 4 £ 1 and 0.5 £ 0.4 nmol
mL* hr for control and ciprofloxacin treatments, respectively. These mean denitrification
rates accounted for < 6% and <1% of anoxic DIC production for control and ciprofloxacin

treatments, respectively.
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Figure 3.4a and b: Rates of denitrification over time under anoxic conditions in FTR
experiments 3 (3.4a) and 4 (3.4b). Concentration of amoxicillin and HgCl, in FTR experiment 3
was 130 pmol L and 2.2 mmol L, respectively. Concentration of ciprofloxacin in FTR
experiment 4 was 150 umol L. Error bars are standard deviation in all instances.
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3.5 Discussion

3.5.1 Dissolved inorganic carbon in flow through reactor experiments

In both FTR experiments 1 and 2, there was no statistical difference between oxic DIC
production rates and rates of dissolved oxygen consumption (p<0.05), indicating aerobic
respiration is dominating DIC production under oxic conditions (Table 3.4). Interestingly,
rates of oxic and anoxic DIC production in FTR experiments 1 and 2 were also very similar
and were shown to have no statistical difference between the datasets (p>0.05). This suggests
that the community responsible for respiring under oxic conditions (and producing DIC), is
likely the same community respiring under anoxic conditions, as there is no change in rate.
Despite denitrification being the next most energetically favourable process following aerobic
respiration (reactions ii and i, respectively), at no point during FTR experiment 1 did the
measured denitrification rate approach the expected denitrification rate (Figure 3.1). In fact,
the mean measured denitrification rate made up <5% of mean anoxic DIC production leaving
approximately 95% of anoxic DIC production without a known source. These findings are
consistent with the research presented in chapter 2 of this thesis, indicating a highly
reproducible phenomenon.

3.5.2 Volatile fatty acid analysis by ion chromatography

Acetate was detected in FTR effluent samples taken during anoxic sampling rounds and was
in the approximate concentration range of between 0.1 to 0.5 pmol L%, The maximum
detected concentration of 0.5 umol L corresponded to a FTR production rate of 27 nmol
mL* hr?, accounting for 23.4% of anoxic DIC production in FTR experiment 1. While this is
a substantial proportion of the anoxic DIC production, this concentration range fell below the
method limit of quantitation (4 pmol L) and therefore cannot be considered reliable.

The 1 in 50 dilution factor necessitated by the high chloride concentration of seawater

samples meant that the effective limit of quantitation for acetate in FTR effluent samples
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corresponded to a 200 pmol L, highlighting the inadequacy of this analytical methodology.
Effluent from FTRs should be analyzed using a method that has a lower limit of quantitation
to allow for more robust conclusions to be made.

However, the presence of an acetate peak indicates that the concentration was at least high
enough to exceed the detection limit, meaning a conservative estimate for the acetate
concentration in FTR effluent during anoxic sampling rounds would be at least 5 pmol L™,
corresponding to a production rate of 5.3 nmol mL™ hr. This would mean that acetate-
producing fermentation reactions uncoupled to heterotrophic metabolism, were likely
contributing at least 4.7% of the total anoxic DIC production in FTR experiment 1.

During analysis, no formate or propionate peaks were found in any samples taken during oxic
or anoxic sampling rounds, but due to the high dilution factor, it can only be concluded that
the concentration of these analytes did not exceed the effective detection limit concentration
of 5 umol L.

3.5.3 Solid phase micro-extraction method optimization

Analyses using the CAR/PDMS SPME fibre consistently had the highest average peak area
for all C1-3 alcohols and fatty acids targeted. The DVB/CAR/PDMS fibre bound target
analytes least effectively, despite sharing two of the three fibre coatings with the more
efficient CAR/PDMS fibre.

Relative to the control analyses, the Control + salt treatment appeared to only marginally
improve the adsorption efficiency of the CAR/PDMS fibre. The addition of salt likely
decreased the solubility of the alcohols and VFASs and allowed for a greater proportion to be
volatilized into the vial headspace, increasing the total quantity of analytes adsorbed to the
fibre. The addition of acid to the sample during the SPME pre-treatment had a large
improvement of the adsorbing efficiency for the VFA samples. This was likely due to the

lowering of the sample pH resulting in the protonation of all VFAS, enabling them to have a
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neutral charge, lowering their solubility. This allowed for a greater proportion of the total
VFAs to be volatilized into the headspace and adsorb onto the fibre. There was no observed
change in the adsorption efficiency of the alcohol analytes compared with the same peaks in
the control treatment. This is likely due no chemical change being brought about to the
alcohols following the addition of acid and would therefore produce an adsorption efficiency
near identical to that observed in the control treatment. At approximately 60 minutes of
exposure the quantity that could be bound appeared to plateau. The system had likely reached
a point where the adsorption of target analytes onto the fibre had found an equilibrium with
adsorbed analytes moving from the fibre to the headspace.

3.5.4 VFA and alcohol analysis of effluent using SPME GC-MS

No peaks for formate, methanol, propionate or 1-propanol were detected in any of the anoxic
sampling rounds that were analyzed for FTR experiment 2. However, the sizeable differences
in limits of detection for these analytes result in very different conclusions regarding their
respective prevalence in FTR effluent (Table 3.5). As the limit of detection for methanol and
formate was 150 umol L2, it can only be concluded that these analytes were not present in
FTR effluent at concentrations exceeding this value. Since various fermentation processes are
expected to be utilized in combination with one another, this conclusion is not useful, as
methanol and formate producing fermentation reactions uncoupled to heterotrophic
metabolism may still be occurring at high rates and contributing to anoxic DIC production.
For more robust conclusions, FTR effluent samples should be analyzed using a method with a
far lower limit of detection and quantitation.

The detection limits of 1-propanol and propionate were 0.04 and 0.02 umol L, respectively,
and as no peak for either analyte was detected, it is highly likely that these compounds were

not accumulating in effluent during FTR experiment 2. 1-propanol and propionate producing
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fermentation reactions, uncoupled to heterotrophic metabolism therefore do not contribute
substantially to the >95% of anoxic DIC unassigned to a known process.

Ethanol and acetate were both detected in effluent samples from anoxic sampling rounds of
FTR experiment 2 effluent, however, the peak area of each analyte was below the respective
limits of quantitation (Table 3.5) and therefore cannot be reliably quantified. However, as the
peak areas corresponded to approximately the respective analyte detection limits,
conservative estimates of their concentrations may be made. These peaks corresponded to
approximately 1 pmol L™ for both ethanol and acetate, which represented production rates of
1.3 nmol mL* hrt, These rates only accounted for 0.7 and 1.4% of anoxic DIC production
rates for acetate and ethanol producing fermentation reactions, respectively, leaving the vast
majority of anoxic DIC production without a known source.

3.5.5 Antibiotic FTR experiments and the prokaryotic contribution to anoxic DIC
production

In FTR experiments 3 and 4, anoxic DIC production not only persisted during antibiotic
treatments (Table 3.6), but there was no statistical difference between the control and
antibiotic treatments with respect to mean anoxic DIC production rates. This indicates that
prokaryotic microorganisms were not contributing substantially to anoxic DIC production,
which is highly consistent with the foundational observation of this research, namely that
terminal heterotrophic metabolic processes (reactions v-viii), typically performed by
prokaryotes, contribute <5% of anoxic DIC production.

The possibility of bacteria being resistant to amoxicillin and ciprofloxacin was investigated
by quantifying the rate of denitrification in the presence and absence of these antibiotics
(Figure 3.4a and 3.4b). In FTR experiment 3, amoxicillin inhibited denitrification by factors
of 2 to 5, compared to the control, over the course of the experiment. Whilst in FTR

experiment 4, ciprofloxacin inhibited denitrification to a far greater extent, between factors of
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4 to 35, compared to the control treatment. The greater degree of inhibition observed in FTR
experiment 4 was likely due to ciprofloxacin being effective towards a broader range of
bacteria compared to amoxicillin. These findings indicate that antibiotic resistant bacteria do
not explain these observations.

Negligible dissolved oxygen consumption rates, anoxic DIC production rates and
denitrification rates observed in the HgCl. treatment of FTR experiment 3 confirm that this
preservative has halted the large majority of metabolism within the FTR. As almost all anoxic
DIC production has ceased, this adds further support to a conclusion presented in Chapter 2
of this thesis, namely, that abiotic processes such as calcium carbonate dissolution do not
substantially contribute to anoxic DIC production in permeable sediments.

These observations suggest that eukaryotes, not bacteria, are responsible for the vast majority
of DIC production in permeable sediments, which represents a considerable departure from

the contemporary understanding of microbiological activity in permeable sediments.
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3.6 Conclusion

Quantification of C1-3 alcohols and volatile fatty acids in sample effluent from FTR
experiments 1 and 2 has determined that between 2.1% and 4.7% of anoxic DIC production
can be attributed to fermentation reactions, uncoupled to heterotrophic metabolism. While
there remains a large proportion of anoxic DIC production unassigned to a known process
(>90%), fermentation remains the most likely explanation of how microbes are continuing to
respire and produce DIC under anoxic conditions. The dominant pathway(s) have not been
identified in this research. Based on the dominance of eukaryotes revealed in FTR
experiments 3 and 4, future research should target typical products of eukaryotic fermentation

reactions, such as dissolved hydrogen and intracellularly stored wax esters.
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Chapter 4: Eukaryotic dark fermentation dominates anoxic permeable sediments

4.1 Abstract

Permeable sediments are common across continental shelves and are critical contributors to
marine biogeochemical cycling. Organic matter in permeable sediments is dominated by
microalgae, which as eukaryotes, have different anaerobic metabolic pathways to
prokaryotes, such as bacteria and archaea. In this research, analyses of flow-through reactor
experiments have shown that anaerobic production of dissolved inorganic carbon was
consistently accompanied by large dissolved hydrogen production rates, suggesting the
presence of fermentation. The production of both dissolved inorganic carbon and hydrogen
persisted following administration of broad spectrum bactericidal antibiotics, but ceased
following treatment with metronidazole. Metronidazole inhibits the ferredoxin/hydrogenase
pathway of fermentative eukaryotic hydrogen production, suggesting that pathway as the
source of hydrogen and dissolved inorganic carbon production. Metabolomic analysis
showed large increases in lipid production at the onset of anoxia, consistent with documented
pathways of anoxic dark fermentation in microalgae. Cell counts revealed a predominance of
microalgae in the sediments. These findings indicate that microalgal dark fermentation could

be an important energy-conserving pathway in permeable sediments.
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4.2 Introduction

In permeable sediments, under anoxic conditions, established energetic favourability yields
indicate that denitrification should be the dominant process and therefore be a major source
of dissolved inorganic carbon (DIC), should nitrate be present. Research presented in chapter
2 of this thesis has consistently shown that the combined rates of denitrification, iron and
sulfate reduction accounted for <5 % of DIC production in anoxic FTR experiments. This
large quantity of DIC could not be attributed to either calcium carbonate dissolution or
respiration by meiofauna. Furthermore, in FTR experiments presented in chapter 3 of this
thesis, large quantities of DIC continued to be produced despite the presence of the broad
spectrum antibiotics, amoxicillin and ciprofloxacin, indicating that eukaryotic microalgae are
likely responsible for the majority of metabolism in permeable sands, under anoxic
conditions.

Microalgae are globally ubiquitous in photic sediments and often have a biomass exceeding
phytoplankton in overlying waters®. In permeable (sandy) sediments, their biomass may
comprise 10 — 40% of the organic carbon pool based on previously reported carbon to
chlorophyll a ratios 22, In contrast, bacterial biomass has previously been reported to
comprise <10% of the organic carbon pool in sandy sediments*. This is also consistent with
the dominance of microalgae in mediating carbon flows in such sediments®. Given their high
biomass, it is reasonable to expect that microalgae will undertake a large fraction of the
carbon mineralization and energy generation pathways in comparison to bacteria. Despite
this, it remains widely assumed that bacterial fermentation and sulfate reduction are the main
mechanisms of DIC production in anoxic permeable sediments®. Surprisingly, prior to this
research, there have been no systematic studies of electron acceptor utilisation in freshly

collected sands and, despite their dominance, the role of microalgae in these processes’.
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The dynamic nature of permeable sediments means that microalgae are often observed to be
evenly distributed to in excess of 15 cm within sands where dark anoxic conditions will
prevail 1°. It has been shown that microalgae mixed into the dark sediment can remain viable
for long periods of time (half lives of 6-22 days), highlighting their adaptation to this
dynamic environment®. However, the metabolic basis of how they survive light and oxygen
fluctuations is unclear. Nitrate respiration has previously been shown to sustain the survival
of axenic cultures of phototrophic eukaryotes in dark anoxic conditions®; however, it remains
to be determined whether nitrate respiration is a relevant strategy in the environment and it is
unlikely that it is sufficient to support microalgal populations in oligotrophic systems with
low nitrate concentrations.

One possible source of large quantities of DIC in anoxic sediments could be fermentation.
Fermentation is a broad category of microbially-mediated reactions that involves organic
carbon simultaneously undergoing oxidation and reduction, serving as both the electron
acceptor and the electron donor®. It is well understood that fermentation takes place in all
sediments but was considered to be strongly coupled to the previously mentioned
heterotrophic metabolic pathways, thereby preventing the accumulation of fermentative
products.

While some microalgae have been shown to undertake fermentation under dark anoxic
conditions, for example chlorophytes!!2, there have been no studies to date to quantify the
importance of this in the environment.

Dark fermentation in microalgae may result in the production of H2 and CO2 as well as a wide
variety of organic end products, depending on the microalgal species, pathway and
environmental conditions!23, For example, Chlamydomonas excrete acetate, ethanol, and
formate or glycerol at ratios that vary depending on the species*6, Additionally, some algae

do not release fermentative products from the cell at all and instead they accumulate them

85



intracellularly. For instance, Inui et al (1982)!" have found that Euglena gracilis generates
large concentrations of wax esters which are stored in the cytosol*® that are reoxidised to
generate ATP upon return to oxic conditions.

There are two well-studied eukaryotic metabolic processes that produce hydrogen:
photobiological production and dark fermentative metabolism*°. In photobiological
production, light-excited electrons derived from water (direct biophotolysis) or organic
compounds (indirect biophotolysis) are transferred to ferredoxin and then [FeFe]-
hydrogenase resulting in Hz production'®?°. By contrast, dark fermentative metabolism
involves the glycolytic breakdown of organic compounds (e.g. intracellularly stored starch).
The resulting pyruvate is then oxidised to acetyl-CoA by pyruvate ferredoxin oxidoreductase
(PFR) resulting in carbon dioxide %12, Acetyl-CoA is then converted to stored lipids. The
ferredoxin reduced by PFR is in turn reoxidised by [FeFe]-hydrogenase resulting in hydrogen
production?t,

This process can be effectively inhibited by low concentrations of metronidazole?.
Metronidazole is a nitroimidazole compound that has been demonstrated to preferentially
oxidize the reduced form of ferredoxin, thereby blocking hydrogen production?. The reduced
form of metronidazole may then be oxidized by dissolved oxygen and will produce a
superoxide radical that may damage the cell.

The primary hypothesis of this research chapter is that eukaryotic microalgae are
predominantly using dark fermentation to sustain cell function in permeable sediments under
anoxic conditions, which results in large quantities of DIC being produced. This hypothesis
will be investigated using a combination of flow through reactor (FTR) experiments and

culture experiments, using microalgal cultures grown from sample site sediments.
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The key research questions addressed in this chapter will be:
1) Can meaningful concentrations of a key fermentative product, such as dissolved
hydrogen, be detected in FTR effluent?
2) Are other key fermentative products, such as fatty acids, accumulating intracellularly
during extended anoxic incubation?
3) What pathway is responsible for the production of dissolved hydrogen and does the

presence of nitrate affect the rate of production?
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4.3 Methods

4.3.1 Flow through reactor experiments

Flow through reactors (FTRS), were packed using approximately the top 15 cm layer of
sediment from Port Phillip Bay, Victoria, Australia (site coordinates are 37°51°8.73”S,
144°57°27.07”E). The FTRs used were acrylic cylinders with a diameter of 4.6 cm and a
length of 3 cm sediment. PVC caps were placed at either end of the cylinder, and were
machined with grooves converging to a central outlet port overlaid with 0.1 mm nylon mesh
to allow even plug flow through the FTR. Plug flow within these FTRs has been verified
during breakthrough curve experiments performed by Evrard et al** and Bourke et al®.
Freshly collected sample seawater was pumped through the FTRs using a peristaltic pump
located upstream. Seawater was pumped in an upwards direction from the base of the FTR to
assist in maintaining plug flow. Reservoirs were maintained in oxic/anoxic states by
continuous purging with air or argon respectively.

Sediment was sieved using a 2mm mesh to remove large debris, such as shell grit, rocks and
macroalgae, which can interfere with FTR plug flow. The system was confirmed to have a
negligible leak rate of oxygen by running deoxygenated water through the system, which was
then observed to have a concentration of <1 umol L at the outlet.

For dissolved hydrogen, a loss of 3.6% was observed when a solution containing 50 umol L*
H> was pumped through the FTR set up. Water samples at the FTR outlet were collected by
directly connecting glass syringes to the outlet, ensuring no bubbles were introduced.
Reaction rates were calculated based on the difference between the relevant solute
concentration in the reservoir and the outlet of the FTR, the reactor volume and the flow rate

through the reaction.
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Four FTR experiments were performed (Table 4.1) with the overarching goal of investigating
what process was responsible for the large majority of DIC production in permeable
sediments, under anoxic conditions, what compounds are being produced by this process and

what factors might be influencing the rates of production.
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Table 4.1: Summary of flow through reactor experiment duration, conditions, sampling regime and purpose.

conditions.

FTR Date Purpose Sampling Experimental summary
experiment | performed
Sampling occurred once per day, over 5 days. Oxic conditions were
To examine the influence of maintained for the first day, then changed to anoxic for all proceeding
elevated concentrations of : days. Inlet reservoir was spiked with 60 umol L™ ®NO3™ up until 44
15n 1 - o Dissolved . . .
NOs", the antibiotic Oxygen hours into the experiment, then the reservoir was changed to regular
1 23.07.15 ciprofloxacin and the (DO), H seawater. At the 142nd hour the reservoir was returned to 60 umol L
preservative HgCl> on DI'C 2 ®’NO3". At the 156th hour a dose of the broad spectrum antibiotic,
dissolved hydrogen ' ciprofloxacin, was added to the reservoir (150 umol L), At the 165th
production. hour the reservoir was dosed with HgCl, (2.2 mmol L™).Flow velocity
was maintained at 0.51 mL min™.
Sampling occurred once per day, over 9 days. 2 experimental treatments
To examine whether dissolved DO H, were _used in parallel, one with a regular seawater rese_rvoir and the other
hydrogen production is DIC Nz’ having a 50 pmol L* 15No_g,‘s,plked seawater reservoir. The treatments
dependent upon the presence sul f,i de ’ had 5and 3 FTRs, respe_ctlvely. All FTR _condltlons were oxic for the
2 5.08.15 of nitrate and whether chloroph),/ll first two days, then anoxic for all proceeding days. FTRs in the regular
fermentation products are aand seawater treatment were removed and frozen throgg_hoyt th_e experiment
accumulating intracellularly metabolome for metabolome analysis. The broad spectrum antibiotic, ciprofloxacin,
' was added to both reservoirs at the end of the seventh day (150 umol L°
1. Flow velocity was maintained at 0.39 mL min™.
Sampling occurred once per day, over 5 days. FTR conditions were oxic
. . DO, Hy, DIC | for the first day, then anoxic for all proceeding days. All reservoirs were
To examine whether dissolved . . 115 )
3 29.10 15 hvdrogen is produced via a and splkeq with 60 umol L _ NO3" two parallel treatments were used, each
yarog p
ferredoxin pathway. chlorophyll having 3 FTRs._These m_cluded_a control _seawater reservoir ar?ld one
a. where the reservoir was spiked with metronidazole (115 pmol L™). Flow
velocity was maintained at 0.87 mL min™.
Experiment extended over a 5 day period. DO and H, were sensed
To quantify production rates of DO H» and continuously throughout. Methane sampling occurred once per day. FTR
4 11.08.16 methane under anoxic CHi conditions were oxic for the first day and anoxic for the remainder of the

experiment. Reservoir was spiked with 50 pmol L™ NOs". Flow
velocity was maintained at 1.6 mL min™,
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4.3.2 FTR experiment sample analysis

4.3.2.1 Denitrification rates

Concentrations of 1®N-N in FTR effluent were determined using headspace analysis on a Gas
Chromatograph (He carrier) coupled to isotope ratio mass spectrometer (Sercon 20-22). The
rates of denitrification reported throughout this chapter are total denitrification (D14+D1s) and
were calculated using the isotope pairing technique®®. Samples from FTR experiments were
transferred from glass syringes into 12 mL Exetainers (Labco, High Wycombe) and
preserved with 250 uL of 50% w/v ZnCl..

4.3.2.2 Dissolved inorganic carbon

The concentration of dissolved inorganic carbon was evaluated using flow injection analysis,
fitted with a photometric detector. This method involved acidifying FTR sample effluent so
that any carbonate species would be converted to carbon dioxide, which, would then diffuse
across a microporous membrane (Accurel® PP Q3/2 tubular membrane, ID 0.6 mm)?’. The
resulting change in pH causes the Bromothymol Blue indicator solution to produce a
measurable colour change proportional to the quantity of diffused carbon dioxide. Samples
for dissolved inorganic carbon were sampled into 3 mL Exetainers and preserved with 100
uL of 6% HgCl, before analysis using flow injection analysis?’ with a precision <1%.
4.3.2.3 Dissolved oxygen

Dissolved oxygen was continuously recorded during FTR experiments using Pyroscience
Firesting flow through dissolved oxygen sensors. These flow through sensors were attached
directly to the inlet and outlet ports of the FTRs.

4.3.2.4 Sulfide

A UV-Visible spectrophotometer (GBC) was used to determine sulfide concentrations in

FTR effluent following the Fonselius?® method. Effluent samples were filtered using
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MicroAnalytix 0.2 um cellulose-acetate filters and were preserved using 100 pL of Zn acetate
per mL of sample.

4.3.2.5 Methane

FTR effluent samples for methane analysis were preserved using 100 uL 50% w/v ZnCl; and
given a 4 mL He headspace. Methane concentration in samples was determined using a
Varian 3700 Gas Chromatograph with a C-18 Poracil column equipped with a flame
ionization detector.

4.3.2.6 Chlorophyll a analysis

Chlorophyll a content was analysed using a UV-Visible spectrophotometer (GBC), following
a methanol extraction step?.

4.3.2.7 Metabolome analysis

For metabolome analysis, cells were lysed and metabolites were extracted from FTR
sediments using a methanol:chloroform mixture (1:2, v:v; -20C°) for 30 min under
sonication. The metabolites in the supernatants were analysed by GC-QTOF-MS and LC-
QTOF-MS (both Agilent Technologies) following Godzien, et al.*° and Kind, et al.>* with
slight modifications.

4.3.2.8 Dissolved Hydrogen

Dissolved hydrogen analysis was performed using a calibrated Unisense H2-100 sensor fitted

with a glass flow through cell connected directly to the FTR outlet.
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4.4 Results
4.4.1 Flow through reactor experiments

4.4.1.1 FTR experiment 1

There was no significant difference between the DIC production rates under each of the
conditions studied (Figure 4.1) (ANOVA, single factor, p>0.05) with the exception of anoxic
regular seawater conditions that had been spiked with HgCl>. Under these conditions, DIC
production was markedly lower than at any other point during FTR experiment 1, with mean

DIC production rates determined to be only 8 + 11 nmol mL™ hr,

100
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DIC production rate (nmol mL™" hr'"

Figure 4.1: Mean rates of DIC production under various conditions from FTR experiment 1.
‘Oxic Nitrate’ and ‘Anoxic Nitrate’ conditions involved a reservoir concentration of 60 pmol L
® NOs". Reg SW conditions involved using freshly collected sample seawater with no added
nitrate. HgCl, conditions included a reservoir concentration of 2.2 mmol L. Error bars
represent standard deviation in all instances.

The mean dissolved oxygen consumption rate was measured during the first 24 hours of the
experiment and was 72 + 6 nmol mL™ hrt. This value was determined to have no significant

difference compared to the DIC production rates observed under the various conditions
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studied throughout the experiment (ANOVA, single factor, p>0.05), also with the exception
of HgCl> spiked anoxic regular seawater conditions.

Under oxic, 60 umol L nitrate spiked reservoir conditions, no dissolved hydrogen
production was observed (Figure 4.2a). It was only after approximately 48 hours of anoxic
conditions that dissolved hydrogen production began, and production rates increased rapidly
over a 90 hour period to reach a maximum of 26 nmol mL™ hr, which corresponded to an
FTR effluent concentration of 34 pmol L. Following the change of reservoir conditions
from anoxic seawater to anoxic 60 pmol L™ nitrate spiked seawater, dissolved hydrogen
production rates declined sharply to only 5 nmol mL™* hr. Dissolved hydrogen production
rates steadily rose to 13 nmol mL™ hr'? over a 12 hour period, following reservoir conditions
being changed back to no added nitrate anoxic seawater (Figure 4.2b). This occurred despite
the reservoir being spiked with a high concentration (150 umol L) of the broad spectrum
antibiotic ciprofloxacin.

With the addition of HgCl: to the nitrate free reservoir at a concentration of 2.2 mmol L,
dissolved hydrogen dropped to zero within two residence times. Dissolved hydrogen

production was not observed throughout the remainder of the experiment.
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Figure 4.2a and b: Dissolved hydrogen production during FTR experiment 1. Blue line represents continuous measurement of dissolved H, from a

single FTR. Reservoir conditions are outlined by the text boxes and the extending arrows. Black square data points represent mean dissolved
hydrogen production rates across 3 FTRs. All error bars represent standard deviation.
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4.4.1.2 FTR experiment 2

There was no significant difference in DIC production between mean oxic and anoxic conditions (p
= 0.76) and in the presence or absence of nitrate (ANOVA, two factor with replication, p = 0.44)
(Figure 4.3a). Mean dissolved oxygen consumption rates measured during the first 52 hours of the
experiment was determined to be 47 + 2 nmol mL™ hr! and 46 + 1 nmol mL™ hr, in control and
added nitrate condition, respectively. These values were determined to have no significant
difference compared to the oxic DIC production rates observed in their respective treatments
(ANOVA, single factor, p>0.05).

Mean denitrification rates under anoxic conditions were determined to be 6 + 5 nmol mL™ hrtand
0.8 + 0.6 nmol mL* hr! for added nitrate and control treatments, respectively. Mean sulfide
production rates under anoxic conditions were determined to be 0.6 = 1.2 nmol mL Y hrtand 6 +9
nmol mL* hr! for added nitrate and control treatments, respectively. Combined rates of nitrate and
sulfate reduction represented 12 and 13% of mean anoxic DIC production for added nitrate and
control treatments, respectively.

Dissolved hydrogen production began ~36 hours after the commencement of anoxia (Figure 4.3b).
Dissolved hydrogen concentrations in FTR effluent reached 44 + 10 umol L't and 23 + 4 umol L
in the presence and absence of nitrate, respectively. These values correspond to production rates of
26 + 7 nmol mL™* h and 13 + 2 nmol mL™ h'* whilst DIC production rates in these FTRs were 120
+ 46 nmol mL™* h't and 80 +36 nmol mL* h%, respectively. Rates of dissolved hydrogen production
in both treatments continued to increase despite the addition of the antibiotic ciprofloxacin at a
concentration of 150 pmol L (t=166). Rates of dissolved hydrogen production were consistently

higher in the added nitrate treatment compared to the control.
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Figure 4.3: DIC, dissolved hydrogen and metabolome results from FTR experiment 2. (a) DIC
production rates under oxic and anoxic conditions and in the presence and absence of nitrate.
n=3 for each treatment. (b) Hz production rate over time in the presence and absence of 50
pM NOs . The solid line represents a change from oxic to anoxic conditions. The broken line
represents addition of 150 pmol L ciprofloxacin. n=3 for both treatments. . (c) The relative
concentration of fatty acid metabolites during anoxic hydrogen production compared to oxic
conditions (n=3 for each treatment). All error bars are standard deviation.
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Metabolomic analysis revealed large increases in the relative concentration of lipids when
comparing oxic sediments with hydrogen producing anoxic sediments (Figure 4.3c). A 3 fold
increase in phosphoglycerolipids and ceramides and a 5 fold increase in oleate was observed.
Sediment from FTR experiments 2 and 3 were analyzed for chlorophyll a content, organic carbon
content and organic carbon isotopic enrichment values. Scaling the sediment chlorophyll a content
to total microalgae using a carbon to chlorophyll a ratio of 402 gives a sediment MPB carbon
content of 850-860 pg/g of dry sediment, which comprises a total organic content of the sediment of
61 and 53% for FTR experiments 2 and 3, respectively (Table 4.2). Isotopic analysis of the organic
carbon content present in sediment collected during FTR experiments 2 and 3, revealed §'3C

endpoints of -23.7 and -22.1%eo.

Table 4.2: Organic carbon measurements from Port Phillip Bay sediments used in FTR
experiments. A carbon to chlorophyll a ratio of 40 was assumed.

Proportion of
estimated vs
total organic

Chla(ugg! Organiccarbon Total organic
Experiment dry estimate (ng g carbon (ug g’
sediment) dry sediment)  dry sediment)

carbon
FTR
experiment 2 21 860 1400 61
FTR
experiment 3 21 850 1600 53

Cell counting revealed a diverse community of microalgae in sediment collected during FTR
experiment 2. Diatoms were particularly abundant, exceeding 10° cells per mL, with species from

the genus Amphora, Cocconeis, and Fragilariopsis most numerous (Table 4.3).
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Table 4.3: Cell count and species identification from Port Phillip Bay sediment collected on

15/05/2015.
Algal taxa Cell count (Cells mL™
Diatoms
Amphora sp. 26000
Attheya decora 5000
Ceratoneis closterium 10000
Cocconeis spp. 19000
Entomoneis sp. 2000
Fragilaria sp. 1000
Fragilariopsis sp. 16000
Grammotophora marina 3000
Naviculoid spp. 9000
Nitzschia spp. 12000
Odontella aurita 2000
Pleurosigma sp. 2000
Dinoflagellates
Gymnodinioid spp. 4000
Prorocentrum sp. 100
Chrysophytes
Ochromonas spp. 12000
Chlorophyta
Pyramimonas spp. 6000
Euglenophyta
Eutreptiella spp. 100
Unidentified euglenoids 11000
Cyanobacteria
Cf. Geitlerinema 12000
Cf. Nostoc 2000
Cf. Pseudanabaena 3000
Relative proportion (%)
Diatoms 107000 68.1
Dinoflagellates 4100 2.6
Other flagellates 29100 18.5
Cyanobacteria 17000 10.8
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4.4.1.3 FTR experiment 3

Mean dissolved oxygen consumption rates measured during the first 24 hours of the experiment
were determined to be 139 + 9 nmol mL™ hr' and 134 + 8 nmol mL™* hr, for control and
metronidazole treatments, respectively. Rates of dissolved oxygen consumption approximately
matched the rates of oxic DIC production for each treatment (Figure 4.4a), which had mean
production rates of 170 = 20 nmol mL* hr! and 140 + 30 nmol mL™ hr?, for control and
metronidazole treatments, respectively.

For the control treatment, mean DIC production rates under oxic conditions approximately matched
those under anoxic DIC conditions to the extent that no statistical difference was found (ANOVA,
single factor, p>0.05) (Figure 4.4a). However, the DIC production rate under anoxic conditions for
the metronidazole treatment was significantly lower than the mean oxic DIC production in the same
treatment (ANOVA, single factor <0.05), with a difference in mean DIC production of 118 nmol
mL?t hrt,

Under oxic conditions, no dissolved hydrogen production was observed in either treatment.
Dissolved hydrogen production began ~24 hours after the commencement of anoxia (Figure 4.4b)
for the control treatment and reached a maximum production of 29 + 2 nmol mL* h't (t=141),
corresponding to a FTR outlet concentration of 23 + 2 pmol L. Dissolved hydrogen production
was not observed at meaningful concentrations in the metronidazole treatment at any point during

the experiment, with FTR effluent concentrations being <0.2 umol L™ for all sampling rounds.

Page | 101



200

150 —‘V T

35

30 - ® Control
O 20mg L™ Metronidazole }

25 4

. ’

!

100

w
o
1

DIC production rate (nmol mL™ hr)

Hydrogen production rate (nmol mL” h'1)
o

& < |
0 0 ol B o o B o

;_5' :‘_5' ,§ _;_S 0 20 40 60 80 100 120 140
IS IS @ 13

S S o s Time (h)

o o £ 5

S S O S

£

Figure 4.4a and b: DIC (a) and dissolved hydrogen production rates (b) from FTR experiment
3. Treatments included a control sample seawater reservoir treatment and a 115 pmol L
metronidazole seawater reservoir treatment. (a) DIC production rates under oxic and anoxic
conditions and in the presence and absence of metronidazole. (b) H2 production in seawater
control and a metronidazole treatment over time. n=3 for both treatments. The solid line
represents a change from oxic to anoxic conditions. All error bars are standard deviation.

4.4.1.4 Flow through reactor experiment 4

Mean dissolved oxygen consumption rate measured during the first 24 hours of the experiment was
determined to be 112 + 8 nmol mL* hrt. Under oxic conditions, no dissolved hydrogen production

was observed. Dissolved hydrogen production began ~24 hours after the commencement of anoxia

reaching a maximum of 19.00 + 0.07 nmol mL™* h%, corresponding to a FTR outlet concentration of
8.31 + 0.03 umol L* (t=70). No meaningful concentrations of methane were detected in FTR

effluent at any stage of this experiment.
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4.5 Discussion

4.5.1 FTR experiment 1 and dissolved hydrogen production

FTR experiment 1 revealed that molecular hydrogen (H.) production began ~36 hours after the
commencement of anoxia (Figure 4.2a). Substantial H> concentrations were observed in the
presence and absence of nitrate, with concentrations almost an order of magnitude higher than
previously reported maximum transient concentrations of Hz by bacterial fermentation of 2 to 6
umol L1 3233 There appeared to be a sharp decline in hydrogen production following the change
from regular anoxic seawater reservoir to a spiked nitrate seawater reservoir (Figure 4.2a).
However, this is likely due to the introduction of trace dissolved oxygen, which inhibits the
hydrogenase enzyme34. The influence of nitrate on hydrogen production was further examined in
FTR experiment 2 and will be discussed further later in this discussion.

The addition of the antibiotic ciprofloxacin at a concentration of 150 pmol L™ to the reservoir
appeared to have no effect on H production (Figure 4.2b). Single species assays have shown
ciprofloxacin to have an EC-50 value of between 15 and 51 nmol L for typical gram positive
bacteria 33, and 241 nmol L for the gram negative bacteria of Pseudomonas putida®’. The
persistence of hydrogen production despite the presence of ciprofloxacin indicates that eukaryotic
microorganisms are responsible for the observed hydrogen production.

Dissolved hydrogen production occurring exclusively under anoxic conditions is consistent with the
well-established understanding that fermentation is strictly an anaerobic pathway.

Hydrogen production and DIC production decreased substantially following the introduction of
HgCl> to the reservoir. At the concentrations administered, HgCl. serves as a chemical preservative
and has very likely stopped all metabolism within the sediment, which further confirms hydrogen is

being produced via a biologically mediated pathway.
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4.5.2 Heterotrophic metabolism and hydrogen production dependence on nitrate

In FTR experiment 2, the rates of electron acceptor utilization indicated that denitrification and
sulfate reduction were low when compared to DIC production. They were only able to account for
less than 14% of DIC production in both control and added nitrate treatments. No meaningful
concentrations of methane were detected in FTR experiment 4 and methanogenesis can be excluded
as a potential contributor towards DIC production under anoxic conditions in permeable sediments.
This large gap between the rate of DIC production and nitrate reduction is consistent with previous
observations by Evrard et al 2013?* and Marchant et al 2016, suggesting a common, although not
ubiquitous®®, phenomenon.

As there was no significant difference in DIC production between oxic and anoxic conditions and in
the presence or absence of nitrate (Figure 4.3b), this suggests that the organisms responsible for
DIC production under oxic conditions were able to use an energy-conservation pathway to maintain
their metabolism under anoxia, and that nitrate or sulfate reduction were not significantly
contributing to this.

Consistent with this, cell counts revealed a diverse community of microalgae at the study site (Table
4.3). Diatoms were particularly abundant, exceeding 10° cells per mL, with species from the genus
Amphora, Cocconeis, and Fragilariopsis most numerous. Scaling the sediment chlorophyll a
content to total microalgae using a carbon to chlorophyll a ratio of 40° gives a sediment MPB
carbon content of 850-860 ug/g of dry sediment (Table 4.2), which comprises approximately 57%
of the total organic content of the sediment, highlighting the likely dominance of these organisms in
DIC production.

A comparison of the production rates of hydrogen in this experiment showed that hydrogen was
produced in both regular seawater and spiked nitrate seawater treatments. In fact, as Figure 4.3b
shows, hydrogen production rates were consistently higher in the nitrate seawater treatment. One
possible explanation is that the added nitrate might be stimulating cell growth amongst the

eukaryotic microphytes that are most likely responsible for the H, production. Although the 9 day
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experimental period would be ample time for the eukaryotic microphytes to multiply, this
experiment was carried out under dark conditions, which would ordinarily limit cell growth*°.

The fate of the organic end products produced through dark fermentation was also investigated in
FTR experiment 2. Metabolomic analyses of sediment collected from dark anoxic FTRs under H»
production showed a 3 fold increase in phosphoglycerolipids and ceramides and a 5 fold increase in
oleate (Figure 4.3c) as compared with oxic conditions. This is consistent with the synthesis of lipids
from the fermentation product acetyl-CoA as previously documented for green algae®®.

Sediment isotopic analysis of organic matter revealed that the end member values were -23.7 and -
22.1%o for very FTR experiments 2 and 3, respectively. These are very close to the characteristic
value of marine phytoplankton (-21.1%.)*! and microphytobenthos (-15 to -16%o)*? values. This
indicates that it’s highly likely that a high proportion of organic matter present in these sediments is

produced by marine phytoplankton.

4.5.3 Eukaryotic dark fermentation pathways for hydrogen production

The most likely pathway to be responsible for the observed H> production is dark fermentative
metabolism. The transfer of electrons from the reduced form of ferredoxin to hydrogenase, which is
required for dark fermentation to proceed, can be effectively inhibited by low concentrations of
metronidazole?2. Consistent with this Hz production pathway, it was observed that the
administration of 115 umol L metronidazole effectively inhibited Hz production compared to a
control treatment (Figure 4.4b). This appears to be strong evidence supporting the notion that dark
fermentation is a major metabolic pathway under anoxic conditions in permeable sediments and is

likely the dominant process under these conditions (Figure 4.5).
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Interestingly, DIC production stays relatively constant in the oxic and anoxic control treatment
conditions and the oxic metronidazole treatment, but substantially declines in the anoxic
metronidazole treatment (Figure 4.4a). This coincides with a stark difference in hydrogen
production, where substantial hydrogen production occurred in the anoxic control treatment, whilst
negligible hydrogen production occurred in the anoxic metronidazole treatment. The most likely
explanation for this is that metronidazole molecules have successfully been preferentially reduced
over hydrogenase enzymes, blocking the production of hydrogen. Furthermore, the superoxide
radical produced when the reduced form of metronidazole reduces a diatomic oxygen molecule, has
likely had a damaging impact on cell function and stunted microalgal respiration and therefore DIC

production.

Oxic

Photosynthesis

Ripple migration

and resuspension Lipids
Glycolysis ‘[
ﬁ ﬁg Starch Pyruvate —— Acetyl-CoA + CO,
Fermentation ;5\
FDX,, FDX g
H .LJ
Anoxic z Hydrogenase

Figure 4.5: Conceptual model of benthic algal metabolism in permeable sediments. In this
energetic environment, ripple migration and sediment resuspension regularly move algal cells
many centimetres into the sediment where it is dark and anoxic. Under these conditions,
microalgae undertake dark fermentation associated with high rates of hydrogen production?®,
Enzyme designations are pyruvate ferredoxin oxidoreductase (PFR) and ferredoxin (FDX).
Lightly shaded areas represent declining oxygen concentration within the sediment. Yellow
shaded area represents anoxic permeable sediment.

While hydrogen production has been identified as a key feature of dark fermentation, fermentation

exists as a broad range of reactions and a variety of stoichiometries are likely being employed
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simultaneously. Reactions 1 and 2, indicate possible stoichiometries for the breakdown of glucose
to produce oleic acid and other fermentative products and are spontaneous under standard
conditions. Under non-standard conditions, both reactions remain spontaneous regardless of high
partial pressures of H2 and CO- (0.8 atm), however, reaction 2 becomes most favourable at pCO-

and pH2 < 0.3 atm (Figure 4.6).

(1)  4.25CgH1206 > CigH3402 + 7.5 CO, + 85 H,0  AG°=-280 kJ mol*

2 5 CeH1206 = CigH340;2 + 12 CO2 + 4 H,0 +9 Hy  AG°= -243 kJ mol*

Using a combination of reactions 1 and 2, a wide range of CO2:H> production stoichiometries are
possible. Our results showed that H> was produced between 5-20% of the rate of DIC production,
however, we note that the actual hydrogen production rate is most likely higher than this. By
analogy with other sediment ecosystems, it is more likely that much of the Hz produced is
immediately recycled by respiratory hydrogenotrophic bacteria inhabiting the sediments*.
Microbial ecology studies have shown that there is an abundance of both aerobic and anaerobic
bacteria in these sediments®24+%® with phylotypes similar to known hydrogenotrophs!®4¢. If we
assume that denitrification, which was the dominant electron sink; is driven by hydrogenotrophy,
with a 2H2:NOs™ stoichiometry, then the total hydrogen production rates could be double the release
measured here. It remains unclear why any release of hydrogen occurs at all given it is rapidly
consumed by bacteria. In highly dynamic sand environments, bacterial biomass is likely unable to
accumulate and therefore there is a lag time of days to weeks before their growth allows them to
utilise hydrogen. In support of this hypothesis, we observe that sands become highly sulfidic ~1

week after collection from the field.
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Figure 4.6: Change in Gibbs free energy under non-standard conditions for fermentation of
glucose to lipid shown in reactions 1 and 2.

4.5.4 Delay period before observing dissolved hydrogen

Over the course of this investigation the length of time before hydrogen production was observed
during anoxic FTR experiments varied from approximately 24 hours to 48 hours. The shortest
period coincided with a change in experimental method, which involved swapping inlet FTR tubing
to a reservoir that had already been purged with Ar for an extended period (24 hr), rather than
purging an existing oxic reservoir to induce anoxic conditions. The key difference between the two
approaches would likely result in the removal of trace dissolved oxygen, which as previously

mentioned, serves as an inhibitor to the hydrogenase enzyme.
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4.6 Conclusion

The results presented here challenge the conventional formulation of anoxic metabolic pathways
using the redox cascade in high energy permeable sediments*’#8, It has been demonstrated that dark
fermentation, mediated by microalgae, may be the dominant metabolic pathway, resulting in
hydrogen release and DIC production. Given that positive net benthic community production can
occur over 33% of the coastal ocean*®, dark fermentation may be a globally important metabolic
pathway. It is also plausible that the H produced is recycled by aerobic and anaerobic respiratory
bacteria, thereby shaping ecology and biogeochemistry within the temporally and spatially variable

ecosystem of the permeable sediment.
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Chapter 5: Hydrogen production in dark anoxic microalgal culture incubations

5.1 Abstract

Dissolved hydrogen production in anoxic permeable sediments was previously thought to
occur primarily through the fermentation of organic polymers during carbon mineralization.
However, recent findings have indicated that far higher rates of hydrogen production may be
occurring in dark anoxic permeable sediment via eukaryotic dark fermentation. The
capability of marine eukaryotic microalgae was therefore examined during a series of axenic
culture incubation experiments. Hydrogen production was observed in all five distinct
diatoms cultures (Fragilariopsis sp.) and the chlorophyte (Pyramimonas) culture, under dark
anoxic conditions. The addition of acetate to microalgal cultures appeared to have no effect
on dissolved hydrogen production. In microalgal experiments, hydrogen concentration would
reach its maximum within 24 hours of incubation then gradually decline, indicating that a
hydrogen consumption process may be occurring. These findings indicate that microalgal
hydrogen production via dark fermentation could be an important energy conserving pathway
in permeable sediments and further supporting the hypothesis outlined in prior research that

marine eukaryotic microalgae are capable of hydrogen production.
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5.2 Introduction

In marine systems, dissolved hydrogen production may be produced via several biologically
mediated pathways, including heterotrophic fermentation during organic carbon
mineralization, photobiological synthesis and dark fermentation®. Hydrogen production via
heterotrophic fermentation is typically performed by a mutualistic consortia of prokaryotic
microorganisms during anaerobic organic carbon mineralization?. These microorganisms
employ hydrolytic and fermentative reactions to gradually break down large particulate
organic polymers®. Fermentation reactions include a highly diverse group of pathways that
each involve organic carbon simultaneously undergoing oxidation and reduction* and in
addition to dissolved hydrogen, common products include volatile fatty acids, short chain
alcohols and CO2?°. The products of these fermentative reactions are generally considered
not to accumulate in sediments, as these reactions are thought to be closely coupled to
terminal heterotrophic reactions®®8, such as denitrification or sulfate reduction.

Hydrogen production via photobiological synthesis and dark fermentation are both performed
by eukaryotic microalgae, such as green algae and diatoms, but differ greatly in the
environmental conditions required for each to occur. In photobiological hydrogen synthesis,
light-excited electrons derived from water (in direct biophotolysis) or organic compounds (in
indirect biophotolysis) are transferred to ferredoxin and then [FeFe]-hydrogenase resulting in
H2 production®°, As this pathway requires illumination, photosynthesis is likely to occur and
the oxygen produced effectively inhibits hydrogenase!!, halting hydrogen synthesis.
Interestingly, sustained hydrogen production will occur if rates of oxygen consumption via
cellular respiration exceed the rate of photosynthetically derived oxygen generation!?13,

By contrast, hydrogen production via dark fermentation occurs in dark, anoxic permeable
sediment whereby eukaryotic microorganisms are unable to photosynthesize and must instead

ferment intracellularly stored starch as a means of sustaining cell function*. While there very
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likely exists a variety of dark fermentative pathways, generally, the glycolytic breakdown of
starch produces pyruvate, which is then oxidised to acetyl-CoA by pyruvate ferredoxin
oxidoreductase (PFR), resulting in carbon dioxide generation#. Electron transport proceeds
via PFR to ferredoxin to hydrogenase, which results in hydrogen production?®. Acetyl-CoA
may then be converted to stored lipids®® and reoxidised upon return to oxic conditions.
During flow through reaction (FTR) experiments presented in chapter 4, anoxic dissolved
inorganic carbon (DIC) production was consistently accompanied by high production rates of
dissolved hydrogen as well as a substantial accumulation of lipids in the sediment
metabolome. Furthermore, broad spectrum antibiotic treatments revealed that hydrogen
production persisted, while other bacterially mediated processes were inhibited, indicating
that eukaryotic microorganisms were likely responsible for this process. Hydrogen
production was successfully inhibited during a FTR experiment treatment employing
metronidazole, which effectively inhibits the ferredoxin-hydrogenase hydrogen production
pathway. These findings are each highly consistent with dark fermentation, indicating the
observed hydrogen production was very likely produced via eukaryotic dark fermentation.
However, to further support this hypothesis, the capability of sediment eukaryotic
microorganisms to produce hydrogen under dark anoxic conditions must be confirmed.
Therefore, the primary hypothesis of this research chapter is that axenic eukaryotic
microalgal cultures, such as diatoms and chlorophytes, will produce hydrogen when
incubated under dark anoxic conditions.
The key research questions addressed in this chapter will be:

1) Under dark, anoxic incubations, do diatom and green alga cultures produce hydrogen?

2) Does the addition of an added source of organic carbon, in the form of acetate, affect

rates of the production of hydrogen?
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5.3 Methods
5.3.1 Microalgal culture experiments
A total of six microalgal cultures were isolated from sediment collected from Elwood Beach

in Port Phillip Bay, Victoria, Australia (37°53°23.156”’S, 144°59°1.869”E) and grown in F/2
medium under continuous illumination at 60 pmol photons m 2 s ~!. Algal cultures were
stored at a constant temperature of 18 °C in a temperature controlled room and continuously
resuspended using either a shaker table or magnetic stirring apparatus. These included five
diatom species (all Fragilariopsis sp.) and a chlorophyte (Pyramimonas sp.).

Five microalgal culture experiments were performed (Table 5.1) with the overarching goals
of confirming that these cultures were capable of dissolved hydrogen production, identifying
what maximum dissolved hydrogen concentrations could be observed and whether the
presence of organic carbon in the form of acetate, could augment rates of dissolved hydrogen
production.

For microalgal counts, sediment and culture samples were preserved with Lugols iodine
solution and identified and quantified at MicroAlgal Services, Ormond, Victoria, Australia.
This was achieved using a Zeiss standard compound microscope equipped with phase
contrast optics with up to 400x magnification used in a Sedgewick-Rafter counting chamber.
The identification of microphytobenthos present in the sediment samples was carried out
using reference material from Tomas '.

Prior to incubation experiments, microalgal cultures were treated with antibiotics so as to
ensure no bacterial growth occurred. In culture experiment 1, amoxicillin was used at a
concentration of 20 mg L™, however, in all subsequent culture incubation experiments, this
was changed to a dilute antibiotic cocktail containing ampicillin, streptomycin and

tetracycline with final concentrations of 40, 20 and 8 mg L, respectively. This change was
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implemented as the dilute antibiotic cocktail would be effective against a broader range of
bacteria.

Culture incubation conditions varied throughout experiments 1-5 (Table 5.1). Such conditions
included the use of a shaker table, incubation temperature and the inclusion of a
preconcentration step. These changes were implemented in an ongoing effort to improve
microalgal culture health, as revealed by quantum yield analysis. During incubation
experiments, the storage of cultures was gradually changed from glass exetainers with rubber
septums to glass gas tight vials. This was done so as to minimise hydrogen loss via diffusion

through the exetainer rubber septum.
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Table 5.1: Summary of microalgal culture experiments.

Culture
Experiment

Date

Purpose

Incubation and storage conditions

Parameters
measured

Experimental Summary

23.11.15

To examine whether
cultures would produce
dissolved hydrogen when
incubated anoxically.

Incubated in 6 mL gastight
exetainers with rubber septums.
Stored in dark, anoxic conditions
at room temperature (between 20-
25 °C). Broad spectrum antibiotic
amoxicillin added at 20 mg L*

DO, H..

Microalgal cultures samples were divided across four
exetainers each. One exetainer from each culture was
measured for dissolved hydrogen each day, for four days.

04.01.16

To examine whether the
presence of acetate would
affect the production of
dissolved hydrogen by
microalgal cultures.

Incubated in 3 mL gastight
exetainers with rubber septums.
Stored in dark, anoxic conditions
at room temperature (between 20-
25 °C). Dilute antibiotic cocktail
added.

DO, Hy,
QY.

Microalgal cultures samples were concentrated by a factor of
10 using a centrifuge, separated into two treatments: a control
treatment and one spiked to have a 100 pmol L acetate
concentration. Anoxic cultures were divided across seven
exetainers each and one exetainer from each culture was
measured for dissolved hydrogen each day, for seven days.
Culture QY measured once after 3 days of incubation.

15.01.16

A validation experiment to
examine whether dark
conditions or the dilute
antibiotic cocktail were

responsible for poor
culture health.

Cultures stored in 50 mL
transparent plastic containers.
Stored in 18 degree refrigerated
room on shaker table. Light and
dark conditions depending on
treatment.

QY.

Anoxic cultures were divided into four treatments: light
conditions with and without the dilute antibiotic cocktail and
dark conditions with and without the dilute antibiotic cocktail.
QY measured over a 7 day period.

07.02.16

To examine whether the
presence of acetate would
affect the production of
dissolved hydrogen by
microalgal cultures.

Cultures incubated in 8 mL
gastight glass vials. Stored in
dark, anoxic conditions, at room
temperature (between 20-25 °C).

DO, Hy,
QY.

Anoxic microalgal cultures samples were separated into two
treatments: a control treatment and one spiked to have a 100
umol L acetate concentration. Cultures were divided across
seven glass vials per culture with one vial being sensed for
dissolved hydrogen each day, for only two days. Separate
anoxic culture samples were also incubated under dark
conditions and measured for QY daily.

01.06.16

To examine whether
hydrogen production
would persist throughout
experiment.

Cultures incubated in 8 mL
gastight glass vials. Stored in
dark, anoxic conditions in 18
degree refrigerated room on

shaker table. Cultures
continuously agitated using glass
beads and shaker table.

DO, H;
and QY

Anoxic microalgal cultures samples were divided across seven
glass vials, with one vial being sensed for dissolved hydrogen
each day, for seven days. Separate anoxic culture samples
were also incubated under dark conditions and measured for
QY daily.
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5.3.1.1 Dissolved oxygen

The rate of dissolved oxygen consumption by the microalgal cultures were determined using
Pyroscience Firesting retractable oxygen microsensors. Cultures were enclosed in 3 mL glass
exetainers with rubber septums at 100% dissolved oxygen saturation and declining oxygen
concentration was measured over time. Consumption rates were determined by taking the gradient
of the linear regression plot of dissolved oxygen vs time.

5.3.1.2 Dissolved hydrogen

Dissolved H; analyses were performed using a calibrated Unisense H»-100 sensor fitted with a glass
flow through cell. Incubated cultures were drawn slowly through this flow through cell using a glass
syringe.

5.3.1.3 Quantum yield

Cultures were analyzed for the quantum yield (QY) of photosystem I, which is a relative measure
of electron transport rates through that photosystem and is widely considered to be a key metric of
microalgal health or degree of stress'®. Quantum yield was measured by storing the cultures in dark
conditions for approximately 15 minutes and measuring QY using a Walz PhytoPAM fluorometer.
Quantum yield values of between 0.5-0.6 are indicative of acceptable algal health for diatoms and

chlorophytes!®-2t,
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5.4 Results

5.4.1 Culture experiments

5.4.1.1 Culture experiment 1

Dissolved hydrogen was detected in all five diatom cultures and also in the single chlorophyte
culture. Hydrogen was produced resulting in a mean maximum concentration of 0.8 + 0.5 umol L™
after 118 hours of anoxic incubation (Figure 5.1). Dissolved oxygen consumption rate was

determined to be approximately 2.1 pmol hr.,
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Figure 5.1: Dissolved hydrogen concentrations over time in culture experiment 1. Storage and
incubation conditions outlined in table 5.1 (n=6). All error bars represent standard deviation.
5.4.1.2 Culture experiment 2
Dissolved hydrogen was detected in all microalgal cultures throughout this experiment, in both
treatments. Dissolved hydrogen reached the maximum observed concentrations, for both treatments,
only 18 hours into anoxic incubation at the first sampling round, which corresponded to 0.9 + 0.3
and 0.8 + 0.2 umol L for control and added acetate treatments, respectively (Figure 5.2).

Dissolved hydrogen concentrations declined sharply in the 19 hours between the first and second
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sampling rounds, and continued to decline throughout the experiment. Minimum dissolved
hydrogen concentrations for both treatments were observed in the final sampling round of the
experiment (t=129 hr), with concentrations falling below the 0.1 umol L detection limit of the
dissolved hydrogen sensor, with concentrations of 0.05 + 0.02 and 0.03 % 0.03 umol L™, for control
and added acetate treatments, respectively. Dissolved hydrogen concentrations were not
consistently higher in either control or added acetate treatments. Dissolved oxygen consumption
rate were determined to be approximately 6.19 umol hr and 6.02 umol hr, for control and added

acetate treatments, respectively. Quantum yield analysis revealed values of 0.09 + .06 and 0.04 £

0.05, for control and added acetate cultures, respectively.
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Figure 5.2: Dissolved hydrogen concentrations over time in culture experiment 2 for a control
treatment and an added acetate treatment (100 umol L1). Storage and incubation conditions
outlined in table 5.1. All error bars represent standard deviation.

5.4.1.3 Culture experiment 3
Mean quantum yield values throughout each of the four treatments fell between 0.34- 0.39 at the

commencement of this experiment (Figure 5.3). These values remained relatively stable over the
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145 hour incubation, with mean QY values dropping to between 0.3-0.38. No substantial

differences in mean QY values were observed between any of the treatments.
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Figure 5.3: Quantum yield results over time in culture experiment 3. Four treatments were
incubated under light and dark conditions and with and without a dilute antibiotic cocktail
added. Storage and incubation conditions outlined in table 5.1. All error bars represent
standard deviation.

5.4.1.4 Culture experiment 4

Dissolved hydrogen was detected in all microalgal cultures throughout this experiment, in both
control and added acetate treatments. Dissolved hydrogen reached the maximum observed
concentrations, for both treatments, only 6 hours into anoxic incubation at the first sampling round,
which corresponded to 0.6 + 0.2 and 0.4 + 0.1 umol L for control and added acetate treatments,
respectively (Figure 5.4a). Dissolved hydrogen concentrations declined sharply in the following 22
hours. Minimum dissolved hydrogen concentrations for both treatments were observed in the
second and final sampling round of the experiment (t=28 hr), with concentrations of 0.2 = 0.1 and
0.2 + 0.1 pmol L%, for control and added acetate treatments, respectively. Dissolved hydrogen

concentrations were not consistently higher in either control or added acetate treatments. Dissolved

oxygen consumption rate was determined to be approximately 17.7 umol hr! and 16.5 umol hr for
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control and added acetate treatments, respectively. Quantum yield analysis revealed values

remained largely unchanged throughout the experiment (Figure 5.4b).
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Figure 5.4a and b: Dissolved hydrogen (a) and quantum yield (b) results over time in culture
experiment 4 in control and added acetate treatments (100 umol L1). Storage and incubation
conditions outlined in table x. All error bars represent standard deviation

5.4.1.5 Culture experiment 5

Dissolved hydrogen was detected in all microalgal cultures throughout this experiment. Dissolved
hydrogen reached the maximum observed concentrations, only 10 hours into anoxic incubation at
the first sampling round, which corresponded to 1.4 + 0.6 umol L* (Figure 5.5a). Dissolved
hydrogen concentrations declined gradually throughout the remainder of the experiment. Minimum
mean dissolved hydrogen concentration was observed in the final sampling round of the experiment
(t=144 hr), with a mean concentration of 0.7 + 0.6 pmol L. Dissolved oxygen consumption rate
was determined to be approximately 6.4 pmol hr. Quantum yield analysis revealed quotients

remained largely unchanged throughout the experiment. Mean QY of cultures dropped from 0.4 £

0.1t0 0.4 £ 0.1 from the first and last sampling rounds, respectively (Figure 5.5b).
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Figure 5.5a and b: Dissolved hydrogen (a) and quantum yield (b) results over time in culture
experiment 5. Storage and incubation conditions outlined in table 5.1. All error bars represent
standard deviation
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5.5 Discussion

5.5.1 Hydrogen production in microalgal culture experiments

Dark anoxic incubations performed in culture experiments 1-5 confirmed that all six cultures
rapidly produced H». Dissolved hydrogen concentrations generally peaked during the first 24 hours
of incubation, then gradually declined. This is inconsistent with observations made during flow
through reactor (FTR) experiments where hydrogen production would continue for in excess of 200
hours of anoxic incubation (chapter 6).

While it is well-established that green algae can fermentatively evolve Hz?2, this seems to be the
first observation of H> production by diatoms. It has previously been observed that such organisms
harbor the genes required to fermentatively produce hydrogen?, i.e. PFR and [FeFe]-hydrogenase,
supporting our observations.

It has long been recognized that diatoms can survive for many weeks in darkness? and that they
may do this through dissimilatory nitrate reduction in dark anoxic conditions®*. Whilst this
mechanism is viable in relatively eutrophic habitats, such as the Wadden Sea, which have high
nitrate concentrations over the winter months, this mechanism is unlikely to be viable in relatively
oligotrophic habits such as Port Phillip Bay, where nitrate concentrations are very low in the water
column (typically < 1 uM) and there is intense competition for the little nitrate that exists. It
therefore seems likely that H> fermentation is the principle mechanism that these dominant
organisms use to persist during anoxia.

5.5.2 Investigation of reduced hydrogen production rates and dissolved hydrogen loss

In culture experiments 2, 4 and 5 the concentration of hydrogen reached the experimental maximum
during the first sampling round and sharply declined in all subsequent sampling rounds (Figures
5.2,5.4a and 5.5a). This was particularly surprising as FTR experiments indicated that hydrogen
production could occur over extended periods (>200 hours) of anoxic incubation (chapter 6).
Furthermore, a decrease in the concentration of dissolved hydrogen not only suggested that

production had stopped, but that existing dissolved hydrogen was either lost or consumed. These
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two phenomena are separate issues and microalgal culture experiments were designed so that they
could each be investigated.

Declining hydrogen production observed in culture experiments 2, 4 and 5 was likely either
changing metabolic fermentative pathways to one that did not include the production of hydrogen or
poor culture health/stress halting metabolism. Marine diatoms are capable of producing a wide
variety of fermentative products in various stoichiometries. If the switching between metabolic
pathways was responsible for the observed drop in hydrogen production, further investigation is
required to determine what new pathways are being utilized and what factors may influence which
pathway is favoured.

The other possible explanation for declining hydrogen production is poor algal health, which can
result in the decline of all metabolic activity, including hydrogen production via dark fermentation.
Quantum yield analyses performed towards the end of culture experiment 2 revealed very low
values of 0.09 + .06 and 0.04 + 0.05, for control and added acetate cultures, respectively, indicating
poor algal health. This was likely in response to one of several methodological incubation factors
such as: dark anoxic incubation conditions, the 10:1 algal preconcentration step, or the presence of
the antibiotic cocktail. The investigation of these factors and their relation to microalgal culture
health will be discussed in greater detail throughout this discussion. However, poor microalgal
culture health appears to be an unlikely explanation for declining dissolved hydrogen production
rates, since in culture experiments 4 and 5, quantum yield values remained within a healthy range
for duration of the incubation (Figures 5.4b and 5.5b, respectively). These healthy quantum yield
values persisted despite declining hydrogen production being observed.

Possible explanations for the loss of existing dissolved hydrogen included bacterial consumption,
re-uptake by the microalgal culture or ineffectively sealed storage vials. Bacterial consumption is
highly unlikely, as a broad spectrum antibiotic cocktail was added to all cultures, which would not

only inhibit growth, but also eradicate any potential bacterial contamination.
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Hydrogen loss from ineffectively sealed storage vials would likely be a factor in culture experiment
2 (Figure 5.2) as this experiment was performed using gastight exetainers, capped with rubber
septums. These septums would likely have allowed dissolved hydrogen to diffuse through and be
lost to the atmosphere. However, culture experiments 4 and 5 were performed in gastight glass vials
as a means to prevent dissolved hydrogen loss, but despite this, a sharp decline in dissolved
hydrogen concentration was observed in these experiments (Figure 5.4a and 5.5a). Hydrogen loss,
therefore, cannot explain this decrease in hydrogen concentration in culture experiments 4 and 5.
Mechanisms for hydrogen re-uptake, such as uptake hydrogenase and bidirectional hydrogenase,
would serve to recycle dissolved H, into H* ions?®. However, the extent to which they are expressed
in marine diatom and chlorophytes is not clear. Further investigation is required to determine the
mechanism by which hydrogen is being consumed.

5.5.3 Examination of the influence of methodological variables on microalgal culture health.
Culture experiment 3 was designed to test whether dark anoxic conditions or the presence of the
dilute antibiotic cocktail was responsible for the poor algal health observed in culture experiment 2.
Mean quantum vyield values for each culture treatment stayed relatively constant throughout the
experiment, indicating that neither the presence of the antibiotic cocktail, nor the dark conditions
were responsible for the poor quantum yield values observed in culture experiment 2.

One key difference between the incubation conditions across culture experiments 2 and 3 was the
use of a preconcentration step to increase cell density in cultures during experiment 2. Given the
substantial difference between the health of the cultures from these experiments, as indicated by the
quantum yield values, the preconcentration step was very likely a major contributor to poor algal
health/stress.

Finally, the higher quantum yield values observed in culture experiment 5 (Figure 5.5b) relative to
those found in culture experiment 4 (Figure 5.4b) indicate that performing the culture incubation on

a shaker table in an 18°C refrigerated room resulted in improved culture health. The microalgal
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cultures used in these experiments were grown under such conditions, and their observed decline in
health following a deviation from storage conditions indicates these cultures are highly sensitive.
5.5.4 Influence of acetate on hydrogen production

In culture experiments 2 and 4, the influence of adding acetate to cultures on hydrogen production
was tested. No difference in the hydrogen concentration, dissolved oxygen consumption or quantum
yield values were observed, strongly indicating that the addition of 100 pmol L™ acetate did not
affect rates of culture metabolism. This may be due to high organic carbon content of culture
medium following the algal growth period. All cultures were grown under abundant light
conditions, and would have likely exuded considerable quantities of organic carbon, possibly
making the added concentration of 100 umol L, relatively minor by comparison and unlikely to
influence metabolic processes. A culture incubation experiment, including dissolved organic carbon
(DOC) analysis of F/2 medium, would need to be performed to determine whether the 100 umol L*

acetate addition represented a substantial increase in DOC content or not.
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5.6 Conclusion

For all axenic diatom and chlorophyte cultures, hydrogen production was observed when incubated
under dark anoxic conditions, suggesting fermentation was occurring. These results are consistent
with the high rates of eukaryotic dark fermentation observed in Port Phillip Bay sediments, from
which, these cultures were grown. Through gradual refinement of incubation methodology, it was
determined that microalgal cultures were relatively sensitive. Cultures required incubation
conditions near identical to those in which they were grown in order to remain healthy. It has also
been demonstrated that an added source of organic carbon, such as acetate, does not increase

production of dissolved hydrogen or dissolved oxygen consumption.
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Chapter 6: Fermentation in dark anoxic permeable carbonate sediments

6.1 Abstract

A flow-through reactor experiment using permeable carbonate sediment from Heron Island,
has shown that the combined mean rate of denitrification and sulfate reduction accounted for
<12% of mean anaerobic dissolved inorganic carbon (DIC) production, leaving the large
majority without a known source. Metabolomic analyses revealed very large increases in the
relative quantity of C18-23 lipids, including wax monoesters and unsaturated fatty acids, after
short term (<24 hrs) exposure to anoxic conditions. Following further anoxic incubation, high
rates of dissolved hydrogen production were observed and accompanied by further
accumulation of these lipid compounds. These observations indicate that fermentation is
likely a major process in anoxic carbonate sediments. A cell count analysis revealed a highly
diverse microalgal community with relative proportions of 28.4% of dinoflagellates, 28.4%
other flagellates, 10.1% diatoms and 33.1% cyanobacteria, suggesting that anoxic survival

via fermentation may be a widely held adaption amongst these microorganisms.
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6.2 Introduction

Permeable carbonate sediments have arisen from the breakdown of CaCOg structures over
millennia following their construction by calcifying organisms, such as foraminifera,
calcareous algae and molluscs'2. These sediments are comprised of a mix of several
carbonate mineral phases, such as low magnesium calcites, high magnesium calcites and
aragonite. The higher the magnesium content of the carbonate sediments, the more readily
that mineral will be dissolved®. Carbonate sediments cover approximately 40% of the global
ocean shelf* and typically occur in tropical and subtropical conditions.

Similar to silica sediments, advection into permeable carbonate sediments has been shown to
transport solutes to far greater depths® relative to cohesive sediments. During advective
transport, particulate organic matter is filtered from porewater and broken down via high
organic carbon mineralization rates® allowing for nutrients to be recycled to the oligotrophic
environment’. Wave action results in continuous sediment resuspension that evenly
distributes microorganisms to depths >15 c¢m, where dark anoxic conditions prevail 8°,
Under nitrate-rich anoxic conditions, established energetic favourability yields indicate that
nitrate reduction to dinitrogen (denitrification) should be the dominant heterotrophic
metabolic process and therefore should be a major source of dissolved inorganic carbon.
However, recent investigations using flow through reactor experiments by Bourke, et al. *°
Kessler, et al. 1 and Evrard, et al. 12 have revealed that under such conditions, denitrification
contributed <5% of DIC production, leaving the vast majority of DIC production without a
known source.

It has recently been shown that metabolism in anoxic silica permeable sediments collected
from Port Phillip Bay, Victoria, Australia, is dominated by dark fermentation, performed by
eukaryotic microalgae!®. Combined rates of denitrification and sulfate reduction accounted

for <13% of DIC production in anoxic FTR experiments (Chapter 4), while high rates of
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dissolved hydrogen production and several fold increases of fatty acids were observed,
indicating that dark fermentation was dominating.

Fermentation includes a diverse range of microbially-mediated anaerobic reactions that all
involve organic carbon simultaneously participating in oxidation and reduction, serving as
both the electron acceptor and the electron donor®3. Fermentation has long been known to
occur in both permeable and cohesive sediments, largely utilized to facilitate the breakdown
of particulate organic matter'4. However, these processes were considered to be strongly
coupled to terminal heterotrophic metabolic pathways, such as iron (I11) and sulfate
reduction, preventing the accumulation of fermentative products?®.

Dark fermentative metabolism is a process that involves the glycolytic breakdown of organic
compounds, such as intracellularly stored starch, by eukaryotic microorganisms. Dark
fermentation has been observed to produce hydrogen and carbon dioxide, as well as a wide
variety of organic end products, depending on the microalgal species, pathway and
environmental conditions!®!’. For example, Chlamydomonas excrete acetate, ethanol, and
formate or glycerol at ratios that vary depending on the species!®1%20, While, some
microalgae do not release fermentative products from the cell at all, and instead accumulate
them intracellularly. For example, Euglena gracilis generates large concentrations of wax
esters?! which are stored in the cytosol and are reoxidized to generate ATP upon the return to
oxic conditions??.

Lipid synthesis and accumulation is not a capability exclusive to eukaryotic microalgae.
Synthesis of lipids by marine bacteria such as Marinobacer?® and Alcanivorax®* has been
frequently reported. Similar to eukaryotic microalgae, these pathways are utilized during
nutrient and oxygen limited conditions and while a wide variety of pathways exist, common
storage lipids synthesised by prokaryotic microorganisms include triacylglycerols (TAGS),

wax esters (WEs) and polyhydroxyalkanoates (PHAS)%.
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The primary hypotheses of this research chapter are twofold: firstly, in anoxic permeable
carbonate sediments, metabolism by terminal heterotrophic processes will account for only a
small proportion of total DIC production, leaving the large majority without a known source.
Secondly, fermentation is a major process under anoxic sediment conditions and is likely
resulting in high rates of production of dissolved hydrogen and extensive lipid accumulation,
as previously observed in silica permeable sediments (Chapter 4). These hypothesis will be
investigated using flow through reactor (FTR) experiments.

The key research questions addressed in this chapter are:

1) Inanoxic permeable carbonate sediments, are there large quantities of dissolved
inorganic carbon being produced that cannot be attributed to carbonate dissolution or
terminal heterotrophic metabolic processes, such as denitrification or sulfate
reduction?

2) Can meaningful concentrations of a key fermentative products, such as dissolved
hydrogen, be detected in FTR effluent?

3) Are other key fermentative products, such as lipid compounds, accumulating

intracellularly during extended anoxic incubation?
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6.3 Methods

6.3.1 Site description

Flow through reactors (FTRs) were packed using approximately the top 15 cm layer of
sediment from the research station beach site at Heron Island, Queensland, Australia (site
coordinates are 23°26°37”’S, 151°54°46”E). The depth at low tide was approximately 0.5 m.
6.3.2 Flow through reactors

The FTRs used were acrylic cylinders with a diameter of 4.6 cm and a length of 3 cm
sediment. PVC caps were placed at either end of the cylinder, and were machined with
grooves converging to a central outlet port overlaid with 0.1 mm nylon mesh to allow even
plug flow through the FTR. Freshly collected sample seawater was pumped through the FTRs
using a peristaltic pump located upstream. Seawater was pumped in an upwards direction
from the base of the FTR to assist in maintaining plug flow. Reservoirs were maintained in
oxic or anoxic states by continuous purging with air or argon, respectively. Sample sediment
was sieved using a 2mm mesh to remove large debris, such as shell grit, rocks and
macroalgae, which can interfere with FTR plug flow.

Plug flow within these FTRs has been verified during breakthrough curve experiments
performed by Evrard, et al. 2 and Bourke, et al. ?°. In chapter 2 of this thesis, the degree of
gas leakage was found to be negligible, as deoxygenated water was pumped through the
system and effluent oxygen saturation changed by <1%. Dissolved hydrogen loss was also
found to be minimal, with only 3.6% lost when a solution containing 50 umol L™ H, was
passed through the system?.

Water samples were collected at the FTR outlet by directly connecting glass syringes,
ensuring no bubbles were introduced. Rates of production and consumption were calculated
using FTR volume, flow velocity and the change in concentration of the relevant solute at the

reservoir and outlet.
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6.3.3 FTR experiment

The FTR experiment was performed over a 140 hour period with oxic conditions maintained
for the first 17 hours, then conditions were changed to anoxic for the remainder of the
experiment. The inlet reservoir was maintained to have a concentration of 50 pmol L *NOs-
. Four FTRs were used and the flow velocity was held at 1.6 mL min!. During each
sampling round, effluent samples were collected so that dissolved inorganic carbon (DIC),
denitrification and sulfide production rates could be determined. Sampling for alkalinity
production began at t= 58 hr and was included in the sampling regime for the remainder of
the experiment. Dissolved oxygen and hydrogen concentrations were measured using flow
through sensors. The reservoir was refilled at t=80 hr with sample seawater that had been
purged with argon for 120 minutes. Sediment from oxic conditions, anoxic conditions where
no hydrogen production was observed and anoxic conditions with hydrogen production

observed were frozen for metabolomic analysis.

6.3.4 Sampling and analysis

6.3.4.1 Denitrification rates

Concentrations of 1®N-Nz in FTR effluent were determined using headspace analysis on a Gas
Chromatograph (He carrier) coupled to isotope ratio mass spectrometer (Sercon 20-22). The
rates of denitrification reported throughout this chapter are total denitrification (D14+D1s) and
were calculated using the isotope pairing technique?’. Samples from FTR experiments were
transferred from glass syringes into 12 mL Exetainers (Labco, High Wycombe) and
preserved with 250 uL of 50% w/v ZnCl..

6.3.4.2 Dissolved inorganic carbon

The concentration of dissolved inorganic carbon (DIC) was evaluated using flow injection

analysis, fitted with a photometric detector. This method involved acidifying FTR sample
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effluent so that any carbonate species would be converted to carbon dioxide, which, would
then diffuse across a microporous membrane (Accurel® PP Q3/2 tubular membrane, ID 0.6
mm)?8. The resulting change in pH causes the Bromothymol Blue indicator solution to
produce a measurable colour change proportional to the quantity of diffused carbon dioxide.
Samples for dissolved inorganic carbon were sampled using 3 mL exetainers and preserved
with 100 uL of 6% HgCl> before analysis.

6.3.4.3 Dissolved oxygen

Dissolved oxygen was continuously recorded during FTR experiments using Pyroscience
Firesting flow through dissolved oxygen sensors. These flow through sensors were attached
directly to the inlet and outlet ports to allow for a highly representative determination of the
dissolved oxygen concentration entering and exiting the FTR.

6.3.4.4 Dissolved hydrogen

Dissolved hydrogen analysis was performed using a calibrated Unisense H2-100 sensor fitted
with a glass flow through cell connected directly to the FTR outlet.

6.3.4.5 Sulfide

A UV-Visible spectrophotometer (GBC) was used to determine sulfide concentrations in
FTR effluent following the Fonselius?® method. Effluent samples were filtered using
MicroAnalytix 0.2 um cellulose-acetate filters and were preserved using 100 pL of Zn acetate
per mL of sample.

6.3.4.6 Metabolome analysis

For metabolome analysis, cells were lysed and metabolites were extracted from FTR
sediments using a methanol:chloroform mixture (1:2, v:v; -20C°) for 30 min under
sonication. The metabolites in the supernatants were analysed by GC-QTOF-MS and LC-
QTOF-MS (both Agilent Technologies) following Godzien, et al. *° and Kind, et al. 3! with

slight modifications.
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6.4 Results

The sediment was found to have a median grain size of 0.9 mm and a permeability of 27
X102 m?. The porosity of the sediment was determined to have a value of 0.55. Under anoxic
conditions, the reservoir pH was found to be 8.528 at t= 79 hrs. The mean dissolved oxygen
consumption rate, was determined to be 489 + 18 nmol mL™ hr! at t=15. There was no
significant difference between this value and the oxic DIC production rate recorded during
the same sampling round, which was 686 + 174 nmol mL™ hr'! (ANOVA, single factor,
p>0.05) (Figure 6.1). Mean DIC production under anoxic conditions was determined to be
382 + 142 nmol mL* hrt.and was also found to have no statistical difference to the oxic DIC

production rate (ANOVA, single factor, p>0.05).
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Figure 6.1: Dissolved inorganic production rates over time. Dashed line represents the
change from oxic to anoxic conditions. All error bars represent standard deviation.
Under oxic reservoir conditions, no dissolved hydrogen production was observed (Figure
6.2). After approximately 41 hours of anoxic conditions (t=55 hr), dissolved hydrogen
production began and production rates increased rapidly over a 24 hour period to reach a

maximum of 46 + 1 nmol mL™ hr! at t=79 hr, which corresponded to a FTR effluent

concentration of 23.3 + 0.3 umol L. Dissolved hydrogen production rates dropped sharply
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after the experimental maximum was reached and gradually declined until hydrogen

production increased during the final sampling round to 23 + 3 nmol mL* hr,
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Figure 6.2: Dissolved hydrogen production rates over time. Dashed line represents the
change from oxic to anoxic conditions. All error bars represent standard deviation.
Mean denitrification rates under anoxic conditions were determined to be 3 + 2 nmol mL™* hr
! (Figure 6.3a). Rates of total denitrification gradually increased over time, however, the
maximum denitrification rate of 6 + 1 nmol mL™* hr was observed during the first anoxic
sampling round at t=31 hrs. The mean sulfide production rate under anoxic conditions was
determined to be 40 + 50 nmol mL™* hr'? (Figure 6.3b). Sulfide production began
approximately 43 hours after the commencement of anoxic conditions (t=57 hrs) and
gradually increased to the maximum observed rate of 170 + 40 nmol mL™? hr? during the
final sampling round (t=140 hrs). The stoichiometric ratios of denitrification and sulfide
production (listed in section 2.1 of this thesis) were used to calculate the relative contribution
of these processes towards the total DIC production rate. Combined rates of total

denitrification and sulfate reduction represented <12% of mean anoxic DIC production.
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Figure 6.3a and 6.3b: Denitrification (a) and sulfide production (b) rates over time.
Dashed lines represents the change from oxic to anoxic conditions. All error bars
represent standard deviation.

As alkalinity samples were only taken from t=57 hrs onwards, oxic alkalinity production

could not be determined. Mean anoxic alkalinity production was -20 + 70 nmol mL™ hr!

(Figure 6.4).
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Figure 6.4: Anoxic alkalinity production rates over time. All error bars represent
standard deviation.
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The metabolome present in sediment samples from oxic conditions, anoxic conditions where
no hydrogen was observed and anoxic sediments where hydrogen was observed, were
analyzed and 5860 individual compounds were identified and quantified in terms of relative
abundance. The relative abundances of the 5860 detected compounds across each of the three
sediment conditions are summarized in a heat map (Figure 6.5a). The variation amongst these
metabolomes is summarized in a principal component plot (Figure 6.5b) and shows relatively

close grouping of metabolome data points within the three sediment conditions.
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Figure 6.5a and 6.5b: a) a heatmap and b) principal component plot showing the differences
in the metabolome of sediments taken from three sediment conditions. Oxic conditions
without hydrogen observed (green), anoxic conditions without hydrogen observed (red) and
anoxic conditions with hydrogen production observed (blue).
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The metabolic components with the five highest overall relative abundances were identified and
their relative abundances across the three sediment conditions were quantified (Figure 6.6). All five
compounds were C18-23 lipids and included wax monoesters and unsaturated fatty acids. The most
abundant metabolic component was octadecanoic acid, which increased by a factor of 59.6
following a change from oxic to anoxic conditions where no hydrogen was observed. The relative
abundance of octadecanoic acid increased by a factor of 102.2 when comparing oxic conditions to
anoxic conditions where hydrogen was observed. Of these five most abundant metabolites, the
metabolic component that exhibited the greatest proportional change was ethyl-5, 8, 11, 14, 17-
pentanoate. Relative to oxic conditions, this compound increased by a factor of 148.5 in anoxic
conditions without hydrogen observed and by a factor of 1037.0 in anoxic conditions with hydrogen

observed.

14 1| mEE Octadecanoic acid
10,11-dihydroxy stearic acid
BN Fthyl-5,8,11, 14,17-pentanoate
1.2 1| B2 Octadecyl acetate

EE Oleyl isobutyrate

Relative abundance

7
%
Z
%

Oxic no Hydrogen Anoxc no Hydrogen  Anoxic with Hydrogen

Figure 6.6: Sediment metabolome analysis: relative abundances of the five most significant
analytes in sediment samples taken from oxic no hydrogen, key fatty acid metabolites between
oxic conditions and anoxic with hydrogen production observed. All error bars represent
standard deviation.

Page | 147



The cell count performed on Heron island sediment indicated a diverse community of microalgae.
Dinoflagellates and other flagellates were particularly abundant, exceeding 2x10° cells per mL, with
species from the genus Prorocentrum cf. maculosa., and Goniomonas amphinema most numerous
(Table 6.1).

Table 6.1: Cell count and species identification from Heron island sediment.

Algal taxa Cell count (Cells mLD
Diatoms
Amphora sp. 15000
Ceratoneis closterium 25000
Fragilaria sp. 5000
Naviculoid spp. 10000
Nitzschia spp. 25000
Pleurosigma sp. 5000
Dinoflagellates
Gymnodinioid spp. 40000
Prorocentrum cf. maculosa. 200000
Chrysophytes
Ochromonas spp. 70000
Cryptophytes
Goniomonas amphinema 90000
Hemiselmis sp. 5000

Chlorophyta
Pyramimonas spp. 45000

Euglenophyta

Unidentified euglenoids 30000
Cyanophytaa
cf. Geitlerinema 40000
Cf. Pseudanabaena 240000
Cf. Trichodesmium 50
Relative proportion (%)
Diatoms 85000 10.1
Dinoflagellates 240000 28.4
Other flagellates 240000 28.4
Cyanophyta 280050 33.1
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6.5 Discussion

As oxic DIC production was not significantly different from rates of dissolved oxygen
consumption, aerobic respiration is likely responsible for the vast majority of DIC production under
oxic conditions. There was also no significant difference between mean oxic and anoxic DIC
production rates (Figure 6.1), suggesting that the community responsible for the majority of oxic
respiration, is likely the same community respiring under anoxic conditions.

According to the established understanding of heterotrophic energetic favourability in sediments,
denitrification should be dominating under anoxic conditions when nitrate is present. It would
therefore be reasonable to expect the denitrification rate to be approximately 80% of the anoxic DIC
production rate (based on the reaction stoichiometry, 4 NOs™ consumed for 5 CO; produced®?).
However, total rates of denitrification were found to be negligible compared to anoxic DIC
production (Figure 6.3a), strongly indicating that another anoxic process is dominating and
producing large quantities of DIC. Even when comparing mean anoxic DIC production with the
mean combined rates of total denitrification and sulfide production (Figure 6.3b), these processes
only accounted for <12% of mean anoxic DIC production.

This large gap between the rate of anoxic DIC production and heterotrophic metabolism is
consistent with previous observations by Bourke, et al. °, Evrard et al 20132 and Marchant et al
2016 3, suggesting a common phenomenon.

The anoxic alkalinity production rates are highly variable (Figure 6.4). The mean alkalinity
production of -20 nmol mL™ hr? indicated that the process dominating anaerobic respiration in
permeable carbonate sediments likely consumed alkalinity as it progressed. Alkalinity production
rates began to increase following the replacement of the anoxic reservoir at t=80. Despite extensive
purging, this reservoir possibly contained trace dissolved oxygen, which if present, would have
enabled low rates of sulfide oxidation. This process would have produced alkalinity and may have
been responsible for the observed increase in alkalinity production that coincided with the reservoir

change.
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Ordinarily, the high rates of anoxic DIC production (Figure 6.1) would be expected to result in a
decrease in porewater pH due to the formation of carbonic acid. The lower pH would augment rates
of calcium carbonate dissolution and make biotic DIC production difficult to distinguish from
abiotic mineral dissolution. However, the pH of the porewater was determined to be slightly
alkaline, with a pH value of 8.528 at t=79 hr. This has likely arisen due to the continuous reservoir
purging using Ar, preventing the accumulation of DIC and carbonic acid. As a consequence, the
contribution of calcium carbonate dissolution is likely negligible. The observed negative mean
alkalinity production rate further supports this notion, as meaningful rates of calcium carbonate
dissolution would result in high alkalinity production rates.

Substantial dissolved hydrogen production rates were observed throughout the FTR experiment
(Figure 6.2) with concentrations almost an order of magnitude higher than previously reported
maximum transient concentrations of hydrogen by bacterial fermentation of 2 to 6 pM*>%,
Dissolved hydrogen is a common product of fermentation and high production rates under dark
anoxic conditions indicate that eukaryotic dark fermentation may be dominating anoxic carbonate
sediments. The sharp decline in hydrogen production at t=87 hr can be explained by the
introduction of trace dissolved oxygen when the reservoir was refilled at t=80 hr. This would have
inhibited hydrogenase enzymes®®, causing the observed decrease in hydrogen production.
Analysis of the sediment metabolome, under the three conditions listed, indicated that there was a
substantial change in the relative abundances of the 5860 identified metabolites. The shading
depicted in the heat map (Figure 6.5a) shows that the majority of the metabolites increased in
relative abundance, following the change from oxic conditions to anoxic conditions where dissolved
hydrogen was observed. This observation is consistent with the accumulation of lipids observed
during eukaryotic dark fermentation that was found to dominate anoxic permeable silica
sediments'® (chapter 4).

The principal component plot (Figure 6.5b) groups data points based on the similarity of the

metabolome. The high degree of clustering indicates that sediment metabolome subsamples were
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relatively consistent within sediment condition groups. The substantial separation between data
point clusters highlights the differences between sediment group metabolomes and has likely arisen
due to the sustained increase in relative abundance of metabolites as anoxic conditions progressed,
as seen in the heat map (Figure 6.5a). These observations reflect extensive metabolic
reprogramming during anoxic conditions within carbonate sediments.

Of the five most abundant metabolites present in the sediment metabolome, all were identified as
C18-23 lipids, and were all either wax monoesters or unsaturated fatty acids (Figure 6.6). Each of
these five lipid compounds consistently increased in relative abundance as anoxic conditions
persisted. Lipid accumulation, under dark anoxic conditions has previously been observed in axenic
eukaryotic microalgal cultures of euglena gracillis?:?? and coupled with the observed high
dissolved hydrogen production rates, this indicates that eukaryotic dark fermentation could be a
major process in anoxic carbonate sediments.

However, as marine bacteria have also been found to accumulate lipids, it is unclear what
proportion of the lipids accumulated in the sediment metabolome were synthesized by the
prokaryotic and eukaryotic communities. In future work, broad spectrum antibiotic treatments could
be used to determine the respective contribution of these groups of microorganisms.

While only a relative quantitation of metabolites was undertaken, the fact that these lipid
compounds were the most abundant out of all sediment metabolites identified, suggests that
fermentation resulting in lipid synthesis may be a major process in anoxic permeable carbonate
sediments.

As extensive lipid accumulation was measured under anoxic conditions where no hydrogen
production was observed, fermentation is likely occurring under short term (<24hr) anoxia. The
lack of hydrogen production observed during this period may be due to select fermentation
reactions and stoichiometries being utilized over others. In Chapter 4, reactions 1 and 2
demonstrated how oleate and DIC producing dark fermentation reactions that do and do not produce

hydrogen were both favourable. In support of this hypothesis, the diverse range of lipids being
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accumulated in the sediment metabolome indicate that a range of fermentation reactions are likely
being employed. Alternatively, dissolved hydrogen may in fact be being produced during short term
anoxia, however, rapid consumption by hydrogenotrophic bacteria prevents accumulation within the
porewater.

While C18 lipids have been studied extensively in eukaryotic microalgal cultures®’8, the majority
of research has been within the context of stimulating lipid production through limiting nutrients or
exposure to excess light®’. This highlights a promising avenue for future research that merits further
investigation. This future work could include a direct quantification of the metabolome, targeting
key metabolites, rather than the relative quantification presented in chapters 5 and 6 of this thesis.
This would mean precise quantities of metabolites could be determined, allowing for the calculation
of fermentation production rates, clarifying the dominance of these processes in anoxic permeable
sediments.

Sediment cell count analysis (Table 6.1) revealed a well-established and diverse community of
microalgae, with cyanobacteria, dinoflagellates and other flagellates being abundant, exceeding
2x10° cells per mL. Given the high degree of microalgal biodiversity and the fact that the most
abundant compounds present in the sediment metabolome were various C18-23 lipids, the
capability of anaerobic fermentation resulting in lipid accumulation may be more widespread than

previously thought.
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6.6 Conclusion

The large discrepancy between rates of anoxic dissolved inorganic carbon production and combined
rates of denitrification and sulfate reduction can likely be attributed to high rates of fermentation.
This is supported by the observed high production rates of dissolved hydrogen as well as the
substantial accumulation of lipids in the sediment metabolome. Both factors suggest that
fermentation is a major process in anoxic carbonate sediments. These observations are consistent
with the high rates of eukaryotic dark fermentation found to occur in silica Port Phillip Bay
sediments, though the high degree of microalgal biodiversity observed in this research, suggests that
anoxic survival via fermentation may be a widely held adaptation for survival in anoxic carbonate

sediments.
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7 Discussion

7.1 Research chapter summaries

This thesis has investigated dissolved anoxic metabolism in anoxic permeable sediments. The
specific findings from each chapter are summarised briefly below, and discussed together in the
following section.

7.1.1 Chapter 2: Investigation of dissolved inorganic carbon production in anoxic permeable
sediments.

In this research chapter, flow through reactor experiments revealed that heterotrophic metabolic
processes only accounted for <7% of total anoxic dissolved inorganic carbon (DIC) production in
permeable sediments. This phenomenon was observed in all four FTR experiments performed,
indicating a highly reproducible phenomenon, and the contribution of three possible sources of
anoxic DIC production was evaluated. These sources were dissimilatory nitrate reduction to
ammonium (DNRA) via pools of intracellularly stored nitrate, calcium carbonate dissolution and
meiofaunal respiration.

DNRA via pools of intracellularly stored nitrate was discounted as a possible major source of
anoxic DIC production after the quantity of nitrate present in intracellular pools was found to be
negligible compared to rates of anoxic DIC production. Calcium carbonate dissolution was also
discounted after no net increase in the ratio of dissolved Ca?* to Na* ions was observed and
alkalinity production rates were found to be negative under anoxic conditions.

The contribution of meiofaunal respiration to anoxic DIC production was also estimated to be
negligible as the expected decline in anoxic DIC production typical of meiofaunal anoxic survival
was not observed in a FTR experiment featuring extended periods of anoxia. Isotopic analysis of
DIC from FTR effluent gave a 13C/*>C enrichment endpoint revealing the breakdown of organic
material, produced by phytoplankton and microphytobenthos, as the source of anoxic DIC
production (as opposed to carbonate dissolution). The process generating the majority of DIC under

anoxic conditions is therefore highly likely to be a biotic process.
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7.1.2 Chapter 3: Investigation of fermentation as a possible source of dissolved inorganic
carbon production in anoxic permeable sediments

It was hypothesized that fermentation, uncoupled to heterotrophic metabolism, could be a major
source of DIC production in anoxic permeable sediments. However, due to broad range of possible
fermentation pathways, quantifying total rates of fermentation posed a substantial challenge. During
this research, FTR effluent was analyzed for typical fermentation products to determine whether
fermentation uncoupled to heterotrophic metabolism was occurring at substantial rates, and whether
it could be responsible for the large proportion of anoxic DIC production, without a known source.
The typical fermentative products targeted were C1-3 alcohols and fatty acids and were quantified
using solid phase micro extraction gas chromatography-mass spectrometry. Ethanol and acetate
were detected, however, based on established fermentation stoichiometries, these concentrations
accounted for only between 2.1 and 4.7% of anoxic DIC production. The pathways producing these
compounds, at least, were not occurring at high enough rates to be responsible for the large
quantities of anoxic DIC observed in permeable anoxic sediments.

FTR experiments employing the broad spectrum antibiotics, amoxicillin and ciprofloxacin, revealed
that anoxic DIC production remained constant, while bacterial processes, such as denitrification,
were inhibited. Eukaryotic microorganisms are therefore most likely responsible for the majority of
anoxic DIC production in permeable sediments, however, further research must be undertaken so
that the dominant pathway being utilized may be identified.

7.1.3 Chapter 4: Eukaryotic dark fermentation dominates anoxic permeable sediments.

In chapter 3, it was found that eukaryotic microorganisms were likely responsible for the large
quantities of DIC produced in anoxic permeable sediments. As C1-3 alcohol and fatty acid-
producing fermentation reactions had been shown to account for <5% of anoxic DIC production,
targeted analysis of typical fermentative products was shifted to dissolved hydrogen, a common

product of eukaryotic fermentation pathways.
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During FTR experiments, anoxic DIC production was consistently accompanied by large dissolved
hydrogen production rates, suggesting the presence of fermentation. The production of both DIC
and hydrogen persisted following administration of broad spectrum bactericidal antibiotics, but
ceased following treatment with metronidazole. Metronidazole inhibits the ferredoxin/hydrogenase
pathway of fermentative eukaryotic hydrogen production, suggesting that pathway as the source of
hydrogen and DIC production. Metabolomic analysis showed large increases in lipid production at
the onset of anoxia, consistent with documented pathways of anoxic dark fermentation in
microalgae. Cell counts revealed a predominance of microalgae in the sediments. These findings
indicate that microalgal dark fermentation could be an important energy-conserving pathway in

anoxic permeable sediments.

7.1.4 Chapter 5: Hydrogen production in anoxic microalgae culture incubations

In previous research, FTR experiments employing antibiotic treatments suggested eukaryotic
fermentation as the likely source of DIC and dissolved hydrogen production in anoxic permeable
sediments. To further support these conclusions, the ability of eukaryotic microalgal cultures to
produce hydrogen, when subjected to dark anoxic conditions, had to be demonstrated.

To this end, five diatom (Fragilariopsis sp.) cultures and one chlorophyte (Pyramimonas) cultures
were subjected to several dark anoxic incubation experiments. Hydrogen production was observed
across all cultures and the addition of acetate appeared to have no effect on dissolved hydrogen
production. Quantum yield analyses indicated that theses cultures were highly sensitive, as it was
necessary to maintain temperature and stirring conditions used during their growth to maintain
culture health. Dissolved hydrogen production in all cultures would generally reach the
experimental maximum within 24 hours of dark anoxic incubation, then the hydrogen concentration
would decrease sharply, indicating a possible mechanism of consumption. These findings indicate

that microalgal hydrogen production via dark fermentation could be an important energy conserving
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pathway in permeable sediments and further supporting the hypothesis outlined in prior research

that marine eukaryotic microalgae are capable of hydrogen production.

7.1.5 Chapter 6: Fermentation in dark anoxic permeable carbonate sediments.

Prior to chapter 6, all research presented in this thesis has been within the context of anoxic
permeable silica sediments and has consistently found that heterotrophic metabolism accounted for
only a small proportion of total anoxic DIC production. FTR experiments were repeated using
permeable carbonate sediments from Heron Island in order to determine whether this phenomenon
could be observed under these conditions. Metabolomic analyses revealed very large increases in
the relative quantity of C18-23 lipids, including wax monoesters and unsaturated fatty acids, after
short term (<24 hrs) exposure to anoxic conditions. Following further anoxic incubation, high rates
of dissolved hydrogen production were observed and accompanied by further accumulation of these
lipid compounds. These observations indicate that fermentation is likely a major process in anoxic
carbonate sediments. A cell count analysis revealed a highly diverse microalgal community with
relative proportions of 28.4% of dinoflagellates, 28.4% other flagellates, 10.1% diatoms and 33.1%
cyanobacteria, suggesting that anoxic survival via fermentation may be a widely held adaption

amongst these microorganisms

7.2 Anoxic metabolism in permeable sediments

The five research chapters presented in this thesis provides some insight into understanding
metabolism in anoxic permeable sediments and has highlighted areas that merit further
investigation.

Throughout this research, it was consistently observed that rates of heterotrophic metabolic
processes, including denitrification, iron and sulfate reduction, accounted for only a small
proportion of total DIC production, ranging between 1-12% across the various FTR experiments

performed. There appeared to be a large majority of DIC production in anoxic permeable sediments
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that could not be attributed to any known process. This phenomenon conflicted with the widely held
assumption that heterotrophic metabolic processes dominated anoxic permeable sediments and
investigating this became the chief focus of this research.

The evidence presented in this thesis indicated that dark fermentation may be the dominant
metabolic pathway in anoxic permeable sediments, resulting in hydrogen release, lipid
accumulation and DIC production. The high rate of dissolved hydrogen production, observed
throughout this research, suggests that hydrogen production is likely occurring in situ and may be
being recycled by aerobic and anaerobic respiratory bacteria, potentially shaping ecology and
biogeochemistry within the temporally and spatially variable ecosystem of the permeable sediment.
Given that positive net benthic community production can occur over 33% of the coastal ocean,
dark fermentation may be a globally important metabolic pathway.

Given that microalgae were found to be responsible for large quantities of anoxically produced DIC
and dissolved hydrogen via dark fermentation, these results are likely to be generalizable to any
system dominated by microalgae that regularly exposes them to dark anoxic conditions. As this
phenomenon was observed in both carbonate and silica sands, and over a range of different
permeabilities and porosities, it’s unlikely that these factors would limit dark fermentation by

microalgae. These results are therefore highly generalizable to global permeable sediments.

7.3 Recommendations for future research

The work presented in this thesis represents a significant step towards understanding metabolism in
anoxic permeable sediments, however, there remains a great deal still to be investigated.

For instance, the dissolved hydrogen production observed during FTR experiments should not be
considered to be the total rate of hydrogen produced. Hydrogen-consuming bacteria, or
hydrogenotrophic bacteria, reside in sediments and are very likely metabolising a portion of the
total dissolved hydrogen produced. High concentrations of dissolved hydrogen were observed in

FTR effluent because rates of consumption were lower than rates of production. However, in order
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to produce a comprehensive electron budget for metabolism in anoxic permeable sediments, the
total hydrogen production rate must be known. This could be determined using a FTR experiment
that employed two parallel treatments, a control reservoir and a reservoir spiked with broad
spectrum antibiotic, such as ciprofloxacin. The difference between the respective rates of hydrogen
production would represent the rate of consumption by the hydrogenotrophic bacteria.

Throughout this research, dissolved hydrogen concentrations have been determined using a
calibrated Unisense H>-100 sensor, fitted with a glass flow through cell. This sensor has a small
(5%) sensitivity to hydrogen sulfide, necessitating the quantification of sulfide production rates so
that the magnitude of this error may be estimated. Quantifying hydrogen production via a secondary
method that is unaffected by the presence of other solutes, would further support the conclusions of
this research. One such method could include analysis of FTR effluent via gas chromatography-with
a reduced gas detector.

Another area worthy of investigation would be to determine whether hydrogen production can be
observed in in situ anoxic permeable sediments and how the rates of production compare to those
observed in FTR experiments. Prior to this research, it was widely accepted that in permeable
sediments, dissolved hydrogen would be rapidly consumed by hydrogenotrophic prokaryotes,
preventing accumulation. Porewater in anoxic in situ conditions will be subjected to far longer
residence times compared to those used in this research, and it would be very interesting to see how
this affects hydrogen concentrations.

Hydrogen production during dark anoxic incubations of diatom and chlorophyte cultures also merits
further investigation. In chapter 5, the maximum hydrogen concentration for each culture incubation
experiment was observed within the first 24 hours of incubation. This is in stark contrast to
hydrogen production observed in FTR experiments, which continued to increase over extended
periods of anoxia. The factor(s) responsible for this phenomenon are unclear and could be explored
using culture incubation experiments that feature sampling for dissolved hydrogen and

metabolomics at a relatively high frequency. This could shed light on what fermentation pathways
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are being utilized and whether different pathways are favoured at different periods of the
incubation.

Lastly, a more comprehensive electron budget for anoxic metabolism in permeable sediments
should be completed. In this research, the large accumulation of wax monoesters and unsaturated
fatty acids could not be translated into a given portion of the electron budget as the method of
quantification only accounted for a relative fold increase. In future research, this could be improved
upon by incorporating a direct quantification of the metabolome, targeting key metabolites. This
would mean precise quantities of metabolites could be determined, allowing for the calculation of
fermentation production rates, clarifying the dominance of this process in anoxic permeable

sediments.
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