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Abstract 

A growing body of evidence demonstrates that methanogenesis and Fe(III) reduction can 

occur simultaneously. However, environmental controls on interactions between each are poorly 

understood. In this study we considered pH as a control on interactions between Fe(III) reduction 

and methanogenesis in anoxic sediment bioreactors. The reactors consisted of 100mL of 

synthetic aqueous media, and 1 g of marsh sediment amended with goethite (1mmol). One set of 

reactors received acidic media (pH 6), and the other alkaline media (pH 7.5). Each set received 

media containing acetate (0.25 mM) to serve as an electron donor. Control reactors, deficient in 

acetate, were also included. We maintained a fluid residence time of 35 days by sampling and 

feeding the reactors every seven days.   

For pH 6.0 and pH 7.5 reactors, the measured pH of effluent samples averaged 6.33 and 

7.37, respectively. The extent of Fe(III) reduction and methanogenesis varied considerably 

between each set of reactors. More Fe(III) was reduced in the pH 6 reactors (646.39 µmoles on 

avg.) than the pH 7.5 reactors (31.32 µmoles on avg.). Conversely, more methane formed in pH 

7.5 reactors (127.5 µmoles on avg.) than the pH 6 reactors (78.9 µmoles on avg.). Alkalinity 

concentrations during the middle and end of the experiment averaged 9.6 meq/L and 5.2 meq/L 

in pH 6 and pH7.5 reactors, respectively Although much less Fe(III) reduction occurred in pH 

7.5 reactors, the relative abundance of Fe(III) reducers in them decreased little from levels 

observed in the pH 6 reactors. Sequences classified within Geobacter, a genus of bacteria known 

primarily as dissimilatory metal reducers, accounted for 22% and 13.45% of the sequences in the 

pH 6 and pH 7.5 reactors and only 0.8% of the sequences in the marsh sediment inoculum. In 

contrast, sequences classified within orders of methanogens were low in abundance, making up 

only 0.47% and 1.04% of the sequences in the pH 6 and pH 7.5 reactors, respectively. 



 

  

Mass balance calculations demonstrate that the amount of electron donor consumed by 

each group varied considerably between the sets of reactors. Expressed as a quantity of acetate, 

the reactions consumed about 160µM of electron donor each in pH 6 reactors. In contrast, 

methanogenesis consumed over 30 times more electron donor than Fe(III) reduction in the pH 

7.5 reactors. Thus, the results of our experiment indicate that the decrease in electron donor 

consumption by Fe(III) reduction at basic pH was nearly matched by the increase in electron 

donor consumption by methanogens. Results of geochemical modeling calculations indicate that 

more energy was available for Fe(III) reduction in the pH 6.0 reactors than the pH 7.5 reactors, 

matching variation in Fe(III) reduction rates, and that the density of sorbed ferrous iron was 

higher in pH 6 reactors than pH 7.5 reactors. Thus, the calculation results are consistent with 

bioenergetics, but not variation in ferrous iron sorption, as a potential mechanism driving 

variation in the balance between each reaction with pH. 
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Chapter 1 - Introduction 

 
Shifts in the balance between carbon storage and carbon emission from soils as a result of 

climate change represent an important, but not well-understood biogeochemical feedback 

mechanism on global climate change (Smith and Fang, 2010). Anoxic soils (e.g., soils in 

wetlands and peatlands) are a particularly potent carbon reservoir because they contain high 

carbon densities, and serve as a major source of atmospheric methane, a greenhouse gas with 20-

fold greater radiative forcing than carbon dioxide. In order to forecast how biogeochemical 

processes in these soils will respond to climate change we need a clear understanding of 

environmental controls on interactions of microorganisms within them. 

In this study we considered pH as a control on the balance between microbial Fe(III) 

reduction, and methanogenesis in anoxic soil. During Fe(III) reduction microbes use Fe(III), 

most commonly found as oxides and oxyhydroxides, as a terminal electron acceptor for cellular 

respiration to produce Fe(II) (Weber et al., 2006). During methanogenesis microbes make 

methane using hydrogen and CO2, methyl-containing C-1 compounds, or the methyl carbon of 

acetate as their substrates (Whitman et al., 2006) 

 Both Fe(III) reduction and methanogenesis are known to co-exist in anoxic soils. 

Competition between the two is common, and most often results in lower amounts of 

methanogens. (Roden and Wetzel, 1996, 2003; Lovley and Phillips, 1987; Reiche et al., 2008). 

Evidence suggests that Fe(III) reducers can successfully outcompete methanogens for electron 

donor in anaerobic environments, resulting in suppression in rates of methane production when 

there are abundant amounts of microbially reducible Fe(III) oxides (Lovley and Klug 1982, 

Lovley and Phillips 1987). Interaction between these two groups of microorganisms has the 
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potential to significantly impact carbon budgets in anoxic systems. Fe(III) reduction has the 

potential to increase alkalinity of the system through the production of HCO3
- and OH-.  The 

increase in alkalinity can cause carbonate mineral precipitation by increasing saturation with 

respect to carbonate phases (Coleman et al., 1993). Roden and Lovley (1993) showed the 

precipitation of FeCO3 during growth of Fe(III) reducing bacteria in a bicarbonate-buffered 

medium. This process helps to trap carbon in the soil. Methanogenesis, on the other hand, does 

not generate much alkalinity, and releases carbon through the formation of CH4 (Kirk et al., 

2013; Conrad, 1996). 

Previous studies have used thermodynamic calculations to show that pH has the potential 

to influence interactions between Fe(III) reduction and sulfate reduction (Postma and Jakobsen, 

1996; Bethke et al., 2011; Kirk et al., 2013; Kirk et al., 2015a). As shown in Figure 1, each 

metabolic reaction varies unequally with pH, therefore, changes in pH can alter which reaction is 

energetically favorable (Postma and Jakobsen, 1996; Bethke et al., 2011). At an acidic pH Fe(III) 

reduction has a much higher free energy yield than at alkaline pH. This allows Fe(III) reducers to 

have a more energetically favorable reaction than sulfate reduction at an acidic pH (Bethke et al. 

Figure 1: Variation with pH in energy available to Fe(III) 
reduction, sulfate reduction, and methanogenesis. ∆GA 
refers to the amount of energy available to drive reactions 
forward. 
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2011; Kirk et al., 2013). We hypothesize that pH may similarly affect interactions between 

Fe(III) reducers and methanogens.  At acidic pH, Fe(III) reduction is thermodynamically more  

favorable than methanogenesis (Fig. 1). At alkaline pH, however, the opposite may be true.  

 These changes in free energy yield occur in response to differences in the number of 

protons consumed by each reaction. Reduction of ferric iron in oxides and oxyhydroxides 

consumes several protons as shown in the following example reaction which uses goethite as the 

source of ferric iron and acetate as the electron donor: 

 

                  CH3COO- + 8 FeOOH(s) + 15 H+  2 HCO3
- + 8 Fe2

+ + 12 H2O                (1) 

 

As a result of this consumption of protons, the energy yield of the reaction increases rapidly as 

pH decreases. In contrast, there are much fewer protons consumed during sulfate reduction and 

methanogenesis, so the energy yield of those reactions vary weakly with pH. 

 

                                   CH3COO- + SO4
2- + H+  2HCO3

- + H2S(aq)          (2) 

 

                                                 CH3COO- + H+  CH4 + CO2           (3) 

 

Reaction free energy yields can affect competition between microorganisms. Groups of 

microbes can conserve energy if their reactions are more energetically favorable. These groups 

have physiological advantages, including fast reactions and more biomass yield, over those using 

less favorable reactions (Lovley and Goodwin, 1988; Jin and Bethke, 2007; Roden and Jin, 2011; 

Jin, 2012). This increase in free energy yield that we see with decreasing pH may allow microbes 
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capable of Fe(III) reduction to better compete with methanogens in acidic environments than in 

alkaline environments (Bethke et al., 2011; Kirk et al., 2013). 

This study tests the hypothesis that pH can influence interactions between Fe(III) 

reduction and methanogenesis in a similar way to the relationship between sulfate reduction and 

Fe(III) reduction. We tested this hypothesis using two sets of bioreactor experiments: one 

receiving acidic aqueous media (pH 6), and one receiving media with basic pH (pH 7.5). 

Hereafter, we will refer to these as the pH 6.0 and pH 7.5 sets of bioreactors. Each set of 

bioreactors was divided in half. One half was fed with acetate during the weekly sampling, and 

the other was not. We will refer to these as our acetate-fed and control reactors.  
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Chapter 2 - Materials and Methods 

 Sample Collection 

We collected soil for the experiment from the 

Big Blue river floodplain at the north end of Tuttle 

Creek reservoir near Olsburg Kansas (Fig 2). The 

samples were collected on January 30, 2016. During 

that time the soil was submerged in about 0.25 m of 

water. The soil was collected in sterile (autoclaved at 

121oC for 30 minutes) mason jars. The jars were 

rinsed multiple times with water from the marsh 

before sample collection. The jars were kept sealed 

in an incubator at 20oC until the bioreactors were 

assembled. While collecting soil, water samples 

were also collected in order to analyze the water 

chemistry of the area. The water samples were 

filtered using 0.45µm filters and analyzed for major ions, as described below. 

 

 Medium 

We defined a synthetic aqueous media for the experiment based on the composition of 

the water samples collected from the field site. The media concentrations differ slightly from the 

water at the sampling site in that we added ammonium and phosphate as important 

macronutrients (Table 1). Media for the live bioreactors also includes acetate, which can serve as 

an electron donor for microbes in the reactors. Control media only differed from live media in  

Figure 2: Map showing the location of 
the sampling site near Olsburg Kansas. 
(Latitude 039o27’38.988”N Longitude 
096o41’25.3428”W) 
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that there was no acetate added to control reactors. 

To set the pH, and purge oxygen from the media, we sparged the bottles with an oxygen-

free gas mixture of nitrogen and carbon dioxide. To achieve a pH of 7.5 we sparged with a gas 

mixture consisting of 1.1% CO2 in N2 for 1 hour. To achieve a pH of 6, we sparged the media 

with 35% CO2 in N2 for 1 hour. After sparging, we sealed the media bottles, autoclaved them for 

30 mins at 121oC, and stored them at room temperature (~22oC). 

 

Table 1: Composition of aqueous media. 
 
                    

Medium NaHCO3 CaCl2 MgCl2*6H2O KCl NH4Cl HK2PO4 NaCH3COO CO2* 
final 
pH** 

  mM mM mM mM mM mM mM %   
6.0 Live 5 2 0.5 0.25 0.05 0.001 0.25 35 6.0 
6.0 
Control 5 2 0.5 0.25 0.05 0.001  35 6.0 
7.5 Live 5 2 0.5 0.25 0.05 0.001 0.25 1.1 7.6 
7.5 
Control 5 2 0.5 0.25 0.05 0.001    1.1 7.6 
          
*Proportion of CO2 in CO2:N2 mix. 
** These are average measured values             
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Bioreactors 

Each set of bioreactor experiments was performed in 

triplicate. The reactors consisted of 160 mL serum bottles that 

were filled with 100mL of media, and 1.0 mmol of goethite 

(Fig 3). We capped the reactors, sparged them with gas, and 

sterilized them using an autoclave (30 minutes at 121oC). 

Next, we placed the reactors in an anaerobic chamber, opened 

them, and added 1 gram of soil. In addition to the soil, we 

also added 100μM FeCl2 (final concentration) to act as a 

reducing agent. We then recapped the reactors with sterile 

stoppers and seals, and a sterile needle, fitted with a gas-tight 

syringe valve, was inserted through the stopper. Lastly, the 

reactors were brought out of the anaerobic chamber to 

readjust the pH by sparging with the gas mixtures discussed previously. Once assembled the 

reactors were kept in an incubator at 20oC.  

 The reactors were allowed to incubate for seven days. On the seventh day, and every 

seventh day thereafter, the reactors were sampled and fed. Sampling and feeding consisted of 

withdrawing 20mL from the serum bottle and replacing the sampled volume with sterile media. 

Incubation and sampling persisted until electron donor consumption had stabilized for at least 

one month. 

 

Figure 3: Schematic view of 
bioreactor. The long needle used 
for sampling/feeding fluid. 
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 Chemical Analysis 

Numerous chemical analyses were performed each week on effluent samples. We also 

chemically analyzed each batch of fresh media to ensure consistency within our experiment. We 

used these data to monitor microbial activity during the experiments and provide us with 

constraints for conducting mass-balance and thermodynamic calculations. Fe(II) concentrations 

were measured in effluent samples using the ferrozine method (Stookey, 1970) with a Thermo 

Scientific Genesys 10S UV Vis Spectrophotometer. Total alkalinity was measured using Gran 

alkalinity titrations with 0.02 N sulfuric acid, and an Oakton PC-300 pH meter. Major anion 

concentrations (CH3COO-, Cl-, PO4
3-, and SO4

2-) were measured in 0.45μm filtered samples 

using a Dionex ICS-1100 ion chromatograph. The system uses carbonate eluent (4.5mM 

Na2CO3, 1.4mM NaHCO3) with an AS22 analytical column, and an AERS 500 suppressor. 

Major cation concentrations (Ca, Na, Mg, NH4, K) were measured periodically using a second 

ICS-1100 ion chromatograph, which uses a sulfuric acid eluent (22mN H2SO4 solution) with a 

CS12 analytical column and a CERS 500 suppressor. For both systems, eluent was made using 

18 MΩ DI H2O. Fe(II) and alkalinity analyses were performed immediately after sampling. 

Periodically we analyzed the proportion of methane gas in the headspace of the reactors using a 

GOW MAC series 580 gas chromatograph equipped with a thermal conductivity detector. 

 

 Microbial Community Analysis 

In order to directly identify which groups of microorganisms were present in the reactors, 

and help us interpret our geochemical data, we carried out a microbial community analysis of 

each bioreactor. This analysis was done on samples collected at the end of the experiment for all 

reactors as well as on sediment collected from the marsh. To collect the microorganisms the 
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bioreactors were thoroughly mixed, and 3mL of the slurry was removed using sterile 5mL 

syringes. The slurry was then filtered using a sterile 0.2µm filter. To ensure the filters were 

sterile, they were first placed in membrane holders, wrapped in aluminum foil, and autoclaved 

for 30 mins at 121oC. After filtering, the filter was placed in a 2mL centrifuge tube, 0.2 mL of 

sucrose lysis buffer was added as a preservative, and the filters were frozen at -80oC until DNA 

extractions were performed. 

 DNA was extracted from the filters using a MoBio DNA extraction kit. We followed 

manufacturer’s instructions for each step with the exception of using an alternative lysis method 

to reduce DNA shearing. After extraction, the samples were kept frozen at -80oC. A Nanodrop 

was used to ensure quality, and measure concentration of the DNA extracted.  DNA samples 

were sent to Argonne National Lab where DNA amplification was carried out using Polymerase 

Chain Reaction (PCR). PCR amplification was performed using universal bacterial primers 515F 

(GTGYCAGCMGCCGCGGTAA) and 806R (GGACTACNVGGGTWTCTAAT (Walters, W., 

2015).  The sequences were then sequenced using the Illumina MiSeq platform. After an initial 

quality filtering, the lab provided raw sequence data to us in the form of a Fasta file 

We analyzed sequence data using QIIME v. 1.9.1. First we split samples according to 

barcodes, and filtered the sequences to remove low-quality reads (script: split_libraries.py). 

Next, we generated BIOM formatted OTU (Operational Taxonomic Unit) tables at 97% 

similarity, and evaluated taxonomy with uclust (script: pick_de_novo_otus.py). This step 

assigned the most detailed lineage description shared by at least 90% of the sequences within 

each OTU. Then, singletons were removed, and we created taxonomy tables (scripts: 

filter_otus_from_table.py, summarize_taxa_through_plots.py).  We wanted to compare diversity 

between samples to examine uniformity of triplicates and influence of pH on community 
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diversity. In order to do this we first normalized all samples to have the same number of 

sequences as the sample with the fewest sequences(4834 sequences) (script: 

single_rarefaction.py). From here we computed diversity within samples using alpha diversity 

(script: alpha_diversity.py). Lastly, we computed beta diversity to compare sample communities 

to one another. Doing this created PCoA plots as well as NMDS plots (script: 

beta_diversity_through_plots.py) (Kirk et al., 2015b). 
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Chapter 3 - Results 

 Biogeochemistry 

The pH of the effluent samples throughout the experiment from the pH 6.0 and pH 7.5 

control reactors averaged 6.33 and 7.37, respectively. The pH of the acetate-fed reactors did not 

vary substantially from the pH of their corresponding control reactors (Fig 4A).  

Initial analysis of the reactor effluent showed substantially higher levels of acetate than 

was supplied by the media. Average initial acetate concentrations for pH 6.0 and pH 7.5 acetate-

fed bioreactors was 2.12mM and 2.10mM, respectively (nearly 8.5 times weekly input value). 

Average intial acetate concentrations for pH 6.0 and pH 7.5 control bioreactors were 1.74 and 

1.57, respectively. Effluent acetate concentrations declined steadily, dropping below input values 

between incubation day 35 and 42.  From incubation day 42 through the end of the experiment, 

acetate concentrations of effluent samples from all bioreactors remained below detection limit 

(1mg/L) (Fig 4B).  

 Fe(II) concentrations in both acetate-fed and control pH 6.0 bioreactors increased rapidly 

from day 0, reaching their maximum on day 35 (3,425µM) and 28 (3,137µM), respectively. 

Following day 35, Fe(II) concentrations for pH 6.0 bioreactors continued on a downward trend 
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with the acetate-fed bioreactors maintaining a slightly higher concentration (Fig 6A). Total 

amounts of Fe(III) reduced in pH 6.0 reactors averaged 6654.7 µM for acetate-fed reactors, and 

6273.1 µM for control reactors.  

Fe(II) concentrations in both acetate-fed and control pH 7.5 reactors are substantially 

lower than the pH 6.0 reactors. Maximum concentrations for acetate-fed and control reactors at 

pH 7.5 reached 207.2µM and 184.5µM, respectively. Total Fe(III) reduced during incubation 

based on mass balance calculations averaged 325.2 and 301.3 µM (Fig 5). 

 Initially alkalinity data were affected by organic content introduced by the soil. Due to 

this, reliable alkalinity data were not recorded until day 56. On day 56 average alkalinity values 

for acetate-fed and control reactors at pH 6.0 were 9.57 and 8.84meq/L, respectively. The 

average values for reactors at pH 7.5 were 5.19 and 5.04, respectively (Fig 6B). This higher 

alkalinity values for pH 6.0 reactors is indicative of Fe(III) reduction as seen in equation (1).  On 

day 91 alkalinity values were substantially lower in the pH 6.0 reactors and relatively unchanged 

in the pH 7.5 reactors. Average alkalinity values on day 91 for acetate-fed and control reactors at 

pH 6.0 were 6.68 and 6.64meq/L, respectively. In pH 7.5 reactors the average values were 5.19 
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and 5.30meq/L, respectively. This drop in alkalinity between days 56 and 91 in the pH 6.0 

bioreactors indicates a decrease in the amount of Fe(III) reduction occurring. 

Concentrations of both Ca2+ and Mg2+ were initally much higher in bioreactors at pH 6.0 

versus pH 7.5. On the initial sampling day the average concentration of Ca2+ in pH 6.0 and 7.5 

bioreactors was 1.3 and 0.65mM, respectively. The Ca2+ concentration was not tested again until 

day 56. On day 56 the Ca2+ concentrations were much closer averaging 0.65 and 0.57mM, 

respectively. Although the concentrations converged by day 56, the concentrations remained 

above the weekly input value of 0.294mM throughout the entire experiment (Fig 7A). 

As stated previously, Mg2+ concentrations were initially much higher for pH 6.0 

bioreactors versus reactors at pH 7.5. The initial Mg2+ concentrations for bioreactors at pH 6.0 

and 7.5 were 0.835 and 0.555mM, respectively. These values would also eventually converge. 

On day 56 the average concentrations were 0.53 and 0.455mM, respectively. Unlike Ca2+ 

concentrations which were consistently above the weekly input value, the Mg2+ concentrations 

remained close to the weekly Mg2+ input of 0.483mM after day 56. (Fig 7B).  
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Chloride concentrations throughout the experiment remained consistent. They deviated 

slightly from the average input of 2.34mM, but no significant trends were noticed (Fig 7C). 
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Sodium concentrations of effluent samples were initially near input value of 5.61mM. 

They dropped slightly below input during day 56 sampling, and then increased by an average of 

1.0 mM on the final sampling day (Fig 7D). Potassium concentrations were below input of 

0.275mM during the first two samplings. Levels increased slightly above input during the final 

day (Fig 7E). 

 Reactor headspace was sampled 3 times throughout the experiment. Methane was 

detected during every sampling in all 12 bioreactors. Headspace sampling took place before 

reactor media sampling during the 3rd, 8th, and 12th week of the experiments. Average methane 

amounts within all pH 6.0 reactors for all three samplings was 27.3, 79, and 78.9 µmoles, 

respectively. For pH 7.5 reactors, the average amount of methane was 38.5, 119.5, and 127.5 

µmoles, respectively (Fig 8B). Total methane production within pH 6.0 reactors averaged 

102.4µmoles for acetate-fed and 55.5µmoles for control reactors. Averages for pH 7.5 reactors 

were 163.9 and 91.2µmoles, respectively (Fig 8A).  In order to calculate methane in terms of 

µmoles we used the ideal gas law (PV=nRT). Where (P) is the partial pressure of methane in 

kPa, (V) is the average volume of headspace within the reactors (0.0594 L), (n) is the number of 
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moles, (R) is the ideal gas constant (8.314 L kPa/Kmol), and (T) is the temperature in Kelvin 

(295.5K).  

 

 Microbial Community Composition 

Proteobacteria accounted for over 55% of our prokaryotic community (36.4% within 

marsh sediment. Within this Phylum 27.6% were within the genus Geobacter a genus of bacteria 

known primarily as dissimilatory metal reducers. Geobacter had the highest relative abundance 

within all of our samples (15.29%),. Within our prokaryotic community archaea only accounted 

for 1.34% of sequences. Of the archaea present 51% were within orders of methanogens (0.69% 

relative abundance). Methanogens found in our samples were from the classes Methanobacteria, 

Methanomicrobia, and Thermoplasmata. 
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Figure 8: Column chart showing average total methane production (A), and a graph showing 
methane present in the headspace at each of the 3 sampling days (B). 
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Relative abundance of Geobacter and methanogens within marsh sediment was 0.81% 

and 0.35%, respectively. Within pH 6.0 reactors, relative abundance of Geobacter and 

Methanogens averaged ~22% and 0.47%, respectively. In the pH 7.5 reactors, Geobacter 

averaged 13.5% and Methanogens averaged around 1% (Figs 9A,B).   
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Chapter 4 - Discussion 

 Microbial Reactions 

The observed changes in aqueous chemistry and headspace composition are consistent 

with the growth of Fe(III)- reducers and methanogens. Early in the experiment there was a 

noticeable decrease in effluent acetate concentrations, an increase in Fe(II) and alkalinity, as well 

as noticeable methane production. Results indicate growth within populations of both 

methanogens and Fe(III) reducers. Stabilization of effluent acetate concentrations below 

detection (0.01mM) following day 42 indicates that the microbial community had grown enough 

to consume nearly all of the influent acetate each week.  

 Mass-balance calculations based on aqueous chemistry demonstrate that the extent to 

which Fe(III) reduction occurred differed considerably between each set of reactors. In 

bioreactors at pH 6.0, the acetate consumed for Fe(III) reduction in acetate-fed and control 

reactors averaged 83.18 and 78.41 µmoles, respectively. The amount of acetate consumed in pH 

7.5 bioreactors for Fe(III) reduction in acetate-fed and control reactors averaged 4.06 and 3.77 

µmoles, respectively (Fig 10). 

 On average, methanogenesis required more acetate than Fe(III) reduction. The amount of 

acetate consumed by methanogens in the acetate-fed and control reactors at pH 6.0 was 102.4 

and 55.50 µmoles, respectively. Within the pH7.5 reactors, methanogens consumed 163.9 and 

91.2 µmoles, respectively (Fig 10).  

Contrary to the pH 6.0 reactors, the difference in acetate consumption for methanogenesis 

and Fe(III) reduction in pH 7.5 reactors was substantial. Within acetate-fed reactors at pH 7.5, 

methanogens consumed 163.9 µmoles of acetate and Fe(III) reducers only 5.06 µmoles. This 
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resulted in minimal Fe(II) production, and an increased amount of methane production in pH 7.5 

reactors.  

We understand that acetate was not the only organic molecule being metabolized by these 

microbes. Degradation of organic matter within the soil most likely provided other forms of 

electron donor, but for simplification we are comparing them based upon 8 electron transfer.  In 

addition we understand that acetate could have been consumed by other electron acceptors such 

as NO3
-, SO4

2-, or Mn(IV). Given that SO4
2- and NO3

- levels were below detection we feel their 

impact is minimal. Mn(IV) on the other hand was not quantified, so this provides possible 

uncertainty. 
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Figure 10: Amount of acetate consumed throughout the experiment by Fe(III) 
reducers and methanogens in all sets of bioreactors. 
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Although methanogens had the more energetically favorable reaction within the pH 7.5 

reactors, it is evident that Fe(III) reducers were still active. The total amount of Fe(III) reduced in 

the pH 7.5 reactors averaged only 313.25µM (~6500 µM in pH 6.0 reactors). Evidence of Fe(III) 

reducer activity is shown in the growth of microorganisms within the Geobacter genus (Fig 11). 

Average relative abundance of Geobacter within marsh sediment was only 0.8%, but within the 

pH 6.0 and pH 7.5 bioreactors they averaged 22% and 13.45%, respectively. So even though 

very little Fe(III) was reduced within pH 7.5 reactors, the population of Fe(III) reducers 

increased more than 16 times. Fe(III) reducers may possess a kinetic advantage over 

methanogens that allows them to consume electron donor more quickly (Bethke et al., 2008). 

The extent to which they can exploit this advantage may depend in part upon thermodynamics 

(Bethke et al., 2011). It seems that even at alkaline pH, where methanogenesis is more 

thermodynamically favorable, Fe(III) reducers are still able to exploit this advantage, but not to 

reduce Fe(III). A possible explanation for this phenomena is Direct Interspecies Electron 

Transfer (DIET) (Lovley, 2017). While still not extensively studied, DIET and cable bacteria 
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have demonstrated that microbial cells can exchange electrons over distances of µm to cm 

lengths through electrical connections (Lovley, 2017). DIET is potentially an effective form of 

syntrophy in methanogenic communities (Rotaru et al., 2014a). Electrically connected microbial 

communities (e-communities) are currently primarily restricted to anaerobic environments in 

which bacteria and archaea electrically connect to either produce (Morita et al., 2011; Kato et al., 

2012; Rotaru et al., 2014b) or consume (McGlynn et al., 2015; Wegener et al., 2015) methane. 

Under alkaline conditions Geobacter may be consuming acetate, but instead of utilizing it to 

reduce Fe(III) they may be transferring the electrons to methanogens (Fig 12). 

 

 Potential Mechanisms 

Potential mechanisms that could cause changes in the interactions between these two 

microbial reactions are bioenergetics, and variations in the ability and extent of sorption of Fe(II) 

onto goethite. In the following sections we consider each of these possibilities in more detail. 

 

 

Figure 12: Diagram illustrating Direct Interspecies Electron Transfer (DIET) between Geobacter 
and methanogens. At alkaline pH Geobacter utilizes its kinetic advantage to transfer electrons to 
methanogens. At acidic pH Geobacter reduces Fe(III) because that reaction is more favorable. 
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 Bioenergetics 

Reduction of ferric iron oxides and oxyhydroxides consumes several protons as shown in 

the following reaction which exemplifies the reaction that is occurring within our bioreactors.  

 

CH3COO- + 8 FeOOH(s) + 15 H+  2 HCO3
- + 8 Fe2

+ + 12 H2O         (1) 

 

As stated previously, due to this consumption of protons, the energy yield of the reaction 

increases rapidly as pH decreases (Fig 1). For this reason, Fe(III) reduction is more energetically 

favorable in acidic environments. The consumption of protons by Fe(III) reduction also leads to 

an increase in pH. The peak of Fe(III) reduction (~35 days) correlates with the highest pH levels 

recorded within the pH6.0 reactors.    

Contrary to Fe(III) reduction, methanogenesis consumes few protons and thus varies little 

with changes in pH (Equation 3). Due to this, methanogenesis remains energetically favorable 

along a wide range of pH. So, although Fe(III) reduction has more energy available at low pH, 

methanogenesis can still occur. This is why we see methane production within our pH 6.0 

reactors.  

 

CH3COO- + H+  CH4 + CO2           (3) 

 

We carried out thermodynamic calculations to determine amounts of energy available to 

drive the reactions forward. Using Geochemist’s Workbench we derived activity values for all 

gaseous and aqueous species, as well as log K values for each reaction. Using the log K values 

we calculated standard state Gibbs Free Energy (ΔG◦
T) (Equation 4). 
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                        ΔG◦
T = -2.303RTlog(K)                                (4) 

 

In this equation R represents the gas constant (8.314 J/Kmol) and T is temperature. Using the 

activity values we then calculated the reaction quotient (Q), and applied these values to the 

reaction free energy equation to find the available free energy. 

 

ΔGr = ΔG◦
T + RTln(Q)           (5) 

 

Microbes can only run their metabolism when the energy available outside the cell 

exceeds the internal store (Jin and Bethke, 2009). Usable free energy (ΔGU) is the difference 

between the energy in the environment and within the cell. ΔGU is calculated using the following 

equation (Jin and Bethke, 2002, 2003, 2005, 2007). 

 

 ΔGU = ΔGA – mΔGP  (6) 

 

Our calculations reveal that there is generally more usable energy available to Fe(III) reducers at 

acidic pH, and more usable energy available to methanogens at alkaline pH (Fig 13).  
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Figure 13: Graph showing shift in usable free energy available to methanogens 
and Fe(III) reducers with changing pH. 



 

24 

 

As the amount of usable energy decreases, the reaction rates start to slow down. As pH increases 

the amount of usable energy available to Fe(III) reducers begin to decrease. Fe(III) reducers are 

able to run their reactions at high rates at acidic pH, but at alkaline pH they are limited by 

thermodynamics. Methanogens are not affected in the same way by thermodynamics. Therefore, 

under alkaline conditions, where Fe(III) reducers are lacking in available energy, methanogens 

are able to thrive. 

 

 Ferrous Iron Sorption 

  Another potential mechanism for controls on the microbial reactions within our 

experiments is Fe(II) sorption onto goethite. When Fe(II) sorbs to a ferric surface, in this case 

goethite, valence electrons are taken up and conducted toward high potential sites (Williams and 

Scherer, 2004; Larese-Casanova and Scherer, 2007). The electrons lower the effective redox 

potential of the surface, degrading its ability to act as an electron acceptor (Handler and other, 

2009; Rosso and others, 2010). Under acidic conditions Fe(II) generally doesn’t sorb as well. So 

as pH increases, Fe(II) sorption should increase (Dixit and Hering, 2006), and the rate of Fe(III)  

Figure 14: Graphs showing fraction of Fe(II) that has sorbed onto the goethite 
surface (A), and the density of Fe(II) sorbed on goethite within the bioreactors (B). 
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reduction should decrease. We created a sorption model using Geochemist’s Workbench and 

from this we calculated sorbed fractions of Fe(II) as well as the density of sorbed Fe(II) on 

goethite (Fig 14). Sorbed fraction refers to the fraction of the total Fe(II) in solution that has 

sorbed onto goethite. Sorbed density is referring to the total amount of Fe(II) that sorbed. 

Through these calculations it is evident that there is a higher fraction of Fe(II) sorbing at basic 

pH, but due to the increased Fe(II) present in solution there is a much higher density of sorbed 

Fe(II) at acidic pH. This is inconsistent with sorption being a potential mechanism driving shifts 

in interactions with pH. 

 

 Implications 

Small ponds, lakes, and marshes, like the one we sampled for this study, have a large 

impact on our greenhouse gas budgets. A recent article discusses the contribution of small inland 

lakes and ponds on CO2 and CH4 emissions. They found that inland water actively transforms 

carbon, and plays an important role in natural and anthropogenic greenhouse gas budgets, 

including CO2 and CH4. According to the study, ponds that fell within the smallest size range 

have a disproportionally large contribution to carbon flux relative to their size. In fact, they 

estimate that although small ponds only make up 8.6% of the global surface are of lakes and 

ponds, they comprise 15.1% of all CO2 emissions and 40.6% of all diffusive CH4 emissions from 

lentic freshwaters (Holgerson and Raymond, 2016). 

 In order to understand how these systems will respond to changing climate, we need to 

understand the environmental controls on microbial reaction within them. As temperature 

increases, so do rates of organic matter degradation (Davidson, 2006). This increased rate of 

degradation could increase the levels of CO2 in anoxic soil and water, and in turn lower the pH. 
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This change in pH has the potential to increase the ability of Fe(III) reducers to compete with 

methanogens. This could work to lower the amount of methane being released from these 

systems. Moreover, because Fe(III) reduction consumes a lot of protons, the reaction is very 

effective at generating carbonate alkalinity (Kirk et al., 2013), which would help these systems 

store additional carbon. Methanogenesis generates little alkalinity and releases carbon in the 

form of CH4. Carbon can also be stored through precipitation of carbon bearing minerals from 

solution. After calculating mineral saturations using Geochemist’s Workbench we found that 

siderite, an iron carbonate mineral (FeCO3), was super saturated in nearly 60% of samples with a 

higher percentage of them being in the pH 6.0 reactors.  Thus, shifts in interactions between 

these two groups with pH would have significant implications for carbon budgets in anoxic 

systems.  
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Chapter 5 - Conclusions 

The balance between methanogenesis and Fe(III) reduction in our experiments shifted 

considerably with pH. The reactions consumed nearly equivalent amounts of electron donors in 

reactors with acidic pH, but methanogenesis consumed 40X more at alkaline pH. Despite this 

shift, the abundance of Fe(III) reducers and methanogens appears to have changed relatively 

little. We hypothesize that Fe(III) reducer’s abundance remained high despite the low extent of 

Fe(III) reduction because they increasingly interacted with methanogens via interspecies electron 

transfer at alkaline pH.   Thermodynamic calculations suggest that thermodynamic controls on 

microbial reactions plays an important role in the shift between Fe(III) reduction and 

methanogenesis. Fe(II) sorption onto goethite, however, appears to have had less of an impact on 

the balance of each reaction based on surface complexation model calculations.   Shifts in the 

balance between methanogenesis and Fe(III) reduction can have significant implications on 

carbon budgets within anoxic systems. As Fe(III) reduction increases these systems can become 

important carbon storage reservoirs by increasing carbonate alkalinity, decreasing methane 

production, and favoring siderite precipitation.  
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