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ABSTRACT 

 

Marine Methane Biogeochemistry Investigated with Isotope-based Studies in the Field and 

the Laboratory 

 

by 

 

Qianhui Qin 

The ocean is a dynamic environment for methane’s biogeochemical processes. Three 

major processes take center stage: biological methanogenesis, anaerobic methane oxidation, 

and aerobic methane oxidation. These three key methane biogeochemical processes are 

intricately balanced within the oceanic environment, resulting in minimal methane escaping 

into the atmosphere. This dissertation aims to integrate fieldwork with laboratory research, 

combining investigative tools such as chemical measurements, radiotracer incubations, 

anaerobic cultivation, and stable isotope probing. The objective is to probe the behaviors of 

aerobic methane oxidation in relation to the ocean’s oxygen availability and isotopic 

signatures during methanogenesis from methyl-based compounds. 

Chapters 1 and 2 of my dissertation delve into the effectiveness and efficiency of 

aerobic methane oxidation in the ocean’s water column. The Santa Barbara Basin (SBB) is 

known for experiencing seasonal deoxygenation and reoxygenation cycles, resulting in 

fluctuating methane concentrations in the deep water column. In chapter 1, my study 

comprehensively investigated this seasonal cycle through a nine-month period of repeated 

sampling and measurement of key parameters associated with methane biogeochemistry in 
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the deep waters of the SBB. These parameters include oxygen, nitrate, methane 

concentrations, and the rate of aerobic methane oxidation. My findings revealed a sequential 

pattern. First, a decline in oxygen concentration was observed to precede a decrease in nitrate 

concentration. Second, the accumulation of methane followed, with a marked decline in both 

oxygen and nitrate levels. Finally, changes in the methane oxidation rate, which reflects the 

activity of the methanotroph community, occurred subsequently, albeit with a slight time lag. 

I also discovered that the rate of methane oxidation is primarily dependent on the availability 

of methane within the water column. Furthermore, my research uncovered that the transient 

methane pulse accompanying the observed oxygen depletion in the SBB triggered the 

development of a persistent methanotrophic community, even after methane concentrations 

had returned to normal levels – an ecological memory effect.  

In Chapter 2, beyond the analysis of observed trends, I utilized methane 

concentrations, methane oxidation rates, and vertical methane diffusion to calculate the 

minimum methane source required for the deep water column. This computation was 

conducted across a range of contrasting environmental conditions, ultimately revealing that 

anoxic conditions demand a greater influx of methane into the water column. A comparison 

to data collected during a 2023 oceanic research expedition revealed an even greater demand 

for methane input, in the presence of well-established and persistent anoxic conditions. 

Chapter 3 of my dissertation is dedicated to investigating mechanistic underpinnings 

of stable carbon isotope fractionations during methylotrophic methanogenesis by marine 

archaea. Understanding these mechanistic underpinnings enables the inclusion of 

methylotrophic methanogenesis in isotopically informed biogeochemical reaction networks 

for anaerobic environments. This study included wild type methylotrophic methanogens as 
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well as a mutant strain in which the reduction of methylated substrates is coupled to 

hydrogen oxidation or acetate oxidation, providing further mechanistic insight of isotopic 

variations originating at the reaction branch point. 
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Chapter 1- Seasonality of Water Column Methane Oxidation and Deoxygenation in a 

Dynamic Marine Environment 

 

This research was previously published as: 

 

Qianhui Qin, Franklin S. Kinnaman, Kelsey M. Gosselin, Na Liu, Tina Treude, and 

David L. Valentine (2022) Seasonality of Water Column Methane Oxidation and 

Deoxygenation in a Dynamic Marine Environment, Geochimica et Cosmochimica 

Acta, 336: 219-230. 

 

Abstract 

Most of the methane input to the world’s oceans is intercepted by microorganisms in 

sediment and the overlying water column and oxidized before it has an opportunity to reach 

the atmosphere, where it acts as a greenhouse gas. The factors controlling methane 

consumption in the ocean are not well established and its biogeochemistry in dynamic marine 

environments is understudied in-part because of challenges in capturing spatial and temporal 

variability. Our study focused on the factors that structure methane’s biogeochemistry in a 

dynamic marine environment, the Santa Barbara Basin. The deep-water column of the Santa 

Barbara Basin experiences seasonal oxygen loss and episodic replenishment which we found 

to be major factors in structuring the accumulation of methane and the rate at which 

microorganisms consumed that methane. We found the gradual decline in oxygen that 

commonly occurs through the summer culminated with a pronounced accumulation of methane 
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in the water column during the fall. Rates of methane oxidation remained low in summer, 

increased with the buildup of methane in fall, and remained elevated into spring, even after 

methane concentration had declined. However, results from methane oxidation kinetics 

experiments revealed a zero-order kinetic dependence on oxygen concentration, indicating that 

oxygen’s effect on methanotrophy at the ecosystem scale is likely indirect. We also captured 

an apparent mixing event during fall that drove spatial and temporal variability in oxygen, 

nitrate and methane concentrations in the Santa Barbara Basin, with stark variations at the 

investigated timescale of 8 days and along isobaths at a spatial scale of 7 km. Collectively, 

these results indicate the seasonal development and attenuation of a methanotrophic 

community associated with restricted circulation, but also of a spatiotemporal variability not 

previously appreciated for this environment.     

 

1. Introduction 

The ocean is not a major source of methane to the atmosphere (~ 4-15 Tg yr-1, less than 

2.5% of total methane sources, Solomon et al., 2007), even though a significant amount of 

methane (at least 85 Tg yr-1) is consistently produced in marine environments through 

microbial or thermal transformation of organic carbon (Hinrichs et al., 1999; Reeburgh, 2007; 

Zhang et al., 2011; Reay et al., 2018). Instead, anaerobic oxidation of methane (AOM) occurs 

in marine sediment, and together with aerobic methane oxidation (hereafter MOx) near to the 

seafloor and in the overlying water column, acts as a biological filter (Reeburgh, 2007; Mau et 

al., 2013; Torres-Beltrán et al., 2016; Steinle et al., 2017). AOM can consume ~ 75% - 80% of 

the produced methane in the sediment (Strous and Jetten, 2004; Treude, 2004; Knittel and 

Boetius, 2009; Torres-Beltrán et al., 2016) and commonly occurs at a banded interface in the 
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sediment known as the sulfate-methane transition zone. In diffusive systems, AOM usually 

quantitatively consumes sedimentary methane (Knittel and Boetius, 2009), but in sediments 

with advective transport or gas ebullition methane can bypass the benthic microbial filter and 

enter the water column (Reeburgh, 2007; Knittel and Boetius, 2009). 

Since the first measurements of dissolved methane concentrations in the ocean’s water 

column were reported in the late 1960s (Reeburgh, 2007), various groups have studied water 

column methane concentrations and MOx rates in different oceanic environments (Griffiths et 

al., 1982; Ward et al., 1987, 1989; Reeburgh et al., 1991; de Angelis et al., 1993; Ward and 

Kilpatrick, 1993; Valentine et al., 2001; Mau et al., 2012, 2013; Heintz et al., 2012; Pack et al., 

2015; Steinle et al., 2015, 2016, 2017). Most studies represent snapshots of oceanographic 

conditions and have collectively demonstrated that the rate of MOx depends on the availability 

and concentrations of the two substrates of the reaction, methane and oxygen, together with 

other physicochemical controls like temperature, salinity, nutrients, etc (Ward et al., 1987; 

Valentine et al., 2001; Mau et al., 2012, 2013; Heintz et al., 2012; Pack et al., 2015; Steinle et 

al., 2015, 2016). 

Many oceanic environments are dynamic because of seasonal, spatial, and other 

physiochemical factors. Methane concentration and MOx rate variability together control the 

atmospheric release of methane and knowledge of these processes is therefore import for 

predicting future changes in methane emissions. Numerous studies have considered the spatial 

variability of MOx (Reeburgh, 2007; Mau et al., 2012, 2013; Steinle et al., 2016), but fewer 

studies have considered the temporal variability (Tavormina et al., 2010; Kessler et al., 2011; 

Heintz et al., 2012; Crespo-Medina et al., 2014; Steinle et al., 2015, 2017; Torres-Beltrán et al., 
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2016) and the coupled understanding of spatial and temporal variability for MOx is minimal 

(Gründger et al., 2021).  

The Santa Barbara Basin (SBB) is a depression between the California mainland and 

the northern Channel Islands. The SBB is physically constrained and experiences seasonal 

deoxygenation. The maximum water depth is about 589 m at the depocenter and the deep basin 

is fully enclosed at depths > 475m. The SBB is bounded by a shallow Eastern sill, and 

exchanges water with the Pacific Ocean over the 475m Western sill. Because of the depth 

difference between sill and depocenter, SBB bottom waters are poorly circulated and are 

regularly deoxygenated (to <1 μM O2) following periods of increased surface productivity 

(Bograd et al., 2002; Goericke et al., 2015). Low oxygen condition is interrupted ∼annually 

by strong springtime upwelling events where deep-water cascades over the sill from the greater 

Pacific and into the SBB. In the process, existing bottom waters are flushed and the deep SBB 

becomes temporarily oxygenated to ∼20 μM. The introduced oxygen gets quickly consumed 

by heterotrophic organisms scavenging organic matter, and the deep water oxygen 

concentration returns to < 1 μM, typically by the end of summer (Sholkovitz and Gieskes, 1971; 

Sholkovitz, 1973; Sholkovitz and Soutar, 1975; Reimers et al., 1990; Goericke et al., 2015). 

SBB bottom water is low in oxygen throughout the year, and is classified as hypoxic seawater 

(oxygen concentration < 63 μM, according to Middelburg and Levin, 2009). As reference, 

seawater at a temperature of 5 ℃ and a salinity of 34 PSU, which is typical for SBB deep water, 

would have an oxygen concentration of ~ 319 μM when in equilibrium with the atmospheric 

gases at 1 atm pressure (Weiss, 1970). 

A temporal perspective for the SBB derives from the long-term hydrographic data set 

collected by the California Cooperative Oceanic Fisheries Investigations (CalCOFI), since 
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1986 (https://calcofi.org/data/). A compilation of relevant CalCOFI data (Fig. 1) illustrates the 

seasonal deoxygenation pattern of the SBB deep water column. Bottom water dissolved 

oxygen and nitrate typically peak in spring with upwelling events, and then gradually decrease 

after, until the next upwelling events occur. The seasonal deoxygenation occurs ~ annually, 

typically coupled with extensive denitrification (Sigman et al., 2003). 

The SBB is known for having one of the largest natural methane seep areas in the world, 

thus many previous studies focused on this environment (Hornafius et al., 1999; Hill et al., 

2003; Mau et al., 2007, 2010; Ding and Valentine, 2008; Du et al., 2014; Padilla et al., 2019; 

Joung et al., 2020). The deeper water column of the SBB has been less studied with regard to 

methane due to the logistical challenges that arise with monitoring methane-related processes 

over time. In the deep SBB the methane sources are mainly diagenetic (Warford et al., 1979; 

Kosiur and Warford, 1979; Li et al., 2009) with methane produced by benthic methanogenic 

archaea and consumed mainly anaerobically by archaea in the sediment and by aerobic bacteria 

in the water column (Hinrichs et al., 2003; Pack et al., 2011). This study aims to build on our 

understanding of methane dynamics in low oxygen marine systems. Our goal is to construct a 

depth-resolved time series of methane concentration and oxidation rate nested within the 

seasonal cycle of oxygen decline and renewal in the deep SBB. Furthermore, we also aim to 

explore the factors influencing kinetics of methane oxidation. In doing so, this study identified 

unanticipated spatiotemporal variability of key compounds – methane, oxygen and nitrate – 

within the enclosed reaches of the SBB. 

 

2. Materials and Methods 

2.1 Sampling Time and Locations 
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Our sampling plan involved the collection of deep-water column samples from the SBB 

throughout a deoxygenation and reoxygenation cycle, with a sampling time span of ~ one year. 

Within this year, one to two sampling expeditions were executed every month. Restrictions 

associated with the COVID-19 pandemic prevented any sampling from the end of March 2020, 

limiting the time span of our study to 266 days. Nonetheless, we were still able to capture key 

features of the cycle as presented in this work. Sampling was conducted from several different 

research vessels (Table 1), with the first sampling expedition executed on 2019-6-28, 15 more 

sampling expeditions (18 more hydrocasts) performed afterwards, with the last sampling 

expedition conducted on 2020-3-20. 

A series of 10 sampling expeditions using UCSB’s R/V Connell were conducted to 

collect deep SBB water samples, in order to study the changes of deep SBB water column 

oxygen, nitrate, and methane concentrations, and MOx rates. During each R/V Connell 

sampling, a rosette equipped with 6 4-liter Niskin bottles was deployed and deep-water 

samples of six different depths were collected (Table 1). These six depths were selected to 

emphasize changes in deep water characteristics, especially for depths lower than the western 

sill (depth > 475m). The in-situ temperature profiles were recorded by a conductivity–

temperature–depth (CTD) package (Seabird SBE 19+ V2 SeaCAT Profiler) attached to the 

rosette.  

Five additional hydrocasts were conducted during the AT42-19 BASIN19 cruise (2019-

10-29 to 2019-11-10) onboard R/V Atlantis, using R/V Atlantis’ CTD (Seabird 911+) rosette 

with 24 10-liter Niskin bottles. In-situ temperature was recorded by CTD, in-situ oxygen 

concentration was recorded by an oxygen sensor that was mounted on the rosette. Water 

samples were collected for four of these five hydrocasts, from 24 depths. And for the collected 
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water samples, oxygen concentrations were measured using ODF Winkler titration method, 

nitrate concentrations were measured by flow injection analysis, methane concentrations were 

measured using a headspace equilibration method. 

Available data from four additional cruises were also used for time series analysis 

including: water column oxygen concentrations from cruise SR1919 onboard R/V Sally Ride, 

which took place in December 2019 (data provided by Dr. Alyson Santoro); oxygen and nitrate 

concentration data collected by CalCOFI during three quarterly surveys CalCOFI 1907BH, 

CalCOFI 1911OC, and CalCOFI 2001RL (Data available on CalCOFI’s website).  

All samples were collected from three different stations within the deep SBB: CalCOFI 

station 081.8 046.9 (CalCOFI here after), which lies to the north of the shipping lanes that cut 

across SBB, with a position of (34.2749, -120.0252); South Depocenter Radius Origin (SDRO), 

which lies to the south of the shipping lanes, with the position (34.2008, -120.0417); and North 

Depocenter Radius Origin (NDRO), which also lies to the north of the shipping lane, with the 

position (34.2625, -120.0313). The distance between station NDRO and SDRO is ~ 7 km. 

Stations were selected arbitrarily within the depocenter of the SBB, and were treated 

interchangeably (based on an assumption of lateral homogeneity) when external factors (strong 

winds, fog, rough seas, shipping traffic) favored access to one station over another. The 

sampling depths and additional details about samples and measurements are listed in Table 1.  

 

2.2 Dissolved Oxygen Concentration Sample Collection and Measurement 

Dissolved oxygen concentration sample collection and measurement were conducted 

using a University of California, San Diego Oceanographic Data Facility (ODF) designed 

automated titration system. Deep water samples were collected by Niskin bottles and 
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introduced into Winkler flasks through Tygon tubing immediately after the Niskin bottles were 

opened. Per depth, two replicate samples were collected. Each Winkler flask was filled for at 

least 3 volumes of water to overflow. Temperature was recorded for each sample during the 

overflow process. After the water sample was collected, manganese chloride and sodium 

hydroxide-sodium iodide were added below surface of liquid into the flask immediately, then 

a ground glass stopper was inserted, and the flask was inverted several times to mix the 

reagents with the seawater. After precipitates formed (~ 30 min), the flasks were inverted 

several times again to make sure the reagents acted fully. Then the samples were transported 

to lab with water around the neck of the flask to prevent air from entering the flask during 

transportation, and then stored in the dark until analysis.   

Back in the lab, dissolved oxygen concentration was measured by ODF automated 

titration system. Sulfuric acid was added just before analyzing to free iodine, and then oxygen 

concentration was measured by an automated oxygen titrator using photometric end-point 

detection based on the absorption of 365 nm wavelength ultra-violet light. 

 

2.3 Nitrate Concentration Sample Collection and Analysis 

Dissolved nitrate concentration sample collection was conducted following UCSB 

Marine Science Institute Analytical Lab’s requirement. Deep water samples from Niskin 

bottles were filtered through a 0.4 μm polycarbonate filter introduced into clean, pre-rinsed 

plastic HDPE 20 mL scintillation vials. ~ 17 mL water was filtered into each vial, and then the 

vial was capped closed. Per depth, two replicate samples were collected. Dissolved nitrate 

concentrations were analyzed in the deep-water samples by flow injection analysis (FIA) 
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according to the procedure described by (Segarra Guerrero et al., 1996) using the QuikChem 

8500 Series 2 (Lachat Instruments, Zellweger Analytics Inc.). 

 

2.4 Dissolved Methane Concentration Sample Collection and Analysis 

Dissolved methane concentration sample collection and analysis were made as 

described in Heintz et al., 2012, with the following modifications: Seawater was collected by 

Niskin bottles and introduced into 120 mL serum bottles using 20-30 cm length Tygon tubing 

with long glass tips. The serum bottles were filled from bottom to the top and flushed 3 times 

of their volume to minimize contact of the sampled water with the surrounding air. The serum 

bottles were then closed carefully without gas bubbles using chlorobutyl stoppers and then 

crimp sealed. For each depth, duplicate methane concentration samples were collected 

immediately after oxygen concentration samples. The samples were kept cold during transport 

back to lab for analysis.  Samples were preserved using 0.3 mL of 10M NaOH solution by 

volume exchange with water. For the R/V Connell cruises, samples were preserved upon return 

to the laboratory, 2-4 hours following collection.  For the BASIN19 cruise, samples were 

preserved shipboard ~ 1 hour after collection. Following addition of the preservative, 10 mL 

headspace of ultrahigh-purity nitrogen (Airgas Ultra High Purity Grade Nitrogen, 

Manufacturer Part #:UHP300) was added by displacement into each bottle. Then the sample 

bottles with headspace were shaken vigorously for 1 minute and left upside down in the dark 

at 4℃ for one day to equilibrate. After equilibration, an aliquot of 2 mL of the headspace was 

taken out using a syringe and injected to either a Shimadzu GC-14A or Shimadzu GC-8A 

equipped with flame ionization detector to measure the methane concentration in the headspace. 

For GC-14A, a 100 μL sample loop and a 3.66 m, 2-mm inner-diameter, n-octane Res-Sil C 
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packed column (Restek) with N2 as the carrier gas (20 mL min-1 flow rate) were used 

(Kinnaman et al., 2007). For GC-8A, the same setting was used except that the sample loop 

was 500 μL. Calibration standards were obtained from Scott Specialty Gasses and Gasco 

Precision Calibration Mixtures, and a minimum three-point calibration was conducted daily 

prior to analyzing samples. Analyses were performed both shipboard (for BASIN19 cruise) 

and upon return to the laboratory (for R/V Connell cruises) with the same instrument and 

standards. All samples were analyzed within 2 weeks. 

 

2.5 Fractional Methane Turnover Rate Sample Collection and Analysis 

The fractional methane turnover rate (d-1) is defined as the ratio of the activity of 3H in 

the produced water divided by the total activity of 3H in the sample, then further divided by 

the incubation time of the sample (days) shown in Eq. 1.  

Fractional	methane	turnover	rate = !"!!#	
#

!"$!$	# % !"!!#	# 	
∗ '
()*+,-.(/)	.(01

             (Eq. 1) 

Sample collection was similar to methane concentrations (see above), except that seawater was 

introduced to 72 mL serum bottles. Three replicate samples were collected per depth.  

The fractional methane turnover rate was analyzed based on the 3H-labeled methane 

incubation protocol by Bussmann et al., 2015, with the following modifications: In the lab, 

approximately 10 μL of gaseous 3H-CH4 tracer (~ 0.8 kBq, specific activity 37-740 GBq·mmol-

1) was added into each sample bottle and the bottle was shaken vigorously for 2 min to facilitate 

dissolution of methane. Then the samples were kept in the dark at in-situ temperature (5-7℃) 

and incubated for 68-90 hours. After incubation with 3H-CH4 for approximately three days, 

samples were taken out from the incubator and microbial activity was stopped by adding 0.2 

mL 25% H2SO4. Then the sample bottles were opened, and immediately a 2 mL aliquot was 
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pipetted each into two 7 mL scintillation vials. To one of the 7 mL scintillation vials 

immediately 5 mL scintillation cocktail (Ultima Gold LLT) was added followed by liquid 

scintillation counting (Beckman LS 6500) to determine 3H-CH4 + 3H-H2O. The aliquot in the 

other 7 mL scintillation vial was air-bubbled for 5 minutes to remove 3H-CH4 before adding 

scintillation cocktail and liquid scintillation counting to determine 3H-H2O.  

For all sampling expeditions involving methane turnover rate determinations, three 

additional bottles were prepared the same way as the samples, from three out of the six 

sampling depths, one sample of each depth, to serve as killed controls. For controls, 0.2 mL 

25% H2SO4 was added first to stop the microbial activity before the addition of 3H-CH4. For 

the majority of the samples, the resulting activities in killed controls were several orders of 

magnitude lower compared to samples. A mathematical test to determine the level of detection 

was also performed on the methane turnover rate results. Samples whose methane turnover 

rate values were higher than the average killed control value plus three times of the standard 

deviation were kept. For the samples with methane turnover rate values lower than the level of 

detection (21 out of 126 samples), their methane turnover rates were considered zero. For 

samples with values higher than the level of detection, mean values of controls were subtracted 

from sample values in order to correct for minor amounts of impurity in the stock solution and 

any abiotic conversion.  

 

2.6 MOx Rate Calculation 

Microbially mediated MOx occurs ideally by the reaction shown in Eq. 2.  

CH2 + 2O3
	
→ CO3 + 2H3O                   (Eq. 2) 



 12 

We used fractional methane turnover rate and ambient methane concentration to 

calculate the methane oxidation rate, assuming adherence to the first-order rate law (Eq. 3), 

and assuming the oxidation rate is proportional to methane concentration (Valentine et al., 

2001). 

r/4 =	k5 	× [CH2]         (Eq. 3) 

rox is the methane oxidation rate (concentration per time), and k’ is the effective first-

order rate constant (time-1). In our experiment setting, k’ has the value of the measured 

fractional methane turnover rate, and [CH4] is the ambient methane concentration. All methane 

oxidation rates were calculated according to Eq. 3. 

Since we only added a very small amount of 3H-CH4 into each sample bottle, the 

ambient methane concentration was increased insignificantly (~ 0.01-0.04 nM). Therefore, 

ambient methane concentrations were used for the calculation of MOx.  

 

2.7 Time Course Experiment to Validate Incubation Duration 

Incubation time for methane turnover rate measurement was 3 days according to 

Bussmann et al., 2015. To verify this, a time course experiment was also performed on samples 

from Connell-092419 to test if the uptake rate of 3H-CH4 is linear over the incubation time. 

Nine samples were collected at each sampling depth (6 sampling depths in total), and then 

divided into 3 groups of triplicate samples. Each sample was treated the same, with ~ 10 μL 

3H-CH4 tracer and then incubated in the dark at in-situ temperature for 1, 2, and 2.85 days in 

group 1, 2, 3, respectively. At the end of the incubation, samples were killed and oxidation 

rates quantified as described above. 
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2.8 Oxygen or Methane Concentration as a Control on MOx Rate  

Oxygen and methane concentration alteration experiments were performed to test the 

influence of oxygen and methane concentration on MOx rate (Table 2). The purpose of the two 

experiments was to test the assumption that MOx in the SBB deep water column follows 

assumed kinetic behavior. The oxygen concentration alteration experiment was conducted on 

samples from Connell-100419 (Table 1). Nine samples were collected at each sampling depth, 

and then divided into 3 groups of triplicate samples. Group 1 had ambient oxygen 

concentrations (the average value of two measured replicate samples). Group 2 was treated 

with an addition of 30 μL pure oxygen using a 100 μL gas-tight syringe (SGE, 23G, bevel type 

tip), which increased the oxygen concentration by 17.6 μM. Group 3 was treated with an 

addition of 60 μL pure oxygen, which increased the oxygen concentration by 35.2 μM. The 

methane concentration alteration experiment was conducted on samples from Connell-092419 

(Table 1). Nine samples were collected at each sampling depth, and then divided into 3 groups 

of triplicate samples. Group 1 had ambient methane concentrations (the average value of two 

measured replicate samples). Group 2 was treated with an addition of 4 μL 4% gaseous 

methane (96% N2) using a 25 μL gas-tight syringe (SGE, 23G, bevel type tip), which increased 

the methane concentration by 100 nM. Group 3 was treated with an addition of 12 μL 4% 

gaseous methane (96% N2), which increased the methane concentration by 300 nM. For both 

concentration alteration experiments, 10 μL 3H-CH4 tracer was added into each sample bottle 

after altering initial oxygen or methane of the sample bottle and incubated at in-situ 

temperature in the dark for 3 days. Fractional methane turnover rates were measured from each 

incubation, and MOx rate was calculated based on first order kinetics assumption. The 
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resulting MOx rates were plotted against initial oxygen or methane concentrations to evaluate 

the influences of oxygen or methane concentrations on MOx. 

 

2.9 Visualization of Time Series Data 

Time series maps were generated using Ocean Data View version 5.6.0-64 bit. For each 

sampling date and each sampling depth, the average value of duplicate (oxygen, nitrate and 

methane concentrations) or triplicate (MOx rate) samples was used. Gridded fields were 

calculated using DIVA gridding algorithm, with X scale-length of 400 and Y scale-length of 

350. We chose a slightly higher value for X scale-length to highlight the changes with time. 

 

2.10 Depth-Integrated Oxygen and Methane Concentrations 

Depth-integrated oxygen and methane concentrations were estimated by calculating the 

area under the oxygen and methane concentration depth profile curves of 2019-10-30 and 

2019-11-07 to demonstrate the spatiotemporal variability of oxygen and methane for this 8-

day interval.  

 

3. Results 

3.1 Time Series of Water Column Parameters 

To describe time-course changes of solute concentrations and MOx rates, we divided 

the deep SBB water column (440m to bottom) into three layers based on biogeochemical 

patterns: top layer, 440 – 500 m; middle layer, 500 – 550 m; and bottom layer, 550 m – seafloor. 

We further divided time by season to capture temporal changes of the measured parameters: 
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summer (June, July and August); fall (September, October and November); winter (December, 

January and February); spring (March, April and May). 

Oxygen concentrations started at an average of ~ 12 μM in the deep SBB water column 

in early summer 2019, with the lowest concentration in the middle layer (Fig. 3A). Oxygen 

concentration subsequently decreased throughout the SBB deep water column, with the bottom 

layer experiencing the most rapid decline. By early fall 2019, the bottom and middle layers, 

and the lower part of the upper layer all exhibited oxygen concentration <5 μM. The only 

exception was the upper reaches of the top layer, which had an oxygen concentration of ~ 10 

μM. During this three-month period (June to September), dissolved oxygen decreased by ~ 12 

μM for the bottom layer, ~ 4 μM for the middle layer, and ~ 2 μM for the top layer. Low oxygen 

conditions persisted for fall 2019, with a gradual subsequent increase apparent from winter 

2019.  

Nitrate concentration displayed a similar vertical pattern as oxygen concentration in 

early summer 2019, with the lowest concentration in the middle layer ~ 25 μM, and higher 

concentrations in the top and bottom layers, ~ 30 μM (Fig. 3B). Nitrate concentration decreased 

throughout fall 2019, reaching an observed minimum of ~ 19 μM in the bottom layer in mid 

fall 2019. Starting from January 2020 (mid-winter), nitrate concentration gradually increased 

with time. 

For the five sampling events in summer 2019 (Connell-062819, Connell-071819, 

Connell-080119, Connell-081319, and Connell-082619), methane concentrations were 

relatively low throughout the deep water column (Fig. 3C). Even at the deepest sampling depth, 

methane concentrations were less than 25 nM. Starting from early fall 2019, we observed a 

substantial increase of methane concentration in the bottom layer. A trend of exponential 
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increase persisted for about a month and expanded from the bottom to the middle layer. 

Conversely, the top layer experienced minimal change. Methane concentration reached its peak 

value at late fall, to ~ 300 nM, followed by a rapid decline. From late October to early 

November, methane concentration decreased by more than half in the middle and bottom layer. 

By early spring 2020, deep water methane concentration returned to < 25 nM in the bottom 

layer. 

For the three sampling events in summer 2019 (Connell-062819, Connell-071819, and 

Connell-080119), MOx rates (Fig. 3D) were low throughout the water column. For the top and 

middle layers, MOx rates were less than 0.05 nM·d-1; for the bottom layer, MOx rates were 

slightly higher, ~ 0.2 nM·d-1. Starting from early fall 2019, MOx rates began to increase. The 

increase was first observed in the bottom layer, where MOx rates increased to ~ 0.5 nM·d-1 on 

Connell-092419 (early fall), followed by an increased MOx rate in the middle layer. On 

Connell-100419 (mid fall), bottom layer MOx rates reached a peak value of 2.5 nM·d-1. The 

increase of MOx rates was concurrent with the increase of methane concentration in the deep 

water column, indicative of an active  microbial response. On Connell-102119 (mid fall 2019), 

MOx rates for the bottom and middle layers remained high; rates declined for the two sampling 

events in late winter and early spring 2020, though more gradually compared to the abrupt 

decrease in methane concentration. For the final sampling event on Connell-031920 (early 

spring 2020), MOx rates were still relatively high compared to the initial sampling events, 

despite similarly low methane concentration. 

 

3.2 Variability at Short Spatial and Temporal Scales 
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Time series data collected for this study originated from three stations in the Deep Santa 

Barbara Basin, which we initially considered to be interchangeable based on the assumption 

of lateral homogeneity. To test this assumption, we compared the oxygen and methane 

concentration profiles at two stations (NDRO and SDRO, with a distance of 7 km) sampled in 

rapid succession on 2019-10-30 and again on 2019-11-07. From the four resulting depth 

profiles (Fig. 4A, 4B, 4D and 4E) we identify substantial spatial and temporal variability. 

On 2019-10-30, the oxygen content of the SBB deep water was similar between SDRO 

and NDRO, with a consistent decrease from 450 m to 500 m depth and a uniform concentration 

below 500 m, as is apparent in their difference plot (Fig. 4G). The depth-integrated amount of 

oxygen was similar for the two stations, 246 mmol·m-2 for NDRO and 274 mmol·m-2 for 

SDRO. Methane exhibited somewhat greater variability on this date. While both stations 

contained similar integrated quantities of methane (17.1 mmol·m-2 for NDRO and 17.2 

mmol·m-2 for SDRO), that methane was distributed to shallower depths at NDRO. 

In contrast to the consistency observed between stations on 2019-10-30, substantial 

heterogeneity was apparent on 2019-11-7. At NDRO, there was an increased amount (~ 220 

mmol·m-2, from 246 mmol·m-2 on 2019-10-30 to 466 mmol·m-2 on 2019-11-7) of oxygen in 

the top layer of the deep SBB, whereas SDRO exhibited substantially increased oxygen (~ 137 

mmol·m-2, from 274 mmol·m-2 on 2019-10-30 to 411 mmol·m-2 on 2019-11-7) together in both 

the top layer and the middle layer. Both stations experienced significant drops in methane 

concentration throughout the middle and bottom layers of the deep water column. The depth-

integrated quantity of methane, dropped by ~ 11.5 mmol·m-2 (67% of the amount on 2019-10-

30) for NDRO, and dropped by ~ 14.5 mmol·m-2 (84% of the amount on 2019-10-30) for 

SDRO. Station SDRO exhibited a greater methane concentration decline compared to station 
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NDRO. On 2019-11-7, station SDRO exhibited less integrated oxygen (~ 55 mmol·m-2) and 

methane (~ 2.8 mmol·m-2) throughout the deep water column compared to station NDRO, as 

shown by Fig. 4H. 

 

3.3 Kinetic Controls on Methanotrophic Bacterial Community 

In order to assess the efficacy of our approach to methane oxidation rate measurement 

in the SBB, we conducted 3 experiments (time course incubation experiment, oxygen 

concentration alteration experiment, and methane concentration alteration experiment) to 

determine how the metabolism of the methanotrophic microbial community varied with respect 

to duration of incubation and supplementation of substrates – methane and oxygen.  Due to 

limited sample volume available per sampling, each experiment was performed during a 

different sampling expedition.  

Results from time course incubations (samples from Connell-092419), including 

sample sets for six different depths each collected at three different times, indicate a linear 

consumption of substrate over time for each sample set – between 1 and 3 days of incubation 

(Fig. 5A).  In turn, these results indicate a constant rate of metabolism by the methanotrophic 

community over this period of time, for each sample set. The implication of this observation 

is that the metabolic rate of the methanotrophic community tends to be consistent for a given 

set of conditions in the incubations, as has been observed in other systems (Bussmann et al., 

2015).  

Results from the oxygen concentration alteration experiment (samples from Connell-

100419) are displayed in Fig. 5B, which was designed to assess the effect of oxygen on the 

rate of methane consumption for the low-oxygen waters of the SBB. In this case, sample sets 
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from six different depths were amended with oxygen to achieve three different oxygen 

concentrations. The results show no appreciable impact of oxygen concentration on the rate of 

consumption, even for the samples collected at depths with ambient oxygen of < 5 μM.  

Unlike oxygen, methane concentration (samples from Connell-102119) exhibited a 

linear relationship with oxidation rate for all six sample sets investigated (Fig. 5C). Such a 

linear relationship has been observed previously (Mau et al., 2013; Bussmann et al., 2015) and 

is consistent with the kinetic relationship used to derive in-situ rates (Eq. 3).  

 

4. Discussion 

4.1 Driving Forces of Methane Concentration and MOx Rate Changes 

A comparison of time series changes in oxygen concentration, nitrate concentration, 

methane concentration and MOx rate (Fig. 3) provides new insight as to how these parameters 

change over a seasonal deoxygenation and reoxygenation event. From Figure 3 a sequential 

behavior is apparent in the deep water column, with a decline in oxygen concentration leading 

the decline of nitrate concentration. Methane accumulation preceded a pronounced decline of 

oxygen and nitrate. Changes to MOx rate, which reflects the activity of the methanotroph 

community, followed methane concentration change, with a short lag in time.  

Previous studies have demonstrated that anoxic and hypoxic conditions can cause the 

buildup of methane in the water column (Fanning and Pilson, 1972; Reeburgh, 1976; Reeburgh 

et al., 1991; Pack et al., 2015). We attribute the seasonal buildup of methane in the deep water 

column of SBB to the seasonal water column oxygen deprivation. Several factors may 

contribute to the accumulation of methane. First, seasonal deoxygenation of deep SBB water 

column usually happens after spring, when primary producers thrive utilizing the upwelled 
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nutrients (Bograd et al., 2002; Goericke et al., 2015). The increased productivity in the surface 

supplies the sediment with more organic materials, which may lead to enhanced 

methanogenesis in shallow sediment layers or suspended particulate matter (Bange et al., 2010; 

Steinle et al., 2017). Second, the establishment of seasonal deoxygenation in the deep SBB 

water column after spring coincides with the development of water column stratification, 

which hinders vertical mixing of water (Steinle et al., 2017). Stratification has been shown to 

facilitate the accumulation of methane (Naqvi et al., 2010). Third, reduced water column 

oxygen concentration is expected to reduce the flux of oxygen available to sediment-hosted 

methanotrophs. This could lead to an increased methane flux from the sediments driven by 

substrate (oxygen) limitation or habitat reduction for methanotrophs. Importantly, we suggest 

that water column oxygen deprivation has an indirect (rather than any direct) controlling effect 

on methane concentration, potentially modulating spatial distributions and activities of 

methanogenic and or methanotrophic communities and processes.  

We attribute the rapid loss of methane in the water column in November 2019 to the 

highly active methanotroph community that started to develop and grow prior to November, 

rather than the additional oxygen that appeared in the basin at this time. It is indicated by our 

oxygen concentration alteration experiment that – even at low oxygen concentration – oxygen 

is not rate limiting for methanotrophy in the SBB. This implies that additional oxygen would 

not have a significant influence on MOx rate for the deep SBB methanotroph community. We 

therefore inferred that the introduced oxygen would have exerted little direct effect on the 

methane oxidation rate, and further, the methane loss would not be caused by the additional 

oxygen. Similar results have been observed by Steinle et al. 2017; in their study, MOx rates 

were the highest for samples with sub-micromolar oxygen concentrations, and increased 
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oxygen concentrations either resulted in little change or decreased MOx rates. Notably, their 

samples originated from shallow coastal marine environments.  

The methanotroph community increased in activity from June through October of 2019 

(summer to fall 2019). The establishment of the methanotroph community is mainly controlled 

by the availability of methane in the surrounding environment. As shown by our substrate 

alteration experiments, oxygen concentration is not the direct limiting factor for methanotroph 

activity across the range tested (3.6 - 47.1 μM), and presumably the same is true for cellular 

growth. Methane availability, itself modulated by oxygen deprivation, appeared to be the 

primary factor controlling the establishment of the methanotroph community. 

The methanotroph community sustained the elevated activity into February and March 

of 2020 (late winter and early spring 2020), despite the decline in ambient methane 

concentrations. The reason methanotrophic activity is sustained in the absence of elevated 

methane concentrations is unclear. One possible explanation is that even though the methane 

concentration was low, methane supply (e.g., from sediments) was sufficient to support a more 

active methanotroph community. Another possible explanation is that the pulse of methane 

observed in October and November of 2019 might have acted as a “priming” mechanism for 

the methanotroph community – growing the population size and creating a methane demand 

that persisted even after the methane was mostly consumed. Finally, low oxygen concentration 

in the water could also reduce the grazing pressure on methanotrophic bacteria, allowing the 

community to persist for months in the deep water despite an insufficient methane supply 

(Devlin et al., 2015; Steinle et al., 2017). Whatever the mechanism, the transient methane pulse 

that accompanied the observed oxygen loss in the Santa Barbara Basin triggered the 

development of a methanotrophic community that persisted beyond the period when methane 
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was elevated. This microbial memory effect is a similar phenomenon observed in the Gulf of 

Mexico following the transient methane release from Deepwater Horizon (Kessler et al., 2011; 

Valentine et al., 2012; Crespo-Medina et al., 2014). 

 

4.2 Evidence for an Intrusion Event Over the Western Sill 

Evidence for an intrusion event over the western sill is apparent in the comparison of 

oxygen concentration and density, for stations SDRO and NDRO, on 2019-10-30 and 2019-

11-7 (Fig. 6).  These plots reveal similar distributions between the two stations on 2019-10-30 

giving way to more highly oxygenated waters on 2019-11-7, for both stations. Greater oxygen 

concentrations on 2019-11-7 indicate a substantial intrusion event, with variability between 

locations indicating depth dependence for processes that drive the pattern of lateral mixing.   

Evidence for an intrusion event over the western sill is also shown by Fig. 4. The 

increased oxygen concentrations of both stations on 2019-11-7 are consistent with an intrusion 

of water over the western sill into the deep SBB. The resulting vertical distributions of water 

masses indicate vertical stratification consistent with isopycnal lenses, blobs or fingers of 

intruding water spilling over the western sill.  

The oxygen inversions observed on 2019-11-7 are similar in form to SBB oxygen 

profiles sometimes captured by CALCOFI (Fig. 1) and provide useful context in interpreting 

those data. Specifically, oxygen variability may sometimes represent transient mixing 

processes along isopycnals that effectively provides a small pulse of oxygen into the deep SBB 

but does not represent a complete flushing event for which deep water is replaced by cascading 

waters of higher density.  
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With the above analysis, we have evidence for the occurrence of an intrusion event over 

the western sill. However, the substantial decline of integrated methane burden (Fig. 4) in the 

deep SBB from 2019-10-30 to 2019-11-7 at both NDRO and SDRO is difficult to be explained 

by this intrusion event, in the absence of a large-scale flushing event. Instead, the available 

data are consistent with a pulse of methanotrophic activity peaking around this time, after 

experiencing an exponential increase in September and October (Fig. 3D). The observed 

exponential growth in methanotrophic activity clearly preceded the intrusion event captured 

on 2019-11-7. Based on our observations, it is indicated that an interplay of oxygen, mixing, 

and bacterial population dynamics exerted non-steady-state control on the accumulation and 

loss of methane in the deep SBB.  

 

5. Conclusions 

This study demonstrates that seasonal deoxygenation events can lead to the buildup of 

deep water column methane concentrations, and in turn prompt the activity of the 

methanotroph community. The response of the methanotroph community leads to the removal 

of methane from the deep water column. We also show that MOx rate is dependent on methane 

but not oxygen concentration even at very low ambient oxygen concentration (the lowest 

oxygen tested was 3.6 μM). While other factors may structure microbial response to methane 

in other environments, our results provide a useful case study to understand the time scale and 

controls that act on the development of a marine methanotrophic community when faced with 

gradual deoxygenation and episodic rejuvenation. The deep water column of SBB provides a 

useful example of methane dynamics driven by seasonal oxygen changes. The results provide 

insights for the understanding of temporal dynamics and environmental controls on the 
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efficiency of the methanotrophic biofilter in the deep water column. Not only can insights from 

this work be used to understand methane dynamics in other marine basins, but these results 

also inform our understanding for how methane dynamics may change in the face of global 

expansion of oxygen minimum zones. 

 

Acknowledgements 

We thank: the R/V Atlantis Captain, Crew, and Science Party of Research Cruise AT42-

19; Christian Orsini and Christoph Pierre for captaining sample expeditions; UCSB MSI 

Analytical Lab for analyzing nitrate concentrations; Dr. Craig Carlson’s lab for assistance with 

oxygen concentration measurements; Dr. Alyson Santoro for providing oxygen concentration 

for December, 2019; Xiadani Moreno for assisting with methane concentration measurements; 

Dr. Burch Fischer for providing the SBB bathymetry map; as well as UCSB and UCLA 

radiation safety offices for transporting the 3H-CH4 tracer. Funding for this work was provided 

by the US National Science Foundation, NSF OCE-1756947 and OCE-1830033 (to DLV) and 

OCE-1829981 (to TT). 

 

Research Data 

Research Data associated with this article can be accessed at the Biological & 

Chemical Oceanography Data Management Office, DOIs: https://doi.org/10.26008/1912/bco-

dmo.872703.1; https://doi.org/10.26008/1912/bco-dmo.872687.1; 

https://doi.org/10.26008/1912/bco-dmo.872665.1; https://doi.org/10.26008/1912/bco-

dmo.872652.1. 

 



 25 

Figure 1. SBB deep water column (475m-580m) heat maps from 2000-2020 of A) oxygen 

concentration and B) nitrate concentration, as well as higher resolution heat maps from 2017-

2020 of C) oxygen concentration and D) nitrate concentration. Black dots represent the 

original data points, all data are from CalCOFI. 
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Figure 2. Bathymetry of the deep Santa Barbara Basin including the three sampling stations: 

SDRO, NDRO, CalCOFI – occupied in this study. The coordinates of the stations are: Station 

SDRO, 34.2008 N, 120.0497 W; Station NDRO, 34.2681 N, 120.0433 W; Station CALCOFI, 

34.2749 N, 120.0252 W. 
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Figure 3. Interpolated time series of (from A to D) oxygen concentration, nitrate 

concentration, methane concentration and MOx rate of the deep SBB water column (440m-

583m) from 2019-6-28 to 2020-3-19. Data are from samples of three sampling stations: 

SDRO, NDRO, CalCOFI. These three stations within the deep SBB were treated in aggregate 

and are identified as follows: S=SDRO; N=NDRO; and C= CalCOFI. Black dots denote 

average value of duplicate (for oxygen, nitrate and methane concentrations) or triplicate (for 

MOx rate) samples from each depth.  
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Figure 4. Depth profiles showing the variability of oxygen and methane in the deep water 

column of the SBB at short spatial and time scales. t0 denotes 2019-10-30, t1 denotes 2019-

11-7. t1-t0 describes the difference between 8 days. Dotted lines are measured methane 

concentration values; Solid lines are oxygen concentration values determined by a CTD-

mounted oxygen sensor, while dashed lines are oxygen concentration values determined by 

Winkler titration. Gray dashed vertical lines in G and H indicate no difference. All the y-axes 

are depths ranging from 450 m to 584 m. A) Depth profiles of NDRO on 2019-10-30; B) 

Depth profiles of NDRO on 2019-11-7; C) Time difference profiles of NDRO, positive 

values indicate concentration increase over time, negative values indicate concentration 

decrease over time; D) Depth profiles of SDRO on 2019-10-30; E) Depth profiles of SDRO 

on 2019-11-7; F) Time difference profiles of SDRO; G) Station difference profiles of 2019-

10-30, positive values indicate higher concentrations at SDRO, negative values indicate 

higher concentrations at NDRO; H) Station difference profiles of 2019-11-7. 
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Figure 5. A) Percentage of 3H-CH4 tracer that was converted to 3H-H2O during the time-

course incubation. Adjusted R2 values of the linear regressions range from 0.937 - 0.999.  B) 

Influence of the initial oxygen concentration on the resulting MOx rates. Note that the y-axis 

is on a logarithmic scale. Linear regressions generated for each sampling depth indicate no 

statistical support for a non-zero slope. C) Influence of the initial methane concentration on 

the resulting MOx rates. Adjusted R2 values of the linear regressions range from 0.971 - 

0.997. Symbols denote samples from different depths.  
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Figure 6. Profiles of density versus oxygen concentration for the SBB deep water column 

(450 m-bottom). Four profiles are shown and provide additional evidence for an intrusion 

event from the western sill between 2019-10-30 and 2019-11-7.  
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Table 1. Data and samples used for this study. 
The abbreviations stand for the following types of analyses performed: 
a = oxygen concentration measured by the Winkler titration method;  
b = oxygen concentration measured by the CTD attached oxygen sensor;  
c = nitrate concentration; 
d = nitrate concentration measured by the CTD attached nitrate sensor;  
e = methane concentration;   
f = fractional methane turnover rate.  
*: Fractional methane turnover rate data of 2019-8-13 and 2019-8-26 were discarded because 
of sampling apparatus problem. 
#: For 2020-2-6, all data of 450, 520 and 540 m were discarded because of sampling 
apparatus malfunction. 

Sampling 

Date
Season Cruise Number Station Sampling Depths (m)

Analyses 

Performed 

6/28/19 Summer Connell-062819 CalCOFI 50, 300, 440, 500, 540, 570 a, c, e, f

7/18/19 Summer Connell-071819 SDRO 450, 500, 520, 540, 560, 580 a, c, e, f

7/26/19 Summer CalCOFI 1907BH CalCOFI 444, 484, 504, 518, 540, 560, 574 a, c

8/1/19 Summer Connell-080119 CalCOFI 450, 500, 520, 540, 560, 570 a, c, e, f

2019-08-13
*

Summer Connell-081319 SDRO 450, 500, 520, 540, 560, 580 a, c, e, 

2019-08-26
*

Summer Connell-082619 SDRO 450, 500, 520, 540, 560, 580 a, c, e, 

9/24/19 Fall Connell-092419 CalCOFI 450, 500, 520, 540, 560, 570 a, c, e, f

10/4/19 Fall Connell-100419 CalCOFI 450, 500, 520, 540, 560, 570 a, c, e, f

10/21/19 Fall Connell-102119 SDRO 450, 500, 520, 540, 560, 580 a, c, e, f

b: 1m resolved from 450-577

e: 450, 465, 475, 490, 500-575 (every 

5 m), 577

a and c: 450, 475, 490, 500, 510-580 

(every 5 m), 583

b: 1m resolved from 450-583

e: 450, 475, 515-580 (every 5 m), 583

11/3/19 Fall AT42-19 BASIN19 NDRO b: 1m resolved from 450-574 b

b: 1m resolved from 450-576

c and e: 450, 465, 475, 490, 500-575 

(every 5 m), 576

a: 450, 500, 520, 540, 560, 580

b: 1m resolved from 450-580

c: 450, 475, 490, 500, 510-580 (every 

5m), 581

e: 450, 475, 490, 500, 520-580 (every 

5m), 581

11/15/19 Fall CalCOFI 1911OC CalCOFI 440, 480, 500, 515, 534, 559, 567 a, c

12/19/19 Winter SR1919 CalCOFI b: 1m resolved from 450-572 b

1/16/20 Winter CalCOFI 2001RL CalCOFI 1m resolved from 450-571 b, d

2020-02-06
#

Winter Connell-020620 CalCOFI 500, 560, 570 a, c, e, f

3/19/20 Spring Connell-031920 CalCOFI 450, 500, 520, 540, 560, 570 a, c, e, f

11/7/19 Fall AT42-19 BASIN19 NDRO b, c, e

11/7/19 Fall AT42-19 BASIN19 SDRO a, b, c, e

10/30/19 Fall AT42-19 BASIN19 NDRO b, e

10/30/19 Fall AT42-19 BASIN19 SDRO a, b, c, e
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Table 2. Sample and treatment information of the experiments to test controls of MOx rate 

by oxygen and methane concentrations. 

Control of MOx rate by oxygen concentration, samples are from Connell-100419. 

Control of MOx rate by methane concentration, samples are from Connell-102119. 

 
 

 
 
 
 
 
 
 
 
 
 
 

Depth (m) Group 2 Group 3
Average 

[O2] (μM)
Percentage 

difference (%) [O2] (μM) [O2] (μM)
450 11.9 10 29.5 47.1
500 10.4 1 28 45.6
520 4.6 7.4 22.2 39.8
540 3.6 12.3 21.2 38.8
560 4.2 NA 21.8 39.4
570 4.8 10 22.5 40.1

Average 
[CH4] (nM)

Percentage 
difference (%) [CH4] (nM) [CH4] (nM)

450 15 1.7 115 315
500 55 1.5 155 355
520 87 7.6 187 387
540 82 7.2 182 382
560 133 6 233 433
580 220 12.7 320 520

Group 1/Ambient
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Chapter 2 - Methane Budgeting for the Deep Santa Barbara Basin Indicates Seasonal 

Source Variability 

 

Abstract 

This work describes the development of a conceptual simplified three-layer box 

model for methane dissolved in the deep Santa Barbara Basin water column, including source 

and sink terms as well as water column inventory. The model is applied to estimate the 

magnitude of methane source to the deep SBB water column using previously published 

methane concentration and oxidation rate data collected for contrasting environmental 

conditions. Results reveal a great discrepancy in needed methane source between oxygenated 

season (spring and summer) and deoxygenated season (fall and winter), the discrepancy is 

especially obvious between summer and fall, in the bottom layer. The two exhibit a ~ 13-fold 

discrepancy, with 103.6 μmol·m-2·d-1 sedimentary methane entering the deep SBB during the 

deoxygenated fall season, and 7.7 μmol·m-2·d-1 sedimentary methane entering in the 

oxygenated summer season. We also estimated the methanotrophic productivity in the deep 

SBB for the different seasons. The methanotrophic productivity fluctuated with the oxygen 

availability of the SBB, with the lowest of 9.1×1019 cells produced during the oxygenated 

summer, and 9.8×1020 cells produced in the deoxygenated winter, a difference of ~ 11-fold.  

 

1. Introduction 

1.1 Methanogenesis in the Marine Sediments 

The conversion of complex organic matter to CH4 is an essential link in the global 

carbon cycle. Most organic matter is cycled back to CO2 for photosynthesis by oxygen-
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requiring aerobes; however, a portion of the organic matter enters a diversity of anaerobic 

environments, where it is decomposed by a consortium of microbes (Ferry and Lessner, 

2008). The organic matter is decomposed to CH4 and CO2 by a microbial food chain that 

terminates with methanogens that produce methane primarily by reduction of the methyl 

group of acetate and also reduction of CO2. The process occurs in marine environments as 

well, particularly those receiving large loads of organic matter, such as coastal sediments. 

 

1.2 Aerobic Methane Oxidation 

Aerobic methane-oxidizing bacteria (methanotrophs) are distinguished by their ability 

to use methane (CH4) as their sole source of metabolic energy and structural carbon. 

Methanotrophs inhabit a variety of terrestrial and aquatic habitats and play an important role 

in global carbon, oxygen and nitrogen cycling (Cicerone and Oremland, 1988). Aerobic CH4 

oxidation, together with anaerobic methane oxidation, is the predominant sink mitigating the 

flux of CH4, an important greenhouse gas, to the atmosphere (Knowles, 1993). 

Methanotrophic bacteria can consume up to 80% of the CH4 produced in freshwater and 

marine environments (Reeburgh, 2007). Methane oxidation in the ocean is believed to be an 

important mechanism that modulates the flux of methane from marine waters to the 

atmosphere, and is treated as a main reason why the ocean in not a major source of 

atmospheric CH4 (Ward et al., 1987).  

 

It has been recently studied that even in hypoxic/anoxic conditions, methanotroph-

mediated methane oxidation can occur using the hypothesized intra-aerobic AOM pathway 

(Cheng et al., 2021, 2022). Intra-aerobic AOM is seemingly mediated by NC10 phylum 
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microbes like Candidatus Methylomirabilis oxyfera (M. oxyfera). M. oxyfera is a 

denitrifying methanotroph, which uses O2 produced from NO to intra-aerobically oxidize 

methane under hypoxic/anoxic conditions. Therefore, there may be previously overlooked 

aerobic methanotroph-mediated methane oxidation under hypoxic/anoxic conditions, which 

play a key role in carbon emission control. 

 

1.3 The Influences of Seasonal Deoxygenation on Methane Biogeochemistry 

The biogeochemistry of methane in the oceanic water column was initially 

investigated in water bodies characterized by permanent anoxic conditions/Oxygen 

Minimum Zones (OMZs hereafter), such as the Black Sea and the Cariaco Basin. In these 

environments, methane concentrations and methane oxidation rates are notably high and 

easier to measure. Furthermore, water bodies with sustained anoxic conditions tend to exhibit 

less variability in their methane concentrations and anaerobic or aerobic methane oxidation 

rates over time. This characteristic makes it easier to justify model assumptions in these 

settings. 

For the Cariaco Basin, Fanning and Pilson (Fanning and Pilson, 1972), and Reeburgh 

(Reeburgh, 1976) used a steady state vertical advection-diffusion model to study methane 

biogeochemistry in the Cariaco Basin and reached the conclusion that the deep basin 

sediment diagenesis was the methane source. Scranton (Scranton, 1988) challenged the 

steady state assumption, and used a time-dependent model to study the Cariaco Basin and 

stated that diagenesis of sediments at all depths was a uniform methane source to the basin.  

For the Black Sea, Reeburgh et al created a sink-based methane budget based on the 

methane concentration and oxidation rate measurements conducted in the water column and 
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sediments at a central and shelf station in July 1988 (Reeburgh et al., 1991). He reached the 

conclusion that slope sediments are water column methane sources while abyssal sediments 

are water column methane sink. 

With the increasing concern about the development of more OMZs, both permanent 

and seasonal, and the advancement of methane biogeochemistry-related measuring 

techniques, studies have expanded to investigate the influence of seasonal deoxygenation on 

methane biogeochemistry. Initially, studies focused on methane concentrations and methane 

oxidation rates in seasonal anoxic oceanic environments, but these studies typically provided 

snapshots of the studied environment (Lilley et al., 1982; Ward et al., 1989; Ward and 

Kilpatrick, 1993; Heintz et al., 2012). Subsequently, studies examining longer-term changes 

in methane biogeochemistry emerged. Capelle et al., 2019 monitored methane concentration 

changes in the Saanich Inlet over a 7-year period and concluded that methane concentration 

is greatly impacted and likely controlled by the oxygen availability of the water column. 

Steinle et al., 2017 conducted a 2-year time-series study, measuring MOx and 

physicochemical water column parameters in a coastal inlet in the southwestern Baltic Sea 

(Eckernförde Bay). 

Our study focuses on the deep SBB water column, which experiences seasonal 

deoxygenation according to observations and surveys conducted by the California 

Cooperative Oceanic Fisheries Investigations (CalCOFI) over the past 38 years. We observed 

significant changes in methane concentration and aerobic methane oxidation (MOx) rates 

throughout the seasonal cycle. Based on measurements of oxygen and nitrate concentrations, 

we anticipate substantial variations in methane concentration and MOx rates during both the 

deoxygenation and oxygenation cycles. 
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Besides studying changes in methane concentration and MOx rates, we also aim to 

employ a simplified sink-based methane budget model for the deep SBB water column. This 

will enable us to compare variations in the amount of methane entering the deep water 

column from marine sediment under different environmental conditions throughout the year. 

 

2. Methods 

2.1 Oxygen Concentration, Nitrate Concentration, Methane Concentration and 

Methane Oxidation Rate Sampling and Calculation 

Oxygen, nitrate, methane concentrations and methane oxidation rate samplings and 

measurements were conducted for SBB deep water column (450-580m) from 2019-6-28 to 

2020-3-19 as described in the Materials and Methods section of Qin et al., 2022. 

 

2.2 Depth Integration of Oxygen, Nitrate, CH4 Concentrations and MOx Rate to Show 

Deep Water Column Seasonal Changes 

Depth integration is performed on measured oxygen, nitrate, methane concentrations 

and MOx rate for total deep water column of SBB (450-580m). For each sampling day, oxygen, 

nitrate, methane concentrations or MOx rate of the total deep water column is summed to 

provide depth-integrated values. The integrated oxygen, nitrate, methane concentrations or 

MOx rate is then plotted against time to generate a time series of depth-integrated parameters. 

In addition to the depth-integrated measured parameters, we also examined the depth-

integrated methanotrophic oxygen demand, calculated based on the stoichiometry of the 

aerobic methane oxidation reaction (Eq. 1). It is computed as the ratio of methane 

concentration to twice the ambient oxygen concentration, providing insight into how the 
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methanotrophic community's oxygen demand compares to the available oxygen in the 

environment. 

CH4 + 2O2 → CO2 + 2H2O        (Eq. 1)  

 

2.3 Estimation of the Seasonal Methanotroph Community Productivity 

Estimations of the methanotroph community productivity in the SBB during the 

studied time were calculated. We performed the calculation using the 1m1d resolved MOx 

rates data. The 1m1d resolved MOx rates are converted to seasonal methanotroph community 

productivity by the following steps: 

1. The seasonal summed MOx rate for each meter of the studied depth (450 m-580 m) is 

calculated by adding the 1m1d resolved MOx rate for each day of the season together. 

2. Multiply the seasonal 1m summed MOx rate by a carbon conversion efficiency of 

35% (Leak and Dalton, 1986; Dedysh et al., 2005; Trimmer et al., 2015) and the 

molar mass of carbon to get the production rate of carbon into the methanotroph 

biomass (in grams of carbon·L-1) for each 1m depth. 

3. Divide the above result by cell carbon percentage of 47% (Leak and Dalton, 1986; 

Dedysh et al., 2005) to get the methanotroph community’s productivity (in grams of 

biomass·L-1) for each 1m depth. 

4. Divide the result from step 3 by methanotroph’s assumed cellular biomass (20 fg/cell) 

(Simon and Azam, 1989; Ducklow and Carlson, 1992; Wear et al., 2015) to get an 

estimation of the the methanotroph community’s productivity (in cells·L-1) for each 1-

m depth across the deep SBB water column. 
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5. Multiply the result from step 4 by the 1m resolved SBB water volume for each 

corresponding depth, and then add the products together to get an estimation of the 

total methanotroph community’s productivity (in cells) during the applicable season. 

 

2.4 Three-layer Box Model 

A simple three-layer box model (Fig. 1) is developed to calculate the methane sinks 

of each layer and to estimate the magnitude of methane source needed in each layer in the 

SBB deep water column. The SBB deep water column is artificially divided into three layers 

for better describing of the characteristics of the deep water column. Top layer: 450-500 m, 

middle layer: 501-550 m, bottom layer 551-580 m. We assume that the deep water column is 

laterally homogeneous, which means there is no horizontal turbulent diffusion. The model 

includes the following two methane sinks: sink 1- methane loss caused by aerobic methane 

oxidation in the water column, sink 2 - methane loss caused by vertical turbulent diffusion 

between adjacent layers. We consider the sedimentary methane flux from the bottom and 

slopes as the main source of methane to the water column.  

Our research spanned a total of 266 days, from June 28, 2019, to March 19, 2020. To 

provide a more comprehensive depiction of seasonal methane source and sink changes, we 

extended the model timeframe to cover a full year. This extension was achieved by assuming 

that the trend of change between June 1, 2019 to June 28, 2019, is identical to the trend 

between June 28, 2019 to July 18, 2019 (linear extrapolation). Additionally, we assume that 

on June 1, 2020, methane concentration and MOx rate were equivalent to those on June 1, 

2019. Changes are assumed to be linear between March 19, 2020 and June 1, 2020 and 

follow the trend before March 19, 2020 (linear extrapolation). As a result, our model covers a 
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complete year, from June 1, 2019, to June 1, 2020. We also divide our model time span into 

four seasons: summer-June, July and August of 2019; fall-September, October and November 

of 2019; winter-December of 2019, and January, February of 2020; spring-March, April and 

May of 2020, to compare methane sink and source changes between seasonally contrasting 

environmental conditions. For the four seasons, we roughly categorize fall, and winter as the 

deoxygenation phase, spring and summer as the reoxygenation phase. Within each season, 

we assume the dissolved methane in the water column is at steady state, which means the 

source equals the sinks. This assumption is made in order to calculate the source of dissolved 

methane based on the sink terms. On top of that, we also considered the change in methane 

inventory between seasons to cover any additional methane source needed for the season. 

Need to note, we did not consider the water exchanges between the SBB and the Pacific 

Ocean in our simplified three-layer box model. 

 

2.5 Calculation and Estimation of Key Parameters 

2.5.1 1m Resolved Water Volume of the SBB 

1m resolved SBB water volume data was obtained from Dr. David Valentine from 

previous research of the SBB.  

 

2.5.2 1m1d Resolved CH4 Concentration and MOx Rate  

We employed the linear interpolation method, assuming linear vertical changes 

between adjacent measured depths and linear temporal changes between the same depth for 

adjacent sampling trips. This approach enabled us to derive CH4 concentrations and MOx 

rates resolved to 1 meter and 1 day (1m1d hereafter) for the entire study period. 
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2.5.3 Seasonal Average CH4 Concentration, Seasonal Average Daily MOx Rate, and 

Seasonal Average Methane Turnover Time 

The seasonal average CH4 concentration for each layer is determined by summing the 

1m1d resolved CH4 concentrations for the corresponding season and layer, and then dividing 

the result by the product of the total days in the season and the total depth of the layer. 

Likewise, the seasonal average daily MOx rate for each layer was calculated by 

summing the 1m1d resolved daily MOx rates for the corresponding season and layer and then 

dividing the result by the product of the total days in the season and the total depth of the 

layer. 

The seasonal average methane turnover time is calculated by dividing the seasonal 

average methane concentration of the layer by the seasonal average daily MOx rate of the 

same layer. 

 

2.5.4 Seasonal CH4 Inventory 

The seasonal CH4 inventory is calculated by summing the 1m1d CH4 concentrations 

for the same depth over the course of the season, multiplying the result by the volume of 

water at that depth, and finally summing the values for all depths within the layer. 

 

2.5.5 Seasonal Methane Loss by Aerobic Methane Oxidation 

The seasonal methane loss due to aerobic methane oxidation is calculated by 

summing the 1m1d MOx rates for the same depth throughout the season, multiplying the 
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result by the volume of water at that depth, and finally summing these values for all depths 

within the layer. 

 

2.5.6 Vertical Turbulent Diffusion Flux of Methane 

Vertical turbulent diffusion flux of methane was calculated between the adjacent 

layers with Fick’s first law of diffusion:  

Diffusion	@lux = D6
7$
74

        (Eq. 2) 

where Dv is the vertical turbulent diffusion coefficient in m2 s-1 (or cm2 s-1), 7$
74

 is the spatial 

concentration gradient in nM m-1. The vertical turbulent diffusion coefficient (Dv) can vary 

between 10-6 and 10-3 m2 s-1 depending on the energy in the water column (wind, tides, etc.) 

and stratification (Denman and Gargett, 1983; Wunsch and Ferrari, 2004). A Dv of 4-6 cm2 s-1 

was measured by Yu-Chia Chung and Harmon Craig for SBB deep water column during the 

SBJULY-70 cruise (Broecker et al., 1970; Chung, 1973). For our model, a Dv of 5 cm2 s-1 is 

used to calculate the vertical turbulent diffusion between adjacent layers.  

For  7$
74
	, the concentration gradient with depth in the case of vertical diffusion, ∂C is 

calculated as the methane concentration difference between the adjacent layers. ∂x is 

calculated as the half of the added depths of the adjacent layers.  

The vertical turbulent diffusion flux between the top and middle layers: 

Diffusion	@lux	(top	and	middle) = 8%($&'("$)*+)
(;,%;!)/3

      (Eq. 3) 

The vertical turbulent diffusion between the middle and bottom layers: 

Diffusion	@lux	(middle	and	bottom) = 8%($-*)"$&'()
(;!%;#)/3

    (Eq. 4) 
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The direction of vertical turbulent diffusion flux depends on the concentration 

difference. Seasonal vertical turbulent diffusion is further calculated by multiplying the 

vertical diffusion flux by the area of the interface and the length of the season in days.  

 

2.6 SBB Deep Water Column Methane Sink and Source Estimation 

We conducted estimations of the methane source in the deep waters of the SBB using 

two scenarios. In the first scenario, the deep water column methane sink of each layer is 

calculated by adding the two sinks – the biological methane sink which shows the methane 

consumption by the methanotroph community, and the physical methane sink which is 

caused by the vertical turbulent methane transportation between the adjacent layers. Because 

we assume steady state of methane within each season, the seasonal needed methane source 

can be calculated as the same value of the sinks. Additionally, we also considered a second 

scenario, which included the change of methane inventory between current and previous 

seasons into the estimation of methane source. In this case, if the methane inventory 

increases from the previous season to the current season, we would subtract the increased 

inventory from the added methane sink value because the increased methane inventory can 

be treated as a methane source to the layer. If the opposite happens, then we would add the 

decreased amount of methane inventory into the sink calculation because the decreased 

amount can be treated as another methane sink to the layer. 

Below are the equations we utilized to calculate the required source of dissolved 

methane in the deep water column of the SBB. 

Scenario 1, only steady state is considered within the season: 
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methane source = methane sinks = the amount of methane that’s oxidized by methanotrophs 

+ the amount of methane that’s vertically transported to the adjacent layers. 

Scenario 2, methane inventory change from previous season is incorporated into the 

source calculation: 

methane source = (current – previous) season’s methane inventory + the amount of methane 

that’s oxidized by methanotrophs + the amount of methane that’s vertically transported to the 

adjacent layers. 

If we attribute the methane source to solely sedimentary diffusion, then the 

sedimentary methane diffusion flux (F) can be calculated by the estimated needed source of 

CH4 to each layer divided by the area of the sediment intersected by the layer. The area of 

sediment intersected by each layer can be simplified as the difference in area between the top 

and bottom of the layer. However, for the bottom layer, the sediment intersected would be 

equivalent to the area of the top layer. This is because the bottom layer has both the slope 

sediments and depocenter sediments. Since the slope for the walls of the basin is very slight, 

the average slope of the SBB being 2.2° (Eichhubl et al., 2002), this estimation method 

results in a difference less than 1%. 

 

3. Results and Discussions 

3.1 Time Series of Depth-Integrated Water Column Parameters: [O2], [CH4], MOx rate, 

and [NO3-] 

The integration of measured parameters with depth (Fig. 2) allows us to consider 

methane accumulation and consumption for the entirety of the deep water column of SBB, in 

the context of oxygen and nitrate amount changes.  
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Depth-integrated oxygen (Fig. 2A) started at ~ 1300 mmol·m-2 in early summer 2019 

and then exhibited a decreasing trend from summer 2019 to mid fall 2019, reaching the lowest 

amount around late fall 2019 (~ 250 mmol·m-2), prior to a rapid increase to ~ 1500 mmol·m-2 

in February of 2020 (late winter). Note, however, that integrated oxygen for 2/6/20 is defined 

by only three depths because of sampling issues. Depth-integrated methane exhibited the 

inverse pattern, started at ~ 350 μmol·m-2 in early summer 2019, increased from summer 2019 

to mid fall 2019 to a peak value of ~ 17 mmol·m-2, then decreased afterward.  

The methanotrophic oxygen demand was only ~ 0.05% in the summer months (Fig. 

2B), indicating there was ample oxygen in the environment to support aerobic oxidation of the 

ambient methane pool. A rapid increase in methanotrophic oxygen demand was observed 

during mid fall 2019, with the peak value of 13 % observed in early November, followed by a 

rapid decrease in mid-November. Afterwards a gradual decrease over three months brought 

methanotrophic oxygen demand back to very low values. Notably, even the peak relative 

oxygen demand was only 13 % of the ambient oxygen concentration, indicating that oxygen 

concentration was not the limiting factor for aerobic methane oxidation during any sampling 

event. However, it is important to note that methane may be replenished from sedimentary 

sources, and for select conditions could drive the water column to anoxia. 

Depth-integrated MOx rates were low (~ 5 μmol·m-2·d-1) in early summer 2019 and 

remained low through summer and early fall 2019 (Fig. 2C). Entering October 2019, depth-

integrated MOx rates increased rapidly and peaked at the end of October 2019 at ~ 62 μmol·m-

2·d-1. The depth integrated MOx rates dropped to about half of the peak value by February 2020 

(late winter) but remained elevated relative to the initial values through March 2020 (early 
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spring 2020). The sustained methanotrophic activity in February and March is readily apparent 

in the depth-integrated results.  

Depth-integrated nitrate from 450 m to the bottom fluctuated between 3050 to 3650 

mmol·m-2 from early summer 2019 to late fall 2019 (Fig. 2D).  Nitrate amount dropped to the 

lowest value of ~ 2750 mmol·m-2 in mid-November 2019. The depth integrated nitrate amount 

then rebounded, reaching ~ 3200 mmol·m-2 by February 2020. 

 

3.2 Productivity of the Methanotroph Community 

Our results further provide a quantitative basis to estimate the population growth in 

methanotrophic bacteria associated with deoxygenation and reoxygenation of the SBB, a 

useful value for understanding the behavior of wild marine methanotrophic populations. We 

used our methane oxidation rate time series measurements to interpolate the daily 

productivity of the methanotrophic community spanning the experimental campaign (6/28/19 

– 3/19/20). We further interpolated our depth profiles and extrapolated those values to the full 

area of the basin in order to scale daily productivity to the full basin. Daily production of 

methanotrophs by depth bin is displayed in Fig. 3. The top layer and middle layer show 

similar change patterns over time: slight fluctuation between July to the end of September 

2019, and then increased exponentially during October. Then the daily methanotroph 

production started to decrease until February 2020, followed by rebound in methanotroph 

production that was tracked from February to March 2020.  Since the top and middle layers 

cover a total of 100 m depth of the deep SBB water column, the two together largely define 

the change pattern of the total deep SBB’s daily methanotroph production. For the bottom 

layer, the exponential growth stage began earlier than the top and middle layers, it started in 
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late September, and we attribute this to the bottom layer’s proximity to the sedimentary 

source of methane. A punctuated decrease followed the exponential growth stage, and after 

the decrease, a slow increase continued until February 2020. There was a decrease from 

February to March 2020, which contrasts with the top and middle layers.  

Using the method described in part 2.3, we calculate a total net population growth of 

1.971×1021 methanotrophic cells, from 3.74×106 moles of methane and in a total volume of 

7.14×1013 L deep SBB water. While this value does not account for mortality, it does provide 

insight as to the magnitude of the methanotrophic community that develops seasonally in this 

environment. As a point of reference, the pulse of hydrocarbons from the Deepwater Horizon 

blowout was estimated to drive productivity of ~ 1023 cells in the deep Gulf of Mexico 

(Valentine et al., 2012).  

For the seasonal methanotroph community productivity, summer had the lowest 

productivity, with a total of 9.1×1019 cells, fall had an increase in productivity, a total of 

3.1×1020 cells, winter had the highest productivity, the total number of cells was 9.8×1020, 

spring also features a high productivity of 5. 9×1020 cells. For the three different layers, the 

top layer had the smallest productivity, even though it has the largest water column volume, 

followed by the bottom layer, while the middle layer contains the highest number of 

methanotroph cells throughout the studied time span. 

At the interface of anoxic sediment and an oxic water column, the seafloor serves an 

important role for methane biogeochemistry by providing a stable environment for 

methanotrophs to capitalize on the concurrent availability of methane and oxygen (Valentine 

et al., 2001). From part 3.1 and 3.2, we can see that the deoxygenation that occurs in the 

Santa Barbara Basin appears to undermine the efficacy of this benthic biofilter, allowing 
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methane to transiently accumulate in the water column. The results of this work demonstrate 

that such a pulse of methane to the deep SBB drives the development of a methanotrophic 

community capable of consuming accumulated methane, even with oxygen concentrations 

below e.g., 5 μM. The consistency of methane oxidation at low oxygen also suggests that 

methanotrophy may contribute to the breakthrough of the hypoxic barrier (Giovannoni et al., 

2021), which states that oxidative enzymes involved in organic matter catabolism are 

kinetically limited by oxygen at concentrations far higher than the thresholds for respiration. 

This is presumably because O2 is directly involved in the first step of methanotrophic 

metabolism, with kinetics that differ from terminal oxidases. 

 

3.3 Seasonal Average [CH4], MOx Rate and CH4 Turnover Time of the Three Layers 

From Table 1 and Figure 4, we can observe that, layer-wise, the seasonal average 

methane concentrations are smallest in the top layer, medium in the middle layer, and largest 

in the bottom layer. Between seasons, spring exhibited the smallest methane concentration in 

all three layers, followed by summer with slightly increased methane concentrations in all 

three layers. Winter showed medium methane concentrations and fall displayed the largest 

methane concentrations in all three layers. Since seasonal methane inventory of the layers are 

calculated by the product of seasonal average methane concentration and the water volume of 

the layers, and the volumes of the layers stay constant for our model, the methane inventory 

changes follow the same trend with average methane concentration changes. 

As for the seasonal average daily MOx rate of the layers, the smallest values are seen 

in the top layer, slightly increased rates are observed in the middle layer, while the largest 

values are observed in the bottom layer. Between seasons, MOx rates were the lowest during 
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summer months, increased in fall, reached the peak values in winter and dropped to lower but 

still elevated values in winter. Results are shown in Table 1 and Figure 5. Again, because 

seasonal methane loss by MOx is calculated by multiplying seasonal average daily MOx rate 

with the 1m resolved volume of the water, the resulting seasonal methane loss by MOx 

showed same change trends. 

The calculated seasonal average methane turnover time, which is shown in Table 1 

and Figure 6, is longest in the middle layer, medium in the top layer, and shortest in the 

bottom layer. The middle layer had relatively high methane concentration with relatively low 

MOx rate, resulting in long methane turnover time. The bottom layer had high methane 

concentration, with high MOx rate. The high MOx rate effectively consumed the methane in 

the bottom layer, resulting in the shortest seasonal average turnover time. For the top layer, 

the methane concentrations were low, and the MOx rates were very small, the results were 

long methane turnover times. 

The seasonal average CH4 turnover time is calculated as the ratio of the seasonal 

average CH4 concentration divided by the seasonal average MOx rate. From Table 1 and 

Figure 6, we observe that spring exhibits the lowest CH4 turnover time due to the 

combination of low CH4 concentration and elevated MOx rate during the season. Summer 

and winter both have medium values of CH4 turnover time, but for different reasons. In 

summer, both the CH4 concentration and MOx rate are very low, resulting in a CH4 turnover 

time of 41-139 days for the different layers. In winter, both the CH4 concentration and MOx 

rate are much higher compared to summer, but the resulting ratio of the two yields values 

comparable to those in summer. In fall, CH4 levels increased sharply from relatively low 

values to very high values, and the methanotroph community was unable to keep pace. 
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Consequently, the significantly elevated CH4 concentration, combined with an increase in the 

MOx rate that, while elevated, was not very high, resulted in the longest CH4 turnover time 

during fall. 

In conclusion, regarding seasonal average CH4 concentration, the order from highest 

to lowest is bottom layer > middle layer > top layer, and the order of seasons from highest to 

lowest is fall > winter > summer > spring. As for the seasonal average daily MOx rate, the 

order from highest to lowest is bottom layer > middle layer > top layer, with the order of 

seasons being winter > fall > spring > summer (although there are slight order differences for 

the bottom layer compared to the other layers). Regarding seasonal average CH4 turnover 

time, the values we obtained are relatively comparable among the three layers, while among 

the different seasons, the order from highest to lowest is fall > summer > winter > spring. 

We attribute the low methane concentration and MOx rate in summer to the previous 

spring's consumption of CH4 by the methanotroph community. In fall, methane concentration 

increases due to seasonal deoxygenation, while the MOx rate remains relatively low due to 

the lag time in methanotroph community growth needed to respond to changes in methane 

concentration in the environment. This is reflected in a longer methane turnover time in fall. 

In winter, ambient methane concentration begins to decrease due to consumption by 

methanotrophs, while MOx rates remain high, indicating the highly active methanotroph 

community in the deep water column of the SBB. Finally, we attribute the extremely low 

methane concentrations in spring to the continued rapid consumption of CH4 by the 

methanotroph community, coupled with potential CH4 removal resulting from physical 

flushing and water exchanges caused by spring upwelling events from the Pacific Ocean to 

the deep SBB. Aerobic methane oxidation rates can still be relatively high due to the 
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methanotrophs' ability to sustain themselves for a period of time following the previous 

year's deoxygenation event, resulting in a very short methane turnover time. 

 

3.3 Vertical Diffusion of CH4 between Adjacent Layers 

The vertical diffusion of CH4 between adjacent layers was calculated using Fick’s 

first law of diffusion, with the results presented in Table 2. Analysis of the results reveals that 

the majority of vertical transport occurs from the lower layer to the layer above, with the 

exception of transport in summer between the top and middle layers. 

Another notable observation is the significant disparity in the amount of CH4 

vertically transported between the middle and bottom layers compared to that between the 

top and middle layers. This discrepancy is primarily attributed to the source of dissolved CH4 

in the water column, which is predominantly from sedimentary diffusion. As a result, the 

CH4 concentration difference between the bottom and middle layers is larger than that 

between the middle and top layers. 

Seasonally, the vertical diffusion of CH4 between adjacent layers is highest in fall, 

followed by winter, summer, and lowest in spring. Since there are no significant changes in 

the vertical diffusion coefficient (Dv) or the shared area of the adjacent layers, the observed 

seasonal variations are solely dependent on changes in CH4 concentration. 

 

3.5 Sink-based Calculation on Needed CH4 Source for Different Seasons 

Two major sinks of dissolved methane are considered and calculated for the studied 

time span of our research. The first sink is a biological methane sink, and it’s the 

consumption of CH4 by the methanotroph community. The second sink is a physical methane 
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sink, and it’s the methane that is transported to the adjacent layer(s) by vertical turbulent 

diffusion. Need to note, for the vertical diffusion transport, it does not necessarily act as a 

sink, under some conditions, the vertically transported methane can act as a source as well, 

depending on the direction and amount of vertical diffusion.  

The two sinks contribute differently to the total sink across different seasons. In 

seasons with high CH4 concentrations in the water column, such as fall and winter, the 

physical sink makes a larger contribution to the total sink. Conversely, in seasons 

characterized by high MOx rates, such as spring, the biological sink contributes more 

significantly to the total CH4 sink. 

We considered two scenarios in our sink-based estimation of required CH4 sources. In 

the first scenario, we solely focused on the two methane sinks in the water column, without 

accounting for methane concentration changes between seasons. This approach assumes a 

steady state for dissolved methane in the deep SBB water column throughout the study year. 

Therefore, the estimation of the required CH4 source equates to the sum of the sinks. The 

calculated results are presented in Table 3, under the column “Sedimentary flux needed 

(based on sinks)” and illustrated in Figure 7. In the second scenario, we considered changes 

in methane inventory between the current and previous seasons. In this case, the source 

estimation includes the sum of the two sinks, along with the supply/need resulting from 

methane inventory changes. The calculated results are displayed in Table 3, under the column 

“Sedimentary flux needed (based on sinks + inventory difference)” and shown in Figure 8.  

In both scenarios, the greatest demand for CH4 input into the deep water column was 

observed in the bottom layer. In Scenario 1, the bottom layer in fall required a sedimentary 

CH4 flux of 103.6 μmol·m-2·d-1 to support both biological and physical methane sinks. In 
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Scenario 2, the highest sedimentary methane input across different seasons and layers was 

needed in the bottom layer during winter, requiring a flux of 91.2 μmol·m-2·d-1. For most 

seasons, the top and middle layers required minimal sedimentary methane input, with some 

even showing negative values. Negative values indicate that no sedimentary input is 

necessary for the layer; in these instances, sediment may even act as a sink for methane, as 

sufficient methane can be provided through vertical diffusion transport from adjacent layers. 

It is important to note that, in both scenarios, we considered marine sediment as the 

sole methane source. Therefore, the required sedimentary flux is calculated by dividing the 

needed CH4 amount by the intersected sediment area of each layer. However, it's worth 

acknowledging that sedimentary diffusion may not be the only methane source in the deep 

water column. Other potential methane sources may include methane production from 

microanoxic zones, such as detritus and animal guts (Oremland, 1979; de Angelis et al., 

1993; de Angelis and Lee, 1994), or aerobic methylphosphonate-driven methane formation in 

seawater (Karl et al., 2008; Grossart et al., 2011; Tang et al., 2016; von Arx et al., 2023). If 

other methane sources are taken into consideration or identified, the required sedimentary 

methane source may be smaller than the calculated results. 

Results reveal a great discrepancy in needed methane source between oxygenated 

season (spring and summer) and deoxygenated season (fall and winter), the discrepancy is 

especially obvious between summer and fall, in the bottom layer. The two have a ~ 13-fold 

discrepancy, with 103.6 μmol·m-2·d-1 sedimentary methane entering the deep SBB during the 

deoxygenated fall season, and 7.74 μmol·m-2·d-1 sedimentary methane entering in the 

oxygenated summer season. We also estimated the methanotrophic productivity in the deep 

SBB for the different seasons. The methanotrophic productivity also fluctuated with the 
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oxygen availability of the SBB, with the lowest of 9.1×1019 of cells produced in oxygenated 

summer, and 9.8×1020 of cells produced in the deoxygenated winter, a discrepancy of ~ 11-

fold.  
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Figure 1. Schematic diagram of the three-layer box model used to describe SBB deep water 

column methane budget. The deep water column is divided into 3 layers. Z1, Z2, and Z3 

denote the depths of the three layers. Z1=50m, Z2=50m, Z3=30m. Black arrows indicate flux 

terms considered in this box model. The two arrows at the layer interfaces indicate the 

vertical turbulent diffusion between the two adjacent layers. Need to note, the direction of 

vertical diffusion depends on the average methane concentration differences between the two 

adjacent layers. The arrows from benthic and slope sediment to deep water column indicate 

the supply of methane to the water column by diffusion from the sediments intersected by 

each layer. The circled MOx in each layer indicates the methane consumption by 

methanotrophs. 
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Figure 2. Temporal development of A) depth-integrated oxygen and methane, B) depth-

integrated methanotrophic oxygen demand as a percentage of the available ambient oxygen, 

C) depth-integrated MOx rates. D) depth-integrated nitrate concentrations. Each error bar 

represents the integrated error from all the depths measured on the corresponding sampling 

event, as calculated following error propagation equations. 
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Figure 3. Daily methanotroph production over the research time span. Different symbols 

denote different depth bins. Bottom layer is 551-580 m, middle layer is 501-550 m, top layer 

is 450-500 m. 
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Figure 4. Seasonal average CH4 concentrations of the three different layers of the SBB for 

the four studied seasons. 
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Figure 5. Seasonal average daily MOx rate of the three layers for the four studied seasons. 
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Figure 6. Seasonal average CH4 turnover time of the three layers of the SBB deep water 

column during the studied time.   
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Figure 7. The needed sedimentary CH4 flux calculated from Scenario 1. 
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Figure 8. The needed sedimentary CH4 flux calculated from Scenario 2. 
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Table 1. Values of key parameters calculated from 1m1d resolved CH4 concentration data, 
1m1d resolved MOx rate data and the 1m resolved SBB water volume data.  
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Table 2. Total amount of CH4 (in mol) that’s vertically diffused across the adjacent layers for 

different seasons, whether the values are positive or negative shows the direction of transport, 

positive values mean the transport is upward, negative values mean the transport is 

downward. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Summer Fall Winter Spring

mols of vertical diffused CH4 

between top and middle layer 
(A500*flux*day)

-6.19E+03 1.72E+06 3.28E+05 4.56E+03

mols of vertical diffused CH4 

between middle and bottom layer 
(A550*flux*day)

1.47E+05 3.04E+06 1.72E+06 3.91E+04
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Table 3. Calculation results of two considered methane sinks – biological methane sink that’s 
caused by methane oxidation by methanotrophs, and physical methane sink that’s caused by 
the vertical turbulent diffusion resulting from CH4 concentration difference between adjacent 
layers. And the calculation results for sink-based methane source estimations for two 
scenarios – scenario 1, not including CH4 inventory changes from the previous season into 
account; scenario 2, taking CH4 inventory changes from the previous season into account.  
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Chapter 3 - Stable Carbon Isotope Signatures of Methane and Carbon Dioxide 

Produced by Methylotrophic Methanogenesis  

 

Abstract 

The biological disproportionation of methylated compounds, such as methanol, 

methylated amines and methylated sulfides, is performed by anaerobic archaea, yielding 

methane and carbon dioxide as catabolic end products.  Stable carbon isotope fractionation 

associated with this process of methylotrophic methanogenesis has been measured for 

methane production, but the underlying dynamics have not been explored and the branch 

point fractionation leading to methane and carbon dioxide is unexplored. Here we examine 

the fractionation factors during methylotrophic methanogenesis with type strain methanogens 

capable of growth on methanol or trimethylamine solely, and a mutant methanogen capable 

of growth on methanol reduction coupled to H2 oxidation or acetate oxidation. From these 

studies we find evidence that the large fractionations observed from methylotrophic 

methanogenesis derive from the initial methyl transferase step, not from the terminal 

reaction, and are further modulated by the metabolic branch point at which carbon dioxide 

becomes more 13C enriched and methane becomes more 13C depleted.   

 

1. Introduction 

1.1 Methylotrophic methanogenesis pathway 

Methane is a potent greenhouse gas, and marine sediments are the largest global 

reservoir of methane. Much of the methane present in marine sediments is generated from 

microbial methanogenesis during organic matter degradation (Zhuang et al., 2018 a, b). 
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Hydrogenotrophic and acetoclastic methanogenesis pathways have long been considered the 

principal methane generation pathways. However, these two processes are 

thermodynamically inhibited by the presence of sulfate reduction. Thus, mainly occurring in 

the deeper reaches of marine sediments (Zhuang et al., 2018a). Unlike the major 

methanogenic substrates, CO2 and acetate, the utilization of methylated substrates by 

methylotrophic methanogens is not subject to strong competition with sulfate-reducing 

bacteria (Oremland and Polcin, 1982; Kiene et al., 1986). It has been found that 

methylotrophic methanogens are major contributors to the limited methane production in 

sulfate-rich sediments, especially in the surface and shallow marine sediments. The 

methylotrophic methanogenesis pathway is thus also called the non-competitive or 

alternative methanogenesis pathway. Methanol and methylated amines are the common 

substrates for the methylotrophic methanogenesis pathways, along with methyl sulfides. 

These compounds are not utilized efficiently by the sulfate-reducing bacteria and are termed 

non-competitive substrates (Oremland and Polcin, 1982), although evidence clearly shows 

that oxidation and methylotrophic methanogenesis occur simultaneously (Krause et al., 

2023). Identified methanogens capable of methylotrophic methanogenesis include members 

of the genera Methanococcoides, Methanosarcina, and Methanolobus (Kendall and Boone, 

2006). 

 

1.2 Methanol in the marine system 

Methylated compounds are generated in marine sediments from osmolytes of marine 

bacteria, algae, phytoplankton, and some plants (Liu and Whitman, 2008).  Methanol sources 

in marine systems are attributed to both in situ production and external depositions from 
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terrestrial origins. Terrestrial methanol mainly originates as a by-product of plant growth and 

to a lesser degree through fermentation of pectin (Jacob et al., 2005; Millet et al., 2008; 

Fischer et al., 2021). Terrestrially produced methanol evaporates into the atmosphere readily 

because of its volatility. A large amount of this methanol is deposited in the oceans through 

air-sea exchange, diffusion, and rainfall (Beale et al., 2013; Fischer et al., 2021). Methanol is 

also produced in situ in the oceans. Sources of this methanol are primary production by 

phytoplankton where methanol is an exudate by-product and through microbial fermentation 

of algal carbohydrates such as galactins and pectin (Sieburth and Keller, 1989; Riemer et al., 

1998; Dixon et al., 2013; Fischer et al., 2021). Phytoplankton accounts for almost half of the 

global primary production and as such is suspected to be a major contributor to marine 

methanol production, the same equivalent to terrestrial primary production (Cloern et al., 

2014; Mincer and Aicher, 2016; Fischer et al., 2021). However, it is unclear if and how 

methanol produced in surface water or exchanged with the air reaches the sediment of marine 

systems.  

Chemolithotrophic microorganisms present in anaerobic sediments are capable of 

producing methanol. It has been studied that in freshwater sediments, methane oxidation by 

nitrate- and nitrite-dependent facultative anaerobic organisms (NC10 phylum bacteria) occur 

via particulate methane monooxygenase, with methanol as a key intermediate (van Grinsven 

et al., 2020). These processes with methanol as intermediary are leaky, and diffused methanol 

can be used by surrounding methylotrophic microorganisms (Chistoserdova and 

Kalyuzhnaya, 2018). NC10 phylum bacteria and transcripts of particulate methane 

monooxygenase have also been found in several marine environments by metagenomic and 

transcriptomic studies (He et al., 2015, 2016; Padilla et al., 2016, 2019). 
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1.3 Trimethylamine in the marine system 

Trimethylamine (TMA) could be derived from a number of potential precursors (e.g., 

glycine betaine, trimethylamine oxide, and choline). The precursors are largely, but not 

solely, formed within phytoplankton (i.e., functioning as osmolytes) and can be converted to 

TMA in the water column or upon deposition at the seafloor (Keller et al., 1999; Curson et 

al., 2017). In addition to TMA supplied directly to marine sediments by marine algae, 

animals and bacteria (Budd and Spencer, 1968; King, 1988), TMA may be produced as 

intermediates during the anaerobic degradation of quaternary amines such as choline and 

glycine betaine (King, 1988). 

 

1.4 Isotopic signature of CH4 and CO2 

Stable carbon isotope ratios (13C/12C) provide important constraints in the 

development of global CH4 budgets. Their usefulness is largely a consequence of significant 

kinetic isotope effects (KIEs) associated with the metabolism of microorganisms that produce 

and consume CH4 within natural and anthropogenic systems (Stevens and Engelkemeir, 

1988; Hornibrook et al., 2000). However, different biogeochemical processes often happen 

simultaneously in situ and makes it difficult to distinguish the contribution of each process. 

And the in situ measured δ13C-CH4 values are usually the average of several different 

processes. The study of the individual methane biogeochemical processes is useful to better 

constrain the relative importance of different contributing processes, to understand the cause 

and nature of the variability of δ13C-CH4 in natural environments, and to refine the usage of 

stable carbon isotope ratios as a mass balance tool.   
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Additionally, very little has been studied for the stable carbon isotopic compositions 

of the non-competitive substrates and the products of the methylotrophic methanogenesis 

pathways (Summons et al., 1998; Penger et al., 2012; Zhuang et al., 2016, 2017), most 

studies focused on the two major methanogenic pathways (Krzycki et al., 1987; Alperin et 

al., 1992; Gelwicks et al., 1994; Valentine et al., 2004; Conrad, 2005; Galand et al., 2010). In 

particular, the isotopic signatures of the produced CO2 by methylotrophic pathway have not 

yet been measured by any researchers to our knowledge. The produced CO2 is a key 

precursor for many reactions that occur in marine sediments, such as hydrogenotrophic 

methanogenesis and autotrophic acetogenesis. The δ13C-CO2 of methylotrophic produced 

CO2 may influence the isotope signatures of the products of the processes that use CO2 as 

substrates. 

 

1.5 Branch Point and isotopic fractionations at branch point 

One feature that distinguishes the methylotrophic methanogenesis pathway from 

other methanogenic pathways is that the methyl groups of the substrate serve both as the 

electron acceptor and the electron donor. In such way, methylotrophic methanogenesis 

process is a considered a disproportionation reaction. This means a reaction branch point 

exists in the methanogenesis pathway. It has been suggested that one molecule of the 

methylated substrate is oxidized to provide electrons for reduction of three additional 

molecules to methane.  

It has also been suggested that the presence of a branching pathway with an unequal 

isotope effect means that significant fractionation can be expressed even in a closed system. 

The ratio of the division of the carbon flow at the branch point, together with the carbon 
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isotope effects of the branched pathways, will introduce different isotope signals for the 

products (Hayes 2001). 

This research is driven by the interest in how the existence and the degree of 

effectiveness of this branch point can influence the stable carbon isotopic signatures of the 

two products – CH4 and CO2 of the methylotrophic methanogenesis pathway. The two 

scientific questions we are particularly interested in are: What the isotopic fractionations are 

for CH4 and CO2 from methylated substrates? What metabolic steps control fractionation 

during methylotrophic methanogenesis and what factors modulate that fractionation? 

 

2. Material and Method 

2.1 Four Methanogen Strains and Five Cultivation Settings 

Four methylotrophic methanogen strains were cultivated to study the stable carbon 

isotopic fractionations from methylated substrates to the two metabolic products - CH4 and 

CO2.  

Methanosarcina barkeri Fusaro (M. b hereafter) strain and its mutant strain 

Methanosarcina barkeri △mtr (M. b △mtr hereafter) were provided by Professor William W. 

Metcalf’s lab at University of Illinois - Urbana Champaign. Methanosarcina acetivorans (M. 

a hereafter) and Methanococcoides methylutens (M. m hereafter) were purchased through 

German Collection of Microorganisms and Cell Cultures GmbH (DSMZ hereafter).  

M. b uses methanol as carbon and energy source and produces CO2 and CH4 as 

metabolic products. M. b △mtr strain is a genetically modified strain with the deletion of the 

mtr operon. The mtr operon encodes the N5-methyl-tetrahydrosarcinapterin (CH3-H4SPT): 

coenzyme M (CoM) methyltransferase, which catalyzes the energy-conserving methyl 
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transfer from CH3-H4SPT to CoM during growth on H2/CO2 or acetate. And it also catalyzes 

the reverse endergonic methyl transfer from CH3-CoM yielding CH3-H4SPT in the 

methylotrophic disproportionation methanogenesis reactions. The deletion of the mtr operon 

means the mutant strain cannot use methanol alone because the gene controlling Mtr enzyme 

is knocked out. But it was tested by Welander and Metcalf, 2005 that the mutant strain was 

able to grow with methanol+H2 or methanol+acetate. M. a is similar to M. b, it uses methanol 

as carbon and energy source. M. m uses TMA as carbon and energy source. 

 

2.2 Phosphate-buffered media and Growth Conditions 

M. b and M. b △mtr strains were grown at 35°C in phosphate buffered high salt (HS 

hereafter) broth medium. Phosphate-buffered HS medium is composed of 0.4 M NaCl, 54 

mM MgCl2·6H2O, 19 mM NH4Cl, 13 mM KCl, 2 mM CaCl2·2H2O, and 2 μM resazurin. 

100x DSMZ 141 trace metal solution was also added into the medium, based on the volume 

of media made each time (e.g. 10 ml into 1 L medium). Then the medium was aliquoted 

under nitrogen (Airgas Ultra High Purity Grade Nitrogen, Manufacturer Part #:UHP300) into 

160 mL serum bottles, capped with thick chlorobutyl rubber stoppers and then crimp sealed 

by aluminum caps, and autoclaved using liquid 15 min autoclaving cycle. The volume of 

medium needed in each 160 mL serum bottle is back calculated according to the volume of 

solutions needs to be added and the volume of inoculum planned to be used, see calculation 

below. 

0.5 M pH=7 sodium phosphate buffer, which is composed of 70% 0.5 M Na2HPO4 

and 30% 0.5 M NaH2PO4, was made in 160 mL serum bottles, capped, crimp sealed and 
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autoclaved. Later, 2.5 mL 0.5 M pH=7 sodium phosphate buffer was added to autoclaved and 

cooled HS medium. 

Besides the phosphate buffer, 0.4 mL 100x DSMZ 141 vitamin solution, 0.4 mL 

Na2S·9H2O solution were filtered through 0.22 μm MF-Millipore MCE Membrane 

respectively, and then added into each bottle of HS medium. Then the medium bottles are 

stored at room temperature in dark for up to two months. Before transfer, medium bottles 

were put in incubator at desired incubation temperature for 2 hours, then 125 mM (0.2 mL 

100%) methanol (for M. b) or 125 mM (0.2 mL 100%) methanol and 24.4 mM (0.4 mL 2.44 

M) sodium acetate solution (for M. b △mtr  cultivated using methanol+sodium acetate), or 

125mM (0.2mL 100%) methanol and 150 mL H2:CO2 = 80:20 gas mixture (for M. b △mtr 

cultivated using methanol+H2) was added to each medium bottle. And 10% of inoculum from 

a parent bottle was transferred to a new bottle of medium. 

Medium volume in each M. b bottle: 40-4(10% inoculum)-2.5(0.5 M pH=7 sodium 

phosphate buffer)-0.4(100x DSMZ 141 vitamin solution)-0.4(100x Na2S solution)-0.2(100% 

methanol) = 32.5 mL 

Medium volume in each M. b △mtr bottle: 40-4(10% inoculum)-2.5(0.5 M pH=7 

sodium phosphate buffer)-0.4(100x DSMZ 141 vitamin solution)-0.4(100x Na2S solution)-

0.2(100% methanol)-0.4(2.44 M sodium acetate solution) = 32.1 mL 

M. a and M. m strains were grown in modified, phosphate buffered DSMZ 141c 

media, at 35 °C and 18 °C respectively. Phosphate-buffered 141c media contains 0.31 M 

NaCl, 19.68 mM MgCl2·6H2O, 4.67 mM NH4Cl, 4.56 mM KCl, 0.95 mM CaCl2·2H2O, 2 

μM resazurin, and 0.4 mM Na2S·9H2O. 100x DSMZ 141 trace metal solution was also added 

into the medium, based on the volume of media made each time (e.g. 10 ml into 1 L 
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medium). Then the medium was aliquoted, autoclaved same as described in HS medium 

preparation. The volume of medium needed in each 160 mL serum bottle is back calculated 

according to the volume of solutions needs to be added and the volume of inoculum planned 

to be used, see calculation below. 

After the autoclaved medium bottles completely cooled to room temperature, 2.5 mL 

0.5 M pH=7 sodium phosphate buffer solution, 0.4 mL 100x DSMZ 141 vitamin solution, 0.4 

mL Na2S·9H2O solution were added into each bottle of DSMZ 141c medium. Then the 

medium bottles are stored at room temperature in the dark for up to two months. Before 

transfer, medium bottles were placed in the incubator at desired incubation temperature for 2 

hours, then 125 mM (0.2 mL 100%) methanol (for M. a) or 84 mM (0.4 mL 8.4M) TMA·HCl 

solution (for M. m) was added into the medium bottle, and 10% of inoculum from a parent 

bottle was transferred to a new bottle of medium. 

Medium volume in each M. a bottle: 40-4(10% inoculum)-2.5(0.5 M pH=7 sodium 

phosphate buffer)-0.4(Vitamin)-0.4(Na2S)-0.2(methanol) = 32.5 mL 

Medium volume in each M. m bottle: 40-4(10% inoculum)-2.5(0.5 M pH=7 sodium 

phosphate buffer)-0.4(Vitamin)-0.4(Na2S)- 0.4(TMA·HCl) = 32.3 mL 

All the strains were transferred and maintained in phosphate-buffered media at least 3 

times before the final cultivation to minimize the carryover effect of DIC from bicarbonate-

buffered media.  

 

2.3 Cultivation Setting 

A short-term cultivation approach was employed to study the isotopic fractionation of 

methylotrophic methanogenesis pathways. This approach was designed as the open system 
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analogue, in which strains were cultivated for a short time with ample substrates. An open 

system is defined as one in which both matter and energy are exchanged with the 

surroundings (Hayes, 2004). Even though our experimental setting is not exactly an open 

system since the serum bottles are capped and sealed. However, for the initial growth phase 

of the strains (early exponential stage), the substrates can be seen as unlimited, and the 

amounts of products are very little compared to the substrates, so the system can be treated as 

an open system analogue for the early exponential phase. And the resulting isotopic 

fractionation between substrate and products can reflect the isotopic fractionation of the 

methylotrophic methanogenesis in open system condition. 

An experiment was also performed to approximate a closed system analogue as 

comparison, wherein the strains were cultivated for a long time with limited substrates. 

Results from this experiment are not included in this dissertation because of delays in 

receiving the results of some analyses. The raw data of the measured δ13C-CH4, δ13C-CO2 

and δ13C-DIC of the four strains under five cultivation conditions in a long-term cultivation 

setting, approximating a closed system analogue, are included in the appendix of this thesis. 

For the short-term cultivation, 4 strains were cultivated under 5 different conditions 

(M. b with methanol, M. b △mtr with methanol+H2, M. b △mtr with methanol+sodium 

acetate, M. a with methanol, M. m with TMA·HCl). For each condition, triplicates/duplicates 

were conducted (Table 1).  

 

2.4 Sample Collection 

For the short-term cultivation, each bottle was sampled every day for headspace 

pressure, headspace CH4 concentration ([CH4] hereafter), stable isotope ratios of carbon in 
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the produced CH4 in the headspace (δ13C-CH4 hereafter), headspace CO2 concentration 

([CO2] hereafter), stable isotope ratios of carbon in the produced CO2 in the headspace (δ13C-

CO2 hereafter); and every bottle was sampled every other day for dissolved inorganic carbon 

concentration ([DIC] hereafter) and stable carbon isotopic signature of produced CO2 that’s 

dissolved in the medium (δ13C-DIC hereafter). Headspace pressure was measured before any 

headspace gas sample is taken, to calculate the amount of gas in the headspace. The detailed 

sampling conducted is shown in Table 2. 

For the headspace pressure, a pressure gauge (Omega Engineering Inc. Model 

DPG1000B-100A) was connected to a sterile 25G needle to puncture through the butyl 

rubber stopper and measure the headspace pressure of the cultivation bottle. The pressure 

gauge together with the sterile needle have a dead volume of 0.5 mL. Gas loss from the 

headspace into volume is corrected for as we calculate the total amount of CO2 and CH4 

produced. 

 

2.5 Analytical  

2.5.1 Headspace CH4 Concentration and δ13C-CH4 

Certain volumes of headspace gas were taken by N2 flushed syringes and 25G sterile 

needles for [CH4] and δ13C-CH4 measurements on each sampling day (see Table 3 for the 

detailed volumes of samples taken), and then injected into helium-filled 12 mL septum 

capped vials (Exetainers, Labco, High Wycombe, UK). Then, [CH4] of samples were 

measured using Shimadzu GC-14A equipped with flame ionization detector. For GC-14A, a 

100 μL sample loop and a 3.66 m, 2-mm inner-diameter, n-octane Res-Sil C packed column 

(Restek) with N2 as the carrier gas (20 mL min-1 flow rate) were used (Kinnaman et al., 
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2007). Sub-dilutions were performed for δ13C-CH4 samples whose concentrations exceeded 

the suggested range of measurement by UC Davis. A combined dilution factor is calculated 

by multiplying the dilution factor from serum bottle to the 12 mL Exetainer vial and the sub-

dilution factor from the 12 mL Exetainer vial to the secondary 12 mL Exetainer vial for sub-

diluted samples.  

Sample harvest and preparation were performed according to UC Davis stable isotope 

facility’s requirements. δ13C-CH4 analyses were conducted by UC Davis stable isotope 

facility. δ13C-CH4 are measured using a Thermo Scientific Precon concentration unit 

interfaced to a Thermo Scientific Delta V Plus isotope ratio mass spectrometer 

(ThermoScientific, Bremen, Germany). Gas samples are purged from vials through a double-

needle sampler into a helium carrier stream (20 mL/min), which is passed through a 

H2O/CO2 scrubber (Mg(ClO4)2 , Ascarite) and a cold trap (90 cm piece of coiled 

divinylbenzene 0.32 mm GS-Q column) cooled by liquid nitrogen. The CH4 is separated 

from residual gases by a GS-CarbonPLOT GC column (30 m x 0.32 mm x 3 μm, 30 °C, 1.5 

mL/min). After CH4 elutes from the separation column, methane is oxidized to CO2 by 

reaction with nickel oxide at 1000 °C (13C), and subsequently transferred to the IRMS. A 

pure reference gas (CO2) is used to calculate provisional delta values of the sample 

peak.  Final delta values are obtained after adjusting the provisional values for changes in 

linearity and instrumental drift such that correct delta values for laboratory reference 

materials are obtained. Laboratory reference materials are commercially prepared CH4 gas 

diluted in helium or air and are calibrated against NIST 8559, 8560, and 8561. Final delta 

values, are expressed relative to the international standards V-PDB (Vienna PeeDee 

Belemnite). 
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2.5.2 Headspace CO2 Concentration and δ13C-CO2 

Certain volumes of headspace gas were taken by N2 flushed syringes and 25G sterile 

needles for [CO2] and δ13C-CO2 measurements on each sampling day (see Table 3 for the 

detailed volumes of samples taken), and then injected into helium-filled 12 mL septum 

capped vials (Exetainers, Labco, High Wycombe, UK). Then, [CO2] of samples were 

measured using a Thermo Scientific GC Trace 1310 equipped with a TCD detector. For GC 

Trace 1310, Agilent CARBOPLOT column is used, with He as the carrier gas. 

Sample harvest and preparation were performed according to UC Davis stable isotope 

facility’s requirements. δ13C-CO2 analyses were conducted by UC Davis stable isotope 

facility. δ13C-CO2 are measured using a Thermo Scientific GasBench system interfaced to a 

Thermo Scientific Delta V Plus isotope ratio mass spectrometer (ThermoScientific, Bremen, 

Germany).  CO2 is sampled by a six-port rotary valve (Valco, Houston TX) with either a 100 

µL, 50 µL, or 10 µL loop programmed to switch at the maximum CO2 concentration in the 

helium carrier gas.  The CO2 is then separated from N2O and other residual gases by a 

Poraplot Q GC column (25 m x 0.32 mm ID, 45 °C, 2.5 mL/min). A pure reference gas (CO2) 

is used to calculate provisional delta values of the sample peak.  Final 13C delta values are 

obtained after adjusting the provisional values for changes in linearity and instrumental drift 

such that correct 13C delta values for laboratory reference materials are obtained.  At least 

two laboratory reference materials are analyzed with every 10 samples. Laboratory reference 

materials are calibrated directly against NIST 8545. Final 13C delta values, are expressed 

relative to the international standard V-PDB (Vienna PeeDee Belemnite). 
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2.5.3 Dissolved Inorganic Carbon Concentration and δ13C-DIC 

For DIC samples, each time 0.5 mL of medium was taken from the cultivation serum 

bottle by N2 flushed syringes and 25G sterile needles, then injected into helium-filled 12 mL 

septum capped vials (Exetainers, Labco, High Wycombe, UK) containing 1 mL 85% 

phosphoric acid, which forces the equilibrium between CO2 and H2CO3 to gaseous CO2. 

Vials were shaken 20 times to make sure DIC in the medium is fully released to the 

headspace as CO2.  

The evolved CO2 from DIC is purged from vials through a double-needle sampler 

into a helium carrier stream (20 mL/min). The gas is sampled using a six-port rotary valve 

(Valco, Houston TX) with either a 100 µL, 50 µL, or 10 µL loop programmed to switch at the 

maximum CO2 concentration in the helium carrier. The CO2 is passed to the IRMS through a 

Poraplot Q GC column (25m x 0.32mm ID, 45 °C, 2.5 mL/min). A reference CO2 peak is 

used to calculate provisional delta values of the sample CO2 peak. Final 13C delta values are 

obtained after adjusting the provisional delta values for changes in linearity and instrumental 

drift such that correct 13C delta values for laboratory reference materials are obtained. At 

least two laboratory reference materials are analyzed with every 10 samples. Laboratory 

reference materials are lithium carbonate dissolved in degassed deionized water and a deep 

seawater (both calibrated against NIST 8545). Final 13C delta values, delivered to the 

customer, are expressed relative to the international standard V-PDB (Vienna PeeDee 

Belemnite). 

 

2.5.4 δ13C-sodium acetate and δ13C-TMA 
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Sample preparation was performed according to UC Davis stable isotope facility’s 

requirements. δ13C-acetate and δ13C-TMA analyses were conducted by UC Davis stable 

isotope facility.  

Sodium acetate trihydrate (Ensure, 6131-90-4) were taken out from storage chemical 

bottle, pulverized and then weighed, and packaged into tin capsules (Costech Analytical 

Technologies Inc. 5×9 mm). TMA·HCl (Aldrich, T72761-100G, 98%) were taken out from 

storage chemical bottle, weighed and packaged into tin capsules. Sodium acetate and TMA 

samples are analyzed for 13C isotope ratios using a Micro Cube elemental analyzer 

(Elementar Analysensysteme GmbH, Hanau, Germany) interfaced to an Isoprime VisION 

IRMS (Elementar UK Ltd, Cheadle, UK). Samples are combusted at 1080°C in a reactor 

packed with chromium oxide and silvered copper oxide. Following combustion, oxides are 

removed in a reduction reactor (reduced copper at 650°C). The helium carrier then flows 

through a water trap (magnesium perchlorate and phosphorous pentoxide). CO2 is released to 

the IRMS. 

 

2.5.5 δ13C-methanol 

δ13C-methanol measurement was also performed by UC Davis Stable Isotope facility. 

1 mL 100% methanol (Fisher Chemical, HPLC Grade, 0.2 μm filtered, UN1230) sample was 

taken using a N2 flushed syringe with 25G sterile needle directly from chemical storage 

bottle and transferred into 2 mL septum capped amber GC vial. 

Compound-specific 13C isotope analysis was performed to measure the δ13C of 

methanol, using GC-combustion isotope ratio mass spectrometry (GC-C-IRMS). Methanol is 

entirely combusted to CO2, and subsequently introduced into the isotope-ratio mass 
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spectrometer. Analysis is performed using Thermo GC-C-IRMS systems composed of a 

Trace GC 1310 gas chromatographs (Thermo Electron Corp., Milan, Italy) coupled to a 

Thermo Finnigan MAT 253 isotope-ratio mass spectrometer via a GC IsoLink II combustion 

interface (Thermo Electron Corp., Bremen, Germany). Compound identification support for 

the CSIA laboratory is been provided by a Thermo ISQ single-quadrupole MS (Thermo 

Electron Corp., Bremen, Germany).  

 

3. Results and Discussions 

3.1 Isotope Systematics and Calculation of Fractionation Factors 

All carbon isotope values are given in the per mil notation (‰) relative to the V-PDB 

standard (Pee Dee belemnite carbonate, as established by the International Atomic Energy 

Agency in Vienna, Austria (Gonfiantini et al., 1995)). 

Fractionation factors reported in this study are expressed using either the α or ε 

notation. In the case where isotopic equilibrium is achieved, α is defined as:  

α = Rb/Ra           (Eq. 1)  

where Rb and Ra are the isotope ratios of products and reactants, respectively. In cases where 

fractionations are small (less than 10‰; (O’Neil, 1986) the fractionation factor, ε, can be 

used:  

ε = (α − 1) × 1000 (‰)        (Eq. 2) 

An isotopically open system is one in which both matter and energy are exchanged 

with the surroundings (Hayes, 2004), or to say, reactants are constantly added, and products 

are constantly withdrawn (Valentine et al., 2004). During the early stages of our growth 

experiments, the conditions can be treated as open systems. The ample supply of reactants 
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resembles the constantly added reactants, and the small amount of products produced would 

dilute into the cultivation container quickly, resemble the constantly withdrawn products.  

For an open system model, the isotopic fractionation factors between the product and 

reactant can be calculated following the definition equation of isotopic fractionation factor α 

(Eq. 1), and the definition of the delta notation (Eq. 3): 

δ X=>8	
? = ( @./&+01	

2

@345	2
− 1) × 1000 (‰)      (Eq. 3) 

where δ expresses the abundance of isotope A of element X in a sample relative to the 

abundance of that same isotope in an arbitrarily designated reference material, or isotopic 

standard. In our study, V-PDB standard for the stable carbon isotope. 

By plugging Eq. 3 into Eq. 1, we can get an equation for the isotopic fractionation 

factor α by the delta notation of the product and reactant (Eq. 4): 

α = A-%'BBB
A/%'BBB

          (Eq. 4) 

where δb denotes the δ13C values of the products, and δa denotes the δ13C values of the 

reactants.  

For the cultivation conditions of M. b, M. a and M. m strains, there’s one type of 

carbon in the studied methylotrophic methanogenesis substrates (methanol or TMA), and that 

carbon supplies the production of both CO2 and CH4. So, an isotopic fractionation factor can 

be calculated from the isotopic signatures of the produced CO2 and the substrate (α based on 

δ13C-(CO2+DIC) hereafter), while another isotopic fractionation factor can be calculated 

from the isotopic signatures of the produced CH4 and the substrate (α based on δ13C-CH4 

hereafter). For M. b △mtr with H2, the only product is CH4, no CO2 is produced. So, we can 

only calculate α based on δ13C-CH4. For M. b △mtr with sodium acetate, α based on δ13C-

CH4 is calculated by the stable carbon isotopic signatures between the produced CH4 and the 



 95 

corresponding substrate methanol, while α based on δ13C-(CO2+DIC) is calculated by the 

stable carbon isotopic signatures between the produced CO2+DIC and the corresponding 

substrate sodium acetate (assuming both positions of acetate have the same δ13C). 

 

3.2 Methylotrophic Methanogenesis Pathways of the Four Strains Under Five 

Cultivation Settings 

Figure 1 shows the different methylotrophic methanogenesis metabolic pathways of 

the four methanogen strains under the five cultivation conditions. 

For the M. b strain (Fig. 1A), CH3OH is take up by the cell, and the methyl group 

transferred to CoM by methanol:coenzyme M methyltransferase MtrABC (Fricke et al., 

2006; Borrel et al., 2013; Bennett et al., 2018). CH3-CoM is then split into two routes at the 

reaction branch point, one route leads to the oxidation of CH3-CoM to CO2. This route starts 

with turning CH3-CoM to CH3-H4SPT, and then step by step into CH2=H4SPT, CH≡H4SPT, 

CHO-H4SPT, CHO-MF, and finally to CO2. The other route leads to the reduction of CH3-

CoM to CH4. It has been suggested that the oxidation of one moiety of CH3-CoM can 

provide the electrons needed for the reduction of three moieties of CH3-CoM to CH4. 

Following this reaction stoichiometry and the measured isotopic signatures of the produced 

CO2 and CH4, we are able to calculate the isotopic fractionation factors of the two routes at 

the reaction branch point. Need to note, the stable carbon isotopic signatures of the produced 

CH4 potentially reflect the combined effects of 2 steps, from CH3OH to CH3-CoM, and then 

from CH3-CoM to CH4. The stable carbon isotopic signatures of the produced CO2 

potentially reflect the combined effects of 7 steps, from CH3OH to CH3-CoM, then to CH3-

H4SPT, then to CH2=H4SPT, CH≡H4SPT, CHO-H4SPT, CHO-MF, and finally to CO2. 
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For the M. b △mtr strain, since the mtr operon is deleted, the expression of the Mtr 

enzyme is blocked, so CH3-CoM cannot be turned to CH3-H4SPT and further oxidized to 

CO2. The oxidation branch of the disproportionation reaction is blocked. It has been tested by 

Welander and Metcalf, 2005 that, the mutant strain can still utilize a small amount of 

CH3OH, but only for a short period of time, which is not able to support the growth of the 

strain. The utilization without the Mtr enzyme suggested that a bypass of the energy 

consuming Mtr step exists, however, why this bypass cannot support the growth of the cells 

are not clear. It has also been tested whether other sources of reducing power can be used to 

support the reduction from CH3OH to CH4. And it was shown that reducing power provided 

by either the oxidation of H2, or the oxidation of sodium acetate, can be coupled to the 

reduction of CH3-CoM to CH4 and thus enable growth of the mutant strain.  

The methanogenesis pathway of CH3OH reduction coupled to H2 oxidation of the M. 

b △mtr strain is shown in Fig. 1B. One moiety of H2 is oxidized to 2 protons, providing the 

reducing power to convert one moiety of CH3OH to CH4. 

The methanogenesis pathway of CH3OH reduction coupled to sodium acetate 

oxidation of the M. b △mtr strain is not fully understood yet. However, it has been tested by 

Welander and Metcalf, 2005 that all the produced CO2 comes from sodium acetate, and all 

the CH4 comes from CH3OH. When the carbonyl group of acetate was labeled, 62% of the 

CO2 produced was labeled, whereas 36% of the CO2 produced was labeled when the label 

was on the methyl group of acetate. It has been expected that the oxidation of one moiety 

CH3COOH to CO2 can support the reduction of four moieties of CH3OH to CH4, but was 

shown that in reality, the ratio is lower than expected, because about a quarter of the 

CH3COOH was oxidized to formate, not able to provide enough reducing power for the 
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reduction of four moieties of CH3OH to CH4. Our proposed metabolic pathway is shown in 

Fig. 1C. 

The methylotrophic methanogenesis pathway for the M. a strain is the same with the 

M. b strain, shown in Fig. 1A.  

Lastly, for the M. m strain, the methylotrophic methanogenesis pathway is also the 

same to M. b strain and M. a strain, the only difference being that the substrate was fed 

TMA, instead of CH3OH.  

Need to note, in all cases here, fractionation factors represent net fractionation 

associated with a series of physical and chemical steps; however, fractionation factors are 

presented as if they were associated with a single step. Fractionation factors associated with 

specific and individual reactions remain constant; such fractionation factors reflect isotope 

discrimination due to kinetic and/or thermodynamic isotope effects. Fractionation factors 

associated with multistep reactions are variable and may be expressed at different levels. See 

Hayes (1983, 2001) for a detailed consideration of these issues. 

 

3.3 Stable Carbon Isotopic Fractionation Factors Calculated Using Open System Model 

Each day’s CO2 amount, CH4 amount in the serum bottle is corrected by adding the 

loss because of headspace pressure measurement and sampling. We used a fixed volume of 

0.5 mL for each headspace pressure measurement. For headspace sampling, the volume 

depends on each sampling day’s arrangement. The volume is converted into total gas amount 

using the ideal gas law equation, PV=nRT, where P denotes the pressure of gas in the 

headspace, R is the ideal gas law constant, T is the temperature of cultivation in Kelvin, V 
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denotes the volume of gas in the headspace. The resulting moles of gases in the headspace is 

then multiplied by either the [CO2] or [CH4] measured in the headspace on the sampling day. 

Each sampling day’s DIC concentration was first corrected by adding the DIC that’s 

lost as samples back, and this was simply done by multiplying the 0.5 mL sample volume by 

the DIC concentration measured for the sampling day. And then a second correction is 

performed for each sampling day by subtracting the DIC amount of day 0, to avoid any initial 

CO2 that’s dissolved in the medium, and to avoid the carry over effect caused by the 

inoculation from parent bottles. Then CO2 and DIC amounts of the same sampling day of the 

same strain are combined to represent the total amount of CO2 produced by the strains.  

δ13C-DIC of each sampling day is also corrected for the δ13C-DIC of day 0 and the 

DIC amount of day 0 following the correction equation Eq. 7. δ13C-(CO2+DIC) is calculated 

following Eq. 8. 

Correction of experimental results for the effects of blanks (for DIC) are conducted 

according to the mass-balance calculation equations as below (Hayes, 2004). 

δC =
CD6A6
CD6

          (Eq. 5) 

The above equation can be further simplified. When a sample has been contaminated 

during its preparation by contributions from an analytical blank, the isotopic abundance 

actually determined during the mass spectrometric measurement is that of the sample plus the 

blank. Using Σ to represent the sample prepared for mass spectroscopic analysis and x and b 

to represent the sample and blank, we can write: 

mCδC = m4δ4 +m,δ,        (Eq. 6) 

In our experiment, the (δ C	'E − DIC).	*/FF1*.1G can be calculated following the 

equation below: 
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(δ C	'E − DIC).	*/FF1*.1G =
(A $	,# "8H$))×(0578))"(A $	,# "8H$)9×(0578)9

(0578))"(0578)9
   (Eq. 7) 

where (δ C	'E − DIC). means the δ13C of DIC at any sampling day, (δ C	'E − DIC)B means the 

δ13C of DIC at day 0, (m8H$). denotes the measured DIC amount of any sampling day, 

(m8H$)B denotes the DIC amount of day 0. (δ C	'E − DIC).	*/FF1*.1G indicates the corrected 

δ13C of DIC of any sampling day. 

(δ C	'E − (CO3 + DIC)). =
(A $	,# "$#!))×(08:!))%(A $	,# "8H$))	;*<<1;)1(×(0578))	;*<<1;)1(

((08:!))%(0578))	;*<<1;)1()
	 (Eq. 8) 

(δ C	'E − (CO3 + DIC)).	means the δ13C of the total produced CO2 of any sampling day. 

(m$#!). means the headspace CO2 amount of the sampling day, and (δ C	'E − CO3). denotes 

the δ13C of the headspace CO2 in the cultivation bottles; (m8H$).	*/FF1*.1G means the 

corrected DIC concentration of the sampling day, and (δ C	'E − DIC).	*/FF1*.1G denotes the 

corrected δ13C of DIC of the sampling day. 

Stable carbon isotopic fractionation factors are calculated for both routes of the 

disproportionation of methylotrophic methanogenesis. The fractionation factor between the 

produced CH4 and corresponding substrate is calculated using the δ13C-CH4 of each sampling 

day, and the initial δ13C of the substrate (CH3OH for M. b, M. b △mtr with H2, M. b △mtr 

with sodium acetate, M. a; TMA for M. m), following Eq. 4. The fractionation factor between 

the total produced CO2 and corresponding substrate is calculated using the δ13C-(CO2+DIC) 

of each sampling day, and the initial δ13C of the substrate (CH3OH for M. b, M. a; sodium 

acetate for M. b △mtr with sodium acetate; TMA for M. m), also following Eq. 4. 

The δ13C of the reactants were measured as pure chemicals, using either GC-C-IRMS 

(for methanol) or EA-IRMS (for sodium acetate and TMA) analytical methods. The 

measurement results are listed in Table 4. 
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α values are calculated based on Eq. 4, for the same strain, the denominator of the 

equation δ- + 1000 would be a constant value, because the substrate used for CH4, or CO2 

production would be the same for the same strain. So, the α values are strongly dependent on 

the numerator, δ, + 1000. Ideally, the most negative δ, values are supposed to appear on 

day 1, when the kinetic isotope effect is the most obvious, where the methanogens tend to use 

the lightest carbons first. However, even though the parent bottle was flushed with N2 gas 

before inoculation, we still saw carry-over effect in some of the cultivations. So, the most 

negative values don’t always appear in day 1. As a result, we picked the most negative values 

from day 1 to day 4 as representative α values for the open system calculation results. The 

same is true for the calculation and selection of ε values. 

Need to notice, the ε values for M. a strains are probably too enriched. This is because 

DIC and CO2 samples were both collected only on day 2 and day 4, but the M. a strains grew 

very fast, and the most ideal condition of the open system isotopic resemblance was likely 

already missed on day 2. 

For strains utilizing the same substrate, a more negative value indicates that the 

product has more depleted δ13C values. The M. b strains and M. a strains had very similar 

average δ13C-CH4 based ε values (-85.31‰ and -85.05‰), and we attribute this to the fact 

that both strains use methanol as substrates for CH4 production, and experienced similar 

metabolic processes. However, the δ13C-(CO2+DIC) based ε values for the two strains are 

very different, -43.57‰ for M. b strains while -15.91‰ for M. a strains. Again, the 

(CO2+DIC) based ε values for M. a strains are probably too enriched. Because DIC and CO2 

samples were both collected only on day 2 and day 4, but the M. a strains grew very fast, and 
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the most ideal condition of the open system isotopic resemblance was likely already missed 

on day 2. 

It's obvious that for strains utilizing different substrates for methylotrophic 

methanogenesis, the resulting δ13C-CH4 based ε values and δ13C-(CO2+DIC) based ε values 

can be different according to our cultivation experiments. M. m strains that use TMA as 

substrates have much more enriched δ13C-CH4 based ε values and δ13C-(CO2+DIC) based ε 

values compared to the strains using methanol as substrates (M. b strains and M. a strains), 

even though the current studied metabolic pathways of methylotrophic methanogenesis for 

the two substrates are very similar. 

For the M. b strains and M. b △mtr strains, the resulting δ13C-CH4 based ε values and 

δ13C-(CO2+DIC) based ε values are also different. The wild type strains produced more 

depleted CH4 compared to the mutant strains. The comparison between the M. b strain and 

the M. b △mtr growing using CH3OH+H2 is the most representative to show the difference at 

the branch point. The M. b strain had a ε of -85.31‰ from CH3OH to CH4, and a ε of -

43.57‰ from CH3OH to CO2. While the ε(CH4) value we got from the M. b △mtr strain is -

79.53‰, 5.78‰ greater than the wild strain. This comparison indicates that the branch point 

introduces more isotopic fractionations to the resulting products and causes products to be 

more depleted in isotopic values.  

  For the M. b △mtr strain that grew under CH3OH+H2 condition and M. b △mtr strain 

that grew under CH3OH+sodium acetate condition, the δ13C-CH4 based ε values measured 

were similar (-79.53‰ for strains with CH3OH+H2, and -77.87‰ for strains with CH3OH + 

sodium acetate) indicating that the isotopic fractionation from CH3OH to CH4 remains 
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relatively stable, whether the reduction of CH3OH to CH4 is coupled to H2 oxidation or 

acetate oxidation. 

 

3.4 Open System Steady State Calculations to Estimate δ13C-(CH3-CoM), 𝛆(CH3-CoM 

to CH4), and 𝛆(CH3-CoM to CO2) of Strains Utilizing Methanol as Substrate 

A further delve into the comparison between M. b strain and M. b △mtr strain that 

grew with CH3OH+H2 gives us a better understanding of the isotope systematics at the 

reaction branch point. A first important consideration is the reversibility of metabolism for 

carbon entering the methanogenic pathway through methanol to CH3-CoM. The Gibbs Free 

Energy yield for this reaction step has been calculated at -27 kJ/mol, making the reaction 

highly exergonic in vivo (Deppenmeier et al., 1989). While the reaction has been shown to be 

reversible (Timmers et al., 2017), the exergonic character of the reaction indicates that the 

extent of equilibration in vivo will be limited, and isotopic equilibration is therefore unlikely 

during active metabolism.  To test this assumption, we compared the isotope fractionation 

from methanol to CH4 for M. b strain and M. b △mtr.  If isotopic equilibration was achieved 

between CH3OH and CH3-CoM, we would predict that the produced methane would have the 

same δ13C for both cases, which it does not. In contrast, if isotopic equilibrium was not 

achieved between CH3OH and CH3-CoM, we would predict additional fractionation arising 

from different epsilon factors at the branch point, and indeed a 5.8‰ shift is observed.  

Together the thermodynamic and isotopic evidence point to the initial step of methyl transfer 

as the primary source of fractionation in the system and as a reaction with minimal isotopic 

equilibration for these experimental conditions.   
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In order to explore our inference, we employ the open system steady state model 

described in Hayes, 2004 (Fig. 2). Here we treat the initial exponential phase of growth in the 

cultivation bottles as open system at steady state, in which reactant flows steadily into a 

reaction chamber and products flow from the chamber. The amount of material in the 

reaction chamber is constant. 

For M. b strain, the flux of carbon entering the box fi equals the flux of products out 

of the chamber f1+f2. δi denotes the δ13C of carbon entering the system, while δ1 and δ2 show 

the δ13C of two carbon related products leaving the system. According to isotope mass 

balance equation (Eq. 6),  

fiδi = f1δ1+ f2δ2          (Eq. 9) 

Since we already know the reaction stoichiometry of the methylotrophic reaction 

from methanol to CH4 and CO2, f1=0.75fi, f2=0.25fi. And then according to our short-term 

cultivation experiment, δ2 has an average value of -68.9‰, and δ1 has an average value of -

110.3‰, so δi can be calculated as 0.75*(-110.3‰) + 0.25*(-68.9‰) = -99.95‰. 

Because of the definition of δi = δ13C-CH3OH + εi, εi = -72.65‰, this value shows the 

isotopic fractionation of the methyl transferase step, from the provided substrate CH3OH to 

the intermediate CH3-CoM, based on our assumptions.  

δss denotes the δ13C-(CH3-CoM) at steady state. At steady state, δ1 = δss + ε1 (δss = -

110.3‰ - ε1), and δ2 = δss + ε2 (δss = -68.9 - ε2), so 

ε1-ε2 = δ1-δ2          (Eq. 10) 

In order to estimate the δss, ε1, and ε2 values, we made a figure (Fig. 3) to estimate the 

values of ε1 and ε2 based on the potential δss values at the steady state. Since the δi entering 

the box is -99.95‰, and in the box only equilibrium isotope effect takes place, the tested δss 



 104 

values range from -99.95‰ to -9.95‰. The corresponding ε1 and ε2 values are shown in 

Figure 3. A more reasonable estimated value range for δss would be -59.95 to -39.95‰, 

which corresponds to a ε2 value range of -28.9 to -8.95‰, and a ε1 value range of -70.35 to -

50.35‰. 

For M. b △mtr strain, the flux of carbon entering the box fi equals the flux of products 

out of the chamber f1’, fiδi = f1’δ1’, so δi = δ1’. According to our short-term experiment 

measurements, δi = δ1’= -104.7‰. Again, according to the definition δi = δ13C-CH3OH + εi, εi 

= δi - δ13C-CH3OH = -77.4‰. We expected that for the M. b strain and the M. b △mtr strain, 

the δi and εi should have the same value, because it’s the same metabolic pathway. However, 

the δi value we get from M. b △mtr strain is slightly more negative than the δi value we get 

from M. b strain (-99.95‰). This might be caused by the reason that we did not sample DIC 

for the M. b strain every day, and we may have missed the most negative values of the δ13C-

(CO2+DIC). Another possible reason behind this might be related to the uptake of carbon for 

biomass. 

At steady state, δ1’= δss’+ε1. δss’ = δ1’ - ε1, if we use the estimated range of ε1 for M. b, 

then δss’ would be in the range of -54.35 to -34.35‰. This indicates that when the oxidative 

route from the branch point is blocked, the δ13C value of the CH3-CoM responds to a more 

enriched value. 

From these studies we find evidence that the large fractionations observed from 

methylotrophic methanogenesis likely derive from the initial methyl transferase step, not 

from the terminal reaction, and are further modulated by the metabolic branch point at which 

carbon dioxide becomes more 13C enriched and methane becomes more 13C depleted, relative 

to the carbon entering the metabolic pathway.   
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A.  

B.    

C.  

Figure 1. Three different methylotrophic methanogenesis metabolic pathways of the four 

methanogen strains under the five cultivation conditions. Chemicals involved are indicated in 

black font, while enzymes involved are highlighted in red font. A) Methylotrophic 

methanogenesis using methanol or TMA, used for M. b, M. a, and M. m; B) Methanol 

reduction coupled to H2 oxidation, utilized by M. b △mtr; C) Methanol reduction coupled to 

acetate reduction, utilized by M. b △mtr. 
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A.  

B.  

Figure 2. A) Schematic view of M. b strain cultivation as an open system at steady state. The 

system is supplied with reactant CH3OH and from which products CH4 and CO2 are 

withdrawn. fi describes the relative flux of carbon into the system, while f1 and f2 describe 

the relative flux of carbon out of the system as products CH4 and CO2 respectively. δi denotes 

the δ13C value of carbon entering the system, and δ1 and δ2 show the δ13C values of products 

CH4 and CO2. εi means the isotopic fractionation factor associated with the methyl 

transferase step from the provided substrate CH3OH to CH3-CoM. And ε1 and ε2 show the 

isotopic fractionation factors from CH3-CoM to CH4 (ε(CH3-CoM to CH4)) and CH3-CoM to 

CO2 (ε(CH3-CoM to CO2)) respectively. δss depicts the δ13C of CH3-CoM at steady state 

condition. B) Schematic view of M. b △mtr strain cultivation as an open system at steady 

state. The system is supplied with reactant CH3OH and from which product CH4 is 

withdrawn. δi denotes the δ13C value of carbon entering the system, and δ1’ means δ13C value 

of product CH4. εi means the isotopic fractionation factor associated with the methyl 

transferase step from the provided substrate CH3OH to CH3-CoM. And ε1 shows the isotopic 

fractionation factors from CH3-CoM to CH4 (ε(CH3-CoM to CH4)). δss’ depicts the δ13C of 

CH3-CoM at steady state condition. 
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Figure 3. Estimated δss, ε1, and ε2 values based on the relationship between them.  
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Table 1. Growth conditions (substrates and headspace gas compositions) and methylotrophic 

methanogenesis reactions of four methanogen strains under five cultivation settings, for both 

the short-term and long-term cultivation settings.  
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Table 2. Short-term cultivation samplings and analyses conducted. 

a, Headspace pressure 

b, [CH4] and δ13C-CH4 

c, [CO2] and δ13C-CO2 

d, [DIC] and δ13C-DIC 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

D0 D1 D2 D3 D4
M. b d a, b, c a, b, c, d a, b, c a, b, c, d
M.b △mtr MeH 2 d a, b, c a, b, c, d a, b, c a, b, c, d
M.b △mtr MeAc3 d a, b, c a, b, c, d a, b, c a, b, c, d
M. a d a, b, c a, b, c, d a, b, c a, b, c, d
M. m d a, b, c a, b, c, d a, b, c a, b, c, d
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Table 3. Volumes of gas samples taken from each serum bottle to 12 mL sampling vial, and 
from 12 mL sampling vial to sub-dilution sampling vial (for CH4 samples) each sampling 
day, and the calculated combined dilution factors. 
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Table 4. Stable carbon isotopic signatures of substrates used for methylotrophic 

methanogenesis. Two replicates were performed for δ13C-CH3OH measurements, four 

replicates were measured for δ13C-sodium acetate and δ13C-TMA·HCl respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Measurement 1 Measurement 2 Measurement 3 Measurement 4 average
δ13C-CH3OH -27.32‰ -27.27‰ NA NA -27.30‰
δ13C-CH3COONa -41.97‰ -42.09‰ -42.01‰ -41.62‰ -41.92‰

δ13C-TMA·HCl -44.58‰ -44.54‰ -44.28‰ -44.52‰ -44.48‰
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Table 5. ε values calculated based on δ13C-CH4 and δ13C of corresponding substrates for the 

four methanogen strains cultivated under five different cultivation settings. Numbers in red 

color show the most negative ε values that we use as representative values in open system 

model calculation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

D1 D2 D3 D4
M.b1 -81.96 -85.52 -84.33 -79.02
M.b2 -79.87 -85.45 -83.41 -82.8
M.b3 -81.66 -81.71 -84.96 -82.88
M.b △mtr MeAc1 -74.47 -78.49 -77.61 -76.92
M.b △mtr MeAc2 -74.24 -75.23 -77.49 -76.63
M.b △mtr MeAc3 -60.31 -69.07 -76.19 -77.62
M.b △mtr MeH21 -79.44 -79.17 -78.69 -73.36
M.b △mtr MeH22 -79.71 -78.93 -77.97 -71.92
M.b △mtr MeH23 -79.44 -73.11 -78.1 -72.3
M.a1 -84.68 -62.82 -24.72 -17.73
M.a2 -85.22 -65.15 -21.85 -20.56
M.a3 -85.26 -67.95 -20.75 -19.75
M.m1 -60.77 -56.42 -54.25 -45.78
M.m2 -60.92 -57.43 -57.04 -54.27
M.m3 -60.4 -57.47 -54.79 -51.57
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Table 6. ε values calculated based on δ13C-(CO2+DIC) and δ13C of corresponding substrates 

for the four methanogen strains cultivated under four different cultivation settings. Numbers 

in red color show the most negative ε values that we use as representative values in open 

system model calculation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

D2 D4
M.b1 -41.85 -39.52
M.b2 -33.75 -42.35
M.b3 -36.1 -46.52
M.b △mtr MeAc1 -17.21 -20.28
M.b △mtr MeAc2 -18.22 -19.9
M.b △mtr MeAc3 -21.29 -19.14
M.a1 -15.4 46.92
M.a2 -13.42 54.48
M.a3 -18.92 54.5
M.m1 -25.79 -19.38
M.m2 -26.24 -18.37
M.m3 -24.05 -12.95
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Table 7. Average δ13C-CH4 based ε values and δ13C-(CO2+DIC) based ε values of the four 

strains under five cultivation settings.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Strain Substrate used for 
methylotrophic methanogenesis

Average δ13C-CH4 

based ε values
Average δ13C-(CO2+DIC) 

based ε values

M. barkeri methanol -85.31 -43.57
M. barkeri △mtr MeAc methanol+sodium acetate -77.87 -20.49

M. barkeri △mtr MeH2 methanol+H2 -79.53 NA (no CO2 production)
M. activorans methanol -85.05 -15.91

M. methylutens H2 TMA -60.70 -25.36
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Appendix. δ13C-CH4, δ13C-CO2 and δ13C-DIC values of the four methylotrophic methanogen 

strains under five cultivation conditions, utilizing long-term cultivation setting to 

approximate a closed system analogue. 

 

 
 

Table 1. The measured δ13C-CH4, δ13C-CO2 and δ13C-DIC of two replicates of strain M. b 

cultivated with methanol in the long-term cultivation setting. 

 
 
 

Strain and 
Sampling Day δ13C-CH4 (‰) δ13C-CO2 (‰) δ13C-DIC (‰)

LMbw2D0 NA NA 1.36
LMbw3D0 NA NA 1.86
LMbw2D2 -111.94 -64.60 -53.73
LMbw3D2 -93.91 -65.66 -58.78
LMbw2D5 -49.02 6.37 8.45
LMbw3D5 -47.33 10.47 12.46
LMbw2D8 -52.26 3.27 3.52
LMbw3D8 -48.20 8.12 9.71
LMbw2D10 -46.35 3.63 5.55
LMbw3D10 -45.88 7.78 9.70
LMbw2D12 -46.00 3.31 5.17
LMbw3D12 -47.01 7.42 9.24
LMbw2D13 -45.90 3.19 NA
LMbw3D13 -47.06 7.19 NA
LMbw2D14 -45.64 2.98 4.94
LMbw3D14 -47.12 6.73 8.57
LMbw2D15 -45.93 2.94 NA
LMbw3D15 -47.12 6.29 NA
LMbw2D16 -45.49 2.62 4.33
LMbw3D16 -46.80 5.62 7.56
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Table 2. The measured δ13C-CH4, δ13C-CO2 and δ13C-DIC of two replicates of strain M. b 

△mtr cultivated with methanol + H2 in the long-term cultivation setting. 

 

Strain and 
Sampling Day δ13C-CH4 (‰) δ13C-CO2 (‰) δ13C-DIC (‰)

LMbm1MeH2D0 NA NA -38.53
LMbm2MeH2D0 NA NA -38.23
LMbm3MeH2D0 NA NA -38.32
LMbm1MeH2D2 -100.21 -36.91 -34.18
LMbm2MeH2D2 -99.30 -36.76 -34.03
LMbm3MeH2D2 -99.83 -37.55 -35.02
LMbm1MeH2D4 -97.47 -34.24 -31.65
LMbm2MeH2D4 -97.43 -34.36 -31.70
LMbm3MeH2D4 -99.13 -35.01 -32.69
LMbm1MeH2D6 -95.25 -32.12 -29.53
LMbm2MeH2D6 -94.80 -32.48 -29.62
LMbm3MeH2D6 -96.05 -32.86 -30.57
LMbm1MeH2D8 -87.45 -30.01 -27.82
LMbm2MeH2D8 -86.83 -30.13 -27.78
LMbm3MeH2D8 -87.69 -30.02 -28.18
LMbm1MeH2D10 -86.37 -28.14 -26.04
LMbm2MeH2D10 -86.33 -28.63 -26.28
LMbm3MeH2D10 -87.74 -28.61 -26.38
LMbm1MeH2D12 -85.58 -26.30 -24.04
LMbm2MeH2D12 -83.08 -26.90 -24.44
LMbm3MeH2D12 -85.05 -26.83 -24.71
LMbm1MeH2D13 -82.05 -25.68 NA
LMbm2MeH2D13 -81.63 -26.30 NA
LMbm3MeH2D13 -84.38 -26.29 NA
LMbm1MeH2D14 -81.71 -24.98 -22.96
LMbm2MeH2D14 -81.22 -25.72 -23.21
LMbm3MeH2D14 -81.08 -25.55 -23.50
LMbm1MeH2D15 -81.22 -24.27 NA
LMbm2MeH2D15 -80.24 -25.07 NA
LMbm3MeH2D15 -82.84 -24.95 NA
LMbm1MeH2D16 -79.96 -23.68 -21.45
LMbm2MeH2D16 -79.38 -24.54 -21.94
LMbm3MeH2D16 -82.01 -24.49 -22.26
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Table 3. The measured δ13C-CH4, δ13C-CO2 and δ13C-DIC of three replicates of strain M. b 

△mtr cultivated with methanol + sodium acetate in the long-term cultivation setting. 

 
 
 
 
 

Strain and 
Sampling Day δ13C-CH4 (‰) δ13C-CO2 (‰) δ13C-DIC (‰)

LMbm1MeAcD0 NA NA -47.58
LMbm2MeAcD0 NA NA -47.00
LMbm1MeAcD2 -103.27 -60.62 -54.83
LMbm2MeAcD2 -103.68 -59.35 -53.06
LMbm1MeAcD5 -75.79 -54.10 -49.86
LMbm2MeAcD5 -78.09 -53.95 -49.76
LMbm1MeAcD8 -72.00 -49.78 -46.18
LMbm2MeAcD8 -74.75 -49.33 -45.75
LMbm1MeAcD10 -71.87 -49.64 -46.34
LMbm2MeAcD10 -74.86 -49.36 -45.68
LMbm1MeAcD12 -71.87 -49.75 -46.27
LMbm2MeAcD12 -74.84 -49.29 -45.74
LMbm1MeAcD13 -71.84 -49.73 NA
LMbm2MeAcD13 -74.75 -49.33 NA
LMbm1MeAcD14 -71.41 -49.44 -46.12
LMbm2MeAcD14 -74.33 -49.37 -45.73
LMbm1MeAcD15 -71.88 -49.74 NA
LMbm2MeAcD15 -74.56 -49.30 NA
LMbm1MeAcD16 -71.50 -49.70 -46.06
LMbm2MeAcD16 -74.29 -49.18 -45.63
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Table 4. The measured δ13C-CH4, δ13C-CO2 and δ13C-DIC of two replicates of strain M. a 

cultivated with methanol in the long-term cultivation setting. 

 
 
 
 
 
 

Strain and 
Sampling Day δ13C-CH4 (‰) δ13C-CO2 (‰) δ13C-DIC (‰)

LMa2D0 NA NA 5.18
LMa3D0 NA NA 4.80
LMa2D2 -50.88 4.48 29.10
LMa3D2 -58.03 10.14 43.18
LMa2D4 -44.54 11.97 15.67
LMa3D5 -46.58 15.58 19.06
LMa2D6 -44.19 11.23 15.46
LMa2D8 -30.44 10.12 13.35
LMa3D8 -44.99 15.82 18.67
LMa2D10 -44.86 9.48 12.63
LMa3D10 -46.07 15.59 18.57
LMa2D12 -44.44 9.47 12.73
LMa3D12 -45.17 15.41 18.48
LMa2D13 -44.37 9.56 NA
LMa3D13 -44.84 15.28 NA
LMa2D14 -44.58 9.66 13.10
LMa3D14 -44.89 15.08 17.66
LMa2D15 -44.69 9.62 NA
LMa3D15 -44.76 14.71 NA
LMa2D16 -44.41 9.58 13.57
LMa3D16 -45.31 14.04 16.96
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Table 5. The measured δ13C-CH4, δ13C-CO2 and δ13C-DIC of three replicates of strain M. m 

cultivated with TMA in the long-term cultivation setting. 

 

Strain and 
Sampling Day δ13C-CH4 (‰) δ13C-CO2 (‰) δ13C-DIC (‰)

LMm1D0 NA NA -8.68
LMm2D0 NA NA -10.91
LMm3D0 NA NA -9.85
LMm1D2 -89.57 -52.86 -50.56
LMm2D2 -93.23 -41.15 -46.67
LMm3D2 -90.58 -37.28 -45.61
LMm1D5 -54.02 0.80 9.89
LMm2D5 -47.89 9.85 14.81
LMm3D5 -46.50 9.94 14.65
LMm3D8 -44.90 9.49 14.15
LMm1D8 -46.85 10.26 14.91
LMm2D8 -46.48 9.97 14.18
LMm1D10 -44.99 9.37 14.11
LMm2D10 -45.99 10.28 14.86
LMm3D10 -47.36 9.89 14.49
LMm1D12 -46.92 9.37 14.15
LMm2D12 -46.43 10.11 15.02
LMm3D12 -46.10 9.84 14.61
LMm1D13 -46.78 9.36 NA
LMm2D13 -46.49 10.21 NA
LMm3D13 -46.20 9.44 NA
LMm1D14 -46.78 9.35 14.09
LMm2D14 -46.29 10.23 14.97
LMm3D14 -45.92 9.65 14.50
LMm1D15 -46.78 9.34 NA
LMm2D15 -46.32 10.18 NA
LMm3D15 -45.88 9.67 NA
LMm1D16 -47.03 9.25 14.15
LMm2D16 -46.37 10.26 14.92
LMm3D16 -45.76 9.74 14.36




