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PE Paired-end 

PG Persian Gulf 

PMN Polymorphonuclear leukocyte 

pO2 Oxygen partial pressure 

ppb Parts per billion 

ppm Parts per million 

PSI Pound per square inch 

PSU Practical salinity units 

QC Quality control 

QC% Query cover percentage 

QO2 Oxygen consumption 

R Reverse primer 

RCA Roseobacter clade affiliated 

RNA Ribonucleic acid 

RNI Reactive nitrate intermediates 

ROS Reactive oxygen species 

RPMI Roswell Park Memorial Institute 

rRNA Ribosomal RNA 

RS Red Sea 

RT-PCR Reverse transcriptase PCR 

RuMP Ribulose monophosphate 

S, Ser Serine 
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Abbreviation  

SCFM Synthetic CF sputum media 

sec Second 

SEM Standard error of the mean 

SMM S-methylmethionine 

SOA Secondary organic aerosols 

Sp. Species (singular) 

Spp. Species (plural) 

SRB Sulfate reducing bacteria 

SWACM Southwest African continental margin 

T, Thr Threonine 

TBE Tris-borate-EDTA 

Tg Teragram 

THF Tetrahydrofolate 

TMA Trimethylamine 

TMAO Trimethylamine N-oxide 

U Enzyme unit 

UQ Ubiquinone 

UQH2 Ubiquionol 

UV Ultraviolet 

v Version 

v/v Volume by volume 

VOSC Volatile organic sulfur compound 

VSC Volatile sulfur compound 

W Watt 

W, Trp Tryptophan 

w/v Weight by volume 

WBS Western Bering Sea 

WGS Whole genome sequencing 

Y, Tyr Tyrosine 

α Alpha 
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Abbreviation  

β Beta 

γ Gamma 

λ Lambda 

μ Micro 

μL Microliter 
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Abstract 
Across the Earth and throughout the human body, microorganisms are ubiquitous. 
Survival in extreme and dynamic environments requires rapid adaptation to physical, 
chemical, and biological conditions. In return, their metabolism contributes to global 
biogeochemical cycles and local nutrient availability, impacting the world around us 
and inside of us. One such example of adaptation utilises alternative terminal 
electron acceptors for anaerobic respiration. The work in this thesis specifically 
focussed on the bacterial reduction of dimethylsulfoxide (DMSO) and trimethylamine 
N-oxide (TMAO), across a range of anoxic environments.  
 
The reduction of DMSO to dimethylsulfide (DMS), the climate relevant gas, in the 
marine environment has long been established, yet the identity of the organisms that 
carry it out remained unknown. This work confirmed bacterial members of the 
abundant marine Roseobacter clade are capable of both DMSO and TMAO reduction 
and called into question the longstanding acceptance of using a specific amino acid 
motif to predict substrate bifunctionality. 
 
Saltmarshes are sulfur cycling hotspots with high levels of productivity and steep 
redox gradients. This research confirmed the abundance of DMSO and 
dimethylsulfoniopropionate (DMSP), the major source of DMS, across the sediment, 
and characterised the bacterial community that reside there. Additional incubations 
confirmed their ability to reduce DMSO to DMS, and further convert it to methane. 
Sequencing data identified the drivers of these processes, over three decades after 
they were first suggested. 
 
This research also extended to the clinical environment, given the presence of DMS 
and TMA in diet, and their oxidation in the liver. Specifically, the genetic potential for 
Cystic Fibrosis pathogens to reduce DMSO and TMAO was confirmed by 
bioinformatic analysis. This was phenotypically confirmed in Burkholderia dolosa and 
shown to significantly affect the growth of Pseudomonas aeruginosa, highlighting the 
importance of considering facultative anaerobic respiration by opportunistic 
pathogens in anoxic niches of biofilms.  
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1 Introduction 
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1.1 Global importance of DMS 

1.1.1 DMS and global climate 

Microorganisms play a significant role in global biogeochemical cycling and climate 

regulation, such as the microbial metabolism of organic sulfur compounds. An active 

sulfur cycle was first theorised off the coast of Peru in 1852, when a “decided odour 

of the gas” was observed from a marine sulfidic event (Burtt, 1852). Ever since, 

scientists have worked towards understanding the mysterious, sulfureous smell of 

the ocean, and countless research expeditions, data collection, and chemical and 

ecological observations have contributed to a broad comprehension of the complex 

sulfur cycle in the world around us, and attributing the ‘smell of the sea’ to 

dimethylsulfide (DMS) (Stiefel, 1996). 

 

 
Figure 1.1. Chemical structure of DMS. 

 

DMS is a volatile organic sulfur compound (VOSC), as shown in Figure 1.1, of wide 

and varied global importance. It plays a role in our everyday lives, through food and 

drink items such as breakfast cereal, beer, and wine (Dickenson, 1979; Pearson et al., 

1981; Lytra et al., 2014), and its contribution to halitosis on the breath, given its 

distinctive smell (Tangerman and Winkel, 2008), which has also provided inspiration 

for several philosophical olfactory discussions (Morton, 2000). But predominantly, 

extensive research on this compound is linked to its role in global climate regulation 

by its direct association with cloud formation, and therefore back scattering of solar 

radiation, known as the albedo effect (Boucher and Lohmann, 1995), as detailed in 

Figure 1.2.  
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Figure 1.2. Atmospheric DMS leads to solar radiation backscatter. Marine DMS(aq) released into the 

atmosphere where DMS(g) forms aerosols which act as cloud condensation nuclei (CNN), increasing 

the albedo effect which works towards backscattering solar radiation away from the Earth. Taken from 

(Simó, 2001). 

 

This potential for primary producers and the cycling of sulfur compounds to regulate 

global climate via a geophysical feedback mechanism was originally termed the 

Charlson-Lovelock-Andreae-Warren (CLAW) hypothesis (Charlson et al., 1987). It 

starts by the oxidation of DMS in the troposphere, to sulfuric acid and methane 

sulfonic acid, which condense and form sulfate aerosols. In cloud-free air, these alone 

can backscatter solar radiation (Charlson et al., 1991), but more often, particles grow 

and pool together as cloud condensation nuclei (CCN) (Andreae and Crutzen, 1997) 

which lead to the formation and growth of cloud droplets following the Köhler theory 

(Köhler, 1936), by influencing the microphysical properties of atmospheric water 
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(Andreae and Rosenfeld, 2008). On a large scale, such as for marine aerosols, the 

kinetic limitations of cloud droplet formation have a negligible effect on the overall 

cloud albedo effect (Nenes et al., 2001), and so it can be assumed that high 

concentrations of atmospheric DMS lead to more sulfate aerosols and therefore 

more radiation backscatter. It has also been suggested that an increase in number of 

smaller CCN, as observed with high levels of DMS, can increase cloud brightness and 

lifetime, further increasing their albedo effect (IPCC, 2007). The concentration of 

these DMS oxidation products varies by region, and these local conditions do limit 

the magnitude of CCN formation (Woodhouse et al., 2013). Amines, particularly high 

in concentration at some locations due to their anthropogenic sources, may also 

increase CCN formation rate (Almeida et al., 2013) via acid-base clustering that helps 

stabilise sulfuric acid clusters in low concentration, and increase collision rate and 

nuclei growth as concentration increases (Lehtipalo et al., 2016), as shown in Figure 

1.3. Relative humidity and temperature have been shown to have a negligible effect 

on oxidation of DMS (Yan et al., 2020), but the effect of global warming on the 

environments that produce sulfate aerosols remains unknown (Andreae et al., 2005). 
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Figure 1.3. Acid-base clustering aids CCN formation. The acid-base interactions between sulfuric acid 

and amines stabilise clusters and increase probability of collision, increasing rate of CCN formation and 

growth. Taken from (Lehtipalo et al., 2016).  

 

The Earth’s radiation (or energy) budget (ERB) is a term used to describe the incoming 

solar energy the Earth receives, and the amount reflected out into the atmosphere 

as infrared radiation (Trenberth et al., 2009). Approximately 340 W/m2 of solar 

radiation is received on Earth, of which approximately 77 W/m2 is backscattered by 

clouds and atmosphere, and approximately 23 W/m2 is reflected by surface albedo 

(Loeb et al., 2009), as described in further detail in Figure 1.4. This must be 

maintained to ensure a consistent absorbed solar radiation (ASR) level, and therefore 

global climate (Johnson et al., 2016). If left unbalanced, excess energy accumulates, 

known as Earth’s energy imbalance (EEI), and 90% of this is thought to be stored in 

oceans (Murphy et al., 2009), increasing their temperature, decreasing ice mass, and 

increasing atmospheric temperature and moisture (Intergovernmental Panel on 

Climate, 2014). The surface ocean waters are therefore where both high levels of the 

climate cooling gas DMS is produced, and where increased heat storage occurs. 

Research investigating this has found DMS emissions increase as Arctic sea ice melts 

(Galí et al., 2019) and additional work also directly links this to increased precipitation 
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(Wang et al., 2021), which may be due to increased cloud formation from increased 

DMS and therefore CCN levels. 

 

 
Figure 1.4. Earth's energy budget. The Earth’s energy budget is shown as a calculation of incoming 

solar energy, minus radiation backscattered by clouds, atmosphere and surface, plus infrared 

radiation, thermal and latent heat emitted from the Earth’s surface. Taken from (NASA, 2009). 

 

The early theories of the CLAW hypothesis were built upon to suggest such sulfate 

aerosols in the atmosphere could counteract the effect of greenhouse gasses on the 

global climate through the albedo effect. Anthropogenic sulfate sources, as shown in 

Figure 1.5, are three times higher than natural ones (Bates et al., 1992), and early 

models suggested that these alone could counterbalance the effect of anthropogenic 

CO2 on climate (Mitchell et al., 1995). However, industrial sources of sulfate are 

confined to limited areas around the world, particularly in the Northern Hemisphere, 

whereas DMS, and the sulfate aerosols that result from it, are released globally from 

oceans that cover 70% of the Earth’s surface. The publication of the Global Surface 

Seawater DMS Database (Kettle et al., 1999) allowed for DMS data to be integrated 
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into climate models for the first time. Some striking findings showed that a doubling 

of atmospheric CO2 may increase DMS flux at mid-latitudes (suggesting an alleviation 

of global warming), but decrease DMS flux at lower latitudes, and therefore amplify 

the greenhouse gas effect (Bopp et al., 2003; Bopp et al., 2004). Other models 

suggest a small negative feedback loop between climate change and marine DMS 

production (Gunson et al., 2006), but again it shows the difficulty in giving general 

predictions on what effect climate change will have on DMS flux, and the effect of 

DMS and sulfate aerosols on global climate. Additionally, these findings are still based 

on simplistic ecological assumptions, often assuming DMS concentration as a 

function of chlorophyll, nutrient, and light parameters (Gunson et al., 2006), and so 

a greater understanding of biogenic production and consumption of DMS is 

paramount if these are to improve in the form of process-orientated models (Stefels 

et al., 2007).  
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Figure 1.5. Sources of atmospheric aerosols. Atmospheric aerosols made up of a variety of particles 

from anthropogenic and natural sources can absorb and reflect solar radiation. Taken from (Penner, 

2019). 

 

Although DMS procured sulfate particles make up approximately half of global CCN 

(Merikanto et al., 2009), other natural sources must also be highlighted, as shown in 

Figure 1.5, and remain substantial areas of uncertainty in climate models (Regayre et 

al., 2018). These include dust (Woodward et al., 2005), wildfire carbonaceous 

particles (Gillett et al., 2004), volcanic eruptions (Gu et al., 2003), and secondary 

organic material from terrestrial biogenic emissions (Guenther et al., 1995), all of 

which further complicate and integrate global climate change into Earth feedback 

loops. One study tried to consider all these aerosol-related systems and their various 

drivers of change, and predicted a global average change to surface radiation 

absorption of 1 W/m2 by 2100, with some areas under a considerably higher burden 
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(Carslaw et al., 2010). But even still, additional implications of climate change, such 

as primary productivity of plants (Mercado et al., 2009), change in nutrient supply to 

vegetation and ocean phytoplankton (Guenther et al., 2006; Behrenfeld et al., 2006), 

vegetation type and distribution (Gu et al., 2002; Arneth et al., 2008), increased 

numbers of forest fires (Westerling et al., 2006; Flannigan et al., 2009), dust settling 

on sea ice (Randerson et al., 2006), and sea ice retreats (Campen et al., 2022) 

demonstrate just how difficult it is to model the Earth’s radiative balance today and 

predict it for the future. To do so successfully, it has been suggested that such 

complex systems need to be simplified to minimise schemes and maximise 

explanations, as attempted in Figure 1.6 (Carslaw et al., 2010), which includes the 

production of biogenic gases from marine systems.  

 

 
Figure 1.6. Aerosols interacting between Earth systems. The highly complex network of global Earth 

systems depicted, interacting via biogenic volatile organic compounds (BVOCs), including DMS, 

secondary organic aerosols (SOAs), elemental organic carbon (OC), and dust particles. Taken from 

(Carslaw et al., 2010). 

 

DMS and an understanding of its global flux from natural and anthropogenic sources, 

moving from marine to terrestrial environments, is therefore of critical interest when 
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studying Earth System models (ESM), atmospheric chemistry, and biogeochemical 

cycles (Bates et al., 1992).  

 

1.1.2 DMS and global sulfur flux 

First theorised in 1972, after initial measurements in seawater were reported 

(Lovelock et al., 1972), DMS is the most abundant biogenic sulfur compound in the 

atmosphere, and responsible for the global flux of sulfur on a geologically short 

timescale (Kettle and Andreae, 2000; Simó, 2001). Its flux from ocean to atmosphere 

is considered a function of surface water concentration, atmosphere concentration, 

and the gas transfer coefficient (Liss and Slater, 1974), all of which have continued to 

be monitored closely across the globe in the intervening decades. Most recent 

estimates suggest 17.6-34.4 Tg of sulfur annually move from ocean to atmosphere in 

the form of DMS (Lana et al., 2011), representing 80% of global DMS emissions 

(Kettle and Andreae, 2000). 

 

Such emissions are particularly high and consistent through the year from equatorial 

Pacific Ocean waters, with strong wind events, such as the El Niño-Southern 

Oscillation having little effect on surface water DMS concentrations (Bates and 

Quinn, 1997). Other calculations confirm interannual variations in sea surface 

temperature and high winds result in just a 10% variation in DMS flux (Kettle and 

Andreae, 2000). Recent work compiled 47,313 DMS seawater measurements, from 

four decades of research, from the Global Surface Seawater DMS Database (Kettle et 

al., 1999) and highlights the southern Indian Ocean as a new hotspot of DMS 

production. It also shows levels can increase during summer months, but overall 

agrees with early calculations of DMS concentration (Berresheim, 1987) at a range of 

1-7 nM across global surface waters (Lana et al., 2011), with 50% of values less than 

2 nM, and 1% of values greater than 10 nM, as shown in Figure 1.7. 
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Figure 1.7. Global DMS hotspots throughout the year. Global ocean monthly climatology of DMS 

concentrations (nM) show seasonal and spatial variation in DMS concentration, with higher 

concentrations found at higher latitudes, and a general increase in summer months. Calculated from 

monthly biogeochemical province mean concentrations, adjusted with local scale data measurements, 

and smoothed using 5-point median and 11-point unweighted filter smoothing. Taken from (Lana et 

al., 2011). 

 

These data show the prevalence of DMS in our environment, the widespread role it 

plays in our global ecosystem, and how significantly it contributes to sulfur cycling, 

in addition to its effect on global climate and ecosystems. 
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1.1.3 DMS across multi-trophic ecosystems 

Another motivation to study movement of DMS through the ecosystem is the 

neuroecological effect it has as an infochemical for higher organisms in the 

surrounding ecosystem. Through their sense of smell, fish navigate open oceans and 

return to feeding grounds, and birds fly thousands of miles and find food and nesting 

locations. DMS contributes to this marine and atmosphere olfactory landscape, 

released from oceanic areas of high primary production, as detailed in Section 1.2, 

correlating with phytoplankton and zooplankton populations (Owen et al., 2021). 

Therefore, Antarctic sea birds, such as albatrosses and petrels, have developed highly 

sensitive olfactory systems which use DMS to navigate and locate prey over 

thousands of square kilometres (Nevitt et al., 1995; Nevitt, 2000; Nevitt, 2011). 

Additionally, DMS acts as a strong chemoattractant in oceans for fish (DeBose and 

Nevitt, 2008), and dissolved dimethylsulfoniopropionate (DMSP) has been shown to 

stimulate their gathering and feeding (Nevitt, 2011). Changes in feeding behaviours 

have also been observed in crustaceans (herbivorous copepods) in response to 

plumes of DMS, increasing tail-flapping search behaviours for zooplankton prey 

(Steinke et al., 2006), whilst various motile phytoplankton, heterotrophic bacteria 

and zooplankton also change their swimming patterns in response to DMSP 

(Seymour et al., 2010), and recent modelling confirms directed swimming up through 

increasing gradients of DMS does reach phytoplankton prey faster than random 

scenarios (Owen et al., 2021).  
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Figure 1.8. Role of DMS as an infochemical in multi-trophic ecosystem interactions. DMS signals 

areas of high primary productivity and prey, attracting higher organisms to feed, which increases 

nutrient availability in surface ocean waters and increases phytoplankton populations, and therefore 

DMS release. Adapted from (Nevitt, 2011). 

 

Such links in multi-trophic systems may also play into a positive feedback loop, as 

described in Figure 1.8, where higher organism excretion increases nutrient 

availability to lower-level organisms, which in turn grow in population size, produce 

more DMSP and DMS, and attract more higher-level organisms. These behaviour 

changes only add further complexity to ESMs and biogeochemical sulfur cycles, 

especially in the context of global warming, changing animal populations, and food 

web dynamics. Owing to this, a greater understanding of each individual biochemical 

process can contribute to improving our understanding of such large-scale systems.  
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1.2 Biogenic production and consumption of DMS 

As previously discussed, DMS is part of a much wider global system, and plays a vital 

role in organosulfur cycling, climate regulation, and the responses and behaviours of 

organisms across the trophic levels. As a results of their biogeochemical and 

microbial interactions, there are many environments that contribute to the total 

estimated 17.6-34.4 Tg sulfur annual flux in the form of DMS (Lana et al., 2011). The 

ocean is the major source and sink of global DMS flux (approximately 20.70 Tg sulfur 

annually), and other sources  and sinks, ordered by their annual sulfur flux, include: 

tropical forests (1.60 Tg), vegetation (1.58 Tg), soils (0.29 Tg), anthropogenic sources 

(0.13 Tg), wetlands (0.12 Tg), and saltmarshes and estuaries (0.07 Tg) (Watts, 2000). 

 

In the ocean, a complex web of biological and chemical relationships controls the flux 

of DMS between seawater and atmosphere. Only a small fraction of DMS that is 

biogenically produced is released into the atmosphere, given its further utilisation by 

the marine microbial community. Reviews of the exchange of DMS across the 

ocean/atmosphere interface suggest less than 10% is released, given the biological 

turnover of DMS is 10 times faster than its atmospheric release (Scranton and de 

Angelis, 2001). The DMS which does escape the marine ecosystem remains in the 

atmosphere for less than 24 h before being oxidised, given its highly reactive nature, 

although this has been shown to increase in a warmer climate (Kloster et al., 2007). 

Attempts to accurately model and predict this have been ongoing for decades 

(Andreae, 1990) and any pursuit to further accurately describe this physical, chemical 

and biological network aids our ability to understand, model and predict global 

systems and climate (Stefels et al., 2007). 

 



 36 

 
Figure 1.9. Major sources, sinks, and pathways of DMS in the marine and saltmarsh environment. A 

simplified scheme highlights the production and consumption of dimethylsulfide (DMS) in the marine 

environment, from dimethylsulfoniopropionate (DMSP), hydrogen sulfide (H2S), and methanethiol 

(MT), to dimethylsulfoxide (DMSO) and its release into the atmosphere, forming oxidised aerosols that 

lead to radiation backscatter and cloud condensation nuclei (CCN), and are deposited as sulfate (SO4
2) 

and methane sulfonic acid (MSA). Taken from (Schäfer et al., 2010). 

 

The DMS related organosulfur cycle pathways are driven by enzymes predominantly 

of microbial origin (Kappler and Schäfer, 2014), and so are intimately related to the 

microorganisms that reside in the environment. Whilst knowledge of the full 

temporal and spatial network is incomplete (Stefels et al., 2007), the main factors 

that drive it are; DMS production (phytoplankton and bacteria), DMS consumption 

(bacteria), DMS oxidation (bacteria and photodegradation), and DMS flux into the 

atmosphere (Kloster et al., 2006), as summarised in Figure 1.9.  
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1.2.1 DMS production 

Red algae were first observed to produce methyl sulfides in 1935 (Haas, 1935), and 

large blue-green anaerobic algal mats were known to produce a variety of volatile 

sulfur compounds (Zinder et al., 1977). Since, it has been determined that these, and 

other marine primary producers, are the predominant source of DMS in seawater 

and the atmosphere (Barnard et al., 1982). Dimethylsulfoniopropionate (DMSP), 

shown in Figure 1.10 and formerly referred to as dimethylpropiothetin (DMPT), is a 

secondary metabolite and the primary precursor to DMS.  

 

 
Figure 1.10. Chemical structure of DMSP. 

 

1.2.1.1 Sources of DMSP 

DMSP, first identified in marine red algae (Challenger and Simpson, 1948), is 

produced intracellularly by certain phytoplankton and intertidal macroalgae and 

plant species through the methylthiohydroxybutryate methyltransferase (MMT) 

enzyme (DsyB), located in chloroplasts and mitochondria (Curson et al., 2018). DMSP 

is an antioxidant, cryoprotectant, and osmoregulator, protecting against excess 

reduced compounds and osmotic pressure, for the organisms that take it up or 

produce it, often in response to increased salt stress (Vairavamurthy et al., 1985; 

Kiene et al., 2000; Stefels, 2000). DsyB has also been observed to be upregulated 

under increased salinity conditions, as well as when nitrogen is limited, or 

temperatures are lower (Curson et al., 2017). Additionally, DsyB homologues have 

now been identified in 0.5% of total bacterial samples in marine metagenomes 

(Curson et al., 2017), and DMSP has shown to be used by some bacteria, specially 

Vibrionaceae, for osmoprotection, thermoprotection, and as an antioxidant (Gregory 

et al., 2021). DMSP and DMS therefore likely have a previously undervalued role in 
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marine heterotrophic bacteria, as well as obligate phototrophs, as summarised in 

Figure 1.11, extending the relevance of this research beyond marine photic zones.  

 

 
Figure 1.11. DMSP biosynthesis pathways. Predicted dimethylsulfoniopropionate (DMSP) biosynthetic 

pathways from methionine (Met) in; higher plants (blue): macroalgae, diatoms, prymnesiophytes, and 

prasinophytes (pink): and dinoflagellates (purple). Intermediate and substrate abbreviations include: 

S-adenosyl methionine (AdoMet), S-adeno-L-homocysteine (AdoHcy), 4-dimethylsulfonion-2-

hydroxybutyrate (DMSHB), DMSP-amine (DMSP-amine+), DMSP-aldehyde (DMSP-ald.), 

methylmercaptopropionate (MMPA), 4-methylthio-2-hydroxybutyrate (MTHB), 4-methylthio-2-

oxobutyrate (MTOB), 3-methylthiopropylamine (MTPA), nicotinamide adenine dinucleotide phosphate 

(NADP+), reduced nicotinamide adenine dinucleotide phosphate (NADPH), and S-methylmethionine 

(SMM). Adapted from (Curson et al., 2017). 
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A select number of higher-level plants have also been shown to produce high levels 

of DMSP. Examples include saltmarsh grasses of the genus Spartina, the sugar cane 

Saccharum spp., and the Pacific strand plant Wollastonia biflora (Otte et al., 2004; 

Curson et al., 2017). Given the lack of evolutionary or ecological connection between 

such species, many functions of DMSP have been suggested as independent 

adaptations to their respective environments, including protection against excess 

sulfur, high salinity levels, and herbivore predators.  

 

Another hotspot of DMSP, and related DMS production, are coral reefs (Hill et al., 

1995), in particular, at low tide when exposed to air (Hopkins et al., 2016). Highest 

DMSP and DMS concentrations are observed in coral mucus ropes, in the range of 19 

µM DMS to 45 µM DMSP (Broadbent and Jones, 2004). In the mucus layer around 

the coral, DMSP it is thought to be a linked to coral stress response (Guibert et al., 

2020) and recent work has shown coral-disease causing bacterial pathogens are able 

to uptake and utilise DMSP, producing DMS (Gregory et al., 2021), from the coral 

algal symbiont (Broadbent et al., 2002). Such coral stress can also occur during 

bleaching events, caused by increased ocean temperatures. Distinct differences in 

DMSP concentration, in both coral and associated benthic algae, in samples of 

varying thermal bleaching thresholds were observed (Broadbent et al., 2002), and 

when raising juvenile coral in higher temperatures, up to 76% increase in DMSP 

production by the coral itself was observed (Raina et al., 2013). This relationship 

between climate change, coral bleaching, and DMS release, is another example of 

the intricate relationship between global warming, the sulfur cycle, and local and 

global feedback loops.  

 

1.2.1.2 DMSP transformation to DMS 

Intracellular DMSP is freely dissolved in the phytoplankton cytoplasm (Kiene et al., 

2000) and released into marine waters during physiological and mechanical stress, 

viral lysis, and grazing (Holland et al., 2005). Here, DMSP remains highly soluble, and 

its predominant fate is bacterial demethylation through the activity of bacterial 

DMSP demethylase (Dmd), to 3-methiolpropionate, methanethiol, and then 
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assimilation into bacterial sulfur amino acids methionine and cysteine. This accounts 

for 80% of marine sulfur flux and supports up to 13% of the surface ocean water 

bacterial carbon demand (Kiene et al., 2000) The enzyme responsible for such 

methyltransferase activity is DmdA (Reisch et al., 2011), and one in three marine 

bacteria in surface ocean waters are estimated to have a homologue of it (Howard et 

al., 2006), including highly abundant Alphaproteobacteria of the marine Roseobacter 

clade (MRC) and the SAR11 clade (Curson et al., 2011). This directs DMSP towards 

the microbial food web and away from DMS production, as shown in Figure 1.12.  

 

Alternatively, through the activity of algal and bacterial DMSP lyases (Ddd), DMSP is 

transformed to DMS via enzymatic cleavage in the bacterial cytoplasm and periplasm 

(Amsler, 2008), also shown in Figure 1.12. Additionally, a novel ATP-dependent lyase, 

DddX, has also recently been identified (Li et al., 2021). The rate of DMS production 

from DMSP was shown to be dependent of extracellular DMSP concentration 

(Ledyard and Dacey, 1994), and more recently, research has shown catabolic by-

products of this reaction, acrylic acid or 3-hydroxypropionate (3HP), can induce ddd 

expression (Yoch, 2002; Todd et al., 2007; Curson et al., 2011). Additionally, acrylic 

acid is a well-known anti-microbial agent and has been observed to defend algae 

from protozoa grazing, reducing release of intracellular DMSP (Wolfe et al., 1997; 

Wolfe, 2000, p.200; Teng et al., 2021a).  

 

DMSP lyase genes are also found in members of the MRC, a group of abundant 

marine bacteria, but are thought to have originated in marine algae and evolved 

multiple times (Van Alstyne, 2008) before spreading via horizontal gene transfer, as 

they are also found in sporadic distant bacterial relatives and fungal pathogens 

(Johnston et al., 2008; Curson et al., 2011). Furthermore, some bacteria have 

multiple versions of these DMSP lyase genes (Curson et al., 2012; Teng et al., 2021b) 

including prominent MRC bacteria (Todd et al., 2012), and others have the genetic 

potential to express both DMSP lyases and demethylases (Curson et al., 2011), 

suggesting an adaptation to changing environments and co-existing pathways in 

bacteria that can either result in DMS production via the cleavage pathway, or the 

degradation of DMSP via the demethylation pathway which does not produce DMS.  
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Figure 1.12. DMSP degradation pathways. Dimethylsulfoniopropionate (DMSP) degradation via 

either algal and bacterial DddLPQWY and DddACD DMSP lyases, producing acrylate and 

dimethylsulfide (DMS) (left and centre), or via bacterial DmdABCD DMSP demethylases, producing 

methanethiol (MeSH) and towards the microbial food web (right). Known enzymes shown in black, 

volatiles highlighted in brown clouds, sulfur highlighted in yellow circles, intermediates highlighted in 

grey box, chemical products highlighted in red, with the abbreviations: Coenzyme A (CoA), 3-

hydroxypropionate (3HP), malonate semi-aldehyde (Mal-SA), methylmercaptopropionate (MMPA), 

methylthioacryloyl (MTA), and tetrahydrofolate (THF). Taken from (Curson et al., 2011). 

 

DMS production is therefore inherently linked with phytoplankton population 

dynamics, and changes in climate that influence their populations. For example, 

summer mixing events in the Southern Ocean create less favourable light conditions 

for primary producers, and the consequences of a warmer climate were predicted to 

increase the depth of these events and decrease their surface water DMS 

concentrations by 40% (Kloster et al., 2007), contradicting the original CLAW 

hypothesis. Additionally, at lower latitudes, high ocean stratification reduces nutrient 
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transport to surface waters, which also increases with global warming (Sarmiento et 

al., 2004), limiting phytoplankton growth, and again reducing DMS surface water 

concentrations, and therefore local DMS emissions. Additionally, increased CO2 has 

also been shown to cause changes in phytoplankton community dynamics, switching 

dominant species, and driving evolutionary selection, with an unquantified effect on 

existing population numbers of DMSP producers (Listmann et al., 2020). 

 

1.2.1.3 Methanethiol methylation to DMS 

A further by-product of demethylation of DMSP, as described in Figure 1.12, and 

another abundant marine volatile organosulfur compound, methanethiol (MT, 

occasionally abbreviated to MeSH) can also lead to the production of DMS, via the 

enzymatic activity of a methyltransferase (MddA) (Carrión et al., 2015) and donation 

of a methyl group from naturally occurring and abundant sulfonium ions, such as S-

adenosyl methionine (AdoMet) (Bentley and Chasteen, 2004), as shown in Figure 

1.13. This was the first gene identified in DMSP-independent bacterial DMS 

production and is found in higher abundance in terrestrial, compared to marine, 

metagenomes, suggesting a larger role of non-marine environments in global DMS 

production and cycling than initial thought when considering DMSP as the primary 

source of DMS.  
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Figure 1.13. Methanethiol as a DMSP-independent source of DMS. Methanethiol (MeSH), derived 

from methionine (Met) via MegL L-methionine gamma-lyase activity, can be converted to 

dimethylsulfide (DMS) via MddA methyltransferase activity and S-adenosyl methionine (Ado-Met) 

methyl donation (blue), providing an alternative DMS production pathway, independent from 

dimethylsulfoniopropionate (DMSP) via Ddd DMSP lyase activity (red). Taken from (Carrión et al., 

2015). 

 

1.2.1.4 DMSO reduction to DMS 

One much under-studied DMSP-independent DMS production pathway is that of 

dimethylsulfoxide (DMSO) reduction. DMSO in marine water was first quantified in 

1980 and associated with phytoplankton activity (Andreae, 1980a; Andreae, 1980b), 

after bacteria were shown to be able to carry out its reduction, particularly in 

anaerobic conditions, two years prior (Zinder and Brock, 1978a). However, DMSO 

was largely ignored in the following decade until more specific methods were 

published to quantify marine water DMSO concentration either via the purified 

DMSO reductase enzyme (Hatton et al., 1994b) or chemical reduction with titanium 

chloride (Kiene and Gerard, 1994). The expense and difficulty of applying these 

methods resulted in a poor understanding of the role that DMSO, and the microbial 

community that reduce it, plays within the global organosulfur cycle. Such DMSO 

reduction is the primary focus of this research and discussed in greater detail in 

Section 1.4. 
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1.2.2 Biological DMS consumption 

Of the vast quantities of DMS produced in the marine environment, less than 10% is 

released into the atmosphere, due to its removal from the marine system before 

transfer can take place across the ocean/atmosphere interface (Lomans et al., 2002). 

Sedimentation (via particle adhesion) and chemical oxidation do also contribute to 

the removal of DMS, but predominantly it is through the biological consumption of 

DMS. These microbial processes are from 10 to 400 times faster than atmospheric 

ventilation (Kiene and Bates, 1990; Scranton and de Angelis, 2001) and occur in both 

aerobic and anaerobic environments, with facultative anaerobes and methanogens 

adapted to available electron donors, as discussed further in Section 3. Primarily, 

there are three biological motivations for DMS degradation and utilisation: as a 

carbon and energy source; as a sulfur source; and as a reducing agent, oxidised to 

DMSO by phototrophic and heterotrophic organisms (Kröber and Schäfer, 2019). 

 

1.2.2.1 DMS oxidation to methanethiol 

The primary route through which DMS is degraded is by its oxidation to MT by 

monooxygenase enzymes which are widespread throughout different environments 

(Lomans et al., 2002), and have specifically been identified as the DMS 

monooxygenase (Dmo) (Boden et al., 2011). MT can be further oxidised to 

formaldehyde, hydrogen peroxide and sulfide, by methanethiol oxidase (Eyice et al., 

2018) and further more to sulfuric acid and carbon dioxide (Bentley and Chasteen, 

2004). Alternatively, formaldehyde can be assimilated by bacteria via the serine cycle 

or the ribulose monophosphate (RuMP) pathway (Anthony, 1982; Hanson and 

Hanson, 1996), and MT can be utilised as a source of reduced sulfur through its 

assimilation into methionine and cysteine (Kiene et al., 1999), contributing to 

bacterial biomass, as detailed in Figure 1.14 and presented in context in Figure 1.15. 

Related genes to all these oxidation pathways have been shown to be upregulated in 

methylotrophic bacterium when grown on DMS as a sole carbon source (Kröber and 

Schäfer, 2019). 
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Figure 1.14. DMS oxidation to methanethiol and formaldehyde. Reduction of DMSO to DMS, which 

is oxidised to either methanethiol (MT) or formaldehyde (HCHO). Methanethiol can be further oxidised 

to hydrogen sulfide (H2S) and sulfuric acid (H2SO4), whilst HCHO, also produced from the oxidation of 

MT, is assimilated via the serine or ribulose monophosphate (RuMP) pathways, or oxidised to formic 

acid (HCOOH) and then carbon dioxide (CO2). Dimethyldisulfide (DMDS) can also be converted to MT. 

Taken from (Lomans et al., 2002). 

 

1.2.2.2 DMS oxidation to DMSO 

DMS can also be utilised as an electron source enabling photoautotrophic growth 

(Hanlon et al., 1994; McEwan et al., 1996; Bentley and Chasteen, 2004), and oxidising 

DMS to DMSO in the process. The enzyme responsible, DMS dehydrogenase (Ddh), 

was first identified in the periplasm of Rhodovulum sulfidophilum (formerly 

Rhodobacter sulfidophilus) (McDevitt et al., 2002b). Closely related to nitrate 

reductases, it is a molybdopterin-dependent member of the DMSO reductase family 

(McDevitt et al., 2002a), which is discussed further in Section 1.4.1, and catalyses the 

oxidation of DMS. 

 

Photolysis is the process of breaking down smaller molecules by their interaction 

with sunlight. It has been shown that the products of nitrate photolysis in marine 

waters can control the rate at which DMS is oxidised to DMSO (Bouillon and Miller, 

2005). This is pH dependent, and so ocean acidification brought about by rising 

atmospheric CO2 concentrations and its uptake into the surface ocean may impact 

such reactions.  
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Figure 1.15. Fate of DMS in the environment. Biogeochemical cycling of dimethylsulfoniopropionate 

(DMSP), dimethylsulfide (DMS), and dimethylsulfoxide (DMSO) in the marine environment. Taken from 

(Kiene et al., 2000). 

 

Recently, a new mechanism for DMS oxidation to DMSO has been published, through 

the methylamine-dependent co-oxidation of DMSO and trimethylamine N-oxide 

(TMAO) by trimethylamine monooxygenase (Tmm) (Lidbury et al., 2016). Previously 

thought to specifically oxidise trimethylamine (TMA) to TMAO, this is the first 

evidence of DMS oxidation and TMA oxidation as a cross over between organic sulfur 

and nitrogen cycles and is thought to take place in one in five bacterial cells in marine 

surface waters. This reveals the extent to which global biogeochemical cycles are 

driven by organism dynamics and molecular mechanisms that are yet unknown and 

highlights the importance of further research in this area. 
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1.3 Dimethylsulfoxide 

As a source of environmental DMS, DMSO is another key intermediate in the sulfur 

cycle, linked to DMS via redox reactions in a range of microorganisms, and therefore 

contributes to the biogeochemical sulfur cycle, higher-level food webs, and global 

climate regulation. However, as previously discussed in Section 1.2.1.4, it has a 

relatively short research history, and the biological mechanisms and taxa that 

underpin its production and transformation remain underappreciated in relevant 

literature. The following will explore the particular role of DMSO reduction to DMS. 

 

1.3.1 Chemical and biological properties of DMSO 

DMSO is a liquid, polar organic sulfur compound, as shown in Figure 1.16. First 

chemically synthesised in the mid 19th century (Saytzeff, 1867), today it is produced 

for large scale use across industries as a solvent, given its ability to dissolve both polar 

and nonpolar compounds and therefore mix substances that would otherwise 

separate (Roy, 2000). In chemical and biochemical research, it is therefore often used 

for organic synthesis reactions and as a carrier for reagents (Jones-Mensah et al., 

2016), but additionally in biological research it can enhance PCR reactions 

(Chakrabarti and Schutt, 2001), and act as a cryoprotectant for preserved biological 

material (Kartberg et al., 2008). Given its ‘low toxic potential to human health’ 

classification (FDA et al., 2017), it is also deemed a safe and environmentally friendly 

solvent to use on large scales (Soroko et al., 2011), and combined with it potential as 

a polar and nonpolar solvent,  it has also been used for a variety of reasons in the 

pharmaceutical industry to deliver drugs through a lipid membranes (Leake, 1967; 

Jacob and Herschler, 1986). However, whilst some research continues to suggest 

positive uses of DMSO for treatment, such as repressing inflammation for the 

treatment of autoimmune diseases (Elisia et al., 2016), others suggest there are 

underlying side effects to the human transcriptome that are only now coming to light 

(Verheijen et al., 2019) and much misinformation remains around its true medical 

capabilities. 
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Figure 1.16. Chemical structure of DMSO. 

 

Given its physicochemical properties, the intracellular role of DMSO in biological 

organisms is hypothesised as that of a cryoprotectant, cryo-osmoregulator, 

intracellular electrolyte modifier, and reactive oxygen species (ROS) scavenger (Lee 

and De Mora, 1999; Sunda et al., 2002). For these purposes, DMSO can directly be 

synthesised by marine microorganisms from DMS, and not just occur naturally as a 

product of DMS photochemical oxidation (Andreae, 1980b). Additionally, recent 

work that studied the co-oxidation of TMA and DMS to TMAO and DMSO respectively 

(Lidbury et al., 2016), as previously discussed in Section 1.2.2.2, also identified 

further utilisation of TMAO by demethylation. However, the demethylase enzyme 

was found to be specific for TMAO, and not bifunctional for DMSO. Therefore, it is 

most likely that DMSO is the end-product of this biosynthetic pathway, and so 

confirms that it must be of use to the organisms that produce it. 

 

An ecological example of the production of DMSO is that of coral and the organisms 

that live on and around it. In response to tidal changes, photosynthetic symbionts in 

coral mucus produce hydrogen peroxide as a stress response. DMS is used by the 

coral as an antioxidant, protecting against hydroxyl radicals, and is oxidised to DMSO. 

When the tide comes in and covers the coral, the DMSO diffuses into water, 

increasing the concentration of dissolved DMSO in the surrounding marine 

environment (Hopkins et al., 2016).  

 

1.3.2 DMSO in the environmental sulfur pool 

Found in ocean waters (Lee and De Mora, 1999), rainwater (Ridgeway et al., 1992), 

and glacial melt water (De Mora et al., 1996), DMSO has been established as 
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ubiquitous across ecosystems (Hatton et al., 1994a), and confirmed as a significant 

pool of organic carbon (McEwan et al., 1996) and major pool of dissolved DMS (Simó 

et al., 1995). Increased concentration of dissolved DMSO is observed towards the 

end of phytoplankton blooms as cells break down and release intracellular DMSO 

(Simó et al., 1998), therefore available for further marine bacterial degradation, 

which in turn, through its reduction can contribute to atmospheric DMS levels 

(Hatton and Wilson, 2007). Under these circumstances, DMSO concentrations have 

been recorded as higher than those of DMSP (Hatton et al., 1998), and at detectable 

levels much deeper down the water column than DMS or DMSP (Hatton et al., 1996). 

This has led to recent estimates suggesting DMSO contributes 10-20% of the marine 

intracellular sulfur pool, primarily produced by prymnesiophyte algae and 

dinoflagellates (Hatton and Wilson, 2007). A summary of the position of DMS/DMSO 

cycling within the larger marine sulfur cycle pathways discussed in this work is shown 

in Figure 1.17. 
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Figure 1.17. DMS and DMSO environmental cycling. Dimethylsulfide (DMS) occurs in the marine 

environment from variety of sources. The primary source is dimethylsulfoniopropionate (DMSP) which 

exists in land plants, benthic primary producers, phytoplankton, and pelagic algae, which directly 

release it to the microbial community. Viral lysis and senescent leakage can provide dissolved DMSP 

which, through bacterial cleavage via DMSP lyases (Ddd), can be converted to DMS, producing acrylate 

and beta-hydroxypropionate (b-HP). DMSP is demethylated by DMSP demethylases (Dmd) to 

methylmercaptopropionate (MMPA). Marine bacteria and zooplankton also contain DMSP, and 

through faecal pellets and degradation, can sediment out of the system, removing it from the cycle. 

DMS is also formed from methylation of hydrogen sulfide (H2S) to methanethiol (MT) to DMS, via the 

methyl transferase MddA and converted back to MT by a DMS monooxygenase (Dmo), which is 

oxidised to H2S, formaldehyde (CH2O) and hydrogen peroxide (H2O2) by methanethiol oxidases (Mto). 

MT and DMS can be degraded by methyltransferase (Mts) activity in methanogenic archaea and 

methylotrophic bacteria to methane (CH4) and carbon dioxide (CO2) respectively. DMS is released into 

the atmosphere, where it is oxidised to sulfate (SO4
2-) and methane sulfonic acid (MSA), which is 

deposited on land. It also forms atmospheric aerosols that backscatter radiation and act as cloud 

condensation nuclei (CCN). Microbial communities are at the centre of this complex network and drive 

redox cycling of DMS and DMSO. DMS dehydrogenase (Ddh) is known to convert DMS to DMSO, and 

trimethylamine monooxygenase (Tmm) can also oxidise DMS under aerobic conditions, whilst reducing 

oxygen (O2) to water (H2O). DMSO is involved in anaerobic oxidation, acting as an electron acceptor, 

leading to the production of CO2 and methane. Principally, it is lost through transformation back to 



 51 

DMS, via DMSO reductases (DmsA, DorA). Drawings created with BioRender.com, not to scale or 

biologically accurate. 

Anthropogenic sources and environmental impact should also be considered when 

measuring DMSO concentrations and modelling reduction pathways to DMS by 

organisms and environments of interest. Climate change related ocean acidification 

has also been shown to influence dissolved DMSO concentrations through its effect 

on bacterial and phytoplankton concentrations (Zindler-Schlundt et al., 2015), and 

particularly high concentrations have been recorded near industrial plants 

(Glindemann et al., 2006), given it is a by-product of  the Kraft reaction, used for 

large-scale paper production (Roy, 2000), and can easily be transported through 

sewage systems and into ecosystems. 

 

1.3.3 DMS and DMSO available to the human microbiome 

DMS and DMSO also have numerous dietary sources, and therefore of clinical 

interest, given their availability to the human microbiome. DMS is found in oils, (Yu 

et al., 2022), wine (Segurel et al., 2005), beer (Dickenson, 1979), and vegetables, 

including beetroot (Parliment et al., 1977), asparagus (Ulrich et al., 2001), cabbage 

(Bailey et al., 1961), broccoli (Forney et al., 1991), and cauliflower (Buttery et al., 

1976). Additionally, when these vegetables are used as feed for livestock, it has been 

found to increase DMS concentration of the meat product and cooked aromas 

(Jensen et al., 2002). Furthermore, redistilled DMS is used as a flavouring agent, 

providing a vegetative taste and odour, used in frozen dairy products, breakfast 

cereals, baked goods, soups, and processed meat products (Penta Manufacturing 

Company, 2022) DMSO also occurs naturally in many fruits, vegetables, grains, and 

drinks (Pearson et al., 1981). 

 

DMS is the only known volatile sulfur compound (VSC) present in healthy patients’ 

blood, stable and at concentrations below 7 nM (Tangerman et al., 1985). The term 

dimethylsulfidemia has been proposed to describe abnormal elevations above this 

concentration (Harvey-Woodworth, 2013), and can be caused by a variety of 

conditions: hypermethioninemia (96 nM DMS in blood) (Gahl et al., 1988), extra oral 
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halitosis (10-80 nM DMS in blood) (Tangerman and Winkel, 2007), chronic liver 

disease (7-50 nM DMS in blood) (Tangerman et al., 1985), and cystinosis patients as 

a side effect of treatment (298-617 nM DMS in blood) (Besouw et al., 2007). This 

leads to blood-borne extra-oral halitosis through the diffusion of DMS from blood to 

air in the alveoli. DMS concentration on the expired breath of healthy individuals is 

below 3 nM (Tangerman, 2009), whilst that of extra-oral halitosis patients can exceed 

70 nM (Tangerman and Winkel, 2007). Additionally, increases in urine, flatus, and 

faeces DMS concentrations are observed, and have a significant impact on quality of 

life. 

 

Therefore, the production and reduction of DMS is of clinical relevance, and the 

cycling of these metabolites by members of the human microbiome is feasible, given 

the presence of DMS and DMSO in the gut, blood, and breath. Whilst DMSO 

reduction has been confirmed in animals (Distefano and Borgstedt, 1964; Tiews et 

al., 1975), the potential for microorganisms to carry out this process has not been 

assessed, and the identity of those functional in this environment is still incompletely 

understood.  
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1.4 DMSO reduction 

DMSO reduction to DMS is catalysed by the metalloenzyme DMSO reductase 

(DMSOR), of the DMSO reductase enzyme family, as first identified in 

microorganisms in 1978 (Zinder and Brock, 1978a). At the time, the physiological role 

of DMSO was unclear, and it was presumed to only function as an electron acceptor 

for anaerobic respiration in environments of low dissolved oxygen concentration. A 

decade later, given the stoichiometry illustrated in Figure 1.18, its reduction was 

confirmed as the most direct route for sulfur to transition from dissolved to volatile, 

linking the marine and atmospheric sulfur cycle and highlighting the importance of 

DMSO reduction in the environment (Kiene and Capone, 1988).  

 

 
Figure 1.18. DMSO reaction to DMS. Dimethylsulfoxide (DMSO, SO(CH3)2) reduced to dimethylsulfide 

(DMS, S(CH3)2) and water (H2O) by two protons (H+) and two electrons (e-). 

 

1.4.1 DMSO reductase enzyme family  

The biochemistry and genetics of the enzymes facilitating this anaerobic respiratory 

pathway are well characterised in model organisms, and the biological roles for 

DMSO have since been uncovered, as discussed in Section 1.3.1, but the 

environmental distribution and significance remain unknown and constitute a 

fundamental gap in our knowledge of sulfur and carbon cycles, as will be discussed 

further. 

 

1.4.1.1 Origin and abundance of the DMSO reductase family  

The DMSO reductase enzyme family is of ancient origin, thought to predate the last 

universal common ancestor (LUCA) of prokaryotes, as represented in Figure 1.19 

(Wells et al., 2020). It significantly contributes to the metabolic diversity of bacteria 

and archaea in the present day, but is also thought to have contributed to the first 
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anaerobic respiratory chain in the anoxic Archean Earth, as life was just forming 

(Schoepp-Cothenet et al., 2012; Catling and Zahnle, 2020). The family contains over 

25 types of related enzymes that belong to a class of molybdopterin- dependent 

oxidoreductases (MDOR) (Grimaldi et al., 2013) that catalyse the transfer of an 

oxygen atom to or from a lone electron pair (Kisker et al., 1997). The general function 

of the family seems to be that of enabling reduction of alternative respiratory 

electron acceptors under anaerobic conditions. Common examples include: S-oxide, 

N-oxide, nitrate, thiosulfate, polysulfide, chlorate, selenate, biotin-d-sulfoxide, and 

tetrathionate reductases; and DMS, formate and ethyl benzene. Despite 

Molybdenum (Mo) only being present in the Earth’s crust at 1 ppm, because of its 

high solubility and bioavailability, the molybdo-proteome is responsible for 

facilitating many biogeochemical cycles (Grimaldi et al., 2013) and 90% of Mo-

utilising organisms encode DMSO reductase family enzymes (Zhang et al., 2011). 

Such diversity does give rise to confusion when referring to the DMSO reductase 

enzyme and the DMSO reductase enzyme family, and new names have been 

suggested (Rothery et al., 2008; Grimaldi et al., 2013), but as yet this has not been 

decided upon, so the family continues to be referred to as the DMSO reductase 

family. 
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Figure 1.19. Ancient lineage of DMSO reductase enzyme family. Divergence from DMSOR family 

lineage shown against a geological time scale (millions of years ago), demonstrating the ancient 

nature of the origin of the family of enzymes, and their role in survival in anoxic eras prior to the great 

oxygenation and neoproterozoic oxygenation events (~2.4 and ~0.542 million years ago respectively). 

Enzymes shown include: arsenite oxidase (AioA, ArxA), arsenate reductase (ArrA), formate 

dehydrogenase (FdhG, Fdhs), formylmethanofuran dehydrogenase (FmdB), tungsten 

formylmethanofuran dehydrogenase (FwdB), periplasmic nitrate reductase (NapA), assimilatory 

nitrate reductase (NasAC), polysulfide reductase (PsrA), thiosulfate reductase (PhsA), and 

tetrathionate reductase (TtrA). Taken from (Wells et al., 2020).  

 

Given their ancient origin, DMSO reductases family homologues are widespread 

across microbial communities, both anoxic and oxic, and particularly Proteobacteria. 

However, the existence of so many homologous enzymes in the DMSO reductase 

family can sometimes complicate assessing genomic potential of isolates, as well as 

communities by data mining and functional genetic marker analysis, given functional 

annotations have varying levels of specificity, and are usually solely based on 

sequence analysis without clear experimental evidence to confirm phenotypes.  

 

1.4.1.2 DMSO reductase family definition 

There are four families of molybdoenzymes, differentiated based on their cofactors 

in the catalytic active site: aldehyde oxidoreductase family, xanthine dehydrogenase 
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and aldehyde oxidase family, sulfite oxidase family and DMSO reductase family 

(Magalon et al., 2011). At their simplest, the DMSO reductase family is defined as 

having a protein subunit with a single Mo ion centre in its active site, coordinated by 

two pyranopterin guanine dinucleotide (bis-PDG) co-factor molecules (formerly 

referred to as Mo-bis-molybdopterin guanine dinucleotide) (Rothery et al., 2008). 

Within the Mo-bis-PDG cofactor, the Mo ion is stabilised by four sulfur atoms, an 

inorganic ion, most often oxygen, and an amino acid side chain (Grimaldi et al., 2013; 

Hille et al., 2016), as shown in Figure 1.20. The specific amino acid ligand that 

interacts with the Mo ion centre (cysteine/selenocysteine, aspartate, or serine) is 

another way in which DMSO reductase family enzymes have been categorised 

(McEwan et al., 2002; Miralles-Robledillo et al., 2019).  

 

 
Figure 1.20. DMSO reductase Mo-bis-PGD co-factor containing active site. Schematic representation 

of central molybdenum (Mo) atom, coordinated by four sulfur (S) atoms from two molybdopterin 

organic structures, an inorganic ion (O), and a direct amino acid side chain ligand (X). Taken from 

(Kappler and Schäfer, 2014). 

 

The TMAO reductase TorA (Méjean et al., 1994), DMSO reductase DorA (Schindelin 

et al., 1996) and biotin sulfoxide reductase BisC (Pierson and Campbell, 1990) are all 

examples of such simple soluble mono-subunit proteins (Type III in Figure 1.21). 

Increasing in complexity, enzymes within this family can also have a heme or iron-

sulfur (Fe-S) cluster containing an electron-transfer subunit 12 Å away from the Mo-

bis-PDG (Arnoux et al., 2003), such as the nitrate reductase NapAB (Dementin et al., 

2007) (Type I in Figure 1.21). More complex still, some enzymes also have additional 
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membrane anchor subunits that attach the enzyme to the bacterial cytoplasm 

membrane and provide the quinol binding and redox site, whereas more simple 

proteins just transiently interact with membrane subunits (Magalon et al., 2011). 

Examples of stable membrane-bound complexes are formate dehydrogenase FdnGHI 

(Jormakka et al., 2002), DMSO reductase DmsABC (Weiner et al., 1992), and nitrate 

reductase NarGHI (Blasco et al., 2001) (Type II in Figure 1.21). A summary is shown 

in Table 1.1 of the catalytic subunits and enzyme function of DMSO reductase 

enzyme family members. 
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Table 1.1. DMSO reductase family enzymes. Functional, varied members of the DMSO reductase 

enzyme family, with catalytic subunits and function shown.  

Catalytic subunit Function 

AioA Arsenite oxidase 

ArrA Arsenate reductase 

ArxA Arsenite oxidase 

BisC Biotin-d-sulfoxide reductase 

ClrA Chlorate reductase 

DdhA DMS dehydrogenase 

DmsA DMSO reductase 

DorA DMSO reductase 

EbdA Ethylbenzene dehydrogenase 

FdhA Formate dehydrogenase 

FdhG Formate dehydrogenase 

FdhH Formate hydrogen lyase 

FdnG Formate dehydrogenase 

FdoG Formate dehydrogenase 

FmdB Formylmethanofuran dehydrogenase 

FwdB Tungsten formylmethanofuran dehydrogenase 

NapA Periplasmic nitrate reductase 

NarB Membrane-bound respiratory nitrate reductase 

NarG Membrane-bound respiratory nitrate reductase 

NasA Assimilatory nitrate reductase 

PhsA Thiosulfate reductase 

PsrA Polysulfide reductase 

SerA Selenite reductase 

SrdA Selenate reductase 

TorA TMAO reductase 

TorZ S- and N- oxide reductase 

TtrA Tetrathionate reductase 
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1.4.1.3 DMSO reductase family phylogeny 

Phylogenetic analysis of the DMSO reductase family members, grouped based on 

amino acid sequences, is shown in Figure 1.21 and clearly illustrates the 

differentiation of the three types of enzyme described, and confirms subunit 

structural differences are consistent with evolutionary relatedness (McDevitt et al., 

2002a; McEwan et al., 2002).  

 

 
Figure 1.21. DMSO reductase enzyme family evolutionary distance tree based on enzyme amino acid 

sequence. Unrooted phylogenetic tree of characterised DMSO reductase family enzymes. Distances 

calculated using the Dayhoff method, the neighbour joining method used to construct the tree from 

distance information, and scale bar represents 0.2 changes per amino acid. Types based on structural 

differences and confirmed by amino acid similarity. Enzyme subunits shown: biotin sulfoxide reductase 

(BisC), DMS dehydrogenase (DdhA), DMSO reductase (DmsA, DorA), ethylbenzene dehydrogenase 

(EbdA), formate dehydrogenase (Fdh), periplasmic nitrate reductase (NapA), membrane-bound 

respiratory nitrate reductase (NarG), assimilatory nitrate reductase (NasA), thiosulfate reductase 

(PhsA), polysulfide reductase (PsrA), Selenate reductase (SerA), and TMAO reductase (TorA). Taken 

from (McDevitt et al., 2002a). 

 

1.4.2 DMSO reductase biochemistry 

There are two main types of DMSO reductase enzyme that facilitate the use of DMSO 

as an alternative terminal electron acceptor for anaerobic respiration; Dms-type, 

most studied in the Gammaproteobacterium Escherichia coli (Ando et al., 1957; 

Zinder and Brock, 1978a; Rothery et al., 1999; Sambasivarao et al., 2001): and Dor-
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type, most studied in the Alphaproteobacterium Rhodobacter capsulatus (Kappler et 

al., 2002; McEwan et al., 2003) and Rhodobacter sphaeroides (Mouncey et al., 1997; 

Hilton et al., 1999; Li et al., 2000). Both have identical molybdenum ion centres in 

their active sites, as defines the DMSO reductase family and discussed in Section 

1.4.1, and use quinol as an electron donor during catalysis in the periplasm of 

bacteria.  

 

1.4.2.1 DMSO reductase active site structure 

Whilst the general architecture of DMSO reductase family enzymes varies greatly, 

the structure of the catalytic subunit is conserved (Rothery et al., 2008) with four 

identifiable domains and a common active site assembly. At the centre, as shown in 

Figure 1.20, is a single Mo ion, four sulfur ligands from two PGD cofactors, an amino 

acid residue ligand, and an oxygen ligand. The catalytic subunits of Dms- type and 

Dor-type DMSOR are DmsA and DorA respectively. 

 

Given the simplicity of Dor-type DMSO reductases, they were the first DMSO 

reductase enzyme family crystal structures published, whilst Dms-type crystal 

structures are yet to be solved. Dor-type structures were solved and published for 

both Rhodobacter sphaeroides (Schindelin et al., 1996) and Rhodobacter capsulatus 

(Schneider et al., 1996) just months apart, to a resolution of 2.2 Å and 1.88 Å 

respectively. These revealed the monooxo-Mo cofactor with asymmetrical bis-PDG 

coordination between Mo(VI) and Mo(IV) states, and the amino acid serine (Ser) 147 

playing a key role in redox coordination, which has come to define this type of DMSO 

reductase. Additionally, four protein domains were identified, with an open channel 

between domain two and three providing access to the Mo ion centre, as highlighted 

in Figure 1.22.  

 

Much research has since been achieved to further understand the structure and 

mechanism of DMSO reductases (McAlpine et al., 1997; McAlpine et al., 1998; Kisker 

et al., 1998), and with the publication of a 1.3 Å resolution structure of DorA from R. 

sphaeroides (Li et al., 2000), the general structure is well understood, but the Mo 

environment is shown to have some plasticity depending on the oxidation state and 
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slightly differ between species and types of DMSO reductase enzymes. Additionally, 

the channel leading to the active site is considered quite wide, and so also allows for 

substrate variation (Kappler and Schäfer, 2014), as is further discussed in Section 

1.4.4. Such structural flexibility is thought to be responsible for such variation in 

function within the DMSO reductase enzyme family (McEwan et al., 2002). 

 

 
Figure 1.22. Dor-type DMSO reductase catalytic subunit DorA crystal structure. Four domains are 

shown (shades of grey), with domain one at the N-terminal, domain two (Dom II) and domain three 

(Dom III) labelled, either side of the channel exposing the Mo ion centre to the substrate, and domain 

four at the C-terminal. Taken from (Kappler and Schäfer, 2014).  
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1.4.2.2 DMSO reductase subunits and location 

Both Dor- and Dms-type DMSOR are located in the periplasm (Hatton et al., 1994a), 

an extra-cytoplasmic compartment of bacteria, and have subunits that either interact 

with or are anchored to the cytoplasmic membrane, as shown in Figure 1.23. 

 

Dms-type DMSOR enzymes have three subunits: DmsABC. DmsA, as previous 

discussed, is the Mo-bis-PGD containing catalytic subunit, whilst DmsB contains four 

Fe-S clusters for electron transport, and DmsC anchors the whole protein to the 

cytoplasmic membrane and facilitates electron transfer (Weiner et al., 1988; Weiner 

et al., 1992). This must be correctly inserted for subunits DmsA and DmsB to travel 

from the through the membrane targeting and translocations systems from the 

cytoplasm to the periplasm (Sambasivarao et al., 2001). 

 

Dor-type DMSOR enzymes have two subunits: DorAC. DorA, also previously 

discussed, contains the active site and Mo-bis-PGD cofactors and is a soluble subunit 

that transiently interacts with the membrane bound DorC (Shaw et al., 1996; 

McCrindle et al., 2005). 

 

 
Figure 1.23. DMSO reduction reactions catalysed by Dms-type and Dor-type DMSO reductase 

enzymes. DmsABC subunits from Dms-type DMSOR in E. coli are anchored to the periplasm membrane 

and oxidise menaquinol (MQH2) to menaquinone (MQ). DorAC subunits of the Dor-type DMSOR in 

Rhodobacter, transiently interact with each other (dashed arrow) and oxidise either MQH2 to MQ or 

ubiquionol (UQH2) to ubiquinone (UQ). Taken from (Kappler and Schäfer, 2014). 
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Additionally, one example of extracellular DMSO reduction is known, utilising DMS 

attached to particulates in the environment by carrying out catalytic activity on the 

outer membrane of Shewanella oneidensis, as shown in Figure 1.24.  DmsAB 

subunits, homologous to E. coli DmsAB, are transported to the extracellular 

membrane and anchored to it via the DmsF subunit. Like the reaction catalysis 

explained further in Section 1.4.2.3, the cytochromes CymA and DmsE facilitate 

electron transport for enzyme regeneration from the cytoplasmic membrane, 

through the periplasm, and to the reductase active site in DmsA.  

 

 

 
Figure 1.24. Extracellular DMSO reduction. Dms-type DMSO reductase activity by DmsABF subunits 

located on extracellular membrane, and transient interactions (dashed arrows) with DmsE (located in 

the periplasm) and CymA (anchored to the periplasm membrane) to facilitate electron transport. 

Taken from (Kappler and Schäfer, 2014).  
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1.4.2.3 DMSO reaction catalysis 

The reduction of DMSO involves two electron transfer stages and the interaction with 

the biological quinol-pool, as described in Figure 1.23. Firstly, the oxygen of DMSO 

binds to the active site, either DmsA or DorA, onto the reduced Mo(IV) ion, replacing 

its oxo ligand, which forms water, and maintaining bonds to one serine and four 

sulfur ligands. Oxygen is then transferred from DMSO to the Mo ion, releasing DMS 

and reforming the oxo ligand bond to the now oxidised Mo(VI) ion (Webster and Hall, 

2001; Thapper et al., 2002; McNamara et al., 2005a; McNamara et al., 2005b). This 

reaction mechanism is shown in Figure 1.25. Secondly, the enzyme is regenerated by 

the transfer of two electrons donated from either quinol (UQH2) or menaquinol 

(MQH2), oxidised to ubiquinone (UQ) and menaquinone (MQ) respectively, through 

the cytochrome subunit, either DmsC or DorC (Weiner et al., 1988; McAlpine et al., 

1997; Bray et al., 2001). 

 

 

 
Figure 1.25. DMSO reductase reaction mechanism. Changes in Mo ion redox state shown during 

DMSO reduction catalysis and enzyme regeneration. The oxygen of DMSO firstly binds to reduced 

Mo(IV) ion, and then is transferred to the Mo ion, releasing DMS and leaving an oxidised Mo(VI) ion. 

Taken from (Metz and Thiel, 2011). 

 

The kinetics of these reactions under anoxic conditions have been investigated with 

a comprehensive range of substrates for both DmsA and DorA (Simala-Grant and 

Weiner, 1996; Simala-Grant and Weiner, 1998). R. capsulates and R. sphaeroides 

both have a very low Michalis constant (KM), and therefore high affinity, for DMSO as 

a substrate in DorA, in the region of  9.7 µM (Ridge et al., 2002) and 7 µM (Johnson 

and Rajagopalan, 2001) respectively, whilst E. coli has a higher KM, so lower affinity, 

for DMSO of 0.18 mM (Simala-Grant and Weiner, 1996). The reverse reaction kinetics 

have also been studied, given Dms-type and Dor-type DMSO reductases are capable 

of oxidising DMS back to DMSO. However very high KM values were calculated, 
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suggesting this does not often occur naturally (Adams et al., 1999; Bray et al., 2001). 

External factors have also been shown to affect direction of DMSOR function though, 

including redox potential across the membrane and pH, which is thought to affect 

the redox state of the Mo ion via a potential-dependent switch, and therefore control 

the direction of catalysis of DMSO/DMS reduction/oxidation. This has experimentally 

been observed in E. coli (Heffron et al., 2001), but has not yet been detected in 

Rhodobacter (Aguey-Zinsou et al., 2002). Reaction kinetics in relation to substrate 

specificity is further discussed in Section 1.4.2. 

 

1.4.3 DMSO reductase genetics 

1.4.3.1 Genes encoding the DMSO reductase operons 

The genes dmsA and dorA encode the two different types of DMSOR catalytic 

subunit: DmsA and DorA. Although both in the DMSO reductase enzyme family with 

bacterial origin, their primary protein sequences have only a 29% amino acid identity 

similarity (Yamamoto et al., 1995). They are encoded on distinctly different genetic 

operons alongside their respective subunits dorABCDRSXY (Mouncey et al., 1997; 

Mouncey and Kaplan, 1998; Shaw et al., 1999), and dmsABCD (Bilous and Weiner, 

1988; Bilous et al., 1988), as shown in Figure 1.26. Additionally, a molybdenum 

cofactor (Moco) biosynthesis gene cluster has been identified in R. capsulatus, 

immediately downstream of the dor gene cluster, moeAB, moaACD, and mobAB 

which are specifically associated with the biogenesis of the Dor-type DMSO 

reductase (Solomon et al., 1999; Solomon et al., 2000).  

 

The operon in which torA is located in E.coli is torSTRCAD (Méjean et al., 1994), as 

also described in Figure 1.26 for comparison, given the similarities between the TorA 

and DorA catalytic subunits, as later discussed in regards to bifunctionality in Section 

1.4.4. 
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Figure 1.26. Operon structure encoding Dms-type, Dor-type, and Tor-type DMSO reductase family 

enzymes. Dms-type DMSO reductases encoded on the genetic operon dmsABC in E. coli and dmsABCD 

with the nitrate reductase napF immediately upstream in Haemophilus influenzae. Dor-type DMSO 

reductases encoded on a dorXYSRCBA operon with specific molybdenum cofactor biosynthesis genes 

moeA and moaA immediately upstream in R. sphaeroides, and a dorSRCDAB operon with molybdenum 

cofactor biosynthesis genes moaADC, moeB, and mobA immediately upstream in R. capsulatus. TMAO 

reductase TorA encoded on operon torSTRCAD in E. coli. Taken from (Kappler and Schäfer, 2014). 

 

1.4.3.2 Regulation of DMSO reductase expression 

Fundamentally, cofactor biosynthesis and Mo availability regulates the whole family 

of molybdoenzymes (Magalon et al., 2011), and that of DMSO reductases has also 

been linked to redox state, nitrate concentration, and light intensity (McCrindle et 

al., 2005; Kappler and Schäfer, 2014). Anoxic conditions have also been shown to 

universally upregulate DMSO reductase expression and activity, with redox-

dependent regulators (Mouncey and Kaplan, 1998). This complexity of intra- and 

extra-cellular factors is encompassed by different regulatory mechanisms of the 

catalytic subunits of Dor- and Dms-type DMSO reductases. In Rhodobacter this is 

through the DorRS subunits (Shaw et al., 1999; Kappler et al., 2002), and in E. coli, 

through two promoters ~200 bp upstream of dmsA (McNicholas et al., 1998).  
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1.4.4 DMSO reductase bifunctionality  

The extent to which DMS/DMSO cycling co-occurs with the corresponding 

TMA/TMAO cycle in vivo is another unknown, but recent research suggests it does 

crossover, through the co-oxidation of TMA and DMS to TMAO and DMSO via a TMA 

monooxygenase (Tmm) in oxic conditions (Lidbury et al., 2016). There is crossover 

under anoxic conditions too, through the reduction of DMSO and TMAO, given the 

close evolutionary relatedness of the TMAO reductase TorA to Dor-type DMSO 

reductases (McDevitt et al., 2002a), as shown in Figure 1.21, structural similarities 

(Czjzek et al., 1998; Zhang et al., 2008), and an AA sequence similarity of 48% 

(Yamamoto et al., 1995). Bifunctionality between these two enzymes and substrates 

has been shown in vitro via numerous biochemical studies. 

 

TMAO substrate affinity has been determined for Dms-type and Dor-type DMSO 

reductases, as summarised in Table 1.2. E. coli DmsA showed a very low affinity KM 

value of 20.2 mM for TMAO compared to 180 µM for DMSO (Simala-Grant and 

Weiner, 1996), whilst the R. capsulatus DorA showed much higher affinity for TMAO 

of 193.8 µM but an even higher affinity for DMSO at 9.7 µM (Ridge et al., 2002). 

Although its affinity for TMAO is still 100-fold lower than that for DMSO, this does 

suggest Dor-type DMSO reductases can be bifunctional for DMSO and TMAO. 

However, the R. sphaeroides DorA shows increased KM, and so lower affinity for 

TMAO on a much larger scale, more like that of DmsA. The turnover rate (kcat) of 

DMSO and TMAO followed a similar trend, with all three enzymes capable of 

reducing more molecules of TMAO per second than DMSO. But when put in relation 

to their respective KM values, the kcat/KM ratio indicates all three enzymes are more 

specific to DMSO, with the R. capsulatus DorA most likely to carry out TMAO 

reduction. 
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Table 1.2. Substrate affinity kinetics of DMSO and TMAO reductases. Summary data of KM (mM) and 

kcat (s-1) values highlighting substrate affinity of E. coli (E.c.) DMSO reductase DmsA, R. capsulatus (R.c.) 

and DorA, and R. sphaeroides (R. s.) DorA enzymes to DMSO and TMAO.  

Enzyme DMSO TMAO Reference 

KM (mM) kcat (s-1) KM (mM) kcat (s-1) 

DmsA (E.c) 0.1800 79.90 20.2000 1203.00 (Simala-Grant and 

Weiner, 1996)  

DorA (R.c.) 0.0097 42.90 0.1930 134.50 (Ridge et al., 2002) 

DorA (R.s.) 0.0070 58.00 68.0000 2300.00 (Johnson and 

Rajagopalan, 2001) 

 

Two specific residues within the active site are thought to modulate catalysis and 

multifunctionality: tyrosine (Tyr, Y) 114 and tryptophan (Trp, W) 116 (Johnson and 

Rajagopalan, 2001; Ridge et al., 2002; McEwan et al., 2003). W116 regulates 

substrate turnover through stabilisation of the hexacoordinate Mo(VI) during 

reaction catalysis (Ridge et al., 2004), and is present in both S-oxide and N-oxide 

reductases, whilst Y114 is present in S-oxide reductases, but absent in TMAO 

reductase, as highlighted in the AA alignment in Figure 1.27. Therefore, it is thought 

Y114 is linked to substrate affinity, through stabilisation of the DMSO-Mo 

intermediate via hydrogen bonds with the AA sidechain (Cobb et al., 2007), and only 

TMAO reductase enzymes with this residue will be bifunctional for S-oxide reduction. 

Additionally, the residue serine (Ser, S) 147 has been linked to the redox state of the 

Mo ion, and mutations of this residue remove the enzyme’s catalytic ability (Trieber 

et al., 1996). The localisation of these three residues around the Mo(VI) ion centre is 

shown in Figure 1.28, but the effect they have on protein structure has yet been 

solved. 
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Figure 1.27. Amino acid motifs Y114 and W116 in DMSO and TMAO reductases. Sequences of 

characterised DorA in R. capsulatus and R. sphaeroides and TorA in E. coli show amino acid motif Y114 

and W116 (red arrows) present in DorA, but Y114 absent in TorA sequence. Protein sequences aligned 

in MEGA v11 (Tamura et al., 2021) using the ClustalW algorithm (Thompson et al., 1994), protein 

accession numbers, bacteria strain and protein name shown, numbers of position relative to the N-

terminus. 

 

 
Figure 1.28. X-ray crystal structure of DMSO reductase Mo(VI) centre with Y114, W116, and S147. 

The centre molybdenum (Mo) atom (black) positioned within the side chains of amino acid residues 

Y114, W116, and S147 (grey), numbered by relative position to N-terminus, in R. capsulatus. Taken 

from (Ridge et al., 2002). 

 

At the oxic/anoxic interface of oceans, lake sediments and saltmarshes, these cryptic 

redox cycles are likely to play a vital role in enabling survival of organisms and 

communities who can adapt to anaerobic respiration when required. This work aims 

to establish who these are, and how widespread the potential for DMSO and/or 

TMAO reduction is across these environments, with the particular focus on 

annotation of homologous proteins and the Y114 and W116 AA motif, given the 

likelihood that the precise arrangement of AA sidechains around the Mo ion catalytic 

centre plays a significant role in substrate specificity of DMSO reductase family 

enzymes. 
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1.5 TMA, TMAO, and the organonitrogen cycle 

Connections between carbon cycling and other biogeochemical cycles through the 

activity of DMSO reductase family enzymes is well established. Given the likely 

bifunctionality of DMSO reductases for DMSO and TMAO substrates in the 

environment, this provides a direct connection between the cycling of organic sulfur, 

nitrogen, and carbon. Additionally, it suggests the redox cycles of DMS/DMSO and 

TMA/TMAO are bifunctional in both directions, in anoxic, as well as oxic (Lidbury et 

al., 2016), conditions, and critically, at an unquantified rate at dynamic oxygen 

interfaces. 

 

1.5.1 Environmental cycling of TMA and TMAO 

TMA is a key compound of interest in relation to both climate change, and human 

health. It occurs in the marine environment from a variety of sources; produced by 

fish, higher level plants, and benthic animals and released through export or 

decompositions processes (Wang and Lee, 1994). Production pathways include the 

degradation of choline by choline-TMA lyase (CutC) (Craciun and Balskus, 2012), the 

oxidation of carnitine by carnitine monooxygenase (CntAB) (Zhu et al., 2014) and a 

novel TMA lyase (Rajakovich et al., 2021), and the reduction of glycine betaine by 

glycine betaine reductase (GrdG) (Andreesen, 1994) and TMAO by TorA (Méjean et 

al., 1994). Additionally, phytoplankton contain diacylgylceryl hydroxymethyl 

trimethyl-b-alanine (DGTA) (Araki et al., 1991), which can be converted to TMA via 

spontaneous deamination (Vogel et al., 1990). TMA is removed from the 

environment through methanogenesis, as a major precursor for methane production 

(King, 1984), anaerobic dehydrogenase activity which produces dimethylamine 

(DMA), formaldehyde, monomethylamine (MMA) and ammonia (NH3) (Sun et al., 

2019), and its oxidation to TMAO by TMA monooxygenase (Tmm) (Chen et al., 2011), 

a bacterial flavin-containing monooxygenase (FMO), oxidises TMA to TMAO via the 

co-oxidation of the reduced form of nicotinamide adenine dinucleotide phosphate 

(NADPH) to nicotinamide adenine dinucleotide phosphate (NADP+). TMAO itself can 

protect cells against urea induced protein destabilisation (Velasquez et al., 2016). 

Alternatively, it is used for aerobic respiration, further demethylated by TMAO 
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demethylase (Tdm) to DMA, formaldehyde, and MMA (Lidbury et al., 2014; Lidbury 

et al., 2015), and anaerobic respiration, reduced back to TMA. Metagenomics 

analysis suggests this is the most prevalent TMA formation pathway in the marine 

environment, through TMAO reductases (TorA) and bifunctional DMSO reductases 

(DorA and DmsA) (Jameson et al., 2016). A summary of this cycle is shown in Figure 

1.29. 

 

 
Figure 1.29. TMA and TMAO environmental cycling. Trimethylamine (TMA) occurs in the marine 

environment from variety of sources, including glycine betaine, choline, carnitine, and diacylgylceryl 

hydroxymethyl trimethyl-b-alanine (DGTA), from fish, plants, benthic animals, and phytoplankton. 

TMA is removed from the cycle through methanogenesis, producing methane, anaerobic 

dehydrogenase, producing dimethylamine (DMA), formaldehyde, monomethylamine (MMA) and 

ammonia, and oxidation to trimethylamine N-oxide (TMAO), via the oxidation of the reduced form of 

nicotinamide adenine dinucleotide phosphate (NADPH) to nicotinamide adenine dinucleotide 

phosphate (NADP+). TMAO is used for aerobic respiration, and further demethylated to DMA, 

formaldehyde, and MMA. TMAO is reduced back to TMA via TMAO and DMSO reductases TorA, DorA 

and DmsA, linking the sulfur and nitrogen redox cycles of TMA/TMAO and DMS/DMSO, through the 

Tmm, TorA, DorA, and DmsA enzymes (blue bubble). Enzymes named on appropriate arrows: Carnitine 

monooxygenase (CntAB), choline-TMA lyase (CutC), glycine betaine reductase (GrdH), DMSO 

reductase (DmsA, DorA), TMAO demethylase (Tdm), TMA monooxygenase (Tmm), and TMAO 

reductase (TorA). Drawings created with BioRender.com, not to scale or biologically accurate. 
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1.5.2 TMA and TMAO available to the human microbiome 

The predominant dietary source of TMA-precursor nutrients choline, carnitine, and 

glycine betaine is red meat (Koeth et al., 2013), whilst TMAO is mostly consumed 

through marine fish, and therefore intake is often lower (Svensson et al., 1994). The 

oxidation of TMA via the flavin-containing monooxygenase (FMO) TMA 

monooxygenase (Tmm) accounts for the higher levels of TMAO recorded in healthy 

individuals (Chen et al., 2011). The cycling of these compounds in the gut 

environment is shown in Figure 1.30, highlighting the direct formation of TMA, and 

its oxidation to TMAO. 

 

 
Figure 1.30. Formation of TMA in the human gut. Formation of trimethylamine (TMA) in the gut, 

directly from dietary sources of carnitine, glycine betaine, choline, and trimethylamine N-oxide 

(TMAO), through carnitine monooxygenase (CntAB), glycine betaine reductase (GrdH), chloine-TMA 

lyase (CutC), and TMAO reductase (TorA) respectively. Additionally, TMA is oxidised to TMAO through 

a flavin-containing monooxygenase (FMO), contributing to the aerobic (grey arrows) and anaerobic 

(black arrows) cycling of TMA in the gut. Taken from (Jameson et al., 2016). 
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TMA and its precursors are all compounds of interest in relation to human disease, 

given their association with atherosclerosis (the thickening and hardening of artery 

walls), through the upregulation of macrophage scavenger receptors (Wang et al., 

2011; Koeth et al., 2013; Johri et al., 2022). Elevated levels of these metabolites have 

been suggested as risk factor predictors of cardiovascular disease, thrombosis, and 

major cardiac events (myocardial infraction, stroke, and death) (Zhu et al., 2016; 

Koeth et al., 2013). Additionally, the condition trimethylaminuria is associated with 

the strong fishy odour of TMA, excreted in excess through urine, sweat, and breath, 

given patients have an inherited deficiency of the FMO enzyme in the liver that would 

otherwise convert odorous TMA to non-odorous TMAO (Mackay et al., 2011). 

 

Gut bacteria respiration therefore plays a significant role in the cycling and relative 

concentrations of these compounds of interest, through both aerobic and anaerobic 

respiration (Winter et al., 2013; Romano et al., 2015). Identification of the gut 

microbiome organisms that carry out the reduction of TMAO has been achieved 

through metagenomic analysis, which found TorA homologues in predominantly 

members of the Proteobacteria phylum, particularly Klebsiella and Escherichia, but 

this has not been functionally confirmed (Jameson et al., 2016) and a gap in our 

knowledge of the microbial cycling of these compounds remains. 
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1.6 Project aims 

The DMS/DMSO and TMA/TMAO redox cycles may play an important role in both 

environmentally and clinically dynamic oxic/anoxic niches. Whilst the biochemistry 

of the DMSO reductase enzyme is well characterised, and environmental and clinical 

concentrations of the alternative electron acceptors DMSO and TMAO are sufficient 

to suggest this respiratory pathway supports anaerobic growth, little is known about 

the in vitro role of DMSO and TMAO reductases, the identity of the organisms that 

carry it out, and their potential to link the sulfur and nitrogen cycles by enzyme 

bifunctionality. The central aim of the research presented in this thesis therefore 

focuses particularly on the DMSO and TMAO reduction potential of bacterial 

communities in anoxic niches. These environments include the ocean, coastal 

saltmarsh sediment, and the human microbiome, specifically the cystic fibrosis lung 

biofilm, with applications beyond this to gut and chronic wound microbiomes. This 

variety of environments provides an overview of the diversity of organisms carrying 

out DMSO reduction, and the impact it has on fitness and competitiveness in their 

respective complex microbial communities. This was investigated using a variety of 

bioinformatic and microbial ecological methods to achieve the following aims: 

1. Determine the potential of members from a major clade of marine bacteria 

(the so-called marine Roseobacter clade) to carry out DMSO and TMAO 

reduction, identify specific isolates within this, and confirm DMSO and/or 

TMAO phenotype, related back to the wider marine environment. 

2. Determine the ability of saltmarsh microbial communities to reduce DMSO, 

in a hotspot for sulfur cycling, and assess the impact this has on community 

structure, and further production of climate relevant volatiles. 

3. Determine the genetic and phenotypic potential of clinically relevant, 

pathogenic isolates of a cystic fibrosis lung biofilm to reduce DMSO and/or 

TMAO and assess the impact this has on biofilm growth and community 

composition. 
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2 Evaluation of DMSO reduction in bacteria 

of the marine Roseobacter clade 
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2.1 Introduction 

Marine microorganisms are known to contribute significantly to the global 

organosulfur cycle, in particular transforming the osmolyte DMSP to volatile DMS, 

linking marine and terrestrial sulfur cycles, and playing a key role in global climate 

regulation, as previously discussed in Section 1. Whilst the reduction of DMSO to 

DMS is a well-characterised metabolic pathway, the scale of its role in the 

environment, and the microbial species that drive this redox cycle, are much less 

understood. This work looks at the genetic and functional potential of a major clade 

of marine bacteria, the marine Roseobacter clade (MRC), to carry out DMSO 

reduction in low oxygen conditions, as an alternative terminal electron acceptor for 

anaerobic growth. 

 

2.1.1 Roseobacter clade bacteria in the marine environment 

Microorganisms make up the predominant form of marine biomass (Giovannoni and 

Stingl, 2005), and these fall into just nine dominant clades (Rappe and Giovannoni, 

2003). One of these is the MRC, a major group of marine heterotrophic bacteria, who, 

since their widespread abundance and diversity was first reported (González and 

Moran, 1997), have been intensively studied as model marine bacteria (Brinkhoff et 

al., 2008). Multiple studies report Roseobacter clade affiliated (RCA) clusters of 

bacteria dominate microbial populations, with up to 36% in the coastal Antarctic 

regions of the Southern Ocean (Giebel et al., 2009), 21% in temperate North Sea 

waters (Giebel et al., 2011), 20% in coastal surface waters of south-eastern USA 

(González and Moran, 1997), and 5% in open ocean surface waters (Moran et al., 

2007). The types of marine ecosystems in which they reside also vary (Luo and 

Moran, 2014), and include marine sediments (Inagaki et al., 2003), sea ice biofilms 

(Brinkmeyer et al., 2003), free-living in sea water (Giovannoni and Stingl, 2005), and 

host-associated with a range of other organisms, including micro and macro algae 

(González et al., 2000; Schäfer et al., 2002), marine sponges (Zan et al., 2012), and 

invertebrates (Ivanova et al., 2004). This has led to difficulty in assigning specific 

ecological and biogeochemical functions to specific lineages, and their classification 

as ecological generalists (Newton et al., 2010).  
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The MRC, consisting of approximately 90 genera and 300 species, was originally 

defined with >89% similarity of the 16S rRNA genes as part of the alpha-3 subclass of 

Proteobacteria (Giovannoni and Rappe, 2000; Buchan et al., 2005), and sits 

taxonomically in the Rhodobacteraceae family, within the Rhodobacterales order, 

under the Alphaproteobacteria class (Pujalte et al., 2014). Its evolution, as detailed 

in Figure 2.1, is thought to have first expanded 260 million years ago when eukaryote 

populations diversified, creating new ecological niches for the ancestors of the MRC 

to fill (Luo et al., 2013). Lateral gene transfer drove adaptation, and has resulted in a 

clade with diverse metabolic, functional and regulatory capabilities, which facilitates 

adaptation and occupation of a variety of marine ecosystems today (Buchan et al., 

2005; Brinkhoff et al., 2008; Wagner-Döbler and Biebl, 2006). 
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Figure 2.1. Marine Roseobacter clade evolution. Timeline of marine Roseobacter clade lineage 

evolution, from the first genome expansion approximately 260 million years ago (mya), to the high 

diversity of metabolic capability and ecological niche adaptation seen today, and the potential impact 

of climate change in the future. Taken from (Luo and Moran, 2014).  

 

The evolution and diversity of the MRC has recently been characterised via advances 

in whole genome sequencing technology (Simon et al., 2017), and is expressed as a 

phylogenetic tree in Figure 2.2. From the analysis of the MRC core-gene matrix, 

comprising of 208 genes and 80,578 characters, eight major clades were inferred. 

Given non-MRC bacteria nest within clade two, it is suggested the MRC is 

paraphyletic, as opposed to monophyletic, given all MRC descend from a common 

ancestor, but not all descendants are classed as MRC.  
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Figure 2.2. Phylogenetic analysis of MRC strains core-gene matrix. Eight major clades (numbered 0-

7) inferred from maximum likelihood phylogenetic analysis of the MRC bacteria from marine (blue), 

non-marine (red), and unknown (black) habitats, including type strains (triangles). Branches scaled by 

expected number of substitutions per site, some branches shortened by 90% (//), scale bar represents 

0.2 substitutions, and bootstrap values are shown below branch points, with values >95% highlighted 

(bold) and branches with maximum support under all  settings marked (dots).Taken from (Simon et al., 

2017). 

 

Within open water, primary production is thought to predominantly influence MRC 

communities (Pohlner et al., 2017), with populations most abundant during 

phytoplankton blooms (Wemheuer et al., 2014), and positively correlated with 

temperature, phaeopigments, chlorophyll, dissolved and particulate organic carbon, 

and dissolved free amino acid (AA) turnover rates (Giebel et al., 2011).  
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Marine phytoplankton blooms occur annually in spring, in temperate ocean margin 

zones (Teeling et al., 2012), with algal-generated ecological niches sustaining bloom-

associated bacterial populations. These are primarily Flavobacteriia, 

Alphaproteobacteria and Gammaproteobacteria, whose specialised metabolism 

drives biogeochemical cycling of phytoplankton-derived organic matter (Azam et al., 

1983; Buchan et al., 2014).  

 

The metabolic capabilities of these MRC populations have been heavily researched, 

and diversity of genome size, GC content, ecological strategy, and trophic strategy all 

link them to several different oceanic elemental cycles (Luo and Moran, 2014). 

Noteworthy examples include: aerobic anoxygenic phototrophy (Shiba, 1991), 

aromatic compound degradation (González et al., 1996; Gonzalez et al., 1997), 

secondary metabolite production (Lafay et al., 1995; Gram et al., 2002; Brinkhoff et 

al., 2004), the organic nitrogen cycle, including the degradation of methylamines 

(Chen, 2012), and participation in the organic sulfur cycle (González et al., 1999; 

Moran et al., 2003), in particular DMSP utilisation (Kiene and Bates, 1990; Mou et al., 

2008; Reisch et al., 2011; Reisch et al., 2013). This versatility, in terms of carbon 

source utilisation, allows the MRC to be broadly unaffected by transient changes in 

carbon reservoir (Mou et al., 2008). 

 

Some metabolic properties in particular link the populations of MRC bacteria to 

global climate, including utilising the algal osmolyte DMSP (González et al., 1999), its 

conversion to DMS (Curson et al., 2011), the oxidation of DMS to DMSO (Lidbury et 

al., 2016), and their ability to oxidise the indirect greenhouse gas carbon monoxide 

(Wagner-Döbler and Biebl, 2006). Whilst ongoing advances in whole genome 

sequencing expand the inventory of known individual strain metabolic and ecological 

capabilities (DeLong, 2005), misannotation of genes is still a common occurrence, 

and phenotypic confirmation of genetic potential has much merit if the full biological 

activity of these organisms is to be fully understood, in relation to their populations, 

global biogeochemical cycling, and climate change. 
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2.1.2 Facultative anaerobic respiration in low oxygenated marine 

environments 

One function of the alternative respiration mechanisms is to facilitate anaerobic 

respiration, adapting to anoxic conditions, through the utilisation of alternative 

electron acceptors, such as nitrate, sulfate, TMAO, and DMSO. There are several 

types of location within the marine environment that require such adaptation to 

anoxic conditions, including: marine sediments, decaying algal blooms, and oxygen 

minimum zones (OMZs).  

 

Marine sediments often have steep redox gradients, due to the rapid degradation of 

organic matter by heterotrophic activity depleting oxygen, as further discussed in 

Section 3.1. Several MRC strains have been isolated from coastal anoxic sediments 

(Park et al., 2011) and anaerobic deep-sea sediments (Kanukollu et al., 2016), with 

multiple genes identified as relevant to the sulfur and nitrogen cycles under aerobic 

and anaerobic conditions, including those for DMSP degradation, TMA 

demethylation, and DMSO reduction. In these sediments, interdependencies have 

also been shown to exist within microbial communities, for a variety of functions, 

including the respiratory cycling of sulfur compounds (Dombrowski et al., 2017).  

 

Another biologically related cause of oxygen depletion in marine environments is 

that of algal blooms. Whilst nutrients are available, algae actively photosynthesise, 

and growth is rapid, with cell count doubling three times a day, resulting in very high 

levels of oxygen production (Harrison et al., 2017). But during dark conditions 

overnight and during decay when nutrient availability is limiting, oxygen production 

stops, and increased labile organic matter creates a nutrient rich environment, in 

which heterotrophic microorganisms thrive and oxygen is rapidly depleted due to 

their activities (Sellner et al., 2003). Through the algal production of DMSP, within 

these active blooms large populations of bacteria can also be associated (González 

et al., 2000), including those of the MRC (Riemann et al., 2000), of which some have 

been isolated (Wang et al., 2012). When oxygen concentrations drop, it is plausible 
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that facultative anaerobes, such as the metabolically diverse MRC strains, can utilise 

alternative electron acceptors to rapidly adapt from oxic to anoxic conditions.  

 

Additionally, specific layers of the marine water column are known as oxygen 

minimum zones (OMZs) (Cline and Richards, 1972), given their low dissolved oxygen 

concentrations, defined as <20 µM O2, although this is often disputed and 

concentrations are observed down to the detection limit of <1 µM O2 (Paulmier and 

Ruiz-Pino, 2009). They are representative of more primitive, Archaea dominated 

oceans, and exist as a result of high oxygen consumption, and low ocean ventilation 

(Wyrtki, 1962; Luyten et al., 1983).  

 

As shown in Figure 2.3, the locations of permanent OMZs are: eastern South Pacific, 

Pacific Ocean; eastern North Pacific, Pacific Ocean (including eastern subtropical 

North Pacific and eastern tropical North Pacific); Arabian Sea; Bay of Bengal, Indian 

Ocean; and Black Sea. Two seasonal winter zones are also known: the West Bering 

Sea, and the Gulf of Alaska. Some additional areas are also included in more generous 

definitions of OMZs, with ~20-100 µM O2: the Baltic Sea, Persian Gulf, Red Sea, and 

southwest African continental margin (Paulmier and Ruiz-Pino, 2009; Garçon et al., 

2019). Combined, this equates to ~8% of the total ocean surface area (30.4 million 

km2). The extent of OMZs in the world’s oceans is predicted to increase as a 

consequence of human activity and climate change, given their association with 

lower pH and decreased O2 solubility, increased stratification which leads to lower 

ventilation, rising sea levels which are negatively correlated to OMZ total depth, and 

increased nutrient load from anthropogenic sources that will increase the occurrence 

of coastal algal blooms (Sellner et al., 2003; Stramma et al., 2008; Shaffer et al., 2009; 

Stevens et al., 2016; Breitburg et al., 2018). 
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Figure 2.3. Oxygen distribution across the global marine environment. Global marine oxygen 

concentration (µM) at depth of lowest recorded dissolved oxygen concentration, as labelled on 100 m 

contour interval isolines. OMZs have lowest O2, and labelled as: Arabian Sea (AS), Bay of Bengal (BB), 

Black Sea (BlS), Baltic Sea (BS), eastern North Pacific (ENP), eastern South Pacific (ESP), eastern 

subtropical North Pacific (ESTNP), eastern tropical North Pacific (ETNP), Gulf of Alaska (GA), Persian 

Gulf (PG), Red Sea (RS), southwest African continental margin (SWACM), and western Bering Sea 

(WBS). Scale shown from 0-20 µM in 1 ± 2 µM intervals, and 20-340 µM in 20 ± 2 µM intervals.  Taken 

from (Paulmier and Ruiz-Pino, 2009). 

 

Historically known for denitrification (Codispoti et al., 2001), an appreciation for the 

range of anoxic respiratory processes that occur in the OMZ waters is growing, as 

advances in sequencing technology begin to expose the bacterial communities that 

reside there (Fernandes et al., 2020). This includes the cycling of sulfur, which has 

been shown as most active in coastal OMZs with high levels of productivity, 

facilitated by sulfide-rich sediment released into shelf waters (Callbeck et al., 2021). 

Anaerobic sulfide oxidisers are thought to drive this cycle (Crowe et al., 2018), but 

metabolically diverse MRC strains have also been isolated, in particular from the 

coastal waters of the Black Sea (González et al., 2003; Sorokin et al., 2005). Their 
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ability to cycle DMS has been shown, but its fate and further cycling is undetermined 

beyond the upper 60 m of OMZ waters (del Valle et al., 2007).  

 

Through the effects of climate change and anthropogenic activity, the volume of 

anoxic marine water will only increase over time, and so understanding of the 

microorganisms that adapt to these changes is of vital importance. To this end, given 

the isolation of abundant marine Roseobacter clade bacterial isolates from anoxic 

marine sediments, decaying algal blooms, and OMZ waters, the diverse metabolic 

capabilities of these organisms, and the availability of DMSO and TMAO, they will be 

assessed for facultative anaerobic respiration utilising DMSO and/or TMAO as 

alternative electron acceptors.  
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2.1.3 Hypotheses and aims 

The motivation behind this research is to assess the phenotypic ability of bacterial 

members of the major marine Roseobacter clade bacteria to reduce DMSO to DMS 

and TMAO to TMA under anoxic conditions, with the hypothesis that given the 

metabolic diversity of this clade, the availability of DMSO and TMAO, and the 

proposed bifunctionality of some DMSO reductase enzymes, this is likely to occur in 

the marine environment. Therefore, the aims are as follows: 

1. Identify model isolates containing DMSO reductase homologues in the MRC.  

2. Phenotypically confirm the ability of MRC strains to reduce DMSO to DMS, 

and their bifunctionality for TMAO as an alternative substrate.  

3. Assess the wider ocean metagenome and metatranscriptome for DMSO 

reductase homologues, based on confirmed functional sequences.   

 

2.1.4 Experimental overview 

Bioinformatic analysis of available MRC genomes was conducted to determine the 

presence of DMSO reductase homologues in this clade, identify model strains, and 

assess their likelihood of DMSO/TMAO reductase function, based on sequence 

alignment, phylogeny, and genetic neighbourhood. Selected available strains were 

cultured and grown under anoxic conditions with DMSO and TMAO to assess their 

ability to reduce one or both alternative electron acceptors, as a substrate for 

anaerobic respiration. Finally, bioinformatic analysis of existing ocean metagenomes 

and metatranscriptomes assessed the abundance of homologues for the confirmed 

functional MRC DMSO reductases, and therefore the genetic potential and 

expression of marine bacteria to reduce DMSO and TMAO. 
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2.2 Materials and Methods 

2.2.1 Bioinformatic analysis 

Comparative genomic analysis of 125 MRC strains (Simon et al., 2017), as listed in 

Table 0.1 in the Appendix, was carried out using the National Centre for 

Biotechnology Information (NCBI) protein Basic Local Alignment Search Tool (BLAST) 

tool (Johnson et al., 2008). The presence of Dor-type homologues was determined 

using the DMSO reductase catalytic subunit DorA, which was biochemically 

characterised in Rhodobacter capsulatus as discussed in Section 1.4, with NCBI 

nonredundant RefSeq (O’Leary et al., 2016) accession number Q52675, as detailed 

in Table 2.1. A threshold of 40% identity value and 60% similarity value against the 

template sequence was applied to give a workable number of strains to test for 

DMSO reduction phenotype. 

 

Table 2.1. Model DorA sequence. Biochemically characterised Rhodobacter capsulatus Dor-type 

DMSO reductase catalytic subunit DorA. 

Gene Enzyme label Model 

species 

Protein 

ID 

Protein 

length (AA) 

Reference 

dorA DMSO/ TMAO 

reductase 

R. capsulatus Q52675 823 (Shaw et al., 

1996)  

 

Phylogenetic and comparative sequence analysis was carried out on identified MRC 

DorA homologue protein sequences to determine their evolutionary relatedness and 

place them within the larger phylogeny of compiled DMSO reductase enzymes 

(McEwan et al., 2002). MEGA v11 (Tamura et al., 2021) was used to align sequences 

using the ClustalW algorithm (Thompson et al., 1994) and construct phylogenetic 

trees using the Neighbour Joining method (Saitou and Nei, 1987) based on the Jones-

Taylor-Thornton model (Jones et al., 1992) for protein sequences, with a bootstrap 

test applied (Felsenstein, 1985) with 500 replicates. The online tool Interactive Tree 

of Life (iTOL) v6.5.2 (Letunic and Bork, 2021) was used to edit trees.   
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Genetic neighbourhood analysis of selected MRC DorA homologues was carried out 

to compare the organisation of the genes encoding subunits and accessory functions 

with those of published Dor-type operons of Rhodobacter sphaeroides and 

Rhodobacter capsulatus. This was carried out using the Joint Genome Institute (JGI) 

Integrated Microbial Genomes and Microbiomes (IMG/M) online platform (Chen et 

al., 2021). 

 

2.2.2 Bacterial strains and culturing  

MRC strains were supplied by the Chen lab, University of Warwick, UK, and are listed 

in Table 2.2. All cultures were stored in 20% volume by volume (v/v) glycerol (Merck 

kGaA, Switzerland) stocks at -70°C and grown and maintained on Marine Broth (MB) 

2216 complete media (DifcoTM, Becton, Dickinson and Co., USA) 1.5% weight by 

volume (w/v) agar (Fisher BioReagents, USA) plates. Single colonies were picked from 

overnight plates to inoculate oxic, liquid MB cultures, incubated at 30°C, shaking. 

 

Table 2.2. Marine bacterial strains used in this study. MRC strains functionally tested for DMSO 

reduction potential, and positive control (+) E. coli SE11 and negative control (-) R. pomeroyi DSS-3, 

listed with sole carbon source growth requirements and original novel species description reference. 

Bacterial strain Description reference Isolation source Carbon 

source used 

Celeribacter 

halophilus 

ZXM137 

(Wang et al., 2012)  Seawater, 

coastal region, 

Qingdao, China 

Glucose 

Citreicella 

aestuarii AD8 

(Park et al., 2011) Tidal flat, Taean 

coast, South 

Korea 

Glucose 

Citreicella sp. 

SE45 

The data have been 

deposited with links to 

BioProject accession number 

PRJNA55957 in the NCBI 

BioProject database. 

Saltmarsh, 

Skidaway Island, 

Georgia, USA 

Glucose 
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Bacterial strain Description reference Isolation source Carbon 

source used 

Citreicella 

thiooxidans 

CHLG1 

(Sorokin et al., 2005) Seawater, Black 

Sea 

Glucose 

Ruegeria 

conchae TW15 

(Lee et al., 2012a) Ark clam, South 

Korea 

Fructose 

Shimia haliotis 

WM35 

(Hyun et al., 2013) Abalone 

intestinal tract, 

Northern coast 

of Jeju, Korea 

Glucose 

Tropicimonas 

isoalkanivorans 

BFI 

(Harwati et al., 2009)  Seawater, 

Semarang Port, 

Indonesia 

Glucose 

Escherichia coli 

SE11 (+) 

(Oshima et al., 2008)  Faeces, healthy 

human adult 

Glucose 

Ruegeria 

pomeroyi DSS-3 

(-) 

(González et al., 2003)  Seawater, Black 

Sea, coastal 

region, Georgia 

Glucose 

 

Extensive growth measurements and protocol development determined that for 

successful growth in anoxic, liquid, minimal media, all MRC strains required a 

minimum of 48 h growth in oxic, complete liquid media, before transferring an 

aliquot into anoxic, liquid, minimal media experimental conditions, as a 10% (v/v) 

inoculum. Marine Ammonium Mineral Salts (MAMS) minimal media (Goodwin et al., 

2001), adapted from (Thompson et al., 1995) was used, as detailed in Table 2.3, with 

the addition of a sterile single carbon source of either 10 mM glucose (Fisher 

Scientific, UK) or 10 mM fructose (BDH Chemicals Ltd, UK), as specified in Table 2.2, 

in a shaking 30°C incubator. Stocks of SL10 trace elements solution (Widdel and 

Pfennig, 1981) and Vit10 vitamin solution (Pfennig, 1978) were preprepared, as 
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described Table 2.4 and Table 2.5 respectively. pH was adjusted using 1 M HCl 

(ThermoFisher Scientific, UK) or 1 M NaOH (ThermoFisher Scientific, UK) as required. 

All media were prepared with analytical grade chemicals and dissolved in Milli-Q 

water (dH2O). 

 

Additionally, Escherichia coli strain SE11 was used for this work as a positive control 

for DMSO reduction, and grown in Luria-Bertani (LB) liquid media (Melford 

Laboratories, UK) (Bertani, 2004) and maintained on LB 1.5% (w/v) agar plates. 

Growth experiments were also completed to confirm successful E. coli growth in 

complete MB and minimal MAMS liquid media with 10 mM glucose sole carbon 

source, alongside MRC anoxic experiments at 30°C. 

 

Anoxic cultures were grown in glass serum vials (Wheaton®, DWK Life Sciences, 

China), sealed airtight with butyl rubber stoppers (Merck kGaA, Germany) and 20 mm 

aluminium crimped seals (Merck kGaA, Germany). Vials were flushed with 33 mm 0.2 

µM syringe filtered (Fisher Scientific, China) oxygen-free 20 PSI N2 gas for 10 mins. 
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Table 2.3. Preparation of MAMS minimal media. Two solutions are made separately, and where 

appropriate, preprepared stock solutions are made in dH2O: A- Prepared in 900 ml total, with SL10 

stock solution, autoclaved and pH adjusted with either 1 M HCl or 1 M NaOH. B- Prepared in total 100 

ml, with Vit10 solution, and filter sterilised. Solutions A and B are combined at the end under sterile 

conditions. From (Goodwin et al., 2001), adapted from (Thompson et al., 1995). 

Compound Amount/L Final 

concentration 

(µM) 

Supplier 

Solution A 

NaCl 20.00 g 342231.30 ThermoFisher Scientific, UK 

(NH4)2SO4 1.00 g 7567.70 Fisher Chemicals, UK 

CaCl•2H2O 0.20 g 1.36 BDH, UK 

MgSO4•7H2O 1.00 g 4057.10 Fisher BioReagents, USA 

FeSO4•7H2O 2.00 mg 7.19 Fisher Scientific, UK 

Na2WO4•2H2O 3.00 mg 9.10 Sigma-Aldrich, USA 

Na2MoO4•2H2O 0.02 g 97.13 Sigma-Aldrich, USA 

SL10 solution 1.00 ml - - 

Adjust volume to 900 ml with dH2O 

Adjust pH to 7.2 

Solution B 

KH2PO4 0.36 g 2645.50 Fisher Chemicals, UK 

K2HPO4 2.34 g 13432.80 Fisher Chemicals, UK 

Vit10 solution 5.00 ml - - 

Dissolve in 100 ml dH2O 

Filter sterilise 

 

 



 91 

Table 2.4. Preparation of SL10 trace elements solution. A solution of iron(II) chloride is dissolved in 10 

ml 7.7 M HCl, made up to 1 L with dH2O, and additional chemicals added. From (Widdel and Pfennig, 

1981).  

Compound Amount/L 

(mg) 

Final concentration 

(mM) 

Supplier 

FeCl2•4H2O 1500.00 7.55 Sigma-Aldrich, Germany 

Dissolve in 10 ml 7.7 M HCl 

Make up to 1 L with dH2O 

ZnCl2 70.00 0.51 Sigma-Aldrich, USA 

MnCl2•4H2O 100.00 0.51 Acros Organics, USA 

H3BO3 6.00 0.10 Sigma-Aldrich, USA 

CoCl2•6H2O 190.00 0.80 Sigma-Aldrich, USA 

CuCl2•2H2O 2.00 0.01 Sigma-Aldrich, Germany 

NiCl2•6H2O 24.00 0.10 Sigma-Aldrich, USA 

Na2MoO4•2H2O 36.00 0.15 Sigma-Aldrich, USA 
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Table 2.5. Vit10 vitamin solution preparation. All chemicals dissolved in 1 L dH2O. From (Pfennig, 

1978). 

Compound Amount/L 

(mg)  

Final 

concentration 

(µM) 

Supplier 

Thiamine-HCl (Vit B1) 10.00 29.65 Sigma-Aldrich, 

USA 

Nicotinic acid (Vit B3) 20.00 162.46 Sigma-Aldrich, 

USA 

Pyrodoxine-HCl (Vit B6) 20.00 97.26 Sigma, USA 

Para-amino benzoic acid 

(Vit B10) 

10.00 72.92 Sigma-Aldrich, 

USA 

Riboflavin (Vit B2) 20.00 53.14 Sigma-Aldrich, 

USA 

d-Biotin (Vit B7) 1.00 4.09 Sigma-Aldrich, 

Japan 

Cyanocobalamin (Vit B12) 1.00 0.74 Sigma-Aldrich, 

USA 

Make up to 1 L with dH2O 
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2.2.3 Gas Chromatography headspace analysis of volatile compounds 

Gas chromatography (GC) analysis was used to detect and quantify volatile organic 

sulfur compounds (VOSC), adapted from (Zinder and Brock, 1978a). Sample 

headspace was taken up through a sterile 25G hypodermic needle (BD, France) into 

an SGE™ gas tight syringe (Trajan, Australia) and manually injected into the GC-2010 

Plus (Shimadzu, Japan), and measured on a flame photometric detector (FPD), 

sensitive to sulfur compounds (Franchini and Steinke, 2017), as listed in Table 2.6, 

through a Rt®-Q-BOND column of 30.0 m length, 0.32 mm inner diameter, and 10.0 

µm film thickness (Restek, USA). Helium (He) was used as the carrier gas, with a 

pressure of 109.3 kPa, total flow rate of 31.7 ml/min and column flow rate of 2.60 

ml/min. The injector was kept at 250°C, the column at 180°C, and the detector at 

250°C. Hydrogen (H2) (40 ml/min) was used as the detector gas for flame ignition in 

the detector, mixed with air (60 ml/min) as the makeup gas, and a detector sampling 

rate of 40 msec. 

 

Table 2.6. Organosulfur compound retention times on the GC-FPD. Retention times of hydrogen 

sulfide (H2S), methanethiol (MT), dimethylsulfide (DMS) and dimethyldisulfide (DMDS). 

Volatile 

organosulfur 

compound 

GC-FPD 

retention 

time (mins) 

H2S 1.40 

MT 1.50 

DMS 1.58 

DMDS 2.10 

 

Overnight, between sampling points, a gas saver protocol was run on the GC to 

increase reliability and reproducibility of sampling. H2 and air were turned off (0 

ml/min) and He total flow rate reduced to 12.5 ml/min, whilst injector temperature 

reduced to 200°C, column temperature increased to 200°C, and detector 

temperature maintained at 250°C.  
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DMS standards were used for repeat calibrations throughout experiments, and to 

monitor measurement drift over time. Triplicate standards were used to make a 

standard curve, as shown in Figure 2.4. Fresh standards were made for each new 

experiment, specific to the physical and chemical conditions of the samples. 

 

 
Figure 2.4. DMS standard curve in the MAMS medium. A sigmoidal standard curve was fit using least 

squares regression from triplicate chemical repeats, with an R2 value of 0.995. Mean and standard 

error of the mean (SEM) bars (where large enough to be visible) are shown in black, and 95% 

confidence levels shown in pink. DMS concentrations used were: 100 µM, 500 µM, 1000 µM, and 2000 

µM. 

 

2.2.4 Ion Chromatography 

Ion chromatography (IC) analysis was used to detect and quantify cations of TMA and 

TMAO. Liquid samples of 1 ml were taken from the media through a sterile 25G 

hypodermic needle (Becton Dickenson, Spain) into a plastic syringe (Becton 
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Dickinson, Spain) and stored at -20°C for a maximum of three months. Samples were 

gently defrosted, filtered through EZ-10 spin columns (BioBasic, UK), and diluted one 

in 10 with dH2O, given their high salt concentration. Samples were automatically run 

by a Compact Autosampler 863.0010 (Metrohm, Switzerland), on a Compact IC Pro 

881.0010 v5.850.0112 (Metrohm, Switzerland), with a Metrosep C 4 - 250/4.0 cation 

column (Metrohm, Switzerland) at 30°C, a standard PEEK peristaltic pump at 14.61 

Pa, with a 0.9 ml/min flow rate, and conductivity detector with cell constant 15.4 /cm 

at 40°C. 

 

Eluent was prepared, as described in Table 2.7, allowing for the separation of glycine 

betaine (GBT), sodium, ammonium, MMA, DMA, carnitine, TMAO, TMA, and choline 

cations on the IC column over 25 mins, with retention times detailed in Table 2.8. 

Fresh eluent was added prior to running, and sampling started once conductivity 

stabilised and column temperature reached 30°C. 

 

Table 2.7. Preparation of IC eluent. For the separation of cations on the IC, including TMA and TMAO. 

A 10x stock solution of 2,4-pyridinedicarboxylic acid (PDCA), acetone, and nitric acid (HNO3) was 

prepared, stored at 4°C for a maximum of two months, and diluted 1/10 with dH2O for a working 

solution of eluent as required. 

Compound Amount/L 10x 

stock solution (ml) 

Final working 

concentration 

Supplier 

PDCA 350 0.7 mM Sigma-Aldrich, USA 

Acetone 500 5% Fisher Scientific, UK 

HNO3 0.915 1.5 mM Fluka Analytical, France 

Make up to 1L with dH2O 

 

 

 



 96 

Table 2.8. Cation retention times on the IC. Retention times of glycine betaine (GBT), sodium, 

ammonium, monomethylamine (MMA), dimethylamine (DMA), carnitine, trimethylamine N-oxide 

(TMAO), trimethylamine (TMA), and choline cations. 

Cation IC retention time (mins) 

GBT 4.78 

Sodium 7.59 

Ammonium 9.24 

MMA 9.73 

DMA 10.58 

Carnitine 13.90 

TMAO 14.00 

TMA 15.75 

Choline 18.81 

 

TMA standards were used for repeat calibrations throughout experiments, and to 

monitor measurement drift over time. Triplicate standards were used to generate a 

standard curve, as shown in Figure 2.5, which was used across experiments. Peak 

areas of samples were automatically integrated with the MagIC Net v3.0-106 

programme, and TMA concentrations calculated against the standard curve, 

considering initial dilution. 
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Figure 2.5. TMA standard curve in MAMS medium. A linear standard curve was fit against triplicate 

chemical repeats, with an R2 value of 0.996. Mean and SEM bars are shown in black (where large 

enough to be visible), and 95% confidence levels shown in pink. TMA concentrations used were: 5 µM, 

10 µM, 25 µM, 50 µM, 75 µM, 125 µM, 250 µM, 500 µM, and 1000 µM. 

 

2.2.5 DNA extraction and 16S rRNA gene PCR and sequencing 

Bacterial strain identity was confirmed by 16S rRNA gene PCR with sterile equipment 

and DNase-free filter tips (Fisher Scientific, UK). Single colonies were picked from 

agar plates, suspended in 20 µl sterile, nuclease free dH2O (Ambion®, USA), and 

boiled at 100°C for 5 mins. Cultivated isolates in liquid culture were sampled, 

centrifuged (4°C, 13,000 rpm, 2 mins, ThermoFisher, Germany) and the cell pellet 

was picked and boiled under the same conditions. Boiled samples were centrifuged 

(4°C, 13,000 rpm, 1 min, ThermoFisher, Germany) and DNA from 1 µl supernatant 

was used as a template for PCR reactions, with the universal bacterial primer pair 
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27F-1492R for 16S rRNA genes (Weisburg et al., 1991), as detailed in Table 2.9, with 

an expected PCR product of approximately 1400 bp in length. 

 

Table 2.9. Bacterial 16S rRNA gene primer sequences for colony PCR. Taken from (Weisburg et al., 

1991). 

Primer name Primer sequence (5’ to 3’) Reference 

27F AGAGTTTGATCCTGGCTCAG  (Weisburg et al., 1991) 

1492R GGTTACCTTGTTACGACTT 

 

Reactions were prepared with 1x KAPA Taq Buffer A (with 1.5 mM MgCl2) (KAPA 

BioSystems, Inc., USA), 0.8 mM deoxynucleotide triphosphate (dNTP) mix (0.2 mM 

per nucleotide) (ThermoFisher Scientific, UK), 0.5 µM 27F and 1492R primers 

(ThermoFisher Scientific, UK), 2% (v/v) DMSO (Thermo Scientific, France), 0.068% 

(w/v) Bovine serum albumin (BSA) (ThermoFisher Scientific, UK), 0.02 enzyme unit 

(U)/µl KAPA taq DNA polymerase (1 U per experiment) (KAPA BioSystems, Inc., USA), 

1 µl DNA template, and made up to a final volume of 50 µl per sample with sterile, 

nuclease free water. A negative control was run with each experiment, with the 

exemption of a DNA template, to detect contamination. 

 

The reactions were performed on a T100™ Thermal Cycler (Bio-Rad, USA), under the 

following conditions: 5 mins denaturation at 94°C; 35 cycles of 30 secs denaturation 

at 94°C, 30 secs annealing at 55.5°C, 75 secs elongation at 72°C; and a final 

elongation for 7 mins at 72°C.  

 

PCR product quality control was performed by running a 1% (w/v) Tris-borate-EDTA 

(TBE) (ThermoFisher, UK) agarose gel (Sigma-Aldrich, USA) with GelRed® nucleic acid 

gel stain (Biotum, USA). 5 µl PCR sample with gel loading dye (New England BioLabs, 

USA) was loaded, alongside a 1 kb DNA ladder (Promega, USA). 

 

PCR products were purified using the QIAquick® PCR Purification Kit (Qiagen, 

Germany), eluted in 30 µl elution buffer following the manufacturer’s instructions, 
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and concentration was determined with a NanoDropTM2000 Microvolume 

Spectrophotometer (ThermoScientific, UK). 16S rRNA gene PCR products were sent 

to GATC Biotech GmbH (Konstanz, Germany) for external Sanger sequencing using 

the Mix2Seq Kit (Eurofins, UK) with 17 µl of 10 ng/µl DNA and 2 µl of 10 µM primers. 

Sequence trace quality was checked with 4Peaks v1.8 (Nucleobytes, The 

Netherlands) and queried against the NCBI database using BLASTn (Johnson et al., 

2008) to confirm identity. 

 

2.2.6 HMM metagenome search 

A Hidden Markov Model (HMM) profile was constructed from the model R. 

capsulatus DorA and experimentally confirmed functional MRC DorA homologue 

sequences, as listed in Table 0.4 in the Appendix, using the HMMbuild function in 

HMMER v3.3.2 (Finn et al., 2011). This HMM profile and the blastp and tblastn 

functions in the online platform Ocean Gene Atlas v2.0 (Villar et al., 2018) were used 

to probe existing TARA Oceans databases for the abundance of Dor-type DMSO 

reductase genes in metagenomes (OM-RGC_v2_metaG) and metatranscriptomes 

(OM-RGC_v2_metaT) across nine ocean regions, and at differing dissolved oxygen 

concentrations. A cut off value of 1e-150 was used and sequence abundances were 

normalised against the median abundance of an HMM profile of 10 marker genes 

(COG0012, COG0016, COG0018, COG0172, COG0215, COG0495, COG0525, 

COG0533, COG0541, COG0552) identified as suitable housekeeping genes for 

metagenomic and metatranscriptomic normalisation (Milanese et al., 2019), as 

previously described (Sunagawa et al., 2013). 

 

2.2.7 Statistical analyses 

Graphs plotted and statistical analysis carried out in GraphPad Prism v9.3.1 

(GraphPad Prism, 2021). 
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2.3 Results 

2.3.1 MRC bacteria have the genetic potential to reduce DMSO and 

TMAO 

A survey of DMSO reductase potential in the MRC by NCBI BLAST analysis of the well 

characterised R. capsulatus DorA (RefSeq ID: Q52675) against 125 MRC bacterial 

strains, listed in Table 0.1 in the Appendix, identified eight strains that contain DorA 

homologues above the applied threshold of 40% identity value and 60% similarity 

value against the query sequence, as detailed in Table 2.10. These included some 

members of the genera Citreicella (formerly Salipiger), Pseudoruegeria, Ruegeria, 

Shimia, and Tropicimonas, which suggested several members of the MRC have DMSO 

reduction potential, and which may allow these to drive marine organic matter 

degradation under anoxic conditions.  

 

Additionally, Celeribacter halophilus ZXM137 was selected for use as a MRC negative 

control strain in experimental work, given it showed no DMSO reduction genetic 

potential based on DorA BLAST results, as the results of which are detailed in Table 

0.2 in the Appendix.  
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Table 2.10. Comparative genomic analysis of genome sequenced MRC bacteria for DorA homologues. NCBI protein BLAST results of well characterised R. capsulatus DorA 

protein subunit (Q52675, 823 AA) against 125 strains of MRC bacteria. Homologues above assigned threshold of 40% identity value (ID) and 60% query cover (QC%) shown, 

with organisms ordered alphabetically, and then by percentage identity. Gene label, protein description, and protein length in number of amino acids given, with QC%, ID, 

and e- value. Homologues labelled as mammalian cell entry protein (MCE), molybdopterin-dependent oxidoreductase (MDOR), and TMAO reductase (TorA). Strains available 

for lab experiments are highlighted (bold). Where multiple hits of identical proteins were found in different strains of the same species, one example protein given. 

Organism Protein ID Description Length (AAs) QC% ID e-value 

Citreicella aestuarii AD8 WP111551404 TorA 821 96.00 63.78 0.00 

Citreicella sp. SE45 WP008883331 TorA 822 98.00 61.33 0.00 

Citreicella thiooxidans CHLG1 WP089958416 TorA 822 98.00 61.08 0.00 

WP089958092 MDOR 767 93.00 41.36 0.00 

Pseudoruegeria lutimaris HD-43 WP093154543 TorA 819 98.00 62.35 0.00 

WP093164574 TorA 809 97.00 52.97 0.00 

WP093153651 TorA 823 95.00 51.40 0.00 

Ruegeria conchae TW15 WP010437835 TorA 821 98.00 46.53 0.0 

Shimia haliotis WM35 WP093324836 TorA 823 97.00 49.76 0.00 

Tropicimonas isoalkanivorans BFI WP093361027 TorA 821 99.00 64.35 0.00 

WP093361036 MDOR 764 91.00 41.32 0.00 

Tropicimonas sediminicola M97 WP089232478 TorA 819 98.00 63.10 0.00 
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Given the dichotomy of DorA/TorA labelling and function, as discussed in Section 

1.4.4, an evolutionary distance dendrogram was calculated to phylogenetically place 

the MRC bacterial DorA homologues within the wider DMSO reductase enzyme 

family, as shown in Figure 2.6. Verified DMSO reductase enzyme family proteins are 

detailed in Table 0.3 in the Appendix. All MRC proteins labelled TorA clustered within 

known DorA and TorA proteins. More specifically, S. haliotis and R. conchae TorA 

clustered together, within the verified E. coli and Shewanella TorA sequences, whilst 

T. isoalkanivorans TorA clustered with R. sphaeroides and R. capsulatus DorA 

proteins, and all three Citreicella TorA proteins clustered very close to this group.  

 

MDOR labelled homologues in T. isoalkanivorans and C. thiooxidans clustered with 

the verified R. sphaeroides BisC protein, in the same group as DorA and TorA within 

the DMSO reductase enzyme family, but not with DMSO or TMAO reductase 

function. Therefore, they are likely members of the DMSO reductase enzyme family, 

but unlikely to specifically carry out DMSO or TMAO reduction. 

 

The outgroup C. halophilus mammalian cell entry (MCE) protein clearly fell outside 

of the verified DMSO reductase family proteins, and so is deemed unlikely to carry 

out DMSO or TMAO reduction. 
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Figure 2.6. Phylogenetic analysis of MRC bacteria DorA homologue protein sequences (~822 amino 

acids). Evolutionary distance dendrogram of unverified MRC bacteria DorA homologues (bold) placed 

within the DMSO reductase family, as compiled by (McEwan et al., 2002), including sequences of 

characterised TMAO reductases (blue) and Dor-type DMSO reductases (pink). C. halophilus 

mammalian cell entry (MCE) was used as an outgroup. Protein accession numbers, bacterial strain and 

protein name shown, including biotin sulfoxide reductase (BisC), molybdopterin-dependent 

oxidoreductase (MDOR), TMAO reductase (TorA, TorZ), DMSO reductase (DorA, DmsA), ethylbenzene 

dehydrogenase (EbdA), selenate reductase (SerA), membrane-bound respiratory nitrate reductase 

(NarB, NarG), thiosulfate reductase (PhsA), polysulfide reductase (PsrA), formate dehydrogenase 

(FdhA, FdoG, FdnG), assimilatory nitrate reductase (NasA), and periplasmic nitrate reductase (NapA). 

Sequences aligned using ClustalW algorithm (Thompson et al., 1994) and phylogenetic tree generated 

with Neighbour Joining method (Saitou and Nei, 1987) based on Jones-Taylor-Thornton model (Jones 

et al., 1992), both using MEGA v11 (Tamura et al., 2021). Bootstrap values (based on 500 replicates) 

greater than or equal to ≥0.50 (50%) are shown below branch points. Phylogenetic tree edited using 

online Interactive Tree of Life (iTOL) v6.5.2 tool (Letunic and Bork, 2021) and drawn to scale, with 

branch lengths scaled to the number of substitutions per site, with scale bar demonstrating 0.2 

substitutions per site. 
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Further bioinformatic analysis of the organisation of genes in the dorA homologue 

operon of MRC bacterial strains showed the genetic neighbourhood of all MRC dorA 

homologues contained at least one gene labelled as another TMAO reductase 

subunit. Additionally, some genes were labelled as other DMSO reductase family 

protein subunits, including BisC and TorZ. One strain, Citreicella sp. SE45, contained 

a labelled Dor-type DMSO reductase subunit, but no other strains contained genes 

that referenced specifically DMSO reduction.  

 

Many other neighbouring genes are labelled as unspecific or hypothetical proteins, 

highlighting the essential lack of knowledge of function of many genes, and the need 

to characterise such enzymes and their subunits for trustworthy genome annotation. 

Therefore, whilst all MRC homologues were labelled as TorA, work continued to test 

their ability to reduce both TMAO and DMSO, given the likelihood that these genes 

could be bifunctional or inadequately annotated.
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Figure 2.7. Genetic neighbourhood of model and MRC bacteria DMSO and TMAO reductases. A- Genomic regions of defined dorA genetic operon (R. capsulatus and R. 

sphaeroides), torA (E. coli and R. capsulatus) and dmsA (E. coli), with known genes of subunits labelled above arrow in italics. B- Genomic regions of sequenced MRC strain 

genomes around dorA homologues in C. aestuarii, C. sp. SE45, C. thiooxidans, R. conchae, S. haliotis, and T. isoalkanivorans, all labelled as torA. Arrows are colour coded for: 

DMSO reductase catalytic subunit (dark pink) and other DMSO reductase subunits (light pink), TMAO reductase catalytic subunit (dark blue) and other TMAO reductase 

subunits (light blue), other DMSO reductase enzyme family protein (dark purple), molybdenum cofactor biosynthesis proteins (light purple), other oxidoreductase enzymes 

(grey), ABC membrane transporter proteins (dark grey), and hypothetical proteins of unknown function (light grey). Relevant genes are labelled above arrows where possible, 

including biotin sulfoxide (bisC), DMSO reductase (dorABCDRS), formate dehydrogenase (fdhBC), nitrate reductase (napE), and TMAO reductase (torACDRST). Arrows used to 

show direction of transcription of each gene, scale bar indicates 1kb of genomic DNA.
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As discussed in Section 1.4.4, the specific AA motif of Y114 and W116 has been 

suggested to indicate substrate specificity and could be used to assign whether the 

reductase is bifunctional and able to reduce DMSO and TMAO. Therefore, The AA 

residues at location 114 and 116 relative to the N-terminus in the aligned protein 

sequences of the MRC DorA homologues annotated as TorA were determined. 

Characterised DorA (R. capsulatus and R. sphaeroides) and TorA (E. coli) sequences 

were used for comparisons, and results are shown in Figure 2.8.  

 

All homologous proteins contained W116, and all Citreicella and Tropicimonas strains 

contained Y114, suggesting they could reduce both TMAO and DMSO, as 

phylogenetic analysis suggested. However, R. conchae and S. haliotis did not have a 

tyrosine at site 114, but instead a threonine (T). This suggested they would be specific 

to TMAO and not capable of utilising DMSO as a substrate, further confirming the 

phylogenetic analysis that placed them within verified TorA protein sequences.  

 
Figure 2.8. Amino acid motif analysis of TorA labelled MRC DorA homologues. MRC bacteria DorA 

homologue protein sequences aligned in MEGA v11 (Tamura et al., 2021) using ClustalW algorithm 

(Thompson et al., 1994), alongside characterised DorA (R. capsulatus and R. sphaeroides) and TorA (E. 

coli) sequences. Protein accession numbers, bacterial strain, and protein name shown. AA motif Y114 

and W116 highlighted (red), for their role in substrate specificity of the enzyme. C. aestuarii, C. sp. 

SE45, C. thiooxidans, and T. isoalkanivorans sequences contain Y114 and W116, the same as 

characterised DorA sequences. R. conchae and S. haliotis sequences also highlighted (red) as they 

contain W116, but not Y114. AA numbers are of the position relative to the N-terminus. 

 

This bioinformatic survey of MRC bacteria DMSO reduction potential and analysis of 

genetic phylogeny and operons suggested several bacterial isolates were capable of 
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both DMSO and TMAO reduction. Particularly homologues in Citreicella and 

Tropicimonas strains which both clustered with verified DorA protein sequences and 

contained the appropriate AA motif of Y114 and W116 for DMSO and TMAO 

reduction. Other homologous proteins from R. conchae and S. haliotis clustered with 

verified TorA proteins and contained W116, but not Y114, suggesting they function 

solely as a TMAO reductase. These were further tested experimentally under anoxic 

conditions with DMSO and TMAO substrates to confirm their functionality.  

 

2.3.2 Experimental verification of MRC bacteria strains as DMSO and 

TMAO reducers 

Extensive protocol development allowed for the successful growth of MRC bacterial 

strains under anoxic conditions in liquid minimal media with a single carbon source 

and single alternative electron acceptor (DMSO or TMAO). Through these 

experiments, DMSO and TMAO reduction was observed in all MRC bacterial isolates 

selected based on bioinformatic analysis of DorA homology, whilst the MRC negative 

controls C. halophilus and R. pomeroyi did not produce observable DMS or TMA when 

the appropriate substrate was added. Confirmed by the presence of DMS in GC 

headspace analysis and TMA in IC medium analysis, C. aestuarii, C. sp. SE45, C. 

thiooxidans, R. conchae, S. haliotis, and T. isoalkanivorans were shown to reduce 

DMSO to DMS, and TMAO to TMA, as detailed in Table 2.11. Biological and chemical 

controls confirmed the observed DMS/TMA peaks were only present when 

DMSO/TMAO, a single carbon source, and the bacterial strain were present. 

 

For R. conchae and S. haliotis, this is contrary to AA motif prediction, given the 

absence of Y114 in their protein sequences, as shown in Figure 2.8. Given Y114 is 

involved in the stabilisation of DMSO in the Mo ion centre, this calls into question 

both the annotation of TorA proteins that are bifunctional for DMSO and TMAO yet 

have no reference to DMSO reduction in their annotation, and the existing accepted 

literature that suggests the Y114 and W116 motif can predict DMSO and TMAO 

substrate specificity.
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Table 2.11. Phenotypic confirmation of MRC bacterial strain DMSO and TMAO reduction. MRC strains tested for DMSO and TMAO reductase function, based on presence of 

DorA homologue (protein ID and gene annotation given), phylogenetic clustering with characterised DorA or TorA proteins, and amino acid motif analysis of residues Y114 

and W116, with predicted substrate specificity given (DMSO or TMAO or both). Where bioinformatics suggests TMAO only reductase activity, highlighted pale blue, where 

analysis suggests DMSO and/or TMAO reductase activity, highlighted pale pink. Observation of reductase function determined by presence (+) or absence (-) of DMS (dark 

pink) and/or TMA (dark blue) during anaerobic growth on DMSO or TMAO as sole alternative electron acceptor. 

Organism Protein ID 

Homologue gene 

annotation 

Phylogenetic 

clustering 

Substrate 

specificity 

prediction 

Observed function 

DMSO 

reduction 

TMAO 

reduction 

Citreicella aestuarii AD8 WP111551404 torA DorA DMSO and TMAO + + 

Citreicella sp. SE45 WP008883331 torA DorA DMSO and TMAO + + 

Citreicella thiooxidans CHLG1 WP089958416 torA DorA DMSO and TMAO + + 

Ruegeria conchae TW15 WP010437835 torA TorA TMAO only + + 

Shimia haliotis WM35 WP093324836 torA TorA TMAO only + + 

Tropicimonas isoalkanivorans BFI WP093361027 torA DorA DMSO and TMAO + + 
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2.3.3 Widespread distribution of DorA homologues 

To assess the presence of DMSO reductase homologues across the marine ocean 

ecosystem, an HMM profile was built from verified functional MRC bacterial DorA 

homologues from this work and the characterised R. capsulatus DorA, as listed in 

Table 0.4. This was searched against the TARA Oceans metagenomic and 

metatranscriptomic datasets, with results suggesting the homologues were 

widespread across all nine major marine regions, as detailed in Figure 2.9. Over all 

locations, an average of 20.63% of marine bacterial genomes contain a dorA 

homologue, ranging from 10.92% in the Southern Ocean, to 29.04% in the 

Mediterranean Sea. Expression of these homologues is lower, from 2.53% in both the 

North and South Pacific Ocean, to 6.54% in the Arctic Ocean, with a global mean of 

4.15%. 

 

Relative abundance was also plotted against dissolved O2 concentration in sampled 

marine seawater from all locations, as shown in Figure 2.10, to determine if presence 

and expression of DMSO reductase homologue genes were correlated. Given the 

data skewed towards high O2 concentration, no obvious trend was observed, and no 

meaningful conclusions could be drawn, even when data points of >100 µM/kg 

seawater of dissolved oxygen were removed. This is due to the high number of 

samples collected from the deep chlorophyll maximum (DCM) layer, where 

photosynthetic growth, and therefore oxygen saturation, is high, compared with 

areas of low oxygen in OMZs.  
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Figure 2.9. Widespread abundance of DorA homologues in ocean metagenomes and 

metatranscriptomes. The relative abundance (%) of dorA homologues in the metagenomes (blue) and 

metatranscriptomes (pink) of nine major marine regions. A cut off E value of 1e-150 used, relative 

abundance normalised against 10 marker housekeeping genes, and mean and standard deviation 

plotted. Data sourced from the Ocean Gene Atlas v2.0 (Villar et al., 2018). 
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Figure 2.10. Metagenomic and metatranscriptomic presences of DorA homologues across dissolved 

oxygen concentrations. The relative abundance (%) of dorA homologues in the metagenomes (blue) 

and metatranscriptomes (pink) of nine major marine regions collated and plotted against dissolved 

oxygen (O2) concentration of sampled seawater. A cut off E value of 1e-150 used, relative abundance 

normalised against 10 marker housekeeping genes, and mean and standard deviation plotted. Data 

sourced from the Ocean Gene Atlas v2.0 (Villar et al., 2018). 
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2.4 Discussion 

A comprehensive analysis of the DMSO reductase potential of marine Roseobacter 

clade bacteria has highlighted the abundance of the Dor-type of this enzyme, 

widespread through the clade and the global oceans, and often labelled as a TMAO 

reductase. Functional analysis of six selected strains of MRC show TorA labelled DorA 

homologues are capable of both DMSO and TMAO reductase function. Two strains 

in particular, R. conchae and S. haliotis, contradict current literature, given the 

absence of Y114 in their catalytic centre, yet a DMSO reduction phenotype was 

observed. This work highlights the importance of functionally verified genetic 

annotation, and the potential to incorrectly predict substrate specificity of DMSO 

reductase enzymes from sequence alone. It also confirms the DMSO and TMAO 

reduction potential of the anoxic marine microbial communities and identifies 

specific bacterial members of a dominant marine clade that can carry it out.  

 

2.4.1 Impact of DMSO and TMAO reduction by marine Roseobacter clade 

bacteria 

The role of DMSO reduction in global biogeochemical cycling has long been 

proposed, and the enzymes are well characterised, with specific marine bacteria 

shown to carry it out. But, for the first time, this work identifies numerous organisms 

of the abundant MRC that have DMSO and TMAO reductase function under anoxic 

marine conditions. Additionally, this confirms the widespread ability of the marine 

ecosystem to reduce DMSO to DMS, confirming the anoxic production of this climate 

relevant gas by a ubiquitous clade of bacteria.  

 

Given the increasing volume of OMZ waters around the world as a consequence of 

global warming and anthropogenic activity, the study of anaerobic respiratory 

processes is of growing importance. This work provides an insight into the adaptation 

of facultative anaerobes of the MRC clade to respire under these limited dissolved 

oxygen concentrations, using DMSO and TMAO as alternative electron sources.  
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2.4.2 Questions arising from DMSO reductase annotation and function 

The functional confirmation of MRC strains to reduce DMSO and TMAO uncovered a 

significant issue regarding gene annotation and challenges a well-accepted theory of 

substrate specificity prediction of these enzymes.  

 

All DorA homologues tested in MRC strains were labelled as TMAO reductases, with 

no suggestion of DMSO reductase function. From phylogenetic analysis alone, many 

clustered with characterised DorA enzymes, as opposed to TorA enzymes, suggesting 

their ability to reduce DMSO. Whilst the annotation of the operons was limited, some 

additional subunits were also labelled as Tor-associated. Given the observed 

bifunctionality of these enzymes, questions arise over their correct annotation, and 

whether Dor-type DMSO reductases and Tor TMAO reductases have two distinct 

functions. This requires urgent further investigation, given metagenomic and 

metatranscriptomic techniques are rapidly being adapted for microbiome 

characterisation and function prediction, yet the current system of mis-annotation 

could lead to a gross underestimation of DMSO reductase ability in organisms, 

microbiomes, and environments from genetic analysis alone. 

 

Additionally, two specific strains, R. conchae and S. haliotis, were also confirmed as 

DMSO reducers, not just TMAO reducers, as both phylogeny and AA motif analysis 

would predict, based on accepted literature which suggests that for the stabilisation 

of DMSO in the active site, the sidechain of tyrosine in site 114 is required, as 

discussed in Section 1.4.4. However, these two MRC strains do not have the Y114 

and W116 motif, and instead contain the residues T114 and W116. The observation 

of DMSO reduction by these enzymes opposes the biochemical characterisation of 

these enzymes, and questions our understanding of their function in vivo. All 

previous characterisation studies have been carried out in vitro or in E. coli  (Mouncey 

et al., 1997; Hilton et al., 1999; Li et al., 2000; Kappler et al., 2002; McEwan et al., 

2003). Whilst much can be learnt from this type of work, there is a need for functional 

confirmation of these enzymes in environmentally relevant organisms, given 

catalysis may differ, which would greatly impact Earth system models. 
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2.4.3 Widespread abundance of DorA homologues  

The assessment of ocean metagenomic and metatranscriptomic data for DMSO 

reductase potential in this work used sequences beyond the characterised 

Rhodobacter enzymes and included functionally confirmed DMSO/TMAO reductases 

from MRC strains. This therefore provides a more accurate assessment of the DMSO 

reduction potential of bacteria that are often abundant members of marine microbial 

communities, by using a range of protein sequences from functionally verified 

organisms.  

 

Results show that transcript abundance was lower than gene abundance, suggesting 

many organisms have the genetic potential to adapt to anoxic conditions by the 

respiration of DMSO, but it is not constantly expressed. However, the relative 

abundance of both homologous genes and transcripts was much higher than 

expected across all major ocean regions, given the abundance of dissolved oxygen 

available to microbial communities. Whilst the regulation of DMSO reductase 

expression is fairly complex, as discussed in Section 1.4.3.2, it is thought to primarily 

be triggered by anoxic conditions (Mouncey and Kaplan, 1998). There are several 

potential explanations for the observed high levels of relative abundance, all of which 

are worth investigating further.  

 

The observed metagenome relative abundances could be explained by the ancient 

lineage of the DMSO reductase enzyme family, as discussed in Section 1.4.1.1. 

Therefore, it is widespread throughout bacterial lineages, given the survival 

advantage this gene would have provided in the ancient oceans of much lower 

oxygen concentrations. Given the dynamic oxygen conditions of the marine 

environment, with the occurrence of oxygen depletion events increasing, this gene 

is evolutionary still valuable today.  

 

However, the high relative abundance of expression of these homologues remains 

unexpected. It may be explained by the existence of hotspots of pockets of anoxic 

water within the water column, as is hypothesised to explain the methane 
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supersaturation paradox (Bižić et al., 2020). This would suggest anaerobic 

metabolism plays a far greater role in global biogeochemical cycling and the 

production of climate relevant gases than currently assumed. 

 

Another explanation is that the E value cut-off (e-150) was not stringent enough. Some 

preliminary work has been carried out to improve this, based on previous 

metagenomic analysis of TorA homologues (Jameson et al., 2016), but high numbers 

of gene and transcripts are still observed. The identity of hits close to the imposed 

threshold should also be identified, and further bioinformatic and phylogenetic 

analysis may aide in confirming functional potential. However, given the limitations 

of function prediction from annotation and protein sequences, as discussed in this 

chapter, this alone should not be relied upon. A final approach could be to run 

multiple iterations of the HMM search, and plot number of hits at each E value. If a 

decrease in number of hits is observed between two values, the higher E value should 

be used, assuming only true DorA/TorA homologues remain. 

 

Alternatively, there may be an additional biological role of DMSO reductases, 

through a more complex expression system, of which the regulation is not fully 

understood. Given they have been reported to carry out DMS oxidation under oxic 

conditions (Adams et al., 1999; Bray et al., 2001), perhaps after having been switched 

on in anoxic microniches of the ocean, they can remain active under oxic conditions. 

Further experiments are suggested to investigate the expression of DMSO reductases 

in environmentally relevant strains. One proposed set up is to follow the protocol 

used in this work to grow up facultative anaerobic bacteria in anoxic conditions with 

DMSO, to ensure DMSO reductases are switched on. After a few days of incubation, 

when DMS concentration has been observed to plateau, cultures should be removed, 

washed with DMSO-free media, and incubated under oxic conditions with DMS. 

Addition of gentamicin would prevent further protein production, and so activity of 

DMSO reductases expressed under previous anoxic conditions could be observed 

under oxic conditions. Throughout the experiment, DMS and DMSO concentrations 

should be determined and compared with controls. Additionally, at each time point, 

oxygen concentration should be measured, and RNA samples taken for RT-PCR, 
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which would allow gene expression studies to determine the role oxygen plays on 

the regulation of these genes.  

 

2.4.4 Sampling of low oxygen marine waters 

The assessment of DorA homologues in metagenomes and metatranscriptomes 

against dissolved oxygen concentration of sea water in ocean data highlights another 

important issue that needs addressing for the reliable, accurate study of microbial 

activity in OMZs. As shown in Figure 2.10, data is highly skewed towards areas of 

higher dissolved oxygen concentration, due to more sampling points in areas of high 

oxygen availability. In particular, large amounts of data have been collected from the 

mixed surface ocean, where circulation aerates water and supplies oxygen, and the 

DCM layer, where photosynthesis and oxygen production rates are high. This 

prevents any conclusions being drawn about the correlation of gene and transcript 

abundance with dissolved oxygen levels.  

 

In many cases in the assessed data set, oxygen concentration data was lacking, 

especially from OMZs, which are of most interest to this work. Difficulties in 

measuring low oxygen concentrations are known to limit sampling, with equipment 

detection limits at <1 µM and accuracy limits at <2 µM (Paulmier and Ruiz-Pino, 

2009). To this end, a call for a multidisciplinary approach to the collection of ocean 

data has been made (Garçon et al., 2019), and it is hoped that future projects 

appreciate the importance of reliable, reproducible OMZ data collection and analysis, 

allowing future work to elucidate trends down an oxygen gradient, and correlate 

physical factors and biological activity.  

 

2.4.5 Ongoing and future work 

Extensive protocol development was carried out to study the growth of these strains 

under anoxic conditions, in minimal media to ensure DMSO or TMAO were the only 

available electron acceptors for anaerobic respiration. It was found cultures must 

first be grown in oxic, rich liquid media, and these cultures could then be used to 

inoculate anoxic vials with minimal media. It is recommended for future work, that 
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fresh glycerol stocks are used for each experiment, cultures transferred to optimal 

liquid conditions, and significant growth observed before commencing with anoxic 

experiments. When working with facultative anaerobes, N2 flushing of airtight vials 

is sufficient, given aerobic respiration is assumed to rapidly consume any remaining 

oxygen. If further work moves to the study of strict anaerobes, it is suggested all 

media and stock solutions are bubbled through with N2 and reduced with sodium 

sulfide, before adding to airtight vials and using Resazurin as an indicator of anoxia, 

as is described in Section 3.2.5. The protocol of DMSO quantification, as described in 

Section 3.2.4 was not finalised in time for the incubations in this chapter, and so 

ongoing work aims to confirm DMSO concentrations throughout MRC anoxic 

incubations before publication of this data. Detailed plans have also been made for 

dynamic anoxic/oxic MRC incubation experiments, and it is hoped this is carried out 

it the future to confirm the expression levels of DMSO reductases.  

 

Furthermore, sequencing of the homologues is recommended to confirm published 

sequences with or without the Y114/W116 AA motif are correct. Mutant knockout 

experiments of these genes would also confirm DMSO reduction phenotype is 

attributed to the identified homologues. A protocol for this in MRC has been 

developed in Citreicella sp. SE45 (Ian Lidbury and Yin Chen, unpublished), and it is 

recommended this is followed.  

 

Additionally, the first microbiome data set from the Black Sea has recently been 

published, confirming the dominance of Alphaproteobacteria within the water 

column (Cabello-Yeves et al., 2021). Time limitations prevented further investigation, 

but it is highly recommended that this data is utilised, and the presence of DorA 

homologues within it determined, to further explore DMSO and TMAO reduction in 

OMZs. The HMM profile generated in this work could be used, and a similar method 

to one previously described (Williams et al., 2019) could be followed. As discussed 

previously, importance should be placed on identifying a sufficiently stringent E-

value cut-off. 
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Finally, the writing of a manuscript for the publication of this work is underway. Prior 

to submission, final experimental replicates will be run to confirm observed function 

that contradict existing literature, and previously discussed improvements to the 

analysis of metagenomic and metatranscriptomic data sets will be implemented.  

 

2.4.6 Conclusions 

Overall, this work confirms the identify of marine Roseobacter clade bacterial strains 

with DMSO and TMAO reduction function in the anoxic marine environment. This 

facilitated survival in anoxic conditions and produced the climate relevant 

compounds DMS and TMA. However, the annotation of these homologues and 

sequence analysis based on current literature is insufficient to predict their 

bifunctional activity. This highlights a potential flaw in gene annotation of DorA/TorA 

enzymes, and the importance of functional confirmation of activity, given the 

difficulty in predicting function from sequence, for the future assessment of marine 

microbial biogeochemical cycling. 
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3 Identification of microorganisms driving 

DMSO reduction in saltmarsh sediments 
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3.1 Introduction 

Saltmarsh sediments are environments of high organic carbon turnover which 

typically generate steep vertical redox gradients. Anaerobic respiration occurs in 

anoxic sediment just a few millimetres below the surface, requiring alternative 

respiratory electron acceptors, such as sulfate and nitrate. Given saltmarshes are 

areas of high turnover of organosulfur compounds, DMSO is likely to be readily 

available as an alternative electron acceptor in anoxic sediments, as discussed in 

Section 1.3.2. This work investigates the potential of microbial communities to 

reduce DMSO, facilitating anaerobic respiration and production of climate relevant 

gases DMS and methane (CH4).  

 

3.1.1 Microbial anaerobic respiration in the saltmarsh environment 

Saltmarshes are environments between marine and terrestrial margins, as illustrated 

in Figure 3.1, with ecosystems characterised by high productivity (Hopkinson and 

Giblin, 2008), contributing to 1-10% of total marine primary production (Duarte, 

2017), making them globally relevant sites of carbon and biogeochemical cycling 

(Nedwell, 1984), greenhouse gas emission, and high value sites of carbon capture 

and storage (Burden et al., 2019). The high heterotrophic carbon turnover, aided by 

surface phototrophic biofilms, leads to highly stratified vertical microbial community 

composition, with an extremely steep redox gradient moving down through the 

intertidal sediment (Koop-Jakobsen and Gutbrod, 2019). Atmospheric oxygen levels 

and phototrophic bacterial oxygen production on the saltmarsh sediment surface 

penetrate just a few millimetres, dependent on overlying seawater oxygen saturation 

(Rasmussen and Jorgensen, 1992), time of day and season (Nedwell et al., 1994), and 

distance from plant roots (Koop-Jakobsen et al., 2017), limiting heterotrophic growth 

by aerobes to this uppermost layer, beyond which there is a dynamic microaerophilic 

environment, and then carbon turnover continues under reduced conditions via 

anaerobic activity, requiring alternative respiratory electron acceptors (Nedwell, 

1984).  
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Figure 3.1. Saltmarsh zones and characteristics. Typical saltmarsh profile from upland area, through 

high marsh, low marsh, and mud flat, defined by where high tide water reaches, from mean low water 

(MLW), to mean sea level (MSL), mean high water (MHW), and extreme high water (EHW). Horizontal 

and vertical gradients of salinity (blue), sulfate (purple) and oxygen (pink) majorly influence microbial 

community dynamics and metabolism throughout the sediment. Adapted from (Teal, 2001). 

 

Decades of research have identified two major terminal degradation processes: 

sulfate reduction to sulfide, by sulfate reducing bacteria (SRB) (Howarth and Teal, 

1979; Jørgensen, 1982; Bahr et al., 2005); and carbon dioxide reduction to methane, 

by methanogens (Barnes and Goldberg, 1976; Huertas et al., 2019). Whilst the two 

reactions are not mutually exclusive, thermodynamics dictates sulfate reduction 

takes priority, given it yields more energy, and so an ecological succession is formed 

down the vertical sediment column, with SRB typically found active above 

methanogens (Oremland and Taylor, 1978). In turn, these processes benefit 

organisms of a higher trophic level, by utilising H2 and acetate, which would 

otherwise build up in the dynamic system and inhibit fatty acid metabolism to H2, 

CO2, and acetate (Bryant, 1977). Alongside sulfate reduction, some SRB have also 

been shown to reduce DMSO, although their DMSO reductase activity in situ is 

unknown (Jonkers et al., 1996).  

 

Additionally, a horizontal gradient of salinity exists along the saltmarsh, from land to 

sea, as highlighted in Figure 3.1, along which SRB populations have been shown to 
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correlate with salinity. As availability of sulfate decreases towards freshwater, SRB 

populations decline, providing less competition for acetate and hydrogen, allowing 

methanogenesis reduction to dominate (Takii and Fukui, 1991). Whilst some 

methanogens are found solely in low sulfate conditions (Purdy et al., 2002), some 

generalists have evolved to survive in different niches by utilising other C1 and C1-

precursor compounds (Zeikus, 1977), such as methylamine (Winfrey and Ward, 1983; 

Jameson et al., 2019), glycine betaine (Jones et al., 2019), and DMS (Lomans et al., 

1999; Tsola et al., 2021). 

 

Many other physico-chemical micro-gradients also exist in the upper saltmarsh layer 

and affect the distribution of bacteria down the vertical sediment column; vegetation 

type, depth, conductivity, pH, sediment organic carbon and total nitrogen have all 

been found to affect SRB and methanogen populations in the top 30 cm of sediment 

(She et al., 2016). Additionally, just a few degrees change in temperature can 

significantly influence community composition (Hicks et al., 2018), and so as climate 

changes it becomes more important to gain a better understanding of how 

temperature affects these communities and their interactions. 

 

3.1.2 Organosulfur cycling in the saltmarsh 

Besides a major role for sulfate in anaerobic respiration and community dynamics in 

the saltmarsh environment, saltmarshes have long been known as a hotspot of 

organosulfur cycling (Balzer, 1981; Luther et al., 1986; Kiene and Visscher, 1987; 

Kiene and Capone, 1988). DMSP is thought to drive this cycle, produced by many 

organisms within the saltmarsh: the salt tolerant plant species, including Spartina 

(Dacey and Blough, 1987; Hanson et al., 1994), benthic microalgae (Jonkers et al., 

1998), and some bacteria (Zheng et al., 2020). Production of the climate relevant gas 

DMS from DMSP (Yoch, 2002) and methanethiol (MT) (Carrión et al., 2019) has been 

demonstrated in saltmarshes (Kiene, 1988; Lomans et al., 1997), the pathways of 

which are detailed in Section 1.2. Quantities of DMS produced per unit area of 

saltmarsh are significant on the global scale, similar to those described in the upper 

water column (Lana et al., 2011) and greater than any known terrestrial soil (Adams 
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et al., 1981; Watts, 2000), with an estimated annual release of 2.842 g of sulfur in 

the form of DMS released from one m2 of saltmarsh, contributing to 49% of total 

volatile sulfur in flux between saltmarsh and atmosphere (Steudler and Peterson, 

1984; Steudler and Peterson, 1985). 

 

Multiple pathways within the saltmarsh organosulfur cycle also produce DMSO, 

including the oxidation of DMS, either via photooxidation on the surface (Andreae, 

1980b), under oxidative stress during changing tidal conditions by reactive oxygen 

species (ROS) produced by benthic macroalgae (Hopkins et al., 2016), or biologically 

by marine bacteria (Fuse et al., 2000; Lidbury et al., 2016) or phytoplankton 

(Andreae, 1980b). Additionally, DMSO can be produced by phytoplankton (Simó et 

al., 1998) and be released from the cleavage of the recently discovered compound 

dimethylsulfoxoniumpropionate (DMSOP) (Thume et al., 2018). Therefore, DMSO is 

thought to be widely available to benthic microorganisms in saltmarsh sediments. 

 

3.1.3 DMSO reduction in saltmarsh sediment 

DMSO reduction is a relevant strategy for microorganisms to contribute to organic 

matter degradation under anaerobic conditions (Zinder and Brock, 1978b) and has 

been observed in anoxic saltmarsh sediments (Kiene and Capone, 1988) and SRB 

isolated from them (Jonkers et al., 1996). However, whilst the DorA and DmsA 

reductase enzyme biochemistry is well known, as discussed in Section 1.4.2, the use 

of DMSO as an alternative electron acceptor in anaerobic respiration by the 

saltmarsh microbial community, the members that drive such reduction, and the 

significance of its contribution to the global production of DMS, is yet to be 

characterised. 

 

Additionally, an active nitrogen cycle occurs within the saltmarsh sediment, turning 

over species such as glycine betaine and TMAO to TMA (Jameson et al., 2016), which 

in high sulfate conditions can act as an alternative drivers of methanogenesis 

(Winfrey and Ward, 1983). As previously discussed in Section 1.4.4, these enzymes 
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of the DMSO reductase family have the potential to also interact with DMSO (Lidbury 

et al., 2016), further facilitating respiratory activity and DMS production.  

 

Therefore, a cryptic redox cycle may exist in this dynamic oxygen environment at the 

interface of oxic/anoxic sediment, as illustrated in Figure 3.2, whereby compounds 

such as DMSO and TMAO are rapidly cycled through reduction to DMS and TMA 

under anaerobic conditions, and re-oxidised to DMSO and TMAO under aerobic 

conditions. Even though the concentrations of these intermediates may therefore be 

relatively low (nM-µM range) which could be seen to imply irrelevance, a high 

turnover rate in such a cryptic cycle could facilitate substantial remineralisation of 

organic carbon and the release of climate warming gases CO2 and CH4 from 

saltmarshes. Shifting oxyclines might also lead to rapid respiratory adaptation to 

both reduced and oxidised conditions and thus could play a role in microbial growth 

and community dynamics. 

 

This work therefore aims to address some of these knowledge gaps, using microbial 

ecology techniques to assess potential for DMSO reduction in situ, characterise 

organisms that drive it, and determine fate of produced DMS in surface sediments of 

the Stiffkey saltmarsh, on the north Norfolk coast, UK.  
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Figure 3.2. DMS and DMSO redox cycle in saltmarsh sediment across a dynamic oxycline. 

Dimethylsulfoxide (DMSO) is used as an alternative electron acceptor for anaerobic respiration in 

anoxic saltmarsh sediment by DMSO reducers with the genes for DMSO reductase enzymes (dorA, 

dmsA), producing dimethylsulfide (DMS), which can be rapidly re-oxidised to DMSO under oxic 

conditions, via photooxidation, reactive oxygen species (ROS), and microbial DMS oxidisers with the 

genes for DMS dehydrogenase (ddh) or TMA monooxygenase (tmm). Constant biological sources of 

dimethylsulfoniopropionate (DMSP), dimethylsulfoxoniumpropionate (DMSOP), and DMSO fuel the 

cycle, whilst some DMSO is lost from the system via sedimentation. DMS can also be oxidised to carbon 

dioxide (CO2) by methylotrophic bacteria, or methane (CH4) by methanogenic archaea. CO2 and CH4 

also cycle across the oxic/anoxic interface, aerobic methanotrophs oxidising CH4 to CO2, and anaerobic 

methanogens reducing it back to CH4. DMS, CH4, and CO2 are all climate relevant gases that can be 

emitted from the sediment into the atmosphere.  

 

 



 126 

3.1.4 Hypotheses and aims 

The primary motivation behind this work was to identify microbial drivers of DMSO 

reduction in the saltmarsh environment, with the hypothesis that it is readily 

available to microorganisms in the microoxic and anoxic sediment, and that a diverse 

population carry it out, producing DMS, which can act as a precursor for methane by 

methanogenic archaea. Therefore, the aims are as follows: 

1. Profile DMSO and DMSP concentrations across saltmarsh locations to 

determine availability to microbial populations. 

2. Characterise the bacterial community of saltmarsh sediments and assess the 

changes in community structure upon the addition of DMSO to identify the 

drivers of DMSO cycling in the saltmarsh environment. 

3. Assess the fate of produced DMS and the microbial drivers behind this.  

 

3.1.5 Experimental overview 

Saltmarsh sediment was sampled from areas of varying characteristics (Stiffkey, 

Norfolk, UK), DMSP and DMSO concentrations were quantified down the vertical 

profile, and anaerobic slurry incubations were set up with the addition of DMSO. 

Headspace analysis using gas chromatography determined the ability of 

microorganisms in microaerobic environments to reduce DMSO to DMS, and to study 

the fate of the produced DMS. Microbial ecological approaches were used to 

characterise and compare the natural communities and those in DMSO incubations 

by high-throughput sequencing of 16S rRNA genes. Metagenomes have also been 

assembled, and analysis to identify the presence of known DMSO reductase genes is 

ongoing. 
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3.2 Materials and Methods 

3.2.1 Sampling site selection 

Sampling was carried out in the intertidal zone of Stiffkey saltmarsh, a North Sea 

coastal area on the north coast of Norfolk, UK (52°96’53.0” N, 0°92’60.0” E) during 

low tide on 23rd July 2021. Three locations were selected for chemical and microbial 

community profiling, based on topography, sediment structure, likely geochemical 

properties, and vegetation cover, representative of different saltmarsh 

environments, referred to hereafter as Spartina, mud pool, and sand. Additionally, 

five mud pool sites (A-E) were sampled for DMSO incubation experiments. Exact sites 

within each area were randomly selected and discrete. Geographical information for 

each is further described in Figure 3.3, and representative photographic information 

of each type of location is shown in Figure 3.4. 
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Figure 3.3. Geographical location of Stiffkey saltmarsh sampling sites. Five mud pool sites, one 

Spartina site, and one sand site were sampled. GPS locations (in decimal degrees) are: Pool A 

(52.9653224, 0.9259807), Pool B (52.9653590, 0.9259214), Pool C (52.9653889, 0.9259482), Pool D 

(52.9654400, 0.9259492), Pool E (52.9653875, 0.9260313), Spartina (52.9653500, 0.9260182), Sand 

(52.9653731, 0.9261547). Scale bars represent 1 km and 5 km.  
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Figure 3.4. Representative sampling locations at Stiffkey saltmarsh, Norfolk, UK. Three types of 

location were sampled from: A- Spartina site with dense growth, B- Mud pool with water covered mud 

sediment, and C- sand with little plant growth and sandy sediment. 

 

Obvious anoxia was observed in Spartina, mud pool, and sand samples, from a severe 

dark black discolouration of sediment from approximately 1 cm down, indicating the 

presence of precipitated metal sulfides, typically ferrous sulfide (Fe(II)S) , and 

therefore a lack of oxygen, as shown in Figure 3.5. Additionally, gas bubbles were 

observed when taking mud pool samples, presumably biogenic methane, suggesting 

the presence of methanogens in the mud pool sediment, and a biofilm was observed 

on the surface of the sediment with associated small gas bubbles, indicating the 

presence of benthic oxygenic photosynthetic bacteria and algae. 
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Figure 3.5. Saltmarsh sediment cores show anoxia. Saltmarsh sediment cores show dark black 

discolouration, indicating iron sulfides, and therefore anoxic conditions. Observed in all three locations: 

A- Spartina samples show anoxia approximately 5 cm down from the surface, B- mud pool samples 

show anoxia <1 cm down from surface, and C- sand samples show anoxia 1 cm down from surface. 

 

Core parameters were recorded at each location, as detailed in Table 3.1. Mud pool 

sediment temperature and pH were measured using an HI-9812-5 portable meter 

(Hanna instruments, UK), and mud pool water oxidative reductive potential (ORP) 

and dissolved oxygen (DO) were measured using an HI-991003 extended range meter 

(Hanna instruments, UK) and HI-98193 waterproof meter (Hanna instruments, UK) 

respectively. Salinity of the saltmarsh water was determined as 18.74 practical 

salinity units (PSU) using a WTW Portable conductivity meter ProfiLine Cond 3310 

(Xylem Analytics, UK) and all incubations were carried out at a representative salinity. 

 

Table 3.1. Physical properties of saltmarsh mud pool sampling locations. The pH and temperature of 

sediment in mud pools was measured as 6.50 ± 0.10 and 210.00 ± 0.60°C respectively. The surface 

water oxidative reductive potential (ORP) ranged between 141-169 mV, and dissolved oxygen (DO) 

concentration ranged from 3.46-14.31 mg/ml.  

Mud pool Sediment Pool water 

 pH Temperature (°C) ORP (mV) DO (mg/ml) 

A 6.40 21.6 168 9.40 

B 6.54 21.0 141 13.39 

C 6.60 20.8 144 14.31 

D 6.62 20.5 143 3.46 

E 6.56 21.2 169 6.31 

A B C
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3.2.2 Sample collection and handling 

For DMSP, DMSO and 16S rRNA based microbial community profiling of each 

saltmarsh location, core samples were collected with a depth profile of 0-6 cm using 

a modified 60 ml syringe (Becton Dickinson, Spain), and biological triplicate locations 

were selected at random. These were sliced into 1 cm layers, replicates were 

combined and homogenised for each location and depth and prepared into 1 cm3 

samples and placed in pre-weighed vials. Those for DMSP analysis were immediately 

added to glass vials with 5 ml 5 M sodium hydroxide (NaOH) onsite, sealed, mixed, 

and transported at room temperature. It is assumed such an alkaline environment 

kills all microbial life and leakage is prevented by gas tight rubber stoppers. Samples 

for DMSO analysis were added to glass vials on site, sealed with gastight rubber seals, 

instantly frozen and transported on dry ice, then stored at -20°C, preventing DMSO 

degradation, leakage, and pausing microbial activity until samples were ready for 

analysis. For 16S rRNA based microbial community analysis, samples were added to 

plastic vials on site, frozen on dry ice instantly, transported on dry ice and stored at -

20°C to pause biological activity and minimise changes in microbial community 

structure before DNA extraction and analysis.  

 

Samples for DMSO incubations were collected in biological triplicate cores from five 

different representative mud pools (A-E, as shown in Figure 3.3), given the obvious 

oxic and anoxic conditions in the top 1 cm of each core, as shown in Figure 3.5, using 

modified 60 ml syringes. Sample cores were sealed instantly to prevent atmospheric 

oxygen entering the sample and transported at 4°C to minimise microbial activity. 

The top 1 cm of sediment from each core was extracted, combined, and 

homogenised. 1 cm3 samples of this homogenate were used for each incubation 

experiment. 

 

3.2.3 DMSP profiling of saltmarsh 

DMSP was quantified as DMS after alkaline hydrolysis using NaOH (Dacey and Blough, 

1987), adapted from the previously described method of fast hydrolysis (Asher et al., 

2015). 1 cm3 sediment sample in 5 ml of 5 M NaOH was incubated at ambient 



 132 

temperature for a minimum of 24 hours and the weight of each sample was 

calculated. GC headspace analysis of DMS on an FPD, as described in Section 2.2.3, 

was carried out with triplicate technical repeats to measure integrated DMS peak 

area per sample, which was normalised per gram of wet sediment to reduce the 

effect of error during sample preparation. 

 

Standards of DMSP (generously provided by Jonathan Todd, University of East Anglia, 

UK) were made in 1 ml 20 g/L NaCl and added to 5 ml 5 M NaOH to closely match the 

sediment sample conditions. A standard curve of DMSP concentration against DMS 

integrated peak area was generated, as shown in Figure 3.6, and average DMSP 

concentrations per gram of wet sediment at each location and depth were 

calculated. 

 

Previous work by collaborators (Dennis Tebbe, unpublished) showed that residual 

DMS from environmental samples escapes during processing and transport, and if 

any remains, the concentration is below detection limit. It was therefore assumed all 

DMS in the headspace is from hydrolysed DMSP. 
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Figure 3.6. DMSP alkaline hydrolysis standard curve on FPD. A sigmoidal standard curve was fit using 

least squares regression from triplicate chemical repeats, with an R2 value of 0.9993. Mean and SEM 

bars are shown in black (where large enough to be visible), and 95% confidence levels shown in pink. 

DMSP concentrations used were: 20 µM, 50 µM, 100 µM, 250 µM and 500 µM. 

 

3.2.4 DMSO profiling of saltmarsh 

DMSO was quantified by hot reduction with sodium metabisulfite (Na2S2O5) adapted 

from a previously described method (Yang and Schwarz, 1998; Baldus et al., 2013; 

Baldus and Methner, 2019; Deed et al., 2019). The 1 cm3 sediment samples were 

defrosted on ice, 5 ml of Milli-Q (dH2O) was added, and samples mixed and cooled to 

1°C on ice again. 3.85 g Na2S2O5 (Sigma-Aldrich, Italy) was added to each sample, vials 

instantly sealed and mixed with a vortex for 5 secs. Samples were incubated at 60°C 

for 10 mins and mixed, then incubated at 50°C for 30 mins and mixed, cooled down 

on ice to 1°C for 5 mins and mixed again. Due to FPD malfunction, all DMSO samples 

were measured on a flame ionisation detector (FID), sensitive to C-H bonds. 
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Headspace samples of 200 µl were injected on the GC-2010 Plus (Shimadzu, Japan) 

as previously described in Section 2.2.3, and run through a SHIM-1 column of 30.0 m 

length, 0.32 mm inner diameter and 3.00 µm film thickness (Shimadzu, Japan). 

Helium (He) was used as the carrier gas, with a pressure of 123.40 kPa, total flow rate 

of 62.20 ml/min and column flow rate of 5.38 ml/min. The injector was kept at 250°C, 

the column at 50°C, and the detector at 280°C. Hydrogen (H2) (40 ml/min) was used 

for flame ignition in the detector, combined with air (400 ml/min) and He used as the 

makeup gas at 30 ml/min. The detector sampled at a rate of 40 msec. 

 

DMSO (Thermo Scientific, France) standards were prepared in 1 ml 20 g/L NaCl and 

followed the same process to closely match the sample conditions. A linear standard 

curve of DMSO concentration against DMS integrated peak area at a retention time 

of 2.73 mins was generated from FID data, as shown in Figure 3.7, and average DMSO 

concentrations per gram of wet sediment at each location and depth were 

calculated. 

 

For environmental samples, it again was assumed all DMS originally in the sediment 

would have escaped during transport and storage, and any that remains is below 

detection limit, so all measured DMS in the headspace is from reduced DMSO. 
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Figure 3.7. DMSO hot reduction standard curve on FID. A linear standard curve was fit using least 

squares regression from triplicate measurements on an FID, with an R2 value of 0.9993. Mean and SEM 

bars are shown in black (where large enough to be visible), and 95% confidence levels shown in pink. 

DMSO concentrations used were: 20 µM, 50 µM, 100 µM, 250 µM, 500 µM, 750 µM and 1000 µM. 

 

3.2.5 Preparation of anoxic DMSO incubations 

Universal base media was prepared, adapted from (Tschech and Pfennig, 1984; 

Cypionka and Pfennig, 1986), with 20 g/L NaCl to match environmental saltmarsh 

conditions, and the addition of sulfate. Analytical grade chemicals were dissolved in 

dH2O in a Widdel flask (Kimble®, DWK Life Sciences, China) and autoclaved to sterilise 

and remove dissolved oxygen (Widdel and Pfennig, 1981). Once cooled to 70°C, the 

flask was attached to a gas manifold and 33 mm 0.2 µM syringe filtered (Fisher 

Scientific, China) oxygen-free N2 gas was flowed through until cooled to room 

temperature. Additional preprepared, sterile, anoxic stock solutions were added, 

including SL10 trace element solution and Vit10 vitamin solution, as described in 
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Section 2.2.2, and Selenite-Tungstate solution, as described in Table 3.3. pH was 

adjusted using 1 M HCl (ThermoFisher Scientific, UK) or 1 M NaOH (ThermoFisher 

Scientific, UK) as required. Resazurin (Merck kGaA, Germany) was used as an 

indicator of anoxia, with a pink colour indicating the presence of oxygen, and 

colourless media indicating the absence of oxygen. Sodium sulfide (Sigma-Aldrich, 

UK) was used to further reduce media and ensure incubations were anoxic.  

 

Table 3.2. Preparation of universal base media with sulfate. Each component was added in sequential 

order as listed. 20 g/L NaCl used to match sampling conditions of saltmarsh. After autoclaving, Widdel 

flask was set up on gas manifold and flushed with 0.2 µm filter sterilised N2 gas until cooled. 0.2 µm 

filter sterilised anoxic stock solutions were used. pH adjusted with either 1 M HCl or 1 M NaOH as 

appropriate. Adapted from (Tschech and Pfennig, 1984). 

Compound Stock 

concentration 

Amount/

L  

Final media 

concentration 

(mM) 

Supplier 

KH2PO4 - 0.20 g 1.47 ThermoFisher 

Scientific, UK 

NH4Cl - 0.25 g 4.67 ThermoFisher 

Scientific, UK 

KCl - 0.30 g 4.02 ThermoFisher 

Scientific, UK 

CaCl2•2H2O - 0.15 g 1.02 BDH Laboratory 

Supplies, UK 

MgCl2•6H2O - 3.00 g 14.76 Merck kGaA, 

Germany 

NaCl - 20.00 g 342.23 ThermoFisher 

Scientific, UK 

Resazurin 0.10% 0.50 ml 0.00005% Merck kGaA, 

Germany 

Dissolve in 966.30 ml dH2O 

Transfer to Widdel flask and autoclave 
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Compound Stock 

concentration 

Amount/

L  

Final media 

concentration 

(mM) 

Supplier 

SL10 

solution 

- 1.00 ml - - 

Vit10 

solution 

- 1.00 ml - - 

Se+W 

solution 

- 0.20 ml - - 

NaHCO3 1.00 M 30.00 ml 30.00 BDH Laboratory 

Supplies, UK 

Na2S 0.20 M 1.00 ml 0.20 Sigma-Aldrich, UK 

Adjust pH to 7.3 

 

Table 3.3. Selenite and Tungstate solution preparation. Adapted from (Tschech and Pfennig, 1984). 

Compound Amount/L 

(mg)  

Final media 

concentration 

(mM) 

Supplier 

NaOH 500.00 12.50 ThermoFisher Scientific, UK 

Na2SeO3•H2O 3.00 11.41 Merck kGaA, Germany 

Na2WO4•2H2O 4.00 12.13 Merck kGaA, Germany 

Make up to 1 L with dH2O 

 

Incubation experiments were set up in 120 ml serum vials using 20 ml universal base 

media and 1 cm3 inoculum of homogenised sample from the surface (0-1 cm) 

saltmarsh mud pool sediment, with no additional carbon source. Sediment was 

sampled from five mud pool sites, the surface 0-1 cm layer was homogenised, and a 

minimum of triplicate biological repeats were used for each incubation condition.  

Vials were flushed with 0.2 µM filtered oxygen-free N2 gas for 10 mins at 20 PSI and 

sealed airtight for the duration of the incubation experiment. Final concentrations of 

1 mM DMSO and 10 mM sodium molybdate (Na2MoO4•2H2O, referred to as 
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‘molybdate’ here after) (Sigma-Aldrich, USA) were injected as appropriate through 

the seal with a sterile 25G hypodermic needle (BD, France), and samples were 

incubated in dark, static conditions at in situ temperature of approximately 22°C to 

replicate saltmarsh conditions and limit phototrophic primary production. 

Molybdate was added to act as a non-competitive inhibitor of sulfate reduction 

(Oremland and Taylor, 1978; Taylor and Oremland, 1979; Banat and Nedwell, 1984), 

but not affect DMSO reduction (Jonkers et al., 1996), and therefore to allow 

comparison of DMS and methane concentrations in samples with and without this 

activity during DMSO incubation and possible reduction. The experimental setup is 

summarised in Figure 3.8. 

 

Initial time point zero samples were sacrificed prior to the addition of DMSO and 

molybdate (t0). Upon addition of DMSO and molybdate, DMS and methane were 

quantified daily. When the DMS concentration had been observed to peak, time 

point one samples were sacrificed (t1). Once methane concentration had been 

observed to plateau, end time point samples were sacrificed (t2). Vials were sacrificed 

by removing the seal and sample, spinning down in a benchtop centrifuge (4°C, 

10,000 rpm, 5 mins, Eppendorf, Germany), and storing sediment pellets at -70°C until 

DNA extraction for further cultivation-independent analyses, and supernatant at -

70°C for further nutrient analysis, including DMSO quantification. 

 

Chemical controls were monitored to ensure media and/or DMSO and/or molybdate 

did not produce any observable DMS or methane peaks. Biological negative controls 

without DMSO and molybdate were also monitored to check for DMS and methane 

production without the addition of DMSO and molybdate. 
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Figure 3.8. Saltmarsh sediment DMSO incubation experimental design. 1- Five mud pools at Stiffkey 

saltmarsh, Norfolk, UK, were sampled at random. 2- Three 6 cm deep cores were taken from each site 

and transported back to the lab at 4°C. 3- Anoxic 120 ml vials and 20 ml universal base media was 

prepared. 4- The top 1 cm surface layer of each core was removed and homogenised under sterile 

conditions. 5- 1 cm3 samples were prepared and used to inoculate each vial. 6- 1 mM DMSO and 10 

mM molybdate were added as appropriate. 7- Vials were incubated at 22°C in the dark. 8- DMS and 

methane was measured every day via GC headspace analysis. 9- Samples were sacrificed before the 

addition of DMSO and molybdate (t0), at peak DMS concentration (t1), and at peak methane 

concentration (t2). 10- Supernatant of sacrificed samples was used to measure DMSO concentration at 

each time point. 11- DNA was extracted from sediment pellets for 16S rRNA and metagenomic 

sequencing of the microbial community at each time point. Drawings created with BioRender.com, not 

to scale or biologically accurate.
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3.2.6 DMS, methane and DMSO measurements 

DMS was measured throughout the incubation by manual headspace sampling and 

injecting into an FPD via gas chromatography, as previously described in Section 

2.2.3. 150 µL was injected at a split ratio of 100, and DMS peaks observed at 1.58 

mins. Integrated peak areas were interpolated against a DMS standard curve, an 

example of which is shown in Figure 3.9. DMS (Sigma-Aldrich, UK) standards were 

made in 20 g/L NaCl to match environmental samples, kept under the same 

conditions as the DMSO enrichment incubations, and used for calibration throughout 

the incubation. 

 

 
Figure 3.9. DMS standard curve in universal base medium. A sigmoidal standard curve was fit using 

least squares regression from triplicate measurements on an FPD, with an R2 value of 0.9927. Mean 

and SEM bars are shown in black (where large enough to be visible), and 95% confidence levels shown 

in pink. DMS concentrations used were: 100 µM, 250 µM, 500 µM, 750 µM, and 1000 µM. 
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Methane was also measured throughout the incubation by headspace sampling on 

the GC-2010 Plus (Shimadzu, Japan), as described previously in 2.2.3, and measured 

on an FID, as described in Section 3.2.4. 100 µL headspace samples were injected at 

a split ratio of 10 with no additional air injected to reduce the addition of background 

methane levels (Parker et al., 2011), which was confirmed as approximately 2 parts 

per million (ppm). Standards were run alongside samples for quality control 

purposes, and integrated peak areas at a retention time of 1.19 mins were 

interpolated against a methane standard of 100 ppm in N2 (BOC Ltd., UK) standard 

curve, as shown in Figure 3.10. 

 

 
Figure 3.10. Methane standard curve. A linear standard curve was fit using least squares regression 

from triplicate measurements on an FID, with an R2 value of 0.9944. Mean and SEM bars are shown in 

black (where large enough to be visible), and 95% confidence levels shown in pink. Methane 

concentrations used were: 100 ppm, 1000 ppm, 10000 ppm, and 100000 ppm by volume. 
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The Ideal Gas Law (Clapeyron, 1835), a pressure of 1 Atmosphere and temperature 

of 298 Kelvin (K) were assumed, enabling the gas constant of 0.08206 to be used to 

calculate 0.0409 moles of methane per litre, and therefore convert methane parts 

per million (ppm) to moles. 

 

DMSO concentrations throughout the experiment were established from sacrificed 

vials at each time point (t0, t1, t2), frozen as quickly as possible and not stored more 

than three months at -70°C to prevent sample degradation, given the hygroscopic 

nature of DMSO (Ellson et al., 2005). DMS produced during the incubation was 

purged from the sample for 18 mins (Yang and Schwarz, 1998), and then DMSO 

concentration was calculated by Na2S2O5 hot reduction and FID measurements, as 

previously described in Section 3.2.4. 

 

3.2.7 DNA extraction and quantification 

DNA was extracted from all samples with the DNeasy® PowerSoil® Pro Kit (Qiagen, 

Germany). Approximately 0.25 g of sediment was used for each DNA extraction and 

the protocol was followed with a few modifications as detailed: samples were 

chemically lysed with lysis buffer and mechanically homogenised for 10 minutes in a 

bead-beating tube with lysis buffer and zirconium beads, using a PowerLyser Vortex 

Adapter (Qiagen, Germany); DNA elution was repeated twice with 50 µl 1 mM Tris 

buffer to improve sample concentration.  

 

DNA quantification and quality control (QC) was carried out using a NanoDropTM2000 

Microvolume Spectrophotometer (ThermoScientific, UK). All DNA samples were of 

sufficient quality and quantity for submission to an external sequencing service 

provider (Novogene, UK and China). 

 

3.2.8 Profiling of natural and DMSO enriched saltmarsh microbial 

communities 

Samples were sequenced by Novogene, UK and China, targeting the bacterial 16S 

ribosomal RNA (rRNA) hypervariable, conserved regions V4 and V5, following the 
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amplicon metagenomic sequencing protocol on the Illumina NovaSeq6000 platform 

and the paired-end (PE) 250 bp strategy. 515F and 926R primers were used to target 

the V4-V5 region, as detailed in Table 3.4, having been shown to more accurately 

estimate community diversity (Parada et al., 2016), compared to other more 

commonly used primer combinations suggested by the Earth Microbiome Project 

(EMP) (Thompson et al., 2017).  

 

Table 3.4. 16S rRNA primer sequences for community analysis. Taken from (Parada et al., 2016). 

Primer name Primer sequence (5’ to 3’) Reference 

515F-Y GTGYCAGCMGCCGCGGTAA (Parada et al., 2016)  

926R CCGYCAATTYMTTTRAGTTT 

 

Natural saltmarsh communities were profiled in triplicate at two depths (0-1 cm and 

4-5 cm) across the three types of location (Spartina, mud pool, and sand). Bacterial 

community structure across the DMSO enrichment incubation was also analysed 

from the sediment of sacrificed vials, in triplicate at each time point (t0, t1, t2). 80-100 

thousand raw reads were yielded per sample. 

  

16S rRNA amplicon datasets were processed using a pipeline by collaborators at the 

University of Oldenburg, Germany, adapted from the eASV 515Y-926R pipeline 

(McNichol and Aleman, 2021) and run by Dennis Tebbe to extract amplicon sequence 

variants (ASV). All processing was carried out in a standardised conda environment 

v4.9.2, using qiime2-2021.2 (Bolyen et al., 2019) and the DADA2 package in R v4.1.2 

(2021-11-01) (Yeh et al., 2021). Trimming and primer removal was carried out using 

cutadapt v1.18 (Martin, 2011) with 20% primer sequence mismatch allowance. The 

SILVA138 reference database (Quast et al., 2013) and BBTools BBMap v37.62 were 

used to select for 16S rRNA data. Forward sequences were cut to 230 bp and reverse 

sequences cut to 210 bp to remove low quality ends. Final denoising, merging and 

chimeric removal of data was carried out using qiime2-2021.2 and DADA2 (Callahan 

et al., 2016). Sequences underwent taxonomic classification using the qiime2-2021.2 
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classify-sklearn plugin, against the SILVA138 reference database in the Genome 

Taxonomy Database (GTDB). Chloroplast and mitochondrial reads were removed. 

 

The average number of reads per sample was 47,126 (± 5,331 standard deviation), 

with a minimum number per sample of 34,677 and maximum of 60,179. The number 

of different ASVs from natural and incubation samples is 9316. 

 

3.2.9 Metagenome assembly of DMSO enriched saltmarsh sediment 

DNA extracts from sacrificed time points during the DMSO enrichment incubation (t0, 

t1, t2) were prepared as described previously using the DNeasy® PowerSoil® Pro Kit 

(Qiagen, Germany), and sent to Novogene, UK and China, for further QC, whole 

genome sequencing (WGS) library preparation, and shotgun metagenome next-

generation sequencing (NGS) on the Illumina platform using the NovaSeq6000 PE150 

bp strategy and adapters as detailed in Table 3.5, to a depth of 500 million raw reads 

per sample. 

 

Table 3.5. Illumina adapter sequences for metagenomic shotgun sequencing. Taken from Illumina, 

USA. 

Adapter Primer sequence (5’ to 3’) Reference 

5’ AGATCGGAAGAGCGTCGTGTAGGGAAAGA 

GTGTAGATCTCGGTGGTCGCCGTATCATT 

Illumina, USA 

3’ GATCGGAAGAGCACACGTCTGAACTCCAGTCA 

CGGATGACTATCTCGTATGCCGTCTTCTGCTTG 

 

3.2.10 Statistical analyses 

Graphs were plotted in GraphPad version Prism9 v9.3.1 (GraphPad Prism, 2021). 

Statistical analysis was carried out in R v4.1.2 (2021-11-01) (R Core Team, 2016), 

using the base statistics package, unless otherwise stated. 

 

16S rRNA sequencing data was normalised and passed through phyloseq v1.38.0 for 

subsetting, alpha diversity, and beta diversity analysis. True diversity was derived 
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from Shannon and Simpson indices (Jost, 2007). Plotting was carried out using 

tidyverse v1.3.1 and microshades v1.0 packages.  

 

Bacterial and archaeal community composition differences were assessed with non-

parametric multi-dimensional scaling (NMDS) analysis and Bray Curtis distance 

measurements, using the VEGAN v2.5-7 package in R (Oksanen et al., 2009). Given 

ecological data fails to conform with traditional multivariate analysis of variance 

(MANOVA) assumptions (Anderson, 2001), and three replicates cannot be assessed 

for normality with the Shapiro-Wilks test (Shapiro and Wilk, 1965), so non-parametric 

MANOVA tests (McArdle and Anderson, 2001) were carried out with 999 

permutations, to generate a null distribution and avoid violation of assumptions. This 

was implemented using the adonis2 function in the VEGAN v2.5-7 package for each 

individual variable (natural location and depth, and incubation condition and time). 

Permutation significance tests were then carried out to test for homogeneity of 

multivariate dispersions using the betadisper function in the VEGAN v2.5-7 package.  

 

Stacked community plots display the top four classes within each phyla, by relative 

abundance, and remaining data is grouped as ‘others’. Further statistical analysis to 

identify taxa contributing most to dissimilarity of communities between different 

conditions was carried by similarity percentage analysis (SIMPER) (Clarke, 1993). 

Significant differences in the percentage contribution to dissimilarity of these taxa 

between groups were determined using a Kruskal-Wallis test (Kruskal and Wallis, 

1952), and false discovery rate (FDR) adjusted P values (Benjamini and Hochberg, 

1995). For multiple comparisons, a post hoc Dunn’s test (Dunn, 1964) was carried 

out, with Benjamini-Hochberg adjusted P values (Benjamini and Hochberg, 1995). 
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3.3 Results 

3.3.1 Saltmarsh DMSP and DMSO profiles 

DMSP and DMSO quantification along a 6 cm depth profile of the three saltmarsh 

sites (Spartina, mud pool, and sand) showed both compounds present in the 

micromolar range across the saltmarsh. Concentrations of DMSP and DMSO in 

homogenised biological triplicate samples, normalised per gram of wet sediment at 

each location are presented in Figure 3.11. 

 

 
Figure 3.11. DMSP and DMSO profiles of saltmarsh sampling sites. Quantification of DMSP and 

DMSO across three saltmarsh sampling sites of Spartina (blue), mud pool (purple), and sand (pink) 

show levels of DMSP and DMSO in the micromolar range. Highest levels of DMSP and DMSO are 

observed in the surface 0-1 cm layer of Spartina and sand locations.  

 

DMSP concentrations were highest in the surface layers (0-1 cm) across all three 

sites. Sand and Spartina locations had particularly high surface DMSP concentrations, 

of 258 µM and 193 µM respectively. The mud pool sediment had a lower surface 

DMSP concentration of 30 µM, but still higher than all deeper mud pool layers. DMSP 

concentration steeply dropped off deeper down in all three sediment profiles, and 

differences in concentration between depths were less pronounced. In Spartina and 

sand, slightly elevated DMSP concentrations of 13 µM and 18 µM respectively were 
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still observed in the 1-2 cm layers, and in the mud pool, this extends to 1-3 cm down, 

where comparable DMSP concentrations were 17-22 µM. Deeper layers across all 

three sites had similarly low DMSP concentrations down to 6 cm, in the range of 2-

11 µM.  

 

Highest DMSO concentrations in each site were also observed in the 0-1 cm layer. 

The Spartina site had the highest levels of 214 µM DMSO, which dropped to 36-57 

µM in all layers of 1-6 cm in depth. Mud pool and sand surface concentrations were 

lower, of 70 µM and 95 µM respectively. The sand DMSO profile also exhibited a 

steep decrease in DMSO concentrations at depths of more than 1 cm, with 0-14 µM 

DMSO recorded in layers of 1-6 cm in depth. Whereas the mud pool sediment DMSO 

profile had relatively high DMSO concentrations down to 6 cm, with concentrations 

of 19-59 µM observed between 1-6 cm, which is comparable to the equivalent 

depths in Spartina, despite the lower surface layer DMSO concentration.  

 

In general, sand and Spartina sites exhibited very high levels of DMSP and DMSO in 

the surface 1 cm, which sharply decreased in the next layer, and remained low 

throughout the profile. In contrast, the mud pool location exhibited a lower DMSP 

and DMSO concentration in the surface 1 cm, in comparison to equivalent layers of 

Spartina and sand, but the concentration of these organosulfur compounds 

remained consistent down the core profile, with DMSP higher in mud pool than 

either Spartina or sand profiles at a depth of 1-6 cm, and DMSO higher than sand and 

similar to Spartina profiles at a depth of 1-6 cm.  

 

3.3.2 Community diversity across saltmarsh locations 

Differences in bacterial and archaeal community diversity across the saltmarsh and 

down the sediment core was observed at class, family, genus, and species level, by 

the analysis of 16S rRNA genes, as described in 3.2.8.  

 

Community composition of triplicate samples at each location (Spartina, mud pool, 

and sand) and depth (0-1 cm and 4-5 cm) is shown at class level as a stacked bar plot 
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in Figure 3.12. This allows for preliminary observations of differences of bacterial and 

archaeal communities between sites. Replicate samples of different locations had 

similar proportions of different taxa, except for one of the Spartina surface samples 

(R3) where heterogeneity was observed, deviating from the other two replicates. 

 

 
Figure 3.12. Taxonomic profiling at class level of natural saltmarsh communities by 16S rRNA gene 

amplicon sequencing. Spartina, mud pool and sand locations were sampled at depths of 0-1 cm and 

4-5 cm. Values shown of three biological replicates (R1, R2, R3) in each location and depth, and 

sequences of top four classes within each phyla shown, with remaining data classed as ‘other’. 

 

Amplicon data at phylum level showed that across all locations and depths, 

Proteobacteria contributed significantly to the microbial community with an average 

relative abundance of ~37%, followed by Bacteroidota (~20%) and Desulfobacterota 

(~15%).  



 149 

 

In particular, Gammaproteobacteria were consistently abundant across all samples 

(~25%), as were Alphaproteobacteria, just to a lesser extent (~10%). Within 

Desulfobacterota, Desulfobacteria and Desulfobulbia had similar relative 

abundances to each other and across sample sites, of ~12%, whilst 

Desulfuromonadia had a lower abundance of ~1.5%, which was also consistent 

across all sites.  

 

Bacteroidota, particularly the Bacteroidia class, was most abundant across the 

surface 0-1 cm layer, except for one Spartina sample (R3), with a relative abundance 

of ~25%, compared to the deeper 4-5 cm layer where its abundance dropped in 

Spartina (~10%), mud pool (~12%), and sand (~5%) samples. The Rhodothermia class 

of Bacteroidota was only abundant in the surface sand samples (~5%), with an 

abundance of <2% in all other sites.  

 

Other bacteria classes of note are Planctomycetes with a relative abundance of ~10% 

across all locations and depths, and Anaerolineae, which was most abundant in sand 

(~12%), and the one Spartina outlier (R3).  

 

Archaea, particularly Nitrososphaeria, were most abundant in the deeper 4-5 cm 

layer of all locations. It was most abundant in sand, with a relative abundance of ~8%, 

followed by the mud pool (~4%) and then the Spartina (~2%). Crenarchaeota was 

found below 2% in all 0-1 cm layers, except for one Spartina sample (R3), where it 

was found at a relative abundance of ~5%.  

 

Differences in community structure at all taxonomic levels between replicate 

samples at each site were assessed by alpha diversity, using Shannon and Simpson 

diversity indices, which are a measure for species richness and evenness respectively, 

as shown in Figure 3.13.  
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Figure 3.13. Community alpha diversity indices of natural saltmarsh communities. Alpha diversity of 

species richness (Shannon’s index) and species evenness (Simpson’s index) of triplicate communities 

sampled by 16S rRNA gene amplicon sequencing at Spartina, mud pool and sand locations, at two 

depths: 0-1 cm (circle), and 4-5 cm (triangle). 

 

Results from both methods showed higher diversity between samples in deeper 

layers of all locations, and less diversity at the surface. Compared to Spartina and 

mud pool, sand surface samples had a higher diversity between them. One Spartina 

sample from 0-1 cm showed higher species richness and evenness, grouped with 

deeper layer samples. Additionally, mud pool 0-1 cm samples were distinct, showing 

low species richness and evenness, but it is not yet known what is driving this. 

 

Beta diversity of 16S rRNA genes between communities at different locations and 

depths was assessed and compared by multi-dimensional scaling (MDS) and 

presented on a non-metric multi-dimensional scaling (NMDS) plot, clustered by 

community composition, as shown in Figure 3.14. 
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Figure 3.14. NMDS ordination of beta diversity between natural saltmarsh communities. MDS 

analysis derived from Bray-Curtis similarity matrices of relative read abundance data of ASVs in each 

sample, from Spartina (blue), mud pool (purple), and sand (pink) locations, sampled from 0-1 cm 

(circle) and 4-5 cm (triangle) depths. 

 

Each individual location and depth sampling site clustered together, showing 

difference of community composition between samples, both by location, and by 

depth, with the exception of one Spartina outlier that clustered with sand samples 

from 4-5 cm. Location and depth clustering results were confirmed by a non-

parametric Analysis of Similarities test (ANOSIM) (Clarke, 1993), which identified that 

differences between location and depth variables, both individually and combined, 

were significant with low R2 values, as shown in Table 3.6.  
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Table 3.6. ANOSIM analysis of location and depth community analysis. Low R2 values, and P values 

(P< 0.001 highlighted as ***), show depth and location of sampling, independently and combined, 

significantly contribute to community diversity.  

Variable R2 Pr(>F) 

Depth 0.262 0.001 *** 

Location 0.320 0.001 *** 

Depth and location 0.257 0.001 *** 

 

Therefore, SIMPER analysis was carried out to identify ASVs at class level that 

contribute to the observed community diversity, grouped by location, with those that 

contribute to an accumulative 70% dissimilarity shown in Table 3.7.  Kruskal-Wallis 

non-parametric statistical tests (Kruskal and Wallis, 1952) were carried out to 

determine the significance of these values, and a Dunn test used as the post hoc test 

to look between groups. This found when comparing Spartina and mud pool sites, 

only Alphaproteobacteria significantly contributed to community dissimilarity, and 

between Spartina and sand communities, Gammaproteobacteria and Cyanobacteriia 

significantly contributed to dissimilarity. When comparing mud pool and sand 

locations, Gammaproteobacteria, Alphaproteobacteria, Anaerolineae, 

Desulfobulbia, Cyanobacteriia, and Rhodothermia were all found to significantly 

contribute to community composition dissimilarity. 
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Table 3.7. SIMPER analysis of natural saltmarsh community diversity. Communities across Spartina, mud pool and sand locations, at grouped depth of 0-1 cm and 4-5 cm 

samples assessed for 16S rRNA gene community dissimilarity. GTDB database classification used for ASV taxonomic classification, Kruskal-Wallis (KW) and Dunn test post hoc 

test significant values highlighted (bold) at P< 0.05, values shown to 3 decimal places, and organisms listed alphabetically. 

ASV taxonomic classification SIMPER % contribution to 

dissimilarity 

KW 

significance 

Dunn KW significance (P value 

adjusted) 

Phylum Class 

 

Spartina 

vs  

Mud pool 

Spartina 

vs  

Sand 

Mud pool 

vs  

Sand 

All sites Spartina  

vs  

Mud pool 

Spartina  

vs  

Sand 

Mud pool  

vs  

Sand 

Acidobacteriota Thermoanaerobaculia 0.025 0.042 0.034 0.752 - - - 

Actinobacteria Acidimicrobiia 0.058 0.058 - 0.052 - - - 

Bacteroidota Bacteroidia 0.157 0.114 0.139 0.235 - - - 

Bacteroidota Rhodothermia - 0.027 0.027 0.007 0.052 0.077 0.000 

Chloroflexota Anaerolineae 0.060 0.050 0.079 0.014 0.099 0.130 0.002 

Cyanobacteria Cyanobacteriia  0.029 - 0.035 0.014 0.304 0.046 0.004 

Desulfobacterota Desulfobacteria 0.064 0.054 0.025 0.445 - - - 

Desulfobacterota Desulfobulbia 0.053 0.039 0.064 0.014 0.112 0.144 0.004 

Planctomycetota Phycisphaerae - 0.021 0.017 0.319 - - - 

Planctomycetota Planctomycetes 0.039 0.037 0.026 0.914 - - - 
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ASV taxonomic classification SIMPER % contribution to 

dissimilarity 

KW 

significance 

Dunn KW significance (P value 

adjusted) 

Phylum Class 

 

Spartina 

vs  

Mud pool 

Spartina 

vs  

Sand 

Mud pool 

vs  

Sand 

All sites Spartina  

vs  

Mud pool 

Spartina 

vs  

Sand 

Mud pool  

vs  

Sand 

Proteobacteria Alphaproteobacteria 0.071 0.091 0.101 0.014 0.046 0.304 0.004 

Proteobacteria Gammaproteobacteria 0.100 0.114 0.113 0.019 0.871 0.014 0.017 

Thermoproteota Nitrososphaeria 0.020 0.048 0.043 0.752 - - - 

Verrucomicrobiota Verrucomicrobiae 0.027 0.024 - 0.949 - - - 



 155 

3.3.3 Saltmarsh sediment consumption and production of DMSO, DMS, 

and methane 

Anoxic 1 mM DMSO enrichment incubations (20 µmol in 20 ml) of 1 cm3 saltmarsh 

mud pool surface layer (0-1 cm) sediment samples were observed to consume 

DMSO, produce DMS, and then produce methane as DMS was consumed, both with 

and without the addition of 10 mM molybdate, over a time frame of 14 days, as 

shown in Figure 3.15. DMS and methane production in the vials was reported as total 

amount in µmol in the vials in order to allow better comparison between processes. 

 

 

Figure 3.15. DMSO enrichment incubations produce DMS and methane. Anoxic incubations with 

saltmarsh mud pool sediment sample (purple) and amended with 1 mM DMSO (pink) and 1 mM DMSO 

and 10 mM molybdate (blue) produced DMS (circle, solid line, left y axis) and methane (triangle, 

dashed line, right y axis). The addition of DMSO and molybdate started the incubations (t0), DMS 

concentrations peaked at ~140 h and decreased thereafter. Methane concentrations increased as DMS 

decreased and then plateaued after 327 h. Sampling for DMSO and community DNA was done at 162 

h (t1) and 328 h (t2), ending the experiment.  
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DMS increased slowly upon the addition of 1 mM (20 µmol) DMSO, reaching 17.51 

µmol with a standard deviation of 0.88 µmol DMS at 44 h, before rapidly increasing 

to 24.24 ± 1.11 µmol at 90 h and peaking at 27.38 ± 1.36 µmol at 140 h. This 

decreased slightly and plateaued over the following 67 h at an amount of 24.98 ± 

2.11 µmol, before rapidly decreasing to 1.04 ± 1.01 µmol DMS at 231 h and remaining 

so for the duration of the incubation. With the addition of molybdate, DMS 

production followed a similar pattern with a slightly lower rate of DMS production, 

also peaking at 140 h, at 23.52 ± 0.72 µmol.  Upon the decline of DMS, DMS 

concentrations were very similar to that of DMSO only incubations, with standard 

error of the mean (SEM) bars overlapping, and a concentration reaching below 

reliable detection limit by 255 h. No DMS was detected in biological or chemical 

controls, confirming any production of DMS is from the reduction of added DMSO by 

the saltmarsh microbial community.  

 

DMSO concentration was also measured across the incubation, with the 

concentration at t2 reaching below accurate detection limits. DMSO concentration in 

negative chemical controls without sediment did not decrease across the incubation, 

confirming chemical degradation does not account for other observed decreases. 

DMSO concentrations in negative biological controls of sediment not spiked with 

DMSO or molybdate remained below detection limit throughout the experiment, 

indicating DMSO was not present at significant levels at the start of the incubation, 

or produced by the community throughout the incubation. Therefore, observed 

changes in the community can be assumed to be in relation to the addition of DMSO.  

 

Methane concentrations remained low for the first 116 h of the incubation, at 0.027 

± 0.0078 µmol, equivalent to approximate atmospheric levels of 1.8 ppm 

(Dlugokencky et al., 1994). After this, a small increase was observed, at 160 h to 0.60 

± 0.25 µmol when DMS had reached its peak, after which a steady increase of 

methane was observed, reaching a peak of 32.5 ± 1.12 at 283 h in DMSO only 

incubations, and 28.56 ± 2.51 µmol after 304 h in DMSO and molybdate incubations. 
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The amount of methane in both conditions plateaued until the incubation was 

stopped at 328 h.  

 

From an initial 20 µmol of DMSO added to each incubation, 27.38 µmol and 23.52 

µmol of DMS was produced in ‘DMSO only’ and ‘DMSO and molybdate’ incubations, 

suggesting that all DMSO was reduced to DMS, given the expected 1:1 ratio of DMSO 

to DMS. Additional observed DMS is thought to be from intercellular DMSP of 

microbial cells in the sediment. The ratio of observed peak DMS production against 

peak methane production is 1:1.3 µmol in DMSO only incubations and 1:1.21 µmol 

in DMSO and molybdate incubations. Given reaction stoichiometry predicts 3 mol of 

methane is produced from 2 mol DMS (Finster et al., 1992), respectively 86.67% 

(DMSO only) and 80% (DMSO and molybdate) of theoretical methane yield is 

produced from the DMS generated by DMSO reduction in these incubations. 

 

In both DMSO only and DMSO and molybdate incubations, towards the end, from 

207 h onwards, peaks on the FPD were observed at 1.4 mins and 1.5 mins. Standards 

confirmed these were hydrogen sulfide and methanethiol respectively. 

 

3.3.4 DMSO incubations lead to changes in community diversity 

16S rRNA gene sequencing with 515F and 926R primers allowed for bacterial and 

archaeal communities at the key stages of the DMSO incubations to be analysed 

simultaneously. The incubation of anoxic saltmarsh mud pool sediment with 1 mM 

DMSO, and 1 mM DMSO and 10 mM molybdate showed changes in community 

composition by 16S rRNA amplicon sequencing analysis, as described in 3.2.8, at 

class, family, genus, and species level. Community composition of the triplicate 

samples at each time point, under each condition, is shown at class level as a stacked 

bar plot in Figure 3.16. This allows for preliminary observations of differences of 

bacterial and archaeal communities in each condition as DMSO, DMS, and methane 

concentrations changed during the incubation, and comparison of communities in 

each condition against the control without DMSO or molybdate after the same length 

of time in the anoxic vial.  
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Figure 3.16. Taxonomic profiling at class level of saltmarsh DMSO incubations by 16S rRNA gene 

amplicon sequencing. Relative abundance of taxa assigned at class level during anoxic incubations 

without DMSO (control), with 1 mM DMSO, and with 1 mM DMSO and 10 mM molybdate, at the start 

of the experiment (t0) (the same three samples for all conditions), at peak DMS concentration (t1) and 

at peak methane concentration (t2). Values shown of triplicate biological controls in each condition 

and time point, and sequences of top four classes within each phyla shown, with remaining data 

classed as ‘other’. 

 



 159 

Amplicon data at class level showed that across the incubation, under all conditions, 

Proteobacteria contributed significantly to the microbial community (~30%), 

followed by Desulfobacterota (~25%), and Bacteroidota (~15%).  

 

Gammaproteobacteria were consistently abundant across all samples (~25%), as 

were Alphaproteobacteria, just to a lesser extent (~6%), as observed in the natural 

communities of t0 and in Figure 3.12. The relative abundance of these taxa did not 

seem to change over the course of the incubation.  

 

Within Desulfobacterota, Desulfobacteria and Desulfobulbia had similar relative 

abundances to each other and across time points of ~12%, except when incubated 

with molybdate, in which case their relative abundance dropped to ~6% at t1 and 

~1.5% at t2. Bacteroidota, particularly the Bacteroidia class, also decreased in relative 

abundance to ~5% between t1 and t2, both when incubated with DMSO only and 

DMSO and molybdate.  

 

Another bacteria class of note at t0 and in natural communities observed in Figure 

3.12, is Planctomycetes with a relative abundance of ~5% at t0, which decreased to 

~3% at t1 and ~1.5% at t2. 

 

The predominant difference between t1 and t2, was the increase in relative 

abundance of the archaea Methanosarcinia. This had a relative abundance of <1% at 

t0, which remained low in control and DMSO and molybdate incubations at t1. In 

DMSO only incubations, relative abundance increased to ~8% at t1. This drastically 

increased at t2, to ~30% in DMSO only incubations, and ~40% in DMSO and 

molybdate incubations, whilst control samples remained at <1% relative abundance. 

 

Overall, between different treatments, DMSO only incubations had a greater relative 

abundance of SRB, whilst in DMSO and molybdate samples, there were relatively 

fewer SRB and more methanogens. Given molybdate inhibits sulfate reduction, it is 

likely that in DMSO only incubations, sulfate reduction was coupled with DMS 
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degradation, but when sulfate reduction was inhibited, SRB utilised less DMS, and so 

more was available to the methanogen community.  

 

Beta diversity of 16S rRNA genes between communities at different time points and 

under different incubation conditions was assessed and compared by MDS, and 

presented on a NMDS, clustered by community composition, as shown in Figure 3.17. 

This was derived from a Bray-Curtis similarity matrices, and no obvious clustering was 

observed. However, as detailed in Table 3.8, ANOSIM analysis identified that both 

treatment and time, individually and combined, did significantly impact community 

diversity.  

 

 

Figure 3.17. NMDS ordination of beta diversity between saltmarsh incubation communities. MDS 

analysis derived from Bray-Curtis similarity matrices of relative read abundance data of ASVs in each 

sample, from t1 (dark purple) and t2 (light purple) incubation time points, under control (square), 1 mM 

DMSO (circle) and 1 mM and 10 mM molybdate (triangle) starting incubation conditions, and 

compared with t0 natural communities (cross).  
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Table 3.8. ANOSIM analysis of DMSO sediment incubation community analysis. Low R2 values, and 

P values (P< 0.001 highlighted as ***), show incubation treatment and time, independently and 

combined, significantly contribute to community diversity.  

Variable R2 Pr(>F) 

Treatment 0.388 0.001 *** 

Time 0.286 0.001 *** 

Treatment and time 0.221 0.001 *** 

 

SIMPER analysis was carried out to identify drivers of community diversity between 

incubation time and treatments. This identified ASVs at class level that contributed 

to an accumulative 70% dissimilarity when comparing each treatment (control, 1 mM 

DMSO, and 1 mM DMSO and 10 mM molybdate) at t1 and t2, as listed in Table 3.9. At 

t1, when DMS concentration had peaked and methane production had only just 

started, when treated with both DMSO only and DMSO and molybdate, Bacteroidia, 

Desulfobacteria, Desulfobulbia, Planctomycetes, and Gammaproteobacteria 

contributed to community dissimilarity. Additionally, when treated with DMSO only, 

Acidimicrobiia and Methanosarcinia contributed, whilst when molybdate was also 

added, Alphaproteobacteria also contributed to dissimilarity. At t2, when DMS had 

been utilised and peak methane concentrations had been observed, Bacteroidia, 

Desulfobacteria, and Methanosarcinia significantly contributed (P<0.05) to 

community dissimilarity of the DMSO and molybdate treated incubations, when 

compared with the control. Whilst when only treated with DMSO, Bacteroidia, 

Methanosarcinia, Alphaproteobacteria, and Gammaproteobacteria contributed, and 

ASVs of the Desulfobacterota phylum did not contribute to community dissimilarity. 

This confirms that molybdate addition, a known inhibitor of sulfate reduction, had a 

negative effect on the relative abundance of Desulfobacterota. This could indicate 

that these bacteria may have thrived on DMS or other organic carbon becoming 

available in the DMSO only incubations but were inhibited in doing so in the presence 

of molybdate. This in turn, if based on DMS degradation, could have led to the lower 

competition for DMS from SRB, and therefore the abundance of methanogenic 

archaea which utilised it. 
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Table 3.9. SIMPER analysis of DMSO incubated saltmarsh community diversity. Communities from control, 1 mM DMSO incubations and 1 mM DMSO and 10 mM molybdate 

incubations at peak DMS production (t1) and (t2) assessed for 16S rRNA gene community dissimilarity, with the GTDB database used for ASV taxonomic classification. Kruskal-

Wallis (KW) test significant values highlighted (bold) at P< 0.05, values shown to three decimal places, and organisms listed alphabetically. 

t1 

ASV taxonomic classification Control vs DMSO Control vs DMSO + Molybdate DMSO vs DMSO + Molybdate 

Phylum Class 

 

SIMPER % 

contribution to 

dissimilarity 

KW 

significance 

SIMPER % 

contribution to 

dissimilarity 

KW 

significance 

SIMPER % 

contribution to 

dissimilarity 

KW 

significance 

Actinobacteria Acidimicrobiia 0.056 0.175 - - - - 

Bacteroidota Bacteroidia 0.123 0.233 0.097 0.200 - - 

Desulfobacterota Desulfobacteria 0.048 1.000 0.102 0.200 0.102 0.100 

Desulfobacterota Desulfobulbia 0.199 0.175 0.132 0.150 0.226 0.100 

Halobacterota Methanosarcinia 0.139 0.175 - - 0.082 0.100 

Planctomycetota Planctomycetes 0.061 0.175 0.037 0.150 - - 

Proteobacteria Alphaproteobacteria - - 0.070 0.150 0.068 0.100 

Proteobacteria Gammaproteobacteria 0.086 0.233 0.262 0.150 0.259 0.100 

 



 163 

t2 

ASV taxonomic classification Control vs DMSO Control vs DMSO + Molybdate DMSO vs DMSO + Molybdate 

Phylum Class 

 

SIMPER % 

contribution to 

dissimilarity 

KW 

significance 

SIMPER % 

contribution to 

dissimilarity 

KW 

significance 

SIMPER % 

contribution to 

dissimilarity 

KW 

significance 

Bacteroidota Bacteroidia 0.180 0.066 0.146 0.050 - - 

Desulfobacterota Desulfobacteria - - 0.096 0.050 0.119 0.066 

Desulfobacterota Desulfobulbia - - - - 0.144 0.066 

Halobacterota Methanosarcinia 0.419 0.066 0.480 0.050 0.403 0.066 

Proteobacteria Alphaproteobacteria 0.061 0.066 - - - - 

Proteobacteria Gammaproteobacteria 0.053 0.827 - - 0.062 0.513 
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Further SIMPER analysis was carried out on bacterial ASVs at genus level. Pairwise 

comparisons were made at t1 and t2 for each treatment (1 mM DMSO, and 1 mM 

DMSO and 10 mM molybdate) against their respective controls, and those 

contributing to more than 0.01% dissimilarity were selected. Significant contributors 

were determined using the Kruskal-Wallis test, and those that increased in 

percentage relative abundance in the treatment compared with the control were 

plotted in a stacked bar plot, as shown in Figure 3.18. When incubated with DMSO 

only, this identified five ASVs at t1 (Desulfocapsaceae, Desulforhopalus, 

Desulfobacteraceae, Kiritimatiellaceae, and Vibrio), and four at t2 (Desulfocapsaceae, 

Sulfurimonas, Thiomicrorhabdus, and Thiotrichaceae), predominantly of the phylum 

Desulfobacterota and class Gammaproteobacteria. When incubated with DMSO and 

molybdate, five ASVs were also identified at t1 (Cyclobacteriaceae, Propionigenium, 

Pseudophaeobacter, Rhodobacteraceae, and Vibrio), of Alphaproteobacteria, 

Gammaproteobacteria, and Bacteroidia class primarily, whilst four 

Gammaproteobacteria (Thiomicrorhabdus, Thiomicrospiraceae, Thiotrichaceae, and 

Vibrio) were identified at t2. 
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Figure 3.18. Bacterial taxonomic profiling at genus level of saltmarsh DMSO incubations by 16S 

rRNA gene amplicon sequencing. Mean relative abundance (%) of bacterial ASVs significantly 

contributing to dissimilarity of communities at t1 (peak DMS) and t2 (peak methane), assessed via 

pairwise SIMPER analysis of treatment (1 mM DMSO or 1 mM DMSO and 10 mM molybdate) and 

control, using cut off value of 0.01%. Significance determined by Kruskal-Wallis test with cut-off of 0.2, 

and ASVs plotted if a higher relative abundance is observed in treatment compared with control. ASVs 

organised under phyla (bold) and class and named by order: genus. 

 

3.3.5 Metagenomic assembly of saltmarsh DMSO enrichments 

DNA extraction and metagenomic shotgun sequencing was successfully completed, 

yielding 343-445 million raw reads per sample, with an error rate of 0.03%. 

Metagenomic assembly is complete, with the total number of contigs per sample 

2,335,939 - 2,688,396. N50 values, defined as the length of the shortest contig for 

which longer and equal length contigs cover at least 50% of the assembly (Alhakami 

et al., 2017), were between 1150-1200 for all samples. The maximum contig length 

was 1.5 mega bp (Mbp), with the majority of contigs in the range of 0.2-0.5 Mbp. 

However, due to the time limitations of this thesis, dataset analysis is still ongoing, 

as further discussed in Section 3.4.5. 
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3.4 Discussion 

Work presented in this chapter clearly confirmed the potential for anoxic saltmarsh 

sediments to reduce DMSO, however, for the first time, this is presented alongside 

the identification, using cultivation-independent methods, of key taxa contributing 

to the production of DMS from DMSO. Additionally, it is demonstrated that DMS 

generated from DMSO reduction can directly be utilised as a substrate to drive 

methane production from anoxic sediment methanogenesis. Whilst this has been 

shown previously, the consideration for the interaction between DMSO reducers and 

DMS utilising methanogens has not before been investigated. This work also provides 

fundamental knowledge on the microbial community composition across different 

areas of a highly productive intertidal saltmarsh, and the availability of organosulfur 

precursors DMSP and DMSO for the production of climate relevant gasses DMS and 

methane. 

 

3.4.1 Organosulfur cycling and redox gradients of the vertical saltmarsh 

sediment 

The observed DMSO and DMSP concentrations across all locations of the wet 

saltmarsh sediment were higher than previously observed by colleagues at other 

European saltmarshes (Dennis Tebbe, Bert Engelen, and Hendrik Schäfer, 

unpublished), and clearly demonstrates the availability of these organosulfur 

compounds to the microbial community.  

 

Observed gradients down the sediment in all areas showed high concentration of 

both DMSO and DMSP in the surface 1 cm. This is theorised to be due to Spartina 

debris on the surface, exuding high levels of DMSP, which would be readily degraded 

to DMS. DMS could be further oxidised to DMSO via photooxidation and ROS, the co-

oxidation of DMS to DMSO by Tmm (Lidbury et al., 2016) or the aerobic respiration 

of the oxic microbial community. In addition, DMSP may be the product of DMSP 

synthesising bacteria (Curson et al., 2017). The mud pool sediment appeared to have 

a less steep gradient of DMSP and DMSO down the sampled 6 cm column, perhaps 
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given its finer particle size and the leaching of compounds through the sediment (Guo 

et al., 2020).  

 

A steep redox gradient was observed down the mud pool sediment column, with <5 

mm anoxic sediment at the surface before dark anoxic sediment was observed. But 

a more complex web of biotic and abiotic interactions is clearly at play here, across 

the observed vertical and horizontal zonation, and beyond the scope of this research. 

This includes bioturbation from the movement of higher-level animals, and tidal 

patterns, causing sediment mixing, resuspension of sediment, and renewed 

sedimentation of particles. Future work should aim to collect data on this range of 

variables, to better explain the differences in organosulfur compound concentration 

distributed throughout the saltmarsh sediment.  

 

3.4.2 The natural saltmarsh microbial community is diverse 

Given the steep vertical stratification and redox gradient of saltmarsh sediment, it is 

expected that microbial communities change down the vertical sediment core. 

Statistical analysis of 16S rRNA gene sequencing data confirmed this, showing that 

both depth and location, individually and combined, have a significant effect on 

microbial community composition. Additionally, alpha diversity measurements 

suggest the microbial community species richness and evenness is more diverse in 

deeper sediment samples, compared with the surface layer. Beta diversity also 

clusters samples together by both location and depth, all of which highlights the 

importance of these variables when studying saltmarsh characteristics and microbial 

community composition and function. 

 

The predominant classes of bacteria observed were Gammaproteobacteria, 

Alphaproteobacteria, Desulfobacteria, Desulfobulbia and Bacteroidia, confirming the 

presence of common marine organisms and SRB. Methanogens were observed at a 

much lower relative abundance in these natural sites but were present. However, 

this data alone cannot confirm if taxa observed are active in each sampling site, and 

as later shown by incubation data, communities can drastically shift in composition 
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upon the addition of an alternative substrate or the inhibition of metabolic 

processes. So, whilst the same classes of microorganism are observed across all sites, 

the anoxic saltmarsh should not be considered as one homogenous microbial 

community.  

 

3.4.3 DMSO reduction to DMS by anoxic saltmarsh sediment microbial 

communities 

Observed DMS production in saltmarsh sediment incubations confirmed the DMSO 

reduction ability of the saltmarsh microbial community, with no lag time of DMSO to 

DMS turnover, and DMS peaking at ~25 µmol. Given the input of 20 µmol DMSO per 

incubations, and the one-to-one stoichiometry of DMSO reduction to DMS, it is 

thought all DMSO was reduced, as confirmed by DMSO concentrations at the end of 

the incubation. Control incubations confirmed DMSO was not produced through any 

other pathway during incubation, and so the additional ~5 µmol observed DMSO is 

attributed to measurement inaccuracy.  

 

The peak DMS observation would also be limited given the cross over time between 

methane concentrations increasing and DMS concentrations decreasing, as it is likely 

DMS degradation to methane started before all DMSO had been reduced. 

Additionally, some DMSO could be used as a carbon source. Given that no DMSO was 

detected at the end of the incubations, it can be assumed that sufficient organic 

matter was present in the sediment inoculant to drive the respiration of the entire 

DMSO addition and organic matter is assumed not to have been a limiting factor of 

growth. Thus, DMSO may not have been a preferred carbon source, and instead was 

likely primarily used as an alternative electron acceptor for anaerobic respiration. 

However, no additional organic material was added during the incubations, as would 

happen in situ, and it has been shown that glucose can act to regulate DMSO 

reduction (Griebler, 1997). Future work could further investigate work (Hendrik 

Schäfer, unpublished) that recorded higher rates of DMSO reduction in lake sediment 

incubations when glucose was added and determine in situ concentrations of various 
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carbon sources at the Stiffkey saltmarsh to more accurately predict DMSO reduction 

potential of this environment. 

 

Additional DMS might have originated from DMSP present in the sediment, in 

particular intracellular sources of microbial cells. Although the fact that no increase 

in DMS concentrations were seen in the biological controls without DMSO addition 

would suggest that this would not have caused the observed increase in DMS in the 

incubations, the detection limit of this should be investigated. 

 

The 16S rRNA gene sequencing data suggests the most abundant ASVs in DMSO 

incubations at peak DMS (t1) that significantly contribute to community dissimilarity 

when compared to the control are: Desulfocapsaceae, Desulforhopalus, 

Desulfobacteraceae, Kiritimatiellaceae, and Vibrio. Literature suggests the 

Gammaproteobacteria Vibrio (Lorenzen et al., 1994; Lee et al., 2012b) and the 

Alphaproteobacteria Rhodobacteraceae (Zinder and Brock, 1978a) are most likely 

driving DMSO reduction, given the widespread presence of the DMSO reductases in 

previously studied members of these classes, as previously discussed in Section 

1.4.1.1 and Section 2.4, but further work with the metagenome assembled genomes 

(MAGs) shall aim to confirm this.  

 

Additionally, the SRB Desulfocapsaceae, Desulforhopalus, and Desulfobacteraceae 

are seen here, but not when sulfate reduction is inhibited by molybdate. Although 

some SRB were shown previously to be able to reduce DMSO (Jonkers et al., 1996), 

preliminary analysis of DMSO reductase diversity in SRB suggests that these taxa are 

unlikely to be DMSO reducers (Wenxin Bai, unpublished). Since molybdate addition 

had a negative effect on their relative abundance, it is likely due to their ability to 

utilise DMS as a carbon source (Tanimoto and Bak, 1994; Loka Bharathi, 2008; Lyimo 

et al., 2009). 

 

The significant ASVs that do contribute to community dissimilarity when sulfate 

reduction is inhibited were: Cyclobacteriaceae, Propionigenium, Pseudophaeobacter, 

Rhodobacteraceae, and Vibrio. Again, Vibrio and Rhodobacteraceae are thought to 
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be driving this, but analysis of the DMSO reduction potential of the MAGs shall 

confirm this.  

 

Further work could also aim to isolate and identify DMSO reducers, by plating out 

incubations from t1 (peak DMS) on DMSO enriched agar plates, placed in anaerobic 

chambers, and isolates selected and sequenced. Additional work on these cultures 

could then aim to measure rates of DMSO reduction to DMS, identify the specific 

type of DMSO reductases active in these cultures, and identify conditions under 

which DMSO reductases are expressed.   

 

3.4.4 The production of methane from the microbial utilisation of DMS 

The flux from DMS to methane was clearly observed in the DMSO incubations, with 

DMS rapidly decreasing as methane production increased. This confirms the 

saltmarsh microbial community can utilise DMS for fuelling methanogenesis in anoxic 

sediment environments, as is known in the literature (Kiene et al., 1986; Oremland 

et al., 1989; Finster et al., 1992; Tsola et al., 2021), and that this DMS can be a product 

of DMSO reduction, as was first suggested in 1988 (Kiene and Capone, 1988). 

 

The turnover rate of DMS to methane was at least 80% of hypothetical methane 

production, further supporting the theory that some DMS was utilised as a carbon 

source by SRB. It is not thought that any DMS is re-oxidised back to DMSO, or 

consumed by aerobic methylotrophic bacteria, given the anoxic conditions of the 

incubations. As background methane levels are of an observed low level and no other 

carbon sources have been added to DMSO incubations, it is assumed the observed 

methane is solely the product of DMS utilisation.  

 

One pathway from DMS to methane, is via the intermediate methanethiol, which is 

produced from DMS oxidation, likely via anoxic methyltransferase activity 

(Oelgeschläger and Rother, 2009). This is then further degraded to methane by 

methanogens (Finster et al., 1992) or SRB (Tanimoto and Bak, 1994). Whilst peaks of 

methanethiol were observed from the GC headspace analysis of incubations towards 



 171 

the end of the experiment, these were not quantified, as is suggested for future 

work. 

 

Additionally, CO2 was not measured in these experiments, but should be considered 

in future work as this too can be produced from further methane degradation, 

although a drop in methane concentration was not observed in the timescale of 

these incubations. The interplay between methane and CO2 is of great interest in 

regard to global climate, given methane has a global warming potential over 20 years 

of 56 times higher than that of CO2 (Masson-Delmotte et al., 2021). 

 

The microbial community, both with and without sulfate reduction inhibition, was 

identified as dominated by methanogens (~42%), which has been shown previously 

to grow on DMS (Kiene et al., 1986; Ni and Boone, 1993). In particular, these were of 

the class Methanosarcinia, and at genus level described as Methanolobus and 

Methanococcoides, two genera of versatile and methylotrophic methanogens. These 

are also known to produce hydrogen sulfide (Ni and Boone, 1993), which would 

explain the observed peaks towards the end of the incubation.  

 

When focussing on the bacterial composition of incubation communities at peak 

methane concentrations, Desulfocapsaceae, Sulfurimonas, Thiomicrorhabdus, and 

Thiotrichaceae were observed to be significantly contributing to community 

dissimilarity and increase in relative abundance in DMSO incubations compared with 

the control, and Thiomicrorhabdus, Thiomicrospiraceae, Thiotrichaceae, and Vibrio 

when molybdate was present. This adds to the suspected complexity of sulfur cycling 

in the incubations, as Thiomicrospiraceae, Thiotrichaceae, and Sulfurimonas are 

potential sulfur oxidisers (Lecoeuvre et al., 2021). Although most of these have been 

described as aerobic sulfur oxidisers, some species have been shown to couple sulfur 

oxidation to the respiratory reduction of alternative terminal electron acceptors, 

such as nitrate (Marietou, 2016). 
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3.4.5 Ongoing and future work 

Metagenomics analyses are ongoing, which will help investigate the abundance and 

phylogenetics of organosulfur cycling genes, including DMSO reductase homologues. 

This will probe beyond culturable bacteria and include more organisms of the natural 

and DMSO enriched communities collected from this research. Similar approaches 

have been carried out previously to identify DMS degraders in a soil and lake 

sediment environment (Eyice et al., 2015), and this work shall expose the key 

members driving DMSO reduction to DMS, as well as DMS to methane, in the 

saltmarsh sediment.  

 

Results are being collated with DMSO enrichment incubation data from sediment 

sampled from the Spiekerooger Watt intertidal mud flat, south of Spiekeroog Island, 

East Frisia, Wadden Sea German National Park, Germany, and DMSP, DMSO and 16S 

rRNA gene profiles of both sites. A manuscript is in preparation with our 

collaborators at the University of Oldenburg, Germany.  

 

Functional genetic marker PCR could have been used to specifically identify DMSO 

reductase genes within the community, but primers are unavailable, and previous 

work of students in the Schäfer lab as well as by collaborators (Dennis Tebbe, 

unpublished) has had extensive difficulty designing primers for this, given the 

diversity within the dorA gene between species (even between model Dor-type R. 

sphaeroides and R. capsulatus), and the multiple enzymes within the DMSO 

reductase family that could interact with DMSO in situ (DmsA, DorA, TorA). 

Additionally, methionine sulfoxide reductase, a member of the sulfite reductase 

enzyme family, also interacts with DMSO (Kwak et al., 2009), as do DorA and DmsA 

with methionine sulfoxide (Tarrago et al., 2020), and so full bacterial community 

characterisation and metagenomic sequencing will allow a more inclusive targeting 

of the DMSO reduction genetic potential in a community. Furthermore, it is 

recommended that additional work investigates the expression of these relevant 

genes by metatranscriptomic analysis of community mRNA data.  
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Additionally, further incubations could be used to investigate the switching on of 

such DMSO reductase genes, by reverse transcriptase PCR (rtPCR). Tidal patterns and 

changing oxic conditions in the surface layers could be replicated, and the mRNA 

changes in the incubation would represent the metabolic changes, and further our 

understanding of the coupling of the DMSO reduction and DMS oxidation redox 

cycle.  

 

Finally, the library of culturable bacteria able to reduce DMSO could be expanded, 

via the isolation of specific bacteria carrying out DMSO reduction in the saltmarsh 

incubations. Identity should be confirmed via PCR amplification of 16S rRNA genes, 

and DMSO reductase gene sequence via functional genetic PCR and specific dorA and 

dmsA primers.  

 

3.4.6 Conclusions 

Saltmarshes have DMSP and DMSO available to bacterial communities that live 

there, especially in the surface 1 cm of sediment across all microenvironments, 

where the oxic/anoxic interface occurs. In mud pool sediment, higher concentrations 

are also measured down to 6 cm. Across these changes, communities differ, with 

further work required to correlate specific organisms to areas of high DMSP or DMSO 

concentration.  

 

These natural saltmarsh communities have a proven ability to reduce DMSO to DMS, 

and then convert DMS to methanethiol and methane under anaerobic conditions, 

both when sulfate reduction is and is not inhibited. This has been observed by GC 

headspace analysis of airtight incubations of the natural community enriched with 

DMSO and molybdate.  

 

Communities change upon the addition of DMSO, and 34 years after microbial DMSO 

reduction was first suggested as a source of DMS in saltmarshes (Kiene and Capone, 

1988), molecular techniques have been used to uncover the identity of the 

microorganisms driving this process. The genera implicated in driving DMSO 
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reduction were Cyclobacteriaceae, Desulfocapsaceae, Desulforhopalus, 

Desulfobacteraceae, Kiritimatiellaceae, Propionigenium, Pseudophaeobacter, 

Rhodobacteraceae and Vibrio, and the genera suggested to drive DMS utilisation and 

methanogenesis are the bacteria Desulfocapsaceae, Sulfurimonas, 

Thiomicrorhabdus, and Thiotrichaceae, and the archaea Methanolobus and 

Methanococcoides. Additionally, SRB populations are only high when sulfate 

reduction is not inhibited, suggesting they are not able to reduce DMSO as an 

alternative electron acceptor, but instead utilise DMS as a carbon source. Further 

metagenomic work aims to identify the DMSO reduction potential of these 

candidates, and further assess the relative abundance of relevant pathways across 

the incubation.  
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4 Is there a role for DMSO and TMAO 

reduction in cystic fibrosis lung biofilm 

pathogens? 
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4.1 Introduction 

The work presented in this chapter aims to determine the ability of clinically relevant 

bacterial strains to reduce DMSO and TMAO in the cystic fibrosis (CF) lung biofilm. It 

is motivated by the observation that several pathogens contain homologues of DorA, 

TorA, or DmsA, yet a comprehensive study of the reduction of DMSO and TMAO has 

not been carried out in a clinically relevant environment, where steep oxygen 

gradients exist, and where these alternative electron acceptors are likely available 

for facultative anaerobic respiration.  

 

4.1.1 Chronic infection 

Chronic infection is defined as a prolonged invasion of the body by pathogens 

(Medical Dictionary for the Health Professions and Nursing, 2022). Bacterial 

pathogens that evade immune defences may persist in long term infections due to 

the establishment of biofilms, and the protection this provides against host defences 

and antibiotics (Donlan and Costerton, 2002). This forms an environmental niche 

with unique physical properties, in which bacterial survival is enhanced.  

 

The National Institute of Health, USA, estimated 17 million people in America alone 

suffer from a biofilm infection every year, and over half a million of these are fatal 

(Wolcott et al., 2016). Examples of infections with established biofilms include cystic 

fibrosis (CF) (Bjarnsholt et al., 2009), endocarditis (Elgharably et al., 2020), otitis 

media ear infections (Hall-Stoodley et al., 2006), and chronic wound infections, such 

as diabetic foot ulcers (James et al., 2008). An aging population and the rise of various 

lifestyle diseases, such as diabetes and cardiovascular disease caused by the obesity 

epidemic (Blüher, 2019) and an ageing population (Kvich et al., 2020), has led to an 

increased number and severity of chronic infection cases. The burden on healthcare 

systems due to such disorders is ever increasing and provides motivation to better 

understand, prevent and control such biofilms in human bodies. The lung biofilm of 

CF patients has become a model system to do so, given its longevity over decades 

against endless attack from the host immune system and antibiotic treatment.  
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An important characteristic of biofilms is the diffusive transport of metabolites, 

facilitating growth throughout the environment. This leads to the establishment of 

physiochemical gradients across the biofilm, including gradients of oxygen, which 

diffuses through the biofilm, and is utilised by heterotrophic bacteria. Microoxic and 

anoxic environmental niches within the biofilm are therefore established, presenting 

an environment for facultative anaerobes to adapt to (Jo et al., 2022). To this end, an 

ex vivo CF lung biofilm model will be used in this work to research the potential for 

opportunistic pathogens to utilise the alternative electron acceptors DMSO and 

TMAO in anoxic biofilm environments, providing a potential fitness advantage by 

facilitating anaerobic respiration.  

 

4.1.2 The Cystic Fibrosis chronic bacterial infection  

4.1.2.1 The CF disorder 

CF is an autosomal recessive disorder with the highest mortality rate of all human 

genetic conditions (Aali et al., 2017), recorded in over 10,000 patients in the UK 

(Charman et al., 2020) and over 70,000 people worldwide (Cystic Fibrosis 

Foundation, 2019), with real numbers emerging to be much higher as diagnostic and 

reporting capabilities improve. In the UK, data between 2008 and 2012 show each 

CF patient is admitted to hospital on average once per year for an average of 10 days, 

and so total emergency admissions of CF patients require 100,000 hospital bed days 

a year, more than any other lung condition (Snell et al., 2016). However, with 

extensive research on CF since its first description in 1938 (Andersen, 1938), patients 

are now living longer, with median life expectancy increasing over time, from six 

months in the 1930s, five years in the 1950s, 20 years in the 1980s, to now over 40 

years (Elborn, 2016). Compared to average UK life expectancy of 79-83 years (Buxton, 

2021), this is still drastically reduced, and much research is still required.  

 

Mutations in the CF transmembrane conductance regulator (CFTR) gene (Saint-Criq 

and Gray, 2017) lead to, amongst other complications in the pancreas, intestines and 

reproductive organs, dehydration of the airway surface liquid. Sweat is also affected, 

and a chloride concentration in sweat over 60 mM is often used as a diagnostic 
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threshold for CF patients (Cutting, 2015). A summary of the multi-organ clinical traits 

of CF is shown in Figure 4.1. 

 

 
Figure 4.1. Clinical features of CF. Mutations in the CFTR cause multiple traits in CF patients (left), 

which, along with genetic modifiers and environmental and stochastic factors, lead to additional 

clinical developments (right). Taken from (Cutting, 2015). 

 

As detailed in Figure 4.2, variations of mutations in the CFTR gene, of which 127 have 

been identified as pathogenic (Sosnay et al., 2013), cause a range of problems by 

decreasing chloride and bicarbonate ion secretion across the membrane of epithelial 

cells in the upper airway and into airway surface liquid (ASL), decreasing inhibition of 

sodium ion absorption from the ASL. This reduces water movement along the 

electrochemical gradient into the mucus, decreasing epithelial surface hydration and 

lumen pH, which results in a thick, sticky, dehydrated, salty mucus in the patient’s 

airways which cannot be cleared (Saint-Criq and Gray, 2017). 
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Figure 4.2. Ion transport across epithelial cell membrane with mutated CFTR. Mutated CFTR reduces 

transport of chloride (Cl-) and bicarbonate (HCO3
-) ions through CFTR across apical epithelial 

membrane and into airway surface liquid (ASL), and by loss of positive regulation of Cl- channels AN01 

and SLC26A9, and ion exchanger SLC26A4. Negative regulation of sodium (Na+) ion transporter ENaC 

also decreases, reducing inhibition of Na+ absorption. This causes dehydration and decreased pH of 

ASL as less water moves along electrochemical gradient, through paracellular pathways, and into ASL. 

Intracellularly, Cl- ions accumulate as NKCC1, the Cl- transporter on the basolateral membrane, 

continues to function correctly. Taken from (Saint-Criq and Gray, 2017).  

 

The structure of the CF lung airways and thick mucus built up within it provides the 

perfect site for infection. As illustrated in Figure 4.3, the inability of a CF lung to 

efficiently clear contaminants due to increased mucus viscosity leads to bacterial 

reservoirs in plugs of mucus in the trachea and bronchi (Boucher, 2007), allowing for 



 180 

repeated bacterial infection of all areas of the lung (Folkesson et al., 2012). Such 

chronic, recurrent bacterial infections (Stoltz et al., 2015; Aali et al., 2017), lead to 

airway inflammation, infection and eventual destruction (Cutting, 2015), which 

progresses to bronchiectasis and respiratory obstruction and impairment. This is the 

primary cause of morbidity and mortality in CF patients (Rao and Grigg, 2006; Elborn, 

2016). 

 

 
Figure 4.3. CF patient lung structure and mucociliary clearance. The human lung structure contains 

three main zones: sinuses, tracheobronchial (conductive), and alveolar (respiratory). In the sinuses and 

conductive zone, goblet cells secrete thin mucus onto the surface of epithelial cells. In healthy 

individuals, contaminants in the mucus are cleared by cilia of the epithelial cells. In CF patients, mucus 

is thick and dehydrated, so cannot be cleared, and bacterial contaminants build up a reservoir, easily 

colonising this and other areas of the lung environment. Immune system responses 

(polymorphonuclear leukocytes (PMNs) and antibodies) are severe, yet inefficient and lead to long 

term lung tissue damage. Taken from (Folkesson et al., 2012). 

 

4.1.2.2 Treatment of CF 

Treatment approaches traditionally involve genetic screening for the disease and 

administering a range of antimicrobial and mucolytic agents. Preventing infection or 

delaying chronic infection is preferrable though, as often antibiotics fail to 
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successfully remove a well-established infection; after aggressive antibiotic 

treatment, one study found aggregate bacterial biofilms were still embedded into 

mucus plugs, growing within the mucus of air passageways, rather than on the lung 

tissue itself, acting as a bacterial reservoir protected against antibiotics (Burmølle et 

al., 2010). In particular, because of its ability to form biofilms with an extracellular 

matrix containing exopolysaccharides, DNA and proteins (Whitchurch et al., 2002), 

inhabitants are protected from multi-drug treatment. More recently, research into 

restoration of CFTR function with CFTR modulators has shown successful initial 

treatments that increase chloride ion transport in patients (Ridley and Condren, 

2020). However, this is new, expensive, and still not an appropriate therapy for all 

patients, as extensive lung tissue damage cannot be undone (Laselva et al., 2022). As 

a last resort, CF patients can undergo a bilateral sequential lung transplant, but this 

does not come without risk, and less than half of patients put forward for this 

treatment are accepted (Charman et al., 2020). Therefore a combined research and 

treatment approach is needed which combines targeting the cause of the thick 

mucus formation, the lung immune response and subsequent inflammation (Aali et 

al., 2017), and the biotic and abiotic factors that lead to disastrous infection and 

biofilm formation within the mucoidal microenvironment. 

 

4.1.2.3 Common pathogens of CF 

Mucus plugs in CF lungs provide a nutrient rich, warm, and humid environment that 

is perfect for bacterial colonisation by the microorganisms breathed in (Šantl-Temkiv 

et al., 2022). In the first ten years of life, infection is predominantly due to 

Staphylococcus aureus, and secondly Haemophilus influenza. But despite 

antimicrobial treatments, by age 18 years, 80% of patients have a Pseudomonas 

aeruginosa infection (Rajan and Saiman, 2002) in their airways. Initial colonisation by 

the opportunistic pathogen P. aeruginosa is often recurrent and intermittent, and by 

their late twenties most patients have developed a chronic infection (Folkesson et 

al., 2012), resistant to aggressive antibiotic treatment, and the patients’ lung 

function continues to decrease due to both infection and inflammation degrading 

the lung tissue. Although it is not understood why populations switch over the course 

of a patient’s life, like most respiratory diseases, pathogenesis is linked to airway 
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inflammation, and the progression of infection to inflammation to lung degradation 

enables further bacterial infection in damaged lung tissue, and so the cycle 

accelerates, and likely favours P. aeruginosa as it does so (Heijerman, 2005). It has 

been estimated that a childhood P. aeruginosa infection gives a 2.6x higher 8-year 

risk of death (Emerson et al., 2002), and this pathogen is the most common cause of 

increased morbidity and mortality (Nixon et al., 2001). 

 

Chronic P. aeruginosa infection is also known to increase susceptibility to secondary 

infections from other Gram-negative species (Sajjan et al., 2001), including 

Staphylococcus spp., Stenotrophomonas spp., Achromobacter spp., Streptococcus 

spp., Prevotella spp., and Neisseria spp. (Lim et al., 2014; Surette, 2014), and by 18 

years, 3.5% of patients also have a Burkholderia cepacia complex (Bcc) infection 

(Rajan and Saiman, 2002). The Burkholderia genus was only recently separated out 

from Pseudomonas (Yabuuchi et al., 1992) and the Bcc now contains 22 species that 

are known to infect humans, animals and plants (Scoffone et al., 2017), of which, 

predominantly Burkholderia cenocepacia, Burkholderia multivorans, and 

Burkholderia dolosa are isolated from CF patients (Sousa et al., 2010). Bcc infection 

has a high fatality rate given it can result in severe, rapid lung function decline, 

pneumonia, and sepsis. It also has high levels of transmissibility and antibiotic 

resistance, so great effort is made to limit cross contamination between CF patients, 

resulting in just 5% infection rate across CF patients (Kenna et al., 2017; Leitão et al., 

2017). 

 

Additionally, the filamentous fungus Aspergillus is known to persistently infect CF 

lungs, but research is only just starting to focus on the role of fungi within the CF lung 

(King et al., 2016; Jean-Pierre et al., 2021). What is known though, is that the lung 

microbial community of CF patients varies over time, as data in Figure 4.4 shows, 

collected from 10,070 UK CF patients in 2019. But it must be highlighted these are 

just the intermittent and chronic infections of predominant pathogens, part of a 

much greater picture where the dynamic microbial community is complex and only 

just starting to be researched. 
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Figure 4.4. CF lung infections differ by patient age. Data shows changes in lung pathogens over time 

as high numbers of early years intermittent H. influenza and S. aureus infections decrease in teenage 

years and are replaced by chronic P. aeruginosa infections in early adulthood. From age 20 years, rates 

of other infections remain constant. Taken from 10,070 UK CF patients as part of the 2019 annual data 

report by the UK Cystic Fibrosis organisation (Charman et al., 2020). 

 

4.1.2.4 The complex bacterial community of the CF biofilm 

Less than 20 years ago, first investigations began into the complexity of CF lung 

microbial communities beyond the known primary pathogens of S. aureus, H. 

influenzae, P. aeruginosa, and the Bcc (Rogers et al., 2004). Now, a greater value is 

being placed on other members of the airway microbiome, appreciating the impact 
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they can have on the environmental niche the infection occurs in, and therefore the 

severity of the disease. It has also been shown that bacterial communities are unique 

in each CF patient, with polymicrobial infections presenting a complex, individualised 

environment of pathogen-pathogen-host interactions, which affects treatment 

success and disease progression (Filkins and O’Toole, 2015), as shown in Figure 4.5. 

Even when infected by epidemic strains of P. aeruginosa, outcomes 

disproportionately vary, and this has recently been attributed to pathogen-pathogen 

factors in these unique environments (Acosta et al., 2020). 
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Figure 4.5. Polymicrobial infections of the CF lung. Multifactor interactions between host and 

polymicrobial communities of bacteria, fungi and viruses contribute to a complex feedback system 

within CF patient airways. Factors include: the human immune system, antibiotic treatment, diverse 

colonisation sources, environmental conditions, microbial adaptation, and disease progression, 

leading to decreased lung function, measured by forced expiratory volume (FEV). Taken from (Filkins 

and O’Toole, 2015). 

Early work determining the community variation of these populations identified 19 

species associated with CF infection, 15 of which had not been observed before, 

including Prevotella species (spp.) and Staphylococcus hominis (Rogers et al., 2004). 

Deep sequencing technologies have further enabled the vast diversity of this 
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environment to truly be appreciated, with just one CF respiratory sample identifying 

50-200 unique operational taxonomic units (OTU) (Burmølle et al., 2010). The latest 

hypothesis suggests that most CF lungs communities are represented by a collective 

of communities, and whilst diversity does decrease over time as antibiotics are used 

to treat infection (Zhao et al., 2012), significant differences in communities do occur 

between patients, which is responsible for the differences in clinical outcomes (Jean-

Pierre et al., 2021).  

 

Initial work on pathogen-pathogen interactions within this CF airway environment 

focused on the well-studied, predominant pathogen communities, as summarised in 

Figure 4.6 (O’Brien and Fothergill, 2017), demonstrating extensive chemical 

communication between populations in the extracellular matrix (ECM). Such 

coinfection studies demonstrated P. aeruginosa interactions with S. aureus 

(Hotterbeekx et al., 2017) and Stenotrophomonas maltophilia (Bottery et al., 2022) 

alter biofilm formation and infection characteristics, and so led to the general 

consensus that community variations affect clinical outcomes by interactions 

affecting P. aeruginosa antimicrobial susceptibility (Reece et al., 2021).  
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Figure 4.6. Pathogen-pathogen interactions within the CF lung environment. Primary pathogens of 

the CF airway interact with each other via several chemical pathways (black arrows), with examples 

shown of how secondary pathogens are affected by, and control, the population of P. aeruginosa. 

Taken from (O’Brien and Fothergill, 2017).  

 

Additionally, the interactions between pathogens and commensal bacteria of lung 

flora are now being considered, such as the commensal bacterium Rothia 

mucilaginosa, found in the upper airways of healthy individuals, and in 83% of CF 

lung infections studied (Lim et al., 2013), where it has adapted to the thick mucus 

environment. Contrasting research suggests it could aid infection progression by 

providing metabolites for P. aeruginosa (Gao et al., 2018), or benefit the host by 

inactivation of inflammation pathways, reducing lung damage and therefore slowing 

disease progression (Rigauts et al., 2022).  

 

Such examples highlight the complexity of this environment, and, just like other 

chronic infection environments (Welp and Bomberger, 2020), the importance of 
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understanding the physical and biological factors driving dynamic populations in 

order to better model and predict disease and treatment outcomes.  

 

4.1.3 Survival in the CF lung dynamic oxygen environment 

4.1.3.1 Microenvironments of the CF biofilm 

The CF lung environment may support growth in many ways, but it is also unique in 

terms of its physiochemical properties and stressful in terms of its constantly 

remodelling structure (Regamey et al., 2011), the endless attack by antibiotics, 

competition with other inhabitants of the lung, and the host immune system. In 

response to oxygen radicals produced by the immune system, pathogens enter a 

biofilm lifestyle (Roberts et al., 2015), defined by their production of mucoid alginate 

(Høiby, 2002). An extensive, protective biofilm architecture is formed around 

microcolonies with an extracellular matrix containing exopolysaccharides, DNA, 

proteins, lipids (Whitchurch et al., 2002), and many different local environments 

(Worlitzsch et al., 2002). These environmental microniches, formed from the 

network of chemical and physical gradients throughout the biofilm, favour different 

pathogens, and so enable the coexistence of diverse species (Costerton et al., 1994).  

 

Further adaptation to these local environments is enabled by the high levels of 

pulmonary inflammation from persistent, ineffective host neutrophil immune 

responses, which increases concentrations of reactive oxygen species (ROS) and 

reactive nitrate intermediates (RNI) (Hull et al., 1997). As well as damaging lung 

tissue, this oxidative and nitrosative stress damages the DNA of colonising 

microorganisms, which increases mutation and evolution rates, as seen in P. 

aeruginosa (Folkesson et al., 2012), and causes higher intraspecies diversity within 

chronic CF lung infections (Winstanley et al., 2016), as well as species heterogeneity 

across lower airway sampling (Weiser et al., 2022). 

 

Modelling such complex in vivo environments is challenging, with in vitro research 

often not capturing the full complexity of the biofilms (Bjarnsholt et al., 2009; 

Roberts et al., 2015). Recent research has proposed a new ex vivo lung model that 
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better represents the true CF airway biofilm environment and is predominantly used 

for antibiotic susceptibility profiles (Harrington et al., 2021). Such a system, as further 

described in Section 4.2.4, will also be used in this research to study bacterial growth 

more accurately in anoxic biofilm environments.  

 

4.1.3.2 Oxygen gradient of the CF biofilm 

Due to the dense biofilms within the thick CF airway mucus, a dynamic oxygen 

environment exists at these sites of chronic infection (Filkins and O’Toole, 2015), with 

a steep concentration gradient moving from airway surface to lung tissue; from oxic 

(unlimited oxygen) to anoxic (zero oxygen), through a very much understudied  

microaerophilic range, defined as a region with oxygen at a lower partial pressure 

than atmospheric oxygen, also referred to as hypoxic, defined as ‘oxygen limited’ 

(Bettenbrock et al., 2014). 

 

Limited oxygen diffusion down through the biofilm results in the dissolved oxygen 

(DO) concentration eventually reaching zero. Given the diffusion coefficient of 

oxygen through water is 2.68x10-5 cm2s-1 at 37°C (Han and Bartels, 1996), its diffusion 

through the P. aeruginosa biofilm has been calculated with a coefficient of 1.53x10-5 

cm2s-1, assuming biofilm cell density and oxygen reaction rate linked to biomass. This 

gave a penetration depth of 77 µm from the surface (Stewart, 2003). Experimental 

work agrees with such predictions; using microelectrode data and fluorescent 

protein expression from aerobic metabolic activity, an oxygen penetration depth of 

50-90 µm from the air interface was reported in a 233 ± 26 µm P. aeruginosa biofilm 

(Walters III et al., 2003). Additionally, CF epithelial cells have been shown to further 

reduce oxygen concentration in the deepest parts of the biofilm from an increased 

turnover of basolateral membrane Na+-K+-ATPase pumps, resulting in a three-fold 

increase in oxygen consumption (Stutts et al., 1986). Hydrogen sulfide formation has 

also been linked with the steep oxycline, with anoxia shown to dominate 

expectorated CF sputum (Cowley et al., 2015). 
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As previously discussed, further complexities form additional microenvironments 

and communities within the biofilm. Therefore, localised oxygen concentrations are 

also affected by the presence of aerobic bacteria who deplete oxygen, decreasing 

oxygen availability and improving conditions for anaerobic bacteria. An example of 

this, as described in Figure 4.7 , is P. aeruginosa, a facultative anaerobe that infects 

oxic mucus, moves down to hypoxic areas, depletes oxygen and then adapts to the 

changing environments (Worlitzsch et al., 2002), surviving anaerobically during late 

stage infection (Hassett et al., 2009). This gives rise to the successful coexistence of 

aerobes and anaerobes, as oxygen is constantly in flux between high and low partial 

pressure (pO2). Pathogens that have adapted to survive across the oxygen gradient 

may therefore have a fitness advantage over all others, and dominate oxic and anoxic 

microenvironments, ultimately leading to their success in chronic infection (Filkins 

and O’Toole, 2015). 
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Figure 4.7. CF lung mucus oxygen gradient perpetuated by P. aeruginosa infection. Healthy airways 

(A) compared with CF airways (B-F). A- Healthy airway with thin mucus layer (pale green) is cleared 

easily in one direction at 60 µm/s and has a normal level (NL) of oxygen consumption (QO2) and normal 

(red) oxygen partial pressure (pO2) with no oxygen gradient. B- In CF patients, the mucus (dark green) 

sticks to epithelial cells (yellow) and so is not cleared (0 µm/s). Epithelial cell sodium ion (Na+), chloride 

ion (Cl-) and water uptake increases and QO2 increases, but this alone does not create an oxygen 

gradient in thin mucus. C- Over time, continuous mucus secretion from goblet cells (dark green) 

increases mucus layer volume, generating a steep oxygen gradient from normal pO2 (red) to low pO2 

(blue). D- P. aeruginosa (blue) preferentially sticks to thick mucus, infects it, and moves down into 

areas of low pO2. E- P. aeruginosa adapts to specific local environments, secretes alginates, forming 

biofilms and macrocolonies (orange) throughout the mucus. F- Over time, biofilm microcolonies resist 

immune system neutrophils (pink) and antibiotics and consume oxygen, reducing pO2 throughout the 

mucus. Adapted from (Worlitzsch et al., 2002).  

 

4.1.3.3 Obligate anaerobes in the CF microbiome 

The first obligate anaerobes were identified in CF lung biofilm samples less than 20 

years ago (Rogers et al., 2003), confirming that localised areas of zero oxygen must 

exist in the CF lung biofilm. The role these anaerobes play in the development of 

chronic infection is not well studied, but a growing area of research (Filkins and 
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O’Toole, 2015). Culture-independent techniques and next generation sequencing 

(NGS) have allowed for a greater appreciation of the existence, abundance and 

variety of anaerobes in hypoxic areas of the CF biofilm, that are rarely identified with 

culture-based diagnostics (Tunney et al., 2008; Guss et al., 2011). Using these 

techniques, several studies have suggested that over 90% of CF patients have at least 

one obligate anaerobe species in their sputum (Worlitzsch et al., 2009; Lamoureux 

et al., 2021). The most abundant is Prevotella, a strict anaerobe thought to represent 

70% of anaerobes in CF patients. Other commonly identified genera are: Veillonella, 

Streptococci, Haemophilus, Neisseria, Fusobacterium, Propionibacterium, 

Actinomyces, Gemella, Porphyromonas, and Granulicatella (Reece et al., 2021). 

 

Links have started to emerge between the abundance of anaerobes and severity of 

CF disease, with milder disease and better lung function associated with higher 

anaerobe abundance (Muhlebach et al., 2018; Cuthbertson et al., 2020), which 

decreases upon chronic P. aeruginosa, Stenotrophomonas, and Burkholderia 

infection (Flight et al., 2015). A beneficial role of anaerobes within the CF biofilm has 

therefore been hypothesised. One potential mechanism for this is through their 

ability to produce short chain fatty acids and amino acids from the fermentation of 

mucus glycoproteins, which can be utilised by P. aeruginosa and affect its growth in 

a concentration dependent manner, increasing neutrophil recruitment to the local 

site (Ghorbani et al., 2015). Additionally, whilst extensive antibiotic treatment over 

time is known to reduce general lung bacterial community diversity (Zhao et al., 

2012), such antibiotics that target aerobic bacteria in CF lungs are thought to have 

little effect on the abundance and diversity of anaerobes (Tunney et al., 2011). This 

is likely because of their ability to produce beta-lactamases and passively release 

them into the ECM, providing local resistance against beta-lactam antibiotics 

(Sherrard et al., 2013; Sherrard et al., 2016) and enabling them to remain as chronic 

residents over the course of a CF patient’s lifetime. Maintaining such diversity is an 

important step in combatting microbiota dominance, leading to chronic infection and 

severe disease (Cuthbertson et al., 2020). 
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The complex nature of the polymicrobial interactions within this biofilm, as 

previously discussed, results in difficulty predicting the effect of different populations 

upon each other, with often contradictory literature in the field of CF pathogen-

anaerobe interactions (Lamoureux et al., 2019). More work is required to truly 

understand if anaerobes present a positive, negative or neutral opportunity for 

combatting CF pathogens (Jones, 2011), and the greater our appreciation for the 

drivers of growth of all members of the community, in oxic, hypoxic, and anoxic local 

environments within the mucus, the closer we will be to fully understanding such 

chronic, pathogenic infections and their resistance to antibiotics.  

 

4.1.3.4 Facultative anaerobic adaptation to the dynamic oxygen environment 

Microorganisms are well adapted to the changing environments of the CF lung 

biofilm, providing protection from antibiotics, and ensuring survival in changing 

physical conditions by altering metabolic strategies (Vandeplassche et al., 2019). To 

this end, whilst many predominant CF pathogens traditionally considered strictly 

aerobic do prefer to grow in oxic conditions, many appear to be able to adapt and 

survive in areas of hypoxia. Whilst anoxia reduces metabolism, slowing down rates 

of adaptation to antibiotics, overall, making changes in respiratory mechanism in 

response to hypoxia and anoxia has also been shown to give additional protection 

against antibiotics (Van den Bossche et al., 2021). Predominantly, this is due to most 

antibiotics targeting aerobic respiratory processes (Field et al., 2005; Hill et al., 2005; 

Varadarajan et al., 2020), but is also exacerbated by the increased alginate 

production and efflux pump expression of communities in anoxic conditions. This 

generates a selection pressure for anaerobic growth, making it ever more difficult to 

target these pathogens with antibiotic treatments (Ciofu et al., 2015). 

 

The persistent P. aeruginosa is one such facultative anaerobe. Research originally 

suggested its biological activity was limited to the upper 30 µm of the biofilm, where 

oxygen is more available (Xu et al., 1998), but motile P. aeruginosa cells have since 

been found in hypoxic mucus plugs (Worlitzsch et al., 2002). Various adaptations to 

this environment have been identified, including extensive switching of gene 
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expression in response to oxidative and nitrosative stress (Folkesson et al., 2012), 

and mutation rates 100x higher in the biofilm compared with planktonic growth 

(Conibear et al., 2009).  

 

Primarily, the P. aeruginosa colony can maximise its oxygen availability by forming 

complex multicellular architectures, known as wrinkling, to increase colony surface 

area (Dietrich et al., 2013), as shown in Figure 4.8. This is triggered by phenazines; 

alternative electron acceptors which are expressed by P. aeruginosa in correlation 

with its depth in the biofilm, confirming that there is a greater need for improved 

oxygen uptake deeper within the biofilm. Additionally, growth in low oxygen is 

supported by the expression of multiple terminal oxidases, and growth in anoxic 

environments is facilitated by the reduction of nitrate and nitrite and the 

fermentation of arginine and pyruvate (Zumft, 1997; Alvarez-Ortega and Harwood, 

2007; Schobert and Jahn, 2010; Line et al., 2014). Addition of 10 mM nitrate has been 

shown to restore growth of other oxygen starved pathogens too, including S. aureus 

and Staphylococcus epidermidis (Kvich et al., 2020). Whilst the potential for diverse 

and robust adaptation of P. aeruginosa to low oxygen conditions is significant, 

confirmed by its unique hypoxic proteome (Kamath et al., 2017), and relevant to 

many chronic infection environments (Pedraz et al., 2020), no other alternative 

electron acceptors have specifically been investigated in the context of P. aeruginosa 

growth in hypoxic CF biofilm. 
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Figure 4.8. Wrinkling in P. aeruginosa colonies. Oxygen availability to colony improved by increased 

surface area, through a process termed as wrinkling. Scale bar represents 0.5 cm. Adapted from 

(Kåhrström, 2013) and (Dietrich et al., 2013). 

 

Given its high levels of genetic plasticity, P. aeruginosa can co-infect CF lungs with 

many other pathogens, whilst remaining dominant, given its ability to easily adapt if 

environmental conditions are altered (Reece et al., 2021). One such group of 

pathogens that co-infects with P. aeruginosa, and which are also known to also 

survive in low oxygen conditions is the Bcc including B. cenocepacia. Whilst low in 

number of CF patient infections, these Gram-negative bacteria are known to infect 

humans, animals, and plants with severe consequences (Scoffone et al., 2017) and 

so understanding their adaptation to the environment is also critical.  

 

Adaptation mechanisms of Burkholderia are like those of P. aeruginosa (Scoffone et 

al., 2017), and infection persists and resists antibiotics via biofilm formation and wide 

genetic potential for adaptations contained within their large genome (Sass et al., 

2013). This is seen during growth in low oxygen conditions, where B. cenocepacia has 

been observed to upregulate 694 genes and downregulate 584 genes, compared 

with stationary phase, which is more than in any other stress environment tested 

(Sass et al., 2013). During hypoxic growth, a specific locus has also been identified, 

lxa, thought to relate to host-cell attachment, and therefore provide a physical 
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adaptation that aids chronic colonisation of the low oxygen environment (Cullen et 

al., 2018).  However, research into metabolic adaptations for anaerobic respiration 

in Burkholderia is limited. Preliminary, unpublished research suggests other 

pathogenic species Burkholderia thailandensis and Burkholderia pseudomallei 

survive anaerobically via the molybdopterin-dependent nitrate reduction gene moeA 

(Andreae, 2014). More recently, transposon sequencing has confirmed nitrate 

reduction confers a fitness advantage to B. thailandensis by providing an alternative 

electron acceptor during anaerobic growth but is not critical for survival in these 

conditions (Vitale et al., 2020).  

 

It is therefore of interest to pursue this line of research, investigating alternative 

electron acceptors, the potential for such facultative and obligate anaerobes to 

utilise organic sulfur and nitrogen compounds in the CF lung microbiome, and the 

potential fitness advantage this may provide, in the context of community population 

dynamics and CF disease progression. 

 

4.1.4 DMSO and TMAO in the human body 

Dietary intake is known to affect the nutrients available to CF pathogens in the lung 

biofilm and control their behaviour (Palmer et al., 2007). DMS/DMSO and 

TMA/TMAO are taken into the human body through many dietary sources (Pearson 

et al., 1981; Velasquez et al., 2016), and oxidised in the liver by a flavin-containing 

monooxygenase (FMO), as detailed in Section 1.5.2. DMSO and TMAO are therefore 

present in blood and urine (Fennema et al., 2016; Pol et al., 2018; Janeiro et al., 

2018). The CF dietary guidelines suggest an increased calorie consumption of 150-

200%, given the difficulty in nutrition absorption through the gut epithelial cells, and 

do not restrict any specific foods (Cystic Fibrosis Trust, 2022). Therefore, it can be 

assumed that DMSO and TMAO are present in the bloodstream of CF patients, just 

as they are in healthy individuals eating a balanced diet. They would therefore be 

available as electron acceptors and carbon sources to the variety of microbiomes 

throughout the body, including in the lung.  
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Additionally, given that DMS has also been detected in the breath (Tangerman and 

Winkel, 2008), it will pass through the airways of CF patients where it could be 

oxidised to DMSO by the high abundance of ROS from extensive immune response, 

inflammation, and lack of antioxidants given the poor gut absorption (Folkesson et 

al., 2012), as has been reported in an inflamed gut (Winter et al., 2013; Rivera-Chávez 

and Baumler, 2015), which CF patients also suffer from. This would provide an 

additional source of DMSO in the airways, where it could also diffuse down the 

biofilm, in much the same way as oxygen, and be used by facultative anaerobes in 

localised areas of hypoxia. 

 

 
Figure 4.9. Proposed DMS/DMSO cycling in CF lung biofilm. DMSO, oxidised from dietary sources of 

DMS in the liver diffuses up from the bloodstream (red), through the airway epithelial cells (yellow) 

and into the thick CF mucus (green). In areas of hypoxic biofilm (dark green), facultative anaerobes 

(purple) use DMSO as an alternative electron acceptor, increasing their local environmental fitness 

advantage and reducing it to DMS. DMS is also present in the airway lumen (pink) and blood of CF 

patients, and so also diffuses into the thick mucus biofilm. CF immune response results in high levels 

of reactive oxygen species (blue) in the mucus, which could oxidise DMS, providing further DMSO for 

anaerobic respiration by opportunistic pathogens. 
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In infants, it has been shown that diet, both breast-feeding and solid food, influences 

the microbial communities that colonise the gut, and subsequently the CF lung 

biofilms (Madan et al., 2012). This is the first suggestion of a link between nutrition 

and respiratory microbiome, suggesting compounds such as DMS/DMSO and 

TMA/TMAO could feasibly affect pathogenicity of CF lung biofilms. Only recently has 

published work linked DMSO reduction to a respiratory pathogen (Dhouib et al., 

2021), and the research undertaken in this thesis will increase our knowledge of the 

ability of CF pathogens to utilise such alternative electron acceptors through a 

plausible mechanism, as illustrated in Figure 4.9, which may provide new 

opportunities for the treatment and prevention of chronic CF infection through an 

altered dietary and probiotic approach or pharmacological intervention to inhibit 

specific microbial activities.   
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4.1.5 Hypothesis and aims 

Based on the hypothesis that DMSO and/or TMAO reduction provides a fitness 

advantage to facultative anaerobes within clinically relevant biofilms, the aims of this 

research chapter are motivated by the desire to determine the DMSO reduction 

ability of pathogens in a CF biofilm model, and are as follows: 

• Determine the genomic potential of CF biofilm pathogens to reduce DMSO 

and TMAO. 

• Determine the phenotypic ability of relevant pathogens to reduce DMSO and 

TMAO. 

• Determine the effect anaerobic DMSO and/or TMAO respiration has on 

populations of relevant pathogens in an anoxic ex vivo CF lung biofilm model. 

 

4.1.6 Experimental overview 

Bioinformatic analysis of existing datasets and genome sequences, phenotypic 

analysis of identified DMSO and TMAO reductase homologues, specific amino acid 

(AA) motif, and genetic neighbourhood analysis of suspected DMSO reductases was 

used to investigate the genetic potential of CF pathogens to reduce DMSO and 

TMAO. An ex vivo CF lung model was inoculated with selected strains of interest: 

Burkholderia dolosa, Burkholderia cenocepacia, and Pseudomonas aeruginosa. GC 

and IC analysis were used to detect DMS and TMA metabolites during incubation 

with alternative electron acceptors DMSO and TMAO, and colony forming unit (CFU) 

counts and observations of colony morphology were used to study the effect of 

DMSO and TMAO on biofilm growth and community dynamics. 
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4.2 Materials and Methods 

4.2.1 Identification of CF pathogens with genetic potential to reduce 

DMSO and TMAO  

4.2.1.1 Initial screening using NCBI BLAST protein database 

Common pathogens of the CF lung biofilm environment (Charman et al., 2020) were 

tested against well-characterised, reviewed Dor-type and Dms-type DMSO reductase 

protein sequences from Rhodobacter capsulatus and Escherichia coli respectively, 

and a characterised E. coli TorA TMAO reductase, given previous research showing 

potential bifunctionality, as described in Table 4.1. Protein sequences were obtained 

from UniProt (The UniProt Consortium, 2021), and the NCBI protein BLAST tool 

BLASTP (Johnson et al., 2008) was used to query each protein against each selected 

organism of interest, as previously described in Section 2.2.1. 

 

Table 4.1. Characterised DMSO reductase protein sequences. DMSO and TMAO reductase enzyme 

sequences used to screen for DMSO and/or TMAO reduction genetic potential, from model R. 

capsulatus and E. coli strains, with UniProt protein accession ID, protein length in amino acids (AA), 

and reference given. 

Gene Enzyme  Species Protein 

ID 

Protein 

length 

(AA) 

Reference 

dorA DMSO/ TMAO 

reductase 

R. 

capsulatus 

Q52675 823 (Shaw et al., 1996)  

dmsA DMSO 

reductase 

E. coli P18775 814 (Bilous et al., 1988) 

torA TMAO 

reductase 

E. coli K12 P33225 848 (Méjean et al., 1994) 

 

4.2.1.2 Phylogenetic alignment and analysis 

The phylogenetic relationship and evolutionary relatedness between the identified 

potential DMSO reductase homologues and well characterised DMSOR family 

proteins was established and illustrated on a phylogenetic tree, as described 
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previously in Section 2.2.1, using MEGA v11 (Tamura et al., 2021), the ClustalW 

algorithm (Thompson et al., 1994) for sequence alignment, the Neighbour Joining 

method (Saitou and Nei, 1987) based on the Jones-Taylor-Thornton model (Jones et 

al., 1992) and a bootstrap test applied (Felsenstein, 1985) with 500 replicates for 

phylogenetic tress construction from protein sequences, and the online tool 

Interactive Tree of Life (iTOL) v6.5.2 (Letunic and Bork, 2021) for editing trees.   

 

4.2.1.3 Genetic neighbourhood analysis 

Genetic neighbourhood analysis was carried out on identified potential DMSO 

reductase genes and compared with that of published operons of dorA and torA in R. 

capsulatus and E. coli respectively (Kappler and Schäfer, 2014), using the Joint 

Genome Institute (JGI) Integrated Microbial Genomes and Microbiomes (IMG/M) 

online platform (Chen et al., 2021).  

 

4.2.2 Bacterial strains 

Bacterial strains used for this work are listed in Table 4.2. Burkholderia dolosa, 

Burkholderia cenocepacia, and Pseudomonas aeruginosa, were supplied by the 

Harrison lab, University of Warwick, UK, with thanks to Yin Chen, University of 

Warwick, UK, and Leo Eberl, University of Zurich, Switzerland. K56-2 and PA14 are 

standard laboratory strains and LMG18843 is a CF clinical isolate. Cultures were 

stored in 20% glycerol stocks at -80°C and grown on Luria-Bertani (LB) (Melford 

Laboratories, UK) (Bertani, 2004) 1.2% agar (Formedium, UK) plates. Colonies were 

picked from overnight plates and diluted to 0.5 RemelTM McFarland Equivalence 

Turbidity Standard (ThermoFisher Scientific, UK) (McFarland, 1907), and a 1/100 

dilution was used to inoculate anoxic incubation vials.  
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Table 4.2. Experimental bacterial strains. Species and strain/clinical isolates listed with sources 

received from. 

Species Strain Source 

Burkholderia 

dolosa 

LMG18943 

(CF isolate) 

Prof. Leo Eberl, University of Zürich 

Burkholderia 

cenocepacia 

K56-2 Prof. Yin Chen, University of Warwick 

Pseudomonas 

aeruginosa 

PA14 Prof. Leo Eberl, University of Zürich 

(Originally University of Washington, (Liberati et 

al., 2006) 

 

4.2.3 Preparation of anaerobic cultures and artificial media for 

incubations 

Media were prepared with analytical grade chemicals dissolved in Milli-Q water 

(dH2O) and filter sterilised through a NalgeneTM Rapid-FlowTM sterile disposable filter 

unit (PES membrane: 75 mm x 0.1 µm x 500 ml). pH was adjusted to required value 

using 1 M HCl or 1 M NaOH (ThermoFisher Scientific, UK). For lung model work, as 

described in Section 4.2.4, Synthetic CF Sputum Media (SCFM), previously known as 

Artificial Sputum Media, was used to imitate conditions and prepared as previously 

described (Palmer et al., 2005), but without the addition of glucose, which does not 

affect pathogen growth but does reduce the growth of endogenous bacteria on the 

tissue (Harrison and Diggle, 2016), as shown in Table 4.3. 
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Table 4.3. Preparation of synthetic CF media (SCFM) for incubations. Prepared as described by 

(Palmer et al., 2005), without glucose. Each component added in sequential order as listed and pH 

adjusted with either 1 M HCl or 1 M NaOH. Where appropriate, stock solutions prepared prior to media 

preparation, and an aliquot of each added in volumes to final media batch as described below. Stock 

prepared in dH2O, unless otherwise stated: A- dissolved in 0.5 M NaOH, B- dissolved in 1 M HCl, C- 

dissolved in dH2O and heated to 50°C for 30 mins, D- dissolved in 0.2 M NaOH, E- dissolved in 1 M 

NaOH, F- dissolved in dH2O and adjusted to pH 7 with 5 M NaOH using solution with density gradient 

of 1.209 g/ml. 

Compound Stock 

concentration 

(mM) 

Amount/L 

SCFM 

media 

Final SCFM 

concentration 

(mM) 

Supplier 

NaCl - 3.03 g 51.85 ThermoFisher 

Scientific, UK 

KCl - 1.114 g 14.94 ThermoFisher 

Scientific, UK 

Dissolve in 640 ml dH2O 

Na2HPO4  125 10 ml 1.25 Acros Organics, 

Spain 

NaH2PO4 130 10 ml 1.30 Acros Organics, 

Spain 

NH4Cl 228 10 ml 2.28 ThermoFisher 

Scientific, UK 

KNO3 34.8 10 ml 0.35 VWR Chemicals, 

Belgium 

K2SO4 27.1 10 ml 0.27 Acros Organics, 

Spain 

MOPS  1000 10 ml 10 Acros Organics, 

Spain 

Alanine 178 10 ml 1.78 Alfa Aesar, UK 

Arginine 30.6 10 ml 0.306 Sigma-Aldrich, 

Japan 
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Compound Stock 

concentration 

(mM) 

Amount/L 

SCFM 

media 

Final SCFM 

concentration 

(mM) 

Supplier 

Aspartate (A) 82.7 10 ml 0.827 Scientific 

Laboratory 

Supplies, UK 

Cysteine 16 10 ml 0.16 Merk kGaA, 

Switzerland 

Glutamic acid 

(B) 

154.9 10 ml 1.549 Sigma-Aldrich, 

China 

Glycine 120.3 10 ml 1.203 Sigma-Aldrich, 

USA 

Histidine 51.9 10 ml 0.519 Alfa Aesar, UK 

 

Isoleucine (C) 112.1 10 ml 1.121 Alfa Aesar, UK 

 

Leucine (C) 160.9 10 ml 1.609 Sigma-Aldrich, 

Germany 

Lysine 212.8 10 ml 2.128 Sigma-Aldrich, 

China 

Methionine 63.3 10 ml 0.633 Sigma-Aldrich, 

Japan 

Ornithine-HCl 67.6 10 ml 0.676 Park Scientific 

Ltd, UK 

Phenylalanine 53 10 ml 0.53 Alfa Aesar, UK 

 

Proline 166 10 ml 1.66 Alfa Aesar, UK 

 

Serine 144.6 10 ml 1.446 Alfa Aesar, UK 
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Compound Stock 

concentration 

(mM) 

Amount/L 

SCFM 

media 

Final SCFM 

concentration 

(mM) 

Supplier 

Threonine 107.2 10 ml 1.072 Alfa Aesar, UK 

 

Tryptophan 

(D) 

1.3 10 ml 0.013 Alfa Aesar, UK 

 

Tyrosine (E) 80.2 10 ml 0.802 Alfa Aesar, UK 

 

Valine 111.7 10 ml 1.117 Alfa Aesar, UK 

 

Adjust pH to 6.8 

Add dH2O to final volume of 960 ml 

CaCl2 175 10 ml 1.75 Alfa Aesar, UK 

 

MgCl2 60.6 10 ml 0.61 Fisher 

BioReagents, 

India 

L-Lactic acid 

(F) 

930 10 ml 9.30 Alfa Aesar, UK 

 

Fe(III)SO4.7H2O 0.36 10 ml 0.0036 Acros Organics, 

Spain 

 

Incubations were prepared in sterile 25 ml serum vials, with 5 ml sterile media and 1 

mM final concentration of DMSO or TMAO. The vials were then sealed, crimped, and 

flushed for 10 mins with N2 gas through a 33 mm 0.2 µM syringe filter (Fisher 

Scientific, China). After which, vials were inoculated with prepared bacterial strains. 

 

4.2.4 Ex vivo model of Cystic Fibrosis lung infection biofilms 

An ex vivo pig lung (EVPL) tissue model system was used to study the bacterial DMSO 

and TMAO reduction phenotypes in a cystic fibrosis lung infection. As a waste 
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product of the meat industry, this system allows the ethical recreation of similar 

physiology and biofilm morphology to the cystic fibrosis infection environment, with 

reliable establishment of biofilms after 48 h, as originally described in (Harrison et 

al., 2014). The published method (Harrington et al., 2021) was followed for 

bronchiolar tissue dissection, and a new protocol for anaerobic infection was 

determined.  

 

Fresh lungs were used, sourced immediately upon delivery from the abattoir, within 

24 h after slaughter, from Steve Quigley and Sons Butchers Ltd., Cubbington, UK, and 

kept at 4°C during transportation. All work was carried out in sterile conditions and 

surface lung tissue surrounding the bronchiole was sterilised with a hot palette knife 

for a second to kill any microorganism that may have contaminated the lung during 

slaughter. The surface tissue was then cut away on one side using a sterile mounted 

razor blade, exposing the bronchus but avoiding damage to it. A transverse incision 

was made across the top of the bronchus, as close as possible to where it joins the 

trachea, and surrounding tissue was sliced away, and a second cut was made before 

branching occurred, to remove a clean section of unbranched bronchus. This was 

repeated on the other lung. The two lengths of bronchi cartilage were gently cleaned 

and washed in 40 ml cell culture medium supplemented with 50 µg/ml ampicillin, as 

shown in Table 4.4, for three minutes, and sterile forceps and blade used to remove 

any excess alveolar and connective tissue on the surface. The cartilage was cut into 

5 mm wide strips and placed into fresh cell culture medium supplemented with 50 

µg/ml ampicillin for three minutes, removed for cleaning off excess tissue, and 

repeated three times in total to remove all tissue debris. Bronchiole cartilage was 

then cut into square pieces approximately 5x5 mm, and washed for three minutes in 

SCFM, as described in Table 4.3, manually cleaned one final time, and stored in fresh 

SCFM. All material was sterilised in a Carlton Germicidal cabinet, using shortwave UV 

light for 10 mins before further use. This is further illustrated in Figure 4.10. 
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Table 4.4. Lung wash solution. Prepared as described in (Harrington et al., 2021) with RPMI 

supplemented with 50 µg/ml ampicillin and a 1:1 ratio of components used in total volume as required. 

Filter sterilised before use and stored at 4°C.  

Compound Volume/L wash 

solution (ml) 

Supplier 

Dulbecco’s modified Eagle medium 

(DMEM), (Eagle, 1959) 

500 Sigma-Aldrich, UK 

Roswell Park Memorial Institute (RPMI) 

1640 medium, (Moore et al., 1967) 

500 Sigma-Aldrich, UK 

 

Serum vials were prepared as described in Section 4.2.3, with the addition of an 

individual piece of sterilised bronchiole added to each vial, where it was fully 

suspended in SCFM. Vials were then sealed airtight and flushed with sterile N2 gas to 

remove all oxygen. Colonies were picked from fresh overnight LB agar plates, diluted, 

as described in Section 4.2.2, and injected into vials via a 1 ml syringe (Becton 

Dickinson, Spain) and sterile 25G hypodermic needle (BD, France) through the seal 

and into the media. Vials were statically incubated at 37°C for the desired length of 

time, as shown in Figure 4.11. 

 

For all experiments, several controls were run alongside experimental samples: 

chemical controls without biological inoculation to check for other causes of DMSO 

and TMAO reduction; biological controls without DMSO or TMAO to check for their 

ability to release DMS or TMA through another method; and chemical and biological 

controls, to observe the growth of endogenous bacteria on the lung tissue. 
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Figure 4.10. Ex vivo lung model dissection method. Steps of lung dissection method, as published in 

(Harrington et al., 2021),  and used in ex vivo lung model of infection, as follows: 1- Lungs removed 

from transport container, placed on sterile surface, and checked for damage and bruising. Surface 

tissue sterilised with hot palette knife for a second. 2- Bronchus located on one side and exposed by 

cutting parallel through surface tissue with sharp, mounted razor. 3- Cross sectional cut (red dotted 

line) made through top of bronchus, remaining lung tissue cut away and second cut made as low down 

as possible, just before branching occurs. 4- Bronchus removed from lung, process repeated for other 

lung, and then lung disposed of through appropriate methods. 5- Bronchi placed in wash buffer for 

three minutes. 6- Bronchi removed from wash buffer, excess, softened surface tissue removed (red 

dotted line) and cartilage cut into strips of desired width (red dotted line). Cartilage placed in fresh 

wash buffer and cleaning process repeated three times in total, until cartilage virtually bare. 7- Cut 

cartilage into desired sized squares with scissors and place in SCFM buffer for three minutes. 8- Remove 

squares of cartilage from buffer, clean any final remaining debris tissue off surface and place in petri 

dish with SCFM media. 9- Sterilise dissected bronchi squares with UV light for 10 mins. All work carried 

out in sterile conditions around a Bunsen burner, on a sterile surface (autoclaved tinfoil) and with 

sterile equipment (either autoclaved or flame sterilised). Photos from Harrison lab, University of 

Warwick, and drawings created with BioRender.com, not to scale or biologically accurate.  



 209 

 
Figure 4.11. Ex vivo lung infection model with alternative electron acceptor in anoxic conditions. 1-

Vials prepared with SCFM media and one piece of lung tissue, fully submerged. 2- Serum vials sealed 

airtight and alternative electron acceptor added through a needle, turning vial upside down to flush 

syringe thoroughly. 3- Vial headspace flushed for 10 mins with N2 gas through a needle and 0.2 µm 

filter. Second needle used as an exhaust, to prevent pressure build up. 4- Lung model inoculated with 

liquid bacterial culture of desired dilution. 5- Vials statically incubated at 37°C for length of experiment. 

6- Analytical measurements taken from headspace and liquid media as appropriate to study 

concentration of reduced electron acceptors at specified time points. 7- At the end of the experiment, 

cultures sacrificed, and lung tissue removed and homogenised with sample of media. 8- Dilution series 

make from homogenate. 9- Dilution series plates on agar plate, and turned 90°, perpendicular to 

worktop, and let drip down, spreading liquid sample. Plate incubated overnight in static 37°C 

incubator. 10- CFU counted, and colony morphology observed and recorded. Drawings created with 

BioRender.com, not to scale or biologically accurate.
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4.2.5 DMS and TMA measurements 

During DMSO and TMAO incubations, DMS concentrations were measured using gas 

chromatography, and TMA concentrations were measured using ion 

chromatography, as described previously in Section 2.2.4. Specific known standards 

were used for each experimental set up to match sample conditions, media, and 

model. A sigmoidal standard curve was fitted against the DMS data, and a linear 

standard curve was fitted against the TMA data, from which mean, SEM and 95% 

confidence limits were plotted, and unknown samples were interpolated against. An 

example DMS standard curve is shown in Figure 4.12 and an example TMA standard 

curve is shown in Figure 4.13. 

 

 
Figure 4.12. Ex vivo lung model DMS standard curve. A sigmoidal standard curve was fit using least 

squares regression from triplicate chemical repeats, with an R2 value of 0.9901. Mean and SEM bars 

(where large enough to be visible) are shown in black, and 95% confidence levels shown in pink. DMS 

concentrations used: 50 µM, 100 µM, 500 µM and 1000 µM.  
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Figure 4.13. Ex vivo lung model TMA standard curve. A linear standard curve was fit against triplicate 

chemical repeats, with an R2 value of 0.998. Mean and SEM bars are shown in black (where large 

enough to be visible), and 95% confidence levels shown in pink. TMA concentrations used: 100 µM, 

250 µM, 500 µM, 750 µM, 1000 µM. 

 

4.2.6 Bacterial growth measurements 

Growth from both tissue-associated biofilm and liquid media on and around the EVPL 

model was measured by determining the number of CFU at an appropriate dilution, 

as mentioned in Figure 4.11, and previously described (Wilson et al., 2017). Each 

piece of lung tissue and 1 ml of media was transferred into individual sterile tubes 

and homogenised with 1 g 2.38 mm sterile metal beads (Fisher Scientific, UK) and 

bead beating carried out for 40 seconds at 4 m/s in a FastPrep-24 (MP Biomedicals, 

UK). Samples were diluted with phosphate buffered saline (PBS) in a 10-fold dilution 
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series from x100 to x10-7 in polystyrene 96 well plates (Greiner Bio-One, Germany). 

10 µl from each dilution of lung homogenate was dropped on LB agar plates and P. 

aeruginosa selective agar plates of Pseudomonas Isolation Agar (ThermoFisher 

Scientific, UK), on which P. aeruginosa and Burkholderia colonies grow, but 

endogenous growth is limited. Plates were lifted 90° to drip plate, and statically 

incubated at 37°C overnight in ambient oxygen. The two highest dilutions at which 

single colonies were observed was recorded, as shown in Figure 4.14, and used to 

calculate CFU/ml. In addition, colony morphology was observed and recorded to aid 

comparisons between repeats and conditions. 

 

 
Figure 4.14. Colony forming units (CFU) on agar plate. Serial dilution of 10 µl lung homogenate 

pipetted onto agar plate, lifted 90° to drip plate, and incubated overnight at 37°C. Individual CFUs 

counted at appropriate dilutions, as seen at x10-5 onwards in this example of Burkholderia dolosa. 
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4.2.7 Statistical analyses 

Significant outliers were identified and removed from analysis using the GraphPad 

QuickCals two-sided Grubbs’ test calculation. Statistical analysis was carried out and 

graphs were plotted in GraphPad Prism v9.3.1 (GraphPad Prism, 2021). Significant 

differences between conditions were determined using an ordinary one-way Analysis 

of Variance (ANOVA) test with Type-I sums of squares. Turkey’s multiple comparisons 

tests were used to compare the mean of different samples of different substrates, 

strains of inoculum, and oxygen conditions. A 95% confidence interval threshold was 

applied, and P values are shown as: not significant (ns) (P>0.05), * (P< 0.05), ** (P< 

0.01), *** (P< 0.001), **** (P< 0.0001). 

 

4.2.8 Ethical statement 

All lung material used was from pigs already slaughtered for human consumption 

and sourced from local butchers, so ethical approval was not required. 
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4.3 Results 

4.3.1 Identified CF pathogens with genetic potential to reduce DMSO 

and TMAO  

4.3.1.1 Initial bioinformatic screening protein databases 

Clinically relevant pathogens of the CF lung environment were tested for DMSO and 

TMAO reduction genetic potential using reviewed Dor-type and Dms-type DMSO 

reductase sequences from R. capsulatus and E. coli respectively, and a TorA TMAO 

reductase sequence from E. coli, as described in Table 4.1. A 20% identity value 

threshold was applied to collect a wide understanding of the presence of possible 

homologues in the most common CF lung pathogens, with the results shown in Table 

4.5.  

 

The presence of labelled molybdopterin-dependent oxidoreductases (MDOR) was 

widespread. A total of 22 organisms were tested, and from these, just two species 

(Bacteroides fragilis and Streptococcus mitis) did not contain any significantly similar 

hits to DMSO or TMAO reductases. Applying a 60% query cover and 40% identity 

threshold and ensuring an appropriate hit sequence length (compared to the query 

sequence), 16 homologues to DorA or TorA proteins were found from 12 different 

species. Additionally, with the same threshold applied, four species were found to 

contain a homologue of the DmsA model protein. 

 

Most DorA/TorA homologues were labelled as either generic MDORs or specifically 

TMAO reductases. Just two homologues, from Acinetobacter baumanii and 

Campylobacter jejuni, were annotated as potentially bifunctional for DMSO as well 

as TMAO reduction. Additional investigation into the conserved domains of the 

positive hits did however suggest bifunctionality was possible, and specifically that it 

may not be possible to resolve primary function for members of this family by 

sequence comparison alone, as discussed in Section 1.4 and Section 2.4. For example, 

the P. aeruginosa PA14 homologue WP003138110, labelled as an MDOR, had an 

identity value of 24.79% and 22.73% against DorA and TorA respectively, but the 

conserved domain output suggested it shared sequence similarity and the 



 215 

appropriate requirements for inclusion in the S/N-oxide reductase family, and was 

therefore included in further bioinformatic analysis.  

 

From this initial bioinformatic screen, hits from this collection of CF pathogens over 

a threshold of 60% query cover and 40% identity value, with the addition of the PA14 

MDOR, were further assessed for phylogenetic clustering to confirm their annotation 

and attempt to further define their specific function. 
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Table 4.5. Analysis of common CF pathogens for presence of DorA, TorA and DmsA homologues. Well characterised enzymes of DMSO and TMAO reductase function used 

to investigate common CF lung pathogens’ potential to reduce DMSO and/or TMAO were R. capsulatus DorA (Q52675, 823 AA), E. coli DmsA (P18775, 814 AA), and E. coli 

TorA (P33225, 848 AA). Organisms are ordered alphabetically, and then by percentage identity. Gene label, protein description, and protein length in number of amino acids 

given for each positive hit. Molybdopterin-dependent oxidoreductase abbreviated to MDOR, and molybdopterin guanine dinucleotide abbreviated to MDG. Query cover 

percentage (QC%), identity percentage (ID), and e-value given for each hit against each model enzyme, with threshold of 20% Identity value applied for inclusion in this table. 

Highlighted hits over 40% identity and 60% query cover against DorA (light pink), TorA (light blue), and DmsA (light purple), hits labelled as Dor-type DMSO reductase (dark 

pink), TMAO reductase (dark blue), or Dms- type DMSO reductase (dark purple), and strains available for later lab experiments (bold). Where multiple hits of identical proteins 

found in different strains of the same species, one example protein given. 

 DorA TorA DmsA 

Organism Protein ID Description Length 

(AAs) 

QC% ID e-value QC% ID e-value QC% ID e-value 

Achromobacter 

xylosoxidans 

WP104414199 

 

TMAO reductase (TorA) 837 98.00 46.55 

 

0.00 

 

97.00 51.55 0.00 97.00 28.29 2e-78 

Acinetobacter 

baumannii 

 

SVK46858 MDOR 

 

775 94.00 52.18 0.00 92.00 46.89 0.00 86.00 33.60 8e-105 

SVK46410 DMSO/TMAO reductase 

(DorA/TorA) 

752 91.00 42.63 0.00 89.00 40.03 3e-162 85.00 30.41 1e-77 

SST02388 MDOR/ nitrate reductase 

 

806 86.00 31.40 5e-72 89.00 26.68 2e-64 98.00 41.00 0.00 
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 DorA TorA DmsA 

Organism Protein ID Description Length 

(AAs) 

QC% ID e-value QC% ID e-value QC% ID e-value 

Burkholderia 

cenocepacia 

WP226244890 MDOR 

 

771 93.00 41.00 0.00 91.00 38.60 1e-175 86.00 30.27 5e-83 

EPZ91764 MDOR 

 

701 84.00 27.37 4e-34 83.00 25.80 8e-40 93.00 28.40 2e-61 

CDN58923 Anaerobic dehydrogenase 

 

670 84.00 27.10 2e-34 82.00 25.69 4e-39 89.00 28.83 2e-59 

WP043205485 MDOR family protein 

 

691 84.00 27.10 3e-34 83.00 25.80 2e-39 93.00 28.63 2e-62 

Burkholderia 

cepacia 

AKE01961 TMAO reductase catalytic 

subunit (TorA) 

822 99.00 61.33 0.00 91.00 47.32 0.00 85.00 30.49 4e-89 

WP124674117 MDOR 

 

771 93.00 41.12 0.00 91.00 38.10 4e-172 90.00 30.01 3e-83 

WP175856058 MDOR 

 

691 84.00 27.81 2e-36 83.00 24.42 3e-38 93.00 28.40 3e-63 
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 DorA TorA DmsA 

Organism Protein ID Description Length 

(AAs) 

QC% ID e-value QC% ID e-value QC% ID e-value 

Burkholderia 

dolosa 

WP006767401 TMAO reductase (TorA) 

 

822 99.00 61.33 0.00 91.00 47.32 0.00 85.00 30.49 2e-90 

WP176076135 

 

MDOR family protein 691 84.00 26.85 2e-35 89.00 25.03 7e-41 93.00 28.40 7e-64 

Burkholderia 

multivorans 

WP060042550 

 

MDOR family protein 691 84.00 28.19 3e-35 83.00 25.31 2e-39 92.00 28.65 4e-64 

Campylobacter 

jejuni 

EAL4412308 TMAO reductase (TorA) 

 

838 98.00 46.85 0.00 99.00 40.78 0.00 97.00 28.35 2e-75 

HBD9184498 MDG dinucleotide- S/N-

oxide reductase 

838 98.00 45.72 0.00 96.00 41.60 0.00 87.00 29.86 5e-74 

Clostridia 

bacterium 

RUA16194 TMAO reductase (TorA) 

 

830 93.00 52.51 0.00 96.00 46.40 0.00 86.00 32.75 1e-102 

HHY60256 MDOR 

 

683 86.00 33.42 1e-80 84.00 29.51 8e-76 85.00 54.44 0.00 

Haemophilus 

influenzae 

WP118878860 TMAO reductase (TorA) 

 

825 99.00 50.24 0.00 98.00 44.10 0.00 87.00 32.24 9e-101 

P45004 DMSO reductase (DmsA) 

 

806 86.00 30.01 6e-85 89.00 30.98 6e-92 98.00 73.35 0.00 
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 DorA TorA DmsA 

Organism Protein ID Description Length 

(AAs) 

QC% ID e-value QC% ID e-value QC% ID e-value 

Neisseria  

iguanae 

WP106741403 TMAO reductase (TorA) 

 

841 97.00 45.21 0.00 98.00 51.78 0.00 85.00 28.65 7e-75 

WP106740945 Nitrate reductase 

 

1223 36.00 25.42 1e-07 8.00 28.77 1e-07 31.00 23.59 1e-11 

Neisseria  

zalophi 

WP151050406 TMAO reductase (TorA) 

 

846 98.00 46.46 0.00 98.00 52.43 0.00 98.00 30.45 5e-87 

WP151052042 Nitrate reductase 

 

1225 34.00 32.43 3e-07 8.00 28.77 2e-07 40.00 7e-10 24.05 

Prevotella  

copri 

WP233906392 MDOR 222 26.00 42.86 3e-40 26.00 39.13 2e-40 27.00 33.47 2e-24 

Prevotella mizrahii WP154533843 Nitrate reductase 

 

1230 37.00 23.77 1e-08 8.00 41.10 3e-09 36.00 23.78 1e-12 
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 DorA TorA DmsA 

Organism Protein ID Description Length 

(AAs) 

QC% ID e-value QC% ID e-value QC% ID e-value 

Pseudomonas 

aeruginosa PA14 

WP003139955 Nitrate reductase 

 

908 14.00 35.54 3e-09 66.00 21.94 1e-20 92.00 24.71 3e-19 

WP003138110 MDOR 

 

702 40.00 24.79 1e-11 81.00 22.73 3e-18 92.00 22.31 7e-28 

WP010895684 Formate dehydrogenase 

 

1026 28.00 23.77 7e-06 3.00 34.69 2e-05 53.00 25.59 1e-24 

Salmonella  

enterica 

WP079809686 TMAO reductase (TorA) 832 97.00 49.14 0.00 97.00 56.19 0.00 88.00 28.18 2e-79 

Staphylococcus 

aureus 

NGU99152 MDOR 

 

133 12.00 31.07 2e-08 71.00 28.30 4e-11 15.00 58.27 2e-45 

MVL54056 Formate dehydrogenase 

 

984 34.00 24.42 1e-08 59.00 21.33 9e-15 66.00 21.09 2e-27 

Staphylococcus 

lugdunensis 

WP037545128 Formate dehydrogenase 984 42.00 22.93 2e-09 59.00 20.50 4e-12 89.00 21.64 4e-22 

Stenotrophomonas 

maltophilia 

WP024958894 MDOR 605 37.00 39.19 4e-12 8.00 35.71 6e-06 27.00 32.10 2e-09 

Streptococcus 

agalactiae 

KLL25709 Formate dehydrogenase 906 45.00 32.77 1e-09 62.00 21.37 3e-16 87.00 22.33 2e-22 

 



 221 

 DorA TorA DmsA 

Organism Protein ID Description Length 

(AAs) 

QC% ID e-value QC% ID e-value QC% ID e-value 

Streptococcus 

pneumoniae 

VTQ32033 

 

TMAO reductase (TorA) 848 97.00 47.86 0.00 100.00 99.41 0.00 85.00 32.24 1e-88 

VTQ26690 TMAO reductase (TorA) 

 

777 94.00 47.23 0.00 92.00 42.66 0.00 86.00 32.23 3e-90 

VTQ31910 DMSO reductase (DmsA) 

 

814 86.00 29.62 5e-68 85.00 31.71 4e-83 100.00 99.75 0.00 
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4.3.1.2 Phylogenetic analysis of DMSO reductase homologues 

Phylogenetic analysis was carried out to further understand the potential of CF 

pathogens to reduce DMSO and/or TMAO. Identified DMSO and TMAO reductase 

homologues were aligned and placed on a tree with the DMSO reductase enzyme 

family, as created and discussed previously in Section 2.2.1, and is shown in Figure 

4.15. 

 

Two labelled DmsA homologues from H. influenzae and Streptococcus pneumoniae 

clustered with other known DmsA proteins, as highlighted on Figure 4.15 in purple. 

Given their high identity value when compared with the DmsA E. coli homologue, it 

is very likely this annotation is correct, and they are Dms-type DMSO reductases.  

 

From the TorA labelled hits, several clustered with the model TorA proteins from E. 

coli and Shewanella, highlighted in blue. However, many others clustered with 

different model proteins, including BisC, TorZ, and DorA. Specifically, B. dolosa 

(WP006767401) and B. cepacia (AKE01961) labelled TorA hits clustered more closely 

with Rhodobacter DorA proteins, highlighted in pink. This strongly suggested such 

pathogens have the genetic potential to reduce both TMAO and DMSO, which 

warranted further investigation.  

 

Meanwhile, the P. aeruginosa PA14 MDOR annotated as a potential DMSO or TMAO 

reductase clustered closest to thiosulfate reductases. Whilst this provided further 

evidence as to its specific function, it is an unlikely candidate for DMSO or TMAO 

reduction. 
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Figure 4.15. Phylogenetic analysis of CF lung pathogenic bacteria DorA, TorA, and DmsA homologue 

protein sequences. Evolutionary distance dendrogram of unverified CF lung pathogen DorA, TorA, and 

DmsA homologues (bold) placed within DMSO reductase family sequences, as compiled by (McEwan 

et al., 2002), including model TorA (blue), DorA (pink), and DmsA (purple). Protein accession numbers, 

bacteria strain and protein name shown, including biotin sulfoxide reductase (BisC), DMSO reductase 

(DorA, DmsA), ethylbenzene dehydrogenase (EbdA), formate dehydrogenase (FdhA, FdoG, FdnG), 

molybdopterin-dependent oxidoreductase (MDOR), periplasmic nitrate reductase (NapA), membrane-

bound respiratory nitrate reductase (NarB, NarG), assimilatory nitrate reductase (NasA), thiosulfate 

reductase (PhsA), polysulfide reductase (PsrA), selenate reductase (SerA), and TMAO reductase (TorA, 

TorZ). Sequences aligned using ClustalW algorithm (Thompson et al., 1994) and phylogenetic tree 

generated with Neighbour Joining method (Saitou and Nei, 1987) based on Jones-Taylor-Thornton 

model (Jones et al., 1992), both using MEGA v11 (Tamura et al., 2021). Bootstrap values (based on 500 

replicates) greater than or equal to ≥0.50 (50%) are shown below branch points. Phylogenetic tree 

edited using online Interactive Tree of Life (iTOL) v6.5.2 tool (Letunic and Bork, 2021) and drawn to 

scale, with branch lengths scaled to the number of substitutions per site, with scale bar demonstrating 

0.2 substitutions by site. 

P20099 Escherichia coli BisC

VTQ26690 Streptococcus pneumoniae TorA

P46923 Escherichia coli TorZ

EAL4412308 Campylobacter jejuni TorA

HBD9184498 Campylobacter jejuni S/N-oxide reductase

WP118878860 Haemophilus influenzae TorA

SVK46858 Acinetobacter baumannii MDOR

Q52675 Rhodobacter capsulatus DorA

Q57366 Rhodobacter sphaeroides DorA

AKE01961 Burkholderia cepacia TorA

WP006767401 Burkholderia dolosa TorA

WP106741403 Neisseria iguana TorA

WP151050406 Neisseria zalophi TorA

WP104414199 Achromobacter xylosoxidans TorA

CAA06794 Shewanella putrefaciens TorA

O87948 Shewanella massilia TorA

P33225 Escherichia coli TorA

VTQ32033 Streptococcus pneumoniae TorA

WP079809686 Salmonella enterica TorA

RUA16194 Clostridia bacterium TorA

P54934 Rhodobacter sphaeroides BisC

SVK46410 Acinetobacter baumannii DorA/TorA

WP226244890 Burkholderia cenocepacia MDOR

WP124674117 Burkholderia cepacia MDOR

VWQ01701 Escherichia coli DmsA

VTQ31910 Streptococcus pneumoniae DmsA

P45004 Haemophilus influenza DmsA

SST02388 Acinetobacter baumannii MDOR/nitrate reductase

P39185 Ralstonia eutropha NapA

Q56350 Paracoccus denitrificans NapA

P33937 Escherichia coli NapA

Q53176 Rhodobacter sphaeroides NapA

P81186 Desulfovibrio desulphuricans NapA

AAB40292 Nostocoides sp. PCC7120 NarB

P39458 Synechococcus PCC7942 NarB

Q06457 Klebsiella pneumoniae NasA

AAF74559 Pseudomonas putida NasA

JS0628 Escherichia coli FdnG

P32176 Escherichia coli FdoG

S18213 Wolinella succinogenes FdhA

P31075 Wolinella succinogenes PsrA

P37600 Salmonella typhimurium PhsA

WP003138110 Pseudomonas aeruginosa PA14 MDOR

AAG34373 Pseudomonas fluorescens NarG

CAA34303 Escherichia coli NarG

P42175 Bacillus subtilis NarG

CAB53372 Thauera selenatis SerA

AAK76387 Azoarcus sp. EB1 EbdA
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4.3.1.3 Genetic neighbourhood and AA motif analysis of Dor-type DMSO reductase 

candidates 

The two identified homologues of DorA from B. dolosa and B. cepacia were further 

analysed, given their annotation as TorA proteins, yet their phylogenetic clustering 

with Dor-type Rhodobacter model proteins. Other homologues were not included, 

given their phylogenetic clustering away from the model Dor-type proteins.  

 

Genetic neighbourhood analysis of the identified operon was carried out and 

compared with published model dorA, torA, and dmsA operons, as previously 

discussed in Section 2.2.1 and Section 4.2.1.3.  

 

Both B. dolosa and B. cepacia homologs were labelled as TMAO reductases and had 

identical operon genetic neighbourhoods, as shown in Figure 4.16. A TorA specific 

chaperone was labelled directly before the TMAO reductase, with two potential 

proteins related to their function, coloured in dark grey, labelled as a cytochrome c 

variant (upstream) and an iron complex outer membrane receptor protein 

(downstream). Multiple hypothetical proteins were also observed in the operon, 

coloured in light grey, which suggested a lack of complete sequencing of the operon, 

and so direct conclusions were not drawn from this data, and instead further 

experimental confirmation was required regarding their function.  
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Figure 4.16. Genetic neighbourhood of potential Burkholderia DMSO reductases. A- Genomic regions of defined dorA genetic operon (R. capsulatus and R. sphaeroides), 

torA (E. coli and R. capsulatus) and dmsA (E. coli), with known genes of subunits labelled above arrow in italics. B- Genomic regions of Burkholderia dolosa and Burkholderia 

cepacia TorA homologue genes with suspected DMSO reductase function. Genes are colour coded for DMSO reductase catalytic subunit (dark pink) and other subunits (light 

pink), TMAO reductase catalytic subunit (dark blue) and other subunits (light blue), molybdenum cofactor biosynthesis proteins (dark grey), and hypothetical proteins of 

unknown function (light grey). Arrows used to show direction of transcription of each gene, scale bar indicates 1 kb of genomic DNA. 



 226 

Additionally, the alignment of the two proteins was further investigated to 

specifically look at the AA motif of Y114 and W116, given its potential role in 

DMSO/TMAO reduction bifunctionality, as previously discussed in Section 1.4.4 and 

Section 2.4. As shown in Figure 4.17, when compared with the AA motif of model 

Rhodobacter DorA sequences, both B. dolosa and B. cepacia TorA homologues had 

the same AA motif of Y114 and W116. Y114 is absent in TMAO reductases, as 

discussed in section 1.4.4, and so this provided further evidence that they were likely 

to function as both TMAO and DMSO reductases.  

 

 
Figure 4.17. Amino acid motif analysis of Burkholderia DMSO reductase homologues. Burkholderia 

dolosa and Burkholderia cepacia homologue protein sequences (highlighted in red) aligned in MEGA 

v11 (Tamura et al., 2021) using ClustalW algorithm (Thompson et al., 1994), alongside characterised 

DorA (R. capsulatus and R. sphaeroides) and TorA (E. coli) sequences. Protein accession numbers, 

bacteria strain and protein name shown. AA motif Y114 and W116 highlighted (red arrows), for their 

role in substrate specificity of the enzyme. All homologues contain Y114 and W116, whereas Y114 

absent in model TorA, indicating bifunctional DMSO and TMAO reduction potential in Burkholderia 

strains. Numbers of position relative to the N-terminus. 

 

4.3.2 Phenotypic DMSO and TMAO reduction by CF pathogens 

From the bioinformatic analysis, and given time and practical limitations, three 

clinically relevant CF lung pathogens were selected to run initial DMSO and TMAO 

reduction tests on. These were B. dolosa, B. cenocepacia K56-2, and P. aeruginosa 

PA14. As described in Section 4.3.1.1 and Section 4.3.1.2, this analysis suggested B. 

dolosa contained a homologue of DorA with a high identity value, and may be able 

to reduce DMSO and TMAO given its phylogenetic similarity to model Rhodobacter 

DorA proteins. Meanwhile, P. aeruginosa PA14 contained an MDOR labelled 
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homologue that is more closely related to a thiosulfate reductase, so its ability to 

reduce TMAO or DMSO was unclear.  B. cenocepacia was also found to contain a 

homologue labelled as a MDOR which was more closely related to a biotin sulfoxide 

reductase, so its DMSO and TMAO reduction potential was unlikely, and used as a 

negative control in the experimental work.  

 

Initial anoxic B. dolosa incubations with DMSO and TMAO in SCFM media showed 

DMS production in GC headspace analysis and TMA production in IC analysis, after 

two days of incubation. Negative biological and chemical controls showed no DMS or 

TMA present in incubations, confirming DMS and TMA were due to both the addition 

of DMSO/TMAO and the presence of B. dolosa. This gave an early indication that B. 

dolosa could use both DMSO and TMAO as alternative electron acceptors for 

facultative anaerobic respiration when oxygen levels were low. Given these positive 

early phenotypic DMSO and TMAO reduction observations of B. dolosa in clinically 

relevant media, this was taken forward and set up on an EVPL CF model.  

 

Initial anoxic incubations with B. cenocepacia and P. aeruginosa in SCFM did not show 

any indication of DMSO or TMAO reduction, but further analysis of these strains on 

a EVPL anoxic model was still carried out to determine the effect of DMSO and TMAO 

on biofilm growth. 

 

4.3.3 Ex vivo lung biofilm model DMSO and TMAO incubations 

B. dolosa, with a confirmed DMSO and TMAO reduction phenotype, and two clinically 

relevant model strains of P. aeruginosa and B. cenocepacia, with no observed DMSO 

or TMAO reductase ability in preliminary experiments, were set up in anoxic and oxic 

EVPL CF models with SCFM media, as described in Section 4.2.4 and Figure 4.11. For 

all incubations, chromatography analysis, CFU counts, and population dynamics and 

morphology observations were recorded and compared. 

 



 228 

4.3.3.1 DMSO reduction and additional sulfur cycling in all ex vivo lung model 

incubations 

All B. dolosa, B. cenocepacia and P. aeruginosa incubations on the EVPL CF lung 

model, both oxic and anoxic, produced DMS after two days of incubation, as is the 

recommended time for pathogen biofilm formation (Freya Harrison, unpublished). 

This was confirmed by the observation of a clearly defined DMS peak at 1.59 mins in 

all incubations with each individual strain and DMSO added, an example of which is 

shown in Figure 4.18. 

 

 
Figure 4.18. Representative DMS peak observed from ex vivo CF lung DMSO incubations. DMS peak 

at 1.59 mins observed by GC-FPD headspace analysis. 
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Figure 4.19. DMS produced over time in 1 mM DMSO ex vivo lung model incubations. All incubations 

show DMS produced over the seven-day incubation, with B. dolosa (pink), B. cenocepacia (blue), and 

P. aeruginosa (purple) samples, under oxic (solid symbols) and anoxic conditions (empty symbols). P. 

aeruginosa oxic incubations shown slower rate of DMS production than all other samples. Uninfected 

EVPL sample incubations (black) also show comparable DMS production to all inoculated samples. 

Mean values and SEM bars shown from three repeats.  

 

Oxic P. aeruginosa samples showed a slower level of DMS production over seven days 

compared to all other pathogen incubation samples but reached a similar peak 

concentration after six days. All samples plateaued at 300 ± 100 µM DMS after seven 

days. Details of DMS concentration over the course of the incubation are shown in 

Figure 4.19. 

 

Chemical controls showed no DMSO degradation without the lung tissue present, 

but controls of uninoculated samples with lung tissue and DMSO only, no pathogen 

added, also showed similar levels of DMS production. This suggested the endogenous 

community of the lung tissue may already have had DMSO-reducing bacteria, or 

metabolic activity of the lung tissue itself was able to reduce DMSO, as is discussed 

further in Section 4.4.4. 
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Additional peaks were also observed on the GC spectra when analysing headspace of 

experimental incubation samples. Peaks likely representing hydrogen sulfide (H2S, 

1.4 mins) and methanethiol (MT, 1.5 mins), as shown in Figure 4.20, were observed 

in specific samples across the incubation, but not in all, and not consistently from 

one strain or incubation condition. In all B. dolosa samples, both oxic and anoxic after 

five days of incubation, a dimethyldisulfide (DMDS, 2.1 mins) peak was also observed, 

as shown in Figure 4.21. This suggested B. dolosa could further metabolise sulfur 

compounds, possibly from DMS, given the lag time. It is noteworthy that under oxic 

conditions, DMDS is formed by chemical oxidation of MT, which is a known 

intermediate of DMS metabolism in methylotrophic bacteria (Schäfer et al., 2010). 

 

Given the large amount of pig lung biomass present in each incubation, it is likely MT 

and H2S also formed as degradation products from S-containing AAs and other S-

containing organic compounds, not just DMS. The individual endogenous bacterial 

community present on each lung tissue sample, and consequently the different 

strains that became dominant over the incubation, resulted in unique bacterial 

communities, and therefore metabolic potentials, in each incubation, and so would 

explain the differences in observed sulfur compound concentrations across the 

replicate samples. 
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Figure 4.20. Hydrogen sulfide and methanethiol peaks on headspace chromatograph. 

Representative example peaks at 1.4 mins and 1.5 mins show hydrogen sulfide and methanethiol in 

headspace samples of specific, yet inconsistent samples.  

 

 
Figure 4.21. Dimethyldisulfide peak on B. dolosa headspace chromatograph. Representative 

example DMDS peak at 2.1 mins that indicates further sulfur cycling by all oxic and anoxic B. dolosa 

incubations, appearing after five days of incubation. 
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4.3.3.2 TMAO reduction in ex vivo lung model incubations 

As detailed in Figure 4.22, all anoxic incubations showed TMA production after two 

days of incubation and biofilm formation, with TMA concentrations of 648 ± 400 µM 

(B. cenocepacia), 474 ± 257 µM (P. aeruginosa), and 667 ± 475 µM (B. dolosa). TMA 

concentrations in anoxic B. cenocepacia and P. aeruginosa samples peaked on day 

two and dropped to 130 ± 82 µM and 89 ± 23 µM respectively by day four. B. dolosa 

anoxic samples reached peak TMA concentration on day three of 1593 ± 327 µM and 

plateaued at 496 ± 388 µM TMA from day four to seven. 

 

 
Figure 4.22. TMA produced over time in 1 mM TMAO ex vivo lung model incubations. TMA 

production in inoculated oxic (solid symbols) and anoxic (empty symbols) incubations with B. dolosa 

(pink), B. cenocepacia (blue), and P. aeruginosa (purple). All anoxic incubations show TMA production 

after three days, which then drops over the course of the seven-day incubation. B. dolosa oxic samples 

also show high levels of TMA production, whilst B. cenocepacia and P. aeruginosa oxic samples show 

low levels of TMA, comparable to those of uninfected (black) samples. Mean values and SEM bars 

shown from triplicate data. 
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All oxic samples remained at very low TMA concentrations on day two, similar to 

those of negative controls, but by day three, oxic B. dolosa and B. cenocepacia 

samples showed TMA production of 825  ± 704 µM and 934  ± 832 µM respectively, 

whilst oxic P. aeruginosa TMA concentrations did not increase above 221 µM. Oxic 

B. cenocepacia TMA concentrations dropped to 425  ± 277 µM by day four, whilst the 

TMA concentration of oxic B. dolosa samples did not drop to 165  ± 76 µM until day 

seven. 

 

Uninfected inoculations and chemical controls showed very low TMA production, 

and so all observed TMA in inoculated samples is thought to be from the activity of 

each pathogen. Each experimental condition shows a large amount of variation 

between replicate samples, as shown by the SEM bars displayed on Figure 4.22. This 

is thought to be attributed to the unique endogenous community on each piece of 

lung tissue, and therefore the growth and TMAO production potential of each 

inoculated sample. The drop in all observed TMA concentrations over time suggested 

further utilisation and degradation of TMA by either the pathogenic strains or the pig 

lung endogenous bacterial communities present on the EVPL CF model. 

 

4.3.3.3 DMSO significantly affects growth under oxic and anoxic conditions 

After seven days of incubation with DMSO and TMAO, CFU data was collected for all 

samples, as discussed in Section 4.2.6 and is shown in Figure 4.23.  

 

A significant increase of B. dolosa CFU/ml in DMSO incubations, both oxic and anoxic, 

was observed, compared with control and TMAO samples, as shown in Figure 4.23A. 

No significant difference was observed between TMAO and control conditions, 

suggesting TMAO had no effect on growth in oxic or anoxic conditions, whereas 

DMSO promoted growth in both oxic and anoxic conditions, showing an approximate 

10-fold increase in CFU/ml under both oxic and anoxic conditions. 
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No significant difference in CFU count was observed between any conditions of B. 

cenocepacia incubation, as shown in Figure 4.23B. This shows DMSO and TMAO did 

not provide an advantage or disadvantage to growth, under oxic or anoxic conditions. 

Oxygen was seen to provide an advantage, given a ten-fold increase in CFU counts 

was observed in all oxic samples in comparison in anoxic samples. This was to be 

expected given the multiple carbon sources available in the incubation SCFM media 

and pig lung tissue, allowing for aerobic growth under oxic conditions.  

 

P. aeruginosa samples showed very similar patterns in observed CFU counts to those 

of B. dolosa samples, as shown in Figure 4.23C. For oxic incubations, whilst no 

significant differences were observed between control, DMSO and TMAO 

incubations, samples incubated with DMSO showed the highest CFU/ml, followed by 

TMAO, and then control samples. Under anoxic conditions, significant differences of 

P<0.0001 were observed when comparing DMSO incubations with control and 

TMAO. This suggests, when oxygen is available, DMSO and TMAO had less effect on 

growth, but when oxygen is limited, DMSO, or the produced DMS, promote growth, 

and TMAO and TMA have an insignificant effect. 
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Figure 4.23. Number of CFU recovered from ex vivo pig lung model incubations with DMSO and 

TMAO. 1 mM DMSO (pink) and 1 mM TMAO (blue) incubations under oxic and anoxic conditions with 

B. dolosa, B. cenocepacia, and P. aeruginosa PA14 strains show some significant differences in CFU 

count when compared against negative controls (black). Bars show mean and SEM from triplicate 

samples. Significant differences calculated by ordinary one-way ANOVA Turkey multiple comparison 

tests where p values are shown: * (P< 0.05), ** (P< 0.01), *** (P< 0.001), **** (P< 0.0001). A- B. dolosa 

shows a significant difference in CFU count between the control and DMSO incubation with oxygen, 

and an extremely significant difference between control and DMSO, and DMSO and TMAO in anoxic 

conditions. B- B. cenocepacia shows no significant difference in CFU/ml across all samples. C- P. 

aeruginosa PA14 shows no significant difference in CFU/ml under oxic conditions, but extremely 

significant differences between control and DMSO, and DMSO and TMAO in anoxic conditions. 
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4.3.3.4 Changes in population dynamics with limited oxygen and DMSO 

Changes in population dynamics and morphology were observed in some specific 

incubations.  

 

 
Figure 4.24. Burkholderia incubation growth on LB and PA selective agar plates. Representative 

plates shown of both B. dolosa and B. cenocepacia strains from all incubation conditions. A- LB agar 

plate overnight growth shows mostly Burkholderia growth (small white colonies) with some 

endogenous bacteria from the lung tissue (larger cream colonies). No differences in dynamics between 

populations was observed between DMSO, TMAO, control, oxic and anoxic samples. B- PA selective 

media agar plate overnight growth shows only Burkholderia growth (small white colonies) in all 

Burkholderia incubations. 

 

For all B. dolosa and B. cenocepacia samples, no difference in population morphology 

or dynamics was observed between DMSO, TMAO, control, oxic or anoxic samples. 

As shown in Figure 4.24, on LB plates, consistent dominant growth of Burkholderia 

white colonies was observed, with some growth from endogenous bacteria (seen as 

larger cream-coloured colonies), whilst on PA selective media plates, only white 

Burkholderia colonies were observed.  

 

However, differences in dynamics between P. aeruginosa and endogenous lung 

bacteria populations were observed. When incubated with DMSO, growth on LB agar 

plates overnight, as shown in Figure 4.25, shows bacterial populations dominated by 

P. aeruginosa, whilst in control and TMAO incubations, populations are much more 
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balanced, with endogenous bacterial populations often outcompeting P. aeruginosa 

populations, as shown by the differences in blue coloured colonies. This correlated 

with an increased number of CFUs observed for P. aeruginosa incubated with DMSO. 

When grown on PA selective media plates overnight, as shown in Figure 4.26, 

populations were mixed in all incubation samples except anoxic DMSO incubations, 

where only blue P. aeruginosa CFUs were observed. In oxic DMSO incubations, fewer 

endogenous CFUs were observed than TMAO and control incubations. This again 

suggested that under anoxic conditions, DMSO, or the produced DMS, gave P. 

aeruginosa a growth advantage or reduced endogenous bacteria growth, whilst 

TMAO had no effect.  
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Figure 4.25. P. aeruginosa incubations grown on LB agar plates show differences in population 

dynamics with endogenous lung bacteria. Control and TMAO (1 mM) incubations show predominant 

endogenous bacterial growth (cream colonies), whilst P. aeruginosa incubated with DMSO (1 mM) 

shows greater P. aeruginosa growth (blue colonies) and less endogenous bacteria growth. Images are 

of plates representative of each condition. 
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Figure 4.26. P. aeruginosa incubations grown on PA selective agar plates show endogenous growth. 

Representative images of control, TMAO (1 mM) and DMSO (1 mM) incubations plated on PA selective 

agar plates. For all incubations samples, except anoxic DMSO samples, both P. aeruginosa (blue 

colonies) and endogenous lung bacteria (various sized cream-coloured colonies) growth observed. In 

all anoxic DMSO incubations, only P. aeruginosa colonies observed. 
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4.4 Discussion 

Genetic and phenotypic analysis of CF pathogens provides fundamental knowledge 

exposing the widespread potential of these facultative anaerobes to reduce DMSO 

and TMAO within the anoxic CF lung biofilm environment. Specifically, phenotypic 

characterisation of B. dolosa, B. cenocepacia, and P. aeruginosa was carried out, 

identified as relevant strains of interest from a review of the relevant literature, 

preliminary bioinformatic screening, and availability given the time and Covid-19 

restrictions in place during this research. Observations of DMSO and TMAO reduction 

by such pathogens, and the impact on their growth, biofilm formation and 

dominance within the bacterial community, provides the building blocks on which to 

base future research in this area.   

 

4.4.1 Widespread DMSO and TMAO reductase homologues in CF 

pathogens 

This work has uncovered the genetic potential of CF lung biofilm pathogens to reduce 

DMSO and TMAO in anoxic environments, facilitating anaerobic respiration. 22 

common pathogens were selected based on multiple reviews of the CF lung bacterial 

community (Rajan and Saiman, 2002; Rogers et al., 2003; Sousa et al., 2010; Lim et 

al., 2014; Surette, 2014; Charman et al., 2020), and of these, 20 had homologous 

proteins labelled as within the molybdopterin-dependent oxidoreductase family. 

Annotation, as previously discussed in Section 2.4, can be vague and misleading, and 

AA sequence alone cannot accurately predict specific function of this family of 

enzymes. Therefore, phylogenetic analysis provided confirmation that many of these 

enzymes are likely to act as either TMAO or DMSO reductases. Whilst genetic 

neighbourhood evidence of suspected Dor-type DMSO reductases was insubstantial, 

AA alignment analysis of the Y114 and W116 motif in the active site proved more 

valuable, providing further evidence to support the theory of DMSO and TMAO 

reduction in B. dolosa and B. cepacia and worthy of continued phenotypic 

characterisation.  
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Only one known paper (Dhouib et al., 2021) has previously suggested there is a 

potential role for DMSO reduction in the respiratory environment, and the work 

presented in this thesis significantly expands the proposed number of facultative 

anaerobic pathogens that could utilise DMSO and/or TMAO reduction to facilitate 

infection and persist in dynamic oxygen conditions of the lung. The work of (Dhouib 

et al., 2021) focussed on the pathogen H. influenzae, also relevant to the CF lung 

infection, and showed its expression of the Dms-type DMSO reductase dmsABC 

increased as oxygen levels decreased and facilitated survival when confronted with 

the host immune system. For the first time, the work presented in this thesis 

highlights the role of the Dor-type DMSO reductase in such an environment, the link 

with nitrogen cycling via TMAO reduction, and the potential impact it may have on 

CF chronic infections.  

 

4.4.2 Impact of DMSO reduction on P. aeruginosa biofilm dynamics 

The impact of DMSO on P. aeruginosa growth under anoxic conditions is highly 

significant in CFU data. Colony morphology observations confirm the dominance of 

P. aeruginosa under anoxic conditions when incubated with DMSO, whilst not in 

TMAO or control incubations. Bioinformatic analysis suggested neither P. aeruginosa 

or the specific PA14 strain contain a valid DmsA, DorA or TorA homologue, and initial 

trial incubations did not show DMS production from DMSO reduction by P. 

aeruginosa PA14. However, DMSO, or the DMS produced from endogenous bacterial 

DMSO reduction, clearly gave P. aeruginosa a strong growth advantage against other 

endogenous bacteria on the anoxic lung tissue.  

 

In oxic conditions, whilst differences in CFU data are not statistically significant, a 10-

fold increase in CFU/ml of P. aeruginosa is observed when incubated with DMSO, 

compared to TMAO or control incubations. Additionally, colony morphology 

observations show fewer endogenous colonies grown overnight in oxic DMSO 

samples, when compared to oxic TMAO and control samples. This suggests DMSO or 

DMS gives some growth advantage in the oxic incubations, but not significantly so, 

like in the anoxic vials. Further observations in the DMS data show oxic P. aeruginosa 
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incubations are much slower to produce DMS than their anoxic equivalents, taking 

six days to reach peak DMS concentrations, compared with three days in anoxic 

samples. It is proposed that given that large amount of organic matter available in 

the incubations, aerobic respiration is highly viable by endogenous and P. aeruginosa 

communities, utilising the available oxygen and carbon sources. Given the airtight 

nature of the vials, this would rapidly deplete the oxygen, resulting in anoxic 

conditions in the ‘oxic incubation’ vials. The timing of this is unknown, given the 

inability to accurately measure oxygen in this setup, but given the DMS observations, 

it is suggested this happens between day two and three of the incubation, switching 

on the alternative anaerobic respiration genes, and initiating DMSO reduction by 

endogenous bacteria. At this point, if P. aeruginosa benefits from the produced DMS, 

it would gain a fitness advantage compared with the endogenous bacteria, and start 

competing in the new anoxic conditions, explaining both the increased CFU count 

and dominance within the bacterial community after seven days. P. aeruginosa 

anoxic growth experiments on DMS should be carried out to determine if this can be 

used as a source of energy or carbon by the pathogen. 

 

In anoxic samples, no TMA was observed, whereas a small amount was produced in 

samples on day two of oxic incubations, which steadily dropped. However 

phylogenetic analysis suggests the only homologue to DorA/TorA is more 

evolutionarily like the biotin sulfoxide reductase members of the DMSO reductase 

enzyme family. Given the large error rate observed in the TMA data, and inconsistent 

observations across repeats, it is therefore suggested that any observed TMA 

production in P. aeruginosa oxic samples is the consequence of the endogenous, 

unique, unidentified communities on the lung tissue, carrying out aerobic respiration 

in the oxic incubations, prior to P. aeruginosa dominating the incubation. This would 

explain the variation in data, and CFU counts confirm the abundance of such 

endogenous communities, often outcompeting the P. aeruginosa colonies, when 

DMSO (or DMS) was not available. 

 

Further implications of these findings relate to previous work suggesting DMSO at 

noninhibitory concentrations could inhibit P. aeruginosa biofilm formation, through 
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antagonistic quorum-sensing activities (Guo et al., 2016). Crucially, the cultures and 

biofilms in this published work were grown under oxic conditions, and on mouse 

models, DMSO reduction rates to DMS by endogenous bacteria were not accounted 

for. Therefore, whilst DMSO may have an inhibitory role in biofilm formation when 

oxygen is present, it cannot be assumed this is also true in anoxic conditions, and the 

impact of DMS is unknown. However, if DMSO did inhibit P. aeruginosa biofilm 

formation in the incubations carried out in this work, an alternative explanation of 

the CFU data is that this increased growth of the pathogen as planktonic single cells 

may have led to an increased CFU count due to better dispersal on the solid agar 

plate. This should be accounted for by the bead beating method used, but is worthy 

of further investigation, as it may imply DMSO and/or DMS do not provide a growth 

advantage, but instead actually confirm the inhibition of biofilm formation.  

 

This work also contributes to the studies of nitrate as an alternative electron 

acceptor, shown to facilitate growth by anaerobic respiration of difficult to culture P. 

aeruginosa, found to be triggered in a state of low molecular oxygen (Kvich et al., 

2019). The observations here show overnight P. aeruginosa colonies were easily 

grown from inoculant grown in anoxic conditions with DMSO, which may therefore 

prevent it entering a difficult to culture state during anoxic conditioning in the 

biofilm, either due to the inhibition of biofilm formation by DMSO, or the growth 

advantage gained by DMSO or DMS. Further analysis of P. aeruginosa transcriptomes 

on the EVPL and in vitro (Harrington et al., 2022) may start to reveal the mechanisms 

behind these observations.  

 

P. aeruginosa is of great significance in CF lung biofilm chronic infections, present in 

80% of adult CF patients and the leading cause of mortality (Rajan and Saiman, 2002), 

and responsive along a continuum of oxygen concentrations, as the CF biofilm is 

known to contain, rather than having a discrete low oxygen response (Alvarez-Ortega 

and Harwood, 2007). This research therefore provides important new leads to test 

the effect of anoxic conditions and the presence of DMSO and DMS on P. aeruginosa 

physiology inside the CF lung, either as free or biofilm cells, and the indirect 

consequences this has on the lung metabolome and CF biofilm microbiome. 
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4.4.3 Impact of DMSO and TMAO reduction by B. dolosa in the anoxic CF 

lung biofilm 

This work, for the first time, highlights the role of a Dor-type DMSO reductase in 

pathogenic bacteria, and its role in a chronic infection environment. Specifically, B. 

dolosa in the CF anoxic lung biofilm with an annotated TorA homologue.  

 

Under anoxic conditions, DMSO provided a significant growth advantage to B. dolosa, 

as confirmed by CFU data, and DMS production was observed in both anoxic and oxic 

incubations. However, given the uninfected controls also showed DMS production, it 

cannot be confirmed that observed DMSO reduction in the B. dolosa incubations is 

by B. dolosa alone. Preliminary incubations with B. dolosa in SCFM media do though 

provide evidence that B. dolosa does have a DMSO reduction phenotype.  

 

Additionally, preliminary experiments and EVPL model incubations confirm B. dolosa 

reduces TMAO to TMA. The DorA homologue identified in B. dolosa is annotated as 

a torA gene, and this research confirms such a function. However, given DMSO 

reduction was also observed, it provides further evidence of annotated TorA proteins 

that are bifunctional for TMAO and DMSO reduction. This provides a novel link 

between nitrogen and sulfur cycling in the human lung-microbiome, in addition to 

contributing to our knowledge of growth and survival of pathogenic facultative 

anaerobes in the CF lung biofilm, and the function of DMSO reductase family 

enzymes.  

 

However, even though TMAO reduction is being carried out by B. dolosa and not 

endogenous bacteria on the lung, as confirmed by the uninfected control TMA 

incubation data, this has no significant effect on CFU data or community observations 

of overnight colonies, representing the growth of biofilm bacteria after seven days 

of incubation. Reduction of DMSO and TMAO is not enough for B. dolosa to dominate 

the biofilm community, as was observed in P. aeruginosa biofilms. Instead, no 

differences were observed between DMSO, TMAO, and control oxic and anoxic 
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incubations, in terms of the ratio between endogenous bacteria and B. dolosa. Given 

peak TMA concentrations are observed in anoxic and oxic B. dolosa incubations after 

three days, and they steadily drop over the following four days, it is possible the 

fitness advantage TMAO reduction provided to B. dolosa in the first three days of 

incubation was not detected in CFU data at seven days. One explanation could be the 

utilisation of TMA for other metabolic purposes was not solely by B. dolosa, as is seen 

in the further cycling of DMS to MT and DMDS, and so endogenous bacteria also 

benefit from reductase products, changing the community dynamics once again. 

Further work on the impact of DMS on the physiology of B. dolosa is also required as 

it may gain a fitness advantage that could be related to the production and or further 

utilisation of DMS, potentially as a carbon source. To capture the impact of TMAO 

and DMSO reduction on the biofilm community, CFU data should be collected just 

after peak TMA and DMS concentration is observed.  

 

Although B. dolosa is not a common pathogen of CF lung biofilms, when infected, CF 

patients have a high mortality rate, and their eligibility for a lung transfer is greatly 

reduced (Charman et al., 2020), given Burkholderia resides in the upper airways, it 

must be completely cleared before lung transplantation, as otherwise, immediate 

recolonisation by Burkholderia of the new pair of lungs would take place (Folkesson 

et al., 2012). Therefore, our understanding of the infection and growth of all 

Burkholderia species in the CF lung biofilm is of importance. Additionally, as 

discussed in Section 4.1.2.4, appreciation for the role of all members of the 

polymicrobial CF lung biofilm community is ever increasing, given the complex web 

if interactions between species, and the larger role this plays on the environmental 

niche and therefore the development of the disease (Filkins and O’Toole, 2015). 

 

Whilst B. cenocepacia shows little bioinformatic evidence to suggest it is capable of 

DMSO or TMAO reduction, and experiments in this work confirm a negative 

phenotype, another species, B. cepacia, has an identical protein (pairwise blast of 

protein sequences gives 100% query coverage and 100% identity value against B. 

dolosa TorA), also labelled TorA, with the same genetic neighbourhood and relevant 

AA motif in the active site, and clusters with B. dolosa TorA when placed on a 
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phylogenetic tree of the DMSO reductase family. This provides strong evidence that 

it would perform the same function as that of TorA in B. dolosa and given the 

observations of DMSO and TMAO reduction by B. dolosa in an anoxic CF lung biofilm 

model, it is reasonable to suggest B. cepacia would also be capable of such facultative 

anaerobic respiration. This is particularly significant, given B. cepacia complex occurs 

in 4.8% of adult CF patients, with serious consequences (Charman et al., 2020). 

 

4.4.4 Reduction of DMSO by ex vivo CF lung model or endogenous 

bacterial community 

Throughout the incubations with oxic and anoxic EVPL models, endogenous 

communities of unidentified bacteria were shown to both proliferate and reduce 

DMSO. Previous studies of the oxic biofilm on the EVPL model using pig lung tissue 

have shown after 24 and 48 h of incubation, there is no pig mRNA present in the 

model, and after 48 h, there is no ATP production from an uninfected piece of lung 

tissue (Niamh Harrington, unpublished). Given observed DMS production in 

uninfected DMSO incubations is observed at two days, it is possible that metabolic 

activity of the lung tissue produced the DMS, before becoming metabolically inactive 

after 24 h. However, it is also possible that endogenous bacteria on the lung model 

are also capable of DMS production and utilisation, given the DMS concentration is 

stable after day two.  

 

Confirming the reason behind the observed DMS in uninfected incubations is vitally 

important for the continued use of this model to study anoxic CF biofilm growth and 

gaseous metabolites. Firstly, it is suggested DMSO concentrations are also measured 

across incubation time points to confirm the increase in DMS concentration 

correlates with DMSO concentrations decreasing. Variations in the system prevented 

these measurements being finalised in this work, but an appropriate protocol is 

described in Section 3.2.4, and should be followed. Additionally, to test the ability of 

the lung tissue itself to reduce DMSO or produce DMS, it is suggested the production 

of DMS is recorded in more frequent intervals between day zero and two of the 

incubation. Given it takes two days to form the biofilm, this was not carried out in 
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this work, but should be used to determine if DMS is produced solely when the lung 

tissue is still metabolically active.  

 

If it is more likely that DMSO reduction is a function of the endogenous bacterial 

community, more thorough sterilisation methods are recommended of the lung 

tissue, after dissection and prior to use incubation, given the UV sterilisation 

described in this work was obviously not sufficient given the intricate three-

dimensional nature of the lung tissue. Preferably this would be sterilisation by 

gamma irradiation, given its ability to thoroughly sterilise without damaging the lung 

tissue, as is frequently performed in the food industry. However, if equipment 

availability is limiting, a one-hour antibiotic wash is recommended, as in currently 

being optimised (Freya Harrison, unpublished). 

 

If better sterilisation methods result in no DMS production in uninfected control 

incubations of the EVPL model, the observed DMSO reduction in this work can be 

attributed to the endogenous bacterial community. The implications of this open the 

door for many potential future projects on DMSO reduction in both CF and healthy 

lungs.  

 

4.4.5 Ongoing and future work 

Future work on facultative anaerobic respiration of CF pathogens within the lung 

biofilm environment should focus on expanding the number of pathogens tested for 

DMSO and TMAO reduction and confirming those highlighted in this work on EVPL 

models from triplicate pairs of lungs. There is clear potential, based on this research, 

to assess DMSO reduction relevance in anaerobic CF lung biofilms, and it is 

recommended B. cepacia is tested with priority, given its homologous TorA labelled 

protein, that is genetically very similar to the confirmed DMSO and TMAO reductase, 

annotated as TorA, in B. dolosa. 

 

Other P. aeruginosa strains of clinical relevance, such as PA01, should also be tested 

for DMSO and TMAO reduction potential. Bioinformatic analysis suggests they have 
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a similar suite of molybdenum containing enzymes, and confirmation of the impact 

DMSO has on the growth of a widespread range of P. aeruginosa strains would 

further the impact of this work and its application to the treatment and prevention 

of chronic CF lung infections. This could also be achieved through light microscopy 

imaging, to study the growth and structure of P. aeruginosa biofilms with and 

without the presence of DMSO.  

 

Combining pathogenic strains on this EVPL CF model would also be of interest, 

allowing for community dynamics to be studied and better replicating the complex 

polymicrobial interactions of the in vivo CF lung biofilm environment, which has been 

shown to affect P. aeruginosa disease progression (Acosta et al., 2020). It is 

suggested P. aeruginosa is inoculated alongside other CF lung pathogens onto one 

piece of lung tissue, as has been developed for three species (O’Brien et al., 2021), 

on this anoxic model with DMSO available as an alternative electron acceptor. DMS 

and DMSO concentrations and growth should be measured at regular time points 

throughout a seven-day incubation, paying particular attention to early biofilm 

formation. It is hypothesised P. aeruginosa biofilm formation and community 

dominance would be slowed, or potentially prevented, when another pathogen with 

the ability to reduce DMSO, such as B. dolosa, is present and competing for the 

alternative electron acceptor. 

 

Additionally, work should continue to extend the use of this EVPL model under anoxic 

conditions, using metagenome and metatranscriptome analysis to compare the 

impact of varying oxygen conditions on CF pathogenic biofilms in the EVPL model. 

This may better represent the true conditions of the in vivo CF lung biofilm and could 

be compared to published data sets from oxic incubations (Harrington et al., 2022). 

Specifically, the ability to test exact oxygen conditions within the media and the lung 

biofilm itself requires improvement, as previous work has struggled to achieve this, 

given the hard nature of bronchiolar tissue, and delicacy of oxygen probes. Published 

biofilm oxygen profiles have previously had success through the use of a computer 

controlled stepping motor to accurately control the depth of the microelectrode 

(Walters III et al., 2003), which could be adapted to this model. If strict anoxic 
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conditions are essential, it is recommended experiments are carried out in an 

anaerobic chamber. For the study of changing oxygen conditions on the lung biofilm 

community dynamics, gene expression, and aqueous phase metabolite 

concentrations, work could be resumed on the published model in a 24 well plate 

(Harrison et al., 2014; Harrington et al., 2021). For further work on gaseous 

metabolites, such as DMS, the protocol presented in this thesis is recommended, 

using airtight serum vials for incubations. This model could further be developed to 

fix the lung tissue to a solid phase, as is done in the original protocol, and add the 

appropriate alternative electron acceptor to the agar base, which would diffuse up 

into the anoxic lung biofilm, better representing the CF lung mucosal layer atop the 

epithelial cells, avoiding proliferation of heterotrophs in the planktonic phase, and 

preventing the biofilm reducing diffusion, as P. aeruginosa has been shown to do 

(Mah and O’Toole, 2001). Additionally, for the study of gaseous metabolites under 

oxic conditions, this model is also recommended, but in larger vials with more 

headspace volume, increasing the ratio between aerobic respiration and oxygen 

availability, and so prolonging the time that incubations remain truly oxic. All 

additional work on this model should also be carried out across a minimum of three 

pairs of lungs, given the inter-herd and intra-herd variation amongst pigs. 

 

Future work could also focus on the earlier stage of biofilm formation, measuring 

DMS and DMSO concentrations prior to the initial day two measurements in this 

work, and the impact this has on biofilm dynamics and growth. Metatranscriptome 

analysis during this early phase of biofilm formation would provide data to study the 

impact of anoxic conditions and changes in gene expression of pathogens and 

endogenous bacteria throughout the lung biofilm environment, when different 

alternative electron acceptors are available at different oxygen concentrations. 

Additionally, 16S rRNA amplicon sequencing at each time point would provide data 

allowing for comparison of community composition and shifts given these changing 

conditions. Specific torA, dorA, and dmsA primers could also be designed and used 

to confirm expression levels by functional genetic marker PCR, specific to pathogens 

of interest, including P. aeruginosa and B. dolosa. Given difficulties in the design of 

more general primers for community expression analysis, as previously discussed in 
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Section 3.4.5, metatranscriptome data would be preferable to look beyond these 

isolates, if time and resources allow. Additionally, gene knockout experiments of 

identified reductase genes, and DMSO and TMAO reduction potential of mutants 

against wild type strains, would confirm these specific DMSO reductase homologues 

are responsible for observed DMSO and TMAO reduction activity. Over expression of 

these genes in a model strain without DMSO and TMAO reductase ability, and so E. 

coli is not appropriate, would also support gene knockout work.   

 

Previously published transcriptome data of this model confirmed minimal 

endogenous bacterial growth when P. aeruginosa infects (Harrington et al., 2022), 

yet this work shows that under anoxic conditions, this may not be the case, and 

further considerations of the endogenous community must be made, in particular to 

identity those that were likely reducing DMSO in the uninfected control incubations. 

Given their growth on PA isolation agar, it is thought they could be other P. 

aeruginosa strains found in soil, which is a likely source of infection for the pig lung. 

Samples have been taken and frozen in glycerol for a planned future project which 

will aim to isolate and identify DMSO degrading colonies. This knowledge could be 

used to further understand the key players in DMS/DMSO redox cycling in a clinical 

environment, which may be applicable beyond the context of the CF lung. Given that 

DMSO, and potentially DMS, have effects on the growth of key CF pathogens, even if 

they may not reduce DMSO themselves, a better characterisation of which organisms 

contribute to DMSO/DMS cycling in the lung is required to better understand the 

metabolic interactions between endogenous and pathogenic microorganisms. 

 

Finally, work beyond the scope of the model presented in this work is recommended 

to determine the concentrations of DMS/DMSO and TMA/TMAO in healthy and CF 

breath, blood, and sputum, and therefore the realistic potential for reduction of 

these compounds to influence the CF lung microbial communities. Methods are 

being developed to measure microbial volatile organic compounds from human 

samples and link the breath metabolome to CF lung airway microbiomes (Hahn et al., 

2020; Phan et al., 2021), but have yet to detect specific markers of disease 

progression. The development of these techniques for the detection of DMS in CF 
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sputum samples during different stages of chronic infection progression would 

greatly advance the work discussed in this thesis and its potential impact on the 

understanding of CF infections in complex, dynamic redox environments. 

 

Additionally, the impact of these pathogens on chronic wound infection and biofilm 

formation reaches beyond the realm of CF research presented in this chapter and 

will be further discussed in Section 5. 

 

4.4.6 Conclusions 

Overall, this work shows the genetic potential for many common CF lung pathogens 

to reduce DMSO and TMAO, and phenotypically confirms the ability of B. dolosa to 

do so. This facultative anaerobe also extends observations in previous work in this 

thesis on the bifunctionality of these enzymes, by highlighting another example of a 

TMAO reductase labelled protein, which has now been shown to also reduce DMSO. 

This links the sulfur and nitrogen cycles within a clinically relevant environment. 

Additionally, it has been shown that DMSO or DMS has a significant impact on the 

growth and community dynamics of the most common CF pathogen, P. aeruginosa. 

Work expanded the number of pathogens studied on this much-accepted EVPL 

model of the CF lung environment and, for the first time, studied it under anoxic 

conditions. The results provide motivation to optimise such a system, given the 

limitations of working under class two safety requirements. This work further 

highlights the considerations that must be made for the dynamic oxygen 

environment within the CF lung biofilm, and future work aims to better raise 

awareness of the impact this has on all CF research.  
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5 Summary and future perspectives



 253 

Although many aspects of the biochemistry and genetics of DMSO reductases in 

microorganisms and the environmental role of DMSO reduction as as terminal 

respiratory pathway have long been recognised, surpsisingly little is known about 

which organisms drive this activity in the environment. First work by Zinder and Brock 

(Zinder and Brock, 1978b), and later by Kiene and Capone (Kiene and Capone, 1988) 

established that the reduction of DMSO was a process in anoxic sediments. It was 

also suggested to be widely distributed (Griebler and Slezak, 2000) but the ecology 

of DMSO reducing microorganisms has not been addressed in more detail. The 

research of this thesis aimed to address this gap in knowledge by assessing the 

potential for DMSO reduction in a range of environments and identifying 

microorganisms that may drive the anoxic side of the DMS/DMSO redox cycle. 

Additionally, it aimed to assess the potential for bifunctional activity, also reducing 

TMAO to TMA under anoxic conditions, linking the sulfur and nitrogen cycles.  

 

This has successfully been achieved, with bacterial members of the ubiquitous 

marine Roseobacter clade verified as having both DMSO and TMAO reductase 

function in anoxic marine environmental conditions. Additionally, it has been put into 

an ecological context, with the saltmarsh environment confirmed as a hotspot for 

organosulfur cycling, including the reduction of DMSO, and further degradation of 

DMS to methane. Work has also begun to identify the microorganisms driving these 

processes, and metagenomic analysis is ongoing. While the environmental role of 

DMSO reduction as a process in sediments is established, the potential role for DMSO 

reduction has aslo become a point of interest in the context of the increasing study 

of host associated microbiota. The research in this thesis also completed an initial 

investigation into the role of DMSO reduction in a clinical environment. This resulted 

in the identification of many prevalent pathogens that have the genetic potential to 

reduce DMSO and/or TMAO. Of these, Burkholderia dolosa was shown to do so under 

anoxic conditions in an ex vivo pig lung model of cystic fibrosis, and the growth of 

Pseudomonas aeruginosa was shown to be significantly impacted by DMSO or the 

reduced DMS. The details of each of these has been discussed within the relevant 

chapter and combined, the results highlight the environmental importance of DMSO 

as a precursor for DMS, and clinically, its potential use by facultative anaerobes as 
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opportunistic pathogens. Therefore, this work has progressed our understanding of 

DMSO reduction within three different contexts, and the relevance of this beyond 

the scope of this research shall now be discussed.  

 

Within the context of global biogeochemical cycling and marine microbial 

environments, DMSO reduction is clearly ubiquitous. Whilst this work has identified 

a new set of bacteria able to carry this out, it has called into question our 

understanding of the bifunctional activity of DMSO/TMAO reductases. All identified 

DMSO reductase homologues in bacteria of the marine Roseobacter clade were 

annotated as TorA. Whilst this is seemingly correct, these strains clearly 

demonstrated DMSO reduction function as well. Previous work on TMAO reductases 

has highlighted this annotation issue within the DMSO reductase enzyme family, and 

stated that Tor, TorZ and DorA were all grouped and referred to as TorA (Jameson et 

al., 2016). Whilst this is ok for individual studies, the protein annotation in databases 

could lead to vast underestimation of DMSO reductase potential, and therefore DMS 

production, based on the analysis of genomes and metagenomes. Additionally, the 

utilisation of the substrate methionine sulfoxide has not been determined within this 

work, which is also recommended to broaden the knowledge of these enzymes. It is 

suggested that work focusses on confirming the prediction of function from amino 

acid sequences of DMSO reductase family enzymes, and if not possible, reannotation 

of genes to highlight both TMAO and DMSO reductase potential capability. 

 

Within the saltmarsh, the known anoxic cycling of organosulfur compounds has been 

expanded. Extensive previous work highlights the production of DMS from DMSP 

(Curson et al., 2011), and recent work follows the anoxic degradation of DMS to 

methane and carbon dioxide (Tsola et al., 2021). But the work in this thesis expands 

the system, following DMS from DMSO reduction, and investigating the effect of 

sulfate reduction inhibition by molybdate. Furthermore, metagenomes from this 

work, which are currently undergoing analysis, aim to identify the key drivers of 

DMSO reduction, and determine the genes at play during DMSO reduction and DMS 

utilisation. Whilst the understanding of the sulfur cycle within the saltmarsh 

environment, and the wider global context, is complex, such specific understanding 
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of each individual process and the organisms at play, is required to feed into a more 

accurate Earth system model and understand our climate.  

 

Finally, the work on clinical isolates in the cystic fibrosis biofilm opens the door for a 

whole new realm of research in relation to DMSO and TMAO reduction. The 

preliminary results, both from genetic and phylogenetic analysis, clearly show a 

potential for facultative anaerobic pathogens to utilise DMSO and TMAO for 

anaerobic respiration in anoxic or hypoxic biofilms. This has implications beyond the 

cystic fibrosis context, given the redox gradient of many biofilms and chronic wound 

infections. This includes the gut, where inflammation is known to increase reactive 

oxygen species, which oxidise DMS and TMA, known to be present from the diet, and 

be utilised by facultative anaerobic pathogens during infection (Winter et al., 2013). 

Additionally, methanogens are known to exist in the human microbiome (Djemai et 

al., 2022b), and these oxidative stress conditions have also been shown to lead to 

methane formation from DMS and DMSO (Ernst et al., 2022), which may have wider 

implications in the inflamed gut environment. Initial work could focus on the analysis 

of emerging human gut metagenomes (Zou et al., 2019), with phylogenetic 

assessment of homologues. Additionally, dental biofilms are an area of research with 

application, given DMS is known to be present on the breath (Tangerman and Winkel, 

2008), and so could also fuel a DMS/DMSO redox cycle in the microbial community 

of the mouth and teeth. Chronic wound infections could also be investigated, again 

given their oxic/anoxic gradient, and their extensive cost to health care bodies, and 

orthopaedic prosthesis infections, where methanogens have also recently been 

identified (Djemai et al., 2022a). Given DMSO and TMAO are thought to be circulated 

in the blood, from their intake in the diet and oxidation in the liver (Chen et al., 2011), 

they are likely candidates for anaerobic respiration electron acceptors by pathogens 

living deep within the chronic wound biofilm, where oxygen does not penetrate.  

 

Furthermore, the confirmation of a Burkholderia cepacia complex organism, B. 

dolosa, that can reduce DMSO and TMAO has impact in a range of environments and 

industries, where facultative anaerobic respiration may be required. Burkholderia 

cepacia was identified from the bioinformatic analysis of this work as a very likely 
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candidate to reduce DMSO and TMAO, with homologous proteins to those in B. 

dolosa, but due to the limitations of this project, was unable to be tested further. It 

is strongly suggested B. cepacia is tested for DMSO and TMAO reductase function 

with priority, given its greater prevalence throughout the CF community (Charman 

et al., 2020) and wider implications in medical and agricultural contexts (Govan et al., 

1996; Scoffone et al., 2017; Zaid et al., 2017). The effect of DMSO on biofilm 

formation should also be assessed, with knockout studies to determine the effect of 

DMSO build up, as has recently been shown with nitrate reductase in Burkholderia 

biofilm formation (Mangalea et al., 2017; Vitale et al., 2020). Additionally, knockout 

studies of dorA in B. dolosa or B. cepacia could be carried out, and the impact DMSO 

has on their ability to form biofilms investigated.  

 

Finally, the reduction of DMSO in biofilms may be of wider interest, given the cost of 

these biofilms is significant to numerous industries, as recently discussed (Cámara et 

al., 2022), and summarised in Figure 5.1. 

 

 
Figure 5.1. Cost of biofilms to the economy, across a range of industries. Annual cost of biofilms to 

different industrial sectors in 2019. Taken from (Cámara et al., 2022). 

 

For example, DMS is a known contaminant of wine and beers, causing bad taste and 

decreased value to the product (Wu et al., 2021). Investigations into the DMSO 

concentrations of these anoxic media, and the microbial community within it may 

shed light on the formation of DMS during fermentation.  
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Within biotechnology, the facultative anaerobic respiration is also of interest, given 

the scale up issues often encountered by synthetic biology companies expanding 

their technology of engineered microorganisms to larger scale systems, with limited 

oxygen ventilation (Garcia-Ochoa and Gomez, 2009). Engineering facultative 

anaerobic respiration mechanisms into these strains, such as utilising DMSO, could 

be of value.   

 

Additionally, DMS is found in large quantities in waste products from various 

manufacturing sources, given the reduction of DMSO to DMS. This work could also 

aid in understanding the microbial community within these environments, and 

therefore the drivers of DMSO reduction to DMS, and potentially on to the high value 

product and climate relevant gas, methane.  

 

Although DMSO reductase biochemistry and genetics are seemingly well understood 

through previous studies, the examples discussed above and work carried out in this 

PhD project demonstrate that by investigating DMSO reducing microorganisms more 

closely we can start to appreciate how the use of this alternative electron acceptor 

has relevance for the ecology of microorganisms that are relevant in a potentially 

wide spectrum of areas, from global biogeochemical cycles to host pathogen 

interactions that are relevant for human health, and it is clear that more work needs 

to be done in all of these areas to progress our understanding of the role of DMSO 

reduction in microbial communities. 
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Appendix 
Table 0.1. 125 Marine Roseobacter clade bacterial strain collection. Bacterial members of the marine 

Roseobacter clade collection, listed alphabetically by organism, with strain, Deutsche Sammlung von 

Mikroorganismen (DSM) collection ID, and strain ID within the collection shown. From (Simon et al., 

2017). 

Organism Strain Collection ID Strain 

ID 

Alliiroseovarius crassostreae CV919-312, 

CVSP 

DSM 16950 B0114 

Aliiroseovarius sediminilitoris M-M10 DSM 29439 B0009 

Antarctobacter heliothermus EL-219 DSM 11445 A0001 

Celeribacter baekdonensis L-6 DSM 27375 A0002 

Celeribacter halophilus ZXM137 DSM 26270 A0010 

Celeribacter indicus P73 DSM 27257 A0003 

Celeribacter marinus IMCC12053 DSM 100036 A0004 

Celeribacter neptunius H 14 DSM 26471 A0005 

Citreicella aestuarii AD8 DSM 22011 - 

Citreicella marina CK-I3-6 DSM 26424 A0007 

Citreicella thiooxidans CHLG1 DSM 10146 B0015 

Confluentimicrobium 

naphthalenivorans 

NS6 DSM 105040 B0016 

Cribrihabitans marinus CZ-AM5  DSM 29340 B0017 

Defluviimonas indica 20V17 DSM 24802 B0020 

Dinoroseobacter shibae DFL-12 DSM 16493 A0008 

Donghicola eburneus SW-277 DSM 29127 B0021 

Hwanghaeicola aestuarii Y26 DSM 22009 - 

Jannaschia aquimarina GSW-M26 DSM 28248 B0035 

Jannaschia donghaensis DSW-17 DSM 102233 A0012 

Jannaschia helgolandensis Hel10 DSM 14858 A0013 
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Organism Strain Collection ID Strain 

ID 

Jannaschia pohangensis H1-M8 DSM 19073 A0014 

Jannaschia rubra 4SM3 DSM 16279 A0015 

Leisingera aquimarina R-26159 DSM 24565 A0016 

Leisingera caerulea 13 DSM 24564 A0017 

Leisingera daeponensis TF-218 DSM 23529 A0018 

Leisingera methylohalidivorans MB2 DSM 14336 A0019 

Litoreibacter albidus KMM 3851 DSM 26922 A0020 

Litoreibacter arenae GA2-M15 DSM 19593 A0021 

Litoreibacter janthinus KMM 3842 DSM 26921 A0022 

Litorimicrobium taeanense G4 DSM 22007 A0023 

Loktanella atrilutea IG8 DSM 29326 B0049 

Loktanella cinnabarina LL-001 DSM 29954 A0024 

Loktanella fryxellensis R-7670 DSM 16213 A0025 

Loktanella hongkongensis UST950701-

009P 

DSM 17492 A0026 

Loktanella koreensis GA2-M3 DSM 17925 A0027 

Loktanella litorea DPG-5 DSM 29433 B0050 

Loktanella pyoseonensis JJM85 DSM 21424 A0028 

Loktanella rosea  Fg36 DSM 29591 B0052 

Loktanella salsilacus R-8904 DSM 16199 A0029 

Loktanella tamlensis SSW-35 DSM 26879 A0030 

Loktanella vestfoldensis R-9477 DSM 16212 A0031 

Maribius pelagius B5-6 DSM 26893 A0032 

Maribius salinus CL-SP27 DSM 26892 A0033 

Marinovum algicola DG898 DSM 27768 A0034 

Marinovum algicola FF3 DSM 10251 A0035 

Maritimibacter alkaliphilus HTCC2654 DSM 100037 A0036 

Nautella italica R11 DSM 26436 A0037 
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Organism Strain Collection ID Strain 

ID 

Oceanibulbus indolifex  HEL-45 DSM 14862 A0038 

Oceanicola granulosus HTCC2516 DSM 15982 A0039 

Oceanicola litoreus M-M22 DSM 29440 B0066 

Octadecabacter temperatus SB1 DSM 26878 A0041 

Palleronia marisminoris B33 DSM 26347 A0043 

Paracoccus homiensis DD-R11 DSM 17862 B0083 

Paracoccus isoporae SW-3 DSM 22220 B0084 

Pelagibaca bermudensis HTCC2601 DSM 26914 A0044 

Phaeobacter gallaeciensis BS 107 DSM 26640 A0046 

Phaeobacter inhibens  - DSM 17395 A0047 

Phaeobacter inhibens T5 DSM 16374 A0048 

Phaeobacter inhibens 2.10 DSM 24588 A0045 

Phaeobacter porticola P97 DSM 103148 B0236 

Poseidonocella pacifica KMM 9010 DSM 29316 B0241 

Poseidonocella sedimentorum KMM 9023 DSM 29315 B0104 

Pseudodonghicola xiamenensis Y-2 DSM 18339 B0105 

Pseudooceanicola batsensis HTCC2597 DSM 15984 A0050 

Pseudooceanicola nitratireducens JLT1210 DSM 29619 B0107 

Pseudooceanicola nanhaiensis SS011B1-20 DSM 18065 A0040 

Ponticoccus litoralis CL-GR66 DSM 18986 - 

Pseudophaeobacter arcticus 20188 DSM 23566 A0051 

Pseudoruegeria lutimaris HD-43 DSM 25294 A0052 

Roseibacterium elongatum Och 323 DSM 16469 A0053 

Roseivivax isoporae sw2 DSM 22223 A0054 

Roseivivax lentus S5-5 DSM 29430 B0150 

Roseivivax marinus ZL136 DSM 27511 B0151 

Roseivivax roseus BH87090 DSM 23042 A0055 

Roseobacter denitrificans Och 114 DSM 7001 A0056 
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Organism Strain Collection ID Strain 

ID 

Roseobacter litoralis Och 149 DSM 6996 A0057 

Roseovarius aestuarii SMK-122 DSM 29438 C0003 

Roseovarius halotolerans HJ50 DSM 29507 C0007 

Roseovarius indicus B108 DSM 26383 A0060 

Roseovarius lutimaris 112 DSM 28463 A0061 

Roseovarius marinus HDW-9 DSM 25228 - 

Roseovarius mucosus DFL-24 DSM 17069 A0062 

Roseovarius nanhaiticus NH52J DSM 29590 B0165 

Roseovarius nubinhibens ISM DSM 15170 A0063 

Roseovarius pacificus 81-2 DSM 29589 B0166 

Ruegeria atlantica 1480 DSM 5823 A0062 

Ruegeria conchae TW15 DSM 29317 A0065 

Ruegeria halocynthiae MA1-10 DSM 27840 B0178 

Ruegeria marina ZH17 DSM 24837 A0066 

Ruegeria mobilis - DSM 23403 B0182 

Ruegeria pomeroyi DSS-3 DSM 15171 A0067 

Sagittula stellata EE-37 DSM 11524 A0069 

Salinihabitans flavidus ISL-46 DSM 27842 A0070 

Salipiger mucosus A3 DSM 16094 A0071 

Salipiger nanhaiensis ZH114 DSM 27508 B0186 

Sedimentitalea nanhaiensis NH52F DSM 24252 A0072 

Sediminimonas qiaohouensis YIM B024 DSM 21189 A0073 

Shimia haliotis WM35 DSM 28453 A0074 

Shimia marina CL-TA03 DSM 26895 A0075 

Silicibacter sp.  TM1040 - A0068 

Sulfitobacter delicatus KMM 3584 DSM 16477 A0076 

Sulfitobacter dubius KMM 3554 DSM 16472 A0077 

Sulfitobacter litoralis Iso 3 DSM 17584 A0078 
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Organism Strain Collection ID Strain 

ID 

Sulfitobacter marinus SW-265 DSM 23422 A0079 

Sulfitobacter mediterraneus CH-B427 DSM 12244 A0080 

Sulfitobacter noctilucae NB-68 DSM 100978 A0081 

Sulfitobacter noctilucicola NB-77 DSM 101015 A0082 

Sulfitobacter pseudonitzschiae H3 DSM 26824 A0083 

Sulfitobacter sp. EE-36 DSM 11700 A0086 

Sulfitobacter sp.  DFL-14 DSM 107131 A0084 

Sulfitobacter sp.  DFL-23 DSM 107132 A0085 

Sulfitobacter sp.  PIC76 DSM 107133 A0087 

Thalassobius aestuarii JC2049 DSM 15283 A0088 

Thalassobius gelatinovorus B6 DSM 5887 B0202 

Thalassobius maritimus GSW-M6 DSM 28223 A0089 

Thalassococcus halodurans UST050418-052 DSM 26915 - 

Thioclava dalianensis DLFJ1-1 DSM 29618 A0091 

Thioclava pacifica TL 2 DSM 10166 A0092 

Tranquillimonas alkanivorans A34 DSM 19547 A0093 

Tropicibacter multivorans MD5 DSM 26470 A0094 

Tropicibacter naphthalenivorans C02 DSM 19561 A0095 

Tropicimonas isoalkanivorans B51 DSM 19548 A0096 

Tropicimonas sediminicola M97 DSM 29339 B0209 

Wenxinia marina HY34 DSM 24838 A0097 

Yangia pacifica DX5-10 DSM 26894 A0098 
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Table 0.2. Negative control MRC bacteria without DorA homologue. NCBI protein BLAST results of 

well characterised R. capsulatus DorA protein subunit (Q52675, 823 AA) against Celeribacter 

halophilus ZXM137 shows only one result, labelled as mammalian cell entry (MCE) protein, with length 

693 AA, query cover percentage (QC%) of 4.00, identity percentage (ID) of 46.15, with e- value of 3e-

04. Therefore, used as MRC DMSO reduction negative control strain. 

Organism Protein ID Description Length 

(AAs) 

QC% ID e-

value 

Celeribacter 

halophilus 

ZXM137 

WP066602634 MCE family 693 4.00 46.15 3e-04 
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Table 0.3. DMSO reductase family enzymes used for phylogenetic analysis. Functional proteins across 

the DMSO reductase enzyme family, with organism, protein ID accession number, and protein label 

given: biotin sulfoxide reductase (BisC), DMSO reductase (DmsA, DorA), ethylbenzene dehydrogenase 

(EbdA), formate dehydrogenase (FdhA, FdoG, FdnG), periplasmic nitrate reductase (NapA), 

membrane-bound respiratory nitrate reductase (NarB, NarG), assimilatory nitrate reductase (NasA), 

thiosulfate reductase (PhsA), polysulfide reductase (PsrA), selenate reductase (SerA), and TMAO 

reductase (TorA, TorZ). Adapted from (McEwan et al., 2002). 

Protein label Organism Protein ID 

BisC Escherichia coli P20099 

BisC Rhodobacter sphaeroides P54934 

DmsA Escherichia coli VWQ01701 

DmsA Haemophilus influenza P45004 

DorA Rhodobacter capsulatus Q52675 

DorA Rhodobacter sphaeroides Q57366 

EbdA Azoarcus sp. EB1 AAK76387 

FdhA Wolinella succinogenes S18213 

FdnG Escherichia coli JS0628 

FdoG Escherichia coli P32176 

NapA Desulfovibrio desulphuricans P81186 

NapA Escherichia coli P33937 

NapA Paracoccus denitrificans Q56350 

NapA Ralstonia eutropha P39185 

NapA Rhodobacter sphaeroides Q53176 

NarB Nostocoides sp. PCC7120 AAB40292 

NarB Synechococcus sp. PCC7942 P39458 

NarG Bacillus subtilis P42175 

NarG Escherichia coli CAA34303 

NarG Pseudomonas fluorescens AAG34373 

NasA Klebsiella pneumoniae Q06457 

NasA Pseudomonas putida AAF74559 

PhsA Salmonella typhimurium P37600 
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Protein label Organism Protein ID 

PsrA Wolinella succinogenes P31075 

SerA Thauera selenatis CAB53372 

TorA Escherichia coli P33225 

TorA Shewanella massilia O87948 

TorA Shewanella putrefaciens CAA06794 

TorZ Escherichia coli P46923 
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Table 0.4. Protein sequences in HMM profile. Biochemically characterised R. capsulatus DorA (bold) 

and confirmed functional MRC DorA homologues included in HMM profile, with organism and protein 

accession ID listed given, and listed alphabetically by organism. 

Organism Protein ID 

Citreicella aestuarii WP_111551404.1 

Citreicella sp. SE45 WP_008883331.1 

Citreicella thiooxidans WP_089958416.1 

Rhodobacter capsulatus Q52675 

Ruegeria conchae WP_010437835.1 

Shimia haliotis WP_093324836.1 

Tropicimonas isoalkanivorans WP_093361027.1 
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