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Abstract 

Trimethylamine (TMA, N(CH3)3) is produced in gut microbial systems, such as the human gut 

and the rumen, through the microbial degradation of dietary substrates like choline, betaine, 

and carnitine. The cultivation of microbes involved in TMA metabolism is of mutual interest 

for both human health and rumen fermentation studies. TMA is a precursor to 

trimethylamine N-oxide (TMAO), a metabolite correlated with disease, and TMA is also a 

precursor for methane (CH4) production in ruminants. Microbes that carry genes encoding 

TMA metabolism have been identified from gut microbial metagenomic sequence data. 

However, confirming TMA metabolism in individual microbes requires experimental 

validation using pure cultures. Using genes known to be involved in TMA metabolism, a list 

of candidate TMA-metabolising strains was identified from bacterial isolates within the 

Hungate1000 culture collection. The study aimed to isolate new microbes involved in TMA 

metabolism using the Bruker Biotyper® Matrix-Assisted Laser Desorption/Ionisation Time-

of-Flight Mass Spectrometry (MALDI-TOF MS) system as a high-throughput screening and 

identification tool. The MALDI Biotyper® database was expanded by creating mass spectral 

profiles (MSPs) from rumen-derived candidate strains implicated in TMA metabolism, to 

assist with the rapid identification of new isolates. Rumen and faecal samples were 

selectively enriched for microorganisms able to grow on the TMA precursors choline, 

betaine, and carnitine, and TMA production was confirmed in the choline enrichments. 

However, purified isolates in this study were unable to produce TMA. Isolated pure cultures 

were rapidly screened with the MALDI Biotyper® using the expanded targeted database, 

which resulted in identifications requiring further inclusion of MSPs from the rumen source. 

MALDI identifications were verified using 16S rRNA gene sequencing of the isolates.  

Keywords: TMA, TMAO, gut microbes, human health, rumen, methane, MALDI-TOF 

Biotyper®.  
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Chapter 1. Introduction 

Microbial identification is critical in microbiology, for both clinical diagnostics and ecological 

understanding. Traditional microbial identification techniques, including biochemical 

assays, phenotyping, microscopic methods, and molecular approaches, are often slow and 

labour-intensive (Jang & Kim, 2018). These conventional microbial identification methods 

depend on growth and biochemical profiling, which is especially limiting for fastidious or 

slow-growing microbes (Maurer et al., 2017). The introduction of matrix-assisted laser 

desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF MS), particularly 

through the Bruker MALDI Biotyper® system, has greatly accelerated and refined microbial 

identification, especially within clinical laboratories (Lagier et al., 2015). The MALDI 

Biotyper® can rapidly identify microbes by generating protein mass spectra unique to each 

organism and comparing them against the reference database of mass spectral profiles 

(MSPs). Clinical microbiology has adopted this tool due to its speed, accuracy, and low cost 

per sample (Singhal et al., 2015). However, the MALDI Biotyper® identification technique has 

primarily been used for aerobic microbes, and its application to identify anaerobes is less 

common.  

In recent years, MALDI Biotyper® has been employed to rapidly identify previously elusive 

anaerobes (Veloo et al., 2018). Anaerobes have historically been challenging to cultivate and 

identify due to their sensitivity to oxygen (O2) and complex culture requirements (Veloo et 

al., 2014). Continuous updates to the Bruker reference libraries, such as the European 

Network for the Rapid Identification of Anaerobes (ENRIA) project, added new clinically 

relevant anaerobic genera. The ENRIA project has enhanced the capacity for rapid 

identification of the included anaerobic genera (Veloo et al., 2018). Studies have 

demonstrated that the adoption of MALDI Biotyper® has led to a significant expansion in the 

diversity of clinical anaerobes identified within a short period (Bächli et al., 2022). However, 

its application in targeted culturomics (Diakite et al., 2020), environmental, and, particularly, 

rumen microbiology has not yet been fully realised.  
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In the ruminant's forestomach, the rumen is the largest compartment among the pre-gastric 

sections, which include the rumen, reticulum, and omasum, before reaching the true gastric 

stomach, the abomasum (Balch, 1959).  Rumen fermentation activities are carried out by a 

diverse array of strictly anaerobic bacteria, archaea, fungi, and protozoa (Hungate, 2013). 

Rumen microbiota is central to ruminant digestion, productivity, and enteric CH4 production, 

a potent greenhouse gas (Hungate, 1966). Many of the rumen-associated microorganisms 

remain poorly identified due to similar challenges encountered for clinical anaerobes, such 

as slow growth and O2 sensitivity (Bächli et al., 2022). Use of the MALDI Biotyper® is hindered 

in the identification of rumen microbiology due to the lack of curated reference mass 

spectral profiles from rumen microbes, and the research requiring rapid identification for 

rumen anaerobes is currently a missed opportunity. Advancements in the field of rapid 

microbial identification for anaerobic microbes could enhance identification efforts for yet 

uncultivated members of the complex gut microbiota.  

1.1 Principle of the MALDI Biotyper® 

MALDI Biotyper® identifies microorganisms by analysing proteomic fingerprints and 

comparing them against an extensive reference library of mass spectral profiles (MSPs). The 

MALDI Biotyper® improves microbial identification by targeting ribosomal proteins, enabling 

species-level classification and continuous library expansion. The basic standard procedure 

involves sample preparation using a matrix solution, which coats the sample and co-

crystalises upon dehydration. An automated laser beam then ionises the crystalised 

samples into charged molecules.  Charged particles are accelerated and separated based 

on their charge-to-mass ratio (m/z), measured by a time of flight (TOF) analyser, and provide 

results as generated spectra of peptide mass fingerprinting (PMF) electrographs (Bächli et 

al., 2022; Singhal et al., 2015). The benefits of the MALDI Biotyper® for microbial detection 

include rapid real-time identification, accuracy, cost-effectiveness, and minimal training 

requirements, though initial equipment costs are high, and it relies on comprehensive 

spectral databases for precise identification (Singhal et al., 2015).  
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1.2 Role of microbiomes 

The microbiome is defined as “a characteristic microbial community occupying a 

reasonably well-defined habitat which has distinct physico-chemical properties. The term 

thus not only refers to the microorganisms involved but also encompasses their theatre of 

activity” (Berg et al., 2020). Whereas microbiota is the community of microbes associated 

with living organisms and the environment, play a vital function in maintaining the functional 

ecosystems (Banerjee & van der Heijden, 2022).  

The human gut and the rumen are examples of these niches and are colonised by complex 

anaerobic microbiomes, including bacteria, archaea, fungi, protozoa, and viruses, which 

perform many metabolic functions to produce essential metabolites (Jandhyala et al., 

2015). Ruminants rely on rumen microbiota to produce essential metabolites such as short-

chain fatty acids from the fermentation of forage or a low-cost pasture diet (Attwood et al., 

2019; Gäbel & Sehested, 1997). Rumen metabolites serve as a form of energy for host growth 

and the production of milk and meat, which are valuable resources for food security to meet 

increased demand of a growing global population (Mizrahi et al., 2021). 

Microbial metabolites can also be associated with causing adverse effects on hosts and are 

linked to disease-related metabolism (Alexandrescu et al., 2024; Li et al., 2025). 

Hyperproduction of disease-associated metabolites can occur because of an imbalance in 

the microbiota. A harmful disturbance in microbial communities caused by external factors 

is referred to as dysbiosis (DeGruttola et al., 2016). Numerous recent studies suggest that 

gut microbiota dysbiosis contributes to the development of various diseases, such as 

inflammatory bowel disease (IBD), obesity, and allergic conditions, in both humans and 

animal models (Banerjee & van der Heijden, 2022; DeGruttola et al., 2016).  

Figure 1 illustrates how microbial ecosystems, such as soil, plants, ruminants, and the 

human gut, interact and influence microbiome composition. Studies have linked distinct 

microbial profiles to an increased risk of diseases and a decrease in genera associated with 
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anti-inflammatory activities, highlighting the potential of these profiles as biomarkers and 

therapeutic targets (Alexandrescu et al., 2024). However, within the microbiome, it is 

challenging to associate the activity of individual microbes with specific metabolic functions 

until they are experimentally tested in vitro and validated using pure cultures  (Martínez-del 

Campo et al., 2015).  

 

Figure 1.  Microbial ecosystems and their influence on microbiome composition. 
Microbial ecosystems like soil, plants, ruminants, and the human gut occur through direct 
and indirect pathways, influencing the composition of various microbiomes identified by 
metagenomics. The figure was obtained from  (Banerjee & van der Heijden, 2022) and is 
used by permission/ license obtained for copyright clearance from the publishers, Nature 
Reviews Microbiology (https://www.nature.com/articles/s41579-022-00779-w). 

 

https://www.nature.com/articles/s41579-022-00779-w
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1.3 Role of metagenomics 

Metagenomics is a culture-independent, sequence-based analysis platform that examines 

the collective microbial DNA extracted from samples representing ecological environments, 

such as the rumen, human gut, soil, marine water, and extreme environments (Sleator et al., 

2008). This technique provides genomic functional insights into the large proportion of 

microbial diversity that remains uncultured, highlighting a limitation in traditional culturing 

methods (Li et al., 2022). However, DNA sequence data alone does not indicate the activity 

or physiological state of the microorganisms. When integrated with meta-transcriptomic, 

metabolomic, and metaproteomic analyses, metagenomics can provide insights into 

microbial populations, gene expression, and biochemical fermentation pathways (Falony et 

al., 2015).  

Despite this, culturing can supplement our understanding by providing evidence of microbial 

functions and validating them. The strengths of metagenomics include its culture-

independent analysis, while its weaknesses lie in being limited by the lack of reference data 

from the presentation of a largely uncultured proportion of microbial diversity. 

Metagenomics require integration with other omics techniques for a more comprehensive 

understanding of microbial function (Tidjani Alou et al., 2017). The microbial community 

structure and functional analysis of gut microbiomes have been elucidated through gut 

metagenomics sequencing data (Banerjee & van der Heijden, 2022; Henderson et al., 2015). 

Rumen bacterial diversity studies reveal many uncultured taxa, indicating a need for further 

cultivation efforts (Creevey et al., 2014; Seshadri et al., 2018).  

1.4 Culturomics 

Culturomics is defined as a high-throughput (HTP) culturing approach enabling an 

elaborated assessment and isolation of the uncultivated or low-abundance microbes from 

microbiomes. Despite the development of HTP sequencing techniques used in microbiota 

studies, most microbial content remains undetected, and is known as microbial dark matter 
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(Greub, 2012; Lagier et al., 2012). Recently, culturomics has gained success in identifying 

optimal culture conditions for isolation of novel organisms. Culturomics has achieved 

increased cultivability along with rapid microbial identification as compared to traditional 

culturing methods (Diakite et al., 2020). Many unassigned sequences obtained from 

metagenomics are microbes of interest, and targeting their cultivation is a frontier in 

microbiology. Isolating new microbes will increase our understanding of the microbiology of 

the human gut and the rumen's microbial repertoire, and provide us with new taxa (Diakite 

et al., 2020). 

1.5 Need for advancements in pure microbial isolations and identifications  

Studying pure cultures is crucial for advancing specific disease treatments, such as 

bacteriotherapy with probiotics or the development of targeted inhibitors for CH4 inhibition 

and vaccine therapies (Falony et al., 2015; Janeiro et al., 2018). Despite advancements in 

HTP metagenomic sequencing analysis, a gap persists in characterising pure microbial 

isolates due to the challenging nature of cultivating and identifying new organisms (Lagier et 

al., 2015). To fill this gap, it is essential to make advancements in HTP cultivation and 

identification techniques to assist targeted isolation of microbes of interest. The complexity 

of the rumen microbiome and the difficulties in cultivating many of its members is a 

challenge for microbial research, and these boundaries need to be pushed to improve our 

understanding of microbial diversity and function in natural ecosystems (Huws et al., 2018).  

Earlier efforts to isolate uncultured rumen bacteria using dilution-to-extinction, where 

samples are diluted until each tube ideally contains a single microbial cell, have 

successfully led to the discovery of new rumen species (Kenters et al., 2011; Mahoney-Kurpe 

et al., 2023; Noel, 2013). Additionally, the Hungate1000 (H1K) rumen culture collection is the 

most diverse culture collection of rumen microbial isolates, with matching genome 

sequence data availability, representing a valuable resource (Seshadri et al., 2018). These 

efforts to cultivate plant-adherent rumen bacteria (Noel, 2013) relied heavily on 16S rRNA 

gene sequencing for taxonomic identification, which, while accurate, is time-consuming and 
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laborious. A similar reliance on 16S rRNA gene sequencing is also evident in large-scale 

human gut culturomics initiatives (Lagier et al., 2012; Lagier et al., 2016). These studies 

aimed to culture a broad diversity of anaerobic microbes and have significantly expanded 

our understanding of rumen and gut microbial diversity. However, 16S rRNA-based 

sequencing has limited the throughput of identification of microbes. 

Developing MALDI-TOF MS spectral profiles from existing rumen culture collections could 

revolutionise the identification of rumen microbes, enabling rapid and precise taxonomic 

classification (Zhou et al., 2021). Microbial identification using the MALDI Biotyper® 

produces results in less than 1 hour, saving the several days needed to perform PCRs, 16S 

rRNA gene sequencing and data analysis. Additionally, faster screening of microbial colonies 

will capture wider diversity and minimise the time spent on repeatedly screening similar. The 

rapid and accurate identification of species that produce targeted metabolites could 

accelerate and enhance research projects.  

1.6 Trimethylamine (TMA) formation in the gut  

The focus of this study was cultivating microorganisms that contribute to the formation of 

the gut-derived metabolite, TMA. Figure 2 illustrates the role of TMA as a precursor for 

trimethylamine N-oxide (TMAO), a metabolite linked to various human diseases (Rath et al., 

2017), and also as a precursor in the formation of CH4, a potent greenhouse gas produced 

by ruminants (Zhou et al., 2021). In the rumen, TMA is produced from choline by bacteria 

possessing choline trimethylamine-lyase activity (Kelly et al., 2019), through the breakdown 

of dietary plant phosphatidylcholine, a major component of grass lipids (Dawson & 

Hemington, 1974). TMA is then converted to CH4 via methanogenesis by a specific group of 

methylotrophic methanogens, particularly those belonging to Methanomassiliicoccales 

(Kelly et al., 2019; Zhou et al., 2021).  
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Figure 2.  Flow of dietary components to TMA and TMAO production in ruminants and 
humans.  A. Rumen microbiota converts plant phosphatidylcholine into TMA, linked to CH4 
and fatty liver disease. B. Human gut microbiota metabolises choline, betaine, or l-
carnitine into TMA, which is oxidised by liver flavin-containing monooxygenases (FMOs) 
into TMAO, associated with cardiovascular risks. The figure was created using BioRender 
(https://BioRender.com).  

Methanogenesis is a process of anaerobic respiration carried out by a specialised group of 

archaea known as methanogens (Lyu et al., 2018). Methanogens produce CH4 as a 

metabolic end product, using carbon dioxide (CO2), hydrogen (H2), acetate, or methylated 

compounds (Lyu et al., 2018). This process plays a vital role in the global carbon cycle and 

is especially important in environments such as wetlands, the rumen, and anaerobic 

digesters (Huws et al., 2018). While exploring CH4 reduction strategies, it was observed that 

a potential downside of these strategies can be elevated TMA levels if TMA is not fully 

converted to CH4 (Zhou et al., 2021). TMA accumulation could lead to increased TMAO levels 

in meat and milk, posing potential health risks to consumers (Servillo et al., 2018; Zhou et 

al., 2021).  

https://biorender.com/
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TMAO has been linked to bovine fatty liver disease, a considerable economic issue in the 

dairy industry (Li et al., 2025). Through the gut-liver axis, TMAO has been linked with non-

alcoholic fatty liver disease in dairy cows, affecting numerous genes, proteins, and insulin 

resistance (Li et al., 2025). The same study revealed that TMAO influences liver lipid 

accumulation through adenosine monophosphate-activated protein kinase (AMPK) 

signalling and oxidative phosphorylation. Overall, metabolic homeostasis is disrupted, 

affecting the bile acid signalling, leading to lipid accumulation and inflammation (Li et al., 

2025). Hence, regulation of TMA levels is essential for optimal productivity of ruminants. 

Quaternary amines, which are precursors of TMA in the human diet, include choline, betaine, 

and carnitine. These compounds are derived from dietary sources such as fish, meat, and 

eggs (Rath et al., 2017). TMA is oxidised to TMAO by hepatic enzymes flavin-containing 

monooxygenases (Falony et al., 2015). Elevated plasma levels of TMAO are linked to 

inflammation and serious health issues, including cardiovascular disease and 

atherosclerosis, and may also contribute to neurological disorders (Janeiro et al., 2018).  

1.7 Key TMA precursors, microbial enzymes, and metabolic pathways 

In the human gut and rumen, the microbial degradation of choline, carnitine, and betaine 

into TMA involves distinct metabolic pathways (Figure 3). The microbial breakdown of these 

substrates under anaerobic conditions involves enzymes, including choline TMA-lyase 

(encoded by cutC), the activator enzyme (cutD), and betaine reductase (grdH) (Jameson et 

al., 2018). Microbes that possess specific genes encoding enzymes such as carnitine 

monooxygenase (cntA and cntB) are known to perform oxygen-dependent catalysis to 

produce TMA, which occurs mostly in the upper gastrointestinal tract (Arias et al., 2020; 

Janeiro et al., 2018; Mouné et al., 1999). Kelly et al. (2019) analysed the H1K genomic dataset 

to detect the presence and expression of genes linked to methyl-compound production in 

rumen bacteria, aiming to identify potential TMA-producing strains.  
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Figure 3.  Metabolic pathways and genes for TMA formation from dietary precursors. Key 
metabolic pathways and identified genes for enzyme production for TMA formation from 
dietary choline, betaine, and carnitine in the gut. Image obtained from Jameson et al., 
(2018) and used under Creative Commons Attribution 4.0 International deed (CC BY 4.0) 
(https://www.sciencedirect.com/science/article/pii/S1046202317304474?via%3Dihub). 

1.7.1. Anaerobic choline degradation pathways 

The best-characterised pathway is the choline utilisation (cut) pathway, where choline TMA-

lyase, encoded by cutC and the activation enzyme cutD, are the key enzymes that catalyse 

the direct cleavage of choline into TMA and acetaldehyde (Figure 4) (Martínez-del Campo et 

al., 2015). This enzyme is a glycyl radical enzyme and requires an activation enzyme under 

anaerobic conditions for the generation of a radical cofactor (Craciun & Balskus, 2012). 

Additional genes within the cut operon, such as cutE, cutF, and cutG, are believed to 

function in choline transport (Martínez-del Campo et al., 2015), regulation or stabilisation of 

the enzyme complex, contributing to efficient choline catabolism in anaerobic microbes 

https://www.sciencedirect.com/science/article/pii/S1046202317304474?via%3Dihub
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such as Olsenella umbonata, Clostridium sporogenes, and Desulfovibrio spp. (Arias et al., 

2020). The choline TMA lyase enzyme complex is located near genes that code for parts of 

bacterial microcompartments, self-assembling organelles inside bacteria (Craciun & 

Balskus, 2012; Kerfeld et al., 2018). These microcompartments help contain the choline 

degradation reactions, preventing harmful byproducts like acetaldehyde from damaging the 

rest of the cell (Craciun & Balskus, 2012).  

 

Figure 4.  Biochemical pathway and stoichiometry of anaerobic choline degradation. The 
figure of the biochemical pathway was created using BioRender ( https://BioRender.com.). 

 A study investigating the effects of high doses of choline in rumen in vitro models (Li et al., 

2021)found inhibition of CH4 formation and shifts in the rumen microbial community and 

metabolic pathways and outputs (Figure 5) (Li et al., 2021). The primary fermentation end-

products from the breakdown of carbohydrates, choline, and amino acids in a rumen-like 

environment included short chain fatty acids (SCFA), ethanol, formate,  CH4, and 

trimethylamine (TMA), with some pathways also contributing to the formation of hydrogen 

sulfide and ammonia (Li et al., 2021). 

https://biorender.com/
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Figure 5.  Proposed metabolic pathway of VFA production and CH4 mitigation by abundant 
species and species of interest rumen microbial species in vitro. The yellow boxes 
represent nutrients from feed bags and supplements supplied to a rumen in vitro system 
(Rusitec), the green boxes represent alternative H2 sinks, the red box represents CH4, and 
the other metabolites are shown in grey boxes. Black arrows represent pathways shared by 
all species; grey arrows are pathways only the species depicted by the legend are known or 
predicted to possess. The legend representing each species is shown, along with its 
average relative abundance from days 10 and 15 in each treatment group. (Li et al., 2021). 
Image obtained from Li, Y. et al. (2021) used under CC BY 4.0. 
https://www.nature.com/articles/s41598-021-01031-w) 

1.7.2. Anaerobic betaine degradation pathways 

Betaine in the rumen ecosystem naturally originates from dietary sources and plays multiple 

roles in microbial metabolism (Mahmood et al., 2020). Betaine is used as an osmolyte to 

protect microbes under stress, as a methyl donor in microbial metabolism and as a 

substrate for fermentation under stress conditions (Ghoneem & El-Tanany, 2023). Recent 

studies have demonstrated that betaine supplementation enhances milk yield and dry 

matter intake during lactation in ruminants, particularly under both thermoneutral and heat-

https://www.nature.com/articles/s41598-021-01031-w
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stress conditions (Abhijith et al., 2024). Betaine modulates fermentation pathways, 

increasing propionate production and short-chain fatty acid (SCFA) concentrations 

(Mahmood et al., 2020). Certain anaerobic bacteria break down betaine to produce TMA 

using a pathway that involves betaine reductase GrdHI. Betaine reductase removes methyl 

groups from betaine in oxygen-free environments (Jameson et al., 2018). Enzyme complex 

GrdHI in the marine environment enable betaine utilisation for energy production and 

growth, releasing TMA as a byproduct (Boysen et al., 2022). However, betaine metabolism in 

the rumen environment is less well understood. 

In Desulfitobacterium hafniense, an anaerobic gram-positive, organohalide-respiring 

bacterium, a glycine betaine methyltransferase, MtgB, catalyses the conversion of glycine 

betaine to dimethylglycine without producing TMA (Ticak et al., 2014). The enzyme works in 

conjunction with MtgA, a methylcobalamin: tetrahydrofolate methyltransferase, to 

complete the methyl transfer pathway. Similarly, in the methanogen Methanolobus volcanii  

isolated from estuarine sediment, the betaine to TMA methyltransferase pathway involves a 

methyltransferase MttB transferring a methyl group from betaine to a corrinoid cofactor, then 

a secondary methylcorrinoid: coenzyme M methyltransferase, MtbA, transfers that methyl 

group to CoM (Creighbaum et al., 2019). These alternative metabolic pathways reveal a 

widespread potential of anaerobic microbes utilising betaine without TMA production.  

1.7.3. Carnitine degradation pathways 

In the gut, the microbial breakdown of L-carnitine into TMA is facilitated by a two-component 

oxygenase–reductase system encoded by cntA and cntB. The cntA gene encodes a Rieske-

type monooxygenase that hydroxylates L-carnitine, enabling cleavage of the C–N bond and 

release of TMA (along with malic semialdehyde). While cntB encodes an associated 

reductase that provides the necessary electrons to drive oxygenase activity (Figure 6) 

(Massmig et al., 2020; Quareshy et al., 2021). Furthermore, in vitro assays have 

demonstrated that activities associated with CntA and CntB are both necessary and 

sufficient for converting L-carnitine to TMA (Zhu et al., 2014). The CntA/B pathway is not 
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effective under strict anaerobic conditions due to its dependence on oxygen. Facultative 

anaerobes like Escherichia coli and Acinetobacter spp. colonise epithelial surfaces or 

mucosal biofilms, where low O2 levels permit the activity of CntA/B-type monooxygenases, 

enabling L-carnitine derived TMA production even in the largely anaerobic gut environment 

(Zhu et al., 2014). 

 

Figure 6.  Proposed redox catalytic cycle of carnitine monooxygenase. A redox catalytic 
cycle for carnitine monooxygenase was proposed based on the experimentally 
characterised redox states of the present study (Massmig et al., 2020). Image obtained 
from Massmig et al. (2020), used under CC BY 4.0, with no modifications, and is used in the 
same manner as the original. https://doi.org/10.1074/jbc.RA120.014266 

Carnitine supplementation in ruminants has been studied for its potential benefits in energy 

metabolism, performance, and recovery during metabolically demanding periods of calving 

and early lactation (Meyer et al., 2020). During lactation, cows excrete L-carnitine in milk, 

which may decrease its availability for other metabolic functions (Meyer et al., 2020). Rumen 

microbes rapidly break down supplemented L-carnitine (Harmeyer, 2003). Therefore, rumen-

protected L-carnitine formulations are recommended to ensure bioavailability. Rumen-

protected supplementation can enhance mitochondrial energy production, reducing the 

severity of negative energy balance during calving and early lactation, and may support 

faster recovery by improving metabolic efficiency (Meyer et al., 2020). Supplementation can 

also increase L-carnitine concentrations in milk and lean muscle (Harmeyer, 2003). While 

most studies focus on dairy cows, some evidence suggests potential benefits in growth and 

reproductive performance across various ruminant species (Ringseis et al., 2018). 

https://doi.org/10.1074/jbc.RA120.014266
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1.7.4. Trimethylamine-N-Oxide Reductase (TorA)  

The molybdopterin guanine dinucleotide (MGD)-containing S/N-oxide reductases are a 

family of molybdoenzymes that play a crucial role in the microbial reduction of various N-

oxides and S-oxides. A prominent example within this family is TMAO reductase, which 

facilitates the conversion of TMAO to TMA (Panwar et al., 2024). TorA is an enzyme that 

catalyses the reduction of TMAO back to TMA, thereby playing a crucial role in the TMA 

metabolic cycle (Hoyles et al., 2018). This process, known as metabolic retroversion, helps 

maintain the balance of TMA and TMAO within the host. The conversion of TMAO back to TMA 

has been well-documented in humans and other monogastric animals, primarily facilitated 

by gut microbiota such as Enterobacteriaceae (Hoyles et al., 2018; Janeiro et al., 2018). 

However, researchers have not explored the relevance of this pathway in ruminants. 

Moreover, the strictly anaerobic rumen environment limits the establishment of TorA and 

may not favour TMAO reduction mechanisms. Table 1 lists additional pathways that explore 

how methylated amines may be metabolised in the gut, contributing directly or indirectly to 

the TMA-TMAO interconversion. 

Table 1. Enzymes from indirect pathways are potentially linked to microbial TMA 

metabolism. 

Enzymes/ proteins Function 
Aminomethyltransferase 
(AMT) 

Primarily involved in the glycine cleavage system, plays a role 
in one-carbon metabolism and methyl group transfer, and 
may influence microbial pathways that contribute to TMA 
synthesis (De Anda et al., 2021). 

Glycine cleavage system 
T-protein  

Part of a system that converts glycine to ammonia and 
carbon dioxide, potentially linking glycine metabolism to TMA 
pathways (King, 1984; Lee et al., 2004; Li et al., 2025). 

Dimethylglycine 
dehydrogenase  

Catalyses the oxidation of dimethylglycine to glycine, thus 
contributing to the pool of substrates available for TMA 
production (Janeiro et al., 2018). 
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1.8 Strengths and limitations of predicting TMA metabolism using gene sequences 

Potential TMA-producing gut microbes have been identified in human faecal samples using 

metagenomic analysis (Jie et al., 2017; Rath et al., 2017; Romano et al., 2015). TMA-related 

genes, such as cutC and cntA, were identified using tools like BLAST and profile Hidden 

Markov Models (HMMs), each with its own strengths in detecting functional genes (Jameson 

et al., 2018). However, these methods can yield false positives due to mis-annotation of gene 

homologues, and false negatives when genes are incorrectly assigned, such as cutC being 

misclassified as pyruvate-formate lyase (Jie et al., 2017). Use of 16S rRNA gene sequencing 

is a powerful tool for identifying bacteria but does not indicate the presence of specific 

functional genes such as cutC, cntA, or grdH, which are directly involved in converting 

choline, carnitine, and betaine into TMA (Jameson et al., 2018). Genes encoding TMA 

production are often unevenly distributed among bacterial strains, even within the same 

species or genus; for example, only certain strains of Clostridium or Enterococcus contain 

the cutC gene (Romano et al., 2015). This is because such genes may be gained through 

horizontal gene transfer or lost over time (Rath et al., 2017). 

Screening microbial isolates for the presence of genes such as cutCD and cntAB, through 

PCR or genome analyses, will aid the identification of putative TMA-metabolising strains. 

However, the TMA-producing activity of strains requires validation through the detection of 

TMA as a metabolic endpoint. A gene-targeted assay of human faecal samples revealed that 

TMA-producing bacteria exist in low abundance, and pure microbial isolates are yet to be 

obtained for in vivo experimental validation of TMA production (Rath et al., 2017).  

1.9 Research gaps 

There is a gap in the availability of pure cultures that can produce TMA isolated from the 

rumen and gut. There is also a lack of a clear understanding of the microbial enzymes that 

create methyl compounds (Kelly et al., 2019). A research gap is also identified in the Bruker 
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Biotyper® database with limited representation of mass spectral profiles (MSPs) for rumen 

strains.  

1.10 Project aim and objectives 

This project aims to cultivate TMA-producing rumen isolates from TMA-precursor 

enrichment cultures and identify these isolates using the MALDI Biotyper®. This will be 

achieved by undertaking the following objectives: 

- Develop a custom database expansion for MALDI-Biotyper® using candidate 

bacterial strains from H1K culture collection, which are associated with TMA-

production. 

- To enrich microbial cultures from rumen samples using choline, betaine, and 

carnitine as selective substrates to favour the growth of potential TMA producers. 

- Isolate novel TMA-producing bacterial strains from selective enrichments based on 

their ability to grow as isolated microbial colonies on solid agar medium containing 

TMA precursors under anaerobic conditions and use MALDI-TOF MS to identify new 

isolates using a customised expanded database. 

- Develop methods to validate TMA production experimentally using high-performance 

liquid chromatography (HPLC) to confirm functional activity of the isolates. 
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Chapter 2. Materials and Methods 

2.1 Strain selection for database expansion 

Bacterial strains from the H1K rumen culture collection, identified as potential TMA 

producers, were selected to generate targeted MSPs for expanding the MALDI Biotyper® 

database. These strains are primarily associated with the presence of choline degradation 

pathways, leading to TMA production (Kelly et al., 2019). H1K strains associated with the 

retro-conversion of TMAO metabolism were pre-identified using the method explained in 

Section 2.1.1. identified stains were also included in the list of candidate strains for 

database expansion. 

2.1.1. Rumen-derived gut bacteria screened for their ability to utilise TMAO 

Predicted protein sequences for the H1K strains were searched against the KEGG 

prokaryotic protein database using the blastp function of BLAST+ version 2.13.0 with an e-

value cut-off of 1E-50 but otherwise default values (Camacho et al., 2009). The resulting hits 

in the KEGG prokaryotic protein database were matched with KEGG terms and filtered down 

to those associated with TMAO metabolism, K07811, and K07812: trimethylamine-N-oxide 

reductase (cytochrome c), K18277: trimethylamine monooxygenase, and K00605: 

aminomethyltransferase, non-oxidative demethylation of trimethylamine N-oxide by 

Pseudomonas aminovorans. 

2.2 Bruker MALDI Biotyper® methods 

2.2.1. Preparation of the HCCA matrix solution 

The α-cyano-4-hydroxycinnamic acid matrix (HCCA, Bruker Bremen, Germany) or HCCA 

from Sigma-Aldrich (Missouri, USA) was used. To 2.5 mg HCCA, 250 μL of standard solvent 

(50% acetonitrile, 47.5% water, and 2.5% trifluoroacetic acid; Bruker Standard Solvent) to a 

final concentration of 10 mg HCCA/mL was added. The solution was vortexed at room 
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temperature until all crystals were dissolved and stored at room temperature in an airtight 

tube. The HCCA matrix was used within the same week of preparation. 

2.2.2. Bacterial test standard (BTS) 

To prepare the BTS solution, BTS (Bruker) was dissolved in 50 μL of standard solvent. The 

solution was centrifuged at 18,000 x g for 2 minutes at room temperature. Aliquots of 5 μL of 

the suspensions were transferred into 0.5 mL airtight microcentrifuge tubes and stored at -

20°C. 

2.2.3. Sample preparation using the direct transfer protein extraction method 

A single, well-isolated bacterial colony was picked from an agar plate using a sterile 

toothpick or loop and smeared onto a MALDI target plate Biotarget 96 Plate (Bruker, Bremen, 

Germany) and air-dried. Once dry, 1 µL of 70% (v/v) formic acid was added to lyse the cells 

and release proteins, which was followed by another drying period. Next, 1 µL of HCCA 

matrix solution was applied, and the sample was allowed to air-dry completely. The 

prepared Biotarget 96 Plate was then used for analysis. 

2.2.4. Sample preparation using extended protein extraction 

Isolated bacterial colonies were transferred to 300 µL of HPLC-grade water and mixed 

thoroughly. The suspension was vortexed for 1 minute, then 900 µL of absolute ethanol was 

added and vortexed again. Samples were stored at –20 °C or processed immediately. The 

ethanol suspension was centrifuged at 18,000 × g for 2 minutes, the supernatant discarded, 

and the pellet was further centrifuged to remove residual liquid. The pellet was air-dried for 

at least 5 minutes and then resuspended in 70% formic acid, adjusting the volume based on 

colony size, which is 5 µL for a single colony and 10-25 μL for two to four, pooled colonies. 

An equal volume of acetonitrile was added, and the mixture was vortexed and centrifuged 

again. Finally, 1.5 µL of the supernatant was spotted onto a MALDI target plate, air-dried, and 

overlaid with HCCA matrix solution for MALDI-TOF MS analysis. 
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2.3 Candidate strain preparation and identification using the MALDI Biotyper®  

The candidate rumen strains were first screened for identification using the MALDI-TOF MS 

Microflex™ LT/SH bench top systems (Bruker, Bremen, Germany). Commercially available 

agar plates of Brain Heart Infusion (BHI) Agar (Fort Richard, City, Country), Columbia Sheep 

Blood Agar (Fort Richard, City, Country), Fastidious Anaerobic Agar (Fort Richard, City, 

Country) and M2GSC agar plates (Miyazaki et al., 1997) were used for cultivation. Plates were 

stored in the COY anaerobic chamber for two days to make them anaerobic before use. 

Cultures were chosen to grow on M2GSC agar medium under strict anaerobic conditions 

using 96% CO2, 4% H2 atmosphere in a Coy Vinyl Type-B anaerobic chamber (Coy Laboratory 

Products, Grass Lake, Michigan, USA), incubated at 39 °C for 3–5 days to obtain well-isolated 

colonies. Isolated colonies were preserved as ethanol cell suspensions (Section 2.2.4). The 

suspensions were processed using the extended protein extraction method (Section 2.2.4) 

to obtain high-quality protein preparations that were suitable for spectral generation. For 

MALDI-TOF MS analysis, the protein extract was analysed using a Bruker Daltonics MALDI 

Biotyper® Compass (v4.1.100) and monitored using the Bruker Daltonics 22 flexControl 

(v3.4) software. Spectra were matched against the Bruker Daltonic Revision H database 

(Revision M (July 2021) Doc. No. 5026705). Identification scores ≥2.0 indicated reliable 

species-level identification, and scores ≥1.7 indicated genus-level identification. 

2.4 Library creation for database expansion and verification  

To create a targeted custom library for anaerobic rumen bacteria that are not present in the 

Bruker reference database for the MALDI Biotyper®, the required four key software 

components are flexControl (v3.4), flexAnalysis (v3.4), MALDI Biotyper® Compass Explorer 

(v4.1.100) and MALDI Biotyper® RTC. These tools work together to support sample 

processing, spectra acquisition, library creation, and identification. 
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2.4.1. Spectra measurement using flexControl 

The target plate was prepared by overlaying a minimum of 12 - 15 target spots for the protein 

sample and 1 spot for the BTS using 1.5 μL of extract (Section 2.2) per spot. The flexControl 

system was calibrated using the BTS control sample each time before creating a library, 

following the manufacturer’s guidelines (Bruker Daltonik GmbH, 2020). The laser power was 

optimised to ensure efficient ionisation of the crystallised proteins. Ionised particles were 

accelerated through the TOF analyser, and their mass-to-charge ratios were recorded as 

distinct peaks in the mass spectrum. A strain-specific, customised spectra acquisition 

method was saved for each isolate. The inbuilt auto-execute function was used to acquire 

three spectra per spot, resulting in a total of 36 spectra from a total of 12 target spots 

overlayed from extracted protein of each candidate strain.  

2.4.2. Quality control using FlexAnalysis. 

All captured spectra per sample were analysed using flexAnalysis. The process involved 

downloading the spectra, performing baseline subtraction, and applying smoothing. For 

quality control, the calibration constants of both the sample and the BTS control were 

compared and were required to be identical to confirm that the sample and the BTS were 

captured under the same conditions. Spectra with flatline profiles and outlier peaks were 

removed. Peak shifts were evaluated for seven major peaks within the m/z range of 3,000 to 

10,000, assessed at one peak every 1,000 steps. Any spectrum with peak shifts exceeding 

the permitted mass tolerance of 500 ppm was excluded.  

2.4.3. MSP creation using MALDI Biotyper® Compass Explorer 

Twenty or more high-quality spectra that have passed quality control (Section 2.4.1) were 

downloaded using MALDI Biotyper® Compass Explore. The MSP was created for each strain. 

The MSP was tested against the spectrum to obtain the highest identification score of 3 and 

then integrated into the taxonomy tree under a new node with a unique project name.  
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2.4.4. User-created library verification using MALDI Biotyper® RTC 

User-created libraries were accessed by MALDI Biotyper® RTC under a user-created project. 

To ensure the accuracy and reliability of the custom MALDI-TOF MS spectral libraries 

developed for the selected H1K bacterial strains (Section 2.1), each MSP was verified. Each 

strain was freshly cultured on solid M2GSC agar medium, and proteins were extracted 

directly on the target plate from isolated colonies. BTS was used as a control each time the 

target plates were analysed. Verification was by spectral acquisition and real-time 

identification using Real-Time Classification (RTC) software. The resulting spectra were then 

matched against the newly created MSPs within the user-defined library. Identification 

scores generated by the RTC software were interpreted according to standard thresholds. 

A score of ≥2.0 was considered a reliable species-level match, confirming that the MSP 

accurately represented the strain. Libraries that consistently produced scores of ≥2.0 were 

deemed verified and valid for inclusion in the H1K database. Conversely, any MSPs that 

yielded identification scores below 2.0 were flagged as unacceptable, indicating the 

spectral quality was inadequate or an incorrect representation of the strain. These MSPs 

were excluded from the final library and were generated again as described. 

Verification was crucial for maintaining the integrity of the custom spectral library and 

ensuring high confidence in the identification of rumen microbial strains to the species level 

in downstream applications. 

2.5 Anaerobic cultivation methods 

2.5.1. Anaerobic cultivation 

Anaerobic microbial cultures were prepared using the Hungate technique (Hungate, 1969) 

with modifications, which enable strict anaerobic conditions through the use of gas-tight 

culture tubes and oxygen-free gas flushing. Media were dispensed into sterile Hungate tubes 

under a continuous flow of 100% CO2 gas (BOC, Catalogue No. G013), to displace oxygen. 

Tubes were sealed with butyl rubber stoppers and screw caps to maintain anaerobiosis. 
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Media were autoclaved and cooled under anaerobic conditions, and reducing agents were 

added as required (Hungate, 1969). Inoculation was performed using sterile syringes 

through the rubber septa to prevent O2 exposure. Cultures were incubated at 39°C for 

microbial growth under strictly anaerobic conditions. 

2.5.2. Anaerobic cultivation using the COY anaerobic chamber 

Anaerobic cultures were prepared and maintained in a Coy anaerobic chamber (Coy 

Laboratory Products, Grass Lake, Michigan, USA) containing a gas mix of ~95% CO2, <4% H2 

and <50 ppm O2. O2 was eliminated using a palladium catalyst system, and gas levels were 

monitored using a CAM-12S monitor (Coy Laboratory Products, Grass Lake, Michigan, USA). 

Sample transfers into the chamber were performed through a vacuum airlock with 

automated purge cycles. All handling and incubation of cultures occurred within the 

chamber under sterile, O2-free conditions. 

2.5.3. Modified RM02 with selective substrates 

A bicarbonate-buffered mineral salts solution was composed of 950 mL distilled water 

containing 1.4 g KH₂PO₄, 0.6 g (NH₄)₂SO₄, 1.5 g KCl, and 1 mL trace element solution SL1 

(Widdel et al., 1983), 1 mL of selenite/tungstate solution (Tschech & Pfennig, 1984), and 0.4 

mL of 0.1% (w/v) resazurin solution. The solution was mixed thoroughly, boiled, gassed 

under an O2-free atmosphere using 100% CO₂ and cooled in an ice bath while continuously 

bubbled with 100% CO₂. Once cooled, 50 mL of clarified rumen fluid (Section 2.5.4) and 

choline chloride at a final concentration of 25 mM were added and dissolved. To make a 

selective medium for betaine or carnitine, choline was replaced by each of the substrates at 

the same concentration of 25 mM.  The medium continued to be gassed with CO2 for another 

30 minutes or until the substrates had dissolved. Then, 4.2 g NaHCO₃ and 0.5 g L-

cysteine·HCl·H₂O were added per litre while maintaining the CO2 gas flow in the headspace 

of the vessel containing the reduced medium. The final pH of the medium was adjusted to 

6.5. 



39 

 

For RM02 broth, the prepared medium was dispensed into Hungate tubes (13 mm diameter, 

100 mm length; Bellco Glass, Vineland, New Jersey, USA) under a CO₂ atmosphere, with 5 

mL of medium per tube. Tubes were sealed using black butyl rubber stoppers and perforated 

plastic caps, ensuring a CO₂ headspace. Sterilisation was performed by autoclaving at 

121 °C for 20 minutes. 

For RMO2 agar, a 1.5% final concentration was made. 7.5 g of agar was added to high-

pressure 1L Schott bottles (Duran® Pressure Plus bottles volume 1,000 mL), and 500 mL of 

prepared RM02 broth was added while gassing with CO2 and sealed with a large rubber bung 

and screw cap. Sterilisation was performed by autoclaving at 121 °C for 20 minutes. Molten, 

sterilised agar was cooled to 55°C, then poured into petri dishes under anaerobic conditions 

inside a COY anaerobic chamber. 

2.5.4. Clarified rumen fluid 

Rumen fluid was collected from fistulated, hay-fed cattle and squeezed 

through cheesecloth to remove large particulate matter. The filtrate was then centrifuged at 

10,000 × g for 20 minutes at 4 °C, and the resulting supernatant was stored at −20 °C. For 

media preparation, the frozen rumen fluid was thawed in hot water, transferred to a Duran® 

Pressure Plus bottle, and heated in a microwave until boiling. The fluid was flushed with 

100% nitrogen gas for at least 20 minutes, loosely capped, and sterilised by autoclaving. 

After cooling, the sterilised rumen fluid was transferred to a clean container and frozen 

overnight at −20 °C. The next day, the fluid was thawed and centrifuged at 15,000 × g for 15 

minutes at 4 °C. The final supernatant was used for media preparation. 

2.5.5. Anaerobic glycerol solution 

For a 500 mL anaerobic glycerol solution (40%), 85 mL of Salt Solution A was combined with 

85 mL of Salt Solution B (Bauchop, 1979), and 130 mL of distilled water with 200 mL of 

glycerol. Solution A contained (wt./vol): KH2PO4, 0.3%; NaCl, 0.6%; (NH4)2SO4, 0.3%; 

CaCl2, 0.03%; and MgSO4, 0.03%. Solution B contained 0.3% (wt./vol) K2HPO4. NaHCO3 
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(2.5 g) was added and 2 drops of 0.1% resazurin solution. All components were mixed in an 

Erlenmeyer flask and heated in a microwave oven until boiling. The solution was sparged 

with O2-free 100% CO2, cooled in an ice bath under a stream of CO2 and 250 mg of L-cyst-

HCl was added. Aliquots (75 mL) of the solution were dispensed into CO2-filled 125 mL 

serum bottles and autoclaved for 20 minutes at 121°C and 15 psi. Anaerobic glycerol 

solution was added to cultures to give a final glycerol concentration of 10%. 

2.6 Cultivation of rumen microbes using TMA precursors as substrates 

2.6.1. Optimising growth medium for selective growth 

Modified RM02 medium (Kenters et al., 2011) was optimised to support the selective growth 

of TMA-producing microbes. The medium was modified to include clarified rumen fluid 

(Kenters et al., 2011), added at 5% of the final volume before dispensing. This simplified the 

process of adding the fluid to each tube by filter sterilisation into autoclaved medium tubes. 

TMA precursors, including choline chloride, betaine, and L-carnitine (all from Sigma-

Aldrich), were added at a final concentration of 25 mM to the medium before dispensing and 

autoclaving. The media were dispensed in 5 mL volumes into small-sized 10 mL Hungate 

tubes, sealed with rubber bungs and screw caps, while maintaining anaerobic conditions, 

and then autoclaved. 

2.6.2. Animal ethics and sample collection 

Rumen and faecal samples were collected under the approval of the AgResearch Animal 

Ethics Committee (AE 2074). Rumen fluid was obtained via stomach tubing from pasture-

fed 6-month-old dairy heifer calves, (tagged 126 and 130), participating in trial CCA 01-W26. 

Hereafter, the rumen samples from these calves are referred to as R126 and R130, 

respectively. Faecal samples were also collected as part of the same study from calf F124. 

All sampling procedures were conducted at the AgResearch Grasslands Ulyatt-Reid Facility 

in Palmerston North. 
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2.6.3. Enrichment experiment 

To enrich for putative TMA-producing microbes using the medium described above (Section 

2.5.3), the modified RM02 was supplemented with 25 mM choline, betaine, or L-carnitine. 

Rumen samples were kept on ice and added to anaerobic media immediately after 

transferring to the laboratory. For each sample, 1 g of rumen content was diluted 10-fold by 

adding 9 mL of the anaerobic RM02 base (Kenters et al., 2011) without clarified rumen fluid 

or substrates, followed by 10-fold serial dilution to 10-⁵ in Hungate tubes. Due to the low 

abundance of TMA producers expected (Kelly et al., 2019; Rath et al., 2020), dilutions 10-² to 

10-⁵ were performed for rumen and faecal samples and inoculated into RM02 with the 

substrate. Tubes were incubated at 39 °C, and the optical density at 600 nm (OD₆₀₀) was 

measured the next day after 18 hours of incubation to assess growth. From enrichments, 2 

mL of sample was collected from each dilution per treatment for TMA, short-chain fatty acid 

(SCFA), and alcohol quantification, and the remaining sample was preserved as a 10% 

glycerol stock at –80 °C. 

2.6.4. Isolating pure cultures from enrichment cultures 

Microbial isolations were performed using RM02 agar supplemented with choline or betaine. 

To isolate colonies, selective agar was inoculated using a glycerol stock of preserved 

enrichment culture. The 10-2 stock tube was diluted in a serial 10-fold dilution up to a 10-10 

dilution, and 100 µL of each dilution was plated. Plates were incubated at 39°C under 

anaerobic conditions and monitored for colony development. Plates exhibiting isolated 

colonies were selected for further analysis, while those showing a lawn of bacterial growth 

were excluded. Individual colonies were picked using a sterile 1 µL loop, with a thin smear 

applied to a designated spot on a MALDI target plate. The remaining sample on the loop was 

patched onto agar plates and labelled to correspond with the MALDI plate location. Direct 

protein extraction was performed on the MALDI plate samples for profiling via MALDI-TOF 

MS, and the resulting spectra were analysed using reference databases for strain 

identification (Figure 7).  
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Figure 7.   Schematic representation of microbial enrichment, isolation, and high-
throughput screening for microbial identification of new microorganisms that can grow on 
TMA precursors. 

2.7 16S rRNA gene sequencing and analysis 

Pure cultures were subjected to 16S rRNA gene amplification and sequencing for taxonomic 

identification. Amplification was performed using the Platinum™ Hot Start PCR Master Mix 

(2X) (Invitrogen, Thermo Fisher Scientific, Auckland, NZ, Cat. No. 13000014) following the 

manufacturer’s protocol. Universal bacterial primers 27F (GAG TTT GAT CMT GGC TCA G) 

(Lane, 1991) and 1492R (GGY TAC CTT GTT ACG ACT T) (Loy et al., 2002) were used to amplify 

approximately 1465 bp of the 16S rRNA gene. Two µl of culture was added directly to the PCR 

reaction as template, which included an initial cell lysis step at 95°C for 10 minutes. Then, 

30 PCR cycles for denaturation at 94 °C (15 sec), annealing at 60 °C (15 sec) and extension 

at 68 °C (30 sec).  

PCR products were resolved in 1.5% agarose gels in 1× TAE buffer containing SYBR® Safe 

DNA stain (Invitrogen, Thermo Fisher Scientific, Auckland, NZ) and run for 30 minutes at 110 

V . Amplified DNA bands were visualised under UV light, and a 1 Kb Plus DNA ladder 

(Invitrogen, Thermo Fisher Scientific, Auckland, NZ) was used for size estimation.  

Amplicons were purified using the QIAquick PCR Purification Kit (Qiagen Ltd, Auckland, NZ) 

and sequenced at the Massey Genome Service (Massey University, Palmerston North, NZ) 
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using the BigDye™ Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Thermo Fisher 

Scientific, Auckland, NZ). Raw ab1 files were quality-trimmed and assembled into 

consensus sequences using Geneious Prime® 2023.0.1, an integrated bioinformatics 

software platform used for sequence analysis. Final sequences were queried using the NCBI 

BLAST sequence server against the GenBank nr/nt database and the 16S rRNA database 

using BLASTN to identify closely related taxa excluding uncultured/environmental sample 

sequences.  

2.8 Quantification of TMA, VFA, and alcohol compounds 

2.8.1. High-performance liquid chromatography (HPLC) 

The HPLC (Shimadzu, LC-2040C 3D) chromatographic separation was performed using a 

Coresep 100 column (4.6 × 150 mm, 2.7 µm, 90 Å), employing both reversed-phase and 

cation-exchange modes. The mobile phase consisted of 15% ACN with 0.3% trifluoroacetic 

acid (TFA), delivered at a flow rate of 0.6 mL/minute. A standard concentration range from 5 

to 25 mM was calibrated with an injection volume of 2 µL. Sample detection was carried out 

using a refractive index detector maintained at 40 °C. One mL of each sample was 

centrifuged at 15,000 × g at 4°C for 5 minutes and filtered through 0.2-µm nylon membrane 

filters into 1.5 mL vials.    

2.8.2. Volatile Fatty Acid (VFA) and alcohol analysis by gas chromatography 

For VFA analysis using gas chromatography (GC) (Rajasekaran, 2023) 1 mL of sample was 

centrifuged at 10,000 × g for 20 minutes at 4 °C, and 900 μL of supernatant was mixed with 

100 μL of 20 mM 2-ethylbutyrate in 20% phosphoric acid as an internal standard. Samples 

were frozen for a minimum of 24 hours before analysis. A 750 μL aliquot was transferred to a 

1.5 mL glass GC vial and analysed using a Shimadzu GC-2010 Plus equipped with Flame 

Ionisation Detection and a Phenomenex Zebron ZB-FFAP column (30 m × 0.53 mm I.D. × 1.00 

μm film thickness). The injection volume was 1 μL, with an injection temperature of 90 °C 

and a detector temperature of 240 °C. Helium was used as the carrier gas. VFAs measured 
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included acetic, propionic, butyric, caproic, valeric, iso-butyric, and iso-valeric acids. The 

column temperature program involved sequential ramps from 60 °C to 200 °C, with a final 

hold at 200 °C.  

Alcohols (methanol, ethanol, 1-propanol, 2-propanol, and butanol) were analysed using the 

same sample vial. A Shimadzu GC-2010 Plus with an AOC-6000 autosampler and a Restek 

Rtx-Volatiles column (60 m × 0.32 mm I.D. × 1.5 μm film thickness) was used. Samples were 

injected at 200 °C, and the FID detector was set to 230°C. The column temperature program 

ramped from 50°C to 230°C, with a final hold at 230°C. Helium was used as the carrier gas 

throughout (Rajasekaran, 2023).  
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Chapter 3. Results: Library creation for database 

expansion  

3.1 MALDI Biotyper® identification for putative choline-utilising candidate strains 

Choline-utilising candidate strains (Kelly et al., 2019) were screened using MALDI Biotyper®. 

This screen evaluated the efficiency of target preparation and identification status using the 

Bruker reference database, MALDI Biotyper® Compass Library Revision H (2021). A total of 

11 strains, summarised in Table 2, present the identification results for evaluating the need 

for library expansion. All samples prepared using the extended protein extraction method 

(Section 2.2.4) resulted in the successful generation of spectra required for comparing 

against the MSPs in the database. 

The identification analysis revealed that seven strains were correctly identified at the 

species level. MALDI screening of   Olsenella umbonata and two strains of Proteus mirabilis 

showed consistency with their nomenclature. However, some nomenclature discrepancies 

were noted due to recent reclassifications of certain genera. The identified discrepancies 

were verified by searching the Genome Taxonomy Database (GTDB) for updated taxonomy, 

which was then compared with the MALDI results, as shown in Table 2. The meaning of the 

Bruker MALDI Biotyper® identification scores is described in Appendix 3.  

Concerningly, Eubacterium sp. AB3007 matched to an unrelated taxon, Pasteurella 

multocida, with a score above 1.7, resulting in misidentification, because of high spectral 

similarity or poor spectral representation in the current database. Additionally, the isolates 

Desulfovibrio desulfuricans, Desulfovibrio legallii, and Lachnoclostridium lavalense failed to 

yield any reliable identification, highlighting gaps in the current reference database. Hence, 

database expansion with new MSP libraries will be required for these strains. 
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Table 2. Identification of the choline-utilising candidate strains using MALDI Biotyper®  

Candidate strains (Kelly 
et al., 2019) 

1st best match 1st match 
score*  

2nd best match 2nd match 
score* 

GTDB Taxonomy  

Lachnoclostridium 
clostridioforme AGR2157 

Enterocloster 
clostridioformis  

2.13 Enterocloster 
bolteae 

2.12 Enterocloster 
clostridioformis_A  

Eubacterium sp. AB3007 Pasteurella 
multocida 

1.84 Pasteurella 
multocida 

1.74 Hornefia sp000688015 

Lachnoclostridium 
aerotolerans X8A62 (DSM 
5434) 

Lacrimispora 
aerotolerans 

2.20 Unreliable 1.38 Lacrimispora aerotolerans 

Olsenella umbonata A2 
(DSM 22619) 

Olsenella 
umbonata 

2.27 Olsenella 
umbonata 

1.83 Parafannyhessea umbonata 

Enterococcus sp. KPPR-6 Enterococcus 
malodoratus 

2.32 Enterococcus 
malodoratus 

2.16 Enterococcus_A 
malodoratus 

Desulfovibrio 
desulfuricans G11 (DSM 
7057) 

Unreliable 1.48 Unreliable 1.44 Desulfovibrio sp900243745 

Proteus mirabilis NLAE-
zl-G534 

Proteus mirabilis 2.57 Proteus mirabilis 2.56 Proteus mirabilis 

Lachnoclostridium 
lavalense NLAE-zl-G277 

Unreliable 1.43 Unreliable 1.36 Enterocloster lavalensis 
NLAE-zl-G277 

Lachnoclostridium 
citroniae NLAE-zl-G70 

Enterocloster 
citroniae 

2.35 Enterocloster 
citroniae 

2.26 Enterocloster citroniae 

Desulfovibrio legallii 
KHC7 

Unreliable 1.28 Unreliable 1.25 Desulfovibrio legallii_A 

Proteus mirabilis NLAE-
zl-C285 

Proteus mirabilis  2.60 Proteus mirabilis 2.45 Proteus mirabilis 

*Score interpretation: Species level: A score of ≥2.0, Genus level: A score between ≥1.7 and ≤1.99, Unreliable: A score of <1.7 
(Panda et al., 2014). 
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3.2 Retroversion potential of TMAO back to TMA in H1K culture collection 

In work carried out before this study (unpublished), the H1K genomic dataset was screened 

for potential candidates involved in TMA and TMAO utilisation. The heat map in Figure 8, 

illustrates the distribution and relative abundance of key enzymes involved in TMAO 

metabolism within the H1K genomic dataset. Among the analysed KEGG Orthology (KO) 

identifiers K07811 and K07812, enzymes with potential for TMAO reversion were rarely 

present among H1K genomic database. K18277 (Trimethylamine monooxygenase, tmm) 

enzyme, which catalyses the oxidation of TMA to TMAO, was also rarely present. In contrast, 

K00605 (Aminomethyltransferase, AMT), which plays a role in glycine degradation and 

broader amino acid metabolism, was widely distributed across the dataset. A total of 111 

strains were identified during this analysis and are listed in the heatmap (Figure 8), with 

Prevotella and Bacteroides being the most prevalent genera identified to carry AMT enzyme-

coding genes.  
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Figure 8.  Heat map depicting the distribution of TMAO metabolising enzyme proteins in 
H1K rumen microbial cultures. The count represents the number of copies of the genes 
present for each enzyme. Enzymes presented on the x-axis include 
aminomethyltransferase (AMT), dimethylglycine dehydrogenase (Dmg_D), glycine 
cleavage system T protein (gcvT), molybdopterin guanine dinucleotide-containing S/N-
oxide reductase (MGD), 4-hydroxy-tetrahydrodipicolinate synthase (TS), trimethylamine 
monooxygenase (tmm), and trimethylamine-N-oxide reductase (TorA and TorC), and 
bacterial species are at the y-axis. The heatmap was created in  https://BioRender.com. 

https://biorender.com/
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3.3 Gaps in identifying strains from rumen origin 

The growth of candidate strains was tested on anaerobic commercially-prepared agar plates 

(BHI, CSBA, and FAA), used in other studies that created a protein fingerprint database for 

anaerobic strains with clinical relevance (Asare et al., 2023). These media did not 

consistently support good growth of the rumen candidate strains (Sections 3.1 and 3.2), 

which resulted in insufficient protein extraction for MALDI-TOF analysis.  M2GCS agar 

medium (Miyazaki et al., 1997) a rumen bacteria-specific growth medium supported the 

growth of most candidate strains and as a result enabled successful protein extraction and 

spectral generation.  

The identification of the candidate strains using the MALDI Biotyper® system with the 

revision H database is presented in Table 3. Fifteen strains were identified at the species 

level with scores >2 and another five strains obtained match scores >2 but with 

nomenclature discrepancies. All strains were searched for updated taxonomy using GTDB 

which verified MALDI identifications for reclassified strains. One strain was identified at the 

genus level with a score above 1.7. Nomenclature discrepancies were found because 

Hungate strains were classified in 2018 based on 16S rRNA databases at the time, while the 

revision H Bruker database was updated in July 2021. However, fifteen rumen strains 

remained unidentified, as summarised in Figure 9. 
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Table 3. Screening results for the identification of candidate strains using the Bruker database revision H 

Candidate strains  Assession/  
GTDB Taxonomy 

Identification with Bruker 
database 

Scor
e* 

Match level/ 
Interpretation 

Bacteroides ovatus NLAE-
zl-C500 

GCA_019412865.1/ 
Bacteroides sp019412865 

Bacteroides ovatus  1.77 Genus-level 

Lachnoclostridium 
citroniae NLAE-zl-G70 

GCA_900115855.1/  
Enterocloster citroniae 

Enterocloster citroniae  2.35 Species-level  

Lachnoclostridium 
clostridioforme NLAE-zl-
G208 

GCF_900100685.1/ 
Enterocloster clostridioformis 

Enterocloster clostridioformis 2.45 Species-level  

Lachnoclostridium 
clostridioforme NLAE-zl-
C196 

GCF_900100685.1/ 
Enterocloster clostridioformis 

Enterocloster clostridioformis 2.38 Species-level  

Lachnoclostridium 
clostridioforme AGR2157 

GCF_000424325.1/  
Enterocloster clostridioformis_A   

Enterocloster clostridioformis 2.13 Species-level  

Lachnoclostridium 
aerotolerans X8A62 (DSM 
5434) 

GCF_000687555.1/ 
Lacrimispora aerotolerans  

Lacrimispora aerotolerans 2.20 Species-level  

Olsenella umbonata A2 GCA_016901295.1/  
Parafannyhessea umbonata 

Olsenella umbonata 2.27 Species-level  

Bacteroides 
thetaiotaomicron KPPR-3 

GCA_900109385.1/ 
Bacteroides thetaiotaomicron 

Bacteroides thetaiotaomicron 2.36 Species-level  

Proteus mirabilis NLAE-zl-
G534 

GCF_900113495.1/ 
Proteus mirabilis 
 

Proteus mirabilis 2.57 Species-level  

Bacteroides 
thetaiotaomicron NLAE-zl-
C579 

GCF_900108155.1/ 
Bacteroides thetaiotaomicron 

Bacteroides thetaiotaomicron 2.44 Species-level  
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Proteus mirabilis NLAE-zl-
C285 

GCF_900101725.1/ 
Proteus mirabilis 

Proteus mirabilis 2.60 Species-level  

Bacteroides ovatus NLAE-
zl-C57 

GCF_900100465.1/ 
Bacteroides sp019412865 

Bacteroides ovatus 2.04 Species-level  

Morganella morganii NLAE-
zl-C84 

GCF_900142745.1/ 
Morganella morganii_E 
 

Morganella morganii 2.27 Species-level  

Megamonas sp. Calf98-2 GCF_900110235.1/ 
Megamonas funiformis 
 

Megamonas sp[2] 2.12 Species-level  

Shigella sonnei NLAE-zl-
G496 

GCF_900103855.1/ 
Escherichia coli 
 

Escherichia coli 2.44 Species-level  

Bacteroides xylanisolvens 
NLAE-zl-C202 

GCF_900114865.1/ 
Bacteroides xylanisolvens 

Bacteroides ovatus 2.34 Species-level  

Bacteroides sp. AR20 GCF_900109965.1/ 
Bacteroides thetaiotaomicron 

Bacteroides thetaiotaomicron 2.45 Species-level  

Enterococcus sp. KPPR-6 GCF_900111415.1/  
Enterococcus_A malodoratus  

Enterococcus malodoratus 2.32 Species-level  

Enterobacter sp. KPR-6 GCF_900116015.1/ 
Enterobacter_D sp900116015 

Enterobacter kobei 2.02 Species-level  

Olsenella sp. KH3B4 GCF_900111695.1/ 
Tractidigestivibacter sp900111695 

Olsenella scatoligenes 2.13 Species-level  

Citrobacter sp. NLAE-zl-
C269 

GCF_900112055.1/ 
Citrobacter_A amalonaticus 

Citrobacter amalonaticus 2.34 Species-level  

Eubacterium sp. AB3007 GCF_000688015.1/ 
Hornefia sp000688015 

None  Unidentified 

Lachnospiraceae 
bacterium FE2018 

GCA_000702845.1/ 
Bilifractor sp000702845 

None   Unidentified 

Prevotella brevis P6B11 GCF_000621825.1/ None   Unidentified 
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Prevotella brevis 
Blautia schinkii DSM 10518 GCA_000702025.1/ 

Blautia_A schinkii 
None   Unidentified 

Proteiniclasticum ruminis 
DSM 24773 

GCF_000701905.1/ 
Proteiniclasticum ruminis 

None   Unidentified 

Prevotella sp. RM4 GCF_000701965.1/ 
Prevotella ruminicola 

None   Unidentified 

Basfia succiniciproducens 
KPR-2 

GCF_900110905.1/ 
Basfia succiniciproducens 

None   Unidentified 

Desulfovibrio desulfuricans 
G11 (DSM 7057) 

Desulfovibrio desulfuricans G11 
(DSM 7057) 

None   Unidentified 

Bacteroidales bacterium 
WCE2008 

GCA_900167925.1/ 
Cryptobacteroides sp900167925 

None   Unidentified 

Cellulomonas sp. KH9 GCF_900114185.1/ 
Cellulomonas sp900114185 

None   Unidentified 

Prevotellaceae bacterium 
KH2P17 

GCA_900199655.1/ 
Prevotella sp900199655 

None   Unidentified 

Lachnoclostridium 
lavalense NLAE-zl-G277 

GCF_900102595.1/ 
Enterocloster lavalensis 

None   Unidentified 

Desulfovibrio legallii KHC7 GCF_900102485.1/ 
Desulfovibrio legallii_A 

None   Unidentified 

Porphyromonadaceae 
bacterium KHP3R9 

GCA_900116745.1/ 
Petrimonas mucosa 

None   Unidentified 

Prevotella ruminicola D31d GCF_900107775.1/ 
Prevotella ruminicola_C 

None   Unidentified 

*Score interpretation: Species level: A score of ≥2.0, Genus level: A score between ≥1.7 and ≤1.99, Unreliable: A score of <1.7 
(Panda et al., 2014) 
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Figure 9.  Summary of candidate strains identification matches using Bruker MALDI-
Biotyper® database revision H.   

3.4 New mass spectral profiles and verification 

To expand the database by addressing gaps in spectral profiles, closely related genera and 

species absent from the existing library were selected. New spectral profiles were created 

using high-quality protein extracts obtained via the extended protein extraction method 

(Section 2.2.4). Each MSP underwent quality control and verification before inclusion in the 

reference library. Appendix 1 presents quality control data for passed allowed mass 

tolerance for seven peaks from a mass range of 2000 Da to 10,000 Da for each MSP. 

Verification was performed using the direct transfer method (Section 2.23), which resulted 

in successful generation of spectra and species-level identification scores detailed in Table 

4.  
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Table 4. Validated spectral profiles of newly added candidate strains using the direct 

protein extraction method 

Organism Identification score before 
creating a new MSP 

Verification Score 
with New MSP  

Eubacterium sp. AB3007 unidentified 2.06 
Lachnospiraceae bacterium 
FE2018 

unidentified 2.19 

Prevotella brevis P6B11 unidentified 2.54 
Blautia schinkii DSM 10518 unidentified 2.54 
Proteiniclasticum ruminis DSM 
24773 

unidentified 2.27 

Prevotella sp. RM4 unidentified 2.46 
Basfia succiniciproducens KPR-2 unidentified 2.37 
Desulfovibrio desulfuricans G11 
(DSM 7057) 

unidentified 2.71 

Bacteroidales bacterium 
WCE2008 

unidentified 2.39 

Cellulomonas sp. KH9 unidentified 2.29 
Prevotellaceae bacterium 
KH2P17 

unidentified 2.41 

Lachnoclostridium lavalense 
NLAE-zl-G277 

unidentified 2.42 

Desulfovibrio legallii KHC7 unidentified 2.69 
Porphyromonadaceae bacterium 
KHP3R9 

unidentified 2.47 

Prevotella ruminicola D31d unidentified 2.49 
Citrobacter sp. NLAE-zl-C269 2.27 2.36 
Bacteroides ovatus NLAE-zl-
C500 

1.98 2.49 

Olsenella sp. KH3B4 1.98 2.38 
Enterobacter sp. KPR-6 1.91 2.74 
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3.5 Integration of new spectral profiles into the MSP dendrogram 

To determine the taxonomic relatedness between the candidate strains and reference 

strains, a dendrogram was generated using the spectral profiles (Figure 10). The MSPs from 

rumen isolates listed in Table 4 are positioned among selected MSPs that belong to the same 

genus present in the Bruker database. The placement of MSPs from rumen origin isolates 

indicates the presence of novel spectral profiles that were previously missing in the 

taxonomy tree of Bruker reference database revision H. The dendrogram shows that the new 

MSPs, particularly those clustered at near-zero distance levels, exhibited high similarity 

within a species taxon. The hierarchical structure is based on protein spectral similarity, with 

closely related strains forming tight, clusters such as Desulfovibrio (shown in red), 

Cellulomonas (green), and Porphyromonas/ Prevotella (various colours), emphasising intra-

cluster similarity and clear separation between different clusters. The rumen-based 

Prevotella strains form a distinct spectral cluster from the existing spectral profiles of non-

rumen Prevotella strains. 
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Figure 10.  Hierarchical dendrogram illustrates distinctly placed spectral profiles of candidate strains (underlined) compared 
to existing MSPs in the Bruker database. The X-axis represents distance levels, and the Y-axis presents microbial taxa. Their 
colour-coded branches show clustering based on spectral similarity.   
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Chapter 4. Results: Selective cultivation of TMA-

producing microbes 

4.1 Choline selective growth confirmation by candidate strains   

To evaluate substrate-specific microbial growth, candidate strains were cultivated on 

modified RM02 medium supplemented with either choline or betaine. Among the tested 

strains, Olsenella umbonata A2 demonstrated the highest growth on choline, indicating its 

ability to utilise this substrate (Figure 11). This observation aligns with previous genomic 

findings by Kelly et al. (2019), which identified the presence of the choline trimethylamine 

lyase (cutC) and its activating protein (cutD) in O. umbonata. However, confirmation of TMA 

production from choline metabolism requires further validation through metabolite 

quantification. 

In contrast, strains not previously associated with choline metabolism, such as Blautia 

schinkii DSM 10518, Basfia succiniciproducens strains DSM 22022 and KPR-2, Megamonas 

sp. Calf98-2, Shigella sonnei NLAE-zl-G496, and Lachnoclostridium clostridioforme strains 

NLAE-zl-G208 and NLAE-zl-C196 exhibited low growth levels comparable to the no-

substrate control, suggesting minimal or no choline utilisation under the tested conditions. 

Betaine-supplemented cultures showed no growth enhancement across all strains, with 

growth levels similar to the no-substrate control. This suggests limited utilisation of betaine 

under the experimental conditions. Cultures grown in a mixture of sugars–choline–betaine 

exhibited elevated optical density, attributed primarily to sugar metabolism rather than 

utilisation of choline or betaine. This was evident when compared to the no-substrate 

control, which showed minimal growth in the absence of fermentable sugars. 
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Figure 11.  Bar graph depicting growth on modified RM02 medium with choline and 
betaine.  The growth assay included a positive control with medium containing a sugar mix 
with choline and betaine, and a negative control with no substrates. Cultures were 
incubated for 24 hours at 39 °C. The optical density was measured at OD600. This pilot 
growth test was performed using a single tube of each culture, with the main objective to 
test growth on the chosen medium and substrates. 
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4.2 Selection for rumen and faecal microbiota that utilise choline, betaine and 

carnitine 

Growth measurements were obtained from rumen and faecal material dilutions inoculated 

into RM02 containing the selective substrates choline, betaine, and carnitine. The rumen 

samples exhibited higher growth across all the substrates as compared to the faecal 

samples. The absorbance measurements at OD600 were higher in the rumen sample tubes 

with choline substrate after 24 hours of incubation, as compared to betaine (except for R126 

betaine replicates at 10-2 dilution) and carnitine. Growth measurement in rumen sample 

tubes was observed to decrease with dilution for the choline substrate, but not much 

dilution effect was observed with betaine and carnitine substrates (Figure 12A and 12B). In 

contrast, the faeces samples showed low growth and less variation across the dilutions and 

substrates (Figure 12C).  
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Figure 12.  Box plots show the growth of two rumen samples (A) R126 and (B) R130, and 
one faecal sample (C) F124 across serial dilutions (ranging from 10-2 to 10-5). The Y-axis 
shows absorbance (OD600) and the X-axis shows rumen or faecal sample dilution for 10 
replicates. Box plots were created using https://BioRender.com, and data is presented with 
the horizontal line on each box representing the median of the 10 replicates, and the edges 
of the box represent the lower and upper quarters, and the whiskers represent the 
extremes.  
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4.3 Pure culture isolations on choline and betaine agar 

Pure isolates were obtained from the choline and betaine enrichment cultures, where each 

isolate was derived from the lowest dilution of the rumen sample. I could not purify isolates 

from carnitine enrichment cultures due to time constraints.  

To obtain pure isolates, choline agar plates were inoculated with serial 10-fold dilutions of 

the glycerol-preserved enrichment stock. Well-separated colonies were observed at 

dilutions ranging from 10⁻⁴ to 10⁻¹⁰. A total of 48 colonies were screened using the MALDI 

Biotyper®; 25 failed to generate detectable spectral peaks, and 17 produced spectra that 

could not be identified. Six colonies were successfully identified to the species level, with 

identification scores ≥ 2.0. Two isolates were classified as Prevotella species using the 

expanded custom-built reference database, while four matched Streptococcus species in 

the Bruker database. Table 5 summarises the MALDI-TOF identification results. 

The results for betaine-selected isolates are also presented in Table 5. Betaine agar plates 

inoculated with enrichment stock dilutions showed overgrowth at lower dilutions, while 

well-isolated colonies were obtained at dilutions of 10⁻⁶ and higher. A total of 36 colonies 

were screened using the MALDI Biotyper®. Among these, 18 failed to produce spectral peaks, 

and 16 spectra were unidentifiable; only two targets were successfully identified, one at the 

species level and the other at the genus level. 
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Table 5. Identification results for choline and betaine selective isolates using the 

MALDI Biotyper® with the expanded reference database 

MALDI 
identification 
database 

Identification 
outcome (score) 

Count of choline 
isolated targets 

Count of betaine 
isolated targets 

No identification  17 16 
No peaks found  25 18 
Bruker database  Streptococcus 

infantarius (1.97) 1 (1.82) 1 

Streptococcus 
lutetiensis (2.00) 

2 
  

Streptococcus 
lutetiensis (2.05) 1   

Expanded 
database  

Prevotella 
ruminicola (2.01) 1   
Prevotella 
ruminicola (2.23) 1   
Bacteroidales 
bacterium (2.13)   1 

Total targets 
screened 

  48 36 
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4.4 Grouping unidentified spectra based on similarity score  

A substantial number of spectral profiles remained unidentified; there were 33 unidentified 

spectra out of 41 targets that generated spectra from both choline and betaine isolated 

colonies. To identify if the remaining unidentified colonies belonged to different genera, five 

colonies were chosen to obtain representative spectra using MALDI-TOF and labelled A to E. 

Then, the remaining unidentified spectra from the previous screens were re-analysed, with 

new add-on spectra along with the Bruker and expanded databases. Those spectra with a 

similarity score above 2 to these additional reference spectra (A to E) were grouped 

accordingly (Table 6).  

Table 6. Grouping unidentified targets based on similarity score using novel spectra 

 

  

Group of 5 chosen novel 
spectra labelled A to E 

Identification after re-analysis with added novel 
spectra 
Choline isolated 
matches  

Betaine isolated matches  

Matched spectrum A 6 none 

Matched spectrum B 6 3 
Matched spectrum C none 2 
Matched spectrum D none none 
Matched spectrum E 1 8 
Unidentified  4 3 
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Figure 13 illustrates the improvement in MALDI identification as the database was expanded 

further with add-on novel spectra of new isolates. Using only the Bruker MSP library resulted 

in the fewest number of isolates identified and expanding the database with MSPs for 

targeted TMA-metabolising H1K candidate strains only marginal improvement. Further 

inclusion of the spectra from the new reference isolates enhanced identification, as 

summarised in Figure 13. These findings demonstrate that adding new spectral profiles 

enhances the proportion of identified isolates through similarity-based grouping. However, 

16S rRNA gene sequencing remains essential for confirming the identity of previously 

unidentified new isolates used as add-on spectra.  

 

Figure 13.  Grouping unknown samples by matching their spectra to improve 
identification. 

4.5 Identification of pure isolates using 16S rRNA gene sequencing 

To verify the MALDI identification results, 16S rRNA gene sequencing analyses were 

performed and are summarised in Table 7. Sequences were successfully generated using 

the universal forward primer 27F except for RCH22b, where the reverse primer 1492R was 

used due to poor-quality reads from the forward primer (Appendix 2). MALDI Biotyper® 

identification of the new isolates, including RB06, RCH10, and RCH11, was confirmed using 

16S rRNA sequencing. Two isolates were identified as Butyrivibrio hungatei (RB04 and RB05) 
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and one isolate as Slackia heliotrinireducens (RB50_D). The identification of isolates using 

16S rRNA gene sequencing with short sequence lengths (less than 200 bp) resulted in 

different hits using both databases (16S_ribosomal_RNA and core_nt). These sequences 

(<200bp) produced matching top blast hits to Pseudobutyrivibrio ruminis using the 16S rRNA 

database for the isolates RB47_A, RB48_B, RB49_C and RB51_E. In contrast, the core_nt 

database produced top blast hits to match various unclassified bacteria.  
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Table 7. Summarising the 16S rRNA gene sequencing results for the new rumen isolates.  

Isolate ID MALDI 
identification 
source 

NCBI 
Standard 
Nucleotide 
BLAST 

Top BLAST hit against the 
database* 

% 
Pairwise 
Identity  

E 
value 

Accessio
n 

Query 
sequen
ce 
(bases) 

Rumen_Betain
e_RB04** 

Un-identified 16S_riboso
mal_RNA  

Butyrivibrio proteoclasticus 
strain B316 16S ribosomal 
RNA, partial sequence 

98.55% 0 NR_1028
93.1 

487 

Rumen_Betain
e_RB04** 

Un-identified core_nt Butyrivibrio sp. CA23 gene for 
16S ribosomal RNA, partial 
sequence 

99.17% 0 AB84943
4.1 

487 

Rumen_Betain
e_RB05** 

Un-identified 16S_riboso
mal_RNA  

Butyrivibrio proteoclasticus 
strain B316 16S ribosomal 
RNA, partial sequence 

98.14% 0 NR_1028
93.1 

485 

Rumen_Betain
e_RB05** 

Un-identified core_nt Butyrivibrio sp. P-18 16S rRNA 
gene, strain P-18 

99.38% 0 AM03982
7.1 

485 

Rumen_Betain
e_RB06** 

Bruker 
database 

16S_riboso
mal_RNA  

Streptococcus lutetiensis 
strain CIP 106849 16S 
ribosomal RNA, partial 
sequence 

99.81% 0  NR_1157
19.1 

515 

Rumen_Betain
e_RB06 

Bruker 
database 

core_nt Streptococcus sp. strain 
Nyingchi-S2 16S ribosomal 
RNA gene, partial sequence 

100.00% 0 OR07295
3.1 

515 

Rumen_Betain
e_RB47_A** 

Unidentified, 
novel spectra 
A 

16S_riboso
mal_RNA  

Pseudobutyrivibrio ruminis 
strain DSM 9787 16S ribosomal 
RNA, partial sequence 

97.24% 3.00E
-65 

NR_0263
15.1 

143 
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Rumen_Betain
e_RB47_A** 

Unidentified, 
novel spectra 
A 

core_nt Bacterium MD2005 16S 
ribosomal RNA gene, partial 
sequence  

97.90% 4.00E
-62 

KF69821
9.1 

143 

Rumen_Betain
e_RB48_B** 

Unidentified, 
novel spectra 
B 

16S_riboso
mal_RNA  

Pseudobutyrivibrio ruminis 
strain DSM 9787 16S ribosomal 
RNA, partial sequence 

97.96% 2.00E
-67 

NR_0263
15.1 

146 

Rumen_Betain
e_RB48_B** 

Unidentified, 
novel spectra 
B 

core_nt Bacterium LE2007 16S 
ribosomal RNA gene, partial 
sequence 

98.65% 2.00E
-65 

KF69810
3.1 

146 

Rumen_Betain
e_RB49_C** 

Unidentified, 
novel spectra 
C 

16S_riboso
mal_RNA  

Pseudobutyrivibrio ruminis 
strain DSM 9787 16S ribosomal 
RNA, partial sequence 

100.00% 1.00E
-58 

NR_0263
15.1 

121 

Rumen_Betain
e_RB49_C** 

Unidentified, 
novel spectra 
C 

core_nt Pseudobutyrivibrio ruminis 
strain pC-XS7 16S ribosomal 
RNA gene, partial sequence 

100.00% 2.00E
-54 

AF20226
2.1 

121 

Rumen_Betain
e_RB50_D** 

Unidentified, 
novel spectra 
D 

16S_riboso
mal_RNA  

Slackia heliotrinireducens 
strain RHS1 16S ribosomal 
RNA, partial sequence 

99.83% 0 NR_0287
33.1 

588 

Rumen_Betain
e_RB50_D** 

Unidentified, 
novel spectra 
D 

core_nt Slackia heliotrinireducens DSM 
20476, complete genome 

100.00% 0 CP00168
4.1 

588 

Rumen_Betain
e_RB51_E** 

Unidentified, 
novel spectra 
E 

16S_riboso
mal_RNA  

Pseudobutyrivibrio ruminis 
strain DSM 9787 16S ribosomal 
RNA, partial sequence 

96.07 1.00E
-78 

NR_0263
15.1 

177 

Rumen_Betain
e_RB51_E* 

Unidentified, 
novel spectra 
E 

core_nt Bacterium YGD2003 16S 
ribosomal RNA gene, partial 
sequence 

98.88% 1.00E
-82 

KF69852
4.1  

177 
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Rumen_Cholin
e_RCH10** 

Expanded 
database 

16S_riboso
mal_RNA  

Xylanibacter ruminicola strain 
Bryant 23 16S ribosomal RNA, 
partial sequence 

94.64% 0 NR_1028
87.1 

444 

Rumen_Cholin
e_RCH10** 

Expanded 
database 

core_nt Bacterium MA2016 16S 
ribosomal RNA gene, partial 
sequence 

96.17% 0 KF69813
7.1  

444 

Rumen_Cholin
e_RCH11** 

Expanded 
database 

16S_riboso
mal_RNA  

Xylanibacter ruminicola strain 
Bryant 23 16S ribosomal RNA, 
partial sequence 

98.32% 0 NR_1028
87.1 

595 

Rumen_Cholin
e_RCH11** 

Expanded 
database 

core_nt Prevotella ruminicola gene for 
16S rRNA, complete sequence, 
strain: BP1-76 

98.83% 0 AB50116
1.1 

595 

Rumen_Cholin
e_RCH22b** 

Unidentified 16S_riboso
mal_RNA  

Pseudobutyrivibrio ruminis 
strain DSM 9787 16S ribosomal 
RNA, partial sequence 

98.35% 6e-56 NR_0263
15.1 

121 

Rumen_Cholin
e_RCH22b** 

Unidentified core_nt Rumen bacterium NK4A555 
16S ribosomal RNA gene, 
partial sequence 

99.17% 3e-53 GU12446
4.1 

121 

Rumen_Cholin
e_RCH22b_149
2R*** 

Unidentified 16S_riboso
mal_RNA  

Pseudobutyrivibrio ruminis 
strain DSM 9787 16S ribosomal 
RNA, partial sequence 

98.99% 0 NR_0263
15.1 

397 

Rumen_Cholin
e_RCH22b_149
2R*** 

Unidentified core_nt Butyrivibrio sp. strain FBDS c19 
16S ribosomal RNA gene, 
partial sequence) 

99.50% 0 KY64382
2.1  

397 

*Exclude: uncultured/environmental sample sequences 
**Sequence derived from the universal 16S rRNA gene forward primer 27F 
***Sequence derived from the universal 16S rRNA gene reverse primer 1492R 



69 

 

4.6 Alignment of novel spectra with MSPs in the expanded reference database 

A MALDI-based dendrogram was generated to compare the unidentified spectral profiles, 

revealing distinct clustering patterns among existing MSPs in both the commercial Bruker 

and expanded databases. New additional spectra were underrepresented in the databases. 

In the dendrogram (Figure 14), spectrum D showed greater similarity to the Bacteroidales 

bacterium WCE2008 reference MSP and other novel spectra A–E were distinctly placed from 

the rest of the reference MSPs. 

  

Figure 14.  Alignment of unidentified additional spectral profiles with MSPs in the 
expanded reference database
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4.7 Substrate utilisation and degradation products of rumen enrichment samples 

Rumen microbial enrichment samples were quantified for substrate utilisation of choline, 

betaine, and carnitine using HPLC. Choline was completely utilised across all sample 

dilutions, but in contrast, betaine and carnitine showed minimal reduction in their initial 

concentrations (Figure 15).  

To evaluate TMA-lyase activity in microbial enrichments, the enzymatic degradation 

products TMA, acetate, and ethanol were quantified. The results of HPLC quantification of 

TMA and GC quantification of ethanol and acetate are shown in Figure 15. HPLC revealed 

detectable levels of TMA in cultures supplemented with choline, whereas betaine 

enrichments showed only minimal TMA production at lower dilutions, and carnitine 

enrichments produced no detectable TMA.  

Acetate was detected across all substrate conditions and was confirmed with GC analysis. 

The highest concentrations were observed in choline enrichments, followed by betaine and 

carnitine, which produced comparable levels of acetate in both substrates.  GC analysis also 

confirmed ethanol production, with the highest levels found in microbial enrichments on 

choline. Betaine and carnitine treatments resulted in significantly lower ethanol 

concentrations. This result supports that choline is the primary precursor for TMA 

production in the tested rumen sample enrichments. 
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Figure 15.  Bar graph illustrating substrate utilisation and metabolites of rumen microbial 
enrichment from R126 and R130. Methylated amines, including TMA, choline, betaine, and 
carnitine, were quantified using HPLC, and ethanol and acetate were quantified using GC. 
Concentrations are reported in mM. 
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4.8 Utilisation of choline and betaine in pure cultures 

Supernatants from broth cultures of pure isolates obtained after colony purification were 

analysed using HPLC to assess substrate utilisation (Figure 16A and 16B). Isolates CH01, 

CH02, CH03, CH04 and CH17 from choline enrichments showed notable substrate 

depletion measured below 20 mM. Most samples exhibited only minor reductions in choline 

concentration compared to the original level, as shown in the control sample with medium 

and choline and no TMA was detected in any of the pure cultures. The same results were 

obtained for pure isolates obtained from betaine, where utilisation was minimal across most 

culture samples.   
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A.    B.  

Figure 16.  Quantification of substrate utilisation and TMA production in pure cultures of 
isolates from (A) choline and (B) betaine enrichment cultures. The bar chart displays 
residual choline and betaine concentrations (mM) after 24-hour incubation in modified 
RM02 medium supplemented with 25 mM of each TMA precursor. 
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Chapter 5. Discussion 
This study aimed to isolate TMA-producing microbes from the rumen, facilitated using the 

MALDI Biotyper® databases that had been expanded to incorporate rumen microbes for 

rapid identification. This study resulted in successful enrichment for TMA-producing 

microbiota from choline, but TMA production was not detected in any of the purified isolates 

examined. The MALDI Biotyper® database was expanded with the MSPs created for selected 

rumen strains from the H1K culture collection (Seshadri et al., 2018), possessing genes 

involved in TMA metabolism. This study confirmed gaps in the current version of the Bruker 

database revision H, which lacked representation of anaerobic isolates from rumen origin.  

Discussion in this chapter highlights the key findings of this study, including successes, 

limitations, challenges, and future directions for the developed methodology.  

5.1 The importance of MALDI Biotyper® database expansion 

The use of the MALDI Biotyper® proved highly effective for rapidly identifying new isolates. 

The accurate microbial identification depended on the presence of the reference MSPs, 

which were previously absent for those rumen genera and species listed in Table 4. The 

ability to expand the MALDI Biotyper® database made it most suited for rapid microbial 

identification compared to 16S rRNA sequencing. Previous cultivation and H1K culture 

collection efforts represent the largest number of cultured representatives of rumen 

microbes available, along with their whole genome sequences (Seshadri et al., 2018). 

However, the remaining uncultured fraction of rumen microbial diversity needs to be 

cultivated. Cultivation efforts can be enhanced by the development of a high-throughput 

microbial identification method.  

In this study, a targeted cultivation approach was explored, selecting strains from the H1K 

culture collection that are linked to TMA metabolism pathways. Initial screening of candidate 

strains confirmed significant gaps in the commercial Bruker database; the identification 

results presented in Table 3 highlighted under-represented rumen strains. The pilot study 
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successfully created a database specifically for rumen microbes to bridge this gap. The 

expanded database with 19 candidate strains successfully identified three new isolates, but 

most remained unidentified, suggesting the need to further expand the database to cover 

more diverse rumen genera and species.  

To my knowledge, this study represents the first effort to expand Bruker’s database by testing 

library creation methods on strictly anaerobic rumen strains. A previous study expanded the 

Bruker database with anaerobic strains of human clinical origin included in the revision H   

(Alcala et al., 2021; Asare et al., 2023). In this study, using the Bruker database revision H, a 

total of 20 candidate strains were identified in Table 3. However, further expansion by 

creating MSPs from rumen origin represented distinct spectral profiles presented in the 

dendrogram in Figure 10.  

The strain preparation methods (section 2.3) used in other studies for clinical anaerobic 

strains produce sufficient microbial biomass as a single colony or with a pool of two to three 

isolated colonies for protein extraction, which was suitable for generating high-quality 

spectra (Asare et al., 2023). Since I was testing the application of the MALDI Biotyper® on 

fastidious microbes, challenges arose when using strictly anaerobic microbes of rumen 

origin. Selected rumen candidate strains grew poorly on Brain Heart Infusion (BHI Agar) 

recommended by  Asare et al. (2023) and Colombia sheep blood agar recommended by 

Bakhtiary et al. (2018) for anaerobes from clinical studies (Asare et al., 2023; Bakhtiary et al., 

2018). However, the rumen microbe-specific medium, M2GCS agar (Miyazaki et al., 1997), 

supported the growth of most candidate bacterial strains for generating protein spectral 

profiles using the MALDI Biotyper®. For some strains that formed small colonies, it was 

necessary to pool multiple colonies (more than four) to obtain sufficient biomass for protein 

extraction to generate spectra. However, spectra generated from pooled colonies failed 

quality control due to peak variability that exceeded the acceptable mass tolerance range. 

Quality control results for MSPs included in the expanded database are presented in 

Appendix 1. To obtain 20 valid spectra that met quality control criteria, at least 36 spectra 
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had to be captured from pooled (two to four) colonies that showed minimal variation, 

allowing 20 valid spectra for MSP creation. 

When new isolates were identified using MALDI Biotyper®, most target spots failed to 

generate a spectrum from colonies grown on minimal medium modified RM02 agar with an 

added TMA-precursor. Isolated microbes produced tiny colonies with insufficient microbial 

biomass to generate a spectrum. However, of the targets for which successful spectra were 

generated, most remained unidentified, which may be for various reasons. One possibility is 

impure colonies, because isolated colonies have not been put through the purification step 

of a single colony streak. Secondly, this highlighted the absence of these strains in the 

targeted rumen reference database and overall under-representation of MSPs from rumen 

strains in Bruker’s database.  

Identified isolates using the MALDI Biotyper® confirmed matches to Prevotella ruminicola 

(from choline medium) and Bacteroidales bacterium (from betaine) using the targeted 

reference database.  The MALDI Biotyper® identification was verified by 16S rRNA gene 

sequencing, which confirmed that new isolates matched Prevotella ruminicola using both 

identification methods. However, I could not verify the MALDI identification matching 

Bacteroidales bacterium, because of accidental loss of the colony.  But the validation by 

rapid identification of a species-level match to Prevotella ruminicola highlighted the 

importance of expanding the database with spectral libraries from rumen strains. Other 

isolates were identified as Streptococcus infantarius and Streptococcus lutetiensis using 

the Bruker database and these were also verified using 16S rRNA sequencing, again 

validating the reliability and reproducibility of MALDI Biotyper® for microbial identification. 

 To further improve the identification of isolates in real time, spectral grouping based on the 

similarity scores proved highly effective. These unidentified spectra were grouped based on 

their protein profile similarities (Table 6). A representative strain from each cluster was 

identified using 16S rRNA gene sequencing (Table 7), which confirmed the utility of MALDI 

Biotyper® in reducing redundancy and prioritising phylogenetic diversity. This semi-targeted 
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approach improved throughput and ensured the inclusion of a broader range of taxa. 

Through this process, previously unidentified isolates were matched to Butyrivibrio 

proteoclasticus, Butyrivibrio hungatei, Pseudobutyrivibrio ruminis, and Slackia 

heliotrinireducens by 16S rRNA gene sequencing. 

5.2 Microbial growth responses to substrate specificity  

The TMA precursor, choline, is abundant in the rumen (Kelly et al., 2019). While betaine and 

carnitine are also TMA precursors and have been included in my study, there is limited 

research that has examined their contribution to TMA formation in the rumen (Servillo et al., 

2018). Betaine has, however, been extensively studied for its osmo-protective roles in the 

rumen (Mahmood et al., 2020), and carnitine for its role in lipid metabolism during lactation 

(Meyer et al., 2020). Growth of microbiota from the calf rumen and faecal samples showed 

that they were enriched on choline, betaine, and carnitine supplemented minimal medium, 

and presumably selected for choline, betaine, or carnitine-utilising microbes.  

The sample source had a significant influence on growth in the selective enrichments, as 

illustrated in Figure 12. The rumen sample exhibited an active microbial community that is 

adept at metabolising choline substrates compared with betaine and carnitine. This could 

be due to rumen microbiota exposure to an abundance of choline (105 ± 59 μM in the rumen 

fluid) (Foroutan et al., 2020; O’Callaghan et al., 2018) from plant phosphatidylcholine 

(Dawson & Hemington, 1974), as compared to the availability of betaine (15 ± 40 μM in 

rumen fluid) (Foroutan et al., 2020; O’Callaghan et al., 2018) and carnitine (3 ± 1 μM in rumen 

fluid) (Foroutan et al., 2020). Conversely, the lower growth in faecal enrichments suggests 

limited microbial enrichment occurred for these selective substrates. Several factors could 

explain this observation. Firstly, the bioavailability of the choline, betaine, and carnitine 

substrates could be limited in the lower intestinal tract because of susceptibility to rapid 

ruminal degradation (Davidson et al., 2008; Pirestani & Aghakhani, 2018). Secondly, the 

modified RM02 medium, containing 5% clarified rumen fluid, is specifically designed for 

cultivating rumen microbes, making it potentially less effective for faecal microbes. 
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Pure culture isolations were restricted to stocks of only the lowest dilution enrichments 

because of time limitations. The choline-enriched, identifiable pure isolates identified two 

Prevotella ruminicola, three Streptococcus lutetiensis, and a Streptococcus infantarius. 

Additionally, isolates originating from the betaine enrichment were identified as 

Bacteroidales sp. and Streptococcus infantarius, indicating a diversity of microbes obtained 

from both substrates. Interestingly, although the choline-enriched cultures showed higher 

absorbance values for OD600 compared to the betaine-enriched cultures, the betaine-

enriched cultures produced a greater colony-forming unit (CFU) count than the choline-

enriched ones. A possible explanation for the higher CFU in the betaine-enriched cultures 

could be the osmolyte properties of betaine, which help microbes cope with stress 

(Mahmood et al., 2020).  

5.3 Source of TMA in the rumen  

The production of TMA, ethanol, and acetate suggests TMA-lyase activity occurred in the 

choline enrichment cultures derived from rumen samples. The breakdown of 1 mol of 

choline produces 1 mol of trimethylamine, along with 0.5 mol each of acetic acid and 

ethanol (Müller et al., 1981). TMA quantification in samples from the choline enrichments 

confirmed full conversion of choline into TMA. However, TMA was low in a few of the betaine 

samples and no ethanol was detected in the betaine and carnitine enrichments, but acetate 

was detected in all sets of substrates. The highest levels of acetate were detected in the 

choline enrichment cultures, followed by the betaine and carnitine enrichment cultures. The 

production of acetate without TMA and ethanol in the betaine and carnitine enrichments 

does not involve TMA-lyase activity. Hence, betaine and carnitine are likely not the main 

sources of TMA production in the rumen ecosystem, while choline can be confirmed as a 

source of TMA. 
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5.4 Microbial cross-feeding may result in isolation of non-TMA-producing microbes 

from enrichment cultures 

The pure culture isolates obtained in this study did not produce TMA. Some isolates were 

identified as Bacteroides and Prevotella species, which play an indirect yet ecologically 

significant role in the metabolism of both betaine and choline within the gut. Although they 

are not known to produce TMA from choline and betaine, nor are they known to possess TMA-

lyase genes (e.g., cutC for choline and grdH for betaine), they may utilise choline, betaine 

and carnitine using other metabolic pathways (Creighbaum et al., 2019). Betaine utilising 

microbes may convert it into intermediates like dimethylglycine or use it for osmoprotection, 

aided by transporters and enzymes such as betaine aldehyde dehydrogenase (Munoz-Clares 

et al., 2010). Choline-utilising microbes may contribute indirectly by breaking down 

phosphatidylcholine, releasing free choline that TMA-producing bacteria can then utilise, or 

choline can be converted irreversibly to betaine via the enzyme choline dehydrogenase 

(Swartz et al., 2022). In both cases, the metabolic activity of choline and betaine-utilising 

microbes in the rumen enrichment tubes shaped substrate availability and microbial cross-

feeding interactions, which favoured the growth of non-selective microbes during 

cultivations. 

Streptococcus infantarius and Streptococcus lutetiensis were also identified as matches to 

isolates from the choline and betaine enrichments. However, these species are not known 

to metabolise choline or betaine directly, but this could be growing because of cross-feeding 

interactions. For instance, studies with Lactococcus lactis have shown that in co-culture 

with Bacteroides species, lactate produced by L. lactis is consumed by Bacteroides, which 

convert it into short-chain fatty acids like propionate and acetate, demonstrating an example 

of metabolic cross-feeding (Schultz & Breznak, 1979). Similarly, Streptococcus spp. likely 

benefits from these interactions by using fermentation end-products released by primary 

degraders of choline and betaine, such as acetogens or methanogens. This cross-feeding 

supports their growth and contributes to the stability and functionality of the microbial 
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ecosystem in anaerobic environments by linking different metabolic niches and facilitating 

efficient substrate utilisation within the microbial community.  

5.5 Limitations and challenges of the study 

There are limitations to this study that should be considered when interpreting the findings 

of the targeted identification of TMA-metabolising microorganisms. The candidate strains 

were not experimentally confirmed to produce TMA, and the presence of the cutC/D gene 

cluster is widely distributed but discontinuously present across bacterial phyla, likely due to 

horizontal gene transfer (Craciun & Balskus, 2012). Hence, the confirmation of the presence 

of genes alone is a poor indicator to use for strain selection for this study. 

One limitation of the study is that the purifications were conducted after 24 hours of 

incubation of enrichment cultures using the lowest dilution of the rumen sample. This 

approach did not yield pure isolates that produced TMA. However, if sequential subculturing 

had been performed over a week, with subcultures every 48 hours before isolation, it would 

have facilitated the selection of microbes of interest on specific substrates. 

5.6  Conclusion  

In conclusion, the rumen microbiota adept at utilising choline, betaine, and carnitine was 

successfully enriched and produced TMA only by utilising choline. However, none of the 

obtained pure isolates produced TMA, concluding that alternative targeted cultivations are 

required. Rapid identification was facilitated using a MALDI Biotyper® with successful 

expansion of the database, combined with add-on spectra. Integrating the spectral profiles 

from the entire Hungate 1000 culture collection into the MALDI-Biotyper® reference 

databases will enhance throughput. Given the ecological and agricultural importance of 

rumen microbiota, there is a critical need to expand mass spectral profiling efforts to build 

robust databases for rumen-derived anaerobic strains. This would enable accurate and 

rapid identification of rumen bacteria. 
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5.7 Future studies 

Findings in this study could be applied in future research to selectively grow specific 

microbial populations from rumen or faeces microbiomes. The insights from data showed 

favourable microbial growth conditions that can help further refinement in targeted 

enrichment protocols for cultivating microbes of interest. Since the isolation efforts were 

only performed on the lowest diluted enrichments from rumen samples, future research 

could also focus on isolating from the remaining dilutions of enrichments produced in this 

study.  

This pilot study has important implications for the development of microbiota-targeted 

therapies in humans, especially in the context of faecal microbiota transplantation, 

gastrointestinal health, and mitigation of cardiometabolic risks associated with TMAO 

accumulation. Future efforts should focus on novel TMA-producing anaerobes from the 

rumen to identify new enzymes and pathways involved in metabolism.  
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Appendix 1. Quality control for created Libraries  

Quality control is a crucial step in ensuring the reproducibility of MSP creation in MALDI-TOF 

MS-based microbial identification. It is necessary to measure relative mass deviation (RMD) 

across the spectra before creating an MSP from 20 replicate spectra. Quality control 

parameters recorded in Appendix 1 for each created MSP step ensure mass accuracy and 

alignment across replicates, confirm consistent performance across the full m/z range, and 

guarantee high-quality, reproducible MSP generation.   

To calculate relative mass deviation for each peak: 

RMD (ppm) = ((upper mass – lower mass)/ upper mass) *1,000,000 

The recommended peak shift between the spectra with the lower (smallest) and the upper 

(largest) mass is 500 ppm. 

Lower mass = peak mass with the smallest m/z (most left on the electrograph) 

Upper mass = the comparative peak mass with the highest m/z value (most right on the 

electrograph) 
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A.1.  Eubacterium sp. AB3007 (Hun105) 

 

Mass 
range 

Lower 
Mass 

Upper 
Mass 

Mass 
Deviation 

Relative Mass 
Deviation (RMD) 

Pass (if RMD 
<500 ppm) 

3000 Da to 4000 Da 3097 Da 3098 Da 1.1 Da 339 ppm PASS 

4000 Da to 5000 Da 4648 Da 4650 Da 1.3 Da 275 ppm PASS 

5000 Da to 6000 Da 5091 Da 5093 Da 2.0 Da 393 ppm PASS 

6000 Da to 7000 Da 6993 Da 6997 Da 3.1 Da 447 ppm PASS 

7000 Da to 8000 Da 7591 Da 7592 Da 0.8 Da 107 ppm PASS 

8000 Da to 9000 Da 8043 Da 8046 Da 3.4 Da 418 ppm PASS 

9000 Da to 10000 Da 9293 Da 9296 Da 2.7 Da 292 ppm PASS 
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A.2.  Blautia schinkii DSM 10518 (Hun196) 

 

Mass 
range 

Lower 
Mass 

Upper 
Mass 

Mass 
Deviation 

Relative Mass 
Deviation (RMD) 

Pass (if RMD 
<500 ppm) 

3000 Da to 4000 Da 3217 Da 3219 Da 1.6 Da 494 ppm PASS 

4000 Da to 5000 Da 4307 Da 4309 Da 1.9 Da 429 ppm PASS 

5000 Da to 6000 Da 5071 Da 5073 Da 2.0 Da 394 ppm PASS 

6000 Da to 7000 Da 6437 Da 6440 Da 3.0 Da 466 ppm PASS 

7000 Da to 8000 Da 7166 Da 7169 Da 3.2 Da 442 ppm PASS 

8000 Da to 9000 Da 8101 Da 8104 Da 3.4 Da 416 ppm PASS 

9000 Da to 10000 Da 9176 Da 9180 Da 4.5 Da 489 ppm PASS 
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A.3.  Basfia succiniciproducens KPR-2 (Hun298) 

 

Mass 
range 

Lower 
Mass 

Upper 
Mass 

Mass 
Deviation 

Relative Mass 
Deviation (RMD) 

Pass (if RMD 
<500 ppm) 

3000 Da to 4000 Da 3180 Da 3181 Da 1.1 Da 330 ppm PASS 

4000 Da to 5000 Da 4280 Da 4282 Da 1.8 Da 430 ppm PASS 

5000 Da to 6000 Da 5101 Da 5103 Da 2.0 Da 392 ppm PASS 

6000 Da to 7000 Da 6264 Da 6267 Da 3.0 Da 474 ppm PASS 

7000 Da to 8000 Da 7093 Da 7096 Da 3.2 Da 444 ppm PASS 

8000 Da to 9000 Da 8378 Da 8381 Da 3.4 Da 409 ppm PASS 

9000 Da to 10000 Da 9375 Da 9379 Da 4.5 Da 483 ppm PASS 
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A.4.  Cellulomonas sp. KH9 (Hun336) 

 

Mass 
range 

Lower 
Mass 

Upper 
Mass 

Mass 
Deviation 

Relative Mass 
Deviation (RMD) 

Pass (if RMD 
<500 ppm) 

3000 Da to 4000 Da 3955 Da 3957 Da 1.8 Da 445 ppm PASS 

4000 Da to 5000 Da 4402 Da 4404 Da 1.9 Da 422 ppm PASS 

5000 Da to 6000 Da 5224 Da 5226 Da 2.0 Da 388 ppm PASS 

6000 Da to 7000 Da 6194 Da 6197 Da 2.9 Da 474 ppm PASS 

7000 Da to 8000 Da 7222 Da 7225 Da 3.2 Da 440 ppm PASS 

8000 Da to 9000 Da 8265 Da 8268 Da 3.4 Da 412 ppm PASS 

9000 Da to 10000 Da 9388 Da 9392 Da 4.5 Da 483 ppm PASS 
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A.5.  Desulfovibrio desulfuricans G11 (DSM 7057) (Hun310) 

 

Mass 
range 

Lower 
Mass 

Upper 
Mass 

Mass 
Deviation 

Relative 
Mass 
Deviation 
(RMD) 

Pass (if 
RMD <500 
ppm) 

3000 Da to 4000 Da 3162 Da 3163 Da 1.6 Da 499 ppm PASS 

4000 Da to 5000 Da 4211 Da 4213 Da 1.8 Da 432 ppm PASS 

5000 Da to 6000 Da 5167 Da 5169 Da 2.0 Da 391 ppm PASS 

6000 Da to 7000 Da 6326 Da 6328 Da 2.2 Da 354 ppm PASS 

7000 Da to 8000 Da 7353 Da 7356 Da 3.2 Da 438 ppm PASS 

8000 Da to 9000 Da 8421 Da 8425 Da 3.4 Da 408 ppm PASS 

9000 Da to 10000 Da 9553 Da 9557 Da 4.6 Da 479 ppm PASS 
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A.6.  Desulfovibrio legallii KHC7 (Hun434) 

 

Mass 
range 

Lower 
Mass 

Upper 
Mass 

Mass 
Deviation 

Relative 
Mass 
Deviation 
(RMD) 

Pass (if 
RMD 
<500 
ppm) 

3000 Da to 4000 Da 3005 Da 3006 Da 1.0 Da 343 ppm PASS 

4000 Da to 5000 Da 4265 Da 4267 Da 1.2 Da 288 ppm PASS 

5000 Da to 6000 Da 5182 Da 5183 Da 1.3 Da 260 ppm PASS 

6000 Da to 7000 Da 6421 Da 6423 Da 1.5 Da 234 ppm PASS 

7000 Da to 8000 Da 7302 Da 7305 Da 2.4 Da 329 ppm PASS 

9000 Da to 10000 Da 9593 Da 9597 Da 3.7 Da 383 ppm PASS 

Above 10000 Da 10033 Da 10036 Da 2.8 Da 281 ppm PASS 
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A.7.  Prevotella sp. RM4 (Hun203) 

 

Mass 
range 

Lower 
Mass 

Upper 
Mass 

Mass 
Deviation 

Relative 
Mass 
Deviation 
(RMD) 

Pass (if 
RMD <500 
ppm) 

3000 Da to 4000 Da 3041 Da 3042 Da 1.0 Da 339 ppm PASS 

4000 Da to 5000 Da 4577 Da 4579 Da 1.9 Da 415 ppm PASS 

5000 Da to 6000 Da 5168 Da 5170 Da 2.0 Da 389 ppm PASS 

6000 Da to 7000 Da 6085 Da 6087 Da 2.2 Da 360 ppm PASS 

7000 Da to 8000 Da 7159 Da 7162 Da 3.2 Da 443 ppm PASS 

7000 Da to 8000 Da 7849 Da 7853 Da 3.3 Da 422 ppm PASS 

9000 Da to 10000 Da 9392 Da 9397 Da 4.5 Da 483 ppm PASS 
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A.8.  Prevotella brevis P6B11 (Hun167) 

 

Mass 
range 

Lower 
Mass 

Upper 
Mass 

Mass 
Deviation 

Relative 
Mass 
Deviation 
(RMD) 

Pass (if 
RMD <500 
ppm) 

3000 Da to 4000 Da 3049 Da 3050 Da 1.0 Da 338 ppm PASS 

4000 Da to 5000 Da 4546 Da 4547 Da 1.3 Da 277 ppm PASS 

5000 Da to 6000 Da 5013 Da 5015 Da 1.3 Da 263 ppm PASS 

6000 Da to 7000 Da 6100 Da 6102 Da 2.2 Da 359 ppm PASS 

7000 Da to 8000 Da 7137 Da 7140 Da 2.4 Da 332 ppm PASS 

7000 Da to 8000 Da 7640 Da 7643 Da 3.3 Da 428 ppm PASS 

9000 Da to 10000 Da 9090 Da 9093 Da 2.7 Da 295 ppm PASS 
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A.9.  Prevotella ruminicola D31d (Hun463) 

 

Mass 
range 

Lower 
Mass 

Upper 
Mass 

Mass 
Deviation 

Relative Mass 
Deviation 
(RMD) 

Pass (if RMD 
<500 ppm) 

3000 Da to 4000 Da 3041 Da 3042 Da 0.5 Da 168 ppm PASS 

4000 Da to 5000 Da 4577 Da 4578 Da 1.3 Da 277 ppm PASS 

5000 Da to 6000 Da 5150 Da 5151 Da 1.3 Da 260 ppm PASS 

6000 Da to 7000 Da 6085 Da 6087 Da 2.2 Da 360 ppm PASS 

7000 Da to 8000 Da 7159 Da 7161 Da 2.4 Da 332 ppm PASS 

7000 Da to 8000 Da 7865 Da 7868 Da 3.3 Da 422 ppm PASS 

9000 Da to 10000 Da 9392 Da 9396 Da 3.6 Da 387 ppm PASS 
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A.10.  Lachnoclostridium lavalense NLAE-zl-G277 (Hun391) 

 

 

 

 

 

 

 

 

 

Mass 
range 

Lower 
Mass 

Upper 
Mass 

Mass 
Deviation 

Relative 
Mass 
Deviation 
(RMD) 

Pass (if RMD 
<500 ppm) 

3000 Da to 4000 Da 3002 Da 3003 Da 1.0 Da 340 ppm PASS 

4000 Da to 5000 Da 4308 Da 4310 Da 1.2 Da 283 ppm PASS 

4000 Da to 5000 Da 4958 Da 4960 Da 2.0 Da 399 ppm PASS 

6000 Da to 7000 Da 6009 Da 6010 Da 1.4 Da 241 ppm PASS 

7000 Da to 8000 Da 7078 Da 7081 Da 3.2 Da 445 ppm PASS 

7000 Da to 8000 Da 7696 Da 7699 Da 3.3 Da 427 ppm PASS 

9000 Da to 10000 Da 9036 Da 9040 Da 4.5 Da 493 ppm PASS 
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A.11.  Citrobacter sp. NLAE-zl-C269 (Hun455) 

 

Mass 
range 

Lower 
Mass 

Upper 
Mass 

Mass 
Deviation 

Relative 
Mass 
Deviation 
(RMD) 

Pass (if 
RMD <500 
ppm) 

4000 Da to 5000 Da 4365 Da 4367 Da 1.9 Da 424 ppm PASS 

5000 Da to 6000 Da 5384 Da 5386 Da 2.1 Da 382 ppm PASS 

6000 Da to 7000 Da 6258 Da 6260 Da 2.2 Da 355 ppm PASS 

7000 Da to 8000 Da 7264 Da 7267 Da 3.2 Da 439 ppm PASS 

8000 Da to 9000 Da 8372 Da 8375 Da 3.4 Da 410 ppm PASS 

9000 Da to 10000 Da 9168 Da 9172 Da 4.5 Da 488 ppm PASS 

Above 10000 Da 10301 Da 10306 Da 4.8 Da 461 ppm PASS 
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A.12.  Proteiniclasticum ruminis DSM 24773 (Hun201) 

 

Mass 
range 

Lower 
Mass 

Upper 
Mass 

Mass 
Deviation 

Relative 
Mass 
Deviation 
(RMD) 

Pass (if 
RMD <500 
ppm) 

2000 Da to 3000 Da 2997 Da 2999 Da 1.0 Da 344 ppm PASS 

4000 Da to 5000 Da 4087 Da 4088 Da 1.2 Da 291 ppm PASS 

5000 Da to 6000 Da 5329 Da 5331 Da 1.4 Da 255 ppm PASS 

6000 Da to 7000 Da 6460 Da 6463 Da 2.3 Da 350 ppm PASS 

7000 Da to 8000 Da 7309 Da 7311 Da 1.6 Da 219 ppm PASS 

8000 Da to 9000 Da 8173 Da 8175 Da 2.5 Da 311 ppm PASS 

8000 Da to 9000 Da 8992 Da 8993 Da 1.8 Da 198 ppm PASS 
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A.13.  Bacteroidales bacterium WCE2008 (Hun327)  

 

Mass 
range 

Lower 
Mass 

Upper 
Mass 

Mass 
Deviation 

Relative 
Mass 
Deviation 
(RMD) 

Pass (if 
RMD <500 
ppm) 

4000 Da to 5000 Da 4564 Da 4566 Da 1.9 Da 416 ppm PASS 

5000 Da to 6000 Da 5304 Da 5306 Da 2.1 Da 386 ppm PASS 

6000 Da to 7000 Da 6054 Da 6057 Da 2.9 Da 482 ppm PASS 

6000 Da to 7000 Da 6315 Da 6318 Da 2.2 Da 353 ppm PASS 

7000 Da to 8000 Da 7288 Da 7291 Da 3.2 Da 439 ppm PASS 

8000 Da to 9000 Da 8501 Da 8505 Da 3.5 Da 407 ppm PASS 

9000 Da to 10000 
Da 

9307 Da 9311 Da 3.6 Da 389 ppm PASS 
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A.14.  Prevotellaceae bacterium MN60 (Hun374) 

 

Mass 
range 

Lower 
Mass 

Upper 
Mass 

Mass 
Deviation 

Relative 
Mass 
Deviation 
(RMD) 

Pass (if 
RMD <500 
ppm) 

3000 Da to 4000 Da 3061 Da 3062 Da 1.0 Da 340 ppm PASS 

4000 Da to 5000 Da 4579 Da 4580 Da 1.3 Da 277 ppm PASS 

5000 Da to 6000 Da 5292 Da 5294 Da 2.0 Da 385 ppm PASS 

6000 Da to 7000 Da 6127 Da 6129 Da 1.5 Da 238 ppm PASS 

7000 Da to 8000 Da 7136 Da 7138 Da 2.4 Da 332 ppm PASS 

7000 Da to 8000 Da 7475 Da 7478 Da 3.2 Da 433 ppm PASS 

9000 Da to 10000 Da 9452 Da 9456 Da 4.5 Da 481 ppm PASS 
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A.15.  Enterobacter sp. KPR-6 (Hun299) 

Mass 
range 

Lower 
Mass 

Upper 
Mass 

Mass 
Deviation 

Relative 
Mass 
Deviation 
(RMD) 

Pass (if 
RMD <500 
ppm) 

3000 Da to 4000 Da 3125 Da 3126 Da 1.0 Da 333 ppm PASS 

4000 Da to 5000 Da 4362 Da 4364 Da 1.2 Da 282 ppm PASS 

5000 Da to 6000 Da 5248 Da 5250 Da 2.0 Da 387 ppm PASS 

6000 Da to 7000 Da 6254 Da 6256 Da 2.2 Da 355 ppm PASS 

7000 Da to 8000 Da 7259 Da 7262 Da 2.4 Da 331 ppm PASS 

7000 Da to 8000 Da 8276 Da 8278 Da 1.7 Da 207 ppm PASS 

9000 Da to 10000 Da 9502 Da 9504 Da 2.7 Da 288 ppm PASS 

A.16.  Bacteroides ovatus NLAE-zl-C500 (Hun462), spectral picture missing.  

Mass 
range 

Lower 
Mass 

Upper 
Mass 

Mass 
Deviation 

Relative 
Mass 
Deviation 
(RMD) 

Pass (if 
RMD <500 
ppm) 

3000 Da to 4000 Da 3144 Da 3145 Da 1.6 Da 499 ppm PASS 

4000 Da to 5000 Da 4588 Da 4590 Da 1.9 Da 414 ppm PASS 

4000 Da to 5000 Da 5792 Da 5795 Da 2.9 Da 492 ppm PASS 

6000 Da to 7000 Da 6359 Da 6362 Da 3.0 Da 470 ppm PASS 

7000 Da to 8000 Da 7505 Da 7508 Da 3.3 Da 433 ppm PASS 

9000 Da to 10000 Da 9296 Da 9299 Da 3.6 Da 388 ppm PASS 

Above 10000 Da 10429 Da 10433 Da 4.8 Da 458 ppm PASS 
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Appendix 2. 16S rRNA sequences used for blast 

search  

Sequence ID Sequence bases 

Rumen_Betaine_R
B04_27F 

TATTCTTAGTGGCGGACGGGTGAGTAACGCGTGGGTAACCTGCCT
CATACTGGGGGATAACAGCTGGAAACGACTGTTAATACCGCATAAG
CGCACRGTGTCGCATGACACAGTGTGAAAAACTCCGGTGGTATGA
GATGGGCCCGCGTCAGATTAGCCAGTTGGCGGGGTAACGGCCC
ACCAAAGCAACGATCTGTAGCCGGACTGAGAGGTCGGACGGCCA
CATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCA
GTGGGGGATATTGCACAATGGAGGAAACTCTGATGCAGCGACGCC
GCGTGAGTGAAGAAGTATTTCGGTATGTAAAGCTCTATCAGCAGGG
AAGAAAGGCTCGCAAGAGAGATGACGGTACCTGACTAAGAAGCC
CCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCA
AGCGTTATCCGGATTTACTGGGTGTAAAGGGAGCGCAGACGG 

Rumen_Betaine_R
B05_27F 

GGGTGAGTAACGCGTGGGTAACCTGCCTCATACTGGGGGATAACA
GCTGGAAACGACTGTTAATACCGCATAAGCGCACRGTGTCGCATG
ACACAGTGTGAAAAACTCCGGTGGTATGAGATGGGCCCGCGTCAG
ATTAGCCAGTTGGCGGGGTAACGGCCCACCAAAGCAACGATCTG
TAGCCGGACTGAGAGGTCGGACGGCCACATTGGGACTGAGACAC
GGCCCAAACTCCTACGGGAGGCAGCAGTGGGGGATATTGCACAA
TGGAGGAAACTCTGATGCAGCGACGCCGCGTGAGTGAAGAAGTAT
TTCGGTATGTAAAGCTCTATCAGCAGGGAAGAAAGGCTCGCAAGA
GAGATGACGGTACCTGACTAAGAAGCCCCGGCTAACTACGTGCCA
GCAGCCGCGGTAATACGTAGGGGGCAAGCGTTATCCGGATTTACT
GGGTGTAAAGGGAGCGCAGACGGTTATGCAAGTCTGAA 

Rumen_Betaine_R
B06_27F 

TGCGAACGGGTGAGTAACGCGTAGGTAACCTGCCTACTAGCGGG
GGATAACTATTGGAAACGATAGCTAATACCGCATAACAGCATTTAAC
ACATGTTAGATGCTTGAAAGGAGCAATTGCTTCACTAGTAGATGGAC
CTGCGTTGTATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCGA
CGATACATAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACT
GAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCT
TCGGCAATGGGGGCAACCCTGACCGAGCAACGCCGCGTGAGTG
AAGAAGGTTTTCGGATCGTAAAGCTCTGTTGTAAGAGAAGAACGTGT
GTGAGAGTGGAAAGTTCACACAGTGACGGTAACTTACCAGAAAGG
GACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTCCC
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GAGCGTTGTCCGGATTTATTGGGCGTAAAGCGAGCGCAGGCGGTT
TAATAAGTCTGAAGTTAAA 

Rumen_Betaine_R
B47_A_27F 

TGCAGTCGACGAAGCACTTATYACGATCCCTTCGGGGTGACGATTT
GTTGACTGAGTGGCGGACGGGTGAGTAACGCGTGGGTAACCTAC
CTTGTACAGGGGGACAACAGTTGGAAACGACTGCTAATACCGCAT
AAGCGCAC 

Rumen_Betaine_R
B48_B_27F 

TGCAGTCGACGAAGCAACTTATCACGATCCCTTCGGGGTGACGAT
TTGTTGACTGAGTGGCGGACGGGTGAGTAACGCGTGGGTAACCTG
CCTTGTACAGGGGGACAACAGTTGGAAACGACTGCTAATACCGCA
TAAGCGCACAG 

Rumen_Betaine_R
B49_C_27F 

ACGATCCCTTCGGGGTGACGATTTGTTGACTGAGTGGCGGACGGG
TGAGTAACGCGTGGGTAACCTACCTTGTACAGGGGGACAACAGTT
GGAAACGACTGCTAATACCGCATAAGCGCAC 

Rumen_Betaine_R
B50_D_27F 

AGTGGCGAACGGGTGAGTAACACGTGACCAACCCGCCCCCTCCT
CCGGGACAACCTCGGGAAACCGTGGCTAATACCGGATACTCCGG
CTGCAGCGCATGCTGCGGCCGGGAAAGCCCAGACGGGAGGGG
ATGGGGTCGCGGCCCATCAGGTAGACGGCGGGGCAACGGCCC
GCCGTGCCGACGACGGGTAGCCGGGCTGAGAGGCTGATCGGC
CACATTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAG
CAGTGGGGAATCTTGCGCAATGGGGGGAACCCTGACGCAGCGA
CGCCGCGTGCGGGACGAAGGCCTTCGGGTCGTAAACCGCTTTC
AGCAGGGAAGAACAATGACGGTACCTGCAGAAGAAGCTCCGGCT
AACTACGTGCCAGCAGCCGCGGTAATACGTAGGGAGCGAGCGTT
ATCCGGATTCATTGGGCGTAAAGCGCGCGCAGGCGGCCGGCCA
AGCGGGCCTCGTCGAAGCCGTGGGCTCAACCCGCGGAAGCGA
CCCGAACTGGCCGGCTCGAGTGAGGTAGGGGAGGATGGAATTCC
CGGTGTAGCGGTGGAATGCGCAGATATC 

Rumen_Betaine_R
B51_E_27F 

TGCAGTCGAACGAAGCAACTTATTACGATCCCTTCGGGGTGACGAT
TTGTTGACTGAGTGGCGGACGGGTGAGTAACGCGTGGGTAACCTG
CCTTGTACAGGGGGACAACAGTTGGAAACGACTGCTAATACCGCA
TAAGCGCACAGCTTCGCATGAAGCAGTGTGAAAAGTTTTTC 

Rumen_Choline_
RCH10_27F 

ACCTTCCCTATAGTAGAGAATAGCCCGGTGAAAATCGGATTAATGCT
CTATGTTATTCAATGCGGACATCTAAGTTGAATCAAAGGTTTACCGCT
ATAGGATGGGGATGCGTCTGATTAGGTTGTTGGCGGGGTAACGGC
CCACCAAGCCYACGATCAGTAGGGGTTCTGAGAGGAAGGTCCCC
CACATTGGAACTGAGACACGGTCCAAACTCCTACGGGAGGCAGC
AGTGAGGAATATTGGTCAATGGACGAAAGTCTGAACCAGCCAAGTA
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GCGTGCAGGATGACGGCCCTATGGGTTGTAAACTGCTTTTATACAG
GGATAAAGTCGGGAACGTGTTCCCGTTTGTAGGTACTGTATGAATAA
GGACCGGCTAATTCCGTGCCAGCAGCCGCGGTAATACGGAAGGT
CCGGGCGTTATCCGGATTTATTGGGTTTAAAGG 

Rumen_Choline_
RCH11_27F 

TGCAGTCGAGGGGCAGCAGATCGAAAGCTTGCTTTTGATGCTGGC
GACCGGCGCACGGGTGAGTAACGCGTATCCAACCTTCCCTATAGT
AGAGAATAGCCCGGCGAAAGTCGRATTAATGCTCTATGTTGTATTTA
GAAGACATCTGAAGAATACCAAAGGTTTACCGCTATAGGATGGGGA
TGCGTCTGATTAGGTWGTWGGCGGGGTAACGGCCCACCWAGCC
SACGATCAGTAGGGGTTCTGAGAGGAAGGTCCCCCACATTGGAAC
TGAGACACGGTCCAAACTCCTACGGGAGGCAGCAGTGAGGAATAT
TGGTCAATGGACGRAAGTCTGAACCAGCCAAGTAGCGTGCAGGAT
GACGGCCCTATGGGTTGTAAACTGCTTTTATATAGGGATAAAGTCGG
GGACGTGTCCCCGTTTGTAGGTACTATATGAATAAGGACCGGCTAAT
TCCGTGCCAGCAGCCGCGGTAATACGGAAGGTCCGGGCGTTATC
CGGATTTATTGGGTTTAAAGGGAGCGCAGGCTGATGATTAAGCGTG
ACGTGAAATGTAGCCGCTCAACGGCTGAACTGCGTCGCGAACTG
GTTATC 

Rumen_Choline_
RCH22b_27F 

ACGATCCCTTCGGGGTGACGATTTGTTGACTGAGTGGCGGACGGG
TGAGTAACGCGTGGGTAACCTACCTTGTACAGGGGGATAACAGTTG
GAAACGACTGCTAATACCGCATRAGCGCAC 

Rumen_Choline_
RCH22b_1492R 

GACTTCGGGCATTCCCAACTCCCATGGTGTGACGGGCGGTGTGTA
CAAGACCCGGGAACGTATTCACCGCGACATTCTGATTCGCGATTA
CTAGCGATTCCAGCTTCATGTAGTCGAGTTGCAGACTACAATCCGA
ACTGAGACGTTATTTTTGAGATTTGCTCATRGTCACCTACTTGCTTCC
CTTTGTTTACGCCATTGTAGCACGTGTGTAGCCCAAATCATAAGGG
GCATGATGATTTGACGTCATCCCCACCTTCCTCCCGGTTCACCCG
GGCAGTCTCTCTAGAGTGCCCATCCGAAWTGCTGGCTACTAAAGA
TAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGACA
CGAGCTGACGACAACCATGCACCACCTGTCAC 
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Appendix 3. Meaning of Bruker MALDI Biotyper® 

identification scores 

 

 

 

 

 

 


