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Abstract 

Cobamide and cobamide precursor cross-feeding: a genomic perspective 
 

by 

Amanda N. Shelton 

Doctor of Philosophy in Microbiology 

University of California, Berkeley 

Professor Michiko E. Taga, Chair 

 
 
Many bacteria cannot synthesize all the nutrients they require. One type of nutrient that many 
bacteria must acquire from their environment is cobamides, a class of cofactors including 
vitamin B12 and related analogs. Less than half of the bacteria that use cobamides produce them, 
suggesting that cobamides are widely shared in microbial communities. Cobamides are used in a 
variety of bacterial enzymes for functions including methionine synthesis, deoxyribonucleotide 
synthesis, carbon utilization, reductive dehalogenation, and others. Cobamides consist of a corrin 
ring macrocycle with a cobalt center. Attached to the cobalt is the upper ligand, which is part of 
the reactive center of the cofactor. The lower ligand, which may also be attached to the cobalt, is 
structurally variable and is generally from one of three classes: benzimidazoles, purines, or 
phenolics. Most bacteria that use cobamides can only use a subset of all cobamides, referred to as 
cobamide selectivity.  
 
In Chapter 1, I provide background on cobamide structure, function, and biosynthesis. I then 
review known processes that contribute to an organism’s observed cobamide selectivity. These 
mechanisms include strategies for making a cobamide: de novo biosynthesis, cobamide precursor 
salvaging, and cobamide remodeling. Uptake, regulation, and cobamide-dependent enzyme 
binding and activity also contribute to cobamide selectivity. Examples of cobamide sharing in a 
number of systems are also described. 

 
To explore cobamide biosynthesis and dependence patterns in bacteria, I have taken a genomics-
centered approach in Chapter 2. I assessed the potential of publically available genomes for use 
of cobamides and for cobamide biosynthesis based on the presence and absence of genes that 
have been experimentally validated, creating predictions for the phenotype of an organism. I 
analyzed 11,000 representative species from a dataset of all bacteria, and observed trends of 
cobamide biosynthesis and cobamide dependence potential at the phylum level.  
 
To further validate the genomic prediction of cobamide phenotypes, the cobamide requirements 
of the human pathogen Clostridioides (Clostridium) difficile were interrogated in Chapter 3. 
This bacterium has seven cobamide dependent pathways encoded in its genome, and was 
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validated to be an ALA salvaging bacterium that produces pseudocobalamin. How cobamides 
affect the ability of C. difficile to grow and cause disease in vivo remains to be discovered, but 
the in vitro experiments revealed different cobamide preferences of methionine synthase and its 
cobamide-dependent ribonucleotide reductase. Its methionine synthase could surprisingly 
support growth with all nine cobamides and two cobamide precursors tested. C. difficile also 
exemplifies the strategy of metabolic flexibility, whereby it can use many cobamides and 
precursors to use cobamide-dependent metabolism, and also has options to bypass these 
pathways and not use cobamides. 
 
The observation of the patchy distribution of the cobamide biosynthesis pathway across bacterial 
genomes led to the hypothesis that cobamide biosynthesis capability has been gained and lost 
multiple times in the domain Bacteria. In Chapter 4, I analyzed the cobamide biosynthesis genes 
in the order Clostridiales in the phylum Firmicutes by annotating the presence and absence of 
these genes onto phylogenetic trees. The Clostridiales in particular have many instances of 
putative gain or loss of some but not all genes in the biosynthesis pathway, possibly leading to 
the observed ALA-salvaging bacteria observed in the clade. 
 
My work used comparative genomics to generate testable hypotheses about cobamide 
biosynthesis, cobamide precursor salvaging, and cobamide dependence in bacteria. 
Characterization of cobamide biosynthesis and dependence in C. difficile validated some of the 
genomic predictions and filled a knowledge gap in understanding the metabolism of this 
opportunistic pathogen. My final chapter summarizes some of the major findings of my PhD 
thesis, and describes a few aspects of cobamide sharing that remain to be investigated. 
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Chapter 1 
 
Cobamides are shared metabolites, but there is added complexity 
 
Auxotrophy and nutrient exchange in microbial communities 

Microbial requirements for exogenous nutrients are widespread. In the laboratory, we 
provide carbon and nitrogen sources, trace elements, and vitamins in the medium. In their natural 
habitat, microbes acquire these nutrients from both abiotic and biotic sources. Microbes share 
metabolites in both one-sided and mutually beneficial interactions with other organisms in their 
communities1,2. Estimates of bacterial auxotrophy, in which an organism requires a metabolite 
that it cannot produce, by genomic analysis have focused on amino acids. One study that 
examined auxotrophy for amino acids, some vitamins, and nucleobases found that up to 76% of 
genomes in their data set did not have complete biosynthetic pathways for all these metabolites, 
based on a threshold defining auxotrophy as lacking more than 50% of the genes in a pathway3. 
Automated genomic analysis found that up to 90% of about 6000 genomes did not have all 20 
complete amino acid synthesis pathways4. While genomic analysis needs additional development 
to improve the accuracy of prediction of auxotrophy in diverse lineages5, and is dependent on 
what genomes are present in the data set, genomics and culturing both show that many microbes 
are auxotrophic for one or more nutrients. Amino acid auxotrophs readily arise in laboratory-
evolved Escherichia coli populations, and these auxotrophs acquire the needed amino acid from 
producer populations in the culture, showing that cross-feeding interactions, in which one 
organism acquires a nutrient from another,  can easily occur6. Here I will focus on the shared 
class of metabolites called cobamides, enzyme cofactors that catalyze diverse reactions, and use 
genomics and experimental studies to explore cobamide and cobamide precursor auxotrophy. 
Only some microbes encode the complete de novo biosynthetic pathway, suggesting there is 
widespread cross-feeding of these molecules7–11. 
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Figure 1. Structure of cobamides. A. Structure of cobalamin (B12) with the corrin ring, nucleotide loop, 
and lower ligand 5,6-dimethylbenzimidazole (DMB) labeled. R, the upper ligand, can be CN, 5’-
deoxyadeonsyl, methyl, or aquo. B. Alternative lower ligand structures. The name of the lower ligand is 
on the top row, and the abbreviation for the corresponding cobamide is on the bottom row. 
 
 
Cobamide structure and function 

Cobamides are a family of enzyme cofactors that includes vitamin B12 (Fig. 1). They 
consist of a modified tetrapyrrole that coordinates a cobalt center, known as a corrin ring. Any 
compound that has a corrin ring, including cobamides, is called a corrinoid. An upper ligand that 
coordinates to the cobalt ion is where the enzyme chemistry occurs. The upper ligand can be a 
cyano group in the inactive vitamin form; an aquo (OH2) group; a methyl group used in 
methyltransferases reactions12; or a 5'-deoxyadenosyl group used for radical chemistry13. In some 
enzymes, like reductive dehalogenase and epoxyqueuosine reductase, no upper ligand is found in 
the active form, and instead the reactions are directly catalyzed by reactions with the cobalt 
center14,15. The lower ligand is tethered to the corrin ring by the nucleotide loop, and can affect 
the catalytic properties of the cofactor16. The lower ligand structure can vary, and there are 
three defined classes produced by bacteria and archaea: benzimidazoles, purines, and 
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phenolics17 (Fig. 1B). Unlike benzimidazoles and purines, phenolic lower ligands cannot form a 
coordination bond to the central cobalt. The structure of the lower ligand affects enzyme binding 
and catalysis18–22. A complete corrinoid, also called a cobamide, has both an upper and lower 
ligand. Cobamides have been found to be produced only by bacteria and archaea23. 

 
 

 
Figure 2. Processes catalyzed by cobamides. A selection of cobamide-dependent reactions carried out 
by cobamide-dependent processes. In the reactions shown, red atoms depict the change in the molecule 
caused by the cobamide-dependent reaction. Reactions are grouped by their biological function. Reactions 
with an asterisk (*) have known cobamide-independent alternatives. Abbreviations: rSAM, radical S-
adenosylmethionine. 
 
 
Cobamides catalyze diverse reactions 

Members of all three domains of life use cobamide-dependent enzymes. In the domain 
Eukaryota, clades that require cobamides use them for methionine synthase (MetH), for 
methylmalonyl-CoA mutase (MCM), which is involved in fatty acid metabolism by 
interconversion of succinate and propionate, and for deoxyribonucleotide synthesis in a few 
cases13,24,25 (Fig. 2). Bacteria and archaea have many additional cobamide-dependent enzymes 
that are used in carbon metabolism, nucleotide synthesis, and other reactions (Fig. 2). A number 
of cobamide-dependent mutase enzymes are used by anaerobic bacteria to use glycerol, 
propanediol, ethanolamine, beta-lysine, D-ornithine, and other compounds as carbon and/or 
nitrogen sources13. Cobamides are involved in both acetogenesis and methanogenesis, which 
affect carbon mineralization in ecosystems13. Cobamide-dependent metabolisms like reductive 
dehalogenation can bioremediate industrial pollutants26, or create a more toxic compound as in 
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mercury methylation27. Radical-SAM (rSAM) enzymes containing both cobamide and S-
adenosylmethionine (SAM) cofactors function in pathways producing antibiotics and other 
secondary metabolites28,29. Cobamides have also been found in light-sensing proteins, in which 
the light-induced cleavage of adenosylcobalamin is used to change the conformation of the 
protein30–32. Chapter 2 examines the relative abundance of these diverse enzyme families in over 
11,000 bacterial genomes. 

Seven cobamide-dependent pathways have known cobamide-independent alternatives. 
This is how some lineages can perform essential functions such as deoxyribonucleotide synthesis 
without requiring cobamides. There are three classes of ribonucleotide reductases (RNRs), which 
catalyze the conversion of ribonucleotides to deoxyribonucleotides, of which only class II 
enzymes require cobamides33. As an alternative to MCM, some organisms have the methylcitrate 
pathway, a cobamide-independent pathway that interconverts propionate, a product of fatty acid 
or branched chain amino acid degradation, and succinate34. For methionine synthesis, organisms 
may encode the cobamide-independent alternative methionine synthase MetE or take up 
methionine from the environment35. However, in all of these cases, the cobamide-independent 
alternatives do not necessarily perform the function in exactly the same way. For example, MetH 
is thought to be much more efficient than MetE, because under certain stress conditions, MetE 
comprises up to 5% of the total protein in the cell36–38. Further, the cobamide-dependent 
ribonucleotide reductase (RNR), NrdJ, is essential for Sinorhizobium meliloti symbiosis with 
alfalfa. Replacing NrdJ with a heterologous cobamide-independent RNR cannot restore 
symbiosis39. The ability of cobamide-independent alternatives to glycerol and propanediol 
dehydratases, ethanolamine ammonia lyase, and epoxyqueuosine reductase to substitute for their 
cobamide-dependent counterparts has not been well-studied40–45. Cobamide-independent 
pathways must be taken in to account when studying the frequency of cobamide-dependence and 
the physiology of cobamide use in organisms that contain these pathways. 
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Figure 3. Cobamide biosynthesis genes. The main enzymes of de novo cobamide biosynthesis are 
depicted in this schematic as colored squares, and key intermediates are in bold text. Labels for pathway 
sections correspond to the labels of the cobalamin structure in Fig 1A and have the following colors: 
tetrapyrrole precursor biosynthesis, gray; corrin ring biosynthesis, red; upper ligand attachment, purple; 
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nucleotide loop assembly, cyan; lower ligand biosynthesis, yellow. Dashed lines indicate homologous 
enzymes in the corrin ring section of the pathway. Enzyme names are given for each step in the pathway. 
 
 
Cobamide biosynthesis 

Previous estimates of cobamide dependence suggested that up to 75% of microbial 
species use cobamides for at least one process, but far fewer contain the entire de novo cobamide 
biosynthesis pathway7–9. The complete pathway is approximately 30 genes (Fig. 3), with the first 
5-7 genes being shared with other tetrapyrrole synthesis pathways including heme, chlorophyll, 
and siroheme (Fig. 4)23. The cobamide biosynthesis pathway was genetically and biochemically 
characterized in Pseudomonas denitrificans, which has the aerobic branch of corrin ring 
synthesis, and in Propionibacterium shermanii, Bacillus megaterium, and Salmonella enterica 
serovar Typhimurium, which have the anaerobic branch (Fig. 3, red shapes)46,47. Overall, the 
biosynthesis pathway is similar in all lineages with the exception of the timing of the cobalt 
insertion and ring contraction to form the corrin ring, as discussed below, but there are 
nonhomologous replacements of genes in some lineages in the canonical pathways of these 
model organisms, especially in the domain Archaea48–51.  

 
 

 
Figure 4. Tetrapyrrole synthesis. Tetrapyrrole precursors and branch points to heme, chlorophyll, 
coenzyme F430, siroheme, and cobalamin are shown. 
 
 

The early steps of cobamide biosynthesis are shared with all tetrapyrroles (Fig. 4). In 
Alphaproteobacteria, glycine and succinyl-CoA are combined by HemA to form the first 
committed tetrapyrrole intermediate, 5-aminolevulinic acid (ALA)52. In all other bacteria, 
glutamate is converted by HemA and HemL to ALA53,54. Two molecules of ALA are combined 
by HemB to form the pyrrole porphobilinogen (PBG), and then four molecules of PBG are 
combined by HemC and HemD to form uroporphyrinogen III (UroIII), a tetrapyrrole 
macrocycle, where traditional heme and chlorophyll synthesis through the intermediate 
protoporphyrin IX split from the corrinoid pathway 55. UroIII is then converted to precorrin-2 via 
CysG/CobA (Fig. 3, gray, Fig. 4).  

At this point, cobamide biosynthesis splits from all other tetrapyrroles (Fig. 4) to form 
the corrin ring, which is modified with a ring contraction, gains additional methyl and amide 
substituents, and a cobalt ion center. This section of the pathway requires 10-12 genes and has 
two distinct branches, the oxygen-requiring late cobalt insertion pathway (aerobic), and the 
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oxygen-sensitive early cobalt insertion pathway (anaerobic) (shown in red in Fig. 3)23,46. 
Genomes generally encode only one of these alternative pathways for synthesizing the corrin 
ring. Some genes in each pathway are orthologous to each other (Fig 3, dashed lines). The shared 
end product of the corrin ring pathway, cobyrinic acid, is where nucleotide loop assembly begins 
(Fig. 3, cyan). Here is where the corrinoid is now adenosylated, adding a 5’-deoxyadenosyl 
group as the upper ligand (Fig. 3, purple). The cobyrinic acid intermediate is further modified 
and an aminopropanol linker that connects the corrin ring to the lower ligand is attached, forming 
the intermediate cobinamide (Cbi). Production of this linker has been shown to be catalyzed by 
PduX and CobD in S. enterica56–59, and the kinase PduX is replaced by BluE in 
Rhodobacterales60. CobD is replaced by a specific L-serine phosphate decarboxylase for the 
formation of an ethanolamine linker in organisms that produce norcobamides61. The kinase is 
just one example where certain clades use different enzymes to carry out the same step in 
cobamide biosynthesis. Lineages missing known genes for specific steps in the cobamide 
biosynthesis pathway are candidates for discovery of new cobamide biosynthesis genes48–51. 
Separate from the aminopropanol linker, the lower ligand is activated to an α-riboside phosphate 
by CobT62 (Fig. 3, yellow). Finally, the lower ligand is connected to the aminopropanol linker 
via CobS and the phosphate removed by CobC63. 
 
Genetic determinants of cobamide lower ligand structure 

Variation in the lower ligand structure is known to be encoded by certain synthesis and 
attachment genes for each class of lower ligands (Fig. 1B)64–69. There are two independent 
pathways to make 5,6-dimethylbenzimidazole (DMB), the lower ligand for vitamin B12. The 
oxygen-dependent pathway uses BluB to convert flavin mononucleotide to DMB66,67,70,71. The 
anaerobic pathway uses BzaABCDE or BzaFCDE to convert 5-aminoimidazole ribotide to 
DMB68,72. Organisms with only some of these bza genes make other benzimidazoles68. 

For the class of phenolyl cobamides, the CobT homologs ArsA and ArsB heterodimer 
activate phenol and p-cresol to form α-riboside phosphates that can be attached to the nucleotide 
loop64,65. So far, the production of phenolyl cobamides appears to be restricted to the class 
Negativicutes in the phylum Firmicutes64 (Chapter 2). Based on isotope labeling in Sporomusa 
ovata, the source of phenolic compounds for the lower ligand is likely the degradation of 
aromatic amino acids73.  

The genomic determinants of the class of purinyl cobamides are not well known, but the 
absence of known benzimidazole and phenolic lower ligand determinants is likely a strong 
signal. Recent work has suggested that cobT sequences segregate into subfamilies based on the 
lower ligand attached, although many homologs tested in vitro or in heterologous hosts are able 
to activate diverse lower ligands49,69,74,75. A gene tree of some cobT homologs shows the cobT 
genes of organisms that make purinyl cobamides are a separate group from those that make 
benzimidazolyl cobamides69. However, recent analysis of distant cobT homologs from 
Cyanobacteria and Archaea shows additional groupings49. Additional study of CobT and other 
potential lower ligand determinants is needed to find a genetic basis for purinyl cobamide 
biosynthesis preference. 
 
Processes that contribute to cobamide selectivity 

Although the reactive center of all cobamide cofactors is the cobalt and upper ligand, all 
studies reported thus far indicate that a given organism cannot use all cobamides with differing 
lower ligands for its cobamide-dependent metabolisms. This is referred to as cobamide 
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preference or cobamide selectivity. For example, eukaryotic algae showed no growth with 
pseudocobalamin under MetH-dependent conditions, but could use cobalamin11. In contrast, a 
metE loss-of-function mutant of Salmonella enterica, using MetH, was able to use a wider 
variety of cobamides to grow: cobalamin, pseudocobalamin, [Phe]Cba, and [Cre]Cba, but growth 
with other cobamides was not reported19,64. Additionally, Bacteroides thetaiotaomicron could 
use benzimidazolyl and purinyl cobamides, but not phenolyl cobamides for MetH-dependent 
growth9. These examples show that organisms using cobamides for the same function have 
different cobamide selectivity. In Chapter 3, I explore the cobamide preference of Clostridioides 
(Clostridium) difficile. These preferences are often observed by the ability or inability of 
cobamides to support growth under cobamide-requiring conditions, and a number of processes 
contribute to the observed specificity in vivo (Fig. 5). 

 
 

 
Figure 5. Processes that affect cobamide selectivity in bacteria. 1. Uptake of cobamides through 
Btu(B)FCD or other transporters. 2. Regulation by DNA-binding proteins or cobamide riboswitches that 
turn off gene expression upon RNA-cobamide binding. 3. Cobamide-dependent enzymes interacting with 
the cofactor including binding of the cofactor and activity of the holoenzyme. 4. Cobamide biosynthesis 
and lower ligand determinant genes. 5. Incorporation of exogenous lower ligands (guided biosynthesis). 
6. Exchange of lower ligands via cobamide remodeling. 
 
 

An organism’s observed cobamide preference is the result of a combination of multiple 
cellular processes including transport, regulation, the cobamide-dependent enzymes 
themselves, biosynthesis of the cofactor, and replacement of the upper ligand by the 
adenosyltransferase. Whether adenosyltransferases selectively adenosylate cobamides based on 
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the lower ligand present is unknown, but the other processes that contribute to cobamide 
selectivity have been studied in some systems. The ABC transporter BtuFCD is the best-studied 
cobamide import system (Fig. 5, #1), which can import both cobamides and the late intermediate 
cobinamide (Cbi)76–79. In Gram-negative bacteria, transport also requires the outer membrane 
binding protein BtuB, which has been determined to be a major component of lower ligand-
related specificity in those systems9. In Bacteroides thetaiotaomicron, mutants of three different 
btuB homologs have differing competitive advantages depending on the cobamide provided, 
suggesting that the different BtuB homologs have distinct cobamide affinities9. Additional 
cobalamin importers have been discovered or predicted more recently8,80–82. Detailed studies of 
cobamide selectivity of transporters other than Btu(B)FCD with a panel of cobamides with 
differing upper and lower ligands have not yet been conducted.  

Some selectivity has been observed in cobamide-dependent regulation. The common 
regulatory element that responds to cobamides is the cobalamin riboswitch, which is a ligand-
binding RNA in the 5’ untranslated region of mRNAs83. The cobalamin riboswitches studied so 
far negatively regulate expression of co-transcribed genes when bound to their cognate ligand 
(Fig. 5, #2)7,9,83–88. The E. coli btuB riboswitch has different binding affinity for different 
cobamides and Cbi, suggesting that cobamide structure can affect regulation of downstream 
genes, but the change in affinity due to a difference in lower ligand was modest85. Cobalamin 
riboswitches from a single organism, Desulfitobacterium hafniense, have different sequences and 
have a 1000-fold difference in binding affinities for adenosylcobalamin in vitro87. However, the 
measured binding affinity did not correlate with the repression of the genes measured by qPCR87. 
Further work is needed to probe the effect of specific lower ligands on ligand-binding by 
cobalamin riboswitches and to determine how that correlates with changes in gene expression 
and impacts physiology of the organism. 

Cobamide-dependent enzymes each have their own cobamide selectivity. Both binding of 
the enzyme to the cofactor and catalytic activity of the holoenzyme have been measured (Fig. 5, 
#3). There are two main modes of cobamide-enzyme binding: base-off, in which the lower ligand 
does not coordinate the cobalt, and base-on, in which the lower ligand is coordinated to the 
cobalt. There is a conserved cobamide-binding motif in many cobamide-dependent enzymes89,90, 
so insights into cobamide binding selectivity in one model enzyme might be applied to many 
enzymes. In enzymes that bind the cofactor in the base-on configuration, phenolyl cobamides 
that cannot form a coordination bond between the lower ligand and the cobalt are expected to be 
nonfunctional, such as in the class II RNR (NrdJ). For example, NrdJ-dependent growth of S. 
meliloti was supported by benzimidazolyl cobamides but not by phenolyl cobamides74. In 
contrast, MetH homologs bind cobalamin in a base-off configuration89, and the effect of the class 
of lower ligand on cofactor binding and activity is not as easily predicted in base-off enzymes. 
Spirulina platensis MetH heterologously expressed in E. coli had similar activity with both 
cobalamin and pseudocobalamin, but had higher apparent affinity for pseudocobalamin22. 
Homologs of another base-off enzyme, MCM, from different organisms show different binding 
affinities, with the native cobamides from each organism binding best18. With the exception of 
the phenolyl cobamides, cofactor binding in vitro correlated well with MCM-requiring growth in 
vivo18. Panels of cobamide selectivity have been limited to a few model enzymes, so it is 
currently difficult to generalize predictions of enzyme selectivity to untested systems. 

In organisms that produce cobamides, the lower ligand determinants such as the 
benzimidazole biosynthesis genes and the phenolic lower ligand activation genes are good 
predictors of which cobamide it can make, as discussed above (Fig. 5, #4). But environmental 
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factors can also affect which cobamide is made. One process is called guided biosynthesis, in 
which some bacteria that can synthesize cobamides de novo can incorporate exogenously 
provided lower ligands in place of their native lower ligand (Fig. 5, #5), even to their own 
detriment19,21,74,91–94. For example, the acetogen Sporomusa ovata natively produces [Cre]Cba, 
but when provided with exogenous benzimidazoles, it instead produces benzimidazolyl 
cobamides, which cannot support its growth on methanol or 3,4-dimethoxybenzoate93. 
Sulfurospiriullum multivorans’s natively produced cofactor for reductive dehalogenation is 
norpseudocobalamin, but the enzyme becomes non-functional when exogenous DMB or other 
benzimidazoles are added to the culture21,94. Guided biosynthesis can also provide access to 
cobamides that have more activity than the natively produced cobamide. When S. enterica is 
grown anaerobically, it produces pseudocobalamin, which cannot support its growth on 
ethanolamine19. However, it can attach DMB provided exogenously to create cobalamin and use 
that cofactor for ethanolamine catabolism19. Thus, depending on the context, guided biosynthesis 
can either allow access to cobamide-dependent metabolism that cannot be used with the native 
cobamide, or prevent growth of the organism. Benzimidazole compounds are found in multiple 
environments and are therefore available for guided biosynthesis, but their sources are 
unknown95. 

Another process that requires metabolites from the environment is cobamide precursor 
salvaging. Bacteria that do not have a complete cobamide biosynthesis pathway but have the 
nucleotide loop assembly genes may be able to take up intermediates such as Cbi and complete 
cobamide biosynthesis. They may produce a lower ligand de novo or attach exogenous lower 
ligands. Cbi salvaging has been observed experimentally, and Chapter 2 and Chapter 3 describe 
examples of the newly validated ALA salvaging, in which the genome is only missing the ALA 
synthesis genes. An example of Cbi salvaging is in E. coli, which can take up Cbi and produce 
[2-MeAde]Cba, or with added DMB, make cobalamin68,96. Members of the order Thermotogales 
are also able to salvage Cbi to make cobalamin97, and in this case, the ability to do so was 
laterally transferred into the clade98. Another similar mechanism of taking up cobamide 
precursors involves uptake of α-ribazole by CblT, phosphorylation by CblS, and attachment of 
the activated lower ligand (α-ribazole phosphate) by nucleotide loop assembly genes (Fig. 3, 
yellow)99,100. Listeria innocua is an example of an organism that has the complete de novo 
cobamide biosynthesis pathway with the exception of cobT, but can acquire lower ligands in this 
way100. However, α-riboside uptake has only been observed with benzimidazole lower ligands, 
and it is unknown if other α-ribosides are acquired in this way. α-ribazole has been observed in 
microbial exudates, but how and why it is released by microbes is unknown101,102. 

Some bacteria can remodel cobamides by removing the lower ligand of a cobamide and 
attaching a new one produced endogenously, or an exogenous lower ligand (Fig. 5, #6). The only 
published genetic determinant for this activity is CbiZ, which hydrolyzes the amide in the 
nucleotide loop to produce cobyric acid103–106. To be able to attach another lower ligand, the 
bacterium must additionally have the genes to synthesize the nucleotide loop. Dehalococcoides 
mccartyi is an example of an organism with this set of enzymes. When provided with exogenous 
cobamides and benzimidazole lower ligands, it is able to convert cobamides that it cannot use for 
reductive dehalogenation to benzimidazolyl cobamides that it can use107,108. Recent work by 
Kenny Mok in our lab has found a different corrinoid-remodeling enzyme in Akkermansia 
muciniphila, and additional mechanisms for remodeling may remain to be discovered (Mok 
and Taga, unpublished). Remodeling is a process that ensures that the organism can get the 
correct cobamide no matter what forms are available in the environment. To use remodeling 
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as a strategy to acquire a useable cobamide, organisms need to have access to the correct lower 
ligand either by encoding its biosynthesis or by acquiring it from another community member. 
 
Cobamides are shared in microbial communities 

Bacteria have been shown to have a number of ways to acquire the cobamides they need. 
Some have selective transport, some can synthesize the cobamides they need, and some can 
remodel the available cobamides or salvage intermediates to form the cobamide they need. 
Bioinformatic analysis of microbial genomes has shown that less than half to three fourths of 
microbes in each study that encode enzymes that use cobamides contain all the genes to make 
them de novo, so many species must acquire environmental cobamides or cobamide precursors to 
use their cobamide-dependent metabolism7–11. Some genomics studies have focused on particular 
habitats, and there is variation in the predicted percentage of cobamide auxotrophs depending on 
the environment. In the human gut, two different studies found that only 31-42% of isolate 
genomes had the complete cobamide biosynthesis pathway9,10, but 80% had cobamide-dependent 
enzymes9, suggesting these cobamide auxotrophs must acquire cobamides from other community 
members or the host diet. In a 13-member freshwater enrichment community, metagenomics 
analysis revealed that 12 members can use cobamides, but only five could produce them109. 
Since two of the cyanobacteria members presumably make purinyl cobamides, it is possible that 
the cobamide auxotrophs would need to modify these cobamides, but the cobamide preference of 
the auxotrophs in this study was not determined experimentally. Genomics studies suggest that 
cobamides must be shared between members of microbial communities and can predict which 
cobamides are made by producers, but cannot give complete information on which cobamides 
are required by cobamide auxotrophs. Genomics analysis can also generate hypotheses about the 
directionality of cobamide sharing based on predicted autotrophies in both cobamide producer 
and consumer genomes, but experimental testing is required to validate these predictions. 

In natural and synthetic cocultures, mutualistic metabolite sharing has been observed. 
Since the amount of cobalamin in the open ocean is too low to support growth110, close 
interactions between bacteria and eukaryotic algae are thought to be a common way for the algae 
to acquire vitamin B12. Cobamide-producing bacteria are frequently co-isolated with algae111,112. 
In lab cultures, eukaryotic algae produce reduced carbon that co-associated bacteria consume, 
and the bacteria provide the algae with vitamin B12 to use for MetH 111–114. One particular 
example is the synthetic pairing of the alga Lobomonas rostrata and the bacterium 
Mesorhizobium loti. In this case, production of vitamin B12 is induced in the bacterium by the 
alga, and the presence of the bacterium induces gene expression changes in the alga 111,114,115. 
Another model mutualism involved exchange of B vitamins and precursors between the alga 
Ostreococcus tauri and the bacterium Dinoroseobacter shibae in a stable co-culture 116. 
Mechanistic studies with algae-bacteria cobamide sharing have involved organisms isolated from 
the same environment that were not isolated together; although mutualistic nutrient cross-feeding 
occurred, the pairs of strains used in these studies did not co-evolve. The fact that these co-
cultures are so readily created suggests that this mode of nutrient sharing is common. 

In other consortia, cobamide production is not rewarded with a product from the 
cobamide auxotroph. For example, in a tri-culture containing Dehalococcoides mccartyi, 
Pelosinus fermentans, and Desulfovibrio vulgatus, D. mccartyi uses cobamides produced by P. 
fermentans for reductive dehalogenation and consumes H2 produced by D. vulgatus. However, 
D. mccartyi does not directly provide a service to P. fermentans108. Similarly, Geobacter 
strains produce cobamides that D. mccartyi can use for reductive dehalogenation when DMB 
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is added to the coculture, but there is no apparent benefit for Geobacter117. The fact that 
cobamide sharing occurs even without benefit to the producer leads to questions about how 
cobamides are released and how cobamide release evolves, which is unknown and may vary 
between systems. When culturing a cobamide producing bacterium such as a cyanobacterium 
alone, one can find cobamides in the medium118. One hypothesis is that cobamides are released 
through cell lysis. Work in our lab is ongoing to further explore this potential mechanism of 
cobamide release. 
 
Frameworks for loss of cobamide biosynthesis 

Why are so many organisms that use cobamides unable to produce them de novo? As the 
complete cobamide biosynthesis pathway is long, cobamide biosynthesis is thought to be costly. 
A number of frameworks provide possible explanations for gene loss and metabolic 
dependencies. The Black Queen Hypothesis (BQH) describes the adaptive advantage of losing a 
costly metabolic function when the function is sufficiently “leaky”3,119,120. An experimental 
example of the BQH was a serially-passaged culture of E. coli that was chromosomally deficient 
in catalase production carrying a catalase-containing plasmid121. Catalase activity is a “leaky” 
function because it reduces peroxide concentration in the medium for all cells. A catalase-
positive and a catalase-negative population stably co-existed in a negative frequency-dependent 
manner without reciprocity as predicted by the BQH in the laboratory evolution121. The BQH 
suggests that loss of the cobamide biosynthesis pathway is under positive selection as long as 
there remain sufficient cobamides available in the environment. In mutually beneficial 
interactions, coevolution allows one partner to lose the biosynthesis pathway and maintain the 
association by providing another service to the partner producing cobamides1. Co-culturing of E. 
coli strains auxotrophic for individual amino acids found that 43 out of 54 pairings resulted in the 
auxotrophs having a greater growth rate than the prototrophic ancestor, showing the benefit to 
cross-feeding122. A synthetic example of this in cobamide cross feeding is the algae-bacterium 
symbiosis discussed above35,111. 

In general, there are many ways to acquire carbon, nitrogen, and energy sources without 
using cobamide-dependent metabolisms. Seven known processes carried out by cobamide-
dependent enzymes have cobamide-independent alternatives as discussed above. For some 
cobamide-dependent metabolisms, bacteria will use alternative carbon and energy sources if 
cobamides are unavailable. This metabolic flexibility allows many bacteria to be facultatively 
cobamide-dependent. I speculate that in some lineages, constant availability of cobamides or 
ways to bypass cobamide-dependent processes by using metabolisms that do not require 
cobamides can place cobamide biosynthesis under relaxed selection. 
 
Conclusions 
 Cobamide cofactors are used in diverse microbial enzymes, and microbes have evolved 
many strategies to acquire the specific cofactor they need. Understanding cobamide cross-
feeding in microbial communities requires examination of cobamides, their precursors, and 
lower ligands. Further study on the mechanistic determinants of cobamide specificity at the 
levels of transport, regulation, and cobamide-dependent enzymes will improve the ability to 
predict which cobamides can and cannot be used by an organism based on its genome. In the 
following chapters, I focus on cobamide biosynthesis, highlighting bacterial genomes 
containing partial cobamide pathways and potential precursor salvaging activity as an 
underexplored strategy for acquiring a specific cobamide.  
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Chapter 2 

 
Uneven distribution of cobamide biosynthesis and dependence in bacteria 
predicted by comparative genomics 
 
Published: Amanda N. Shelton, Erica C. Seth, Kenny C. Mok, Andrew W. Han, Samantha N. 
Jackson, David R. Haft, Michiko E. Taga. “Uneven distribution of cobamide biosynthesis and 
dependence in bacteria predicted by comparative genomics.” The ISME Journal (2019) 13, 789-
804. 
 
Abstract 
The vitamin B12 family of cofactors known as cobamides are essential for a variety of microbial 
metabolisms. We used comparative genomics of 11,000 bacterial species to analyze the extent 
and distribution of cobamide production and use across bacteria. We find that 86% of bacteria in 
this data set have at least one of 15 cobamide-dependent enzyme families, yet only 37% are 
predicted to synthesize cobamides de novo. The distribution of cobamide biosynthesis and use 
vary at the phylum level. While 57% of Actinobacteria are predicted to biosynthesize cobamides, 
only 0.6% of Bacteroidetes have the complete pathway, yet 96% of species in this phylum have 
cobamide-dependent enzymes. The form of cobamide produced by the bacteria could be 
predicted for 58% of cobamide-producing species, based on the presence of signature lower 
ligand biosynthesis and attachment genes. Our predictions also revealed that 17% of bacteria 
have partial biosynthetic pathways, yet have the potential to salvage cobamide precursors. These 
include a newly defined, experimentally verified category of bacteria lacking the first step in the 
biosynthesis pathway. These predictions highlight the importance of cobamide and cobamide 
precursor salvaging as examples of nutritional dependencies in bacteria.  
 
 
Introduction 
 Microorganisms almost universally reside in complex communities where individual 
members interact with each other through physical and chemical networks. A major type of 
chemical interaction is nutrient salvaging, in which microbes that lack the ability to synthesize 
particular required nutrients (termed auxotrophs) obtain these nutrients from other organisms in 
their community123. By understanding which organisms require nutrients and which can produce 
them, we can predict specific metabolic interactions between members of a microbial 
community124. With the development of next-generation sequencing, the genome sequences of 
tens of thousands of bacteria from diverse environments are now available, leading to the 
possibility of predicting community interactions based on the genomes of individual members. 
However, the power to predict the metabolism of an organism by analyzing its genome remains 
limited.  
 The critical roles of cobamides (the vitamin B12 family of enzyme cofactors) in the 
metabolism of humans and diverse microbes have long been appreciated. Only recently, 
however, has cobamide-dependent metabolism been recognized as a potential mediator of 
microbial interactions123,125,126. Cobamides are used in a variety of enzymes in prokaryotes, 
including those involved in central metabolic processes such as carbon metabolism and the 
biosynthesis of methionine and deoxynucleotides23 (Fig. 1). Some of the functions carried out 
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by cobamide-dependent pathways, such as acetogenesis via the Wood-Ljungdahl pathway in 
anaerobic environments, can be vital in shaping microbial communities127. Cobamides are also 
used for environmentally and industrially important processes such as reductive dehalogenation 
and natural product synthesis13,128. 

De novo cobamide biosynthesis involves approximately 30 steps46, and the pathway can 
be divided into several segments (Fig. 2). The first segment, tetrapyrrole precursor biosynthesis, 
contains the first five steps of the pathway, most of which are also common to the biosynthesis of 
heme, chlorophyll, and other tetrapyrroles. The next segment, corrin ring biosynthesis, is divided 
into oxygen-sensitive (anaerobic) and oxygen-dependent (aerobic) routes, depending on the 
organism. These two alternative pathways then converge at a late intermediate, which is further 
modified to form the cobamide (Fig. 2, nucleotide loop assembly). The latter portion of the 
pathway involves adenosylation of the central cobalt ion followed by the synthesis and 
attachment of the aminopropanol linker and lower axial ligand (Fig. 2). Investigation of 
cobamide salvaging must account for structural diversity in the lower ligand (Fig. 2B), as only a 
subset of cobamide cofactors can support growth of any individual organism9,11,20,21,93,107,117. 
Recent work has identified many of the genetic determinants for the biosynthesis of the 
benzimidazole class of lower ligands66–68,70,72 and attachment of phenolic lower ligands64,65 (Fig. 
2).  
 Previous analyses of bacterial genomes have found that less than half to three fourths of 
prokaryotes that require cobamides are predicted to make them7,8, suggesting that cobamide 
salvaging may be widespread in microbial communities. Analyses of cobamide biosynthesis in 
the human gut9,10 and in the phylum Cyanobacteria11 further reinforce that cobamide-producing 
and cobamide-dependent bacteria coexist in nature. These studies provide valuable insights into 
the extent of cobamide use and biosynthesis in bacteria, but are limited in the diversity and 
number of organisms studied and have limited prediction of cobamide structure. 
 Here, we have analyzed the genomes of over 11,000 bacterial species and generated 
predictions of cobamide biosynthesis, dependence, and structure. We predict that 86% of 
sequenced bacteria are capable of using cobamides, yet only 37% produce cobamides de novo. 
We were able to predict cobamide structure for 58% of cobamide producers. Additionally, our 
predictions revealed that 17% of bacteria can salvage cobamide precursors, of which we have 
defined a new category of bacteria that require early tetrapyrrole precursors to produce 
cobamides.  
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Figure 1: Functions carried out by cobamide-dependent processes. Reactions carried out by 
cobamide-dependent enzymes are shown on the left side of the arrows and cobamide-independent 
alternative processes, if known, on the right. Annotations or query genes used for searching for each 
function are listed in Table 1 and Table 2. 
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Figure 2: Cobamide biosynthesis and structure. A. The cobamide biosynthesis pathway is shown with 
each enzymatic step indicated by a white box labeled with the gene names and functional annotation. 
Subsections of the pathway and salvaging and remodeling pathways are bracketed or boxed with labels in 
bold. Orthologous enzymes that carry out similar reactions in aerobic and anaerobic corrin ring 
biosynthesis are indicated by dashed lines. B. Structure of cobalamin. The upper ligand R can be an 
adenosyl or methyl group. Classes of possible lower ligand structures are also shown. Benzimidazoles: 
R1=H, OH, CH3, OCH3; R2=H, OH, CH3, OCH3. Purines: R1=H, CH3, NH2; R2=H, NH2, OH, O. 
Phenolics: R=H, CH3. 
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Materials and Methods 
Data set download and filtering 

The names, unique identifiers, and metadata for 44,802 publicly available bacterial 
genomes on the Joint Genome Institute’s Integrated Microbial Genomes with Expert Review 
database (JGI/IMGer, https://img.jgi.doe.gov/cgi-bin/mer/main.cgi)129 classified as “finished” 
(accessed January 11, 2017) or “permanent draft” (accessed February 23, 2017) were 
downloaded. To assess genome completeness, we searched for 55 single copy gene 
annotations130,131 using the “function profile: genomes vs functions” tool in each genome. 
Completeness was measured first based on the unique number of single copy gene annotation 
hits (55/55 was best) and second, by the average copy number of the annotations (values closest 
to 1 were considered most complete). We removed 2,776 genomes with fewer than 45 out of 55 
unique single copy genes. To filter the remaining genomes to one genome per species, we used 
name-based matching to create species categories, in which each unique binomial name was 
considered a single species. The genome with the highest unique single copy gene number and 
had an average single copy gene number closest to 1 was chosen to represent a species. If both 
scores were identical the representative genome was chosen at random. For strains with genus 
assignments, but without species name assignments, we considered each genome to be a species. 
The list of species was manually curated for species duplicates caused by data entry errors. 

 
Detection of cobamide biosynthesis and dependence genes in genomes 

Annotations from Enzyme Commission (EC) numbers 
(http://www.sbcs.qmul.ac.uk/iubmb/enzyme/), Pfam, TIGRFAM, Clusters of Orthologous 
Groups (COG), and IMG Terms129,132–135 for cobamide biosynthesis, cobamide-dependent 
enzymes, and cobamide-independent alternative annotations were chosen. These included 
annotations used by Degnan et al.9, but in other cases alternative annotations were chosen to 
improve specificity of the identified genes (Table 1). For example, EC: 4.2.1.30 for glycerol 
dehydratase identifies both cobamide-dependent and -independent isozymes, so pfam 
annotations specific to the cobamide-dependent version were used instead. These genes were 
identified in each genome using the “function profile: genomes vs functions” tool (Jan-May 
2017).  
 For genes without functional annotations in the IMGer database, we chose sequences that 
were genetically or biochemically characterized40,45,136,137 to use as the query genes in one-way 
BLASTP138 against the filtered genomes using the IMGer “gene profile: genomes vs genes” tool, 
accessed Jan-May 2017 (Table 2).  
 Output files for the cobamide genes were combined into a master file in Microsoft Excel. 
This master file was used as input for custom python 2.7 code that interpreted the presence or 
absence of genes as predicted phenotypes. We used Microsoft Excel and python for further 
analysis. Genomes were scored for the presence or absence of cobamide-dependent enzymes and 
alternatives based on the annotations in Table 1 and Table 2. We then created criteria for seven 
cobamide biosynthesis phenotypes based on the presence of certain sets of cobamide 
biosynthesis genes (Table 3, 4): very likely cobamide producer, likely cobamide producer, 
possible cobamide producer, tetrapyrrole precursor salvager, cobinamide (Cbi) salvager, likely 
non-producer, and very likely non-producer and classified genomes accordingly. These are 
grouped into complete biosynthesis (very likely, likely, and possible cobamide producer), 
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partial biosynthesis (tetrapyrrole precursor salvager and Cbi salvager), and no biosynthesis 
(likely non-producer and very likely non-producer). 
 During cobamide biosynthesis, the lower ligand base is activated by CobT to allow 
attachment to the nucleotide loop. For phenolic lower ligands, this reaction is carried out by 
ArsA and ArsB, subfamilies of cobT homologs found in tandem64,69. To distinguish putative 
arsAB homologs from other cobT homologs that are not known to produce phenolyl cobamides, 
IMGer entries for all genes that were annotated as cobT homologs were downloaded. Tandem 
cobT homologs were defined as those with sequential IMG gene IDs. This list of tandem cobT 
genes was then filtered by size to eliminate genes encoding less than 300 or more than 800 
amino acid residues, indicating annotation errors (CobT is approximately 350 AA residues). The 
remaining tandem cobT homologs were assigned as putative arsAB homologs. 
 To identify the anaerobic benzimidazole biosynthesis genes bzaABCDEF, four new 
hidden Markov model profiles (HMMs) were created and two preexisting ones (TIGR04386 and 
TIGR04385) were refined. Generally, the process for generating the new HMMs involved 
performing a Position-Specific Iterated (PSI) BLAST search using previously classified 
instances of the Bza proteins aligned in Jalview138,139. Due to their similarity, BzaA, BzaB, and 
BzaF were examined together, as were BzaD and BzaE. To help classify these sequences, 
Training Set Builder (TSB) was used140. All six HMMs have not been assigned TIGRFAM 
accessions at the time of publication, but will be included in the next TIGRFAM release. Protein 
sequences for 10591 of the filtered genomes were queried for each bza HMM using hmm3search 
(HMMER3.1)141. Hits are only reported above the trusted cutoff defined for each HMM. A hit 
for bzaA and bzaB or bzaF indicated that the genome had the potential to produce benzimidazole 
lower ligands. The specific lower ligand was predicted based on the bza genes present68. 
 We used BLASTP on IMGer to search for tetrapyrrole precursor biosynthesis genes that 
appeared to be absent in the 201 species identified as tetrapyrrole precursor salvagers. Query 
sequences used were the following: Rhodobacter sphaeroides HemA (GenPept C49845); 
Clostridium saccharobutylicum DSM 13864 HemA, HemL, HemB, HemC, and HemD 
(GenBank: AGX44136.1, AGX44131.1, AGX44132.1, AGX44134.1, AGX4133.4, 
respectively). We additionally searched for the Bacillus subtilis HemD, which only has the 
UroIII synthase activity (UniProtKB P21248.2). We visually inspected the ORFs near any 
BLASTP hits in the IMGer genome browser. One hundred eighty species remained after this 
analysis. Genomes were classified as a particular type of tetrapyrrole precursor salvager only if 
they were missing all genes upstream of a precursor.  
 
 
Table 1. Annotations used for cobamide-dependent enzyme families and alternatives. 

Process name 
Gene 
symbols Pathway Annotation used Reference 

ribonucletotide 
reductase (B12-
independent) 

NrdAB, 
NrdDG 

deoxyribonucleotide 
synthesis 

TIGR02487, 
TIGR02506, or 
TIGR02491 

Roth JR, Lawrence JG, Bobik TA. 
(1996). Cobalamin (Coenzyme 
B12): Synthesis and Biological 
Significance. Annu Rev Microbiol 
50: 137-181.23 
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ribonucletotide 
reductase (B12-
dependent) NrdJ 

deoxyribonucleotide 
synthesis 

 TIGR02504, 
TIGR02505  

Roth JR, Lawrence JG, Bobik TA. 
(1996). Cobalamin (Coenzyme 
B12): Synthesis and Biological 
Significance. Annu Rev Microbiol 
50: 137-181.23 

methionine 
synthase (B12-
dependent) MetH 

methionine 
synthesis  EC:2.1.1.13  

Roth JR, Lawrence JG, Bobik TA. 
(1996). Cobalamin (Coenzyme 
B12): Synthesis and Biological 
Significance. Annu Rev Microbiol 
50: 137-181.23 

methionine 
synthase (B12-
independent) MetE 

methionine 
synthesis EC:2.1.1.14 

Roth JR, Lawrence JG, Bobik TA. 
(1996). Cobalamin (Coenzyme 
B12): Synthesis and Biological 
Significance. Annu Rev Microbiol 
50: 137-181.23 

glutamate 
mutase GlmES 

glutamate 
metabolism EC:5.4.99.1 

Banerjee R, Ragsdale SW. (2003). 
THE MANY FACES OF 
VITAMIN B12: CATALYSIS BY 
COBALAMIN-DEPENDENT 
ENZYMES. Annu Rev Biochem 
72: 209-247.13 

methylmalonyl
-CoA mutase 
family 

MCM, 
MutA, 
MeaA, 
IcmAB 

propionate 
metabolism (MCM) 

(TIGR0640 and 
TIGR0641) or 
EC:5.4.99.2 

Roth JR, Lawrence JG, Bobik TA. 
(1996). Cobalamin (Coenzyme 
B12): Synthesis and Biological 
Significance. Annu Rev Microbiol 
50: 137-181.23 

methylcitrate 
pathway (B12-
independent) 

PrpBCDF, 
AcnBD, 
SucD 

propionate 
metabolism 
(methylcitrate) 

EC:2.3.3.5, 
EC:4.1.3.30, 
EC:4.2.1.3, 
EC:4.2.1.99, 
(methylcitrate 
dehydratase: either 
EC:4.2.1.79, 
EC:4.2.1.117), 
(succinyl-CoA 
synthase alph 
subunit: either 
EC:6.2.1.4, 
EC:6.2.1.5) -at 
least 4 steps 

Textor S, Wendisch VF, De Graaf 
AA, Müller U, Linder MI, Linder 
D, et al. (1997). Propionate 
oxidation in Escherichia coli: 
Evidence for operation of a 
methylcitrate cycle in bacteria. 
Arch Microbiol 168: 428-436.142 

ethanolamine 
ammonia lyase EutBC 

ethanolamine 
utilization as 
nitrogen or carbon 
source EC:4.3.1.7 

Roth JR, Lawrence JG, Bobik TA. 
(1996). Cobalamin (Coenzyme 
B12): Synthesis and Biological 
Significance. Annu Rev Microbiol 
50: 137-181.23 

B12-dependent 
glycerol/diol 
dehydratase 

PduCDE, 
DhaBCD 

propanediol 
utilization, glycerol 
fermentation 

pfam02286, 
pfam02287, 
pfam02288 

Roth JR, Lawrence JG, Bobik TA. 
(1996). Cobalamin (Coenzyme 
B12): Synthesis and Biological 
Significance. Annu Rev Microbiol 
50: 137-181. 
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beta-lysine 
5,6-
aminomutase KamED lysine degradation EC:5.4.3.3 

Banerjee R, Ragsdale SW. (2003). 
THE MANY FACES OF 
VITAMIN B12: CATALYSIS BY 
COBALAMIN-DEPENDENT 
ENZYMES. Annu Rev Biochem 
72: 209-247. 13  

D-ornithine 
4,5-
aminomutase OraSE 

ornithine 
degradation EC:5.4.3.5 

Banerjee R, Ragsdale SW. (2003). 
THE MANY FACES OF 
VITAMIN B12: CATALYSIS BY 
COBALAMIN-DEPENDENT 
ENZYMES. Annu Rev Biochem 
72: 209-247. 13  

epoxyqueonsin
e reductase QueG queosine synthesis TIGR00276 

Roth JR, Lawrence JG, Bobik TA. 
(1996). Cobalamin (Coenzyme 
B12): Synthesis and Biological 
Significance. Annu Rev Microbiol 
50: 137-181.23 

reductive 
dehalogenase PceA 

reductive 
dehalogenation TIGR02486 

Banerjee R, Ragsdale SW. (2003). 
THE MANY FACES OF 
VITAMIN B12: CATALYSIS BY 
COBALAMIN-DEPENDENT 
ENZYMES. Annu Rev Biochem 
72: 209-247. 13  

Wood-
Ljungdahl 
corrinoid 
protein AcsCDE acetogenesis 

TIGR00381, 
TIGR00316, 
EC:2.1.1.258, 
EC:2.1.1.245 

Roth JR, Lawrence JG, Bobik TA. 
(1996). Cobalamin (Coenzyme 
B12): Synthesis and Biological 
Significance. Annu Rev Microbiol 
50: 137-181.23 

corrinoid 
methyltransfer
ase families 

MtaAB, 
MtbAB, 
MtmB, 
MttB, 
MtqAB 

acetogenesis, 
methanogenesis, 1-
C metabolism 

EC:2.1.1.246, 
EC:2.1.1.247, 
EC:2.1.1.248, 
EC:2.1.1.249, 
EC:2.1.1.250, 
EC:2.1.1.252, 
EC:2.1.1.253, or 
EC:2.1.1.90 

Roth JR, Lawrence JG, Bobik TA. 
(1996). Cobalamin (Coenzyme 
B12): Synthesis and Biological 
Significance. Annu Rev Microbiol 
50: 137-181.23 

bacteriochloro
phyll cyclase BchE 

bacteriochlorophyll 
biosynthesis TIGR02026 

Gough SP, Petersen BO, Duus JO. 
(2000). Anaerobic chlorophyll 
isocyclic ring formation in 
Rhodobacter capsulatus requires a 
cobalamin cofactor. Proc Natl 
Acad Sci U S A 97: 6908-13.143 

rSAM-B12 
proteins 

 
various 

pfam02310 and 
pfam04055 in same 
ORF 

Broderick JB, Du BR, Duschene 
KS, Shepard EM. (2014). Radical 
S-Adenosylmethionine Enzymes. 
Chem Rev 114: 4229-4317.128 

corrinoid 
binding 
domain 

 
various 

pfam02310, 
pfam02607 
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Table 2. Query genes used for BLASTP-based search for enzyme families without annotations. 
Process 
name 

Gene 
symbols Pathway 

Query used 
in BLASTP 

Settings for 
BLASTP Reference 

ethanolamine 
nitrogen 
utilization 
pathway (B12-
independent) 

Csal_0675, 
Csal_0679, 
Csal_0680, 
Csal_0681 

ethanolamine 
utilization as 
nitrogen 
source 

Chromohalob
acter 
salexigens 
genes 
Csal_0675, 
Csal_0679, 
Csal_0680, 
Csal_0681 
(IMG 
gene_oid:637
965845, 
637965849, 
637965850, 
637965851) 

1-way 
BLASTP 
with 
minimum 
evalue=1e-
10, minimum 
percent 
identity = 
40%, genome 
had to have 
all four genes 

Vetting MW, Al-Obaidi N, Zhao 
S, San Francisco B, Kim J, 
Wichelecki DJ, et al. (2015). 
Experimental strategies for 
functional annotation and 
metabolism discovery: Targeted 
screening of solute binding 
proteins and unbiased panning of 
metabolomes. Biochemistry 54: 
909-931.40 

B12-
independent 
glycerol/diol 
dehydratase 

DhaB, 
RiDD 

propanediol 
utilization, 
glycerol 
fermentation 

Clostiridum 
butryicum 
GRE (IMG 
gene_oid: 
2688143584)
or Roseburia 
inulinivorans 
GRE (IMG 
gene_oid: 
644270222) 
or 
Rhodopseudo
monas 
palustrus 
Bis188 GRE 
(IMG 
gene_oid:637
924274) 

1-way 
BLASTP 
with 
minimum 
evalue=1e-
10, minimum 
percent 
identity=50% 

Brien JRO, Raynaud C, Croux C, 
Girbal L, Soucaille P, Lanzilotta 
WN, et al. (2004). Insight into 
the Mechanism of the B12-
Independent Glycerol 
Dehydratase from Clostridium 
butryicum: Preliminary 
Biochemical and Structural 
Characterization. Biochemistry 
43: 4635-4645137 
LaMattina JW, Keul ND, Reitzer 
P, Kapoor S, Galzerani F, Koch 
DJ, et al. (2016). 1,2-propanediol 
Dehydration in Roseburia 
inulinivorans; Structural Basis 
for Substrate and Enantiomer 
Selectivity. J Biol Chem 291: 
15515-1552642 
Zarzycki J, Sutter M, Cortina 
NS, Erb TJ, Kerfeld CA. (2017). 
In Vitro Characterization and 
Concerted Function of Three 
Core Enzymes of a Glycyl 
Radical Enzyme - Associated 
Bacterial Microcompartment. Sci 
Rep 7: 42757.45 

mercury 
methylation HgcAB 

mercury 
methylation 

Desufovibrio 
desulfuricans 
ND-132 
HgcAB (IMG 
gene_oid: 
2503785873 
and 
2503785874) 

1-way 
BLASTP 
with 
minimum 
evalue=1e-
10, minimum 
percent 
identity=30% 

Parks JM, Johs A, Podar M, 
Bridou R, Hurt RA, Smith SD, et 
al. (2013). The Genetic Basis for 
Bacterial Mercury Methylation. 
Science 339 (6215): 1332-
1335.136 
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Table 3. Definitions of the cobamide biosynthesis pathway sections used in classifying genomes. 
Pathway section Steps 

Complete aerobic biosynthesis (23 total) 

ALA synthesis (either EC:2.3.1.37 or both EC:1.2.1.70 and 
EC:5.4.3.8), EC:4.2.1.24, EC:2.5.1.61, EC:4.2.1.75, EC:2.1.1.107, 
EC:2.1.1.130, EC: 1.14.13.83, EC:2.1.1.131, EC:2.1.1.133, 
EC:2.1.1.152, EC:1.3.1.54, EC:2.1.1.132, EC:5.4.99.61, 
EC:6.3.5.9, EC:6.6.1.2, EC:2.5.1.17, EC:6.3.5.10, EC:6.3.1.10, 
EC:2.7.1.156, cobinamide activation (EC:2.7.7.62 or TIGR00454 
or COG2266), cobalamin phosphatase  (EC:3.1.3.73 or 
TIGR03161), EC:2.7.8.26 

Complete anaerobic biosynthesis (25 total) 

ALA synthesis (either EC:2.3.1.37 or both EC:1.2.1.70 and 
EC:5.4.3.8), EC:4.2.1.24, EC:2.5.1.61, EC:4.2.1.75, EC:2.1.1.107, 
EC:1.3.1.76, EC:4.99.1.3, EC:2.1.1.151, EC:2.1.1.131, 
EC:2.1.1.271, EC:3.7.1.12, EC:2.1.195, EC:1.3.1.106, 
EC:2.1.1.196, EC:2.1.1.289, EC:5.4.99.60, EC:6.3.5.11, 
EC:2.5.1.17, EC:6.3.5.10, EC:6.3.1.10, EC:2.7.1.156, cobinamide 
activation (EC:2.7.7.62 or TIGR00454 or COG2266), cobalamin 
phosphatase  (EC:3.1.3.73 or TIGR03161), EC:2.7.8.26 

Tetrapyrrole precursor biosynthesis (5 total) ALA synthesis (either EC:2.3.1.37 or both EC:1.2.1.70 and 
EC:5.4.3.8), EC:4.2.1.24, EC:2.5.1.61, EC:4.2.1.75, EC:2.1.1.107 

Combined corrin ring biosynthesis (9 total) 

(EC:2.1.1.130 or EC:2.1.1.151), (EC:2.1.1.131 or both 
EC:2.1.1.131 and EC:1.14.13.54), (EC:2.1.1.133 or EC:2.1.1.271), 
(EC:2.1.1.152 or both EC:3.7.1.12 and EC:2.1.1.195), 
(EC:1.3.1.106 or EC:1.3.1.54 ), (EC:2.1.1.132 or both 
EC:2.1.1.289 and EC:2.1.1.196), (EC:5.4.99.61 or EC:5.4.99.60), 
(EC:6.3.5.9 or EC:6.3.5.11), and (EC:6.6.1.2 or EC:4.99.1.3). 

Aminopropanol Linker EC:2.7.1.177, EC:4.1.1.81 
Adenosylation EC:2.5.1.17 

Nucleotide loop assembly (7 total) 
EC:6.3.5.10, EC:6.3.1.10, EC:2.7.1.156, cobinamide activation 
(EC:2.7.7.62 or TIGR00454 or COG2266), cobalamin 
phosphatase  (EC:3.1.3.73 or TIGR03161), EC:2.7.8.26 

Core biosynthesis genes (8 total) 

(EC:2.1.1.130 or EC:2.1.1.151), (EC:2.1.1.133 or EC:2.1.1.271), 
(EC:5.4.99.61 or EC:5.4.99.60), EC:6.3.5.10, EC:6.3.1.10, 
EC:2.7.1.156, cobinamide activation (EC:2.7.7.62 or TIGR00454 
or COG2266), EC:2.7.8.26 
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Table 4. Definitions of cobamide biosynthesis categories. 
Classification Criteria 
very likely cobamide producer 25/25 anaerobic steps or 23/23 aerobic steps 

likely cobamide producer 
≥4/5 tetrapyrrole precursor biosynthesis steps and (either ≥90% 
anaerobic steps or ≥90% aerobic steps) 

possible cobamide producer 

≥6/9 corrin ring biosynthesis steps and (either ≥18/25 anaerobic 
steps or ≥16/23 aerobic steps) or ≥16/21 (tetrapyrrole precursor 
+ corrin ring + end biosynthesis steps) 

tetrapyrrole precursor salvager 

missing ALA synthesis (either EC:2.3.1.37 or both Ec:1.2.1.70 
and EC:5.4.3.8) and has ≥5/9 corrin ring steps and (any of 
≥18/25 anaerobic steps, ≥16/23 aerobic steps or ≥14/16 (corrin 
ring + end biosynthesis steps)) 

cobinamide (cbi) salvage 
not any of the producer categories nor tetrapyrrole precursor 
salvager and has ≥5 end biosynthesis steps 

likely non-producer did not fit any other category 

very likely non-producer 
not any of the producer categories or partial biosynthesis 
categories and has ≤5/9 corrin ring steps 

 
Strains and growth conditions 

Clostridium scindens ATCC 35704, Clostridium sporogenes ATCC 15579, and 
Treponema primitia ZAS-2 (gift from Jared Leadbetter) were grown anaerobically with and 
without added 5-aminolevulinic acid (1 mM for C. sporogenes and T. primitia, 0.5 mM for C. 
scindens). 

Desulfotomaculum reducens MI-1 (gift from Rizlan Bernier-Latmani), Listeria 
monocytogenes (gift from Daniel Portnoy), Blautia hydrogenotrophica DSM 10507, Clostridium 
kluyveri DSM 555 (gift from Rolf Thauer), and Clostridium phytofermentans ISDg (gift from 
Susan Leschine) were grown anaerobically.  

Clostridium scindens ATCC35704 was grown at 37ºC under 80% N2, 20% CO2 in an 
anaerobic defined mineral salts medium with the following composition (g/L): NaCl, 1; MgCl2 • 
6H2O, 0.5; KH2PO4, 0.2; NH4Cl, 0.3; KCl, 0.3; CaCl2 • 2 H2O, 0.015. In addition, 2.29 g of N- 
Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES, free acid), 2 ml of a trace element 
solution144, 1 ml of a Na2SeO3-Na2WO4 solution145,10 mg of resazurin, and 40 mg each of the 
amino acids arginine, cysteine, glycine, histidine, isoleucine, leucine, phenylalanine, proline, 
serine, threonine, tryptophan, tyrosine, and valine were added per liter146. After the medium was 
boiled and cooled under N2, the gas was switched to an 80% N2, 20% CO2 mix, and the 
reductants Na2S • 9 H2O and L-cysteine were added to final concentrations of 0.2 mM each. 
Next, 2.52 g NaHCO3 (30 mM final concentration) was added to the medium, and the pH was 
adjusted to 7.0. The medium was dispensed under 80% N2, 20% CO2 in 10 ml aliquots in 25 
ml Balch tubes, or for large volumes, 1 L in 2 L pyrex bottles. Tubes and bottles were sealed 
with butyl stoppers and aluminum crimp seals, autoclaved for 30 min, and cooled to room 
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temperature. Glucose was subsequently added to a final concentration of 25 mM, and Wolin 
vitamin solution147 (prepared without cobalamin) was added to a final concentration of 1% (v/v). 
Where indicated, 1 mM ALA was added after autoclaving. The trace element stock solution 
contained (g/L) Nitriloacetic acid, 1.11; MnSO4 • H2O, 0.5; FeSO4 • 7H2O, 0.1; CoCl2 • 6H2O, 
0.1; ZnCl2, 0.1, NiCl2 • 6H2O, 0.05; CuSO4 • 5H2O, 0.01; AlK(SO4)2 • 12 H2O, 0.01; H3BO3, 
0.01; Na2MoO4 • 2H2O, 0.01. The Na2SeO3 • Na2WO4 solution contained (g/L): Na2SeO3 • 
5H2O, 0.006; Na2WO4 • 2H2O, 0.008; NaOH, 0.5. 

Clostridium sporogenes ATCC 15579 was grown in the same medium and conditions as 
C. scindens with the following changes: cysteine, serine, and threonine were omitted, and 1 mL 
of a vitamin solution containing 500 mg/L nicotinic acid, 50 mg/L thiamine HCl, 5 mg/L biotin, 
and 5 mg/L p-aminobenzoic acid was added per liter of medium146. 

Treponema primitia ZAS-2 was grown at room temperature in anaerobic 4YACo 
medium with a headspace of 80% H2, 20% CO2 as previously described148, with the following 
changes. For cobalamin added cultures, the final concentration of cyanocobalamin was reduced 
from 4.42 µM to 37 nM. For testing no addition and ALA addition to cultures, cobalamin-
supplemented cultures were serially passaged three times in cobalamin-free medium or in 
cobalamin-free medium containing 1 mM ALA before being used as inocula for growth 
experiments. Growth was monitored spectrophotometrically (O.D.650). All growth experiments 
were performed in triplicate. 

Desulfotomaculum reducens MI-1 was grown anaerobically at 37°C under an N2 
atmosphere in a modified Widdel low phosphate medium with the following per liter: NH4Cl, 
0.25 g; CaCl2 • 2 H2O, 0.1 g; MgCl2 • 6 H2O, 0.5 g; NaCl, 5 g; KCl, 0.5 g; KH2PO4, 0.03 g; TES, 
2.292 g; yeast extract, 0.5 g; Na2SO4, 2.84 g; NaHCO3, 2.52 g; cysteine-sulfide solution (2.5%), 
4 ml; Se/WO solution, 1 ml145; Trace Elements Solution SL-10, 1 ml149; 1000X Wolin’s Vitamin 
solution (without cobalamin), 2 ml. Na-lactate was added as the electron donor (20 mM) and the 
pH of the medium was adjusted to 7.3 with KOH. 

Listeria monocytogenes was grown anaerobically at 25°C under an N2 atmosphere in 
medium containing the following per liter: NaCl, 1 g; MgCl2 • 6 H2O, 0.5 g; KH2PO4, 0.2 g; 
NH4Cl, 0.3 g; KCl, 0.3 g; CaCl2 • 2 H2O, 15 mg; Na-pyruvate, 2.2 g; yeast extract, 1 g; 1,2-
propanediol, 5.9 ml; Trace Elements Solution SL-10, 1 ml; 1000X Wolin’s Vitamin solution 
(without cobalamin), 1 ml; Se/WO solution, 1 ml.  The pH of the medium was adjusted to 7. 

Blautia hydrogenotrophica DSM 10507 was grown anaerobically in Anaerobic Basal 
Broth (Hi-Media M1636) under 5% CO2, 10% H2, 85% N2 headspace at 37ºC. 

Clostridium kluyveri DSM 555 was grown anaerobically at 33°C under an atmosphere of 
80% N2, 20% CO2 in medium (pH 6.8-7) with the following per liter: Potassium acetate, 10 g; 
K2HPO4, 0.31 g; KH2PO4, 0.23 g; NH4Cl, 0.25 g; MgSO4 • 7 H2O, 0.2 g; yeast extract, 1 g; 
ethanol, 20 ml; NaHCO3 (9.1% solution), 27 ml; cysteine-sulfide solution (2.5%), 4 ml; Se/WO 
solution, 0.5 ml; Trace Elements Solution SL-10, 1ml; 1000X Wolin’s Vitamin solution (without 
cobalamin), 1 ml. 

Clostridium phytofermentans ISDg (ATCC 700394) was grown anaerobically at 25°C 
under an N2 atmosphere in GS-2CB medium150. 

 
Corrinoid extraction and analysis 

Corrinoid extractions were performed as described107. For corrinoids extracted from 1 
L cultures of C. sporogenes, C. scindens, and T. primitia, high performance liquid 
chromatography (HPLC) analysis was performed with an Agilent Series 1200 system (Agilent 
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Technologies, Santa Clara, CA) equipped with a diode array detector with detection wavelengths 
set at 362 and 525 nm. Samples were injected onto an Agilent Eclipse XDB C18 column (5 µm, 
4.6 x 150 mm) at 35 °C, with 0.5 ml/min flow rate. Compounds in the samples were separated 
using acidified water and methanol (0.1% formic acid) with a linear gradient of 18 to 30% 
acidified methanol over 20 min.  
 For all other bacteria excluding B. hydrogenotrophica, extracted corrinoids were 
analyzed as above, except with a 1.5 ml/min flow rate and a 40°C column. Corrinoids were 
eluted with the following method: 2% acidified (0.1% formic acid) methanol for 2 min, 2% to 
10% acidified methanol in 0.1 min, and 10 to 40% acidified methanol over 9 min. 

For B. hydrogenotrophica, corrinoids were analyzed as above with the following 
changes.  Samples were injected onto an Agilent Zorbax SB-Aq column (5 µm, 4.6 x 150 mm) 
with 1 ml/min flow rate at 30 ºC. The samples were separated with a gradient of 25 to 34% 
acidified (0.1% formic acid) methanol over 11 minutes, followed by 34 to 50% over 2 min and 
50 to 75% over 9 minutes.  
 
Results 
Most bacteria are predicted to have at least one cobamide-dependent enzyme 

We surveyed publicly available bacterial genomes for 51 functions involved in cobamide 
biosynthesis, modification and salvage, as well as 15 cobamide-dependent enzyme families and 
five cobamide-independent alternative enzymes and pathways. To make generalizations about 
the abundances of bacteria with cobamide-dependent metabolisms and biosynthesis, the data set 
was reduced to representative strains for 11,436 species from approximately 45,000 available 
genomes. Our results indicate that the capability to use cobamides is widespread in bacteria. 
Eighty-six percent of species in the filtered data set have at least one of the 15 cobamide-
dependent enzyme families shown in Fig. 1, Table 1, and Table 2, and 88% of these species have 
more than one family (Fig. 3A). This is consistent with previous analyses of smaller data sets7–9. 
The four major phyla in the data set have different distributions of the number of cobamide-
dependent enzyme families per genome, with the Proteobacteria and Bacteroidetes having higher 
mean numbers of enzyme families than the Firmicutes and Actinobacteria (Fig. 3A). The most 
abundant cobamide-dependent enzymes are involved in core metabolic processes such as 
methionine synthesis and nucleotide metabolism, whereas processes such as reductive 
dehalogenation and mercury methylation are less abundant (Fig. 3B). We also observe phylum-
level differences in the relative abundance of cobamide-dependent enzyme families (Fig. 3B), 
most notably the nearly complete absence of epoxyqueuosine reductase in Actinobacteria. 
Nonetheless, the cobamide-dependent methionine synthase (MetH) and, to a lesser extent, 
methylmalonyl-CoA mutase (MCM) and the cobamide-dependent ribonucleotide reductase 
(RNR), are the most abundant cobamide-dependent enzyme families in all of the four phyla (Fig. 
3B). 

For some cobamide-dependent processes, cobamide-independent alternative enzymes or 
pathways also exist (Fig. 1, right side of arrows). For example, we find that the occurrence of 
MetH is more common than the cobamide-independent methionine synthase, MetE, but that most 
bacteria have both enzymes (Fig. 3C). In contrast, cobamide-independent RNRs are found more 
commonly than the cobamide-dependent versions, and 30% of genomes have both cobamide-
dependent and -independent RNRs (Fig. 3C). The cobamide-dependent propionate (which 
uses MCM), ethanolamine, and glycerol/propanediol metabolisms appear more abundant than 
the cobamide-independent alternatives (Fig. 3C). However, the abundance of the cobamide-
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dependent propionate metabolism is overestimated because the MCM annotation used in this 
analysis includes mutases for which cobamide-independent versions have not been found. The 
abundance of both the ethanolamine and glycerol/propanediol cobamide-independent functions 
may be underestimated, as they were identified based on similarity to a limited number of 
sequences. We did not observe dramatic phylum-level differences in the relative abundances of 
cobamide-dependent and –independent processes (Fig. 4). 

 
Figure 3: Cobamide dependence in bacteria. A. Histogram of the number of cobamide-dependent 
enzyme families (shown in Fig. 1, Table 1, 2) per genome in the complete filtered data set and the four 
most abundant phyla in the data set. The numbers are given for bars with values less than 1%. The 
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inset lists the mean, standard deviation, median, and mode of cobamide-dependent enzyme families for 
each phylum. B. Rank abundance of cobamide-dependent enzyme families in the filtered data set and the 
four most abundant phyla. The inset shows an expanded view of the nine less abundant functions. C. 
Abundance of five cobamide-dependent processes and cobamide-independent alternatives in the complete 
filtered data set. Genomes with only the cobamide-dependent, only the cobamide-independent, or both 
pathways are shown for each process.  
 
 

 
Figure 4.  Cobamide-dependent enzyme families with cobamide-independent alternatives by 
phylum. The same analysis of Fig. 3C was separated by phylum. 
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Thirty-seven percent of bacterial species are predicted to produce cobamides de novo 

We analyzed the filtered data set to make informed predictions of cobamide biosynthesis 
to determine the extent of cobamide biosynthesis in bacteria and to identify marker genes 
predictive of cobamide biosynthesis. A search for genomes containing the complete pathways for 
anaerobic or aerobic cobamide biosynthesis, as defined in the model bacteria Salmonella 
enterica serovar Typhimurium and Pseudomonas denitrificans, respectively46, revealed that few 
genomes contain all annotations for the complete pathway, but many contain nearly all. Some 
bacteria that appear to have an incomplete pathway might nonetheless be capable of cobamide 
biosynthesis because of poor annotation, non-homologous replacement of certain genes50,100, or 
functional overlap of some of the enzymes. We therefore relied on experimental data on 
cobamide biosynthesis in diverse bacteria to inform our predictions, using 63 bacteria that are 
known to produce cobamides (Table 5, 6), including 5 tested in this study (Table 5, 6, bold 
names, Fig. 5). We identified a core set of eight annotations shared by all or all except one of the 
genomes of cobamide-producing bacteria (Table 6, gray highlight). These core annotations 
include three required for corrin ring biosynthesis: cbiL, cbiF and cbiC in the anaerobic pathway, 
which are orthologous to cobI, cobM and cobH, respectively, in the aerobic pathway (Table 6, 
Fig. 2A). An additional five nucleotide loop assembly annotations were also highly abundant in 
these genomes (Table 6).  

 
Table 5: References for experimentally confirmed cobamide producers examined in this study 

Organism name 
Pathway 
phenotype 

Alternate genome 
Used in Analysis Reference 

Acetobacterium woodii DSM 1030 anaerobic 
 

151 
Agrobacterium tumefaciens C58 aerobic C58-UWASH 152 
Aphanizomenon flos-aquae unknown NIES-81 153 

Bacillus megaterium anaerobic 
ATCC 14581/ATCC 
10778 154 

Blautia hydrogenotrophica DSM 10507 anaerobic 
 

this study 
Clostridium cochlearium DSM 1285 anaerobic NLAE-zl-C224 155 
Clostridium kluyveri DSM 555 anaerobic 

 
this study 

Clostridium phytofermentans ISDg anaerobic 
 

this study 
Clostridium tetanomorphum unknown DSM 665 156 
Crocosphaera watsonii WH 8501 unknown 

 
157 

Dehalobacter restrictus CF anaerobic 
 

158  
Desulfitobacterium hafniense Y51 anaerobic 

 
69  

Desulfitobacterium sp. PCE1 (DSM 10344) anaerobic 
 

69 
Desulfobacterium autotrophicum HRM2 anaerobic 

 
159 

Desulfobulbus propionicus DSM 2032 anaerobic 
 

159 
Desulfotomaculum reducens MI-1 anaerobic 

 
this study 
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Desulfovibrio desulfuricans LS anaerobic ND132 160 
Desulfovibrio vulgaris DSM 644 (strain 
Hildenborough) anaerobic 

 
161 

Dinoroseobacter shibae DFL12T aerobic 
 

11 
Eubacterium (Clostridium) barkeri anaerobic VPI 5359 162 
Eubacterium hallii DSM 3353 anaerobic 

 
163,164 

Eubacterium limosum DSM 20517 anaerobic KIST612 165 
Geobacter lovleyi SZ anaerobic 

 
117 

Geobacter sulfurreducens PCA anaerobic 
 

68 
Lactobacillus coryniformis CRL 1001 anaerobic DSM 20001 166 
Lactobacillus reuteri DSM 20016 anaerobic 

 
167 

Lactobacillus rossiae DSM 15814 anaerobic 
 

168 
Listeria monocytogenes anaerobic  v. 1/2a 10403S this study 
Methylobacter luteus aerobic IMV-B-3098 169 
Methylobacterium dichloromethanicum 
(extorquens) DM4 VKM B-2191T (DSM 6343) aerobic 

 
170 

Methylobacterium extorquens AM1 VKM B-2067 
(NCIMB 9133) aerobic 

 
170 

Methylococcus capsulatus Bath aerobic 
 

169 
Methylophilus methylotrophus VKM B-162 (ATCC 
53528) aerobic 

 
170 

Methylosinus trichosporium OB3b VKM B-2117T 
(ATCC 35070) aerobic 

 
170 

Moorella thermoacetica anaerobic ATCC 39073 171 
Pelobacter propionicus DSM 2379 anaerobic 

 
172  

Pelosinus fermentans R7 anaerobic 
 

108 
Prochlorococcus sp. MIT9313 anaerobic 

 
173 

Propionibacterium acidipropionici DSM 20273 anaerobic ATCC 4875 174  
Propionibacterium freudenreichii DSM4902 anaerobic DSM 20271 175  
Propionibacterium freudenreichii subspecies 
shermanii anaerobic JS 47 
Pseudomonas denitrificans SC510 aerobic ATCC 13867 152 
Pseudomonas putida KT2440 aerobic 

 
152 

Rhodobacter capsulatus SB1003 aerobic 
 

176  
Rhodobacter sphaeroides 2.4.1 aerobic 

 
104 

Rhodospirillum rubrum aerobic ATCC 11170 70 
Ruegeria pomeryoi DSS-3 aerobic 

 
173 

Salmonella enterica serovar Typhimurium LT2 anaerobic 
 

177 
Sinorhizobium meliloti RM1021 aerobic 

 
67 

Sporomusa ovata DSM 2662 anaerobic 
 

151  
Streptomyces coelicolor A3 (2) aerobic 

 
178 
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Streptomyces griseus ATCC 11009 aerobic DSM 40236 179 
Sulfuorospirillum multivorans DSM 12446 anaerobic 

 
26  

Synechococcus elongatus PCC7942 anaerobic 
 

11 
Synechococcus sp. CC9311 anaerobic 

 
11  

Synechococcus sp. WH5701 anaerobic 
 

11 
Synechococcus sp. WH7803 anaerobic 

 
173 

Synechococcus sp. WH7805 anaerobic 
 

11 
Synechococcus sp. WH8102 anaerobic 

 
173 

Synechocystis sp. PCC6803 anaerobic 
 

11 
Thermosipho africanus H1760334 anaerobic 

 
98 

Thermosipho africanus TCF52B anaerobic 
 

98 
Veillonella parvula DSM 2008 anaerobic 

 
74 

Yersinia enterocolitica 8081 anaerobic 
 

180  
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Table 6. Experimentally-verified cobamide producers and their cobamide biosynthesis annotation 
content. 

 
aMethylophilus methylotrophus was also reported to be an aerobic corrinoid producer, but its genome only 
has 1 corrin ring biosynthesis annotation (CobH). The reported concentration of corrinoid it produced is 
6-fold less than other strains in the study by Ivanova et al. (2006). We do not think this strain can actually 
produce corrinoids. 
Bold species names were identified as cobamide producers in this study. 
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63 63 60 63 63 48 43 62 58 63 58 53 54 23 18 63 61 63 9 58 63 12 54 48 63 61 36 1 59 17 29 62 63 63 63 51 33 63
Organism name 1 2 2 2 2 22 22 22 22 22 22 22 22 22 22 22 22 2 2 2 2 2 2 2 2 2 22 1 22 22 22 22 22 22 22 22 22 22
Propionibacterium acidipropionici # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Propionibacterium freudenreichii # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Propionibacterium shermanii # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Prochlorococcus sp. MIT9313 # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Synechococcus elongatus # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Synechococcus sp. CC9311 # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Synechococcus sp. WH5701 # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Synechococcus sp. WH7803 # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Synechococcus sp. WH7805 # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Synechococcus sp. WH8102 # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Synechocystis sp. PCC6803 # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Bacillus megaterium # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 1 # # # # # # #
Listeria monocytogenes # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 1 1 # # # # # # #
Lactobacillus coryniformis # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 1 1 # # # # # # #
Lactobacillus reuteri # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 1 # # # # # # #
Lactobacillus rossiae # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 1 # # # # # # #
Clostridium cochlearium # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 1 1 # # # # # # #
Clostridium kluyveri 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 0 1 1 0 0 1 1 11 1 1 1 1 1 1 1
Acetobacterium woodii # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 1 1 # # # # # # #
Eubacterium barkeri # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 1 1 # # # # # # #
Eubacterium hallii # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Eubacterium limosum # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 1 1 # # # # # # #
Blautia hydrogenotrophica # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 2 # # # # # # #
Clostridium phytofermentans 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 0 1 1 0 1 1 1 1 0 0 1 0 1 1 1 1 1 1 1 1
Dehalobacter restrictus # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 1 # # # # # # #
Desulfitobacterium hafniense # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 1 1 # # # # # # #
Desulfitobacterium sp. PCE1 # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 1 1 # # # # # # #
Desulfotomaculum reducens # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 1 1 # # # # # # #
Moorella thermoacetica # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 1 1 # # # # # # #
Pelosinus fermentans 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1
Sporomusa ovata # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 1 1 # # # # # # #
Veillonella parvula # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 1 1 # # # # # # #
Desulfobacterium autotrophicum # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 1 # # # # # # #
Desulfobulbus propionicus # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 1 # # # # # # #
Desulfovibrio desulfuricans # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Desulfovibrio vulgaris # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 1 # # # # # # #
Geobacter lovleyi # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Geobacter sulfurreducens # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 1 # # # # # # #
Pelobacter propionicus # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 1 # # # # # # #
Sulfurospirillum multivorans # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Salmonella typhimurium # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 1 1 # # # # # # #
Yersinia enterocolitica # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 2 1 # # # # # # #
Thermosipho africanus H1760334 # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Thermosipho africanus TCF52B # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Streptomyces coelicolor # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Streptomyces griseus # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Agrobacterium tumefaciens # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Methylobacterium dichloromethanicuma # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Methylobacterium extorquensa # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Methylosinus trichosporiuma # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Sinorhizobium meliloti # # # # # # # # # # # # # # # # # # # # # # # # # # # 1 # 0 0 # # # # # # #
Dinoroseobacter shibae # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Rhodobacter capsulatus # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Rhodobacter sphaeroides # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Ruegeria pomeryoi # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Rhodospirillum rubrum # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Methylobacter luteus # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 1 # # # # # # #
Methylococcus capsulatus # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Pseudomonas denitrificans # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Pseudomonas putida # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Aphanizomenon flos-aquae # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Crocosphaera watsonii # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 0 0 # # # # # # #
Clostridium tetanomorphum # # # # # # # # # # # # # # # # # # # # # # # # # # # 0 # 1 1 # # # # # # #U
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Figure 5. Corrinoid extractions from the organisms tested in Table 5 and Table 6. Corrinoids 
separated on HPLC as described in the methods. Asterisks indicate peaks consistent with a corrinoid 
based on the UV-Vis spectrum. 
 

Our analysis additionally showed that the anaerobic and aerobic corrin ring biosynthesis 
pathways cannot be distinguished based on their annotated gene content, presumably because 
portions of the two pathways share orthologous genes (Table 6; Fig. 2A, dashed lines). Even the 
cobalt chelatases, cobNST and cbiX/cbiK, are not exclusive to genomes with the aerobic or 
anaerobic pathways, respectively (Table 6). Cobalt chelatase annotations are also found in some 
bacteria that lack most of the corrin ring and nucleotide loop assembly genes, suggesting that 
there is overlap in annotations with other metal chelatases181. 

We next sought to predict cobamide biosynthesis capability across bacteria by analyzing 
the filtered genome data set by defining different levels of confidence for predicting cobamide 
biosynthesis (Table 3, 4). Annotations that are absent from the majority of genomes of 
experimentally verified cobamide producers (cobR, pduX, and cobD) (Table 6, Fig. 2A), as well 
as one whose role in cobamide biosynthesis has not been determined (cobW)182 were excluded 
from these threshold-based definitions. We did not exclusively use the small set of core 
annotations identified in Table 6 because a correlation between the absence of these genes and 
lack of cobamide biosynthesis ability has not been established. Using these threshold-based 
definitions, we predict that 37% of bacteria in the data set have the potential to produce 
cobamides (Fig. 6, black bars). Forty-nine percent of species in the data set have at least one 
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cobamide-dependent enzyme but lack a complete cobamide biosynthetic pathway. Genomes in 
the latter category can be further divided into non-producers, which contain fewer than five 
corrin ring biosynthesis genes, and precursor salvagers, which contain distinct portions of the 
pathway (described in a later section). The distribution of cobamide-dependent enzyme families 
also varies based on predicted cobamide biosynthesis, with predicted cobamide producers having 
more cobamide-dependent enzyme families per genome than non-producers (Fig. 7). 

To assess whether the core corrin ring annotations (Table 6, gray highlight) identified in 
the experimentally verified cobamide producers could be used as markers, the threshold-based 
assignments of cobamide biosynthesis categories were compared to the frequency of the three 
annotations. The presence of each core annotation alone is largely consistent with the threshold-
based category assignments, as each is present in 99% of genomes in the producer categories and 
in less than 1% of the non-producers (Table 7). The presence of two or all three marker 
annotations matches the threshold-based predictions even more closely (Table 7). The corrin ring 
markers chosen in Table 7 are slightly more predictive of our threshold-based cobamide 
biosynthesis classifications than cbiA/cobB (EC:6.3.5.11/EC:6.3.5.9), a previously selected 
marker used in environmental DNA analysis183; although cbiA/cobB was found in 99% of 
predicted cobamide producers, is it also present in 2.6% of predicted non-producers and 46% of 
precursor salvagers. 

 
Table 7. Presence of corrin ring marker annotations in predicted cobamide biosynthesis categories 
 

 
*Numbers represent the percent of genomes containing each marker annotation and combinations of 
annotations within each cobamide biosynthesis category. 
 
 

As with the cobamide-dependent enzyme families, the four major phyla in the data set 
have major differences in their predicted cobamide biosynthesis phenotypes (Fig. 6). Around half 
of Actinobacteria (57%) and Proteobacteria (45%) and 30% of Firmicutes are predicted to be 
cobamide producers. In contrast, only 0.6% of Bacteroidetes are predicted to produce cobamides 
de novo, yet 96% have at least one cobamide-dependent enzyme, suggesting that most members 
of this phylum must acquire cobamides from other organisms in their environment. In addition, 
Bacteroidetes have the highest relative proportion of species predicted to salvage Cbi via a 
partial cobamide biosynthesis pathway, and most of the tetrapyrrole precursor salvagers are 
Firmicutes (see later section), whereas very few Actinobacterial species are predicted to salvage 
precursors (Fig. 6). These divisions reveal potential cobamide and cobamide precursor 
requirements across phyla. 
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Figure 6: Predicted cobamide biosynthesis phenotypes in the complete filtered data set and the four 
most abundant phyla in the data set. Genomes were classified into predicted corrinoid biosynthesis 
phenotypes based on the criteria listed in Table 3 and Table 4. The “Partial biosynthesis” category 
includes cobinamide salvagers and tetrapyrrole precursor auxotrophs. The “Uses cobamides” category is 
defined as having one or more of the cobamide-dependent enzyme families shown in Figure 1. The 
numbers are given for bars that are not visible. 
 

 

Figure 7. Number of cobamide-dependent enzyme families per genome in four cobamide 
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biosynthesis classification categories. The data in Fig. 3A is separated by cobamide biosynthesis 
category (Fig 6, Table 4). 
 

 
Predicting cobamide structure 

Lower ligand structure is determined by the intracellular production of lower ligand bases 
as well as specific features of the lower ligand attachment genes cobT or arsAB64,66–70,75,184. We 
first defined predictions for the biosynthesis of the class of cobamides containing benzimidazole 
lower ligands (benzimidazolyl cobamides), based on the presence of genes for the biosynthesis 
of benzimidazoles. We used the presence of bluB, the aerobic synthase for the lower ligand of 
cobalamin, 5,6-dimethylbenzimidazole (DMB), as a marker for cobalamin production66,67,71 and 
found it in 25% of genomes in the data set, including those without complete cobamide 
biosynthesis pathways. bluB is most abundant in predicted cobamide-producing bacteria (Fig. 
8A), particularly in Proteobacteria (Fig. 8B). 

Anaerobic biosynthesis of DMB and three other benzimidazoles requires different 
combinations of the bza genes as shown in Figures 2A and 5C68,72. Because annotations for the 
majority of the bza genes were not available, we developed profile HMMs to search for them. 
Ninety-six genomes contain one or more bza genes, and 88 of these contain either bzaF or both 
bzaA and bzaB, the first step necessary for the anaerobic biosynthesis of all four benzimidazoles 
(Fig. 8C). As seen with bluB, anaerobic benzimidazole biosynthesis genes are highly enriched in 
cobamide producers (Fig. 8A). Examining the set of bza genes in each genome allowed us to 
predict the structures of cobamides produced in 86 out of the 96 genomes (Fig. 8C). Based on the 
frequency of bluB and the bza genes, 24% of bacteria are predicted to produce cobalamin, the 
cobamide required by humans. 

To predict the biosynthesis of phenolyl cobamides, we searched for genomes containing 
two adjacent cobT annotations, since the cobT homologs arsA and arsB, which together are 
necessary for activation of phenolic compounds for incorporation into a cobamide, are encoded 
in tandem64. Using this definition, arsAB was found in only 27 species, and is almost entirely 
restricted to the class Negativicutes in the phylum Firmicutes, which are the only bacteria 
reported to produce phenolyl cobamides73,185 (Fig. 8A, B).  

Forty-two percent of predicted cobamide producers in the data set do not have any of the 
benzimidazole biosynthesis or phenolic attachment genes (Fig. 8A). However, bacteria that have 
the α-ribazole kinase CblS (Fig. 8A, B, inner rings) and the transporter CblT (not included) are 
predicted to use activated forms of lower ligand bases found in the environment (Fig. 2A, α-
ribazole salvaging); we found CblS in 363 species (3.2%), mostly in the Firmicutes phylum (Fig. 
8A, B, inner rings)99,100. A higher proportion of bacteria, 1,041 species (9.1%), have a CbiZ 
annotation (Fig. 8A, B, outer rings), an amidohydrolase that cleaves the nucleotide loop, 
allowing cells to rebuild a cobamide with a different lower ligand105 (Fig. 2A, corrinoid 
remodeling). CbiZ is found in genomes of predicted cobamide producers and Cbi auxotrophs 
(see following section) (Fig. 8A), as expected based on experimental studies104,106–108. The 
reliance of some bacteria on exogenous lower ligands or α-ribazoles produced by other 
organisms precludes prediction of cobamide structure in all cases.  
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Figure 8: Lower ligand structure predictions. A, B. Proportion of genomes containing the indicated 
lower ligand structure determinants (inner circle), α-ribazole salvaging gene (inner ring), and corrinoid 
remodeling gene (outer ring) in the complete filtered data set separated by cobamide producer category 
(A) and in cobamide producers separated by phylum (B). C. The anaerobic benzimidazole biosynthesis 
pathway is shown with the functions that catalyze each step above the arrows. The genes required to 
produce each benzimidazole are shown below each structure, with the number of genomes in the 
complete filtered data set containing each combination of genes in parentheses. The sets of bza genes that 
do not have a predicted structure are listed on the right. Abbreviations: AIR, aminoimidazole ribotide; 5-
OHBza, 5-hydroxybenzimidazole; 5-OMeBza, 5-methoxybenzimidazole; 5-OMe-6-MeBza, 5-methoxy-
6-methylbenzimidazole.  
 
 
Seventeen percent of bacteria have partial cobamide biosynthetic pathways 

Our analysis of the cobamide biosynthesis pathway revealed two categories of genomes 
that lack some or most genes in the pathway, but retain contiguous portions of the pathway. 
Genomes in one category, the Cbi (cobinamide) -salvaging bacteria (15% of genomes), contain 
the nucleotide loop assembly steps but lack all or most of the corrin ring biosynthesis annotations 
(Fig. 9A). As demonstrated in Escherichia coli79, Thermotoga lettingae97, and Dehalococcoides 
mccartyi107, and predicted in human gut microbes9, Cbi salvagers can take up the late 
intermediate Cbi, assemble the nucleotide loop and attach a lower ligand.  

We observed an additional 201 genomes (1.7%) that lack one or more initial steps in 
tetrapyrrole precursor biosynthesis but have complete corrin ring biosynthesis and nucleotide 
loop assembly pathways, primarily in the Firmicutes (Table 3, 4). After searching these 
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genomes manually for genes missing from the pathway, we designated 180 of these species as 
tetrapyrrole precursor salvagers, a new classification of cobamide intermediate auxotrophs (Fig. 
9A). These organisms are predicted to produce cobamides only when provided with a 
tetrapyrrole precursor or a later intermediate in the pathway. 

 
 

 
Figure 9: Characterization of putative tetrapyrrole precursor salvagers A. Steps in cobamide 
biosynthesis. The functions that catalyze each step are indicated to the right of each arrow. The number of 
genomes in the complete filtered data set in each precursor salvage category is on the left. Two genomes 
had cobamide biosynthesis pathways inconsistent with simple auxotrophy.. B. HPLC analysis of corrinoid 
extracts from Clostridium scindens, Clostridium sporogenes, and Treponema primitia grown with and 
without added ALA. A cyanocobalamin standard (10 µM) is shown for comparison. Asterisks denote 
peaks with UV-Vis spectra consistent with that of a corrinoid. C. T. primitia ZAS-2 growth in 4YACo 
medium with and without added cyanocobalamin (37 nM) or ALA (1 mM). Each point represents the 
average of three biological replicates. Error bars are the standard deviation. 
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Experimental validation of 5-aminolevulinic acid (ALA) dependence 
 The identification of putative tetrapyrrole precursor salvagers suggests either that these 
bacteria are capable of taking up a tetrapyrrole precursor from the environment to produce a 
cobamide or that they synthesize the precursors through a novel pathway. We therefore tested 
three putative tetrapyrrole precursor salvagers for their ability to produce corrinoids (cobamides 
and other corrin ring-containing compounds) in the presence and absence of a tetrapyrrole 
precursor. Clostridium scindens and Clostridium sporogenes, which are predicted to require 5-
aminolevulinic acid (ALA), produced corrinoids in defined media only when ALA was supplied, 
suggesting that they do not have a novel ALA biosynthesis pathway (Fig. 9B). We tested an 
additional predicted ALA salvager, the termite gut bacterium Treponema primitia ZAS-2, for 
which a defined medium has not been developed. When cultured in medium containing yeast 
autolysate, T. primitia produced trace amounts of corrinoids, and corrinoid production was 
increased by supplementing this medium with ALA (Fig. 9B). The ability of T. primitia to use 
externally supplied ALA was further shown by its increased growth rate and cell density at 
stationary phase when ALA was added (Fig. 9C). Together, these results support the hypothesis 
that predicted ALA salvagers synthesize cobamides by taking up ALA from the environment. 

 
 
 

Discussion 
Vitamin B12 and other cobamides have long been appreciated as a required nutrient for 

humans, bacteria, and other organisms due to their critical function as enzyme cofactors. The 
availability of tens of thousands of genome sequences afforded us the opportunity to conduct a 
comprehensive analysis of cobamide metabolism across over 11,000 bacterial species. This 
analysis gives an overview of cobamide dependence and cobamide biosynthesis across bacteria, 
allowing for the generation of hypotheses for cobamide and cobamide precursor interactions in 
bacterial communities. Our work shows that cobamide use is much more widespread than 
cobamide biosynthesis, consistent with the majority of previous studies of smaller data sets 7–9. 
The prevalence of cobamide-dependent enzymes in bacteria, coupled with the relative paucity of 
de novo cobamide producers, underscores the ubiquity of both cobamide-dependent metabolism 
and cobamide salvaging in microbial communities. Here, we additionally find that cobamide 
production and use are unevenly distributed across the major phyla represented in the data set, 
identify bacteria dependent on cobamide precursors, and predict cobamide structure. These 
results underscore the widespread nutritional dependence of bacteria. 

The most abundant types of cobamide-dependent enzymes in our data set are methionine 
synthase, epoxyqueuosine reductase, RNR, and MCM. For all of these enzymes, cobamide-
independent alternative enzymes or pathways exist. (Note that the newly discovered alternative 
to epoxyqueuosine reductase, QueH41, was not included in our analysis.) The prevalence of 
cobamide-dependent enzymes for which cobamide-independent counterparts exist, particularly 
in the same genome, suggests that cobamide-dependent enzymes confer distinct advantages. This 
view is supported by the observations that MetE is sensitive to stress and has a 100-fold lower 
turnover number than MetH36,37,186 and that cobamide-independent RNRs are limited in the 
oxygen concentrations in which they are active33,39. 



	

39	

In our analysis of cobamide biosynthesis, it was not possible to use a single definition of 
the complete de novo cobamide biosynthesis pathway across all bacterial genomes because of 
divergence in sequence and function. Similarly, while Archaea are known to produce and use 
cobamides, the archaeal cobamide biosynthetic pathway differs in key steps from the bacterial 
pathways, making annotation-based assignment of biosynthesis predictions difficult without 
further experimental characterization of non-homologous replacements48.  The use of 
experimental data gives confidence to our predictions and allowed identification of marker genes 
for cobamide biosynthesis. Nevertheless, our predictions likely overestimate the extent of 
cobamide biosynthesis in situ, as genome predictions do not account for differences in gene 
expression. For example, cobamide production in S. typhimurium is repressed in environments 
containing oxygen or lacking propanediol23, and cobamide biosynthesis operons are commonly 
subjected to negative regulation by riboswitches7,86. The abundance of cobamide importers7–9, 
even in bacteria capable of cobamide biosynthesis, reinforces the possibility that many bacteria 
may repress expression of cobamide biosynthesis genes in favor of cobamide uptake in some 
environments.  
 A comparison of genomes containing one or more cobamide-dependent annotations to 
those with none revealed an absence of bacteria that produce cobamides but do not use them. 
This finding suggests that altruistic bacteria that produce cobamides exclusively for others do not 
exist. Metabolically coupled organisms that crossfeed cobalamin in exchange for another nutrient 
have been described in the mutualistic relationships between algae and cobalamin-producing 
bacteria111,114, yet it remains unclear if such intimate partnerships are widespread. Notably, our 
results show that cobamide biosynthesis is unevenly distributed across bacteria, with 
Actinobacteria enriched in and Bacteroidetes lacking in de novo cobamide biosynthesis. Such 
phylogenetic comparisons can be used to make crude predictions of cobamide-based nutritional 
interactions among different taxa. 

The reliance of many bacteria on environmental cobamides, coupled with the fact that 
structurally different cobamides are not functionally equivalent in bacteria9,11,20,21,93,107,117, 
underscores the importance of cobamide lower ligand structure in microbial interactions. 
Additional variation in the nucleotide loop was not considered here because of the absence of 
genes specific to norcobamide biosynthesis26,61. We were able to predict lower ligand structure 
for 58% of predicted cobamide producers. The remaining bacteria may produce purinyl 
cobamides, the class of cobamides containing purine bases as lower ligands, which are abundant 
in some bacterial taxa and microbial communities11,69,187. Further analysis of substrate specificity 
in CobT and other lower ligand attachment enzymes could lead to improved strategies for 
predicting production of cobamides with purinyl lower ligands, as some CobT homologs appear 
to segregate into different clades based on lower ligand structure69,74,75. The presence of free 
benzimidazoles and α-ribazoles in microbial communities95,101,102 and the ability of bacteria to 
take up and incorporate these compounds into cobamides19,74,93,94 suggest that it will not be 
possible to predict the structures of cobamides produced by all bacteria in situ solely from 
genomic analysis. 

We predict that 32% of bacteria that have cobamide-dependent enzymes are unable to 
synthesize cobamides, attach a preferred lower ligand to Cbi, or remodel corrinoids. This group 
of bacteria must take up cobamides from their environment for use in their cobamide-dependent 
metabolisms. Given the variable use of structurally different cobamides by different bacteria, 
the availability of specific cobamides is likely critical to bacteria that are unable to synthesize 
cobamides or alter their structure. The availability of preferred cobamides may limit the range 
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of environments that these organisms can inhabit. Variation in the abundance of different 
cobamides has been observed in different environments. For example, in a TCE-contaminated 
groundwater enrichment culture, 5-hydroxybenzimidazolyl cobamide and p-cresolyl cobamide 
were the most abundant cobamides185, compared to cobalamin in bovine rumen188 and 2-
methyladeninyl cobamide in human stool187. One strategy for acquiring preferred cobamides 
could be selective cobamide import, as suggested by the ability of two cobamide transporters in 
Bacteroides thetaiotaomicron to distinguish between different cobamides9.  

Dependence on biosynthetic precursors has been observed or predicted for amino acids, 
nucleotides, and the cofactors thiamin and folate189–192. Here, we describe genomic evidence for 
dependence on cobamide precursors, namely Cbi or tetrapyrrole precursors. The prevalence of 
Cbi-salvaging bacteria (Fig. 9A) suggests that it is common for bacteria to fulfill their cobamide 
requirements by importing Cbi from the environment and assembling the nucleotide loop 
intracellularly. Consistent with this, Cbi represented up to 9% of total corrinoids in TCE-
contaminated groundwater enrichments185, and represented up to 12.8% of the total corrinoids 
detected in human stool samples187.  

Our analysis defined five types of tetrapyrrole precursor salvagers and experimentally 
verified the ALA salvager phenotype in three species. It was observed previously that 
Porphyromonas gingivalis lacks the steps to synthesize precorrin-2193. However little additional 
work has explored tetrapyrrole precursor salvagers. This biosynthesis category was overlooked 
in previous genomic studies of cobamide biosynthesis because these studies considered only the 
corrin ring biosynthesis and nucleotide loop assembly portions of the pathway7–11. Tetrapyrrole 
precursors have been detected in biological samples, suggesting that they are available for uptake 
in some environments. For example, uroporphyrin III, a derivative of the tetrapyrrole precursor 
uroporphyrinogen III (UroIII), was detected in human stool194,195 and ALA has been found in 
swine manure extract196. Although we confirmed experimentally the ALA dependence 
phenotype, we were unable to detect ALA in several biological samples using a standard 
chemical assay via a fluorometric derivatization197 or bioassay with Rhodobacter sphaeroides 
hemAT152, which lacks ALA synthase, suggesting either that ALA is not freely available in these 
environments or is present at concentrations lower than the 100 nM detection limit of these 
assays (data not shown). Based on the ecosystem assignment information available for 48% of 
the genomes, 78% of tetrapyrrole precursor salvagers are categorized as host-associated bacteria 
compared to 41% in the complete filtered dataset. One interpretation of this finding is that 
tetrapyrrole precursors are provided by the host, either from host cells that produce them as 
intermediates in heme biosynthesis198,199 or, for gut-associated microbes, as part of the host’s 
diet. Alternatively, these precursors may be provided by other microbes, as was observed in a 
coculture of Fibrobacter species200. Genome analysis suggests that Candidatus Hodgkinia 
cicadicola, a predicted UroIII salvager201, may acquire a tetrapyrrole precursor from its insect 
host or other endosymbionts to be able to provide methionine for itself and its host via the 
cobamide-dependent methionine synthase. Seventeen percent of cobamide-requiring human gut 
bacteria lacked genes to make UroIII de novo from glutamate, suggesting they could be UroIII 
salvagers9.  

Nutritional dependence is nearly universal in bacteria. Auxotrophy for B vitamins, amino 
acids, and nucleic acids is so common that these nutrients are standard components of bacterial 
growth media. We speculate that the availability of cobamides in the environment, coupled 
with the relative metabolic cost of cobamide biosynthesis, has driven selection for loss of the 
cobamide biosynthesis pathway119. The large number of genomes with partial cobamide 
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biosynthesis pathways, namely in the “possible cobamide biosynthesis”, “likely non-producer”, 
and “Cbi salvager” classifications, suggests that some of these genomes are in the process of 
losing the cobamide biosynthesis pathway. At the same time, evidence for horizontal acquisition 
of the cobamide biosynthesis pathway suggests an adaptive advantage for nutritional 
independence for some bacteria202,203. Such advantages could include early colonization of an 
environmental niche, ability to synthesize cobamides with lower ligands that are not commonly 
available, or association with hosts that do not produce cobamides. The analysis of the genomic 
potential of bacteria for cobamide use and production presented here could provide a foundation 
for future studies of the evolution and ecology of cobamide interdependence. 
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Chapter 3 
 
The flexible cobamide requirements of Clostridioides (Clostridium) difficile 630 
∆erm 
 
Abstract 
Clostridioides (Clostridium) difficile is an opportunistic pathogen whose ability to cause disease 
is closely linked to its ability to take advantage of changing nutrient conditions during dysbiosis 
of the human gut microbiota204,205. Better understanding of its metabolism may provide 
additional strategies for C. difficile infection prevention and treatment. C. difficile has an 
unusually high number of cobamide-dependent metabolisms encoded in its genome, most of 
which have not been characterized in their function in vitro or in vivo, but it does not encode the 
complete de novo cobamide biosynthesis pathway. Cobamides vary in their lower ligand 
structure. Those lower ligands are not functionally equivalent, and seven different cobamides 
have been found in human stool. To address the importance of cobamides to C. difficile and to 
understand how C. difficile acquires cobamides, we studied wild type and targeted mutants of C. 
difficile 630 ∆erm in vitro under cobamide-dependent conditions. Like other aspects of its 
physiology, C. difficile 630 ∆erm’s cobamide metabolism is versatile, as it can use diverse 
cobamides for methionine and deoxyribonucleotide synthesis, and can use alternative nutrient 
sources or enzymes to fulfill its metabolic needs. We found that C. difficile 630 ∆erm can 
produce the cobamide pseudocobalamin when provided the early precursor 5-aminolevulinc acid 
(ALA) or the late intermediate cobinamide (Cbi), and can produce other cobamides if provided 
an alternative lower ligand. The ability of C. difficile 630 ∆erm to take up cobamides and Cbi at 
physiological concentrations requires the transporter BtuFCD, but interestingly, other C. difficile 
strains including the hypervirulent strain R20291 contain insertions in btuC, that may restrict 
their ability to use cobamides produced by other microbes. C. difficile strains are expected to 
vary in their cobamide acquisition strategies based on the gene content and adapt their metabolic 
networks as nutrient conditions change. 
 
 
Introduction 

The human gut microbiota is composed of hundreds to thousands of species of bacteria 
and archaea, forming a complex community206. Members of the community compete for many of 
the same nutrients, such as carbon sources, but also provide benefits to other members by 
releasing waste products that these others can use. One example of such trophic interactions is 
carbon mineralization. First, primary fermenters breakdown carbohydrates from the host mucin 
or the diet, producing short chain fatty acids (SCFA)207. These SFCA can be used by the host, 
and also metabolized by other microbes into methane and carbon dioxide. Other modes of 
nutrient sharing include production and auxotrophy of vitamins and amino acids, as many gut 
bacteria are auxotrophic for one or more vitamins and amino acids10, and must acquire them 
from the host diet or other microbes. In one example, when the mucin-degrading bacterium 
Akkermansia muciniphila is co-cultured in vitro with Eubacterium hallii, E. hallii can provide 
vitamins that allow A. muciniphila to access metabolic pathways than it cannot use when co-
cultured with Anaerostipes caccae, creating a different SCFA profile164. The production of 
these metabolites can affect not only growth of members of the microbiota, but also host 
health208. 



	

43	

Clostridioides (Clostridium) difficile is a human intestinal pathogen that is among the 
most common nosocomial infections in the United States, with nearly 300,000 healthcare-
associated cases per year209. C. difficile colonization of the gut is correlated with dysbiosis of the 
gut microbiota, often after antibiotic treatment210. Its abilities to germinate from spores, 
proliferate in the gut, and cause disease are impacted by ecological and metabolic factors205,211. 
Antibiotic-induced changes in microbiota species richness and abundance results in changes in 
niche availability that allow C. difficile spores to germinate and proliferate in the gut208. The 
global alteration of the gut metabolome following antibiotic treatment is correlated with 
increased susceptibility to C. difficile infection, and recent work has linked changes in specific 
metabolites to changes in the microbiome using model systems210,212–214. For example, succinate 
availability increases after disturbance of the microbiota, allowing C. difficile expansion in a 
gnotobiotic mouse model215. Additionally, specific commensal bacteria have been shown to 
produce compounds that stimulate C. difficile metabolism. In a bi-association, Bacteroides 
thetaiotaomicron can break down host mucin and produce sialic acid that can be used by C. 
difficile for expansion in the gut216. C. difficile can also induce other members of the microbiota 
to produce indole, which is thought to create a more favorable environment for the pathogen by 
inhibiting competing microbes217. 

Some interactions with the microbiota have been shown to be inhibitory to C. difficile. 
Co-culturing with certain Bifidobacterium spp. with particular carbon sources reduces C. difficile 
toxin production relative to monoculture218. While primary bile acids produced by the host 
promote C. difficile spore germination, Clostridium scindens and other 7α-dehydroxylating 
Clostridia transform these compounds into secondary bile acids, which are inhibitory to C. 
difficile219,220. This example in particular shows that compounds in the same class can have 
different effects on the disease state. Understanding how specific metabolites affect the 
physiology of C. difficile and its virulence will improve the prevention and treatment of C. 
difficile associated disease. 

One class of metabolites that has not been explored for their ability to affect C. difficile 
growth and virulence are cobamides, the vitamin B12 family of cofactors. Cobamides are used in 
many microbial metabolisms in the gut including methionine synthesis, deoxyribonucleotide 
synthesis, acetogenesis, and other carbon catabolism pathways. Over 80% of all sequenced 
bacteria221 and of sequenced human gut bacteria9 have one or more cobamide-dependent 
enzymes, suggesting that cobamides are widely used cofactors across microbial ecosystems. 
Strikingly, fewer than 40% of bacterial species are predicted to produce cobamides de novo9,221, 
and therefore over half of bacteria that use cobamides must acquire them from their environment. 
Cobamides vary in the structure of the lower ligand (Fig. 1), and organisms studied to date are 
selective in which cobamides they can use9,11,20,21,93,107,117.  Seven cobamides in addition to the 
cobamide precursor cobinamide (Cbi) have been detected in the human gut at concentrations 
over 10 ng per gram of feces187. As discussed in Chapter 1, in an environment with plentiful, 
diverse cobamides and cobamide precursors, if a microbial species requires a particular 
cobamide, it could either synthesize it de novo, remodel cobamides to the preferred structure, 
import select cobamides, or regulate its cobamide-dependent enzymes to prevent expression 
when inhibitory cobamides are present in the cell. 
 
 



	

44	

 
Figure 1. Cobamide and cobamide precursor structures. A. Structure of cobalamin (vitamin B12), a 
cobamide B. Lower ligands of cobamides analyzed in this study, with the three classes of lower ligand 
structure labeled. For each structure, the lower ligand name, abbreviation for the cobamide containing the 
lower ligand, and alternate names of the cobamide (when applicable) are indicated. C. Cobamide 
precursors used in this study. 
 
 
  C. difficile genomes contain most of the approximately 30 genes required for de novo 
cobamide biosynthesis, but they are missing hemA and hemL, the first two enzymes in the 
pathway required for synthesis of the precursor 5-aminolevulinic acid (ALA) (Fig. 1C). 
Therefore, C. difficile is predicted to be able to produce cobamides only when ALA is 
available221 (Fig. 2). C. difficile has seven predicted cobamide-dependent enzymes encoded in its 
genome that are involved in methionine synthesis, nucleotide metabolism, and carbon 
metabolism (Fig. 2). Having access to cobamides therefore may be important to C. difficile, but 
little is known about C. difficile’s use of these pathways in vitro or in vivo. Deletion of EutA, the 
reactivating factor required for ethanolamine ammonia lyase (EutBC) activity, in C. difficile 
strain 630 ∆erm reduces the mean time to morbidity in a hamster model, suggesting that access 
to ethanolamine is important in modulating virulence222. Metabolic models and 
transcriptomics223,224 suggest that the Wood-Ljungdahl pathway is an important electron sink, 
and there is experimental evidence that it may be used for autotrophic growth by some 
strains225. To be able to use the Wood-Ljungdahl pathway, catabolize ethanolamine, and 
perform other cobamide-dependent metabolisms, we predict that C. difficile requires 



	

45	

cobamides or cobamide precursors such as ALA present in the gut. While ALA is an 
intermediate made in all tetrapyrrole-producing organisms, including the host, cobamides are 
only produced by some bacteria and archaea.  
 
 
 

 
Figure 2. Cobamide-dependent processes in C. difficile. Diagram of cobamide metabolism in C. 
difficile 630 ∆erm. The cobamide biosynthesis pathway is in gray. In purple are cobamide-dependent 
enzymes, in green are cobamide-independent isozymes. The transporter BtuFCD is in black. 
Abbreviations: Cba, cobamide; Cbi, cobinamide; ALA, 5-aminolevulinic acid; rSAM, radical S-
adenosylmethionine; NTPs, ribonucleotides; dNTPs, deoxyribonucleotides. Enzymes: MetH, methionine 
synthase; NrdEF, aerobic (oxygen-requiring) cobamide-independent ribonucleotide reductase (RNR); 
NrdDG, anaerobic (oxygen-sensitive) cobamide-independent RNR; NrdJ, cobamide-dependent RNR; 
QueG, epoxyqueuosine reductase; EutBC, ethanolamine ammonia lyase; CoFeSP, corrinoid iron-sulfur 
protein; OraSE, D-ornithine 4,5-aminomutase. 
 
 
 To address the importance of cobamides to C. difficile and to understand how C. difficile 
acquires cobamides, we studied wild type and targeted mutants of C. difficile 630 ∆erm in vitro 
under cobamide-dependent conditions. We found that, like other aspects of its physiology, C. 
difficile 630 ∆erm’s cobamide metabolism is versatile, as it can use a surprising diversity of 
cobamides for methionine and deoxyribonucleotide synthesis, and can use alternative nutrient 
sources or enzymes to fulfill its metabolic needs. We found that C. difficile 630 ∆erm can 
produce the cobamide pseudocobalamin when provided ALA or the late intermediate Cbi, and 
can produce other cobamides if provided an alternative lower ligand. The ability of C. difficile 
630 ∆erm to take up cobamides and Cbi at physiological concentrations requires the transporter 
BtuFCD, but interestingly, other C. difficile strains including the hypervirulent strain R20291 
contain insertions in btuC, which may restrict their ability to use cobamides produced by other 
microbes.  
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Materials and Methods 
Strains and growth conditions 
 
Table 1: Bacterial strains and plasmids 
Strain or plasmid Description Source 
Strains   
Escherichia coli XL1-Blue  QB3 MacroLab 
Escherichia coli CA434 hsd20(rB-, mB-, recA13, rpsL20, 

leu, proA2, with IncPb  
conjugative plasmid R702  

Chain Biotech226 

Clostridioides difficile   
    630 ∆erm Erythromycin sensitive strain 227  
    630 ∆erm ∆pyrE  228 
    630 ∆erm ∆pyrE ∆btuFCD  This study 
    630 ∆erm ∆pyrE ∆cbiKLJHGFTEDC  This study 
    630 ∆erm ∆pyrE ∆nrdDG  This study 
Plasmids   
R702 Conjugation plasmid 226 
pMTL-YN3 Allelic exchange vector 228 
pXL001 pMTL-YN3 directed to btuFCD This study 
pXL002 pMTL-YN3 directed to 

cbiKLJHGFTEDC 
This study 

pXL003 pMTL-YN3 directed to nrdDG This study 
 

C. difficile 630 ∆erm and C. difficile 630 ∆erm ∆pyrE were streaked from frozen stocks 
onto BHIS agar229 before transferring to Clostridium difficile defined medium (CDDM), 
containing casamino acids,230 with 8 g/L glucose. Agar plates and 96-well plate cultures were 
incubated at 37 ºC in an anaerobic chamber (Coy Labs) under 10% H2 10% CO2 80% N2 
headspace. For C. difficile 630 ∆erm ∆pyrE and derived strains, 5 µg/ml uracil was included in 
all defined media. For corrinoid extractions and NrdJ phenotype experiments, strains pre-
cultured in CDDM plus 8 g/L glucose and inoculated into the same medium. For MetH 
phenotype experiments, CDDMK medium plus 8 g/L glucose without methionine was used. 
CDDMK contains the same salts, trace metals, and vitamins as CDDM, but the casamino acids, 
tryptophan and cysteine are replaced with the individual amino acids as follows: 100 mg/L 
histidine, 100 mg/L tryptophan, 100 mg/L glycine, 100 mg/L tyrosine, 200 mg/L arginine, 200 
mg/L phenylalanine, 200 mg/L threonine, 200 mg/L alanine, 300 mg/L lysine, 300 mg/L serine, 
300 mg/L valine, 300 mg/L isoleucine, 300 mg/L aspartic acid, 400 mg/L leucine, 500 mg/L 
cysteine, 600 mg/L proline, 900 mg/L glutamic acid231. All defined liquid media were prepared 
by boiling under 80% N2/20% CO2 gas. After the pH stabilized between 6.8 and 7.2, the medium 
was dispensed into stoppered tubes and autoclaved. Sterile glucose and vitamins were added 
after autoclaving. 

For preculturing for MetH phenotype assays, C. difficile 630 ∆erm was grown in CDDM 
medium, then washed twice in CDDMK without methionine prior to inoculation at OD = 0.01 in 
a 96 well plate. C. difficile 630 ∆erm ∆pyrE ∆btuFCD was prepared in the same manner, but the 
medium contained 5 µg/L added uracil. For NrdJ phenotype assays, C. difficile 630 ∆erm ∆pyrE 
∆nrdDG was grown in CDDM plus 5 µg/ml uracil plus 10 nM cobalamin, and washed three 
times in medium without cobalamin prior to inoculation at OD = 0.01 in a 96 well plate. 
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OD600 was read on a Biotek Synergy 2 plate reader after 23 to 24 hours. Blank medium wells 
were subtracted from the measurement and corrected for pathlength. 
 ALA, Cbi and cobalamin were purchased from Sigma Aldrich. Other cobamides were 
produced as described in Men et al.108  
 
Strain and plasmid construction 

The allelic coupled exchange (ACE) system of Ng et al. was used for construction of C. 
difficile mutant strains (Table 1)228. Briefly, arms of homology flanking the target gene(s) in the 
C. difficile 630 ∆erm genome (CP016318) were cloned into pMTL-YN3 (Chain Biotech) via 
PCR (Table 2) and Gibson assembly232 in E. coli XL1- Blue. Plasmid inserts were sequenced by 
Sanger sequencing before transformation into E. coli CA434 (Chain Biotech). Conjugation of E. 
coli CA434 and C. difficile 630 ∆erm ∆pyrE was performed as described233, except that C. 
difficile and E. coli cultures were cultured for 5-8 hours prior to pelleting E. coli and mixing with 
the C. difficile recipient. After 16 hours growth on BHIS agar, the mixed cells were resuspended 
in 1 ml PBS and 100 µl of the suspension was plated on each of 5-7 plates of BHIS agar with 
added 10 µg/ml thiamphenicol, 250 µg/ml D-cycloserine, and 16 µg/ml cefoxitin. After colonies 
were visible, they were purified by streaking onto BHIS with 15 µg/ml thiamphenicol, 250 µg/ml 
D-cycloserine, and 16 µg/ml cefoxitin, at least twice before counterselection on CDDM agar plus 
2 mg/L 5-fluoroorotic acid (5-FOA) plus 5 µg/ml uracil. The resulting colonies were purified by 
streaking at least twice prior to screening by colony PCR for the deletion and the presence of 
tcdB (Table 2)233. For the deletion of nrdDG, 10 nM cobalamin was added to all media during 
the ACE procedure. 

 
Table 2. Primers used in this study 
Primer ID Sequence Purpose 
P2188 CAT AAT ATG TCA GAG AAT ACT GTA GTC tcdB presence 
P2189 GTT CTG AGG TAT ATT CTG GTA TAT ATT 

 
tcdB presence 

P2269 GCT TGA TGT GTT GGT AGC AC 
 

Checking pMTL-YN3 for insert 

P2270 AAG TAC ATC ACC GAC GAG CA 
 

Checking pMTL-YN3 for insert 

P2271 AAC AGC TAT GAC CGC GGC CGC ATT TTA ATG AAA ACT ATT TC Gibson assembly primer for pMTL-YN3 and 
btuFCD arms of homology 

P2272 TTC AAA AAA ATT ATA ATC TAT ACT CTA ATT TAT TGT TGA CCT 
CTT TGC AAG G  

Gibson assembly primer for pMTL-YN3 and 
btuFCD arms of homology 

P2273 CCT TGC AAA GAG GTC AAC AAT AAA TTA GAG TAT AGA TTA TAA 
TTT TTT TGA A 

Gibson assembly primer for pMTL-YN3 and 
btuFCD arms of homology 

P2274 CAG GCC TCG AGA TCT CCA TGG TAT GGA TAT GCA AAA AGA AC Gibson assembly primer for pMTL-YN3 and 
btuFCD arms of homology 

P2282 ACA GCT ATG ACC GCG GCC GCC TAA TTT CTA TAG CTA AAG C 
 

Gibson assembly primer for pMTL-YN3 and 
cbiKLJHGFTEDC arms of homology 

P2286 AGT CTC CTT TAA ATA TTG CTT TCA CTT ATG TAT TCC ATT CTA 
TTT CCC CCT TAA T 
 

Gibson assembly primer for pMTL-YN3 and 
cbiKLJHGFTEDC arms of homology 

P2287 ATT AAG GGG GAA ATA GAA TGG AAT ACA TAA GTG AAA GCA 
ATA TTT AAA GGA GAC T 
 

Gibson assembly primer for pMTL-YN3 and 
cbiKLJHGFTEDC arms of homology 

P2288 AGG CCT CGA GAT CTC CAT GGA TAC CTG TTG GAA AAG GAA T 
 

Gibson assembly primer for pMTL-YN3 and 
cbiKLJHGFTEDC arms of homology 
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P2289 ACA GCT ATG ACC GCG GCC GCC AAT AAG TTT TTT ACA GAT T 
 

Gibson assembly primer for pMTL-YN3 and 
nrdDG arms of homology 

P2290 CAA TAT ATA GTA ACA GGA GGT TTT TTT AAA ATA TAA ATA AAC 
AGG ATT AAA TAT ATG C 
 

Gibson assembly primer for pMTL-YN3 and 
nrdDG arms of homology 

P2291 GCA TAT ATT TAA TCC TGT TAA TTT ATA TTT TAA AAA AAC CTC 
CTG TTA CTA TAT ATT G 
 

Gibson assembly primer for pMTL-YN3 and 
nrdDG arms of homology 

P2292 TCT GCA GGC CTC GAG ATC TCC ATG GTA TTA CTA TAC CAA 
CTT TTT CTT TTA GAG T 
 

Gibson assembly primer for pMTL-YN3 and 
nrdDG arms of homology 

P2404 GAA GGT GAT TTT AAT GAA AAC TAT TTC TAT TTC TAA ACA AG 
 

Flanking primer for checking btuFCD 
knockout 

P2405 TAT GCA AAA AGA ACT TAT AGA TTT AGT AAC TAG TC 
 

Flanking primer for checking btuFCD 
knockout 

P2406 CGT CCG TCT TAT CTA CTG ATT GAT AAT AAT C 
 

Internal primer for checking btuFCD 
knockout 

P2663 GCA AAA TAT GAT TAC TTG ATG CCT TG 
 

Flanking primer for checking 
cbiKLJHGFTEDC knockout 

P2664 TCT TAC AAG CAA CAC TGA AAT TAT G 
 

Flanking primer for checking 
cbiKLJHGFTEDC knockout 

P2451 CAG GAT AAC TAA CCC AAT AAG GCT TTG GTA ATA AGA CTT C 
 

Flanking primer for checking nrdDG 
knockout 

P2452 TGC TTT ATT TGT TTG CCC TTT TCT TGA GGA C 
 

Flanking primer for checking nrdDG 
knockout 

P2458 GAA GAT ATA CAA GAT TCT GTA GTT AAG GTT C 
 

Internal primer for checking nrdDG knockout 

P2459 AGA AGT ATC TGT TCC GAA GTT TAC ACT TG 
 

Internal primer for checking nrdDG knockout 

 
Corrinoid extraction and analysis 

C. difficile was grown in 50 ml CDDM plus 8 g/L glucose under 80% N2/ 20% CO2 
headspace for 16-22 hours at 37ºC prior to extraction. Two cultures were combined for each 
condition for a total volume of 100 ml. Corrinoid extractions were performed as described107, 
except that cell pellets were autoclaved for 35 minutes prior to addition of methanol and 
potassium cyanide. 

High-performance liquid chromatography (HPLC) analysis was performed with an 
Agilent Series 1200 system (Agilent Technologies, Santa Clara, CA) equipped with a diode array 
detector with detection wavelengths set at 362 and 525 nm. For Fig. 6B and 7A, samples were 
injected onto an Agilent Zorbax SB-Aq column (5 µm, 4.6 × 150 mm) at 30 °C, with 1 mL/min 
flow rate. Compounds in the samples were separated with a gradient of 25 to 34% methanol 
containing 0.1% formic acid in acidified water (containing 0.1% formic acid) over 11 min, 
followed by a 34 to 50% gradient over 2 min, and 50 to 75% over 9 min. For Fig. 6A, samples 
were injected onto an	Agilent Eclipse Plus C18 column (5 µm, 9.6 × 250 mm) at 30 ºC, with 2 
mL/min flow rate. Compounds in the samples were separated with a gradient of 10 to 42% 
methanol with 0.1% formic acid in acidified water (containing 0.1% formic acid) over 20 min, 
then 100% methanol for 2 minutes. Injection volumes were 5 µL of standards for total amounts 
injected: Cbi (1), 200 pmoles; pseudocobalamin (2), 225 pmoles; cobalamin (3), 50 pmoles; 
[Bza]Cba (4), 114 pmoles; [2-MeAde]Cba (5), 114 pmoles; [Cre]Cba (6), 151 pmoles. 10 µl C. 
difficile samples, and 40 µl C. difficile ∆pyrE mutant samples were injected. 

C. difficile MLST tree construction 
For the 248 C. difficile genomes classified as “finished” or “permanent draft” on 

JGI/IMG234 (accessed March 2019), the seven MLST gene sequences, adk, atpA, dxr, glyA, 
recA, sodA, and tpi 235, were downloaded and aligned individually using MUSCLE236. The 
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alignments were concatenated and genomes missing one or more MLST genes or having 
duplicate genes were removed from the analysis for a total of 79 strains analyzed. The 
concatenated alignment was manually trimmed in UGENE237, then columns with 95% or greater 
gaps were removed with trimAL238. This alignment was used as input for RAxML 8.2.12239 on 
the CIPRES webserver240 with 100 bootstraps, using the GTRCAT model. The tree was 
visualized and annotated in iTOL241. 
 
Results 
C. difficile requires methionine or a cobamide for growth 

C. difficile encodes seven cobamide dependent enzymes in its genome (Fig. 2), but 
whether all of these enzymes are functional and which cobamides can be used for each pathway 
are unknown. Common in vitro growth conditions using casamino acid medium or brain heart 
infusion broth allow C. difficile access to many carbon and energy sources that may not require 
cobamides for use. Like some other Clostridia we have tested including Clostridium scindens 
and Clostridium sporogenes (Chapter 2), the genome of C. difficile 630 Δerm encodes the 
complete anaerobic cobamide biosynthesis pathway with the exception of hemA and hemL, two 
genes required for the synthesis of the first committed tetrapyrrole precursor, 5-aminolevulinc 
acid (ALA)53,54,221. Therefore, we predicted that, like C. scindens and C. sporogenes, C. difficile 
would be able to produce a cobamide only if ALA or a downstream cobamide precursor is 
provided221, and otherwise be reliant on exogenous cobamides for cobamide-dependent growth.  

To interrogate the cobamide-dependent enzymes of C. difficile, we sought to grow the 
organism in conditions that functionally isolate each enzyme. C. difficile encodes the cobalamin-
dependent methionine synthase MetH, but does not contain the cobamide-independent 
alternative enzyme MetE, suggesting that it requires a cobamide or methionine for growth. 
Previously, methionine has been classified as a “growth-enhancing,” but not essential, amino 
acid in a medium containing cobalamin (vitamin B12)231. We modified the CDDM casamino acid 
medium by replacing the casamino acids with individually added amino acids, and omitted 
methionine. To test whether C. difficile can use cobamides for methionine synthesis and to 
identify the specific cobamides that support its MetH-dependent growth, we cultured C. difficile 
with a range of concentrations of cobalamin, Cbi, and eight other cobamides that we purified. 
Remarkably, unlike other bacteria that have been reported to use only certain cobamides for 
methionine synthase activity9,19,64, all of the cobamides and Cbi were able to confer high growth 
yields to C. difficile at concentrations as low as 1 nM (Fig. 3). Higher concentrations of ALA and 
methionine were required to support growth (Fig. 3). The observation that C.  difficile could 
grow in a MetH-dependent condition with ALA and Cbi suggested that its encoded cobamide 
biosynthesis pathway lacking the ALA biosynthesis genes was indeed functional. 
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Figure 3. Growth of C. difficile 630 ∆erm under MetH-requiring conditions. The mean OD600 of four 
stationary phase cultures grown for 22.5 hours in CDDMK medium plus glucose without methionine is 
plotted as a function of the amount of compound added in nM. Error bars are the standard deviation of 
four biological replicates.  
 
 
C. difficile ribonucleotide reductase NrdJ requires a more restricted set of cobamides 
 C. difficile has three ribonucleotide reductases (RNRs)33 encoded in its genome: an 
oxygen-dependent class I (nrdEF, CDIF630erm_RS16320, CDIF630erm_RS16325), a 
cobalamin-dependent class II (nrdJ, CDIF630erm_RS07280), and an oxygen-sensitive, 
cobamide-independent class III (nrdDG, CDIF630erm_RS00990, CDIF630erm_RS00995). In 
principle, any of these three isozymes could be used for deoxyribonucleotide synthesis from 
ribonucleotides. When grown anaerobically in CDDM with glucose, adding cobamides or 
cobamide precursors did not affect growth yield of the parent strain C. difficile 630 ∆erm ∆pyrE 
(Fig. 4), suggesting that the class III RNR, NrdDG, is functional under these growth conditions. 
To test whether the class II RNR, NrdJ, is functional, and if so, to study its cobamide preference, 
we deleted the nrdD and nrdG genes while providing exogenous cobalamin. This strain could 
grow upon cobamide addition, indicating that NrdJ is functional. In contrast to MetH, NrdJ is 
more selective in the cobamides it can use (Fig. 5). Since the cobamide cofactor used by NrdJ 
has a “base-on” configuration13, we expected that only benzimidazolyl and purinyl cobamides, 
which can form a coordination bond between the cobalt and lower ligand, would function in 
C. difficile’s NrdJ. As predicted, there was little growth with [Cre]Cba and [Phe]Cba. [5-
OHBza]Cba also did not support growth, despite its ability to adopt a base-on configuration. 
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Figure 4. C. difficile 630 ∆erm ∆pyrE does not change its growth yield in response to external 
cobamides if methionine is present. C. difficile 630 ∆erm ∆pyrE was grown in CDDM casamino acid 
medium plus uracil and glucose for 23.5 hours. The mean OD600 of three biological replicates is plotted. 
Error bars are the standard deviation. 
 
 



	

52	

 
Figure 5. C. difficile NrdJ is selective in which cobamides it can use. The mean OD600 of three 
stationary phase cultures of C. difficile 630 ∆erm ∆pyrE ∆nrdDG grown in CDDM with added uracil and 
glucose for 22.5 hours is plotted as a function of the amount of compound added in nM. Error bars are the 
standard deviation of three biological replicates. 
 
 
C. difficile can produce pseudocobalamin from the precursor ALA via the cbi genes 
 The observation that C. difficile could grow under cobamide-dependent conditions with 
ALA or Cbi (Fig. 3, 5) suggested that it can produce a cobamide from these precursors using the 
cobamide biosynthetic genes encoded in its genome221. Because C. difficile lacks all known 
genes for biosynthesis of benzimidazoles and attachment of phenolic lower ligands, it is 
predicted to be incapable of producing benzimidazolyl or phenolyl cobamides, but may produce 
a purinyl cobamide64,66–70,75,184. To test these predictions, C. difficile was grown in CDDM 
medium with glucose with ALA or Cbi, a condition that does not require cobamides. The 
corrinoid fraction, which includes cobamides and cobamide precursors including Cbi, was 
extracted from the cell pellets following growth to saturation. Consistent with our predictions, 
HPLC analysis of the extracted corrinoids showed that C. difficile produces a cobamide only 
when ALA or Cbi was added (Fig. 6A). Moreover, the major cobamide produced co-eluted with 
the purinyl cobamide pseudocobalamin (Fig. 6A). 
 We expect that pseudocobalamin synthesis from the early precursor ALA, but not from 
the late precursor Cbi, relies on the corrin ring biosynthesis genes cbiKLJHGFTEDC (Fig. 2). 
We constructed a cbiKLJHGFTEDC deletion mutant, and as expected, this strain could 
synthesize pseudocobalamin with added Cbi, but not with ALA (Fig. 6A). 
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Figure 6. HPLC analysis of corrinoid extracts from C. difficile strains. A. Production of cobamides 
with added cobamide precursors is shown for C. difficile 630 ∆erm and 630 ∆erm ∆pyrE 
∆cbiKLJHGFTEDC grown with added ALA (100 nM) or Cbi (10 nM). Cbi (1), pseudocobalamin (2), and 
cobalamin (3) are shown as standards. B. Guided biosynthesis with added benzimidazoles. C. difficile 630 
∆erm with added ALA (100 nM) or Cbi (10 nM) and lower ligands DMB or Bza (100 nM). Cbi (1), 
pseudocobalamin (2), cobalamin (3), and [Bza]Cba (4) are shown as standards. 
 
 
C. difficile can perform guided biosynthesis but does not remodel cobamides  

 To test whether C. difficile can perform guided biosynthesis, a process in which an 
exogenously provided lower ligand base is incorporated into a cobamide 19,74,91,93,94, C. difficile 
was cultured with ALA or Cbi and DMB (the lower ligand of cobalamin, Fig. 1A) or a related 
compound, benzimidazole (Bza). Analysis of corrinoid extracts showed that C. difficile could 
attach both exogenous lower ligands to form cobalamin and [Bza]Cba, respectively (Fig. 6B).  

Some bacteria and archaea are able to remodel cobamides by removing the lower 
ligand and nucleotide loop with the amidohydrolase enzyme CbiZ and rebuild the cobamide 
with a different lower ligand 104–107. We did not find cbiZ in the C. difficile genome, and as 
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expected, we did not observe evidence of remodeling; when cobalamin, [2-MeAde]Cba, or 
[Cre]Cba was provided to C. difficile, the same cobamides were recovered from the cells (Fig. 
7A).  

 
C. difficile requires btuFCD for efficient uptake of cobamides and Cbi 

Recovery of added cobamides and cobamides made from Cbi from the cellular fraction 
(Fig. 6, 7A) suggests that C. difficile takes up cobamides via an active transporter. We identified 
a candidate vitamin B12 uptake operon (btuFCD) downstream of a sequence annotated as a 
cobalamin riboswitch, suggesting that these genes function in corrinoid import8,9,76,77,83,84,86,88. 
We constructed a deletion of this operon and found that, unlike wild type C. difficile, when 
grown with 10 nM cobalamin, no cobalamin could be recovered in corrinoid extracts from the 
cellular fraction of the ∆btuFCD mutant (Fig. 7A). In contrast, ALA uptake is unaffected in the 
∆btuFCD mutant, as this strain can produce pseudocobalamin when ALA is provided (Fig. 7A). 

Consistent with the requirement for the corrinoid transporter BtuFCD, the ∆btuFCD 
mutant grew poorly in medium without methionine even with 104 to 105 nM added cobinamide 
or cobalamin, while the ability of methionine or ALA to support growth remained unaffected by 
the ∆btuFCD mutation (Fig. 7B). 

Some strains of C. difficile in the PCR-ribotype 027 (RT027) clade have a tlpB  
transposon insertion in btuC, likely rendering the BtuFCD transporter nonfunctional (Fig. 8)242. 
This insertion is also found in the ancestral strain CD196242. In Escherichia coli and 
Synecoccocus sp. PCC 7002, btuC deletion mutants are impaired in cobalamin uptake88,243. 
Based on the absence of corrinoids in the cell fraction of a 630 ∆erm ∆btuFCD strain (Fig. 7), we 
infer that strains with an insertion in btuC, including the hypervirulent R20291, would require 
cobamides or Cbi at concentrations higher than 0.1 mM in the environment if relying on 
cobamide-dependent enzymes. In stool samples of individuals not taking cobalamin supplements 
at high doses, corrinoids are present at tens to hundreds of ng per gram; the most abundant 
cobamide was [2-MeAde]Cba at an average of 794 ng/g but cobalamin was found at 
concentrations averaging 19 ng/g and was among the lowest concentration detected187. For [2-
MeAde]Cba, this is an equivalent of approximately 500 nM, suggesting that strains without a 
functional BtuFCD transporter may not be able to use the corrinoids present in the gut. (Fig. 7B). 
However, they would be able to use ALA if it was available. 
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Figure 7. ∆btuFCD mutants are impaired in cobamide and Cbi uptake. A. HPLC analysis of 
corrinoid extracts from cell pellets of C. difficile 630 ∆erm and C. difficile 630 ∆erm ∆pyrE ∆btuFCD 
were grown with 10 nM cobamides or 100 nM ALA. Cbi (1), pseudocobalamin (2), cobalamin (3), [2-
MeAde]Cba (5), [Cre]Cba (6) shown as standards. B.  C. difficile 630 ∆erm ∆pyrE ∆btuFCD grown in 
MetH-dependent conditions. The mean OD600 of three biological replicates stationary phase cultures in 
CDDMK with 5 ug/ml uracil without methionine for 23.5 hours is plotted as a function of the amount of 
compound added in nM. Error bars are the standard deviation of three biological replicates. 
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Figure 8. Distribution of tlpB insertion in btuC in C. difficile strains A. Maximum likelihood MLST 
tree of C. difficile strains. Branch labels are bootstrap support from 100 bootstraps. Genomes with the 
transposon insertion into btuC are highlighted in red, other branches have intact btuFCD ORFs. B. The 
gene neighborhood of selected genomes at the btuFCD locus shows the tlpB insertion. Neighborhoods 
were generated using JGI/IMG’s best COG matches. 
 
 
Discussion 
 C. difficile’s ability to cause disease is closely linked to its ability to take advantage of 
changing nutrient conditions during gut microbiota dysbiosis204,205. Better understanding of its 
metabolism alone and in response to changes in the community may provide additional strategies 
for prevention and treatment of C. difficile infection. C. difficile has an unusually high number of 
cobamide-dependent metabolisms encoded in its genome221, and its predicted ALA salvaging 
phenotype suggests a dependence on host, diet, or microbiota-derived cobamides and cobamide 
precursors. This study showed that C. difficile 630 ∆erm is an ALA-salvaging bacterium, and in 
the absence of exogenous lower ligand precursors, produces the cobamide pseudocobalamin 
when provided with the cobamide precursors ALA or Cbi. It is able to use its own “native” 
cobamide to carry out methionine synthesis through MetH and deoxyribonucleotide synthesis 
through NrdJ, but can also use other cobamides for both processes or bypass the cobamide-
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dependent enzyme. Specifically, addition of methionine could substitute for MetH, and the 
cobamide-independent class III RNR can be used by wild type C. difficile in the absence of 
cobamides. This redundancy makes C. difficile metabolically versatile in that it can use 
cobamides but does not have an obligate cobamide requirement. 
 We tested a suite of nine cobamides to support the growth of C. difficile in the absence of 
exogenous methionine, many of which can be found in the human gut. While there were minor 
differences in concentration required for robust growth yield, C. difficile’s MetH appears to be 
promiscuous in its cobamide selectivity. The cobamide selectivity of MetH orthologs from other 
organisms has previously been studied with a smaller panel of cobamides, and the amount of 
selectivity varied. These studies show that a subset of the cobamides could be used by each 
MetH homolog, however, lack of comprehensive testing of cobamide use in many cases makes it 
difficult to determine which cobamides are able to support catalysis. While eukaryotic algae 
showed no growth with pseudocobalamin under MetH-dependent conditions11, a Salmonella 
enterica metE mutant was able to use cobalamin, pseudocobalamin, [Phe]Cba, and [Cre]Cba to 
grow without added methionine, although other cobamides were not tested19,64. Bacteroides 
thetaiotaomicron can use both benzimidazolyl cobamides and purinyl cobamides for MetH-
dependent growth, but not phenolyl cobamides9. Other MetH homologs have been shown to bind 
cobalamin in a base-off, His-on configuration89. In Spirulina platensis, MetH bound 
pseudocobalamin with a higher affinity than cobalamin22. Further experimental testing of 
cobamide selectivity of MetH homologs will help determine which residues are important for 
cobamide selectivity. In contrast to MetH, C. difficile’s NrdJ was more selective, which was 
expected because of its requirement for the base-on configuration244,245. Growth assays in a 
Sinorhizobium meliloti cobamide-biosynthesis mutant found that it could not grow with 
[Cre]Cba and had reduced growth with pseudocobalamin relative to its native cobamide, 
cobalamin, under conditions where RNR was the only cobamide-dependent enzyme required for 
growth74. Our results in C. difficile show the same inability to use [Cre]Cba. Comprehensive 
testing of cobamide selectivity of other NrdJ homologs will provide additional context for the 
promiscuity or selectivity of C. difficile NrdJ. 

C. difficile’s versatility in cobamide use is notable given the diversity of cobamides likely 
available to it in the gut. Seven different cobamides are found in human feces in quantities of 
tens to thousands of ng per g stool187. C. difficile thus potentially has access to many cobamide 
types. [2-MeAde]Cba and [Cre]Cba were typically the most abundant cobamides in the 
individuals sampled187, and both are able to support C. difficile’s growth with MetH (Fig. 3). 

Not only do our data show that C. difficile is able to use multiple cobamides to support its 
metabolism, but it can also use the early precursor ALA to produce a cobamide and thus does not 
strictly rely on cobamide or Cbi import. This could be important for RT027 strains that may lack 
the ability to take up complete cobamides to conduct cobamide-dependent metabolism. ALA, 
and possibly other early cobamide precursors, could be provided by either the microbiota, or by 
the host, both of which produce ALA as a precursor to heme and other tetrapyrroles. ALA 
concentrations in the human gut have not been measured. The late intermediate Cbi was found to 
be present at tens of ng per gram of feces and up to 600 ng/g in patients receiving milligram 
daily doses of cobalamin187. How the cobamide and cobamide precursor profile in the gut 
changes during C. difficile infection is unknown, but since much of the cobamide content in the 
lower GI tract is produced by resident gut microbes125,246, it is interesting to speculate that the 
corrinoid profile may change during dysbiosis. 
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In addition to scavenging available complete cobamides, C. difficile is also able to attach 
non-native lower ligands to cobamides it produces from cobamide precursors. Benzimidazolyl 
cobamides did not provide a growth advantage over pseudocobalamin, the cobamide that C. 
difficile makes without added lower ligand, in the two metabolisms we investigated in this study.  
Benzimidazoles can be found in many environments including host associated fluids such as 
rumen fluid and termite guts95, but the amount of cobamide lower ligands has not been 
determined in the human gut. 

C. difficile 630 ∆erm has flexibility to acquire cobamides and cobamide precursors to 
carry out its cobamide dependent metabolisms. What form of cobamide or cobamide precursor it 
prefers to use in the host remains to be discovered. Evidence from transcriptomics is mixed on 
whether genes encoding cobamide-dependent enzymes or the cobamide biosynthesis pathway are 
expressed during infection, but Fletcher et al.224 reported that hemB, which encodes the enzyme 
that converts ALA to the cobamide intermediate porphobilinogen, was among the most highly 
expressed genes in the mouse gut212,224,247–249. C. difficile infection studies use a variety of animal 
models with mono-associations of C. difficile, gnotobiotic animals with a consortium of 
commensal strains, and antibiotic-treated conventional animals. Since both diet and the 
microbiota contribute to the cobamide profile in the gut125,187,246, the availability of cobamides 
may vary significantly in these systems and affect the expression and use of cobamide 
biosynthesis and dependent pathways by C. difficile. Additionally, these studies use different C. 
difficile strains, and as noted above, those in the RT027 clade may not have a functional BtuFCD 
transporter, and therefore would be defective in taking up exogenous cobamides, which could 
influence cobamide-dependent metabolism. 

C. difficile strains also have the option to forgo cobamides altogether in the case of 
methionine synthesis by taking up methionine from the environment, or by using a different 
RNR. However, some cobamide-dependent pathways do not have other alternatives, including 
the Wood-Ljungdahl and the ethanolamine catabolism pathways, of which there is some 
evidence about their importance to C. difficile in providing an electron sink223,224 and modulating 
virulence222, respectively. The cobamide availability to different C. difficile strains may influence 
which cobamide-dependent pathways are accessible and could affect virulence of the strain, but 
further in vivo studies are needed to determine to what extent cobamides and cobamide-
dependent pathways are important to colonization and disease.  
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Chapter 4 
 

Phylogenetic analysis of cobamide biosynthesis and dependence in the 
Clostridiales 
 
Abstract 
Cobamide cofactors are only produced by a subset of bacteria that require them. The 
heterogeneous distribution of the cobamide biosynthesis pathway across the domain Bacteria 
suggests multiple independent gains and losses of the pathway, and a few examples of known 
horizontal gene transfer and independent loss have been observed. Additionally, there are many 
genomes that contain partial cobamide biosynthesis pathways, suggesting gain or loss of 
individual genes in these lineages. To further explore the evolutionary history of cobamide 
biosynthesis and dependence genes, I analyzed their presence and absence in the order 
Clostridiales in the phylum Firmicutes to predict gain and loss events within the lineage. I 
observed that loss of some or the entire cobamide biosynthetic pathway has occurred multiple 
times in the Clostridiales. In some cases, the presence of cobamide-dependent genes in the clade 
relative to sister groups may explain the retention of cobamide biosynthesis in this clade. Based 
on gene neighborhoods of the corrin ring synthesis genes in a subset of species, the gene order of 
the cluster is largely conserved. However, tetrapyrrole precursor genes, cobalt uptake genes, and 
some corrin ring methyltransferases may rearrange frequently. These observations provide a 
starting point for more in depth study of the evolutionary history of cobamide biosynthesis genes 
in the Clostridiales. 
 
 
Introduction 

Cobamides are a class of enzyme cofactors including vitamin B12 that function in diverse 
metabolisms. While over 80% of bacteria have cobamide-dependent enzymes, fewer than 40% 
encode the complete pathway for de novo synthesis221. As described in Chapter 1, the 
biosynthetic pathway requires approximately 30 genes, with the first 5-7 genes being shared with 
other tetrapyrrole synthesis pathways including heme, chlorophyll, and siroheme23. The corrin 
ring assembly part of the pathway requires 10-12 genes and has two distinct branches, the 
oxygen-requiring late cobalt insertion pathway (aerobic), and the oxygen-sensitive early cobalt 
insertion pathway (anaerobic)46. Genomes tend to have only one of these alternative pathways 
for synthesizing the corrin ring, and in this chapter the analysis will focus on the anaerobic 
branch. The nucleotide loop assembly and lower ligand attachment genes are common to both 
branches. Variation in lower ligand structure is known to be encoded by certain synthesis and 
attachment genes64–69, but the lower ligand identity of cobamides produced is not a focus of this 
chapter. 

We and others have observed that the biosynthetic pathway is heterogeneously 
distributed across prokaryotes, with some clades being enriched for and some depleted in 
cobamide biosynthesis capability. For example, fewer than 1% of sequenced species in the 
phylum Bacteroidetes have the complete cobamide biosynthesis pathway, while 30% of 
Firmicutes have the pathway221. In archaea, the phylum Thaumarchaeota’s basal clade lacks 
cobamide biosynthesis, but the derived ammonia-oxidizing clades contain the complete 
biosynthesis pathway, suggesting an acquisition of the pathway250. This begs the question: 
how does cobamide biosynthesis evolve to be present in some clades and not in others? 
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There is evidence that the cobamide biosynthetic pathway and, in some cases, cobamide-
dependent enzymes and pathways were horizontally transferred. For example, comparative 
genomics of Lactobacillus reuteri JCM 1112T shows a gain of the cobalamin (vitamin B12) 
biosynthesis and propanediol utilization pathways251. The authors of this study compare the L. 
reuteri pathway to that of other diverse bacteria with both pathways, and find that the relative 
positioning of the genes varies, suggesting the possibility that acquisition of the propanediol and 
cobamide pathways may have been independent events. Other examples of gain of cobamide 
biosynthesis by probable horizontal gene transfer include Listeria monocytogenes and Listeria 
innocua251,252, Lactobacillus rossiae168, and Salmonella enterica203. 

To complicate the evolutionary analysis of the cobamide biosynthesis pathway, many 
bacteria have some, but not all cobamide biosynthesis genes. In fact, up to 17% of bacteria have 
the nucleotide loop assembly genes, and in some cases, the corrin ring synthesis genes required 
to salvage cobamide intermediates including tetrapyrrole precursors and the late intermediate 
cobinamide9,193,221. Since complete and partial cobamide biosynthesis pathways were found in 
genomes of the same clade in several cases, we hypothesized that there have been multiple 
independent loss events of cobamide biosynthesis genes, and this is supported by analysis of 
specific clades of interest. In the Mycobacterium complex, most species retain the ability to 
produce cobamides, but M. tuberculosis has a truncated cobF gene, rendering it a cobamide 
auxotroph253. In the genus Yersinia, Y. pseudotuberculosis appears to have lost the cobamide 
biosynthesis pathway entirely254. These are just two examples of loss of cobamide biosynthesis 
genes in diverse bacteria203. 

Here I focus on the order Clostridiales in the phylum Firmicutes and examine the 
presence and absence of cobamide biosynthesis and dependent genes in these genomes in the 
context of their phylogenetic relationships. I use this to create hypotheses about gain and loss of 
the cobamide biosynthetic genes, including when they occurred and speculation on the process of 
relaxed selection based on the predicted cobamide dependence phenotype. This order has a large 
number of genomes with partial cobamide biosynthesis pathways, and also a relatively large 
number of species that have been experimentally confirmed to produce cobamides. This chapter 
provides observations of phylogenetically associated cobamide biosynthesis content that may 
lead to additional studies of the mechanism of gene gain and loss in these clades. 
 
 
Materials and methods 
Phylogenetic trees 

Sequences were downloaded from the Joint Genome Institute’s Integrated Microbial 
Genomes (IMG) database234 in April 2018, and April-June 2019. Genomes were selected by 
taxonomy and placed in the IMG genome cart. If possible, genomes used were the same used in 
Chapter 2, those classified as “finished” or “permanent draft” on IMG and meeting same 
completeness threshold using the 55 single copy genes in Chapter 2. The genomes were not all 
completely circular, many consisted of multiple scaffolds. This genome cart was searched using 
the gene search tool by “gene product name” using “16S ribosomal” and “bacterial SSU” and the 
resulting gene cart was downloaded. For these 16S rRNA sequences, sequences less than 600 bp 
and greater than 1800 bp were discarded. Since many genomes have more than one 16S rRNA 
sequence, a single sequence was chosen to represent each genome at random using custom 
python code. For the Clostridiales tree, vsearch “cluster_fast” was run to choose one sequence 
at 97% identity using centroid clustering255. The sequences were aligned using the SINA 
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aligner webserver 256. Then columns of the alignment with 95% or greater gaps were trimmed 
using trimAl238. Finally columns at the ends were manually trimmed. The alignment was used as 
input for RAxML v8.2.12239 maximum likelihood phylogeny using the GTRCAT model on the 
CIPRES webserver240. The tree was visualized in iTOL241 and Adobe Illustrator. 
 To annotate the trees with cobamide biosynthesis and dependence genes, the dataset of 
Shelton et al.221 was used to assess the presence and absence of genes. For genomes absent from 
that dataset, the cobamide biosynthesis and dependence functions were used in a function profile 
against the genomes and processed as described in Chapter 2. 
 
Synteny analysis 
 Synteny analysis was performed using IMG’s gene neighborhood tool, using a “best hits” 
search. For the Lachnospiraceae (Fig. 4), cbiD from Acetobacterium woodii was used the query.  
For the Peptostreptococcaceae (Fig. 5), cbiD of Clostridioides (Clostridium) difficile was used 
and returned scaffolds containing hits to cbiD. Images of the scaffolds were saved, and manually 
annotated in Adobe Illustrator with the annotations from the gene pages in IMG, found via links 
in the gene neighborhood tool. 
 
 
Results 

To study the phylogenetic relationship of cobamide biosynthesis genes, I mapped the 
anaerobic cobamide biosynthesis and dependence annotations from Shelton et al. 2019 (Chapter 
2) onto 16S rRNA species trees. These trees were composed of a single, randomly chosen 16S 
rRNA gene sequence as a representative for each genome. My tree of representative Firmicutes 
species (Fig. 1) agrees well with the analysis of Zhang and Lu257, which used the same strains 
plus some additional species. Additionally, using the annotation-based approach of Chapter 2 to 
find the cobamide biosynthesis and dependence genes may lead to some artifacts, and I will 
explore some specific cases further. 

The cobamide-dependent genes examined included methionine synthase, ribonucleotide 
reductase (RNR), methylmalonyl-CoA mutase, glutamate mutase, ethanolamine ammonia lyase, 
5,6-beta-lysine aminomutase, D-ornithine 4,5-aminomutase, epoxyqueuosine reductase, 
reductive dehalogenases, the acetogenesis corrinoid-iron-sulfur protein, and methyltransferases 
proteins. Many of the carbon and nitrogen catabolism genes were characterized in members of 
class Clostridia, and are expected to be found in genomes of Clostridiales156,258–261. I did not 
include some known cobamide-dependent families in this analysis that are included in Chapter 2 
since these were not identified with a simple annotation search. However, this approach allows 
an overview of cobamide biosynthesis with a more specific phylogenetic signal than was 
explored in Chapter 2221.  
 
Representative Firmicutes show multiple instances of cobamide biosynthesis gain or loss 

To gain an overview of cobamide biosynthesis in the phylum Firmicutes, a 16S rRNA 
phylogeny of 86 representative strains and one outgroup257 was annotated with the anaerobic 
cobamide biosynthesis genes and some cobamide-dependent genes221 (Fig. 1). Regardless of 
whether or not the last common ancestor had a complete cobamide biosynthesis pathway, 
analysis of this tree suggests that gains and/or losses of the complete pathway have occurred 
multiple times in the Firmicutes lineage (Fig. 1). When starting with the assumption that the 
ancestor did not have the complete pathway (Fig. 1, red symbols), I hypothesize that there 
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were thirteen independent gains of the pathway, which then was lost in some lineages nine 
independent times. If the ancestor had the complete pathway (Fig. 1, cyan symbols), there were 
eighteen independent losses of the pathway and one gain in the known case of L. 
monocytogenes251,252. The reference genomes sample one genome per genus, and including 
additional genomes in the phylogenetic tree may reveal additional gain and loss events. As 
observed with the transposon insertion in btuFCD cobamide transporter operon in some 
Clostridioides difficile strains in Chapter 3, strain-level differences in cobamide biology do 
occur, which would not be reflected in the reference genome tree.. Gene trees of the cobamide 
biosynthesis genes may be able to provide additional support for the proposed gain and loss 
events. For example, if the gene trees largely match the species tree, these better support the 
hypothesis that the ancestor had a complete biosynthetic pathway that was later lost, but 
incongruence between the trees may suggest horizontal gene transfer events. It is possible, but 
improbable, for instances of horizontal gene transfer to give the same signal in the gene trees. 
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Figure 1. Anaerobic cobamide biosynthesis and cobamide-dependent genes in representative 
Firmicutes. A 16S tree of a subset of representative Firmicutes and outgroup species from Zhang and 
Lu257 was made using RAxML, bootstraps of 100 replicates are shown. Annotations for cobamide 
biosynthesis and dependent genes from Chapter 2221 are mapped onto the tree. Filled shapes indicate 
the presence of the annotation. For cobamide biosynthesis, the different shapes are used to visually 
separate parts of the pathway. Green circles and triangles represent cobamide-dependent and -
independent alternative genes. The star indicates where Coprothermobacter proteolyticus has been 

Mycoplasma mycoides mycoides SC PG1

Butyrivibrio proteoclasticus B316

Ammonifex degensii KC4

Acholeplasma laidlawii PG-8A

Desulfitobacterium hafniense DCB-2

Erysipelothrix rhusiopathiae ATCC 19414

Halothermothrix orenii H 168

Oceanobacillus iheyensis HTE831

Tetragenococcus halophilus NBRC 12172

Alkaliphilus oremlandii OhILAs

Finegoldia magna ATCC 29328

Oribacterium sinus F0268

Lactococcus lactis lactis KF147

Exiguobacterium sibiricum 255-15

Macrococcus caseolyticus JCSC5402

Anaerofustis stercorihominis DSM 17244

Listeria monocytogenes sv. 4a HCC23

Holdemania filiformis VPI J1-31B-1

Coprothermobacter proteolyticus DSM 5265

Bacillus subtilis subtilis 168

Acidaminococcus fermentans VR4

Thermincola potens JR

Gemella haemolysans ATCC 10379

Natranaerobius thermophilus JW/NM-WN-LF

Staphylococcus aureus aureus NCTC 8325

Brevibacillus brevis NBRC 100599

Halanaerobium praevalens GSL

Caldanaerobacter subterraneus tengcongensis MB4T

Moorella thermoacetica ATCC 39073

Heliobacterium modesticaldum Ice1

Eubacterium eligens ATCC 27750

Anoxybacillus flavithermus WK1

Filifactor alocis ATCC 35896

Facklamia languida CCUG 37842

Syntrophothermus lipocalidus DSM 12680

Pseudoramibacter alactolyticus ATCC 23263

Caldicellulosiruptor saccharolyticus DSM 8903

Alicyclobacillus acidocaldarius acidocaldarius 104-IA

Dialister invisus DSM 15470

Symbiobacterium thermophilum IAM 14863

Planococcus antarcticus DSM 14505

Solobacterium moorei F0204

Pediococcus acidilactici DSM 20284

Thermosediminibacter oceani JW/IW-1228P

Leuconostoc mesenteroides ATCC 8293

Anaeroglobus geminatus F0357

Aerococcus viridans ATCC 11563

Lentibacillus jeotgali Grbi

Sporosarcina newyorkensis 2681

Thermaerobacter marianensis 7p75a

Halobacillus halophilus DSM 2266

Pelotomaculum thermopropionicum SI

Acetohalobium arabaticum Z-7288

Syntrophomonas wolfei Goettingen

Desulfotomaculum acetoxidans 5575

Eremococcus coleocola ACS-139-V-Col8

Helcococcus kunzii ATCC 51366

Streptococcus pyogenes MGAS10270 G773

Melissococcus plutonius ATCC 35311

Granulicatella adiacens ATCC 49175

Anaerococcus prevotii PC 1

Thermobacillus composti KWC4

Megasphaera micronuciformis F0359

Anaerotruncus colihominis DSM 17241

Paenibacillus polymyxa E681

Lactobacillus delbrueckii bulgaricus DSM 20080

Carboxydothermus hydrogenoformans Z-2901

Oenococcus oeni PSU-1

Thermoanaerobacterium thermosaccharolyticum DSM 571

Peptostreptococcus anaerobius 653-L

Mitsuokella multacida DSM 20544

Veillonella parvula Te3

Geobacillus kaustophilus HTA426

Faecalibacterium prausnitzii A2-165

Enterococcus faecalis V583

Phascolarctobacterium succinatutens YIT 12067

Bulleidia extructa W1219

Johnsonella ignava ATCC 51276

Dolosigranulum pigrum ATCC 51524

Coprobacillus sp. 8_2_54BFAA

Acetobacterium woodii WB1

Dethiobacter alkaliphilus AHT1

Ethanoligenens harbinense YUAN-3T

Abiotrophia defectiva ATCC 49176

Thermoanaerobacter pseudethanolicus 39E

Hydrogenobacter thermophilus TK-6

Lysinibacillus sphaericus sv. H5a5b C3-41

he
m

A
he

m
L

he
m

B
he

m
C

he
m

D
cy

sG
/c

ob
A

cy
sG

cb
iK

/c
bi

X
cb

iL
cb

iH
cb

iF
cb

iG
cb

iD
cb

iJ
cb

iT
cb

iE
cb

iC
cb

iA
a

d
e

n
o

s
y

lt
r
a

n
s

fe
r
a

s
e

cb
iP

cb
iB

co
bT

co
bU

/c
ob

P
co

bU
/c

ob
P

/c
ob

Y
co

bS
/c

ob
V

co
bC

/c
ob

Z
de

pe
nd

en
t R

N
R

in
de

pe
nd

en
t R

N
R

de
pe

nd
en

t m
et

hi
on

in
e 

sy
nt

ha
se

in
de

pe
nd

en
t m

et
hi

on
in

e 
sy

nt
ha

se
m

et
hy

lm
al

on
yl

-C
oA

 m
ut

as
e

gl
ut

am
at

e 
m

ut
as

e
et

ha
no

la
m

in
e 

am
m

on
ia

 ly
as

e
be

ta
-ly

si
ne

 a
m

in
om

ut
as

e
D

-o
rn

ith
in

e 
am

in
om

ut
as

e
ep

ox
yq

ue
uo

si
ne

 re
du

ct
as

e
re

du
ct

iv
e 

de
ha

lo
ge

na
se

ac
et

og
en

es
is

 c
or

rin
oi

d 
pr

ot
ei

n
co

rr
in

oi
d 

m
et

hy
ltr

an
sf

er
as

es

50

38

60

33

99

89

29

43

41

94

100

100

14

81

21

72

12

99

24

94

52

99

54

99

100
95

23

52

100

77

100

87

31

60

74

99

74

93

93

80

100

99

62

100

53

89

47

95

53

19

94

100

100

84

62

100

78

18

98

84

78

87

73

72

94

73

74

37

96

45

69

96

89

80

95

65

94

99

39

84

62

84

31

100

Tree scale: 1

 anaerobic cobamide biosynthesis

cobamide-dependent gene

families

tetrapyrrole 

precursors corrrin ring

nucleotide loop 

assembly

Order

Erysipelotrichales

Natranaerobiales

Thermoanaerobacterales

Bacillales

Halanaerobiales

Selenomonadales

Clostridiales

Lactobacillales

Tenericutes

Gain and loss of complete cobamide

biosynthetic pathway

gain of pathway

loss of pathway

Ancestor had
complete pathway

Ancestor did not have
complete pathway



	

64	

since transferred to a new phylum262. Branch length is number of substitutions per site. Colored symbols 
on the branches indicate the most parsimonious putative gains and losses of the cobamide biosynthetic 
pathway. Red symbols represent the hypothesis that the last common ancestor did not have a complete 
cobamide biosynthesis pathway, and cyan is the hypothesis where it did. 
 
 
Cobamide biosynthesis genes have been lost independently in the order Clostridiales 

To explore species-level differences in cobamide biosynthesis, the order Clostridiales 
was chosen for further analysis. A large number of organisms from this clade relative to other 
Firmicutes orders have been shown experimentally to produce cobamides, and some have been 
shown to be able to salvage 5-aminolevulinic acid (ALA) and produce a cobamide (Table 1). 
Because genome annotation only provides the potential for performing certain metabolisms, 
experimental information confirming the phenotype of closely related strains can improve 
confidence in genomic prediction. In a 16S rRNA species tree of a subset of the Clostridiales 
(Fig. 2), there are multiple apparent complete or partial losses of the cobamide biosynthesis 
pathway. 

 
Table 1. List of Clostridiales experimentally confirmed to produce cobamides or salvage ALA 
Genome Name Phenotype Reference 
Desulfitobacterium hafniense cobamide producer 69,87,92 
Dehalobacter sp. CF cobamide producer 158 
Desulfotomaculum reducens cobamide producer Chapter 2221 
Clostridium tetanomorphium cobamide producer 156 
Clostridium kluyveri cobamide producer Chapter 2221 
Acetobacterium woodii cobamide producer 151 
Clostridioides (Clostridium) difficile ALA salvager Chapter 3 
Lachnoclostridium (Clostridium) phytofermentans cobamide producer Chapter 2221 
Anaerobutyricum (Eubacterium) hallii cobamide producer 163 
Blautia hydrogenotrophica cobamide producer Chapter 2221 
Lachnoclostridium (Clostridium) scindens ALA salvager Chapter 2221 
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Figure 2. Anaerobic cobamide biosynthesis in the Clostridiales. A 16S rRNA tree of a subset of 
Clostridiales genomes on IMG was made using RAxML, with 100 bootstraps. Only branches with 
bootstrap values over 50 are labeled. There are 217 Clostridiales plus one outgroup 
(Coprothermobacter proteolyticus). Annotations for cobamide biosynthesis as in Fig. 1 are mapped 
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onto the tree. Filled shapes indicate the presence of an annotation. Red stars indicate species that have 
been experimentally validated to produce cobamides or are cobamide precursor-salvaging bacteria. 
Branch length is number of substitutions per site. The colored boxes under the genome names are the 
families to which they belong. No color indicates that the classification was unclear to the author. Tree is 
split over two pages. Abbreviations: AT, adenosyltransferase, i.s.: incertae sedis.   
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Figure 3. Cobamide dependent gene families in the Clostridiales. The same 16S tree in Fig. 2 is 
annotated with the cobamide dependent gene families. A filled shape indicates the presence of one or 
more genes in the family as in Fig. 1. Abbreviations: RNR, ribonucleotide reductase; MetH, cobamide-
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Lachnoclostridium aminophilum DSM 10710
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dependent methionine synthase; MetE, cobamide-independent methionine synthase; MCM, 
methylmalonyl-CoA mutase; GlmES, glutamate mutase; EutBC, ethanolamine ammonia lyase; KamED, 
5,6-beta-lysine aminomutase; OraSE, D-ornithine aminomutase; QueG, epoxyqueuosine reductase; PceA, 
reductive dehalogenases; CoFeSP, acetogenesis corrinoid protein, i.s: incertae sedis. Tree is split over 
two pages. 
 

An example of a clade that consists of nearly all cobamide producers is the family 
Clostridiaceae sensu stricto (Fig. 2,3, teal), some of which have been experimentally confirmed 
to produce cobamides.  Members of this clade have many cobamide-dependent enzyme families. 
A few species have lost the genetic ability to produce cobamides, including Clostridium celatum, 
Clostridium sartagoforme, Clostridium cavendishii, and Youngiibacter fragilis. There is not an 
obvious trend of cobamide-dependence in these species relative to the rest of the clade (Fig. 3). 
C. cavendishii and Y. fragilis are sister to each other, but the other genomes with losses are more 
distantly related to each other, suggesting multiple independent losses of the pathway. The 
genome of Candidatus Arthromitus sp. SFB-5 consists of many small scaffolds, so it is difficult 
to assess the presence and absence of particular genes. Additional interesting exceptions to 
containing the complete cobamide biosynthesis pathway in this clade are Clostridium botulinum 
and Clostridium hydrogeniformans, both of which are missing the first two genes to make the 
early precursor 5-aminolevulinic acid (ALA). Since they are distantly related, it suggests that 
there have been multiple hemAL loss events in the clade. A strain of C. sporogenes, closely 
related to C. botulinum, has also been confirmed to be an ALA salvager (Chapter 2)221. 

The family Lachnospiraceae is a group of anaerobes, often host-associated263,264, and 
many members of this clade exhibit partial cobamide biosynthesis pathways (Fig. 2, yellow), 
suggesting multiple independent gains or losses of genes in the pathway. For many of these 
species, the only cobamide-dependent enzyme family is the methionine synthase, MetH, which 
could make cobamide biosynthesis dispensable if exogenous methionine or cobamide is 
available (Fig. 3, yellow).  
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Figure 4. Synteny of the cobamide biosynthesis gene cluster in the Lachnospiraceae. The cbiD gene 
of Acetobacterium woodii, a confirmed cobamide producer, was used as the query for the IMG gene 
neighborhood best hits search. The resulting homolog hits were then arranged and labeled based on their 
annotation. Genes of the same color are homologs, white are pseudogenes, light yellow are genes without 
COG assignment. Colored pairwise connections between genomes indicate regions of homology. Blue is 
cysGhemDcobAcbiKLJHGFTEDCpduXcobDcbiBAP, green is cobCSUT, dark blue is cbiMNQO, orange 
is hemAL, gray are shared loci. Brackets indicate the end of the scaffold. All genomes are found in the 
tree in Fig 2 and cladograms are from that analysis. A. Dorea/Coprococcus group of precursor 
auxotrophs. B. Blautia group of cobamide producers. 
 

To further explore gains and losses of cobamide biosynthesis in this family, the cobamide 
biosynthesis operons in a subset of the genomes were visualized using the IMG gene 
neighborhood tool with best bidirectional hits to cbiD (Fig. 4). While the relative locations of the 
cbi genes are generally conserved in those members of the Lachnospiraceae that have them, 
even closely related species have different genomic contexts for their cbi gene clusters. There is 
often rearrangement of the cbiG, cbiL, and cbiJ genes encoding methyltransferases that 
catalyze the corrin ring substitutions. The genes cbiMNOQ, encoding the cobalt importer, is 
located near the corrin ring genes in some genomes, but are upstream of the cluster in some 
cases and downstream in others. Likewise, the tetrapyrrole precursor biosynthesis genes, 



	

72	

hemALBCD and cysG, are not always near the cbi genes. Loss of these tetrapyrrole precursor 
genes has occurred in the genomes depicted in Fig. 4A, but the relatively low confidence of the 
relationship between these species (Fig. 2) makes it difficult to annotate gene loss events without 
additional information. For example, in this cladogram (Fig. 4A), the most parsimonious 
explanation is the loss of hemALB basal to this group, and then a gain of hemB in 
Lachnoclostridium (Clostridium) scindens, a strain that has been validated to be an ALA 
salvager (Chapter 2)221. Alternatively, there have been independent multiple loss events of 
hemAL, and also hemB in this clade. 

 One clade in the genus Blautia also exhibits retention of cobamide biosynthesis relative 
to sister clades, possibly due to the cobamide-dependent acetogenesis pathway restricted to this 
clade (Fig. 2,3). The cobamide biosynthesis operons of this clade are visualized in Fig. 4B. The 
biosynthesis genes are split from the tetrapyrrole precursor genes and the lower ligand 
attachment genes, cobCUST. For example, in Blautia obeum, the tetrapyrrole precursor and 
corrin ring biosynthesis genes are located on different scaffolds (data not shown).  

Additionally, large parts of the Lachnospiraceae clade are missing cbiE and cbiT 
annotations, suggesting that the search with the EC number used was too narrow. Using 
BLASTP with a query of Acetobacterium woodii cbiT, homologs can be found in this family 
(data not shown). cbiET appear to be fused in a single gene in this clade (Fig. 4), which explains 
why some of these genes are not accurately annotated. 

 

 
Figure 5. Synteny of the cobamide biosynthesis gene cluster in selected Peptostreptococcaceae. 
The cbiD of Clostridium difficile, a confirmed ALA salvager (Chapter 3), was used as query for the 
search. P. anaerobius 653-L was used instead of VPI 4330 because its scaffold with the cbi operon 
was more complete, and all other genomes are in Fig. 2. Genes of the same color are homologs, white 
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are pseudogenes, light yellow are genes without COG assignment. Colored pairwise connections between 
genomes indicate regions of homology. Blue is cysGhemDcobAcbiKLJHGFTEDCpduXcobDcbiBAP, 
green is cobCSUT, purple is hemB, orange is hemAL, yellow is rRNA genes, gray are C. difficile shared 
loci, brown are loci shared between P. anaerobius and C. mangenotii. Brackets on the genome indicate 
the end of the scaffold. A cladogram connects the species names based on the relationships in Fig 2. 
 

The Peptostreptococcaceae family (Fig. 2,3 light green) includes the opportunistic 
pathogens Clostridioides difficile, Clostridium sordellii, and Peptostreptococus 
anaerobius209,265,266. While many members of this clade have annotations for the complete 
cobamide biosynthesis pathway, there are a few notable exceptions that are missing hemAL to 
make ALA or hemALB to make porphobilinogen. In the case of C. difficile and Clostridioides 
mangenotii, the most parsimonious explanation is that the ancestor lost both hemA and hemL, 
and that C. mangenotii also lost hemB (Fig. 5, crosses). Both species have at least 6 cobamide-
dependent gene families in this analysis, so they must take up cobamide precursors or cobamides 
to use these metabolisms (see Chapter 3 on C. difficile) (Fig. 3). In contrast, I found no 
cobamide-dependent genes in P. anaerobius, which is missing hemA and hemL. In the 
Peptostreptococcaceae, gene order appears to be more conserved (Fig. 5) than in the 
Lachnospiraceae examined (Fig. 4).  Again, the tetrapyrrole precursor genes appear to be most 
variable in their position relative to the cbi operon. For four of the strains in Figure 5, the 
ribosomal rRNA genes are located adjacent to the cbi genes, but as with the Lachnospiraceae, 
the genomic context of the locus is highly variable. 
 
 
Discussion and Future Directions 

I speculate that losses of cobamide biosynthesis genes occur when there is sufficient 
cobamide or cobamide precursors in the environment to allow use of the cobamide-dependent 
pathways. One lineage, the Lachnospiraceae, has incomplete cobamide biosynthesis pathways 
and primarily only MetH as their cobamide-requiring pathway, discussed above, and may either 
have access to enough cobamides to meet their methionine requirement through MetH or have 
plentiful exogenous methionine. These bacteria are largely animal host-associated, primarily 
from the mammalian digestive tract263 and cobamides are likely to be present in their habitats. 
Cobamides have been detected in human feces at tens of nanograms per gram feces187, and have 
been shown to be synthesized at hundreds of milligrams per day in dairy cow rumens188.  

While no eukaryotic algae are known to produce cobamides, studies on the occurrence of 
MetH and MetE have shown that there have been multiple independent losses of both genes. 
When serially passaged with added vitamin B12, Chlamydomonas reinhardtii can lose MetE and 
exclusively use MetH35,267. Alternatively, lineages may lose cobamide biosynthetic capability 
because of a relaxed requirement for cobamide-dependent functions. The case of P. anaerobius 
in the Peptostreptococcaceae discussed above is a possible example of this. In addition to RNRs 
and methionine synthase, there are at least five other cobamide-dependent enzymes that have 
cobamide-independent alternatives. Given that many bacteria can use multiple carbon and energy 
sources, they may preferentially use those that do not require cobamides for catabolism. 

This chapter provides a number of interesting observations of cobamide-related genes in 
the phylum Firmicutes that can be further explored with statistical techniques to better 
understand the evolutionary history of the pathway, cobamide biosynthesis genetic 
architecture, mechanistic explanations for gene gain and loss. A major limitation of the 
approach in this chapter is that, while meeting the tests used for genome completeness, a few 
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genomes are highly fragmented. The automated, annotation-based approach may overestimate 
gene loss in these genomes. Whole genome alignments and manual checking of the scaffolds for 
genes that may not have been called by the automated analysis due to truncation may improve 
confidence in the lack of a gene in any given genome. 

To further understand the evolutionary relationship between cobamide biosynthesis 
genes, gene trees of all the cobamide biosynthesis genes would help define the relationship 
between the corrin ring, lower ligand attachment, and the tetrapyrrole precursor genes. The 
differences in gene order in both Lachnospiraceae and Peptostreptococcaceae may be a result of 
internal gene rearrangement, or in rare cases, horizontal gene transfer. To further support the 16S 
rRNA trees presented here and to better infer instances of lateral gene transfer, concatenated 
ribosomal protein trees should also be used to determine the phylogenetic relationship between 
the species. Neither method may reflect the true species tree, but clades found in both trees 
would be assumed to be well supported. Previously published species trees for certain clades 
could also be used for analysis if the genomes are available to be analyzed for their cobamide 
biosynthesis and dependence gene content. Only a well-supported phylogenetic relationship will 
help uncover the apparent order of gene gain and loss in the lineage. 

One question that remains unanswered is what causes the apparent gene loss. This 
chapter does not attempt to definitively find pseudogenes, but we would expect to see them if the 
entire cobamide pathway is under relaxed selection. In an example visualized in Fig. 5, hemA 
and hemL are found in different locations relative to the corrin ring genes, and are lost in the C. 
difficile and C. mangenotii genomes. Additional sampling of very closely related strains may 
help further resolve the timeline of apparent loss. 
 Further work to understand the habitat and physiology of bacteria with missing or partial 
cobamide biosynthesis pathways that have cobamide-dependent enzymes will improve our 
understanding of what selective forces allow these organisms to dispense with the ability to 
produce cobamides. One framework is the Black Queen Hypothesis, which describes the 
adaptive advantage of losing a function as long as the function is sufficiently performed by the 
other members of the community119. By making observations on the availability of cobamides 
and cobamide precursors in extant habitats, we can speculate on the availability of these nutrients 
in the evolutionary history of cobamide auxotrophs.  
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Chapter 5 
 
Summary and Future Directions 
 
Summary 

Prior to my work, bioinformatic studies of hundreds of genomes observed that only some 
bacteria and archaea that use cobamides can synthesize them de novo, suggesting that there is 
widespread sharing of cobamides in microbial communities7–11. Since then, our knowledge of 
cobamide biosynthesis genes and lineage-specific variants has increased. A number of new 
cobamide dependent enzymes have been described, as have new cobamide-independent 
alternative pathways, and advances in sequencing have led to tens of thousands of available 
microbial genomes.  

By using our experimental knowledge to constrain genomic analysis of the cobamide 
biosynthetic pathways, with newly confirmed cobamide producers by Kenny Mok, in over 
11,000 bacterial genomes, Erica Seth, Andrew Han, and I found that over 80% of bacteria use 
cobamides yet only 37% are predicted to produce them de novo, consistent with previous 
observations. I collaborated with Samantha Jackson and David Haft at the J. Craig Venter 
Institute to develop profile hidden Markov models (HMMs) for the newly discovered anaerobic 
benzimidazole biosynthesis genes to better identify these genes in genomes68,72, and with these 
and other known genetic lower ligand determinants, I was able to predict the lower ligand class 
for 58% of putative cobamide producing bacteria. 

The comparative genomics analysis also revealed that 17% of bacterial species have only 
partial cobamide biosynthetic pathways, but that they may be capable of salvaging cobinamide 
(Cbi) or other cobamide precursors. Cobamide precursor salvaging in bacteria had been 
underexplored, and the extent of potential precursor salvaging bacteria was unexpected. The 
distribution of these predicted phenotypes is uneven, for example, the phylum Bacteroidetes was 
predicted to contain fewer than 1% cobamide producers, but up to 30% of the species were 
predicted to salvage Cbi. While few in proportion, predicted tetrapyrrole precursor salvagers 
were enriched in the phylum Firmicutes. Erica Seth experimentally validated three bacteria 
missing the 5-aminolevulinic acid (ALA) synthesis genes as being capable of taking up ALA and 
producing cobamides. 

One of these predicted ALA-salvaging bacteria was Clostridioides (Clostridium) difficile, 
which encodes seven cobamide-dependent pathways in its genome, higher than the average 
number of cobamide-dependent pathways for Firmicutes. I confirmed that C. difficile can only 
make cobamides with exogenous cobamide precursors, and that this cobamide is 
pseudocobalamin unless exogenous benzimidazoles are available. I explored the ability of nine 
different cobamides to support cobamide-dependent growth, and under the methionine synthase 
(MetH) dependent condition, C. difficile could use all of them, making it one of the most 
promiscuous cobamide-dependent metabolisms that has been observed. I developed deletion 
mutants with the help of Xun Lyu to interrogate other aspects of its cobamide-dependent 
metabolism. A deletion of the cobamide-independent ribonucleotide reductase (NrdDG) caused 
cells to grow only in a cobamide-dependent manner, relying on NrdJ. NrdJ was unable to use 
phenolyl cobamides, as expected. A deletion of the putative cobamide importer BtuFCD 
confirmed that it was necessary for uptake of physiological relevant concentrations of 
cobamides and Cbi. Because RT027 strains, including the hypervirulent strain R20291, have 
transposon insertions in btuC242, it is likely that these strains are unable to acquire sufficient 
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cobamides to support cobamide-dependent metabolism, but were able to grow in the presence of 
ALA. Based on these experiments, C. difficile’s cobamide biology is just as flexible as the rest of 
its metabolism, and shows the adaptability and thus success of this opportunistic pathogen. 

The uneven taxonomic distribution of the cobamide biosynthesis pathway at the phylum 
level led to questions about when and how it is gained or lost in bacterial lineages. Observations 
of cobamide biosynthesis in the Clostridiales showed multiple independent losses of all or part of 
the pathway, but specific retention in some clades. Further analysis of cobamide biosynthesis 
gene trees would resolve some uncertainty in the occurrence of gain and loss events. Comparing 
the cobamide biosynthesis operon and surrounding gene neighborhood in selected 
Lachnospiraceae and Peptostreptococcaceae revealed high conservation of the order of corrin 
ring biosynthesis genes, but occasional rearrangement of cobalt importer genes, tetrapyrrole 
precursor genes, and a subset of corrin ring methyltransferases. These observations show that 
even closely related species can have divergent cobamide biosynthesis gene content. For 
example, the taxonomic integration as performed in Chapter 2 at the phylum-level might obscure 
details in specific systems. 
 
 
Future directions 

Genomics is a powerful tool for predicting bacterial phenotypes and potential metabolic 
interactions in communities. However, these predictions need to be validated by experiment. 
Genomics also cannot yet predict which cobamides an organism requires based on the sequence 
of its cobamide-dependent enzymes, cobamide riboswitches, or cobamide transporter, and must 
be empirically determined for each strain. Additional experiments to discover sequence 
determinants for cobamide specificity for these functions will be necessary to be able to use 
genomics to predict cobamide selectivity for an organism. There are a number of intriguing 
hypotheses that could be tested from my comparative genomics analysis, and I will list a few 
here. 

We predicted that up to 17% of bacteria might potentially salvage cobamide precursors, 
including tetrapyrrole precursors. The tetrapyrrole precursor salvaging activities for precursors 
other than ALA have not been confirmed, due to the limited commercial availability of some of 
these compounds in high quantities due to their instability. While Cbi salvaging has been 
previously observed, it might be more common in bacteria than previously appreciated. For 
example, the observation that many Bacteroidetes may be able to salvage Cbi or other late 
intermediates could be important to their physiology in the host. The relative abundance of 
Bacteroides spp. affect human health, and these bacteria often rely on cobamides in the function 
of methionine synthase and methylmalonyl-CoA mutase9.  
 Further understanding of the role of cobamide and cobamide precursors in situ will 
require additional measurements of the abundance of these compounds in a variety of 
ecosystems to establish a steady-state baseline for cobamide availability in habitats. So far, only 
human stool187, bovine rumen188, and a trichloroethene-degrading enrichment cultures185 have 
been analyzed for their cobamide diversity. Additional studies could reveal the temporal 
dynamics of cobamides and cobamide precursors, particularly in the human gut under dysbiosis, 
where change in the abundance of community members may affect the total amount and specific 
cobamides available to gut microbes, and this in turn may affect host health. For example, the 
ability to use ethanolamine via the cobamide-dependent enzyme EutBC222, which requires a 
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base-on cobamide13, or other cobamide-dependent processes could affect the colonization and 
disease state due to infection by C. difficile or other pathogens. 
 My work has focused on primarily single bacterial isolates, but to better understand 
cobamide cross-feeding, analysis of cobamide metabolism must also include mixed synthetic and 
natural communities. Synthetic co-cultures and enrichments should prove useful in the 
exploration of the mechanistic basis of cobamide sharing. This includes how cobamides are 
released from cells, the temporal dynamics of the interaction, and reciprocity of the interaction. 
Metagenomics, metatranscriptomics, metaproteomics, and metabolomics of communities may 
reveal cobamide sharing in situ. My pipeline to analyze isolate genomes requires genomes to be 
near complete, so a different prediction method for cobamide biosynthesis is needed to have 
higher confidence in predictions of biosynthesis and auxotrophy in incomplete genomes, such as 
those generated by metagenomics and single-cell genomics. I proposed marker genes for 
cobamide biosynthesis in Chapter 2, and I think additional phenotypic validation of both 
predicted cobamide producers and cobamide non-producers would increase the confidence of 
using these markers in diverse systems. Being able to confidently assess potential cobamide 
biosynthesis phenotypes in incomplete genomes will increase the diversity of microbes and 
ecosystems in which we can predict cobamide cross-feeding. 
 Cobamide cross-feeding is expected to be widespread in microbial communities. My 
work has created a resource of predicted cobamide biosynthesis and dependence phenotypes that 
can be used to test cobamide specificity and cobamide sharing in diverse environments.  
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