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Sharing vitamins: Cobamides unveil microbial interactions

Olga M. Sokolovskaya*, Amanda N. Shelton*, Michiko E. Taga†

Department of Plant & Microbial Biology, University of California, Berkeley, Berkeley, CA, USA.

Abstract

Microbial communities are essential to fundamental processes on Earth. Underlying the 

compositions and functions of these communities are nutritional interdependencies among 

individual species. One class of nutrients, cobamides (the family of enzyme cofactors that includes 

vitamin B12), is widely used for a variety of microbial metabolic functions, but these structurally 

diverse cofactors are synthesized by only a subset of bacteria and archaea. Advances at different 

scales of study—from individual isolates, to synthetic consortia, to complex communities—have 

led to an improved understanding of cobamide sharing. Here, we discuss how cobamides affect 

microbes at each of these three scales and how integrating different approaches leads to a more 

complete understanding of microbial interactions.

Graphical Abstract

Cobamides as models for studying microbial interactions. Cobamides are a class of enzyme 

cofactors that are used for a wide variety of metabolic functions. They contain a catalytic upper 
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ligand (R) and a structurally variable region (shown in blue, red, or green) that influences 

organisms’ metabolism and growth. Studies of cobamide biology on multiple scales—from 

enzymes to microbial communities—have revealed that cobamides constitute an effective model 

system for studying the complexity of microbial interactions.

Review Summary

BACKGROUND: Nearly every plant, animal, and environment on earth is host to a diverse 

community of microorganisms that influence each other and their environment. Microorganisms 

within communities interact on a molecular level by competing for resources or sharing 

valuable nutrients (such as cobamides, which we highlight in this Review). Such molecular 

interactions influence the physiology of individual microorganisms as well as the overall function 

of communities. Therefore, studying how microbes interact with each other is essential for 

understanding, and potentially interfering with, microbial processes that influence human and 

environmental health.

Cobamides are structurally diverse, cobalt-containing cofactors, the most familiar of which is 

vitamin B12 (also known as cobalamin). Since the initial discovery of vitamin B12 as the treatment 

for the disease pernicious anemia in 1948, microbiologists have identified more than a dozen 

cobamides-B12 and analogs-that are produced exclusively by bacteria and archaea. Although 

vitamin B12 is most widely appreciated for its role in human health, B12 and other cobamides 

also play important roles in the context of microbial communities. Microbes use cobamides 

as catalysts for chemical reactions involved in amino acid synthesis, carbon metabolism, and 

many other functions. Importantly, microorganisms in all domains of life need cobamides, but 

most depend on surrounding species to produce this nutrient, which results in a network of 

cobamide-dependent interactions. A nuance of these interactions, derived from the structural 

diversity of cobamides, is that organisms are selective toward particular cobamides, and different 

species have distinct cobamide preferences. As a result, cobamides mediate specific associations 

among microorganisms and can have substantially different effects on the growth and metabolism 

of different species. Therefore, cobamide sharing can serve as a model for the complexity 

of microbial interactions and provide a useful system to study the mechanisms that influence 

community composition and function.

ADVANCES: Our current understanding of the roles of cobamides in microbial communities is 

the result of multilayered approaches to studying cobamide biology. Historically, the differential 

effects of cobamides have been investigated using laboratory cultures of single species and 

the biochemical characterization of cobamide-dependent enzymes. However, it is only with 

comparative genomic analyses of thousands of microbial species that researchers have begun 

to fully recognize the prevalence of cobamide sharing among microorganisms. Several newly 

described cocultures of two to three microbial species bridge molecular analysis and community-

wide studies, and these cocultures provide experimental systems for probing the mechanisms and 

dynamics of cobamide sharing. Integrating discoveries across these different scales of analysis 

is a valuable strategy for understanding the functions of important molecules in microbial 

communities.

OUTLOOK: The structural diversity, functional specificity, and widespread use of cobamides 

by microorganisms have led researchers to speculate that cobamides could be used as tools 
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to manipulate microbial community composition and function to improve environmental or 

human health. Performing cobamide-based manipulations in a controlled manner requires a 

greater understanding of how specific cobamides affect particular members of a community 

or might disrupt existing microbial interactions. Further integrating molecular approaches with 

community-wide studies will pave the way for understanding complex microbial communities in 

increasing mechanistic detail and may enable potential applications of cobamides in human health, 

agriculture, and industrial production.

Microbial communities inhabit all environments on Earth. They affect bio-geochemical 

cycles, modulate the health of macroscopic hosts, and are harnessed to produce compounds 

of human interest. To understand and potentially manipulate microbial communities in 

beneficial ways, scientists are actively researching the mechanisms that shape community 

assembly, composition, and resilience. Microbial communities are composed of up to 

thousands of member species that interact with each other on a molecular level. One type 

of interaction is nutrient sharing, wherein one species produces a metabolite that another 

requires. (Note, we use the term sharing here to describe the release of a metabolite that is 

taken up and used by another organism; it is not meant to imply a cooperative interaction.) 

Auxotrophs—those that cannot produce required metabolites—in microbial communities 

rely on other community members for essential nutrients, such as amino acids, nucleobases, 

or vitamins. Because of the prevalence of auxotrophy (1, 2), nutrient sharing between 

microorganisms is thought to be an important driver of microbial community structure.

Among the many shared nutrients are cobamides, a structurally diverse family of cofactors 

of which cobalamin (vitamin B12) is the most widely recognized (Fig. 1). Cobalamin is best 

known for its role as an essential micronutrient for humans. Less appreciated is the fact 

that many microorganisms use cobalamin and other cobamides for a variety of metabolic 

functions (Table 1) (3–6). Cobamides contribute to environmentally impactful processes 

including methanogenesis, the production of toxic methylmercury, and the decontamination 

of polluted lake waters (7–9). More commonly, microorganisms use cobamides for primary 

and secondary metabolism, such as in the catabolism of various carbon sources, nucleotide 

biosynthesis, and natural product biosynthesis (3–6). As such, cobamides are important 

in many microbial environments, including the human gut and marine habitats (10, 11). 

Moreover, most organisms that use cobamides rely on other species to acquire these 

cofactors because cobamides are exclusively produced by a subset of bacteria and archaea 

(5, 12, 13). This results in microbial interactions based on cobamide sharing. In this Review, 

we describe approaches used to study the biological roles of cobamides as shared nutrients, 

highlight notable recent discoveries about cobamide-dependent interactions, and discuss 

challenges and opportunities in the field of microbiology using cobamides as a model 

system.

Cobamides as model nutrients for studying microbial interactions

The chemical diversity of cobamides, which sets them apart from other vitamins and 

most shared nutrients, makes cobamides particularly interesting in the context of microbial 

interactions. Cobamides are a family of more than a dozen enzyme cofactors that all contain 

a chemically reactive cobalt ion housed by a corrin ring, but these cofactors differ in the 
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identity of a covalently tethered lower ligand (Fig. 1A). Cobamides are grouped into three 

chemical classes according to the structure of their lower ligand: benzimidazolyl, purinyl, 

and phenolyl cobamides (with benzimidazoles, purines, and phenolics, respectively, as lower 

ligands) (Fig. 1B). The structural diversity of lower ligands is important because, in most 

cases, cobamide-dependent metabolism varies on the basis of lower ligand structure, and 

the sets of cobamides that support growth or enzymatic activity in different organisms are 

distinct (Table 2) (8, 14–34). For example, Dehalococcoides mccartyi can respire chlorinated 

solvents with several benzimidazolyl cobamides but not with phenolyl cobamides, whereas 

Sporomusa ovata requires phenolyl cobamides for growth on multiple carbon sources, and 

its growth is inhibited by benzimidazolyl cobamides (Table 2) (21, 22). Additionally, one 

bacterial species is known to synthesize norcobamides, which lack a methyl group in the 

linker region (Fig. 1A, red asterisk); the impact of this modification on physiology has only 

been explored to a limited extent (35, 36). Though there are relatively few studies comparing 

the effects of different cobamides on microbial metabolism, it is clear that the cobamide 

selectivity of organisms is important in the context of microbial interactions, as we hope to 

illustrate in this Review.

Like other metabolites studied in nutrient-sharing interactions (Table 3), cobamides are 

thought to be commonly shared (because many organisms that use cobamides do not 

produce them) and have well-characterized biosynthetic pathways that can be used to 

make predictions about cobamide-mediated interactions in natural systems. There are some 

technical benefits to using cobamides as models for nutrient sharing. For example, unlike 

amino acids, nucleotides, and most vitamins, cobamides have distinct spectral features 

that make them easily identifiable and that also provide information regarding chemical 

and conformational states that are related to function (37–39). Cobamides are notable 

from a nutrient-sharing perspective for several reasons. As catalytic cofactors, cobamides 

are effective at relatively low external concentrations [pico-molar to nanomolar (14, 18, 

40, 41)] compared with nutrients that are incorporated into bio-mass. Thus, even small 

concentrations of cobamides can substantially affect microbial growth. Moreover, the 

functional diversity derived from the variation in lower ligand structure makes cobamides 

suitable models for various types of microbial interactions, in addition to nutrient sharing. 

For example, the inhibitory effects of phenolyl cobamides on the growth of D. mccartyi 
could constitute an antagonistic interaction that resembles competitive dynamics mediated 

by antimicrobial compounds. Cobamide-based partnerships are formed on the basis of the 

ability of microbes to produce and use a particular structural variant, as is the case for 

interactions based on the sharing of specific organic acids or carbohydrates (42). Generally, 

cobamides are a relevant model system for investigating how organisms evolve and adapt 

to structural variation in valuable metabolites, which is also pertinent to the study of 

structurally diverse secondary metabolites such as siderophores (43). By virtue of bridging 

the features of different classes of metabolites, cobamides are an effective and versatile 

model for studying microbial interactions.

Cobamide selectivity at the molecular and organismal levels

Cobamides modulate microbial growth and metabolism in structure-specific ways, which 

is the basis of cobamide selectivity. Nearly all of the diverse organisms tested for 
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the ability to use different cobamides to date exhibit cobamide selectivity (Table 2), 

including both bacteria and eukaryotes. Understanding the mechanisms by which cobamides 

differentially affect metabolism is therefore critical to elucidating the roles of these 

cofactors in microbial interactions. Many molecular factors are thought to contribute 

to cobamide-dependent microbial growth, including selectivity in cobamide-dependent 

enzymes, differential cobamide import, and cobamide-specific gene regulatory responses. 

The extent to which each of these factors is a determinant of cobamide-dependent growth is 

still unclear.

The biochemical selectivity of cobamide-dependent enzymes toward particular cobamide 

cofactors is hypothesized to be a major determinant of cobamide-dependent growth. Lower 

ligand selectivity has been primarily studied in two enzymes: reductive dehalogenases, a 

class of bacterial cobamide-dependent enzymes that degrade toxic halogenated by-products 

of the dry cleaning industry, and methylmalonyl–coenzyme A (CoA) mutase, an enzyme 

involved in propionate metabolism that is widespread among bacteria (5) and conserved 

in humans. In multiple bacterial homologs of methylmalonyl-CoA mutase, lower ligand 

structure modulates the binding affinity of cobamide cofactors, and selectivity is different 

between orthologs from bacteria that produce different cobamides (15). Notably, the 

cobamide-binding selectivity of methylmalonyl-CoA mutase from Sinorhizobium meliloti 
is largely reflected in the differential growth of S. meliloti in cobamide-dependent conditions 

(15). Despite the fact that lower ligand structure also substantially affects reductive 

dehalogenase activity, crystal structures of reductive dehalogenases bound to different 

cobamides do not reveal atomic interactions between protein residues and the lower ligand 

that could mediate selectivity (17). It is likely that processes such as protein folding or 

cofactor loading are sensitive to lower ligand structure (17, 44). Consistent with this 

possibility, factors other than binding selectivity likely contribute to cobamide-dependent 

growth in methylmalonyl-CoA mutase metabolism as well (15).

The cobamide selectivity of an organism may also be influenced by the effects of 

diverse cobamides on gene expression. Although expression of metabolic genes is most 

commonly regulated by transcription factors, the primary mechanisms of the regulation of 

genes related to cobamide metabolism in bacteria are riboswitches—structured elements 

within the 5′ untranslated region of mRNAs that directly bind cobamides and affect 

the expression of downstream genes (12, 45, 46). The ability to distinguish between 

structurally similar ligands has been demonstrated in riboswitches that recognize variants 

of amino acids, nucleotides, flavins, and various bacterial signaling molecules (47, 48). It 

is therefore possible that cobamide-responsive riboswitches also recognize small structural 

differences between cobamides. In support of this hypothesis, RNA-cobamide interactions 

have been found to vary modestly in vitro depending on lower ligand structure (37). 

Finding selectivity-encoding sequences in riboswitches would enable researchers to integrate 

gene regulatory responses to diverse cobamides into functional predictions generated from 

bacterial genomes.

A third factor that may contribute to the observed cobamide selectivity of organisms is 

cobamide uptake. Although the presence of a lower ligand is not required for transport 

by the model cobalamin importer BtuBFCD in Escherichia coli and Vibrio cholerae 
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(49, 50), genetic studies have shown that three different BtuB homologs in Bacteroides 
thetaiotaomicron confer distinct competitive advantages in the presence of different 

cobamides (18), which suggests that transporters may preferentially import particular 

cobamides. Moreover, several organisms have yet-unidentified cobamide importers or 

noncanonical proteins implicated in cobalamin uptake (51–54), so the overall contribution 

of selective cobamide import to the physiology of bacteria remains largely unexplored. 

Integration of biochemical and physiological studies of transport, regulation, and cobamide-

dependent enzymes will improve our mechanistic understanding of cobamide sharing in 

microbial communities. Additionally, the ability to infer cobamide-sharing interactions from 

genomes will require predicting cobamide selectivity from genome sequence, which remains 

a major challenge.

Cobamide-mediated interactions in laboratory cocultures

Cultures of two or more organisms are commonly used to study mechanisms and dynamics 

of nutrient sharing in the laboratory (55). In addition to experimentally demonstrating 

that microorganisms share cobamides, cocultures provide tractable systems to study the 

mechanisms of cobamide-mediated microbial interactions, which are difficult to untangle 

in whole communities. We highlight coculture systems from three distinct habitats that 

exemplify the nuances of cobamide sharing: the different types of interactions that involve 

cobamides, the importance of cobamide selectivity in microbial interactions, and the 

metabolic outcome of cobamide availability.

Long-standing models of cobamide-sharing interactions are algae-bacteria mutualistic 

cocultures, in which cobalamin is produced by bacteria in exchange for fixed carbon from 

the algae (40). These systems have enabled studies of nutrient-sharing mechanisms and 

auxotrophy evolution (56, 57). For example, in a coculture containing the alga Lobomonas 
rostrata and the bacterium Mesorhizobium loti, cobamide sharing is essential for the growth 

of both organisms in the experimental conditions of the study (Fig. 2A). If either cobalamin 

or a fixed carbon source is added to the coculture, the stable ratio of the two species 

across serial transfers of the coculture is disrupted (56). In recent years, new synthetic 

consortia have expanded our understanding of the types of nutrient-sharing relationships 

that may occur in nature. For example, algae-bacteria mutualisms can also be based on 

bidirectional sharing of multiple B vitamins (58). Thus, laboratory cocultures that model 

various nutritional interactions can be used to probe fundamental principles of nutrient 

sharing, including how interactions differ depending on the nature of the compounds being 

shared.

Cobamide-sharing microbial consortia have also provided valuable insights into the role 

of cobamide selectivity in cobamide sharing (29, 59, 60). For example, the predatory 

amoeba LPG3 notably requires both cyanobacterial prey and a bacterial co-isolate to meet 

its nutritional needs. Using a model triculture and molecular genetics, Ma et al. discovered 

that the second bacterial species is specifically essential for cobalamin production because 

the amoeba cannot use pseudocobalamin (a cobamide with adenine as the lower ligand) 

produced by the cyanobacterium (29). Furthermore, the cobalamin requirement of the 

amoeba could be satisfied by V. cholerae, a bacterium that cannot synthesize cobalamin 
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de novo but was found to convert pseudocobalamin to cobalamin by cobamide remodeling

—a process involving the removal and replacement of the lower ligand (22, 25, 61) (Fig. 

2B). In addition to uncovering an unexpected three-member microbial interaction, Ma et 
al. discovered that an enzyme previously associated with a different branch of cobamide 

biosynthesis is involved in cobamide remodeling in V. cholerae (25). This example 

demonstrates how specificity for particular cobamides can drive a microbial association 

and illustrates how cocultures and tricultures provide useful systems for investigating the 

mechanisms of interactions.

The model systems described in the examples above focused on microbes that 

require cobamides for growth, but cobamides can also influence the metabolism of 

microbes for which cobamides are not essential. For example, although the human 

gut bacterium Akkermansia muciniphila produces succinate as a product of mucin 

degradation when cocultured with a butyrate-producing gut bacterium (Anaerostipes caccae 
or Faecalibacterium prausnitzii), A. muciniphila switches from succinate production to 

propionate production in the presence of a cobamide-producing bacterium, Eubacterium 
hallii. Analysis of metabolic pathways in A. muciniphila suggests a switch in fermentation 

strategy (predicted to involve methylmalonyl-CoA mutase) is elicited specifically by the 

cobamide production of E. hallii (62) (Fig. 2C). Thus, although A. muciniphila does not 

strictly require cobamides for growth, the presence of a cobamide-producing organism 

causes a physiological change that not only influences the metabolism of A. muciniphila 
itself but also might affect other microbes in the community. For example, increased 

succinate availability, which could result from fermentative metabolisms of human gut 

microbes, is linked to improved colonization by Clostridioides difficile in gnotobiotic mice 

(63). Studying the ways in which cobamide presence or absence modulates metabolism 

directly and indirectly may therefore reveal additional mechanisms by which cobamides 

affect microbial community structure.

Cobamide biology on a community level

Genomic approaches have been powerful in illustrating the prevalence of cobamide 

sharing in microbial communities. Cobamide biosynthesis, requiring up to 30 genes, 

is well characterized and can be easily identified in genomes, and it is possible to 

predict the production of benzimidazolyl and phenolyl cobamides by gene content (5, 12, 

64, 65). Discoveries of additional genes related to lower ligand biosynthesis, transport, 

and cobamide-dependent metabolism continue to refine our ability to make functional 

predictions about cobamide biology (4, 25, 36, 51, 53, 66–81). Genomic studies of all 

sequenced bacteria (5, 13) and of communities from specific environments (18, 82–84) 

estimate that 58 to 69% of bacteria are unable to produce cobamides de novo, yet up 

to 86% use cobamides (the use of cobamides is defined by the presence of at least one 

cobamide-dependent enzyme or importer) (Fig. 3); these data constitute genomic evidence 

of widespread cobamide sharing. In addition to bacteria, many eukaryotic microbes use 

cobamides; most eukaryotic algae have cobalamin-dependent methionine synthase, and for 

~50% of algal species, cobalamin is essential for growth (40, 85–87). Notably, the genes 

required to produce cobamides and the families of enzymes that use them are unevenly 

distributed across bacteria and archaea (5, 12, 13, 88). For example, across diverse habitats, 
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96% of Bacteroidetes species are predicted to use but not produce cobamides (5). This 

suggests that certain taxa tend to provide cobamides to other taxa in their respective habitats.

Genomic evidence for widespread cobamide sharing is corroborated by experimental 

analysis of cobamides from diverse microbial habitats. Bulk measurements of corrinoids—

which include cobamides and corrin-containing cobamide precursors such as cobinamide

—in the human gut, bovine rumen, mouse cecum, soil, and groundwater enrichment 

cultures show that each environment contains a diverse and distinct set of corrinoids, at 

concentrations ranging from picomolar to micromolar (83, 89–94). In such environments, 

microbes with a preference for particular cobamides must develop strategies to selectively 

acquire the cobamides that support their growth and avoid competitive inhibition by 

cobamides that do not. Moreover, the availability of different cobamides can vary 

spatially within a habitat. For example, in the North Pacific Ocean, cobalamin is detected 

throughout the surface waters, whereas pseudocobalamin is found primarily in the photic 

zone, correlating with the abundance of Cyano-bacteria, which are known to produce 

pseudocobalamin (91). Because abiotic factors can influence the spatial distribution of 

microbial species within communities in many environments, cobamide content, like other 

biological processes, is expected to vary across space.

The differential and distinct growth of bacteria in response to specific cobamides in pure 

culture, coupled with the prediction that most bacteria use cobamides, has inspired the 

idea that cobamides can be used to manipulate microbial community composition (10, 95). 

Several groups have tested the hypothesis that the addition of cobalamin to a community 

can alter its microbial composition, but the effect of cobamides with different lower ligands 

on communities has not been explored, likely because cobamides other than cobalamin 

are not commercially available. Studies in mice and in laboratory enrichment communities 

from the human gut, groundwater, and sea-water have shown that cobalamin addition can 

result in changes in community composition, corrinoid composition, and expression of 

cobamide salvaging and cobamide-dependent genes (11, 92, 93, 96–98). Limited sampling 

and the complexity of microbial communities have made it difficult to build mechanistic 

models of the growth and metabolic responses of members of a given community to 

specific perturbations. However, these results show promise for the potential of cobamides to 

modulate communities.

Open questions about cobamide sharing and challenges in the microbiome 

field

One major aim of the microbiome field has been to understand and predict microbial 

interactions using genomics. Because many organisms cannot be cultured and microbial 

communities can change dynamically over time and are often highly complex, genomics-

based methods are useful for generating hypotheses about molecular interactions in 

a community. Owing to decades of work identifying the genes that encode cobamide-

biosynthetic and cobamide-dependent enzymes, it is now possible to predict from genome 

sequences which organisms are capable of cobamide production and which carry cobamide-

dependent functions. However, genomic predictions do not always match what occurs in 
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situ. For example, whether cobamides are produced or released into the environment, 

and whether cobamide-dependent metabolic pathways are expressed in a community 

context, cannot necessarily be inferred from genomic potential. Additionally, cobamide-

dependent metabolism occurs within a complex network of other metabolic pathways. 

Challenges remain in understanding how chemical environments influence cobamide-

dependent metabolism, how direct effects of a nutrient indirectly affect metabolic networks, 

and how spatial and temporal dynamics influence nutrient sharing.

Recognizing environmental effects on cobamide biology

The chemical environment of an organism in its natural habitat can alter its physiology 

relative to what is observed in a laboratory setting (Fig. 4). Bacteria can synthesize 

different cobamides in different environments because lower ligand incorporation into 

cobamides depends not only on the selectivity of biosynthetic enzymes (20, 99–101) but 

also on the availability of exogenous lower ligand bases (102). Free lower ligand bases 

have been detected in several environments: dimethylbenzimidazole [(DMB), the lower 

ligand of cobalamin] has been detected in fresh water, soil, and rumen fluid (102), and 

alpha-ribazole, an activated form of DMB that can be taken up by some bacteria (103), 

is produced by marine bacteria (104, 105). Notably, organisms such as S. ovata and 

Sulfurospirillum multivorans, which produce phenolyl and purinyl cobamides, respectively, 

synthesize cobalamin when DMB is added to the culture medium, which leads to growth 

inhibition (21, 44). Other organisms are capable of remodeling suboptimal cobamides to 

cobalamin when DMB is available, including the bacteria D. mccartyi and V. cholerae (Fig. 

2B) and the haptophyte Pavlova lutheri (16, 22, 25). These observations suggest that free 

lower ligand bases could potentially modulate microbial growth in natural settings. Growth 

conditions can alter cobamide production even in the absence of exogenous lower ligands; 

for example, Propionibacterium freudenreichii synthesizes pseudocobalamin under anoxic 

conditions and cobalamin under microoxic conditions (106). Thus, although we can often 

predict cobamide biosynthesis in pure culture, information about the chemical composition 

of natural environments is required to predict which cobamides are produced by organisms 

in situ and how that affects bacterial growth.

In addition to lower ligand bases, the presence of other cobamide precursors can affect 

cobamide biosynthesis. Some organisms have partial cobamide-biosynthetic pathways and 

can only produce cobamides when an appropriate precursor is present (Fig. 4) (5, 14, 

107). For example, the human gut pathogen C. difficile requires either the early cobamide 

precursor 5-aminolevulinic acid (ALA) or the late precursor cobinamide to produce 

cobamides (14). Predicting whether C. difficile produces cobamides in the gut therefore 

requires knowing which precursors are present in its surroundings. Several different 

cobamide precursors are hypothesized to be shared in microbial communities on the basis 

of the presence of partial biosynthetic pathways in bacterial genomes (5, 14, 18, 95, 108), 

but few of these predictions have been tested, likely because of the limited commercial 

availability of precursor compounds other than ALA and cobinamide. The quantities of 

cobamide precursors in environments are also largely unknown, which makes it difficult 

to speculate about their availability to microbes in natural environments. Moreover, the 
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mechanisms by which cobamides and their precursors are released by producers have yet to 

be identified (97).

Cobamides in the extracellular environment can also affect metabolism in situ by modulating 

the expression of cobamide-related pathways in an organism. In some cases, the gene 

regulatory responses of bacteria to the presence of cobamides can be predicted from 

sequence. Propionibacterium acnes down-regulates cobamide biosynthesis genes when 

cultured with cobalamin (109), which could be predicted on the basis of the presence of 

a cobalamin riboswitch in the biosynthesis operon (Fig. 4). Notably, this phenotype is 

reproduced in a natural habitat of P. acnes—on the skin of individuals taking cobalamin 

supplements— which supports the idea that functional predictions can be made for 

natural systems (109). Cobalamin riboswitches also regulate enzymes or pathways that 

are alternatives to cobamide-dependent processes. For example, Caulobacter crescentus has 

two methionine synthase enzymes (isozymes), one of which does not require a cobamide 

cofactor. The cobalamin-independent isozyme is regulated by a cobalamin riboswitch, and 

as predicted, a reporter system showed that its expression is down-regulated by cobalamin 

addition (110). This enzyme allows C. crescentus to tolerate fluctuations in environmental 

cobalamin levels, but there appears to be a fitness advantage to down-regulating its 

expression and using the cobalamin-dependent isozyme when cobalamin is available (110). 

The importance of the regulation of cobamide biosynthesis and isozymes for individuals in 

microbial communities has not been explored, and as mentioned previously, the effects of 

cobamides other than cobalamin on gene expression are mostly unknown.

Understanding direct and indirect effects of cobamide sharing

Cobamides may mediate microbial interactions not only through cobamide-dependent 

metabolism, but also through changes in a metabolic network elicited by cobamide-

dependent reactions. The idea that products of cobamide-dependent reactions can 

have downstream effects on metabolism was highlighted earlier using the example 

of A. muciniphila (Fig. 2C). Additionally, metabolic pathways that do not directly 

require cobamides are affected by cobamide-dependent reactions. For example, cobalamin-

dependent methionine synthesis is tightly linked to folate cycling in humans, such 

that cobalamin deficiency leads to an imbalance in folate pools, consequently affecting 

pathways such as purine synthesis that are not directly cobalamin dependent (111, 112). In 

humans, cobalamin deficiency therefore leads to complex and potentially severe pathologies 

including anemia and neurological disorders (113, 114). Similar connections between 

cobamide metabolism and other metabolic pathways are found in microbial metabolic 

networks but have been less studied in microbes than in humans. Thus, predicting cobamide-

based interactions may require accounting for not only the sharing of cobamides themselves 

but also the changes to a metabolic map of an organism—or potentially a whole community

—that result from cobamide-catalyzed reactions.

Investigating cobamide physiology in situ

Laboratory experiments are limited by their ability to accurately mimic environmental 

conditions and by the challenges associated with culturing microorganisms. In addition 

to meta-genomics, tools such as metatranscriptomics, metaproteomics, and metabolomics 
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can help interrogate cobamide interactions in situ. Recently developed cobalamin-based 

chemical probes have been used to visualize cobalamin trafficking from E. coli to its 

nematode predator Caenorhabditis elegans and to capture cobalamin-binding proteins that 

were previously not known to interact with cobalamin in bacteria and eukaryotes (115–

117). These probes may allow researchers to visualize how cobamides are used and shared 

in situ, which may help validate phenotypes that would be predicted from sequence. 

Furthermore, catalytically inactive chemical analogs of cobamides (antivitamins) (118–

121) could potentially be used to perturb communities by inhibiting cobamide-dependent 

enzymes. Development and application of such tools for use in complex communities could 

be a way to study cobamide biology mechanistically on a community level.

Investigating cobamide interactions in situ could also address the importance of spatial 

structure in microbial interactions. Two organisms from the same environmental sample 

may or may not be able to interact, depending on their location in the sample. Thus, future 

predictions of microbial interactions should account for the spatial distribution of microbes. 

Unlike other shared nutrients, there has been little work on spatial constraints in natural or 

synthetic cobamide-sharing systems. Chemical probes, such as the fluorescent cobalamin 

analog described by Lawrence et al. (117), may be useful in this regard, as would be 

the application of recently developed techniques that have been used to study the spatial 

distributions of proteins, small molecules, and metals in other systems (122–127).

Looking forward

Focusing on a single class of shared nutrients—cobamides—across multiple scales has 

enabled researchers to begin to dissect the molecular interactions that shape microbial 

communities (128). One of the benefits of uncovering mechanistic details of microbial 

interactions is the potential opportunity to disrupt these interactions for the purpose of basic 

research or for environmental, health-related, or industrial applications. Because of their 

structural and functional diversity, cobamides make up a natural toolkit for manipulating 

microbial metabolism and growth, and the widespread use of cobamides in the bacterial 

domain makes them promising candidates for modulating community composition and 

function. Whether used as tools to perturb communities, or as a model system for 

asking basic questions about the nature of microbial interactions, cobamides exemplify the 

complexity and nuance of microbial life.
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Fig. 1. Structural diversity of cobamides.
(A) The chemical structure of cobalamin (B12), the most well-known cobamide. Cobamides 

are characterized by a corrin ring (a contracted porphyrin, similar to the macrocycles of 

heme and chlorophyll) which houses a cobalt ion. Exchangeable upper ligands (R1) give 

cobamides versatile chemical reactivity (6). Lower ligands differ between cobalamin and 

other cobamides. The red asterisk indicates a methyl group that is absent in norcobamides 

(35, 36). (B) Three lower ligand structural classes are shown, which have multiple variable 

regions (R2 to R6).
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Fig. 2. Cobamide sharing in model microbial consortia.
(A) Algae-bacteria mutualism. L. rostrata requires cobalamin produced by M. loti as a 

cofactor for its methionine synthase (MetH), and M. loti uses fixed carbon produced by L. 
rostrata (40, 56, 57). (B) Amoeba-prey consortium. V. cholerae remodels pseudocobalamin 

produced by Synechococcus elongatus to produce cobalamin, which can be used by 

the amoeba LPG3 for MetH activity (25, 29). (C) Cocultures of A. muciniphila with 

other human gut bacteria. Cobamide production by E. hallii causes a switch in the 

mucin degradation product generated by A. muciniphila, from succinate to propionate 

(62). Cobamide (Co-containing cartoon) with blue indicates cobalamin, and that with red 

indicates pseudocobalamin.
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Fig. 3. Distribution of cobamide production and use among bacteria.
The percentages of species that use and produce cobamides are derived from published 

bioinformatic analyses of 540 bacterial genomes from diverse environments (column a) (13), 

311 human gut bacterial genomes (column b) (18), and 11,463 bacterial genomes from 

diverse environments (column c) (5).
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Fig. 4. Factors in complex chemical environments that can modulate cobamide physiology.
RS, riboswitch.
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