
UC Berkeley
UC Berkeley Electronic Theses and Dissertations

Title
Corrinoid Cross-Feeding in the Microbial World

Permalink
https://escholarship.org/uc/item/2z66b95b

Author
Dirks, Erica Christine

Publication Date
2014
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2z66b95b
https://escholarship.org
http://www.cdlib.org/


Corrinoid Cross-Feeding in the Microbial World  

 

By  

 

Erica Christine Dirks 

 

A dissertation submitted in partial satisfaction of the  

requirements for the degree of  

Doctor of Philosophy 

 in 

 Microbiology 

 in the 

 Graduate Division  

of the  

University of California, Berkeley 

 

Committee in charge: 

Professor Michiko E. Taga, Chair  

Professor John D. Coates 

 Professor David Savage  

Professor Nicole King 

 

Fall 2014 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

i 

Acknowledgements 
 

 This work would not have been possible without the generous and kind support of many 
people over the past seven years. To all of my collaborators and mentors I’ve met along the way, 
especially the members of the Taga lab, a million thanks for all of the advice, discussions, and 
guidance. Your unselfish willingness to help continues to amaze and inspire me. Working with 
you has been a true gift. To Shan, I’ve learned so much from you. I wish you every happiness, 
and I will always think of you as my big sister in science. To Steve, it’s meant so much to me to 
have you on my side. Your breadth of knowledge astounds me. I hope you never stop telling 
stories. To Patrick, you are a true friend, and I would have never gotten through without you.  To 
Jerome, together, you know we can defeat the zombie hordes. Thanks for all the car rides! To 
Mark, for pushing me to go further than I ever imagined I could. To Adam, Angela, Matthew, 
and Jennifer, for helping me find my way. To Sarah and Rob, for always standing by me. To 
Lucy, my beautiful girl, for showing me the true nature of unconditional love. To Kitten, my 
bright spark, for your amazing joie de vivre, and general ridiculousness. To all my family, near 
and far. And finally, to Manu, without whose patience, love, and sense of humor, I would be lost. 
Thank you.



 
 

1 

Abstract 
 

Corrinoid Cross-feeding in the Microbial World 

by Erica Christine Dirks 

Doctor of Philosophy in Microbiology  

University of California, Berkeley  

Professor Michiko E. Taga, Chair 

  The exchange of metabolites among members of microbial communities enables 
the catabolism of complex substrates and supports the growth of auxotrophic microbes. Many 
microbes depend on other organisms in their environment for the biosynthesis of essential 
metabolites such as corrinoids. Corrinoids are cobalt-containing tetrapyrroles that function as 
cofactors for enzymes that facilitate carbon skeleton rearrangements, methyl group transfers, and 
reductive dehalogenation. Members of all three domains of life use corrinoid cofactors, yet the 
complete biosynthesis of corrinoids, which requires approximately 30 enzymatic steps, is 
performed only by a subset of prokaryotes. Bioinformatic analyses show that while 76% of 
bacterial genomes contain corrinoid-dependent enzymes, only 39% of these contain the complete 
corrinoid biosynthesis pathway. As such, corrinoid cross-feeding is crucial for functionally 
integrated microbial communities.  
 Corrinoids are identified by the structure of their lower axial ligand, which can be a 
benzimidazole, purine, or phenolic compound. Corrinoids with different lower ligands do not 
function equivalently as cofactors. Given the diversity of corrinoid structures, microbes that 
require exogenous corrinoids must have mechanisms to acquire the specific corrinoids that 
function as cofactors for their corrinoid-dependent enzymes. However, the variety of corrinoids 
that can serve as cofactors for any one organism, the means by which microbes acquire specific 
corrinoids, and the diversity of corrinoids present in microbial communities have not been well 
studied. 
 
 In the first chapter, I summarize the strategies employed by corrinoid-dependent bacteria 
for fulfilling their corrinoid requirements and provide background on corrinoid structure, 
function, and biosynthesis. 
 
 Chapter 2 details my work examining the range of corrinoids that function as cofactors 
for the organohalide-respiring bacterium Dehalococcoides mccartyi, which has an obligate 
requirement for exogenously supplied corrinoids.  D. mccartyi plays an important role in the 
bioremediation of chlorinated solvents in the environment, a process that relies on corrinoid-
dependent enzymes. Together with my collaborators Shan Yi, Yujie Men, and Lisa Alvarez-
Cohen, I showed that D. mccartyi can only use specific corrinoids containing benzimidazole 
lower ligands, but is capable of remodeling other corrinoids by lower ligand replacement when 
provided a functional benzimidazole base.  
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 While Chapter 2 focuses on corrinoid metabolism in D. mccartyi in pure culture, my 
experiments presented in Chapter 3 focus on examining corrinoid cross-feeding in microbial 
communities containing D. mccartyi. Using a liquid chromatography-tandem mass spectroscopy 
method developed with my collaborators, I identified the specific corrinoids and free lower 
ligands present in microbial communities containing D. mccartyi, examined the contributions of 
different phylogenetic groups to the community corrinoid profile, and provided evidence that D. 
mccartyi engages in corrinoid remodeling in its natural environment. These findings provide 
novel insights into the roles played by different phylogenetic groups in corrinoid production and 
corrinoid cross-feeding within microbial communities, and may also have implications for 
optimizing chlorinated solvent bioremediation. 
 
 As a parallel to my work on how corrinoid cross-feeding supports the growth of D. 
mccartyi in a microbial community, and the strategies that D. mccartyi uses to obtain functional 
corrinoid cofactors, in Chapter 4, I explore how the cross-feeding of tetrapyrrole precursors 
allows microbes with an incomplete corrinoid biosynthesis pathway to fulfill their corrinoid 
requirements. Using a comparative genomics analysis, I identified 39 bacteria that lack genes 
required for the production of the universal tetrapyrrole precursors including 5-aminolevulinic 
acid (ALA), the first steps required for corrinoid biosynthesis, despite having otherwise complete 
corrinoid biosynthesis pathways. I tested the ability of three putative ALA auxotrophs to 
scavenge ALA from the growth medium and showed that in the presence of ALA, all three were 
capable of corrinoid production. My work showed that all 39 tetrapyrrole precursor auxotrophs 
are animal host-associated, raising the question of whether host-produced tetrapyrrole precursors 
might be scavenged by corrinoid-producing members of the microbiota.  

 
The results of the experiments presented in this work provide insights into the array of 

strategies that microorganisms employ in acquiring essential nutrients from the environment. 
Better understanding of corrinoid production, modification, and utilization in microbial 
communities will aid in the exploration of how nutrient exchange shapes these communities, and 
the ecological roles played by individual community members.
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Chapter 1 
 

Corrinoid cross-feeding in the microbial world 
 
Portions of this chapter are published in: Seth, Erica C., and Michiko E. Taga. "Nutrient cross-
feeding in the microbial world." Frontiers in microbiology 5 (2014). 
 
Introduction 

Life in the microbial world exists as a dynamic network of interactions among microbes 
that fuels a complex web of interconnected metabolisms (1).  Ignorance of what microbes gain 
via these interactions impedes our ability to cultivate the vast majority of microbes (2, 3). In 
addition, by failing to elicit a microbe’s full range of metabolic responses to the presence of 
other organisms, the metabolic potential of microbes grown in isolation may not accurately 
reflect a microbe’s ecological role (4, 5). Nutrient cross-feeding – the production of a molecule 
such as a vitamin or amino acid that is used by both the producing organism and other microbes 
in the environment – relaxes the metabolic burden on any one microbe in the community (6). 
Given the complexity of microbial communities, nutritional interactions between different 
species may have ripple effects on other community members.  

Cofactor cross-feeding may serve as a model for nutritional interactions between 
microbes. While cofactor cross-feeding is not necessarily mutualistic, the availability of 
exogenously produced cofactors can have a profound impact on a microbe’s mode of growth and 
metabolite production (7, 8). Examining cofactor cross-feeding can inform our understanding of 
the scope and relevance of metabolic interdependences in microbial communities. I focus on one 
group of cofactors, the corrinoids, as a model for understanding cross-feeding mechanisms. 
Corrinoid-dependent reactions function in diverse metabolic processes across all three domains 
of life, yet corrinoids are produced solely by a subset of prokaryotes (9). While the majority of 
bacteria (75%) are predicted to encode corrinoid-dependent enzymes, at least half of these lack 
the ability to produce corrinoids de novo (10, 11). As such, corrinoid cross-feeding is prevalent 
and may reflect the advantage of acquiring these complex cofactors from the environment rather 
than by de novo biosynthesis which requires approximately 30 enzymatic steps (9, 11, 12). The 
availability of corrinoids can have profound effects on a microbe’s metabolism and its ability to 
occupy a specific niche. For instance, the ability to utilize ethanolamine as a sole carbon and 
nitrogen source relies on the corrinoid-dependent enzyme ethanolamine ammonia lyase, which 
converts ethanolamine into ammonia and acetaldehyde (13). In enterohemorrhagic Escherichia 
coli, ethanolamine utilization – enabled by corrinoid cross-feeding – provides a competitive 
advantage for colonization and persistence in the bovine intestine, a main reservoir for this 
pathogen (14, 15). Ethanolamine utilization is also important in other human pathogens that rely 
on exogenously produced corrinoids or corrinoid precursors including Listeria monocytogenes 
and Enterococcus faecalis (13, 16, 17). The mechanism by which corrinoids are released from 
corrinoid-producing microbes into the environment is unclear. As yet, no active means of 
corrinoid export has been identified. Obtaining functional corrinoid cofactors through cross-
feeding is complicated by the structural diversity of corrinoids produced by different organisms 
(18). 
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Corrinoid structure and function 
 Corrinoids consist of a tetrapyrrolic corrin ring with a cobalt atom coordinated at the 
center by four of the ring’s nitrogen atoms (Fig. 1) (9, 19). Two axial ligands are also 
coordinated to the cobalt. Interactions between the axial ligands and the cobalt drive the 
reactivity of corrinoid cofactors (20). The redox state of the cobalt, Co(I), (II), or (III) is 
determined by the number of ligands coordinated to it. With two axial ligands coordinated, the 
Co(III) state is achieved, with one axial ligand, Co(II), and with no axial ligands, Co(I) (21).The 
structural diversity of corrinoids exists in the identity of these axial ligands, which play 
important roles in determining cofactor function (21-23).  

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Corrinoid and lower ligand structures. A). The structure of cobalamin is shown, with the major 
components (corrin ring, nucleotide loop, and upper and lower ligand) indicated. In cobalamin, the lower ligand is 5, 
6-dimethylbenzimidazole (DMB). The upper ligand, shown here as R, is variable and may be a methyl or adenosyl 
group. B). The structures of lower ligands of other corrinoids are shown. These are grouped into three different 
classes; the benzimidazoles, purines, and phenolics.  
 
 Complete corrinoids, i.e. those with a nucleotide loop and lower ligand attached, are 
called cobamides. Cobamides are distinguished from one another by the structure of the lower 
ligand, which is attached to a substituent of the corrin ring via a nucleotide loop and forms the 
nucleotide’s base (Fig. 1A). A variety of different lower ligand bases have been identified, and 
fall into three categories: benzimidazoles, purines, and phenolics (Fig. 1B) (24). Even within one 
structural class, corrinoids with different lower ligands are not necessarily functionally 
equivalent as cofactors (18).The range of corrinoid that organisms can use is variable. For 
instance, Salmonella enterica naturally produces the purinyl corrinoids adeninylcobamide and 2-
methyladeninylcobamide, but is also capable of using benzimidazolyl corrinoids (Anderson, 
2008; Keck, 2000). My work on Dehalococcoides mccartyi revealed that this organism, which is 
unable to produce corrinoids de novo is limited to just a subset of the benzimidazolyl corrinoids 
(18, 20). In humans, cobalamin, which contains 5,6-dimethylbenzimidazole (DMB) as the lower 
ligand, appears to be the only corrinoid that is capable of serving as a cofactor (25). The reasons 
for corrinoid specificity are not well understood. However, the structure of the lower ligand has 
been shown to be important in cofactor binding and catalysis (23, 26). Corrinoid-dependent 
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enzymes bind their corrinoid cofactors in one of three different conformations: with the lower 
ligand coordinated to the cobalt, or “base-on”; without the lower ligand or a histidine residue 
from the protein coordinated, “base-off/his-off”, or with a histidine residue of the protein 
coordinated in place of the lower ligand, “base-off, his-on” (27, 28). The lower ligands of 
phenolic corrinoids cannot be coordinated to the cobalt, and as such, these corrinoids do not 
function as cofactors for base-on enzymes (29). 
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Figure 2. Examples of reactions catalyzed by corrinoid-dependent enzymes A). The reaction catalyzed by 
methylmalonyl-CoA mutase, one of the two corrinoid-dependent enzymes in humans is illustrated. The corrinoid 
cofactor used by this enzyme (shown here with a parallelogram representing the corrin ring) possesses an adenosyl 
upper ligand. B. The reaction catalyzed by methionine synthase, which uses a methylcorrinoid cofactor is illustrated. 
The methyl group, which is transferred from the donor, 5-methyltetrahydrofolate (THF), to the acceptor, 
homocysteine, is shown in bold. C. The corrinoid-dependent reductive dehalogenation of tetrachloroethene (PCE) to 
trichlorothene (TCE), 1, 2-cis dichloroethene (DCE), vinyl-chloride (VC), and finally to the non-toxic end-product 
ethene is shown. 
 
The majority of corrinoid-dependent enzymes use corrinoids with either a methyl or adenosyl 
group as the upper ligand which forms an organometallic bond with the cobalt. The bond 
between the upper ligand and the cobalt is labile, and the cleavage and reformation of this bond 
is central to a corrinoid’s catalytic activity (21). Corrinoid cofactors with an adenosyl group as 
the upper ligand are used in radical-mediated intramolecular rearrangement reactions. Homolytic 
cleavage of the Co-C bond generates an adenosyl radical, which abstracts a hydrogen atom from 
the substrate, creating a substrate radical. The substrate radical then undergoes an intramolecular 
rearrangement. Following the rearrangement, the radical is regenerated on the adenosyl group, 
and the Co-C bond is reformed (21). Adenosylcorrinoid-dependent enzymes play a role in a wide 
variety of processes including nucleotide biosynthesis, fermentation of substrates such as 
glycerol and ethanolamine, and amino acid and fatty acid metabolism (9). The reaction carried 
out by the adenosylcobalamin-dependent enzyme methylmalonyl CoA mutase, one of the two 
cobamide-dependent enzymes present in humans, is illustrated in Figure 2. 
 
 Corrinoid cofactors with a methyl group as the upper ligand function in methyl transfer 
reactions. Here, a methyl group is passed from a donor molecule to an acceptor molecule via a 
corrinoid. Corrinoid-dependent methyltransferases typically consist of at least three modules; 
one to bind the corrinoid, another to bind the methyl donor and catalyze transfer of a methyl 
group from the donor to the corrinoid, and the third to bind the acceptor molecule and catalyze 
transfer of the methyl group from the methylcorrinoid to the acceptor (20). The model corrinoid-
dependent methyltransferase, methionine synthase, MetH, transfers a methyl group from 
methyltetrahydrofolate (the methyl donor) to homocysteine (the methyl acceptor),via the 
corrinoid cofactor, thus producing methionine (Fig. 2B). Corrinoid-dependent methyltransferases 
play an important role in a variety of different forms of anaerobic metabolism, including CO2-
reductive acetogenesis, and methanogenesis (30). These enzymes bind corrinoids in the base-off 
conformation, which may allow for a wider range of corrinoids to function as cofactors. 
 
 Cobamide-dependent enzymes also function in the anaerobic respiration of halogenated 
compounds as terminal electron acceptors, termed halorespiration. In reductive dehalogenation 
reactions, halogen substituents of an organohalide such as tetrachloroethene are removed, and 
replaced by hydrogen atoms (31). Unlike other corrinoid-dependent enzymes, reductive 
dehalogenases use corrinoids without a methyl or adenosyl upper ligand, and with the lower 
ligand in the base-off conformation (32, 33). One proposed reaction mechanism for reductive 
dehalogenation reactions involves the formation of a cobalt-halogen bond, leading to cleavage of 
the C-halogen bond, and concomitant protonation of the leaving group (32). Another suggests a 
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dissociative one-electron transfer from Co(I) onto the halogenated substrate via a radical 
mechanism (33). The stepwise dechlorination of tetrachloroethene carried out by corrinoid-
dependent reductive dehalogenases in D. mccartyi is illustrated in Figure 2C (34).  
 
 In addition to serving as cofactors, corrinoids also play an important role in gene 
regulation as the metabolite bound by corrinoid riboswitches (35). Corrinoid riboswitches can 
allow organisms to sense intracellular concentrations of corrinoids and appropriately control 
gene expression, for example, turning off corrinoid transporter genes when sufficient corrinoid 
levels are reached (36, 37). Genes encoding corrinoid biosynthesis and alternatives to corrinoid-
dependent enzymes are also controlled by corrinoid riboswitches (38, 39).  
   

 
 
 Figure 3. Cyclic tetrapyrroles. Corrinoids, heme, chlorophyll and other cyclic tetrapyrroles are all produced from 
the same common precursor, uroporphyrinogen III.          
 
Corrinoid biosynthesis 
 Corrinoids are structurally and biosynthetically related to other cyclic tetrapyrroles, such 
as heme and chlorophyll, all of which are produced from the same common precursor, 
uroporphyrinogen III (Uro’gen III) (Fig. 3) (9, 40). Separate aerobic and anaerobic corrinoid 
biosynthesis pathways exist, and diverge after the production of Uro’gen III(Fig.4)(41). 
Corrinoid production can be divided into two main parts: corrin ring production, and lower 
ligand production and attachment. The production of the corrin ring differs in aerobic and 
anaerobic pathways in the timing of cobalt insertion and oxygen requirement(Fig.4)(42). Cobalt 
insertion is performed early in the anaerobic pathway, before ring contraction and amidation 
(12). In the aerobic pathway, cobalt insertion is one of the final steps in ring modification (43). 
While oxygen is required in the aerobic pathway, several reactions in the anaerobic pathway are 
oxygen sensitive (44-46)After production of the corrin ring, the aerobic and anaerobic pathways 
converge and the remaining steps of corrinoid biosynthesis (upper and lower ligand attachment, 
and nucleotide loop formation) are the same in each, with the exception of lower ligand 
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formation (Fig.4)(47-52). In the aerobic pathway, production of DMB, the lower ligand of 
cobalamin, is carried out by the flavin destructase enzyme BluB, which uses reduced flavin 
mononucleotide as its substrate (53, 54). The genes involved in the anaerobic production of 
benzimidazoles have not yet been reported, though labeling studies showed that purines and 
benzimidazoles likely share a common precursor (24). Recently, using a combination of 
bioinformatic, genetic and biochemical techniques, our lab has identified the set of genes, 
bzaABCDE, responsible for the production of the benzimidazoles such as 5-
hydroxybenzimidazole (OHBza), methoxybenzimidazole (OMeBza), and DMB (Hazra, Mok, 
Han, and Taga, unpublished).  
 Once the lower ligand has been formed, it must be activated and attached to the corrin 
ring. The enzymes responsible for these steps have been found not only in organisms that 
produce corrinoids de novo, but also in many that require exogenous corrinoids, which enables 
them to salvage cobinamide, a cobamide precursor, from the environment (11, 55).  
 

 
 
Figure 4. The corrinoid biosynthesis pathway. Corrinoid biosynthesis is complex and requires more than 20 
enzymatic steps. Corrinoids, as well as other tetrapyrroles such as heme and chlorophyll, are produced using 5-
aminolevulinic acid (ALA) as the first dedicated precursor. Uroporphyrinogen III (Uro’III) is the final common 
precursor before tetrapyrrole biosynthesis pathways diverge. In the anaerobic corrinoid biosynthesis pathway, cobalt 
insertion is the first step in corrin ring production, while it is the final step in the aerobic pathway. After corrin ring 
production, the pathways converge, and the upper and lower ligands are attached to produce a complete cobamide. 
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Examples of specific mutualistic interactions involving corrinoids 
Phytoplankton are of great ecological importance in their roles in the global carbon cycle, 

as primary producers in the marine food web, and occasionally as producers of toxins in harmful 
algal blooms (HABs). Half of eukaryotic algal species are predicted to require exogenously 
produced cobamides for growth (56, 57). Algal corrinoid requirements can be fulfilled via 
symbiotic relationships with corrinoid-producing bacteria that colonize the algal surface (56, 58). 
The availability of corrinoids may play an important role in the occurrence of HABs, as 
cobamide auxotrophy is especially prevalent among HAB species (59).  
 Symbiotic relationships can also be fueled by cross-feeding of products of corrinoid-
dependent enzymes. Genomic studies of the cicada endosymbiotic bacteria, Hodgkinia 
cicadicola and Sulcia muelleri, indicate that the ability to produce a corrinoid is vital for 
maintaining this tripartite symbiosis (60). H. cicadicola and S. muelleri together produce 
essential amino acids that are cross-fed between the co-symbionts and provided to the host. The 
burden of methionine production rests on H. cicadicola, which devotes 7% of its 144 kb genome 
to corrinoid biosynthesis because the methionine synthase it encodes requires a corrinoid 
cofactor. Interestingly, the corrinoid biosynthesis pathway in H. cicadicola is incomplete, and 
lacks genes involved in the production of precursors common to the biosynthesis of corrinoids as 
well as other tetrapyrroles such as heme (60). We speculate that H. cicadicola may acquire 
tetrapyrrole precursors from the host, completing a loop between organisms which allows 
maintenance of the symbiotic relationship.  
 
Strategies used by bacteria that scavenge corrinoids and their precursors from 
environmental sources 
 Because multiple corrinoids are present in microbial communities, corrinoid-dependent 
microbes employ a variety of strategies to acquire the specific corrinoids that function in their 
metabolism (Fig. 5) (61-63). The ability of bacteria to selectively transport specific corrinoids 
has been largely unexplored, yet may play an important role in this process. The corrinoid 
transporter - BtuBFCD in gram negative bacteria, and BtuFCD in gram positive bacteria - allows 
bacteria to import corrinoids from the environment (Fig. 5A) and is present in an estimated 76% 
of bacterial genomes (11). A recent study of the human gut microbiome found that many bacteria 
encode multiple copies of the BtuBFCD corrinoid transporter, and that the three homologs of the 
outer membrane transporter BtuB encoded by the model gut bacterium Bacteroides 
thetaiotaomicron, though apparently redundant, have distinct preferences for different corrinoids 
(64). The presence of multiple corrinoid transport systems with different affinities for specific 
corrinoids may allow bacteria to fine-tune their responses to the array of corrinoids present in the 
environment.  
 In contrast to obtaining specific corrinoids through selective transport, the ability to 
remodel corrinoids (that is, to remove the lower ligand of an imported corrinoid and attach a 
preferred lower ligand in its place) can enable microbes to make use of many different corrinoids 
(65). For instance, the work described in Chapter 2 shows that D. mccartyi, which has an 
obligate requirement for exogenously produced corrinoids as cofactors in the reductive 
dehalogenation of the common groundwater pollutants tetrachloroethene (PCE) and 
trichloroethene (TCE), is restricted to the use of just three benzimidazolyl corrinoids (18, 66, 67).  
However, if an appropriate benzimidazole lower ligand base is supplied, D. mccartyi can fulfill 
its corrinoid requirements by remodeling other corrinoids(Fig. 5C) (18). The ability to remodel 
corrinoids may be essential to D. mccartyi’s survival in the environment. My work described in 
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Chapter 3 identifying the corrinoids and free lower ligands present in a microbial community 
containing D. mccartyi shows that the most abundant corrinoid is p-cresolylcobamide 
([Cre]Cba), a cobamide that D. mccartyi cannot use without remodeling. Moreover, I show that 
free DMB is present in the community at levels sufficient for corrinoid remodeling, and that the 
amount of [Cre]Cba in the supernatant increases, while the amount of cobalamin decreases when 
D. mccartyi is eliminated (63). These results support the hypothesis that D. mccartyi carries out 
corrinoid remodeling within its community. Corrinoid remodeling is also performed by some 
bacteria capable of producing a corrinoid de novo (65), and has been observed in the human gut, 
where examination of fecal corrinoid profiles before and after ingestion of cobalamin suggests 
that at least some members of the gut microbiota are engaged in active modification of 
exogenous corrinoids (61).  

 
 
Figure 5. Microbial strategies for fulfilling corrinoid requirements 
Microbes employ various strategies to obtain specific corrinoids from environments that contain a variety of 
corrinoids and corrinoid precursors. The structure of cobalamin, a corrinoid with the lower ligand 5,6-
dimethylbenzimidazole (boxed) is shown, as are the structures of the three classes of lower ligand bases of other 
corrinoids. Specific strategies for obtaining corrinoids are illustrated with representative bacteria listed in 
parentheses. (A). Corrinoid transport in Bacteroides thetaiotaomicron. (B). Cobinamide salvaging in Escherichia 
coli. (C). Corrinoid remodeling in Dehalococcoides mccartyi. (D). α-ribazole salvaging in Listeria innocua. 
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 Some microbes are capable of importing corrinoid precursors from the environment and 
carrying out the remaining biosynthetic steps to produce a complete corrinoid. For example, 
though E. coli is incapable of de novo corrinoid biosynthesis, it possesses the ability to salvage 
cobinamide(Fig. 5B) (68, 69). In contrast, Listeria spp. encode a nearly complete corrinoid 
biosynthesis pathway, but apparently lack the genes necessary for lower ligand activation, a step 
that must be completed before the lower ligand can be attached. L. innocua was shown instead to 
rely on the cblT encoded transporter to take up activated lower ligands such as alpha-ribazole 
from the environment, which it then phosphorylates and attaches to produce a complete 
corrinoid(70) (Fig. 5D). CblT homologs have been identified in a variety of human pathogens 
including L. monocytogenes and Clostridium botulinum (70). While organisms carrying out 
cobinamide salvaging or activated lower ligand transport rely on molecules produced by other 
microbes, I identified a group of microbes that may scavenge tetrapyrrole precursors produced 
by an animal host. In these microbes, some of the genes involved the biosynthesis of the 
universal tetrapyrrole precursors are absent, though the remainder of the corrinoid biosynthesis 
pathway is intact. Each of the three microbes tested showed the ability to scavenge 5-
aminolevulinic acid, the first universal tetrapyrrole precursor, from the growth medium and 
produce corrinoids. Of the 39 bacteria identified, all are animal host associated (Chapter 4).  

Microbes that produce corrinoids de novo can also be affected by the presence of 
corrinoid precursors. Guided biosynthesis, the process of controlling which corrinoid a microbe 
produces by providing an excess of a particular lower ligand base, can be a useful tool for 
determining the specific corrinoids required in different metabolic pathways (71, 72). For 
example, in Sporomusa ovata, which produces phenolyl corrinoids, the addition of 
benzimidazoles and their subsequent incorporation into benzimidazolyl corrinoids inhibits 
growth to different degrees on substrates that require a corrinoid-dependent methyltransferase for 
utilization (73, 74). We have detected free lower ligand bases in a variety of environmental 
samples, which raises the question of whether the production of a free lower ligand base by one 
organism is capable of affecting the corrinoid production of another; that is, whether guided 
biosynthesis occurs in nature.  

Corrinoids as lynchpins of microbial community dynamics? 
 Given that the majority of bacteria depend on corrinoids for their metabolism, and that 
only a fraction of available corrinoids may be suitable for use by a particular organism, could it 
be possible to manipulate microbial communities by targeting corrinoid-dependent metabolism? 
The work described in Chapter 3 shows that manipulation of the composition of a TCE-
dechlorinating community can result in a shift in corrinoid composition. Conversely, the addition 
of cobalamin was shown to cause a dramatic shift in marine algal community composition (63, 
75). With growing interest in developing methods for targeted manipulation of microbial 
communities to benefit human health and the environment, the utility of altering the composition 
and/or metabolism occurring in microbial communities via corrinoid supplementation or guided 
biosynthesis deserves further investigation.  
 
Conclusion 
Corrinoid cross-feeding impacts individual species as well as entire communities. The following 
chapters detail my work on newly emerging aspects of corrinoid cross-feeding, from D. 
mccaryti’s strategies for obtaining a functional corrinoid cofactor from a variety of forms, to the 
impact of changes in community composition on corrinoid content.  
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Chapter 2 
 
Versatility in Corrinoid Salvaging and Remodeling Pathways Supports the 
Corrinoid-Dependent Metabolism of Dehalococcoides mccartyi 
 
Published: Yujie Men1, Erica C. Seth1, Shan Yi, Terence S. Crofts, Robert H. Allen, Michiko E. 
Taga, and Lisa Alvarez‐Cohen. "Identification of specific corrinoids reveals corrinoid 
modification in dechlorinating microbial communities." Environmental microbiology (2014). 
 
1. These authors contributed equally to this paper 
 
Abstract 
Corrinoids are cobalt-containing molecules that function as enzyme cofactors in a wide variety 
of organisms, but are produced solely by a subset of prokaryotes. Specific corrinoids are 
identified by the structure of their axial ligands. The lower axial ligand of a corrinoid can be a 
benzimidazole, purine, or phenolic compound. Though it is known that many organisms obtain 
corrinoids from the environment, the variety of corrinoids that can serve as cofactors for any one 
organism is largely unstudied. Here, we examine the range of corrinoids that function as 
cofactors for corrinoid-dependent metabolism in Dehalococcoides mccartyi strain 195. 
Dehalococcoides bacteria play an important role in the bioremediation of chlorinated solvents in 
the environment because of their unique ability to convert the common groundwater 
contaminants perchloroethene and trichloroethene to the innocuous end product ethene.  All 
isolated D. mccartyi strains require exogenous corrinoids such as vitamin B12 for growth. 
However, like many other corrinoid-dependent bacteria, none of the well-characterized D. 
mccartyi strains has been shown to be capable of synthesizing corrinoids de novo. In this study, 
we investigate the ability of D. mccartyi strain 195 to use specific corrinoids, as well as its ability 
to modify imported corrinoids to a functional form. We show that strain 195 can only use 
specific corrinoids containing benzimidazole lower ligands, but is capable of remodeling other 
corrinoids by lower ligand replacement when provided a functional benzimidazole base. This 
study of corrinoid utilization and modification by D. mccartyi provides insight into the array of 
strategies that microorganisms employ in acquiring essential nutrients from the environment. 

INTRODUCTION 
Corrinoids are essential cofactors for enzymes that facilitate carbon skeleton rearrangements, 
methyl group transfers, and reductive dehalogenation (76). Members of all three domains of life 
use corrinoid cofactors, yet the complete biosynthesis of corrinoids, which requires 
approximately 30 enzymatic steps, is performed only by a subset of prokaryotes (77, 78). The 
dependence of certain microbes on corrinoids produced by other organisms has previously been 
observed in ecosystems such as the mammalian gut, marine environments, and in microbial 
consortia isolated from forest soil (79-81). A recent bioinformatic analysis revealed that while 
76% of 540 sequenced bacterial genomes contain corrinoid-dependent enzymes, only 39% of 
these genomes contain the complete corrinoid biosynthesis pathway (82). This study also found 
that the btuFCD genes encoding a high affinity corrinoid transporter are present in 76% of 
sequenced bacterial genomes, indicating that most bacteria are capable of taking up corrinoids 
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from the environment (82). Based on these experimental and bioinformatic results, corrinoid 
cross-feeding is likely to be widespread in microbial communities. 

Corrinoids are distinguished from one another in part based on the structure of the lower 
axial ligand, which can be a benzimidazole, purine, or phenolic compound (83) (Fig. 1). 
Corrinoid cofactors with different lower ligands (collectively termed cobamides) are not 
necessarily functionally equivalent as cofactors, as some cobamide-dependent metabolic 
processes have been shown to function only with a specific cobamide (84, 85). The best studied 
cobamide, cobalamin (also known as vitamin B12), contains 5,6-dimethylbenzimidazole (DMB) 
as its lower ligand and is the only cobamide that is commercially available (Fig. 1A). In humans, 
cobalamin is clearly the preferred cobamide and may be the only corrinoid with significant 
biological activity. While a diverse range of corrinoids has been detected in microbial 
communities, very little is currently known about how microbes that import exogenous 
corrinoids respond to the presence of different corrinoids in the environment (86-88). The 
organohalide-respiring bacterium Dehalococcoides mccartyi strain 195 was chosen as a model 
organism for this study due to its obligate requirement for exogenously supplied corrinoids. 
mccartyi requires corrinoid cofactors for dechlorination and growth (89-93). Genome 
annotations of sequenced D. mccartyi isolates [strains 195, VS, BAVI, CBDB1, and GT] reveal 
the presence of three types of corrinoid-dependent enzymes (94-96) (http://img.jgi.doe.gov/). 
Genes encoding reductive dehalogenases (RDases), which catalyze successive dehalogenation 
reactions in organohalide respiration, are present in 10-38 copies in each of the five published 
genome sequences, and evidence of corrinoid cofactor involvement in RDases has been shown 
experimentally in strains 195 and CBDB1 (90, 93). The presence of 2-3 copies of the corrinoid-
dependent ribonucleotide reductase (RNR) encoded by nrdJ in each strain indicates that 
corrinoid cofactors are also involved in DNA replication in D. mccartyi (Table S1). In addition, 
homologs of the acsCD genes, predicted to encode a corrinoid iron sulfur protein (CFeSP) that 
facilitates methyl transfer reactions in an incomplete Wood-Ljungdahl acetyl-CoA pathway, are 
also present (94-96) (http://img.jgi.doe.gov/).  In strain 195, transcripts and proteins 
corresponding to the RDase gene tceA, two of the three nrdJ paralogs, and both CFeSP genes 
have been detected (97-99).  
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Figure 1.  Structures of corrinoids and lower ligands.  (A) Cyanocobalamin (vitamin B12) is shown with the 

lower ligand, 5,6-dimethylbenzimidazole (DMB), boxed and the structure of cobinamide (Cbi) indicated by the 
bracket. (B) The structures of alternative lower ligands of corrinoids examined in this work are shown with the name 
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of the lower ligand and the abbreviation for the corresponding complete cobamide (Cba) indicated below. A 
cobamide is defined as a corrinoid containing the nucleotide loop and a lower ligand. 

 
 
D. mccartyi plays a crucial role in the bioremediation of chlorinated solvents, as it is the only 

known organism capable of converting the common groundwater contaminants tetrachloroethene 
(PCE) and trichloroethene (TCE) to the non-toxic end product ethene (100-103). D. Despite their 
dependence on corrinoid cofactors, portions of the corrinoid biosynthesis pathway are absent 
from the genomes of D. mccartyi strains, and all isolates require corrinoid supplementation when 
grown in pure culture. A possible exception was found in a recent metagenomic analysis of a 
TCE-dechlorinating enrichment culture in which putative genes for corrin ring synthesis from the 
precursor uroporphyrinogen III were identified in D. mccartyi strain ANAS2 (104). However, 
neither the ability to synthesize a corrinoid de novo nor the ability to grow without corrinoid 
supplementation has been shown experimentally in this strain. 

D. mccartyi has been found in many different environments including groundwater, 
subsurface soil, and river and marine sediments (105, 106). In these environments, D. mccartyi 
co-exists with microbes that perform a variety of corrinoid-dependent metabolic functions such 
as the fermentation of short-chain organic compounds, acetogenesis, and methanogenesis (76, 
107-109). Microorganisms carrying out these processes have been found to produce different 
corrinoids with benzimidazolyl, purinyl, and phenolyl lower ligands (83, 110, 111) (Fig. 1). As 
D. mccartyi is likely to encounter multiple corrinoids in the environment, it is important to 
understand which corrinoids can support its growth.  

 
The genomes of all sequenced D. mccartyi strains contain putative corrinoid salvaging and 

remodeling genes, which may help fulfill the requirement for exogenous corrinoids (94-96) 
(http://img.jgi.doe.gov/). Corrinoid salvaging involves the uptake and modification of an 
incomplete corrinoid such as cobinamide (Cbi, a corrinoid lacking a lower ligand) to form a 
cobamide through the attachment of an upper ligand, nucleotide loop, and lower ligand (Fig. 2) 
(55). The enzyme CbiZ has been shown in Rhodobacter sphaeroides to catalyze the removal of 
the lower ligand and nucleotide loop of adeninylcobamide [Ade]Cba, a corrinoid that R. 
sphaeroides can import from the environment but is incapable of using as a cofactor without 
modification (112, 113). The process of removing and replacing a lower ligand is termed 
cobamide remodeling. Corrinoid salvaging and remodeling activities have not yet been studied in 
D. mccartyi or any other organism that requires exogenous corrinoids.   

Here, we demonstrate that the range of corrinoids that support dechlorination and growth of 
D. mccartyi strain 195 is restricted to just three structurally related cobamides. In addition, we 
find that strain 195 is capable of salvaging and remodeling a variety of nonfunctional corrinoids 
to form cobamides that support dechlorination and growth, as long as a benzimidazole lower 
ligand base is also provided. Thus, while strain 195 is incapable of producing a corrinoid or 
lower ligand de novo, it can assemble functional cobamides from cobamide precursors or from 
cobamides that do not function as cofactors. These activities may enable D. mccartyi to carry out 
corrinoid-dependent metabolism in microbial communities in which structurally diverse 
corrinoids are present. 
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Results 
 
Bioinformatic analysis of corrinoid salvaging and remodeling genes in sequenced D. 
mccartyi genomes.  
 
A genomic locus containing 11 genes, five of which are annotated as functioning in corrinoid 
salvaging and remodeling, is present in at least one copy in each of the five fully sequenced D. 
mccartyi genomes (Fig. 2). In each D. mccartyi genome, homologs of these genes are arranged in 
the same orientation and order. To identify additional genes that may be involved in corrinoid 
salvaging and remodeling, reciprocal BLAST analysis of genes at this locus was performed 
against the genomes of S. enterica serovar Typhimurium, E. coli K12, and M. jannaschii, three 
organisms for which experimental evidence for the functions of genes involved in corrinoid 
salvaging or remodeling is available (114-118). This analysis indicated that 10 of the 11 genes at 
this locus are likely to be involved in these processes (Fig. 2). Our model for how corrinoid 
salvaging and remodeling might occur in D. mccartyi is shown in Figure 2.  

The gene hisC, previously annotated as encoding L-histidinol phosphate aminotransferase, 
was identified as being more similar to cobD, which encodes an enzyme that decarboxylates L-
Thr-P to yield AP-P in the anaerobic corrinoid biosynthesis pathway (115) (Fig. 2). Furthermore, 
the gene previously annotated as cobD was re-annotated as cbiB, which encodes an enzyme that 
catalyzes the conversion of AP-P and Ado-Cby to Ado-Cbi-P (119) (Fig. 2).  Another gene at 
this locus, cbiZ, was found to be misannotated in two of the D. mccartyi strains as rdhF. 
Potential homologs of cbiZ are also present in 2-7 copies in other regions of the D. mccartyi 
genomes. 

Reciprocal best BLAST hit analysis also suggests that three genes in the locus that are 
annotated as fepBDC are more likely to encode the ABC transporter btuFCD, which is involved 
in importing corrinoids from the environment. While fepB was found to have the highest 
sequence similarity to btuF, which encodes the periplasmic corrinoid-binding protein, fepD and 
fepC are more similar to siderophore transporter components. Although ABC transporters for 
corrinoids, siderophores, and other substrates are difficult to distinguish from one another based 
on sequence alone, the presence of these genes adjacent to other corrinoid salvaging genes 
suggests that they function in corrinoid transport.  Furthermore, a previous transcriptional study 
showed that expression of these genes was induced under cobalamin-limited conditions (26).  
Additionally, the existence of a high-affinity corrinoid transporter in D. mccartyi is supported by 
their ability to carry out growth and TCE dechlorination in the presence of as little as 0.8 nM 
cobalamin (97). In strain 195, previous gene expression and proteomic analyses demonstrated 
that eight of the 11 genes at this locus are expressed in both transcripts and proteins (97-99) (Fig. 
2).  
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Figure 2.  Model of corrinoid salvaging and remodeling pathways in D mccartyi.  Extracellular cobamides (Cba) 
and Cbi are imported by a high-affinity corrinoid transporter. Within the cell, the upper ligand is exchanged with 
deoxyadenosine (Ado). Salvaging of cobinamide occurs through one of two redundant pathways encoded by either 
cbiZ and cbiB or cobU. Remodeling of cobamides begins with the removal of the lower ligand (X) and the 
nucleotide loop. Cobamides are formed from the precursor Ado-Cbi-GDP and an activated lower ligand. Putative 
homologs of genes involved in each step of the pathway that are encoded by D. mccartyi genomes are shown. Most 
genes in the pathway are present in a single genomic locus shown at the bottom, with the locus numbers in strain 
195 shown below each gene. Locus numbers shown in bold indicate the genes that are expressed in both transcripts 
and proteins (97-99). Arrows represent the direction of each gene. The gray arrow indicates a conserved 
hypothetical open reading frame. Asterisks correspond to new annotations proposed in this work. Gene symbols in 
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parentheses indicate the previous annotation. Abbreviations:  Ado, adenosyl; Cby, cobyric acid; P, phosphate; AP, 
aminopropanol; GDP, guanosine diphosphate. 
 
Specific corrinoid requirements of strain 195.  
 
    Although D. mccartyi isolates are routinely supplied with cobalamin to fulfill their corrinoid 
requirements, it is possible that they are capable of using other corrinoids as well. Because 
cobamides other than cobalamin are not commercially available, we purified six additional 
cobamides from bacterial cultures by guided biosynthesis as described in the Materials and 
Methods. Parallel cultures of strain 195 were provided one of seven different corrinoids, and 
TCE dechlorination activity and cell growth of these cultures were compared to those of cultures 
supplied with cobalamin.  The corrinoids tested included cobamides with phenolyl, purinyl, and 
benzimidazolyl lower ligands as well as Cbi.  Our results showed that only two of the 
benzimidazolyl cobamides, cobalamin and [5-MeBza]Cba, were capable of supporting 
dechlorination of TCE and cell growth, while the other corrinoids tested were not (Fig. 3). 
Dechlorination activity of cultures grown with [5-MeBza]Cba was comparable to cultures with 
cobalamin (Fig. 3A). While fewer cells were produced in cultures with [5-MeBza]Cba added 
than in cobalamin-supplied cultures, cell growth was enhanced relative to cultures supplied with 
any other corrinoid (Fig. 3B). Although sequence analysis suggests that strain 195 possesses 
redundant pathways for Cbi salvaging (96) (Fig. 2), the addition of Cbi alone failed to support 
dechlorination or cell growth (Fig. 3). 
 
 

 
 

 
 
 
Figure 3.  Dechlorination and growth of D. mccartyi strain 195 in the presence of different corrinoids.(A) Cl- 
released from TCE dechlorination and (B) cell number are shown for cultures grown in the absence or presence of 
each of eight corrinoids. The data shown are the mean values from three independent experiments with error bars 
representing one standard deviation. 
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Cbi salvaging and lower ligand attachment in strain 195.  
 
In order to investigate whether the Cbi salvaging pathways are functional in strain 195, we 

provided cultures with both Cbi and DMB, the lower ligand of cobalamin (Fig. 1A). We 
reasoned that the failure to use Cbi alone could be due to an inability to synthesize a lower ligand 
base such as DMB or 5-MeBza to form a functional cobamide. Our results show that cultures 
provided with both Cbi and DMB exhibited similar TCE dechlorination and cell growth to those 
of cultures with cobalamin added (Fig. 4A and B). Moreover, cobalamin was detected in 
corrinoid extracts from these cultures (Fig. 4C), which suggests that strain 195 is capable of 
salvaging Cbi, synthesizing the nucleotide loop, and activating and attaching DMB (Fig. 2). 

Since we observed that the addition of Cbi plus DMB supports TCE dechlorination and 
growth, we next investigated whether other lower ligand bases could substitute for DMB. We 
provided parallel cultures of strain 195 with Cbi plus one of five lower ligand bases and 
measured dechlorination and growth. In cultures provided with Cbi and either Cre or 5-OHBza, 
dechlorination and growth did not exceed background levels (Fig. 4A and B). These results 
confirm those seen when cobamides containing Cre or 5-OHBza were provided to strain 195. 
Cre appeared to be toxic, as the cell number in these cultures decreased after incubation. A 
culture provided with Cbi and Bza showed a small amount of dechlorination and growth, though 
this effect was not observed when the complete corrinoid [Bza]Cba was provided (Fig. 3, 4).  In 
contrast, the addition of Cbi and either 5-OMeBza or 5-MeBza resulted in levels of TCE 
dechlorination and growth indistinguishable from cultures grown with cobalamin or Cbi plus 
DMB (Fig. 4A and B).  When corrinoids were extracted and analyzed from cultures provided 
with Cbi and 5-OMeBza, [5-OMeBza]Cba was detected (Fig. 4C). 

We also investigated whether D. mccartyi shows preferential attachment of particular lower 
ligands when four benzimidazoles, DMB, 5-OMeBza 5-MeBza, and Bza, were provided in equal 
concentrations together with Cbi. We observed higher levels of attachment of DMB, as 
cobalamin represented 58% of the total extracted corrinoids, followed by nearly equal levels of 
[5-MeBza]Cba and [5-OMeBza]Cba at 20 and 17%, respectively (Fig. 4C). [Bza]Cba, which did 
not fully support dechlorination, was detected in only 4% of the total extracted corrinoids. This 
suggests either that these lower ligand bases are not taken up in equal amounts, or that lower 
ligand activation and attachment enzymes act most efficiently on benzimidazoles that support 
dechlorination and growth.  
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 Figure 4.  Dechlorination and growth of D. mccartyi 
strain 195 in the presence of Cbi plus different lower 
ligand bases. (A) Cl- released from TCE dechlorination 
and (B) cell number are shown for cultures grown in the 
absence and presence of Cbi plus each of six different 
lower ligand bases. (C) Quantification of corrinoids 
extracted from cultures provided with Cbi plus DMB, 5-
OMeBza, or a mixture of Bza, 5-MeBza, 5-OMeBza 
and DMB in equal molar concentrations (Cbi + 4 bases) 
is shown. The culture grown with Cbi plus 5-OMeBza 
contains 0.05 nM cobalamin that was present in the 
inoculum. 

 
 

Cobamide remodeling. Our bioinformatic 
analysis of D. mccartyi genomes suggests that 
the complete cobamide remodeling pathway is 
present (Fig. 2). Although we found that some 
cobamides do not support TCE dechlorination 
or growth (Fig. 3), we reasoned that cobamide 
remodeling did not occur because a functional 
lower ligand was not provided. When DMB 
was provided in addition to any of the 
nonfunctional cobamides, dechlorination was 
restored to levels observed when cobalamin 
alone was added (Fig. 5A). Growth in these 
cultures was significantly improved relative to 
cultures with these cobamides provided alone 
(compare Fig. 3B and 5B).  

The restoration of growth and 
dechlorination activity in cultures provided 
with a nonfunctional cobamide plus DMB 
suggests that the nonfunctional cobamide is 
converted to cobalamin, presumably through 
the activities of the corrinoid salvaging and 
remodeling pathway genes (Fig. 2). Consistent 
with this hypothesis, cobalamin was detected 
in corrinoid extracts from these cultures at 
levels exceeding 0.8 nM, the minimum 
concentration required for growth (97) (Fig. 
5C). Although all nonfunctional cobamides 
were remodeled when DMB was provided, the 

efficiency of this process appeared to depend on the particular cobamide.  
Replacement of the lower ligand with DMB also occurred when [5-MeBza]Cba, a cobamide 

capable of supporting dechlorination and growth, was provided (Fig. 5C). Similarly, when 
cultures were provided with cobalamin plus 5-MeBza, [5-MeBza]Cba was detected in the 
corrinoid extract (Fig. 5C). Together, these results demonstrate that D. mccartyi is capable of 
modifying both functional and nonfunctional corrinoids. 
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Figure 5.  Modification of cobamides by D. mccartyi strain 
195 grown in the presence of DMB. (A) Cl- released from 
TCE dechlorination and (B) cell number are shown for 
cultures grown with each of six cobamides plus DMB.  (C) 
Quantification of corrinoids extracted from the six cultures 
containing cobamide plus DMB are shown. Also shown are 
corrinoids present in cultures grown with [5-MeBza]Cba plus 
DMB and with cobalamin plus 5-MeBza. 
 
DISCUSSION 

Many microbes depend on other organisms in 
their environment for the biosynthesis of essential 
metabolites including corrinoids. Given the 
diversity of corrinoid structures, organisms that 
require exogenous corrinoids must have 
mechanisms to acquire the specific corrinoids that 
function as cofactors for their corrinoid-dependent 
enzymes. In mammals, the cobalamin absorption 
pathway effectively prevents nonfunctional 
corrinoids obtained from food from entering cells 
through a series of highly specific protein-ligand 
interactions (120). However, in microbes, the range 
of corrinoids that function as cofactors and the 
mechanisms by which functional corrinoids are 
obtained were previously less clear.  In this study, 
we demonstrate that D. mccartyi strain 195 can use 
only three benzimidazolyl cobamides efficiently as 
cofactors, but can make use of a broader range of 
corrinoids through its corrinoid salvaging and 
remodeling activities. The inability to synthesize 
corrinoids de novo despite the presence of corrinoid-
dependent enzymes is common among bacteria (82) 
and highlights the importance of corrinoid 
production by the microbial community.  

This analysis of the corrinoid requirements of 
strain 195 demonstrates that the structure of the 
lower ligand base of a corrinoid affects its ability to 
function as a cofactor in dechlorination and other 
processes essential for cell growth. We found that 
strain 195 is surprisingly restrictive in its corrinoid 

requirements, as only a subset of the benzimidazolyl cobamides function efficiently as cofactors, 
in contrast to S. enterica or the corrinoid bioassay strain Lactobacillus leichmannii which can use 
both benzimidazolyl and purinyl cobamides (121, 122). The requirement for benzimidazolyl 
cobamides for cell growth may be due to the ability of these cobamides to modulate the 
reactivity of the upper ligand in enzymes that utilize cobamides with the lower ligand 
coordinated to the cobalt center (i.e., “base-on”). DNA synthesis in D. mccartyi is predicted to be 

No c
orr

ino
id

Cob
ala

min

[C
re]

Cba
+DMB

[Ade
]C

ba
+DMB 

[2-
SMeA

de
]C

ba
+DMB

[5-
OHBza

]C
ba

+DMB

[Bza
]C

ba
+DMB

[5-
MeB

za
]C

ba
+DMB

C
el

ls
 p

ro
du

ce
d

(%
 c

ob
al

am
in

 c
ul

tu
re

)

0

50

100

150

200

No c
orr

ino
id

Cob
ala

min

[C
re]

Cba
+DMB

[Ade
]C

ba
+DMB 

[2-
SMeA

de
]C

ba
+DMB

[5-
OHBza

]C
ba

+DMB

[Bza
]C

ba
+DMB

[5-
MeB

za
]C

ba
+DMB

C
l-  

re
le

as
ed

 
(%

 c
ob

al
am

in
 c

ul
tu

re
)

0

50

100

150

200

[C
re]

Cba
+DMB

[Ade
]C

ba
+DMB

[2-
SMeA

de
]C

ba
+DMB

[5-
OHBza

]C
ba

+DMB

[Bza
]C

ba
+DMB

[5-
MeB

za
]C

ba
+DMB

[5-
MeB

za
]C

ba

Cob
ala

min

Cob
ala

min+
5-M

eB
za

C
or

rin
oi

d 
co

nc
en

tra
tio

n 
(n

M
)

0

5

10

15

20

25
Cobalamin
[Cre]Cba
[Ade]Cba

[2-SMeAde]Cba
[5-OHBza]Cba
[Bza]Cba
[5-MeBza]Cba

A

B

C



 
 

20 

dependent on the class II RNR NrdJ, an enzyme that functions with the cobamide bound in the 
base-on form (123). In contrast, RDases and CFeSPs, the two other types of corrinoid-dependent 
enzymes present in D. mccartyi, have been shown in other organisms to function with the 
corrinoid cofactor bound in the “base-off” position (124-126). The requirement of D. mccartyi 
for benzimidazolyl cobamides differs from that of Sulfurospirillum multivorans, which uses the 
purinyl cobamide nor-adeninylcobamide as a cofactor for its PCE RDase, and is capable of 
reductive dechlorination of PCE only to dichloroethene (127). This could be due to differences in 
the catalytic mechanisms of the RDases or adaptations of the enzymes to the corrinoids available 
in their respective environments.  

Our results also show that strain 195 can produce functional corrinoids by attaching DMB, 5-
MeBza, or 5-OMeBza (and to a lesser extent, Bza) to Cbi. This activity is likely enabled by the 
combined functions of several enzymes present in all sequenced D. mccartyi genomes that are 
predicted to perform each of the steps necessary for the conversion of Cbi to a cobamide (Fig. 2). 
Our finding that the addition of Cbi plus 5-OHBza does not support TCE dechlorination or 
growth indicates that D. mccartyi lacks the ability to transform 5-OHBza into DMB, an activity 
that has been described in Eubacterium limosum (83). The production of different levels of each 
corrinoid when four benzimidazole bases were supplied together suggests that preferential 
attachment of specific lower ligands occurs even within a single structural class of lower ligands. 
Selectivity in the activation or attachment of particular lower ligands could play an important 
role in ensuring that functional cobamides are produced when multiple potential lower ligands 
are present in the environment. We are currently examining the lower ligand attachment 
specificity of the CobT enzyme of strain 195 in vitro to determine whether substrate specificity 
in CobT influences the attachment efficiency of different benzimidazoles. 

The potential of D. mccartyi to make use of a variety of corrinoids is demonstrated by its 
ability to convert nonfunctional cobamides to cobalamin when DMB is also available. 
Interestingly, we found that strain 195 also remodels two functional corrinoids, cobalamin and 
[5-MeBza]Cba. This suggests that all corrinoids imported by strain 195 are subject to 
modification regardless of their ability to function as cofactors. This is in contrast to the 
remodeling activity observed in R. sphaeroides (112, 113), in which the CbiZ enzyme does not 
act on cobalamin. Remodeling of cobalamin has also been observed in the human gut, 
presumably by the action of members of the gut microbiota. A recent study shows that dietary 
supplementation with cobalamin results in an increase in the concentration of Cbi and five other 
cobamides, suggesting that cobalamin is converted to a variety of other corrinoids (87).  

The ability of D. mccartyi to salvage and remodel corrinoids only when free DMB is 
provided underscores the importance of the availability of functional lower ligands. While much 
previous attention has been given to organisms that synthesize corrinoids, the identification of 
organisms that synthesize free lower ligand bases now appears to be of equal importance. 
Identification of the genes involved in the anaerobic biosynthesis of benzimidazoles would 
broaden our understanding of the organisms that contribute to lower ligand production in 
microbial communities. 

The corrinoid salvaging and remodeling abilities of D. mccartyi demonstrate how a microbe 
can rely on corrinoid-dependent metabolism without the need to produce a large cofactor de 
novo. Bioinformatic analyses have shown that many other microbes lack the complete corrinoid 
biosynthetic pathway though they possess corrinoid-dependent enzymes. Strategies used by D. 
mccartyi to acquire functional corrinoids may be common in microbial communities. 
Furthermore, this analysis of corrinoid acquisition by D. mccartyi brings us closer to 
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understanding the means by which microbes obtain nutrients from other organisms in 
environmental communities.  

 
MATERIALS AND METHODS 
 
Identification of corrinoid salvaging and remodeling genes in D. mccartyi strains.  
 
The amino acid sequences corresponding to experimentally characterized genes involved in 
corrinoid salvaging and remodeling pathways in three microorganisms, Salmonella enterica 
serovar Typhimurium, Escherichia coli K12, and Methanocaldococcus jannaschii, were 
compared to sequences in each of the D. mccartyi genomes using reciprocal BLAST analysis 
(Table S2). In the first step, each characterized protein sequence was queried against each D. 
mccartyi genome to identify the highest scoring orthologs using BLASTP (128). In the second 
step, reciprocal BLASTP searches were conducted using D. mccartyi ortholog sequences to 
query against the genome containing the characterized protein of interest. An Expect (E) value of 
<10−17, query coverage of at least 48%, and a minimum of 24% sequence identity were used as 
stringency thresholds for determining a valid best hit.  
 
Extraction and purification of cobamides.  
 
[Bza]Cba, [5-MeBza]Cba, [2-SMeAde]Cba, and [Cre]Cba (see Fig. 1 for abbreviation 
descriptions) were extracted from bacterial cultures and purified as described previously (87). 
[Ade]Cba was extracted from 6 L of S. enterica serovar Typhimurium strain LT2 grown 
aerobically for 48 h at 37 °C in NCE medium containing 10 mM glycerol, 80 mM 1,2-
propanediol and 1 µM Cbi, as described previously (112). [5-OHBza]Cba was extracted from 4 
L of Methanosarcina barkeri strain Fusaro grown anaerobically for 14 days at 34 °C in defined 
mineral salt medium containing a N2/CO2 headspace, 0.5% (v/v) methanol and a modified Wolin 
vitamin solution without cobalamin (89). Cells were harvested by centrifugation (8,000×g, 4 °C, 
20 min). Cell pellets were resuspended in 20 ml of methanol with 20 mg KCN per gram (wet 
weight) of cells and incubated at 60 °C for 1.5 h with vortex mixing every 20 min. Cellular 
debris was removed by centrifugation at 40,000×g for 1 h, and the supernatant was dried in a 
rotary evaporator. Samples were resuspended in 10-20 ml deionized water, desalted with a C18 
Sep-Pak cartridge (Waters Associates, Milford, MA), and eluted in 2 ml methanol.  The eluates 
were dried overnight in a vacuum desiccator, resuspended in deionized water, and stored at -80 
°C.  

HPLC purification was performed with an Agilent Series 1200 system (Agilent 
Technologies, Santa Clara, CA) equipped with a diode array detector. Samples were injected 
onto an Agilent Eclipse plus C18 column (5 µm, 9.4 x 250 mm) at 45 °C, with a flow rate of 1.8 
ml min-1. Samples were separated using a solvent system consisting of A, 0.1% formic acid in 
water and B, 0.1% formic acid in methanol with a linear gradient of 10 to 40% solvent B over 17 
min. Fractions were collected using an Agilent 1200 series fraction collector and dried under 
vacuum. The concentrations of cobamides were measured spectrophotometrically at 367.5 nm in 
deionized water.  A molar extinction coefficient of 30,800 mol-1 cm-1 was used for quantification 
(87). The identity of each corrinoid was confirmed by mass spectrometry. 
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D. mccartyi strain 195 culture conditions.   
 
D. mccartyi strain 195 (100) was grown anaerobically in a defined mineral salt medium 
containing 7 µl TCE and 2 mM sodium acetate as the electron acceptor and carbon source, 
respectively (129).  Hydrogen was provided as the electron donor in a headspace of H2/CO2 
(80:20, vol:vol).  The medium was amended with a modified Wolin vitamin solution excluding 
cobalamin. When indicated, 36.7 nM of cobalamin, an alternate purified corrinoid, Cbi, and/or 
the lower ligand bases Cre, 5-OHBza, Bza, 5-OMeBza, 5-MeBza, or DMB were added to the 
culture (89).  The cultures amended with different corrinoids were incubated for 7-14 days, until 
the TCE was depleted from the culture provided with cobalamin.   
 
Extraction and analysis of corrinoids from D. mccartyi 195.   

 
Three to six 100-ml cultures of strain 195 were harvested by centrifugation at 15,000×g, 4 °C for 
15 min after 18 to 21 days of growth, when 95-98% of two sequential doses of 7 µl TCE were 
depleted. The cell pellets were then resuspended in methanol and stored at -20 °C until 
extraction. The culture supernatants were applied to a C18 Sep-Pak cartridge (Waters Associates, 
Milford, MA), washed with 50 ml water and eluted with 3 ml methanol.  Corrinoid extractions 
from cell pellets and supernatants were performed as described above.  Corrinoid concentrations 
reported represent the amount present in the cell pellet and supernatant combined.  
 
Analytical methods. 
 
 Chloroethenes and ethene in the culture headspace were measured by gas chromatography 
(Agilent 7890A, Agilent technologies, Palo Alto, CA) with a 30-m J&W capillary column and a 
flame ionization detector as described previously (89, 129). Cl- released was calculated from 
metabolic dechlorination from TCE to vinyl chloride (VC) as described (130). Cell number in 
the cultures was determined by quantitative real-time PCR with primers specific to the D. 
mccartyi strain 195 tceA gene, using a StepOnePlus™ real-time PCR system (Applied 
Biosystems, Foster City, CA) as previously described (131). Dechlorination and cell yield are 
reported as the percentage of the average level observed in cultures containing cobalamin.  

Corrinoid extracts from strain 195 were analyzed with an Agilent Technologies 6410 liquid 
chromatograph-triple quadrupole mass spectrometer (88). Briefly, samples were injected onto a 
ZORBAX Eclipse Plus C18 column (1.8 µm, 50 x 3.0 mm) (Agilent Technologies, Santa Clara, 
CA) using an Agilent 1200 series autosampler. The flow rate was 0.5 ml min-1 and elution 
solvents consisted of 0.1% formic acid in water (A) and methanol (B).  Samples were eluted with 
a solvent program that was started at 18% B, increased to 21% B in a linear gradient over 3 min, 
and remained at 21% B for 2 min. The tandem triple quadrupole mass spectrometry was set for 
multiple reaction monitoring for quantification of each corrinoid except [Cre]Cba in positive 
electrospray ionization mode with the fragmentor voltage set to 135 V and the collision energy 
set to 45 V. The limit of quantification for this method was 5 nM. [Cre]Cba was quantified using 
selective ion mode (SIM) with a limit of quantification of 0.2 µM. 
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Chapter 3 
 

Identification of specific corrinoids reveals corrinoid modification in 
dechlorinating microbial communities  
 
Published: Yujie Men‡, Erica C. Seth‡, Shan Yi, Terence S. Crofts, Robert H. Allen, Michiko E. 
Taga, and Lisa Alvarez‐Cohen. "Identification of specific corrinoids reveals corrinoid 
modification in dechlorinating microbial communities." Environmental microbiology (2014). 
‡ Authors contributed equally to this study. 
 
Abstract 
Cobalamin and other corrinoids are essential cofactors for many organisms. The majority of 
microbes with corrinoid-dependent enzymes do not produce corrinoids de novo, and instead must 
acquire corrinoids produced by other organisms in their environment. However, the profile of 
corrinoids produced in corrinoid-dependent microbial communities, as well as the exchange and 
modification of corrinoids among community members have not been well studied. In this study, 
we applied a newly developed LC/MS/MS–based corrinoid detection method to examine 
relationships between corrinoids, their lower ligand bases, and specific microbial groups in 
microbial communities containing Dehalococcoides mccartyi (Dhc), which has an obligate 
requirement for benzimidazolyl corrinoids for trichloroethene-respiration. We found that p-
cresolylcobamide ([Cre]Cba) and cobalamin were the most abundant corrinoids in these 
communities. In addition, we detected free 5, 6-dimethylbenzimidazole (DMB, the lower ligand 
of cobalamin) in the supernatants of these communities. Growth of Dhc was correlated with a 
decrease in supernatant-associated [Cre]Cba and increase of biomass-associated cobalamin. 
These findings support the hypothesis that Dhc is capable of fulfilling its corrinoid requirements 
in a community through corrinoid remodeling, in this case, by importing extracellular [Cre]Cba 
and DMB to produce cobalamin as a cofactor for dechlorination. These findings also provide 
novel insights into roles played by different phylogenetic groups in corrinoid production and 
corrinoid cross-feeding within microbial communities and may also have implications for 
optimizing chlorinated solvent bioremediation. 
 
List of Acronyms 
Dhc: Dehalococcoides mccartyi 
Dhc195: Dehalococcoides mccartyi strain 195 
PCE: tetrachloroethene 
TCE: trichloroethene 
Cby: cobyric acid 
Cbi: cobinamide  
Cba: cobamide 
DMB: 5,6-dimethylbenzimidazole 
OTU: operational taxonomic unit 
PDS: summation of OTUs related to Pelosinus, Dendrosporobacter, and Sporotalea
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Introduction 
Corrinoids, which include cobalamin (vitamin B12) and other structurally related compounds 
(Fig. 1), are a family of cofactors that function in three classes of enzymes: isomerases, 
methyltransferases, and reductive dehalogenases (RDases) (132, 133). Although corrinoids are 
synthesized solely by a subset of bacteria and archaea, they function as cofactors for a variety of 
organisms including many eukaryotes (134, 135).  At least sixteen corrinoids with structural 
variability in the lower axial ligand have been identified, and can be classified into three groups 
defined by the structure of the lower ligand: benzimidazole, purine, or phenolic cobamides (Fig. 
1) (136-138).  Previous studies have shown that even corrinoids within one lower ligand class 
may not necessarily be functionally equivalent as cofactors (139). Therefore, organisms that rely 
on corrinoids produced by other members of their community must have mechanisms to obtain 
corrinoids with the appropriate lower ligand. Corrinoid remodeling, in which an organism 
removes the lower ligand of an imported corrinoid and replaces it with its functional lower 
ligand, has been demonstrated in a number of microorganisms including Dehalococcoides 
mccartyi (all strains belonging to D. mccartyi are denoted “Dhc” in this study) (112, 113, 139-
141).  
 Dhc strains are the only known bacteria capable of complete dechlorination of the 
common groundwater contaminants tetrachloroethene (PCE), and trichloroethene (TCE) to the 
innocuous end product ethene (103, 142, 143).  Corrinoids are essential cofactors for reductive 
dehalogenases (RDases), the enzymes that catalyze organohalide respiration in many different 
microorganisms, including Dhc strains (96, 143-146).  However, genomic analyses of the 
sequenced Dhc strains indicate that they are unable to produce corrinoids de novo, and therefore 
exogenous cobalamin is regularly added to Dhc isolates and Dhc-containing communities to 
enhance dechlorination performance (103, 107, 142, 147, 148). We recently showed that [5-
MeBza]Cba and [5-OMeBza]Cba also support growth and dechlorination in Dhc strain 195 
(Dhc195) (139). However, other corrinoids do not function as cofactors for Dhc195, indicating a 
strict requirement for specific benzimidazolyl cobamides. 

Dhc coexists with corrinoid-producing organisms such as acetogens, methanogens, and 
sulfate-reducing bacteria in dechlorinating communities (137, 138, 149, 150), and is likely to 
encounter a variety of different corrinoids in its environment. Though none of the sequenced Dhc 
strains possesses the complete corrinoid biosynthesis pathway, genes encoding corrinoid 
salvaging and remodeling pathways have been identified in each strain (139). The remodeling of 
seven nonfunctional corrinoids ([Ade]Cba, [2-SMeAde]Cba, [5-OHBza]Cba, [Bza]Cba, [5-
MeBza]Cba, [Cre]Cba and Cbi) in the presence of exogenously supplied DMB, has been 
observed in a number of Dhc strains in pure culture or defined consortia (139, 141). 
Dechlorination occurs at similar levels in enrichment cultures containing Dhc with or without 
cobalamin added (151), suggesting that in it’s natural environment, other bacteria provide Dhc 
with corrinoids that can either be used directly or remodeled by Dhc to a functional form. 
However, comprehensive profiles of corrinoids in dechlorinating microbial communities have 
not been reported and it is unknown whether corrinoid remodeling occurs in these communities. 
Additionally, little is known about the generation and availability of DMB in anaerobic 
communities, although the availability of DMB is crucial for corrinoid remodeling by Dhc 
according to previous studies on pure cultures and defined consortia (139, 141, 152).  



 
 

25 

 
 
Fig. 1. Structures of corrinoids and lower ligand bases together with abbreviated designation.  The names of 
the lower ligands are italicized and the abbreviation of each cobamide is given below. Cby: cobyric acid; Cbi: 
cobinamide; Cba: cobamide. 
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Limitations of analytical techniques for differentiating and quantifying corrinoids impede our 
understanding of corrinoid content and functions associated with specific corrinoids in microbial 
communities. Previous studies have largely relied on bioassays to analyze corrinoid content, 
although these do not allow identification of specific corrinoids or the detection of corrinoid 
forms that cannot be utilized by chosen bioassay strains (153, 154). Indeed, the range of 
corrinoids that bioassays can detect is unknown.  Moreover, no methods have been reported for 
detecting free benzimidazole lower ligands present in complex mixtures. In this study, we 
established a liquid chromatography tandem mass spectrometry (LC/MS/MS) method that is able 
to not only differentiate various corrinoids and benzimidazole lower ligands, but also to quantify 
them at low levels.  

We successfully applied the LC/MS/MS method to examine thirteen corrinoids and three 
benzimidazoles in two sets of dechlorinating enrichments derived from geographically different 
inocula (Table 1).  One set of enrichments was inoculated with ANAS, a long-term TCE 
dechlorinating enrichment initially derived from contaminated soil in California (155), grown 
with and without added cobalamin (SANASB12 and SANAS).  The other set of enrichments was 
inoculated with microbial cells collected from contaminated groundwater from a field site in 
New Jersey (NJ enrichments), and grown under four different conditions exploring two 
parameters: low and high TCE amendment (resulting in uninhibited and inhibited methanogenic 
activity, respectively) and with and without cobalamin amendment (LoTCEB12 and HiTCEB12, 
LoTCE and HiTCE)  (151).  

In this study, we examine the contributions of specific microbial groups to corrinoid 
production and modification by analyzing corrinoid profiles in the two sets of enrichments as 
well as in cultures exposed to growth perturbations. This represents the first comprehensive 
analysis of corrinoid and lower ligand profiles in dechlorinating microbial communities, and 
allows us to better understand the roles played by different microbial groups in corrinoid 
production, modification by corrinoid scavengers, and the ecological interactions associated with 
corrinoid producers and corrinoid auxotrophs.   

 
Results 
 
Development and validation of an analytical method for the detection of corrinoids and 
free benzimidazoles.  
 
In order to measure the composition of corrinoids in microbial communities, we developed a 
new LC/MS/MS-based analytical method for quantification of thirteen different corrinoids. 
Combined with the 1000× concentration by solid phase extraction prior to LC/MS/MS, the 
overall limit of detection was 200 pM for phenolic corrinoids, and 1-2 pM for all other 
corrinoids. The overall limit of quantification was 1 nM for phenolic corrinoids, and 2-5 pM for 
all other corrinoids. This method was validated by a direct comparison with a previously 
described LC/MS analytical method (136). We found concentrations of detectable corrinoids to 
be comparable using the two methods, with the exception of Cbi, for which the LC/MS/MS 
method yielded a lower limit of detection. The LC/MS/MS method was also able to measure 
three benzimidazoles: DMB, 5-MeBza, and 5-OMeBza with an overall limit of detection of 1 pM 
and an overall limit of quantification of 2 pM.  Subsequent experiments in this study relied solely 
on the newly established LC/MS/MS method.  
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Corrinoid and benzimidazole profiles in TCE-dechlorinating enrichments.  
 
We applied the LC/MS/MS method to the two sets of enrichments that reductively dechlorinate 
TCE.  The enrichment conditions, a description of subculture feeding regimes, as well as Dhc 
growth are listed in Table 1. The ANAS subcultures contained bacterial species related most 
closely to Dhc, Clostridium sp., Eubacterium sp., Bacteroides sp., Citrobacter sp., Spirochaeta 
sp., and δ-proteobacteria (155).  In the NJ enrichments, besides Dhc, 7 other Bacterial 
operational taxonomic units (OTUs) have been identified, which, according to the closest genus, 
were designated in Genbank as Pelosinus_GW, Dendrosporobacter_GW, Sporotalea_GW, 
Desulfovibrio_GW, Clostridium_GW, Spirochaetes_GW, and Bacteroides_GW (151), “GW” 
(short for groundwater) is used in order to differentiate the OTU name from the genus name.   

Corrinoids were quantified in each of the enrichments after the added TCE was degraded 
(13-14 days for NJ enrichments and 18 days for SANAS and SANASB12), or in the case of the 
NoTCE enrichment, after 13 days. The major corrinoids detected in SANAS were cobalamin, [2-
MeAde]Cba, [5-OHBza]Cba, and [Cre]Cba, though smaller amounts of [5-MeBza]Cba, 
[Ade]Cba, [2-SMeAde]Cba, and Cbi were also present (Fig. 2A). Of the corrinoids in SANAS, 
only cobalamin was present at concentrations above 0.74 nM (c.a. 1 µg/L), the reported 
minimum requirement for growth of Dhc195 (89).  In SANASB12, 80% of the added cobalamin 
was detected. With the exception of [2-SMeAde]Cba, corrinoids detected in SANAS were also 
present in SANASB12 (Fig. 2B). The level of [2-MeAde]Cba decreased, and Cbi increased in 
SANASB12 compared to SANAS. Similar levels of DMB and 5-MeBza lower ligand bases were 
detected in SANAS and SANASB12, consistent with the detection of both cobalamin and [5-
MeBza]Cba (Fig. 2). 

The corrinoid profiles of the NJ enrichments differed from SANAS and SANASB12. In 
the NJ enrichments without exogenous cobalamin (LoTCE and HiTCE), [Cre]Cba was the most 
abundant corrinoid, followed by cobalamin (Fig. 2A). Cobalamin was detected at levels above 
0.74 nM in LoTCE and HiTCE (3.2 nM and 2.2 nM, respectively), Similar to SANAS (Fig. 2A), 
indicating that the amount of cobalamin present was sufficient for the growth of Dhc. Free DMB 
was detected at levels similar to those detected in SANAS (Fig. 2A).  Interestingly, greater 
[Cre]Cba concentrations were detected in LoTCEB12 and HiTCEB12 (enrichments with 
exogenous cobalamin) than in LoTCE and HiTCE.  [2-MeAde]Cba, [Ade]Cba, and Cbi were 
also detected in the four NJ enrichments, but at levels lower than 0.74 nM (Table S3).  Neither 
[5-MeBza]Cba nor its associated lower ligand 5-MeBza was detected in the NJ enrichments (Fig. 
2). Notably, [5-OHBza]Cba was only present in methanogenic NJ enrichments, LoTCE and 
LoTCEB12 (Fig. 2).  
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Fig. 2. Corrinoid and benzimidazole lower ligand concentrations in B12-unamended (A) and B12-amended (B) 
enrichments at the end of 13-18 days’ subculturing cycle, error bars represent standard deviation, n=3 (1Abiotic 
control without exogenous vitamin B12; 2Abiotic control with 74 nM (c.a.100 µg/L) vitamin B12; Note: (A) and (B) 
share the same legend, but different y axis scales. Most of the cobalamin in SANASB12 was detected in the 
supernatant, while most corrinoids were detected in the cell pellets of the other enrichments. Lower ligands were 
mostly detected in the supernatant). 
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The fate of exogenously added cobalamin was substantially different in SANASB12 
versus the NJ enrichments (LoTCEB12 and HiTCEB12). In the SANASB12, 68 nM out of 83 
nM added cobalamin was detected (Fig. 2B), and the majority (80%) was in the culture 
supernatant; whereas 90% of the other corrinoids were detected in the SANASB12 cell pellet 
(Table S3). In contrast, in LoTCEB12 and HiTCEB12, only 9.45 nM and 1.95 nM out of 83 nM 
added cobalamin was detected, respectively, most of which was in the cell pellet (Table S3). One 
possible explanation for the disappearance of cobalamin in the two NJ enrichments is the 
remodeling of cobalamin, however, the generation of other corrinoids by corrinoid remodeling 
was not sufficient to account for the decrease of cobalamin in LoTCEB12 and HiTCEB12.  
[Cre]Cba increased by 9.3 nM and 1.3 nM in LoTCEB12 and HiTCEB12, compared with 
LoTCE and HiTCE, respectively, but no increase was observed for the other corrinoids targeted 
in this study. The decrease in cobalamin was accompanied by the apparent liberation of DMB, 
which is reflected by the profiles of free DMB. In contrast to SANASB12, where only 3.7 nM 
DMB was detected in the culture supernatant, 45-64 nM DMB was found in the supernatant of 
the two B12-amended NJ enrichments (Fig. 2B), suggesting that DMB was cleaved from the 
amended cobalamin by bacteria present in the NJ enrichment that are different from those in 
SANASB12.  

 In order to examine the dynamics of corrinoid production and modification, temporal 
changes of the corrinoids and lower ligand bases in the four NJ enrichments were monitored over 
a 13-15 day feeding cycle.  Concentrations of [Cre]Cba and cobalamin, the most abundant 
corrinoids in these cultures, as well as DMB are shown in Fig. 3. In all cultures, [Cre]Cba 
accumulated to near maximum levels during the first 2-3 days of incubation.  Subsequently, 
[Cre]Cba levels declined substantially in cultures without cobalamin added (LoTCE and HiTCE)  
(Fig. 3A & C), while those in the B12-amended cultures (LoTCEB12 and HiTCEB12) exhibited 
little change (Fig. 3B & D). Cobalamin in LoTCE and HiTCE cultures increased from 0 to 1-2 
nM during the first two days, and reached the highest levels at day 11 and day 3, respectively. 
Free DMB slowly accumulated in the supernatant, and reached maximum concentrations by day 
15 for LoTCE and by day 11 for HiTCE (Fig. 3A & C). In LoTCEB12 and HiTCEB12, added 
cobalamin was primarily detected in the supernatant during the first 2-4 days of incubation, but 
subsequently decreased dramatically accompanied by an increase in free DMB in the supernatant 
(Fig. 3B & D).  
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Fig. 3. Temporal changes of [Cre]Cba, Cobalamin, and DMB in groundwater enrichments (A: LoTCE, B: 

LoTCEB12, C: HiTCE, D: HiTCEB12, E: NoTCE.   indicates amendments of lactate and TCE,  indicates 
amendment of lactate only, added amounts are according to Table 1. Note: Y-axis scales in A, C, E are different 
from those in B & D). 
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The effect of dechlorination metabolism and growth of Dhc on the corrinoid profiles of NJ 
enrichments.  
 
Since free DMB (a prerequisite for corrinoid remodeling by Dhc195) was detected in the 
supernatant of the cultures without exogenous cobalamin, we hypothesized that Dhc strains in 
the NJ enrichments generate cobalamin by remodeling other corrinoids with DMB.  To test this 
hypothesis, we examined whether active dechlorination and Dhc cell growth affected the 
corrinoid profile of the community. To limit the growth of Dhc, we constructed enrichments 
NoTCE and NoTCEB12 by subculturing HiTCE and HiTCEB12 cultures without TCE (Table 
1).  

We analyzed the corrinoid profiles of NoTCE and NoTCEB12 after 6 subculturing events 
when the growth of Dhc in these two cultures was significantly inhibited (<104 cells/mL 
compared to 109 total Bacteria).  Interestingly, only trace amounts of cobalamin were detected in 
NoTCE throughout the entire incubation (< 0.1 nM versus 2.3 nM in HiTCE) (Fig. 2A and Fig. 
3E), while [Cre]Cba was produced at concentrations as high as 24 nM.  These results, together 
with the observed decrease in [Cre]Cba in the HiTCE culture after day 2 (Fig. 3C) suggest that 
Dhc may be responsible for remodeling [Cre]Cba to form cobalamin in these cultures. Moreover, 
about 20-50% of total [Cre]Cba in NoTCE was detected in the supernatant (Fig. 3E), while in 
HiTCE, almost all of the [Cre]Cba was detected in the cell pellets (Fig. 3C).  Despite the trace 
production of cobalamin, the concentration of free DMB in NoTCE was similar to that found in 
HiTCE (Fig. 2A), confirming anaerobic production of DMB in these communities, a result 
corroborated by alternative DMB detection methods (Sinorhizobium meliloti bluB bioassays, 
data not shown). Similar to other B12-amended NJ enrichments, a low concentration of 
cobalamin was detected in NoTCEB12, while a high concentration of DMB was generated (Fig. 
2B). This result, in the absence of actively growing Dhc, indicates that microorganisms other 
than Dhc were active in modification of the amended cobalamin.  

Corrinoid profiles were also determined when Dhc activity was perturbed over the course 
of two feeding cycles. HiTCE-/+ was constructed by subculturing HiTCE into TCE-free medium, 
incubating for one feeding cycle (13 days) and then re-amending 77 µmol of TCE on day 14 for 
another feeding cycle (Table 2).  HiTCE-/- was HiTCE subcultured without TCE for two feeding 
cycles (Table 2). As expected, Dhc numbers were about 10 times lower in HiTCE-/- than in 
HiTCE (Fig. 4B), and in HiTCE-/+, they were about double the amount in HiTCE-/-, indicating a 
rebound in Dhc caused by the TCE re-amended during the second feeding cycle. The 
concentration of cobalamin was 86% lower in HiTCE-/- than in HiTCE (Fig. 4A), while in 
HiTCE-/+, it rebounded to two times the concentration in HiTCE.  No substantial difference in 
other corrinoids or in free DMB was observed between the two perturbed cultures.  Dhc and the 
other seven OTUs previously identified in the NJ enrichments (151) have been quantified by 
qPCR (Fig. 4B). Interestingly, numbers of the three dominant OTUs, Pelosinus_GW, 
Dendrosporobacter_GW and Sporotalea_GW (collectively designated “PDS”) exhibited a 5-fold 
increase in the two perturbed cultures compared to HiTCE (Fig. 4B), accompanied by an 
increase in [Cre]Cba concentrations (Fig. 4A). 
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Fig. 4. Comparison of corrinoid and lower ligand production (A) and 16S rRNA gene copy numbers of the OTUs 
(B) between HiTCE-/- and HiTCE-/+, HiTCE is shown as reference. Error bars represents standard deviation, n=3. 
(PDS represents the summation of Pelosinus_GW, Dendrosporobacter_GW and Sporotalea_GW). 
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When we attempted to evaluate whether the production of cobalamin would be recovered 

when TCE was re-amended to the NoTCE culture, no dechlorination occurred even after a 
prolonged incubation (60 days), likely due to the extremely low Dhc numbers resulting from 
multiple sub-culturing events.  Therefore, NoTCE was subsequently bioaugmented with HiTCE, 
the original inoculation culture for NoTCE, to construct NoTCE+HiTCE (Table 2). NoTCE+HiTCE 
dechlorinated TCE to VC and ethene after 14 days, together with a 32-fold increase in the 
cobalamin concentration and a 103-time increase in the Dhc cell number. To determine whether 
these effects could be specifically attributed to Dhc, NoTCE was also bioaugmented with 
Dhc195 isolate (1%, v/v) to construct NoTCE+195 (Table 2), in which substantial increases were 
observed in the cobalamin concentration (92-fold) and the Dhc cell number (103-time), similar to 
NoTCE+HiTCE (Fig. 5). Interestingly, increases in Desulfovibrio were also observed in both 
bioaugmented cultures (20-fold in NoTCE+HiTCE and 3-fold in NoTCE+195) compared with 
NoTCE (Fig. 5B).  

 
Table 2. Growth conditions of perturbed cultures 
 

Perturbation 
over one 

feeding cycle 

Lactate   
(mmol) 

TCE added on 
14th day of 
incubatoin 

(µmol) 

Dhc strain 
inoculated 
with TCE 

addition 

Vitamin 
B12 

(µg/L) 

Dechlorination  
products 

Methane 
produced Feeding 

regimen 
Total 

HiTCE—/— 38, 4, 5, 5 52 0 ˗ 0 VC & ethene ˗ 
HiTCE—/+ 38, 4, 5, 5 52 7 ˗ 0 VC & ethene ˗ 
NoTCE+HiTCE 38, 4, 5, 5 52 4 HiTCE 0 VC & ethene ˗ 
NoTCE+195 38, 4, 5, 5 52  7 Strain 195  0 VC & ethene ˗ 
 
Construction of perturbed cultures：  
 

 
 
Note: “→” indicates one subculturing event. All four perturbed cultures were cultivated for 28 
days before the corrinoid and cell growth measurements.  

 

HiTCE-­‐/+

HiTCE

HiTCE-­‐/-­‐ HiTCE+195

NoTCE

NoTCE+HiTCE
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Fig. 5. Comparison of corrinoid and lower ligand production (A) and 16S rRNA gene copy numbers of the OTUs 
(B) between NoTCE+HiTCE, and NoTCE+195, NoTCE is shown as reference. Error bars represent standard deviation, 
n=3. (PDS represents the summation of Pelosinus_GW, Dendrosporobacter_GW and Sporotalea_GW). 
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Discussion 
 

The exchange of metabolites among members of microbial communities enables the 
catabolism of complex substrates and supports the growth of auxotrophic microbes. Better 
understanding of the roles played by nutrient providers and scavengers in communities will help 
to elucidate ecological relationships among community members. Corrinoids are produced by 
less than half of the microbes that have corrinoid-dependent enzymes, and as such, the exchange 
of corrinoid cofactors is crucial for functionally integrated microbial communities (134). Since 
different corrinoids do not function equivalently as cofactors, some microbes require specific 
corrinoids for survival. Microorganisms in a community that require specific corrinoids have 
three options: 1) de novo biosynthesis; 2) import of the specific corrinoid generated by other 
community members; or 3) salvaging and remodeling corrinoids with an appropriate free lower 
ligand. Previous studies have examined the prevalence of genes involved in corrinoid 
biosynthesis, import, and modification among sequenced microbes, but there are few known 
biomarkers indicative of the specific corrinoid an organism produces in communities. The 
traditional corrinoid bioassays are not capable of distinguishing between different corrinoids 
(154). By using a crude extraction procedure combined with LC/MS/MS, the new corrinoid 
detection method developed in this study enables the identification of the specific corrinoids 
present in a microbial community, which may have important implications for community 
function. The analysis of corrinoid profiles in microbial communities, such as the corrinoid-
dependent dechlorinating enrichments studied here, will contribute to our understanding of the 
roles played by specific microbial groups in corrinoid production and modification in the 
environment. 

The dechlorinating enrichments evaluated in this study were able to sustain robust 
continuous growth of Dhc in the absence of cobalamin amendment.  However, corrinoid profiles 
and community structures differed in the enrichments inoculated from different locations (CA or 
NJ). In CA derived SANAS, cobalamin was the dominant corrinoid detected at concentrations 
above the minimal requirement of Dhc, while in the NJ enrichments, [Cre]Cba was the most 
abundant corrinoid.  The dominance of different corrinoids is likely due to the difference in the 
microbial compositions of these two sets of enrichments. The dominance of cobalamin in 
SANAS is likely attributed to the de novo anaerobic cobalamin biosynthesis, which has been 
shown in Acetobacterium woodii, Eubacterium limosum, and Clostridium barkeri (149, 156), 
and members of these genera have been identified in ANAS, the original inoculum of SANAS 
(107, 155). In addition, recent metagenomic analysis of ANAS found that one Dhc strain 
(ANAS2) in this community possesses a nearly complete corrinoid biosynthesis pathway (157), 
however the function has not been confirmed in this strain.  In contrast, the abundance of 
[Cre]Cba in NJ enrichments is likely related to the dominance of PDS strains in these 
enrichments, which were not detected in ANAS subcultures. PDS belong to the family 
Veillonellaceae that includes Sporomusa ovata, which until recently was the only organism 
known to produce [Cre]Cba (149, 158-161). Genomic analysis reveals that all of the genes 
involved in corrinoid biosynthesis, as well as genes homologous to the p-cresol lower ligand 
activation genes arsAB in Sporomusa ovata (160)  are present in sequenced Pelosinus strains 
(https://www.ncbi.nlm.nih.gov/). This suggests that Pelosinus spp. are likely able to 
biosynthesize [Cre]Cba.  
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Previous studies have shown that cobalamin, [5-MeBza]Cba, and [5-OMeBza]Cba are 
the only corrinoids able to support Dhc growth (139).  [5-MeBza]Cba, another functional 
corrinoid for Dhc (139), has been detected in SANAS but not in NJ enrichments. This corrinoid 
has been previously identified in a variety of sulfate-reducing bacteria, including Desulfobulbus 
propionicus (150). Members of the genus Desulfobulbus were detected in ANAS subcultures 
(155), but not in NJ enrichments (151), suggesting that these microorganisms may be involved in 
the production of [5-MeBza]Cba in SANAS cultures.  

The effect of community structure on corrinoid profiles was also reflected by the 
detection of [5-OHBza]Cba only in methanogenic communities. This is consistent with previous 
studies, which have shown that [5-OHBza]Cba is produced by a number of methanogens (162-
166). Methanogens have been shown to be able to produce various corrinoids, and the role of 
methanogens in communities containing Dhc has long been of interest. However, given that the 
amounts of [5-OHBza]Cba in all enrichments were very low, and that NJ enrichments with 
inhibited methanogenic activity and no detectable [5-OHBza]Cba also successfully supported 
Dhc growth and dechlorination, the contribution of methanogens to the corrinoid supply of Dhc 
is likely relatively small in the communities examined in this study.  

According to our previous study, Dhc is the only dechlorinating bacterial species found in 
the NJ enrichments (151). The correlation between cobalamin production and Dhc growth in B12-
unamended NJ enrichments suggests corrinoid salvaging and remodeling carried out by Dhc. 
Genes encoding enzymes involved in the corrinoid remodeling pathway, including the 
amidohydrolase CbiZ and the adenosylcobinamide-phosphate guanylyltransferase CobU (140), 
are present in all sequenced Dhc strains (96, 139, 167, 168), as well as the Dhc strains in the NJ 
enrichments (151). A previous study with Dhc195 revealed that this strain is capable of 
remodeling added nonfunctional corrinoids including [Cre]Cba into cobalamin in the presence of 
DMB (139).  Results of this study suggest that the Dhc strains in the NJ enrichments employ 
remodeling to obtain cobalamin: when the growth of Dhc was inhibited, little cobalamin was 
produced, and the level of [Cre]Cba increased; when the growth of Dhc was restored in 
perturbed cultures, cobalamin concentrations rebounded. This correlation between cobalamin 
concentration and Dhc growth supports the hypothesis that Dhc acquires corrinoids and free 
DMB from the other microbes and remodels them into cobalamin. The dominance of [Cre]Cba 
in the NJ enrichments indicates that [Cre]Cba, possibly produced by PDS strains, serves as a 
major substrate for corrinoid remodeling by Dhc. The low level of [Cre]Cba in the supernatant of 
HiTCE and the increase of [Cre]Cba in the supernatant of NoTCE (Fig. 3C&E) strongly favor 
the hypothesis that [Cre]Cba is released into the culture supernatant by its producers where it is 
then salvaged by Dhc for corrinoid remodeling.  

A notable finding of this study is the detection of free DMB in community supernatants 
of all cultures examined. Studies of Dhc isolates (139) and constructed co-cultures (141, 152) 
indicate the importance of DMB in corrinoid remodeling.  This study is the first to detect and 
quantify DMB in microbial communities and provides evidence for endogenous DMB 
production (at nM levels) in anaerobic microbial communities enriched from contaminated soil 
and groundwater. Although the only known physiological role of DMB is as the lower ligand of 
cobalamin (156, 169), the generation of DMB in the absence of cobalamin in the NoTCE 
enrichment suggests that DMB is produced independently of cobalamin biosynthesis.  Under 
aerobic conditions, DMB is biosynthesized from flavin mononucleotide (FMN) catalyzed by the 
enzyme BluB (169-171).  However, information on anaerobic DMB production is still very 
limited.  Previous labeling studies showed that the anaerobe Eubacterium limosum synthesizes 
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DMB from substrates such as glutamine, glycine and formate, which are also used in purine-
nucleotide biosynthesis (156). However, the enzymes involved in anaerobic DMB biosynthesis 
have not yet been identified.  Due to the importance of DMB in the corrinoid remodeling 
processes of Dhc and other cobalamin-salvaging anaerobes, further investigations are needed to 
understand DMB synthesis in anaerobic communities.  

In summary, this study sheds light on the correlation between corrinoid production and 
community structure, the corrinoid salvaging and modification in Dhc-containing communities, 
as well as ecological relationships between Dhc and other community members. Greater insights 
into corrinoid production, modification, and utilization in microbial communities will help us 
better understand how nutrient exchange shapes these communities, and what ecological roles 
are played by individual community members.  

 
Materials and methods 
 
Cultures and growth conditions. SANASB12 and SANAS are the subcultures of ANAS, a 
well-maintained TCE-dechlorinating enrichment characterized in previous studies (107, 155, 
172). They were constructed by inoculating 5 mL ANAS culture (5%, v/v) into 95 mL basal 
medium with N2/CO2 headspace (90:10, v/v) and 74 nM (c.a. 100 µg/L) vitamin B12 
(SANASB12) and without the addition of B12 (SANAS).  The composition of the basal medium 
was the same as described elsewhere (89), except that a modified Wolin vitamin stock excluding 
B12 was used (173). It contained (per liter) 1 g of NaCl, 0.5 g of MgCl2·6H2O, 0.2 g of KH2PO4, 
0.3 g of NH4Cl, 0.3 g of KCl, 0.015 g of CaCl2 2H2O, 0.2 g of MgSO4·7H2O, 1 ml of a trace 
element solution (174), 1 ml of a Na2SeO3-Na2WO4 solution (175), and 10 mg of resazurin. 
Cultures were amended with 48 mM lactate as both carbon source and electron donor, and 2 µL 
TCE (ca. 0.2 mM, final concentration) was supplied as the terminal electron acceptor. Both 
SANASB12 and SANAS completely dechlorinated TCE to ethene. Experiments were carried out 
after five 5% (v/v) subculturing events for SANASB12 and three subculturing events for 
SANAS.  
 Another four dechlorinating enrichments (LoTCEB12, LoTCE, HiTCEB12 and HiTCE) 
used in this study were originally inoculated with contaminated groundwater from New Jersey 
and maintained under conditions listed in Table 1. The high initial TCE concentration (Table 1) 
in HiTCEB12 and HiTCE cultures resulted in the inhibition of methanogenesis due to the 
toxicity of TCE to methanogens. These enrichments are capable of dechlorinating TCE to VC 
and ethene as described elsewhere (151). In order to investigate the effects of the presence of 
Dhc on corrinoid profiles, two enrichments were subsequently constructed from HiTCE and 
HiTCEB12 using the same growth condition, but with no TCE added (denoted “NoTCE”, 
“NoTCEB12”, respectively) (Table 1). Experiments were carried out after 40 subculturing events 
for LoTCE, LoTCEB12, HiTCE and HiTCEB12, and 6 subculturing events for NoTCE and 
NoTCEB12.  
 
Corrinoid biosynthesis and purification. [Ade]Cba and [2-MeAde]Cba were extracted from 
Salmonella enterica serovar Typhimurium strain LT2, and [5-OHBza]Cba was extracted from 
Methanosarcina barkeri strain Fusaro using cyanidation and solid phase extraction as previously 
described (112, 139). Briefly, cells were collected, resuspended in 20 mL methanol with 20 mg 
KCN per gram of cells, and incubated at 60 °C for 1.5 hr with periodic mixing. Samples were 
then dried and resuspended in 20 mL deionized (DI) water, desalted using a C18 Sep-Pak 
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cartridge (Waters Associates, Milford, MA) and eluted in 2 mL methanol.  The eluates were 
dried and redissolved in DI water. [Bza]Cba, [5-MeBza]Cba, [5-OMeBza]Cba, [5-OMe, 6-
MeBza]Cba, [2-SMeAdeCba], [Phe]Cba and [Cre]Cba were extracted from bacterial cultures 
and purified as described previously (136). A molar extinction coefficient of 30,800 M-1 cm-1 at 
367.5 nm was used for quantification (136). The identity of each corrinoid was confirmed by 
mass spectrometry. 

Monocyanocobyric acid standard was prepared as described (176), with the following 
changes: after evaporation to dryness on a rotary evaporator, the  reaction mixture residue was 
dissolved in 0.1 mM KCN in DI water.  5 mL aliquots were desalted with a C18 Sep-Pak 
cartridge, and eluted in 3 mL methanol. The eluates were dried, resuspended in deionized water, 
and stored at -80 °C. Monocyanocobyric acid was purified using the solvent gradient as 
described (176).  

 
Extraction of corrinoid and lower ligand bases. Cell pellets were collected from 200-300 mL 
cultures by centrifugation at 15,000 × g for 10 min at 4 °C and stored at -80 °C.  Supernatants 
were passed through a 0.2 µm filter and loaded onto a Sep-Pak C18 cartridge.  The cartridge was 
then washed with 50 mL DI water, and eluted with 3 mL 100% methanol.  The eluate was stored 
at -80 °C.  Methanol extraction, cyanidation and desalting were carried out as described above. 
The dried extracts were dissolved in 200-300 µL milliQ water.  All samples were stored at -20 
°C prior to LC/MS/MS analysis. 
 
Analytical methods. Chlorinated ethenes and ethene were measured by an Agilent 7890A gas 
chromatograph (GC) equipped with a flame ionization detector (Agilent, Santa Clara, CA), as 
described elsewhere (107, 151).    

Liquid chromatography coupled with tandem mass spectrometry (LC/MS/MS) was 
performed using an Agilent 6410 liquid chromatograph-triple quadrupole mass spectrometer 
(Agilent Technologies, Santa Clara, CA). Samples were loaded onto an Agilent Eclipse Plus C18 
column, 1.8 µm, 3.0 × 50 mm (Agilent Technologies, Santa Clara, CA) with temperature 
maintained at 40 °C.  LC was performed at 0.5 mL/min with initial mobile phase conditions of 
82% miliQ water with 0.1% formic acid (A) and 18% methanol with 0.1% formic acid (B) held 
for 3 min, increased to 21% B immediately and held for 2 min, increased to 100% B over 0.1min 
and held for 1 min, decreased back to 18% B over 0.1 min and held for 3.8 min.  The injection 
volume was 10 µL.  The fragmentor voltage was set at 135 V for MS2 scan, and the collision 
energy was 45 V for product ion scan.  Multiple reaction monitoring (MRM) was used to capture 
the signature transition of each corrinoid and lower ligand for quantitative analysis.  Corrinoids 
lacking a lower ligand base (Cby and Cbi) and the phenolic corrinoids ([Phe]Cba and [Cre]Cba) 
were identified by their unique product ions. All other corrinoids are qualified and quantified by 
tracking the transition of the doubly charged molecular ion to two dominant product ions 
corresponding to the singly charged lower ligand base, and an ion of unknown structure with an 
m/z of 912 (136). Benzimidazoles were quantified by monitoring the transition from the singly 
charged molecular ion to unique product ions (Table S1). 

Two parallel sets of samples were prepared for the LC/MS/MS method validation.  In 
each set cell pellets and supernatant were separated by centrifugation at 15,000 × g for 15 min at 
4 °C. Two fresh media controls with different cyanocobalamin concentrations were prepared in 
parallel. One set of samples was measured using extraction and detection methods described by 
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Allen and Stabler (136), while the other set was extracted and analyzed by the method described 
in this study. 

Biological triplicates were performed for GC measurements. For end-point corrinoid and 
lower ligand detection, measurements were carried out on one subculture, and measurements on 
three subsequential subcultures were reported as biological triplicates. For temporal analyses, 
measurements were carried out on one subculture. 

 
Bioassays for DMB detection.  Calcofluor analysis of DMB using a Sinorhizobium meliloti 
bluB mutant strain was performed as previously described (169, 171).  A modified quantitative 
bioassay was further performed as described by Croft and Taga (personal communication). 
Briefly, S. meliloti bluB was grown in M9 minimal media supplemented with 1 mg/mL L-
methionine, and was inoculated with serially diluted DMB standards or enrichment samples to a 
total of 200 µL in a 96-well plate. Calcofluor was added for the final 5 hr, and the fluorescent 
phenotype was measured by excitation at 360 nm and emission at 460 nm.   
 
DNA isolation and quantification by quantitative PCR (qPCR). Genomic DNA was extracted 
from 1.5 mL culture using a DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA) according to 
manufacturer’s instructions. qPCR was applied using SYBR Green reagent (Applied Biosystems, 
Foster City, CA) and primer sets targeting 16S rRNA gene sequences of the OTUs of interest as 
described elsewhere (151). 
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Chapter 4 
 

Identification of host-associated early corrinoid precursor auxotrophs 
Abstract 
Tetrapyrroles such as heme, chlorophyll, and corrinoids are essential cofactors. The biosynthetic 
pathways of this diverse family of molecules all begin with the production of 5-aminolevulinic 
acid (ALA), and proceed through three additional common precursors before diverging. We 
sought to identify tetrapyrrole precursor auxotrophs from among bacteria that possess an 
otherwise complete corrinoid biosynthesis pathway, and to test whether these organisms were 
capable of scavenging tetrapyrrole precursors from the environment. We identified 39 such 
auxotrophs based on bioinformatic analysis. Three putative ALA auxotrophs were tested 
experimentally, and all were capable of scavenging ALA from the growth medium for corrinoid 
production. Interestingly, all 39 putative tetrapyrrole precursor auxotrophs are animal host-
associated, raising the question of whether host-produced tetrapyrrole precursors might be 
scavenged by corrinoid-producing members of the microbiota.  
 
Introduction 
Corrinoids are cofactors for diverse metabolic processes across all three domains of life, but are 
produced solely by a subset of prokaryotes(9). The corrinoid biosynthesis pathway is one of the 
longest biosynthetic pathways known, and involves approximately 30 enzymatic steps(9, 42, 77, 
177). Genomic analyses estimate that while 76% of bacteria encode corrinoid-dependent 
enzymes, fewer than half of these encode the complete corrinoid biosynthesis pathway(10, 11, 
64). As such, the majority of corrinoid-dependent organisms rely on exogenously produced 
corrinoids. In addition to scavenging complete corrinoids, some archaea and bacteria are capable 
of taking up the late corrinoid precursor cobinamide and carrying out the remaining steps 
necessary to convert it into a complete corrinoid, a process known as cobinamide salvaging(11, 
55, 68, 69). This process requires only a small subset of the genes required for de novo corrinoid 
biosynthesis, and some bacteria, such as Escherichia coli encode only this portion of the 
pathway(11, 55). In this study, we provide evidence that early tetrapyrrole precursors can also be 
scavenged, and fed into the corrinoid biosynthesis pathway. From heme to chlorophyll to 
corrinoids, tetrapyrroles play diverse and essential roles in metabolism, and have thus earned the 
nickname the “pigments of life”(40). The early steps in tetrapyrrole biosynthesis are highly 
conserved, as are the intermediate products (Figure 1). The first universal precursor, 5-
aminolevulinic acid (ALA), is produced via one of two unrelated biosynthetic routes. The 
Shemin or C4 pathway, utilized by animals, fungi, and α-proteobacteria, involves the 
condensation of glycine and succinyl-CoA by a single enzyme, 5-aminolevulinic acid synthase 
(ALAS)(178-181). In contrast, plants, archaea and most bacteria produce ALA in two steps via 
the C5-pathway, starting from glutamyl-tRNA(181-187). Glutamyl-tRNA reductase (GluTR, 
encoded by hemA) converts glutamyl-tRNA into glutamate-1-semialdehyde (GSA) which is then 
converted into ALA by glutamate-1-semialdehyde-2,1-aminomutase (GSA-T, encoded by 
hemL)(186, 188). From ALA, the pathway proceeds through the formation of porphobilinogen 
(PBG) via porphobilinogen synthase (PBGS, encoded by hemB), to hydroxymethylbilane via 
hydroxymethylbilane synthase (HMBS, encoded by hemC), and finally, to the last common 
tetrapyrrole precursor, uroporphyrinogen III (Uro’III) via uroporphyrinogen III synthase, 
encoded by hemD (188-192). The production of Uro’III marks a branch point in tetrapyrrole 
biosynthesis –corrinoids, siroheme, and coenzyme F430 share one final common precursor -
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precorrin-2, while heme and chlorophyll biosynthesis pathways proceed through three additional 
common precursors before diverging (Figure 1)(40, 182, 193, 194). Tetrapyrrole precursors have 
been identified in biological samples such as human urine (ALA and PBG) and feces (Uro’III) 
and swine manure (ALA), as well as in culture supernatants of a number of different 
microbes(195-202). Organisms that produce heme or chlorophyll must avoid the accumulation of 
protoporphyrin IX, a precursor downstream of Uro’III, which can lead to oxidative damage to 
the cell(203). One method for doing so is the excretion of excess tetrapyrrole precursors(200, 
201).  
 

 
Figure 1.  Common precursors in tetrapyrrole biosynthesis All tetrapyrroles are produced from the universal 
precursor, ALA. Two pathways exist for ALA production; the C5 pathway from glutamyl tRNA, which is present in 
plants, Archaea, and most bacteria is shown here. From ALA, the biosynthesis of PBG, hydroxymethylbilane, and 
Uro’III (the last common tetrapyrrole intermediate) is evolutionarily conserved across all domains. The production 
of Uro’III marks a branch point in tetrapyrrole biosynthesis. 
 
Given the ubiquity of tetrapyrrole biosynthesis pathways among organisms, the presence of 
common biosynthetic intermediates, and the metabolic burden of maintaining complete 
tetrapyrrole biosynthetic pathways, we hypothesized that some microbes may scavenge common 
intermediates from the environment in order to produce the tetrapyrrole(s) they require. To test 
this hypothesis, we examined corrinoid biosynthesis pathways encoded in bacterial and archaeal 
genomes available in the Joint Genome Institute Integrated Microbial Genomes database 
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(JGI/IMG)(204), identified candidates lacking genes necessary for the production of common 
tetrapyrrole intermediates but encoding an otherwise complete corrinoid biosynthesis pathway, 
and tested the ability of three of these microbes to grow and produce corrinoids in the presence 
and absence of the first universal tetrapyrrole precursor, ALA. We found that several bacteria are 
auxotrophs for ALA or other tetrapyrrole precursors, suggesting that these compounds may be 
shared among organisms in the environment. 

 
Results and Discussion 
 
Identification of putative early corrinoid precursor auxotrophs 
 We hypothesized that if tetrapyrrole precursors are commonly scavenged from the 
environment for use as intermediates in corrinoid biosynthesis, the pressure to maintain the genes 
encoding the enzymes involved in their production might be relaxed and these genes may be lost 
from some genomes.  To identify potential tetrapyrrole precursor scavengers, we performed a 
comparative genomic search for bacterial or archaeal genomes that were missing genes involved 
in the initial steps of tetrapyrrole production, but retained the rest of the corrinoid biosynthesis 
pathway. Using the “function profile” tool on JGI’s Integrated Microbial Genomes (IMG) 
webserver (204) to identify genes involved in corrinoid biosynthesis, we analyzed 5,988 archaeal 
and bacterial genomes and identified 39 bacteria missing genes involved in ALA, PBG, or 
precorrin-2 production (Fig. 1, Tables 1-3). One interesting feature of the PBG and precorrin-2 
auxotrophs is that these organisms are missing not only the gene involved in PBG or precorrin-2 
production (hemB and cysG, respectively) but also all of the other genes involved in the 
production of upstream precursors (Fig. 1).  
 No potential tetrapyrrole precursor scavengers were identified among the Archaea, while 
a diverse group of bacteria including members of six different phyla are represented (Tables 1-
3). Surprisingly, all of the potential tetrapyrrole precursor scavengers identified in this study are 
host-associated, while only 32% of the sequenced bacterial genomes within the IMG database 
are specifically identified as such(204). The majority of the potential scavengers are associated 
with the human gastrointestinal tract or oral cavity, though organisms from the bovine rumen and 
the termite hindgut were also identified (Tables 1-3). While most of these bacteria are considered 
to be commensals, 12 animal pathogens, including Clostridium difficile and Clostridium 
botulinum were also identified (Tables 1-3). One interpretation of this finding is that tetrapyrrole 
precursors are provided by the host, either through production by host cells, or for gut-associated 
microbes, as part of the host’s diet. Precedence for the cross-feeding of tetrapyrrole precursors 
from an animal host to its resident microbes has been established for an insect-bacterial 
mutualism based on bioinformatic analysis. Cross-feeding of Uro’III, a precursor produced by 
the host for heme biosynthesis, may explain how the cicada endosymbiont Hodgkinia cicadacola 
is able to produce methionine using a corrinoid-dependent methionine synthase despite its 
incomplete corrinoid biosynthesis pathway, which contains only the genes downstream of 
Uro’III production(205). Other members of the host microbiota are another potential source of 
tetrapyrrole precursors. Tetrapyrrole precursors have been detected in supernatants from a 
variety of different microbes(198-202).  A recent study by Kanto et al. found that ALA was 
present in swine manure, and that levels of ALA increased in the manure over a 28 day period of 
incubation, which suggests that microbes in this material contribute to its tetrapyrrole precursor 
content (31). A study comparing two species of Fibrobacter, prominent members of the bovine 
rumen microbiota, found that hemA was present in Fibrobacter succinogenes, but absent in 
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Fibrobacter intestinalis(206). F. intestinalis was found to require ALA, porphobilinogen, or 
cobalamin supplementation for growth in pure culture, but not in co-culture with F. 
succinogenes, demonstrating that cross-feeding of one or more of these molecules occurred 
between these two species when co-cultured(206). 
 
Table 1. Putative ALA auxotrophs 
 
Organism Phylum Class Order Family Environment1 Pathogen2 Ref. 

Clostridium botulinum  
(12 strains) 

Firmicutes Clostridia Clostridiales Clostridiaceae contaminated 
food products 
human gut 

y (207-216) 

Clostridium sporogenes 
 (3 strains) 

Firmicutes Clostridia Clostridiales Clostridiaceae human gut n (217-219) 

Clostridium scindens 
ATCC 35704 

Firmicutes Clostridia Clostridiales Lachnospiraceae human gut n (220) 

Lachnospiraceae 
bacterium 5_1_57FAA 

Firmicutes Clostridia Clostridiales Lachnospiraceae human gut n (221) 

Johnsonella ignava 
ATCC 51276 

Firmicutes Clostridia Clostridiales Lachnospiraceae human oral 
cavity 

n (222) 

Clostridium difficile (8 
strains) 

Firmicutes Clostridia Clostridiales Peptostrepto- 
coccaceae 

human gut y (223-225) 

Peptostreptococcus 
stomatis 17678 

Firmicutes Clostridia Clostridiales Peptostrepto 
-coccaceae 

human oral 
cavity 

y (226) 

Jonquetella anthropi 
E3_33 E1 

Synergistetes Synergistia Synergistales Synergistaceae human oral 
cavity 

y (227) 

Treponema primitia 
ZAS_2 

Spirochaetes Spirochaetes Spirochaetales Spirochaetaceae termite gut n (228) 

        

Table 2. Putative PBG auxotrophs 
        

Organism Phylum Class Order Family Environment1 Pathogen2 Ref. 

Eubacterium infirmum 
F0142 

Firmicutes Clostridia Clostridiales Clostridiaceae human oral 
cavity 

y (229) 

Ruminococcus gnavus 
ATCC 
 29149 

Firmicutes Clostridia Clostridiales Lachnospiraceae human gut n (230) 

Ruminococcus torques 
ATCC 27756 

Firmicutes Clostridia Clostridiales Lachnospiraceae human gut n (231) 

Eubacterium rectale (3 
strains) 

Firmicutes Clostridia Clostridiales Lachnospiraceae human gut n (232) 

Clostridium citroniae 
WAL-17108 

Firmicutes Clostridia Clostridiales Lachnospiraceae human gut y (233) 

Clostridium 
clostridioforme  
2_1_48FAA 

Firmicutes Clostridia Clostridiales Lachnospiraceae human gut y (234) 

Clostridium cf.  
saccharolyticum K10 

Firmicutes Clostridia Clostridiales Lachnospiraceae human gut n (235) 

Clostridium sp. D5 Firmicutes Clostridia Clostridiales Lachnospiraceae human gut n (236) 

Clostridium sp M62/1 Firmicutes Clostridia Clostridiales Lachnospiraceae human gut n (236) 

Clostridium symbiosum 
WAL-14163 

Firmicutes Clostridia Clostridiales Lachnospiraceae human gut n (237) 

Dorea formicigenerans 
(2 strains) 

Firmicutes Clostridia Clostridiales Lachnospiraceae human gut n (221) 

Lachnospiraceae 
bacterium 1_1_57FAA 

Firmicutes Clostridia Clostridiales Lachnospiraceae human gut n (221) 

Lachnospiraceae 
bacterium 1_4_56FAA 

Firmicutes Clostridia Clostridiales Lachnospiraceae human gut n (221) 

Lachnospiraceae 
bacterium 2_1_46FAA 

Firmicutes Clostridia Clostridiales Lachnospiraceae human gut n (221) 

Lachnospiraceae 
bacterium 2_1_58FAA 

Firmicutes Clostridia Clostridiales Lachnospiraceae human gut n (221) 

Lachnospiraceae 
bacterium 3_1_46FAA 

Firmicutes Clostridia Clostridiales Lachnospiraceae human gut n (221) 
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Lachnospiraceae 
bacterium 6_1_37FAA 

Firmicutes Clostridia Clostridiales Lachnospiraceae human gut n (236) 

Lachnospiraceae 
bacterium 8_1_57FAA 

Firmicutes Clostridia Clostridiales Lachnospiraceae human gut n (221) 

Lachnospiraceae 
bacterium 9_1_43BFAA 

Firmicutes Clostridia Clostridiales Lachnospiraceae human gut n (221) 

Ruminococcaceae 
bacterium D16 

Firmicutes Clostridia Clostridiales Rumino-
coccaceae 

bovine 
rumen 

n (238) 

Aerococcus urinae ACS-
120-V-Col10a 

Firmicutes Bacilli Lacto-
bacillales 

Aerococcaceae human 
urogenital tract 

y (239) 

Fusobacterium 
mortiferum ATCC 9817 

Fusobacteria Fuso-
bacteria 

Fuso-
bacteriales 

Fusobacteriaceae human oral 
cavity 

y (240) 

Bartonella tamiae (2 
strains) 

Proteo-
bacteria 

a-proteo 
bacteria 

Rhizobiales Bartonellaceae human blood y (241) 

        

Table 3. Putative precorrin-2 auxotrophs 
        

Organism Phylum Class Order Family Environment1 Pathogen2 Ref. 

Shuttleworthia satelles 
DSM 14600 

Firmicutes Clostridia Clostridiales Lachno-
spiraceae 

human oral 
cavity 

n (221) 

Ruminococcus 
flavefaciens FD-1 

Firmicutes Clostridia Clostridiales Rumino-
coccaceae 

bovine rumen n (242) 

Megasphaera 
micronuciformis F0359 

Firmicutes Negativicutes Seleno-
monadales 

Veillonellaceae human oral 
cavity 

n (243) 

Megasphaera 
genomosp. UPII 135-E 

Firmicutes Negativicutes Seleno-
monadales 

Veillonellaceae human 
urogenital tract 

n (236) 

Collinsella tanakaei TIY 
12063 

Actino-
bacteria 

Actino-
bacteria 

Corio-
bacteriales 

Corio-
bacteriaceae 

human gut n 
 
 

(244) 

Treponema pedis T A4 Spirochaetes Spirochaetes Spiro-
chaetales 

Spirochaetaceae bovine and 
porcine skin 

y* (245) 

Treponema denticola (6 
strains) 

Spirochaetes Spirochaetes Spiro-
chaetales 

Spirochaetaceae human oral 
cavity 

y 
 
 

(236, 246, 
247) 

1. Environment refers to the source from which the bacterium was isolated or is commonly detected 
2. Human pathogen, unless otherwise noted 
y: yes 
n: no 
*pathogen of pigs and cows 
 
 
Phylogenetic distribution of corrinoid precursor auxotrophs 
 The largest number of candidate corrinoid precursor auxotrophs are members of the 
family Lachnospiraceae (Tables 1-3). The majority of the Lachnospiraceae candidates are 
putative PBG auxotrophs, lacking the first three genes involved in tetrapyrrole biosynthesis, 
though ALA auxotrophs (lacking only the first two genes), and a precorrin-2 auxotroph (lacking 
the first 6 genes) were also identified. An analysis of the 16S rDNA sequences of 
Lachnospiraceae members from each of these categories as well as those that possess the 
complete corrinoid biosynthesis pathway suggests that the loss of genes involved in early 
tetrapyrrole precursor biosynthesis occurred multiple times within this family (Fig. 2).  Loss of 
hemA and hemL, the genes required for ALA biosynthesis, appears to have occurred once within 
the Clostridiaceae (fig.3). Within the species Clostridium botulinum, which is polyphyletic, all 
sequenced group 1 C. botulinum strains, as well as the most closely related non-toxigenic 
clostridium, C. sporogenes are ALA auxotrophs, while other C. botulinum strains, which are 
most closely related to different clostridia, are not (Fig. 3)(248). Within the Bartonellaceae, 
Bartonella tamiae, a PBG auxotroph is the only sequenced member that possesses any corrinoid 
biosynthesis genes, which may suggest that this organism acquired these genes through 
horizontal gene transfer (Fig. 4).  
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 Figure 2. Distribution of tetrapyrrole precursor auxotrophs among the Lachnospiraceae Maximum likelihood 
phylogenetic tree of 16S rDNA sequences of members of the Lachnospiraceae family that possess the complete 
corrinoid biosynthesis pathway (black), or lack homologs of hemA and hemL (blue, ALA auxotrophs), hemALB 
(green, PBG auxotrophs), or hemALBCD (pink, precorrin-2 auxotrophs). 
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Figure 3. Distribution of tetrapyrrole precursor auxotrophs among the Clostridiaceae 
Maximum likelihood phylogenetic tree of 16S rDNA sequences of members of the Clostridiaceae family that 
possess the complete corrinoid biosynthesis pathway (black), or lack homologs of hemA and hemL (blue, ALA 
auxotrophs), or hemALB (green, PBG auxotroph). 
 
 
 

 
Figure 4. Distribution of tetrapyrrole precursor auxotrophs among the Bartonellaceae 
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Maximum likelihood phylogenetic tree of 16S rDNA sequences of members of the Bartonellaceae family that lack 
any corrinoid biosynthesis genes (black), or lack homologs of hemALB (green, PBG auxotrophs). 
 
Experimental validation of bioinformatic results 
 The absence of tetrapyrrole precursor biosynthesis genes could indicate either the ability 
to scavenge precursors or an evolutionary step in the loss of a functional corrinoid biosynthesis 
pathway. Indeed, previous genomic analyses show that loss of the corrinoid biosynthesis 
pathway has occurred repeatedly in multiple lineages(249). We therefore tested the ability of 
three candidates, Clostridium scindens ATCC 35704, Clostridium sporogenes ATCC 15579, and 
Treponema primitia ZAS-2 from the Lachnospiraceae, Clostridiaceae and Spirochaetaceae 
families, respectively, to scavenge ALA from the medium by monitoring corrinoid production in 
the presence or absence of ALA.  
High performance liquid chromatography (HPLC) analysis of corrinoid extracts showed that 
addition of ALA to the medium led to corrinoid production in all three organisms (Figure 5). In 
each case, multiple peaks with UV-Vis spectra characteristic of corrinoids were present. The 
spectra of both peaks in C. sporogenes was characteristic of a corrinoid in the “base-off” 
configuration (that is, without a lower ligand coordinated to the cobalt) typically observed in 
corrinoid intermediates. This result was unsurprising, since C. sporogenes, like C. botulinum and 
Listeria innocua lacks cobT, the enzyme responsible for lower ligand activation, a step that must 
occur before the lower ligand can be attached to the corrinoid(250).  L. innocua presumably 
circumvents this issue by instead importing the downstream products of cobT, activated 
(ribosylated) lower ligands, from the environment via the cblT transporter. Homologs of cblT 
have also been identified in C. sporogenes(250).  

 
 
Figure 5. Corrinoid production in the presence and absence of ALA 
HPLC analysis of corrinoid extracts from C. scindens, C. sporogenes, and T. primitia grown with (gray trace) or 
without 1mM ALA added (black trace). 
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 In T. primitia, the addition of ALA led to increased corrinoid production, showing that it 
is capable of ALA scavenging. Low levels of corrinoids were also observed in the absence of 
ALA addition, which suggests that another source of ALA or other tetrapyrrole precursor is 
available to T. primitia, either through biosynthesis or in the growth medium (Fig. 5). T. primitia 
requires a complex medium containing Saccharomyces cerevisiae  autolysate, a possible source 
of tetrapyrrole precursors, suggesting that the latter may be the case(251). Saccharomyces 
cerevisiae produces ALA, PBG, and Uro’III for heme biosynthesis, and ALA has been shown to 
accumulate in yeast cells under anaerobic conditions (252). An alternative explanation for this 
result is that T. primitia possesses a method of ALA production other than those encoded by the 
Shemin or C5 pathways. T. primitia’s  complex nutritional requirements make it difficult to 
resolve this issue.  
 
 As a member of the termite gut microbiota, T. primitia relies on corrinoid-dependent 
CO2-reductive acetogenesis for growth(251).  The ability of T. primitia to scavenge ALA was 
confirmed by monitoring growth in medium supplemented with cobalamin or ALA, or without 
supplementation. T. primitia’s growth rate and O.D.650 at stationary phase achieved similar levels 
when cobalamin or ALA was added, but were lower in medium without supplementation (Fig.).  
In E.coli, ALA transport is mediated by the dipeptide transport system encoded by the dpp 
operon(253). A BLAST search of the T. primitia genome revealed the presence of dpp 
homologs, however, the current lack of tools for genetic manipulation of T. primitia makes it 
difficult to assess whether T. primitia uses this system for ALA transport. An analysis of the 
tetrapyrrole precursor content of the termite hindgut could help to determine whether T. primitia 
has access to ALA in its natural environment. 
 

 
Figure 6.  Growth of T. primitia with and without cobalamin or ALA Culture density (OD650 ) of T. primitia 
cultures grown with 37nM cobalamin (white triangles), or 1mM ALA added (gray circles), or with no addition 
(black diamonds). All cultures were grown in triplicate, and the data shown are the mean values, with error bars 
representing the standard deviation. 
 
 While the results of these experiments demonstrate that C. scindens, C. sporogenes, and 
T. primitia are all capable of scavenging ALA, the question of whether this activity is important 
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for their survival in the environment remains. Both C. sporogenes and T. primitia encode 
homologs of the Btu corrinoid transporter, and as such, may fulfill their corrinoid requirements 
by importing corrinoids produced by other microbes instead of scavenging ALA for corrinoid 
biosynthesis. However, corrinoid transporter genes were not detected in C. scindens, which 
suggests that ALA scavenging may be the primary means of fulfilling corrinoid requirements in 
this organism, which possesses a corrinoid-dependent methionine synthase encoded by metH and 
lacks the corrinoid-independent metE. A member of the human gut microbiota, C. scindens has 
recently been shown to play an important role in host resistance to colonization by C. difficile, 
another organism identified in this study as an ALA auxotroph(254). 
 
Conclusions and Future Directions 
 In this study, I identified 39 putative corrinoid precursor auxotrophs, all lacking genes 
involved in tetrapyrrole precursor biosynthesis. I showed that three of these auxotrophs, C. 
scindens, C. sporogenes, and T. primita are capable of scavenging ALA from the growth medium 
for use in corrinoid production. These findings suggest that the bacteria identified in this study 
can fulfill their corrinoid requirements by scavenging tetrapyrrole precursors from the 
environment, and carrying out the remaining steps in corrinoid biosynthesis.  
 The range of tetrapyrrole precursors that the bacteria identified in this study can scavenge 
remains to be investigated, as does the level of precursors in the environments that they occupy, 
such as the rumen. The ability of microbes to take up exogenous ALA is well known, and is the 
basis of some forms of antimicrobial photodynamic therapy(255, 256). In addition, studies have 
revealed the ability of various microbes to take up exogenous PBG(206, 257, 258). Excess ALA 
and PBG produced by human cells is excreted in the urine, and thus would be available to 
microbes colonizing the urinary tract, such as Aerococcus urinae, a pathogen which causes 
urinary tract infections(195, 239). Excess Uro’III is excreted in human feces, however, it is 
unknown whether this molecule can be scavenged(259, 260). To our knowledge, the amount of 
precorrin-2 (a precursor of corrinoids, siroheme, and factor F430) in human feces has not yet been 
investigated.  
As previously mentioned, accumulation of tetrapyrrole precursors can be toxic; thus, microbes 
that scavenge these molecules from the environment could contribute to community stability by 
keeping tetrapyrrole precursors at safe levels(201). 
 
The finding that all of the tetrapyrrole precursor auxotrophs identified in this study are host-
associated raises the question of whether tetrapyrrole precursors produced by a host organism 
can be scavenged by corrinoid-producing members of the microbiota. The injection of labeled 
succinyl CoA and glycine, the substrates of ALA synthase in animals, into a host followed by 
monitoring fecal corrinoid content could reveal whether this occurs.    
 
 
Materials and Methods 
 
Phylogenetic analyses:  
A comparative genomic search was carried out using JGI’s Integrated Microbial Genomes (IMG) 
webserver [1]. The initial search included all archaeal and bacterial genomes as of August 2013. 
An additional search was performed including only bacterial genomes of finished status as of 
March 2014, bringing the total number of genomes searched to 5,988. “Function Profile” was 
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performed using enzymes, or “functions”, involved in the biosynthesis of cobalamin and its 
precursors. Functions were selected from the “porphyrin and chlorophyll metabolism” KEGG 
pathway via EC numbers. Functions from both the anaerobic and aerobic biosynthesis pathways 
were included in the search. The two pathways were differentiated in downstream analyses. The 
function profile search was carried out with 500 genomes at a time, as limited on IMG’s 
webserver. The results of the function profile search of all 5,988 genomes were compiled and 
manipulated in Microsoft Excel. Organisms with genomes of unfinished status were identified as 
tetrapyrrole precursor auxotrophs only if the genome assembly contained fewer than 150 
scaffolds. In order to rule out false positives due to inadequate sequence coverage, inspection of 
the scaffold containing tetrapyrrole precursor biosynthesis genes was carried out to ensure that 
these genes were not located at the end of a scaffold.  
 
For the construction of phylogenetic trees, 16S rDNA sequences were obtained from the IMG 
webserver or from the Ribosomal Database Project(204, 261). Tree construction was carried out 
using the “one-click” mode on the phylogeny.fr webserver(262). 
 
Growth conditions: 
Treponema primitia str. ZAS-2 was grown at room temperature in anaerobic 4YACo medium 
with an 80% H2, 20% CO2 headspace as previously described (251),with the following changes: 
For cobalamin added cultures, the final concentration of cyanocobalamin was reduced from 4.42 
µM to 37 nM. No addition and ALA added cultures were obtained from cobalamin added 
cultures, by serially passaging cells (three transfers) into cobalamin-free medium or in 
cobalamin-free medium containing 1 mM ALA before being used as inocula for growth 
experiments. Growth was monitored spectrophotometrically (OD650). All growth experiments 
were performed in triplicate. 
  
Clostridium scindens ATCC 35704 was grown at 37C under 80% N2, 20% CO2 in an anaerobic 
defined mineral salts medium of 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 
solution, 1ml of a Na2SeO3-Na2WO4 solution, 10 mg of resazurin, and 40mg each of the amino 
acids arginine, cysteine, glycine, histidine, isoleucine, leucine, phenylalanine, proline, serine, 
threonine, tryptophan, tyrosine, and valine were added per liter. 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 0.2mM each. Next, 2.52 g 
NaHCO3 (30mM final concentration) was added to the medium, and the pH was adjusted to 7. 
The medium was dispensed under 80% N2, 20% CO2 in 10 ml aliquots in 25 ml Balch tubes, or 
for large volumes, 1L in 2L pyrex bottles, and tubes and bottles were sealed with butyl stoppers 
and aluminum crimp seals, and autoclaved for 30 min. After autoclaved medium cooled to room 
temperature, glucose was added to a final concentration of 25mM, and 100ul (tubes) or 1mL 
(bottles) Wolin vitamin solution (prepared without cobalamin) was added. 1mM ALA was added 
after autoclaving to ALA-added cultures. 
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.    
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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 described for Clostridium 
scindens, with the following changes: cysteine, serine, and threonine were omitted, and 1ml of a 
vitamin solution containing (mg/L) nicotinic acid, 500; thiamine HCl , 50; biotin, 5; and p-
aminobenzoic acid, 5 was added per liter of medium. 
  
All cultures were inoculated from exponential phase cultures to an OD600 (C. sporogenes and C. 
scindens) or OD650 (T. primitia) of 0.04.  
 
Corrinoid extractions: Cells were harvested by centrifugation (8,000×g, 4 °C, 20min). Cell 
pellets were resuspended in 20 ml of methanol with 20 mg KCN per gram of cells and incubated 
at 60 °C for 1.5 h with vortex mixing every 20 minutes. Cellular debris was removed by 
centrifugation at 40,000×g for 1 h, and the supernatant was dried in a rotary evaporator. Samples 
were resuspended in 10-20 ml deionized water, desalted with a C18 Sep-Pak cartridge (Waters 
Associates, Milford, MA), and eluted in 2 ml methanol.  The eluates were dried overnight in a 
vacuum desiccator, resuspended in deionized water, and stored at -80 °C. 
 
HPLC analysis was performed with an Agilent Series 1200 system (Agilent Technologies, Santa 
Clara, CA) equipped with a diode array detector set at 362 and 525 nm. 50 to 100ul samples 
were injected onto an Agilent Eclipse XDB C18 column (5 µm, 4.6 x 150 mm) at 35 °C, with 
0.5ml min-1 flow rate. Samples were separated using acidified water and methanol (0.1% formic 
acid) with a linear gradient of 18% to 30% methanol over 20 min.  
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Chapter 5 
 

Summary 
 Prior to my work in D. mccartyi, an environmentally important bacterium used in the 
bioremediation of chlorinated solvents which has an obligate requirement for exogenously 
produced corrinoids, very little was known about how microbes that import exogenous 
corrinoids respond to the presence of different corrinoids in the environment. Previous work on 
the range of corrinoids capable of serving as cofactors in any one organism was limited to the 
analysis of three corrinoids, at most. Fundamental questions about whether corrinoids from 
different structural classes could be imported into bacterial cells had not been examined, and the 
ability to remodel corrinoids had never been demonstrated in an organism that lacked the ability 
to produce corrinoids de novo. Moreover, the only previous work on corrinoid remodeling in a 
bacterium suggested that only nonfunctional corrinoids could be remodeled. 
  One factor that has limited the scope of corrinoid research in the past is that although as 
many as 16 structurally diverse corrinoids have been detected, only two corrinoids, cobalamin 
and cobinamide, are commercially available. In order to conduct a comprehensive study of the 
array of corrinoids that D. mccartyi can use as cofactors, I purified six non-commercially 
available corrinoids from bacterial cultures. Using these corrinoids, I demonstrated that D. 
mccartyi was capable of using only three benzimidazolyl corrinoids. However, I showed that 
four additional corrinoids could be remodeled into functional cofactors in D. mccartyi if a 
benzimidazole was added to the growth medium. In addition, I showed that in D. mccartyi, 
functional and nonfunctional corrinoids alike could be remodeled, as long as a benzimidazole 
was supplied. These results demonstrate that corrinoid remodeling allows D. mccartyi to utilize a 
broad range of corrinoids present in the environment. 
 D. mccartyi’s requirement for benzimidazoles in corrinoid remodeling raised the question 
of whether these molecules were present in the microbial communities in which D. mccartyi 
exists. The only known biological role of benzimidazoles is as the lower ligand of a corrinoid. 
While previous studies had explored the corrinoid content of various biological and 
environmental samples, the free (that is, not attached to a corrinoid) benzimidazole content of a 
microbial community had never been studied. Therefore, together with my collaborators Shan 
Yi, Yujie Men, and Lisa Alvarez-Cohen, I developed quantitative LC/MS/MS-based detection 
methods for free benzimidazoles and complete corrinoids, and applied these methods to the 
analysis of TCE-dechlorinating microbial communities containing D. mccartyi enriched from 
solvent-contaminated soil and groundwater. I found that DMB is present in these communities as 
well as evidence to suggest that corrinoid remodeling was actively occurring within these 
communities. Moverover, I uncovered a microbial tug of war over the two most abundant 
corrinoids in the community: [Cre]Cba, which D. mccartyi is unable to use without remodeling, 
and cobalamin, which functions as a cofactor for D. mccartyi as is. Reductive dehalogenation of 
chlorinated solvents is a corrinoid dependent process, and bioremediation of contaminated 
groundwater is often augmented with cobalamin. However, I showed that addition of cobalamin 
resulted in a two-fold increase in the amount of [Cre]Cba detected in the community, and a 16-
fold increase in the amount of free DMB in the supernatant, which suggested that the added 
cobalamin is converted into [Cre]Cba. I also found evidence that suggests that D. mccartyi 
remodels [Cre]Cba present in the supernatant into cobalamin. When D. mccartyi is eliminated 
from the community, the amount of [Cre]Cba in the supernatant increased 5-fold, while 
cobalamin levels drop. Re-inoculation of the community with D. mccartyi reversed these 
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changes. Thus, while D. mccartyi is incapable of de novo corrinoid production, it likely produces 
cobalamin in its community by remodeling other corrinoids. The results of these analyses shed 
light not only on the corrinoid and free benzimidazole content of D. mccartyi’s natural 
environment, but also on the dynamics of corrinoid cross-feeding and modification within the 
community, as well as the contributions of specific phylogenetic groups to the corrinoid 
composition. 
  
 While my work in D. mccartyi examined the cross-feeding of complete corrinoids, late 
corrinoid intermediates such as cobinamide, and lower ligands such as DMB, I was also 
interested in exploring whether early corrinoid precursors are cross-fed among microbes. 
Together with my collaborator Andrew Han, I carried out a comparative analysis of prokaryotic 
genomes present in the Integrated Microbial Genomes database, and identified 39 bacteria that 
were missing genes involved in the first steps of corrinoid biosynthesis, though they possessed 
all other genes necessary for corrinoid production. All tetrapyrroles, including corrinoids, are 
produced from the same precursors. Since the genes that are absent in these bacteria are those 
required for the production of the universal tetrapyrrole precursors, it is possible that any 
organism carrying out tetrapyrrole production could serve as a source for precursors for these 
organisms. Interestingly, all 39 bacteria I identified as potential tetrapyrrole precursor scavengers 
are animal host-associated, raising the question of whether tetrapyrrole precursors produced by a 
host animal can be scavenged for corrinoid production. 
 
Across all of these experiments, I have investigated the strategies that microbes use to fulfill their 
corrinoid requirements, and how interactions between members of microbial communities, and 
potentially, between an animal host and its microbiota allow organisms to rely on corrinoid-
dependent forms of metabolism without the need to produce these complex cofactors de novo.	
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

55 

References 
 
1. Faust K, Raes J. 2012. Microbial interactions: from networks to models. Nat Rev 

Microbiol 10:538-550. 
2. Tyson GW, Banfield JF. 2005. Cultivating the uncultivated: a community genomics 

perspective. Trends Microbiol 13:411-415. 
3. Leadbetter JR. 2003. Cultivation of recalcitrant microbes: cells are alive, well and 

revealing their secrets in the 21st century laboratory. Current Opinion in Microbiology 
6:274-281. 

4. Traxler MF, Watrous JD, Alexandrov T, Dorrestein PC, Kolter R. 2013. Interspecies 
interactions stimulate diversification of the Streptomyces coelicolor secreted 
metabolome. MBio 4. 

5. Moller S, Sternberg C, Andersen JB, Christensen BB, Ramos JL, Givskov M, Molin 
S. 1998. In situ gene expression in mixed-culture biofilms: evidence of metabolic 
interactions between community members. Appl Environ Microbiol 64:721-732. 

6. Freilich S, Zarecki R, Eilam O, Segal ES, Henry CS, Kupiec M, Gophna U, Sharan 
R, Ruppin E. 2011. Competitive and cooperative metabolic interactions in bacterial 
communities. Nature communications 2:589. 

7. Graber JR, Breznak JA. 2005. Folate cross-feeding supports symbiotic homoacetogenic 
spirochetes. Appl Environ Microbiol 71:1883-1889. 

8. Pedersen MB, Gaudu P, Lechardeur D, Petit MA, Gruss A. 2012. Aerobic respiration 
metabolism in lactic acid bacteria and uses in biotechnology. Annu Rev Food Sci 
Technol 3:37-58. 

9. Roth JR, Lawrence JG, Bobik TA. 1996. Cobalamin (coenzyme B12): synthesis and 
biological significance. Annu Rev Microbiol 50:137-181. 

10. Rodionov DA, Vitreschak AG, Mironov AA, Gelfand MS. 2003. Comparative 
genomics of the vitamin B12 metabolism and regulation in prokaryotes. The Journal of 
biological chemistry 278:41148-41159. 

11. Zhang Y, Rodionov DA, Gelfand MS, Gladyshev VN. 2009. Comparative genomic 
analyses of nickel, cobalt and vitamin B12 utilization. BMC Genomics 10:78. 

12. Warren MJ, Raux E, Schubert HL, Escalante-Semerena JC. 2002. The biosynthesis 
of adenosylcobalamin (vitamin B12). Nat Prod Rep 19:390-412. 

13. Garsin DA. 2010. Ethanolamine utilization in bacterial pathogens: roles and regulation. 
Nat Rev Microbiol 8:290-295. 

14. Kendall MM, Gruber CC, Parker CT, Sperandio V. 2012. Ethanolamine controls 
expression of genes encoding components involved in interkingdom signaling and 
virulence in enterohemorrhagic Escherichia coli O157:H7. MBio 3. 

15. Bertin Y, Girardeau JP, Chaucheyras-Durand F, Lyan B, Pujos-Guillot E, Harel J, 
Martin C. 2011. Enterohaemorrhagic Escherichia coli gains a competitive advantage by 
using ethanolamine as a nitrogen source in the bovine intestinal content. Environ 
Microbiol 13:365-377. 

16. Joseph B, Przybilla K, Stuhler C, Schauer K, Slaghuis J, Fuchs TM, Goebel W. 
2006. Identification of Listeria monocytogenes genes contributing to intracellular 
replication by expression profiling and mutant screening. Journal of bacteriology 
188:556-568. 



 
 

56 

17. Del Papa MF, Perego M. 2008. Ethanolamine activates a sensor histidine kinase 
regulating its utilization in Enterococcus faecalis. Journal of bacteriology 190:7147-7156. 

18. Yi S, Seth EC, Men YJ, Stabler SP, Allen RH, Alvarez-Cohen L, Taga ME. 2012. 
Versatility in corrinoid salvaging and remodeling pathways supports corrinoid-dependent 
metabolism in Dehalococcoides mccartyi. Appl Environ Microbiol 78:7745-7752. 

19. Scott AI, Yagen B, Lee E. 1973. Biosynthesis of corrins. A cell-free system from 
Propionibacterium shermanii. J Am Chem Soc 95:5761-5762. 

20. Matthews RG. 2009. Cobalamin- and corrinoid-dependent enzymes. Metal ions in life 
sciences 6:53-114. 

21. Krautler B. 2005. Vitamin B12: chemistry and biochemistry. Biochemical Society 
transactions 33:806-810. 

22. Stupperich E, Eisinger HJ, Krautler B. 1988. Diversity of corrinoids in acetogenic 
bacteria. P-cresolylcobamide from Sporomusa ovata, 5-methoxy-6-
methylbenzimidazolylcobamide from Clostridium formicoaceticum and vitamin B12 
from Acetobacterium woodii. Eur J Biochem 172:459-464. 

23. Lengyel P, Mazumder R, Ochoa S. 1960. Mammalian Methylmalonyl Isomerase and 
Vitamin B(12) Coenzymes. Proc Natl Acad Sci U S A 46:1312-1318. 

24. Renz P. 1999. Biosynthesis of the 5,6-dimethylbenzimidazole moiety of cobalamin and 
of the other bases found in natural corrinoids, p. 557-575. In Banerjee R (ed.), Chemistry 
and Biochemistry of B12. John Wiley & Sons, Inc., New York. 

25. Seetharam B, Alpers DH. 1982. Absorption and transport of cobalamin (vitamin B12). 
Annu Rev Nutr 2:343-369. 

26. Barker HA, Smyth RD, Weissbach H, Toohey JI, Ladd JN, Volcani BE. 1960. 
Isolation and properties of crystalline cobamide coenzymes containing benzimidazole or 
5, 6-dimethylbenzimidazole. J Biol Chem 235:480-488. 

27. Ragsdale SW, Lindahl PA, Münck E. 1987. Mössbauer, EPR, and optical studies of the 
corrinoid/iron-sulfur protein involved in the synthesis of acetyl coenzyme A by 
Clostridium thermoaceticum. Journal of Biological Chemistry 262:14289-14297. 

28. Stupperich E, Eisinger HJ, Albracht SPJ. 1990. Evidence for a super-reduced 
cobamide as the major corrinoid fraction in vivo and a histidine residue as a cobalt ligand 
of the p-cresolyl cobamide in the acetogenic bacterium Sporomusa ovata. European 
Journal of Biochemistry 193:105-109. 

29. Stupperich E, Eisinger H-J, Schurr S. 1990. Corrinoids in anaerobic bacteria. FEMS 
Microbiology Letters 87:355-360. 

30. Matthews RG. 2001. Cobalamin-Dependent Methyltransferases. Accounts of Chemical 
Research 34:681-689. 

31. Mohn WW, Tiedje JM. 1992. Microbial reductive dehalogenation. Microbiological 
Reviews 56:482-507. 

32. Payne KAP, Quezada CP, Fisher K, Dunstan MS, Collins FA, Sjuts H, Levy C, Hay 
S, Rigby SEJ, Leys D. 2014. Reductive dehalogenase structure suggests a mechanism 
for B12-dependent dehalogenation. Nature advance online publication. 

33. Bommer M, Kunze C, Fesseler J, Schubert T, Diekert G, Dobbek H. 2014. Structural 
basis for organohalide respiration. Science 346:455-458. 

34. Maillard J, Charnay M-P, Regeard C, Rohrbach-Brandt E, Rouzeau-Szynalski K, 
Rossi P, Holliger C. 2011. Reductive dechlorination of tetrachloroethene by a stepwise 



 
 

57 

catalysis of different organohalide respiring bacteria and reductive dehalogenases. 
Biodegradation 22:949-960. 

35. Mandal M, Breaker RR. 2004. Gene regulation by riboswitches. Nat Rev Mol Cell Biol 
5:451-463. 

36. Nou X, Kadner RJ. 2000. Adenosylcobalamin inhibits ribosome binding to btuB RNA. 
Proceedings of the National Academy of Sciences of the United States of America 
97:7190-7195. 

37. Nahvi A, Sudarsan N, Ebert MS, Zou X, Brown KL, Breaker RR. Genetic Control by 
a Metabolite Binding mRNA. Chemistry & Biology 9:1043-1049. 

38. Borovok I, Gorovitz B, Schreiber R, Aharonowitz Y, Cohen G. 2006. Coenzyme B12 
Controls Transcription of the Streptomyces Class Ia Ribonucleotide Reductase nrdABS 
Operon via a Riboswitch Mechanism. Journal of bacteriology 188:2512-2520. 

39. Nahvi A, Barrick JE, Breaker RR. 2004. Coenzyme B12 riboswitches are widespread 
genetic control elements in prokaryotes. Nucleic Acids Research 32:143-150. 

40. Battersby AR. 2000. Tetrapyrroles: the pigments of life. Natural Product Reports 
17:507-526. 

41. Roessner CA, Santander PJ, Scott AI. 2001. Multiple biosynthetic pathways for 
vitamin B12: Variations on a central theme, p. 267-297. In Gerald Litwack TB (ed.), 
Vitamins & Hormones, vol. Volume 61. Academic Press. 

42. Roessner CA, Scott AI. 2006. Fine-Tuning Our Knowledge of the Anaerobic Route to 
Cobalamin (Vitamin B12). Journal of Bacteriology 188:7331-7334. 

43. Debussche L, Couder M, Thibaut D, Cameron B, Crouzet J, Blanche F. 1992. Assay, 
purification, and characterization of cobaltochelatase, a unique complex enzyme 
catalyzing cobalt insertion in hydrogenobyrinic acid a,c-diamide during coenzyme B12 
biosynthesis in Pseudomonas denitrificans. Journal of Bacteriology 174:7445-7451. 

44. Battersby A. 1994. How nature builds the pigments of life: the conquest of vitamin B12. 
Science 264:1551-1557. 

45. Müller G, Hlineny K, Savvidis E, Zipfel F, Schmiedl J, Schneider E. 1990. On the 
Methylation Process and Cobalt Insertion in Cobyrinic Acid Biosynthesis, p. 281-298. In 
Baldwin T, Raushel F, Scott AI (ed.), Chemical Aspects of Enzyme Biotechnology. 
Springer US. 

46. Mueller G, Zipfel F, Hlineny K, Savvidis E, Hertle R, Traub-Eberhard U, Scott AI, 
Williams HJ, Stolowich NJ. 1991. Timing of cobalt insertion in vitamin B12 
biosynthesis. Journal of the American Chemical Society 113:9893-9895. 

47. Johnson CLV, Pechonick E, Park SD, Havemann GD, Leal NA, Bobik TA. 2001. 
Functional Genomic, Biochemical, and Genetic Characterization of the Salmonella pduO 
Gene, an ATP:Cob(I)alamin Adenosyltransferase Gene. Journal of Bacteriology 
183:1577-1584. 

48. Maggio-Hall LA, Escalante-Semerena JC. 1999. In vitro synthesis of the nucleotide 
loop of cobalamin by Salmonella typhimurium enzymes. Proc Natl Acad Sci U S A 
96:11798-11803. 

49. O'Toole GA, Rondon MR, Escalante-Semerena JC. 1993. Analysis of mutants of 
Salmonella typhimurium defective in the synthesis of the nucleotide loop of cobalamin. J 
Bacteriol 175:3317-3326. 



 
 

58 

50. O'Toole GA, Trzebiatowski JR, Escalante-Semerena JC. 1994. The cobC gene of 
Salmonella typhimurium codes for a novel phosphatase involved in the assembly of the 
nucleotide loop of cobalamin. J Biol Chem 269:26503-26511. 

51. Trzebiatowski JR, O'Toole GA, Escalante-Semerena JC. 1994. The cobT gene of 
Salmonella typhimurium encodes the NaMN: 5,6-dimethylbenzimidazole 
phosphoribosyltransferase responsible for the synthesis of N1-(5-phospho-alpha-D-
ribosyl)-5,6-dimethylbenzimidazole, an intermediate in the synthesis of the nucleotide 
loop of cobalamin. J Bacteriol 176:3568-3575. 

52. Debussche L, Couder M, Thibaut D, Cameron B, Crouzet J, Blanche F. 1991. 
Purification and partial characterization of Cob(I)alamin adenosyltransferase from 
Pseudomonas denitrificans. Journal of Bacteriology 173:6300-6302. 

53. Taga ME, Larsen NA, Howard-Jones AR, Walsh CT, Walker GC. 2007. BluB 
cannibalizes flavin to form the lower ligand of vitamin B12. Nature 446:449-453. 

54. Gray MJ, Escalante-Semerena JC. 2007. Single-enzyme conversion of FMNH2 to 5,6-
dimethylbenzimidazole, the lower ligand of B12. Proc Natl Acad Sci U S A 104:2921-
2926. 

55. Escalante-Semerena JC. 2007. Conversion of cobinamide into adenosylcobamide in 
bacteria and archaea. Journal of bacteriology 189:4555-4560. 

56. Croft MT, Lawrence AD, Raux-Deery E, Warren MJ, Smith AG. 2005. Algae 
acquire vitamin B12 through a symbiotic relationship with bacteria. Nature 438:90-93. 

57. Helliwell KE, Wheeler GL, Leptos KC, Goldstein RE, Smith AG. 2011. Insights into 
the evolution of vitamin B12 auxotrophy from sequenced algal genomes. Molecular 
biology and evolution 28:2921-2933. 

58. Grant MA, Kazamia E, Cicuta P, Smith AG. 2014. Direct exchange of vitamin B is 
demonstrated by modelling the growth dynamics of algal-bacterial cocultures. ISME J. 

59. Tang YZ, Koch F, Gobler CJ. 2010. Most harmful algal bloom species are vitamin B1 
and B12 auxotrophs. Proceedings of the National Academy of Sciences of the United 
States of America 107:20756-20761. 

60. McCutcheon JP, McDonald BR, Moran NA. 2009. Convergent evolution of metabolic 
roles in bacterial co-symbionts of insects. Proc Natl Acad Sci U S A 106:15394-15399. 

61. Allen RH, Stabler SP. 2008. Identification and quantitation of cobalamin and cobalamin 
analogues in human feces. Am J Clin Nutr 87:1324-1335. 

62. Girard CL, Santschi DE, Stabler SP, Allen RH. 2009. Apparent ruminal synthesis and 
intestinal disappearance of vitamin B12 and its analogs in dairy cows. J Dairy Sci 
92:4524-4529. 

63. Men Y, Seth EC, Yi S, Crofts TS, Allen RH, Taga ME, Alvarez-Cohen L. 2014. 
Identification of specific corrinoids reveals corrinoid modification in dechlorinating 
microbial communities. Environ Microbiol. 

64. Degnan PH, Barry NA, Mok KC, Taga ME, Goodman AL. 2014. Human gut 
microbes use multiple transporters to distinguish vitamin B(1)(2) analogs and compete in 
the gut. Cell Host Microbe 15:47-57. 

65. Gray MJ, Escalante-Semerena JC. 2009. The cobinamide amidohydrolase (cobyric 
acid-forming) CbiZ enzyme: a critical activity of the cobamide remodelling system of 
Rhodobacter sphaeroides. Mol Microbiol 74:1198-1210. 

66. Maymo-Gatell X, Chien Y, Gossett JM, Zinder SH. 1997. Isolation of a bacterium that 
reductively dechlorinates tetrachloroethene to ethene. Science 276:1568-1571. 



 
 

59 

67. He J, Holmes VF, Lee PK, Alvarez-Cohen L. 2007. Influence of vitamin B12 and 
cocultures on the growth of Dehalococcoides isolates in defined medium. Appl Environ 
Microbiol 73:2847-2853. 

68. Di Girolamo PM, Bradbeer C. 1971. Transport of vitamin B 12 in Escherichia coli. 
Journal of bacteriology 106:745-750. 

69. Raux E, Lanois A, Levillayer F, Warren MJ, Brody E, Rambach A, Thermes C. 
1996. Salmonella typhimurium cobalamin (vitamin B12) biosynthetic genes: functional 
studies in S. typhimurium and Escherichia coli. Journal of bacteriology 178:753-767. 

70. Gray MJ, Escalante-Semerena JC. 2010. A new pathway for the synthesis of alpha-
ribazole-phosphate in Listeria innocua. Mol Microbiol 77:1429-1438. 

71. Stupperich E, Steiner I, Eisinger HJ. 1987. Substitution of Co alpha-(5-
hydroxybenzimidazolyl)cobamide (factor III) by vitamin B12 in Methanobacterium 
thermoautotrophicum. Journal of bacteriology 169:3076-3081. 

72. Keller S, Ruetz M, Kunze C, Krautler B, Diekert G, Schubert T. 2013. Exogenous 
5,6-dimethylbenzimidazole caused production of a non-functional tetrachloroethene 
reductive dehalogenase in Sulfurospirillum multivorans. Environmental microbiology. 

73. Stupperich E, Konle R. 1993. Corrinoid-Dependent Methyl Transfer Reactions Are 
Involved in Methanol and 3,4-Dimethoxybenzoate Metabolism by Sporomusa ovata. 
Appl Environ Microbiol 59:3110-3116. 

74. Mok KC, Taga ME. 2013. Growth Inhibition of Sporomusa ovata by Incorporation of 
Benzimidazole Bases into Cobamides. J Bacteriol 195:1902-1911. 

75. Koch F, Alejandra Marcoval M, Panzeca C, Bruland KW, Sañudo-Wilhelmy SA, 
Gobler CJ. 2011. The effect of vitamin B12 on phytoplankton growth and community 
structure in the Gulf of Alaska. Limnology and Oceanography 56:1023-1034. 

76. Banerjee R, Ragsdale SW. 2003. The many faces of vitamin B12: catalysis by 
cobalamin-dependent enzymes. Annu. Rev. Biochem. 72:209-247. 

77. Warren MJ, Raux E, Schubert HL, Escalante-Semerena JC. 2002. The biosynthesis 
of adenosylcobalamin (vitamin B12). Natural Product Reports 19:390-412. 

78. Roth J, Lawrence J, Bobik T. 1996. Cobalamin (coenzyme B12): synthesis and 
biological significance. Annu. Rev. Microbiol. 50:137-181. 

79. Goodman AL, McNulty NP, Zhao Y, Leip D, Mitra RD, Lozupone CA, Knight R, 
Gordon JI. 2009. Identifying genetic determinants needed to establish a human gut 
symbiont in its habitat. Cell Host Microbe. 6:279-289. 

80. Croft MT, Lawrence AD, Raux-Deery E, Warren MJ, Smith AG. 2005. Algae 
acquire vitamin B12 through a symbiotic relationship with bacteria. Nature 438:90-93. 

81. Iguchi H, Yurimoto H, Sakai Y. 2011. Stimulation of methanotrophic growth in 
cocultures by cobalamin excreted by rhizobia. Appl. Environ. Microbiol. 77:8509-8515. 

82. Zhang Y, Rodionov D, Gelfand M, Gladyshev V. 2009. Comparative genomic analyses 
of nickel, cobalt and vitamin B12 utilization. BMC Genomics 10:78. 

83. Renz P. 1999. Biosynthesis of the 5,6-dimethylbenzimidazole moiety of cobalamin and 
of the other bases found in natural corrinoids, p. 557-576. In Banerjee R (ed.), Chemistry 
and biochemistry of B12. John Wiley & Sons, New York. 

84. Barker HA, Smyth RD, Weissbach H, Toohey JI, Ladd JN, Volcani BE. 1960. 
Isolation and properties of crystalline cobamide coenzymes containing benzimidazole or 
5,6-dimethylbenzimidazole. J. Biol. Chem. 235:480-488. 



 
 

60 

85. Lengyel P, Mazumder R, Ochoa S. 1960. Mammalian methylmalonyl isomerase and 
vitmain B12 coenzymes. Proc. Natl. Acad. Sci. U. S. A. 46:1312-1318. 

86. Girard CL, Santschi DE, Stabler SP, Allen RH. 2009. Apparent ruminal synthesis and 
intestinal disappearance of vitamin B12 and its analogs in dairy cows. J. Dairy Sci. 
92:4524-4529. 

87. Allen RH, Stabler SP. 2008. Identification and quantitation of cobalamin and cobalamin 
analogues in human feces. Am. J. Clin. Nutr. 87:1324-1335. 

88. Men Y, Seth EC, Crofts TS, Allen RH, Taga ME, Alvarez-Cohen L. In preparation. 
Identification of diverse corrinoid and lower ligand species in Dehalococcoides-
containing microbial communities. 

89. He JZ, Holmes VF, Lee PKH, Alvarez-Cohen L. 2007. Influence of vitamin B12 and 
cocultures on the growth of Dehalococcoides isolates in defined medium. Appl. Environ. 
Microbiol. 73:2847-2853. 

90. Magnuson JK, Stern RV, Gossett JM, Zinder SH, Burris DR. 1998. Reductive 
dechlorination of tetrachloroethene to ethene by a two-component enzyme pathway. 
Appl. Environ. Microbiol. 64:1270-1275. 

91. Loffler FE, Yan J, Ritalahti KM, Adrian L, Edwards EA, Konstantinidis KT, 
Muller JA, Fullerton H, Zinder SH, Spormann AM. 27 April 2012, posting date 
Dehalococcoides mccartyi gen. nov., sp. nov., obligate organohalide-respiring anaerobic 
bacteria, relevant to halogen cycling and bioremediation, belong to a novel bacterial 
class, Dehalococcoidetes classis nov., within the phylum Chloroflexi. Int. J. Syst. Evol. 
Microbiol. doi: 10.1099/ijs.0.034926-0. 

92. Holliger C, Regeard C, Diekert G. 2003. Dehalogenation by anaerobic bacteria  p. 115-
158. In Häggblom MM, Bossert ID (ed.), Dehalogenation: Microbial Processes and 
Environmental Applications. Kluwer Academic Publishers, Boston. 

93. Holscher T, Gorisch H, Adrian L. 2003. Reductive dehalogenation of chlorobenzene 
congeners in cell extracts of Dehalococcoides sp. strain CBDB1. Appl. Environ. 
Microbiol. 69:2999-3001. 

94. Kube M, Beck A, Zinder SH, Kuhl H, Reinhardt R, Adrian L. 2005. Genome 
sequence of the chlorinated compound-respiring bacterium Dehalococcoides species 
strain CBDB1. Nat Biotech 23:1269-1273. 

95. McMurdie PJ, Behrens SF, Muller JA, Goke J, Ritalahti KM, Wagner R, Goltsman 
E, Lapidus A, Holmes S, Löffler FE, Spormann AM. 2009. Localized plasticity in the 
streamlined genomes of vinyl chloride respiring Dehalococcoides. PLoS Genet. 
5:e1000714. 

96. Seshadri R, Adrian L, Fouts DE, Eisen JA, Phillippy AM, Methe BA, Ward NL, 
Nelson WC, Deboy RT, Khouri HM, Kolonay JF, Dodson RJ, Daugherty SC, 
Brinkac LM, Sullivan SA, Madupu R, Nelson KT, Kang KH, Impraim M, Tran K, 
Robinson JM, Forberger HA, Fraser CM, Zinder SH, Heidelberg JF. 2005. Genome 
sequence of the PCE-dechlorinating bacterium Dehalococcoides ethenogenes. Science 
307:105-108. 

97. Johnson DR, Nemir A, Andersen GL, Zinder SH, Alvarez-Cohen L. 2009. 
Transcriptomic microarray analysis of corrinoid responsive genes in Dehalococcoides 
ethenogenes strain 195. FEMS Microbiol. Lett. 294:198-206. 

98. Johnson DR, Brodie EL, Hubbard AE, Andersen GL, Zinder SH, Alvarez-Cohen L. 
2008. Temporal transcriptomic microarray analysis of “Dehalococcoides ethenogenes” 



 
 

61 

strain 195 during the transition into stationary phase. Appl. Environ. Microbiol. 74:2864-
2872. 

99. Men Y, Feil H, VerBerkmoes NC, Shah MB, Johnson DR, Lee PKH, West KA, 
Zinder SH, Andersen GL, Alvarez-Cohen L. 2012. Sustainable syntrophic growth of 
Dehalococcoides ethenogenes strain 195 with Desulfovibrio vulgaris Hildenborough and 
Methanobacterium congolense: global transcriptomic and proteomic analyses. ISME J. 
6:410-421. 

100. Maymo-Gatell X, Chien Y-T, Gossett JM, Zinder SH. 1997. Isolation of a bacterium 
that reductively dechlorinates tetrachloroethene to ethene. Science 276:1568-1571. 

101. Sung Y, Ritalahti KM, Apkarian RP, Löffler FE. 2006. Quantitative PCR confirms 
purity of strain GT, a novel trichloroethene-to-ethene-respiring Dehalococcoides isolate. 
Appl. Environ. Microbiol. 72:1980-1987. 

102. Cupples AM, Spormann AM, McCarty PL. 2003. Growth of a Dehalococcoides-like 
microorganism on vinyl chloride and cis-dichloroethene as electron acceptors as 
determined by competitive PCR. Appl. Environ. Microbiol. 69:953-959. 

103. He JZ, Ritalahti KM, Yang KL, Koenigsberg SS, Löffler FE. 2003. Detoxification of 
vinyl chloride to ethene coupled to growth of an anaerobic bacterium. Nature 424:62-65. 

104. Brisson VL, West KA, Lee PKH, Tringe SG, Brodie EL, Alvarez-Cohen L. 1 March 
2012, posting date Metagenomic analysis of a stable trichloroethene degrading microbial 
community. ISME J. doi:10.1038/ismej.2012.15. 

105. Taş N, Van Eekert MHA, De Vos WM, Smidt H. 2010. The little bacteria that can – 
diversity, genomics and ecophysiology of ‘Dehalococcoides’ spp. in contaminated 
environments. Microb. Biotechnol. 3:389-402. 

106. Hendrickson ER, Payne JA, Young RM, Starr MG, Perry MP, Fahnestock S, Ellis 
DE, Ebersole RC. 2002. Molecular analysis of Dehalococcoides 16S ribosomal DNA 
from chloroethene-contaminated sites throughout north America and Europe. Appl. 
Environ. Microbiol. 68:485-495. 

107. Richardson RE, Bhupathiraju VK, Song DL, Goulet TA, Alvarez-Cohen L. 2002. 
Phylogenetic characterization of microbial communities that reductively dechlorinate 
TCE based upon a combination of molecular techniques. Environ. Sci. Technol. 36:2652-
2662. 

108. Macbeth TW, Cummings DE, Spring S, Petzke LM, Sorenson KS. 2004. Molecular 
characterization of a dechlorinating community resulting from in situ biostimulation in a 
trichloroethene-contaminated deep, fractured basalt aquifer and comparison to a 
derivative laboratory culture. Appl. Environ. Microbiol. 70:7329-7341. 

109. Duhamel M, Edwards EA. 2006. Microbial composition of chlorinated ethene-
degrading cultures dominated by Dehalococcoides. FEMS Microbiol. Ecol. 58:538-549. 

110. Stupperich E, Eisinger HJ, Kräutler B. 1988. Diversity of corrinoids in acetogenic 
bacteria. Eur. J. Biochem. 172:459-464. 

111. Stupperich E, Kräutler B. 1988. Pseudo vitamin B12 or 5-hydroxybenzimidazolyl-
cobamide are the corrinoids found in methanogenic bacteria. Arch. Microbiol. 149:268-
271. 

112. Gray MJ, Escalante-Semerena JC. 2009. The cobinamide amidohydrolase (cobyric 
acid-forming) CbiZ enzyme: a critical activity of the cobamide remodelling system of 
Rhodobacter sphaeroides. Mol. Microbiol. 74:1198-1210. 



 
 

62 

113. Gray MJ, Escalante-Semerena JC. 2009. In vivo analysis of cobinamide salvaging in 
Rhodobacter sphaeroides strain 2.4.1. J. Bacteriol. 191:3842-3851. 

114. Borths EL, Locher KP, Lee AT, Rees DC. 2002. The structure of Escherichia coli BtuF 
and binding to its cognate ATP binding cassette transporter. Proc. Natl. Acad. Sci. U. S. 
A. 99:16642-16647. 

115. Brushaber KR, O’Toole GA, Escalante-Semerena JC. 1998. CobD, a novel enzyme 
with L-threonine-o-3-phosphate decarboxylase activity, is responsible for the synthesis of 
(R)-1-amino-2-propanol o-2-phosphate, a proposed new intermediate in cobalamin 
biosynthesis in Salmonella typhimurium LT2. J. Biol. Chem. 273:2684-2691. 

116. Gray MJ, Tavares NK, Escalante-Semerena JC. 2008. The genome of Rhodobacter 
sphaeroides strain 2.4.1 encodes functional cobinamide salvaging systems of archaeal 
and bacterial origins. Mol. Microbiol. 70:824-836. 

117. Locher KP, Lee AT, Rees DC. 2002. The E. coli BtuCD structure: a framework for 
ABC transporter architecture and mechanism. Science 296:1091-1098. 

118. Zayas CL, Claas K, Escalante-Semerena JC. 2007. The CbiB protein of Salmonella 
enterica is an integral membrane protein involved in the last step of the de novo corrin 
ring biosynthetic pathway. J. Bacteriol. 189:7697-7708. 

119. Roth JR, Lawrence JG, Rubenfield M, Kieffer-Higgins S, Church GM. 1993. 
Characterization of the cobalamin (vitamin B12) biosynthetic genes of Salmonella 
typhimurium. Journal of Bacteriology 175:3303-3316. 

120. Kolhouse JF, Allen RH. 1977. Absorption, plasma transport, and cellular retention of 
cobalamin analogues in the rabbit. Evidence for the existence of multiple mechanisms 
that prevent the absorption and tissue dissemination of naturally occurring cobalamin 
analogues. J Clin Invest 60:1381-1392. 

121. Anderson PJ, Lango J, Carkeet C, Britten A, Krautler B, Hammock BD, Roth JR. 
2008. One pathway can incorporate either adenine or dimethylbenzimidazole as an alpha-
axial ligand of B12 cofactors in Salmonella enterica. J. Bacteriol. 190:1160-1171. 

122. Watanabe F, Katsura H, Takenaka S, Fujita T, Abe K, Tamura Y, Nakatsuka T, 
Nakano Y. 1999. Pseudovitamin B12 is the predominant cobamide of an algal health 
food, spirulina tablets. J. Agric. Food. Chem. 47:4736-4741. 

123. Lawrence CC, Stubbe J. 1998. The function of adenosylcobalamin in the mechanism of 
ribonucleoside triphosphate reductase from Lactobacillus leichmannii. Curr. Opin. Chem. 
Biol. 2:650-655. 

124. van de Pas BA, Smidt H, Hagen WR, van der Oost J, Schraa G, Stams AJM, de Vos 
WM. 1999. Purification and molecular characterization of ortho-chlorophenol reductive 
dehalogenase, a key enzyme of halorespiration in Desulfitobacterium dehalogenans. J. 
Biol. Chem. 274:20287-20292. 

125. Schumacher W, Holliger C, Zehnder AJB, Hagen WR. 1997. Redox chemistry of 
cobalamin and iron-sulfur cofactors in the tetrachloroethene reductase of Dehalobacter 
restrictus. FEBS Lett. 409:421-425. 

126. Kung Y, Ando N, Doukov TI, Blasiak LC, Bender G, Seravalli J, Ragsdale SW, 
Drennan CL. 2012. Visualizing molecular juggling within a B12-dependent 
methyltransferase complex. Nature 484:265-269. 

127. Kräutler B, Fieber W, Ostermann S, Fasching M, Ongania KH, Gruber K, Kratky 
C, Mikl C. 2003. The cofactor of tetrachloroethene reductive dehalogenase of 



 
 

63 

Dehalospirillum multivorans is norpseudo-B12, a new type of a natural corrinoid. Helv. 
Chim. Acta 86:3698-3716. 

128. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local alignment 
search tool. J. Mol. Biol. 215:403-410. 

129. Tang YJ, Yi S, Zhuang WQ, Zinder SH, Keasling JD, Alvarez-Cohen L. 2009. 
Investigation of carbon metabolism in "Dehalococcoides ethenogenes" strain 195 by use 
of isotopomer and transcriptomic analyses. J. Bacteriol. 191:5224-5231. 

130. Duhamel M, Edwards EA. 2007. Growth and yields of dechlorinators, acetogens, and 
methanogens during reductive dechlorination of chlorinated ethenes and 
dihaloelimination of 1,2-dichloroethane. Environ. Sci. Technol. 41:2303-2310. 

131. Zhuang W-Q, Yi S, Feng X, Zinder SH, Tang YJ, Alvarez-Cohen L. 2011. Selective 
utilization of exogenous amino acids by Dehalococcoides ethenogenes strain 195 and its 
effects on growth and dechlorination activity. Appl. Environ. Microbiol. 77:7797-7803. 

132. Banerjee R, Ragsdale SW. 2003. The many faces of vitamin B12: Catalysis by 
cobalamin-dependent enzymes. Annu. Rev. Biochem. 72:209-247. 

133. Brown KL. 2005. Chemistry and enzymology of vitamin B12. Chem. Rev. 105:2075-
2149. 

134. Martens JH, Barg H, Warren MJ, Jahn D. 2002. Microbial production of vitamin B12. 
Appl. Microbiol. Biotechnol. 58:275-285. 

135. Ryzhkova EP. 2003. Multiple functions of corrinoids in prokaryote biology. Appl. 
Biochem. Microbiol. 39:115-139. 

136. Allen RH, Stabler SP. 2008. Identification and quantitation of cobalamin and cobalamin 
analogues in human feces. Am. J. Clin. Nutr. 87:1324-1335. 

137. Guimaraes DH, Weber A, Klaiber I, Vogler B, Renz P. 1994. Guanylcobamide and 
hypoxanthylcobamide - corrinoids formed by Desulfovibrio vulgaris. Arch. Microbiol. 
162:272-276. 

138. Renz P. 1999. Biosynthesis of the 5,6- dimethylbenzimidazole moiety of cobalamin and 
of the other bases found in natural corrinoids, p. 557-575. In Banerjee R (ed.), Chemistry 
and biochemistry of B12. John Wiley & Sons, Inc., New York. 

139. Yi S, Seth EC, Men YJ, Allen RH, Alvarez-Cohen L, Taga ME. 2012. Versatility in 
corrinoid salvaging and remodeling pathways supports the corrinoid-dependent 
metabolism of Dehalococcoides mccartyi. Appl. Environ. Microbiol. 78:7745-7752. 

140. Escalante-Semerena JC. 2007. Conversion of cobinamide into adenosylcobamide in 
Bacteria and Archaea. J. Bacteriol. 189:4555-4560. 

141. Yan J, Ritalahti KM, Wagner DD, Loffler FE. 2012. Unexpected specificity of 
interspecies cobamide transfer from Geobacter spp. to organohalide-respiring 
Dehalococcoides mccartyi strains. Appl. Environ. Microbiol. 78:6630-6636. 

142. Cupples AM, Spormann AM, McCarty PL. 2004. Comparative evaluation of 
chloroethene dechlorination to ethene by Dehalococcoides-like microorganisms. Environ. 
Sci. Technol. 38:4768-4774. 

143. Maymó-Gatell X, Chien YT, Gossett JM, Zinder SH. 1997. Isolation of a bacterium 
that reductively dechlorinates tetrachloroethene to ethene. Science 276:1568-1571. 

144. Müller JA, Rosner BM, von Abendroth G, Meshulam-Simon G, McCarty PL, 
Spormann AM. 2004. Molecular identification of the catabolic vinyl chloride reductase 
from Dehalococcoides sp strain VS and its environmental distribution. Appl. Environ. 
Microbiol. 70:4880-4888. 



 
 

64 

145. Maillard J, Schumacher W, Vazquez F, Regeard C, Hagen WR, Holliger C. 2003. 
Characterization of the corrinoid iron-sulfur protein tetrachloroethene reductive 
dehalogenase of Dehalobacter restrictus. Appl. Environ. Microbiol. 69:4628-4638. 

146. Siebert A, Neumann A, Schubert T, Diekert G. 2002. A non-dechlorinating strain of 
Dehalospirillum multivorans: evidence for a key role of the corrinoid cofactor in the 
synthesis of an active tetrachloroethene dehalogenase. Arch. Microbiol. 178:443-449. 

147. Duhamel M, Mo K, Edwards EA. 2004. Characterization of a highly enriched 
Dehalococcoides-containing culture that grows on vinyl chloride and trichloroethene. 
Appl. Environ. Microbiol. 70:5538-5545. 

148. Lesage S, Brown S, Millar K. 1996. Vitamin B12 catalyzed dechlorination of 
perchloroethylene present as residual DNAPL. Ground Water Monit. Rem. 16:76-85. 

149. Stupperich E, Eisinger HJ, Krautler B. 1988. Diversity of corrinoids in acetogenic 
Bacteria  p-cresolylcobamide from Sporomusa ovata, 5-methoxy-6-
methylbenzimidazolylcobamide from Clostridium formicoaceticum and vitamin B12 from 
Acetobacterium woodii. Eur. J. Biochem. 172:459-464. 

150. Krautler B, Kohler HPE, Stupperich E. 1988. 5'-Methylbenzimidazolyl-cobamides are 
the corrinoids from some sulfate-reducing and sulfur-metabolizing bacteria. Eur. J. 
Biochem. 176:461-469. 

151. Men YJ, Lee PKH, Harding KC, Alvarez-Cohen L. 2013. Characterization of four 
TCE-dechlorinating microbial enrichments grown with different cobalamin stress and 
methanogenic conditions. Appl. Microbiol. Biotechnol. 97:6439-6450. 

152. Yan J, Im J, Yang Y, Loffler FE. 2013. Guided cobalamin biosynthesis supports 
Dehalococcoides mccartyi reductive dechlorination activity. Philos. Trans. R. Soc., B 
368:20120320. 

153. Chanarin I, Muir M. 1982. Demonstration of vitamin B12 analogs in human-sera not 
detected by microbiological assay. Br. J. Haematol. 51:171-173. 

154. Guggisberg D, Risse MC, Hadorn R. 2012. Determination of vitamin B12 in meat 
products by RP-HPLC after enrichment and purification on an immunoaffinity column. 
Meat Sci. 90:279-283. 

155. Freeborn RA, West KA, Bhupathiraju VK, Chauhan S, Rahm BG, Richardson RE, 
Alvarez-Cohen L. 2005. Phylogenetic analysis of TCE-dechlorinating consortia enriched 
on a variety of electron donors. Environ. Sci. Technol. 39:8358-8368. 

156. Munder M, Vogt JRA, Vogler B, Renz P. 1992. Biosynthesis of Vitamin B12 in 
anaerobic bacteria: experiments with Eubacterium limosum on the incorporation of D-[1-
C13]erythrose and [C13]formate into the 5,6-dimethylbenzimidazole moiety. Eur. J. 
Biochem. 204:679-683. 

157. Brisson VL, West KA, Lee PKH, Tringe SG, Brodie EL, Alvarez-Cohen L. 2012. 
Metagenomic analysis of a stable trichloroethene-degrading microbial community. ISME 
J 6:1702-1714. 

158. Collins MD, Lawson PA, Willems A, Cordoba JJ, Fernandezgarayzabal J, Garcia P, 
Cai J, Hippe H, Farrow JAE. 1994. The Phylogeny of the Genus Clostridium - 
Proposal of 5 New Genera and 11 New Species Combinations. Int. J. Syst. Bacteriol. 
44:812-826. 

159. Dworkin M. 2006. Firmicutes, Cyanobacteria, p. 991-1001. In Dworkin M, Falkow S, 
Rosenberg E, Schleifer K-H, Stackebrandt E (ed.), The prokaryotes: A handbook on the 
biology of Bacteria, 3rd ed, vol. 4. Springer, New York. 



 
 

65 

160. Chan HC, Escalante-Semerena JC. 2011. ArsAB, a novel enzyme from Sporomusa 
ovata activates phenolic bases for adenosylcobamide biosynthesis. Mol. Microbiol. 
81:952-967. 

161. Mok KC, Taga ME. 2013. Growth inhibition of Sporomusa ovata by incorporation of 
benzimidazole bases into cobamides. J. Bacteriol. 195:1902-1911. 

162. Stupperich E, Steiner I, Eisinger HJ. 1987. Substitution of Coa-(5-
hydroxybenzimidazolyl)cobamide (factor-III) by vitamin B12 in Methanobacterium 
thermoautotrophicum. J. Bacteriol. 169:3076-3081. 

163. Whitman WB, Wolfe RS. 1984. Purification and analysis of cobamides of 
Methanobacterium bryantii by high-performance liquid chromatography. Anal. Biochem. 
137:261-265. 

164. Krautler B, Moll J, Thauer RK. 1987. The corrinoid from Methanobacterium 
thermoautotrophicum (Marburg strain) spectroscopic structure analysis and identification 
as Cob-cyano-5'-hydroxybenzimidazolyl-cobamide (Factor-III). Eur. J. Biochem. 
162:275-278. 

165. Pol A, Vanderdrift C, Vogels GD. 1982. Corrinoids from Methanosarcina barkeri : 
structure of the a-Ligand. Biochem. Biophys. Res. Commun. 108:731-737. 

166. Stupperich E, Krautler B. 1988. Pseudo vitamin B12 or 5-hydroxybenzimidazolyl 
cobamide are the corrinoids found in methanogenic bacteria. Arch. Microbiol. 149:268-
271. 

167. Kube M, Beck A, Zinder SH, Kuhl H, Reinhardt R, Adrian L. 2005. Genome 
sequence of the chlorinated compound respiring bacterium Dehalococcoides species 
strain CBDB1. Nat. Biotechnol. 23:1269-1273. 

168. McMurdie PJ, Behrens SF, Müller JA, Goke J, Ritalahti KM, Wagner R, Goltsman 
E, Lapidus A, Holmes S, Löffler FE, Spormann AM. 2009. Localized plasticity in the 
streamlined genomes of vinyl chloride respiring Dehalococcoides. PLoS Genet. 
5:e1000714. 

169. Taga ME, Larsen NA, Howard-Jones AR, Walsh CT, Walker GC. 2007. BluB 
cannibalizes flavin to form the lower ligand of vitamin B12. Nature 446:449-453. 

170. Gray MJ, Escalante-Semerena JC. 2007. Single-enzyme conversion of FMNH2 to 5,6-
dimethylbenzimidazole, the lower ligand of B12. Proc. Natl. Acad. Sci. U. S. A. 
104:2921-2926. 

171. Campbell GRO, Taga ME, Mistry K, Lloret J, Anderson PJ, Roth JR, Walker GC. 
2006. Sinorhizobium meliloti bluB is necessary for production of 5,6-
dimethylbenzimidazole, the lower ligand of B12. Proc. Natl. Acad. Sci. U. S. A. 
103:4634-4639. 

172. Lee PKH, Johnson DR, Holmes VF, He JZ, Alvarez-Cohen L. 2006. Reductive 
dehalogenase gene expression as a biomarker for physiological activity of 
Dehalococcoides spp. Appl. Environ. Microbiol. 72:6161-6168. 

173. Wolin EA, Wolin MJ, Wolfe RS. 1963. Formation of methane by bacterial extracts. J. 
Biol. Chem. 238:2882-2886. 

174. Pfennig N. 1974. Rhodopseudomonas globiformis, sp. n., a new species of 
Rhodospirillaceae. Arch. Microbiol. 100:197-206. 

175. Brysch K, Schneider C, Fuchs G, Widdel F. 1987. Lithoautotrophic growth of sulfate-
reducing bacteria, and description of Desulfobacterium autotrophicum gen. nov., sp. nov. 
Arch. Microbiol. 148:264-274. 



 
 

66 

176. Butler PA, Murtaza S, Krautler B. 2006. Partial synthesis of Co alpha Co beta-
dicyano-176-norcobinamide. Monatshefte Fur Chemie 137:1579-1589. 

177. Scott AI, Roessner CA. 2007. Recent discoveries in the pathways to cobalamin 
(coenzyme B12) achieved through chemistry and biology. Pure and Applied Chemistry 
79. 

178. Smith KM, Falk JE. 1975. Porphyrins and metalloporphyrins. Elsevier Amsterdam. 
179. Shemin D, Rittenberg D. 1946. THE BIOLOGICAL UTILIZATION OF GLYCINE 

FOR THE SYNTHESIS OF THE PROTOPORPHYRIN OF HEMOGLOBIN. Journal of 
Biological Chemistry 166:621-625. 

180. Shemin D, Rittenberg D. 1945. THE UTILIZATION OF GLYCINE FOR THE 
SYNTHESIS OF A PORPHYRIN. Journal of Biological Chemistry 159:567-568. 

181. Avissar YJ, Ormerod JG, Beale SI. 1989. Distribution of delta-aminolevulinic acid 
biosynthetic pathways among phototrophic bacterial groups. Arch Microbiol 151:513-
519. 

182. Leeper FJ. 1985. The biosynthesis of porphyrins, chlorophylls, and vitamin B12. Natural 
Product Reports 2:19-47. 

183. Matters G, Beale S. 1994. Biosynthesis of δ-aminolevulinic acid from glutamate by 
Sulfolobus solfataricus. Arch Microbiol 161:272-276. 

184. Beale SI, Castelfranco PA. 1974. The Biosynthesis of delta-Aminolevulinic Acid in 
Higher Plants: II. Formation of C-delta-Aminolevulinic Acid from Labeled Precursors in 
Greening Plant Tissues. Plant physiology 53:297-303. 

185. Beale SI. 1990. Biosynthesis of the Tetrapyrrole Pigment Precursor, delta-
Aminolevulinic Acid, from Glutamate. Plant physiology 93:1273-1279. 

186. Avissar YJ, Beale SI. 1989. Identification of the enzymatic basis for delta-
aminolevulinic acid auxotrophy in a hemA mutant of Escherichia coli. Journal of 
bacteriology 171:2919-2924. 

187. Jahn D, Verkamp E, Soll D. 1992. Glutamyl-transfer RNA: a precursor of heme and 
chlorophyll biosynthesis. Trends in biochemical sciences 17:215-218. 

188. Hansson M, Rutberg L, Schröder I, Hederstedt L. 1991. The Bacillus subtilis 
hemAXCDBL gene cluster, which encodes enzymes of the biosynthetic pathway from 
glutamate to uroporphyrinogen III. Journal of bacteriology 173:2590-2599. 

189. Rimington C. 1957. Haem pigments and porphyrins. Annual review of biochemistry 
26:561-586. 

190. Neve RA, Labbe RF, Aldrich RA. 1956. REDUCED UROPORPHYRIN III IN THE 
BIOSYNTHESIS OF HEME1. Journal of the American Chemical Society 78:691-692. 

191. Lockwood W, Benson A. 1960. The enzymic condensation of porphobilinogen to 
porphyrins. Biochemical Journal 75:372. 

192. Cookson GH, Rimington C. 1953. Porphobilinogen; chemical constitution. Nature 
171:875-876. 

193. Pfaltz A, Jaun B, Fassler A, Eschenmoser A, Jaenchen R, Gilles HH, Diekert G, 
Thauer RK. 1982. Zur Kenntnis des faktors F430 aus methanogenen bakterien: Struktur 
des porphinoiden ligandsystems. Helvetica Chimica Acta 65:828-865. 

194. Murphy MJ, Siegel LM, Tove SR, Kamin H. 1974. Siroheme: a new prosthetic group 
participating in six-electron reduction reactions catalyzed by both sulfite and nitrite 
reductases. Proceedings of the National Academy of Sciences 71:612-616. 



 
 

67 

195. Mauzerall D, Granick S. 1956. The occurrence and determination of δ-aminolevulinic 
acid and porphobilinogen in urine. Journal of Biological Chemistry 219:435-446. 

196. Lockwood W, Poulos V, Rossi E, Curnow D. 1985. Rapid procedure for fecal 
porphyrin assay. Clinical chemistry 31:1163-1167. 

197. Kanto U, Jutamanee K, Osotsapar Y, Chai-arree W, Jintanawich W, Promdang S, 
Junjerm J. 2013. QUANTIFICATION OF 5-AMINOLEVULINIC ACID IN SWINE 
MANURE EXTRACT BY HPLC-FLUORESCENCE. Journal of Liquid 
Chromatography & Related Technologies 36:2731-2748. 

198. Pappenheimer AM, Hendee ED. 1947. Diphtheria toxin IV. The iron enzymes of 
Corynebacterium diphtheriae and their possible relation to diphtheria toxin. Journal of 
Biological Chemistry 171:701-713. 

199. Lindenmayer A, Smith L. 1964. Cytochromes and other pigments of baker's yeast 
grown aerobically and anaerobically. Biochimica et Biophysica Acta (BBA)-General 
Subjects 93:445-461. 

200. DOSS M, PHILIPP-DORMSTON WK. 1971. Porphyrin and heme biosynthesis from 
endogenous and exogenous δ-aminolevulinic acid in Escherichia coli, Pseudomonas 
aeruginosa, and Achromobacter metalcaligenes. Hoppe-Seyler´ s Zeitschrift für 
physiologische Chemie 352:725-733. 

201. Doss M, Philipp-Dormston W. 1971. Excretion of porphyrins by bacteria. Experientia 
27:376-377. 

202. Kojima I, Maruhashi K, Sato H, Fujiwara Y. 1993. A highly active producer of 
coproporphyrin III and uroporphyrin III. Journal of fermentation and bioengineering 
76:527-529. 

203. Heinemann IU, Jahn M, Jahn D. 2008. The biochemistry of heme biosynthesis. 
Archives of biochemistry and biophysics 474:238-251. 

204. Markowitz VM, Chen I-MA, Palaniappan K, Chu K, Szeto E, Pillay M, Ratner A, 
Huang J, Woyke T, Huntemann M, Anderson I, Billis K, Varghese N, Mavromatis 
K, Pati A, Ivanova NN, Kyrpides NC. 2014. IMG 4 version of the integrated microbial 
genomes comparative analysis system. Nucleic Acids Research 42:D560-D567. 

205. McCutcheon JP, McDonald BR, Moran NA. 2009. Convergent evolution of metabolic 
roles in bacterial co-symbionts of insects. Proceedings of the National Academy of 
Sciences 106:15394-15399. 

206. Qi M, Nelson KE, Daugherty SC, Nelson WC, Hance IR, Morrison M, Forsberg 
CW. 2005. Novel molecular features of the fibrolytic intestinal bacterium Fibrobacter 
intestinalis not shared with Fibrobacter succinogenes as determined by suppressive 
subtractive hybridization. Journal of bacteriology 187:3739-3751. 

207. Barash JR, Arnon SS. 2004. Dual toxin-producing strain of Clostridium botulinum type 
Bf isolated from a California patient with infant botulism. Journal of clinical 
microbiology 42:1713-1715. 

208. Carter AT, Pearson BM, Crossman LC, Drou N, Heavens D, Baker D, Febrer M, 
Caccamo M, Grant KA, Peck MW. 2011. Complete genome sequence of the 
proteolytic Clostridium botulinum type A5 (B3′) strain H04402 065. Journal of 
bacteriology 193:2351-2352. 

209. Dolman CE, Murakami L. 1961. Clostridium Botulinum Type F with Recent 
Observations on Other Types. Journal of Infectious Diseases 109:107-128. 



 
 

68 

210. Edmond B, Guerra F, Blake J, Hempler S. 1977. Case of infant botulism in Texas. 
Texas medicine 73:85. 

211. Eklund M, Poysky F, Wieler D. 1967. Characteristics of Clostridium botulinum type F 
isolated from the Pacific Coast of the United States. Applied microbiology 15:1316-
1323. 

212. Horowitz BZ. 2011. The ripe olive scare and hotel Loch Maree tragedy: Botulism under 
glass in the 1920's. Clinical Toxicology 49:345-347. 

213. Lamanna C, Glassman HN. 1947. The isolation of type B botulinum toxin. Journal of 
bacteriology 54:575. 

214. Sebaihia M, Peck MW, Minton NP, Thomson NR, Holden MT, Mitchell WJ, Carter 
AT, Bentley SD, Mason DR, Crossman L. 2007. Genome sequence of a proteolytic 
(Group I) Clostridium botulinum strain Hall A and comparative analysis of the clostridial 
genomes. Genome research 17:1082-1092. 

215. Smith TJ, Hill KK, Foley BT, Detter JC, Munk AC, Bruce DC, Doggett NA, Smith 
LA, Marks JD, Xie G. 2007. Analysis of the neurotoxin complex genes in Clostridium 
botulinum A1-A4 and B1 strains: BoNT/A3,/Ba4 and/B1 clusters are located within 
plasmids. PloS one 2:e1271. 

216. Takahashi M, Shimizu T, Ooi K, Noda H, Nasu T, Sakaguchi G. 1988. Quantification 
of Clostridium botulinum type A toxin and organisms in the feces of a case of infant 
botulism and examination of other related specimens. Japanese journal of medical science 
& biology 41:21-26. 

217. KIMURA R, LIAO TH. 1953. A new thiamine decomposing anaerobic bacterium, 
Clostridium thiaminolyticum Kimura et Liao. Proceedings of the Japan Academy 29:132-
133. 

218. Shull G, Peterson W. 1948. The nature of the sporogenes vitamin and other factors in 
the nutrition of Clostridium sporogenes. Archives of biochemistry 18:69-83. 

219. Townsend C, ESTY J, Baselt F. 1938. HEAT‐RESISTANCE STUDIES ON SPORES 
OF PUTREFACTIVE ANAEROBES IN RELATION TO DETERMINATION OF 
SAFE PROCESSES FOR CANNED FOODS. Journal of Food Science 3:323-346. 

220. Morris G, Winter J, Cato E, Ritchie A, Bokkenheuser V. 1985. Clostridium scindens 
sp. nov., a human intestinal bacterium with desmolytic activity on corticoids. 
International journal of systematic bacteriology 35:478-481. 

221. Meehan CJ, Beiko RG. 2013. A phylogenomic view of ecological specialization in the 
Lachnospiraceae, a family of digestive tract-associated bacteria 2167-9843. PeerJ 
PrePrints. 

222. Moore LV, Moore W. 1994. Oribaculum catoniae gen. nov., sp. nov.; Catonella morbi 
gen. nov., sp. nov.; Hallella seregens gen. nov., sp. nov.; Johnsonella ignava gen. nov., 
sp. nov.; and Dialister pneumosintes gen. nov., comb. nov., nom. rev., Anaerobic Gram-
Negative Bacilli from the Human Gingival Crevice. International journal of systematic 
bacteriology 44:187-192. 

223. He M, Sebaihia M, Lawley TD, Stabler RA, Dawson LF, Martin MJ, Holt KE, Seth-
Smith HMB, Quail MA, Rance R, Brooks K, Churcher C, Harris D, Bentley SD, 
Burrows C, Clark L, Corton C, Murray V, Rose G, Thurston S, van Tonder A, 
Walker D, Wren BW, Dougan G, Parkhill J. 2010. Evolutionary dynamics of 
Clostridium difficile over short and long time scales. Proceedings of the National 
Academy of Sciences 107:7527-7532. 



 
 

69 

224. Sebaihia M, Wren BW, Mullany P, Fairweather NF, Minton N, Stabler R, Thomson 
NR, Roberts AP, Cerdeño-Tárraga AM, Wang H. 2006. The multidrug-resistant 
human pathogen Clostridium difficile has a highly mobile, mosaic genome. Nature 
genetics 38:779-786. 

225. Stabler RA, He M, Dawson L, Martin M, Valiente E, Corton C, Lawley TD, 
Sebaihia M, Quail MA, Rose G. 2009. Comparative genome and phenotypic analysis of 
Clostridium difficile 027 strains provides insight into the evolution of a hypervirulent 
bacterium. Genome Biol 10:R102. 

226. Downes J, Wade WG. 2006. Peptostreptococcus stomatis sp. nov., isolated from the 
human oral cavity. International journal of systematic and evolutionary microbiology 
56:751-754. 

227. Jumas-Bilak E, Carlier J-P, Jean-Pierre H, Citron D, Bernard K, Damay A, Gay B, 
Teyssier C, Campos J, Marchandin H. 2007. Jonquetella anthropi gen. nov., sp. nov., 
the first member of the candidate phylum ‘Synergistetes’ isolated from man. International 
journal of systematic and evolutionary microbiology 57:2743-2748. 

228. Graber JR, Leadbetter JR, Breznak JA. 2004. Description of Treponema 
azotonutricium sp. nov. and Treponema primitia sp. nov., the first spirochetes isolated 
from termite guts. Applied and environmental microbiology 70:1315-1320. 

229. Cheeseman SL, Hiom SJ, Weightman AJ, Wade WG. 1996. Phylogeny of oral 
asaccharolytic Eubacterium species determined by 16S ribosomal DNA sequence 
comparison and proposal of Eubacterium infirmum sp. nov. and Eubacterium tardum sp. 
nov. International journal of systematic bacteriology 46:957-959. 

230. MOORE WC, Johnson J, Holdeman L. 1976. Emendation of Bacteroidaceae and 
Butyrivibrio and descriptions of Desulfomonas gen. nov. and ten new species in the 
genera Desulfomonas, Butyrivibrio, Eubacterium, Clostridium, and Ruminococcus. 
International Journal of Systematic Bacteriology 26:238-252. 

231. HOLDEMAN LV, Moore W. 1974. New genus, Coprococcus, twelve new species, and 
emended descriptions of four previously described species of bacteria from human feces. 
International Journal of Systematic Bacteriology 24:260-277. 

232. Mahowald MA, Rey FE, Seedorf H, Turnbaugh PJ, Fulton RS, Wollam A, Shah N, 
Wang C, Magrini V, Wilson RK. 2009. Characterizing a model human gut microbiota 
composed of members of its two dominant bacterial phyla. Proceedings of the National 
Academy of Sciences 106:5859-5864. 

233. Warren YA, Tyrrell KL, Citron DM, Goldstein EJC. 2006. Clostridium aldenense sp. 
nov. and Clostridium citroniae sp. nov. Isolated from Human Clinical Infections. Journal 
of Clinical Microbiology 44:2416-2422. 

234. Finegold SM, Song Y, Liu C, Hecht DW, Summanen P, Könönen E, Allen SD. 2005. 
Clostridium clostridioforme: a mixture of three clinically important species. Eur J Clin 
Microbiol Infect Dis 24:319-324. 

235. Kazimierczak KA, Rincon MT, Patterson AJ, Martin JC, Young P, Flint HJ, Scott 
KP. 2008. A new tetracycline efflux gene, tet (40), is located in tandem with tet (O/32/O) 
in a human gut firmicute bacterium and in metagenomic library clones. Antimicrobial 
agents and chemotherapy 52:4001-4009. 

236. Consortium HMJRS. 2010. A catalog of reference genomes from the human 
microbiome. Science 328:994-999. 



 
 

70 

237. KANEUCHI C, WATANABE K, TERADA A, BENNO Y, MITSUOKA T. 1976. 
Taxonomic Study of Bacteroides clostridiiformis subsp. clostridiiformis (Burri and 
Ankersmit) Holdeman and Moore and of Related Organisms: Proposal of Clostridium 
clostridiiformis (Burri and Ankersmit) comb. nov. and Clostridium symbiosum (Stevens) 
comb. nov. International Journal of Systematic Bacteriology 26:195-204. 

238. Vital M, Gao J, Rizzo M, Harrison T, Tiedje JM. 2014. Diet is a major factor 
governing the fecal butyrate-producing community structure across Mammalia, Aves and 
Reptilia. The ISME journal. 

239. Aguirre M, Collins MD. 1992. Phylogenetic analysis of some Aerococcus-like 
organisms from urinary tract infections: description of Aerococcus urinae sp. nov. 
Journal of general microbiology 138:401-405. 

240. Robrish SA, Oliver C, Thompson J. 1991. Sugar metabolism by fusobacteria: 
regulation of transport, phosphorylation, and polymer formation by Fusobacterium 
mortiferum ATCC 25557. Infection and immunity 59:4547-4554. 

241. Kosoy M, Morway C, Sheff KW, Bai Y, Colborn J, Chalcraft L, Dowell SF, Peruski 
LF, Maloney SA, Baggett H. 2008. Bartonella tamiae sp. nov., a newly recognized 
pathogen isolated from three human patients from Thailand. Journal of clinical 
microbiology 46:772-775. 

242. Miller MEB, Antonopoulos DA, Rincon MT, Band M, Bari A, Akraiko T, 
Hernandez A, Thimmapuram J, Henrissat B, Coutinho PM. 2009. Diversity and 
strain specificity of plant cell wall degrading enzymes revealed by the draft genome of 
Ruminococcus flavefaciens FD-1. PLoS One 4:e6650. 

243. Marchandin H, Jumas-Bilak E, Gay B, Teyssier C, Jean-Pierre H, de Buochberg 
MS, Carrière C, Carlier J-P. 2003. Phylogenetic analysis of some Sporomusa sub-
branch members isolated from human clinical specimens: description of Megasphaera 
micronuciformis sp. nov. International journal of systematic and evolutionary 
microbiology 53:547-553. 

244. Nagai F, Watanabe Y, Morotomi M. 2010. Slackia piriformis sp. nov. and Collinsella 
tanakaei sp. nov., new members of the family Coriobacteriaceae, isolated from human 
faeces. International journal of systematic and evolutionary microbiology 60:2639-2646. 

245. Evans NJ, Brown JM, Demirkan I, Murray RD, Birtles RJ, Hart CA, Carter SD. 
2009. Treponema pedis sp. nov., a spirochaete isolated from bovine digital dermatitis 
lesions. International journal of systematic and evolutionary microbiology 59:987-991. 

246. Seshadri R, Myers GS, Tettelin H, Eisen JA, Heidelberg JF, Dodson RJ, Davidsen 
TM, DeBoy RT, Fouts DE, Haft DH. 2004. Comparison of the genome of the oral 
pathogen Treponema denticola with other spirochete genomes. Proceedings of the 
National Academy of Sciences of the United States of America 101:5646-5651. 

247. Wu Y-W, Doak TG, Ye Y. 2013. The gain and loss of chromosomal integron systems in 
the Treponema species. BMC evolutionary biology 13:16. 

248. Hill K, Smith T, Helma C, Ticknor L, Foley B, Svensson R, Brown J, Johnson E, 
Smith L, Okinaka R. 2007. Genetic diversity among botulinum neurotoxin-producing 
clostridial strains. Journal of bacteriology 189:818-832. 

249. Lawrence JG, Roth JR. 1996. Evolution of coenzyme B12 synthesis among enteric 
bacteria: evidence for loss and reacquisition of a multigene complex. Genetics 142:11-24. 

250. Gray MJ, Escalante‐Semerena JC. 2010. A new pathway for the synthesis of α‐
ribazole‐phosphate in Listeria innocua. Molecular microbiology 77:1429-1438. 



 
 

71 

251. Graber JR, Breznak JA. 2004. Physiology and nutrition of Treponema primitia, an 
H2/CO2-acetogenic spirochete from termite hindguts. Appl Environ Microbiol 70:1307-
1314. 

252. Hoffman M, Góra M, Rytka J. 2003. Identification of rate-limiting steps in yeast heme 
biosynthesis. Biochemical and biophysical research communications 310:1247-1253. 

253. Verkamp E, Backman VM, Björnsson JM, Söll D, Eggertsson G. 1993. The 
periplasmic dipeptide permease system transports 5-aminolevulinic acid in Escherichia 
coli. Journal of bacteriology 175:1452-1456. 

254. Buffie CG, Bucci V, Stein RR, McKenney PT, Ling L, Gobourne A, No D, Liu H, 
Kinnebrew M, Viale A. 2014. Precision microbiome reconstitution restores bile acid 
mediated resistance to Clostridium difficile. Nature. 

255. Fotinos N, Convert M, Piffaretti J-C, Gurny R, Lange N. 2008. Effects on gram-
negative and gram-positive bacteria mediated by 5-aminolevulinic acid and 5-
aminolevulinic acid derivatives. Antimicrobial agents and chemotherapy 52:1366-1373. 

256. Harris F, Pierpoint L. 2012. Photodynamic therapy based on 5‐aminolevulinic acid and 
its use as an antimicrobial Agent. Medicinal research reviews 32:1292-1327. 

257. Biel AJ. 1992. Oxygen-regulated steps in the Rhodobacter capsulatus tetrapyrrole 
biosynthetic pathway. Journal of Bacteriology 174:5272-5274. 

258. Tien W, White DC. 1968. Linear sequential arrangement of genes for the biosynthetic 
pathway of protoheme in Staphylococcus aureus. Proceedings of the National Academy 
of Sciences of the United States of America 61:1392. 

259. Dobriner K. 1937. Porphyrin excretion in the feces in normal and pathological 
conditions. Journal of Biological Chemistry 120:115-127. 

260. Watson CJ, Schwartz S, Hawkinson V. 1945. STUDIES OF THE UROPORPHYRINS 
II. FURTHER STUDIES OF THE PORPHYRINS OF THE URINE, FECES, BILE, 
AND LIVER IN CASES OF PORPHYRIA, WITH PARTICULAR REFERENCE TO A 
WALDENSTRÖM TYPE PORPHYRIN BEHAVING AS AN ENTITY ON THE 
TSWETT COLUMN. Journal of Biological Chemistry 157:345-362. 

261. Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, Brown CT, Porras-
Alfaro A, Kuske CR, Tiedje JM. 2014. Ribosomal Database Project: data and tools for 
high throughput rRNA analysis. Nucleic Acids Research 42:D633-D642. 

262. Dereeper A, Guignon V, Blanc G, Audic S, Buffet S, Chevenet F, Dufayard J-F, 
Guindon S, Lefort V, Lescot M, Claverie J-M, Gascuel O. 2008. Phylogeny.fr: robust 
phylogenetic analysis for the non-specialist. Nucleic Acids Research 36:W465-W469. 

 




