@°PLOS | PATHOGENS

t.)

Check for
updates

G OPEN ACCESS

Citation: Rowley CA, Kendall MM (2019) To B4, or
not to By, Five questions on the role of cobalamin
in host-microbial interactions. PLoS Pathog 15(1):
€1007479. https://doi.org/10.1371/journal.
ppat.1007479

Editor: John M. Leong, Tufts University School of
Medicine, UNITED STATES

Published: January 3, 2019

Copyright: © 2019 Rowley, Kendall. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Funding: Work in the Kendall lab is supported by
the National Institutes of Health (NIH) grants
RO1AI118732 and R21AI130439. CAR received
additional support from the NIH training grant
5T32A1007046. The funders had no role in study
design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

PEARLS
To B4, or not to B,: Five questions on the role
of cobalamin in host-microbial interactions

Carol A. Rowley, Melissa M. Kendall® *

Department of Microbiology, Immunology, and Cancer Biology, University of Virginia School of Medicine,
Charlottesville, Virginia, United States of America

* melissakendall @virginia.edu

Introduction

Vitamins are organic compounds that are essential to the health of an organism. Humans
cannot synthesize vitamins but obtain vitamins through dietary intake. Cobalamin, or
vitamin By, refers to a group of corrinoid molecules that contains a corrin ring with a
central cobalt molecule [1]. Cobalamin is a cofactor for the highly conserved enzymes
methionine synthase (MetH) and methylmalonyl-CoA mutase (MCM), which function in
amino acid synthesis and fatty- and amino acid breakdown, respectively, in both bacteria
and mammals [1]; therefore, cobalamin plays a key role in homeostatic functions. Indeed,
in humans, cobalamin deficiency can lead to decreased activity of MetH and MCM and
result in megaloblastic anemia in addition to severe neurological symptoms. Besides its
role as a cofactor for MetH and MCM, cobalamin is also used by many bacteria as a cofac-
tor for additional processes, including metabolism and gene regulation. Cobalamin
impacts host-microbe interactions by altering host and bacterial physiology at intestinal
and extraintestinal sites. We discuss the current understanding of cobalamin in host-
microbiota-pathogen interactions, highlighting recent investigations that deepen our
appreciation of this molecule.

How do mammals acquire cobalamin?

Only a limited number of bacteria and archaea generate cobalamin de novo [1]. Moreover,
plants and fungi do not require cobalamin; therefore, humans obtain cobalamin through con-
sumption of animal products. During digestion, cobalamin is absorbed in the ileum. Although
some colonic bacteria produce cobalamin, humans are not able to uptake cobalamin produced
at this location, and thus, the small intestine is the sole site of absorption. The mammalian pro-
tein intrinsic factor (IF) is essential to bind and absorb cobalamin. IF is produced in the stom-
ach and binds cobalamin in the small intestine, in which IF-bound cobalamin is subsequently
absorbed into circulation [2] (Fig 1).

Mammalian herbivores—including rabbits, mice, rats, and nonhuman primates—practice
coprophagy, or eating of feces, to obtain cobalamin because these organisms do not obtain suf-
ficient cobalamin from vegetarian dietary sources. Notably, animal products from ruminants,
such as cattle, are excellent dietary sources of cobalamin for humans despite being noncopro-
phagic herbivores. Ruminants are heavily colonized with cobalamin-producing microbes in
the rumen, a specialized organ that allows fermentation of ingested feed, and this cobalamin is
later absorbed in the small intestine [3]. Therefore, unlike most mammals, cattle are able to
use the cobalamin produced by bacteria that colonize their own gastrointestinal tract without
the practice of coprophagy.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007479  January 3, 2019 1/6


http://orcid.org/0000-0002-7334-5347
https://doi.org/10.1371/journal.ppat.1007479
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007479&domain=pdf&date_stamp=2019-01-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007479&domain=pdf&date_stamp=2019-01-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007479&domain=pdf&date_stamp=2019-01-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007479&domain=pdf&date_stamp=2019-01-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007479&domain=pdf&date_stamp=2019-01-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007479&domain=pdf&date_stamp=2019-01-03
https://doi.org/10.1371/journal.ppat.1007479
https://doi.org/10.1371/journal.ppat.1007479
http://creativecommons.org/licenses/by/4.0/

@°PLOS | PATHOGENS

e cobalamin
;IF
@ microbiota

Small intestine

Fig 1. Cobalamin in the healthy human intestinal tract. Ingested food containing cobalamin enters the stomach. IF is produced in the stomach and binds
cobalamin in the small intestine. There, cobalamin-IF complexes are absorbed by host enterocytes in the terminal ileum (indicated by outward arrows in small
intestine). In the colon, the microbiota take up unabsorbed cobalamin. Additionally, some members of the microbiota produce cobalamin, which can also be taken
up by other microbiota members. Cobalamin that remains unabsorbed by the host and not taken up by the microbiota is excreted in stool (outward arrow in colon).

IF, intrinsic factor.

https://doi.org/10.1371/journal.ppat.1007479.g001

Do humans compete with bacteria for cobalamin?

The ileum harbors a low level of bacteria compared to the colon, and an abnormal expansion
of small intestinal bacteria may result in direct host-bacterial competition for cobalamin.
Small intestinal bacterial overgrowth (SIBO) is a condition in which the typically low level of
10° bacteria/mL in the small intestine increases to 10° to 10° bacteria/mL, causing chronic
diarrhea and malabsorption [4]. Cobalamin deficiency is a common complication of SIBO,
potentially resulting from poor nutrient absorption due to diarrhea or by competition for
avaijlable cobalamin between host IF and resident bacteria. In support of the latter idea, during
in vitro growth, members of the genus Bacteroides that are common intestinal bacteria out-
compete IF for binding to cobalamin [5], suggesting that bacteria interfere with absorption in
vivo. Moreover, broad-spectrum tetracycline antibiotic therapy resolves cobalamin deficiency
in human subjects [6]. These studies offer proof-of-principle evidence that host-bacterial com-
petition for cobalamin impacts human health.

What is the interplay among intestinal bacteria for cobalamin?

In the colon, cobalamin availability is determined by two sources—host dietary intake
(approximately 50% is not absorbed by the host) [2] and cobalamin generated by select colonic
bacteria. Only 25% of bacteria in the gastrointestinal (GI) tract synthesize cobalamin, whereas
80% of bacteria encode cobalamin-dependent enzymes [7]. Therefore, bacteria rely heavily on
cobalamin-uptake mechanisms to acquire sufficient levels from the surrounding environment.
For example, genome sequencing revealed that 41% of intestinal bacterial strains encode at
least three cobalamin-uptake transporters, with some strains encoding up to 17 transporters
[7]. To date, over 27 corrinoid transporters have been identified. The importance of encoding
multiple transporters is not clear. The transporters were proposed to function redundantly;
however, Degnan and colleagues recently reported that B. thetaiotaomicron expresses three
transporters that uptake distinct corrinoids [7]. Even so, not all are required for colonization
because a colonization defect was measured only upon deletion of one of these transporters.
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The decrease in B. thetaiotaomicron levels in the gut only occurred in the absence of bacteria
from the phyla Firmicutes and Actinobacteria [8], which include cobalamin producers, sug-
gesting that cobalamin-generating bacteria support growth of other bacteria in the commu-
nity. It is reasonable to speculate that interbacterial competition for cobalamin also occurs and
influences the composition of the microbiota, though no evidence of this phenomenon has
been shown directly.

Does cobalamin contribute to bacterial pathogenesis?

Although growth within a host is a requisite for pathogenesis, cobalamin influences the ability of
a pathogen to infect a host and cause disease, independent of its role as a cofactor for MetH and
MCM. For example, many bacteria encode the eut operon that enables growth on ethanolamine
(EA), a ubiquitous metabolite in the human body. EA metabolism influences pathogen growth
and/or virulence in the intestinal tract (Salmonella, Clostridium, Enterococcus), at sites of extra-
intestinal dissemination (Salmonella and Listeria), and in the urinary tract (uropathogenic
Escherichia coli) [9-17] (Fig 2). In these organisms, the EA ammonia lyase EutBC catalyzes the
first step in the breakdown of EA and requires the cobalamin derivative adenosylcobalamin
(AdoCbl) for activity. AdoCbl is not a true cofactor because this molecule undergoes irreversible
Co-C bond cleavage during EA catabolism, and each round requires a new or readenoslyated
AdoCbl molecule for enzyme activity. Moreover, besides encoding metabolic genes, the eut
operons of the Firmicutes and Enterobacteriaceae also carry distinct regulatory elements that
require cobalamin to drive eut expression. In the Firmicutes, EA is the signal that initiates phos-
phorylation of the sensor kinase EutW. This phosphate is then transferred to the noncanonical
response regulator EutV (noncanonical because EutV functions post-transcription initiation by
binding RNA and preventing formation of transcription-termination structures as opposed to
binding DNA). In the absence of cobalamin, the eut-encoded small RNA (sRNA) EutX/Rli55
sequesters EutV, thereby inhibiting EutV antitermination activity. The SRNA contains an
AdoCbl-binding domain. AdoCbl binding causes a structural change in EutX/RIi55 that results
in transcription termination and production of a truncated SRNA that cannot sequester EutV
[10, 18]. In the Enterobacteriaceae, eut expression requires the transcription factor EutR.
Although EutR binds the eut promoter in the absence of EA and AdoCbl, both molecules are
required for transcription initiation [14, 19]. In enterohemorrhagic E. coli O157:H7 (EHEC)
and Salmonella, EutR regulates expression of virulence factors required for host infection and
dissemination [11, 13, 14], and, similar to EutR regulation of eut expression, transcriptional acti-
vation requires EA and AdoCbl. In an analogous manner, cobalamin is required for enzymatic
activity of propanediol dehydratase, which breaks down 1,2-propanediol, a metabolite that
enhances Salmonella growth [20]. Additionally, cobalamin-dependent degradation of 1,2-propa-
nediol releases breakdown product propionate, which promotes Citrobacter rodentium virulence
during infection of the mammalian gastrointestinal tract [21] (C. rodentium is a murine patho-
gen frequently used to model EHEC and enteropathogenic E. coli infections).

Furthermore, cobalamin has been correlated with influencing gene expression and host sur-
vival of Propionibacterium acnes and Mycobacterium tuberculosis, respectively. For example, in
P. acnes, cobalamin supplementation results in decreased expression of genes encoding cobala-
min synthesis and increased production of porphyrins [22], which has been linked to inflam-
mation in acne. Additionally, the obligate pathogen M. tb infects the human lung. Cobalamin
transport and synthesis impact host survival and M. tb growth, respectively, although none of
the three cobalamin-dependent M. tb enzymes are required for growth in vivo or in vitro [23].
Further study is required to elucidate the specific pathways involved in cobalamin-mediated
pathogenesis during P. acnes and M. tb infection.
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Fig 2. Cobalamin influences pathogenesis at distinct body sites. Each box shows the pathogens demonstrated to rely on cobalamin-dependent processes to grow and/or
regulate virulence during infection. (A) Enterococcus faecalis, Salmonella serovar Typhimurium, and Clostridium difficile are shown in the colon. The localization of each
strain in the figure is not representative of specific colonic sites of colonization. (B) Mycobacterium tuberculosis infection of the lung. (C) Propionibacterium acnes
colonization of the skin, resulting in an acne pustule on the nose. (D) Listeria monocytogenes and S. Typhimurium bloodstream infection. Bacteria surviving in
macrophages are disseminated to the liver and spleen. (E) An increased number of microbiota members in the small intestine can lead to bacteria cobalamin consumption
and competition between IF and bacteria for binding to cobalamin. (F) Uropathogenic Escherichia coli colonization of the bladder. IF, intrinsic factor.

https://doi.org/10.1371/journal.ppat.1007479.9002

Does cobalamin play a role in host defense against infection?

It is clear that cobalamin impacts the ability of a pathogen to establish infection and influ-
ence disease progression; however, the contribution of cobalamin to the host’s ability to
defend against infection is less understood. Recently, Mottram and colleagues reported that
IF mediates a protective effect against Salmonella and C. rodentium infection. In this study,
mice with a genetic deletion in IF production displayed worsened pathology compared to
wild-type mice and increased mortality during Salmonella and C. rodentium infection [24].
These data suggest that cobalamin absorption in a host promotes proper defense against
pathogenic challenge. To better understand why IF-deplete mice exhibit profound suscepti-
bility to enteric infection, Mottram and colleagues performed analysis of immune cell popu-
lations in IF-deplete mice prior to infection. These studies demonstrated slightly elevated
percentages of CD4+ and CD8+ T cells in IF-deplete mice compared to wild-type mice, sug-
gesting distinct immune responses in these animals without clarifying what caused the mor-
tality differences. Further studies are necessary to identify potential immune changes
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during enteric infection in mice lacking cobalamin and to improve understanding of the
role of cobalamin in immune function.

Conclusion

Recent studies have built on our understanding of the critical role of cobalamin as an enzy-
matic cofactor to include newly identified roles in gene expression, pathogenesis, and immune
function. Elucidating the vast influence of cobalamin in host-microbiota-pathogen interac-
tions will expand our understanding of host-microbial homeostasis and lead to creative new
opportunities to disrupt pathogenesis.
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