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Abstract
Micronutrients cannot be synthesized by humans and are obtained from three different sources: diet, gut
microbiota, and oral supplements. The microbiota generates significant quantities of micronutrients, but the
contribution of these compounds to total uptake is unclear. The role of bacteria in the synthesis and uptake of
micronutrients and supplements is widely unexplored and may have important implications for human health. The
efficacy and safety of several micronutrient supplements, including folic acid, have been questioned due to some
evidence of adverse effects on health. The use of the simplified animal-microbe model, Caenorhabditis elegans, and
its bacterial food source, Escherichia coli, provides a controllable system to explore the underlying mechanisms by
which bacterial metabolism impacts host micronutrient status. These studies have revealed mechanisms by which
bacteria may increase the bioavailability of folic acid, B12, and iron. These routes of uptake interact with bacterial
metabolism, with the potential to increase bacterial pathogenesis, and thus may be both beneficial and detrimental
to host health.
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Background
Dietary, bacterial, and supplemental micronutrients

An array of essential vitamins and minerals, collectively
known as micronutrients, is required to drive fundamental biosynthetic cellular reactions. As humans like all animals are unable to synthesize micronutrients, they are
acquired from different sources and absorbed along the
gastrointestinal (GI) tract; the small intestine primarily
absorbs exogenous micronutrients provided by the diet,
whereas the large intestine, where density and diversity
of the gut microbiota is highest, absorbs endogenous
bacterially-derived micronutrients. Several micronutrients are synthesized de novo by the microbiota, notably
B-vitamins and vitamin K [1]. The pool of folate
(vitamin B9) in the human colon has been described as
in excess of dietary intakes [2, 3], and studies have demonstrated that folates can be absorbed across the human
colon and assimilated into host tissues [4–6]. The
relative contribution of the microbiota to folate status is
unclear.
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The relationship between diet, microbiota, and host
health is complex. With respect to folate, diet plays both
a direct and indirect role on host micronutrient status;
for example, a diet rich in fiber has been shown to increase colonic folate levels, presumably by increasing the
abundance of folate synthesizing obligate anaerobic bacteria in the colon [7]. Recent metagenomic studies have
probed the B-vitamin biosynthetic capacity of the human
gut microbiota and are consistent with a model in which
micronutrients are exchanged between microbial producers and non-producers in synthesis and salvage
pathways [8, 9]. This exchange is predicted to play an
important role in the stabilization of the microbial community and the maintenance of host-microbe homeostasis. Given the emerging importance of microbiota
composition and stability on human health, combined
with the impact of diet on bacterial metabolism, it is surprising that the interaction of the third absorbable
source of micronutrients, oral supplements, with bacterial metabolism has not been considered.
Inadequate acquisition of just one micronutrient can
cause a systemic deficiency. Micronutrient deficiency is
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estimated to affect two billion people worldwide. Folate
deficiency disproportionately affects women and children, due to an increased demand for folate during developmental processes. Folic acid supplements are
administered to prevent or ameliorate the symptoms of
disorders associated with folate deficiency, notably congenital birth defects such as neural tube defects (NTDs)
[10, 11]. Over 60 countries have adopted folic acid fortification programs with the aim of a blanket increase in
folate status across the population [12]. While these programs have been successful in decreasing the incidence
of births with neural tube defects [13–15], folic acid fortification remains controversial due to associated adverse
health outcomes including zinc deficiency caused by impaired absorption in the intestine [16], neurological
damage due to masking of the signs of B12 deficiency
[17], and an increased risk of colorectal cancer [18].
Studies in rodents have indicated that oversupplementation of folic acid disrupts embryonic
development [19, 20]. The safety of folic acid supplementation is still debated, with independent metaanalyses reaching different conclusions [21–23], and the
mechanism of action remains unresolved.
It has been hypothesized that supplementation may
have a negative effect on health in susceptible individuals or those with an existing high micronutrient
status, but it is not clear whether this can be attributed to folic acid itself or resulting high levels of
serum folate. A third possibility is the impact of folic
acid on microbial metabolism. It is surprising how
little is known about how folic acid and how other
micronutrient supplements influence bacterial metabolism in the microbiota [24]. Other micronutrient
supplements also have reported negative health consequences. For example, iron supplementation is
associated with increased risk of colorectal cancer
and other intestinal disorders [25]. Interestingly,
studies in rodent models of colitis [26, 27], patients
with intestinal bowel disease (IBD) [28], and infants
[29] have revealed an increased abundance of
inflammatory-associated bacterial species and increased markers of inflammation in the intestine following iron supplementation.
A better understanding of the contribution of the
microbiota to micronutrient status and its interaction
with dietary and supplemental sources is vital but
problematic in humans due to the inter-individual
variation and complexity of the microbiota, the difficulty in measuring trace amounts of specific micronutrients, and in distinguishing between micronutrients
derived from diet, gut microbiota, and supplements.
Establishing relevant animal models is important in
order to separate the effects of different micronutrient
sources on host health, to understand their
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interactions, and to examine the safety of supplementation in different backgrounds.
C. elegans relies on E. coli metabolism for its micronutrient
supply

Significant advances in our understanding have been
made using the simplified host-microbe model of the
nematode, Caenorhabditis elegans, and its nonpathogenic bacterial food-source, Escherichia coli, a
bacterium which is found in the human gut microbiota. During development and in young adult
worms, the host-microbe relationship is primarily
nutritional; E. coli cells are ingested and masticated
in a specialized organ called the pharynx and passed
into the intestinal lumen, where macro- and micronutrients from E. coli are absorbed across the epithelium and into the pseudocoelom (body cavity) [30].
With aging comes a breakdown of the function of
the pharynx and intestinal immunity, allowing E. coli
cells to colonize the intestine, shifting the hostmicrobe relationship [31]. Maintenance of worms on
axenic media or with metabolically inactive E. coli
slows C. elegans development and adversely affects
reproductive fitness, indicating a requirement for
components generated by live bacterial metabolism
for optimal fitness [32, 33]. While E. coli does not
constitute a conventional microbiota, the intimate
association of C. elegans with bacterial metabolites
throughout its lifespan provides a useful and relevant
model to examine the impact of bacterial metabolism on host health [34, 35].
In the experimental system normally used for C.
elegans, E. coli growth is supported by a rich
peptone-based growth medium, containing a mixture of peptides, fatty acids, simple carbohydrates,
salts, and also trace micronutrients [36]. While E.
coli is able to synthesize some micronutrients de
novo, such as folate, it relies on the uptake of
others from the growth medium, including vitamin
B12. E. coli is unable to take up intact folate, but it
can scavenge folate breakdown products from the
growth media via a specialized transporter [37]. In
our laboratory, we have replaced peptone with a
chemically defined medium. Combined with the
ability to genetically manipulate both organisms, we
have a highly controllable model where we can
examine how dietary (from the growth media), bacterial, and supplementary micronutrients interact to
impact host health (Fig. 1) [35]. Studies using C.
elegans have provided novel insights into how bacterial folate synthesis can be both beneficial and
detrimental on host health depending on developmental stage and how bacteria act as conduits for
folic acid, B12, and iron uptake. This review will
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Fig. 1 C. elegans-E. coli as a host-microbe model to study the impact of dietary and bacterial micronutrients on host health. C. elegans acquires
micronutrients primarily through the ingestion of E. coli but can also uptake dietary micronutrients directly from the growth media. Like all
bacteria, E. coli synthesizes some micronutrients de novo and uptakes other micronutrients, or their precursors, from its environment. Little is
known about how bacteria interact with dietary micronutrients in the provision of micronutrients to the host. In this model system, the supply of
micronutrients to C. elegans can be controlled: genetic and pharmacological methods can be used to target specific pathways in both E. coli and
C. elegans and the growth media can be chemically defined

examine these studies and discuss the implications
of these findings for human health.

Main text
Bacterial folate is essential for C. elegans development
and reproduction

Folates are a family of interconvertible water-soluble
molecules based on tetrahydrofolate (THF) (Fig. 2) and
are used as enzymatic cofactors in a series of reactions
known as one-carbon metabolism [38]. Otherwise referred to as the folate cycle, these reactions maintain the
pools of several fundamental cellular building blocks,
including purines, thymidylate, formylated methionyltRNA, methionine, glycine, and serine. Along with an estimated 80% of bacterial species in the human gut
microbiome [8, 9], E. coli synthesizes THF de novo from
the starting materials of para-aminobenzoic acid (PABA)
and GTP (Fig. 3). C. elegans uptake THFs from the intestine via a reduced folate carrier (RFC), FOLT-1, which
shares 40% sequence identity with human RFC [39].
Functional tests with the C. elegans folt-1 loss-offunction allele, folt-1(ok1560), reported a massive reduction in fertility caused by defects in spermatogenesis and

oogenesis and an associated decrease in the numbers of
germline nuclei, in line with the role of one-carbon metabolism in growth and development [40]. folt-1(ok1560)
also decreased both defecation rate and lifespan, however, as the allele was not outcrossed and background
mutations could not be ruled out, it was not clear
whether these phenotypes were a result of lowered folate
status. Chaudhari et al. subsequently examined whether
specific bacterial folates or precursors could rescue the
germline defect of folt-1 knockout animals [41]. The
addition of the folate precursor, PABA, to the growth
medium increased numbers of germ cells and completely rescued fertility in folt-1 mutants. Supplementation of 10 μM of a purified bacterially derived folate, 5formyl-THF (folinic acid) to the growth medium rescued
the phenotype of folt-1 mutants fed heat-killed pabC
mutant E. coli (defective in PABA synthesis), therefore
demonstrating that the folt-1 mutant is truly a model of
folate deficiency [41]. Together, these studies established
C. elegans as a model to study folate uptake and
metabolism.
Chaudhari et al. used a novel in vitro C. elegans germline stem cell culture isolated from a germline tumor
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Fig 2 Structure of tetrahydrofolate (THF). THFs are composed of pterin, PABA, and glutamate. The pterin moiety is substituted at N5 (R1) and/or
N10 (R2) nitrogen atoms with either a methyl (-CH3), formyl (-CH=O) methylene (=CH2), or methenyl (-CH4) group. THFs also vary in the length
of their glutamate “tail,” which varies depending on function

mutant strain to examine the impact of specific bacterial
folates. By measuring replication of the tumorous germline stem cells and adding specific folates to the culture
medium, only 10-formyl-THF and 5,10-methenyl-THF
(which rapidly converts to 10-formyl-THF under the experimental pH) were found to be stimulatory folates and
at the low concentration of 1 nM. No other THFs tested,
including 5-formyl-THF, nor the synthetic supplement
folic acid stimulated proliferation, indicating that 10formyl-THF acts as a specific signal for germline proliferation at a concentration much lower than that required for one-carbon metabolism [41]. Intriguingly, a
purified extract of folates from the mouse microbiota
was also a potent stimulator of proliferation. The stimulation of cell replication was found to be dependent on

the C. elegans folate receptor ortholog, FOLR-1, an intriguing finding as the expression of the human folate receptor, FRα is associated with poor prognosis in several
cancers [42]. Together, this work raises the possibility
that specific bacterially derived folates can act in the
host both as micronutrients for one-carbon metabolism
and also as signaling molecules for other cellular
processes.
Bacterial folate synthesis accelerates C. elegans aging

In contrast to its beneficial role in development, bacterial folate synthesis has been identified as a process which
negatively influences C. elegans longevity. Initially, this
was discovered serendipitously as a result of a spontaneous E. coli mutation that substantially increased the
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Fig. 3 E. coli tetrahydrofolate synthesis and the one-carbon metabolism folate cycle. The THF precursors, para-aminobenzoic acid (PABA)
(synthesized from chorismate and glutamine), and pteridine (synthesized from GTP) are conjugated to form dihydropteroate, which is
glutamylated and reduced to form THF. THF derivatives are generated by the acceptance and transfer of one-carbon units in reactions that
facilitate cellular biosynthesis and methylation reactions

lifespan of long-lived daf-2 mutants [43]. Virk and colleagues isolated the mutation in the aroD gene, which
encodes 3-dehydroquinate dehydratase, an enzyme in
the shikimic acid pathway responsible for the synthesis
of chorismate. Chorismate is the precursor to several
aromatic compounds, including PABA, the precursor of
folate synthesis. Lifespan extension on the aroD E. coli
deletion mutant was reversed only with supplementation
of shikimic acid or PABA into the growth media [43].
The sulfonamide drug, sulfamethoxazole (SMX), which
acts as a folate synthesis inhibitor by competitively inhibiting PABA production in bacteria [44], was also found
to significantly increase C. elegans longevity, in a dosedependent manner, between 1 and 256 μg/ml, without

affecting bacterial growth or C. elegans development or
fecundity [43]. Both PABA and folic acid supplementation reversed longevity on SMX, confirming that this
effect was folate-specific. By designing a set of experiments in order to specifically restrict and supplement
C. elegans folate, it was concluded that animal folate did
not impact lifespan. Together, this work identified that
bacterial folate, above the level at which it is required to
support growth and development, has a detrimental
effect on lifespan through an indirect and as yet unidentified effect on bacteria [45].
Two independent screens for E. coli mutants that
increase C. elegans longevity support the hypothesis that
bacterial folate synthesis has negative consequences on
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aging [45, 46]. Of the nine genes isolated in the Virk
et al. screen, two were involved in folate synthesis (pabA
and pabB) and three (pabB, aroD, aroG) of the 29 isolated in the Han et al. screen. Notably, neither screen
isolated genes involved in folate one-carbon metabolism.
Virk et al. noted that C. elegans behavioral aversion to
the bacterial lawn was increased on pabA and pabB mutants and on SMX-treated E. coli, compared with control
conditions, and the authors postulated that excessive
bacterial folate synthesis could be associated with a bacterial toxicity. Removal of excessive bacterial folate synthesis, without affecting the level of folate required by C.
elegans for one-carbon metabolism, increases lifespan
[45]. Further study is required to characterize the source
of this folate-dependent bacterial toxicity. Han et al.
aimed to characterize the host pathways underpinning
lifespan extension on their isolated E. coli mutants. Lifespan extension on pabB, aroD, and aroG was found to
be dependent on the C. elegans gene rict-1, which encodes a component of the target of rapamycin complex
2 (TORC2), known to interact with the insulin signaling
pathway and integrate nutritional signals to extend lifespan [47]. Lifespan was not dependent on eat-2 or daf16, thus ruling out dietary restriction as a mechanism
for lifespan increase [46]. No further investigation was
carried out into the interaction of bacterial folates with
TORC2, and the mechanism underpinning how folate
acts as a nutritional signal to C. elegans is unclear.
An associated study reported that the biguanide
drug, metformin, could modulate C. elegans lifespan
by disrupting bacterial folate synthesis [34]. Metformin, a mitochondria complex-1 inhibitor, had previously been identified to extend C. elegans lifespan,
however, it had been assumed it was directly acting
on host targets [48]. Cabreiro and colleagues demonstrated that a high concentration of metformin
(50 mM) increased lifespan on certain strains of live
E. coli but conversely shortened lifespan when C.
elegans were raised on UV-killed E. coli or on axenic
medium. Metformin also decreased the lifespan of C.
elegans fed bacteria resistant to metformin. Therefore, lifespan extension was dependent on bacterial
metabolism of metformin, but in the absence of this
interaction, metformin at this concentration was directly toxic to the worm. Analysis of bacterial metabolites following metformin treatment indicated that
lifespan extension was associated with decreased
levels of nearly all folates but increased levels of 5methyl-THF. The authors hypothesized that this
could occur following inhibition of the enzyme,
methionine synthase, which uses 5-methyl-THF as a
cofactor to convert homocysteine to methionine;
however, neither methionine levels nor transcript
levels of methionine synthase were shown. Levels of
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the methyl donor, S-adenosyl-methionine (SAM),
which is synthesized from methionine, were significantly lower in C. elegans following metformin treatment but was higher in E. coli. Metformin could not
increase the lifespan of the long-lived C. elegans
sams-1(ok3033) mutant and in fact significantly decreased lifespan in this background. As metformin
lifespan extension had previously been reported to
be dependent on the AMP-dependent protein kinase
(AMPK) [48], whether sams-1 RNAi could extend
the lifespan of the short-lived aak-2 (ok524) mutant
was tested. No effect was reported, suggesting that
metformin and methionine restriction may be acting
via AMPK to extend lifespan. This study therefore
demonstrated that the longevity extension observed
with metformin was at least in part mediated by
bacteria via disruption to bacterial folate metabolism.
The impact of both metformin and sulfamethoxazole
on longevity is dependent on the alteration of bacterial
folate metabolism.
A bacterial route of folic acid supplementation

A significant finding in the above body of work was that
folic acid, a synthetic folate supplement, decreased the
lifespan of long-lived C. elegans on folate-inhibited E.
coli [43]. This was intriguing as the data had shown that
supplementing host folate did not have a negative impact on longevity. We know from early microbiological
studies that E. coli cannot uptake intact folic acid, but
could folic acid supplementation somehow be boosting
bacterial folate synthesis? In order to answer this question, the group characterized a genetic means to differentiate between host and bacterial folate. In humans, an
intestinally expressed glutamate carboxypeptidase is
required for the cleavage of polyglutamated THFs into
monoglutamated THFs, the preferred substrate for
RFCs. Most dietary and bacterial folates are polyglutamates with a chain of up to eight residues (Fig. 2); polyglutamation is thought to favor cellular retention and
increase affinity for folate-dependent enzymes, whereas
folate transporters favor monoglutamation [49–51]. The
C. elegans ortholog, gcp-2.1, was characterized and found
to be necessary for the generation of monoglutamated
THFs [45]. Worms homozygous for the gcp-2.1 (ok1004)
loss-of-function allele showed no phenotypic signs of
folate deficiency under standard culture conditions;
however, when raised on pabA E. coli (defective in
PABA synthesis) or E. coli treated with SMX, gcp-2.1
(ok1004) worms were severely developmentally delayed
and were sterile. Together, this showed that under
standard culture conditions, E. coli synthesizes sufficient
monoglutamated THF to support one-carbon metabolism, but when this supply falls below a certain threshold
GCP-2.1 activity is required.
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As the gcp-2.1 mutant is phenotypically responsive to
bacterial folate levels, it was harnessed as a means to determine whether folic acid supplementation altered bacterial folate synthesis. A synthetic defined folate-free
growth media was used to eliminate the impact of exogenous folates or precursors on either organism. Using
this controlled system, supplementation of folic acid into
the defined media was found to rescue the gcp-2.1
phenotype on SMX-treated E. coli at concentrations tenfold higher than that of folinic acid, indicating two different mechanisms of uptake in C. elegans for naturally
occurring THFs and folic acid [45]. The assay was
repeated on pabA mutant E. coli, which has the same
effect on gcp-2.1 development as SMX [52]. Surprisingly,
it was found that folic acid rescue was dependent on the
E. coli transporter, abgT, specialized for the uptake of
the folate breakdown product PABA-glutamate (PABAglu). In contrast, rescue with folinic acid was independent of abgT expression. LC-MS/MS analysis of several
folic acid preparations, including a commercial folic acid
supplement, revealed the presence of the breakdown
products PABA-glu and PABA at physiological concentrations [5].
This bacterial route of folic acid supplementation was
also shown to be responsible for shortening the lifespan
of worms on folate-deficient pabA mutant bacteria. Ten
micromolar folic acid reversed the increased lifespan of
these worms, but in a manner dependent on the bacterial abgT gene, demonstrating that bacterial uptake of the
folic acid breakdown product, PABA-glu was required
[52]. Folinic acid, on the other hand, did not decrease
lifespan at this concentration. Measuring bacterial folate
levels by LC-MS/MS following folic acid supplementation (10 μM) revealed an increase in folate levels in pabA
but not abgTpabA E. coli [52]. Folic acid therefore
indirectly supplements C. elegans by boosting bacterial
synthesis of tetrahydrofolates, which are more readily
absorbed in the nematode intestine than the synthetic
supplement itself.
Together, this work presents an alternative and unacknowledged route by which bacteria may increase the
bioavailability of folic acid to their host by the indirect
uptake of breakdown products and synthesis of THFs by
bacteria, which are more readily absorbed in the intestine. While this pathway has a beneficial impact on the
host during development, it may accelerate aging of the
host.
E. coli acts as a conduit for vitamin B12 uptake

Vitamin B12 has also been widely studied using the C.
elegans-E. coli model system. In animals, B12 is required
for the interconversion of homocysteine to methionine
and the metabolism of carbon sources to succinyl-CoA
to feed into the TCA cycle. B12 is synthesized
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exclusively by archaea and a small proportion of bacteria
in a complex biosynthetic pathway [9]. E. coli is unable
to synthesize vitamin B12 and instead scavenges exogenous B12 via a siderophore complex dependent on tonB
[53]. This pathway has been shown to be vital for the
uptake of B12 by C. elegans; a tonB mutant induces the
expression of acdh-1p::GFP in C. elegans, (GFP under
the control of the acyl-CoA dehydrogenase promoter) a
dietary sensor of B12 deficiency [54], indicating that C.
elegans is unable to uptake sufficient B12 directly from
the growth media. E. coli therefore acts as a conduit for
the provision of bioavailable B12 to C. elegans. The importance of this bacterial route is questioned, as expression of acdh-1p::GFP on E. coli was found to be
suppressed with supplementation of B12 on both live
and UV-killed bacteria [54]. The reason for this discrepancy is perhaps due to the increased bioavailability of
B12 in a preparation of a B12 supplement compared
with B12 present in trace amounts in the growth media.
C. elegans continues to be a useful model to study B12
deficiency [55]. Worms exhibit infertility, developmental
growth defects, memory impairment, and a reduced lifespan when maintained on E. coli on B12-deficient
growth media [56, 57]. Several studies have provided insights into novel roles of vitamin B12 on host metabolism and immunity, which have conserved role in
humans [58–60]. Furthermore, C. elegans can be used as
a phenotypic readout of bacterial B12 status: expression
of acdh-1p::GFP on the B12-synthesizing bacterium,
Comamonas aquatica, is significantly lower when compared with worms on the standard E. coli diet [54]. This
provides a rapid and low-cost screen for the bacterial
production of bioavailable B12 which may be useful for
the development of novel probiotic micronutrient
solutions.
Bacterial siderophore associates with host to assist iron
uptake

Mammalian studies investigating the interaction of gut
bacteria in the uptake of iron have mostly focused on
the tug-of-war between pathogenic microbes and host;
enterobacteria secrete enterobactin (Ent), a siderophore
with a high affinity for iron which scavenges iron from
host mitochondria [25], and the host fights back against
this “iron piracy” by secreting siderocalin which binds
and sequesters Ent [61]. How the host differentiates
between commensal and pathogenic bacteria, both of
which secrete enterobactins, remained unexplored. A
recent study using the C. elegans-E. coli host-microbe
model demonstrated that commensal bacteria, such as
non-pathogenic E. coli, which also synthesize Ent, are actually beneficial to host iron homeostasis [62]. Qi et al.
carried out a screen for E. coli genes required for C. elegans development and isolated five E. coli mutants
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defective in the synthesis of Ent. Supplementation with
Ent was able to rescue host development on a restricted
diet of Ent deficient E. coli. By using affinity purification
and measuring radiolabelled 55Fe in host mitochondria,
the group demonstrated that Ent associated with the αsubunit of the host ATP synthase and that both of these
components were required for the increase in levels of
iron in the host mitochondria.
The group proposed a model whereby enterobactin released from commensal bacteria scavenges exogenous
iron which facilitates uptake in the host mitochondria. It
was implied that this occurs within the C. elegans intestine, with Ent-Fe3+ directly entering the host mitochondria. Addition of Ent to heat-killed E. coli also increased
host iron levels, eliminating the possibility that the benefit of Ent on host iron is indirect via initial uptake of
iron by E. coli. E. coli uptake of Ent-Fe is TonBdependent; it would be interesting to test whether host
iron levels were increased to the same extent in a tonB
mutant following Ent supplementation, in order to cement the model. Encouragingly, the group demonstrated
the same role of Ent in a mammalian cell culture [62].
The discovery of this mechanism in C. elegans is a testament to the flexibility and simplicity of the host-microbe
model system.

Conclusions
Implications for human health

The advancement in metagenomic sequencing technologies has enabled the description of the micronutrient
biosynthetic capacity of the human gut microbiota, but
there is a substantial lack of mechanistic studies examining whether this contributes significantly to host micronutrient status and whether dietary and supplemental
micronutrients interact with bacterial metabolism. While
a simplified invertebrate model system cannot be used
to make quantitative conclusions on human micronutrient demand and intake, it can be useful in understanding the qualitative mechanisms in which bacteria
play a role in the provision of micronutrients and the
effects that these have on health [63].
Folate

Bacterial folate acts as an essential micronutrient for
one-carbon metabolism during development and as a
germline signal during development in C. elegans [41].
In contrast, bacterial folate synthesis, above the threshold required to support one-carbon metabolism, has a
negative impact on host longevity [45]. Together, this
work indicates that interventions that disrupt bacterial
folate synthesis may have implications on “stimulatory
folate signaling” to the germ line, which can result in
cancerous proliferation [41] and aging [45]. In humans,
bacterial folate synthesis in the microbiota changes with
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developmental stage, with an upregulation of folate synthesizing genes in babies compared with adults and an
upregulation of folate-salvaging genes in adults compared with babies [64]. Aging is often associated with
an increase in pro-inflammatory Proteobacteria, a predicted 71% of which synthesize folate de novo [8].
Whether aging is associated with an increase in colonic folate remains to be determined. Interestingly, a
sulfonamide drug, sulfadiazine, has previously been
shown to extend rodent lifespan [65]. Although this
study did not mention the impact on the mouse
microbiota, PABA supplementation reversed lifespan.
As PABA cannot be metabolized by mammals, this
points to a role of inhibiting bacterial folate synthesis
in lifespan extension. Whether bacterial folate synthesis in the human gut microbiome may represent a
novel target to slow down the aging process warrants
further study [66].
Folic acid

E. coli uptake of the folic acid breakdown product
PABA-glu was found to be the dominant route by which
C. elegans takes up folic acid [52]. In humans, folic acid
is predicted to be absorbed in the small intestine by
the proton-coupled folate transporter (PCFT), however, the folate breakdown product PABA has been
identified as a human excretory product following
folic acid supplementation, indicating that it does
reach the colon. Infusion of [3H] PABA into the
colon of rats [67] and piglets [68] could be traced to
THFs in the host, demonstrating that bacterial uptake of PABA generates THFs that are absorbed and
used in one-carbon metabolism. The lack of regulation of micronutrient supplements but fierce competition on the market has led to a compromise on
quality, and folic acid supplements are commonly
found to fail tests of stability and dissolution [69–
72]. Combined with the instability of folic acid at
low pH [73], it is likely that folic acid breakdown
products will be available to the colonic microbiota
following long-term supplementation. There have been no
studies examining the impact of long-term folic acid
supplementation on the microbiota. It is of note that
bacteria unable to synthesize folate de novo but able to
scavenge folate breakdown products via AbgT are commonly pathogenic and pro-inflammatory Proteobacteria
associated with an elderly microbiome [74]. The naturally
occurring folate, folinic acid, which was not found to impact bacterial metabolism to the same extent as folic acid
[52] may be a better alternative to folic acid as a folate
supplement. Further studies are required to determine
how different folate supplements influence microbial
metabolism, composition, and long-term host health in
mammalian models with more complex microbiotas.
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B12

Iron

In humans, the absorption of B12 requires hydrolysis of
dietary protein-bound B12 by stomach acids and association with a host-derived intrinsic factor (IF) in the small
intestine [75]. There is a lack of evidence that B12 from
the pool of bacterially derived B12 in the human colon
is absorbed. Instead, B12 in the colon is predicted to act
as a keystone metabolite which regulates the composition of the microbiota [76]. Patients with small intestinal bacterial overgrowth often suffer with B12
deficiency, likely due to the association of bacteria with
IF-B12 complexes [77]. IF is not coded for in the C. elegans genome, but uptake is at least partially dependent
on bacterial tonB, part of the complex that transports
B12 into E. coli. From this work, it is tempting to speculate that commensal bacteria may assist in the bioavailability of B12 to the host under certain conditions,
perhaps by the association with a bacterial tonBdependent intrinsic factor which facilitates host uptake.

Bacteria are thought to compete with the host for iron
uptake. The work by Qi et al. demonstrates that commensal bacteria can facilitate host uptake of iron via the
secretion of enterobactin. Whether commensal Ent
works in this way in an in vivo mammalian model is yet
to be established, however, this work provides the intriguing possibility that Ent could be harnessed as a novel
molecule to increase the efficiency of iron supplementation in the treatment of iron deficiency.
Concluding remarks

Several bacterial mechanisms that play a role in the effective supplementation of micronutrients, either by the
secretion of siderophores (iron and B12), or the uptake
and metabolism into a more readily absorbable derivative (folic acid), have been revealed using C. elegans-E.
coli as a host-microbe system (Fig. 4). These mechanisms act to make the micronutrient more bioavailable

Fig. 4 E. coli assists C. elegans in the uptake of micronutrients. Supplementation of folic acid to C. elegans is dependent on bacterial uptake of the
breakdown product, PABA-glu, which is used as a precursor to generate tetrahydrofolate (THF). THFs were found to be more effectively absorbed
than intact folic acid by C. elegans. B12 supplementation is dependent on the bacterial TonB-complex, indicating that a bacterial factor increases
the bioavailability of B12. Iron supplementation is boosted by the bacterial siderophore, enterobactin, which associates with host mitochondria
when bound to Fe3+ ions
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to the host but, in the case of folic acid, may have negative implications for long-term health under certain conditions. Micronutrients are emerging as core regulators
of microbiome stability, and further study into the
potential disruption caused by long-term micronutrient
supplementation on the microbiota are called for.
Together, these studies warrant further research using
models with more complex microbiotas on the role of
bacteria in the uptake of micronutrients and the implications on host health. Understanding these interactions
will help us to design more effective interventions to
boost micronutrient uptake in the GI tract.
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