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Food-related lactic acid bacteria (LAB) as well as human gut
commensals such as bifidobacteria can de novo synthesize
and supply vitamins. This is important since humans lack the
biosynthetic capacity for most vitamins and these must thus be
provided exogenously. Although vitamins are present in a
variety of foods, deficiencies still occur, mainly due to
malnutrition as a result of insufficient food intake and because
of poor eating habits. Fermented milks with high levels of B-
group vitamins (such as folate and riboflavin) can be produced
by LAB-promoted and possibly bifidobacteria-promoted
biosynthesis. Moreover, certain strains of LAB produce the
complex vitamin cobalamin (or vitamin By,). In this review,
fermented foods with elevated levels of B-group vitamins
produced by LAB used as starter cultures will be covered. In
addition, genetic abilities for vitamin biosynthesis by selected
human gut commensals will be discussed.
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Introduction

Vitamins are essential micronutrients that are normally
found as precursors of various enzymes that are necessary
for vital biochemical reactions in all living cells. Humans
are incapable of synthesizing most vitamins and they
consequently have to be obtained exogenously. The
use of vitamin-producing microorganisms may represent
a more natural and consumer-friendly alternative to for-
tification using chemically synthesized pseudo-vitamins,

and would allow the production of foods with elevated
concentrations of vitamins that are less likely to cause
undesirable side-effects. The biochemical pathways
involved in B-vitamin biosynthesis by food microorgan-
isms have previously been described in detail [1°°].

The human gastrointestinal tract (GIT) is colonized by a
vast array of microorganisms known as the gut microbiota,
with up to 10" bacteria per gram of intestinal content [2].
Apart from its impact on different human functions [2],
the intestinal microbiota plays a pivotal role in food
digestion and energy recovery, while it can also act as
an important supplier of vitamins. In humans it has been
shown that members of the gut microbiota are able to
synthesize vitamin K as well as most of the water-soluble
B vitamins, such as biotin, cobalamin, folates, nicotinic
acid, panthotenic acid, pyridoxine, riboflavin and
thiamine [3]. In contrast to dietary vitamins, which are
adsorbed in the proximal tract of the small intestine, the
predominant uptake of microbially produced vitamins
occurs in the colon [4,5].

The genus Bifidobacterium currently encompasses 39
species (reviewed in [6]) and its members represent
key components of the human gut microbiota [7,8,9°].
Several reports have highlighted the importance of
bifidobacteria in regulating intestinal homeostasis, mod-
ulating local and systemic immune responses, and pro-
tecting against inflammatory diseases and infections
[10,11]. In addition, some bifidobacterial species are
claimed to convert a number of dietary compounds into
health-promoting bioactive molecules, such as conju-
gated linoleic acid and certain vitamins [12,13]. Particu-
lar bifidobacterial strains have been shown to exhibit
vitamin production [14-16], although their biosynthetic
abilities have not been examined in detail and will be
discussed here.

Biosynthesis of folate by human gut commensals

The B-group vitamin folate is involved in various essential
metabolic functions such as DNA replication, repair and
methylation, and synthesis of nucleotides, vitamins and
certain amino acids. De novo synthesis of folate requires
both 6-hydroxymethyl-7,8-dihydropterin pyrophosphate
(DHPPP) and para-aminobenzoic acid (pABA).

Folate biosynthetic properties of bifidobacteria have been
verified, though folate biosynthesis appears to be
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restricted to certain species/strains, leading to the identi-
fication of high level (e.g. Bifidobacterium bifidum and
Bifidobacterium longum subsp. infantis) and low level
folate-producing species (e.g. Bifidobacterium breve, Bifi-
dobacterium longum subsp. longum and Bifidobacterium ado-
lescentis) [16]. Such findings have been confirmed by /#
vivo studies: administration of high-producing folate
strains was shown to cause an increased faecal level of
folate in both rats and humans [17,18].

With the advent of microbial genomics it is now possible
to interrogate the genetic make-up of microorganisms for
specific features (reviewed in [19]). The first decade of
molecular exploration of gut commensals, in particular
bifidobacteria and lactobacilli, has afforded unprece-
dented insights into the genetic adaptation of these
bacteria to the human gut through the decoding of their
genome sequences (probiogenomics) [20].

Genomic adaptation is obvious in many bifidobacterial
genomes where over 9% of annotated genes encode
enzymes involved in carbohydrate metabolism [21,22].
However, the dissection of bifidobacterial genomes has
also revealed interesting features with respect to vitamin
biosynthetic capabilities (Figure 1). No complete path-
ways for the biosynthesis of biotin, panthothenate, pyr-
idoxine, cobalamin and menaquinone are present in any
of the so far sequenced bifidobacterial genomes, yet they
are predicted to encode complete pathways for the syn-
thesis of shikimate and thus are expected to produce
chorismate [23-27,28%,29,30], a precursor for folate bio-
synthesis. However, although all available complete bifi-
dobacterial genomes are expected to specify
aminodeoxychorismate synthase (EC 2.6.1.85), a gene
specifying a putative 4-amino-4-deoxychorismate lyase
(EC 4.1.3.38) can only be found on the genome of B.
adolescentis ATCC15703 and B. dentium Bd1 [27], which
are thus expected to accomplish #¢ #ovo biosynthesis of
pABA (Figure 2). By contrast, B. animalis subsp. lactis
does not appear to possess the entire pathway for DHPPP
biosynthesis or the gene encoding dihydropteroate
synthase (EC 2.5.1.15) (Figure 2). Thus, B. animalis
subsp. Jactis is expected to be auxotrophic for folates or
DHP, and would therefore be incapable of folate biosyn-
thesis, even in the presence of pABA (Figure 2).

Lactobacilli are another common group of human gut
commensals and have recently been investigated as
possible folate producers [31]. The genus Lactobacillus
contains more than 100 recognized species displaying a
remarkable phylogenetic, phenotypic and ecological

diversity [32,33]. The genetic characterization of lacto-
bacilli is better developed than that of bifidobacteria, but
the molecular mechanisms driving their interaction with
the human gut still remain largely unknown (reviewed in
[20]). Owing to their commercial potential, the ability to
produce folate has been investigated in several lactoba-
cilli from a variety of ecological origins. In this context,
lactobacilli from various fermented foods have been
investigated as starter cultures for the manufacture of
folate-fortified dairy products, while lactobacilli isolated
from the human gut have been explored as folate-produ-
cing probiotics [34-38,39°]. The availability of genome
sequences of various lactobacilli provided an important
contribution to the genetics underlying folate biosyn-
thesis in this group of microorganisms [40]. For example,
lactobacilli do not appear to harbour the genetic deter-
minants for e novo pABA synthesis, with the exception of
Lactobacillus plantarum WCFS1 [41], suggesting that the
vast majority of lactobacilli are unable to synthesize folate
in the absence of pABA.

Biosynthesis of riboflavin

Riboflavin (vitamin B;) plays an essential role in cellular
metabolism, being the precursor of the coenzymes flavin
mononucleotide (FMN) and flavin adenine dinucleotide
(FAD), which both act as hydrogen carriers in many
biological redox reactions. Microbial riboflavin biosyn-
thesis from the precursors guanosine triphosphate (G'TP)
and D-ribulose 5-phosphate occurs through seven enzy-
matic steps, with detailed studies performed for Bacillus
subtilis [42) and Escherichia coli [43], and reviewed recently
[44].

Riboflavin concentrations can vary in certain dairy pro-
ducts due to processing technologies and to the action of
microorganisms during food processing [1°°]. It has been
shown that most yoghurt starter cultures decrease ribo-
flavin concentrations whereas others can increase levels of
this essential vitamin up to 160% of the initial concen-
tration present in unfermented milk [45]. Selection of
spontaneous roseoflavin-resistant mutants was found to
be a reliable method to obtain natural riboflavin-over-
producing strains of various species commonly used in the
food industry [46].

So far fragmentary information is available on the de novo
synthesis of riboflavin by enteric bacteria, in the case of
bifidobacteria the enzymes needed for the biosynthesis
of this vitamin seem to be partially or completely
absent from the majority of currently available bifido-
bacterial genomes [19]. However, one cannot exclude

(Figure 1 Legend Continued) Folate biosynthesis pathway of Bifidobacterium dentium Bd1 as obtained from the Metabolic Pathway reconstruction
software. In the inset on the right genes involved in folate biosynthesis are mapped on the B. dentium Bd1 genomes. The metabolic pathway describes
how pABA is synthesized from chorismate as a branchpoint of the aromatic amino acid biosynthesis pathway. Folate synthesis continues through a
condensation reaction between DHPPP and pABA. This complex pathway is catalysed by various enzymes such as dihydropteroate synthase (EC
2.5.1.15), dihydrofolate synthase (EC 6.3.2.12) and dihydrofolate reductase (EC 1.5.1.3).
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Heat map representing the distribution of genes involved in the biosynthesis of folate in bifidobacterial genomes (panel a) and lactobacilli (panel b).
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the possibility that multiple, co-existing microbial
species are capable of de novo synthesis.

Biosynthesis of vitamin B>

The term vitamin By, is generally used to describe a type
of cobalt corrinoid, particularly of the cobalamin (cbl)
group. Animals, plants and fungi are incapable of coba-
lamin production and it is the only vitamin that is exclu-
sively produced by microorganisms, particularly by
anaerobes [47-49]. One of the first model organisms used
for the study of biosynthesis was P. freudenreichii that is
used in the commercial production of vitamin By,.

Lactobacillus reuteri CRL1098 was shown to be the first
LAB strain able to produce a cobalamin-like compound
with an absorption spectrum closely resembling that of
standard cobalamin but with a different elution time,
while cobalamin production was confirmed using differ-
ent bioassays [50]. However, the biological activity of this
pseudovitamin B12 is still not clear.

Genetic evidence of cobalamin biosynthesis by L. reuteri
CRL 1098 was then obtained and it was shown that at
least 30 genes are involved in the de #novo synthesis of the
vitamin (Figure 3). The genetic organization (cod and cbi
genes) are very similar to those of Sa/monella enterica and
Listeria innocua [51]. Recently, the genetic pathway
responsible of the @e novo synthesis of vitamin B12 by
L. reuteri was described for two L. reuteri strains [52].

One distinctive characteristic of the cob cluster of L. reuteri
is the presence of /em genes in the middle of the cluster.
In the respiratory organisms Listeria and Salmonella with
similar cod clusters, the Zem genes are located at a different
position on their genome. The presence of the /fem genes
in the cob cluster is a characteristic that has only been
observed in certain genomes of Clostridium [53]. Recently,
the transcription of a vast set of genes involved in coba-
lamin synthesis in sourdough prepared with strain L.
reuteri ATCC 55730 was described [54].

In addition to strain CRILL1098, other L. reuteri strains were
shown to be capable of producing some corrinoids such as
L. reuteri DCM 20016 [55], JCM1112 [36] and CRL 1324
and 1327, strains isolated from human vagina [56].
Recently, a reuterin-producing strain of L. coryniformis
was shown to produce a cobalamin-type compound [57].
Notably, propionibacteria and L. reuteri normally occur in
the human intestine and may thus (partially) fulfil the
vitamin B12 requirement of the host.

Biosynthesis of other B-group vitamins

Besides riboflavin, folate and vitamin B,, increased levels
of other B-group vitamins, for example, niacin and pyr-
idoxine, have been reported for certain LAB used in
yoghurt, cheese, and fermentations [58,59]. For example,
increases in thiamine and pyridoxine concentration were

demonstrated as a result of soy fermentation with Strepro-
coccus thermophilus ST5 and Lactobacillus helveticus RO052, or
B. longum R0O175 [60].

De novo synthesis of vitamin K by gut bacteria

Vitamin K acts as a co-factor for the enzyme that converts
specific glutamyl residues in a limited number of proteins
to y-carboxyglutamyl (Gla) residues. The daily require-
ment for vitamin K is fulfilled by dietary phylloquinone
that is present in plants, and, to an undetermined extent,
by bacterially produced polyisoprenyl-containing com-
pounds known as menaquinones synthesized in the
human gut [61]. However, menaquinone synthesis may
not be fully dependent on the gut microbiota as animals
lacking a gut microbiota can still produce menaquinone

[62].

Human gut microbiome and vitamin biosynthesis
Although whole genome sequencing and assembly have
historically been used for the study of single organisms,
recent reports have shown the validity of this approach to
investigate mixed microbial communities [2,63,64]. In
this context, sampling genetic information of the human
gut microbiota, also known as human gut microbiome,
allowed us to obtain insights into the genetic features of
enteric bacteria [64]. In order to delineate if and to what
extent the enteric microbiome provides physiological
features that were not evolved by its human host, the
metabolic potential of microbial sequences was analysed
through the classification of all identified microbial genes
based on the Kyoto Encyclopedia of Genes and Genomes
as well as the Clustered Orthologous Groups (COG).
These analyses showed that the distal gut microbiome
of two subjects is enriched for a variety of COGs involved
in synthesis of essential amino acids and vitamins, such as
those required for the synthesis of deoxyxylulose 5-phos-
phate (DXP), a precursor of the vitamins thiamine and
pyrodoxal [64]. Recently, the combination of 22 newly
sequenced faecal metagenomes of individuals from four
countries allowed the identification of three robust clus-
ters, named enterotypes, which are not nation or con-
tinent-specific [65°°]. Notably, vitamin metabolism
pathways were shown to be highly represented in all
enterotypes, while two enterotypes were particularly
enriched in genes that specify the biosynthetic enzymes
for biotin, riboflavin, pantothenate, ascorbate, thiamine
and folate production. These phylogenetic and functional
differences among enterotypes thus reflect different com-
binations of microbial trophic chains with a probable
impact on synergistic interrelations with the human host
[65°°].

Recently, transcriptomic studies directed to explore upre-
gulated genes of bifidobacteria residing in faccal samples
of adult subjects identified the presence of bifidobacterial
genes predicted to be involved in the biosynthesis of
several B-vitamins and folate that are highly expressed
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Cobalamin biosynthesis pathway identified in certain lactobacilli. Panel a represents the relative position of genes involved in the cobalamin biosynthesis
as identified on the genome of Lactobacillus reuteri DSM20016. Panel b represents the distribution of genes involved in de novo cobalamin synthesis
among various lactobacilli. Panel ¢ depicts the presumed metabolic pathway followed for the cobalamin biosynthesis in certain lactobacilli.
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when bifidobacteria are in their natural ecological niche
[66-68]. Since it is nearly impossible to quantify or
demonstrate vitamin production by individual organisms
of the human microbiome using traditional methods (e.g.
HPLC, microbiological assays), these and other ‘omics’
approaches can provide evidence for such 7z sifu vitamin
production, while also allowing the development of meth-
odologies to increase their production.

Conclusions

The increase of B-group vitamin concentrations in fer-
mented/functional foods is possible through judicious
selection of microbial species and cultivation conditions.
It is expected that the food industry will exploit novel and
efficient vitamin-producing strains to produce fermented
products. Such products are expected to provide
economic benefits to food manufacturers since increased
‘natural’ vitamin concentrations would be an important
value-added trait without increasing production costs.

With the expanding availability of genome sequences it is
not only possible to identify potential vitamin-producing
strains, but also to understand the intertwined mechanisms
for their biosynthesis, all of which will be exploited to
increase the vitamin producing capacities in the GI'T of
humans.

Acknowledgements

This work was financially supported by the Cariparma Bank Foundation to
MV. DvS is a member of The Alimentary Pharmabiotic Centre and the
Alimentary Glycoscience Research Cluster, both funded by Science
Foundation Ireland (SFI), through the Irish Government’s National
Development Plan (Grant numbers 07/CE/B1368 and 08/SRC/B1393,
respectively). JGL, FS and GSdG would like to thank the CONICET,
ANPCyT and CIUNT for their financial contributions.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. LeBlanc JG, Laino JE, del Valle MJ, Vannini V, van Sinderen D,

ee Taranto MP, de Valdez GF, de Giori GS, Sesma F: B-group vitamin
production by lactic acid bacteria — current knowledge and
potential applications. J Appl Microbiol 2011, 111:1297-1309.

This review describes the vitamin producing capabilities of lactic acid

bacteria in fermented foods and their potential uses to develop novel

bioenriched products.

2. Backhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon JI:
Host-bacterial mutualism in the human intestine. Science
2005, 307:1915-1920.

3. Hill MJ: Intestinal flora and endogenous vitamin synthesis. Eur
J Cancer Prev 1997, 6(Suppl 1):S43-S45.

4.  Said HM, Mohammed ZM: Intestinal absorption of water-
soluble vitamins: an update. Curr Opin Gastroenterol 2006,
22:140-146.

5. Ichihashi T, Takagishi Y, Uchida K, Yamada H: Colonic
absorption of menaquinone-4 and menaquinone-9 in rats. J
Nutr 1992, 122:506-512.

6. Turroni F, van Sinderen D, Ventura M: Genomics and ecological
overview of the genus Bifidobacterium. Int J Food Microbiol
2011, 149:37-44.

7. Turroni F, Foroni E, Pizzetti P, Giubellini V, Ribbera A, Merusi P,
Cagnasso P, Bizzarri B, de’Angelis GL, Shanahan F et al.:
Exploring the diversity of the bifidobacterial population in the
human intestinal tract. App/ Environ Microbiol 2009,
75:1534-1545.

8. Turroni F, Marchesi JR, Foroni E, Gueimonde M, Shanahan F,
Margolles A, van Sinderen D, Ventura M: Microbiomic analysis of
the bifidobacterial population in the human distal gut. ISME J
2009, 3:745-751.

9.  TurroniF, Peano C, Pass DA, Foroni E, Severgnini M, Claesson MJ,
Kerr C, Hourihane J, Murray D, Fuligni F et al.: Diversity of
bifidobacteria within the infant gut microbiota. PLoS ONE
2012, 7:e36957.

This study provides an in depth analysis of the microbial biodiversity of
the gut microbiota of infants and about the abundance of bifidobacterial
populations in these subjects.

10. Salminen S, Nybom S, Meriluoto J, Collado MC, Vesterlund S, EI-
Nezami H: Interaction of probiotics and pathogens — benefits
to human health? Curr Opin Biotechnol 2010, 21:157-167.

11. Lomax AR, Calder PC: Probiotics, immune function, infection
and inflammation: a review of the evidence from studies
conducted in humans. Curr Pharm Des 2009, 15:1428-1518.

12. Rossi M, Amaretti A: Probiotic properties of bifidobacteria.
Bifidobacteria: Genomics and Molecular Aspects. 2010:.
97-123.

13. Stanton C, Ross RP, Fitzgerald GF, Van Sinderen D: Fermented
functional foods based on probiotics and their biogenic
metabolites. Curr Opin Biotechnol 2005, 16:198-203.

14. Deguchi Y, Morishita T, Mutai M: Comparative studies on
synthesis of water-soluble vitamins among human species of
bifidobacteria. Agric Biol Chem 1985, 49:13-19.

15. Noda H, Akasaka N, Ohsugi M: Biotin production by
bifidobacteria. J Nutr Sci Vitaminol (Tokyo) 1994, 40:181-188.

16. Pompei A, Cordisco L, Amaretti A, Zanoni S, Matteuzzi D, Rossi M:
Folate production by bifidobacteria as a potential probiotic
property. Appl Environ Microbiol 2007, 73:179-185.

17. Pompei A, Cordisco L, Amaretti A, Zanoni S, Raimondi S,
Matteuzzi D, Rossi M: Administration of folate-producing
bifidobacteria enhances folate status in Wistar rats. J Nutr
2007, 137:2742-2746.

18. Strozzi GP, Mogna L: Quantification of folic acid in human feces
after administration of Bifidobacterium probiotic strains. J Clin
Gastroenterol 2008, 42(Suppl 3 Pt 2):S179-S184.

19. Ventura M, Canchaya C, Fitzgerald GF, Gupta RS, van Sinderen D:
Genomics as a means to understand bacterial phylogeny and
ecological adaptation: the case of bifidobacteria. Antonie Van
Leeuwenhoek 2007, 91:351-372.

20. Ventura M, O’Flaherty S, Claesson MJ, Turroni F,
Klaenhammer TR, van Sinderen D, O’'Toole PW: Genome-scale
analyses of health-promoting bacteria: probiogenomics. Nat
Rev Microbiol 2009, 7:61-71.

21. Ventura M, Canchaya C, Tauch A, Chandra G, Fitzgerald GF,
Chater KF, van Sinderen D: Genomics of Actinobacteria: tracing
the evolutionary history of an ancient phylum. Microbiol Mol
Biol Rev 2007, 71:495-548.

22. Turroni F, Strati F, Foroni E, Serafini F, Duranti S, van Sinderen D,
Ventura M: Analysis of predicted carbohydrate transport
systems encoded by Bifidobacterium bifidum PRL2010. App/
Environ Microbiol 2012, 78:5002-5012.

23. Schell MA, Karmirantzou M, Snel B, Vilanova D, Berger B, Pessi G,
Zwahlen MC, Desiere F, Bork P, Delley M et al.: The genome
sequence of Bifidobacterium longum reflects its adaptation to
the human gastrointestinal tract. Proc Nat/ Acad Sci USA 2002,
99:14422-14427.

24. Barrangou R, Briczinski EP, Traeger LL, Loquasto JR, Richards M,
Horvath P, Coute-Monvoisin AC, Leyer G, Rendulic S, Steele JL
et al.: Comparison of the complete genome sequences of
Bifidobacterium animalis subsp. lactis DSM 10140 and BI-04. J
Bacteriol 2009, 191:4144-4151.

Current Opinion in Biotechnology 2013, 24:160-168

www.sciencedirect.com



25.

26.

27.

28.

Lee JH, Karamychev VN, Kozyavkin SA, Mills D, Paviov AR,
Pavlova NV, Polouchine NN, Richardson PM, Shakhova VV,
Slesarev Al et al.: Comparative genomic analysis of the gut
bacterium Bifidobacterium longum reveals loci susceptible to
deletion during pure culture growth. BMC Genomics 2008, 9:247.

Sela DA, Chapman J, Adeuya A, Kim JH, Chen F, Whitehead TR,
Lapidus A, Rokhsar DS, Lebrilla CB, German JB et al.: The
genome sequence of Bifidobacterium longum subsp. infantis
reveals adaptations for milk utilization within the infant
microbiome. Proc Nat/ Acad Sci USA 2008, 105:18964-18969.

Ventura M, Turroni F, Zomer A, Foroni E, Giubellini V, Bottacini F,
Canchaya C, Claesson MJ, He F, Mantzourani M et al.: The
Bifidobacterium dentium Bd1 genome sequence reflects its
genetic adaptation to the human oral cavity. PLoS Genet 2009,
5:1000785.

Turroni F, Bottacini F, Foroni E, Mulder |, Kim JH, Zomer A,
Sanchez B, Bidossi A, Ferrarini A, Giubellini V et al.: Genome
analysis of Bifidobacterium bifidum PRL2010 reveals
metabolic pathways for host-derived glycan foraging. Proc
Natl Acad Sci USA 2010, 107:19514-19519.

This illustrates the genetic strategies followed by bifidobacterial strain to
colonize the human gut.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Bottacini F, Dal Bello F, Turroni F, Milani C, Duranti S, Foroni E,
Viappiani A, Strati F, Mora D, van Sinderen D et al.: Complete
genome sequence of Bifidobacterium animalis subsp. lactis
BLC1. J Bacteriol 2011, 193:6387-6388.

O’Connell Motherway M, Zomer A, Leahy SC, Reunanen J,
Bottacini F, Claesson MJ, O’Brien F, Flynn K, Casey PG, Munoz JA
et al.: Functional genome analysis of Bifidobacterium breve
UCC2003 reveals type IVb tight adherence (Tad) pili as an
essential and conserved host-colonization factor. Proc Nat/
Acad Sci USA 2011, 108:11217-11222.

Kleerebezem M, Vaughan EE: Probiotic and gut lactobacilli and
bifidobacteria: molecular approaches to study diversity and
activity. Annu Rev Microbiol 2009, 63:269-290.

Makarova KS, Koonin EV: Evolutionary genomics of lactic acid
bacteria. J Bacteriol 2007, 189:1199-1208.

Claesson MJ, van Sinderen D, O’Toole PW: Lactobacillus
phylogenomics - towards a reclassification of the genus. Int J
Syst Evol Microbiol 2008, 58:2945-2954.

Rao DR, Reddy AV, Pulusani SR, Cornwell PE: Biosynthesis and
utilization of folic acid and vitamin B12 by lactic cultures in
skim milk. J Dairy Sci 1984, 67:1169-1174.

Sybesma W, Starrenburg M, Tijsseling L, Hoefnagel MH,
Hugenholtz J: Effects of cultivation conditions on folate
production by lactic acid bacteria. App/ Environ Microbiol 2003,
69:4542-4548.

Santos F, Wegkamp A, de Vos WM, Smid EJ, Hugenholtz J: High-
level folate production in fermented foods by the B12 producer
Lactobacillus reuteri JCM1112. Appl Environ Microbiol 2008,
74:3291-3294.

Wegkamp A, Starrenburg M, de Vos WM, Hugenholtz J,
Sybesma W: Transformation of folate-consuming
Lactobacillus gasseri into a folate producer. App/ Environ
Microbiol 2004, 70:3146-3148.

Wegkamp A, Teusink B, de Vos WM, Smid EJ: Development of a
minimal growth medium for Lactobacillus plantarum. Lett App/
Microbiol 2010, 50:57-64.

Laino JE, Leblanc JG, Savoy de Giori G: Production of natural
folates by lactic acid bacteria starter cultures isolated from
artisanal Argentinean yogurts. Can J Microbiol 2012,
58:581-588.

This study demonstrated for the first time the de novo production of folate
by Lactobacillus delbrueckii subsp. bulgaricus.

40.

41.

de Crecy-Lagard V, El Yacoubi B, de la Garza RD, Noiriel A,
Hanson AD: Comparative genomics of bacterial and plant
folate synthesis and salvage: predictions and validations.
BMC Genomics 2007, 8:245.

Kleerebezem M, Boekhorst J, van Kranenburg R, Molenaar D,
Kuipers OP, Leer R, Tarchini R, Peters SA, Sandbrink HM,

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Vitamins and gut microbiota LeBlanc et al. 167

Fiers MW et al.: Complete genome sequence of Lactobacillus
plantarum WCFS1. Proc Natl Acad Sci USA 2003,
100:1990-1995.

Perkins JB, Pero J: Vitamin biosynthesis. In Bacillus subtilis and
its Closest Relatives from Genes to Cells. Edited by Sonenshein A,
Hoch J, Losick R. ASM Press; 2002:271-286.

Bacher A, Eberhardt S, Richter G: Biosynthesis of riboflavin. In
Escherichia coli and Salmonella: Cellular and Molecular Biology,
edn 2. Edited by Neidhardt FC, Curtiss lll R, Ingraham JLL, Lin
ECC, Low KB, Magasanik B, Reznikoff WS, Riley M, Schaechter M,
Umbarger HE.ASM Press; 1996:657-664.

Bacher A, Eberhardt S, Fischer M, Kis K, Richter G: Biosynthesis
of vitamin b2 (riboflavin). Annu Rev Nutr 2000, 20:153-167.

Kneifel W, Kaufmann M, Fleischer A, Ulberth F: Screening of
commercially available mesophilic dairy starter cultures:
biochemical, sensory, and microbiological properties. J Dairy
Sci 1992, 75:3158-3166.

Burgess CM, Smid EJ, Rutten G, van Sinderen D: A general
method for selection of riboflavin-overproducing food grade
micro-organisms. Microb Cell Fact 2006, 5:24.

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

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

Smith AG, Croft MT, Moulin M, Webb ME: Plants need their
vitamins too. Curr Opin Plant Biol 2007, 10:266-275.

Taranto MP, Vera JL, Hugenholtz J, de Valdez GF, Sesma F:
Lactobacillus reuteri CRL1098 produces cobalamin. J Bacteriol
2003, 185:5643-5647.

Santos F, Vera JL, Lamosa P, de Valdez GF, de Vos WM, Santos H,
Sesma F, Hugenholtz J: Pseudovitamin B(12) is the corrinoid
produced by Lactobacillus reuteri CRL1098 under anaerobic
conditions. FEBS Lett 2007, 581:4865-4870.

Saulnier DM, Santos F, Roos S, Mistretta TA, Spinler JK,
Molenaar D, Teusink B, Versalovic J: Exploring metabolic
pathway reconstruction and genome-wide expression
profiling in Lactobacillus reuteri to define functional probiotic
features. PLoS ONE 2011, 6:e18783.

Rodionov DA, Vitreschak AG, Mironov AA, Gelfand MS:
Comparative genomics of the vitamin B12 metabolism and
regulation in prokaryotes. J Biol Chem 2003, 278:41148-41159.

Hufner E, Britton RA, Roos S, Jonsson H, Hertel C: Global
transcriptional response of Lactobacillus reuteri to the
sourdough environment. Syst Appl Microbiol 2008,
31:323-338.

Santos F, Vera JL, van der Heijden R, Valdez G, de Vos WM,
Sesma F, Hugenholtz J: The complete coenzyme B12
biosynthesis gene cluster of Lactobacillus reuteri CRL1098.
Microbiology 2008, 154:81-93.

Vannini V, de Valdez G, Taranto MP, Sesma F: Identification of
new lactobacilli able to produce cobalamin (Vitamin B12).
Biocell 2008, 32:72.

Martin R, Olivares M, Marin ML, Xaus J, Fernandez L,
Rodriguez JM: Characterization of a reuterin-producing
Lactobacillus coryniformis strain isolated from a goat’s milk
cheese. Int J Food Microbiol 2005, 104:267-277.

Alm L: Effect of fermentation on B-vitamin content of milk in
Sweden. J Dairy Sci 1982, 65:353-359.

Shahani KM, Chandan RC: Nutritional and healthful aspects of
cultured and culture-containing dairy foods. J Dairy Sci 1979,
62:1685-1694.

Champagne CP, Tompkins TA, Buckley ND, Green-Johnson JM:
Effect of fermentation by pure and mixed cultures of
Streptococcus thermophilus and Lactobacillus helveticus on
isoflavone and B-vitamin content of a fermented soy
beverage. Food Microbiol 2010, 27:968-972.

www.sciencedirect.com

Current Opinion in Biotechnology 2013, 24:160-168



168 Food biotechnology

61.

62.

63.

64.

65.

Suttie JW: The importance of menaquinones in human
nutrition. Annu Rev Nutr 1995, 15:399-417.

Davidson RT, Foley AL, Engelke JA, Suttie JW: Conversion of
dietary phylloquinone to tissue menaquinone-4 in rats is not
dependent on gut bacteria. J Nutr 1998, 128:220-223.

Venter JC, Remington K, Heidelberg JF, Halpern AL, Rusch D,
Eisen JA, Wu D, Paulsen |, Nelson KE, Nelson W et al.:
Environmental genome shotgun sequencing of the Sargasso
Sea. Science 2004, 304:66-74.

Gill SR, Pop M, Deboy RT, Eckburg PB, Turnbaugh PJ, Samuel BS,
Gordon JI, Relman DA, Fraser-Liggett CM, Nelson KE:
Metagenomic analysis of the human distal gut microbiome.
Science 2006, 312:1355-1359.

Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T,
Mende DR, Fernandes GR, Tap J, Bruls T, Batto JM et al.:
Enterotypes of the human gut microbiome. Nature 2011,
473:174-180.

The authors investigate the collective genome sequences of the
human gut microbiota and show that it is significantly enriched in
genes involved in the metabolism of glycans, amino acids, and bio-
synthesis of vitamins.

66.

67.

68.

Klaassens ES, Ben-Amor K, Vriesema A, Vaughan EE, de Vos W:
The fecal bifidobacterial transcriptome of adults: a microarray
approach. Gut Microbes 2011, 2:217-226.

Klaassens ES, Boesten RJ, Haarman M, Knol J, Schuren FH,
Vaughan EE, de Vos WM: Mixed-species genomic microarray
analysis of fecal samples reveals differential transcriptional
responses of bifidobacteria in breast- and formula-fed infants.
Appl Environ Microbiol 2009, 75:2668-2676.

Gosalbes MJ, Durban A, Pignatelli M, Abellan JJ, Jimenez-
Hernandez N, Perez-Cobas AE, Latorre A, Moya A:
Metatranscriptomic approach to analyze the functional
human gut microbiota. PLoS ONE 2011, 6:e17447.

Current Opinion in Biotechnology 2013, 24:160-168

www.sciencedirect.com



	Bacteria as vitamin suppliers to their host: a gut microbiota perspective
	Introduction
	Biosynthesis of folate by human gut commensals
	Biosynthesis of riboflavin
	Biosynthesis of vitamin B12
	Biosynthesis of other B-group vitamins
	De novo synthesis of vitamin K by gut bacteria
	Human gut microbiome and vitamin biosynthesis

	Conclusions
	References and recommended reading
	Acknowledgements


