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Abstract

Folates (vitamin By) are essential micronutrients which function as cofactors in one-carbon transfer reactions involved in the
synthesis of nucleotides and amino acids. Folate deficiency is associated with important diseases such as cancer, anemia,
cardiovascular diseases, or neural tube defects. Epidemiological data show that folate deficiency is still highly prevalent in many
populations. Hence, food fortification with synthetic folic acid (i.e., folic acid supplementation) has become mandatory in many
developed countries. However, folate biofortification of staple crops and dairy products as well as folate bioproduction using
metabolically engineered microorganisms are promising alternatives to folic acid supplementation. Here, we review the current
strategies aimed at overproducing folates in microorganisms, in view to implement an economic feasible process for the

biotechnological production of the vitamin.
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Introduction

Folates are a group of water-soluble compounds that are part
of the B vitamin family (By). They have a common chemical
structure formed by a pteridine ring, a p-aminobenzoic acid,
and one or more gamma-linked glutamates (Fig. 1). They
function as coenzymes in C1 transfer reactions involved in
the synthesis of purines, pyrimidines, and methionine, and
the metabolism of amino acids (Tibbetts and Appling 2010).
This vitamin can only be synthesized de novo by fungi,
some prokaryotes, and plants, and therefore, animals need to
obtain it through the diet. Due to its involvement in such im-
portant metabolic pathways, its deficiency can cause several
syndromes and diseases such as megaloblastic anemia, neural
tube defects (NTDs), cardiovascular diseases, and cancer
(Strobbe and Van Der Straeten 2017). Due to the difficulty of
reaching the recommended daily intake (RDI) for this vitamin
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through the diet, in 1998 the US Food and Drug Administration
(FDA) implemented a mandatory fortification program of
enriched grain products to prevent NTDs (FDA 1996).
Nowadays, the number of countries with a mandatory folic acid
(FA) fortification program ascends to 58 (Arth et al. 2016), a
measure which has proven to reduce in the incidence of NTDs.

In industry, FA is chemically synthesized, as there is no
existing biotechnological process for its production at a large
scale (Weimann et al. 2011). Although the synthetic form of the
vitamin is not present in nature, it can be metabolized to bio-
active forms by the action of the dihydrofolate reductase
(DHFR). However, the human DHFR shows an extremely
low rate of conversion of synthetic FA into bioactive vitamers
and, therefore, administration of high concentrations of the
synthetic form of this vitamin can lead to its accumulation in
the bloodstream (Bailey and Ayling 2009). Consequently, this
can mask a vitamin B, deficiency because the symptoms are
similar for both vitamins (Choi et al. 2014). This problem could
be solved, however, by the fortification of food with the natural
forms of folates. This, in addition to the rising interest in the use
of more environmentally friendly processes in industry, has led
to the development of metabolically engineered microorgan-
isms and plants for the production of this vitamin.

While some reviews have focused on the biofortification of
food crops with folates obtained through the metabolic engi-
neering of plants (Strobbe and Van Der Stracten 2017), this
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Fig. 1 Folate structure and metabolic pathway. a Folates comprise a
pteridine ring (red), a pABA molecule (blue) and a tail of gamma-
linked L-glutamates (green). Different substituents at R; and R,
characterize different vitamers which can be interconverted. b
Schematic pathway of folate biosynthesis. Metabolites: H,NTP, into
7,8-dihydroneopterin triphosphate; H,NMP, 7,8-dihydroneopterin
monophosphate; DHN, 7,8-dihydroneopterin; HMH,N, 6-
hydroxymethyl-7,8-dihydropterin; HMH,NDP, 6-hydroxymethyl-7,8-

mini-review concentrates on the metabolic engineering of mi-
croorganisms for their use in biotechnological processes in in-
dustry. First, the structure and the physiological role of this
vitamin are described, as well as the biosynthetic pathway,
focusing on the key enzymes susceptible to manipulation.
Next, the bioavailability of synthetic and natural forms of fo-
lates from the diet is discussed, providing a general overview of
the importance of the bioactive forms of folates. Also,
biofortification is evaluated as a way to assure the correct daily
intake of this vitamin. Then, the metabolic engineering of dif-
ferent bacteria and fungi for increasing the production of folates
is reviewed, where recent work done for the development of
industrial bioprocesses is emphasized. Finally, future perspec-
tives in the use of synthetic biology for the development of
metabolically engineered microorganisms for folate production
are discussed. However, despite the works carried out so far,
the industrial production of folates by microorganisms is still
far from being economically feasible. Thus, more efforts are
needed to increase the production levels of this vitamin.

Folates: chemistry, biosynthesis,
and physiological role

All folates have a common structure formed by a pteridine
ring, a p-aminobenzoic acid (pABA) and a tail of gamma-
linked L-glutamates, but can be differentiated. These forms
differ in the oxidation state of the ring, where tetrahydrofolate
is the most reduced form of folates; the C1 group that is bound
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dihydroneopterin diphosphate; ADC, 4-amino-4-deoxychorismate;
DHP, 7,8-dihydropteroate; DHF, 7,8-dihydrofolate; THF,
tetrahydrofolate. Enzymes: GTPCHI, GTP cyclohydrolase I; PPase,
phosphatase; DHNA, dihydroneopterin aldolase; HPPK, 2-amino-4-hy-
droxy-6-hydroxymethyldihydropterin pirophosphokinase; ADCS,
aminodeoxychorismate synthase; ADCL, 4-amino-4-deoxychorismate
lyase; DHPS, dihydropteroate synthase; DHFS, dihydrofolate synthase;
DHFR, dihydrofolate reductase; FPGS, folylpolyglutamate synthase

to the positions N5 of the pteridine ring, and position N10 of
the pABA moiety; and the number of glutamates that form the
polyglutamate tail (Fig. 1).

Only plants and certain microorganisms possess the de novo
pathway for the biosynthesis of folates, which has been very
well-conserved throughout evolution. It comprises the synthe-
sis of the pteridine ring from GTP, common precursor to the
riboflavin biosynthetic pathway, its condensation with pABA,
synthesized from chorismate, and the addition of a glutamate
moiety (Rossi et al. 2016) (Fig. 1). The pteridine branch begins
with the conversion of GTP into 7,8-dihydroneopterin triphos-
phate by the action of a GTP cyclohydrolase I (GTPCHI),
followed by two dephosphorylation steps. The product, 7,8-
dihydroneopterin, is converted into 2-amino-4-hydroxy-6-hy-
droxymethyl-7,8-dihydropterin by a dihydroneopterin aldolase
(DHNA), which then is phosphorylated by a 2-amino-4-hy-
droxy-6-hydroxymethyldihydropterin pyrophosphokinase
(HPPK). The pABA branch starts from chorismate, which is
a product of the shikimate pathway. Two enzymes are involved
in the first step, a glutamine amidotransferase, which generates
ammonia from glutamine, and an aminodeoxychorismate syn-
thase (ADCS), which transfers the ammonia group to
chorismate forming 4-amino-4-deoxychorismate (ADC). The
second step is catalyzed by a 4-amino-4-deoxychorismate lyase
which converts ADC into pABA. A dihydropteroate synthase
(DHPS) catalyzes the condensation of 2-amino-4-hydroxy-6-
hydroxymethyldihydropterin diphosphate with pABA,
forming 7,8-dihydropteroate. A glutamate is then added by a
dihydrofolate synthase (DHFS) resulting in 7,8-dihydrofolate
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(DHF). DHF is reduced by a dihydrofolate reductase (DHFR),
also present in animals, resulting in the first biological form of
folate, tetrahydrofolate (THF) (Fig. 1). In bacteria, each en-
zyme is generally encoded by one gene, while in fungi and
plants, it is common to find fused genes that result in
multidomain enzymes. This is the case, for example, in
Saccharomyces cerevisiae where the activities of DHNA,
HPPK, and DHPS are contained in one enzyme encoded by
FOLI (Lawrence et al. 2005).

Folates function as coenzymes in C1 transfer reactions and
are involved in the synthesis of purines, pyrimidines, and me-
thionine, the interconversion of serine and glycine, and gly-
cine catabolism. The different forms of folates (i.e., THF, 5-
methyl-THF, 5,10-methylene-THF, 5,10-methenyl-THF, and
10-formyl-THF) are interconverted by accepting or donating
C1 groups during these reactions (Fig. 1). Folylpolyglutamate
synthase (FPGS) catalyzes the addition of glutamate moieties
to the different forms of folate, an event that is necessary for
their retention in the cytosol or the mitochondria.
Additionally, folate-dependent enzymes have more affinity
for the polyglutamate folates, and therefore, this is the biolog-
ically active form of the vitamin (Shane 1989).

Food availability and biofortification

Folates are mainly found in legumes (beans and peas) and
green leafy vegetables. In addition, fruits, dairy products, poul-
try, and eggs are also important sources of folates (USDA
National Nutrient Database for Standard Reference Legacy
Release, April 2018). The recommended dietary allowance
(RDA) for folates is expressed as dietary folate equivalents
(DFE), which in turn is defined as 1 pg of food folate, to
consider existing variations in bioavailability between different
forms of folates. Hence, the US National Institutes of Health
(NIH) recommends a folate RDA for adults of 400 nug DFE,
while the folate RDA in the European Union (EFSA Panel
2014) is 240 ug DFE. A higher intake (600—1000 pg DFE) is
advised for pregnant women (Rossi et al. 2016).

Synthetic FA and dietary folates differ considerably in
terms of both bioavailability and bioaccessibility (see (Saini
etal. 2016) and references therein). On one hand, only FA and
monoglutamate folates can be absorbed in the gastrointestinal
tract. Therefore, dietary folates, which mainly occur in the
polyglutamate forms, must be processed by the folylpolyl-
gamma-glutamyl carboxypeptidase (FGCP) into
monoglutamates to be transported into the enterocytes. On
the other hand, both FA and dietary monoglutamate folates
must be transformed into 5-methyl-THF to be exported from
the enterocytes to the blood vessels (Visentin et al. 2014).
Hence, the main form of circulating folates in mammals is
the 5-methyl-THF. Accordingly, several pre-absorptive and
post-absorptive factors can significantly influence the

bioavailability of ingested folates. Some examples of these
factors include folate entrapment, both in plant cells and the
food matrix, the gastric stability of folates, the fraction of
polyglutamate forms and the genetic polymorphisms affecting
folate metabolism (Gregory et al. 2005).

As described above, clinical and epidemiological data show
that folate deficiency is highly prevalent in many populations.
For this reason, FA supplementation of foodstuffs has become
mandatory in many developed countries (Arth et al. 2016).
Moreover, there are strong economic reasons for the implemen-
tation of FA fortification programs in developing countries to
reduce the mortality and morbidity associated with folate defi-
ciency (Hoddinott 2018). Food fortification is generally
achieved using synthetic FA, which is more stable than natural
folates. However, natural folates are preferred to synthetic FA,
as this may present possible unwanted health effects such as
masking a vitamin B, deficiency caused by the saturation of
the DHFR activity or the increased risk of developing prostate
and colorectal cancer (Saini et al. 2016). Hence, plant and mi-
crobial biofortification through classical breeding or genetic
engineering can also be considered as an alternative to FA
supplementation (Strobbe and Van Der Straeten 2017) (Fig. 2).

Folate biofortification in plants have been described in staple
crops including rice, tomato, wheat, beans among others (Saini
et al. 2016; Strobbe and Van Der Stracten 2017). Two general
strategies have been carried out for plant biofortification by
means of metabolic engineering. The first one involves the
simultaneous overexpression of genes encoding GTP
cyclohydrolase I (GTPCHI) and aminodeoxychorismate syn-
thase (ADCS), which catalyze the first reactions of the pterin
and pABA branches of the folate pathway, respectively
(Fig. 1). The second strategy employs the overexpression of
genes that contribute to increase folate stability (Fig. 1)
(Strobbe and Van Der Straeten 2017). However, some of these
approaches result in the enhanced levels of both intermediate
pteridines and pABA (Diaz de la Garza et al. 2007; Saini et al.
2016). In addition, single overexpression of GTPCHI in toma-
to, the Mexican common bean, potato, and other types of plants
also result in higher folate content, thus reflecting the complex
regulation mechanisms of folate biosynthesis in different spe-
cies (Strobbe and Van Der Straeten 2017).

Biofortification of dairy products and fermented foods
using folate-producing LABs can be also considered as an
additional way to achieve folate biofortification (Saubade et
al. 2017). In this regard, the use of non-GMO bacterial strains
requires the isolation of natural producers capable of synthe-
sizing folates in fermented dairy products. Hence, some lactic
acid bacteria (LAB) and bifidobacteria species are able to
produce folates in fermented milk. However, the folate content
is generally lower than 200 pg/L of fermented food, which is
too low to satisfy the RDA (400 nug DFE) (Ayad 2009; Laino
et al. 2014; Laino et al. 2012; Padalino et al. 2012). In addi-
tion, co-cultures of different LAB species have been used to
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Fig.2 Folate food biofortification
versus microbial folate
bioproduction. Staple crops and
LABs can be used for
biofortification strategies.
Microbial factories can be used
for industrial bioproduction

increase the content of folates by about 30%, as compared to
single cultures (Saubade et al. 2017). Nevertheless, serious
concerns regarding folate stability during food processing
must be considered in order to properly evaluate the use of
biofortified dairy products and fermented foods, since the deg-
radation and interconversion of folate vitamers can have a
deep impact on the final concentration of folates (see
Saubade et al. 2017, and references therein).

Metabolic engineering
for the overproduction of folates
in microorganisms

Microbial metabolic engineering—the manipulation of meta-
bolic pathways by genetic engineering—is a powerful tool for
the bioproduction of high value molecules in microorganisms
beyond their natural capacities. Such so-called engineered mi-
crobial cell factories have been successfully created for the
overproduction of other vitamins such as B, By, and C
(Sauer et al. 2004; Rosa et al. 2013; Fang et al. 2017;
Revuelta et al. 2017); but as earlier described, folates are still
produced via chemical synthesis. However, several metabolic
engineering approaches have been developed in both prokary-
otic and eukaryotic microorganisms, which can serve as
stepping stones towards a more sustainable production of vi-
tamin By in the near future.

In the case of folate production, metabolic engineering can
(1) enhance the metabolic fluxes towards folate production,
increasing titers and yields, (2) control folate distribution max-
imizing the most desired (active/stable) form, and (3) maxi-
mize folate stability, which is known to be an important issue
for folate storage.

Additionally, the approaches aimed at fortifying foods
through the co-production of folates during food fermentation
(work involving LABs or wine yeasts) can be differentiated
from those intended to create a cell factory, in which folates
are produced, extracted, and purified (Fig. 2); the latter
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approaches involve biotechnological chassis such as Bacillus
subtilis, Escherichia coli, or Ashbya gossypii.

Most metabolic engineering efforts in prokaryotes have
been carried out in the LAB Lactococcus lactis (Table 1),
where the gene cluster involved in folate production was iden-
tified and some of the components subsequently
overexpressed. The overexpression of the gene fo/KE (HPPK
and GTPCHI activities) increases the extracellular folate pro-
duction almost 10-fold and total folate almost 3-fold (Sybesma
et al. 2003a). In addition, the overexpression of the endogenous
folKE together with folC, encoding FPGS, increases the reten-
tion of folate in the cell. The overexpression of fo/C alone
increases the polyglutamyl tail, thus generating the retention
of all folates within the cell (Sybesma et al. 2003b). On the
contrary, the overexpression of folA, encoding DHFR, de-
creases folate production, suggesting a feedback inhibition
mechanism (Sybesma et al. 2003a). In another work, the same
authors express a mammalian gamma-glutamyl hydrolase in L.
lactis to convert polyglutamyl folate into monoglutamyl folate
and to improve the excretion of bioavailable monoglutamyl
folate into the fermentation broth (Sybesma 2003). In addition,
the overexpression of the native GTPCHI in a specific
riboflavin-producing strain enhances both vitamin B, and vita-
min By (Sybesma et al. 2004). The use of L. lactis in fermented
food suggests these modified strains can be applied for
biofortification, albeit regulatory restrictions exclude the use
of GMO in foods. However, the levels achieved so far are still
rather low (200 pg/L) (Sybesma et al. 2003b) and therefore
more engineering approaches are still required.

The biotechnological workhorse B. subtillis has also been
engineered to increase folate production by combining theo-
retical flux analysis and metabolic engineering (Zhu et al.
2005). The best generated strain presented an inducible pyru-
vate kinase, overexpressing the E. coli aroH (2-dehydro-3-
deoxyphosphoheptonate aldolase, involved in pABA synthe-
sis), and increased the transcription and translation of genes
within the folic acid operon. Such strain reached a production
of 163 pg/L of folate (Table 1).
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Table 1 Folic acid yields of wild-

type and engineered Microorganism Titer mg/L Application Reference
microorganisms
L. lactis 0.2 Fortification (Sybesma et al. 2004)
Streptococcus thermophilus 0-0.2 Fortification (Padalino et al. 2012)
B. subtilis 0.03 (Zhu et al. 2005)
B. subtilis BSZT0437 0.16 Bioproduction (Zhu et al. 2005)
E. coli 0.05 (Zhu et al. 2003)
E. coli PB25 0.27 Bioproduction (Zhu et al. 2003)
Bifidus adolescentis 0.11 Fortification (Pompei et al. 2007)
S. cerevisiae Enoferm M2 0.005 Fortification (Walkey et al. 2015)
S. cerevisiae 0.36 Fortification (Hjortmo et al. 2008)
A. gossypii 6.59 Bioproduction (Serrano-Amatriain et al. 2016)

In addition, the model organism E. coli has also been
engineered to overproduce folate by deletion of the pyruvate
kinase (PYK) gene and redirecting the flux towards the syn-
thesis of the basic metabolic precursors phosphoenolpyruvate
and erythrose-4-phosphate (Zhu et al. 2003). This reached a
production of 275 ug/L (Table 1).

In eukaryotic microorganisms, the folate production path-
way has been characterized in the model organism S.
cerevisiae (Berglez et al. 2005; Cherest et al. 2000; Nardese
et al. 1996). In addition, this yeast has been manipulated to
increase folate concentration during wine fermentation (Liu et
al. 2016; Walkey et al. 2015). The overexpression of the en-
dogenous gene FOL?2 has been found to be the most limiting
step in folate overproduction (Liu et al. 2016; Walkey et al.
2015). Folate synthesis in S. cerevisiae has also been en-
hanced by optimizing media composition, reaching a produc-
tion of 360 pg/L (Hjortmo et al. 2008) (Table 1).

In a more recent approach, A. gossypii was engineered for
folate production (Serrano-Amatriain et al. 2016). A. gossypii
is a filamentous fungus that naturally overproduces riboflavin
(vitamin B,) and, after mutagenesis and several rounds of
rational engineering, is now one of the major industrial pro-
ducers of this vitamin (Revuelta et al. 2017). Interestingly, the
synthesis of riboflavin and folates present a common precur-
sor (GTP), indicating that A. gossypii could be a good produc-
er of folates (Fig. 3). A. gossypii can naturally synthesize
40 pg/L of folates and after metabolic engineering is able to
reach 6595 ug/L (146 times more), which is the highest pro-
duction titer ever reported (Table 1). This was achieved by
firstly overexpressing the three endogenous FOL genes
(FOLI1, FOL2, FOL3), which increases the initial production
16-fold. Subsequently, the deletion of the MET7 gene
encoding FPGS increases folate production by more than
5.7-fold. As described above, FPGS catalyzes the
polyglutamylation of folates in their gamma-carboxyl residue,
and its inhibition is thought to decrease intracellular retention
abolishing the feedback regulation. The elimination of com-
peting pathways, such as riboflavin (by the downregulation of
RIBI) and adenine (by gene deletion of ADE2) also enhances

folate production. Finally, the combination of these modifica-
tions in one single strain (adel2A, met7A, Prip7RIB1, Pcpp -
FOL2-3) generates the best folate producer reported to date
(Serrano-Amatriain et al. 2016) (Table 1).

As previously described, plants are the most important nat-
ural sources of folates; therefore, metabolic engineering ap-
proaches have been carried out in crops with the aim of in-
creasing folate content. A recent review by Stobbe and Van
der Straeten (folate biofortification in food crops) summarizes
most of the engineering approaches in plants (Strobbe and Van
Der Straeten 2017). Interestingly, knowledge from these
works can be applied to the microbial folate pathway. Some
of the possible targets could involve the overexpression of
folate binding proteins (FBPs), which are thought to increase
folate levels by promoting their sequestration and reducing
negative feedback regulations and to augment folate stability
during storage. The expression of the folate binding glycine
N-methyl-transferase (GNMT) from rat liver enhanced folate
production in rice 8.8-fold (Abilgos Ramos 2010). Other po-
tential targets are those enzymes involved in the interconver-
sion between folate forms, which also could increase stability
of the folate pool. For example, a mutated formyl-THF
cycloligase (5-FCL), the sole enzyme known to consume 5-
formyl-THF, prompts the accumulation of this stable form of
folate (Goyer et al. 2005). In addition to rational strategies in
plants, there have been many approaches to improve folate
production through breeding programs. QTL analysis could
reveal potential new targets for enhancing folate production in
plants whose homologs in microorganisms, if any, could lead
to improved microbial cell factories.

In recent years, metabolic engineering has grown as a field
in parallel with the development of synthetic biology—a dis-
cipline that attempts to bring engineering concepts such as
reproducibility, standardization, or modularity to biology.
Examples of this involve the use of modular DNA assembly
techniques that can facilitate the generation of engineering
libraries of variants for the optimization of metabolic path-
ways or genome editing techniques such as CRISPR-Cas9,
which can improve the efficiency of genetic engineering.
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Fig. 3 Metabolic engineering for folate bioproduction in A. gossypii.
Increased availability of GTP for the biosynthesis of folate is achieved
by reducing competing pathways: gene deletion of ADEI2 and gene
underexpression of R/B1. Boosting folate production is accomplished
by gene overexpression of FOL genes. Switching metabolic flux

These and other new techniques, together with the identifica-
tion of novel target genes for engineering are expected to
further boost the biotechnological production of folates.
These techniques that allow the fine control of metabolic path-
ways can also be used to further study well-known overex-
pression targets in the folate pathway. For example, the co-
expression of the pABA and pteridine branches of folate bio-
synthesis could be optimized by controlling the promoter
strength of the enzymes of each pathway. This in turn would
allow the most favorable balance for maximizing folate pro-
duction to be identified while reducing undesired intermedi-
ates, limiting the transport of some of the accumulated inter-
mediates between different compartments.

Conclusions and future prospects

Folate deficiency continues to be a health problem in
many overpopulated, war-ridden, poverty- or famine-
stricken countries, as well as in some population sectors
in developed, high-income countries. Two main strategies
to increase the folate content of foods are being devel-
oped: biofortification and supplementation. The
biofortification of food crops and fermented foods forms
part of an integrated food-systems approach for reducing
malnutrition, and efficiently targets the poorest people and
rural households, improving family nutrition and health in
a sustainable way. However, biofortification does not al-
ways assure healthy individuals in developed countries
are receiving a sufficiently balanced natural daily folate
supply, due to current food habits, the preference for proc-
essed foods, and preservation and cooking methods.

By contrast, supplementing foods with folates can be
easily adapted to modern food technological processes
which allows the final concentration of the vitamin in
the commercial processed product to be efficiently con-
trolled, as well as the precise definition of its formulation
(i.e., vitamer composition, bioavailability, stability, etc.).
Indeed, folate supplementation of foods, either voluntary
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towards either riboflavin production or folate production results in super
yellow strains or light yellow strains, respectively. Dashed lines indicate
multistep pathways; thin lines indicate reduction of metabolic flux; thick
lines indicate increase of metabolic flux

or mandatory, has been implemented by most countries to
efficiently fight folate deficiency (Arth et al. 2016).
Unfortunately, all the vitamin By commercially available
for food supplementation is chemically synthesized FA,
and may present some drawbacks. Several studies seem
to raise doubts regarding the safe use of chemically
synthetized FA in foods, whereas natural folates do not
cause such adverse health effects in individuals (Rossi et
al. 2016; Saini et al. 2016).

For this reason, research initiatives are being carried
out to evaluate the potential of natural folate production
by microbial fermentation. In addition, microbial produc-
tion is a sustainable technology based on renewable re-
sources, and can be managed to produce an optimal mix
of folate vitamers in an economically favorable way.
Although a limited number of studies using metabolically
engineered industrial microorganisms (E. coli, B. subtilis,
LABs, and the fungus A. gossypii) has so far been report-
ed, they do demonstrate the feasibility of the biotechno-
logical approaches for industrial folate production
(Hjortmo et al. 2008; Serrano-Amatriain et al. 2016;
Sybesma et al. 2003a; Sybesma et al. 2003b; Zhu et al.
2003; Zhu et al. 2005).

Despite the remarkable improvements in folate production
that have been achieved, the fermentation process is not com-
petitive as yet with the chemical synthesis. Future research
should thus focus on the following points: (i) understanding
the complex regulatory mechanisms governing the enzymatic
activities involved in the folate pathway; (ii) flux metabolic
analysis to uncover possible bottlenecks and to channeling
PABA and pteridine substrates towards the folate biosynthetic
pathway; (iii) the blocking of chorismate-consuming path-
ways to enhance the synthesis of the limiting pABA substrate;
(iv) the characterization and engineering of folate eukaryotic
transporters to facilitate the import of the pABA and pterin
substrates into the mitochondria, where the synthesis of folates
takes place; and (v) the optimization of the fermentation con-
ditions and further development of downstream processes for
the recovery and purification of the product.



Appl Microbiol Biotechnol

Funding This work was funded by the Spanish Ministry of Economy and
Competitiveness (BI02014-56930-P and BIO2017-88435-R) and the
Regional Government of Castilla and Leon (SA016P17). RLA received
financial support from the Imperial College London in the form of an IC
Research Fellowship and BBSRC grant (BB/R01602X/1).

Compliance with ethical standards
Conflict of interest  The authors declare they have no conflict of interest.

Ethical approval The work carried out in this study does not involve any
human participants or animals.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Abilgos Ramos R (2010) Folate profiling in wild and transgenic rice.
University of Nottingham

Arth A, Kancherla V, Pachon H, Zimmerman S, Johnson Q, Oakley GP Jr
(2016) A 2015 global update on folic acid-preventable spina bifida
and anencephaly. Birth Defects Res A Clin Mol Teratol 106(7):520—
529. https://doi.org/10.1002/bdra.23529

Ayad EH (2009) Starter culture development for improving safety and
quality of Domiati cheese. Food Microbiol 26(5):533-541. https://
doi.org/10.1016/j.fm.2009.03.007

Bailey SW, Ayling JE (2009) The extremely slow and variable activity of
dihydrofolate reductase in human liver and its implications for high
folic acid intake. Proc Natl Acad Sci U S A 106:15424-15429.
https://doi.org/10.1073/pnas.0902072106

Berglez J, Pilling P, Macreadie I, Fernley RT (2005) Purification, proper-
ties, and crystallization of Saccharomyces cerevisiae dihydropterin
pyrophosphokinase-dihydropteroate synthase. Protein Expr Purif
41(2):355-362. https://doi.org/10.1016/j.pep.2005.02.003

Cherest H, Thomas D, Surdin-Kerjan Y (2000) Polyglutamylation of
folate coenzymes is necessary for methionine biosynthesis and
maintenance of intact mitochondrial genome in Saccharomyces
cerevisiae. ] Biol Chem 275(19):14056-14063. https://doi.org/10.
1074/jbc.275.19.14056

Choi JH, Yates Z, Veysey M, Heo YR, Lucock M (2014) Contemporary
issues surrounding folic acid fortification initiatives. Prev Nutr Food
Sci 19(4):247-260. https://doi.org/10.3746/pnf.2014.19.4.247

Diaz de la Garza RI, Gregory JF, Hanson AD (2007) Folate biofortification of
tomato fruit. Proc Natl Acad Sci 104(10):4218-4222

European Food Safety Authority Panel on Dietetic Products, Nutrition
and Allergies (NDA) 2014 Scientific Opinion on Dietary Reference
Values for folate. EFSA Journal 12(11):3893. https://doi.org/10.
2903/j.efsa.2014.3893

Fang H, Kang J, Zhang D (2017) Microbial production of vitamin B12: a
review and future perspectives. Microb Cell Factories 16:1-14.
https://doi.org/10.1186/s12934-017-0631-y

Food and Drug Administration, USA (1996) Folate and neural tube de-
fects. In: Food standards: food labeling: health claims and label
statements, final rule, (21 CFR Part 101). Fed Regist 61(44):8752—
8781

Goyer A, Collakova E, Diaz de la Garza R, Quinlivan EP, Williamson J,
Gregory JF 3rd, Shachar-Hill Y, Hanson AD (2005) 5-
Formyltetrahydrofolate is an inhibitory but well tolerated metabolite
in Arabidopsis leaves. ] Biol Chem 280(28):26137-26142. https://
doi.org/10.1074/jbc.M503106200

Gregory JF, Quinlivan EP, Davis SR (2005) Integrating the issues of
folate bioavailability, intake and metabolism in the era of fortifica-
tion. Trends Food Sci Technol 16(6):229-240. https://doi.org/10.
1016/5.tifs.2005.03.010

Hjortmo S, Patring J, Andlid T (2008) Growth rate and medium compo-
sition strongly affect folate content in Saccharomyces cerevisiae. Int
J Food Microbiol 123:93-100

Hoddinott J (2018) The investment case for folic acid fortification in
developing countries. Ann N Y Acad Sci 1414(1):72-81. https://
doi.org/10.1111/nyas.13527

Laino JE, Leblanc JG, Savoy de Giori G (2012) Production of natural
folates by lactic acid bacteria starter cultures isolated from artisanal
Argentinean yogurts. Can J Microbiol 58(5):581-588. https:/doi.
org/10.1139/w2012-026

Laino JE, Juarez del Valle M, Savoy de Giori G, LeBlanc JG (2014)
Applicability of a Lactobacillus amylovorus strain as co-culture for
natural folate bio-enrichment of fermented milk. Int J Food Microbiol
191:10-16. https:/doi.org/10.1016/j.jjfoodmicro.2014.08.031

Lawrence MC, lliades P, Fernley RT, Berglez J, Pilling PA, Macreadie IG
(2005) The three-dimensional structure of the bifunctional 6-hy-
droxymethyl-7,8-dihydropterin pyrophosphokinase/
dihydropteroate synthase of Saccharomyces cerevisiae. ] Mol Biol
348(3):655-670. https://doi.org/10.1016/j.jmb.2005.03.021

Liu Y, Walkey CJ, Green TJ, van Vuuren HJJ, Kitts DD (2016)
Enhancing the natural folate level in wine using bioengineering
and stabilization strategies. Food Chem 194:26-31. https://doi.org/
10.1016/j.foodchem.2015.07.138

Nardese V, Gutlich M, Brambilla A, Carbone ML (1996) Disruption of
the GTP-cyclohydrolase I gene in Saccharomyces cerevisiae.
Biochem Biophys Res Commun 218(1):273-279. https://doi.org/
10.1006/bbrc.1996.0048

Padalino M, Perez-Conesa D, Lopez-Nicolas R, Frontela-Saseta C, Ros-
Berruezo G (2012) Effect of fructooligosaccharides and galacto-
oligosaccharides on the folate production of some folate-producing
bacteria in media cultures or milk. Int Dairy J 27(1):27-33. https://
doi.org/10.1016/j.idairyj.2012.06.006

Pompei A, Cordisco L, Amaretti A, Zanoni S, Matteuzzi D, Rossi M
(2007) Folate production by Bifidobacteria as a potential probiotic
property. Appl Environ Microbiol 73:179—-185. https://doi.org/10.
1128/AEM.01763-06

Revuelta JL, Ledesma-Amaro R, Lozano-Martinez P, Diaz-Fernandez D,
Buey RM, Jiménez A (2017) Bioproduction of riboflavin: a bright
yellow history. J Ind Microbiol Biotechnol 44(4-5):659—665.
https://doi.org/10.1007/s10295-016-1842-7

Rosa JCC, Colombo LT, Alvim MCT, Avonce N, Van Dijck P, Passos
FML (2013) Metabolic engineering of Kluyveromyces lactis for L-
ascorbic acid (vitamin C) biosynthesis. Microb Cell Factories 12:59.
https://doi.org/10.1186/1475-2859-12-59

Rossi M, Raimondi S, Costantino L, Amaretti A (2016) Folate: relevance
of chemical and microbial production industrial biotechnology of
vitamins, biopigments, and antioxidants. Wiley-VCH Verlag
GmbH & Co., KGaA, pp 103-128

Saini RK, Nile SH, Keum YS (2016) Folates: chemistry, analysis, occur-
rence, biofortification and bioavailability. Food Res Int 89(Pt 1):1—
13. https://doi.org/10.1016/j.foodres.2016.07.013

Saubade F, Hemery YM, Guyot JP, Humblot C (2017) Lactic acid fer-
mentation as a tool for increasing the folate content of foods. Crit
Rev Food Sci Nutr 57(18):3894-3910. https://doi.org/10.1080/
10408398.2016.1192986

Sauer M, Branduardi P, Valli M, Porro D (2004) Production of l-ascorbic
acid by metabolically engineered Saccharomyces cerevisiae and

@ Springer


https://doi.org/10.1002/bdra.23529
https://doi.org/10.1016/j.fm.2009.03.007
https://doi.org/10.1016/j.fm.2009.03.007
https://doi.org/10.1073/pnas.0902072106
https://doi.org/10.1016/j.pep.2005.02.003
https://doi.org/10.1074/jbc.275.19.14056
https://doi.org/10.1074/jbc.275.19.14056
https://doi.org/10.3746/pnf.2014.19.4.247
https://doi.org/10.2903/j.efsa.2014.3893
https://doi.org/10.2903/j.efsa.2014.3893
https://doi.org/10.1186/s12934-017-0631-y
https://doi.org/10.1074/jbc.M503106200
https://doi.org/10.1074/jbc.M503106200
https://doi.org/10.1016/j.tifs.2005.03.010
https://doi.org/10.1016/j.tifs.2005.03.010
https://doi.org/10.1111/nyas.13527
https://doi.org/10.1111/nyas.13527
https://doi.org/10.2903/j.efsa.2014.3893
https://doi.org/10.2903/j.efsa.2014.3893
https://doi.org/10.1016/j.ijfoodmicro.2014.08.031
https://doi.org/10.1016/j.jmb.2005.03.021
https://doi.org/10.1016/j.foodchem.2015.07.138
https://doi.org/10.1016/j.foodchem.2015.07.138
https://doi.org/10.1006/bbrc.1996.0048
https://doi.org/10.1006/bbrc.1996.0048
https://doi.org/10.1016/j.idairyj.2012.06.006
https://doi.org/10.1016/j.idairyj.2012.06.006
https://doi.org/10.1128/AEM.01763-06
https://doi.org/10.1128/AEM.01763-06
https://doi.org/10.1007/s10295-016-1842-7
https://doi.org/10.1186/1475-2859-12-59
https://doi.org/10.1016/j.foodres.2016.07.013
https://doi.org/10.1080/10408398.2016.1192986
https://doi.org/10.1080/10408398.2016.1192986

Appl Microbiol Biotechnol

Zygosaccharomyces bailii. Appl Environ Microbiol 70:6086—6091.
https://doi.org/10.1128/AEM.70.10.6086-6091.2004

Serrano-Amatriain C, Ledesma-Amaro R, Lopez-Nicolas R, Ros G,
Jiménez A, Revuelta JL (2016) Folic acid production by engineered
Ashbya gossypii. Metab Eng 38:473-482. https://doi.org/10.1016/j.
ymben.2016.10.011

Shane B (1989) Folylpolyglutamate synthesis and role in the regulation of
one-carbon metabolism. Vitam Horm 45:263-335

Strobbe S, Van Der Straeten D (2017) Folate biofortification in food
crops. Curr Opin Biotechnol 44:202-211. https://doi.org/10.
1016/j.copbio.2016.12.003

Sybesma W (2003) Metabolic engineering of folate production in lactic
acid bacteria. University of Wageningen

Sybesma W, Starrenburg M, Kleerebezem M, Mierau I, de Vos WM,
Hugenholtz J (2003a) Increased production of folate by metabolic
engineering of Lactococcus lactis. Appl Environ Microbiol 69(6):
3069-3076

Sybesma W, van den Born E, Starrenburg M, Mierau I, Kleerebezem M,
de Vos WM, Hugenholtz J (2003b) Controlled modulation of folate
polyglutamyl tail length by metabolic engineering of Lactococcus
lactis. Appl Environ Microbiol 69(12):7101-7107

@ Springer

Sybesma W, Burgess C, Starrenburg M, van Sinderen D, Hugenholtz J
(2004) Multivitamin production in Lactococcus lactis using meta-
bolic engineering. Metab Eng 6(2):109—115. https://doi.org/10.
1016/j.ymben.2003.11.002

Tibbetts AS, Appling DR (2010) Compartmentalization of mammalian
folate-mediated one-carbon metabolism. Annu Rev Nutr 30:57-81.
https://doi.org/10.1146/annurev.nutr.012809.104810

Visentin M, Diop-Bove N, Zhao R, Goldman ID (2014) The intestinal
absorption of folates. Annu Rev Physiol 76(1):251-274. https://doi.
org/10.1146/annurev-physiol-020911-153251

Walkey CJ, Kitts DD, Liu Y, van Vuuren HJJ (2015) Bioengineering
yeast to enhance folate levels in wine. Process Biochem 50(2):
205-210. https://doi.org/10.1016/j.procbio.2014.12.017

Weimann BJ, Hengartner U, Saizieu A, Wehrli C (2011) Vitamins, 10.
Folic Acid Ullmann's Encyclopedia of Industrial Chemistry

Zhu T, Koepsel R, Domach MM, Ataai MM (2003) Metabolic engineer-
ing of folic acid production fermentation biotechnology. ACS sym-
posium series, vol 862. American Chemical Society, pp 207-219

Zhu T, Pan Z, Domagalski N, Koepsel R, Ataai MM, Domach MM
(2005) Engineering of Bacillus subtilis for enhanced total synthesis
of folic acid. Appl Environ Microbiol 71(11):7122-7129


https://doi.org/10.1128/AEM.70.10.6086-6091.2004
https://doi.org/10.1016/j.ymben.2016.10.011
https://doi.org/10.1016/j.ymben.2016.10.011
https://doi.org/10.1016/j.copbio.2016.12.003
https://doi.org/10.1016/j.copbio.2016.12.003
https://doi.org/10.1016/j.ymben.2003.11.002
https://doi.org/10.1016/j.ymben.2003.11.002
https://doi.org/10.1146/annurev.nutr.012809.104810
https://doi.org/10.1146/annurev-physiol-020911-153251
https://doi.org/10.1146/annurev-physiol-020911-153251
https://doi.org/10.1016/j.procbio.2014.12.017

	Formation of folates by microorganisms: towards the biotechnological production of this vitamin
	Abstract
	Introduction
	Folates: chemistry, biosynthesis, and physiological role
	Food availability and biofortification
	Metabolic engineering for the overproduction of folates in microorganisms
	Conclusions and future prospects
	References


