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SUMMARY

B vitamins are a group of water-soluble micronutrients that are required in all life forms. With the lack of
biosynthetic pathways, humans depend on dietary uptake of these compounds, either directly or indirectly,
from plant sources. B vitamins are frequently given little consideration beyond their role as enzyme acces-
sory factors and are assumed not to limit metabolism. However, it should be recognized that each individ-
ual B vitamin is a family of compounds (vitamers), the regulation of which has dedicated pathways.
Moreover, it is becoming increasingly evident that individual family members have physiological relevance
and should not be sidelined. Here, we elaborate on the known forms of vitamins B,, Bg and By, their distinct
functions and importance to metabolism, in both human and plant health, and highlight the relevance of
vitamer homeostasis. Research on B vitamin metabolism over the past several years indicates that not only
the total level of vitamins but also the oft-neglected homeostasis of the various vitamers of each B vitamin
is essential to human and plant health. We briefly discuss the potential of plant biology studies in support-
ing human health regarding these B vitamins as essential micronutrients. Based on the findings of the past
few years we conclude that research should focus on the significance of vitamer homeostasis — at the organ,
tissue and subcellular levels — which could improve the health of not only humans but also plants, benefit-
ing from cross-disciplinary approaches and novel technologies.
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INTRODUCTION

By definition, vitamins are essential organic com-
Plants, as outstanding natural chemists, offer a vast set of pounds, required in small quantities, that humans cannot
bioactive chemicals that fulfil their own purposes for sur- biosynthesize de novo. Although plants also require vita-
vival. Human health has benefitted from many of these min compounds for growth and development, they can
resources, and discoveries in plants continue to provide biosynthesize these molecules de novo (and so these are
the potent.|al to prevent and tr.eat human dlsea.\ses. Among not technically vitamins for plants) and serve as a dietary
the repository of plant chemicals are the micronutrients source for humans, either directly or indirectly (through
comprising mineral elements and vitamins that are essen- animals that feed on plants) (Fitzpatrick et al., 2012).
t|aI_|n the human diet, and for which P'?nFS serve as a Based on solubility, vitamins are classified as either fat-
major source (Ross et al., 2012). By now, it is well recog- soluble (A, D, E and K) or water-soluble (B complex and
nized that limited access to nutritious plant resources or C). In humans, it is well established that vitamin deficien-
eq.uivalent food products compromise human health (B(.)r— cies result in serious health issues globally, particularly
elli et al., 2020). Moreover, plants themselves require among vulnerable groups such as pregnant females and
access to adequate resources for healthy growth and sur- children (Black et al., 2013; Ruel-Bergeron et al., 2015;
vival to facilitate and optimize their ‘in-house’ chemical  Ty|chinsky, 2010). Insufficient vitamin intake (as well as
pantry, including the autotrophic synthesis of vitamin com- any of the essential mineral elements) is referred to as
pounds that we focus upon here. hidden hunger because it often goes unnoticed and
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symptoms may not appear until there is a severe defi-
ciency (Black et al., 2013). According to recent reports at
least two billion people are estimated to suffer from hid-
den hunger, representing over a quarter of the global
population (Bailey et al., 2015). Among the vitamins, defi-
ciencies related to vitamin A and By (folates) are some of
the most widespread, but those of other B vitamins (such
as B; (thiamine) and Bg (pyridoxine)) also frequently
occur (Bailey et al., 2015; Strobbe & Van Der
Straeten, 2018). Furthermore, deficiencies of multiple
micronutrients often transpire concurrently because of
the lack of diversity in food sources and foods with low
nutrient levels (Nair et al., 2016). The damage can have
lifelong consequences on human health. Even mild to
moderate deficiencies can lead to physical and cognitive
defects in infants, children and adults (Nair et al., 2016;
Plecko et al., 2017). Other health issues attributed specifi-
cally to deficiencies of B vitamins are related to brain
development, kidney diseases, cancers, mental health and
cognitive function (Parletta et al., 2013).

In this review, given the breadth of the literature on vita-
mins, we restrict our focus to three of the B vitamins (B4, Bg
and Bg). Over the past years our increasing knowledge on
the metabolism of these B vitamins has been paving the way
for strategies to improve their levels in staple crop species,
aiming towards alleviating deficiencies. Although these
studies have shown potential in fighting against deficiencies
in these vitamins, they also raise new challenges. In some
cases, the engineering of certain genes did not increase
levels as expected, raising the possibility of interplay among
certain regulatory pathways that is yet to be investigated.
Further, as B vitamins in general play a pivotal role in plant
metabolism, it is essential to monitor the response to
changes in their levels, keeping the overall health of the
plants in the foreground (Titcomb & Tanumihardjo, 2019).
Of considerable significance is the emerging evidence indi-
cating that balance within these vitamin families is essential
for proper growth and development (Colinas et al., 2016;
Fitzpatrick & Chapman, 2020; Gonzalez & Vera, 2019; Gore-
lova etal, 2022; Gorelova et al., 2017a; Hanson
et al., 2016). As a consequence, vitamin homeostasis is
likely to affect yield and agricultural productivity and, in turn,
human nutrition and health (Box 1). To complement previ-
ous reviews on vitamin metabolism, here we consolidate
the work on both plants and humans, as well as knowledge
on coenzyme versus non-coenzyme, and provide our opin-
ion on the importance of considering vitamer homeostasis.

THE VITAMIN B, FAMILY

Vitamin B, metabolism in plants and humans

Vitamin B, is a family of water-soluble sulfur-containing
compounds. The basic unit of vitamin B; consists of a
pyrimidine and thiazole heterocycle, bridged by a
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Box 1: Summary

» Coenzymes derived from B vitamins are essential for
both human and plant health.

« Each individual B vitamin is a family of compounds
from which the coenzyme form can be derived.

« Individual members of the B vitamin family (with B,
Be and By focused upon here) known as vitamers can
have distinct functions.

» Balance between the individual vitamers (vitamer
homeostasis) is important for both human and plant
health.

» Vitamer homeostasis should be taken into account in
the alleviation of hidden hunger.

methylene group and is referred to as thiamine (Figure 1a).
The thiamine unit can carry between one and three phos-
phate moieties, thiamine monophosphate (TMP), thiamine
diphosphate (TDP) or thiamine triphosphate (TTP), respec-
tively, which can in turn be adenosylated. However, only
adenosine TDP (ATDP) and adenosine TTP (ATTP) have
been reported (Bettendorff, 2021).

The most renowned and frequently the most abundant
member of the vitamin B, family is TDP, the coenzyme form.
In contrast to humans, biosynthesis de novo of TDP can take
place in plants and we refer the reader to recent detailed
descriptions of this pathway (Fitzpatrick & Chapman, 2020;
Strobbe & Van Der Straeten, 2018). Briefly, based on find-
ings in Arabidopsis, the pyrimidine moiety 4-amino-5-
hydroxymethyl-2-methylpyrimidine pyrophosphate (HMP-
PP) and the thiazole moiety 4-methyl-5-(2-hydroxyethyl)
thiazole phosphate (HET-P) are separately synthesized in the
chloroplast, involving THIC and THI1, respectively (Fig-
ure 1b). The two heterocycles are then condensed into TMP
by TH1, also in the chloroplast, after which TMP is dephos-
phorylated into thiamine by phosphatases, although the pre-
cise cellular location(s) are not clear (Figure 1b). Recently,
TH2 was shown to specifically catalyze this reaction and is
reported to be found in mitochondria and the cytosol
(Mimura et al., 2016) (Figure 1b). Plastid TMP phosphatases
might also exist, but they have yet to be validated in vivo
(Hasnain et al., 2016; Tannert et al., 2021). Pyrophosphory-
lation is catalyzed by two functionally redundant thiamine
pyrophosphokinases (TPKs) that are localized to the cytosol
in Arabidopsis (Ajjawi et al., 2007) (Figure 1b). However, the
requirement for TDP, a polar molecule, by enzymes localized
to the cellular organelles implicates facilitated transport pro-
cesses. Indeed, cellular transporters for TDP, thiamine and
intermediate products have been found in the past decade
(Beaudoin et al., 2018; Frelin et al., 2012; Guan et al., 2014;
Martinis et al., 2016; Noordally et al., 2020) (Figure 1b).

Humans mainly rely on the dietary uptake of vitamin B,
(1.1-1.5 mg/day for a typical adult) to satisfy the need for
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TDP (Dhir et al., 2019; Fitzpatrick et al., 2012; Martin
et al., 2003). Although TDP itself can be a major form of
vitamin B in the diet, only dephosphorylated thiamine is
taken up through the intestine (Figure 1c). This means that
dietary TDP needs to be hydrolyzed into thiamine (by
intestinal alkaline phosphatases) before absorption and
transportation (Dhir et al., 2019; Schaller & Holler, 1975)
(Figure 1c). Transport is facilitated in the jejunum and
ileum by two thiamine transporters, THTR1 and THTR2,
which are also responsible for thiamine uptake from the
blood (Rindi & Laforenza, 2000) (Figure 1c). TPK1 converts
thiamine back into TDP in the cytosol, which in turn can be
dephosphorylated into TMP by acid phosphatases (Zylka
et al., 2008) (Figure 1c). Several studies have shown that
intestinal microbiota can also produce thiamine that can
be used by humans (Said, 2011; Said, 2013).

Although thiamine and TMP are generated as interme-
diates along the route to TDP, the biosynthesis of the
triphosphorylated and adenosylated forms of vitamin B,
are less well established. In the case of TTP, two separate
biosynthetic pathways have been proposed in bacteria
and mammals: one catalyzed by adenylate kinase 1 (AK1)
in the cytosol (Shikata et al., 1989) and the other by mito-
chondrial ATP synthase (Gangolf et al., 2010) (Figure 1c).

It is noteworthy that AK1 displays relatively low activity
in the cytosol, as mice with the corresponding gene
knocked out maintain normal TTP levels (Gangolf
et al., 2010). This also suggests that the cytosolic AK1 is
not the major contributor for TTP biosynthesis or that
mitochondrial TTP biosynthesis can compensate for a
lack of TTP in the cytosol. In plants, TTP is thought to
accumulate in both plastids and mitochondria, but the
biosynthesis route remains to be elucidated (Hofmann
et al., 2020). Although the vitamer form ATTP has been
reported to exist across life domains, including plants
(Bettendorff et al., 2007), a recent study could not repro-
duce the presence of ATTP in plants yet (Hofmann
et al., 2020). Furthermore, the enzymes involved in the
biosynthesis of ATTP (or ATDP) have not yet been identi-
fied in any organism.

Catabolic pathways of vitamin B4 exist, with one of the
best-characterized enzymes being thiaminase (Figure 1b).
Thiaminase cleaves thiamine into its thiazole and pyrim-
idine moieties, and although not present in humans it is
abundant in fish and certain plants, which if consumed
raw, in large quantities, can lead to vitamin B, deficiency
(Jurgenson et al., 2009). In mammalian cells, the hydroly-
sis of TTP is also well characterized and is catalyzed by a

Figure 1. Vitamin B; metabolism in plants and humans. (a) Generalized chemical structure of vitamin B;. The basic unit thiamine (hashed box) consists of a
pyrimidine (green) and thiazole (blue) heterocycle, bridged by a methylene group (yellow). Thiamine derivatives vary in phosphorylation states (black, n = 1-3),
as thiamine monophosphate (TMP), thiamine diphosphate (TDP), thiamine triphosphate (TTP), and in adenosylation states (red), as adenosine TDP (ATDP) and
adenosine TTP (ATTP). (b) Vitamin B; metabolism in plants. Biosynthesis de novo takes place in the chloroplast, where each heterocycle is separately synthe-
sized. 5-Aminoimidazole ribonucleotide (AIR) is used by THIC to generate 4-amino-5-hydroxymethyl-2-methylpyrimidine phosphate (HMP-P) and is further phos-
phorylated by TH1 to generate 4-amino-5-hydroxymethyl-2-methylpyrimidine pyrophosphate (HMP-PP). Glycine, nicotinamide adenine dinucleotide (NAD") and
a sulfur from a cysteine residue in the THI1 backbone is used to generate the adenylated thiazole intermediate (ADT) and is hydrolyzed into 4-methyl-5-(2-
hydroxyethyl)thiazole phosphate HET-P by a nucleoside diphosphate hydrolase (NUDIX, gray), but remains to be characterized. The two heterocycles are con-
densed by TH1 into TMP, which is dephosphorylated to thiamine by a phosphatase, although it is not clear if this can take place in the chloroplast. In any case,
TH2 in the cytosol and mitochondrion can dephosphorylate TMP to thiamine, which is then pyrophosphorylated to the coenzyme form TDP by thiamine
pyrophosphokinase (TPK) in the cytosol. Cytosolic TDP must be transported back into the chloroplast and mitochondrion for use in enzyme reactions (d).
Although most vitamin B, transporters remain to be identified (putative transporters depicted in gray), polyamine uptake transporter 3 (PUT3, green) facilitates
thiamine transport through the plasma membrane and the thiamine phosphate carriers (TPC1/2, green) facilitate TDP transport into the mitochondrion. The
biosynthesis of TTP in plants remains to be fully elucidated but may be derived from TDP by adenylate kinase (AK) in the cytosol or through ATP synthase
(ATPase) in the chloroplast and mitochondrion. Regulation of TDP biosynthesis occurs through TDP binding to the THIC riboswitch in the nucleus, which in turn
downregulates THIC expression (dashed lines). Thiamine can also be catabolized to derivatives of its respective heterocycles by thiaminase (and needs further
investigation in plants), which can be recycled through TenA and THIM. In the pyrimidine branch, TenA can hydrolyze both formylamino-HMP and amino-HMP
into HMP. In the thiazole branch, THIM has kinase activity and phosphorylates HET into HET-P. (c) Metabolism of vitamin B; in humans. Humans depend on diet-
ary uptake and absorption of vitamin B,, the most abundant form of which is TDP and is converted into thiamine by the intestinal alkaline phosphatase (IAP) for
uptake by thiamine transporter 1/2 (THTR1/2). Intestinal microbiota can also produce thiamine for human usage. THTR1/2 facilitate cellular thiamine uptake,
which is pyrophosphorylated in the cytosol to TDP by TPK1. The reduced folate carrier 1 (RFC1) can facilitate the transport of TDP and TMP across the plasma
membrane and the mitochondrial thiamine pyrophosphate transporter (MTPPT) can transport TDP into the mitochondrion. The dephosphorylation of TDP by a
thiamine pyrophosphatase (TDPase) and TMP by a thiamine monophosphatase (TMPase) occurs inside the cell, but the precise genes are not known. TTP
biosynthesis is well characterized in humans and is postulated to occur through adenylate kinase 1 (AK1) in the cytosol using TDP and adenosine diphosphate
(ADP) as substrates, and through the mitochondrial ATPase using TDP and inorganic phosphate (Pi) as substrates. Cytosolic thiamine triphosphatase (TTPase)
is responsible for TTP hydrolysis to TDP. (d) An overview of enzymatic reactions that either use TDP as a coenzyme or are allosterically regulated by B, vitamers.
Enzymes specific for plants and humans are highlighted in green and red, respectively, and those common to both are presented in black. All enzymes shown
here (bold) are TDP-dependent except GDH (allosterically regulated by TTP and ATTP) and MDH (allosterically regulated by TDP and thiamine). MenD (gray) has
a TDP-dependent feature in microorganisms and its plant homolog has a TDP-binding domain but has not undergone investigation. Abbreviations: Acetyl-CoA,
acetyl coenzyme A; AHAS, acetohydroxyacid synthase; BCOADH, branched chain oxy-acid dehydrogenase; DXP, 1-deoxy-b-xylulose-5-phosphate; DXPS, DXP
synthase; E4P, erythrose-4-phosphate; F6P, fructose-6-phosphate; GABA, y-amino-butyric acid; Glu, glutamate; G3P, glyceraldehyde 3-phosphate; G6P, glucose
6-phosphate; HACL1, 2-hydroxyacyl-CoA lyase 1; o-KGDH, o-ketoglutarate dehydrogenase; MDH, malate dehydrogenase; MenD, SEPHCHC synthase; OAA,
oxaloacetate; OADH, 2-oxoadipate dehydrogenase; 2-OG, o-ketoglutarate or 2-oxoglutarate; PDC, pyruvate decarboxylase; PDH, pyruvate dehydrogenase; R5P,
ribose 5-phosphate; SEPHCHC, 5-enolpyruvoyl-6-hydroxy-2-succinyl-cyclohex-3-ene-1-carboxylate; S7P, sedoheptulose-7-phosphate; SSA, succinic semialde-
hyde; TK, transketolase; X5P, xylulose-5-phosphate.
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highly efficient thiamine triphosphatase (Makarchikov
et al., 2003) (Figure 1c), although to date there is no report
of a corresponding enzyme in plants. Nonetheless, TTP is
detectable in plants particularly during light periods and in
shoot tissues (Hofmann et al., 2020), but how and when it
is catabolized is not yet known. Excepting the work dis-
cussed above, the degradation of vitamin B, has not been
extensively studied in plant and human cells.

Pathways that salvage vitamin B, intermediates have
also been characterized. For example, TenA regenerates
pyrimidine moiety derivatives resulting from degradation
or damage of thiamine itself (Jenkins et al., 2008; Zallot
et al., 2014) and THIM contributes to regeneration of the
thiazole moiety (Yazdani et al., 2013), both of which can be
used to rebuild the thiamine molecule (Figure 1b). Further-
more, oxidative damage of TDP during catalytic cycles can
be countered by NUDIX hydrolases (Goyer et al., 2013).
These enzymes are important contributors to the vitamin
B, pool but necessitate further study to realize their impact
in humans and plants.

Biochemical and physiological roles of vitamin B,

One of the major functions of vitamin B, is to serve as a
coenzyme in its TDP form for energy metabolism in both
plants and animals (Figure 1d). For example, enzymes that
require TDP include o-ketoglutarate dehydrogenase (a-
KGDH), within the TCA cycle, as well as pyruvate dehydro-
genase and branched-chain o-ketoacid dehydrogenase that
contribute to acetyl-CoA provision (Fitzpatrick & Chap-
man, 2020) (Figure 1d). Further, pyruvate decarboxylase
that catalyzes the decarboxylation of pyruvate to acetalde-
hyde, contributing to acetyl-CoA biosynthesis, firmly
cements the role of TDP in energy metabolism (Joshi
et al., 2019) (Figure 1d). In plants, TDP is also required for
transketolase, to facilitate photosynthesis and the non-
oxidative phase of the pentose phosphate pathway, as well
as for deoxyxylulose 5'-phosphate (DXP) synthase, to sup-
ply the precursor to chlorophyll and several phytohor-
mones (Estévez et al., 2000) (Figure 1d). Beyond the
coenzyme role in energy metabolism, additional roles for
B, vitamers have been proposed. In the nervous system of
animals, TTP has been implicated in chloride channel regu-
lation, membrane excitability, nerve conduction and neuro-
transmitter release (Bettendorff, 2021). Furthermore, TTP
was also described to phosphorylate rapsyn (a membrane
protein that binds acetylcholine receptors); however, the
physiological significance of this process remains
unknown (Nghiem et al., 2000). In plants, the physiological
role of TTP or ATTP is not yet known. Interestingly,
though, glutamate dehydrogenase (GDH) has been
reported to be allosterically affected by TTP and ATTP in
animal cells (Mezhenska et al.,, 2020; Mkrtchyan
et al.,, 2015) and should also be tested in plants. This
observation could suggest the modulation of carbon/

nitrogen balance via a-ketoglutarate (a-KG), a substrate for
carbon metabolism through the TCA cycle and nitrogen
metabolism through GDH. In animal cells, malate dehydro-
genase involved in the malate-aspartate shuttle, providing
malate to the TCA cycle, is reported to be allosterically
affected by thiamine and TDP (Mezhenska et al., 2020,
Mkrtchyan et al., 2015). In plant cells, B, vitamers have
been suggested to play important roles in responses to
biotic and abiotic stress conditions, and to trigger defense
responses in plants, but further experimentation is
required to describe these processes mechanistically
(Fitzpatrick & Chapman, 2020).

The importance of vitamin B; homeostasis in human and
plant health

Several disease states in humans and plants linked to alter-
ations in vitamin B, can be accounted for by the essential
role of TDP as a coenzyme in energy metabolism. This
may be direct or indirect, through genetic aberrations in
biosynthesis, salvage or degradation pathways, as well as
the transport of intermediates or precursors to facilitate
the biosynthesis of TDP. For example, mutations in the
thiamine transporters THTR1 and THTR2 in humans, neces-
sary for cellular TDP biosynthesis (Figure 1c), cause
thiamine-responsive megaloblastic anaemia (Brown, 2014;
Marce-Grau et al., 2019). A mutation in TPK7 was associ-
ated with episodic encephalopathy concomitant with a
deficiency of TDP, and at the molecular level manifested in
lactic acidosis and enhanced a-KG excretion (Marce-Grau
et al., 2019). Indeed, a common phenomenon is mitochon-
drial dysfunction because there is insufficient TDP to fuel
the enzymes of energy metabolism that, in turn, can lead
to a drop in ATP biosynthesis along with cell damage
through oxidative stress (Belsky et al., 2018). Further, the
decreased activity of a-KGDH resulting from a limitation in
TDP can lead to increased metabolic flux towards gluta-
mate synthesis, which can cause abnormalities of the glu-
tamatergic and y-aminobutyric acid (GABA) systems, and
subsequently result in a toxic state of neurotransmission
and neuroexcitation (de Freitas-Silva et al., 2010; Todd &
Butterworth, 1999). This state is often linked to age-related
neurodegenerative diseases, including Alzheimer’s disease
(Gibson et al., 2005), as well as diabetes (Pacal
et al., 2014). Recently, vitamin B, deficiency has also been
found in critically ill patients with COVID-19 and complica-
tions like sepsis and encephalopathy, whose survival rates
were improved when thiamine adjunctive therapy was
administered (Al Sulaiman et al., 2021; Branco de Oliveira
et al., 2021). There are no well-established toxic effects of
too much thiamine intake in humans.

In plants, insufficient TDP manifests in mitochondrial as
well as plastidial dysfunction, and commonly such plants
are chlorotic and severely impaired in growth and fitness
(Colinas & Fitzpatrick, 2015). Conversely, the oversupply of
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TDP impacts plant health as it fuels an increase in respira-
tion rates that depletes the carbohydrate substrate derived
from starch too early during dark periods, and the plants
suffer starvation before the end of the night (Bocobza
et al.,, 2013). Moreover, the overexpression of enzymes
dependent on TDP has the capacity to divest other
enzymes dependent on this coenzyme and can severely
impact plant growth, as recently shown by the overexpres-
sion of plastidic transketolase (Khozaei et al., 2015). Thus,
regulation of coenzyme supply is critical as it may dictate
enzymatic flux, resulting in the over- or under-activation of
a pathway that can lead to negative effects.

Given the disperse cellular pattern of vitamin B; meta-
bolic components and its essential functions, a complex
network of control nodes can be anticipated. In the case of
TDP, there are several checkpoints that allow the manage-
ment of its metabolism. Cellular biosynthesis can be con-
trolled by regulating thiamine entry through transporters
(akin to gatekeepers) and by the activity of TPK (Sambon
et al., 2022). Equally, the degradation or turnover of TDP
may trigger any of the salvage pathways as a function of
the availability of their corresponding substrate, which can
happen under stress conditions. However, it is imperative
that a balance is achieved such that the supply, at least of
the coenzyme form, meets cellular demands for the rea-
sons outlined above. In contrast to what has been found in
humans, plants harbor a TDP-sensing mechanism in the
nucleus in the form of a riboswitch (Figure 1b). The ribos-
witch operates an alternative splicing mechanism in the 3
untranslated region (3'-UTR) of the biosynthesis de novo
gene THIC that alters transcript abundance as a function of
TDP levels (Bocobza et al., 2007; Mangel et al., 2017;
Wachter et al., 2007). Interestingly, mutants that can no
longer sense TDP levels through the riboswitch are chloro-
tic and cannot acclimate to a change in photoperiod
(Bocobza et al., 2013; Rosado-Souza et al., 2019). The
mechanism behind this is not clear but chlorosis has been
assigned to an overaccumulation of TDP that leads to an
increase in respiration rates and carbon starvation. Further,
in plants, several of the genes involved in vitamin B,
metabolism are under control of the circadian clock, thus
anticipating the needs of the cell whilst integrating
environmental cues (Noordally et al., 2020). Whether the
vitamin B, metabolic pathways are under circadian control
in humans has not been investigated. Nonetheless, diel
control of TDP supply with demand will also be expected
to influence metabolic flux and the control of downstream
metabolites. It has recently been postulated that TDP could
play a role in the coordination of metabolic processes and,
in particular, the allocation of the carbon budget (Joshi
et al., 2019). This may have enormous implications for
plant and animal fitness and deserves further investigation.
Among the other vitamers, the appearance of ATTP and
TTP under amino acid starvation and a glucose source,
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respectively, at least in bacteria (Gigliobianco et al., 2010),
provides a link between these non-coenzyme forms and
specific nutritional states, and may be a requirement in
vitamer homeostasis. On the other hand, there is evidence
that accumulation of vitamin B, biosynthesis intermediates
is also not favorable, and need to be dealt with. For exam-
ple, although the chlorotic phenotype resulting from the
overexpression of THIC is attributed to a TDP level that is
too high (Bocobza et al., 2013), more recent work demon-
strates that there is an inappropriate build-up of HMP that
might also account for the phenotypic observations
(Strobbe et al., 2021b).

THE VITAMIN Bg FAMILY
Vitamin Bg metabolism in plants and humans

The vitamin Bg family consists of six vitamers: pyridoxal
(PL), pyridoxamine (PM), pyridoxine (PN) and their phos-
phorylated derivatives, pyridoxal 5'-phosphate (PLP), pyri-
doxamine 5-phosphate (PMP) and pyridoxine 5'-
phosphate (PNP) (Figure 2a). Each of these vitamers has a
pyridine-based core that may be phosphorylated at car-
bon 5 and carries a formyl (PL/PLP), an aminomethyl (PM/
PMP) or a hydroxymethyl (PN/PNP) group at carbon 4. Gly-
cosylated derivatives also exist, notably for PN, with the
glucose moiety attached to the hydroxmethyl group of car-
bon 5 (Figure 2a).

Vitamin Bg can be biosynthesized de novo in microbes
and plants via one of two reported pathways (Fitzpatrick
et al., 2007) (Figure 2b). Escherichia coli and a few other
eubacteria (mainly in the y-division of proteobacteria) use
a pathway involving seven enzymes, during which 3-
phosphohydroxy-1-aminoacetone and DXP are generated
and used by PNP synthase (PdxJ) to form PNP (Figure 2b).
The coenzyme form PLP is then biosynthesized by a PNP
oxidase (PdxH, annotated as PDX3 in Arabidopsis)
(Figure 2b). This pathway is often referred to as the
DXP-dependent pathway (Tambasco-Studart et al., 2005).
However, there is no report of vitamin Bg biosynthesis via
this pathway in plants. Instead, plants use a simpler path-
way involving just two enzymes, PDX1 and PDX2, by
which PLP is produced from ribose 5-phosphate, glycer-
aldehyde 3-phosphate and glutamine (Tambasco-Studart
et al., 2005) (Figure 2b). This pathway is often referred to
as the DXP-independent pathway. The different vitamers
can also be interconverted by pathways that are present in
both plants and humans (di Salvo et al., 2011; Fitz-
patrick, 2011) (Figure 2b). For example, PL, PM and PN can
be phosphorylated by pyridoxal kinase (PLK, annotated as
SOS4 in Arabidopsis) to yield PLP, PMP and PNP, which in
turn can be dephosphorylated by broad substrate speci-
ficity alkaline phosphatases and acid phosphatases (Fig-
ure 2b), although a PLP-specific phosphatase has been
described in  both humans and plants (Altensell
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et al., 2022; Fonda, 1992; ShuoHao et al., 2019). Further,
PMP and PNP can be converted into PLP by the PNP oxi-
dase PDX3 (PNPO in humans) (di Salvo et al., 2011). In
addition, a pyridoxal reductase (PLR) is responsible for the
conversion of PL into PN (Herrero et al., 2011; Ramos
et al., 2019) (Figure 2b).

As animals lack pathways of vitamin Bg biosynthesis
de novo, they must obtain it from their diet. The recom-
mended daily intake of vitamin Bg is 1.3 mg for a typical
adult. Food sources can contain all six vitamers
(Ollilainen, 1999). In meat, PLP is the primary Bg vitamer
form (Albersen et al., 2013), whereas plant-derived foods
contain a variety of vitamin Bg-related compounds, includ-
ing glycosylated derivatives such as PN-5'-p-p-glucoside,
that can make up to 70% of the total vitamin Bg content
(Gregory, 1998). PN-5'-B-D-glucoside derived from plants is
limited by bioavailability (the proportion that enters the
bloodstream to have an active effect), because glycosi-
dases are inefficient in cleaving the glucose group that
allows uptake in the gut (Gregory, 1998; Gregory &
Ink, 1987). Notably, plants can also contain antagonistic
forms of PN, such as the antivitamin ginkgotoxin (4-
(methoxymethyl)-PN), which can inhibit enzymes depen-
dent on PLP as a coenzyme (Kastner et al., 2007). The non-
phosphorylated forms of vitamin Bg can be taken up
directly in the jejunum (Stover & Field, 2015; Yaman &
Mizrak, 2019) (Figure 2b). However, upon consumption of
phosphorylated or glucosylated forms they must first be
dephosphorylated or hydrolyzed by intestinal phos-
phatases and glucosidases, respectively, before uptake
(Parra et al., 2018) (Figure 2b). After uptake, the vitamers
are phosphorylated in the liver by PLK, and PMP and PNP
are subsequently oxidized to PLP by PNPO (Figure 2b). PLP
enters the circulation bound to lysine residues of proteins,
mostly serum albumin, but needs to dissociate from albu-
min and be dephosphorylated by an alkaline phosphatase
to enter cells (Figure 2b). Once inside cells, the different
vitamers can be phosphorylated again by PLK to yield
PNP, PMP and PLP, with PNP and PMP being converted
into PLP when necessary by PNPO (Merrill & Hender-
son, 1990) (Figure 2b).

The catabolism of vitamin Bg also takes place, the best-
characterized mechanism of which is degradation to 4-
pyridoxic acid (Figure 2b). 4-Pyridoxic acid is produced
through the oxidation of PL by non-specific aldehyde oxi-
dases (Schwartz & Kjeldgaard, 1951), although a non-
specific NAD-dependent aldehyde dehydrogenase has also
been proposed to catalyze this reaction (Stanulovic
et al., 1976).

Biochemical and physiological roles of vitamin Bg

Vitamin Bg in its form as PLP is a versatile coenzyme that
catalyzes over 200 documented enzymatic reactions involv-
ing decarboxylation, transamination, racemization, and -

and y-elimination, as well as p- and y-substitution in most
organisms (Percudani & Peracchi, 2003) (Figure 2c).
Indeed, the range of PLP-dependent enzymes covers five
of the six classes of enzymes: oxidoreductases, trans-
ferases, hydrolases, lyases and isomerases (Fitz-
patrick, 2011). In contrast to other coenzymes, the
versatility of PLP is the result of its ability to form a cova-
lent bond with the enzyme substrate through a Schiff-base
link, which creates a bridge between the a-carbon of the
substrate and the pyridine ring of PLP that allows the delo-
calization of the a-carbon electron, thereby stabilizing dif-
ferent types of reaction intermediates (Figure 2c). Almost
60 years ago, Harmon Dunathan proposed that the bond to
be cleaved is held perpendicular to the plane of the PLP-
imine © bond system (parallel with the p orbitals), which
weakens the substrate bond to be broken thus acheiving
reaction specificity (Dunathan, 1966) (Figure 2c). Thus, to
utilize PLP and separate its many functions, enzymes have
evolved active sites with binding pockets that tend to favor
one specific type of PLP-catalyzed reaction. Aminotrans-
ferases constitute the largest group of PLP-dependent
enzymes, covering almost half of all such annotated activi-
ties (Percudani & Peracchi, 2003). Consequently, PLP has a
pivotal role in amino acid biosynthesis and catabolic pro-
cesses remobilizing intermediates from proteins and
amino acids in both plants and humans. It should be noted
that during transamination reactions (interconversion of
amino/keto acids), both PLP and PMP act as coenzymes,
although PMP does not form a covalent bond with the
enzyme (unlike PLP) and can easily dissociate from it. The
released PMP can be converted to PLP by PNPO/PDX3 (Fig-
ure 2b). PLP-dependent enzymes are also required for lipid
metabolism (Han et al., 2009; Nishikawa et al., 2008; Van
Veldhoven et al., 2000), as well as heteroglycan (e.g. glyco-
gen or starch) metabolism, but as an acid/base catalyst, in
both plants and humans (Zeeman et al., 2004; Zhang
et al., 2012b) (Figure 2d,e). PLP also assists in the biosyn-
thesis of heme, polyamines, 1-carbon (1C) units and hydro-
gen sulfide in both taxa (Fitzpatrick, 2011). Furthermore,
PLP also indirectly regulates the activity of certain enzymes
as it is required for the generation of iron-sulfur clusters
and the sulfuration of the molybdenum cofactor in both
plants and humans (Cory et al., 2017; Schwarz et al., 2009)
(Figure 2d,e). In plants, PLP is involved in photorespiration,
as it is required as a coenzyme for the glycine cleavage
system P-protein, serine hydroxymethyltransferase and
aminotransferases involved in the process (Fitz-
patrick, 2011) (Figure 2d,e). It is also required for enzymes
of the GABA shunt, important in carbon/nitrogen balance
(Michaeli & Fromm, 2015) (Figure 2d,e). In contrast to
humans, plants possess biosynthetic pathways for all pro-
teinogenic amino acids, which all include steps that require
PLP, such as aminotransferases and lyases (Hildebrandt
et al., 2015). Certain reactions in the biosynthesis of biotin
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(vitamin By) (Patton et al., 1996), chlorophyll and the plant
hormones ethylene and auxin, and in the detoxification of
cyanide, also require PLP as a coenzyme (llag et al., 1994;
Liang et al., 1992; Stepanova et al., 2008) (Figure 2d,e).
Aside from amino/keto acid metabolism, a main physiolog-
ical role of PLP-dependent enzymes in humans is the
biosynthesis and regulation of neurotransmitters. Produc-
tion of GABA, histamine, serotonin, melatonin, dopamine,
epinephrine, norepinephrine and tryptamine all require
PLP-dependent enzymes (Hellmann & Mooney, 2010).
Also, aminotransferases regulate glutamate levels in the
brain, and along with serine dehydratase, catalyze reac-
tions of gluconeogenesis in humans (Cooper & Jeit-
ner, 2016) (Figure 2d,e).

Several of the Bg vitamers have been reported to have
potent antioxidant activity. In humans, PM, PN and PL
were shown to be involved in responses to radical-
mediated oxidative damage and UV-A-mediated damage
(Endo et al., 2007; Jain & Lim, 2001). In plants, PL, PN and
PM have also been shown to have antioxidant activity,
quenching reactive oxygen species (ROS) such as superox-
ide and singlet oxygen (Bilski et al.,, 2000; Danon
et al., 2005; Ehrenshaft et al., 1999; Titiz et al., 2006). Fur-
thermore, PN was shown to mitigate ROS production upon
infection with Pseudomonas syringae, raising the possibil-
ity of a role in modulating redox status during pathogen
defense responses (Denslow et al., 2005). Vitamin Bg has
also been implicated in responses and acclimation to UV-B
(Czegeny et al., 2019). The precise antioxidant mechanism
of vitamin Bg has not yet been confirmed in vivo, and
whether its role is direct, and thereby scavenges radicals,
or whether it plays an indirect antioxidant role by serving
as a coenzyme in antioxidant defense systems, e.g. glu-
tathione biosynthesis, is not yet established. Nonetheless,
these properties have implicated vitamin Bg as stress pro-
tectants in both humans and plants (Vanderschuren
et al., 2013).

The importance of vitamin Bg homeostasis in human and
plant health

Several disease states are associated with a deficiency of
vitamin Bg, which can develop from suboptimal vitamin
content in dietary foodstuffs or through an insufficient
uptake capacity that can result from underlying diseases,
such as coeliac disease or genetic disorders of enzymes
responsible for vitamin Bg metabolism. Symptoms of vita-
min Bg deficiency vary and include depression, confusion,
glossitis, microcytic anaemia and dermatitis, affecting
mental health and cognitive abilities (Stach et al., 2021).
Further, vitamin Bg deficiency causes elevated glucose
levels, which has been linked to the accumulation of
advanced glycation end products and chromosome aberra-
tions, providing a link between type-Il diabetes and cancer
(Marzio et al., 2014; Merigliano et al., 2018). Severe
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deficiency in infancy can lead to epileptic seizures, which if
not treated can result in death (Baumgart et al., 2014).
Functional vitamin Bg deficiency in plants has been
described, making them susceptible to salt and high-light
stress, concomitant with a reduction in the maximum
quantum efficiency of photosystem Il photochemistry (F,/
F..) (Hanson et al., 2016; Titiz et al., 2006). The reduction in
F./F., was ascribed to the overaccumulation of singlet oxy-
gen causing a decrease in the steady-state levels of the D1
protein, which could be alleviated by the exogenous appli-
cation of PN (Titiz et al., 2006). For a long time, one of the
leading theories explaining the presence of different vita-
mers and pathways interconverting them was to provide
an insurance of PLP supply for the enzymes that are
dependent on it as a coenzyme, which is estimated to
cover 4% of all catalytic activities (Percudani & Perac-
chi, 2003). At the same time, free PLP concentrations need
to be kept low, avoiding this reactive aldehyde from form-
ing harmful covalent bonds with primary or secondary
amine and thiol groups on off-target proteins (Hanson
et al., 2016). However, with emerging evidence on other
vitamers having distinct functions, such as antioxidants,
the importance of balancing the different vitamers is
becoming clearer. Recently, factors involved in balancing
vitamin Bg in plants as well as in humans have been identi-
fied. Tong et al. (2021) reported on a mechanism in which
ROOT UV-B SENSITIVE 1 and 2 (RUS1 and RUS2) and cer-
tain aminotransferases function together to maintain vita-
min Bg homeostasis in Arabidopsis. They identified three
aspartate aminotransferases and one alanine aminotrans-
ferase that sequester PLP in order to maintain low cellular
levels, which is reversed upon interaction with RUS1/2. In
several studies, a PLP binding protein called PROSC/PLPBP
in humans, PIPY in cyanobacteria and YggS in E. coli has
been described as a novel regulator of vitamin Bg home-
ostasis (Ito et al., 2019; Johnstone et al., 2019; Plecko
et al., 2017; Prunetti et al., 2016; Vu et al., 2020). In particu-
lar, when mutated a consistent increase in PNP was
observed that correlates with alterations in amino and keto
acid levels and compromised PLP-dependent enzyme activ-
ity, and leads to vitamin Bg-dependent epilepsy in humans.
Functional conservation of the role of PROSC/PLPBP/PIPY/
YggS is implicated among different kingdoms, as ortho-
logs from human, Arabidopsis, Bacillus subtilis, Saccha-
romyces cerevisiae and Zea mays complemented the PN-
sensitive growth phenotype of the yggS mutant of E. coli
(Ito et al., 2013; Prunetti et al., 2016). Interestingly, in yggS
the elevated levels of PNP inhibited the glycine cleavage
system and, similarly, in an experiment in vitro PNP inhib-
ited the activity of an E. coli aspartate aminotransferase
(Ito et al., 2019; Vu et al., 2020; Vu & Downs, 2021), sug-
gesting a specific role for PNP as a competitive inhibitor of
certain PLP-dependent enzymes. In this context, it is inter-
esting that symptoms similar to vitamin Bg deficiency in
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Figure 2. Vitamin Bg metabolism in plants and humans. (a) Generalized chemical structure of vitamin Bg. Functional groups at C4 (R) and C5 (R,) corresponding
to the different vitamers are indicated in the box below. Vitamers are pyridoxal (PL), pyridoxamine (PM), pyridoxine (PN) and their phosphorylated derivatives,
pyridoxal 5'-phosphate (PLP), pyridoxamine 5'-phosphate (PMP), pyridoxine 5'-phosphate (PNP) and pyridoxine-5'-p-p-glucoside (PNG). (b) Vitamin Bg can be
biosynthesized de novo via two pathways. The DXP-dependent pathway (blue background) used by certain bacteria generates PNP from deoxyxylulose 5-
phosphate (DXP) and 3-phosphohydroxy-1-aminoacetone (PHAA). DXP is formed from pyruvate and glyceraldehyde 3-phosphate (G3P), and PHAA is generated
through a chain of reactions from erythrose-4-phosphate (E4P). In the DXP-independent pathway (green background), used by plants, PDX1 generates PLP
directly from G3P and ribose 5-phosphate (R5P), with PDX2 providing ammonia from glutamine. The salvage pathway regulates the balance between the differ-
ent vitamer forms and contributes to vitamin Bg uptake in animals (bottom panel). Phosphatases (Pase) and the pyridoxal kinase (SOS4) are responsible for the
interconversion of the phosphorylated and dephosphorylated vitamers, respectively. Pyridoxal reductase (PLR) can reduce the PL pool by converting it to PN.
The storage forms of vitamin Bg in plants are glucosylated derivatives of PN, such as PNG, generated by glycosyltransferases (GT), and the remobilization of
PNG into PN is catalyzed by glucosidases (Gase). Aminotransferases (AT) are responsible for the generation of PMP from PLP by a mechanism in which PMP
dissociates from the enzyme after the first transamination half-reaction (represented by a thicker arrow). This free PMP can be converted back to PLP by the
aminotransferases (represented by a thinner arrow) or by the PMP/PNP oxidase (PDX3). Certain aminotransferases are proposed to regulate free PLP levels by
sequestering PLP, which is reversed by interactions with RUS1 and RUS2 (RUS). The PLP homeostasis protein (PIPY) binds PLP covalently and is involved in bal-
ancing the different vitamer forms by unknown mechanisms. The degradation of vitamin Bg is catalyzed by aldehyde oxidases (AO) that generate 4-pyridoxic
acid (4-PA) from PL. NAD-dependent aldehyde dehydrogenases (ADH) are also implicated in this process. Factors in gray deserve broader investigation. (c) Type
of reactions at given positions on an amino acid substrate that are catalyzed by PLP. Dunathan’s hypothesis showing a simplified structure of PLP in a Schiff-
base link that enables the deprotonation or decarboxylation of the a-carbon of the substrate amino acid by providing a delocalization path to the electron of the
resulting carbanion is represented below. (d) Physiological roles of PLP as a coenzyme in plants (green) and humans (pink), with overlapping roles listed in the
middle (gray). (e) An overview of enzymatic reactions that use PLP as a coenzyme in plants and humans, with their subcellular localization and the physiological
processes that they are involved in labeled using the numbering from panel (d) and grouped with a light-gray shadow. Enzymes specific for plants and humans
are highlighted in green and red, respectively, and enzymes common to both are in black. Abbreviations: AADC, aromatic amino acid decarboxylase; AAT,
aspartate aminotransferase; ACOAT, acetylornithine aminotransferase; ACS, 1-aminocyclopropane-1-carboxylate (ACC) synthase; ADC, arginine decarboxylase;
ALAS, 5-aminolevulinate synthase; ALAT, alanine aminotransferase; B-CAS, p-cyanoalanine synthase; BCAT, branched-chain amino acid aminotransferase; CAT,
cysteine aminotransferase; CBL, cystathionine-p-lyase; CBS, cystathionine-p-synthase; CDSH, cysteine desulfhydrase; CGS, cystathionine-y-synthase; CS, cys-
teine synthase; CSE, cystathionine-y-lyase; DAPAT, diaminopimelate aminotransferase; DAPDC, diaminopimelate decarboxylase; DTBS, dethiobiotin synthetase;
GABA-AT, y-amino-butyric acid aminotransferase; GAD, glutamate decarboxylase; GCSP, glycine cleavage system P protein; GGAT, glutamate-glyoxalate
aminotransferase; aGP, a-glucan phosphorylase; GSA, glutamate-1-semialdehyde 2,1-aminomutase; HDC, histidine decarboxylase; HPAT, histidinolphosphate
aminotransferase; KAPAS, 7-keto-8-amino-pelargonic acid synthase; MOCOS, molybdenum cofactor sulphurase; NFS, cysteine desulphurase; OAT, ornithine
aminotransferase; ODC, ornithine decarboxylase; PAT, prephenate aminotransferase; PSAT, phosphoserine aminotransferase; SDH, serine dehydratase; SGAT,
serine-glyoxalate aminotransferase; SHMT, serine hydroxamethyltransferase; SPAT, serine-pyruvate aminotransferase; SPL, sphingosine-1-phosphate lyase;
SPT, serine palmitoyltransferase; ThrS, threonine synthase; TrpAT, tryptophan aminotransferase; TRPS, tryptophan synthase; TyrAT, tyrosine aminotransferase.

humans - after taking relatively high doses of vitamin sup-
plements — are believed to be the consequence of PN being
converted to PNP and inhibiting the activity of the coen-
zyme form PLP (Vrolijk et al., 2017).

The importance of balancing vitamin Bg levels is high-
lighted in studies of salvage pathway mutants. Enzyme
activity via PNPO/PDX3 is a source of PLP in both humans
and plants, whereas its mutation leads to the accumulation
of PMP/PNP and a decrease in PLP levels, at least in plants
(Colinas et al., 2016). Plants have a severe phenotype upon
PDX3 mutation; defective shoot development, decreased
nitrate reductase activity and activated defense responses
were observed in Arabidopsis (Colinas et al., 2016). In
PDX3-deficient Arabidopsis and zebra fish the accumula-
tion of PMP correlated with increased nitrogen assimilation
(Ciapaite et al., 2020; Colinas et al., 2016), which could be
explained by increased flux through transamination sec-
ond half-reactions; however, the exact mechanism is
unclear. In humans, mutations in PNPO and PROSC both
lead to decreased PLP levels in the brain, accompanied by
vitamin Bg-dependent epilepsy and neonatal epileptic
encephalopathy (Barile et al., 2020; Jaeger et al., 2016).
However, several disease-causing variants of PLK, which
lead to decreased PLP levels, are described as a source of
peripheral neuropathy with normal central nervous system
function, and are associated with elevated glucose levels
and chromosomal aberrations (Chelban et al., 2019; Marzio
et al., 2014). Similarly, in plants, mutations of the PLK
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homolog SOS4 resulted in decreased PLP levels (Gorelova
et al., 2022), although accompanied by phenotypes distinct
from that of PDX3. The sos4 mutants displayed impaired
root hair formation, increased suberization and lignifica-
tion in the endodermis, and accumulated transition metals
and ROS (Gorelova et al., 2022). These observations imply
distinct roles for PDX3 and SOS4. This could be a spa-
tiotemporal division of tasks in providing PLP to enzymes
that are dependent on it, and maintaining a balance with
the help of factors such as PROSC and RUS1/2 between
the different Bg vitamers based on requirements dictated
by the environment.

Cellular phosphatases have the ability to convert the
phosphorylated forms of vitamin Bg to the corresponding
non-phosphorylated derivatives, maintaining a balance
between these forms, but more research is needed to
define the spatiotemporal mode of action in line with cellu-
lar health status. Recently, Barile et al. (2020) described a
negative feedback loop by which PLP allosterically inhibits
PdxH in E. coli, which implies that this enzyme might have
a role in monitoring free PLP levels, providing a regulatory
step in maintaining the concentration below certain toxic
levels. Furthermore, to go beyond the coenzyme role, PLP
has been described as a modulator of steroid hormone
receptor and transcription factor activity (Oka et al., 2001;
Tully et al., 1994), and has also been implicated in the pro-
tein folding of PLP-dependent enzymes (Parra et al., 2018),
thus acting as a type of chaperone. This latter aspect
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deserves further study and could be extended to all coen-
zymes because thus far the folding of proteins as a func-
tion of their corresponding coenzymes has received little
attention.

THE VITAMIN By FAMILY
Vitamin Bg metabolism in plants and humans

Folates, or vitamin By, is a generic term referring to
tetrahydrofolate (THF) and its 1C-substituted derivatives,
comprising a pterin ring, p-aminobenzoate (p-ABA) and
one or more glutamate moieties (Glu,) (Figure 3a). The
different folate forms are distinguished by the 1C units car-
ried at the N5 and/or N10 position of the pterin ring, with
distinctive oxidation states ranging from fully reduced to
oxidized (Figure 3a).

The biosynthesis de novo of folates in plants operates
across cellular compartments (Figure 3b) (Gorelova
et al., 2017a; Hanson & Gregory, 2011; Ravanel et al., 2011).
Translocation of the two precursors, pterin and p-ABA, that
are made in the cytosol and plastids, respectively, into mito-
chondria primarily determines the total folate pool. The ini-
tial step of pterin synthesis is the conversion of guanosine

triphosphate (GTP) into dihydroneopterin (DHN) triphos-
phate (P3), catalyzed by GTP cyclohydrolase | (GTPCHI).
Homologs of the latter have been identified not only in
plants, but also in mammals that cannot biosynthesize folate
themselves  (Hossain et al.,, 2004; Yoneyama &
Hatakeyama, 1998). DHN-P; is then subject to two rounds of
dephosphorylation before being converted into glycolalde-
hyde and 6-hydroxymethyldihydropterin (HMDHP), cat-
alyzed by DHN aldolase (Goyer et al., 2004; Klaus,
Wegkamp, et al., 2005; Suzuki & Brown, 1974). The enzyme
is also accountable for converting DHN into dihydromon-
apterin as another source of HMDHP (Figure 3b). HMIDHP is
then transported into mitochondria for the subsequent
assembly of folates. The other component, p-ABA, is synthe-
sized in a two-step process localized in plastids starting from
chorismate (Figure 3b). Chorismate (derived through the
shikimate pathway) is first converted to aminodeoxychoris-
mate (ADC) by ADC synthase (ADCS), then converted to p-
ABA by ADC lyase. It is thought that p-ABA is translocated
into the mitochondria by passive diffusion, where it is con-
densed with the pyrophosphorylated HMDHP to yield dihy-
dropteroate, which together with glutamate produces
dihydrofolate (DHF) catalyzed by DHF synthase before being

Figure 3. Vitamin By metabolism in plants and humans. (a) Generalized chemical structure of the vitamin By family, consisting of a pterin ring (black), p-
aminobenzoic acid (p-ABA, blue) and one or more glutamate residues (glutamate tail, green). Vitamers differ at N5/N10, as indicated by R; and R,, where 1C
units could be attached. Vitamers listed in the table are the major coenzyme forms. The asterisks indicate linkage of the Ry and R, groups attached at N5/N10.
The C9-N10 bond (red) indicates where folate breakdown occurs, yielding pterin and p-ABA-glutamate (p-ABA-Glu(,). (b) Biosynthesis, salvage and catabolism
of vitamin Bg in plants and humans. Left: humans depend on the dietary uptake and absorption of folates, of which the tetrahydrofolate (THF) polyglutamated
forms (THF-Glu(,) need to be converted into monoglutamate forms (THF-Glu) by y-glutamyl hydrolase (GGH). Uptake, absorption and transport depend on carri-
ers, as indicated: solute carrier family 46 member 1 (SLC46A1), reduced folate carrier (RFC) and folate receptor (FLOR), before being metabolized. Right panel:
folate biosynthesis de novo in plants. pABA is biosynthesized in the plastid from chorismate via aminodeoxychorismate (ADC) by ADC synthase (ADCS) and
ADC lyase (ADCL). It is then shuttled into the mitochondria for folate assembly. The pterin moiety 6-hydroxymethyldihydropterin (HMDHP) is biosynthesized in
the cytosol from guanosine triphosphate (GTP) via dihydroneopterin triphosphate (DHN-P3), DHN phosphate (DHNP) and dihydroneopterin (DHN), catalyzed by
GTP cyclohydrolase | (GTPCHI), DHN triphosphate diphosphatase (DHN-P; diPase) and a phosphatase (Pase). DHN can be interconverted with dihydromon-
apterin (DHM) by DHN aldolase (DHNa). HMIDHP is then translocated into the mitochondrion and is diphosphorylated (HMDHP-P,) by HMDHP pyrophosphoki-
nase (HPPK). It is then conjugated with p-ABA to form dihydropteroate (DHP), catalyzed by DHP synthase (DHPS) and then Glu to form dihydrofolate (DHF),
catalyzed by DHF synthase (DHFS) and reduced to THF by DHF reductase (DHFR). Once made, folates need to be translocated into various organelles or neigh-
bor cells to implement their respective functions. Gray boxes indicate transporters that need further investigation. Folylpolyglutamate synthase (FPGS) adds
additional Glu residues in the mitochondrion, plastid or cytosol. Middle panel: salvage pathways and breakdown of folates in human and/or plants. Methylene
THF reductase (MTHFR) catalyzes the conversion of 5,10-methylene-THF to 5-methyl-THF, and 5-methyl-THF can then be converted into THF by methionine syn-
thase (MS), simultaneously with the conversion of homocysteine (Hcy) to methionine (Met). THF can generate 10-formyl-THF catalyzed by aldehyde dehydroge-
nase 1(ALDH1)/formyl-THF synthetase (FTHFS). Meanwhile, THF interconverts with 5,10-methylene-THF, with assistance from serine hydroxymethyltransferase
(SHMT) and the glycine decarboxylase complex (GDC). Additionally, conversion from 5,10-methenyl-THF into 10-formyl-THF and 5,10-methylene-THF requires
methylene THF cyclohydrolase (MTHFC) and methylene THF dehydrogenase (MTHFD), respectively. Interconversion between 5,10-methenyl-THF and 5-formyl-
THF involves SHMT, 5,10-methenyltetrahydrofolate synthetase (MTHFS) and 5-formyl-THF cycloligase (5-FCL). Folate is generally subject to oxidative cleavage
in both humans and plants, yielding a pterin moiety DHP-6-aldehyde (DHPAId) and p-ABA-Glu . In plants, DHPAId can be converted to HMDHP by pterin alde-
hyde reductase (PATR) or oxidized to pterin aldehyde (pterin 6-Ald), which can be converted to 6-hydroxymethylpterin (6-HMP) by PTAR or further oxidized to
pterin-6-carboxylate. In plants (but not in humans) Glu, p-ABA and pterin products can be recycled to assemble folate again. Also in plants THF can be stored in
the vacuole in monoglutamate and polyglutamate forms, and the polyglutamate forms can be converted into THF by GGH. (c) Biochemical and physiological
roles of vitamin Bg. 5-Methyl-THF (within the folate cycle) provides the methyl group for the biosynthesis of Met from Hcy by MS (as also indicated in panel b),
yielding S-adenosyl methionine (SAM), and facilitating subsequent roles in metabolic pathways including polyamine and ethylene biosynthesis (in plants; also
requires pyridoxal 5'-phosphate (PLP)), as well as epigenetic regulation such as methylation reactions of DNA, RNA and histones. SAM can also be transformed
to Hey via S-adenosyl-homocysteine (SAH) to regenerate Met. Hey is also the precursor to cysteine (Cys) via a PLP-dependent reaction. Conversion of 10-formyl-
THF to THF donates formyl groups for two steps in purine biosynthesis from phosphoribosylpyrophosphate (PRPP) via glycinamide ribonucleotide (GAR) trans-
formylase (GARTfase) and 5-aminoimidazole-4-carboxamide-1-B-p-ribofuranosyl 5-monophosphate (AICAR) transformylase (AICARTfase). In pyrimidine biosyn-
thesis, thymidylate synthase (TS)-catalyzed reductive methylation of deoxyuridine monophosphate (dUMP) into deoxythymidine monophosphate (dTMP) is
dependent on the conversion of 5,10-methylene-THF to DHF. DHF can be reduced to THF by DHFR for various purposes, e.g. generating 5,10-methylene-THF by
SHMT and subsequently 5-methyl-THF by MTHFR, as described in Figure 3(b). Additionally, homeostasis of the folate pool contributes to cellular redox home-
ostasis. Enzymes specific for plants and humans are highlighted in green and red, respectively, whereas enzymes common to both are in presented in black.
The dashed lines represent sequences of multiple reactions. IMP refers to inosine monophosphate.
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reduced into THF to derive various forms of folates (Fig-
ure 3b).

Folate transport, including the shuttling of the two pre-
cursors, largely affects the availability of various By vita-
mers within humans and plants. Humans absorb folates in
a transporter-based manner, primarily in the jejunum. Vari-
ous transporters have been identified as responsible for
this process (Figure 3b), and include SLC46A1, a proton-
coupled folate transporter (PCFT) that facilitates efficient
import at low pH levels (Qiu et al., 2006; Zhao et al., 2007;
Zhao et al., 2011). A similarity shared by these transporters
is that their major substrate is the monoglutamated vita-
mer, as those with more than three glutamate residues are
unable to cross the cellular membrane. This is in line with
5-methyl-THF monoglutamate being identified as the major
circulating vitamer in human serum (Ratanasthien
et al., 1974). Similarly, transporters are also required for
intra- and intercellular folate exchange in plants (Hanson &
Gregory, 2011; Ravanel et al., 2011) (Figure 3b). Even
though more studies are required to explore the carriers in
plants, evidence suggests a potential influence of these
carriers on folate content and vitamer homeostasis. For
example, in Arabidopsis, loss-of-function mutants of the
plastid folate transporter at locus At2g32040 showed
increased total folates alongside reduced 5-methyl-THF
(Klaus, Kunji, et al., 2005). Additionally, shuttling of the
two precursors, p-ABA and pterin, primarily determines
biosynthesis de novo in plants (Quinlivan et al., 2003).
Although p-ABA can diffuse through membranes, pterin
needs assistance from transporters that largely remain to
be discovered.

In addition to biosynthesis de novo (in plants) or uptake
(in humans and plants), other aspects of folate metabo-
lism, including salvage routes, degradation and conversion
between the different forms, also largely influence vitamer
homeostasis. Studies suggest a daily breakdown rate of
approximately 10% in plant leaves and fruits, whereas only
about 0.5% occurs in mammals (Gregory & Quinli-
van, 2002; Orsomando et al., 2006; Stralsjo et al., 2003).
Folates are sensitive to oxidative or photooxidative degra-
dation at the C9-N10 bond (Figure 3a), which cleaves the
molecule into pterin and p-ABA-Glu,, and is the main
form of folate degradation in all organisms (Suh
et al., 2001) (Figure 3b). Salvage approaches to counter
folate breakdown occur in almost all organisms, including
humans and plants. The cleaved p-ABA-Glu, in plants can
be recycled through the hydrolysis of the polyglutamate
chain catalyzed by vacuolar y-glutamyl hydrolase, releas-
ing free p-ABA for folate synthesis (Akhtar et al., 2010)
(Figure 3b). The recycling of the pterin ring relies on the
conversion of dihydropterin-6-aldehyde into HMDHP
before dihydropterin-6-aldehyde is oxidized into pterin-6-
aldehyde, which cannot be recycled (Figure 3b). This con-
version is catalyzed by NADPH-dependent pterin aldehyde

reductases (Noiriel et al., 2007a; Noiriel et al., 2007b). In
humans, folates are polyglutamylated by folylpolygluta-
mate synthase from the circulating monoglutamylated
forms (Osborne et al., 1993). It was recently discovered
that the oxidative breakdown of folates could be repaired
by quinoid dihydropteridine reductase, an enzyme in mam-
malian cells (Zheng et al., 2018). Dietary folic acid is
reduced into THF by DHF reductase before being methy-
lated into circulating forms.

Biochemical and physiological roles of vitamin By

The most significant biochemical role of folates is carrying
1C units at various oxidation states attached to the N5 and/
or N10 of the pterin ring (Figure 3a). The pterin ring of
folates exists naturally in dihydro- and tetrahydro- forms,
with only the tetrahydro- form possessing coenzyme
activity, whereas the dihydro- form is incapable of carrying
1C units. The three major coenzyme forms include
10-formyl-THF, 5,10-methylene-THF and 5-methyl-THF
(Hanson & Gregory, 2011; Ravanel et al.,, 2011; Ross
et al,, 2012). The biosynthesis of purine and thymine
bases, both being critical for nucleic acid metabolism,
requires folates as coenzymes in donating 1C units
(Huennekens, 1968). During purine biosynthesis, the con-
version of 5-phosphoribosyl-glycinamide (GAR) into
formyl-GAR and the conversion of 5-phosphoribosyl-
5-aminoimidazole-4-carboxamide (AICAR) into formyl-
AICAR requires two transformylases, respectively, that
both rely on 10-formyl-THF as a formyl donor (Figure 3c).
These steps are critical for the generation of inosine
monophosphate as the purine precursor (Huen-
nekens, 1968). Thymidylate synthase is responsible for
converting deoxyuridine monophosphate into deoxythymi-
dine monophosphate, with 5,10-methylene-THF as a 1C
donor, which serves as the sole source of thymine support-
ing DNA synthesis (Figure 3c). The significance of folates is
also reflected in the metabolism of other molecular compo-
nents that involve the 1C cycle, such as amino acids, includ-
ing glycine, serine and methionine (Met) (Clare et al., 2019;
Ross et al., 2012). S-Adenosylmethionine (SAM), an
essential methyl donor in many biological processes, is
biosynthesized from Met, which is generated by Met syn-
thase from homocysteine (Hcy) receiving a methyl group
from 5-methyl-THF, which concurrently is converted into
THF (Figure 3c). SAM in turn can be subsequently used
either in polyamine synthesis or can be transmethylated
back to Hcy to maintain Met homeostasis (Ouyang
et al., 2020). Notably, SAM is also the primary substrate for
the biosynthesis of the gaseous plant hormone ethylene
(Pattyn et al., 2021) (Figure 3c), which functions either inde-
pendently or together with other hormones such as auxin,
jasmonate and abscisic acid throughout the life cycle of
plants (Van de Poel et al., 2015). Putatively, folate homeosta-
sis could thus be impactful for ethylene production and
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subsequential phytohormone responses. As folates function
as coenzymes to donate and/or receive 1C units, their home-
ostasis in turn can be influenced by 1C metabolism. Total
folate content, with 5-methyl-THF as the representative
vitamer, was proposed to be tightly regulated through the
methyl cycle and involved in the elevated chlorophyll
content in high-folate accessions of Brassica rapa subsp.
chinensis (pak choi), compared with those with low folate
levels (Shohag et al., 2020). Additionally, 5-formyl-THF was
recently described to directly bind regulatory factors that are
involved in various pathways, including nitrogen and carbo-
hydrate metabolism, photosynthesis and proteostasis (Li
et al., 2021). For example, direct binding of 5-formyl-THF to
the bifunctional DHF reductase-thymidylate synthase
(DHFR-TS), serine hydroxymethyltransferase (SHMT) and
glutamine synthetase in plants inhibits their function and
consequently influences folate biosynthesis and nitrogen
metabolism, respectively (Goyer et al., 2006; Li et al., 2021).
Similar to other B vitamins, folates have been claimed to
display antioxidant capacity (Gliszczynska-Swigto, 2006;
Joshi et al., 2001). However, it is yet to be elucidated
whether folate could contribute to adaptive responses to
adverse conditions that result in an imbalance of ROS.

The importance of vitamin Bg homeostasis in human and
plant health

As humans depend on dietary folate sources (0.4 mg per
day for a typical adult), either insufficient uptake or insuffi-
cient absorption could affect the total folate pool, thereby
resulting in folate deficiency followed by subsequent
health issues, such as megaloblastic anaemia and birth
defects. Malfunction of the PCFT was found in patients
with a genetic disorder termed as hereditary folate malab-
sorption (Zhao et al., 2007). With insufficient absorption
and impaired transport, consequences could be manifold,
including immunologic and neurologic dysfunctions
(Kronn & Goldman, 2008). Methylene tetrahydrofolate
reductase (MTHFR), which converts 5,10-methylene-THF to
5-methyl-THF (Figure 3b), contributes to Met generation
from Hcy and thus plays a crucial role in maintaining cellu-
lar folate homeostasis and the 1C pool (Raghubeer & Mat-
sha, 2021). Gene variants of MTHFR, particularly the C677T
polymorphism, are quite common among human popula-
tions and are thought to be related to certain diseases,
such as cardiovascular diseases (CVDs), and pose a higher
risk of neural tube defects (NTDs) (Tsang et al., 2015). Mal-
function of the enzyme causes an imbalance between 5,10-
methylene-THF and 5-methyl-THF, accompanied by
decreased Met and increased Hcy levels, which is consid-
ered to be largely relevant for CVDs. Synthetic folic acid, as
the major supplement form, is thought to be beneficial for
preventing NTDs. However, adverse effects could occur
with high dosages. For example, oral folic acid uptake was
considered to increase the possibility of prostate cancer
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(Wien et al., 2012), and high dosage has the potential of
disguising vitamin B, deficiency because of similar symp-
toms. This remains to be further investigated given the
limitations in experimental designs discussed in a previous
review (Mills et al., 2018).

Folate homeostasis is critical not only to human health
but is also required for proper plant growth and develop-
ment. Various environmental factors have great influence
on folate homeostasis in planta (Kolton et al., 2022). For
example, folate biosynthesis is largely affected by the
availability of nutrients such as nitrogen and phosphorus
(Mozafar, 2017). In turn, folate content and vitamer home-
ostasis could influence the adaptation responses of plants
to the challenges of their environments. Overexpression of
Arabidopsis DHFR-TS led to a decrease in total folate abun-
dance, and in particular 5-methyl-THF, 5,10-methenyl-THF
and 10-formyl-THF, along with an increase in THF and
5,10-methylene-THF  (Gorelova et al., 2017b).  These
changes were accompanied by delayed flowering and ROS
accumulation, supporting the above-mentioned antioxi-
dant capability of folates. In this instance it was proposed
that redox homeostasis is mediated through 5-methyl-THF
dehydrogenase-catalyzed NADPH production, which is in
line with a previous quantitative analysis on folate-
dependent NADPH generation (Fan et al., 2014; Gorelova
et al., 2017b). As discussed above, folate homeostasis lar-
gely influences the 1C cycle, and thus the level of key ele-
ments in 1C metabolism, such as SAM, which is a
universal methyl donor utilized by many methyltrans-
ferases in DNA and histone methylation, affecting epige-
netic modifications (Zhang et al., 2012a). Similarly, Met,
another 1C molecule, is greatly affected by folate metabo-
lism and is linked to plant immune status, possibly
through DNA methylation (Gonzalez & Vera, 2019).

Interplay among the B,, Bg and By vitamin families

The importance of the B vitamins in general is reflected
not only by their individual homeostasis and respective
functions, but also by their mutual interdependence with
respect to precursors, intermediates, products or allosteric
effectors. For example, interconversions among the folate
family rely on PLP-dependent enzymes, e.g. SHMT (Fig-
ure 3b,c). Although not discussed here, several steps in
the biosynthesis of vitamin B,, Bg or the By family also rely
on FMN and NAD(P)H, derived from vitamin B, and Bj,
respectively (Fitzpatrick et al., 2012). It has also been
reported that the vitamin B, derivatives TTP/ATTP allosteri-
cally affect bovine PLK activity, and thus may influence
PLP homeostasis via the salvage pathway in animal cells
(Mkrtchyan et al., 2015), but this remains to be investi-
gated in vivo as well as in plants. Further, the uptake of B
vitamins in mammalian cells may be influenced by the
respective levels in food sources because, as an example,
the reduced folate carrier (RFC1) in the intestine also
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possesses vitamin B4 transport function (Zhao et al., 2002).
Furthermore, the flux through the metabolic reactions in
which these coenzymes participate may be influenced by
the level of the respective coenzyme (Fitzpatrick &
Noordally, 2021). As an example, in animal cells Hcy is a
substrate for both cysteine and Met biosynthesis, which
are processes that depend upon vitamin Bg and Bg, respec-
tively. High levels of Hcy are often considered indicative of
atherosclerotic diseases (Graham et al., 1997), and thus it
would be informative to evaluate whether blood Hcy levels
and the abundance of these two B vitamins are directly
linked (Marti-Carvajal et al., 2017). Therefore, in general it
will be important/ideal to develop full metabolome
libraries that can be used to diagnose B vitamin (impor-
tantly including all individual vitamers) and metabolic sta-
tus, which in turn can be used as a predictor of plant and
human health levels with respect to these micronutrients
(Figure 4). It will also be important to establish the influ-
ence of the environment on plant B vitamin health, e.g. the
impact of rhizosphere and phyllosphere interactions, as
well as abiotic stress challenges (Box 2).

Consideration of B vitamin homeostasis in the alleviation
of hidden hunger

There are various strategies towards the alleviation of hid-
den hunger, ranging from education to state-of-the-art
(bio)fortification methods (Rautiainen et al., 2016). How-
ever, some of these strategies work on time scales that are
not ideal in poor areas with the most urgent demands
(Blancquaert et al., 2017). In addition, limited resources can
hinder significant progress in developing countries

Box 2: Open questions and perspectives

» The importance of vitamer homeostasis at the organ,
tissue and subcellular level should be recognized in
both plants and humans.

» How important is the interaction of various B vitamins
(intra- and inter-family) in terms of aiming for inte-
grated homeostasis in biofortified crops and humans?

» What is the impact of the rhizosphere on B vitamin
metabolism in crop species, and hence plant and
human health?

« It will be important to develop detection/quantifica-
tion techniques to assist in the precise diagnosis of
vitamin status in plants for agriculture as well as in
humans.

(Blancquaert et al., 2017; Reinbott et al., 2016). Similar limi-
tations apply to solutions involving supplementation in the
form of vitamin pills or fortified foodstuffs (often from syn-
thetic sources). On the other hand, biofortification is the
process of increasing the micronutrient content of a food
crop through selective breeding, genetic modification or
the use of enriched fertilizers (https://www.harvestplus.org).
The latter approaches (alone or in combination) could serve
as more sustainable solutions for humans all over the
globe, as they could improve the quality of preferred food
sources within the daily diet without the need to source and
supply synthetically derived vitamins or fortified foods.

The metabolism and function of B vitamins will be
appreciated from the detailed description of vitamin B4, Bg
and By above, highlighting their importance in metabolic
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pathways that underlie proper growth and development
alongside disease prevention in plants and humans. Unfor-
tunately, as mentioned at the outset, deficiency in B vita-
mins is all too common in humans, as a result of
insufficient access to appropriate food sources, as well as
in plants, partly as a result of damage through increasing
environmental stress and millennia of selective breeding
that unintentionally disregarded micronutrient content
(Diaz et al., 2019). We hope it is recognized upon reading
this article that it is of high importance to take into consid-
eration the homeostasis of B vitamins when designing
strategies to alleviate hidden hunger (Box 1). Indeed, over
the past years numerous studies have been carried out to
increase the abundance of each of the three B vitamins dis-
cussed here in various staple crops. In most cases, this has
involved engineering the expression of the biosynthesis
pathway genes. For example, overexpression of THIC/THI1/
TH1 increased the overall thiamine content in seeds of
Oryza sativa (rice), but was largely eliminated upon grain
polishing (Dong et al., 2016; Strobbe et al., 2021a), and
would need this problem to be resolved to be of use for
consumers. The expression of Arabidopsis PDX1.1 and
PDX2 in Manihot esculenta (cassava) resulted in an almost
six-fold increase of total vitamin Bg in storage roots, which
would reach the recommended daily intake in average
food portions (Li et al., 2015). However, the same approach
in rice did not lead to an accumulation in polished grains,
although the leaf tissue had a 30-fold increase (Mangel
et al., 2019). By contrast, engineering GTPCHI and ADCS
for pterin and p-ABA, respectively, in combination with a
synthetic folate binding protein (sFBP) in rice resulted in a
150-fold increase in the folate content of polished raw
grains (Blancquaert et al., 2015; Storozhenko et al., 2007).
Similarly, engineering GTPCHI and ADCS in Zea mays
(maize), Triticum aestivum (wheat) and Solanum lycoper-
sicum (tomato) achieved great improvements in folate
levels (Diaz de la Garza et al., 2007; Liang et al., 2019).
However, populations are generally deficient in several
micronutrients simultaneously. Given the bottlenecks in
increasing the micronutrient content of the consumed tis-
sue, often combined with yield penalties, especially in the
case of the mineral nutrients (Stangoulis & Knez, 2022),
further research on the diverse regulation and interaction
of micronutrients, including the B vitamins, as well as their
involvement in plant growth and development is required.
Enhancing vitamin B, content is particularly challenging
because of its tight regulation, as mentioned above, and is
also a process with high energy cost as the enzymes are
limited in turnover number (1 for THI1 and 3 or 4 for THIC)
(Hanson et al., 2018). The engineering of more catalytically
efficient versions of these proteins, capable of multiple
turnovers, has been suggested as a potential strategy to
alleviate some of these issues (Amthor et al., 2019; Garcia-
Garcia et al., 2020; Minhas et al., 2018). Crops biofortified
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in these B vitamins may also have the added benefit of
stress resistance (Vanderschuren et al., 2013). Recently,
transgenic Solanum tuberosum (potato) engineered for
increased vitamin Bg content also displayed increased fit-
ness and higher salinity resistance (Bagri et al., 2018). The
stability of B vitamins also needs to be taken into account
because of their vulnerability to degradation and damage
(Hanson et al., 2016). This problem was managed in the
folate engineering strategies by modifying the biosynthesis
enzymes or by including an sFBP (Blancquaert et al., 2015;
De Lepeleire et al., 2018). However, despite all the efforts
made to enhance B vitamin contents in biofortified crops,
in many cases little attention has been paid to the individ-
ual vitamers. The significance of vitamer homeostasis as
well as its relevance for plant performance will be an
important consideration, as outlined above. Studying natu-
ral variation in the target crop species may provide knowl-
edge to help further improve biofortification strategies
(Figure 4). Very recently, a study of 59 rice varieties for
vitamin B4 and Bg content showed a four-fold difference
across polished seeds (Mangel et al., 2022), and could be
complemented by exploring an even larger diversity to
determine whether there is ample divergence in vitamin
content that can be exploited. Several studies have
revealed the natural genetic diversity of folate abundance
among various crop germplasms, including potato, Spina-
cia oleracea (spinach) and pak choi (Goyer &
Navarre, 2007; Shohag et al., 2011; Shohag et al., 2020).
Significantly, there may be a lot to learn from a recent
report that revealed the great potential of 1044 edible plant
species to contribute as a source of B vitamins in particu-
lar, to combat the global malnutrition issue (Cantwell-
Jones et al., 2022). The authors predict the B vitamin con-
tent of edible foods, which remains to be validated experi-
mentally. In addition, current exploratory strategies such
as nano-biofortification (nanoparticle-based controlled fer-
tilization) and increasing nutrient content with the aid of
microorganisms may prove fruitful (Guo et al., 2018; Ye
et al., 2020).

FINAL REMARKS

B vitamins are essential micronutrients for both human
and plant health. Here we emphasize that although we
have a considerable wealth of information on vitamin
metabolism, knowledge on vitamer homeostasis, distribu-
tion and interaction will help predict the importance of all
of these aspects to plant performance under rapidly chang-
ing environmental conditions (Box 1). This is emphasized
by the crucial role that B vitamins play in metabolic pro-
cesses and their potential to have a major impact on the
flux of certain reactions, which can alleviate or cause dis-
ease if not in the right balance. It will be critical to develop
advanced detection and quantification techniques, on a
high-throughput and even automated scale, for a better
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understanding of the contribution of B vitamins to the
metabolic profile of plants, starting with model species
(Box 2). Eventually, this could lead to biomarker maps that
might increase the precision of diagnosing both plant and
human health (Figure 4). Although it has become evident
that the current use of staple crops will not provide the
micronutrient levels required for humans, the ability to
devise informed strategies for improving human health,
such as biofortification, will provide benefit, as will tapping
into the diverse palette of edible plants, although their
nutrient status will need to be examined to validate them
as human food sources.
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