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Micronutrient deficiency is a widespread phenomenon, most prevalent in developing countries. Being causally linked
to the occurrence of arange of diseases, it affects billions of people worldwide. Enhancing the content of micronutrients
in crop products through biotechnology is a promising technique to fight micronutrient malnutrition worldwide.
Micronutrient fortification of food products has been implemented in a number of Western countries, but remains
inaccessible for poor rural populations in a major part of the developing world. Moreover, evidence of the negative
impacts of this practice on human health, at least for some vitamins, is accumulating. Biofortification of crop plants—
the enhancement of vitamins and minerals through plant biotechnology—is a promising alternative or complement
in the battle against micronutrient deficiencies. Owing to a growing knowledge about vitamin metabolism, as well as
mineral uptake and reallocation in plants, it is today possible to enhance micronutrient levels in crop plants, offering
a sustainable solution to populations with a suboptimal micronutrient intake.
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Introduction iron, zinc, and iodine, each affecting nearly two bil-
lion people worldwide. Iron deficiency is the most
prevalent nutritional disorder in the world and the
only micronutrient deficiency that occurs signifi-
cantly in developed countries as well. It is esti-
mated that approximately one-third of the world’s
population suffers from anemia, which affects
mostly children and women (http://www.who.int/
vmnis/database/anaemia/en/). Moreover, in devel-
oping countries, it is exacerbated by several infec-
tious diseases, such as HIV, tuberculosis, and
malaria. Insufficient iron uptake compromises a
good pregnancy outcome, hampers normal phys-
ical and cognitive development, increases the risk
of premature morbidity, and has an important eco-
nomic effect through the reduction of work capacity
in both individuals and populations (http://www.
who.int/nutrition/topics/ida/en/). The most preva-
lent vitamin deficiencies are those of vitamin A,
vitamin By (folate), and vitamin B, (cobalamin).
Vitamin A deficiency (VAD) affects nearly 190 mil-
lion preschool children and 19 million pregnant
women, mostly in developing countries.” VAD is

The human body depends on micronutrients to
sustain all physiological processes necessary to
ensure good physical and mental health. Humans
cannot produce these molecules themselves, and
are therefore entirely dependent on their diet as
a micronutrient source. Micronutrient deficiency,
caused by the consumption of monotonous diets
or micronutrient malabsorption, affects billions of
people worldwide.! Although this so-called “hid-
den hunger” is prevalent in Western countries, it
mainly affects poor, rural populations in developing
regions of the world. Even though staple crops pro-
vide a good source for the daily caloric intake, their
micronutrient levels are usually low. Additionally,
food storage, processing, and preparation cause sub-
stantial losses of micronutrients. In rice, for exam-
ple, most of the micronutrients are concentrated in
the outer layers of the kernel, the aleurone layer,
which is removed upon milling to avoid rancidifi-
cation. Rice milling is a widespread practice to pro-
long rice shelflife, but it lowers the nutritional value.
The highest trace element deficiencies are found for
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the main cause of night blindness (nyctalopia), dry
eyes (xerophthalmia), keratomalacia, and complete
blindness.’ Folate deficiency is the main cause of
neural tube defects (NTDs), and NTDS are used as
a proxy to determine the folate status in a popula-
tion. Annually, approximately 300,000 NTDs occur,
mostly in Asian regions where rice is the main com-
ponent of the diet.* However, NTD prevalence alone
underestimates the real occurrence of folate defi-
ciency, which is estimated to affect billions of people
worldwide, giving it epidemic proportions.
Several strategies can be implemented to fight
micronutrient deficiencies, each with its own draw-
backs and limitations (extensively reviewed in Ref.
5). Dietary diversification is the most obvious way to
address micronutrient malnutrition. However, this
strategy requires recurrent educational efforts and a
change in dietary habits. In several countries, indus-
trial fortification with micronutrients of food prod-
ucts, such as flour, breakfast cereals, oils, and milk,
is mandatory. Although this practice is proven to
be successful in most cases, policy makers need to
be sure that this strategy is safe and that supra-
optimal intake of micronutrients, which sometimes
can have adverse effects on human health, is avoided.
Owing to the fact that most people are unaware
of their micronutrient status, supplementation in
the form of pills or injections often does not have
the desired outcome. Moreover, the supplementa-
tion strategy requires educational efforts and often
does not reach the target group of a population. In
addition, micronutrient fortification and sup-
plementation requires specialized infrastructure,
which is difficult to implement in developing coun-
tries, where micronutrient deficiency is the high-
est. A biofortification strategy enhancing the natural
micronutrient levels in crops is a valuable solution
to address hidden hunger, especially in poor, rural
populations. Biofortification can be achieved in two
ways: conventional breeding and/or metabolic engi-
neering. Conventional breeding relies on the natural
variation of the target micronutrient levels within
sexually compatible individuals of a crop. In most
cases, this variation is low and insufficient to reach
target micronutrient levels.>” Moreover, conven-
tional breeding is time-consuming, requiring sev-
eral rounds of crossing and screening, although
these processes can be accelerated with the aid of
quantitative trait loci mapping and marker-assisted
breeding. Metabolic engineering has proven to be a
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successful, sustainable, and cost-effective strategy in
crop biofortification.”® In this review, we shed light
on different aspects of metabolic engineering and
demonstrate, through case studies, that this strategy
can become a valuable player to address micronu-
trient deficiencies globally. In addition, vitamin
bioavailability and examples of tackling vitamin sta-
bility crop products are discussed.

Crop biofortification through metabolic
engineering

Metabolic engineering can be used to enhance
nutritional value in crop plants by engineering
metabolic pathways through genetic modification.
This strategy involves the modulation of endoge-
nous metabolic pathways or the introduction of
one or more heterologous actors to (1) enhance
the production of a target compound, (2) reduce
the levels of an undesirable molecule, or (3) modu-
late the flux to induce the accumulation of a more
bioavailable, stable, and active compound (reviewed
in Ref. 8). Metabolic engineering requires a thor-
ough knowledge of the regulation of the endoge-
nous metabolic pathways involved. Only then can
a successful engineering strategy be developed in
which key enzymes are targeted for overexpression
or downregulation to enhance the biosynthesis or
accumulation of micronutrients without affecting
crop development and yield. Depending on the
source of the inserted gene(s), engineered crops can
be classified as transgenic, intragenic, or cisgenic.
Transgenic crops contain transgenes from sexually
incompatible organisms, whereas intragenic crops
are created by using genes from closely related (and
sexually compatible) individuals, allowing in vitro
recombination of elements of different genes within
the sexually compatible gene pool. In cisgenic crops,
however, this recombination is not allowed and the
inserted gene needs to contain its original orga-
nization in the normal orientation. Through the
use of tissue-specific promoters driving the expres-
sion of targeted (trans)genes, metabolic engineering
enables the accumulation of micronutrients in tis-
sues where they do not occur naturally or accumu-
late only in very low amounts. In these specific cases,
conventional breeding is of very little or no use,
and metabolic engineering is the only way forward.
The different aspects of metabolic engineering are
illustrated in the following case studies. In
each example, we emphasize the most important
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candidate enzymes for engineering and the results
obtained thus far, together with perspectives and
suggestions to further increase the nutritional value
of crops in future biofortification studies.

Vitamin A

Vitamin A is important in many aspects of human
development and growth. It is involved in epithe-
lial differentiation, reproduction, proper immune
function, and vision.” VAD can eventually lead to
permanent blindness and is able to enhance the
occurrence and severity of infectious diseases.'® The
recommended dietary allowance (RDA) is 900 pg
for men and 700 pg for women of retinol activity
equivalents per day (National Institutes of Health,
Office of Dietary Supplements). Retinoids (vita-
min A) are a group of molecules with a retinyl
group as a common skeleton. This retinyl group
is composed of a B-ionone ring and an isoprenoid
side chain. Meat and dairy products contain retinyl
esters, which are converted to retinol in the small
intestine. Plants, however, contain carotenoids as
a source of provitamin A, of which B-carotene
has the highest provitamin A activity. Upon inges-
tion, provitamin A and retinol are converted to
retinal and retinoic acid, the functional vitamin
A molecules. Plants produce four provitamin A
carotenoids (PACs) (a-, B-, and y -carotene and [3-
cryptoxanthine), each containing at least one retinyl
group. Carotenoids are tetraterpenoids with a C40
linear backbone. Provitamin A biosynthesis (Fig. 1)
starts with the condensation of two geranylger-
anyl pyrophosphate (GGPP) molecules to form 15-
cis-phytoene by phytoene synthase (PSY, encoded
by crtB in bacteria).!! GGPP is the condensation
product of three isopentenyl diphosphate molecules
and one dimethylallyldiphosphate, a reaction per-
formed by GGPP synthase (or the bacterial equiv-
alent CRTE) in the plastids.'> To produce the
carotenoid chromophore, four desaturation reac-
tions are performed. In plants, these reactions are
the result of phytoene desaturase and (-carotene
desaturase. Subsequently, all-trans-lycopene is pro-
duced by carotenoid isomerase in nongreen tissue
and by light and chlorophyll in green tissue.!*~1
In bacteria, 15-cis-phytoene is directly converted to
all-trans-lycopene by CRT1. All-trans-lycopene acts
as a substrate of two competing cyclases: lycopene
g-cyclase (LYCE) and lycopene -cyclase (LYCB;
CRTY). LYCB adds a B-ring to lycopene, gener-
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ating +y-carotene. A second addition of a B-ring
by LYCB results in the formation of B-carotene.
v-Carotene does not accumulate and is rapidly
converted to B-carotene.!®!” The action of LYCE
produces d-carotene, which has no provitamin A
activity. LYCB can also use &-carotene to add a
B-ring to the molecule, generating «-carotene,
which has provitamin A activity. a-Carotene and
B-carotene can be further converted to lutein (via
zeinoxanthin or a-cryptoxanthin) and zeaxanthin
(via B-cryptoxanthin), respectively, by the action
of B-carotene hydroxylase (CRTZ in bacteria).!®
Although these pigments have no provitamin
A activity, they are considered to be powerful
antioxidants.

The first transgenic crop biofortified with provi-
tamin A was rice. Rice endosperm does not con-
tain provitamin A naturally; therefore, metabolic
engineering was the only way forward to enhance
provitamin A content. Owing to the yellow color of
the transgenic rice kernels, it was termed “golden
rice.” Initially, transgenes from daffodil (psy and
lycb) and the bacterium Pantoea ananatis (formerly
known as Erwinia uredovora) (Pacrtl) were used
in the first-generation golden rice.”” An accumu-
lation of total carotenoids up to 1.6 pg/g dry weight
was reported.!”” In second-generation golden rice
(golden rice 2), the daffodil gene psy was replaced
with psyl from corn, which, in combination with
Pacrtl, further raised 3-carotene content to approx-
imately 30 pug/g dry weight.?’ The creation of golden
rice 1 and 2 opened the door for the develop-
ment of other “golden” crops, such as potato, corn,
wheat, cassava, and sorghum. In corn and wheat,
the same genes were applied as in golden rice 2.21:22
Overexpression of Arabidopsis 1-deoxyxylulose-5-
phosphate synthase (AtDXS), a protein important in
the flux toward GGPP, in combination with PacrtB
on the one hand and corn psyl and Pacrtl on the
other hand, enhanced B-carotene content in cas-
sava and sorghum, respectively.?** In potato, the
best results were obtained with the use of c¢rtB, crtl,
and crtY transgenes, all from P. ananatis.”

Vitamin E

Vitamin E is a lipophilic compound that acts as a
powerful antioxidant in the prevention of a range
of diseases caused by oxidative degeneration.?® The
RDA of vitamin E is 15 mg per day for adults and
7 mg for children up to 8 years (National Institutes
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Figure 1. Schematic and simplified representation of carotenoid biosynthesis in plants. Only a-carotene, B-carotene, and f3-
cryptoxanthin are important contributors to provitamin A activity. Plant enzymes are depicted in red, their bacterial counterparts
in blue. CRTB, bacterial phytoene synthase; CRT1, bacterial phytoene desaturase; CRTE, bacterial GGPPS; CRTISO, carotenoid
isomerase; CRTY, bacterial lycopene 3-cyclase; CRTZ, bacterial 3-carotene hydroxylase; DMAPP, dimethylallyldiphosphate; DX, 1-
deoxyxylulose-5-phosphate; DXS, DX synthase; GGPP, geranylgeranyl pyrophosphate; GGPPS, GGPP synthase; HYDB, 3-carotene
hydroxylase; IPP, isopentenyl diphosphate; LYCB, lycopene B-cyclase; LYCE, lycopene e-cyclase; PDS, phytoene desaturase; PSY,
phytoene synthase; ZDS, {-carotene desaturase; ZISO, {-carotene isomerase.

of Health, Office of Dietary Supplements). Toco-
chromanols is the collective term for eight species of
tocopherols and tocotrienols, differing in the posi-
tion and number of methyl units (a: three methyl
units; B: two methyl units; y: two methyl units;
d: one methyl unit). However, these lipid-soluble
molecules have different levels of vitamin E activity,
the highest activity being found in a-tocopherol.
Oilseeds have high total tocopherol levels, although
most of it is y -tocopherol.”” The biosynthesis path-
way of tocopherol is well understood and involves
five VTE enzymes (VTE 1-5). The pathway starts
with hydroxyphenylpyruvate, which is converted

to homogentisate (HGA) by hydroxyphenylpyru-
vate dioxygenase (HPPD). Upon HGA biosynthe-
sis, tocochromanol production branches toward the
production of tocotrienols and tocopherols. In the
tocopherol branch, phytol kinase (VTES5) phospho-
rylates phytol-to-phytyl monophosphate, which is
again phosphorylated by a kinase to form phytyl-
diphosphate (PDP). PDP and HGA are condensed
to 2-methyl-6-phytyl-1,4-benzoquinol (MPBQ) by
homogentisate phytyltransferase (VTE2; HPT)). A
second methyl group can be attached to the MPBQ
molecule by MPBQ methyltransferase (VTE3;
MPBQ-MT) to obtain 2,3-dimethyl-6-phytyl-1,
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4-benzoquinol (DMPBQ). A cyclization reaction,
performed by tocopherol cyclase (VTEL), pro-
duces vy -tocopherol and 8-tocopherol from MPBQ
and DMPBQ, respectively. A second (and third)
methylation reaction is catalyzed by v -tocopherol
methyltransferase (VTE4; yv-TMT) to obtain -
tocopherol from 8&-tocopherol and a-tocopherol
from y-tocopherol. Similar reactions with the same
enzymes are involved in the tocotrienol branch,
but geranylgeranyl pyrophosphate (GGPP) is used
together with HGA by homogentisate geranylger-
anyl transferase (HGGT) to produce 2-methyl-6-
geranylgeranyl-plastoquinol, the tocotrienol equiv-
alent of MPBQ. Several engineering attempts have
been undertaken to (1) increase tocochromanol
content in crops and (2) shift the accumulation of
tocochromanols in favor of a-tocochromanols. In
Arabidopsis, soybean, and canola seeds, overexpres-
sion of a bacterial prephenate dehydrogenase, which
catalyzes the conversion of prephenate to hydrox-
yphenylpyruvate, in combination with AtHPPD,
resulted in a fourfold increase in total tocochro-
manol levels.”® The authors clearly showed that
these first steps in tocochromanol biosynthesis are
indeed rate limiting. In rice seeds, although overex-
pression of AtHPPD resulted in a marginal increase
in tocochromanol levels and no increase in total
tocopherol content, it caused a shift from vy- to
a-tocopherol.” In corn, overexpression of barley
HGGT increased total tocochromanol content by
sixfold.*® Constitutive overexpression of AtHPPD
and AtVTE3 tripled the amount of -y -tocopherol in
corn seeds.’! In rice, constitutive and endosperm-
specific overexpression of AtTMT did not change
total tocopherol and tocotrienol levels but greatly
enhanced a-tocotrienol levels, at the expense of y -
and - tocotrienols.’? Altogether, it becomes clear
that, to successfully enhance vitamin E content in
crop plants, a multitarget approach is required,
boosting the production of tocopherol precursors
HGA and PDP and diverting the flux toward a-
tocopherol production.

Vitamin Bg

Vitamin By reduces the risk of diabetes, cardiovas-
cular disease, hypertension, kidney disease, neuro-
logical disorders, pellagra, and epilepsy.”> The RDA
is 1.3 mg per day for adults (National Institutes
of Health, Office of Dietary Supplements). Vita-
min Bg comprises six vitamers, including pyridox-
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ine, pyridoxal, and pyridoxamine and its phospho-
rylated derivatives. Pyridoxal-5-phosphate is con-
sidered to be the most important vitamer, since
it acts as a cofactor in more than 140 chemi-
cal reactions in the cell.’> Therefore, the accumu-
lation of this vitamer is the primary goal in a
biofortification strategy. Cross talk between plant
vitamin B¢ biosynthesis and salvage pathways exists,
which enables them to interconvert among the dif-
ferent vitamers.** Most of the key players in vitamin
B¢ biosynthesis and regulation have been identi-
fied, knowledge that is important from a metabolic
engineering perspective. The de novo biosynthesis
of vitamin B¢ in plants is mediated by only two
enzymes,35 PDX1 and PDX2, in a pathway that is
independent from the deoxyxylulose-5-phosphate
(DXP) pathway found in some bacteria.>®*” The
Arabidopsis,® rice,”® and cassava® genomes have
three homologues of PDX1 (PDX1.1, PDX1.2, and
PDX1.3) and one PDX2 gene. Only PDX1.1 and
PDX1.3 are considered to be important in vitamin
Bg biosynthesis.35 In tobacco, overexpression of
PDX1 and PDX2 from Cercospora nicotianae, a
plant fungal pathogen, resulted in a modest 20%
increase in vitamin Bg content.’ However, this
coincided with a delay in seed germination and
plant growth.** In Arabidopsis, constitutive over-
expression of AtPDX1.3 and AtPDX2 again raised
vitamin By content in seeds by 20%, whereas seed-
specific expression resulted in a threefold increase
in seeds*! without affecting plant performance.
Constitutive overexpression of another PDXI1
homologue, AtPDX1.1, in combination with
AtPDX2 further increased vitamin Bg content,
and pyridoxal-5-phosphate in particular, by five-
fold in Arabidopsis, clearly indicating that the cor-
rect choice of homologues is important.*? Interest-
ingly, this biofortification led to an increase in seed
size through embryo enlargement and larger aerial
organs.? Recently, constitutive and root-specific
overexpression of AtPDX1.1 and AtPDX2 in cassava
resulted in several-fold higher vitamin B¢ levels in
leaves and roots, of which the highest increase could
be detected for the unphosphorylated vitamers.*?

Vitamin By

Vitamin By is the collective term of a group
of water-soluble B vitamins—folates—that play
important roles as cofactors in one-carbon (ClI)
metabolism in all living organisms.® In several
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metabolic processes, from methylation to DNA
synthesis, they provide or accept Cl units in the
form of methyl, methenyl, methylene, or formyl
groups. The molecule backbone consists of three
parts: a pterin group, a para-aminobenzoate (p-
ABA) moiety, and a glutamate tail. Folates differ
in the C1 unit attached to the molecule and the
length of the glutamate tail, comprising tetrahy-
drofolate (THF), the most reduced form, and its
derivatives 5-methyl THEF, 5-formyl THEF, 10-formyl
THE, and 5,10-methylene THE, which all can exist
as monoglutamates or polyglutamates. Each of
these molecules, without considering the length
of the glutamate tail, has specific functions in C1
metabolism.** The RDA of folates is 400 wg for
adults and 600 pg for pregnant women (National
Institutes of Health, Office of Dietary Supple-
ments). Folate deficiency may cause NTDs, such as
cleft spine*® and megaloblastic anemia.*® Moreover,
insufficient folate intake increases the risk of car-
diovascular diseases,*’” coronary diseases,*® stroke,*
Alzheimer’s disease,”® and a range of cancers.”! Cur-
rently, synthetic folic acid (FA), the fully oxidized
form, is used in fortification and supplementation
programs. However, FA needs to be reduced to
dihydrofolate (DHF) and THF to become active,
and excessive FA intake can have adverse effects
on human health.” Folate biosynthesis (Fig. 2)
involves three subcellular compartments: p-ABA
is synthesized in the plastids and pterin is syn-
thesized in the cytosol, and both precursors are
condensed, reduced, and glutamylated in the mito-
chondria. The first engineering attempts focused
on two key enzymes in the folate biosynthesis path-
way: GTP cyclohydrolase I (GTPCHI, G), the first
step in the pterin branch, and aminodeoxychoris-
mate synthase (ADCS, A), the first step in the p-
ABA branch. Overexpression of GTPCHI or ADCS
alone greatly enhanced pterin or p-ABA content, but
caused a depletion of the nontargeted other pre-
cursor, with moderate increases in folate content
obtained only in G lines of Arabidopsis,*>> rice,”*>
tomato,”® lettuce,”’ potato,”® and corn.?! Simul-
taneous overexpression of GTPCHI and ADCS
by crossing G and A lines in tomato® or by
single-locus T-DNA insertion (GA lines) in rice®
resulted in a massive accumulation of folates in
the engineered crops. In GA rice lines, folate
levels up to 1723 ng/g fresh weight could be
measured.” However, this two-gene approach did
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not give the desired results in potato tubers or
in Arabidopsis, pointing to another bottleneck in
the folate biosynthesis pathway in these plants.”
Since pterin and p-ABA content is high in these
plants, it was suggested that a triple-gene approach
with the bifunctional enzyme hydroxymethyldihy-
dropterin pyrophosphokinase/dihydropteroate syn-
thase (HPPK/DHPS) may be more successful.’
Dong et al. evaluated the effect of GTPCHI over-
expression, in combination with DHF synthetase
(DHES) or folylpolyglutamate synthetase (FPGS),
on folate levels in rice seeds.>® As expected, only a
moderate enhancement in folate content could be
detected, due to a depletion of the p-ABA pool in
the engineered lines. More recently, the combined
overexpression of GTPCHI, ADCS, and a fusion
between a synthetic folate-binding protein (FBP)
and B-carbonic anhydrase 2 from Arabidopsis in
rice resulted in an additional increase in folate levels
of 50% as compared with the original GA lines,*
indicating that folate sequestration by this chimeric
protein allows a higher accumulation of this vitamin
in rice seeds.

Iron

Iron is an important component of numerous
enzymes, including hemoglobin. Iron deficiency
can result in anemia, causing 0.8 million deaths
annually.®® The RDA of iron is 8 mg per day for
male adults and 18 mg for women (National Insti-
tutes of Health, Office of Dietary Supplements).
Of all the metal-uptake mechanisms in plants, iron
acquisition is the best studied. This is mainly due to
the clearly defined physiological aspects and conse-
quences of iron deficiency in plants. From the rhizo-
sphere, iron is absorbed through the root epidermis,
transported to the xylem, and relocated through-
out the plant to different tissues, where it can be
stored upon further demand. For the sake of sim-
plicity, only the main actors in these processes are
mentioned next. Iron deficiency in plants is mainly
caused by the low solubility of Fe(IIl), which is
most prominent in alkaline and neutral soils, rather
than a low iron content. Therefore, plants have
developed two strategies to increase Fe(III) solu-
bility (Fig. 3). Both strategies are promoted by low
iron availability in the soil and considered to be
high-affinity uptake systems. When sufficient iron is
available, low-affinity transport systems are imple-
mented. The latter are, however, still far from fully
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Figure 2. Schematic representation of the folate biosynthesis pathway in plants. Folate biosynthesis is characterized by a com-
partmentalization in the cytosol, the plastids, and the mitochondria. Enzymatic steps are indicated in red. ADC, aminodeoxycho-
rismate; ADCS, ADC synthase; ADCL, ADC lyase; ctFPGS, cytosolic folylpolyglutamate synthetase; DHF, dihydrofolate; DHFR,
DHF reductase; DHFS, DHF synthetase; DHM, dihydromonapterin; DHN, dihydroneopterin; DHNA, DHN aldolase; DHN-P,
dihydroneopterin monophosphate; DHN-P3, dihydroneopterin triphosphate; DHP, dihydropteroate; DHPS, DHP synthase; Glu,
glutamate; GTP, guanosine triphosphate; GTPCHI, GTP cyclohydrolase 1; HMDHP, 6-hydroxymethyldihydropterin, HMDHP-P2,
6-hydroxymethyldihydropterin pyrophosphate; HPPK, dihydropterin pyrophosphokinase; mtFPGS, mitochondrial FPGS; p-ABA,
para-aminobenzoate; pIFPGS, plastidial FPGS; THE, tetrahydrofolate; THFGlun, tetrahydrofolate polyglutamate.

elucidated and therefore currently not considered
as targets for metabolic engineering. The first strat-
egy (strategy I), characteristic for eudicots and non-
graminaceous monocots, involves the acidification
of the soil by H*-ATPases, pumping protons into the
apoplast and rhizosphere, and the excretion of small
chelating molecules, such as malate and citrate. In
this way, Fe(III) is solubilized and chelated. Bound

Fe(III) is subsequently reduced at the root surface
by plasma membrane-bound Fe(III) chelate reduc-
tases. In Arabidopsis, the ferric reductase oxidase
(FRO) family consists of eight members, of which
AtFRO2 has the highest iron reductase activity.®!
Moreover, this gene is mainly expressed in the roots
and therefore considered to be the main attribu-
tor of Fe(III) reduction in the rhizosphere.®! Rice
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Figure 3. Schematicrepresentation ofiron uptake in plantroots and root hairs upon iron deficiency. Strategy I is applied by eudicots
and nongraminaceous monocots. Strategy II is characteristic for grasses. Rice has features of both strategies. Enzymes are indicated
in red. FRO2, ferric reductase oxidase 2; IRT1, iron-regulated transporter 1; NA, nicotianamine; NAAT, NA aminotransferase; NAS,
NA synthase; PS, phytosiderophore; SAM, S-adenosyl methionine; YS1, yellow stripe 1.

transformed with AtFRO2 did not exhibit a high
root reductase activity.®> However, in this attempt,
the 0.6-kb upstream promoter region of this Ara-
bidopsis gene was used instead of a rice promoter
active in the root epidermis, and no transcript levels
of the transgene could be detected.®? Constitutive
overexpression of AtFRO2 in soybean resulted in
fivefold higher iron concentrations in leaves and pod
walls, but only a 10% increase of iron content could
be detected in the seeds, suggesting that additional
factors are required to translocate iron to the seed.®
Upon reduction, Fe(II) is transported into the root
by IRT1 (iron-regulated transporter 1), a member
of the ZIP (zinc-regulated transporter, IRT-like pro-
tein) family of metal transporters.

Strategy 1II plants (grasses) release phyto-
siderophores (PS) into the rhizosphere, which
chelate Fe(III) before uptake. PS are derived from
nicotianamine, a condensation product of three
molecules of S-adenosyl methionine. Following
nicotianamine production by nicotianamine syn-
thase (NAS), deoxymugineic acid is formed by
nicotianamine aminotransferase and subsequently
converted to mugineic acid and its derivatives,
which act as PS. The PS—Fe(III) complex is imported
into the roots by yellow stripe 1 (YS1), which was
first discovered in maize. Interestingly, Arabidopsis
(strategy I) has eight homologues of this gene (yel-
low stripe-like (YSL)). Although strategy I plants do

not produce PS, these proteins may play a role in the
transport of metal-nicotianamine complexes in the
plant. Nicotianamine is present in higher plants, act-
ing as a general metal chelator.®* Rice combines both
strategies, since Fe(II) is readily available in anaero-
bic waterlogged soils, and there is no need to solubi-
lize Fe(III). Therefore, it produces less PS (strategy
II) than barley and maize and expresses OsIRT1 and
OsIRT?2 (strategy I) genes to compensate.®®

Since Fe is highly reactive, it is assumed that Fe
is bound to chelators after uptake by the root epi-
dermis. Symplastic transport brings iron through
the root cortex to the pericycle, where it is loaded
into the xylem for further transport throughout
the plant. To prevent precipitation, Fe is chelated,
most likely to citrate in the vasculature.®>® Devel-
oping seeds acquire iron from the roots and senes-
cent leaves via the phloem. Iron, upon complexation
with nicotianamine, is translocated from the xylem
to the phloem by YSL proteins.®® In rice, OsIRT1
is responsible for loading Fe(II) into the phloem,
where it is likewise chelated to nicotianamine. Next
to phloem loading, YSL proteins are also pivotal in
the delivery of iron to the seeds.® In developing
Arabidopsis seeds, Fe is most likely bound to phy-
tate (myo-inositol hexakisphosphate) and stored in
the vacuoles,®® whereas only a small fraction of seed
iron is bound to ferritin in the plastids.®” Phytate is
the principal phosphorus storage form in the seed,
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accounting for approximately 65-80% of total seed
phosphorus.®® In most cereals (with the exception
of maize), phytate is mostly (80%) concentrated
in the outer layers of the seed (aleurone layers)
and the embryo, where it forms phytate globoids
in protein storage bodies. Phytate has the ability
to chelate a number of divalent cations, such as
iron, magnesium, and zinc, upon which a mixed
salt, phytin, is formed. Since monogastric animals,
such as humans, fish, and poultry, lack phytase, the
enzyme responsible for phytate degradation (and
the concomitant release of free phosphorus, met-
als, and myo-inositol),*® high phytate levels in food
and feed lower their nutritional value. Hence, phy-
tate is considered an antinutrient. Moreover, agro-
nomic practice (by supplementation of animal feed
with bioavailable phosphorus and by phytate dis-
charge through excrements), contributes to water
eutrophication.”’ Therefore, lowering phytate lev-
els in crop plants is beneficial for both humans
and the environment. Phytate is omnipresent in
eukaryotes and plays an essential role in many cellu-
lar functions. Several low phytic acid (lpa) mutants
were identified in crop plants, including rice, wheat,
sorghum, maize, and barley. However, although an
increase in inorganic phosphorus levels was seen
in Ipa plants, it often coincided with changes in
plant performance and crop yield. Therefore, seed-
specific knockdown of phytate biosynthesis genes
is a more suitable strategy to create low-phytate
crops without yield penalties. Its biosynthesis starts
with the production of the myo-inositol backbone,
which is afterwards phosphorylated to form phytate.
Seed-specific manipulation of the expression of
myo-inositol 3-phosphate synthase, the first gene
in phytate biosynthesis, in rice resulted in approx-
imately 50% more free phosphorus than in lpa
mutants.”! However, myo-inositol is an important
metabolite in many metabolic processes in plants,
and disruption of its biosynthesis can result in
unwanted side effects. Therefore, targeting enzymes
downstream of the phytate biosynthesis pathway is
more suitable. In this respect, seed-specific silenc-
ing of inositol phosphate kinase, the last step in the
production of phytate, resulted in 69% reduction in
phytate levels (and an increase in inorganic phos-
phate), together with an 80% increase of iron con-
tent in rice seeds.”” Through map-based cloning,
an ATP-binding cassette transporter, a key player in
phytate accumulation in soybean seed and maize,
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was identified at the Ipa locus of mutations.”® This
transporter could be a suitable candidate for engi-
neering phytate levels, since it is not believed to
play a role in other metabolic pathways.”* Alterna-
tively, the overexpression of phytase in seeds could
be considered. In this way, phytate in engineered
crop and, after ingestion, in other feed products
could be degraded.”

Next to lowering phytate levels, enhancing fer-
ritin content in crop seeds holds great promise for
enhancing iron content in seeds. Plant ferritins (and
ferritins in general) consist of an apoferritin coat,
the shell, and an iron core, which may contain up
to 4500 iron atoms.””> They act as acceptors and
donors of iron in metabolic processes and are con-
sidered to protect the plant against toxic free iron,
rather than to be an iron-storage form.%” Moreover,
ferritin-bound iron is highly bioavailable during
digestion. Overexpression of ferritin in plants only
resulted in moderate increases in iron seed con-
tent, owing to the fact that, in seeds, most iron is
stored in vacuoles instead of plastids, where ferritin
accumulates.”® Therefore, in order to be successful,
a seed ferritin approach needs to be accompanied
by a translocation of iron from the vacuoles to the
plastids. In Arabidopsis, AtVIT1, AINRAMP3, and
AtNRAMP4 are shown to be important in vacuolar
iron transport in the seeds.”® Impairment of vacuo-
lar iron import concomitant with a promotion of
accumulation of iron in the plastids is imperative to
make a ferritin-based approach successful.

It is clear that crop biofortification with iron
involves many processes, from iron uptake by the
roots to iron storage in the edible parts. In order to
be successful, these processes need to be correctly
orchestrated, which is only possible in a multigene
approach, with the use of tissue-specific promot-
ers. The best results in rice so far were obtained
via the manipulation of iron translocation (NAS)
together with the promotion of iron accumulation
in the endosperm (YSL2) and the enhancement of
iron sequestration by ferritin, which increased rice
seed iron content sixfold.”’

Metabolic engineering of vitamin stability
in crop plants

Vitamins are unstable molecules, sensitive to
changes in temperature, pH, and humidity, and
they are prone to (photo)-oxidative degradation.”®
Vitamin stability differs greatly among vitamers. In
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the vitamin By group, FA and 5-formyl THF are the
most stable molecules,”” while THF and DHF are the
most sensitive to degradation.® The effect of food
processing on vitamin stability has been well stud-
ied; however, only a few studies monitored the effect
of storage time, although it is commonly known that
vitamins degrade over time. In freeze-dried fortified
apple, vitamin E levels dropped about 50% after
6 months of storage,® while only 11% of vitamin C
content is left in guava nectar.®! In biofortified corn,
provitamin A content dropped approximately 70%
after half a year.®? In general, staple crops are stored
until the next harvest. In rice-producing countries,
the storage period is region dependent (depend-
ing on the number of growth seasons), ranging
from several months to years before consumption.®?
Corn, after drying, can be stored up until 9 months
or longer.®* In these and other, mostly cereal crops,
it is important that vitamin stability is ensured over
time. Only then can the implementation of bioforti-
fied crops be valuable in the battle against micronu-
trient deficiencies. Unfortunately, the effect of
storage time on vitamin stability is largely neglected
in most biofortification studies. Recently, it was
shown that folate levels in transgenic biofortified
rice dropped approximately 50% after 4 months of
storage at different storage temperatures.” In order
to address the folate-stability problem, the authors
followed two strategies. First, a synthetic FBP, based
on FBP from bovine milk, was co-expressed with the
genes necessary for folate enhancement (GTPCHI
and ADCS).”® FBPs are well studied in mammals,
but have thus far not been reported in plants. FBPs
occur in milk, where they form complexes with
folates to protect them from degradation. A sec-
ond strategy was overexpression of the last enzyme
in the folate biosynthesis pathway, folylpolygluta-
mate synthetase (FPGS). This protein lengthens the
glutamate tail of the vitamin, which favors binding
to folate-dependent enzymes and promotes cellular
retention through its anionic nature. Both strate-
gies appeared to be successful in enhancing folate
stability in biofortified rice, and the authors showed
that folate levels remained high following long-term
storage.> The same principles can be implemented
in other folate-biofortified crops. Vitamin-binding
proteins are excellent candidates to engineer vita-
min stability. Carotenoids are sensitive to oxida-
tion, which compromises the nutritional value of
carotenoid-rich food products, such as golden rice,
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especially during long-term storage. Lipoxygenases
(LOX) generate hydroperoxy fatty acids, which are
able to co-oxidize and decolorize carotenoids.®>5
By aleurone- and endosperm-specific silencing of
r9-LOX1 activity through RNA interference, Gayen
et al. succeeded in protecting B-carotene in golden
rice from oxidation, hence stabilizing provitamin
A content upon storage.”” Furthermore, it was
demonstrated that the formation of a proper sink
structure may provide the ability to promote the
accumulation and stability of provitamin A during
plant growth and postharvest storage.®® Altogether,
in order to be successful, biofortification attempts
should not only aim at high micronutrient levels
but also at a high micronutrient stability, especially
when crop products are stored for a long time. The
abovementioned examples illustrate that it is pos-
sible to engineer vitamin stability. Enhanced vita-
min stability can also be obtained through directing
vitamin biosynthesis to the accumulation of more
stable vitamers or through exploring and manipu-
lating vitamin salvage pathways.

Bioavailability of vitamins in biofortified
crop products

Bioavailability is defined as the fraction of vita-
mins present in a specific food product or diet
that can eventually be used by the human body
in metabolic processes. Studying vitamin bioavail-
ability is extremely complex, since it involves many
factors that need to be taken into account. These
factors include (1) the release of the vitamins from
a certain food matrix and (2) uptake by the gas-
trointestinal tract, which in some cases is accom-
panied by a conversion of the vitamin to a com-
pound, which can be (3) loaded into the circulation
system and (4) transported to different tissues and
cells. Bioavailability differs greatly among vitamers.
Natural folates, for instance, are less bioavailable
than their synthetic counterpart FA,%*? and folate
polyglutamates are less bioavailable than folate
monoglutamates, since an enzymatic deconjugation
reaction is required in the gut mucosa before release
into the circulation system.”! For vitamin B, gly-
cosylation of the vitamers lowers bioavailability by
50%.> Moreover, additional factors present in a diet
may influence vitamin bioavailability through inter-
actions among the micronutrients. This was shown
for vitamin A, zinc, and iron.”>** Recently, a study
revealed that the bioavailability of PACs from papaya
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was higher upon supplementation with iron and
zinc after a 5-day PAC-free diet.”” In addition, food
processing also influences vitamin bioavailability
by altering the composition of a food matrix. Pas-
teurization of orange juice enhanced the bioavail-
ability of B-cryptoxanthin by 1.8-fold as compared
with fresh oranges,”® most likely because more cit-
rus pectin is present in fresh oranges, which neg-
atively affects carotenoid absorption.”””® Vitamin
bioavailability is often assessed in murine models,
humans, or cell cultures. Kiekens et al. showed via
a rat-feeding study that folates from biofortified
rice have a high bioavailability, making it a valu-
able source of dietary folate.”” Likewise, a study in
humans proved that golden rice is a good source
of B-carotene.!”’ Bioavailability of vitamin Bg in
biofortified transgenic cassava was proven using
human colorectal adenocarcinoma (Caco-2) cells.*?
Bioavailability is a complex but important aspect
that needs to be addressed in biofortification stud-
ies. Metabolic engineering can be used to lower fac-
tors that negatively influence vitamin bioavailability,
such as antinutrients (phytate), in order to enhance
compounds that promote bioavailability and/or to
aim for the accumulation of vitamers with a high
bioavailability.

Multibiofortification through metabolic
engineering

Since staple crops generally have low amounts
of several micronutrients, a multibiofortification
approach is necessary to eradicate hidden hunger on
a large scale. Moreover, this approach appears to be
very cost-effective, with a relatively small additional
cost compared with the massive increase in health
benefits.” A multibiofortification strategy can be
interesting not only from a nutritional point of view,
but also from a metabolic engineering perspective.
As previously mentioned, simultaneous enhance-
ment of several micronutrients can have a positive
effect on the absorption (and hence the bioavailabil-
ity) of these nutrients. Moreover, multibiofortifica-
tion can positively influence the stability of vitamins
(e.g., through their antioxidant properties). Simul-
taneous biofortification of staple crops with several
vitamins or minerals requires a multigene strategy,
which is often quite complicated owing to the fact
that each (trans)gene needs to be expressed in suf-
ficient amounts, often at the same time and in the
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same tissues, and this expression needs to remain
stable over successive generations. Two homozygous
parental lines, each biofortified with one or more
different micronutrients, can be crossed to create
multibiofortified progeny. Alternatively, retransfor-
mation can be used. However, these approaches are
labor-intensive and time-consuming, and the intro-
duced traits are prone to segregation. Moreover,
this approach requires the use of multiple selectable
markers, which is a delicate issue in the deregula-
tion of a crop for consumption. To avoid the use of
several selectable markers, co-transformation can
be applied.'®! Ideally, all traits are introduced at a
single T-DNA locus,”**® although the limit in the
number of (trans)genes at a single T-DNA locus
remains an open question.

Until now, most biofortification studies report
on the enhancement of a single micronutrient, and
only a few examples exist of multibiofortification
through metabolic engineering. Naqvi et al. cre-
ated a multivitamin white corn with enhanced lev-
els of folate (twofold), B-carotene (169-fold), and
ascorbate (sixfold).?! In the case of metals, a single-
gene approach can result in multiple micronutri-
ent enhancement. Since metal transporters are able
to bind different metal cations, engineering metal
uptake and transport can result in transgenic crops
with enhanced levels of a series of metals. This was
clearly illustrated by Lee et al., who showed that the
overexpression of OsNAS3 resulted in higher levels
of iron, zinc, and copper in transgenic rice.'%? Sim-
ilarly, the overexpression of OsNAS2 generated rice
with higher seed iron and zinc content.'%

In the specific case of anemia, a multibiofortifi-
cation approach is required, since, besides iron defi-
ciency, other factors, such as folate and cobalamin
(vitamin By;) deficiency, are important contribu-
tors. Since cobalamin is only produced by bacte-
ria and archaea, vitamin By, enhancement in crop
plants is difficult.” However, the creation of folifer
crops—crops with a high folate and iron content—
should be feasible. In this respect, engineering
approaches should target GTPCHI and ADCS, both
necessary for folate enhancement (in nonrecalci-
trant crops), preferably with the overexpression of,
for example, FBP to stabilize the accumulated folates
upon long-term storage, in combination with genes
involved in iron uptake (YSL, IRT, NAS), transport
(NAS, YSL) and storage (ferritin).
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Conclusions

Although biofortification through metabolic engi-
neering is not the ultimate answer to address the
malnutrition problem, it surely offers an alternative
and/or a complementary strategy to other inter-
ventions. In this respect, conventional breeding,
where possible, and metabolic engineering should
go hand in hand to create multibiofortified crops
with health benefits. With our ever-increasing
knowledge of micronutrient metabolic pathways
and their regulation, metabolic engineering will
enable scientists to further improve and fine-tune
their biofortification strategies. Several factors, such
as micronutrient stability and bioavailability, need
to be considered to target specific micronutrient
levels in crops in order to meet the different RDAs.
Through the use of semistrong promoters driving
(trans)gene expression and the selection of engi-
neered lines with moderate but appropriate levels of
the target compound(s), the risk of going above the
upper limit of the intake of the micronutrient(s),
with possible adverse effects on health, can be
avoided. With the appearance of new techniques in
genome editing, such as TALEN and CRISPR/Cas,
the field of pathway engineering will be subjected
to a revolution, from which populations suffering
from micronutrient deficiencies will surely benefit.
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