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Abstract

Malnutrition is a significant challenge, particuiain the developing world
where measures that are commonplace in indus#&dlizountries (varied diet,
fortification schemes and dietary supplements)lamgely absent. Vitamin deficiencies
mostly affect impoverished people in developingrdaes because poor people cannot
afford a diversified diet. Plants provide nearly aksentials vitamins required to
maintain health and well-being in humans. Most Istdpod crops, particularly the
major cereals maize and rice are deficient in kdianvins, amongst other
micronutrients. Transgenic approaches hold greamme in alleviating, to a major
extend such micronutrient deficiencies as exengalifoy numerous reports in the
literature over the past decade. However, thera ismited understanding of the
regulatory mechanisms that control the accumuladiospecific vitamins in plants. For
this reason, | analyzed a maize population exprgssambinations of the carotenogenic
genesZmpsyl, Pacrtl, Gllycb, Glbch and ParacrtW in an effort to unravel as yet
unknown regulatory bottlenecks.

| also investigated in more detail the cdoch family. My results suggest that
diverse regulatory strategies may be in operatoncantrol the accumulation of
carotenoids in endosperm tissue.

Generating cereal grains with a substantially enbdrcontent of vitamins E is
an entirely feasible proposition. Such efforts mogv possible as a result of our ability
to clone all genes required for meaningful metabelngineering, coupled with the
development of effective multi-gene transfer metilody, applicable to the major
target crops. | recovered multiple independent siganic rice lines expressing
Arabidopsis thaliana p-hydroxyphenylpyruvate dioxygenase (HPPD), whictaelyaes
the first committed step in vitamin E biosynthedi results revealed bottlenecks that
act as metabolic tipping points in the pathway.

Many barriers prevent the deployment of geneticatligineered crops, mainly
reflecting the disharmonious regulations applieddifferent countries that depress
international trade, political interference in anlready overburdening and
disproportionate regulatory process, and negatiffednces on the public perception of
biotechnology despite its clear benefits.






Resum

La malnutrici6 és un problema molt important, stdireals paisos en vies de
desenvolupament on no es poden aplicar les mateigeares preses per afrontar-la que
als paisos desenvolupats (dieta diversificadaermiss de fortificacié i suplements
alimentaris). Les deficiencies en vitamines afectegjoritariament a la poblacioé pobra
dels paisos en vies de desenvolupament al no gedeermetre una dieta variada. Les
plantes proporcionen la majoria de les vitaminesgm®sals per mantenir una bona salut
I aconseguir el benestar en les persones. La raaftwis cultius alimentaris, i en
particular els cereals majoritaris com el blat derani l'arros, son deficients en
vitamines claus entre altres micronutrients. Lemfas transgeniques podrien ser una
solucié per mitigar les deficiencies de micronuttés, tal com s’ha descrit en la
bibliografia durant la passada década. No obstant an les plantes son limitats els
coneixements dels mecanismes que regulen I'acumutic determinades vitamines.
Per tal d’ampliar-los, he analitzat una poblacié lbat de moro que expressa
combinacions de gens involucrats en la ruta mei@balels carotenoidsZinpsyl,
Pacrtl, Gllycb, Glbch andParacrtW) i al mateix temps n’he desxifrar les limitaciahes

la seva regulacio.

També he investigat en detall la familia dels gbata-caroteno hidroxilasa
(bch) en el blat de moro. Els meus resultats suggaraixe per controlar I'acumulacio
de carotenoids en I'endosperma pot ser que hi érduncionament al mateix temps
varies estrategies de regulacio.

La generacio de llavors de cereals amb un augnossiderable de vitamina E
€s un objectiu totalment factible, basat en lamoséapacitat per clonar tots els gens
necessaris per enginyar la ruta conjuntament ambmédodologia efectiva de
transferencia de multiples gens que hem desenwvolupplicable a la majoria dels
cultius. He regenerat diverses linies independdi@gos transgénic que expressen
I" Arabidopsis thaliana p-hidroxiphenilpiruvat dioxigenasa (HPPD), que ésanzim
que catalitza la primera reaccié en la ruta deibiesis de la vitamina E. Els meus
resultats demostren les limitacions que afecterra@bats punts decisius en aquesta
ruta metabolica.

Actualment hi ha moltes traves que impedeixen sédeolupament dels cultius
geneticament modificats. Les regulacions contradis i diferents aplicades per paisos
fan que es desestabilitzi el comerg internaciokles barreres son I'influencia politica
en l'estricte i desproporcionat procés de regujagid com les influéncies negatives de
la premsa que afecten la percepcié publica sobigdgcnologia, malgrat els seus
beneficis evidents.
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Resumen

La malnutricion es uno de los problemas mas imptetaque tiene que solucionar la
sociedad actual, sobretodo en los paises en viakeshirollo, donde no se pueden
aplicar las mismas medidas tomadas para afrontpmdaen los paises desarrollados
(dieta diversificada, sistemas de fortificacion wyplementos alimenticios). Las
deficiencias vitaminicas se detectan mayoritarideneam la poblacion pobre de los
paises en vias de desarrollo, al no poder permitirsa dieta variada. Las plantas
proporcionan la mayoria de las vitaminas esencigea mantener una buena salud y
lograr el bienestar de las personas. La mayoridoslecultivos alimentarios, y en
particular los principales cereales como el maiel yarroz, son deficientes en las
vitaminas basicas entre otros micronutrientes. glastas transgénicas pueden ser una
solucion muy prometedora para mitigar las defigemce micronutrientes, tal y como
se ha descrito en la bibliografia durante la pasi@dada. Sin embargo, el conocimiento
de los mecanismos que regulan la acumulacion @endieiadas vitaminas en las plantas
es limitado. Para aumentar los conocimientos ee esimpo, he analizado una
poblacion de maiz que expresa combinaciones desgemwelucrados en la ruta
metabdlica de los carotenoide8rpsyl, Pacrtl, Gllycb, Glbch y ParacrtW) en la cual
he profundizado en el estudio de los pasos limetade su regulacion.

También he investigado con mas detalle la famika g&énes beta-caroteno
hidroxilasa bch) en maiz. Mis resultados sugieren que varias egiastele regulacion
trabajan conjuntamente para controlar la acumulacid® carotenoides en el
endospermo.

Aumentar el contenido de vitamina E en semillasateales es un objetivo que
podemos alcanzar gracias a la capacidad que teremeldaboratorio para clonar todos
los genes necesarios conjuntamente con el desadelluna metodologia efectiva de
transferencia de multiples genes, aplicables aagonia de los cultivos. He regenerado
varias lineas independientes de arroz transgénieoegpresarfrabidopsis thaliana
p-hidroxiphenilpiruvata dioxigenasa (HPPD), la enzima que cataliza la primera
reaccion en la ruta de biosintesis de la vitaminslig resultados aclaran algunas de las
limitaciones que actian en determinados puntosigesien la ruta metabdlica.

Actualmente existen muchas barreras que impidelesdrrollo de los cultivos
genéticamente modificados como las diferentes yradictorias regulaciones aplicadas
en los paises que influencian el comercio inteomadi Otra de las barreras es la
presion politica en el proceso de regulacion decldgvos genéticamente modificados
siendo demasiado estricta y desproporcionada, Igidao el papel de los medios de
comunicacién en fomentar una percepcién publicaatiey de la biotecnologia sin
pensar en sus evidentes beneficios.
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GENERAL INTRODUCTION






Chapter 1. General Introduction

1.1Food insecurity, poverty and micronutrients malnutrition

Food insecurity is defined as the lack of accesstufficient amounts of safe and

nutritious food to maintain an active and healiifg. [The achievement of food security

is currently one of the world’s greatest challendagt the situation is projected to

deteriorate over the next decade in at least 7@ldping countries according to the

USDA Economic Research Service and the UN Food Agiculture Organization
(FAO/WFP, 2009). Food security is taken for graritethe industrialized world, which

generally enjoys stable political and social suues. But the picture in the developing

world could not be more different. Almost one loilli people are chronically

undernourished, regularly consuming less than 2@0@ries per day (Figure 1.1; FAO,

2006). A further two billion people consume enougfiories but nevertheless lack

essential nutrients. This means that up to halfwbdd’s population at any one time

may suffer from malnutrition (Graham et al., 2001).
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One of the persistent myths concerning food insgcus that a shortfall in food
production is to blame. There is actually plentyamfd to go around, at least at present.
The reasons for food insecurity are complex, bu¢ ohthe main factors is poverty.
More than one billion people live on less than $UBer day with another two billion
only marginally better off (World Bank, 2000) andost of these people are rural
subsistence farmers in developing countries, wtierg can account for 70% or more of
the population. In contrast, farmers account fdy 86 of the US population.

Subsistence farmers have limited purchasing poared,generally cannot irrigate their
crops or buy fertilizers, herbicides and pesticidBsis leads to soil exhaustion and
falling yields, and the crops become susceptiblpests, diseases and natural disasters
such as drought (Ramessar et al., 2009). Many faworers are eventually forced to
abandon their land and move to cities, adding ¢ogiftowing problem of urban poverty
and hunger (DFID, 2002). It is now thought thatfhibk world’s population lives in
cities, so any disruption to agriculture could ppéate an urban food crisis in a matter
of days. The markets can also increase the presaleinfood insecurity, i.e. when food
prices increase but incomes are low or unemploymereases (FAO/WFP, 2009).
Any long-term strategy to address food insecuritytihe developing world must
therefore tackle the underlying problem of poveboty increasing the level of rural
employment-based income through increased agrralilforoductivity (Christou and
Twyman, 2004).

Given projected population increases, fuel prideesj falling reserves of fresh water
and increased urbanization, the only solution ® dbove problem is to increase the
yields of major food crops (particularly cereal igg using the land that is currently
available but less water, and to diversify the usfesrops to facilitate the creation of
wealth. A variety of approaches can be envisageiiding the efficient use of organic
and inorganic fertilizers, irrigation strategiesilsand water conservation, pest and
disease management and the production of improlaed parieties with higher yields

or novel products (Ramessar et al., 2009).

Food insecurity also increases malnutrition, whieflects the combined impact of
poverty, poor access to food, inefficient food wlottion infrastructure and an over-
reliance on subsistence agriculture based on ithdalicereal crops that lack essential
nutrients. Malnutrition is therefore endemic in d®ping countries where the lack of a
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diverse diet means that many individuals are exgppésehe risk of deficiency diseases
(Pérez-Massot et al.,, 2012). Plant biotechnologyiges a range of tools that can
contribute significantly and sustainably to humanan efforts in developing countries

where much of the economy is based on subsistermibure.

1.2 Vitamins — Sources, dietary requirements, funains in the human body and
deficiency diseases

1.2.1 Carotneoids

The four pro-vitamin A carotenoids p-Carotene, a-carotene, y-carotene and
B-cryptoxanthin) are found in a diverse range ohtdaand are required for the human
body to synthesize vitamin A if there is no diractess to retinol from animal sources.
All carotenoids are nutritionally valuable becaukey act as antioxidants (Bai et al
2011) but the pro-vitamin A carotenoids are theyanies classed as vitamins, because
the reduced form of vitamin A (retinal) is requirfat the production of rhodopsin in
the eyes as well as the maintenance of epithedild @and a healthy immune system
(Ross et al.,, 2010). The acidic form (retinoic adgl a morphogen in development
(Ross et al., 2010).

Carotenoids are the only natural tetraterpenesthed are synthesizede novo by
photosynthetic organisms (including plants, algad ayanobacteria) and some non-
photosynthetic bacteria and fungi (Botella-Pavia &odriguez-Concepcion, 2006).
Aphids were also recently shown to synthesize eamts (Moran and Jarvik, 2010).
Mammals cannot synthesize pro-vitamin A carotenbielsause they lack a key enzyme,
and need to acquire these essential nutrientsaim thets (DellaPenna and Pogson,
2006).

Many foods are good sources of vitamin A, but thgseerally do not contain retinal
itself but instead contain derivatives that cancbaverted into retinol and then into
either retinal or retinoic acid (Harrison, 2005)e& and dairy sources of vitamin A
primarily contain an esterified form of retinol {ireyl palmitate) whereas plants produce
pro-vitamin A carotenoids such gscarotene that are cleaved to produce retinal

directly. These are abundant in a wide variety akdgreen, yellow and orange fruits
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and vegetables, including oranges, broccoli, spipearrots, squash, sweet potatoes and

pumpkins (Harrison, 2005).

Because both pro-vitamin A carotenoids and reticenh be converted into retinal,
studies have been carried out to determine the amajwarious carotenoids that must
be consumed to provide an equivalent amount ofigktin 2001, the US Institute of
Medicine (IOM) recommended a new unit for the dweteeference intake (DRI) for
vitamin A (the retinol activity equivalent or RAByhich takes bioavailability into
account. One RAE corresponds to the activity qiglof pure retinol, and this was
found to be the same asug of purep-carotene dissolved in oil, 12 of dietaryp-
carotene in a food matrix, or 24y of any combination of the three other pro-vitarin
carotenoids. The DRI for vitamin A is 900 RAE foales, 700 RAE for females (770
RAE in pregnancy and 1300 RAE when lactating) af8-500 RAE for children
(IOM, 2001).

Vitamin A deficiency (VAD) causes night blindness. the deterioration of light-
sensitive cells (rods) essential for vision in lbght intensity, and it can also damage
the cornea resulting in a form of total blindnealler] xerophthalmia (Hammond et al.,
1997). The lack of vitamin A also affects the imrausystem, leaving individuals
susceptible to infections (FAO/WHO, 2002). VAD cafso lead to diarrhea and
respiratory diseases, which may sometimes be flaval. serum retinol concentrations
(<0.70 umol/l) affect more than 190 million pre-school chén (95% CI, 178-202
million) and 19.1 million pregnant women (95% CI3@-29.0 million) globally. This
corresponds to 33.3% of the pre-school populatiod 45.3% of pregnant women.
Night blindness affects 5.2 million pre-school dndn (95% CI, 2.0-8.4 million) and
9.8 million pregnant women (95% CI, 8.7-10.8 milljpwhich corresponds to 0.9%
and 7.8% of the population, respectively (WHO, 2009

1.2.2 Vitamin E

Vitamin E is a group of eight fat-soluble compourkisown as tocopherols and
tocotrienols (collectively tocochromanols) the mastive of which isi-tocopherol. The
best sources ai-tocopherol are nuts, seeds and vegetable oilstheu¢ are also high

levels in green leafy vegetables and fortified akxe Total tocopherol levels are
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generally higher in seeds than in leaves with tlais containing 300-2000 mg
tocochromanols per gram (McLaughlin and Weihraut®79; Hess et al., 2001).
Although seeds generally contain a low proportidnaetocopherol and a higher
proportion ofa-tocopherol, seeds still represent the major soofceaturally derived
dietarya-tocopherol due to the large amount of vegetaldee amnsumed (DellaPenna,
2005).

The recommended daily intake (RDI) for vitamin Eqisite low (15 mg/day) at ages
over 14. All isomers can be absorbed equally dudiggstion (Traber, 1996) but the
hepatic a-tocopherol transfer proteinu{TTP) shows a preferential retention far
tocopherol (Traber and Arai, 1999), making it thesmimportant form in terms of
vitamin E activity in the human body.

Vitamin E acts as an antioxidant, preventing reactbxygen species (ROS) from
damaging lipid membranes. It protects blood vesseld their contents (especially
blood lipids) as well as the nervous system frondatkve stress (Eggermont, 2006).
Vitamin E deficiency symptoms are rare, but se\ard prolonged insufficient intake
results in anemia and neurological problems aswatiaith nerve damage in the hands
and feet (Farré et al., 2010a). Deficiency may desed by malabsorption disorders, or
the disruption of plasma lipoprotein transport gidative metabolism (Traber and Sies,
1996). High-dose supplements can achieve compstdution of deficiency symptoms
and avoid further clinical manifestations such asd@ac arrhythmia, blindness and
dementia (Doria-Lamba et al., 2006). At low levelgocotrienol andi-tocopherol have
been shown to prevent neurodegeneration (Brigélioké and Traber, 1999) and
suppresses the growth of human breast cancer(Biglésaretman et al 1995).

1.2.3 Folate

Folate and folic acid (from Latifolium, for leaf) are collectively known as vitamin B9
and are essential for many metabolic processesubedhaey are the source of a key
metabolic intermediate, tetrahydrofolate. Good ecesir of folate include leafy

vegetables (e.g. spinach and broccoli), lentilsangeand peas (US Department of
Agriculture, Agricultural Research Service, 2008poderate amount are also found in
fruits (e.g. citrus fruits and juices). The RDI fimlate is 400 pg for adults (Table 1.1)



Chapter 1

but it is very important for women in early pregogrio increase their daily intake to
600 ug using fortified foods and/or supplementaddition to the folate from food, in
order to reduce the risk of neural tube defectthanfetus (Shaw et al 1995). Folate
deficiency is common and can be caused not oniwédgequate consumption, but also
by malabsoroption (e.g. celiac disease or certaugs, the higher demand during
pregnancy or faster excretion during renal dialyS@ate deficiency is associated with
some types of cancer and many other diseasesdinglmegaloblastic anemia, neural
tube defects, heart disease and several neurodageealisorders such as Alzheimer’s
disease (Ames, 1999; Green and Miller, 1999; Seslecdal., 2002; Stanger, 2004;
Choi and Friso, 2005). Low folate levels incredse tellular dUMP/dTMP ratio and
promote the incorporation of dUTP into DNA, whichngrates point mutations, DNA
breaks and chromosome damage (Lucock et al., 28@@Quate dietary folate intake is
critical between days 21 and 27 after conception, the risk of neural tube defects in
the fetus must therefore be reduced by consumiritiaclal folate from the peri-
conceptional phase until week 12 of gestation (Band Li, 2002).

1.2.4 Vitamin C

Vitamin C (ascorbate or ascorbic acid) is a potmioxidant and also an essential
cofactor in a number of key metabolic reactionanB are the most important sources
of ascorbate in the human diet because they acetentile molecule in chloroplasts at a
concentration of up to 50 mM to ovoid oxidativeess (Smirnoff, 1996). Hydrated
storage organs such as fruits and vegetables #er beurces than dry seeds (Hancock
and Viola, 2005). The best sources of ascorbat@aegeola, rosehip and guava fruits,
with 1300, 1000 and 23-300 mg of ascorbate perdl00fruit, respectively (Davey et
al., 2000). Apple, pineapple and melon are als@aake sources (2-10, 12—-25 and 10—
35 mg per 100g, respectively) but Brussels sprawmsbetter (87—-109 mg per 100g).
The RDI for vitamin C is 90 mg for adults, althoug® mg/day is sufficient to prevent
scurvy (Carr and Frei, 1999). A vitamin C intakel@0 mg/day can reduce the risk of
chronic diseases such as cancer, cardiovascukasgisand cataracts, probably through
antioxidant activity (Carr and Frei, 1999). Compl@lasma saturation occurs with an
intake of 1000 mg ascorbate and there is no cleaefit of exceeding this amount
(Levine et al., 1996). The upper tolerable intakevitamin C is 2000 mg/day and such
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doses may acidify the urine, causing nausea andhde which interfere with the
healthy antioxidant/pro-oxidant balance and promoten overload in patients with

thalassemia or hemochromatosis.

Vitamin C is an essential nutrient because it adsa cofactor for enzymes that
synthesize collagen and the amino acid derivatamitne, which is needed for the
transport of fatty acids (Davidson et al., 1997b&eche, 1991). Insufficient vitamin C
intake causes scurvy, whose symptoms include Baitayingivitis and ulceration
(Steward and Guthrie, 1953; Bartholomew, 2002)ertihg the breakdown of
connective tissues due to the lack of collagen (Whlet al 1978; Yu et al 1988).
Scurvy is a usually a rare disease but it can serifa large populations that lack access
to fresh fruits and vegetables (Frikke-Schmidt bykkesfekt, 2009).

1.2.5 Other vitamins

The vitamin B complex comprises eight distinct ncales (in addition to folic acid)
with different properties and functions. Vitamin, Bthiamine) is a coenzyme in
carbohydrate metabolism, with the triphosphate vdéxie particularly active in
neurons. Deficiency causes beriberi, a disease matlrological and cardiovascular
effects. Less severe deficiency can result in widmgs, various degrees of amnesia and
psychosis (in its most severe form known as KorBakasyndrome), impaired
perception, limb weakness, arrhythmia and swellpagsibly leading to heart failure
and death (Harper, 2006; Fitzpatrick et al., 2012).

Vitamin B, (riboflavin) is the central component of the eneyoofactors flavin adenine
dinucleotide (FAD) and flavin mononucleotide (FMNyhereas vitamin B(niacin) is
converted into the cofactors nicotinamide adenineaeotide (NAD) and its phosphate
derivative NADP. Therefore both vitamins are regdiin many enzymes that take part
in carbohydrate, fat and protein metabolism amortigero functions. Riboflavin
deficiency causes ariboflavinosis, which is chaaezed by sensitivity to light, cracked
lips, dermatitis and swelling of the tongue, phasa and oral mucosa and genitals. It
has also been associated with cancer, cardiovastisiease, anemia and neurological
and developmental disorders (Powers, 2003). Nideifitiency causes pellagra, which
has varied symptoms including diarrhea, dermatitispmnia, fatigue and confusion,
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leading in severe cases to dementia (Kohn, 1938)ska 2010). Vitamin 8
(pantothenic acid) is needed for the synthesisoehzyme A (CoA), and is therefore a
key requirements for the metabolism and synthelssabohydrates, proteins and fats
(Webb et al., 2004), but deficiency is rare and plete deficiency has not been
observed in humans. VitamingBpyridoxal, pyridoxine or pyridoxamine) helps to
balance sodium and potassium levels; it is alsgtlkeursor of pyridoxal phosphate, a
cofactor required for the synthesis of heme ancers¢vimportant neurotransmitters.
Deficiency may therefore lead to anemia due toldok of heme, depression due to its
impact on neurotransmitter production, high bloodspure and water retention due to
the impact on electrolyte balance, and elevatedldesf homocysteine, carpal tunnel
syndrome and pellagra (Mooney and Hellmann, 20Mamin B; (biotin) is a
coenzyme in the metabolism of fatty acids and Heiciand it plays a role in
gluconeogenesis. Deficiency may lead to stunteavir@nd neurological disorders in
infants. Vitamin B, (cobalamin) is involved in the regeneration oftel which means
that deficiency in many cases mimics folic acididehcy and can be alleviated by
adding folate to the diet. Therefore, even in thespnce of adequate folate, cobalamin
deficiency can result in the neurological symptoassociated with demyelination.
Choline is a B vitamin that has three primary roksuctural integrity and signaling in
cell membranes, cholinergic neurotransmission {édatline synthesis) and the
provision of methyl groups via its metabolite tritmdglycine (betaine) for the
synthesis of S-adenosylmethionine. Choline defwyeis rare because, like vitamin D,

humans can synthesize some choline although natyaladequate amounts.

Vitamin D is required for normal calcium and phospls homeostasis. It is a ligand
that, when bound to its receptor, acts as a trgptgnr factor controlling genes that
affect calcium and phosphorus absorption; it isdfoge particularly important for bone
growth and maintenance. Vitamin D deficiency causgsaired bone mineralization,
leading to prevalent bone-softening diseases suchickets (a childhood disease
characterized by stunted growth and deformity efltting bones) and osteomalacia (an
adult bone-thinning disorder characterized by pr@atimuscle weakness, bone fragility
and chronic musculoskeletal pain). It has also bassociated with lung disease,

inflammation and immunodeficiency (Michael and l&|i2007; Janssens et al., 2009).

10
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Vitamin K is a group of fat-soluble vitamins deriv&om 2-methyl-1,4-naphthoquinone
that are needed for-carboxylation, a form of protein post-translatibnzodification.
This is particularly important for the formation tfe calcium-binding Gla domain,
which is present in several blood-clotting proteiasd osteocalcin. Vitamin K
deficiency therefore affects blood coagulation agllwas bone mineralization
(Hathaway, 1993). Vitamin K1 (phylloquinone) neetds be sourced from the diet
whereas vitamin K2 (menaquinone) is produced bydoacin the large intestine and
deficiency is rare except in maladsorption disad®rrin patients with reduced gut flora
(e.g. after treatment with broad-spectrum antibg)ti There are also several synthetic

forms of this vitamin.

1.3 Strategies to address malnutrition

The most effective intervention to alleviate mianoment malnutrition is a varied diet
including fresh fruit, vegetables, fish and meahisTmay be impractical in many
developing countries because food is not widelylabie, but even where fresh food is
abundant there can be compliance issues that raguétrsistent low level malnutrition.
Where infrastructure allows, micronutrient nutnitican be improved using supplements
(usually in tablet/sachet form) or conventionaltifaation, where micronutrients are
added to processed foods, such as packaged cétasez-Galera et al., 2010).
Unfortunately, such strategies have been largeBucressful in developing countries
because of insufficient funding, poor governancg amoor distribution network (Farré
et al., 2010b; Farré et al., 2011).

Biofortification is an alternative strategy in whi¢he nutritional density of crops is
increased at source, and this can be achieved byentional breeding or genetic
engineering (Farré et al., 2010c). Conventiona¢thireg does not introduce new genetic
material using recombinant DNA technology, butritempasses accelerated mutation
and forced hybridization methods that introgressegefrom distant relatives, which
similarly would not occur in nature (Bai et al.,1A). Molecular markers can then be
used to select the most nutritious crops in congeat breeding programs. The
limitations of conventional breeding include thergraratively long lead times before it
has an appreciable effect and its dependence ompatible gene pool. For example, a

recent attempt to use variation at tlgeE locus in corn to increagecarotene levels
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achieved a five-fold increase (the best line comdil3.6 pug-carotene per gram dry
weight of endosperm; Harjes et al., 2008), whetemssgenic strategies have achieved
>100-fold increases over a much shorter time-s¢dle best line reported thus far
contains 59.32 u@-carotene per gram dry weight of endosperm; Natpél.e 2009).
The long time required to generate nutritionallyproved lines, especially if a trait has
to be introgressed into an elite local breeding,lis one of the greatest challenges in

conventional breeding.

Biofortifed crops can also be generated by transigigenes directly into elite breeding
lines resulting in transgenic plants with enhanoattitional traits. Many crop species
have been genetically engineered to produce higghals of vitamins (see below).
Compared to conventional breeding, transgenesishe@sdvantages of speed, direct
engineering of breeding lines, simplicity, the pui@ for multiple simultaneous
biofortification with different nutrients, and ursteicted access to genetic diversity
including recombinant genes that do not occur tunea(Zhu et al., 2007). The benefits
of conventional breeding and genetic engineering aBo be combined to create
synergic improvements. For example, the introgogssf a recombinant carotenogenic
mini-pathway into wild-type yellow-endosperm coresulted in hybrids with higher
levels of zeaxanthin (56 pg/g dry weight) and lit@3.4 pg/g DW) compared with the
parental plants (Naqvi et al., 2011).

Although genetically engineered crops with enhancedritional traits provide
numerous potential socioeconomic benefits, theyehasen difficult to bring to the
market and politicians need to do more to addressctirrent bottlenecks. Politicians
rely onimmediate popular support and are unwilling to taplditically-controversial
decisions. In the short to medium term, nutritibp@hhanced crops would save
millions of lives and in the long term would makesignificant impact on the health,
wellbeing and economic prosperity of the pooregipte in the world (Farré et al.,
2010b). More needs to be done to rationalize rigulatory framework, which is
hamperedy discordant international regulations relatingegsearch, biosafety, and the
trade and use of genetically engineered crops laeid productsFarré et al., 2010b
Ramessar et al., 2010). The gengrablic often receive inaccurate and incomplete
information about genetic engineering and its aapilons, particularly from activists
(Rubial-Mendieta and Lints, 1998).
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1.3.1 Conventional breeding

Conventional breeding develops new plant varietigs selection over multiple
generations and uses genetic material that is ciirgmesent within a species or
compatible species. Many plants show natural vanain vitamin levels due to the
presence of major alleles and the additive impdcmaltiple quantitative trait loci
(QTLs) (Farré et al., 2010c). Molecular markerkdid to vitamin biosynthesis can be
used to select for more nutritious crops in conweatl breeding programs. QTLsS or
mutants with a positive impact on vitamin A, folat@amin E and vitamin @evels are
therefore useful as research tools, either as ia lascomplementation studies or as a
starting point for further improvement using bidteology. However, different
nutritional traits (multiple vitamins cannot be anlced simultaneously by conventional
breeding because the resulting breeding programsdwemecome too complex (Zhu et
al., 2007; 2008).

1.3.1.1 Vitamin A

Several mutants in corn have been identified witkcsiec deficiencies in carotenoid
metabolism. For exampleggllow 1 (y1) maps to thehytoene synthase 1 (psyl) gene
(Li et al., 2008). Other viviparous (vp) mutan®d, vp5 andw3) were mapped to the
phytoene desaturase (PDS) gene (Li et al., 1996th&las et al., 2003; Hable et al.,
1998), vp9 to the&-carotene desaturase (ZDS) gene (Li et al., 200atthdws et al.,
2003) andvp? to the lycopen@-cyclase (LYCB) gene (Singh et al., 2003). Vivipaso
mutants combine two common mutant phenotypes: iahin{loss of pigments) and
viviparity (premature development due to the absesfcABA). Detailed QTL analysis
for marker-assisted breeding in corn has beenit@ed by the identification of
molecular markers associated with the above mut&otsexample, a simple sequence
repeat (SSR) marker associated wiihwas linked to a major QTL explaining 6.6—
27.2% of the phenotypic variation in carotenoidelsy and was eventually resolved to
the psyl gene (Wong et al., 2004). A QTL associated wRimight also be useful for
pyramiding favorable alleles controlling carotendievels in diverse germplasm
(Chander et al., 2008).
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Four polymorphisms were found in the cdyte locus. This encodes lycopere
cyclase (LYCE), an enzyme that competes with LYGB fycopene and helps to
determine the relative amounts af and3-carotenes (Harjes et al., 2008). Pre-harvest
sprouting (PHS) mutants in rice (analogous to cowparous mutants) also show an
albino phenotype because they lack carotenoidsttssk have helped to identify the
rice genes encoding PD$hEl), ZDS (phs2-1, phs2-2) and CRTISO [§hs3-1).
Additional rice mutantsphs4-1 and phs4-2, encoding LYCB, have been shown to
accumulate lycopene (Fang et al., 2008). Similarkwtas been carried out in other
cereals such as wheat and sorghtihe yellow color of durum wheat semolina is due
in part to the presence of carotenoid pigments doimthe endosperm. Four QTLs
affecting endosperm color, one exhibiting stromkdige to the expression of yellow
endosperm color, were mapped to gsgl andpsy2 genes (Pozniak et al., 2007). The
carotenoid profiles of eight selected yellow-endwap sorghum cultivars have been
determined, showing that zeaxanthin is the mosn@diot carotenoid (Kean et al.,
2007).

Potato and tomato have been useful in breedingamtgas they exhibit great variation
in carotenoid levels. In potato, thé (Yellow) locus controls tuber flesh color by
influencing carotenoid accumulation (Bonierbalalet1988) and has been mapped to a
chromosome region with two candidate genes encqahigtpene synthase (PSandp-
carotene hydroxylase (BCH) as well as potentialitamdhl regulatory elements
(Bonierbale et al., 1988). Many tomato mutants hasen found that affect carotenoid
profiles in tomato fruits. Low-carotenoid mutantlude white-flower (wf), yellow-
flesh (r) andtangerine, which represent the loss of function of BCH, P8¥ CRTISO,
respectively (Galpaz et al., 2006; Fray and Grierd®93; Isaacson et al., 2002). The
tomato delta mutant accumulates-carotene instead of lycopene, reflecting the
increased expression of lycopesieyclase (Ronen et al., 1999). The dominant tomato
mutantBeta has highef-carotene levels in fruits, and tbkl gold mutant has lowe-
carotene levels in fruits, both mutants represgntipposite alleles at thigcb locus
(Ronen et al., 2000). QTLs affecting fruit colowbalso been isolated. Liu et al. (2003)
identified 16 loci in introgression lines, five which cosegregated with candidate genes
involved in carotenoid synthesis. Eight QTLs afiiegtlycopene levels in tomato fruits

have been identified by crossing a lycopene-ricliivar and a standard breeding
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variety, one QTL accounting for 12% of the variatia lycopene content (Chen et al.,
1999).

1.3.1.2 Vitamin E

There is natural variation among different corneldiag lines for tocochromanol levels
(Rocheford et al., 2002). The two predominant is@peesent in corn aretocopherol
and a-tocopherol. Most breeding lines naturally containch morey-tocopherol so it
may be desirable to not only increase the levels-twicopherol in corn, but also the
levels of y-tocopherol (Rocheford et al., 2002). Conventiobateding to select
progressively for QTLs that influence-tocopherol levels is a slow and laborious
process. Variants and mutants that affect tocochnminlevels and ratios are useful
tools for vitamin E research, either as a basisclmmplementation studies or as a
starting point for further improvement using bidtaology. In soybean seeds, four QTL
were found to be associated witktocopherol, eight withy-tocopherol, four withs-
tocopherol, and five with the total vitamin E coritfr et al., 2010).

To address the functions of tocopherols in plaatsseries of tocopherol-deficient
Arabidopsis mutants have been isolated and chaizssde The disruption of theTEL
locus, which encodes tocopherol cyclase (TC), tedulin the replacement of
tocopherols with the redox-active, lipid-soluble thpgay intermediate DMPBQ,
whereas the disruption of the/TE2 locus, which encodes homogentisate
phytyltransferase, eliminated tocopherols withcautsing the accumulation of pathway
intermediates (Porfirova et al., 2002; Sattlerlet2003; 2004). Theted4-1 andvte4-2
mutants accumulated high levels eftocopherol at the expense oftocopherol
(Bergmidiller et al., 2003). Thaed4-1 mutant was found to be a null mutation\afE4,
which encodes-TMT gene. Further experiments showetbcopherol is replaced by
tocopherol invte4-1 mutants to protect the photosynthetic apparatos foxidative
stress caused by strong light, high temperatureolat (Van Eenennaam et al., 2003).
Disruption of the VTE-3 locus encoding 2-methyl-6-phytylbenzoquinol
methyltransferase (MPBQ-MT) increased the accunwrabf &-tocopherol at the

expense of-tocopherol (Van Eenennaam et al., 2003).
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1.3.2 Genetic engineering

1.3.2.1 Vitamin A

The carotenoid biosynthesis pathway has two branded its regulation is complex,
involving bottlenecks and competition for intermegeis, conspuring to limit the
synthesis of key target molecules (Bai et al., 20The amount op-carotene produced

by plants can be enhanced by several differenineeging strategies (Table 1.1).

One strategy to enhance carotenoid levels is te@@se flux through the pathway non-
selectively by providing higher levels of precussdfor example, increasing the pool of
available isopentenyldiphosphate (IPP) will inceedisix generally towards terpenoid
synthesis, including the carotenoids, by removiag kottlenecks in the plastidial MEP
pathway. This has been achieved by overexpressihgody-D-xylulose 5-phosphate
(DXP) synthase to provide more DXP, an early pathuwdermediate (Farré et al.,
2010c). The drawback of this strategy is that thePVpathway feeds several different
downstream pathways, all of which draw on the lapgg®l of IPP. The first committed
step in carotenoid synthesis is the conversion GP8 into 1%cis phytoene by PSY
making this enzyme a useful target to increasdltixein the carotenoid pathway alone.
As an example, this strategy was applied in a toenlacking endogenous PSY activity
in the endosperm, removing the bottleneck, increpthe total carotene content up to
52-fold, and leading to the predominant accumutatib lutein and zeaxanthin (Zhu et
al., 2008). Similarly, seed-specific expression @B in canola increased total
carotenoid content by 50-fold, predominantly in tf@m of o- and p-carotene
(Shewmaker et al., 1999).

Another strategy in addition to increasing the Itatarotenoid content is to shift
metabolic flux to favor the production of specittarotenoid molecules, particularly
those with commercial value or health benefits. &oample, canola lines have been
created expressingtB, crtl andcrtY, and transgenic seeds expressing all three genes
not only had a higher carotenoid content than wyifie seeds as expected following the
general increase in flux, but tiffea-carotene ratio increased from 2:1 to 3:1 showing
that the additional lycopenp-cyclase activity provided by the bacterialtyY gene

skewed the competition for the common precursorpgne and increased flux
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specifically towardsp-carotene (Ravanello et al., 2003). Wild-type tamdituits
accumulate lycopene rather th@rcarotene, suggesting a lack of cyclase activity
prevents the accumulation carotenes downstrearycopéne. Transgenic tomato fruits
expressingrtl were therefore expected to accumulate more Iygepsince this would
increase the flux to lycopene but not affect dowesmn enzyme activities including
cyclization. Surprisingly, the resulting plants tmned only 30% of the normal
carotenoid content but the amountpetarotene had tripled (Romer et al., 2000). This
unexpected indicated that endogenous lycofecyrlase activity had been upregulated
in the fruits, a hypothesis that was borne out ly analysis of steady state mMRNA
levels (Romer et al., 2000). The deliberate overesgion of lycopeng-cyclase in
tomato fruits increased thgcarotene levels (Rosati et al.,, 2000; D’Ambrosicak,
2004).

In some cases, rather than modulating an existargtenoid pathway, the aim is to
introduce new functionality, i.e. engineer caroidnanetabolism in plants that
completely lack these molecules. The most sigmticexample is rice endosperm,
where the expression of PSY leads to the accuronlati phytoene but no other
carotenoids, indicating the absence of downstreatalolic capability (Burkhardt et
al., 1997). The original Golden Rice variety con&l three transgenes: the daffodil
gene for PSY together with bacter@tl andcrtY. The grains accumulated up to 1.6
ug/g dry weight off-carotene and alsg-xanthophylls (Ye et al., 2000). This was not
sufficient to provide the recommended RDI of vitami from a reasonable portion of
rice, so the more active coqsyl gene was used to replace its daffodil ortholog,
resulting in the Golden Rice 2 variety in which ttetal carotenoid content of the
endosperm increased up to 3@/g DW andp-carotene levels reached afy/g DW
(Paine et al., 2005).

A final strategy to achieve carotenoid accumulaiiomplants is to modify the storage
capacity, becauseB-carotene accumulates in specialized lipoprotequestering
structures. A spontaneous mutation in the cauldio®range (Or) gene resulted in
deep orange cauliflower heads associated with yperaccumulation of carotenoids in
chromoplasts (Li et al., 2001; Lu et al., 2006)eThutant allele has been cloned and
expressed in potato tubers, where it increasedette of p-carotene up to 10-fold and
turned the tuber flesh orange (Lopez et al., 2008).
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1.3.2.2 Vitamin E

Vitamin E levels in plants can be increased by expressing genes involved in
tocochromanol synthesis (Table 1.1). The two msaijmategies are to increase the total
tocochromanol content or to skew tocochromanol tegis towards the more potent

vitamers, particularlyi-tocopherol.

The first strategy has been achieved by expressiogchromanol genes alone or in
combination. For example, total vitamin E levels ercreased by the overexpression of
p-hydroxyphenylpyruvate dioxygenagelPPD) but can be enhanced further by the
simultaneous expression of chorismate mutase-pnapdedehydrogenas@yRA), the
enzyme responsible for the synthesis of HPP froaplpenateTYRA expression has
little effect on its own, but when combined witHDDP and hptl in canola,
tocochromanol levels in the leaves increased 3d/-{Rippert et al., 2004). The
expression oHPT1, HPPD andTYRA increased the tocochromanol content of seeds up
to 5-fold, and the further addition of geranylgeddiphosphate hydratase (GGH),
which provides the precursor phytyldiphosphateraased the total tocochromanol

content by up to 15-fold (Karunanandaa et al 2005)

The second strategy has been achieved in lettuaxpmessing the ArabidopsisTE4
gene, to increase they tocopherol ratio without influencing total tocopblecontent
(Cho et al.,, 2005). However, both the total tocoamanol content and the:y
tocopherol ratio was increased by crossing lindsvidually expressingdPT andVTE4
(Cho et al., 2005). In canola, total tocochromatedels have been doubled by
expressing genes encoding HPT, HPPD and TC (Ractrual., 2006). The
simultaneous expression of ArabidopkiBPD andVTES3 in transgenic corn increased
tocochromanol levels by threefold bytocopherol was the only form present in the
seeds, indicating that the conversionyeto a-tocopherol is limiting and that-TMT
should be expressed in addition (Naqvi et al., 20C0nsistent with these findings, the
expression of-TMT in transgenic soybean plants already exprgsgirE3 resulted in a
dramatic increase i-tocopherol content at the expense-obcopherol, confirming the
conversion ofy- to a-tocopherol (Van Eenennaam et al., 2003). The espye ofVTE4

in Brassica juncea resulted in transgenic seeds containing up tdigies as muchu-
tocopherol as wild type seeds (Yusuf and Sarin,6200hese data suggest that the
expression olVTE4 alone boosted the-tocopherol level in seeds at the expenses of
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others isomers. Recently, rice seeds expressinbidapsisHPPD resulted in a small
increase in absolute tocotrienol synthesis (buthrange in the relative abundance of the
vy anda isoforms). In contrast, there was no change iratheolute tocopherol level, but
a significant shift from the to they isoform. These data confirm that HPPD is not rate
limiting, and that increasing flux through the gapathway reveals downstream

bottlenecks that act as metabolic tipping pointsi@ et al., 2012).

1.4 Bioavailability

Although much progress has been made towards vitanhancement in staple crops, it
Is important to establish if the total vitamin cent in food can be absorbed and used by
the body. Sevetrah vitro andin vivo methods can be used to assess bioavailability
(Lemmens et al.,, 2011; Granado et al., 2006). THyic nutrient bioaccessibility is
determined byn vitro methods, whereas nutrient bioavailability can lseased botm
vitro andin vivo. Nutrient bioaccessibility can be defined as tlaetion of the ingested
nutrients that is released from the food matrix endvailable for intestinal absorption
whereas nutrient bioavailability includes nutrieatisorption, tissue distribution and
metabolism (Lemmens et al., 2011). Thereforeitro bioavailability tests that predict
the absorption of phytochemicals by humans shoalddidated usingn vivo systems
(Granado et al., 2006).

Either animal or human models can be usedrfervo assessments, typically involving
the isotopic labeling of vitamins in the food matwith **C, H or *H followed by the
analysis of area under plasma/serum concentratiersus a time curve or urinary
excretion as they provide more specificity andigtgiGregory, 2001)In vivo assays in
humans are preferred because there are well-dodachelifferences in the intestinal
absorption mechanisms among rats, chickens and rirur(McNulty and Pentieva,
2004). The factors affecting bioavailability mussabe taken into account for each
particular vitamin, e.g. food processing techniquasal components and preparation
techniques can modify plant foods in ways thategifhromote or reduce the amount of

bioavailable nutrients (Michaelsen and Friis, 1998)
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1.4.1 Vitamin A

Carotenoids are solubilized into micelles in theestinal lumen where they are
absorbed into duodenal mucosal cells by passiviistih (IOM, 2001). Several

methods can be used to determine carotenoid biabaudy, including the balance

method, the measurement of radioactprearotene in lymph, the use of uniformly
labeledB-carotene, and the response in serum or lipoprdtantions of carotenoids

with standard doses of carotenoids (Castenmiller \Afest, 1998). Isotopic methods
have shown that 9-22% of a single dose3-chrotene (45ug to 39 mg) is absorbed

from the intestine (Blomstrand and Werner, 1967o@nan et al., 1966: Novotny et al.,
1995) but that the efficiency of absorption dedimath increasing dosage (Tang et al
2000). This low efficiency reflects a wide rangefadtors that restrict the availability of
pro-vitamin A in plants, such as different types fobd matrix, processing and
interaction with other dietary compounds (Tanunlj@r2002; Bai et al., 2011).

Carotenoids in plants are sequestered into pratemplexes and cooking has been
shown to release them (Anderson et al., 1978; Baswmmet al., 1982) because
extractability and bioavailability increase in ceokfoods (Dietz et al., 1988; Hart and
Scott, 1995). This suggests that foods that arenoftonsumed raw (e.g. carrots,
tomatoes and other fruits) may be less suitablecesuof pro-vitamin A than cereals,
potatoes and canola oil, which are generally coddefdre consumption (Howard et al.,
1999). Microwave cooking increases tissue degradaind the amount d¢f-carotene

available for extraction (Howard et al., 1999).

Transgenic lines enhanced for vitamin A have beempared to commercial non-
engineered varieties on the market in terms ofjthentity of bioavailabl-carotene in
a reasonable portion of food, and the relationshifhese values to the DRI for vitamin
A. Taking the requirements for adult males (900 RARe DRI would be achieved by
consuming 171 g of a transgenic tomato withpg33-carotene/g DW (Dharmapuri et
al., 2002) but 2160 g of the commercial variety Moneskea would be required,
assuming a conversion factor of 12:1 (IOM, 200Zmikarly, 229g of the transgenic
potato described by Diretto et al. (2007) wouldéguired (4jg B-carotene/g DW). In
cereals, the comparison is even more striking. Mbas 30 kg of the South African
elite corn variety M37W would be required to aclediie DRI for vitamin A (0.043
-carotene/g DW), or 6.5 kg of the best conventigriaded corn (1.6%ug /g DW of 3-
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carotene) but just 229 g of a multivitamin transgesrorn developed by Nagvi et al.

(2009a) assuming the same conversion factor of 1@, 2001).

1.4.2 Vitamin E

Like other fat-soluble vitamins, the absorptiomnsport and distribution of vitamin E
within the body are linked to dietary fats. Intaatiabsorption requires the presence of
bile salts, pancreatic enzymes and adequate le¥dists (Kaydn and Traber, 1993).
The food matrix therefore plays a critical rolevitemin E bioavailability (Jeanes et al.,
2004). An increase of vitamin E bioavailability waeported in humans by regulating
the amount of fat in the food ingested with theawiin (Lodge, 2005). Vitamin E
bioavailability was analyzed in two human experitaégroups (Leonard et ak004).
One group ingested-a-tocopheryl acetate either encapsulated or int#iéat cereal at
different meals. Vitamin E bioavailability was highin the fortified breakfast cereal
than in the encapsulated supplements. The adultfBRVitamin E is 15 mg, which
would be provided by 8.1g of transgenic canola semahtaining 185Qug/g DW of

vitamin E (Raclaru et al., 2006).

Table 1.1. Transgenic plants with enhanced levels of pramih A and vitamin E (updated from
Farré et al. 2010a).
Species Genes (origin) Promoters Vitamin levels in Reference
transgenic plants
VITAMIN A
psyl andlycb Rice Gtl (seed Ye et al
(daffodil) specific;psyl and 1.6 ng/g dry weight 2000.
crtl (Pantoea lycb) and CaMV35S | (DW) total carotenoids| Science
Rice Oryza ananatis) (constitutive;crtl) 287:303-305
sativa) 1 (Zea mays) Paine et al
psy y . 37 ug/g DW total 2005. Nat.
crtl (Pantoea Rice Gt1 id Bi hnol
ananatis) carotenoids iotechnol.
23:482-487
1617pg/g fresh weight
(FW) total carotenoids Shewmaker
crtB (Pantoea . . et al 1999.
. Napin (seed specific)| (50-fold)
Canola ananatis) Plant J.
: 949 ug/g FW- .
(Brassica ) 20:401-412
carotene (316-fold)
napus) Ravanello et
1341pug/g FW total
4 al 2003.
crtB (Pantoea Napin carotenoids Metab. En
ananatis) P 739ug/g FWB- X - ENg.
5:255-
carotene 263
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Species Genes (origin) Promoters Vitamin levels in Reference
transgenic plants
VITAMIN A
crtE andcrtB 1023“9/9 FW total
(Pantoea carotenoids
ananatis) 488ug/g FWB-
carotene
ortB andert] 1412ug/g FW total
(Pantoea carotenoids
wor 557wl P
Ravanello et
crtB andcrtY gg?oilg;%iz\év total al 2003.
(Pantoea Napin 459 uglg FWp- Metab. Eng.
ananatis) i 5:255-
carotene 263
crtB (Pantoea 985ug/g FW total
ananatis) andg- carotenoids
cyclase (B. 488u9/g FW-
napus) carotene
crtl (Pantoea
ananatis) 846 ug/g FW -
carotene
Canola 227.78ug/g FW total
(Brassica lycopeneB- carotenoids (42.6-fold)
napus) cyclase B. in seeds
napus) 90.76ug/g FWB- Yu et al
RNAito 5" end carotene in seeds 2008
CaMV35S (185.2-fold) i
Transg. Res.
lycopenep- 94 pg/g FW total 17:573-585
cyclase B carotenoids in seeds ’
ngpus) : (17.6-fold)
) , 27 ng/g FWpB-carotene
RNAi to 3" end in seeds (55-fold)
. CaMV35S ¢rtE, crtl
Idi, crtE, crtB, andcrtY), napin Fujisawa et
crtl, crty (P. (idi,andcrtz) and 657ug/g FW total al 2009. J
ananatis) Ara'bi dopsis carotenoids (30-fold) Exp Bdt '
crtZ , artw FAE1(crtWandcrt) | 2-419/g PWE- 60:1319-
(Brevundimonas (seed carotene (1070-fold) 1332
spp.) specific)
Wei et al
. 6.9ug/g FW total
m!croRNA carotenoids (2.45-fold) 201.0' J.
miR156b Napi 0.38ua/a FW Agric. Food
(Arabidopsis apin -38ug/g FW- Chem
. carotene (6-fold) Enn
thaliana) 57:5326-
(10% water content) 5333
1159ug/g FW total
4 Fray et al
psyl (tomato) | CaMV35S ?fégﬂmgi (vlv'alti}fo'd) 1995. Plant
content of 90%) J. 8:693-701
137.2pg/g FW total Romer et al
Tomato . carotenoids (0.5-fold) | 2000. Nat.
(Lycopersicon ortl (P. ananatis) | CaMV355 52 ug/g FWB-carotene| Biotechnol.
esculentum) (1.9-fold) 18:666-669
109pug/g FW total .
LYCB carotenoids (1.7-fold) Eggg“;;zlt
(Arabidopsis Pds (fruit specific) 57 ug/g FWB-carotene 3 2 4_' 413-
thaliana) (7.1-fold) (assuming a 4'19 '

water content of 90%)
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Species Genes (origin) Promoters Vitamin levels in Reference
transgenic plants
VITAMIN A
LYC?B (A 100.7pg/g FW total Dharmapuri
thaliana) ;
b-chy (pepper: Pds carotenoids (1.5-fold) | et al 2002.
Cansicum ' 63 ng/g FWpB-carotene | FEBS Lett.
P (12-fold) 519:30-34
annuum)
olvaalacturonase 591.8ug/g FW total Fraser et al
crtB (Pantoea ?fru)iltg carotenoids (1.1-fold) | 2002. PNAS
ananatis) specific) 82.5ug/g FWpB- 99:1092-
P carotene (1.3-fold) 1097
215.2ug/g FW total
carotenoids (2.3-fold) | D’Ambrosio
205ug/g FW- et al 2004.
lycb (tomato) CaMv3ss carotene (46.6-fold) Plant Sci.
(assuming a water 166:207-214
content of 90%)
720pg/g FW total Enfissi et al
dxs (Escherichia fibrillin carotenoids (1.6-fold) | 2005. Plant.
coli) 70.0ug/g FWB- Biotechnol.
carotene (1.4-fold) J. 3:17-27
83.8ug/g FW total
carotenoids (2.3-fold) | Davuluri et
det-1 (tomato, P119, 2A11 and 13 ug/g FWp-carotene| al 2005. Nat.
antisense) TFM7 (fruit specific) | (8-fold) Biotechnol.
Tomato (assuming a water 23:890-895
(Lycopersicon content of 90%)
esculentum) 149 ug/g FW total Giliberto et
carotenoids (1.7-fold) al 2005.
CRY2 (tomato) CaMV35S ' Plant
10.1pg/g FWB- .
carotene (1.3-fold) Physiol.
' 137:199-208
3237.1ug/g FW total | Wurbs et al
crtY (P. aot] carotenoids (0.9-fold) | 2007. Plant
ananatis) P 286.1ug/g FWB- J. 49:276-
carotene (4-fold) 288
650pu0/g FW total Simlkin et al
. 2007.
N —— carotenoids (2.0-fold)
Fibrillin (pepper)| fibrillin Photochem.
150 pg/g FWB- )
carotene (1.6-fold) 68:1545-
' 1556
115ug/g FW total Apel and
carotenoids (1.5-fold) Bock 2009.
lycb (daffodil) ribosomal RNA X Plant
95 ng/g DW B-carotene Physiol
(5-fold) 151:59-66
2276ug/g FW total | raser etal
4 2007. Plant
carotenoids (1.25-fold)
psyl (tomato) CaMV35S Cell
819ug/g FWp- .
carotene (1.4-fold) 19:3194-
' 3211
60.8ug/g DW total Romer et al
ZEP .. | carotenoids (5.7-fold) | 2002.
ootat (Arabidopsis) | CBSS (tuber specific) 4 o Dwp- Metab. Eng.
carotene (3.4-fold) 4:263-272
(Solanum
tuberosum) _ 35ug/g D_W total Ducreux et
crtB (P. Patatin (tuber carotenoids (6.3-fold) | al 2005. J.
ananatis) specific) 10.3ug/g DW - Exp. Bot.
carotene (10-fold) 56:81-89
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Species Genes (origin) Promoters Vitamin levels in Reference
transgenic plants
VITAMIN A
12.27pug/g DW total Diretto et al
lyce (potato, Patatin carotenoids (2.6-fold) | 2006. BMC
antisense) 0.043ug/g DW B- Plant. Biol.
carotene (14-fold) 6:13
Gerjets and
crto 307600/ DW total | 20060
. .foung/g Ola . J.
g%/;wechocysns CaMv35s carotenoids (2.1-fold) | Exp. Bot.
' 57:3639-
3645
Morris et al
2006. J.
dxs (E. coli) Patatin Z aur ?)/tgerg)\i/gsto(tzei‘ol d) Exp. Bot.
57:3007-
3018
gﬁaBng;:s) 5.2ug/g I_DW total
bkl carotenoids .
(Haematococcus _ 1.1ug/g DW t_otal Morris et al
o Patatin ketocarotenoids 2006.
pluvialis) Metab. Eng
30.4pg/g DW total 8:253-263
bktl (H. carotenoids (4-fold) '
pluvialis) 19.8ug/g DW total
ketocarotenoids
Potato
(Solanum or (cauliflower; Iigoeé aFI’I
tuberosum) Brassica 24 ug/g DW total s ant
oleracea GBSS carotenoids (6-fold) Ce.
var botrytis) 18:3594-
3605
21.7ug/g DW total Diretto et al
bch (potato, Patatin carotenoids (4.5-fold) | 2007. BMC
antisense) 0.085ug/g DW B- Plant.Biol.
carotene (38-fold) 7:11
114ug/g DW total .
crtB, crtl and . Diretto et al
crtY (P. Patatin carotenoids (20-fold) | 5557 p) og
ananatis) 47ng/g DWp-carotene 5 o350
(3643-fold)
4.7 ng/g DW total
carotenoids (1.04-fold)
2.64ug/g DW -

CaMV35S carotene (331-fold) Van Eck et
bch (potato (assuming a water al 2007. Am.
antisense) ' content of 80%) J. Potato

5.23ug/g DW total Res. 84:331-
carotenoids 342
GBSS 2.36ug/g DW -
carotene (assuming a
water content of 80%)
Lopez et al
or (cauliflower) GBSS 31ug/g DW total 2008. J.
carotenoids (5.7-fold) | Exp. Bot.
59:213-223
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Species Genes (origin) Promoters Vitamin levels in Reference
transgenic plants
VITAMIN A
psyl (Z. mays) .
crtl (P. ananatis) Wheat LMW glutelin, 146.7ug/g DW total
barley ; Zhu et al
crtw . carotenoids (133-fold)
D-hordein, corry- 2008. PNAS
(Paracoccus L 57.3%19/g DW B- )
zein, rice 105:8232-
spp.) . carotene (410-fold)
. prolamin (all 18237
lycb (Gentiana endospermspecific)
lutea) P P
Comn @ea 33.6ug/g DW total | 00 &1 @
mays) ortBandertl (P | o0 i carotenoids (34-fold) | £ "o
ananatis) pery 9.8 ug/g DW DW - p. Bot.
carotene (3.8-fold) 59:3551-
' 3562
.| 163.2ug/g DW total Nagvi et al
psyl (Z. mays) Z\:]r:jeat LMW glutelin carotenoids (112-fold) | 2009. PNAS
crtl (P. ananatis) barlev D-hordein 59.32ug/g DW B- 106:7762-
y carotene (169-fold) 7767
387ug/g FW total
carotenoids (1.5-fold) Suzuki et al
Lotus crew 79.310/g FWp- 2007. Plant
: . (Agrobacterium | CaMV35S carotene (2.2-fold) i
japonicus ; Cell Rep.
aurantiacum) 89.9ug/g FW total i
. 26:951-959
ketocarotenoids
Zhang et al
131.9ug/g FW total 2009. Plant
psy (Citrus carotenoids (1.6-fold) | Cell Rep.
Kumquat sinensis; orange) | CaMV35S 1.72uglg FWB- 28:1737-
carotene (2.5-fold) 1746
bktl (H. CaMV35S and 300pug/g DW total Jayaraj et al
pluvialis) Agrobacterium carotenoids in root 2008.
CHYB rhizogenes (assuming 87%water | Transg. Res.
(Arabidopsis) rolD (root specific) content) 17:489-501
Carrot 514.1ug/g DW total
Y carotenoids in roots Maass et al
(Arabidopsis) CaMV35S (93-fold) 2009. PLoS
P 241.6ug/g DW B- One 4 e6373
carotene (178-fold)
Cong et al
2009. J.
Wheat psyl (Z. mays) CaMV35S and 1Dx5 | 4.96ug/g DW total Agric. Food
crtl (P. ananatis) | (constitutive) carotenoids (10.8-fold)| Chem.
57:8652-
8660
21.84ug/g DW total Welsch et al
; 2010. Plant
Cassava crtB (P_. CP1 carotenoids (33.6-fold) Cell
ananatis) 6.67ug/g DW pB- i
carotene (16-fold) 22:3348-
3356
VITAMIN E
hggt (barley) Embryo-specific > 344.5iy /g DW in |Cahoon et al
seeds (6-fold) 2003. Nat.
Corn Biotech.
21:1082-
1087
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Species Genes (origin) | Promoters Vitamin levels in Reference
transgenic plants
VITAMIN E
HPPD and Corn Ubi-1 9.5ug/g DWy- Nagvi et al
Corn VTE3 (constitutive) tocopherol (3-fold) 2010a.
(A.thaliana) Transg. Res.
20:177-181
VTE4 CaMV 35S Improvedi-/y — Cho et al
(A.thaliana) tocopherol ratio up to  {2005. Mol.
0.4 to 544 as comparedCells 19:16-
to a/y ratio in wild 22
type, which is 0.6 to
1.2
VTE2 CaMV 35S 40.4%9/g FW total Li et al
(Arabidopsis) tocopherol (5.7-fold) |2011. Biol
0.46a/y ratio no Plantarum
changes 55:453-460
VTE4 CaMV 35S 12.4419/g FW total
(Arabidopsis) tocopherol (1.75-fold)
Lettuce 9.19a/y ratio (20-fold)
VTE2 andVTE4 |CaMV 35S 64.559/g FW total
(Arabidopsis) tocopherol (9-fold)
8.340/y ratio (18.5-
fold)
Vte2 (Lettuce) |CaMV 35S 17.7709/g FW total Ren et al
tocopherol in leaves [2011. Afr J
(2.6-fold of a- andy- Biotech
tocopherol) 10:14046-
Tocotrienols and other| 14051
tocopherols were
negligible
HPPD Corn Ubi-1 Significant shift from |Farré et al
(A.thaliana) they to thea isoform 2012. Trang.
Rice Res.
DOI: 10.100
7/s11248-
012-9601-7
VTE4 CaMV 35S 62.299/g ofa- Yusuf and
(A.thaliana) tocopherol levels in Sarin 2006.
Brassica juncea seeds (6-fold) Transg.
Res.16:109-
113
HPPD DC3Q 819ug/g oilin seeds |Raclaru et al
(A.thaliana) total tocochromanol 2006. Mol.
(1.2-fold) Breed.
HPPD, HPT1, DC3Q (hppd), napin  |1850ug/g oil in seeds |18:93-107
VTEL (hptl, vtel) total tocochromanol (2-
(A.thaliana) fold)
tyrA (E. napin 540ug/g of total Karunanand
uredovora) tocochromanols in aaetal
Canola seeds (2-fold) 2005. Met.
Eng. 7:384-
400
VTEL Napin 1018pg/g of total Kumar et al
(A.thaliana) tocochromanols in 2005. FEBS
seeds (1.5-fold) Lett.
vtel (Zea 1159ug/g of total 579:1357-
mays) tocochromanols in 1364

seeds (1.7-fold)
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Species Genes (origin) | Promoters Vitamin levels in Reference
transgenic plants
VITAMIN E
tyrA (E. g:r:tn;nand
uredovora), Napin 4806ug/g of totall 2005. Met.
HPPD, CaMV 35S tocochromanols in Ena. 7:384-
HPTL, GGH seeds (15-fold) 408' :
(A.thaliana)
329ug/g seed total
tocopherol {-
Eg'ltzhiliana) 7So tocopherol represent 75
' to 85%o0f total Van
tocopherols) Eenennaam
321ug/g seed total et al 2003.
Soybean VTE4 7% tocopherol (100% od- |Plant Cell
(Athaliana) andy-tocopherols in 15:3007-
seeds) 3019
320ug/g seed total
VTE3 and
O o
(Athaliana) tocopherol in seeds )
193ug/g FW ofa-
tocopherol content in | Tavva et al
VTE4 (Perilla Vicilin seeds (10.4-fold) 2007. Plant
frutescens) 23.2pug/g FW ofp- Cell Reports
tocopherol contentin  {26:61-70
seed (12.8-fold)

1.5References

Ames BN (1999) Cancer

prevention and diet:

polymorphisms. Proc Natl Acad Sci USA 96:12216-1221
Ames BN, Shigenaga MK and Hagen TM (1993) Oxidaaisioxidants, and the
degenerative diseases of aging. PNAS 90:7915-7922.
Anderson JM, Waldron JC and Thorne SW (1978) Clplloyt-protein complexes of
spinach and barley thylakoids. FEBS Letters 92:-2323.
Bai C, Twyman RM, Farré G, Sanahuja G, Christo&ell T and Zhu C (2011) A
golden era-pro-vitamin A enhancement in diversgsrdn Vitro Cellular and

Developmental Biology-Plant 47:205-221.

helpmfresingle nucleotide

Bartholomew M (2002) James Lind’'s Treatise of theur8y (1753). Postgraduate
Medical Journal 78:695-696.

27



Chapter 1

Bergmiiller E, Porfirova S and Dérmann P (2003) Gttarezation of an Arabidopsis
mutant deficient iny-tocopherol methyltransferase. Plant Molecular &gyl
52:1181-1190.

Berry RJ and Li Z (2002) Folic acid alone prevemgsiral tube defects: evidence from
the China study. Epidemiology 13:114-116.

Blomstrand R and Werner B (1967) Studies on thestimal absorption of radioactive
B-carotene and vitamin A in man. Scandinavian Jdwhelinical and Laboratory
Investigation 19:339-345.

Bonierbale MW, Plaisted RL and Tanksley SD (198B)LR maps based on a common
set of clones reveal modes of chromosomal evoluiompotato and tomato.
Genetics 120:1095-1103.

Botella-Pavia P and Rodriguez-Concepcion M (200&jotenoid biotechnology in
plants for nutritionally improved foods. Physiolad?lantarum 126:369-381.
Braumann T, Weber G and Grimme LH (1982) Caroteaaid chlorophyll composition
of light harvesting and reaction centre proteinstioé thylakoid membrane.

Photobiochemestry and Photobiophysiology 4:1-8.

Brigelius-floné R and Traber MG (1999) Vitamin Runttion and metabolism. The
Journal of Federation of American Societies fop&xmental Biology 13:1145-
1155.

Burkhardt PK, Beyer P, Wunn J, Kloti A, Armstrond\GSchledz M, von Lintig J and
Potrykus | (1997) Transgenic ric®rfyza sativa) endosperm expressing daffodil
(Narcissus pseudonarcissus) phytoene synthase accumulates phytoene, a key
intermediate of provitamin A biosynthesis. The Plawurnal 11:1071-1078.

Carr AC and Frei B (1999) Toward a new recommertlethry allowance for vitamin
C based on antioxidant and health effects in hum&@hse American Journal of
Clinical Nutrition 69:1086-1107.

Castenmiller JJM and West CE (1998) Bioavailabiliand bioconversion of
carotenoids. Annual review of nutrition 18:19-38.

Chander S, Guo YQ, Yang XH, Zhang J, Lu XQ, YanS8ng TM, Rocheford TR and
Li JS (2008) Using molecular markers to identifyotwnajor loci controlling
carotenoid contents in maize grain. Theoretical Apglied Genetics 116:223-
233.

28



General Introduction

Chatterjee IB, Majumder AK, Nandi BK and SubramanM (1975) Synthesis and
some major functions of vitamin C in animals. Armaf the New York Academy
of Sciences 258:24-47.

Chen FQ, Foolad MR, Hyman J, Clair DA and BeelafR&n(1999) Mapping of QTLs
for lycopene and other fruit traits in a Lycopeosic esculentum x L.
pimpinellifolium cross and comparison of QTLs acdsmato species. Molecular
Breeding 5:283-299.

Cho EA, Lee CA, Kim YA, Baek SH, Reyes BG and Yuh (8005) Expression of
tocopherol methyltransferase transgene improve®ptoarol composition in
lettuce (Latuca sativa L.) Molecular Cells 19:16-22

Choi SW and Friso S (2005) Interactions betweeatéohnd aging for carcinogenesis.
Clinical chemistry and laboratory medicine 43:11357.

Christou P and Twyman RM (2004) The potential ohejecally enhanced plants to
address food insecurity. Nutrition research revié®®3-42.

D’Ambrosio C, Giorio G, Marino |, Merendino A, Petiza A, Salfi L, Stigliani AL and
Cellini F (2004) Virtually complete conversion ofcbpene into -carotene in
fruits of tomato plants transformed with the tombtcopenep -cyclase (tlcy-b)
cDNA, Plant Science 166:207-214.

Davey MW, Van Montagu M, Inze D, Sanmartin M, KdiseA, Smirnoff N, Benzie
1JJ, Strain JJ, Favell D and Fletcher J (2000) tPlaascorbic acid: chemistry,
function, metabolism, bioavailability and effect§ mrocessing. Journal of the
Science of Food and Agriculture 80:825-860.

Davidson JM, LuValle PA, Zoia O, Quaglino D Jr aGito MG (1997) Ascorbate
differentially regulates elastin and collagen brgesis in vascular smooth
muscle cells and skin fibroblasts by pretranslaionechanisms. The Journal of
Biological Chemistry 272:345-352.

DellaPenna D (2005) A decade of progress in unaedstg vitamin E synthesis in
plants. Journal of Plant Physiology. 162:729-737.

DellaPenna D and Pogson B (2006) Vitamin synth&siplants: tocopherols and
carotenoids. Annual Review of Plant Biology 7:71387

DFID (2002) Eliminating hunger: Strategy for achreythe Millennium Development
Goal on Hunger. London.

29



Chapter 1

Dharmapuri S, Rosati C, Pallara P, Aquilani R, Heu¥, Camara B and Giuliano G
(2002) Metabolic engineering of xanthophyll contenttomato fruits. FEBS
Letters 519:30-34.

Dietz JM, Sri KS and Erdman JW (1988) Reversed @i#3LC analysis of alpha- and
beta-carotene from selected raw and cooked ve@gstaBlant Foods for Human
Nutrition 38:333-341.

Diretto G, Al-Babali S, Tavazza R, Papacchioli VeyBr P and Giuliano G (2007)
Metabolic engineering of potato carotenoid contéhtough tuber-specific
overexpression of a bacterial mini-pathway PLoS @e850.

Doria-Lamba L, De Grandis E, Cristiani E, FiocchMontaldi L, Grosso P and Gellera
C (2006) Efficacious vitamin E treatment in a chWdth ataxia with isolated
vitamin E deficiency. European Journal of Pediatatl65:494-495.

Eggermont E (2006) Recent advances in vitamin Eabwdism and deficiency.
European Journal of Pediatrics 165:429-434.

Fang J, Chai C, Qian Q, Li C, Tang J, Sun L, HudnGuo X, Sun C, Liu M, Zhang Y,
Lu Q, Wang Y, Lu C, Han B, Chen F, Cheng Z and Ch(2008) Mutations of
genes in synthesis of the carotenoid precursors\BA lead to pre-harvest
sprouting and photo-oxidation in rice. Plant Joub2a177-189.

FAO. The State of Food Insecurity in the World 20R6me: FAO.

FAO. The State of Food Insecurity in the World 20R6me: FAO.

FAO/WFP (2009) The state of food insecurity in therld: Economic crisis-impacts
and lessons learned. Food and Agriculture Organizaif the United Nations
(FAO) and World Food Programme (WFP), Rome. ISBR-92-5-106288-3.

FAO/WFP (2009) The state of food insecurity in therld: Economic crisis-impacts
and lessons learned. Food and Agriculture Orgaoizaif the United Nations
(FAO) and World Food Programme (WFP), Rome. ISBR-92-5-106288-3.

FAO/WHO (2002) Human vitamin and mineral requiretsenReport of a joint
FAO/WHO expert consultation. FAO, Rome/WHO Pressnéva.

Farré G, Gomez-Galera S, Naqvi S, Bai C, Sanahyjguan D, Zorrilla U, Tutusaus
Codony L, Rojas E, Fibla M, Twyman RM, Capell T,rStou P and Zhu C
(2010a) Nutritional improvement of crops using batnology. Encyclopedia of
sustainability science and technology.

30



General Introduction

Farré G, Ramessar K, Twyman RM, Capell T and Ghuigt (2010b) The humanitarian
impact of plant biotechnology: recent breakthrougbdottienecks for adoption.
Current Opinion in Plant Biology 13:219-225.

Farré G, Sanahuja G, Naqgvi S, Bai C, Capell T, Zhand Christou P (2010c) Travel
advice on the road to carotenoids in plants. Fdargnce 179:28-48.

Farré G, Sudhakar D, Naqvi S, Sandmann G, ChriBtoGapell T and Zhu C (2012)
Transgenic rice grains expressing a heterologpdsydroxyphenylpyruvate
dioxygenase shift tocopherol synthesis from theo the a isoform without
increasing absolute tocopherol levels. Transgee®eRrch DOI: 10.1007/s11248-
012-9601-7.

Farré G, Twyman RM, Zhu C, Capell and Christou @dutritionally enhanced crops
and food security: scientific achievements versalitipal expediency. Current
Opinion in Biotechnology 22:245-25.

Fitzpatrick TB, Basset GJC, Borel P, Carrari F,|&R¢nna D, Fraser PD, Hellmann H,
Osorio S, Rothan C, Valpuesta V, Caris-Veyrat C Barthie AR (2012) Vitamin
deficiencies in humans: can plant science help@.F1an Cell 24:395-414.

Fray RG and Grierson D (1993) Identification andhejec analysis of normal and
mutant phytoene synthase genes of tomato by seqgeraomplementation and
co-suppression. Plant Molecular Biology 22:589-602.

Frikke-Schmidt H and Lykkesfeldt J (2009) Role canginal vitamin C deficiency in
atherogenesis: In vivo models and clinical studigasic and Clinical
Pharmacology and Toxicology 104:419-33.

Galpaz N, Ronen G, Khalfa Z, Zamir D and Hirschbér@2006) A chromoplast-
specific carotenoid biosynthesis pathway is rewkddg cloning of the tomato
white-flower locus. Plant Cell 18:1947-1960.

Gbomez-Galera S, Rojas E, Sudhakar D, Zhu C, PeladhoCapell T and Christou P
(2010) Critical evaluation of strategies for mirefartification of staple food
crops. Transgenic Research 19:165-180.

Goodman DS, Blomstrand R, Werner B, Huang HS anga®hi T (1966) The
intestional absorption and metabolism of vitaminaAd beta-carotene in man.
Journal of Clinical Investigation 45:1615-1623.

Graham RD, Welch RM and Bouis HE (2001) Addressimgronutrient malnutrition
through enhancing the nutritional quality of stafdeds: Principles, perspectives

and knowledge gaps. Advances in Agronomy 70:77-142.

31



Chapter 1

Granado F, Olmedilla B, Herrero C, Pérez-SacristaBlanco | and Blazquez S (2006)
Bioavailability of Carotenoids and Tocopherols frdnoccoli: In Vivo and In
Vitro Assessment. Experimental Biology and Medicine 2333-1738.

Green R and Miller JW (1999) Folate deficiency beyomegaloblastic anemia:
hyperhomocysteinemia and other manifestations affushgtional folate status.
Seminars in hematology 36:47-64.

Hable WE, Oishi KK and Schumaker KS (1998) Vivipse encodes phytoene
desaturase, an enzyme essential for abscisic A&i4)(accumulation and seed
development in maize. Molecular and General Gesn@b7:167-176.

Hammond RM, Johnson EJ, Russell RM, Krinsky NI, MelJ, Edwards RB and
Snodderly DM (1997) Dietary modification of humaracualar pigment density.
Investigative Ophthalmology and Visual Science 383:1801.

Hancock RD and Viola R (2005) Improving the nudmial value of crops through
enhancement of L-ascorbic acid (vitamin C) contemitionale and
biotechnological opportunities. Journal of agriatdd and food chemistry
53:5248-5257.

Harjes CE, Rocheford TR, Bai L, Brutnell TP, Kamd&aCB, Sowinski SG, Stapleton
AE, Vallabhaneni R, Williams M, Wurtzel ET, Yan &hdaBuckler ES (2008)
Natural genetic variation in lycopene epsilon cgelatapped for maize
biofortification. Science 319:330-333.

Harper C (2006) Thiamine (vitamin B1) deficiencydaassociated brain damage is still
common throughout the world and prevention is sanphd safe!l. European
Journal of Neurology 13:1078-1082.

Hart DJ and Scott KJ (1995) Development and evanaif an HPLC method for the
analysis of carotenoids in foods, and the measurepfahe carotenoid content of
vegetables and fruits commonly consumed in the Bé&od Chemestry 54:101-
111.

Hathaway WE (1993) Vitamin K defienciency. The Smast Asian Journal of Tropical
Medicine and Public Health 1:5-9.

Hess KR, Zhang W, Baggerly KA, Stivers DN and CoesmKR (2001) Microarrays:
handling the deluge of data and extracting reliainifBormation. Trends in
Biotechnology 19:463-468.

Howard LA, Wong A, Perry AK and Klein BP (1998)carotene and ascorbic acid

retention in fresh and processed vegetables. Jonfrk@od Sciences 64:929-936.

32



General Introduction

Institute of Medicine (IOM) (2001), Food and Nutrit Board. Dietary reference
intakes for vitamin C, vitamin E, selenium, andatanoids. A report of the panel
on dietary antioxidants and related compounds,@ubtttees on upper reference
levels of nutrients and interpretation and usegietiary reference intakes, and the
standing committee on the scientific evaluation diétary reference intakes.
Washington, DC: National Academy Press.

Isaacson T, Ronen G, Zamir D and Hirschberg J (R@&ning of tangerine from
tomato reveals a carotenoid isomerase essentitiiégrroduction of beta-carotene
and xanthophylls in plants. The Plant Cell 14:332-3

Janssens W, Lehouck A, Carremans C, Bouillon RhMatC and Decramer M (2009)
Vitamin D beyond bones in chronic obstructive putraky disease: time to act.
American Journal of Respiratory and Critical Caredidine 179:630-636.

Jeanes YM, Hall WL, Ellard S, Lee E and Lodge JBO@®) The absorption of vitamin E
is influenced by the amount of fat in a meal arelfthod matrix. British Journal of
Nutrition 92:575-579.

Karunanandaa B, Qi Q, Haoa M, Baszis S, JensendhgW, Jiang J, Venkatramesh
M, Gruys K, Moshiri F, Beittenmiller D, Weiss J andalentin H (2005)
Metabolically engineered oilseed crops with enhdrszmed tocopherol. Metabolic
Engineering 7:384-400.

Kayden HJ and Traber MG (1993) Absorption, lipopmottransport, and regulation of
plasma concentrations of vitamin E in humans. JalwhLipid Research 34:343-
358.

Kean EG, Ejeta G, Hamaker BR and Ferruzzi MG (2@hgracterization of carotenoid
pigments in mature and developing kernels of setecyellow-endosperm
sorghum varieties. Journal of Agricultural and F&itemestry 55:2619-2626.

Kohn HI (1938) The concentration of coenzyme-likdbstance in blood following the
administration of nicotinic acid to normal indivias and pellagrins. Biochemical
Journal 32:2075-2083.

Lanska DJ (2010) Chapter 30: Historical aspectshef major neurological vitamin
deficiency disorders: The water-soluble B vitamimdandbook of Clinical
Neurology 95:445-476.

Lemmens L, Colle 1J, Van Buggenhout S, Van Loey AN Hendrickx ME (2011)
Quantifying the influence of thermal process par@mseon in vitrop-carotene

bioaccessibility: a case study on carrots. J Agdod Chem. 59:3162-3167.

33



Chapter 1

Leonard SW, Good CK, Gugger ET and Traber MG (20d#min E bioavailability
from fortified breakfast cereal is greater tharn finam encapsulated supplements.
The American Journal of Clinical Nutrition 79:86:92

Levine M, Conry-Cantilena C, Wang Y, Welch RW, WeasiPW, Dhariwal KR, Park
JB, Lazarev A, Graumlich JF, King J and Cantilena(1996) Vitamin C
pharmacokinetics in healthy volunteers: Evidence dorecommended dietary
allowance. Proceedings of the National Academyoi®es 93:3704-3709.

Li F, Murillo C and Wurtzel ET (2007) Maize Y9 erdms a product essential for 15-
cis-zeta-carotene isomerization, Plant Physiology;1181-1189.

Li F, Vallabhaneni R, Yu J, Rocheford T and Wurt&dl (2008) The maize phytoene
synthase gene family: overlapping roles for carogemesis in endosperm,
photomorphogenesis, and thermal stress tolerariaet Physiology 146:1334-
1346.

Li H, Liu H, Han Y, Wu X, Teng W, Liu G and Li W (10) Identification of QTL
underlying vitamin E contents in soybean seed amwmwdfiple environments.
Theoretical and Applied Genetics 120:1405-1413.

Li L, Paolillo DJ, Parthasarathy MV, Dimuzio EM ahrvin DF (2001) A novel gene
mutation that confers abnormal patterns of betateae accumulation in
cauliflower Brassica oleracea var.botrytis). The Plant Journal 26:59-67.

Li ZH, Matthews PD, Burr B and Wurtzel ET (1996)o@ing and characterization of a
maize cDNA encoding phytoene desaturase, an enzgim¢he carotenoid
biosynthetic pathway. Plant Molecular Biology 3®2579.

Liu YS, Gur A, Ronen G, Causse M, Damidaux R, BileHirschberg J and Zamir D
(2003) There is more to tomato fruit colour thandidate carotenoid genes. Plant
Biotechnology Journal 1:195-207.

Lodge JK (2005) Vitamin E bioavailability in human¥ournal of Plant Physiology
162:790-796.

Lopez AB, Van Eck J, Conlin BJ, Paolillo DJ, O’'Nelland Li L (2008) Effect of the
cauliflower Or transgene on carotenoid accumulatind chromoplast formation
in transgenic potato tubers. The Journal of Expenital Botany 59:213-223.

Lu S, Van Eck J, Zhou X, Lopez AB, O'Halloran DMp<tnan KM, Conlin BJ, Paolillo
DJ, Garvin DF, Vrebalov J, Kochian LV, Kupper H,rieaED, Cao J and Li L

(2006) The cauliflowe©r gene encodes a DnaJ cysteine-rich domain-conggainin

34



General Introduction

protein that mediates high levels of beta-carotaceumulation. Plant Cell
18:3594-3605.

Lucock M, Yates Z, Glanville T, Leeming R, Simpsbhand Daskalakis (2003) A
critical role for B-vitamin nutrition in human deepmental and evolutionary
biology. Nutrition Research 23:1463-1475.

Matthews PD, Luo R and Wurtzel ET (2003) Maize pleyte desaturase atdarotene
desaturase catalyse a poly-Z desaturation pathwaplications for genetic
engineering of carotenoid content among cereal scrophe Journal of
Experimental Botany 54:2215-2230.

McLaughlin P and Weihrauch JL (1979) Vitamin E @nitof foods. Journal of the
American Dietetic Association 75:647-665.

McNulty H and Pentieva K (2004) Folate bioavailapilProceedings of the Nutrition
Society 63:529-536.

Michael F and Holick MD (2007) Vitamin D deficiencyhe New England Journal of
Medicine 357:266-28.

Michaelsen KF and Friis H (1998) Complementary fiegd a global perspective.
Nutrition 14:763-766.

Mooney S and Hellmann H (2010) Vitamin B6: Killifgvo birds with one stone?
Phytochemistry 71:495-501.

Moran NA and Jarvik T (2010) Lateral transfer ofnge from fungi underlies
carotenoid production in aphids. Science 328:624-62

Myllyla R, Kuutti-Saolainen ER and Kivirikko Kl (I&B) The role of ascorbate in the
prolyl hydroxylase reaction. Biochemical and Biopitgl Research
Communications 83:441-448.

Naqvi S, Farré G, Zhu C, Sandmann G, Capell T amds@u P (2010) Simultaneous
expression of Arabidopsip-hydroxyphenylpyruvate dioxygenase and MPBQ
methyltransferase in transgenic maize kernels esipthe tocopherol content.
Transgenic Research 20:177-181.

Naqvi S, Zhu C, Farré G, Ramessar K, Bassie Lt@&bach J, Perez Conesa D, Ros G,
Sandmann, Capell T and Christou P (2009) Transgemidtivitamin maize
through biofortification of endosperm with threetavnins representing three
distinct metabolic pathways. Proceedings of theiddat Academy of Sciences
106:7762-7767.

35



Chapter 1

Naqvi S, Zhu C, Farré G, Sandmann G, Capell T ahdst®u P (2011) Synergistic
metabolism in hybrid maize indicates bottleneckshie carotenoid pathway and
leads to the accumulation of extraordinary levdighe nutritionally important
carotenoid zeaxanthin. Plant Biotechnology Jou@riz84-393.

Novotny JA, Deueker SR, Zech LA and Clifford AJ 959 Compartmental analysis of
the dynamics of3-carotene metabolism in an adult volunteer. Jouafalipid
Research 36:1825-1838.

Padayatty SJ, Katz A, Wang Y, Eck P, Kwon O, Le€len S, Corpe C, Dutta A,
Dutta SK and Levine M (2003) Vitamin C as an Antdaat: evaluation of Its
Role in Disease Prevention. Journal of the AmeriCatiege of Nutrition 22:18-
35.

Paine JA, Shipton CA, Chaggar S, Howells RM, Keynkld, Vernon G, Wright SY,
Hinchliffe E, Adams JL, Silverstone AL and Drake (R0O05) Improving the
nutritional value of Golden Rice through increaged-vitamin A content. Nature
Biotechnology 23:482-487.

Pérez-Massot E, Banakar R, Gomez-Galera S, Zdrdfeez U, Sanahuja G, Arj6 G,
Miralpeix B, Vamvaka E, Farré G, Maiam Rivera S sbBevskaya S, Berman J,
Sabalza M, Yuan D, Bai C, Zhu C, Bassie L, Twyman, Rapell T and Christou
P. The contribution of transgenic plants to bettealth through improved
nutrition: opportunities and constraints. Genes r@undition (submitted)

Porfirova S, Bergmiller E, Tropf S, Lemke R and Dénm P (2002) Isolation of an
Arabidopsis mutant lacking vitamin E and identificatof a cyclase essential for
all tocopherol biosynthesis. Proceedings of theiddat Academy of Sciences
99:12495-12500.

Powers HJ (2003) Riboflavin (vitamin B-2) and heallihe American Journal of
Clinical Nutrition 77:1352-1360.

Pozniak CF, Knox RE, Clarke FR and Clarke JM (20@@ntification of QTL and
association of a phytoene synthase gene with eedospolour in durum wheat.
Theoretical and Applied Genetics 114:525-537.

Raclaru M, Gruber J, Kumar R, Sadre R, Luhs W, bathK, Friedt W, Frentzen M
and Weier D (2006) Increase of the tocochromanoterd in transgeniBrassica
napus seeds by overexpression of key enzymes involvedorenylquinone

biosynthesis. Molecular Breeding 18:93-107.

36



General Introduction

Ramessar K, Capell T, Twyman RM and Christou P @2@oing to ridiculous lengths
European coexistence regulations for GM crops. idaRiotechnology 28:133-
136.

Ramessar K, Naqvi S, Dashevskaya S, Peremarti &n Yy Goémez S, Maiam S, Farré
G, Sabalza M, Miralpeix B, Twyman R, Zhu C, Badsi€apell T and Christou P
(2009) The Contribution of Plant Biotechnology tood Security in the 21st
Century. Nova Science Publishers. Hauppage, NY a178
(www.novapublishers.com) pp 453-455 ISBN 978-1-60697-3.

Ravanello MP, Ke D, Alvarez J, Huang B and ShewmdkK (2003) Coordinate
expression of multiple bacterial carotenoid genescanola leading to altered
carotenoid production. Metabolic Engineering 5: 2%3-

Rébeillé F, Ravanel S, Jabrin S, Douce R, Stordaheéh and Van Der Straeten D
(2006) Folates in plants: biosynthesis, distributiand enhancement. Physiologia
Plantarum 126:330-342.

Rebouche CJ (1991) Ascorbic acid and carnitineybithesis. The American Journal of
Clinical Nutrition 54:1147S-1152S.

Rippert P, Scimemi C, Dubald M and Matringe M (2D@hgineering plant shikimate
pathway for production of tocotrienol and improvihgrbicide resistance. Plant
Physiology 134:92-100.

Rocheford TR, Wong JC, Egesel CO and Lambert ROARBEnhancement of vitamin E
levels in maize. Journal of the American Colleg&lafrition 21:1915-1985.

Romer S, Fraser PD, Kiano JW, Shipton CA, Misaw&bhuch W and Bramley PM
(2000) Elevation of the provitamin A content ofrtsgenic tomato plants. Nature
Biotechnology 18:666-669.

Ronen G, Carmel-Goren L, Zamir D and HirschbergQDQ) An alternative pathway to
beta-carotene formation in plant chromoplasts dieced by map-based cloning
of beta and old-gold color mutations in tomato. odeedings of the National
Academy of Sciences 97:11102-11107.

Ronen G, Cohen M, Zamir D and Hirschberg J (199@puRation of carotenoid
biosynthesis during tomato fruit development: egpien of the gene for lycopene
epsilon-cyclase is down-regulated during ripening & elevated in the mutant
Delta. Plant Journal 17:341-351.

37



Chapter 1

Rosati C, Aquilani R, Dharmapuri S, Pallara P, Ma&uC, Tavazza R, Bouvier F,
Camara B and Giuliano G (2000) Metabolic enginegmri beta-carotene and
lycopene content in tomato fruit. The Plant Joug%a#13-419.

Ross AC (2010) Vitamin A. Nutrition and health: &ative compounds and cancer.
335-356, DOI: 10.1007/978-1-60761-627-6_16.

Rubial-Mendieta NL and Lints FA (1998) Novel andrtsgenic food crops: overview of
scientific versus public perception. TransgenicéResh 7:379-386.

Sabalza M, Miralpeix B, Twyman RM, Capell T and Stou P (2011) EU legitimizes
GM crop exclusion zones. Nature Biotechnology 29:317.

Sattler SE, Cahoon EB, Coughlan SJ and DellaPenrfda0D3) Characterization of
tocopherol cyclases from higher plants and cyanebac Evolutionary
implications for tocopherol synthesis and functiéant Physiology 132:2184-
2195.

Sattler SE, Gilliland LU, Magallanes-Lundback M |IBad M and DellaPenna D (2004)
Vitamin E is essential for seed longevity and foeyenting lipid peroxidation
during germination. The Plant Cell 16:1419-1432.

Seshadri S, Beiser A, Selhub J, Jacques PF, Raselthe D'Agostino RB, Wilson
PWF and Wolf PA (2002) Plasma homocysteine askafaictor for dementia and
Alzheimer’s disease. The New England Journal of ivled 346:476-483.

Shaw GM, Schaffer D, Velie EM, Morland K and Hardi& (1995) Periconceptional
vitamin use, dietary folate, and the occurrence n&fural tube defects.
Epidemiology 6:219-226.

Shewmaker CK, Sheehy JA, Daley M, Colburn S andDRe (1999) Seed-specific
overexpression of phytoene synthase: increaseroterids and other metabolic
effects. The Plant Journal 20:401-412.

Singh M, Lewis PE, Hardeman K, Bai L, Rose JK, Mae& M, Chomet P and
Brutnell TP (2003) Activator mutagenesis of the kpiscutelluml/viviparous?
locus of maize. Plant Cell 15:874-884.

Smirnoff N (1996) The function and metabolism of@bic acid in plants. Annals of
Botany 78:661-669.

Stanger O (2004) The potential role of homocysteinepercutaneous coronary
interventions (PCI): review of current evidence atalisibility of action. Cell and
Molecular Biology 50:953-988.

38



General Introduction

Stewart CP and Guthrie D (1953) Lind's TreatiseSmuirvy. A bicentenary volume
containing a reprint of the first edition of “A Tagse of the Scurvy” by James
Lind, M.D, with additional notes. University Pregg]inburgh.

Tang G, Qin J, Dolnikowski GG and Russell RM (200@pamin A equivalence of-
carotene in a Woman as determined by a stable peoteference method.
European Journal of Nutrition 39:7-11.

Tanumihardjo SA (2002) Factors influencing the asion of carotenoids to retinol:
bioavailability to bioconversion to bioefficacy.témnational Journal for Vitamin
and Nutrition Research 72:40-45.

Traber MG (1996) Vitamin E in humans: demand antivele). Annual Review of
Nutrition 6:321-347.

Traber MG and Arai H (1999) Molecular mechanisms/itdmin E transport. Annual
Review of Nutrition 19:343-355.

Traber MG and Sies H (1996) Vitamin E in humananded and delivery. Annual
Review of Nutrition 16:321-347.

U.S. Department of Agriculture, Agricultural ResgaiService. 2003. USDA National
Nutrient Database for Standard Reference, Rele@s#luirient Data Laboratory
Home Pagehttp://www.nal.usda.gov/fnic/cgi-bin/nut_search.pl (Accessed
March 24, 2012)

Van Eenennaam AL, Lincoln K, Durrett TP, ValentirE HShewmaker CK, Thorne
GM, Jiang J, Baszis SR, Levering CK, Aasen ED, Ma&tein JC, Norris SR and
Last RL (2003) Engineering vitamin E content: fréyrabidopsis mutant to soy
oil. The Plant Cell 15:3007-3019.

Wong JC, Lambert RJ, Wurtzel ET and Rocheford TBO@Q) QTL and candidate genes
phytoene synthase and zeta-carotene desaturasgatesdavith the accumulation
of carotenoids in maize. Theoretical and Appliech&ies 108:349-359.

World Bank. Attacking Poverty: World Developmentd®e 2000/2001. Washington
DC: World Bank.

World Health Organization (2009) Global prevalenmfe vitamin A deficiency in
populations at risk 1995-2005: WHO global databasevitamin A deficiency.
Geneva, World Health Organization.

Wurtzel ET, Luo RB and Yatou O (2001) A simple aggwh to identify the first rice
mutants blocked in carotenoid biosynthesis. ThernBduExperimental Botany
52:161-166.

39



Chapter 1

Ye X, Al-Babili S, Kloti A, Zhang J, Lucca P, Bebdét and Potrykus | (2000)
Engineering the provitamin A (beta-carotene) bitsgtic pathway into
(carotenoid-free) rice endosperm. Science 287:38-3

Yu K, Kurata T and Arakawa N (1988) The behaviotedscorbic acid in the prolyl 4-
hydroxylase reaction. Agricultural and Biologicah&nestry 52:729-731.

Yusuf MA and Sarin NB (2006) Antioxidant value ol in human diets: genetic
transformation of Brassica juncea witiTMT gene for increased-tocopherol
content. Transgenic Research 16:109-113.

Zhu C, Nagvi S, Breitenbach J, Sandmann G, Chrigtoand Capell T (2008)
Combinatorial genetic transformation generated@aly of metabolic phenotypes
for the carotenoid pathway in maize. Proceedingshef National Academy of
Science 105:18232-18237.

Zhu C, Naqvi S, Gomez-Galera S, Pelacho AM, Capetnd Christou P (2007)
Transgenic strategies for the nutritional enhancegnoé plants. Trends in Plant
Science 12:548-555.

40



CHAPTER 2

AIM AND OBJECTIVES






Chapter 2. Aims and objectives

The focus of my research program has been on treng and characterization of a
number of important genes involved in the carotérmosynthetic pathways and also
the elucidation of the mechanism of their regulatio transgenic corn plants. | also
explored the tocopherol biosynthetic pathway irerlsy engineering a number of
biosynthetic pathway genes into rice plants. A keycome of my research is the
effective modulation of the carotenoid and tocophd&iosynthetic pathways in corn
and rice using combinatorial genetic transformationthe process | developed an in
depth mechanistic understanding of important facteontributing towards the
regulation of the carotenoid pathway in maize amel tocopherol pathway in rice.
Furthermore, | investigated socioeconomic and igalitaspects of plant biotechnology
with emphasis on developing countries and idemtibad discussed critically barriers

for the adoption of genetically enhanced stapl@<£ia the developing world.
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Chapter 3. Transcriptional-metabolic networks in can plants expressing
transgenes from the carotenoid biosynthesis pathway

3.1 Abstract

Carotenoids are a diverse group of pigments foanplants, fungi and bacteria. They
play vital roles in plants and provide health béeefo mammals (indeed certain
carotenoids are essential nutrients in humans)k&mther cereal crops in the family
Poaceae (grasses), corn accumulates significant amountscarbtenoids in the
endosperm and is therefore a useful model to statgtenoid biosynthesis. The
biofortification of major staple crops with carotetls could help to alleviate
malnutrition on a global scale. To enhance carateihevels and achieve predictive
metabolic engineering in crops, it is necessamynderstand the regulatory systems that
control carotenoid accumulation in different tissué/e created transgenic corn plants
overexpressing the carotenogenic geampsyl, Pacrtl, Gllycb, Glbch andParacrtw.
We had previously recovered and reported a divpogmilation of transgenic plants
expressing different enzyme combinations and shgwlistinct metabolic phenotypes
that allowed us to identify and complement rateitiimy steps in the pathway. An
increase in total carotenoid levels was observedilintransgenic lines, with the
maximum level (approximately 97-fold increase 49gafter pollination) achieved in a
line expressingZmpsyl, Pacrtl, Gllycb and ParacrtW. We carried out an in-depth
analysis at the transcript and metabolite levelannattempt to determine the specific
impact of five carotenogenic transgenes and eleeslogenous genes. We
reconstructed the temporal profile of the corn taroid pathway at the mRNA and
carotenoid levels (for total and individual carai@s) thus increasing our
understanding of the multiple bottlenecks in thethpay during endosperm

development.

3.2 Introduction

Carotenoids are a group of about 800 lipid-solubiganic molecules whose spectral
properties are responsible for the yellow, orange r@d colors of the tissues in which
they accumulate (Britton et al., 2004). Caroten@igssynthesized by all photosynthetic

organisms and many non-photosynthetic bacteridwamgl. In plants, carotenoids fulfill
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two essential functions during photosynthesis, light harvesting and protecting the
photosynthetic apparatus from photo-oxidation (DegrAdams et al., 1996). They are
also the precursors of signaling molecules thamémfce development and biotic/abiotic
stress responses, thereby facilitating photomorphesjs, non-photochemical
quenching and lipid peroxidation, as well as atingcpollinators and seed-distributing
herbivores (Park et al., 2002; Pogson et al., 1¥38nco et al., 2007; Havaux and
Niyogi, 1999; McNulty et al., 2007; Calucci et a2004). Animals and humans are
unable to synthesize carotenoids directly and nobsain them from their diets. In
humans, carotenoids are requirednastabolic precursors and also as anti-oxidants,
which help to prevent certain types of cancer (@mowcci, 2002), maintain the
immune system (Chew and Park, 2004) and preventrntiss (Landrum and Bone,
2001; Fraser and Bramley, 2004).

In plants, the synthesis of carotenoids is initaby the enzyme phytoene synthase
(PSY), which condenses two molecules of genarylggrdiphosphate to produce the
carotene 1l1misphytoene (Misawa et al.,, 2003). The dSphytoene molecule
undergoes four desaturation steps catalyzed byophgt desaturase (PDS), zeta-
carotene isomerase (Z-1SO) adetarotene desaturase (ZDS) to generate the first
colored carotene (pro-lycopene), which is convettedlltrans-lycopene by carotene
isomerase (CRTISO) in non-green tissue and by liglgteen tissue (Chen et al., 2010;
Zhu et al., 2008). In bacteria, a single enzymedad by thertl gene accomplishes all
the desaturation and isomerization steps and pesdalitrans-lycopene from 1®is

phytoene directly (Figure 3.1).

Lycopene is an important branch point in the caoi pathway because it acts as the
substrate for two competing enzymes, lycopgrgyclase (LYCB) and lycopene
cyclase (LYCE) (Bai et al., 2011). Both enzymes lizgc the linear backbone to
generate terminal ionone rings, but the structwfethese rings are distinct. In one
branch, the addition of onering to lycopene by LYCE generatescarotene. This is a
poor substrate for LYCE so it is unusual for theosel epsilon-cyclization to take
place, but it is a good substrate for LYCB whicldgdp-ring to the free end generating
the orange pigmerft-carotene. In turng-carotene is converted into zeinoxanthin by the
di-iron non-hemep-carotene hydroxylase (BCH) and/or the P450-typearotene
hydroxylases (CYP97A and CYP97B), and then intoydidow pigment lutein by the
P450-typep-hydroxylase CYP97C (Bai et al., 2011). In the otheanch, lycopene is
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cyclized to produce the pro-vitamin A carotenoigsarotene andg-carotene, which
requires the addition @¥-rings to both ends of the linear lycopene moletyld YCB.

Subsequent oxygenation pfcarotene results in the formation ®ryptoxanthin and
the non-provitamin A carotenoid zeaxanthin by BQidl/ar CYP97A and CYP97B, in

a two-step reaction vig:-cryptoxanthin (Kim et al., 2010; Quinlan et al00Z).

In both prokaryotes and eukaryot@scarotene can be converted into astaxanthin in
alternative reactions catalyzed [f)ycarotene ketolase anfcarotene hydroxylase
(HYDB) (Figure 3.1). There are two distinct pathwayne in whichp-carotene is
converted into zeaxanthin by HYDB and then inta=aanthin bys-carotene ketolase,
and the other in whicli-carotene is first converted into canthaxanthinfbgarotene
ketolase and then into astaxanthin by HYDB.

Phytoene synthase (PSY), the first committed stefhé carotenoid pathway, is the
major rate-limiting step in corn endosperm (Wongakt 2004; Li et al., 2008;
Shewmaker et al., 1999; Cong et al., 2009; Zhulegt2808). Endosperm-specific
expression opsyl in corn released this bottleneck, increasing thal tarotene content
by 52-fold and leading to the predominant accunmuatf lutein and zeaxanthin (Zhu
et al., 2008). The relative activity of LYCE and CB is another pressure point, as this
determines the relative abundancepti branch carotenoids. The overexpression of
LYCB shifts the balance towards tRebranch, and tends to enharfizearotenoids at
the expense af-carotene and lutein (e.g. Rosati et al., 2000;nbfosio et al., 2004).
Transgenic canola seeds expressirt@, crtl andcrtY contained more carotenoids in
total than wild-type seeds, and also fhe ratio increased from 2:1 to 3:1 showing that
the additional LYCB activity provided by the bactércrtY gene increased flux
specifically towardg3-carotene (Ravanello et al., 2003). Similarly, iansgenic corn
seeds expressingpyl, crtl andlychb, thep:a ratio increased from 1.21 to 3.51 (Zhu et
al., 2008). Nevertheless, there was also enhancedttrough thea-branch of the
pathway, producing nearly 25-fold more lutein thaormal (up to 13.12:g/g dry
weight). These examples show that even when sfittie metabolic flux towardg-
carotene, there is still enough flux through thieeotoranch of the pathway to produce

more than enough lutein for human nutrition (Nagpval., 2011).

Another key step in the carotenoid pathway is tlaversion of p-carotene to
zeaxanthin by BCH, because this step can be tardeteinhibition to promote the
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accumulation ofp-carotene. Silencing theéch gene in potato tubers enhancpd
carotene levels 331-fold and lutein levels 2.5-faldhe expense of zeaxanthin (reduced
from 29.65 to 6ug/g dry weight) without abolishing it completelyn | converse
example, the zeaxanthin content of potato tubers ww@ahanced by silencing the
endogenougep gene (Romer et al., 2002). This increased totaltenoid levels by 5.7-
fold, B-carotene levels by 3.4-fold and lutein levels I8+fbld, while zeaxanthin levels
increased 133-fold. The carotenoid content of crcgs also be drained by the further
conversion of zeaxanthin to violaxanthin, represgnanother target for intervention by

metabolic engineering.

In order to shed more light on the above bottlesgule created a number of transgenic
plants with particular transgene complements spatly designed to increase flux
through the pressure points in the pathway. Weezhout an in-depth analysis at the
transcript and metabolite levels in an attempt étednine the specific impact of five
carotenogenic transgenes and eleven endogenous. §§¢aeeconstructed the temporal
profile of the corn carotenoid pathway at the mR&# carotenoid levels (for total and
individual carotenoids) thus increasing our undgerding of the multiple bottlenecks in

the pathway during endosperm development.
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Figure 3.1. The carotenoid biosynthesis pathway in plants aqdivalent steps in
bacteria. Abbreviations: GGPP, geranylgeranyl dgphate; GGPPS, GGPP synthase;
PSY, phytoene synthase; PDS, phytoene desaturt®®, Zcarotene isomerase; ZDS,
(-carotene desaturase; CRTISO, carotenoid isomel26€B, lycopene -cyclase;
LYCE, lycopenes-cyclase; CYP97C, caroterering hydroxylase; HYDB 3-carotene
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hydroxylase (BCH, CYP97A or CYP97B); arrow with sgel in the middle$-carotene
ketolase (BKT, CRTW or CRTO); arrow with black ¢&dn the middle-carotene
hydroxylase (BCH or CrtZ) (Bai et al., 2011).

3.3 Experimental procedures

3.3.1 Plant material

Six individual plants were grown for each transgenorn line (Table 3.1) in the
greenhouse at 28/20 (day/night temperature) with a 10-h photoperiod §0-90%

humidity for the first 50 days, then at 217C8(day/night temperature) with a 16-h
photoperiod thereafter. Endosperm samples were thiken immature seeds at 15, 20,
25, 30, 40, 50 and 60 days after pollination (DAR)zen in liquid nitrogen and stored

at —80C prior to use.

Table 3.1. Transgenic corn lineZmpsyl (Zea mays phytoene synthase 1Pacrtl
(Pantoea ananatis phytoene desaturase}]lycb (Gentiana lutea lycopenep-cyclase),
Glbch (G. Iutea p-carotene hydroxylase) arféaracrtW (Paracoccus spp. f-carotene
ketolase).

Line Expressed genes

Line1l Zmpsyl, Pacrtl

Line 2 Zmpsyl, Pacrtl, Gllycb

Line 3  Zmpsyl, Pacrtl, Gllych, Paracrtw
Line4 Zmpsyl, Pacrtl, Gllycb, ParacrtW, Glbch

3.3.2 Total RNA isolation

Total RNA was isolated from corn endosperm using BRNeasy® Plant Mini Kit
(QIAGEN, Hilden, Germany). RNA was treated on-cotufior DNA contamination

using RNase-free DNase (QIAGEN, Hilden, GermanyNARconcentrations were
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determined using a NanoDrop® ND-1000 spectrophoteméThermo Scientific,
Wilmington, DE, USA).

3.3.3 Quantitative real-time RT-PCR

We used 2 pg of total RNA for first-strand cDNA #Hyesis with the Omniscrit
Reverse Transcription kit (QIAGEN). Quantitativealrdime RT-PCR was carried out
using a BioRad CFX98' system. Each 2ft reaction comprised ngof cDNA, 1x iQ
SYBR green supermix (BioRad, Hercules, CA, USA) &uM of the forward and
reverse primers (Table 3.2). Relative expressignl¢ewere calculated on the basis of
serial dilutions of cDNA(100-0.16 ngyvhich were used to generate standard curves for
each gene. Triplicate amplifications were carriedl ia 96-well optical reaction plates
by first heating t®5°C for 5 min followed by 40 cycles at 95°C for 8§068°C for 30 s
and 72°C for 30s. Amplification specificity was confirmed by pnoct melt curve
analysis over the temperature range 50-90°C witbréiscence acquired after every
0.5°C increase. The fluorescence threshold valu® gene expression data were
calculated with BioRad CFX98 software. Values represent the mean of three
replicates + standard deviation. Amplification eféincies were compared by plotting
the ACt values of different primer combinations of skeddutions against the log of
starting template concentrations using the CFX96oftware.The Ct values were

adjusted to the standard curves and were normadiganhst the levels @ictin mMRNA.

Table 3.2.Primer sequences for the amplification of cactin and the endogenous and

exogenous carotenogenic genes by quantitativeirealRT-PCR.

Gene Forward primer Reverse primer

Zmpsyl 5'-CATCTTCAAAGGGGTCGTCA-3' 5-CAGGATCTGCCTGTACAACA-3'
Zmpsy2 5'-TCACCCATCTCGACTCTGCTA-3' 5-GATGTGATCTACGGATGGTTCAT-3'
Zmpds 5-TGTTTGTGCAACACCAGTCG-3' 5-CTCCTGCTGAAAAGAAGGTGG-3'
Zmzds 5-GAATGGAGGGAGTGGGAAATG-3' 5-AGTCTGCATCCGCCGTGTAC-3'
Zmcertiso 5-GAATTATATGATTACGGTGTCAGG-3' 5-TGAAGGGTATCTCAAAACAGAACT-3'
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Zmlyce 5-TTTACGTGCAAATGCAGTCAA-3' 5'-TGACTCTGAAGCTAGAGAAAG-3'
Zmlych 5-GACGCCATCGTAAGGTTCCTC-3' 5'-TCGAGGTCCAGCTTGAGCAG-3'
Zmbchl 5'-CCACGACCAGAACCTCCAGA-3' 5-CATGGCACCAGACATCTCCA-3'
Zmbch2 5-GCGTCCAGTTGTATGCGTTGT-3' 5-CATCTATCGCCATCTTCCTTT-3'
ZmCYP97A 5'-CTGGAGCCATCTGAAAGTCA-3' 5'-GGACCAAATCCAAACGAGAT-3'
ZmCYP97B 5'-CTGAGGAGAAGGACTTGACGG-3' 5'-TCCACTGGTCTGTCTGCGAT-3'
ZmCYP97C 5-GTTGACATTGGATGTGATTGG-3' 5-AACCAACCTTCCAGTATGGC-3'
Pacrtl 5'-ACCTCAACTGGCGAAACTGC-3' 5'-ACAGCGAGTGGAAAGAAAAC-3'
Gllycb 5-GATTGGCGCGATTCACATCT-3' 5'-GCATGGCATAAAGAAAGGTGG-3'
Glbch 5-CGGTGTTTGGAATGGCGTA-3' 5-CGGAGTGATGAAGCGTGTGA-3'
ParacrtW 5-GTGGCGCAAGATGATCGTCAAG-3 5-GCCAGAAGACCACGTACATCCA-3'
Zmactin 5'- CGATTGAGCATGGCATTGTCA-3' 5. CCCACTAGCGTACAACGAA-3'

3.3.4 Chemicals

We obtained3-carotene, lycopene, luteify;cryptoxanthin and astaxanthin from Sigma-
Aldrich Fine Chemicals (St. Louis, MO, USA). Zea#tan was acquiredrom Fluka
(Buchs SG, Switzerland).Phytoene and antheraxanthin were obtained from
Carotenature (Lupsingen, Switzerland). Methandbyletcetate, ethyl ether, hexane,
methyl tert-butyl ether, acetonitrileand acetone (HPLC grade) were acquired from J.T.
Baker (Deventer, The Netherlands). Water was pegpbasing a Milli-Q reagent water

system.

3.3.5 Carotenoid extraction from corn endosperm

Corn endosperm was excised by removing the seedarmhembryo. Samples were
freeze-dried before extraction and were ground fme powder. Carotenoids in 50—

100-mg samples were extracted in 15 ml methangl:.ettetate (6:4 v/v) at 60°C for 20

min. The mixture was filtered, transferred to aaapon funnel, supplemented with 15
ml hexane:diethyl ether (9:1 v/v) and agitated beior 1 min. We then added 15 ml of

saturated NaCl, the agueous phase was removedhandrganic phase was washed
twice with water. The samples were dried underalN37°C, flushed with argon and

stored at —80 °C.

54



Transcriptional-metabolic networks in corn...

3.3.6 HPLC-MS and UHPLC-MS

HPLC (high performance liquid chromatography) artdRILC (ultra high performance
liquid chromatography) were carried out using anQAGTY Ultra Performance LC™
system (Waters, Milford, MA, USA) combined with &% photodiode array (PDA)
detector (Waters, Milford, MA, USA) and an Acquity™D tandem quadrupole MS
equipped with a Z-spray electrospray interface (thaster, UK). MassLynx™
software version 4.1 (Waters, Milford, MA, USA) wased to control the instruments,

and for data acquisition and processing.

A YMC C30 carotenoid 3-um, 2.0 x 186@m HPLC column (Waters, Milford, MA) was
used for the separation of lutein and zeaxanthm niobile phase consisting of solvent
A (methanol:water, 80:20 v/v) and solvent B (100%timyl tert-butyl ether) at a flow
rate of 0.25 ml/min. The gradient program compriaadnitial mixture of 97% A and
3% B for 6 min, with a linear gradient to 62% A aB8Po B in 1 min, a hold for 8 min
followed by a linear gradient to 32% A and 68% BLimin, a hold for 2 min followed
by a linear gradient to 100% B in 1 min, a hold min, and a return to initial
conditions in 5 min followed by equilibration forrbin. The run-to-run time was 35
min. The injected volume was 10 pl. The column sachple temperatures were set at
25°C.

All other carotenoids were separated on an ACQUURL® BEH 300 AC;8, 1.7um,
2.1 x 100 mm reversed phase column (Waters, Milfddd) with a gradient system
comprising solvent A (acetonitrile:methanol, 70M80) and solvent B (100% water) at
a flow rate of 0.4 ml/min. The gradient program q@oised an initial mixture of 80% A
and 20% B for 2 min, with a linear gradient to 108%» 1 min, a hold for 9 min, and a
return to initial conditions in 0.1 min followed tquilibration for 2 min. The run-to-
run time was 14 min. The injected volume was 5THe column and the sample
temperatures were set at 32°C and 25°C respectiVhly extracts were dissolved in
300 ul acetonitrile:methanol:acetone (35:15:50 v/v).

3.3.7 Carotenoid identification and quantitation

Carotenoids were identified according to the foilogvparameters: order of elution
from the column, ultraviolet and visible spectriae tspectral fine structure (%ll1l/11)

(Britton et al., 2004), mass fragments based emndiure data (Rivera et al., 2011) and
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comparison to authentic standards. Those standegds also used for quantitation in

combination with the extinction coefficients (Baitt et al., 2004).

3.4 Results
3.4.1 Analysis of gene expression by quantitatesd-time RT-PCR
3.4.1.1 Transgene expression profilesin developing corn endosperm

We determined the accuracy of quantitative reaetiRT-PCR measurements by
plotting theAC; values of different primer combinations in seddlutions against the
log of the starting template concentrations usingX@s'™ software (BIO-RAD,
Hercules, CA). The data presented in this chaptecttly compare the expression levels
of specific transgenes in four corn genetic backgds at different endosperm

developmental stages from 10 to 30 days afterr@ilbn (dap) (Figure3.2).

The Zmpsyl transcript was not detected in wild-type M37W espukrm, in agreement
with previous investigations (Zhu et al., 2008),t bu was expressed in all four
transgenic lines. Transcript levels peaked betvid@eand 25 dap in lines 1, 3 and 4, but
remained constant throughout the analysis periodine 2. The highesZmpsyl

expression levels were observed in line 1.

Pacrtl was expressed in all four transgenic lines, alftoat different levels, with line 3
showing the highest expression levels overall. &@ession profile in line 3 peaked at

25 dap and then declined from 30 dap onwards.

Gllycb was expressed at similar levels in lines 2 anch@® @& higher levels in line 4
(Figure 3.2). The maximum expression was observ&d aap in all four linesGlbch
was only expressed in line 4, peaking at 20 &apacrtW was expressed in lines 3 and
4. Expression was much higher in line 3 and peaked5 dap, whereas expression

levels remained constant in line 4.
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3.4.1.2 Endogenous gene expression profiles in developing corn endosperm

Eleven endogenous carotenogenic genes were analywried endosperm development
in the four transgenic lines and wild-type plantsmely Zmpsy2, Zmpds, Zmzds,
Zmertiso, Zmlyce, Zmlych, Zmbchl, Zmbch2, ZmCYP97A, ZmCYP97B andZmCYP97C
(Figure 3.2). Quantitative real-time RT-PCR showteat Zmpsy2 was expressed at low
levels in all four lines (and wild-type plants) whasZmpds andZmzds were expressed
at higher levels in the transgenic plants. Thers wat much difference among the
transgenic lines and the maximum expression leasl reached at 30 dagmcertiso was
also expressed at higher levels in the transgdamg although not to the degree seen
with Zmpds and Zmzds. These genes were expressed more strongly in Hnamsd 3.
Zmlyce was also induced in the transgenic plants anchesha maximum at 30 dap, but
there were differences between lines earlier inettgpment. In line 1,Zmlyce
expression declined from 15 to 25 dap and thereas®d at 30 dap, whereas in line 2 it
was expressed at a constant level from 15 to 25alkypved by an increase at day 30.
Lines 3 and 4 showed the same expression patternncreasing expression up to day
20 followed by a plateau and then a peak at 30 dajycb mMRNA levels were similar

in all transgenic and wild-type plants, and peake#5 dap.

Zmbchl levels were similar to wild type in all lines, wikasZmbch?2 levels were higher
in the transgenic lines, especially in linezinbch2 expression in all lines peaked at 30
dap except in line 3, where expression peaked @ap5Lines 1 and 4 showed the same
Zmbch2 expression profile whereas the expression levdinm 2 was lower. Line 1
showed the highegmbch2 expression levels between all lines and it inadaturing

development until 30 dap.

The expression oZmCYP97A, ZmCYP97B and ZmCYP97C peaked at 30 dap in the

transgenic lines but the overall levels were mwetelr than in wild-type endosperm.
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Figure 3.2.Real-time RT-PCR analysis showing relative mRNAelsvfor transgenes

and endogenous carotenogenic genes in immature esatasperm in the wild type

(WT) and four transgenic lines (L1, L2, L3 and L&) four different developmental

stages (15, 20, 25 and 30 dap). Abbreviations: Zaa,mays, Pa,Pantoea annatis; Gl,

Gentanua lutea; Para,Paracoccus;, PSY1/2, phytoene synthase 1/2; PDS, phytoene

desaturase; ZD%;carotene desaturase; CRTISO, carotene isomerd€e Llycopene

B-cyclase; LYCE, lycopene-cyclase; BCH1/2p-carotene hydroxylase 1/g-carotene

hydroxylase; CYP97A, caroterehydroxylase; CYP97C; ZEP2, zeaxanthin epoxidase
2.
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3.4.2 Carotenoid measurement

Carotenoid levels were measured from 15 to 60 dapwee found that carotenoids are
synthesized continuously in corn endosperm fromdap onwards. However, the

concentration of most carotenoids peaked duringldgwment and then declined as the
seeds matured, with onBrcryptoxanthin,a-cryptoxanthin and echinenone continuing
to accumulate up to 60 dap (Table 3.3). The lewélsome carotenoids declined
marginally after peaking (e.g. lutein) whereas wmhéeclined significantly (e.g.

antheraxanthin). This may reflect degradation caumselight or heat, the consumption
of carotenoids in other metabolic pathways (suchca®tenoid epoxides acting as
precursors for abscisic acid (ABA) synthesis) oe ttilution of carotenoids by

accumulating starch. The individual carotenoid eahtand profile of each transgenic

line was distinct, and different to that of wildely plants.

Table 3.3.Maximum accumulation of different carotenoids preésd as the number of

days after pollination.

Carotenoid Line 1 Line 2 Line 3 Line 4
Phytoene 50 40-50 50 40
Lycopene 50 0 40-50 -
p-Carotene 30-50 40 50 30-40
a-Carotene - - 50 30-50
B-Cryptoxanthin 25-30 40 40-60 25-60
a-Cryptoxanthin 25-40 40 40-60 50
Lutein 30-40 30-40 30-40 50
Zeaxanthin 25-30 25 25-30 30-50
Antheraxanthin 20-25 25 20 25
Echinenone - - 40-50 30-60
3-Hydroxyechinenone - - 30-50 20
Adonixanthin - - 40 25
Astaxanthin - - 25 -
Total 30-50 40 30-40 30-40
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3.4.2.1 Carotene accumulation during endosper m devel opment

Phytoene began to accumulate at 15 dap in lin@dater in lines 1, 2 and 4, until it
reached its maximum at 40-50 dap (Figure 3.3.00)e [bwest phytoene concentration
was found in line 4 (13.88 £ 0.6H/g DW) perhaps reflecting the weakest expression
of the Zmpsyl transgene among the transgenic lines. LycopeneonBsdetected in
lines 1 and 3, which express&dpsyl-Pacrtl and Zmpsyl-Pacrtl-Gllycb-ParacrtW,
respectively (Figure 3.3.ILycopene began to accumulate by 15-20 dap in lhod#s.|
The most significant increase in lycopene was ofesebetween 20 and 25 dap in line
3, followed by a marginal increase to the maximumQx50 dap and a decline towards
60 dap, whereas in line 1 lycopene increased frérto120 dap then reached a plateau
between 20 and 25 dap, followed by another incregsd¢o 30 dap and continued
accumulation up to day 50. The highest concentratfolycopene was found in line 3,
followed by line 1 (6.25 £ 0.22 and 3.72 + 0i44/g DW, respectively).

Line 4 contained the highest concentratiorpafarotene, followed by lines 1, 2 and 3
(26.33 £ 0.15, 13.62 + 0.45, 5.36 = 0.14 and 5.8438ug/g DW, respectively) (Figure
3.3.C). The accumulation @gtcarotene began by 15 dap in line 1, but betweeantb
20 dap in lines 3 and 4 and after day 20 in lineedching maximum levels between 30
and 60 dap depending on the line.

3.4.2.2 Xanthophyll accumulation during endosper m devel opment

The profile of antheraxanthin accumulation was Eimin all lines and the highest
levels were found in line 2 (Figure 3.3.F). Anthenathin began to accumulate by 15
dap, peaked at 20-25 dap (depending on the lire)yagidly fell to undetectable levels
thereafter, the most dramatic loss among all thieteaoids we tested. This behavior
may indicate that antheraxanthin is more reacthaentother carotenoids due to the
presence of an epoxy group, or may reflect itsistas a precursor of ABA.

The lutein profile was similar in all the transgerines (Figure 3.3.G), increasing
steadily and peaking by 30—-40 dap (lines 1, 2 grar 30 dap (line 4) before declining
slightly. The highest level of lutein was foundline 2, followed by lines 4, 3 and 1
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(10.59 = 0.17, 8,51 + 0.02, 7.35 + 0.17 and 6.70.33 ug/g DW, respectively).
Zeaxanthin was the major carotenoid found in a#l tbur lines (39.92%, 49.65%,
32.95% and 28.18% of total carotenoid concentradio®0, 40, 40 and 30 dap, in lines
1, 2, 3 and 4, respectively) (Figure 3.3.B). Acclatian began by 15 dap and increased
steadily until 25—-30 dap in lines 1 and 3, 25 daprie 2 and 30-50 dap in line 4. The
accumulation ofp-cryptoxanthin was similar in lines 2, 3 and 4 kbe peak
accumulation was higher and earlier in line 1 (FegB.3.H) and there was no decline
from the peak in lines 3 and 4. The maximum corre#ion of a-cryptoxanthin was
found by 25-40, 40, 40-60 and 50 dap in lines B, &)d 4, respectively (Figure 3.3.J)

followed by a decline in all the lines except IBe

3.4.2.3 Individual and total ketocarotenoid accumulation during endosperm

devel opment

Ketocarotenoids were only detected in lines 3 andedflecting the expression of
ParacrtW in addition toZmpsyl-Pacrtl-Gllycb (line 3) orZmpsyl-Pacrtl-Gllych-Glbch
(line 4). The most abundant ketocarotenoid in bates was adonixanthin (Figure
3.3.E). In line 3, adonixanthin levels increaseghgicantly between 15 and 25 dap then
more moderately until 40 dap before declining. dntcast, adonixanthin levels in line 4
increased significantly between 15 and 20 dap, ipgakt 25 dap and then declining.
We also detected 3-hydroechinenone and echinemdivees 3 and 4 but at much lower
concentrations than adonixanthin (Figure 3.3.K &rRlL). Echinenone accumulation
began after 15 dap in line 4 but after 25 dap enlthe 3, increasing to a maximum at
40-50 and 30-60 dap in lines 3 and 4, respectieglg,declining only in line 3 (Figure
3.3.L). The maximum echinenone concentration waslai for both lines, whereas
adonixanthin levels were higher in line 3 than kheSimilarly, the highest levels of 3-
hydroechinenone were found in line 3, where theceotration increased steadily and
peaked at 30-50 dap compared to the earlier pe2@ dap in line 4 (Figure 3.3.K). In
both lines, the 3-hydroechinenone level declinederafreaching its maximum
concentration. Astaxanthin was only detected ia Bnat low levels, beginning after 15
dap and increasing between 20 and 25 dap befodeidgc(Figure 3.3.M). Line 3
accumulated the highest total ketocarotenoid leftgdsto 26 pg/g DW beginning by 15
dap; Figure 3.3.0). Total ketocarotenoids increasedt significantly between 15 and
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25 dap in line 3 and between 15 and 20 dap indirtben more moderately to a peak at
40 dap in line 3 and 25 dap in line 4 before deagjn

3.4.2.4 Total carotenoid accumulation during endosper m devel opment

Although individual carotenoid concentrations pebken different days, the total
carotenoid content peaked between 30 and 40 dal imes (Figure 3.3.A). The total
carotenoid accumulation in lines 1, 2 and 4 waslamat 15 dap but there was a higher
concentration in line 3. The most significant irage in total carotenoid levels took
place between 15 and 25 dap in lines 1, 2 and déiwteen 15 and 30 dap in line 4.
There was a further slight increase in lines 1n@ 4 until the maximum, whereas there
was a small dip in concentration between 25 and&gin line 2. The maximum total
carotenoid content in line 1 was observed 30-50(8684 + 0.65ug/g DW), whereas
in line 2 the maximum occurred at 40 dap (104.4@83g/g DW) and in lines 3 and 4
at 30—40 dap (110.21 + 0.72 and 99.42 + m@/g DW, respectively). Total carotenoids
then declined in lines 2, 3 and 4. The highest aldotal carotenoid content was

observed in line 3, which expresséupsyl-Pacrtl-Gllych-ParacrtW (Figure 3.4).
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Figure 3.3. Total and individual carotenoid concentration gdesfi during corn

endosperm development. (A) Total carotenoid conianig/g dry weight (DW);

carotenoids detected in the samples: (B) zeaxan{@ins-carotene, (D) phytoene, (E)
adonixanthin, (F) antheraxanthin, (G) lutein, (Btcryptoxanthin, (1) lycopene, (J)
a-cryptoxanthin, (K) 3-hydroxyechinenone, (L) echioae and (M) astaxanthin
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3.5 Discussion

3.5.1 Regulation of carotenoid biosynthesis in @rdosperm

In plants, carotenoid biosynthesis occurs in thestadial membranes. The enzymes
required for carotenoid biosynthesis are encodethénnucleus and targeted to the
plastids (Bartley and Scolnik, 1994). Carotenoidsuanulate in all types of plastids
including those in fruits, flowers, roots and seeglg. chloroplasts, chromoplasts and
amyloplasts (Hirschberg, 2001). In starchy cornnkés, carotenoids accumulate
predominantly in the endosperm tissue (Steenbock@wward, 1927; Blessin et al.,
1963) particularly in the amyloplasts, where thdgypan important role in ABA
production and seed dormancy (Maluf et al., 199Heir antioxidant activity also
reduces membrane deterioration induced by freeatd{Calucci et al., 2004).

In plants, the genes encoding enzymes acting atynewery step of the carotenoid
pathway have been identified (Matthews and Wurt2@Q7). Important advances have
been made in order to characterize the functiorcavbtenogenic genes in several
different plant species. The regulation of caroteéngosynthesis is complex and is
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restricted to specific tissues (Lima et al., 2006)order to understand carotenogenesis
in plants fully, a comprehensive understanding @ineg regulation, biochemical
interactions among the enzymatic complexes catagyzarotenoid biosynthesis, and the
interconversion of different metabolites is necegs@aylor and Ramsey, 2005).
Carotenoid accumulation in fruits and flowers clates with the abundance of
transcripts representing key carotenoid genes (@gham, 2002). A positive
correlation between highgsyl transcript levels and enzyme activity was obseived
tomatoes, increasing the carotenoid content imigemed fruit (Fraser et al., 1994). The
accumulation of high levels of lycopene in tomataits suggests that a different
regulatory mechanism could be involved in carotemegis in green tissues, which
accumulate less lycopene (Fraser et al., 1994)ot@awid biosynthesis in plastidial

membranes might therefore be viewed as a distattiyay (Wurtzel, 2004).

Phytoene synthesis

Phytoene synthase (PSY) is the first committed erzin carotenoid biosynthesis and
it has been extensively studied in corn becaugerate-limiting for the production of
carotenoids in the endosperm (Gallagher et al.42@®bng et al., 2004; Pozniak et al.,
2007; Li et al., 2008). Corn has thnesy paralogs and there are also multiple paralogs
in other grasses, but in the endosperm only thengdmce of thepsyl transcript
correlates with carotenoid levels (Buckner et #096). Enzymes encoded by each of
the three paralogspgyl, psy2 and psy3) are functional when expressed in bacteria
(Gallagher et al., 2004). The three paralogpsis genes vary in tissue specificity in
terms of expression in responses to abiotic st(es®t al., 2008). The coripsy2
transcript is mainly expressed in leaves and irelolevels in embryo (Gallagher et al.,
2004). The cormpsy3 transcript is expressed predominately in the @ud embryo,
(Howitt and Pogson, 2006). These expression peofilgggest that the corn PSY genes
may be functionally specific rather than redundanet al., 2009).

The analysis of mMRNA levels revealed that #rapsyl transcript is not present in
M37W corn endosperm whereas all the transgenics liegpressed the transcript
strongly.Zmpsy2 expression as determined by quantitative real-RMePCR suggested
that the residual carotenoid content of M37W endaspmay reflect the activity of
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PSY2. AlthoughZmpsy2 transcripts were detected in the M37W endospehnen tatal
carotenoid content remains low, confirming that RSather than PSY2 plays a crucial

role in the accumulation of carotenoids in the espgom.

Phytoene desaturation and isomerization

Phytoene undergoes four desaturation/isomerizasteps to produce allans
lycopene. We found that phytoene desatur@sepds), (-carotene desaturasgnfzds)
and carotene isomerasan(crtiso) transcripts were present at similar levels inliabs,
althoughZmpds andZmzds mRNAs were more abundant thAamcrtiso. The expression
of Pacrtl increased the lycopene content in lines 1 andd@vever, phytoene could still
be detected in all lines, suggesting that the destidn steps might be rate limiting. The
Pacrtl andZmcrtiso mMRNAs were most abundant in line 3, which is cstesit with the
higher accumulation of lycopene in this line. Pleyte was not detected in wild-type
M37W endosperm but it accumulated in all of thensigenic lines. This suggests that
the conversion of phytoene to lycopene (catalyzed both endogenous
desaturases/isomerases &adrtl) is a rate-limiting step for carotenoid biosyrdlsein

the transgenic lines.

L ycopene cyclization

The cyclization of alkranslycopene is an important branch point in caroténoi
biosynthesis. Symmetrical cyclization catalyzed bYCB produces p-carotene,
whereas LYCE adds onering and a second cyclization by LYCB produeesarotene
(Cunningham et al., 1996). Cyclases control thatined concentrations of lutein and
zeaxanthin in the endosperm. Higher levels of lgt@paccumulation in line 1 and 3,
despite the expression &lycb in line 3, indicate that LYCB is also a rate-limg
enzyme in the M37W endosperm reflecting the insigfit conversion of lycopene into
B-carotene. In contrast, no lycopene was detectelings 2 and 4, confirming the
efficient conversion of allrans-lycopene intop-carotene. Lower levels oZmlyce
MRNA and lutein in lines 3 and 4 revealed an inisigiit endogenous capacity for

lycopene cyclization to produce-carotene. Line 4 expresséallych at the highest
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levels and contained a highgrcarotenecontent. The ratio of- to e-ring derivatives
was 5.0 in line 14mpsyl+Pacrtl), 3.44 in line 2 Zmpsyl+Pacrtl+Gllych), 4.47 in line

3 (Zmpsyl+Pacrtl +Gllycb+Pacrtw) and 451 in line 4
(Zmpsyl+Pacrtl+Gllycb+PacrtW+Glbch) at 30 DAP. As observed in transgenic canola
(Ravanello et al 2003) and rice (Ye et al 2000¢,4h5 branch of the pathway appears

to be favored, perhaps implying the existence ratte-limiting step in thg, e-branch

Hydroxylation

Hydroxylases convert pro-vitamin A carotenes to-mamin A xanthophylls, which
typically have either a hydroxyl group at C3 oreggoxy group at the 5,6-position of the
lonone ring (Howitt and Pogson, 2006). Hydroxylataf thep ande rings is carried out
by B-hydroxylases and-hydroxylase, respectively (Hirschberg, 2001; Pogsb al.,
1996). Following gene duplication and divergenceny plants have multiplg-
carotene hydroxylases, including Arabidopsis (Rissind Pogson, 2001), tomato (Liu
et al.,, 2003), saffron (Castillo et al., 2005) awcdrn (Zhu et al.,, personal
communication). Hydroxylase levels play a key roléhe regulation of pro-vitamin A
carotenes in corn endosperm (Wurtzel, 2004). Wervksd low levels oZmbchl in all
lines and higher levels @mbch2, with particularly high levels in line 2 correlagy with
higher levels of zeaxanthin. Higher levels of hydidated products (such as lutein and
zeaxanthin) and lower levels @fcarotene in lines 1, 2 and 3 indicated the efficie
hydroxylation ofa. andp carotenes. In line 2, the low levels B3tarotenes and higher
levels of zeaxanthin appear to reflect the higkelewfZmbch2 andZmCYP97A mRNA
and the lower levels &mCYP97C mRNA.

Ketolation

The pathway can be extended to include ketocarmtsnsuch as astaxanthin by
expressingParacrtW. This was expressed together waimpsyl, Pacrtl and Gllycb in
lines 3 and 4, the latter also expresgBigch. This led to the synthesis of adonixanthin,
echinenone (4-ketf-carotene) and 3-hydroxy-echinenone in line 4, #rebe three

carotenoids plus astaxanthin (3,3'-dihydroxy-4 &etb{3-carotene) in line 3. Similarly,
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line 4 has a genotype similar to line 2, with aidaial Glbch andParacrtW genes, and

it produced mainly-carotene and zeaxanthin in addition to the ketieaoids.

Astaxanthin is formed fron-carotene by the addition of keto groups at thend 4
positions and hydroxyl groups at the 3 and 3' pmsst of thep-ionone rings. These
reactions are catalyzed PBycarotene ketolase afidcarotene hydroxylase, respectively.
In the first step, each enzyme can carry out #stren independently, but further events
depend critically on which reaction occurs firstgger et al., 1997Paracoccus f3-
carotene ketolase has a strong preference for ereniois with at least one non-
hydroxylated p-ionone ring, e.g.p-carotene, B-cryptoxanthin, echinenone and 3-
hydroxy-echinenone. In contrast, 3-hydroxylaggtbnone rings like zeaxanthin, 3'-
hydroxy-echinenone and adonixanthin are poor satestifor this enzyme (Fraser et al.,
1998).

The product of theParacrtW transgene utilizes the same substrate-&arotene
hydroxylase, an unsubstitutetionone ring. The hydroxylase and ketolase thus
compete at four stages for different substratebenextended carotenoid pathway: for
B-carotene, the unsubstituted side d@f-cryptoxanthin, echinenone and 3-
hydroxyechinenone (Figure 3.1). In general, norolad¢d zeaxanthin, the mono-keto
derivative 3'-hydroxy-echinenone and the monohyghiketo carotenoid adonixanthin
represent end products in the pathway to astaxanthihus, astaxanthin in corn
endosperm should be derived from echinenone vizeriB-hydroxy-echinenone or

canthaxanthin and then adonirubin.

Because the 3-hydroxylatgdionone ring is poorly ketolated (Fraser et al.989 the
ketolase has to overcome the hydroxylase twicerst @luring the ketolation of-
carotene, then during the ketolation of either mehone or 3-hydroxyechinenone — or
astaxanthin is not formed. Therefore, the accunanatf astaxanthin is determined by
the abundance of the ketolase relative to the hyisiee. Only plants expressing
ParacrtW produce enough ketolase to ensure the formati@staxanthin. Otherwise,
adonixanthin is the final keto-hydroxy product bétpathway, as appears to be the case
in line 4, where total concentrations of ketolatadotenoids are much lower than in line
3, and the pathway stops without the second kétolait the level of adonixanthin.
Line 4, expressingslbch and ParacrtW, did not accumulate astaxanthin due to the
competition between these two enzymes. Line 3 hadhighest ketocarotenoid levels
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and was the only line to synthesize astaxanthiobaily reflecting the relatively low
hydroxylase levels (no GIBCH activity) and high dese levels (high CrtW activity).
For many plants transformed with a ketolase gewh ssParacrtW, the conversion of
adonixanthin to astaxanthin appears to be an irmapbidimiting step in astaxanthin
biosynthesis. These data indicate that avoidinghizdathin accumulation was crucial

for astaxanthin production in transgenic corn epdos.

3.5.2 Analysis of mRNA and carotenoid levels infefiént corn genetic backgrounds

during seed development

All the transgenic lines showed similar transgerpression levels, which increased
during endosperm development and peaked at 205 Hiawever,Gllycb reached
maximum expression levels at 30 dap and this maptaex why p-carotene levels
peaked 30-50 dap, depending on the line. Endosppetific promoters were used for
all transgenes, and transgene expression had ¢gnemmmenced by 15 dap.
Endogenous gene expression varied considerablyy adme genes expressed at
constant levels throughout developmefmCYP97B, ZmCYP97C andZmpsy2), others
increasing gradually up to a peak level at 30 dapp(ls, Zmzds, Zmlyce, Zmbch2 and
ZmCYP97A) and others with an earlier peak followed by alidec(Zmlycb, Zmbchl
andZmcrtiso).

Individual carotenoids peaked at different stageseed developmental (Table 3). The
early carotenoids (phytoene and lycopene) accuedilitter (40-50 dap) suggesting
that they are consumed during early developmempraduce downstream carotenoids.
Similarly, the e-branch end product lutein accumulated before itscyrsor a-
cryptoxanthin, which in turn accumulated befarearotene (Table 3). Zeaxanthin also
accumulated before its precursors in all lines ([@&). However, the accumulation of
[-carotene ang@-cryptoxanthin varied in the different lines. Inéis 1 and 2, which did
not express hydroxylase or ketolase transgenesenigoroducts accumulated before
the precursors as discussed above (zeaxeanthinvéall bys-cryptoxanthin and finally
p-carotene). However, line 3 accumulated astanxantbllowed by adonixanthin and
zeaxanthin, and then the precursors of those migeo(3-hydroxyechinenone,

echinenone S-cryptoxanthin ands-carotene, respectively). The same behavior was
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observed in line 4 although with no astanxanthiouawlation due to the lack of
Paracrt\W.

3.6 Conclusions

Important advances have been made in the chawmatienn of many of the genes
encoding enzymes in the carotenoid biosynthesibwaat. However, many of the
regulatory mechanisms affecting carotenoid biosgsighin corn endosperm are still
unclear. A comparative investigation in differentrt backgrounds focusing on targeted
carotenoid transcript and metabolite analysis aldvihe identification of several
bottlenecks in the pathway. Quantitative real-tifR@-PCR analysis revealed the
absence o¥Zmpsyl transcripts in M37W corn endosperm wher&agpsy2 transcripts
were present in the endosperm suggesting thae#iéual carotenoid content probably
reflects the activity of PSY2. This finding confisnthat PSY1 rather than PSY2 plays
the crucial role in carotenoid accumulation in cemdosperm. Another rate-limiting
step in the pathway is the conversion of phytoengdopene, catalyzed by endogenous
desaturases and isomerases. LYCB is also a rat@tjmenzyme in the M37W
endosperm reflecting the insufficient conversionyabpene intogB-carotene. In many
plants transformed with a ketolase gene suchPasacrtW, the conversion of
adonixanthin to astaxanthin appears to be an irmapbiimiting step for astaxanthin
biosynthesis. These results demonstrate that agpiddonixanthin accumulation is
crucial for the production of astaxanthin in tragisig corn endosperm. The
accumulation profiles of individual carotenoids icate that although carotenoid
synthesis begins at the earliest stages of endosgdevelopment, their accumulation
depends on feedback. For example, the accumulatiaeaxanthin began 15 dap in all
four lines whereas the accumulationf€arotene (its precursor) began by 15 dap in
line 1, after 15 dap in lines 3 and 4 and aftedap in line 2. The accumulation 6f
carotene could not begin any earlier than zeaxanbecause the intermediate was
initially consumed to make the end product. Thikaswor was observed for almost all
the carotenoid precursors and end products. Thetifidation of a number of rate-
limiting steps will provide data for further invegtions to ascertain in more detail the

genetic and molecular factors that influence caate content and composition in
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different corn genetic backgrounds, and for futbi@fortification strategies aiming to

increase certain carotenoids in corn endosperm.
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Chapter 4. Cloning and functional characterizationof the maizep-carotene
hydroxylase genes and their regulation during endgserm maturation

4.1 Abstract

In order to gain further insight into the partlyachcterized carotenoid biosynthetic
pathway in corn 4ea mays L.), we cloned cDNAs encoding the enzyfwearotene
hydroxylase (BCH) using endosperm mRNA isolatednfrobred line B73. Two
distinct cDNAs were identified mapping to differenhromosomes. The twbch
cDNAs @Zmbchl and Zmbch2) mapped to unlinked genes each coding sequences
containing five introns. ZmBCH1 was able to cony&darotene intg3-cryptoxanthin
and zeaxanthin, but ZmBCH2 was able to f@ioryptoxanthin alone and had a lower
overall activity than ZmBCH1. All two genes werepegssed during endosperm
development, with mRNA levels rising in line withrotenoid accumulation (especially
zeaxanthin and lutein) until 25 days after pollioat(DAP). Thereafter, expression
declined for both genes. We discuss the impactaoélpgs with different expression

profiles and functions on the regulation of caroidrsynthesis in corn.

4.2 Introduction

Carotenoids are fat-soluble pigments synthesized dly plants and many
microorganisms. In plants they are found on phatthsstic membranes where they
participate in the light-harvesting reaction andtect the photosynthetic apparatus from
photo-oxidation (reviewed by Bramley 2002). Howevbey are also precursors for the
synthesis of abscisic acid (Creelman and Zeev&34)land strigolactones (Gomez-
Roldan et al., 2008; Umehara et al., 2008), ang #re the source of yellow, orange
and red pigmentation in some flowers and fruitsn@ika et al., 2008). In animals,
carotenoids provide multiple health benefits (rexd in Fraser and Bramley, 2004),
prompting scientists to explore ways to improveotamoid content and composition in
staple crops (reviewed in Sandmann et al., 200&yitiand Pogson, 2006; Zhu et al.,
2007; Giuliano et al., 2008; Fraser et al., 2008y £t al., 2009).
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Plant carotenoid synthesis begins with the conearsi geranylgeranyl pyrophosphate
into 15<¢is phytoene by the enzyme phytoene synthase (PSYJaih et al., 1994)
(Figure 4.1). A series of four desaturation reaxdicarried out by phytoene desaturase
(PDS) and;-carotene desaturase (ZDS) then generates theramtchromophore. The
product of the first desaturase is 9,18tBcis-(-carotene, which is isomerized by light
(and perhaps an unknown enzyme; Li et al., 2007A)ietdl 9,9-di-cis-(-carotene, the
substrate of ZDS (Breitenbach and Sandmann, 2006 end product of the
desaturation reactions is converted totmdhs lycopene by a carotenoid isomerase
(CRTISO) in non-green tissue, and by light and wpbyll (acting as a sensitizer) in
green tissue (Isaacson et al., 2004; Breitenbach Sandmann, 2005). Atlans
lycopene is then cyclized by lycoperecyclase (LCYE) and lycopeng-cyclase
(LCYB) to introducee- and B-ionone end groups and produaee and p-carotene,
respectively. The introduction of hydroxyl moietiego the cyclic end groups b+
carotene hydroxylase (BCH) and carotenkydroxylase results in the formation of
zeaxanthin fronp-carotene and lutein from-carotene (Sun et al., 1996; Bouvier et al.,
1998; Tian et al.,, 2003). In some plant tissuesxaethin can be epoxidized to
violaxanthin by zeaxanthin epoxidase (ZEP) (reviéws Cunningham and Gantt,
1998).
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Figure 4.1. Carotenoid biosynthetic pathway in corn endospekbbreviations: Pds,
phytoene desaturase; Zdscarotene desaturase; Crtiso, carotenoid isometasds,
lycopene B-cyclase; Lcye, lycopene-cyclase; Bch,p-carotene hydroxylase; Lut,

carotene-ring hydroxylase and Zep, zeaxanthin epoxidase

The limited data concerning endogenous regulatiocacotenogenic genes has made
the precise engineering of crop plants to enhaacetenoid content and composition
difficult (reviewed in Sandmann et al., 2006; Zhuak, 2007; Fraser et al., 2009)

despite recent progress in cereal crops, partigutarn (Harjes et al., 2008; Zhu et al.,
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2008; Aluru et al.,, 2008; Naqvi et al., 2009). Thern genome contains three
paralogougsy genes (Li et al., 2008a,b) and PSY1 is the keg-liatiting enzyme in
endosperm carotenoid biosynthesis (Buckner efl@96; Palaisa et al., 2003; Li et al.,
2008a). The endosperm-specific expression of a peyh transgene in white corn,
which lacks endogenous PSY1 activity, increased tttal endosperm carotenoid
content >50-fold (Zhu et al., 2008). Identificatiohcornp-carotene hydroxylasd¢h)
gene family was recently reported (Vallabhanenalet2009). In contrast, PDS, ZDS,
LCYB and LCYE are encoded by single-copy genesomm ¢Li et al., 1996; Matthews
et al., 2003; Singh et al., 2003; Harjes et alQ80andpds and zds at least do not
appear to regulate endosperm carotenoid accumulagioce the corresponding
transcript levels remain constant during endospeéexelopment (Li et al.,, 1996;
Matthews et al., 2003). Here we report the isolatmd characterization of cobth
cDNAs, their developmental expression profiles #radr functional characterization by
complementation analysis in bacteria. The presefamall gene families for several
carotenogenic genes in corn suggests that diveggdatory strategies may be used to

control the accumulation of carotenoids in endaspissue.

4.3 Materials and methods

4.3.1 Plant materials

Corn plants Zea mays L.) representing lines B73, A632, EP42 (yellow rgoand
M37W (white corn) were grown in the greenhouse gnavth chamber at 28/20°C
day/night temperature with a 10-h photoperiod a@d99% relative humidity for the
first 50 days, followed by maintenance at 21/18%y/night temperature with a 16-h
photoperiod thereafter. Plants were self-pollinatedobtain seeds. Mature leaf and
endosperm tissue were frozen rapidly in liquidagen and stored at —80°C. Endosperm
tissues were dissected at five developmental stéigesl5, 20, 25 and 30 days after
pollination (DAP)).
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4.3.2 Nucleic acid isolation and cDNA synthesis

Genomic DNA was extracted from 5 g of leaf tisssedascribed by Sambrook et al.,
(1989). Total RNA was isolated using the RNeasy@nPIMini Kit (QIAGEN,
Valencia, CA, USA) and DNA was removed with DNas(RNase-Free DNase Set,
QIAGEN, Valencia, CA, USA). Total RNA was quantdieising a NANODROP 1000
spectrophotometer (Thermo Scientific, Vernon Hillinois, USA), and 2 pg total
RNA was used as template for first strand cDNA Bgsaits with Ominiscript Reverse
Transcriptase in a 20 pl total reaction volume dwihg the manufacturer’s
recommendations (QIAGEN, Valencia, CA, USA).

4.3.3 Cloning and sequencing the corn bch cDNAs

Nested PCR was used to amplify the cproarotene hydroxylase Zrpbchl) cDNA
from endosperm tissue, based on the putadwdchl cDNA sequences already
deposited in GenBank from an unknown corn cultfzcession number AY844956).
The PCR was carried out in a BDreaction was carried out using the GoTdaNA
Polymerase Kit (Promega, Madison, WI, USA) and Bkgtit degenerate
oligonucleotide primers matching two conserved argi Forward primer'5 CAT
GGC CGC CGG TCT GTC CGG CGC CGC GAT (BCH1F1) and reverse primef 5
TGA GCT GGT GGT TCA TAA CAT GTC TCT AC-3IBCH1R1) in the first reaction
and forward primer BAGA ATT CCA TGG CCG CCG GTC TGT CCG:3BCH1F2)
(the terminalEcoRI restriction site and start codon are underlineall 3AGG ATC
CGG ACG AAT CCA TCA GAT GGT C-3(BCH1R2) (the terminaBamHI restriction

site is underlined) in the second reaction. Thet fireaction mix included 5% (v/v)

dimethyl sulfoxide (DMSOQO), and 5 ul of the prodweas used to proceed the second
reaction. Program used was 95°C for 3 min, follovegd30 cycles at 94°C for 45 s,
55°C for 45 s and 72°C for 90 s. After the last Afcption cycle, samples were
incubated at 72°C for 10 min. The Baoml product was purified from a 1.0% wi/v
agarose gel using the GenecfédhKit (BIO® 101 Systems, Solon, OH, USA) and
cloned in the PCRII TOPG® vector (TA Cloning Kit, Invitrogen, Carlsbad, CASA)

for sequencing using the Big Dye Terminator v3.kl€ysequencing Kit on a 3130x1
Genetic Analyzer (Applied Biosystems, Foster C®A, USA). The sequences were
used to query EST databases.

81



Chapter 4

A similar nested PCR strategy was used to isola€ll-lengthZmbch2 cDNA using
primer combinations based on the corresponding @ekBequence (accession number
AY844956). For this cDNA, the forward primers w&'eGGA GAC TCG AGG CCA
CTC TGC CTT-3 (BCH2F1) and 5GAA TTC CAT GGC CGC CGC GAT GAC
CAG-3 (BCH2F2) (terminaEcoRl restriction site and start codon are underliret)
the reverse primers were-GCT AGA ACT CAT TTG GCA CAC TCT G-3
(BCH2R1) and 5GGA TCC TAG AAC TCA TTT GGC ACA CTC-3 (BCH2R2)

(terminal BamHI restriction site is underlined). The PCR wasriear out as above

without DMSO in reaction mix, and the products walened and sequenced as

described.

4.3.4 Bioinformatic analysis

The Maize Genetics and Genomic Database (MaizeGRB.//www.maizegdb.org/),

the GRAMENE database  htfp://mww.gramene.org/) and GenBank
(http://blast.ncbi.nim.nih.gov/Blast.cgi) were searched for homologous sequences using
BLAST, and multiple sequence alignments were peréat using ClustalW?2
(http://www.ebi.ac.uk/clustalw/). Protein sequenaese screened for chloroplast signal
peptides using the ChloroP 1.1 Server at http://vole.dtu.dk/services/ChloroP/

(Emanuelsson et al., 1999).

4.3.5 Construction of BCH expression vectors

pUC8-Zmbchl and pUC8-Zmbch2 plasmids were congdudiy digesting pCR-
Zmbchl and pCR-Zmbch2 witbcoR|l andBamHI simultaneously, and subcloned as in
frame fusion into a pUCS8 vector also digested lign same restriction enzymes. They
were then utilized for functional analysis of tleresponding genes.

4.3.6 Functional characterization of bch cDNAs

Different carotenoid backgrounds were establishre@&scherichia coli for functional

complementation experiments with the ctain cDNAs using a selection of plasmids

82



Cloning and functional characterization of the redich genes...

containing carotenogenic genes. Plasmid pACCARLX contained all the genes

required to synthesigecarotene (Misawa et al., 1990).

4.3.7 DNA and RNA blots

Leaf genomic DNA (20 pg) was digested separatelth BamHI, EcoRI, EcoRV,
Hindlll and Xbal. The resulting fragments were separated by @phtresis on a 0.8%
(w/v) agarose gel and blotted onto a positivelyrged nylon membrane (Roche,
Mannheim, Germany) according to the manufactutiesgructions. Nucleic acids were
fixed by UV crosslinking. The transferred DNA fragnis were hybridized with
appropriate digoxigenin-labeled probes at 42°C mght using DIG Easy Hyb buffer
(Roche Diagnostics GmbH, Mannheim, Germany). Thenbrane was washed twice
for 5 min in 2x SSC, 0.1% SDS at room temperattwee for 20 min in 0.2x SSC,
0.1% SDS at 68°C, and then twice for 10 min in 0SBC, 0.1% SDS at 68°C. After
immunological detection with anti-DIG-AP (Fab-Fragmts Diagnostics GmbH,
Germany) chemiluminescence generated by disodiurfd-rBethoxyspiro {1,2-
dioxetane-3,2(5'-chloro)tricyclo[3.3.1.37] decan}-4-yl) phenyl phosphate (CSPD)
(Roche, Mannheim, Germany) was detected on KodaMBx light film (Sigma-
Aldrich, USA) according to the manufacturer’s instions. The primer combinations
used to generatémbchl probe (377 bp) were: -9GG AAA AGG AGC TCG CGC
GAA TCG-3 and 3TGA GCT GGT GGT TCA TAA CAT GTC T-3for and 5GCT
TGT TAG CAG TCC GGT GAG TGA A-3and 3GAA AGG AAG ATG GCG ATA
GAT GTA-3 for Zmbch2 (251 bp).

Total RNA (30 pg) was fractionated on a denatufir@)o (w/v) agarose gel containing
formaldehyde prior to blotting. The membrane wasbpd with digoxigenin-labeled
partial cDNAs prepared as above using the PCR-DiGbé Synthesis Kit (Roche,
Mannheim, Germany), with hybridization carried at60°C overnight using DIG Easy
Hyb. Washing and immunological detection and CSHigndluminescence were

carried out as described above.
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4.3.8 HPLC-MS and quantification

Carotenoids from freeze-dridfl coli co-transformants were extracted in darkness with
acetone at 60°C for 20 min, partitioned into 10%eetin petrol (bp. 40—-60°C) and
analyzed by HPLC on a non-endcapped polymeric 3ggeolumn (YMC Wilmington
NC, USA) according to Sander et al. (1994). The ileghases was methanol/methyl-
tert-butyl ether/water (56:40:4, v/v/v) for 30 miollowed by a solvent change to
methanol/methyl-tert-butyl ether/water (56:40:4y/vj at a flow rate of 1 ml/min
(Breitenbach and Sandmann 2005). Spectra werededamn-line with a Kontron 440
diode array detector. The sources of referencetera@oisomers are described in
previous publications (Breitenbach and Sandman@52®reitenbach et al., 2001).
Carotenoids from freeze dried and ground endospissue were extracted in a similar
manner, although the acetone was replaced witAhydrofuran/methanol (50:50, v/v)
followed by acetone re-extraction. The HPLC systesad for the corn carotenoids was
a Gg Vydac 218TP54 column with 1% water in methandh&smobile phase.

4.3.9 Quantitative real time PCR

Real-time PCR was performed on a BIO-RAD CFX98ystem using a 25-p| mixture
containing 10 ng of synthesized cDNA, 1x iQ SYBRar supermix (BIO-RAD) and
0.2 mM forward and reverse primers for the targeney and the internal
glyceraldehyde-3-phosphate dehydrogenase cordmgpdh) (Iskandar et al., 2004)
as listed in Table 4.1. To calculate relative egpi@n levels, serial dilutions (0.2—-125
ng) were used to produce standard curves for eacke.g°PCRs were performed in
triplicate using 96-well optical reaction platesngrising a heating step for 3 min at
95°C, followed by 40 cycles of 9& for 15 s, 58C for 1 min and 72 for 20 s.
Amplification specificity was confirmed by melt e analysis on the final PCR
products in the temperature range 502QQwith fluorescence acquired after eacitG.5
increment. The fluorescence threshold value an@ g@apression data were calculated
using the CFX98" system software. Values represent the mean oé tfe@ time PCR
replicates +SD.
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Table 4.1. Primer oligonucleotide sequences of coffacarotene hydroxylase Zfibch), and

glyceraldehyde-3-phosphate dehydrogenZe®épdh) genes for quantitative real-time PCR analysis.

Gene Forward primer Reverse primer

Zmbchl 5'-CCACGACCAGAACCTCCAGA-3' 5'-CATGGCACCAGACATCTCCA-3'
Zmbch2 5-GCGTCCAGTTGTATGCGTTGT-3' 5-CATCTATCGCCATCTTCCTTT-3'
Zmgapdh 5-CTTCGGCATTGTTGAGGGTT-3' 5-TCCAGTCCTTGGCTGAGGGT-3'
4.4 Results

4.4.1 Cloning and characterization of the corn ¢pehes

The sequence of thémbchl cDNA from B73 endosperm predicted a 309-amino-acid
protein with a molecular weight of 33.6 kDa, a pl16.92 and a 68-amino-acid transit
peptide, suggesting the 241-amino-acid mature prdtas a molecular weight of 26.5
kDa and a pl of 9.10 (accession no. GQ131287). cltweed Zmbchl cDNA sequence
has 98.9% identity at DNA level wifhtcarotene hydroxylase 4 cDNA (Vallabhaneni et
al.,, 2009; accession number AY844956). The deduaedno acid sequence of
ZmBCH1 shared 99.4% identity with hydroxylase 4efiéhis no mention of the corn
cultivar about hydroxylase 4 they used (Vallabharetnal., 2009) consequently one
cannot determine if our cloned gerdmpchl) is different from hydroxylase 4 because
of a difference in cultivar used to clone the geaeglifferent isozymes in B73. The
sequence of the clonedmbch2 cDNA is the same a$-carotene hydroxylase 3
(Vallabhaneni et al., 2009; accession number AY8839lt predicted a 319-amino-acid
protein with a molecular weight of 34.6 kDa, a pl&82 and a 69-residue transit
peptide, yielding a mature 250-amino-acid proteitin\& molecular weight of 27.5 kDa
and a pl of 6.67. The predicted amino acid sequent&ZmBCH1 and ZmBCH2 are
aligned in Figure 4.2The N-terminal sequences are highly conserved, itdesipe
presence of four small gaps in ZmBCH2, whereas Gherminal sequences differ
considerably, not least because of the presenc@9ofadditional residues in the
ZmBCH2 sequence (Figure 4.2). The screening of gamomic resources localized
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Zmbchl to chromosome 2 (accession nos. AC196442)Zamiath2 to chromosome 10
(accession no. AC194430). A comparison of the cDIdAg@ corresponding BAC clones
showed that both genes were present in their gntiveéhe BAC clones and both coding
sequences contained five introns. The full-lengthine@ acid sequences are 76.6%
identical, both containing four predicted transmesnice helices and one highly
conserved region described by Sun et al., (1996)Magtif 1”. The most striking
features were the conserved histidine motifs, oft@und in iron-containing
monooxygenases and fatty acid desaturases inclfidtagotene hydroxylases (Bouvier
et al., 1998), which may act as iron-binding ligar{&hanklin et al., 1994). The four
regions HXH, HX;HH, HX4H and HXHH are underlined in Figure 4.2.

ZmBCH1 GLSGARMTSFVAKNE PFSPLTTARAFRRRGLGTVICEV &0
ZmBCH2 AMTSFVAKNP LLPFSPLLSTRAFRE ———-TVTICFV 50
ZmBCHL RSERRTYLVALVMSSLGY 120
ZmBCHZ EARKRSERRTYLVEEVMSSLGV 101
™M helix 1
ZmBCH1 RARLWHASLWHMH 130
ZmBCH2 RALWHASLWHMH 161
TM helix 2 Hi H -
ZmBCHL ESHHRPREGEFELNDVFAIVNAVELI SLLAYGF FHRGLVEGLCFGAGLGI TLFG 7 240
ZmBCH2 ESHHRPREGE FELNDVFAIV 1T SLLAYGF FHRGIVEGLC FV 221
H,HH TM helix 4
ZmBCHL HDGLVHRRFEVGPILNVEYFER LEEVGGLODELEE 300
ZmBCHZ HDGLVHRRFEVGPILDVEYFRI 281
HXH HH,HA
Motif 1
pa 1= 1 o ELAR-—————————m IGRTI---- 309
ZmBCHZ SPVSEATDTE DAGEEKTREVVCVVRETSVIMGOSVENEF 319

* » & koo ow

Figure 4.2. Alignment of deduced amino acid sequences of ZmBCkhA mays L.,
accession ndsQ131287) and ZmBCHg&Zea mays L., accession no. AY844957). Four
predicted transmembrance (TM) helices, one highhserved region described by Sun
et al. (1996) as “Motif 1” and the four regions ¥ HX,HH, HX;H and HXHH are
underlined
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4.4.2bch gene copy numbers

Southern blot analysis was carried out by digestiregcorn genomic DNA with five
different restriction enzymes, followed by hybrigion with gene specifigmbchl and
Zmbch2 probes. Detecting at least two bands per lan&rdochl and at least three for
Zmbch2 (Figure 4.3A and 4.3B). These results indicateat there are two or more
copies ofZmbchl and three or more copies Afbch2 in the corn genome bringing the
total of Zmbch genes in corn to 5 or more in all. Our assumpti@s supported by the
recent report (Vallabhaneni et al., 2009) thattexise of six different non-heme di-iron

monooxygenasp-carotene hydroxylasdéch) genes in the corn genome.
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Figure 4.3. Southern blot analysis &fmbch gene family in corn. Genomic DNA (20
ng) from mature leaves was separately digested BathH| (B), EcoRI (RI), EcoRV
(RV), Hindlll (H) and Xbal (X). Two different blots were hybridized with tiznbchl
(A) andZmbch2 (B) specific probes described in Materials andhods.
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4.4.3 Functional analysis of corn bch

The Zmbchl and Zmbch2 cDNAs were tested by complementationEncoli strains
accumulatings-carotene (Figure 4.4AIn strains cotransformed withmbchl cDNA,
more than half of theg-carotene was converted into the monohydroxyl @i
B-cryptoxanthin (about 80% of the product) and tiiteydroxyl derivative zeaxanthin
(about 20% of the product) (Figure 4.4B). HoweMuer,strains cotransformed with
Zmbch2 cDNA, only 4.3 % ofp-carotene was converted facryptoxanthin and no

zeaxanthin was formed (Figure 4.4C).

Control bCar

Absorbance at 450 nm

Bch-2 \

bCry
bCEp bCar

0 5 10 15 20 25
Retention time (min)

Figure 4.4. Functional analyses oEZmbchl and Zmbch2. A. E. coli expressing
pACCAR16AcrtX. B. E. coli expressing pACCARMrtX with additional plasmid
pUC8-Zmbchl (Bchl1)C. E. coli expressing pACCARX&rtX with additional plasmid
pUC8-Zmbch2 (Bch2). Abbreviations: bCd¥scarotene; Zeax, zeaxanthin; bCfy,

cryptoxanthin; bCEpj-carotene epoxide.
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4.4.4 Carotenoid accumulation and gene expressionglendosperm development

The profile of carotenoid accumulation in develapBi73 corn endosperm was assessed
up to 30 DAP (Table 4.2). Yellow corn endosperm taors p-carotene, its
monohydroxylated produd-cryptoxanthin and its dihydroxylated product zeskan.
Although a-carotene could not be detected, its hydroxylatexiyctsa-cryptoxanthin
and lutein were present at detectable levels. adstencrease in total carotenoid content
was observed during kernel maturation, althoughétels of lutein, zeaxanthin and
cryptoxanthin increase@-carotene ang-cryptoxanthin levels decreased from 25-30
DAP.

Table 4.2.Carotenoids in B73 corn seed endosperm (ug/g dightjedepending on the
degree of maturation. Each value is the mean ektdeterminations from an extract of
five individual seeds. Abbreviations: DAP, dayseafpollination; Viol, violaxanthin;
Lut, lutein; Zeax, zeaxanthim-Cry, a-cryptoxanthin;3-Cry, p-cryptoxanthin;3-Car, 3-

carotene.

Viol Lut Zeax a-Cry B-Cry B-Car Total

10 DAP  0.83+0.06 0.60+0.02  0.66+0.04 0.00+0.00 #0000 0.00+0.00 2.09

15 DAP  0.39+0.02 1.83+0.12 1.53+0.15 0.88+0.07 #0607 0.17+0.08 5.40

20 DAP  0.88+0.04 5.11+0.23 2.36+0.15 2.13+0.16 #0149 0.70+0.05 12.32

25 DAP  1.11+0.09 8.03+0.28 4.10+0.30 3.77+#0.15 2812 1.30+0.09 20.62

30 DAP  1.50+0.11 12.55+0.33 6.99+0.45 4.23+0.29 580804 1.16+0.07 27.28

In order to understand how carotenoid accumulasoegulated during corn endosperm
development, northern blots containing B73 endospenRNA from different
developmental stages was hybridized wiaitmbchl and Zmbch2 gene-specific DNA
probes. The signals fagmbchl were below the detection threshold regardlesshef t
probe used (data not shown). The steady-statesle¥&mbch2 mRNA increased in the
endosperm between 10 and 15 dap then remainecaocousttil 25 dap, then declined at
30 dap, but no transcripts could be detected inelegFigure 4.5A). To increase
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sensitivity, expression profiles were monitored duantitative real time PCR (Figure

4.5B) which showed that the transcripts for all @eincreased throughout endosperm

development to 25 dap.
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Figure 4.5. A Northernanalysis ofZmbch2 transcript in leaves and corn endosperms.

Each lane was loaded with 30 pg of total RNA. rR8tained with ethidium bromide is

shown as a control for loading of equal amountRbIA. B. Transcript levels for

Zmbchl andZmbch2, from greenhouse grown B73 corn harvested at 3020, 25 and

30 dap (days after pollination). Values are a mefatihree quantitative real time PCR

replicates with_$D. Abbreviations:Zm, Zea mays,; bchl, p-carotene hydroxylase 1

gene;bch2, B-carotene hydroxylase 2 gene.
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4.5 Discussion

Carotenoids are nutritionally valuable compoundd frovide a range of health benefits
including protection against cancer and other dleraoliseases (review by Fraser and
Bramley, 2004). Humans cannot synthesize carotenail must obtain them from

their diet, notably from fresh fruit and vegetabdesd seafood. However, since many
people, particularly those in developing countrisgbsist on a monotonous diet of
staple cereal grains, there has been much interdbe development of strategies to
improve carotenoid levels and composition in staptes (Zhu et al., 2007; 2009). One
significant hurdle to the improvement of carotenieigels in cereal grains is the limited
understanding of how carotenoid synthesis is ndymalgulated, particularly in the

endosperm, which is the most nutritious componérthe grain. A number of recent

studies have shown the potential for carotenoicaeobment in corn endosperm, either
through conventional breeding or transgenic strate(Harjes et al., 2008; Zhu et al.,
2008; Aluru et al., 2008; Naqgvi et al., 2009). Désphis progress, much remains to be
learned about the carotenoid synthesis pathwayin endosperm and the regulatory

mechanisms that control the accumulation of specdrotenoid molecules.

The first step towards understanding how carotenai@ synthesized is to identify the
enzymes involved and isolate the corresponding ggeBeveral corn cDNAs encoding
carotenogenic enzymes have already been cloneddantfied includingpsyl, psy2

and psy3 (phytoene synthasepds (phytoene desaturasejis ((-carotene desaturase),
Icyb (lycopene-cyclase) andicye (lycopenes-cyclase) (Buckner et al., 1996; Gallagher
et al., 2004; Li et al., 2008a; Li et al., 1996; thhews et al., 2003; Singh et al., 2003;
Bai et al., 2009). We have cloned two representimg-heme di-iron monooxygenae

carotene hydroxylase (BCH).

The presence of multiple isoenzymes in plant mdimbpathways is a common
phenomenon which often reflects the requirementtli@ same catalytic activity in
different subcellular compartments, often the jpiisstand cytosol (Gottlieb, 1982).
However,bch cDNAs appear to encode proteins with the tranejitide sequences,
suggesting the isoenzymes are destined for theéigdag®\nother source of isoenzymes
in diploid plants such as corn is the random dagplon of chromosome segments

followed by the functional diversification of theuplicated genes. We therefore sought
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to determine whether the cDNAs encoding the enzyere differentially expressed or

whether the enzymes themselves were functionadiyndi.

We looked at the expression of all two cDNAs dureamglosperm development using a
combination of northern blot and quantitative rilale RT-PCR. The latter was
necessary because onrdgnbch2 was expressed at a high enough level to be ddtbgte
MRNA blot. The twobch mMRNAs were also differentially expressed, wimbch2
alone detectable by mRNA blots. This showed tha& thRNA was restricted to
endosperm and below the limit of detection in lsagBigure 4.5A), unlike other
carotenogenic genes in corn which are thought to ekpressed constitutively
(Vallabhaneni and Wurtzel, 2009). The steady stdtabch2 mRNA levels in
endosperm were significantly higher than in leafiéigure 4.5A) which is different
from the recent report that the similar mRNA levexssted in leaves and endosperm at
10 dap and 30 dap (Vallabhaneni et al., 2009). &mression of botzmbchl and
Zmbch2 increased during endosperm development, suggestiag the expression
profiles in the endosperm were concordant. Zimbch2 was preferentially expressed in
amyloplasts-containing endosperm rather than chlasts-containing leaves (Figure
4.5A), similar to the situation iArabidopsis where theAtbch2 gene is induced rapidly
and strongly during seed development. This suggsts AtBCH2 is preferentially
involved in xanthophyll synthesis in seeds (Kinakt 2009). One of the twlaoch genes

in bell pepper, tomato and saffron is also prefeaén expressed in flowers or during
fruit development (Bouvier et al., 1998; Castilloat., 2005; Galpaz et al., 2006). In
tomato, abch2 mutant results in a colorless petal phenotype with impact on
xanthophyll synthesis in leaves (Galpaz et al.,6208nd the massive accumulation of
xanthophylls during stigma maturation in saffronretates with high expression of a
singlebch gene (Castillo et al., 2005). Although showinga@mndant expression profiles
in endosperm, the activity of the two BCH isoenzgnsedistinct. In bacteria producing
B-carotene and expressing tAmbchl cDNA, more than half of th@-carotene was
converted into downstream products, approximatélyo $-cryptoxanthin and 20%
zeaxanthin. In contrast, similar bacteria expregZmbch2 cDNA were able to convert
less than 5% of the availallecarotene and onl-cryptoxanthin was produced. This
functional difference might indicate that the twengs are diverging to fulfill slightly
different roles in carotenoid biosynthesis.
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Six different corn paralogs encodirfgcarotene hydroxylase (BCH) were recently
identified (Vallabhaneni et al., 2009). Twazh gene functions (one is the same as
Zmbch2 gene in this paper) were confirmed that both eadbdarotene hydroxylase
(Vallabhaneni et al., 2009). Two paralogs were gegaenes, while the remaining two

paralog functions were unknown (Vallabhaneni et24109).

Any hypothesis addressing the roles of isoenzymesiiotenoid biosynthesis must look
at the expression profiles and enzyme activitighéncontext of carotenogenesis during
seed development. Previous studies have showntdteltcarotenoid levels increase
steadily up to 30 DAP coincident with the upreglatof psyl, while pds and zds
transcripts remain at a constant level (Li et B996; Matthews et al., 2002; Li et al.,
2008a; Vallabhaneni and Wurtzel, 2009). The coa@tid upregulation aZmbchl and
Zmbch2 until 25 DAP is consistent with the observed acolation of carotenoids. The
expression ofcye follows a similar profile (Vallabhaneni and Wurkz009). It is
apparent that PSY1 is the rate-limiting enzymehef ¢arotenoid biosynthetic pathway
(Li et al., 2008b), but the impact of increasifrgbchl andZmbch2 expression over the
same timescale is to gradually increase the avbktijabf the p-branch of the pathway.
The only remaining carotenogenic gene in corn lagléxpression data is carotesie
ring hydroxylase, catalyzing the 3-hydroxylationtloée-ionone ring in the synthesis of
lutein (Figure 4.1). When we compare -carotenoid uaadation during seed
development (Table 4.2) withchl andbch2 transcript kinetics (Figure 4.5B), we can
predict thate-ionone ring carotene hydroxylase will demonstraimilar transcript
kinetics. This can be concluded from a proportianatease of zeaxanthin and lutein
over the whole period of seed development and tlualeparticipation of3-carotene
hydroxylase and theionone ring carotene hydroxylase during formatétutein from

a-carotene (Figure 4.1).

In conclusion, we have cloned and characterized ®WRNAS encoding corn

carotenogenic enzymes, encoding BCH. The enzyneelsiginly conserved in sequence,
expression and activity, but subtle differencesha expression and activities of the
BCH enzymes hint at divergent roles in plant carote biosynthesis that may be useful
in the development of more refined strategies tgirexer carotenoid synthesis and

composition in staple crops.
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Chapter 5. Transgenic rice grains expressing a het@ogous
p-hydroxyphenylpyruvate dioxygenase shift tocopherosynthesis from they to the
o, isoform without increasing absolute tocopherol lesis

5.1 Abstract

We generated transgenic rice plants overexpressh@bidopsis thaliana
p-hydroxyphenylpyruvate dioxygenase (HPPD), whichkalyzes the first committed
step in vitamin E biosynthesis. Transgenic gracmumulated marginally higher levels
of total tocochromanols than controls, reflectingnaall increase in absolute tocotrienol
synthesis (but no change in the relative abundaricne @ and y isoforms). In
contrast, there was no change in the absolute karoplevel, but a significant shift
from they to thea isoform. These data confirm HPPD is not rate limgit and that
increasing flux through the early pathway reveasviastream bottlenecks that act as

metabolic tipping points.

5.2 Introduction

Vitamin E is an essential plant-derived nutrienthe human diet that comes in eight
structurally-related forms known as tocochromar{Bigure 5.1). The chromanol head
group can be joined to a saturated phytyl siderchai form tocopherol, or to an
unsaturated geranylgeranyl side chain to form teamwdl. The head group can then be
methylated in different configurations, resultimgfour alternative formsou( 8, y ands).
Although all eight vitamers are absorbed in humanes, hepatia-tocopherol transfer
protein @-TTP) preferentially retaing-tocopherol making this the most active form of
vitamin E in the human diet (Traber and Arai, 1999)

Plants synthesize tocochromanols to protect thetoglnthetic apparatus against
reactive oxygen species and prevent lipid perokdatwith y-tocopherol playing a

particularly important role in preventing the awtadation of polyunsaturated fatty
acids in seeds (Munné-Bosch and Alegre, 2002).t®ldrerefore provide an excellent
dietary source of vitamin E, which is thought toduee the risk of cancer,
cardiovascular disease and neurodegenerative disonth humans by scavenging
reactive oxygen species and lipid-soluble oxidasitress by-products (Bramley et al.,
2000).
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There is considerable variation in both the abgsodurtd relative tocochromanol levels in
different plant species and tissues, suggestingafievay can be modulated by genetic
engineering to increase the nutritional value ahfd with low levels of vitamin E. We
generated transgenic rice plants constitutivelyresging theArabidopsis thaliana
PDSL gene (encoding HPPD) to determine whether inangagiux through the
common, early part of the pathway had any impacbwearall tocochromanol levels
and/or the relative levels of the different vitasieiWe observed only a marginal
increase in absolute tocochromanol levels in thasgenic grains, mainly due to the
slightly higher tocotrienol content. However, theemall vitamin E activity of the grains
increased significantly due to a marked shift froine y to the o isoform in the
tocopherol pathway. Our data indicate that evesugh HPPD might not be an
appropriate target for vitamin E enhancement ie,rit is still a noteworthy target in
vitamin E biofortification programs due to its cajtg to enhance the absolute levels of

a-tocopherol at the expense of the less nutritigriadportanty isoform.
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Figure 5.1.Vitamin E synthesis in plants. Tocochromanolssarghesized on the inner
chloroplast membrane from precursors derived froenghikimate and methylerythritol
phosphate (MEP) pathways. The shikimate pathwaytribomes the head-group
precursor homogentisic acid (HGA), whereas the Mathway gives rise to the side-
chain precursors phytyldiphosphate (PDP) and gégamnyldiphosphate (GGDP).
The first committed step in the reaction is the osgtic conversion ofp-
hydroxyphenylpyruvic acid (HPP) to HGA by-hydroxyphenylpyruvic acid
dioxygenase (HPPD). HGA is then prenylated withaitPDP or GGDP to produce the
intermediates  2-methyl-6-phytyl  benzoquinone (MPBQand  2-methyl-6-
geranylgeranylplastoquinol (MGGBQ). A second methybup is added by MPBQ

103



Chapter 5

methyltransferase (MPBQ-MT) in the tocopherol brancand MGGBQ
methyltransferase (MGGBQ-MT) in the tocotrienoldh, producing the intermediates
3-dimethyl-5-phytyl-1,4-benzoquinone (DMPBQ) and ditrethyl-6-
geranylgeranylbenzoquinol (DMGGBQ). All four of geeintermediates are substrates
for tocopherol cyclase (TC), which producésand y tocopherols and tocotrienols.
Finally, y-tocopherol methyltransferage TMT) catalyzes a second ring methylation to
yield o and  tocopherols and tocotrienols. Other abbreviatid#BT, homogentisate
phytyltransferase; HGGT; homogentisate geranylggdratransferase; GGDR,

geranylgeranyl diphosphate reductase.

5.3 Materials and methods
5.3.1 Cloning and vector construction

Arabidopsis thaliana PDSL cDNA (encoding HPPD) was cloned by RT-PCR using
forward primer 5-AGG ATC CTC AAT GGG CCA CCA AAA GC CGC CG-3' and
reverse primer 5-AAG CTT CAT CCC ACT AAC TGT TTGET TC-3' based on
GenBank sequence data (accession numbers AFO00228F104220). The products
were transferred to pPGEM®-T (Promega, Madison, W8A) for sequencing and then
to pAL76, containing the constitutive maize ubiquit (Ubi-1) promoter and first
intron, and the nopaline synthase terminator, xpression in plants.

5.3.2 Rice transformation and verification of trgesic plants

Mature rice embryoJryza sativa L. cv EYI 105) were excised and cultured for 7 days
and then transformed by particle bombardment agqursly described (Sudhakar et al.,
1998; Christou et al., 1991) using a 3:1 molarorati pAL76-PDS1 and a plasmid
containing the hygromycin phosphotransferdg®) (selectable marker (Sudhakar et al.,
1998). Independent transgenic lines were recovieoaa callus regenerated on selection
medium and were tested along with non-transformedtrol plants cultivated in
parallel. Transgenic plants were verified by PCRigid00 ng leaf genomic DNA, the
primers described above and 0.5 units of GE2NA polymerase (Promega, Madison,
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WI). Reactions were heated to 95°C for 3 min, fe#td by 30 cycles at 94 °C for 45 s,
60 °C for 45 s and 72 °C for 90 s, and a finalresttn at 72 °C for 10 min.

5.3.3 mRNA blot analysis

Total RNA and transgene expression analysis waréedaout as described by Naqvi et
al. (2011).

5.3.4 HPLC-MS

Total tocochromanols were analyzed as describdddnyi et al. (2011).

5.4 Results and discussion

Plants are the major source of vitamin E in the &rdiet and the consumption of
plants is preferable to synthetic supplements wiedld to have much lower vitamin E
activities (Naqvi et al., 2011; Farré et al., 201@pwever, the vitamin E activity in

different plant species and tissues varies widedgabse the absolute level of total
tocochromanols and the relative levels of differetamers can vary, reflecting the
expression levels of enzymes involved in tocochmwohaiosynthesis. This suggests the
tocochromanol content and composition in plantsiccdee modulated by genetic

engineering.

We generated transgenic rice plants constitutiegfyressing thé. thaliana PDS1 gene
(encoding HPPD) by bombarding embryos and regeangrdatansgenic plants on
medium containing hygromycin. There were no morpbmal or developmental
differences between transgenic plants and contrdlsnsgene expression was
confirmed by northern blot analysis and three regméative lines (RVel, RVe2 and
RVe7) expressing’DSL at high levels (Figure 5.2) were selected for HRAr@lysis to
determine tocochromanol content and compositioblera.1).

105



Chapter 5
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Figure 5.2 Northern blots showingDSL expression in nine independent transgenic
rice lines. Total RNA isolated using the RNeasy@&rRIMini Kit (QIAGEN, Hilden,
Germany) 30ug aliquots were fractionated on a demat 1.2% w/v agarose gels
containing formaldehyde fractionated and transtene a positively-charged nylon
membrane, then probed with digoxigenin-labeledigladDNA at 50°C overnight in
DIG Easy Hyb. After washing and immunological détat with anti-DIG-AP, the
CSPD chemiluminescence substrate was detected dakkBioMax light film (Sigma-
Aldrich, St. Louis, MO). Probe was designed using PCR DIG Probe Synthesis kit
(Roche Diagnostics GmbH, Mannheim, Germany) withrwéod primer (5'-
AGGATCCTCAATGGGCCACCAAAACGCCGCCG-3) and reverse imper (5-
AAGCTTCATCCCACTAACTGTTTGGCTTC-3).

Table 5.1. The tocochromanol content of transgenic and cobmite seeds (ng/g dry

weight). T3 = tocotrienols, Toc = tocopherols. thpées with 2 determinations each.

Line  y-T3 o-T3 Total aly- y-Toc a-Toc Total aly- Total
T3 T3 Toc Toc

Rve2 5.81+0.49 6.68+0.5¢ 12.49 1.15 1.55+0.20 5.82+0.6( 7.37 3.75 19.86

Rve4 3.11+0.39 5.21+0.5¢ 8.32 1.68 1.51+0.22 6.00+0.5¢ 7.51 3.97 15.83

Rve7 4.77+0.50 4.82+0.5! 9.59 1.01 1.55+0.17 5.83+0.4C 7.38 3.76 16.85

WT 3.79+0.42 4.45+0.47 8.24 1.17 2.24+0.39 5.27+0.48 7.51 235 15.75
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Because HPPD catalyzes the first step in the pathwa expected to see an overall
increase in tocochromanol synthesis, which waghmtase. Only a marginal increase
was achieved and this was almost entirely due small rise in tocotrienol synthesis.
There was no change in the ratio in the tocotrienol branch. In contrast,réheas no
change in the overall level of tocopherols, but the ratio increased significantly
compared to control grains resulting in the amaoami-tocopherol increasing at the
expense of-tocopherol and thereby increasing the vitamin tiviig of the grains.

These data confirm that HPPD is not a rate-limigngyme in tocochromanol synthesis
but that altering the flux disrupts the balanceHer along the pathway and changes the
metabolic tipping points at pathway branches antldmecks. The first instance is the
branch between the tocopherol and tocotrienol paysywhere almost all the additional
flux appears to be diverted into the tocotrienarnah. The increased availability of
HGA (the immediate product of HPPD) appears tougriice the relative activities of
HPT and HGGT, favoring the latter so that the addél flux is fed into tocotrienol
synthesis. However, there is no compensatory depletf tocopherol, which suggests
that HPT is not a rate-limiting enzyme either. Tezond instance is the conversion
between thes anda isoforms of tocopherol (but not tocotrienol), wikenore flux is
transferred tax-tocopherol in transgenic plants than controls sTuggests some form
of positive feedback, in which the increased flaxough the pathway influences the
activity of y-TMT. An interesting question is why this increasiuk does not also
affect the tocotrienol branch, where thg ratio remains unchanged, since the same
enzyme carries out theto o conversion in both branches. A possible explanatdhat
the effect is localized to enzyme complexes comgip-TMT and HPT and/or MPBQ-
MT, which are pathway specific, or that the phydide chain is an important factor in
the enhanceg-TMT activity.

Previous studies have shown that the overexpresgi®DSL has either no impact on
tocopherol levels, as in Arabidopsis (Tsegaye et2802) and tobacco (Falk et al.,
2005), or only a marginal effect, as in canola (Racet al., 2006), indicating that it is
not rate limiting in these plants. Naqgvi et al. 12D reported a three-fold increase in
tocopherols in transgenic corn seeds by simultasigaxpressing Arabidopsis HPPD
and MPBQ-MT, andy-tocopherol was the only vitamer detected. Theda daggest

that MPBQ-MT may be rate limiting, and thatTMT represents a significant

bottleneck in a high-flux environment. This seeiksly given the dramatic shift from
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to a-tocopherol in soybean plants simultaneously exgumgsy-TMT and MPBQ-MT
(Van Eenennaam et al., 2003). Yusuf and Sarin (Régpressed ArabidopsysTMT in
Brassica juncea plants and found a correlation betweetocopherol levels and high
TMT expression, with the highest expressers praodusix times as muchk-tocopherol

as wild type seeds (62.29 ng/mg).

Our study has shown that relatively simple alterstito a metabolic pathway can have
complex effects by influencing downstream brancimgscand bottlenecks. Even though
HPPD does not appear to be rate limiting it id atil interesting target for vitamin E
engineering in rice because it has an indirectceftm theo-tocopherol content and
therefore increases vitamin E activity significgndven when total tocochromanol
levels increase only marginally. The biofortificatiof crops such as rice in this manner
will offer a sustainable alternative to vitamin Epplementation, providing immense
benefits to human health (Ajjawi and Shintani, 200du et al., 2007).
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Chapter 6. Nutritionally enhanced crops and food saurity: scientific achievements
versus political expediency

6.1 Abstract

Genetic engineering (GE) is one of a raft of sg@e that can be used to tackle
malnutrition. Recent scientific advances have shdvat multiple deficiencies can be
tackled simultaneously using engineered plant tiagecontaining high levels of
different minerals and organic nutrients. Howevbe, impact of this progress is being
diluted by the unwillingness of politicians to skeyond immediate popular support,
favoring political expediency over controversialt potentially lifesaving decisions

based on rational scientific evidence.

6.2 Introduction

Food security depends not only on the availabitifyfood but also its nutritional
guality. Unfortunately, the poorest people in therld generally rely on a monotonous
staple diet, and since most plants are deficientarain vitamins, minerals, and
essential amino acids, a diet restricted to onenstpple will tend to be nutritionally
incomplete (Christou and Twyman, 2004; Zhu et 2007). GE strategies have been
used to tackle nutrient deficiency, with some rdmhble advances in the past two years
offering the prospect of nutritionally complete @& crops that could realistically
address malnutrition on a global scale. Unfortugatié is highly unlikely that such
crops will be adopted in the short-to medium temeduse politicians in Europe (and
developing countries in Europe’s sphere of inflegnoften pander to hyperbolic
arguments about perceived risks, while ignoringeptial benefits. In this review we
summarize some of the recent advances in the &etll briefly discuss the political
hurdles currently preventing the deployment of itiotrally enhanced crops, and how

these might be overcome.

6.3 Nutritionally enhanced crops—recent achievemeast

Recent GE strategies to increase crop yields haee highly successful (Farré et al.,
2009) but the most striking advances over the pastyears have involved plants
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engineered to produce missing nutrients or increbselevel of nutrients that are
already synthesized. An important trend is the maway from plants engineered to
produce single nutritional compounds towards theseultaneously engineered to
produce multiple nutrients, a development made iplesdy the increasing use of
multigene engineering (Naqvi et al., 2010). Seveeaknt reports have demonstrated
how multigene metabolic engineering can increaselelel of carotenoids in edible
plant tissues, including the traditional targetaoetene (pro-vitamin A, whose absence
in staple cereals is responsible for almost 500¢23@s of preventable blindness every
year (UNICEF, 2010)) and other carotenoids withcggefunctions in the human body

or generally beneficial antioxidant properties.

A combinatorial nuclear transformation method hagrbdeveloped that allows the
carotenoid synthesis pathway in corn to be disdeaead allows the production of
diverse populations of transgenic plants contaimiifigrent carotenoid profiles (Zhu et
al., 2007). The system as originally reported imedlthe transformation of a white corn
variety lacking endosperm carotenoids with five ggerirom the carotenoid pathway
(Figure 6.1) each under the control of a differendosperm-specific promoter. The
population of transgenic plants recovered in thigpraach contained random
combinations of transgenes, thus each unique canbmhad a different metabolic
potential and produced a distinct carotenoid peoflormally, the random nature of
transgene integration is considered disadvantageetesuse hundreds of lines may need
to be screened to identify one with the correctogygre and phenotype. However,
random transgene integration is an advantage snniw platform because it increases
the diversity of the population, resulting in pmith high levels of carotenoids such
as b-carotene, lutein, zeaxanthin, lycopene, atekasthin, alone or in combination.
Recently, it was demonstrated that the engineertenoid pathway could be
introgressed from a transgenic line with a high IB{/CYCE (lycopenep-cyclase to
lycopene g-cyclase) ratio (thus favoring the bcarotene branctio the genetic
background of a wildtype yellow-endosperm cornefgralso with a high LYCB:LYCE
ratio, resulting in synergistic enhancement of thetabolic bias and creating hybrid
lines producing unprecedented levels of zeaxar{@6rnug/g DW) (Naqvi et al., 2010a).
This novel strategy for combining GE and converdlorbreeding allows the
development of ‘designer’ hybrid lines with specifarotenoid profiles, and is equally

applicable to any staple crop where nutritionalioyement would be beneficial.
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Figure 6.1.Carotenoid biosynthesis in corn endosperm. Abbtens: IPP, isopentenyl
diphosphate; IPPI, isopentenyl diphosphate isoreera®MAPP, dimethylallyl

diphosphate; GGPP, geranylgeranyl diphosphate; GGRPGPP synthase; PSY,
phytoene synthase; PDS, phytoene desaturase; Zz%@rotene isomerase; ZDS, z-
carotene desaturase; CRTISO, carotenoid isomera¥€B, lycopene b-cyclase;

LYCE, lycopene e-cyclase; CYP97C, carotene e-ripgrdxylase; HYDB, b-carotene
hydroxylase.
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Diverse carotenoid profiles have also been reporteccanola seeds from plants
transformed with up to seven carotenogenic traresgéRujisawa et al., 2009). In this
study, the authors aimed for seven-gene transfaamand obtained their diversity as a
byproduct, but the advantages are the same as densenstrated in the combinatorial
corn transformation platform. Most of the canolamé contained all seven genes and
the total carotenoid content increased 30-fold,lugiag a spectrum of novel
ketocarotenoids that are not usually found in can@larotenoid levels can also be
enhanced by increasing storage capacity, as seetheincauliflower Or (orange)
mutation that induces chromoplast differentiationl #acilitates the hyperaccumulation
of B-carotene resulting in a dark orange inflorescéhaoeet al., 2006). Expression of an
Or transgene in potato tubers resulted in a 6-foldeiase in carotenoid levels by

increasing the capacity for carotenoid storage €izégt al., 2008).

There has also been recent progress with othemwita such as the expression of a
chickenGTP cyclohydrolase | gene in lettuce, which increased folate levels&grly 9-
fold (Nunes et al., 2009), the co-expression ofbidapsisp-hydroxyphenylpyruvate
dioxygenase and 2-methyl-6-phytylplastoquinol mbthpsferase in corn, which
increased/-tocopherol levels by 3-fold at the expense of gthess potent tocopherols
(Naqvi et al., 2010b), and the doubling of ascardatels in tobacco by encouraging
recycling through the expression of phosphomannaseutor GDP-D-mannose
pyrophosphorylase (Badejo et al., 2008; 2009). &dethe enhancement of individual
nutrients provides proof of principle, progress a&ots addressing micronutrient
deficiencies in the real world will only be madecent is possible to target different
nutrients at the same time. In this context, trangg corn plants simultaneously
enhanced for carotenes, folate and ascorbate growelfirst example of a nutritionally
enhanced crop targeting three entirely differentai@lic pathways, going some way
towards the goal of nutritionally complete stapteps (Nagvi et al., 2009). This was
achieved by transferring four genes into the whdten variety described above,
resulting in 407 times the normal level of b-canetg57 pg/g DW), 6.1 times the
normal level of ascorbate (106.94 pg/g DW) and éviiee normal amount of folate (200
ng/g DW).

Whereas metabolic engineering can increase thdsl@feorganic nutrients, minerals
must instead be sequestered from the environmediné@-Galera et al., 2010). One

notable recent report describes the hyperaccuroalafiiron in rice plants transformed
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with two genes, encoding nicotianamine synthasgu(red for iron transport through

the vascular system) and ferritin (which increabescapacity for iron storage) (Wirth

et al.,, 2009). Calcium levels in carrots are dodbihen the transporter sCAX1 is
expressed in the taproots, and feeding studies Bagen that the extra calcium is
bioavailable when carrots are fed to mice (Mortiale 2008). Similarly, calcium levels

increased in lettuce expressing the same trangpavitiiout detectable changes to the
organoleptic properties of lettuce leaves (Paidk.e2009).

Recent attempts to enhance the levels of essamtialo acids and very long chain
polyunsaturated fatty acids have also been suadessf example, the expression of an
RNA interference construct to inhibit the key eneymlysine-ketoglutarate
reductase/saccharophine dehydrogenase (LKR/SDéfder to increase lysine levels in
corn (Frizzi et al., 2008), and the expression iwerwort D6-desaturase, D6-elongase,
and D5-desaturase to triple arachidonic acid leaeld double eicosapentaenoic acid
levels in transgenic tobacco plants (Kajikawa et 2008). Cheng et al. (2009) also
produced high levels of eicosapentaenoic acid molkea

6.4 Benefits and risks of deployment

6.4.1 Can nutritionally enhanced GE crops reallgrione food security?

Scientific advances are occasionally oversold i@ pursuit of funding, patents or
industry investment (Twyman et al., 2009), so itfasr to ask whether GE can
realistically improve food security or whether #tlaims are exaggerated. It is clear that
the world produces enough food for its current pafoon, but poverty and poor health
prevent access to adequate nourishment (DFID, 2Gdl@m, 2008). These issues
disproportionately affect the poorest, notably sstbace farmers in developing
countries, often driving them to cities thus addingthe growing problem of urban
poverty and hunger (FAO, 2009). Any long-term stggtto address food insecurity in
the developing world must therefore tackle the wiydey problem of poverty and poor
health by increasing the level of rural employmieased income through increased
agricultural productivity (Islam, 2008; FAO, 2009he production of crops with higher
nutritional value would add to the yield improverteemade possible by GE and would
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mean that a smaller proportion of each farmer'gwoivould be needed for subsistence
and more could be sold at market, and also therddnoe a lower burden of disease
caused by malnutrition (Zhu et al., 2007). GE crpps/ide the only route to nutritional
completeness and could be a valuable component wfidar strategy including
conventional breeding and other forms of agricaltutevelopment to improve food
security now and in the future, in combination wittbtter governance, education and
healthcare, and socioeconomic policies to imprdwe welfare of the rural poor in
developing countries (FAO, 2009).

6.4.2 Are there risks to health and the environment

Although there is little doubt that GE technologgnamprove the nutritional value of
food, these benefits are offset by perceived risksealth and the environment. One of
the main challenges is that many non-scientiste laavery poor grasp of risk and often
attach unrealistic likelihoods to risks that arBnitesimal in nature. The global area of
GE crops has steadily increased over the past ad ydames, 2009) despite much
public distrust and political controversy, partey in Europe. There is no evidence for
any detriment to public health or the environmenthiose areas that have embraced GE
agriculture. Other technologies, which do have gtiable risks, are accepted with far
less protest. For example, great significance leas lattached to the near imperceptible
risks of ‘horizontal gene transfer’ from transgeplants containing antibiotic resistance
genes to pathogenic bacteria in the human gut, ealsethe much more quantifiable
risks of pesticide exposure is routinely ignoredie@ that nature teems with antibiotic-
resistant bacteria and we consume billions of tegary day without ill effects yet there
is plenty of evidence of environmental damage agalth problems caused by pesticide
use, why is there so much controversy about theofigenes that are already abundant
and harmless? Why was it necessary to invest st muthe development of politically
expedient technology to remove them? An interestiage study from the European
Union (EU) that provides insight into the reasoekibd the negative perception of GE

technology is discussed in Box 1.
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Box 1 Only bad news sells.

Data from a field trial of Bt corn in Italy perfoed in 2005 as part of what was suppo4

to be a broad popular overview of GE in Italy weegely ignored. An analysis of thp

events surrounding this phenomenon leads to ordycmmclusion—the information wa

suppressed because it showed GE in a positive (Matshall 2007). The outcomes we|

to be presented at a public meeting in 2006, batfthl field trial data were neve}

released. When it became clear that the Italianigifinof Agriculture was not going t¢

publish the trial data, a small group of determineskarchers held a press conferenc
2007 (Morandini and Defez 2007) in response to rsgvenonths of intensivg
campaigning by a coalition of over 30 groups claignto represent over 11 millio
Italians opposed to GE foods. The Italy/Europe FoE&MO (GEO) coalition, which

encompassed several Italian farming unions, cons@s&ociations, and environmengal

groups, such as Greenpeace and the Worldwide FamdNdture, had organized near
2000 separate anti-GE events and in a mock refarermllected three million signaturg

calling for a complete ban on all GE foods in Itahpurteen of Italy’s 20 regions hgd

already declared themselves GE-free even thougfetldetrial results showed that und

field conditions, MON810 corn expressing Bt toxandchelp maintain yield levels that &

28-43% higher than those of isogenic non-GE vasetfMarshall 2007; Morandini angl

Defez 2007). MONS810 corn also outperformed conwerati corn in terms of the levels (
fumonisins, toxins that are produced by fungi dblenfect plants through lesions caus
by the corn borer. MON810 corn contained 60 or feparts per billion of fumonisin
whereas non-GE varieties contained over 6000 gmatsbillion, a level unsuitable fo

human consumption under Italian and European laivhad been the MON810 varietie

that contained high levels of fungal toxins, ingref the politicians, the media and the

general public in the data would probably have betnse. But the response to theg

inconveniently positive field trial data was unrptee at best.
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Unable to find any direct evidence to prove that GBps are inherently risky
protagonists often fall back on the claim that ¢hare no long-term safety studies provihg
the absence of any harm to health from ingesting f@ifls. It was in this vein thel:

researchers at the University of Veterinary Medidin Vienna launched a feeding stufly

in mice to assess health over generations. Theoditime study was to assess the heglth

U

effects of a variety of GE corn carrying two traesgs: crylAb from Bt and th
Agrobacterium gene encoding 5-enolpyruvylshikim3dgehosphate synthase, whigh
confers tolerance to glyphosate herbicides. Alttoting authors stated that “no negatiye
effects of GE corn varieties have been reporteghanrreviewed publications”, the
wanted to assess health effects over several gemera-something that has rarely begn
studied (Sinha 2009). The study was not publishedwas it peer reviewed. Rather, the
results were announced at a press conference B @@imirov 2008). Anti-GE groupy
like Greenpeace jumped on this ‘news’ and issuepress release stating: “Forget
condoms — eat GE corn” and demanded a worldwidal®f all GE foods and cropy,
stating: “GE food appears to be acting as a badhtrol agent, potentially leading tp
infertility” (Greenpeace 2008).

The study was soon criticized to be flawed and wa&credited in the scientifig
community (Sinha 2008). These errors make it uablet for risk assessment andfor
regulatory purposes (Monsanto 2009). This studsefoee served a political rather tharnja

science-based agenda.

6.4.3 Political factors—the role of activists, thedia, the public, and politicians

The political dimension to GE crops is best exmdiras a cycle of self-reinforced
negative publicity (Figure 6.2). The media, poldits, and the public feed each other
with (mis)information, becoming more risk aversel aensationalist with each cycle.
The public are predominantly exposed to sciencautiit the mass media, which can be
a good source of information on cutting edge tetgies. However, depending on
their financial and political influence, the med&n also manipulate the public, causing
scientific controversies that are rarely about rsmee Reporting biotechnology poses
unique challenges because it is perceived as aos@msial, evolving field, and it is
difficult to produce quality news stories in an gamment where science gets attention

from activists and politicians. It is also cleaatltontroversy itself attracts attention,
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which makes biotechnology a tempting opportunity journalists good and bad.
Consumer acceptance depends directly on how mush i8 placed on the available
risk—benefit information. Some of the public catlgfuveigh potential benefits more
heavily than risks, while others form their bioteology attitudes solely on media

sound bites.

As well as deliberate manipulation, even a benigualiancan provide misinformation in
an attempt to provide ‘balanced’ coverage (i.espnéing alternative views no matter
how irrational) or by oversimplification for thertget audience so that viewpoints are
polarized into universal acceptance or rejectiora gfarticular technology, with little
room for reasoned discourse. Scientific data ierofnolded into a publication format
that allows several different types of manipulatiortake place, including suppression
of positive data by omissioB¢x 1), publication of negative data without verificatio
(and not publishing contrary evidence or retrac)pior deliberately negative framing
and labeling (e.g. ‘killer corn’). This contrasteasply with the description of novel
recombinant cancer drugs as ‘magic bullets’ andnthay- drugs’, and it is clear that
medical stories are often presented positively. ¥/&E and medicine combine, as in
transgenic plants producing pharmaceutical protdine media has been cautiously
upbeat: ‘Transgenic corn to cure HIV/AIDS (GMO Ada: transgenic corn to cure
HIV/AIDS (http://www.gmoafrica.org/2008/05/591.htjnl

It is often said that GE crops could solve Africatenger and poverty, but that, through
inadequate investment, external lobbying, and gt regulations, farmers are being
deprived of the technology and prevented from achige agricultural success

(Paarlberg, 2008; Scoones and Glover, 2009). Mdayd the European governments
and non-governmental organizations for trying tastfatheir affluent values and

precautionary sensibilities on Africa’s poor. Poldns therefore play a key role in the
eternal triangle because they listen to lobbies sspond with decisions that are
handed down to regulators. If the public do no¢ KKE they will lobby their politicians,

who will in turn order the regulators to increabe tegulatory burden. Even when the
regulators consult independent advice, the pditisiwould rather fly in the face of this
advice and impose ‘solutions’ to problems that do exist, instead of evaluating the
data properly. For this reason, the EU labors ursleth burdensome co-existence
regulations in agriculture that is becomes virpathpossible for GE farmers to plant
their crops without the risk of litigation (Ramessaal., 2010). In a misguided attempt
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to streamline the approval process for GM crop£urope, the EU is considering
allowing Member States to opt out of approvals, os® their own regulations, and
create de facto GE-free zones in Europe, in diceatradiction of their aspirations to
support innovation and develop a knowledge-baseeiconomy (Chipman, 2010).

6.4.4 What can be done to fix the negative cycle?

Where negative perception has a unique sourceoiildhbe possible to correct the
perception by providing education at the sourcejrbthe self-sustaining loop shown in
Figure 6.2 there is no single point of interventtbat will work. What is required is a

concerted and coordinated campaign to influencentieeia, politicians, and public

about scientific realities and, in particular, twrect approach to risk evaluation (Box
2). Organizations such as Sense About Sciencehvwinavide a voice for scientists and
a platform to address scientific misinformation abGE in the media (SAS, 2010), are
a step in the right direction but are often placethe position of a reactionary rather
that a proactive force in the face of sometimesrwkielming media-promulgated

ignorance and sensationalism. The negative cyeleonty be broken by education, the
exposure of myths and lies and something thatnmstl unheard of: holding the media
to the same publication standards as the sciettisysoften criticize.

Politicians

- Activism

Media

GE

Public

Current Opinion in Biotechnology

Figure 6.2. The eternal triangle of negative reinforcementdiesensationalism, fed
by propaganda from activists, misinforms the pubbout the risks of GE. The public
vote for politicians to represent their views, Beyt pressure the regulators to treat GE

more cautiously than the actual risk justifies. iists and the media then use this as
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evidence to support their claims that GE is riskigere is no room for scientists or

rational debate in this cycle.

Box 2 Political issues and potential solutions
The political issues

» Politicians have more influence on the regulatbestscientists.
* Public opinion drives political decisions more sigty than science.

* Public opinion is swayed by the media, which prefnsationalist reporting.

)

* The media responds to sensationalist activist daiather than rational scientifi
debate.
» Activists are not bound by the same rules of engeg as scientists.

Potential solutions

* Regulators should be protected from undue polificassure.

« Politicians should weigh up scientific evidence pedy, for example, through
independent bodies that have executive authority.

* There should be more effort to educate the pulblauascience.

« The media should have a duty to report accuratety should hold activists to thf
same standard of evidence as scientists.

« The EU should enforce its own regulations and sttpjfaomers wishing to grow GE
crops to the same extent as those growing conveitarganic crops.

» The regulation of GE crops should be handled instree way as drugs—once saf¢ty
has been confirmed a license should be given anmitetvag should be authorizefl
throughout the EU, without provisions to permit Mmn States to interfere fqgr

reasons of political expediency.

6.5 Conclusions

GE strategies can be used to address micronuttéficiency in both the developed and
the developing world, as recent advances in thasacd metabolic engineering and
mineral accumulation have demonstrated, partiquléibse studies simultaneously
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tackling multiple nutrients. However, this can obly achieved with the support of the
public, media, and politicians. Converting the eatrnegative reinforcement cycle into
a positive one will only be possible when theréess irrational hatred of GE, and this
can only come about with a strenuous effort to atiuthe public, politicians, and the
media about the realistic nature of risks, andiiknce between risks and benefits in

all areas of life.
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Chapter 7. General discussion

Food insecurity is defined as a lack of accessnimugh safe and nutritious food to
maintain an active and healthy life. This is cutiyerone of the world’'s greatest

challenges. Food insecurity leads to malnutritishich reflects the combined impact of
poverty, poor access to food, inefficient food wlsttion infrastructure, and an over-

reliance on subsistence agriculture based on ithdalicereal crops that lack essential
nutrients. Malnutrition is therefore endemic in d®ping countries where the lack of a
diverse diet means that many individuals are exgppésehe risk of deficiency diseases
(Pérez-Massot et al., 2012). The biofortificatidnstaple crops by genetic engineering

IS a promising strategy to increase the vitamineoinof cereal-based foods.

Several carotenoidg-{carotenegp-caroteney-carotene ang-cryptoxanthin) have pro-
vitamin A activity and are also potent antioxidatitat modulate the onset and progress
of several chronic degenerative diseases. Vitamideficiency (VAD) is a serious
health problem in developing countries where mamypte rely on cereals for most of
their nutritional calorie intake and where freshits and vegetables that are good
sources of vitamin A are in short supply or protvely expensive. Meat and dairy
sources of vitamin A primarily contain an estedfiform of retinol (retinyl palmitate)
whereas plants produce pro-vitamin A carotenoid$ sig3-carotene that are cleaved to
produce retinal directly (Harrison, 2005).

Combinatorial genetic transformation is achievedédmgineering plants with several
genes simultaneously. Using this approach, a ddvpapulation of transgenic plants
was generated, providing a means to study very mmetabolic pathways and to
modulate metabolic flux. This approach allows thedolation of independent
metabolic pathways regardless of their complexitg d facilitates partial or total
reconstruction using transgenes. The expressionuitiple transgenes is usually stable
over many generations. Combinatorial genetic t@nshtion was previously used for
the simultaneous expression of multiple caroteraynthesis genes in a white corn
inbred deficient for endosperm carotenoid synthesasulting in the creation of a
combinatorial corn plant population with high levelf B-carotene and other carotenoids
(Zhu et al.,, 2008). Five carotenogenic genes weteoduced, namelyZea mays
phytoene synthase 1 rfjpsyl), Pantoea ananatis phytoene desaturasePacrtl),

131



Chapter 7

Gentiana |utea pB-carotene hydroxylases(bch), G. lutea lycopenep-cyclase Gllych)
and Paracoccus spp.p-carotene ketolasd’aracrtW), all under the control of different
endosperm-specific promoters.

One significant challenge relating to the biofacation of cereal grains with
carotenoids is our limited understanding of howotamoid biosynthesis is regulated,
particularly in the endosperm, which is the mostrihaus component of the grain. A
number of recent studies have shown the poterdratdrotenoid fortification of corn
endosperm, either through conventional breedinfyamsgenic strategies (Harjes et al.,
2008; Zhu et al., 2008; Aluru et al., 2008; Nagwiak, 2009). Despite this progress,
much remains to be learned about carotenoid syistireshe corn endosperm and the
regulatory mechanisms that control the accumulatbrspecific carotenoids. The
combinatorial population discussed above was ugddentify and complement rate-
limiting steps in the carotenoid biosynthesis pathwso that predictive metabolic
engineering could be used to enhance carotenoalsleVhe isolation, developmental
profiling and functional characterization of cobeh cDNAs also suggested diverse
regulatory strategies that could be used to coftitiebccumulation of carotenoids in the

endosperm.

Vitamin E comprises a group of eight organic comumtsuknown as tocochromanols,
namely then, B, 6 andy isomers of tocopherol and tocotrienol. Plants eyahobacteria
can synthesize tocopherols, which probably actnéi®xadants (Munné-Bosch, 2005).
Recent studies have shown thatocopherol and also other forms of vitamin E play
important roles in human health. The principalhattiof tocopherols in humans is to
scavenge and quench reactive oxygen speniéslipid-soluble oxidative stress by-
products (Brigelius-Flohe and Traber, 1999; Bramétyal., 2000; Ricciarelli et al.,
2002). Epidemiological data suggest that a higamvih E intake (100-1000 IU per day)
reduces the risk of certain types of cancer andi@aascular disease (Bramley et al.,
2000; Aggarwal et al., 2010; Colombo, 2010; Seal.e2010) and helps to maintain the
immune system thus delaying the progression of egdive diseases (Traber and Sies,
1996). More recently, consumer and media atterftemnfocused on the role of vitamin
E on cell membrane protection in the skin, and tisaability ofa-tocopherol to reduce
age-dependent increases in collagenase activigcigelli et al., 1999). The ability of

vitamin E to prevent lipid peroxidation by free i@ls and the anti-inflammatory
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activity of y-tocopherol have also been documented (Chiu and&lir2003; Jiang and
Ames, 2003; Jiang et al., 2000; 2001).

Plants provide the primary source of dietary vitamik for humans but the
tocochromanol content and composition varies betwggecies and tissues. A high
level of y-tocopherol is present in oilseeds (Grusak andadpelina, 1999) but only low
levels are found in cereal grains. The biofortifimatof important crop species such as
rice offers a sustainable alternative to vitamiaupplementation, which in turn will be

beneficial to human health (Ajjawi and ShintaniQ2)

The isolation of genes involved in tocochromanobsinthesis has helped to
characterize the pathway and to provide new insighto the regulatory relationships
among the enzymes. Metabolic engineering has besed guccessfully to alter the
levels of total and specific tocochromanols in agtigal crops, with a positive impact

on nutrition and health (Farré et al., 2012).

Genetically engineered (GE) crops have a remarkadlential to tackle some of the
world’s most challenging socioeconomic problemsluding hunger, malnutrition,
disease and poverty. These are more prevalent, embrenched and more intractable in
the developing world than in the industrializediora$ (Christou and Twyman, 2004).
However, this potential will not be realized if thejor barriers to adoption — which are
political rather than technical — are not overcoRegulatory harmonization would help
to remove artificial trade barriers, accelerate t#moption of GE crops, foster
technology transfer and protect developing coustrieom exploitation, instilling
confidence and bringing the benefits of GE produotgshe consumer (Farré et al.,
2010). Although the socioeconomic benefits of tgmmsc plants are quite clear,
deployment is currently blocked by illogical regoly frameworks because developing
countries often base their regulations on modeatsnfthe US and EU, which are
fundamentally distinct (Ramessar et al., 2008). Ekkregulatory system focuses on
the production process rather than the end-prodectexactly the same plants can be
regulated differently according to how they areduwed. In contrast, the US system
focuses on the product and seeks to determine etigtis equivalent in terms of safety
to its conventional counterpart. Another differemcéhat the EU system is based on the
precautionary approach, which essentially meansatl@E crop is not approved unless
the absence of risk can be demonstrated. It is $8ipke to prove that a risk is zero (as

opposed to vanishingly small) so this creates tat#fe moratorium on GE agriculture
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in Europe. What is needed is a global, harmonizsgpllatory system that is flexible
enough to adapt to regional differences as weltlifisrent platforms and products,
while showing due respect for science-based riskessnent and the concerns of all
stakeholders. The main problem is the politicizatiof biosafety assessments.
Politicians interfere inappropriately in the EU apal process for GE crops which
leads to protectionism and it makes difficult teeese transgenic crops for humanitarian
purposes (Herring, 2008). Consequently, many deusdocountries have followed the
EU and banned GE products. This will definitelyadethe deployment of nutritionally-
improved GE crops in other developing countriesgmhthey are needed the most
(Ramaswami, 2007). All regulations delay the deplegt of nutritionally enhanced GE
varieties, not because regulation itself is un@éder but because the assessment process
in the EU is influenced by political interferenceveén by uniformed public opinion and
pressure from certain interest groups (Apel, 20%@yeral reports provide evidence that
the current regulatory systems are sufficient tiecteand assess the safety of GE crops
in terms of unanticipated effects where major metialpathways have been engineered
(International Life Sciences Institute, 2004a; 2002008).

Negative public perception and media campaignsaaother barrier to adoption. This
negative and self-fulfilling cycle of oppressivegudation can only be broken by
switching from risk assessment to risk-benefit wsial for the regulation of
nutritionally-enhanced crops (Melo-Martin and Megh&008; Ramessar et al., 2009).
The regulatory framework needs to be built arouidi scientific facts rather than what
in some cases appear to be nothing but wild gueksava scaremongering. This could
be achieved by the establishment of a global fouowavith the power to modify
regulations based upon scientific principles andiglines to address all sectors of the

food chain in a way that would maximize the netdfies of the global food system.
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Chapter 8. Conclusions

. Zmpsy1 transcripts are not present in wild type M37W cendosperm but low
levels of Zmpsy2 mRNA were detected suggesting that the residuaiteaoid
content of the endosperm probably reflects theviiigtof PSY2. This confirms
that PSY1 rather than PSY2 is the key enzyme resplenfor carotenoid
accumulation in corn endosperm.

. A second rate-limiting step in the maize carotergathway is the conversion of
phytoene to lycopene, catalyzed by endogenous utasas and isomerases.
This step appears to be subject to feedback regulaecause the endogenous
genes are modulated by the introduction of transgeacting later in the
pathway.

. LYCB is also a rate-limiting enzyme in the M37W esderm reflecting the
insufficient conversion of lycopene infecarotene.

. The conversion of adonixanthin to astaxanthinHayacrtW is an important
limiting step for astaxanthin biosynthesis. Avomgliadonixanthin accumulation
by introducingParacrtW is therefore crucial for the heterologous producof
astaxanthin in transgenic corn endosperm.

. The accumulation profiles of individual carotenoidscorn endosperm indicate
that although carotenoid synthesis begins at tmkeststages of endosperm
development and their levels depend on end praieetmulation.

. Two clonedbch cDNAs encoding the corn carotenogenic enzymes B@&htl
BCH2 were shown to be highly conserved in sequesxgaression and activity,
but there exhibited subtle differences hinting Bbeirt divergent roles in
carotenoid biosynthesis that may be useful fordimeelopment of more refined

strategies to biofortify staple crops.

. Transgenic rice plants expressing the Arabidop?D gene confirmed that
HPPD is not a rate-limiting enzyme in tocochromasithesis but that altering
the flux disrupts the balance further along thehwaty and changes the
metabolic tipping points at pathway branches arttldsecks.

. GE strategies can be used to address micronuttéditiency in both developed

and developing countries, as recent advances in atieas of metabolic
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engineering have demonstrated, particularly thes&ling multiple nutrients

simultaneously.

Deployment of GE crops can only be achieved with sbpport of the public,

media and politicians. Changing the current negatéinforcement cycle into a
positive one will only be possible when there ssl@rational opposition to GE,
and this can only come about with a strenuous tetforeducate the public,
politicians and the media about the realistic reataf risks, and the balance

between risks and benefits in all areas of life.
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Abstract

Vitamin E is a group of eight, lipid-soluble moléesi known as tocochromanols,
featuring a conserved head group and an aliphate chain. They are produced by
plants and some cyanobacteria, and act as freeatasitavengers in mammals to
prevent lipid oxidation. The different isomers oftamin E can be classed as
tocopherols or tocotrienols depending on the chahuonformation of the side chain.
The natural isomen-tocopherol (RRRxtocopherol) is more active than synthetic
vitamin E, making it the most effective naturalrfoof the vitamin. The composition of
vitamin E differs widely among plant species andet&s, and many crops have been
bred or engineered to increase their vitamin E I&even the review, we discuss
strategies to increase vitamin E levels and dftervitamin E composition in plants, and

present case studies that demonstrate the imp#uotsd strategies in different crops.
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1. Introduction

Vitamin E is a group of eight structurally-relatetblecules known as tocochromanols
(or tocols) comprising four tocopherols and fowdisienols [1]. These are amphipathic
molecules, consisting of a chromanol head group wite, two or three methyl groups
arranged in different configurations (forming tie3, y ands forms) and an isoprenoid
side chain. Tocopherols have a saturated phytgl echin whereas tocotrienols have an
unsaturated geranylgeranyl side chdtig(re 1). The eight tocochromanols vary in
their vitamin E activityin vivo. All eight isomers (also known as vitamers) can be
absorbed equally by the human gut [2] but the hepatocopherol transfer proteirm{
TTP) preferentially retains-tocopherol, making this the most nutritionally walble
form of vitamin E [3]. Naturab-tocopherol is 1.5 fold more active than synthetic
tocopherol [4-7] because it is a single stereoisoifiRRR-u-tocopherol or dx-
tocopherol) whereas synthetictocopherol is a racemic mixture of eight different
stereoisomers, reflecting the presence of threemtenters in the molecule [8]. The
vitamin E activity of 1 mg of chemically synthesikzell-racemica-tocopherol is
defined as 1 international unit (IU), which is ealent to 0.45 mg of natural RRir-
tocopherol. Humans and many animals are unableyrithasize tocochromanols de
novo and must obtain them from their diet. The dladl Institutes of Health (NIH) have
suggested a dietary reference intake (DRI) of 19dmg of naturala-tocopherol
(http://www.iom.edu/Reports/2006/Dietary-Referemetkes-Essential-Guide-

Nutrient-Requirements.aspx).

The nutritional value of vitamin E was first recazgd in 1922 [9], and the principal
activity of tocopherols in humans is to scavenge guench reactive oxygen speaesl
lipid-soluble oxidative stress by-products [5-6].1Bpidemiological data suggest that a
high vitamin E intake (100-1000 IU per day) reduttesrisk of certain types of cancer
and cardiovascular disease [6], and helps to maith@ immune system thus delaying
the progression of degenerative diseases [2]. Meoently, consumer and media
attention has focused on the role of vitamin E kim €ellular membrane protection.
The protective role of vitamin E against lipid pedation by free radicals and the anti-
inflammatory activity ofy-tocopherol have been documented [11-X4Jlocopherol
protects against skin aging by reducing the agem@gnt increase of collagenase
activity [15] and tocotrienols play a role in theepention of a number of diseases [16-
18].



Tocochromanols are synthesized by plants and othyrgenic photosynthetic
organisms. The presence of higher levelsadbcopherols in photosynthetic tissues
suggests it may protect the photosynthetic appsragainst oxidative stress and lipid
peroxidation. The accumulation ¢ftocopherol in seeds is thought to help prevent the
auto-oxidation of polyunsaturated fatty acids [19Qther possible functions of
tocochromanols in plants include the regulatiorm&mbrane fluidity and intracellular

signaling [20, 21].

2. Vitamin E deficiency

Vegetable oils, nuts and green leafy vegetablesharenajor sources of vitamin E [22].
Vitamin E deficiency is uncommon in developed cost where most people have
access to a varied diet, and tends to be causker dify fat malabsorption or, more
rarely, a heritable defect of liver metabolism [28jtamin E deficiency is much more
common in the developing world where many peoplesisi on monotonous cereal-

based diets and lack access to fresh fruits anetablgs [23].

The symptoms of vitamin E deficiency reflect thedmf its protective effects on fatty
acids, low-density lipoproteins (LDLs) and othemngmnents of cell membranes [24].
This is particularly important in red blood celladaneurons because they are more
vulnerable to free-radical damage, so severe wtafi deficiency manifests as
hemolytic anemia and neurological disorders. Thgree of hemolysis caused by
vitamin E deficiency in humans also depends on dbe, availability of other
antioxidants, oxidative stress levels and the abnoé of polyunsaturated fatty acids
(PUFAS) [24]. Progressive ataxia is more rapid nfamts and young children with
malabsorption from birth than in adults, suggestima the normal development of the
nervous system depends on an adequate supplhaafivite [25,26]. The first symptom
of vitamin E deficiency is usually peripheral nepathy with degeneration of large-
caliber axons in sensory neurons [26,27]. Vitamial&o influences T-cell signaling,
which increases the percentage of old CD4+ cel$ ¢hn form an effective immune

synapse [28].

Vitamin E deficiency is diagnosed by measuring tago of plasmaon-tocopherol to
total plasma lipids, a low ratio suggesting inadggguntake. Treatment consists of oral

vitamin E supplement€arly, high-dose supplements can achieve compéstalution



of deficiency symptoms and avoid further clinicaamifestations such as cardiac
arrhythmia, blindness and demeriQ].

3. Diversity of vitamin E composition in plants

The overall vitamin E content and vitamer compositdiffers widely among different
plant species (Table 1). The predominant form ¢&nain E in the green leaves of
higher plants isu-tocopherol [30], whereag-tocopherol tends to be the major form
found in the seeds of dicotyledonous plants [31e8®] tocotrienols are more abundant
in the seeds of monocotyledonous plants such as barley, wheat, palm and oat [33-
37]. The variation in vitamin E composition in @fént plants reflects the expression,
activity and substrate specificities of differenhzgmes in the tocochromanol
biosynthesis pathway [32].

4. Tocochromanol biosynthesis in plants

The tocochromanol biosynthesis pathway in highentsl was characterized in the
1980s by carrying out a series of radiotracer ssfi38]. Precursors are derived from
the shikimate and methylerythritol phosphate (MiBRhways. The shikimate pathway
produces homogentisic acid (HGA) which contributeshe chromanol head group,
whereas the MEP pathway contributes to the sidm¢B8]. The first committed step in
tocochromanol biosynthesis is the conversiop-bf/droxyphenylpyruvic acid (HPP) to
HGA by p-hydroxyphenylpyruvic acid dioxygenase (HPPD), act®n that takes place
in the cytosol Figure 2). HGA is then imported into the plastids and ptated with
phytyldiphosphate (PDP) to produce the tocophemtermediate 2-methyl-6-
phytylbenzoquinone (MPBQ) or with geranylgeranyptthsphate (GGDP) to produce
the tocotrienol intermediate 2-methyl-6-geranylggthenzoquinone (MGGBQ) [40].

Tocopherol biosynthesis requires the enzymes hontisgée phytyltransferase (HPT),
MPBQ methyltransferase (MPBQ-MT), tocopherol cyeladl'C) and y-tocopherol
methyltransferasey{TMT), all of which are associated with the chldiesgt envelope.
The first reaction is the prenylation of HGA witlDP to generate MPBQ, which is
catalyzed by HPT [21, 41MPBQ is a substrate for MPBQ-MT, which adds a sdcon
methyl group to form 2,3-dimethyl-5-phytyl-1,4-b@wginone (DMPBQ). MPBQ and
DMPBQ are both substrates of TC, producidgocopherol andy-tocopherol,



respectively [38]. Both thé andy forms of tocopherol can be methylatedysyMT to
produce- anda-tocopherol, respectively [42, 43].

Analogous steps are required to synthesize tooatse In this case HGA is prenylated
with GGPP (catalyzed by homogentisate geranylggitnahsferase, HGGT) and the
resulting intermediate MGGBQ is a substrate for MEEL methyltransferase
(MGGBQ-MT) to generate 2,3-dimethyl-5-gernaylgeyhdl,4-benzoquinone
(DMGGBQ). MGGBQ and DMGGBQ are substrates for T@duwcing 6- and y-
tocotrienol, respectively [28], and these are miatled byy-TMT to producef- anda-

tocotrienol, respectively [42, 43].

5. Enhancing vitamin E levels in plants

5.1 Conventional breeding and mutation analysis

As stated above, both the quantity and compositibtocochromanols differ among
plant species and varieties, e.g. maize breedmes Inaturally contain much moye
tocopherol tharu-tocopherol, whereas-tocopherol is the most abundant vitamer in
broccoli [44, 45]. Germplasm such as the L2027, 1L2022-11sh2 and 1L451bSul
maize lines and the ‘Pirate’, ‘Marathon’ and ‘Bascocommercial broccoli lines can be

used to enhance tocopherol levels [45].

Conventional breeding can be used for the progresslection of quantitative trait loci
(QTLs) that increase-tocopherol levels, but this is a slow and labosiqurocess.
However, mutants and polymorphisms affecting vitafailevels and composition are
useful tools for vitamin E research, either as sidoor complementation studies or as a
starting point for further improvement using bidteology. As an example, soybean
seeds have yielded four QTLs associated witbcopherol levels, eight associated with
y-tocopherol levels, four associated witHiocopherol levels and five influencing the

total vitamin E content [46].

To address the functions of tocopherols in plaatsseries of tocopherol-deficient
Arabidopsis mutants has been isolated and chaizedef20]. Disruption of th&/TE1
locus (encoding TC), resulted in the replacemenibobpherols with the intermediate
DMPBQ, whereas disruption of thealE2 locus (encoding HPT) eliminated tocopherols
without the accumulation of pathway intermediatég, [48]. Mutations at th&TE4

locus (encoding-TMT) accumulated high levels gftocopherol at the expense of



tocopherol. In the null mutantte4-1, a-tocopherol was replaced hytocopherol but
this was still able to protect the photosynthepparatus from oxidative stress [49].
Mutations at theVTE3 locus (encoding MPBQ-MT) accumulatéetocopherol at the

expense of-tocopherol in seeds [50].
5.2 Genetic engineering

Plants can be engineered to accumulate highersleselvitamin E by introducing
transgenes that encode enzymes involved in tocowmol synthesis. Improvements
can be achieved either by increasing the total dm@nanol content or skewing

tocochromanol synthesis towareocopherol.

The introduction of single or multiple enzymes daglp to relieve bottlenecks and
increase total vitamin E levels. For example, a-tald increase in tocopherol levels
was achieved in canola seeds by expressindgtivenia herbicola TYRA gene, which
encodes chorismate mutase-prephenate dehydrogemakes responsible for the
synthesis of HPP from prephenate [41]. In contiamtstitutive expression of the barley
hppd gene in tobacco leaves has no effect on tocoplerels [38]. Arabidopsis leaves
expressing an Arabidopsi$PT1 transgene accumulated 458,859 dry weight (DW)
of total tocopherols, a 4.4-fold increase over viypge levels [51]. The simultaneous
expression oErwinia herbicola TYRA, ArabidopsiHPPD andSynechocystis sppVTE2

(HPT)in canolaseeds resulted in a three-fold increase in totaldoromanols [41].

A number of different approaches have been usedntwmlulate the vitamin E
composition of transgenic plants. For example, tverexpression of MPBQ-MT
diverts flux towards the-branch at the expense of thdranch, because MPBQ-MT
converts MPBQ to DMPBQ, which later can be conwkttar-tocopherol via TC ang
TMT. The impact of Arabidopsi¥TE3 and VTE4 expression in soybean seeds, alone
and in combination, has also been investigated. [bBg expression oY/TE3 alone
(under the control of the napin promoter) increatexl total tocopherol content only
marginally, but it caused the preferential accuroiaof y-tocopherol (75-85% of total
tocopherols) indicating that flux was diverted itie a-branch of the pathway and that
the inefficient conversion of- to a-tocopherol byy-TMT (VTE4) was the rate-limiting
step [52]. In maize, the combination of HPPD andB@"MT caused a three-fold
increase iny-tocopherol levels (to 9.pg/g DW) without changing the total tocopherol

content, again showing that flux was directed thi®a-branch but was blocked by low



v-TMT activity, forcing the accumulation oftocopherol [53]. In rice, expression of
AtHPPD alone did not alter the:y ratio in the tocotrienol branch neither overall
tocopherol levels; however the tocophexol ratio increased significantly, resulting in
higher amounts odi-tocopherol in rice grains (1.4-fold at the expente-tocopherol)
[54].

The constitutive expression fTMT (VTE4) alone resulted in the accumulation of
100%a- andp-tocopherol in soybean seeds [50], but expressiaieuthe control of the
vicilin promoter resulted in a 41-fold increase drtocopherol levels in seeds [55].
Combining bothVTE3 and VTE4 in soybean resulted in an eight-fold increase-in
tocopherol levels, and-tocopherol was the main tocochromanol vitamerhie $eeds
[50].

By combining the above strategies, it is possibléntrease overall tocopherol levels
and skew the content towards the accumulatiantotopherol. In } transgenic lettuce
plants, a six-fold increase in the total tocopheaitent was achieved (up to 42.67
fresh weight) by the constitutive expression of Bdapsis HPT and VTE4, also

resulting in a six-fold increase in théy ratio [56].

The success of the above approaches dependedIpatotine expression of functional
enzymes, but also on factors such as promoter ehama transgene origin [57-59].
Most transgenic plants with enhanced vitamin E IeVeve been engineered with
transgenes under the control of seed-specific prers@.g. the canola napin promoter,
the soybean 7Sand vicilin promoters, and tHeaucus carota DC3RQ promoter, but
constitutive promoters such as t@auliflower mosaic virus 35S (CaMV 35S) and
maize ubiquitin-1 bil) promoters have also been used. Appropriate prmot
selection contributes to the higher vitamin E levathieved in transgenic plants, e.g.
the expression of ArabidopsidPPD under the control of the DC3R promoter in
Arabidopsis seeds achieved a 1.3-fold increaséentdtal tocopherol content (to 528
ug/g) compared to 1.1-fold (398y/g) using the CaMV 35S promoter [58]. Transgenic
soybean lines expressing HGGT under seed-spediite (globulin promoter) or
constitutive (CaMV35S promoter) manner were gemeraSeed-specific expression
resulted in a 2-fold higher tocotrienol content,endas constitutive expression resulted
in a 20% highey-tocopherol content [59]. The transgene origin rhaye a significant

impact on tocochromanol content because enzymesdifierent species have different



intrinsic levels of activity, and codon usage mégoaaffect the efficiency of protein
synthesis. For example, the maizel gene expressed in canola under the control of the
napin promoter achieved a 1.55-fold increase ial ttwcochromanols (to 1158g/g
seed oil) compared to the 1.36-fold increase aeliaysing the Arabidopsis ortholog
VTEL (1018ug/qg) [60].

6. Conclusions and future prospects

Vitamin E is an essential nutrient for humans, aftdough many plants provide rich
sources of vitamin E there is still widespreadaeficy in developing countries because
only low levels of tocochromanols are present apka cereal grains. This has promoted
research into the development of staple crops esanced vitamin E levels, a goal
that can be achieved by both conventional breedind genetic engineering or a
combination of approaches. Over the last few yeaus,understanding of the genetic,
molecular and biochemical aspects of tocopheroth®gis has increased significantly,
resulting in targeted strategies to improve vitarginevels in plants based on our
knowledge of the corresponding metabolic pathwa@].[4Although conventional
breeding can accomplish moderate improvements ovany generations, genetic
engineering remains the only approach that caresehsubstantial increases in vitamin
E levels over a short timescale using local elitéivars, and the only approach that
allows nutritional crops engineered to accumulatiergnt vitamins and minerals to be
combined. More detailed studies are required toremddvitamin E deficiency in
developing countries, i.e. by seeking additionahege variation for conventional
breeding strategies, and novel sources of enzymeépmmoters to increase metabolic
flux towards the most potent vitamin E vitamersgeyetic engineering. A combination
of these approaches will help to provide sustamaibitrition for those most at risk of
micronutrient deficiency, and will therefore hetpiinprove global food security, health

and welfare.
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Plant and organ

Total tocophero

fercenui-tocopherol

Percent others and major type

(g/g fresh (T = tocopherols, T3 =
weight) tocotrienols)
Potato (tuber) 0.7 90 109 B-T
Rice (seed) 17 18 30%-T3, 30% y-T3, 18% y-T
Lettuce (leaf) 7 55 45% T
Spinach (leaf) 30 63 59T, 33%05-T
Arabidopsis (leaf) 10-20 90 109%6T
Arabidopsis (seed) 200-300 0 9594, 5% o-T
Sunflower (seed 700 96 4%y, B-T
oil)
Maize (seed oil) 1000 20 T09T, 7%06-T
Soybean (seed oil) 1200 7 7084, 22%05-T
Broccoli (flower 1.7 78.5 19.3 %-T, 2.2 %5-T
head)
Palm oil 1200 23 26.6 %T, 24%y-T3, 11.60-T3
Barley (dry seed) 15.5 (dry weight) 11-19 42%—68%3, 10 %—22%-T3,
7%—20%B-T3
Wheat (germ oil) = 2700 47 25@6T, 10%y-T, 7%p-T3

Table 1: Tocopherol levels and compositions in selectedtgiasues and oils [31, 36-

37, 61-62].




Species Genes (origin) Promoter | Vitamin E levels and Reference
composition in transgenic
plants

Hgat (barley) | Embryo- | >344,57ug /g DW in seeds|63
specific (6-fold)

Corn HPPD and Corn Ubi-1 | 9.5ug/g DWy-tocopherol in|53

VTE3 seeds (3-fold)

(Arabidopsis)

VTE4 CaMV 35S | Improved/y tocopherol 64

(Arabidopsis) ratio 0.4-544 (wild type =
0.6-1.2)

VTE2 CaMV 35S | 40.41g/g FW total 56

(Arabidopsis) tocopherol (5.7-fold) 0.46
a/y ratio no changes

VTE4 CaMV 35S | 12.44.g/g FW total

(Arabidopsis) tocopherol (1.75-fold) 9.19
a/y ratio (20-fold)

Lettuce

VTE2 and CaMV 35S | 64.5mg/g FW total

VTE4 tocopherol (9-fold) 8.34/y

(Arabidopsis) ratio (18.5-fold)

Vte2 (Lettuce) |CaMV 35S | 17.770g/g FW total 65
tocopherol in leaves
(2.6-fold ofa- andy-
tocopherol) in leaves
Tocotrienols and other
tocopherols were negligible

VTE4 CaMV 35S | 609.7g/g total tocopherol |66

Mustard

(Arabidopsis)

in seeds (1.07-fold)




367.6ug/g a-tocopherol in
seeds (6-fold)

79.08ug/g B-tocopherol in
seeds (1.63-fold)

211.5ug/gy-tocopherol in
seeds (41% decrease)

31.3ug/g é-tocopherol in

seeds (21% decrease)

Canola

HPPD
(Arabidopsis)

DC3Q

819ug/g total
tocochromanol in seed oil
(1.2-fold)

183 ug/g a-tocochromanol in
seeds (1.07-fold)

606 ug/g y-tocochromanol in
seeds (1.24-fold)

16.7ug/g 6-tocochromanol
in seeds (1.67-fold)

HPPD, HPT1
andVTEl
(Arabidopsis)

DC3Q
(HPD),
napin
(HPTZ,
VTEL)

1850ug/g total
tocochromanol in seed (2-
fold)

610ug/g a-tocopherol in
seed (1.74-fold)

1010ug/g y-tocopherol in
seed (2.5-fold)

163 ug/g 6-tocopherol in
seed (14.8-fold)

67

TYRA (E.

herbicola)

napin

540ug/g total
tocochromanols in seeds (2
fold)

41




TYRA (E. Arc 829ug/g total

herbicola), (common tocochromanols in seeds (3-

HPPD bean fold)

(Arabidopsis), |arcelin-5),

VTE2 7o

(Synechocystis

spp)

VTEL Napin 1018ug/g total 60

(Arabidopsis) tocochromanols in seed oil
(1.36-fold)
436 ug/g a-tocochromanol in
seed (1.4-fold)
510ug/gy-tocochromanol in
seed (1.22-fold)
36 ng/g é-tocochromanol in
seed (3.6-fold)

vtel (corn) 1159ug9/g total
tocochromanols in seed oil
(1.55-fold)
386 ug/g a-tocochromanol in
seed (1.24-fold)
720pg/gy-tocochromanol in
seed (1.73-fold)
32 ug/g é-tocochromanol in
seed (3.2-fold)

Soybean

tyrA (E. Arc, 7S 4806u9/g total 50

herbicola), tocochromanols in seeds

HPPD, VTE2 (15-fold)

andGGH 94% tocotrienols

(Arabidopsis)

slight reduction in total




tocopherols

VTE3
(Arabidopsis)

7Su

329ug/g total tocopherols ir

seeds
10-20%a-tocopherol
0-1.9%p-tocopherol
75-85%% y-tocopherol

11%»-tocopherol

VTE4
(Arabidopsis)

7Su

321 ug/g total tocopherols in
seeds

75% a-tocopherol
2-28%3-tocopherol
15-79% y-tocopherol

0-28%®-tocopherol

VTES3 and
VTE4
(Arabidopsis)

7So

320ug/g total tocopherols in

seeds

60-91%a-tocopherol (8-
fold)

no charges-tocopherol,
4.3-26.9%y-tocopherol

1-10%é-tocopherol

50

Vied (Perilla

frutescens)

Vicilin

193.61pg/g FWa-
tocopherol in seeds (10.4-
fold)

68

23.96ug/g FW-tocopherol
(14.9-fold)

y- ands- tocopherol levels




negligible

Vted (P.

frutescens)

Vicilin

656 ug/g a-tocopherol in
seed (41-fold)

208 ug/g B-tocopherol (1.23-
fold)

marginal change if- anda-
tocopherol

55

Hppt (Oryza
sativa)

Rice

globulin

184.4-217.1ug/g DW total
tocochromanol in seeds
(1.3-fold)

177.5- 209.3u9/g

tocopherols

6.1-7.8ug/g tocotrienols

CaMV 35S

186.4-217.1ug/g DW total
tocochromanol in seeds
(1.3-fold)

184.5- 215.519/g
tocopherols

1.5-1.9ug/g tocotrienols

59

Arabidopsis

VTE4
(Arabidopsis)

DC3(carrot)

360.6ug/g total tocopherol

(no differences)

342 ug/g a-tocopherol in
seeds (86-fold; 95.1% of
total tocopherols)

52

Reductions iry-tocopherol
(from 96.9% to 3.9%) andt
tocopherol (from 2.18% to
0%)




(from 0% to 1%)

398ug/g total tocopherol 58
CaMV 35S .
content in seeds (1.1-fold)
HPPD
(Arabidopsis) 528ug/g total tocopherol in
DC3 seeds (1.3-fold)
473ug/g DW total 51
tocopherol in leaves (4.4-
fold; mainlya-tocopherols)
VIE CaMV35S
a
(Arabidopsis) 555.62ug/g DW total
tocopherol in seeds (40%
increase; mainly-
tocopherol)
VTE2 _ 926 ug/g total tocopherol in
. . Napin 69
(Arabidopsis) seeds (2-fold)
TYRA (E. Arabidopsis | 67 ug/g DW total 70
uredovora) histone tocotrienols in leaves (1.3-
H4748 fold)
14.3 pg/g DW-tocotrienol
in leaves
TYRA (E. Arabidopsis | 551 ug/g DW total
Tobacco uredovora) histone tocotrienols content in leaves
HPPD H4748 (10-fold)
(Arabidopsis) 412.3 pg/g DWu-tocotrienol
in leaves
No change in tocopherol
content
Hppd (barley) | CaMV 35S | 58g/g FWy-tocotrienol in | 38




seeds (2-fold)

50 ng/g FWy-tocopherol in
seeds (2-fold)

Vte2 (apple) |CaMV 35S | 4.5u9/g FWa-tocopherol in |71

Tomato )
fruits (1.7-fold)
HPPD Corn Ubi-1 |a/y tocopherol ratio 54
(Arabidopsis) increased 1.7-fold
Rice 6.00ug/g DW a-tocopherol

in seeds (1.4-fold)

Table 2: Vitamin E enhancement by genetic engineering. DWWy=weight; FW = fresh
weight.
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shift tocopherol synthesis from the y to the a isoform without increasing absolute
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Abstract We generated transgenic rice plants over-
expressing Arabidopsis thaliana p-hydroxyphenylpy-
ruvate dioxygenase (HPPD), which catalyzes the first
committed step in vitamin E biosynthesis. Transgenic
grains accumulated marginally higher levels of total
tocochromanols than controls, reflecting a small
increase in absolute tocotrienol synthesis (but no
change in the relative abundance of the « and 7y
isoforms). In contrast, there was no change in the
absolute tocopherol level, but a significant shift from
the y to the o isoform. These data confirm HPPD is not
rate limiting, and that increasing flux through the early
pathway reveals downstream bottlenecks that act as
metabolic tipping points.
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Introduction

Vitamin E is an essential plant-derived nutrient in the
human diet that comes in eight structurally-related
forms known as tocochromanols (Fig. 1). The chro-
manol head group can be joined to a saturated phytyl
side chain to form tocopherol, or to an unsaturated
geranylgeranyl side chain to form tocotrienol. The
head group can then be methylated in different
configurations, resulting in four alternative forms
(a, B, y and 0). Although all eight vitamers are
absorbed in humans, the hepatic a-tocopherol transfer
protein (o-TTP) preferentially retains o-tocopherol
making this the most active form of vitamin E in the
human diet (Traber and Arai 1999).

Plants synthesize tocochromanols to protect the
photosynthetic apparatus against reactive oxygen
species and prevent lipid peroxidation, with y-tocoph-
erol playing a particularly important role in preventing
the auto-oxidation of polyunsaturated fatty acids in
seeds (Munné-Bosch and Alegre 2002). Plants there-
fore provide an excellent dietary source of vitamin E,
which is thought to reduce the risk of cancer,
cardiovascular disease and neurodegenerative disor-
ders in humans by scavenging reactive oxygen species
and lipid-soluble oxidative stress by-products (Bram-
ley et al. 2000).
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Fig. 1 Vitamin E synthesis in plants. Tocochromanols are
synthesized on the inner chloroplast membrane from precursors
derived from the shikimate and methylerythritol phosphate
(MEP) pathways. The shikimate pathway contributes the head-
group precursor homogentisic acid (HGA), whereas the MEP
pathway gives rise to the side-chain precursors phytyldiphos-
phate (PDP) and geranylgeranyldiphosphate (GGDP). The first
committed step in the reaction is the cytosolic conversion of
p-hydroxyphenylpyruvic acid (HPP) to HGA by p-hydroxy-
phenylpyruvic acid dioxygenase (HPPD). HGA is then preny-
lated with either PDP or GGDP to produce the intermediates
2-methyl-6-phytyl benzoquinone (MPBQ) and 2-methyl-6-
geranylgeranylplastoquinol (MGGBQ). A second methyl group
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is added by MPBQ methyltransferase (MPBQ-MT) in the
tocopherol branch and MGGBQ methyltransferase (MGGBQ-
MT) in the tocotrienol branch, producing the intermediates
3-dimethyl-5-phytyl-1,4-benzoquinone (DMPBQ) and 2-dimethyl-
6-geranylgeranylbenzoquinol (DMGGBQ). All four of these
intermediates are substrates for tocopherol cyclase (TC), which
produces ¢ and y tocopherols and tocotrienols. Finally, y-tocopherol
methyltransferase ()-TMT) catalyzes a second ring methylation to
yield o and f§ tocopherols and tocotrienols. Other abbreviations:
HPT homogentisate phytyltransferase, HGGT homogentisate
geranylgeranyl transferase, GGDR geranylgeranyl diphosphate
reductase
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There is considerable variation in both the absolute
and relative tocochromanol levels in different plant
species and tissues, suggesting the pathway can be
modulated by genetic engineering to increase the
nutritional value of plants with low levels of vitamin
E. We generated transgenic rice plants constitutively
expressing the Arabidopsis thaliana PDSI gene
(encoding HPPD) to determine whether increasing
flux through the common, early part of the pathway
had any impact on overall tocochromanol levels and/
or the relative levels of the different vitamers.
We observed only a marginal increase in absolute
tocochromanol levels in the transgenic grains, mainly
due to the slightly higher tocotrienol content. How-
ever, the overall vitamin E activity of the grains
increased significantly due to a marked shift from the 7y
to the o isoform in the tocopherol pathway. Our data
indicate that even though HPPD might not be an
appropriate target for vitamin E enhancement in rice, it
is still a noteworthy target in vitamin E biofortification
programs due to its capacity to enhance the absolute
levels of o-tocopherol at the expense of the less
nutritionally important y isoform.

Materials and methods
Cloning and vector construction

Arabidopsis thaliana PDS1 cDNA (encoding HPPD)
was cloned by RT-PCR using forward primer 5'-AGG
ATC CTC AAT GGG CCA CCA AAA CGC CGC
CG-3’ and reverse primer 5-AAG CTT CAT CCC
ACT AAC TGT TTG GCT TC-3’ based on GenBank
sequence data (accession numbers AF000228 and
AF104220). The products were transferred to pGEM®-
T (Promega, Madison, WI, USA) for sequencing and
then to pAL76, containing the constitutive maize ubiq-
uitin 1 (Ubi-1) promoter and first intron, and the
nopaline synthase terminator, for expression in plants.

Rice transformation and verification of transgenic
plants

Mature rice embryos (Oryza sativa L. cv EYI 105)
were excised and cultured for 7 days and then
transformed by particle bombardment as previously
described (Sudhakar et al. 1998; Christou et al. 1991)
using a 3:1 molar ratio of pAL76-PDS1 and a plasmid

containing the hygromycin phosphotransferase (hpr)
selectable marker (Sudhakar et al. 1998). Independent
transgenic lines were recovered from callus regener-
ated on selection medium and were tested along with
non-transformed control plants cultivated in parallel.
Transgenic plants were verified by PCR using 100 ng
leaf genomic DNA, the primers described above and
0.5 units of GoTaq® DNA polymerase (Promega,
Madison, WI). Reactions were heated to 95°C for
3 min, followed by 30 cycles at 94°C for 45 s, 60°C
for 45 s and 72°C for 90 s, and a final extension at
72°C for 10 min.

mRNA blot analysis

Total RNA and transgene expression analysis were
carried out as described by Naqvi et al. (2011).

HPLC analysis

Total tocochromanols were analyzed as described by
Nagpvi et al. (2011).

Results and discussion

Plants are the major source of vitamin E in the human
diet and the consumption of plants is preferable to
synthetic supplements which tend to have much lower
vitamin E activities (Naqvi et al. 2011; Farré et al.
2010). However, the vitamin E activity in different
plant species and tissues varies widely because the
absolute level of total tocochromanols and the relative
levels of different vitamers can vary, reflecting the
expression levels of enzymes involved in tocochro-
manol biosynthesis. This suggests the tocochromanol
content and composition in plants could be modulated
by genetic engineering.

We generated transgenic rice plants constitutively
expressing the A. thaliana PDSI gene (encoding
HPPD) by bombarding embryos and regenerating
transgenic plants on medium containing hygromycin.
There were no morphological or developmental dif-
ferences between transgenic plants and controls.
Transgene expression was confirmed by northern blot
analysis and three representative lines (RVel, RVe2
and RVe7) expressing PDSI at high levels (Fig. 2)
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Fig. 2 Northern blots showing PDS/ expression in nine
independent transgenic rice lines. Total RNA isolated using
the RNeasy® Plant Mini Kit (QIAGEN, Hilden, Germany)
30 pg aliquots were fractionated on a denaturing 1.2% w/v
agarose gels containing formaldehyde fractionated and trans-
ferred to a positively-charged nylon membrane, then probed
with digoxigenin-labeled partial cDNA at 50°C overnight in
DIG Easy Hyb. After washing and immunological detection

with anti-DIG-AP, the CSPD chemiluminescence substrate was
detected on Kodak BioMax light film (Sigma-Aldrich, St. Louis,
MO). Probe was designed using the PCR DIG Probe Synthesis
kit (Roche Diagnostics GmbH, Mannheim, Germany) with
forward primer (5'-AGGATCCTCAATGGGCCACCAAAA
CGCCGCCG-3') and reverse primer)5'-AAGCTTCATCCCA
CTAACTGTTTGGCTTC-3')

Table 1 The tocochromanol content of transgenic and control rice seeds (ng/g dry weight)

Line y-T3 o-T3 Total T3 aly-T3 y-Toc o-Toc Total Toc a/y-Toc Total
RVel 5.81 £049  6.68 + 0.58 12.49 1.15 1.55 +£020 5824060 737 3.75 19.86
Rve2 311 £0.39 521 £ 0.56 8.32 1.68 151 £022  6.00£ 059 751 3.97 15.83
RVe7 477 £0.50  4.82 + 0.53 9.59 1.01 1.55£0.17 583 +040 7.38 3.76 16.85
WT 379 £ 042 445+ 047 8.24 1.17 224 +039 527+048 751 2.35 15.75

T3 tocotrienols, Toc tocopherols. 2 samples with 2 determinations each

were selected for HPLC analysis to determine toco-
chromanol content and composition (Table 1).

Because HPPD catalyzes the first step in the
pathway, we expected to see an overall increase in
tocochromanol synthesis, which was not the case.
Only a marginal increase was achieved and this was
almost entirely due to a small rise in tocotrienol
synthesis. There was no change in the o:y ratio in the
tocotrienol branch. In contrast, there was no change in
the overall level of tocopherols, but the o:y ratio
increased significantly compared to control grains
resulting in the amount of a-tocopherol increasing at
the expense of y-tocopherol and thereby increasing the
vitamin E activity of the grains.

These data confirm that HPPD is not a rate-limiting
enzyme in tocochromanol synthesis but that altering
the flux disrupts the balance further along the pathway
and changes the metabolic tipping points at pathway
branches and bottlenecks. The first instance is the
branch between the tocopherol and tocotrienol path-
ways, where almost all the additional flux appears to
be diverted into the tocotrienol branch. The increased
availability of HGA (the immediate product of HPPD)
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appears to influence the relative activities of HPT and
HGGT, favoring the latter so that the additional flux is
fed into tocotrienol synthesis. However, there is no
compensatory depletion of tocopherol, which suggests
that HPT is not a rate-limiting enzyme either. The
second instance is the conversion between the y and o
isoforms of tocopherol (but not tocotrienol), where
more flux is transferred to a-tocopherol in transgenic
plants than controls. This suggests some form of
positive feedback, in which the increased flux through
the pathway influences the activity of y-TMT. An
interesting question is why this increased flux does not
also affect the tocotrienol branch, where the o:y ratio
remains unchanged, since the same enzyme carries out
the y to o conversion in both branches. A possible
explanation is that the effect is localized to enzyme
complexes containing y-TMT and HPT and/or MPBQ-
MT, which are pathway specific, or that the phytyl side
chain is an important factor in the enhanced y-TMT
activity.

Previous studies have shown that the overexpres-
sion of PDSI has either no impact on tocopherol
levels, as in Arabidopsis (Tsegaye et al. 2002) and
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tobacco (Falk et al. 2005), or only a marginal effect, as
in canola (Raclaru et al. 2006), indicating that it is not
rate limiting in these plants. Naqvi et al. (2011)
reported a threefold increase in tocopherols in trans-
genic corn seeds by simultaneously expressing Ara-
bidopsis HPPD and MPBQ-MT, and y-tocopherol was
the only vitamer detected. These data suggest that
MPBQ-MT may be rate limiting, and that y-TMT
represents a significant bottleneck in a high-flux
environment. This seems likely given the dramatic
shift from ) to a-tocopherol in soybean plants simul-
taneously expressing y-TMT and MPBQ-MT (Van
Eenennaam et al. 2003). Yusuf and Sarin (2006)
expressed Arabidopsis y-TMT in Brassica juncea
plants and found a correlation between o-tocopherol
levels and high y-TMT expression, with the highest
expressers producing six times as much o-tocopherol
as wild type seeds (62.29 ng/mg).

Our study has shown that relatively simple alterations
to a metabolic pathway can have complex effects by
influencing downstream branch points and bottlenecks.
Even though HPPD does not appear to be rate limiting it
is still an interesting target for vitamin E engineering in
rice because it has an indirect effect on the a-tocopherol
content and therefore increases vitamin E activity
significantly even when total tocochromanol levels
increase only marginally. The biofortification of crops
such as rice in this manner will offer a sustainable
alternative to vitamin E supplementation, providing
immense benefits to human health (Ajjawi and Shintani
2004; Zhu et al. 2007).
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Plants and microbes produce multiple carotenoid pig-
ments with important nutritional roles in animals. By
unraveling the basis of carotenoid biosynthesis it has
become possible to modulate the key metabolic steps in
plants and thus increase the nutritional value of staple
crops, such as rice (Oryza sativa), maize (Zea mays) and
potato (Solanum tuberosum). Multigene engineering
has been used to modify three different metabolic path-
ways simultaneously, producing maize seeds with
higher levels of carotenoids, folate and ascorbate. This
strategy may allow the development of nutritionally
enhanced staples providing adequate amounts of sever-
al unrelated nutrients. By focusing on different steps in
the carotenoid biosynthesis pathway, it is also possible
to generate plants with enhanced levels of several
nutritionally-beneficial carotenoid molecules simulta-
neously.

The multiple nutritional roles of carotenoids

Several carotenoids have highly specific roles in human
nutrition but most applied carotenoid research currently
focuses on increasing the levels of B-carotene (pro-vitamin
A) in grains, fruits and vegetables in an effort to tackle
vitamin A deficiency (Box 1) [1,2]. It has been shown that
plants can be engineered to produce multiple unrelated
nutrients by targeting different metabolic pathways simul-
taneously [3], but attempting to replicate the same
achievements with different nutritional molecules from
the same pathway could run into difficulties if there is
competition for enzymes and precursors. As an example, 3-
carotene lies downstream of a bifurcation in the carotenoid
biosynthesis pathway, the alternative branch yielding «-
carotene and ultimately lutein, while B-carotene itself is
also further converted into zeaxanthin [1,2]. Both lutein
and zeaxanthin have important nutritional roles in
humans (Box 2) so it is possible that focusing too strongly
on B-carotene as a target could draw attention away from
competing carotenoids that are also essential nutrients.
We found that transgenic maize plants engineered to
accumulate higher levels of B-carotene are not generally
deficient in other carotenoids, and indeed the increased
flux towards B-carotene in many cases enhances the levels
of lutein and zeaxanthin as well as other carotenoids [4-7].

Corresponding author: Zhu, C. (zhu@pvcf.udl.cat)

We therefore analyzed the literature covering B-carotene
enhancement in other transgenic and conventionally-bred
plants to determine the impact on lutein and zeaxanthin
and found a broadly similar picture. Even when specific
steps are taken to avoid the synthesis of these other
carotenoids, there is always some leakage which allows
nutritionally adequate levels to accumulate.

Carotenoid synthesis in plants

Carotenoids are tetraterpenoids whose synthesis in
plants begins in the plastids with the condensation of
isopentenyl diphosphate (IPP) and dimethylallyl diphos-
phate (DMAPP) to generate the C20 intermediate gera-
nylgeranyl diphosphate (GGPP). This reaction is
catalyzed by GGPP synthase (GGPPS) [8]. The first com-
mitted step is the condensation of two GGPP molecules
into 15-cis-phytoene by the enzyme phytoene synthase
(PSY, or CrtB in bacteria) [9]. A series of four desaturation
reactions carried out in plants by phytoene desaturase
(PDS) and {-carotene desaturase (ZDS) then generates the
carotenoid chromophore. In non-green tissue this is con-
verted to all-trans lycopene by (-carotene isomerase (Z-
ISO) [10] and carotenoid isomerase (CRTISO), whereas in
green tissue the reaction occurs spontaneously in the
presence of light and chlorophyll (acting as a sensitizer)
[11,12]. In bacteria, all these steps are carried out by a
single enzyme, Crtl.

All-trans lycopene represents a branch point in the
pathway. This linear molecule can be cyclized at both ends
by lycopene B-cyclase (LYCB, CrtY in bacteria) to generate
the B-ionone end groups of B-carotene. Alternatively it can
be cyclized at one end by lycopene ¢-cyclase (LYCE) and at
the other by LYCB to introduce the non-identical e- and B-
ionone end groups of a-carotene. Both these molecules can
be converted into downstream products by carotene hydro-
xylases, such as the eponymous B-carotene hydroxylase
(BCH). In the B-carotene pathway this yields B-cryptox-
anthin, which is further converted by the same enzyme into
zeaxanthin, whereas in the a-carotene branch the conver-
sion yields lutein, the natural pathway endpoint [13].
Furthermore, zeaxanthin enters the xanthophyll cycle
through the stepwise activities of zeaxanthin epoxidase
(ZEP) and violaxanthin de-epoxidase (VDE). These reac-
tions are shown schematically in Figure 1.
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Box 1. Enhancing B-carotene levels to tackle vitamin A deficiency

Vitamin A is an essential nutrient in mammals that occurs in two
important functional forms: retinal (required for low-light and color
vision) and the regulatory morphogen retinoic acid. Both forms are
derived from retinol in the diet, which is obtained from meat and dairy
products in the form of esters such as retinyl palmitate. Humans and
other herbivores/omnivores possess the enzyme B-carotene 15,15'-
monooxygenase, which also allows the direct synthesis of retinal
from pro-vitamin A carotenoids such as B-carotene produced in
plants. In populations which lack access to animal-derived food,
plants are therefore an important dietary source of vitamin A
precursors.

The dietary reference intake (DRI) for vitamin A is expressed as the
retinol activity equivalent (RAE), which takes bioavailability into
account. The recommended DRI for males is 900 RAE, for females is
700 RAE (higher in pregnancy and when lactating), and for children it
is 400-500 RAE. One RAE is equivalent to 1 pg of pure retinol, 2 pg of
pure B-carotene dissolved in oil, or 12 pg of B-carotene in food [36].
Most people in the developed world have diets of sufficient diversity
to ensure they achieve the DRI for vitamin A, but the situation in
developing countries is very different. More than four million
children, most from developing countries, exhibit clinical symptoms
of severe vitamin A deficiency, including poor immunity, loss of
vision in low light conditions (night blindness) and in extreme cases
an irreversible form of blindness called xerophthalmia [37] (see also
UNICEF 2006 report on vitamin A deficiency, http://www.childin-
fo.org/areas/vitamina/).

Increasing the flux towards p-carotene — the impact on
lutein and zeaxanthin

Conventional breeding programs (Table 1) and genetic
engineering strategies (Table 2) often aim to increase
the levels of B-carotene in plants using the same approach,
i.e. increasing flux through the pathway by increasing the
activity of particular enzymes.

In conventional breeding, this is achieved by selecting
plants that carry hypermorphic alleles, i.e. alleles encod-
ing particularly active forms of carotenogenic enzymes or
particularly active promoters that increase the quantity
ofthe enzyme. A good example of such an allele is the Beta
tomato (Solanum lycopersicum) mutant, which is orange
in color and contains 45% more B-carotene than normal,
corresponding to a hypermorphic variant of the enzyme
LYCB [14]. Quantitative trait loci (QTLs) affecting B-
carotene levels in this manner have been identified in
many species, and have in a number of cases been traced
to early enzymes in the carotenoid biosynthesis pathway
[2]. For example, a QTL affecting B-carotene levels in
sorghum has been mapped to the psy3 gene [15]. In maize,
a simple sequence repeat (SSR) marker has been identi-
fied [16] associated with yellow1 (y1) that was linked to a
major QTL explaining 6.6-27.2% of the phenotypic varia-

Box 2. The nutritional importance of lutein and zeaxanthin

Lutein and zeaxanthin cannot be synthesized de novo in humans.
There are many dietary sources of lutein, e.g. Actinidia spp. and
maize seeds, but there are few good sources of zeaxanthin, e.g.
some maize and Capiscum annuum varieties [42,43]. Lutein and
zeaxanthin accumulate in the perifoveal and foveal regions of the
retinal macula, respectively, and appear to protect these tissues
from photodegradation [44]. There is a strong association between
the dietary intake of lutein and zeaxanthin, and the degree of
protection against age-related macular degeneration (ARMD)
[45,46]. There is a lower incidence of this disease in people with a
carotenoid-rich diet [47,48].

Several approaches can be considered to address vitamin A
deficiency. Dietary supplements (vitamin tablets and suspensions)
and fortification campaigns (artificially increasing vitamin levels by
adding vitamins to processed food) have been highly successful in
the developed world and have significantly reduced the incidence of
deficiency diseases [38]. However, this strategy has little impact in
remote areas of developing countries because of the incomplete food
distribution network, poor governance and the lack of funding [39,40].
To address this, several attempts have been made to boost the levels
of B-carotene in staple crops such as rice, maize and potato, either
through conventional breeding or genetic engineering. Many poor
people subsist on rice, which provides calories but has a very low
nutrient content. In Golden Rice, the entire B-carotene biosynthesis
pathway was reconstructed in the endosperm by expressing daffodil
PSY and LYCB, as well as bacterial Crtl, increasing the endosperm
carotenoid content to 1.6 pg/g dry weight [20]. This was not sufficient
to provide the DRI of vitamin A in a reasonable portion of rice, so the
more active maize PSY1 enzyme was used to replace its daffodil
ortholog in ‘Golden Rice 2', increasing the endosperm carotenoid
content to 37 wg/g dry weight [23]. Golden Rice has been followed by
similar programs in other staples, including Golden Potato and
Multivitamin Maize (recently reviewed in [41]). Conventional breeding
has also given rise to maize lines with high B-carotene levels,
although the highest level achieved thus far relying on natural
variation is 13.6 g B-carotene per gram dry weight, which is by some
considerable margin less than can be achieved by genetic engineer-

tion in carotenoid levels, and this was eventually resolved
to the psy1 gene. Similarly, another QTL was shown to be
linked to viviparous 9 (vp9), and this was found to encode
{-carotene desaturase [16]. QTLs affecting B-carotene
levels have also been identified in melon (Cucumis melo)
fruits, which have flesh color ranging from green to
orange because of differences in carotenoid levels. Cali-
fornia and Wisconsin melon recombinant inbred lines
were used to identify eight QTLs each accounting for
8-31% of phenotypic variation, one mapping to a gene
encoding BCH [17].

In genetic engineering, effects similar to those of a
hypermorphic endogenous allele can be achieved by
expressing a heterologous enzyme (often a bacterial en-
zyme) under the control of a strong promoter. Targeting -
carotene in this manner tends to enhance other carote-
noids simultaneously because the flux is distributed
throughout the pathway, affecting all products to a greater
or lesser degree. Differences in carotenoid profiles arise
when further endogenous bottlenecks are revealed. As an
example, the overexpression of PSY/CrtB often removes a
significant bottleneck in the pathway and can increase the
levels of all downstream carotenoids (e.g. [6,18]). In other
cases, the immediate effect of PSY overexpression is only to
reveal secondary restrictions further along the pathway so
that the exact carotenoid composition depends on the
relative activities of these later-acting enzymes. This is
why transgenic maize and canola (Brassica napus) over-
expressing PSY/CrtB accumulate different carotenoid end
products, mirroring the situation in wild type seeds (where
the bottlenecks similarly cause different carotenoids to
accumulate) [6,19]. In contrast, transgenic rice seeds
expressing PSY only accumulate the immediate down-
stream product of the PSY reaction (phytoene), because
the subsequent enzyme is also expressed at vanishingly
low levels in the endosperm [20].
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Figure 1. Carotenoid biosynthesis pathway in plants and equivalent steps in bacteria. CRTB, bacterial phytoene synthase; CRTE, bacterial geranylgeranyl diphosphate
synthase; CRTI, bacterial phytoene desaturase/isomerase; CRTISO, carotenoid isomerase; CRTY, bacterial lycopene cyclase; CRTZ, bacterial B-carotene hydroxylase;
CYP97C, carotene e-ring hydroxylase; DMAPP, dimethylallyl diphosphate; GGPP, geranylgeranyl diphosphate; GGPPS, GGPP synthase; HYDB, B-carotene hydroxylase
[non-heme di-iron hydroxylases, B-carotene hydroxylase (BCH) and heme-containing cytochrome P450 B-ring hydroxylases, CYP97A and CYP97B]; IPP, isopentenyl
diphosphate; IPPI, isopentenyl diphosphate isomerase; LYCB, lycopene B-cyclase; LYCE, lycopene e-cyclase; PDS, phytoene desaturase; PSY, phytoene synthase; VDE,
violaxanthin de-epoxidase; ZDS, {-carotene desaturase; ZEP, zeaxanthin epoxidase; Z-ISO, {-carotene isomerase.

To pre-empt such secondary restrictions, it is becoming the linear part of the pathway, the next key target is LYCB/
more common to express several different enzymes simul- CrtY because the overexpression of this enzyme shifts the
taneously in an effort to open up the carotenoid pathway to metabolic balance from the o to the B branch, and should
its full potential [5]. In addition to PSY/CrtB and CrtI from therefore theoretically enhance B-carotene levels at the
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Table 1. Total levels of carotenoids, B-carotene, lutein and zeaxanthin in different crop species?®

Total carotenoid B-Carotene levels Lutein levels in best line Zeaxanthin levels in best line
levels in best line in best line

Sorghum 190.18 n.g/g DW 9.01 pg/g DW

6.06-28.53 n.g/TKDW 0.15-3.83 ng/TKDW
Canola 23 png/g FW 0.2 pg/g FW
Tomato 207 ng/g FW 36.8 ng/g FW
Pumpkin 74 ng/g DW
Kiwifruit 16.34 ng/g FW 7.07 ng/g FW
Maize 29 png/g DW 7 ng/g DW

24.47 ng/g DW 13.63 pg/g DW

4.7 n.g/g DW

101.49 pg/g DW 79.66 ng/g DW [15]
1.96-7.18 ng/TKDW 2.22-13.29 pg/TKDW [49]
17.7 ng/g FW ND [19]
6.4 pg/g FW ND [50]
170 pg/g DW ND [51]
6.20 pg/g FW 0.52 png/g FW [52]
20 ng/g DW 4 pg/g DW [53]
6.36 ng/g DW 2.77 pg/g DW [32]
18.5 ng/g DW 24.5 ng/g DW [25]

Abbreviations: DW, dry weight; FW fresh weight; ND, not determined; TKDW, thousand kernels dry weight.

“Recorded in the best-performing lines from conventional breeding programs.

expense of a-carotene and lutein, e.g. [21,22]. When LYCB
is overexpressed, the levels of B-carotene do indeed in-
crease, as seen in Golden Rice and Golden Rice II [20,23].
However, even with this bias towards the B-branch, there
is enough upstream flux diverted into the a-branch to
produce adequate amounts of lutein, and there is also
enough leakage of flux past B-carotene to generate ade-
quate amounts of zeaxanthin. For example, transgenic
potato tubers expressing bacterial CrtB, Crtl and CrtY
contained much more B-carotene than wild type tubers (up
to 47.4 pg/g dry weight, a 3600-fold increase) but there
were also significant increases in zeaxanthin (11 pg/g dry
weight, a 5.8-fold increase) and lutein (23.1 pg/g dry
weight, a 23-fold increase) [24]. Similarly, transgenic
maize seeds expressing PSY1, Crtl and LYCB accumulat-
ed more carotenoids than wild type seeds, as would be
expected from the general increased flux, and the B:a-
carotene ratio increased from 1.21 to 3.51, showing that
the additional LYCB activity skewed the competition for
the common precursor lycopene and increased flux towards
B-carotene [6]. Even so, there was also enhanced flux
through the a-branch of the pathway, producing nearly
25-fold the normal levels of lutein (up to 13.12 pg/g dry
weight). When the transgenic locus from this line was
introgressed into a wild-type yellow-endosperm variety
with a low B:a ratio (0.61), the hybrid offspring contained
higher levels of both lutein (23.4 pg/g dry weight) and B-
carotene (19.3 pg/g dry weight) compared with the paren-
tal plants [3].

These examples show that even when shifting the met-
abolic flux towards B-carotene, there is still enough flux
through the a-branch of the pathway to produce more than
enough lutein for human nutrition. The transgenic locus
discussed above was also introgressed into a wild-type
yellow endosperm variety with a high B:c ratio (1.90). This
gave rise to a novel hybrid line producing zeaxanthin at an
unprecedented 56 ng/g dry weight. Even so, the seeds still
contained higher levels of B-carotene than wild type seeds
(15.24 pg/g dry weight) and lutein was also more abundant
in the transgenic seeds (9.72 pg/g dry weight) [3]. Even
yellow maize inbred lines with high levels of B-carotene
(4.7 ng/g dry weight) also have higher levels of zeaxanthin
(24.5 pg/g dry weight) and lutein (18.5 pg/g dry weight)
[25].

Similar factors affect the balance between B-carotene
and zeaxanthin when engineering downstream steps in the

pathway. A transgenic maize line expressing PSY, Crtl,
LYCB, BCH and CrtW (allowing the synthesis of ketocar-
otenoids that are rarely found naturally in plants) pro-
duced 25.78 pg/g dry weight B-carotene (a 184-fold
increase over wild type seeds) but also 62-fold more zea-
xanthin (16.78 pg/g dry weight) and 23-fold more lutein
(12.27 ng/g dry weight) [6].

An alternative to multiple enzyme engineering is the
modulation of transcriptional regulators that have multi-
ple targets in the carotenoid pathway. DE-ETIOLATED1
(DET1)is aregulatory gene encoding a transcription factor
that represses several light-dependent signaling path-
ways, including those influencing carotenoid biosynthesis
[26]. Loss-of-function mutations affecting the tomato
ortholog of DET1, high pigment-2 (hp-2), have more deep-
ly-colored fruits that wild type plants when grown in the
light because more flavonoids and carotenoids accumulate
during fruit development [27]. Similarly, fruit-specific si-
lencing of the tomato Ap-2 gene by RNAI gives rise to fruits
with higher carotenoid and flavonoid levels than wild type
fruits, but other quality attributes are unaffected [28]. In
canola, silencing DETI by RNAIi has been used as a delib-
erate strategy to increase carotenoid levels, generating
seeds with higher levels of B-carotene (7 pg/g fresh weight,
a 17.5-fold increase), zeaxanthin (0.8 ng/g fresh weight, a
4-fold increase) and lutein (13 pg/g fresh weight, a 2.1-fold
increase) relative to wild type seeds [29]. The levels of these
carotenoids were also enhanced, albeit to a lesser extent,
when DET1 silencing was seed-specific [29].

Diverting flux away from competing compounds - the
impact on lutein and zeaxanthin
Increasing flux through the entire carotenoid biosynthesis
pathway does not focus the benefits solely on B-carotene
and therefore it is logical that other carotenoids are en-
hanced even if flux is diverted more towards the B-branch
by overexpressing LYCB. More targeted approaches in-
clude the inhibition of enzymes that synthesize competing
products, or the sequestration of B-carotene into subcellu-
lar compartments thus removing it from the active meta-
bolic pool. These approaches might be expected to deplete
competing carotenoids because specific enzymatic steps
are inhibited or limited by nonproductive compartmentali-
zation.

One example of the former approach is the deliberate
inhibition of LYCE, to prevent the accumulation of lutein.
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Table 2. Carotenoid engineering programs in diverse crops®
Total
carotenoid
levels in
wild type®

Maize

Potato

Carrot

Canola

Genes (origin)

crtB and crtl

(Pantoea ananatis)
PH7: psy1 (Zea mays;
maize)

crtl (P. ananatis)

crtW (Paracoccus spp.)
lycb (Gentiana lutea)
beh (G. lutea)

PH4: psy1 (maize)

crtl (P. ananatis)

lycb (G. lutea)

psy1 (maize)

crtl (P. ananatis)

ZEP (Arabidopsis
thaliana: Arabidopsis)
crtB (P. ananatis)

Or (Brassica oleracea;
cauliflower)
Antisense lyce
(Solanum tuberosum;
potato)

crtB, crtl and crtY

(P. ananatis)
Antisense bch
(potato)

Antisense bch
(potato)

(assumes 75%

water content)

psy (Arabidopsis)

crtB (P. ananatis)

lycopene e-cyclase
(Arabidopsis)
RNAIi to 5" end
lycopene e-cyclase
(Arabidopsis)
RNAi to 3’ end

0.99 pg/g
DW

1.10 ng/g
DW

1.10 ng/g
DW

1.45 ng/g
DW

10.6 ng/g
DW

5.6 ng/g
DW

5.41 pg/g
DW

4.6 ng/g
DW

5.8 ng/g
DW

4.88 ng/g
DW

22.48 ng /g
DW

5.5 ng/g
DW

36 ng/g
FW

5.34 ng/g
FW

Total
carotenoid
levels (fold
increase
relative to
wild type)
in transgenic
[JETNS
33.6 ng/g
DW (34)
102.1 pg/g
DW (92.8)

148.78 ng/g
DW (135)

163.2 ng/g
DW (112)
60.8 ng/g
DW (5.7)
35.5 ng/g
DW (6.3)
28.22 ng/g
DW (6)
9.97 ng/g
DW (2.5)

114.4 png/g
DW (20)
14.26 ng/g
DW (2.9)
23.52 ng/g
DW (1.04)

514.1 png/g
DW (93)
1055 ng/g
FW (29.3)
227.78 pg/g
FW (42.5)

94.09 pg/g
FW (17.6)

pB-Carotene
levels in
wild type?

0.98 ng/g
DW

0.14 pg/g
DW

0.14 pg/g
DW

0.35 pg/g
DW

0.7 ng/g
DW

ND
ND

0.003 pg/g
DW

0.013 pg/g
DW
0.002 pg/g
DW
0.04 pg /g
DW

1.26 pg/g
DW

5 ng/g
FW

0.49 pg/g
FW

B-Carotene
levels (fold
increase
relative to
wild type)

in transgenic
[JENS

9.8 pg/g
DW (10)
25.78 ng/g
DW (184)

48.87 pg/g
DW (349)

59.32 ng/g
DW (169)
2.4 pglg
DW (3.4)
10.3 ng/g
DW

5.01 pg/g
DW

0.04 pg/g
DW (14)

47.4 ng/g
DW (3600)
0.085 pg/g
DW (38)
13.24 png/g
DW (331)

214.62 pg/g
DW (178)
401 ng/g
FW (80.2)
90.76 pg/g
FW (185.2)

27.02 pg/g
FW (55)

Lutein
levels
in wild
type®

0.30 pg/g
DW

0.53 pg/g
DW

0.53 pg/g DW

0.57 ng/g DW
2.7 ng/g DW

0.73 pg/g DW
3.42 png/g DW

0.588 pg/g DW
(0.59)

1.0 ng/g DW
0.43 ng/g DW

2.12 pg/g DW

1.65 pg/g DW
30 pg/g DW

3.30 ng/g FW

3.30 pg/g FW

Lutein (fold
increase
relative to
wild type)

in transgenic
plants

6.68 ng/g
DW (22)
12.27 pg/g
DW (23)

13.12 pg/g
DW (24.7)

14.68 pg/g
DW (25)
5.2 ng/g
DW (1.9)
11.01 pg/g
DW (15)
5.16 png/g
DW (1.5)
1.004 pg/g
DW (1.77)

23.1 pg/g
DW (23)
2.98 pg/g
DW (7)
5.48 pg/g
DW (2.58)

5.14 ng/g
DW (3)

72 ng/g
DW (2.4)
76.22 pg/g
FW (23)

37.64 pg/g
FW (11.4)

Zeaxanthin
levels in
wild type?

0.68 pg/g
DW

0.27 pg/g
DW

0.27 pg/g
DW

0.32 pg/g
DW

0.3 ng/g
DW

0.11 pg/g
DW

ND

0.26 pg/g
DW

1.9 ng/g
DW

0.32 pg/g
DW

23.72 pg/g
DW

ND
ND

ND

ND

Zeaxanthin
(fold increase
relative to
wild type) in
transgenic
plants

6.21 ng/g [54]
DW (9)

16.78 ng/g [6]
DW (62)

34.53 ng/g

DW (127.8)

35.76 n.g/g [4]
DW (111)

40.1 pg/g [55]
DW (133.7)

0.71 pg/g [56]
DW (6.5)

ND [57]
0.99 png/g [30]
DW (3.8)

11 pa/g [24]
DW (5.8)

0.04 pn.g/g [58]
DW

4.8 ng/g [33]
DW

ND [59]
ND [18]
7.07 ng/g [31]
FW

1.73 ng/g

FW
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Tomato®

Kumquat

Abbreviations: DW, dry weight; FW, fresh weight; ND, not determined; TKDW, thousand kernels dry weight.

2Genes/enzymes involved in carotenoid engineering programs in different crops are shown as indicated and the absolute levels and relative improvement and/or reduction in total carotenoids, B-carotene, lutein and zeaxanthin.
Where the original reports do not report zeaxanthin or lutein levels, they have been excluded from the table. Different wild-type carotenoid levels cited for each species reflect the different varieties used in each investigation.

idi, crtE, crtB, crtl
and crtY (P. ananatis)
crtZ, criy
(Brevundimonas spp.)
Antisense DET1
(Brassica napus;
canola),

constitutive
expression

Antisense DET1
(canola),

seed expression
microRNA miR156b
(Arabidopsis)

crtl (P. ananatis)

lycb (Solanum
lycopersicum;
tomato)

lycb (Arabidopsis)
bch (pepper;
Capsicum
annuum)

crtB (P. ananatis)

lycb (tomato)
dxs (Escherichia coli)

CRY2 (tomato)

psy1 (tomato)
fibrillin (pepper)

crtY (Erwinia
herbicola)

lyeb (Narcissus
pseudonarcissus;
daffodil)

psy (Citrus sinensis;
orange)

21.7 ng/g
FW

6 ng/g
FW

6 1g/g
FW

3 png/g FW
(10% water
content)

285 pg/g
FW

66 1.g/g
FW

66.3 ng/g
FW

285.7 ng/g
FW

94.5 pg/g
FW

460 pg/g
FW

87.6 ng/g
FW in ripe
fruit
pericarps
181.20 pg/g
FW

325 ng/g
FW

372.66 ng/g
FW

76.67 png/g
FW

84.3 ng/g
FW

656.7 p.g/g
FW (30)

20 po/g
FW
(3.3)

14 ng/g
FW (2.3)

6.9 ng/g
FW (2.3)
(10% water
content)
137.2 ng/g
FW (0.5)
109 pg/g
FW (1.7)

100.7 pg/g
FW (1.5)

591.8 ng/g
FW (2.1)
215.2 ng/g
FW (2.3)
720 ng/g
FW (1.6)
149 pg/g FW
in ripe fruit
pericarps
(1.7)

227.67 pgl/g
FW (1.25)
650 ng/g
FW (2.0)
323.71 ng/g
FW (0.9)

115 pg/g
FW (1.5)

131.9 png/g
FW (1.6)

0.2 ng/g
FW

0.4 pa/g
FW

0.4 png/g
FW

0.08 ng/g
FW (10%
water
content)
27.1 png/g
FW

7 ng/g
FW

5 ng/g
FW

33 ng/g
FW

4.4 pg/g
FW

50 pg/g
FW

7.8 ng/g
FW in ripe
fruit
pericarps
58.62 n.g/g
FW

90 ng/g
FW

6.91 ng/g
FW

19 pg/g
FW

0.70 pg/g
FW

PWe converted dry weight to fresh weight assuming the water content of tomato fruits is 90%.

214.2 ng/g
FW (1070)

7 ng/g
FW (17.5)

1.2 ng/g
FW (3)

0.38 pg/g
FW (4.5)
(10% water
content)

52 pg/g
FW (1.9)
57 pg/g
FW (7.1)

63 pno/g
FW (12)

82.5 png/g
FW (2.5)
205 pg/g
FW (46.6)
70 ng/g
FW (1.4)
10.1 pg/g
FW in ripe
fruit pericarps
(1.3)

81.93 ng/g
FW (1.4)
150 ng/g
FW (1.6)
28.61 pg/g
FW (4)

95 pg/g
FW (5)

1.72 pngl/g
FW (2.5)

17.7 ng/g FW

6 ng/g FW

6 ng/g FW

2.7 pg/g FW
(10% water
content)

1.8 ng/g FW

ND

1.9 ng/g FW

ND
ND
ND

2.3 ng/g FW

9.96 png/g FW
10 ng/g FW
ND

ND

5.6 ng/g FW

27.6 png/g
FW (1.6)

13 na/g
FW (2.1)

12 pg/g
FW (2)

6.2 ng/g
FW (2.3)
(10% water
content)

4.1 png/g
FW (2.3)

ND

1.8 ng/g
FW

ND
ND

ND

3.6 ng/g
FW (1.6)

12.33 pg/g
FW (1.2)

16 na/g
FW (1.6)
ND

ND

6.46 png/g
FW (1.5)

ND

0.2 pg/g
FW

ND

ND

ND

ND

ND

ND
ND
ND

ND

ND
ND
ND

ND

ND

ND

0.8 ng/g
FW (4)

ND

ND

ND

ND

13 pg/g
FW

ND
ND
ND

ND

ND
ND
ND

ND

ND

(191

[29]

[60]

[34]

[21]

[61]

[62]

[22]

[63]

[64]

[65]

[66]

[67]

[68]

[69]
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In transgenic plants, this has been achieved using antisense
RNA and RNA interference (RNAi). The endogenous lyce
gene was silenced in potato by expressing an antisense RNA
construct, theoretically eliminating competition at the
branch point between the o- and B-carotene pathways
[30]. Antisense tubers contained up to 14-fold more B-caro-
tene than wild type tubers, but there was no corresponding
decrease in lutein levels because the total carotenoid level
increased up to 2.5-fold in response to the general increase in
flux resulting from the overexpression of upstream
enzymes. These results suggest that LYCE is not rate-
limiting for lutein accumulation in potato [30]. RNAi was
also used to modulate carotenoid accumulation in canola
seeds, again by targeting LYCE [31]. Transgenic seeds
contained higher levels of B-carotene (90.76 ng/g fresh
weight; 185-fold increase), zeaxanthin (7 pg/g fresh weight)
and lutein (76.2 pg/g fresh weight) than wild type seeds,
with the 23-fold increase in lutein demonstrating conclu-
sively that LYCE is not a limiting step in canola either [31].

Similarly, conventional breeding programs can be used
to select for plants with low levels of LYCE activity, by
focusing on the selection of hypomorphic alleles and thus
favoring the accumulation of B-carotene instead of lutein.
Four polymorphisms have been described in the maize lyce
locus, and conventional breeding for low LYCE activity
increased the B-carotene levels in seeds to 13.6 ng/g dry
weight (a 30-40% improvement) while lutein and zeaxan-
thin levels reached 6.36 and 2.77 pg/g dry weight, respec-
tively [32].

Another common target of specific enzyme inhibition is
the carotene hydroxylases, as this could prevent the conver-
sion of B-carotene into zeaxanthin and therefore force the
accumulation of B-carotene as an end-product (similarly, «-
carotene would accumulate at the expense of lutein). How-
ever, this would prevent the formation of lutein and zeaxan-
thin only if the inhibition was 100% effective. The bch gene
was silenced in potato, increasing B-carotene levels to
16.55 ng/g dry weight (a 331-fold improvement) and lutein
to 6.85 pg/g dry weight a (2.5-fold improvement), while
zeaxanthin levels were reduced from 29.65 to 6 ng/g dry
weight, a fivefold reduction [33]. Therefore, even by target-
ing the particular enzymatic step leading to zeaxanthin, a
significant amount of this carotenoid was still produced. In a
converse example, the zeaxanthin content of potato tubers
was enhanced by silencing the endogenous zep gene [34].
This increased the total carotenoid levels by 5.7-fold, B-
carotene levels 3.4-fold and lutein levels 1.9-fold, while
zeaxanthin was enhanced 133-fold.

Conventional breeding could also be used to increase
zeaxanthin levels by selecting for hypomorphic versions of
BCH. Although no studies with that specific aim have been
reported, six hydroxylase genes were characterized in
genetically diverse maize germplasm collections, one of
which (hyd3) appeared to affect carotenoid levels in seeds
[35]. Three hyd3 alleles explained 78% of the variation in
the ratio of B-carotene to B-cryptoxanthin (11-fold differ-
ence across varieties) and 36% of the variation in 3-caro-
tene absolute levels (4-fold difference across varieties).

There are additional potential strategies to increase
carotenoid levels in plants, such as the inhibition of carot-
enoid cleavage dioxygenases. However, there are currently
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no data in the literature that report the improved B-caro-
tene, zeaxanthin and lutein levels in plants following the
application of these strategies so we do not discuss them
further.

Conclusions
The above studies confirm that attempts to increase the
availability of one particular nutrient in a metabolic path-
way, in this case B-carotene in the carotenoid pathway, do
not necessarily lead to deficiencies in upstream or down-
stream nutrients. There are several reasons for this phe-
nomenon, which can be summarized as follows:

(1) The accumulation of specific carotenoids is a balance
between the flux towards and away from a particular
compound. As long as there is more flux towards a
compound than away from it, that compound will
accumulate.

(i) Because the early steps in the carotenoid pathway are
usually the rate-limiting steps, the overexpression of
endogenous or heterologous enzymes (e.g. PSY/CrtB
and Crtl) generally has a beneficial effect on all
carotenoid molecules. The only intermediates that do
not accumulate are those which are efficiently
converted into the next downstream product, often
as a result of multiple steps carried out by the same
enzyme (e.g. B-carotene to B-crytoxanthin to zeaxan-
thin).

(iii) Targeting the branch point either positively (enhanc-
ing LYCB) or negatively (inhibiting LYCE) does not
eliminate lutein accumulation. Indeed, enhancing
LYCB increases the accumulation of lutein along with
B-carotene. This indicates LYCE is not a limiting step
and that the a-branch benefits from the increased
pathway flux (because the a-branch requires LYCB
activity too).

(iv) Targeting post B-carotene steps in the pathway to
avoid depletion of the B-carotene pool is only partly
effective. There are several carotene hydroxylases in
plants, and therefore even RNAi knockdown of the
principal enzyme, B-carotene hydroxylase, is insuffi-
cient to abolish the accumulation of lutein and
zeaxanthin.

In conclusion, all the available evidence suggests that
diverting flux specifically towards B-carotene by conven-
tional and/or biotechnological means results in the collat-
eral production of enough of the additional carotenoids
lutein and zeaxanthin to satisfy human dietary require-
ments.
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Introduction

Food security depends not only on the availability of food
but also its nutritional quality. Unfortunately, the poorest
people in the world generally rely on a monotonous staple
diet, and since most plants are deficient in certain vita-
mins, minerals, and essential amino acids, a diet restricted
to one major staple will tend to be nutritionally incom-
plete [1,2]. GE strategies have been used to tackle
nutrient deficiency, with some remarkable advances in
the past two years offering the prospect of nutritionally
complete staple crops that could realistically address
malnutrition on a global scale. Unfortunately, it is highly
unlikely that such crops will be adopted in the short-to-
medium term because politicians in Europe (and devel-
oping countries in Europe’s sphere of influence) often
pander to hyperbolic arguments about perceived risks,
while ignoring potential benefits. In this review we sum-
marize some of the recent advances in the field and briefly
discuss the political hurdles currently preventing the

deployment of nutritionally enhanced crops, and how
these might be overcome.

Nutritionally enhanced crops—recent
achievements

Recent GE strategies to increase crop yields have been
highly successful [3] but the most striking advances over
the past two years have involved plants engineered to
produce missing nutrients or increase the level of nutri-
ents that are already synthesized. An important trend is
the move away from plants engineered to produce single
nutritional compounds towards those simultanecously
engineered to produce multiple nutrients, a development
made possible by the increasing use of multigene engin-
eering [4]. Several recent reports have demonstrated how
multigene metabolic engineering can increase the level of
carotenoids in edible plant tissues, including the
traditional target [-carotene (pro-vitamin A, whose
absence in staple cereals is responsible for almost
500,000 cases of preventable blindness every year [5])
and other carotenoids with specific functions in the
human body or generally beneficial antioxidant proper-
ties. A combinatorial nuclear transformation method has
been developed that allows the carotenoid synthesis
pathway in corn to be dissected, and allows the pro-
duction of diverse populations of transgenic plants con-
taining different carotenoid profiles [6°°]. The system as
originally reported involved the transformation of a white
corn variety lacking endosperm carotenoids with five
genes from the carotenoid pathway (Figure 1) each under
the control of a different endosperm-specific promoter.
The population of transgenic plants recovered in this
approach contained random combinations of transgenes,
thus each unique combination had a different metabolic
potential and produced a distinct carotenoid profile. Nor-
mally, the random nature of transgene integration is
considered disadvantageous because hundreds of lines
may need to be screened to identify one with the correct
genotype and phenotype. However, random transgene
integration is an advantage in this new platform because it
increases the diversity of the population, resulting in
plants with high levels of carotenoids such as 3-carotene,
lutein, zeaxanthin, lycopene, and astaxanthin, alone or in
combination. Recently, it was demonstrated that the
engineered carotenoid pathway could be introgressed
from a transgenic line with a high LYCB:LYCE (lycopene
B-cyclase to lycopene e-cyclase) ratio (thus favoring the B-
carotene branch) into the genetic background of a wild-
type yellow-endosperm corn variety also with a high
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Carotenoid biosynthesis in corn endosperm. Abbreviations: IPP, isopentenyl diphosphate; IPPI, isopentenyl diphosphate isomerase; DMAPP,
dimethylallyl diphosphate; GGPP, geranylgeranyl diphosphate; GGPPS, GGPP synthase; PSY, phytoene synthase; PDS, phytoene desaturase; Z-I1SO,
{-carotene isomerase; ZDS, {-carotene desaturase; CRTISO, carotenoid isomerase; LYCB, lycopene B-cyclase; LYCE, lycopene g-cyclase; CYP97C,
carotene ¢-ring hydroxylase; HYDB, B-carotene hydroxylase.
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LYCB:LYCE ratio, resulting in synergistic enhancement
of the metabolic bias and creating hybrid lines producing
unprecedented levels of zeaxanthin (56 pwg/g dry weight)
[7°]. 'This novel strategy for combining GE and conven-
tional breeding allows the development of ‘designer’
hybrid lines with specific carotenoid profiles, and is
equally applicable to any staple crop where nutritional
improvement would be beneficial.

Diverse carotenoid profiles have also been reported in
canola seeds from plants transformed with up to seven
carotenogenic transgenes [8°]. In this study, the authors
aimed for seven-gene transformation and obtained their
diversity as a byproduct, but the advantages are the same
as those demonstrated in the combinatorial corn trans-
formation platform. Most of the canola plants contained
all seven genes and the total carotenoid content increased
30-fold, including a spectrum of novel ketocarotenoids
that are not usually found in canola. Carotenoid levels can
also be enhanced by increasing storage capacity, as seen in
the cauliflower Or (orange) mutation that induces chro-
moplast differentiation and facilitates the hyperaccumu-
lation of P-carotene resulting in a dark orange
inflorescence [9]. Expression of an Or transgene in potato
tubers resulted in a 6-fold increase in carotenoid levels by
increasing the capacity for carotenoid storage [10°].

There has also been recent progress with other vitamins,
such as the expression of a chicken GTP cyclohydrolase 1
gene in lettuce, which increased folate levels by nearly 9-
fold [11], the co-expression of Arabidopsis p-hydroxyphe-
nylpyruvate dioxygenase and 2-methyl-6-phytylplasto-
quinol methyltransferase in corn, which increased +-
tocopherol levels by 3-fold at the expense of other, less
potent tocopherols [12], and the doubling of ascorbate
levels in tobacco by encouraging recycling through the
expression of phosphomannomutase or GDP-D-mannose
pyrophosphorylase [13,14]. Whereas the enhancement of
individual nutrients provides proof of principle, progress
towards addressing micronutrient deficiencies in the real
world will only be made once it is possible to target
different nutrients at the same time. In this context,
transgenic corn plants simultaneously enhanced for car-
otenes, folate and ascorbate provide the first example of a
nutritionally enhanced crop targeting three entirely
different metabolic pathways, going some way towards
the goal of nutritionally complete staple crops [15°°]. This
was achieved by transferring four genes into the white
maize variety described above, resulting in 407 times the
normal level of B-carotene (57 wg/g dry weight), 6.1 times
the normal level of ascorbate (106.94 pg/g dry weight)
and twice the normal amount of folate (200 pg/g dry
weight).

Whereas metabolic engineering can increase the levels of
organic nutrients, minerals must instead be sequestered
from the environment [16]. One notable recent report

describes the hyperaccumulation of iron in rice plants
transformed with two genes, encoding nicotianamine
synthase (required for iron transport through the vascular
system) and ferritin (which increases the capacity for iron
storage) [17°]. Calcium levels in carrots are doubled when
the transporter sCAX1 is expressed in the taproots, and
feeding studies have shown that the extra calcium is
bioavailable when carrots are fed to mice [18]. Similarly,
calcium levels increased in lettuce expressing the same
transporter, without detectable changes to the organolep-
tic properties of lettuce leaves [19].

Recent attempts to enhance the levels of essential
amino acids and very long chain polyunsaturated fatty
acids have also been successful, for example, the expres-
sion of an RNA interference construct to inhibit the key
enzyme lysine-ketoglutarate reductase/saccharophine
dehydrogenase (LKR/SDH) in order to increase lysine
levels in corn [20], and the expression of a liverwort A6-
desaturase, A6-elongase, and AS5-desaturase to triple
arachidonic acid levels and double eicosapentaenoic
acid levels in transgenic tobacco plants [21]. Cheng
et al. [22°] also produced high levels of eicosapentaenoic
acid in canola.

Benefits and risks of deployment

Can nutritionally enhanced GE crops really improve food
security?

Scientific advances are occasionally oversold in the pur-
suit of funding, patents or industry investment [23], so it
is fair to ask whether GE can realistically improve food
security or whether the claims are exaggerated. It is clear
that the world produces enough food for its current
population, but poverty and poor health prevent access
to adequate nourishment [24,25]. These issues dispro-
portionately affect the poorest, notably subsistence farm-
ers in developing countries, often driving them to cities
thus adding to the growing problem of urban poverty and
hunger [26]. Any long-term strategy to address food
insecurity in the developing world must therefore tackle
the underlying problem of poverty and poor health by
increasing the level of rural employment-based income
through increased agricultural productivity [25,26]. The
production of crops with higher nutritional value would
add to the yield improvements made possible by GE and
would mean that a smaller proportion of each farmer’s
output would be needed for subsistence and more could
be sold at market, and also there would be alower burden
of disease caused by malnutrition [2]. GE crops provide
the only route to nutritional completeness and could be a
valuable component of a wider strategy including con-
ventional breeding and other forms of agricultural de-
velopment to improve food security now and in the
future, in combination with better governance, edu-
cation and healthcare, and socioeconomic policies to
improve the welfare of the rural poor in developing
countries [26].
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Are there risks to health and the environment?
Although there is little doubt that GE technology can
improve the nutritional value of food, these benefits are
offset by perceived risks to health and the environment.
One of the main challenges is that many non-scientists
have a very poor grasp of risk and often attach unrealistic
likelihoods to risks that are infinitesimal in nature. The
global area of GE crops has steadily increased over the
past 14 years [27] despite much public distrust and
political controversy, particularly in Europe. There is
no evidence for any detriment to public health or the
environment in those areas that have embraced GE
agriculture. Other technologies, which do have quantifi-
able risks, are accepted with far less protest. For example,
great significance has been attached to the near imper-
ceptible risks of ‘horizontal gene transfer’ from trans-
genic plants containing antibiotic resistance genes to
pathogenic bacteria in the human gut, whereas the much
more quantifiable risks of pesticide exposure is routinely
ignored. Given that nature teems with antibiotic-resist-
ant bacteria and we consume billions of them every day
without ill effects yet there is plenty of evidence of
environmental damage and health problems caused by
pesticide use, why is there so much controversy about the
use of genes that are already abundant and harmless?
Why was it necessary to invest so much in the devel-
opment of politically expedient technology to remove
them? An interesting case study from the European
Union (EU) that provides insight into the reasons behind
the negative perception of GE technology is discussed in
Box 1.

Political factors—the role of activists, the media, the
public, and politicians

The political dimension to GE crops is best explained as
a cycle of self-reinforced negative publicity (Figure 2).
The media, politicians, and the public feed each other
with (mis)information, becoming more risk averse and
sensationalist with each cycle. The public are predomi-
nantly exposed to science through the mass media,
which can be a good source of information on cutting
edge technologies. However, depending on their finan-
cial and political influence, the media can also manip-
ulate the public, causing scientific controversies that are
rarely about science. Reporting biotechnology poses
unique challenges because it is perceived as a contro-
versial, evolving field, and it is difficult to produce
quality news stories in an environment where science
gets attention from activists and politicians. It is also
clear that controversy itself attracts attention, which
makes biotechnology a tempting opportunity for jour-
nalists good and bad. Consumer acceptance depends
directly on how much trust is placed on the available
risk—benefit information. Some of the public carefully
weigh potential benefits more heavily than risks, while
others form their biotechnology attitudes solely on
media sound bites.

Box 1 Only bad news sells. . ...

Data from a field trial of Bt maize in Italy performed in 2005 as part of
what was supposed to be a broad popular overview of GE in Italy
were largely ignored. An analysis of the events surrounding this
phenomenon leads to only one conclusion—the information was
suppressed because it showed GE in a positive light [34]. The
outcomes were to be presented at a public meeting in 2006, but the
full field trial data were never released. When it became clear that the
Italian Ministry of Agriculture was not going to publish the trial data, a
small group of determined researchers held a press conference in
2007 [35] in response to several months of intensive campaigning by
a coalition of over 30 groups claiming to represent over 11 million
Italians opposed to GE foods. The Italy/Europe Free of GMO (GEO)
coalition, which encompassed several ltalian farming unions,
consumer associations, and environmental groups, such as Green-
peace and the Worldwide Fund for Nature, had organized nearly
2000 separate anti-GE events and in a mock referendum collected
three million signatures calling for a complete ban on all GE foods in
Italy. Fourteen of Italy’s 20 regions had already declared themselves
GE-free even though the field trial results showed that under field
conditions, MON810 maize expressing Bt toxin can help maintain
yield levels that are 28-43% higher than those of isogenic non-GE
varieties [34,35]. MON810 maize also outperformed conventional
maize in terms of the levels of fumonisins, toxins that are produced
by fungi able to infect plants through lesions caused by the maize
borer. MON810 maize contained 60 or fewer parts per billion of
fumonisin, whereas non-GE varieties contained over 6000 parts per
billion, a level unsuitable for human consumption under ltalian and
European law. If it had been the MONB810 varieties that contained
high levels of fungal toxins, interest of the politicians, the media and
the general public in the data would probably have been intense. But
the response to these inconveniently positive field trial data was
unreceptive at best.

Unable to find any direct evidence to prove that GE crops are
inherently risky, protagonists often fall back on the claim that there
are no long-term safety studies proving the absence of any harm to
health from ingesting GE foods. It was in this vein that researchers at
the University of Veterinary Medicine in Vienna launched a feeding
study in mice to assess health over generations. The aim of the study
was to assess the health effects of a variety of GE maize carrying two
transgenes: cry1Ab from Bt and the Agrobacterium gene encoding
5-enolpyruvylshikimate-3-phosphate synthase, which confers toler-
ance to glyphosate herbicides. Although the authors stated that “no
negative effects of GE maize varieties have been reported in peer-
reviewed publications”, they wanted to assess health effects over
several generations—something that has rarely been studied [36].
The study was not published, nor was it peer reviewed. Rather, the
results were announced at a press conference in 2008 [37]. Anti-GE
groups like Greenpeace jumped on this ‘news’ and issued a press
release stating: “‘Forget condoms — eat GE maize” and demanded a
worldwide recall of all GE foods and crops, stating: “GE food
appears to be acting as a birth control agent, potentially leading to
infertility”” [38].

The study was soon criticized to be flawed and was discredited in
the scientific community [36]. These errors make it unsuitable for risk
assessment and/or regulatory purposes [39]. This study therefore
served a political rather than a science-based agenda.

As well as deliberate manipulation, even a benign media
can provide misinformation in an attempt to provide
‘balanced’ coverage (i.e. presenting alternative views
no matter how irrational) or by oversimplification for
the target audience so that viewpoints are polarized into

Current Opinion in Biotechnology 2011, 22:245-251
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Box 2 Political issues and potential solutions

Figure 2

The political issues
e Politicians have more influence on the regulators than scientists.

e Public opinion drives political decisions more strongly than
science.

Public opinion is swayed by the media, which prefers sensation-
alist reporting.

e The media responds to sensationalist activist claims rather than
rational scientific debate.

Activists are not bound by the same rules of engagement as
scientists.

Potential solutions
e Regulators should be protected from undue political pressure.

e Politicians should weigh up scientific evidence properly, for
example, through independent bodies that have executive
authority.

There should be more effort to educate the public about science.

e The media should have a duty to report accurately and should hold
activists to the same standard of evidence as scientists.

e The EU should enforce its own regulations and support farmers
wishing to grow GE crops to the same extent as those growing
conventional/organic crops.

The regulation of GE crops should be handled in the same way as
drugs—once safety has been confirmed a license should be given
and marketing should be authorized throughout the EU, without
provisions to permit Member States to interfere for reasons of
political expediency.

universal acceptance or rejection of a particular technol-
ogy, with little room for reasoned discourse. Scientific
data is often molded into a publication format that allows
several different types of manipulation to take place,
including suppression of positive data by omission (Box
1), publication of negative data without verification (and
not publishing contrary evidence or retractions), or delib-
erately negative framing and labeling (e.g. ‘killer corn’).
This contrasts sharply with the description of novel
recombinant cancer drugs as ‘magic bullets’ and ‘won-
der-drugs’, and it is clear that medical stories are often
presented positively. Where GE and medicine combine,
as in transgenic plants producing pharmaceutical proteins,
the media has been cautiously upbeat: “T'ransgenic maize
to cure HIV/AIDS’ [28].

It is often said that GE crops could solve Africa’s hunger
and poverty, but that, through inadequate investment,
external lobbying, and stringent regulations, farmers are
being deprived of the technology and prevented from
achieving agricultural success [29,30]. Many blame the
European governments and non-governmental organiz-
ations for trying to foist their affluent values and precau-
tionary sensibilities on Africa’s poor. Politicians therefore
play a key role in the eternal triangle because they listen
to lobbies and respond with decisions that are handed
down to regulators. If the public do not like GE they will

Politicians

GE - Activism

Public Media

Current Opinion in Biotechnology

The eternal triangle of negative reinforcement. Media sensationalism, fed
by propaganda from activists, misinforms the public about the risks of
GE. The public vote for politicians to represent their views, so they
pressure the regulators to treat GE more cautiously than the actual risk
justifies. Activists and the media then use this as evidence to support
their claims that GE is risky. There is no room for scientists or rational
debate in this cycle.

lobby their politicians, who will in turn order the regu-
lators to increase the regulatory burden. Even when the
regulators consult independent advice, the politicians
would rather fly in the face of this advice and impose
‘solutions’ to problems that do not exist, instead of
evaluating the data properly. For this reason, the EU
labors under such burdensome co-existence regulations in
agriculture that is becomes virtually impossible for GE
farmers to plant their crops without the risk of litigation
[31]. In a misguided attempt to streamline the approval
process for GM crops in Europe, the EU is considering
allowing Member States to opt out of approvals, impose
their own regulations, and create de facto GE-free zones
in Europe, in direct contradiction of their aspirations to
support innovation and develop a knowledge-based
bioeconomy [32].

What can be done to fix the negative cycle?

Where negative perception has a unique source it should
be possible to correct the perception by providing edu-
cation at the source, but in the self-sustaining loop shown
in Figure 2 there is no single point of intervention that
will work. What is required is a concerted and coordinated
campaign to influence the media, politicians, and public
about scientific realities and, in particular, the correct
approach to risk evaluation (Box 2). Organizations such
as Sense About Science, which provide a voice for scien-
tists and a platform to address scientific misinformation
about GE in the media [33], are a step in the right
direction but are often placed in the position of a reac-
tionary rather that a proactive force in the face of some-
times overwhelming media-promulgated ignorance and
sensationalism. The negative cycle can only be broken by
education, the exposure of myths and lies and something
that is almost unheard of: holding the media to the same
publication standards as the scientists they often criticize.
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Conclusions

GE strategies can be used to address micronutrient
deficiency in both the developed and the developing
world, as recent advances in the areas of metabolic
engineering and mineral accumulation have demon-
strated, particularly those studies simultaneously tackling
multiple nutrients. However, this can only be achieved
with the support of the public, media, and politicians.
Converting the current negative reinforcement cycle into
a positive one will only be possible when there is less
irrational hatred of GE, and this can only come about with
a strenuous cffort to educate the public, politicians, and
the media about the realistic nature of risks, and the
balance between risks and benefits in all areas of life.
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Abstract In order to gain further insight into the
partly-characterized carotenoid biosynthetic pathway
in corn (Zea mays L.), we cloned cDNAs encoding the
enzymes carotenoid isomerase (CRTISO) and f-car-
otene hydroxylase (BCH) using endosperm mRNA
isolated from inbred line B73. For both enzymes, two
distinct cDNAs were identified mapping to different
chromosomes. The two crtiso cDNAs (Zmcrtisol and
Zmecrtiso2) mapped to unlinked genes each containing
12 introns, a feature conserved among all crtiso genes
studied thus far. ZmCRTISOl was able to convert
tetra-cis prolycopene to all-frans lycopene but could
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not isomerize the 15-cis double bond of 9,15,9'-tri-cis-
{-carotene. ZmCRTISO?2 is inactivated by a premature
termination codon in B73 corn, but importantly the
mutation is absent in other corn cultivars and the active
enzyme showed the same activity as ZmCRTISOI.
The two bch cDNAs (Zmbchl and Zmbch2) mapped to
unlinked genes each coding sequences containing five
introns. ZmBCHI1 was able to convert f3-carotene into
p-cryptoxanthin and zeaxanthin, but ZmBCH2 was
able to form f-cryptoxanthin alone and had a lower
overall activity than ZmBCHI. All four genes were
expressed during endosperm development, with
mRNA levels rising in line with carotenoid accumu-
lation (especially zeaxanthin and lutein) until 25 DAP.
Thereafter, expression declined for three of the genes,
with only Zmcrtiso2 mRNA levels maintained by 30
DAP. We discuss the impact of paralogs with different
expression profiles and functions on the regulation of
carotenoid synthesis in corn.

Keywords Corn - Zea mays L. Carotenoids -
Carotenoid isomerase - f;-Carotene hydroxylase -
Gene family

Introduction
Carotenoids are fat-soluble pigments synthesized by
all plants and many microorganisms. In plants they

are found on photosynthetic membranes where they
participate in the light-harvesting reaction and protect
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the photosynthetic apparatus from photo-oxidation
(reviewed by Bramley 2002). However, they are also
precursors for the synthesis of abscisic acid (Creel-
man and Zeevart 1984) and strigolactones (Gomez-
Roldan et al. 2008; Umehara et al. 2008), and they
are the source of yellow, orange and red pigmentation
in some flowers and fruits (Tanaka et al. 2008). In
animals, carotenoids provide multiple health benefits
(reviewed in Fraser and Bramley 2004), prompting
scientists to explore ways to improve carotenoid
content and composition in staple crops (reviewed in
Sandmann et al. 2006; Howitt and Pogson 2006; Zhu
et al. 2007; Giuliano et al. 2008; Fraser et al. 2009;
Zhu et al. 2009).

Plant carotenoid synthesis begins with the conver-
sion of geranylgeranyl pyrophosphate into 15-cis
phytoene by the enzyme phytoene synthase (PSY;
Misawa et al. 1994; Fig. 1). A series of four desatu-
ration reactions carried out by phytoene desaturase
(PDS) and {-carotene desaturase (ZDS) then generates
the carotenoid chromophore. The product of the first

9,9"-dicis-
{-Carotene

lst
A\/\MA/\\)\\/\\/Y\\/YW\/\\(‘_ AAAAAANA
. N\

Crtiso Y

all-frans-Lycopene

Leye 7,9,7°9 tetracis-Lycopene
Leyb l Leyb (Prolycopene)
Lut Bch
HO a-Cryptoxanthin HO B-Cryptoxanthin
Beh Bch
WW\)Q - WV\W\JQ "
" Lutein " Zeaxanthin
Zep

OH

Violaxanthin

Fig. 1 Carotenoid biosynthetic pathway in corn endosperm.
Abbreviations: Pds, phytoene desaturase; Zds, (-carotene
desaturase; Crtiso, carotenoid isomerase; Lcyb, lycopene
p-cyclase; Leye, lycopene e-cyclase; Beh, f-carotene hydroxylase;
Lut, carotene ¢-ring hydroxylase and Zep, zeaxanthin epoxidase
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desaturase is 9,15,9'-tri-cis-(-carotene, which is isom-
erized by light (and perhaps an unknown enzyme; Li
et al. 2007) to yield 9,9'-di-cis-(-carotene, the sub-
strate of ZDS (Breitenbach and Sandmann 2005). The
end product of the desaturation reactions is converted
to all-frans lycopene by a carotenoid isomerase
(CRTISO) in non-green tissue, and by light and
chlorophyll (acting as a sensitizer) in green tissue
(Isaacson et al. 2004; Breitenbach and Sandmann
2005). All-trans lycopene is then cyclized by lycopene
¢-cyclase (LCYE) and lycopene f-cyclase (LCYB) to
introduce ¢&- and f-ionone end groups and produce
o- and f-carotene, respectively. The introduction of
hydroxyl moieties into the cyclic end groups by
p-carotene hydroxylase (BCH) and carotene ¢-hydrox-
ylase results in the formation of zeaxanthin from
f-carotene and lutein from o-carotene (Sun et al. 1996;
Bouvier et al. 1998; Tian et al. 2003). In some plant
tissues, zeaxanthin can be epoxidized to violaxanthin
by zeaxanthin epoxidase (ZEP) (reviewed by Cunn-
ingham and Gantt 1998).

The limited data concerning endogenous regulation
of carotenogenic genes has made the precise engi-
neering of crop plants to enhance carotenoid content
and composition difficult (reviewed in Sandmann
et al. 2006; Zhu et al. 2007; Fraser et al. 2009) despite
recent progress in cereal crops, particularly corn
(Harjes et al. 2008; Zhu et al. 2008; Aluru et al. 2008;
Nagqvi et al. 2009). The corn genome contains three
paralogous psy genes (Li et al. 2008a, b) and PSY1 is
the key rate-limiting enzyme in endosperm carotenoid
biosynthesis (Buckner et al. 1996; Palaisa et al. 2003;
Li et al. 2008a). The endosperm-specific expression of
a corn psyl transgene in white corn, which lacks
endogenous PSY1 activity, increased the total endo-
sperm carotenoid content >50-fold (Zhu et al. 2008).
Six different corn paralogs encoding [-carotene
hydroxylase (BCH) were recently identified through
bioinformatics analysis in corn (Vallabhaneni et al.
2009). Two bch genes were reported to encode
p-carotene hydroxylase (Vallabhaneni et al. 2009);
two paralogs were pseudogenes, while the remaining
two paralog functions remain unknown (Vallabhaneni
et al. 2009). In contrast, PDS, ZDS, LCYB and LCYE
are encoded by single-copy genes in corn (Li et al.
1996; Matthews et al. 2003; Singh et al. 2003; Harjes
et al. 2008), and pds and zds at least do not appear to
regulate endosperm carotenoid accumulation since the
corresponding transcript levels remain constant
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during endosperm development (Li et al. 1996;
Matthews et al. 2003). Here we report the isolation
and characterization of corn crtiso and bch cDNAs,
their developmental expression profiles and their
functional characterization by complementation anal-
ysis in bacteria. The presence of small gene families
for several carotenogenic genes in corn suggests that
diverse regulatory strategies may be used to control
the accumulation of carotenoids in endosperm tissue.

Materials and methods
Plant materials

Corn plants (Zea mays L.) representing lines B73,
A632, EP42 (yellow corn) and M37W (white corn)
were grown in the greenhouse and growth chamber at
28/20°C day/night temperature with a 10-h photope-
riod and 60-90% relative humidity for the first
50 days, followed by maintenance at 21/18°C day/
night temperature with a 16-h photoperiod thereafter.
Plants were self-pollinated to obtain seeds. Mature
leaf and endosperm tissue were frozen rapidly in
liquid nitrogen and stored at —80°C. Endosperm
tissues were dissected at five developmental stages
[10, 15, 20, 25 and 30 days after pollination (DAP)].

Nucleic acid isolation and cDNA synthesis

Genomic DNA was extracted from 5 g of leaf tissue as
described by Sambrook et al. (1989). Total RNA was
isolated using the RNeasy® Plant Mini Kit (QIAGEN,
Valencia, CA, USA) and DNA was removed with
DNase I (RNase-Free DNase Set, QIAGEN, Valencia,
CA, USA). Total RNA was quantified using a NANO-
DROP 1000 spectrophotometer (Thermo Scientific,
Vernon Hills, Illinois, USA), and 2 pg total RNA was
used as template for first strand cDNA synthesis with
Ominiscript Reverse Transcriptase in a 20 pl total
reaction volume following the manufacturer’s recom-
mendations (QIAGEN, Valencia, CA, USA).

Cloning and sequencing the corn crtiso and bch
cDNAs

A partial corn crtiso cDNA was isolated by PCR using
1 ul cDNA prepared as above from 25 DAP corn

endosperm tissue. The 50-pul reaction was carried out
using the GoTaq® DNA Polymerase Kit (Promega,
Madison, WI, USA) and synthetic degenerate oligo-
nucleotide primers matching two conserved regions of
the homologous Arabidopsis and tomato carotenoid
isomerase (CRTISO) enzymes: CWKIFNS (forward
primer 5'-TGY TGG AAR ATH TTY AAY IS-3') and
TYGPMPR (reverse primer 5'-CKI GGC ATI GGI
CCR TAI GT-3’). The samples were heated to 95°C
for 3 min, followed by 30 cycles at 94°C for 45 s,
55°C for 45 s and 72°C for 90 s. After the last
amplification cycle, samples were incubated at 72°C
for 10 min. The crtiso product was purified from a
1.0% wiv agarose gel using the Geneclean® II Kit
(BIO® 101 Systems, Solon, OH, USA) and cloned in
the PCR® II TOPO® vector (TA Cloning Kit, Invit-
rogen, Carlsbad, CA, USA) for sequencing using the
Big Dye Terminator v3.1 Cycle Sequencing Kit on a
3130x1 Genetic Analyzer (Applied Biosystems, Fos-
ter City, CA, USA). The sequences were used to query
EST databases and matches were used to design
primers for full-length ¢cDNA cloning. The EST
sequences (DR812825 and EE176013) from B73 were
found with high identities (100 and 98.7% in the
overlapping part, respectively) to the 5" and 3’-end of
the partial Zmcrtiso sequence. Zmcrtiso was isolated
using forward primer 5'-CAT GCC GCC GCT CGC
CGC GCG CCT C-3’ based on 5" EST sequence
(accession number DR812825) and reverse primer
5'-CAG AAA GTT GAA GGG TAT CTC AA-3
based on 3’ EST sequence (accession number
EE176013). Utilizing the published maize genomic
DNA, bacterial artificial chromosome (BAC) and
expressed sequence tags (EST) sequences (Maiz-
eGDB, http://www.maizegdb.org/), we identified a
second and distinct crtiso gene (designated Zmcrtiso2)
which has higher identity (86.1%) at the nucleotide
level with the crtiso gene we report in this manuscript
(designated Zmcrtisol). The primer combination
designed to amplify the full CRTISO protein coding
Zmcrtiso2 mRNA sequence was designed based on the
EST sequences in the MaizeGDB database. The
primers were: forward, 5'-CTC CCG AGT CCC AAT
CCA AAC GGC TTC ACT C-3' based on EST
sequence with GenBank accession number EE045563;
reverse, 5'-AAT TAC ACT GTT TGG CAT ACC
ATG TAA CTT GT-3' based on EST sequence with
GenBank accession number FL.449103. PCR, cloning
and sequencing was carried out using the components
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described above with initial heating to 95°C for 3 min
followed by 35 cycles of 94°C for 45 s, 60°C for 45 s
and 72°C for 3 min, followed by a final incubation at
72°C for 10 min.

Nested PCR was used to amplify the corn
p-carotene hydroxylase 1 (Zmbchl) cDNA from
endosperm tissue, based on the putative Zmbchl
cDNA sequences already deposited in GenBank from
an unknown corn cultivar (accession number
AY844956). The PCR was carried out in a 50-pl
reaction volume using the components described
above, but substituting forward primer 5'-CAT GGC
CGC CGG TCT GTC CGG CGC CGC GAT-3
(BCHI1F1) and reverse primer 5-TGA GCT GGT
GGT TCA TAA CAT GTC TCT AC-3’ (BCHIR1) in
the first reaction and forward primer 5-AGA ATT
CCA TGG CCG CCG GTC TGT CCG-3’ (BCHIF2)
(the terminal EcoRI restriction site and start codon are
underlined) and 5'-AGG ATC CGG ACG AAT CCA
TCA GAT GGT C-3' (BCHIR?2) (the terminal BamHI
restriction site is underlined) in the second reaction.
The first reaction mix included 5% (v/v) dimethyl
sulfoxide (DMSO), and 5 pl of the product was used to
initiate the second reaction. Cloning and sequencing
were carried out as above.

A similar nested PCR strategy was used to isolate
the full-length Zmbch2 cDNA using primer combi-
nations based on the corresponding GenBank
sequence (accession number AY844956). For this
cDNA, the forward primers were 5'-GGA GAC TCG
AGG CCA CTC TGC CTT-3' (BCH2F1) and 5'-
GAA TTC CAT GGC CGC CGC GAT GAC CAG-3
(BCH2F2) (terminal EcoRI restriction site and start
codon are underlined) and the reverse primers were
5'-GCT AGA ACT CAT TTG GCA CAC TCT G-3'
(BCH2R1) and 5'-GGA TCC TAG AAC TCA TTT
GGC ACA CTC-3' (BCH2R2) (terminal BamHI
restriction site is underlined). The PCR was carried
out as above without DMSO in the reaction mix, and
the products were cloned and sequenced as described.

Bioinformatic analysis

The Maize Genetics and Genomic Database (Maiz-
eGDB, http://www.maizegdb.org/), the GRAMENE
database (http://www.gramene.org/) and GenBank
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) were sear-
ched for homologous sequences using BLAST, and
multiple sequence alignments were performed using

@ Springer

ClustalW2 (http://www.ebi.ac.uk/clustalw/). Protein
sequences were screened for chloroplast signal pep-
tides using the ChloroP 1.1 Server at http://www.cbs.
dtu.dk/services/ChloroP/ (Emanuelsson et al. 1999).

Construction of CRTISO and BCH expression
vectors

Gene-specific primers, with terminal EcoRI and
BamHI restriction sites (forward primer 5'-CGA
ATT CCA TGC CGC CGC TCG CCG CGC GCC
TC-3' and reverse primer 5-GGA TCC CTA TGC
AAG TGT TCT CAA CCA TCT GAG TAG-3') were
used to amplify the full-length Zmecrtisol coding
sequence, which was then inserted into the same sites
in vector pUCS to create pUC8-Zmecrtisol. A similar
strategy was used to create pUC8-Zmcrtiso2, with the
primers in this case designed to incorporate terminal
EcoRI and HindlIll restriction sites (forward primer
5'-GAA TTC CAT GTT CGG CTT CTC CGA CAA
G-3' and reverse primer 5-AAG CTT CTA TGC
AAG TGT TCT CAG CCA T-3'). The stop codon in
Zmcrtiso2 was changed to serine using a recombinant
PCR strategy (Higuchi 1990) with forward P1 primer
5'-GAA TTC CAT GCC GCC GCT CGC CGC GCG
CCT CT-3' (initiation codon underlined) incorporat-
ing an EcoRI site, reverse P2 primer 5'-CGC GAC
CGC CAC CGC CGC CGC CTT CTC CGA-3
(modified stop codon underlined), forward P3 primer
5-GGC GGG TTC AGG AGA GGC GCG CTG
GCA TCG-3' (modified stop codon underlined) and
reverse P4 primer 5-AAG CTT CTA TGC AAG
TGT TCT CAG CCA TCT GAG-3' incorporating a
HindIII site (stop codon underlined). The P1/P2 and
P3/P4 reactions were performed separately by heating
to 95°C for 3 min followed by 30 cycles of 94°C for
45 s, 60°C for 45 s and 72°C for 90 s, and a 10-min
incubation at 72°C. The products were recovered and
used as templates for a subsequent PCR with primers
P1 and P4, wherein the samples were heated to 95°C
for 3 min, followed by one cycle of 94°C for 45 s,
60°C for 45, 72°C for 10 min and 94°C for 3 min,
then 30 cycles of 94°C for 45 s, 60°C for 45 s and
72°C for 2 min, followed by a final 10-min incuba-
tion at 72°C. The mutagenized Zmcrtiso2 cDNA was
cloned and sequenced as above to generate pUCS-
Zmcrtiso2C.

pUC8-Zmbchl and pUCS-Zmbch2 plasmids
were constructed by digesting pCR-Zmbchl and
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pCR-Zmbch2 with EcoRI and BamHI simulta-
neously, and subcloned as in frame fusion into a
pUCS vector also digested with the same restriction
enzymes. They were then utilized for functional
analysis of the corresponding genes.

Functional characterization of crtiso and bch
cDNAs

Different carotenoid backgrounds were established in
Escherichia coli for functional complementation
experiments with the corn crtiso and bch cDNAs
using a selection of plasmids containing caroteno-
genic genes. Plasmid pACCRT-EBP contained genes
for geranylgeranyl pyrophosphate synthase (CRTE),
phytoene synthase (CRTB) and a pds type phytoene
desaturase from Synechococcus, allowing the forma-
tion of (-carotene (Linden et al. 1993). Plasmid
pBBR1IMCS2-zds contained a {-carotene desaturase
gene (Breitenbach et al. 2001a). Plasmid pRKcrtY
contained a lycopene cyclase gene (Schnurr et al.
1996). Plasmid pACCARI16AcrtX contained all the
genes required to synthesize f-carotene (Misawa
et al. 1990).

DNA and RNA blots

Leaf genomic DNA (20 pg) was digested separately
with BamHI, EcoRl, EcoRV, HindIll and Xbal. The
resulting fragments were separated by electrophoresis
on a 0.8% (w/v) agarose gel and blotted onto a
positively-charged nylon membrane (Roche, Mann-
heim, Germany) according to the manufacturer’s
instructions. Nucleic acids were fixed by UV cross-
linking. The transferred DNA fragments were hybrid-
ized with appropriate digoxigenin-labeled probes at
42°C overnight using DIG Easy Hyb buffer (Roche
Diagnostics GmbH, Mannheim, Germany). The mem-
brane was washed twice for 5 min in 2x SSC, 0.1%
SDS at room temperature, twice for 20 min in 0.2x
SSC, 0.1% SDS at 68°C, and then twice for 10 min in
0.1x SSC, 0.1% SDS at 68°C. After immunological
detection with anti-DIG-AP (Fab-Fragments Diagnos-
tics GmbH, Germany) chemiluminescence generated
by disodium 3-(4-methoxyspiro {1,2-dioxetane-3,
2'-(5'-chloro)tricyclo[3.3.1.1>7] decan}-4-yl) phenyl
phosphate (CSPD) (Roche, Mannheim, Germany) was
detected on Kodak BioMax light film (Sigma—Aldrich,
St. Louis, USA) according to the manufacturer’s

instructions. The primer combinations used to generate
Zmcrtiso probe (394 bp) were: 5'-CAT GCC GCC
GCT CGC CGC GCG CCT C-3’ and 5-CTT GTC
GGA GAA GCC GAA CAT GAC A-3' using Zmcr-
tisol cDNA as a template. This Zmcrtisol DNA probe
had 90.1% identity with Zmcrtiso2. The primer com-
binations for 3’ UTR specific probes were: 5'-GGA
ATA CGA ATG GGT GTA CAG GTT-3' and 5'-TGA
AGG GTA TCT CAA AAC AGA ACT-3' for Zmcr-
tisol (212 bp), 5-GAG GCT GGG CTA GCA GCA
TGC GGT-3' and 5'-AAT TAC ACT GTT TGG CAT
ACC ATG-3' for Zmcrtiso2 (216 bp), 5'-TGG AAA
AGG AGC TCG CGC GAA TCG-3' and 5'-TGA GCT
GGT GGT TCA TAA CAT GTC T-3' for Zmbchl
(377 bp), and 5-GCT TGT TAG CAG TCC GGT
GAG TGA A-3' and 5-GAA AGG AAG ATG GCG
ATA GAT GTA-3 for Zmbch2 (251 bp).

Total RNA (30 pg) was fractionated on a dena-
turing 1.2% (w/v) agarose gel containing formalde-
hyde prior to blotting. The membrane was probed
with digoxigenin-labeled partial cDNAs prepared as
above using the PCR-DIG Probe Synthesis Kit
(Roche, Mannheim, Germany), with hybridization
carried out at 50°C overnight using DIG Easy Hyb.
Washing and immunological detection and CSPD
chemiluminescence were carried out as described
above.

Carotenoid extraction and quantification

Carotenoids from freeze-dried E. coli co-transfor-
mants were extracted in darkness with acetone at
60°C for 20 min, partitioned into 10% ether in petrol
(bp. 40-60°C) and analyzed by HPLC on a non-
endcapped polymeric 3 pm C;q column (YMC Wil-
mington NC, USA) according to Sander et al. (1994).
The mobile phase was methanol/methyl-tert-butyl
ether/water (56:40:4, v/v/v) for 30 min followed by a
change to 26:70:4 (v/v/v) at a flow rate of 1 ml/min
(Breitenbach and Sandmann 2005). Spectra were
recorded on-line with a Kontron 440 diode array
detector. The sources of reference carotene isomers
are described in previous publications (Breitenbach
and Sandmann 2005; Breitenbach et al. 2001Db).
Carotenoids from freeze dried ground endosperm
tissue were extracted in a similar manner, although
the acetone was replaced with tetrahydrofuran/meth-
anol (50:50, v/v) followed by acetone re-extraction.
The HPLC system used for the corn carotenoids was
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a C;g Vydac 218TP54 column with 1% water in
methanol as the mobile phase.

Quantitative real time PCR

Real-time PCR was performed on a BIO-RAD
CFX96™ system using a 25-ul mixture containing
10 ng of synthesized cDNA, 1x iQ SYBR green
supermix (BIO-RAD) and 0.2 mM forward and
reverse primers for the target genes and the internal
glyceraldehyde-3-phosphate dehydrogenase control
(Zmgapdh) (Iskandar et al. 2004) as listed in Table 1.
To calculate relative expression levels, serial dilu-
tions (0.2-125 ng) were used to produce standard
curves for each gene. PCRs were performed in
triplicate using 96-well optical reaction plates, com-
prising a heating step for 3 min at 95°C, followed by
40 cycles of 95°C for 15 s, 58°C for 1 min and 72°C
for 20 s. Amplification specificity was confirmed by
melt curve analysis on the final PCR products in the
temperature range 50-90°C with fluorescence
acquired after each 0.5°C increment. The fluores-
cence threshold value and gene expression data were
calculated using the CFX96™ system software.
Values represent the mean of three real time PCR
replicates +SD.

Results

Cloning and characterization of the corn crtiso
genes

Two different cDNAs (Zmcrtisol and Zmcrtiso2),
encoding full-length carotenoid isomerase (CRTISO)
enzymes, were amplified from 25-DAP corn endo-
sperm mRNA (line B73) by RT-PCR. The sequences
were deposited in GenBank with accession numbers

FJ603466 and FJ765413, respectively. The full-
length Zmcrtisol cDNA encoded a 587-amino-acid
protein with a molecular weight of 63.7 kDa, a pI of
8.24, and a putative 43-residue transit peptide for
chloroplast targeting (Fig. 2). The ZmCRTISOI1
amino acid sequences showed 80.7% similarity and
74.6% identity to Arabidopsis CRTISO (Park et al.
2002), 78.7% similarity and 71.5% identity to tomato
CRTISO (Isaacson et al. 2002), and 73.2% similarity
and 58.8% identity to a cyanobacterial CRTISO
(Breitenbach et al. 2001a; Masamoto et al. 2001;
Fig. 2).

The B73 Zmcrtiso2 cDNA contained a C-to-A
transversion at position 4143 (the putative translation
start codon of the Zmcrtiso2 cDNA isreferred to as +1)
which was not present in homologous EST and cDNA
sequences from other cultivars (accession nos.
FL133727 and EU957482). The resulting nonsense
mutation prematurely terminates protein synthesis and
yields a truncated 127-amino-acid protein (Fig. 2). The
presence of the mutation specifically in B73 corn
genomic DNA was confirmed by PCR using the
Zmcrtiso2 gene-specific primers 5'-CAC CGT CCT
CCG CCC TCC ACT GCA ACT AGC-3’ and 5'-CAG
CCG CAG AGC AGA GTA AAC TGT AGA GTA-3,
based on the sequence of a Zmcrtiso2 BAC clone
(accession no. AC183901). Eight different clones were
used to confirm the presence of the mutation specif-
ically in B73 genomic DNA. Importantly, the mutation
was not present in genomic DNA from M37W, A632
and EP42 corn (GenBank accession nos. GQ366381,
GQ366382 and GQ366383, respectively; Fig. 2b). The
truncated ZmCRTISO2 amino acid sequence showed
96.3% identity and 98.1% similarity to the correspond-
ing region of ZmCRTISO1 (Fig. 2a).

The cDNA sequences were used to screen on-line
corn genomic resources in order to identify the
corresponding genes. Zmcrtisol was localized to

Table 1 Primer oligonucleotide sequences of corn carotenoid isomerise (Zmcrtiso) and f-carotene hydroxylase (Zmbch), and
glyceraldehyde-3-phosphate dehydrogenase (Zmgapdh) genes for quantitative real-time PCR analysis

Gene Forward primer Reverse primer

Zmcrtisol 5'-GAATGGAGGGAGTGGGAAATG-3’ 5'-TGAAGGGTATCTCAAAACAGAACT-3'
Zmcrtiso2 5'-TCAAATCGAGGCTGGGCTAG-3' 5'-CACCGTATCGTGTCAAGCAC-3'
Zmbchl 5'-CCACGACCAGAACCTCCAGA-3' 5'-CATGGCACCAGACATCTCCA-3'
Zmbch2 5'-GCGTCCAGTTGTATGCGTTGT-3’ 5'-CATCTATCGCCATCTTCCTTT-3'
Zmgapdh 5'-CTTCGGCATTGTTGAGGGTT-3' 5'-TCCAGTCCTTGGCTGAGGGT-3'
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A
ZmCRTISO1 - 39
ZmCRTISO2 - PLAARLYAPLNL? PAASLRPATRLCAASGPRNVGGF" 42
AtCRTISO ---MDLCFQNPVKCGDRLFSALNTSTYYKLGTSNLGFNGPVLENRKKKKKLP-~- - 49
LeCRTISO MCTLSFMYPNSLLDGTCKTVALGDSKPRYNKQRSSCFDPLIIGNC W 60
SyneCRTISO
ZmCRTISO1 92
ZmCRTISO2 --EKAGGEGGGGEDEGPYDAIVIGSGIGGLVAATQLAAKG 94
AtCRTISO {SVSSSVVAS----TVQGTKRDGGES-LYDAIVIGSGIGGLVAATQLAVKE 100
LeCRTISO AKGRRGGTVSNLKAVVDVDKRVESYGSSDVEGNESGSYDAIVIGSGIGGLVAATQLAVKG 120
SyneCRTISO -------=------ MTVSPS-=——==—==———=—————— YDATIVIGSGIGGLVTATQLVSKG 29
ZmCRTISO1 ARVLVLEKYLIPGGSSGYYRRDGFTFDVGSSVMFGFSDKGNLNLITQALEAVGRKMEVLP 152
ZmCRTISO2 EKYLIPGGSSGYYRRDGFTFDVGSSVMFGFSDKGNLNLITQALEAVGRKMRVLP 154
AtCRTISO ARVLVLEKYLIPGGSSGFYERDGYTFDVGSSVMFGFSDKGNLNLITQAI GRKMEVIP 160
LeCRTISO A VLEKYVIPGGSSGFYERDGYKFDVGSS FSDKGNLNLITQALAA KLEVIP 180
SyneCRTISO LKVLVLERYLIPGGSAGYFEREGYRFDVGASMIFGFGDRGTTNLLTRALAAVGQALETLP 89
ZmCRTISO1 RGKPKGLLAMPFNTTSIDGLYCVGDSCFPGQGV 572
ZmCRTISO2 RGKPKGLLAMPFNTTSIDGLYCVGDSCFPGQ 573
AtCRTISO RGTPKGLLGMPFNTTAIDGLYCVGDSCFPGQGV! 580
LeCRTISO RGTPKGLLGMPFNTTAIDGLYCVGDSCFPGQGV 600
SyneCRTISO RRRLPGLLPMPFNRTAIPGLYCVGDSTFPGQGLNAV. 501
ZmCRTISO1 A 587
ZmCRTISO2 L 588
AtCRTISO A 595
LeCRTISO L 615
SyneCRTISO
B

GCG CTG GCA T G GAG AAG GCG

(o]

Fig. 2 a Alignment of deduced amino acid sequences of the
N- and C-terminal region encoded by the crtiso genes. In B73
ZmCRTISO2, the 48th amino acid is interrupted by a stop
codon as marked with the asterisk. Consequently, the predicted
protein of Zmcrtiso2 starts with the second methionine (M)
marked in black as indicated by the arrow; it is truncated by
127 amino acid residues as compared to its M37W, A632 and
EP42 paralogs. The putative ZmCRTISOI protein possesses a
43-residue transit peptide for chloroplast targeting as marked

chromosome 4 (accession no. AC205563) and Zmcr-
tiso2 to chromosome 2 (accession no. AC183901).
Eleven introns were found in the available Zmcrtisol
gene sequence with the coding region located 383—
3,826 bp downstream from the transcriptional start
site. Since the BAC clone containing Zmcrtisol did
not overlap the first 392 bp of the cDNA, a pair of
primers matching this sequence (5'-CAT GCC GCC
GCT CGC CGC GCG CCT CCA-3' and 5-CAA
CTG CTT CCA ATG CTT GTG TGA TCA-3') was
used to amplify the missing genomic DNA fragment.
The 857-bp product was cloned and sequenced
(accession no. FJ838766). The comparison of the
amplified genomic DNA sequence, Zmcrtisol cDNA
and the BAC clone (accession no. AC205563)

crtiso2 from B73

crtiso2 from M37W, A632 and EP42

by the arrow. ZmCRTISO1 (Zea mays L., accession no. FJ603
466); ZmCRTISO2 (Zea mays L., accession no. FJ765413);
AtCRTISO (Arabidopsis thaliana L., accession no. ACO1
1001); LeCRTISO (Lycopersicon esculentum cv. M82, acces-
sion no. AF416727) and SyneCRTISO (Synechocystis sp. PCC
6803, gene s//0033). b Comparison of the nucleotide sequence
regions around position 143 (the putative translation start codon
of the Zmcrtiso2 cDNA is referred to as +1) of Zmecrtiso2 in
different corn cultivars

showed that the Zmcrtisol gene contains 12 introns.
The Zmcrtiso2 BAC clone (accession no. AC183901)
spanned the entire gene, which also contained 12
introns.

Cloning and characterization of the corn bch
genes

The sequence of the Zmbchl cDNA from B73
endosperm predicted a 309-amino-acid protein with a
molecular weight of 33.6 kDa, a pI of 10.92 and a 68-
amino-acid transit peptide, suggesting the 241-amino-
acid mature protein has a molecular weight of 26.5 kDa
and a pl of 9.10 (accession no. GQ131287). The cloned
Zmbchl cDNA sequence has 98.9% identity at DNA
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level with f-carotene hydroxylase 4 cDNA (Vallab-
haneni et al. 2009; accession number AY844 956). The
deduced amino acid sequence of ZmBCHI shared
99.4% identity with hydroxylase 4 as reported by
Vallabhaneni et al. 2009. These authors do not report
the specific corn cultivar used to identify hydroxylase 4
(Vallabhaneni et al. 2009) consequently one cannot
determine if our cloned gene (Zmbchl) is different from
hydroxylase 4 because of a difference in cultivar used to
clone the genes or different isozymes in B73. The
sequence of the cloned Zmbch2 cDNA is the same as
p-carotene hydroxylase 3 (Vallabhaneni et al. 2009;
accession number AYS844958). Zmbch2 encodes a
predicted 319-amino-acid protein with a molecular
weight of 34.6 kDa, a pl of 8.82 and a 69-residue transit
peptide, yielding a mature 250-amino-acid protein with
a molecular weight of 27.5 kDa and a pI of 6.67. The
predicted amino acid sequences of ZmBCHI1 and
ZmBCH2 are aligned in Fig. 3. The N-terminal
sequences are highly conserved, despite the presence
of four small gaps in ZmBCH?2, whereas the C-terminal
sequences differ considerably, not least because of the
presence of 29 additional residues in the ZmBCH2
sequence (Fig. 3). The screening of corn genomic
resources allowed us to localize Zmbchl to chromo-
some 2 (accession nos. AC196442) and Zmbch2 to
chromosome 10 (accession no. AC194430). A compar-
ison of the cDNAs and corresponding BAC clones
showed that both genes were present in their entirety in
the BAC clones and both coding sequences contained

five introns. The full-length amino acid sequences are
76.6% identical, both containing four predicted trans-
membrane helices and one highly conserved region
described by Sun et al. (1996) as “Motif 1”. The most
striking features were the conserved histidine motifs,
often found in iron-containing monooxygenases and
fatty acid desaturases including f-carotene hydroxy-
lases (Bouvier et al. 1998), which may act as iron-
binding ligands (Shanklin et al. 1994). The four regions
HX,H, HX,HH, HX,H and HX,HH are underlined in
Fig. 3.

Crtiso and bch gene copy numbers

Most plants studied thus far appear to contain a single
gene encoding CRTISO (Park et al. 2002; Isaacson
et al. 2002) so the presence of a small gene family in
corn warranted further investigation. Southern blot
analysis was carried out by digesting the corn genomic
DNA with five different restriction enzymes, followed
by hybridization under high stringency with a 394-bp
Zmcrtisol probe lacking any of the enzyme sites. This
Zmcrtisol DNA probe had 90.1% identity with Zmcr-
tiso2. At least three hybridizing bands were present in
each lane under high stringency conditions (Fig. 4a),
suggesting that a further crtiso gene was present in
addition to the two we had already cloned. Based on
Zmecrtisol and Zmcrtiso2 cDNA and genomic DNA
sequences, two gene specific probes without intron
DNA fragments were prepared as described in

Fig. 3 Alignment of ZmBCH1 MAAGLSGAAMTSFVAKNPLLAAAARRRALPPLAGRALPFSPLTTARAPRRRGLGTVTCFV 60
deduced amino acid ZmBCH2 MAA----- AMTSFVAKNPLLAAAARRRA -PPLAGRALPFSPLASTRAPRR----TVTCFV 50
sequences of ZmBCHI1 (Zea
mays L., accession no. ZmBCH1 PQDTEHPAAAAPAPVAPVPETALDEEARAAAARRVAERKARKRSERRTYLVAAVMSSLGY 120
GQ131287) and ZmBCH2 ZmBCH2 PQDTAAPAAPVPA-—=--—=--=~ LDEEARAAAARRVAEKEARKRSERRTYLVAAVMSSLGV 101
Zea mays L., accession no. o :
( Yy ’ X T™ helix 1
AY844957). Four predicted
transmembrance (TM) ZmBCH1 TSMAVAAVYYRFSWQMEGGAVPVSEMFGTFALSVGAAVGMEFWARWAHRALWHASLWHMH 180
helices, one highly ZmBCH2 TSMAVAAVYYRFSWQMEGGEVPVIETLGTFALSVGAAVGMEFWARWAHRALWHASLWHMH 161
nserved region descri - :
conserved region described ™ helix 3 HXH
by Sun et al. (1996) as
oti and the four m] ESHHRPREGPFELNDVFAIVNAVPATSLLAYGFFHRGLVPGLCFGAGLGITLFGMAYMEV

“Motif 1” and the f ZmBCH1 s G S G GLVPGLCFGAGLG G 240
regions HX4H, HX,HH, ZmBCH2 ESHHRPREGPFELNDVFAIVNAAPATSLLAYGFFHRGIVPGLCFGAGLGITLFGMAYMFV 221
HX4H 'and HX,HH are HX,HH T™ helix 3 T™ helix 4
underlined

ZmBCH1 HDGLVHRRFPVGPIANVPYFRRVAAAHK THHMDKFEGVPYGLFLGPKELEEVGGLDELEK 300

ZmBCH2 HDGLVHRRFPVGPIADVPYFRRVAASHK THHMDKFGGVPYGLFLGPKELEEVGGLDELVS 281

HX,H HX,HH
Motif 1
ZmBCH1 ~ mmmmmmmmmmm oo ELAR--=--—-—=-—— IGRTI---- 309
ZmBCH2
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Materials and Methods. These two probes have just
43.3% identity at the nucleotide levels. There are two
adjacent Xbal sites (791 bp) which cover Zmcrtisol
probe DNA fragment in Zmecrtisol genomic DNA
(accession number: AC205563). Thus, one 791 bp
hybridizing band was detected in the Xbal digested
genomic DNA for Zmecrtisol gene specific DNA
hybridization (Fig. 4b). There are two adjacent EcoRV
sites (5,330 bp), two adjacent HindIII sites (6,202 bp)
and two adjacent Xbal sites (867 bp), which cover

Zmcrtiso2 probe DNA fragment in Zmcrtiso2 genomic
DNA (accession number: AC183901). However, at
least two hybridization bands were detected for
EcoRV, HindlIll and Xbal digested genomic DNA for
Zmcrtiso2 gene specific DNA hybridization (Fig. 4c).
Thus we demonstrated that Zmcrtisol probably exists
as a single copy whereas there are two copies of
Zmcrtiso2 (Fig. 4b, c). A similar experiment using
gene specific Zmbchl and Zmbch?2 probes detected at
least two bands per lane for Zmbchl and at least three

D
kb M B RI RV H X
A

6—"“.:' 1
’:,;-,. :
o2

4 ‘ ..

41
3 - - « ; .
2.5 -| - ‘ o
i

Fig. 4 DNA blot analysis of Zmcrtiso and Zmbch gene family
in corn. Genomic DNA (20 pg) from mature leaves was
separately digested with BamHI (B), EcoRI (RI), EcoRV (RV),
HindlIll (H) and Xbal (X). Five different blots were hybridized

with the Zmcrtiso probe (a), Zmcrtisol (b), Zmcrtiso2 (c),
Zmbchl (d) and Zmbch2 (e) specific probes described in
“Materials and methods”

@ Springer



1062

Transgenic Res (2010) 19:1053-1068

for Zmbch2 (Fig. 4d, e), indicating there are two or
more copies of Zmbchl and three or more copies of
Zmbch2 in the corn genome bringing the total of Zmbch
genes in corn to 5 or more. The Zmbchl and Zmbch?2
probe nucleotide sequences were used to query Maize
Genetics and Genomic Database (MaizeGDB, http://
www.maizegdb.org/), respectively. Three different
BAC clones (AC196442 located on chromosome 2,
AC215681 on chromosome 4, and AC217349 on
chromosome 6) in B73 matched the Zmbchl probe
nucleotide sequence (96—100% identities), while four
distinct BAC clones (AC194430 on chromosome 10,
AC205313 on chromosome 1, AC197362 on chro-
mosome 8, and AC201889 on chromosome 7) in B73
matched the Zmbch2 probe nucleotide sequence
(87-100% identities). Thus our data is consistent with
the maize genome sequence.

Functional analysis of corn crtiso and bch

The activity of our cloned cDNAs was investigated by
genetic complementation analysis in E. coli. For this
purpose, Zmcrtisol, Zmcrtiso2 and Zmecrtiso2C
cDNAs, the latter with the premature stop codon
corrected, were expressed in E. coli strains cotrans-
formed with plasmids pACCRT-EBP and
pBBRIMCS2-zds, allowing the synthesis of prolyco-
pene as the substrate for CRTISO (Fig. 5A). The
composition of {-carotene isomers is shown in trace A’.
When functional CRTISO1 is present, all-trans lyco-
pene and 5-cis lycopene are produced at the expense of
prolycopene (Fig. 5B). The cis {-carotene composition
remains unchanged following the introduction of
Zmcrtisol (Fig. 5B’). Lycopene cyclase is unable to
utilize prolycopene (Fig. 5C). However, in the pres-
ence of Zmcrtisol, the correct all-frans lycopene
isomer is formed, allowing cyclization (Fig. 5D). By
complementation, we demonstrated that the B73
Zmcrtiso2 is non-functional (data not shown). How-
ever, when the nonsense mutation is corrected, the
functional enzyme was able to convert prolycopene
into all-trans lycopene (Fig. SE). This indicates that
Zmcrtiso2 encodes a functional isomerase in other corn
cultivars. Figure S5F shows different lycopene isomers
produced by Crtl phytoene desaturase.

The Zmbchl and Zmbch2 cDNAs were tested by
complementation in E. coli strains accumulating
p-carotene (Fig. 6A). In strains cotransformed with
Zmbchl cDNA, more than half of the f-carotene was
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Fig. 5 Functional analyses of Zmcrtiso cDNAs. Formation of
carotenes in E. coli transformed with different combinations of
carotenogenic genes: A with plasmids pACCRT-EBP + pBB
RIMCS2-zds establishing a cis-lycopene and a {-carotene (trace
A") background; B conditions as in A but with the B73 carotenoid
isomerase cDNA crtisol in pUC8-Zmcrtisol (isol); C cis-
lycopene background as in A with an additional lycopene cylase
gene in pRK-crtY; D conditions as in C plus pUC8-Zmcrtisol
(isol); E conditions as in A but with the corn carotenoid isomerase
gene crtiso2C in pUCS-Zmcrtiso2C (iso2c); Trace F shows
several lycopene isomers as standards produced by plasmid
PACCRT-EBI with the crtl-type phytoene desaturase. Abbrevia-
tions: proL, prolycopene; N, neurosporene; L, lycopene; (,
{-carotene; fZc, -zeacarotene; ffC, f-carotene; c, cis; t, trans

converted into the monohydroxyl derivative f-cryp-
toxanthin (about 80% of the product) and the
dihydroxyl derivative zeaxanthin (about 20% of the
product; Fig. 6B). However, in strains cotransformed
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with Zmbch2 cDNA, only 4.3% of f-carotene was
converted to ff-cryptoxanthin and no zeaxanthin was
formed (Fig. 6C).

Carotenoid accumulation and gene expression
during endosperm development

The profile of carotenoid accumulation in developing
B73 corn endosperm was assessed up to 30 DAP
(Table 2). Yellow corn endosperm contains -carotene,
its monohydroxylated product ff-cryptoxanthin and its
dihydroxylated product zeaxanthin. Although o-caro-
tene could not be detected, its hydroxylated products
o-cryptoxanthin and lutein were present at detectable
levels. A steady increase in total carotenoid content was
observed during kernel maturation, although the levels
of lutein, zeaxanthin and o-cryptoxanthin increased,
p-carotene and f-cryptoxanthin levels decreased from
25 to 30 DAP.

A

Control ~ bCar
E|B bCry Bch-1
o
o)
<
®
(0]
[&]
cC
@®
£
2
Q
g€ Bch-2

bCry

bCEp bCar

0 5 10 15 20 25

Retention time (min)

Fig. 6 Functional analyses of Zmbchl and Zmbch2. (A)
E. coli expressing pACCARI16AcrtX. (B) E. coli expressing
pACCARI16AcrtX with additional plasmid pUC8-Zmbchl
(Bchl). C E. coli expressing pACCAR16AcrtX with addi-
tional plasmid pUC8-Zmbch2 (Bch2). Abbreviations: bCar,
p-carotene; Zeax, zeaxanthin; bCry, f-cryptoxanthin; bCEp,
p-carotene epoxide

In order to understand how carotenoid accumula-
tion is regulated during corn endosperm development,
northern blots containing B73 endosperm mRNA from
different developmental stages were hybridized with
Zmcrtisol, Zmcrtiso2, Zmbchl and Zmbch2 gene-
specific DNA probes. The signals for Zmcrtisol,
Zmcrtiso2 and Zmbchl were below the detection
threshold regardless of the probe used (data not
shown). The steady-state levels of Zmbch2 mRNA
increased in the endosperm between 10 and 15 DAP
then remained constant until 25 DAP, then declined at
30 DAP, but no transcripts could be detected in leaves
(Fig. 7a). To increase sensitivity, expression profiles
were monitored by quantitative real time PCR
(Fig. 7b) which showed that the transcripts for all
four genes increased throughout endosperm develop-
ment to 25 DAP. Thereafter, the level of Zmcrtiso2
mRNA remained constant until 30 DAP whereas the
levels decreased for the other three genes.

Discussion

Carotenoids are nutritionally valuable compounds that
provide a range of health benefits including protection
against cancer and other chronic diseases (review by
Fraser and Bramley 2004). Humans cannot synthesize
carotenoids and must obtain them from their diet,
notably from fresh fruit and vegetables and seafood.
However, since many people, particularly those in
developing countries, subsist on a monotonous diet of
staple cereal grains, there has been much interest in the
development of strategies to improve carotenoid levels
and composition in staple crops (Zhu et al. 2007; 2009).
One significant hurdle to the improvement of caroten-
oid levels in cereal grains is the limited understanding
of how carotenoid synthesis is normally regulated,
particularly in the endosperm, which is the most
nutritious component of the grain. A number of recent
studies have shown the potential for carotenoid
enhancement in corn endosperm, either through con-
ventional breeding or transgenic strategies (Harjes
et al. 2008; Zhu et al. 2008; Aluru et al. 2008; Naqvi
et al. 2009). Despite this progress, much remains to be
learned about the carotenoid synthesis pathway in corn
endosperm and the regulatory mechanisms that control
the accumulation of specific carotenoid molecules.
The first step towards understanding how carote-
noids are synthesized is to identify the enzymes
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Table 2 Carotenoids in B73 corn seed endosperm (ng/g dry weight) depending on the degree of maturation

Viol Lut Zeax o-Cry p-Cry p-Car Total
10 DAP 0.83 £ 0.06 0.60 £ 0.02 0.66 + 0.04 0 0 0 2.09
15 DAP 0.39 £ 0.02 1.83 £ 0.12 1.53 £ 0.15 0.88 £ 0.07 0.60 + 0.07 0.17 £ 0.08 5.40
20 DAP 0.88 + 0.04 5.11 £ 0.23 2.36 £ 0.15 2.13 £ 0.16 1.14 £ 0.09 0.70 + 0.05 12.32
25 DAP 1.11 £ 0.09 8.03 £ 028 4.10 £ 0.30 3.77 £ 0.15 2.31 £0.12 1.30 £ 0.09 20.62
30 DAP 1.50 £ 0.11 12.55 + 0.33 6.99 £+ 0.451 4.23 + 0.29 0.85 £+ 0.04 1.16 + 0.07 27.28

Each value is the mean of three determinations from an extract of five individual seeds

Abbreviations: DAP Days after pollination, Viol violaxanthin, Lut lutein, Zeax zeaxanthin, o-Cry o-cryptoxanthin, p-Cry

p-cryptoxanthin, f-Car f-carotene

involved and isolate the corresponding genes. Several
corn cDNAs encoding carotenogenic enzymes have
already been cloned and identified including psyl,
psy2 and psy3 (phytoene synthase), pds (phytoene
desaturase), zds ({-carotene desaturase), lcyb (lyco-
pene f-cyclase) and Icye (lycopene e-cyclase) (Buck-
ner et al. 1996; Gallagher et al. 2004; Li et al. 2008a;
Li et al. 1996; Matthews et al. 2003; Singh et al.
2003; Bai et al. 2009). We have cloned and charac-
terized four additional cDNAs, two representing the
enzyme carotenoid isomerase (CRTISO) and two
representing non-heme di-iron monooxygenase
f-carotene hydroxylase (BCH).

The two crtiso cDNAs (Zmcrtisol and Zmcrtiso2)
mapped to genes on different chromosomes and the
predicted amino acid sequences showed >96% identity
to each other, as well as >70% identity to the single
CRTISO enzymes in Arabidopsis and tomato (Park
et al. 2002; Isaacson et al. 2002). The corn genes, like
the Arabidopsis and tomato genes, contained 12
introns, and a candidate crtiso gene with 12 introns
was also identified in the rice genome (accession no.
AC108871). Similarly, the two bch cDNAs (Zmbchl
and Zmbch2) mapped to different chromosomes but
encoded very similar proteins (76.6% identity, with
highly conserved motifs typical for an iron-containing
monooxygenase). However, in this case, the presence
of two distinct genes reflected the situation in other
plants such as Arabidopsis (Sun et al. 1996; Tian and
DellaPenna 2001), pepper (Bouvier et al. 1998), citrus
(Kim et al. 2001), saffron (Castillo et al. 2005) and
tomato (Galpaz et al. 2006), where two bch genes are
also present.

The presence of multiple isoenzymes in plant
metabolic pathways is a common phenomenon which
often reflects the requirement for the same catalytic
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activity in different subcellular compartments, often
the plastids and cytosol (Gottlieb 1982). However,
both the crtiso and bch cDNAs appear to encode
proteins with the transit peptide sequences, suggest-
ing the isoenzymes are destined for the plastids.
Another source of isoenzymes in diploid plants such
as corn is the random duplication of chromosome
segments followed by the functional diversification of
the duplicated genes. We therefore sought to deter-
mine whether the two cDNAs encoding each enzyme
were differentially expressed or whether the enzymes
themselves were functionally distinct.

We looked at the expression of all four cDNAs
during endosperm development using a combination
of mRNA blot and quantitative real-time RT-PCR.
The latter was necessary because only Zmbch2 was
expressed at a high enough level to be detected by
mRNA blot. Real-time PCR showed that the two
crtiso mRNAs were differentially expressed. Zmcrti-
sol increased during endosperm development to
25 DAP before dropping off, whereas Zmcrtiso2
followed the same profile until 25 DAP but thereafter
remained at a constant level. Although this suggests a
distinct role for Zmcrtiso2 in later endosperm devel-
opment, the two enzymes appear to have identical
activities when in their functional forms, both
isomerizing prolycopene into all-frans lycopene and
providing the correct isomer for the subsequent
cyclization step forming either a - or ¢-ionone ring.
Since the composition of {-carotene isomers is almost
unchanged (Fig. 5A’, B’) when the CRTISO enzymes
are expressed, additional {-carotene isomerase activ-
ity can be excluded, although this may be the
function of the corn y9 allele (Li et al. 2007).
Interestingly, the Zmcrtiso2 cDNA from inbred corn
line B73 contained a nonsense mutation in the first
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exon converting it into a mutated gene which is not
present in M37W (accession no. GQ366381), A632
(accession no. GQ366382), EP42 (GQ366383) and
other unknown corn lines (accession nos. FLL133727,
EU957482). Translation can initiate from a
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subsequent methionine codon resulting in a truncated,
non-functional protein. It also lacks a transit sequence
for plastid targeting. Therefore, ZmCRTISO2 does
not contribute to carotenogenesis in the inbred
line B37, and from this we can conclude that
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CRTISO is not a limiting step in carotenogenesis
otherwise the pathway would be restricted at the level
of prolycopene isomerization once the expression of
ZmCRTISO1 dwindles during late endosperm
development.

The two bch mRNAs were also differentially
expressed, with Zmbch2 alone detectable by mRNA
blots. This showed that the mRNA was restricted to
endosperm and below the limit of detection in leaves
(Fig. 7a), unlike other carotenogenic genes in corn
which are thought to be expressed constitutively
(Vallabhaneni and Wurtzel 2009). The steady state
Zmbch2 mRNA levels in endosperm were signifi-
cantly higher than in leaves (Fig. 7a), a finding which
is in disagreement with the report by Vallabhaneni
et al. 2009 claiming similar mRNA levels in leaves
and endosperm at 10 and 30 DAP (Vallabhaneni
et al. 2009). The expression of both Zmbchl and
Zmbch2 increased during endosperm development,
suggesting that the expression profiles in the endo-
sperm were concordant. The Zmbch2 was preferen-
tially expressed in amyloplast-containing endosperm
rather than chloroplast-containing leaves (Fig. 7a),
similar to the situation in Arabidopsis where the
Atbch2 gene is induced rapidly and strongly during
seed development. This suggests that AtBCH2 is
preferentially involved in xanthophyll synthesis in
seeds (Kim et al. 2009). One of the two bch genes in
bell pepper, tomato and saffron is also preferentially
expressed in flowers or during fruit development
(Bouvier et al. 1998; Castillo et al. 2005; Galpaz et al.
2006). In tomato, a bch2 mutant results in a colorless
petal phenotype with no impact on xanthophyll
synthesis in leaves (Galpaz et al. 2006), and the
massive accumulation of xanthophylls during stigma
maturation in saffron correlates with high expression
of a single bch gene (Castillo et al. 2005). Although
showing concordant expression profiles in endo-
sperm, the activity of the two BCH isoenzymes is
distinct. In bacteria producing [-carotene and
expressing the Zmbchl cDNA, more than half of
the f-carotene was converted into downstream prod-
ucts, approximately 80% f-cryptoxanthin and 20%
zeaxanthin. In contrast, similar bacteria expressing
Zmbch2 cDNA were able to convert less than 5% of
the available f-carotene and only f-cryptoxanthin
was produced. This functional difference might indi-
cate that the two genes are diverging to fulfill slightly
different roles in carotenoid biosynthesis.

@ Springer

Any hypothesis addressing the roles of isoenzymes
in carotenoid biosynthesis must look at the expression
profiles and enzyme activities in the context of
carotenogenesis during seed development. Previous
studies have shown that total carotenoid levels increase
steadily up to 30 DAP coincident with the upregulation
of psyl, while pds and zds transcripts remain at a
constant level (Li et al. 1996; Matthews et al. 2003; Li
et al. 2008a; Vallabhaneni and Wurtzel 2009). The
coordinated upregulation of Zmcrtisol, Zmcrtiso2,
Zmbchl and Zmbch?2 until 25 DAP is consistent with
the observed accumulation of carotenoids, although
only Zmcrtiso2 remains at high levels for the next
5 days while the carotenoid content continues to
increase. The expression of Icye follows a similar
profile (Vallabhaneni and Wurtzel 2009). It is apparent
that PSY1 is the rate-limiting enzyme of the carotenoid
biosynthetic pathway (Li et al. 2008b), but the impact
of increasing Zmcrtisol, Zmcrtiso2, Zmbchl and
Zmbch2 expression over the same timescale is to
gradually increase the availability of the f-branch of
the pathway. The only remaining carotenogenic gene
in corn lacking expression data is carotene e-ring
hydroxylase, catalyzing the 3-hydroxylation of the
e-ionone ring in the synthesis of lutein (Fig. 1). When
we compare carotenoid accumulation during seed
development (Table 2) with bchl and bch2 transcript
kinetics (Fig. 7b), we can predict that e-ionone ring
carotene hydroxylase will demonstrate similar tran-
script kinetics. This can be concluded from a propor-
tional increase of zeaxanthin and lutein over the whole
period of seed development and the equal participation
of f-carotene hydroxylase and the é¢-ionone ring
carotene hydroxylase during formation of lutein from
a-carotene (Fig. 1).

In conclusion, we have cloned and characterized
four cDNAs encoding corn carotenogenic enzymes,
two encoding CRTISO and two encoding BCH. The
enzymes are highly conserved in sequence, expres-
sion and activity, but subtle differences in the
expression profiles of the CRTISO enzymes and the
expression and activities of the BCH enzymes hint at
divergent roles in plant carotenoid biosynthesis that
may be useful in the development of more refined
strategies to engineer carotenoid synthesis and com-
position in staple crops.
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Introduction

Genetically engineered (GE) crops have a remarkable
potential to tackle some of the world’s most challenging
socioeconomic problems, which are more prevalent, more
entrenched, and more intractable in the developing world
than in the industrialized nations [1]. In developing
countries, nearly one billion people are chronically under-
nourished and up to three billion suffer from malnutrition
due to micronutrient deficiency. Add to this the increased
burden of disease and poverty resulting from the poor
socioeconomic status and inadequate infrastructure of
developing countries, and a vicious cycle is created where
those most in need of food and medicine are least likely to
receive them [1]. Although plant biotechnology is not a
magic bullet, it could contribute significantly and sustain-

ably to humanitarian efforts in developing countries where
much of the economy is based on subsistence agriculture.

Recent breakthroughs

Pest and disease resistance

Pests and pathogens reduce crop yields worldwide by up
to 30%, but in developing countries >80% losses can
occur because the climate favors the proliferation of
insect pests that consume and spoil food, and transmit
diseases. In the developed world, herbicide tolerance and
pest resistance are the most prevalent traits in commercial
GE crops, and they are often stacked together in a single
crop to offer maximum protection [2]. In July 2009, this
culminated with the commercial release of Smartstax corn
by Monsanto and Dow AgroSciences, a GE variety com-
bining eight different herbicide and pest resistance traits
[3°]. The pest resistance genes used in commercial pest-
resistant GE crops are based on insecticidal toxins from
Bacillus thuringiensis [2,4]. Although these plants have
been extraordinarily successful, not all pests are targeted
by Bt toxins and alternatives are required to avoid the
evolution of resistance, so new strategies have been
developed to tackle more recalcitrant pests.

One recently developed approach is the use of RNA inter-
ference (RNAI) for highly specific targeting of individual
pests. Transgenic corn expressing dsRINA targeted against
V-type ATPase of the western corn rootworm (Diabrotica
virgifera virgifera LeConte) strongly suppressed corre-
sponding mRNA levels in the insect and reduced feeding
damage significantly compared to wild type plants [5°]. Ina
related approach, the expression of dsSRNA targeted against
the cotton bollworm (Helicoverpa zea) cytochrome P450
gene responsible for the catabolism of gossypol (a cotton
secondary metabolite) increased the sensitivity of the
insects to gossypol in transgenic tobacco and Arabidopsis
plants [6°]. The technique also works against viruses, for
example, dsRNA targeting the Pusi2 gene of Rice dwarf
virus made rice plants highly resistant to infection [7].

Another novel strategy is the creation of GE plants that
emit chemicals to reduce pest infestations. For example,
corn plants transformed with an oregano gene encoding
(E)-B-caryophyllene synthase constitutively exuded this
sesquiterpene from the roots, attracting nematodes that
feed on insect larvae, reducing root damage and halving
the number of beetles associated with the roots [8].
Similarly, the insect-killing fungus Metarhizium anisopliae
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was engineered to produce a scorpion toxin that is only
activated in the presence of insect hemolymph [9].

Stress tolerance

Unfavorable environmental conditions such as drought,
poor soil quality, and flooding also limit productivity in
the developing world. Much progress has been made in
determining the basis of stress responses in plants and the
isolation of stress response genes that can be introduced
into susceptible crops to increase their tolerance [1]. This
can be achieved simply by expressing the enzymes or
structural proteins that are involved in the direct response
to stress, for example, the expression of enzymes for the
biosynthesis of osmoprotectants, detoxifying enzymes
and proteins involved in the maintenance of homeostasis
[10]. A broader approach is to express the proteins
involved in the regulation of stress pathways, such as
receptors, intracellular signaling molecules and transcrip-
tion factors, since these can activate multiple downstream
effectors of stress tolerance [11°°,12°%,13,14].

Improved nutrition

The nutritional value of crops can be enhanced by increas-
ing the overall yield (quantity) or increasing the nutritional
density (quality) of food, especially by encouraging the
accumulation of essential nutrients. A recent example of
the former approach is the expression of the plasma mem-
brane protein LRK1 in transgenic rice plants [15°]. This
protein is normally expressed constitutively at low levels in
leaves, young panicles, roots, and culms. Higher-level
expression increased the number of panicles, the number
of spikelets per panicle, and the grain weight, producing a
27% increase in yield overall per plant.

There have also been a number of recent breakthroughs in
GE approaches to increasing nutritional density, particu-
larly the enhancement of vitamin levels in staple crops.
Several recent studies report new crop varicties with
increased carotenoid levels, and a combinatorial nuclear
transformation method has been developed to dissect and
modify the carotenoid biosynthetic pathway in corn, result-
ing in the rapid production of a diverse population of
multiplex-transgenic plants containing enhanced levels
of specific carotenoids ([16°°] and references therein). In
the combinatorial system five carotenogenic genes
(Zmpsyl, Pacrtl, Glbch, Gllych, and ParacrtW) under the
control of endosperm-specific promoters were introduced
into an elite white corn variety deficient for endosperm
carotenoid synthesis. This resulted in a population of
transgenic plants containing different combinations of
transgenes and producing high levels of various caroten-
oids, including B-carotene, lutein, zeaxanthin, lycopene,
and astaxanthin. Another study involved the transfer of
seven carotenogenic transgenes into canola, increasing
total carotenoid content 30-fold and producing key keto-
carotenoids [17°°]. A novel approach in potato was to
express a cauliflower gene that promotes the differen-

tiation of non-colored plastids into chromoplasts, thus
generating a sink for carotenoid accumulation [18°].

Several recent studies report progress with other vitamins,
such as folate, where the convergence of three metabolic
pathways restricted to different cell compartments needs
to be addressed, and ascorbate, which is recycled as well
as synthesized de novo [19-21]. The recent report of
transgenic corn plants simultaneously enhanced for car-
otenes, folate, and ascorbate is the first publication
describing transgenic plants where three entirely differ-
ent metabolic pathways have been targeted with the aim
of nutritional improvement [22°°]. Compared to normal
corn, the seeds contained 407-fold more B-carotene
(57 pg/g dry weight), 6.1-fold more ascorbate
(106.94 pg/g dry weight) and twice the amount of folate
(200 pg/g dry weight). Additionally, expression of the
egoma (Perilla frutescens) y-tocopherol methyltransferase
gene increased the levels of a-tocopherol and B-toco-
pherol (vitamin E) in soybean seeds by 10.4-fold and 14.9-
fold, respectively [23].

Attempts to enhance the levels of essential amino acids
[24,25] and very long chain polyunsaturated fatty acids
[26-28] have also been successful. For example, a recom-
binant heterotypical tRNA(Lys) has been developed that
introduces lysine residues in place of other amino acids
during protein synthesis [24], and RNAI has been used to
inhibit the key enzyme lysine-ketoglutarate reductase/
saccharophine dehydrogenase (LKR/SDH) in order to
increase lysine levels in corn [25]. There has also been
progress in the engineering of plants to increase the
accumulation of mineral nutrients, through the expres-
sion of iron transporters, storage proteins or regulatory
factors [29°°,30] and calcium transporters [31,32].

Added value

Plants can be engineered to produce recombinant
proteins and specific chemicals that significantly add to
their value [33]. A number of vaccine candidates have
been produced in transgenic plants, some progressing to
clinical trials (reviewed in Ref. [34]), and one veterinary
vaccine produced in tobacco cells has been approved by
the USDA and has established a regulatory precedent (a
vaccine against Newcastle disease in poultry, developed
by Dow AgroSciences). More recent examples include a
rice seed-based edible vaccine expressing T-cell epitope
peptides derived from Japanese cedar major pollen aller-
gens [35] and transgenic tomato plants expressing two
recombinant viral proteins against foot-and-mouth dis-
ease [36]. Many other pharmaceutical products have been
produced in plants, with recombinant antibodies leading
the pack [37]. A significant recent development in this
areca with particular developing country impact is the
successful production of full size HIV-neutralizing mono-
clonal antibodies in corn [38°,39°] as well as the algal
proteins cyanovirin-N [40] and griffithsin [41°]. A fusion
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protein comprising cyanovirin-N and the HIV-neutraliz-
ing antibody b12, which has greater potency than either of
its components, has also been produced in tobacco [42]. In
addition to pharmaceuticals, there have been recent
developments in the creation of transgenic plants engin-
eered for other added-value traits, such as cotton with
increased fiber length and quality [43] and poplar with
reduced lignin content [44].

Barriers to adoption

The advances described above provide a vignette of the
potential of GE crops, and in an ideal world there would
be rapid transfer of the most successful varieties from the
laboratory to the field and then to deployment in areas
where the benefit could be felt most. But two case
studies, Golden Rice II [45] and virus-resistant papaya
[46], show that even the best ideas in the laboratory
struggle to reach their targets despite a long track record
of safety and performance.

A major hurdle to the adoption of plant biotechnology is the
widespread perception that only ‘big business’ benefits
from it, with consumers generally failing to realize the
indirect benefits to the environment. The benefits of plant
biotechnology in developing countries would be more
direct — addressing hunger and disease and increasing
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the wealth of the subsistence farmer who might be able to
make a small profit from the extra yield, but take-up has
nevertheless been slow (Figure 1) particularly in Africa
where South Africa was the only participant in commercial
GE agriculture until 2008 (Figure 2).

One prevalent feature of contemporary biotechnology is
its proprietary nature, which means that inventions (pro-
ducts and processes) are almost always protected with
patents. These are supposed to help promote the trans-
formation of research into marketed products but many
believe they obstruct research and development by
blocking access to research tools, mandating the use of
material transfer agreements and attracting litigation [47].
In developing countries, many key technologies for bio-
technology products appear to be unprotected; problems
could arise when crops developed with such technologies
are exported, but their use for subsistence agriculture is
legitimate. The donation of intellectual property for
humanitarian purposes in developing countries is there-
fore a realistic prospect, as in the case of Golden Rice [48].

The media also plays a significant role in the likelihood
of technology uptake, so how the public perceive GE
technology depends greatly on how the information is
packaged by the media. In developed countries, media
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Adoption of genetically engineered crops in developed countries (red) and developing countries (blue) in millions of hectares per country. Notice the US
remains by far the most enthusiastic adopter in the developed world, with Canada trailing a distant second and most other countries with fewer than
50 000 ha. Developing countries on three continents are pioneering the use of GE crops, with Argentina, Brazil, India, China, Paraguay, and South
Africa prominent players, but the take-up is slower in other countries.Data from Ref. [2].
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Figure 2
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yellow maize, which is used as animal feed.Reproduced from Ref. [2].

access is taken for granted, but in many developing
countries the news travels slowly and can be subject to
political interference. Media involvement can also affect
government decisions and policy (e.g., the 2002 GE food
aid row that caused the Zambian government to ban GE
aid from the US even though millions of its people faced
starvation). It is often said that GE crops could help to
address Africa’s hunger and poverty, but that farmers are

Figure 3

being deprived of the technology and prevented from
achieving agricultural success [49]. Many blame the
European governments and NGOs for trying to foist their
affluent values and precautionary principles on Africa’s
poor [49].

Further development and adoption of biotechnology is
hampered by discordant international regulations relating
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Distribution of subsistence farmers in the developing world who have adopted genetically engineered crops. There were over 12 million small and
resource-poor farmers from developing countries growing GE crops in 2008, over half of which (>7 million) were Chinese farmers growing Bt cotton, as
well as 5 million Indian farmers growing the same crop. The remainder comprised approximately 200 000 farmers from The Philippines growing GE
maize and thousands of farmers from South Africa and other developing countries growing GE maize, soybean, and cotton.Data from Ref. [2].
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to research, biosafety, trade, and use of GE crops and
products, particularly between the EU and US [50].
Despite admirable scientific progress in the development
of GE crops that have the potential to address developing
world challenges, the complex regulations applying in
international markets generate overlapping and sometimes
contradictory requirements that are a burden to the devel-
oping country farmer [51]. This reduces the likelihood that
experimental GE crops will be developed into products, a
problem exacerbated by the inexperience of public sector
researchers in product development and the unwillingness
of companies to be involved. Furthermore, trade becomes
difficult when regulatory regimes vary so widely, particu-
larly for developing countries that may lack the resources to
comply with complex regimes or develop their own. Inter-
national trade becomes limited as it is more difficult for
producers in developing countries to maintain their supply
contracts with distributors in the developed world. The end
result is that developing countries may decide it is simply
easier to avoid GE products (even if they are acknowledged
to be safe), with some implementing bans on GE products
that not only affect market access but also make it more
difficult for them to gain financial support from industrial-
ized nations, particularly in order to conduct research and
build human capital for biotechnology activities.

Conclusions

Plant biotechnology can help to address many challenges
in the developing world, but the political will to facilitate
this process is weak, even though the benefits to small and
resource-poor farmers have been demonstrated and the
technology is becoming more popular (Figure 3). There
have been many calls for the global harmonization of
regulations, which would make the requirements compa-
tible and consistent [50]. Eventually, the outcome of
national regulations depends on public perceptions and
public acceptance, as well as on cultural and institutional
processes. Regulatory harmonization would help to remove
artificial trade barriers, expedite the adoption of GE crops,
foster technology transfer, and protect developing
countries from exploitation, instilling confidence, and
bringing the benefits of GE products to the consumer.
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1. Introduction

Carotenoids are organic pigments that are produced predomi-
nantly (but not exclusively) by photosynthetic organisms. In plants,
their presence is revealed by the rich color of flowers, fruits and
storage organs in the yellow-to-red part of the spectrum. This
reflects the characteristic linear C49 molecular backbone contain-
ing up to 11 conjugated double bonds, the number and nature of
which determines the excitation and emission maxima and result-
ing spectral properties [1]. Animals cannot synthesize carotenoids
but may derive pigmentation from those in their diet, e.g. the yel-
low of egg yolk, and the pink of lobster shells, salmon flesh and
flamingo feathers [2].

In plants carotenoids fulfill two essential functions during pho-
tosynthesis, i.e. light harvesting and protecting the photosynthetic
apparatus from photo-oxidation [3]. They are also the precursors of
signaling molecules that influence development and biotic/abiotic
stress responses, thereby facilitating photomorphogenesis, non-
photochemical quenching and lipid peroxidation, and attracting
pollinators [4-9]. Four carotenoids ([3-carotene, a-carotene, y-
carotene and 3-cryptoxanthin) have vitamin A activity in humans,
which means they can be converted into the visual pigment retinal
and are classed as essential nutrients.

[3-Carotene (pro-vitamin A) is a precursor of vitamin A in the
human body. It is present in a wide variety of yellow-orange col-
ored fruits and dark green and yellow vegetables such as broccoli,
spinach, turnip greens, carrots, squash, sweet potatoes, and pump-
kin [10]. Liver, milk, butter, cheese, and whole eggs are direct
sources of vitamin A. Vitamin A plays an important role in the
human body for normal growth and tissue repair. The visual and
immune systems are particularly dependent on this vitamin for
normal function [11].

Lycopene is the red pigment in many fruits and vegetables such
as tomato, watermelon, pink grapefruit and guava [12] and it does
not have pro-vitamin A activity; however, it is an excellent dietary
antioxidant [13] and it plays a role in reducing the risk of a number
of cancers and coronary heart disease [14].

Lutein and zeaxanthin are found in green, certain yellow/orange
fruits and vegetables, for example corn, nectarines, oranges, papaya
and squash. They constitute the major carotenoids of the yellow
spot in the human retina [15] and they protect against age-related
macular degeneration, the main cause of blindness in elderly people
in the industrialized world [16,17].

These and other carotenoids also have general antioxidant activ-
ity and are considered important components of a healthy animal
diet. In this context, they have been shown to protect humans
from a range of chronic diseases [18]. Carotenoids are important
substrates for a class of cleavage dioxygenases that are respon-
sible for the synthesis of phytohormone apocarotenoids such as
abscisic acid [19] and the recently discovered hormone strigolac-
tone [20,21].

The importance of carotenoids in both plants and animals,
and their many commercial applications in the fields of nutri-
tion and health, has generated interest in the prospect of boosting
carotenoid levels in food crops through both conventional breed-
ing and genetic engineering [22,23]. Investigators have looked at
carotenogenic pathways in microbes and plants and have isolated
genes, enzymes and regulatory components from a range of organ-
isms. In many cases, carotenogenic genes have been introduced into
heterologous backgrounds for functional analysis or in an attempt
to boost carotenoid accumulation.

Limited information concerning endogenous regulation of
carotenogenic genes has hindered the engineering of crop plants to
significantly enhance carotenoid content [23-24] although recent
progress in cereal crops, particularly corn [25-27] has gone some
way in addressing this shortcoming.

The bewildering array of available tools and resources makes
it difficult to appreciate the best route to follow when embarking
on carotenoid research. In this review, we provide a guide to the
resources available to investigators and discuss the most effective
strategies for carotenoid research in plants.

2. Carotenoid biosynthesis in plants

Carotenoids are tetraterpenoids, i.e. they comprise eight con-
densed Cs isoprenoid precursors generating a C4q linear backbone.
In plants, this condensation reaction involves the isomeric precur-
sors isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP) and occurs de novo within plastids [28,29].IPP and DMAPP
are derived predominantly from the plastidial methylerythritol 4-
phosphate (MEP) pathway [30-32] although the same precursors
are formed by the cytosolic mevalonic acid (MVA) pathway, and
there is some evidence for the shuttling of intermediates [33,34].
The condensation of three IPP molecules with one molecule of
DMAPP produces the C,q intermediate geranylgeranyl diphosphate
(GGPP), a reaction catalyzed by GGPP synthase (GGPPS), which is
encoded by the crtE gene (Fig. 1).

The first committed step in plant carotenoid synthesis is the
condensation of two GGPP molecules into 15-cis-phytoene by the
enzyme phytoene synthase (PSY), which is encoded by the crtB
gene in bacteria [35]. A series of four desaturation reactions carried
out in plants by phytoene desaturase (PDS) and {-carotene desat-
urase (ZDS) then generates the carotenoid chromophore (Fig. 1).
The product of the first desaturation is 9,15,9'-tri-cis-{-carotene,
which is isomerized by light (and perhaps an unknown enzyme
[36]) to yield 9,9'-di-cis-(-carotene, the substrate of ZDS [37]. The
end product of the desaturation reactions is converted to all-trans
lycopene by a carotenoid isomerase (CRTISO) in non-green tissue,
and by light and chlorophyll (acting as a sensitizer) in green tissue
[37,38]. In bacteria, a single PDS encoded by the crtl gene fulfils all
three enzymatic steps. All-trans lycopene is then cyclized at one
end by lycopene 3-cyclase (LYCB), and at the other end either by
lycopene g-cyclase (LYCE) or again by LYCB to introduce &- and [3-
ionone end groups and produce a- and [3-carotene, respectively.
Bacterial LYCB is encoded by the crtY gene.

The introduction of hydroxyl moieties into the cyclic end groups
by [-carotene hydroxylase (BCH, encoded by crtZ in bacteria)
and carotene e-hydroxylase (CYP97C) results in the formation of
zeaxanthin from [3-carotene and lutein from a-carotene [39-41].
Two classes of structurally unrelated enzymes catalyze these ring
hydroxylations: a pair of non-heme di-iron hydroxylase (BCH)
[42-44] and three heme-containing cytochrome P450 hydrox-
ylases (CYP97A, CYP97B and CYP97C) [45-48]. Zeaxanthin can
be converted to antheraxanthin and then to violaxanthin by
zeaxanthin epoxidase (ZEP) which catalyzes two epoxidation reac-
tions [49]. Finally, antheraxanthin and violaxanthin are converted
to neoxanthin by neoxanthin synthase (NXS) [50,51]. The Cyg
9-cis-epoxycarotenoid precursors (9-cis-violaxanthin and 9'-cis-
neoxanthin) are cleaved to xanthoxin by 9-cis-epoxycarotenoid
dioxygenase (NCED) [52] and this is followed by a two-step con-
version into abscisic acid (ABA), via ABA aldehyde [53].

Engineering metabolism constitutively has often major con-
sequences on metabolism of other branches in the isoprenoid
pathway (chlorophyll, GAs, volatile isoprenoids and others). Over-
expression of Psy-1 under a constitutive promoter in tomato or
tobacco elevated the carotenoid content [54,55]. However, the
expression resulted in altered chlorophyll content and a dwarf
plant phenotype. This dwarf phenotype was due to the depletion
of the endogenous precursor pool of GGPP leading to a shortage
in gibberellins. Contrastingly in Psy-1 antisense plants in tissues
where carotenoids were reduced, gibberellins were elevated [54].
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Fig. 1. The extended carotenoid biosynthetic pathway in plants. The precursor for the first committed step in the pathway is GGPP (geranylgeranyl pyrophosphate), which is
converted into phytoene by phytoene synthase (PSY, CrtB). GGPP is formed by the condensation of IPP (isopentenyl pyrophosphate) and DMAPP (dimethylallyl pyrophosphate)
which are derived predominantly from the plastidial MEP (methylerythritol 4-phosphate) pathway as depicted in the upper part of the figure. The pathway is linear until
between phytoene and lycopene, and there are three steps that are catalyzed by separate enzymes in plants but by the single, multifunctional enzyme Crtl in bacteria. Lycopene
is the branch point for the o- and 3-carotene pathways, which usually end at lutein and zeaxanthin, respectively, through the expression of 3-carotene hydroxylases (arrows
with circles). An elaborated ketocarotenoid pathway can be introduced by expressing [3-carotene ketolases (arrows with diamonds) since these compete for substrates
with B-carotene hydroxylases and generate diverse products. Other abbreviations: GA3P, glyceraldehyde 3-phosphate; DXP, 1-deoxy-D-xylulose 5-phosphate; DXS, DXP
synthase; DXR, DXP reductoisomerase; IPI, IPP isomerase; GGPS, GGPP synthase; PDS, phytoene desaturase; ZDS, {-carotene desaturase; CRTISO, carotenoid isomerase; Crtl,
phytoene desaturase; LYCB, lycopene (3-cyclase; LYCE, lycopene e-cyclase; HydE, carotene e-hydroxylase.

Specialized ketocarotenoid metabolism occurs in some plants,
e.g. the synthesis of capsanthin and capsorubin in pepper fruits,
catalyzed by capsanthin-capsorubin synthase (CCS) [56]. Adonis
aestivalis (summer pheasant’s eye) petals synthesize the keto-
carotenoid astaxanthin, which is usually found only in marine
microorganisms [57]. However, many bacteria also contain an

extended ketocarotenoid pathway and the expression of bacterial
genes such as crtZ/crtR/crtS (carotenoid hydroxylases), crtW/crtO
(carotenoid ketolases) and crtX (zeaxanthin glucosylase) in dif-
ferent combinations in plants (Fig. 1) can vastly diversify the
spectrum of carotenoids they synthesize, as discussed in more
detail below.



G. Farré et al. / Plant Science 179 (2010) 28-48 31

3. Strategies to alter the carotenoid content and
composition of plants

The full carotenoid biosynthesis pathway is extremely complex,
characterized by multiple branches, competition for intermediates,
bottlenecks and feedback loops which conspire to limit the synthe-
sis of desirable molecules. Attempts to overcome these roadblocks
in plants by breaking through them or going around them have met
with varied success [22,23].

One way in which carotenoid levels in plants can be enhanced is
through increasing the flux non-selectively by providing higher lev-
els of precursors. Increasing the pool of available IPP, for example,
will increase flux generally towards terpenoid synthesis, including
the carotenoids. This has been achieved by removing key bot-
tlenecks in the plastidial MEP pathway, e.g. by overexpressing
1-deoxy-D-xylulose 5-phosphate (DXP) synthase to provide more
DXP, an early pathway intermediate (Fig. 1). When this was car-
ried out in Arabidopsis, the transgenic plants overexpressing DXP
synthase showed elevated levels of many terpenoids including up
to 1.5x the normal level of chlorophyll, twice the normal level of
tocopherol, four times the normal level of ABA and approximately
1.5x the normal level of total carotenoids [58]. Similar results were
achieved with regard to carotenoid levels in tomato [59].

One obvious disadvantage of the above is that the MEP pathway
feeds several different downstream pathways, all of which draw
on the larger pool of IPP. To concentrate the increased flux on the
carotenoid pathway alone, it is necessary to modify a committed
step. As stated above, the first committed step in carotenoid syn-
thesis is the conversion of GGPP into 15-cis phytoene by PSY, so
this enzyme is a useful target for upregulation. As an example,
this strategy was applied in a corn line whose endosperm lacks
endogenous PSY activity, effectively removing the bottleneck and
increasing the total carotene content 52-fold, and leading to the
predominant accumulation of lutein and zeaxanthin [26]. Simi-
larly, the seed-specific expression of crtB in canola increased total
carotenoid content by 50-fold, predominantly in the form of «- and
[3-carotene [60].

As well as increasing the total carotenoid content, it is often
desirable to shift metabolic flux to favor the production of specific
carotenoid molecules, particularly those with commercial value or
health benefits. Removing a general bottleneck as with PSY over-
expression above tends to reveal further bottlenecks in specific
downstream branches of carotenoid metabolism, which results in
certain plants favoring the accumulation of particular molecules
over others. The exact carotenoid composition thus depends on
the relative enzyme activities further down the pathway, hence
the tendency for corn and canola overexpressing PSY to accumu-
late different end products, mirroring the situation in wild type
plants where different carotenoids accumulate in different species.
Further modulation with downstream enzymes can therefore shift
the carotenoid profile in predictable directions. Canola lines have
been created that express not only crtB as described above, but also
crtl and crtY. Transgenic seeds expressing all three genes not only
had a higher carotenoid content than wild type seeds as would
be expected following the general increase in flux, but the (3- to
a-carotene ratio increased from 2:1 to 3:1 showing that the addi-
tional lycopene [3-cyclase activity provided by the bacterial crtY
gene skewed the competition for the common precursor lycopene
and increased flux specifically towards (3-carotene [61].

The outcome of such experiments is not always predictable.
Tomato fruits accumulate lycopene rather than [3-carotene sug-
gesting that a lack of cyclase activity prevents the accumulation
of a- and [3-carotenes [62,63]. Transgenic tomato fruit expressing
crtl were therefore expected to accumulate more lycopene, since
this would increase flux up to lycopene but not affect downstream
enzyme activities, specifically cyclization. Surprisingly, the result-

ing plants contained only 30% of the normal carotenoid content but
the amount of 3-carotene had tripled [64]. This unexpected result
seemed to indicate that endogenous lycopene (3-cyclase activity
had been upregulated in the fruits, a hypothesis that was borne
out by the analysis of steady state mRNA levels [64]. Modulat-
ing the carotenoid pathway by introducing new enzyme activities
may therefore induce hitherto undiscovered feedback mechanisms
with unpredictable results [65]. The deliberate overexpression of
lycopene [3-cyclase in tomato fruits has also resulted in (this time
predictable) increases in (3-carotene levels [66,67].

In some cases, rather than modulating an existing carotenoid
pathway, the aim is to introduce new functionality, i.e. engi-
neer carotenoid metabolism in plants that completely lack these
molecules. The most significant example here is rice endosperm,
where the expression of PSY leads to the accumulation of phytoene
but no other carotenoids, indicating the absence of downstream
metabolic capability [68]. The simultaneous expression of daffodil
PSY and a bacterial crtl gene in rice endosperm induced the accu-
mulation of B-carotene and 3-xanthophylls, resulting in the first
version of ‘Golden Rice’ [69]. Later, the corn gene encoding PSY
proved more effective than the corresponding daffodil gene, result-
ing in a 17-fold increase in [3-carotene in ‘Golden Rice 2’ [70]. The
presence of cyclic carotenoids such as (3-carotene in transgenic
rice endosperm expressing corn PSY and bacterial crtl suggested
that the endosperm tissue possessed a latent LYCB activity, which
was subsequently confirmed by mRNA profiling [71]. Interest-
ingly, the same experiments revealed the presence of endogenous
transcripts encoding PDS, ZDS and CRTISO, which should provide
carotenogenic potential even in the absence of bacterial crtl. The
absence of other carotenoids in transgenic plants expressing PSY
alone therefore indicated that the corresponding PDS, ZDS and/or
CRTISO enzyme activity was likely to be very low.

Similar methodology to the above can be used to extend partial
pathways and generate additional carotenoid products in plants
with a limited repertoire. Most plants synthesize hydroxylated
carotenoids but few (peppers and Adonis aestivalis being the major
exceptions) can synthesize complex ketocarotenoids, although
many carotenogenic microbes have this ability as stated above.
Several strategies have been used to extend the carotenoid biosyn-
thetic pathway in plants in order to produce nutritionally important
ketocarotenoids. A transgenic potato line accumulating zeaxan-
thin due to the suppression of ZEP activity was re-transformed
with the Synechocystis PCC 6803 crtO gene encoding [3-carotene
ketolase, resulting in the constitutive accumulation of echinenone,
3’-hydroxyechinenone and 4-ketozeaxanthin along with astax-
anthin in the tubers [72]. The newly formed ketocarotenoids
accounted for approximately 10-12% of total carotenoids. A Mayan
Gold potato cultivar that naturally accumulates high levels of vio-
laxanthin and lutein in tubers, and standard cultivar Desiree, which
has low carotenoid levels, were transformed with a cyanobacterial
[3-carotene ketolase gene leading to the accumulation of ketolutein
and astaxanthin [73]. Canola was transformed with crtZ (BCH)
and crtW (B-carotene ketolase) from the marine bacterium Bre-
vundimonas SD212, as well as the Paracoccus N81106 ipi gene and
the general carotenogenic genes crtE, crtB, crtl and crtY from Pan-
toea ananatis, and plants expressing all seven genes accumulated
18.6-fold more total carotenoids than wild type plants including
ketocarotenoids such as echinenone, canthaxanthin, astaxanthin
and adonixanthin, which are not found in wild type seeds [74].
More recently, the expression of corn psy, Paracoccus crtW and crtl,
and the lycb and bch genes from Gentiana lutea resulted in the accu-
mulation of ketocarotenoids such as adonixanthin, echinenone and
astaxanthin in transgenic corn [26].

A final strategy to achieve carotenoid accumulation in plants is
to modify their storage capacity. Carotenoids accumulate in chro-
moplasts [75], are often derived from fully developed chloroplasts
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Carotenogenic genes cloned from bacteria, cyanobacteria and fungi.

Gene (protein)

Species

Function

References

crtE (GGPP synthase)

crtB (phytoene synthase)

crtl (phytoene desaturase)

crtY (lycopene B-cyclase)

crtYB

crtZ (3-carotene hydroxylase)

crtR (B-carotene hydroxylase)

crtX (zeaxanthin glucosylase)

crtW (3-carotene ketolase)

crtO (B-carotene ketolase)

crtYE

crtYf and crtYe (decaprenoxanthin
synthase)

crtEb (lycopene elongase)

crtD (methochineurosporene
desaturase)

crtC (1-hydroxyneurosporene
synthase)

Astaxanthin synthase gene
(cytochrome P450 monooxygenase)

Bacteria: Pantoea ananatis, Erwinia
herbicola Paracoccus sp., Rhodobacter
capsulatus

Bacteria: P. ananatis, E. herbicola,
Paracoccus sp., Bradyrhizobium sp.
strain ORS278, R. capsulatus

Bacteria: P. ananatis, E. herbicola,
Paracoccus sp., Deinococcus
radiodurans, Bradyrhizobium sp. strain
ORS278

Cyanobacteria: Gloeobacter violaceus
Fungi: Xanthophyllomyces dendrorhous
(Phaffia rhodozyma)

Bacteria: Rhodobacter sphaeroides

Bacteria: P. ananatis, E. herbicola,
Paracoccus sp., Bradyrhizobium sp.
strain ORS278

Fungi: X. dendrorhous (P. rhodozyma)

Bacteria: P. ananatis, E. herbicola,
Paracoccus sp. (incl N81106 and PC1)
Brevundimonas sp. SD212

Cyanobacteria: Haematococcus pluvialis

Cyanobacteria: Synechocystis sp. PCC
6803, Anabaena sp. PCC 7120

Bacteria: P. ananatis, E. herbicola
Cyanobacteria: G. violaceus

Bacteria: Paracoccus sp.,
Bradyrhizobium sp. strain ORS278,
Brevundimonas sp. SD212
Cyanobacteria: Nostoc punctiforme PCC
73102; Anabaena sp. PCC 7120
Bacteria: Rhodococcus erythropolis
strain PR4; D. radiodurans

Cyanobacteria: Synechocystis sp. PCC

6803
Cyanobacteria: H. pluvialis

Cyanobacteria: Chlorella zofingiensis

Cyanobacteria: Prochlorococcus
marinus
Bacteria: Corynebacterium glutamicum

Bacteria: C. glutamicum
Bacteria: R. capsulatus

Bacteria: R. capsulatus

Fungi: X. dendrorhous (P. rhodozyma)

Converts IPP to GGPP

Converts GGPP to phytoene

Converts phytoene to lycopene, equivalent to
three enzymatic steps in plants

Converts phytoene to neurosporene (three
desaturation steps)
Converts lycopene to 3-carotene

Bifunctional enzyme, equivalent to bacterial
CrtB and CrtY

Converts (3-carotene to zeaxanthin and can
accept canthaxanthin as a substrate.
Hydroxylates at C-3 on the B-ring of
y-carotene

Converts 3-carotene to zeaxanthin.
Diketolation at position 4 and 4’ to
canthaxanthin; unable to convert zeaxanthin
to astaxanthin

Converts (3-carotene to zeaxanthin but is
unable to accept canthaxanthin (i.e. the
4-ketolated 3-ionone ring) as a substrate.
Anabaena enzyme is poor in accepting either
{3-carotene or canthaxanthin as substrates
Substrate for Synechocystis sp. PCC 6803:
Deoxymyxol 2’-dimethylfucoside

Substrate for Anabaena sp. PCC 7120:
Deoxymyxol 2'-fucoside

Converts zeaxanthin to zeaxanthin-
B-D-diglucoside

Converts (3-carotene to echinenone and a small
amount of canthaxanthin

Converts 3-carotene to canthaxanthin.
Introduction of keto group at the 4,4’ position

Converts (3-carotene to canthaxanthin. Unable
to accept 3-hydroxy-(3-ionone ring as a
substrate. Substrate: (3-carotene

Bifunctional enzyme: synthesizes
canthaxanthin via echinenone from [3-carotene
and 4-ketozeaxanthin (adonixanthin) with
trace amounts of astaxanthin from zeaxanthin
Bifunctional enzyme: Converts 3-carotene to
canthaxanthin, and converts zeaxanthin to
astaxanthin via adonixanthin

Bifunctional enzyme catalyzing the formation
of e- and B-ionone end groups

Converts flavuxanthin to decaprenoxanthin

Converts lycopene to cyclic C50 carotenoids
Desaturase 1-hydroxy-neurosporene.
Synthesizes demethylspheroidene

Hydratase which adds water to the double
bond at position 1,2 of the end group yielding a
1-hydroxy derivative. Synthesizes
neurosporene and its isomers.

Multifunctional enzyme catalyzing all steps
from (-carotene to astaxanthin formation by
oxygenation of C-3 and C-4

[84,86,168-170]

[84,86,132,168,170,171]

[84,86,132,171-173]

[174,175]
[88,176]

[177]

[84,86,178,132,171]

[88,176]

[84,86,132,179,180]

[181]

[182]

[84,183]
[174]

[86,132,171,179,184]

[182,185]

[157,184]

[184,186]

[179,187]

[89]

[188]
[189]

[189]
[190]

[190]

[191]
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Gene (protein)

Species

CrtS (cytochrome-P450 hydroxylase)

P450 monooxygenase (CYP175A1)

Gene s110033

Fungi: X. dendrorhous (P. rhodozyma)

Bacteria: Thermus thermophilus

HB27
Cyanobacteria: Synechocystis 6803

Function References
Can hydroxylate canthaxanthin to [136]
phoenicoxanthin and finally to astaxanthin

[3-carotene hydroxylase. 3-carotene-specific [192]
enzyme and does not accept canthaxanthin as

a substrate

Carotene isomerase [193]

during fruit ripening and flower development. However, they can
also arise directly from proplastids in dividing tissues and from
other non-photosynthetic plastids, such as leucoplasts and amy-
loplasts [76]. In all cases, chromoplasts accumulate large amounts
of carotenoid compounds in specialized lipoprotein-sequestering

Table 2

structures [77]. A spontaneous mutation in the cauliflower Orange
(Or) generesulted in deep orange cauliflower heads associated with
the hyperaccumulation of carotenoids in chromoplasts, increased
carotenogenic activity and the appearance of sheet-like carotenoid-
sequestering structures [78,79]. Expression of cauliflower Or in

Carotenogenic genes cloned from plants, most of which have been characterized functionally by complementation in E. coli.

Gene (protein)

Species

Function References

ggpps (GGPP synthase)

psy (phytoene synthase)

pds (phytoene desaturase)

zds ({-carotene desaturase)
lycb (lycopene 3-cyclase)

lyce (lycopene e-cyclase)

bch (3-carotene hydroxylase)
Zep (zeaxanthin epoxidase)
HYD3 (nonheme diiron
[3-carotene hydroxylases)
HYD4 (nonheme diiron
[3-carotene hydroxylases)
cDNA encoding the enzyme
B-carotene hydroxylase

P450 CYP97C2 (Clan C enzyme)
P450 CYP97A4 (Clan A enzyme)

CCD4 (carotenoid cleavage
dioxygenase protein)

CCD1 (carotenoid cleavage
dioxygenase)

CRTISO (crtiso1)

bch1 (B-carotene hydroxylase
1)
bch2 (B-carotene hydroxylase
2)

Arabidopsis (Arabidopsis thaliana), rubber tree
(Hevea brasiliensis), pepper (Capsicum
annuum), yellow gentian (Gentiana lutea)
Tomato (Solanum esculentum), yellow gentian
Corn (Zea mays; psy1, psy2), rice (Oryza sativa;
psy2)

Corn (Zea mays; psy3) and sorghum (Sorghum
bicolor; psy1 and psy3 cDNAs)

Tomato, corn, pepper, yellow gentian, soybean
(Glycine max)

Corn, yellow gentian

Tomato, tobacco (Nicotiana tabacum),
Arabidopsis, yellow gentian

Papaya (Carica papaya)

Arabidopsis, yellow gentian

Arabidopsis, yellow gentian
Yellow gentian
Corn (Zea mays)

Arabidopsis (Arabidopsis thaliana)

Rice (Oryza sativa)
Rice (Oryza sativa)

Apple (Malus x domestica)

Chrysanthemum
(Chrysanthemum x morifolium)
Rose (Rosa x damascena)
Osmanthus (Osmanthus fragans)
Arabidopsis

Strawberry

Corn (Zea mays)
Vitis vinifera

Zea Mays

Converts IPP to GGPP [92,93,194-196]

Converts GGPP to phytoene [35,194]
Two tissue-specific genes cloned from corn [90]
(from three present in the genome). Expression
of psy1 is in endosperm and is predominantly
responsible for carotenoids in seed.

psy3 expression plays a role in controlling flux
to carotenoids in roots in response to drought
stress. Maize psy3 is mainly expressed in root
and embryo tissue

Converts phytoene to {-carotene

[95,96]

[135,194,197-199]

Converts {-carotene to pro-lycopene [200,201]
Converts lycopene to [3-carotene [194,63,202]
Two papaya lychb genes: lycb1 is downregulated [203,204]
during fruit ripening, and lycb2 is chomoplast

specific

Adds one e-ionone ring to lycopene to 8- [201,202]
carotene

Converts (3-carotene to zeaxanthin [39,201]
Converts zeaxanthin to antheraxanthin [201]
Encode carotene (3-ring hydroxylases [105]
Encode carotene (3-ring hydroxylases

Adds hydroxyl groups to both {3 rings of the [205]
symmetrical 3-carotene ([3--carotene) to

form zeaxanthin

and converts the monocyclic

[3-zeacarotene to hydroxy- [3-zeacarotene

e-ring hydroxylase activity [206]
B-ring carotene hydroxylase activity with

some minor activity towards e-rings

Degrades [3-carotene to yield 3- ionone. [207]
Degradation of (3-carotene in vivo [208]
Cleaves carotenoids at the 9, 10 position [209]
Cleaves zeaxanthin symmetrically yielding [210]
3-hydroxy-3-ionone, a Cy3-norisoprenoidic

compound, and a Cy4-dialdehyde.

Converts tetra-cis prolycopene to all-trans [211]

lycopene but could not isomerize the 15-cis
double bond of 9,15,9'-tri-cis-{-carotene.
Convert 3-carotene into 3-cryptoxanthin and
zeaxanthin

Convert (3-carotene into B-cryptoxanthin and
had a lower overall activity than ZmBCH1
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Table 3
Carotenoid pathway mutants in higher plants.
Species Mutant name Phenotype Gene/enzyme Carotenoid profile References
Tomato wf (white-flower) White to beige petals and pale BCH Carotenoid analysis indicated a [212]
(Solanum anthers reduction of 80 to 84% in total
esculentum) carotenoids in petals of the various wf
mutant alleles
r (yellow flesh) Yellow fruit color PSY (psy1) Low carotenoid content in fruit [120]
delta Orange fruit color LYCD Accumulation of d-carotene at the [62]
expense of lycopene
tangerine Orange fruit color CRTISO Accumulates pro-lycopene instead of [213]
all-trans-lycopene
Beta Orange fruit color LYCE Beta is a dominant mutation that [121]
(chromoplasts) results in a 5-10% increase in fruit
B-carotene levels, reflecting increased
LYCB activity, whereas old gold is a null
allele at the same locus, which reduces
the amount of 3-carotene in fruit
old-gold (og) Tawny orange flowers
ghost mutant Poorly colored petals compared plastid Accumulates phytoene in fruits instead [214]
with the yellow terminal of lycopene
carotenoid-containing wild-type oxidase (PTOX)
petals gene
Pepper y (yellow) Yellow ripening phenotype CCS The CCS gene is not expressed in leaves [215]
(Capsicum (capsanthin or green fruits of pepper. The enzyme
annuum) capsorubin CCS was not found in yellow and green
synthase) fruit mutants. Expression of CCS in
transgenic tobacco and Arabidopsis
leads to the accumulation of
capsanthin
c2 Yellow fruit color PSY Low level of carotenoids [216]
Arabidopsis lut1 Single and double mutants showed LUTEINT (e- 80% reduction in lutein levels and [41]
(Arabidopsis no phenotype. The triple mutant hydroxylase) accumulation of zeinoxanthin
thaliana) was smaller and paler than wild
type plants.
b1 CrtR-b1 (BCH, The b1 mutation had a more significant
constitutive) impact on seed carotenoid composition
than b2. The b1 mutation decreased the
level of total 3-carotene-derived
xanthophylls in seeds while in the b2
mutation increased
b2 CrtR-b2 (BCH,
flower-
specific)
ut2 The rate of greening was wild LUTEIN2 Reduction in lutein, compensatory [5]
type >abal > lut2abal (lycopene increase in violaxanthin and
&-cyclase) antheraxanthin
abal ZEP Reduction in violaxanthin and
neoxanthin, compensatory increase in
zeaxanthin
ccr2 Disruption in pigment biosynthesis CRTISO Accumulation of acyclic carotene [4]
and aspects of plastid development isomers in the etioplast and a
reduction of lutein in the chloroplast
Maize (Zea yl Pale yellow ears PSY (psy1) Blocks endosperm carotenogenesis but [95]
mays) does not interfere with leaf
carotenogenesis
vp2, vp5, w3 Albinism and viviparity PDS Accumulates phytoene [197,200,217]
vp9 Albinism and viviparity ZDS Accumulates of 9,9'-di-cis-{-carotene [36,200]
vp7 Albinism and viviparity LYCB Accumulates lycopene [101,218]
y9 (pale yellow 9) ¥9 homozygous mutants were non Isomerase 9,15,9'-tri-cis-{-carotene was found to [36]
lethal recessives affecting only activity accumulate in dark-grown tissues of y9
endosperm and leaves remained upstream of plants
green CRTISO
(putative
Z-1S0)
Rice (Oryza phsi Albinism and viviparity PDS Accumulates phytoene in light [107]
sativa)
phs2-1 Albinism and viviparity ZDS Minimal carotenoid content
phs2-2 Albinism and viviparity Accumulates {-carotene in light
phs3 Albinism and viviparity CRTISO Reduction in lutein levels, increase in
pro-lycopene
phs4-1, phs4-2 Albinism and viviparity LYCB Accumulates lycopene
Sunflower nd-1 Aberrant cotyledon development ZDS Minimal levels of 3-carotene, lutein [219]
(Helianthus and violaxanthin

annuus)
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potato under the control of the granule-bound starch synthase
(GBSS) promoter resulted in orange tuber flesh containing tenfold
the normal level of B-carotene [80]. Whereas wild type amylo-
plasts in tuber cells contained starch granules of varying sizes,
the amyloplasts in transgenic plants contained additional orange
chromoplasts and derivative fragments [80].

CCD1 contributes to the formation of apocarotenoid volatiles in
the fruits and flowers of several plant species. Reduction of PhCCD1
transcript levels in transgenic petunias resulted in a significant
decrease in B-ionone formation. The highest PhCCD1 transcript
levels were detected in flower tissue, specifically in corollas. Its
regulation appears to fit with similar oscillations in the expres-
sion of phytoene desaturase and &-carotene desaturase (genes
involved in the formation of B-carotene) indicating a circadian
rhythm [81]. Kishimoto and Ohmiya [82] analyzed the carotenoid
composition and content in petals and leaves of yellow- and white-
flower chrysanthemum cultivars during development. Petals of the
yellow-flower cultivar showed increased accumulation and dras-
tic qualitative changes of carotenoids as they matured. Ohmiya
et al. [83] searched for cDNAs that were differentially expressed
in white and yellow petals, in order to identify factors that con-
trol carotenoid content in chrysanthemum petals. They identified a
sequence for carotenoid cleavage dioxygenase (CCD; designated as
CmCCD4a). CmCCD4a was highly expressed specifically in petals of
white-flower chrysanthemum, while yellow-flower cultivars accu-
mulated extremely low levels of CmCCD4a transcript. In order to
determine the role of CmCCD4a gene product(s) in the formation of
petal color, transgenic chrysanthemum plants were generated by
introducing a CmCCD4a RNAI construct into the white-flower cul-
tivar. Suppression of CmCCD4a expression thus resulted in a change
of color in the petals from white to yellow color. This result sug-
gests that normally white petals synthesize carotenoids but these
immediately are degraded into colorless compounds, resulting in
the white color [83]. The expression of a carotenoid cleavage dioxy-
genase CmCCD4a correlates inversely with the accumulation of
carotenoids [83]. In white chrysanthemum petals carotenogenic
genes were expressed suggesting that white petals are endowed
with the capacity to synthesize carotenoids [82].

4. Resources for applied carotenoid research
4.1. Cloned genes and their corresponding enzymes

Perhaps the most important resource for carotenoid engineer-
ing in plants is the collection of genes encoding carotenogenic
enzymes that has been isolated from bacteria, fungi, algae (Table 1)
and higher plants (Table 2). Most of these genes have been cloned
and expressed in Escherichia coli, which can be used for functional
characterization by metabolic complementation (see below).

The microbial genes (Table 1) provide several important advan-
tages over corresponding plant genes. First, their small size makes
them easier to manipulate, and their isolation from bacteria is in
many cases facilitated by their genomic clustering in metabolic
islands or operons [84-87]. Another particular advantage of micro-
bial genes is their multifunctional nature. The bacterial crtl gene
combines three enzymatic functions that are represented by three
separate enzymes in the endogenous plant pathways (PDS, ZDS and
CRTISO, Fig. 1), which means fewer genes are needed for carotenoid
engineering. A fungal gene has been isolated which combines the
functions of crtB and crtY (PSY and LYCB) [88] offering the tanta-
lizing possibility that the entire pathway from GGPP to [3-carotene
could be provided by just two genes.

Microbial carotenogenic genes are also functionally very
diverse, providing the sole source of many enzymes involved in
the production of ketocarotenoids. Although these enzymes have

broadly similar hydroxylase or ketolase activities, their precise sub-
strate preferences and activities in different environments makes
it possible to ‘tweak’ the metabolism of plants to produce highly
specific carotenoid profiles. This reflects the complex metabolic
pathway leading to astaxanthin, in which multiple enzymes can
act on multiple intermediates, the resulting products depending
on the balance of activities, substrate preferences and the order
in which different reactions occur (Fig. 1). For example, genes
encoding CrtW-type ketolases can synthesize canthaxanthin from
[B-carotene via echinenone and can synthesize astaxanthin from
zeaxanthin via adonixanthin. In contrast, CrtO-type ketolases gen-
erally cannot synthesize astaxanthin from zeaxanthin, showing
they are unable to accept the 3-hydroxy-f3-ionone ring as a sub-
strate. However, Chlorella zofingiensis CrtO, which is described as
a [3-carotene oxygenase, can convert zeaxanthin to astaxanthin
via adonixanthin as well as 3-carotene to canthaxanthin via echi-
nenone [89].

Many plant carotenogenic genes have also been identified and
cloned (Table 2). Although these lack the multifunctionality and
diversity of their microbial counterparts, they are in some ways
more suitable for use in transgenic plants because they are codon
optimized, adapted for the intracellular environment in planta and
endowed with the appropriate targeting signals to allow import
into the correct subcellular compartment [90]. Plant genes also
provide insight into the compartment-specific and tissue-specific
aspects of metabolism which are irrelevant in bacteria, and func-
tional differences arising from their unique origins. For example,
Okada et al. [91] identified five different GGPPS cDNAs in Ara-
bidopsis, each expressed in a different spatiotemporal profile.
Their considerable sequence diversity suggests they have arisen
by convergent evolution rather than the divergence of duplicated
ancestors, and indicates the enzymes may have functional as well
as structural differences [92,93].

An interesting and relevant example of this spatiotemporal and
functional diversity is provided by corn PSY, which occurs as three
isoenzymes encoded by the psy1, psy2 and psy3 genes. The specific
roles of the three genes are not fully understood, but the psy1 gene
was first identified through the analysis of the yellow 1 (y1) muta-
tion, which confers a pale yellow kernel phenotype due to the loss
of carotenoids [94], and the carotenoid content of endosperm cor-
relates with the level of psy7 mRNA (but not the other two paralogs)
suggesting it has a specific role in endosperm carotenogenesis [95].
PSY1 is also required for carotenogenesis in the dark or under stress
in photosynthetic tissue, while PSY2 is required for leaf caroteno-
genesis and PSY3 is associated with root carotenogenesis as well
as the stress-dependent synthesis of ABA [96]. PSY1 in white maize
y1-602C is also photoregulated as is found for PSY2 [97]. This has
also been seen in rice PSY1 and PSY2 [98].

4.2. Germplasm (natural diversity and specific mutants)

Many plants show significant natural variation in carotenoid
levels, in some cases reflecting the additive impact of alleles at
multiple quantitative trait loci (QTLs) each with a minor individ-
ual effect, in other cases revealing the presence of a major gene in
the carotenoid biosynthesis pathway that has a strong impact on
its own, resulting in a striking phenotype that is transmitted as a
Mendelian trait (Table 3). Conventional breeding to select progres-
sively for QTLs with a desirable influence on carotenoid levels is
a slow and laborious process, which is restricted to the available
gene pool (and therefore to carotenoids that are already produced
in the target plants). However, variants and mutants with interest-
ing carotenogenic properties remain useful as tools in carotenoid
research, either as a basis for complementation studies or as a start-
ing point for further improvement using biotechnology.
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4.2.1. Cereal crops

Corn is a valuable model for carotenoid research because of
its diverse gene pool, its amenability for genetic analysis and
the tendency for carotenoid variants to display clear phenotypes.
Corn kernels naturally accumulate lutein and zeaxanthin, and
there is significant variation in their levels suggesting that con-
ventional breeding could be used to improve nutrition [99]. A
number of mutants have been identified with specific deficiencies
in carotenoid metabolism. One of these is the yellow 1 (y1) mutant
already mentioned above, which maps to the psy1 gene. The oth-
ers (vp2, vp5, vp7, vp9, w3 and y9) combine two common mutant
phenotypes - albinism and viviparity, the latter referring to prema-
ture development due to the absence of ABA [100], and these too
have subsequently been mapped to genes encoding carotenogenic
enzymes (Table 3). Singh et al. [101] identified an Ac element inser-
tion named pink scutellum1 (ps1) which maps to the same locus
as vp7 and represents an insertional disruption of the lycbh gene.
Detailed QTL analysis for marker-assisted breeding in corn has been
facilitated by the identification of molecular markers associated
with the above mutants. For example, a simple sequence repeat
(SSR) marker associated with y1 was linked to a major QTL explain-
ing 6.6-27.2% of the phenotypic variation in carotenoid levels, and
was eventually resolved to the psy1 gene [102]. A QTL associated
with y9 might also be useful for pyramiding favorable alleles con-
trolling carotenoid levels in diverse germplasm [103].

Harjes et al. [104] described four polymorphisms in the corn
lyce locus which encodes lycopene e-cyclase (LYCE), an enzyme
that competes with LYCB for lycopene and helps to determine the
relative amounts of a- and [3-carotenes. Conventional breeding
for low LYCE activity increased the 3-carotene levels in seeds to
13.6 jug/g dry weight (a 30-40% improvement). Vallabhaneni et al.
[105] characterized six carotene hydroxylase genes in genetically
diverse corn germplasm collections, although only one appeared

Fig. 2. The carotenoid biosynthesis pathway in living color. Escherichia coli strain
TOP10 was genetically engineered to accumulate different carotenoids as indicated
[57].

to affect carotenoid levels in seeds. Three alleles of this hyd3 gene
explained 78% of the variation in the [3-carotene/-cryptoxanthin
ratio (11-fold difference across varieties) and 36% of the vari-
ation in absolute [B-carotene levels (four-fold difference across
varieties). These authors have recently used a combination of bioin-
formatics and cloning to identify and map gene families encoding
carotenogenic enzymes from corn and other grasses, and have iden-
tified those whose mRNA levels positively and negatively correlate
with endosperm carotenoid levels [106].

Similar work has been carried out in other cereals, e.g. a subset
of pre-harvest sprouting (PHS) mutants in rice (analogous to corn
viviparous mutants) has been identified that also show an albino
phenotype, and these have led to rice carotenogenic genes such
as those encoding PDS (phs1), ZDS (phs2-1, phs2-2), CRTISO (phs3-
1), all of which fail to accumulate carotenoids, and LYCB (phs4-1,
phs4-2), which accumulates lycopene [107]. In wheat, hexaploid
tritordeums produce more carotenoids than their respective wheat
parents or hybrids derived from crosses between wild diploid bar-
ley and durum wheat [108]. One QTL (carot1) explaining 14.8%
of the phenotypic variation in carotenoid levels is being consid-
ered for use in a marker-assisted breeding program [109]. A double
haploid wheat population, which was previously characterized for
endosperm color [110], was used to map the psy1 and psy2 genes
against four QTLs affecting endosperm color, with one showing
strong linkage [111]. In sorghum, Kean et al. [112] determined
the carotenoid profiles of eight selected yellow-endosperm cul-
tivars where zeaxanthin is the most abundant carotenoid. Salas
Fernandez et al. [113] detected several QTLs responsible for vary-
ing carotenoid levels in a recombinant inbred line population, a
cross between the yellow endosperm variety KS115 and a white
endosperm variety Macia. Among four QTLs for endosperm color
and five for (3-carotene content, one was mapped to the psy3 gene.

4.2.2. Root vegetables (potato and carrot)

Potatoes show great diversity in carotenoid content, and breed-
ing programs using cultivars with red/purple tubers [114] and dark
yellow tubers [115] have increased carotenoid levels to 8 pg/g fresh
weight. The Y (Yellow) locus in potato controls tuber flesh color
by influencing carotenoid accumulation, and there exists an allelic
series of increasing dominance beginning with the fully recessive y
allele (white flesh, no carotenoids), then the Y allele (yellow flesh)
and the fully dominant Or allele (orange flesh, reflecting the accu-
mulation of zeaxanthin). The Y locus has been mapped to a region
on chromosome three with two candidate genes, encoding PSY and
BCH, and possibly additional regulatory elements [116]. Note that
the Or allele of the endogenous Y locus is not the same as the
cauliflower Or gene (see above), which encodes a DnaJ homolog
and has been introduced as a heterologous trait into potato to
force 3-carotene accumulation in amyloplasts [79]. QTL studies in
carrots have been carried out using an intercross between culti-
vated orange and wild type lines, and between specialized medium
orange (Brasilia) and dark orange (HCM) lines [117]. Major QTLs
were found explaining 4.7-8% of the total phenotypic variation in
{-carotene, a-carotene and [3-carotene levels, and positive correla-
tion between root color and major carotenoid levels made selection
straightforward. A later study involving wild white carrots identi-
fied PSY as the major bottleneck in carotenoid synthesis [118]. The
most recent study involved crosses between orange cultivated car-
rots and a wild white line, identifying QTLs in two linkage groups,
one (Y locus) associated with total carotenoid levels and the other
(Y2 locus) associated with the accumulation of xanthophylls at the
expense of other carotenoids [119].

4.2.3. Tomato and other fruit
Significant variation in carotenoid profiles is also found in
tomato, where a number of mutations affecting the total content



Table 4

Recombinant E. coli strains used for the functional characterization of carotenogenic genes.

Genotype of recombinant strain (origin Precursor Source of test Major product(s) Function of test sequence References
of genes) sequence
crtE and crtB (Pantoea annanatis) Phytoene P. annanatis Lycopene crtl (phytoene desaturase) [84]
crtE, crtB and crtX (P. annanatis) Xanthophyllomyces Lycopene crtl (phytoene desaturase) [220]
dendrorhous
crtE, crtB and crtl (P. annanatis) Lycopene P. annanatis -Carotene crtY (lycopene cyclase) [84]
crtE, crtB (P. annanatis) and crtP {-Carotene P. annanatis {-Carotene crtY (lycopene cyclase) [221]
(Synechocystis sp.)
crtE, crtB and crtl (Erwinia herbicola) Lycopene Arabidopsis thaliana B-Carotene crtL-b (lycopene B-cyclase) [202]
crtE, crtB and crtl (E. herbicola) A. thaliana g,-Carotene crtL-e (lycopene e-cyclase)
crtE, crtB and crtl (E. herbicola) A. thaliana g\-Carotene, B-¢- Carotene crtL-b (lycopene B-cyclase), crtL-e
(lycopene e-cyclase)
crtE, crtB (E. herbicola) and crtl Neurosporene A. thaliana [3-Zeacarotene, neurosporene crtL-b (lycopene -cyclase)
(Rhodobacter capsulatus)
crtE, crtB (E. herbicola) and crtl (R. Neurosporene A. thaliana Neurosporene, a-zeacarotene crtL-e (lycopene e-cyclase) [202,222]
capsulatus)
crtE, crtB (P. annanatis) and crtl (R. Neurosporene P. annanatis Dihydro-3-carotene crtY (lycopene cyclase) [221]
capsulatus)
Capsicum annuum
crtL-b (lycopene -cyclase)
crtE, crtB, crtl and crtY (P. annanatis) [B-carotene P. annanatis Zeaxanthin crtZ (B-carotene hydroxylase) [84]
crtE, crtB, crtl and crtY (P. annanatis) Agrobacterium [132]
aurantiacum
crtE, crtB, crtl and crtY (P. annanatis) {3-carotene Haematococcus Zeaxanthin, 3 -cryptoxanthin crtZ (3-carotene hydroxylase) [181]
pluviales
crtE, crtB, crtl, crtY and creX (P. {3-carotene P. annanatis Zeaxanthin crtZ (B-carotene hydroxylase) [220]
annanatis)
CrtE, crtB, crtl, crtY (P. annanatis) and [-carotene A. aurantiacum Zeaxanthin crtZ (B-carotene hydroxylase) [223]
crtC (R. shaeroides)
CrtE, crtB, crtl, crtY and crtZ (P. Zeaxanthin P. annanatis Zeaxanthin-B-diglucoside crtX (zeaxanthin glucosylase) [84]
annanatis)
crtE, crtB (P. annanatis) and crtl (R. Neurosporene P. annanatis Dihydrozeaxanthin dihydro- 3 crtZ (-carotene hydroxylase) [221]
capsulatus) -caroten-3,3’-ol, (3 -zeacaroten-3-ol
crtE, crtB (P. annanatis) and crtl (R. Neurosporene P. annanatis 7,8- dihydrozeaxanthin, 3-hydroxy- 3 crtZ (3-carotene hydroxylase), crtl [190]
capsulatus) -zeacarotene, 3/3'-hydroxy-7,8-dihydro- 3 phytoene desaturase)
-carotene
crtE, crtB, crtl and crtY (P. annanatis) {3-carotene Synechocystis sp Echinenone, canthaxanthin crtO (3-carotene oxygenase) [186]
crtE, crtB, crtl and crtY (P. annanatis) [-carotene Haematococcus Canthaxanthin bkt (B-carotene oxygenase) [224,222]
pluvialis
crtE, crtB, crtl and crtY (P. annanatis) {3-carotene Agrobacterium Canthaxanthin crtW (3-carotene oxygenase) [85]
aurantiacum or
Alcaligenes PC-1
crtE, crtB, crtl and crtY (P. annanatis) {3-carotene via A. aurantiacum Canthaxanthin crtW (3-carotene oxygenase) [132]
echionenone
crtE, crtB, crtl, crtY (P. annanatis), crtZ {3-carotene Canthaxanthin, B-cryptoxanthin, crtZ (B-carotene hydroxylase), bkt [181]
and bkt (H. pluvialis) zeaxanthin, adonixanthin, astaxanthin (B-carotene oxygenase)
crtE, crtB, crtl, crtY, crtZ and crtX (P. {3-carotene A. aurantiacum Astaxanthin--glucoside, crtW (B-carotene oxygenase) [133]
annanatis) Astaxanthin-(-D-glucoside
CrtE, crtB, crtl, crtY and crtX (P. {3-carotene A. aurantiacum Astaxanthin, adonixanthin 3'- 3-D- crtZ (-carotene hydroxylase), crtW [133]
annanatis) glucoside (B-carotene oxygenase)
crtE, crtB, crtl and crtY [-carotene P. annanatis, H. Astaxanthin, canthanxanthin, zeaxanthin crtZ (B-carotene hydroxylase), bkt [226]
pluvialis (B-carotene oxygenase)
crtE, crtB, crtl and crtY (P. annanatis) {-carotene P. annanatis, A. Astaxanthin, phoenicoxanthin, crtZ (3-carotene hydroxylase), crtW [132]
aurantiacum) adonixanthin, canthaxanthin (B-carotene oxygenase)
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Table 4 (Continued)

References

Function of test sequence

Major product(s)

Source of test
sequence

Precursor

Genotype of recombinant strain (origin

of genes)

[132]

crtZ (B-carotene hydroxylase), crtW

(B-carotene oxygenase)

Adonixanthin, astaxanthin, canthaxanthin

A. aurantiacum

[-carotene

crtE, crtB, crtl and crtY (P. annanatis)

[190]

crtC (hydroxyneurosporone synthase)

1,1’-dihydroxylycopene,
1-hydroxylycopene

R. capsulatus

Lycopene

crtE, crtB and crtl (P. annanatis)

[186,190]

crtC (hydroxyneurosporone synthase)

Hydroxyneurosporene

R. capsulatus

Neurosporene

crtE, crtB (P. annanatis) and crtl (R.

capsulatus)

[181,226]
[190]

bkt (B-carotene oxygenase)

Canthaxanthin

H. pluvialis

[B-carotene

crtE, crtB, crtl and crtY (P. annanatis)
crtE, crtB (P. annanatis) and crtl (R.

capsulatus)

crtC (hydroxyneurosporone synthase), crtD
(methoxynerosporene desaturase)

crtEb (lycopene elongase)

Demethylspheroidene

R. capsulatus

Neurosporene

[189]

Corynebacterium Flavuxanthin

glutamicum

Lycopene

crtE, crtB and crtl (P. annanatis)

[189]

crtEb (lycopene elongase), crtYe, crtYf

(decaprenoxanthin synthase)
crtB (phytoene synthase)

Decaprenoxanthin

C. glutamicum

Lycopene

crtE, crtB and crtl (P. annanatis)

[222]

Geranylgeranyl P. annanatis Phytoene

diphosphate
Phytoene

ipi and crtE (P. annanatis)

crtP (phytoene desaturase)

{-carotene

Synechococcus
PCC7942

ipi, crtE and crtB (P. annanatis)
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crtW (-carotene ketolase)

Echienone, canthanxanthin, 3-carotene

Synechococcus
PCC6803

[3-carotene

ipi, crtE, crtB, crtl and crtY (P. annanatis)

crtZ (B-carotene hydroxylase)

Zeaxanthin

P. annanatis

[-carotene

ipi, crtE, crtB, crtl, crtY and crtZ (P.

annanatis)

[225]

crtR (B-carotene hydroxylase)

Zeaxanthin

Synechocystis
PCC6803

B-carotene

ipi, crtE, crtB, crtl, crtY (P. annantis)

and diversity of carotenoids have been identified. These include r
(yellow-flesh), which is characterized by yellow fruit and has a loss-
of-function mutation in PSY1 [120], and delta, which accumulates
d-carotene instead of lycopene, reflecting an increased expression
of the gene encoding e-cyclase [62]. The tangerine mutation, also
named because of the color of the fruit, reflects a loss of CRTISO
activity. Two mutations affecting LYCB activity have been identi-
fied, one named Beta (characterized by a 45% increase in [3-carotene
content compared to wild type, resulting in a characteristic orange
fruit color) and another named old-gold (og) which lacks 3-carotene
but has higher than normal levels of lycopene [121]. Searches for
QTLs affecting lycopene content in tomato fruit have been success-
ful, with a cross between a lycopene-rich specialist cultivar and a
standard breeding variety revealing eight QTLs, one accounting for
12% of the variation in lycopene content [122], and a more recent
search for QTLs affecting fruit color in introgression lines iden-
tifying 16 loci, five of which cosegregated with candidate genes
involved in carotenoid synthesis [123].

The deep red color of watermelon flesh reflects its carotenoid
content and a comparative study of 50 commercial varieties has
shown that total carotenoid levels in red-fleshed cultivars vary in
the range 37-122 mg/kg fresh weight, with 84-97% of the content
represented by lycopene and those with the highest lycopene levels
also containing the highest levels of 3-carotene [124]. Other culi-
nary melons (Cucumis melo) have flesh ranging in color from green
to orange, displaying a very diverse profile of carotenoids. Califor-
nia and Wisconsin melon recombinant inbred lines were used to
identify QTLs affecting [3-carotene levels, and eight loci were found
each explaining between 8% and 31% of phenotypic variation, one
mapping to a gene encoding BCH [125]. Carotenoid diversity in
kiwifruit has also been investigated and it has been noted that the
major products are (3-carotene and lutein, both of which may be
modulated by genetic variation at the lycb locus [126]. Significant
variation has also been found in the sweet orange (Citrus sinensis L.
Osbeck) with the identification of a mutant, ‘Hong Anliu’, which is
deep red in color and contains over 1000-fold the levels of lycopene
found in wild type fruits [127].

Red cultivars of Capsicum are worthy of special mention
because they are one of the few examples of plants produc-
ing ketocarotenoids [128]. A genetic map was developed from
an interspecific cross between Capsicum annuum (TF68, red) and
Capsicum chinese (Habanero, orange). Several carotenogenic genes
were mapped and served as candidate genes controlling carotenoid
content and fruit color, including a gene for PSY that explained
53.4% of the variation [129]. Homozygous and heterozygous lines
containing PSY alleles from the TF68 parent contained more than
six-fold higher levels of carotenoids than fruits homozygous for
the Habanero allele. A more recent study of 12 diverse pepper vari-
eties identified a correlation between the levels of PSY, PDS and CCS
activity and the carotenoid content [130].

4.3. Bacterial strains for complementation studies

Most of the carotenogenic genes described above and listed
in Tables 1 and 2 have been functionally characterized through a
combination of sequence analysis and complementation in E. coli,
a non-carotenogenic bacterium. E. coli is well suited to this task
because the absence of carotenoid synthesis means that recombi-
nant strains can be created that partially recapitulate the pathway,
or which are blocked at specific points along the pathway, allow-
ing panels of cell lines accumulating different intermediates to be
tested systematically with novel genes to determine their func-
tions. The products synthesized in E. coli can then be identified by
chromatography, although the colonies take on colors ranging from
yellow to red which often provides an even quicker means of identi-
fication (Fig. 2) [75]. However, the GGPP pool in E. coli is insufficient
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to drive robust carotenoid synthesis, so before this species can be
used for complementation studies the amount of GGPP must be
increased through the expression of geranylgeranyl diphosphate
synthase (encoded by crtE), which catalyzes the addition of a Cs
isoprenoid unit onto Geranylgeranyl diphosphate (GGPP).

The addition of further carotenogenic genes then leads to the
production of specific intermediates and downstream carotenoids,
as summarized in Table 4. For example, the introduction of crtE,
crtB, crtl and crtY facilitates the de novo synthesis of lycopene, 3-
carotene and zeaxanthin [84,131] and the further addition of crtZ
and crtW facilitates the synthesis of astaxanthin (representing 50%
of total carotenoids) and various intermediates [132]. Adding crtX
to the above facilitated the synthesis of two carotenoid glucosides,
astaxanthin-f3-D-diglucoside and adonixanthin 3’-3-D-glucoside
[133].

Occasionally, other bacteria are used for functional analy-
sis including Zymomonas mobilis, Agrobacterium tumefaciens and
Rhodobacter capsulatus [134,135] and the fungus Mucor circinel-
loides [136].

4.4. Transgenic plant lines with altered carotenoid profiles

The introduction of carotenogenic genes directly into plants
provides a shortcut to the laborious breeding programs required
to exploit natural diversity, and also allows genes to be intro-
duced from beyond the natural gene pool. This second point is
important because it remains the only strategy that can be used
to introduce carotenogenesis de novo or to extend the carotenoid
biosynthesis pathway beyond its natural endpoint, e.g. to produce
ketocarotenoids in major staple crops.

There has been significant progress in the development of trans-
genic crop varieties producing higher levels of carotenoids, and
more recently there have been a number of key achievements in
the areas of branch point modulation (shifting flux towards par-
ticular molecules and away from others), de novo carotenogenesis
(introducing the entire carotenogenic pathway into plant tissues
lacking carotenoids) and pathway extension (Table 5). A number of
noteworthy case studies are considered below.

4.4.1. Laboratory models

Although not of agronomic importance, laboratory model
species such as Arabidopsis are amenable to genetic analysis and
often provide breakthroughs that can be used as a springboard
to launch more applied research in crop species. Transgenic Ara-
bidopsis plants expressing a range of carotenogenic genes have
been created and tested for carotenoid accumulation, including
heterologous plant genes, bacterial genes and recombinant prod-
ucts such as the CrtZ-CrtW polyprotein [137]. Ralley et al. [138]
achieved the production of ketocarotenoids in tobacco, which accu-
mulated in leaves and in the nectary tissues of flowers at levels
tenfold greater than normal, and included astaxanthin, canthax-
anthin and 4-ketozeaxanthin, predominantly as esters. Recently,
the overexpression of an Arabidopsis PSY gene in Arabidopsis and
carrot has revealed a difference between photosynthetic and non-
photosynthetic tissue in terms of carotenoid accumulation [139].
Seedlings were unaffected by the increased PSY levels but non-
photosynthetic callus and root tissue accumulated up to 100-fold
the level of carotenoids found in wild type tissues (up to 1.8 mg/g
dry weight, predominantly [3-carotene).

4.4.2. Golden rice

The ‘Golden Rice’ project was the first significant application
of carotenoid engineering and was envisaged as a humanitarian
mission to alleviate vitamin A deficiency, which results in millions
of cases of preventable blindness every year in developing coun-
tries [140]. Large numbers of people subsist on monotonous diets

of milled rice grains which contain little vitamin A, so a research
project was conceived to introduce a partial carotenoid biosynthe-
sis pathway into rice endosperm allowing the grains to accumulate
[3-carotene. The first Golden Rice line contained three transgenes:
daffodil psy1 and lycb genes together with bacterial crtl. The grains
accumulated up to 1.6 pg/g dry weight of 3-carotene [69]. This was
not sufficient to provide the recommended daily intake of vitamin
A from a reasonable rice meal, so the more active corn psyl gene
was used to replace its daffodil ortholog, resulting in ‘Golden Rice 2’,
in which the total carotenoid content of the endosperm increased
to 37 pg/g dry weight [70] (Fig. 3a). The next scientific step in the
deployment of Golden Rice, which has been under development
for several years, is the introgression of the same traits into locally
adapted varieties.

4.4.3. Amber potatoes and red carrots

As stated earlier, Lu et al. [79] isolated a clone corresponding
to the Or allele from a mutant cauliflower variety with orange,
carotenoid-rich heads. This clone was introduced into cauliflow-
ers and replicated the effect, confirming that it was a dominant
mutation (Fig. 3b). The same phenotype was observed in transgenic
potatoes expressing Or [80] (Fig. 3c). Two further biotechnology
approaches have been combined to improve carotenoid levels in
potato tubers, one based on the introduction and expression of
carotenogenic transgenes and the other based on the suppression of
endogenous enzymes competing for common precursors (Fig. 3d).
Diretto et al. [141,142] introduced the bacterial crtB, crtl and crtY
genes under the control of tuber-specific and constitutive pro-
moters, increasing total carotenoid levels to 114 pg/g dry weight
and [-carotene to 47 pg/g dry weight. Diretto et al. [142,143] also
silenced the endogenous lyce and bch genes, thereby eliminating
competition at the branch point between the «- and [3-carotene
pathways and preventing the further metabolism of (3-carotene. In
a separate study, silencing the bch gene alone elevated (3-carotene
levels to 3.31 pg/g dry weight [144]. Silencing the endogenous zep
gene also increased total carotenoid levels, particularly zeaxanthin,
whereas violaxanthin levels were reduced [145].

Although the roots of orange, cultivated carrot varieties are rich
sources of a-carotene, (3-carotene and lutein, they cannot produce
ketocarotenoids. Recently, however, ketocarotenoid synthesis has
been achieved in carrot roots by transforming them with an algal
[3-carotene ketolase gene fused to a plastid targeting sequence so
the protein was successfully expressed in chloroplasts and chromo-
plasts [146]. This resulted in the conversion of up to 70% of the total
carotenoid content into novel ketocarotenoids, which accumulated
to a level of 2.4 mg/g root dry weight, and resulted in a significant
color shift towards red (Fig. 3e). The experiments carried out by
Maass et al. [139] in Arabidopsis and carrot (see above) increased
the carotenoid levels in carrot roots to 858 pg/g dry weight.

4.4.4. Tomato and other fruits

Ripening tomatoes accumulate large quantities of red pigments
including lycopene, but rather lower levels of 3-carotene. Several
investigators have attempted to overexpress either the endogenous
lych gene [67] or equivalent heterologous genes [66,147-149] in
order to increase (3-carotene, the immediate downstream prod-
uct of LYCB (e.g. a 32-fold increase in the case of D’Ambrosio et
al. [67], resulting in orange-colored tomato fruits; Fig. 3f). Another
successful strategy was the suppression of the endogenous DET1
gene, which regulates photomorphogenesis. The expression of a
det1 RNAI construct in tomato chromoplasts increased [3-carotene
levels 8-fold to 130 pg/g dry weight [150].

Some interesting work has also been carried out in citrus fruits.
The psy gene from the Cara Cara navel orange (Citrus sinensis
Osbeck) has been overexpressed in Hong Kong kumquat (For-
tunella hindsii Swingle) [151], generating fruits with 2.5-fold higher



Table 5
Carotenoid enhancement in transgenic plants.
Species Genes (origin) Promoters Carotenoid levels in transgenic plants References
Rice (Oryza sativa) psy1 (daffodil) CaMV35S (constitutive) 0.3 ng/g dry weight (DW) phytoene in seeds [68]
Gt1 (seed specific) 0.74 png/g DW phytoene in seeds
psy1 and lycb (daffodil) crtl (Pantoea ananatis) Gt1 (psy1 and lycb) and CaMV35S (crtl) 1.6 pg/g DW total carotenoids in endosperm [69]
psy1 (corn; Zea mays) crtl (Pantoea ananatis) Gtl 37 g/g DW total carotenoids in seeds [70]
Canola (Brassica napus) crtB (P. ananatis) Napin (seed specific) 1617 pg/g fresh weight (FW) total carotenoids in seeds [60]
(50-fold)
crtB (P. ananatis) Napin 1341 pg/g FW total carotenoids in seeds [61]
crtE and crtB (P. ananatis) 1023 pg/g FW total carotenoids in seeds
crtB (P. ananatis) crtl (P. ananatis) 1412 p.g/g FW total carotenoids in seeds
crtB and crtY (P. ananatis) 935 ng/g FW total carotenoids in seeds
crtB and B-cyclase (B. napus) 985 wg/g FW total carotenoids in seeds
crtB and crtY (P. ananatis) crtl (P. ananatis) 1229 ng/g FW total carotenoids in seeds
idi, crtE, crtB, crtl and crtY (P. ananatis) crtZ, CaMV35S, napin and Arabidopsis FAET (seed 412-657 pg/g FW total carotenoids in seeds (30-fold) [74]
crtW (Brevundimonas sp.) specific)
60-190 .g/g FW total ketocarotenoids in seeds
Tomato (Solanum psy1 (tomato) CaMV35S 3615 wg/g DW total carotenoids in vegetative tissue [227]
lycopersicum) (1.14-fold)
psy1 (tomato) CaMV35S 2276.7 ng/g DW total carotenoids in fruit (1.25-fold) [228]
819 pg/g DW B-carotene in fruit (1.4-fold)
crtl (P. ananatis) CaMV35S 520 pg/g DW (1.9-fold) B-carotene in fruit [64]
lycb (Arabidopsis) chyb (pepper; Capsicum pds 63 pg/g FW B-carotene in fruit (12-fold) [147]
annuum)
crtB (P. ananatis) Polygalacturonase (fruit specific) 825 pg/g DW B-carotene in ripe fruit (2.5-fold) [229]
dxs (Escherichia coli) Fibrillin 7200 p.g/g DW total carotenoids in fruit (1.6-fold) [59]
det-1 (tomato, antisense) P119, 2A11 and TFM7 (fruit specific) 130 pg/g DW B-carotene (8-fold) in red-ripe fruit [150]
(assuming a water content of 90%)
CRY2 (tomato) CaMV35S 1490 p.g/g DW total carotenoids ripe fruit pericarps [154]
(1.7-fold)
101 pg/g DW B-carotene ripe fruit pericarps (1.3-fold)
chrd (cucumber; Cucumis sativus) CaMV35S Reduced carotenoid levels in flower [230]
crtY(P. ananatis) aptl 286 pg/g DW B-carotene in fruit (4-fold) [148]
Fibrillin (pepper) Fibrillin 150 pg/g FW B-carotene in fruit [231]
lycb (Arabidopsis; Arabidopsis thaliana) pds (fruit specific) 546 ng/g DW FW total carotenoids in fruit (7-fold) [66]
(assuming a water content of 90%)
lycb (tomato) CaMV35S 2050 pg/g DW total carotenoids in fruit (31.7-fold) [67]
(assuming a water content of 90%)
lycb (daffodil) Ribosomal RNA 950 wg/g DW B-carotene in fruit [149]
Potato (Solanum ZEP (Arabidopsis) GBSS (tuber specific) 60.8 ng/g DW total carotenoids in tubers (5.7-fold) [145]
tuberosum)
crtB (P. ananatis) Patatin (tuber specific) 35 g/g DW total carotenoids in tubers (6.3-fold) [232]
11 pg/g DW B-carotene in tubers (19-fold)
lyce (potato, antisense) Patatin 9.9 ng/g DW total carotenoids in tubers (2.5-fold) [143]
0.043 .g/g DW B-carotene in tubers (14-fold)
crtO (Synechocystis sp.) CaMV35S 39.76 g/g DW total carotenoids in tubers [233]
Ketocarotenoids represented 10-12% of total
carotenoids in tubers
dxs (E. coli) Patatin 7 ng/g DW total carotenoids in tubers (2-fold) [234]
crtB (P. ananatis) bkt1 (Haematococcus pluvialis) Patatin 5.2 ug/g DW total carotenoids in tubers [73]
1.1 pg/g DW total ketocarotenoids in tubers
bkt1 (H. pluvialis) 30.4 pug/g DW total carotenoids in tubers
19.8 ng/g DW total ketocarotenoids in tubers
or (cauliflower; Brassica oleracea var botrytis) GBSS 25 g/g DW total carotenoids (6-fold) in tubers [79]
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Table 5 (Continued)

Species Genes (origin) Promoters Carotenoid levels in transgenic plants References
or (cauliflower) GBSS 31 pg/g DW total carotenoids in tubers (5.7-fold) [80]
crtB, crtl and crtY (P. ananatis) Patatin 114 pg/g DW total carotenoids in tubers (20-fold) [141]
47 ng/g DW B-carotene in tubers (3600-fold)
bch (potato, antisense) Patatin 9.3 ng/g DW total carotenoids in tubers (4.5-fold) [142]
0.085 jLg/g DW B-carotene in tubers (38-fold)
bch (potato, antisense) GBSS and CaMV35S 3.31 pug/g DW B-carotene in tubers [144]
Corn psy1 (Z. mays) Wheat LMW glutelin, barley D-hordein, corn 146.7 pg/g DW total carotenoids in seeds [26]
v-zein, rice prolamin (all endosperm-specific)
crtl (P. ananatis) 35.85 jug/g DW total ketocarotenoids in seeds
crtW (Paracoccus spp.)
lycb (Gentiana lutea)
crtB and crtl (P. ananatis) Super y-zein 33.6 ug/g DW total carotenoids in seeds (34-fold) [25]
psy1 (Z. mays) crtl (P. ananatis) Wheat LMW glutelin and barley D-hordein 163.2 ng/g DW total carotenoids in seeds (112-fold) [27]
59.32 pug/g DW 3-carotene in seeds (169-fold)
Lotus japonicus crtW (Agrobacterium aurantiacum) CaMV35S 387 wg/g FW total carotenoids in flower petals [235]
(1.5-fold)
89.9 ng/g FW total ketocarotenoids in flower petals
(2.2-fold)
Carrot bkt1 (H. pluvialis) chyB (Arabidopsis) CaMV35S and Agrobacterium rhizogenes rolD 345.5 g/g FW total carotenoids in root [146]
(root specific)
2400 pg/g root DW novel ketocarotenoids
psy (Arabidopsis) CaMV35S 858.4 ug/g DW total carotenoids in roots [139]
Tobacco crtW and crtZ (Paracoccus sp.) CaMV35S 1275 pg/g DW total carotenoids in leaves [138]
64 pg/g FW total ketocarotenoids in leaves
crtO (Synechocystis sp.) crtZ (P. ananatis) CaMV35S 839 wg/g DW total carotenoids in leaves (2.5-fold) [72]
342.4 ng/g DW total ketocarotenoid in leaves
crtO (Synechocystis sp.) CaMV35S 429 pg/g DW total carotenoids in leaves [236]
156.1 ng/g DW total ketocarotenoid in leaves
crtW and crtZ (Brevundimonas sp.) rmn 7380 g/g FW total carotenoids in leaves (2.1-fold) [137]
7290 pg/g FW total ketocarotenoids in leaves
Wheat psy1 (Z. mays) CaMV35S and 1Dx5 (constitutive) 4.96 ng/g DW in seeds [237]
crtl (P. ananatis)
Arabidopsis bkt1 (H. pluvialis) Napin 4-keto-lutein, canthaxanthin and adonirubin seeds up [238]
to 13-fold
bch (Arabidopsis) CaMV35S 2274.8 nmol/g DW total carotenoids [239]
psy (Arabidopsis) Napin 260 pg/g FW B-carotene in seeds [240]
psy (Arabidopsis) CaMV35S 1600 p.g/g DW (10-fold) in seed-derived calli and [139]
500 p.g/g DW (100-fold) of total carotenoids in roots
chyB (Arabidopsis) CaMV35S 285 mmol/chl a(mol) violaxanthin (2-fold) [241]
728 mmol/chl a(mol) of total carotenoid
AtB1 (Arabidopsis) CaMV35S 38.2 pug/g B-carotene leaf tissue
CYP97A3 (Arabidopsis) CaMV35S 41.7 pg/g B-carotene leaf tissue
CYP97B3 (Arabidopsis) CaMV35S 36.7 jLg/g B-carotene leaf tissue
CYP97C1 (Arabidopsis) CaMV35S 41.3 pg/g B-carotene leaf tissue
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Fig. 3. Plants engineered to increase the levels of specific carotenoids. (a) Comparison of wild type rice grains (white, top left) with those of Golden Rice (bottom left) and
Golden Rice 2 (right) [70]. (b) Wild type cauliflower heads (left) compared with a transgenic variety expressing the dominant Or allele [79]. (c) Wild type potato tuber (left)
compared with a transgenic variety expressing the cauliflower Or transgene [80]. (d) Wild type potato tuber compared with two transgenic lines [highest carotenoid levels
(>110 pg/g dry weight], expressing bacterial crtB, crtl and crtY genes [141]. (e) Wild type carrot compared to transgenic red variety with a high ketocarotenoid content. Left
panel shows uncut carrots, right panel shows same carrots cut transversely to show flesh. In each panel, the wild type variety is on the right and the transgenic variety is
on the left [146]. (f) The panel shows wild type Red Setter tomato fruits (bottom) compared to an orange transgenic variety accumulating high levels of (3-carotene (top).
Right panel shows same fruits growing on the vine [67]. (g) Wild type Hong Kong kumquat (left) compared to transgenic fruit (right) expressing the psy gene from the Cara
Cara navel orange, with higher levels of 3-carotene [151]. (h) Wild type canola seed (left) compared to two transgenic varieties expressing seven carotenogenic transgenes
and accumulating higher carotenoid levels [74]. (i) Wild type white endosperm corn M13W (left) compared with a transgenic line (middle) accumulating high levels of
B-carotene (57 pg/g DW) [27], and a transgenic line (right) expressing five carotenogenic genes (corn psy1, Paracoccus crtW and crtl, and Gentiana lutea lycb and bch) and
accumulating significant amounts of ketocarotenoids (35 pg/g DW) and 3-carotene (34.81 ng/g DW) [28].(For interpretation of the references to color in this figure legend,

the reader is referred to the web version of the article.)
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levels of phytoene (~71 ug/g fresh weight) and also higher lev-
els of lycopene, 3-carotene and [-cryptoxanthin, resulting in a
significant shift from yellow to orange coloring (Fig. 3g). The
levels of lutein and violaxanthin in the fruits remained largely
unchanged.

4.4.5. Carotenoid-rich canola

Carotenoids are fat-soluble, so their consumption as a minor
component of vegetable oil increases their bioavailability. Canola
(Brassica napus) is an oil crop that produces large amounts of
carotenoids (18-26 g/g dry weight) and it is therefore considered
a valuable dietary source and a good target for carotenoid engi-
neering. Shewmaker et al. [60] increased the carotenoid content
of canola to 1180 pg/g dry weight by expressing crtB, an achieve-
ment that was improved by Ravanello et al. [61] using the same
gene (1341 pg/g dry weight). The combined expression of crtB and
crtl boosted levels to 1412 pg/g dry weight, but the further addi-
tion of crtY reduced total levels to 1229 pg/g dry weight although
it increased the relative amount of B-carotene [61] (Fig. 3h). RNAi
has been used to reduce the expression of LYCE in canola, increasing
the levels of 3-carotene, zeaxanthin and violaxanthin as expected,
but also the levels of lutein suggesting that the endogenous lyce
gene may represent a rate-limiting step [152]. As discussed ear-
lier, Fujisawa et al. [74] introduced seven carotenogenic genes
into canola including crtW and crtZ, which are involved in keto-
carotenoid biosynthesis. The total amount of carotenoids in the
seeds was 412-657 pg/g fresh weight, a 30-fold increase over wild
type, including 60-190 pg/g of ketocarotenoids.

4.4.6. Combinatorial transformation in corn

Several groups have used biotechnology to increase carotenoid
levels in corn, e.g. Aluru et al. [25] introduced the bacterial crtB
and crtl genes under the control of a ‘super 'y-zein promoter’ to
provide strong endosperm-specific expression, increasing the total
carotenoid content to 33.6 pg/g dry weight. A significant advance
was achieved by Zhu et al. [26] with the development of a com-
binatorial nuclear transformation system designed to dissect and
modify the carotenoid biosynthetic pathway in corn, using the
white endosperm variety M37W. Essentially, the method involves
transforming plants with multiple genes encoding the enzymes
involved in carotenoid biosynthesis, and then screening a library of
random transformants for plants with appropriate metabolic pro-
files. The pilot study for this technique involved the introduction
of five genes (the corn psy1 gene, the Gentiana lutea lycb and bch
genes and two bacterial genes crtl and crtW) under the control of
endosperm-specific promoters. Using the M37W line as the genetic
background provided a blank template because the endosperm in
this variety lacks all carotenoids as it is blocked at the first stage
of the pathway due to the complete absence of PSY activity. The
recovery of plants carrying random combinations of genes resulted
in a metabolically diverse library comprising plants with a range of
carotenoid profiles, revealed by easily identifiable endosperm col-
ors ranging from yellow to scarlet (Fig. 3i). The plants contained
high levels of 3-carotene, lycopene, zeaxanthin, lutein, and addi-
tional commercially relevant ketocarotenoids such as astaxanthin
and adonixanthin [26].

Another recent breakthrough in this area was the develop-
ment of transgenic corn plants transformed with multiple genes
enabling the simultaneous modulation of three metabolic path-
ways, increasing the levels of three key vitamins ([3-carotene,
ascorbate and folate) in the endosperm [27]. This was achieved
by transferring four genes into the M37W corn variety described
above, resulting in a 169-fold elevation of [(3-carotene levels
(57 ng/g dry weight), a 6.1-fold increase in ascorbate (106.94 p.g/g
dry weight) and 2-fold increase in folate (200 pg/g dry weight).

5. Outlook
5.1. Outlook for fundamental research

Although the search for novel carotenogenic genes continues,
the current status of carotenoid research is somewhat restricted by
its reliance on the gene-by-gene approach to metabolic engineer-
ing. In other pathways, the focus has shifted away from individual
genes or collections thereof and towards overarching regulatory
mechanisms that may allow multiple genes in the pathway to be
controlled simultaneously. One example of the above is the ter-
penoid indole alkaloid biosynthesis pathway, where many of the
genes are under common transcriptional control through induc-
tion by methyl jasmonate. The recognition of this regulatory link
led directly to the identification of a common transcription fac-
tor called ORCA2 that binds corresponding response elements in
many of these genes’ upstream promoters; the ORCA2 gene is itself
induced by jasmonate and its overexpression leads to coordinate
upregulation of many of the enzymes in the pathway [153]. Few
similar studies have been carried out with regard to carotenoid
metabolism, although a number of candidate transcriptional reg-
ulators have been identified including CRY2, DDB1, HY5, DET1
and COP1 [150,154-156]. One promising approach, which has also
been applied in the alkaloid metabolic pathway resulting in the
identification of transcription factor ORCA3, is to use activation
tagging and/or T-DNA mutagenesis in an effort to identify global
regulators of carotenogenic genes. In such a strategy, random
insertion lines containing mutagenic T-DNA sequences, or T-DNA
sequences containing strong, outward-facing promoters to activate
genes adjacent to the insertion site, would be tested to identify
insertions that caused broad induction or repression of caroteno-
genesis.

Another key strategy for ongoing research into carotenoid
metabolism is the identification of key residues in the
ketocarotenoid-synthesizing enzymes that control substrate
specificity. These enzymes are prime candidates for protein engi-
neering since their precise affinity for different substrates and
their kinetic properties play a predominant role in deciding the
final spectrum of compounds that are produced. As an example, a
CrtW-type [B-carotene ketolase gene isolated from Sphingomonas
sp. DC18 was subjected to localized random mutagenesis in order
to increase its activity on hydroxylated carotenoids. As in other
areas of carotenoid research, the ability to screen on the basis of
color provided a handy and robust way to ascertain whether any
of the mutations facilitated astaxanthin production. Six mutations
showed improved astaxanthin production without affecting com-
petitive reactions, but when two of these were combined in the
same enzyme they had an additive effect and also reduced the
production of canthaxanthin from [3-carotene [157].

5.2. Outlook for applied research

The major application of carotenoid research is in health and
nutrition, based on the numerous reports showing the health ben-
efits of carotenoids, particularly those with vitamin A activity [18].
As well as the specific role of 3-carotene, a-carotene, y-carotene
and 3-cryptoxanthin in the production of retinal, most carotenoids
have beneficial antioxidant activity, with lutein and zeaxanthin
having a specific protective role in the macular region of the human
retina. Astaxanthin, which is normally acquired from seafood, also
has several essential protective functions including the prevention
of lipid oxidation, UV damage and damage to the immune system
[158]. The positive role of carotenoids in the diet is widely accepted
and valued and foods rich in carotenoids (particularly fresh fruit,
vegetables and seafood) are commonly regarded as essential com-
ponents of a healthy diet [1,2].
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Astaxanthin is the source of pink/red pigmentation in certain
types of fish and seafood, and currently this molecule is extracted
from the yeast Xanthophyllomyces dendrorhous or the green alga
Haematococcus pluvialis, or is synthesized chemically [158]. It is
added to feed so that aquaculture products (particularly salmon,
rainbow trout and red sea bream) develop the appropriate qual-
ity characteristics demanded by consumers. This accounts for 25%
of the total feed cost, and 12% of the overall cost of rearing fish.
One likely output of carotenoid research in the near future is the
provision of plant-based fish food incorporating astaxanthin and
other carotenoids, as these will not only satisfy consumers but also
contribute to fish health [2].

Many animals benefit from diets rich in carotenoids, and
humans also benefit from the better quality food products. For
example, the major carotenoids in hens’ and quails’ eggs are lutein
and zeaxanthin, and these are concentrated in the yolk [159,160].
Feeding hens with corn enriched for carotenoids would contribute
to a number of vital physiological and protective roles during
embryonic development, growth and during the lifetime of the
laying hens [161], while humans would benefit from the rich yolk
color, which is an important quality trait [162], as well as the higher
nutrient density and bioavailability (carotenoids are more bioavail-
able when consumed as egg yolk compared to most vegetable
sources because of the lipid content [163]).

One further potential application of carotenoid engineering is
for the extraction of specific carotenoid products for purification
and use as antioxidants, pigments, food/feed additives, pharmaceu-
ticals, nutraceuticals and cosmetics. The global carotenoid market
is thought to be worth more than $US 2 billion, so the ability
to produce higher levels of key carotenoid compounds, especially
those with strong markets, would provide an enormous compet-
itive advantage. Lycopene and (3-carotene are both used as food
additives to provide color, increase shelf life and improve nutrition.
For example, margarine is naturally white and deteriorates rapidly
due to oxidation, but the addition of B-carotene (extracted from
carrots or canola) provides color, delays oxidation and also pro-
vides vitamin A in a lipophilic environment ready for adsorption.
Lycopene, extracted from tomato juice, has recently been approved
as a food additive in Europe [164]. Zeaxanthin is often extracted
commercially from red marigold flowers which are also rich source
of lutein. As discussed above, astaxanthin is extracted from spe-
cific yeast and algae or is synthesized chemically [158,164-167].
All these molecules could be extracted at a lower cost from trans-
genic plants, especially if the plants were engineered to produce
multiple carotenoid molecules which could be extracted in a single
step and then separated.
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