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SUMMARY

My research program focused on the elucidation leé# tmechanisms of carotenoid
accumulation in maizeZgéa mays). | amplified a putative carotenoidhydroxylase, named
CYP97C19, from the yellow maize variety B73. Metiabgrofiling of the carotenoid
pathway in Arabidopsidutl mutant (lacking lutein) overexpressing maize CYPBIC
confirmed the accumulation of lutein in transgelmes at the expense of zeinoxanthin. This
allowed me to conclude that maize CYP97C19 is a&tfanal e-hydroxylase. In a separate
experiment, | characterized two transgenic linesrexpressing the Arabidopsi3RANGE
gene AtOR). Both lines exhibited an increase in carotenaidtent without any concomitant
upregulation of endogenous carotenogenic gene ssipre The highest carotenoid
accumulating line was crossed with different tramsg lines with diverse carotenoid profiles.
In cases in which the original transgenic parerdt thvas crossed with th&tOR line
accumulated low levels of total carotenoids, resglhybrid exhibited a substantial increase
of total carotenoid content without any changethaqualitative carotenoid composition. No
changes at the metabolite and transcript profilesewobserved in the hybrids when the
carotenoid content in the original parents usedréss with theAtOR line was high. Results
from these experiments suggest that one of thetims of theORANGE gene in maize
endosperm is to generate a metabolic sink for enoatls because of the increase of
carotenoid content. Results from experiments inclvlwarotenoig-hydroxylase (BCH1 and
BCH2) was silenced in genotypes able to accumuiigie lutein and high zeaxanthin levels
indicated that these genes are determinanfiscaffotene and zeaxanthin accumulation. | also
investigated the interactions between the carotkand starch biosynthetic pathways as they
share common precursors. | analyzed total staraokenbin four transgenic maize lines: one
line overexpressingAtOR (L1) and three lines expressing different caroggmic gene
combinations (L2, L3 and L4, expressiZgnpsyl, Zmpsyl, Pacrtl and ParacrtW,; and
Zmpsyl; Pacrtl and Gllych, respectively). In transgenic lines with a high ¢anmid content
total starch content was lower by approximately 8%stablished that this effect was due to
downregulation of starch-related biosynthetic genEsally, a transgenic line (HC)
overexpressingmpsyl andPacrtl was crossevith different inbred lines belonging to well-
known heterotic groups in order to obtain high-giet) hybrids accumulating carotenoids. |
assessed the performance of the hybrids (agronamic ear morphologic traits) in two
different locations in one growing season. Reswuitscated that field performance of high
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carotenoid maize hybrids was similar or on occassuperior to commercial hybrids

commonly grown in the area.
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RESUMEN

Mi programa de investigacion se ha centrado estable de los mecanismos de acumulacion
de carotenoides en maizef mays). Inicialmente, cloné de la variedad de maiz Bi3yan
candidato para la enzimahidroxilasa de carotenoides (CYP97C19). Basandemdos
resultados del perfil metabdlico de la ruta de ¢asotenoides en lineas transgénicas del
mutante de Arabidopsisitl (carente de luteina) que sobre expresaban CYP97#@ade (la
acumulacion de luteina en las lineas transgéneasaglucia a expensas de una reduccion de
zeinoxantina), conclui que el gen CYP97C19 de reedzunae-hidroxilasa de carotenoides
funcional. En un proyecto independiente, caractedos lineas transgénicas de maiz que
sobreexpresaban el g€DRANGE de Arabidopsis AtOR). Las dos lineas mostraron un
incremento del contenido de carotenoides sin vdaiaxpresion de genes carotenogénicos
endogenos. Posteriormente, crucé la linea que dabemumas carotenoides con lineas
transgénicas con perfiles de carotenoides distiidos casos en que el parental transgénico
acumulaba pocos carotenoides, el hibrido resultamdstrdé un incremento sustancial del
contenido de carotenoides sin cambios aparentda enmposiciéon de éstos. En cambio,
ningun efecto se observo en los niveles metabdliceanscriptomicos de los hibridos cuando
el contenido de carotenoides de los parentales el@ado. Los resultados de estos
experimentos indican que una de las funciones @®&l QRANGE de Arabidopsis en
endospermo de maiz es generar un sumidero metalpdlia la acumulacion de carotenoides
debido al incremento del contenido de carotenoptesocados por éste. Paralelamente,
silencié las enzimaf-hidroxilasa de carotenoides, la BCH1 y la BCH2dmaete RNAI en
cultivares de maiz que acumulan elevadas cantiddeglésteina y zeaxantina. Los resultados
me permitieron concluir que estas dos enzimas lswe para la determinacién del contenido
de pB-caroteno y zexantina en maiz. También analicBtéaaccion entre la ruta metabdlica de
los carotenoides y la del almidon ya que compapie&tursores comunes. El analisis del
contenido total de almidén en cuatro lineas tramisg8 (L1: sobreexpresion d¢OR; L2,
sobreexpresion deZmpsyl; L3, sobreexpresion d&mpsyl, Pacrtl y ParacrtW, L4,
sobreexpresion démpsyl, Pacrtl y Gllycb) demostré que se producia una disminucion de
hasta el 8%. Confirmé que este efecto se debiaealleccion de la capacidad biosintética de
formacion de almidén a distintos niveles. Finalmeemrucé una linea transgénica (HC) que
sobreexpresab&mpsyl y Pacrtl con diferentes lineas puras pertenecientes a grupos
heteréticos conocidos para obtener hibridos de m@ialta producciéon y acumulacion de
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carotenoides. Evalué el desarrollo de los hibr{dasacteres agronémicos y morfologicos) en
dos localidades distintas durante una estacionutteya Los resultados indicaron que el
comportamiento en campo de los hibridos con altwerido de carotenoides fue similar y en

ocasiones superior a los hibridos comerciales gquelsvan en la zona.
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RESUM

El programa de recerca que he desenvolupat s’haateen I'estudi dels mecanismes
d’acumulacié de carotenoides en blat de matea (mays). Inicialment, vaig clonar de la
varietat de blat de moro B73 un gen candidathadroxilasa de la ruta biocinética dels
carotenoides (CYP97C19). En base als resultateigquii en linies transgeniques derivades
del mutant d’Arabidopsisutl (mancat de luteina) en les quals es va sobreegprekgen
CYP9719 de blat de moro, que confirmaven l'acunidlage luteina a expenses de
zeinoxantina, vaig concloure que CYP97C19 ésadn@roxilasa de carotenoides funcional.
En un segon projecte, vaig generar i caracterdmas linies transgéniques de blat de moro
gue sobreexpressaven el g@RANGE d’Arabidopsis AtOR). Les dues linies mostraren un
increment en el contingut de carotenoides sensmentgr I'expressié de gens carotenogénics
endogens. Posteriorment vaig creuar la linia quanatava més carotenoides amb linies
transgeniques que presentaven perfils de carotesadiferents. En els casos en que el
parental transgenic original creuat aAtldR tenia poca concentracié de carotenoides, I'hibrid
resultant va mostrar un increment substancial detimgut de carotenoides, sense canvis
aparents en la composicié d'aquests. En canvi, qlanontingut de carotenoides dels
parentals era elevat no es van observar canviyvel mie metabolits i transcripts en els
hibrids. Els resultats d’aquests experiments sagggEm que una de les funcions del gen
ORANGE d’Arabidopsis en I'endosperma de blat de moroedgetar un deposit metabolic per
a carotenoides arran de l'increment de carotenogies provoca la seva sobreexpressio.
Paral-lelament, vaig silenciar els enzipalsidroxilasa de carotenoides, el BCH1 i el BCH2, a
través de RNAI en diferents cultivars de blat deormque acumulaven elevades quantitats de
luteina i zeaxantina. Els resultats que vaig obtem van permetre concloure que aquestes
dos enzims eren clau per a modular el contingup-darote en blat de moro. També vaig
investigar la interacciéo entre la ruta metaboliecdsdcarotenoides i la del midd, ja que
comparteixen precursors comuns. L’analisi del cguii total de middé en quatre linies
transgeniques (L1: sobreexpressidé de AtOR; L2, emlpressio deZmpsyl, L3,
sobreexpressio d&émpsyl, Pacrtl i ParacrtW, L4, sobreexpressié démpsyl, Pacrtl i
Gllycb) va mostrar fins a una disminucio del 8%. A mé&sg\establir que aquest efecte era
degut a la reduccio de la capacitat biosinteticafgrenar mido a diferents nivells. Finalment,
vaig creuar una linia transgénica (HC) que sobmesgaZmpsyl i Pacrtl amb diferents linies
pures representants de grups heterotics coneguttalpd’obtenir hibrids de blat de moro
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d’altra produccio6 i acumulacié de carotenoides gvaraluar el desenvolupament dels hibrids
(caracters agronomics i morfologics) en dos loatitiferents durant una estacio de cultiu.
Els resultats indicaren que el comportament enapipcdels hibrids amb alt contingut de
carotenoides era semblant, i en ocasions supei®hibrids comercials que es cultiven a la

Zona.
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GENERAL INTRODUCTION

Definition and classification of carotenoids

Carotenoids are natural pigments that are syntbesiz the plastids of plants and in other
photosynthetic organisms such as algae, bactedafamgi (Zhu et al. 2010). They are
essential components of photosynthetic membraneés tl@y can prevent the oxidative
disruption of the photosynthetic process (Bartleg &colnik 1995; Bassi et al. 1993). In
addition, they are precursors in the biosynthesishscisic acid (Lindgren et al. 2003).
Humans and most animals cannot synthesize carotgnamnd must obtain them from dietary
sources. Two rare exceptions are the red pea §pbydthosiphon pisum) and the two-spotted

spider mite Tetranychus urticae), which have acquired the ability to produce ocamoids

from fungi by horizontal gene transfer (Altincicekal. 2012; Moran and Jarvik 2010).

Carotenoids are divided into two classes. Carotemeshydrocarbon carotenoids (ecg.
carotene $-carotene and lycopene) whereas xanthophylls aleaules containing oxygen,
such as lutein and zeaxanthin (hydroxy), echinerammecanthaxanthin (oxo), antheraxanthin
(epoxy) and spirilloxanthin (methoxy). Most carat@ls are tetraterpenoids, produced from 8
isoprene molecules and contain 40 carbon atom®nEaBy all carotenoids possess certain
common structural features: a polyisoprenoid bankbocomprising a long conjugated chain
of double bonds in the central portion of the molecand near symmetry around the central
double bond. This basic structure can be modifred variety of ways, most frequently by
cyclization of the end groups and by the introdutif oxygen functionality, to yield a large
family of > 700 compounds, exclusive @s andtrans isomers (Berman et al. 2015. Because
of their structure, carotenoids are efficient fradical scavengers, and they enhance the
vertebrate immune system. Their antioxidant agtivg based on their singlet oxygen
quenching properties and their ability to trap pgtaadicals (Krinsky 1998; Rice-Evans et
al. 1997).

Natural sources of carotenoids

Carotenoids are present in many fruits and vegesaBblor exampldi-carotene is present in a
wide variety of yellow-orange colored fruits andrldgreen and orange vegetables such as
broccoli, spinach, carrots, squash, sweet potaaadspumpkin (Farré et al. 2010; Bai et al.
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2011).p-Cryptoxanthin is a carotenoid pigment found inghgegapaya, and citrus fruits such
as orange and tangerine. Lycopene is the red figiment in tomato, watermelon, pink
grapefruit and guava (Bramley 2000). Vietnamese (B&amordica cochinchinensis) fruit
contains the highest known concentration of lycepéhoki et al. 2002). Lutein is the most
abundant carotenoid in all green vegetables, a@nesenting 50% of the total carotenoid
pool. In contrast, zeaxanthin is present in smaémgjities in most foods (Sommerburg et al.
1998) although some varieties of yellow corn antioye pepper accumulate high amounts
(Minguez-Mosquera and Hornero-Mendez 1994; Quadkemket al. 1963). Astaxanthin is
found in microalgae, yeast, salmon, trout, kritirisip, crayfish, crustaceans and the feathers
of some birds. It is responsible for the pink cabbrsalmon flesh and the pink-red color of
cooked shellfish (Zhu et al. 2009). Bixa orellana, the orange-red apocarotenoid bixin is
accumulated in high concentrations, mainly in seeo®l accounts for 80% of the total
carotenoids present in the seeds (Rivera-Madrad. @006). Saffron apocarotenoids — crocin,
crocetin and picrocrocin — are only found in thd stigma ofCrocus sativus (Bouvier et al.
2003).

Carotenoid biosynthesis

Terpenoid biosynthesis begins with the condensatibrtihree molecules of isopentenyl
diphosphate (IPP) with one molecule of dimethyladiyphosphate (DMAPP) to produce the
C20 compound geranylgeranyl diphosphate (GGPPpldnts, this reaction is catalyzed by
GGPP synthase (GGPPS) in the plastids (Chappelb)188d the equivalent enzyme in
bacteria is CRTE Higure 1). The isomeric precursors IPP and DMAPP are ddrive
predominantly from the plastidial methylerythritblphosphate (MEP) pathway although the
same precursors are formed by the cytosolic meialacid (MVA) pathway, with which
there may be some cross-talk (Rodriguez-Conce06). The first committed step in plant
carotenoid biosynthesis is the condensation of 8BPP molecules into 1&s-phytoene by
the enzyme phytoene synthase (PSY) (Misawa et%4)land the equivalent enzyme in
bacteria is CRTB. This intermediate then undergoigo-step desaturation reaction in plants
catalyzed by phytoene desaturase (PDS) to gengrieis-phytofluene and then 9,15,9'-tri-
cis-(-carotene. This is isomerized by light andlerarotene isomerase (ZISO) to yield 9,9'-
di-cis-C-carotene, which is converted Hycarotene desaturase (ZDS) into 7,9,9¢ts-
neurosporene and then 7,9,7'9-tetisdycopene (Chen et al. 2010; Li et al. 2007). The e
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Figure 1 — Carotenoid biosyntethic pathway in plané (blue) and equivalent steps in bacteria (red).
Abbreviations: IPP, isopentenyl diphosphate; DMARmethylallyl diphosphate; GGPP, geranylgeranyl
diphosphate; GGPPS, GGPP synthase; PSY, phytoeribasg; PDS, phytoene desaturase; ZIS€grotene
isomerase; ZDS({-carotene desaturase; CRTISO, carotenoid isometa$€B, lycopenep-cyclase; LYCE,
lycopenes-cyclase; CYP97C, carotenering hydroxylase; HYDB, carotenoigthydroxylase; CRTE, bacterial
GGPP synthase; CRTB, bacterial phytoene synthaRf;l,(bacterial phytoene desaturase/isomerase; CRTY,
bacterial lycopen@-cyclase; CRTZ, bacterififcarotene hydroxylase (Berman et al. 2015).
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product of the desaturation reactions is convettigdalltrans-lycopene by carotenoid
iIsomerase (CRTISO) in non-green tissue, and by &gld chlorophyll (acting as a sensitizer)
in green tissue (Breitenbach and Sandmann 2005) €thal. 2010; Isaacson et al. 2004).

In non-photosynthetic bacteria, the single enzy®d ICaccomplishes all the above steps and
produces all-trans-lycopene directly from diSphytoene Figure 1). Lycopene is an
important branch point in the carotenoid pathwagaese it acts as the substrate for two
competing enzymes: lycopeng-cyclase (LYCB), and lycopenes-cyclase (LYCE)
(Cunningham and Gantt 2011). Both enzymes cycllz ltnear backbone to generate
terminal a- or B-ionone rings, differing by the 4,5- or 5,6-positiof the double bond. The
addition of oneB-ring by LYCB generateg-carotene, and the addition of a sec@nihg to
the free end by the same enzyme prodyicearotene. This reaction is rapid, s@arotene
tends not to accumulate. In bacteria, this readasorarried out by CRTY. Alternatively, the
addition of ones-ring to lycopene by LYCE generatésarotene. This is a poor substrate for
LYCE so it is unusual for the secoedtyclization to take place, but it is a good sudistifor
LYCB, which adds &-ring to the free end to produeecarotene. In the presence of the
enzyme carotenoifi-hydroxylase (HYDB), botlu-carotene an@-carotene can be converted
into more complex downstream carotenoids. In thee caf a-carotene, this downstream
product is lutein, and in the case pfcarotene the downstream product is zeaxanthin,
although the reactions involve the intermediatesryptoxanthin andp-cryptoxanthin,
respectively Figure 1). A single hydroxylase is required to produce zediin but two
different hydroxylases are essential for the sysithef lutein (Kim et al. 2009). In bacteria, a
functionally similar enzyme is CRTZ. Whereas lute@presents the natural end point of the
a-carotene branch, zeaxanthin can be further coendd 5,6-epoxy derivatives, which are
part of the xanthophyll cycle. This cycle involvidse enzymatic removal of epoxy groups
from violaxanthin, antheraxanthin and zeaxanthinctiplay a critical role in stimulating
energy dissipation in photosystem Il. At the endtlé pathway these products can be
converted through a number of additional stepstimamportant plant hormone abscisic acid
(Seo and Koshiba 2008Figure 1).

Functional characterization of carotenogenic genes

The functional characterization of enzymes in argaaism, including plants is essential for
the development of targeted metabolic interventiand a better understanding of global
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metabolism. Most of the carotenogenic genes weewiqguisly functionally characterized
through a combination of sequence analysis and mgntation inE. coli, a non-
carotenogenic bacteriunk. coli is suitable for this task because the absenceamitenoid
synthesis means that recombinant strains can laedréo reproduce the target reaction of
analysis (Misawa et al. 1990). The products syitkesin E. coli can be analyzed by
chromatography even thought the colonies exhiloblar phenotype ranging from yellow to
red which often provides a quicker means of iderdifon Figure 2). However, the GGPP
pool in E. coli is not large enough to sustain high levels of tegroid synthesis. Therefore,
prior to heterologous expression of target genesdonplementation studies, the amount of
GGPP must be increased through the expression &FGsynthase (encoded tiyE), which
catalyzes the addition of a C5 isoprenoid unit o@GPP. The addition of further
carotenogenic genes then leads to the productia@pedific intermediates and downstream
carotenoids. For example, the introductiorcidE, crtB, crtl andcrtY facilitates thede novo
synthesis of lycopen@;carotene and zeaxanthin (Misawa et al. 1990; Huathl. 1994) and
the further addition ofrtZ andcrtW (bacterial carotenoid ketolase) facilitates thetisgsis of
astaxanthin (Misawa et al. 1995). P450 carotenerdxythses have been successfully
characterized inE. coli (Quinlan et al. 2007)Other bacteria suitable for functional
characterization of carotenogenic candidate geneslude Zymomonas mobilis,
Agrobacterium tumefaciens (Misawa et al. 1991) anBhodobacter capsulatus (Bartley et al.
1991) and the funguducor circinelloides (Alvarez et al. 2006).

- X

-r:"__-i.’-_-'fib '

- _

Figure 2 — The carotenoid biosynthesis in living dor. Escherichia coli strain TOP 10 was genetically
engineered to accumulate different carotenoidadisated (Cunningham and Grantt 1998).
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An alternative system to validate gene functioplants is the use of loss of function mutants
and subsequent phenotypic characterization. Musitio pds, zds, crtiso andlycbe in rice
produced albinism and viviparity and high accumalatof phytoene, 9,9'-di-ci§-carotene
and lycopene, respectively, confirming the functadnthese genes and their importance in the
synthesis of abscisic acid (ABA) (Fang et al. 20@pmilar effects were observed in maize
(Matthews et al. 2003; Singh et al. 2003). In peppenutation in the locus {ellow) which
affects the enzymes capsanthin and capsorubin as@tliCCS) results in yellow fruit
(Lefebvre et al, 1998) and in tomato theé (white flower) locus was related with HYDB
(Galpaz et al. 2006 {gure 3).

Figure 3 — Flowers ofwf mutants. (A) wfl-1 (F2 of a cross LA23703IL3-2) (left) and its neaidpgenic wild-
type line (F2 of the same cross). (Bfl-2 (€1827) (left) and its isogenic line M82. (C) Flemof wfl-2 (left)
and the wild type (right) in developmental stages 3 (Galpaz et al. 2006).

A third method for functional gene characterizati@ies on the use of transgenic plants
accumulating higher amounts or new metabolitesivo. In this context, the hemizygous
tomato plants overexpressingp97A29 andcyp97C11 genes encoding the P450 caroterfid
and e-hydroxylases, respectively, resulted in an inaeafsleaf violaxanthin content in the
case oftyp97A29 and an increase of lutein and reduction inftfiexanthophylls incyp97C11
transgenic plants (Stigliani et al. 2011). Regerdalnew method to functionally characterize
carotenoid genes based on heterologous gene expresas described in rice callus (Bai et
al. 2014). This tissue is white and just accumsldiaces levels of carotenoids so the
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overexpression of carotenoid genes can be raplibgrved visually if the key genes in i
pathway are active and carotenoids accumuFigure 4). In this case endosperm spec
promoters which are also active in rice callus wased. Thus, the rice callus system

suitable platform to assess gene function withbet ieed to regenerate mature plants
therefore provides a rapid sening platform that avoids the labotense process of pla
regeneration (Bai et al. 20lAhrazem et al. 20.).

Figure 4 — Phenotype®f eight transgene combinations expressed in ricallus. HPT, callus expressing HF
(white color); P, expression of ZmPSY1 alone resuita pale yellow color; expressionZmpsyl andAtDXSin
T, Zmpsyl andAtOR in M, andZmpsyl andPacrtl in L, resultin a similar yellow color; expression AtDXSin
addition toZmpsyl and Pacrtl in D, or Zmpsyl, Pacrtl and AtOR in O, results in a similar orange color;
expression ofZmpsyl, Pacrtl and sCrbkt generates colors ranging from pink to red depending the
accumulation of ketocarotenoi@ai et al. 201<.

Metabolic engineering strategies to modulate carot®id levels and

composition in plants

Metabolic engineering in plants allows modulatidncarotenoid levels and composn. A
number of alternative strategies have been usedrotenoid engineering in plants. Upstre
MEP pathway precursors are IK-limiting in most of the species and/or tissues iiag!
carotenoids, e.g. rice endospe(Rodriguez-Concepcion 2010)hus, increasing precurs
supply can provide additional flux into the pathwagd increase total carotenoid lev
(Figure 5). For example this strategy was used in tomovetexpression of n E. coli 1-
deoxy-D-xylulose S3hosphate synthase (DXS) resulted in a-fold increase in tote

carotenoids. A second strategy involves the oveesgion of carotenogenic genes in orde
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release key bottlenecks in the pathway and, comsglpl increase total or particular
carotenoid levelsHigure 5). Golden Rice Il (Paine et al. 2005) or high canaid maize (Zhu
et al. 2008) are good examples of this strategyrevtige overexpression of maipsyl and
Pantoea ananatis crtl resulted in 26- and 156-fold increase total canoigs, respectively.
The third strategy involves RNAI to down regulatng expression, thus blocking an entire
branch of a particular pathway (eogbranch in the case of carotenoids) or the coneersf a

compound to downstream metabolitegy(re 5).

MEP
pathway

1. Upstream
precursors

IPP zh DMAPP m m
CRTE GGPPS *‘ 3xIPP
GGPP

CRTB PSY *—GGPP
15-cis-phytoene
PDS

9,15<isphytofluene
PDS

9,15,9'-tri-cis-{-carotene
ZISO
9,9'-di-as-(-carotene
ZDS
7,9,9'-tn- cisneurosporene
ZDS

2. Overexpression
. carotenogenic genes CRTI

i 3. RNAito block 7,9,7,9-tetracis lycopene v
branching or crso | v
degradation all-trans-lycopene
LYCE  — | LYCB  CRTY
._ J",._\ d-carotene y-carotene BKT
v CRTY e | RTW
E ‘i\e Sy B-carotene :>ketocarotenoids
W\ ] / - HYDB ‘
e WY CRTZ B-cryptoxanthin i
> 4. Extension of
W AL the pathway

zeaxanthin

abscisic acid

5. Metabolic sink

Figure 5 — Strategies to modulate carotenoid levela plants. Abbreviations as in figure 1. BKB-carotene
ketolase; CRTW, bacterifitcarotene ketolase (Adapted from Berman et al. 2045 microscopy from Bai et
al., 2014, scale bar 20pm).

Yu et al. (2008) reported down regulationlpée in Brassica napus to direct the metabolic
flux to theB-branch of the pathway, enhancing seed carotermitent up to ca: 227 ug/g
fresh weight (FW) (45-fold). Th@-carotene to lutein ratio increased ca: 8-fold. dBlng
HYDB through RNAI resulted in potatoes wifkrcarotene content of ca: 330ug/g FW

compared to trace amounts in wild type (Van EcleR007). It is also possible to extend the
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pathway to produce novel compounds which are notngonly present in plantsigure 5).

A good example is accumulation of the valuable éatotenoid astaxanthin in carrot,
reaching ca: 91ug/g FW by the introduction fatarotene ketolase frorHaematococcus
pluvialis (HpBKT) (Jayaraj et al. 2008). Carotenoid content in glasain also be modulated
through the creation of a metabolic sink by indgdierge carotenoid-sequestering organelles
and influencing the differentiation of proplastidgo chromoplasts. Therange gene ¢r)
originally discovered in a cauliflower mutant idako catalyze the transition of proplastids to
chromoplasts (Li et al. 2001; Lu et al, 2006; Rkt al. 2004). In potato, overexpression of
caulifloweror resulted in a 10-fold increase in total carotesof@arotenoid levels remained

stable after long term cold storage (Lopez et@D8&} Figure 5).

Different strategies can be combined to accumutaten higher levels of carotenoids by
influencing metabolism in a more profound mannerrite endosperm, increasing precursor
supply (overexpression &tDXS) simultaneously with overexpressing carotenogegeioes
(Zmpsyl and Pacrtl) increased total carotenoid content to ca: 30 poyigweight (DW)
compared to plants overexpressing the carotenogmmes alone (ca: 5.5 pg/g DW; (Bai et
al. 2015). In addition, overexpression of Arabidefi3R together withpsyl andcrtl resulted

in ca: 25 ug/g DW (Bai et al. 2015). In maize, thewvelopment of a combinatorial nuclear
transformation strategy designed to modify the aroid pathway using the elite white-
endosperm South African inbred M37W allowed the egation of transgenic plants
expressing multiple heterologous enzymes that eeigthe pathway to ketocarotenoids (Zhu
et al. 2008). The pilot study involved the introtlao of five genes{mpsyl, Gentania lutea
Ilycb andbch, and bacteriatrtl andcrtW) under the control of endosperm-specific promoters
This strategy recreated the entire pathway from BG® zeaxanthin and also added the
enzyme CRTW that converfscarotene to downstream ketocarotenoids. The regook
plants carrying random combinations of genes reduih a metabolically diverse library
comprising plants with a range of carotenoid pesfil revealed by easily identifiable
endosperm colors ranging from yellow to scarlete Kernels contained high levels @f
carotene, lycopene, zeaxanthin and Ilutein, as wasll further commercially-relevant

ketocarotenoids such as astaxanthin and adonixahu et al. 2008).

11
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Impact of carotenoid enhancement on general metakhiem

Genetic engineering of a pathway may have a glefiatt on global metabolism due to the
fact that precursors are consumed at the expensg¢hef resident (Sandmann 2001). One
example is dwarfism of transgenic tomato plantdhwiigher levels of carotenoids. In such
plants GGPP was diverted away from gibberellinsymthesis causing the dwarf phenotype.
In other cases organ-specific promoters can diesdumulation of newly synthesized
compounds to a particular sub-cellular compartmsmtthe impact on plant growth and
development is not compromised (reviewed in Pergraaal. 2010). In addition, not all the
collateral effects produced by metabolic enginggane detrimental and there examples in
which carotenoid enhancement is positively coreelatith stress tolerance (Goo et al. 2015;
Kim et al. 2013) or enhancement of other nutridikis oleate and proteins (Schmidt et al.
2015). Recently, a combined transcript, proteommsl metabolite analysis of transgenic
maize seeds engineered for enhanced carotenoidesystrevealed pleotropic effects in core
metabolism, mainly in sterol and fatty acid syntbes well as in soluble sugars (Decourcelle
et al. 2015). Little is known regarding the effestscarotenoid-enhanced transgenic plants on
global metabolism so it is important to address #gpect as well because of its biochemical

and metabolic implications.

Applications of carotenoid lines accumulating speéc carotenoids

Reduce Vitamin A Deficiency (VAD)

Vitamin A is an essential nutrient for humans beseauts reduced form (retinal or
retinaldehyde) is required for the production oddbpsin, an indispensable component for
vision and maintenance of epithelial and immunéscét addition, the acidic form of vitamin
A (retinoic acid) is a morphogen in developmentntdams can produce retinal and retinoic
acid if provided a source of retinol or one ofatgers, which are abundant in meat and dietary
products. However, retinal can also be synthesfrath plant sources, which contain pro-
vitamin A carotenoids ftcarotene,a-carotene,y-carotene, and-cryptoxanthin), by the
enzymep-carotene 15,15’-monooxygenase (reviewed by Bai.eR011; Farré et al., 2011).
The dietary reference intake (DRI) for vitamin A980 RAE (Retinol Activity Equivalents)
for males, 700 RAE for females and 400-500 RAE dbildren (US Institute of Medicine
2001). One RAE is equivalent to 1 pg of pure rdtiBqug of pure-carotene dissolved in oil,
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12 pg ofp-carotene in food or 24 pg of other pro-vitamin &-atenoids (US Institute of
Medicine 2001).

Most people in the developed world have diets dfigent diversity to ensure they achieve
the DRI for vitamin A, but the situation in develog countries is very different. More than
four million children, most from developing coumisi exhibit clinical symptoms of severe
VAD, including poor immunity, loss of vision in lolight conditions (night blindness) and in
extreme cases an irreversible form of blindneskedalerophthalmia (Sommer 2008). VAD
has been addressed by supplementation with anatstincost of US$ 130 million per year
(Berman et al. 2013). Alternative strategies ineluddustrial fortification, biofortification,
dietary diversification and the support of publiealth measures (Stein et al. 2006). In this
context, carotenoid enhanced staple crops such dde®s Rice (Paine et al. 2005) and
Multivitamin Corn (Naqvi et al. 2009) can cost-efieely reduce VAD (Berman et al. 2013;
Stein et al. 2006).

Animal Feed

As animals do not synthesize carotenaigsnovo these compounds need to be present in
sufficient levels as components in animal feed dAeeeds to provide a balanced diet, specific
for each animal type in order to achieve high penince. Carotenoids commercially
produced for feed can be obtained by chemical ggnh extracted from natural sources
(Tagetes erecta, Capsicum and tomato) or biosynthesized by microorganisms
(Haematococcus pluvialis, Phaffia rhodozyma, Blakeslea trispora) (Berman et al. 2015). The
main carotenoids used in animal nutrition includeganthin-apo-8’-carotenoic acid ethyl
ester, lutein, zeaxanthin, canthaxanthin and cdpsaThese are approved feed additives for
animal nutrition in the European Union (Regulat{&C) No 1831/2003)Table 1) and in
most of the countries around the world. These additare classified in the EU as ‘sensory
additives’ because they are substances that adgstore color in feedstuff; substances which,
when fed to animals, add color to food of animagjiar and/or substances which favorably

affect the color of ornamental fish or birds.

For each animal type, industry requires specifimtemoids. For example, in the case of
salmonids (e.g. salmon and trout) the orange-poi&roof the flesh is normally attained by
the addition of astaxanthin which is sometimes daetb with canthaxanthin (Breithaupt

2007) (Table 1). In crustaceans, carotenoids are used to enh#weceigmentation of the
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exoskeleton. Similarly to fish, the carotenoid mastmmonly used in crustaceans is
astaxanthin, but als@-carotene is used, although in some markets itormbined with
canthaxanthin (Breithaupt 2007). Feed for ornanidritds, mainly canaries, is supplemented
with B-carotene, canthaxanthin and lutein to pigmenipthenage. In dogs and cats lycopene,
B-carotene, lutein and zeaxanthin are usually useah#ioxidant source, to enhance immune
status, as well as to prevent age-related macegerceration (ARMD) (Kim et al. 2000). Egg
yolk of laying hens is enhanced by the additionxahthophylls in feed because nonpolar
carotenes do not contribute to its pigmentationn@hen 1992). To this end, yellow and red
pigments alone or in combination are used accortlinghe color desired by the market
(Table 1).

Table 1 — List of authorized additives in feedingstffs published in application of article 9t(b) of Guncil
Directive 70/524/EEC concerning additives in feedgstuffs: 1. Carotenoids and xanthopylls (2004).

Species or category of Maximum content (mg/kg) of

Additive (EC no) Source animal complete feedingstuff
Capsanthin :
(E 160¢) Capsicum Poultry 8¢
B-Apo-8’-carotenal :
(E 160¢) Synthetic Poultry 8¢
B-Apo-8’-carotenoic
acid ethyl ester Synthetic Poultry 80?
(E 160f)
Lutein
(E 161b) Tagetes erecta Poultry 8¢
Cryptoxanthin
(E 161c) Tagetes erecta Poultry 8¢
Canth h Poultry 25’
arztE i‘)é‘igt) n Synthetic Laying hens g°
Salmon / Trout o5¢
Zeaxanthin Tagetes erecta
(E 161h) Synthetic Poultry 80"
Citranaxanthin : .
(E 161i) Synthetic Laying hens 80?
Astaxanthin Synthetic

(E 161j)

Biosynthesized

Salmon / Trout

100

a Alone or with other carotenes and xanthophylls.
b Mixtures of canthaxanthin with other carotenesl a@nthophylls are premitted provided that the ltota
concentration of the mixture does not exceed 8kgyy the complete feedingstuff.

¢ Use permitted from the age of six months onwaftle mixture of astaxanthin with canthaxanthipasmitted
provided that the total concentration of the migtdoes not exceed 100 mg/kg in the complete festliffg
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Commercial xanthophyll sources typically used tbieee the desired pigmentation and color
include: lutein, zeaxanthin and tReapo-8’-carotenoic acid ethyl ester as yellow sesrand
capsanthin, citranaxanthin or canthaxanthin as sedrces. Similarly to laying hens,
carotenoids are used for broilers and other mealtngcspecies to confer the desired yellow

orange color of skin preferred by some consumersittigaupt 2007).

Maize is an important ingredient in poultry feedeof representing up to ca: 60% of the total
feedingstuff, followed by soybean (15-30%). In tlsntext, the use of engineered maize
accumulating specific carotenoids might providenaliritional requirements and xanthophylls
to obtain the desired color in eggs or meat witramditional supplements. In addition, most
of the feed formulations of poultry and other sps@uch as cows and pigs contain vitamin A

as a micronutrient (e.g. 12,000 International Upés ton).

Human food

Most carotenoids are used in the food industry @dditimes due to their antioxidant and

colorant propertiesl@able 2).

Principal processed foods that include carotenaidscheese, fruit and vegetable preparations
and jam, jellies and marmalades. The main carotsnosed as food additives are produced
by chemical synthesis or purification from a natwaurce (e.gBixa orellana, Solanum
lycopersicum, Paprika and Tagetes erecta). Biosynthesis by yeast or algae in a reactotsis a
possible. In Europe, before a new additive candsa un foods it has to be approved by the
European Commission which also regulates the maxirtavel permitted in the final food
product Table 2). Similarly to Paprika extracts, the generation of new maize lines
accumulating specific carotenoids or carotenoid tanes could allow the possibility of

extracting them and further use them as additivgsacessed foods.

15



General introduction

Table 2 — List of carotenoids used in food industry

Additive Maximum

(EC no) Source Applications in food industry limit (mg/kg) Regulation

fats and oils, cheese products, process

p-carotene Synthetic meat and fish, jam, jellies and marmalad

(E 160a) Biosynthesized fruit and vegetable preparations, butter:
breakfast cereals

(EU)No 129/2011

quantumsatis e jy' No 738/2013

Annato, drinks, desserts, edible ices, fats and oi
bixin, . bakery, batters, cheese products, breaki

norbixin Bixa orellana cereals, decorations and coatings, snac 10-50 (EU)No 129/2011

(E 160b) milk products, processed fish and nuts

Paprika

extract, cheese products, processed meat and f Eggg Hg %gggié
capsanthin, Paprika jam, jellies and marmalades, fruit and quantum satis (EC) No 601/2014
capsorubin vegetable preparations, breakfast ceree c 093/20

(E 1600) (EC)No 14

drinks, desserts, edible ices, milk produc
protein products, food supplements, frui

and vegetables, chewing gum, cheese
products, seasonings and condiments, ji

Lycopene |y§)Orl)2rn§$m jellies and marmalades, coatings and 5500 (EU)No 129/2011
(E 160d) , decorations for meat, dietary foods for (EU) No 232/2012
Synthetic weight control diets, dietary foods for
special medical purposes, soups, bakel
batters, sauces, snacks, processed fish
nuts

p-Apo-8'- .
carotenal  Synthetic processed cheese, fruit and vegetable 4 550 £y No 232/2012
(E 160¢) preparations, processed fish

processed cheese, fruit and vegetable
d preparations, jam, jellies and marmalade¢  100-250 (EVU) No 232/2012
processed fish

Lutein Tagetes erecta
(E 161b)  Biosynthesize
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AIMS AND OBJECTIVES

The overarching aim of my dissertation has beedeteelop a mechanistic understanding of
carotenoid accumulation, especialpycarotene, in maize endosperm by using different
approaches and to evaluate the impact of high e@aoad transgenic lines on starch
metabolism. A further aim was to generate transgemaize hybrids with high carotenoid

content and investigate their agronomic properties.
My specific objectives were to:

1. Analyze the effects oEZmcyp97C on carotenoid metabolism in an Arabidopsis

mutant lacking lutein.

2. Generate different transgenic M37W maize lwék downregulate@-hydroxylase
genes and evaluate the impact of this downregulaiio different genetic
backgrounds generated through crossing with inbned and transgenic lines with

specific lutein and zeaxanthin content.

3. Unravel the mechanism(s) of carotenoid accunmiah maize as a result of creating

a carotenoid sink in endosperm.

4. Investigate the interaction between the camtkand starch biosynthetic pathways

as they share common precursors.

5. Investigate the agronomic performance of tranmsgenaize hybrids by crossing a
high carotenoid accumulating transgenic line wiffedent inbred lines belonging to

well-known heterotic groups.
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CHAPTER 1: CLONING AND FUNCTIONAL
CHARACTERIZATION OF MAIZE ( Zea mays L.
CAROTENOID EPSILON HYDROXYLASE

1.1 Abstract

The assignment of functions to genes in the caoadebiosynthesis pathway is necessary to
understand how the pathway is regulated and toirolie basic information required for
metabolic engineering. Few carotenaeittydroxylases have been functionally characterized
in plants although this would provide insight irttee hydroxylation steps in the pathway. |
therefore isolated mMRNA from the endosperm of mé&za mays L., inbred line B73) and
cloned a full-length cDNA encoding CYP97C19, a pivea heme-containing carotenoid
hydroxylase and member of the cytochrome P450 faniihe correspondingyp97C19
genomic locus on chromosome 1 was found to compriagle-copy gene with nine introns.
We expressedyp97C19 cDNA under the control of the constitutive CaMVS3promoter in
the Arabidopsis thaliana lutl knockout mutant, which lacks a functioregp97C (lutl) gene.
The analysis of carotenoid levels and compositioowed that lutein accumulated to high
levels in the rosette leaves of the transgenicslimat not in the untransforméd1 mutants.
These results allowed the unambiguous functionalotation of maize CYP97C19 as an

enzyme with strong zeinoxanthérring hydroxylation activity.

1.2 Introduction

Gene functional characterization is important tacelate the regulatory mechanism of a
biosynthetic pathway and to acquire fundamentalrmbtion for pathway engineering. Non-
heme di-iron carotenoig-hydroxylases (BCH) and heme-containing cytochroR#50
hydroxylases(CYP)-type hydroxylases are primarily responsiloept hydroxylation off,B-
carotenoids ando-hydroxylation of g,f-carotenoids, respectively, but exhibit some
overlapping activities, most notably in hydroxytatiof thep-ring of a-carotene (Kim et al.
2009). To date, multiple BCH-type hydroxylases frptants and bacteria have been cloned
and functionally characterized (Farré et al. 2Q1iCet al. 2010; Zhu et al. 2009) but only a
few carotenoic-hydroxylases, which are indispensable for e.geitusynthesis, have been

functionally characterized in plantsigure 1.1)
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Figure 1.1 — Biosynthesis pathway from lycopene tiutein and the characterized CYP-type hydroxylases
for lutein synthesis. Abbreviations: LYCB, lycopeng-cyclase; LYCE, lycopene-cyclase; CYP97C, carotene
e-ring hydroxylase; HYDBp-carotene hydroxylase (Adapted from Kim et al. 2009

In Arabidopsis thaliana, two genes encode BCH (BCHihd BCH2) and two genes code for
CYP-type (carotenoid3-hydroxylase CYP97A3 and carotenaiehydroxylase CYP97C1)
(Kim and DellaPenna 2006; Kim et al. 2009; Sunletl896; Tian and Dellapenna 2001).
These genes were successfully characterized byd#hification of lutl and lut5 locus
mutants (lacking lutein). CYP97C1 catalyzes hydratign of thee-ring of a-carotene to
produce a-cryptoxanthin ore-ring of zeinoxanthin to yield lutein, whereas CYR3 is
responsible mainly for the hydroxylation of tReing of a-carotene to produce zeinoxanthin
or B-ring of a-cryptoxanthin to yield lutein (Kim and DellaPen2806; Tian et al. 2003)
(Figure 1.1).

Rice CYP97C2 and CYP97A4, the orthologs ofA. thaliana CYP97C1 and CYP97A3, have
been isolated and characterized throughvitro functional complementation ifE. coli
(Quinlan et al. 2007). Rice CYP97A4 is highly aetiwwards thg-ring of botha-carotene
andf-carotene, but it is inactive towards teing of a-carotene. Conversely, rice CYP97C2
shows high activity towards thering and a moderate activity toward tfeiing of a-
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carotene, but a very low activity toward tfeings of f-carotene in ark. coli functional
complementation system (Quinlan et al. 2007). Ram®tenoid3-ring hydroxylase CYP97A4
was demonstrated to play an important role-carotene hydroxylation through the analysis
of rice CYP97A4 mutants (Lv et al. 2012)~{gure 1.1).

Tomato CYP97C11 and CYP97A29 genes were isolated and characterizedirbylanta
analysis using transgenic tomato plants (Stigkral. 2011). The constitutive overexpression
of the tomato carotenoid-hydroxylase cyp97C11 in transgenic tobacco significantly
increased the amount of lutein in the leaves angl fmand to have an important function in
alleviating chilling stress-induced photoinhibitiand photooxidation (Zhou et al. 2013)
(Figure 1.1). In addition to CYP97 P450 type carotenoid hygtages in higher plants,
cytochrome P450 typ@-carotene hydroxylases CYP175 are exclusively ptese the
thermostable bacteriurhhermus thermophilus HB27 andAsy the yeastXanthophyllomyces
dendrorhous shows B-carotene hydroxylase activity in the conversion pearotene to
zeaxanthin (Blasco et al. 2004; Ojima et al. 200®¢cently the cytochrome P450-type
PUCHY1 belonging to the CYP97B subfamily from red algephyra umbilicalis was found
to encode functiondl-carotene hydroxylase (Yang et al. 2014).

To date, only carotenoid-hydroxylases fromA. thaliana, rice and tomato have been
functionally characterized (Kim et al. 2009; Lvatt 2012; Quinlan et al. 2007; Stigliani et al.
2011; Tian et al. 2003)Fgure 1.1) by using different strategies described in thaegal
introduction. In maize, the P450-type carotenoidrbyylasecyp97C19 gene represents the
ortholog ofA. thaliana CYP97C1. However, the gene has not been functionally charaed.
Here | describe the isolation of the ma@@97C19 gene and the elucidation of its genomic
structure, followed by a functional characterizatio transgeni@rabidopsis thaliana mutant
lutl (lacking CYP97C).

1.3 Materials and methods

1.3.1. Plant materials

Maize plants Zea mays L. cv B73) were grown in the greenhouse and groefthmber at
28/20°C day/night temperature with a 10 h photaueand 60—90% relative humidity for the
first 50 days, followed by maintenance at 21/18°&y/dight temperature with a 16-h
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photoperiod thereafter. Plants were self-pollinatedbtain seeds. Mature leaf and endosperm
tissues were frozen rapidly in liquid nitrogen atored at —80°C.

Control A. thaliana plants (wild-type Col-0 olutl mutant; Tian et al. 2004) and transgenic
plants derived from these, were grown in a growtlancber or greenhouse with a 16h
photoperiod at 23°C. Harvested dkythaliana seeds were stored for 2 weeks at 4°C before

planting in soil or on agar.

1.3.2 Nucleic acid isolation and cDNA synthesis

Genomic DNA was extracted from leaf tissue as desdrby Edwards et al. (1991). Total
RNA was isolated using the RNeasy Plant Mini Kiiggen, Valencia, CA, USA) and DNA
was removed with DNase | (RNase-free DNase Segedia Total RNA was quantified using
a Nanodrop 1000 spectrophotometer (Thermo Scientfiernon Hills, Illinois, USA), and 2

pg total RNA was used as template for first straD8A synthesis with Ominiscript reverse
transcriptase (Qiagen) in a 20 pl total reactionuwm®, following the manufacturer’s

recommendations.

1.3.3 Cloning and sequencing of the putative maizeYP97C cDNA

The ricecyp97C2 cDNA (GenBank: AK065689) was used as a query tochethe maize
expressed sequence tag (EST) database, and mateheesised to design primers for full-
length cDNA cloning. EST sequences (GenBank: CF284td CF245241) from inbred line
B73 were found with high sequence identity to thdseof the riceeyp97C2 cDNA. The full-
length cDNA was amplified using 1 pl cDNA preparasl above from the endosperm of
maize inbred line B73, 25 days after pollinatiorA@®), primers forward 5SCAC ACG GCG
ATG CCT GCC ACG GTC TTC-3and reverse’sTCT ATT TCG ATT CGC TCA GCG
CTA ACT C-3, and the GoTag DNA Polymerase Kit (Promega, Madi$tl, USA) in a 50
pl reaction volume. The samples were heated to 96fG min, followed by 30 cycles at
94°C for 45 s, 60°C for 45 s and 72°C for 2 minteAfthe last amplification cycle, the
samples were incubated at 72°C for 10 min. The ymtsdwere purified from a 0.8% w/v
agarose gel using the Geneclean Il Kit (BIO 101t&ys, Solon, OH, USA) and cloned into
the PCR 1l TOPO vector (TA Cloning Kit, Invitroge@arlsbad, CA, USA) for sequencing
using the Big Dye Terminator v3.1 Cycle Sequendfigon a 3130x1 Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA).
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1.3.4 Bioinformatic analysis

The Maize Genetics and Genomic Database (http:/wmvarzegdb.org/), the GRAMENE
database (http://www.gramene.org/) and GenBankp:(Hitast.ncbi.nlm.nih.gov/Blast.cgi)
were searched for homologous sequences using BLARI multiple sequences were aligned
using ClustalW2 (http://www.ebi.ac.uk/Tools/msasthlw2/). Protein sequences were
screened for chloroplast signal peptides using GhéoroP 1.1 server at http://www.cbs.
dtu.dk/services/ChloroP/ (Emanuelsson et al. 199ne structures were predicted by

aligning mRNA to genomic DNA using Spidey (httpWw.ncbi.nlm.nih.gov/spidey/).

1.3.5 Construction of maize CYP97C gene expressionector for A. thaliana

transformation

Gene-specific primers, withdcol restriction site (underlined) in the forward penB-CCA
TGGATT AGA TGC CTG CCA CGG TCT TCG CCT CC-and aBstEll restriction site in
the reverse primer &SGTCACCTATTT CGA TTC GCT CAG CGC TAA CT-3were used

to amplify the full-length maiz€YP97C19 coding sequence, which was then inserted into
binary vector pCAMBIA1302, linearized with the sam@zymes to yield pCAMBIA-
ZmCYP97C19.

1.3.6 Transformation and selection of\. thaliana

The pCAMBIA-ZmCYP97C19 plasmids were introducedoidigrobacterium tumefaciens
strain GV3101 by electroporation (Mattanovich et E#89) and the recombinant bacteria
were grown at 28°C overnight before tAethaliana lutl mutant was transformed using the
floral dip method (Clough and Bent 1998).thaliana seeds were wetted with 75% ethanol
for 1 min, washed once with sterile water, surfateilized with a 50% bleach containing
0.05% Tween-20 for 10 min, and rinsed with stewigter five timesA. thaliana T1 seeds
obtained after floral dip transformation were stddcon 0.7% agar plates containing half-
strength Murashige and Skoog (MS) medium (Muraslaigeé Skoog 1962) containing 1%
sucrose, supplemented with 50 mg/l hygromycin BcfiRg Mannheim, Germany) for 10 days
in a growth chamber, before transfer to standamdiduttural soil in the greenhousé.
thaliana transformation was performed in School of Life éwies, Changchun Normal
University, Changchun, China. T2 seeds were hardesind germinated seedlings were

selected on half-strength MS medium containing 1%rase, 0.7% agar and 50 mg/l
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hygromycin B for 7 days in a growth chamber. Fiwgriomycin-resistant plants were
transferred to individual glass pots (7 cm diametefil cm) filled with MS medium
containing 2% sucrose and 0.7% agar for 2 weelisargrowth chambeA. thaliana (Col-0
and lutl mutant) plants were cultured on the same MS medidtinout hygromycin B as
controls. For each line and control, the rosetéeds from at least 50 plants were pooled in
three biological replicates for HPLC analysis, Did#d RNA extraction.

1.3.7 DNA and RNA analyses

Leaf genomic DNA (10 pg foh. thaliana) was digested with appropriate restriction enzymes
and fractionated by 0.8% (w/v) agarose gel eletiogsis before blotting onto a positively-
charged nylon membrane (Roche) according to theufaaturer’s instructions. Nucleic acids
were fixed by UV crosslinking. The transferred DNAagments were hybridized with
appropriate digoxigenin-labeled probes at 42°C miglt using DIG Easy Hyb buffer
(Roche). The membrane was washed twice for 10 mi@x SSC, 0.1% SDS at room
temperature, twice for 30 min in 0.5x SSC, 0.1% SD88°C, once for 20 min in 0.2x SSC,
0.1% SDS at 68°C and then once for 10 min in 0.$C,S0.1% SDS at 68°C. After
immunological detection with anti-DIG-AP (Roche) echiluminescence generated by
disodium 3-(4-methoxyspiro(1,2-dioxetane/d=-chloro)tricyclo[3.3.1.%"|decan)-4-yl)phe
nyl phosphate (CSPD) (Roche) was detected on KBaaax light film (Sigma-Aldrich, St.
Louis, USA) according to the manufacturer’'s instiats. The 1228-bp maizEYP97C19
probe for DNA blot analysis was prepared by PCReurttie conditions described above
using primers forward’855TC TCC GAG TTC CTC TTC GGC TCC GGC T-&8nd reverse
5-CTATTT CGATTC GCT CAG CGC TAACTC A3

Total RNA (20ug) extracted fronA. thaliana leaves was fractionated on a denaturing 1.2%
(w/v) agarose gel containing formaldehyde prioblatting. The membrane was probed with
digoxigenin-labeled partial cDNAs prepared as abosmg the PCR-DIG Probe Synthesis
Kit (Roche), with hybridization carried out at 508@ernight using DIG Easy Hyb buffer and
the same probe as described above. Washing, imoginal detection and CSPD
chemiluminescence were also carried out as descabeve.
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1.3.8 Carotenoid extraction and quantification

Carotenoids were extracted frof thaliana freeze-dried leaves by heating in methanol
containing 6% KOH for 20 min at 60°C. The extrachswpartitioned into 10% ether in
petroleum ether (bp 40-60°C), the upper phase wdscted and the solvent evaporated.
After re-dissolving in acetone, the carotenoidsenamnalyzed by HPLC on a 15 cm Nucleosil
C18 column at 20°C with a mobile phase of acetibmitnethanol /2-propanol (85:10:5).
Absorbance at 450 nm and individual peaks were rdecb with a Kontron DAD 440
photodiode array detector. Individual carotenoigsenidentified by comparing with authentic
standards, their retention times, and absorbancectrsp Carotenoid extraction and
guantification was performed in Biosynthesis Groudplecular Biosciences, Goethe

University Frankfurt, Frankfurt, Germany.

1.4 Results

1.4.1 Cloning and characterization of the maize c\§¥C19 gene

The maizecyp97C19 cDNA encoding a full-length putative carotenaidhydroxylase was
amplified from the 25-DAP endosperm mRNA of maiz#red line B73 by RT-PCR
(GenBank: GU130217). The full-lengimcyp97C19 cDNA encoded a 556-residue protein
with a predicted molecular weight of 61.9 kDa. Td¢tdoroplast transit peptide prediction
software ChloroP v1.1 indicated the presence otitatiye 53-residue transit peptide. The
ZmCYP97C19 amino acid sequence showed 88.6% simgilantd 82.6% identity to rice
CYP97C2, 80.8% similarity and 69.9% identity fo thaliana CYP97C1, and 78.4%
similarity and 68.7% identity to tomato CYP97CElgure 1.2).

The Zmcyp97C19 cDNA sequence was used to screen MaizeGDB maizengerresources
to identify the corresponding gene. A single germosequence from chromosome 1 of the
maize B73 genome matched thancyp97C19 cDNA sequence with 100% identity,
suggesting thaZmcyp97C19 is a single-copy gene (GenBank: AC177851). Zimeyp97C19
gene was found to have nine introns and ten exegsre 1.3 which is the same structure as
the homologous rice germgp97C2 (Quinlan et al. 2007). In contrast, the homologgeses

in A. thaliana (CYP97C1) and tomatodyp97C11) have eight introns and nine exons (Tian et
al. 2004; Stigliani et al. 2011).
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Figure 1.2 — Multiple alignments of CYP97C proteinsequences from maize (ZmZea mays, GenBank:
GU130217), rice (Os,Oryza sativa; GenBank: AK065689), Arabidopsis (At, Arabidopsis thaliana;
GenBank: NM_115173) and tomato (SISolanum lycopersicon; GenBank: EU849604).
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Figure 1.3 —Gene structures for maize, rice, tomato and A. thédna CYP97C homologsOrange boxes
represent exons. Blue lines represent introns.|8igghs of DNA sequences are indicated on the aldmigZea
mays cDNA; GenBank: GU130217), ricéD§, Oryza sativa cDNA; GenBank: AK065689), Arabidopsi#\t(
Arabidopsis thaliana cDNA; GenBank: NM_115173), tomat® ( Solanum lycopersicon cDNA and genomic
DNA; GenBank: EU849604 and EU849603).

1.4.2 Screening and selection of transgenic A. thaha plants

A. thaliana lutl mutant plants were transformed with the m&x®97C19 gene controlled by
the constitutive CaMV 35S promoter, and self-pallion gave rise to T1 seeds that yielded
hygromycin-resistant T1 plants. These plants weaayaed by genomic PCR to confirm the
integrity of the ZmCYP97C19 transgene using primers that annealed to the C&4S
promoter an&mCYP97C19 sequences. The compleimCYP97C19 transgene was present in
15 T1 lines and leaves from these lines were usetttermine carotenoid profiles by HPLC
analysis. Three lines that accumulated the higlegsts of lutein in the leaves were used for
in depth analysis. T2 seedlings from these thrdiepslinated T1 lines were selected on
hygromycin, and rosette leaves were taken fromethiemsgenic T2 plants as well lasl
mutant and wild-type controls. The leaves were usedHPLC analysis to determine the

carotenoid profiles and DNA and RNA extraction oolecular characterization.

37



Chapter 1

1.4.3 Analysis of transgene integration

The three transgenic T2 lines were compared by DidA analysis with wild-type antiitl
mutant controls. The DNA was digested wihoR| and Xbal and the blots were probed
under high stringency conditions with a 1228-BmCYP97C19 DNA sequence lacking
EcoRI andXbal restriction sites.

A B
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Figure 1.4 —DNA blot analysis of Zmcyp97C19 transgene inA. thaliana wild type, lutl mutant and three

different transgenic lines transformed with Zmcyp97C19 driven by the CaMV 35S promoter. Genomic

DNA (10 ug) from rosette leaves was separately digested B6tRI (A) and Xbal (B). The DNA blot was
hybridized with aZmcyp97C19 gene probe. WT, wild-type (Col-0); Luttltl mutant; L1, line 1; L2, line 2; L3,
line 3.

The results showed that the three transgenic laesdifferent hybridization band patterns
indicating they were independent transformants, redee the wild-type andutl mutant
controls did not show any hybridizing bands as etguk Figure 1.4). Multiple bands were
visible on the DNA blots representing lines 1 andce8ardless of which enzyme was used,
indicating multiple copies of the transgene werespnt in the genome, whereas line 2
presented three bands with each of the enzymeggestigg the presence of three transgene
integration sitesKigure 1.4).
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1.4.4 Analysis of transgene expression

Transgene expression was analyzed by mRNA blogateng thatZmcyp97C19 mRNA was
present in the rosette leaves of all three transdieres, whereas no mRNA was present in the
controls Figure 1.5). This confirmed that the transgene was intactstrmhgly expressed in

all three transgenic lines.

WT  Lutl L1 L2 L3

Zmcyp97C R . ‘

~ e REEE
-e -

Figure 1.5 — RNA blot analysis of maizecyp97C19 transgene expression inA. thaliana wild-type, lutl
mutant and three different transgenic lines transfomed with Zmcyp97C19 driven by the CaMV 35S
promoter. Each lane was loaded with 2@ total RNA from rosette leaves. Ribosomal RNA retdi with
ethidium bromide is shown as a loading control. Bl was hybridized with @mcyp97C19 probe. WT, wild
type (Col-0);Lutl, lutl mutant; L1, line 1; L2, line 2; L3, line 3.

1.4.5 Analysis of carotenoid profiles

The carotenoid composition of rosette leaves frobenttansgenic lines, wild-type plants and
lutl mutants was determined by HPLC, and the resuitsammarized ifable 1.1 Lutein
and p-carotene were the predominant carotenoids in typ@- leaves, whereas zeinoxanthin
andp-carotene were the major carotenoids in the leaféstl mutant plants, but lutein was
only present in trace amount&dure 1.6). In contrast, the expression Zincyp97C19 in the
lutl mutant background caused a significant increasbariutein content (to 26.5%, 32.2%
and 49.6% of total carotenoids in transgenic lides2 and 3, respectively). The lutein
appeared to be derived from zeinoxanthin, becaliseabundance of this carotenoid was
reduced from 36.5% in tHetl mutant to 15.5%, 14.7% and 7.3% in transgeniclihe2 and

3, respectively Kigure 1.6 and Table 1). Zmcyp97C19 therefore appears to encode a
functional carotenoid-hydroxylase, which catalyzes the conversion of@eanthin to lutein
by adding a hydroxyl group at thé@®sition of thes-ring (Figure 1.1). The transgenic lines
also accumulated higher levels of violaxanthin tHalutl mutant, this being the maj@ip-

xanthophyll, but lower levels @carotene, zeaxanthin and antheraxanthable 1.1).

39



Chapter 1

Table 1.1 — Abundance of individual carotenoids inArabidopsis thaliana leaves (%) and the total
carotenoid content @g/g dry weight).

NXx Viox Anx Lut Zeax HOaC aCar bCar Total Car

WT 1.1+0.4 5.7#26 1.6£1.0 54.9+54 tr nd tr 35.848.3 1271.3+£385.5

lutl 1.1+0.3 7.5+0.8 10.1#1.1 tr 3.8#0.3 36.5¥2.8 tr 41.0#3.1 719.3+208.9
Linel 1.6+0.8 17.2+4.6 6.1+1.4 26.5+8.3 tr 157453 tr 29.1x2.5 1251.7+£116.2
Line2 1.2+0.3 20.0+4.2 4.8+0.9 32.2+4.3 2.6+2.0 14.1+0.8 tr 25.2+¥2.3 923.7+96.5
Line3 1.3+0.5 13.4+1.1 4.0+0.4 49.6+2.6 tr 7.3+1.0 tr 22.6x2.3 913.0+202.7

Values are mean * standard deviation of at leastethreplicates. Abbreviations: Nx, neoxanthin; Viox
violaxanthin; Anx, antheraxanthin; Lut, lutein; Zeaeaxanthin, HOaC, zeinoxanthin; aGaarotene; bCar,
B-carotene; Total Car, total carotenoids; nd, ntécted; tr, trace, less than 0.1%; WT, wild type.
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Figure 1. 6 —HPLC analysis of carotenoids in rosette leaves &. thaliana wild-type, lutl mutant and
transgenic lines transformed withZzmCYP97C19 driven by the CaMV 35S promoter.Peak 1, violaxanthin;
peak 2, lutein, peak P-carotene; peak 3f-carotenecis isomer; peak 4, antheraxanthin; peak 5, zeaxgnthin
peak 6, zeinoxanthin; peak a-carotene. Wild type, Col-0; Lutlutl mutant; CYP97C19 ihutl, transgenic
lines.
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1.5 Discussion

The catalytic activities of different carotenogemnzymes determine the abundance and
composition of carotenoids in maize endosperm. ¢&mng synthase (PSY) is a major rate-
limiting step in the carotenoid biosynthesis pathwilultiple isozymes of PSY regulate
carotenogenesis in a tissue-specific manner in enai rice (Li et al. 2008; Welsch et al.
2008) and fluctuating levels of the enzymes exerngtative effects on the carotenoid
content, as demonstrated in transgenic canola (Bba&er et al. 1999), tomato (Fraser et al.
2002) and maize (Zhu et al. 2008). Other enzymesesponsible for the carotenoid profile.
For example, lycopene-cyclase (LYCE) plays a key role by competing wiybopenep-
cyclase (LYCB) to regulate the formation afcarotene and its derivatives in maize

endosperm (Harjes et al. 2008).

Two classes of structurally-unrelated enzymes gag¢alhe hydroxylation ofi- andp- ionone
rings in higher plants. These are the CYP97-typendieontaining cytochrome P450
hydroxylases (Tian et al. 2004; Kim and DellaPer2@06) and the ferredoxin-dependent
BCH-type non-heme di-iron hydroxylases (Sun etl@P6, Tian and DellaPenna, 2001; Tian
et al. 2003). These enzyme classes have overlapplgjrate specificities birt vivo analysis
has shown that BCH isozymes are predominantly resple for the synthesis d3,p-
xanthophylls, i.e. they have limited activity towarthes-ring of a-carotene but significant
activity towards theg-ring with exception of the maizertRB3 (also known as BCH1) that
affects the accumulation efcarotene (Zhou et al. 2012). In contrast, the €¥Bnzymes
have evolved to function preferentially the syntbex a-xanthophylls and show substantial
divergence in their preferences forvivo substrates. Maize BCH2 (also knownhgd3 and
CrtRB1) is developmentally regulated but preferentiakpressed in the endosperm, where it
governs the critical steps in the conversiorp-aarotene to zeaxanthin vpacryptoxanthin
(Vallabhaneni et al. 2009; Li et al. 2010; Babalet2012, Yan et al. 2010; Naqvi et al. 2011).
Hypomorphic alleles therefore cause the accumulatib-carotene (Vallabheneni et al.
2009; Yan et al. 2010).

Many BCH-type p-carotene hydroxylases from higher plants have begtensively
characterized, allowing their use in rational metabengineering strategies (Farré et al.
2010; 2014; 2015). However, only the Arabidopsise and tomato CYP P450 caroteneid
hydroxylases have received similar attention (Tleaal. 2004; Kim et al 2009; Quinlan et al.
2007; Stigliani et al. 2011A. thaliana CYP97C1 shows high activity towards tlve€arotene
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e-ring and moderate activity toward tReing, but minimal activity toward thg-rings of 8-
carotene (Tian et al. 2004; Kim et al. 2009). Imtcast, rice CYP97C2 shows wesaking
hydroxylase activity and n@-ring hydroxylase activity inE. coli cells accumulating-
carotene (not aim vivo substrate) off-carotene (Quinlan et al. 2007). Tomato CYP97C11
only shows activity towards thering of a-carotene (Stigliani et al. 2011). The preferred
pathway for lutein synthesis in Arabidopsis, riceldomato is through the sequential action
of CYP97A and CYP97C (Kim et al. 2009; Stigliani &t 2011; Quinlan et al. 2012).
CYP97A convertsi-carotene to zeinoxanthin, which is in turn hydidexgd by CYP97C to
form lutein. In tomato, hydroxylation of thering of zeinoxanthin by CYP97C11 appears to
be the most critical step in lutein synthesis beeathe activity of this enzyme cannot be
replaced by CYP97A29 or by either of the tomato Bi@pk carotenoid hydroxylases. The
hydroxylation ofa-carotene to lutein in tomato is therefore medidigdhep-hydroxylation

of a-carotene to zeinoxanthin catalyzed by CYP97A2®%vedd by thes-ring hydroxylation

of zeinoxanthin to lutein by CYP97C11 (Stiglianiadt 2011). The first step can be partially
complemented by CRTR-B1 (BCH1), CRTR-B2 (BCH2) orR®7C11, but the-ring of
zeinoxanthin can only be hydroxylated by CYP97C3tigliani et al. 2011). The constitutive
overexpression of the tomato caroteneilydroxylase CYP97C11 in transgenic tobacco
significantly increased the amount of lutein in teaves and alleviated the photo-inhibition
and photo-oxidation caused by chilling stress (Zabal. 2013).

The cDNA encoding the putative carotenaithydroxylase CYP97C19 was isolated from
maize endosperm and constitutively overexpressetidi. thaliana lutl knockout mutant,
which has the low-luteicyp97C1 mutant phenotype. This was confirmed by the amalyk
carotenoid pigments in wild-type amdtl mutant plants, which showed carotenoid profiles
consistent with previous results (Kim et al. 200R)e lutein levels in transgenfe thaliana
plants overexpressingmcyp97C19 were much higher than in the untransforrhad mutant
although not as high as wild-type level§able 1.1). Furthermore, the high levels of
zeinoxanthin in thelutl mutant were reduced in the transgenic lines, ooiriig that
ZmCYP97C19 is am-hydroxylase that can use zeinoxanthin as a substimwever, we did
not detecti-cryptoxanthin, ther-carotene derivative hydroxylated at position 3hefe-ring,

in either thelutl mutant or the transgenic lines, whereas trace ateauere present in wild-
type leavesTable 1.1andFigure 1.6). This suggests thatcarotene may not be a preferred
substrate foZmCYP97C19, or that any-cryptoxanthin thus formed is efficiently converted

to lutein by the endogenofisonone ring hydroxylase.
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The carotenoid content and composition of maizeosperm varies substantially between
varieties reflecting different patterns of carotgenic gene expression (Harjes et al. 2008;
Messias et al. 2014). The expressionpsfl, hyd3 (bch2) and cyp97C has recently been
evaluated in 22 different maize landraces (Messtaal. 2014). High levels aZmcyp97C
expression levels or a lolyd3/cyp97C expression ratio correlated positively with higlein
levels, which is consistent with our finding thahCYP97C is needed to produce lutein. In
contrast, high levels dfiyd3 expression or a highyd3/cyp97C expression ratio correlated
positively with high zeaxanthin levels (Messiasaket2014). TheZzmcyp97C19 mRNA levels
remained constant throughout endosperm developmettie white maize inbred variety
M37W (Farre et al. 2013).

The functional analysis of enzymes in crops is ssag/ for the development of targeted
metabolic interventions. In this conteXinCYP97C19 appears to be important because of its
key role in lutein biosynthesis and therefore itdeptial application in cereals for lutein
biofortification. Lutein is increasingly regarded an essential nutrient because of its
proposed role in maintaining vision and preventage-related maculopathy (Farre et al.
2013). Lutein is also valuable in the food, feed amtraceutical markets as an additive and
health-promoting natural product (Giorio et al. 201Berman et al. 2014). A better
understanding of the regulation of lutein synthésiplants is therefore likely to be valuable
for human and animal health and in the commercaletbpment of carotenoid-based
supplements.

1.6 Conclusions

A putative carotenoid-hydroxylase, named CYP97C19, was correctly angalifrom B73
maize. An in depth bioinformatic analysis revealbat CYP97C19 sequence has high
similarity and identity of those CYP97C previousfynctional characterized in rice,
Arabidopsis and tomato and that it is single copymaize. Overexpression of maize
CYP97C19 in Arabidopsisutl mutant (lacking of lutein) is a good system to timmcal
characterize the gene. Up to 15 independent tramsgees were regenerated and 3 of them
were analyzed in detail. Nucleic acid blots congdrmmultiple transgene integration sites and
high transgene expression. Metabolic profile of daotenoid pathway confirmed the
presence of lutein in transgenic lines at expem$ezeinoxanthin which allows getting the
conclusion that maize CYP97C19 is a functianbidroxylase.
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CHAPTER 2: THE ROLE OF THE ARABIDOPSIS ORANGE
GENE (OR) ON CAROTENOID AND KETOCAROTENOID
ACCUMULATION IN MAIZE HYBRIDS

2.1 Abstract

The ArabidopsiSORANGE gene OR) has been reported to play an important role in
carotenoid accumulation in cauliflower, potato aied. | overexpressetOR in white maize,
which normally accumulates only trace amounts obtemoids (lutein and zeaxanthin), under
the control of the endosperm specific wheat LMWte@hin promoter in order to understand
its function and ascertain its impact on caroteramdumulation. Carotenoid content in OR
lines increased up to 17pg/g DW (20-fold increasenpared with wild type. Zeaxanthin and
lutein were the predominant carotenoids in OR lifeanscript analysis of endogenous genes
in the carotenoid and MEP pathways and gbftb (a transcription factor involved in
chromoplasts formation), revealed that only 1-debxxylulose 5—phosphate synthase 1
gene (Ixsl) was upregulated in OR lines compared with wilpetywhereas expression of all
other genes | analyzed remained unchanged. Thedtigiarotenoid accumulating OR line
was crossed with four transgenic lines with différearotenoid and ketocarotenoid content
and composition in order to evaluate the role of @Rcarotenoid accumulation in different
genetic backgrounds. My results indicate that OBeased carotenoid content when the
endogenous carotenoid pool in specific lines was, vhereas it had no effect when the

native carotenoid pool was high.

2.2 Introduction

Strategies to modulate carotenoid content and ceitipo were described in the general
introduction. One of the strategies does not ineahodulation of the carotenoid pathway per
se; rather it allows increasing carotenoid accutrarlaby enhancing storage capacity.
Chromoplasts accumulate high levels of carotenaginpnts other than chlorophyll in

various structures, such as crystalloids (tomatdsdy, fibrils (pepper fruits) or membranes
(daffodil petals) (Camara et al. 1995). Chromopglastnfer bright yellow, orange or red

colors to many flowers (e.g. daffodil, sunflowerdafruits (e.g. tomato, orange, pepper).
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Work on chromoplast differentiation in tomato, pep@nd cucumber has resulted in the
cloning of genes encoding carotenoid biosynthesisymmes or putative carotenoid-binding
proteins (reviewed in Cunningham and Gantt 1998wéi/er, no gene product able to trigger
chromoplast differentiation on its own was reportedil relatively recently. Chromoplasts
are differentiated from proplastids (relatively ufetentiated form of plastids found in
meristematic tissues), chloroplasts (photosynthglistids in green tissues) or amyloplasts

(starch accumulating plastids in storage orgard) as maize endospernbigure 2.1).

Proplastid

Chloroplast Amyloplast

v

Chromoplast

Induced by Or

Figure 2.1 — Chromoplast biogenesis from other pladisls. Chromoplasts are derived from fully developed
chloroplasts or from non-green plastids (proplastidamyloplasts). (Adapted from Li and Yuan 2013).

A spontaneous mutation of thmrange (or) gene in cauliflower Brassica oleracea var.
botrytis) showed a profound effect on carotenoiduatulation (Crisp et al. 1975). Li et al.
(2001) reported thatr did not affect the metabolic flux through the caraiid pathway and
that transcript levels of carotenoid enzymes weatared in cauliflower omutant compared
with wild-type. Positive regulation of chromoplastsociated genes suchpig and the fact
that or encodes a plastid associated protein with a Dnatkiog-rich domain involved in

chromoplasts differentiation, suggested that the ob or might be to sequester carotenoids
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into chromoplasts by differentiating them from rdifferentiated proplastids (Lu et al. 2006)
(Figure 2.1). In addition, theor mutation limits plastid replication so that a deng
chromoplast constitutes the plastidome and caratanolusions inor chromoplasts resemble

those found in carrot root (Paolillo et al. 2004).

The effect of the caulifloweor gene was further evaluated in transgenic potateesaling
chromoplast differentiation and a 6-fold increase¢otal carotenoids (Lopez et al. 2008). The
only carotenoids present in wild-type tuber werelaxanthin and lutein, but whemr was
overexpressed in the tubers new carotenoids sughgsene, phytofluene arndcarotene
accumulatedp-carotene also accumulated (12-17% of total caoits) (Lopez et al. 2008).
Expression obr in transgenic potatoes allowed not only an incréasarotenoid stability for
up to 6 months cold storage but also increasedeas@ amounts during this time (18- and
13-fold increase at 5 and 6 months upon storagpentively; Li et al. 2012; Lopez et al.
2008). Caulifloweror has also been used to increase ketocarotenoid ntoimepotato
(Campbell et al. 2015).

Orthologs of cauliflower wild-typer have been identified in other species, but ondysiiveet
potato and Arabidopsis ortholog have been showndoce carotenoid accumulation (Kim et
al. 2013; Bai et al. 2014, 2015). Thegene isolated from orange-fleshed sweet potatw)
was implicated in the increased accumulation obtesoids via upregulating expression of
biosynthetic genes as well as the homologftf involved in chromoplasts differentiation, in
transgenic sweet potato callus (Kim et al. 2013kRa al. 2015). Total carotenoid content
increased up to 12-fold (Kim et al. 2013). In ricalus, the Arabidopsi®©R gene AtOR),
which was 74.4% identical to its cauliflower wilgee ortholog, increased 2.2-fold total
carotenoid content when it was co-expressed witizenasyl and Pantonea Ananatis crtl
compared with just expression of maasy/l and Pantonea Ananatis crtl (Bai et al. 2014).
Orange crystal-like structures were observed inctiremoplasts of orange callus expressing
or, similarly to those reported in transgenic plaexpressing the caulifloweanr (Li et al.
2006; Lopez et al. 2008). Interestingly, the saimgctures were observed in transgenic callus
co-expressing\tDXS, Zmpsyl andPacrtl, suggesting that chromoplast differentiation may b
triggered either by direct expression of a genelwed in the differentiation procesOR) or

by increasing the flux through the carotenoid pathwo such an extent that the process of
chromoplast differentiation is triggered by the adlance of carotenoids (Fraser et al. 2007,

Maass et al. 2009). Similarly, plastoglobuli-contag plastids were observed in rice
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endosperm overexpressiddOR but in this case expression of the endogenoudesargenic
genedyce, lycb andbch2 was upregulated (Bai et al. 2015).

A number of reports have correlated overexpression with stress tolerance. Carotenoid-
enhanced sweet potato callus through overexpresdillor exhibited increased tolerance to
salt-mediated oxidative stress (Kim et al. 2013) éransgenic potato lines overexpressing
Ibor had a significantly enhanced tolerance to NaCl ethylviologen-mediated oxidative
stress as well as 2,2-diphenyl-1-picrylhydrazyl BbH radical scavenging activity (Goo et al.
2015). These results suggest thmr may be utilized to develop crops tolerant to sgliand
other environmental stresses in addition to imprguhe nutritional quality by increasing the

carotenoid content through the enhancement ofcaphkcity (Goo et al. 2015).

Transgenic rice plants overexpressiatpPR had been generated earlier (Bai et al. 2014,
2015). In maize, the genetic background of thesganic plants (M37W) provides a blank
template for carotenoid biosynthesis because th@éewdndosperm contains only trace
amounts of carotenoids due to the very impsyl expression. A representatidOR maize
line with increased 32-fold total carotenoid comtenmpared with wild-type without any
changes in the qualitative carotenoid profile wasssed with a number of transgenic maize
lines expressing different carotenoid- and ketaesraid-pathway genes in order to determine
the impact ofAtOR on carotenoid metabolism and accumulation at tR&lA and metabolite

levels.

2.3 Materials and methods

2.3.1 Gene cloning and vector construction

The AtOR cDNA was cloned directly from\. thaliana mRNA by RT-PCR using forward
primer (5-GATGTCATCTTTGGGTAGGATTTTGTCTG-3") and werse primer (5-
TGAGATTCTAAGGAAGTAGAATGTGTTGC-3') based on sequenatata in GenBank
(accession number NM 203246). The cDNA was transfeto the pGEM-T Easy vector
(Promega), and the resulting plasmid pGEM-AtOR wagested withEcoRI. AtOR was
introduced into vector p326 (Stoger et al., 19%@tween the wheat low-molecular weight
(LMW) glutenin gene promoter and thes terminator Figure 2.2). The right orientation of
AtOR driven by LMW promoter was selected by PCR with forward primer from LMW
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promoter and reverse primer froAtOR, and the final plasmid of p326-AtOR was further

confirmed by sequencing the whole plasmid.

A truncatedp—carotene ketolase genbk) from C. reinhardtii (Zhong et al. 2011) was

chemically synthesized by a commercial vendor (M\@ofins, Ebersberg, Germany) and
optimized for maize codon usage. The modified g&@bkt) was fused with the transit

peptide sequence (TPS) from tAkaseolus vulgaris small subunit of ribulose bisphosphate
carboxylase (Schreier et al. 1985) and the 5-unsteded region of the rice alcohol
dehydrogenase gene (OsADH-UTR) (Sugio et al. 20@8gr the control of the maizezein

promoter. The TPS was also optimized for maize nagageigure 2.2).

The CrtZ gene encoding-carotene hydroxylasesi{rCrtZ) from Brevundimonas sp. Strain
SD212 (MBIC 03018) was chemically synthesized atiogy to the codon usage Bfassica
napus (accession number AB377272) (provided by Dr. N&dtMisawa, Japan). TheBrcrtZ
gene fused with the pea small subunit of RubiscbRf and OsADH-UTR was digested with
BamHI and Sacl and the digested fragments were cloned intoBamHI and Sacl site of
plasmid pGZ63 containing the maizezein gene promoter, OSADH-UTR-TPS and ttos

terminator Figure 2.2).

The B-carotene ketolas&BrcrtW from Brevundimonas sp. Strain SD212 (Nishida et al. 2005)
was chemically synthesized according to the cod@mye ofBrassica napus (provided by Dr.
Norihiko Misawa, Japan) and fused to the full-lén@sADH-UTR (Sugio et al., 2008) and to
the transit peptide sequence from pea ribulose-disfhospate carboxylase small subunit
(Schreier et al. 1985). These DNA fragments weseried into plasmid GZ63 containing the

maizey-zein gene promoter and thes terminator Figure 2.2).

Zea mays lycopeneg-cyclaselyce cDNA fragment was amplified by RT-PCR using fordiar
(5-GGAATTCTCTAGACGATCTCGGCGCCGCTCGGCTGCT-3') andeverse primers
(5-GACTAGTGGATCCCAATGAGACCTACAGTGAGACCT-3’) based on sequence
information in GenBank (accession numbers EF622@4®) suitable restriction sites were
incorporated subsequently by PCR. The ampliied genes were sub-cloned into the pHorP
vector containing the Barley D-hordein promoteB0® bp-longgusA gene fragment and the
ADP-glucose pyrophosphorylase (ADGPP) terminatoo. ificorporate the target gene
fragments into pHorP, the vector was digested Wiial andBamHI to introduce a sendgce

fragment between the barley D-hordein promoter @uedgusA gene fragment, resulting in
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pHorP-ZmLYCE sense. In the second step, the pHonRPYACE sense plasmid was digested
with Spel and EcoRI, to introduce the antisendgce fragment between thgusA gene
fragment and ADGPP terminator, resulting in pHofRARZmMLYCE (Figure 2.2).

Transgene expression vectors Zmnpsyl, Gllycb andPacrtl were previously described (Zhu
et al. 2008) Figure 2.2).

Hindlll EcoRl EcoRl EcoRV
v v v v
p326 aoR [ NOs =
356 bp 924 bp 252bp
HindIll BamHI EcaRl EcqRV
¥ H H H
p326 Zmpsyi [ NOS o
356 bp 1233 bp 252 bp
Hindlll Xbal BamHi Spel / BamHI Xbal / EcoRI Clal
v : T v v g g
pHor-P D-Hordein Zmlyce sense gusA Zmlyce antisense | ADGPP F
434bp <€—— 464bp —>€ 300bp >€—— 464bp —> 352 bp
Hipdlll X.bal EcoRI Cjal
v v v v
pHor-P TPs | Pacrt! | ADGPP |m
Hipdii  434bp 174bp BamHI 14796 352bP  EcoRl  EcoRV
v v v v
pRP5 - Rice prolamin > Gllycb | NOS I-
1100 bp 1526 bp 252 bp
Hindlll EcoRlI BamHI / EcoRlI Xb_al Kpnl/Sacl/ Notl EcoRV
v v v v v v
pGzZ63 ﬁ Maizey-zein > UTR| TPS H sBrcrtZ | NOS h
1639 bp €>€—>€— 486bp —> 252bp
101 bp 174 bp
Hindill EcoRI BamHI/EcoRl  Xbal Kpnl/Sacl / Notl  EcoRV
v v v v v \Z
pGz63 = Maize y-zein >{ v | TPs | SBrertW | NOS =
1639bp «> 735b,
101bp 174bp P 252bp
Hindlll EcoRlI BamHI/EcoRl  Xbal Kpnl/Sacl/ Notl EcoRV
v v v v v v
pGZ63 - Maizey-zein > UTRH TPS | sCrbkt NOS P
1639b <>
P 101bp 174bp 993bp 252bp

Figure 2.2 — Schematic representation of transgenesed in this experiment.
2.3.2 Maize transformation and plant growth

To obtain transgenic maize plants expressfi@R (OR line), Zmpsyl (CAROL line),
sBrertZ, sBrertW and sCrbkt (KETOL line) andZmpsyl, Pacrtl, RNAILYCE and sCrbkt
(KETO2 line), wild type maize plantsZéa mays L., cv. M37W) were grown in the
greenhouse or growth room with a 10 h photoper28420°C day/night temperature) and 60—
90% relative humidity for 50 days, followed by a h6photoperiod (21/18°C day/night
temperature) thereafter. Fourteen-day-old immatygotic embryos (IZEs) were excised

aseptically and cultured on N6 medium (M3Bble 2.1).
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Table 2.1. — Media composition (amounts listed torppare 1I).

CALLUS OSMOTICUM SELECTION SHOOTING ROOTING
iTEM INDUCTION MEDIUM MEDIUM MEDIUM MEDIUM
(MSP) (MSO) (MSS) (MSR1) (MSR2)
Dark / light Dark Dark Dark Light Light
Approx. time 4 days 4 h before and Until plantlets

4-6 weeks (two

in culture 2 days after 16 h after subcultures) 2-3 weeks have sufficient
bombardment bombardment roots
N6 mac“i' 50 ml 50 ml 50 ml - -
nutrients
N6 'T”'C“’; 5 ml 5 ml 5ml - -
nutrients
Fe-EDTA® 5ml 5ml 5ml 5ml 5 ml
MS Powder
(Duchefa, _ _ _
Haarlem, 449 4.49
Nederland)
Casein
Hydrolysate 0.1g 019 0.1g -- --
(Duchefa)
L-Proline
(Sigma) 28¢g 284¢g 28¢g -- --
Sucrose
(Sigma) 20¢g 20¢g 20¢g 30g 30g
Mannitol
(Sigma) -- 36.49g -- -- --
Sorbitol
(Sigma) -- 36.49g -- -- --
2,4-0
(Duchefa) 200pl 200pl 200pl 50ul --
Adjusted pH to 5.8 with KOH
Gelrite
(Sigma) 4 g o 4 g 4 g 4 g
Agarose
(Sigma) - 49 - - -
Autoclaved at 121°C for 20 min
BAP® - -- -- 10ml -
PPT® - - 300ul 300ul 300pl
N6 Vitamins’ 5 ml 5 ml 5 ml 5 ml 5 ml
AgNO;® 1ml 1ml 1ml 85ul 85ul
1 N6-macronutrients (1L, 20x): 9.26 g (Wet SQ, 56.6 g KNQ, 3.32 g CaGl2H;,0, 3.7 g MgS@ 7H,0 and
89 KH2PO4

2 N6-micronutrients (500 mL, 200x): 250 mg MpB,0, 150 mg ZnSQ 7H0, 160 mg HBO;, 80 mg K, 2
5mg NaMoO,- H,O and 2.5 mg CuS£6H,0.

®Fe-EDTA: 1.112 g FeSEO7H,0 and 1.49 g EDTA-Na2H,0.

4 2,4-D (2,4-Dichlorophenoxyacetic acid) 4 mg/mLO4Og to 10 mL 100% EtOH.

® BAP (benzylaminopurine) 1 mg/mL: 0.01g to 10 mL,aH

® PPT (phosphinothricin) 10 mg/mL: 0.1g to 10 mL,6H

N6 Vitamins (200 mL, 200x): 20mg nicotinic acid) thg pyridoxine HCL, 40 mg Thiamine HCL and 80 mg
Glycine.

8AgNO; 10 mg/mL: 0.3g AgN@to 30 mL dHO.

After 4 days, IZEs were placed on osmoticum meM&Q@, Table 2.1) four hours before

bombardment with 10 mg of gold particles coatedhwvitie constructs and the selectable
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markerbar (Christensen and Quail 1996) at a molar ratio:&fe& reported (Christou et al.
1991) and returned to MSO for 16 h before select®ombarded callus were selected on
phosphinothricin-supplemented medium (MSble 2.1) and transgenic plantlets were
regenerated on regeneration media (MSR1 and MS$BRle 2.1) and hardened off in soll
(Figure 2.3). Two independent lines for OR and 1 line for dtker combinations (CARO1,
KETOL1 and KETO2, respectively) were selected fothier analysis.

DARK Ready for
bombardment
4d ays;,if = ! 4-6 weeks/
—_— ;,f bpt,
LS
Maize embryo Immature embryo  Immature embryos Callus generation

Donor plant 14 DAP (MSP) (MSO) (MSS)
(M37W) I

- »
. )
¥ ﬁ' ™

Shooting Rooting Putative transgenic
(MSR1) (MSR2) maize plant

Figure 2.3 — Maize transformation process.

The highest-expressing line for each transgene owtibn was selected by mRNA blot
analysis and was self-pollinated to homozygositymdzygous OR, CARO1, KETO1,
KETOZ2, one already available transgenic line cagyimpsyl+PaCrtl+Gllycb (Ph4, named
here CAROZ2; Zhu et al. 2008T4ble 2.2 and wild type M37W plants were grown in the
greenhouse at 28/20°C day/night temperature withOah photoperiod and 60%—-90%
humidity during the first 50 days, followed by minance at 28/20°C day/night temperature
with a 16 h photoperiod and 60%—-90% humidity thiéeeaAll lines were self-pollinated to
be used as controls and out-crossed with an OR(fiaken donor) to obtain ORXCARO1,
ORXCARO2, ORXKETO1 and ORXKETO2. For further analysndosperm samples were
taken from immature seeds at 30 days after poiinaiDAP), frozen in liquid nitrogen and

stored at -80°C until analysis.
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Table 2.2. — Transgenic lines used in this experimeto generate hybrids with AtOR transgenic line.

Transgenic line Foreign genes
CARO1 Zmpsyl
CARO2 Zmpsyl, Pacrtl, Gllycb
KETO1 SCrbkt, sBrertW, sBrertZ

KETO2 Zmpsyl, RNAILYCE, sCrbkt, sBrertz

2.3.3 RNA extraction and cDNA synthesis

The protocols are described in detail in Chaptesetfion 1.2.2.

2.3.4 Real-time gRT-PCR

Real-time RT-PCR was performed on a BioRad CFX98ystem using 28 mixtures
containing 10 ng of synthesized cDNA, 1x iQ SYBRear supermix (BioRad, Hercules, CA,
USA) and 0.2 uM forward and reverse priméfralfle 2.3.

Cyp97A (carotenoidp-hydroxylase) andcyp97C (carotenoide-hydroxylase) gene primer

information was obtained from Naqvi et al., 201&ri8 dilutions of cDNA (125-0.2 ng)

were used to generate standard curves for each B&#e was performed in triplicate using
96-well optical reaction plates. Cycling conditioosnsisted of a single incubation step at
98°C for 2 min followed by 35 cycles of 98°C foistand 59.4°C for 30 s. Specificity was
confirmed by product melt curve analysis over tlmenpgerature range 65-95°C with
fluorescence acquired after every 0.5°C increase,the fluorescence threshold value and
gene expression data were calculated with BioRa¥9BF" software. Values represent the
mean of three biological replicates + SE. Amplifioa efficiencies were compared by
plotting theACt values of different primer combinations of sedéutions against the log of

starting template concentrations using the CFX%bftware.
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Table 2.3-Oligonucleotide sequences of maize actin, endogemsoczarotenogenic genes and transgenes for
Real-Time PCR analysis.

Gene Forward Reverse
Zmactin 5'-CGATTGAGCATGGCATTGT-3’ 5'-CCCACTAGCGTACAACGAA-3’
Zmbchl 5'-CCACGACCAGAACCTCCAGA-3 5'-CATGGCACCAGACATCTCCA-3
Zmbch2 5-GCTTGTTAGCAGTCCGGT-3’ 5'-GAAAGGAGGATGGCGATAGAT-3’
Zmlycb 5'-GACGCCATCGTAAGGTTCCTC-3' 5-TCGAGGTCCAGCTTGAGCAG-3’
Zmlyce 5-AGTCCATCAATGCTTGCATGG-3 5-CATCTCGGCACCCTGAAAAAG-3’
Zmcyp97A  5-CTGGAGCGTCTGAAAGTCA-3’ 5'-GGACCAAATCCAAACGAGAT-3’
Zmcyp97B  5-CTGAGGAGAAGGACTTGA-3’ 5-TCCACTGGTCTGTCTGCGAT-3
Zmeyp97C  5-GTTGACATTGGATGTGATTGG-3’ 5-AACCAACCTTCCAGTATGGC-3’
Zmdxsl 5'-AGGTCGGCAAGGCAGGAT-3’ 5'-TCCAGCGGCTTGCAGAACCT-3’
Zmdxs2 5'-GCTGAACTACTTCCAGAAGCG-3’ 5'-CTGCAGGAACGACGAGTAGA-3'
Zmdxs3 5'-GGCACGCTTCAGTTCTATCCA-3 5'-CTCTTAGGGCGTCATCGTG-3’
Zmdxr 5-TCCATTGTCACGCTTCTAGC-3' 5'-TGGCGAGCAACTTCTATGAC-3'
Zmpftf 5'-CATTGAGAAGGAGACACTGGC-3’ 5-TTGACTTTAGGCAGGGAGGG-3’
Zmpsyl 5'-CATCTTCAAAGGGGTCGTCA-3 5'-CAGGATCTGCCTGTACAACA-3’
Zmpsy2 5-TCACCCATCTCGACTCTGCTA-3 5-GATGTGATCTACGGATGGTTCAT-3
Pacrtl 5-GTGGCGCAAGATGATCGTCAA-3 5'-GCCAGAAGACCACGTACATCCA-3’
sCrbkt 5'-CCACCATCACACAGGGGAA-3’ 5-AGGTTCGGATTGCCCCTATG-3’
Gllych 5-TAAGGCTGGAAGTAGCAGTGC-3’ 5'-GCAGGACCACCACCAACAAT-3’
sBrcrtz 5-GAGGGATGCGTTTCTTTCG-3 5'-AGCCAACTCAGCCTCCAAA-3’
sBrecrtw 5-TCTCTTGTTATCGTGCCAGC -3’ 5'-GCCACAATGAAAAGTCCCA -3’
AtOR 5'- TTCTCTATCACCGCCCAAAAC -3 5'- GCCATAGCCATTCCTGTGC -3’

2.3.5 Carotenoid extraction and UPLC analysis

Maize endosperm was excised by removing the seadaral embryo. Samples were freeze-

dried before extraction and 3-5 seeds per sampte giound to a fine powder. Carotenoids
in 50-100mg samples were extracted in 15 ml methethyl acetate (6:4 v/v) at 58°C for 20

min. The mixture was filtered, transferred to aasafory funnel, 15 ml hexane:diethyl ether

(9:1 viv) were added and agitated gently for 1 rifiime organic phase was washed twice with

saturated NaCl water and the aqueous phase wayedmbhe samples were dried under N

and stored at -80°C until injection.
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The extracts were dissolved in 210-6@0injection solvent [ACN/MeOH 7:3, v/v]/acetone
3:2, viv. UHPLC analysis was carried out at SCT-[0A&M, University of Lleida, Spain,
using an Acquity Ultra Performance LC system linkeda PDA 2996 detector (Waters,
Milford, USA). Mass detection was carried out useng Acquity TQD tandem-quadrupole
MS equipped with a Zspray electrospray interfacat@hs). MassLynx software version 4.1
(Waters) was used to control the instruments asd #dr data acquisition and processing.
UHPLC separations were performed on a reversedepbalsimn Acquity UPLC C18 BEH
130 A, 1.7um, 2.1 x 150 mm (Waters). The mobile phase combiste solvent A,
ACN/MeOH 7:3, vl/v, and solvent B, water 100%. Carmtids in samples were quantified
using a PDA detector through the external standsathod. Identification of carotenoids was
carried out as previously described (Rivera et28l3). MS analyses were conducted by
atmospheric pressure chemical ionization (APCIY #re conditions used are the same as
those described by Rivera et al. 2011. Authentimddrds used for quantification wefe
carotene, luteinf-cryptoxanthin and astaxanthin (Sigma), zeaxan{kimka, Buchs SG,
Switzerland), phytoene and antheraxanthin (Cartte@alupsingen, Switzerland).

2.3.6 TEM microscopy analysis

Maize 30 DAP endosperm pieces (0.5 x 2.0 mm) wigeslfin 2.5% v/v glutaraldehyde in 0.1

M phosphate buffer (pH 7.2) overnight at 4°C. Sasphere washed twice for 10 minutes
with 0.1 M sodium phosphate buffer (pH 7.2) at 42@& then fixed in 1% w/v osmium

tetroxide in water for 2 h. After washing twice Wwigodium acetate (0.1M for 2 minutes) they
were incubated in uranyl acetate (0.5% in water) 30 minutes and washed twice with
sodium acetate (0.1M) for 2 min). Samples were thelmydrated in an acetonitrile (Panreac
Quimica SLU, Barcelona, Spain) series (30—-100%)oreefembedding in epoxy resin

Araldite® Embed 812 (Epon-812) (Aname Electron Msmopy Sciences, Madrid, Spain)
and polymerized at 60°C for 48 h. Ultra-thin seasio(75-80 nm) were prepared with a
diamond knife using a Reichert Jung Ultramicrototditracut E (Leica Nova Scotia,

Dartmouth, Canada), mounted on SPI-ChemTM Formwawdarbon-coated copper grids,

and stained with uranyl acetate and Reynold’s @tdte prior to examination using an EM
910 (80 kV) transmission electron microscope (Zei@berkochen, Germany). TEM

microscopy was performed in SCT — Electron micrpscdniversitat de Lleida, Spain.
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2.4 Results

2.4.1 Transgenic lines overexpressing the ArabidopsOrange (AtOR) gene exhibit an
increase in carotenoid content without concomitantipregulation of carotenogenic gene

expression

Two AtOR-expressing lines (OR1 and OR2) were previouslaiokt following direct DNA
transfer of theAtOR into M37W immature maize embryos in earlier expemts in the
laboratory. T plants were self-pollinated to obtain, Pplants that were used for further
analysis. F seeds from Tplants obtained by self-pollination were by mRNIatdo monitor

AtOR transcript levelsKigure 2.4).

OR1 M37W OR2

- =

- e -
- =

AtOR

rRNA

Figure 2.4 —_mRNA blot analysis of AtOR in wild type(M37W) and two different transgenic lines (OR1
and OR2) transformed with AtOR gene driven by the vheat LMW-glutelin promoter. Each lane was
loaded with 25ug total RNA isolated from endosperm tissue. RibaasoRNA stained with ethidium bromide is
shown as a loading control.

Carotenoid quantification revealed that M37W (wiygbe) endosperm accumulated traces of
zeaxanthin, lutein, violaxanthin and antheraxantfiotal carotenoids were ca:ub/g DW.
Line OR1 accumulated high amounts of zeaxanthini8ag/g DW) followed by lutein (ca:

2 ug/g DW), antheraxanthin (ca:@y/g DW), B-cryptoxanthin (ca: J1g/g DW) and traces of
violaxanthin in the endosperm. Line OR2 accumuldiggh amounts of zeaxanthin (ca: 6
ug/g DW) followed by lutein (ca: 2g/g DW) and traces di-cryptoxanthin, antheraxanthin
and violaxanthin in the endosperm. Total carotewoigtent in lines OR1 and OR2 was ca: 17

ug/g DW and Qug/g DW, respectivelyRigure 2.5).
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TOTAL: 1690 860 0.85 pg/gDW

Figure 2.5 — Carotenoid content and composition iwild-type M37W and transgenic lines OR1 and OR2
T, at 30 DAP (ug/g DW+SE) (n= 3-5 seeds).

Quantitative real-time RT-PCR was used to compelative transcript levels of endogenous
genes in the carotenoid pathway, MEP pathway @#tida transcription factor involved in
chromoplast formation in OR1, OR2 and M37Wigure 2.6. The following endogenous
carotenogenic genes were analyzed at the mRNA :lgusftoene synthase 1 and 2
(Zmpsyl/2), lycopene e-cyclase (Zmlyce), lycopene p-cyclase (Zmlycb), carotenoid p-
hydroxylases (Zmbchl, Zmbch2, Zmcyp97A and Zmcyp97B) and carotenoid e-hydroxylase
(Zmcyp97C). Transcript levels of all the endogenous genedyaad were similar in OR1 and
OR2 compared with M37W, with the exception aflyce transcript levels which were
downregulated in the transgenic lines compared8'W (Figure 2.6A). 1-Deoxy-D-
xylulose-5-phosphate synthase 1, 2 and 3 (Zmdxsl/2/3), 1-deoxy-D-xylulose-5-phosphate
reductase (Zmdxr) and methylbut-2-enyl-diphosphate reductase (Zmhdr), endogenous genes
in the MEP pathway were analyzed at the mRNA leVednscript levels of the endogenous
genes described above were similar in OR1 and QR#$pared with M37W wild-type, with
the exception ofixsl transcript levels which were upregulated (ca: I&8)fan transgenic lines
compared with wild-type Kigure 2.6B). Transcript levels of plastid fusion/translocatio
factor Zmpftf) implicated in chromoplasts formation were notngigantly different in OR1
and OR2 transgenic lines compared with M3 g(re 2.6C).
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A Carotenogenic gene expression
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Figure 2.6 — Relative mRNA expression of endogenousirotenogenic genes (A), MEP pathway-related
genes (B) andbftf (C) in 30 DAP maize endosperm, normalized againstctin mRNA and presented as the
mean of three biological replicates + SEAbbreviations:Zmpsyl, phytoene synthase 1; Zmpsy2, phytoene
synthase 2; Zmlyce, lycopene e-cyclase; Zmlych, lycopene f-cyclase; Zmbchl, carotenoid S-hydroxylase 1;
Zmbch2, carotenoid S-hydroxylase 2; Zmcyp97A/B, carotene S-hydroxylase; Zmcyp97C, carotene e-hydroxylase,
Zmdxsl/2/3, 1-Deoxy-D-xylulose-5-phosphate synthase; Zmdxr, 1-Deoxy-D-xylulose-5-phosphate reductase;
Zmhdr, methylbut-2-enyl-diphosphate reductase; Zmpftf, plastid fusion/translocation factor.

2.4.2 Genetic background influences seed color phetlype in hybrids between AtOR
transgenic lines and different parents but only whe the carotenoid content of the

parents is low

In order to evaluate the role of the Arabidopsis @Rcarotenoid and ketocarotenoid
accumulation | crossed OR line with transgenicdih@ving different genetic backgrounds:
two different transgenic lines accumulating medi(@ARO1) or high (CARO2) levels of
carotenoids and two different transgenic lines audating low (KETO1) or high (KETO2)
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levels of ketocarotenoids. CAROL1 (transgenic lirpressingZmpsyl), KETO1 (transgenic
line expressing a combination of hydroxylasBr¢rtZ) and two ketolasessCrbkt and
sBrertW) and KETO2 line (transgenic line expressiagpsyl, sCrbkt, sBrcrtZ and RNAI
construct to block endogenolyge) were obtained by using the same procedure emgltye
generate the original OR lines, whereas CARO2 gtyanic line expressingmpsyl, Pacrtl
and Gllycb) was described previously (Zhu et al. 2008al{le 2.2, see section 2.3The
highest carotenoid accumulating OR line (OR1) wasduas pollen donor to pollinate
CARO1, CARO2, KETO1 and KETO2 to obtain ORXCAROIRXTARO2, ORXKETO1
and ORxKETOZ2 linesKigure 2.7).

Figure 2.7 — Phenotype of wild-type (A) and transgec seeds with different carotenoid and ketocarotewid
profiles: CARO1 (B), CARO2 (C), KETO1 (D) and KETO2 (E) and the resulting seeds from the cross
with OR; (F): ORXCARO1 (G), ORXCARO2 (H), ORXKETO1 (l) and ORXKETO2 (J). A substantial
change in seed color phenotype resulted wkt@R was expressed in M37W background (white to yellang

in low-ketocarotenoid (KETO1) background (light kito redish-pink) suggesting thAtOR plays an important
role in carotenoid and ketocarotenoid accumulatitnen the amounts of carotenoids were low in thgiiai
(parent) line (KETO1). No changes in color phenetypere observed when the amounts of carotenoids wer
high in the parents (CARO1, CARO2 and KETO2).

When AtOR was expressed in white maize, the phenotype afitreg seeds was yellow in
color, suggesting a substantial increase in caoaden(e.g. lutein and/or zeaxanthin) in the
transgenic seeds. Seeds from CARO1 and CARO2 lwe¥s orange and intense orange,
respectively, due to the accumulation ja€arotene, lutein and zeaxanthin, whereas seeds
from KETO1 and KETO?2 lines were pink and red, resipely, as a result of accumulation of
different amount of ketocarotenoids; 3eeds from the crosses referred to above exhibited
similar phenotypes in the case of ORXCARO1, ORXC2RMd ORXKETO2 compared with

the corresponding parents. Seeds from ORXKETO1béehi a substantial change in color
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from pale pink (KETO1) to deep red-pink (ORXKET(sl)ggesting a substantial increase in
the accumulation of ketocarotenoidsgure 2.7).

At 30 DAP endosperm samples were frozen in liquitbgen and stored at -80°C until RNA
extraction was performed to measure transgene ssipreby gRT-PCRKFigure 2.8).

Transgene expression
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Figure 2.8 —Transcript accumulation normalized agaist actin in wild-type and transgenic lines presergd
as mean of three technical replicatesStandard error bars were not included becauseeofise of technical
replicates rather than biological replicates. Tim was to show expression of the introduced tramsgeather
than compare different transcript profiles.

As expected, WT seeds did not express any of #res@renes; OR expressed only AtOR, as
expected; CARO1 expressed oynpsyl; CARO2 expressedmpsyl, Pacrtl and Gllycb;
KETO1 expressedBrcrtZ, sCrbkt and sBrcrtW, KETO2 expressed@mpsyl, sCrbkt and
sBrcrtZ; the corresponding crosses expres8#0R in addition to the transgenes present in
their respective parents.

2.4.3 Introgression ofAtOR reveals an increase in carotenoid content and coragition of

transgenic hybrids but only when the carotenoid cotent of the parents is low

Carotenoid content of wild-type, transgenic lin€8R( CARO1, CARO2, KETO1l and
KETOZ2) and the crosses generated with OR (ORXCARORXCARO2, ORXKETO1 and
ORXKETO2) was evaluated at 30 and 60 DAP in ordeneasure differences in carotenoid
content and composition at two different developtakstages: middle stage of grain filling

and completely developed seeds.

In the 2013 growing season, M37W accumulated loxglteof zeaxanthin (ca: 0.4 ug/g DW),
lutein (ca: 0.2 pg/g DW) and violaxanthin (0.1 pd§V) and traces of antheraxanthin at
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30DAP. At 60DAP, M37W accumulated low amounts odz@mnthin (ca: 0.3 pg/g DW) and
lutein (ca: 0.2 pg/g DW) but violaxanthin was netetted. WhetOR was overexpressed
into M37W the carotenoid composition in the endospeemained the same, although the
quantity of each compound increased drastical30aDAP from ca: 1 ug/g DW in M37W to
ca: 25 pg/g DW (35-fold increase) in OR line: zedhkan (ca: 12 ug/g DW; 30-fold increase),
antheraxanthin (ca: 7 pg/g DW; 170-fold increakdgin (ca: 5 pg/g DW; 23-fold increase)
and violaxanthin (ca: 2 pg/g DW; 15-fold increas&).60 DAP total carotenoid content in
OR was ca: 20 pg/g DW. Downstream compounds, vaolitin and antheraxanthin did not
accumulate bup-cryptoxanthin was detectable (ca: 1 pg/g DW). Aedixin (ca: 11 pg/g
DW; 38-fold increase over WT) and lutein (ca: 8guBW; 39-fold increase over WT) were

the main carotenoids in OR transgenic limalfle 2.4.

CARO1 accumulated ca: 66 pg/g DW (94-fold increaser WT) total carotenoids at 30
DAP and ca: 91 pg/g DW (181-fold increase over Ve p0 DAP. At 30 DAP zeaxanthin
(ca: 23 pg/g DW; 58-fold increase over WT), antkardhin (ca: 14 pg/g DW; 350-fold
increase over WT), lutein (ca: 9 ug/g DW,; 47-foltrease over WT) and phytoene (ca: 8
png/g DW) were the main carotenoids, followed bylaxanthin (ca: 4 pg/g DW; 39-fold
increase over WT)fB-carotene (ca: 3 pg/g DW), lycopene (ca: 3 pg/g Dawig -
cryptoxanthin (ca: 1 ug/g DW). When seeds were detely dry there was a shift in the
carotenoid composition towards a reduction of ddve@sn compounds and a concomitant
increase in the first precursor in the pathway,tpéye (ca: 61 pg/g DW). At 60 DAP
zeaxanthin (ca: 12 pg/g DW; 39-fold increase oveF)Wutein (ca: 6 pg/g DW; 32-fold
increase over WT) and antheraxanthin (ca: 6 pg/g BMfe the main carotenoids followed
by pB-carotene (ca: 2 ug/g DW), violaxanthin (ca: 2 pubMy), B-cryptoxanthin (ca: 1 pg/g
DW) and lycopene (ca: 1 pg/g DWJdble 2.4. When OR was crossed with CARO1
transgenic line to generate ORXCAROL1 hybrid, camaitk content and composition did not
change substantially in the hybrid compared withRDA. ORXCARO1 accumulated ca: 68
Kng/g DW total carotenoids. Unfortunately, the asmsyof ORXCARO1 at 60 DAP was not
possible due to technical problenTable 2.4).
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Table 2.4 — Carotenoid content and composition in Nd-type M37W, transgenic lines OR, CARO1,
CARO2, KETO1 and KETO2; and hybrids ORXCARO1, ORXCARO2, ORXKETO1 and ORXKETO2 T,

at 30 (*) and 60 DAP (**) (ug/g DW+SE) (n= 3-5 seex). Abbreviations: Phyt, phytoene; Lyco, lycopene;
Beryp, B-cryptoxanthin; Bcaro, p-carotene; Lut, lutein; Zea, zeaxanthin; Anthe, hardxanthin; Viola,
violaxanthin; CAROT, carotenoids.

TOTAL

Sample Phyt Lyco peryp pcaro Lut Zea Anthe Viola CAROT

M37W * 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.2+0.0 0.4+0.1 0.0+0.0 0.1+0.0 0.7
M37W** 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.2+0.0 0.3+0.0 0.0+0.0 0.0+0.0 0.5
OR* 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 4.5+0.2 12.1+1.8 6.8+0.4 1.5+0.3 24.9
OR** 0.0+0.0 0.0+0.0 1.2+0.0 0.0+0.0 7.8+0.8 11.4+1.5 0.0+0.0 0.0+0.0 204
CARO1* 7.8£0.2 2.6x0.4 1.4+0.1 3.4+0.7 9.4+0.4 23.2+2.8 14.0+1.1 3.9+0.0 65.7
CARO1**  60.7+0.7 0.8+0.1 0.9+0.0 2.3+0.1 6.4+0.3 11.8+0.8 5.8+0.4 2.1+0.0 90.8
CARO2* 17.5+0.6 0.0+0.0 2.0+0.0 11.3#0.4 9.4+0.1 23.3%¥2.,5 13.2+0.5 2.4+0.1 79.1
CARO2** 117.0£1.0 0.0+0.0 1.5+0.0 8.2+0.2 8.8+0.3 18.1+0.9 1.8+0.2 0.0+0.0 1554
KETO1* 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0
KETO1** 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0
KETO2* 4.1+0.2 5.2+04 2.8+#0.7 6.9+0.3 1.2+0.0 7.5x0.3 4.5+0.1 0.8+0.1 33
KETO2** 53.7#1.0 5.0£0.5 0.0+0.0 11.840.6 0.7#0.1 6.4+x0.4 1.3x0.0 0.0£0.0 78.9

OR
X 8.840.3 1.9+0.2 1.4+0.2 3.7+20.2 8.7+0.3 23.9+1.6 15.1+0.8 4.2+0.1 67.7
CARO1*
ORX
20.0+0.8 0.0+0.0 1.9+0.1 9.0+0.3 9.9+0.3 23.1+0.6 12.6+x1.6 2.5+0.1 79.0
CARO2*
ORX
102.2+2.8 0.0+0.0 0.84+0.7 5.9+0.2 9.8+0.6 14.6x1.7 1.6x0.1 0.0+0.0 134.9
CARQO2**
ORXx
0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0
KETO1*
ORX
0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0
KETO1**
ORX
11.740.4 6.6%0.4 0.0+0.0 4.2+0.1 1.0+0.1 3.3+0.9 2.840.1 0.8+0.0 304
KETO2*
ORX
61.3+2.0 4.2+0.0 0.0+0.0 5.2+0.1 0.5+0.0 1.6+0.2 0.9+0.1 0.0+0.0 73.7
KETO2**

CARO2 had a higher carotenoid content comparedABR@l1 [ca: 79 pg/g DW at 30 DAP
(113-fold increase over WT) and ca: 155 pug/g DWL{&1ld increase over WT) at 60 DAP].
At 30 DAP CARO2 accumulated mainly zeaxanthin @&jg/g DW; 58-fold increase over
WT), phytoene (ca: 18 ug/g DW), antheraxanthin &ug/g DW,; 330-fold increase over
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WT), B-carotene (ca: 11 pg/g DW) and lutein (ca: 9 pugWly;Bt7-fold increase over WT)
followed by violaxanthin (ca: 2 pg/g DW; 24-foldcirease over WT) anfl-cryptoxanthin
(ca: 2 pg/g DW). Similarly to CAROL1, phytoene accuation increased (ca: 117 pg/g DW)
at the expense of downstream carotenoids at 60 ZA&xanthin (ca: 18 pg/g DW; 60-fold
increase over WT), lutein (ca: 6 ug/g DW, 44-foltrease over WT) anfglcarotene (ca: 8
png/g DW) were the prevalent carotenoids followedahtheraxanthin (ca: 2 pg/g DW) apd
cryptoxanthin (ca: 2 pg/g DW) in mature seeds &A® (Table 2.49. When OR was crossed
with CARO2 to generate ORXCARO?2, the carotenoidi@oinand composition in the hybrid
did not change substantially compared to CARO2 Wwialkteady accumulated high amounts
of carotenoids at 30 and 60 DAP. Total caroteno@hent in ORXCARO2 was ca: 79 ug/g
DW and ca: 135 pg/g DW at 30 DAP and 60 DAP, retspely (Table 2.4.

Table 2.5 — Ketocarotenoid content and compositiomf wild-type (M37W) and transgenic lines OR,
CARO1, CARO2, KETO1 and KETO2; and hybrids ORXCARO1, ORXCARO2, ORXKETO1 and
ORXKETO2 T1 at 30 (*) and 60 DAP (**) (ug/g DW+SE)(n= 3-5 seeds)Abbreviations: Asta, astaxanthin;

Cantha, canthaxanthin; Adonir, adonirubin; Adonbglonixanthin; 30H.echi, 3-OH-echinenone; KETO,
ketocarotenoids.

Sample Astax Cantha Adonir Adonix 30H.echi TISETI'%
M37W* 0.0£0.0 0.0+0.0 0.0£0.0 0.0£0.0 0.0+0.0 0.0
M37W** 0.0£0.0 0.0+0.0 0.0+0.0 0.0£0.0 0.0£0.0 0.0
OR * 0.0+0.0 0.0+0.0 0.0+0.0 0.0£0.0 0.0£0.0 0.0
OR** 0.0+0.0 0.0+0.0 0.0+0.0 0.0£0.0 0.0£0.0 0.0
CARO1* 0.0+0.0 0.0+0.0 0.0+0.0 0.0£0.0 0.0£0.0 0.0
CARO1** 0.0+0.0 0.0+0.0 0.0+0.0 0.0£0.0 0.0£0.0 0.0
CARO2* 0.0+0.0 0.0+0.0 0.0+0.0 0.0£0.0 0.0£0.0 0.0
CARO2** 0.0£0.0 0.0+0.0 0.0£0.0 0.0£0.0 0.0+0.0 0.0
KETO1* 0.440.0 0.0+0.0 0.0£0.0 0.0£0.0 0.0+0.0 0.4
KETO1** 0.6+0.1 0.0+0.0 0.0£0.0 0.0£0.0 0.0+0.0 0.6
KETO2* 22.1+0.3 1.9+0.1 3.04£0.1 1.740.6 2.8+0.0 31.5
KETO2** 16.0+0.5 2.940.1 4.0+0.1 1.1+0.4 1.7+0.0 25.7
ORXCARO1* 0.0£0.0 0.0+0.0 0.0£0.0 0.0£0.0 0.0+0.0 0.0
ORXxCARO2* 0.0£0.0 0.0+0.0 0.0+0.0 0.0£0.0 0.0£0.0 0.0
ORXCARO2** 0.0+0.0 0.0+0.0 0.0+0.0 0.0£0.0 0.0£0.0 0.0
ORXKETO1* 8.6+0.6 0.0+0.0 0.0+0.0 0.0£0.0 0.0£0.0 8.6
ORXKETO1** 8.1+0.3 0.0+0.0 0.0+0.0 0.0£0.0 0.0£0.0 8.1
ORXKETO2* 19.9+0.6 1.5+0.0 2.7+0.1 0.9+0.5 2.9+0.1 27.9
ORXKETO2** 9.4+0.4 2.0£0.0 2.6+0.1 0.6+0.2 1.5+0.0 16.1
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KETO1 accumulated relatively low amounts of ketotamoids (ca: 0.4 pg/g DW at 30 DAP
and ca: 0.6 pg/g DW at 60 DAP) and accumulatedasthin as the only carotenoid at both
time points (ca: 0.4 and 0.6 pg/g DW at 30 and &PDrespectively). Thus, the small
amount of carotenoids present at basal levels i@iWI8vas converted to ketocarotenoids as a
result of the expression of the heterologous caodtkp-hydroxylase ¢BrcrtZ) and -
carotene ketolasessGrbkt and sBrcrtW) (Table 2.5. In the case of ORXKETOL1, the
carotenoid profile was similar to the KETO1 parénit the total amount of carotenoids
increased up to ca: 9 pug/g DW (22-fold increase 8#eTO1) at 30 DAP and ca: 8 ug/g DW
(14-fold increase over KETO1) at 60 DAP. The onBbtdcarotenoid in ORXKETO1 was
astaxanthin (ca: 9 pg/g DW; 22-fold increase ovETR1). At 60 DAP astaxanthin was the
only ketocarotenoid (ca: 8 ug/g DW; 14-fold increaser KETO1) Table 2.4; Table 2.5.

KETO2 accumulated high levels of ketocarotenoidsigared to KETOL1 [ca: 32 ug/g DW
(80-fold increase over KETO1) and ca: 26 pug/g DWR-fdld increase over KETO1) at 30 and
60 DAP, respectively]. In addition, KETO2 accumathtca: 33 pg/g DW and ca: 79 pg/g
DW total carotenoids at 30 and 60 DAP, respectivédly 30 DAP it accumulated high
amounts of astaxanthin (ca: 22 pg/g DW) and low wam® of other ketocarotenoids such as
adonirubin (ca: 3 pg/g DW), 3-OH-echinenone (caug3g DW), canthaxanthin (ca: 2 pg/g
DW) and adonixanthin (ca: 2 pg/g DW). It also acalated small amounts of lutein (ca: 1
png/g DW; 6-fold increase over WT) and otlfgp-carotenes and xanthophylls compared to
WT, including zeaxanthin (ca: 8 pg/g DW; 19-fold¢rease over WT)j-carotene (ca: 7 pug/g
DW), antheraxanthin (ca: 5 pg/g DW; 113-fold ineeaver WT),-cryptoxanthin (ca: 3
png/g DW) and violaxanthin (ca: 1 pg/g DW; 8-foldeowVT). In addition, it accumulated
upstream precursors including lycopene (ca: 5 /) and phytoene (ca: 4 pg/g DW).
Similarly to CARO1 and CARO2, dry seeds from KET&@Zumulated higher amounts of the
upstream precursor phytoene (ca: 54 pg/g DW) wkedeavnstream metabolites decreased.
Astaxanthin was still the predominant ketocarotdraii60 DAP (ca: 16 ug/g DW), followed
by adonirubin (ca: 4 pg/g DW), canthaxanthin (ca:gdg DW), 3-OH-equinenone (ca: 2 pug/g
DW) and adonixanthin (ca: 1 pg/g DWlable 2.5. p-Carotene (ca: 12 pg/g DW) was the
predominant carotene and zeaxanthin (ca: 6 ug/g PWMpld increase over WT) was the
predominant xanthophyll at 60 DAP. Levels of luteiaere very low compared to CAROL1 and
CARO2 (ca: 1 pg/g DW)Table 2.4) When OR was crossed with KETO2 to generate
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ORXKETOZ2 the carotenoid profile in the endosperchrtht change substantially compared to
KETO2 parent which accumulated high amounts of temmds and ketocarotenoids.

ORXKETO2 accumulated ca: 30 pug/g DW and ca: 74 pykgtotal carotenoids at 30 and 60

DAP, respectively, and ca: 28 pg/g DW and ca: 18 IDyV total ketocarotenoids at 30 and
60 DAP, respectivelyTable 2.4; Table 2.3.

2.4.4 Transcript analysis of endogenous carotenoidnd MEP pathway genes andoftf
indicates no obvious changes in the levels of acculation of these endogenous genes in

hybrids and their respective parents

Quantitative real-time RT-PCR was used to compelative transcript levels of endogenous
carotenogenic genes, MEP pathway genes Zmgftf, as described in section 2.3.1.
Transcript levels of each gene in the WT were ta&erreference (value 1.00). Levels of
expression of each gene in transgenic lines CAR@R KETO2 and their corresponding
crosses ORXCARO2 and ORXKETO2 were compared relgtte the WT Figure 2.9).

In CARO2, transcript levels oZmpsy2, Zmlyce, Zmbch2, Zmcyp97B, Zmcyp97C in the
carotenoid pathwayZmdxsl, Zmdxs3, Zmdxr and Zmhd in the MEP pathway andmpftf
remained the same as in the WIranscript levels oZmcyp97A, Zmbchl, Zmlycb in the
carotenoid pathway andndxs2 in the MEP pathway were higher in CARO2 compareth wi
WT (ca: 2-, 3-, 6- and 11-fold increase over Wispextively)and transcript levels gisyl
increased substantially due to the expression etrdnsgene (ca: 10,000 fold increase over
WT). In ORXCARQOZ2, transcript analysis indicatedttiranscript levels oZmpsy2, Zmlyce,
Zmecyp97B and Zmcyp97C in the carotenoid pathwaymdxsl, Zmdxs3 and Zmhdr in the
MEP pathwayand Zmpftf remained similar to WT.Zmcyp97A transcript levels were similar
to WT and lower than in the CARO2 parent, whereasstcript levels oZmbchl were higher
than WT and similar to CARO2 in the hybrid. Tramgttevels of Zmpsyl (ca: 5,600 fold
increase over WT)Zmlycb (ca: 2-fold increase over WT) arfindxs2 (ca: 7 fold-increase
over WT) were higher than WT and lower than CARD&nscript levels oZmbch2 (ca: 3-
fold increase over WT) andmdxr (ca: 2-fold increase over WT) were higher in ORXGAR
than in WT and CARO2 parents.

In KETO2, transcript levels ampsy2, Zmlyce, Zmbch2 in the carotenoid pathwaymadxsl,
Zmdx3, Zmdxr and Zmhdr in the MEP pathway andmpftf did not changed compared with
WT. Transcript levels oZmlych, Zmbchl, Zmcyp97A, Zmcyp97B, Zmcyp97C and Zmdxs2
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were higher (ca: maximum 4-fold) in KETO2 compatedWT. Levels ofpsyl increased
substantially due to the expression of the transgea: 1,000 fold increase over WT). In
ORXKETO?2 transcript levels aZmlyce, Zmbch2, Zmdxsl, Zmdxs3, Zmdxr and Zmpftf were
similar to WT. Transcript levels oZmcyp97A and Zmcyp97B remained similar in
ORXKETO?2 line compared with WT but lower than KET@2arent. However, transcript
levels of Zmpsyl, Zmpsy2, Zmlycb, Zmbch2, Zmhdr and Zmdxs2 were similar to KETO2
parent and higher than WT. Transcript levelZmtyp97C were similar to WT and KETO2.

GENES WT CARO2 ORxCARO2 | KETO2 | ORXKETO2 | KETO1 | ORXKETO1
Zmpsy1l 1.00d 9940 a 5585 b 1027 c ‘ 927 c 1.08d
Zmpsy?2 1.00b 0.79b 1.20b 1.48 ab ‘ 234 a 1.03b
Zmlyce 1.00 ab 1.23 ab 191a 0.83b ‘ 1.06 ab 0.35c
Zmlycb 1.00c 5.94 a 2.35b 3.21 ab ‘ 2.34b 0.85c
Zmbchl 1.00c 2.95b 211 b 434 a ‘ 451 a 0.52d
Zmbch2 1.00b 1.53b 255a 1.86 ab ‘ 1.75 ab 1.43b
Zmcyp97A EEENe[oNs 1.60 a 1.10b 161a ‘ 1.09b 1.24b
Zmcyp97B NeeN] 1.34b 2.16 ab 3.25a ‘ 2.17 ab 1.15b

Zmcyp97C NeleNs] 1.26 b 1.37 ab 220 a 1.51 ab 1.09b

Zmdxs1 1.00b 1.01b 0.68b 0.81b ‘ 0.67b 0.83b
Zmdxs2 1.00c 11.13 a 6.74 b 3.79b 4.35b 0.72c
Zmdxs3 1.00 a 0.90 a 121a 0.94 a ‘ 1.80 a 0.69 a
Zmdxr 1.00b 1.06 b 1.64 a 1.05b ‘ 0.83b 0.42c

Zmhdr 1.00 b 1.80 ab 2.27 ab 2.92 ab ‘ 3.22a 1.13Db

Zmpftf 1.00 a 0.90 a 1.08 a 1.02 a ‘ 1.28 a 1.35b

Figure 2.9 — Relative mRNA expression for endogensicarotenogenic genes, MEP pathway-related genes
and Zmpftf in 30 DAP maize endosperm, normalized agjnst actin mRNA and presented as the mean of
three biological replicates.Transcript levels in WT (M37W) were taken as refigeeand given the value 1.00.
Down-regulated and up-regulated gene expressiorpamed with WT, shown in different intensity red and
green color, respectively, corresponding to lowehigher values. Abbreviationgmpsyl, phytoene synthase 1;
Zmpsy2, phytoene synthase 2; Zmlyce, lycopene e-cyclase; Zmlycb, lycopene f-cyclase; Zmbchl, carotenoid g-
hydroxylase 1; Zmbch2, carotenoid S-hydroxylase 2; Zmcyp97A/B, P450earotenoid S-hydroxylase; Zmeyp97C,
P450¢arotenoid e-hydroxylase, Zmdxsl/2/3, 1-Deoxy-D-xylulose-5-phosphate synthase; Zmdxr, 1-Deoxy-D-
xylulose-5-phosphate  reductase; Zmhdr, methylbut-2-enyl-diphosphate reductase; Zmpftf, plastid
fusion/translocation factor. Different letters @spond to statistical significant different grougts P>0.01.
Means not sharing the same letter are significatiffgrent (Tukey HSD, P < 0.05).
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In KETO1 transcript levels oZmpsyl, Zmpsy2, Zmbch2, Zmlycb, Zmcyp97A, Zmcyp97B,
Zmeyp97C in the carotenoid pathwaymdxsl, Zmdxs2, Zmdxs3 and Zmhdr in the MEP
pathway andZmpftf remained similar to WT. Transcript levels Zhlyce and Zmbchl were
downregulated ca: maximum 3-fold in KETO1 over WHinally, transcript profile of
carotenogenic genes, MEP pathway-related geneZmapftf in ORXKETO1 were similar to
KETO1 with the exception oZmdxsl which accumulated at statistically significant hregh
levels than in the WTZmdxr levels remained similar to the WT but were sty

significantly higher compared to KETOEigure 2.9).

2.4.5. Increase of carotenoid content in diverse getic backgrounds leads to the creation
of a metabolic sink

Endosperm transmission electron microscopy (TEM)yais of the first layer of cells under
the epithelium of WT, OR, CARO1, CARO2, KETO1, KEZ@nd ORXKETOL1 at 30 DAP
revealed electron-dense plastoglobuli inside plastAnalysis of ORXCARO1, ORXCARO2
and ORxXKETO2 were not performed due to the fadtnbadifferences were observed in seed
color phenotype, carotenoid content and endogegeuns expression amongst hybrids and
their corresponding parents CARO1, CARO2 and KETBI2astoglobuli inside plastids of
WT and KETO1 were present in very few plastids, iehe lines accumulating higher
amounts of total carotenoids, CARO1, CARO2 and KETCGontained many plastids with
plastoglobuli. The number of plastoglobuli in ORIEMRXKETO1 was higher compared to
WT and KETO1, respectively{gure 2.10.
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Figure 2.10 — Micrographs of 30 DAP endosperm fronWT and transgenic maize lines OR, CAROL,
CARO2, KETO1, KETO2 and ORxKETO1. A. Light micrograph of WT endosperm; arrows indeat
aleurone cell layer. B-H Transmission electron wscopy of WT (B), OR (C), CARO1 (D), CARO2 (E),
KETO2 (F), KETO1 (G) and ORXKETO1 (H). Arrows indie plastoglobuli inside plastids. Abbreviations: m
mitochondria; cw, cell wall; N, nucleus. Scale EOpm (A), 0.7um (B-H).
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2.5 Discussion

2.5.1 The AtOR transgene enhances total carotenoid content withbualtering
composition in the endosperm of hybrids only whenhe pre-existing carotenoid pool in

the parents is low

The identification of a splicing mutation of tleeange (or) gene (which is not a carotenoid
pathway gene) increases carotenoid accumulatiqgrecesly p-carotene, via induction of
chromoplast differentiation in cauliflower (Li et 2001). Thus, the generation of metabolic
sink due to overexpression af has been used as a strategy to increase carot@nteht in
different plant species. In potato tubers cv. Dssiroverexpression of cauliflower
increased the carotenoid content, specigiyarotene, which continuously increased under
cold storage (Lopez et al. 2008; Li et al. 2012pwidver, in potato tubers cv. Phureja no
increase on cold storage was observed and cardtémoeased ca. 60%, mainly because of
zeaxanthin, antheraxanthin, violaxanthin and lu¢(€ampbell et al. 2015). Different behavior
in terms of carotenoid accumulation in differentgtio cultivars (cv. Desiree vs cv. Phureja)
suggests that endogenous carotenoid profiles mightence the manner through which
expression of ther gene affects carotenoid accumulation. In rice, akierexpression of
ArabidopsisOR (AtOR) increases the carotenoid content of callus (Bal.2014) and seeds
(Bai et al. 2015) when it is overexpressed in comation with carotenogenic gengmpsyl
and Pacrtl. However, no increase of carotenoid content waseoied whenAtOR was
overexpressed alone which suggest that chromogiffstentiation is primarily triggered by
carotenoid accumulation above a certain thresholtl taat the presence of orange protein
may augment or potentiate this process but is mdficent without other drivers of
carotenoid accumulation (Bai et al. 2014, 2015)e@xpression of sweetpotato (Ibor) not
only increases thp-carotene content in transgenbor calli, but also significantly increases
the a-carotene, luteinB-crytoxanthin and zeaxanthin content suggesting Itsa influences
carotenogenic gene expression. The transgdaic calli also exhibit increased antioxidant
activity and tolerance to salt stress most likedgduise of the increase in carotenoid content
(Kim et al. 2013). Furthermore, overexpressionboki in sweet potato resulted in ca: 3-fold
increase of total carotenoid content although tbemosition was not influenced by the
overexpression dfbor since only pre-existing carotenoids in the nomgggenic control were

elevated (Goo et al. 2015). Introduction IbDr-Ins into purple-fleshed sweetpotato plants
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enhanced both anthocyanin and carotenoid accuronlatitheir storage roots suggesting the

generation of metabolic sink for pigments (ParkleR015).

In maize, | observed two distinct situations concey the role ofAtOR in increasing total
carotenoid accumulation in the endosperm. In thst Scenario, when pre-existing total
carotenoids were low in the parent used to croshk WR (e.g. KETO1), introgression of
AtOR increased the total carotenoid content up to A2-&b 30 DAP in the corresponding
hybrid (Table 2.3. Interestingly, carotenoid composition did notanbe suggesting that
AtOR enhances carotenoid accumulation rather than gindifthe endogenous carotenoid
pathway. Carotenoid composition of KETO1 did notamfpe substantially at 60 DAP
compared to 30 DAP and the behavior of the hyBBBRXKETO1) was similar to the parent
(KETO1) revealing that carotenoid levels remainatigkely constant throughout seed
development in this line={gure 2.10.
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Figure 2.11 — Total carotenoid content and compositn in wild-type M37W, transgenic lines OR and
KETO1 and hybrid ORXKETO1 ORXKETO2 in T ; generation at 30 DAP (*) and 60 DAP (**) (n=3-5
seeds).

The second situation is defined when the pre-exgdital carotenoid content was high in the
parent used to cross with OR (e.g. CARO1, CARO2KR@O?2). In this scenarid&tOR did
not influence carotenoid content and compositioBGbr 60 DAP in the resulting hybrids.
Carotenoid composition of CARO1, CARO2 and KETOzarued slightly at 60 DAP
compared to 30 DAP mainly because of the incredsghgtoene and reduction of other
carotenoids such as lutein, zeaxanthin and anthethix. The behavior of the hybrid was

similar to the corresponding parent. Novel compauaccumulated in hybrids that were only
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detected at trace amounts in the correspondinghfsa®nfirmed that AtOR increased the
amount of pre-existing carotenoidddure 2.11).
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Figure 2. 12 — Carotenoid content and compositionni CARO1, CARO2 and KETO 2; and hybrids
ORXCARO1, ORXCARO2 and ORXKETO2 in T, generation at 30 DAP (*) and 60 DAP (**) (n=3-5
seeds).

2.5.2 Endogenous carotenoid biosynthetic genes, MEpathway genes, and thepftf
transcriptor factor are not upregulated in hybrids harboring the AtOR gene despite

increases in total endosperm carotenoid content

In previous reports, there was no indication the taulifloweror induced carotenoid
biosynthesis gene expression (Li et al. 2001, 2Q@6gt al. 2006). However, it has been
shown in potato that cauliflower regulated stability of PSY protein, which provideidher
enzyme activity for continuous biosynthesis of ¢tamoids during storage (Li et al. 2012). In
addition, cauliflower OR protein may function insasiation with the molecular chaperone
system to stabilize protein folding (Li et al. 201Burthermore, a recent report revealed that
Arabidopsis OR proteins function as the major ragguk of PSY protein and activity and that
OR modulates carotenoid biosynthesis by means sf-tpanscriptional regulation of PSY
(Zhou et al. 2015). In contrast, in sweet potatltlusaoverexpression odfbor revealed that
increased carotenoid accumulation was via an upagga of carotenoid biosynthetic genes
Ibpsy, Ibcrtiso, Iblycb andlbbch (Kim et al. 2013). Similarly, the overexpressidrilaor in an
anthocyanin-rich purple-fleshed cultivar resulted upregulation of carotenogenic genes

Ibpds, 1bzds, Iblycb, Ibbch andlbzep. Interestingly|blyce was downregulated and carotenoid
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cleavage dioxygenasebccdl, Ibccd4 and 9-cis-epoxycarotenoid dioxygenaseseq) were
also upregulated (Goo et al. 2015; Park et al. RO15 transgenic rice endosperm
overexpressingtOR resulted in upregulation of the endogenous caogfenic gene©slyce,
Odlycb and Osbch2 (Bai et al. 2015). These results suggested @Rtmight increase
carotenoid content because of the upregulation rafogenous carotenoid biosynthetic
pathway genes.

In maize, a detailed transcript analysis of carogemic genes revealed no dramatic changes
in transcript accumulation in OR lines compare@iid-type, with the exception of ca: 2-fold
downregulation ofZmlyce, which correlates with high zeaxanthin contenthe OR lines
because the metabolic flux was directed throgrgfinanch of the pathwaygure 2.5). Lower
transcript levels oZmlyce were also measured in KETO1 compared to WT (3-figldrease),
suggesting that extension of the carotenoid pathwasetocarotenoids directs flux to tfe
branch of the pathway. Lower transcript levels Zvflyce compared to WT were also
measured when OR was introgressed into a more eontphnsgenic maize line with a
combination of g-carotenoid hydroxylase gensgB(crtZ) and two carotenoid ketolagenes
(sCrbkt and sBrcrtW) (ORXKETOL) even transcript levels were similarQ® and KETO1
parents Figures 2.6and2.8). Thus, no synergistic effect was observed indtapt levels of
Zmlyce in the ORXKETOL1 hybrid. However, downregulation &ilyce transcript levels
compared to WT was not observed in transgenic lmnesexpressing carotenogenic genes
(CARO1, CARO2 and KETOZ2) or their corresponding tgd® with OR (ORxCAROL1,
ORXCARO2 and ORxKETO2), suggesting th&lOR does not affect endogenous gene
expression in this lines. Furthermore, transgeimesl overexpressing carotenogenic genes
(CARO1, CARO2 and KETOZ2) and their correspondindgrids with OR (ORxCARO1,
ORXCARO2 and ORXKETO2) showed a significant inceea$ Zmlycb transcript levels
suggesting that overexpression of carotenogeniegydinects the flux through tifiebranch of

the carotenoid pathway in the M37W background.

In order to assess the potential influenceAtDR on early precursors of the carotenoid
pathway,Zmdxsl, Zmdxs2, Zmdxs3, Zmdxr andZmhdr gene expression involved in the MEP
pathway was evaluated. No changes in transcriptldeof MEP pathway genes were
measured in transgenic line overexpresstPR with the exception of ca: 2-fold
upregulation oZzmdxsl, which might suggest slight flux increase in tla@otenoid pathway
resulting in increase of accumulation of caroteso{igure 2.5. Similar results were

obtained when OR was introgressed into a more caxnpiansgenic maize line with a
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combination of g-carotenoid hydroxylase gensB(crtZ) and two carotenoid ketolagenes
(Crbkt and sBrcrtW) (ORXKETO1). However, upregulation afmdxsl transcript levels
compared to WT was not observed in transgenic lmesexpressing carotenogenic genes
(CARO1, CARO2 and KETO2) and their correspondindgrids with OR (ORxCARO1,
ORXCARO2 and ORXKETO2)Hgure 2.8. Furthermore, transgenic lines overexpressing
carotenogenic genes (CARO1, CARO2 and KETO2) aed ttorresponding hybrids with
OR (ORXCARO1, ORXCARO2 and ORXKETO2) exhibited gngficant increase aZmdxs2
transcript levels compared to WT, suggesting thareéxpression of carotenogenic genes
produces a positive feedback regulation and ineseake metabolic flux through the
carotenoid pathway in M37W background. In Arabidsp=llus, the effect oAtOR in the
expression of two MEP pathway gen@s0XS andAtDXR) was evaluated, resulting in up to
1.2- and 1.3-fold increase over WT, respectivelyjudi et al. 2015). However, authors
concluded that expression of carotenoid biosynthggnes were not greatly affectedd©OR
callus (Yuan et al. 2015).

The plastid fusion/translocation factqgftf is known to be involved in chromoplast
differentiation in red pepper (Hugueney et al. )995verexpression ofbor resulted in
increase offtf transcript levels in sweet potato callus and tulbmrggesting that chromoplast
formation is triggered (Kim et al. 2013; Goo et2015; Park et al. 2015). No changes in the
Zmpftf transcript levels were observed in transgenic endigbrids in whichAtOR was
introgressed compared to WTFigure 2.8), suggesting thatAtOR does not trigger

chromoplast formation by itself.

2.5.3 Formation of carotenoid-rich plastoglobuli inendosperm tissues is due to high
levels of newly synthesized carotenoids rather thara direct effect of AtOR gene

expression

The caulifloweror gene is the only known gene that acts &sra fide molecular switch to

trigger chromoplasts differentiation of non-colom@dstids into chromoplasts (Li et al. 2006;
Lu et al. 2006; Li et al. 2012). In additioor induced the formation of chromoplasts
containing carotenoid sequestering structures tatppwhich were not observed in tubers of
potato cultivars that accumulate high levels ofotamoids (Lopez et al. 2008). Recently,
alteration of a single amino acid in a wild-type @Reatly enhanced its ability to promote

carotenoid accumulation by triggering biogenesis membranous chromoplasts in

79



Chapter 2

Arabidopsis callus without altering carotenogenieng expression (Yuan et al. 2015).
However, morphological changes in plastids havenlmserved in tomato fruits and canola
endosperm expressing PSY (Shewmaker et al. 1989eFet al. 2007; Nogueira et al. 2013).
These observations suggest that plastids are raddifi accommodate increased levels of
carotenoids produced in them. Overexpression of R8N also induce crystalline-type
carotenoid sequestering structures in Arabidopaltus; suggesting that the chromoplast
differentiation program may be a response to tleiraclation of carotenoids above a certain
threshold unless differentiation is triggered by ©&ore this threshold is reached (Maass et
al. 2009). In transgenic ricdtOR expression might influence carotenoid levels labthctly
and indirectly. Chromoplast differentiation is parily triggered by carotenoid accumulation
above a certain threshold and the presend®@R protein may augment and potentiate this
process. However, expression AtOR alone is not sufficient to trigger chromoplast
differentiation as no evidence that AtOR triggdnsotnoplast differentiation in the absence of
carotenogenic transgenednfsyl and Pacrtl) (Bai et al. 2014, 2015). Storage organs of
many species synthesize and deposit carotenoiagply in amyloplast membranes (Li et al.
2012). Amyloplasts serve as a crystalline-tppearotene sequestering sink (Cao et al. 2012).
These carotenoid sequestering structures havee&: rd) sequester excess carotenoid away
from plastid membranes, thus stimulating their cwdus biosynthesis and (2) are a stable
deposition sink that protects carotenoids from dégtion (Li et al. 2012). Amyloplasts in
maize contain carotenoids (Wurtzel 2004). In maizebserved amyloplasts and other
plastids containing electron-dense plastoglobulat timight contain low amounts of
carotenoids in a low carotenoid genetic backgrohd7W and KETO1). More plastoglobuli
were observed in high carotenoid maize backgro@fsRO1, CARO2 and KETO2). In
addition, overexpression of AtOR in OR line andORXKETO1, the hybrid resulting from
OR and KETOL1 cross, resulted in a substantial aszein the amount of plastoglobuli
containing plastids, as well as in the number @fsfglobuli inside the plastids. These
observations suggest that plastoglobuli are forased result of the increase in the carotenoid
content in transgenic lines. Recently, it has breported in Arabidopsis callus th&tOR that

did not change the appearance of the plagigdsse but alteration of a single amino acid in
AtOR results in generation of plastids containing largad electron-dense plastoglobuli.
AtOR mutant rather tha’tOR appears to be a unique protein able to mediatenubplast
biogenesis (Yuan et al. 2015).
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2.6 Conclusions

The ArabidopsisSORANGE gene AtOR) has been overexpressed in the white endosperm
M37W inbred line. | characterized two independeansgenic lines overexpressing AtOR.
Both lines exhibited an increase in carotenoid eontvithout any concomitant upregulation
of endogenous carotenogenic, or MEP pathway gengl, the exception oZmdxsl. |
conclude that the increased carotenoid content ueyeapression ofAtOR is not due to
upregulation of endogenous transcript levels. Tighdst carotenoid accumulating line was
crossed with different transgenic lines with dieecarotenoid profiles. In cases in which the
original transgenic parent crossed with the OR leerumulated low levels of total
carotenoids, resulting hybrids exhibited a subsihiricrease of carotenoid content without
any changes in the qualitative carotenoid compmmsitNo changes at the metabolite and
transcript profile levels were observed in the Igdrwhen the carotenoid content in the
original parents used to cross with the OR line high. Overexpression @mpsyl alone or

in combination with other carotenogenic genes izmandosperm resulted in the formation
of plastoglobuli structures that are known to axtaametabolic sink for carotenoids inside
plastids. These structures were also observeceiotiginal OR line and also in the resulting
hybrids derived from parent with a low carotenoahtent suggesting that a metabolic sink

inside plastids can also be generated as a rdssibstantial increases in carotenoid content.
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CHAPTER 3: INCREASED B-CAROTENE CONTENT IN
MAIZE ENDOSPERM  THROUGH RNAI-MEDIATED
SILENCING OF CAROTENOID pB-HYDROXYLASES IN
DIFFERENT GENETIC BACKGROUNDS

3.1 Abstract

| generated independent transgenic maize lines hichwthe carotenoid3-hydroxylases
Zmbchl and Zmbch2 were downregulated. A RNAi-cassette was introgréss® different
maize genetic backgrounds selected on the basihenf carotenoid profile in order to
evaluate the effect of silencing the two hydroxge®n carotenoid content and composition
in the resulting hybridsp-Carotene content increases substantially in dlridg in which
Zmbchl andZmbch2 was silenced confirming that caroten@ithydroxylases play a key role
in the conversion of-carotene to zeaxanthin. | also investigated caoateaccumulation of
the a-branch of the pathway becaugmbchl is the only non-heme di-iron carotendid
hydroxylase involved in lutein synthesis. Intenegly, transcript accumulation of carotenoid
e-hydroxylase Zmcyp97C) decreased in hybrids compared to the highest esipgeparents.

3.2 Introduction

Non-heme di-iron carotenoigthydroxylases (BCH) and heme-containing cytochrd?d&0
hydroxylases(CYP-type hydroxylases) are primarily responsibéeotenoid hydroxylation.
They exhibit overlapping activities, most notabty the hydroxylation of thg-ring of a-
carotene (Kim et al. 2009). Studies involving miasuggested that CYP97A and CYP97C
are responsible for catalyzing the hydroxylation the - and e-rings of a-carotene,
respectively, while BCH1 and BCH2 catalyze the fivang hydroxylations of-carotene
(Kim and DellaPenna 2006; Sun et al. 1996; Tian Betdapenna 2001; Tian et al. 2003)
(Figure 3.1).

87



Chapter 3

all-trans;lycopene

lycE LYCE LYCB
o~ } N
NCINPRN RR RPN SRS
T S B L/m TSR
d-carotene y-carotene
1 LYCB LYCB 1
PO T YO S
f\/;[:\v i e ‘\.'_./‘-'-‘\\-""-'.T' e o “K’ [\\“I\ S T T T R Ty Ry ey \\l(“’
CYPSTA a-carotene B-carotene
RB3 BCH1
CYP97C ot
CYP97C, BCH1/2 / \ hyd3/ rtRB1 BCH2
CYP97A
e - e T . S VS T e e N M
zeinoxanthin a-cryptoxanthin B-cryptoxanthin
CYP97CN‘ / CYP97A CrtRB3  BCH1
CYP97C,BCH1/2 = hyd3/crtRB1 BCH2
CYP97A
T - [ Y N V5 2 2 T
lutein "G .
zeaxanthin

Figure 3.1 — Xanthophyll biosynthetic pathway.The gene(s) encoding the major activity at eacph sie
shown in bold (blue). Identified maize locus nam@responding to each enzyme is shown in brown.
Abbreviations: LYCB, lycopen@-cyclase; LYCE, lycopene-cyclase; CYP97C, heme-containing cytochrome
P450 carotene-ring hydroxylase; CYP97A, heme-containing cytocheoP450 caroteng-ring hydroxylase;
BCH1/2, Non-heme di-irofi-carotene hydroxylases (Adapted from Kim et al. 200

In maize, the natural genetic diversity allowed nitfecation of hydroxylation genes
associated with reducgdcarotene content in the endosperm (Vallabhaneal 009)Hyd3
locus in chromosome 10, also nan@tRB1, encodes for BCH2 (Vallabhaneni et al. 2009;
Yan et al. 2010; Babu et al. 2013) (Figure 3.1)el&k associated with reduced transcript
accumulation correlate with highfrcarotene concentrations and decregsedyptoxanthin
and zeaxanthin content, revealing its importanceh& hydroxylation of the-ring of p-
carotene an@-cryptoxanthin (Yan et al. 2010). Maize hybridsiwitigherp-carotene content
were generated by introgression of reduced trgptsaccumulation o€rtRB1 (Muthusamy et
al. 2014). The gene encoding BCHZLitRB3, and acts as [xhydroxylase (Zhou et al. 2012).
An additional locus with allelic variation that celates with higlB-carotene content igcE.
This allele directs flux into the-branch of the pathway reducing levelspgf-carotenoids
(Harjes et al. 2008). Carotenoid cleavage dioxygeria¢cdl) that produces apocarotenoids
mainly from lycopenef-carotene and zeaxanthin, also has alleles assdcrath reduced
transcript that correlate with highef-carotene amounts (Messias et al. 2014).
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In order to develop a better understanding of tilesrof BCH1 and BCH2 in carotenoid
biosynthesis in maize endosperm, a combinationooiventional breeding and metabolic
engineering approaches can be helpful. First, auinu@al breeding allowed identification of
bchl andbch2 as key genes fgi-carotene enhancement (Vallabhnaneni et al. 2008y £t

al. 2012). CrtRB1 alleles have been correlated with hi@hcarotene content and the
introgression of these alleles has been carriednogtite inbred lines resulting in up to 12-
fold increase off-carotene content over the recurrent parent (Maimyset al. 2014).
However, introgression of specif@wtRB1 alleles to the recurrent parent requires extensive
field trials and it is time-consuming. Thus, dowagulation ofbchl and bch2 through
metabolic engineering can facilitate the generatibnovel lines with low expression of these

enzymes and higprcarotene content.

Very few commercial maize lines are amenable teternransformation. Transformation of
the elite South African M37W inbred line with a RNAterference (RNAI) construct that
down regulates expression lathl andbch2 allowed the generation of maize lines in which
lower transcript levels dbchl andbch2. A number of studies using RNAI gene silencing in
plants have been reported. For example down-ragaolatof the endogenous
photomorphogenesis regulatory gedetl, under the control of a fruit-specific promoter in
tomato increased carotenoid and flavonoid contevitereas other parameters of fruit quality
were largely unchanged (Davuluri et al. 2005). &y, detl was down regulated in
Brassica napus seeds to increase the levels of carotenoids antteethe levels of sinapate
esters (Wei et al. 2009). Down-regulation of 9-eiepoxycarotenoid dioxygenasecdd),
which catalyzes epoxidation of zeaxanthin to arstkanthin and violaxanthin resulted in
tomato fruit with increased accumulation of upstnezarotenoids such as lycopene [1.6-fold;
220 pg/g fresh weight (FW)] arfidcarotene (2-fold; 40 pug/g FW) (Sun et al. 201&2)pstato,
the introduction of an antisense fragment to bltiek expression dfyce resulted in 14-fold
increased3-carotene accumulation (ca: 43 ug/g DW) (Dirett@let2006). Silencing obch
increased-carotene levels from trace amounts in wild typ&fmtubers up to 331ug/100 g
FW in transgenic tubers (Van Eck et al. 2007).ram$genic sweet potato callupdmoea
batatas), the B-carotene content was approximately 21-fold highan in controls, whereas
the lutein content was reduced to undetectablddenvkenlyce was down regulated (Kim et
al. 2013). Sweet orange plants (cv. Pineapple) ladae been targeted to blobkh through
RNAI resulting in oranges with a deep orange phgmeotind significant increases (up to 36-
fold; ca: 114ng/g FW) ifi-carotene content in the pulp (Pons et al. 2014).
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After identification of transgenic maize lines wilown regulatedchl andbch2 expression,
self-pollination was performed to homozygosis. Elkses were subsequently used as donors
to pollinate different lines with specific carotecd@omposition in order to evaluate the effect

of silencingbch in different maize genetic backgroundsble 3.1).

3.3 Materials and methods

3.3.1 Gene cloning and vector construction

Zmbch2 cDNA fragment ofZea mays was cloned by RT-PCR using forward primer 5°-
ggaattctctagctatcgcettcagctggcaaatggag-BcgRI and Xbal sites are underlinedndreverse
primer 5°-gactagtggataacttgtccatgtggtgtatcttg-3BgmHI and Spel sites are underlined)
based on sequence information in GenBank (accessuiomber: AY844958) and suitable
restriction sites were incorporated subsequentlPBR. Genes were sub-cloned into the
pHorP vector containing the barley D-hordein praenoa 300 bp-longusA gene fragment
and the ADP-glucose pyrophosphorylase terminat@GRP). To incorporate the target gene
fragments into pHorP the vector was digested Wibhl and BamHI to introduce the sense
bch fragment between the barley D-hordein promoter thedjusA gene fragment, resulting
in pHorPbch sense. In the second step, the plasmid was digeste Spel and EcoRl, to
introduce the antisensbch fragment between thg@usA gene fragment and ADGPP

terminator, resulting in pHorP-RNAieh (Figure 3.2).

Hindlll Xbal BamHI  Spel /,BamHI Xbal / EcoRI clal
v v v v H
pHor-P Zmbch sense gusA Zmbch antisense ADGPP P
434 bp €— 464bp —>€ 300bp € 464bp —> 352 bp

Figure 3.2 — Schematic representation of pHorP-RNAZmbch.
3.3.2. Maize transformation and plant growth

The maize transformation protocol is described etadl in Chapter 2 section 2.2.2.
Homozygous lines listed imable 3.1were grown under the conditions described in Girapt
2 section 2.2.2.
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Table 3.1 — Maize lines with specific carotenoid @omulation used in this study to evaluate the effée®f
BCH downregulation by RNA..

Line Genotype Source Carotenoid profile References
High lutein (Harjes et al. 2008)
B73 Inbred USDA Very low /e ratio (Vallabhaneni and
Wurtzel 2009)
High p-carotene
C17 Inbred USDA _ _ (Yan et al. 2010)
High p/e ratio
High zeaxanthin
NC356 Inbred USDA _ ) (Yan et al. 2010)
Very highp/e ratio
Transgenic . Applied plan_t _ High zeaxanthin and
Psyl 2 1 biotechnology, Universitat p-carotene See chapter 2
mpsy de Lleida, Spain High p/s ratio
Transgenic . Applied plant High zeaxanthin
01-3 biotechnology, Universitat ) ) See chapter 2
AtOR de Lleida, Spain Medium p/e ratio
Transgenic ~Applied plant High zeaxanthin
02-9 biotechnology, Universitat ) ) See chapter 2
AtOR Mediump/e ratio

de Lleida, Spain

USDA: United States Department of Agriculture
CSIC: Consejo Superior de Investigaciones Cietsfic

3.3.3 RNA extraction and cDNA synthesis

The protocols are described in detail in Chaptesetfion 1.2.2.

3.3.4. RNA blot analysis

The protocol is described in detail in Chapterektion 1.2.7.

3.3.5. Real-time gRT-PCR

The protocol is described in detail in Chapter &isa 2.2.5.

3.3.6. Carotenoid extraction and UPLC analysis

This protocol is described in detail in section.@.2
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3.4 Results

3.4.1 Transgenic maize lines with RNAi-mediated gensilencing ofZmbch1 and Zmbch2

| transformed fourteen-day-old immature zygotic eyob of South African elite white maize
inbred M37W by bombarding them with gold particlesated with a RNAi construct
specifically designed to downregulate endogerfiaarotene hydroxylase Zrfibch2) in the
endosperm under selection with thex gene. Because of the high homology (96.4%) at the
DNA level betweenZmbchl and Zmbch2, the same RNAI construct was expected to also
downregulateZmbchl. This was confirmed by the results as describedsesqguently.
Regenerated plants were self-pollinated to homoaygdTs). mMRNA blot analysis of
endosperm at 30 DAP revealed that endoge@mixh2 was totally silenced in two of the
transgenic lines (B1 and B7) and substantiallyrimitcompletely in two additional lines (B9
and B13) Figure 3.3.

M37W Bl B7 B9 B13

ZmbchZ.‘ . . .
ey
e e

Figure 3.3 — mRNA blot analysis (25ug of total RNA per lane) was used to monitoiZmbch2 mRNA
accumulation in the endosperm at 30 DAP of wild typ (M37W) and independent transgenic lines B1, B7,
B9 and B13

Zmbchl transcript levels were not detectable by mRNA Idotquantitative RT-PCR was
used to determine transcript accumulation for gese in M37W and the transgenic lines.
Zmbchl was downregulated in all transgenic lines ca: [8-fmmpared to M37WHigure

3.4),
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Figure 3. 4 — Transcript levels of endogenougmbchl gene in wild-type (M37W) and transgenic lines B1,
B7, B9 and B13 presented as mean of three technigablicates + SD (n=3-5 seeds)

3.4.2 Carotenoid composition in inbred lines usedsaparents to introgress RNAbch

Transgenic lines B7 and B13 in whi@mbchl transcript levels were silenced at similar
levels, and simultaneousl¥mbch2 transcript levels were silenced totally or palyial
respectively, in the same two lines, were usedetterate hybrids with different inbred lines.
The wild type inbred parents had diverse carotenpidfiles. The purpose of these
experiments was to investigate the impact of tlfierdint degrees of silencing of caroteie
hydroxylases (BCH) introgressed into the hybrids,carotenoid accumulation in immature
maize endosperm. Inbred lines B73 and C17 accuetll&titein as the predominant
carotenoid and lines NC356, O1-3, 02-9 and psyluraatated zeaxanthin as the
predominant carotenoidrigure 3.5).

80

70 .

60 phytoene
25 0 _ EB-carotene |
a - a-cryptoxanthin
S B-cryptoxanthin

=3 4 |
30 I lutein
20 — 1" zeaxanthin
10 + — — — — — W antheraxanthin

0 } } } t t |
B73 C17 NC356 0O1-3 029 psyl

Figure 3. 5 — Carotenoid composition of lines uset cross with B7 and B13.
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Different parents, selected on the basis of theidosperm carotenoid content and
composition, were crossed with B7 and B13 to gerdfae corresponding hybrids following
the scheme shown figure 3.6. T, hybrid seeds were collected at 30 DAP and ke@iRG
until further analysis to determine carotenoid eahtand composition, and transcriptomic
analysis of endogenoyscarotene hydroxylases. Crosses B7x01-3, B7xO2udcoot be

obtained due to technical problems so they weremetiuded in further analysis.

Transgenic ~
02-9
High zeaxanthin

Inbred
B73
High lutein

Particle bombarment: Y
RNAIBCH
Bar

\ v Inbred

Transgenic C17
01-3 ) High lutein
High zeaxanthin ~ High p-carotene

\ o

\

~

/\

. / Inbred
Transgenic NC356
: psyl . High zeaxanthin
High zeaxanthin
BCH1/2 downregulated

Transgeniclines: B7 and B13

Figure 3. 6 - Schematic representation indicating éw the hybrids were generated. Transgenic lines B7
and B13 in whichZmbchl1 and Zmbch2 were silenced were used to pollinate B73 and Cl&ctumulating
lutein as the predominant carotenoid), NC356, 01-3D2-9 and psyl (accumulating zeaxanthin as the
predominant carotenoid).

3.4.3 Carotenoid content and composition of hybridslerived from parents with diverse
carotenoid profiles and transgenic line in which edogenousZmbchl and Zmbch2 were

silenced

Endosperm carotenoid content and composition ofW3B7, B13, B73, C17, NC356, O1-3,
02-9 and psyl and the corresponding hybrids (B7xBEFB3xB73, B7xC17, B13xC17,
B7xNC356, B13xNC356, B13x01-3, B13x02-9, B7xpsyH &813xpsyl) was evaluated at
30 DAP (Table 3.2.
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Table 3. 2 — Carotenoid content and composition afild-type (M37W), B7, B13, B73, C17, NC356, O1-3,
02-9 and psyl parents and the corresponding hybridat 30 DAP (ug/g DW+SE) (n= 3-5 seeds].he
percentage of individual carotenoids in the endompés shown in brackets. Abbreviations: anthera,
antheraxanthin; zea, zeaxanthin; lut, lutegirpgrypto, B-cryptoxanthin;a-crypto, a-cryptoxanthin;p-caro, B-
carotene; phyto, phytoene; total caro, total cawaitis

Total
Plant anthera zea lut p-crypto a-crypto p-caro phyto caro
line pg/g DW  pg/gDW  pg/gDW  pug/gDW  pg/gDW  pg/g DW  ug/g DW ug/g
(%) (%) (%) (%) (%) (%) (%) DW
WT 0.0£0.00 2.0+0.10 1.1+0.00 0.0+0.00 0.0#0.00  0.0+0.00  0.3+0.00 34
(0) (59) (32) (0) 0) (0) 9) '
B7 0.0£0.00 2.8+0.27 1.940.19  0.0+0.00 0.0+£0.00 0.0+0.00  0.0+0.00 47
(0) (60) (40) (0) (0) (0) 0) '
B13 0.310.02 2.5+0.19 1.7#0.14 0.0+0.0 0.0+0.00  0.0+0.00 0.0+0.00 45
(6) (57) (37) (0) (0) (0) (0) '
B73 1.5+0.09 6.1+0.38 18.6+0.93 2.8+0.23  3.6+0.18 0.0+0.00  0.0+0.00 326
5) 19) (57) 8 (11) (0) (0) '
B7x 1.240.04  7.4+0.23 18.1+0.18 3.3+0.24  3.5#0.20 7.1+0.45 1.840.12 424
B73 3) (17) (43) (8) (8 a7) 4) '
B13x 0.910.05 4.6+0.06 18.5+0.04 1.8+0.24 1.8+0.05 5.840.21  0.7+0.02 341
B73 3) (13) (54) ®) ®) 7) (2) '
ci7 0.0£0.00 6.2+0.20 12.0+0.30 0.6+0.03  0.0+0.00 11.4+0.90 8.7+0.02 38.9
(0) (16) (31) 1) (0) (29) (22) '
B7x 0.8#0.01  7.3+0.20 9.0+#0.21  2.6+0.15 1.0+0.01 12.6+0.17 4.8+0.13 38.1
C17 2) 19) (24) (7 3) (33) 13) '
B13x 0.44¢0.01 11.2+0.22 8.5+0.18 2.8+0.03  1.2+0.01 14.9+0.51 5.4+0.11 444
C17 ) (25) 19) (6) 3) (34) (12) '
NC356 3.0£¢0.19 455+0.78 10.840.17 5.0+0.25 3.740.16 5.9+0.41  0.0+0.00 739
4) (62) (15) (7 (5) (8) (0) '
B7x 3.0£¢0.04 23.7+0.04 22.7+0.5 10.5+0.19 11.9+0.28 26.0+1.00 4.9+0.15 102.7
NC356 3) (23) (22) (20) (12) (25) (5) ’
B13x 2.24¢0.00 13.2+0.17 20.2+0.10 3.0+0.19 5.240.16 25.3+1.40 0.4+0.00 69.5
NC356 3) (29) (29) 4) @) (36) Q) '
01-3 0.24¢0.02 6.5+0.38  2.6+0.08 1.3+0.01  0.0+#0.00 0.0+0.00  0.0+0.00 10.6
) (61) (25) (12) (0) (0) (0) '
B13x 0.5+0.03  3.4+0.36 1.1+0.1 0.940.05 0.5+0.02  1.2+0.03  0.0+0.00 76
01-3 (7) (45) (14) (12) (6) (15) (0) '
02-9 0.0£0.00 9.3+2.02  3.940.35 1.9+0.40 0.0¢0.00 0.0+0.00  0.0+0.00 15.1
(0) (62) (26) (13) (0) (0) (0) '
B13x 0.840.06  6.5+0.04 2.2+0.08 1.2+0.01 0.6+0.05 1.8+0.04  0.0+0.00 13.1
OR2-9 () (53) (18) (9) (5) (15) (0) '
0.0£¢0.00 25.5+2.14 8.5+0.35 6.6+0.29 0.0+0.00 8.7+0.75  5.0+0.18
PYL ) (47) (16) (12) ©) (16) (©) >43
B7x 4.5+0.05 23.840.19 12.3+0.17 10.5+0.25 9.3+0.09 29.9+0.49 15.7+0.10 106.0
psyl (4) (22) (12) (10) (9) (28) (15) '
B13x 4.2+0.3 19.2+0.25 7.3+0.15 5.9+0.12 4.6+0.03 20.7+0.09 23.040.18 84.9
psyl 5) (23) ©) ) (5) (25) (27) '

B7 and B13 transgenic lines accumulated similar s of total carotenoids (ca: 4.5 pg/g
DW) as M37W (ca: 3 pg/g DW). In both lines zeaxamtfta: 2.5 pg/g DW) predominated

over lutein (ca: 2 pg/g DW). Traces of antheraxantccumulated in B13 but not in B7

transgenic linesTable 3.2; Figure 3.7.
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Figure 3. 7 — Carotenoid composition of B7, B13, B/ C17, NC356, O1-3, 02-9, psyl and the
corresponding hybrids with B7 and B13 at 30 DAP.

3.4.3.1 Carotenoid content and composition in hybrids and corresponding parents
accumulating higher amounts of -carotenoids relatively to s-carotenoids

B73 accumulated high amounts @tarotenoids relatively t@-carotenoids. Lutein (ca: 19
ng/g DW) was the predominant carotenoid followed Z@axanthin (ca: 6 pg/g DW-
cryptoxanthin (ca: 4 ug/g DWRB-cryptoxanthin (ca: 3 pg/g DW) and antheraxantioia: @
ng/g DW). Total carotenoid content in B73 was c&: |By/g DW. Total carotenoids in
B7xB73 increased 1.3-fold to ca: 42 ug/g DW. Lutéca: 18 pg/g DW; no changes
compared to B73) and zeaxanthin (ca: 7 pg/g DWAdl®increase compared to B73) were
the predominant carotenoids in the hybrid, whefeas/ptoxanthin (ca: 3 pg/g DW; 1.3-fold
decrease compared to B7ad)cryptoxanthin (ca: 3 pg/g DW; no changes compaoeB73)
and antheraxanthin (ca: 1 pg/g DW; 1.3-fold de@easmpared to B73) accounted for the
rest of carotenoids. Interestinglxcarotene (ca: 7 pg/g DW) and phytoene (ca: 2 Dy
which were absent in B73, accumulated in the hybrmtal carotenoid content in B13xB73
was ca: 34 pg/g DW, which was not significantlyfeliént from B73 parent. Lutein was the
predominant carotenoid in the hybrid (ca: 19 pugh/;Dno changes compared to B73)
followed by zeaxanthin (ca: 5 pg/g DW; 1.3-fold dese compared to B73)cryptoxanthin
(ca: 2 ng/g DW; 1.4-fold decrease compared to Ba-8yyptoxanthin (ca: 2 pg/g DW; 2-fold

decrease compared to B73) and traces of anthehamahiterestingly-carotene (ca: 6 pg/g
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DW) and traces of phytoene (ca: 1 pg/g DW) whichensbsent in B73, accumulated in the
hybrid (Table 3.2; Figure 3.7.

C17 accumulates high amountsesatarotenoids relative tp-carotenoids. Lutein (ca: 12 pg/g
DW) and B-carotene (ca: 11 pg/g DW) were the predominanbteapids followed by
phytoene (ca: 9 ug/g DW) and zeaxanthin (ca: 6 [DyX) whereas traces @tcryptoxanthin
(ca: 1 ng/g DW) accounted for the remaining carotdsin this line. The total carotenoid
content in C17 was ca: 39 ug/g DW. Total caroteromdtent in B7xC17 was ca: 38 pg/g
DW, which was not significantly different from Cparent.p-carotene (ca: 13 pg/g DW; 1.1-
fold increase compared to C17) was the predominardtenoid followed by lutein (ca: 9
ng/g DW; 1.3-fold decrease compared to C17), zdhxalca: 7 pg/g DW; 1.2-fold increase
compared to C17), phytoene (ca: 5 pg/g DW,; 1.8-fiddrease compared to C17) did
cryptoxanthin (ca: 3 ug/g DW; 4.4-fold increase pamed to C17). Traces afcryptoxanthin
(ca: 1 pg/g DW) and antheraxanthin (ca: 1 pg/g DWiich were absent in C17, accumulated
in the hybrid. Total carotenoids in B13xC17 hybindreased by 1.1-fold to ca: 44 ug/g DW.
B-carotene (ca: 15 pg/g DW; 1.2-fold increase comeghalo C17) was the predominant
carotenoid followed by zeaxanthin (ca: 11 pug/g DIA8-fold increase compared to C17),
lutein (ca: 8 pug/g DW; 1.4-fold decrease compame€17), phytoene (ca: 5 pg/g DW; 1.6-
fold decrease compared to C17) ghdryptoxanthin (ca: 3 pug/g DW; 4.9-fold increase
compared to C17). Traces afcryptoxanthin (ca: 1 pg/g DW) and antheraxantiua: 0.5
png/g DW), which were absent in C17, accumulatethénhybrid Table 3.2; Figure 3.7.

3.4.3.2 Carotenoid content and composition in hybrids and corresponding parents

accumulating higher amounts of S-carotenoids relatively to e-carotenoids

NC356 accumulates the highest amount of total eaoils among all lines (ca: 74 pg/g
DW). Zeaxanthin (ca: 46 pg/g DW) and lutein (ca: id/g DW) were the predominant
carotenoidsp-Carotene (ca: 6 pg/g DWj;cryptoxanthin (ca: 5 pg/g DW-cryptoxanthin
(ca: 4 ug/g DW) and antheraxanthin (ca: 3 pg/g @ounted for the remaining carotenoids
in this line). Total carotenoids in B7xXxNC356 incsed by 1.4-fold to ca: 103 pug/g D\~
carotene (ca: 26 ug/g DW; 4.4-fold increase congdce NC356) was the predominant
carotenoid followed by zeaxanthin (ca: 24 pg/g DM@-fold decrease compared to NC356),
lutein (ca: 23 ug/g DW; 2.1-fold increase compaie®C356),a-cryptoxanthin (ca: 12 pg/g
DW; 3.2-fold increase compared to NC356) @adryptoxanthin (ca: 11 pg/g DW; 2.1-fold
increase compared to NC356). Phytoene (ca: 5 pdkh, Dvhich was absent in NC356,
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accumulated in the hybrid and antheraxanthin (catgy DW; no changes compared to
NC356) accounted for the rest of carotenoids. Totabtenoid content in B13xNC356
decreased was ca: 68 ug/g DW, which was not sogmifiy different from NC3563-carotene
(ca: 25 pg/g DW) was the predominant carotenoitbfadd by lutein (ca: 20 pg/g DW; 1.9-
fold increase compared to NC356), zeaxanthin (8g1d/g DW; 3.4-fold decrease compared
to NC356), a-cryptoxanthin (ca: 5 pg/g DW; 1.4-fold increasenpared to NC356)p-
cryptoxanthin (ca: 3 ug/g DW; 1.7-fold decrease parad to NC356) and antheraxanthin
(ca: 2 ng/g DW; 1.4-fold decrease). Traces of physy which were absent in NC356,
accumulated in the hybrid éble 3.2; Figure 3.7.

01-3 accumulated high amountsfatarotenoids relative te-carotenoids. Zeaxanthin (ca: 6
png/g DW) was the predominant carotenoid followed lbtein (ca: 3 pg/g DW).-

cryptoxanthin (ca: 1 pg/g DW) and traces of antkemshin accounted for the rest of
carotenoids (ca: 11 pg/g DW). Total carotenoidB13x0O1-3 decreased by 1.4-fold to ca: 8
ng/g DW. Zeaxanthin (ca: 3 pg/g DW,; 1.9-fold deseeacompared to O1-3) was the
predominant carotenoid followed by lutein (ca: YguBW,; 2.4-fold decrease compared to
01-3), p-cryptoxanthin (ca: 1 pg/g DW; 1.4-fold decreasenpared to O1-3) and traces of
antheraxanthin. Interestingly-carotene (ca: 1 pg/g DW) and traces oe€ryptoxanthin,

which were absent in O1-3 accumulated in the hylJidfortunately, the cross B7x01-3 was

not possible due to technical probleralfle 3.2; Figure 3.7.

02-9 accumulated high amountsfatarotenoids relative te-carotenoids. Zeaxanthin (ca: 9
png/g DW) was the predominant carotenoid followed lbtein (ca: 4 pg/g DW).-
cryptoxanthin (ca: 2 ug/g DW) accounted for the céarotenoids (ca: 15 pg/g DW). Total
carotenoids in B13x02-9 decreased by 1.2-fold tolGaug/g DW. Zeaxanthin (ca: 7 pug/g
DW; 1.4-fold decrease compared to O2-9) was thdgmenant carotenoid followed by lutein
(ca: 2 pg/g DW,; 1.8-fold decrease compared to Oar@p-cryptoxanthin (ca: 1 pg/g DW,
1.6-fold decrease compared to O2-9). Interestirfyjlyarotene (ca: 2 pg/g DW) and traces of
a-cryptoxanthin and antheraxanthin, which were abgei®2-9 accumulated in the hybrid.
Unfortunately, the cross B7x02-9 was not possihle tb technical problemséble 3.2;
Figure 3.7).

Psyl accumulated high amounts3e¢arotenoids relative to-carotenoids. Zeaxanthin (ca: 26
png/g DW),B-carotene (ca: 9 pg/g DW), lutein (ca: 9 pg/g DWAryptoxanthin (ca: 7 pug/g
DW) and phytoene (ca: 5 pug/g DW) accounted for5gajg/g DW total carotenoids. Total
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carotenoids in B7xpsyl increased by 2-fold to @& tg/g DW p-carotene (ca: 30 ug/g DW,
3.4-fold increase compared to psyl), zeaxanthinZda.g/g DW; no changes compared to
psyl) and phytoene (ca: 16 pg/g DW; 3.1-fold inseeaxompared to psyl) were the
predominant carotenoids followed by lutein (ca:dgdg DW; 1.4-fold increase compared to
psyl) andp-cryptoxanthin (ca: 11 pg/g DW; 1.6-fold increasempared to psyl)o-
Cryptoxanthin (ca: 9 ug/g DW) and antheraxanthex & pg/g DW) which were absent in
psyl, accumulated in the hybrid. Total carotenadB13xpsyl increased by 1.6-fold to ca:
85 ug/g DW B-carotene (ca: 21 pg/g DW; 2.4-fold increase comegban psyl), phytoene (ca:
23 ug/g DW; 4.6-fold increase compared to psyl) zasakanthin (ca: 19 ug/g DW,; 1.3-fold
decrease compared to psyl) were the predominantecaids followed by lutein (ca: 7 ug/g
DW; 1.2-fold decrease compared to psyl) @ncryptoxanthin (ca: 6 pg/g DW; 1.1.-fold
decrease compared to psyd)Cryptoxanthin (ca: 5 pg/g DW) and antheraxantban @ pg/g
DW) which were absent in psyl, accumulated in Wilwid (Table 3.2; Figure 3.7.

3.4.5 Transcriptomic analysis of transgenes and eodenous carotenep- and e-
hydroxylase genes in maize hybrids reveals differénexpression profiles amongst

hybrids due to the effect of RNAi-mediated gene shcing

Endosperm samples (30 DAP) were frozen in liqutdogen and stored at -80°C until RNA
extraction was performed to measure transgene ssipre by qRT-PCRHigure 3.8). As
expected, transgene transcript levels were notctketen M37W, B7 and B13 endosperm;
AtOR transcripts were detected in O1-3, O2-9 and theesponding hybrids B13x01-3 and
B13x02-9; Zmpsyl transcripts were detected in psyl line and theesponding hybrids
B7xpsyl and B13xpsyF{gure 3.9).

A comparison amongst hydroxylase transcript accatiard in M37W relatively taZzmbchl
revealed thaZmbchl and Zmcyp97C transcripts accumulated at similar levels in thédwi
type. Transcript levels aZmcyp97A and Zmcyp97B in the wild type were 18- and 9-fold
higher, respectively, thadmbchl levels whereas transcript levels &shbch2 were 150-fold
higher tharzmbchl (Figure 3.9).
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transgenes rather than compare different transgrgiiles.

Carotenoid hydroxylase gene expression in M37W

180
160
140
120
100
80

60

40

20 m“'
0 I

Zmbchl Zmbch2 Zmcyp97A Zmcyp97B Zmeyp97C

Relative normalized expression

Figure 3. 9 — Relative mRNA accumulation of endogems hydroxylase genes in wild type (M37W);
Zmbchl, Zmbch2, Zmcyp97A, Zmcyp97B and Zmcyp97C in 30 DAP maize endosperm, normalized against
actin mRNA, relative to Zmbchl and presented as the mean of three technical repéites + SE.
Abbreviations: Zmbchl, carotenoid g-hydroxylase 1; Zmbch2, carotenoid p-hydroxylase 2; Zmcyp97A/B,
carotene e-hydroxylase; Zmcyp97C.

In addition to transgenes, endogenous hydroxyldseehl, Zmbch2, Zmcyp97A, Zmcyp97B
andZmcyp97C were analyzed at 30 DAP in M37W, B73, C17, NC3564;3, O2-9 and psyl
and the hybrids generated with B7 and B13 (B7xBB33xB17, B7xC17, B13xC17,
B7xXxNC356, B13xNC356, B13x01-3, B13x02-9, B7xpsyld adl3xpsyl Figure 3.10.
Transcript levels oZmbchl and Zmbch2 were downregulated in both transgenic lines (B7
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and B13) ca: 1.5 and ca: 2-fold, respectively camgpao wild type. mRNA accumulation of

Zmcyp97A and Zmcyp97B were similar in B7 and B13 lines over M37W. However

Increased f-carotene content in maize through RNAi-mediated silencing of carotenoid S-hydroxylases
Zmecyp97C was ca: 3.5-fold decreased compared to M3Fyure 3.10.
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Figure 3. 10 — mRNA accumulation of endogenous hydrylases:Zmbch1, Zmbch2, Zmcyp97A, Zmcyp97B
and Zmcyp97C in 30 DAP maize endosperm, normalized against aaotiand relative to M37W mRNA and
presented as the mean of three technical replicatesSE. Abbreviations:Zmbchl, carotenoid S-hydroxylase
1; Zmbch2, carotenoid p-hydroxylase 2; Zmcyp97A/B, carotene p-hydroxylase; Zmcyp97C, carotene e-
hydroxylase.

3.4.5.1 mRNA accumulation of endogenous hydroxylase genes in hybrids and corresponding

parents accumulating higher amounts of e-carotenoids relatively to s-carotenoids

Transcript levels oZmbchl andZmcyp97C were higher in B73 over M37W (ca: 10- and 1.5-
fold, respectively), whereas transcript level&Zbch2 andZmcyp97A were similar to M37W
and transcript levels amcyp97B were 2-fold downregulated in B73 over M37W. Traiscr
levels of endogenoudmbchl andZmbch2 in B7xB73 and B13xB73 were downregulated (ca:
5- and 4-fold, respectively) in both hybrids congzhto B73. Transcript levels @mncyp97A

102



Increased f-carotene content in maize through RNAi-mediated silencing of carotenoid S-hydroxylases

were similar in B7xB73 and B13xB73 hybrids than BT&nscript levels oZmcyp97B were
upregulated (ca: 1.5-fold) in B7xB73 and B13xB7digs compared to B73 and transcript
levels of Zmcyp97C were decreased (ca: 2-fold and 9-fold, respectjvalyB7xB73 and
B13xB73 hybrids compared to B7Bigure 3.10.

Transcript levels oZmbchl were higher in C17 compared to M37W (ca: 2-foldheveas
transcript levels oZmbch2, Zmcyp97A, Zmcyp97B and Zmcyp97C were downregulated (ca:
15-, 2-, 3- and 12-fold, respectively), compared/i®/W. In B7xC17 and B13xC17 hybrids,
transcript levels of endogenounbchl did not change compared to parents. However,
transcript levels oZmbch2 were downregulated (ca: 5- fold) in both hybridsnpared to
M73W although they were slightly higher than Cl7anscript levels oZmcyp97A were
decreased (ca: 1.5- fold) in both hybrids compaed37W parent although they were
slightly higher than C17. Transcript levels&ficyp97B were upregulated (ca: 7- and 2-fold,
respectively), in B7xC17 and B13xC17 compared t@ @dd transcript levels amcyp97C
were downregulated (ca: 2-fold) over CFEFigure 3.10.

3.4.5.2 mRNA accumulation of endogenous hydroxylase genes in hybrids and corresponding
parents accumulating higher amounts of S-carotenoids relatively to e-carotenoids

Transcript levels oZmbchl were higher (ca: 15-fold) in NC356 compared to M37Videreas
transcript levels oZmbch2 were similar and transcript levels dimcyp97A, Zmcyp97B and
Zmcyp97C were downregulated (ca: 2-, 5- and 12-fold, respelg), compared to M37W. In
B7xNC356 and B13xNC356 hybrids, transcript levelsendogenougZmbchl and Zmbch2
were downregulated (ca: 5- and 7-fold, respectjvatly both hybrids compared to NC356.
Transcript levels oZmcyp97A and Zmcyp97C did not change in both hybrids compared to
NC356, whereas transcript levels acyp97B were upregulated (ca: 2- fold) in hybrids
compared to NC35a~gure 3.10.

Transcript levels oZmbchl, Zmbch2, Zmcyp97A, Zmecyp97B and Zmcyp97C did not change
in 02-9 compared to M37W. In B13xO1-3 hybrid, tremst levels of endogenougmbchl
did not change, whereas transcript levelsZaibch2 were downregulated (ca: 3- fold)
compared to O1-3. Transcript levelsamcyp97A, Zmcyp97B andZmecyp97C did not change
in B13x0O1-3 hybrid compared to O1-3 pardrg(re 3.10.

Transcript levels oZmbchl, Zmbch2, Zmcyp97A, Zmcyp97B and Zmcyp97C were similar in
02-9 compared to M37W. In B13x0O2-9 hybrid, transcievels of endogenougmbchl,
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Zmecyp97A and Zmcyp97B were similar to WT, whereas transcript levels Zohbch2 and
Zmcyp97C were downregulated (ca: 2- and 1.2-fold, respelgfiven hybrid compared to O2-
9 parent Figure 3.10.

Transcript levels oZmbchl, Zmcyp97A and Zmcyp97B were similar in psyl compared to
M37W, whereas transcript levels dimbch2 were upregulated (ca: 2-fold) and transcript
levels of Zmcyp97C were downregulated (ca: 12-fold) in psyl line conspato M37W. In
B7xpsyl and B13xpsyl, transcript levels of endogsizanbch2 were downregulated (ca: 5-
and 3-fold, respectively), in both hybrids comparegsyl line. Transcript levels @mbchl,
Zmeyp97A, Zmeyp97B andZmeyp97C were similar in hybrids than psy1 linEigure 3.10.

3.5 Discussion

3.5.1 RNAi-mediated silencing of endogenou&mbchl and Zmbch2 genes leads to a
significant increase ofp-carotene accumulation in the endosperm of hybridsierived

from parents with diverse carotenoid profiles

Two classes of structurally-unrelated enzymes yag¢aihe hydroxylation ofi- andp- ionone
rings in higher plants: CYP97-type heme-containgygjochrome P450 hydroxylases and
BCH-type non-heme di-iron hydroxylases. Malxh2 (also known asyd3 andcrtRB1) is
developmentally regulated but preferentially expegisin the endosperm, where it governs the
critical steps in the conversion pfcarotene to zeaxanthin acryptoxanthin (Vallabhaneni
et al. 2009; Li et al. 2010; Babu et al. 2012, ¥amal. 2010; Naqvi et al. 201Jmbch2 is the
only carotenoid hydroxylase expressed at high emdengels to be detected by mRNA blot
(Li et al. 2010). Hypomorphic alleles cause theuamglation of p-carotene in maize
endosperm (Vallabheneni et al. 2009; Yan et al0O2@mbch2 alleles have been correlated
with high B-carotene content and the introgression of thdséealhas been carried out into
elite inbred lines resulting in up to 12-fold inase off-carotene content over the recurrent
parent (Muthusamy et al. 2014). In contrast, castgidjene association analysis identified 18
polymorphic sites irZmcrtRB3 (BCH1) significantly associated with one or moagatenoid-
related traits in 126 diverse yellow maize inbrieés. These results indicate thahl plays a
role in hydrolyzing bothu- andp-carotenes. Polymorphismslaxehl had higher influence on

variation ofa-carotene thafi-carotene levels (Zhou et al. 2012).
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Zmbchl andZmbch2 cDNAs in maize endosperm are highly homologousd®$.at the DNA
level. They map to different chromosomes but enoagtg similar proteins (76.6% identity,
with highly conserved motifs typical of an iron-¢aiming monooxygenase) (Li et al. 2010).
Previous reports indicated that in bacteria prauy@carotene and expressing thelbch2
cDNA, more than half of the-carotene was converted into downstream products,
approximately 80%f3-cryptoxanthin and 20% zeaxanthin. In contrast,tdréa expressing
Zmbchl cDNA were only able to convert less than 5% of #wailablep-carotene tof-
cryptoxanthin as the sole product. This functiatiference might indicate that the two genes

diverged during evolution to fulfill different radan carotenoid biosynthesis (Li et al. 2010).

| generated transgenic plants in whicdmbchl and Zmbch2 were downregulated
simultaneously as the RNAI cassette was targetediigh homology region of the two genes
(Figures 3.3and3.4). Zmbch2 gene silencing varied amongst transgenic lingadisated by
MRNA blot analysis: Transgenic lines B1 and B7 bithd total silencing oZmbch2 whereas

in lines B9 and B13Zmbch2 was only partially silenced. The extent &fbchl silencing
could only be determined by gPCR because of thelémels of Zmbchl transcripts which
accumulated in the endosperm of these lines. | unedsa relatively uniform decrease in the
levels ofZmbchl transcript accumulation in all the transgenic lifes 3-fold). This suggests
that the insertion of the RNAI cassette into thezmgenome might affect the effectiveness of
the RNAI construct because the effects observemdependent lines were different. The
M37W inbred line used for transformation only accuates traces of carotenoids Zmpsyl
expresses at very low level in the endosperm aflthe (Zhu et al. 2008; Naqvi et al. 2009).
Consequently, primary transformants in a M37W genbackground are not suitable to
evaluate the effects of the silencing of these pagarotene hydroxylases in the endosperm.
For this reason | introgressed the RNAI cassetgleat in the M37W transformants B7 and
B13) into different maize lines, selected on theibaf their endosperm carotenoid content
and compositionKigure 3.5). | chose lines B7 and B13 as introgression pargnbrder to
assess whether complete or partial silencingmbch2 might have an effect on carotenoid

accumulation.

Carotenoid composition analysis of hybrids generatéh transgenic lines B7 and B13 in
which Zmbchl transcript levels were downregulated at similaels andZmbch2 transcript
levels were downregulated at high and intermedatels, respectively, revealed a variation
in carotenoid compositionT@ble 3.2 Figure 3.7). The effect of silencing oZmbchl and

Zmbch2 appears to be more pronounced in phRleranch of the pathwayB-Carotene was
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absent in the endosperm of B73, O1-3 and 02-9. MWewethe corresponding hybrids
accumulated up to ca: 5ug/g DW of total carotenandshe endosperm. NC356 and psyl
hybrids accumulated-carotene at levels up to 3.4-fold higher than rtlegirresponding
parents (ca: 30 pg/g DW). However, no significanargges were observed fhacarotene
levels of C17 hybrids becau&mbch2 transcript levels were already low in the C17 paren
(Figure 3.9. B-Cryptoxanthin levels increased in C17 hybrids dadreased in O1-3 and O2-
9 hybrids. B-Cryptoxanthin levels increased in hybrids betw@&hand B73, NC356 and
psyl. In contragh-cryptoxanthin levels decreased in the correspanbybrids with B13. The
higher degrees oZmbch2 silencing in the B7 parent relative to B13 mighpplan the
different B-cryptoxanthin levels in the two situations. Thelfgxylation capacity in the B7
parent is reduced compared to B13, so the monoRyldited carotenoig-cryptoxanthin is
seen to accumulate at the expense of the dihydated/B-carotenoid zeaxanthin. Total
zeaxanthin levels decreased in NC356, O1-3 and @2ids (with both B7 and B13
parents), and zeaxanthin levels relative to tosabtenoids increased also in B73 and psyl
hybrids, suggesting that the increasepafarotene content correlated with the decrease of
zeaxanthin content due t@mbch2. Zmbch2 polymorphisms based on molecular markers
reported by several authors (Vallabhaneni et 2092Qi et al. 2010; Babu et al. 2012, Yan et
al. 2010) correlated with increafecarotene content in agreement with my resultshé-
branch of the pathwaf-hydroxylation ofa-cryptoxanthin results in the formation of the end-
product of the pathway, lutein-Cryptoxanthin accumulated in C17, O1-3, 02-9 arsylp
hybrids even though this metabolite was absent 17, ®1-3, O2-9 and psyl. B73 and
NC356 hybrids, whose parents accumulated the hidhesscript levels oZmbchl, showed

an increase ofa-cryptoxanthin levels in B7 hybrids compared to tparents ando-
cryptoxanthin levels remained the same in B13 highdompared to the parents suggesting
that an additionaP-hydroxylase is required to convextcryptoxanthin to lutein. Lutein
accumulation was reduced only in C17, O1-3 and O84%ids but increased in NC356
hybrids and psyl hybrids and did not change in ByBrids, suggesting again that an

additionalp-hydroxylase is required to convercryptoxanthin to lutein.

3.5.2 RNAI-mediatedZmbch1 and Zmbch2 silencing impacts differently the expression
of P450-carotengs-hydroxylase ande-hydroxylase genes

In M37W endospermZmbch2 is highly expressed compared #mbchl, Zmcyp97A,
Zmecyp97B andZmecyp97C (Figure 3.9). Zmbchl has been reported to have a higher impact
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on B-hydroxylation of a-carotenoids rather thafi-hydroxylation of B-carotenoids as
polymorphisms of this gene correlated well with enaariation ino- than in p-carotene
(Zhou et al. 2012). Transcript levels dimbchl exhibited the highest variability amongst
parents relative to M37W, representing a maximuml&afold increase. Transcript levels of
Zmbchl were highly downregulated in B73 and NC356 hybidspared to their parents,
representing a maximum of ca: 5-fold decrease,alenge an efficient downregulation of
Zmbchl by the RNAI construct in the parent. Howevambchl transcript downregulation in
01-3, 02-9 and psyl hybrids was not significant Zmbichl transcript levels in C17 hybrids
were higher than in the C17 and M37W parents, sstggethat endogenoudnbchl alleles
might influence the effectiveness of the RNAI counst introgressed into these hybrids. Up to
ca: 5-fold lowerZmbchl transcript levels in hybrids of B73, NC356 compatedtheir
corresponding parents did not correlate with ingeeda-cryptoxanthin and decreased lutein
levels, which suggests that an additional carotefidiydroxylase might be involved in the
conversion ofu-cryptoxanthin to lutein. In the case &ibch2, up to 2.5-fold variation was
observed amongst all lines (parents and hybridsgaling low variability in gene expression.
However, crtRB1 (BCH2) locus has been reported to have high impactpararotene
accumulation (Vallabhaneni et al. 2009), corretptimith high expression levels @mbch2
compared to the othd-hydroxylasesZmbch2 transcript levels were lower in all hybrids
compared to the respective parents with the exaepif C17 hybrids in which transcript
levels were lower than in the M37W parent (contagnihe RNAI construct) but higher than
the C17 parent. In addition, the different degreégene silencing in B7 and B13 also
manifested in the hybrids derived from these lifdss indicates that the effectiveness of the
RNAI construct is stable over generations. VariatammongstZmcyp97A and Zmcyp97B
transcript levels in parent lines and hybrids was low to note significant differences, so
differences of transcript levels d@mncyp97A and Zmcyp97B might be attributable to natural
variation of transcript levels. Low transcript \ability suggests thaZmcyp97A and
Zmcyp97B are tightly regulated. Transcript levels Zihcyp97A and Zmcyp97B were similar

in hybrids compared to their respective parentdmntrast, transcript levels of caroteneid
hydroxylaseZmcyp97C varied up to 19-fold (increased in B73 relative(d7, which are the
two extremes in the variation amongst all the pajeAmcyp97C transcript levels in hybrids
were downregulated in B73, C17, O1-3 and O2-9 laghtbut not in NC356 and psyl hybrids
with respect to their corresponding parents. lstamgly, hybrids which did not have
significantly reduced levels @mvyp97C compared to the parents did not show a reduction in

lutein content. This suggests that a downregulatibrcarotenoidp-hydroxylase transcript
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levels might have a collateral effect on downregataof transcript levels of carotenoid
hydroxylase.

3.6 Conclusions

Four independent transgenic lines with RNAi-medlaggene silencing oZmbchl and
Zmbch2 in a M37W genetic background were generated. Iferdinces in carotenoid content
and composition of transgenic lines B7 and B13 camag to M37W were measured because
of the low pool of carotenoids in the M37W line dder the transformation experiments.
Thus, the RNAbch cassette in transgenic lines B7 and B13 lines masgressed into several
lines with different carotenoid profiles. Targetegtabolomics analysis revealed an increase
of B-carotene levels at the expense of zeaxanthinlithal hybrids in whichZmbchl and
Zmbch2 were downregulated, confirming that the two hydteggs are crucial for the
conversion off-carotene to zeaxanthin throu@kcryptoxanthin. The maximum carotenoid
content was in B7xpsyl hybrid (ca: 30 ng/g DW).nB&ipt analysis revealed a substantial
downregulation oZmbchl in B73 and NC356 hybrids compared to their parastsvell as
downregulation oZmbch2 in all hybrids with the exception of hybrids witlZ. A decrease
of carotenoid e-hydroxylase Zmcyp97C transcript accumulation in B7 and B13 lines
compared to wild-type and in B73, C17, O1-3, O2ydrids compared to their respective
parents suggests a pleotropic effect of the downatign of Zmbchl andZmbch2.
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CHAPTER 4: IMPACT OF INCREASED CAROTENOID
CONTENT ON STARCH ACCUMULATION IN TRANSGENIC
MAIZE

4.1 Abstract

Modulation of a particular biosynthetic pathway ntewe effects on global metabolism due
to the fact that precursors for common pathways tayshared by multiple pathways.
Carotenoids are lipid-soluble compounds derivethftbhe condensation of IPP and DMAPP
units which are derived from glucose metabolismred investigated the impact of
carotenoid enhancement in transgenic lines ontstaetabolism. Total starch decreased up
to 8% in transgenic lines compared with wild typereas carotenoid content was increased
up to 40-fold. Transcriptomic analysis of key enelogus enzymes involved in starch
metabolism indicated downregulation of starch sga¢hl (SS1) and starch branching enzyme
1 (SBE1) and upregulation of debranching enzym@all&nd ISA2) in transgenic lines with
higher carotenoid content compared with wild tyipeaddition, phosphoglucomutase (PGM),
which catalyzes the production of glucose-1-phosphfaom glucose-6-phosphate, was
downregulated 2-fold in transgenic lines compareith wvild type. Few reports have
described the effects of carotenoid enhancememeoeral metabolism. Consequently these
findings provide a starting point to develop a moralepth understanding of the impact of
modulating a pathway in the context of global metsin, particularly if the pathways share

common precursors and/or products.

4.2 Introduction

Metabolic engineering to increase particular conmoisuin plants may have a global effect on
the whole metabolism because the novel productthegized might be produced at the
expense of other metabolites (Sandmann 2001). iRdlatfew studies have reported the
impact of carotenoid enhancement in transgenictplan global metabolism. Microarray
analysis in tomato revealed that the constitutixpression oflycb affected a number of
pathways including the synthesis of fatty acidgvdnoids and phenylpropanoids, the
degradation of limonene and pinene, starch andseaanetabolism and photosynthesis (Guo
et al. 2012). A metabolomic analysis of tomato espmgCrtB (phytoene synthase) aitl
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(bacterial phytoene desaturase/isomerase), encpghogne syntaseevealed changes in the
steady state levels of metabolites in unrelatedvpays, such as amino acid, isoprenoid, lipid,
organic acid and sugar metabolism (Nogueira é2@l3). Transgenic soybea@lycine max)
plants overexpressing a seed-sped@idtB exhibited a shift in oil composition increasing
oleic at the expense of linoleic acid, and a 4%ease in protein content (Schmidt et al.
2015). In maize expressingmpsyl and Pacrtl (Zhu et al. 2008), combined transcript,
proteome and metabolite analysis revealed pleimrogffects in core metabolism
(Decourcelle et al. 2015). Main changes occurresuigar metabolism as well as an increase
in sterol and fatty acid content (Decourcelle et24115). Carotenoid biosynthesis requires
precursors derived from sugars such as pyruvateisamportant that the amount of soluble
sugars is adequate to ensure the appropriate arabprecursors for carotenoid biosynthesis.
The increase of soluble sugars takes place atxpense of starch (carbohydrate reservoir)
(Figure 4.1). A decrease of starch content was reported m<itallus overexpressir@ytB
where starch level reduction occurred in paralléhvsignificant carotenoid accumulation
(Cao et al. 2015b). Alterations of starch in tomdiwing ripening were also correlated with

increased carotenoid accumulation (Tohge et a4R01
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Figure 4. 1 — Overview of general metabolism in mae and relation between products in the different
pathways. Metabolites that have been altered as a consegueinincreased carotenoid content reported in
previous studies are shown in bold. AbbreviatidPsP, phosphoenolpyruvate; E4P, erythrose-4-phospRat
phosphate; PP, pyrophosphate. (Adapted from Deeberet al. 2015; Tohge et al. 2014; Gallaghel.2G03).
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In order to evaluate the impact of carotenoid enbarent on starch biosynthesis, it is
essential to understand starch synthesis in d€earkals store energy in the endosperm in the
form of starch, which generally consists of two Depse homopolymers, the linear polymer
amylose and a highly branched glucan (amylopettiaf) connects linear chains (James et al.
2003; Jeon et al. 2010). Starch is derived fromraae; which is the primary form of
assimilated carbon in plants. Sucrose is transpdrten source tissues (leaves) to sink tissues
(seeds) where it is converted into uridine diphaspl{UDP)-glucose and -fructose by soluble
and membrane-bound forms of the enzyme sucrosdaset Whereas the latter channels
UDP-glucose towards the cellulose synthase commtethe plasma membrane (Hardin et al.
2006), the major soluble form of sucrose synthasmaize seeds, encoded by 8neunkenl
(Sh1) gene (Carlson and Chourey, 1996) provides UDReagle as a precursor for starch
biosynthesis. UDP-glucose is converted into glucbghosphate by UDP-glucose
pyrophosphorylase. Alternatively, fructose derifesin sucrose is converted to fructose-6-
phosphate by hexose kinase (HI). Fructose-6-phospisathen converted to glucose-6-
phosphate by the action of glucose phosphate issen@Pl). Glucose-6-phosphate is in turn
converted into glucose-1-phosphate by phosphogimgtase (PGM). Glucose-6-phosphate,
glucose-1-phosphate and fructose-6-phosphate ayemeatabolites because they can be
directed to both starch synthesis and glycolysallé@her et al. 2003). The committed starch
biosynthesis pathway in maize endosperm requiresctiordinated activities of multiple
enzymes, including ADP-glucose pyrophosphorylaseGRAse), granule-bound starch
synthase (GBSS), soluble starch synthase (SS)hstaranching enzyme (SBE), starch
debranching enzyme (DBE), and plastidial starchsphorylase Rhol) (James et al. 2003;
Jeon et al. 2010)Hgure 4.2). The rate-limiting step is the synthesis of ADBegse from
glucose-1-phosphate and ATP by AGPase (Russell &883). AGPase is a heterotetramer
comprising two large subunits (AGP-L; encodedshg, agplemzm, agpllzm or agpl3) and
two small subunits (AGP-S; encoded li, agpszm or agpslzm) (Hannah et al. 2001; Huang
et al. 2014). There are two known GBSS isoformmaize, with GBSSI playing the major
role in the endosperm and GBSSII producing trangistarch in non-storage tissues (Dian et
al. 2003; Hirose and Terao, 2004; Vrinten and Nakan2000). Four different SS enzymes
have been identified in plants but DU1 and zSSltrhksly account for all of the soluble SS
activity in developing kernels (Cao et al. 1993%rdet al. 2010). SBE generates amylopectin
by cleaving thex(1, 4) bonds in polyglucans and reattaching thenchia a(1, 6) bonds. The
three major SBE isoforms in developing maize keyragk SBEI, SBEIlla and SBEIIb (Ball
and Morell, 2003) and these are encoded by diftagenes (Ballicora et al. 1995; Beatty et al.
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1999; Blauth et al. 2001, 2002). SBEI has no impacendosperm starch structure, whereas
the deficiency of SBEIIb is well known to reduce thranching of starch (Li et al. 2007).
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Figure 4.2 — The starch biosynthesis pathway in mag¢ endosperm. Asterisks indicate genes from those
transcript levels were evaluated in the experimentseported in this chapter. Metabolite abbreviations: UDP,
uridine diphosphate; UDP-Glc, UDP-glucose; Fru-6ffactose-6-phosphate; Glc-6-P, glucose-6-phosphate
Glc-1-phosphate, glucose-1-phosphate; ADP-Glc, @siap diphosphate-glucose. Enzyme abbreviationac SS
S, soluble sucrose synthase; HK, hexose kinase; giiRlose phosphate isomerase; PGM, phosphoglueseiut
AGPase, ADP-Glc pyrophosphorylase, Phol, plastidiarch phosphorylase; GBSS, granule-bond starch
synthase; DBE, debranching enzyme, SS, starch asmtBE, branching enzyme (Adapted from Jeon et al.
2010; Jiang et al. 2013; Tuncel and Okita 2013).

Two different classes of DBE, isoamylase (ISA) gndlulanase (PUL), directly hydrolyze
the a(1, 6) glucosic linkages of polyglucans. In maized@sperm, ISA supports starch

synthesis as a heteromeric multi-subunit complexaining both ISA1 and the non-catalytic
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protein ISA2 or as a homomeric complex containingy dSA1 (Kubo et al. 2010). Finally,
Pho catalyzes the transfer of glucosyl units frdotgse-1-phosphate to the non-reducing end
of a(1,4)-linked glucan chains. Phol and Pho2 are iloedlin the plastid and cytosol,
respectively (Jeon et al. 201(idure 4.2). Starch can be degraded in the endosperm of
maize seeds by four isozymes @lamylase ¢-amylase-1 to -4) and one isozyme [Bf
amylase, although this step occurs mainly in geatimg seeds (Subbarao et al. 1998).

Wild-type M37W and four different transgenic mairges overexpressing (LAtOR, (L2)
Zmpsyl, (L3) Zmpsyl, Pacrtl and Gllycb or (L4) Zmpsyl, Pacrtl and ParacrtW were
analyzed to determine total carotenoid and totatckt content. A targeted transcriptomic
analysis of relevant starch biosynthesis genes RY-BCR Figure 4.2, transmission
electron microscopy (TEM) and scanning electronrascopy (SEM) of endosperm sections
revealed a major reduction in the abundance o€tlstgranules in transgenic lines compared

to wild-type lines.

4.3 Materials and methods

4.3.1. Plant material

Homozygous lines listed imable 4.1were grown under the conditions described in Girapt
2 section 2.2.2.

Table 4.1 — Maize lines used in this study.

Line Genotype Source References
WT Inbred CSIR, Pretoria, South Africa
Transgenic . . : . . .
L1 AtOR Applied plant biotechnology, Universitat de Llei@&pain See Chapter 2
L2 Trzanr]lsgle:zlnlc Applied plant biotechnology, Universitat de Llei@&pain See Chapter 2
Transgenic
L3 Zmpsy1, Pacrtl, Applied plant biotechnology, Universitat de Llei&pain  (Zhu et al. 2008)
ParacrtW
Transgenic
L4 Zmpsy1, Pacrtl Applied plant biotechnology, Universitat de Llei&pain  (Zhu et al. 2008)
Gllycb

4.3.2. RNA extraction and cDNA synthesis

The protocols are described in detail in Chaptesettfion 1.2.2.
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4.3.3. Quantitative real-time RT-PCR

The protocol is described in detail in Chapter 2tisa 2.2.5. Primer sequences to detect

endogenous genes and transgenes are lisTeabie 4.2.

Table 4.2 — Oligonucleotide sequences for the detem of maize actin, endogenous starch-related gese
and transgenes for real-time PCR analysis.

Gene Forward Reverse

Zmactin 5'-CGATTGAGCATGGCATTGT-3’ 5'-CCCACTAGCGTACAACGAA-3’
Zmpgi 5'-GCACCTGATAACCCTCCACT-3’ 5-AGTAGTTGCCAGTCCAGGTCC-3'
Zmpgm 5-GGGAGCGTGTTTCTTGTAATC-3 5-TCCCTAAACAGCCATCAAAAG-3’
Zmagplem  5-GATGGGTGCGGATTTGTAT-3 5-TTGGAACGCCCTCTTTGT-3
Zmagpsem  5-CTCGCAAACGTGCCTTGAT-3’ 5-TCAGGATCAGGCCCAA-3'

Zmphol 5'-AGGAAATGAAGGTTACGGACG-3’ 5-CCAGCCGTGTTGAGGATAGAC-3
Zmisal 5-TTCGTTGCCTTCACCATGAA-3 5-CCGGAAGGTGACTGGTGTTG-3
Zmisa2 5-GGCTGTTCGCAATGTTTG-3 5-CAGGATCAAATGCTATGGCTTCC-3’
Zmssl 5-TGAAGGTAGGAAGGGGAGC-3 5-TCAGCCCTAACGAGCAAAG-3
Zmsbel 5-AACGGCTGGTGGCAAGAAG-3 5-GCCAGTCCAGTCCTCACCAA-3’
Zmpsyl 5'-CATCTTCAAAGGGGTCGTCA-3 5-CAGGATCTGCCTGTACAACA-3’
Pacrtl 5-GTGGCGCAAGATGATCGTCAA-3 5-GCCAGAAGACCACGTACATCCA-3
Gllych 5'-TAAGGCTGGAAGTAGCAGTGC-3’ 5-GCAGGACCACCACCAACAAT-3’
Paracrtw 5-GTGGCGCAAGATGATCGTCAA-3 5'-GCCAGACCACGTACATCCA-3
AtOR 5- TTCTCTATCACCGCCCAAAAC -3 5'- GCCATAGCCATTCCTGTGC -3’

4.3.3. Carotenoid extraction and UPLC analysis

This protocol is described in detail in section.@.2

4.3.4. Starch extraction and quantification

Maize endosperm samples were dried at 55°C ovdraighground into a fine powder. Starch
extraction and quantification was performed accewydio the manufacturer’'s instructions,

using Megazyme total starch kit (Megazyme, Wickltneland).

4.3.5. TEM and SEM

Maize 30 DAP endosperm pieces (0.5 x 2.0 mm) wigeslfin 2.5% v/v glutaraldehyde in 0.1
M phosphate buffer (pH 7.2) overnight at 4°C. TEMnples were prepared as previously
described in Chapter 2 section 2.2.7. For SEM D2BIXO(10 kV and 10 mm work distance)
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samples were critical-point dried using CPD Emitd850 (Emitech, Laughton, United
Kingdom) and Stub assembled. Finally, they weregad® coated with Auto 306 (Edwards,
Crawley, United Kingdom), gold was evaporated withlzers SCD 050, Sputter Coated

(Leica) and kept at 60°C until observation.

4.4 Results

4.4.1 Plant growth and transgene expression

Wild-type M37W and transgenic lines L1, L2, L3 ahd were grown in the greenhouse
under controlled conditions to minimize environnaréffects. At 30 DAP, endosperm from
three independent plants representing each line exassed and stored at -80°C. The
accumulation oZmpsyl, Pacrtl, Gllycb, ParacrtW andAtOR mRNA was confirmed by qRT-
PCR. As expected transcript levelsZofpsyl were detected in at high level in L2, L3 and L4.
Low amounts oZmpsyl mRNA accumulated in WT and L1 due to the endogeZonyssyl
gene. Transcript levels &acrtl were detected in L3 and L&]lycb was detected only in L4,
ParacrtW was detected only in L3 a®dOR was detected only in LF{gure 4.3.
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Figure 4.3 — Transgene expression normalized agatrectin in wild-type and transgenic lines presenteds
mean of three technical replicatesTranscript levels in the lowest expressing linedach transgene were used
as a reference and given the value of 1.0. Colmy tegoresent the different plant lines under irigasion.
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4.4.2 Total carotenoid content of the transgenicries

Carotenoid content determined by UHPLC indicatest 137W accumulated low levels of
total carotenoids (ca: 3 pug/g DW). L1 accumulated18 pg/g DW, L2 accumulated ca: 89
png/g DW, L3 accumulated ca: 127 pg/g DW and L4 audated ca: 115 pg/g DW total
carotenoids Kigure 4.4). The total carotenoid content was determined haes gum of
violaxanthin, antheraxanthin, zeaxanthin, lutektryptoxanthin 3-cryptoxanthin-carotene

and phytoene.
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Figure 4.4 — Total endosperm carotenoid content (@sented anigg dry weight (DW) + SE (n = 3-5 seeds)
of wild-type (WT) and transgenic lines L1, L2, L3 ad L4, determined by UHPLC analysis.

4.4.3 Total starch content of the transgenic lines

Total starch from 30 DAP maize endosperm was etddawith ethanol and treated with
amylase and amyloglucosidase to obtain free gluedseh reacts with GOPOD (glucose
oxidase/peroxidase) reagent to produce a pink gtdduwinone imine). Starch was quantified
by measuring absorbance produced by the reactiarspectrophotometer at 510 nm relative
to the absorbance of the product with 100 mg/l gdec Total starch in M37W and L1
represented ca: 65% of the total endosperm weiwghereas total starch in L2, L3 and L4
represented ca: 57%, 61% and 59%, respectivethediotal endosperm weightigure 4.5).

120



Impact of increased carotenoid content on starch metabolismin transgenic maize

Total starch %

80

70

60

—

50

40
30

20

10

WT L1 L2 L3 L4

Figure 4.5 — Total endosperm starch content (preséed as % + SE (n = 3-5 seeds) of wild-type (WT) and
transgenic lines L1, L2, L3 and L4 determined by spctrophotometry.

4.4.4 TEM and SEM of endosperm tissues in carotermienhanced transgenic lines

SEM analysis of the endosperm from WT plants aredftur transgenic lines indicated a
reduction in the number of starch granules in tidosperm of transgenic lines L2, L3 and L4
compared with WT and LIF{gure 4.6).

121



Figure 4.6 — SEM micrographs indicating a reductionin the number of starch granules in the endosperm
in L2, L3 and L4 compared with WT. A: WT; B: L1; C: L2; D: L3; E: L4. F: WT endosperinight) and
pericarp epithelium (left). Scale bar A-E: ~ 20u#n;~ 50um.
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TEM analysis of the first layer of endosperm ceilgler the epithelium of WT, L1, L2, L3
and L4 seeds revealed starch deposits in amylsplesen though TEM does not allow the
guantification of starch content, WT sections appedo contain more amyloplasts compared
to L2, L3 and L4 Figure 4.7).

Figure 4.7 — Microscopic analysis of WT and transgec lines. A. Light micrograph of WT endosperm;
arrows indicate aleurone cell layer. B (WT); C (LD) (L2); E (L3) and F (L4) TEM micrographs of atene
cell layer indicated a reduction in the number wiyboplasts in transgenic lines L2, L3 and L4, consgawith
WT. Abbreviations: s, starch deposits; n nuclews; pericarp epithelium; acl, aleurone cell lays¢, starchy
endosperm cells. Scale bar: A, 10um; C-F: 0.19um.
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4.4.5 Transcriptc analysis of starch-related gene#n the endosperm of carotenoid-

enhanced transgenic lines

Transcript levels of endogenous GPI (glucose 6-4phat® isomerase), PGM (phosphogluco
mutase), AGPsem (ADP-glucose pyrophosporylase sswdilnit isolated from embryo),
AGPlem (ADP-glucose pyrophosporylase large subusaiated from embryo), PHO1
(plastidial starch phosphorylase), ISA1/2 (isoarsgld/2; debranching enzyme), SS1 (starch
synthase 1) and SBE1 (starch branching enzyme 8 menitored by quantitative real-time
RT-PCR in the endosperm at 30 DAP in order to itigate whether endogenous starch-
related gene expression was influenced in the eaodd-enhanced transgenic linésgure
4.9).
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Figure 4.8 — Relative mRNA expression of endogenosgarch-related genes in 30 DAP maize endosperm,
normalized against actin mRNA and relative to WT aml presented as the mean of three biological
replicates. Bars represent standard errors. Abbreviations: Gficose 6-phosphate isomerase; PGM,
phosphoglucomutase; AGPsem, ADP-glucose pyrophoglaise small unit isolated from embryo; AGPlem,
ADP-glucose pyrophosphorylase large subunit isdldgm embryo; PHO1, starch phosphorylase; ISA1/2,
isoamylase 1/2 (debranching enzyme); SS1, stamthage 1; SBE1, starch branching enzyme 1.

GPI transcript levels were similar in the WT, L12 Bnd L3 endosperm, whereas transcript
levels in L4 were 1.3-fold lower than WT. PGM mRN&Vvels were downregulated ca: 2-fold
in transgenic lines L2, L3 and L4, and 1.3-fold transgenic line L1 compared to WT.
AGPsem mRNA levels were similar in all lines, wreesGPlem mRNA levels were up to 2-
fold higher in L2, L3 and L4, compared to WT and MIT, L1, L3 and L4 seeds contained
similar levels of PHO1 mRNA, but there was a 2-feltuction in L2. ISA1 mRNA
accumulation increased by up to 2-fold in L1, L2l &3 but no changes were observed in L4
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compared to WT. ISA2 mRNA levels increased by uR4told in L2 and L3 compared to
WT. SS1 mRNA levels reduced by up to 2-fold in L3,and L4, compared to WT and L1.
SBE1 mRNA levels were reduced 1.5-fold in L2 andli8 not in L1 and L4 compared to
WT.

4.5 Discussion

4.5.1 Selection of transgenic maize with differenéndosperm carotenoid contents and

compositions to investigate the impact on starch elosperm content

Transgenic lines expressing different transgendsieincing carotenoid metabolism were
selected to investigate the impact on starch mésbaon the endosperm. Line L1 expressed
only AtOR; L2 expressed onlgmpsyl; L3 expressedmpsyl, Pacrtl, andParacrtW; and L4
expressed&mpsyl, Pacrtl and Gllych. Lines L2, L3 and L4 accumulatefinpsyl mRNA at
different levels Figure 4.3 resulting in different levels of total carotensi@Figure 4.4).
Pacrtl and Gllycb catalyze the synthesis of downstream carotenaidsParacrtW extends
the pathway to ketocarotenoid&tOR increases total carotenoid content without altgrin
carotenoid composition in the endosperm (see Chaptdhe selected lines therefore provide
a diverse genetic background with different tranggenRNA levels, resulting in different
carotenoid profiles.

4.5.2 Carotenoid accumulation reduces the total steh content in the endosperm

In plant storage organs, carotenoids are synthetsind deposited in amyloplast membranes,
which generally have limited capacity for carotehproduction and storage (Wurtzel 2004,
Li et al. 2012). Amyloplasts can be converted tmatoplasts when starch breakdown begins,
and the starch granules begin to disappear asecaidt sequestering structures such as
plastoglobulis and carotenoid crystals accumuldtarier et al. 2007). During the ripening of
tobacco floral nectarines, a mutually exclusivatiehship between carotenoid accumulation
and starch deposition has been observed (Horradr 2007). The biosynthesis of isoprenoids
(carotenoid precursors) in plant cells requirescrsors produced in the cytosol by the
mevalonate (MVA) pathway and in the plastid by thethylerythritol 4-phosphate (MEP)
pathway. A direct correlation between sugar lewsld isoprenoid metabolism was observed
in anArabidopsis thaliana mutant with increased levels of MEP-derived isopid products
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(chlorophylls and carotenoids) without changes he tevels of relevant MEP pathway
transcripts, proteins, or enzyme activities (FldPésez et al. 2010). The soluble sugars may

therefore accumulate at the expenses of starclthvighia carbohydrate reservoir.

Biochemical analysis revealed that the total staaitent fell by up to 8% in the endosperm
of carotenoid-enhanced transgenic linEgre 4.5. This was supported by the cytological
analysis of endosperm cells using TEM and SHMyre 4.6 and 4.7) also revealed no
changes in the morphology of starch granules. Mia davealed a correlation between
carotenoid accumulation and the loss of total ktastiggesting that carotenoid synthesis
might occur at the expense of starch-derived cambaite metabolism. In citrus callus, the
lower starch content reported by (Cao et al. 20f@Bsumably reflected the plastid
modification process induced by significant caroidraccumulation. Furthermore, declining
starch levels during the ripening of tomato fruiere also correlated with increased
carotenoid accumulation (Tohge et al. 2014). Theteaoid content of the transgenic lines
ranged from ca: 13 ug/g DW in L1 to ca: 127 pg/g BML3 (Figure 4.4), whereas the starch
content was up to 8% lower in L2, L3 and L4, but moL1. This suggests that an extreme
increase in carotenoid accumulation is requiredintduce collateral effects on starch

accumulation.

4.5.3 Endogenous starch pathway gene expression eals an alternative mechanism to
reduce the starch content in carotenoid-enhanced nee lines

Targeted transcript analysis focusing on genesa@l@ starch biosynthesis was carried out to
evaluate differences between the wild-type andsganic lines at key points in the pathway
affecting starch accumulation. The evaluation of &Rl PGM, which are early precursors of
sugar metabolism that can be directed to eithec#énetenoid or starch pathways (Gallagher
et al. 2003), revealed no differences in GPI exqpoesbetween WT and transgenic lines, but
a 2-fold downregulation of PGM mRNA levels in L23 and L4 compared to WT, and a 1.3-
fold decrease in L1 compared to WT. These resuljgast that PGM expression plays a key
role in the choice between starch and carotenoabybihesis because transgenic lines
containing less starch (L2, L3 and L4) produceddoigvels of PGM mRNA than L1, which
accumulated near-wild-type amounts of starch. Tlygothesis is supported by the fact that
the total starch content was reduced in transgaaits expressing constitutively an antisense

PGM construct. These plants also displayed a rebluate of photosynthesis, a dramatic
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reduction in nucleotide levels, and a general dedln metabolic activity (Lytovchenko et al.
2002).

AGPase, which is the first rate-limiting enzyme tive starch biosynthesis pathway, is a
heterotetramer comprising two large subunits (AGRrcoded bgh2, agplemzm, agpllzm or
AGPL3) and two small subunits (AGP-S, encodedot; agpsemzm or agpslzm) (Hannah et
al. 2001; Huang et al. 2014). Thgpllzm andagpsemzm genes encode a plastidial AGPase in
the maize endosperm and are required for normaldenf starch accumulation even when the
cytosolic form of the enzyme is fully functionalhd& agplem gene also functions in the
endosperm to generate combinations of subunitsréimadin functional even when expressed
in Escherichia coli (Huang et al. 2014). Thagpsemzm mRNA levels were similar in WT
plants and all the transgenic lines, butabgplem mRNA levels were higher in L2, L3 and L4
than WT and L1. It therefore appears that the pla$t AGPase activity might not be
downregulated and cannot be correlated with theiaed total starch content observed in

these lines.

SSI probably accounts for all of the soluble S®vagtin developing kernels (Cao et al. 1999;
Jeon et al. 2010). The levels of SSI and SBEI mR¥séh declined by up to 2-fold in L2, L3
and L4 compared to WT, but there was no differewben comparing WT and L1. IA.
thaliana, SSI is a plastidial enzyme that is necessaryeavds for the synthesis of normal
amylopectin (Delvallé et al. 2005A. thaliana SSI is biochemically related to maize SSI
(Commuri and Keeling 2001). However, rice SSI hasslimpact on starch structure in
storage tissues than it does in leaves (Nakamud@)2@ he expression of antisense SSI in
potato did not affect the synthesis and structdranoylopectin even when SSI activity in
potato tubers was no longer detected (Kossmanh #899). The downregulation of SSI may
therefore not affect the modification of starchpmdies but it might have an effect on total
starch content. SBE1 generates amylopectin by iclgakieo(1, 4) bonds in polyglucans and
reattaching the chain via(1, 6) bonds (Ball and Morell 2003; Kubo et al.10D The
observed downregulation of SBEI suggested thatthglopectin content in L2, L3 and L4
may be distinct to that in L1 and WT plants. A direnalysis of amylose/amylopectin
profiles was not carried out in the carotenoid-eea maize lines, but Blauth et al. (2002)
reported that a SBEI-deficient maize mutant prodube same amylopectin profile as wild-
type maize. Similarly, the loss of SBEI in the rabel mutant did not affect the accumulation

of starch or the morphological characteristicstad plant, including the grain — indeed the
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starch content in the endosperm of $hel mutant was comparable to that of wild-type grains
(Satoh et al. 2003). However, maize doutilel andsbellb mutants in a waxy background
contained less total starch and altered morphotogl physical properties in the endosperm,
compared to WT (Li et al. 2007).

Kubo et al. (2010) reported that ISAL is requiredthe accumulation of ISA2, which is post-
transcriptionally regulated. Transcript analysiewtd that ISA1 mRNA is induced in tissues
that synthesize starch but returns to low levelandustarch degradation, whereas ISA2
MRNA levels remain relatively abundant during pesicof both starch biosynthesis and
degradation (Kubo et al. 2010). In the carotenaidamced lines, ISA1 mRNA levels
increased by up to 2-fold in L1, L2 and L3 but ftaeges compared to WT were observed in
L4, whereas ISA2 mRNA levels increased by up tol@-in L2 and L3 compared to WT. The
levels of ISA1 and ISA2 mRNA therefore do not ctate with the loss of starch content.

The plastidial isoform of starch phosphorylase (RH@as an 80-amino-acid insertion which
is not present in PHOZ2, and binds with high affirtd low-molecular-weight linear malto-
oligosaccharides and amylose. In contrast, thesojitoisoform (PHO2 or PHO-H) binds
with high affinity to highly-branched polyglucanach as glycogen (Satoh et al. 2008). Both
isoforms catalyze a reversible reaction: in theveord reaction, glucose-1-phosphate donates
a glucose unit to the non-reducing end of thglucan chain thus releasing inorganic
phosphate, whereas the reverse reaction generatesse-1-phosphate in the presence of
inorganic phosphate. Although the enzyme can fataliboth the synthesis and degradation of
starch in plants, the degradation role appeartiaored in sink tissues (Satoh et al. 2008).
In the carotenoid-enhanced transgenic lines, PH&NA levels in L1, L3 and L4 were

similar to WT plants, but were less abundant in L2.

The transcript analysis of key enzymes in the btdriosynthesis pathway suggests that
differences in starch accumulation among the caoidtieenhanced transgenic maize lines
cannot be exclusively attributed to changes inchtariosynthesis. Thus, an alternative
mechanism should exist that reduces the starchecbmt the transgenic lines, such as
upregulation oti-amylase an@-amylase, which hydrolyze starch into sugars. Thiiferent
mechanisms that modulate the accumulation of métabare represented kigure 4.9, i.e.
changing the availability of precursors, the cayafor biosynthesis or the capacity for
degradation. In carotenoid-enhanced citrus callus, lower starch content was correlated
with the upregulation of-amylase activity (Cao et al. 2015). However, thesgulation ofu-
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amylase observed by Cao et al. (2015) appearedritraclict proteomic data reported by
Barsan et al. (2012) showing that proteins involvedstarch metabolism became less
abundant during chromoplastogenesis. In additidastid modifications associated with
engineered carotenoid accumulation may involve gimotlynamics that differ from those
reflecting natural chromoplastogenesis in fruit.spiee the strong conservation of the
chromoplast proteome between ripening sweet orangetomato fruits (Zeng et al. 2011),
the plastids in the citrus flower petals, rootspeynids, petioles and callus systems are never
involved in natural chromoplastogenesis, and theydéstinct from those in the fruits (Cao et
al. 2015a).
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Figure 4.9 — Mechanisms to control the accumulatioof specific metabolites.

4.6 Conclusions

The lower total starch content in three transgemize lines engineered to accumulate high
carotenoid content suggests that carotenoid bibsgig in maize endosperm may occur at the
expense of early precursors that are also requoedtarch biosynthesis. Lower transcript
levels of PGM were detected in high carotenoid audating transgenic lines, which might
indicate a lower pool of precursors available fiarch synthesis. In addition, downregulation

of SBE1 and SS1, genes related to starch biosysthasggest that the decrease of starch
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content is produced without altering amylopectinucure. A combination of different
mechanisms is necessary to reduce the total anudigtarch in carotenoid-enhanced maize

endosperm.
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CHAPTER 5: GENERATION OF HIGH CAROTENOID
TRANSGENIC MAIZE HYGRIDS WITH AGRONOMIC
PERFORMANCE SIMILAR TO COMMERCIAL HYBRIDS

5.1 Abstract

Transgenic maize hybrids with high carotenoid conigere developed by crossing a high
carotenoid transgenic maize line (HC), overexpregdimpsyl andPartl, with different tester
lines from different heterotic groups. Agronomiaits (days to flower, plant height, ear
height and yield) and ear morphological traits (eagth, kernel rows per ear, conicity and
ear grain percentage) were evaluated in two diftdicecations in field trials in Spain in inbred
lines and the corresponding hybrids. Statisticalyais indicated that most of the parameters
were influenced by genotype rather than locationaddition, calculation of heterosis for all
the traits was performed in order to determineptdormance of hybrids compared with the
corresponding parental lines. Higher yields wer¢aioled in hybrids with testers having
longer FAO cycles (B73, Mol17 and EZ6), whereasroste was higher in hybrids with flint
rather than dent kernel types. These experimerdsaltegl in high vyielding, carotenoid
enriched maize hybrids with agronomic propertiesiato or on occasion superior to

commercial hybrids commonly grown in the area.

5.2 Introduction

Heterosis or hybrid vigour, describes the supeperformance of heterozygous-trybrid
plants compared to the average performance of tlo@mozygous inbred parents (Shull 1952;
Figure 5.1). The most important parameter considered by diaeéders is yield heterosis.
However, heterosis can be calculated for increabammass, size, growth rate and
development, resistance to diseases and to inestd, r to biotic stresses (Shull 1952). Self-
pollination of hybrids over several generationgdketo a gradual reduction of heterosis and
vigor, a phenomenon known as inbreeding depressitaterosis was first described by
Charles Darwin in 1876 after he observed that prggd cross-pollinated maize were 25%
taller than progeny of inbred maize (Darwin 187 &hce then, heterosis has been extensively
exploited in plant breeding, particularly in maibecause maize can be easily cross-
pollinated. The molecular basis of heterosis is oompletely understood (reviewed by
Hochholdinger and Hoecker 2007).
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Figure 5. 1- Phenotypic manifestation of heterosisieterosis is typically seen in adult traits suctyiaéd or
ear size (a) but it already manifests during segdlievelopment (b) (Hochholdinger and Hoecker 2007)

The development of competitive maize hybrids rezpiithe establishment of heterotic
patterns, defined as the cross between known gee®tyat express a high level of heterosis
(Carena and Hallauer, 2001). Crosses among inlied from unrelated heterotic groups
have better grain yield performance than thosesesbamong lines in the same group (Moll et
al., 1965; Hallauer et al., 1988; Melchinger, 199R¢id Yellow Dent and Lancaster Sure
Crop are two groups of open-pollinated maize cat8vthat provide most of the germplasm
used to develop early testing inbred lines (evanatf inbred lines in the first 3 generations)
that are used for commercial hybrid seed producflte most exploited heterotic pattern is
the cross between lowa Stiff Stalk Synthetic (BSi$fe Reid) and the Lancaster Sure Crop
heterotic groups (Barata and Carena, 2006).The Ré@hcaster cross is commonly used in
hybrid programs in Spain and other areas of SontEerope (Galarreta and Albarez 2010).
In order to develop new maize hybrids, breederscsdbetter heterotic patterns crossing
inbred lines in a heterotic group with tester lies different group to evaluate the General
Combining Ability between them. Tester lines arpresentative inbred lines from a known

origin that can be used as practical tool in det@img heterotic patterns, combining ability
and breeding values (Li et al. 2007).

Improved cultivars are a key element among prastioeed to achieve greater vyield,
integrated pest management and other propertie€itease agricultural sustainability (Kutka
2011). The primary purpose of plant breeding isdéwelop varieties or hybrids that are
efficient in their use of nutrients, give the gesdtreturn of high-quality products per unit area
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in relation to cost and ease of production and, #r&t adapted to the needs of the grower and
the consumer. The use of hybrids in maize at thgnbing of the 28 century focused on
high-yield but new generations of hybrids incorperaew traits for easier pest management,

stress tolerance and recently, improved nutrition.

Most of the reports on high carotenoid maize foduse the identification of alleles of key
loci that correlate with highgi-carotene content such bge (Harjes et al. 2008) anlyd3
(Vallabhaneni et al. 2009) in order to use thenfuimre breeding programs to generate new
inbred lines or hybrids with higher carotenoid @t In addition, carotenoid content and
heterosis for carotenoid content and compositios been studied in commercial maize
hybrids (Egesel et al. 2003; Kljak and GrbeSa 2015)

Few reports have been published on the producfibghrids with high carotenoid content by
using different approaches: backcross for marksisesl introgression of an allele
(Muthusamy et al. 2014), factorial mating (Menkir a&. 2014) and half-diallel crossing
(Senete et al. 2011Figure 5.2). Marker-assisted introgression by backcross f@fcarotene
hydroxylase (BCH) allele corresponding to low capaof conversion off-carotene to
zeaxanthin, allowed the generation of higftarotene maize hybrids (Muthusamy et al.
2014). Authors identified 7 inbred lines commonked to produce commercial hybrids in
India (recurrent parents) and 7 inbred lines witkhi-carotene content due to a BCH allele
provided by CIMMYT-Harvest Plus (donor parents). d'wackcross generations and three
rounds of self-pollination were required to recoear 90% of the recurrent parent genome
with the BCH allele of interest from the parenthirfeen selected improved progenies of the
seven inbred lines were used in a breeding progoaraconstitute F1 hybrids. Field trials in
two different locations in India in 2013 allowedragomic characterization of the novel
hybrids (Muthusamy et al. 2014figure 5.2). Assessment of genetic diversity of 38 orange
and yellow endosperm maize inbred lines using AmepliFragment Length Polymorphism
(AFLP) markers classified the lines into two growpsh varying levels of pro-vitamin A
(Adeyemo et al. 2011). Eight inbred lines seledtedh each AFLP group were divided into
two sets each of four inbred lines. The four inblieds in each set selected from the first
AFLP group were used as female parents and cregsiedhe four inbred lines in another set,
selected from the second AFLP group as male patssinig a factorial mating scheme. Each
inbred line was used as a female parent in on@fsetosses and as a male parent in the
second set of crosses (Set 1 x Set 2, Set 2 x,B#t48B x Set 1, and Set 4 x Set 3) to form
hybrids Eigure 5.2. The resulting 62 hybrids along with duplicateiress of an orange
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endosperm commercial hybrid (Oba Super II) werduatad in 4 locations in Nigeria in 2009
and 2010 cropping seasons (Menkir et al. 2014dhikrcase, hybrids were generated without
previous genomic modification thus accelerating rtgyiproduction. However, an in depth
AFPL study was necessary to identify valuable liegerms of provitamin A content,
although traits for good field performance of indbitenes were not considered (Menkir et al.
2014). Twenty-one hybrids were generated from senbred lines, selected on the basis of
their pro-vitamin A content, following a half-diall mating design (Senete et al. 2011)
(Figure 5.2. The F1 seed of each cross was bulked togethbrtie respective reciprocal
cross and four locally adapted commercial hybridsrevused as experimental checks.
Similarly to Menkir et al. 2014, inbred lines usad parents for hybrid production were
selected on the basis of carotenoid content rdtier good agronomic performance. Thus,

traits for good field performance were not assw@they were evaluated in the experiment.
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Figure 5. 2 — Schematic representation of differentechniques used to produce high carotenoid maize
hybrids. Abbreviations: BC, backcross; IL, inbred line, AELAMplified Fragment Length Polymorphism.

A high-carotenoid maize line was generated by #reetic transformation of the elite M37W
inbred line withZmpsyl andPacrtl (HC) (Zhu et al. 2008). The low field performance and
yield of inbred lines make their cultivation econoally unattractive. Crosses of parents of
diverse origin produce higher grain yields thansees amongst lines with the same genetic
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background (Melchinger & Gumber, 1998) so HC wasssed with five different tester lines
(Mol17, B73, EZ6, EZ59 and A619) from different hetec groups in order to create novel
hybrids, with comparable or superior field perforro@a to commercial hybrids, that
incorporate the carotenoid-enriched traits conteiog the Zmpsyl and Pacrtl transgenes.

Only one growing season is required to generateidiy/by simple cross of a transgenic line
with inbred lines from the different heterotic gpsu Utilizing the simple cross strategy, we

generated 5 hybrids which provided the materiatlierexperiments described in this chapter.

5.3 Materials and methods

5.3.1 Plant material

Five maize tester lines belonging to well-knownehetic groups and commonly used in
conventional breeding programs were chosen to ataline performance of high carotenoid
transgenic maize line (HC) to generate high-yigjduybrids. Specific traits of these lines are
listed inTable 5.1

Table 5. 1 — Maize Tester lines used to evaluategltombining ability of HC.

Line Genotype Heterotic group FAO Cycle Days to Flower Kernel type
A632 Inbred Reid 500 87 Dent
B73 Inbred Reid 700 100 Dent
EZ6 Inbred OP Orange flint 700 98 Flint
EZ59 Inbred OP Estarville 500 85 Flint
Mo1l7 Inbred Lancaster 700 102 Dent

All lines were provided by Dr. Angel Alvarez, EEADSIC, Zaragoza, Spain

5.3.2 Field trials

In 2013, HC was crossed with the different tes(@eble 5.1) in experimental field in Lleida

(41° 37 0" N, 0° 38 0" E, altitude ~ 167 m). The field trial was undeseaniarid climate with

low precipitation (38 mm) and high average tempemt(23.5°C) in the maize growing
period (May to October). The field was irrigated bgrinkler 2-3 times per week, with
approximately 600 mm of water per season. Hybrideevgenerated by collecting HC pollen
in standard paper pollinating bags and transfeteethe silks of the female parents. To
prevent pollen from contaminating the samples adstbag’ was kept over the ear until
pollination, and the pollinating bag was left otbe ear after pollination until harvest. As
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maize inbred lines correspond to different FAO egclrepeat sowing dates wefé 64" and
234 May in order to ensure pollination of all the @es. Harvest was done in November after
physiological maturity which was indicated by aatk layer’, located at the base of the
kernels.

In the 2014 growing season, the hybrids obtainedptievious season (2013) were evaluated
in two different locations in NE Spain (Lleida, 437 0" N, 0° 38 0" E, altitude ~ 167 m;
and Sucs, 41° 47" N, 0° 2442 E, altitude ~ 258 m), under similar weather caodi
(Table 5.2.

Table 5. 2 — Weather conditions during the maize g@wing season (May-August) 2014. (Source:
www.ruralcat.net).

Month Maximum T Minimum T Average day T Average precipitation
(°C) (°C) (°C) (mm)
May 30.5 5.1 17 41.2
June 34.9 10.9 22.2 27.6
July 36.5 12 23.2 21.6
Lleida
August 36.4 10.6 23.6 35.9
September 33.2 8.9 21.2 126.9
October 30.7 5.3 16.5 21
May 28.7 2.8 16 22.7
June 324 9.6 21.4 10.4
July 34.6 9.8 22.4 6
Sucs
August 34.6 9.6 22.8 41.2
September 32 8.1 20.8 118.6
October 28.5 3.9 16.7 21.4

Both fields were irrigated at 500-600 mm by sprankiThe Sucs field trial site experienced
drought periods because of lack of irrigation ooaston.

In each experiment, 6 maize inbred lines (five eéestand HC) and 6 hybrids (the 5
corresponding crosses with HC and one commerciivay Lerma) were evaluated in a
random block design with four replicates per lomatigrouping inbred lines and hybrids
independently in order to minimize the effect obhgls on the growth of the inbred lines.
The experimental plot dimensions were 4 m x 0.6&%ith 20 plants per row (0.2 m distance
between plants in row). Plants were sowed on tH8& @%ida) and the 23 (Sucs) of April

and harvested in October 2014, after black layer.
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5.3.3 Agronomic and morphologic trait assessment #fansgenic maize hybrids

Agronomic and morphological traits were measurethdryesting 5 representative plants in 1
m of the field plot per replicate.
Agronomic trait assessment included:
* Flowering date: number of days from sowing when Sfi%lants were at the anthesis
stage.
* Plant height: distance from stem base to last leaf
» Ear height: distance from stem base to main eat joi

* Yield: kg produced in 1 hectare of cultivated field

grain weight of 5 plants (kg)

x 10
number of plants X area of 1 plant (m?)

yield =

Morphological trait assessment included:
» Ear length: mean distance in mm from base to apex
e Kernel rows per ear

» Grain percentage: weight of total grains of anve#n respect to the full ear weight

grain weight of 5 plants (kg)

X
ear weight of 5 plants (kg) 100

grain percentage =

e Conicity, a parameter used to determine ear shage amlculated according the

following formula:
di—ds
conicity index = % x 100

3
where di is diameter at the base of the ear (mm)

dsis diameter at the apex of the ear (mm)

| is the length of the ear (mm)

5.3.4 Heterosis of transgenic maize hybrids

Heterosis of transgenic maize hybrids versus tbairesponding parents was calculated for
all the morphological and agronomic parameters rdest above (days to flower, plant

height, ear height, yield, ear length, kernel rgues ear, grain percentage and conicity)

according to the following formula:

F1-PA
PA

Heterosis =

where F1 is the value of the relevant parameter in F1 oiffgp(e.g. days, cm, kg/ha,

etc.)
PA is the mean value of the parameter of the pafergsdays, cm, kg/ha, etc)
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5.3.5 Statistical analysis

A general linear model was used to determine $tally significant differences in the
agronomic and morphological traits as well as itefusis for these parameters. Traits were
compared by Tukey’'s mean separation procedure(.05). All the analyses were performed
using the JMP Pro (JMP Version 11.0.0. SAS Institute Inc., Cary, NC, 2DITwo-factorial
analysisof variance (ANOVA) with genotype (G) and locatifit) as random factors was applied
to the means per location and genotype. Analyss peaformed independently for inbred lines
and hybrids.

5.4 Results

5.4.1 Development of high carotenoid transgenic mee hybrids

Hybrids were developed by cross-pollination of H@hwdifferent tester lines (Mol7, B73,
EZ6, EZ59 and A632) from different heterotic groupsthe 2013 growing season. Tester
lines and HC fit in different FAO cycles so, in erdto assure successful pollination, all
parents were sown at three consecutive dates. tRgsthilybrid seeds were harvested after
black layer. To avoid cross-pollination severalgangtions were taken, such as keeping a bag
over the ear until pollination and the pollinatinggs were left over the ear until harvest. In
addition, the tassel of female plants was remoweprévent self-pollination. The phenotype
of hybrid seeds was clearly different from thatleé corresponding parents, as expected. The
orange color conferred by the expressio@mpsyl andPacrtl from HC, male parent or dent
grain morphology due to Mo17, B73 and A632 femaleepts were the most relevant traits in
the hybrids Figure 5.3A).

5.4.2 Evaluation of agronomic traits

In the 2014 growing season, the hybrids obtaine@0h3 were evaluated in two different
locations in NE Spain (Lleida and Sucs), under Isinglimatic conditions. Agronomic traits
including days to flower, plant height (cm), and kaight (cm) were evaluated in the hybrids
and parent inbred lines in order to assess agran@aiformance. As expected, different
inbred lines and the hybrids derived from their ssrowith HC exhibited statistically
significant differences for all parameters we meadwand all parameters were improved in

the hybrids compared to the corresponding inbregsliTable 5.3.
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HCxMo17 HCxEZ6 HCxA632

HCxMo1l7 HCXEZ6 HCxEZ59 HCxB73 HCxA632 Lerma

Figure 5. 3Inbred lines, transgenic hybrids and comrercial hybrid phenotypes of (A) seec and (B) ears.
Scale bar: A, 1cm; B, 5cm

Mean days to flower of inbred lines were in thega7-86; whereas mean days to flower
hybrids were in the range B%. Lerma, a commercial hybrid used as a local lcfiewered
in 71 days, the shortest period observed amongshelhybrids. Mean days to flower w
significantly different amongst genotypes (G) (mdbrlines or hybrids) and location (
(Lleida or Sucs) but not G x L interaction, suggesthat difference in this parameter wei

due to a genotype effect, influenced by the locageen though each genotype perforr

similarly in each locationTable 5.3).
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Mean plant and ear height of inbred lines werehia tange 91-180 cm and 52-94 cm,
respectively, whereas mean plant and ear heightylfids were in the range 172-220 and
100-122 cm, respectively. Lerma plant height wa3 @ and ear height 60 cm, the lowest
height from all the hybrids we evaluated. Mean pland ear height was significantly
different amongst G (inbred lines or hybrids) and(lleida or Sucs), suggesting that
differences in this parameter were due to a gemosfbect, influenced by the location.
However, G x L interaction of plant height was smnificant, suggesting that each genotype
behaved similarly in each location. Ear height gbids showed statistically significant

differences in the interaction G x Lgble 5.3.

5.4.3 Ear morphology

Parameters to determine ear morphology were egthlidnm), number of kernel rows per ear,
conicity (ear morphology) and ear grain percent@geight of total grain of an ear with
respect to the weight of the full ear). As expectditferent inbred lines and hybrids derived
from crosses with HC showed morphological diffeesicFrom all the morphological
parameters evaluated, ear length was the mostaiseten the hybrids compared with inbred
lines. Figure 5.3B; Table 5.3.

Mean ear length of inbred lines was in the rangd3.@m with the exception of Mo17 that
was 17.6 cm; whereas mean ear length of hybridsinvd®e range 16-19 cm. Lerma was 14
cm long. Mean ear lenght was significantly diffaramongst G (inbred lines or hybrids) and
L (Lleida or Sucs) but not G x L interaction wasufiol, suggesting that differences in this
parameter were due to a genotype effect, influenmgdhe location even though each
genotype performed similarly in each locatidalfle 5.3.

Mean conicity index of inbred lines was in the rargy8-4.3, whereas mean conicity index of
hybrids was in the range 3.8-4.9. Lerma conicityex was 5.4, the highest index observed
amongst all the hybrids. Mean conicity index wamisicantly different amongst G (inbred
lines or hybrids) but not amongst L (Lleida or Sucsuggesting that differences in this
parameter were due to a genotype eff€ab(e 5.3.
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Table 5. 3 — Results from ANOVA of agronomical andnorphological traits of 6 maize inbreed lines and 6
hybrids in 2 sites.

Source of Days to Plgnt E_ar vield Ear Kernel N Ear grain
variation df[ flower height | height (kg/ha) length | rows |Coniticy | percentage
(days) (cm) (cm) (cm) | perear (%)
Inbred lines
Genotype
1051.1 | 31639.3| 7938.4 | 11638493.0f 251.8 | 199.6 9.6 643.7
SS 5 (***) (***) (***) (***) (***) (***) (*) (***)
Mo17 78.5 ab 180.04 94.4 & 73181 17.6a | 16.8a 39a 8l.a
EZ6 77.6ab 1323 | 72.4bc | 4987.mb | 11.&d| 11.2c 3.9a 8l.2a
A632 82.3a 1359 | 60.5cd | 4115.4b | 11.&d| 13.2b 4.3a 80.5a
EZ59 70.8b 91.3c 51.7d 2136.% 10.6d | 11.7c 28b 71.%
B73 85.1a 156.%b| 80.& 6608.1]a | 13.6bc| 16.1a 3.6ab 8l.2a
HC 86.3a 159.ab | 74.2c | 5254.%b 152 | 12.1bc | 3.4ab 74.Mm
Location
ss 1 3045.1 | 41378.3| 15326.3| 89617074.0] 151.1 0.3 3.0 232.5
(***) (***) (***) (**) (***) (ns) (ns) (***)
Lleida 71.6a 1734 | 91.4a 6499.1a 153 | 13.6 3.9a 80.7a
Sucs 88.6b 110. | 53.2b 3611.% 1150 | 13.4a 3.4a 76.b
Genotype*
Location
ss 5 164.1 2705.9 | 1585.4 | 31560046.0] 5.8 5.7 6.9 353.3
(ns) (ns) (ns) (ns) (ns) (ns) (ns) (***)
Hybrids
Genotype
ss 5 1028.3 | 31790.0| 20396.8| 217519227.¢ 1154 | 54.1 16.1 269.8
(***) (***) (***) (***) (***) (***) (**) (***)
HCxMo17 82.8a 194.6ab | 110.ab| 11501.3abc| 18.@Ab| 13.9bcd| 3.8c¢c 82.4
HCxEZ6 81.8a 2123 | 1219 | 14828.% | 18.&a | 13.1cd 3.8¢c 81.8b
HCxA632 80.9a 182.% | 98.4b | 10740.4hc | 16.6 | 14.5abc| 4.9bc 82. ™M
HCXEZ59 75.5b 172.0b | 100.3p | 9444.3%c | 17.3ab| 12.8d 4.2bc 825b
HCxB73 84.6a 219.8a| 1188 | 12401.&b | 17.2ab| 15.1ab | 4.%b 84.>
Lerma 71.1b 142.6c | 59.5¢ 8165.8 141c| 15.& 5.4a 88.&
Location
ss 1 3794.6 | 55163.5| 32693.9| 79266915.0] 60.2 3.1 0.3 23.0
) ) ) ) ) (ns) (ns) (ns)
Lleida 70.4a 221.7a | 12.% 12483.h | 18.&a | 1l4.4a 4.5a 83.(an
Sucs 88.5b 152.% | 75.0b 9877.% 16.0b | 13.9a 4.3a 84.4a
Genotype*
Location
ss 5 94.3 1583.5 | 3694.3 [ 33257194.0 6.8 1.3 4.3 17.6
(ns) (ns) (**) (ns) (ns) (ns) (ns) (ns)

* o xkkgignificant difference at P<0.05, P<0I0and P<0.001, respectively. Abbreviations:
SS: sum of squares, df: degrees of freedom. Mearssharing the same letter are
significantly different.
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Mean kernel rows per ear of inbred lines were sringe 11-17, whereas mean kernel rows
per ear of hybrids were in the range 13-15. Lermiandl rows per ear were 16, the highest
number of kernel rows per ear observed amongghalhybrids. Mean kernel rows per ear
was significantly different amongst G (inbred lir@shybrids) but neither amongst L (Lleida
or Sucs) or the interaction G x L, suggesting thHerences in this parameter were due to a
genotype effectlable 5.3.

Mean ear grain percentage of inbred lines werehéenrange 71.5-81.8, whereas mean ear
grain percentage of hybrids were in the range 84.2- Lerma ear grain percentage was 88.8,
the highest ear grain percentage observed amomgdtyiborids. Mean ear grain percentage
was significantly different amongst inbred lines(Lleida or Sucs) and G x L, suggesting that
the differences in this parameter were due to atyee effect, influenced by the location and
each phenotype performed differently in the différéocations. However, mean ear grain
percentage was significantly different amongst dgobut not for L and G x L, suggesting
that differences in this parameter were due tormtype effect Table 5.3.

5.4.4 High-yielding transgenic maize hybrids

Grain yield is the most important parameter in groaomic evaluation. Mean yield of inbred
lines was in the range 2,100-7,300kg/ha; whereaannyeeld of hybrids was in the range
9,400-14,800kg/ha. The yield of Lerma was 8,10h&gthe lowest yield observed amongst
all the hybrids. Mean yield was significantly diféamt amongst G (inbred lines or hybrids) and
L (Lleida or Sucs), suggesting that differencethia parameter were due to a genotype effect,
influenced by the location. In addition, mean yields not significantly different amongst the
interaction G x L, suggesting that each genotyp#opeed similarly in each location. The
highest yield was measured in HCXEZ6, HCxB73 an&kM@&L7 hybrids, which was similar
to commercial hybrids grown in the area. Mol7 ark8 Bnbred lines are widely used in
hybrid production because of their high yield pbdsnEZ6 was also suitable to be crossed
with HC because yield reached almost 15,000kg/atheé resulting hybrid, ca: 1.8-fold

increase compared to Lerma.

5.4.5. Heterosis of transgenic maize hybrids

No statistical difference was found in any of tlemgtypes in heterosis for flowering date and

kernel rows per ear suggesting that these two peteasiwere not affected by genotype.
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Heterosis for conicity and ear height were sigaffity different by G and they were not
affected by L suggesting that these two parameters very stable. HCXEZ59 and HCxB73
showed the higher value of heterosis for conidtyt$ and 0.33, respectively) and EZ6xHC,
B73xHC, EZ59xHC and A632xHC showed high ear heigtterosis (0.77, 0.62, 0.65 and
0.54, respectively). Heterosis for plant heightr &ngth and ear grain percentage was
significantly different by G and E, but no diffegmin the G x L interaction was measured,
suggesting that each genotype performed similanlythie different locations. HCXEZ6,
HCxB73, HCxEZ59 and HCxA632 showed the highest eslfor heterosis for plant height
and ear length, whereas HCXEZ59 and HCxB73 werehyt®#ids most influenced by
heterosis for ear grain percentage showing 0.150a0@l heterosis, respectively. Calculation
of heterosis for yield revealed that HCxEZ6, andxBZ59 showed the highest differences
compared with their respective parents (2.33 ar@ib,3respectively). In addition, yield
heterosis was significantly different by L and &,xevealing that yield was strongly affected

by the location.

Table 5. 4 — Results from ANOVA of heterosis of aginomic and morphological traits of 5 hybrids of
inbred line HC crossed with 5 testers in 2 sites.

Source of Days to Plant Ear . Ear Kernel Conicity Ear grain
e df . . Yield rows .
variation flower height height length index percentage
per ear
Heterosis
Genotype
ss 4 0.01 0.47 0.76 25.59 0.30 0.10 0.79 0.04
(ns) (***) %) (***) ** (ns) *) *
HCxMo1l7 -0.01a 0.15b 0.29 0.27c 0.16b -0.02a 0.0 0.05b
HCxEZ6 -0.01 a 0.52 a 0.77a] 2.33¢b 04lfa 0.15|a 0.12p 06 .
HCxA632 -0.03 a 0.33 ab 054ahp 1.70b 0.27 pb 0.12la 0.14pb 0.07b
HCxEZ59 -0.05 a 0.37 a 0.65a] 3.06|a 0.42]a 0.09|a 0.46ja .15&
HCxB73 -0.02 a 0.44 a 0.62ah 1.57|b 0.24p 0.09]a 0.33a .09 d@b
Location
ss 1 0.04 0.10 0.17 28.30 0.35 0.00 0.01 0.07
@) * (ns) (**) ***) (ns) (ns) (**)
Lleida -0.06 a 0.30a 0.50 a 0.81]a 0.19)a 0.09|a 0.23ja .04 &
Sucs 0.01b 0.42b 0.65a| 2.76fp 0.41p 0.09p 0.19a 13 10.
Genotype*
Location
ss 4 0.01 0.08 0.15 9.85 0.03 0.01 0.05 0.02
(ns) (ns) (ns) * (ns) (ns) (ns) (ns)

* o xkkgignificant difference at P<0.05, P<0I0and P<0.001, respectively. Abbreviations:
SS: sum of squares, df: degrees of freedom. Mearssharing the same letter are
significantly different.
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Relative heterosis of all the parameters was hidbetyield (0.27-3.06), followed by ear

height (0.29-0.76), plant height (0.15-0.52), e;argth (0.16-0.42), conicity (0-0.46), kernel
rows per ear (0-0.15), ear grain percentage (0}Gah8 days to flower (0). The higher the
heterosis, the better performance of hybrids coetpan the corresponding parents. Thus,
parameters showing higher heterosis values suggstsonger influence of the interaction of
the parents and they can be increased by choodiiegedt parental genotypes. However,
parameters showing lower heterosis values ardlgtdantrolled genetically and they cannot

be modified because of the low variability amongbted lines.

5.5 Discussion

5.5.1 Genotype of the parental inbred lines had snificant influence on agronomic and
morphological traits in resulting hybrids demonstrating different field performance

depending on the hybrid

In the 2014 growing season, a range of agronomaysdo flower, plant height, and ear
height and yield) and morphological (ear lengtirnké rows per ear, conicity and ear grain
percentage) traits were evaluated in the hybrid$ inabred parent lines in order to assess
agronomic performance in two different locatioalfle 5.3. Hybrids and inbred lines were
grown in independent plots to assure that the supkeld performance of the hybrids did not
have a negative influence on the growth of the edblines. Thus, statistic analysis of
parameters measured in inbred lines and hybrids performed independently. The
performance of the hybrids followed additive genetifects because plant height, ear height,
yield and ear length were superior in the hybridant in the inbred lines, as reported

previously in the literature (Melani and Carena®0Balarreta and Alvarez 2010).

Statistical analysis revealed that all agronomaitgrwere influenced by genotype and that
each genotype performed similarly in the differations with the exception of ear height
in the hybrids. B73 and Mol7 are usually used asma for hybrid production because of
their good field performance (Stojakévet al. 2005; Eichten et al. 2011). HCxB73 and
HCxMo17 hybrids were taller, had a higher valuedar height and ear length than HCxA632
and HCXEZ59. In contrast, the dent Spanish inbireel EZ6 crossed with HC demonstrated
similar performance to HCxB73 and HCxMo17 in bathdtions, in agreement with the fact
that hybrids between flint and dent kernel typeswicmnly result in good field performance
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(Ordas 1991). Kernel rows per ear and ear lengthihar two most common measurements to
determine ear morphology (Stojakéwt al. 2005). Kernel rows per ear and conicityentie
most stable parameters in inbred lines and hylretsause they were only influenced by
genotype. Ear length analysis revealed that it imflsenced by genotype and that each
genotype performed similar in different locatiodsfferences in grain percentage of inbred
lines were due to a genotype effect, influencedheylocation, and each genotype performed
differently in the different locations. However, amegrain percentage of hybrids was due to
genotype effectTable 5.3. Therefore, genetic component of the traits wedweated in inbred

lines and hybrids mostly account for the variatidaserved (Galarreta and Alvarez 2010).

FAQO's cycle classification of a crop estimates thegth of growing period of the crop.
According to FAO'’s cycle classification, B73, EZBaMo017 growing cycles are longer than
those of A632 and EZ59. However, days to flower i(ahication of length of the growing
period) in this study revealed that HC, Mol7, E2&32 and B73 needed more days to
flower than EZ59, although Mo17 and EZ6 did nofatiktatistically from EZ59. All hybrids
had similar days to flower with the exception of HEZ59 which was earlier but similar to

the Lerma local check.

5.5.3 Statistical analysis shows that B73xHC, Mo1lHWC and EZ6xHC are the highest
yielding hybrids

Even though all the parameters described aboveimp®rtant in order to properly
characterize field performance of hybrids, the miosportant parameter is yield. High-
yielding hybrids (9,400-14,800kg/ha), comparabléhwdiommercial hybrids grown in North
East Spain were obtained which means they couldedmly adopted by farmers and
competitively grown in the area on the basis obagmic performance. Statistical analysis of
yield data suggested that each hybrid or inbred performed similarly in each location,
which is essential to obtain reproducible and bédiafield performance. Local checks are
commercial cultivars used in the area of the exalnaf new varieties because of their good
field performance. It is essential to include lochkecks in field trials of new hybrids as a
reference for their performance in the area of desessment (Senete et al. 2011). In this
study, all hybrids had higher mean yields thanldleal check Lerma, although only HCXEZ6,
and HCxB73 were statistically different from Lerntdowever, the yield of the local check
Lerma (mean ca: 8,200kg/ha) was lower than expeutest likely due to the fact that Lerma
had a short phenotype (plant height ca: 140 cmhis $tudy) (Fito, Barcelona, personal
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communication) and the superior plant height of M@®rids (plant height ca: 170-220 cm)
allowed them to easily take resources for growtthatexpenses of Lerma. Higher yields of
HC hybrids were obtained with inbred lines corregpog to longer days to flower (Mo17,

B73 and EZ6).. In addition, B73 and Mo17 are usuafied as parents for hybrid production
because of their high yield (Stojakéat al. 2005; Eichten et al. 2011).

The dent Spanish inbred line EZ6 crossed with HQatestrated similar yield than HCxB73
and HCxMo17 in both locations, in agreement withbrigs between flint and dent kernel
commonly result in good yield (Ordas 1991).

5.5.4 Agronomic performance of hybrids relatively ¢ their corresponding parents

resulted in superior heterotic effects in EZ6 and E59 hybrids

It is important that heterosis remains stable iffetent locations to confirm that it is
exclusively the result of the interaction of diet parent genotypes. In this study, stable
heterosis was achieved for all the parameters @utteption of yield which suggested that
yield is highly influenced by genotype but alsolbgation. Higher heterosis was achieved in
hybrids from HC crossed with flint kernel type (EZ6d EZ59) rather than hybrids from HC
crossed with dent kernel type (Mol7, B73 and A6&Y)en though in all the parameters
where heterosis was calculated indicated a positivenge in performance of hybrids
compared with their corresponding parental, thetnmgpressive result was found in yield
(maximum ca: 3 heterosis for yield in HCXEZ59), @elhconfirmed the high variability of this
parameter amongst different lines and that couldu®ed to improve new generations of
hybrids (Melchinger and Gumber 1998).

5.6 Conclusions

A detailed characterization of agronomic (daysleovér, plant height, ear height and yield)
and morphological (ear length, kernel rows per eanicity and ear grain percentage) traits
was performed in inbred lines and hybrids in a mdgdlants grown in two different locations

in 2014. In addition, calculation of heterosis wasformed to compare the performance of
the hybrids and their corresponding parents. Hefetosis values were obtained for yield, ear
height, plant height, ear length and conicity, vehewvo hybrids with flint kernels (EZ6 and

EZ59), had the highest values. Even though all patars are important for a complete

characterization, yield is the most relevant imigiof production. In these experiments, high-
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yielding maize hybrids were obtained, where thehéigyield was achieved in longer
flowering dates, HCxEZ63, HCxB73 and HCxMol7 hybridwhich was similar to
commercial hybrids grown in the area. EZ6 was shtavbe also suitable for HC because
yield of the hybrid with HC reached almost 15,00Bleg a 1.8-fold increase compared to the
commercial hybrid Lerma.
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GENERAL CONCLUSIONS

1. Maize CYP97C19is a functional e-hydroxylase which is indispensable for lutein

synthesis at the expense of zeinoxanthin in théidogpsislutl mutant (lacking lutein).

2. Overexpression oZmpsyl alone or in combination with other carotenogenioegein
maize endosperm resulted in substantial increasethd carotenoid content and the

formation of plastoglobuli inside plastids.

3. Higher transcript levels of the endogenous cargenit geneZmlycb, Zmbchl and
Zmbch2 as well as the MEP-pathway gedAmdxs2 were measured in transgenic lines
overexpressing carotenogenic transgenes. This stgghthat the carotenoid biosynthetic
pathway is regulated in a complex way and thabgre#ssed carotenogenic transgenes

influence different steps of the pathway in maiadasperm.

4. Overexpression of the Arabidopsis Orange gene (At@&yers carotenoid accumulation
in M37W wild-type maize endosperm without concomitapregulation of carotenogenic
and MEP pathway gene expression, with the excemtiiamlyce which correlates with
higher zeaxanthin content adchdxsl which might be responsible for a slight increase of

metabolic flux through the carotenoid pathway.

5. In contrast, introgression of AtOR into transgemaize lines with high carotenoid or
high ketocarotenoid content, having different camoid profiles in the endosperm did
not alter metabolite or transcript levels of canoigenic, MEP pathway endogenous
genes andpftf in the resulting hybrids. However, when the pxestng levels of
carotenoids was low in the starting line used ttrogress AtOR, ketocarotenoid
accumulation increased without concomitant upregwuaof carotenogenic and MEP
pathway gene expression, with the exceptioBnadxsl.

6. RNAi-mediatedZmbchl and Zmbch2 gene silencing in transgenic maize endosperm
indicated that these two hydroxylases are key detwents off-carotene and zeaxanthin

accumulation.

7. The more in depth understanding of the mechanigroarotenoid accumulation in maize

endosperm resulting from the work described in thiesis will permit the design and



General conclusions

implementation of more targeted strategies fordteation of plants able to accumulate

particular carotenoid profiles for diverse applicas.

8. Lower total starch content measured in three haetenoid accumulating transgenic
maize lines suggested that the accumulation ofenigimounts of carotenoids in maize
endosperm might occur at the expense of early psecsi also involved in starch
biosynthesis. | established that this effect wasdoe to downregulation of starch-related
biosynthetic genes, which suggests that reductiostarch levels is due to alternative

mechanisms.

9. Transgenic maize hybrids with field performanceikimo, or on occasion, superior to
commercial hybrids commonly grown in the area waegeloped by breeding a high-
carotenoid accumulating transgenic line with defarinbred lines belonging to well-
known heterotic groups. This is the first exampleh® generation of high-carotenoid

transgenic maize hybrids.

158






	PlantillaPortada-Tots-drets-reservatsJuditBerman.pdf
	Unravelling the molecular bases of carotenoid biosynthesis in maize
	Judit Berman Quintana
	Nom/Logotip de la
	Universitat on s’ha
	llegit la tesi


