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Summary

My research project focused on investigations to better understand the mechanism of
carotenoid accumulation in rice callus and endosperm. A major aim is to better understand
the bottleneck of carotenoid biosynthetic pathway, by analyzing genes involved in
carotenoid accumulation and their functionality for further use in metabolic engineering

applications.

The overall aims were to: 1) reconstitute a native carotenoid pathway in the rice
endosperm by defining the minimum number of genes necessary to accumulate (-
carotene; 2) restoring OsPSY1 expression in the endosperm by re-activation of the
promoter; 3) test if chloroplast division factor genes in combination with carotenogenic

genes enhance carotenoid accumulation in rice endosperm.

PSY1 commits the first step of the carotenoid biosynthetic pathway. In rice endosperm,
the PSY1 promoter is not active so the first part of my work has been to define the
minimum number of necessary genes to accumulate B-carotene in rice endosperm. In
early experiments, rice plants were transformed with OsPSY1 and OsPDS. The results
indicated that the combination of these two genes leads to the accumulation of B-carotene
in rice callus. However, co-transformation of the subsequent genes (OsZDS, OsZISO and
OsCRTISO) will be important for the full understanding of each genes and the function
in the accumulation of carotenoid in rice endosperm. Future work needs to focus on
generating a population of transgenic rice plants with the combination of all the above

genes in order to dissect the function of each gene in the pathway.

The second part of my project was focus on the reactivation of the OsPSY1 gene promoter
specifically in rice endosperm. To achieve this aim, we identified six potential endosperm
specific cis-regulatory elements in the promoter region of OsPSY1: three prolamin p-
boxes, one AACA motif, one GCN4-like motif and an Opaque 2 box (O2 box). To test
our hypothesis, we constructed two synthetic OsPSY1 promoters with 6-motif and 4-motif
corrected driving GFP. The wild type version of OsPSY1 promoter under the control of
GFP was used as a negative control. The results confirmed that GFP was highly
expressed and the GFP protein was accumulated and detected in the transgenic rice callus
lines containing the corrected 6- and 4-motif OsPSY1 promoter. Taken together, these

results confirm that the corrected OsPSY1 promoter activated gene expression. The cis-



regulatory elements have the potential to regulate OsPSY1, and when present they can
activate the OsPSY1 promoter, strongly supporting their role in the expression of OsPSY1

in rice endosperm.

Moreover, we describe a third strategy to understand the role of the plastid division factors
AtPDV1 and AtARC3 in the accumulation of carotenoids in rice endosperm. One of our
strategies was to combine the plastid division genes (AtARC3 and AtPDV1) with
carotenogenic genes (ZmPSY1 and PaCRTI). This strategy did not result in any significant
differences in carotenoid accumulation and chromoplast quantity. In the second strategy
we combined the plastid division factors (AtARC3 and AtPDV1) with AtOrHs in order to
enhance carotenoid accumulation in the rice endosperm. We demonstrate co-
transformation of rice with the three genes (AtARC3, AtPDV1 and AtOrts). Also we
confirmed mRNA accumulation for the three genes in rice callus. However, we are far
from identifying all the necessary factors controlling chromoplast division and number.
Further experiments will be required to identify and characterize proteins that associate
with these factors in order to determine their precise role in the accumulation of

carotenoids in the rice endosperm.



Resumen

Mi proyecto de investigacion se centra en las investigaciones para comprender mejor el
mecanismo de acumulacion de carotenoides en callo y endospermo de arroz. Uno de los
principales objetivos es comprender mejor el cuello de botella de la via biosintética de
los carotenoides, analizando los genes implicados en la acumulacion de carotenoides y su

funcionalidad para su posterior uso en aplicaciones de ingenieria metabolica.

Los objetivos generales eran: 1) reconstituir una via nativa de carotenoides en el
endospermo de arroz definiendo el nimero minimo de genes necesarios para acumular -
caroteno; 2) restaurar la expresion de OsPSY1 en el endospermo mediante la reactivacion
de su promotor; 3) probar si los genes del factor de division del cloroplasto en
combinacion con los genes carotenogénicos mejoran la acumulacién de carotenoides en

el endospermo de arroz.

El PSY1 realiza el primer paso de la via biosintética de los carotenoides. En el
endospermo de arroz, el promotor de PSY1 no esta activo, por lo que la primera parte de
mi trabajo ha sido definir el nimero minimo de genes necesarios para acumular f-
caroteno en el endospermo de arroz. En los primeros experimentos, se transformaron
plantas de arroz con OsPSY1 y OsPDS. Los resultados indicaron que la combinacion de
estos dos genes conduce a la acumulacion de B-caroteno en el callo de arroz. Sin
embargo, la co-transformacion de los genes subsiguientes (OszZDS, 0OsZISO vy
OsCRTISO) sera importante para la plena comprension de cada uno de los genes y la
funcidn en la acumulacion de carotenoides en el endospermo del arroz. El trabajo futuro
debe centrarse en la generacion de una poblacion de plantas de arroz transgénicas con la
combinacion de todos los genes mencionados para diseccionar la funcién de cada gen en

la ruta metabolica.

La segunda parte de mi proyecto se centrd en la reactivacion del promotor del OsPSY1
especificamente en el endospermo del arroz. Para lograr este objetivo, identificamos seis
posibles elementos cis-reguladores especificos del endospermo en la region promotora de
OsPSY1: tres cajas p de prolamina, un motivo AACA, un motivo similar a GCN4 y una
caja opaca 2 (caja O2). Para probar nuestra hipotesis, construimos dos promotores
sintéticos de OsPSY1 con 6 motivos y 4 motivos corregidos para la expresion de GFP. La
version de tipo salvaje del promotor OsPSY1 controlando la expresion de GFP se utilizd

como control negativo. Los resultados confirmaron que GFP se expresaba en gran medida
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y que la proteina GFP se acumulaba y se detectaba en las lineas de callos de arroz
transgénico que contenian el promotor OsPSY1 corregido con 6 y 4 motivos. En conjunto,
estos resultados confirman que el promotor corregido de OsPSY1 activo la expresion del
gen. Los elementos reguladores cis tienen el potencial de regular OsPSY1, y cuando estan
presentes pueden activar el promotor de OsPSY1, apoyando fuertemente su papel en la

expresion de OsPSY1 en el endospermo del arroz.

Ademas, describimos una tercera estrategia para entender el papel de los factores de
division del cloroplasto AtPDV1 y AtARC3 en la acumulacion de carotenoides en el
endospermo del arroz. Una de nuestras estrategias fue combinar los genes de division del
cloroplasto (AtARC3 y AtPDV1) con genes carotenogénicos (ZmPSY1 y PaCRTI). Esta
estrategia no dio lugar a diferencias significativas en la acumulacion de carotenoides y en
la cantidad de cromoplastos. En la segunda estrategia combinamos los factores de
division de cloroplastos (AtARC3 y AtPDV1) con AtOr™s para potenciar la acumulacion
de carotenoides en el endospermo del arroz. Demostramos la co-transformacion del arroz
con los tres genes (AtARC3, AtPDV1 y AtOrts). También confirmamos la acumulacion
de ARNm para los tres genes en el callo de arroz. Sin embargo, estamos lejos de
identificar todos los factores necesarios que controlan la division y el numero de
cromoplastos. Seran necesarios mas experimentos para identificar y caracterizar las
proteinas que se asocian a estos factores con el fin de determinar su papel preciso en la

acumulacion de carotenoides en el endospermo del arroz.
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Resum

El meu projecte de recerca es centra en les investigacions per comprendre millor el
mecanisme d'acumulacio de carotenoides en call i endosperma d'arros. Un dels principals
objectius és comprendre millor el coll d'ampolla de la via biosintetica dels carotenoides,
analitzant els gens implicats en I'acumulacid de carotenoides i la seva funcionalitat per

utilitzar-los posteriorment en aplicacions d'enginyeria metabolica.

Els objectius generals eren: 1) reconstituir una via nativa de carotenoides a I'endosperma
d'arros definint el nombre minim de gens necessaris per acumular (3-carote; 2) restaurar
I'expressio d'OsPSY1 a I'endosperma mitjancgant la reactivacié del seu promotor; 3) provar
si els gens del factor de divisié del cloroplast en combinacié amb els gens carotenogénics

milloren I'acumulacio de carotenoides a I'endosperma d'arros.

ElI PSY1 fa el primer pas de la via biosintética dels carotenoides. A I'endosperma d'arros,
el promotor de PSY1 no esta actiu, per la qual cosa la primera part del meu treball ha estat
definir el nombre minim de gens necessaris per acumular B-caroteé a I'endosperma d'arros.
Als primers experiments, es van transformar plantes d'arros amb OsPSY1 i OsPDS. Els
resultats van indicar que la combinacid d'aquests dos gens condueix a I'acumulacio6 de -
caroté al call d'arros. Tanmateix, la co-transformacio dels gens subseglients (OsZDS,
OsZISO i OsCRTISO) sera important per a la plena comprensié de cadascun dels gens i
la funcid en I'acumulacid de carotenoides a I'endosperma de I'arrds. El treball futur ha de
centrar-se en generar una poblacio de plantes d'arros transgéniques amb la combinacié de

tots els gens esmentats per disseccionar la funci6 de cada gen a la ruta metabolica.

La segona part del meu projecte es va centrar en la reactivacio del promotor de I'OSPSY1
especificament a I'endosperma de I'arros. Per assolir aquest objectiu, identifiquem sis
possibles elements cis-reguladors especifics de I'endosperma a la regié promotora
d'OsPSY1: tres caixes p de prolamina, un motiu AACA, un motiu similar a GCN4 i una
caixa opaca 2 (caixa O2). Per provar la nostra hipotesi, construim dos promotors sintétics
de OsPSY1 amb 6 motius i 4 motius corregits per a I'expressié de GFP. La versio de tipus
salvatge del promotor OsPSY1 controlant I'expressié de GFP es va utilitzar com a control
negatiu. Els resultats van confirmar que GFP s'expressava en gran mesura i que la
proteina GFP s'acumulava i es detectava a les linies de tripa d'arros transgenic que
contenien el promotor OsPSY1 corregit amb 6 i 4 motius. Tot plegat, aquests resultats

confirmen que el promotor corregit d'OsPSY1 va activar I'expressio del gen. Els elements
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reguladors cis tenen el potencial de regular OsPSY1, i quan sén presents poden activar el
promotor d'OsPSY1, recolzant fortament el seu paper en I'expressi6 d'OsPSY1 a

I'endosperma de l'arros.

A més, descrivim una tercera estratégia per entendre el paper dels factors de divisio del
cloroplast AtPDV1 i AtARC3 a lI'acumulacio de carotenoides a I'endosperma de I'arros.
Una de les nostres estratégies va ser combinar els gens de divisio del cloroplast (AtARC3
i AtPDV1) amb gens carotenogenics (ZmPSY1 i PaCRTI). Aquesta estrategia no va donar
lloc a diferencies significatives en l'acumulacié de carotenoides i la quantitat de
cromoplasts. A la segona estratégia combinem els factors de divisio de cloroplasts
(AtARC3 i AtPDV1) amb AtOrH's per potenciar l'acumulacié de carotenoides a
I'endosperm de I'arros. Demostrem la co-transformacio de I'arros amb els tres gens
(AtARC3, AtPDV1 i AtOrHs). També confirmem I'acumulacié d’ARNm per als tres gens
al call d'arros. Tot i aixi, estem lluny d'identificar tots els factors necessaris que controlen
la divisio i el nombre de cromoplasts. Seran necessaris més experiments per identificar i
caracteritzar les proteines que s'associen a aquests factors per tal de determinar-ne el paper

precis en I'acumulacio de carotenoides a I'endosperma de I'arros.
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Chapter I. GENERAL INTRODUCTION






1.0. General Introduction

1.1. Importance of pro-vitamin A carotenoid in human health and nutrition

Global food security is one of the main targets of world leaders, principally combating
the problem of hidden hunger. Present estimations are that nearly 690 million people are
hungry, up by 10 million people in one year and by nearly 60 million in five years (FAQ,
2020). Hidden hunger or micronutrient malnutrition are a public health concern
worldwide. One of the micronutrient deficiencies is vitamin A deficiency (VAD).
Retinoids, including vitamin A are essential nutrients for the human (and animal) diet.
They contain a common retinyl group, comprising an unsubstituted B-ionone ring and an
isoprenoid side chain. Retinal or retinaldehyde is necessary for the production of
rhodopsin and for the maintenance of epithelial and immune cells, whereas the acidic
form (retinoic acid) is a morphogen that plays important roles in cell growth,
differentiation, and organogenesis (Kirschfeld et al 1977) (Figure 1. 1). Retinal is derived
from retinol, which is obtained from the diet (meat and dairy products) in the form of
esters such as retinyl esters. Vitamin A deficiency causes many health problems including
the deterioration of light-sensitive rod cells essential for low-light vision, and in some

cases can lead to an irreversible form of blindness called xerophthalmia (Sommer 2008).

Humans (and animals) possess the enzyme B-carotene 15,150- monooxygenase, which
also allows the direct synthesis of retinal from pro-vitamin A carotenoids. Carotenoids
are usually found in fruits and vegetables, such as oranges, broccoli, spinach, carrots,
squash, sweet potatoes and pumpkins (Harrison 2005). In populations which lack access
to animal-derived food, plants are therefore an important dietary source of vitamin A
precursors (Farré et al 2011). Retinol Activity Equivalents (RAE) is the recommended
unit for vitamin A intake considering bioavailability. One RAE is equivalent to 1 pg of
retinol, 2 ug of supplemental B-carotene, 12 ug of dietary p-carotene, 24 ug dietary
alpha-carotene or beta-cryptoxanthin (IOM, 2001). The dietary reference intake (DRI) for
vitamin A is 900 RAE for males equivalent to 900 pg or 3000 IU of retinol, 1800 pg of
[-carotene supplement or 1.08 mg of B-carotene in food (IOM 2001), 700 RAE for
females and 400-500 RAE for children.

The majority of the population in the industrialized world has a diverse diet ensuring the
DRI for vitamin A. However, the situation in developing countries is totally different,

with many living on a cereal-based diet with low levels of essential nutrients, including



[-carotene. Low vitamin A intake is strongly associated with health issues during periods
of high nutritional demand, such as in infancy, childhood, pregnancy, and lactation. More
than 190 million children and 19.1 million pregnant women around the world have a
serum retinol concentration below 0.70 pm/L (WHO 2009). Another effect of vitamin A
deficiency in pregnant and lactating women include increased maternal and infant

mortality, anemia risk, and slower infant growth and development.

1.2. Carotenoid biosynthetic pathway in plants

Plants produce a diversity of primary and secondary metabolites. Primary metabolites,
such as amino acids, enzymes, sugars and organic acids, are mainly involved in plant
development, reproduction and are also crucial for plant survival. Secondary metabolites,
including isoprenoids and flavonoids, are mainly involved in the adaptation of plants to
biotic and abiotic stress responses. Plant secondary metabolites also have a wide range of
uses in the biotechnology, agricultural, agrochemical and pharmaceutical industries
(Verpoorte et al 2002; Vasconsuelo and Boland 2007).

Isoprenoids (also called terpenoids) are an important group of secondary metabolites,
forming one of the largest families of natural products found in all organisms (Capell and
Christou 2004). Isoprenoids are derived from two independent and very conserved
pathways, the mevalonate (MVVA) and 2-C-methyl-D-erythritol 4-phosphate (MEP). The
MVA pathway is localized in the cytosol of all eukaryotes, archaea, and some bacteria;
and the MEP pathway is active in most bacteria and in the plastids of plants (Vranova et
al 2013). Nonetheless, some bacteria and plants have the ability to use both pathways
(Vranova et al 2013). The isoprenoids are derived from the same precursors, the five-
carbon unit isopentenyl pyrophosphate (IPP) and its isomer dimethylallyl diphosphate
(DMAPP), which are interconverted by the enzyme isopentenyl diphosphate isomerase
(ID1) (Giuliano 2017a).

Carotenoids form a very important group of isoprenoids. They are tetraterpenoids, i.e.
they comprise eight condensed C5 isoprenoid precursors generating a C40 linear
backbone. In plants, this condensation reaction involves the isomeric precursors IPP and
DMAPP and occurs in the plastids (Chappell 1995). IPP and DMAPP are derived
predominantly from the plastidial MEP pathway (Rodriguez-Concepcion and Boronat

2002). The same precursors are formed by the cytosolic MVA pathway, and there is



evidence of intermediate interchange between the two pathways (Rodriguez-Concepcidn
2006).

In the MEP pathway carotenoid biosynthesis starts with the C5 prenyl phosphates, IPP
and DMAPP. They are interconverted by IDI and then the two alternative forms condense
to form geranylgeranyl pyrophosphate (GGPP), the precursor of a series of isoprenoid
molecules, including gibberellins, quinones, the isoprenoid moieties of chlorophylls and
tocopherols and carotenoids, by geranylgeranyl pyrophosphate synthase (GGPS). The
condensation of two GGPP molecules by phytoene synthase (PSY) to 15-cis-phytoene, is
the first committed step in carotenoid biosynthesis (Misawa et al 1994). 15-Cis-phytoene
is converted into all-trans-lycopene by a poly-cis pathway involving two desaturases
(phytoene desaturase or PDS and z-carotene desaturase or ZDS) and two isomerases (z-
carotene isomerase or ZISO and prolycopene isomerase or CRTISO) (Li et al 2007; Chen
et al 2010). A bacterial desaturase/isomerase (CRTI) converts directly 15-cis phytoene
into all trans-lycopene, substituting for the four plant enzymes, and for this reason is often
used in metabolic engineering. Lycopene is the substrate for two competing cyclases:
lycopene B-cyclase (LCY-B) and lycopene e-cyclase (LCY-g), introducing, respectively
B-rings (double bond at the 5,6 position) and e-rings (double bond at the 4,5 position).
Carotenoids containing non-substituted p-rings are vitamin A precursors. The two
cyclases start two competing branches: the a-branch proceeds through a-carotene (e-p-
carotene) to its 3,3" diol, lutein, while the pB-branch proceeds through B-carotene (B-B-
carotene) to its 3,3" diol, zeaxanthin. In most plants, two non-heme carotene hydroxylases
(CHY1 and CHY2) and two heme hydroxylases (CYP97A and CYP97C) introduce
hydroxyl groups at the 3 and 3" positions of the rings. In the B-branch, epoxidation by
zeaxanthin epoxidase (ZEP) and de-epoxidation by violaxanthin de-epoxidase (VDE)

generate the xanthophyll cycle in leaves.

The carotenoid biosynthetic pathway in plants produces four pro-vitamin A carotenoids,
having at least one retinyl group. Two of these molecules (a-carotene and B-carotene)
accumulate in significant amounts whereas the others (y-carotene and B-cryptoxanthin)
are intermediates and are converted rapidly into downstream products (Farré et al 2010a;
Zhu et al 2010). In humans (and animals), several carotenoids derived from plant sources
act as antioxidants and protect against diseases, while other carotenoids are precursors of

vitamin A and retinoid compounds.



1.3. Strategies for enhancing B-carotene accumulation in plants

Developing countries require a solid strategy to address VAD and increase access to foods
rich in pro-vitamin A. Metabolic engineering may have a role in increasing the levels of
these compounds since pro-vitamin A carotenoids are synthesized de novo by plants. The
focus needs to be on B-carotene because it is the most important and potent of the four
pro-vitamin A carotenoids. As well as enhancing the synthesis of B-carotene, additional
approaches include the inhibition of post-p-carotene steps to prevent conversion to
zeaxanthin and other derivatives, and increasing the ability of plant cells to store -

carotene, thereby providing a metabolic sink and preventing feedback inhibition.

The "push strategy™ is the most common approach to enhance (3-carotene content in plants,
using a combination of genes to recreate the complete pathway to accumulate carotenoids.
The use of the Zea mays phytoene synthase 1 (ZmPSY1) and bacterial desaturase (CRTI)
are the most common components in the push strategy” in order to increase the
accumulation of carotenoids in the rice endosperm (Ye et al. 2000; Paine et al. 2005;
Baisakh et al. 2006; Aluru et al. 2008; Bai et al. 2016). Other approaches include the
Arabidopsis thaliana Orange gene (AtOr) in combination with ZmPSY1 and CRTI to
promote the differentiation of chromoplasts thus generating a metabolic sink that
promotes the accumulation of carotenoids in the endosperm (Lu et al 2006; Bai et al
2016). Another strategy to generate carotenoid precursors combines Arabidopsis thaliana
1-deoxy-d-xylulose-5-phosphate synthase (AtDXS) with ZmPSY1 and CRTI. In maize and
wheat, the majority of the strategies were similar to those used in rice to recreate the

biosynthetic pathway and accumulate carotenoids in the endosperm (Table 1. 1).

A strategy combining the “push strategy” with a “block strategy™ was used in wheat
(Triticum aestivum L. cv. Bobwhite) using bacterial phytoene synthase (CRTB) and RNA
interference (RNAI) to block the endogenous carotenoid hydroxylase gene (TaHYD)
(Zeng et al 2015a). In canola (Brassica napus) the “block strategy™ was used to
downregulate the expression of lycopene -cyclase (e-CYC) using RNAI (Yu et al 2008).
RNA. repressed the e-CYC and led to increased levels of B-carotene, lutein, zeaxanthin
and violaxanthin in B. napus seeds (Table 1.1). In tomato (Solanum lycopersicum)
several publications exemplify different combination of genes used to enhance carotenoid
content but the majority of the examples use a “push strategy” similarly to rice. A "block
strategy” was used in tomato to silence the DE-ETIOLATED1 (DET1) gene by RNAI



(Davuluri et al 2005). This cause increases in the contents of 3-carotene and lycopene in
mature fruits (Table 1. 1).

1.4. Engineered plants with enhanced levels of pro-vitamin A carotenoid

Several metabolic engineering approaches have been made to increase the levels of
nutritionally relevant carotenoids in staple cereals. Strengthening the rate-limiting
enzyme with a high flux control coefficient is the main target for metabolic engineering
(Zhu et al 2008a; Bai et al 2016; Zhai et al 2016). Alternatively, it may be desirable to
change the carotenoid composition or enhance the endogenous carotenoid pathway in the
tissues of interest. One of the first examples of engineering carotenoid accumulation used
the daffodil (Narcissus pseudonarcissus) PSY gene in rice endosperm. However, this
resulted in the accumulation of phytoene but not desaturated products (Burkhardt et al
1997). Golden Rice is the first example of carotenoid accumulation in the endosperm.
Golden Rice was achieved with the expression of daffodil PSY and CRTI. The endosperm
carotenoid content in Golden Rice 1 was 1.6 pg/d dry weight, demonstrating the need for
a desaturase along with PSY to achieve carotenoid accumulation in the endosperm (Ye et
al. 2000; Paine et al. 2005). Golden Rice 2 utilized the Zea mays PSY along with CRTI
(Paine et al 2005). The endosperm carotenoid content of Golden Rice 2 was 37 ug/d dry
weight (23- fold increase compared to Golden Rice 1) (Paine et al 2005).

Furthermore, overexpression in potato tubers of the cauliflower Or regulator, a molecular
chaperone able to induce formation of chromoplasts in heterologous systems (Giuliano
and Diretto 2007), results in increased PSY stability (Li et al 2012). The tomato Stay
Green SISGR1 protein regulates fruit lycopene and p-carotene accumulation through
direct interaction with the PSY enzyme (Luo et al 2013).

The endosperm of cereals are deficient in carotenoid and in many minerals (Zhu et al
2007, 2008a; Harjes et al 2008; Cong et al 2009). Introducing the bacterial phytoene
synthase (CRTB) and CRTI genes under the control of an enhanced A-zein promoter to
provide strong endosperm-specific expression, increased the total carotenoid content to
33.6 g/g dry weight versus the control (1.01 g/g dry weight; Aluru et al. 2008). Beta-
carotene hydroxylase (BCH) and LCY-e are important genes linked with B-carotene and
total carotenoid accumulation in maize. Mutations at the LCY-e locus redirect the flux
towards the B-branch, increasing p-carotene content in maize endosperm (Harjes et al.

2008). A significant advance was achieved with the development of a combinatorial



nuclear transformation system designed to dissect and modify the carotenoid biosynthetic
pathway in maize, using the white-endosperm elite South African inbred M37W (Zhu et
al. 2008).

Combinatorial nuclear transformation involves co-transformation with multiple genes
involved in carotenoid biosynthesis (on individual plasmids) and then screening a library
of resulting transformants for plants with appropriate metabolic profiles. Early
experiments involved the introduction of ZmPSY1, Gentiana lutea LYCB, BCH, CRTI and
bacterial B-carotene ketolase (CRTW) under the control of endosperm-specific promoters.
This recreates the entire pathway from GGPP to zeaxanthin and also adds the enzyme
CRTW that converts p-carotene into downstream ketocarotenoids. The M37W genetic
background provided a blank template because the endosperm in this variety has no PSY
activity and therefore lacks carotenoids. The plants carrying random combinations of
genes resulted in a metabolically diverse library comprising plants with a range of
carotenoid profiles and endosperm colors ranging from yellow to scarlet. The grains
contained high levels of p-carotene, lycopene, zeaxanthin and lutein, as well as further
commercially-relevant ketocarotenoids such as astaxanthin and adonixanthin (Zhu et al
2008a). In a subsequent study also in maize, plants transformed with multiple genes
enabled the simultaneous modulation of three metabolic pathways in the endosperm,
increasing the levels of the three target nutrients: ascorbate, B-carotene, and folate (Naqvi
et al 2009). The same M37W line was used as the basis for these experiments because, in
addition to the absence of carotenoids, it also has very low ascorbate and folate levels.
Kernels from the transgenic plants contained six times the normal level of ascorbate (110
pg/g dry weight), 169-fold more B-carotene than normal (60 pg/g dry weight) and twice
the normal level of folate (1.94 pg/g dry weight) (Naqvi et al 2009).

Carotenoid levels in elite wheat lines (Triticum aestivum EM12) have also been improved
by metabolic engineering. Transgenic wheat expressing maize PSY1 under the control of
the endosperm-specific 1Dx5 promoter in combination with constitutively expressed
CRTI produced yellow grains containing 10.8-fold the carotenoid levels of wild type
EM12 plants (Cong et al 2009). Hexaploid tritordeum accumulate higher levels of
carotenoids than their respective wheat parents or hybrids derived from crosses between
wild diploid barley and durum wheat (Alvarez et al 1999). A wheat population, which

was previously characterized for endosperm color was used to map the PSY1 and PSY2



genes against four QTLs affecting endosperm color, with one showing strong linkage
(Clarke et al 2006; Pozniak et al 2007).
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Figure 1. 1. Vitamin A in humans consists of a group of molecules with a common retinyl group.
The biologically active molecules are retinal and retinoic acid (Bai et al 2011).

Table 1. 1. Total carotenoids levels and b-carotene levels in wild type and transgenic plants.

(DW = dry weight, FW = fresh weight, ND = not determined)

4 Different carotenoid levels cited for each species (wild type) reflect the different varieties used
in each investigation, ® We converted dry weight to fresh weight assuming the water content of
tomato fruit is 90%.



Species | Genes (origin) Total Total B- B- References
carotenoi | carotenoid | Carotene | Carotene
d levels levels levelsin | levels
in wild (increase | wild (increase
type ® relative | type® relative
to wild .
type) in 0 W”q
. type) in
transgeni .
transgeni
¢ plants c plants
Rice PSY1 ND 1.6 po/g ND 1.4 pg/g | (Yeetal.
(Narcissus DW DW 2000)
pseudonarciss
us; daffodil)
and CRTI (P.
ananatis)
PSY1 (Zea ND 37 ualg ND 31 yal/g (Paine et al
mays; maize) DW DW 2005)
and CRTI (P.
ananatis)
PSY1 (Zea ND 1.06 ND 0.41 (Baisakh et
mays, maize) ua/g Ha/g al 2006)
and CRTI (P. DW DW
ananatis)
CRTBand CRTI | 0.99 pg/g | 33.6 0.98 9.8 ug/g | (Aluru et al
(P. ananatis) DW ug/g na/g DW 2008)
DW (34) DW
PSY1 (Zea | ND 25.83 ND 10.52 (Bai et al
mays, maize), Ho/g pg/g DW | 2016)
CRTI (P. DW
ananatis) and
AtOr (
A. thaliana
ORANGE)
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PSY1 (Zea| ND 31.78 ND 16.61 (Bai et al
mays, maize), ug/g Mg/g 2016)
CRTI (P. DW DW

ananatis) and

AtDXS (A.

thaliana 1-

deoxy-d-

xylulose-5-

phosphate

synthase)

Maize | PSY1 (Zea | 1.10pug/g | 146.7 0.14 57.35 (Zhu et al

mays; maize) DW Ha/g na/g ug/g 2008a)
DW DW DW
CRTI (P.
antoeaananati (133) (410)
s)
CRTW (P.
aracoccus
spp)
LYCB
(Gentiana
lutea)
PSY1 (maize) 1.45ug/g | 163.2 0.35 59.32 (Naqvi et al
CRTI DW Hg/g Hg/g Ha/g 2009)
(Pananatis) DW bW DW
(169)
(112)

Wheat | PSY1 (maize) 0.46 ug/g | 4.96 ND ND (Cong et al
CRTI ®. DW Ho/g 2009)
ananatis) DW

(10.8)
CRTB and 0.58 ug/g | 4.06 0.05 3.21 (Wang et al
CRTI DW Ho/g Ha/g Ha/g 2014)
(bacterial) DW DW DW
CRTB (bacteria) | 1.22 pg/g | 9.31 0.16 5.55 (Zeng et al
and HYDi DW Ho/g Ha/g Ha/g 2015b)
(wheat) DW DW DW
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Canol

CRTB 36 ug/g | 1055 ug/g | 5 401 yg/g | (Shewmaker
(P.ananatis) FW FW u | FW et al 1999)
(29.3) g/lg FW (80.2)
CRTB ND 1341 pug/g | ND 739 ug/g | (Ravanello
(P. ananatis) FW FW et al 2003)
CRTE and 1023 ug/g 488 ugl/g
CRTB (P. FW FW
ananatis)
CRTB 1412 pglg 857 ug/g
(P. ananatis) FW FW
CRTI
(P. ananatis)
CRTB and 935 ug/g 459 ugl/g
CRTY FW FW
(P. ananatis)
CRTB 985 ug/g 488 ug/g
. FW FW
(P. ananatis)
and
LYCB
(Brassica
napus; canola)
CRTB, CRTI 1229 uo/g 846 ug/g
and CRTY FW FW
(P. ananatis)
lycopene ¢- 5.34 uglg | 227.78 0.49 ug/g | 90.76 (Yuetal
cyclase FW ug/g FW | FW ug/g FW | 2008)
(Arabidopsis) (42.5) (185.2)
RNAIi to 5’ end
lycopene &- 94.09 27.02
cyclase ug/g FW Ho/g FW
(Arabidopsis) (17.6) (59)
RNA. to 3” end
idi, CRTE, 21.7 ug/g | 656.7 0.2uglg | 2142 (Fujisawa et
CRTB, CRTI FW ng/g FW | FW ug/g FW | al 2009)
: 1070
and CRTY (P (30) (1070)
ananatis)

12



CRTZ, CRTW
(Brevundimon
as sp)

microRNA 3 Mg/g FW | 6.9 ug/g 0.08 pug/g | 0.38 (Wei et al
miR156b (10% FW FW (10% | pg/g 2010)
(Arabidopsis) (2.45) FW
water water 45
content (10% content (43)
)| water )| (10%
content) water
content)
CRTI 285 ug/g | 137.2 27.1pg/g | 52 pg/g | (Romer et al
(P. ananatis) FW ug/g FW | FW FW (1.9) | 2000)
(0.5)
S/BBX20 87.31 pg/g | 161.70 54.17 96.34 (Xiong et al
FW Ha/g Ha/g Ha/g 2019)
FW FW FW
LYCB 66 Mo/g | 109uo/g |7  Mo/g | 57 pg/g | (Rosati et al
(Solanum FW FW (1.7) | FW FW (7.1) | 2000)
lycopersicum;
tomato)
AtOR"® 71.12 ugl/g | 175.26 9.03 pg/g | 28.04 (Yazdani,
FW Ha/g FW Mg/g Sun, Yuan,
FW FW Zeng,
Theodore
W.
Thannhauser
, et al 2019)
LYCB 66.3 ug/g | 100.7 5 ug/g | 63 pg/g | (Dharmapuri
(Arabidopsis) FW MO/g FW | FW FW (12) | etal 2002)
BCH (1.5)
(Capsicum
annuum;
pepper)
CRTB 285.7 ug/g | 591.8 33 na/g 82.5 ug/g | (Fraser et al
(P. ananatis) FW MO/g FW | FW FW (2.5) | 2002)
(2.1)
LYCB 945 pg/g | 215.2 44 ug/lg | 205.0 (D’ Ambrosi
(tomato) FW ng/g FW | FW ug/g FW | oetal 2004)
46.6
(2.3) (46.6)
DXS 460 pg/g | 720 pg/g | 50  pg/g | 70.0 pg/g | (Enfissi et al
(Escherichia FW FW (1.6) | FW FW (1.4) | 2005)

13




coli)

DET1 (tomato) | 128.2 ug/g | 417.9 35.1 ug/g | 145.5 (Enfissi et al
FW na/g FW po/g 2010)
FW FW
Antisense 36.4ug/g | 83.8ug/g | 1.63 pg/g | 13 pg/g | (Davuluri et
DET-1 FW FW (2.3) | FW FW (8) al 2005)
(tomato)
CRY2 87.6 ug/g | 149 ug/g | 7.8 pg/g 10.1 po/g | (Giliberto et
(tomato) FW in FW in FW in FW in al 2005)
ripe fruit ripe fruit | ripe fruit | ripe fruit
pericarps | (1.7) pericarps | (1.3)
pericarps pericarps
a7 (13)
PSY1 (tomato) | 181.20 227.67 58.62 81.93 (Fraser et al
Mg/g FW | pg/g FW | pg/g FW | pg/g FW | 2007)
(1.25) (1.4)
fibrillin 325 ug/g | 650 ug/g | 90 pg/g 150 pg/g | (Simkin et al
(pepper) FW FW (2.0) | Fw FW (1.6) | 2007)
CRTY 372.66 323.71 6.91 ug/g | 28.61 (Wurbs et al
(Erwinia HO/lg FW | pg/g FW | FW ug/g FW | 2007)
herbicola 4
) ©9) @
LYCB 76.67 uo/g | 115 ug/g | 19 pg/g 95 ug/g | (Apel and
(Narcissus FW FW (15) | FW FW (5) | Bock 2009)
pseudonarcissu
s; daffodil)
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AIMS AND OBJECTIVES
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Aims

My research project focused on investigations to better understand the mechanism of
carotenoid accumulation in rice callus and endosperm. A major aim was to develop a
more in depth understanding of the regulation of the carotenoid biosynthetic pathway in
rice. This also encompassed the development of a system to characterize functionally
candidate genes implicated in the pathway for further use in metabolic engineering

applications.
Objectives
In order to reach these aims, the following objectives were address:

e Reconstitute a plant-only pathway to B-carotene in rice by defining the precise
nature and number of rice (phytoene) desaturases and/or (zeta-carotene)
isomerases.

e Construct a rice PSY1 gene synthetic promoter with 4 and 6 cis-elements to
activate the promoter region of OsPSY1 gene.

e Test if the plastid division factors genes (AtPDV1 and AtARC3) enhance the

carotenoid accumulation in rice callus and endosperm.
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Chapter 11

Dissecting the genetic components required to

reconstitute a native pathway to pg-carotene in
rice endosperm
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2.0.Abstract

The rice endosperm carotenoid biosynthetic pathway (similarly to other plants) is
characterized by multiple branches, complex regulatory controls, and competition for
intermediate precursor molecules. These are some of the hurdles that jointly limit the
synthesis of carotenoids. The major focus in carotenoid synthesis is to accumulate -
carotene. Therefore, when the limitation of carotenoid accumulation in rice endosperm is
somehow surpassed, other questions were raised. The golden rice results raise questions
about the regulation of the carotenoid pathway. This chapter focused in the dissection and
understand the limitations in endogenous rice endosperm carotenoid biosynthesis. We
overexpress the OsPSY1 and OsPDS genes in order to define the minimal number of
genes required to reconstitute the pathway to B-carotene. Using the established rice callus
platform, we demonstrate the accumulation of carotenoids specifically [3-carotene. This
revealed that in order to accumulate carotenoids in rice endosperm the OsPSY1 and
OsPDS genes need to be active in the endosperm. This results provide an exciting new
data for the understanding of the rice endosperm carotenoid pathway and also new

strategies for carotenoid accumulation in engineered rice plants.
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2.1. Introduction

2.1.1. Engineered rice with enhanced levels of pro-vitamin A

The endosperm of cereals is a major food staple worldwide, but it is scarce in many
vitamins and minerals, including carotenoids (Zhu et al 2007, 2008a). Earlier approaches
to enhance the levels of pro-vitamin A in rice endosperm followed alternative strategies.
Carotenoid content in rice endosperm can be enhanced by the expression of carotenogenic
enzymes, if isoprenoid precursors are available. In rice endosperm, carotenoid
biosynthesis is blocked at the first committed enzymatic step because phytoene synthase
1 (PSY1), which converts GGPP into phytoene is not active (Figure 2. 1). In addition,
there is a limited flux in the subsequent desaturation and isomerization reactions leading

to lycopene.

Strategies to enhance carotenoid production in rice endosperm are exemplified by the
creation of Golden Rice 1 (GR1). GR1 was engineered by expressing the N.
pseudonarcissus PSY1 and bacterial CRTI enzymes in rice endosperm (Figure 2. 2). GR1
accumulated 1.6 pg/g DW of B-carotene, with a low accumulation of lutein and
zeaxanthin. The accumulation of lutein and zeaxanthin suggest that the lycopene a(e), B-
cyclases and the hydroxylase are either constitutively expressed in normal rice endosperm
or induced upon lycopene formation. A number of transgenic Indica rice varieties were
generated subsequently using the same strategy to increase B-carotene content in the
endosperm in elite varieties (Datta et al. 2003; Parkhi et al. 2005; Baisakh et al. 2006).
All transgenic indica rice lines had very similar carotenoid levels in the range of 1.05
Mg/g to 2.00 pg/g DW. The amount of B-carotene in the endosperm of all GR1 varieties
was very low and insufficient to meet the RDI for vitamin A in the diet (IOM 2001) .

A systematic comparison of different plant PSY1 enzymes in combination with CRTI
demonstrated that the origin of the enzyme had a major impact on the levels of B-carotene
in rice endosperm (Paine et al 2005). PSY1 from different carotenoid-rich sources
(daffodil, pepper, tomato, rice, and maize) was stably transformed into maize callus. The
origin of PSY influenced the amounts of carotenoid in the transgenic callus, confirmed by
the colored carotenoid composition (calculated in percent of total carotenoids). The
highest B-carotene composition was maize (51.3%) and rice (35.5%). The tomato
(15.8%), daffodil (15.9%) and pepper (10.1%) resulted in less B-carotene composition.
Based on the callus results they use the PSY from the maize, rice, tomato, pepper and

daffodil to transform rice. The highest p-carotene content in the T1 seed was achieved
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using either the maize (12.9 pg/g DW) or rice (15.6 pg/g DW) PSY. The pepper (3.66
Kg/g DW) or tomato (0.86 pg/g DW) PSY1 resulted in intermediate B-carotene content,
whereas daffodil PSY gave the lowest levels (0.82 ug/g DW). In order to avoid silencing
through co-suppression, the maize PSY rather than its rice homolog was used for
subsequent experiments. Golden Rice 2 (GR2) was thus developed using maize PSY1 and
bacterial CRTI, with an accumulation of up to 37 pg/g total carotenoids (a 23-fold
increase compared to the use of a daffodil PSY) with B-carotene being by far the
predominant carotenoid (31 pg/g DW) (Paine et al 2005). a-Carotene (15%), B-
cryptoxanthin (2%), zeaxanthin and lutein (less than one percent1% each) were very
minor components of the total carotenoid content in the endosperm. The GR2 cassette
(ZmPSY1 and PaCRTI) was introduced into Kitaake rice (japonica) using targeted gene
insertion (Dong et al 2020). The use of SSU-CRTI (fusion of the DNA encoding the
chloroplast transit peptide from the pea Rubisco small subunit with CRTI) and ZmPSY by
CRISPR-Cas9 was another technique used to deliver carotenogenic genes in order to
accumulate carotenoids in rice endosperm. Broader applicability of these results,
however, are constrained by a number of experimental limitations. There was no
significant improvement in B-carotene content (7.90 pug/g DW) compare to GR2 and also
a fragment of the CRISPR vector was integrated into the plant intergenic region causing

extra steps to eliminate the non-necessary elements inserted (Dong et al 2020).

Isoprenoids in the cytosol and mitochondria are derived from the MV A pathway, whereas
those in plastids are derived from the MEP pathway. The MVA pathway is present in
archaebacterial, some gram-positive bacteria, yeasts and animals, while most gram-
negative bacteria, cyanobacteria and green algae use the MEP pathway for the
biosynthesis of terpenoids (Disch et al. 1998; Vranova et al. 2013). Plants use both
pathways to synthesize isoprenoids and to regulate their biosynthesis. The MVA and
MEP pathways produce the C5 prenyl phosphates, IPP, and DMAPP, the two precursors
for carotenoid biosynthesis (Rodriguez-Concepcion 2010; Pulido et al 2012; Giuliano
2017a).

The roles of the MEP pathway enzymes deoxyxylulose 5-phosphate synthase (OsDXS2)
and deoxyxylulose 5-phosphate reductoisomerase (OsDXR) were investigated in
carotenoid metabolism in rice endosperm (You et al. 2020). (Ha et al 2010). Plants co-
expressing OsDXS2 with PSY1 and CRTI accumulated modest levels of B-carotene in the

endosperm (9.22 pg/g DW), whereas B-carotene levels in plants in which OsDXR
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replaced OsDXS were similar to those in plants expressing only PSY1 and CRTI (1.09
ug/g DW) (You et al 2020). These experiments used rice codon optimized PSY1 and
CRTI, from Capsicum and P. annatis, respectively. It was thus demonstrated that the
OsDXS2 is a rate-limiting enzyme in the biosynthesis of IPP/DMAPP.

Different approaches were used to explore and overcome bottlenecks in the early
carotenoid pathway in rice endosperm. The first approach uses the Arabidopsis thaliana
1-deoxy-D-xylulose-5-phosphate synthase (AtDXS) that is a rate-limiting enzyme in
production of plastid-derived isopentenyl diphosphate. Analysis of several transgenic
lines showed that plants overexpressing DXS had increased levels of isoprenoids (Estévez
et al 2001). The second approach uses AtOr that triggers the differentiation of proplastids
and/or other noncolored plastids into chromoplasts, thus enhancing storage sink capacity
for carotenoid biosynthesis accumulation (Lu et al 2006). Or proteins were shown to
interact directly and post-transcriptionally regulate PSY in controlling carotenoid
biosynthesis (Zhou et al 2015; Chayut et al 2017). The two strategies were in combination
of carotenogenic genes ZmPSY1 and CRTI (Bai et al. 2016). It was found that AtDXS
combined with ZmPSY1 and CRTI significantly enhanced the accumulation of
carotenoids in rice endosperm with a p-carotene content of 16.6 ug/g DW, confirming
that the supply of isoprenoid precursors such as GGPP is a rate-limiting step. The
combined expression of ZmPSY1, CRTI and AtOR also boosted carotenoid accumulation

(10.5 ug/g DW B-carotene content) through the creation of a metabolic sink.

The 3-Hydroxy-3-methylglutaryl coenzyme A reductase (HMGR) is a key regulatory
enzyme and a major rate-limiting enzyme in the MVA pathway (Enfissi et al
2005)(Figure 2. 1). In S. cerevisiae overexpression of the catalytic domain of the HMGR
(truncated HMG-CoA reductase gene or tHMG1) boosts isoprenoid biosynthesis (Li et al
2013). tHMGL1 in combination with maize PSY1 and bacterial CRTI was used to elucidate
the role of HMGR in carotenoid accumulation rice endosperm (Tian et al. 2019). The
strategy was developed using the combination of carotenogenic genes ZmPSY1 and CRTI
with tHMGL1. The study concluded that tHMG1 enhanced the total carotenoid (14.45 pg/g
DW) and B-carotene (10.51 pg/g DW) accumulation in rice endosperm compared with
the control construct (ZmPSY1/CRTI) that accumulates 8.05 ug/g DW in total carotenoids
and 5.15 pg/g DW in B-carotene.
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2.1.2 Regulation of the early carotenoid pathway in rice endosperm

The rice endosperm carotenoid biosynthetic pathway (similarly to other plants) is
characterized by multiple branches, complex regulatory controls, and competition for
intermediate precursor molecules. These are some of the hurdles that jointly limit the
synthesis of carotenoids. IPP synthesized through the MV A pathway can be transported
to mitochondria for the biosynthesis of mitochondrial isoprenoids such as ubiquinones
(Pulido et al 2012)(Figure 2. 1).

The plastidial MEP pathway synthesizes as well IPP and DMAPP for the biosynthesis of
carotenoids (Zhu et al 2007; Pulido et al 2012; Giuliano 2017a). Early experiment trying
to elucidate the importance of the different carotenoid biosynthesis genes started with the
expression of PSY1. The expression of daffodil PSY gene demonstrates the importance of
the accumulation of phytoene. Therefore, the expression of PSY alone does not result in
colored carotenoid accumulation. The results suggest that in order to accumulate
carotenoids, desaturases and/or isomerases enzymes need to be expressed in combination
with phytoene synthase 1 gene (Burkhardt et al 1997). The use of bacterial CRTI catalyze
the reaction by substituting the plant desaturase and isomerase steps in the plant
carotenoid pathway. Interestingly the expression of CRTI alone cannot produce any
carotenoid, because of the low levels of the precursor phytoene (Schaub et al
2005)(Figure 2. 2).

The PSY1 is a very tightly regulated enzyme affected by light (Jin et al 2021) (Figure 2.
1). The interaction of MEP pathway with PSY1 was observed with the appearance of
plastidial isoprenoids in de-etiolated rice leaves. This interaction correlates with the
upregulation of OsDXS1 and the increase of chlorophyll, carotenoid, and tocopherol
(Rodriguez-Concepcion 2010; Jin et al 2021). In etiolated seedlings, a de-repression of
PSY1 and DXS gene expression contributes to a burst in the production of carotenoids in
coordination with chlorophyll biosynthesis and chloroplast development for an optimal
transition to photosynthetic metabolism during de-etiolation (Jin et al 2021). It is likely
that such interaction contributes to ensuring that the prenyl diphosphate precursors
required for carotenoid biosynthesis will be supplied when necessary, as presumed from
the phenotypes resulting when flux through only one of the two pathways (MVA and
MEP) is up-regulated (Rodriguez-Concepcion 2010). The upregulation of key genes in
MVA and MEP pathways are the different strategies used for the accumulation of

carotenoids in rice endosperm.
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In the MVA pathway, the expression of HMGR with the combination of PSY1 and CRTI
genes significantly enhanced the accumulation of carotenoids in rice endosperm (Tian et
al 2019). The study demonstrated that a metabolic sink towards carotenoids can be
generated by boosting the flux through the MVA pathway. The study of the genes
involved in the carotenoid pathway concludes that the pathway was with a low amount
of a key metabolite (phytoene) (Ye et al. 2000; Paine et al. 2005; Schaub et al. 2005). The
results suggest that the precursor genes in the MEP pathways are also limited. The
overexpression of DXS in combination with carotenogenic genes (ZmPSY1/CRTI)
demonstrates the capacity of carotenoid accumulation in the rice endosperm (You et al
2020). Also, establish the need of phytoene precursor in order to avoid the bottleneck of
the carotenoid pathway in the endosperm. Moreover, the use of Or gene in combination
with carotenogenic genes (ZmPSY1/CRTI) demonstrates the capacity to create a sink and
accumulate carotenoids (Tzuri et al 2015; Bai et al 2016; Yazdani, Sun, Yuan, Zeng,
Theodore W. Thannhauser, et al 2019). In addition, overexpression of key precursor
genes (Or, DXS with PSY1, and CRTI) demonstrates the ability to accumulate carotenoid

in rice endosperm.

Another hurdle in carotenoid pathway regulation is downstream of the pathway. The
major focus in carotenoid synthesis is to accumulate -carotene. Therefore, when the
limitation of carotenoid accumulation in rice endosperm is somehow surpassed, other
questions were raised. The GR results raise questions about the regulation of the
carotenoid pathway. The yellow endosperm in GR instead of a red endosperm suggested
an activation of endogenous enzymes downstream of the carotenoid pathway(Schaub et
al 2005). The studies concluded that the expression of endogenous lycopene cyclases
(LCYs) can metabolize lycopene to a-carotene and p-carotene. (Schaub et al 2005; Harjes
et al 2008; Giuliano 2017a). Moreover, downstream of the carotenoid pathway, the
accumulation of other carotenoids (lutein and zeaxanthin) suggests that a- and p-carotene
hydroxylases (BCH) enzymes are active and metabolize the subsequent steps in the
carotenoid pathway (Schaub et al 2005; Farré et al 2010a; Rodriguez-Concepcién 2010;
Giuliano 2017a). Finally, the carotenoid pathway can end in degradation, through the
carotenoid cleavage dioxygenase (CCDs) gene family that is responsible for abscisic acid
(ABA), apocarotenoids and strigolactones (Rodriguez-Concepcién 2010; Ruiz-Sola and
Rodriguez-Concepcidn 2012; Giuliano 2017a; Moreno et al 2021) (Figure 2. 1).

33



Mitochondria Cytosol Plastid

iaui lyceraldehyde
ubiguinone ( g!—phospha‘{e
1 acetyl-CoA +
FPP ‘ AACT pyruvate
acetoacetyl-CoA ¥ DXS
{ HMGS DfP DXR light
DMAPP HL=LE HM%MRG],_COA MfP MCT '
IDII < Y CDP-ME Sugar
IPP, PP2A { MVK Rl Ciops
activity MVP ¢ MDS | [FlClEEES
5 MEcPP
Endoplasmic - l l PMK + HDS
Reticulum MVPP HMBPP
1 MVD A, HDR
L. b . DMAPP «—» PP IPP«—» DMAPP --__
cytokinins -~ DI DI U TEAL
I hlorophylls T
N o / \ P . GPP "> isoprene
pOvaren0|S+ ______ : _‘_'_._-:,F:)l; eroxisome to¢opher‘ols ‘::\‘ “a mano- .\‘ -
|y L ___GGP terpenes cytokinins
triterpenes « =~ = ! \GGPP""’ prenylated _\ _.----=""" :,--‘/GG: I? —
sterols T S » proteins e i s
. i X « iou carlactone
L : it phyllo- : plasto-  —
s ' o quinone ' quinone’ .-
o P s abscisic . i
brassinosteroids sesquiterpenes  gibberellins acid *+---S=-- carotenoids ----<-+ strigolactones
= | [——— I

Figure 2. 1. Isoprenoid biosynthetic pathways in the plant cell. The MVVA pathway enzymes are
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2.2. Aims and objectives

The aims of this chapter were to dissect and understand the limitations in endogenous rice

endosperm carotenoid biosynthesis.
Obijectives:

o Define the precise nature and number of rice (phytoene) desaturases and/or (zeta-
carotene) isomerases required to reconstitute the pathway to f-carotene.

e Introduce the minimum set of genes to reconstitute the pathway to -carotene.

e Use transcriptomic and metabolomics analyses to understand the impact of the

above genetic interventions in rice endosperm.

2.3. Materials and Methods
2.3.1. Cloning and vector construction

The OsPSY1 and OsPDS, genes were cloned directly from rice leaf mMRNA by RT-PCR
using OsPSY1 and OsPDS forward and reverse primers (Table 2. 1). The primers were
designed to flank regions of each gene based on sequences in GenBank (accession
numbers FJ971175 and XM_015777614). The RT-PCR products were transferred to
vector pGEM-Teasy (Promega, Madison, WI, USA) to generate pGEM-OsPSY1 and
pGEM-OsPDS for sequencing. The OsZISO, OsZDS and OsCRTISO genes were
synthesized by Synbio-technologies Inc. (NJ, USA) using the vector pUC-57 based on
the sequences in GenBank (accession numbers XM_015762760.1, XM_015791038.1,
XM_015761536.1 respectively.

Vectors pGEM-OsPSY1, pUC57-0sZISO, pUC57-0OsZDS, pUC57-OsCRTISO were
digested with Xbal and EcoRI, and pPGEM-OsPDS was digested with Xbal and Sacl, then
were individually transferred to pHorp-P (Sorensen et al., 1996), containing the
endosperm specific barley D-hordein promoter and the rice ADPGPP (ADP-Glucose
pyrophosphorylase) terminator, to generate pHord-OsPSY1-ADPGPP, pHord-OsPDS-
ADPGPP, pHord-OsZISO-ADPGPP, pHord-OsZDS-ADPGPP and, pHord-OsCRTISO-
ADPGPP respectively. The integrity of all intermediate and final constructs was verified

by sequencing.
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Table 2. 1. Primers used to amplify the OsPSY1 and OsPDS.

Gene Forward sequence (5'-3') Reverse sequence (5'-3')

OsPSY1 TCTAGAATGGCGGCCATCACGCTCCTA GAATTCCTACTTCTGGCTATTTCTCAGTGA

OsPDS TCTAGAATGGATACTGGCTGCCTGTCATC  GAGCTCCTAGGAGGCAACAGGAACTTCA

OsPSY1, rice (Oryza sativa ssp. japonica) phytoene synthase 1 gene; Xbal (5"-TCTAGA-3") and EcoRl
(5"-GAATTC-3") sites (underlined and red) were introduced into each primer. OsPDS, phytoene desaturase
gene; Xbal (5"-TCTAGA-3") and Sacl (5"-GAGCTC-3") sites (underlined and red) were introduced into
each primer.

2.3.2. Rice transformation

Rice seeds from Oryza sativa. CV. Bomba (provided by
https://www.illaderiu.com/en/home-3/) were dehusked and surface-sterilized in 70%
ethanol with continuous shaking for 5 minutes, placed in a 50% sodium hypochlorite
solution with three drops of Tween for 30 minutes with agitation and rinsed five times in
sterile distilled water. The seeds were dried on sterile filter paper and placed on
Murashige-Skoog (Murashige and Skoog 1962) Proliferation Medium (4.4 g L™t MSP
including Gamborg B5 Vitamins, Duchefa Biochemie) supplemented with casein
hydrolysate 300 mg L™, proline 500 mg L%, sucrose 30 g L, and 500 uL L 2,4 D (from
5 mg mL* stock in ethanol), solidified with 3.5 g L™ phytagel (0.35%), and incubated in
the dark at 28°C. The pH of the medium was adjusted to 5.8 using KOH before
autoclaving at 120°C for 20 min. Seeds were germinated for six or seven. Mature zygotic
embryos were then separated from the endosperm and transferred to MS Osmoticum
medium (MSO) (MS 4.4 g L including Gamborg B5 Vitamins, casein hydrolysate 300
mg L, proline 500 mg L%, sucrose 30 g L%, and 500 ul L™ 2,4 D (from 5 mg mL™ stock
in ethanol) and 72.8 g L™ mannitol solidified with 3.5 g L phytagel). Twenty mature
embryos were put in each MSO petri dish for 4 hours before and 16 hours after
bombardment. The mature embryo scutellum was orientated in such a way as to be in the
direct path of the accelerated gold particles (Sudhakar et al 1998; Valdez et al 1998; Saba-
Mayoral et al 2022).
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2.3.3. Nucleic acid isolation and cDNA synthesis

Genomic DNA was extracted from 5g of frozen leaf tissue as described by Sambrook et
al. (1989). Total RNA was isolated using the RNeasy Plant Mini Kit (Qiagen, Valencia,
CA, and USA) and DNA was removed with DNase | (RNase-Free DNase Set, Qiagen).

Total RNA was quantified using a Nanodrop 2000c spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA), and 1ug of total RNA was used as the template for first-
strand cDNA synthesis with Ominiscript Reverse Transcriptase in a 20ul total reaction

volume according to the manufacturer’s recommendations (Qiagen).

2.3.4. Gene expression analysis by quantitative real-time PCR

Quantitative real-time PCR (qRT-PCR) was performed on a CFX96 system (Bio-Rad
Laboratories, Hercules, CA, USA) using a 25ul mixture containing 10 ng cDNA, 1x iQ
SYBR Green Supermix (Bio-Rad) and 0.2uM of each primer. To calculate relative
expression levels, serial dilutions (0.2-125ng) were used to produce standard curves for
each gene. Triplicate PCRs in 96-well optical reaction plates were carried out with the
following profile: a heating step for 3 min at 95°C was followed by 40 cycles of 95°C for
10s, 59°C for 30s, and 72°C for 20s. Amplification specificity was confirmed by melt
curve analysis of the final PCR products in the temperature range 50-90°C with
fluorescence acquired after each 0.5°C increment. The fluorescence threshold value and
gene expression data were calculated using CFX96 system software. Primer combinations

are listed in supporting information (Table 2. 2).

Table 2. 2. Primers used for qRT-PCR analysis.

Gene Forward sequence (5'-3") Reverse sequence (5'-3')
OsPSY1 TATGCTCATGACGGAGGACC GCATCAAGCATGTCGTAGGG
OsPDS TTGCGGGACAACTTCCTACT AACAACCTGTAGAGCACCGA
OsZISO AGCTATGGCAAGTTCAGGGT TTGTCAACAGCTGCCACTTC
OszZDS AGCATCACAAGGATGTGGGA TGAAACCTACCACCCCTGTC

OsCRTISO GCCTGCTGATACTGATTGCC CCTGGACAGACCTTCCCAAT
OsACTIN GACTCTGGTGATGGTGTCAGC TCATGTCCCTCACAATTTCC
OsPSY1, rice (Oryza sativa ssp. japonica) phytoene synthase 1 gene; OsPDS, rice phytoene desaturase

gene; OsZISO, rice zeta-carotene isomerase gene; OsZDS, rice zeta-carotene desaturase gene;
OsCRTISO, rice prolycopene isomerase 1 gene; OSACTIN, rice actin gene.
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2.3.5. Carotenoid Analysis

Chromatographic and mass spectrometry (MS) analyses were performed in Dr. Paul
Fraser laboratory at Royal Holloway University. Callus samples were freeze-dried before
analysis, and 10 mg of powdered tissue was extracted with 500ul water: methanol (50:50)
and vortexed for 30 min at room temperature. | then added 500l chloroform and vortexed
the mixture before centrifuging at 15,300 g for 3min at room temperature. The upper
phase was collected, evaporated, and re-dissolved in HPLC-grade ethyl acetate for UPLC
analysis using an Acquity system (Waters, Watford, UK) with an Ethylene Bridged
Hybrid (BEH C18) column (2.1x100mm, 1.7mm) with a BEH C18 VanGuard pre-
column (2.1x50 mm, 1.7mm). Mobile phase A was methanol: water (50:50), and mobile
phase B was acetonitrile: ethyl acetate (75:25) and the flow rate was 0.5ml min—1. All
solvents were passed through a 0.2mm filter before use. The gradient started at 30% A
for 0.5 min and was then stepped to 0.1% A for 5.5min and then to 30% A for the last
2min. The column temperature was maintained at 30°C and the sample temperature at
8°C. Continuous online scanning was performed across the UV/visible range from 250 to
600nm, using a Waters extended wavelength photo-diode array detector (Nogueira et al
2013).
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2.4. Results

2.4.1. Cloning and characterization of OsPSY1, OsPDS, OsZISO, OsZDS and
OsCRTISO genes.

The phytoene synthase 1 (OsPSY1) and phytoene desaturase (OsPDS) cDNAs encoding
the corresponding full-length enzymes were amplified by RT-PCR from O. sativa ssp.
Japonica cv. Niponnbare cDNA. The 15-cis-zeta-carotene isomerase (OsZISO), zeta
carotene desaturase (OsZDS) and prolycopene isomerase (OsCRTISO) were synthesized
by Synbio Technologies Inc. (https://www.synbio-tech.com/) (Table 1). All vectors were
confirmed by restriction digestion and sequencing (Table 2. 3, Figure 2. 3 and Figure 2.
4).

5 )| OsPSY1

Xbal EcoRI

\
n>  OsCRTISO M_ '- 3’

Figure 2. 3. Schematic representation of expression vectors p-Hord-OsPSY1, p-Hord-OsPDS,
p-Hord-0OsZISO, p-Hord-0OsZDS and p-Hord-OsCRTISO with the restriction enzymes (marked
in red) used for cloning.
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Figure 2. 4. Restriction enzyme analysis of the transformation vectors.
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Table 2. 3. PCR primers and gene accession numbers. Restriction enzyme sequence for cloning
marked in red.

Target site (Accession Numbers) Primer Primer sequence (5'=>3')
0OsPSY1 0OsPSY1 Forward TCTAGAATG GCGGCCATCACGCTCCTA
(1263bp)
0OsPSY1 Reverse GAATTCCTACTTCTGGCTATTTCTCAGTGA
(F1971175)
0OsPDS OsPDS Forward TCTAGAATGGATACTGGCTGCCTGTCATC
(1755bp) OsPDS Reverse GAGCTCCTAGGAGGCAACAGGAACTTCA

(tXM_015777614)

Synthetic genes
0OsZISO 1016bp Genes synthetized by Synbio
(XM_015762760.1) Technologies, Inc. with the specific
0sZDS 1749bp restriction enzyme sites (Xbal and EcoRl)
(XM_015791038.1) for cloning.
OsCRTISO 1773bp

(XM_015761536.1)

2.4.2. Rice transformation

I co-transformed 7-day-old mature zygotic rice embryos with the above five constructs
containing individual transgenes and the hpt-selectable marker gene. The hpt gene was
expressed constitutively, and expression of the five carotenogenic genes was driven by
the barley d-hordein endosperm-specific promoter. The transformation of rice was carried
out following different strategies (Figure 2. 5), to achieve the combination of the
minimum genes needed to reconstitute the carotenoid pathway in the endosperm.
Transformed rice callus were analyzed by PCR to ascertain the genetic make-up of each
independent line (Figure 2. 6).
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Figure 2. 5. Transformation strategies to elucidate the necessary genes required to accumulate
carotenoids in rice endosperm.
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Figure 2. 6. PCR analysis confirming presence of input transgenes.

2.4.3. Expression analysis of the rice PSY1, PDS genes.

The expression of the OsPSY1 and OsPDS genes was analyzed by quantitative real-time

PCR as shown in Figure 2. 7. As expected, OsPSY1 relative expression was higher in all

the callus lines compared with wild-type (wt) (O. sativa ssp. Japponica cv. Nipponbare).

The relative expression of OsPSY1 in the highest-expressing line (line 31) was 3 fold

higher than wt. In the case of OsPDS the relative expression was similar in lines 22, 34

and wt. The OsPDS relative expression in line 31 was 8 fold higher than wit.
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Figure 2. 7. mRNA accumulation of OsPSY1 and OsPDS in rice callus. Expression levels were
normalized to the rice actin gene, as determined by qRT-PCR. Each value represents the
average of three experiments and the error bars indicates the standard deviation.

2.4.4. ldentification of minimum set of genes to reconstitute the rice carotenoid

pathway in callus.

During selection the transgenic rice callus ranged in color from white through various
shades of yellow to orange, presumably reflecting the expression of OsPSY1 and OsPDS
(Figure 2. 8). | found a precise correlation between the phenotypes and expressed
transgenes (at the mRNA level) after three weeks in culture (Figure 2. 8). The WT callus
did not have any changes in relative expression or color. Moreover, | analyze the
carotenoid content to correlate the phenotype, transgene expression with carotenoid
accumulation. The results show an increase in carotenoid levels in lines expressing
OsPSY1 and OsPDS. Most of the increase in carotenoid content was attributed to

increases in the levels of B-carotene (Figure 2. 10).
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Figure 2. 8. Line #31 change in color and relative expression over a three-week period.

2.4.5. Carotenoid analysis in transgenic callus

Embryo-derived rice callus is white in color and accumulates only minimal levels of
carotenoids (Figure 2. 9). The B-carotene content of lines #22, #31, #34 and wt were
156.7, 331.3, 318.7 and 72.02 ug/g Dry Weight (DW), respectively (Figure 2. 10). The

highest-accumulating line (#31) produced more than 3 times -carotene than the wt.

#22 #31 #34 wt

Figure 2. 9. Phenotype of transgenic rice callus expressing carotenogenic genes OsPSY1 and
OsPDS. Lines #22, #31 and #34 are callus co-expressing OsPSY1 and OsPDS. wt, wild type
callus.
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Figure 2. 10. Carotenoid levels in lines #22, #31, #34 expressing OsPSY1 and OsPDS.

2.5. Discussion

Isoprenoids are derived from two independent, conserved pathways, the mevalonate
(MVA) and 2-C-methyl-D-erythritol 4-phosphate (MEP) pathways. Carotenoids are an
important groups of isoprenoids. The first committed step in carotenoid biosynthesis is
the condensation of two geranylgeranyl diphosphate (GGPP) molecules by phytoene
synthase (PSY) to 15-cis-phytoene (Misawa et al 1994). 15-Cis-phytoene is converted
into all-trans-lycopene by a poly-cis pathway involving two desaturases (phytoene
desaturase or PDS and z-carotene desaturase or ZDS) and two isomerases (z-carotene
isomerase or ZISO and prolycopene isomerase or CRTISO) (Li et al 2007; Chen et al
2010). Earlier literature reported that there was no expression of PSY1 gene in rice
endosperm (Schaub et al 2005). PSY1 is the first committed step in plant carotenoid
biosynthesis and is blocked in rice endosperm (Misawa et al 1994; Al-Babili et al 2006;
Bai et al 2014, 2016). During rice seed development, the subsequent genes (PDS, ZDS
and CRTISO) are expressed in the mature seed stage which indicates that some regulatory
mechanism (at post-transcriptional/translational level or during localization in different
subcellular compartments) affects enzyme synthesis/activity resulting in a carotenoid free

endosperm (Schaub et al 2005; Chaudhary et al 2010). OsPDS was shown to play an
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important role in rice carotenoid biosynthesis (Hable et al 1998; Schaub et al 2005; Ruiz-
Sola and Rodriguez-Concepcién 2012; Koschmieder et al 2017). The inhibition of PDS
resulted in the production of bleached tissues, eventually followed by necrosis
(Koschmieder et al 2017). There are several herbicides that inhibit this critical enzyme
including norflurazon and diflufenican (Ruiz-Sola and Rodriguez-Concepcion 2012).
Moreover, OsPDS is needed to convert the products generated from OsPSY1 (Hable et al
1998; Schaub et al 2005). OsPDS catalyzes the introduction of two double bonds into 15-
cis-phytoene, yielding 9,15-di-cis-phytofluene as intermediate and 9,15,9’-tri-cis-C-
carotene as the end product (Ruiz-Sola and Rodriguez-Concepcién 2012; Koschmieder
etal 2017).

Our lab had previously demonstrated that combinatorial transformation can unravel
bottlenecks in metabolic pathways in plants (Bai et al 2014, 2016). Our aim has been to
define the minimum set of genes necessary to reconstitute the carotenoid pathway in rice
endosperm. In order to achieve the aim, we co-transformed all the rice carotenoid
biosynthetic genes (OsPSY1, OsPDS, OsZISO, OszZDS, OsCRTISO) driven by endosperm
specific promoters in order to characterize the carotenoid biosynthesis pathway and
generate a library with all the possible combination of carotenoid biosynthesis genes
(Figure 2. 5).

In pilot experiments we co-transformed rice with OsPSY1 and OsPDS in order to start
with the minimum number of genes in the reconstitution of the pathway. The screening
was established using PCR and a color phenotype in callus. In earlier way from our lab
we established the correlation of phenotype with metabolite accumulation in rice callus
(Bai et al 2014) (Figure 2. 8 and Figure 2. 9). Metabolic engineering has been a trial and
error approach where the elimination of one bottleneck often merely serves to reveal the
next bottleneck. In contrast, combinatorial transformation generates a library of metabolic
variants allowing the best strategy to be deduced in a single experiment if all necessary
combinations of transgenes are represented in the population (Zhu et al 2008b; Li et al
2010; Bai et al 2014). We previously described a combinatorial gene platform based on
white maize (M37W) endosperm, rice callus and endosperm for functional analysis of
combinations of metabolic genes (Zhu et al 2018; Bai et al 2014). Similarly, to white
maize endosperm, rice callus is also white and does not accumulate significant levels of
carotenoids. The endosperm tissue can also be studied in more detail by quantitative

analysis of all carotenoids, and this can be extended to any other metabolic pathway that
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is also missing from endosperm tissue. The usefulness of the maize and rice platform in
the functional characterization of metabolic genes is constrained by the time needed to
regenerate transgenic plants carrying combinations of transgenes. Researchers have
reported the use of callus tissue from rice, maize, A. thaliana, to characterize gene

function and expression levels (Paine et al 2005; Bai et al 2014; Sun et al 2020).

The clear differences in color of white wild type rice callus versus the yellow-orange lines
expressing OsPSY1 and OsPDS suggested carotenoid accumulation (Figure 2.9). In other
investigations callus color were used and demonstrated as an indicator for carotenoid
accumulation (Bai et al 2014; Sun et al 2020). Our results are consistent with the
experiments in rice callus expressing ZmPSY1 and PaCRTI. Such callus were yellow-
orange in color (Bai et al 2014). The results show that the relative expression of OsPSY1
was more than two fold higher than wild type OsPSY1 in rice callus. The OsPDS relative
expression in rice callus was not significantly higher than in the wild type, similarly to
other published reports (Paine et al 2005). In order to demonstrate that the combination
of OsPSY1 and OsPDS are the minimum genes required to reconstitute the native pathway
to B-carotene, we performed a carotenoid content analysis. The results showed an increase
in total carotenoids in the transgenic callus lines up contained up to 514 pg/g DW total
carotenoids (Figure 2. 10) compared to wild type which accumulated 116 pg/g DW. Also
[-carotene levels in rice callus increased two fold with accumulation up to 156 pug/g DW

(Figure 2. 10) in transgenic lines compare to wild type callus (72.02 ug/g DW).

Our results suggest that the expression of OsPSY1 and OsPDS are the minimum genes
necessary to reconstitute the carotenoid pathway in rice callus. However, these
preliminary results need to be confirmed in seeds and with the co-transformation of all
the pathway genes. The carotenoid biosynthesis pathway is a highly regulated pathway
(Rodriguez-Concepcion 2010; Jin et al 2021). Although carotenoid biosynthesis in plants
has been well investigated, extensive studies on its regulation are relatively limited. The
pathway is not only highly regulated, but it is also characterized by multiple branches and
competition for intermediate precursor molecules. These are some of the difficulties
found in the synthesis of carotenoids. In the MVA pathway, HMGR had been
demonstrated to be an important regulatory gene to maximize accumulation of
carotenoids (Tian et al 2019). In the MEP pathway the overexpression of DXS
demonstrated the capacity of carotenoid accumulation (You et al 2020). All the

experiments were carried out in combination with well characterized genes such as PSY1
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and CRTI (Paine et al 2005). In addition, there is a limited flux in the subsequent
desaturation and isomerization reactions leading to lycopene. We used OsPDS to carry
out the desaturation reaction and corroborate whether subsequent reactions lead to
carotenoid accumulation. Our results suggest that the expression of OsPSY1 and OsPDS
are the minimum genes necessary to reconstitute the carotenoid pathway in rice callus.
However, these preliminary results need to be confirmed in seeds and with the co-

transformation of all the endogenous rice carotenogenic genes.
2.6. Conclusions

In summary, using a previously developed rice callus platform that enables functional
characterization of candidate genes, we elucidated the minimum genes necessary to
reconstitute the native pathway to B-carotene in rice callus. The overexpression of
OsPSY1 and OsPDS results in a yellow to orange callus phenotype. Carotenoid analysis
demonstrated an increased accumulation of carotenoids, specifically a high accumulation
of B-carotene. Our preliminary results suggest that the minimum genes necessary to
reconstitute the carotenoid pathway in rice callus are OsPSY1 and OsPDS. Co-
transformation of the subsequent genes (OszZDS, OsZISO and OsCRTISO) will be
important for the full understanding of the pathway and to have insights of gene
regulation. Future work needs to focus on generating a population of transgenic rice plants
with the combination of all the above genes. Once the population is in hand gene
expression analysis and metabolite composition at the endosperm level can be carried out

to better describe the pathway in rice endosperm.
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Chapter 111

Identification and repair of cis-acting
elements in the endogenous rice PSY1
promoter to restore functionality in the
endosperm
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3.0.Abstract

There have been exhaustive efforts to characterize the molecular structure of genomic
elements involved in transcriptional regulation of gene expression. Cis-acting elements
are DNA sequences that regulate the transcription of one or more genes. Trans-acting
factors are proteins that recognize and bind directly or indirectly cis-acting elements and
regulate their activity. Cis-regulatory elements in promoters provide specific binding sites
for corresponding transcription factors. The identification of promoter sequences and
their specific elements are critical for the fine regulation of introduced transgenes. Seeds
are often a preferred target for transgene expression, particularly if the goal is to
accumulate a heterologous product that might interfere with vegetative growth at high
concentrations, or to improve the nutritional quality of seeds used as staple foods. In rice
endosperm the biosynthesis of carotenoids is blocked at the first enzymatic step (PSY1)
which converts geranylgeranyl diphosphate (GGPP) into phytoene. The aim of this
chapter was to identify and repair cis-acting elements in the rice PSY1 gene promoter in
order to restore gene functionality in the endosperm. We identified six potential cis-
regulatory elements in the promoter region of PSY1: three prolamin p-boxes, one AACA
motif, one GCN4-like motif and an Opaque 2 box (O2 box). Moreover, we constructed
two synthetic promoters using corrected 6- and 4-motif OsPSY1 gene promoters. The first
promoter contained the 6-motif before mentioned and the 4-motif promoter contained
three p-box and one AACA box. Also, we generated a wild type synthetic promoter using
the full length flanking region. We used GFP as a reporter for all the constructs. We
confirmed that GFP was highly expressed and the GFP protein was detected in the
transgenic rice callus lines containing the corrected 4- and 6-motif OsPSY1 promoter.
These results confirm that the corrected OsPSY1 promoter activated gene expression. Our
results suggest that the use of cis-regulatory elements provide an opportunity to regulate

carotenogenic gene expression in metabolically engineered plants.
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3.1. Introduction

3.1.1. Cis-acting elements and their importance in modulating gene expression.

There have been exhaustive efforts to characterize the molecular structure of genomic
elements involved in transcriptional regulation of gene expression. Transcription involves
the initial interaction of RNA polymerase Il with several elements within the genomic
DNA. The transcription factor binding regions are located upstream of the coding region
of a gene, and the DNA sequence that includes these regions is generally referred to as
the gene promoter (Potenza et al 2004). Promoters are very important in the control of the
overall spatiotemporal expression of a gene, either driving or repress the transcription.
Over the years, many promoters have been isolated from a wide variety of organisms and

used in plant genetic engineering (Venter 2007; Peremarti et al 2010; Mithra et al 2017).

Cis-acting elements are sequences on the DNA that regulate the transcription of one or
more genes (Hernandez-Garcia and Finer 2014). Trans-acting factors are proteins that
recognize and bind directly or indirectly cis-acting elements and regulate their activity.
Cis-regulatory elements in promoters provide specific binding sites for corresponding
transcription factors (Hernandez-Garcia and Finer 2014). One example of a cis-regulatory
element is the G-box, an abundant, well-characterized, multifunctional plant promoter
regulatory element (Zhang et al 2019). The G-box, was identified in the promoter region
of a light-regulated gene encoding the small subunit of ribulose 1,5- bisphosphate
carboxylase/oxygenase (RuBisCO) (Giuliano et al 1988). A G-box core element consists
of a 6-bp DNA sequence ‘CACGTG’ with variations in the first and last nucleotides,
which is minimally needed to recruit G-box-binding factors (GBFs) such as basic leucine

zipper (bZIP) proteins or basic helix-loop-helix (bHLH) proteins (Heim et al 2003).

Tissue specific cis-elements were characterized and identified, which included synthetic
constitutive promoter elements, inducible promoter elements, and tissue-specific
promoter elements (Ali and Kim 2019). Endosperm specific cis-elements consist of
prolamin box (P-box) and the GCN4-motif (Hammond-Kosack et al 1993; Juhasz et al
2011) (Table 3. 1). Most of the cereal seed storage proteins gene promoters contain one
GCN4 motif, two P-box, one skinhead 1 (Skn-1) and one GCAA motifs (Fauteux and
Stromvik 2009; Juhasz et al 2011). The Skn-1 motif (GTCAT) is a cis-regulatory element
for endosperm-specific expression, similar to a DNA binding domain in C. elegans
(Rupert et al 1998). The GCAA motif is a highly conserved DNA sequence in the
promoters of storage protein genes found in rice and maize, suggesting the possibility of
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their regulatory role in transcription (So and Larkins 1991; Takaiwa et al 1996).
Alongside this element, the AACA/TA, ACGT and CCAAT motifs were also suggested
to be involved in the regulation of prolamin gene expression (Hammond-Kosack et al
1993; Takaiwa et al 1996).

With the increases of plant genomic sequences available (Schnable et al. 2009; Schmutz
et al. 2010; Brenchley et al. 2012) and the development and broad availability of
bioinformatics tools (Lescot et al 2002; Bailey et al 2009; Lichtenberg et al 2010) the
approach to characterize different regulatory elements are easier and faster. Different
aspects, such as specificity, spacing, and copy number, of cis-regulatory elements with
their specific transcription factors have been studied (Ali and Kim 2019). For example,
in rice are already described different elements specific for leaves (ACE element),
endosperm (G-box), and seeds (GA-responsive element) (Ding et al 2021). Minimal
promoters containing different combinations of elements (DRE/CRT, ABRE, G-box,
MYB, MYC, P-box) from different inducible promoters were also used to study the nature
of the elements. Synthetic promoters have been crucial for basic studies of signaling and
transcriptional activation. The specificity of synthetic promoters is supported by the
interactions among cis-motifs and their corresponding trans-elements for enhanced
transcription (Mehrotra et al 2011; Dey et al 2015). Corroboration of those promoters and
their regulatory elements using transgene expression assays and nucleotide mutagenesis
is important to understand their function (Hernandez-Garcia and Finer 2014). Several
synthetic promoters have been tested for combination of specific cis-regulatory elements
with an essential promoter or hybrids with different regulatory sequences (Ali and Kim
2019).

3.1.2. Transcription factors in endosperm-specific promoters in cereals.

Gene promoters are essential to understanding the overall regulation of gene expression
in plants. The identification of promoter sequences and their specific elements are critical
for the fine regulation of introduced transgenes (Hernandez-Garcia and Finer 2014). The
majority of the promoters used in biotechnological applications are: (1) constitutive
(unregulated and active in vivo throughout development in all tissues ); (2)
spatiotemporal (specific to tissue or a development phase); (3) inducible (regulated by the
application of an abiotic or biotic stress); and (4) synthetic (contain defined regulatory
elements specifically located upstream to or within promoter sequences)(Peremarti et al

2010; Hernandez-Garcia and Finer 2014; Shimada et al 2014). Spatiotemporal promoters
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in seed, are seed-specific promoters isolated from genes with restricted expression during
seed development. Seeds are often a preferred target for transgene expression, particularly
if the goal is to accumulate a heterologous product that might interfere with vegetative
growth at high concentrations or to improve the nutritional quality of seeds used as staple
foods (Peremarti et al 2010). Cereal storage proteins are expressed only in the starchy
endosperm during the mid- and late developmental stage of the grain. Several endosperm-
specific promoters from rice have been isolated and characterized, most of which are
glutelin promoters (Qu and Takaiwa 2004; Kawakatsu et al 2008; Qu et al 2008; Urriola
and Rathore 2014), with 10 of the 15 glutelin promoters been examined in stably
transformed transgenic rice plants (Kawakatsu and Takaiwa 2010). From promoters that
confer strong expression in the aleurone and subaleurone layers (GIUA and GluB) to
promoters that confer direct expression throughout the whole endosperm (GIluC and
GluD).

Endosperm-specific expression of seed storage protein genes is regulated by interactions
of multiple cis-acting elements in their promoters (Onodera et al 2001). Three main
transcription factor families are involved in the endosperm-specific activation of the
prolamin genes, the bZIP, the DOF and the MY B transcription factors (Juhasz et al 2011).
Basic leucine zipper (bZIP) transcription factors have wide binding specificity, binding
the ACGT core sequences, GCN4 core (TGAGTCA) in wheat prolamins or the O2
recognition site in maize (TCCACGTAGA) (Izawa et al 1993) (Table 3. 1). Differences
in expression patterns among glutelin genes have been shown to be caused by the
arrangement or diversity of cis-elements determining endosperm specificity (Kawakatsu
et al 2008). The first identified sequence which was considered to be necessary for
endosperm-specific expression was located around 300 bp upstream of the transcription
start site (Kreis et al 1985). The prolamin box (P-box) or endosperm element is located -
300-bp in the promoter of seed storage proteins (Kawakatsu et al 2008; Qu et al 2008).
The P-box is well conserved in seed storage protein gene promoters (Hartings et al 1990)
and consists of two independent cis-elements, the P-box (P box; TG(T/CA)AAAG) and
the GCN4 motif (TGA(G/ C)TCA) (Hammond-Kosack et al 1993). Research
demonstrates the importance of precise cis-elements (P-box, GCN4 motif, AACA motif)
for the expression in endosperm (Chuan-Yin Wu et al 1998; Chuan-Yin Wu et al 1998;
Wu et al 2000; Kawakatsu et al 2008; Jin et al 2019). Interestingly, mutations in the P
box and ACGT motif did not change tissue specificity but caused 10-fold and 4-fold
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reductions in expression, respectively, but when the AACA motif is mutated results in a

complete loss in promoter activity (Wu et al 2000).

Maize Opaque 2 (0O2) is a transcriptional regulator of seed specific protein gene
expression (Hartings et al 1990). O2 was originally isolated from opaque maize kernels
that show a reduction in mRNA expression levels and in zein proteins (Kodrzycki et al
1989). In barley (Hordeum vulgare), the regulatory mechanisms of seed specific protein
genes consists of five cis-elements able to recognize eight transcription factors belonging
to four families (bZIP of the Opaque-2 family, and the B3, DOF, and MYB proteins),
which are all reported to be regulators of seed specific protein genes (Ravel et al 2014)
(Table 3. 1).

3.1.3. Rice PSY1 gene promoter function and its regulation in different tissues

In the past years, attention has turned to the regulation of carotenoid accumulation at
multiple levels: transcriptional, post-transcriptional, post-translational,
storage/degradation, and feedback regulation (Stanley and Yuan 2019). This has led to
the discovery of numerous carotenoid regulatory mechanisms such as the post-
translational regulation of PSY by Or (Lu et al 2006); Zhou et al 2015), the catabolism of
carotenoids by CCDs and 9-cis-epoxycarotenoid dioxygenases (NCEDs) (Auldridge et al
2006; Ohmiya et al 2006; Vallabhaneni et al 2010).

In most plant taxa, PSY constitutes a small gene family of generally three members with
differential transcriptional regulation (Walter et al 2015). In most plants, phytoene
synthase is encoded by three paralog genes: a) PSY1 associated with carotenoid
accumulation in endosperm, and essential for maintaining leaf carotenoid content; b)
PSY2 plays an important role in controlling leaf carotenogenesis during greening;, and c)
PSY3 associated mostly with abiotic stress responses and also involved in root
carotenogenesis (Gallagher et al 2004; Welsch et al 2008; Li, Vallabhaneni and Wurtzel
2008). PSY duplication has provided an opportunity for sub-functionalization whereby
gene family members vary in tissue specificity. For example, PSY1 and PSY2 are
regulated by light during photomorphogenesis and increased carotenoid biosynthesis
during greening (Welsch et al 2000; Rodriguez-Villalon et al 2009). Also induced during
carotenoid accumulation in flowers and fruits (Fraser et al 1999). In addition,
induced PSY3 expression was shown to provide ABA formation in roots (Welsch et al
2008; Li, Vallabhaneni and Wurtzel 2008). PSY1 catalyzes the highly regulated,
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frequently rate-limiting synthesis of the carotenoid biosynthetic pathway controlling the
carbon flux (Alvarez et al 2016). Nonetheless, PSY1 is also subjected to

posttranscriptional control mechanisms.

In rice endosperm the biosynthesis of carotenoids is blocked at the first enzymatic step
(PSY) which converts GGPP into phytoene (Bai et al 2016). There is also limited flux in
the subsequent desaturation reaction, which generates lycopene. Researchers demonstrate
differences in levels of mRNA of carotenoid biosynthetic genes in rice endosperm with
PSY1 mRNA the least abundant, 130-fold lower than in leaves, followed by mRNAs for
LCY (25-fold), HYD (22-fold), PDS (10-fold), ZDS (8-fold), and CRTISO (4-fold).
(Schaub et al. 2005).
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Table 3. 1. Cis-acting elements identified in the promoters of LMW glutenin gene types (Juhész

etal. 2011).
Name DNA binding motif (5’- Transcription References
3’) factor
(CA)n element | CAAACAC bZIP (Stalberg et al 1996)
CCAAT box | CCAAT CBF (Albani and Robert
1995)
G box like | TGACGT bzIP (Menkens et al 1995)
element
GCAA motifl | GCAAAAGTG bzIP (Takaiwa et al 1996)
GCAA motif2 | GCAAAAGTA bZIP (Juhész et al 2011)
GCN4 like motif | GTGAGTCAT 02 bzIP (Albani et al 1997)
1
GCN4 like motif | ATGAGTCAT 02 bzIP (Miiller and Knudsen
2 1993)
GCN4 like motif | GTGTGACAT 02 bzIP (Albani et al 1997)
3
AACA/TA motif | TAACAA R2R3 MYB (Diaz et al 2002)
1
AACA/TA motif | AACAAA R2R3 MYB (Diaz et al 2002)
2
MYB1AT core | AAACCA R2R3 MYB (Abe et al 1997)
P-box 1 | TGTAAAGT PBF DOF (Kreis et al 1985)
P-box 2 | TGCAAAG PBF DOF (Sugiyama et al 1985)
P-box 3 | TGTAAAG PBF DOF (Colot et al 1987)
P-box4 | TGCAAAC PBF DOF (Norre et al 2002)
P-box5 | TGCAAAAG PBF DOF (Norre et al 2002)
P-box7 | TGTAAAAGT PBF DOF (Shirsat et al 1989)
RY core site | CATGCA ABI3/VP1 (Suzuki et al 1997)
Skn-1 like motif | GTCAT bZIP (Blackwell et al 1994)
SPAbZIP | GATGACGTGTC 02 bZIP (Mena et al 1998)
TATA-box 1 | CTATAAATA TBP (Bernard et al 2010)
TATA-box 2 | GTATAAAG TBP (Bernard et al 2010)
TATA like motif | TATAA TBP (Bernard et al 2010)

DNA binding motif = recognition sites, Transcription factors = bZIP- basic leuzin zipper, CBF =
CCAAT binding factor, O2-bZIP = TF similar to Opaque 2 transcription factor, R2ZR3 MYB =
MYB transcription factor with two or three binding motif, PBF DOF = prolamin box binding
factors of the DNA-binding with one finger domain transcription factor family, ABI3/VP1 =
Abscisic acid insensitive3 or viviparousl transcription factors, TBP = TATA binding protein.
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3.2. Aims and Objectives

Aim: The aim of this chapter was to identify and repair cis-acting elements in the rice

PSY1 gene promoter in order to restore gene functionality in the endosperm.
Obijectives:

e Construct a complete synthetic OsPSY1 gene promoter by the de novo
combination of six or 4 cis-elements driving GFP.

e Use the wheat low-molecular-weight glutenin (LMWG) promoter, which contains
two P-boxes, two O2-boxes and a CAAT box as a positive control.

e Use the wild type OsPSY1 promoter driving GFP as a negative control.

3.3. Materials and Methods
3.3.1. Cloning and sequencing the OsPSY1 gene promoter.

The OsPSY1 gene promoter sequence was cloned directly from rice leaf cDNA by PCR
using OsPSY1 forward and reverse primers (Table 3. 2). The primers were designed to
flank the OsPSY1 promoter region based on sequences in GenBank (accession number
AP014962.1). The PCR product was transferred to vector pGEM-Teasy (Promega,
Madison, WI, USA) to generate pPGEM-OsPSY1p for sequencing.

Table 3. 2. Primers used to amplify the OsPSY1 gene promoter region.

Gene Forward sequence (5'-3") Reverse sequence (5'-3)
OsPSY1lp TGCAAGTACTCTAATAAGCTTTA GGATCCTATTATACTGGATGGGATC
GCTACCACTGCT AATCGCTGGCCGGAGA

OsPSY1p, rice (Oryza sativa ssp. japonica)) phytoene synthase 1 gene promoter; Hindlll (5"-AAGCTTT-
3), BamHI (5"-GGATCC-3") sites (underlined and red) were introduced into each primer, respectively.

3.3.2. Constructing and sequencing the corrected synthetic 4- and 6-motif OsPSY1

promoter.

The corrected synthetic 4- and 6-motif OsPSY1 promoter were synthesize by Synbio-
technologies Inc. (NJ, USA) and cloned into pUC-57 vector.
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3.3.3. Vector containing the low molecular weight glutenin (LMWG) promoter.

The p326 vector containing the LWM glutenin promoter and nos terminator was used as

a positive control in subsequent experiments (Stoger et al., 1999).
3.3.4. Vector construction

Vectors pGEM-WtOsPSY1-TNos, pGEM-6MOsPSY1-TNos, pGEM-4MOsPSY1-TNos,
and p326 (LMWG-nosT) were digested with BamHI1 and Hindlll, then were individually
transferred to 35S-GFP-TNos (Addgene plasmid # 80127; http://n2t.net/addgene:80127;
RRID: Addgene _80127), to generate wtOsPSY1-GFP-TNos, 6MOsPSY1-GFP-TNos,
4MOsPSY1-GFP-TNos and LMWG-GFP-TNos respectively. The integrity of all

intermediate and final constructs was verified by sequencing.

3.3.5. Rice transformation

Rice transformation was performed as described in chapter 2.3.2

3.3.6. Gene expression analysis by quantitative real-time PCR

Gene expression analysis was performed as described in chapter 2.4.4. Primer

combinations are listed in supporting information Table 3. 3.

Table 3. 3. Primers used for qRT-PCR analysis.

Gene  Forward sequence (5'-3") Reverse sequence (5'-3")

GFP GAAGCAGCACGACTTCTTCAA TATAGACGTTGTGGCTGTTGTAGT
OsACTIN GACTCTGGTGATGGTGTCAGC TCATGTCCCTCACAATTTCC

GFP, enhance green fluorescence protein gene; OsACTIN, rice actin gene.

3.3.7. Protein extraction and western blot analysis

Total rice protein extracts were prepared by grinding 0.1-0.2 g callus or leaf tissue in
liquid nitrogen and thawing the powder in 0.2-0.4 mL of extraction buffer: 20 mM Tris—
HCI pH 7.5, 5 mM ethylenediaminetetraacetic acid (EDTA), 0.1% Tween-20, 0.1%
sodium dodecylsulfate (SDS), 2 mM phenylmethanesulfonylfluoride (PMSF). The
mixture was vortexed for 1 h at 4 C°. Cell debris were removed by centrifugation at
15,000 G for 20 min at 4 C°, and the supernatant was collected and stored at -80 C°. The
protein concentration in the supernatants was determined using the Bradford method
(AppliChem, Darmstadt, Germany). Total rice protein (80mg) were fractionated by
denaturing sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) in
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polyacrylamide gels containing 10% SDS at 200 V for 60 min, and then electro-
transferred to an Immobilon FL polyvinylidene difluoride (PVDF) membrane (Merck,
Darmstadt, Germany) using a semidry transfer apparatus (Bio-Rad, Hercules, CA, USA)
at 20 V for 45 min. The membrane was immersed in 5% non-fat milk in Tris-buffered
saline with Tween-20 (TBST) solution (0.2 M Tris—=HCI pH 7.6, 1.37 M NaCl, 0.1%
Tween-20) for 1 h at room temperature. Membranes were incubated with anti-GFP
polyclonal antibody SAB4301138 (Sigma-Aldrich) diluted 1:2000 in 5% non-fat milk in
TBST overnight at 4 C°, then rinsed three times for 10 min in TBST. The membranes
were subsequently incubated with an alkaline phosphatase-conjugated goat anti-rabbit
secondary antibody (Sigma-Aldrich) (diluted 1:5000 in 2% non-fat milk in TBS-T) for 1
h at room temperature followed by three 10 min rinses in TBST. Signals were detected
using SIGMAFAST BCIP/NBT tablets (Sigma-Aldrich).

3.4. Results

3.4.1. Cloning and bioinformatics analysis of the wild-type OsPSY1 promoter, 4-
and 6-motif corrected OsPSY1 promoter and LMWG promoter.

The OsPSY1 gene promoter sequence was searched in the NCBI blast query (BLAST:
Basic Local Alignment Search Tool (nih.gov)) using the sequence database of the

OsPSY1 gene located on chromosome 6. The 2.5-kb upstream 5'-flanking region
(GenBank AP014962.1) was cloned from rice leaf genomic DNA (O. sativa Japonica cvv
Nipponbare) (Figure 3. 1). The OsPSY1 gene is not transcribed in the endosperm (Bai et
al 2014), therefore, | searched the OsPSY1 promoter region and identified cis-regulatory
elements potentially responsible for the gene repression . I identified six potential cis-
regulatory elements: three prolamin boxes (p-box), one AACA motif, one GCN4-like
motif and an Opaque 2 box (O2 box) (Table 3. 5). The p-box, AACA motif, GNC4 motif,
and O2 box motifs are known to be responsible for endosperm-specific expression in
monocots (Fauteux and Stromvik 2009) and are likely to be involved in the endosperm-
specific expression of OsPSY1. The 4- and 6-motif corrected OsPSY1 gene promoter were
developed using the target sequences shows in Table 3. 5Table 3. 4. The LMWG promoter
was cloned into the expression vector containing the green fluorescence protein (GFP)

and the Nos terminator as positive control. To test the synthetic promoters (4- and 6-motif
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corrected) we used the reporter gene GFP and the Nos terminator (Figure 3. 2). All

vectors were confirmed by restriction enzyme digestions and sequencing (Figure 3. 3).

HindITT

1 TGECRRGTACT CTARTRRAGCT TTAGCTACCHR CTECTACTAC TRGTCAGCAR

51 ATCRRALGAGCT CTICCRRRLE RRRARAMGES TCRGCRAATC ARRGECGRRAC
101 ACLRAACGCCA AGTICCTACAC GICTTGAGII GCIGCACGCT GITITIICCIC
151 GCCTICTITIC CICCRCCRCR CRATGCTGCT ACTGCTAGIC CISIIICIGG
201 TEIRCCCRGC CRCCCCIGCC CRCRCCTATR GRRRRCCATG CRTEICTIAC
251 ATGATCATGR TRACTTTARR CCATGTATTI TTTATARARA ARRTICTARTC
301 TACARARRATT TICTATAGGR ARGTTGCTTT GRRARATCAT ATTRRTCTAT
351 TTTITRZAATT TARRATACTT RATACTCALT TRATCATGCR CTRATEECTC
401 ACTTCGTITTIT GIGTATCTITIT CTAATCTTCT CRATCCCCTIT CTCCCCARLG
451 TCREICTTRC ATGATTGRGR GRGRAGRGTS RCATTATGCR ACRCLCTRGT
501 CTTECTCAGT AGTAGECTCA TACTGGCAGE TGEECACCGETIT CCATATCCTG
551 CARRRTTATA CTCCCTCCAT TTTITTRATAGS ATGRCGCCGT TGACITITIC
501 TCOGCATGTTIT GRCCATTCGET CTTATTICARR RATTTTATGC ARRTETATAR
8651 GRTATRZAATC ACRACTTARLE TACTAIGAGT CGATARARARD CTCRATRAGRR
701 ERATRRATTAT AATTRCATAR ATTTTITGAL TCGAGACGART GETCARACAT
751 GTGEACRARARR ARTCRRCGEEC ATCATCTATT TARARAACGS AGETAGTATA
801 TATACTACTT ATGTCRCRARL ATAACTTCRR TTTTATACAT ARTTCICIGE
851 AGIATITCAG ARRRTARCCCT ARARARCRRL CTACGTACIC CCTICCGICCT
901 ATR2ARARCC ARCCTRAATAC TAAATATGRT ACATCCTART ATTATRARTT
851 TAGACATRCC TCTATCCRGR TTCATTGCAC TRGRRTATARAT CRCRTCTRGT
1001 ALTAGATTCE TITTITTITIIT GGRACGSGALS GAGTATGAGT TATGRCCRGT
1051 ARGCRGCACT GACTCTCTCR ACGATARACT CRACAGTATG TRRCTGRAGG
1101 GATCAGTACT TGAGATERLR RAAGAARCALG GACACAGTAG TRRRLTCAGE
1151 CTACCATCCA TTITAGEECAT GTITTGGAGCR GAGTATARARR CATGTGERATA
1201 ACRCLRGGRRR CRABLCTTAL GRATTTGTTT GTATTGARAR ACRCRGCRAR
1251 TTRAATETGTA TGARCARRRAE TAATARCALDL RCACCTGART CATTITTICIC
1301 GTATCATGTIC CCTTGTEATC TTTATTACTT CTACTTCGAT TCCRACTGEGTA
1351 TRRACAGATT TTCGITIITE ACATTGGETAT GETATTCAGR TAGRATRACAR
1401 CTTCAATAAT TAATTTATAT TGTACTIRATR TEITIGTARA GRACTIGGEIC
1451 CRR22RRRRT GIGTITTEIAR AAACATRMLCE RACATATART ACTITICAARGR
1501 GTARATCTAT GCATATETAT TGTATGCATC TAACATTART ATTTTAGTAT
1551 ALATRRRRRT GIGATSTATE TATTATTATR RARCCTGCRAR TTTGARRLAD
1601 ARGRACRCGACGR GRGRGATACC CARARCRLLT RRRCRRAACT AGTCGRARRAT
1851 GCTACRACTA ARAGRAGRCT TTTCCTITAGE CCRACTATAGR AGGITTICTA
1701 TCACCTIGTICC TCCTTSEICC RACTATGTCOG AGRATCGATS ARGRECGGGC
1751 CCRAGCGTICRa CRARCGEETE TRaaGTGTGe gTealTCTCC TgrRLAGTTG

AACA motif P-hox GCN4 motif P-hox
1801 CRATCTTGECC TCTGTEIGTE TGGTACTGTA salFETGCTCT TICITIGRIG
P-box
1851 GGETtCCACGT AGaRGRRRCC CAGCAGGAGT CATTICCARG TETICRCCAGT
02-box

1501 GLGRAGGGCAGS GRGGECATCET GAGTTGGCOGR TARCCCTATC CTCZCTCCIGT
1851 CCTGGCCCTT GICTTCICCR CGTICTCTCCC TCCCTCCCTC TCTRAGAGCCT
2001 ATRECCATAG CTCATCATCC ACCCTCTCTT CCITCCTTCC TTCCTTCCIT

2051 CCRCRCRGAC CRAGACCH ATCCCGACAT TACRACGCAGR CT:IucaCTT _| Exon based on GenBank accession no. AK0T0716

2101 TGTCRCTAGC AT GATGATCGAT GCTGERAGCTGC ARCCRAGCRC
2151 CRGCRIARTCC T TICCTTCCIGE TGCTGGTAGR 2 GRACRR

2201 GCTAGCTAGA GTGATARGAG GTAATTSTTT CCTCCAACTC ATTCCAACCT
2251 TGCCTTTTGC CTGCCAAACT CCTCATCCTC TGCCACTGCA TACCATACST
2301 GIGCGCGCCT GAATGCCTSC CTGCCTSCCT GATACTGATA CATACACACA

2351 GCACACACGC CCCGCTATTG TAAGTGCGGC CACCACTAGC TGIGTTTCTS |
2401 CTCTCTGTST TTATCACCAA ATTAAAGCAA CGACACTCAC TTGGTCTETT

2451 TCTTTTTAAA ATATTATTTC TCCTOCTCAC CTCACACATA CCTGCATATT

2501 ATTTGECAGCT AGCTACCITG CAGATCGATC TCCGGECCAGC GRITGATCCC

2551 RICCRGIRTR RIRGGRICC Exon based on GenBank acceszion no. AK070714

—

BamHI

Figure 3. 1. Sequence of the rice (O. sativa Japonica cvv. Nipponbare) Phytoene synthase 1 gene
(OsPSY1) promoter and part of the cDNA region (GenBank AP014962.1). The first intron
(positions 2219— 2511) is in blue italics. The AACA motif, P-box, GCN4 motif and O2-box are
in red and underlined.
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Table 3. 5. Target sequences to be corrected for the 6 motif OsPSY'1 gene promoter.

Target site Sequence name Original sequence Corrected sequence
{5[93[) (5[93[)

Target 1 AACA motif ACCAAAC AACAAAC

Target 2 (P-box) (-300 ELEMENT) TGTATGGT TGTAAAGT

Target 3 GCN4-like motif (GZM) GTGTATTCT GTGAGTCAT

Target 4 (P-box) (-300 ELEMENT) TCCAAAGT TGTAAAGT

Target 5 (P-box) (-300 ELEMENT) TGTAGCGG TGTAAAGG

Target 6 (02-box) GCCACGTAGG TCCACGTAGA

Table 3. 4. Target sequences to be corrected for the 4 motif OsPSY1 gene promoter.

Target site Sequence name Original sequence Corrected sequence
{5[93[) {5[93[)

Target 1 AACA motif ACCAAAC AACAAAC
Target 2 (P-box) (-300 ELEMENT) TGTATGGT TGTAAAGT
Target 4 (P-box) (-300 ELEMENT) TCCAAAGT TGTAAAGT
Target 5 (P-box) (-300 ELEMENT) TGTAGCGG TGTAAAGG

Hindlll BamHI sacl

\

Hindlll BamHI Sa‘cl
s oo S o 5

Hindlll BamHI Sjcl
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\

Figure 3. 2. Schematic representation of expression vectors LMWG-GFP-TNos, 6MOsPSY1-
GFP-TNos, 4MOsPSY1-GFP-TNos and wtOsPSY1-GFP-TNos with the restriction enzymes
used for cloning (marked in red).
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Figure 3. 3. Restriction enzyme digestion of transformation vectors (6MOsPSY 1-GFP-TNos,
4MOsPSY1-GFP-TNos, wtOsPSY1-GFP-TNos, LMWG-GFP-TNOos).

3.4.1. Molecular characterization of the synthetic wt, 4- and 6-motif OsPSY1
promoter and LMWG promoter.

The constructs (6MOsPSY1-GFP-TNos, 4MOsPSY1-GFP-TNos, wtOsPSY1-GFP-
TNos, LMWG-GFP-TNos) were introduced into rice each one independently by particle
bombardment, and several independent transformants were analyzed by PCR. Callus lines
were analyzed by PCR using primers overlapping the promoter region and the GFP
transgene (Figure 3. 4).
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Figure 3. 4. Confirmation of 4MOspsyl, 6MOspsy1, wtOspsyl and LMWG cassette insertion
by PCR. Schematic representation showing PCR primer landing sites and amplicon sizes. PCR
analysis on callus lines using primer pairs demonstrating gene presence.

3.4.2. Expression patterns of corrected synthetic 4- and 6-motif OsPSY1 promoter

using green fluorescence protein (GFP).

The expression patterns of the constructs (4MOsPSY1-GFP-TNos, 6MOsPSY1-GFP-
TNos, wtOsPSY1-GFP-TNos and LMWG-GFP-TNos) were analyzed by quantitative
real-time PCR (Figure 3. 5 and 3. 6). As expected, the synthetic 4- and 6-motif promoters
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increased the relative expression of GFP compared with the wild-type promoter
(WtOsPSY1-GFP-TNos). The GFP protein was detected using an anti-GFP antibody
revealing protein bands with the expected molecular mass of ~27 kDa (Figure 3. 5, 3. 6
and 3. 7).
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Figure 3. 5A and B. GFP transgene expression and western blot analysis in different rice callus
lines with (A) 6MOsSPSY1-GFP-TNos and (B) wtOsPSY1-GFP-TNos. Western blot analysis of
rice callus using an anti-GFP antibody. (A) Lanes 2, 3. 6, 10, 11, 12 and 81 represent independent
lines of 6MOsPSY1-GFP-TNos. (B) Lanes 9, 12. 64, 41, 42 and 200 represent independent lines
of wtOsPSY1-GFP-TNos. Line wt = wild type callus rice (negative control). The expression of
GFP was measured by gRT-PCR in rice callus. Expression levels were normalized against the
rice actin gene. Each value represents the mean of three different biological replicates and error
bars represent standard deviations.
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Figure 3. 6A and B. Analysis of GFP gene expression and western blot analysis in different rice
callus lines with (A) 4MOsPSY 1-GFP-TNos and (B) LMWG-GFP-TNos. Western blot analysis
of rice callus using an anti-GFP antibody. (A) Lanes 6, 8. 9, 10, 11, 12 and 13 represent
independent lines of 4MOsPSY1-GFP-TNos. (B) Lanes 3, 38. 52, 66 and 71 represent
independent lines of LMWG-GFP-TNos. Line wt = wild type callus rice (negative control). The
expression of GFP was measured by qRT-PCR in rice callus. Expression levels were normalized
against the rice actin gene. Each value represents the means of three different biological
replicates and error bars represent standard deviations.
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Figure 3. 7A and B. Western blot analysis of GFP in different rice seeds lines with (A)
4MOsPSY1-GFP-TNos, (B) 4AMOsPSY1-GFP-TNos and wtOsPSY1-GFP-TNos. Western blot
analysis of rice seeds using an anti-GFP antibody. (A) Lanes 8.1, 8.2, 8.3 and 10.1 represent
independent lines of 4MOsPSY1-GFP-TNos. (B) Lanes 6.1, 6.3, 6.4 and 6.8 represent
independent lines of 4AMOsPSY 1-GFP-TNos. (B) Lanes 42.3 and 64.2 represent independent lines
of wtOsPSY1-GFP-TNos. Line wt = wild type callus rice (negative control).

70



3.5. Discussion

Accumulation of carotenoids occurs in most plant tissues; however, the types and
amounts of carotenoid accumulation in green tissues are highly conserved. In contrast,
carotenoid accumulation levels in non-green tissues such as flowers, fruits, and seeds, can
be affected by many factors, such as developmental stage, abiotic and biotic factors etc.
(Howitt and Pogson 2006; Zhu et al 2010; Giuliano 2017). Furthermore, a high
accumulation of carotenoids is achieved based on the biosynthesis rate, cell storage
capacity, and their catabolism and degradation rates (Farré et al 2010; Ruiz-Sola and
Rodriguez-Concepcion 2012; Giuliano 2017) (Figure 2.1). Phytoene synthase (PSY) is
one of the most important enzyme in the carotenoid biosynthetic pathway (Rodriguez-
Concepcion 2010; Pulido et al 2012; Bai et al 2014; Giuliano 2017; Yazdani et al 2019).
Different PSY paralogs are differentially expressed in different tissues based on abiotic
and biotic stress conditions, such as drought, excessive light, salt, temperature, insects,
fungi and post-transcriptional feedback control (Hable et al 1998; Ruiz-Sola and
Rodriguez-Concepcion 2012; Jin et al 2019). For example Arabidopsis contains only a
single copy of PSY; however, there are two different splicing variants in Arabidopsis with
different 5" UTRs (Sun et al 2018a). The 5" UTRs exhibit different translation efficiency
to regulate the enzymatic activity of PSY (Alvarez et al 2016). Most plant species, such
as tomato, rice, and maize, have three copies of PSY, with different expression patterns
(Welsch et al 2008; Li, Vallabhaneni, Yu, et al 2008; Chaudhary et al 2010). Studies in
Arabidopsis demonstrated that the expression level of PSY transcripts after salt or ABA
treatment was higher in roots, whereas there was no significant expression in shoots
(Ruiz-Sola and Rodriguez-Concepcion 2012). In addition, during de-etiolation of
Arabidopsis seedlings, PSY expression is up-regulated by the transcription factor
phytochrome-interacting factor 1 (PIF1), and other members of this transcription factor
family, such as bHLH (basic helix-loop-helix) (Toledo-Ortiz et al 2010; Nisar et al 2015;
Sun et al 2018b).

With the increasing number of available genes and gene assembly technologies, there is
a need to develop an efficient toolbox of promoters and cis-acting elements to control
more complex agronomic traits, such as yield improvement and metabolic engineering.
Considering that plants contain thousands of genes, it would not be surprising that many
promoters and regulatory elements remain to be discovered (Hernandez-Garcia and Finer

2014). Transcription factor binding regions are located upstream of the coding region of
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a gene, and the DNA sequence that includes these regions is generally referred to as the
gene promoter (Potenza et al 2004). Promoters are very important in the control of the
overall spatiotemporal expression of a gene. Over the years, many promoters have been
isolated from a wide variety of organisms and have been used in plant genetic engineering
(Venter 2007; Peremarti et al 2010; Mithra et al 2017). Some promoters are induced by
a stimulus or a regulator, but the mechanism through which transcription is initiated is
not fully understood. In other cases, mechanisms that affect transcription have been
proposed, such as direct binding to a gene promoter by a transcription factor (Liu and
Stewart 2016).

The transcriptional regulation of carotenoid biosynthetic genes in plants is a key
intervention point to gain insights into metabolism. Almost every tissue type in every
species studied to date appears to utilize a different group of transcriptional regulators for
carotenoid biosynthesis (Giuliano 2017). Nonetheless, carotenoid biosynthesis is
differentially regulated in various tissue types, as carotenoids are responsible for very
different functions in different organs, e.g., in leaves as essential components of the
photosynthetic apparatus vs. in flowers and fruits for coloration to attract pollinators
(Giuliano et al 2008; Zhu et al 2010; Diretto et al 2019). Little is known about the
transcriptional regulation of carotenoid biosynthesis in cereals or indeed in other plants.

A few transcription factors have been shown to influence carotenogenic gene expression
in dicots. For example, transcription factors RAP2.2 [encodes a member of the ERF
(ethylene response factor) subfamily B-2 of the plant-specific ERF/AP2 transcription
factor family] and PIF1, specifically bind the PSY promoter and represses the expression
of PSY and the accumulation of carotenoids in Arabidopsis seedlings (Welsch et al 2007;
Toledo-Ortiz et al 2010). Nonetheless, HY5 (long hypocotyl 5), a PIF antagonist, directly
binds a cis-element (G-box) in the promoter of PSY and promotes the accumulation of
carotenoids associated with photosynthesis (Toledo-Ortiz et al 2014). Tomato RIN
(ripening inhibitor) and BBX20, a MADS-box and B-box (BBX) zinc-finger transcription
factors, promotes the accumulation of lycopene by directly regulating the expression of
PSY (Martel et al 2011; Xiong et al 2019). Moreover, papaya CoNAC1 was shown to
bind directly the NAC-binding site in CpPDS2/4 (phytoene desaturase) promoters (Fu et
al 2017).

Cis-regulatory elements in promoters provide specific binding sites for corresponding
transcription factors (Hernandez-Garcia and Finer 2014). One example of a cis-regulatory
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element is the G-box, an abundant, well-characterized, multifunctional plant promoter
regulatory element (Zhang et al 2019). The G-box, was identified in the promoter region
of a light-regulated gene encoding the small subunit of ribulose 1,5- bisphosphate
carboxylase/oxygenase (RuBisCO) (Giuliano et al 1988). A G-box core element consists
of a 6-bp DNA sequence ‘CACGTG’ with variations in the first and last nucleotides,
which is minimally needed to recruit G-box-binding factors (GBFs) such as basic leucine
zipper (bZIP) proteins or bHLH proteins (Heim et al 2003). In order to recruit the
transcription factors for tissue-specific expression of the rice PSY1 promoter we searched
for cis-acting elements known to be present in the promoter region of proteins expressed

in the endosperm.

Tissue specific cis-elements which include synthetic constitutive promoter elements,
inducible promoter elements, and tissue-specific promoter elements have been identified
and characterized (Ali and Kim 2019). Endosperm specific cis-elements include the
prolamin box (P-box) and the GCN4-motif (Hammond-Kosack et al 1993; Juhasz et al
2011) (Table 3.1). Most of the cereal seed specific promoters contain one GCN4 motif,
two P-box, one skinhead 1 (Skn-1) and one GCAA motif (Fauteux and Stromvik 2009;
Juhasz et al 2011). The Skn-1 motif (GTCAT) is a cis-regulatory element for endosperm-
specific expression, similar to a DNA binding domain in C. elegans (Rupert et al 1998).
The GCAA motif is a highly conserved DNA sequence in the promoters of storage protein
genes found in rice and maize, suggesting the possibility of their regulatory role in
transcription (So and Larkins 1991; Takaiwa et al 1996). Alongside this element, the
AACA/TA, ACGT and CCAAT motifs were also suggested to be involved in the
regulation of prolamin gene expression (Hammond-Kosack et al 1993; Takaiwa et al
1996). The P-box is a highly conserved 7-bp sequence [5'-TG(T/A/C)AAA(G/A)-3']
found in the promoters of many cereal seed storage protein genes (Diaz et al 2002; Bitas
et al 2016).

We focused on the regulation of OsPSY1 because this gene is the first committed step in
the rice biosynthetic pathway (Rodriguez-Concepcion 2010; Pulido et al 2012; Bai et al
2014; Giuliano 2017; Yazdani et al 2019). The cis-regulatory elements and corresponding
transcription factors which control the endosperm-preferred expression of OsPSY1 have
not yet been identified. We hypothesized that important regulatory elements would be
located in the upstream promoter region. Moreover, we searched the OsPSY1 promoter

region and identified the classical cis-regulatory elements with differences in a number
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of nucleotides of the classical sequence. For example, the P-box classical sequence is
TGTAAAGT and using bioinformatics tools we identified a variant of the P-box
(TGTATGGT) in the promoter region of PSY1. This finding suggests that the mutations
in the P-box sequence might be responsible for the lack of expression of PSY1 in the
endosperm. We identified six potential cis-regulatory elements in the promoter region of
PSY1: three prolamin p-boxes, one AACA motif, one GCN4-like motif and an Opaque 2
box (O2 box) (Table 3. 4). Literature reports suggest that the insertion or changes of cis-
regulatory elements in the promoter sequence can regulate gene expression (Rodriguez-
Leal et al 2017; Jin et al 2019; Zhang et al 2019).

CRISPR/Cas9 was used to recreate a known fruit size quantitative trait locis (QTL) in
tomato by targeting cis-regulatory motifs in the 15-bp repressor element downstream of
tomato WUS (SIWUS), a conserved homeobox gene that promotes stem cell proliferation
(Rodriguez-Leal et al 2017). In maize, nested deletion analysis revealed that two cis-
regulatory elements (AACA motif and P-box) determine the activity of the ZmBCH2
promoter in seeds (Jin et al 2019). In soybean manipulation of the upstream 2- to 4-bp
flanking sequence of G-boxes in a relatively weak soybean glycinin promoter
(GmScream3) led to significant increases in the activity of the promoter when the first
was converted into a classical G-box (CACGTG) (Zhang et al 2019).

We constructed two synthetic promoters using 4- and 6-motif corrected OsPSY1 gene
promoters (Tables 3. 4 and 3. 5). We generated a wild type synthetic promoter using
the full length flanking region spanning from position —2500 in the OsPSY1 upstream
promoter as negative control (wtOsPSY1-GFP-TNos), which includes the first intron
(Figure 3.1). As positive control we used an endosperm specific LMWG promoter
which has three different variants of a GCN4 like motif and seven different p-box
variants of (Hammond-Kosack et al 1993; Juhasz et al 2011). We used GFP as a
reporter for all the constructs (Figure 3.2). The use of GFP as a reporter has already
been demonstrated for the analysis of cis-regulatory elements in gene regulation
(Zhang et al 2019). Among the four cis-regulatory elements found in the 4-motif
corrected OsPSY1 promoter, three P-boxes and a single AACA motif were located
within the first 300 bp upstream of the transcription start site, often the key regulatory

region in endosperm-specific genes.

Having developed and introduced into rice the constructs for the activation of the
OsPSY1 promoter, we analyzed gene expression and protein accumulation. We
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confirmed that the reporter gene (GFP) was highly expressed and the GFP protein was
detected in the transgenic rice callus lines containing the corrected OsPSY1 promoter
4- and 6-motif (Figure 3.5A, 3.6A, B). Taken together, these results confirm that the
corrected OsPSY1 promoter activated gene expression compared to the wild type
OsPSY1 promoter. The cis-regulatory elements have the potential to regulate OsPSY1,
and when present they can activate the OsPSY1 promoter, strongly supporting their
role in the regulation of OsPSY1 in rice endosperm. As expected, the construct
containing the wild type OsPSY1 gene promoter did not significantly expresses GFP
in rice callus and endosperm (Figure 3.5B, 3.7B). It was demonstrated that OsPSY1
was not expressed in rice endosperm (Schaub et al 2005) suggesting that the P-box and
AACA motif are required for OsPSY1 promoter activity in rice endosperm. We also
investigated the regulatory potential of a synthetic 4-motif OsPSY1 promoter in
transgenic rice endosperm expressing GFP. Rice transformed with the synthetic 4-
motif OsPSY1 promoter accumulate GFP in the endosperm (Figure 3.7A, B),
suggesting that the cis-regulatory elements are essential and exhibit tissue specific
activation as demonstrated in other reports (Juhasz et al 2011; Ali and Kim 2019; Jin
et al 2019; Zhang et al 2019). Studies in rice, maize, wheat and soybean demonstrated
the capacity of the cis-elements to regulate gene expression (Juhész et al 2011; Liu et
al 2018; Jin et al 2019; Zhang et al 2019). In maize six cis-elements (RY repeats,
GCN4, the p-box, Skn-1, and the ACGT and AACA motifs) were fused to the ZmBD1
promoter to generate a putative bidirectional promoter (Liu et al 2018), resulting in
endosperm- specific expression and high accumulation of anthocyanin in the
endosperm. In rice, experiments investigated tissue specificity of the cis-elements P-
box and AACA (Jin et al 2019). By constructing a series of 5’ deletions in the ZmBCH2
promoter region, investigators identified the minimum region needed for endosperm
expression. Four cis-regulatory elements were found in the minimum promoter. A
single P-box and a single AACA motif were located within the first 300 bp upstream
of (Jin et al 2019). Tissue specificity was monitored by using a reporter gene (gusA).

In soybean, a synthetic promoter was developed using different repeats of G-box motifs
(Zhang et al 2019). Using a relatively weak soybean glycinin promoter (GmScream3)
and manipulating the sequence to obtain different repeats of G-box motif led to a
significant increase in GFP expression. The results demonstrated the capacity of the G-
box to activate gene expression. Our results using a synthetic OsPSY1 promoter for
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tissue-specific expression of GFP are similar to those obtained in rice and soybean by
these investigators in terms of the tissue specific expression and generation of a

synthetic promoter with endosperm specific cis-elements.

In the absence of the cis-transcription factors, GFP accumulation in the transgenic rice
lines expressing the wild type OsPSY1 promoter (wtOsPSY1-GFP-TNos) was low but
detectable in some callus lines (Figure 3.5B), probably reflecting the insertion of the
cassette near a strong enhancer that might affect the promoter in the same way as an
enhancer trap (Springer 2000). However, the same rice lines with wild type OsPSY1
promoter (WtOsPSY1-GFP-TNos) did nor accumulated GFP in rice endosperm
(Figure 3.7B), as expected because OsPSY1 is not expressed in rice endosperm
(Schaub et al 2005; Bai et al 2014).

3.5. Conclusions

We demonstrate experimentally that rice phytoene synthase 1 (OsPSY1) is regulated by a
combination of cis-acting elements in the upstream promoter region of the gene. Our
results suggest that the expression of OsPSY1 in the endosperm is dependent on the tissue-
specificity of cis-regulatory elements. We provide experimental evidence that tissue
specific cis-elements can regulate GFP expression in rice endosperm (Figure 3.7A, B).
The combination of AACA, P-box, GCN4-like and O2 motifs in the synthetic OsPSY1
promoter (4-and 6-motif corrected synthetic promoter versions) determined the activity
of the OsPSY1 promoter. These results are consistent with the results obtained in rice and
soybean using cis-regulatory elements to regulate the expression of reporter genes (Jin et
al 2019; Zhang et al 2019).

We identified the sequence of candidate cis-regulatory elements based on known
regulatory mechanisms in the promoters of other cereal genes and confirmed that the
corresponding cis-elements (P-box and AACA motif) are required for rice endosperm-
specific expression. In transgenic rice plants expressing the corrected 4-motif OsPSY1
promoter driving GFP the recombinant protein accumulated in the endosperm. In
contrast, no GFP accumulation was seen when the wild type OsPSY1 (synthetic) promoter
was used. Our results suggest that the use of cis-regulatory elements provide an
opportunity for the regulation of carotenogenic gene expression in metabolically

engineered plants.
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Chapter IV

The role of plastid division factors (AtPDV1
and AtARC3) and Or gene for enhancing
carotenoid accumulation in rice endosperm
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4.0. Abstract
Plastids are essential sites of photosynthesis and many other important cellular metabolic

processes in plants. Plastids exist universally in plants and include various types such as
etioplasts, amyloplasts, chloroplasts, and chromoplasts. Chloroplasts are the
photosynthetic plastids in green tissues, whereas chromoplasts are important organelles
for carotenoid biosynthesis and accumulation. Chromoplast number and size define and
strongly influence final carotenoid levels; however, little is known about the machinery
that controls chromoplast number and size. One of the chloroplast division factor
involved in the initiation of chloroplast division is Accumulation and Replication of
Chloroplast 3 (ARC3). Another chloroplast division factor is the Plastid Division 1
(PDV1) which is recruited to the division site through direct interactions with other
division factors such as: ARC6, PARC6 and PDV2 in order to complete chloroplast
division. Here we describe preliminary experiments aiming to understand the role of the
plastid division factors AtPDV1 and AtARC3 in the accumulation of carotenoids in rice
endosperm. Our first strategy was to combine the plastid division genes (AtARC3 and
AtPDV1) with carotenogenic genes (ZmPSY1 and PaCRTI). This strategy did not result
in any significant differences in carotenoid accumulation and chromoplast quantity. In
order to develop an alternative strategy to enhance carotenoid accumulation in rice
endosperm we combined an Orange gene(Or') that was previously shown to encode a
chaperone-like protein that induces the formation of chromoplasts, creating a metabolic
sink for carotenoids, with plastid division genes. Therefore, in our second strategy we
combined AtARC3 and AtPDV1 with AtOr™’s, We demonstrate co-transformation of rice
with the three genes (AtARC3, AtPDV1 and AtOrts). We also confirmed mRNA
accumulation for the three genes in rice callus. Further analyses will focus on determining
whether the strategy alters chromoplast number and size and in turn carotenoid

composition in rice endosperm.

87



88



4.0.Introduction

4.1.Plastid division genes and Orange (Or) gene

Plastids are essential sites of photosynthesis and many other important cellular metabolic
activities in plants. Plastids exist universally in plants and include various types like
etioplasts, amyloplasts, chloroplasts, and chromoplasts (Lopez-Juez and Pyke 2004).
Chloroplasts are the photosynthetic plastids in plant green tissues. Carotenoids are
localized in chloroplast thylakoid membranes for photosynthesis and photoprotection.
Chloroplasts evolved from a cyanobacterial endosymbiont and multiply by binary fission.
The Accumulation and Replication of Chloroplast 3 (ARC3) gene is a chloroplast division
factor involved in the initiation of chloroplast division. ARC3 is a chimera of the
prokaryotic filamenting temperature sensitive mutant Z protein (FtsZ) (essential for cell
division) and part of the eukaryotic phosphatidylinositol-4-phosphate 5-kinase (PIP5K)
(Vitha et al 2003). The proteins above are located on the outer surface of the chloroplast
in a ring-like (Z-ring) structure at the early stage of chloroplast division (McAndrew et al
2008). After the formation of the Z-ring, the outer envelope-spanning proteins Plastid
Division 1 (PDV1) and PDV?2 are recruited to the division site through direct interactions
with Paralog of ARC6 (PARCG6) and ARC6 (Glynn et al 2008, 2009). FtsZ and ARC6 are
derived from the cell division machinery of the cyanobacterial endosymbiont (Vitha et al
2003), and PARCEG is derived from ARCG6 by gene duplication and differentiation (Glynn
et al 2009). Finally, Dynamin-Related Protein5b (DRP5B; also known as ARC5), a
member of the dynamin family of self-assembling proteins, is recruited by PDV1 and
PDV2 to chloroplasts to complete chloroplast division (Miyagishima et al 2006). DRP5B
is specific to plants and algae and is thought to have evolved from a dynamin-related
protein involved in eukaryotic cytokinesis (Miyagishima et al 2008; Holtsmark et al
2013). PDV1 and PDV?2 are specific to land plants (Miyagishima et al 2006), in which

the levels of PDV proteins determine the rate of chloroplast division (Okazaki et al 2009).

Chromoplasts are plastids that synthesize and accumulate carotenoids (Egea et al 2010).
Chromoplast number and size define the capacity for carotenoid accumulation. The
single-locus Or mutation in cauliflower (Brassica oleracea) confers high levels of p-
carotene accumulation in tissues where the accumulation of carotenoids is normally
repressed (Lu et al 2006). The Or gene appears to be plant specific with homologs present
in all plant species examined, including algae. Or encodes a plastidic DnaJ cysteine-rich

domain-containing protein (Lu et al 2006; Tzuri et al 2015).
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Overexpression of Or leads to carotenoid accumulation in different species. In cereals the
expression of Or gene in rice and maize were achieved. In rice the expression of Or in
combination with ZmPSY1 and CRTI enhanced the carotenoid accumulation in
endosperm (Bai et al 2016). Increase from no detectable carotenoids in wild-type rice
endosperm to an accumulation of 25.83ug/g DW in total carotenoids and 10.52ug/g DW
in B-carotene were reported. Other carotenoids detected were zeaxanthin and lutein but
less than 2 pg/g DW. The expression of Or in maize (M37W) endosperm also enhance
the carotenoids in endosperm (Berman et al 2017). The total carotenoid content increased
from 0.7ug/g DW in wild-type to 25ug/g DW in the transgenic lines. The levels and
composition of carotenoids differed compared to rice. Maize endosperm accumulate
mainly: zeaxanthin (12pg/g DW), antheraxanthin (7pg/g DW), lutein (S5pg/g DW) and
violaxanthin (2pug/g DW). Other carotenoid enhanced in rice like -carotene were not

detected in maize lines.

When the Or gene was expressed in potato tubers the total carotenoid increase was from
Sug/g DW in wild-type to 31pg/g DW in transgenic lines (Lopez et al 2008). Other
carotenoids detected were: lutein (9ug/g DW), phytoene (10pg/g DW) and B-carotene
(5ug/g DW). Total carotenoid in storage roots of purple-fleshed sweet potato increased
from less than 1pg/g DW in wild-type to 8ug/g DW in Or-expressing lines (Park et al
2015). Additionally, were detected: zeaxanthin (2.4ug/g DW) and 9z-B-carotene (1pg/g
DW). The sweet potato expression of Or were analyzed in callus. The total carotenoid
accumulation were more than 20 folds (40ug/g DW) compare to wilt-type (less than Sug/g
DW). The composition of enhanced carotenoids was: a-carotene (1.5 pg/g DW), B-
carotene (10 pg/g DW), lutein (10 pg/g DW), zeaxanthin (6 pg/g DW) and (-
cryptoxanthin (14 pg/g DW).

Investigation with Cucumis melo (melon) identified a single nucleotide polymorphism
(SNP) between CmOr alleles in orange versus green/white-flesh fruit (Tzuri et al 2015).
The single (SNP) causes a change of an arginine to histidine in the CmOr protein. The
role of the amino acid substitution was defined by site-directed mutagenesis changing
OrA'9to Or™,  Functional analysis of the Or gene polymorphism in Arabidopsis thaliana
callus confirmed the role of Ort'* to induce carotenoid accumulation (Tzuri et al 2015).
Additional investigations using the Or™' variant of Arabidopsis Or, which functions as
the melon Or™'s allele, induces chromoplast formation (Yuan et al 2015) These results

suggest an additional role for Ort' as a chromoplast number regulator in addition to its
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functions in carotenoid biosynthesis and chromoplast biogenesis. Moreover, the AtOr*t
and AtOrt's were expressed in tomato (Yazdani, Sun, Yuan, Zeng, Theodore W
Thannhauser, et al 2019). The results show that the tomato expressing OrH’s accumulate
more total carotenoids (160ug/g FW) than the Or'*t (92ug/g FW) at red fruit stage. The
carotenoid composition also shows differences in accumulation between AtOrts and
AtOr"t: phytoene (18 to 6.2 ug/g FW), phytofluene (12 to 6.1 ug/g FW), lycopene (77 to
64 pg/g FW) and b-carotene (27 to 14 pg/g FW). While the variants of Or are able to
regulate phytoene synthase (PSY) post-translationally, the orange variants exhibit an
additional function in promoting chromoplast biogenesis (Lu et al 2006; Tzuri et al 2015;
Wang et al 2015; Yuan et al 2015; Chayut et al 2017; Welsch et al 2018).

Report demonstrate that Ort''s is associated with division sites in non-green plastids (Sun
et al 2020). Or™'s specifically interacts with ARC3 and reduce the interaction of PARC6-
ARC3. Also the expression of Ortis with ARC3 gene in Arabidopsis enhances carotenoid
accumulation by 85% compared to the lines expressing only Or*is (Sun et al 2020). Earlier
reports showed that upregulation of PDV1 and PDV2 expression significantly increases
the number of chloroplasts in Arabidopsis (Okazaki et al 2009). Moreover, the
combination of Or’s with PDV1 also increases more than two-fold the total carotenoid
accumulation in Arabidopsis callus (Sun et al 2020). The use of plastid division genes

presents a novel strategy for carotenoid accumulation in crops.
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4.2. Aims and Objectives

Aim: The aim of this chapter was to understand the role of the plastid division factors
(AtPDV1 and AtARC3) in the accumulation of carotenoids in rice endosperm.
Obijectives:

e Co-transform AtPDV1 and AtARC3 with Or" gene to enhance the
accumulation of carotenoids in rice endosperm.

e Use ZmPSY1 and CRTI driven by two endosperm specific promoters (low
molecular weight glutenin and d-hordein, respectively) as a positive control for
carotenoid accumulation.

e Use transcriptomic and metabolomics analysis to elucidate the impact of the

plastid division factors on carotenoid accumulation in rice endosperm.

4.3. Material and Methods

4.3.1. Cloning and sequencing the AtPDV1, AtARC3, ZmPSY1, CRTI and Or"s
cDNAs

The AtPDV1, AtARC3 and OrMs genes were kindly provided by Dr. L. Li (Cornell
University, Ithaca, NY, USA). AtPDV1, AtARC3 and Or"s genes are based on sequences
in GenBank (accession numbers At5g53280, At1g75010 and At5G61670). ZmPSY1 and
CRTI were cloned as described in Bai et al., 2014 based on sequences in Genbank
(accession numbers AY324431 and D90087.2).

4.3.2. Vector construction

AtPDV1 and AtARC3 were amplify by PCR from vector provided by Dr. L. Li (Cornell
University, Ithaca, NY, USA) and restriction sites were added. The PCR products were
digested with the corresponding restriction enzymes (Table 4. 1) and ligated into pAL76
vector, containing the maize ubiquitin-1 promoter plus first intron and Nos transcriptional

terminator.

The maize PSY1 cDNA was cloned from maize inbred line B73 by RT-PCR using
forward and reverse primer (Table 4.1) based on the PSY1 sequence (GenBank accession
number AY324431). The product was transferred to pGEM-T Easy (Promega) for
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sequencing, and then to the p326 vector containing the LWM glutenin promoter and nos
terminator (Stoger et al., 1999). The Pantoea ananatis (formerly Erwinia uredovora)
CRTI gene was fused in-frame with the transit peptide sequence from the P. vulgaris
small subunit of ribulose bisphosphate carboxylase (Schreier et al., 1985) in plasmid
PYPIET4 (Misawa et al., 1993), and amplified by PCR using forward and reverse primers
(Table 4. 1). The product was transferred to pGEM-T Easy for sequencing, and then to
pHorp-P (Sorensen et al., 1996) containing the barley D—hordein promoter and the rice

ADPGPP terminator. All transformation constructs were verified by sequencing.

Table 4. 1. Primers used to amplify AtPDV1, AtARC3, ZmPSY1, CRTI and Or"® genes.

Gene Forward sequence (5'-3") Reverse sequence (5'-3")

AtPDV1 GGATCCATGGGAGAAATGGAGATC CCCGGGTTAACCACGAGCCATCAT
GAAGAAATCG TACGTC

AtARC3 GGATCCATGCCGATTTCTATGGAA AAGCTTTCAATCTCCGGCGTCCACTTG
CTTCCAGT TTTCC

AtOr"s  GCGGCCGCATGTCATCTTTGGGTA GAATTCTCAATCGAAAGGGTCGATA
GGATTTT CGA

ZmPSY1 AGGATCCATGGCCATCATACTCGT AGAATTCTAGGTCTGGCCATTTCTC
ACGAG AATG

PaCRTI ATCTAGAATGGCTTCTATGATATC AGAATTCTCAAATCAGATCCTCCA
CTCTTC GCATCA

AtPDV1, Arabidopsis thaliana plastid division factor 1; BamHI (5"-GGATCC-3") and Xmal (5"-
CCCGGG-3) sites (underlined and red) were introduced into each primer. AtARC3, Arabidopsis
thaliana Accumulation and Replication of Chloroplast 3; BamHI (5"-GGATCC-3") and HindllII
(5"-AAGCTT-3") sites (underlined and red) were introduced into each primer. AtOr™,
Arabidopsis thaliana orange gene mutant; Notl (5-GCGGCCGC-3") and EcoRI (5"-GAATTC-
3") sites (underlined and red) were introduced into each primer. ZmPSY1, Maize (Zea mays)
phytoene synthase 1 gene; BamHI (5-GGATCC-3") and EcoRl (5-GAATTC-3") sites
(underlined and red) were introduced into each primer. PaCRTI, bacterial (Pantoea ananatis)
phytoene desaturase; Xbal (5"-TCTAGA-3") and EcoRI (5"-GAATTC-3") sites (underlined and
red) were introduced into each primer.

4.3.3. Rice transformation
Rice transformation was performed as described in chapter 2.3.2

4.3.4. Gene expression analysis
Gene expression analysis was performed as described in chapter 2.3.4. Primer

combinations are listed in supporting information
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Table 4. 2. Primers used for gRT-PCR analysis.

Gene Forward sequence (5'-3') Reverse sequence (5'-3')
AtPDV1 ACCGCTCTTGAGAACCTTGA TCCATAGTTCTTGCCGTGGT
AtARC3 GAGGGGGAACCATCCAGAAA TCTCCAGAATCAGCTTGCCA
Orhis TTCGAAGCCACCGAAACAAG AGGAGCTAGTAGACCACCGA
Crtl TCAGTTTCTGGACTATTCACGCGCGGT CTGGCAACCTTACTGTAAACGCTTCTCCATG
ZmPSY1l GTCCGAGCAGAAGGTCTACG CTGTCCTCCTACACCACACA
OsACTIN GACTCTGGTGATGGTGTCAGC TCATGTCCCTCACAATTTCC

AtPDV1, Arabidopsis thaliana plastid division factor 1. AtARC3, Arabidopsis thaliana Accumulation and
Replication of Chloroplast 3. AtOr"s, Arabidopsis thaliana orange gene mutant. ZmPSY1, Maize (Zea mays)
phytoene synthase 1 gene. PaCRT], bacterial (Pantoea ananatis) phytoene desaturase. OSACTIN, rice actin
gene.

4.4.Results

4.4.1. Co-expression of ZmPSY1 and PaCRTI with AtARC3 and AtPDV1 in rice
callus. Carotenoid analysis and chromoplast number in transgenic callus.

The expression patterns of all constructs (LMWG-ZmPSY1-TNos, pHord-PaCRTI-TNos,
Ubi-AtARC3-TNos, Ubi-AtPDV1-TNos) were analyzed by quantitative real-time PCR
(Figure 1A). AtARC3 and AtPDV1 relative mRNA accumulation was higher compared
with ZmPSY1 and PsCRTI in callus. Differences in expression levels might be attributed
to the promoters used in the different vectors. AtARC3 and AtPDV1 were controlled by a
strong constitutive promoter (maize ubiquitin 1), ZmPSY1 and PSCRTI by an endosperm
specific promoter (Low molecular weight glutenin and d-hordein promoter respectively).
The B-carotene content of line #91 and wild type were very low and not a significant
difference was seen (Figure 4. 1B). The chromoplast number in the isolated protoplasts

from wild type was similar to line 91 (Figure 4. 2A, B).
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Figure 4. 1A, B. mRNA accumulation and carotenoid level in rice callus. (A) mRNA
accumulation of ZmPSY1, PaCRTI, AtARC3 and AtPDV1 in rice callus. Expression levels were
normalized to the rice actin gene, as determined by gRT-PCR. (B) B-carotene and zeaxanthin
levels in lines #91 and wild type (wt).
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Figure 4. 2A, B. Chromoplast number and protoplast isolation from rice callus. (A) Chromoplast
number in wild type callus and line 91. (B) Protoplast isolated from rice callus of wild type and
line 91.
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4.4.2. Cloning and functional characterization of AtPDV1, AtARC3 and AtOrHs
genes.

The A. thaliana plastid division 1 (AtPDV1), A. thaliana Accumulation and Replication
of Chloroplast 3 (AtARC3) and A. thaliana Orange-histidine (AtOrt's) cDNAs encoding
the corresponding full-length genes were kindly provided by Dr. L. Li (Cornell
University, NY, USA). AtARC3 and AtPDV1 were cloned in a vector containing the maize
ubiquitin promoter (with first intron) and the Nos terminator. AtOrt's was cloned in a
vector containing the barley d-hordein promoter and the rice ADPGPP terminator (Figure

4. 3). All vectors were confirmed by restriction digestion enzymes and sequencing
(Figure 4. 4).

BamHI Xmal

BamHI Hindlll

Figure 4. 3. Schematic representation of expression vectors Ubi-AtPDV1-TNos, Ubi-AtARC3-
TNos and Ubi-AtOrH-TADP.

Ubi-AtARC3
pHord-OR

Figure 4. 4. Restriction enzyme analysis of the transformation vectors.
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4.4.3. Co-expression of AtOrts with AtARC3 and AtPDV1 in rice callus and
endosperm.

The expression patterns of all constructs (pHord-Or"is-ADPT, Ubi-AtARC3-TNos, Ubi-
AtPDV1-TNos) were analyzed by quantitative real-time PCR (Figure 4. 5). AtARC3 and
AtPDV1 relative mRNA accumulation was higher compared with Or*s in callus lines.
Differences in expression levels might be attributed to the promoters used in the different
vectors. AtARC3 and AtPDV1 were controlled by a strong constitutive promoter (maize

ubiquitin 1) and the Or''s gene by an endosperm specific promoter (d-hordein promoter).
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Figure 4. 5. mRNA accumulation of Or"s, AtARC3 and AtPDV1 in rice callus. Expression levels
were normalized to the rice actin gene, as determined by gRT-PCR. Each value represents the
average of three experiments and the error bars indicates the standard deviation.

4.5. Discussion

In plants, carotenoids accumulate in specialized pigment-bearing structures known as
plastoglobuli, within chromoplasts (Bréhelin et al 2007). Chromoplasts are the key
organelles for carotenoid biosynthesis and accumulation. Chromoplast number and size
define and strongly influence the final carotenoid level (Sun et al 2018); however, little

is known about the machinery that controls chromoplast number and size. One of the
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chloroplast division factor involved in the initiation of chloroplast division is
Accumulation and Replication of Chloroplast 3 (ARC3) gene. ARC3 is involved in the
structure at the early stage of chloroplast division (McAndrew et al 2008). Another
chloroplast division factor is the Plastid Division 1 (PDV1) which is recruited to the
division site through direct interactions with other division factors such as: ARCS,
PARC6 and PDV2 in order to complete the chloroplast division (Miyagishima et al 2006).
The levels of PDV protein determines the rate of chloroplast division (Okazaki et al
2009).

Here we describe preliminary experiments aiming to understand the role of the plastid
division factors AtPDV1 and AtARC3 in the accumulation of carotenoids in rice
endosperm. Our first strategy was to combine the plastid division genes (AtARC3 and
AtPDV1) with carotenogenic genes (ZmPSY1 and PaCRTI). ZmPSY1 and bacterial CRTI
are the most common genes used in order to increase the accumulation of carotenoids in
rice endosperm (Ye et al. 2000; Paine et al. 2005; Baisakh et al. 2006; Aluru et al. 2008;
Bai et al. 2016). Unfortunately, this strategy did not result in any significant differences
in carotenoid accumulation and chromoplast quantity (Figure 4.1A, B and 4.2A, B). Our
results were similar to studies that use ZmPSY1 and CRTI. Our best line accumulates
around 13 pg/g p-carotene and zeaxanthin (Figure 4.1B) being in the average of studies
in different varieties of rice that range from 1.0 to 37 pg/g carotenoid accumulation (Paine
et al 2005; Parkhi et al 2005; Dong et al 2020). Also the chromoplast number did not
show significant differences compared with the wild type rice callus (Figure 4.2A). A
possible explanation of the similarity of chromoplast number between wild type and the
lines we generated here is that the plastid division genes are specific for chloroplast rather
than chromoplast division (Chen et al 2018).

Other strategies for carotenoid accumulation include the AtOr gene in combination with
ZmPSY1 and CRTI to promote the differentiation of chromoplasts thus generating a
metabolic sink that promotes the accumulation of carotenoids in the endosperm (Lu et al
2006; Bai et al 2016).The cauliflower Orange (Or) gene was discovered by the analysis
of an orange curd cauliflower mutant, and was shown to encode a chaperone-like protein
that induces the formation of chromoplasts, creating a metabolic sink for carotenoids (Lu
et al 2006). Further investigations in Cucumis melo (melon) identified a single nucleotide
polymorphism (SNP) between CmOr alleles in orange versus green/white-flesh fruit

(Tzuri et al 2015). The SNP causes a change from an arginine to histidine in the CmOr
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protein. Functional analysis of the Or gene polymorphism in Arabidopsis callus
confirmed the role of Or gene with the histidine change (Or*) to induce carotenoid
accumulation (Tzuri et al 2015). In recent research it was demonstrated that the
overexpression of AtOrts in combination with ZmPSY1 and CRTI increased total
carotenoids in rice callus from near zero in wild-type rice endosperm to 25.83ug/g DW
in the transgenic plants expressing the three genes; B-carotene levels were 10.52ug/g DW
(Bai et al 2016).

In order to develop new strategies to enhance carotenoid accumulation in rice endosperm
we combined carotenogenic genes with plastid division genes. Our second strategy was
a combination of AtARC3 and AtPDV1 with AtOrts (Figure 4.5). It was already
demonstrated that AtOrts specifically interacts with AtARC3 to regulate chromoplast
number and enhances carotenoid accumulation by 85% compared to the lines expressing
only Ort's (Sun et al 2020). Earlier reports demonstrated that upregulation of AtPDV1 and
AtPDV2 expression significantly increases the number of chloroplasts in Arabidopsis
(Okazaki et al 2009). Moreover, upregulation of PDV1 was shown to dramatically
enhance carotenoid levels in AtOr™s callus (Sun et al 2020). In the same study, AtARC3
and AtPDV1 have been implicated in AtOr™s regulated chromoplast duplication, which
provides a foundation for dissecting the binary fission mechanism in regulating
chromoplast numbers. Plastid division factors affect carotenoid levels and chromoplast
number (Sun et al 2020). AtOrs has been shown to enhance carotenoid accumulation in
various plants like melon, tomato, Arabidopsis and rice (Bai et al 2014; Tzuri et al 2015;
Sun et al 2020). Chromoplast number and size determine total carotenoid accumulation
(Sun et al 2018). Indeed, increased chromoplast size and number is accompanied by
enhanced carotenoid levels in tomato high pigment mutants (Galpaz et al 2008). AtARC3
is known to affect chloroplast size and may have a similar effect on chromoplast size
(Glynn et al 2007).

Co-expression of AtARC3 or AtPDV1 with AtOrts in Arabidopsis callus was shown to
enhance significantly carotenoid accumulation (Sun et al 2020). We combined both
plastid division factors (AtARC3 and AtPDV1) with AtOr™ in order to enhance
carotenoid accumulation in the rice endosperm. Our results demonstrate co-
transformation of rice with the three genes (AtARC3, AtPDV1 and AtOrt's). Also we
confirmed mRNA accumulation for the three genes in rice callus. Earlier studies showed

that the callus system can be used to predict the effect of genes in metabolic pathways
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(Bai et al 2014). Nonetheless the callus system can be used even with endosperm specific
promoters that are active in callus and have restricted activity in mature plants (Bai et al
2014).

Further carotenoid and chromoplast analysis will determine whether these lines exhibit
enhanced carotenoid content in rice endosperm. Nevertheless, the demonstration that co-
expression of AtARC3, AtOr's and AtPDV1 affects positively carotenoid levels suggests
the potential of plastid division factors to serve as new genetic tools for carotenoid
enrichment in plants. However, we are far from identifying all the necessary factors
controlling chromoplast division and number. Further experiments will be required to
identify and characterize proteins that associate with these factors in order to determine

their precise role in the accumulation of carotenoids in the rice endosperm.

4.6. Conclusions

We explored strategies for carotenoid accumulation in rice endosperm, focusing
specifically on two strategies. The first strategy co-expressing the carotenogenic genes
ZmPSY1 and PaCRTI in combination with chloroplast division factors (AtARC3 and
AtPDV1) did not achieve an increase in carotenoid levels and chromoplast numbers

compare to wild type rice callus (Figure 4.1A, B and 4.2A, B).

In the second strategy we utilized AtOr™'s in combination with both chloroplast division
factors. We generated rice callus lines containing and expressing the input genes at the
MRNA level. Further analyses will focus on determining whether the strategy alters

chromoplast number and size and in turn carotenoid composition.
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6.1. General discussion

Global food security is one of the main targets of world leaders, aiming primarily to
combat hidden hunger. Hidden hunger or micronutrient malnutrition is a public health
concern worldwide. Hidden hunger is described often as a multiple micronutrient
deficiency (Lowe 2021). Malnutrition affects a further two billion people who even
though consume enough calories; they do not obtain the essential nutrients needed to
maintain a healthy life (Berman et al 2013). In most developing countries, diet is based
on a single staple crop, which invariably contains low amounts of nutrients (e.g. rice).
One of the most widespread micronutrient deficiencies is vitamin A deficiency (VAD).
An effective way of achieving food security is by using food biofortification, aiming to
improve crop production as well as nutrient content. Currently, the main strategies to
biofortify food crops are: conventional breeding and genetic engineering, or a
combination of the two. Conventional breeding improves crops without using
recombinant DNA technology, but using mutagenesis or marker assisted selection to
introgress genes from distant relatives, which similarly would not occur naturally (Bai et
al 2011). The relatively long lead time to have an impact and its dependence on a
compatible gene pool makes this approach very limited. The long time frames to obtain
nutritionally improved lines are one of the challenges in conventional breeding (Pérez-
Massot et al 2013). On the other hand, genetic engineering can generate biofortified crops
by transferring genes directly into breeding lines, obtaining transgenic plants with
enhanced nutritional traits. Compared to conventional breeding, genetic engineering has
the advantages of direct engineering of breeding lines, multiple simultaneous
biofortification of different nutrients and unrestricted access to genetic diversity including
recombinant genes (Zhu et al 2007; Alvarez et al 2021). An entry barrier of genetic
engineering is the regulatory global framework which makes the technology prohibitively
expensive, particularly for developing countries and public institutions, at least in the case
of philanthropic, not-for-profit applications. Because of the beneficial effects of
secondary metabolites on human health and industry, biosynthesis of secondary

metabolites and their regulation have always been a prime focus of research.

I employed three different strategies to biofortify rice, a staple food crop, using metabolic
engineering. The carotenoid biosynthetic pathway in rice endosperm is blocked in the
first committed step, the condensation of two geranylgeranyl diphosphate (GGPP)
molecules by phytoene synthase (PSY) to 15-cis-phytoene (Misawa et al 1994; Bai et al
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2014). We had previously demonstrated that combinatorial transformation can unravel
bottlenecks in metabolic pathways in plants (Bai et al 2014, 2016). Our aim has been to
define the minimum set of genes necessary to reconstitute the carotenoid pathway in rice
endosperm. Metabolic engineering has been a trial and error approach where the
elimination of one bottleneck often merely serves to reveal the next bottleneck. In
contrast, combinatorial transformation generates a library of metabolic variants allowing
the best strategy to be deduced in a single experiment if all necessary combinations of
transgenes are represented in the population (Zhu et al 2008; Li et al 2010; Bai et al 2014).
In pilot experiments we co-transformed rice with OsPSY1 and OsPDS in order to start
with the minimum number of genes in the reconstitution of the pathway. The screening
was established using PCR and a color phenotype in callus. In earlier published work
from our lab we established the correlation of phenotype with metabolite accumulation
in rice callus (Bai et al 2014). The clear differences in color of white wild type rice callus
versus the yellow-orange lines expressing OsPSY1 and OsPDS suggested carotenoid
accumulation. In other investigations callus color were used and demonstrated as an
indicator for carotenoid accumulation (Bai et al 2014; Sun et al 2020). Our results are
consistent with the experiments in rice callus expressing ZmPSY1 and PaCRTI. Such
callus were yellow-orange in color (Bai et al 2014). Our results suggest that the expression
of OsPSY1 and OsPDS are the minimum genes necessary to reconstitute the carotenoid
pathway in rice callus. However, these preliminary results need to be confirmed in seeds

and with the co-transformation of all the pathway genes.

Many biosynthetic pathway genes and transcription factors have been characterized for
their roles in regulating secondary metabolites biosynthesis (Patra et al 2013). The second
strategy was focused on the regulation of OsPSY1, because this gene is the first committed
step in the rice biosynthetic pathway (Rodriguez-Concepcién 2010; Pulido et al 2012; Bai
et al 2014; Giuliano 2017; Yazdani et al 2019). The cis-regulatory elements and
corresponding transcription factors which control the endosperm-preferred expression of
OsPSY1 have not yet been identified. We hypothesized that important regulatory elements
would be located in the upstream promoter region. We searched the OsPSY1 promoter
region and identified the classical cis-regulatory elements with differences in a number
of nucleotides from the classical sequence. For example, the P-box classical sequence is
TGTAAAGT and using bioinformatics tools we identified a variant of the P-box
(TGTATGGT) in the promoter region of PSY1. This finding suggests that the mutations
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in the P-box sequence might be responsible for the lack of expression of PSY1 in the
endosperm. We identified six potential cis-regulatory elements in the promoter region of
PSY1: three prolamin p-boxes, one AACA motif, one GCN4-like motif and an Opaque 2
box (O2 box). Literature reports suggest that the insertion or changes of cis-regulatory
elements in the promoter sequence can regulate gene expression (Rodriguez-Leal et al
2017; Jin et al 2019; Zhang et al 2019).

We constructed two synthetic promoters using 4- and 6-motif corrected OsPSY1 gene
promoters. We generated a wild type synthetic promoter using the full length flanking
region spanning from position —2500 in the OsPSY1 upstream promoter as negative
control (wtOsPSY1-GFP-TNos), which includes the first intron. As positive control we
used an endosperm specific LMWG promoter which has three different variants of a
GCN4 like motif and seven different p-box variants of (Hammond-Kosack et al 1993;
Juhasz et al 2011). We used GFP as a reporter for all the constructs. The use of GFP as a
reporter has already been demonstrated for the analysis of cis-regulatory elements in gene
regulation (Zhang et al 2019). Among the four cis-regulatory elements found in the 4-
motif corrected OsPSY1 promoter, three P-boxes and a single AACA motif were located
within the first 300 bp upstream of the transcription start site, often the key regulatory

region in endosperm-specific genes.

Having developed and introduced into rice the constructs for the activation of the OsPSY1
promoter, we analyzed gene expression and protein accumulation. We confirmed that the
reporter gene (GFP) was highly expressed and the GFP protein was detected in the
transgenic rice callus lines containing the corrected OsPSY1 promoter 4- and 6-motif.
Taken together, these results confirm that the corrected OsPSY1 promoter activated gene
expression compared to the wild type OsPSY1 promoter. The cis-regulatory elements
have the potential to regulate OsPSY1, and when present they can activate the OsPSY1
promoter, strongly supporting their role in the regulation of OsPSY1 in rice endosperm.
As expected, the construct containing the wild type OsPSY1 gene promoter did not
significantly expresses GFP in rice callus and endosperm. It was demonstrated that
OsPSY1 was not expressed in rice endosperm (Schaub et al 2005) suggesting that the P-
box and AACA motif are required for OsPSY1 promoter activity in rice endosperm. We
also investigated the regulatory potential of a synthetic 4-motif OsPSY1 promoter in
transgenic rice endosperm expressing GFP. Rice transformed with the synthetic 4-motif

OsPSY1 promoter accumulate GFP in the endosperm, suggesting that the cis-regulatory
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elements are essential and exhibit tissue specific activation as demonstrated in other
reports (Juhasz et al 2011; Mithra et al 2017; Xiong et al 2019; Jin et al 2019).

In the absence of the cis-transcription factors, GFP accumulation in the transgenic rice
lines expressing the wild type OsPSY1 promoter (WtOsPSY1-GFP-TNos) was low but
detectable in some callus lines, probably reflecting the insertion of the cassette near a
strong enhancer that might affect the promoter in the same way as an enhancer trap
(Springer 2000). However, the same rice lines with wild type OsPSY1 promoter
(WtOsPSY1-GFP-TNos) did nor accumulated GFP in rice endosperm, as expected
because OsPSY1 is not expressed in rice endosperm (Schaub et al 2005; Bai et al 2014).

Our third strategy for rice biofortification was the used of genes involved in chloroplast
division and chromoplast biogenesis. Here we describe preliminary experiments aiming
to understand the role of the plastid division factors AtPDV1 and AtARC3 in the
accumulation of carotenoids in rice endosperm. Our first strategy was to combine the
plastid division genes (AtARC3 and AtPDV1) with carotenogenic genes (ZmPSY1 and
PaCRTI). ZmPSY1 and bacterial CRTI are the most common genes used in order to
increase the accumulation of carotenoids in rice endosperm (Ye et al. 2000; Paine et al.
2005; Baisakh et al. 2006; Aluru et al. 2008; Bai et al. 2016). Unfortunately, this strategy
did not result in any significant differences in carotenoid accumulation and chromoplast
quantity. Our results were similar to studies that use ZmPSY1 and CRTI. Our best line
accumulates around 13 ug/g B-carotene and zeaxanthin being in the average of studies in
different varieties of rice that range from 1.0 to 37 pg/g carotenoid accumulation (Paine
et al 2005; Parkhi et al 2005; Dong et al 2020). Also the chromoplast number did not
show significant differences compared with the wild type rice callus. A possible
explanation of the similarity of chromoplast number between wild type and the lines we
generated here is that the plastid division genes are specific for chloroplast rather than

chromoplast division (Chen et al 2018).

Other strategies for carotenoid accumulation include the AtOr gene in combination with
ZmPSY1 and CRTI to promote the differentiation of chromoplasts thus generating a
metabolic sink that promotes the accumulation of carotenoids in the endosperm (Lu et al
2006; Bai et al 2016). In recent research it was demonstrated that the overexpression of
AtOr™s in combination with ZmPSY1 and CRTI increased total carotenoids in rice callus
from near zero in wild-type rice endosperm to 25.83ug/g DW in the transgenic plants
expressing the three genes; B-carotene levels were 10.52ug/g DW (Bai et al 2016). In
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order to develop new strategies to enhance carotenoid accumulation in rice endosperm
we combined carotenogenic genes with plastid division genes. We combined both plastid
division factors (AtARC3 and AtPDV1) with AtOrHs in order to enhance carotenoid
accumulation in the rice endosperm. Co-expression of AtARC3 or AtPDV1 with AtOrts
in Arabidopsis callus was shown to enhance significantly carotenoid accumulation (Sun
et al 2020). Our results demonstrate co-transformation of rice with the three genes
(AtARC3, AtPDV1 and AtOrt). Also we confirmed mRNA accumulation for the three
genes in rice callus. Earlier studies showed that the callus system can be used to predict
the effect of genes in metabolic pathways (Bai et al 2014). Nonetheless the callus system
can be used even with endosperm specific promoters that are active in callus and have
restricted activity in mature plants (Bai et al 2014). Further carotenoid and chromoplast
analysis will determine whether these lines exhibit enhanced carotenoid content in rice
endosperm. Nevertheless, the demonstration that co-expression of AtARC3, AtOrHis and
AtPDV1 affects positively carotenoid levels suggests the potential of plastid division
factors to serve as new genetic tools for carotenoid enrichment in plants. However, we
are far from identifying all the necessary factors controlling chromoplast division and
number. Further experiments will be required to identify and characterize proteins that
associate with these factors in order to determine their precise role in the accumulation of

carotenoids in the rice endosperm.
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General Conclusions

1. The overexpression of OsPSY1 and OsPDS in rice callus results in a yellow to
orange phenotype. Carotenoid analysis in rice callus demonstrated an increased
accumulation of carotenoids, specifically a high accumulation of B-carotene
suggesting that the minimum genes required to accumulate carotenoids are
OsPSY1 and OsPDS

2. Co-transformation of the subsequent genes in the pathway (OszDS, OsZISO and
OsCRTISO) in conjunction with OsPSY1 and OsPDS will be necessary to develop
a full understanding of the carotenoid pathway in rice endosperm.

3. We demonstrated experimentally that rice phytoene synthase 1 (OsPSY1) is
activated by a combination of cis-acting elements in the upstream promoter region
of the gene.

4. The combination of AACA, P-box, GCN4-like and O2 motifs in the synthetic
OsPSY1 promoter (4-and 6-motif corrected synthetic promoter versions) activates
the OsPSY1 promoter in rice endosperm.

5. In transgenic rice endosperm GFP accumulated under the control of a corrected
4-motif OsPSY1 promoter. In contrast, no GFP accumulation was seen when the
wild type OsPSY1 promoter was used.

6. The use of cis-regulatory elements in the promoter region provides an opportunity
for the activation of carotenogenic gene expression in metabolically engineered
plants.

7. The co-expression of the carotenogenic genes ZmPSY1l and PaCRTI in
combination with chloroplast division factors (AtARC3 and AtPDV1) did not
achieve an increase in carotenoid levels or chromoplast numbers compared to wild

type rice callus.

117



118



119



120



121



122



123



	ACKNOWLEDGEMENTS
	ABBREVIATIONS
	Chapter I. GENERAL INTRODUCTION
	1.0. General Introduction
	1.1. Importance of pro-vitamin A carotenoid in human health and nutrition
	1.2. Carotenoid biosynthetic pathway in plants
	1.3. Strategies for enhancing β-carotene accumulation in plants

	AIMS AND OBJECTIVES
	Chapter II
	Dissecting the genetic components required to reconstitute a native pathway to β-carotene in rice endosperm
	2.0. Abstract
	2.1.  Introduction
	2.1.1. Engineered rice with enhanced levels of pro-vitamin A
	2.1.2 Regulation of the early carotenoid pathway in rice endosperm
	2.3.1. Cloning and vector construction
	2.3.2. Rice transformation
	2.3.3. Nucleic acid isolation and cDNA synthesis
	2.3.4. Gene expression analysis by quantitative real-time PCR
	2.3.5. Carotenoid Analysis
	2.4.1. Cloning and characterization of OsPSY1, OsPDS, OsZISO, OsZDS and OsCRTISO genes.
	2.4.3. Expression analysis of the rice PSY1, PDS genes.
	2.4.4. Identification of minimum set of genes to reconstitute the rice carotenoid pathway in callus.
	2.4.5. Carotenoid analysis in transgenic callus

	Chapter III
	Identification and repair of cis-acting elements in the endogenous rice PSY1 promoter to restore functionality in the endosperm
	3.0. Abstract
	3.1.  Introduction
	3.1.1. Cis-acting elements and their importance in modulating gene expression.
	3.1.2. Transcription factors in endosperm-specific promoters in cereals.
	3.1.3. Rice PSY1 gene promoter function and its regulation in different tissues
	3.3.5. Rice transformation
	Rice transformation was performed as described in chapter 2.3.2
	3.3.6. Gene expression analysis by quantitative real-time PCR
	Gene expression analysis was performed as described in chapter 2.4.4. Primer combinations are listed in supporting information Table 3. 3.
	3.4.2. Expression patterns of corrected synthetic 4- and 6-motif OsPSY1 promoter using green fluorescence protein (GFP).
	3.5.  Discussion

	Chapter IV
	The role of plastid division factors (AtPDV1 and AtARC3) and Or gene for enhancing carotenoid accumulation in rice endosperm
	4.0.  Abstract
	4.0. Introduction
	4.1. Plastid division genes and Orange (Or) gene
	4.2.  Aims and Objectives
	4.3.  Material and Methods
	4.3.1. Cloning and sequencing the AtPDV1, AtARC3, ZmPSY1, CRTI and Orhis cDNAs
	4.3.2. Vector construction
	AtPDV1, Arabidopsis thaliana plastid division factor 1; BamHI (5´-GGATCC-3´) and XmaI (5´-CCCGGG-3´) sites (underlined and red) were introduced into each primer. AtARC3, Arabidopsis thaliana Accumulation and Replication of Chloroplast 3; BamHI (5´-GGA...

	4.3.3. Rice transformation
	Rice transformation was performed as described in chapter 2.3.2

	4.3.4. Gene expression analysis
	AtPDV1, Arabidopsis thaliana plastid division factor 1. AtARC3, Arabidopsis thaliana Accumulation and Replication of Chloroplast 3. AtOrhis, Arabidopsis thaliana orange gene mutant. ZmPSY1, Maize (Zea mays) phytoene synthase 1 gene.  PaCRTI, bacterial...

	4.4. Results
	4.4.1. Co-expression of ZmPSY1 and PaCRTI with AtARC3 and AtPDV1 in rice callus. Carotenoid analysis and chromoplast number in transgenic callus.
	4.4.2. Cloning and functional characterization of AtPDV1, AtARC3 and AtOrHis genes.
	4.4.3. Co-expression of AtOrHis with AtARC3 and AtPDV1 in rice callus and endosperm.
	4.5.  Discussion
	4.6.  Conclusions
	4.7.  References
	Chapter V
	GENERAL DISCUSSION
	6.1.  General discussion
	6.2. References

	GENERAL CONCLUSIONS
	General Conclusions
	portadaDarry.pdf
	Mechanistic Investigations to Enhance Carotenoid Content and Composition in Rice Endosperm
	Derry Alvarez


