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Abstract

Tomato Solanum lycopersicudmipening involves number ofphysiological processes that

include thevisible breakdown of chlorophyll and builgh of carotenoids, with massive

I OO0dzydzt F GA2Yy 2F | yGA2EARL Y lcadeny (mdviam ) & dzO K
within the chromoplastsAlthough the catalytic steps of the carotenoid biosynthetic
pathway hae beenwell-characterisedthe regulatory mechanisms that control carotenoid

accumulation remain poorly understood.

In this study,| used expression quantitative trait loci (eQTL) analysis to obtain a
comprehensive understanding of the genetic basisegiilation of carotenoid biosynthesis

in tomato fruit using thesS. lycopersicumS. pennellintrogression population. In total, 31
ciseQTLs related to 18 carotenoid biosynthetic gewese identified and theisoforms of
some structural genes functiohduring fruit ripeningwere identifiedin this analysisSix
trans-eQTL hotspotsvere identifiedfor lycopene biosynthesis. €xpression analysis of
one of thetrans-eQTL candidates, residing in-{L2revealed that basichelixloop-helix
transcriptionfactor, SIHONG likely acts as a positive regulator of lycopene accumulation in
fruit, by activating the expression of the structural genes involved in lycopene biosynthesis.
SIRIN, a master regulator of fruit ripening, binds directly to two adjacent @&t in the
promoter of SIHONGto control the expression d8BIHONGn an ethyleneindependent
manner. Genomkscale phylogenetic analysis of bHLH proteins in Arabidopsis and tomato
found SIHONG was the most similar protein to BEE2 in Arabidopsis, ig/hitsiolved in
brassinosteroid signalling by forming the BEE complex together with another three bHLH
transcription factors. bHLH transcription factors potentially involved in the BEE complex
with SIHONGn tomato, were identified by phylogenetic analysiad interactions between

the candidate proteins were detected. SIHONGs identifiedas a regulator of lycopene
biosynthesis in tomato fruit, and may be under the controlnadlti-layered regulatory

mechanisms.
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Chapter 1

General Introduction



1.1 Carotenoids

Carotenoids are a subgroup of isoprenoids containing more than 700 members widely
distributed in bacteria, fungi, algae and plants. Carotenoids are mainly cormhpmisé0
carbons forming their polyene backbones with double bonds, and some of them have rings
at the ends. The conjugate double bonds contribute to the absorption of the visible light,
resulting in the colour of this group of chemicals which ranges frolmucless to yellow,

orange and red, which is reflected in the pigmentation of organs such as flowers and fruits.

1.1.1 Carotenoids in human health

hdzi 2F Y2NB GKFYy T1nan O N2 UGSy NP K BafdhR R dzOS R
f 802LISy Sz f dzii S icyfFoxantBirt) seknytd He imyicttant fof Ruman health.

These also represent the most abundant carotenoids found in huifhagniet al., 2009)

More than 40 carotenoids are taken up from a typical human diet, most of which are
obtained from fruit and vegetabledlangelset al., 1993; Johnson, 2002Fonsumptn of
carotenoids in the human diet is believed to provide health benefits in protection against
certain kinds of disease, especially eye disease and certain cancers. Carotenoids have a
wide range of biological activities in promoting human health, sushiha weltknown

provitamin A activity, enhancement of the immune system and antioxidant ability. The most
studied dietary carotenoids are lycopene,carotene, lutein, zeaxanthin and -

cryptoxanthin.

During the past few decades, there have been marblipations describing the antioxidant
and prooxidant activity of different kinds of carotenoiff®guz, 2017; Tanumihardjo, 2013;
Young and Lowe, 2001; Cvetkovic et al., 2013; Palozza, 1988&ver, scepticism about
whether caotenoids have antioxidant capacity in vivo remains, which mainly because of
the different methodologies used in the research to confirm actiiigeEvans et al., 1997,
Briviba et &, 2004) Since the first paper published in 1968 characterised the antioxidant

ability of carotenoids in vitro provided the evidence to the support the role of carotenoids



in photosensitised oxidation, extensive studies have been performed in vitvolving
widespread use of liposomes, which have been clearly demonstrated to incorporate
carotenoids and showed that carotenoids offer protection against AilsBtted lipid
peroxidation(Anderson and Krinsky, 1973; Liebler et al., 1997; Albrecht, @090) Similar
studies have been conducted using other tissues as(&kdng and Omaye, 2001, 2000)
Building on studies on varioasimal specieBhuvaneswari et al., 2001; Palozza et al., 2000;
Matos et al., 2001 )the antioxidant effects of carotenoids have also been studied in humans.
Carotenoiddeficient diets can elevate leleeof malondialdehyde (MDA), which is a widely
used biomarker of oxidative stress status in human, a situation which can be reversed by
the supplementation with a mixture of carotenoi@@@ixon et al.1994, 1998)Decreases in

the levels of MDA have been observed in other studies involving supplementation with
carotene at various dosagé@d/inklhoferRoob et al., 1995; Meraji et al., 1997; Lepage et al.,
1996) Furthermore, changes in oxidative stress biomarkers, such as DNA damage level,
were detected in other experiments after treating with either certajpés of carotenoids,

such ad -carotene and lycopene, or a mixed carotenoid preparatiGollins et al., 1998;
Torbergsen and Collins, 2000; Lorenzo et al., 2009; Lee et al., ZA6@ntioxidant activity
provided bylycopene can help protect against degenerative diseases by neutgafizie
radicals in the bodyresulting inthe preventon of DNA damage in the tie and the
improvement of cell function. Lycopene can also protect skin from UV damage, which helps
the skin to look youthful and prevent sunbufWang and Chen, 20Q6)hese results show

that carotenoids are very likely acting as antioxidants in humans.

Various epidemiological studies have shown a reduced risk of cancer associatedakigh int

of carotenoidrich diets, suggesting that natural carotenoids have anticarcinogenic capacity.
It has been observed that a reduced risk of breast cancer was related to increased intake of
i -carotene (Cho et al., 2003; Eliassen et al., 201&)negative relationship between
carotene consumption and the risk of lung cancer has also been rep@rigdmo et al.,

2003; Omenret al., 1996; Cook et al., 2000; Lee et al., 1988Hougha Cochrane review

in 2012 of 78 randomised trials with 296,707 participants concluded that antioxidant
supplements have little or no effect on health outcomes andraneasedisk of mortality
associated with consumption of betarotene(Bjelakovic et al., 2015Yhe United States
Preventive Services Task FoldSPSTIRE 02 Y Y S y R S-Baroteikelsupplaméntsifor



the prevention of cardiovascular disease or candéoyer, 2014) In contrast) -carotene
daK2 6 SR KA 3KS Ngaloigné & yréventian &fltuyhorigenasin lung, liver and
skin(Nishino etal., 2009)It has been shown that ripe tomato fruits aitdrelated products
provide approximately 85% of the lycopene found in the human(@anheneAdams et al.,
2005) Lycopene has been shown to reduce the risk of prostate cdBtminan et al., 2004;
StacewicSapuntzakis and Bowen, 200%he earliest caseontrol study in 1979 evaluating
the relationship between a lycoperréch diet and cancer risk reported 40% reduction in the
risk of oesopageal cancer(CookMozaffari et al., 1979) Other reverse associations
between lycopene intake or serum lycopene concentrations and cancer risk have been
reported, such as gastric cangdreast cancer and bladder cand@®uiatti et al., 1989;
Helzlsouer et al., 1989; Zhang et al., 199¥)other two welstudied carotenoids, lutein
|y Rcryptoxanthin, also showed strong antitumor activity when applied separately or

combined with other carotenoidéSatia et al., 2009; Yuan et al., 2003)

AaNRdzL) 2F OFNRGSYy2ARaz OLlohdnériRg atIheRedlifs)of theA y | =
Aa2LINBYy2AR OKIFIAyXZ OFy adfotereokygehadsdih @0d1xie Of S
YEYYLFEALY &deadasSvya G2 LINE OzOR i @wdieheyiy | =
cryptoE | v (i KOANBSLIGh2 E | ycarétdng(voh lyhRg and Vogt, 2000peficiency in

vitamin A is the majotause of blindness in children, and is also aased with an increased
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burden of infectious disease, night blindss, xerophthalmia (dry eye syndromend
increased risk of mortalitfiVest, 2003)Once consumed,-carotene can be cleaved to form

two molecules of retinol (vitamin A), and consequently is considered a better source of
vitamin A thanh -carotene ori -cryptoxanthin which can also bmetabolisedto a single
molecule of retinol followingligestion.Lutein and zeaxanthin, which are richest in green
leafy vegetables (such as spinach, broccoli, peas and lettuce), protect against the
development of ageelated macular degeneration (AMD), due to their selective

accumulation in the macula olfi¢ retina of the ey¢Bone & Landrum 1992)

Some epidemiological siies have reported an inverse association between the intake of
carotenoids and other antioxidant vitamins in the diet and the risk of cardiovascular disease

(CvD)YMayne, 1996) According to the antioxidant properties of carotenoids, carotenoids



have been assumed to play a role in the prevention of CVD. A significant ingecsgation
0SG6SSy i KSOIANRGIS|ySSaroseiyg Bhd toronary artery diseasisk in
women has been observefDsganian et la 2003) Similarly, lgher concentrations of
lycopenein plasma werereported associated with a significantly lower risk of C\abd
significantly elevatedmortality was observedin subjects with initially low lpasma
carotenoid concentrationgSesso et al., 2004; Gey et al., 1993pwever, the health
benefits of dietary carotenoids still need further investigation, bessathere are some
epidemiological and intervention trials which found no significant association between
dietary intake of carotenoids or plasnsrum concentration of carotenoids with
corresponding risk of CVD or the mortality resulting from heart disgénnekens et al.,
1996; Greenberg et al., 1996)

Due to their chemical and biological properties, other health benefits of carotenoids have
been reported. For example, because of their ability to absorb light, studies suggest that
carotenoids may play a role in the protection of skin during sun expdathewsRoth

1993) and the consumption of carotenoids, likecarotene, lycopene, phytoene and
phytofluene, can alter sensitivity to UV light and help prevdwtiight-induced erythema

in healthy individual¢Stahl et al., 200, Aust et al., 2005; MathewRoth, 1983)Lycopene

has also been reported tprotect against the deslopment of type 2 diabetes, an
observation which remam controversial because other studies do not support this
prospective association, making further investigation necegdéalero et al., 2011; Wang

et al., 2006) As one of the major groups of phytonutrients, carotenoids have been widely
studied and their health benefits are generally accepted especially for dietasgomtion

from fruits and vegetables. Therefore, understanding the genetic and regulatory basis of

carotenoid biosynthesis in plants is important.

1.1.2 Carotenoids in plants

Carotenoids can be produced in both photosynthetic and-pbatosynthetic orgas of

plants. Carotenoids serve an integral role in the photosystem in higher plants, the



composition of which is highly conserved in different plant species, and includes

carotenoids such as luteih;carotene, neoxanthin and violaxanthin.

In photosynthéic green tissues, carotenoids perform essential roles as accessory light
harvesting pigments, in photosystem assembly and in photoprote¢immonkos et al.,
2013) Carotenoids are thought to providie first level of defence against photodamage
caused by reactive oxygen species (ROS), which amrobycts of photosynthesis,
photosynthetic electron transport and oxygenation of Rubisco in photorespirg&mecies

et al., 2001; Peterhansel and Maurino, 201RPS can induce damage to lipids and proteins,
leading to subsequent reduced photosynthetic efficiency and impaired growth and
devdopment. Carotenoids serve a crucial role in protecting plants from such damage, which
can be achieved in two ways, physical quenching and chemical queri&aid and Sk

2003; Krieget.iszkay, 2005Non-Photochemical Quenching (NPQ) is mechamgpioited
byplantsand f 3+ S (2 RA&A&AALI GS GKS SEGNI fA3IKG Sy
in photosynthesis.Xanthophylls take part, either directly or indirectlyn NPQ in
photosystem I, through the xanthophyll cycle which exists in all land p{datsk et al.,
2016; Jahns and Holzwarth, 20125 an antioxidant, zeaxanthin serves multiple roles in
photoprotection of the photosynthetic apparatus, involving NPQ and the memory of photo
oxidative stresgJanik et al., 2016; Jahns and Holzwarth, 2@E2ptenoids can absorb light

in the 450¢ 550 nm range, whit is the most abundant light reaching earth but which
cannot be absorbed by major chlorophylls. Thus, carotenhidstion as accessory light
harvesting pigments, extendirige spectral range over which lighan beabsorbed by the

photosynthetic apparatugGreen and Parson, 2003; Fromme, 2008)

In nonphotosynthetic tissues, many carotenoids confer colour phenotypes, ang aas
pigments in flowers to attract animal pollinators and in fruit to attract animal dispersors.
They may be important in regulating the rate of pbsirvest fruit softenindecause of their
antioxidant capacity. In addition, carotenoids serve as prgms for the biosynthesis of

two phytohormones, abscisic acid (ABA) and strigolactones, which are widely involved in

the regulation of plant growth, development and stress resporfgésiter and Strack, 2011)



Figure 1.1 Vegetables and fruits are rich sources of pigments, including carotenoid pigmg
In this picture, the colour of tomatoes, pineapple, citrus, cudads#ae vegetables (such g
melon and squash), and maize are due to accumulation of different kinds of caroter
Carotenoids are also present in green vegetables such as cucumber and runner beans.
avocado, plums, strawberries and raspberries @t®ured by anthocyanins. Image from the J

image library, taken by Andrew Dauvis.




1.1.3 Plant sources of carotenoids

Carotenoids are produced in chloroplasts which are abundant in leafy vegetables and
chromoplastg(particularly abundant in red, orange and yellow fruit and vegetables). The
composition of carotenoids in chloroplasts is fairly constant but the carotenoid composition

of chromoplasts differs widely between different plant species.

Vegetables are majosources ofdietary carotenoids (Figure 1.1). TomatS8o{anum
lycopersicumripening involves a number of physiological processes that inthedesible
breakdown of chlorophyll and buidp of carotenoids, with massive accumulation of
antioxidant compoy R4 & dzOK | & -chrétdde Wilsinytle plasfid§Egéa et al.,
2010) At the redripe stage of fruit development, lycopene accumulates to a high level due
to the differential expression of genes encoding enzymes involved in convefdy@opene

to other carotenoids(Hirschberg, 2001)Iit has been shown that ripe tomato fruits and
relelated products provide approximately 85% of the lycopene found in the human diet
(CaneneAdams et al., 2005Pue to the different types of carotenoids that can accumulate,
tomato displays various colours in fruits, such as yellow, tangerine, orange, eneshgad

red, with distinct carotenoid profiles. The fruit of tlyellow fleshhatural mutant ¢ locus)
(Fgure 1.2) displays a pajellow colour with undetectable levels of lycopene and very low

i -carotene levelqFray and Grierson, 1993Jhetangerine (t) mutant accumultes pro
lycopene in fruit resulting in itangerinecolour (Isaacson, 20024)igure 1.2)Betaand
Delta mutants have fruits of orange and oranged due to enhanced production of
carotene and! -carotene respectively, at the expense of lycopdR®nen et al., 2000a,
1999) The fruit ofold-gold has elevated accumulation of lycopene leading to a deep
crimson colour, due to the abolition of the gutuction of beta-carotene (Ronen et al.,
2000a)

Pepper(Capsicum annuujis another vegetable containing ade range of carotenoids in
fruit of different species. Differential accumulation of carotenoids gives pepper fruits

various colours; yellow, orange and red. The yelfavited species predominantly produce



i -carotene and lutein and are devoid of capsanthin, a characteristic carotenoid highly
accumulated in redruited varieties(Ha et al., 2007; Rodriguéiribe et al, 2012) A more
complex carotenoid profile is found in orange pepper fruit, which exhibit a variety
dependent colouration, and are composed of all of the carotenoids mentioned in red or
yellow varietieRodrigueaJribe et al., 2012; Guzman et #010) Generally, redruited

varieties contain higher amounts of total carotenoids than the-nethonegHa et al., 2007)

Among other vegetables that accumulate carotenoids, sweet potato and carrot contain very

high levels2 ¥ O N G S ya&dteRaias thd dokiinant form (Figure 1.1). Carrots
synthesize diverse carotenoids leading to their edible parts being a range of yellow, orange

FYR NBR O2f 2dz2NBX NBAadzZ GAyA NRRYY § KISy R- OtOa£y 219

carotene respectivel{fRodrigueZConcepcion and Stange, 2013)

Cauliflower varieties carrying a dominant mutatj Orange (OR, produce dramatically
Ay ONB | & S Rarbted@cSrhparedacihe white variety containing negligible amounts
of carotenoids(Li et al., 2001)Neoxanthinand violaxanthin are abundant in dark leafy

vegetables, such as spinach and kale, as well as broccoli.

Apart from vegetables, many fruit species are major sources of carotenoids. The
predominantly redfleshed watermelon accumulates lycopene as the magoienoid in

fruit. There are also white yellow and orangeO2 f 2 dzZNBSR 461 G SNX St 2y a

9(

carotene, lutein, phytoene, violaxanthin or neoxanthin depending on different vari@ties

et al., 2015) Similarly, melon fruit display various colours, such as white, green or orange
(Figure 1.1), closely reladeao their carotenoid composition. Among different cultivars, the
orangeT NHzA 0 F OOdzydzf  1S& GKS KA IKS-gaibterle ¥thiey & 2 F
primary carotenoidBurger et al., 2009 his dominant phenotype is determined by an SNP

in the melon Orange gene, affecting multiple alular processes including sugar and

carotenoid metabolisnfChayut et al., 2015; Tzuri et al., 2015)



Wild Type  Delta Beta tangerine  yellow flesh

LA3802 LA2996A LA0316 LA0351 (r) LA3417
(D) (B) (t)
Wild Type Never ripe Green ripe ripening
(Nr) (Gr) inhibitor (rin)

Cnr showing Colourless-

epigenetic non ripening
revertant (Cnr)
sector
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Figure 1.2 Phenotypes of mutations affecting carotenoid production in tomato fruit.

The top row shows mutations in genes encoding enzymes of carotenoighttesis.Deltais a
dominant allele ofL.CYRA Yy ONB | a4 A y 3 -darkténe, Befaid & tiominahtfallele oECYB
AY ONB I a Ay 3 -cirdteSe tdnGans(f) affecs the activity of CRTISO grtiow flesh(r)

affects the activity of phytoene synthase RSYLin tomato fruit. These pictueare from the
Tomato Genetic Resource Center and the numbers refer to stock centre lines carrying

mutations.

The second row shows ripening mutaritver ripg(Nr) encodes an ETRike ethylene receptor
(Wilkinson et al., 1995%reen ripdGr) encales aprotein of unknown biochemical function tha
influences ethylene responsiveness of fri8a(ry and Giovannoni, 20Q@)pening inhibitor(rin)

encodes a MAD8omain transcription factor that is a positive regulator of ethylene product

and ripenirg of tomato fruit {rebalov et al., 2002)

The third row shows the mutant phenotype @blourless nonipening(Cnj) which encodes an
SBHike transcription factor which positively regulates ripening (Manning et al., 2006).
picture on the left shows dpgenetic reversion of the mutant allele (Manning et al., 2006). 1

other pictures of ripening mutants are from Giovannoni, (2007).
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Due to complexity of the genetic background in citrus, this genus contains the most diverse
carotenoid profiles with the widest range of carotenoids found in f(Kiato, 2012) For
AyaalryoOSs LildzyYSt2 | yR 3INI LIS T NHzA-CarotereBhildNRA OK Ay
citrus fruits such as mandarin and orange predominantly accumulate other types of
carotef 2 ARA X f A1 S O ichptdxdnihiy dné degkanthifkeim, S04 3y Therd

are other fruits that are also rich in carotenoids, including peach, papayayoraard apricot.

Flowers are organs which often show high accumulation of carotenoids, which contribute
particularly to the colour of flowers. The most abundant carotenoids present in flower
petals are xanthophylls, as well as their epoxides, espeaiajgiiow flowers, while orange
flowers are mainly rich in carotendghu et al., 2010)Unlike fruits and vegetables, red
colour is mo#ly dependent on the accumulation of lycopene, although inAsdhtic hybrid

lily, the colour of petals is determined by other daxédoured carotenoids, capsanthin and
capsorbulin, which normally give orange to red colours depending on the composition an

content(Yamagishi et al., 2010)

Because they are lipophilic, the bioavailability of dietary carotenoids can be influenced by a
gARS NI y3aS 27F 7T Ol 2 Nhratene aidlycdpang frofi lpdphyh ldaket A G A S
been reported to be approximatelyfdld higher than the same compounftem tomatoes
(Schweiggeret al,, 2014) Even within the same species, natural variation and different
cultivation practices can affect the composition and content of carotenoids in ¢Ruyitet

al., 2003; Lenucet al., 2006) which influence their bioavailability indirectly. Each step of

food processing, from postharvest storage, thermal processing, to product storage, may

also affect carotenoid stability and bioaladiility (Maianiet al., 2009)

1.2 Carotenoid metabolic pathways

The massive accumulation of carotenoids in tomato fruit is associated with a very active

endogenous isoprenoid biosynthetic pathway in the pthgkigure 1.3). The red colour of

12



lycopene begins to be seen from the breaker stage when the ripening process is triggered
by ethylene. Several mutants have been found which cause abnormal carotenoid
accumulation with impaired ripening, such yalow fled (r), old gold(og), tangerine(t),
Neverripe (Nr), Greenripe (Gr), Colourless norripening (Cnp andripeninginhibitor (rin)
mutants (Figure 1.2)Fray and Grierson, 1993; Ronen et al., 2008@acson, 2002a; Barry

and Giovannoni, 2006; Lanahan, 1994; Liu et al., 2004; Manning et al., 2006; Mustilli, 1999)
The carotenoid biosynthetic pathway begins in the plastid with the formation of phytoene
from geranylgeranyl diphosphate (GGPP) from ¢katral isoprenoid pathway, called the
1-deoxyD-xylulose5-phosphate (DOXP) or the MEP pathway in contrast to the

cytoplasmicallylocalised mevalonic acid pathway.

1.2.1 DOXP/MEP pathway

In higher plants, isopentenyl diphosphate (IPP), and its deldafel isomer dimethylallyl
diphosphate (DAMPP) serve as building blocks for carotenoid biosyn{ésippell et al.,
1995) Two distinct and compartmentalised pathways exist in plants for IPP and DAMPP
production: the mevalonate (MVA) pathway is active in the cytosol andlitieoxyD-
xylulose5-phosphate (DOXP) or methylerythritolpfhosphate (MEP) pathway is active in
plastids (RodriguezConcepcion, 2002; Lichtenthaler et al., 199Bjosynthesis of plant
carotenoids takes place in plastids, and is dependent on the precursors produced through
DOXP/MEP pathwayMilborrow and Lee, 1998)The DOXP/MEP pathway supplies
precursors not only for carotenoibiosynthesisput also for the synthesis of gibbeiial,
tocopherols, isoprenes, diterpenes and monoterpenes, reflecting its central role in the

terpenoidsecondary metabolic networfRodriguezConcepcion, 2010)

The DOXP/MEP pathwayintitiated by condensation of pyruvate and glyceraldenhyde 3
phosplate to form deoxyD-xylulose Sphosphate (DXP), catalysed by DXP synthase (DXS),
which is considered to be the first ratieterming step in the regulation of flux in the
DOXP/MEP pathwain plantgLichtenthaler, 1999; Carretes®aulet et al., 2006; Estévez et
al., 2001)Figure 1.3, Figure 3.4 B). This initial catalytic step is performed in a-tészilie
developmental stagespecific mannerThere are threeSIDX$enes $olyc01g067890
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synthase; DXRrdeoxyD-xylulose 5phosphate reductoisomerase; HDRhyldroxy-2-methyl2-

(B-butenyl 4diphosphate reductase; GGPR8ranylgeranyldiphosphate (GGPP) synthase; P
phytoene synthase; PDS, phytoene desaturase; ZB3rotene desaturase;-BBO y-carotene
isomerase,CRTISO, carotenoid isomerase; LYCB, lycdpepelase; LYCE, lycopeneyclase;
CYP97C, caroterfering hydroxylase; H¥B,i -Carotene hydroxylases. Redrawn from Zbal.,

(2010). This picture was reused froviartin and Li (2017) (Appendix 5), with tbepyright license
number 4431440777168 (Appendix 6).
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Solyc08g0669505S0lyc11g010850annotated in the tomato genoméromato Genome
Consortium, 2012)Sudies have showed that expression 8IDXS1Solyc01g067890is
positively correlated with the formation of lycopene during fruit ripenfhgis et al., 2000)
whereas the transcripts 0Solyc119g01085@SIDXS2)are abundant in youndeaves,
trichomes and petals but not in fru{Paetzold et al., 2010, Tomato eFP Brows&rhird
DXSyene (Solyc089g066950) has been proposed, but its activity and functions have not yet
been fully elucidatedDXP is then converted tdethylerithritol 4-phosphate KMEB via an
intermolecular rearrangement followed by a reduction catalyse®B reductoisomerase
(DXR) Subsequently, MEP is converted into hydroxymethylbutenyl diphophate (HMBPP)
through four catalytic reactions, via intermediategtidine diphosphomethlerythritol
(CDPME), CDMME 2phosphate (CDREP), and methylerythritol 2;dyclodiphophate
(MECPP), generated byd O & (i A-dphogho)bCnethytD synthase (CMS),(dytidine

p -@iphospho)2-CGmethyl-D-erythritol kinase (CMK), MEPP synthase (MC&)d HMBPP
synthase (HDS). Eventually, HMBPP is converted to isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP) by HMBPP reductase (HDR). Similarly, DXS, DXR and
HDR are also regarded as flimiting enzymes in DOXP/MEP pathway contrgllithe
production of the DOXP/MEgkrived precursors for plastid isoprenoid biosynthesis
(BotellaPavia et al., 2004; Seetahlyin et al., 2008; Kim et al., 2009P and DAMPP can

be interconverted by isopentenyl diphosphate isomerase (IPI). Geranylgeranyl diphosphate
(GGPP) synthase (GGPPS) contributes to the formation of the isopnemwmidrsor of
carotenoid biosynthesis, GGPP, by condensing IPP and DMAPP. There are two functionally
characterised GGPPSjenes SIGGPPSand SIGGPPS$SZn tomato. SIGGPPZunctions
specifically in chromoplasts in flowers and fruits, wiSIGGPPI primarly expressed in
leaves(Ament et al., 2006)

1.2.2 Lycopene biosynthesis

Two molecules of GGPP are condensed in a head to tail maonfeom a colourless
compound, phytoene, which is probably the most important step in the carotenoid
biosynthesis pathwagCunningham and Gantt, 1998his twestep reaction is catalysdu

the enzyme phytoene synthase (PSY) (Figure 1.3, Figure 3.5). Tomato hmsdlegsof
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the PSY gene with characterised functionsSIPSY1(Solyc03g031860)and SIPSY2
(Solyc02g081330heSIPSY&ene encodes a fruiipeningspecific isoform, whilsBIFSY2
predominates in green tissues, including mature green fruit and has no role in
carotenogenesis in ripening fryiBartley and Scolnik993; Fraser et al., 1999 thirdPSY
gene in tomato,SIPSY8Solyc01g005940), has been found in the tomato genome, and is
predicted to encode a PSY protein controlling carotenoid biosynthesis in root tissues
responding to abiotic stress, which is inel with the induced production of caroteneid
derived hormones, ABA and strigolactones, in response to stressful conditioret. al.,
2008a) Phytoene undergoesseries of four desaturation reactions leading to phytofluene,
y-carotene, neurosporene and finally lycopene. These four sequential desaturations are
OFidlrteasSR o6& (o2 NBEFGSR Syl eyvySa -carofened I y i a
desaturase (ZDS). Arotenoid isomerase (CRTISO) activity is additionally required to

transform the poly cidycopene (prdycopene) to the all trantsomers.

Several mutants in tomato affecting genes underlying lycopene biosynthesis have been
identified. SIPSYencoding theenzyme controlling the key point in carotenoid biosynthesis,
has been extensively studied since the identification of-tdfssinction mutant of SIPSY,1
yellow flesh(locusr) (Figure 1.2), resulting in fruit devoid of lycopene accumulation in fruit
(Fray and Grierson, 1993Jhe fact that transgenic silencing®iPSYlked to a very similar
yellow-coloured fruit phenotype when fully ripe with only 3% total carotenoéfs (Ray et

al., 1992) and aSIPSYHknockout mutant, identified by Targeting Induced Local Lesions IN
Genomes (TILLING), had yellow flesh with undetectable levels of carotéGaidg et al
2012) further confirmed the tissueand developmenspecific role of SIPSY1 in the
regulation of carotenoid production in tomato fruit. CRTISO was identified through map
based cloning of the locuswhich is affected in théangerinemutant, which hasrange
fruits, paleyellow flowers, and yellowish young leaves because of the-asenmulation of
prolycopene instead of lycopene (Figurel(Rantini et al.2013) Recently, two functional
CRTIS@enes were identified in tomato, as well as in Arabidopsis and grape, indicating
possible competing steps in the metabolic pathway towardgafis-lycopene. The CRTISO
step is followed by the branch point in bjoghesis to form lutein of -carotene from
lycopene(Fantini et al., 2013jFigure 1.3, Figure 3.5). In a virirsduced gene silencing

study, three metabolic units involved in lycopeaecumulationwere characterised in
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tomato fruit, which containSIPSY,1SIPD&5IZISCand SIZDSSICRTISCoontrolling the
biosynthesis of intermediates 1&sLJK & (i 2 S y-8i-Bisy-carapehep @nd altrans-
lycopene respectivelyFantini et al., 2013)indicating that there is cross talk underlying

lycopene accumulation in tomato fruit.

1.2.3 Lycopene catabolism and carotenoid derivative biosynthesis

Lycopene accumulation in tomato fruit is the outcomiboth its increased biosynthesis

and reduced degradation. Cyclization of lycopene serves as a branch pointaraebenoid

biosyntheic pathway largely contributing to the diversity of carotenoids, but is almost
completely switched off in ripe fruit &.lycopersicunalthough this pathway remains active

in some wild relatives, such &s pennelljiwith green fruit There are two pativays which

branch from lycopene, distinguished by the presence of different cyclic groups at the ends

of the products of cyclization of lycopene; either with addition ofr@ng and/or arg-ring.

One route leads to the production of-carotene, xanthophylls and precursors for
carotenoid derivatives, such as ABA and strigolactones. The other is responsible for the
production ofh-Ol NR G Sy S | yR f dzi S hofcthse (LEYBRGtEsesfthe f & O
O2y@SNEAZ2Y 27F f{ &OReniSiystwed 2 S LINRBHZOSA 2y -G KF G O
A2y2yS NAyYy3 i SIFEOK SyR 2F (GKS f & @a@dée/S Y2 f ¢
Ad LINBRdJzZOSR 0@ -ingtdlydopeRA A ¥ 2 VKB FLIRF ESHaSS 2 F f ¢
(LCYEj}Cunningham and Gantt, 2001; Ronen et al., 2000re are three LCYB genes
annotated in tomato genome (Tomato Genome Consortium, 2012)SICYCB
(Solyc06g074240was characterised by mappdised cloningn tomato colour mutants,

old-gold (og) andBeta(Ronen et al., 20004igurel.2). SimilarkgILCYEolyc12g008980

was identified from a dominant mutari2elta, in which the expression level 8fLCYas

more than 306fold increased accompanied by elevated levels-ofrotene(Ronen et al.,
1999)(Figurel.2).

h-Carotene and -carotene may then be hydroxylaed further to form xanthophylls,

typically by the addition of hydroxyl, epoxy or keto groups, which are the major carotenoids
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that play important roles in photosystems in green tissues. Generally, two types of
carotenoid hydroxylase (CHY) have been ideatifvith distinct evolutionary backgrounds
controlling xanthophylls biosynthesis in plants. One group contains ferredexiandent
non-hemei -ring hydroxylases (BCH type) and the other group are compafed50type
(CYP97 family) k-ring hydroxylases. There are two and three CHY enzymes belonging to
the BCH family an@Y97 familyrespectively working in a tissuspecific manne(Pogson,
1996; Tian and Dellapenn2)01) The divergent functions diie two types of CHYexistin
tomato as wellascharacterised by genetic and phylogenetic anah&iBCH2encoding a
chromoplastspecific BHC enzyme, was identified by genetic mapping of the locus
controlling the pheotype of the white flower (wf) mutant. In contrast SIBCH1ls
predominantly expressed in green tiss{&alpaz, 2006 Hydroxylases ithe CYP9Tamily

have alsobeenidentified in tomato,includingCYP97C11 and CYP97A29, genes of which
have very similar expression patteracross the plangxcept in roots and ripening fruits

CYP97A29 is more actigemore highly expressettian CY97C1({Stigliani et al., 2011)

BSIEFYGKAYZ 38y SNI (i Sdtoteriepcankbe RiflerEndefabolised2o/ 2 F
violaxanthin, catalysed by zeaxanthin epoxidase (ZEP). The dynamic composition of
xanthophylls is regulated in response to chloroplast redox status and light intensaygth

the xanthophyll cycle, which is involved in photoprotection of the photosynthetic apparatus
under light stresgJahns and Holzwarth, 2012; Niyogi et al., 1988Yyesponse to strong

light, zeaxanthin can be converted to violaxanthin via antheraxanthamaastermediate,

and this process can be reversed by violaxanthin deepoxidase (VDE). In the tg8ato
mutant, carrying a losef-function mutation inSIZEP ABA levels are significantly reduced
compared to wildtype, suggesting a crucial role of thisyemzin controlling the metabolic

flux to ABA(Galpaz et al., 2008)n contrast, under higintensity light, overexpression of

VDE can alleviate the photoinhibition of photosystems as a result of a more active
xanthophyll cycle. (Han et al., 201@®jiolaxanthin can be converted to neoxanthin by
neoxanthin synthase (NSY). This step is catalysed by NSY encodedABAd@gene in
Arabidopsis, and three homologous proteins with putative NSY activities have been
identified in tomato, the functions of wbh need further investigatio(North et al., 2007)
Neoxanthin, as well as its precursor, violaxanthin, can be cleavedisyepoxycarotenoid

dioxygenase (NCED) and further metabolised to form ABA. In tomato, there arédNGER
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genes annotated in the genom@omato Genome Consortium, 2012)part from NCEDs,

carotenoid cleavage dioxygenases (CCDs) are also responsible for the tuwfove
OFN2PGSY2AR& YR LINRPRdAzOGAZ2Y 27F |-dittaudn. TBré Sy 2 A R 2
are sevenCCDgenes in the tomato genome based on their sequence similarity of
ArabidopsisCCIB (Tomato Genome Consortium, 201Zjowever, the precise roles of

different CCDs in tomato still needs to be elucidated.

1.3 Tomato fruit ripening and ovapening

Based on the requiremeriior ethylene productiorfor the initiation of fruit ripening, fleshy

fruit are classified into two subgroups, climacteric and {etimacteric. The initiation of
climacteric fruit ripening is concurrent with the increased production of ethylene, as well as
increased respiratiorand includedruits oftomato, apple, avocado and banana, for which
ethylene synthesis is essential aadlockin ethylene production or signalling normally
results ina delayin ripening (Klee and Giovannoni, 2011h contrast, for nonclimacteric
fleshy fruit such as grape and strawberry, ethylene is not necessathdanitiation of
ripeningand there is no change iespiration observed at this stadklee and Giovannoni,
2011) Exogenous applicatiaf ethylenecan initiateand accelerate ripening of climacteric

fruits, but thisdoes not work for nonclimacteric frui{«lee and Gimannoni, 2011)

Many species ithe Solanaceae family serve important roleghie human diet, including
tomatoes Golanum lycopersicimeggplants $olanum melongena potatoes $olanum
tuberosun) and gppers Capsicum annuuinTomato is one of the mopopular vegetables

in the human diet, withan average production of 152 million tons per year according to
data fromthe Food and Agriculture Organization (FAR0D10Q. As a typical climacteric fruit,
with a strict requirementfor ethylene production forfruit ripening, tomato is the most
studied modefor fleshy fruit development and maturation, as well as ethylene biosynthesis
and signallingAlexander, 2002; Giovannoni, 200&pmato fruit ripening is a dynamic and
complex developmental program involving the coordination afmerous metabolic

pathways influencing morphology, flavour, colours, aroma and texture, many of which
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attributes enhance fruit nutritional value and attractiveness, thereby promoting seed

dispersal and consumption (Goffldee 2008.

1.3.1 Ripening of toato fruit

Tomato fruit ripening is complex and dynamic process involving changes in a wide range of
physiological processes, such as ethylene production and percdf&ymour et al., 2013)

shifts in cell wall compositio(Rose et al., 2004; Scheible and Pauly, 20€Hproplast to
chromoplast transition(Beyer et al., 1994)as well as changes in morphology and

metabolism(Klee and Giovannoni, 2011)

1.3.1.1 Ethylene biosynthesis and signalling

The ripening of tomato isreirely dependent on ethylene production and perception.
Ethylene is, chemically, the simplest plant hormone, but plays central roles in the regulation
of diverse biological processes, including responses to biotic and abiotic stresses, fruit
development ad ripening, as well as organ abscissigtiee and Giovannoni, 2011)
Therefore, the synthesis and perceptiasf ethylene is regulated precisely by the
coordination of different factors across multiple levels. Ethylene is synthesised in two steps.
1-Aminocyclopropan€-carboxylate (ACC) is generated by ACC synthase (ACS)-using S
adenosylmethionine as a substratand is subsequently converted to ethylene by ACC
oxidase (ACO]jLieberman and Kunishi, 1966Jhe two enzymes involved in ethylene
production, ACS and ACO, are encoded by mgehie familiegfRottmannet al., 1991) In
tomato, eightACSgenes have been characterised, each of which functions in a tissue
and/or stimulispecific pattern, and fouhCQgenes have been identifid@Barry et al., 1996;
Nakatsuka et al., 1998; Yip et al., 1992; Barry et al., 200@) formation of ACG/PACS is
usually the ratdimiting step, although certain ACOs are ethylémducible and the
silencing oACO1the most activeACQgene, inhibits ethylene production and the following
ripening of fruit(Barry et al., 1996; Hamilton et al., 1990uring ripening, twACSyenes,
SIACSand SIACS4are significantly induced, indicating that the expression of ACS is a key
point in the regulation of ethylene biosynthegBarry et al., 1996)
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After synthesis, ethylene is perceived by @dne receptors (ETRS), a group of copper
binding membraneassociated proteins, which function as negative regulators of ethylene
signalling, located in the endoplasmic reticulum. In the absence of ethylene, ETRs are in the
w2y Q aidl 4SSz | yvitRthylenekignaling. Theyzieidstlyated by binding
ethylene to allow downstream signalling procesg&herian et al., 2014; Klee and
Giovannoni, 2011)There are seveiETRgenes identied in tomato,SIETRISIETR2NR
(SIETR3SIETRABIETREBIETREndSIETR{Lashbrook et al., 1998; Tieman and Klee 9199
Wilkinson et al., 1995)among whichSIETRANr (SIETRBand SIETR@re significantly

transcriptionallyinduced during ripeningkevany et al., 2007)

ETRs interact with the constitutive triple response 1 (CTR1) protein, a Rafiiega®tein,

which works as an inhibitor of ethylene responses, and this repression is relieved when CTR1

binds to ETRs to induce the signall{i@pymour et al., 2013; Zhu et al., 2015; Klee and
Giovannoni, 2011)At least three genes encoding CTR1 have been identified in tomato
(AdamsPhillips et al., 2004)A set of transcription factors process the signalling at the
downgream of CTR1, which I will discuss in the section on transcriptional regulation of fruit
NALISYAYy3 06{SS W KILIGSNI M2 mMPodH ¢NI yaONRLIA:

1.3.1.2 Metabolic changes during tomato fruit ripening

During tomato fruit ripeing, metabolite levels change dramatically. Among primary
metabolites, the levels of nearly all sugars increase during ripening, including fructose,
glucose, mannosenaltose and others, among which glucose and fructose are the two most
abundant sugars inpe fruit, constituting 2%1% of the fruit fresh weighCarrari and Fernie,
2006; Lee et al., 2012Although amino acids do not show profound changes during ripening,
some amino acids are reduced, such agasagine, alanine, arginine and proline, while
others increase, like lysine methionine, cysteine. The levels of all the intermediates of the
TCA cycle are also decreasédarrari and Fernie, 2006However, the regulaty

mechanisms underlying these changes are not well understood.
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During fruit ripening, chloroplasts are converted to chromoplasts, chlorophylls are broken
down and carotenoids and their derivatives start to accumulate in ripening fruit, leading to
the wlour change from green through orange to red when fully ripe. Up to the breaker
stage, 85% of pigments in tomato fruit are chlorophylls and the composition of carotenoids
is very similar to that of photosynthetic tissues like leaves. Lycopené -aatbtene begin

to accumulate as the ripening process is triggered by ethylene. The changes in the colour of
ripening fruit are mainly dependent on the dynamic composition of chlorophyll and

carotenoid pigmentgKlee and Giovannoni, 2011; Carrari and Fernie, 2006)

Flavonoids are another group of pigments in tomato fruit, which are synthesized via the
phenylpropamid pathway. Flavonoids are initially produced in the epidermis of fruit and
then transported to the cuticle during ripening, where naringenin, naringenin chalcone,
rutin and kaempferol are the most abundant flavonoftlaguna et al., 1999; Mint2ron et

al., 2008) The yellow colour contributed by flavonoids is normally obscured by qawiuts,

but in Yinkomatoes, which are popular in Asia, a mutation in thgene encoding the
SIMYB12 transcription factor that controls flavanol biosynthesis, results in loss of flavonoids

in the fruit and a change in fruit cologfAdato et al.2009; Ballester et al., 2010)

Apart from the metabolite changes mentioned above, the abundance of compounds that
contribute to the flavour and smell of tomato fruit, also changes dramatically during
NA LISY Ay 3T & dzGtémating whicliKdscliries indpe/friiyandvolatilesasiated

with fruit flavour which increase in ripe fruiKlee and Giovannoni, 2011)

1.3.2 Transcription &ors controlling fruit ripening

As a typical climatric plant, tomato fruit ripening is triggered and controlled by ethylene
signalling, the molecular basis of which has been discussed in Section 1.3.1, as well as the
transcription factors involved. Reatly, with the collection and identification of mutants
affecting fruit ripening, additional regulatory mechanisms coordinating ethylene

biosynthesis and perception have been identified. Serval mutants exhibiting pleiotropic
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phenotypes have been identifiecduch as ripiningnhibitor (rin), Neverripe (Nr), Colour
nontripening (Cni) andGreenripe (G (Figurel.2). RIN (ripening inhibitor), a MAES®X
transcription factor actas a master regulator of fruit ripenintn the same way as for many
transcripion factors in this family, RIN has been shown to interact with the prorsater
ACSand ACS4the ethylene biosynthetic genes, by direct binding to CArG mtiéstel

et al., 2011)RINis expressedpecifically in fruit tissueBom the breaker stageand has

been demonstrated to regulate carotenoid accumulation by interactimgctly with the
SIPSYpromoter (Zhong et al., 2013; Fujisawa et al., 2018) the corresponding mtant

of RIN failed in ethylene production and lycopene accumulation in its fruits, which have
yellow colour(Figurel.2) (Giovannoni et al., 1995; Vrebalov et al., 2002)her MADS
domain transcription factors have been identified which regulate the ripening process.
Tomato AGAMOUlke 1(TAQL), is highly expressed during carpel development and at the
onset of ripeningTAG. knockdown lines generated by RNAi show inhibition of ethylene
biosynthesis and carotenoid accumulation, as well as reduction in carpel thiqkikéiset

al., 2009; Pan et al., 201(RUITFULL 1 and 2 (FUL1 and FUL2) have been found to regulate
positively the ethylene signalling pathway during rijmenfollowing characterisation of the

fruits of FUL1/Zuppressed mutantévrebalov et al., 2009; Shima et al., 2Q14#4)a yeast
two-hybrid assay, TAGL and FUL1/2 intewgith RIN, suggesting that the MAIdBmain
transcription factor works in a combinatorial manner in the regulation of fruit ripening
(Martel et al., 2011; Liu et al., 2015&nrencodes an SPB transcription factor, functional
downstream of RIN in the network controlling ethylene production and fruit ripening, but
recruitment of RIN to target loci is dgmdent onthe presence of Cnr which alters the
LINEY23G§SN) YSGKeaT I {A®sftel2tEl, 2011 pbMadningiet 2N 2HEP2E Sy S &
a homolog of the Arabidopsis APETALAZ2, has been identified recently as a negative ripening
regulator, and functins downstream of RIN and CBhung et al., 2010; Karlova et al.,
2011; Fujisawa et al., 2013Jhe transcription factors involved in ethylene biosynthesis

signalling have been discussed in Section 1EBHylene biosynthesis and signalling
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1.3.3Tomato fruitoverripening

Unlike ripening, overipening (senescence) of tomato fruit has not been investigated very
extensively, but is important to the ght as well as for its impact on commercial value.
There is no agreed definition of ovapening of tomato fruit, but generally, ov&ipening

is defined as programmed senescence of the fruits, in which fully ripe fruit begin various
physiological process which can shorten the shelf life. Several symptoms can be observed
during overripening, such as fruit softening, cell wall degradation, increased susceptibility
to postharvest pathogens and declining activity of antioxidgBisimmell and Harpster,
2001; Shah et al., 2012; Jimenez et al., 2088)fruit overripen, there are broad changes

in metabolite profiles. Asidcussed above, carotenoid accumulation is closely related to
fruit ripening, which reaches the maximum before the initiation of enpening when
levels decline. Therefore, the transcriptional regulation of carotenoid biosynthesis

discussed in this thesidoes not extend to oveipening.

1.4 Transcription factors

Transcription factors (TFs) are a group of proteins regulating gene expression that work as
enhancers or repressors of transcription of their target genes. TFs, by definition, bind to
DNA through specific binding motifs, which are often, although not exclusively, located
upstream of the target gene coding sequences. Transcriptional activators may bind
Upstream Activator Sequences (UAS) in the promoters of their target genes. Repressors
bindto Repressor motifs, usually also located in the promoter regions of target genes. Both
types of TF bind DNA through conserved DNA binding domains, which allow TFs to be
grouped into specific families. Those conserved acreskaryotes include MYB
(myoblagosig, bHLH (basic hellgop-helix), HD (homeodomain), bZIP (basic leucine
zipper), MADS (from the founding members of tfamily: MCM1 from Saccharomyce
cerevisiag AGAMOUSrom Arabidopsis thalianaDEFICIENS frodntirrhinum majusSRF

from human). The regulatory activity of TFs is achieved by direct or indiréetdation

with the basal transcriptional machinery that modulates the rate of transcriptional initiation

by RNA Polymerase II.
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Plant growth and development is an extremely dynamic process involving responses to a
wide range of internal and external stimulvhich requires timely and accurate regulation

of gene expression. It has been shown that transcriptional regulation of gene expression
plays an essential role in controlling the signalling cascades governing physiological
processes. TFéncoding genes cwstitute 8% - 10% of any plant genome according to
different databasegLibault et al.2009; Riechmann et al., 2000)

1.4.1 Transcription factors in plants

Transcription factors (TFs) play diverse and important roles throughout plant development
and in response to various internal and environmental signals, making it crucial to
characerise the functions of transcription factors to understand the mechanisms
controlling development and physiological chan@iegzenga and Stone, 2012; Singh et al.,
2002; Cominelli et al., 2010from the pioneering work on TF characterisation in
Arabidopsis, the number of transcription factors identified has riser1600 to ~2000
(Riechmanret al., 2000; Davuluri et al., 2003; Guo et al., 2005; Hermoso, 2004;-Riafio
Pachodn et al., 2007%5imilar studies are progressing in other plant species, such as rice,
tobacco and maize, from which around 2500, 2500 and 2300 TFs respectively, have been
identified (Caldana et al., 2007; Rushton et al., 2008; Jiang et al.,.Z0ihumber of genes
encoding TFsn Drosophila C elegansand human are much lower than in plants
(Riechmann et al., 2000; Lambert et al., 2018) Arabidopsis, pla-specific TF families
comprise approximately 50% of the total TFs identified, and include membé¢he SBP
(SQUAMOSAromoter Binding Protein)TCRTeosinte branchedCincinnata/proliferating

cell factor) WRKY AP2EREBRAPETALAIETHYLENE RESPORSVEMENT BINDING
PROTEINSABI3VP1 (ABA INSENSITIVE¥APARIOUS1Dof (DNA binding with one
finger), EIL(Ethylenelnsensitive 3 LikeNAC, and YABBAfmilies(Riechman et al., 2000)

The other TFs belong to families found also in othédaryotesand include members of the
MYB, bHLH, bZIP, HD and MADS families. Most TFs act as enhancers or repressors to
regulate the expression of their target genes by binding to $igetiotifs in the promoter
region. The characterisation of DNA binding motifs for 63 TFs has been undertaken for

Arabidopsis using a combination of different approac{f@anceZorrilla et al., 2014)
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1.4.2 Transcrijpn factor complexes in plants

One of the best studied TF complexes is the MMBHWD40 (MBW) complex controlling

the expression of biosynthetic genes involved in the flavonoid pathi@gmnzalez et al.,
2008) In this complex, a WD40 protein, for example, the Transparent Testa Glabral (TTG1)
protein forms acomplex with bHLH proteins and R2R3B proteins to regulate the
expression of genes encoding enzymes in the anthocyanin and proanthocyanidin pathways
(Koes et al., 2005)Members of the MAD®ox TF family form homand heterodimers
(Pellegrini et al 1995) and even larger complexes have been suggested to ensure regulation
of floral organ specificityilmmink et al, 2009; Bartlett, 2017)Heterodimerization is also
necessary for the interaction of Auxin Respofsetors (ARFs) with the auxin/indede

acetic acid (AUX/IAA) proteins. In this example, when short lived AUX/IAA proteins are
degraded (following exposarto auxins), ARF proteins are released and able to bind to
specific DNA regions and regulate the expression of auxin target deireasov et al.,

1999)

1.43 Transcriptional regulation of plant tabolism

Usually, the biosynthesis and accumulation of metabolites occurs in developmental stage
and/or tissue specific patterns. For example, the induction of the carotenoid biosynthetic
pathway in tomato fruit is closely related to fruit ripening androtenoid profiles in
photosynthetic green tissues, such as leaves and immature fruits, are very distinct from
those in flowers and ripe fruits. The spatial and temporal induction of metabolites is under
transcriptional regulation by transcription facr TFs from many transcription factor
families have been identified in plants inding bHLH, MYB, AR2/ERF, WRIK Yfamilies.
bHLH transcription factors represent a group of proteins that participate a wide range of

biological processes in plants, inclgliregulation of metabolic pathways.

Onewidely-investigated transcription factor family involved in plant metabolism is the MYB

transcription factor family. The production of many secondary metabolites are under the

26



control of MYB transcription factors including anthocyanin, proanthocyanidin,
glucosinolate, and phenylpropanoid metabolit@®ng, 2005; Gonzalez et al., 808utelli

et al., 2012; Nesi et al., 2001; Celenza, 200b\rabidopsis, TT2 controls the accumulation

of proanthocyanidins in seed coats in combination with a bHLH TF and a WD40 protein by
regulatingBANYULS&xpressionBANYUL8&Nncodes a leucoanthocyalin reductaséNesi et

al., 2001) Several MYB transcription factors have been identified that activate anthocyanin
biosynthesis, inciding AIMYB75, AtMYB90, AtMYB113 and AtMYBBarevitz et al., 2000;
Gonzalez et al., 2008; Stkacet al., 2001)Again, these MYB proteins interact with bHLH

TFs and WD40 proteins in a regulatory complex.

In Arabidopsis, the TT2/TT8/TTG1 complex-fimes biosynthesis of proanthocyanidins in
seeds(Baudry et al., 2004)n petunia the AN2/AN1/AN11 complex regulates anthoayani
accumulation in the corolla of flowers, by controlling expression of the biosynthetic genes,
DFR and CH&Juattrocchio, 1993; Spelt et al., 2002)

1.5 Regulation of carotenoid metabolism in tomato

1.5.1 Transcriptional regulation of carotenoid biosynthesis

Several transcription factors have beedsemtified that function in the transcriptional
regulation of carotenoid accumulation in tomato fruit, most of whate associatedvith
indirect regulation through their control of fruit ripening (Figure 1Bdaylene Response
Factor 6 (SIERF6), has bebown to act as a negative regulator of carotenoid biosynthesis,
and reducing its expression in tomato fruit leads to enhanced carotenoid accumulation and
elevated ethylene levels, accompanied byregulated expression dBIDXShnd several
ethylene biognthetic genes, includingSIACO1SIACOZand SIACSZLee et al., 2012)
Another ERF gen&IERF.B8hows expression linked to fruit development and it plays a
crucial role in the regulation of several ethyleredated genegqLiu et al., 2013)Dominant
suppression oEIERB3results insignificantlydecreased accumulation of lycopene and its

precursors, with dramatically reduced transcript levelSBfSYandSIPDELiu et al., 2014b)
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Figure 1.4 Diagram outlining the transcriptional control of fruit ripening and lycope

biosynthesis in tomato, based on the current literature.

The regulatory relationships between transcriptionttars operational in controlling fruit ripening
ethylene biosynthesis and lycopene biosynthesis are illustrated. Transcription factors are ind
in dark blue lettering. Never ripe (Nr) and Green ripe (Gr) are involved in ethylene percepti
are ETRs

Cnrencodes an SBP transcription factBfiN encodes a MADS domain transcription factrAP2
and ERF.B&ncode ethylene response factor/AP2 type transcription factbigghencodes a bZIH
transcription factor, SIAPRR2ncodes a PseudBesponse RegulatoKN2 and KN4 encode
homeobox transcription factor§IFlencodes a bHLH transcription factor responsive to liGht<2

encodes a member of the Myb superfamily of transcription factors.

The colours of the arrows, dark green, green, yellow and red, reptdise fruit colours, indicating

the developmental stages of tomato fruits.
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However, irSIERB3dominant repression mutants, the opposite effeetere observedn
ethylene production in an eler study(Liu et al., 2013, 2014bpverexpression dblAP2a
which encodes a negative regulator of ethylene production, impacted fruit pigmentation
during ripenhg resulting irsignificantlydecreased expression 81PSY,reduced lycopene
andelevated -carotene accumulation and an orangeit phenotype(Chung et aJ 2010)
These three transcription factors all belong to the AP2 family of transcription factors and
function in regulating carotenoid accumulation through their control of ethylene
production and the resulting ripening processes. There is no evidersgggest that they
regulate the expression of the structural genes of carotenoid biosynthesis through direct

binding.

Phytochromeinteracting Factor 1 (PIF1) is a hdtimp-helix transcription factor involved in
light-related responses. It has been denstrated that in Arabidopsis, PIF1 represses
expression ofPSvthrough direct binding, leading to reduced production of carotenoids
under shade conditionéToledaOrtiz et al., 2010)SIPIF4 is a PIF1 homolog in tomato,
which negatively regulates carotenoid production in tomato fruit by specifically and directly
interacting with SIPSYby binding to a PBE box in its promotigflorente et al., 2016)
Another transcriptimm factor involved in light signalling, Long Hypocotyl 5 (HY5), works
antagonistically with PIF1 in responselight signalling in Arabidopsi{@ouTorrent et al.,
2015) Downreguldion of SIHY5 in tomato results in inhibited seedling
photomorphogenesis and decreased carotenoid accumulation et al., 2004)Several
other transcription factors involved in light signalling influence carotenoid biosynthesis in

tomato fruit (Davuluri et al., 2005, 2004; Liu et al., 2004)

Overexpression of th&IAPRRRke gene ArabidopsisPseudeResponsdregulator 2ike)
under the control of the CaMV 35S promoter resulted in increased carotenoid ddoyen
affecting plastid number andizein tomato fruit (Pan et al., 2013)5olden2Like(SIGLKR
which encodes a member of the Myb transcription factor superfamily, promoted the
development of chloroplasts by regulating the expression of related chloroplast genes.
Overexpression ofSIGLKZincreased the transcript level of genes encoding proteins

functioning in photosynthesis, resulting in elevated carotenoid levels in ripe tomaito fr
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(Powell et al., 2012)These two transcription factor§IGLK2nd SIAPRR2, taken together
with the recently identifiedSITKN2nd SITKN4enes, encoding KNOTTHIR& homeobox
transciiption factors, influence carotenoid content in fruit by regulating plastid
development, which can partially determine the level and rate of carotenoid accumulation
(Nadakuduti et al., 2014; Galpaz et al., 2008)

1.5.2 The role ghlastids in the regulation of carotenoid biosynthesis

Carotenoids are mainly biosynthesized and sequestered in plastids, in chloroplasts and
chromoplasts. One of the major developmental processes during fruit ripening is the
breakdown of chloroplasts anfdrmation of chromoplasts, leading to dramatic changes in
the carotenoid profiles of tomato fruit. There is a positive relationship between the number
of chloroplasts at the green stage and the number of chromoplasts when the fruit is ripe
(Isaacson, 2002a; Galpaz et al., 2008)erefore, formation and transition of plastids, as
well as their division and differentiation, are closely related to carotenoid sequestration
and stable storage, processes which playrcial role in carotenoid accumulatighi and

Yuan, 2013)

During carotenoid biosynthesis in tomato fruit, chromoplasts act as metakoiks, the
formation and development of which have significant impact on carotenoid accumulation.
TheOr(Orangg gene is involved in the regulation of this process. ©hgene was originally
cloned fromcauliflower using a dominant mutant allel&i et al., 2001) The Or gene
encodes a DNAJ cysteinieh domaincontaining protein(Lu et al., 2006)and can trigger

the transition from norcoloured pastids into chromoplasts accompanied by significantly
AYONEBI &SR | Ocuw¥ndsh dadliffodey, pata® and melofilzuri et al., 2015;

Lu et al., 2006; Lopez et al., 2008part from its role in plastid differentiation, Or is a major
posttranscriptional regulator of P§X¥hou et al., 205; Chayut et al., 2017Further studies

are needed to investigate the regulatory mechanism underlying enhanced chromoplast

formation by Or.
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In tomatohigh-pigmentmutants, the significant enhancement of carotenoid accumulation
is the result of the in@ased number and size of chromoplasts. Relatively larger
chromoplasts are observed in thégh pigment 2hp2) mutant, which bears a mutation in
DEETIOLATED(RET) leading to higher carotenoid accumulati@Mustilli, 1999; Liu et al.,
2004) Thehp3 mutant, which carries a lossf-function mutation inSIZEPaccumulates

more @arotenoids as well as ABA, with an enlarged plastid compart(alpaz et al., 2008)

Uniform ripeningmutant (locusU) possesses increased intensity and altered pattern of
plastids. A GoldenRike (SIGLK?2) protein, encodedSnlyc10g008160sa member of the
Myb transcription factor superfamily, and promotes the development of chloroplasts by
regulating the expression of related chloroplast genes. OverexpressBiGaKhcreases
the transcript level of genes encoding proteins functioninghiotosynthesis, resulting in

elevated carotenoid levels in ripe tomato friRowell et al., 2012)

1.5.3.Regulaton of carotenoid metabolisrim response tdhe environment

In plants, arotenoids play an important role in response to external signals, including

temperature, biotic and abiotic stress and light intensity.

It has been shown that carotenoid biosynthesis is affected by light signalling in tomato fruit.
Repression of negagvregulators of light signalling pathways, such as SIDDB1 and SIDET1,
can induce lycopene accumulation in fruit, while silencingslbtY5 encoding the Long
Hypocotyl 5 TF, has the opposite efféCtavuluri et al., 2004, 2005; Liu et al., 2004)
Carotenoids function in photoprotection of the photosystems under light stress through the
xanthophyll cycldJahns and Holzwarth, 2012; Niyogi et al., 19883h light intensityan
induce the production of xanthophylls to protect the photosynthetic apparatus against

photodamaggGalpaz et al., 2008)
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Temperature is a crucial factor influencing development of tomato fruit. It has been
observed that under high or low tengpature conditions, lycopene accumulation in fruit is
AYKAOAGSRIT 0@ &0AYdz -taibtent it thie KeSpenseio FadpérieK S & A a
(Hamauzu et al., 1998; Dumas et al., 2003 xadlition, oxidative stress and CO2 can affect

the composition and content of different carotenoids in tomato friditmenez et al., 2002;

Zhang et al., 2014)

1.5.4 Hormonal regulation of carotenoid metabolism

Carotenoid accumulation during fruipening is influenced by many internal and external
factors, among which phytohormones play an important role in the signaling netylozks

et al., 2012) For example, the regulatory mechanism promoting carotehadynthesis in
tomato fruit by ethylene has been extensively studied. Lycopene afudrotene
accumulation is dependent on ethylene production, which is also correlated with expression
levels of biosynthetic gene§IPSYhand SIPDMarty et al., 2005)Many transcription
factors regulaing carotenoid biosynthesis aralso involved in controlling ethylene
production or signaling. For example, SIRIN, a Mdd»ain transcription factor, functions

as a master regulator of fruit ripening, and controls the expressioBIBEYby direct
binding to its CArG motif in its promoté@Fujisawa et al., 2013)in,bearing a semidominant
allele ofRIN shows severe defects in lycopene accumulation resulting in yekdoured

fruits (Ito et al., 2017; Giovannoni et al., 199%hree ethylene recptors, SIETR4, SIETR6 and
SIETR3/Nr, are highly expressed in fruit. Never ripe fNitant, which is an thylene-
insensitive, fails to accumulate lycopene in its flidnahan, 1994)0ne of the ethylene
respong transcription factors, Ethylene Responsive Factor 6 (ERF6), negatively regulates
carotenoid accumulation in fruitSIERF8uppressed fruit show increased ethylene levels

and enhanced carotenoid accumulatifiree etal., 2012)

The roles of auxin, abscisic acid and jasmonic acid in the regulation of fruit ripening, as well
as carotenoid accumulation, have also been characteiiZedes et al., 2002; Galpaz et al.,

2008; Liu et al., 20125uppression ohuxin Response FactofARF4 results in fruits with
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dark-green colour with increased numbex of chloroplasts, indicating that ARF4 affects
carotenoid accumulation by regulating plastid formation and transition to chromoplasts
(Jones et al., 2002This effect is thought to invawepression of the expression SfGLK

by ARF4. GLK1 is a transcription factor that promotes chloroplast development, and
repression involves binding of ARF4 to an-AREBing motif in its promote(Sagar et al.,
2013)

Brassinosteroids are a group of steroid compoundplamts, which participate in a wide
range of physiological processes, regulating different aspects of plant growth, development
and reproduction. It has been shown that brassinosteroids regulate carotenoid
accumulation in tomato fruivVardhini and Rao, 2002)nd increased brassinosteroid levels
can elevate carotenoid production as well as the expression of the structural ¢enest

al., 2014a; Nie et al.,, 2017; Zhu et al., 201Sgveral key components involved in
brassinosteroid biosynthesis and signalling have been charactgtiatbn et al., 2007;
Jones et al., AR; Koka et al., 2000; Bishop et al., 199%-Epibrassinolide (EBR) has been
shown to regulate carotenoid accumulatig¢dardhini and Rao, 2002furthermore, EBR
treated pericarp discs oNr accumulatemore carotenoids than those of the control,
suggesting the existence of aBiduced carotenoid accumulation pathway independent of
NRmediated ethylene signal transductiofhiu et al., 2014a)The transcription factor
BRASSINAZOLE RESISTANT1 (BZR1) is a key component of BR signaling. Tomato fruit
overexpessing theArabidopsis BZRID gene exhibit enhanced carotenoid accumulation
and increased soluble solid, soluble sugar, and ascorbic acid contents during fruit ripening
(Liu et al., 2014a)

1.6 Metabolic engineering of carotenoids in plants

1.6.1 Biofortification of provitamin A

Improving the provitamm A content of staple crops has focussed on enhancing the levels of

i -carotene in the parts of the crop that people consume, either endosperm of rice, sorghum
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or maize seeds or the tubers of cassavaarotene can be cleaved, once consumed, to form

two molecules of retinol (vitamin A), and consequently is considered &etsource of

vitamin A thanh -carotene ori -cryptoxanthin which can also bmetabolisedto retinol

following digestion -OF N2 G Sy S f S@gSta OFry o6S SykKFyOSR o
strategy), increasing storage or reducing catabolism in the taigét & & dzZS& 0 WLINE
strategies). In fact, almost all biotechnological biofortification strategies have initially
LJdzNE dzSR (G KS WLlz t Q adN)> G§S3e 2F AyONBlFaSR ae
such as rice endosperm where hecarotene is normy synthesisedFor GolderRicethis

involved expressing the gene encoding phytoene synthase (PSY) from daffodil and the gene
encoding the multifunctional enzynuarotene desaturasértl, from the bacteriumErwinia
uredovorawhich is capable of performg all the desaturation and isomerization reactions
necessary to form lycopenActivityof lycopene -cyclase was found to be unnecessary for

the formation ofi -carotene in rice endosperm, probably duesiodogenousactivity of this

enzymein the endosperm(Yeet al., 2000). The result was Golden Rice 1 which had a
maximum carotenoid content of 1/6g/gRNE ¢ SA IK{G 652 0 I-camtenieK p /g
(Yeet al,, 2000). Further optimisation of synthesis involved replacing the daf@vith

the gene encoding the more efficient PSY enzyme from maize together witbrthgene

from Erwiniauredorova both driven by the endosperrpecific rice glutelin promoter, to

produce Golden Rice 2 which maximally accumulategdgBidtal carotenoids per g of grain,

of which >80% was-carotene, a level conservatively estimated to supply 50% of the
recommended daily &dwances (RDA) for provitamin A in 100g of rice (Paira., 2005).

Sorghum is the second most important cereal crop in Africa with 300 million people
dependent on it as a staple, and it is seriously deficient in provitamin A, iron and zinc (Che

et al, 2016). In sorghum, use of the same strategy as for Golden Rice 2 resufiedrin
accumulation ofi -carotene (<2ug/g), not due to a failure in synthesis, but due to
degradation ofi -carotene by oxidation in older, mature seed. This was significant in
sorghum because this crop is traditionally stored, guastvest, for several months prior to
consumpton. The expression of the maiB&SYgene under the control of the endosperm

specific promoter in sorghum declined to zero by seed maturation, meaning that no more

i -carotene wassynthesised postharvest. Levels of -carotene could be enhanced by

reducingz EARF GAQGS t23aa ol WLINRGSOGQ &GN GS3evz ¢

tocopherol (vitamin E) lipophilic antioxidants. This was achieved by expressing the gene
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encodinghomogentisate geranylgeranyl transferas¢QGT), whichatalyseghe first step
committed to tocotrienol biosynthesis involvirthe condensation of homogentisic acid
(HGA) and geranylgeranyl diphosphate (GGDiR)er the control of an endosperspecific
promoter from barley in sorghum. Levelshefocotrienol, -tocopherol, and -tocopherol,
were increased 27:31.8, and 1.7#old, respectively and consequently, level$ afarotene
were increased to-42 ug/g DW, as a result of reduced loss afarotene through oxidation
(Cheet al.,2016).

In cassava a strategy of expressing PSY in roots gave increase®fold in total

carotenoids whereashigh levelexpression of the gene encodiigDeoxyD-Xylulose 5

Phosphate SynthaseDKS) together witlPSY(Figure 1.3) gavd5 to 30-fold higher

carotenoid concentrations in roots than those in storage roots from -“transformed

plants, achieving concentratiors60 >g/g DW (Sayret al., 2011). Although levels were

reported stable in field trials, these varieties have not been taken forward due to the
availabilityof -OF N2 1 Sy S SyNAOKSR> w32t RSy Oktaal g Q 3
2010).

In staple cropsvhere there is significant natural variationiirFO N2 G Sy S f S@St ax
strategy of reducing catabolism has proven most effective in breeding for higinotene

G NASGASad ¢Kdzaz &St SO0 orldse lECYE aa Enzym@imidh | £ £ St S
converts altrans lycopere to "-carotene (Figure 1.3), has beshown to enhance the

levels of accumulation df-carotene in maize kernels (Harjesal., 2008). Similarly rare,

weak alleles ofrtRB1 which encodes Gricarotene hydroxylasel thabavertsi -carotene

to | -cryptoxanthinand zeaxanthin (Figure 1.3), have bemsociated with higher levels of

i -carotene in maize, and have been proposed for use in selecting new varieties of maize

associated with yet higher levels of provitamin A (¥&al.,2010).
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1.6.2 Metabolic engineering of carotenoid biosynthesis

Engineering carotenoid biosynthesis has been successfully achieved in several fruits and
vegetables, in addition to the bi® 2 NIi A TA O (i A 2-garotedS Pp@WAMNSA), T 2 NJ |
describel earlier. Massiveaccumulation of carotenoids in plants is associated with a very

active endogenous isoprenoid biosynthetic pathway in plastids. The main approach to
SYaAySSNI GKS Ol NP G Sapoteire bibfbrtifidation, ehas béed to F 2 NJ |
overexpess one or multiple biosynthetic genes, (from either plants or bacteria) or
combinations of genes from the two sourcésSYis thought tocatalysethe key step in

carotenoid biosynthesigCunningham & Gantt, 1998yhich has made it the primary target

for metabolic engineering. Overexpression of a bacte@eB (PSY in canola Brassica

napug, driven by a seedpecific,napinpromoter and fused to a plastid targeting peptide,

achieved \8ibly orange seeds with up to 56ld increase in carotenoid conte(Shewmaker

etal., 1999) Plastidtargeted expression of th€trB(PSY- Crtl(PD$- CrtY(LYCBbacterial

mni-LJ- 6 Kgl & Ay OF y2f I -carGcddléveld abdRA ikt NdaficleNS | 4 SR
ratios (Ravanelleet al., 2003) Engineering several genes encoding biosynthetic enzymes

has also been used in soybean, tobacco, lettuod ather species to increase specific
carotenoid levels, in targeted tissugdasunumaet al., 2008; Kinet al., 2012; Haradat al.,

2014)

Tomato ripening involves the visible breakdown of chlorophyll and tugldf carotenoids,

GAGK YIF&A&AABS | O0dzydzA | GA2y 2F | yiicbtanRlF yi O2
within the chromoplastg§Egeaet al., 2010) Different approaches combining conventional

breeding and genetiengineering have been used to increase carotenoid content in tomato

fruit (Zamir, 2001; Frasegt al., 2009) AlthoughPSY has been shown to be a key regulator

of carotenoid accumulation in tomato fruit, overegssion ofCtrB(PSYfrom Erwiniaunder

the control of a fruitspecific promoter, did not increase lycopene content, but resulted in

KA 3IKSN LK e-cadtng fith high® Iotali carotenoid levels. Transgenic tomatoes

with overexpressetrl (PDSK I R Iy Ay ONB kcar@dre, dinduyitingty up to2 ¥

45% total carotenoids, at the expense of reduced lycopene corfiemtneret al., 2000) In

iKSasS g2 OFlasSas dzyOKIyaSR 2NJ RSONBLFaSR ¢t @
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OF N2GSYS | 0O0dzydzf  GA2y &4dA3SAGSR GKS fAYAGL
especially when the targe&ompound (in these cases, lycopene) is not the end product of
the pathway. In contrast, silencing @CYBusing antisense technology gave elevated
fe02LSyS tS@Sta Ay (2 YRodatalI200@k i o WLINR OGSO

Several studies have describesjulationof carotenoid biosynthesis at the molecular level
in plants(Cunningham & Gantt, 1998; Hirschberg, 2001 gLial., 2004b) Different types

of regulatory mehanisms, operating at the transcriptional and posttranscriptional levels,
have been suggested to be involvedatcumulationof specific carotenoidéSauretGueto

et al., 2006; Leet al., 2012) Overexpression bthe Orange(Or) gene from cauliflower, in
L2 GF G2 LX I -yaiotene GdddmBlatiGnNditubérs, by increasing PSY stability and
chromoplast generatioffLiet al., 2012) However, the regulatory mechanisms that control
carotenoid accumulation remain poorly understood. Metabolic engineering of carotenoid
biosynthesis would benefit enormously from the identification of regulatory mechanisms,
particularly transcription factors specifically controlling carotenoid biosynthesis, to

overcome the limitations ofluxin particular tissues that are consumed as foods.

1.7 Approachesto the identification of transcription factors regulating

carotenoid metabolism in tomato

1.7.1 Expression quantitatitrait loci (eQTL) analysis

Traitsare often inherited, influenced by environment and controlled by multiple genes of
small or large effect. A powerful approach to understanding gle@etic basis of such
complex traits is through identification of quantitative trait loci (QTL) associattddtie

trait. Phenotypic differences may be the result of sequence polymorphisms and related
changes in gene product activity, particularly when located in the coding sequences of the
associated genes, but can also be attributed to variations in mRNActigh abundance

among individuals responding to a wide range of internal and external stimuli.
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An expression Quantitative Trait Locus (eQTL) is a position in the genome where the
polymorphism causes differences in the abundance of stessale transcrips. Various
phenotypic differences have been found that result from changes in gene expression
patterns, such as disease resistance, plant development, flowering (Mierner et al.,

2005; Zhang et al., 2006; Svistoonoff et al., 2007)

Expression QTL (eQTL) analysis is a refinement of the QTL approach involving the
identification of regions of the genome which confer significant alterations in the expression
of a given gene. This approach has been used extensively in the medicahfids starting

to be used more widely in plants. eQTLs can be classified into two major goisgQ,TLs
andtrans-eQTLs, based on the proximity to the gene regulatedcB@QTLSs, the transcript

level of the gene of interest is regulated by polymiuigms physically located within or in
close proximity to the gene. SuciseQTLs can be generated by variations in the coding
sequence (such as those causing nonsense mutations that alter transcript levels through
processes such as nonsensediated decay or in the promoter region containing the
regulatory elements. In contrast,teans-eQTL is an eQTL physically located in a portion of
the genome which does not coincide with the location of the gene being regulated (ie
trans to the regulated gene). Nmally, the phenotypic variations caused biseQTLs
(differences in transcript abundance) are larger than those caused lisetiielocated ones
(Brem and Kruglyak, 2005; Hughes et al., 2006; Jostsan 2013; Keurentjes et al., 2007)

Many of the conducted eQTL analyses have shown that eQTLs are not evenly distributed
throughout the genome. Regions where more eQTLs cluster than other locations, are called
WSv e[ K2iaLkR i &se@TL /bBpdts)wNid Rnosi likely result from gene
enrichment or infrequent recombinatiortrans-eQTL hotspots are of greater functional
interest as locations of genes encoding regulators or transcription factors regulating the
expression of a suit of genes fuimting in the same biological process or metabolic
pathway. Therefore, eQTL analysis offers a strategy-suékd to the identification of
transcription factors controlling metabolism, with greater likelihood of the characterisation

of regulators controlhg specific pathways compared to other strategies. eQTL analysis has

been applied in the study of different plant spec{€®tokina et al., 2008; Keurentjesal.,
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2007; West et al., 2007)Jn most instances the number of eQTLs for a given gene or the
eQTL hotspots for a certain metabolic pathway are relatively small (between 1 and 5), which

can speed up the cloning of the corresponding genes underlyinghiteotypic effect.

1.7.2 Metabolitebased Genomwide Association Studies (NGWAS)

Traits can be qualitative or quantitativQuantitative traits, such as content of certain
metabolites, are usually controlled by a number of genes, and can be placezbatirauum.

In plants, a lot of phenotypic variation is controlled by qualitative trait loci (QTL). With the
development of higkthroughput genotyping technologies, suchs aextgeneration
sequencing, genomewide associatin studies (GWAS), haleen used extensivelyfor
understanding the genetic basisf comple traits in various plast(Todesco et al., 2010;
Buckler et al., 2009; Kump et al., 2011; Huang et al., 20b@)dentification ofhigh-density
single nucleotide polymorphisms (SNRdlows genomescale scans to identify small
haplotype blocks which arégmificantly assciated withvariationin quantitative traits. The
high diversityand quantitative properties ofmetabolite abundanceneasurements make
them heritable trais that can bestudied by GWAS. Metabolifgased gaomewide
association studies provide a combinatdrapproach for GWAS that can be linked with
hightthroughput metabolite profiling as performed byHigh Performance Liquid
Chromatography (HPLC) and Liquid/Gas chromatograpss spectrometryL C/GavIS).
MGWAS was first developed fdine model plant Arabidopsis thaliana followed by
successful applications in a number of different plant species, including rice, tomato and
maize(Chan et al., 2011; Chen et al., 2014; Riedelshegnal., 2012; Rosenwasser et al.,
2014; Zhu et al., 2018,MMGWAS offers a relatively new technique for identification of

regulators of castenoid accumulation in tomato.

1.7.3 VirudnducedGeneSilencindVIGS)

Virusinduced Gene Silencing (VIGS) isetitient method for rapid characterisation of

gene function in plantéBaulcombe, 1999)Tobacco Rattle Virus (TRV) is one of the viruses
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most commonly used to trigger pestanslational silencing of target gene in fruit tissues
and hasbeen successfully applied tomato fruit (Orzaez, 2005Engineered TRV has been
used to study the function of genes involved in figfitecific processes kggroinjection
(Orzaez, 2005; Fantini et al., 2013)he irregular distribution of VIGS limits the accurate
quantification of theeffects of gene silencing in fruit. An improved visual reporter VIGS
system for tomato fruit waslevelopedoby monitoring anthocyanin production in transgenic
DefRosltomatoes in which Delila and Rosea 1, transcription factors fAmtirrhinum
majus are werexpressed specifically in fruit resulting in induced accumulation of
anthocyanin which confergurple colour throughout the fruit (Figure 1.5przaez et al.,
2009) VIGSsilencng of Del and Roslin purple tomatoes blocks the production of
anthocyanin, leading to red sectors, which tendistinguished easifyom the nonsilenced
sectors which remain purple on the same fruit. Silencing of target gefigderest (GOI),
together with Del and Roslin Del/Roslpurple tomatoes, allows the quantitative

assessment of GOI function based on the colour phenotype of the silenced red sectors.

1.7.4 Genome editing by CRISPR /Cas9

An engineered form of the clustered, regularly interspacskort palindromic repeat
(CRISPR) systemSifeptococcus pyogenhas been shown to function in plantdekrasov

et al., 2013; Belhaj et al., 2013; Jinek et al., 2013; Upadhyay et al., 2013; Xie and Yang, 2013)
CRISPR systems provideunique prokaryotic defence against invading DNAs, such as
plasmids and virusg8arrangou et al., 2007)n the type Il CRISPR system, the Cas9 protein

is directedto target sites in the genomeybshort RNAC€RISPR RNA (crRNA) and trans
activating crRNA (tracrRNA)nctioning as an endonucleagdinek et al., 2012)The
presence of a conserved sequence motif (NGG) recognised as a protospacer adjacent motif
(PAM downstream of the target spacer sequence is also essential for clef@@agrinas et

al., 2012) In the reconstituted system, Casfin form a complex with a synthetic single
guide RNA (sgRNApmprisinga fusion of crRNA and tracrRN&nek et al., 2012)The

double strand breaks (DSB) introduced by the Cas9 nuclease guided by sgR&&A tan
various sequence mutations as a result of DNA damage repair by -pFooe
nonhomologous engbining (NHEJ) or homologlependent recombination (HRCRISRR

Cas system has been demonstrated to work efficiently for genome editing in bacterial, yeast,
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Figure 1.5 Phenotypes of Fruit VIGS in the Del/Ros1 purple tomato background (Orzaez ¢
2009).A) Shows red sectors in fruit agirmoculated with TRV2 carrying fragmentstioé Deland

Roslgenes. The red sectors show the tissues in wbieland Roslhave been silence®) Shows
yellow sectors in fruit agrinoculated with TRV2 carrying a fragment of BSgene as well ag
fragments of theDelandRoslgenes. The yellow s®ors show thafDSs silenced céncidentally
with Del and Rosland inhibits carotenoid/lycopene production. This shows that fruit VIG
Del/Rosltomatoes provides an excellent system for analysing transient loss of@feneerest

(GOI) function (frm Orzaez et al., 2009).
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and animal system@&ong et al., 2013; Gasiunas et al., 2012; Jinek et al., 20d 3)as been
applied to different plants, such asabidopsis thalianaNicotiana bethamiana, tomato,
rice and whea(Jiang et al., 2013b; Feng et al., 2014; Upadhyay et al., 20h& method
is wellsuited for de novo generation of knockit mutations of candidate regulatory genes

controlling carotenoid biosynthesis in tomato.

Together, eQTL mapping, VIGS silencing and CRISPR/Cas9 genome editing provided the core
technologies | employed to adess the transcriptional regulation of carotenoid metabolism

during tomato fruit ripening, which is the topic of this PhD thesis.
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Chapter 2

General Materials and Methods
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2.1 Materials

2.1.1 Plant Materials

Wild-type tomato varieties MicroTomand MoneyMaker, were used in VIGS experiments.
CGene timecourse expression analysis astdble gemtransformations were from lab stocks
of tomato seeds (MoneyMaker, M82 and MicroTor8eeds of tansgenicE8DefRoslin
both MicroTom and MoneyMaker genetltackgroundswere obtained from lab stocks

generated byDr. Eugenio ButelliButelli et al., 2008)

The bmato introgression populatiorSolanumlycopersicumx Solanumpennellij and
tomato introgression populatiorsolanumlycopersicunx Solanumlycopersicoidesvere
providedby DaniZamirat the Hebrew University of Jerusaldished and Zamir, 1995)

Tomato wild relativesSolanumcorneliomulleri(LA0107) Solanumperuvianum(LA1Z8),

Solanumpennellii(LA0716) Solanumarcanum(LA2172) Solanumchmielewski(LA1208),
Solanumhabrochaites(LA1778),Solanumchilense (LA1969),Solanum pimpinellifolium

(LA1578) andolanumneorichii(LA2133) werssupplied by theTomato Genetic Resowgc
Center(http://tgrc.ucdavis.edu).

2.1.2 Bacterial and Yeast Strains

Information on the bacterial and yeast strains used in this thediistedin Table 2.1
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Table 2.1 Bacteria and Yeast Strains Used

Strain | Type Antibody Resistance| Use

Normal E.coli for propagation of
DH® E.coli n.a. _

plasmid vectors

ccdB resistant E.coli strain, for
DB3.1 | E.coli Chloramphenicol propagation ofplasmids containing

Gatewaydestination cassettes

Agrobacterium tumefaciensstrain
GV3101| Agrobacterium| Gentamicin
for plant transient transformatior
‘pPMP90 | tumefaciens Rifampicin
experiments using agroinfiltration

Agrobacterium tumefacienstrain
Agrobacterium| Carbenicillin
AGL1 used for stable  tomato
tumefaciens | Rifampicin _
transformation

Saccharomyce _
Y187 - n.a. Yeastwo-hybrid assay
cerevsiae

2.1.3 Chemicals

All chemicals used were analytical reagent gragee purchasedrom Invitrogen, Roche,
Qiagen, New England Biolabs, Sigma and Promega-REy#)ene (78903), lycopene
(L9879)i -carotene (C4582), lutein (7168)carotene (50887) and zeaxanthin (14681) used

as standards were of HPLC grade and were purchased from Sigma Ltd.

2.1.4 Antibiotics

Antibiotics used to select bacteria and transgenic plamnéslistedin Table 2.2
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Table 2.2 Stock and Working Concentrations of Antibodies

Antibodies Solvent | Use Stock Conc. | Working Conc.
Ampicillin H0 Bacterialscreening 100 mg/mL | 100 pg/mL
Chloramphenico| Ethanol Bacterialscreening 34 mgimL 34 pug/mL
Gentamicin H0 Bacterialsaeening 100 mg/mL 20 pg/mL
Bacterialscreening 100 mg/mL 50 pug/mL
Kanamycin H0 Transgenic plan
_ 100 mg/mL | 100 pg/mL
screening
Rifampicin Methanol | Bacterialscreening 25 mg/mL 25 pg/mL
Streptomycin H0 Bacterialscreening 100 mg/mL | 100 pg/mL
Carlenicillin H0 Bacterialscreening 100 mg/mL 50 pg/mL
2.1.5 Plasmids

Vectors and constructed plasmids used in this thasidlistedin Appendix 1

2.1.6 Media Preparation Recipes

The recipes for the media used in this thesis listedin Appendix 2

2.2 Methods

2.2.1 Primer design

The primers used in this thesigere designedusing Primer Blastfrom NCBI website

(https://www.ncbi.nlm.nih.gov/tools/primerblast/) followed by a qualitycheck using
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NetPrimer

(http://www.premierbiosoft.com/netprimer/netprlaunch/Help/xnetprlaunch.htmpl  The

following principles were applied during the primer desifpr:regular PCR and gPCR, the
optimised primer lengttwasbetween20-28 bp (excepfor the primers used for Gateway
cloning, GoldenGate cloning, GoldenBraid cloning and other specific purposes); the Tm of
primerswas~60 °C withaGC contenbetween40-60% secondary structuresereavoided;

0KS 0Q Sy Ra wedterniiratsd withNd of &€ NIpossible, to achiegeeater
stability. The products of primers formed during gPCR were arounrtiZ0bp. The primers

used in this thesiare listedin Appendix3.

2.2.2 Polymerase chain reaction (PCR)

PCR reactionsere conductedusing GStorm Thermal Cyclers (Kapa Biosystems). Different
DNA polymerases and treorrespondingsetupswere appliedaccording to purposer-or
normal PCR reactiar(such as for gengping), in each 1QL reaction, 1620 ng of DNA
template was mixed with 1lpof forward primer (10 pM), 1 lpof reverse primer (10 uM),
water (DNase and RNase freB)L of 2X GoTag® 2G Green master mix containing DNA
polymerase, proprietary G2 reactiomffer, 1.6 mM total dNTPs and loading dyes (yellow
and blue) (Promegalor the PCR reactions wittigh-fidelity requiremens, whichwere
usedfor plasmid constructions and sequencii®husion® Higkidelity DNA Polymerase
and its corresponding buffer (MeEngland Biolabs) were used in a mixture composed of
DNA template, forward and reverse primers, dNTPs and water in a total volume of 20 pL.

The standard PCR protoéskhownin Table 2.3
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Table 2.3 Standard PCR protocol

Step Temperature Duration
Initial denaturation 94 °C 4 min
denaturation 94 °C 30 sec
25-35 cycled annealing 60 °C 30 sec
extensior 72 °C 30 sec 2 min
Final extensior 72 °C 10 min

a. The number of cycles in the PCR for genotypingsetso more than 30 cycles, #void urspecific

amplification.
b. The annealing temperature for specific primers are listed in Appendix 3.

c. The extension time was decided by the siakthe PCR products as well as the amplification speeds
of the specific DNA polymerases. The DNA polymenased in this thesis ar§:agDNA polymerase
(New England Biolabs®), 1 min per kb; Phusion-Haglity DNA polymerase (Thermo Scientific®),
15-30s per kb

2.2.3 Purification of DNA from PCR reactions or agarose gels

PCR products or other DNA productsreveeparated using 1% waAgarose gels in 1 x TBE
buffer and purified using NucleoSpin® Gel and PCR -Gfedits (MACHEREYAGEL),
F2tt26Ay3 GKS YIydzFlI OGdzNBENRA AyaidNHzOdGAzyao

2.2.4 Preparation of competent cellsibtolifor heat shock transformation

A 3ngle colonyof E.coliwas pickedor overnight growth in 5 mL LB liquid medium at 37 °C,
200-220 rpm.Overnightculture (ImL)was addedo 100 mL LB liquid medium, and grown
at 37 °C, 20220 rpm until the ODyoo reached 0.38.4. The culture was caad down on

ice for 15 minand then centrifuged at 1800 x g, 4 °C for 10 min after transferring to pre
chilled 50 mL falcon tubes. The supernataais discardedand the pelletvas resuspended

in 30 mL precooled 0.1 M Cag;ffollowed by incubation on ider 30 min and centrifugation
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for 10 min at 1800 x g, 4 °C. wernatant was discarded, and the pellet was resuspended
in 2mL precooled 0.1 M CaglThe resuspended cultusgas mixedwith anequal volume
of 30% glycerol. The competent cells were adigal into 1.5 mL Eppendorf tubes, which

could bestored at -80 °C for several months.

2.2.5E.coliheat shock transformation

1050 ng of plasmigvere mixedwith 100 pL oE.colicompetent cells by pipetting and kept
on ice for 30 min. Then the mixtumas kept in a 42 °C water lator 1 min. SOC medium
(900 pb was addedand the mixturewas incubatedat 37 °C for 30 min. The cells were
pelleted at 100x gfor 3 min and resuspended in 100 yL SOC medium. Aliquots of 20 uL
and 80 pL of the cell suspeasiwere spreadonto LB agar plates with the appropriate

antibiotics. Theplates were incubated at 37 °C overnight.

2.2.6 Plasmid DNA isolation

Single colonies were picked from the selection plates and incubated in 10 mL of LB medium
with appropriate anibiotics at 220 rpm at 37 °C. Plasmid DNA was isolated dkamight
culturesdza Ay 3 v L! LINBLI aAyYALNBLI YAG OvAlF3aISyuvs F2f

2.2.7 Preparation of electrocompeteAgrobacterium tumefaciermmpetent cells
(GV3101:pMPORGLEL)

Agrobacteriuntumefaciendrom a single colony was grown in LB medium with appropriate
antibiotics at 220 rpm at 28 °C. A sample ofdkernight culturg(2 mL) was inoculated into
100 mL of LB selection medium agebwn at 220 rpm, 28 °C until th®Dso reached 0.5
1.0. The culture was cooled @eand then transferred into 50 mL pieooled falcon tubes.

The culturewas centrifugedat 1800 x g, 4 °C for 15 min. The supernataas discarded
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and the pelletwas resuspendeth 50 mL of ice cold 10¢bycerol. The cell suspension was
centrifuged again at 1800 x g, 4 °C for 15 min and then washed with 25 colddf0%
glycerol. The competent cells were finally resuspendétl 2 mL ofcold 10% glycerol and

then aliquoted with 100 L per tube, which ddibe keptat -80 °C for several months.

2.2.8 Electroporation

Plasmid (200 pgyas mixedwvith 100 pLAgrobacteriumrelectrocompetent cellsvhich were
storedat -80°C. The mixturevas transferrednto a precooled electroporation cuvette. The
competent ells were electrocuted using a BioRad Pulser (BioRad Laboratories) set as 400
KZ Hp XC5 | G medynflmY)wastaddadband theé\grobacteriumcells
recoveredat 28 °C for 1 hour. The cells were pelleted at 20@€r 3 min and resuspended

in 100 pL SOC medium. Aliquots of 20 pL and 80 L of the cell suspess@spreadnto

LB agar plates with appropriate antibiotics. Tplates were incubated at 28 °C and the

colonieswere checkedhfter two days.

2.2.9 Plant DNA isolation

Plant DNA was ddated from thefinely ground powderof plant tissues (leaves, fruits,
FE26SNAR 2NJ NR2Ga0 dzaAy3 5bSlkaet tftlyd aAya

instructions.

2.2.10 Plant RNA isolation and DNase treatment

Tomato fruit RNAwas isolatedaccoding to an optimised Trizol extraction method. This
method is basedon the property of an acid guanidinium thiocyanatkeenolchloroform
mixture to separate RNA/DNA (in the aqueous phase) from protein partitions (in the organic
phase). Pericarps of tomatniits were deprived of seeds and ground into fine powder using

a blenderand liquid nitrogen. About 200 migpmogensed tissueswere placedin 2 mL
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tubes. 1.5 mL Tri Reagent® (Sigma) was atdeaichtube and mixed by vigorous vortexing.
Thesamples weréncubated inthe dark for 5min at room temperature while shaking.- 1
Bromo 3-chloropropane (BCP, Sigma) (150 pL) was added in the mixture was vortexed
vigorously for 15 sec. Samplegre incubated irthe dark at room temperatdor 10 min

while shaking ath then centrifuged at 20,000 x g, 4 °C for 10 min. The aqueous upper phase
(around 750 pL) was transferred to fresh 1.5 mL Eppendorf tubesequal volume of
isopropanol was added and mixed fgrtexing at a moderate speed. The samples were
incubated for5 min at room temperature and pelleted at 20,000 x g, 4 °C for 10 min. The
supernatant was discarded and the RNA pellet was wash#d500 pL isopropanol. RNA
was repelleted by centrifugation for 5 min at 6,300 g, 4 °C. The supernatasdiscarded
Thepellet was washed twice with mL 75% ethanol. The supernatant wamoved,and

the RNA pellet was adried at room temperature for 5 min infame hood The RNA was
dissolved in 46-L RNaseand DNasdree water (Sigma). The RNA solutivas centrifuged

for 5 min at 20,000 x g, 4 °C, and 32 mL of the supernatant was transferreahiRfdase

and DNasdree Eppendorf tube.

10x DNasel buffer (4pand DNasel (4L, 4 unitf®ochewereaddedfor DNase treatment.
After a 45min incubationat room temperature, 25 mM EDTA (IL) was added and

incubated for 10 min at 65 °C to stop the reaction.

Alternatively, plant RNA was isolated using an RNeasy® Mini Kit (Qiagen), following the
manut OG dZNBNRA& AyadNuzOGA2yaod

2.2.11 Quantification of DNA/RNA

The concentrations of DNA and RNA were quantified using a NanoDrop 20600G UV

{LISOGNRLIK2G2YSGSNI 6¢KSNY20 TF2ft2¢Ay3 GKS YI
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2.2.12FirststrandcDNA synthesis

FirststrandcDNAwas synthesizedzd A y 3 { dzLJS NJ O NJUpdd I pgltotallRNA Ly @A (
was used for reverse transcriptiompng with 1 pL of primer mixnjxed with equal amourst

of 10 uM oligo dT (Sigma) and 10 pM random primer (Invitrogen)) and 1 pL dV1dNTP

was added and the mixture was incubated at“€5for 5 min.For reverse transcription,
primer-annealed RNA from thiast step was mixed witl6 pL 5X Firsstrand buffer,2 pL

0.1M DTT1 uL RNase OUT (40ult, Invitrogen) and p[  { dzLJS NJ Iivindged)i The LL L 0
reactionwas incubatedat 50 °Cfor 60 min followed by 70C for 15 min. The cDNAas

diluted to 10 ngfiL according to the initial amount of RNA used for the reactiopl- of

whichwas usedor the following RIgPCR analysis.

2.2.13Red&time quantitative PCR (RJPCR)

SYBRGreen JumpStamt Taq ReadyMix ¢ { AwasYuked to perform all the RPCR
NBI OGA2ya o0& dza A ylihe BORPetectipe SystendBlokaie stariiard
RTgPCR protocdk shownin Table 24.

Table 2.4 &andard RTqPCR protocol

Step Temperature| Duration
Initial denaturation 94 °C 4 min
denaturation 94 °C 10 ses
40-50 :
annealing 60 °C 10 ses
cycles
extension 72 °C 15 ses
Final extensior 72 °C 1 min

The datawere analysedusing CFX Maestro So#ive. Actin (Solyc03g07840QQvas selected

as the house&eeping reference gene due tonstitutive expressioamongvariable tomato
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tissues under different experimental treatmenifhe datawvere analysedaccording toCFX

Maestro Software

2.2.14 Gateway Qhing

attB PCR primensere designedusing VectorNH (Invitrogen), to incorporatattB sites

into PCR products, whiakere usedn Gatewa®BP recombination reactions with a donor

vector ()DONR207 or pDONR22% = L y @.Ani 10§ Fehgfion mix1 uL pOONRt

vector, 18 pLattBPCRproduc,x [ .t / f 2yl aSwu | weiR adtle AferdzF F S NJ ¢
a 2hour incubation at 25°Q, UL Proteinase K solution was added and the reaction mix was
incubated at 37°C for 10 min to stop the reaction. 2uL BP reactiem Was transformed

into suitable competent cells (ccdB sensitive).

In 10uL mix for LR recombination reactiongjlldestination vector,-8 pL (100ngiL) entry

clone,1Ix [ O6m dzyAGO [w [/ f2ylF&Sun O6LYGAGNRIASYUL | YR
hour incubation at 25°Q, uL (1 unit) Proteinase K solution was added and the reaction mix

was incubated at 37°C for 10 min to stop the reaction. 2uL LR reaction were then

transformed into suitable competent cells with appropriate antibiotic selection.

2.2.15 Stable tomato transformation

Seed germination

Tomato seeds were treated with 70% ethanol for two minutes to loosegétatinousseed
coat. Ethanolvas removedand the seedsvere rinsedwith sterile water. The seeds were
sterilisedin 10% Domestom water (v/v) for three hours while shaking. Aftaerilisation,

the seedsvere washedwith sterile water four times.
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75-100 seedsvere usedor each transformation. Approximatly ZZ0 seeds were placed
tubs with germination medium and incubated &Clfor at least three weeks synchronis
their germination time. Seeds coulte storedat 4°C up to three months. After the 4°C
treatment, seedsvere incubatedn the culture room (1éour photoperiod, supplemented
with GroLux incandescent light, whiebas especiallimportantfor the regeneration stage).
Seedlingsvere grownfor 7-10 days until the cotyledons were expanded but no true leaves

were visible.

Transformation procedure

Day 1 AgrobacteriumtumefaciensAGL1was inoculated in 10 mL of L mediuwith

antibiotics (Rif pg/mL, Carb 50 pug/mL) and grown at 28°C, 200 rpm.

On each plate, containing the cell suspension medium with 0.6% agarose or MS medium
supplemented with vitamins and 3% sucrose (either medivas addedwvith 0.5 mg/L 2,4
D), 1 mL ofinetobacco suspension culturgasspreadto form an even layer as the feeder

layer. The plates were left unsealed and stacked in the culture room under low light.

Day 2Sterilised Whatman No.1 filter paperas placedn the top of the feeder plates.IlA
the air bubbles were carefully removed to make sure the filter pays completely soaked

with the tobacco cells.

1 mL overnight culture oAGLIwas inoculated into a new flask with 100 mL L medium and
grown at 28°C, 200 rpm for three to four hopusitil the OQgoreached 0.40.5. The pelleted
AGL1 culture then was resuspended in an equal volume of MS+vitamins medium

supplemented with 3% sucrose (pH=5.8).

Cotyledons from the seedlings were used for transformation because hypocatytgve

rise to ahigh number of tetraploids. Cotyledons were cut undetd, sterile water with a
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rolling action of a rounded scalpel blade to minimise damage to the cuttings. The tips of the
cotyledon were cut offandthe rest of the cotyledon was cut transversely to geate two
explants about 0.5 cm long. The explants were kept in a petri dish with cold water to prevent

damage during the cutting.

All the explants were scooped up using round@@eps and transferred to a new petri dish
where they were immersed in thAGL1suspension. After incubation, the explants were
blotted on sterile filter paper to remove excess Agrobacteria and then placed on the feeder
plate with theabaxal surface uppermost (upside down). Each feeder plate could hold 30
40 explants. The expléand Agrobacteria were exultivated in the culture room for 48

hours under low light.

Day 4After 2 days of caultivation, the pieces of tomato cotyledons were transferred onto
tomato regeneration plates harbouring Timentin (320 mg/L), Zeatin Rieq2img/L) and
the appropriate antibiotic according to theONA selectable transformation marker. -1@
pieces of explants were placed right side upwards on each fuldteep good contact with
the medium during the growth. Agargets useds the settingagent because it produces
soft medium into which the cuttings cdoe pushedyently. Unsealed platesere keptin the

culture room for about two weeks.

Week 2 or 3Explants were transferred to fresh plates containing Timentin as well as
Cefobxime (250mgL), every two to three weeks. Dedpetri dishes and tubs were used

when the regenerating materials were too large for the original plates.

Shoots were cut from the explants and put imtmting mediumwith appropriate antibiotis
at reduced concentration Recutting was undertaken if the expladtd not root initially.
Any shoots showing no root generation were likelyo®wescapesThereal transformants
were further confirmed by a simple PCR assaynfuirll in genomic DNA, wherever the

kanamycin resitance genavas useds the selectable marker.
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Before being transferred to soil, the roots of the regenerated plants were washed gently
under running water to remove as much of the medium as possible. Plants were grown in
hydrated and autoclaved Jiffy pofpea pots). Thepots were kept enclosed and covered
with tissue paper to ensure high humidity and avoid direct glare during the recovery stage
in the growth room. Théwumidity was gradually reducedlhe plants were ready to be

moved to the glasshouse oa the roots could be seen growing through et pots.

(All the recipes for media used fetable tomatotransformation carbe foundin Appendix
2).

2.2.16 Statistics

Unlessspecificallystated, twoi A f SR {tetsitPaBed or@rpairdd) wengtilized to
compare group differences throughout this thesis. Differences mitalues less than 0.05,

were considered as significant.
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Chapter 3

Investigation of genetic foundation and regulatory basis of

carotenoid biosynthetic pathway iarhato fruits
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3. 1 Introduction

3.11S. lycopersicumS. pennellintrogression population

Tomato is an excellent system for the analysis of complex genetic traits, as its wild relatives
in the same clade with very similar genetic constitution areedjent morphologically and
anatomically(Stevens and Rick, 1986; Moyle, 20@)lanum pennelliione of the most
distant interfertile relatives of cultivated tomato, possesses striking differences in leaf
morphology, fruit chara@ristics, drought resistance and disease resistance compargd to
lycopercicum(Moyle, 2008; Bolger et al., 2014; Koenig et al., 20T interfertility
between these two species, was explaitdor the establishment of an introgression
population containing 76 introgression lines (ILs), which was the first interspecific

population used to introduce novel QTL variation into breeding superior varieties of tomato

(Eshed and Zamir, 1995; Brooks et al., 2014; Lippman et al., J0@Mtrogressed regions

in ILs cover theentire genome of the wilépecies as overlapping segments in the genetic
background of domesticated tomat8. lycoersicunecv. M82 and consist of 76 distinct
lines(Figure 3.1Eshed and Zamir, 1999he physical map witRestrction Fragment Length
Polymorphisn{RFLP) markers of this introgression population is available on SOL Genomics

Network (ttps://solgenomics.net/cview/map.pl?map version id3yil6 The size of

theintrogressed region in each IL ranges from a few genes to more than a thousand gens.
The generation of these tomato ILs led to the discovery of more than 3069 &%tskh et

al., 2013) that affect morphology and yielGenel et al., 2006)fruit coloration(Liu et al.,

2003) metabolite level{Schauer et al., 2008, 2006)datile metabolites(Tieman et al.,

2006; Liu et al., 2016antioxidant{Rousseaux et aRQ05)and biotic and abiotic resistance
(Sharlach et al., 2013; Uozumi et al., 2012; Bolger et al., 204 availability othe
genome sequence db. pennelliand S. lycopersicurfurther facilitates the mapping and
cloning of the functional genes underlying the QTLs, some of which have been confirmed

by reverse genetic studi€Zanor et al., 2009Wwhile others remain to & further validated.
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chr.1 chr.2 ... chr. 11 chr. 12

Figure 3.1Crossing scheme for the digation of S. pennelliiintrogression lines(ILs) TheS.
pennelliiintrogression populaton waR S @St 2 LJISR 0 & 5(Hebre Univeryiy, MNIRH

in the background o8. lycopercisurav. M82, including single introgressed regions derived f

76 lines

the greenfruited species, S. pennellji which was generate by successive introgres;
backcrossing, faciliated by markassisted selectiorRed fragmentsepresentthe genomic region|
from S. lycopersicurav. M82 green fragmentsepresentthe genomic rgions fromS. pennellii

Redrawn from Eshed and Zamir, 198&netic{Eshed and Zamit994 andl995)
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The red colour of the fruits of cultivated tomat8, lycopersicumis closely related to the
production and accumulation of carotenoid pigments duritige ripening process,
particularly lycopeneThis population is suitable fost&blishing functionality in regulating
carotenoid biosynthesis because thaB. pennellidoes not make lycopene in ifauit and
produces green fruitvhen ripe (Figure 3.1)Several tdies on carotenoid biosynthesis in
tomato have been done using thintrogression populatiorf-or examplePelta mutant,
bearing a single dominant gen®el results in orange fruit when ripe, due tie
significantly increased accumulationictarotene at the expense of lycoperigelwasfirst
roughlymapped to IL 122, containing a homozygous substitution of 35s&ymentfrom S.
pennellii(Eshed and Zamir, 1995)Vith the establishment of a backcrossed population
between IL 12 and M82, it was finally determined located between RFLP marker® CT
and TG263 (Ronen et al.,, 1999)16 QTLs were mapped based on the frudiour
phenotypes, most of which were relevant to carotenoid accumulation et al., 2003)As
the genome sequence o0$. pennellihas been availabl since 2013 with the well
characterisedcatalytic seps alongcarotenoid biosynthesis,an S. pennelliintrogression
population is suitable for the study of the transcriptional regulation of carotenoid

biosynthesisn tomato fruit by eQTL analysis.

3.12 Carotenoid biosynthesis in tomato

The massive accumulation of carotenoids in tomato fruit is associated with a very active
endogenous isoprenoid biosynthetic pathway in the plastid. The red colour of lycopene
begins to be seen from breaker stage whée ripening process is triggered by ethylene.
Several mutants have been found which cause abnormal carotenoid accumulation with
impaired ripening, such agellow flesh(r), old gold(og), tangerine (t), Neverripe (Nr),
Greenripe (Gn), Colourless norripening(Cni) andripeninginhibitor (rin) mutants(Fray and
Grierson, 1993; Ronen et al., 2000a; Isaacson, 2002a; Barry and Giovannoni, 2006; Lanahan,
1994; Liu et al., 2004; Manning et al., 2006;9ulli, 1999) The carotenoid biosynthesis
pathway begins with the formation of phytoene from geranylgeranyl diphosphate from the
central isoprenoid pathway, called-@methyterythritol 4-phosphate (MEP) pathway,

(Figure 1.3) rather than the mevalonicié pathway.
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Whilst both isoprenoid pathways produce isopentenyl pyrophosphate (IPP), the MEP
pathway is plastic in nature and leads to the formation of carotenoids, phytols,
plastoquinone9, and diterpenegLichtenthaler, 1999)IPP is converted to geranylgeranyl
pyrophosphate (GGPP) which is the precursor for the formation of carotenoids. Two
molecules of GGPP are condensed in a head to tail manner to from a colourless compound
phytoere, and this is a kegtep in the carotenoid biosynthesis pathwéyunningham and
Gantt, 1998) This twestep reaction is catalysed by the enzyme phytoene synthase (PSY).
Tomato contains twg@aralogsof the PSYgene,PSYBnd PSY2ThePSYyene encodes a
fruit-ripeningspecific isoform, whilsSY2ncodes an isoform thgiredominates in green
tissues, including mature green fruit and has no role in carotenogenesis in ripening fruit
(Fraser et al., 1999) Phytoene then undergoes a sexief four desaturation reactions

f SFRAY3 (2 -caikedd) edrdspz®ne &rH finally lycopene. The four sequential
desaturations are catalysed by two related enzymes in plants; phytoene desaturase (PDS)
| v Rearotene desaturase (ZDS). A carotenisomerase (CRTISO) activity is additionally
required to transform the polycis lycopene (prdycopene) to the all transsomer.
Cyclization of lycopene marks the branch point in the plant carotenoid pathway. Lycopene

i -cyclase (LCYB) catalyses the foknaty -c&cdkene from lycopene in a twstep reaction

OKIF G ONBAZSHEY RYNAY3I G SIOK SyR 2F GKS feoz2lL
OF N2GSYS A& LINE RdJzO Siidg to gcopérfe 8 the reRenceofdygopeddd 2y S
s-cyclase (LCYHRonen et al., 2000a; Cunningham and Gantt, 208@&nthophylls are
formed by the oxygenation of carotenes, typically by the addition of hydrogpbxy or

keto- groups.

In this Chapter,dpplied an eQTL approach to study carotenoid biosynthesis in tomato fruit,
to find cis and trans-eQTL candidates involved in the regulation of this pathway. The
analysis was conducted using ti%e lycopercisumt S. pennelliintrogession population
contaning 76 lines in total, as well as the two parental liBe$ycopercisurmv.M82 and S.
pennellii(LA0716). The high complexity of this pathway due to the multiple roles of its
intermediates in plant growth and development, meant that the entire pathwasw

dissected into three parts and these were analysed independently.
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3.2 Materials and Methods

3.2.1 Plant materials

Transcriptome profiling of ripe fruits fror8. pennelliintrogression lines, as well as the
parental linesS. lycopersicuriM82) andS. pennelliivas generated anilindly provided by
our collaboratorsPDr Je Min Lee an®r Jim Giovannoni, USDA Robert W Holley Centre,
Cornell University The RNAeq data was deposited in Tomato Functional Genomics
Databaselittp://ted.bti.cornell.edu/). The fruiswere harvested when 88 to 100% of one

of the parental lines, M82 were ripgdhe RNA was extracted from fruit flesh ordpdthe
skin/peel of the fruit having been removed prim collecting tissue for RN&qon Illlumina
HiSeq 2000 platfornThe stranaspecific RNAeq library construction protocol and analysis
methods were appliedZhong et al., 2011, 2013he RNAegRaw counts for each gene

were normalised to Read®PKilobaseof exon modeper Million mapped reads (RPKM)

3.2.2 Heat maps

Heat maps were produced using MultiExperimentapflying the RNAeq data which was

kindly provided by Je Min Lee and Jim Giovannoni, USDA Robert W Holley Centre, Cornell
University http://ted.bti.cornell.edu/). False colour imaging ag generatedbased on
relative expression data, which was generated by the fold change of RPKM value of each
gene compared to M8ZThe expression value of M82 was set as 1. For one set of analyses,
the publishedRNAseq data from leaves of the IL poputatiwere usedLockhart, 2013)

The genes selected for analysis were sistent with the annotation of the carotenoid
biosynthetic pathway in the tomato genome consortium paper, as well as the abbreviated

names for these genggdomato Gaome Consortium, 2012)
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3.3 Results

3.3.1 Phenotypic QTLs related to carotenoid biosynthesis identified in tomatoes

from the introgression lines

Due to the differential fruit characteristics between two parental lingspennelliand S.
lycapersicum the fruits displayed divergent phenotypes across the 76 lines, such as size,
shape and colour, which were recorded by photography of the fruits representative of 49
lines in the population (Figure 3.2). The major variable phenotype indicathegedit levels

of carotenoids in the ILs is fruit colour, which was observed in the different ILs of the
population (Figure 3.2). The colour of ripening tomato fruit is determined largely by the
accumulation of two major carotenoids, lycopene andarotene, and fruit colour is closely
related to the developmental stage of fruit. QTLs associated with the contents of
carotenoids and fruit colour have been identified using different introgression lines,
includingS. pennelliand S. peruvianumwhichprove the association between these two
factors (Ronen et al., 1999; Rousseaux et al., 2005; Fulton et al., . 1d6Wever, all the
YSIadaNBYSyiGta Ay GKSAS aiGdzRASa ¢6SNBE ids RSNI I |
point were set to capture the dynamic process of the carotenoid accumulation. Therefore,
to make sure the colour phenotypes were representative of carotenoid production, a time
point 10 days after breaker was selected for photography of the IL linesture the

diversity of colour phenotypes.

Compared to M82 (G6), 12(F1), IL2 (D2) and IL-8 (F3) were obviously less redloured
(Figure 3.2). Among all the ILs,-B.8tood out with a yellowruit phenotype even when
fruit were fully ripe. Siitarly, IL63 had orange fruit because it carriesiaeQTL oSICYCB
encoding lycopené -cyclase fromS. pennelljiwhich is the step converting rezbloured
lycopene to orangeolouredi -carotene(Rousseaux et al., 2009)his gene is switched off
in cultivated tomato during ripening while remaining very active in fruigfennelliiBoth
IL32 and IL& have been reported to be associated with carotenoid accumulation

(Rouseaux et al., 2005put IL21 has not been identified before as associated with
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A B C D E F G
1 IL1-1 L1-1-2 | IL1-1-3 IL1-3 IL1-4 IL2-1 IL2-1-1
2 IL2-3 IL2-4 [L2-6-5 IL3-2 IL3-3 IL3-4 IL4-1-1
3 IL4-3 IL5-1 IL5-3 IL5-4 IL6-1 IL6-3 IL7-1
4 IL7-4 IL7-4-1 IL7-5 IL8-2 IL8-2-1 IL8-3 IL8-3-1
5 IL9-2 [L9-2-5 | IL9-3-1 | IL9-3-2 | IL10-2 |IL10-2-2| IL10-3
6 (L11-2 | IL11-3 | IL11-4 L12-1 |I1L12-1-1| IL12-3 M82

Figure 3.2 Photographs of the friiof 41 selected ILs and M82 at 10 days after breakere
picture table (®dove) and the IL name table (below) were corresponding with each other in
position. Colums and rows were represented by letters (A to G) and numbers (1 to 6) sepa
The pictures were taken at 10 days after breaker. The tomato plants were grave in

greenhouseat John Innes Centre.
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carotenoid biosynthesis. At 10 days after breaker, fruit oflI(E1) showed a yellowish
phenotype when the fruit of most other lines had reached the red stage, inguits
subline IL 21-1 (G1), marking IL-2 as carrying a phenotypic QTL for fruit colour (Figure 3.2).
This observation suggested that the difference in fruit colour inllicdmpared to M82
might be associated with lower content of lycopene, an obsiunahat warranted further

investigation.

3.3.2 Transcriptome profiling and global eQTL analysis of the carotenoid biosynthetic

pathway.

There are more than 40 genes annotated as belonging to the carotenoid biosynthetic
pathway in the tomato genome (bke 3.1), including thgaralogsof some biosynthetic
genes, reflecting the complexity of the genetic basis of this path@@aynato Genome
Consortium, 2012)All the carotenoid biosynthetic genes listed in the Table 3.1 were
consistent with the annotation in the tomato genome, as well as the corresponding
abbreviated genemames (Tomato Genome Consortium, 201Zhe genome o08. pennellii

was fully annotated bge novddentification followed by wholeggenome annotatioriBolger

et al., 2014)With the resequenced genome 8f lycopersicumv. M82 using. lycopersicum

cv. Heinz as &ference(Bolger et al., 2014prthologs of the structural genes in carotenoid
biosynthetic pathway betwee8. pennelliand M82 were clearly distinguished and mapped

to the corresponding IL line (s) (Table 3.1) . Some of the annotated genes had been
charactersed by identification of specific mutants, whereas the functions of the other genes
remain to be fully elucidated. To gain a comprehensive understanding of the genetic basis
of the entire pathway, genomeide eQTL analysis was undertaken to observe the
distribution of the structural genes among the 76 lines (Figure 3.3). The number of
carotenoid biosynthetic genes in each interval defining each IL is not determined by the size
of the introgressed region. For example, k3l Zontaining the highest number genes in

the replaced segment, contains only one structural gene associated with carotenoid
biosynthesisSIZISOIL%1, the IL with the largest introgressed fragment, is one of the lines
harbouring the most carotenoid biosynthetic genes, most likelyabee of the tandem

duplication ofCCOgenes, EECD1ASolyc01g087250kandSICCD1E50lyc01g087260
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Figure 3.3The distribution of carotenoid biosynthetic genes annotated in the tomato genome throughButycopersicurm S. pennelliintrogression linesThey axis shows

the number of the structural genes in tharmtenoid biosynthetic pathway located in the introgressed region of each IL arakisrepresents the individual ILs group

by chromosomes.




similar to IL&, which contains tw&CDgenes, and twdNCEDQenes fromS. pennelliiThe
numbers of structural genes in carotenoid biosynthesis in edctlwére not evenly
distributed. There were several regions which lacked biosynthetic genes, defined as
structural genefree regions, for example, the first half of chromosome 2, the second half
of chromosome 7 and the entirety of chromosome 9 (Figure 3Bgse regions and the
respective IL lines that carried them were the best candidates to idetrafyseQTL
hotspots controlling carotenoid production, because effects causgdrariation in the

activity/expression of the biosynthetic genes, could be disted.

3.3.3 Genetic regulation of transcriptional responses associated with isoprenoid

biosynthesis in fruit.

The carotenoid biosynthetic pathway produces a wide range of compounds serving diverse
biological functions participating in many physiatay processes, and linked to several
other metabolic pathways by sharing precursors produced via the MEP pathway, such as
tocopherol biosynthesis. Even though the catalytic steps in the pathway have been very
well-characterised in tomato, it would beifticult to develop any understanding of the
underlying regulatory networks if the pathway were analysed in its entirety. The situation
may be complicated even more by the presence of genes encoding isoforms catalysing
specific biosynthetic steps. Thereeamore than 40 genes encoding proteins involved in
carotenoid biosynthesis, including isoforms, in tomato and there is much more redundancy
in these metabolic pathways in tomato than Amabidopsis Two enzymatic steps create
bottlenecks in the carotenoitdiosynthetic pathway. The first radémiting step involves the
condensation of two molecules of GGPP to form phytoene, catalysed by phytoene synthase,
which isregardedas a key control point for the whole pathwakhe second key step is the
branch poir involving the formation of -carotene or -carotene from lycopene catalysed

by lycopené -cyclase and lycopertecyclase respectively. These steps (or these enzymes)
are switched off during ripening of domesticated tomato fruit, resulting in the massive

accumulation of lycopene whiaypifies redfruited tomato species, whereas both enzymes
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are highly active in greefmuited wild relatives, includingS.pennellji which has

undetectable levels of lycopene in its frultherefore, tobetter understandhe

Table 3.1 Genes involved camnoid biosynthetic pathway annotated in Tomato genome

Gene name

Gene ID abbreviated Metabolic Pathway IL Location
Solyc01g06789( DXS1 Isoprenoid biosynthesis| IL1-1
Solyc08g06695{ DXS2 Isoprenoid biosynthesis| IL1}1 IL1E2
Solyc11g01085¢ DXS3 Isoprenoid biosynthesis| IL82-1 | IL82
Solyc03g11434{ DXR Isoprenoid biosynthesis| IL33 IL34.B
Solyc01g10282{ ISPD or CMS Isoprenoid biosynthesis| IL1-3
Solyc01g009014 ISPE or CMK Isoprenoid biosynthesis| 1L1-1
Solyc08g08157{ ISPF or MCS Isgorenoid biosynthesis | IL83
Solyc11g06938{ ISPG or HDS Isoprenoid biosynthesis| IL113
Solyc01g10930{ HDR Isoprenoid biosynthesis| IL1-4
Solyc04g05639{ IPP1 Isoprenoid biosynthesis| IL42 IL43 IL43-2
Solyc05g055764 IPP2 Isoprenoid biosynthesi | IL55
Solyc08g07539( IPI Isoprenoid biosynthesis| IL82-1 | IL82
Solyc11g011244 GGPPS1 Isoprenoid biosynthesis| IL111 IL1E2
Solyc04g07996{ GGPPS2 Isoprenoid biosynthesis| IL43 IL44
Solyc02g08570{ GGPPS3 Isoprenoid biosynthesis| IL25
Sdyc02g08571( GGPPS4 Isoprenoid biosynthesis| IL25
Solyc02g08572{ GGPPS5 Isoprenoid biosynthesis| IL25
Solyc03g03186{ PSY1 Lycopene biosynthesis | IL32.B
Solyc02g08133( PSY2 Lycopene biosynthesis | IL23.B | IL24 IL25
Solyc03g123764 PDS Lycopem biosynthesis | IL35
Solyc12g098714 ZISO Lycopene biosynthesis | IL123 IL124
Solyc01g09781{ ZDS Lycopene biosynthesis | IL1-3
Solyc10g08165{ CrtISO Lycopene biosynthesis | L1062 IL162-2
Solyc05g01018{ CrtISQike Lycopene biosynthesis | gap
Solyc11g01199¢ PTOX Lycopene catabolism | IL122
Solyc06g074244 CYCB Lycopene catabolism | IL63
Solyc04g04019¢ LCYB1 Lycopene catabolism | IL42 IL43 IL43-2
Solyc10g07948{ LCYB2 Lycopene catabolism | IL1G62 IL1G62-2
Solyc12g00898{ LCYE Lycopenecatabolism IL122.A
Solyc04g05119¢ HYDB or CYP97A9 Lycopene catabolism | IL42
Solyc10g08379{ HYDE or CYP97C] Lycopene catabolism | IL102 IL103
Solyc05g01633{ CYP97B2 Lycopene catabolism | IL53
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Solyc02g09089{ ZEP Lycopene catabolism | IL25 IL26
Solyc04g05093( VDE Lycopene catabolism IL42 IL43 IL43-2
Solyc06g036264 CHY1 Lycopene catabolism | IL61
(Continued from last page)

Gene ID Gene name Metabolic Pathway IL Location

abbreviated

Solyc03g007964 CHY?2 Lycopene catabolism IL32.A
Solyc01g08725¢ CCD1A Lycopene catabolism | IL1}1
Solyc01g087264 CCD1B Lycopene catabolism | IL11
Solyc08g06665{ CCD8 Lycopene catabolism | IL82-1 | IL82
Solyc08g06672{ CChlike Lycopene catabolism | IL82-1 |1L.82
Solyc07g05657( NCED Lycopene catabolism IL7%2 IL73
Salve0RnN16724 NICEN?2 |l veaonene catahnliem 11

E

Table 3.1 Genes involved carotenoid biosynthetic pathway annotated in Tomato gen®@e, 41
deoxyxyluloses-phosphate synthase; DXR;d&oxyD-xylulose Sphosphate reductoisomerase
CMS, 4cytidine 5'diphosphoj2-GmethytD synthase; CMK=-(4ytidine 5‘diphospho}2-G

methytD-erythritol kinase; MCS, MEPP synthase; HDS, hydroxymethylbutengliphosphate
[HMBPP] synthase; HDR+vldroxy-3-methylbut-2-en-1-yl diphosphate reductase; IPI, isopenten
diphosphate isomerases; GGPRB8ranylgeranyldiphosphate (GGPP) synthase; PSY, phyto
synthase; PDS, phytoene desaturase; ZD8arotene desaturase;-i50,y-carotene isomerase;
CRTISO, carotenoid isomerase; LYCB, lycopayelase; LYCE, lycopereyclase; HYB, i -

carotene hydroxylases; HYB4-carotene hydroxylases; CY®jtochromeP450 hydroxylases; CH
non-heme hydroxydses; ZEP, zeaxanthin epoxidase; VDE, violaxanthin deepoxidase;

alternative oxidase; NCED, CCD, carotenoid cleavage enzymes.
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transcriptional associationbetween the genes and to identify theis and trans-eQTLs
governing the entire paway or parts of the pathway, the genes encoding enzymes
involved in the carotenoid biosynthetic pathwayere classifiednto three subgroups:
isoprenoid biosynthesis, lycopene biosynthesis and lycopene degradation and analysed

separately.

Three heatmapsvere generated corresponding to subgroups of genes encoding enzymes
of the separate pathways described above, based on the fold change of the transcript
abundance in fruit of each IL compared to transcript levels in fruit of cultivated M82

tomatoes (Figuz 3.4, 3.5 and 3.6).

The rapid accumulation of lycopene in tomato fruit is closely associated with a very active
isoprenoid biosynthetic pathway which supplies building blocks for the synthesis of
lycopene, a linear C40 molecule. The isoprenoid biosyittipathway supplies precursors

not only for lycopendiosynthesisput also for the synthesis of gibberellins, tocopherols,
isoprenes and diterpenes, reflecting its central role in the terperseicondary metabolic
network. This explains some of the rediancy observed in genes encoding enzymes in
isoprenoid biosyntheticpathway. There are threeSIDXSgenes $olyc01g067890
Solyc08g066950S0lyc11g010850 three SlIPIgenes $olyc04g056390Solyc059g055760
Solyc08g075390 and five SIGGPPSgenes (Solyc02g08700 Solyc02g085710
Solyc02g08572050lyc04g079960S0lyc11g011240 annotated in the tomato genome
(Tomato Genome Consortium, 2012owever, it is not diffictilto identify the different
functional genesactive in tomato fruit from expression profiling combined with eQTL
mapping. As discussed before, in this structured introgression line population, differential
Wt 20 f Q SELINSD a @édneisithe 23ult ditheof dolymabipHis@@fwithivithe
gene itself betweers.lycopersicumand S.pennellii(ciseQTL)or because other genes in

the same replacement region influence the transcript levels of the specific gene. Among the
three genes encoding isofornss¥ { £ 5 - { = W BakgD678tlkdNBEed A 2y 2 -
as SIDXSlwas dramatically decreased in{L&and IL12, whichwas not observedor the

other two SIDX$enes (Figure 3.4). The detection of thiseQTL is consistent with studies

that showed ttat expression o8IDXSvas positively correlated with the formation of
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lycopene during fruit ripeningl.ois et al., 200Q0Whereas the transcripts &olyc11g010850
(SIDXS2)were abundant in younkpavestrichomes and petals but not in frufPaetzold et

al., 2010, Tomato eFP Browsdttj://bar.utoronto.ca/efp_tomato/cgibin/efpWeb.cg).
Therefore, the identification athe region overlapping in Il and IL12 as theciseQTL of
SIDXS(based on the transcriptome data generated from fruit) further validated the specific
function of DXS1 during fruit ripening. Similarly-382was identifiedas theciseQTLof
SIIPP1(Solyc04g056390 and the overlapping regionbetween IL43 and L44 was
characterised as theiseQTL ofSIGGPPS&oly04g079960 Unlike SIIPP L the ciseQTL
which was identified in Il-8 and IL44 as having the lowest expression levelStPPIn

fruit, IL55 was characterised as tt@seQTL ofSIIPPASolyc05g05760 with the most
abundant transcript levels. According to the Tomato eFP BrowSkPP1lis mainly
expressed in ripening fruit, whereas the highest expression levallBP2s found in root,
which patrtially explains the differences in expression betvéhe ciseQTLs of these two
isogenes. These data identified DXS1, IPP1 and GGPPS2 as the functional isoforms in fruit,
consistent with the results of earlier studiédment et al., 2006)The lowest transcript
abundance forSIHDR encodinga hydroxymethylbutenyl diphosphate reductase, which
catalyses the lagtep of isoprenoid biosynthesis, coincided with the physical position of the
gene, in IL#4 (approximately 40 cM)HDR contributes to the formation of the isoprenoid
precursor of the carotenoid biosynthesis, geranylgeranyl diphosphate (GGPP), by
condensiig isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP), and has
been proved to play a major role in controlling the production of DXOP/tERed
precursors for plastid isoprenoid biosynthefiBotellaPavia et al., 2004Dverall fivecis

eQTLsvere foundfor genes in the isoprenoid biosynthetic pathw&ygure 3.4).
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3.3.4 Genetic regulation of transcriptional responses associated with lycopene

biosynthesis in fruit.

According to the heatmgpwhich represented the fold changes of the expression level of
the carotenoid biosynthetic genes in énlt. compared to M8gFigure 3.5), threeiseQTLs
could be mappedor the genes of the lycopene biosynthetic pathway. Phytoene synthase
(PSY) has been reported to be #eystep in lycopene biosynthesis, controlling carbon flux
leading to carotenoid pragction (BouTorrent et al.,, 2015)PSY has three isoforms in
tomato. TwaciseQTLs were identified based on the significantly reduced expression of two
paralogsof PSYn fruit. Transcript abundance dbpPSY,located in IL2, was less than 2%

of that in M82 or other ILs mainly because the polymorphisnB2Y in S.pennelliresult

in a nonfunctional PSY proteifiKkachanovsky et al., 2013IPSY,2& second gene encoding

an isoform of PSY, éxpressed in all tissues of tomatbraser et al., 1999)ciseQTLs for
PSY2vere identified in IL3, IL24 and IL5 (Figure 3.5, Table 3.1). NizeQTL for the IL
harbouringSpPSY®as identified in fruit, butSIPSYRBas been reported to be expssed
mainly in roots contributing to ABA and strigolactone production, in response to
environmental stressefd.i et al., 2008a)inally, the overlapping region between [E32nd
IL124 was identifiedas aciseQTL due to theignificantly reduced expressiaf SIZISO
(Table 3.1).

In tomato, the lycopene biosynthetic pathwagy tightly regulatedthrough tissuespecific

and developmentastagespecificexpression oftructuralgenes. The relatively low level of
functional redundancy betweestructural genes and the differential expression of the
genes encoding isoforms (such as tBE’SYshas allowed the characterisation of the
enzymatic steps active in specific tissues based mainly on mutant identification. The roles
of SIPSYand SICRTIS@ lycopene production in fruit were defined by the discovery of
mutants;yellow flesh{locusr) and tangerine(locust) respectivelylsaason, 2002Fray and
Grierson, 1998

76



IL32 was identifiedas a phenotypic QTL related to lycopene accumulation as shown in
Figure 3.2 (D2). ILBpresents a very similar phenotype to that observegatowfleshwith

a very low red colouration in ripe fruit compared to M82 and other kslifThe association
between the larggphenotypic effects and thmassivealterations in gene expression make

it possible to use suctiseQTLs to identify the polymorphismsderlyingthe phenotypic
changes in natural mutantsSuchlargeeffect ciseQTLs ave been identifiedin many
studies, and several of the genes underpinning such QTLs have been cloned, prior the
emergence of global eQTL analySising et al., 2000; Wang et al., 2005; Asins, 2008®)
associabns betweerciseQTLs and phenotypic QTLs suggest that identification of potential
largeeffect ciseQTLs is a good starting point for characterising the genetic basis of
phenotypic QTLs. The genes underpinrirgeQTLSs in fruit comprise the first list gene
candidates for further analysis with respect to understanding the regulation of lycopene

biosynthesis in tomato fruit.

3.3.5 Genetic regulation of transcriptional responses associated with lycopene

catabolism in fruit.

Lycopene accumulation in tmato fruit is the outcomeof both its increased biosynthesis
and reduced degradation. Cyclization of lycopene serves as a branch pointarahenoid
biosynthetic pathwaybut is almost completely switched off in ripe fruit®lycopersicum
while it remains very active iB.pennellifruit. There are two pathways which branch from
lycopene, of which one leads to the production efarotene, xanthophylls and carotenoid
derivatives, and the other is responsible for the productioh-cfrotene and lutai. Unlike
the ciseQTLs identified for the isoprenoid biosynthetic pathway and the lycopene
biosynthetic pathway, wherstructural genes areexpressed asignificantlylower levels
the ciseQTLs containing the lycopene cyclase gemeee characterised byheir much
higher transcript levels compared to M82SICYCB(Solyc06g074240 SILCYB2
(Solyc10g079480and SILCYESolyc12g008980were 19, 384 and 4218 times more highly
expressed in their correspondimiseQTLs, I8, IL162 and IL12 than M82 (Figur8.6).
SICYCBSolyc06g074240was characterised by mappdéesed cloningn tomato colour
mutants,old-gold (og) andBeta(Ronen et al., 2000apimilarly SILCYESolyc12g008980
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was identified by a dominant mutaridelta, in which the expression level 8ILCYas

more than30-fold increased accompanied by elevated levels-ofirotene(Ronen et al.,
1999) Previously, thestudy of the genetic and molecular basis of repressed metabolic
pathways has reliethrgelyon the identifcation of dominant mutants, likBetaand Delta,
containing the mutations in CYCB and LCYE respectieth are less common naturally
than recessive ones. What is more, ¥ésy difficultto identify severatinclusteredsogenes

at the same time, beause the phenotypic effect caused by the weak isoform is very likely
to be masked by that caused by strong on&enomewide eQTL analysisffers an
alternative solution in such situations. The identification 0f31.6.162 and IL12 in one
structured intregressionpopulation byeQTLmapping showed the potential of ILs for
characterising the genetic basis of metabolic pathways, bypassing the requirement for
dominant mutants necessary in previous studi@seQTLs, Il-8 and L1€2, containing two
lycopenei -cyclase genewere identifiedin my study (Figure 3.6), showing the advantage
of the eQTL approach for understanding the individual contributions of genes encoding

different isoforms of enzymes (genetic redundancy) to specific catalytic reactions.

Several otherciseQTLs of lycopene degradatiare highlightedn Figure 3.6. Il-1 and IL1

2 have been identified as containing carotenoid cleavage dioxygenase (CCD) genes arranged
in tandem,SICCD14Solyc01g087250and SICCD1BSolyc01g0872§0(Figure ). It has
beenreported the transcript level ofCCDIis correlatedwith the production of lutein in
strawberry (GarciaLimones et al., 2008)The enzyme activities of these twgenesof
SICCDhave beeranalysed in vitro, and they are involved in the degradation of carotenoids,
with relaxed substrate specificity targeting carotenoids, acyclic carotenes and
apocarotenoidgllg et al., 2014)Interestingly this pair of geneb@wed opposite expression
patterns in the same ILSICCD1#as upregulated in fruin those introgressions where the
transcript level ofSICCD1Ras decreased (Figure 3.6). Weial. havereported that the
highest transcript levels o8ICCD1Avere obseved in vegetative tissuesand SICCD1B
transcripts were most abundant in ripe fruit, but both of the genes are expressed in all
tissues of tomato plan{Wei et al., 2016)The opposite changes of expression within this
pair of homologs mape associatedavith potential tissuespecific functionsasSICCD1B
more active compared t8ICCD1i the fruit of cultivated tomataccording to Tomato eFP

Browser [ittp://bar.utoronto.ca/efp tomato/cgibin/efpWeb.cg). Another reason might
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be because that the activity of CDD1A ®f pennelliis higher than its ortholog in
S.lycopersicunmTheciseQTL for another CCD ge&#CCD4E50lyc08g075490IL82-1/I1L8

2 was identified with less than 20% traript abundance compared to its expression level
in M82 (Figure 3.6). Similar 88ICCDl1Aand SICCD1BSICCD4ASolyc08g075480) and
SICCD4mre in tandem alignment. HoweveBICCD4As exclusively expressed in fully
opened flowers, and its expression wag detectable in fruit. CCD4 has been extensively
studied due to its function in saffron crocetin biosynthesis from the carotenoid zeaxanthin
in the determination of colour of flower@rusciante et al., 2014; Brandi et al., 2011; Rodrigo
et al., 2013) The distinct identification otiseQTL clearly revealed the differential
expression patterns o§ICCD4And SICCD4Bh tomato. | -carotene hydroxylase, HDB,
takes part in the formation of lutein and apocarotenoids, such as zeaxai@hipaz, 2006)
The expression level 6fYDBSolyc04g051198@vas more than 90% reduced in {24IL4

3 and IL 43-2 compared to M82, meaning these three overlapping ILs include stiisng
eQTLs oS8IHYDRBFigure 3.6).

Other ciseQTLs in the lycopene catabolic pathway were identified associated with 9
cisepoxycarotroid dioxygenase (NCED), which are20lL.7-3, as well as with-carotene
hydroxylases 2 (CHY2), which is2Ligure 3.6).

3.3.6 SixranseQTL hotspots for lycopene biosynthegese identified

Many ciseQTLs are easy to identify based on the ptgldiocation ofstructural genes of
carotenoid biosynthesis combined with the changes of gene transcript levels in the
corresponding introgression line. | searchedtfans-eQTL hotspots affecting the transcript
levels of all, or most structural genesgarticular sections of carotenoid metabolism. Such
hotspots are likely to identify specific regulators, controlling the expressiagroup of
genes involved in the same metabolic procésdike theciseQTLs which havargeeffects

on the expressiomf single genedrans-eQTL hotspots affe@ more extensiveange of
genes but generally have smaller effects, with2086 changes in transcript abundance

typically(West et al., 2007)Most genes functioning in the same metabolic pathway show
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Figure 3.7The heatmap of transcript abundance of the genes in lycopene biosynthetic pathway comparé&d tgcopercisunov. M82. The expression values of ger

in M82 was set as TranseQTL hotspots were inditad by arrows. Red arrowsans-eQTL hotspots with activated expression of the genes of lycopene biosynt

blue arrowstrans-eQTL hotspots with reduced expression of the genes of lycopene biosynthesis




lcm

M82 IL2-1 IL2-1-1

Figure 3.8Photographs of fruit of IL2L, compared to M82 and its subline ILP-1, at three days afte
breaker (B+3).Lower red colouration was observed in{L2ompared to IL-A-1 and M82at the samg

developmental stageThe scale bar indicates 1 cm.
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Figure 3.9 During fruit ripening, red colouration in H12developed much more slowly than that in IL
1-1, and fruits were much less coloured at the reipe stage (B+10odr IL21-1). Timecourse

photography of ILZ and IL21-1, at the stages of breaker, B+3, B+7, B+10 and B+15. Upper lanes

fruit; lower lanes, crossections of the same fruiThe scale bars indicate 1 cm.

4.000 %

2.000

1.000

0.500

Normarlized Expression
(log2)

0.250

0.125
IL2-1 IL2-1-1

Figure 3.10 Normalized expression 8PSYin IL21 and IL21-1 at the stage of B+3The expression ¢
SIPSY1was analysed using quantitative PERpression levels shown is relative to that AGCTIN

(Solyc03g078400%tatistical analysis was performed using a-taitedt test. * P<0.05. Erro bars,

s.e.m.; three biological replicates, each with three technical replicates.
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strong transcriptional associations (which forms the theoretical basis for gene discovery
through ceexpression analysis), which allows sets of genes to work in a coordinated way in
response to different regulatory signals, internal or external. Thus, it is possible to identify

the genomic locations of pathwegpecific regulators by global eQTL studies.

A wel-characterised metabolic pathway is essential for successful identification of
regulators based on polymorphisms in transcript levels. As described previously, the entire
carotenoid biosynthetic pathway in tomato fruit can be divided into three partpresmwid
biosynthesis, lycopene biosynthesis and lycopene degradatisnally cisacting eQTLs
have more significanteffects on transcript levels thamans-eQTLs. Introgressions which
showed ceordinated changes in expression of the structural genesahgathway sector,

but which were free from structural genes (as shown in FiguretBe3ILs containing zero
carotenoid biosynthetic gengswere prioritised to provide the first list of candidatées
identificationof trans-eQTL hotspots, eliminatingopsible noise caused by the presence of
cisacting eQTLs. Due to the central role of the isoprenoid biosynthetic pathway and the
complexity of the branches of lycopene catabolism, as well ahitifiegene redundancy
observed in both of thesvo pathwaysno obvioustrans-eQTL hotspotsan which most of

the structural genes along the pathway were-waregulated or cedownregulated,were

identified as potentially regulating either of these two pathways.

Expression of five structural gen&PSY,BIZDSSPDSSIZIS@nd SICRTIS@gether with
SIDXSlencoding the enzyme catalysing the first step of tta@otenoid biosynthetic
pathway, were considered for identification dfans-eQTLs of lycopene production. Six
trans-eQTLs hotspots for lycopene biosyrgigewere identified (Figure 3.7). In {12, IL9
1-3 and IL1€a1-1, the expression levels of more than 80% of target gever® increased
indicating that theremight be negative regulators i8. lycopersicupwhich have been
replaced by the correspondingenome ofS. pennellij leading to the upregulation of the
structural genesl was more interested intranseQTL hotspots which showed down
regulation of the structural genes, where lycopene biosynthesis was deguiatedlikely
due to the presence of amtrogression fromS.pennellii IL21, IL93 and IL121-1 were

identified as having calownregulation of the biosynthetic genes (Figure 3.7), suggesting
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that positive regulatory loci mighie located in the introgressed regionsSnlycopersicum
In paricular, IL21 had also been identified as one of the phenotypic QTLs with significantly
less red colouration during fruit ripening (Figure 3.2, Rlhas been reported that the
content oflycopene in ILA is significantly lower than that in M§Zieman et al., 2006)

Thus, IL2L was selecteds atrans-eQTL hotspotor further investigation.

3.3.7 The reign in IL21 nonoverlapping with IL-2-1 was identifiedas amactivetrans-
eQTL.

Variation in fruit colouwas observedat the whole population level of the introgression
lines (Figure 3.2). At 10 days after breaker;dl(Eigure 3.2 F1) was less cokxithan M82
(Figure 3.2 G6), as well as its control, sublineliLZFigure 3.2 G1Jhe difference in colour
phenotype between IL-2, and IL21-1 and M82 was clearer during the early stages of
ripening (Figure 3.8)Lycopene accumulation in tomato ftus continuous during fruit
ripening, reflected as increasing red colouration, starting at breaKémecourse
photography was undertaken to observe any differences betweedi [&ad 1L21-1. 1L21
showed a much slower red pigmentation compared to1tR (Figure 3.9 and was much

less coloured when the fruit were fully ripe (Breaker + 15 days; B+15).

Transcriptome profiling of lycopene biosynthetic genes showed that the transcript
abundance of all structural genes was decreased iflLJlWghichwas notobservedin its
subline IL21-1 (Figure 3.7), consistent with the differences in lycopene accumulation.
Furthermore, | showed that expression 8iPSYvas significantly reduced in H12three
days after breaker compared to H121 by gRIPCR (Figure 3} The different performance

of IL21 and its adjacent IL enabled a further narrowing down oftth@s-eQTL hotspot
harbouring regulator candidates to the region of-ILthat was noroverlapping with ILZ-

1 (Figure 3.11).
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3.3.8 A gene encoding a badielixloop-helix transcription factor SIHONG
(Solyc02g062690yvas identifiedas a candidate positive regulator of lycopene

biosynthesis in tomato fruit.

EachtranseQTL hotspot contains a relatively small region replaced byStipennellii
genome,which is about 16 cM of the neaverlapping region between IER and IL21-1,
allowing the exploration of potential regulatory candidates at the molecular level. There
are 480 genes located in the region of-ILRonoverlapping with ILA-1, among which, 17
were annotated as transcription factors (Figure 3.11). The best candidate within the interval
was the gene whose expression correlated with multiple structural genes whose transcript
levels were affected in IER (Figure 3.11)Solyc02g062690encodinga basichelixloop-

helix transcription factor, was significantly less expressed aiseQTL, IL-A, with less than

5% transcript abundance of that in M82 fruit. No significant difference in the expression
level of Solyc02g06269®as observedetween IL21-1 and M82 (Figure 3.11). Therefore,
Solyc02g06269@as identifiedasa candidate positiveegulator of lycopene biosynthesis.
Solyc02g06269@vas namedHONG g KA OK YSlIya WNBRQ Ay [ KAy
lycopene, due to its potential role agasitive regulator in the production of this abundant

red compound in tomato fruit.

3.4 Discussion

3.4.1. Genomevide eQTL analysis provides a comprehensive understanding of the

genetic regulation of carotenoid biosynthesis in tomato fruit.

The genetic basisf the regulatory mechanisms underlying carotenoid biosynthesis is likely
a multifaceted process that contains many network connections and regulatory factors. Due
to the complexity of the carotenoid biosynthetic pathway in tomato and the important roles
of the compounds produced, contributing to a wide range of physiological process, it was
very difficult to analyse the entire pathway in a single study, and also unlikely to be

scientifically informative since different parts of the pathway are probablyuled
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independently. Through the genonweide eQTL mapping, 3diseQTLs were identified
covering genes encoding 18 different enzymes, annotated in tomato genome, among which
some have been shown to be active in fruit by the characterisation of mutahike most

of them remain to be characterised further. Apart from complex connections linked to
carotenoid biosynthesis, the redundancy in the genes dimmpenzymes in the pathway
further increases the difficulty in identification of the genes underlyimg ¢orresponding
phenotypes. Expression profiling combined with eQTL mapping greatly facilitated the
identification of functionaparalogsoperating in a tissuspecific manner. For example, the
eQTLmapping revealed thaSIDXSISIIPP1SIGGPRXEIPSYand SICCD4vere the genes
functional in tomato fruit out of the multiple genes encoding different isoforms of these

enzymes.

This analysis was completed in a single study, which would not be possible by mutant
identification. SIPSY1 and SICRTISO werérgtéwo enzymes identified in the lycopene
biosynthetic pathway using natural mutants. The functio®@IS@vas notconfirmed until

2013, because it works together wiBlPD&s a single unit in the lycopene biosynthetic
pathway, catalysing the synthisof dicisY-carotene. The single mutant 81ZIS@oes not

show significant changes in visible phenotypantini et al., 2013)The identification of an

eQrL containing SIZISGsuggested that @ TLmapping has the potential fofunctional
validation of candidate genes, specifically in two extreme situations, when naturally

occurring knockouts are not phenotypically identifiable or are lethal.

Apart from appications in the characterisation of the genetic basis of metabolic pathways,
eQTL analysis offers a powerful method for the elucidation of transcriptional regulation by
identification oftrans-eQTLs. Sixans-eQTL hotspots for lycopene biosynthesis ifitfreere
identified in this study, which defined candidate regions harbouring genes encoding
regulators that affect the expression of all or most of the genes in the lycopene biosynthetic
pathway, in either a positive or negative manner. The identificatbryenes encoding
transcriptional regulators of a specific pathway remains difficult, because any phenotypic
effects caused by variation trans-acting genes may be masked by variatiomigacting

elements of structural genes, observed at the transdeptl. Combining understanding of
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the wellelucidated genes encoding enzymes of the carotenoid biosynthetic pathway, eQTL
analysis offered an alternative experimental approach to identify regulators by focusing on
the expression levels of the structurares of the target pathway to identify transcriptional

master regulatorshroughthe identificaion of trans-acting eQTL hotspots.

3.4.2 eQTL analysis is a sensitive method for the identification of genes encoding

transcriptional regulators through geme-wide analysis

Usually wheneQTLanalysiss conducted in different populations using similar tissues or
treatments, the eQTLs identified remain consistent between populations. However, eQTL
studies performed in the same population but using differéasues or treatments may
yield distinct or complementary results, reflecting the dynamic nature of the transcriptome
and transcriptional regulation in multicellular organisms. For instance, a similar genome
wide eQTL analysis was conducted using the gl RNAeq data of the same
S.lycopersicunx S. pennelliintrogression population, but in leaves, instead of in fruit
(Lockhart, 2013)I applied the same principles to investigate carotenoid biosynthesis in
leaves using this except, due to a lack of expression data for M82, heatmaps were generated
based on the relative gxession of each IL normalised to the average transcript level of the
total 76 lines, which was set as 1 (Figure 3.12, Figure 3.13 and Figure 3.14). Generally,
variations in transcript abundance of the carotenoid biosynthetic genes in leaves between
ILs wa much smaller than in fruit, which might be because carotenoid production in leaves
of the two parental linesvas substantially lower than in fruitAmongstthe ciseQTLs
identified, some of which were consistent with those observed in fruit, tiveeee some
results of theeQTLanalysis in leaves that were complementary to the frigeQTLSs,
especiallywhere there was gene redundancy. For example, there are SN&GPP§enes
annotated in the tomato genome, arf®fiGGPP®as characterised as the functionsbform

in tomato fruit by identification of IL-B/IL44 as aciseQTL. However, based on tb@TL
analysis in leavegiseQTLs folSIGGPRISIGGPP4nd SIGGPP%ere identified, which
reside in IL141/1L11-2, IL25 and also in I1-8 respectively (Figur@12). ILEL and IL2 were
identified asciseQTLs foBICHYh leavesand SICHY fh fruit respectively according to the

comparative analysesonducted(Figure 3.6 and Figure 3.14). It has been shownttieat
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Figure 3.14The heatmap of transcript abundance of the genes in lycopene metabolism in leaves compared to the average value of A8Hinksyas sef
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as 1.Thedata used to generate the hemiap was from Lockhast al, 2013 Theheatmap wasased on the relative expression of each IL normalised tq

average transcript level of the total 76 liness the expression data for M82 was not available.
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tomato wf mutant, which maps to taCHYA Sy S Aa adzZFFAOASYy & (2 &
ElI yiK2LKet f 0A2 dayhofd kel emanfsiniasto thoSel faindiin
wild-type plants(Galpaz, 2006)n keeping with this result, the tomatGHY aranscript is
expressed preferentially in flowers, while tR#HY Xranscript is expressed preferentially in
leaves(Galpaz, 2006)which is consistent with the results of eQTL analysis. These data
AYRAOIFIGS GKFGX AY RATTSNSBoardtend] 5 préfdeshtially ( K S
performed by different isoforms encoded by different genes. The distinct results obtained

from the eQ@'L analysis of different tissues from the sagmopulation,further established

the sensitivity of the eQTL method, which is usefuktadyingtranscriptionalregulation of

tissuespecific pathways, such as lycopene biosynthesis.

3.4.3 eQTL mapping mag more informative than mQTL mapping in identifying the

candidate regions containing the genes responsible for specific expression phenotypes.

Two major carotenoids, lycopene ahetarotene, have been measured across the whole IL
population in three continuous growing seasgR®usseaux et al., 2009)hree IL lines were
reported with undetectabldycopene contents: Il1-3, IL122 and IL123, and it was claimed

that it was because the replaced regions harboured the genes encoding phytoene synthase
1 (PSY1) and lycopesiecyclase (LCYE) fr@penndlii respectivelyRousseaux et al., 2005)
Although IL2 was confirmed as theiseQTL oSIPSY,the expression oBILCY#as more

than 40 times higher in ILX2 (compared to M82), whereas no expressiorsifCY#as
detected in IL12B (Figure 3.6). This suggests that the lack of lycopene ir8lhiist be due

to another gene tharSILCY.ESimilarly, IL& and IL& both have higher -carotene levels

than M82 although only I8 contains theSICYCRIlele fromS.pennelii, which has been
characterised in the previous eQTL mapping (Figure 3.6). This suggests-thatiia, in

fact, involve atranseQTL. These inconsistencies betweenQTL and the genetic
determinants of metabolic control, show the disadvantages of identification of structural
genes for certain metabolic pathways purely on mQTL mapping, an approach which could
well be complemented by eQTL mapping. A combination ofsddfand metabolic profiling
could facilitate characterisation of the key points of metabolic regulation and the

identification of the corresponding regulatory genes.
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Chapter 4

Identification of SIHONG as positive regulator candidate

controllingthe lycopene biosynthetic pathway in tomato fruits
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4.1 Introduction

Carotenoids serve critical roles in plant growth and development, particularly in responses
to environmental stresses. For instance, carotenoids absorb light energy for use in
photosynthesis, and protect chlorophyll from photodamage. In addition, they serve as
precursors for the biosynthesis of the phytohormone abscisic acid (ABA). Many carotenoids
confer colour phenotypes, and serve as pigments in flowers to attract animal pollinators
andin fruit to attract animal dispersors. They may be important in regulating the rate of
post-harvest fruit softening because of their antioxidant capacity. Caroterss@lproduced

in both vegetative and reproductive tissues, such as leaves, stems, loyoeré and fruit.

The enzymatic steps of the carotenoid biosynthesis pathway have Heeaoribed in
Chapter 1 and 3and due to the integral roles of carotenoids in plant growth and
development, carotenoid biosynthesis is regulated by multiple factorsudinmod
environmental factors(Zhang et al., 2014; Quail, 2002; Cocaliadis et al.,, 2014)
phytohormones(Marty et al., 2005; Jones et al., 2002; Barickman et al., 2014; Park et al.,
2009; Zhu et al., 2015and plastid number(Galpaz et al., 2008Among these ethylene

plays a crucial role in the regulation of fruit ripening and carotenoid accumulation in tomato
fruit. Rapid accumulation of lycopene in tomato is triggered by ethylene production during
fruit ripening, andexpression o8IPSYandSIPD$s closely associated with ethylene levels

It has been shown that application of an ethylene precursor, aminocyclopropane carboxylic
acid (ACC), accelerates carotenoid accumulation and, consequently, pigmentation in
tomato fruit (Su et al., 20155everal studies have described the regulation of carotenoid
biosynthesis at the molecular level in plarftdirschberg, 2001; bningham and Gantt,
1998) and some transcription factors have been found that contribute to controlling
carotenoid levels in fruitManning et al., 2006; Lee et al., 2012; Tok&tiz et al., 2010;
Vrebalov et al., 2002However, all of these transcription factors halwead effects on
ripening and none regulate single metabolic pathwagsecifically in fruit. One of the
reasons why mutants of regulatory genes may not have been identified is that these genes
may have pleiotropic effects and therefore pleiotropic phenotypes, making it very difficult
to establish the links between phenotypasd the specific regulator. Since most of the
accumulation of carotenoids in tomato fruit is closely related to the process of fruit ripening,

which, in turn, carbe influencedy a wide range of internal and external factors, dritical
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to investigae the expression of genes encoding carotenoid biosynthetic enzymes during the
different developmental stages of fruit and relate these to the expression of any
transcriptional regulator potentially directly controlling the induction of the carotenoid

biosynthetic pathway.

Transient silencing of genes, particularly in a specific physiological context, can provide
evidence of their molecular functions, although compelling proof of function normally
requires stable, losef-function alleles. Virutnduced Gaee Silencing (VIGS) is an efficient
method for rapid characterisation of gene function in plants, which has been successfully
applied in tomato(Baulcombe, 1999; Orzaez, 200%)e VIGS system has been further
modified to a visual system using highthocyanin tomatoPel Roslpurple tomatqOrzaez

et al., 2009) Silencing of target genas-interest, together withDeland Rosltranscription
factors leading to red sectors, which che distinguished easilfrom the nonsilenced
sectors whib remain purple on the same fruit, allows the quantitative assessment of gene
function based on the colour phenotype of the silenced red seqtOrzaez et al., 2009;
Figure 1.5)

Despite numerous mutant screens searching for transcriptional regulators of carotenoid
biosynthesis in tomato, none have been identified by forward genetic screening although
many mutations in strucral genes encoding biosynthetic enzymes have been identified.
Consequently, construction of a stable, knak line of SIHONGvas considered essential

to establish its role in the regulation of carotenoid biosynthesis in tomato frui.
engineered fornof the clustered, regularly interspaced, short palindromic repeat (CRISPR)
system ofStreptococcus pyogenéss been shown to function in plangslekrasov et al.,
2013; Belhaj et al., 2013; Jinek et al., 2013; Upadhyay et al., 2013; Xie and 0da&¥)g, 2
CRISPR systems provideunique prokaryotic defence against invading DNAs, such as
plasmids and virusegBarrangou et al., 2007)The CRISPRas system has been
demonstrated to wok efficiently for genome editing in bacterial, yeast, and animal systems
(Cong et al., 2013; Gasiunas et al., 2012; Jinek et al., 20d 3)as been applied to different

plants, such aérabidopsis thaliangNicotiana benthamianatomato, rice and wheatliang
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et al., 2013b; Feng et al., 2014; Upadhyay et al., 20TB)s method is weluited for de
novo generation of knoeckut mutations of candidate regulatory genes controlling

carotenoid biosynthesis in tomato.

According to differential results obtained from eQTL analysis of fruit and leaves separately
in Chapter 3, expression of genes encoding enzymes of the carotenoid biosynthetic pathway
appeared to be regulated in a tissggecific pattern. Due to the complexity of carotenoid
biosynthesis and the important roles of the compounds it produces, which are involved in
widely diverse biological processes, the entire pathway waggsabped into three sections.

As there were no cleatrans-eQTL hotspots for isoprenoid biosynthesis or for lycopene
catabolism (as described in Chapter 3), the study of the molecular basis of transcriptional
regulation of carotenoid production in tomato fruit was focused down on lycopene
biosynthesis, fowhich sixtrans-eQTL hotspots were identified, including H4L.2In this
chapter, expression profiles of genes involved lycopene biosyntheses characterisedh
different tissues of tomato plants, as well as in seven fruit developmental stages, through
which thekey stages of transcriptional regulation of the lycopene biosynthetic pathway
were identified Correspondingly, the expression levels of the canditateHranscription

factor found in Chapter 3SIHONGwere analysed. Transient and stable tramsfation
technologies were used to assess the regulatory functiosIBfONGN controlling the

transcription of genes in the lycopene biosynthetic pathway in fruit.

4.2 Materials and Methods

4.2.1 Plasmid construction

A fulHlength cDNA oS5IHONGSo0Yc02g06269P was amplified with Gateway compatible
primers and then recombined into pPDONR2b{nvitrogen) by BP reaction to generate the
entry clone pENTR26BIHONGCDS. The entry clone was recombined with pBipR%S
GW and pBINEFPE8GW using LR clongld (Invitrogen) to make expression vectors,
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355 . 358 tCaMV pES tCaMV
pBIN19-p2x35S::HONG [ PBIN19-pE8::HONG

Figure 4.1 Schematic view of constructs iIHONGverexpression driven byouble CaMV 35S and E
promoters in stable transformationsEach cobur represents differenttranscript elements. Coding
sequence ofSIHONQGred rectangles) wasdriven bya double35S promoter(green arrows) and a E
promoter (yellow arrow) respectivelylwo constructs were used for Agrobacteriumediated stable
transformation of Solanum lycopersicum.Gray ectangle CaMV terminator. Blueectangle NPTII,

transcript unit of kanamycin resistance gene.

2X355 . Cas9 .tNOS

Level 1 Level 1 Level 1
p355-Cas8 pU6-sgRNA pNOS-NPTII
-ﬂ-_— | o K-
Level 2

CRISPR/CAS9-SIHONG

Figure 4.2Schematic view of CRISPR constructs useddeneration ofn { f | Hide® Each colour
represents different transcripélements. Transcript units of sgRNA1, sgRNA2, Cas9 and NPTIIl were
into level 1 vectorec41722elel, ec41744&LE2, ec4176BLE3 and ec4178LE4 respectively, by Goldg
Gate cloning. Cas9was driven by double CaMV 35S promoters and flanked with nuclear localiz
sequencs. sgRNAs amdPTligene were under the control of Arabidopsis U6 promoter, and Nos prom
separately Four level 1 constructs were cloned into a binagyel 2 vector, pAGM4728L2B for
Agrobacteriummediated stabletransformation of Solanum lycopersicunThe level 1 and level 2 vector

were obtained from the TSL SynBio group (http://synbio.tsl.ac.uk/).
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pBIN19p35S:HONGand pBIN1HE8:HONGused for stable overexpression 8fHONGn

tomato (Figure 4.1). 262 bp 8IHONGSo0lyc02g06269D0 O2 RAy 3 &SIl dzSy 0S vy S|
was amplified with Gateway compatiblerimers and then cloned into pDONRZ2B7

(Invitrogen) by using BP clond¥¢Invitrogen) to make the entry clone pENTRBIAONG

f. The entry clone was recombined with pTR¥& and pTRVRel RostGW, by BP reaction

to make expression vectors, which werethused for VIGS experiments conducted in wild

type tomato andDel Roslpurple tomato respectively.

4.2.2 Application of CRISPR/Cas9 mediated genome editing to g&td@M®&nock

out tomato plants.

The vectors and protocol were kindly provided by TSynBio group
(http://synbio.tsl.ac.uk/).

In order to knock out the entire, or most of tt&#HON@ene in tomato, | used two sgRNAs

to achieve a complete knock out deletion, each of which contained 20 bp target sequence.

The following principles were apptl for selecting the target sequences: 1) the target
4SjdzSy0S akK2dzZ R 0SS F2ft2¢6SR o6& |y WYbDDQ t! a
AY pQ bbbbb bbbbb bbbbb bbbbb bDD 0QT HUO GKE
2NJ o Q SSHON@eEhe. Hilit farget sequences were selected according these two

rules.

The chosen target sequencésr the gene of interestvere introduced into the sgRNA

scaffold by PCR. The forward primer harbouring the 20 bp guide sequence was applied to
amplify the specificgRNA, using plasmid Picsl70001 as template, which contained the
a3dwb! aO0FFF2fR® ¢KS T ZANIENNNIRNNNNG NNEING NNNNN Wi 3 0
JGGadar 3r3aodr arr i dlr 30F I 3 Qcasednnylalasl 0 AhO $gRNAKIR & S |j dz

N sequence representsdlle target 20 bp guide sequence. The same reverse primer was
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Infiltrate A.tumefaciens carrying Cas9
and sgRNAS into tomato leaves

<

Extract genomic

DNA
PAM
...NI_\I_I!NNNI\[NNNNNNNNNNNNNNNNGGNEIL\I_N... Target1
PCR amplify Primer F
across the target
site

Primer R

~NNNNNNNNNNNNNNNNNNNNNNNGGNNNN... Target 2

l' PAM
Lane | 1| 2

sgRNA1 - +
sgRNA2 - +
Cas9 i s
WT —>| m—— —
Deleted band —> —

v

Clone the deleted band for further
confirmation by sequencing @

f v hg
I
| [V |
(T LVALEYLY

Sequence

2013.

Figure 4.3 Schematic drawing illustrating the stealy of sSgRNA efficiency check by Agroinfiltratiorhe
Cas9 nuclease and the sgRNAs matching the gene of interest wirfdtcated in different plasmids using
Agrobacterium tumefacienas a vector in tomatdeaves. The genomic DNA is extracted from I
tissues and subject to P@Rplification with primers flanking the deletion region. The deletion bands w

further confirmed by sequencing. The figure was redrawn fidekrasov et al.Nature Biotechnology
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used for amplification of all the sgRNAs as tgtggtéic& FAATGCCAACTTTGTAC. Bsal sites
shown in blue, were used for Golden Gate cloning. The final amplicon was like
tgtggtctcaATTGNNNNNNNNNNNNNNNNNGTTTTAGAGCTAGAAATAGCAAGTTAAAATAA
GGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTCTAGACCCAGCT
TGTACAAAGTTGGCATTACGC. After confirmation by sequencing, each amplicon was
combined with plasmid pICSL90001, which contained a synthesis¢d pwémoter, by

Golden Gate digestielgation reactions to assemble the promoter and sgRNA into a
complete transcription unit. The reaction was then transformed iBtocoliand white

colonies were selected on LB agar plates with carbenicillin #Bdl’és slection, leading to

a Level 1 sgRNA expression cassette -syfNA (Figure 4.5). sgRNA expression itasse

were transformed intoAgrobacteriumtumefaciensstrain AGLLin pairs (to generate a
complete deletion o5IHONGand infiltrated into tomato leave® check their efficiencies.

The sgRNAs pairs which could generate the deletion bands with expected size were selected
as the best candidates for stable transformation. A schematic view of the strategy of sgRNA

efficiency check was illustrated in Figuré.4

Any exact sequence match tioe 3 half of the sgRNA (known as the seed region)

followed by aPAM motif, may potentially be a target for d@Hrget activity. If there are

mismatches irthe 3 half of the guide RNA, or if the PAM is absémén the sequence is

unlikely tobe cleaved. Tomy A YA 4 S G KS -0LI2NEBS DG { IAAEBA @FG V2FF
target sequence was checked against the tomato genome. There were two sgRNAs with no
off-target  possibilites as well as acceptable efficiency, which were
GTGGAGATAAGAAGAAACAGTGG (upstrea of start codon) and
GCGGATTTTGTGTACAGGATAGG (downstream of stop codon).

The two Level 1 sgRNA expression cassettes, the Cas9 cassette and the Kanamycin selection
cassette were recombined in into an empty level 2 vector, pAGM4723, by Golden Gate
digeston-ligation reaction to make the final expression cassette (Figure 4.6). The final level

2 construct was transformed intAgrobacterium tumefacien@train GV3101:pMP90) and

used for stable transformation.
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4.3 Results

4.3.1SIHONG®vas expresseith most d the tissues across tomato plants.

AlthoughHONGwas predicted to plag positiverole in carotenoid accumulation in tomato

fruit, as identifiedoy eQTLmapping and cexpression analysiSIHONGvas notspecifically
expressed in fruit as shown by -BFPOR. Transcripts dIHONGvere detectedin all tested
tissues across the tomato plant (Figure 4.4). Moreover, very high mRNA abundance of
SIHONGwas observedn unopened buds, as well as fully opened flowers (Figure 4.4).
SIHONGwvas also highly expressedvngetative tissues, such as stems and leaves (Figure
4.4), indicating thaSIHONGnight participate in other physiological processes in addition

to be a candidate positive regulator of carotenoid biosynthesis in fruit.

4.3.2 Expression profiles of camnbid biosynthetic genes in tomato plants.

The accumulation of lycopene during fruit development in tomato follows the induction of
expression of genes encoding specific isoforms of enzymes involved in lycopene synthesis.
However, carotenoids accumulatetonly in fruits, but also play other vital roles in plants,
such as transferring electrons to chlorophyll during photosynthesis, protecting chlorophyll
from photodamage, as well as serving as precursors for the biosynthesis of the
phytohormone abscisiccidd (ABA). To capture the expression pattern of the genes
activelyinvolved in carotenoid biosynthesis in fruRTQPCR was conducted &malysethe
mMRNA abundance of these structural genes in tomato plé3IRSY,lencoding phytoene
synthase catalysing ¢éhratellimiting step in lycopene biosynthesis, was almost exclusively
expressed in reproductive tissues, such as flowers andriped fruits (Figure 4.5A).
Transcripts oPSY Ivere hardly detectedn vegetative tissues and immature fruit, whereas
SIPSY,2which encodes the other isoform @IPSYwas highly expressed in most tissues
according to Tomato eFP Browgéttp://bar.utoronto.ca/efp_tomato). SIZISGhowed a

very similar tissuaspecific pattern of expression ®IPSY,land highest expressiomas
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Figure 4.4 Expression GIHONGN different tissues of tomato plants as determined by RJPCR
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detected in ripening fruit (Figure 4.5E). DX8&talyses the first step of the isoprenoid
biosynthetic pathway iplastids providing precursors for lycopene biosynthesis (Figure 1.3)
and its activity is thought to determine carotenoid accumulation in ntespegCarretere
Paulet et al., 2006; BoteHaavia et al., 2004 here are three genes encoding isoforms of
SIDXS found in tomato. According to the Tomef®Browser, the transcripts of onBXS
isoform Solyc11g010850are abundant irflowers, but hardly detected in fruits. Another
DXSisoform Solyc08g066950is expressed across the plant at relatively low levels.
Expression 08IDXS1 (Solyc01g067830¢ most active isoform in fruit, was observed in all
testedtissuesand was much higher mature fruit compared to other tissues (Figure 4.5B).
RTFgPCR results showed th8lPDSSIZD&nd SICRTIS®ere highly expresseit ripe-stage
fruit and flowers, buexpressiorof these three genewas also observeith green tissues at
various levels (Fige 4.5C, D, F). From the differential expression of the genes involved in
lycopene biosynthesis$,observed that all the biosynthetic genegre highly expressein

mature fruit, consistent with the high level of accumulation of lycopene during fruihiige

LCYB operates at a branch point of the carotemaithway,and catalyses the first step of
lycopene catabolism to form other carotenoids, includingarotene andxanthophylls
(Figure 1.3)The highest expression SfLCYB/as inflowers (Figure £G),confirming its

role in the production of i -carotene, the precursor for synthesis of neoxanthin and
violaxanthin, which are the twadominant xanthophylls responsible for the yellow
colouration to tomato flowers. Although the transcript leveRIECY®as slightly increased

in fruit during ripening, its expression at 3 days after breaker was much lower than for other
lycopene biosynthetic genes (Figure 4.5 G). This observation was consistent with the
observation that the expression of genes encodingyemes that convert lycopene to-
carotene and lutein are reduced in their expressiorsirycopersicurand other redfruit
species, but not reduced in greduited species such &. pennelljiwhich was confirmed

by the eQTL analysis shown in Chapter 3 (Figure 3.6).
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Figure 4.5 Expression of genes involved in carotenoid biosynthesis in different tissues of tor
plants measured by R§PCRMG, Mature GreenB, Breaker; B+3, three days post breaker; B
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4.3.3 Expression levels GIHONGwere correlatedwith mRNA abundance of

carotenoid biosynthetic genes during tomato fruit ripening.

Carotenoid biosynthetic genes are expressed tisspecifically in tomato plants (Figure #.5
suggesting thatarotenogemsis in photosynthetic tissues and reproductive tissues is likely
controlled by distinct regulatory mechanisnisven within the same tissue/organ, such as
in fruit, the expression levelsf structural genes variedt different developmental stages.
The masive accumulation of carotenoids, especially lycopene, in tomato fmais
associated with induced expression of the genes encoding enzymes of lycopene
biosynthesis, which was closely aligned to fruit ripenifige RNAeq data used for eQTL
mapping and ceexpression analyses were based on field growyt&ersicunx S.pennellii
populations from two seasons, and the fruits used for the transcript analyses were
harvested when 80 to 100% of M82 tomatoes, (one of the parental lines) were red, which
might leadto differences in the stage of ripening among the ILs at haryésrefore, to
establish the relationship betweeS8IHONGand carotenogenesis in tomato fruit, it was
necessary to capture the full expression profiles of stieictural genes throughout frit
ripening. The peels were removed during the sample preparation, therefore only the
pericarp of the fruit was used for checking the expression levels. Nine stages (Figure 4.6)
were chosen during fruit development to establish the expression profil&@H@NGand
expression of the six moshportant biosynthetic genes along the pathws&BIDXSISIPSY,1
SIPDSSIZDSand SICRTISGamong whichSIPSY,1SIPDSSIZDSand SICRTIS@ere the
structural genes responsible for lycopene biosynthesis in tomato fmuitS#DXS&ncoding

the enzymecatalysng the first step of the isoprenoid biosynthetic pathway in plastids,
providing precursors for lycopene biosynthegiBigure 1.3) Transcript levels were
measured by RHPCR using gerspecific primers (Appendix 3Jranscripts ofSIPSY,1
catalysing the key step of carotenoid biosynthesis in tomato fruit, could not be detected in
the initial phase of fruit ripening , which was consistent with its extremely low abundance
in photosynthetic tissues, but started to increasem the mature green (MG) stage, and

its expression rose dramatically over the next few days, reaching a maximum at three days
after breaker (Figure 4.6BJhis high level of expression lasted for a few days but decreased

later as the fruit ripened (Fige 4.6B).SIZISOwhichis almost exclusivekxpressed in
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Figure 4.6 Expression 8HONG@nd lycopene biosynthetic genes in tomato fruit during ripening
A, Expression @IHONGn tomato fruit during ripening; &5, Expression of lycopene biosynthef
genes in tomato fruit during ripening; Hjnear positive correlation between the expression
SIHONGnNd SIPS¥fter the breaker stage; I, Linear positive correlation between the expressiqg
SIHONG@nNd SIZD%fter the breaker stage. 1G1,daysafter anthesis; IG2, 19 days after anthes
IG3,29 days after anthesis; MG, mature green (39 days after anthesis); B, breaker (42 day
anthesis); B+3, 3 days after breaker; B+5, 5 days after breaker; B+10, 10 days after breake
20 days after breaker; P, pericarfxpression levels shown earelative to that for ACTIN
(Solyc03g078400 error bars, s.e.m.; three biological replicates, each with three techn

replicates.
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flowers and mature fruit, lIkSIPSY(Figure 4.5E), showed a very similar expression pattern
to PSYMuring fruitripening (Figure4.6F). In contrast, low levels of transdsipf SIDXS1
SIPDSSIZD&and SICRTIS®ere detectedat green stages of fruit development (Figure 4.6).

In general, the six structural genes involved in lycopene biosynthesis showed dynamic
changes in their transcript levels during fruit ripening whickyet atvery lowlevels until

the breaker stage, increased to a maximum approximately three days later and then
decreased along with fruit maturation (Figure 4.6 Unlike the carotenoid biosynthetic
genes the expression oSIHONGwas maintained at a tatively high level from the
beginning of fruit development, achieviag initial maximunat the end of the green stage

(42 days after anthesis) (Figure 4.6M)issuggested thaSIHONGnight be involved in the
regulation of other physiological processagomato fruit apart from controlling lycopene
accumulation. During fruit development, the second peaBibfON@xpression appeared
simultaneously with the expression of the lycopesteuctural genes and maintained a
similar pattern afterwardsNotably, in mature fruit (after the breaker stage), the time
course of expression GIHONGwvas positively correlated with those of bo®IPSYand
SlzDgand fitted well to a linear model (Figure 4.6 H and 1). Altogether, these data suggested
that SIHONGnight play a positiverole in the transcriptional regulation of the carotenoid

biosynthetic pathway in tomato fruit, although it is unlikely that this is its exclusive role.

4.3.4 Timecourse of lycopene and total carotenoid levels in tomato fruit.

The use of aCl8 reverse phase column (L&aand highperformance liquid
chromatography allowed the detection and separation of different carotenoids using a
programme from Ultimate 3000 HPLC systems (Thermo Scigntificcluding lycopene.

Only traces of lycopene attl be detectedin fruit at green stagesand levels increased
dramatically as the red colotlreganto develop, from the breaker stage after the ripening
processhad been triggeredby ethylene (Figure 4.7A). Maximum levels of lycopaeee
reachedbetween five days anden days after breaker, which followed the maximum
expression of genes involved in lycopene synthesis at 3 days after breaker, as well as

maximum expression GIHONGFigure 4.6)Taking the expression data (Figure 4.6) into
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Figure 4.7 Accumulation of lycopene and total carotenoids during ripening of tomato fffuésh
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consideraion, the patterns of accumulation of lycopene and total carotenoids (Figure 4.7)

were the result of a very active endogenous isoprenoid biosynthetic pathway coupled with
the induced expression of genes encoding specific isoforms of lycopene biosynthetic
enzymes, which further supported the hypothesis tHAHONGs a candidate positive

regulator of carotenoid biosynthesis in tomato fruit.

4.3.5 VIGSilencing in tomato fruit showed that expression of carotenoid biosynthetic

geneswas positively correlatedith the expression dBIHONG

Virusinduced Gene Silencing (VIGS) has been applied extensively as an efficient method for
characterisationof gene function in plant¢Baulcombe, 1999)This method has been
improved by development of a visual reporter system based on anthocyanin monitoring
utilising Def Ros1lin purple tomatoeqOrzaez et al., 2009Agroinfiltration of the mature
greenDef RosIMoney Maker fruits with a TRV2 vector harbouring fragments otxbkand
Roslgenes results ia blockof anthocyanin production in silenced tissues, leading to red
sectors inffuit (Orzaez et al., 2009t has been demonstrated that silencingie#landRos1

in purple tomatoes does not significantly affect lycopene biosynthesis or the production of
the pahway intermediategFantini et al., 2013 o study the relationship betweeBIHONG

and the structural genes of lycopene biosynthesis at the transcripti@val, IDefRos1
Money Maker tomato fruit at thanature green stagavere agroinjectedwith the TRV1
vector combined with TRVRRor TRVZDRSIHON®@Ilasmids. According to the tireurse
expression data (Figure 4.63)JHONGand carotenoid biosynthetic genegached their
highest expression levels aroutidree days after breakerso fruits showing good VIGS
responses (50% silenced surface on average) were harvested and procesisisdiate

point to capture the most significant effect3he effect of SIHONGsilencing and the
corresponding influence on the expression of structural genes were measureddyCR
SIHONGwas successfully silencead red sectors, with less than 10% expression left
compared to control sectors (Figure 4.8). All the genes of lycopesgnthesis were down
regulated to varying extents together with the silencingS8iONGSIZD&nd SIPSYvere

the two genes which showed thaost significantlown-regulation by silencing SIHONG
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with 24-fold and 17fold lower expression respéeely compared with nossilenced, control
sectors (Figure 4.8). These data confirmed the tooarse expression profiles which
showedlinearassociationdbetweenSIHONGNd SIPSY éxpressionand betweenSIHONG
and SlzD®xpressionrespectively (Figure.8H and I).

My transient analysis of the effects of silencBiglONGluring fruit ripening confirmed it to

be a regulator of lycopene biosynthesisSnlycopersicumAlthough the effect o$ilencing

of Deland Roslin purple tomato has been shown to haw@nimal effects on lycopene
accumulation, concerns about interference of the phenylpropanoid metabolic pathway
impacting lycopene biosynthesis, remained. Therefore, a similar VIGS experiment was
conducted in WT Money Maker tomato fruit without a visualrkea for silenced tissues to
eliminate the possibility of any potential interference. Whole tomataggoinjectedwith
TRV2SIHONGor TRVZEV, were harvested separatelhree days after breaker. The
expression of the carotenoid biosynthetic gemess dranatically decreasedith the down
regulation of SIHONGIn these tomatoes (Figure 4.9), in the same way as in the
Del/Ros1/SIHON®IGS experiment, which confirmed that silencindgstiONGn tomato

fruit lead to areductionin the expression of the biosyrngtic genes required for lycopene
production in tomato fruit. Together, these data suggested strongly 8i6ONGnay be a

transcriptional regulator witha positiverole in lycopene biosynthesis in tomato fruit.

4.3.6SIHONG®nockout lineswere generatedy CRISPR/Cas9 genome editing

Cas9, a sequenepecific nuclease guided by RNA, has been developed to generate
targeted doublestrand breaks in DNA, which are then repaired either by eprone
nonhomologous end joining (NHEJ) or by Hidklity homolayous recombinationThe high
efficiencyof CRISPR/Cas9 system in tomato has alrbady demonstratedBrooks et al.,
2014) and is more efficient and precise than more traditional methods of gene silencing,
such as RNAI. Therefore, CRISPR/Cas9 genome editing was used to GdHEB@&nock

out (NSIHONGlines.
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Primer |

L 1.4 kb ] Primer R

2.4 kb

Primer F

1.0kb

CA3dzNBE nomn { OKSYIFGAO GASH 2 FSIHOMGHes. Wwe tarhed
sequences (Target 1 an@rget 2) adjacent to PAM (NGG) were selected with the intentior
creating large, defined deletions, covering the whole genomic sequenSéH@NGin order to
ensure a loss of function 6fONG Target 1 was in the promoter region, while target 2 wasgac
FNRY G(GKS 0Q ! ¢wd ¢KS &adzO0SaaTdz Ydzil GA 2y
Guide 4B) should result in a deletion about 1.4 kb. Forward and reverse primers, for

binding sites were located outside the deletion region, were desigoestiect deletion mutants.

Yellowboxes, exons; blue boxes, UTRs. Primer F and primer R were used for genotyping.
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The CRISPR/Cas@nstructs designed to targ8IHONG&ontained two single guide RNAs

(sgRNAs) with the intention to create large, defined deletions, covering the whole genomic

region to ensurea lossof function of SIHONGFive pairs of sgRNAs harbouring different
targetsequences adjacent to the PAM motif (NGG) were tested by agroinfiltration in tomato

leaves to check their efficiency. One pair of SgRNAs, Guide 4A and Guide 4B was selected

for detection of deletions in transient assays in tomato leaves and no additictisalvire

detected when compared to the tomato genome sequence, which guaranteehigest

efficiency and lowest risk of eférgets. This pair of SQRNAs was designed to target the
LINEY23GSNI NBIAZ2Y 0O ¢ NBHDNGespectivgRarea a deletiod ¢ I NH S {
of about 1.4 kb encompassing the entB#HON@ene (Figure 4.10).

4.3.7 Tomato lines carrying deletions of 8ielON®cus were identified by PCR and

validated by sequencing.

45 T0 plantsvere generatedand confirmed by PCR that eacdrried an integrated transfer
DNA (TDNA) from the introduced CRISPR/Cas9 construct. To detect sgiRiddl, Cas9
induced deletions o8IHONGN the TO generation, PCR was performed using two primers
flanking the sgRNA targets. The wildtype amplicon weslipted to be 2.4 kb while
amplicons with the expected deletion of 1.4 kb should be 1 kb (Figure 4.10). Five lines with
detected deletionswere identified; #4, #16, #28, #33 and #44 (Figure 4.11). To assess
further the deletions in these five lines, théited bands (indicated by red arrows) were
cloned into DONR vectors by Gatewagloning, followed by sequencing (Figure 4.12). The
sizes of the deletions in TO lines #4, #16, #28, #33 and #44 were 1410 bp, 1404 bp, 1412 bp
and 1411 bp respectivelsIHONGKO lines #4, #16, #28, #44 were edited by sgRNAs near
the designed targeted sites, resulting in deletions of around 1.4 kb, whereas a larger
deletion (156 bp larger) was detected in line #33, which was because the mutagenesis

guided by sgRNAZ2, occurredaaib 200 bp downstream of the target site.

The purpose of using CRISPR/Cas9 genome editing was to produce a completeuknock

mutation of SIHONGIn case some residual activity of the transcription factor might still
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Figure 4.11 Five lines with { f | hidebons (#4, #16, #28, #33 and #44) were identified by P
using forward and reverse primers shown iigkire 410in the TO generationS. lycopersicurioney

Maker plants were transformed using. tumefaciensarrying the construct shown in Figure 4.2,
which two sgRNAs were designed to tar§#{ONGo create al.4kb deletion. Primer F and Primer
in Fgure 4.10 were used for genotyping. The expected PCR products efypéldillele and deletion
allele were 2.4 kb and 1kb separately (Figure 4.D@Jeted bands are indicated by red arrowgT,

Wild Type.
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have an effect andamplicate the interpretation of the function d8IHONGTherefore, it

was essential to analyse the zygosity of the mutants before progressing to functional
characterisation.Three regions were selected to check the presenc&IsfOHGN the
genome of trangenic lines, of which one covered the whole coding sequence (1.2 kb) and
two covered the junctions of exon 1 and exon 2 (414 bp), and of exon 3 and exon 4 (304 bp)
respectively (Figure 4.13 Alhese regions coulde amplifiedonly with the appropriate
primers (Figure 4.13 A) with at leaste copyof SIHONGn the genome. It turned out that
allfiven { £ | hnbshidentified were heterozygous in the TO generation, each retaining one
wild type allele (Figure 4.12 B, C and D).

Many studies have showtihat CRISPR/Cas9 mediated mutagenesis can generate various
heritable mutations in plants. However, basse Cas9 could still be functional asuglease

in progeny plants, the maintenance of the CRISPR/Cas9 insert introduces the risk of off
target events. Therefore, it was necessary to segregate out CRISPR/Cas9 construct to
produce stably heritable mutantd6 lines of the T1 generation @f { f | H28 Were
genotypedto discover a plant which contained the successful deletion aféieout the
presence of Cas9 (Figure 4.14). However, this plant2}28&s heterozygous for the wild

type SIHONGlllele. This linevas usedor all subsequent aalysis.

To further confirm the zygosity of the selected 16 T1 planfs ff | #28, Primers HONG

F and HON@® (Figure 4.13 A) were used for the amplification of the entire genomic region
of SIHONGcoding sequence. According to the previous genotypingeewgents, the
competition between the amplification of WT allele and deleted allele could interfere with
the results if conducted with genomic DNA, so the cDNA of these plants was used for the
analysis. With the primers used, a 918 bp amplicon represetiiag/hole coding sequence

of SIHONGhould result with WT cDNA, while no bands should be amplified by the same
pair of primers with homozygous knookit lines. All the 16 plants gf { t | #28DO1
generation were characterized with 918 bp bands, indicating that those plants contained as
least one copy ofSIHONGANT allele (Figure 4.14 C). No homozygous KO plants were

identified in the initial screen of the T1 generation.
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Figure 4.1Five lines withn { f | lkiddebon alleles (#4, #16, #28, #33 and #44) were identified
PCR as heterozygous in the TO generatidnSchematic view of the primers used for identifying t
zygosity of the fig lines withn { | Heltefivn allelesPrimerpairsHONGF/HONGR, EIF/E2R, and
E3F/E4R were used to amplify the whole genomic regiorSB8iONG1.2 kb, paneB), exon 1/exon2
junction @14 bp, paneC), and exon 3/exon 4 junctioB8d4 bp, paneD). These regions could only bg
amplified with the presence of at least one copySHHONGAII the five lines were detected with the
wild-type alleles of SIHONGby the indicated primer pairs, suggesting that these lines w|
heterozygous. ED, negative controWT, Wild Type.
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Figure 4.14CRISPIRIONG#28 T1 generations were analysed by P@BRCas9specific primers were used t(
detect the presence o€as9n the genomeln 16 CRISPRIONG#28 Tlplants, #282 were identified ashe
absence oCas9B. Among the tested plants, 14 out of 16 plants contained f |1 Hetetidn allelesincluding
#282, by PCR using the primer pair shown in Figure 4.10. C, Zygosity of the 16 plants were an&ljy+etBy
specific primers, HON&/HONGR (Figure 4.13 using cDNA as templates. Wilghe alleles were 918 bp. A

the 16 plants were identified as heterozygod$ese data indicated th&@asthadbeensegregated out in #28

2.M, 2log DNA ladder. N, Nesilencedplant.
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4.3.8 HomozygouSIHONEKO fISIHONE plants were identified by PCR in the T1
generation ofh { f | #4baimd #28 TO plants

With the help of Dr Eugenio Butelli, a new pair of primers was designed (namel &#id
Mio-R) to characterise th&IHONGalleles in theWY dzii | y 14 Q> F2ff 26Ay 3
principle as K& and K&r, but giving relatively longer PCR fragments, ~3.4 kp and ~2.1 kb
for WT allele and deletion alleles respectively, to minimise the competition between the
amplification ofSIHONGVT and deletin alleles during PCR (Figure 4.13 A). Seedlings were
sown on agar without selection and leaf material was harvested from the first true leaves
of progeny of TO plants. Three homozyg@&@IBONGLO NSIHONEplants were identified

in progeny from lingh { f | K4baBd two homozygousSIHONGlants were identified in

the progeny onSIHONG#28 (Figure 4.15 A). Another two pairs of primers were used to
further confirm the homozygosity of these planys {HONG#4 T18 andn { | K4TD

10), KGF and HON®R, and HON& and K&R. Because for each primer pair, one of the
primers, HONER and HON& was designed that lay within the deleted region, no predicted
bands of the size in WT (about 2.2 kb and 1.4 kipeesvely), could be amplified in
homozygousp { t | mmibténts. Thusp { € | Hd TE8 andp { t© | HWdH THLIO were
confirmed as homozygouSIHONGO (SIHONG plants (Figure 4.15 B). The same
genotyping was conducted in othpr{ f | #4babid #28 T1 plants. FdbTinen { £ | #4b D

7 more T1 plants were characterised, andSHONGNSIHONG6 SIHONGNSIHONGNd

2 SIHONG/SIHON&re identified; Among the 11 plants tested amongst the T1 progeny of
the TO linen { f | K28,Ehe numbers of plants harbourimGIHONGNSIHONGSIHONG
NSIHONGNd SIHONG/SIHON4leles were 2, 6 and 3, respectively (Figure 4.15 A and C),
which is summarised in Figure 4.15 D. The segregation ratios of both lines were very close
to a Mendelian segregation ratio of 1:2:1. Therefore, five baygous { f | pldnt® were

identified in total, from two independent deletion events.
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16 17

19 20 21 22 N M

No. Samples Genotype
1 |ASIHONG #28 T1-1 | HONG/hong“
2 |ASIHONG #28 T1-3 HONG/HONG
3 |ASIHONG #28 T1-4 | HONG/hongde!
4 |ASIHONG #4 T1-2 HONG/honge!
5 |ASIHONG #4 T1-6 HONG/hong?e!
6 |JASIHONG #4 T1-8 | hong®!/honge!
7 JASIHONG #4 T1-10 | hong®!/honge!
8 |ASIHONG #28 T1-6 | HONG/HONG
9 |ASIHONG #28 T1-7 | HONG/hongde!
10 [ASIHONG #28 T1-9 | HONG/honge!
11 JASIHONG #28 T1-13| HONG/hong“!
12 [ASIHONG #28 T1-14| hong“!/hongde
13 [ASIHONG #28 T1-15| hong@/hongde
14 |ASIHONG #28 T1-17| HONG/hong“
15 |ASIHONG #28 T1-18| HONG/HONG
16 |ASIHONG #4T1-11 | HONG/hong!
17 |ASIHONG #4 T1-12 | HONG/hong“e!
18 [ASIHONG #4 T1-13 | hong®!/hong?e!
19 [ASIHONG #4 T1-14 | HONG/hong!
20 |ASIHONG #4T1-16 | HONG/HONG
21 |ASIHONG #4T1-19 | HONG/HONG
22 |ASIHONG #4 T1-20 | HONG/hong?e!

Figure 4.15-iveSIHON@KO lines were identified.A and CPrimers MieF/Mio-R (Figure 4.13)vere

used to distinguisiSIHONGNT alleles (3.4 kb) anSIHONGIeletion alleles (2.1 kb); B, Primers K
F/HONGR, and HONG/K®& were used to amplify parts of the genomic regiosb{ONGKGF and KO
R were designed within the deletion regi@Rigure 4.13)D, Information and genotyping result of eaq

sample was summarised in D. M, DNA marker. N, Negative control.

O
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Figure 4.16 Hypocotyl length gfSIHONGines was significantly smaller copared to that of WT.
A, Representative hypocotyl lengths of wild type and heterozyg@IdONdines (#28 and #33)
The hypocotyl was indicated as the part between the red |iBgQualification of hypocotyl length
of the wild type (WT), homozygonSIHDONGlines (#4 and #28). KBond'®/hong'*®; HE,
HONGhong'*. Statistical analysis was perforehesing a twetailed t test. *,p < 0.05 **, p< 0.01;

*** p<0.001Dataisthe averaget s.e.m.of at leastlObiological replicates.
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4.3.9 Homozygoug { f | lethibited significantly reduced hypocotyl elongation

compared to WT seedlings

It was observed that T1 progeny pf{ f | HW2B@&ndn {HONG#33 exhibited shorter
hypocotyls compared to the WT seedlings of the same Bggpife 4.16A). More precise
measurementsvere performed on the same seedlings with confirmed genotypes from the
progeny ofn { f | Whdnd #28, which were used in the idiication of homozygous
n{ t | tinesDThe hypocotyl length of the homozyggqug f | kinesDwas significantly
shorter than WT Money Maker seedlings. (Figure 4.16 B). Reduced hypelootyation
was also observed in heterozygous lines compared to WT ¢=giié B). The alteration in
hypocotyl length caused by the deletion 5fHONGIemonstrated that SIHON@laysa

positive role in hypocotyl elongation.

Due to the difficulties | encountered in identifying homozygquSIHONGlines, the
phenotype of the frit of the heterozygousnSIHONG SIHONGTO plants (#28) were
examined for effects on regulation of lycopene biosynthesis in tomato fruit. In the
meanwhile, genotyping of more T1 progeny jiBIHONG#28 and of progeny of other

n{ f | HinkeOwas undertaken tadentify homozygousanSIHONGomato plants, and
functional characterisation of homozygopSIHONGhSIHONGines will follow. To capture
initially the functions of SIHONG in the transcriptional regulation of lycopene biosynthesis
in tomato fruit, heterozygos TO lingn { t | #2B-Dwas usedor the subsequent analysis.

Functional analysis of the homozygous deletion alleles will be completed in the future.

ndodmn | S SISONBriedsH®veds similar phenotype to 1L @ompared to
WT during fruit ripemig.

It hasbeen showrthat during fruit ripening, introgression line H12turns red more slowly
than M82 (Figure 3.8), a feature thatas closely linkedo the rate of accumulation of
lycopene (Chapter 3). A tirmmurseof fruit ripening compared the clwur phenotypes
08G6SSy G(KS FHHONGWB2BE tHesdzfenicwildtype control (Money
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Figure 4.17Posith @ SIHQNGine #282 showed delayed lycopene accumulation during fru
development, which was similar to the phenotype of 12 This phenotype, which is possib
associated with the slower accumulation of carotenoids, especially lycopene, needs fi
LEARFGAZY Ay f A\SEAGNGdeB2N, B da9 @(afteFozedlerii KS n
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Maker) and IL & (Figure 4.17). Compared to Money Makeldtype fruit, #282 showed
delayed red colouration from the beginning of the breaker stage, wiigh similar to the
phenotype observed in IL-2 The colour differences increased during fruit ripening and
reached a maximum about seven days after breaker (Figure 4.17), consistent with the
observation that peak levels of lycopene accumulation occupetdeen five days and ten
days after breaker (Figure 4.7 A). By the end of the observation period, which was 20 days
after breaker, the differences in red colouration remained. Although the rate of colouration
was distinct between #22 and wildtype, lycopne appeared to accumulate
homogeneously in fruit of both lines, which was different from the patchy pattern of
pigmentation observed in IL-2 (Figure 4.17). Moreover, the colouration in fruit of HL 2

was slower than in #28 (Figure 4.17). These difEnces in phenotype were likely due to

the heterozygosity gfl { f | #28-2 or perhaps due to the activity of other genes replaced

in IL 21 byS.pennellihomologs that contributed to the variation between #28nd IL 2

1. Further validation is needed to establish the accumulation of lycopene in fruit of

homozygoa SIFONGnutants.

4.3.11SIPSYit upregulatedin fruit-specificSIHON@verexpression lines

Two types of transgenic tomatoes with stably overexpresS#dONGwvere generated
following a standard tomato stable transformation protoc8IHONGwvas constutively
overexpresseth the whole plant driven by the double cauliflower mosaic virus (CaMV) 35S
promoter. Forty 35SSIHONGpositive lineswere identifiedin the TO generation (Figure
4.18).The expression levels BfHONG@ young leaves were assesddRTqPCRTen lines

were identified with more than teffiold higher expression SIHON@ompared to wildtype,
especially in #9 and #12, where the mRNA abundance was nearly 60 times higher than in
Money Maker (Figure 4.19). These lime=re selectedor further analysis of théunction of

SIHONGn different tissues (particularly in flowers and vegetative tissues).

Although the CaMV 35S promoter can boost the expression of genes of interest in plants,

this promoter does not confer any developmental stagecificity or tissue specificity to
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Figure 4.18 40 positive lines were identified by PCR in the TO generation ofl368lGtransgenic linesThe
forward and reverse primers used were designed based onstguences of 35S promoter argRiIHONG

separately, and the PCR products were 344 bp or/and 683\b. Wildtype (negative control); P, plasm

pBin192x35SHONEpositive control, Figure 4.1).
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Figure 4.20 Five positive lines (#2, #3, #5, #d &8) were identified by PCR in the TO generatig
of E8:HONGtransgenic linesThe forward and reverse primers used were designed baseq

the sequences of 35S promoter aBtHONGeparately, and the PCR produetere 309 bp WT,

Wildtype (negative contl); M, marker.
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Figure 4.21 The expression level @IPSYlwas significantly increased in ESHONG
overexpression transgenic line #5 (TIhe expression ofias analysed using quantitative PC
Expression levels shown are relative to that A& TINSol/c03g078400)Statistical analysis wa:

performed using a twdailed t test. * p <0.05, ** p < 0.01. Error bars, s.e.m.; three biologid

replicates, each with three technical replicat&s.Breaker. B+N, N days after breaker.
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the expression of the target gene. The expressioBIBFONGuggested that it might play
multiple roles in different plant tissues outside of fruit, which might complicate analysis of
its role in contolling lycopene accumulation in fruit. For example, possible growth defects
at the early stage of development caused by the overexpression of the target gene might
interfere with the characterisation of gene function in later stages of fruit ripening.
Moreover, previous studies in the lab had suggested that genes driven by the 35S promoter
were not highly overexpressed in the pericarp of the fruit, where most of the lycopene
accumulates in tomato. For these reasons, the fapiecific, E8 promoter was alsised to
generate transgenic tomatoes wiBIHON®@verexpressed specifically in tomato fruit from

breaker stage, when lycopene production is initiated.

Five EBSIHON@®@ansgenic lines, #2, #3, #5, #7 and #8, were identified by PCR using forward
and reverse primers binding the E8 promoter ar®iHON&oding sequences respectively
(Figure 4.20). RGPCR was performed to check the mRNA levedstt®N@ the successful,
stable transformants. Compared to wildtype, the expression levBlldONGtayed atvery

high levelsin E8:HONG#5 after the breaker stage and remained higher than that in
wildtype throughout fruit ripening (Figure 4.21 A). The expression leVBIRBYWvas also
significantly increasedh this line (Figure 4.21 B), which further supportiéxe role of
SIHONGs a positive regulator ¢1SY1

4.4 Discussion

Different carotenoids differentially accumulate in different tissuestémato plants;
lycopene mostly accumulates in fruit plastids, and is usually undetectable in leaves where
it servesas an intermediate in the biosynthesis of xanthophylls. Tomato has evolved diverse
carotenoid pathways in different tissues by recruiting different genes encoding isoforms of
biosynthetic enzymes. Tomato has evolved thP&¢genes, while Arabidopsis oritas one

in its genomePSY 1s very highly expressed ripe-stage fruitandits natural mutantyellow
fleshresulted in no accumulation of lycopene in the fruit. The silencing of its paralogous

genes,PSY2and PSY3have much less effect on lycopene acculation (Li et al., 2008b;
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Fantini et al., 2013)Distinct from the carotenoid structural genedHONBis expressed in
both vegetative and reproductive tissues, indicating that in addition to it being a candidate
positive regulator in lycopene biosynthesis during fruit ripening, it might serve different

roles in other physiological processes in otherugss(pleiotropy).

As mentioned in the introduction to this chapter, no transcription factor has been found
which regulatescarotenoid biosynthesis in tomato fruit specifically, and all transcriptional
regulators thathavebeen identifiechavebroadeffeas mainly on fruit ripeningnor, rinetc).

In this chapter, the expression SfHONGvas detected in both vegetative and reproductive
tissues, not just in fruit, suggesting that SIHONG likely contributes to the regulation of other
physiological processelsesides lycopene accumulation in fruit. This may explain why
mutants regulating lycopene production have not been found in tomato, perhaps due to

their pleiotropic effects and their consequent pleiotropic phenotypes.

From the data obtained, SIHONG nothyoserves a positive role in the transcriptional
regulation in lycopene biosynthesis in tomato fruit during ripening, but likely also
contributes to other physiological processes in other tissues, such as hypocotyl elongation,
which is consistent its higbxpression level in green tissues (Figure 4.4) and the shorter
hypocotyl phenotypes ofSIHONGheterozygotes and homozygous lindsased on the
phylogenetic analysis of tomato and Arabidopsis bHLH transcription factors, SIHONG is
closely related, structutly to two Arabidopsis bHLH proteiBRENHANCED EXPRESSION

2 (BEE2, AT4G36540.1) and HBI1 (HBI1, AT2G18300.3), which are involved in
brassinosteroid signalling/alinovsky et al., 2014; Fan et al., 2014; Singh et al., 2@BH3
playimportant roles in a wide range of physiological processes, such as seed development
and germination, cell division and elongation. It has been shown that defects in BRrsignal
result inreductionin seed size in Arabidopgiang et al., 2013d)efects in BR metabolism
often lead to shorter hypocotyl length due to interference in cell elongation. The gene
encoding HBI1, one of the two proteins most simitar SIHONGIn Arabidopsis is
preferentially expressed in hypocotyl and cotyledons, and has been shown to act as a
positive regulator of cell elongation and photomorphogenéBmi et al., 2012)Significantly

reduced hypocotyl length giSIHONGines was observed. This demonstrated further that

140



SIHONG has a positive effect tnypocotyl elongation (Figure 4.16). The abnormal
phenotypes associated with cell elongation, were not only detected in the seedling stage,
but were also observed as the plants reached reproductive phase. The adult plants of
homozygousn { £ | E2A8 D114 ardn { £ | WAB D115 were shorter compared to the
plants harbouring two wildype SIHONGalleles, such asp { f | h#2&® T119
(SIHONGSIHONG (Figure 4.22 Bp { f | BoT8 andp { f | WoHTION { f | Wb D
T1:8 andn { f | HWHTELIO were the first two lines anfirmed to be homozygous for
NSIHONGalleles (Figure 4.15). These two lines were smaller compared to WT and
heterozygous plants under the same growth conditions (Figure 4.22 A). Particularly,
n{ t | HWbTE8 had severe growth defects and could not achiéwi height for the
mature stage (Figure 4.22 A). This observation may partially explain that why no
homozygouqy { f | HlinesDwere identified in the initial screening of the T1 plants from
n{ tf | B2 Origure 4.14), because the leaf samples used for geimgt were harvested
from fruiting plants, when it was likely that the homozygous plantspiike f | #4TR8

were dead already. The phenotypes caused by overexpression or-anbokSIHONGvere

very similar to those resulting from defects in BR sigmalih ArabidopsigBai et al., 2012)

This suggested that the SIHONGynparticipate in responses in BR signalling in tomato,

which will be discussed more extensively in the next chapter.

SIHONG is likely involved in responses to brassinosteroid signalling in tomato because lines
heterozygous or homozygous fgr { f | hallelBs showed similar shorter hypocotyl
phenotypes to those seen in Arabidopsis mutants of BEE2. From the phenotyping of
n{ f | mbtdhts in the T1 generation the contribution of thONGgene to hypocotyl

elongation may be similar to that &EE2n Arabidopss.
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Figure 4.22 Adult plants ofi { f | Hdddd #28 T1 generatiorThe plants shown were on th¢
same bench of those in Figure 4,1%hich were about thregnonth old The ruler shows

centimetres.
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Chapters

Investigation of the regulatory mechanism of SIHONG in

transcription regulation of carotenoid biosynthesis in fruits
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5.1 Introduction

5.1.1 Transcriptional regulation of carotenoid biosynthesis in tomato

Carotenoils serve a wide range of functions in diverse biological processes and, in tomato,
regulatory networks incorporating different kinds of transcription factors maintain the
production and consumption of specific carotenoids in a dynamic balance in respgmnse t
internal and external signal$zor example, lutein and zeaxanthin are two carotenoids
operatingin nortphotochemical quenching and protect chlorophyll from photddation
(Muller, 2001) These compounds are synthesised in substantial amounts in green tissues
such & leaves and are present in green tomato frDitie to the functions of carotenoids as
pigments, and as the precursors of lots of volatile compounds, they serve crucial roles in
the bright colour, aroma and flavours of tomato fruit and flowers, attractiegd dispersers

and pollinators(Ronen et al., 2000a; Vogel et al., 201Bjosynthesis and catabolism of
carotenoids, especially the lycopene biosynthetic pathway, have been studied extensively,
with the identification of isognes responsible for specific reactions, as described in Chapter
3. The composition of carotenoids in tomato fruit changes very substantially during fruit
development, especially as mature green fruit ripen and turn red. The regulatory
mechanisms controtig carotenoid production in green fruit are likely similar to those in
leaves, but the accumulation of lycopene during fruit maturation involves a new set of

transcriptional changes as described in Chapter 3.

Several studies have describélde regulationof carotenoid biosynthesiat the molecular

level in plantfCunningham and Gantt, 1998; Hirschberg, 2001; Liu et al., 28@Apugh

the catalytic steps of the carotenoid biosynthetic pathway have beenataliacterized,

the regulatory mechanisms that control carotenoid accumulation remain poorly
understood. Different types of regulatory mechanismerking at transcriptional and
posttranscriptional levelshave been suggested to be involvedthre accumulation of
specific carotenoisl(Lee et al., 2012; Saur&ueto et al., 2006) In addition to ethylene,
light, the availability of substrates produced through the MEP pathway, some transcription

factorshave been foundo contribute to the control of carotenoid level¢Chung et al., 2010;
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Lee et al., 2012; Manning et al., 2006; Tol€itiz et al., 2010; Vrebalov et al., 2009;
Vrebalov et al., 2002)However, all of these transcripti factors have broad effecisn
ripening and none specifically regulate a single fruit metabolic pathw#yto now, no
transcription factor has been identified directly regulating the struatugenes of

carotenoid biosynthsis

5.1.2 Basic HelxoopHelix (bHLH) transcription factor family in pdant

Basic heli®oop-helix transcription factors are a group of proteins containing a bHLH domain,
responsible for DNA binding and dimerization capabilities, which has been revealed as one
of biggest transcption factor super families in plantgPires and Dolan, 2010pHLH
proteinshave been well characterised in npfant systems, especially in mammals, as very
important regulatory components in transcriptional regulation in a wide range of biological
processeg¢Beck et al., 2014; Massari and Murre, 2000)e TFs in this super family harbour

a typical bHLH domain, composed of about 60 amino acids, including two functionally
important regions: 1) a basic domain, which includeswtd8 hydrophilic and basic amino
acids, responsible for DNA binding , and 2) a HLH structure, which is formed by two
amphipathich -helices separated by an intervening loop of variable length which is required
for dimerization(Murre et al., 1994; Fers6 Q! YI NB Sié Ff ®X mMdbpdpoT bl A
bHLH TFs tymdly function as dimers, forming homodimers or heterodimers with closely
related members in the family, while others have broader dimerization activities

(Littlewood and Evan, 1998).

The first 1618 amino acids corresponding to the basic domain, are fanat in interactions

with the target DNA sequencéBerré5 Q! Y| NB S.(Baskd o the spedifisities of

the sequences of DNA binding motif and their functions, bHLH transcription factors have

been subgrouped into six subfamilies (A to F) in anifdaises, 2004)Most animal bHLH
LINEGSAYya NBEO23IAyAaS YR 0AYORANNT® QO SK$ ¥IR2YgzOft &2
Ebox, and bound ¥ glutamic acid at the position 9 of the bHLH domain, responsible for

the interaction with the CA nucleotides within thebBx (Buck and Atchley, 2003; Ferré
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5Q! YI NB S .&imitafy ininy plentidtHibH domains have a configuration eBldis

Arg (HER) at positions 5, 9 and 13 indicating the binding ability-tm¥es, including the

Y 2 (i ACACQITQ, one of the variations of the-iox, classically knawas the @ox (Buck

and Atchley, 2003; Heim et al., 2008ecognition of this core binding motif is mainly
determined by conserved residues in the basic region of bHLH proteins, while other amino
acids in the domain play a role in binding to a specific typelmixERobinson et al., 2000)

In some cases, binding specificity may be affected by the nucleotidesegs flanking the

core recognition sit§Massari andviurre, 2000; Littlewood and Evan, 1998he" -helix

loops are responsible for the formation of heteror homo-dimerization between bHLH
transcription factors. It has been shown that the structure of a dimer is stabilized by the
hydrophobic amino acglisoleucine (1), leucine (L), and valine (V) in the bHLH domain. The
positions of these residues are highly conserved in animals and g5 Q! Y I NB S
1993; Atchley et al., 1999; Pires and Dolan, 20T@¢ combination of-Box recognition

and dimeization of bHLH proteins generates a wide range of functions in the transcriptional
regulation of various physiological procesg¢Eairman et al., 1993Apart from working as

an activator of a transcriptional programme, r®NA binding HLH proteins may be
functional as negative regulators by forming heterodrs with other bHLH proteins
(Littlewood and Evan, 1998).

High sequence similarity of bHLH proteins between plants and animals, especially of the
DNAbinding basic domain and in the hydrophobic amino acids of the helical domains,
suggests the conservati of the functions of members of this super transcription factor
family between plants and animals. Several phylogenetic analyses have been undertaken in
different plant species, revealing that most major groups of land plants have large numbers
of bHLH tanscription factors, particularly #srabidopsis thalianandOryza satig, with 166

and 173 bHLH transcription factors respectivéailey et al., 2003; Heim et al., 2003;
ToledoOrtiz, 2003; Li et al., 2006; Pires and Dolan, 2016 bHLH transcriptiomdtors
identified in Arabidopsis, rice and Chinese cabbage genomes have been classified further in
to 21, 22 and 24 subfamilies respectiv@teim et al., 2003; Li et al., 2006; Songlet2014)

only a few of which have been characterised functionally.
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5.2 Materials and methods

5.2.1 Plant material and plasmids

The wild species were collected from TGRC (Tomato Genetics Resource Centre), facluding
corneliomulleri (LA0107), S. cimielewskii (LA1028), S. peruvianum (LA1278), S.
pimpinellifolium (LA1578),S. harbrochaites(L1778),S. chilensgLA1969),S. neorickii
(LA2133) an. arcanunfLA2172).

Golden Braid cloning and the plasmids used in the transactivation assay were kindly
provided by Dr Diego OrzagRarrionPerdigones et al., 2011, 2013)

5.2.2 Transactivation assay

In eukaryotic cells, transcriptional regulation of gene expression often achieved by the
binding of regulatory proteins to the specific DNA matiacting element) usually in the
promoter of the target gene. The promoter of a gene is defined asit@cting DNA region,
containing the TATAox motif required for the recruitment of the basal transcriptional
machinery, and lies upstream of the codirggjaences of the target gene, and defines the
transcription start site (TSS). Normally, the entire promoter region is divided into three sub
regions: the core promoter (~8000 bp around the TSS), the proximal promoter (~2600

bp upstream of the core praoter) and the distal promoter which is further upstream.
However, thecisacting element is not always found in the defined promoter region, and
can be located far more downstream or even within the gene. To test the interaction
between the HONG transctipn factor and the promoters of its potential target genes, |
undertook transactivation assays using theatLuciferase® ReportéDLR") Assay System

Kit from Promega. In this duredporter system, the actificties of two luciferases are
measured sequetally from the same sample. In the DMRissay, the firefly Rhotinus
pyrali§ luciferase was used as the reporter reflecting the binding activity between

transcription factor and the promoter of target gene, and the luminescent signal generated
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by Renila (Renillareniformisor sea pansy) luciferasgas used as a standard after the

activity of firefly luciferase had been quenched.

Plasmid constructionThe defined promoters of genes to be tested, coding sequences of
transcription factor candidatesSSHONGSpHONG@nNd SIRIN, as well as negative control
(GFP) were amplified by PCR and cloned into the pDONR207 vector to generate entry
vectors. Gateway' cassettes were domesticated into the domestication vector (pUPD)
following Golden Braid cloningrotocol (SarrionPerdigones et al., 2011Thepromoters,
transcription factor cadidates and GFP were introduced into the Golden Braid system by
LR reactions. Transcription factor candidates as well as the CaMV 35S promoter were
assembled in the destination vector pDGB2_to from a complete transcription unit.
Similarly,the promoter of interest with the reporter luciferasdirefly luciferaseand the

TNos terminator were assembled in pDfEB. The resulting uni were then combined in

LJ5 D ., msava 35S:TF:TNpeomoter:firefly_luciferase:TNos construct. More information
about the vector sequences can be found in Golden Braid Database

(https://gbcloning.upv.es).

N. benthamianaagroinfiltration Plasmids constructed, as well as the jassenbled unit
35S:Renilla:TNe35S:[9: TNos, were transformed into A. tumefaciens strain
GV3101pMP90by electroporation Overnightgrown bacterial cultures were pelleted and
resuspended in agroinfiltration medium (10 mm MES, pH 5.6, 10 mm M@l 200 um
acetosyringone) to an optical dahsat 600 nm of 0.5. Infiltrations were carried out using
a needlefree syringe in leavesf about 3weekold N. benthamianaplants (growing
conditions: 24°C day/20°C night an16h-light/8-h-dark cycle). éaves were harvested

days post infiltration.

Transactivation asaysTo measure the activity ofirefly/ Renillaluciferase reporters
(Grentzmann et al., 1998), three or foNt benthamiandeaves were agroinfiltrateavith
the AGL1stains containing the test constructs following the agroinfiltratioh N.

benthamiandeaves as described abadseaves were harvestédree days aftemfiltration.
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Firefly luciferase and Renilla luciferase wassayed in théeaf extracts following th®LRM
Assay SystelfiPromega) standard protocol and were quantiftgda GloMax 96 Microplate

Luminometer (Promega).

5.2.3 Construabn of the phylogenetic trees foiHLH proteins

The phylogenetic analysis of bHLH proteins was conducted with considerable help from Dr
Paul BaileyHMMSEARCH from the HMMER3 software siyiggsion 3.1b2Eddy, 201}

was used to search for &IHLH transcription fdors from the proteomes of eight species:

A. thaliana(Cheng et al., 2017D. sativa(Kawahara et al., 20133. lycopersicurfTomato
Genome Consortium, 20123. pennelli{Bolger et al., 2014¥%. pimpinellifolium{Tomato
Genome Consortium, 201,3. tuberosunfSharma et al., 2013¢. annuunCM-334(Kim et

al., 2014undM. polymorphaBowman et al., 2017A hideéen Markov model (HMM) of the

bHLH domain was built from a wide range of known Arabidopsis and rice bHLH sequences
and used for the search. The sequences identified were aligned to the HMM using HMMER3
HMMALIGN. The resulting alignment of the bHLH domam aeaverted to FASTA format
FYyR 3L L) O2fdzvya y2a LINI 2F GKS 1 aa @6SNB
across the alignment were removed from the dataset and the longest sequence for each
gene out of the available set of splice versions was used lfgtogenetic analysis.
Phylogenetic analysis was carried out using the MPI version of RAXML (88aMatakis,

2014) with the following method parameters setf a, -x 12345,-p 12345,-# 100,-m
PROTCATJTT. The tree was+miiht rooted and visualized using the Interactive Tree of Life
(iToL) toolLetunic and Bork, 2016)

5.2.4 Yeast transformation

The yeast transformation protocol was modified fr@retz and Woods, 2002 fresh yeast
colony from the plate was incubated in 5 mL of YPD medanight at30 °C shaking at
220rpm.A sample of overnight culture, with @pof 0.5, was inoculated into 25 m™PD
medium and grown at 200 rpm, 3C for about 4 hours until the Qfareached 1. The liquid
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culture was then transferred to a sterile 50 mL falcon tubes, yeast cells were harvested by
centrifuging at 1750 g (high speed in clinical centrifuge) for 2 frtie. supernatant was
carefullyremoved,and the pellet was resuspended in 1 mL of sterile npae HO. The

wash step was repeated carefully. The pellet was resuspended in 1 mL of 100 Mm lithium
acetate (LiAc) and incubated at 30 for 5 min. The cellsere gently resuspended and 100

>[ ¢la OGN YyAFTSNNBR Ayid2 | wmodp Y[ &a0GSNRES 9L
CKS F2tft2¢Ay3q az2fdziAzya oSNB I RRSR aSljdzsSyda
[A!OZ p >[ 2F LINBLINBR alfy2y &aLISNMd®Bb! owmn
>[ 27F & tpSrelAHOSThe/rhixtule was vortexed for at least 1 min followed by
incubation at 42°C for 15 min. The cells were centrifuged at top speed for 10 seconds and

the supernatant was removed using a pipet. The pellet was gently resdsgen 200 uL of

sterile nanepure dHO by pipetting. 100 uL of the cell suspension was plated ontd 8B/

Trp plate to select the colonies with successful transformation of plasmids and onto SD/
LeuTrp-HisAde plate to check the proteiprotein interadions. The plates were incubated

at 30 °C.

5.2.5 Yeast twiaybrid assays

The MATCHMAKER GAL4 ‘Hybrid System (Clontech) was applied. Yeast strain AH109
was cetransformed with pGADTFECD2 and pGBKT7 fused to the transcription factor
candidate to be teed using the yeast transformation protocol described above. The
transformants were spotted on SD medium lacking Trp/Leu or SD medium lacking
Trp/Leu/His/Ade and examined for growth. Each tested transcription factor candidate was
cotransformed with an emfy vector (pGADTFECD2 or pGBKT7) to check the
autoactivation. Interaction activities were scored visually based on the growth of the

colonies.
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5.3 Results

5.3.1 SIHONGegulates the expression of carotenoid biosynthetic genes through

bindingdirectlyto their promoters

Nearly all the genesncoding enzymes in the lycoper®osynthetic pathway were
significantly dowrregulated whenSIHONGvas silencedising VIGS (Figure 4.8¥pecially
SIPSY,lencoding the reportedly ratémiting step of the pathwaywhich was 17 times less
highly expressed compared to contreinsilenced tomato fruit tissue (Figure 4.8}able
overexpression oSIHONGiInder the control of the fruispecific, E8 promoter resulted in
increased transcript levels &PSY,lthe gene enoding the ratdimiting step in lycopene
biosynthesigduring fruit ripening (Figure 4.21). The association between the expression of
SIHONG@nNd the structural genes indicated th&tHONGnight act as a positive regulator of
lycopene biosynthesiddowever,up to this point | hadno evidence shoimg whether
SIHONGuctivates the expression of the structural genes through direct binding or whether
it contributes to the transcriptional regulation of the lycopene biosynthetic pathway

indirectly, through other rgulators.

SIHONGs a basic heldoop-helix (bHLH) transcription factor belongingasuperfamily of
bHLH transcription factors that bind to specific DNA mdifdensive phylogenetic analyses
of bHLH transcription factors has been undertaken in #@tsis and rice, based on plant
bHLH proteins which can be classified inte2BsubgroupgHeim et al., 2003; Li et al., 2006;
ToledoOrtiz, 2003; Buck and Atchley, 2008)at paricipate in a wide range of biological
processesin a previous genomwide study in tomato, 15utative bHLH transcription
factors were identified through a Hidden Markov Model, of which 20 were grouped into
subfamily XIl based on the sequence ekEhNninal region of the bHLH domafi/ang et al.,
2015) An alignment based on the protein sequences of these 20 type Xll bHLH transcription
factors, revealed that there wagery lowlevel of similarity outside the bHLH dom#ilvang

et al., 2015) SIHON@roups as one member of bHL$tibfamily Xllhavinga 48-amino acid
bHLH domairfWang et al., 2015)n which thebasicdomain is believed to be responsible
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Figure 5.1Representative information for SIHONG and t&PSY promoter. A, protein squence of
SIHONG, in which the bHLH domain is indicated by a red arrow. B, distributidrogé£& (including
the Gbox) within the promoter region dBIPSY.ITSS, transcription start sitejlgx, CANNTG;-kox,

CAGCTG.
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