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Abstract:

Vitamin A deficiency (VAD) is a serious problem in developing countries, affecting

approximately 127 million children of preschool age and 7.2 million pregnant women each
year. However, this deficiency is readily treated and prevented through adequate nutrition.
This can potentially be achieved through genetically engineered biofortification of staple
food crops to enhance provitamin A (pVA) carotenoid content. Bananas are the fourth most
important food crop with an annual production of 100 million tonnes and are widely
consumed in areas affected by VAD. However, the fruit pVA content of most widely
consumed banana cultivars is low (~ 0.2 to 0.5 pg/g dry weight). This includes cultivars such
as the East African highland banana (EAHB), the staple crop in countries such as Uganda,
where annual banana consumption is approximately 250 kg per person. This fact, in addition
to the agronomic properties of staple banana cultivars such as vegetative reproduction and
continuous cropping, make bananas an ideal target for pVA enhancement through genetic

engineering.

Interestingly, there are banana varieties known with high fruit pVA content (up to 27.8 ug/g
dry weight), although they are not widely consumed due to factors such as cultural
preference and availability. The genes involved in carotenoid accumulation during banana
fruit ripening have not been well studied and an understanding of the molecular basis for the
differential capacity of bananas to accumulate carotenoids may impact on the effective
production of genetically engineered high pVA bananas. The production of phytoene by the
enzyme phytoene synthase (PSY) has been shown to be an important rate limiting
determinant of pVA accumulation in crop systems such as maize and rice. Manipulation of
this gene in rice has been used successfully to produce Golden Rice, which exhibits higher
seed endosperm pVA levels than wild type plants. Therefore, it was hypothesised that
differences between high and low pVA accumulating bananas could be due either to
differences in PSY enzyme activity or factors regulating the expression of the psy gene.
Therefore, the aim of this thesis was to investigate the role of PSY in accumulation of pVA
in banana fruit of representative high (Asupina) and low (Cavendish) pVVA banana cultivars
by comparing the nucleic acid and encoded amino acid sequences of the banana psy genes, in
vivo enzyme activity of PSY in rice callus and expression of PSY through analysis of

promoter activity and mRNA levels.

Initially, partial sequences of the psy coding region from five banana cultivars were obtained

using reverse transcriptase (RT)-PCR with degenerate primers designed to conserved amino



acids in the coding region of available psy sequences from other plants. Based on
phylogenetic analysis and comparison to maize psy sequences, it was found that in banana,
psy occurs as a gene family of at least three members (psyl, psy2a and psy2b). Subsequent
analysis of the complete coding regions of these genes from Asupina and Cavendish
suggested that they were all capable of producing functional proteins due to high
conservation in the catalytic domain. However, inability to obtain the complete mRNA
sequences of Cavendish psy2a, and isolation of two non-functional Cavendish psy2a coding
region variants, suggested that psy2a expression may be impaired in Cavendish. Sequence
analysis indicated that these Cavendish psy2a coding region variants may have resulted from
alternate splicing. Evidence of alternate splicing was also observed in one Asupina psyl
coding region variant, which was predicted to produce a functional PSY1 isoform. The
complete mRNA sequence of the psy2b coding regions could not be isolated from either

cultivar.

Interestingly, psyl was cloned predominantly from leaf while psy2 was obtained
preferentially from fruit, suggesting some level of tissue-specific expression. The Asupina
and Cavendish psyl and psy2a coding regions were subsequently expressed in rice callus and
the activity of the enzymes compared in vivo through visual observation and quantitative
measurement of carotenoid accumulation. The maize B73 psyl coding region was included
as a positive control. After several weeks on selection, regenerating calli showed a range of
colours from white to dark orange representing various levels of carotenoid accumulation.
These results confirmed that the banana psy coding regions were all capable of producing
functional enzymes. No statistically significant differences in levels of activity were
observed between banana PSYs, suggesting that differences in PSY activity were not

responsible for differences in the fruit pVA content of Asupina and Cavendish.

The psyl and psy2a promoter sequences were isolated from Asupina and Cavendish gDNA
using a PCR-based genome walking strategy. Interestingly, three Cavendish psy2a promoter
clones of different sizes, representing possible allelic variants, were identified while only
single promoter sequences were obtained for the other Asupina and Cavendish psy genes.
Bioinformatic analysis of these sequences identified motifs that were previously
characterised in the Arabidopsis psy promoter. Notably, an ATCTA motif associated with
basal expression in Arabidopsis was identified in all promoters with the exception of two of
the Cavendish psy2a promoter clones (Cpsy2apr2 and Cpsy2apr3). G1 and G2 motifs, linked
to light-regulated responses in Arabidopsis, appeared to be differentially distributed between
psyl and psy2a promoters. In the untranscribed regulatory regions, the G1 motifs were found

only in psyl promoters, while the G2 motifs were found only in psy2a. Interestingly, both



ATCTA and G2 motifs were identified in the 5° UTRs of Asupina and Cavendish psyl.
Consistent with other monocot promoters, introns were present in the Asupina and
Cavendish psyl 5° UTRs, while none were observed in the psy2a 5 UTRs. Promoters were
cloned into expression constructs, driving the B-glucuronidase (GUS) reporter gene.
Transient expression of the Asupina and Cavendish psyl and psy2a promoters in both
Cavendish embryogenic cells and Cavendish fruit demonstrated that all promoters were
active, except Cpsy2apr2 and Cpsy2apr3. The functional Cavendish psy2a promoter
(Cpsy2aprl) appeared to have activity similar to the Asupina psy2a promoter. The activities
of the Asupina and Cavendish psyl promoters were similar to each other, and comparable to

those of the functional psy2a promoters.

Semi-quantitative PCR analysis of Asupina and Cavendish psyl and psy2a transcripts
showed that psy2a levels were high in green fruit and decreased during ripening, reinforcing
the hypothesis that fruit pVA levels were largely dependent on levels of psy2a expression.
Additionally, semi-quantitative PCR using intron-spanning primers indicated that high levels
of unprocessed psy2a and psy2b mRNA were present in the ripe fruit of Cavendish but not in
Asupina. This raised the possibility that differences in intron processing may influence pVA

accumulation in Asupina and Cavendish.

In this study the role of PSY in banana pVA accumulation was analysed at a number of
different levels. Both mRNA accumulation and promoter activity of psy genes studied were
very similar between Asupina and Cavendish. However, in several experiments there was
evidence of cryptic or alternate splicing that differed in Cavendish compared to Asupina,
although these differences were not conclusively linked to the differences in fruit pVA
accumulation between Asupina and Cavendish. Therefore, other carotenoid biosynthetic
genes or regulatory mechanisms may be involved in determining pVA levels in these
cultivars. This study has contributed to an increased understanding of the role of PSY in the
production of pVA carotenoids in banana fruit, corroborating the importance of this enzyme
in regulating carotenoid production. Ultimately, this work may serve to inform future
research into pVA accumulation in important crop varieties such as the EAHB and the

discovery of avenues to improve such crops through genetic modification.
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Chapter 1: Introduction

1.1 General introduction
The term vitamin A (VA) describes any natural or synthetic compound able to perform the

functions attributed to this vitamin, and includes the retinoids (retinol and its derivatives) and
the provitamin A (pVA) carotenoids (Bender, 2003). Retinoids are obtained from animal
sources including animal liver and dairy products (NIH, 2006; Palace et al., 1999). However,
the pVA carotenoids a-carotene, -carotene and B-cryptoxanthin are obtained from certain
fruits and vegetables (Amaya, 2001; NIH, 2006; Palace et al., 1999), absorbed by the
digestive system and converted into retinol (von Lintig et al., 2005). Selected examples of
recommended animal (retinol) and plant (B-carotene) sources of VA are shown in Table 1.1.
VA is important due to its diverse biological functions. It is involved in vision through the
signalling action of rhodopsin, a covalent complex of 11-cis-retinal with an apoprotein called
opsin (Okada et al., 2001), and is important in embryonic development (Chen et al., 1995)
and the function of organs including bone (Harada et al., 1995), lungs (Malpel et al., 2000),
skin (Roos et al., 1998) and the immune system (Chew, 1993). pVA carotenoids also play a
critical role as antioxidants in the direct control of oxidative stress, caused by reactive

oxygen species (Chew and Park, 2004; Halliwell, 1997).

Table 1.1: Examples of animal VA and plant pVA sources. The content of retinol or B-carotene is
expressed as a proportion of the weight of the raw/fresh food source using data obtained from the
USDA National Nutrient Database for Standard Reference (USDA, 2008).

Food Source VA compound | Amount (pg/g)
Chicken liver retinol 33
Whole eggs retinol 1
Carrots [-carotene 83
Spinach f-carotene 56
Apricots [3-carotene 11

The human body is incapable of de novo VA synthesis, therefore it must be obtained
exclusively from the diet and metabolised into its bioactive and storable forms (von Lintig et
al., 2005). Vitamin A deficiency (VAD) is caused by inadequate dietary intake of VA
compounds due to malnutrition or diseases that affect intestinal absorption such as diarrhoea
(NIH, 2006). As a result, treatment and prevention of VAD is only possible through adequate
dietary intake of VA or pVA compounds through supplementation, food fortification or
dietary intervention (Filteau and Tomkins, 1999). Supplementation normally involves the

intake of retinol or B-carotene in pharmacological formulations, such as cod liver oil, palm



oil or tablets (Solomons and Orozco, 2003; West, 2000). Food fortification is achieved using
purified VA compounds to boost the nutritional value of commercially available foods such
as margarine and breakfast cereals during manufacturing (West, 2000). Dietary intervention
involves the integration of naturally rich VA sources into the diet of the population (West,
2000). Interestingly, the use of crops with pVA content enhanced through genetic
engineering may provide a means by which dietary intervention may be achieved (West et
al., 2002).

VAD is a serious problem in developing countries where it affects up to 127 million children
of preschool age and 7.2 million pregnant women each year (West, 2002). Clinical VAD is
associated with various developmental, organ and immune dysfunctions with the first sign
being xerophthalmia or night blindness, which untreated leads to permanent blindness
(Sommer and West, 1996). The prevalence of VAD is widespread across Africa, where it is
estimated to affect 33 million preschool age children (SanJoaquin and Molyneux, 2009).
Studies showed that this disorder accounted for approximately 35% of overall mortality in
Mozambican children below 5 years old (Aguayo et al., 2005), while the rate of VAD in
Tanzanian children (aged 7 to 14) was approximately 31.9% and significantly linked with
anaemia (Tatala et al., 2008). Additionally, analysis of VA levels of HIV infected patients in
Uganda found that 33% suffered from VAD and were at increased risk of mortality
compared to those not exhibiting VAD (Langi et al., 2003). Bananas have potential in the
treatment of VAD due to their wide production and consumption in developing countries
(Ammar-Khodja, 2000), particularly Eastern Africa (Uganda, Burundi and Rwanda), where
VAD is a significant problem. Banana is grown in over 120 countries and consumed by 400
million people, making it the fourth most nutritionally important staple food crop after rice,
wheat and maize. In banana growing regions, 90% of the harvested crop is consumed by the
local population and in East Africa, as much as 250 kg per person of the East African
Highland Banana (EAHB) is consumed annually (Ammar-Khodja, 2000). Although high
pVA bananas exist (Englberger, 2003), they are not widely consumed in most countries, and
staple banana cultivars such as the EAHB are relatively low in pVA. One approach currently
being investigated is to increase the pVVA content in banana through genetic manipulation of
the carotenoid biosynthetic pathway, specifically through increased expression of the
enzyme phytoene synthase (PSY), as has previously been demonstrated in rice (Paine et al.,
2005). However, to date, the carotenoid biosynthetic pathway and the gene(s) encoding PSY
have not been characterised in banana. Additionally, there is no understanding of the
mechanisms responsible for the high pVA accumulation in some banana cultivars or if PSY
plays a role in this, factors that could impact significantly on the enhancement of pVA in

banana.



1.2 Banana

1.2.1 Taxonomy and genetics

There are over 1000 varieties of banana which are subdivided into 50 groups (Ammar-
Khodja, 2000). Taxonomically, wild banana species are classified into one of five groups
within the genus Musa, being: eumusa, rhodochlamys, callimusa, australimusa and incertae
sedis. Of these, eumusa, australimusa and their hybrids constitute the predominant
proportion of cultivated varieties (Daniells et al., 2001). The diploid number of banana
genomes ranges between 2n = 20 and 2n = 22 and these can be segregated into four genomes
acuminata (A), balbisiana (B), schizocarpa (S) and textiles (T) (Daniells et al., 2001; Pillay
et al., 2004). The T genome is characteristic of Australimusa, which includes Musa textilis
and the Fe’i bananas, found in Papua New Guinea and Polynesia, which are poorly
characterised and whose genotype is typically represented simply as Fe’i. Banana genomes
may contain multiple types and their ploidy varies between diploid and tetraploid. Triploid
bananas include the popular commercial varieties Cavendish (AAA) and Ladyfinger (AAB)
as well as important staples such as the EAHB (AAA,; Daniells et al., 2001; Pillay et al.,
2004). There have been a number of studies focussed on characterising the structure and
organisation of the banana genome (Gowen, 1995), including distribution of repetitive DNA
sequences (Valérik et al., 2002), determination of nucleotide content and gene density (Aert
et al., 2004; Kamate et al., 2001), and the relationship between genome size and ribosomal
DNA distribution (Bartos et al., 2005). Many banana genes with different roles have been
characterised and include ripening-related enzymes such as polyphenol oxidase (Gooding et
al., 2001), pectate lyase (Marin-Rodriguez et al., 2003) and 21-aminocyclopropane-1-
carboxylate (ACC) oxidase (Huang et al., 1997; Liu et al., 1999). However, extensive review
of the literature suggests that none of the genes known to directly influence carotenoid
biosynthesis have been characterised in banana, with work mainly focused on other
characteristics such as disease resistance (Atkinson et al., 2004; Chakrabarti et al., 2003;
Gowen, 1995).

1.2.2 Banana as a target for pVA enrichment

Banana plants have a relatively short maturation time (9 to 12 months after planting) and
high fruit yield (20 to 25 kg of fruit per bunch; Ammar-Khodja, 2000) and banana fruit is a
high energy source containing vitamin C and B group vitamins such as niacin and riboflavin,
as well as minerals such as potassium (Gowen, 1995). Further, some varieties of Fe’i
bananas are very good calcium sources (Englberger et al., 2003a). Bananas are not typically
regarded as a high pVA crop. However, cultivars with pB-carotene levels ranging from 3.3

pg/g (yellow fruit) to 27.8 pg/g (orange fruit), and high o-carotene levels exist in the



Federated States of Micronesia and other areas (Englberger et al., 2003c; Table 1.2).
Comparatively, these cultivars have between 16 and 132 times the p-carotene content of
commercial varieties (approximately 0.21 pg/g; Holden et al., 1999). However, these
bananas are usually not consumed in regions where they do not naturally occur due to factors

such as quarantine restrictions and cultural acceptability (Englberger et al., 2003a).

Table 1.2: Summary of the p-carotene yields of a range of high pVA bananas. The banana
cultivars are ranked according to B-carotene yield. The taxonomic classification and genome type data
were reported by Daniells et al. (2001). However, the Fe’i type bananas were simply classified as Fe’i
(Englberger et al., 2003c). The p-carotene yields of banana cultivars marked @ ® and © were
obtained from results reported by Englberger et al. (2003c), Englberger (2003) and Holden et al.
(1999), respectively.

Banana Cultivar C-:-:s);(i)fri]gar\?ilgn Genome Type | B-carotene content (png g'l)

Uht en yap @ Fe’i Fe’i 27.80
Lakatan ® Eumusa AA 8.37
Usr kulasr @ Fe’i Fe’i 6.6

Pisang Kelat ® Eumusa AAB 4.90
Pisang Rajah Eumusa AAB 4.15
Usr Lakatan @ Eumusa AA 3.30
Cavendish © Eumusa AAA 0.21

Due to their excellent bioavailability, good cultural acceptance in target areas and high
nutritional value, bananas make an excellent target for pVA biofortification. Further, the
sterility of commercially important bananas reduces the risk of gene transfer to wild species
or related plants. In banana, conventional breeding of staple cultivars with high pVA
varieties is not feasible because cultivated bananas are sterile due to cytoplasmic and genetic
factors (Gowen, 1995), making it difficult to obtain viable seed for breeding. Conversely, the
genetic modification of banana is an established technology using both microprojectile
bombardment (Hermann et al., 2001) and Agrobacterium-mediated (Khanna et al., 2004)
transformation. These gene transfer methods are preferred over conventional breeding as
they produce more plants with desired traits in a shorter time frame due to the direct nature
of gene transfer, and the efficient selection and micropropagation of transgenic plants. The
genetic modification of edible plant varieties to enhance pVA bioavailability requires a
detailed understanding of carotenoid metabolism.

1.3 Carotenoid metabolism
Carotenoids are lipophilic pigments found in all photosynthetic organisms and are

characterised by an unsaturated 40 carbon backbone with as many as 15 double bonds
(Busch et al., 2002; Hirschberg, 2001; Taylor and Ramsay, 2005). This family includes
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carotenes, such as a-carotene and [-carotene, and their oxygenated derivatives the
xanthophylls, such as zeaxanthin and violaxanthin. They are localised predominantly in the
chloroplasts and chromoplasts in plants (Sinha, 2004). In chloroplasts, they have critical
roles in photosynthesis where they form part of light harvesting complexes, serving as
photosynthetic electron transfer molecules by reducing chlorophyll. They are also
photoprotective agents that prevent chlorophyll damage by dissipating excess light energy
and inhibiting free radical reactions (Sinha, 2004; Taiz and Zeiger, 2002). Carotenoids also
function in fruits and flowers where they attract animals and insects for pollination and seed
scattering, as well as in some grains, roots and tubers (Sinha, 2004; Taylor and Ramsay,
2005). In addition, the phytohormone abscisic acid, which has well characterised roles in

stress response, is derived from carotenoid precursors (Cutler and Krochko, 1999).

The three naturally occurring carotenoids with pVA activity are B-carotene, a-carotene and
B-cryptoxanthin, which are nutritionally active because they have an unsubstituted 3-ionone
ring at one or both ends of the molecule (Figure 1.1; Bender, 2003; Yeum and Russell,
2002). B-carotene has B-ionone rings at both ends of the molecule and is therefore most
efficiently converted to retinol. However, a-carotene and B-cryptoxanthin are less efficiently

converted to retinol because they also have e-cyclic and hydroxylated -cyclic rings,
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Figure 1.1: Structure of carotene cyclic end groups. The two basic ring structures a) B-ionone (-
cyclic) and b) e-ionone (g-cyclic) differ only in the position of the carbon-carbon double bond, which
is between carbon 5 and 6 for B-ionone and between carbon 4 and 5 for g-ionone. ¢) Summary of the
structure of the pV A carotenoids [adapted from Cunningham and Gantt, 1998].



respectively (Cunningham and Gantt, 1998; West, 2000). The genes involved in carotenoid
metabolism have been well characterised in both prokaryote and eukaryote systems, and
have been reviewed extensively (Armstrong and Hearst, 1996; Cunningham and Gantt, 1998;
Sinha, 2004). The regulation of these genes during fruit development has also been widely
studied in systems such as tomato (Fraser et al., 1994; Giuliano et al., 1993; Pecker et al.,
1996; Ronen et al., 1999) and citrus (Rodrigo et al., 2004). This has resulted in a detailed
understanding of the metabolic pathway, from which multiple molecular targets for the
genetic improvement of pVA carotenoid biosynthesis have been identified (Cunningham and
Gantt, 1998).

1.3.1 Carotenoid biosynthesis

The process of carotenoid biosynthesis is summarised in Figure 1.2 and begins with the
conversion of isopentenyl diphosphate (IPP) to its isomer, dimethylallyl diphosphate
(DMAPP). DMAPP is the initial substrate required to form the precursors for virtually all
isoprenoid biosynthetic pathways (Cunningham and Gantt, 1998). The enzyme isopentenyl
diphosphate isomerise (IPI) catalyses the conversion of IPP to DMAPP through a reversible
allylic rearrangement that repositions the carbon-carbon double bond. Following
isomerisation, the sequential addition of three IPP molecules to one DMAPP molecule
(Figure 1.2a) by geranylgeranyl diphosphate synthase (GGPS), leads to the production of
geranylgeranyl diphosphate (GGPP). The first committed step of carotenoid biosynthesis is
the condensation of two GGPP molecules by the enzyme phytoene synthase (PSY) to
produce the symmetrical phytoene molecule (Cunningham and Gantt, 1998). This is a two-
step process involving the intermediate molecule prephytoene diphosphate (PPPP) and the
removal of the diphosphate groups from the substrates, resulting in a linear hydrophobic
product. The second step in carotenoid biosynthesis is the desaturation of phytoene to
produce lycopene (Figure 1.2b), which is catalysed by two related enzymes, phytoene
desaturase (PDS) and zeta ({)-carotene desaturase (ZDS). The process occurs via two
desaturation steps where PDS converts phytoene to C-carotene via phytofluene, which is then
transformed to lycopene by ZDS through the intermediate neurosporene (Cunningham and
Gantt, 1998).
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Figure 1.2: Summary of carotenoid biosynthesis illustrating the process by which short chain
isoprenoids are biochemically converted into carotenoids and related compounds [adapted from
Cunningham and Gantt, 1998]. Carotenoid biosynthesis can be considered to consist of three phases.
The first stage a) is the condensation of isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP) into phytoene. The second part b) involves the desaturation of phytoene to lycopene, which
is then converted into carotene compounds c) that are converted into lutein and xanthophylls.
Although the precursors of phytoene production in a) are known to be involved in the synthesis of
other isoprenoids, only their relevance to carotenoid biosynthesis has been highlighted. The dotted
arrows show the transfer of carotenoid intermediates to subsequent phases of biosynthetic process.
The circled text represents the different enzymes involved in carotenoid biosynthesis while the solid
arrows (2 and W) represent substrate conversion events. The abbreviated enzyme names are:
isopentenyl diphosphate isomerase (IPI), geranylgeranyl diphosphate synthase (GGPS), phytoene
synthase (PSY), phytoene desaturase (PDS), (-carotene desaturase (ZDS), lycopene B-cyclase
(LCYB), lycopene e-cyclase (LCYE) and B-carotene hydroxylase (CHYB).

The linear lycopene molecule is converted to bicyclic carotene compounds such as a- and f3-
carotene through sequential cyclisation reactions catalysed by the lycopene B- and e-cyclases
(Figure 1.2c; Cunningham and Gantt, 1998). Lycopene B-cyclase (LCYB) catalyses the
formation of B-carotene by forming two B-cyclic rings from both ends of the lycopene

molecule in a process that produces the monocyclic y-carotene intermediate. Similarly,



lycopene e-cyclase (LCYE) creates 8-carotene, and then e-carotene in two steps. However,
g,e-carotenes are rare in plant systems and LCYE is normally involved in the synthesis of a-
carotene, a B,e-carotenoid, in concert with LCYB. The enzyme [-carotene hydroxylase
(CHYB) sequentially adds hydroxyl groups to both B-ionone rings of the [-carotene
molecule in two a step process, producing zeaxanthin via the intermediate -cryptoxanthin
(Figure 1.2c). This represents the first step in the conversion of carotenoids into xanthophylls

and related compounds (Cunningham and Gantt, 1998).

Observation of the structural and functional properties of carotenoid biosynthetic enzymes
resulted in the hypothesis that in plant and algal plastids, these enzymes function in three
multi-enzyme complexes (Figure 1.3; Cunningham and Gantt, 1998). The first enzyme
aggregate is a phytoene biosynthesis complex consisting of monomeric IPl and PSY
complexed to a GGPP homodimer (Figure 1.3a). This complex is predicted to convert IPP
into phytoene (Bonk et al., 1997) and be soluble but membrane associated in its functional
state due to PSY’s lipid cofactor requirements (Fraser et al., 2000; Schledz et al., 1996) and
the hydrophobic nature of isoprenoids (Cunningham and Gantt, 1998). This hypothesis is
supported by evidence of organelle-specific functional segregation of GGPS family members
(Okada et al., 2000; Suire et al., 2000). Analysis of cauliflower PDS provided further
evidence of isoprenoid enzyme complex formation as this 55 kDa protein was associated
with 350 kDa and 660 kDa complexes in the plastid membrane and stroma respectively
(Lopez et al., 2008b).

Phytoene is then transferred to adjacent membrane-bound B,3- and ,e-complexes (Figure
1.3b and c¢) which ultimately produce p-carotene and a-carotene, respectively. The (,3-
complex is thought to consist of an association of the homodimers of PDS, ZDS and LCYB,
while B,e-complexes differ only in the presence of a LCYB/LCYE heterodimer instead of the
LCYB homodimer. The rarity of natural £, compounds and questions over LCYE’s ability
to homodimerise suggest that g,e-complexes are not common (Cunningham and Gantt,
1998). Enzyme complex formation could help to explain the concurrent upregulation of
endogenous PDS and ZDS in tomato lines transformed with prokaryotic PDS (Romer et al.,
2000), and changes in the a-carotene to 3-carotene ratio in transgenic canola seeds modified

with different combinations of isoprenoid biosynthetic enzymes (Ravanello et al., 2003).
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Figure 1.3: Organisation of carotenoid biosynthetic enzymes in plastids. At the start of carotenoid
synthesis, eight IPP molecules are converted to phytoene by the stromal phytoene biosynthesis
complex (a), which consists of monomeric IPl and PSY enzymes linked to a GGPS homodimer. This
complex is linked to the plastid membrane by the membrane-associated PSY enzyme. Next, the
lipophilic phytoene molecule is processed by the membrane-bound ,3- (b) and B,e- (c) carotenoid
synthesis complexes responsible for the production of a-carotene and B-carotene, respectively.
[adapted from Cunningham and Gantt, 1998)].

1.3.2 Carotenoid cleavage

Carotenoids are precursors for the biosynthesis of many secondary metabolites and some,
such as abscisic acid (ABA), have signalling functions. Enzymes in the 9-cis-epocarotenoid
cleavage dioxygenase (NCED) and carotenoid cleavage dioxygenase (CCD) protein families
are involved in carotenoid catabolism (Tan et al., 2001). NCEDs are involved in ABA
biosynthesis and as such are not ideal targets for genetic improvement of pVA content due to
the potential for abnormal phenotypes (Fray et al., 1995). The function of NCEDs in relation
to ABA metabolism has been reviewed elsewhere (Schwartz et al., 2001; Tan et al., 2001).
The first member of the ccd gene family, ccdl, was characterised in Arabidopsis and
appeared to function as a dimer that simultaneously cleaves both ends of its carotenoid
substrates, which include R-carotene, zeaxanthin and lutein (Schwartz et al., 2001). In
tomato, CCD1 was also shown to cleave B-carotene precursors such as the monocyclic 8-
carotene as well as the linear substrates phytoene, {-carotene and lycopene Simkin et al.,
2004. This enzyme has also been characterised in other plants including crocus (Bouvier et
al., 2003), grape (Mathieu et al., 2005) and melon (lbdah et al., 2006). The various CCD1
cleavage products are volatile compounds involved in fruit maturation and flavour, microbial

symbiosis and pathogen resistance, and light induced development of growing seedlings



(Mathieu et al., 2005; Simkin et al., 2004; Schwartz et al., 2001). ccdl is part of a gene
family that also includes ccd4, ccd7 and ccd8 and is distinct from the carotenoid cleavage

enzymes involved in ABA synthesis (Tan et al., 2003).

1.3.3 Regulation of carotenoid metabolism

Regulation of carotenoid metabolism occurs on multiple levels. Some major regulators of
carotenoid metabolism include environmental factors such as ethylene production and light,
which act through transcriptional and post-transcriptional mechanisms. Fruit ripening
requires the coordinated expression of a variety of genes whose products facilitate the
various fruit maturation processes, and ethylene biosynthesis plays a critical role in the

regulation of such genes in climacteric fruit such as tomato (Moore et al., 2002).

The effects of ethylene on the mRNA levels transcribed from the psy, pds and zds genes and
their impact on phytoene, phytofluene and B-carotene accumulation were profiled in two
cultivars of apricot, Moniqui and Goldrich, that produce white and orange fruit, respectively
(Marty et al., 2005). Expression profiles of these genes prior to ethylene-induced ripening
were similar in both cultivars and correlated positively with increasing accumulation of
phytoene, phytofluene and pB-carotene. However, accumulation of these mRNAs and
ethylene production was significantly greater in the white Moniqui fruit compared to
Goldrich fruit, although in contrast, accumulation of phytoene and phytofluene was 2 fold
higher in Goldrich fruit. Ethylene treatment of fruit from both cultivars doubled phytoene
and phytofluene production and dramatically increased psy and pds expression. However,
both B-carotene accumulation and zds expression were unaffected by ethylene treatment. The
results showed that ethylene production regulated the production of the colourless
carotenoids phytoene and phytofluene but not downstream B-carotene levels, suggesting that

lycopene accumulation and Icyb expression are ethylene independent (Marty et al., 2005).

Plant carotenoid biosynthesis is also known to be affected by light through the interactions of
phytochromes with red and far-red light. The conformation of these proteins depends on the
nature of the light they receive, and the modulation of plant maturation is activated by red
light stimulation (Quail, 2002). Exposure to red-light was also found to increase total
carotenoid accumulation by about 50% without altering total carotenoid composition in
ripening tomato fruit (Schofield and Paliyath, 2005). Moreover, the catalytic activity of PSY
was boosted by 40% and these effects were reversible upon exposure to far-red light. These
results suggested that the observed increases in carotenoid metabolism were due to a

phytochrome-mediated effect that occurred prior to peak PSY activity and mediated by
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translational or post-translational factors. The Arabidopsis psy promoter has been
characterised and found to be regulated by light (Welsch et al., 2003), and this is discussed
further in Chapter 5.

Carotenoid composition fluctuates during fruit development. This has been studied in a
number of fruit including citrus (Kato et al., 2004) and apricots (Marty et al., 2005) and
extensive studies have been undertaken in tomato, a model system in which the regulation of
carotenoid composition during fruit development has been well characterised (Fraser et al.,
1994; Giuliano et al., 1993; Giovannoni, 2004). In one study, psy mRNA was 18 and 52 fold
greater than that of pds at the breaker (ripening triggered) and firm red (ripening complete)
stages, respectively (Figure 1.4a; Giuliano et al., 1993). In a subsequent study, the highest
carotenoid concentration was reported to occur in ripened fruit (Figure 1.4b) while green
fruit exhibited the highest activity of PSY, PDS and LCYB enzymes (Figure 1.4c; Fraser et
al., 1994). The psy and pds mRNA levels were also quantified and transcripts were only
detected in breaker and post-breaker fruit, supporting previous observations by Giuliano et
al. (1993). In addition, PSY activity at the immature green stage was approx 10 and 20 fold
greater than PDS and LCYB, respectively (Fraser et al., 1994). These studies demonstrate
that the coordinated transcriptional regulation of carotenoid biosynthetic genes is a
significant contributor to carotenoid accumulation during fruit development. The observed
differential expression of psy and pds (Giuliano et al., 1993; Fraser et al., 1994) has led to
the widely accepted hypothesis that this phenomenon is the predominant determinant of
lycopene accumulation in tomato (Corona et al., 1996; Hirschberg, 2001; Ronen et al.,
1999). The importance of transcriptional control in carotenoid biosynthesis was observed in
the study of Icyb and Icye, which were found to have the same relative mMRNA abundance as
psy and pds at the immature green stage (Ronen et al., 1999). However, during the transition
to breaker fruit, Icyb and lcye mMRNA decreased despite increasing expression of psy and pds.
This suggested that lycopene accumulation in ripening tomato was due to down regulation of
the genes that converted it to B-carotene. Further, the transcriptional control of multiple gene
families appears to be significant in tissue-specific carotenoid accumulation during
development. This hypothesis was supported by the detection of PSY proteins of different
sizes in chloroplasts and chromoplasts (Fraser et al., 1994) and the discovery of the leaf-

associated psy2 gene in tomato (Bartley and Scolnik, 1993).
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Figure 1.4: Analysis of carotenoid accumulation in tomato fruit. a) Accumulation of psy and pds
MRNA over the first four stages of tomato fruit ripening [adapted from Giuliano et al. (1993)]. b)
Changes in total carotenoid, carotene and chlorophyll content and c) carotenoid biosynthetic enzyme
activity during the five stages of tomato fruit ripening [adapted from Fraser et al., 1994]. Stages of
fruit ripening: immature green and mature green - 2 weeks and 7 weeks post-fertilisation, respectively;
breaker - marked by the first transition of fruit colour; firm red - 7 days post breaker (dpb); overripe -
about 14 dpb (Fraser et al., 1994; Lu et al., 2001).
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Carotenoids accumulate in the plastids where they are synthesised (Sinha, 2004).
Chromoplasts store carotenoids in a number of ways including: crystals, oil bodies, lipid
binding proteins, and membrane structures (Paine et al., 2005; Vishnevetsky et al., 1999).
Significant work in this area has been done in the study of cauliflower Or mutants, which
exhibited altered colour of the cauliflower curd due to p-carotene accumulation caused by a
dominant single gene called the Or gene. Molecular analysis revealed no significant
alterations in isoprenoid and carotenoid biosynthesis, and no linkage between carotenoid
biosynthetic genes and the Or locus. This lead to the hypothesis that the Or gene, may
promote carotenoid accumulation through the creation of sheet-like structures that
accumulated p-carotene (Li et al., 2001). In subsequent studies, a detailed linkage map was
constructed and markers associated with the Or gene locus were identified (Li and Garvin,
2003; Li et al., 2003). Characterisation of this gene found that it encoded a protein that
affects chromoplast formation and division (Lu et al., 2006), and was capable of enhancing
carotenoid production in tomato tubers (Lopez et al., 2008a).

1.4 Phytoene synthase

1.4.1 Properties of psy

PSY is considered to be a major rate limiting step in carotenoid biosynthesis because it
irreversibly channels GGDP towards carotenoid production and away from the production of
many isoprenoids such as chlorophylls, tocopherols, gibberellins and quinones (Cunningham
and Gantt, 1998). Consequently, PSY occupies a metabolic junction between multiple
pathways and its activity may have a broad influence on isoprenoid production in plants. The
importance of this enzyme makes it the logical starting point for investigating differential

carotenoid accumulation in bananas.

The genes encoding PSY in higher plants, in many cases, have been found to exist as gene
families with multiple members. While only one psy gene has been identified from
Arabidopsis (Scolnik and Bartley, 1994) and daffodil (Schledz et al., 1996), two distinct psy
genes have been identified in plants such as tomato (Bartley et al., 1992; Bartley and
Scolnik, 1993), tobacco (Busch et al., 2002), maize, rice (Gallagher et al., 2004), and wheat
(Cenci et al., 2004; Pozniak et al., 2007). Plant species with more than two psy genes may
also exist. For example, the yellow gentian (Gentiana lutea) psy gene family (Zhu et al.,
2002) consists of four genes: psyl, psy2, psy3 and psy4 (GenBank accession numbers
E15680, E15681, E15682 and E15683, respectively). Further, a third member of the maize
and rice psy families, psy3, was recently identified (Li et al., 2008a; Li et al., 2008b). The
complete gDNA sequence of a wheat psyl gene (psy-Al) was shown to be 4175 bp long and

included six exons and five introns with an coding region of 1,284 bp (He et al., 2008),
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which was consistent with previous observations in maize and rice (Gallagher et al., 2004).
The PSY protein appears to be monomeric (Dogbo et al., 1988) and is thought to interact
with plastid membranes and other enzymes in carotenoid biosynthetic complexes (Chapter
1.3.1; Cunningham and Gantt, 1998). Analysis of Arabidopsis PSY, and the tomato PSY1
and PSY?2 proteins (Figure 1.5) suggests that the plant PSY proteins include an N-terminal
signal peptide that is subsequently cleaved (Bartley et al., 1992; Bartley and Scolnik, 1993;
Scolnik and Bartley, 1994). The mature protein has a single large prenyltransferase
(Cunningham and Gantt, 1998) catalytic domain belonging to the trans-isoprenyl
diphosphate synthases, head-to-head (1'-1) condensation reaction (Trans_IPPS_HH) family
(NCBI CDD No. cd00683).

Protein Length Structure GenBank ID
ARM1 ARM2

Arabidopsis
thaliana PSY? 422 |¢ NP_001031895
aliana

ARM1 ARM2

Tomato PSY12 411 __»_ ABU40772

ARM1 ARM2

Tomato PSY2® 438 _'»_ ABU40771

|
200 amino acids

Figure 1.5: General structure of plant PSY proteins showing the signal peptides, catalytic domains
and lengths of Arabidopsis PSY, tomato PSY1 and tomato PSY2. The lengths (black text) of the
signal peptides (grey rectangle) was based on estimates by Scolnik and Bartley (1994)*, Bartley et al.
(1992) and Bartley and Scolnik (1993)°. The catalytic domains (Trans_IPPS_HH; black hexagon) are
indicated on each protein along with the positions of the first and second aspartic acid rich motifs
(ARM1 and ARM2); the lengths (white text) of the mature proteins were obtained from the listed
GenBank protein entries. All lengths are measured in amino acids.

Transcription of the psy genes has been reported in both leaf and fruit tissue of tomato
(Bartley and Scolnik, 1993), with psyl expression associated with chromoplast-bearing
tissues (fruit and petals) while psy2 was more constitutively expressed (Giorio et al., 2008).
Semi-quantitative RT-PCR analysis of psyl and psy2 expression in maize varieties with
yellow endosperm (high carotenoid) or white endosperm (low carotenoid) colour implicated
psyl in endosperm carotenoid accumulation. In leaf tissue of both maize varieties the psyl

and psy2 expression was similar. However, psyl expression was higher than psy2 in yellow
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endosperm maize, while only psy2 was expressed in white endosperm maize. The psy
expression in the leaf and endosperm of rice (white endosperm) was identical to that of white
endosperm maize (Gallagher et al., 2004). The recently identified psy3 gene is thought to be
involved in ABA-mediated stress tolerance in the roots of grasses such as maize and rice (Li
et al., 2008a).

Expression of psy during fruit development was influenced by ethylene production in apricot
(Marty et al., 2005), while in Arabidopsis, psy expression and enzymatic activity was shown
to be regulated by light through phytochrome activity, and increased carotenoid content was
only seen under light conditions that triggered chlorophyll synthesis (von Lintig et al., 1997;
Welsch et al., 2000). Characterisation of the Arabidopsis thaliana psy promoter identified
DNA regulatory motifs activated by different light conditions (Welsch et al., 2003).
Responses to red light were under the specific control of two adjacent G-box like elements
roughly 200 bp upstream of the transcription start site. In contrast, constitutive promoter
expression was linked to a pair of ATCTA motifs located approximately 840 bp from the
transcription start site (Welsch et al., 2003) and this motif was thought to coordinate the
expression of genes involved in photosynthesis, and also carotenoid and tocopherol
metabolism (Welsch et al., 2003).

1.4.2 The psy gene as a target for pVA enhancement

The extensive knowledge of carotenoid metabolism in model systems has identified multiple
targets for improvement of pVA content in nutritionally important crops. Considerable work
has been undertaken towards the genetic manipulation of carotenoid biosynthesis in a
number of plant systems and this area has been reviewed extensively (Sandmann, 2001a;
Sandmann, 2001b; Taylor and Ramsay, 2005; Zimmermann and Hurrell, 2002). Significant
work in enhancing pVA content in transgenic plants has been achieved through genetic

manipulation of psy expression in tomato and rice.

Tomato is a commercially important crop known to naturally accumulate significant
guantities of carotenoids, and has been used as a model to study the enhancement of
carotenoid levels (Giuliano et al., 1993; Fraser et al., 1994). Early work involved the
constitutive over-expression of the tomato psyl gene driven by the CaMV35S promoter
(Fray et al., 1995). Abnormal carotenoid accumulation was observed in numerous organs
including the seed coat, immature fruit and abscission zones. Although lycopene and
phytoene content was enhanced, the yields of B-carotene, total carotenoids and chlorophyll
were unaffected. Interestingly, increased psyl mRNA levels produced dose dependent

dwarfism in transgenic plants, due to a 30 fold reduction in gibberellin production that was
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attributed to GGPP depletion. From this work it was apparent that constitutive carotenoid
biosynthetic gene over-expression was inappropriate for genetic improvement of pVA
content. Later, fruit-specific psy expression was achieved using the Erwinia crtB gene,
encoding a PSY enzyme, which was chromoplast targeted using the tomato psyl transit
peptide and regulated by the tomato polygalacturonase promoter (Fraser et al., 2002). As a
result, the concentrations of (3-carotene, phytoene and lycopene increased by roughly two
fold and total fruit carotenoid content was improved by between 200% and 400% without
detriment to other isoprenoid pathways. 3-carotene content of up to 200 pg/g dry weight was

reported.

The psy gene has also been used in the improvement of pVA content of rice endosperm.
Genetically modified Golden Rice, with elevated endosperm pVA levels, represents one of
the first concerted efforts to alleviate VAD through genetic engineering of a staple crop.
Endosperm, the edible portion of the rice grain (Grusak, 2005), expresses ggps but not the
enzymes required for conversion of GGPP into carotenoids, although these genes are present
and expressed in other organs such as the leaf. Early work used Agrobacterium-mediated
transformation to introduce the daffodil psy and crtl (a desaturase from Erwinia uredovora
that has the function of both pds and zds) genes into rice endosperm in a single binary vector
(Hoa et al., 2003; Ye et al., 2000). The expression of psy was driven by the rice endosperm
glutelin (gt1) promoter and localised using its transit peptide, while crtl was constitutively
expressed by the CaMV35S promoter and endosperm targeted using the pea RuBisCO small
subunit signal peptide. These studies demonstrated that endogenous Icyb activity was
sufficient to produce B-carotene upon addition of psy and the desaturase enzymes alone.
However, the p-carotene yield of carotenogenic seeds, identified by their yellow colour, was
only between 0.8 ug/g and 1.6 pg/g dry weight (Hoa et al., 2003; Ye et al., 2000).

Recent work succeeded in drastically improving the pVA content of rice and was conducted
in three phases (Paine et al., 2005). The activity of several psy genes from plants such as
carrot, daffodil, maize and rice was compared by stably transforming them into maize callus
and assessing the carotenoid content. The maize psy gene demonstrated the highest activity
followed by the rice and carrot genes, respectively, which were each approximately 50% as
active as maize psy. The daffodil psy gene was least active, consistent with the hypothesis
that this gene was the limiting factor in pVA accumulation in the previous generation of
Golden Rice. Selected psy genes were then used to create transgenic rice lines, using single
expression cassettes containing a plastid targeted psy gene and a crtl gene (Ye et al., 2000).
Both were controlled by the rice gtl promoter with a catalase intron (Paine et al., 2005).

Selected transgenic rice lines exhibited yellow and even orange grain phenotypes that were
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otherwise normal. The best performing genes were maize and rice psy, yielding 14 pg g and
18 ug g™ total carotenoids respectively with 80 to 90% [-carotene content compared with the
low 1.2 pg g* carotenoid yield of daffodil psy (Hoa et al., 2003; Paine et al., 2005).
Interestingly, maize and rice psy genes had highest sequence similarity of 89% (Paine et al.,
2005), possibly explaining their high productivity as both gene sources are gramminaceous
monocotyledonous plants. The last experiment involved the creation of a transgenic rice line,
Golden Rice 2, using a construct expressing maize psy and crtl, both regulated by an
intronless gt1 promoter (Paine et al., 2005). This produced a rice line yielding 37 pg g™ total
endosperm carotenoid that accumulated 85% [-carotene, exceeding previously reported
yields by 23 fold (Hoa et al., 2003; Ye et al., 2000). The authors hypothesised that the maize
psy worked well due to the optimal nature of the rice endosperm environment and that
despite this, PSY still limits further carotenoid yield (Paine et al., 2005).

1.5 Objectives of the program of research and investigation
Following the development of Golden Rice, genetic engineering of staple banana cultivars to

enhance pVA content is being undertaken in an attempt to combat VAD in regions where
rice is not readily grown or consumed. At the start of this project little was known about
carotenoid metabolism in banana, the sequences of the genes in the pathway or why the
carotenoid content of fruit varies so much. A better understanding of the mechanisms
enabling high pVA accumulation in banana varieties could prove valuable in the
development of bananas with enhanced carotenoid content. Although there are many levels
at which carotenoid biosynthesis can be regulated, there is considerable evidence that PSY
plays a critical role directly linked to the capacity for pVA accumulation in a number of
systems. Quantitative Trait Loci (QTL) analyses have demonstrated a putative association
between the psyl locus and carotenoid content in maize (Wong et al., 2004; Chander et al.,
2008) and with increased endosperm colour in durum wheat (Triticum turgidum var. durum;
Pozniak et al., 2007). This role is further supported by the results of genetically engineered
tomato (Fraser et al., 2002) and rice (Paine et al., 2005) where overexpression of psy
significantly increased pVA accumulation. Cumulatively, these studies demonstrate that PSY
activity is an important rate limiting step in carotenoid biosynthesis, which is of great
significance as the activity of this enzyme is the first irreversible step in this process
(Cunningham and Gantt, 1998).

Therefore, the overall aim of this project was to investigate the role of PSY, at the level of

protein function and gene expression, in the differential production of pVA carotenoids in
bananas with both high and low pVA content. This was achieved by:
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i) isolation and characterisation of psy nucleotide sequences from high and low pVA
bananas

i) analysis of banana PSY proteins using bioinformatics and expression in rice callus

iii) comparison of the activity of banana psy gene promoters using reporter gene assays

iv) investigation of psy mRNA levels in different tissues from high and low pVA bananas
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Chapter 2: General methods

2.1 General methods for nucleic acid purification from plant cells
2.1.1 Purification of total RNA from banana tissue

Total RNA was obtained using the CTAB extraction method (Chang et al., 1993) modified
to include the CTAB RNA extraction buffer and polysaccharide removal procedure
described by Asif et al. (2000). Essentially, plant tissue was ground in LN, and incubated
with RNA extraction buffer (10 mL/g tissue) at 65 °C for 60 min. The mixture was extracted
twice with chloroform and total RNA precipitated with /5 volume of 10 M LiCl to the
supernatant at 4 °C overnight. Total RNA was recovered by centrifugation at 17,000 x g for
20 min at 4 °C. The pellet was resuspended in DEPC-treated mgH,O (100 pL per gram of
starting plant material) and extracted again with an equal volume of chloroform.
Polysaccharides were precipitated with /3 volume of 3 M sodium acetate (pH 5.2) and 0.1
volume of 100% ethanol on ice for 30 min and removed by centrifugation at 10,000 x g for
25 min at 4 °C. RNA was precipitated from the supernatant with ‘/;, volume of 3 M sodium
acetate (pH 5.2) and 3 volumes of 100% ethanol at —80 °C overnight and recovered by
centrifugation at 10,000 x g for 20 min at 4 °C. The pellet was washed with 70% ethanol,
dried under vacuum and resuspended in DEPC-treated mgH,O as previously described. Total
RNA was either used immediately or stored at —80 °C with or without prior DNase

treatment.

2.1.2 mRNA purification
Banana mRNA was purified from total RNA (100 to 500 pg) using the GenElute™ mRNA

Miniprep Kit (Sigma-Aldrich) according to the manufacturer’s instructions.

2.1.3 DNA extraction

Banana leaf tissue (1 g) was ground in LN, added to 3 mL pre-warmed (65 °C) DNA
extraction buffer (2% w/v CTAB; 2% w/v PVP; 100 mM Tris HCI, pH 8.0; 25 mM EDTA,; 2
M NaCl; 1.4% v/v 2-mercaptoethanol) and incubated for 60 min at 65 °C with occasional
mixing. Plant material was removed by centrifugation at 3880 x g for 10 min at room
temperature and the supernatant extracted twice with an equal volume of chloroform under
the same conditions. The aqueous phase was collected and 10 pL RNase A (1 mg/mL) was
added before incubation at 37 °C for 60 min. The sample was extracted again with
chloroform before precipitation of the DNA with an equal volume of isopropanol at -80 °C

for 30 min. The DNA was collected by centrifugation at 3880 x g for 20 min at room
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temperature and the pellet washed with 70% ethanol. The DNA pellet was dried under
vacuum and resuspended in 50 uL mgH,O. The yield and quality of the DNA were assessed
by spectrophotometry and agarose gel electrophoresis and either used immediately or stored
at —20 °C.

When DNA of higher purity was required, the DNeasy Plant Mini Kit (Qiagen) was used.
Banana leaf tissue (0.1 g) was ground in LN, and the DNA extracted as recommended by the

manufacturer.

2.2 General methods in nucleic acid amplification, cloning and
sequencing

2.2.1 PCR amplification

For all PCRs, thin walled 0.2 mL tubes were used to amplify products in a DNAEngine®

thermocycler (Bio-Rad). Annealing temperatures were dependant on primers and are

specified in individual chapters.

Standard DNA Amplification

PCR products were amplified from DNA template (~0.3 to 1 pg) using either Tag DNA
Polymerase (Roche Applied Science) or the GoTaq® Green Master Mix (Promega). Taq
DNA Polymerase reactions included 1x PCR buffer, 300 uM dNTP Mix (Roche Applied
Science), 7.5 pmol of each PCR primer, 1 U Tag DNA polymerase, and mgH,0O to a final
volume of 25 pL. GoTaq Green® (Promega) PCRs included 1x GoTaq green master mix, 7.5
pmol of each primer, and mgH,0 to a total volume of 20 uL. Templates were initially
denatured at 94 °C for 3 min followed by 35 cycles of denaturation at 94 °C for 10 sec,
annealing for 30 sec and extension at 72 °C for 1 min per Kb of expected product. A final

extension step of 72 °C for 10 min was included.

Long Template Amplification

Amplification of long DNA templates was achieved using the Expand™ Long Template
PCR System (Roche Applied Science) as recommended by the manufacturer. The final
reaction mix consisted of 500 pM dNTP mix, 3.75 pmol of each primer, 0.5 pL Expand
Long Template Enzyme mix, 1x Expand PCR buffer 3, DNA template (~0.3 to 1 pg) and
mgH0 to a final volume of 25 pL. PCR conditions included an initial denaturation cycle of
94 °C for 3 min prior to 10 cycles of denaturation at 94 °C for 10 sec, annealing for 30 sec
and extension at 68 °C for 1 min per Kb of expected product. This was followed by an
additional identical 25 cycles with 10 sec added to each successive extension step. A final

extension at 68 °C for 7 min was included.
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RT-PCR

RNA template (amounts specified in each chapter) was used as template in RT-PCR using
the Titan One Tube RT-PCR System (Roche Applied Science) as per the manufacturer’s
instructions. The final reaction contained 200 pM dNTP mix, 5 mM DTT, 5 pmol of each
primer, 5 U Protector RNase Inhibitor (Roche Applied Science), 0.5 pL Titan Enzyme mix,
1x RT-PCR buffer, and mgH,O to a final volume of 25 pL. A single cycle of 50 °C for 30
min was included for cDNA synthesis and preceded PCR amplification. The reactions were
denatured once at 94 °C for 2 min prior to 10 cycles of denaturation at 94 °C for 10 sec,
annealing for 30 sec and extension at 68 °C for 1 min per Kb of expected product. This was
followed by 25 cycles of 94 °C for 10 sec, annealing for 30 sec and 68 °C for 1 min per Kb
of expected product with 5 sec added to each successive cycle. A final extension step of 68

°C for 7 min was included.

2.2.2 Restriction enzyme digestion of DNA

Up to 1 pug of plasmid DNA (pDNA) or plant gDNA was incubated with 10 U of the
appropriate restriction enzyme (Roche Applied Sciences) in compatible 1x reaction buffer at
37 °C for 1to 16 hr.

2.2.3 Agarose gel electrophoresis

Unless otherwise specified, DNA fragments from PCR or restriction digestion analysis were
mixed with 1x Agarose gel loading dye (0.04% bromophenol blue; 1.7 mM Tris-HCI, pH
8.0; 0.17 mM EDTA, 0.08% glycerol) and separated for 30 min in 1% agarose gels made
with 1x TAE buffer (10 mM Tris-acetate; 0.5 mM EDTA, pH 7.8) containing 0.25x SYBR®
Safe DNA Gel Stain (Invitrogen) at 4 VV/cm on a B1 or B2 EasyCast Mini Gel System (Owl
Separation Systems). Nucleic acids were visualized on a Safe Imager™ blue light
transilluminator (Invitrogen) and images recorded using a G-Box (Syngene) gel

documentation system with GeneSnap v6.07 and GeneTools v3.07 software.

2.2.4 Purification of DNA from agarose gels
Bands were excised from agarose gels and the DNA purified using the Mobio UltraClean™
GelSpin™ DNA Purification Kit (Mobio Laboratories inc.) according to the manufacturer’s

instructions. All purified DNA was eluted in a final volume of 20 uL of 10 mM Tris-HCI.
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2.2.5 DNA ligation

Gel purified PCR products (3 pL) were ligated to 50 ng of T-tailed pGEM-T Easy (Promega)
vector, as recommended by the manufacturer, in 10 pL reactions containing 1 U T4 DNA
Ligase (Promega) and 1x Rapid Ligation Buffer for up to 16 hr at 4 °C. For all other
ligations, the vector and insert DNA were linearised by restriction enzyme digestion and

ligated in a 3:1 molar ratio (insert: vector) as described above.

2.2.6 Transformation of Escherichia coli with recombinant plasmids

Recombinant plasmids were transformed as previously described (Inoue et al., 1990) into
chemically competent Escherichia coli strain XL1-Blue (Stratagene) obtained from Don
Catchpoole (QUT). Chemically competent cells (50 ul) were mixed with 5 ul pDNA and
incubated on ice for 30 min before heat shock at 42 °C for 45 sec. The cells were then
incubated on ice for 2 min and then allowed to recover in 450 ul of SOC liquid medium (2%
w/v bacto-tryptone; 0.5% w/v bacto-yeast extract; 10 mM NaCl; 2.5 mM KCI; 0.94 M
MgCl,6H,0; 0.94 M MgSO47H,0; 20 mM glucose) for 1 hr at 37 °C. Transformed colonies
were grown overnight at 37 °C on Luria-Bertani (LB) media (1% w/v bacto-tryptone; 0.5%
wi/v bacto-yeast extract; 170 mM sodium chloride) solidified with 1.5% w/v bacto-agar and
containing 100 ug/ul Ampicillin (unless otherwise specified). For blue/white selection, 250

ul 2% (w/v) X-gal and 500 puL 0.1 M IPTG were added per mL of LB solid medium.

2.2.7 Growth of bacteria in liquid cultures
Liquid cultures of E. coli were grown by inoculating single bacterial colonies into LB media
and incubating overnight at 37 °C and 220 rpm. The culture volume depended upon the

quantity of bacteria required for subsequent pDNA purification.

2.2.8 Purification of plasmid DNA

For most purposes, a standard alkaline lysis procedure (Sambrook and Russell, 2001) was
used for isolation of pDNA from 1.5 mL E. coli cultures except that RNase A (~20ug) was
added during the initial lysis step. The pDNA was resuspended in 50 pL mqgH,O. For
sequencing, pDNA was isolated using an UltraClean™ 6 Minute Mini Plasmid Prep Kit™
(Mobio Laboratories inc.), while for large scale plasmid purification (20 mL E. coli cultures)
a Genopure Plasmid Midi Kit (Roche Applied Science) was used, both according to the
manufacturer’s instructions. The quality and quantity of pDNA was assessed by agarose gel

electrophoresis and UV spectrophotometry.
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2.2.9 Storage of bacterial cultures
Bacteria were stored at =80 °C as 1 mL glycerol cultures, prepared by mixing 500 pL

overnight culture and 500 uL sterile 80% glycerol in cryovials and snap-freezing in LN,.

2.2.10 DNA sequencing

Plasmids were prepared for sequencing using the ABI Prism BigDye 3.1 Terminator
(Applied Biosystems) system. The reaction mixtures (20 pL) consisted of up to 500 ng
pDNA, 1x Big Dye Terminator Buffer, 1 pL Big Dye Terminator v3.1 Enzyme Mix
(Applied Biosystems) and 3.2 pmol primer [either M13 forward (5’-
GTAAAACGACGGCCAGT-3’) or reverse (5’- CACACAGGAAACAGCTATGACCATG-
3’) universal sequencing primers or specific primers]. Sequence reactions were cycled in a
DNAEnRgine® thermocycler (Bio-Rad) with an initial denaturation step of 94 °C for 3 min
followed by 35 cycles of 94 °C for 10 sec, 60 °C for 30 sec and 72 °C for 1 min per Kb of
expected product with 10 sec added to each successive cycle. A final extension step of 72 °C

for 10 min was included.

Sequencing reactions were purified by precipitation with 2 uL 125 mM EDTA, 2 uL 3 M
sodium acetate and 50 pL 100% ethanol for 30 min at room temperature. Pellets were
collected by centrifugation at 10,000 x g for 15 min at room temperature, washed with 70%
ethanol and dried under vacuum. Samples were analysed at Griffith University DNA
Sequencing Facility (GUDSF) by capillary separation on a 3710xI DNA Analyser (Applied
Biosystems).
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2.3 Plant tissue culture media

The composition of all media used for plant tissue culture throughout this study is shown in

Table 2.1.

Table 2.1: Composition of plant tissue culture (PTC) media used in this study

Media

Components

2N6 Media®

3% sucrose; 0.1% casein hydrolysate; 0.5 g/L proline; 0.5 g/L glutamine; 1x
N6 Macronutrient solution; 1x N6 Micronutrient solution; 0.1 mM
FeS04.7H,0; 0.1 mM Na,EDTA; 1x N6 Vitamins; 10 mg/mL 2,4-D; 0.25%

phytagel, pH 5.8

1x N6 Macronutrient

solution®

MgS0,.7H,0; 1.13 mM CaCl,.2H,0

1x N6 Micronutrient

solution®

19.7 MM MnS0,.4H,0; 25.9 mM H3B03; 5.2 mM ZnS0,.7H,0; 4.8 mM KI

1x N6 Vitamins®

555 uM myo-inositol; 26.6 uM glycine; 3.0 uM thiamine-HCl; 4.0 uM
nicotinic acid; 2.4 uM pyridoxine-HCl

AAM media®

AA salts and amino acids”; 1x MS vitamins®; 500 mg/L casein hydrolysate;

68.5 g/L sucrose; 36 g/L glucose; 100 pM acetosyringone; pH 5.2

BL®

I, MS Macronutrients”; 1x MS Micronutrients®; 0.4 mg/L thiamine; 0.5
mg/L nicotinic acid; 0.5 mg/L pyridoxine; 2.0 mg/L glycine; 10 mg/L
ascorbic acid; 1.1 mg/L 2,4-D; 0.25 mg/L zeatin; 20 g/L sucrose; pH 5.7

BRM?

,0x MS Macronutrients®; /;,px MS Micronutrients®; 1x MS vitamins®; 0.4
g/L cysteine; 9.0 mg/L thiamine; 36 g/L glucose; 68.5 g/L sucrose; 100 pM
acetosyringone; pH 5.2

CCM?

10 MS Macronutrients*; /;,0x MS Micronutrients®; 1x MS vitamins®; 0.4
g/L cysteine; 0.1 g/L glutamine; 0.1 g/L malt extract; 1.0 mg/L biotin; 10
g/L PVP; 10 mg/L ascorbic acid; 300 mg/L proline; 0.5 mg/L 2,4-D; 0.5
mg/L Kinetin; 2.5 mg/L NAA; 30 g/L sucrose; 30 g/L maltose; 10 g/L
glucose; 200 pM acetosyringone; 7.0 g/L agar; pH 5.3

Yeast-Mannitol
(YM)?

0.4 g/L yeast extract; 55 mM mannitol; 2.8 mM K,HPO,; 800 uM
MgS0,.7H,0; 1.7 mM NaCl; pH 7.0

YM Solid media

YM with 7 g/L bacto agar

! CAMBIA (2009); > Khanna et al. (2004); 3 Hiei et al. (1994); * Murashige and Skoog (1962);
® Toriyama and Hinata (1985)
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Chapter 3: Isolation and
characterisation of phytoene
synthase sequences from banana

3.1 Introduction
Banana is a diverse group of plants with over a 1000 varieties that are morphologically

variable and spread over a vast geographical area (Ammar-Khodja 2000). Four genome types
(A, B, S, and T) have been identified in banana (Pillay et al., 2004), and the A and B
genomes are found in most cultivated bananas, such as Cavendish (AAA) and Ladyfinger
(AAB). Conversely, the genotypes of few Polynesian Fe’i bananas, associated with the T-
genome, have been characterised (Daniells et al., 2001). However, the genotype of the Fe’i
banana cultivar, Asupina, from Papua New Guinea is thought to be ATT (Sharrock and
Frison, 1998). The pVA content in the edible portion of banana fruit varies among the
different cultivars, and fruit colour ranges from yellow to dark orange (Englberger et al.,
2003b). However, the relationship between colour and genotype is not clear. Cultivars such
as Asupina (Fe’i genome) and Lakatan (AA) have significantly higher pVA levels than
bananas such as Cavendish (AAA; Englberger et al., 2006).

The activity of the psy gene is a critical determinant of carotenoid accumulation as the
production of phytoene leads irreversibly to carotenoid production (Cunningham and Gantt,
1998). Consequently, the psy gene has been the subject of extensive studies and has been
isolated from various plants including the agronomically important tomato (Bartley et al.,
1992), maize (Palaisa et al., 2003), rice (Paine et al., 2005) and wheat (He et al., 2008)
crops. These studies support the theory that activity of this gene has a direct impact on
carotenoid accumulation. As previously described (Chapter 1.4.1), the number of psy genes
found in higher plants varies from one [e.g. Arabidopsis (Scolnik and Bartley, 1994);
daffodil (Schledz et al., 1996)] to as many as four [e.g. Gentiana lutea (Zhu et al., 2002)].
At least two distinct psy genes have been identified in tomato (Bartley et al., 1992; Bartley
and Scolnik, 1993), tobacco (Busch et al., 2002), maize (Gallagher et al., 2004), rice
(Gallagher et al., 2004) and wheat (Cenci et al., 2004; Pozniak et al., 2007) and the recent
characterisation of a third psy gene, psy3, (Li et al., 2008a; Li et al., 2008b) in maize and rice
suggests that additional genes may also be present in other plants. In some cases, psy appears
to be differentially expressed in plant tissues. In tomato, both psy genes function in leaf and
fruit tissue (Bartley and Scolnik, 1993), although psyl has been predominantly associated
with chromoplast bearing tissue (fruit and petals; Giorio et al., 2008). Both psyl and psy2
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were expressed in yellow endosperm maize, although psyl expression was higher (Gallagher
et al., 2004). Interestingly, only psy2 was expressed in white endosperm maize mutants,
although levels of both were similar in leaf tissue of both varieties. A similar expression

profile was reported in leaf and endosperm of rice.

There have been numerous studies in maize investigating carotenoid accumulation in the
endosperm. Sequence diversity of the psyl gene at the y1 locus in yellow endosperm lines
was 19 fold less than that of white endosperm lines, while sequence diversity at the leaf-
associated psy2 locus was similar for lines of both colours (Palaisa et al., 2003). It was
suggested that these differences were due to selection at the yl locus for the yellow
endosperm phenotype. Recent QTL analyses have also supported the association between the
psyl locus and phenotypic variation in carotenoid content of maize endosperm (Chander et
al., 2008). Similar QTL analysis in wheat also suggested that the psyl locus was associated
with increased endosperm carotenoid content (Pozniak et al., 2007). In wheat, which is
triploid and consists of A and B genomes, psyl and psy2 map to chromosomes 7 and 5,
respectively (Cenci et al., 2004; Pozniak et al., 2007). Allelic variation of a co-dominant
marker associated with a psyl gene (psy-Al) located on chromosome 7A in wheat accounted
for between 20% and 28% of the phenotypic variance for yellow carotenoid content (He et
al., 2008). A subsequent study investigating the genetic effects of psyl allelic variation in
Chinese winter wheat and spring wheat cultivars identified a third psy-Al allele and 5 alleles
for psy-B1 (chromosome 7B) and linked the psy-B1 locus to yellow carotenoid content (He
et al., 2009). Taken together, these studies show that the psyl locus on chromosome 7 in
both A and B genomes affects carotenoid accumulation in wheat endosperm. Whether
similar associations between psy alleles and carotenoid accumulation occur in other plants,

including banana is still unknown.

Various genes have been isolated from banana, particularly those encoding enzymes
associated with fruit ripening such as polyphenol oxidases (Gooding et al., 2001) and pectate
lyases (Marin-Rodriguez et al., 2003). However, despite the importance of this crop, there
are no reports on characterisation of banana psy genes to date. This chapter describes the
cloning, sequencing and comparative analysis of mMRNA and genomic sequences of psy
genes from selected high and low pVA banana cultivars to investigate their potential role in

carotenoid accumulation.
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3.2 Materials and methods

3.2.1 Plant material

Banana tissue and cultivars used in this investigation are listed in Table 3.1. The cultivars
were selected based on material availability, fruit p-carotene content and genome
composition. Leaf tissue for the five selected banana cultivars was obtained from tissue
cultured plantlets maintained by Jen Kleidon (QUT) and originally obtained from the
Queensland Department of Primary Industries (QDPI). Cavendish ripe fruit was purchased
from a local supermarket and ungassed green fruit was obtained from the Brisbane Markets.
A hand of Asupina fruit and field grown leaf tissue was obtained from Jeff Daniells (QDPI).
One fruit was sampled at an early green stage while the remaining fruit was allowed to ripen

before sampling. All plant material was stored at —80 °C prior to use.

Table 3.1: Properties of banana cultivars used in the current project including the genotype,
available tissue and pVA content of banana fruit, expressed as B-carotene equivalents. p-carotene
equivalents® were calculated as the sum of the total all-trans and cis p-carotene and half the o-
carotene content (Englberger et al., 2006).

Banana Fruit g-carotene Available
] Genotype ] ]
Cultivar equivalents (pg/g)® Tissue
Asupina Fe’i 15.93 leaf / fruit
Cavendish AAA 1.34 leaf / fruit
Ladyfinger AAB 1.78 leaf
Lakatan AA 3.54 leaf
Wain Fe’i 5.32 leaf

3.2.2  Nucleic acid isolation from plant tissue

Total RNA was isolated from 5 to 10 g of leaf or fruit tissue as described in Chapter 2.1.1
and total mRNA was purified as per Chapter 2.1.2. DNA was isolated from Asupina and
Cavendish leaf tissue using either the CTAB method or a DNeasy Plant Mini Kit (QIAGEN)
depending on the required purity (Chapter 2.1.3).

3.2.3 Oligonucleotide primers

Oligonucleotide primers were obtained lyophilised from GeneWorks Pty Ltd and
resuspended in mgH,O to 1 pg/pL, or from Sigma-Proligo as a 100 uM solution. Stock
solutions were diluted to a working concentration of 10 uM before use. The sequences of

primers used in this chapter are given in Table 3.2.
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Table 3.2: PCR primers used in the isolation of banana psy sequences

Primer name Sequence (57-37) orientation?® Target sequence RestEiction
site
psy-FO1 RTNTGGGCNATHTAYGTNTGGTG Forward Banana psy gene coding region None
psy-RO1 RAARTYRTARTCRTTNGCYTCDAT Reverse Banana psy gene coding region None
5”7 Adapter-Out GCTGATGGCGATGAATGAACACTG Forward 5”RACE adapter outer primer None
57Adapter-1In CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG  Forward 57RACE adapter inner primer None
3”Adapter-Out GCGAGCACAGAATTAATACGACT Reverse 3”RACE adapter outer primer None
3”Adapter-1In CGCGGATCCGAATTAATACGACTCACTATAGG Reverse 3”RACE adapter inner primer None
psyl-57RACE-Out-01 CGACTTCTTCAAGTCCATTCTCATTCC Reverse Asupina and Cavendish psyl None
psy1-5~RACE-In-01 ATTCTCATTCCTTCGATCATGTCCCTG Reverse Asupina and Cavendish psyl None
psy2-5~RACE-Out01 TTGTACCTCGATTTCCGCAGGTC Reverse Asupina and Cavendish psy2 None
psy2-5~RACE-In-01 TTCCGCAGGTCCATTCTCATTCC Reverse Asupina and Cavendish psy2 None
psyl-3°RACE-Out-01 GCGGCAAGGTGACTGAGAAATGG Forward Asupina and Cavendish psyl None
psyl-3°RACE-1n-01 AATGGAGGAGCTTCATGAAG Forward Asupina and Cavendish psyl None
psy2-3~RACE-Out01 CATTAGCTCTTGGCATCGCGAATC Forward Asupina and Cavendish psy2 None
psy2-37RACE-In-01 TCGCGAATCAACTCACCAACATAC Forward Asupina and Cavendish psy2 None
AP1 GTAATACGACTCACTATAGGGC Forward Genome Walking Adapter None
AP2 ACTATAGGGCACGCGTGGT forward Genome Walking Adapter None
psy2-GW04 GTACGCCGCGTCGAGTAG Reverse Cavendish psy2a gene None
psy2-GW05 CAAGTAGAAAGTCTTGGCATACTC Reverse Cavendish psy2a gene None
psy2-GW06 CCTCCACCATCTCCTCTTCA Reverse Cavendish psy2a gene None
psy2-GWO7 AACTGGCTGAACCCAGAGCTC Reverse Cavendish psy2a gene None
psyl-CR-F1 ggatccATGGCGTGCCTGTTGCTACGG Forward Asupina and Cavendish psyl exon 1  BamHlI
Apsyl-CR-R1 tctagaTCATGTTTTAGCTAAACTTTGG Reverse Asupina psyl 3’Coding Region Xbal
Cpsyl-CR-R1 tctagaTCATGTTTTTGCTAAGTTTGACTGGCTC Reverse Cavendish psyl 3”Coding Region Xbal
Apsy2a-CR-F1 ggatccATGTCTGGCTCTATTGTTTGG Forward Asupina psy2a 57Coding Region BamH1
Apsy2a-CR-R1 tctagaTTATAGTGTTCCTGCAAATTTGG Reverse Asupina psy2a 3”Coding Region Xbal
Cpsy2a-CR-F1 ccatggATGTCTGGCTCTGTTGTTTGGGTTGT Forward Cavendish psy2a Coding Region BamHI
Cpsy2a-CR-R1 tctagaTTATAGTGTTCCTGCAAATCTTGAAGG Reverse Cavendish psy2a Coding Region Xbal
Cpsy2b-CR-R1 tctagaTTATGTCCTTGTTGCTCCTGTAAACC Reverse Cavendish psy2b Coding Region Xbal

@ Primer orientation is indicated with respect to the mMRNA sequence
®) Restriction enzyme sites are indicated in the primer sequence in lowercase
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3.24 RT-PCR of partial psy coding region using degenerate primers

Partial fragments of the psy coding region were amplified by RT-PCR from mRNA of
several banana varieties using degenerate forward and reverse primers, psy-F01 and psy-R01
(Table 3.2), designed to conserved regions shared by a number of plant PSYs (Table 3.3).
Total MRNA (1 to 5 pL, not quantitated as the concentration was too low for
spectrophotometry) isolated from Asupina, Cavendish, Ladyfinger, Lakatan and Wain leaf
tissue, and from Asupina and Cavendish fruit tissue, was used as template for RT-PCR using
the Titan One Tube RT-PCR System (Roche Applied Science) as described in Chapter 2.2.1,
with annealing temperature and extension time modified to 45 °C and 45 sec, respectively.
The PCRs were analysed on a 1% agarose gel and the products gel purified and cloned into
pGEM-T Easy (Chapter 2.2.3 to 2.2.8). Putative clones (10 to 12) were characterised by
EcoRl restriction enzyme digestion and sequencing (Chapter 2.2.2 and 2.2.10).

Table 3.3: Conserved regions of PSY proteins used to design degenerate primers. A multiple
sequence alignment was generated using Clustal W2. The regions from which degenerate primers
were designed are shown in bold.

PSY source GenBank No. psy-FO1 region psy-RO1 region

rice (PSY1l) AAS18307 RRRATWATYVWCRRT LDEIEANDYNNFTKR
maize (PSY1) NP_001108124.2 RRRATWATYVWCRRT LDEIEANDYNNFTKR
Arabidopsis NP_001031895 RRKAITWATYVWCRRT LDEIEANDYNNFTKR
grapefruit AAD38051.2 RRRAIWATYVWCRRT LDE IEANDYNNFTKR
orange AAF33237.1 RRRAIWATYVWCRRT LDEIEANDYNNFTKR
melon CAA85775.1 ROKAIWATYVWCRRT LDEIEANDYDNFTKR
tomato ABM45873 RRRATWATYVWCRRT LDEIEANDYNNFTKR
capsicum EU753855.1 RRKATWATYVWCRRT LDEIEANDYNNFTKR
wolfberry AAWB8383 RRLAIWATYVWCRRT LDEIEANDYNNFTKR
marigold AAM45379 RRKAITWATYVWCRRT LDEIEANDYNNFTKR
sunflower AJ304825.1 RRKAIWATYVWCRRT LDEIEANDYNHFTKR
daffodil CAA55391 RRRATWATYVWCRRT LDEIEANDYNNFTKR
maize (PSY2) NP_001108117.1 RRKAVWATYVWCRRT LDAITEANDYNNFTKR
carrot BAA84763.1 RRRAVWATYVWCRRT LDAIEANDYDNFTKR

3.2.5 Sequence analysis

Eight to 12 clones representing the partial psy coding region amplified with degenerate
primers were sequenced at least once in both directions using the M13 universal sequencing
primers (Chapter 2.2.10). Sequencing data was analysed using the Segman (Lasergene8)
DNA analysis program, which created consensus sequences by clustering individual clone

sequences into groups on the basis of an 80 — 95% minimum percentage identity. NCBI
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nucleotide and protein BLAST tools were used to determine the identity of the consensus
sequences. Those positively identified as psy were further classified according to similarity
with psy sequences from monocots such as maize and rice in GenBank. Consensus
sequences not identified as psy were discarded. For phylogenetic analysis, partial banana psy
consensus sequences generated by Segman were cropped to a 600 bp region (encoding 203
amino acids). The same was done for the maize B73 psyl (GenBank No. AY324431) and
psy2 (GenBank No. AY325302) genes for comparison. The corresponding region of the
Dunaliella salina psy gene (GenBank No. AY601075; 624 bp) was included as an outgroup.
Clustal W2 v2.0.1.0 (Larkin et al., 2007) at the European Bioinformatics Institute server
(www.ebi.ac.uk) was used to produce sequence alignments and percentage identity
comparisons with the default parameters. Bootstrapped phylogenetic trees were produced
using Clustal X2 v2.0.6 (Larkin et al., 2007).

3.2.6 Isolation of banana psy mRNA sequences

The FirstChoice® RLM-RACE kit (Ambion) was used to obtain the 5° and 3’ ends of the
Asupina and Cavendish psy transcripts from leaf and fruit mMRNA. RNA Ligase Mediated
Rapid Amplification of cDNA Ends (RLM-RACE) is optimised to preferentially amplify
products from full length mMRNA templates and this strategy is outlined in Figure 3.1a.

Templates for 5> RLM-RACE were prepared according to the manufacturer’s instructions for
the standard reaction. The amount of mMRNA used for 5 RLM-RACE template preparation
(2 to 5 pL) was based on previous observations of the efficiency of PCR amplification using
degenerate primers. The mRNA concentration could not be estimated by agarose gel
electrophoresis or spectrophotometry and other methods were unavailable. The 5 RACE
adapter sequence is shown in Figure 3.1b and 0.3 pg was used in the ligation step (Figure 3.1
a). The 5° RLM-RACE adapter ligated mRNA (2 pL) was converted into cDNA using
SuperScript® 111 reverse transcriptase (RT) according to the manufacturer’s instructions. The
RT reaction included 100 pmol random decamers (Ambion, supplied with the RLM-RACE
kit) and 40 U Protector RNase inhibitor (Roche Applied Science). SuperScript® 111 proved
more efficient than the M-MLV RT provided with the RLM-RACE kit. The RT reaction was
incubated at 25 °C for 5 min, followed by 50 °C for 60 min and then either used immediately
or stored at —20 °C. Templates for 3° RLM-RACE were prepared from 2 pL total mMRNA
using the SuperScript® Il RT reaction described for 5> RLM-RACE adapter ligated mRNA.
However, the 5° RLM-RACE adapter and random decamers were replaced by the 3’ RLM-
RACE adapter (Figure 3.1 b).
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Figure 3.1: Summary of 5” and 3’RLM-RACE strategies. a) lllustrates how mRNA is converted
into cDNA templates used in nested PCR for 5’ and 3’ RLM-RACE using b) 5’ and 3° adapters.
Adapter primer sequences are listed in Table 3.2. Enzymes used for cDNA preparation included T4
RNA ligase, calf intestine alkaline phosphatase (CIP) and tobacco acid phosphatase (TAP).
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The 5" and 3’ ends of psyl and psy2 mRNAs were amplified from the respective cDNA
templates using nested primers and the adapter primers supplied with FirstChoice® kit (Table
3.2), as summarised in Figure 3.1a. PCR primer pairs used to isolate the 5’ regions of psyl
MRNA were 5’Adapter-Out/psy1l-5’RACE-Out-01 (outer primers) and 5’Adapter-In/psyl-
5’RACE-In-01 (nested primers). The 3’ ends of psyl mRNAs were amplified using
3’Adapter-Out/psy1l-3’'RACE-Out-01 (outer primers) and 3’Adapter-In/psy1-3’RACE-In-01
(nested primers). For amplification of psy2 mRNA 5’ regions, 5’Adapter-Out/psy2-5’RACE-
Out-01 (outer primers) and 5’ Adapter-In/psy2-5’RACE-In-01(nested primers) were used. For
amplification of psy2 MRNA 3’ ends, PCR primers 3’Adapter-Out/psy2-3’RACE-Out-01 and

3’Adapter-In/psy2-3’RACE-In-01 were used for outer and nested amplification, respectively.

Outer PCRs for both 5’ and 3° RLM-RACE used 1pL cDNA template, while for inner PCRs
1 to 5 pL of the outer PCR was used, depending on template abundance. PCR amplification
used Tag DNA Polymerase (Roche Applied Science) and thermal cycling conditions as
described in Chapter 2.2.1 with an extension time of 2 min and annealing temperatures
ranging from 55 °C to 60 °C. The PCRs were analysed on a 1% agarose gel, gel purified and
cloned into pGEM-T Easy (Chapter 2.2.2 to 2.2.7). Putative clones were confirmed by
EcoRI digestion and sequencing (Chapter 2.2.2 and 1.2.10) and analysed as per Chapter
3.2.5.

3.2.7 lsolation of partial banana psy sequences from gDNA

Where sequences could not be obtained using RLM-RACE, strategies were used to isolate
these regions from gDNA. Genome walking libraries were constructed from Asupina and
Cavendish gDNA for the isolation of coding and regulatory segments of the carotenoid
biosynthesis genes (Figure 3.2a). The genome walking method was based on the
GenomeWalker™ Universal Kit (Clontech Laboratories, Inc.). Banana gDNA (0.3 to 1 pg)
was digested overnight at 37 °C with selected restriction enzymes in 20 pL reactions
containing 10 U restriction enzyme and corresponding 1x restriction buffer. Cavendish
gDNA was digested with EcoRI, EcoRV, Nael, Pvull, Stul, Styl and Swal, while Asupina
gDNA was digested with BamHI, EcoRV, Hindlll, Pvull and Stul. Aliguots of each reaction
(5 pL) were electrophoresed to verify complete digestion. Where necessary, overhanging
ends were filled in by incubation with 2 U Klenow polymerase (Roche Applied Science) and
1x filling buffer (supplied with the enzyme) at 37 °C for 15 min. The remaining digest
reaction (15 pL) was precipitated with 2.2 volumes of 100% ethanol for 2 hours at —20 °C.
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Figure 3.2: Summary of genome walking strategy a) illustrating how genomic fragments are
obtained by nested PCR from genomic libraries created by ligation of the genome walking adapter to
restriction enzyme digested gDNA. b) Structure of the genome walking adapter (adapted from
GenomeWalker™ Universal Kit Manual, Clontech Laboratories, Inc.) and position of the adapter
primers listed in Table 3.2.
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DNA was collected by centrifugation at 10,000 x g for 25 min and the pellet washed in 70%
ethanol and dried under vacuum. The gDNA was resuspended in 10 mM Tris buffer (20 pL)
for 2 hours at 65 °C. The digested gDNA (10 pL) was ligated to 5 pmol genome walking
adapter (GWA, Figure 3.2b) in 20 pL ligation reactions which also included 2 U T4 DNA
ligase (Promega) and 1x T4 DNA ligase buffer. The reactions were incubated overnight at
16 °C before addition of 10 mM Tris (80 pL) to create 100 pL GWA libraries that were
stored at 4 °C.

The 5’ sequence of the coding region and part of the 5> UTR of the Cavendish psy2a gene
were obt