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ABSTRACT

The flavonoids catechin and epicatechin, and their polymerized oligomers, the
proanthocyanidins (PAs, also called condensed tannins), accumulate to levels of up to 15%
of the total weight of dry seeds of Theobroma cacao L. These compounds have been
associated with several health benefits in humans including antioxidant activity,
improvement of cardiovascular health and reduction of cholesterol levels. They also play
important roles in pest and disease defense throughout the plant. This research focuses on
molecularly dissecting the proanthocyanidin biosynthetic pathway of Theobroma cacao. To
this end, I first isolated candidate genes from T.cacao (Tc) encoding key structural enzymes
of this pathway which include, anthocyanidin reductase (ANR), leucoanthocyanidin
dioxygenase (LDOX, also called anthocyanidin synthase, ANS) and leucoanthocyanidin
reductase (LAR). I performed gene expression profiling of candidate TcANR, TcANS and
TcLAR in various tissues through different developmental stages and also evaluated PA
accumulation levels in those tissues. My results suggested that all PA candidate genes are
co-regulated and positively correlated with PA synthesis. To functionally analyze the
candidate genes, | used the model plants Arabidopsis and tobacco as expression platforms.
Results from Arabidopsis mutant complementation tests and transgenic tobacco plants
constitutively overexpressing cacao genes demonstrate that the candidate structural genes
isolated from cacao are true ANS, ANR and LAR genes and all actively involved in PA
synthesis in cacao. To further explore the transcriptional regulation of the PA synthesis
pathway, I then isolated and characterized an R2R3 type MYB transcription factor
TcMYBPA from cacao. | examined the spatial and temporal gene expression patterns of
TcMYBPA in cacao and found it to be developmentally expressed in a manner consistent
with its involvement in PAs as well as anthocyanin synthesis. Complementation test of
TcMYBPA in Arabidopsis tt2 mutant suggested that TcMYBPA could functionally substitute
Arabidopsis TTZ gene. Interestingly, except PA accumulation in seeds, I also observed an
obvious increase of anthocyanidin accumulation in hypocotyls of transgenic Arabidopsis
plants. This is consistent with gene expression analysis which showed that the entire PA

pathway could be induced by overexpression of TcMYBPA gene, including DFR, LDOX (ANS)
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and BAN (ANR). Therefore I concluded that the isolated TcMYBPA gene encodes an R2R3
type MYB transcription factor and is involved in the regulation of both anthocyanin and PA
synthesis in cacao. This research will not only offer us the knowledge of secondary
metabolites production in cacao, but also provides molecular tools for breeding of cacao
varieties with improved disease resistance and enhanced flavonoid profiles for nutritional

and pharmaceutical applications.
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

1.1 Metabolic and Functional Diversity of the Flavonoids

Flavonoids are a diverse group of secondary metabolites that are made in plants and
have various biological functions. They are involved in plant defense against insects,
pathogens and microbes and in absorption of free radicals and UV light. They also can act
as pigments that attract beneficial symbionts and pollinators. Because the flavonoids are
important for optimal plant growth and thus maximal agricultural productivity, the
biochemistry and molecular biology of flavonoids is an important and very advanced area
of research. Much of the knowledge in this field was reviewed by Winkel-Shirley, Xie, Dixon

and Lepiniec (Saslowsky and Winkel-Shirley, 2001; Winkel-Shirley, 2002; Dixon et al.,

Phenylalanine PAL, Cinr;amate_> Salicylic Acid e Antimicrobial activity
eSignaling in defense
\ response

Pathogen defense

Attenuation of high light

ePathogen defense
*Wounding defense
*Pollen development

(Quercetin) *Prevention of microbial
LAR infection
*UV protection eAntiherbivore action
e Attraction nitrogen-fixing ePrevention of microbial and
symbionts fungal growth

eAttenuation of high light
ePigments to attract pollinators and
seed dispersers

Figure 1-1. Outline of the flavonoid biosynthetic pathway (adapted from Winkel-Shirley,
(2002). The names of the major classes of flavonoid endproducts are boxed and the main
functions of the products are listed in the rectangular callouts.



2005; Lepiniec et al,, 2006). Figure 1-1 shows an outline of the flavonoid biosynthetic

pathway and a summary of biological functions of a few key metabolites.

Flavonols, isoflavonoids and 3-deoxyanthocyanidins are flavanoids that are
synthesized in various plant tissues as a normal part of development, and that further
accumulate following stimulation by pathogen attack. The levels of these compounds
increase at the sites of infection to concentrations that are toxic to pathogens (Dixon and
Paiva, 1995). Flavones as well as anthocyanins increase in response to high-intensity
visible light; these compounds act as photoprotectants that reduce the amount of light
reaching the photosynthetic system (Beggs et al.,, 1987). Flavonols such as kaempferol can
be induced by wounding and are toxic to potential herbivores (Hahlbrock and Scheel,
1989). They are also involved in pollen development (Ausubel, 1992), and may function to
reduce microbial infection (Dixon and Paiva, 1995). Proanthocyanidins possess
antiherbivore activities owing to their bitter and astringent tastes and negative effects on
digestion; they also defend against microbial and fungal growth (Dixon et al., 2005).
Isoflavonoids can be induced by UV irradiation and protect plant tissues by absorbing UV
light (Beggs et al., 1987). Also, isoflavonoids increase in low-nitrogen conditions, and can
also act as chemoattractors for nitrogen-fixing symbionts (Graham, 1991). Among all these
flavonoids compounds, flavanols and proanthocyanidins have gained special attention
because they have shown benefits not only to plants but also to human health, in addition,
proanthocyanidins are found at high levels in cacao (Gu et al., 2002; 2006), the subject

organism of this thesis research.

1.2  The Flavonoid Biosynthetic Pathway

All flavonoids are derived from cinnamic acid, a derivative of the amino acid
phenylalanine. Their biosynthetic pathways share some general steps and most start from
the condensation of three malonyl-CoA units and p-coumaroyl-CoA catalyzed by chalcone
synthase (CHS) to produce tetrahydroxychalcone (Figurel-1). Yellow-colored

tetrahydroxychalcone is then converted into the colorless naringenin through the



stereospecific isomerization by chalcone isomerase (CHI) (Dixon and Paiva, 1995; Holton
and Cornish, 1995). In legume species, tetrahydroxychalcone can also be reduced to
trihydroxylchalcone by chalcone reductase (CHR), and then converted into liquiritigenin by

CHI (Welle and Grisebach, 1989).

Naringenin enters into different pathways as a substrate for the synthesis of six
different groups of flavonoids. It can be converted into dihydroflavonols by flavanone 3-
hydroxylase (F3H), flavonoid 3’-hydroxylase (F3’H) or flavonoid 3’, 5’-hydroxylase
(F3’5’H). Dihydroflavonols can then be converted into flavonols by flavonol synthase (FLS)
and anthocyanins by a series of enzymes including dihydroflavonol reductase (DFR),
anthocyanidin synthase (ANS), UDP-glucose flavonol 3-0-glucosyl transferase (UFGT).
Alternatively, naringenin can be converted by isoflavone synthase into isoflavones, which
are the precursor for the synthesis of isoflavonoids. Naringenin can also be converted by
DFR into flavan-4-ols which are the precursors of 3-deoxyanthocyanidins, or it can be
converted into flavones by flavone synthase 1 and 2 (FS1/FS2). One set of intermediates in
the anthocyanin synthesis pathway, leucoanthocyanidins and 3-OH-anthocyanins are
converted into the flavan-3-ols (catechin and epicatechin) which are polymerized into

proanthocyanidins (condensed tannins), which is the major topic of study in this thesis.

1.3 Formation and Structures of Proanthocyanidins

The synthesis of proanthocyanidins (PAs) and anthocyanins shares common steps
in the flavonoid biosynthesis pathway up to the synthesis of flavan-3,4-diols (such as
leucoanthocyanidin), which not only are precursors for anthocyanin and flavan-3-ols
synthesis, but also contribute to the extension units of the PA polymers (Figure1-2)(Dixon
et al., 2005). Flavan-3-ols (sometimes referred to as flavanols, such as catechin or
epicatechin) derived from leucoanthocyanidins are believed to act as terminal units to
initiate PA polymerization, while intermediates derived from leucoanthocyanidins

themselves act as extension units to add to flavan-3-ol initiators through C4-C8 linkage



(dominant form of PAs shown in Figure 1-2) or C4-C6 linkage to form branches (not

shown).
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Figure 1-2. Outline of the proanthocyanidin synthesis pathway (adapted from Xie et al., 2003).
Enzymes are represented in uppercase letters. DFR, dihydroflavonol 4-reductase, EC 1.1.1.219;
ANS, anthocyanidin synthase, EC 1.14.11.19; ANR, anthocyanidin reductase, EC 1.3.1.77; LAR,
leucoanthocyanidin reductase, EC 1.17.1.3; OMT, O-methyltransferases, EC 2.1.1.6; UFGT,
UDP-glucose: anthocyanidin/flavonol 3-O-glucosyltransferase, EC 2.4.1.115; RT,
rhamnosyltransferase, EC 2.4.1.-.

The hydroxylation pattern of the B-ring of the monomeric proanthocyanidins is
determined by the presence of the cytochrome P450 monooxygenases flavonoid 3’-
hydroxylase (F3’H) and flavonoid 3’, 5’-hydroxylase (F3'5'H), enzymes that act early in the
flavonoid synthesis pathway after the formation of naringenin (Winkel-Shirley, 2002;
Dixon et al., 2005) (Figure1-1). In the absence of both of these cytochrome P450 enzymes,
hydroxylation occurs only at the 4’position of B rings, yielding (epi)afzelechin. In the
presence of F3’H, the 3’ position will be hydroxylated resulting in the formation of
(epi)catechin. In the presence of F3’5’H, the 5’ position will also be hydroxylated leading to
the formation of (epi)gallocatechin (Figure 1-2). The activity of F3’H and F3’5’H will also



cause similar hydroxylation pattern on the B-ring of anthocyanins, resulting in the
formation of pelargonidin with only one hydroxyl group, cyanidin with two hydroxyl
groups, and delphinidin with three hydroxyl groups. The pigments derived from each
anthocyanin have a characteristic color range since the visible absorption maximum
becomes longer with the increase in B-ring hydroxyl groups: pelargonidin derived
pigments show orange, pink or red colors, cyanidin-derived pigments show red or magenta

colors and delphindin-derived pigments show purple or blue colors (Zuker et al., 2002).

1.4 Genes Encoding Key Enzymes in the Proanthocyanidin Biosynthetic Pathway

1.4.1 Dihydroflavonol 4-Reductase (DFR)

The enzyme dihydroflavonol 4-reductase (DFR) catalyzes the reduction of
dihydroflavonols to leucoanthocyanidins (Dixon et al., 2005). A gene encoding DFR was
first isolated from maize (O'Reilly et al., 1985) and snapdragon (Beld et al., 1989) by
transposon tagging. The snapdragon clone was used to isolate homologous sequences from
petunia, which contains three genes encoding DFR (DFRa, DFRb and DFRc). However, only
DFRa is expressed in floral tissues. Using the sequences of the snapdragon and maize DFR
genes, degenerate primers were designed to amplify and isolate the Arabidopsis
(Arabidopsis thaliana) DFR gene (Shirley et al., 1992). Low stringency genomic Southern
blot analysis suggested that DFR was encoded by a single copy gene in Arabidopsis.

1.4.2 Flavonol Synthase (FLS)

The enzyme flavonol synthase (FLS) catalyzes the conversion of dihydroflavonols to
flavonols. This reaction introduces a double bond between carbons 2 and 3 of the C-ring
(Schijlen et al., 2004). The gene encoding FLS was first cloned from petunia, in which
flavonol synthesis is controlled by the Fl locus (Holton et al.,, 1993). Since FLS belongs to
the dioxygenase family, dioxygenase homologous gene fragments were amplified by

degenerate primers based on conserved dioxygenase sequences from FL/FL wild type and



fl/fl mutant lines of petunia that have greatly reduced flavonol synthesis. PCR products
were then used to screening a petunia petal cDNA library for clones that hybridized more
strongly to FL/FL wild-type PCR products. In this process, the full-length cDNA clone of FLS
was identified. The petunia FLS gene sequence was then used to isolate a homologous gene
from Arabidopsis. Low stringency DNA blots showed that, in Arabidopsis, FLS is a
multigene family with at least three isoforms (Pelletier et al., 1997). Also, in citrus, FLS is
encoded by more then one gene in citrus as demonstrated by DNA hybridization with the
CitFLS cDNA, which detected two to five fragments in the citrus genomic DNA digests of

various restriction enzymes (Moriguchi et al., 2002).

FLS and DFR both use the common substrate dihydroflavonols, which can either
enter the side branch of flavonol synthesis through the action of FLS or enter the
anthocyanin and proanthocyanidin synthesis pathways after conversion into
leucoanthocyanidin by DFR (Figure 1-1). Because of their shared substrate, FLS and DFR
exhibit competitive interactions. This was demonstrated by introduction of an antisense
petunia FLS cDNA into petunia and tobacco, resulting in the production of darker flower

color and increased anthocyanin level plus decreased flavonol level (Holton et al., 1993).

1.4.3 Leucoanthocyanidin Reductase (LAR)

Leucoanthocyanidin reductase (LAR) serves as the first branching point leading to
the production of PAs in the anthocyanin pathway (Schijlen et al., 2004). It converts
leucoanthocyanidin to catechin (Figure 1-2), which is the terminal unit of the PA polymer.
The LAR protein was first purified from Desmodium uncinatum, and the gene was
subsequently cloned based on the protein sequence (Tanner et al.,, 2003). But curiously,
two studies found that there is no LAR ortholog in the Arabidopsis genome although it
produces PAs. This suggests that Arabidopsis may use only epicatechin to produce PAs
(Abrahams et al., 2003). While LAR appears to exist as a single copy gene in Desmodium, 2
highly related homologous genes (VWLARI and VvLARZ) with distinct expression profiles

were discovered in grape (Bogs et al,, 2005). Gene expression was correlated to catechin



production in different tissues of grape (Vitis vinifera). Similarly, two LAR genes were also
found in Lotus corniculatus (LcLAR1 and LcLARZ), but in the in vitro enzyme assays, only
LcLAR1 protein showed enzyme activity and converted leucoanthocyanidin to catechin
(Paolocci et al., 2007). Recently, another single copy LAR gene was identified from
Medicago truncatula (Pang et al., 2007). Although this LAR protein demonstrated week
activity in the in vitro enzyme assays, overexpressing it in tobacco failed to divert the
metabolic flow from anthocyanin to catechin synthesis. Surprisingly, the authors also found
that the Medicago PAs are composed almost entirely of epicatechin, despite the existence of
LAR gene in the Medicago genome and the expression of LAR gene in the PA accumulating

tissues. Therefore, the precise function of LAR protein remains unclear.

1.4.4 Anthocyanidin Reductase (ANR)

Anthocyanidin reductase (ANR) converts cyanidin to epicatechin, which is also an
initiator of PA polymers. Thus, ANR is the second branching point in the anthocyanin
pathway leading to PA production. The ANR gene (also known as BANYULS, BAN) was first
isolated using Arabidopsis T-DNA mutants (Devic et al.,, 1999). The function of the ANR
gene in reducing cyanidin to epicatechin was demonstrated by Xie et al. (2003) by in vitro
enzyme assays and in vivo analysis in transgenic tobacco. Ectopic expression of the
Arabidopsis ANR gene in tobacco petals resulted in the loss of anthocyanin and
accumulation of PAs. ANR was also isolated from Medicago truncatula and grape, and their
functions demonstrated in tobacco (Xie et al., 2003; Bogs et al.,, 2005). In these three
species, ANR appears to be present as a single copy in the genome (Devic et al.,, 1999; Xie et
al,, 2003; Bogs et al., 2005). The three-dimensional structure of the grape ANR protein was
recently described (Gargouri et al.,, 2009). The study further showed that the grape ANR
protein has an epimerase activity in addition to reductase activity, and can convert

cyanidin to a 50:50 mixture of both 2,3-cis and 2,3-trans flavan-3-ols.



1.4.5 Leucoanthocyanidin Dioxygenase (LDOX)

Leucoanthocyanidin dioxygenase (LDOX) converts leucoanthocyanidin to cyanidin,
which serves as the precursor of epicatechin and PA synthesis. Since cyanidin also serves
as the precursor for anthocyanin, LDOX is also called anthocyanin synthase (ANS). LDOX is
a key enzyme that is important to both PA and anthocyanin synthesis. LDOX was first
cloned in the maize aZ mutant by transposon tagging (Menssen et al., 1990) and then from
snapdragon by differential screening (Martin et al., 1991). LDOX was also isolated from
Arabidopsis by screening the EST database for LDOX-homologous sequences (Pelletier et
al,, 1997). Complete genome sequence analysis as well as Southern blot analysis showed
that LDOX is a single copy gene in Arabidopsis. The Arabidopsis tds4 mutant is defective in
the LDOX gene and is deficient in both anthocyanins and PAs accumulation (Abrahams et
al,, 2003). An LDOX (ANS) gene was also characterized from Medicago (Pang et al., 2007).
Downregulation of ANS gene in Medicago leaves resulted in a reduction of both

anthocyanin and PAs, consistent with its role in both anthocyanin and PA synthesis.

1.4.6 UDP-glucose:Flavonoid 3-0-Glucosyltransferase (UFGT)

Under normal physiological conditions, flavonoids and anthocyanidins with a free
hydroxyl group in the C3 position of the heterocyclic ring are not stable, so they do not
accumulate to significant levels. To stabilize anthocyanidins, a glucose moiety can be
transferred to the C3 hydroxyl group from UDP-glucose by the enzyme UDP-
glucose:flavonoid 3-0-glucosyltransferase (UFGT) (Schijlen et al., 2004). UFGT is required

for anthocyanidins and flavonoids stability, water solubility and accumulation in vacuoles.

Using a transposon tagging method, Fedoroff et al. (1984) isolated the first UFGT
gene from maize (the Bz1 gene) . Using the maize gene as a probe, a clone encoding UFGT
was then isolated from snapdragon and its function confirmed by expression in Lisianthus
(Martin et al,, 1991; Schwinn et al,, 1997). UFGT genes were later isolated from five species

including Urad (Vigna mungo) (Mato et al., 1998), Green Shiso (Perilla frutescens) (Saito et



al,, 1999), Baikal Skullcap (Scutellaria baicalensis) (Hirotani et al., 2000), grape (Fukuchi-
Mizutani et al., 2003) and most recently in Arabidopsis (Kubo et al., 2007).

1.5 Transcription Factors Regulating PA Synthesis

In the recent years, many genes regulating PA synthesis have been cloned and
characterized using mutants having reduced PA or anthocyanin content (Marles et al.,
2003). The majority of these genes were cloned from Arabidopsis mainly due to the large
collection of transparent testa (tt) transposon tagging or T-DNA insertion mutants. In
Arabidopsis, PAs accumulate specifically in the innermost integumentary layer of the seed
coat (endothelium) and will give the mature seed testa a brown color after
oxidation(Lepiniec et al., 2006). When genes required for normal PA synthesis are mutated,

the mature seed will display a transparent testa phenotype (77).

The TT genes isolated to date include a basic helix-loop-helix (bHLH) transcription
factor (TT8) (Alemanno et al.,, 1997), a MYB transcription factor (TT2) (Nesi et al,, 2001), a
WD-40 repeat (WDR) protein (TTG1) (Walker et al., 1999), a MADS box gene (TT16,
BSISTER) (Johnson et al., 2002), a WRKY transcription factor (TTG2) (Johnson et al., 2002),
and a new type of zinc finger protein (WIP) (TT1) (Sagasser et al,, 2002) (Figure 1-3). The
TRANSPARENT TESTA GLABRA1 (TTG1) was the first anthocyanin regulator isolated in
Arabidopsis through positional cloning (Walker et al., 1999). TTG1 is required for the
expression of the DFR structural gene, and is thus necessary for anthocyanin and PA
synthesis. This gene is expressed in almost all major organs in Arabidopsis and has
widespread functions other than anthocyanin synthesis, including root hair and trichome
formation as well as production of seed mucilage production. TTG1 encodes a protein with
four WR40 repeats, which are crucial for protein-protein interaction, and appears to act
upstream of both bHLH and MYB transcription factors. The TRANSPARENT TESTA 8 (TT8)
gene was isolated using Arabidopsis T-DNA insertion mutants (Nesi et al., 2000). It encodes
a bHLH domain protein required for expression of DFR and BAN (ANR) genes in
Arabidopsis siliques. It is expressed only in developing siliques and young seedlings but not
in leaves, roots, stems and other tissues. Another transcription factor TRANSPARENT

TESTA 2 (TT2), controlling PA and anthocyanin synthesis was isolated from Arabidopsis



also using T-DNA tagging (Nesi et al,, 2001). It encodes an R2ZR3 MYB domain protein that
is also required for DFR and BAN expression, the same as TT8 and TTG1.

TT2, TT8, TTG1
TTG1 PA monomer units
TT1 v Polymerization
TT2, TT8, TTG1,
TTG2? TT16? Proanthocyanidin

Figure 1-3. Working model of anthocyanin and proanthocyanidin synthesis pathway with
regulatory genes (adapted from (Dixon et al.,, 2005). Enzymes are represented in uppercase
bold letters; transcription factors regulating the enzymes in Arabidopsis are represented
by blue letters beside the names of enzymes. The products in the pathway are given in
black boxes. Red boxes indicate the genes that are objects of research in this thesis.

10



These results suggest that TT2, TT8 and TTG1 may interact to control the PA and
anthocyanin biosynthesis. However, the expression of TTZ is more restricted than TT8 and
TTG1; the gene is expressed only in the seed testa during early embryogenesis. This is
consistent with the BAN expression and the PA synthesis patterns. Overexpression of TT2
can induce ectopic transcription of BAN, indicating that TTZ is the limiting factor that
determines the spatial and temporal expression of the BAN gene. A subsequent study using
molecular approaches both in yeast and in planta in Arabidopsis showed that TT2, TT8 and
TTG1 can form a stable ternary complex (Baudry et al., 2004). TT2, in combination with
TTS8, is responsible for specific recognition of the promoter region of BAN. TTG1 regulates
the activity of the complex, potentially by acting on TT8. Further study of the TT8 promoter
activity showed that the expression of TT8 involves the presence of TT8 itself or
homologous bHLH factors as well as TTG1 and MYB factors. This positive feedback
regulation results in a strong restriction of cell-specific expression of BAN gene and

accumulation of PAs.

TTGZ2, arelated gene cloned from Arabidopsis (Johnson et al., 2002), is involved in
both trichome development and PA synthesis in the seed coat. It is a WRKY transcription
factor that acts downstream of TTG1. However, the mutation in TTGZ2 does not affect the
activity of the BAN gene promoter (Debeaujon et al., 2003). The downstream structural

gene targets of TTGZ have yet to be discovered.

TRANSPARENT TESTA16 (TT16) was identified through T-DNA tagging (Nesi et al,,
2002). It encodes a MADS box protein that belongs to the BSISTER clade (Becker et al,,
2002), which consists of genes of unknown function that are mainly expressed in female
organs. TT16 is necessary for the expression of the BAN gene as well as the specification of
endothelium cells. A mutation in TT16 has been demonstrated to affect the spatial pattern
of BAN promoter activity (Debeaujon et al., 2003), but its mechanism and downstream

targets still remain unclear.

TRANSPARENT TESTA 1(TT1) was isolated through transposon tagging (Sagasser et
al., 2002). The protein contains a novel combination of two TFIIIA-type zinc finger motifs

defining a new subfamily of plant zinc finger transcription factors called “WIP” (featuring in
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protein domains containing the sequence Trp-Ile-Pro). The mutant has no PAs and a
modified spatial pattern of BAN gene expression as well as an altered morphology of the
seed endothelium where PA is usually deposited (Sagasser et al., 2002; Debeaujon et al.,
2003). However, catechin, the monomeric subunit of PAs, was detected in the tt1 mutant,
suggesting that TT1 may be regulating genes specifically controlling PA polymerization
(Sagasser et al., 2002).

1.6 Significance of Flavan-3-ols and PAs in Plant Resistance Mechanisms

Monomeric flavan-3-ols and PAs and their derivatives are present in various plant
tissues including fruit, leaf and seed in many plants. Their main functions are thought to
provide protection against UV light, microbial pathogens, as well as insect and herbivore

invasions (Dixon et al., 2005) and will be reviewed briefly below.

1.6.1 UV Absorption

PAs have UV absorbing properties with a peak absorbance at 280 nm (Revilla,
1991). PAs are often present in epidermal cells of leaves and other tissues that are exposed
to high levels of UV light (Winkel-Shirley, 2002). Arabidopsis mutants in CHS or CHI genes
are deficient in PAs and show UV-hypersensitive phenotypes (Li et al., 1993). In poplar, UV
irradiation can induce the TT2-like R2ZR3 MYB transcription factor that is the regulator of
the entire PA synthesis pathway. This factor also activates the downstream PA pathway
genes and causes a significant increase of PAs accumulation in leaves, suggesting role for

PAs in UV stress response (Mellway et al., 2009).

1.6.2 Binding of Metals
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Proanthocyanidins bind metals through O-diphenol group complexation (Dixon et
al., 2005). This property has been suggested to be one mechanism for antimicrobial activity
since iron depletion results in severe limitation of bacterial growth (Scalbert, 1991). The
growth of some bacteria such as Pseudomonas maltophilia and Enterobacter cloacae are
inhibited by the proanthocyanidins catechin and epicatechin (Feucht and Treutter, 1999).
Similar inhibitory effects were also observed on the growth of some non-phytopathogenic
bacteria such as Staphylococcus aureus, Lactobacillus casei and Escherichia coli in the
presence of proanthocyanidins and prodelphinidins from grape. The metal binding
properties of proanthocyanidins might also function in plant aluminum tolerance, as in the
case of the legume Lotus pedunculatus where they might complex aluminum in the tannin-

rich vacuoles of the root apices (Stoutjesdijk et al., 2001).

1.6.3 Oxidation to Quinones

A recent study of Arabidopsis seeds resulted in the identification of the TT10 gene,
which encodes a laccase-like enzyme that is involved in the oxidative polymerization of PAs
(Pourcel et al,, 2005). In the presence of the laccase-like oxidase, Arabidopsis epicatechins
are oxidized to the corresponding quinones, which would initiate subsequent
polymerization resulting in the formation of brown PA polymers. While oxidized, PA
polymers will cross-link with the cell wall in seed testa to create a physical barrier to water
permeation. Furthermore, since quinones are powerful antibiotics (Pourcel et al., 2007),
the PA polymer barrier may also act against pathogens to protect seeds during storage and

germination.

1.6.4 Molecular Interaction with Proteins

Proanthocyanidins interact irreversibly with proteins via O-quinone-intermediates as a

result of stable covalent bonds that lead to precipitation (Feucht and Treutter, 1999). This
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strong interaction is responsible for the astringency of some fruits and other plant tissues,
which protects plants from herbivores. Studies in various peanut (Arachis hypogaea)
genotypes have shown that the fecundity of aphids was inversely proportional to the levels
of constitutive proanthocyanidins in the leaf-bud petioles where they feed (Dixon et al.,

2005).

1.7  Health Benefits of Flavan-3-ols and Proanthocyanidins

Research of the cardiovascular effects of dietary flavonoids was first stimulated by a
study of the Kuna indigenous people conducted by Hollenberg et al. (1997). The study
found that Kuna Indians residing on the San Blas Islands north of Panama have very low
blood pressure and are free of hypertension and cardiovascular disease. However, when
they migrate to urban cities of Panama, they start to suffer age-related blood pressure rise,
and a much higher frequency of hypertension. One outstanding feature of the diet
differences between island and city-dwelling Kuna includes a very high intake of flavonoid-
rich cocoa beverages. Island-dwelling Kuna people use flavonoid-rich raw cocoa powder to
flavor their drinking water that is shipped from the mainland. On average, these people
consume 40 cups of raw cocoa drinks per week. While city-dwelling Kuna stopped drinking
cocoa or drink commercial cocoa that is stripped of flavonoids for a better taste. This study
suggested that cocoa flavonoids make an important contribution to a healthy

cardiovascular system.

Recent epidemiological and nutritional studies have provided a growing body of
evidence that a specific subclass of flavonoids might have a role in improving human
cardiovascular health (Norman et al,, 2009). This subset of flavonoids includes flavonols
such as quercetin and flavan-3-ols that are the monomeric subunits of PA polymers known
as catechin and epicatechin. These flavonoids have been conclusively shown to improve
cardiovascular health in at least four ways: inhibition of LDL oxidation, vasodilatation,

inhibition of platelet activation and prevention of inflammation (Engler and Engler, 2006)

1.7.1 Inhibition of LDL Oxidation
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The pathogenesis of atherosclerosis is related to the oxidative modification of low
density lipoprotein (LDL), which is the main carrier of cholesterol (Baba et al,, 2001). A
study conducted in healthy humans indicated that after consuming high polyphenol cacao,
the lag time to conjugated diene production was significantly prolonged as a result of LDL
oxidation induced by different oxidant agents. It was also observed that a much higher level
of epicatechin accumulated in the urine of the cacao consumer. This indicated that the
flavan-3-ols in the cacao drink had been absorbed and were associated with resistance
against the oxidation of LDL. The antioxidant capacity and diminished production of
oxidative products in plasma has also been shown to be related to increased concentrations

of cacao epicatechin by another in vivo study in healthy human subjects (Wan et al., 2001).

1.7.2 Vasodilation

A study conducted with New Zealand white rabbits demonstrated that the
oligomeric proanthocyanidins not only can cause endothelium dependent relaxation but
also can activate the synthesis of nitric oxide synthase (NOS) (Karim et al., 2000). Since
nitric oxide functions to promote vasodilation, this study indicates that oligomeric
proanthocyanidins can induce vasodilatation by modulating endothelium dependent
relaxation mediated by activating NOS and increasing the endothelium nitric oxide level.
Another study conducted in healthy humans following daily consumption of flavonol rich
cacao also reported induced vasodilation as well as improvement in endothelial function

via activation of the nitric oxide system (Norman et al., 2009).

1.7.3 Inhibition of Platelet Activation

PAs can also effect human health through interactions with blood components. In
vitro experiments indicated that after incubating cacao oligomeric proanthocyanidin or

dealcoholized red wine (DRW) with whole blood cells, there was a reduction in the
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expression of surface protein receptors GPIIb/Illa that are essential for platelet
aggregation and thrombus formation (Rein et al,, 2000). Similar results were also observed
in blood obtained from healthy human subjects after cacao beverage consumption (Rein et
al,, 2000). These in vitro and in vivo studies suggested that cacao flavonoids could suppress
platelet activation and platelet microparticle formation and could have an aspirin-like

effect on primary vascular homeostasis.

1.7.4 Anti-Inflammation Activity

Transcription factor nuclear factor-B (NFkB), which regulates the expression of
genes encoding pro-inflammatory proteins such as cytokines, can be activated by reactive
oxygen species (ROS) (Christman et al., 2000). Studies in rat indicated that ROS generation
was significantly reduced in cultured rat hepatocyte cells treated with quercetin, and that
activation of NFkB was also blocked after quercetin treatment (Martinez-Florez et al.,
2005). These studies suggested that flavonol might exert its anti-inflammation activity by
inhibiting the activation of NFkB and subsequent proinflammatory proteins through

diminishing intracellular production of ROS.

1.8 Cacao Proanthocyanidin Bioavailability and Bioactivity

There are a variety of plant-based foods and beverages that serve as a natural
sources of flavanols, including cacao, red wine, grapes, apples, and cranberries. Among
those, cacao has an extraordinarily high amount of flavanols (Keen et al., 2002), which
make up about 15% of the dry weight of unprocessed cacao beans (Hannum and Erdman,
2000). Cacao flavanols typically consist of 20-30% monomers (epicatechin and catechin),
over 50% dimers, with the larger proanthocyanidin polymers constitute the remaining 20-

30% (Baudry et al,, 2004). Differences in total flavanol content exist between cacao
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samples differing in cultivars, geographical origin and farming practices (Fisher and

Hollenberg, 2005).

The exact steps leading to the polymerization of flavanol monomers is still not
known, nor is the precise active form of flavanols (monomers, dimers or polymers) in the
human body. To date, in human blood samples after digestion of flavonoid-rich cacao, only
flavan-3-ol monomers and dimers have been measured, and no oligomers larger than
dimers have yet been detected (Fisher and Hollenberg, 2005). However, in vitro, these
monomers and dimers have demonstrated very little or no activity in stimulating nitric
oxide synthesis. Only tetramers through decamers of catechin showed an effect on
endothelium dependent relaxation (Karim et al., 2000). A growing body of research results
suggests that flavan-3-ol dimers from cacao are transformed by the microorganisms in the
gut into low molecular weight phenolic acids before absoption, and that it may these
metabolites that play a major role in health benefits associated with proanthocyanidin

consumption (Appeldoorn et al., 2009; Stoupi et al., 2010).

The work presented in this thesis begins to dissect the PA pathway in cacao using a
translational genomics strategy. This strategy involved the isolation of cacao genes of
interest based on sequence similarities with other species, then the characterization of the
structure and expression of each of the genes. To verify the predicted enzymatic activity of
the proteins encoded by each of the cacao genes, they were expressed in transgenic
Arabidopsis plants that had mutations in the cognate structural or regulatory genes
(transgenic complementation assay), or were over-expressed in wild-type tobacco
(Nicotiana tabacum) plants. These results characterized four important cacao genes
involved in PA biosynthesis: TcANR, TcANS, TcLAR and TcMYBPA. In addition, they also
demonstrate that the PA biosynthesis pathway and its regulatory mechanisms are highly

conserved between cacao and Arabidopsis.
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CHAPTER 2: MOLECULAR BIOLOGY OF PROANTHOCYANIDIN SYNTHESIS IN
CACAO: CHARACTERIZATION OF GENES ENCODING ANTHOCYANIDIN REDUCTASE,
ANTHOCYANIDIN SYNTHASE AND LEUCOANTHOCYANIDIN REDUCTASE

2.1 Introduction

Flavonoids are a diverse group of plant secondary metabolites with various
biological functions that play important roles during plant development. They are involved
in plant defenses against insects, pathogens and microbes, in absorption of free radicals
and UV light, and in attraction of beneficial symbionts and pollinators (Martin et al., 1991;
Saslowsky and Winkel-Shirley, 2001; Winkel-Shirley, 2002; Dixon et al., 2005).
Proanthocyanidins (PAs, also known as condensed tannins) are components of metabolites
synthesized through the general flavonoid pathway. Their main known function is to
provide protection against microbial pathogens and invasions of insects and herbivores
through the following mechanisms (Dixon et al., 2005): first, PAs have metal depletion
activities that result in severe limitation of bacterial growth; second, they can cause
irreversible protein precipitation, which is responsible for the astringent taste that repels
herbivores; third, PAs can be oxidized to quinones which not only are powerful antibiotics
themselves, but also can initiate cross-linking of cell walls to form a physical barrier
(Scalbert, 1991; Feucht and Treutter, 1999; Pourcel et al., 2005; Pourcel et al., 2007).
Furthermore, PAs, especially cacao PAs, have recently proven to be beneficial to humans by
improving cardiovascular health through activation of nitric oxide synthase, by providing
cancer chemopreventative effects, and also through neuroprotective activities

(Ramassamy, 2006; Aron and Kennedy, 2008; Norman et al., 2009).

The PA biosynthesis pathway that leads to the production of flavan-3-ols ((+)-
catechin and (-)-epicatechin), the building blocks of proanthocyanidins, has been well
studied in the model plant species maize and Arabidopsis as summarized in Figure 1-2
(Winkel-Shirley, 2001; Lepiniec et al., 2006). Biosynthesis of flavan-3-ols via the

anthocyanin pathway involves three principal enzymes: leucoanthocyanidin reductase
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(LAR), anthocyanidin synthase (ANS), and anthocyanidin reductase (ANR; in Arabidopsis,
the product of BANYULS gene). The synthesis of PAs and anthocyanins shares common
steps leading to flavan-3,4-diols (such as leucoanthocyanidin), which can be converted to
catechin (2,3-trans-flavan-3-ol) by LAR (Tanner et al,, 2003), or to cyanidin by ANS (Saito
et al,, 1999; Abrahams et al., 2003). Cyanidin then either serves as the substrate for the
synthesis of epicatechin (2,3-cis-flavan-3-ols) by ANR (Xie et al., 2003), or can otherwise be
converted to anthocyanidin by glycosylation (Schijlen et al., 2004). Both catechin and
epicatechin act as the initiators for PA polymerization, with intermediates derived from
leucoanthocyanidin, catechin or epicatechin added sequentially as extension units (Dixon
et al.,, 2005). However, the details of the polymerization process are unclear and it is not
known whether this is a spontaneous or an enzyme-catalyzed reaction. Recent work has
identified two new enzymes downstream of flavan-3-ols that are involved in key steps of
PA polymer biosynthesis, a laccase-like polyphenol oxidase from Arabidopsis (TT10;
Pourcel et al,, 2005) and an epicatechin 3’-O-glucosyltransferase in Medicago truncatula

(Pang et al.,, 2008).

ANS and ANR genes have been biochemically and genetically characterized in
Arabidopsis (Pelletier et al., 1997; Devic et al,, 1999; Abrahams et al,, 2003; Xie et al., 2003),
Medicago (Xie et al., 2003; Pang et al., 2007) and grape (Bogs et al., 2005). The Arabidopsis
ans (Idox) mutant exhibits a deficiency in both anthocyanin accumulation in hypocotyls and
PA deposition in seeds that results a transparent testa phenotype (Abrahams et al., 2003).
Seeds of the Arabidopsis banyuls (anr) mutant exhibit a lack of PAs and a hyper-
accumulation of anthocyanins, resulting in a dark red color reminiscent of a the famous
Banyuls wine produced in southern France (Devic et al., 1999). Over-expression of ANR
genes from Medicago and grape in tobacco results in a loss of anthocyanin pigments in
flower petals and elevated levels of PAs (Xie et al., 2003; Bogs et al.,, 2005). Antisense
down-regulation of ANS in Medicago results in reduction of both anthocyanins in leaves

and PAs in seeds (Pang et al.,, 2007).

LAR genes have been isolated from various plant species including Desmodium
uncinatum (Tanner et al., 2003), Vitis vinifera (Bogs et al., 2005), Lotus corniculatus

(Paolocci et al., 2007) and Medicago truncatula (Pang et al., 2007) and their corresponding
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protein functions have been characterized by in vitro recombinant enzyme assays.
However, the genetic evidence for LAR function is rather indirect and less convincing than
itis for ANR and ANS, as discussed by Pang et al. (2007). It appears that the genomic
sequence of Arabidopsis thaliana does not to contain an intact LAR orthologue, and
correspondingly, catechin is not detected in Arabidopsis seed extracts (Abrahams et al.,
2003; Tanner et al., 2003; Lepiniec et al., 2006). Intriguingly, grape has 2 LAR genes
(VWLARI and VvLARZ) with different expression patterns: VWLAR1 is co-expressed with
VVANR in flowers and early devlopmental stage berries; whereas VVLARZ is co-regulated
with VWWANR via the VWMYBPA1 transcription factor in grape skins and seeds, in which the
expression level of VVLAR]1 is not appreciable (Bogs et al., 2005; 2007). However, although
Bogs et al.(2005; 2007) provided the biochemical functional analysis of VVLAR1 protein
and also promotor activity analysis of only VvLAR1, VVLAR?Z is the gene whose expression

pattern coincides with the PA syntheis regulator WWMYBPA1.

In Arabidopsis and Medicago, PA accumulation and gene expression is quantitatively
and spatially limited to seed coats, making it remarkably difficult for biochemical analysis
(Lepiniec et al., 2006; Pang et al., 2007). In contrast, Theobroma cacao (Tc) produces
significant amounts of PAs in various tissues including leaves and beans -- up to 12% of dry
weight in leaves (Chaves and Gianfagna, 2007)and approximately 10% in mature beans
(Niemenak et al., 2006). Furthermore, large amounts of catechin and epicatechin
monomers as well as their related polymers of different length have been detected in cocoa

powder (Gu et al., 2002; Chaves and Gianfagna, 2007).

[t is also important to understand the stages of development of cacao fruits to
provide a biological context for the genetic and biochemical studies that will be presented
in this thesis. The development of cacao and anthocyanin synthesis has been described
previously. The development of cacao fruits can be divided into three phases. Following
pollination and fertilization, the first phase of fruit development is initiated and fruit begins
to expand slowly at a rate of about 30-40 cm3/ week (Cheesman, 1927). This phase lasts 6-
7 weeks until the first division of the fertilized egg, which initiates the second phase of pod
development. At the second phase, fruits expand more rapidly at a rate of about 110-130

cm3/ week, and embryos enlarge but remain unpigmented till they reach the length of
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ovules at about 14-16 weeks after pollination (Lehrian and Keeney, 1980; Alemanno et al.,
1997). When the fruits are 14-16 weeks old, the pericarp begins to change color from green
to orange (in Scavina 6), denoting onset of the third phase, ripening. Ripe pod color varies
from bright red, purple, green, yellow and multi-colored patterns, dependant on genotype.
During the third phase, the increase in the fruits external dimensions gradually slows and
finally ceases. The seeds begin to solidify and their dry weight increases rapidly at a rate of
about 20-40 mg/day. Seed length remains constant as they continue to accumulate
anthocyanins and gradually darken until maturity at about 20 weeks after pollination

(Cheesman, 1927; Lehrian and Keeney, 1980; Wright et al., 1982; Alemanno et al.,, 1997).

Considering the wide range of health benefits known for PAs and its significance for
plant resistance, we targeted this pathway for molecular-genetic analysis. This chapter
describes the isolation and expression of the TcANR, TcANS, and TcLAR genes encoding the
key enzymes in PA biosynthesis. We measured PA content in different cacao tissues and at
different developmental stages and performed functional characterization of the TcANR,
TcANS, and TcLAR gene products through in vivo tests. To our knowledge, this work
represents the first published analysis of the function of an LAR enzyme in vivo, providing
direct genetic evidence of LAR gene function. The results presented here provide
background and genetic tools that will be useful in the development of new cacao varieties

with altered PA profiles.

2.2 Materials and Methods

2.2.1 Plant Material

Two Theobroma cacao varieties, Scavina 6 and Amelonado, were used for this study.
Cacao plants were grown in a greenhouse as previous described (Maximova et al., 2003).
Leaf tissues were collected from Scavina 6 plants at five stages of development (A-E) as
shown in Figure 2-1. Stage A leaves are newly emerged and are 5 to 10 cm long; stage B
leaves are larger, soft, red and translucent, 10-15cm long; Stage C leaves are green and

remain soft; Stage D leaves are at an early stage of lignification; Stage E leaves are fully
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lignified and mature. Stage A and B leaves were pooled together because of the limited

amount of Stage A leaves. Flowers were also collected from Scavina 6 plants at two

developmental stages: opened flowers and unopened flowers. Unopened flowers samples

were a mixture of all stages of flower buds had not yet bloomed into full-size flowers. Cacao

pods were obtained by hand pollinating Amelonado (a self-compatible variety). Developing

fruits were collected at weekly intervals from 2 weeks after pollination (WAP) to 6 WAP,
and then biweekly until 20 WAP when pods were mature (Cheesman, 1927). Whole pods
were sampled until 8 WAP, after which pods were bisected, and fertilized ovules and pod
exocarps collected separately. Exocarp samples represent the outer 1-2 mm layer of the
fruit and were obtained using a fruit peeler. All samples were frozen in liquid nitrogen

upon collection and stored at -80°C until biochemical analysis.

5cm

Figure 2-1. Developmental stages of cacao leaf (Scavina 6). Photographed with
transillumination to demonstrate the translucent nature of stage A-C where the ruler
can be seen through the leaves, but not stages D and E. Top scale on ruler inches,
bottom mm.

27



Transgenic and wild-type tobacco plants (Nicotiana tabacum var. Samsun provided
by Wayne Curtis, Department of Chemical Engineering, The Pennsylvania State University)
were grown in a greenhouse under the same condition as cacao plants. Arabidopsis plants
(Arabidopsis thaliana) were grown in soil at 22°C, 50% humidity and a 16 h/8 h light/dark
photoperiod in a growth chamber (Conviron, Pembina, ND, USA). Plants grown aseptically
were plated on MS medium (Murashige and Skoog, 1962) with 2% (w/v) sucrose solidified
with 0.6% (w/v) agar. Arabidopsis ecotype Columbia (Col-0) plants were used as the wild
type. T-DNA insertion mutants ban (SALK_040250) and Idox (SALK_028793) were obtained
from The Arabidopsis Biological Resource Center (Columbus, OH, USA).

2.2.2 Nucleic Acid Purification and cDNA Synthesis

Total RNA from leaves of Theobroma cacao (Scavina 6) was isolated using a modified
cetyl trimethyl ammonium bromide (CTAB) extraction method (Zeng, 2002). RNA was
further purified and concentrated using RNeasy columns (Qiagen, Valencia, CA, USA). The
quality of RNA was verified by observing absorbance ratios of A260/A280 (1.8 to 2.0) and
A260/A230 (1.8 to 2.2) and by separating 200 ng RNA samples on 0.8% agarose gels to
examine intact ribosomal bands. First strand cDNA was synthesized using the SMART RACE
cDNA amplification kit (Clontech, Mountain View, CA, USA).

2.2.3 Isolation of cDNA and Genomic Clones from Theobroma cacao

The putative expressed sequence tag (EST) sequences of cacao anthocyanidin
reductase (TcANR), anthocyanidin synthase (TcANS) and leucoanthocyanidin reductase
(TcLAR) genes were obtained by searching the Theobroma cacao EST database
(http://esttik.cirad.fr/)(Argout et al., 2008) using the tBLASTn program (Altschul et al.,

1990). The query sequences used were the protein sequences of BANYULS and LDOX from
Arabidopsis thaliana and DuLAR from Desmodium uncinatum respectively (Accession

numbers: NP_176365, Q96323 and CAD79341). Based on the sequences of the EST contigs
from the ESTtik database (EST Treatment and Investigation Kit; http://esttik.cirad.fr), PCR

primers were designed to amplify the entire coding sequences of each gene: ANR_F (5’-
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AGCCATGGCCAGCCAGACCGTAGG-3") and ANR R (5’-
GCGGCCGCTCACTTGAGCAGCCCCTTAGC-3’), ANS_F (5’-CCATGGTGACTTCAATGGCCCCCAG-
3") and ANS_R (5’-GCGGCCGCCTCAATTAGACAGGCCATC-3’) and LAR_F
(CCATGGATATGAAATCAACAAACATGAATGGTTC) AND LAR_R
(GCGGCCGCTCATGTGCATATCGCAGTG). To facilitate the subsequent cloning into binary T-
DNA vectors, Ncol sites were added to the 5’ end of each start codon and Notl sites were
added to the 3’ end of each stop codon (sites are shown in italics and the start or stop
codons are underlined). The coding sequences were amplified from cacao cDNA prepared
from young leaves (genotype Scavina 6) with the Advantage cDNA PCR Kit (Clontech,
Mountain View, CA, USA) using these primers. PCR reactions were carried out in a total
volume of 20 pL at 94°C for 5 min; 5 cycles of 94°C for 30 sec, 55°C for 30 sec, and 72°C for
1 min; then another 23 cycles of 94°C for 30 sec, 60°C for 30 sec, and 72°C for 1 min;
followed by a final extension at 72°C for 5 min. PCR products were gel purified and cloned
into the pGEM-T easy vector (Promega, Madison, WI, USA). The correct open reading
frames (ORFs) of each of the resulting constructs (pGEMT-TcANR, pGEMT-TcANS and
pGEMT-TcLAR) were confirmed by DNA sequencing.

The DNA sequences of the TcANR, TcANS and TcLAR genes were obtained by isolation
and sequencing of genomic clones. Briefly, 2 high-density filters arrayed with 18,432
colonies of Theobroma cacao (genotype LCT-EEN 37) bacterial artificial chromosome (BAC)
clones on each constructed by The Clemson University Genomics Institute (CUGI,

https://www.genome.clemson.edu/) were screened by hybridization to full-length cDNA of

each gene labeled with P32 using the MEGA Labeling Kit (GE Healthcare, Piscataway NJ).
DNA hybridizations were carried out at 65°C in 1 mM ethylenediaminetetraacetic acid
(EDTA), 7% sodium dodecyl sulfate (SDS), 0.5M sodium phosphate (pH7.2) for 16-18 h.
Filters were washed twice at 65°C in 1 mM EDTA, 1% SDS, 40 mM Naz;HPO4 for 20 min,
twice at 65°C in 1.5x sodium chloride/sodium citrate (SSC), 0.1% SDS for 20 min and twice
at 65°Cin 0.5x SSC, 0.1% SDS for 20 min. Two or more BAC clones were identified for each
gene and confirmed by PCR using plasmid DNA from individual colonies and gene specific
primers. High purify plasmid DNA from individual BAC clones was then isolated using a

NucleoBond BAC 100 kit (Macherey-Nagel Inc., Bethlehem, PA, USA) and both strands of
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DNA were sequenced using primers designed from the cDNAs and genomic DNA. DNA

sequencing results were analyzed and assembled using Vector NTI software (Invitrogen,

San Diego, CA), application Contig Assembly. The DNA sequence of each gene was then

compared to the corresponding coding sequence by using the BLAST2 online tool

(www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi) to obtain exon and intron locations for

the gene organization analyses.

2.2.4 Phylogenetic Analysis

Deduced protein sequences of all Arabidopsis isoflavone reductase (IFR)-like genes

were retrieved from The Arabidopsis Information Resource (TAIR) database

(http://www.arabidopsis.org/) by querying the TAIR protein database with the

Desmodium LAR protein sequence using the WU-BLAST2 (BLASTP) program. Sources of

protein sequences from other species were summarized in Table 2-1.

Table 2-1: Sources of LAR, DFR, ANR and ANS proteins used in Phylogenetic analysis

Enzyme Species Protein Accession Reference
number

LAR Vitis vinifera VVLAR CAI26309 (Bogs etal., 2005)
Desmodium uncinatum  DuLAR CAD79341 (Tanner et al., 2003)
Medicago truncatula MtLAR CAI56327 (Pang et al,, 2007)
Lotus corniculatus LcLAR1-1, ABC71324, (Paolocci et al., 2007)

LcLAR1-2  ABC71325
DFR Zea mays ZmA1l CAA28734 (Schwarz-Sommer et al,
1987)

Arabidopsis thaliana AtDFR NP_199094 (Shirley etal., 1992)
Medicago truncatula MtDFR AAR27014  (Xie etal, 2004)

ANR Arabidopsis thaliana BAN NP_176365 (Xieetal., 2003)
Medicago truncatula MtANR AAN77735  (Xieetal, 2003)
Vitis vinifera VvANR CAD91911 (Bogs etal., 2005)
Camellia sinensis CsANR AAT68773 (Singh et al., 2009)
Lotus corniculatus LcANR, ABC71337 (Paolocci et al., 2007)

ANS Perilla frutescens PfANS, 004274 (Saito et al., 1999)
Arabidopsis thaliana AtANS Q96323 (Abrahams et al., 2003)
Zea mays ZmA?2 CAA39022 (Menssen et al., 1990)
Medicago truncatula MtANS ABU40983 (Pang et al.,, 2007)
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Multiple sequence alignment of proteins was performed using the ClustalX
algorithm (Thompson et al., 1997) with default parameter settings (gap opening penalty:
10, gap extension penalty: 0.2, delay divergent cutoff: 30%, protein weight matrix: Gonnet
series ) and this alignment was used to construct the phylogenetic tree using the neighbor-
joining method in the MEGA package (Kumar et al.,, 2004). Five hundred bootstrapped

datasets were used to estimate the confidence of each tree clade.

2.2.5 Southern Blot Analysis

Cacao genomic DNA was isolated from mature cacao leaves of Scavina 6 using a
modified CTAB method as previous described (Michiels et al., 2003). Isolated DNA was
purified by CsCl density gradient purification (Ausubel et al., 2007). Five pug of DNA was
digested overnight independently with the following endonucleases: EcoRI, Hindlll, Ncol
and Smal (New England Biolabs, Ipswich, MA, USA). DNA was size fractionated on 1%
agarose gels and transferred to nylon membranes (Hybond-N+, Ambersham Biosciences,
Piscataway, NJ, USA) which were dried overnight and then fixed via UV crosslinking (120
m]) in a GS Gene Linker UV Chamber (Bio-Rad, Hercules, CA, USA). Membranes were
hybridized and washed using the standard protocol as described by Ausubel et al. (2007) in
buffer containing 0.5 M sodium phosphate (pH 7.2) at either 55°C or 65°C for high and low
stringency conditions respectively. Probes containing the ORF regions of TcANR, TcANS and
TcLAR were labeled with 32P-dCTP using Megaprime DNA labeling kit (Amersham
Bioscience, Piscataway, NJ, USA) according to the manufacturer’s instructions. Hybridized
membranes were imaged using a phosphorimager with overnight exposure (Molecular

Dynamics, Sunnyvale, CA, USA).

2.2.6 Proanthocyanidin (PA) and Anthocyanin Quantification

For quantitative analysis of anthocyanin levels in transgenic tobacco flowers, fresh
petals (0.3-0.5 g fresh weight) from three flowers were immersed in 5 mL ethanol: 6 M HCl
(1:1) and incubated at 4°C overnight. The extract was transferred to a new tube and the
petals were re-extracted. Absorbance of the pooled extract solution was then measured at

526 nm and total anthocyanin levels were calculated using a standard molar absorbance
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curve prepared using cyanidin-3-glucoside (Sigma-Aldrich, MO, USA).

To extract PAs from cacao and tobacco tissues, 0.3 to 0.5 g of frozen tissues were
ground into a fine powder in liquid nitrogen and extracted with 5 mL of extraction solution
(70% acetone: 29.5% water: 0.5% acetic acid) by vortexing for 5 seconds followed by
water bath sonication for 15 min using a bench top ultrasonic cleaner (Model 2510,
Bransonic, Danbury, CT, USA). After sonication, samples were vortexed again and
centrifuged at 2500 g for 10 min. The supernatant was transferred to a new tube and the
pellet was re-extracted twice as above. Pooled supernatants were extracted twice with
hexane to remove fat and chlorophyll and then filtered through a 0.45 pm
polytetrafluoroethylene (PTFE) syringe filter (Millipore, Billerica, MA, USA). To quantify PA
levels, 50 pL aliquots of samples were mixed with 200 pL of
dimethylaminocinnamaldehyde (DMACA; Sigma-Aldrich, MO, USA) reagent (0.1% DMACA,
90% reagent-grade ethanol, 10% HCl) in 96-well microtiter plates. Absorption was
measured at 640 nm at one-minute intervals for 20 min to get the highest readings. Triple
technical replicates were performed to obtain mean values. The total PA levels were
calculated using the standard molar absorbance curve prepared using procyanidin B2
(Indofine, NJ, USA). For each experiment, at least 3 biological replicates were performed.

For quantitative analysis of insoluble PAs from cacao tissues, the residues from
soluble PA extractions were air dried in an exhaust hood for two days, weighed, and 5 mL
butanol-HCl reagent (95% butan-1-ol: 5% concentrated HCl) was added and the mixture
was sonicated for one hour followed by centrifugation at 2500 g for 10 min. An aliquot of
clear supernatant was diluted 40-fold in butanol-HCl reagent and absorbance was
measured at 550 nm to determine the amount of background absorption. The samples
were then boiled for 1 hour with vortexing every 20 min, cooled to room temperature and
centrifuged again at 2500 g for 10 min. The supernatant from boiled sample was diluted
40-fold in butanol-HCI reagent and absorbance was measured at 550 nm. The values were
normalized by subtraction of the background absorbance and the PA levels were calculated
as cyanidin equivalents using cyanidin-3-glucoside (Sigma-Aldrich, MO, USA) as standards.

To visualize the presence of PAs in Arabidopsis seeds, dry seeds were immersed for
2 days in the 0.1% DMACA reagent described above and then washed 3 times with 70%
ethanol as described previously (Abrahams et al., 2002).
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2.2.7 Genetic Transformation of Tobacco and Arabidopsis

The coding sequences of TcANS, TcANR and TcLAR were excised from the cloning
vector (pGEM-T easy) (Promega, Madison, WI, USA) with Ncol and Notl restriction enzymes
and cloned into the pE2113-EGFP (Maximova et al., 2003) intermediate vector to replace
the original EGFP coding sequence. As a result, the cacao gene coding sequences are located
immediately downstream of the very strong E12-Q) modified CaMV35S promoter and
upstream of the CaMV35S-terminator. The over-expression cassettes were then introduced
into the pCAMBIA-1300 binary vector (CAMBIA, Canberra, Australia). All binary
transformation constructs were introduced into Agrobacterium tumefaciens strain

AGL1(Lazo etal.,, 1991) by electroporation as described previously (Lin, 1994).

Tobacco leaf disc transformation was performed as previously described (Fisher
and Guiltinan, 1995) and transgenic shoots were regenerated on MSs (MS shooting) media
supplemented with 25 mg/L hygromycin. Only one shoot was selected from each explant to
ensure independent transformants. After rooting for 2 weeks in MSr (MS rooting) media
supplemented with 25 mg/L hygromycin, hygromycin-resistant plantlets were transferred

to soil and grown in a greenhouse as described in section 2.2.1.

Arabidopsis transformation was carried out using the floral dip method (Clough and
Bent, 1998), and T transgenic plants were selected on MS media supplemented with 2%
sucrose, 0.65% agar and 25 mg/L hygromycin. Hygromycin-resistant T1 seedlings were
transferred to soil 7 days after germination and grown in a growth chamber as described in

section 2.2.1.

2.2.8 Expression Analysis of TcANS, TcANR and TcLAR

Total RNA from leaves, flowers, whole pods, pod exocarp and ovules of Theobroma
cacao (Scavina 6 and Amelonado) was isolated as described in section 2.2.2. Total RNA
from young leaves of transgenic and wild-type tobacco plants as well as Arabidopsis plants
was isolated using the RNeasy Plant mini kit (Qiagen, Valencia, CA, USA). cDNA was
synthesized from 1 pg of total RNA in a total volume of 20 pL using M-MuLV Reverse
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Transcriptase (NEB, Ipswich, MA, USA) according to the supplier’s protocols, and 2 pL were

used in the subsequent reverse transcription-PCR (RT-PCR) reactions.

Semi-quantitative RT PCR was performed to measure gene expression levels. The
primers for RT-PCR were designed to amplify across at least one intron giving products of
approximately 500 bp from cDNA and 700 bp to 1500 bp from genomic DNA. These primer
sets were used to check all cDNAs for genomic DNA contamination. The primers used for
TcANS were TcANSRT_F (5'-ACCTTGTTAACCATGGGATCTCGG-3") and TcANSRT_R (5'-
GACGGTGTCACCAATGTGCATGAT-3"); the primers used for TcANR were TcANR_F (5’-
TGCTTGAGAAGGGCTACGCTGTTA-3’) and TcANR R (5’-AAAGATGTGGCAAGGCCAATGCTG-
3’); the primers used for TcLAR were TcLAR_F (5'-AATTCCATTGCAGCTTGGCCCTAC-3') and
TcLAR R (5'-GGCTTGCTCACTGCTTTGGCATTA-3"). TcActin was used as an internal
standard for cacao gene expression using primer set Tc46RT_F (5’-
AGCTGAGAGATTCCGTTGTCCAGA-3’) and Tc46RT_R (5'-
CCCACATCAACCAGACTTTGAGTTC-3’). AtUbi and NtrRNA was chosen as constitutive
expression controls for Arabidopsis (ubiquitin) and tobacco (rRNA) respectively with
primer pairs AtUbi_F (5’-ACCGGCAAGACCATCACTCT-3’) and AtUbi_R (5’-
AGGCCTCAACTGGTTGCTGT-3’") (Zhang et al., 2006), and NtrRNA_F (5’-
AGGAATTGACGGAAGGGCA-3’) and NtrRNA_R (5’-GTGCGGCCCAGAACATCTAAG-3’)(Levy et
al.,, 2004).

The number of PCR cycles was optimized between 20 and 32 to select a cycle
number such that amplification is in the linear range; 28 cycles were chosen for all the RT-
PCR reactions. The PCR reaction was carried out in a total volume of 20 pL at 94°C for 5
min; 28 cycles of 94°C for 30 sec, 55°C for 30 sec, and 72°C for 45 sec; followed by a final
extension at 72°C for 5 min. The PCR products were visualized on 1% agarose gels stained
with ethidium bromide (EtBr) and documented using Molecular Imager Gel Doc XR+
System equipped with a 16-bit CCD camera (Bio-Rad Laboratories, Hercules, CA) and bands
were quantified using Quantity One 1-D Analysis Software (Bio-Rad Laboratories, Hercules,

CA).
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2.3 Results

2.3.1 Cloning and Sequence Analysis of TcANR, TcANS and TcLAR Genes

Putative TcANR, TcANS and TcLAR cDNA sequences were identified in a collection of

Theobroma cacao expressed sequence tags (ESTs) (Argout et al., 2008) by querying the

cacao ESTtik database (http://esttik.cirad.fr/) with protein sequences of Arabidopsis
BANYULS (accession no. NP_176365), Arabidopsis LDOX (accession no. Q96323) and
Desmodium LAR (accession no. CAD79341). ESTs similar to each gene were assembled into
contigs to determine sequences of full-length open reading frames (ORF) by alignment with
cDNAs of homologous genes from other species and predictions from the ORF Finder

program (www.ncbi.nlm.nih.gov/projects/gorf/). Full-length cDNAs of each gene were

amplified by RT-PCR using RNA isolated from young leaves of cacao (Scavina 6) in which
PAs are actively synthesized and accumulated (Chaves and Gianfagna, 2007). The TcANR
cDNA contained a 1,008-bp open reading frame (ORF) encoding a protein of 336 amino
acids that showed a 63% identity with the Arabidopsis BANYULS gene at the amino acid
level. The TcANS cDNA contains an ORF of 1,062-bp, which encodes a protein of 354 amino
acids. Sequence comparison with the Arabidopsis LDOX gene showed an 82% identity at
the amino acid level. The TcLAR cDNA revealed a 1,083-bp ORF that encodes a protein of
361 amino acids. TcLAR showed 61% amino acid identity with the Desmodium LAR protein

(see sequence comparison in Appendix B, Figure S-1, 2, 3).

To isolate genomic fragments containing the ANS, ANR and LAR genes, the cDNAs
were used to screen a cacao BAC library by hybridization. A portion of each hybridizing
BAC clone was sequenced using primers designed from the corresponding cDNA. The
genomic structure of each gene was established by alignment with its cDNA sequence
(Figure 2-2). The genomic organization of the ANS and ANR genes from Arabidopsis
(AT4G22880 and AT1G61720) and LAR from Medicago and grape (BN000703 and
NC_012007, region 2619277 to 2622652) were also retrieved and compared with the
corresponding cacao genes. The position and length of exons, introns and flanking regions

are summarized in Table 2-2. The transcribed region of TcANR consists of 6 exons and 5
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introns distributed over 2,005-bp. The transcribed region of TcANS is shorter, having only
1,418-bp and consisting of 2 exons and 1 intron. Their genomic organizations are nearly
identical to the corresponding Arabidopsis genes, which have the same exon and intron
numbers of similar lengths. Since LAR does not have an orthologue in Arabidopsis, we
compared the genomic organization of TcLAR with those of MtLAR and VvLAR. The genomic
organization of the transcribed region of TcLAR shares similarity with those of both MtLAR
and VLAR, consisting of 5 exons and 4 introns. As observed with the ANR gene, the middle
three exons (exon 2, 3 and 4) of LAR from all three species have identical lengths. TcLAR
exhibits an extremely long third intron of 2,338 bp; similarly, VWWLAR also features a long
third intron of 1,661 bp, while MtLAR contained two long introns (intron 1 and intron 2)
that are 812-bp and 1,178-bp respectively. The genomic sequences and complete coding
sequences of TcANR, TcANS and TcLAR are listed in Appendix A. The conservation of basic
gene structure and sequence between these divergent species suggests their ancient

origins and strong evolutionary pressures constraining the evolution of these genes.
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Figure 2-2: Structures of cacao TcANR, TcANS and TcLAR genes with predicted protein
domains, and comparison with their orthologues from Arabidopsis (AtANR and AtANS),
Medicago (MtLAR) and Vitis (VWLAR). Green boxes represent exons and lines introns. The
scale at the bottom indicates lengths in base pairs.
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Table 2-2: Structures of ANR, ANS and LAR genes.

(A) Structures of TcANR and AtANR genes

TcANR AtANR
Position Length Position Length
5' flanking 1-2162 2161 1-43 43
Exonl 2163- 2289 127 44-176 133
Intronl 2290 - 2850 561 177-257 80
Exon2 2851 -3017 167 258-424 167
Intron2 3018-3115 98 425-510 85
Exon3 3116 - 3316 201 511-711 201
Intron3 3317 -3439 123 712-785 73
Exon4 3440 - 3599 160 786-945 160
Intron4 3600 - 3714 115 946-1019 73
Exon5 3715 -3928 214 1020-1233 214
Intron5 3929 - 4025 97 1234-1327 93
Exon6 4026 - 4167 142 1328-1475 148
3'flanking = 4168 -4940 772 1476-1633 158
(B) Structures of TcANS and AtANS genes
TcANS AtANS
Position Length Position Length
5' flanking 1-1932 1932 1-150 150
Exonl 1933-2435 503 151-647 497
Intronl 2436-2788 353 648-733 86
Exon2 2789-3350 562 732-1305 574
3' flanking 3351-3940 590 1306-1442 137
(C) Structures of TcLAR, MtLAR and VvLAR genes
TcLAR MtLAR VWLAR
Position Length Position Length Position Length
5' flanking 1-2183 2183 1-620 620 1-96 96
Exonl 2184-2404 221 621-827 207 97-294 198
Intronl 2405-2623 219 828-1639 812 295-404 110
Exon2 2624-2764 141 1640-1780 141 405-545 141
Intron2 2765-3047 283 1781-2958 1178 546-632 87
Exon3 3048-3285 238 2959-3196 238 633-870 238
Intron3 3286-5623 2338 3197-3420 224 871-2531 1661
Exon4 5624-5827 204 3421-3624 204 2532-2735 204
Intron4 5828-5995 168 3625-3793 169 2736-2816 81
Exon5 5996-6273 278 3794-4053 260 2817-3076 260
3' flanking 6274-6499 226 4053-4447 395 3077-3367 291

2 [dentical exon lengths are underlined
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LAR and ANR proteins belong to the reductase-epimerase-dehydrogenase (RED)
protein superfamily, although their relationships are rather distant. ANS belongs to a
different protein superfamily, the 2-oxoglutarate-dependent dioxygenase (2-ODD)
superfamily, although it shares the same substrate with LAR (Figure 2-3). A phylogenetic
tree was constructed using the neighbor-joining method with the sequences of
functionally-tested proteins of LAR, ANR, ANS and DFR from various plant species. The
tree construction also included all the IFR-like proteins from Arabidopsis that are most
closely related to LAR proteins (Figure 2-3). The tree was noticeably divided into two
clades: all RED proteins (including ANR, LAR and IFR) constituting one clade, and all ANS
proteins constituting the other. Within the RED superfamily clade, the IFR, LAR, ANR and
DFR proteins clearly are divided into four distinct groups with IFR and LAR forming a
subgroup that is distantly related to the subgroup formed by DFR and ANR groups. The
cacao ANR, ANS and LAR proteins used in the current research all cluster within their own

groups.
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Figure 2-3: Phylogenetic analysis of the LAR, ANS and ANR proteins as well as related IFR
and DFR proteins of the RED superfamily. The protein sequences were aligned as described
in Section 2.2.4. The scale bar represents 0.2 substitutions per site. Numbers indicate
bootstrap values. The tree includes LAR, ANR and ANS proteins from cacao, which are
shown in bold font, as well as from other species whose enzymatic activities have been
shown in previous publications. Also included in the tree are 8 IFR-like proteins from
Arabidopsis (labeled with their locus numbers). All the other proteins are labeled by the
species they come from followed by their catalytic activities. The species represented and
their GenBank accession numbers are summarized in Table 2-1.
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2.3.2 Southern Blot Analysis

TcLAR as probes to hybridize to cacao (Scavina 6) genomic DNA digested separately with
one of four restriction enzymes, EcoRlI, HindIll, Ncol and Smal (Figure 2-4). Both high-

Southern blot analysis was performed using full-length cDNAs of TcANR, TcANS and

stringency and low-stringency analysis confirmed the presence of a single hybridizing locus

of each cacao PA synthesis genes studied. Multiple bands appeared in the EcoRI- and
HindIll-digested genomic DNA of the TcANR hybridization, and EcoRI-, HindlII- and Smal-
digested genomic DNA of the TcLAR hybridization. As evidenced by sequence analysis,
these multiple bands resulted from the presence of multiple sites of the restriction

enzymes in the TcANS and TcLAR genomic regions.
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Figure 2-4: Cacao genomic Southern blot using full-length cDNA as a probe. Cacao genomic

DNA was digested using four different restriction enzymes: EcoRI(E), HindIlI(H), Ncol(N)
and Smal(S). Blots were first hybridized and washed at 65°C for high stringency and then
stripped and rehybridized and washed at 55°C for low stringency.
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2.3.3 Expression Profiles of TcANR, TcANS and TcLAR Genes and PA Accumulation in
Theobroma cacao Tissues

To assess the involvement of TcANR, TcANS and TcLAR in PA biosynthesis, gene
expression profiles and PA accumulation patterns were investigated in different
developmental stages of leaves, flowers and pods (Figure 2-5). The leaf and flower tissues
were from cacao genotype Scavina 6, a self-incompatible genotype and a self-compatible
genotype, Amelonado, was used for pod tissue collection, in order to reduce the genomic
variation of seeds. Gene transcripts levels were assessed by semi-quantitative RT-PCR.
TcActin was chosen as a reference gene to normalize gene expression because both cacao
microarray analyses and RT-PCR data from this study suggested a relatively constant
spatial and temporal expression of this gene for all cacao tissues examined (Z. Shi and S.

Maximova, unpublished data) .

Cacao tissues were first treated with 70% acetone containing 0.5% acetic acid to
extract soluble PAs. Extracts were then quantified by reaction with DMACA, which
specifically interacts with PA monomers and polymers to form a blue complex that has a
peak absorption of 526 nm (Thies and Fischer, 1971). The residues left after soluble PA
extraction were assayed using butanol-HCI (Yu-Guang Li et al., 1996) to measure the
amount of insoluble PAs represented as larger polymers. Because insoluble PA polymers
will crystallize and bind to proteins and cell wall components, this interference may reduce
the extraction efficiency of the insoluble PAs (Treutter, 2005; Pang et al., 2007). As a result,
comparing the relative amount of these two fractions within the same tissue is difficult.

However, the accumulation pattern of each fraction is comparable among different tissues.

The steady state levels of TcANR, TcANS and TcLAR transcripts were highest in
young leaves and decreased in older leaves (Figure 2-5A). Relatively high levels were
present in flower tissues. Moreover, the expression levels of the three PA synthesis genes
examined were relatively similar within any of the sampled tissues/developmental stages.
Both cacao leaves and flowers contained significant levels of PAs. The highest total soluble
PAs were detected in youngest leaves (about 30 mg procyanidin B2 equivalent/g fresh

weight (FW), Figure 2-5B). Much lower amounts were detected in older leaves. Total
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insoluble PAs were relatively lower in young leaves and continued to increase as the leaves
aged and became harder. Insoluble PAs reached their maximum level in lignified stage E
leaves (about 1.2 mg cyanidin equivalent/g FW, Figure 2-5C). PA levels were also
considerable in flowers, with higher soluble PAs levels observed in unopened flowers than

in opened flowers, and the levels of the insoluble fraction relatively the same in the two
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Figure 2-5: Expression of TcANR, TcANS and TcLAR genes and accumulation of PAs in
Theobroma cacao (Scavina 6; S6) leaves and flowers at various developmental stages. A,
Transcript levels of TcANR, TcANS and TcLAR. Expression was determined by semi-
quantitative RT-PCR and was calculated relative to the expression of TcActin in each
sample. B, Levels of soluble PAs expressed as mg PA per g of fresh weight. C, Levels of
insoluble PAs expressed as mg PA per g of fresh weight. All data are presented as means *
SE, for gene expression data, n>3, for PA level data, n=5. FW, Fresh weight.

42



stages of flower development (Figure 2-5B, C).

Figure 2-6 shows both the expression patterns of TcANR, TcANS and TcLAR (Figure
2-6A) and PA levels in whole cacao pods early in their development when the pods are too
small to separate ovules and exocarp (Figure 2-6B). The expression of TcANR, TcANS and
TcLAR genes was relatively high at two weeks after pollination (WAP) and remained high
at 5 WAP, followed by a significant decrease at 6 WAP (Figure 2-5A). Levels of soluble PAs
were already close to maximum (approximately 18 mg procyanidin B2 equivalent/g FW) at
the earliest sampling time point (Figure 2-6B), whereas insoluble PAs reached maximum

levels at 3 WAP (Figure 2-6C).
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Figure 2-6: Expression of TcANR, TcANS and TcLAR genes and accumulation of PAs in
whole pods of Theobroma cacao (Amelonado) during early stages of pod development
(from 2 to 6 weeks after pollination). A, Transcript levels of TcANR, TcANS and TcLAR. B,
Levels of total soluble PAs expressed as mg PAs per g of fresh weight. C, Levels of total
insoluble PAs expressed as ug PAs per g of fresh weight. All data are presented as means *
SE. For gene expression data, n23, for PA accumulation data, n>5. FW, Fresh weight.
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At 8 WAP, the pods were large enough to allow dissection into exocarp and ovule
samples for separate analysis. Expression patterns of TcANR, TcANS and TcLAR genes and
PA levels in cacao pod exocarp tissues were examined at two-week intervals, from 8 WAP
to 20 WAP, when pods fully ripened. The expression of all three genes examined was
similar (Figure 2-7A). They were all relatively high from 8 WAP to 14 WAP but decreased
significantly at 16 WAP, increasing again at 18 WAP and reaching a maximum at 20 WAP.
In accordance with gene expression patterns, the deposition of both soluble and insoluble
PAs continued to increase during the development of the pods, reaching a maximum
(soluble PA at approximately 50 mg procyanidin B2 equivalent/g FW; insoluble PA at
approximately 2.5 mg cyanidin equivalent/g FW) around the time of ripening (Figure 2-
7B,C), while a pause of the PA accumulation occurred at 16 WAP, at which time point,

soluble PAs were about the same level as 14 WAP and insoluble PAs slightly decreased.
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Figure 2-7: Expression of TcANR, TcANS and TcLAR genes and accumulation of PAs in pod
exocarp of Theobroma cacao (Amelonado) during pod development (from 8 to 20 weeks
after pollination). A, Transcript levels of TcANR, TcANS and TcLAR. B, Levels of total soluble
PAs expressed as mg PAs per g of fresh weight. C, Levels of total insoluble PAs expressed as
ug PAs per g of fresh weight. All data are presented as means * SE, for gene expression
data, n>3, for PA level data, n=5. FW, Fresh weight.
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Unlike the co-regulated pattern of gene expression in exocarp, the expression
pattern of TcANS differed quite significantly from that of TcANR and TcLAR in ovules
(Figure 2-8A). The expression of TcANR and TcLAR in ovules was quite similar, maintaining
relatively high levels before 14 WAP but significantly decreasing at 16 WAP, then
increasing at 18 WAP and dropping again at 20 WAP. The overall expression level of TcLAR
was lower than that of TcANR. TcANS expression did not significantly decrease at 16 WAP
but remained relatively stable (0.7 to 1.2 relative to TcActin) throughout pod development,
from 8 WAP to 20 WAP, although a slight increase did occur after 16 WAP followed by
slight decrease at 20 WAP. The PA concentrations of both soluble and insoluble fractions in
cacao ovules were lower than in exocarp (Figure 2-8B,C). The ovule soluble PA
accumulation was relatively low before 16 WAP and significantly increased at 16 WAP,
reaching a maximum at 20 WAP (about 35 mg procyanidin B2 equivalent/g FW). However,
throughout the development of ovules, the insoluble PA increased at a relatively constant

rate from 14 WAP.
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Figure 2-8: Expression of TcANR, TcANS and TcLAR genes and accumulation of PAs in
ovuless of Theobroma cacao (Amelonado) during pod development (from 8 to 20 weeks
after pollination). A, Transcript levels of TcANR, TcANS and TcLAR. B, Levels of total soluble
PAs expressed as mg PAs per g of fresh weight. C, Levels of total insoluble PAs expressed as
ug PAs per g of fresh weight. All data are presented as means * SE, for gene expression
data, n>3, for PA level data, n=5. FW, Fresh weight.
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2.3.4 Functional Analysis of the TcANR Gene

To investigate the in vivo function of TcANR, a genetic complementation experiment
was performed. The TcANR coding sequence was placed under the control of an enhanced
tobacco mosaic virus promoter (E12(1) and introduced into the Arabidopsis banyuls (ban)
mutant, which is defective in the gene encoding ANR. ban mutant seeds are pale yellow due
to a lack of PAs, and there is more purple anthocyanin pigment deposited in hypocotyls
compared to Arabidopsis ecotype Columbia control plants. From eight independent
transgenic TcANR over-expressing lines tested, 5 lines showed white hypocotyls, and 3
lines showed reduced pigmentation in hypocotyls as compared to ban mutants. The lines
with white hypocotyls also produced seeds exhibiting the wild-type phenotype that stained
blue with DMACA reagent, suggesting the deposition of PAs in the seed coat (Figure 2-9A).
After PA extraction and quantification, all lines showed significantly increased levels of PAs
(Figure 2-9B). RT-PCR analysis confirmed expression of TcANR, and the expression levels
positively correlated with PA accumulation (Figure 2-8C). Therefore, TcANR functionally

complemented the PA deficient phenotype of Arabidopsis ban mutant.
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Figure 2-9: Complementation of the PA deficient ban mutant phenotype by constitutively
expressing TcANR. A, 7-day-old seedlings and DMACA-stained seeds from Col-0 the ban
mutant (SALK_040250) and four independent transgenic lines (ban 35S:TcANR). The bar
represents 1 mm. B, Analysis of TcANR and AtUbi transcripts in total RNA from leaves of
plants shown in (A) by semi-quantitative RT-PCR. PCR products from TcANR-pGEM plasmid
were loaded on the last lane acting as a positive control for the TcANR primer set and a
negative control for the AtUbi primer set. C, PA levels in mature seeds of plants shown in (A).
PA levels were determined by extraction and DMACA reaction with procyanidin B2 as
standards. All data are presented as mean values * SE, n=3. *P < 0.05 versus ban; **P < 0.01
versus ban.
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2.3.5 Functional Analysis of the TcANS Gene

To investigate the in vivo function of TcANS, two model plants, tobacco and
Arabidopsis were utilized. We used an Arabidopsis ans (Idox) mutant to perform tests of
transgenic complementation and the metabolic flux between PA and anthocyanin synthesis
resulting in flower petal color changes in tobacco, which can result from elevated levels of

ANS activity.

2.3.5.1 Expression of TcANS in Tobacco

ANS is involved in both PA synthesis and anthocyanin synthesis, as cyanidin, an
anthocyanin precursor, can also be reduced to epicatechin by ANR (Figure 1-2). This was
demonstrated in a recent study describing that down regulation of MtANS in Medicago
resulted in decreased levels of both PAs and anthocyanins (Pang et al., 2007). Based on
these results, we reasoned that if the putative cacao ANS protein is truly a functional ANS,
over-expression of TcANS in tobacco should result in increased accumulation of both
anthocyanin and PAs. The ORF of TcANS, driven by the E12Q promoter, was introduced
into wild-type tobacco (cv. Samsun) for constitutive ectopic expression. Twelve
independent hygromycin-resistant lines were generated, of which nine showed a visible
increase in pink color intensity in flower petals. The two lines displaying the greatest
increase in petal color were chosen for further analysis. RT-PCR analysis confirmed high
TcANS transcript levels in these two tobacco transgenic lines, which positively correlated
with the color of the petals (Figure 2-10A and B). Amplification of the tobacco ribosomal
RNA gene NtrRNA, which served as an internal control, showed a relatively similar
expression level in both wild-type control and transgenic tobacco plants. As predicted,
anthocyanin levels increased in the two transgenic lines (Figure 2-10C). The levels of PAs in
the petals of transgenic lines, quantified by DMACA assays, were also significantly higher as
compared to untransformed Samsun plants (Figure 2-10D). On average, a two-fold increase

of PA and anthocyanin was observed in the two lines compared to wild type.
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Figure 2-10: Characterization of transgenic tobacco flowers constitutively expressing
TcANS. A, Pigmentation of flower petals from wild type (WT) and two independent lines of
TcANS transgenic (ANS12E3, ANS12H2) tobacco plants. B, Analysis of TcANS and NtrRNA
transcripts in total RNA from leaves of plants shown in (A) by RT-PCR. PCR products from
TcANS-pGEM plasmid were loaded on the last lane acting as a positive control for TcANS
primer set and a negative control for the NtrRNA primer set. C, Anthocyanin levels in flower
petals of plants shown in (A). Anthocyanin levels were determined by extraction and
absorption with cyanidin 3-glucoside as standards. D, Total soluble PA levels in flower
petals of plants shown in (A). PA levels are determined by extraction and DMACA reaction
with procyanidin B2 as standards. All data are presented as mean values + SE, n 2 7. *P <
0.05 versus WT; **P < 0.01 versus WT.
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2.3.5.2 Transgenic Complementation in Arabidopsis

The 35S-TcANS transgene was also introduced into the Arabidopsis ans (Idox) T-
DNA mutant, which produces hypocotyls that appear white to light green due to lack of
anthocyanins, and seeds that appear light yellow due to lack of PAs. Eighteen independent
hygromycin resistant transgenic T1 seedlings were selected. From these, 2 lines developed
wild-type purple colored hypocotyls (Figure 2-11) and produced wild-type brown-colored
seeds that stained blue after reacting with the DMACA reagent. The color suggests
deposition of PAs in the seed coat, however the color intensity was lower than in wild type.
RT-PCR using RNA extracted from T2 seedlings confirmed expression of TcANS genes (data

not shown).
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Figure 2-11: Complementation of the PA- and anthocyanin-deficient ans (Idox) mutant
phenotype by constitutively expressing TcANS. Two independent lines showed a similar
pattern to Col-0 for PA and anthocyanin accumulation. A, Brown Col-0 wild type seeds. B,
Pale yellow Idox mutant seeds (SALK_028793). C, Brown Idox 35S:TcANS seeds. D to F, PAs
were localized by staining the seeds with DMACA, which specifically stains PAs blue. D, Col-
0 wild type seeds. E, Idox mutant seeds. F, Idox 35S:TcANS seeds. G and H, Anthocyanin
accumulation in the upper hypocotyls of 7-day-old seedlings. G, Col-O wild type seedling. H,
Idox mutant seedling. I, Idox 35S:TcANS seedling. Arrows in G, H and I point to the upper
hypocotyl region. The bar represents 2 mm (A to I).
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2.3.6 Functional Analysis of the TcLAR Gene

Because the LAR gene is not present in Arabidopsis (Abrahams et al., 2003), we cannot
obtain direct evidence of the in vivo function of TcLAR through genetic complementation
analysis. Therefore, to functionally characterize TcLAR, we used tobacco as a model system.
As over-expression of the ANR gene can divert the metabolic flow from anthocyanin
synthesis to PA synthesis (Xie et al,, 2003), we predicted that over-expression of the cacao
LAR gene in tobacco would result in a decrease in anthocyanin pigment and an increase in
PA accumulation in flower petals. Transgenic tobacco plants were generated that
constitutively expressed the ORF of TcLAR under the control of the E12() promoter.
Twenty-two independent transgenic lines that are resistant to hygromycin were generated.
Nine of these exhibited a decrease in intensity of the visible pink color of petals. Two lines
(Lines LAR7C1 and LAR9A2) exhibited virtually white petals (Figure 7A). RT-PCR showed
that both lines expressed high levels of TcLAR transcripts (Figure 7B). Quantification of PA
and anthocyanin levels indicated that anthocyanin levels in these two lines were about half
those of WT controls, and that total PAs accumulated to an approximately 5-fold higher
level than in controls (Figure 7C and D). Moreover, the levels of PAs in transgenic tobacco
petals were inversely proportional to the concentrations of anthocyanin, indicating

diversion of metabolic flow from anthocyanin to PA synthesis.
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Figure 2-12: Characterization of transgenic tobacco flowers constitutively expressing
TcLAR. A, Flowers from wild type (WT) and two independent lines of TcLAR transgenic
(LAR7C1, LAR9A2) tobacco plants. B, Analysis of TcLAR and NtrRNA transcripts in total
RNA from young leaves of plants shown in (A) by RT-PCR. PCR products from the
TcLAR-PGEM plasmid alone were loaded on the last lanes to act as a positive control for
the TcLAR primer set and a negative control for the NtrRNA primer set. C, Anthocyanin
levels in flower petals of WT and transgenic plants. Anthocyanin levels were
determined by extraction and absorption with Cyanidin-3-glucoside as standards. D,
Total soluble PAs levels in flower petals of WT and transgenic plants. PA levels were
determined by extraction and DMACA reaction with procyanidin B2 as standards. All
data are presented as mean values *+ SE, n27. **P < 0.01 versus WT.

53



2.4 Discussion

The research described in this chapter resulted in the isolation of the cacao cDNAs
and genes coding for the three key enzymes involved in PA biosynthesis: ANR, ANS, and
LAR. The proteins encoded by these genes showed 63% identify to Arabidopsis BAN, 82%
identity to Arabidopsis LDOX and 61% identity to the Desmodium LAR, respectively, at the
amino acid level. Isolation of genomic fragments containing each of the genes allowed the
determination of the genomic organization of each gene. Generally, the number and length
of exons are highly evolutionarily conserved in all of these genes. The phylogenetic analysis
also suggests that the PA pathway genes evolved before the divergence of monocots

(maize) and dicots (cacao, Arabidopsis, Medicago, Desmodium and grape).

2.4.1 The Distribution of PA Accumulation Correlates with Expression of the PA
Biosynthesis Genes

The localization of PAs in plant tissues has been well studied in the model plants
Arabidopsis and the legume Medicago truncatula, and in the fruit species grape (Vitis
vinifera). In Arabidopsis, PA accumulation is limited to the seed coat (Abrahams et al,,
2002); similarly in Medicago the major localization of PAs is also in the seed coat with very
small amounts present in flowers, leaves, roots and stems (Pang et al,, 2007). In contrast, in
grape, large amounts of PAs accumulate in leaves, fruit skins and seeds (Bogs et al., 2005).
Both Arabidopsis and Medicago PAs consist almost entirely of epicatechin units, although
in Medicago, the LAR gene is expressed in the tissues that accumulate PAs. In grape, both
ANR (encoded by V/WANR) and LARs (encoded by VWWLAR1 and VWLARZ) contribute to PA
synthesis in the fruits, in which PAs consist of both catechin and epicatechin. However, in

grape leaves, although catechin is still present, LAR genes are expressed at very low levels.

Although Theobroma cacao and Arabidopsis are phylogenetically closely related, the
PA accumulation profiles are quite different. In Arabidopsis, PAs do not accumulate in
vegetative tissues but accumulate only in the seed coat (Devic et al., 1999). Our results

demonstrated that in cacao leaves, flowers, and fruits, in which PAs accumulate at high
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levels, the expression of ANS, ANR, and LAR were co-regulated in most of the tissues, and

they all significantly contribute to PA biosynthesis.

Cacao leaves accumulate significant amounts of PAs that appear to be important for
the plant defense response against pathogens (Chaves and Gianfagna, 2007). Only the
newly-emerging leaves (Stage A/B) are susceptible to pathogen infection (Purdy and
Schmidt, 1996). The data indicated that young leaves (Stage A/B) that are usually
susceptible to pathogens accumulate the highest levels of extractable PAs (Figure 2-5). This
is consistent with the observation of Chaves and Gianfagna (2007), who showed that cacao
(genotype Scavina 6) flush leaves less than 6 cm long have the highest level of total
procyanidins (98.7 mg per g of dry weight), while mature leaves accumulate only 20 to 40
mg per gram of dry weight. The data also showed that as soluble PAs decreased when
leaves grew older and lignified, the insoluble PAs increased, suggesting that synthesized
PAs do not simply degrade but become insolubilized by polymerization and binding to
proteins. Previous studies have shown that this structures could provide a physical barrier
against pathogen attack (Treutter, 2005). The patterns of transcript abundance of TcANR,
TcANS and TcLAR genes are nearly identical and are consistent with their roles in the
synthesis of PAs—gene transcripts were highest in early stage leaves where PAs are most
actively synthesized and decreased in later stage leaves where soluble PA levels are much

lower.

Cacao flowers contained significant levels of PAs (Figure 2-5), which paralleled the
high-level expression of TcANR, TcANS, and TcLAR, indicating that PA synthesis occurred in
developing flowers prior to pollination. Following pollination, even higher expression of PA
synthesis genes was detected in young pods (Figure 2-6). The levels of extractable PAs
decreased slightly, possibly due to the dilution effect of fruit expansion. The PAs in young
pods (before 8 WAP) are mainly synthesized in fruit skin (exocarp) because embryos do
not begin to develope until 6-7 WAP. My results indicated that PA synthesis in the pod
exocarp continued during the second and third phases of fruit development, with all three
PA related genes (TcANR, TcANS, and TcLAR) co-expressed (Figure 2-7). Cacao seeds also
contained significant amounts of PAs, but the expression of PA-specific genes (TcANR and

TcLAR) in relation to anthocyanin PA-common gene TcANS is different than in exocarps
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(Figure 2-8). TcANR and TcLAR gene expression levels were co-regulated and were higher
in the second phase of fruit development, but deceased at the beginning of the third phase.
In contrast, TcANS expression remained steady, which related to the onset of anthocyanin

synthesis.

Similar gene expression patterns were observed in grape and apple skins, in which
PA synthesis genes and anthocyanin synthesis genes were separately regulated, and the
occurrence of anthocyanin synthesis diverted the metabolic flow from PA synthesis (Bogs
et al., 2005; Takos et al., 2006). In grape skins and seeds, as well as apple skins, PA
synthesis completely stops after anthocyanin synthesis begin and PA levels decrease in
both grape skins and seeds and apple skins, and expression of both ANR and LAR genes are
no longer detected (Bogs et al., 2005). Unlike grape seeds, cacao seeds still actively
synthesized PAs after anthocyanin synthesis began (from 16 WAP to 20WAP), with
significant increases of both soluble and insoluble PAs concentrations until maturation
(Figure 2-7 B, C). Correspondingly, TcANR and TcLAR were expressed in the middle of the
third phase. This suggests that the regulatory mechanism of anthocyanin and PA synthesis
in cacao is different from that in apple and grape. In grape and apple, PAs synthesis is
regulated separately from anthocyanin synthesis. In contrast, in cacao, the temporal
synthesis of PAs and anthocyanins significantly overlapped, as did the expression patterns
of their biosynthesis genes, suggesting that the regulation of PA and anthocyanin synthesis
may share some common mechanisms. However, further characterization of the
anthocyanidin-specific structural genes as well as the transcription factors controlling

these structural genes are needed to test this hypothesis.

2.4.2 Functions of ANS, ANR and LAR in PA Biosynthesis in Cacao

The Southern blot analysis results presented in this work showed that ANS, ANR and
LAR genes are all single copy in the cacao genome, thus providing a simple model to
investigate enzyme functions. But we cannot exclude the possiblity of existence of

additional gene copies due to the sensitivity of the Southern blot analysis. To draw an

56



exclusive conclusion, future studies may invovle searching the cacao whole genome

sequence when it is avaible.

In vivo genetic analysis of TcANS and TcANR suggested their roles in PA
biosynthesis. Over-expression of TcANS in tobacco resulted in elevated levels of both
anthocyanin and PAs in flower petals. It also restored anthocyanin synthesis in hypocotyls
as well as PA accumulation in seeds of the Arabidopsis ans (Idox) mutant. Similarly, over-
expression of TcANR in the Arabidopsis banyuls (anr) mutant restored PA synthesis in
seeds. Moreover, ectopic over-expression of TcANR in hypocotyls diverted metabolites
from the anthocyanin synthesis branch and resulted in decreased anthocyanin pigments

related to gene expression levels.

The results presented in this work show that cacao has only one copy of LAR that is
co-regulated with TcANR in all tissues examined, thus providing a simple model to
investigate LAR enzyme functions. Over-expression of the TcLAR gene in tobacco plants
resulted in a significant reduction of anthocyanin synthesis in flower petals and an increase
of PA synthesis indicating diverted metabolic flow from anthocyanin to PAs. This data
provides, for the first time, direct genetic evidence for a clear role of LAR in PA

biosynthesis.

2.5 Conclusions

The PA accumulation analysis results presented in this chapter demonstrate that
cacao synthesizes significant amount of PAs in various tissues including leaves, flowers and
fruits. PAs are more actively synthesized in newly-emerging leaves than in mature leaves,
consistent with their role in pathogen defense. PA synthesis in cacao pods largely

correlates with anthocyanin synthesis, suggeting their coordinated regulatory mechanisms.

The molecular-genetic results presented in this chapter demonstrate successful
cloning of genes encoding three important enzymes involved in the synthesis of PAs:
TcANR, TcANS and TcLAR. Phylogenetic analysis demonstrated the high degree of
conservation of each of the candidate cacao gene sequences to well-established PA

biosynthesis genes from model organisms. The mRNA expression levels of all three genes
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significantly correlated with PA synthesis levels in various tissues, suggesting their
involvment in PA synthesis. TcANR gene can substitute for the function of the Arabidopsis
ANR (BANYULS) gene in transgenic complementation assays. The TcANS gene can
substitute for the function of the Arabidopsis ANS (LDOX) gene in transgenic
complementation assays; when overexpressed in tobacco plants, it can also divert the
metabolic flow, resulting in an increase of both PA and anthocyanin levels in flower petals.
Overexpression of the TcLAR gene in tobacco plants can divert the metabolic flow from
anthocyanin synthesis to PA synthesis, and results in an increase of PA levels together with
a decrease of anthocyanin levels in flower petals. These in vivo analysis results strongly
suggest the TcANR, TcANS and TcLAR genes encode proteins performing the predicted

enzyme activities.

Future studies could use HPLC to study the composition of cacao PAs and study the
contributions of TcANR, TcANS and TcLAR genes to each PA building block. Such an
investigation would provide tools for furthering the bioengineering of specific PA profiles

with designed content and composition.
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CHAPTER 3: FUNCTIONAL ANALYSIS OF CACAO LEUCOANTHOCYANIDIN
REDUCTASE

3.1 Introduction

Leucoanthocyanidin reductase (LAR), which catalyzes the NADPH-dependent
reduction of (+) 3,4-cis-leucocyanidin to catechin by removing the C4 hydroxyl group
(Figure 1-2), represents the first branching point from the anthocyanin synthesis pathway
to PA synthesis (Tanner et al.,, 2003). The activity of LAR has been demonstrated in vitro
using extracts of various plant species including barley (Kristiansen, 1986) and various
legumes (Tanner and Kristiansen, 1993; Singh et al,, 1997; Skadhauge et al., 1997). The
protein was first purified and the corresponding gene cloned from the legume Desmodium

uncinatum (Tanner et al,, 2003).

LAR genes have subsequently been characterized from a number of species
including Vitis vinifera (grape), Lotus corniculatus and Medicago truncatula, and the
corresponding protein function has been characterized by in vitro recombinant enzyme
assays (Bogs et al., 2005; Pang et al., 2007; Paolocci et al., 2007). However, none of these
studies has provided genetic evidence for LAR function. The only genetic evidence of LAR
function is the observation that the genomic sequence of Arabidopsis thaliana appears not
to contain an intact LAR orthologue, and correspondingly, catechin is not detected in
Arabidopsis seed extracts (Abrahams et al., 2003; Tanner et al., 2003; Lepiniec et al., 2006).
LAR genes are expressed in other plant species that accumulate not only epicatechin but
also catechin (Tanner et al., 2003; Bogs et al., 2005; Paolocci et al,, 2007). For example,
grape and Lotus express both LAR and anthocyanidin reductase (ANR) genes and
synthesize PAs consisting of both catechin and epicatechin (Foo et al., 1996; Bogs et al,,
2005; Paolocci et al,, 2007). In Medicago, although both LAR and ANR are expressed, the
PAs are composed almost entirely of epicatechin (Pang et al., 2007). These intriguing

results put the precise function of LAR gene in question.
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LAR and ANR both belong to the reductase-epimerase-dehydrogenase (RED)
superfamily. All members in this superfamily have the N-terminal Rossmann-fold
NAD(P)(+)-binding domain that is found in numerous dehydrogenases of various metabolic
pathways (Marchler-Bauer et al,, 2009). A recent study demonstrated that an ANR protein
from grape can catalyze the conversion of cyanidin to a 50:50 mixture of 2,3-cis and 2,3-
trans flavan-3-ols (Gargouri et al.,, 2009) and suggested the existence of a

reductase/epimerase dual-functional enzyme in the RED superfamily.

The research in Chapter 2 described the isolation of PA synthetic structural genes
from cacao, including TcLAR. It also demonstrated that TcLAR is co-regulated with other PA
synthetic genes such as TcANR and TcANS, and correlated TcLAR expression with PA
synthesis in leaves, flowers and fruits. Furthermore, the research in Chapter 2 provided
direct genetic evidence of the involvement of cacao LAR in PA biosynthesis using transgenic
tobacco plants with a constitutively expressed TcLAR gene. This chapter presents research
exploring the precise function of TcLAR and its contribution to PA synthesis. PAs extracted
from various tissues of cacao were analyzed by HPLC to examine their composition.
Transgenic tobacco and Arabidopsis Idox mutants over-expressing the TcLAR gene were
generated to analyze the in vivo function of TcLAR in more detail. Surprisingly, the results
suggest that cacao LAR might have a dual function in producing both catechin and

epicatechin.

3.2 Materials and Methods

3.2.1 Extraction and Quantification of PAs

PAs from cacao and tobacco tissues were extracted as described in Chapter 2. To
extract Arabidopsis PAs, the methods of (Bogs et al., 2007) were adapted as follows. Eight
to twelve green young siliques from single plants were pooled and ground into a fine
powder in liquid nitrogen-filled microtubes using matching pestles (A. Daigger & Company,

Inc., Vernon Hills, IL, USA). The ground samples were extracted using 500 pL of extraction
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solution (70% acetone, 29.5% water, 0.5% acetic acid) by vortexing for 5 seconds followed
by sonication in a bench top ultrasonic cleaner (Model 2510, Bransonic, Danbury, CT, USA)
for 15 min. After sonication, samples were vortexed again and centrifuged at 16,000g for 2
min. The supernatants were transferred to a new tube and pellets were re-extracted as
above. Pooled supernatants were extracted twice with 500 pL of hexane to remove fat and
chlorophyll and then filtered through 0.45 um polytetrafluoroethylene (PTFE) syringe
filters (Millipore, Billerica, MA, USA).

Catechin and epicatechin content was determined by reverse-phase HPLC using an
Alliance separations module (Model 2695; Waters, Milford, MA, USA) equipped with a multi
A fluorescence detector (Model 2475; Waters, Milford, MA, USA). Samples (10 pL) were
separated on a 250 mm x 4.6 mm Luna 5-pm Phenyl Hexyl column (Phenomenex, Torrance,
CA, USA) and then assayed by fluorescence emission at 315 nm following excitation at 280
nm. The HPLC separation utilized a binary mobile phase gradient mixture of A+B where
mobile phase A was 0.5% trifluoroacetic acid (TFA) (v/v with water) and mobile phase B
was 0.5% TFA (v/v with methanol). The gradient conditions were: 0 min, 16% mobile
phase B; 4 min, 16% mobile phase B; 14 min, 50% mobile phase B; 18 min, 50% mobile
phase B; 22min, 100% mobile phase B; 26 min, 100% mobile phase B; 30 min, 16% mobile
phase B. The column was maintained at 30°C and the flow rate was 1 mL/min. Catechin and
epicatechin standards were purchased from Sigma-Aldrich (St. Louis, MO, USA). This work
was performed at the Hershey Technical Center (Hershey, PA, USA) in collaboration with

Mark Payne.

3.2.2 Protein Sequence Alignment

Protein sequences of isoflavone reductase (IFR) were retrieved from The
Arabidopsis Information Resource (TAIR) database (http://www.arabidopsis.org/). The
cacao IFR-like gene EST sequence (CL222Contigl) was retrieved by BLAST (Altschul et al,,
1990) of the cacao EST database (http://esttik.cirad.fr/index.html) and the protein
sequence was obtained using the NCBI ORF finder program

(http://www.ncbi.nlm.nih.gov/projects/gorf/). All other LAR proteins from different
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species were retrieved from GenBank (http://www.ncbi.nlm.nih.gov/Genbank/), including

Vitis vinifera (VVLAR1, CAI26309; VVLAR1, CAI26308) (Bogs et al., 2005), Desmodium
uncinatum (DuLAR, CAD79341) (Tanner et al., 2003), Medicago truncatula (MtLAR,
CAI56327) (Pang et al., 2007) and Lotus corniculatus (LcLAR1-1, ABC71324 ; LcLAR1-2,
ABC71325; LcLAR2-1, ABC71330; LcLAR2-2, ABC71331). Multiple protein sequence

alignment was performed using ClustalX (version 2.0.11) with default parameters.

3.2.3 Transformation of Arabidopsis with TcLAR

Agrobacterium tumefaciens strains carrying TcLAR over-expression constructs were

prepared and Arabidopsis transformation was performed as described in Chapter 2

(section 2.2.7).

3.2.4 Gene Expression Analysis

RNA samples from tobacco flowers and Arabidopsis young seedlings and leaves
were isolated using the RNeasy Plant mini kit (Qiagen, Valencia, CA, USA). First strand
cDNA synthesis and semi-quantitative RT-PCR were performed as described in Chapter 2

(section 2.2.8).

3.2.5 In Vitro Expression of Recombinant TcLAR protein

The open reading frame (ORF) of the TcLAR gene was PCR amplified from
pGEMT-TcLAR (Chapter 2, section 2.2.3) using Advantage 2 polymerase mix (Clontech,
Mountain View, CA) and the following primers: TcLARCDF1 (5’-
GAGCTCatggatatgaaatcaacaaacatg-3’; the Sacl site is in italics and the start codon is
underlined) and TcLARCDR2 (5’-CTCGAGtgtgcatatcgcagtg-3’; the Xhol site is in italics and
the stop codon was removed to incorporate the C-terminal His-tag sequence of the
expression vector at the 3' end of the ORF of TcLAR). It was then subcloned into the Sacl
and Xhol sites of the pET-21a expression vector (Novagen, Gibbstown, NJ, USA). After
confirmation by sequencing, the resulting vector pET21a-TcLAR was transformed into
Escherichia coli strain Rosetta (DE3) (Novagen, Gibbstown, NJ, USA). For protein

expression, a single bacterial colony was inoculated into Luria-Bertani medium (10g/L
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tryptone, 5 g/L yeast extract, 10 g/ L NaCl) containing 100 pg/mL ampicillin and grown at
37°C overnight. An overnight culture was then diluted into terrific broth (TB) medium (12
g/L Tryptone, 24g/L Yeast Extract, 0.4% glycerol, 2.31 g/L KH2P04, 12.54 g/L K2ZHP04)
containing 100 pg/mL ampicillin and grown at 37°C until the OD600 reached 0.6-0.8, at
which time IPTG (isopropyl 3-D-1-thiogalactopyranoside), was added to a final
concentration of 1 mM to induce protein expression for 18 hours. Recombinant TcLAR
protein with a 6xHis tag at the C terminus was purified using a Magne-His kit (Promega,
Madison, WI, USA) and the protein concentration measured by the Bradford method
(Bradford, 1976). This work was performed in collaboration with Yongzhen Pang and

Richard A. Dixon at Samuel Roberts Nobel Foundation (Ardmore, Oklahoma, USA).

3.2.6 Assay of LAR Activities

3H-3,4-cis-leucocyanidin was synthesized as described by (Tanner and Kristiansen,
1993). Assay of recombinant TcLAR protein with 3H-3,4-cis-leucocyanidin was carried out
in a final volume of 100 pL containing 10% (w/v) glycerol, 100 mM potassium
phosphate(pH 7.0), 4 mM dithiothreitol (DTT), 0.5 mM NADPH, 0.4 mM 3H-leucocyanidin
and 30 pg of purified recombinant TcLAR protein. The reaction was initiated by the
addition of enzyme and incubated at 30°C for 1 h. The assay was terminated by the addition
of 20 pL of methanol followed by centrifugation. Products were analyzed by HPLC, with
absorbance monitoring at 280 nm. Products eluting at retention times between 13 to 31
min were collected (1 min/tube) and the fractions containing labeled product were

identified by liquid scintillation counting. Boiled pure protein was used as a control.

Reverse-phase HPLC analysis of enzymatic products was performed using an Agilent
HP1100 HPLC (Agilent Technologies, Inc., Santa Clara, CA, USA) with the following gradient
using solvents A (1% phosphoric acid) and B (acetonitrile) ata 1 mL/min flow rate: 0 to
5min, 6% B; 5 to 10 min, 6% to 10% B; 10 to 20 min, 10% to 11% B; 20 to 25 min, 11% to
12.5% B; 25 to 45 min, 12.5% to 37% B; 45 to 48 min, 37% to 100% B; 48 to 58 min, 100%,
58 to 60 min 100% to 6% B. Absorbance data were collected at 280 nm. Identifications

were based on comparison of chromatographic behavior and UV spectra with authentic
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standards. This work was performed in collaboration with Yongzhen Pang and Richard A.

Dixon at Samuel Roberts Nobel Foundation (Ardmore, Oklahoma, USA).

3.3 Results

3.3.1 Sequence Analysis of the TcLAR protein

A cDNA containing a predicted full-length ORF of TcLAR was isolated as described in
Chapter 2. In order to examine the relationship between LAR genes from different species
and the closely related IFR proteins, a sequence comparison was performed using 7 LAR
proteins from various species and 8 IFR-like proteins from Arabidopsis. Although no LAR
sequence is thought to exist in Arabidopsis, it seems reasonable that one of the related IFR-
like sequences might encode a protein with LAR activity. Sequences of LAR proteins from
various species were obtained from GenBank, including two from grape (VVvLAR1 and
VvLAR?2), four from Lotus (LcLAR1-1, LcLAR1-2, LcLAR2-1 and LcLAR2-2), one from
Desmodium (DuLAR) and one from Medicago (MtLAR). The TcLAR protein sequence was
used to perform BLAST (tBLASTn) analysis on the cacao EST collection (Argout et al.,
2008). This analysis showed that the highest matching sequence other than TcLAR itself
was annotated as an [FR gene in the database (CL222Contigl, E-value=3e-65); the

predicted protein sequence was designated as TcIFR-like protein.

Multiple protein sequence alignment of the LAR and IFR-like proteins from cacao
and Arabidopsis revealed several highly conserved amino acid motifs that are present in all
LAR proteins but absent from all IFR proteins as previously described (a 13-amino acid
RFLP motif, an 11-amino acid ICCN motif and a 10-amino acid THD motif) (Tanner et al,,
2003; Bogs et al., 2005) (Figure 3-1). The TcLAR protein was highly conserved in all the
LAR-specific motifs, and the sequences following these motifs were identical in LcLAR1-1,
LcLAR1-2 and TcLAR. The NADP* binding motif Gly-X-X-X-Gly-X-Gly is conserved in both
LAR and IFR-like predicted cacao proteins, but the catalytic site Ser-Tyr-Lys is highly
conserved only in LAR proteins but absent from all of the IFR-like proteins except

AT4G39230.
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Figure 3-1: Multiple sequence alignment of LAR and IFR proteins. The alignment
includes the cacao LAR protein as well as a cacao IFR-like protein (CU533955;
CU508598). The alignment also includes all the LAR proteins characterized from various
species in previous publications. The species represented, the gene names, and their
GenBank accession numbers are Vitis vinifera (VvLAR1, CAI26309; VVLAR2, CAI26308),

Desmodium
and Lotus
ABC71330;

uncinatum (DuLAR, CAD79341), Medicago truncatula (MtLAR, CAI56327)
corniculatus (LcLAR1-1, ABC71324; LcLAR1-2, ABC71325; LcLAR2-1,
LcLAR2-2, ABC71331). All related IFR-like proteins from the Arabidopsis

genome that are most closely related to the LAR protein are also included in the
alignment and are designated by their locus number. The multiple protein alignment
was performed using ClustalX 2.0.11 with default parameters. The RFLP, ICCN and THD
motifs are boxed. The catalytic amino acids are labeled with black arrows.
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3.3.2 Nature of Theobroma cacao PAs

To determine the composition of PAs in cacao, soluble PAs extracts prepared from
cacao leaves, flowers, young pods, pod exocarps and ovules at different developmental
stages were separated and quantified by HPLC. The data are presented for catechin and
epicatechin concentrations as pg of catechin or epicatechin per g of fresh tissues (Figure 3-
2, Figure 3-3). In all the tissues examined, the accumulation patterns at different
developmental stages of both catechin and epicatechin followed the same trend of total PA
accumulation shown in Figures 2-5 to 2-8 in Chapter 2. Briefly, in cacao leaves and flowers,
both PA monomers (catechin and epicatechin) accumulated at higher levels in young
leaves, maximizing at about 3000 pg of epicatechin and 15 pg of catechin per g of fresh
tissues, while mature leaves had lower levels of both catechin and epicatechin. Stage D
leaves had the lowest concentration of PA monomers—epicatechin was detected at about
1000 pg per g of fresh tissues and catechins were not detected. There were also significant
levels of both PA monomers in flowers, and their concentrations were slightly higher in
unopened flowers than in opened flowers. In young pods (from 2 WAP to 6 WAP), both
catechin and epicatechin reached maximum concentrations of about 2000 pg and 15 pg,
respectively, per g of fresh tissue at the earliest time point sampled (2 WAP). Then the
concentrations of both PAs decreased slightly over time to a minimum of about 1000 pg of
epicatechin and 5 pg of catechin per g of fresh tissue. Pods at later stages of development
(from 8 WAP to 20 WAP) were dissected into exocarps and ovules. In exocarps, both
epicatechin and catechin levels remained relatively constant from 8 WAP to 14 WAP at
about 700 pg and 50 pg, respectively, per g of fresh tissue. Subsequently, both PA
monomers significantly increased from the onset of fruit ripening (16 WAP) and remained
high (about 5000 pg of epicatechin and 100 pg of catechin per g of fresh tissue) until
maturation at 20 WAP. In ovules, the PA monomer concentrations were even higher than in
exocarps, starting from 3000 pg of epicatechin and 30 pg of catechin per g of fresh tissue at
8 WAP and gradually increasing over time, reaching maximum concentrations of about

8000 pg of epicatechin and 120 pg of catechin per g of fresh tissue at 18 WAP. The data also
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showed that the relative abundance of these PAs was similar in all cacao tissues examined.

PAs consisted almost entirely of epicatechin with only 0.5% to 2% catechin.
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Figure 3-3: Flavan-3-ol accumulation and composition in fruit tissues of Theobroma
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(sh) tissues at various stages of development (from 8 to 20 WAP). Data are presented as
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3.3.3 Functional Characterization of TcLAR

To further investigate the function of TcLAR, HPLC was used to analyze the PAs
extracted from transgenic tobacco flowers over-expressing TcLAR as described in Chapter
2. Since LAR functions in the production of catechin as evidenced by biochemical assays, |
predicted that the increased level of PAs in transgenic tobacco resulted from the increased
synthesis of catechin. In flower extracts of both transgenic tobacco lines (LAR7C1 and
LAR9A2) there was indeed a significant increase of catechin levels. However, there was

also a significant increase of epicatechin levels (Figure 3-4).
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Figure 3-4: Flavan-3-ol accumulation and composition in flowers of wild type (Samsun, ss)
tobacco plants and two independent lines of 35S:TcLAR transgenic (LAR7C1, LAR9A2)
tobacco plants. Flavan-3-ol levels were determined by extraction, HPLC separation, and
quantification. All the columns are presented as means * SE, n> 7. *P<0.05 versus WT, **P <
0.01 versus WT. FW, Fresh weight.
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[ also took advantage of the Arabidopsis Idox T-DNA mutant to examine LAR
function. Because Arabidopsis lacks an LAR gene (Abrahams et al.,, 2003; Tanner et al.,
2003; Lepiniec et al,, 2006) and the Idox mutant is deficient in cyanidin (the substrate for
ANR), the Idox mutant exhibits a significant decrease of epicatechin and PAs synthesis. |
reasoned that since the /dox mutant accumulates leucoanthocyanidin which can provide
the substrate for a heterologous LAR protein, the Idox mutant was potentially a good in vivo
model to analyze LAR function. I predicted that over-expressing TcLAR should result in the
synthesis of catechin in developing siliques of the I[dox mutant Arabidopsis, even if PAs
were not produced due to lack of epicatechin synthesis. HPLC separation and quantification
of PA extracts from Arabidopsis transgenic lines over-expressing TcLAR gene in the Idox
mutant background revealed not only a significant increase of catechin, but also
surprisingly, a modest yet significant increase of epicatechin (Figure 3-5). Quantification of
total PAs extracted from mature seeds also revealed significant PAs increases in all

transgenic lines compared to the /dox mutant (data not shown).
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Figure 3-5: Complementation of the Arabidopsis PA-deficient Idox mutant by
constitutively expressing TcLAR. A, Catechin and epicatechin standards analyzed by
HPLC. B, HPLC analysis of Col-0 young siliques. C, HPLC analysis of Idox 35S:TcLAR
Line14 young siliques. D, HPLC analysis of ldox mutant young siliques. E. TcLAR and
AtUbiquitin transcripts in total RNA from leaves of Col-O, Ildox muant and Idox
35S:TcLAR transgenic plants, (line9, line 14 and line36), by RT-PCR. PCR products from
the TcLAR-PGEM plasmid were loaded on the last lane as a positive control for the
TcLAR primer set and as a negative control for the AtUbiquitin primer set. F, Catechin
and epicatechin levels in young siliques of plants that were the source of the total RNA
used in (E). Catechin and epicatechin levels were determined by extraction and HPLC
analysis. The data are presented as means * SE, n=3. *P < 0.05 versus Ildox; **P < 0.01
versus ldox. FW, fresh weight; EU, emission units.
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To verify the identity of peaks identified in the HPLC analysis, several key samples
were spiked with known concentrations of catechin and epicatechin standards. As shown
in Figure 3-6, for samples spiked with 50% and 100% of catechin and epicatechin, there is
an obvious increase of the peaks that were identified as catechin and epicatechin in both
Arabidopsis and tobacco samples. On the other hand, all the other minor peaks observed on
the chromatograms, including the shoulder peaks near the catechin and epicatechin peaks,

were of similar heights as in unspiked samples.
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Figure 3-6: HPLC analysis of extracts from transgenic Arabidopsis and tobacco samples
with and without spiking with known standards to validate the identity of the catechin and
epicatechin peaks. A, Catechin and epicatechin standards used in spiking. B, Young siliques
extracts from Arabidopsis Idox mutant with and without standard spikes. C, Young siliques
extracts from transgenic Arabidopsis 35S:TcLAR Line9 with and without standard spikes.
D, Flower petal extracts from wildtype tobacco (Samsun) with and without standard
spikes. E, Flower petal extracts from transgenic tobacco 35S:TcLAR:Samsun Line LAR9A2
with and without standard spikes. FW, fresh weight; EU, emission units.
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3.3.4 In Vitro Enzyme Assay of TcLAR

Recombinant cacao LAR protein was expressed and purified from E.coli and then
assayed using 3H-labeled leucocyanidin as substrate in the presence of NADPH, followed by
analysis of products by HPLC-UV and radioactivity detection. The negative control reaction
(boiled protein) showed no product formation (Figure 3-7 A and C), whereas a peak with
the same retention time and UV-spectrum as that of the pure (-)-catechin standard (Figure
3-7 E and F) was detected when TcLAR was incubated with 3H -labeled leucocyanidin
(Figure 3-7, B and D). However, no epicatechin product was detected (retention time of 26-

27 min).
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Figure 3-7: Enzymatic assay of recombinant TcLAR. A, HPLC analysis of products from
incubation of leucocyanidin with boiled protein as control, monitored by UV spectroscopy.
B, as above, for incubation of purified recombinant TcLAR with 3H-leucocyanidin. C, As in
(A), but monitoring radioactivity of fractions; D, As in (B), but monitoring radioactivity of
fractions; (E), UV spectrum of catechin product from (B); F, HPLC analysis of an authentic
standard of (-)-catechin. mAU, milliabsorbance units; CPM, counts per minute.
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3.4 Discussion

PA composition in relation to expression of PA synthesis genes has been described
in various plant species including Arabidopsis, apple, Medicago, and grape (Devic et al.,
1999; Abrahams et al,, 2003; Bogs et al., 2005; Takos et al., 2006; Pang et al., 2007).
Arabidopsis lacks an LAR gene but but has an ANR gene that is expressed spatially and
temporally with PA synthesis. Correspondingly, Arabidopsis PAs are composed exclusively
of epicatechin (Devic et al., 1999; Abrahams et al., 2003; Tanner et al., 2003; Routaboul et
al., 2006). In other plants such as apple, Medicago and grape, in which both ANR and LAR
genes are present and expressed, the PA (epicatechin) accumulation patterns are closely
correlated with ANR expression (Bogs et al,, 2005; Takos et al., 2006; Pang et al., 2007).
Expression levels of LAR genes, on the other hand, show a rather poor correlation with
catechin accumulation in apple and grape, in which PAs are composed of both catechin and
epicatechin. Moreover, in Medicago, although the LAR gene is expressed, there is a lack of
catechin and the PAs are composed almost entirely of epicatechin. This poor correlation

brought into question the role of LAR in PA synthesis and its precise function.

In the Chapter 2, it was shown that in cacao, ANR and LAR genes are co-regulated
and that their expression correlated well with PA accumulation in various tissues,
suggesting significant roles in PA synthesis for both ANR and LAR. In this chapter, I
examined the composition of PAs and further explored the individual contributions of
these proteins to catechin and epicatechin synthesis. HPLC analysis showed that cacao PAs
in all tissues examined were composed almost entirely of epicatechin units with catechin
units comprising only 0.5% to 2%. This result is consistent with previous work in cacao
beans (Gu et al,, 2002), in which PA extension units were reported to be composed
exclusively of epicatechin, and terminal units were composed mostly of epicatechin with
about 1% catechin. The close correlation of LAR expression and PA accumulation,
especially epicatechin accumulation, suggests the possibility that LAR may also contribute

to epicatechin synthesis in addition to catechin synthesis.
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The catalytic activities of LAR proteins from all plant species discussed above except
apple have been verified by in vitro recombinant assays (Tanner et al., 2003; Bogs et al,,
2005; Pang et al,, 2007). Lotus LAR showed weak activity in a recombinant DFR protein
coupled assay (Paolocci et al., 2007). However, none of those enzyme assays was able to
recover sufficient flavan-3-ol products for stereochemical analysis in order to determine
whether they produce catechin or epicatechin. Although Tanner et al. (2003) was able to
distinguish the product (+)-catechin (2R, 3S) from (-)-catechin (2S, 3R) on a chiral HPLC
system, they did not discriminate between catechin and epicatechin (Tanner et al., 2003).
In my results, TcLAR showed in vivo activity in both transgenic tobacco and Arabidopsis
plants. But to my surprise, ectopic expression of TcLAR resulted in elevated levels of both
catechin and epicatechin units in tobacco flowers, in contrast to the prediction that only
catechin should be formed. Based on the sequence similarity between LAR and ANR, it is
possible that LAR could function redundantly to ANR and convert cyanidin to epicatechin.
Alternatively, LAR may perform as a dual functional enzyme and convert
leucoanthocyanidin to both catechin and epicatechin. To test the possibility that LAR
performs the same activity as ANR and uses cyanidin as a substrate to form epicatechin, I
took advantage of the Arabidopsis Idox (ans) mutant. Arabidopsis does not have an LAR
gene and synthesizes only epicatechin through the ANS and ANR pathway. Although
Arabidopsis has eight [FR-like genes that are homologous to LAR, LAR-specific protein
motifs and the C-terminal extension, revealed by deduced protein sequence comparison,
distinguished the LAR protein family from the IFR protein family (Figure 3-1). Arabidopsis
Idox mutants have a significantly reduced PA (epicatechin) level due to lack of a supply of
cyanidin, the epicatechin precursor. Thus, the I[dox mutant provides a system that has
leucoanthocyanidin but not cyanidin. Over-expression of TcLAR in the Idox mutant resulted
in high-level formation of catechin, confirming its enzymatic function in converting
leucoanthocyanidin to catechin. Moreover, HPLC quantification showed that there is also a
significant elevation of epicatechin levels, suggesting that LAR may also convert

leucoanthocyanidin to epicatechin.

LAR proteins belong to the reductase/epimerase/dehydrogenase (RED) superfamily

(Tanner et al., 2003). This protein superfamily contains the short-chain dehydrogenase
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family that is composed of a set of proteins about 250 amino acids long homologous to 20-
B-hydroxysterol dehydrogenase (HSD), the NDP-sugar epimerases and some medium-chain
dehydrogenases/reductases of about 330-370 amino acids that are homologous to UDP-
galactose-4-epimerase (Labesse et al., 1994). Although these proteins have low sequence
similarities (about 15% identity), distinct functions and specific substrates, they commonly
feature a single domain comprising both the NAD(P)*-binding site and the catalytic site
(Thoden et al., 1997; Rizzi et al., 1998; Kavanagh et al., 2008). The functional N-terminal
domain displays a six- to seven-stranded Rossmann fold (Rao and Rossmann, 1973) that
binds NAD(P)* at the Gly-X-X-X-Gly-X-Gly motif. The catalytic triad Ser124-Tyr149-Lys153
(numbers refer to E. coli UDP-galactose 4-epimerase) is also highly conserved throughout
the RED protein family including dehydrogenases, reductases and epimerases. The
common catalytic mechanism shared by RED superfamily enzymes is a hydride and proton
transfer involving NAD(P)* and typically an active tyrosine (Tyr) residue in the N-terminal
domain, whereas variable C-terminal domains determine substrate specificity (Kavanagh et
al., 2008). Theoretically, proteins possessing active NAD(P)*-binding sites and the Ser-Tyr-
Lys catalytic triad have the potential to possess reductase activity, epimerase activity or
dual activity. For example, two RED family proteins, the anthocyanidin reductase from
grape and the GDP-4-keto-6-deoxy-D-mannose epimerase/reductase from E. coli have been
shown to possess the dual reductase/epimerase activity (Rizzi et al., 1998; Gargouri et al.,
2009). Crystal structural analysis of these proteins revealed that they are conserved in both
the Gly-rich motif and the Ser-Tyr-Lys catalytic triad. Sequence analysis of TcLAR and other
LAR proteins revealed that they are highly conserved in both the Gly-rich motif and the Ser-
Tyr-Lys catalytic triad (Figure 3-1). This suggests that LAR also has the potential to possess

dual reductase/epimerase activity based on the domain conservation.

However, when recombinant TcLAR was assayed in vitro, while we observed the
production of catechin from leucoanthocyanidin, we did not detect even trace amounts of
epicatechin. Our assay and detection methods are sufficiently sensitive to detect such dual-
functionality as demonstrated by the assay of recombinant ANR enzyme, using cyanidin as
the substrate in a single enzymatic reaction in which the production of both catechin and

epicatechin was detected (data not shown). The failure to detect epicatechin in assays with
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the cacao LAR enzyme suggests that it functions soley in converting leucoanthocyanidin to
catechin. However we cannot rule out the possibility that the synthesis of epicatechin by

TcLAR requires additional co-factors that are not present in the in vitro enzyme assay.

An alternative explanation for the increase in epicatechin in TcLAR over-expressing
Arabidopsis and tobacco plants is the possible existence of a gene(s) encoding a catechin-
epicatechin epimerase. However, this is less likely to occur in Arabidopsis because
Arabidopsis itself does not synthesize catechin; it would be surprising if a catechin-
epicatechin-specific epimerase were still present even in the absence of its substrate.
Nevertheless, we cannot exclude the possible existence of such an epimerase that may also
serve other functions important in plant productivity. A second alternative hypothesis to
explain epicatechin formation would be racemization of catechins by polymerization to
proanthocyanidins followed by nonstereo-specific depolymerization. It is also possible that
the production of catechin push the metabolic flow to the epicatechin branch as a feedback
effect to balance the relative amount of catechin and epicatechin. To test these possibilities,
future investigations could determine whether there is a decrease in the concentration of
polymeric catechin derivatives corresponding to the increase of free epicatechin. Also, it
would be interesting to measure ANR gene transcript levels and ANR protein activities in
TcLAR over-expressing transgenic plants to determine whether the increased synthesis of

epicatechin is a result of increased activity of the ANR pathway.

3.5 Conclusions

In this chapter, I further explored the function of TcLAR by monitoring the
production of catechin using both in vitro recombinant enzyme assays and in vivo
functional analysis in transgenic tobacco and Arabidopsis plants over-expressing TcLAR.
The results clearly suggest that TcLAR is indeed an LAR protein and is active in converting

leucoanthocyanidin to catechin.

In addition, the in vivo analysis showed that in TcLAR over-expressing transgenic

plants, there is an increase of not only catechin but also epicatechin. The synthesis of
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epicatechin could be the result of an endogenous catechin-to-epicatechin epimerase, the
nonstereo-specific depolymerizaion of catechin, or a feedback effect of excessive catechin
synthesis that diverts the metabolic flow to epicatechin. Further investigation is needed to

fully understand the mechanism of increased epicatechin production.
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CHAPTER 4: THE THEOBROMA CACAO TCMYBPA GENE ENCODES AN R2R3-MYB
TRANSCRIPTION FACTOR INVOLVED IN THE REGULATION OF PROANTHOCYANIDIN
SYNTHESIS

4.1 Introduction

The mechanisms regulating the transcription of the flavonoid biosynthetic pathway
genes are well studied in several model systems like Arabidopsis (Arabidopsis thaliana)
and maize (Zea mays) (Lepiniec et al., 2006). Transcriptional regulation of these genes is
mediated by members of three protein families: the RZR3-MYB transcription factors, the
MYC-like basic helix-loop-helix (bHLH) proteins and the WD40 repeat proteins (Ramsay
and Glover, 2005; Grotewold, 2006; Lepiniec et al.,, 2006). The combinatorial interactions of
different members from these three protein families determine their specificity of target
gene activation (Winkel-Shirley, 2001). This interaction has been shown for several
flavonoids synthesis regulators isolated from Arabidopsis (Nesi et al.,, 2001; Baudry et al,,
2004; Lepiniec et al., 2006). This has also been shown for several anthocyanin synthesis
regulators isolated from Zea mays (Grotewold et al., 2000; Allan et al., 2008), and Petunia
hybrida (de Vetten et al., 1997; Quattrocchio et al., 1999; Spelt et al., 2000).

The flavonoid pathway and its genetic regulation have been subject to intense
research using the model plant Arabidopsis (Lepiniec et al., 2006). The regulation of
proanthocyanidin (PA) synthesis has been well characterized by the analysis of transparent
testa (TT) mutants that fail to accumulate PAs in the seed coat (Abrahams et al., 2002;
Lepiniec et al,, 2006). Three TT loci, TT2, TT8 and TTG1, which encode R2ZR3-MYB, bHLH
and WD40 repeat proteins respectively, are necessary for proper temporal and spatial
accumulation of PAs (Lepiniec et al., 2006). The three proteins interact and form a ternary
transcriptional protein complex to activate “late” PA-specific genes including DFR
(dihydroflavanol reductase), LDOX (leucoanthocyanidin dioxygenase) and BAN (ANR,
anthocyanidin reductase) (Pelletier et al., 1997; Nesi et al., 2000; Nesi et al,, 2001; Baudry
et al.,, 2004). Another three TT loci, TT16, TT1 and TTGZ that encode a MADS box protein, a

zinc-finger protein and a WRKY transcription factor, respectively, are also important for PA
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synthesis (Lepiniec et al., 2006). These proteins have been shown to regulate the
expression of BAN protein through a posttranscriptional mechanism and thus are involved

in the differentiation of PA-accumulating cells (Lepiniec et al., 2006).

The TTZ2 gene product (TT2) is a key regulator of PA synthesis and confers target
gene specificity to the MYB-bHLH-WD40 complex. It is specifically expressed in PA-
accumulating cells in Arabidopsis but can induce ectopic expression of the BAN gene when
constitutively expressed in the presence of a functional TT8 protein (Nesi et al., 2001). TT2
belongs to the large R2ZR3-MYB protein family that has 133 members in Arabidopsis. These
proteins are typically involved in many aspects of plant secondary metabolism, plant cell
identity and cell fate determination (Stracke et al., 2001; Stracke et al., 2007). Members of
the R2ZR3-MYB protein family are characterized by the presence of two highly conserved
head-to-tail MYB motifs in the N-terminal region, the R2 and R3 repeats, although their C-
terminal regions are very divergent. Each of the R2R3 repeats consists of three a-helices
(Grotewold et al., 2000); helix 3 of each motif is involved in interaction with DNA and helix

1 of the R3 repeat is important for corresponding bHLH recognition.

In addition to Arabidopsis, the TT2-like PA-specific R2ZR3-MYB transcription factors
(TFs) have been characterized in grape (Vitis vinifera), Lotus (Lotus japonicus) and poplar
(Populus tremuloides) (Bogs et al., 2007; Yoshida et al., 2008; Mellway et al., 2009; Terrier
et al., 2009). In grape, two TT2-like MYB TFs (VVMYBPA1 and VVMYBPAZ2) have been
identified. These TFs exhibit tissue-specific functions in inducing PA structural gene
expression and synthesis: VWVMYBPA1 is mainly expressed in grape seeds; and VVMYBPA2
is mainly in expressed in exocarp of young berries and in the leaves. Similar observations
were reported in Lotus, in which three copies of TT2-like RZR3-MYB TFs were identified
that differ in organ-specific expression and responsiveness to stress. Each of the TFs
mentioned above is capable of activating the ANR promoter in transient reporter assays. In
poplar, a MYB134 gene encoding a TT2-like TF was recently shown to be responsive to
wounding, pathogen presence and UV-B irradiation, consistent with the biological roles of
PAs in anti-herbivore, anti-pathogen and UV damage protection. Overexpression of

MYB134 in poplar resulted in transcriptional activation of the genes encoding enzymes of
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the full PA biosynthesis pathway from PAL1 to ANR and LAR, but not FLS, which is specific

to flavonol synthesis.

In Chapter 2, [ described the isolation of three structural genes (TcANR, TcANS and
TcLAR) from cacao and the functional verification of their involvement in the PA synthesis
pathway. In this chapter, [ will describe the isolation and characterization of a cacao gene,
TcMYBPA, that encodes an R2ZR3-MYB transcription factor involved in regulating the
biosynthesis of cacao PAs. Constitutive expression of TcMYBPA in the Arabidopsis tt2
mutant not only successfully complimented its primary phenotype (a PA-deficient seed
coat) but also resulted in increased anthocyanin accumulation in young seedlings,

suggesting that TcMYBPA regulates both the anthocyanin and PA pathways in cacao.

4.2 Materials and Methods

4.2.1 Isolation of a TcMYBPA cDNA from Theobroma cacao

Total RNA from stage A/B leaves of Theobroma cacao (Scavina 6) was isolated as
described in Chapter 2. First strand cDNA was synthesized using the SMART RACE cDNA
amplification kit (Clontech, Mountain View, CA, USA). The putative EST sequence of
TcMYBPA was obtained by searching the Theobroma cacao EST database
(http://esttik.cirad.fr/)(Argout et al., 2008) using BLAST (program: tBLASTn) (Altschul et
al,, 1990) with the protein sequence of TT2 (AT5G35550) from Arabidopsis thaliana as the

query sequence. The ORF of putative TcMYBPA was amplified with the Advantage cDNA
PCR Kit (Clontech, Mountain View, CA, USA) using cDNA from stage A/B leaves as template
with the following primer pairs: TC(MYBPA_F (5’- GTCCATGGGAAGGGCTCCTTGTTGTTC -3’)
and TcMYBPA_R (5’- AGCGGCCGCTCAGATCAATAATGATTCAGC -3’). To facilitate the
subsequent cloning into binary vectors, an Ncol site (CCATGG) was added at the start codon
(ATG) and a Notl site (GCGGCCGC) was added immediately 3' to the stop codon (TCA)
respectively (sites are shown in italics and the start or stop codons are underlined). The
PCR reaction was carried out in a total volume of 20 pL at 94°C for 5 min; 5 cycles of 94°C
for 30 s, 55°C for 30 s, and 72°C for 1 min; another 23 cycles of 94°C for 30 s, 60°C for 30 s,

and 72°C for 1 min; followed by a final extension at 72°C for 5 min. The PCR products were
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gel purified and cloned into the pGEM-T Easy plasmid (Promega, Madison, WI, USA) and
replicated in E. coli strain DH5a. DNA sequencing was performed using twelve of the
resulting DNA clones (pGEMT-TcMYBPA), and two clones had the precise sequence of the
consensus sequences. One clone (pGEMT-TcMYBPA-3) was chosen for cloning into the

binary vector for plant transformation and subsequent experiments.

4.2.2 Protein Sequence Alignment and Phylogenetic Analysis

PA-specific R2ZR3-MYB protein sequences were retrieved from GenBank
(http://www.ncbi.nlm.nih.gov/Genbank/), including AtTT2 from Arabidopsis (CAC40021)
(Nesietal,, 2001), VVMYBPA1 and VVMYBPAZ2 from grape (AM259485, ACK56131) (Bogs
et al.,, 2007; Terrier et al,, 2009), LjTT2a, LjTT2b and LjTT2c from Lotus japonicus
(AB300033, AB300034, AB300035) (Yoshida et al,, 2008) and MYB134 from Populus
tremuloides. (F]573151)(Mellway et al.,, 2009). A protein sequence alignment performed
with the ClustalW algorithm was used to construct a phylogenetic tree using the neighbor-
joining method in the MEGA package (Kumar et al., 2004 ). One thousand bootstrap datasets
were used to estimate the confidence of each tree clade. Protein sequence alignment of
anthocyanin- and proanthocyanin-specific MYB proteins was performed using the same
method as was for the phylogenetic tree but was edited and displayed using GENEDOC
software (Version 2.6.02, http://www.nrbsc.org/gfx/genedoc/).

4.2.3 Transformation of Arabidopsis

The coding sequence of TcMYBPA was excised from the intermediate cloning vector
(pGEMT-TcMYBPA-3) with Ncol and Notl restriction enzymes and introduced into the
pE2113-EGFP (Maximova et al., 2003) intermediate vector to substitute the coding
sequence of TcMYBPA for the original EGFP coding sequence. As a result, the cacao gene
coding sequence is located immediately downstream of the very strong E12-Q) promoter (a

modified CaMV35S promoter) and upstream of the CaMV35S terminator. The over-
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expression cassette was then excised out from pE2113 vector with Ecorl and Pvull
restriction enzymes and introduced into the pCAMBIA-1300 binary vector (CAMBIA,

Canberra, Australia).

This binary transformation construct were introduced into Agrobacterium
tumefaciens strain AGL1 (Lazo et al., 1991) by electroporation as previously described in

Chapter 2 (Lin, 1994).

4.2.4 Gene Expression Analysis

Total RNA from leaves, flowers, pods, pod exocarp and ovules of Theobroma cacao
(Scavina 6 and Amelonado) was isolated as described above. Total RNA from young
Arabidopsis seedlings was isolated using the RNeasy Plant mini kit (Qiagen, Valencia, CA,
USA). cDNA was synthesized from 1 pg of total RNA in a total volume of 20 pL using M-
MuLV Reverse Transcriptase (NEB, Ipswich, MA, USA) according to the supplier’s protocols,

and 2 pL of this reaction were used in the subsequent RT-PCR reactions.

Semi-quantitative RT-PCR was performed to measure gene expression levels as
previously described (Ahn, 2009) with the following modifications: The primers for
Arabidopsis cDNA span two exons, giving products of about 500 bp, and thus are mRNA
specific, avoiding potential amplification from genomic DNA contamination. The primers

sets used are listed in Table 4-1 below.

Table 4-1: Sequences of the primers used in the gene expression study

Primer Sequence (5’ to 3’)
AtDFR_RTF CCGTGTGTGTAACCGGCGCT
AtDFR_RTR TGCGCCTCGTTCCGAGTGAT

AtLDOX_RTF CACCAAGTGATTACATAGAAGCAACG
AtLDOX_RTR TCACCATCTCCGGCAACGGC
AtBAN_RTF TGGTGGCACGGGAAACTTAGCC
AtBAN_RTR CGGTCACATGCATTTCTTTCCCGGT
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AtUFGT_RTF ACCATCGGTGTCAAAGAAGTAGGTG
AtUFGT_RTR GCGGTGCCCATGGAACCACT

AtCHS_RTF TCAAGCGCATGTGCGACAAGT
AtCHS_RTR CGGCGGCGCCATCACTGAAA
AtCHI_RTF TCATCCAACGCCTGCGCCTC
AtCHI_RTR ACGCAACCGTAAGAGAGCCGGT
AtF3H_RTF ACCTCCAGGGAGAGGCTGTGC
AtF3H_RTR AAATGGCCGTGGTCGCCGAG
AtFLS_RTF ATCTGGCCACCGTCATGCGTC
AtFLS_RTR CCTCCCATTACTCAACCTCAGAATC

To ensure the linearity of the semi-quantitative RT-PCR measurements, each primer
set was tested in time course PCR reactions to measure amplification kinetics and to
determine the optimal PCR cycle in which the reaction is well within the linear range. The
number of PCR cycles was optimized from 20 to 32, and 28 cycles was chosen as optimal
for all the RT-PCR reactions. The PCR reaction was carried out in a total volume of 20 uL at
94°C for 5 min; 28 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 45 s; followed by a
final extension at 72°C for 5 min. The PCR products were visualized on 1% agarose gels
stained with ethidium bromide and photographed using a Molecular Imager Gel Doc XR+
System equipped with a 16-bit CCD camera (Bio-Rad Laboratories, Hercules, CA). Relative
fluorescent intensity of the separated PCR products was quantified using Quantity One 1-D

Analysis Software (Bio-Rad Laboratories, Hercules, CA).

4.2.5 DMACA Staining of Tissues

To visualize the presence of PAs in Arabidopsis young seedlings and dry seeds,
tissues were immersed in 4-dimethylaminocinnamaldehyde (DMACA) reagent (2%
(w/v)DMACA, 90% ethanol, 10% HCI) for 2 days as described previously (Abrahams et al.,
2002) and then washed 3 times with 70% ethanol.
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4.3 Results

4.3.1 The Cacao TcMybPA Gene Encodes an R2R3-MYB Transcription Factor

Four putative TcMYBPA cDNA sequences were identified in a collection of
Theobroma cacao expressed sequence tags (ESTs) (Argout et al., 2008) by querying the
cacao ESTtik database (http://esttik.cirad.fr/) with the protein sequence of Arabidopsis
TT2 (accession no. Q2FJA2). Cacao ESTs showing sequence similarity to the TTZ gene were
assembled into a contig to recover full-length open reading frames (ORFs) by alignment
with cDNAs of homologous genes from other species and predictions from the ORF Finder
program (www.ncbi.nlm.nih.gov/projects/gorf/). The full-length coding sequence of
TcMYBPA was amplified by RT-PCR using cDNA isolated from young leaves of cacao
(Scavina 6), in which PAs are actively synthesized and accumulated (Chaves and Gianfagna,
2007). The isolated ORF was named TcMYBPA (accession no. GU324346, see sequence in
Appendix A).

The 864-bp ORF of TcMYBPA encodes a protein of 287 amino acids that shares 68 %
identity with grape VWWMYBPA1 (see protein sequence comparison in Appendix B). A protein
sequence alignment of TcMYBPA with other PA- and anthocyanin-regulating MYB proteins
revealed that TcMYBPA contains an N-terminal R2R3 repeat that corresponds to the DNA-
binding domain of plant MYB-type proteins (Fig. 4-1A). Like the high sequence similarity
observed between the R2R3 repeat regions shared by 126 members of Arabidopsis
(Stracke et al,, 2001; Czemmel et al., 2009), the TcMYBPA R2R3 repeat region is highly
conserved when compared to other plant R2ZR3 MYBs. The TcMYBPA N-terminal region
also contains the [D/E]LX2[R/K]X3LXsLX3R motif for interaction with bHLH partners in the
R3 repeat region (Grotewold et al., 2000), whereas the C-terminal region shows little

homology to other plant MYBs.
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Figure 4-1: Comparison of the amino acid sequences of TCcMYBPA and various plant MYB
transcription factors. A, Alignment of the deduced amino acid sequences of the R2ZR3-MYB
proteins functioning in anthocyanin and PA synthesis, including TcMYBPA (cacao), ZmC1
(maize), VvMybPA1, VvMybPA2, VvMybA1, VvMybA2 (grape), PtMyb134 (poplar), LjTT2a,
LjTT2b, LjTT2c (Lotus), and Arabidopsis regulators AtTT2, AtPAP1 and AtPAP2. The R2
and R3 repeats of the MYB domain are indicated above the alignment. Identical amino acids
are indicated in black, similar amino acids in gray. Arrowheads indicate amino acids that
are conserved in all PA-regulating MYBs but absent in anthocyanin-regulating MYBs.
Sequences were aligned using the ClustalW program and were displayed using the
GeneDoc program. B, Phylogenetic tree showing selected plant MYB transcription factors
from GenBank. Human c-myb is included as a outgroup. Functions of the MYB proteins are
given on the right side in bold. The alignment was performed using the ClustalW program
and the tree was constructed using the neighbor-joining algorithm of the MEGA package
(Version 3.1) (Kumar et al., 2004). The scale bar represents 0.1 substitutions per site and
the numbers next to each node are bootstrap values from 1,000 replicates. The GenBank
accession numbers of the MYB proteins are as follows: AtGL1 (P27900), ZmP (P27898),
ZmC1 (AAA33482), VvMybA1l (BAD18977), VvMybA2 (BAD18978), AtPAP1 (AAG42001),
PhAN2 (AAF66727), LeANT1 (AAQ55181), OsMyb4 (T02988), AmMixta (CAA55725),
AtMyb111 (AAK97396), AtMyb12 (NM_130314), PmMybF1 (AAA82943), PhPH4
(AAY51377), AtPAP2 (AAG42002), AtMybWER (CAC01874), VvMyb5a (AAS68190),
VvMYB5b (Q58QD0), VWMYBPA1 (AM259485), VvMybPA2 (ACK56131), c-myb
(AAB49039), PtMyb134 (F]573151), PhMyb1 (Z13996), LjTT2a (AB300033), LjTT2b
(AB300034), LjTT2c (AB300035), AtTT2 (Q2FJA2). Also included in the tree are one
putative cacao PA specific MYB (TcMYBPA), and three MYB-like proteins found in the cacao
EST collections (CL158Contigl, CL8212Contigl and CL2621Contig1)

To investigate these relationships more closely, a phylogenetic tree was constructed
using the full-length amino acid sequences of TcMYBPA and sequences of all functionally
tested MYBs involved in regulating proanthocyanidin and anthocyanin biosynthesis, as well
as MYBs associated with several other biological processes (Fig 4-1B). By searching the
cacao EST database using tBLASTn with the protein sequence of putative cacao MYB
TcMYBPA as the query, three EST contigs (CL8212Contig1, CL2621Contigl and
CL158Contig1) containing MYB-like proteins were also identified as the next best cacao
matches to TcMYBPA. The results show that the putative cacao proanthocyanidin
regulatory protein TcMYBPA is most closely related to the grape PA regulatory MYB
protein VVMYBPA1 and clusters in the same clade with all the anthocyanidin and

proanthocyanidin regulatory MYB proteins.
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Within the same clade are also VvMYB5a and VvMYB5b from grape, which are
involved in regulating the entire flavonoid pathway, and PhPH4 from petunia, which is
involved in regulating vacuolar pH. R2ZR3-type MYB proteins that regulate other
biochemical and physiological processes such as phlobaphene and flavonol synthesis, cell
shape determination and trichome development clustered into separate subgroups. The
other three cacao MYB-like proteins cluster together with MYBs that have functions other
than proanthocyanidin regulation, such as flavonoid pathway regulation (CL8212Contig1),
cell shape determination (CL2621Contigl) and anthocyanidin synthesis regulation
(CL158Contig1). ZmC1, the maize anthocyanin synthesis regulator that was shown to
activate the Arabidopsis ANR promoter (Baudry et al., 2004), clustered together in the
same subgroup with AtTT2 and VVMYPPAZ2, which are functionally verified PA regulators.
This was consistent with the protein alignment analysis in which ZmC1 was more similar to
PA regulatory MYBs than to anthocyanin regulatory MYBs. Protein alignment also revealed
that some conserved amino acids present in the N-terminal region of TcMYBPA as well as
all PA regulatory MYB proteins and ZmC1 were absent in all the other anthocyanin MYB
factors (Fig. 4-1A); this could indicate similarity in function. These included, according to

position on TcMYBPA, Gly2, Arg3, Gly50, Asn69, [le70, Asp101, Glu103, and Ile104.

In summary, the TcMYBPA protein sequence includes conserved R2R3 regions
typical of plant MYB transcription factors. Moreover, in TcMYBPA, [ was able to detect
conserved amino acid homologies shared with all the TT2-like MYB regulators but absent
in anthocyanin regulators. These conserved amino acids can be used to identify candidate

PA-specific MYB regulators from other plant species.

4.3.2 Expression of TcMYBPA Correlates with PA Accumulation in Theobroma cacao

To assess the involvement of TcMYBPA in PA biosynthesis, the expression of the
putative TcMYBPA gene was examined in tissue samples from different developmental
stages of leaves, flowers and pods in which PAs accumulate. The leaf and flower tissues
were from cacao genotype Scavina 6. Because Scavina 6 is a self-incompatible genotype, to
reduce the genetic variability in pods, an alternative genotype, Amelonado, was used for

pod tissue collection. Gene transcript levels were assessed by semi-quantitative RT-PCR.
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TcActin was chosen as a reference gene to normalize gene expression because both cacao
microarray analyses and RT-PCR data from our laboratory suggested a relatively constant
spatial and temporal expression pattern for all cacao tissues examined (Z. Shi and S.

Maximova, unpublished data) .

Figure 4-2A and B show that TcMYBPA was expressed in leaves, flowers and whole
pods in early developmental stages when the pods were too small for collection of separate
seed and exocarp samples. Figure 4-2C and D show that TcMYBPA was also expressed in
both exocarp and ovules of cacao pods from 8 weeks after pollination (WAP) to 20 WAP at
the time of ripening. The expression of TcMYBPA in developing leaves, flowers, young pods
and exocarps correlated with the accumulation of PAs and the expression of structural
genes TcANS, TcANR and TcLAR, which are specifically involved in PA synthesis (Chapter
2). In ovules, unlike the co-regulated pattern of gene expression in leaves, flowers, young
pods and exocarps, the expression pattern of TcANS differed quite significantly from that of
TcANR and TcLAR. TcANS showed a relatively stable level of expression throughout pod
development (including at 16 WAP when anthocyanin synthesis begins), in contrast to both
TcANR and TcLAR, which showed a significant decease at 16 WAP (Chapter 2). In ovules,
TcMYBPA expression was detected during PA accumulation and was similar to that of
TcANS; neither gene exhibited a reduction in expression at 16 WAP, the onset of
anthocyanin synthesis. This suggests that TcMYBPA may contribute to the regulation of
anthocyanin synthesis as well as PA synthesis. Nevertheless, the regulation of the PA-
specific genes TcANR and TcLAR may also involve other transcription factors such as bHLH
and WD40 repeat proteins whose interactions with TcMYBPA determine their specific
expression patterns, which are slightly different from TcANS. To gain a better
understanding of their regulation, further characterization and expression analysis of bHLH

and WD40 genes will be helpful.
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Figure 4-2: Transcript levels of TcMYBPA during the development of cacao leaves and
flowers (A), young pods (B), exocarp (C) and ovules (D) Gene expression was determined
by semi-quantitative RT-PCR and is shown relative to expression of TcActin in each sample.
All data are presented as the mean of three replicates with error bars indicating +SE.

4.3.3 TcMYBPA Complements the PA-Deficient Phenotype of the Arabidopsis tt2
Mutant

Based on the very high degree of sequence conservation with Arabidopsis TT2 (see
above) I hypothesized that the candidate gene TcMYBPA encodes a protein transcription
factor that participates in the regulation of the PA biosynthesis genes LAR, ANR and LDOX.
To test this hypothesis, a genetic complementation test was performed by transforming a
constitutively expressed TcMYCPA coding sequence into the Arabidopsis tt2 mutant (Nesi
et al., 2001), creating TcMYBPA-tt2 transgenic plants. Twenty one hygromycin-resistant

transgenic T1 plants were generated and all of them developed a normal phenotype
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regarding general plant health, vigor, size and height. Three independent hygromycin-
resistant transgenic T1 plants of TcMYBPA-tt2 were selected because of their increased
seed coat color by visual observation. After DMACA staining, 2 lines (Line 6 and Line 12)
stained blue with DMACA (Fig 4-3A), suggesting deposition of PAs in the seed coat. In Line
6, the DMACA staining resulted in nearly the same intense color as in Col-0; while in line 12,
the blue color was less intense than in Col-0, suggesting decreased PA levels compared to
wild-type. RT-PCR using RNA extracted from T2 seedlings confirmed expression of
theTcMYBPA gene in these transgenic lines and indicated that Line 6 had the highest
expression level, which correlated with the highest PA levels as suggested by DMACA
staining (Fig 4-3B). PA levels in the two TcMYBPA-tt2 lines were 2- to 8-fold higher than in
the tt2 background. TcMYBPA-tt2 line 6, which had the highest TcMYBPA expression, had
nearly the same PA concentration as in the Col-0 seeds. In the young seedlings, two
transgenic lines (Line 6 and Line 12) accumulated elevated levels of anthocyanins in the
hypocotyls compared to tt2 mutant plants. Line 6, which has the highest TcMYBPA gene

expression level, accumulated the most red/purple anthocyanin pigments.
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Figure 4-3: Complementation of the PA-deficient tt2 mutant phenotype by constitutively
expressing TcMYBPA. A, 7-day old seedlings and DMACA stained seeds from Col-0, the tt2
mutant (SALK_005260) and three independent transgenic lines of tt- 35S:TcMYBPA. The
bar represents 1 mm. B, RT-PCR analysis of TcMYBPA and AtUbiquitin transcripts in total
RNA from the young seedlings shown in (A). PCR products from the TcMYBPA-pGEM

plasmid were loaded on the last lane as a positive control for the TcMYBPA primer set and

as a negative control for the AtUbiquitin primer set. C, PA levels in mature seeds of plants
shown in (A). PA levels were determined by extraction and DMACA reaction using
procyanidin B2 as a standard. All the data are presented as means * SE, n=3. **P < 0.01
versus tt2; ***P < 0.001 versus tt2. FW, fresh weight.
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In order to confirm that TcMYBPA activates PA synthesis genes, we used semi-
quantitative RT-PCR to examine the expression of relevant genes in young seedlings of
transgenic tt2-35S:TcMYBPA lines, untransformed tt2 mutant and wild-type plants (Figure
4-4). Expression levels were measured for the PA-related structural genes (DFR, LDOX and
BAN) as well as the general flavonoid pathway genes (chalcone synthase, CHS; chalcone
isomerase, CHI; and flavonoid 3'-hydroxylase, F3H), a flavonol-specific gene (flavonol
synthase; FLS) and an anthocyanin-specific gene (UDP-Glc-flavonoid glucosyltransferase,
UFGT). Gene expression of DFR and LDOX was at about the same level as in the wild-type
(Col-0) control and the tt2 mutant, a result consistent with their contribution to
anthocyanidin synthesis. In all transgenic lines, overexpression of TcMYBPA was found to
activate the flavonoid late biosynthesis genes (Nesi et al., 2001) related to PA synthesis
(DFR, LDOX and BAN). There was a 2-fold increase of DFR gene expression in all transgenic
lines, and an approximate 1.5- to 1.7-fold increase of LDOX gene expression. BAN was not
expressed in either tt2 or Col-0 seedlings but it was significantly activated in the transgenic
lines, suggesting that TcMYBPA controls its activation. However, no significant gene
activation was detected for all the other flavonoid genes including CHS, CHI, F3H
representing the general flavonoid pathway, FLS representing the flavonol-specific
pathway and UFGT representing the anthocyanin-specific pathway. Due to limited
transgenic plant material, only one biological replicate was performed on each transgenic
line, so this experiment should be repeated on T> transgenic plants to improve confidence

in these conclusions.
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Figure 4-4: Semi-quantitative RT-PCR analysis of expression of flavonoid structural genes
in young seedlings of the same Arabidopsis lines analyzed in Figure 4-3. DFR,
dihydroflavonol reductase; LDOX, leucoanthocyanidin dioxygenase; BAN, banyuls
(anthocyanidin reductase); UFGT, UDP-Glc flavonoid glucosyltransferase; CHS, chalcone
synthase; CHI, chalcone isomerase; F3H, flavonoid 3’-hydroxylase; FLS, flavonol synthase,
UBi, Ubiquitin.

4.4 Discussion

4.4.1 Identification of TcMYBPA as an R2ZR3-MYB-Type Transcriptional Regulator

In this study, amino acid sequence motifs specific to the PA-regulating clade of MYB
transcription factors from other species were used to identify a candidate cacao ortholog.
We compared five genes from four species including Arabidopsis and Lotus TT2 (Nesi et al,,

2001; Stracke et al,, 2007), grape VVMYBPA1 and VVMYBPAZ2 (Bogs et al,, 2007; Terrier et
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al., 2009) and poplar MYB134 (Mellway et al., 2009). Each of these has been experimentally
demonstrated to play a key role in regulation of transcription of PA biosynthesis genes.
Arabidopsis and Lotus TT2, poplar MYB134 and grape VVMYBPA2 formed a phylogenetic
cluster with ZmC1 from maize, which has been shown to activate the Arabidopsis ANR
promoter (Nesi et al., 2001). However, cacao TcMYBPA and grape VVMYBPA1 are not in the
clade that contains most of the PA-regulating MYBs; they formed another cluster that is
significantly closer to the TT2/C1 clade than to other functionally unrelated MYB
regulators. By contrast, the multiple protein sequence alignment including all the known
PA and anthocyanin-regulatory MYB proteins revealed some PA specific motifs in the N-
terminal domain. Five sites (1 or 2 amino acids) were conserved in all PA-specific MYBs,
including ZmC1, but were absent from all other anthocyanin-specific MYBs. The
discrepancy between the phylogenetic analysis, which showed a separate clade of
TcMYBPA and VVMYBPAT1 distinct from all other PA-regulatory MYBs, and the protein
alignment, which clearly showed highly conserved PA-specific protein motifs in all PA
MYBs, may result from the low homology C-terminal domain of those R2ZR3 MYB proteins.
Similar to the results of Bogs et al. (2007), none of the conserved motifs in the C-terminal
domain described by Stracke et al. (2001) were found. By contrast, phylogenic analysis
seems to be a strong predictor of the anthocyanin regulatory MYB proteins, with all the
functionally proven anthocyanin specific MYB transcription factors falling into the same
subgroup (Quattrocchio et al., 1999; Mathews et al., 2003; Deluc et al,, 2006; Deluc et al.,
2008).

4.4.2 Expression of TcMYBPA Correlates with PA and Anthocyanin Synthesis in
Cacao

The data presented in Chapter 2 revealed that PA synthesis in cacao leaves occurs at
higher levels in young leaves then in older leaves. This correlates with the amount of
synthesis of anthocyanins, which are present at a much higher concentrations in younger
stage leaves than in mature leaves (Lee et al., 1987). Anthocyanin and PA synthesis share
common structural enzymes in the PA synthesis pathway, including anthocyanin synthase

(ANS), which produces cyanidins for the ANR reaction leading to epicatechins or for the
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UFGT reaction leading to anthocyanidins. Consistent with the PA and anthocyanin
accumulation pattern, the cacao PA-specific structural genes ANR and LAR and the
anthocyanin PA-common gene ANS were all co-regulated in developing leaves and more
highly expressed in younger leaves but less in older leaves as described in Chapter 2. [t was
also demonstrated in this chapter that the TcMYBPA gene is expressed during cacao leaf
development (Fig 4-2A). Its expression pattern correlates with PA accumulation and
expression of the PA biosynthetic genes TcANR, TcANS and TcANR. Similar results were
observed from TcMYBPA transcript profiling in young pods and exocarp tissues, in which
TcMYBPA exhibits the exactly same pattern with the co-regulated PA synthesis genes
TcANR, TcANS and TcANR, suggesting that the TcMYBPA protein is involved in regulation of

PA biosynthesis in leaves, young pods and exocarp.

In cacao reproductive tissues, PA synthesis began in developing flowers prior to
pollination and continued in fruits until maturation, while anthocyanin synthesis began at
the onset of fruit ripening and paralleled PA synthesis until maturation. Distinct from co-
regulated expression of TcANS, TcANR and TcLAR genes in fruit exocarp, the TcANS gene
had a different expression pattern from that of TcANR and TcLAR in ovules. TcANR and
TcLAR were still co-regulated in ovules throughout developmental stages and both
dropped at 16 WAP when fruit ripening commences and anthocyanin synthesis begins,
while TcANS expression remained relatively high at 16 WAP, likely contributing to
anthocyanin synthesis (Chapter 2). Surprisingly, TcMYBPA shared the same expression
pattern with TcANS rather than with the PA-specific genes TcANR and TcLAR, and the
expression level remained stable, showing no decrease at 16 WAP. Similar observations
were observed regarding the expression pattern of V'wMYBPA1 in grape skins, in which
VwMYBPA1 retained a relatively high transcript level two weeks after the onset of ripening
and PA synthesis completely stopped when anthocyanin synthesis began (Bogs et al,,
2007). One interpretation is that the high levels of VVMYBPA1 could also contribute to
anthocyanin synthesis, as it could activate the promoter of the VWANS (VvLDOX) gene.
Overall, the expression pattern of TcMYBPA suggests that the encoded protein is involved
in regulation of PA biosynthesis; moreover, it may also be involved in regulation of

anthocyanin biosynthesis.
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4.4.3 TcMYBPA Complements the tt2 Seed Phenotype and Induces Anthocyanin
Synthesis in Arabidopsis

Overexpression of TcMYBPA in the Arabidopsis tt2 mutant complemented the PA-
deficient phenotype in Arabidopsis mature seeds (Figure 4-3). This indicated that this
R2R3-type MYB transcription factor was able to substitute for the function of the key
Arabidopsis PA regulator TT2. In contrast to grape VVMYBPA1 (the MYB protein most
similar to TcMYBPA1), which can induce ectopic PA accumulation when overexpressed in
Arabidopsis, tt2-35S5:TcMYBPA transgenic plants accumulated PAs only in the seed coat.
This was similar to Arabidopsis TT2, which also failed to induce PA accumulation in tissues
other than seed coat when ectopically expressed. Gene expression analysis of tt2-
355:TcMYBPA transgenic plants showed that overexpression of TcMYBPA induced only late
flavonoid biosynthetic genes, DFR, LDOX and BAN, similar to Arabidopsis TT2, which also
controls only the late flavonoid biosynthetic genes DFR and BAN (Nesi et al,, 2001). By
contrast, VVMYBPA1 regulates the entire flavonoid pathway branch leading to PA

synthesis, including both early and late flavonoid biosynthetic genes (Bogs et al., 2007).

In transgenic Arabidopsis, an increased accumulation of anthocyanins was also
observed in hypocotyls of young seedlings; especially in Line 6, which showed an obvious
visual color difference compared to untransformed controls. This could be explained by the
ability of TcMYBPA to induce the expression of LDOX (ANS), which is a structural gene
contributing to both the anthocyanin and the proanthocyanin pathway. This is different
from the Arabidopsis TT2 MYB transcription factor, which has been shown to involved
specifically in the genetic control of flavonoid late biosynthesis genes (LBGs) including DFR,
LDOX and BAN only in seeds (Nesi et al,, 2001). However, both BAN and TTZ are not
expressed in seedlings, while both DFR and LDOX are expressed in seedlings, contributing
to anthocyanin synthesis. Their expression is controlled by another MYB transcription
factor, AtPAP1(Borevitz et al.,, 2000; Cominelli et al., 2008; Dare et al., 2008), whereas over-
expression of AtTT2 did not increase the expression levels of LBGs in seedlings, with the

exception of BAN, suggesting its specific involvement in PA synthesis (Nesi et al., 2001).
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The activity of TCc(MYBPA was in contrast to grape VVMYBPA1. Although VVMYBPA1 could
activate the VvLDOX gene promoter in transient reporter gene assays, it failed to induce
anthocyanin synthesis when overexpressed in Arabidopsis (Bogs et al., 2007). Bogs et al.
also showed that anthocyanin synthesis in grape was regulated by another MYB
transcription factor VWVMYBA2 (Walker et al., 2007). However, the data from this research
in transgenic Arabidopsis demonstrated that activation of anthocyanin synthesis was
consistent with the TcMYBPA gene expression pattern in cacao, which was co-regulated
with the TcANS gene and coincided with anthocyanin synthesis. Taken together, in cacao,
TcMYBPA appeared to be capable of regulating both the PA and anthocyanin pathway by
activating late PA biosynthetic genes. Potentially, this could provide a means to manipulate
the amount and composition of PAs and anthocyanin together in cacao and possibly in

other fruits.

4.5 Conclusions

My results support the conclusion that TcMYBPA from cacao is involved in
regulation of transcription of several PA biosynthesis genes. This is based on several lines
of evidence. First, protein sequence comparison showed that TcMYBPA was most similar to
the grape PA transcriptional regulator VVMYBPA1 and shared the conserved motifs of all
the other functionally characterized R2ZR3-MYB PA synthesis regulators. Second, transcript
profiling showed that TcMYBPA was expressed in all tissues accumulating PAs and
consistently co-regulated with PA biosynthesis structural genes including TcANR, TcANS
and TcLAR. Third, over-expression of TcMYBPA in Arabidopsis was able to functionally
complement the PA-deficient phenotype in the seeds of the tt2 mutant and resulted in a
significant increase of PA accumulation compared to the tt2 mutant. This was the result of
activation of the PA biosynthetic genes including DFR, LDOX and ANR as shown by gene

expression analysis of transgenic plants relative to untransformed ¢tt2 and Col-0 plants.
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CHAPTER 5: GENERAL CONCLUSIONS

Proanthocyanidins (PAs) are a subgroup of plant secondary metabolites known as
flavonoids. Due to their importance for plant defense and their beneficial role in human
health, our understanding of PAs and the PA biosynthetic pathway has greatly improved in
the past decades. The key structural and regulatory genes in this pathway have been cloned
and functionally analyzed in several plant species. However, little is known about the PA
synthesis pathway in Theobroma cacao, a plant species that, among all food plants,
produces one of the highest amounts of PAs. The overarching objective of this thesis
research was to characterize the PA biosynthesis pathway in Theobroma cacao, focusing on
genes encoding the principal enzymes and the regulation of these genes. This knowledge
will provide us with genetic tools and rational approaches for further attempts to develop

new cacao varieties with tailored PA profiles.

Specific objectives of this thesis research were to address three aspects of PA
biosynthesis: first, the PA accumulation pattern in various tissues and developmental
stages of cacao was examined; second, genes encoding key structural enzymes were
isolated and their expression pattern in relation to PA accumulation and function were
characterized; third, a key transcription factor was characterized that specifically regulated

the PA synthesis branch of the general flavonoid pathway.

5.1 PAsare Actively Synthesized in Cacao Leaves, Flowers and Pods

The accumulation pattern and composition of PAs in various cacao tissues were
presented in Chapters 2 and 3. Analysis of cacao leaves, flowers, young pods, exocarps and
ovules/seeds at various developmental stages showed that PAs accumulated in all these
tissues at very high levels. Some tissues had even higher concentrations of PAs than did
seeds, which were previously considered to be the major source of PAs in chocolate. In
vegetative tissues, soluble PAs accumulated at higher levels in young leaves and at lower

levels in older leaves; this was consistent with the role of PAs in UV protection and
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pathogen defense because young leaves are more susceptible to these challenges (Winkel-
Shirley, 2002; Chaves and Gianfagna, 2007; Mellway et al., 2009). It was also found that,
whereas the soluble PAs levels decreased when leaves aged, the insoluble levels increased,
indicating that PAs that were previously soluble were incorporated into longer polymers
and then became bound to cell wall components (Treutter, 2005; Pang et al., 2007) and
became insoluble with the aging of leaves. Unlike Arabidopsis, which can only synthesize
PAs in the seed coat after fertilization (Devic et al., 1999), cacao accumulated high levels of
PAs in reproductive tissues as early as in unopened flowers, and continued to synthesize
PAs in pods until maturation. In the later stages of cacao seed development after pod
maturation commenced, anthocyanin synthesis began while PA synthesis continued. This is
different from grape, in which anthocyanin and PA synthesis are separately regulated and
temporally divided and PA synthesis is completed when anthocyanin synthesis begins
(Bogs et al., 2005). This suggests that the PA and anthocyanin synthesis pathway is

differently regulated in cacao as compared to grape.

It is also interesting to note that cacao PAs in leaves, flowers and fruits are
composed almost entirely of epicatechin units with only 0.5 to 2% catechin units. These
results showed the same trend observed by Cu et al. (2002) who analyzed the PA
composition in cacao seeds and found that these PAs consisted of an epicatechin to

catechin ratio of 99:1.

5.2  TcANS, TcANR and TcLAR Encode Key Enzymes Involved in PA Synthesis

The isolation and characterization of structural genes encoding key enzymes in the
PA biosynthesis pathway was described in Chapters 2 and 3. I used bioinformatic analysis
to identify candidate ANTHOCYANIDIN REDUCTASE (ANR), ANTHOCYANIDIN SYNTHASE
(ANS) and LEUCOANTHOCYANIDIN REDUCTASE (LAR) gene homologs from the cacao EST
database. I then used RT-PCR to clone the coding sequences of each gene from cacao cDNA
that was prepared using RNA from young leaves in which PAs were being actively
synthesized. Sequencing results suggested that all three candidate genes showed more than

60% identity to homologous genes at the protein level. Gene expression profiling of
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candidate TcANR, TcANS and TcLAR genes was performed in various tissues from different
developmental stages. These genes are in part, co-regulated and their expression positively
correlated with the level of PA synthesis. Functional analysis of the candidate genes was
performed by generating transgenic plants over-expressing each of the cacao genes. In
each case, the cacao genes were able to complement the corresponding Arabidopsis
mutant, and each functioned as expected in the tobacco flower flavonoid pathway. Thus, I
can confidently conclude that the structural genes isolated are true ANS, ANR and LAR
genes and that all are actively involved in PA synthesis in cacao. To my knowledge, these

results also provide the first genetic evidence for LAR gene function.

A further examination of flower extracts of TcLAR over-expressing transgenic
tobacco plants revealed that there was a significant increase of both catechin and
epicatechin. This was different from our prediction that only catechins would be
synthesized (based on the role of the TcLAR protein in converting leucoanthocyanidin to
catechin). This also suggested that TcLAR may have a reductase/epimerase dual function
and the ability to convert leucoanthocyanidin to both catechin and epicatechin. Other
hypotheses are that TcLAR acts redundantly to TcANR and converts cyanidin to
epicatechin, or that an epimerase exists that can convert catechin, the product of TcLAR, to
epicatechin. To differentiate between two hypothesis, the TcLAR gene was over-expressed
in the Arabidopsis Idox mutant that does not synthesize cyanidin due to absence of the
LDOX gene and is less likely to have a catechin specific epimerase due to lack of catechin. In
young siliques of transgenic plants, a significant increase of both catechin and epicatechin
was detected, suggesting that both products were likely to be synthesized directly from
leucoanthocyanidin by TcLAR. However, in vitro enzyme assay of recombinant TcLAR
protein with leucoanthocyanidin as the substrate showed only the production of catechin
but not epicatechin, suggesting that TcLAR has only reductase activity. Thus, the possibility
that TcLAR encodes a reductase/epimerase dual function protein was not supported.
Further investigation is needed to determine the mechanism of increased epicatechin

synthesis in transgenic TcLAR over-expressing plants.
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5.3 TcMYBPA Encodes a MYB Transcription Factor that Regulates Both PA and

Anthocyanin Synthesis in Cacao

Chapter 4 described the isolation and functional analysis of TcMYBPA, an R2R3-type
MYB transcription factor in cacao. Using as a query the protein sequence of TT2, a key
regulator of PA biosynthesis in Arabidopsis, bioinformatic analysis revealed one candidate
TT2-like MYB homolog from the cacao EST database. Sequence analysis showed that the
TT2-like TcMYBPA protein has common R2R3 repeat domains shared by all R2ZR3-type
MYB transcription factors, and also contained several short amino acid motifs that are
specific to PA-regulatory MYBs. | examined the spatial and temporal gene expression
patterns of TcMYBPA and found that it was developmentally expressed in a manner
consistent with its involvement in PAs biosynthesis. TcMYBPA has the same expression
pattern as all PA-related structural genes in leaves, flowers, young pods and exocarps.
However in ovules, TcMYBPA expression coincided with expression of TcANS rather than
with expression of TcANR and TcLAR. Overexpression of TcMYBPA in the Arabidopsis tt2
mutant complemented the PA-deficient phenotype in seeds, demonstrating that TcMYBPA
can functionally substitute for the Arabidopsis TTZ2 gene. Interestingly, in addition to PA
accumulation in seeds, I also observed an obvious increase of anthocyanidin accumulation
in hypocotyls of transgenic Arabidopsis plants. Gene expression analysis of TcMYBPA over-
expressing lines relative to untransformed tt2 mutant and wild type Col-0 plants showed
that the entire PA-specific pathway was induced by overexpression of the TcMYBPA gene,
including DFR, LDOX (ANS) and BAN (ANR). Because the ANS gene is specific for both
anthocyanidin and PA synthesis, this explains the increase of anthocyanin synthesis in
hypocotyls. Therefore, I concluded that the cacao TcMYBPA gene encodes an R2R3-type
MYB transcription factor and is involved in the regulation of both anthocyanin and PA

synthesis in cacao.
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APPENDIX A: SEQUENCES OF THE THEOBROMA CACAO GENES CLONED IN THIS
THESIS

>gi|290579516|gb|GU324348.1| Theobroma cacao cultivar Scavina 6 anthocyanidin
complete cds
ATGGCCAGCCAGACCGTAGGCAAAAAGACCGCTTGTGTCGTAGGTGGCACCGGATACGTTGCATC
TTTGTTGGTCAAGCTGTTGCTTGAGAAGGGCTACGCTGTTAACACTACTGTCAGGGACCCAGACA
ACCAGAAAAAGATCCCTCACCTCGTAACACTACAAAAGCTAGGAGACTTGAAAATCTTTCGAGCA
GATTTGACTGATGAAGGCAGCCTTGATGTCCCCATAGCTGGTTGTGACCTTGTCTTCCATGTTGC
AACACCCGTCAATTTTGCTTCTCAAGATCCTGAGAATGACATGATCAAACCAGCAATCCAGGGAG
TGCTGAACGTTTTGAAAGCTTGTGCCAAAGCAAAAACAGTCAAACGGGTCGTCTTGACTTCTTCA
GCCGCAGCTGTGTCTATCAACACACTCAAGGGGACAGATCTGGTCCTGACTGAGAAAGACTGGAC
CGACGTTGAGTTCTTATCGTCGGCAAAGCCACCAACTTGGGGGTACCCTGCATCCAAGACATTGG
CTGAAAAGGCAGCATGGAAATTTGCTCAAGAAAACAACATCGATCTCATCACGGTCATCCCTTCT
CTCATGACCGGTCCTTCTCTCACCCCAGACGTGCCCAGCAGCATTGGCCTTGCCACATCTTTGCTT
TCAGGCAACGAATTCCTTGTAAATGCTTTGAAAGGTATGCAAATGTTGTCAGGTTCAATCTCTA
TCACTCATGTGGAGGACGTCTGTCGGGCCCATGTTTTTCTGGCAGAAAAAGAATCTGCATCCGGC
CGATATATATGCTGTGCTGTCAATTCCAGTGTTCCTGAGCTTGCTAAGTTCCTCAACCAAAGATA
CCCTGAGTTCAAAGTCCCTACTGATTTTGGAGATTTCCCCTCTAAAGCCAAGTTGATCATTTCCT
CGGATAAGCTTATTAATGAAGGATTCAGCTTTAAGTTTGGGATTGAGGAAATCTACGACCAAAC
TGTAGAATACATGAACGCTAAGGGGCTGCTCAAGTGA

>gi|290579514|gb|GU324347.1| Theobroma cacao cultivar LCT-EEN 37 anthocyanidin
reductase (ANR) gene
cdsATGCTCGATTGGCATGAAAAACACATCAAGCCCATGCACATTAAAGAAATGCGGAATATGTC
AAATTCTAAGACATGGATTCTCCACCATGGAGAAATCCAATGGTTTCCGGGGTGTTTTTACATCT
TCCATAGGTAAAAGAGCTTTAGAGTGTATTGAGCTTGATGAAGAGAACCGATGTCTAAGAAAGG
CTCTGGTAGTGTGCAGGGTAATTGCTGGAAGGGTTCAAAACCCTTTAGAAAATGCGCAAGAAAT
GGCAAGTCAATCAAGCTTTGATTCACTGGCTGGAAACTTTGATAGCCACTCGAATATTGAGGAA
CTCTATTCACTAAATCCTAGAGCTCTCTTCCCTTGTTTTGTGGTCATCTGCAAACCCTCAAAGCA
AAGTGCTCAAAAATTATAACTTAGGACCACGTTCCTTGTCATTGTGATTGTGAGGTCTAATTTCT
TTATCCAACCTTCTCTGTAATTATTTGTTCTTATAGTAAATATATCTTCTCTTTCTGCAAGGTAT
TTGTTCTCTCAAAACTTCATCTTGAACCGCTATGAGATTGCATCAATCTACATAGAGCTGTAGCT
AGTCTAGCTGCTTGAAGTTTCTGACCAGCCTTCTCTTGCACCGCACCCTCTCTCTCTCTCCCCTCA
TTTTTCTAGTGAAACTGCCCCGAGGATTGAATTCTGTTCTGCAGATAAGTCAAATTTGACCATCA
ATCAAGCTCCTATCCATTAATTCTGCTTGCTTATATCCCTTTTAGACAAATGTAATTAATAACAC
AAACCCTAGTACAGAATCTATTAAGTCTAATTTGAATTCAATCCTGGAAGTGCACTGATCCTGCT
ATGCGTGGTCTAATTCGTCAACAACATTGTCCCCTCTTCTTTCTGTCTGCACTGTCTTGTCACTA
CTATGGCTCTTCTTGGGCTCAGATCTAATCCTGATACTGTGTTTTGATAATAAGAGTTGCTTACA
GATACGAGTTAGGGTATTTAATTACAGACCTATTCGGGAAGGGGAAGGGAAACTTGTTACAATG
TACTTAACAAAGATCGTCAGGATATCTCCGGGTGTTCTTTGATCCTCCTATGGGGTTAATCTTAT
GTTTCCTCGATTAAACAAATGAAAAAATAAATAAATAAAGGATTCCTGGCAACAGTTCTCTGTT
GCTTGCCTATAATTGAAATTGTGAATCATAAGAAGTAAAACCACCTAACCACAGGCCCACGTGA
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GGCATCATTTGGAGCAACTTGAGGTTTGGCCAGCTACCCCTCTTTTGCCTTCCAAAGATTTTAAC
TTGACATCAGTTGAGCCTTCACTTCCAACATTTCAGCAAACTTCATCTACTGTTTTTCTGCACCA
CTGCATGTCCTATATGATATCCAAAAAACAACTCCCCCTTTCTAACATACAATAAATTTTGTGCT
CGAAATCTGATTATCGCTTATGATCATTACTGGAAGATGCCAAGCTCCAAAACTTCACCTAAATG
CTTTTGTGTGCCTCTTCTTAAGTCCATACTTTCTTAGTAAAAGAATGTGGATGCAAAAACCCATT
TTGGGAATACTTTTCCACAGTAAAAAAAAAAATTATTAGATTATGTCTTGATTCAATCAAAATT
CCTCAATGAACCATAGAACAATTTTAGTGACTAAAGCAGTTGATAAATACTCAACCCATTTACT
ATTATTTAATGGTTTTCTCATAGAACAATTTTTTAAGAAGTACACAAGCAATAAACTCTACATT
TACTCTACATTTATCAATCGAATACAAAACTATATTTTGGTAGGGGGTCACTGTTAACTCAGTCA
TTATCAAAAGAAGCGATGAGAGGAAATGAGTTTCTAGCTAAAAAGAAACTCGTGGGTACTGACT
GGCTACCCCTTGTAGTAGCAGTTTGGGGAGTCGAGTCACACCACCGATGGTTTGAAAGACTTTTT
GAGTCGTTGGTATGCACAAGGGCACGTGCTCACCTTCTCCATCTAAAAATCTACTCAAGCCCTGG
GTAAGTGCCCATCGTCTATAAAACAATAATGCAATAAGTTTATTCCACCTATGCATCTTTGTCTG
AACGGTTGAAGGGTTCAAAACAAGCCCAAAAAATCGAAACGGAAAAGCAAAAGTAAGGTACCCG
GTCAAGAAAAGGAATATAGTCATTGAAGCCATGGCCAGCCAGACCGTAGGCAAAAAGACCGCTT
GTGTCGTAGGTGGCACCGGATACGTTGCATCTTTGTTGGTCAAGCTGTTGCTTGAGAAGGGCTAC
GCTGTTAACACTACTGTCAGGGACCCAGGTTGATCTTCTCTTCTTCTTCATCTTCTTCTGTTTTT
CTTGTTCATTTGTTTCTACTGCTTTGCTTTGGTGGGTCATCCCAGTATTTTACTTTCTTCCCCTTC
CTTGGTTTTCTTGTTTTTATATATAATATATTGGTATGGCTGCTGCTGCAATTTAGGAATTTCTA
CGATTTATGCCCCCATTGTAGCATTAGTTCTTTGTTCTTTGTTTTTTCACTTTAAGCTTAAACTA
TAAATTCCTACCTACTCTGTATCGAGCATGTTGGAAGTTAATAAGCGAGAACAACCGAGGAACA
TACCGCCTTGTCTTGTCAGTTGGTGTTTTTTAGGGGGTACCCACGATATCCGTTGCCTGAGCAGG
AGAGAATACTATCAATTCCTTGGGTTTGAGTTCACCCCTCTCGAAGAGTTTCCTTACCAAATTAA
TCACATTTTTTGCAGATAAAGTGTAATGAGTAGAATCTTTTTTTCTTTTTTCTTTTTGGGGGTTT
ATTTTCATTTTCTGGCAACACCCAGAGTAAGTAAACATGAATGGGTGTAATGCTGTGTCTTTTCT
GCAGACAACCAGAAAAAGATCCCTCACCTCGTAACACTACAAAAGCTAGGAGACTTGAAAATCT
TTCGAGCAGATTTGACTGATGAAGGCAGCTTTGATGTCCCCATAGCTGGTTGTGACCTTGTCTTC
CATGTTGCAACACCCGTCAATTTTGCTTCTCAAGATCCTGAGGTATGTAAAACCATTAAACTGCT
TTTCCAGTGATGATCAAATTCCTTCTGGTTTTGAGGAATGATGACAAGGTTTACTTTATTGGAT
TTTGATTATAGAATGACATGATCAAACCAGCAATCCAGGGAGTGCTGAACGTTTTGAAAGCTTG
TGCCAAAGCAAAAACAGTCAAACGGGTCGTCTTGACTTCTTCAGCCGCAGCTGTGTCTATCAACA
CACTCGAGGGGACAGATCTGGTCCTGACTGAGAAAGACTGGACCGACGTTGAGTTCTTATCGTCG
GCAAAGCCACCAACTTGGGTAACAATTTTCATGCTAATCCATTCCTCTTTCTCTTATCTTCGGGG
GAATTGCAGAAGAGGGCAAGGTAACAAAAATAATTGGTGTGCATAATCTGAAGTAAGCTTTTAT
CCATGAATGCAGGGGTACCCTGCATCCAAGACATTGGCTGAAAAGGCAGCATGGAAATTTGCTCA
AGAAAACAACATCGATCTCATCACGGTCATCCCTTCTCTCATGACCGGTCCTTCTCTCACCCCAG
ACGTGCCCAGCAGCATTGGCCTTGCCACATCTTTGCTTTCAGGTATTAAGTTAGAACCTCGTGTC
CTGGCCTTGTTTCTAGATGTAAAACTGATGCATAAAGAAGTAGCCTGGAGCACCATGAACTGTA
ACTGATGGGAATTTTAACATTTTTGCAGGCAACGAATTCCTTGTAAATGCTTTGAAAGGTATGC
AAATGTTGTCAGGTTCAATCTCTATCACTCATGTGGAGGACGTCTGTCGGGCCCATGTCTTTCTG
GCAGAAAAAGAATCTGGATCCGGCCGATATATATGCCTGTGCTGTCAATTCCAGTGTTCCTGAGC
TTGCTAAGTTCCTCAACCAAAGATACCCTGAGTTCAAAGTCCCTACTGAGTAAGCCAACCTGCAT
TCAATATCACAATCTAAACTTCTCTTCTTTCTGCTAGAATTGTGGTTAATCTTAGTTTTGTTTGC
TTTGTTACAATTGCAGTTTTGGAGATTTCCCCTCTAAAGCCAAGTTGATCATTTCCTCGGATAAG
CTTATTAATGAAGGATTCAGCTTTAAGTTTGGGATTGAGGAAATCTACGACCAAACTGTAGAAT
ACATGAACGCTAAGGGGCTGCTCAAGTGAAGAGTCCGCCTAACATTGTCCCTAATGACTGTGATG
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TTTGGTTGCTTAAGATGTATGCTGTCTTTTGTTATATTATCCTAATAACTTGATGTTCTGCAAAT
CAAGCAAATACCATATGGCGAATATCATTTGCTTTCCCAAAAGAAAAAGAAAAAAAAAAAAGAA
ATCCAAAGTATCCTATTTAGTATTGGAAGACCAAAAATCAAATCACCAACTGAATCATGGAATG
GGTTCTTGTGTACTTATCAAATGACTATCATACTTTCCTTCTGCGTCCAATTCTTCAACGTTCAA
TTAAAGAAGGATCAACAGTCCCTTGTAGATCCAGTTTGAAAGTTGATCTTCAAAAAAAAAAAAA
TCCAGTTTGAAAGTAGTTTCCTCTGCTTTAGCAGGTGGTTTTGCCCATGTTGCACCCTTGAGTTT
CTTGGCTTGTGGGTCTCGGACAATGTCAGCACGATGTCCCTCATTGAGGGCCTTTTCCTGGAGAC
AGGATTGATACAAGTATAAGCAAGGGCAGCCATATGATTCAGTTGTTGAACATCAAATGTTCCT
TGAAGTCGAGGATCTGCAATCTCTTCCCACCCTACATCGTTTTCCACATCAATAGCCGCCTATTC
ATGATCACAGAAACAAGAAAAATGATATTGAATCATTCATGTTTTGTGCATGCATAGGCACTCA
AAATCAGGTGAGCAAAGAGCAGA

>gi|290579520|gb|GU324350.1| Theobroma cacao cultivar Scavina 6 anthocyanidin
synthase (ANS) complete cds
ATGGTGACTTCAATGGCCCCCAGAGTAGAGAGCTTGGCAAGCAGTGGGATTCAGTCCATCCCGAA
GGAGTACATTAGACCTCAGGAAGAGCTTACAAGCATTGGTAATGTGTTTGAAGAAGAGAAAAAA
GAGGAAGGGCCTCAGGTTCCAACCATTGATTTAAAGGAAATTGACTCAGAGGACAGAGAGGTAC
GGGAGAGATGTCGCCAGGAGTTGAAGAGAGCTGCCACGGAGTGGGGTGTGATGCACCTTGTTAA
CCATGGGATCTCGGACGAGCTCATGGAACGTGTCAAGAAAGCTGGACAGAAGTTCTTTGAACTT
TCTGTCGAGGAGAAAGAGAAGTATGCCAACGACCAGACTTTGGGGAAGATTCAGGGGTATGGCA
GCAAGCTAGCTAACAATGCTAGTGGTCAGCTTGAGTGGGAGGACTACTTCTTCCATCTTGTGTAT
CCCGAGGACAAGAGAGACTTGTCCATCTGGCCTCAAACACCAAGCGACTACACTGAAGTCACAAG
TGAGTACGCAAGGCAACTCCGAGTCCTTGCGAGCAAAATTCTTTCGGCACTATCACTTTGCTTAG
GATTGGAAGAAGGAAGGCTAGAGAAGGAAGTTGGTGGATTGGAAGAGCTCCTTCTTCAAATGAA
AATCAATTACTATCCCAAATGCCCTCAACCAGAACTCGCTCTCGGTGTGGAAGCTCACACAGATG
TAAGTGCACTTACCTTCATTCTCCACAACATGGTCCCTGGCCTGCAACTTTTCTACGAAGGCAAG
TGGATCACCGCAAAATGTGTTCCAAACTCCATCATCATGCACATTGGTGACACCGTCGAGATCCT
CAGCAATGGTAAGTACAAGAGCATTCTTCACAGGGGTCTGGTTAACAAGGAGAAGGTTAGGATC
TCATGGGCAGTTTTCTGTGAGCCGCCAAAGGAGAAGATCATTCTCAAGCCACTGCCAGAGACTGT
GTCCGAGACGGAGCCTCCGTTGTTCCCTCCTCGCACCTTTGCTCAGCATATTCACCACAAGCTGTT
TAGGAAGACCCAGGATGGCCTGTCTAATTGA

>gi|290579518|gb|GU324349.1| Theobroma cacao cultivar LCT-EEN 37 anthocyanidin
synthase (ANS) gene
TATATATATATATATATATATATATATATATATATATATATATATATATATATTGTGTGGAAAA
ACTAAAAGGCTTTTACTCTTCTGGTCAAGAACAAGAAGAATGGGCAAGCACCAAAAAAGCAAAA
AAGTCTTTGTTCCCCTTCTTTTGTTCGACCTGTTTATCCCATAGTTCATATAAAATCACATTTTT
GGCCAATTTTTTAGGGACGAAGAAACAAGGAACGGAGGCCAAGGCAAGATAGGGGCCGGTGGTT
TTGCTAGCAAATACATACGAAAATTAATTGAACTAGGTAGCAGCAGGCATATATCCTGCTGACT
GAAAGCTCGTAGAGATGAAGCACGAGCAACCAACTACCTCATTGTTCTTCCAGAAGCAACTCCTA
GTTTCGATCCCATGCAAGATCTTCAATCATATAACGTCTAGAACTTTCTTCTTTCGTACATAATA
AGTAATGTTCAAAATCAACCATTTGTTAAAAGCAAAACCATATGGAATAATATTGAATTAAACC
TATTTAAATTTCAATTGAAGCTTTTTTCGGAATGAATGGTCCATAAACTAGACTTTCTAATGCT
TAGACTAACAAGGTGTATATATATATATATGTTAAGAGTATATAATTTTGATCATTTTTATTCG
TTATTAAAAATATATTTTACAAGTTTTATTACTTTATAATATATAATATAAAACGAAAGGAGTA
TTATTATTCATAAAAAAAAGAAATCCAATTCTCATCTCATCTATGCATTGTTGAGTCAAGGCCTT
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AATGTTTTTTGAGTTCAATCAAACTTTAATGTTTCCAAAAAGAGGGCAGGGGAGGGATTCAATT
AACTCCGCTAATGATGATTAGCTGTTGAAATCATTTGAGTCCTCTCTGCCATTTGGGGTTAAATG
AATCCAAATTAAGATGGGTTAGATGAAACGTGCAGTCCTGGCTTGGTAGTTGGACTTTCCAAGT
AGAAATTTTGGTCGTTATTTATCCGCGCTCTGCTTAATTAATTAGTCAACTCTCCTGTAAAGCAA
ATCAGCTAATTTGCTTAAACTACCCATTACTACTATGTACATTAGCTCAAGAAATGTGCACTTTA
GGCATTGCTCCATTGCCTGGTGTAAATTAAGTTAAAGTACAAAGTGACTTAATAGAAAGAGTGT
TTATTATGACATTATTAATACTTTTAATTTCTCTCAAATAACATTATTTAAGACATGGATAATT
AACTTTTATGTATGTATAATCTTTTCATTTTATAAAAGTTAAACCATTGATAAACAGGTTATCT
AGCATGGTTCAAAAAAACAGTAAGTAATTTAGAATAGTACAATTTAATATTTAAATTAAGAGAT
ATTGAAAACTTATATAGTATTAGATGTATATATTGAACATTAATTACTTGTTGAATGGATGTTT
TCATTTTTACATATAATTTTAGGTTCACAAGAATTATATGATGAATGGAAAAGAAACAAAAGCA
AAACAAGTTCTACCTCACAGGCGCGTTTGGTTGAGATAGATTAGCAAATTAGAGCAGAGGGTGT
TAGGTCCAAGCTTCCAGTCAACTCACCTTGGGACAACCAAAGTTGTATGACCACTGCTCTAACTC
AGACCTTGGTGGAGCTCATCACGTGTATGACTTACCAGTTACATCTATTTTTCTTCAGTATTTCT
TTCTCTTGATTTGGTAGCTCTACCCCATTTGCATGTTCACTAAGGCAACTGATTTTTTTTTTTTT
TAATATCATAGCTTTCTTGATCTTCCGTGTTAAAATTTTCTCGAACCAGATCATTATAAAAAGGC
CACTAAAGATCAGCACTACGGTATATTCCTGAGAGTGAGGTTCACCACAAAAGCAAAAAAAAAA
AAAAAGGGTTGTTGTTACAGAGTGGAAACAAGGAACTTCTAAAACAAGTTTAGAAGATCGCAAG
AATGGTGACTTCAATGGCCCCCAGAGTAGAGAGCTTGGCAAGCAGTGGGATTCAGTCCATCCCGA
AGGAGTACATTAGACCTCAGGAAGAGCTTACAAGCATTGGTAATGTGTTTGAAGAAGAGAAAAA
AGAGGAAGGGCCTCAGGTTCCAACCATTGATTTAAAGGAAATTGACTCAGAGGACAGAGAGGTA
CGGGAGAGATGTCGCCAGGAGTTGAAGAAAGCTGCCACGGAGTGGGGTGTGATGCACCTTGTTA
ACCATGGGATCTCGGACGAGCTCATGGAACGTGTCAAGAAAGCTGGACAGAAGTTCTTTGAACT
TTCTGTCGAGGAGAAAGAGAAGTATGCCAACGACCAGGCTTTGGGGAAGATTCAGGGGTATGGC
AGCAAGCTAGCTAACAATGCTAGTGGTCAGCTTGAGTGGGAGGACTACTTCTTCCATCTTGTGTA
TCCCGAGGACAAGAGAGACTTGTCCATCTGGCCTCAAACACCAAGCGACTACACGTGAGTTTATG
GCTTTTGGTTTATTTTACATACTGCTTTTTGCAATTACTAGATTCTTTGATCGATTAATGTTAAT
GTTTCTTGAGCATCATATCAAACAAGCTGTATATGTCCACCGGGTTCATTGAACACTATCACAAT
TTTTTTTTTAAAAGTGAAAACTTTCACATTTAATAAAAAGATCTACAAGGTTGGCAATTATCTG
TCTGCCTGATTAGATAGAAAATTTTCCTAATATTCAGGATACTTATTACAGTAAGAACAATATT
TCTGTGATATGAAATATTAAAGTTAAACGTAAACTATCCGTATGGATTTTAACAATTCACCACT
GTTCATTGGTTACTATGCAGTGAAGTCACAAGTGAGTACGCAAGGCAACTCCGAGTCCTTGCGAG
CAAAATTCTTTTGGCACTATCACTTTGCTTAGGATTGGAAGAAGGAAGGCTAGAGAAGGAAGTT
GGTGGATTGGAAGAGCTCCTTCTTCAAATGAAAATCAATTACTATCCCAAATGCCCTCAACCAGA
ACTCGCTCTCGGTGTGGAAGCTCACACAGATGTAAGTGCACTTACCTTCATTCTCCACAACATGG
TCCCTGGCCTGCAACTTTTCTACGAAGGCAAGTGGATCACCGCAAAATGTGTTCCAAACTCCATC
ATCATGCACATTGGTGACACCATCGAGATCCTCAGCAATGGTAAGTACAAGAGCATTCTTCACAG
GGGTCTGGTTAACAAGGAGAAGGTTAGGATCTCATGGGCAGTTTTCTGTGAGCCGCCAAAGGAG
AAGATCATTCTCAAGCCACTGCCAGAGACTGTGTCCGAGACGGAGCCTCCGTTGTTCCCTCCTCG
CACCTTTGCTCAGCATATTCACCACAAGCTGTTTAGGAAGACCCAGGATGGCCTGTCTAATTGAG
GCTAGTCATTAGTTAAATTAAAAATATCTTCTTGTTTTTAACGTCTTTATAAGCTGTTTACGGG
TCTGGTGATGCTATATTATCTTGGGTTAAACCTTTGGTTGTGGTAGGCTGATGCCGGGGTGGTGT
CTGTCTTTCACTCCTTGGCTTCTCTTTACCTGCTTTATTGAATAATGGCAGACTGATTTGCTTCC
TTGTGTTAAGCAGTTTGTGAATTAATGGTCTTTGTTTACATTTCTTTCCTCAATTTACGTCTCCA
TAAACAGAACTCTTTCCCCTCCACACTTTCCTTCTTAGTCTAAATTTTTTAATACAATAGCAATC
TTTTTCTTAAACAAATCAAGTGAAGTACCTGTAATTATCTAAGTAGTGAATCAAACCCTAAACA
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GGCAAGTTTTTGCCTCCCTTCCGTTCTTTTTATTCCGAACACCCAGGAAATTAACAAAAGGTAAA
TTGTCCCCAGTGGCACTCGGTTAATTGTCGTTTAGATTTTGATATGTATAACTTTGTGTTGGGGG
CATTTTCTGCCCTGTGAAGGTCAAGCAGCCATGCTAACAGTATAACTATTAAGTAGTCTCAATAA
TGAAG

>gi|290579524|gb|GU324352.1| Theobroma cacao cultivar Scavina 6 leucoanthocyanidin
reductase (LAR) complete cds
ATGGATATGAAATCAACAAACATGAATGGTTCCTCTCCTAATGTCTCGGAAGAAACTGGTCGGA
CCTTAGTCGTTGGTTCGGGTGGGTTTATGGGCCGGTTCGTCACCGAAGCCAGCCTAGACTCCGGC
CGTCCTACGTATATTTTGGCTCGGTCTAGTTCGAACTCTCCTTCCAAAGCCTCCACCATCAAGTT
TCTTCAAGACAGAGGAGCCACTGTTATTTACGGCTCTATCACAGACAAAGAATTCATGGAGAAG
GTTCTGAAAGAACATAAGATAGAAGTTGTAATATCTGCAGTGGGAGGGGGAAGCATCTTAGACC
AGTTCAATCTGATAGAGGCTATCAGGAATGTTGACACTGTCAAGAGGTTCTTACCGTCTGAATTC
GGGCACGACACAGACAGGGCTGACCCGGTGGAGCCAGGGCTGACCATGTATGAACAAAAGAGGC
AGATTAGGAGGCAGGTAGAGAAATCTGGGATTCCTTACACTTACATATGTTGCAATTCCATTGC
AGCTTGGCCCTACCACGACAACACTCACCCTGCAGATGTTCTGCCACCCCTTGATAGGTTCAAAA
TATACGGTGATGGCACTGTCAAAGCATACTTTGTGGCGGGTACCGATATTGGGAAGTTCACTAT
AATGTCGATAGAAGATGATCGAACACTGAACAAAACTGTCCATTTTCAACCTCCAAGCAACCTAC
TAAACATAAACGAGATGGCCTCACTATGGGAGGAGAAGATTGGACGTACACTTCCTAGGGTCAC
CATCACAGAAGAAGATCTGCTGCAGATGGCCAAAGAGATGCGGATCCCACAGAGTGTGGTTGCA
GCATTAACTCATGATATTTTCATAAATGGCTGCCAAATAAACTTTAGCTTGGACAAGCCAACTG
ATGTTGAAGTCTGCTCCCTCTACCCAGACACTCCTTTTCGAACCATCAACGAGTGCTTCGAGGAC
TTTGCCAAGAAGATAATTGATAATGCCAAAGCAGTGAGCAAGCCAGCGGCAAGCAACAATGCAA
TATTTGTGCCAACTGCTAAGCCAGGAGCATTGCCTATCACTGCGATATGCACATGA

>gi|290579522|gb|GU324351.1| Theobroma cacao cultivar LCT-EEN 37
leucoanthocyanidin reductase (LAR) gene
TGAGCAGCACTGATGTAAATTAAAAAAAGTTTAGGACTAATAAAAAAATTCATTCAAAAAATTT
GGTAAAATAACAAAAAATTTACCATATGACTTGAAGACGAAAAAAATTTGTTTTCAAAAATCAA
ACTCCATGTGACCCAAGAATCATAATAAAATCCCTATTAATAATGATTCTCACTTTTAATTTAAA
AAAAAAAAACCAACACTCTATATGTAAGATAGATGATAAAATTTGATTAATTCAATCTCACATG
TTGGGACTAGTAAATTCCATAAGATAATATGATTCCTTTCTGACAACCAATCAGGAAGAATTTC
AATCAATTTTTGCTTAATAAAAAAAGATTATCCTGTCTGCCATTGTTGTCAGAGGGTTTTTTTT
TTTTCACAGTTTAAGATCTATGTTTTATATAATTAATGAGGCCATTCTTCTATATATATATATA
TATATATGGAGTACTTGCACTAATTTAATCTCATTTAAATTTTAATTTACTAAAAAAGTATATA
TTAATTTTGGTCCATGCCTGCACAACAAAAAATATTATTTCTAAATTATATCGATAATTACAAT
TTACAAAGCTAAAATAAAATAAAATAAAAATTAAATTAAAAGCCTATTTGGTTTGATTTTTTTA
AAACTTAAAAATTAATATAAAACTCTTATGAAAAATAATAGCTTTCAAAATTAAGTTAAATCTG
TTTGGTAAATTTACTTTTATAAGCTCTATTTTATAGATAAGTTGTTTTGCAAAACAATTTATAT
AAGTTTTAATTTTAGTTAAAATTACAATCAAGGGTGTGTGTAATAAATAACTTTTTATTAATCA
TAAATTTTTTTTAGAACAATAAAAAAAGTTAATTTTATTTTCTTGTTCATTTGAAATAAAAAAT
ATAAAATTTATAATTAATAATAAATCATAAAAAAAGAAAAACAGATAATATTAAAATTATTTT
TAATAGATAAGAACATTTTGAAACAAAAAGAAAAGTTTTTCCGGAAAAAATATATGTTTTTAAA
AATAGAGAAGAGAAATCTCTTCTCCAAAGGTTATTTTAAAGCTCTTTTTTTTTTGTTTTGAAAT
TTTGTTTGTTAAAAGAAATTATTTTTTAAAAAATTTCTCAAAATATCTATTTGACTTGATTTTT
ATTTTTAAGAGACAGATAAGTTGAAAAAAAAAATCAAATTAAATCGGCACTAAATGTTGAAAAA
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ATTTAAAATTAATTACTAGAAGAAATATTTATGGGGGAAGAAATTTTAATTTCAGAAGAAAAAT
AGAAAAAATTATATGTTTGAGTAGCTAGGCACCTAGCTGTTTTTAGTAGAGTTGACTTGGGCCA
CAATGGGAATGTGCTGTCTGACAGTCAAGGACGTGGCTATCCAACCACACTGTCAATCAAAAACC
CACCAATCAGTCTTCCTCCTCCCCCTCCCCAGCCTCTTTTACAAAGTACATACGTATATTTTCTTT
TCTGTATTTTTGTTAGTTATAGTACAAATCAAATCGGGTTTTAAGGGAATTTTTAATCTACAAA
CTATTTCTATACACAAAATTAGCCATACTAAGGAAGAAAAAAAAATTAATAATATAGCACATTA
GTAATATAAATTAATTACTCGATACAATGATAAAATTGCTTCAGTTTTACATCAAAACTTGATT
AAAAAAATTATCGATTGATTTTTCTTTTTAATCTTTAAATTTAATAATTTTTTTCCCTTAAATT
TAACACGATAAGAATGTTCGAATGAGAGTCGGATGCTAGCTGAAGTTACTAATTAAGAAAAAAG
TATACAACTTTTTAGCAAAAATGAATAATAGGATATTTGGTTTTATTATCCTATTATTCACTAT
TTTGCTAAAAAGTTGTATAATTTTTATAAAAAAAATAAATAAAGGGGGAAAAAGAGGATAAAA
AAATACTCAATGCTACCTAATAAAATGGCTACATACGGGTAGACAACAACTCATGCTACGAAAA
TTGCAATTCCATGTTCCCCTGTTGCTAATTTGCGCCATTGCTTTTGCTTACCTGCCCTTAATTGC
TAACCTCTATATAAGCACAAGTCCATATTGCTTTTTGGTCACCGCCACATTCCTCACTCTCTCGT
CACTCTTTTATTTTTTTTTTCTGGTTTCCTTTGTGCGCCAAAACTTAAGCTTAAGTAAAAGCAAA
CAATATGAAATCAACAAACATGAATGGTTCCTCTCCTAATGTCTCGGAAGAAACTGGTCGGACCT
TAGTCGTTGGTTCGGGTGGGTTTATGGGCCGGTTCGTCACCGAAGCCAGCCTAGACTCCGGCCGT
CCTACGTATATTTTGGCTCGGTCTAGTTCGAACTCTCCTTCCAAAGCCTCCACCATCAAGTTTCT
TCAAGACAGAGGAGCCACTGTTATTTACGTATGTACAATTCTCCCTCGACACCTCTTCCATTTTC
TGGTTACATTTCCACACGTATACAAATACATATACATTTCTAATGTGTAATTATTTGTGTATAT
TTATATATATGTAATGTATAATGTGTAATTATTTATGTATGTATATATGTATGTATGTATGTAT
GTATGTATATATGTATGTACGGACGTTATACAATCTTCGGAATTGTTGTAACAGGGCTCTATCA
CAGACAAAGAATTCATGGAGAAGGTTCTGAAAGAACATAAGATAGAAGTTGTAATATCTGCAGT
GGGAGGGGGAAGCATCTTAGACCAGTTCAATCTGATAGAGGCTATCAGGAATGTTGACACTGTC
AAGGTATATGCTCAAAACAACAACTAACATTCATAGGGGAAGAAACTTAGATCTTGTATATGGT
CAATGTAGTGACTTGTTTGGTATGTTTGAGCTTCTAGTTAGAATAAAACACTTATTGCATGCCT
AGCTAAAAGTTAGGAACTTCTTTTGAAAACTAGTTTAGCTAGAGCTAAGCTATTCTAAGCAAGA
AGACATTAAATAGTACCTAAAGCTATGTTTTTCTATTTAATTCAACAAGCATTGCACAAAATGG
GTTAATGAGTCAAAGGTGAATCTGTTGCAGAGGTTCTTACCGTCTGAATTCGGGCACGACACAG
ACAGGGCTGACCCGGTGGAGCCAGGGCTGACCATGTATGAACAAAAGAGGCAGATTAGGAGGCA
GATAGAGAAATCTGGGATTCCTTACACTTACATATGTTGCAATTCCATTGCAGCTTGGCCCTACC
ACGACAACACTCACCCTGCAGATGTTCTGCCACCCCTAGATAGGTTCAAAATCTACGGTGATGGC
ACTGTCAAAGGTACCTCATCTTTCTTTTTTCCTTCATTGGTTTTGTTTTTGTGTATCTTGACTTT
AGTGTGGTTGGTAGATGGAAAACGATAGCATAGAAATTTGGGAAGAGAAGGATGGATGAGAGA
TTTTGGTTTTCCAAGAAAATCAATGTCCCAGGATCTCTCATTAAATAACCACCTCCCACATGATA
TTCCATCTTATCATATCAAAGTAAATAGATTACTAGCATTTGTTTGCTTGAGTTTTAAATGTCTT
CTATTAGAAGCTAACATTGGGAAATTAATTAGAGGTCAGATCATAGGAAAAAATTTTAATGGTT
GAGGTAAATGTTGCCTGCAATTTAATTCTGACATTGGTTGAGTTTGGTGAAACAAGAAAAATTT
GAGTTAATTAGTGGTTTGTCTCTGTTGTTTACAAAGATAGATAATACTGGATCTCTTAGTTTGG
CTGGCAAATATTCAGCAGTCTTACAGTTTTAAGAACAAATGCTGCCTACCTACTGCCATCCCATT
TTCTAGTAGAAGAAGGAAGAGACAAGGGACTGAATCTTTTGAAATGAAAAAACCAAAACACATG
TAAATGATTGGATAAGAAAAAATATTAGGGAAAAAAAGAAATAGCAGTCATAGTCAAAGTGCT
GATCAGGTGTCTAGATATATACAGGTATAGCATGTTATATTCTAGACGAAGGCACTGTATGGCA
GCAGGTATAGGCTTCAAATAAACTTTTATCTTATATGGCCTGCTGCTTTGACGAAATTGAAAAT
TTATCATCAACTAGGCCAATTATCGTTTAATTCAAAATAGCTTTCAAACTAACCTAAATGGCCAT
TTCTTCAAAGCCCCGAGTAAACCTTTTTGTCCCATCTTTTTGGTAGTCGATAGTATCCACTTCAT
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TTGGTTAATGCAATTATTTCATTCTAAACATTTCTGCTTCAATAATGACTTCCTCCAAATCTGGA
TAGCCAGAAGGGATATTTTCTACCAAATTGGAAGCTTTGAACTCACAGGCGAAAAGGGGTAATT
TTTTTTCTACCATGCCGTAACCAGCATAATATCATCACAAATCCATGATCATATTTTTACTAAAT
AGATCTCATATTTCATAGTATTTCTTACAGCTCTAAACCTACTCATTCAGCATTGTAAAATTGAG
CAGCCAAGAGAGCTAGTCCAGCTTGTCCTTTTGATAGAGGACAAAGGAGAAAGAGTCTTAGTCA
AAGTACAATGCACCCTGCTTCCTCTTTTTCTTTAGTAAAATAGTAGAAGCGACACCAGTTCTAAA
TAGGTTTTGCATCTTGGCTAGTTCCAAGAAATTTGCTAGTCATTAAGGCAATGCCCCATTAGGAA
GGAAAAGTCGTAAGAATCGGTGGACCTCCCTTAGATTCCCAACGGATAGAATGATGTTTTGCTTC
TTTCTTCTTGTTGTTGAGCAGCACTGAGAGGCACGTGACTGCTATGATGGGTTAGGTAGCAGATT
ATCACGTGACCCCATCCTCTCCTAACACTTTCCCATCCCTTTCCTTCTTTTCACCCCCAACAAACA
CACAAAAAGGGTTATTTATTAGCTACCGGGAACATTACATTAAAGCATCAAGTTAATAATAGTT
TGGGAATTGAATTTTTAAACCTTTGACTCCGTCAGTTTAGATCTTTCATTTTCAAATTGAGTTAT
TAATAAATTATTACAAAATAATTGACATAATATAGGACAACCCAATTTACTTGGGTAATCACTA
TATTTTAAAGGCTATGTTGTTAGGCAGCCTATTCTAGGAGGAGTCAATGTCGACAACTGGACAT
TTGGGGTAAAAAGAAGTCCAAGATTTGATCATTCATAGGCTGTCCTAAGCTAATCGAAAAGGAG
GAAGTCCCAACTAATTAACTGTTTTGGTAAACAAGTTTATTCTCAAGAGAGGACCACCGAATTC
ATGTCAGAGATTTGCTTATTAATTCAAAGATTTGGACTTTTGGATGTTGCCCGTGAGTTTCTGAC
GTTGGCTCAGAGCAAGTCTTTGATCTTCTTGTCAAAGAAACTGCTCTACCCTTCTAATAATGAGT
AAACCAGTCACAGAAAGCAACCCCCAGGTCCAACCTACTCTTCAACAGTTTGCTAGTTTAAAAAA
AGAAAAAGAAAAATTGGGGTTTGCATGTACCTAAGTTACCATCTCTGCATTGAATTTAAGTTGT
AGTAGTAGTTGTAAAATAAAGTCTAGAACCAAAAGCTTTTAATGAAAGACAACTTAGGTCCATA
ACTCACCATCATTATGAGAATTTTGAATATCAATCACCTTACTGTATATTATTTATGATGTTGAC
TCTATGATTTTGTGGTGAATGCCCAGCATACTTTGTGGCGGGTACCGATATTGGGAAGTTCACTA
TAATGTCGATAGAAGATGATCGAACACTGAACAAAACTGTCCATTTTCAACCTCCAAGCAACCTA
CTAAACATAAACGAGATGGCCTCACTATGGGAGGAGAAGATTGGACGTACACTTCCTAGGGTCA
CCATCACAGAAGAAGATCTGCTGCAGATGGCCAAAGGTTTGTCCTAATTATTTTCAGTTTTCTTT
AAGGTTTTGGTTCAAGCAACTTAACCTTTCTCCAAGGAACTATATGCCACTCGGTTGGCTCCATT
AAGCATTAATCCATGAAGCAGTAAGTTCTTGCCTAACAAAATGGATGCTAACCCAACTTCTGAT
ATAAATGCAGAGATGCGGATCCCACAGAGTGTGGTTGCAGCATTAACTCATGATATTTTCATAA
ATGGCTGCCAAATAAACTTTAGCTTGGACAAGCCAACTGATGTTGAAGTCTGCTCCCTCTACCCA
GACACTCCTTTTCGAACCATCAACGAGTGCTTCGAGGACTTTGCCAAGAAGATAATTGATAATGC
CAAAGCAGTGAGCAAGCCAGCGGCAAGCAACAATGCAATATTTGTGCCAACTGCTAAGCCAGGA
GCATTGCCTATCACTGCGATATGCACATGAGAAATATCTCACTCTATCCATTTCCACATCAATAA
TTCTTTTACAAGTTCTTTTAATCGTACAATGGTAAGAGACTTATCTGTTGCCAGTGTTTCCGGCA
AAAACTAATCANATGTATCTCTTGAATAAATATC

>gi|290579512|gb|GU324346.1| Theobroma cacao cultivar Scavina 6 TT2 like MYB
transcriptoin factor (TcMYBPA) complete cds
ATGGGAAGGGCTCCTTGTTGTTCTAAAGTTGGGTTGCATAGAGGTCCCTGGACTCCTAGAGAAG
ACACATTGCTTGTCAAGTACATTCAAGCTCATGGTGACGGTCACTGGAGATCACTTCCTAAGAAA
GCCGGGCTTCTTAGGTGTGGAAAGAGTTGCAGGCTCAGATGGATGAACTATTTAAGACCAGATA
TAAAGAGAGGGAATATAACTCCCGATGAGGATGATCTTATCATCAGATTACATTCCCTCCTCGGC
AATCGGTGGTCACTCATTGCCGGAAGGCTTCCTGGTCGAACCGATAACGAGATTAAAAATTACTG
GAACACCCATCTGAGTAAAAGACTTCTAAGCCAAGGGACTGACCCTAACACCCACAAGAAACTAT
CAGAGCCCCCAGTTCAACAAGTGAAGAAGAGAAAAAGCAGCAGAGGCAACAGCAACAAGAAGCA
GAACAATAGCAAGGGCAAAGGCGCAAAGGTTGAGCCAGAAGAGCCCAAAGTCCATCTCCCTAAG
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CCCGTTAGAGTAACTTCTTTCTCTTTACCAAGAAACGACAGCTTTGACCAATGTAATACGTTTAG
CACGGTGTCTTCAAGCCAAGGAGGAGAGGGAGGATTGGGTACAGAGGTTGTACAGGGACCTTGG
TCAGATAATGTCAACGATGATGAAAATGGGACCGGATTTCTTGCTGCTTATGATGATCATGGTT
TTGTTAACGGTTCAGATTTCGAGTGCCAGTCTCATGTACCAGCAAGTGATGACGATAATTCTCTC
GAGAAGCTTTACGAAGAGTATCTCCAGCTTCTGAAGACAAACGATGATCAAGTGCAGTTGGATT
CTTTCGCTGAATCATTATTGATCTGA
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APPENDIX B: PROTEIN SEQUENCE COMPARISONS OF TCANR, TCANS, TCLAR AND

TCMYBPA WITH THEIR HOMOLOGUS FROM OTHER SPECIES

i. Protein sequence comparison of TcCANR and AtBAN (BANYULS)

Score =
Identities
Query 7
Sbjct 9
Query 67
Sbjct 69
Query 127
Sbjct 129
Query 187
Sbjct 189
Query 247
Sbjct 249
Query 307
Sbjct 309

437 bits (1125), Expect = 7e-121, Method: Compositional matrix adjust.
= 211/330 (63%), Positives = 264/330 (80%), Gaps = 0/330 (0%)

GKKTACVVGGTGYVASLLVKLLLEKGYAVNTTVRDPDNQKKIPHLVTLQKLGDLKIFRAD
G K ACV+GGTG +AS+L+K LL+ GY VNTTVRDP+N+KKI HL LQ+LGDLKIF+AD
GSKKACVIGGTGNLASILIKHLLOSGYKVNTTVRDPENEKKIAHLRKLOQELGDLKIFKAD

LTDEGSLDVPIAGCDLVFHVATPVNFASQDPENDMIKPAIQGVLNVLKACAKAKTVKRVV
LTDE S + +GC+ +FHVATP+NF S+DPE DMIKPAIQGV+NVLK+C K+K+VKRV+
LTDEDSFESSFSGCEYIFHVATPINFKSEDPEKDMIKPAIQGVINVLKSCLKSKSVKRVI

LTSSAAAVSINTLKGTDLVLTEKDWTDVEFLSSAKPPTWGYPASKTLAEKAAWKFAQENN
TSSAAAVSIN L GT +V+ E++WTDVEFL+ KP WGYP SK LAEK AW+FA+EN
YTSSAAAVSINNLSGTGIVMNEENWTDVEFLTEEKPFNWGYPISKVLAEKTAWEFAKENK

IDLITVIPSLMTGPSLTPDVPSSIGLATSLLSGNEFLVNALKGMOMLSGSISITHVEDVC
I+L+TVIP+L+ G SLL. D PSS+ L+ S ++G E V LK MQ LSGSIS HV+D+
INLVTVIPALIAGNSLLSDPPSSLSLSMSFITGKEMHVTGLKEMQKLSGSISFVHVDDLA

RAHVFLAEKESASGRYICCAVNSSVPELAKFLNQRYPEFKVPTDFGDFPSKAKLIISSDK
RAH+FLAEKE+ASGRYICCA N+SVPE+A FL QRYP++ V ++F + S KL +SS K
RAHLFLAEKETASGRYICCAYNTSVPEIADFLIQRYPKYNVLSEFEEGLSIPKLTLSSQK

LINEGFSFKFGIEEIYDQTVEYMNAKGLLK 336
LINEGF F++GI E+YDQ +EY +KGL+K
LINEGFRFEYGINEMYDOMIEYFESKGLIK 338

ii. Protein sequence comparison of TcANS and AtLDOX (ANS)

Score =
Identities
Query 8
Sbjct 6
Query 68
Sbjct 66
Query 128
Sbjct 126
Query 188
Sbjct 186
Query 248
Sbjct 246
Query 308
Sbjct 306

591 bits (1524),

RVESLASSGIQSIPKEYIRPQEELTSIGNVFEEEKKEEGPQVPTIDLKEIDSEDREVRER
RVESLA SGI SIPKEYIRP+EEL SI +VF EEKKE+GPQVPTIDLK I+S+D ++RE
RVESLAKSGIISIPKEYIRPKEELESINDVFLEEKKEDGPQVPTIDLKNIESDDEKIREN

CRQELKRAATEWGVMHLVNHGISDELMERVKKAGQKFFELSVEEKEKYANDQTLGKIQGY
C +ELK+A+ +WGVMHL+NHGI +LMERVKKAG++FF LSVEEKEKYANDQ GKIQGY
CIEELKKASLDWGVMHLINHGIPADLMERVKKAGEEFFSLSVEEKEKYANDQATGKIQGY

GSKLANNASGQLEWEDYFFHLVYPEDKRDLSIWPQTPSDYTEVTSEYARQLRVLASKILS
GSKLANNASGQLEWEDYFFHL YPE+KRDLSIWP+TPSDY E TSEYA+ LR+LA+K+
GSKLANNASGQLEWEDYFFHLAYPEEKRDLSIWPKTPSDYIEATSEYAKCLRLLATKVFK

ALSLCLGLEEGRLEKEVGGLEELLLOMKINYYPKCPQPELALGVEAHTDVSALTFILHNM
ALS+ LGLE RLEKEVGGLEELLLOMKINYYPKCPQPELALGVEAHTDVSALTFILHNM
ALSVGLGLEPDRLEKEVGGLEELLLOMKINYYPKCPQPELALGVEAHTDVSALTFILHNM

VPGLQLFYEGKWITAKCVPNSIIMHIGDTVEILSNGKYKSILHRGLVNKEKVRISWAVFC
VPGLOQLFYEGKW+TAKCVP+SI+MHIGDT+EILSNGKYKSILHRGLVNKEKVRISWAVFC
VPGLQLFYEGKWVTAKCVPDSIVMHIGDTLEILSNGKYKSILHRGLVNKEKVRISWAVFC

EPPKEKIILKPLPETVSETEPPLFPPRTFAQHIHHKLFRKTQDGL 352
EPPK+KI+LKPLPE VS P FPPRTFAQHI HKLF K Q+ L
EPPKDKIVLKPLPEMVSVESPAKFPPRTFAQHIEHKLFGKEQEEL 350

66

68

126

128

186

188

246

248

306

308

Expect = 3e-167, Method: Compositional matrix adjust.
= 282/345 (81%), Positives = 311/345 (90%), Gaps = 0/345 (0%)

67

65

127

125

187

185

247

245

307

305

129



iii. Protein sequence comparison of TcLAR and DsLAR

Score =
Identities
Query 8
Sbjct 3
Query 68
Sbjct 61
Query 128
Sbjct 121
Query 188
Sbjct 181
Query 248
Sbjct 241
Query 308
Sbjct 301

434 bits (1116),

MNGSSPNVSEETGRTLVVGSGGFMGRFVTEASLDSGRPTYILARSSSNSPSKASTIKFLQ
++G+ P++++ RTLVVG GF+G+F+T+ASL G PT++L R SPSKA IK Q
VSGAIPSMTK--NRTLVVGGTGFIGQFITKASLGFGYPTFLLVRPGPVSPSKAVIIKTFQ

DRGATVIYGSITDKEFMEKVLKEHKIEVVISAVGGGSILDQFNLIEAIRNVDTVKRFLPS
D+GA VIYG I DKE MEK+LKE++I+VVIS VGG +LDQ L+EAI++V T+KRFLPS
DKGAKVIYGVINDKECMEKILKEYEIDVVISLVGGARLLDQLTLLEAIKSVKTIKRFLPS

EFGHDTDRADPVEPGLTMYEQKRQIRRQVEKSGIPYTYICCNSIAAWPYHDNTHPADVLP
EFGHD DR DPVEPGLTMY++KR +RR VE+ GIP+T ICCNSIA+WPY+DN HP+ V P
EFGHDVDRTDPVEPGLTMYKEKRLVRRAVEEYGIPFTNICCNSIASWPYYDNCHPSQVPP

PLDRFKIYGDGTVKAYFVAGTDIGKFTIMSIEDDRTLNKTVHFQPPSNLLNINEMASLWE
P+D+F+IYGDG KAYF+ G DIGKFT+ +I+D RTLNK VHF+P SN +INE+ASLWE
PMDQFQIYGDGNTKAYFIDGNDIGKFTMKTIDDIRTLNKNVHFRPSSNCYSINELASLWE

EKIGRTLPRVTITEEDLLOMAKEMRIPQSVVAALTHDIFINGCQINFSLDKPTDVEVCSL
+KIGRTLPR T+T + LL A E IP+S+V++ THDIFINGCQ+NFS+D+ +DVE+ +L
KKIGRTLPRFTVTADKLLAHAAENIIPESIVSSFTHDIFINGCQVNFSIDEHSDVEIDTL

YPDTPFRTINECFEDFAKKIIDNAKA 333
YPD FR++++C+EDF + D A
YPDEKFRSLDDCYEDFVPMVHDKIHA 326

i. Protein sequence comparison of TcMYBPA and VVMYBPA1

Score =
Identities
Query 1
Sbjct 1
Query 61
Sbjct 61
Query 121
Sbjct 121
Query 180
Sbjct 179
Query 235
Sbjct 234

364 bits (935), Expect = 5e-99, Method: Compositional matrix adjust.
= 201/295 (68%), Positives = 225/295 (76%), Gaps = 17/295 (5%)

MGRAPCCSKVGLHRGPWTPREDTLLVKYIQAHGDGHWRSLPKKAGLLRCGKSCRLRWMNY
MGRAPCCSKVGLHRG WT REDTLL KYIQAHG+GHWRSLPKKAGLLRCGKSCRLRWMNY
MGRAPCCSKVGLHRGSWTAREDTLLTKYIQAHGEGHWRSLPKKAGLLRCGKSCRLRWMNY

LRPDIKRGNITPDEDDLIIRLHSLLGNRWSLIAGRLPGRTDNEIKNYWNTHLSKRLLSQG
LRPDIKRGNITPDEDDLIIRLHSLLGNRWSLIAGRLPGRTDNEIKNYWNTHLSK+L SQG
LRPDIKRGNITPDEDDLIIRLHSLLGNRWSLIAGRLPGRTDNEIKNYWNTHLSKKLRSQG

TDPNTHKKLSEPPVQQVKKRKSSRGNSNKKONNSKGKGAK-VEPEEPKVHLPKPVRVTSF
TDPNTHKK++EPP + K+RK++R +N + + K +K E KVHLPKPVRVTS
TDPNTHKKMTEPP--EPKRRKNTRTRTNNGGGSKRVKISKDQENSNHKVHLPKPVRVTSL

-SLPRNDSFDQCNTFSTVSSSQGGEGGLGTEVVQGPWSDNVNDDE ----NGTGFLAAYDD
S+ RN+SF+ +TVS G G E+ P ++ DD+ +G F DD
ISMSRNNSFES----NTVSGGSGSSSGGNGETLPWPSFRDIRDDKVIGVDGVDFFIG-DD

HG--FVNGSDFECQSHVPASDDDNSLEKLYEEYLQLLKTNDDQVQLDSFAESLLI 287
G V SD E QSH+P + DNSLEKLYEEYLQLL+ D QVQLDSFAESLLI
QOGQODLVASSDPESQSHMPPT--DNSLEKLYEEYLOLLEREDTQVQLDSFAESLLI 286

Expect = 8e-120, Method: Compositional matrix adjust.
= 199/326 (61%), Positives = 259/326 (79%), Gaps = 2/326 (0%)

67

60

127

120

187

180

247

240

307

300

60

60

120

120

179

178

234

233

130



APPENDIX C: MULTIPLE SEQUENCE ALIGNMENT OF THE LAR, ANS AND ANR

PROTEINS AS WELL AS RELATED IFR AND DFR PROTEINS OF THE RED SUPERFAMILY.

AT1G75290
AT1G75280
AT1G75300
AT1G19540
AT4G39230
AT4G34540
AT4G13660
AT1G32100
TcLAR
VVvLAR
LcLAR1-1
LCLAR1-2
MtLAR
DuLAR
MtDFR
AtDFR
ZmAl
AtBAN
LcANR
TcANR
VVANR
CsANR
ZmAZ
PfANS
AtANS
MtANS
TCANS

AT1G75290
AT1G75280
AT1G75300
AT1G19540
AT4G39230
AT4G34540
AT4G13660
AT1G32100
TcLAR
VVvLAR
LcLAR1-1
LCLAR1-2
MtLAR
DuLAR
MtDFR
AtDFR
ZmAl
AtBAN
LcANR
TcANR
VVANR
CsANR
ZmA2
PfANS
AtANS
MtANS
TCANS

* 20 * 40 * 60
G TEASVKAGHSTLALVZEASLSDPNK

—————————— MATE----KSKIL EASAKAGHSTFALV;EATLSDPVK
__________ MTTE----KSKIL EGSAKAGNPTFALV;EASLSDPVK
—————————— MT-------SKIL EESAKSGHATFALV;EASLSDPVK

—————————— MTS-----KSKILFIE EASARSGHPTLVLVENSTLTSPSR
> TRESIESGHPTFALISNTTLSDKLK
SACLAEGHETYVLQAPEIGVDIEK
RACLAEGHETYVLQXPEIGLEIEK
TEASLDSGRPTYILAXSSSNS—-PSK
SLDAHRPTYILAXPGPRS-PSK
TKASLGLGRSTYLLLIZPGSLT-PSK
TKASLGLGRSTYLLLHPGSLT-PSK
TEASISTAHPTYLLIZPGPLI-SSK
TKASLGFGYPTFLLViPGPVS-PSK
RLMERGYMVRATVHDPENLKKVS
RLLERGYFVRATVDPGNLKKVQ
KLLQAGYTVRATViHDPANVGKTK
IKHLLQSGYKVNTTVZDPENEKKIA
IKQLLEKGYAVNTTViDPDNHKKIS
KLLLEKGYAVNTTVZDPDNQKKIP
KLLLQKGYAVNTTV:DPDNQKKVS
IKLLLEKGYAVNTTV|iDPGNQKKTS
RPADERAG-LGDAFDLARTHANDHT
RPEEELKSIIGNILAEEKSSE-—-—--
RPRKEELES-INDVFLEEKKED-—---
RPKEELAN-IGNIFDEERKKE-—-—--—
RPQEELTS-IGNVFEEERKEE-———

—-MVSTAATPPATAGRILJY Gﬂ
——————— MVSTAATPPATAGRILA G“T

N
TTToommvsear ZET

GKTVQONFKDFGVTLLHGDLNDHE SLVKAIMK-—-QAD
GKTVQSFRKDLGVTILHGDLNDHE SLVKAIMK--QVD
SKTIQSFKDLGVTILHGDLNDHE SLVKAIEK-—-QVD
AQLVERFRDLGVTILYGSLSDKESLVKAIRK--QVD
SSTIENFKNLGVQFLLGDLDDHT SLVNSiEK-—-QAD
S————— LSDAGVTLLKGSLEDEGSLAEAVS——KVD

VQLLLSFKRLGAHLVEGSF SDHQSLVSA)YK-—-QVD
VQLFLSFKKLGARIVEGSFSDHQSLVSAJK--LVD
ASTIKFLQDRGATVIYGSITDKEFMEKVIIKEHKIE
ANTFKALEDKGAITIVYGLINEQEAMEKIYKEHEIDI
AATVKSFQDRGARVIHGVINDKELMVKIFKDYEID
AATVKSFQDRGAKVIHGVINDKELMVKIFKDYEID
AATIKTFQEKGAIVIYGVVNNKEFVEMIFKKYEIDT
AVIIKTFQDKGAKVIYGVINDKECMEKIFKEYEID
HLLELPGAKGKLSLWKADLGEEGSFDE KGCTGVFH¥
HLLDLPNAKTLLTLWKADLSEEGSYDDAINGCDGVFEFH
PLMDLPGATERLSIWKADLAEEGSFHD RGCTGVFHuATPMDFLSKDPENEVIKPT EG
HLRKLQ—ELGDLKIFKADLTDEDSFESSFSGCEYIFHEATPINFKSEDPEKDMIKP QG

AT PMDFESKDPENEMIKPTIHKG
ATPMDFESKDPENEVIKPTMNG

HLLVLQ-SLGELNIFGGELTVENDEDTP{EGSELVF QAT PVNFASEDPENDMIKPAIKG
HLVTLQ-KLGDLKIFRADLTDEGSFDVPIAGCDLVEFHYAT PVNFASQDPENDMIKPAQG
HLLELQ-ELGDLKIFRADLTDELSFEAPIAGCDFVFHYAT PVHFASEDPENDMIKPAIQG
HLLALK—GSGNLKIFRADLTDEQSFDTP‘AGCDLVFH AT PVNFASEDPENDMIKPAIQG
APRIPVVDISPFLDSSSQQQQRDECVE RAAAADWG¥MHIAGHGIPAELMDRLRAAGTA
GPQLPTIDLEEMD--SRDEEGRKKCHEE KKAATDWG‘MHLINHGIPEELIDRVKAAGKE
GPQVPTIDLKNIE--SDDEKIRENCIEE KKASLDWGvMHLINHGIPADLMERVKKAGEE
GPQVPTIDLKEIN--SSDEIVRGKCREK KKAAEEWG‘MHLVNHGISDDLINRLKKAGET
GPQVPTIDLKEID--SEDREVRERCRQE|[FKRAATEWGYMHLVNHGI SDELMERVKKAGQK
6

-
a

92

-
a

91
91
89
101
101
107

100
100
101
100
106
106
111
110
110
108
109
108
114
107
101
101
103

131



AT1G75290
AT1G75280
AT1G75300
AT1G19540
AT4G39230
AT4G34540
AT4G13660
AT1G32100
TcLAR
VvLAR
LcLAR1-1
LCLAR1-2
Mt LAR
DuLAR
MtDFR
AtDFR
ZmAl
AtBAN
LcANR
TcANR
VvANR
CsANR
ZmA2
PfANS

At ANS

Mt ANS
TCANS

AT1G75290
AT1G75280
AT1G75300
AT1G19540
AT4G39230
AT4G34540
AT4G13660
AT1G32100
TcLAR
VvLAR
LcLAR1-1
LCLAR1-2
Mt LAR
DuLAR
MtDFR
AtDFR
ZmAl
AtBAN
LcANR
TcANR
VVvANR
CsANR
ZmA2
PfANS

At ANS

Mt ANS
TCANS

* 140 * 160 * 180

EATREAGN\/@{FHPSEFGMDPPRMGHALPPGRETFDQKME|YRQATIEAAGIP

QFNIIEATRNVDT KRFLPSEFGHDTDRA—DPVEPGLTMYEQKRQERROVEKSGIP
QT KAMRAVGTE@HFIHPSEF GHDVNRA-DPVE PGLNMYREKRR|YRQLVEESGIP
QRTIMYDATIRSVKT| /@ HFIfPSEFGHDTDRA-NPVEPGLTMYKEKRLISRRLIEESGIP
QRTIMYDATKSVRKT)\ /& HFHPSEFGHDTDRA-NPVEPGLTMYKEKRLIERRLIEESGIP
QLT EAMKSIKTIKRFLPSEFGHDVDRA—DPVEPGLAMYKQKRL*RRVIEESGVP
QLT EAIKSVKTIKRFLPSEFGHDVDRT—DPVEPGLTMYKEKRL*RRAVEEYGIP
VLD RACLRKAKRT|ASSEF R FT SSAGTLNVTEDQRKP-—-LWDE SCWSD|YEF CRRVRMT

ML KACVRKAKT\AH3F FTSSAGTVNVEEHQKN——VYDENDWSDEEFIMSKKMT

MI S RACKEAGT FTSSAGTVNLEERQRP——VYDEESWTDvDFCRRVKMT

VINYEIKSCLRSKS\ASHVIE TSSAAAVSINNLSGTGIVMNEENWTD'EFLTEEKPFN
VLN KSCARAK-| S ILTSSAASVTIGELKGTDLVMDESNWTD*EFLSNAKPPT
VLN KACAKAKT LTSSAAAVSINTLKGTDLVLTEKDWTD\YJEFLSSAKPPT
VVNYY KACTRAK S| ILTSSAAAVTINQLDGTGLVVDEKNWTDEEFLTSAKPPT
VVNYE{KACAKAGT LT SSAAAVSINKLNGTGLVMDE SHWTDTEFLNSAKPPT

FF PVQDKEAYANDPAAGRLQGYGSRLATNTCGQREWEDYLFHL“HPDGLADHAL
FFE PVEEKEAYANDQAAGNVQGYGSKLANNASGQLEWEDYFFHC“YPEHKTDLSI
FFSMSVEERERYANDQATGKIQGYGSKLANNASGQLEWEDYFFHLAYPEEKRDLST
FFEWMPVEERERKYANDQS SGKIQGYGSKLANNASGQLEWEDYFFHCiF PEDKRDLST
FFE SVEEKEKYANDQT!GKIQGYGSKLANNASGQLEWEDYFFHLEYPEDKRDLSI
6 r

* 200 * 220 * 240
VINYFAGYYLPTLVQLEPGLTS—————————————— PPRDKVKIFGDGNVKVE———————
VIGCFGGYYLPTLVQFEPGLTS———-——————————— PPRDKVTILGDGNAK-—————————
VSNCSAGFYLRTLLQFESGLISHTRDKAITFGDKNVPPRDRKVTILGDGNAK-————-————
VSGCFAGLFVPCLGQCHLRLRS-—=——————————— PPRDKVSIYDTGNGK-————————
SCNFFAGYFLPTLAQ--PGATS-————————————— APRDKVIVLGDGNPK—————————
CCGLFMRVLLPSLVQ--PGLQS—-—--—-—-————————— PPTDKVTVFGDGNVK—————————
VGACFAAYFGGNLSQMGT-—-———-———-—-——————— LFPPKNKVDIYGDGNVRK-———————~—
VGACFAAYFAGNLSQMVT-——————————————— LLPPKEKVNIYGDGNVK-————————
CCNSIAAWPYHDNTHPADVL-——————————————— PPLDRFKIYGDGTVK—————————
CCNSIASWPYYNNIHPSEVL-————-——————————— PPTDFFQIYGDGNVK-————————
CCNSIASWPYHDNCHPSKVP—-——————————————— PPVDQFLIYGDGTVK—————————
CCNSIASWPYHDNCHPSKVP——————-—————————— PPVDQFLIYGDGSVK-————————
CCNSIASWPYYDNCHPSQLP————-——————————— PPLDOLHIYGHGNVK-————————
CCNSIASWPYYDNCHPSQVP—————-—-———=——————— PPMDQFQIYGDGNTK-————————
VSKTLAEQEAWKFAKEHNMDFIT-—--—-—-—-——— IIPPLVVGPFLIPTMPPS————————
VSKTLAERAAWDFAEERGLDFIS———--—-—-———— ITPTLVVGPFITTSMPPS————————
VSKTLAEKAALAYAAEHGLDLVT-—-—-—-—-—————— IIPTLVVGPFISASMPPS————————
ISKVLAEKTAWEFAKENKINLVT-———-—-—-————— VIPALIAGNSLLSDPPSS————————
ASKTLAEKAAWKFAEENHIDLIT-—--—-——-—-——— VIPSLITGPSLTPDIPSS-———————
ASKTLAERAAWKFAQENNIDLIT----—-——-—-——— VIPSLMTGPSLTPDVPSS-————————
ASKTLAEKAAWKFAEENNIDLIT----——————— VIPTLMAGSSLTSDVPSS————————
LSKTLAEKAAWKFAEENNINLIT---——--—-——-— VIPTLMAGPSLTADVPSS-————————
PPDYIAATRDFGRRTRDLASTLLAILSMGL-——-——— LGTDRGDALERKALTTTTTRTAADD
PPDYIPATSEYAKQLRALATKILSVLSIG-—-———--— LGLEKG-RLEKEVG-—-———-—-— GAE
PSDYIEATSEYAKCLRLLATKVFRALSVG-———-——— LGLEPD-RLEREVG-—————— GLE
PADYTKVTSEYAKELRVLASKIMEVLSLE-—-—-—-——-— LGLEGG-RLEREAG-—————— GME
PSDYTEVTSEYARQLRVLASKILSALSLC-—————— LGLEEG-RLEKEVG-—————— GLE

151
151
151
150
150
148
léel
16l
166
157
159
159
160
159
164
164
169
170
169
168
169
168
174
167
léel
161
163

190
188
202
187
185
183
196
196
201
192
194
194
195
194
205
205
210
211
210
209
210
209
228
212
206
206
208

132



AT1G75290
AT1G75280
AT1G75300
AT1G19540
AT4G39230
AT4G34540
AT4G13660
AT1G32100
TcLAR
VvLAR
LcLAR1-1
LCLAR1-2
Mt LAR
DuLAR
MtDFR
AtDFR
ZmAl
AtBAN
LcANR
TcANR
VVvANR
CsANR
ZmA2
PfANS

At ANS

Mt ANS
TCANS

AT1G75290
AT1G75280
AT1G75300
AT1G19540
AT4G39230
AT4G34540
AT4G13660
AT1G32100
TcLAR
VvLAR
LcLAR1-1
LCLAR1-2
Mt LAR
DuLAR
MtDFR
AtDFR
ZmAl

At BAN
LcANR
TcANR
VVANR
CsANR
ZmA2
PfANS

At ANS
MtANS
TCANS

* 260 * 280 *
~YFIAVINKEEDIAAYTIKANDDPRTLNKTLYINPPNYTLSMNEIVT LWEKKI
————AVINKEEDIAAYTIKAVDDPRTLNKILYIKPSNITLSMNEIVTLWEKKI
————VVINKEEDVAAYMIKA‘DDLRTLNKTLYISPPNIILSMNEMVTLWEKKI
————AIVNTEEDIVAYTLKAVDDPRTLNKILYIHPPNYIVSQNDMVGLWEEKI

————AVENKEEDIGTYTINAMYDDPRTLNKILYIRPPMNTYSENDLVSLWENKI
———-—-AVFVNDVDVAAFTIKTHDDPRTLNKTLYLSPPG

————-VVEFVDEDDMARYTAKTENDPRTLNKTVYVRPTD

——-——-VVFADEDDIARYTAKTNDPRTLNKTVNIRPPDNVLTQLELVQIWEKLT
—-———-AYFVAGTDIGKFTIMSMEDDRTLNKTVHFQPPS\NLLNINEMASLWEEKIGJT{PRV
————-AYFVAGTDIGKETMKTYDDVRTLNKSVHFRPSCNCLNINELASVWEKKIGNT{PRV
—-———-AYFVDGNDIGKFTMKAMDDIRTRNKNVHFRPPS\NCYSINELASLWEKIIG§KI{PRA
————AYFVDGNDIGKEFTMKABMDDIRTRNKNVHFRPPS\NCYSINELASLWEKIIGH
————-AYFVDGYDIGKFTMRKVYDDERTINKSVHFRPSTNCY SMNELASLWENKI
———-—-AYFIDGNDIGKEFTMKTHDDIRTLNKNVHFRPSS\CYSINELASLWEKKIGINT | PRF
—-——-LITALSPITGNEAHYSIMKQGQ-——-———— FVHLD)LCEAHIFLFEHMEVE
—-—-—-LITALSPITRNEAHYSIMRQGQ-—-——-——— YVHLDELCNAHIFLYEQAAAK
—-——-LITALALITGNAPHY STKQVQ-——-———— LIHLDPLCDAEIFLFENPAAA
———-LSLSMSFITGKEMHVTGI®KEMQKLSGSISFVHVDELARAHLFLAEKETAS
——-VGLATSLITGNDF LINAMIKGMQLLSGSISITHVERVCRAHIFVAEKQSAS
———-IGLATSLLSGNEFLVNAWKGMQMLSGSISITHVESVCRAHVFLAEKESAS
———-IGLAMSLITGNEFLINGYIKGMQMLSGSVSIAHVESVCQAHIFVAEKESAS
———-IGLAMSLITGNEFLINGI®KGMQMLSGSISISHVERVCRAHVFVAEKESAS
DLLLQLKINYYPRCPQPELAMYGVEAHTDVSALSFILHNGVPGLQVLHGARWVT
DLIVQMKINFYPKCPQPELAWGWEAHTDVSALTFILH\MVPGLQLFYEDKWVT
ELLLQOQMKINYYPRCPQPELAMGVEAHTDVSALTFILHNMVPGLQLEFYEGRKWVT
ELLLQMKINYYPICPQPELAMGVEAHTDVSSLTFLLHAMVPGLQLEYEGRKWVT
ELLLQOQMRKINYYPRCPQPELAMMGVEAHTDVSALTFILHAMVPGLQLEFYEGRKWIT
6
* 320 * 340 *

YMSEE-QIFKSIQESPVPEFNVLLSINHAVFVKGDQTNFTIEPSFGFEASEL}P--DIK
HLPEE-QLIWKSIQESPIPINVVLSINHAVEFVNGD-TNISIEPSFGVEASEL}{P-—-DVK
HISEE-QIWKSIQ---VPIDVFKSINHAVEFVKGDQTSFTIEPWEFGEEASVI){P--DVK
YVSEE-ELIHKTIQESKPPMDFLVGLIHTILVKSDFTSFTIDPSFGVEASEL}{P--EVK
YVPEE-QLIfKQITESSPPLNVMLSLCHCVEFVKGGHTSFEIEPSFGVEASEL)4{P--DVK
FATEN-QLIMKKIKETPYPDNMEMVFIYSVFIKGDHTYFDIESCGGVNGTEL}{P-—-DVK
YVSGN-DFHADIEDKEI SHQAGLGHFYHIYYEGCLTDHEVGD--DEEATKL)4P--DVK
NIAAQ-DF!ANIEQMEI PHQAGIGHFYHIFYEGCLTDHEVGE--DEEASSL)4P--DVK
TITEE-DLIEQMAKEMRIPQSVVAALTHDIFINGCQINF SLDKPTDVEVCSL)4P—-DTP
TVTED-DLIFAAAGENIIPQSVVAAFTHDIFIKGCQVNF SIDGPEDVEVTTI)}P-—-EDS
TVSAE-DLIEAAAAENCIPRSIVAAFTHDIFINGCQINF SIEGPNDIEIGTL)4P--DEK
TVSAE-DLIFAAAAENCIPRSIVAAFTHDIFINGCQINFSIEGPNDIEIGTL)4P--DEK
IVSED-DLIEGTAAENCIPESVVASITHDIFINGCQVNFKIDGIHDVEISTL)4P--GES
TVTAD-KLIEAHAAENIIPESIVSSFTHDIFINGCQVNEFSIDEHSDVEIDTL)4P-—-DEK
CEANI-HDSARLINTKYPEYNIPTKENNIPDELELVRFEFSSKKIKDLGFEFK){S—-LEDM
HDATI-LTESKFLRPKYPEYNVPSTFEGVDENLKSIEFSSKKLTDMGENFK}{S—-LEEM
HDVTI-HGEAAMLRDRY PEYDVPQRF PGIQDDLQPVRE S SKKLQDLGETFR}4KT LEDM
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