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Abstract
The dihydrochalcone phloridzin is the major phenolic compound found in apple (Malus x
domestica) and is present in high concentrations in the bark, roots and leaves.
Dihydrochalcones have been been found in very small quantities in other genera but high
concentrations of phloridzin are only found in apple. The phloridzin pathway is a branch of the
phenylpropanoid pathway and an unknown carbon double bond reductase (CDBR) is believed
to be the key branch point enzyme. The primary aim of this thesis was to identify the CDBR
enzyme and to gain an understanding of why high concentrations of this dihydrochalcone are
unique to apple.

Candidate CDBR genes were identified by reference to previously characterised reductases
acting on structurally similar substrates. Three classes were identified; alkenal reductases,
isoflavone reductases and enoyl CoA reductases. Apple genes sharing sequence similarity to
these CDBRs were identified from published ESTs and tested using two over expression
systems (stable expression in tt5 Arabidopsis and transient expression in 35S:AtMYB75
tobacco). An RNAi silencing strategy in ‘Royal Gala’ was adopted to test the effects of
candidate gene suppression on phloridzin levels. Finally, expression levels of phenylpropanoid
genes in the leaves of apple and pear were compared to identify potential expression patterns
which might lead to phloridzin production in apple.

A total of 13 candidate genes were tested for their role in phloridzin biosynthesis using the
strategies described above. One enoyl CoA reductase enzyme (ENRL-3) was able to increase
the levels of phloridzin when transiently expressed in 35S:AtMYB75 tobacco leaves. Silencing
ENRL-3 in ‘Royal Gala’ led to a 67% decrease in phloridzin levels in the one available silenced
line. In addition, an ENRL enzyme closely related to ENRL-3 reduced the putative phloridzin
pathway substrate p-coumaroyl CoA. Expression studies and enzyme assays revealed lower
CHI (CHALCONE ISOMERASE) transcript and activity levels in apple compared with pear.
Futhermore, enzyme assays using ‘Royal Gala’ protein extracts showed the reduction of
naringenin chalcone to phloretin, implying the existence of a novel phloridzin pathway branch
point at naringenin chalcone.

Collectively these results suggest that ENRL-3 contributes to the total pool of phloridzin in
apple leaves. However, there may be other enzyme activities which led to phloridzin formation
iv

in apple. The low CHI expression observed in apple leaves and the ability to form phloretin
from naringenin chalcone, instead suggest that a unique metabolite bottleneck exists at this step
which results in the formation of high levels of phloridzin seen in apple. This study provides
the platform for future studies into phloridzin biosynthesis and in particular elucidation of the
newly observed naringenin chalcone reductase activity.
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1 Introduction
The aim of this chapter is to provide a comprehensive background on previously published
research involving the apple dihydrochalcone, phloridzin. The chapter begins with a historical
account of investigations into the biological action of phloridzin in mammalian physiology
before detailing later studies into the potential role and occurence of phloridzin within Malus
and other genera. As phloridzin is likely to be derived from the phenylpropanoid pathway, a
summary of the general phenylpropanoid pathway enzymes and well known side branches is
also included. Finally, current knowledge gained by recent studies into phloridzin biosynthesis
is followed by a review of microbial and plant based systems which may be used to test the
function of phloridzin pathway genes.
1.1 Early studies on the role of phloridzin in mammalian physiology
For over 150 years phloridzin has been known to researchers as a pharmaceutical product and a
tool for physiological research. Much of the earliest research conducted with phloridzin relates
to its role in mammalian physiology. Its role in planta has only been investigated in the later
part of the 20th century. Phloridzin was originally isolated by French chemists in 1835 from the
bark of apple trees (Petersen, 1835). Apple bark is an abundant source of phloridzin as it makes
up over 10% of the dry weight of this tissue (Zhang et al., 2007). As early researchers likened
its bitter taste properties to the anti-malarial compounds derived from cinchona bark, they
theorised that phloridzin would have similar antipyretic properties (de Koninck, 1836). Clues
to its real physiological role came in 1886, when the German physician Joseph von Mering
induced experimental glycosuria by injecting dogs with purified phloridzin (von Mering, 1886).
Glycosuria is a term used to describe the excretion of glucose in the urine despite having a
normal blood glucose level. As diabetes was considered to be associated with abnormal kidney
structure, phloridzin was believed to induce the animal equivalent of the human disease.
Throughout the early part of the 20th century the induction of renal glycosuria after
administration of phloridzin became a commonly used indicator for normal kidney function. In
studies conducted in the 1930s by Homer Smith, phloridzin also proved to be a useful noninvasive research tool which led to a greater understanding of haemodynamics and blood flow
in the kidney (Chasis et al., 1933). Research efforts over the next 20 years concentrated on its
mechanism of action, with the observations that aerobic respiration and glucose transport into
erythrocytes were greatly reduced by phloridzin. This provided vital clues that the mode of
1
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action of phloridzin appeared to be through the inhibition of glucose transport (Keller and
Lotspeich, 1959).

This was further defined in 1973 where studies identified the luminal

membrane of brush border cells in the kidney as the site of glucose transport inhibition and
determined that the binding affinity of phloridzin for the renal glucose transporter was up to
3,000 times higher than the glucose affinity for the same transporter (Vick and Deidrich, 1973).
Almost 10 years later the molecular identity and stoichiometry of this transport molecule
became known through work by Turner and Moran where they demonstrated the co-transport of
sodium and the high affinity binding of phloridzin to vesicle-bound glucose transporters
(Turner and Moran, 1982).

More recent studies involving phloridzin have concentrated on synthesis of phloridzin
derivatives with the aim of increasing its anti-diabetic effect. One of the factors affecting the
effectiveness of phloridzin as an anti-diabetic drug is its susceptibilty to β-glucosidase mediated
cleavage of the glycosidic linkage to produce the phloretin aglycone. Phloretin is a weaker
inhibitor of sodium linked glucose transport and also has the unwanted effect of inhibiting
facilitated glucose transport into a variety of cells types including muscle (Link and Sorensen,
2000). The development of more stable phloridzin analogues like T-1095 (Figure 1-1) which is
more resistant to β-glucosidase cleavage, may offer more effective regulation of blood sugar
levels in the management of diabetes (Oku et al., 1999).
OH
HO

OH

OH

OH

OH

OH
HO

Glc

O

Phloridzin

OH

Glc

O

O

T-1095

Phloretin

Figure 1-1 Chemical structures of phloridzin phloretin and T-1095.

1.2 Proposed roles of phloridzin in apple physiology
Whilst phloridzin has been well documented among mammalian researchers for some time, the
role of phloridzin in apple remains poorly understood despite it comprising up to 90% of the
soluble phenols in the leaf.

Research conducted in the 1960s revealed evidence of the

inhibition of flower bud formation by phloridzin in two apple varieties (Grochowska, 1963,
1964) and a repression of coleoptile extension in straight growth tests (Hancock et al., 1962). It
has been proposed that phloridzins effects on growth regulation are related to its negative
relationship with auxin concentration. Early research by Stenlid proposed that this effect is due
2
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to the stimulation of indole-3-acetic acid (IAA) oxidase activity by phloridzin, leading to
increased auxin degradation (Stenlid, 1963). This observation was further extended to show
that phloretic acid (dihydro-p-coumaric acid) may be the moiety responsible for IAA-oxidase
activation (Grochowska, 1965).

Phloridzin has been cited in a number of publications in regard to its ability to induce
morphological changes in tissue culture. Examples of this include; the ability of phloridzin to
increase the number of axillary shoots when added to culture media (Jones, 1976) and the
formation of an increased number of roots in several Malus, Rubus and Pyrus genotypes (James
and Thurbon, 1979). An increase in somatic embryogenesis from the embryogenic callus of oil
palm has also been noted when phloridzin is applied to the culture media (Hanower and
Hanower, 1984).

Phloridzin may also have a role in seed dormancy. Apple seeds, like many Rosaceae, are
unable to germinate immediately after harvest and require specific conditions in order to break
innate dormancy. The three major factors required to initiate germination are; imbibition of the
seed coat, a period of low temperature chilling (0-4oC) and the embryos access to oxygen to
‘kick-start’ metabolic processes. Phloridzin is the dominant polyphenol in apple seeds and is
found in high levels in the seed coat. After the seed imbibes water, phloridzin is postulated to
act as part of a ‘polyphenol barrier’ around the seed which restricts the embryos access to
oxygen and prevents seed germination (Bewley and Black, 1994). At low temperatures more
oxygen is able to dissolve into this aqueous/phenolic barrier and less oxygen is fixed by the
polyphenols, resulting in oxygen reaching the embryo and subsequent germination (Come and
Tissaoui, 1973).

There has also been considerable focus on the role of phloridzin as a potential defence
compound in apple. Two apple diseases which have been previously cited as being affected by
the presence of phloridzin are; apple scab disease, caused by Venturia inequalis and apple
fireblight, caused by the bacterium Erwinia amylovora. In the case of Venturia inaequalis,
infection results in cellular collapse and oxidation of metabolites. The oxidation of phloridzin
by polyphenol oxidase (PPO) was shown to yield anti-fungicidal products that have pectinase
inactivation ability (Raa, 1968). Fungal pectinase aids the spread of the pathogen by breaking
down the middle lamella of plant cell walls. A similar mechanism has been proposed for
polyphenol mediated resistance to Phlyctaena vagabunda which causes stem canker in Malus.
3
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In this case, the levels of PPO-mediated phloridzin oxidation products are hypothesised to play
an important role in limiting infection rather than pre-existing levels of phloridzin (Lattanzio et
al., 2001).

However, apple scab resistance studies by Picenelli and co-workers failed to

identify significant differences in the levels of phloridzin in resistant and susceptible cultivars,
they instead proposed that a specific ratio of phloridzin:flavanol content at early leaf stages may
be predictive of disease resistance (Picinelli et al., 2002). Another more recent publication
compared the levels of phloridzin and its agylcone phloretin in healthy versus Venturia-infected
tissue in two commercial varieties (Petkovsek et al., 2009). Their results revealed a three-fold
increase in the phloridzin level in infected tissue. Consistently correlating in vivo levels of
phloridzin with resistance has proved difficult however, with other research showing only small
increases in phloridzin following Venturia infection, and only under conditions where soil
nitrogen is limiting (Leser and Treutter, 2007).

In the instance of fireblight infection, in vitro antibacterial activity by phloridzin and phloretin
has been demonstrated previously (Bell, 2004), but no clear correlation was observed between
phloridzin levels and disease resistance in the field. Alternatively, degradation products of
phloridzin may be responsible for conferring resistance to fireblight and phloretic acid
(dihydro-p-coumaric acid) as well as phloroglucinol have both been shown to have antibacterial
properties in vitro (Bell, 2004). Studies have suggested that the production of these breakdown
products in response to fireblight infection may be mediated by phloretin hydrolase produced
by the saprophytic bacteria Erwinia herbicola which is also commonly found in fireblight
lesions. Complicating the picture further is the finding that Erwinia is able to modify the leaf
polyphenol profile of both susceptible and resistant genotypes, with higher levels of
hydroxycinnamate derivates and a decrease in dihydrochalcones observed in both genotypes
(Isabelle et al., 2008).

Another potential role for phloridzin in apple is as an anti-feedant against phytophagus insects.
For example, phloridzin was found to be a feeding deterrent to non-apple aphids Myzus
persicae Sulzer and Amphorophora agathomica (Zibaee et al., 2009). However, other studies
contradict this assertion and instead show that phloridzin acts as a feeding attractant, as shown
in experiments with Rhopalosiphum insertum and Aphis pomi (Klingauf, 1971). Interestingly,
the apple maggot fly, Rhagoletis pomonella, is able to tolerate phoridzin present in the leaf
exudates it uses as food source, by co-ingesting bacteria which colonise the insects alimentary
tract to breakdown and detoxify phloridzin (Lauzon et al., 2003).
4
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1.3 Natural variations in phloridzin and phloretin levels in apple tissues
Previous research has shown that the phloridzin levels in leaves not only vary between cultivars
but also throughout the growing season. Phloridzin concentrations in both the leaf and the fruit
decline as the growing season progresses with the rate of decline varying according to cultivar
(Hunter and Hull, 1993). This trend mirrors that of phenolic compounds in general, where
immature tissues have higher levels of phenols compared to more mature tissues (Douglas et
al., 1992). In data obtained by Hunter and Hull (1993), leaf phloretin levels were seen to vary
more than phloridzin levels between cultivars, perhaps indicating differences in the activities of
enzymes involved in phloretin biosynthesis and turnover between genotypes.

The polyphenol profiles of a number of apple varieties have been analysed in previous studies,
the one unifying conclusion of these studies is that the amounts of dihydrochalcones present in
apple skin and flesh varies widely according to cultivar. Bittersweet and bitter apples, on the
whole, show higher levels of phloridzin and phloretin than dessert apples. For example, in a
study of 14 French apple varieties the phloridzin concentration in the cortex of ‘Golden
Delicious’ was 15 mg/kg FW (fresh weight), whilst the bittersweet cider apple ‘Dabinnett’ was
nearly seven-fold higher in phloridzin concentration (102 mg/kg FW) (Sanoner et al., 1999).
Similarly, polyphenol profiles of apple juice from four dessert apples and seven German cider
apples showed phloridzin concentrations varying from 4.1-93.6 mg/L, with the dessert apples at
the lower end of this range (4.1-9.3 mg/L) (Kathrin et al., 2005).

An investigation into

polyphenol levels of commercially grown New Zealand varieties also showed comparatively
low levels of phloridzin in the flesh and skin when compared with heritage apple varieties.
Another observation was that in some cultivars, phloridzin levels varied according to the
growing area with ‘Pacific Beauty’, ‘Pacific Queen’, ‘Pacific Rose’ and ‘Granny Smith’ all
showing significant differences in phloridzin levels depending on the growing region (McGhie
et al., 2005). For example, Cox’s Orange had almost double the level of total phenolics when
grown in central Otago compared with the Hawkes Bay region (McGhie et al., 2005). It is
known that environmental factors such as low overnight temperatures and high sunlight hours
during ripening are important determinants of anthocyanin development in apple skin (Reay,
1999). How this up-regulation of pigment production affects phloridzin biosynthesis remains
unknown.

5
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1.4 Occurence of phloridzin and phloretin outside the genus Malus
For many years phloridzin and phloretin were considered to be solely restricted to the Malus
genus and for this reason they have played an important role in the food industry as markers for
the detection of apple additives in fruit juices (Fernandez de Simon et al., 2002), jellies (Silva et
al., 2000) and purees (Andrade et al., 1998). However, recent improvements in detection
techniques, particularly in the field of mass spectrometry, have allowed the detection of these
dihydrochalcones in other families.

The first reported finding of phloridzin outside the

Rosaceae family was in 1984 when phloridzin was detected in Saxifragaceae (woodland star)
using mass spectrometry and nuclear magnetic resonance (NMR) spectroscopy (Nicholls and
Bohm, 1984). More recently, phloridzin has also been detected in other non-Rosaceous species
such as Australian sarsaparilla (Smilax glyciphylla), sweet tea (Lithocarpus polystachyus) and
cranberry (Vaccinium oxycoccos) (Turner et al., 2005). Phloridzin has also been found in nonMalus members of the Rosaceae family, including strawberry where it was detected as a minor
component (1.9-4.9 mg/kg FW) of the fruit by a combination of high performance liquid
chromatography (HPLC), mass spectrometry and NMR (nuclear magnetic resonance)
spectroscopy (Hilt et al., 2003). Additionally, small amounts of phloretin have also been
observed in Dog rose (Rosa canina) rosehips by using a similar analysis techniques (Erlend,
2002).
1.5 The phenylpropanoid pathway from phenylalanine to naringenin
An important watershed in plant evolutionary history was reached about 400 million years ago
when plant species began to spread from the lakes, rivers and seas to a harsher environment on
dry land. With this adaptation to the a environment came the need to produce specialised
metabolites to cope with the terrestrial conditions (Waters, 2003). Key to this early emergence
was the production of structural polymers, like lignin, necessary for the development of self
supporting structures and the production of UV-absorbing compounds such as flavonoids. The
biosynthesis of these metabolites came about through the evolutionary emergence of a
specialised metabolic pathway called the phenylpropanoid pathway, named for the pathway’s
primary precursor, phenylalanine, which provides the basic nine-carbon precursor (Ferrer et al.,
2008). Most plant species share the same three initial steps of the phenylpropanoid pathway
which diverts the carbon flow from primary metabolism. The first step is the deamination of
phenylalanine by phenylalanine ammonium lyase (PAL) to form cinnamic acid and results in
the formation of a trans double bond between C2-C3 in the carbon side chain (Figure 1-2).
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NH2
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HO

NH3

Cinnamic acid

Figure 1-2 Non-oxidative deamination of phenylalanine by phenylalanine ammonium lyase
(PAL).

PAL is believed to act in a smiliar way to its evolutionary precursor HAL (histidine ammonia
lyase) to remove the amine group via an electrophilic attack by 3,5-dihydro-5-methyldiene-4Himidazol-4-one (MacDonald and D’Cunha, 2007). This C2-C3 double bond formation is not a
trivial step as it defines molecular conformation and influences the reactivity and antioxidant
capacity of downstream products (Ferrer et al., 2008). The second enzyme in the pathway,
called cinnamate-4-hydroxylase (C4H), is a member of the cytochrome P450 mono-oxygenase
family. The P450 mono-oxygenases are widespread throughout the plant kingdom and play an
important role in modifying products of the phenylpropanoid pathway. C4H catalyses the
addition of a hydroxyl group to the phenolic ring of cinnamic acid at the para position resulting
in the formation of p-coumaric acid (Figure 1-3). This reaction is circumvented in grasses and
some fungi and bacteria by a tyrosine ammonia lyase (TAL), which removes the amine group
of tyrosine to go directly to p-coumaric acid (Ferrer et al., 2008).
OH

C4H

HO

HO
O

Cinnamic acid

NADPH

O

+

H O2

p-Coumaric acid

Figure 1-3 Hydroxylation of cinnamic acid to form p-coumaric acid by cinnamate-4-hydroxylase
(C4H).

The final step in the general phenylpropanoid pathway is the formation of the activated
thioester, p-coumaroyl CoA, by an adenylating enzyme called 4-coumaroyl CoA ligase (4CL)
(Figure 1-4). An adenylated intermediated is formed when ATP is converted to AMP in the
presence of the p-coumaric acid substrate, with the subsequent replacement of the AMP with a
nucleophilic co-factor called Coenzyme A (Ferrer et al., 2008).
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OH
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O

ATP+CoASH
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p-Coumaric acid

Figure 1-4 Addition of Coenzyme A (CoASH) to p-coumaric acid by 4-coumaroyl CoA ligase
(4CL).

The activated thioester acts as a key substrate for a number of side branch pathways and also
for the remainder of the phenylpropanoid pathway which goes on to form polyphenolic
compounds such as flavones, flavanones, isoflavones and anthocyanidins, all of which share the
basic three-ring structure (Figure 1-5).
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Basic structures of the four major compound classes derived from the

phenylpropanoid pathway. The A, B and C ring nomenclature and carbon positions are also shown.

Flavonoids are a diverse class of phenolic compounds found in all higher plants and are derived
from the chalcone backbone which is produced by a polyketide synthase called chalcone
synthase (CHS) (Ferrer et al., 2008). Chalcone synthase carries out a repeated condensation
reaction, adding three malonyl CoA units onto a p-coumaroyl-CoA precursor from the general
phenylpropanoid pathway (Figure 1-6).
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Naringenin chalcone

3 Malonyl CoA

Figure 1-6

Chalcone synthase (CHS) catalysed addition of three malonyl CoA units to p-

coumaroyl CoA to form naringenin chalcone.
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A three step reaction has been described for CHS where the malonyl CoA substrate is loaded
then extended by sequentially adding malonyl CoA units to the p-coumaroyl CoA starter
molecule (Austin and Noel, 2001, 2003; Ferrer et al., 1999).

The resulting product is

naringenin chalcone which undergoes a rapid intra-molecular cyclisation reaction with chalcone
isomerase (CHI) (Figure 1-7).
OH

OH

CHI
HO

OH

OH

O
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O

HO

OH

O

(2S)-Naringenin

Figure 1-7 Intramolecular cyclisation of naringenin chalcone by chalcone isomerase (CHI).

This reaction can proceed spontaneously under physiological conditions but the presence of
CHI is thought to ensure stereo specificity, with the production of the biologically active (2S)
naringenin (Jez and Noel, 2002). A number of modifying enzymes including isomerases,
hydroxylases, glycosyltransferases and reductases are then responsible for tailoring naringenin
into a vast array of compounds.

1.6 Sidebranches of the phenylpropanoid pathway
One reason for the large number of compounds produced from the phenylpropanoid pathway
lies in the number of side branch pathways which utilise intermediates from the conserved
‘core’ pathway. These side branches occur throughout the biosynthetic pathway but two major
‘hubs’ from which a number of pathways diverge are at p-coumaroyl CoA (or cinnamoyl CoA)
and naringenin. Benzoates are derived from cinnamate and after conversion to cinnamoyl CoA
go on to form a number of biologically important compounds that are involved in plant defence
(Yalpani et al., 1993), floral scent (Dudareva et al., 2000) as well as compounds of medical
significance like taxol (Figure 1-8). The activated thioester, p-coumaroyl CoA acts a substate
for a number of diverging side branches, including the production of three monolignols;
coniferyl alcohol, sinapoyl alcohol and p-coumaroyl alcohol (Figure 1-8). These monolignols
are combined to form the three-dimensional structure known as lignin. In association with
cellulose and hemicelluloses, lignin provides vital mechanical support and rigidity to plant
tissues. Sinapoyl esters are also derived from this sidebranch and form one of the major classes
of soluble phenolics in the Brassicacea family.

Their functions are not well understood,

although sinapoyl malate is thought to act as a chemical UV-B ‘sunscreen’(Booij-James et al.,
9

Chapter 1 Introduction
2000). Similarly, chlorogenic acid is formed from CoA esters of cinnamic acids (p-coumaric,
ferulic and caffeic acid) and is of significant interest to health researchers and plant
physiologists alike for its ability to slow glucose release in the blood stream (Johnston et al.,
2003) and its links with plant disease resistance (Shadle et al., 2003).

A second common point of pathway divergence is at naringenin. Here, abundant flavonoids
like luteolin and apigenin are formed by hydroxylation and oxidation reactions, resulting in the
addition of hydroxyl groups and a double bond back into the central C ring of the flavones. In
addition, naringenin is the precursor for a large group of secondary metabolites called
isoflavonoids which are commonly found in the Leguminosae family. These compounds are
involved in plant defence against pathogen attack and are important in establishing the
symbiotic relationship between rhizobial bacteria which are essential for nitrogen fixation by
the roots (Sreevidya et al., 2006).
Cinnamoyl CoA

Phenylalanine
PAL

Benzoic acid
Salicylic acid

Cinnamic acid
C4H

p-Coumaric acid

Sinapyl esters
Sinapyl alcohol

4CL

Chlorogenic acid

Coniferyl alcohol

Lignin

p-Coumaroyl CoA
CHS

p-Coumaryl alcohol

Naringenin chalcone
CHI

Isoflavones

Naringenin
F3H

Isoflavanones

Apigenin
Luteolin

F3’H

Dihydroflavonols

Anthocyanins
Figure 1-8 The phenylpropanoid pathway leading to anthocyanin biosynthesis. The location of the
side chains discussed in section 1.5 are also shown. For the purposes of clarity not all pathway
intermediate steps are depicted. PAL = phenylalanine ammonia lyase, C4H = cinnamate-4-hydroxylase,
4CL = 4-coumarate ligase, CHS = chalcone synthase, CHI = chalcone isomerase, F3H = flavanone 3
hydroxylase, F3’H = flavonoid 3’ hydroxylase.
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1.7 The phenylpropanoid pathway and phloridzin formation
The biosynthetic pathway leading to the formation of phloretin and phloridzin remains only
partially understood. To date only two publications have addressed the question of where the
phloridzin branch point occurs in apple.

Early investigations using apple leaf discs and

radioactively labelled hydroxycinnamic acid showed that p-coumaric acid and p-coumaroyl
CoA are pathway intermediates of phloridzin biosynthesis (Avadhani and Towers, 1961). As
they failed to see labelling of dihydro-p-coumaric acid they postulated that the pathway
proceeds via p-coumaroyl CoA rather than through the reduction of p-coumaric acid to dihydrop-coumaric acid (Avadhani and Towers, 1961) (Figure 1-9).

In this instance, dihydro-p-

coumaric acid is thought to be solely a breakdown product of phloridzin. Although it then
becomes difficult to explain the presence of dihydro-p-coumaric acid in pear which does not
produce phloridzin (Ibrahim and Towers, 1960). Some 48 years later further research into the
phloridzin pathway described the NADPH dependent conversion of p-coumaroyl CoA to
dihydro-p-coumaroyl CoA in crude apple leaf protein extracts. In these experiments dihydro-pcoumaroyl CoA was not measured directly.

Instead, reaction products were converted to

phloretin by the addition of CHS enzyme and malonyl CoA (Gosch et al., 2009).
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Figure 1-9 Proposed pathway to phloridzin biosynthesis as suggested by radioactive substrate
feeding experiments by Avadhani and Towers (1961) (red arrows) and Gosch et al. (2009) (blue
arrows). Dotted arrows represent steps for which there is no experimental evidence in apple. DBR =
uncharacterised double bond reductase. PGT = PHLORETIN GLYCOSYLTRANSFERASE-1.
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This infers two major findings. Firstly, that the branch point for phloridzin production is at pcoumaroyl CoA. Secondly, that CHS is involved in assembling the dihydrochalcone scaffold
from dihydro-p-coumaroyl CoA. Given the observed ‘promiscuity’ of CHS it is not surprising
it is able to perform this condensation reaction on dihydro-p-coumaroyl CoA to produce
phloretin (Hrazdina et al., 1976; Jez et al., 2002). The only structural difference between these
precursors is the absence of a carbon double bond at the C2-C3 position in dihydro-pcoumaroyl CoA. This loss of a double bond suggests that the branch point enzyme is a carbon
double bond reductase. The third potential route to phloridzin production may proceed via
naringenin chalcone (Figure 1-10).

Evidence to support this hypothesis comes from the

Arabidopsis CHI mutant called transparent testa 5 (tt5).

Mass spectrometry metabolome

analysis revealed a number of differences in the metabolite profile between the tt5 and wild
type seeds. Of particular significance was the appearance of one monohexoside and two
dihexosides of dihydronaringenin chalcone in tt5 seeds. Based upon this putative annotation,
these two compounds may be phloridzin or phloridzin analogues. The lack of CHI activity in
these plants might allow naringenin chalcone to accumulate and be acted on by an endogenous
Arabidopsis double bond reductase, to produce dihydrochalcones (Figure 1-10).
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Figure 1-10 Proposed pathway to phloridzin biosynthesis as suggested by metabolite analysis of
Arabidopsis tt5 mutant seeds. Red arrows indicate steps for which there is experimental evidence in
apple. Dotted arrow represents a step for which there is no experimental evidence in apple. DBR =
uncharacterised double bond reductase. PGT = phloretin glycosyltransferase.
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1.8 Glycosylation of phloretin to phloridzin
Perhaps the best understood step of the phloridzin pathway is the final glycosylation of
phloretin to form phloridzin.

The first phloretin glycosyltransferase gene (PGT-1) was

identified in 2008 from an apple EST library and was shown to be expressed in a range of apple
tissues, with the highest transcript levels detected in the root tips (Jugdé et al., 2008). In vitro
activity assays showed PGT-1 had a narrow substrate range and of the 15 tested compounds,
only phloretin was glycosylated (Jugdé et al., 2008). Further work in this area was published a
year later and described the isolation of a two additional glycosyltransferases from apple that
had the ability to glycosylate a range of flavonoids and phenolic compounds, including
phloretin (Gosch et al., 2010). Interestingly, three phloretin glycosyltransferases (PGTs) were
also isolated from pear even though this species is not known to produce dihydrochalcones. A
more recent follow-up study attempted to uncover the physiological role of one of the apple
PGTs (UGT71A15) (Gosch et al., 2012). Here it was hypothesised that phloretin may be the
mediator of fire blight resistance rather than the phloridzin glycoside, therefore over expression
of UGT71A15 should result in increased fireblight infection. However, results from this study
were inconclusive and although over expression lines of UGT71A15 showed the expected
increase in phloretin, no decrease in phloridzin was observed. In addition, the transgenic plants
did not show increased susceptibility as a result of the decreased phloretin levels (Gosch et al.,
2012)
The three proposed phloridzin pathway branch points suggest that the key enzyme responsible
for phloridzin formation is a carbon double reductase. There are several examples of carbonyl
double bond reductases in the phenylpropanoid pathway which convert a carbonyl group (C=O)
to a hydroxyl (OH) group including dihydroflavonol reductase (DFR) (Fischer et al., 1988),
chalcone reductase (CHR) (Bomati et al., 2005) and vestitone reductase (VR) (Shao et al.,
2007). However, carbon-carbon double bond reductases are less common, particularly those
affecting the C2-C3 carbon of flavonoid-like compounds or in the side chain of phenolic acids
or esters.

This may relate to the importance of the C2-C3 bond in determining the

conformation of the molecule. A carbon double bond locks the molecule into a more rigid
structure and prevents free rotation around the C2-C3 bond. A less rigid conformation may
have deleterious effects on the ability of the metabolite to enter an enzyme active site. Three
classes of carbon double bond reductase genes were selected in the course of this research as
potential branch point enzymes. This selection was based on structural similarities between
their known substrates and at least one of the proposed phloridzin branch point substrates. The
13
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identity and mode of action of these three candidate gene classes is discussed in Chapter 3. The
following section describes microbial and plant-based methodologies which might be employed
to determine if any of the candidate double bond reductase genes are involved in phloridzin
biosynthesis.

1.9 Manipulation of the phenylpropanoid pathway in microbial hosts
One of the most interesting taxonomic features of phloridzin is its confinement largely to the
genus Malus. However this presents problems when functionally screening candidate enzymes
involved in phloridzin biosynthesis. Apple is a woody dicot and Agrobacterium mediated
transformation is both slow and labour intensive (Yao et al 1994). Therefore, it is worthwhile
considering more easily manipulated microbial and plant model systems to test gene function.

A number of research groups have attempted to recreate the early stages of the phenylpropanoid
pathway in microbial species such as E. coli (Hwang at al 2003 Watts et al 2004) and
Saccharomyces cerevisiae. Watts and co-workers reported the simultaneous expression of four
Arabidopsis genes from the phenylpropanoid pathway in Escherichia coli; PAL, C4H, 4CL and
CHS. Upon feeding cultures with p-coumaric acid, naringenin was subsequently observed in
HPLC analysis. Additionally, they showed the production of small amounts of phloretin when
the cells were fed with dihydro-p-coumaric acid (phloretic acid). However, the Arabidopsis
C4H was non-functional in bacteria resulting in a pathway block and necessitating the cells to
be fed p-coumaric acid rather than phenylalanine as a substrate. As mentioned earlier, C4H is a
P450 cytochrome monooxygenase (CYP735A5) and this class of enzyme requires a NADPHreductase for activity. In vitro C4H activity has only been demonstrated with the presence of
this reductase enzyme (Hotze et al 1995, Urban et al 1997).

In addition, an unknown

endogenous enzyme activity in E. coli converted dihydro-p-coumaric acid back to p-coumaric
acid. These observations highlight some of the potential drawbacks in using E.coli as a host for
phenylpropanoid pathway enzymes.

Saccharomyces cerevisiae has also been successfully used as an in vivo host for the production
of flavonoids. Using yeast as a host system has several advantages over bacterial systems as
yeast is capable of performing eukaryotic post-translational modifications to proteins.
Additionally, yeast has intracellular compartments similar to those found in plant cells. A
number of cytochrome P450s are involved in flavonoid biosynthesis and yeast has been shown
by a number of researchers to be a good host for cytochrome P450 activity (CYP) (Humphreys
14
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et al., 1999; Schoch et al., 2001b; Szczebara et al., 2003). This is largely due to it possessing
an endoplasmic reticulum where CYP and CYP reductases are targeted in plants (Jiang et al.,
2005). In 2004, Ro and Douglas used yeast as the host for PAL, C4H and cytochrome P450
reductase to study the carbon flux in the formation of p-coumaric acid (Ro and Douglas, 2004).
Jiang and co-workers performed similar experiments in yeast with the expression of PAL from
Rhodosporidium toruloides, 4CL from Arabidopsis and CHS from Hypericum androsaemum
(Jiang et al., 2005). Both naringenin and a close derivative pinocembrin were detected by
HPLC when cultures were fed with phenylalanine. Furthermore, both phloretin and a related
dihydrochalcone (2’4’6’-trihydroxychalcone), were also detected when cultures were fed with
dihydro-cinnamic acid or dihydro-p-coumaric acid. Another interesting observation to arise
from pathway studies in yeast relates to a potential endogenous cinnamic acid reductase
activity. Previous studies have shown a yeast enzyme called phenylacrylic acid decarboxylase
(Pad1P) may be involved in converting trans-cinnamic acid to dihydro-cinnamic acid in yeast
over expressing Pad1P (Larsson et al., 2001).
1.10 Transient expression in tobacco leaves
Transient infiltration of tobacco leaves has proved to be a versatile system for the expression of
transgenes and represents a rapid method to screen reductase genes for their role in phloridzin
production.

Infiltrating tobacco leaves with Agrobacterium has been used in the past to

produce antibodies in vivo (Vaquero et al., 1999), to decipher transcriptional control
mechanisms (Dare et al., 2008; Espley et al., 2007) and to produce novel secondary metabolites
(Condori et al., 2008; van Herpen et al., 2010). The ability to introduce multiple genes
simultaneously is a major advantage of this technique and this was exploited to produce the anti
malarial compound artemisinin in a tobacco host. In this investigation, a construct containing
three artemisinin biosynthetic genes were co-infiltrated with an amorphadiene oxidase to
produce the storage form of artemisinin, called artemisinic acid-diglucoside (van Herpen et al.,
2010). An example of using transient expression to produce a novel phenylpropanoid pathway
compound, is the transient expression of resveratrol synthase (RS) in tobacco. Resveratrol
synthase, like CHS, is a member of a member of the type III polyketide synthase family and
uses the same p-coumaroyl CoA substrate but produces a trihydroxystilbene called resveratrol
instead of naringenin chalcone (Figure 1-11).
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Figure 1-11 Production of resveratrol from p-coumaroyl CoA by resveratrol synthase (RS).

In a previous study, transient expression of a RS gene from peanut in Nicotiana benthamiana
led to the accumulation of a resveratrol glycoside 96 hours after infiltration (Condori et al.,
2008). This illustrates how the phenylpropanoid pathway of tobacco can be diverted to produce
a novel polyphenol. It also demonstrates how a similar strategy could be adopted to screen
phloridzin pathway candidate genes.
1.11 Manipulating the phenylpropanoid pathway in apple
There have been relatively few studies carried out on the effects of gene over expression or
gene silencing on phenylpropanoid levels in apple. Two previous over expression studies in
apple used transcription factors involved in activation of the anthocyanin pathway, the MYB10
gene from apple (Espley et al., 2007) and the Lc (LEAF COLOUR) gene from maize (Li et al.,
2007).

Over expression of these transcription factors resulted in major changes in the

metabolite pools of the resulting transgenic plants.

Significant increases in anthocyanins,

epicatechin and catechin were reported in the 35S:Lc apple leaves, whilst the most significant
change in the 35S:MYB10 apple tissues was increased anthocyanin accumulation. Similarly, a
report on silencing the ANTHOCYANIDIN SYNTHASE (ANS) gene in a red leaf apple variety
also led to changes in epicatechin and catechin concentrations and gave the expected loss of
anthocyanin biosynthesis from the leaves and shoots (Szankowski et al., 2009). None of these
studies revealed any significant changes in dihydrochalcone concentrations.

1.12 Aims of this thesis
The overall aim of this thesis was to gain a better understanding of the phloridzin biosynthetic
pathway in apple. More specifically, the primary goal was to identify the gene (or genes)
responsible for the diversion of precursors from the phenylpropanoid pathway to the phloridzin
pathway.

Increased knowledge of the biosynthetic pathway may allow bigger questions

relating to apple biology to be addressed, such as why only apple makes phloridzin in
significant quantities and what is the biological role of phloridzin in apple.
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2 Materials and Methods
2.1 Plant and bacterial strains
Escherichia coli DH5α (subcloning efficiency Invitrogen USA)
Genotype: F- φ80lacZΔM15 Δ(lacZYA-argF)U169 recA1 endA1 hsdR17(rk-, mk+) phoA
supE44 thi-1 gyrA96 relA1 λAgrobacterium tumefaciens strain GV3101(MP90)
Arabidopsis thaliana genotypes: wild type Landsberg erecta (supplied by Sarah Moss Plant &
Food Research).
tt4 (N85 Nottingham Arabidopsis Stock Centre),
tt5 (N86 Nottingham Arabidopsis Stock Centre),
35S:AtMYB75 Nicotiana tabacum seeds (supplied by Associate professor Andy Allan Plant &
Food Research, Auckland),
Nicotiana benthamiana (supplied by Monica Dragulescu Plant & Food Research),
2.2 Oligonucleotide primers
Oligonucleotide primers were commercially synthesised by Invitrogen New Zealand. Primer
stocks were made up to 100 µM in distilled water.
Table 2-1 Primer sequences used to create double stranded hairpins for gene silencing.

Primer name

Primer sequence 5’ to 3’

Description

ARL-1-3-6hp_5

GGGGACAAGTTTGTACAAAAAAGCAGGCTCC

Hairpin to MdARL-1/3/6 (F)

GGTTCGCCTATAGTCGGATATGGA
ARL-1-3-6hp_3

GGGGACCACTTTGTACAAGAAAGCTGGGTGC

Hairpin to MdARL-1/3/6 (R)

TGCATCTAAATCAGGCTCCTCTTTAT
ARL-2hp_5

GGGGACAAGTTTGTACAAAAAAGCAGGCTCT

Hairpin to MdARL-2 (F)

GGTCAAGAATCTCTACCTCTCTTG
ARL-2hp_3

GGGGACCACTTTGTACAAGAAAGCTGGGTAC

Hairpin to MdARL-2 (R)

AACTTCCAACAACATAACAGCCATGC
ARL-4hp_5

GGGGACAAGTTTGTACAAAAAAGCAGGCTAC

Hairpin to MdARL-4 (F)

TGGATGGGAAGATTACAGCATCAT
ARL-4hp_3

GGGGACCACTTTGTACAAGAAAGCTGGGTCT

Hairpin to MdARL-4 (R)

CATGTTAAGGAGCACAGCATCCAGC
ARL-5hp_5

GGGGACAAGTTTGTACAAAAAAGCAGGCTCT

Hairpin to MdARL-5 (F)

CCTTCCCAACAAACAGATTGTGTTG
ARL-5hp_3

GGGGACCACTTTGTACAAGAAAGCTGGGTGC
ATGGTATGAGAGGGGCACATCAGT
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ARL-7hp_5

GGGGACAAGTTTGTACAAAAAAGCAGGCTGT

Hairpin to MdARL-7 (F)

TGGGTTGTTACGTTGTCGGAAGTGCT
ARL-7hp_3

GGGGACCACTTTGTACAAGAAAGCTGGGTGC

Hairpin to MdARL-7 (R)

AGCTGTTCCGTTCTCGAGGCCT
IFRL-1-2hp_5

GGGGACAAGTTTGTACAAAAAAGCAGGCTG

Hairpin primer to MdIFRL-1/2 (F)

GGCGTCAACTTCGTCCTGGGTG
IFRL-1-2hp_3

IFRL-4-5-6hp_5

GGGGACCACTTTGTACAAGAAAGCTGGGTCA

Hairpin primer to MdIFRL-1/2

TAGGTGTAAGGAATCCCCTCAGCCTCC

(R)

GGGGACAAGTTTGTACAAAAAAGCAGGCTG

Hairpin to MdIFRL-4/5/6 (F)

ATCATCGGAGGCACTGGCTACATCG
IFRL-4-5-6hp_3

GGGGACCACTTTGTACAAGAAAGCTGGGTGT

Hairpin to MdIFRL-4/5/6 (R)

CGAACGTAGACTTGGCTGGTTCAACTG
IFRL-7hp_5

GGGGACAAGTTTGTACAAAAAAGCAGGCTG

Hairpin to MdIFRL-7 (F)

ACTCTTCCTCCCCCAGACAATATACGTGC
IFRL-7hp_3

GGGGACCACTTTGTACAAGAAAGCTGGGTCG

Hairpin to MdIFRL-7 (R)

CACACAACGGTAATCACAAAGTATGTGTT
IFRL-8hp_5

GGGGACAAGTTTGTACAAAAAAGCAGGCTG

Hairpin to MdIFRL-8 (F)

GCCCTACTTTGACAACACCCACCCT
IFRL-8hp_3

GGGGACCACTTTGTACAAGAAAGCTGGGTCG

Hairpin to MdIFRL-8 (R)

AGGCCACAATGCTTTCTGGTATACGG
ENRL-3hp_5

GGGGACAAGTTTGTACAAAAAAGCAGGCTA

Hairpin to MdENRL-3 (F)

ACTGCTGCTTCCAGCCTGCAAATG
ENRL-3hp_3

GGGGACCACTTTGTACAAGAAAGCTGGGTTT

Hairpin to MdENRL-3 (R)

TGCGATTGCCCAACCATACCCAT

Table 2-2 Reverse transcription PCR primers for checking over expression of candidate genes in
transformed tt5 Arabidopsis.

Primer name

Primer sequence

Description

145303RTCHK_5

ACCAAGCGTGAACCTGGCGCCAGTT

MdARL-1 (F)

145303RTCHK_3

CAATCCGGCCATGGAGCC

MdARL-1 (R)

140518RTCHK_5

CAGTTGAGAAAAGTTACGCCAGACG

MdARL-2 (F)

140518RTCHK_5

CAAGTGTATGTAATCACTTTGCAGGAA

MdARL-2 (R)

175782RTCHK_5

CGGATTGCAGTTTGTGGGATGATAT

MdARL-3 (F)

175782RTCHK_3

CCTACATTGCGGCCGGCA

MdARL-3 (R)

181061RTCHK_5

(Used ARL-4qPCR_5)

MdARL-4 (F)

181061RTCHK_3

(Used ARL-4qPCR_3)

MdARL-4 (R)

186534RTCHK_5

AGTCCTTCACTCCTGGTTCTGTCC

MdARL-5 (F)

186534RTCHK_3

ACTTCCCTTGCTGCAAGTATTTGATAC

MdARL-5(R)

262998RTCHK_5

GCGTCATCACTTCAACAGAGTCTTTG

MdARL-6 (F)

262998RTCHK_3

AGTACCTTTTCAAAGCTGCATCCAAA

MdARL-6 (R)
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216184RTCHK_5

(Used IFRL-1qPCR_5)

MdIFR-1 (F)

216184RTCHK_3

(Used IFRL-1qPCR_3)

MdIFR-1 (R)

241415RTCHK_5

CCTCCTTTCCCTCGCAACGCT

MdIFR-2 (F)

241415RTCHK_3

CGCCGGGTTGGAGAGGGT

MdIFR-2 (R)

56736RTCHK_5

(Used IFRL-4qPCR_5)

MdIFR-4 (F)

56736RTCHK_3

(Used IFRL-4qPCR_5)

MdIFR-4 (R)

139691RTCHK_5

CAGCCAAGTCTACGTTCGACCTC

MdIFR-5 (F)

139691RTCHK_3

CACATTGATTGGAATTGGGGCC

MdIFR-5 (R)

148800RTCHK_5

(Used IFRL-6qPCR_5)

MdIFR-6 (F)

148800RTCHK_3

(Used IFRL-6qPCR_5)

MdIFR-6 (R)

183670RTCHK_5

CCCTTCTATTCTCATGTATAGC

MdIFR-7 (F)

183670RTCHK_3

CCGATCAATCAAACCCAACACTC

MdIFR-7 (R)

120748RTCHK_5

(Used IFRL-8qPCR_5)

MdIFR-8 (F)

120748RTCHK_5

(Used IFRL-8qPCR_5)

MdIFR-8 (R)

Table 2-3 Reverse transcription quantative PCR primers for confirming gene silencing in apple.

Primer name

Primer sequence

Description

ARL-1-3-6qPCR_5

GTCTGCAATCCTAAGAAGGGAGAGACG

MdARL-1/3/6 (F)

ARL-1-3-6qPCR_3

GGCCATGGAGCCTCATGTTTTGT

MdARL-1/3/6 (R)

ARL-2qPCR_5

TGTTGGAAGTTGTGGCTCAAGCCC

MdARL-2 (F)

ARL-2qPCR_3

CGGATCCCTCGGGGATCAGAG

MdARL-2 (R)

ARL-4qPCR_5

CGACATGCACGTGACAGTTAGTACCTTG

MdARL-4 (F)

ARL-4qPCR_3

CATCAGTGTGGTGGATTTTAAAGAGCTGT

MdARL-4 (R)

ARL-5qPCR_5

TGATCACTAGCCCGGATAGGCTAAAC

MdARL-5 (F)

ARL-5qPCR_3

GCTTTAAGAGATCAACTTTCTCTTTAGTGCTT

MdARL-6 (R)

ARL-7qPCR_5

GCGCAGTGCAGGTAAAGAGAAAGC

MdARL-7 (F)

ARL-7qPCR_3

GAAGTTTCGTCTCCAGGTTTTCTCATAAG

MdARL-7 (R)

IFRL-1qPCR_5

CTGCTCAAGAACATCCAAGAGGCAGT

MdIFRL-1 (F)

IFRL-1qPCR_3

GGAAATCAACTGTCCCAATATGCCA

MdIFRL-1 (R)

IFRL-2qPCR_5

CAAGTCCAAAATCCTCTTCATCAGC

MdIFRL-2 (F)

IFRL-2qPCR_3

ATTGATTGGAATTGGGGCCTCAG

MdIFRL-2 (R)

IFRL-4qPCR_5

GCTTTGCTGGCTACTTTCTGCCC

MdIFRL-4 (F)

IFRL-4qPCR_3

ATTGATTGGAATTGGGGCCTCTAG

MdIFRL-4 (R)

IFRL-5qPCR_5

CCTACACTTCTCCACCCAGAGACAAAGT

MdIFRL-5 (F)

IFRL-5qPCR_3

ATATCCTTGAGAATTTTGTCCTCTGGGAC

MdIFRL-5 (R)

IFRL-6qPCR_5

AGAGGACAAACTTCTCAAGGATATTGAATC

MdIFRL-6 (F)

IFR-6qPCR_3

TTTCTGAGATATTTAGCAAACATCATAGCGA

MdIFRL-6 (R)

IFR-7qPCR_5

ATGGCGTTGATAATTTTGAACTGTTGAAG

MdIFRL-7 (F)

IFR-7qPCR_3

ATGGCGTTGATAATTTTGAACTGTTGAAG

MdIFRL-7 (R)
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IFR-8qPCR_5

CGTATGTTCTCGTCCGGCCCG

MdIFRL-7 (F)

IFR-8qPCR_3

AAACCTCTTAACTGTACCAACTGCCGC

MdIFRL-7 (R)

ENRL-3qPCR_5

ATCGTACCGTGGGCTACTAAATGCA

MdENRL-3 (F)

ENRL-3qPCR_3

GGTTCGATTTATAGACAAGTACTAACAAGCGT

MdENRL-3 (R)

PENRL3qPCR_5

GAAGTTTTGGACTTTCTGCGAAAGGGT

PcENRL-3 (F)

PENRL-3qPCR_3

CAGTTGTTGCCATATCCGATAATTGC

PcENRL-3 (R)

Table 2-4 Reverse transcription quantative PCR primers for apple biosynthetic genes.

Gene

Gene

Primer sequence

MdPAL¥

CGAGGAGTGTGACAAGGTGTTCCA (F)

Identifier
ES790093

AGGAATGCAGCATGTAAACCGTGAC (R)
EB135197

MdC4H¥

EB122629

¥

GGACGTTTAGTCCAGAACTTCGAGCT (F)
ACTTCATCACAATGGTGGAATGCTTC (R)

Md4CL

CATAAACAGTGTCCCCAAGTCAGCAT (F)
AGTGTTCCTACAAGCCTTCCCGATAA (R)

AAY45748

MdCHS-1

GGAGACAACTGGAGAAGGACTGGAA (F)
CGACATTGATACTGGTGTCTTCA (R)

JX102655*

MdCHS-2

CAGCGTTGATTTATCTATCTGCTTCTGC (F)
TGCACCAAGTTAACCCCATGACG (R)

ACJ54531

MdCHS-3

AGGAGGAAGTCAGCTGAGAAAGGACTGGAG (F)
GCAGATAAATAAATCGACATTGATACTGG (R)

CN908343

MdCHI

CGTTTCCACCGTCCGCCAAA (F)
TCTTACCCTTCCACTTAACGGCGA (R)

AY830131

MdLAR-1

¥

MdLAR-2

¥

TTGCAGTGGAAGGGCCTCATG (F)
TGATCCTCCTCCTCTTGCAGTAGCT (R)

AY830132

GATGTCAGGTGAATTTTGCAGTGGA (F)
TGGAGACGTTCTCCTCATGCACT (R)

EB125405

MdANR-1¥

TCGCTGGCTTATGATCCTCCTGTT (F)
CCGTTTGCCAAACTCAGCAAATTA (R)

AAX12184

MdANR-2

GCAGAACTAGAAAAACCAAGTCTCACTAT (F)
AAAGCATCGTAATTTGCTGAGTTTGGC (R)

EB137300

MdFLS

¥

TCAGATGGAGATAATGAGCAATGGAAA (F)
ATTAACGGGGTTCACAAGCTGTGG (R)

¥

= Primers kindly donated by Dr Rebecca Henry. * = indicates that this accession will not be publicly

available in Genbank until November 2012.
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Table 2-5 Reverse transcription quantative PCR primers for pear biosynthetic genes

Genbank No.

Gene

Primer sequence

DQ230992

PcPAL

CGAGGAGTGTGACAGGGTGTTCCA (F)
GAACGGCGCACCTCTTCCTATC (R)

AY786998

PcCHS-2

CGACAAGGCAAGTGCTGTCAGATT (F)
CCCATTCCAGTCCTTCTCCAGTTG (R)

EF446163

PcCHI

AGATCAAAACTTCCCACCGGGA (F)
CAGCTTCAGGCACGGATGCA (R)

DQ251190

PcLAR-1

TTGCGGTGGAAGGGCCTCGTGA (F)
CCGTTTGCCAAACTCAGCAAATTA (R)†

DQ251191

PcLAR-2

GATGTCAGGTGAATTTTGCAGTGGA (F)†
GAGCTAGTGCAGGAGGAGAAGGATCAG (R)

DQ251189

Pc-ANR-1

GCTGGTCAAGCTGCTGCTCCA (F)
CCGGGTCCTGTGAGGCAAAGTT (R)

DQ230993

PcFLS

TCAGATGGAGATAATGAGCAATGGAAA (F)†
ATTAACGGGGTTCACAAGCTGTGG (R)†

AF386514

PcActin

TGAGACATTCAACACCCCGGCTAT (F)
GATGGCATGTGGGAGGGCATA (R)

† = Indicates corresponding apple primer was used. Primer pairs for PcCHS-2, PcCHI and PcActin
were kindly donated by Kui Lin Wang.

Table 2-6 Other primers used

Primer

Primer sequence

Description

RAJ-319

CGTTGTAAAACGACGGCCAGTC

Colony PCR of pDONR221

RAJ-320

TGCCAGGAAACAGCTATGACCAT

Colony PCR of pDONR221

Sp6

GATTTAGGTGACACTATAG

5’ Vector primer pGem-T easy

T7

TAATACGACTCACTATAGGG

3’ Vector primer pGem-T easy

pSAK778_5

CCCACTATCCTTCGCAAGACC

5’ vector primer pSAK778

pSAK778_3

CGATCATAGGCGTCTCGCATAT

3’ vector primer pSAK778

pSAKSEQ_5

CCCACTATCCTTCGCAAGACC

5’ vector primer pGreen 0029-62-SK(+)

KL105

TCGCTCATGTGTTGAGCATATAA

3’ vector primer pGreen 0029-62-SK(+)

name
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2.3 Plasmid vectors
Table 2-7 Cloning and plant transformation vectors

Vector

Description

Antibiotic

Reference

marker
pGem-T Easy

TA cloning vector

pGreen II-0029- Agrobacterium
62-SK(+)

vector

pSAK778

Agrobacterium

Ampicillin

Promega (USA)

binary Kanamycin

(Hellens et al., 2005)

binary Spectinomycin

(Drummond et al., 2009)

vector
pTKO2

Hairpin RNAi vector

Spectinomycin

(Snowden et al., 2005)

pDONR221

Gateway entry vector

Kanamycin

Invitrogen (USA)

2.4 Microbial growth media and antibiotics
Luria-Bertani (LB) media: 1.5% bactotryptone (w/v), 0.5% yeast extract (w/v), 1% NaCl (w/v),
pH 7.0
LB plates: LB media with 1.5% bacto agar (w/v).
Table 2-8 Antibiotic selection

Antibiotic

Stock solution

Working solution

Ampicillin

100 mg/mL

100 µg/mL

Kanamycin

50 mg/mL

50 µg/mL

Spectinomycin

100 mg/mL

100 µg/mL

Rifampicin

25 mg/mL

25 µg/mL

Gentamycin

50 mg/mL

50µg/mL

2.5 Chemicals and solutions
Infiltration Buffer: 10 mM MgCl2 10 µM Acetosyringone
CTAB RNA extraction buffer: 2% hexadecyltrimethylammonium bromide (CTAB) (w/v), 2%
polyvinylpyrrolidinone (PVP) (w/v), 100 mM TRIS-HCl (pH 8.0), 25 mM EDTA, 2.0 M NaCl,
0.5 g/L spermidine, 2% β-mercaptoethanol (v/v).
SSTE Buffer (RNA): 1 M NaCl, 10mM TRIS-HCl, 1 mM EDTA, 0.5% SDS pH 8.0
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Tobacco protein extraction buffer: 10% glycerol (v/v), 0.25% PVP-25 (soluble), 1% PVPP
(w/v), 5 mM DTT, 1x complete protease inhibitor tablet solution (Roche), 100 mM Bis-Tris
Propane pH 7.5
Apple protein extraction buffer: 0.2 M 3-(N-Morpholino) propanesulfonic acid (MOPS), pH
7.0, 1x complete protease inhibitor tablet solution (Roche Germany), 1% Triton X100 (v/v), 5%
PVPP (w/v), 2 mM DTT added just before use.
Equilibration buffer: (Nicotiana benthamiana) 10% glycerol (v/v), 5 mM DTT, 100 mM BisTris Propane pH 7.5
2.5.1 Chemicals used
Table 2-9 Chemical suppliers

Chemical

Supplier

Catalogue number

phloridzin

Extrasynthese (France)

1046

phloretin

Extrasynthese (France)

1044

phloretic acid

Extrasynthese (France)

6104

p-coumaric acid

Extrasynthese (France)

6031

malonyl Coenzyme A

Sigma-Aldrich

M4263

NADPH

Sigma-Aldrich

N7505

(+/-) naringenin

Sigma-Aldrich

N5893

p-coniferyl aldehyde

Sigma-Aldrich

832051

4-hydroxynonenal

Cayman Chemicals (USA)

32100

cyanidin chloride

Sigma-Aldrich

79457

2.5.2 Biosynthesis and purification of p-coumaroyl CoA
A full length cDNA clone of the Arabidopsis 4-coumarate ligase gene (4CL, At1g51680) was
amplified by PCR and cloned into pGreen-0029-62-SK (+) using restriction enzymes. The 4CL
construct was then infiltrated into Nicotiana tabaccum leaves according to section 2.8.4. After
5 days growth in the greenhouse, leaf proteins were extracted using the protocol described in
section 2.10.1. Esterification reactions were carried out in a final volume of 250 µL of 100 mM
Bis-Tris propane buffer (pH 7.5) containing 10 mM MgCl2, 2.5 mM ATP with 0.2 mM
Coenzyme A and 20 mM p-coumaric acid for 2h at 30⁰C. To purify the thisoester a C18 SPE
cartridge (Supelco USA) was pre-conditioned with 3-column volumes (3 mL) of 100%
methanol, then 3-column volumes of 50% MeOH in 100 mM Bis-Tris propane buffer (pH 7.5)
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followed by 3-column volumes of 100 mM Bis-Tris propane buffer (pH 7.5). The reaction mix
containing p-coumaroyl CoA was loaded onto the cartridge by applying a vacuum followed by
adding two 3 mL volumes of water. The CoA thioester was eluted from the column by adding
two 3 mL aliquots of 50% methanol, collected into 15 mL tubes and vacuum evaporated on a
Savant Sc100 Speed Vac attached to a refrigerated cold trap (Savant NY USA) until the final
volume was approximately 100 µL.
2.6 Manipulation of DNA
Enzymes used for DNA manipulation listed as below:
DNA Platinum Taq (Invitrogen), Prime STAR HS polymerase (Takara, Japan), iProof™ High
Fidelity DNA polymerase (BioRad) or Pwo DNA polymerase (Roche, Germany).
DNA Ligation: Rapid DNA ligation kit (Roche, Germany) or pGEM-T easy kit (Promega USA)
Restriction enzymes: New England Biolabs
DNA dephosphorylation: Shrimp Alkaline Phosphatase (Roche, Germany)
DNA Phosphorylation: Polynucleotide Kinase (Roche, Germany)
Hairpin contructs made using Multi-Site Gateway™ Three Fragment Vector Construction kit
kit (Invitrogen, USA)
DNase Treatment: Turbo DNase Kit (Applied Biosystems, USA)
Reverse Transcription: Transcriptor Reverse Transcriptase (Roche, Germany)
SYBR Green master mix for reverse transcription quantative PCR: LightCycler® FastStart
DNA Master SYBR Green I (Roche, Germany)
2.6.1 Cloning strategies
Full length cDNA clones in pBluescript SK(-) were obtained from the Plant & Food Apple EST
database and digested with restriction enzymes flanking the insert DNA according to the
manufacturer’s recommendations. Digested DNA was separated on a 1% agarose gel and the
appropriate sized band was excised and purified using the ZymoClean Gel DNA recovery kit
(Zymo Research CA USA).

Plant transformation vectors were digested with the same

restriction enzymes and purified using the Zymogen Clean and Concentrate kit.

DNA

fragments were ligated into cut vector at 14oC for 16 h using the Rapid DNA Ligation kit
(Roche, Germany) in a 3:1 ratio of insert DNA to cut vector. A 3 µL aliquot of ligation mix
was transformed into DH5α subcloning efficiency cells as outlined in section 2.7.1. Bacterial
colonies were screened by colony PCR as described in section 2.6.4 or restriction enzyme
digestion.
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Table 2-10 Summary of candidate gene cloning sites and destination vectors

EST number
145303

Cloning sites
SpeI-XhoI

Destination vector
pSAK778

Candidate gene
MdARL-1

140518

SpeI-XhoI

pGreen-0029-62-SK(+)

MdARL-2

175782

SpeI-XhoI

pSAK778

MdARL-3

181061

XmaI-KpnI

pGreen-0029-62-SK(+)

MdARL-4

186534

EcoRI-XhoI

pSAK778

MdARL-5

262998

SpeI -XhoI

pSAK778

MdARL-6

36064

EcoRI-KpnI

pSAK778

MdARL-7

216184

KpnI-PstI

pGreen-0029-62-SK(+)

MdIFRL-1

241415

HindIII+PstI

pGreen-0029-62-SK(+)

MdIFRL-2

56736

EcoRI-XhoI

pGreen-0029-62-SK (+)

MdIFRL-4

139691

SpeI-NotI

pSAK778

MdIFRL-5

148800

EcoRI-KpnI

pGreen-0029-62-SK(+)

MdIFRL-6

183670

SpeI-NotI

pSAK778

MdIFRL-7

120748

SpeI-XhoI

pGreen-0029-62-SK(+)

MdIFRL-8

218441

EcoRI-XhoI

pSAK778

MdENRL-1

143916

KpnI-PstI

pGreen-0029-62-SK(+)

MdENRL-2

148595

SmaI-KpnI

pGreen-0029-62-SK(+)

MdENRL-3

67623

EcoRI-XhoI

pGreen-0029-62-SK(+)

MdENRL-4

118168

EcoRI-KpnI

pGreen-0029-62-SK(+)

MdENRL-5

315951

EcoRI-XhoI

pGreen-0029-62-SK(+)

MdENRL-6

117383

EcoRI-XhoI

pSAK778

MdANR-1

262813

EcoRI-XhoI

pGreen-0029-62-SK(+)

MdANR-2

261694

BamHI-KpnI

pGreen-0029-62-SK(+)

MdCHI

2.6.2 Designing and cloning hairpin silencing constructs
Gene specific primers were designed by using the sequence alignment program Align X (Lu
and Moriyama, 2004) with the Tm of the annealing portion approximately 60oC and the primers
positioned 200-500bp apart. The default Align X settings were used for multiple alignments
(gap opening penalty 15, gap extension penalty 6.66 and gap separation penalty 8). The
Gateway™ attB1 forward and attB2 reverse adapter sequences were added to the 5’ ends of
each primer sequence to facilitate recombination with the pDONR221 and pTKO2 vectors.
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PCR fragments were generated using the proof reading polymerase ExTAQ (Takara Japan)
before gel purification and quantification using the Qubit 2.0 fluorometer (Invitrogen USA).
The BP reaction was carried at 25oC for 3 h with 30 fmoles of PCR product, 30 fmoles of
pDONR221 and 1 µL of BP Clonase (Invitrogen USA). The reaction mix was Proteinase K
treated and transformed into DH5α according to section 2.7.1.

After selection on LB +

kanamycin plates bacterial colonies were screened by colony PCR, using primers RAJ-319 and
RAJ-320. Positive colonies were grown overnight in LB media at 37oC before plasmid DNA
isolation using the PureLink™ Quick plasmid miniprep kit (Invitrogen USA). The LR reaction
was performed overnight at 25oC using 50 fmoles of pENTRY clone, 50 fmoles of pTKO2 and
1 µL of LR clonase (Invitrogen USA) in a final volume of 5 µL. The LR reaction mix was
transformed into DH5α and plated on LB + spectinomycin plates and grown for 16 h at 37oC.
Positive colonies were selected by restriction enzyme digestion of miniprep plasmid DNA using
restriction enzymes that cut once within the expected PCR product.
2.6.3 General PCR
General PCR was performed using Platinum Taq (Invitrogen USA) in a reaction volume of 25
µL or 50 µL depending on the amount of PCR product required. Reactions contained 1x
reaction buffer, MgCl2 (1.5-2 mM) and 1.25 mM dNTPs. Cycling conditions were as follows;
Initial denaturation: 94oC 2 min, denaturation: 94oC 1min, annealing: 55oC 1 min, elongation
72oC 1 min /kb, final elongation: 72oC 5-7 min.
When high fidelity PCR amplification was required Pwo DNA Polymerase (Roche Germany)
or iProof™ High Fidelity DNA Polymerase (Biorad USA) were used in place of Platinum Taq.
2.6.4 Bacterial Colony PCR
After overnight growth on LB + antibiotic plates at 37oC, a sterile pipette tip was used to
remove single bacterial colonies which were then streaked onto a new LB + antibiotic plate.
The tip used to transfer colonies was then used to inoculate a PCR tube containing the PCR
master mix and vectors primers flanking the multiple cloning site. Cycling conditions were as
follows; Initial denaturation: 94oC 5 min, denaturation: 94oC 30 s, annealing: 57oC 30 s,
elongation: 72oC 30 s.
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2.7 Bacterial transformation
2.7.1 Transformation of Escherichia coli DH5α
A 50 µL aliquot of commercially available DH5α subcloning efficiency cells (Invitrogen USA)
was thawed on ice before adding 1 uL (for plasmid DNA) or 5 µL of ligation mix. The
transformation mix was incubated on ice for 20 min before heat-shock treatment for 40 s at
42oC. Cells were recovered on ice for 2 min before adding 0.5 mL of LB media to each tube
and incubated for 90 min at 37oC with shaking at 250 rpm. For ligation transformations cells
were spun down in a microfuge at 5,900 rpm for 20 s and resuspended in 100 µL of LB media
before spreading onto LB agar plates containing the appropriate antibiotic. Agar plates were
incubated at 37oC for 18-20 h.
2.7.2 Transformation of Agrobacterium GV3101(MP90)
Electrocompetent GV3101(MP90) cells (50 µL aliquots) were thawed and 1 µL of plasmid
DNA was added (30-200 ng) before mixing and adding to a pre-chilled 0.2 cm electroporation
cuvette (Bio-Rad Laboratories USA). Electroporation was carried out using a Gene Pulser
(Bio-Rad Laboratories USA) at a voltage of 2.5 kV, capacitance 25 µFd, and resistance set to
400 Ohms. Pulsed cells were immediately recovered with 0.5 mL LB media and incubated on a
shaking incubator (70 rpm) at 28oC for 2-3 h. Aliquots of 100 µL were spread onto LB plates
with containing the appropriate antibiotics and incubated at 28oC for 48 h.
2.8 Plant Manipulation
2.8.1 Glasshouse growth conditions
Arabidopsis, tobacco and apple plants were grown in the greenhouse using seed raising mix
under standard growth conditions under long days of 16 h and 8 h dark. Plants were maintained
with the assistance of Julie Nicholls, G. Wadasinghe and Monica Dragulescu (Plant & Food
Research, Auckland). Light levels in the greenhouse varied according to external conditions
but were typically in the range of 150-300 µEinsteins/m/s on an overcast day.
2.8.2 Apple transformation and grafting onto M9 rootstocks
Apple transformation was carried out by Sumathi Tomes (Plant & Food Research, Auckland)
using Agrobacterium- mediated gene infection of leaf pieces according to a previously
described protocol (Yao et al., 1995).

Following growth in tissue culture, scions of
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approximately 3 cm in length were grafted onto M9 rootstocks as follows. ‘Malling 9’ (M9)
root stocks were pruned back to 10 cm before making two small cuts in the bark to allow the
bark to be peeled back, scions were stripped of leaves, placed under the bark and secured in
place by masking tape. Grafted scions were grown in shade for 10 to 14 days until the graft
wound had healed and new leaves were being formed.
2.8.3 Arabidopsis transformation
Arabidopsis transparent testa 4 (tt4) and transparent testa 5 (tt5) mutants in a Lansberg erecta
(Ler) background were obtained from the Nottingham Arabidopsis Seed Centre (Nottingham
UK). Seeds were sown on seed raising mix and placed at 4oC for two days to synchronise
germination. Plants were grown in the glasshouse under long day conditions for 6 weeks or
until floral buds had formed.

Agrobacterium GV3101(MP90) cells containing the plant

transformation vector (PTV) of interest were inoculated into 10 mL of LB containing
gentamycin, rifampicin and either kanamycin or spectinomycin for PTV selection. Cells were
grown overnight at 28oC with shaking before being added to 200 mL of LB containing the same
antibiotic selection. Cultures were grown at 28oC overnight with shaking until OD600 reached
0.8-1.0. Cells were then pelleted by centrifugation at 6120 x g for 10 min at 4oC and gently
resuspended in 5% sucrose solution (w/v) and 0.0025% Silwet L-77 (OSi Specialities USA).
Pots containing 30-50 Arabidopsis plants were inverted and dipped in the Agrobacterium
solution for 20 s. Dipped plants were then placed in a misting chamber for 3 days before being
returned to normal growth conditions. Plants were grown until siliques developed and then
dried. Dry seed was harvested from the siliques and sterilised by washing in 4% Sodium
hypochlorite + 0.01% Triton X-100 for 10 min, followed by three washes in sterile water.
Seeds were stratified at 4oC for 48 h then sown on half- strength Murashige and Skoog Basal
Medium with 0.01% Plant Preservative Medium and 50 mg/mL kanamycin. Transformed
Arabidopsis plants were selected by growing for 14 days in a growth room at 25oC under
continuous light conditions. Seedlings were then placed in a misting unit for 4 days before
planting in seed raising mix and growing under greenhouse conditions.

2.8.4 Transient transformation of tobacco leaves
Transgenic 35S:AtMYB75 Nicotiana tabacum seeds were kindly donated by Associate
Professor Andy Allan (Plant & Food Research, Auckland) and grown on seed raising mix under
long day conditions (16 h) until plants reach a height of around 10 cm.
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GV3101(MP90) containing the gene of interest were streaked from a glycerol stock onto LB
plates containing rifampicin, gentamycin and the appropriate antibiotic for the plasmid vector
(kanamycin or spectinomycin). Agrobacterium containing the P19 viral suppressor of silencing
were also cultured for assays requiring transient expression for three days or more (Voinnet et
al., 2003) After 48 h growth at 28oC bacteria were re-plated to give dense coverage over one
quarter of an agar plate and grown a further 12 h. A 10 µL loop of Agrobacterium was then
scraped from the plates and re-suspended in sufficient infiltration buffer (10 mM MgCl2,, 0.5
µM acetosyringone) to give an OD600 reading of 1-1.5 then incubated at room temp for 3 h.
Agrobacterium containing the candidate genes of interest were mixed in a 1:1 ratio with cells
containing P19 and infiltrated into fully expanded leaves on one side of the midrib with a 1 mL
syringe according to the protocol of Voinnet at al. (2003). Infiltrated areas were approximately
2-3 cm2 in size. Bacteria containing P19 were infiltrated on the opposite side of the midrib to
give a control patch on each leaf. After a further 7 days growth under glasshouse conditions,
infiltrated areas were cut out, weighed and snap frozen in liquid nitrogen. Extraction of
polyphenols was carried out according to the procedure outlined in section 2.11.
2.8.5 4-hydroxynonenal (HNE) induced leaf necrosis assay
Transient infiltration of Nicotiana benthamiana leaves was carried out according to the protocol
described in 2.8.4. Plants were then grown for a further six days under greenhouse conditions.
A 2 cm2 infiltrated area of the leaf was removed and placed in a petri dish with the leaf adaxial
surface facing up and the cut edges held in place by strips of damp cotton wool to prevent
drying out. A 22 gauge syringe needle was used to puncture each leaf square four times at least
5 mm apart and a 20 µL drop of 10 mM HNE was added to each puncture hole. Leaf sections
were kept at 25oC under continous light at 450 µE/m/s for two days before the bleached areas
were assessed by photographic image analysis using Image J software (Abramoff et al., 2004).
2.9 Manipulation of RNA
2.9.1 Isolation of RNA from plant tissues
The method used to extract RNA varied according to the phenolic content of the tissue being
used. For Arabidopsis and tobacco which have relatively low levels of phenolics, TRIZOL®
reagent (Invitrogen USA) was used according to the manufacturer’s instructions. For apple and
pear leaves the RNeasy Plant Mini Kit (Qiagen Germany) was used according to the
manufacturer’s protocol. Due to the high levels of polyphenols and polysaccharides present in
apple skin an RNA extraction protocol based on the method by Chang et al (1993) was used.
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Fruit tissue (5-10 g) was ground in liquid nitrogen using a mortar and pestle and added to 15
mL of RNA Extraction Buffer containing 2% β-mercaptoethanol (v/v) preheated to 65oC.
Samples were vortexed for 15 s and an equal volume of chloroform:isoamyl alcohol (24:1) was
added. The homogenate was thoroughly mixed then centrifuged at 4000 rpm for 15 min before
removing the aqueous layer and transferring to a new 15 mL tube. This chloroform extraction
was repeated twice more and the final aqueous phase was removed and the RNA precipated by
adding a 25% volume of 12 M LiCl and incubating overnight at 4oC. The sample was then
centrifuged at 10,000 rpm for 10 min at 4oC to pellet the RNA. The resulting supernatant was
removed and the pellet was dissolved in 750 µL of SSTE buffer (see section 2.5) and
transferred to a microcentrifuge tube. An equal volume of chloroform:isoamyl alcohol (24:1)
was added before centrifugation at 13,000 rpm for 15 min at 4oC. The aqueous layer was then
removed and a final RNA precipitation was carried out by adding two volumes of 100% ethanol
and incubating at -80oC for 2 h. The sample was centrifuged at 4oC for 15 min at 13,000 rpm
to pellet the RNA before removing the supernatant and drying the pellet at room temperature
for 1 h. RNA was resuspended by adding 50 µL of RNAse-free water obtained from a
Nanopure water purification system (Barnsted, USA). RNA quality and quantity was assessed
using agarose gel electrophoresis and a Nanodrop® ND-1000 UV-Vis spectrophotometer
(Nanodrop Technologies USA).
2.9.2 Synthesis of cDNA
Genomic DNA was removed from RNA samples by treating with DNase (Turbo DNase Kit
Applied Biosystems, USA) in accordance with the manufacturer’s instructions.

RNA

concentration was then determined by Nanodrop® ND-1000 spectroscopy to ensure that each
cDNA reaction contained uniform 1 µg amounts of template RNA. First strand synthesis of
cDNA was carried out with the Transcriptor First Strand cDNA Synthesis Kit (Roche
Germany) using oligo (dT) primers according to the protocol recommended by the
manufacturer.
2.9.3 Reverse transcription quantative PCR analysis
Reverse transcriptase quantative PCR (RT-qPCR) was carried out on cDNA samples isolated
from apple, pear and tobacco tissues to measure the relative transcript levels of native genes.
Target gene sequences were identified by reference to EST sequences from the Plant & Food
Apple EST database or the NCBI database. To identify regions of gene specific sequence on a
target gene, BLAST searches and sequence alignments (AlignX, Invitrogen USA) (Lu and
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Moriyama, 2004) were carried out. The default multiple alignment settings for AlignX were
used as described in section 2.6.2. Primers were designed using Vector NTI version 11.0
(Invitrogen USA) using criteria that included; an amplicon length of 100-300 bp, a Tm of 5961oC and minimal secondary structure or primer dimer formation. All RT-qPCR reactions were
carried out using the LightCycler 1.5 (Roche Germany) using the reagents provided in the
Lightcycler® FastStart DNA MasterPLUS SYBR Green I kit. Reactions used 2 µL of 5x Master
Mix, 0.5 µM of each primer and 1 µL of a cDNA diluted 1:10 with nuclease- free water. A
water only (no template) control was included in each run and reactions were performed in
triplicate.

Melt curve analysis was performed following amplification with continual

fluorescence acquisition during the 65-95oC melt. The PCR efficiency for each primer set was
checked using a standard curve created by serial 10-fold dilutions of the cDNA template. The
resulting primer efficiencies ranged from 91-97%. Actin was chosen as a reference gene based
on previous investigations that showed that actin was stable (Cp < 2) across a range of tissue
types and developmental stages in apple (Espley et al., 2007) and pear (Li et al., 2012).

Lightcycler version 4 software was used to analyse the raw data by performing absolute and
relative quantification on the samples. For measuring the transcript levels of endogenous
biosynthetic genes in apple or pear Cp (crossing point) values were normalised to the Cp of the
relevant reference genes, either MdACTIN (Genbank accession CN938023) or PcActin
(Genbank accession AF386514). This is also referred to as ΔCp method. For measuring
transcript suppression by gene silencing, the wild type ‘Royal Gala’ sample acted as a calibrator
and the ΔCp value was set to a nominal value of 1. The expression levels of candidate genes in
the silenced lines was expressed as a relative to this value of 1 (ΔΔCp method).

2.10 Extraction of proteins from tobacco or apple leaves
2.10.1 Extraction of proteins transiently expressed in Nicotiana benthamiana
Agrobacterium GV3101(MP90) containing the gene of interest cloned into the appropriate plant
transformation vector, were grown on LB agar plates and infiltrated into Nicotiana
benthamiana as described section 2.8.4. The P19 viral suppressor of silencing (refer to Chapter
5 section 5.2) was included in a 1:1 ratio with the gene of interest and three whole leaves were
infiltrated with 300-400 µL of resuspended Agrobacterium cells (Voinnet et al., 2003). The
plants were grown for a further 7 days under greenhouse conditions and infiltrated leaves were
harvested, weighed and snap frozen in liquid nitrogen. Crude protein extracts were made by
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grinding 1.5-2 g of leaf tissue in liquid nitrogen before adding to a pre-chilled mortar and pestle
containing two volumes (w/v) of Nicotiana benthamiana protein extraction buffer. Samples
were further homogenised in extraction buffer until a liquid slurry was created. The samples
were then centrifuged for 10 min at 10,000 rpm at 4oC to pellet cell debris. The supernatant
was de-salted using a PD-10 column (GE Healthcare UK) pre-equilibrated with equilibration
buffer (section 2.5), according to the manufacturer’s instructions.

In some instances, the

protein solution was then further purified and concentrated by centrifuging through a Vivaspin
2 column (GE Healthcare UK) with a molecular weight cut-off of 10 kilodaltons at 4oC at 4000
rpm for 1 h. Protein concentration was measured using the Qubit® fluorometer (Invitrogen
USA).
2.10.2 Extraction of proteins from ‘Royal Gala’ leaves
Crude protein extracts were made from young expanding leaves of ‘Royal Gala’ by grinding 12 g of leaf tissue in liquid nitrogen as described in section 2.10.1. Samples were homogenised
in apple protein extraction buffer (described in section 2.5) until a liquid slurry was created.
The homogenate was then processed as described in section 2.10.1.
2.11 Extraction and identification of polyphenols by High Performance Liquid
Chromatography Diode Array Detector analysis (HPLC-DAD)
Fresh tissue of up to 1 g was harvested, weighed and snap frozen in liquid nitrogen before
freeze drying overnight. Tissue was then ground to a fine powder in liquid nitrogen and
extracted in the dark for 2 h at room temperature with a 5x volume of 100% methanol and 0.1%
HCl. Samples were centrifuged at 13,000 rpm for 5 min and 1 mL aliquots were dried down in
a Savant Sc100 Speed Vac attached to a refrigerated cold trap (Savant NY USA). Dried down
pellets were resuspended in 500 µL of 20% methanol before syringe filtration with a 0.45 µM
cellulose membrane filters (Phenomenex CA, USA) to remove undissolved cellular debris. For
the extraction of polyphenols from tt5 Arabidopsis seeds, 40 mg of dried seeds were ground
using a steel rod, and then extracted in 500 µL of 100% methanol containing + 0.1% HCl and
processed as for fresh tissue. For seed extraction, the filtered 20% methanol extracts were dried
to completion a second time and resuspended in a final volume of 120 µL 20% methanol for
HPLC analysis. HPLC-DAD was performed using a Dionex Ultimate 3000 system (Sunnyvale
CA USA) equipped with a diode array detector (DAD). A 5 µL aliquot was injected ointo a
Dionex C18 Acclaim Polar Advantage II column (150 x 2.1 mm, 3 µm particle size Sunnyvale
CA USA). The solvents used were water with 0.1% formic acid (solvent A) and acetonitrile
with 0.1% formic acid (solvent B). The flow rate was set to 0.35 mL/min and the column
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temperature was 35oC. The 42 min gradient was as follows; 0–5 min, 0–8% B; 5–10 min, 8–
15% B; 10–20 min, 15–20% B; 20–27 min, 20% B linear; 27–34 min, 20–100% B; 34–36 min,
100% B linear; 36–42 min, 0% B, re-equilibration time. Phenolic compounds were identified
by comparing their retention times and spectral data with known standards and were quantified
using a five-point calibration curve. Monitoring was set at 280 nm for quantification.

2.12 Liquid Chromatography Mass Spectrometry (LC-MS) analysis
2.12.1 LC-MS of tt5 Arabidopsis seeds
A solid phase extraction (SPE) of methanol extracts from Arabidopsis seeds (tt5 and wild type
Ler) was performed by diluting the extracts with water to 5% methanol (v/v) and applying them
to preconditioned 300 mg large pore C-18 SPE cartridges (Alltech Associates, Grace, IL, USA).
Each loaded cartridge was then washed in turn with 4ml of 5%, 20%, 60% aqueous methanol
(v/v) and finally 100% methanol. The three latter eluted fractions were each evaporated to one
ml under an oxygen free nitrogen stream and diluted to an appropriate volume with 5% aqueous
acetonitrile containing 0.1% formic acid.

Capillary LC-MSMS was performed on 10 µl aliquots of these diluted seed extract fractions
using a ThermoFinnigan LTQ-FTICR hybrid mass spectrometer operating in positive
electrospray mode. The aliquots were injected onto a 2mm x 150mm Phenomenex Luna PFP
chromatographic column containing a Security guard cartridge of the same adsorbent housed in
a column oven of a Thermo Surveyor autosampler set at 45 °C. The column was developed
with a linear gradient of 5%-95% acetonitrile (v/v) in water containing 0.1% formic acid over a
35 min period at 100 µl/min for a total run time of 60 min. The column eluant entered the
FTMS instrument via an IonMax™ source with the capillary temperature set at 275 °C, a
nitrogen sheath gas flow of 12 units, auxiliary gas flow of 5 units and sweep gas flow of 1 unit.
The source voltage was 3.8 kV, capillary voltage 13V and tube lens voltage 100V. A triple top
3 tandem mass experiment was performed in parallel where a full scan in the ICR cell (accurate
mass to < 2 ppm) was followed coincidently by MS2 in the ion trap on the top three ions and
then MS3 performed on the top three daughter ions from each MS2 scan. Dynamic exclusion
was exercised with one repeat. The run started after a two minute delay during which the
solvent was diverted to waste. Full scan FT data were collected at a resolution of 100,000 @
m/z 400 over the range m/z 100-800 and with an externally calibrated mass accuracy of < 2
ppm. An isolation width of 2 amu and normalised collision energy of 35 was used for both
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MS2 and MS3 scans and all charge states other than 1 were rejected. MSn data was collected
from an average of 2 microscans and the maximum ion times were 150 ms for FT and 100 ms
for ion trap MSn scans.
2.12.2 LC-MS analysis of infiltrated 35S:AtMYB75 Nicotiana tabacum leaves
LC-MS experiments were carried out on a 5500 QTrap triple quadrupole/linear ion trap
(QqLIT) mass spectrometer equipped with a TurboIon-SprayTM interface (AB Sciex, Concord,
ON, Canada) coupled to an Ultimate 3000 UHPLC (Dionex, Sunnyvale, CA, USA).
Compound separation was achieved on a Gemini C18 2x 150mm ID 3 micron column
(Phenomenex, Torrance, CA, USA) maintained at 35 ºC. Injection volume was 1 µL. Solvents
were (A) water + 0.1% formic acid and (B) acetonitrile + 0.1% formic acid and the flow rate
was 200 μL/min. The initial mobile phase, 95% A was ramped linearly to 97% B at 7 min and
held for 2 min before resetting to the original conditions. MS data for phloridzin was acquired
in the negative mode using a multiple reaction monitoring (MRM) method and monitoring the
following transitions: 435→273, 435→179, 435→123, 435→167. The turbo spray voltage,
temperature, gas one, gas two and curtain gas pressures were set at -4500 V, 700º C, 20 psi, 20
psi and 20 psi, respectively.
2.13 Bioinformatics
2.13.1 DNA sequence analysis
EST sequences from the Plant & Food Research EST database were identified using the Basic
Local Alignment Search Tool program (BLAST) (Altschul et al., 1990) and sequenced products
were analysed using Vector NTI version 11 (Invitrogen USA). DNA sequences contigs were
created using ContigExpress (Invitrogen USA). Sequence alignments were compiled using
Clustal W (Thompson et al., 1994) and visualised using AlignX (Invitrogen USA).

2.13.2 Phylogenetic analysis
Full length EST sequences were edited for vector, primer and low quality sequence regions and
added to a Vector NTI version 9.0 database. ESTs were aligned using Clustal W and visualised
using AlignX with the default parameters. The resulting multiple alignment file was then
exported in MSF format. The MEGA4 sequence analysis program (Tamura et al., 2007) was
used to convert MSF files to the MEGA4 format multiple sequence analysis program and
minimum evolution phylogenetic trees were constructed using the default settings.
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3 Phylogenetic analysis of candidate genes
3.1 Overview
This chapter describes the identification of three classes of carbon double bond reductase-like
genes from an apple expressed sequence tag (EST) collection (Newcomb et al., 2006). These
genes were selected based on similarities between their known substrates and one of the three
proposed phloridzin pathway precursors (p-coumaric acid, p-coumaroyl CoA and naringenin
chalcone). Homology-based searches and phylogenetic studies were then used to identify and
analyse candidate genes from the apple EST database. In addition to these expressed genes, the
number of genomic copies of each candidate gene class was also determined. This was to
assess if additional candidate gene homologs were present in the apple genome that were not
represented in the EST collection.

3.2 The candidate gene strategy
There are a number of methods available to identify the candidate gene or protein that is
responsible for producing a particular metabolite in plants. The method selected depends
largely on how much is known about the metabolite’s location within the plant, its taxonomic
distribution, the biochemical pathway from which it originates and the genetic background in
which it occurs. One approach to the isolation of candidate genes is by forward genetics where
plants are mutagenised then screened in subsequent generations for phenotypic changes. This
has been widely used in model species like Arabidopsis, which has fast generation times, a
small genome size and an ability to inbreed. Apple however, is a highly heterozygous, self
incompatible species which reproduces only after a long juvenile phase. Traditional map-based
cloning that exploits the co-segregation of genetic markers in a population with a phenotypic
trait of interest has been used previously with some success in apple. For example, the Vf gene
and a number of gene paralogues that confer resistance to the apple scab pathogen Venturia
inaequalis, have been identified in apple (Belfanti et al., 2004). Map-based strategies have also
been used to identify the loci responsible for dwarfing (Dw1) in the ‘Malling 9’ rootstock
(Pilcher et al., 2008) and the columnar growth phenotype (Co) found in certain apple varieties
(Tian et al., 2005).

However, there are no known apple populations that segregate for

phloridzin levels in the fruit skin or flesh, which limits the usefulness of a map-based cloning
approach.
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One strategy to identify the carbon double bond reductase (CDBR) gene responsible for
phloridzin biosynthesis is by searching for enzymes that perform similar double bond
reductions on structurally related precursors and then searching for the equivalent apple ESTs
on the basis of sequence homology. This strategy exploits three key factors; phloridzin has a
limited number of potential substrates from which it is derived, the likely chemical
transformation is known (carbon double bond reduction) and finally, access to a large apple
EST database enables rapid sub-cloning of candidate genes for functional testing. A number of
previous studies have used similar approaches to identifying missing pathway genes, including
the double bond reductase responsible for raspberry ketone production (Koeduka et al., 2011)
and the cytochrome P450 involved in the production of chlorogenic acid in Arabidopsis
(Schoch et al., 2001a).
3.3 Phloretin formation in the phenylpropanoid pathway
Structurally, phloretin most closely resembles the phenylpropanoid intermediate naringenin
chalcone (Figure 3-1).
OH

OH
OH

HO

OH

O

Naringenin chalcone

OH

HO

OH

O

Phloretin

Figure 3-1 Structural comparison of naringenin chalcone and phloretin.

Two independent lines of evidence from apple show that phloretin’s dihydro-naringenin chalcone
structure is most likely to be assembled by chalcone synthase (CHS), and thus be a side branch of the
phenylpropanoid pathway. In previous research, evidence is presented that recombinant CHS genes
are able to convert dihydro-p-coumaroyl CoA and malonyl CoA into phloretin in in vitro reactions
conducted with apple shoot extracts (Figure 3-2E) (Gosch et al., 2009). Additional evidence comes
from CHS substrate specificity studies that show the conversion of dihydro-p-coumaroyl CoA to
phloretin (Yamazaki et al., 2001) and in vivo feeding experiments with Escherichia coli expressing 4COUMARATE COA LIGASE (4CL) and CHS (Figure 3-2 D and E) (Watts et al., 2004). Three
possible branch points upstream of CHI were considered as potential points of CDBR activity;
reduction of p-coumaric acid to dihydro-p-coumaric acid (Figure 3-2A), reduction of p-coumaroyl
CoA to dihydro-p-coumaroyl CoA (Figure 3-2B) or reduction of the C2-C3 double bond in naringenin
chalcone to produce phloretin directly (Figure 3-2C).
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Figure 3-2 Possible branch points in the phloridzin biosynthetic pathway. Branch points are
marked as (A), (B) and (C). Steps (D) and (E) refer to in vitro reactions of reduced substrates. PAL =
phenylalanine ammonia lyase, 4CL = 4-coumarate CoA ligase, CHS = chalcone synthase, CHI=
chalcone isomerase, PGT1 = PHLORETIN GLYCOSYLTRANSFERASE-1.

There is only limited recent experimental data available to support the carbon double bond
reduction of p-coumaric acid but interconversion between p-coumaric and dihydro-p-coumaric
acid has been reported in Anigozanthos preisii (Schmitt and Schneider, 2001). The presence of
dihydro-p-coumaric acid was originally reported in apple (Grochowska, 1965) but it is unclear
if it exists as a intermediate or a degradation product of phloridzin.

Some experimental

observations support the branch point being at p-coumaroyl CoA, with two reports showing
CHS mediated extension of dihydro-p-coumaroyl CoA into phloretin, (Gosch 2009, Yamazkai
2009). Additionally, p-coumaroyl CoA appears to act as a common branch point for other
phenylpropanoid side branches such as the chlorogenic acid and resveratrol pathways (Halls
and Yu, 2008; Mahesh et al., 2007). The final proposed branch point is at naringenin chalcone
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where a reductase acts on the C2-C3 double bond in the open C-ring (Figure 3-2C). Evidence
for this comes largely from metabolome studies on tt5 Arabidopsis where a bottleneck in the
phenylpropanoid pathway occurs due to a non functional CHI gene, causing the accumulation
of phloridzin in the seed (Böttcher et al., 2008).

3.4 Gene selection and EST identification
Selection of candidate genes used an approach whereby enzymes experimentally defined as
carbon double bond reductases, and were able to metabolise structurally related chemical
substrates, were chosen. Candidate gene classes were originally identified by a combination of
literature searches, chemical pathway searches on web based databases (Metacyc, KEGG,
BRENDA), public sequence databases (NCBI) and the Plant & Food Research EST database.
Three classes of candidate genes were identified from the searches; alkenal reductases,
isoflavone reductases and enoyl CoA reductases. These three types of reductase were the only
known classes that met the selection criteria discussed above.
3.5 Alkenal reductases
Alkenal reductases were chosen as a candidate class due to the high degree of similarity
between their preferred substrates and p-coumaric acid (Figure 3-3A and B) (Youn et al.,
2006). Research by Youn et al. (2006) described a double bond reductase in Arabidopsis called
ARABIDOPSIS DOUBLE BOND REDUCTASE-1 (AtDBR-1, At5g16970) which is a
member of the medium chain dehydrogenase reductase (MDR) superfamily. AtDBR-1 was
able to catalyse the hydrogenation of the carbon double bond in p-coumaryl aldehyde, coniferyl
aldehyde and 4-hydroxynonenal, with varying efficiencies (Figure 3-3).
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Figure 3-3 Substrates utilised by AtDBR-1
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However, a number of closely related aldehydes and hydroxycinnamic acids did not undergo
double bond reduction, this observation included caffeic acid and ferulic acid and the putative
phloridzin pathway substrate, p-coumaric acid. An orthologous alkenal reductase gene from
Pinus taeda has also been shown to perform a double bond reduction on two structurally
diverse substrates, coniferyl aldehyde and dehydro-diconiferyl aldehyde (Kasahara et al., 2006).
A third ARL gene from Mentha piperita called pulegone reductase (PulR) shares a similar
amino acid sequence with AtDBR-1 (At5g16970) but acts on a carbon double bond in a
different location to produce isomers of menthone in the (-) menthol biosynthetic pathway
(Figure 3-4).
CH3

CH3

PulR
NADPH NADP+
O
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H3C

H3C

CH3

Pulegone

CH3

Menthone/Isomenthone

Figure 3-4 Reaction of pulegone reductase from mint (Mentha x piperita). PulR = Pulegone
reductase.

The BLAST program (BLASTP) was used to search an apple EST database using the protein
sequence of AtDBR-1 as the query sequence. An arbitrary “e” (expect value) cutoff of e-50 was
chosen to select alkenal reductase like (ARL) proteins on the basis of sequence homology.
Expect values reflect the liklihood of a match occurring by chance, the lower the expect value,
the more ‘significant’ the match is.A total of seven ARL like proteins were identified from the
BLAST search shown in Table 3-1.

Apple ARL

Genbank Ref

AtDBR-1

RiRZS-1

ARL-1

CN894359

79.2/71

86.5/79.1 55.9/43.3 75.4 /64.7

ARL-2

EB126948

66/55.3

70.5/58.9 55.1/42

ARL-3

EB144707

78.3/68.1

85.1/78.2 56.1/44.4 76.1/64.7

ARL-4

EB143201

77.1/63.1

79.4/65

ARL-5

EB149734

71.7/54.7

72.5/55.8 51.2/37.9 66.9/51.9

ARL-6

EB156073

80.1/69.2

83.3/81.4 56.4/43

76.6/65.8

ARL-7

EB112017

75.2/64.1

74.9/65.9 54.5/41

69.5/57.5
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Table 3-1 Homology shared between ARL proteins from an apple EST database and previously
characterised alkenal reductase proteins.

Percentage amino acid similarity/identity is shown.

AtDBR-1=ARABIDOPSIS DOUBLE BOND REDUCTASE-1 (At5g16970); RiRZS-1 = Rubus idaeus
RASPBERRY KETONE /ZINGERONE SYNTHASE-1; PtDBR-1 = Pinus taeda DOUBLE BOND
REDUCTASE 1; MpPulR = Mentha x piperita pulegone reductase.

Phylogenetic analysis was performed on the seven ARL protein sequences using the sequence
alignment program ALIGNX (Invitrogen USA) and the MEGA phylogenetic assembly program
(Figure 3-5) (Tamura et al., 2007). Previously characterised proteins included in this analysis
were double bond reductases from Arabidopsis (AtDBR-1), tobacco (NtADH) raspberry
(RiRZS-1) and pine (PtDBR-1). Also included were predicted AtDBR-1-like proteins from
Arabidopsis (At5g37940, At5g3800, At5g37980, At1g26320, At3g03080, At5g16980,
At5g16990, At5g17000, At5g16960, At3g59845, and At1g5560).
At5g37940

99
100

At5g38000
At5g37980

48

At1g26320
At3g03080

40 46

At5g16980

47

AtDBR1

59
100
66

At5g16990
At5g17000.1
At5g16960

24

MdARL-4

53
17

MdARL-7
NtADH
MpPulR

17
55

RiRZS-2

46
40

RiRZS-1
MdARL-6

73
58

89
57

MdARL-1
MdARL-3
At3g59845
MdARL-5
MdARL-2

95

At1g65560
PtDBR-1

0.05
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Figure 3-5 Phylogenetic tree of ARL proteins. The tree shows amino acid sequences from apple
(MdARL-1 to MdARL-6), Arabidopsis (AtDBR1, At5g37940, At5g3800, At5g37980, At1g26320,
At3g03080, At5g16980, At5g16990, At5g17000, At5g16960, At3g59845, At1g65560), Mentha x
piperita (MpPulR), Nicotiana tabacum allyl dehydrogenase (NtADH), Rubus idaeus (RiRZS-1, RiRZS2) and Pinus taeda (PtDBR-1). The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates) are shown next to the branches. The tree is drawn to
scale, with branch lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed using the Poisson correction method and
are in the units of the number of amino acid substitutions per site.

ARL-1 and ARL-3 share 90% amino acid identity. The DNA sequences of ARL-1 and ARL-3
were BLAST searched against the apple genome database and were found to be within 15 kb of
each other on linkage group 2 (Velasco et al., 2010). This may indicate they originate from a
gene duplication event. The previously characterised proteins represented in this cluster are the
two ketone/zingerone reductases isolated from raspberry (Rubus idaeus). These reductases act
on the α-β unsaturated bond in 4-hydroxybenzalacetone to produce raspberry ketone (4-(4hydroxyphenyl) butan-2-one), which imparts the distinct aroma to raspberries (Figure 3-6)
(Koeduka et al., 2011).
O

CH3

O

CH3
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α

RZS-1

NADPH
OH

4-hydroxybenzalacetone

NADP+
OH

4-(4-Hydroxyphenyl) butan-2-one

Figure 3-6 Reaction performed by raspberry ketone/zingerone reductase (RZS-1)

The ketone/zingerone reductases share around 92% sequence similarity (63% identity) with
AtDBR-1 indicating only relatively a small number of amino acid changes are necessary to
change substrate specificity from an aldehyde end group (with AtDBR1) to a ketone end group
(with the ketone/zingerone reductase). ARL-4 and ARL-7 form a subgroup with an allyl
dehydrogenase enzyme from Nicotiana tabacum which has been previously shown to perform a
dehydrogenase reaction to convert a hydroxyl group on a monoterpene allylic alcohol called
(2S, 4S)-carveol to (S)-carvone. As allyl dehydrogenase and AtDBR share 82% amino acid
sequence similarity, it also infers a small number of changes are necessary to not only alter the
substrate preference but also the enzyme activity from a reductase to a dehydrogenase creating
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a carbonyl group from a hydroxyl group. ARL-5 and ARL-2 appear to be more divergent from
the previously characterised reductases with ARL-5 sharing the highest degree of homology
with a putative zinc-dependent dehydrogenase from Arabidopsis (At1g65560). Arabidopsis
contains 11 homologs of the functionally characterised AtDBR-1, but as yet no experimental
evidence exists to support their function as DBR’s. Although the close chromosomal proximity
of several of these genes (At5g16990, At5g17000, At5g37940, At5g38000) indicates they may
haven also originated from recent gene duplication events.

3.6 Isoflavone reductases
Isoflavone reductases (IFRs) were selected as a potential candidate gene class for performing
the double bond reduction on naringenin chalcone at the C2-C3 position of the central open Cring. The structural similarities between the native substrate of IFR, 2-hydroxyformononetin
and naringenin chalcone include its flavone-like structure and the presence of the double bond
at the same C2-C3 position (Figure 3-7).
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Figure 3-7 Structural comparison of 2-hydroxyformononetin and naringenin chalcone.

Bonafide IFRs are found mainly in leguminous species where they are involved in the
biosynthesis of a class of phytoalexins called isoflavonoids. A number of IFR-like (IFRL)
proteins have been identified from non-leguminous plants including Arabidopsis (MaruyamaNakashita et al., 2003), grapefruit (Lers et al., 1998), potato (van Eldik et al., 1997) and birch
(Karamloo et al., 2001) but their function remains unclear. The range of substrates utilised by
IFRs or IFRLs is also not well documented, but it is known that variation exists in the substrate
hydroxylation pattern depending on the species from which the gene was isolated (Schlieper et
al., 1990). A previously characterised IFR protein from Medicago sativa (CAA41106) was
used to search an apple EST database using the BLAST program. Sequences were identified as
being IFRLs by applying an e value cut off of e-50. A total of eight IFRLs were identified from
the EST database and full length sequence obtained for each.
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Apple IFRL

Genbank No.

MsIFR

BpIFRL

AtIFRL

CpIFRL

IFRL-1

EB131297

69/55.5

85.5/77.5

80.9/70.4

58.3/42.9

IFRL-2

EB145123

78.9/70.2

87/78.9

82/71.7

58.3/42.9

IFRL-4

EB115606

68.7/56.1

88.6/83.1

83.6/74

58/42.9

IFRL-5

CN889736

65.2/53

82.5/77.3

78.1/69.8

54.5/41.1

IFRL-6

Not released

66.5/54.9

86.7/79.9

82.6/72

57.7/42.9

IFRL-7

EB144272

52.9/37.2

57.8/42.5

57.3/41.8

71.3/56.6

IFRL-8

CN890741

46.2/32.5

49/33.5

73.9/24.2

45.8/30.9

Table 3-2

Homology between IFRL proteins from an apple EST database and previously

characterised IFR and IFRL proteins. Percentage amino acid similarity/identity is shown. MsIFR =
IFR Medicago sativa (CAA41106), BpIFRL = IFRL Betula pendula (Bet V5), AtIFRL = IFRL
Arabidopsis (At1g75280), CpIFRL = IFRL Citrus paradisi.

Phylogenetic analysis shows that that the seven IFRLs from apple can be divided into two
subgroups. Five IFRLs (IFRL-1, IFRL-2, IFRL-4, IFRL-5 and IFRL-6) are grouped with
BpIFRL from Betula pendula (Silver Birch). A further two IFRLs (IFRL-7 and IFRL-8) are
grouped with the more distantly related CpIFRL from Citrus paradisi (grapefruit) and
leucoanthocyanidin reductase (MdLAR) from apple. A legume specific group is also present
and comprises IFR genes from Glycine max (Soybean), Cicer arietinum (Chickpea), Pisum
sativum (Pea) and Medicago trunculata (Barrel Medic) (Figure 3-8).
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Figure 3-8

Phylogenetic tree of IFR enzymes from legumes and IFRL proteins from non-

leguminous plants. MdIFRL-1 to MdIFRL-8 = Malus domestica isoflavone reductase like (IFRL)
proteins 1-8, BpIFRL = Betula pendula IFRL protein, AtIFRL = Arabidopsis IFRL protein
(At1g75280), NtIFRL = Nicotiana tabacum IFRL A622 protein, ZmIFRL = Zea mays IFRL protein,
GmIFR = Glycine max isoflavone reductase (IFR) protein, CaIFR = Cicer arietinum IFR protein, PsIFR
= Pisum sativum IFR protein, MtIFR = Medicago trunculata IFR protein, PtPBER = Pinus taeda
phenylcoumaran benzylic ether reductase, CpIFRL = Citrus paradisi IFRL, FiPLR = Forsthyia
intermedia pinoresinol laricireresinol reductase, MdLAR = Malus x domestica leucoanthocyanidin
reductase. The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown next to the branches. The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The
evolutionary distances were computed using the Poisson correction method and are in the units of the
number of amino acid substitutions per site.

The BpIFRL protein is also known as Bet v5, which is a protein allergen that may be
responsible for development of allergic symptoms in some patients with birch pollen allergy
(Gilissen et al., 2005). However, no plant specific role for Bet v5 has so far been proposed.
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Other IFRL genes in Figure 3-8 come from Arabidopsis and tobacco. No function has yet been
ascribed to these genes in planta but the transcripts of At1g75280 were found to be expressed in
response to various oxidative stress conditions such as treatment with paraquat, diamide, and
menadione (Babiychuk et al., 1995) whilst the tobacco IFRL A622 gene product was found to
be down regulated in low nicotine mutants (Shoji et al., 2002). IFRL-7 is most closely related
(56.6% identity) to an IFRL protein (CpIFRL) that was induced in response to UV irradiation in
grapefruit (Lers et al., 1998). Ultraviolet irradiation induces resistance against green mould
decay caused by Pencillium digitatum (Droby et al., 1993), so in this case the IFRL protein may
be involved in phytoalexin biosynthesis. IFRL-8 has a lower level of sequence identity to the
IFR gene from Medicago (32% identity) and a BLAST search against the NCBI protein
sequence database reveals it shares 100% identity to a LAR (leucoanthocyanidin reductase)
enzyme previously isolated from apple (Malus x domestica Borkh.) . LAR is not a carbon
double bond reductase and instead performs a NADPH dependent hydrogenation on a hydroxyl
group at the C4 position of leucocyanidin and thus is less likely to be a candidate reductase
acting on naringenin chalcone (Figure 3-9).
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Figure 3-9 Conversion of leucocyanidin to (+) catechin catalysed by leucocyanidin reductase
(LAR).

3.7 Enoyl CoA reductases
The third class of enzyme represents the phloridzin pathway branch point for which there is the
most supporting biochemical evidence. Two previous reports provided indirect biochemical
evidence of a p-coumaroyl CoA double bond reductase, as discussed in section 3.3 (Avadhani
and Towers, 1961; Gosch et al., 2009). Enoyl CoA reductases are involved in the synthesis of
very long chain fatty acids and comprise a subunit of fatty acid synthase, a large multisubunit
complex which sequentially adds two-carbon subunits to a C18 backbone. A four step process
then follows which involves a condensation reaction to form ketoacyl CoA, a reduction to
create a hydroxyl group, a dehydration reaction to form the carbon double bond. The final step
in this process is a NADPH dependent reduction of this bond to form a fatty acyl CoA (Figure
3-10).
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Figure 3-10 Reaction performed by ENR as part of the fatty acid biosynthetic pathway.

Previously characterised enoyl reductases isolated from Arabidopsis (At2g05990 and
At3g55360) were used to BLAST search the Plant & Food Research apple EST database
according to the parameters discussed previously. Genes were identified as being potential
ENRLs by applying an expect value cut off of e-50. A total of six genes were mined from the
apple EST database and full length sequence was obtained for each.
Apple ENRL

Genbank No.

At2g05990

At3g55360

(AtENR-1)

(TSC13-like)

ENRL-1

CN948325

19.2/9.7

75.7/68.3

ENRL-2

CN890345

19.2/9.7

76/68.9

ENRL-3

CN893840

75.3/67.4

16.9/7.3

ENRL-4

CN864587

77.8/70

17.5/7.5

ENRL-5

CN881561

82.7/74.9

17.5/9.3

ENRL-6

CN915854

78.9/70.7

19/9.6

Table 3-3 Homology between ENRL proteins from the apple EST database and previously
characterised ENR proteins from Arabidopsis. At2g05990 (AtENR-1) and At3g55360 (Temperature
Sensitive CGS protein-13 (TSC13)-like). Percentage amino acid similarity/identity is shown.

Two distinct clades exist within the apple ENRL family (Figure 3- 3.11). The four proteins
from ENRL-3 to ENRL-6 cluster most closely with the enoyl-acyl carrier protein (ACP)
reductase from Arabidopsis (At2g05990) and an ENR from Brassica napus (P80030).
Mutations in At2g05990 result in reduced de novo fatty acid biosynthesis and lead to plants
with multiple phenotypic changes including; chlorotic lesions, premature leaf senescence and
distorted siliques. These changes reflect the reduced supply of palmitic and stearic acids which
act as the building blocks for essential lipids (Mou et al., 2000). The second clade contains
ENRL-1 and ENRL-2 which are most homologous to the TSC13-like genes from Nicotiana
benthamiana and Arabidopsis.

Again, mutations in the Arabidopsis TSC13-like gene

(Temperature Sensitive CGS), (At3g55360) result in severe phenotypic changes in shoot
growth and morphogenesis indicating a central role in providing all very long chain fatty acid
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containing (VLCFA) lipids to the plant (Zheng et al., 2005). Interestingly, the two clades of
ENRL proteins bear very little homology to each other (17-19% similarity).
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BnENR
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98

AT3G55360.1

0.2

Figure 3-11 Phylogenetic tree of ENRL proteins The tree shows amino acid sequences from apple
(MdENRL-1 to MdENRL-6) and previously characterised ENR enzymes from Arabidopsis (At2g05990,
At3g55360), Brassica napus (BnENR) and Nicotiana benthamiana (NbTSC13). The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are
shown next to the branches. The tree is drawn to scale, with branch lengths in the same units as those of
the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed
using the Poisson correction method and are in the units of the number of amino acid substitutions per
site.

The substrate range of plant ENR genes has not been widely investigated, but At2g05990
(AtENR-1) has been shown to reduce the double bond in crotonyl CoA (Dayan et al., 2008)
while a At3g55360-like gene isolated from spinach (Spinacia oleracea) has been shown to
accept fatty acid esters ranging in size from crotonyl-ACP to 2-decenoyl ACP (Figure 3-12)
(Shimakata and Stumpf, 1982).
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Figure 3-12 Substrates reduced by an ENR enzyme from Spinacia oleracea (SoENR).

This indicates some promiscousity in terms of length of the carbon chain in the substrate.
However, the only previously published example of p-coumaroyl CoA being used as substrate
found that it was not reduced by an ENR (DQ266044) isolated from an apple cDNA library
(Gosch et al., 2009).
3.8 Identification of ARL, IFRL and ENRL genes from the genome of ‘Golden Delicious’
At the time of writing the Plant & Food Research apple EST database contained over 424,000
EST sequences which comprise just over 118,000 non-redundant (nr) sequence contigs. These
sequences are spread over 149 EST libraries representing different tissue types, developmental
stages, cultivars and environmental conditions (Newcomb et al., 2006). Most of the 149 EST
libraries were constructed by reverse transcription of mRNA and restriction enzyme cloning
into vectors such as pBluescript SK(-). Due to the multistep nature of EST library construction
it is possible to introduce systematic bias due to variation in reverse transcription efficiency or
depth of sequencing of a particular library. In 2010 the genome sequence of the ‘Golden
delicious’ cultivar became available (Velasco et al., 2010). This enabled the identification of
any additional members of the three candidate gene families. Figure 3-13 shows that each of
the seven ARL gene family members has a corresponding genomic sequence and 1-3 allelic
copies or gene paralogs. There are a further five clades not represented by a candidate cDNA
sequence indicating that the cDNA gene family is not completely representative of the genome.
These extra copies may represent lowly expressed genes or genes with a highly restricted tissue
location. As phloridzin is found in high concentrations in apple and is located in most apple
tissues it is reasonable to assume that a lowly expressed tissue specific gene would not be a
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good candidate CDBR. The number of IFRL and ENRL sequences retrieved from the genome
was considerably smaller (11 for IFRLs and 9 for ENRLs). The resulting phylogentic trees
indicate that the entire gene family for IFRLs and ENRLs are likely to be represented as cDNA
clones (Figure 3-14 and 3-15).
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Figure 3-13 Phylogenetic tree showing the genomic copies of each of the six apple ARL genes
(ARL-1 to ARL-6). ADH-1 = allyl dehydrogenase, RZS-1 = raspberry ketone/zingerone reductase, PulR
= pulegone reductase, PtDBR = Pinus taeda double bond reductase.
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3.9 Discussion
Underpinning the candidate gene approach to identifying a biosynthetic pathway enzyme is an
understanding of the chemical reactions that give rise to the metabolite of interest. In phloretin
biosynthesis, the close structural similarity between naringenin chalcone and phloretin infers
that phloretin biosynthesis is likely to be an offshoot of the phenylpropanoid pathway and the
key chemical change which takes place is the reduction or hydrogenation of the C2-C3 bond in
one of the three proposed precursors (p-coumaric acid, p-coumaroyl CoA and or naringenin
chalcone). Further evidence supporting this assumption comes from RNAi silencing of CHS in
apple which resulted in significant decrease in phloridzin concentrations (Dare et al., 2013).
Biochemical evidence which supports the double bond reduction theory has come from a
number of sources including feeding experiments with Malus x domestica extracts and
experiments in Escherichia coli (Watts et al., 2004) and yeast systems (Ro and Douglas, 2004).
However, other possibilities exist when one considers the biosynthesis of dihydrointermediates.

Phenylalanine ammonia lyase is the enzyme which introduces the double bond into
phenylalanine by non oxidative deamination of L-phenylalanine to trans-cinnamic acid
(MacDonald and D’Cunha, 2007). The mechanism whereby PAL achieves this elimination
reaction is well understood (Hanson et al., 1971) and the possibility exists that changes in the
electrophilic groups within the active site may accomplish this deamination without double
bond formation. So far no such activity has been reported. Another possibility is where the
central ‘C’ ring of a flavone such as naringenin is cleaved to form an open central ring
characteristic of a dihydrochalcone. Central C-ring cleavage of flavonoids by human intestinal
bacteria has been observed in Clostridum strains, and the breakdown of naringenin, quercetin
and kaempferol to the final breakdown products of phloroglucinol and 3,4-hydroxyphenyl
acetic acid has been documented. As no equivalent enzymic activity has been identified in
plants, it is likely that this represents a degradation pathway specific to bacterial strains such as
Clostridium and Rhizobium.

Identification of carbon double bond reductases was achieved largely by reference to
previously characterised enzymes. Criteria for selection includes, the ability to reduce a carbon
double bond and structural similarity to the known substrates. Exploiting sequence similarity
to isolate new genes with potentially novel functions has been used successfully to identify a
number of cytochrome P450 monooxygenases in Arabidopsis (Schoch et al., 2001a) and
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resistance gene analogues in rice (Mago et al., 1999). One potential drawback to this approach
is the small number of amino acid changes required for enzymes to change their mode of action
and perform contrary to their annotation. For example, the interconversion between carbonyl
dehydrogenase activity and CDBR activity has been shown in mammalian steroid hormone
metabolism. Here a single point mutation at His117 in the catalytic tetrad introduced 5β carbon
double reductase activity into 3 α-hydroxysteroid dehydrogenase (Jez and Penning, 1998).
A total of seven ARL proteins were identified from an apple EST database comprising a wide
range of tissue types and environmental conditions. These protein sequences showed 70-86%
amino acid similarity to previously characterised CDBRs from Arabidopsis and raspberry
(AtDBR-1 and RiRZS-1).

BLAST searches of the NCBI database with ARL sequences

revealed proteins with a high degree of sequence conservation from a number of eudicots such
as Arabidopsis, grape, castor bean and poplar, as well as monocot species such as rice and
maize. This widespread distribution may reflect their proposed primary role as part of a
conserved mechanism to detoxify reactive oxygen species which are produced as an intrinsic
part of photosynthesis. A wide taxonomic distribution was also found for the IFRL genes with
a number of sequences derived from non-leguminous species such as; Arabidopsis, tobacco,
birch and poplar. Previous reports have documented the accumulation of small quantities of
isoflavones in both Arabidopsis and tobacco (Chen et al., 2012; Lapcik et al., 2006), however
there are no reports of its occurrence in birch or poplar. In legumes, isoflavones are known to
act as chemoattractants for the symbiotic rhizobia and as inducers of nodulation (nod) gene
expression (Sreevidya et al., 2006). However, the role of isoflavones in non-leguminous
species is not clear. Two of the isoflavones found in tobacco displayed high anti-tobacco
mosaic virus activity, which may indicate a role in pathogen defence (Chen et al., 2012).
Alternatively, the presence of these metabolites and their biosynthetic enzymes in species
outside the Leguminsae may be an evolutionary vestige from an ancestral isoflavonoid pathway
present in early land plants such as bryophytes. Interestingly, one genus in the rosaceous
family (Purshia or ‘cliff rose’), is known to form root nodules that host the nitrogen fixing
bacteria Frankia (Swensen and Mullin, 1997). A final hypothesis is that these IFRL proteins
are simply sequence variants of enzymes unrelated to isoflavone biosynthesis but with similar
amino acid sequences.

For example, phenylcoumaran-benzylic ether reductases (PBERs)

which are instead involved in the formation of lignans in lignifying tissues.
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Enoyl CoA reductases play an important role in plant development as they are involved in the
formation of very long chain fatty acids which comprise plant lipids, suberins and cuticular
waxes. Unlike ARL and IFRL proteins, ENRL proteins exists as part of a large multifunctional
complex called fatty acid synthase, the fatty elongase activity of this complex is highly
selective and determines substrate specificity but it is thought that the reductase component can
accept a much wider range of substrates and are found ubiquitously throughout the plant (Millar
and Kunst, 1997). A review of the ENR and ENR-like proteins in the NCBI database again
shows a widespread distribution across taxa with a number of examples from dicots, monocots
and green algae. Interestingly, a number of bacterial and protozoal ENR proteins appear in the
BLAST search of the NCBI database, some of which show relatively high levels of sequence
similarity and identity (70% and 83%) to the plant ENR and ENRL proteins. Plants, bacteria
and protozoa, like Toxoplasma gondii, also both use type I fatty acid synthases where the
subunits are loosely associated in a protein complex (McLeod et al., 2001). This is in contrast
to fungi and vertebrates which use a single large multifunctional protein referred to as type II
fatty acid synthase. In the case of ENR genes from protozoal organisms such as Toxoplasma, it
has been proposed that the high degree of sequence conservation with plants has its origins in a
secondary endosymbiotic event which involved the engulfment of a free living alga by the
protozoa to form a plastid like organelle called the apicoplast (Roos et al., 1999).
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4 Over expression of candidate genes in tt5 Arabidopsis
4.1 Overview
This chapter describes cloning of candidate reductase genes into plant transformation vectors
and functional testing by stable transformation of Arabidopsis transparent testa 5 (tt5) mutants.
The tt5 mutant line lacks chalcone isomerase (CHI) activity and has been previously shown to
accumulate dihydronaringenin chalcone glycosides in the seeds (Böttcher et al., 2008). Mass
spectrometry experiments described in this chapter confirmed this compound as phloridzin. A
total of 15 candidate genes were over expressed in tt5 Arabidopsis and the phloridzin
concentrations determined from seeds collected from the T2 generation. Attempts to increase
phloridzin in the seeds of tt5 plants by growing in the presence of high sucrose concentrations
also led to the characterisation of an additional carbon double bond reductase (CDBR)
candidate gene called ANTHOCYANIDIN REDUCTASE (ANR).
4.2 Plant models to test gene function
Probably the most commonly used approach to test enzyme function involves using
recombinant protein produced by a bacterial expression system in in vitro assays. This system
relies on several factors, firstly the ability to express and purify the enzyme of interest as
soluble active protein. Enzymes that are membrane bound may be difficult to purify, for
example the heme thiolate P450s (Jiang and Morgan, 2004) (Hellens et al., 2005). In vitro
assays also require the availability of the substrate and a number of phenylpropanoid pathway
intermediates are not commercially available and requiring chemical or enzymatic synthesis
from precursors. Testing enzyme function by over expression in a model species such as
Arabidopsis has a number of advantages over recombinant protein expression. These include;
correct protein folding and intracellular targeting, physiological reaction conditions, and the
presence of additional cofactors required for activity.

A p-coumaroyl CoA reductase/dehydrogenase activity has been shown to be present in the
protein extracts of wild type Arabidopsis, a species not known to accumulate dihydrochalcones
(Gosch et al., 2009). In addition, an earlier metabolome study of an Arabidopsis chalcone
isomerase (CHI) mutant called transparent testa 5 (tt5) revealed the accumulation of three
compounds in the seed putatively annotated as two isomers of dihydronaringenin chalcone
hexoside and one dihydronaringenin chalcone dihexoside. This suggests that a second phloretin
pathway branch point exists at naringenin chalcone. Furthermore, a number of naringenin
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chalcone glycosides were also present in tt5 seeds indicating that a lack of CHI activity in
Arabidopsis seeds also allows the normally rapidly cyclised naringenin chalcone intermediate
to accumulate and be glycosylated by glycosyltransferases. The presence of dihydrochalcones
in a readily transformed model species like Arabidopsis gives rise to the possibility of stably
transforming tt5 plants with candidate reductase genes to test their ability to boost phloridzin
production in the seed.

Also discussed in this chapter are the effects of sucrose dependent upregulation of the
phenylpropanoid pathway in tt5 plants which led to the inclusion of anthocyanidin reductase
(ANR) as a potential phloridzin CDBR.
4.3 Confirming the presence of phloridzin in the seeds of tt5 Arabidopsis
A previous study used liquid chromatography coupled with electrospray ionization quadrupole
time of flight mass spectrometry (LC/ESI-QTOF-MS) to profile the phenylpropanoid
components of tt5 seeds. A number of metabolites accumulated to higher levels in tt5 seeds
than in wild type Lansberg erecta (Ler) seeds, including three compounds putatively described
as dihydronaringenin chalcone hexosides (Böttcher et al., 2008). These dihydrochalcones were
given an annotation level of 2 based on the reporting standards for chemical analysis described
by Sumner (2007).

Level 2 is assigned to putatively annotated compounds based upon

physicochemical properties or spectral similarity to public and commercial spectral libraries
(Sumner, 2007).

To provide further confirmation that the dihydronaringenin chalcone hexosides are phloridzin,
ESI-LC/MS/MS analysis of tt5 seed extracts and commercially available phloridzin and
phloretin standards was performed by high resolution accurate mass MS. By conducting three
successive rounds of MS fragmentation, spectral data at lower mass accuracy in the linear
quadropole ion trap was gathered for the parent ion and also MS2 and MS3 daughter ions which
matched phloridzin and phloretin standards. Figure 4-1 shows the successive fragmentation of
the major ions detected in tt5 seed extract compared with the phloridzin and phloretin
standards.
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A

B

C

Figure 4-1 A to C ESI-LC-MS/MS analysis of the tt5 seed extract. The base peak plot (panel A)
shows the time course from which an extracted ion chromatogram for the mass range (m/z) 437.130437.150 is prepared (panel B). The mass peak centered on 20.73 min (red box panel A) is attributable to
phloridzin (insert panel C) having a mass of m/z 437.14389 (C21H25O10). m/z = mass to charge ratio.

The extracted ion chromatogram (Figure 4-1B) shows a single peak at 20.73 min that falls
within the selected mass window of m/z=437.13-437.15. This indicates that the peak on panel
A at 20.03 min (Scan 937) is very close to the theoretical mass of phloridzin (437.1422 MW).
A full MS scan of the peak at 20.73 (Figure 4-1C) shows that the most abundant component is
the 437.14 parent ion. Also visible is a 275.09140 ion that equates to the exact predicted mass
of phloretin (275.09140 MW). This fragment is likely to be derived from partial degradation of
the 437.14389 parent ion within the mass spectrometer. Fragmentation of the 437 ion yields a
419.14 ion and a 275.09 ion which corresponds to the mass of the phloretin aglycone (Figure 4-
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1D). Further fragmentation of these ions in at MS3 (Figure 4-1E and F) gave spectra similar to
the phloridzin standards (Figure 4-2A and B).

E

D

F

Figure 4-1D to F Fragmentation of the m/z 437.14389 ion in the LTQ ion trap. This analysis
produced daughter MS2 ions (panel D) and MS3 ions (panels E and F) that are characteristic of the
phloridzin standard.
A

Figure 4-2A Full FTMS of phloridzin and phloretin standard mix. Daughter ions corresponding to
phloridzin (437.14425), Na+ phloridzin (459.12610), K+ phloridzin (475.099951) and phloretin
(275.09139) are arrowed.
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B

Figure 4-2B MS2 fragmentation of the phloridzin standard (m/z 437.12610) ion yielding the
characteristic m/z 419.10 daughter ion. Also seen in the tt5 sample in Figure 4-1 panel D.

4.4 Detection of phloridzin in Arabidopsis tt5 seeds by HPLC
Having established that phloridzin accumulated in the tt5 seeds, a higher throughput HPLC
(high performance liquid chromatography) method was then used. High performance liquid
chromatography has the advantages of rapid sample processing, sensitivity and is adaptable to
high throughput applications. To determine if the phloridzin levels in tt5 seeds were detectable
by HPLC, 50 mg of seeds were collected from the dried siliques of tt5, tt4 (CHS mutant) and
wild type Ler plants. Polyphenols were extracted from the seeds according to the protocol
described in Chapter 2.11 and run on a Dionex Ultimate 3000 HPLC machine (Chapter 2 2.11).
The presence of phloridzin was monitored by reference to the retention time and UV/Vis
absorbance spectra of a commercially prepared phloridzin standard (Extrasynthase). Figure 4-3
shows the HPLC traces at 280 nm of polyphenol extracts derived from tt4, tt5 and wild type Ler
plants. The peak at 28.62 min was quantified by reference to a five point calibration curve
derived from a phloridzin standard, and found to be 5.56 µg/mL. No equivalent peak was
found for the tt4 seed or the wild type Ler seeds. A second peak with a retention time of 23.37
min also gave a UV/Vis spectra that was similar to the phloridzin standard (Figure 4-4). This
second dihydrochalcone-like peak showed a similar concentration to phloridzin (when
quantified against the phloridzin standard) and may represent one of the additional
dihydrochalcones reported previously (Böttcher et al., 2008). The predominant polyphenols in
the wild type Ler seeds were tentatively identified as quercetin glycosides on the basis of their
UV/Vis spectra (peaks 1, 2 and 3 on Figure 4-3), this observation is in agreement with a
previously published metabolomic study where they found quercetin conjugates to be the
dominant flavonols in Ler seeds (Böttcher et al., 2008). These quercetin conjugates are absent
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in the CHS and CHI mutant seeds and this is most likely a direct result of the decreased supply
of dihydrokaempferol precursors.
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Figure 4-3 HPLC traces at 280 nm of wild type Ler, tt4 and tt5 seed extracts. Inset shows enlarged
area of trace and phloridzin (Pzn) peak at 28.62 min. Peaks labelled 1, 2 and 3 in the wild type Ler
seeds are putative quercetin glycosides.
30.0

mAU

WVL:280 nm

25.0

20.0

15.0

(nm)
10.0

5.0
SB1

0.0
26.91

SB2
min

27.25

27.50

27.75

28.00

28.25

28.50

28.75

29.00

29.25

29.50

29.75

30.05

Retention time (min)

Figure 4-4

Enlargement of HPLC trace (280 nm) of tt5 seed extract.

Inset shows UV/Vis

absorbance spectra of the peak at 28.62 min with the phloridzin standard absorbance spectra overlaid in
red.

4.5 Cloning candidate genes into plant transformation vectors
Full length, sequence confirmed, cDNA clones were obtained from an apple EST collection
(Newcomb et al., 2006). Restriction enzymes were then used to excise the cDNA from the EST
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library vector (either pBluescript SK(-) or pBK-CMV).

Subcloning into the plant

transformation vector (PTV) was carried out according to the protocol outlined in Chapter 2
section 2.6.1. A summary of the PTV clones used for tt5 Arabidopsis transformation shown in
Table 4-1.
Apple ARL

Cloning
sites

Plant
Transformatio
n Vector

Description

Cloning
sites

Plant
Transformatio
n Vector

MdARL-1

SpeI-XhoI

pSAK778

MdIFRL-1

KpnI-PstI

MdARL-2

SpeI-XhoI

pGreen-002962-SK(+)

MdIFRL-2

pGreen-0029HindIII+PstI 62-SK(+)

pGreen-002962-SK(+)

MdARL-3

SpeI-XhoI

pSAK778

MdIFRL-4

EcoRI-XhoI

pGreen-002962-SK (+)

MdARL-4

XmaI-KpnI

pGreen-002962-SK(+)

MdIFRL-5

SpeI-NotI

pSAK778

MdARL-5

EcoRI-XhoI

pSAK778

MdIFRL-6

EcoRI-KpnI

pGreen-002962-SK(+)

MdARL-6

SpeI -XhoI

pSAK778

MdIFRL-7

SpeI-NotI

pSAK778

SpeI-XhoI

pGreen-002962-SK(+)

MdARL-7

EcoRI-KpnI

pSAK778

MdIFRL-8

Table 4-1 Cloning summary of candidate reductase genes into plant transformation vectors (PTVs).

Once cloned into the appropriate PTV, constructs were transferred into Agrobacterium
GV3101(MP90) cells by electroporation as described in Chapter 2 section 2.7.2.

When

electroporating pGreen-0029-62-SK(+) clones into Agrobacterium, GV3101(MP90) cells
containing the plasmid pSOUP were used. This helper plasmid provides the replicase function
for the pSa origin of replication in pGreen, and is required for its propagation in the cell (Hellens
et al., 2000) Transformation of the candidate genes into tt5 Arabidopsis was achieved by the
floral dipping protocol described in Chapter 2 2.8.3 and transformed individuals in the T1
generation were selected by growing on ½ MS + kanamycin (50 mg/mL) media for two weeks
before transfer to greenhouse conditions to allow flowering and seed set.

Analysis of the

transparent testa mutants shows that biosynthesis of flavonoids occurs in the seed coat which is
derived from ovular tissue (Debeaujon et al., 2000). Thus to ensure the testa is composed of
transformed cells, growth of a second generation (T2) is required to analyse changes in
metabolites.

Very low transformation efficiencies were observed, typically 1-3 kanamycin
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resistant T1 seedlings per 1000 seeds were obtained using the floral dip protocol. This very low
transformation efficiency has been previously reported in the Ler genetic background
(Richardson et al., 1998) and meant that several rounds of floral dipping and selection were
required, and for five candidate gene constructs only one transformed line was obtained (Table 42). To ensure the expression of the transgene in the T2 plants, reverse transcriptase RT-PCR was
performed on cDNA derived from mature siliques using the gene specific primers described in
Chapter 2 section 2.2. The third class of candidate genes (ENRLs) described in Chapter 3 were
not included in these initial transformation experiments as they were not identified as a potential
candidate gene class until later in the project when more efficient testing strategies were
available. These results are outlined in Chapters 5 and 7.

Construct

T1

T2 HPLC
L1

MdARL-1

1

6

MdARL-2

2

3

MdARL-3

1

6

MdARL-4

2

6

MdARL-5

2

3

MdARL-6

1

4

MdARL-7

2

6

Construct

T1

L2

T2 HPLC
L1

L2

MdIFR-1

2

6

4

MdIFR-2

5

3

3

MdIFR-4

2

5

8

3

MdIFR-5

1

5

2

MdIFR-6

1

4

MdIFR-7

2

5

4

MdIFR-8

2

2

4

3

4

L3

L4

L5

3

3

3

Table 4-2 Summary of reductase gene transformation into tt5 Arabidopsis. T1 indicates the
number of kanamycin resistant seedlings after floral dipping. The ‘T2 HPLC’ column gives the number
of individual plants analysed by HPLC for each of the T2 lines (L1 to L5).

Seeds were collected from the dried siliques of T2 plants that had been previously RT-PCR
verified. On average 20-50 mg per plant was collected and processed according to Chapter 2
section 2.11 and phloridzin levels were then measured by HPLC analysis. Figure 4-5 shows the
phloridzin concentrations of the 14 lines transformed with ARL and IFRL genes.
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Figure 4-5 Phloridzin levels in tt5 Arabidopsis transformed with ARL or IFRL candidate genes.
* = significant value (p-value < 0.05 )** = very significant value (p-value <0.01). Error bars show the
standard error of the T2 lines depicted in Table 4-2.

Figure 4-5 shows that only two candidate genes, ARL-1 (0.05 µg/mg) and IFRL-5 (0.046
µg/mg) gave phloridzin levels higher than the tt5 (0.19 µg/mg) control plants. When single
factor ANOVA (analysis of variance) was used to analyse the variance in the data, this two-fold
increase was not significant.

However, a number of candidate reductase lines showed a

statistically significant decrease in the level of phloridzin in the seeds. Possible reasons for this
reduction are given in the discussion section of this chapter.

Although candidate gene

transformation of tt5 Arabidopsis did not increase the levels of phloridzin in the seeds, a
number of changes were apparent from a closer inspection of the HPLC trace. In several
instances new absorbance peaks at 280nm were visible. These new peaks were unable to be
identified using the available standards, but the early elution time may indicate they are small
phenolic acids.
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4.6 Sucrose induction of the phenylpropanoid pathway in tt5 Arabidopsis
One explanation for the failure of the over expressed candidate genes to impact upon the level
of phloridzin is that the supply of substrate is a limiting factor. As none of the 14 candidate
genes tested gave a significant increase in the level of phloridzin in the seed, it was decided to
investigate whether the supply of substrate precursors was a limiting factor. Previous research
has shown that sugars such as sucrose can act as signalling molecules to upregulate or
inactivate pathways (Smeekens, 2000). Studies performed with Arabidopsis grown on high
sucrose media showed transcript induction of several genes in the flavonoid and anthocyanin
pathways with the subsequent accumulation of anthocyanins in the cotyledons (Solfanelli et al.,
2006). This inductive effect also included the upregulation of transcription factor genes such as
PROMOTER OF ANTHOCYANIN PIGMENT-1 (PAP1 or AtMYB75) which is known to transactivate a number of genes in the phenylpropanoid pathway (Tohge et al., 2005).

If the supply of precursor is the limiting factor in phloridzin biosynthesis in tt5 seeds, increased
supply of the predicted substrate (naringenin chalcone) through the upregulation of
phenylpropanoid genes should result in an increase in phloridzin levels. To test this hypothesis
tt5 seeds and wild type Ler seeds were germinated on ½ MS plates containing 90 mM sucrose
under high continuous light conditions (110 µE/m/s). After three weeks growth on high sucrose
media there was noticeable anthocyanin accumulation in the Ler seedlings (Figure 4-6B)
whereas no anthocyanins were visible in the tt5 mutants (Figure 4-6A).

A

Figure 4-6

B

Arabidopsis tt5 and Ler plants grown under high light and high sucrose.

(A)

Arabidopsis tt5 plants grown on 90 mM sucrose under high light conditions (B) Wild type Ler
Arabidopsis grown on 90 mM sucrose under high light conditions showing accumulation of
anthocyanins in the leaves.
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After three weeks growth on high sucrose media whole seedlings were harvested freeze dried
and polyphenols quantified by HPLC as described in Chapter 2 section 2.11. Surprisingly, no
phloridzin or phloretin was detected in the leaves of the tt5 plants grown on high sucrose. This
may indicate that either the phenylpropanoid pathway has not been upregulated by sucrose
induction in tt5 plants or that the carbon double bond reductase responsible for conversion of
the putative substrate (naringenin chalcone) to phloretin is not present in the leaves or roots. A
comparision of the HPLC traces of tt5 plants grown on high sucrose plates or ½ MS plates
showed a number of new peaks that were unable to be identified using the available standards
but may represent leaf phenolics induced by growth on high sucrose (Figure 4-7).
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Figure 4-7 HPLC analysis of tt5 plants grown under high light and high sucrose. HPLC trace (280
nm) shows leaves of tt5 Arabidopsis grown on ½ MS plates + 90 mM sucrose or ½ MS plates.

The hypothesis that a seed specific carbon double bond reductase is responsible for phloridzin
formation in tt5 plants led to the investigation of another candidate reductase gene,
ANTHOCYANIDIN REDUCTASE (ANR).
4.7 Identification and over expression of an ANR homolog in tt5 plants.
A mutation in the BANYULS (BAN) gene of Arabidopsis has been previously shown to cause a
premature accumulation of anthocyanins in the seed coat and an accompanying decrease in
proanthocyanidins (Devic et al., 1999). The BANYULS gene (At1g161720) has been recently
identified as being anthocyanidin reductase (ANR), which is a NADPH dependent
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oxidoreductase responsible for the conversion of anthocyanidins to flavan-3-ol (Figure 4-8)
(Xie et al., 2003).
R1

R1
OH

OH

+
HO
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HO
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Anthocyanidin
R1=H, R2=H pelargondin
R1=OH, R2=H cyanidin
R1=OH, R2=OH delphinidin

O

R2
HO

OH

2,3-cis-2R, 3R flavan-3-ol
R1=H, R2=H (-) epiafzelechin
R1=OH, R2=H (-) epicatechin
R1=OH, R2=OH (-) epigallocatechin

Figure 4-8 Reaction catalysed by anthocyanidin reductase (ANR).

Mutations in the BAN gene affect the colour of the seed testa To check if expression is
restricted to this tissue, an in-silico prediction of the At1g61720 expression pattern was carried
out using AtGenExpress, which collates data from microarray experiments to summarise gene
expression patterns (Schmid et al., 2005).

Figure 4-9 AtGenExpress expression profile of At1g61720 (BAN) across different tissue types of
Arabidopsis.
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As can be seen in Figure 4-9, BAN (AtANR) expression is restricted to the seed with
comparatively low transcript levels in the leaves, stems and roots. Two predicted apple ANR
homologs were identified from the Plant & and Food EST database on the basis of sequence
homology to At1g61720 (AtBAN), these were named MdANR-1 (EST 117383) and MdANR-2
(EST 262813). The two apple ANR proteins share amino acid similarity of 98.5%, which
might suggest they have functional redundancy.

The full length sequence for MdANR-1 was cloned into pSAK778 and transformed into tt5
Arabidopsis as described for the ARL and IFRL genes. Two MdANR-1 transformed lines were
obtained after floral dipping and the phloridzin level in the seeds was measured by HPLC.

µg phloridzin/mg seed weight

0.030

0.025

0.020

0.015

0.010

0.005

0.000
MdANR-1

tt5

Figure 4-10 Phloridzin concentration in the seeds of tt5 Arabidopsis over expressing MdANR-1.
Error bars are the standard error of four plants representing two transformed lines (MdANR-1) or four
individual tt5 plants.

As shown in Figure 4-10 there was no significant difference between MdANR-1 transformed
lines and the tt5 control plants.

This infers that MdANR-1 is not involved in phloridzin

biosynthesis.
4.8 Discussion
A search of the literature revealed that a previous metabolomic study of Arabidopsis tt5 seeds
reported the accumulation of number of new compounds, one of which was designated as a
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dihydronaringenin chalcone hexoside (Böttcher et al., 2008). Further LC-MS analysis of tt5
seeds described in this chapter, confirmed that this compound was phloridzin. Measuring
phloridzin levels by HPLC analysis then showed that phloridzin was present at sufficient levels
in tt5 seeds to quantify using this approach. The concentration of phloridzin in the tt5 seed
sample (1.63 mg/100g) was very low compared with the levels commonly found in apple which
can range up to 18,000 mg/100 g (dry weight) in the leaves (Mikulic Petkovsek et al., 2009).
The phloridzin levels seen in tt5 seeds are instead similar to those seen in some other nonMalus species such as strawberry (Fragaria x annassa) (Hilt et al., 2003) and daylily
(Hemerocallis) (Cichewicz and Nair, 2001), which have phloridzin concentrations in the range
of 1.3-4.9 mg/100 g (dry weight).

When the candidate gene constructs were transformed into tt5 Arabidopsis, very low
transformation efficiencies were observed. The tt5 mutant is in a Ler genetic background and
lower transformation efficiencies of Ler compared to other laboratory strains have been
reported in the past (Richardson et al., 1998; Weigel and Glazebrook, 2006). This may be due
to differences in floral morphologies between strains, as demonstrated by the crabs claw mutant
which affects carpel development and accessibility of the ovules to increase the efficiency of
Ler transformation (Desfeux et al., 2000). Also adding to the difficulties in transforming this
mutant line was the high incidence of fungal growth on developing siliques and leaves
following dipping. This may be due in part to the low levels of flavonoids in the tissues of
these plants, lowering their defence against pathogen attack. None of the candidate genes
showed significant increases in the level of phloridzin when transformed into tt5 plants. Whilst
this result may indicate that none of the candidate genes tested are involved in phloridzin
biosynthesis there are a number of alternative possibilities which would not rule out these genes
as phloridzin CDBRs.

The tt5 Arabidopsis line may not be the best system for testing ARL gene function, as the
predicted substrate is p-coumaric acid. Lack of CHI activity leads to an accumulation of
naringenin chalcone, which is several steps further down from p-coumaric acid in the pathway.
It seems unlikely, given the enzymic manipulations involved, that a build up of metabolites
would extend as far back as p-coumaric acid, and previous analysis of tt5 seeds provides no
evidence of its accumulation (Böttcher et al., 2008).

Another possibility is that the 35S

promoter used to drive transgene expression is not active in the seed coat as mature green
siliques were used to verify expression of candidate genes. However, the seed phenotype of
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35S:AtMYB75 Arabidopsis is a dark purple/red colour inferring that AtMYB75 is expressed and
the 35S promoter is active in the seed coat.

Interestingly, the transformation of five candidate genes into tt5 plants caused a statistically
significant decrease in the level of phloridzin in the seeds when single factor ANOVA was used
to analyse the data. Reasons for this are unclear as the roles of these proteins in planta are
largely unknown. But it may be reasonable to assume that proteins that act on compounds
derived from the phenypropanid pathway (e.g p-coumaryl aldehyde) may also compete for the
same precursors used in phloridzin production. A number of unidentified peaks on the HPLC
traces of transformed lines were either changed in abundance or were not found in the
untransformed tt5 control. As the identification of compounds using HPLC is limited to those
for which standards are available, a more complete picture of the effects of these transgenes
could be obtained by a mass spectrometry based analysis. Little is known about the role of ARL
and IFRL genes, hence a comprehensive analysis of the metabolic changes in these transformed
lines may further our understanding of these genes.

The inability of tt5 plants to accumulate phloridzin in the leaf and stem tissue when grown
under high light and high sucrose conditions was a surprising observation and led to the
hypothesis that the reductase responsible for phloridzin biosynthesis had a tissue specific
expression pattern in Arabidopsis.

Although tt5 plants grown under light and sucrose

concentrations did not contain phloridzin they did accumulate naringenin and naringenin
glycosides, neither of which were reported in previous investigations using tt5 seed (Böttcher et
al., 2008). As naringenin chalcone is readily cyclised in a non-enzyme mediated reaction
(N.M. Mol et al., 1985), it is possible that these naringenin compounds arose from chemical
cyclisation of naringenin chalcone during the polyphenol extraction process.
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5 Transient expression of candidate genes in 35S:AtMYB75
tobacco
5.1 Overview
This chapter describes attempts to reduce the accumulation of chalcone isomerase (CHI)
transcripts in tobacco by RNAi (RNA interference). The aim was to produce a CHI silenced
tobacco line that could be used for transient infiltration of candidate genes, representing a faster
alternative to the transformation of tt5 Arabidopsis lines. A tobacco line transformed with an
activator of phenylpropanoid gene expression (AtMYB75) was also used to test the ability of
candidate reductase genes to produce phloridzin by transient expression. HPLC analysis of the
leaves of 35S:AtMYB75 transformed tobacco plants showed the presence of a compound with a
similar retention time and absorbance spectra to the phloridzin standard. Candidate CDBR’s
were infiltrated into 35S:AtMYB75 tobacco in split leaf assays in an attempt to boost this basal
level of phloridzin production. Most infiltrated genes showed little or no influence on the
phloridzin concentration. However, one enoyl CoA reductase (ENRL-3) showed an 11-fold
increase of phloridzin in the leaves of the plant, that was reproducible over seven assays. Triple
quadrupole LC-MS provided confirmation of the presence of phloridzin in the ENRL-3
infiltrated leaf patch.
5.2 Using transient expression in tobacco to test gene function
Transient expression of proteins in the leaves of tobacco plants offers a number of advantages
over other approaches which test gene function. Firstly, the assay is rapid and technically
straight forward to perform, with infected leaf patches able to be assayed 5-7 days after
infiltration. Secondly, like the over expression strategy used in Chapter 4, it is an in-vivo
system which includes the advantages normally associated with this approach. These include;
subcellular protein targeting and the presence of endogenous co-factors and accessory proteins
which may be necessary for activity.

As transient expression depends largely on extra

chromosomal expression from the plasmid over a short time frame, stable integration into the
chromosome and subsequent regeneration of transformed plantlets is not required (Hellens et
al., 2005). As a consequence, abnormal growth patterns, false positive ‘escapes’ and other
problems associated with selection in tissue culture can be avoided. In addition, multiple genes
can be included in the infiltration mix to allow potential protein-protein or protein DNA
interactions to be revealed, or to study linked enzyme pathways.
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Assaying gene function by Agrobacterium mediated transient gene expression was first
described in 1997 using histochemical β-glucuronidase assays in the leaves of bean and tobacco
(Kapila et al., 1997) and later by simultaneous over expression of different forms of a tumour
specific antibody (Vaquero et al., 1999). Since then, further experiments have optimised the
expression system, for example, using the viral suppressor of silencing (P19) from tomato
bushy stunt virus to inhibit post transcriptional gene silencing that usually occurs 2-3 days after
infiltration (Voinnet et al., 2003). The tobacco transient expression system has shown its utility
in studies looking at transcription factor-promoter interactions using chemiluminescent
substrates (Dare et al., 2008; Tacken et al., 2010), transcription factor dependent upregulation
of endogenous tobacco genes (Espley et al., 2007) as well as in vivo functional analysis of
enzymes (Souleyre et al., 2005). The first example of an apple phenylpropanoid pathway
enzyme being assayed in vivo by transient expression was the apple cinnamate-4-hydroxylase
gene (MdC4H). Here the substrate, p-cinnamic acid, was introduced by syringe infiltration into
tobacco leaves transiently expressing MdC4H. Subsequent HPLC analysis showed the presence
of the hydroxylated p-coumaric acid end product (Hellens et al., 2005).

In wild type tobacco leaves the presence of dihydrochalcones has never been previously
reported, instead the primary metabolites are chlorogenic acid (trans 5-O caffeoyl-D-quinate)
and rutin (Roberts and Wood, 1951). Chlorogenic acid is derived from p-coumaroyl CoA and
the high levels of this hydroxycinnamic acid may indicate a limited pool of p-coumaroyl CoA is
available for dihydrochalcone synthesis.

Therefore, to induce a basal level of phloridzin

biosynthesis some manipulation of the tobacco phenylpropanoid pathway may be required. The
presence of phloridzin in the seeds of tt5 Arabidopsis suggests that the down regulation of CHI
in tobacco may also lead to dihydrochalcone synthesis.

Candidate genes could then be

infiltrated into this modified line to assess their ability to boost the phloridzin level.

A transgenic tobacco line over expressing the AtMYB75 transcription factor was also used as an
infiltration host. This transcription factor has been previously shown to upregulate a number of
biosynthetic genes in the phenylpropanoid pathway, leading to accumulation of anthocyanins in
the leaves of Arabidopsis (Tohge et al., 2005).

The underlying hypothesis was that

upregulation of the phenylpropanoid pathway will shift the metabolite profile away from
chlorogenic acid accumulation and may result in the production of other polyphenols including
phloridzin. This could then be boosted by the addition of a transiently expressed candidate
reductase gene.
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5.3 Down regulation of NtCHI expression by RNAi
Gene specific primers were designed based on the NtCHI sequence identified in a previously
published report that described RNAi mediated silencing of NtCHI (Nishihara et al., 2005).
Silencing NtCHI resulted in changes in the flavonoid components and colouration in both the
petals and pollen of transgenic tobacco (Nishihara et al., 2005). A hairpin silencing construct
containing the same NtCHI gene fragment was created in the vector pTKO2 (NtCHIhp) as
described in Chapter 2 section 2.6.2. To test the effectiveness of NtCHI silencing, a transient
infiltration approach was adopted using co-infiltration of the kiwifruit (Actinidia chinensis)
AcMYB10 gene.

The AcMYB10 transcription factor is known to upregulate the

phenylpropanoid pathway and infiltration of 35S:AcMYB10 into Nicotiana tabacum upregulates
the anthocyanin pathway to form red patches in the leaves (Montefiori M., Personal
Communication, Plant & Food Research). The kiwifruit MYB10 was used in preference to its
Arabidopsis homolog AtMYB75, as it gives a faster accumulation of anthocyanins in transient
assays.

Including the NtCHIhp silencing construct in an infiltration mix containing

35S:AcMYB10 should delay or prevent the MYB10 induced reddening of the leaves as the
supply of flavonoid precursors decreases. Tobacco leaves were infiltrated with 35S:AcMYB10
alone or a 1:1 mix of 35S:AcMYB10 + NtCHIhp and left for 5 days before colour development
was assessed. Including the NtCHIhp silencing construct in the infiltration mix did not appear
to significantly delay the AcMYB10 induced formation of anthocyanins in the leaves (Figure 51) and colour intensities were similar after 5 days. A NtCHShp silencing construct (kindly
provided by Roger Hellens, Plant & Food Research, Auckland) was used as a positive control
in this assay and appeared to considerably reduce the accumulation of anthocyanins after 5 days
(Figure 5-2A and B).
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10 mm
Figure 5-1 Anthocyanin accumulation following transient infiltration of AcMYB10 and AcMYB10
+ NtCHIhp into tobacco leaves.

(A)

(B)

10 mm
Figure 5-2

10 mm
Anthocyanin accumulation following transient infiltration of (A) AcMYB10 +

NtCHShp and (B) AcMYB10 into tobacco leaves.

Quantative RT-qPCR was performed on cDNA made from the patches infiltrated with the CHI
silencing construct or an empty pHEX2 vector control, using primers previously described in
the literature (Nishihara et al., 2005). No evidence of RNAi mediated suppression of the NtCHI
transcripts could be observed relative to the control (Figure 5-3).
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Figure 5-3 NtCHI expression in leaf patches infiltrated with NtCHIhp silencing construct or
empty vector control. Control set to a nominal calibration value of 1. Data represents average for
three separate leaf infiltrations. Error bars shows standard error for for three separate leaf infiltrations.

5.4 Transient infiltration of ARL, IFRL and ENRL into wild type tobacco leaves
Plant transformation vector constructs containing ARL, IFRL or ENRL genes plus the P19 viral
suppressor of silencing were infiltrated into one side of a fully expanded tobacco (Nicotiana
tabacum) leaf according to the protocol in Chapter 2 section 2.8.4. A P19 only control solution
of the same OD value was also infiltrated on the opposite side of the leaf mid-rib. After 7 days
growth in greenhouse conditions, infiltrated leaf patches were harvested, weighed and freezedried overnight. Polyphenols were extracted from freeze-dried tissue according to the method
described in Chapter 2 section 2.11 and analysed on a Dionex Ultimate 3000 HPLC system.
None of the infiltrated candidate genes showed any accumulation of phloretin or phloridzin in
the leaves and no discernible differences were observed in HPLC traces at 280 nm between the
candidate genes and P19 control sections. Figure 5-1 shows the HPLC profile of ARL-1 but is
representative of all the ARL and IFRL infiltrations into wild type tobacco. The dominant
phenolics are chlorogenic acid and four other compounds (CGA-1 to CGA-4) which appear to
be chlorogenic acid derivatives based on their UV/Vis absorbance spectra as well as an isomer
of chlorogenic acid called neo-chlorogenic acid (Figure 5-4).
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Figure 5-4 HPLC profile at 280 nm of a N. tabacum leaf infiltrated with ARL-1 + P19 viral
suppressor of silencing. Peaks corresponding to chlorogenic acid, neo-chlorogenic acid and four other
chlorogenic acid-like compounds (CGA-1 to CGA-4) are shown. HPLC trace is representative of all the
ARL and IFRL genes tested.

5.5. Transient infiltration of ARL, IFRL and ENRL genes into 35S:AtMYB75 tobacco
leaves
Uninfected leaves of transgenic tobacco over expressing the AtMYB75 transcription factor were
checked by HPLC for the presence of phloridzin by extracting and analysing polyphenols as
described in Chapter 2 section 2.11. The leaves of 35S:AtMYB75 tobacco showed a number of
differences in HPLC profile when compared with wild type. The most significant of these was
the accumulation of an anthocyanin compound at 13.92 min. Previously published LCMS
analysis of 35S:AtMYB75 tobacco identified a number of anthocyanins in the leaves, the most
of abundant of which was cyanidin rutinoside (Malone et al., 2009). Based on its UV/Vis
profile, retention time and peak area, the peak at 13.92 min is likely to be cyanidin rutinoside.
Chlorogenic acid levels appear to be significantly increased in the 35S:AtMYB75 tobacco,
whereas peaks annotated as CGA-2, CGA-3 and CGA-4 are greatly reduced or absent.
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Figure 5-5 HPLC analysis of wild type and red tobacco leaves. HPLC at 280 nm shows a
comparison of wild type (green trace) and 35S:AtMYB75 red tobacco leaves (red trace). Inset shows
leaves from wild type (green leaf) and 35S:AtMYB75 (red leaf) Nicotiana tabacum.

HPLC analysis revealed small amounts (1.2 µg/mL) of a dihydrochalcone-like compound with
a similar retention time (28.68 min) and absorbance profile to a the phloridzin standard (Figure
5-6).
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Figure 5-6 HPLC 280nm trace (27.63-31.9 min) of uninfiltrated 35S:AtMYB75 tobacco leaves.
Inset shows UV/Vis absorbance spectra of a putative phloridzin peak at 28.68 min (black line) and
absorbance spectra of the phloridzin standard (red line).
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Establishing the presence of phloridzin in 35S:AtMYB75 transformed tobacco allows functional
testing of the candidate double bond reductases by transient infiltration. If a candidate gene is
involved in phloridzin biosynthesis one would expect an increase in this background level of
phloridzin in the leaf patch relative to the P19 control infiltration on the opposite side of the
midrib. To test this hypothesis Agrobacterium containing ARL, IFRL or ENRL constructs were
infiltrated into expanded leaves of 35S:AtMYB75 transformed tobacco and grown for a further
seven days under greenhouse conditions before polyphenol extraction and quantification as
described in Chapter 2 section 2.11.
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Figure 5-7 Phloridzin concentration ratio between the ARL gene infiltrated leaf patch and the
P19 infiltrated patch in 35S:AtMYB75 tobacco. Error bars show the standard error for three replicate
infiltrations. Dotted line represents P19 control patch concentration ratio set to ‘1’.

Figure 5-7 shows the phloridzin concentration ratios between the ARL infiltrated patch and the
P19 control patch on the same leaf. All the tested genes show a ratio close to ‘1’ indicating that
transient ARL gene expression did not significantly alter the phloridzin level relative to the P19
control. Similar results were obtained for the IFRL gene infiltrations with no observed changes
in the phloridzin concentration relative to the P19 control leaf patch across all seven IFRL
genes tested (Figure 5-8).
76

Chapter 5 Transient expression of candidate genes in 35S:AtMYB75 tobacco

1.8

Phloridzin concentration ratio

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

IF
RL
-8

IF
RL
-7

IF
RL
-6

IF
RL
-5

IF
RL
-4

IF
RL
-2

IF
RL
-1

0.0

Figure 5-8 Phloridzin concentration ratio between the IFRL infiltrated leaf patch and the P19 leaf
patch in 35S:AtMYB75 tobacco. Error bars show the standard error for three replicate infiltrations.
Dotted line represents P19 control patch concentration ratio set to ‘1’.

The final class of candidate reductase genes tested were the ENRL’s. These were infiltrated
into 35S:AtMYB75 tobacco leaves as described for the ARL and IFRL genes. Figure 5-9 shows
the phloridzin concentration ratio between each ENRL infiltrated patch and the P19 internal
control patch. One ENRL gene (ENRL-3) showed an 11 fold increase in the concentration of
phloridzin in the ENRL-3 infiltrated patch relative to the P19 control. The large error bars on
ENRL-3 indicates that there was some inconsistency in the degree to which ENRL-3 enhanced
phloridzin accumulation Two of the seven infiltration experiments did not show significant
changes in phloridzin concentration (1.24 fold and 1.56 fold increase) relative to the control.
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Figure 5-9 Phloridzin concentration ratio between the ENRL infiltrated leaf patch and P19 leaf
patch in 35S:AtMYB75 tobacco. Error bars show the standard error for seven replicate infiltrations.
** = very significant value (p-value <0.01) by single factor ANOVA. Dotted line represents P19 control
patch concentration ratio set to ‘1’.

5.6 Verifying the presence of phloridzin in 35S:AtMYB75 tobacco infiltrated with ENRL-3
using LC-MS
Liquid chromatography mass spectrometry (LC-MS) offers improved sensitivity and higher
selectivity over HPLC (van de Merbel, 2002). This higher selectivity allows the detection of a
single ion fragment derived from one compound and eliminates interference from other
endogenous compounds. An ABI 5500 QTrap triple quadrupole/linear ion trap (QqLIT) mass
spectrometer was used to confirm that phloridzin is present in the ENRL-3 infiltrated leaf patch.
Liquid chromatography mass spectrometry was performed by Dr Janine Cooney (Plant & Food
Research, Ruakura) using the conditions described in Chapter 2 section 2.12.2.

For the

detection of phloridzin, four ion transitions were monitored. The major transition of 435→273
represents the loss of a glucose from the phloridzin mass-1 ion and is shown in Figure 5-10. To
ensure phloridzin was detectable in the matrix of endogenous compounds, a P19 infiltrated
control leaf extract was spiked with a phloridzin standard to replicate the amount determined by
HPLC in ENRL-3 infiltrated leaves (10.78 µg/mL). Figure 5-10 shows the LC-MS trace
monitoring the 435→273 transition for ENRL-3, the P19 control and the spiked control sample.
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The phloridzin concentration in the ENRL-3 sample, as determined by LC-MS, is 6.23 µg/mL
(8.05 µg/g FW).

Figure 5-10 LC-MS plot showing the multiple reaction monitoring (MRM) transition of the mass1 ion of 435 (phloridzin) to 273 (phloretin). Levels of phloridzin in the ENRL-3 infiltrated leaf,

P19 control patch and a phloridzin spiked control sample are represented by an intensity value
in counts per second (cps).

5.7 Discussion
Attempts to down regulate CHI expression in tobacco, with the aim of creating an infiltration host
for phloridzin production, were unsuccessful. This contrasts with a previous study showing that
NtCHI suppression leads to a decrease in anthocyanins in the petals and an accumulation of
chalcones in the pollen (Nishihara et al., 2005). Unfortunately, these results were unable to be
replicated in tobacco leaves, either at the phenotypic level by suppressing the AcMYB10 mediated
anthocyanin accumulation or at the molecular level, with no evidence of gene silencing in the RTqPCR. One possible reason for this may be that tobacco has another CHI gene expressed in the
leaves that is sufficiently divergent in sequence not to be silenced by the RNAi construct which
was based on a NtCHI isolated from petal tissue. Alternatively, inability to detect silencing at the
transcript level may be a function of the transient infiltration method used to test the effectiveness
of the NtCHI silencing cassette. Previous microscopic analysis of red leaf patches formed from:
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the infiltration of an apple 35S:MdMYB10 construct, has shown that only some cells accumulate
anthocyanin. Therefore, an infiltrated patch will be a mosaic of infected and uninfected cells
(Espley et al., 2007). The masking effect of uninfected cells may hide any expression difference
induced by the NtCHI silencing construct.

Transient infiltration of the three candidate gene classes, representing 20 genes, failed to show any
accumulation of phloretin or phloridzin in the leaves of wild type tobacco (Nicotiana tabacum).
The predominant phenolics in tobacco leaves are chlorogenic acid and its derivatives.

As

chlorogenic acid is formed from a putative precursor of phloridzin biosynthesis (p-coumaroyl CoA)
it is possible that the pool of p-coumaroyl CoA is limiting. Therefore, an infiltrated candidate gene
may not be able to compete with the endogenous hydroxycinnamoyl CoA quinate
hydroxycinnamoyl transferase (HCT) which is the first enzymic step in chlorogenic acid
biosynthesis (Schoch et al., 2001a). In addition, the high chlorogenic acid levels found in the
tobacco leaf might also suggest that enzymes further down the pathway and potentially involved in
phloridzin biosynthesis, for example CHS, may be less active.

As was previously shown in studies of tt5 Arabidopsis (Chapter 4), perturbations in the
phenylpropanoid pathway flux can result in the formation of phloridzin. Over expression of a
MYB transcription factor AtMYB75 is known to upregulate a number of flavonoid biosynthetic
genes (Tohge et al., 2005) and lead to anthocyanin accumulation in the aerial tissues of tobacco
(Malone et al., 2009).

It was hypothesised that the increased flow of metabolites from this

upregulation of the phenylpropanoid pathway may result in phloridzin production. HPLC analysis
of uninfiltrated 35S:AtMYB75 tobacco showed small quantities of phloridzin in the leaves. This is
the first known report of phloridzin production in Nicotiana, but a dihydrochalcone compound has
been previously shown to occur in the family Solanaceae with work conducted by Slimestad and
co-workers in 2008, which described the detection of a phloretin glucopyranoside in tomato skin
(Slimestad et al., 2008).

Infiltration of the six ARL and seven IFRL genes did not cause any increase in phloridzin levels
relative to the P19 control infiltration in 35S:AtMYB75 tobacco leaves. One ENRL gene (ENRL-3)
showed an increase in phloridzin level that was reproducible in five of the seven transient
infiltration experiments. Reasons for these differences between experiments may lie with the
transient assay system itself.

Whilst efforts were made to keep the growing conditions and

environment constant, it is reasonable to assume some fluctuations in metabolite levels and gene
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expression will occur within the cell. This is supported by the knowledge that considerable
variation has been known to occur between replicated transient assays when used for other
applications (A. Allan unpublished results).

Enoyl CoA reductase like genes were selected primarily on their ability to accept substrates
containing the large Coenzyme A functional group. A previous publication that investigated the
biosynthesis of phloridzin in apple also identified enoyl CoA reductases as potential candidates for
reducing p-coumaroyl CoA to dihydro-p-coumaroyl CoA (Gosch et al., 2009). Their approach
utilised a recombinant enoyl CoA reductase protein (DQ266044) isolated from the cultivar
‘Rebella’ and used p-coumaroyl CoA and crotonyl CoA as substrates.

Whilst the enzyme

effectively reduced crotonyl CoA it was unable to use p-coumaroyl CoA as a substrate. (Gosch et
al., 2009). The ENRL gene identified in this earlier study is identical to ENRL-3 at the amino acid
level, so the observed lack of activity may be attributed to the difference between the tightly
defined conditions of an in vitro reaction using purified protein and the highly complex cellular
environment in which this reduction reaction appears to be taking place in transient assay. The link
between ENRL-3 and phloridzin levels is of considerable significance as it provides the first vital
clues as to the identity of the double bond reductase involved in phloridzin formation in apple. It
also confirms not only the utility of the transient assay system to test gene function, but also
demonstrates the importance of using a tobacco line with the appropriate level of phenylpropanoid
pathway flux. While the transient assay is a useful tool to rapidly screen for activity of candidate
genes, it alone is not sufficient proof of gene function. To gain a better understanding of reductase
reaction kinetics and substrate preference, purified recombinant protein and substrate is usually
required. In addition, in vitro activity doesn’t always correlate with the role in the plant. Chapter 6
describes the use of RNAi mediated gene silencing to address the physiological roles of candidate
CDBR genes in apple.
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6 RNAi silencing of candidate genes and RT-qPCR analysis
of phenylpropanoid pathway genes in apple
6.1 Overview
The work presented in this chapter exploits RNAi-mediated down regulation of carbon
double bond reductase gene candidates and the high concentrations of phloridzin normally
seen in apple, to determine the effects of gene silencing on phloridzin and phloretin levels
in the leaf. The RNAi work described in this chapter was initiated when only the ARL and
IFRL genes were being considered as candidates. ENRL genes were identified later in the
project as potential reductases and ENRL-3 was added to the RNAi analysis on the basis of
the positive transient assay results (Chapter 5). Ten hairpin silencing constructs were made
and transformed into ‘Royal Gala’ to create transgenic lines with reduced levels of the
candidate gene transcripts.

The extent of gene silencing was assessed by reverse

transcriptase quantative PCR (RT-qPCR) and the effects on leaf phloridzin and phloretin
levels were measured using HPLC. This chapter also investigates the expression levels of
phenylpropanoid biosynthetic genes in apple and compares them with pear, which is the
most closely related genus to Malus and does not produce dihydrochalcones.

By

comparing transcript levels between apple and pear, any changes in gene expression which
may relate to the production of phloridzin in apple and its absence in pear, can be
identified. In addition, the expression level of ENRL-3, was measured in apple leaves and
compared with the transcript level of its pear homolog.
6.2 Gene silencing by RNAi
The results described in Chapters 4 and 5 are based on testing the roles of candidate CDBR
(carbon double bond reductase) genes in heterologous species such as Arabidopsis and tobacco.
Whilst screening genes by transforming into Arabidopsis and transient expression in tobacco is
reasonably rapid (compared with apple transformation), it carries with it the possibility that the
genes may behave anomalously in a different species. This might be particularly true for a
compound like phloridzin that is almost exclusively found in apple. By using a reverse genetics
approach, a more accurate picture of a candidate genes function in apple can be obtained. Due
to the high level of heterozygosity in apple and its long juvenile phase, the most appropriate
way to reduce transcript levels is through RNA interference (RNAi).

RNAi exploits the

sequence specific RNA degradation process in plants and is believed to play a number of roles
including; defence response against viruses, containment of retrotransposons and post
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transcriptional gene regulation (Baulcombe, 2004; Poethig et al., 2006). The basic process in
which introduced double stranded RNA (dsRNA) results in sequence specific degradation of
target transcripts is shown in Figure 6-1. The methodology used to induce RNAi in this study
was based on previously described research which demonstrated efficient gene silencing upon
expression of an RNA containing an inverted repeat of the target sequence, separated by a
length of non-homologous ‘spacer ’ DNA to stabilise the construct (Wesley et al., 2001). For
effective gene silencing the minimum length of homologous sequence between the target and
the dsRNA hairpin is about 20 nucleotides (Small, 2007). When transcribed these repeat and
spacer sequences form a stem loop structure which is cleaved into siRNA (small interfering
RNA) by the DICER enzyme and is then incorporated into the RNA induced silencing complex
(RISC) which tracks down and degrades complementary RNA in the cell.

Hairpin structure of inverted RNA
repeats

Spacer DNA

DICER
SiRNA

RISC

mRNA
Degraded mRNA
Figure 6-1 Sequence specific degradation of mRNA by RNAi. Hairpin RNA is cleaved into small
interfering RNA (siRNA) by the DICER enzyme. SiRNAs are then incorporated into the RNA induced
silencing complex (RISC) for subsequent degradation of target mRNA. Adapted from Williams et al.
(2004).

6.3 Design and cloning of RNAi silencing constructs
Although the transformation and regeneration of ‘Royal Gala’ was originally described in 1995
it remains a time consuming and technically difficult process, especially when applied to large
numbers of genes (Yao et al., 1995). An important advantage of RNAi is its ability to target
several homologous genes simultaneously.

Thus ARL and IFRL genes which are highly
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homologous in sequence and likely to have redundant functions, can be silenced by a relatively
small number of RNAi hairpin constructs. Nucleotide sequence alignments of the ARL and
IFRL genes were created using ClustalW and visualised using AlignX in order to identify
highly homologous genes which are likely to have overlapping function. These genes can then
be simultaneously silenced by a single construct. Potential target regions of 300-700 bp were
identified from the gene alignments and each target sequence contained at least one region of
20-30 bp of continuous identical sequence.

RNAi silencing constructs were made by PCR amplification of the target region using primers
containing the Gateway® attB1 and attB2 sites as shown in Chapter 2 Table 2-1. The original
cloned cDNA from the Plant & Food Research apple EST library was used as template DNA to
prevent non-target PCR amplification. Using a cDNA template also avoids the requirement to
define intron positions in the gene. PCR fragments were cloned into pDONR221 by using BP
Clonase II (Invitrogen) and then transferred into the pTK02 hairpin silencing vector (Snowden
et al., 2005) using LR Clonase Plus (Invitrogen). The multisite Gateway® cloning process is
described in more detail in Chapter 2 section 2.6.2. The presence of inverted repeats in the
pTKO2 vector makes sequence confirmation difficult, so clones were verified by restriction
enzyme digests as shown in Figure 6-2. Confirmed clones were then electroporated into
Agrobacterium GV3101(MP90) and transformed into ‘Royal Gala’ leaves, as described Chapter
2 sections 2.7.2 and 2.8.2 respectively. After grafted scions had reached 20 cm in height, newly
expanded leaves were harvested for RNA extraction, cDNA synthesis then RT-qPCR analysis
as outlined in Chapter 2 section 2.9.
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ARL-1 PCR fragment

attR2

attR1
ccdB

intron
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attR2
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pTKO2

EcoRI
attR1
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attR2

attR2

LR

attR1

attR2

attR2

attR1

intron

attR1

ARL-1:pTKO2

intron

Figure 6-2 Overview of multisite Gateway® cloning to create RNAi constructs. The gene specific
PCR fragment is recombined by an attB x attP Gateway® reaction with pDONR221 to create an entry
clone. A Gateway® attL x attR recombination reaction with the entry clone and pTKO2 vector was
performed to generate ARL-1:pTKO2.

The PCR was fragment was cloned as an inverted repeat

seperated by an intron spacer and verified by restriction enzyme digestion (for example, EcoRI).

6.4 Verifying silencing of ARL and IFRL genes by RT-qPCR analysis
Gene specific RT-qPCR primers were designed to identify each of the silenced ARL and IFRL
genes and ENRL-3.

In instances when several genes were targeted by a single silencing

construct, one primer pair was designed to detect the combined expression level of all the genes
targeted by the single construct. Reverse transcription quantative PCR was carried out using
the conditions described in Chapter 2 section 2.9.3 and expression levels in the silenced lines
were calibrated to a ‘Royal Gala’ control grafted at the same time as the RNAi transformed
lines. Figure 6-3 A-E shows the relative expression levels of the seven ARL genes for each of
the tested lines.
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Figure 6-3 Relative expression levels of ARL genes in the leaves of ‘Royal Gala’ transformed with
five RNAi silencing constructs. (A) ARL-1-3-6hp = combined expression levels of ARL-1, ARL-3 and
ARL-6 in four transformed lines (B) ARL-2hp = expression level of ARL-2 in four transformed lines (C)
ARL-4hp = expression level of ARL-4 in four transformed lines (D) ARL-5hp = expression level of ARL5 in four transformed lines (E) ARL-7hp = expression level of ARL-7 in three transformed lines.
Expression levels were relative to MdACTIN and the transcript levels of wild type ‘Royal Gala’ were set
to a nominal calibration value of one. Error bars represent the standard error of three replicate reactions.

It is apparent from the graphs in Figure 6-3 that gene effective gene silencing (>80% decrease
in transcript level) occurred in at least two lines for each of the ARL hairpin constructs. Only
the ARL-4 hairpin failed to significantly decrease the levels of ARL-4 transcript. The efficiency
of gene silencing was also checked for the four hairpin constructs designed to suppress the
seven IFRL genes (Figure 6-4).
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Figure 6-4 Relative expression levels of IFRL genes in the leaves of ‘Royal Gala’ transformed with
four RNAi silencing constructs. (A) IFR1-2hp = combined expression levels of IFRL-1 and IFRL-2 in
four transformed lines (B) IFRL-4-5-6hp = combined expression levels of IFRL-4, IFRL-5 and IFRL-6
in four transformed lines (C) IFRL-7hp = expression level of IFRL-7 in four transformed lines (D) IFRL8hp = expression level of IFRL-8 in four transformed lines. ‘n.d’ = not detected. Expression levels
were relative to MdACTIN and transcript levels of wild type ‘Royal Gala’ were set to a nominal
calibration value of 1. Error bars represent the standard error of three replicate reactions.

A similar pattern is observed for the IFRL genes with at least two lines from each construct
showing a significant level of transcriptional silencing (>80% decrease). For the silencing
construct IFRL-4-5-6hp, lines A8, A13 and A15 showed no detectable expression with crossing
point (Cp) values above 35 cycles indicating that this construct was very effective in silencing
these three genes. As can be seen in Figures 6-3 and 6-4 there is a high degree of variability in
the extent of transcript suppression between different lines transformed with the same silencing
construct. Thus it is possible that the ARL and IFRL genes are not down-regulated as a result of
the hairpin silencing construct but reflect a highly variable expression pattern. To test this, at
least one silenced line from Figures 6-3 and 6-4 was re-harvested three months later and reanalysed by RT-qPCR (Figure 6-5A and 6-5B)
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Figure 6-5 RT-qPCR of biological replicates of the (A) ARL and (B) IFRL genes. Expression levels
were relative to MdACTIN and transcript levels of wild type ‘Royal Gala’ were set to a nominal
calibration value of 1. Error bars represent the standard error of three replicate reactions. ‘n.d’ = not
detected.

The repeated harvest and RT-qPCR analysis showed that ARL and IFRL lines originally
identified as down-regulated (Figures 6-3 and 6-4) remain at a low level of expression,
indicating that the decreases in transcript level are likely to be the result of active gene silencing
caused by the introduced pTK02 hairpin constructs.
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6.5 Verifying silencing of ENRL-3 by RT-qPCR analysis
As discussed earlier, the ENRL class of candidate genes was not identified until later in the
project and therefore not originally included for RNAi silencing. However, in light of the
transient expression result in Chapter 5, where ENRL-3 appeared to boost the phloridzin level in
35S:MYB75 tobacco, a hairpin silencing construct was made to reduce ENRL-3 expression
levels in ‘Royal Gala’. PCR amplification and Gateway® cloning was performed according to
the methods in section 6.4 to create a ENRL-3 hairpin silencing construct, which was then
transformed into ‘Royal Gala’ as described for the ARL and IFRL genes. Expression levels of
ENRL-3 were measured using ENRL-3 specific primers (Chapter 2 Table 2-3). Only one line
(ENRL-3hp A4) out of the five tested had a >80% decrease in transcript level (Figure 6-6).
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Figure 6-6

Relative expression levels of ENRL-3 in the leaves of five ‘Royal Gala’ lines

transformed with the ENRL-3hp silencing construct. Expression levels were relative to MdACTIN
and transcript levels of wild type ‘Royal Gala’ were set to a nominal calibration value of 1. Error bars
represent the standard error of three replicate reactions.

6.6 HPLC analysis of ARL and IFRL RNAi lines
HPLC was used to measure the levels of phloridzin and phloretin in the apple lines confirmed
as being silenced for their respective target genes. To achieve this, three newly expanded
leaves from each line were harvested and processed according to Chapter 2 section 2.11. As
transformed apple lines were gradually produced over a two year period, the phloridzin and
phloretin concentrations were expressed as a ratio to concentrations found in wild type ‘Royal
Gala’ plants grafted at the same time as the RNAi transformed lines. Using a ‘Royal Gala’
calibrator for each transformed line allowed the minimisation of seasonal and environmental
changes to phloridzin and phloretin levels. Phloridzin concentrations ranged from 20.66 to 115
µg/mg FW and phloretin concentrations from 0.19 to 4.77 µg/mg FW. Figures 6-7 and 6-8
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show the phloridzin and phloretin levels in the ARL and IFRL silenced lines relative to ‘Royal
Gala controls grown at the same time.
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Figure 6-7A Relative phloridzin concentration ratios in leaves of ARL silenced lines. ‘Royal Gala’
phloridzin concentrations measured at harvest time for the four RNAi constructs are; ARL-1-3-6hp =
105.52 µg/mg FW, ARL-2hp = 115.01 µg/mg FW, ARL-5hp = 81.94 µg/mg FW, ARL-7hp = 58.90
µg/mg FW. Error bars are the standard error for three replicate tissue samples. Dotted line represents
wild type ‘Royal Gala’concentration ratio set to ‘1’.
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Figure 6-7B Relative phloretin concentration ratios in leaves of ARL silenced lines. ‘Royal Gala’
phloretin concentrations measured at harvest time for the four RNAi constructs are: ARL-1-3-6hp = 1.35
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µg/mg FW, ARL-2hp = 2.48 µg/mg FW, ARL-5hp = 4.77 µg/mg FW, ARL-7hp = 0.31 µg/mg FW. Error
bars are the standard error for three replicate tissue samples. Dotted line represents wild type ‘Royal
Gala’concentration ratio set to ‘1’. * = significant value (p-value <0.05 ) by single factor ANOVA.
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Figure 6-8A Relative phloridzin concentration ratios in leaves of IFRL silenced lines. ‘Royal Gala’
phloridzin concentrations measured at harvest time for the four RNAi constructs are: IFRL-1-2hp = 62
µg/mg FW, IFRL-4-5-6hp = 20.66 µg/mg FW, IFRL-7hp and IFRL-8hp = 22.95 µg/mg FW. Error bars
are the standard error for three replicate tissue samples. Dotted line represents wild type ‘Royal
Gala’concentration ratio set to ‘1’. ** = very significant value (p-value <0.01 ) by single factor
ANOVA.

91

10.0
9.5
9.0
8.5
8.0
7.5
7.0
6.5
6.0
5.5
5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
IF
RL
-1
-2
hp
IF
A1
RL
-1
-2
hp
IF
A1
RL
2
-4
-5
-6
hp
IF
RL
A8
-4
-5
-6
hp
IF
A1
RL
3
-4
-5
-6
hp
A1
5
IF
RL
-7
hp
A3
IF
RL
-7
hp
A5
IF
RL
-8
hp
A3
IF
RL
-8
hp
A4

Phloretin concentration ratio

Chapter 6 RNAi silencing of candidate genes and RT-qPCR of biosynthetic genes

Figure 6-8B Relative phloretin concentration ratios in leaves of IFRL silenced lines. ‘Royal Gala’
phloretin concentrations measured at harvest time for the four RNAi constructs are: IFRL-1-2hp = 2.5
µg/mg FW, IFRL-4-5-6hp = 0.19 µg/mg FW, IFRL-7hp and IFRL-8hp = 2.31 µg/mg FW. Error bars are
the standard error for three replicate tissue samples.

Dotted line represents wild type ‘Royal

Gala’concentration ratio set to ‘1’.

Figure 6-7A shows that silencing of ARL-1, ARL-3, ARL-5, ARL-6, and ARL-7 did not result in
a decrease in the levels of phloridzin. Two lines corresponding to ARL-2hp (line A7) and ARL7hp (line A11) each gave a 40% reduction in phloridzin levels. However, these decreases were
not considered biologically important for three reasons. Firstly, in the course of this research it
was found that leaves harvested from the same grafted ‘Royal Gala’ control plants grown under
greenhouse conditions, yielded over a five-fold change in the leaf phloridzin concentration.
Hence the phloridzin decrease seen in ARL-2hp A7 and ARL-7hp A11 lies well within the range
of natural variation. Secondly, the other line tested for these two constructs (ARL-2hp line A8
and ARL-7hp line A7) did not show any decrease in phloridzin levels relative to the ‘Royal
Gala’ control, with the ARL-2hp line A8 nearly twice the wild type level and the ARL-7hp line
A7 at an equivalent level to wild type. Finally, these reductions in phloridzin levels did not
show statistical significance when tested with single factor ANOVA. Four ARL silenced lines
(ARL-1-3-6hp A1, ARL-2hp A8, ARL-5hp A1 and ARL-7hp A11) had phloretin levels lower
than the ‘Royal Gala control. However as ARL-1-3-6hp A1 and ARL-5hp A1 have only a single
92

Chapter 6 RNAi silencing of candidate genes and RT-qPCR of biosynthetic genes
line analysed, and the second line tested for ARL-2hp and ARL-7hp did not show any decrease,
it is difficult to draw any clear conclusions. Interestingly, ARL-2hp A7 showed a significant
increase in phloretin concentration (p-value < 0.05). However as lower phloridzin levels where
also observed for this line in Figure 6.7A, it may indicate decreased phloretin glycosylation
activity. What is evident from Figure 6-7B is the high degree of variability in phloretin levels.
Foliar phloretin concentrations in apple have been previously documented as being highly
variable, (Hunter and Hull, 1993) and studies of ‘Royal Gala’ grafted controls have shown a 15fold range in the concentration of phloretin.

This naturally occurring variation makes it

difficult to assess the effect of silencing a phloretin biosynthetic reductase by measuring
phloretin concentrations.

Silencing of the IFRL genes resulted in a similar pattern, with two lines transformed with IFR1-2hp line A12 and IFRL-4-5-6hp line A8 showing 57% and 55% reductions in phloridzin
levels respectively (Figure 6-8A). These decreases in phloridzin concentrations were found to
be statistically significant when analysed by single factor ANOVA (p-value < 0.01). However,
they were not outside the normal range of wild type phloridzin concentrations and the effect
was not observed in IFRL-2hp line A1 and IFRL-4-5-6hp lines A13 and A15. Phloretin levels
were again highly variable and several lines showed a decrease relative to the ‘Royal Gala’
control (Figure 6-8B). However, as these decreases did not translate to a reduction in the final
end product (phloridzin), it is likely that the observed concentrations are a result of natural
fluctuations in the concentration of the phloretin intermediate in apple.

6.7 HPLC analysis of ENRL-3 RNAi line A4
Transcript analysis of five ENRL-3 silenced lines revealed that only one line (ENRL-3hp A4)
had a significant level of gene silencing (Figure 6-6). To ascertain if this decrease in transcript
level equated to a drop in phloridzin and phloretin concentrations, HPLC analysis was
performed on three individual leaves from ENRL-3hp A4 and from a ‘Royal Gala’ control
grafted at the same time. Polyphenol concentrations were measured according to the protocol
described in Chapter 2 section 2.11 (Figure 6-9).
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Figure 6-9 Phloridzin and phloretin concentration ratios in ENRL-3hp line A4. ‘Royal Gala’
phloridzin concentration measured at harvest time was 25.22 µg/mg FW.

‘Royal Gala’ phloretin

concentration measured at harvest time was 1.75 µg/mg FW. Error bars are the standard error for three
replicate leaf samples. Dotted line represents wild type ‘Royal Gala’concentration ratio set to ‘1’.

The data shown in Figure 6-9 shows that ENRL-3hp line A4 had a 67% reduction in the leaf
phloridzin ratio relative to the ‘Royal Gala’ control. With only one silenced line currently
available it is difficult to determine how biologically important this reduction is, as IFRL-1hp
A12 showed a similar decrease (57%) that was not reflected in the other silenced line tested.
The phloretin concentration ratio of A4 is also very low compared to the wild type, however the
high variability of phloretin levels discussed in the previous section means this figure also
needs supporting evidence from further ENRL-3 silenced lines in the future.

6.8 Using comparative expression analysis to identify potential metabolite bottlenecks in
the phenylpropanoid pathway
The results from the RNAi silencing of the ARL and IFRL genes provides more evidence that
they are unlikely to be involved the biosynthesis of phloridzin, as no decreases in phloridzin
levels, outside the range of biological variation, were detected. As well as identifying potential
CDBRs using the methods described in Chapter 3, it was decided to also focus on the enzymes
that form the phenylpropanoid biosynthetic pathway, from phenylalanine ammonia lyase (PAL)
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to leucoanthocyanidin reductase (LAR).

Two experimental observations underpin this

approach. Firstly, in vitro substrate feeding experiments infer that the double bond reductase
activity is not unique to apple with activity found in proteins extracts from; Arabidopsis, Dahlia
variabilis (dahlia), Ocimum basilicum (basil), and Onobrychis viciifolia (sainfoin) (Gosch et al.,
2009).

Secondly, results described in Chapters 4 and 5 show that manipulation of the

phenylpropanoid pathway, either by blocking it at chalcone isomerase (CHI) or upregulating it
by the over expression of the AtMYB75 transcription factor, can result in de novo phloridzin
formation. Taken together, these results suggest that it may not be an ‘apple-specific’ double
bond reductase that is responsible for the high levels of phloridzin seen in this species, but
instead apple may modulate the flux of these intermediates through the phenylpropanoid
pathway in a species specific manner. A metabolic bottleneck in the pathway that is unique to
apple, may lead to the accumulation of intermediates which are then converted to phloridzin by
a carbon double bond reductase present in several species. By comparing the expression levels
of phenylpropanoid pathway genes in apple to a closely related species that does not produce
dihydrochalcones, inferences can be made about the relative efficiency of each step in the apple
pathway. This approach may highlight where a phloridzin precursor might accumulate to be
acted on by a carbon double bond reductase. Pyrus is the most closely related genus to Malus
and its gene sequences share high nucleotide homology with apple. The presence of phloridzin
or phloretin has never been reported in any species of pear and previous experiments showed
that pear leaf extracts lack p-coumaroyl CoA reductase activity (Gosch et al., 2009). The
absence of phloridzin and its high degree of genetic similarity to apple, make pear a useful
species to look at comparative expression patterns of phenylpropanoid pathway genes and
candidate reductase genes. A candidate gene that shows high expression levels in apple tissue
and low expression in pear tissue, may provide further supporting evidence of its role as a
CDBR gene involved in phloridzin production.

6.9 Identification and RT-qPCR analysis of apple and pear phenylpropanoid pathway
genes
Reverse transcription quantative-PCR primers for the following apple biosynthetic genes were
kindly donated by Dr Rebecca Henry (Plant & Food Research, Auckland); MdPAL, MdC4H,
Md4C, MdLAR-1 and MdLAR-2. Primers for the three apple chalcone synthase genes (MdCHS1, MdCHS-2, MdCHS-3), MdCHI, MdANR-1 and MdANR-2 were designed by BLAST
searching the apple EST database with the previously published gene sequences (Espley et al.,
2007). Specific primers for the pear biosynthetic genes were also designed based on the
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sequences identified in previous publications (Feng et al., 2010; Fischer et al., 2007). As there
were no previously characterised pear homologs for C4H and 4CL in Genbank, the MdC4H and
Md4CL primers were used. A summary of the Genbank accession numbers for each of the
apple and pear genes is given in Table 6-1.
Apple

Genbank

Pear

Genbank

MdPAL

ES790093

PcPAL

DQ230992

MdC4H

EB135197

PcC4H

†

Md4CL

EB122629

Pc4CL

†

MdCHS-1

AAY45748

PcCHS-1

N.A

MdCHS-2

JX102655*

PcCHS-2

AY786998

MdCHS-3

ACJ54531

PcCHS-3

N.A

MdCHI

CN908343

PcCHI

EF446163

MdLAR-1

AY830131

PcLAR-1

DQ251190

MdLAR-2

AY830132

PcLAR-2

DQ251191

MdANR-1

EB125405

PcANR-1

N.A

MdANR-2

AAX12184

PcANR-2

DQ251189

MdFLS

EB137300

PcFLS

DQ230993

Table 6-1 Apple and pear biosynthetic genes used for RT-qPCR analysis. * = Indicates that this
accession will not be publicly available in Genbank until November 2012. † = Apple primers were used
to detect transcripts. N.A = No corresponding pear homolog in Genbank.

As Arabidopsis CHI mutants accumulate phloridzin in the seed coat, it was firstly decided to
investigate the expression of CHI in apple and pear leaves grown in tissue culture. Figure 6-10
shows the expression of apple and pear CHI genes relative to their respective ACTIN reference
genes in leaf tissue. Whilst PcCHI has a relative expression level of just over 1 (relative to
PcACTIN expression) expression of MdCHI is around 1000 fold lower at 9.5x10-4 (relative to
MdACTIN expression). In contrast, all three apple CHS genes are highly expressed. This high
CHS and low CHI gene expression gives rise to the possibility of a metabolite bottleneck at this
step and may contribute to the high levels of phloridzin uniquely seen in apple. Although CHS
is also likely to be a multigene family in pear, only one had the full length coding sequence
available, (Genbank AY786998), so this was used for RT-qPCR analysis.
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Figure 6-10 Relative expression levels of phenylpropanoid pathway genes in ’Royal Gala’ and
‘Conference’ pear leaves. Expression levels are relative to the MdACTIN or PcACTIN reference genes.
* = Indicates that there is no known homolog in pear. Error bars show the standard error for three
replicate reactions.

To ascertain if significant disparities exist between the transcript levels of other apple and pear
phenylpropanoid genes, the expression levels of PAL, C4H, 4CL, LAR, ANR and FLS were also
checked by RT-qPCR. In cases where these biosynthetic genes were represented by multigene
families, genes were chosen by reference to the Plant & Food Research EST database and
selecting the most abundant EST. Figure 6-10 shows that PAL gene expression was 5.5 fold
higher in apple than pear. Conversely, C4H and 4CL were approximately 2.5 fold and 8 fold
higher in pear than in apple. The transcript levels of LAR-1, LAR-2 and FLS were also higher in
pear leaves compared to apple. Expression differences for ANR-1 could not be verified as there
is only one known ANR gene in pear (Genbank DQ2511890) and this showed the closest amino
acid identity to MdANR-2. Interestingly, MdANR-2 gave a 75-fold higher level of expression in
apple compared to pear. However, the role of MdANR-1 and ANR-2 in phloridzin biosynthesis
has already been investigated by transforming tt5 Arabidopsis (Chapter 4) and biochemical
assays with naringenin chalcone (Appendix 10.5). These experiments provided no evidence for
the involvement of either MdANR gene in phloridzin biosynthesis.
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To investigate if the expression patterns of CHI and CHS seen in ‘Royal Gala’ and
‘Conference’ pear leaves also holds for other varieties, four additional apple and pear varieties
were tested. Budwood from apple and pear trees was collected from the research orchards in
Havelock North (apple) or Motueka (pear) in March 2011. New leaves were sprouted from the
cut branches by placing in water and growing at 24oC under constant light conditions.
Sprouting new leaves under these controlled conditions allowed environmental influences to be
minimised. Figure 6-11 shows that the pattern of gene expression for CHI and CHS still holds
in these varieties, CHS is high in both apple and pear leaves and MdCHI remains barely
detectable in apple. The relative expression of MdCHI compared with the reference gene is in
the 10-3 range and expression of PcCHI is variable but considerably higher (up to 440 fold) than
MdCHI.
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Figure 6-11 Relative expression levels of CHS-2 and CHI in the leaves of four apple and pear
varieties. Expression levels are relative to the MdACTIN or PcACTIN reference genes. Error bars
represent standard error of three replicate reactions.

6.10 Comparative expression of ENRL-3 in apple and pear leaves
Chapter 5 described an increase in the relative amounts of phloridzin in the ENRL-3 infiltrated
leaves of 35S:AtMYB75 tobacco, and in this chapter, a 67% decrease in phloridzin level was
reported upon silencing the ENRL-3 gene. In an effort to find further evidence supporting the
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role of this gene in phloridzin production, the expression of ENRL-3 in apple and pear leaves
was investigated. Gene specific RT-qPCR primers were designed based on the cDNA sequence
of MdENRL-3. As no pear genome sequence was available, a BLAST database of contigs from
an ABySS assembly (assembly by short sequences) of three pear genotypes was used to design
gene specific primers for PcENRL-3. The expression level for MdENRL-3 in ‘Royal Gala’
leaves was relatively low at 0.22 compared to MdACTIN expression (Figure 6-12). However,
no transcripts of PcENRL-3 could be detected in ‘Conference’ pear leaves after 40 cycles of
RT-qPCR. As a composite genomic DNA sequence of three pear varieties was used to design
the PcENRL-3 specific RT-qPCR primers, it is possible that the failure to detect PcENRL-3
transcripts was due to DNA sequence differences between the composite gene contig and the
sequence of ‘Conference’ pear. To test the effectiveness of the PcENRL-3 primers, genomic
DNA was extracted from the leaves of ‘Conference’ pear leaves and PCR was used to show
amplification of a band of the expected size of 200bp. Therefore, ‘Conference’ pear appears to
have a PcENRL-3 gene which is not expressed in leaf tissue.

0.25

Relative expression

0.20
0.15

N.D

0.10
0.05
0.00
MdENRL-3

PcENRL-1

Figure 6-12 Relative expression of MdENRL-3 and PcENRL-3 in ‘Royal Gala’ and ‘Conference’
pear leaves. N.D = Not detected. Expression levels are relative to the MdACTIN reference gene. Error
bar represents standard error of three replicate reactions.

6.11 Discussion
The data presented in this chapter attempts to address the potential role of the ARL, IFRL and
ENR-3 genes in phloridzin biosynthesis in apple, rather than a model species such as
Arabidopsis or tobacco.

This was achieved through silencing the endogenous genes by
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transforming ‘Royal Gala’ with RNAi silencing constructs designed to reduce the transcript
levels of these gene families. Before any conclusions can be drawn about the effects of gene
silencing on phloridzin concentration, ARL, IFRL and ENRL-3 transcript levels must be
measured by RT-qPCR to assess the effectiveness of gene silencing. With the exception of
ARL-4, all ARL and IFRL RNAi silencing constructs yielded at least two lines that had target
transcript levels reduced by 50% or more. ENRL-3 gene silencing was less successful yielding
only one silenced line (A4). It was observed that the extent of gene silencing was highly
variable and each successfully silenced gene had at least one transformed line that showed little
or no decrease in the target transcripts. This phenomenon is not unusual with a number of
previously published studies also showing variable levels of gene silencing when using RNAi.
Examples of this come from the RNAi silencing of CHS in strawberry, where 12 out of 22
transformed lines showed no significant silencing of the CHS gene (Lunkenbein et al., 2006).
There is some debate in the literature whether this effect is due to transgene copy number or
positional effects from the site of transgene integration. A number of studies have found no
relationship between copy number and the extent of gene silencing (Chuang and Meyerowitz,
2000; Wang et al., 2005). However, a study of 25 target genes in Arabidopsis showed that
multi-copy lines showed less gene silencing and a greater variation in the extent of gene
silencing than single copy lines (Kerschen et al., 2004). Transgene copy number was not
determined for any of the apple lines described in this chapter, so further molecular
characterisation of these lines may provide an explanation for the observed variation.

Four ARL and IFRL silenced lines showed a 40-57% reduction in the phloridzin concentration
(ARL-7hp A11, IFRL-1-2hp A12, IFRL4-5-6hp A8), but this effect was not consistent as the
other lines tested for these genes failed to show decreases in phloridzin concentrations. In
addition, previously published data (Hunter and Hull, 1993) and metabolite studies described in
this chapter show that phloridzin levels can vary considerably in the leaf. Therefore it is
possible to conclude that silencing the ARL and IFRL genes did not significantly affect
phloridzin levels. The simplest explanation for this is that these genes are not involved in
phloridzin biosynthesis. However two other potential scenarios exist. Firstly, the low levels of
target gene expression in the silenced lines may still yield sufficient protein products to
maintain phloridzin concentration near wild type levels. This would largely depend on the
biochemical efficiency of the enzymes involved of which little is currently known. Secondly,
functional redundancy within the ARL or IFRL gene family in apple may mean that silencing
one or even several genes may not result in a decrease in the phloridzin level. Off target
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silencing of other non-target ARLs or IFRLs was not assessed in these experiments, so it unclear
if enzymes with overlapping function may be still present in the cell. Previous studies have
reported that RNAi sequences that are 88-100% identical to the endogenous gene target can
result in silencing (Ingelbrecht et al., 1999; Schweizer et al., 2000). Therefore, any non-target
ARL or IFRL able to compensate for the silenced gene, would have to be sufficiently divergent
in RNA sequence to elude silencing, but sufficiently similar in amino acid sequence that it
performs the same function.

Although a number of individual ARL and IFRL silenced lines showed phloretin levels that
were up to 40-fold lower than wild type it is unlikely that these values reflect the down
regulation of the double bond reduction step by gene silencing. Previous research has described
considerable variability in phloretin levels (Hunter and Hull, 1993) and findings from this study
show that large variations in wild type phloretin levels in the leaf are not unusual. The likely
reason for this variability is that phloretin is an intermediate rather than a final end product, and
concentrations reflect the balance of its biosynthesis and conversion to phloridzin by
glycosylation.

HPLC analysis of the one ENRL-3 silenced line (A4), showed an interesting 67% decrease in
the phloridzin concentration ratio. Given that the decrease is only slightly outside the natural
two-fold variation in phloridzin levels reported by Hunter and Hull (1993), and that IFRL-2hp
A12 showed a similar decrease not replicated in the other silenced line tested, it is difficult to
currently assign this finding with any biological relevance. However, taken together with the
increased phloridzin level upon transient expression of ENRL-3 in tobacco (Chapter 5) and the
absence of ENRL-3 expression in pear leaves, this result may indicate that ENRL-3 is
contributing to phloridzin biosynthesis in apple. Generating additional ENRL-3 silenced lines
for HPLC analysis is therefore of high importance to validate this result. At the time of writing,
additional transgenic apple lines were being generated in tissue culture, and these will be tested
for gene silencing and the phloridzin and phloretin levels measured after grafting.

No other significant changes in the HPLC traces were noted for any of the silenced lines. This
may be due in part to the limitations of HPLC, which is a useful tool for identifying compounds
by reference to known standards but is less useful for untargeted metabolite analysis. In
addition, phloridzin and phloretin make up over 90% of the leaf phenolics with the remaining
fraction distributed over 25 or more peaks. In ‘Royal Gala’ leaves the next most abundant
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identifiable compounds are the quercetin glycosides which each comprise around 1% of the
total phenolic peak area.

Detecting changes in the levels of these less abundant non-

dihydrochalcone compounds would be best suited to mass spectrometry-based metabolome
profiling. Very little is known about the physiological roles of ARL and IFRL genes and these
RNAi lines represent a valuable resource for future investigations into the functions of these
two gene classes in apple.

Comparative transcript analysis of the phenylpropanoid pathway genes in ‘Royal Gala’ and
‘Conference’ pear leaves showed that the CHI gene of apple had a very low level of expression
compared with pear, a closely related species that does not accumulate phloridzin. Also the
level of MdCHI expression is considerably lower than the other early biosynthetic genes. This
unusually low level of expression coupled with much higher expression levels of the three CHS
genes may create a ‘bottleneck’ in the pathway whereby naringenin chalcone accumulates to be
reduced to phloretin. Precedents already exist in other species for this pathway branch point
with tt5 mutant Arabidopsis able to accumulate phloridzin in the seed coat (Böttcher et al.,
2008) and the detection of phloretin 3′,5′-di-β-glucopyranoside in the skin of tomatoes
(Slimestad et al., 2008). The occurrence of this dihydrochalcone also correlates with very low
levels of CHI expression in tomato skin (Muir et al., 2001). The expression level of MdANR-2
was considerably higher than PcANR-2 in the leaves and this might suggest a possible role as a
double bond reductase directly involved in phloretin formation. However transformation of tt5
Arabidopsis (Chapter 4) does not support this hypothesis.

Examination of a further six

phenylpropanoid biosynthetic genes in apple and pear leaves showed that the expression levels
vary between genes and between species but none showed the large difference in transcript
levels that was observed for CHI. Furthermore, this pattern of low MdCHI expression appeared
to hold for the four other apple varieties investigated.

Expression analysis of ENRL-3 transcripts showed moderate levels of expression in ‘Royal
Gala’ leaves at 22% of the level of the apple ACTIN reference gene, with no detectable
transcripts in pear. A higher transcript level might be expected for a gene predicted to be
involved in the biosynthesis of a highly abundant metabolite in apple leaves. However further
investigation of other flavonoid biosynthetic genes in the same cDNA sample show other
pathway enzymes are expressed at similar levels for example the flavone synthase gene (FLS),
4CL and the two LAR genes in apple. The absence of ENRL-3 transcripts in pear leaves is
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consistent with the absence of phloridzin in pear and adds further evidence to support its
potential involvement in phloridzin biosynthesis.
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7 Biochemical analysis of candidate genes and phloridzin
pathway branch points
7.1 Overview
In this chapter a biochemical approach to assaying gene function was used to determine if any
candidate genes showed activity against their putative phloridzin pathway substrates; pcoumaric acid, p-coumaroyl CoA and naringenin chalcone. Protein extracts of transiently
expressed genes were used in biochemical assays to test their ability to reduce phloridzin
pathway substrates or their known substrates identified from previous publications. ARL gene
function was also assayed by measuring 4-hydroxynonenal induced damage to Nicotiana
benthamiana leaves transiently expressing ARL genes. Finally, the three proposed phloridzin
pathway branch points were investigated using crude protein extracts from ‘Royal Gala’ leaves
with the appropriate branch point substrates.
7.2 Biochemical assays with transiently expressed protein
As described in Chapter 5, transient assays with ENRL-3 produced increased levels of
phloridzin in 35S:AtMYB75 tobacco leaves. Further evidence for the possible involvement of
ENRL-3 in phloridzin biosynthesis was provided in Chapter 6, with one silenced line showing a
decrease in leaf phloridzin concentration. A direct biochemical assay using the proposed
substrate of ENRL-3 (p-coumaroyl CoA) may provide a rapid method to confirm these
findings. The results presented in Chapters 4, 5 and 6 inferred that the ARL and IFRL genes are
unlikely to be involved in phloridzin biosynthesis as over expression of these genes in tt5
Arabidopsis, transient expression in tobacco and RNAi silencing did not significantly affect
phloridzin levels. However, there are a number of reasons for further testing these genes using
in vitro biochemical assays. Performing a direct assay under controlled reaction conditions,
using partially purified enzymes and substrates, may create a more favourable environment for
the double bond reduction to occur. In addition, by testing the candidate genes with their
known substrates, some inferences can be made about the role of these genes in apple.

There are a number of examples of using purified phenylpropanoid pathway enzymes and
substrates to characterise gene function. These include; substrate specificity studies with CHS
(Jez and Noel, 2002; Schüz et al., 1983), kinetic studies with CHI (Mol et al., 1985) and
functional assays with a number of flavonoid biosynthetic enzymes from pear (Fischer et al.,
2007). In addition, the role of the PHLORETIN GLYCOSYLTRANSFERASE-1 (PGT-1) gene in
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phloridzin biosynthesis was revealed in biochemical assays using recombinant PGT-1 protein
(Jugdé et al., 2008).

All these examples utilised bacterial expression to produce the

recombinant enzyme of interest. A less common approach is to use crude protein extracts of
transiently expressed genes from infiltrated tobacco leaves. This approach encompasses the in
vivo advantages of transient expression such as correct protein folding and post-translational
modification and also circumvents the requirements for codon optimisation. By assaying crude
protein extracts of infiltrated leaves some of the advantages of an in vitro assay can also be
incorporated, these include; manipulation of the pH, temperature, substrate and enzyme
concentrations. Previous examples of transient expression in tobacco coupled with enzyme
assays include the luciferase (Hellens et al., 2005) and β-glucuronidase (GUS) (Sun et al.,
2010) reporter assays and two genes involved in vitamin C biosynthesis galactose
dehydrogenase and L-galactose-1-phosphate phosphatase (Hellens et al., 2005).

A key unanswered question about phloridzin biosynthesis is the location of the pathway branch
point (Figure 7-1). There is no evidence from apple studies of a branch point at p-coumaric
acid, although this remains a possibility given the existence of this step in other species
(Schmitt and Schneider, 2001).

One previous study suggests that a NADPH dependent

reductase converts p-coumaroyl CoA to dihydro-p-coumaroyl CoA which is then converted to
phloretin. However this study did not indicate the efficiency of the reaction, the amount of
phloretin produced, nor did it measure the production of the dihydro-p-coumaroyl CoA
intermediate (Gosch et al., 2009). Two observations give rise to the possibility that a branch
point at naringenin chalcone is possible; the low level of CHI expression in apple leaves shown
in Chapter 6 and the observation that species that have low CHI activity can accumulate
phloretin (tt5 Arabidopsis and tomato). The final section of this chapter attempts to address the
question of pathway branch points using p-coumaric acid, p-coumaroyl CoA and naringenin
chalcone with protein extracts isolated from ‘Royal Gala’ leaves.
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Figure 7-1 Possible branch points leading to the biosynthesis of phloretin in apple.
“CDBR?” = indicates a potential carbon double bond reductase activity.

7.3 Proof of concept assays with PGT-1
To test the efficacy of in vitro assays using protein extracts from infiltrated tobacco leaves, the
phloretin glycosylation step was chosen (Figure 7-2).
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Figure 7-2 The glycosylation of phloretin by PGT-1 and UDP-glucose.

The PHLORETIN GLYCOSYLTRANSFERASE-1 (PGT-1) enzyme has been previously
isolated and characterised and its preferred substrate (phloretin) and co-factor (UDP-glucose)
are both commercially available, making it a good candidate for testing the activity of
transiently expressed proteins. A pHex-2 plasmid containing PGT-1 (kindly provided by Dr
Ross Atkinson, Plant & Food Research, Auckland) was co-infiltrated with pBIN62:P19 into
newly expanded leaves according to the protocol described (Chapter 2 section 2.8.4) and grown
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under glasshouse conditions for a further 7 days. Infiltrated leaf patches were harvested,
weighed and snap frozen in liquid nitrogen. Proteins were extracted from the leaves, then
desalted and concentrated as described Chapter 2 section 2.10.1. Reaction conditions were
based on the method described in Judgé et al. (2008) using 20 µg of protein extract and 27 µM
of unlabelled UDP-glucose. Figure 7-3 shows that phloridzin is formed when phloretin and
UDP-glucose is added to the crude protein extract from leaves infiltrated with PGT-1 (black
trace). The concentration of phloridzin was estimated to be 6.23 µg/mL. No phloridzin was
detected in the P19 only control extract incubated with phloretin and UDP-glucose (blue trace).
The two small peaks in the P19 control have retention times similar to phloridzin but their
absorbance spectra show no similarity to the phloridzin standard. No phloridzin peak was
visible in the PGT-1 extract only control (pink trace). These results show that crude extracts of
transiently expressed proteins can be assayed in in vitro reactions and the products detected by
HPLC analysis.
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Figure 7-3 HPLC trace (280 nm) showing phloretin formed by PGT-1. Black trace = PGT-1
protein extract + phloretin + UDP-Glucose.

Phloridzin peak is at 28.3 min with an estimated

concentration of 6.23 µg/mL. Blue trace P19 protein extract + phloretin + UDP-glucose. Pink trace =
PGT-1 protein extract only.

7.4 Testing the ARL enzymes with coniferyl aldehyde and p-coumaric acid
The data gathered from Chapters 4, 5 and 6 indicate that ARL genes are unlikely to be involved
in phloridzin biosynthesis. Nonetheless, it is possible that under certain reaction conditions (for
example high substrate concentration) the carbon double bond reduction of p-coumaric acid
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may take place. To test this hypothesis the seven ARL genes were transiently expressed in
tobacco and the resulting protein extracts were then added to their proposed phloridzin pathway
substrate (p-coumaric acid) and a known substrate of AtDBR-1, (coniferyl aldehyde, Figure
7-4).
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Figure 7-4 Conversion of coniferyl aldehyde to dihydroconiferyl aldehyde by AtDBR-1 and
NADPH.

Reactions were carried out using 20 µg protein extract, 1.2 mM NADPH, 1 mM coniferyl
aldehyde or p-coumaric acid and 100 mM MES (2-(N-morpholino) ethanesulfonic acid) buffer
to a final volume of 100 µL at pH 7.5. Reactions were twice extracted with ethyl acetate before
HPLC analysis as described in Chapter 2 section 2.11. Table 7-1 shows that all of the ARL
enzymes show carbon double bond reductase activity, reducing coniferyl aldehyde (CFA) to
dihydroconiferyl aldehyde (dihydro-CFA). However none of the ARL proteins have double
bond reductase activity with p-coumaric acid and no peaks corresponding to the dihydro-pcoumaric acid standard were seen on the HPLC trace (Figure 7-5).
Enzyme

Substrate

Product

Substrate

Product

AtDBR-1

CFA→ dihydro-CFA

p-coumaric acid→║ N.D

ARL-1

CFA→ dihydro-CFA

p-coumaric acid→║ N.D

ARL-2

CFA→ none

p-coumaric acid→║ N.D

ARL-3

CFA→ dihydro-CFA

p-coumaric acid→║ N.D

ARL-4

CFA→ none

p-coumaric acid→║ N.D

ARL-5

CFA→ dihydro-CFA

p-coumaric acid→║ N.D

Table 7-1 Summary of the reaction products of ARL protein extracts incubated with coniferyl
aldehyde and p-coumaric acid.

CFA = coniferyl aldehyde.

aldehyde. N.D = Not detected by HPLC.
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Figure 7-5 HPLC (280 nm) trace of ARL-1 protein extract incubated with coniferyl aldehyde and
p-coumaric acid. DHCA = Dihydroconiferyl aldehyde. HPLC traces are representative of all ARL
proteins tested with these substrates and retention times are slightly offset for the purposes of clarity.

As the ARL proteins from apple accepted the same substrate as reported for Arabidopsis DBR1, it was hypothesised that the apple ARLs are capable of performing the same role in planta as
AtDBR-1. In research by Mano et al. (2005), over expression of AtDBR-1 in tobacco was
shown to reduce photooxidative injury in leaf cells that normally occurs when reactive oxygen
species are produced during periods of high light intensity. The compound 4-hydroxynonenal
(HNE) is produced in response to a number of biological stresses such as jasmonic acid
treatment, and acts by modifying and inhibiting mitochondrial enzymes such as pyruvate
dehydrogenase and 2-oxogluterate dehydrogenase (Taylor et al., 2004).

A previous

investigation showed tobacco over expressing AtDBR-1 had increased tolerance to foliar
application of HNE (Mano et al., 2005). To test if the apple ARL genes conferred the same
tolerance, genes were infiltrated into Nicotiana benthamiana with the P19 viral supressor of
silencing and grown under greenhouse conditions for seven days as described in Chapter 2
section 2.8.4. The effects of HNE were assessed by measuring the necrotic area on the treated
leaves according to the protocol described in Chapter 2 section 2.8.5. Figure 7-6B shows that
ARL-1, ARL-2, ARL-3 and ARL-5 reduced the area of HNE induced necrosis by up to threefold, inferring that these enzymes are able to reduce the toxicity of HNE by reducing its double
carbon bond and converting it to the less cytotoxic hydroxyalkanal. Interestingly, although
ARL-4, ARL-6 and ARL-7 were able to catalyse the reduction of coniferyl aldehyde they were
unable to prevent HNE necrosis.
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p19

Figure 7-6A and B Effects of HNE on tobacco infiltrated with ARL genes. (A) 10mM HNE induced
lesions on tobacco leaves infiltrated with ARL-1 + p19, ARL-2 + p19, ARL-3 + p19 ARL-4 + p19, ARL-5
+ p19, ARL-6 + p19, ARL-7 + p19 and p19 only control. Scale bar = 2 mm. (B) Effect of ARL gene
infiltration on HNE induced necrotic area in tobacco leaves. Error bars show the standard error of four
replicate leaf infiltrations.

7.5 Enzymic synthesis of p-coumaroyl CoA
In Chapter 5, one ENRL gene (ENRL-3), gave an 11-fold increase in the level of phloridzin in
the infiltrated leaves of 35S:AtMYB75 tobacco.

Chapter 6 described a 66% reduction in

phloridzin levels in one ENRL-3 silenced transgenic apple line.

Enzyme assays using

transiently expressed ENRL genes could therefore provide further confirmation of this result.
The putative phloridzin pathway substrate of this gene class is p-coumaroyl CoA.

This

compound is not commercially available and requires enzymic or chemical synthesis. The
chemical synthesis of p-coumaroyl CoA was originally described in 1975 and is a technically
difficult multi-step reaction (Stockigt and Zenk, 1975). An alternative method to produce pcoumaroyl CoA is by using enzymatic synthesis from transiently expressed 4-coumarate ligase
(4CL) protein. To produce 4CL protein the Arabidopsis 4CL gene (At1g51680) was infiltrated
into Nicotiana benthamiana leaves as described in Chapter 2 section 2 8.4. After 7 days growth
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in greenhouse conditions infiltrated leaves were harvested and proteins extracted according to
Chapter 2 section 2.10.1. Esterification reactions were carried out in a final volume of 250 µL
of 100 mM Bis-Tris propane buffer (pH 7.5) containing 10 mM MgCl2, 2.5 mM ATP with 0.2
mM Coenzyme A and 20 mM p-coumaric acid (Figure 7-7).
OH

OH

At4CL extract

HO

CoAS
O

O

CoA
ATP

p-coumaric acid

p-coumaroyl- CoA

Figure 7-7 Producing p-coumaroyl CoA from p-coumaric acid using a protein extract of At4CL
(At1g51680) transiently expressed in tobacco.

Reaction conditions were based on a published protocol for the synthesis of caffeoyl CoA
(Meng and Campbell, 1997). Purification of p-coumaroyl CoA was performed by reversephase fractionation using a C18 SPE cartridge as described in Chapter 2 section 2.5.2. The
purity of the eluted fractions was assessed by HPLC and p-coumaroyl CoA was identified by its
characteristic absorbance peak at 333 nm. An estimate of concentration was provided by
reference to a caffeoyl CoA standard (kindly supplied by Christelle André, Plant & Food
Research, Auckland). Figure 7-8 shows the HPLC trace for p-coumaroyl CoA produced by
enzymic synthesis from p-coumaric acid.
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Figure 7-8 HPLC trace (320 nm) showing p-coumaroyl CoA produced from p-coumaric acid by a
4CL (At1g51680) protein extract. Inset shows the absorbance profile of the peak at 33.29 min which
is characteristic of p-coumaroyl CoA.
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7.6 Activity of ENRL enzymes with crotonyl CoA and p-coumaroyl CoA
Transiently expressed ENRL genes were assayed first with crotonyl CoA, which has been
previously determined to act as a substrate for a range of enoyl CoA reductase genes including
those isolated from apple (Gosch et al., 2009) and Arabidopsis (Dayan et al., 2008). The
product of the carbon double bond reduction (butyryl CoA) proved difficult to identify by
HPLC. Therefore, enzyme activity was assessed by monitoring the decrease in absorbance at
340 nm as NADPH is converted to NADP+.

Reactions were performed according to a

previously described protocol using 10 mM Na2PO4 buffer (pH 7.5) 5.8 mM crotonyl CoA and
1.2 mM NADPH (Gosch et al., 2009). Figure 7-9 graphs A-G show the time dependent
decrease in absorbance at 340 nm for the six ENRL enzymes and a P19 only control.
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Figure 7-9 Time dependent decrease in absorbance at 340 nm during the incubation of ENRL
protein extracts with crotonyl CoA and NADPH. (A) ENRL-1 + P19 extract, (B) ENRL-2 + P19
extract, (C) ENRL-3 + P19 extract, (D) ENRL-4 + P19 extract, (E) ENRL-5 + P19 extract, (F) ENRL-6
+ P19 extract, (G) P19 control. Black dotted lines show the decrease in absorbance at 340 nm of ENRL
protein extract with crotonyl CoA and NADPH, the red dotted lines show the same reaction mix minus
crotonyl CoA.
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The graphs in Figure 7-9 show that ENRL-1 to ENRL-5 are all able to reduce the crotonyl CoA
substrate, confirming that the enzymes have catalytic activity and are able to act as
conventional enoyl CoA reductases. The ENRL-6 negative control reaction (minus crotonyl
CoA) showed a similar decrease in absorbance to the reaction containing crotonyl CoA. It is
possible that ENRL-6 is able to consume NADPH to reduce an unknown substrate present in
the extract. Close examination of the HPLC traces of the reactions revealed that a number of
unknown compounds were still present in small amounts in the protein extracts despite
desalting with PD-10 columns.

Having determined ENRL activity with crotonyl CoA, the putative phloridzin pathway
substrate (p-coumaroyl CoA) was tested using the same transiently expressed ENRL protein
extracts.

As no dihydro-p-coumaroyl CoA standard was available and previous research

reported difficulties in separating p-coumaroyl CoA from dihydro-p-coumaroyl CoA by HPLC
(Gosch et al., 2009), a linked assay was used to test for p-coumaroyl CoA reductase activity. In
the linked assay, a transiently expressed CHS-1 (Genbank AAY45748) protein extract and
malonyl CoA was added after the NADPH mediated reduction. Any dihydro-p-coumaroyl CoA
product formed should then be converted to phloretin which is readily identified by HPLC. The
linked assay is depicted in Figure 7-10.
OH

OH

ENRL extract
CoAS

OH

Malonyl CoA
HO

OH

CoAS

1

O

p-Coumaroyl CoA

NADPH

NADP+

O

Dihydro-p-coumaroyl- CoA

2
MdCHS-1

OH

O

Phloretin

Figure 7-10 Linked assay of ENRL protein extracts. After the initial NADPH mediated reduction
(1), malonyl CoA and MdCHS-1 were added to convert dihydro-p-coumaroyl CoA to phloretin (2).
Reaction conditions were based on those previously described (Gosch et al., 2009).

Reaction products were twice extracted with ethyl acetate before HPLC analysis as outlined in
Chapter 2 section 2.11. Table 7-2 displays a summary of the HPLC results of the ENRL
proteins incubated with p-coumaroyl CoA and NADPH using the linked assay.
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ENRL

Naringenin

Phloretin

ENRL

Naringenin

Phloretin

ENRL-1

+

N.D

ENRL-4

+

N.D

ENRL-2

+

N.D

ENRL-5

+

+

ENRL-3

+

N.D†

ENRL-6

+

N.D

Table 7-2 Products of the linked assay of ENRL-1 to ENRL-6 incubated with p-coumaroyl CoA
and NADPH substrates.

†

= Peak with similar retention time to phloretin but ambigious UV spectra

due to low concentration. N.D = not detected.

Table 7-2 shows that ENRL-1, ENRL-2, ENRL-4 and ENRL-6 did not produce peaks with UV
absorbance spectra similar to phloretin. The presence of naringenin in these samples indicates
that p-coumaroyl CoA was not reduced to dihydro-p-coumaroyl CoA, but instead converted to
naringenin chalcone with the addition of CHS-1 and malonyl CoA. Chalcone isomerase (CHI)
was not supplied in the reaction but the likely presence of endogenous tobacco CHI and the
ability of naringenin chalcone to undergo self-cyclisation (Mol et al., 1985) means that
exogenous CHI was not required. One ENRL enzyme (ENRL-5) produced a peak with a
retention time and absorbance spectra corresponding to phloretin, with an estimated
concentration of 0.88 µg/mL (Figure 7-11).
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Figure 7-11 HPLC traces showing the reaction products of the ENRL-5 protein extract. Reactions
were incubated with p-coumaroyl CoA (pCCoA) and NADPH and then converted to phloretin by the
addition of CHS-1 and malonyl CoA (MCoA) (pink trace). Peaks with retention times and absorbance
spectra similar to naringenin and phloretin are labelled.
controls (black trace) are also shown.
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The naringenin peak was significantly reduced in the ENRL-5 reaction (pink trace) indicating
that most of the p-coumaroyl CoA had been reduced to dihydro-p-coumaroyl CoA and
subsequently converted to phloretin. The results from Chapters 5 and 6 indicated that ENRL-3
may be implicated in phloridzin biosynthesis. Although the HPLC trace for ENRL-3 did show
a very minor peak with a similar retention time to phloretin, its small peak area meant it did not
yield an absorbance spectra indicative of phloretin. In Chapter 3 the phylogenetic relationships
between the six ENRL genes was explored. Sequence alignment showed that the closest
homolog to ENRL-3 is ENRL-5 and they share 96.4% amino acid identity. This might indicate
that ENRL-3 and ENRL-5 have overlapping functions and both may be capable of reducing the
carbon double bond of p-coumaroyl CoA.
7.7 Testing the IFRL enzymes with naringenin chalcone
The substrates of IFR enzymes from leguminous species all contain the basic three-ring
isoflavone structure. An in vitro test to determine if the apple IFRLs have the same substrate
range as their legume counterparts, would require the synthesis of compounds such as 2′hydroxyformononetin, 2′-hydroxydaidzein, and 2′-hydroxygenistein. These isoflavones are not
readily available and their formation requires complex chemical synthesis (Dewick, 1977).
Therefore IFRLs were tested only with their proposed phloridzin pathway substrate naringenin
chalcone (kindly provided by John Van Klink, Plant & Food Research, Dunedin). Reactions
were carried out with 18 nmol of naringenin chalcone, 1 mM NADPH and 20 µg of transiently
expressed IFRL protein extract in a 100 mM potassium phosphate buffer (pH 6.5) (Figure 712).
OH
HO

OH

OH

O

OH

IFRL protein
extract
NADPH

HO

NADP+

OH

OH

Naringenin chalcone

O

Phloretin

Figure 7-12 Proposed double bond reduction of naringenin chalcone catalysed by an IFRL
enzyme.

Reactions were twice extracted with ethyl acetate and analysed by HPLC according to Chapter
2 section 2.11. For all the IFRL protein extracts tested, none gave a peak corresponding to
phloretin.

All HPLC traces showed peaks corresponding to naringenin indicating that

naringenin chalcone had been cyclised to naringenin. Figure 7-13 shows a HPLC trace at 280
nm of an IFRL-1 protein extract which is representative of all the IFRLs tested.
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Figure 7-13 HPLC (280 nm) trace of IFRL-1 protein extract with naringenin chalcone and
NADPH. Peaks corresponding to naringenin chalcone and naringenin are labelled. HPLC trace is
representative of all IFRL proteins tested.

7.8 Testing the phloridzin pathway branch points using p-coumaric acid, p-coumaroyl
CoA and naringenin chalcone
A previous publication describes the conversion of p-coumaroyl CoA to phloretin by adding pcoumaroyl CoA, NADPH, CHS and radiolabelled malonyl CoA to protein extracts from the
apple cultivar ‘Rebella’ (Gosch et al., 2009). However this result appears to be based solely on
a radioscan of a cellulose thin layer chromatography plate and no data is presented on the
efficiency of this reaction nor the amount phloretin formed. Substrate feeding experiments of
‘Royal Gala’ protein extracts were therefore used to test the validity of this result and to
investigate two other potential phloridzin pathway branch points at p-coumaric acid and
naringenin chalcone.
7.9 Formation of phloretin from p-coumaric acid
In section 7.4 the ability of the seven ARL genes to reduce the carbon double bond in pcoumaric acid was investigated. However, none of the ARL enzymes yielded dihydro-pcoumaric acid. This result does not entirely discount the possibility that phloridzin production
may occur via dihydro-p-coumaric acid as another unknown double bond reductase may be
involved. Production of phloretin from p-coumaric acid would require the apple 4CL to be able
to add a Coenzyme A (CoASH) group to dihydro-p-coumaric acid (Figure 7-14). To test this
hypothesis, protein from a transiently expressed apple 4CL gene (Genbank accession
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EB138133) was added to a reaction mix containing CoASH, ATP, MgCl2 and dihydro-pcoumaric acid with the same reagent concentrations as described section 7.5. As no verified
dihydro-p-coumaroyl CoA standard was available, a CHS mediated extension reaction was
carried out using the linked assay, previously described in section 7.6. The reaction scheme is
depicted in Figure 7-14.
OH
OH

OH

HO

O

CoAS

HO

O

O

OH

p-Coumaroyl- CoA

p-Coumaric acid

NtDH

O

(2S)-Naringenin

NtDH
Malonyl CoA

Md4CL
OH extract
CoA
ATP

HO

OH

OH
OH

HO

CoAS

CHS

O

OH

O

O

Dihydro-p-coumaric acid

Dihydro-p-coumaroyl- CoA

Phloretin

Figure 7-14 Production of phloretin from dihydro-p-coumaric acid using Md4CL protein extract
and the linked assay. Dotted arrows represent steps where an unknown tobacco dehydrogenase
(NtDH) may be acting to produce the naringenin observed in Figure 7-15.

Figure 7-15 shows phloretin on an HPLC trace, inferring that the apple 4CL enzyme was able
to add a CoA group to dihydro-p-coumaric acid. Interestingly, naringenin was also formed in
the reaction indicating the conversion of the either dihydro-p-coumaric acid, dihydro-pcoumaroyl CoA or phloretin back to its unsaturated equivalent by an endogenous tobacco
dehydrogenase (Figure 7-14 dotted arrows).
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Figure 7-15 HPLC trace (280 nm) showing the reactions products of apple 4CL and dihydro-pcoumaric acid. Peaks corresponding to naringenin and phloretin are labelled.

Having established that formation of phloretin from the dihydro-p-coumaric acid precursor is
feasible using Md4CL, protein extracts from ‘Royal Gala’ leaves were tested for the presence
of a p-coumaric acid reductase.

Protein extracts of ‘Royal Gala’ leaves were prepared

according to the protocol described in Chapter 2 section 2.10.2. Reaction conditions were as
described in section 7.4. Figure 7-16 shows the proposed reaction from p-coumaric acid to
dihydro-p-coumaric acid.
'Royal Gala'
protein extract

OH

OH

HO

HO

O
O

p-Coumaric acid

NADPH

+

NADP

Dihydro-p-coumaric acid

Figure 7-16 Testing the phloridzin pathway branch point at p-coumaric acid. The proposed
reduction reaction converting p-coumaric acid to dihydro-p-coumaric acid using ‘Royal Gala’ leaf
protein extract and NADPH is shown.

No evidence of dihydro-p-coumaric acid formation was found in the resulting HPLC trace
(Figure 7-17). This suggests that a p-coumaric acid carbon double bond reductase is not present
in apple leaves. This is in line with earlier experimental observations and is further discussed in
section 7.12.
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Figure 7-17 HPLC analysis of the p-coumaric acid branch point assay. HPLC traces (280 nm)
show ‘Royal Gala’ leaf protein extract plus p-coumaric acid and NADPH (blue trace) and a dihydro-pcoumaric acid standard (black trace).

7.10 Formation of phloretin from p-coumaroyl CoA
The p-coumaroyl CoA carbon double bond reduction assay was based on the conditions
previously described in the work with the ‘Rebella’ cultivar, but instead using non radioactive
substrates (Gosch et al., 2009).

The linked assay was again used to convert dihydro-p-

coumaroyl CoA to phloretin (Figure 7-18).
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Figure 7-18 Testing the phloridzin pathway branch point at p-coumaroyl CoA. The proposed
reduction reaction converting p-coumaroyl CoA to dihydro-p-coumaroyl CoA using ‘Royal Gala’ leaf
protein extract and the linked assay is shown.

Figure 7-19A shows HPLC peaks corresponding to phloretin and naringenin formed in the
linked assay described above.
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Figure 7-19A HPLC analysis of the p-coumaroyl CoA branch point assay. HPLC trace (280 nm) of
‘Royal Gala’ protein extract with p-coumaroyl CoA, NADPH, malonyl CoA and CHS-1 (blue trace).
Peaks corresponding to naringenin and phloretin are labelled. The ‘Royal Gala’ protein extract only
(black line) shows a peak at 35.18 min (‘Phloretin RG’) which may represent small amounts of phloretin
carried over after desalting on PD-10 columns.
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Figure 7-19B HPLC analysis of control reactions for the p-coumaroyl CoA branch point assay.
HPLC traces (280 nm) showing formation of naringenin in the absence of NADPH and with CHS (black
trace) and without CHS (red trace) added to the linked reaction.

120

Chapter 7 Biochemical analysis of candidate genes and pathway branch points
Despite using 5% polyvinylpolypyrrolidone (PVPP) in the extraction buffer and desalting with
PD-10 columns as described in Chapter 2 section 2.10.1, small quantities of phloretin from the
leaves was still present in the protein extract (labelled ‘Phloretin RG’ in Figure 7-19A).
Therefore, in order to assess de novo phloretin formation, any phloretin present in the extract
only control must be subtracted as background. Quantification of the peaks in Figure 7-19
yields a phloretin concentration of 111 ng/mL (background corrected). This may infer that
apple leaves contain an endogenous reductase capable of reducing p-coumaroyl CoA to
dihydro-p-coumaroyl CoA. The control reactions in 7-19B show that phloretin formation is
dependent on the presence of NADPH, and there is sufficient endogenous CHS activity in the
apple leaves for naringenin formation, although the naringenin peak area is approximately 2.4
fold larger when exogenous CHS is added to the reaction. High levels of CHS activity in apple
leaves is consistent with CHS transcript studies described in Chapter 6.

7.11 Formation of phloretin from naringenin chalcone
Results presented in Chapter 6 revealed that apple CHI has a relatively low level of expression
in apple leaves. This observation coupled with the finding that an Arabidopsis tt5 mutant line
accumulates phloridzin in the seed (Chapter 4), makes naringenin chalcone a potential branch
point for the phloridzin pathway. To further investigate this possibility, 18 nmol of naringenin
chalcone was added to protein extracts of ‘Royal Gala’ leaves in the presence of 1.2 mM
NADPH. Reactions were performed using 100 mM potassium phosphate buffer at pH 6.5 to
minimise spontaneous self-cyclisation (Mol et al., 1985). The proposed branch point reaction is
shown in Figure 7-20 and the HPLC trace of the reaction products is shown in Figure 7-21.
'Royal Gala'
protein extract

OH

OH
HO

HO

OH

NADPH
OH

NADP+

OH

OH

O

O

Phloretin

Naringenin chalcone

Figure 7-20 Testing the phloridzin pathway branch point at naringenin chalcone. The proposed
reduction reaction converting naringenin chalcone to phloretin using ‘Royal Gala’ leaf protein extract
and NADPH is shown.
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Figure 7-21 HPLC analysis of the naringenin chalcone branch point assay. HPLC trace (280 nm)
of the reaction products of ‘Royal Gala’ leaf protein extract (RG) with naringenin chalcone (N-C) and
NADPH (black trace). The minus NADPH and extract only controls are shown as pink and blue traces,
respectively. Retention times are offset slightly for clarity.

Figure 7-21 shows the formation of phloretin from naringenin chalcone in the presence of
NADPH with only naringenin forming in the minus NADPH control. The background adjusted
phloretin concentration is 2.8 µg/mL, which is considerably higher than that seen for the pcoumaroyl CoA precursor. No dihydrochalcones have ever been reported in pear tissues, so a
protein extract from ‘Conference’ pear was made and incubated with naringenin chalcone and
NADPH to act as a negative control. Only naringenin was observed on the resulting HPLC
trace indicating no reduction of naringenin chalcone had occured (Figure 7-22).
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Figure 7-22 HPLC analysis of the naringenin chalcone branch point assay with ‘Conference’ leaf
protein extract.

The RT-qPCR experiments in Chapter 6 measured the expression level of the most abundant
CHI gene in the apple EST database. It is possible that other functional CHI homologs are
present in the leaf and are more highly expressed, as the number of ESTs in a library do not
always reflect transcript levels in the plant. To test if the low expression level of CHI in apple
leaves equated to low CHI activity, the cyclisation of naringenin chalcone to naringenin was
measured. Reactions were carried out by adding 30 nmol naringenin chalcone to 20 µg protein
extracts of ‘Royal Gala’ leaves or ‘Conference’ leaves, and the decrease in absorbance at 365
nm was monitored for 4 min. Assays were based on the method described by Mol et al. (1985)
and chemical self cyclisation was measured by monitoring the decrease in absorbance at 365
nm in the reaction buffer alone (Figure 7-23).
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Figure 7-23 Comparative CHI activity in crude protein extracts (20 µg) from apple and pear
leaves. RG control = ‘Royal Gala’ protein extract no naringenin chalcone. CP control = ‘Conference’
pear protein extract no naringenin chalcone. Buffer + N-C = non-enzymic cyclisation of naringenin
chalcone in reaction buffer. RG + N-C = ‘Royal Gala’ protein extract with naringenin chalcone. CP +
N-C = ‘Conference’ pear protein extract plus naringenin chalcone.

Figure 7-23 shows that the rate of conversion of naringenin chalcone to naringenin in the apple
leaf protein extract is slower than for the same amount of pear leaf protein and appears to be
proceeding at only a slightly faster rate than the non-enzyme mediated chemical cyclisation.
This higher CHI activity in pear leaves is consistent with the transcript analysis results
presented in Chapter 6. A comparatively low level of CHI activity in apple leaves may lead to
a metabolic bottleneck at naringenin chalcone, forming a pool of substrate for phloretin
biosynthesis. One way to test this hypothesis is by adding CHI enzyme to the crude ‘Royal
Gala’ protein extracts to see if less phloretin is produced in the presence of naringenin chalcone
and NADPH.

To achieve this, the Arabidopsis tt5 gene (At3g55120) was transiently expressed in tobacco and
crude protein extracts made as described in Chapter 2 section 2.10.1. Figure 7-24 shows that
phloretin production from naringenin chalcone is inversely correlated with the amount of
124

Chapter 7 Biochemical analysis of candidate genes and pathway branch points
Arabidopsis CHI protein extract present in the reaction. This is likely to be due to the increased
competition for the naringenin chalcone substrate.
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Figure 7-24 Effect of increasing amounts of transiently expressed CHI (At3g55120) extract on
phloretin formation in ‘Royal Gala’ leaf extracts. A heat inactivated CHI extract was used as a no
CHI control (0 µg CHI). Figures are corrected for background phloretin. Error bars represent standard
error of three replicate reactions.

7.12 Discussion
The first aim of this chapter was to provide insight as to the function of the three candidate gene
classes by testing crude protein extracts, derived from transiently expressed genes, with their
known and proposed phloridzin pathway substrates. Most previous research on the activity of
phenylpropanoid enzymes has been carried out with proteins derived from bacterial expression
systems. In contrast, this chapter describes the use of protein extracts from leaves of Nicotiana
benthamiana that have been infiltrated with the candidate gene of interest. This approach
confers a number of advantages over bacterial expression, as discussed in section 7.2, but has
the drawback that endogenous tobacco enzymes may modify the final endproduct.

For

example, the in vitro biosynthesis of phloretin from dihydro-p-coumaric acid (Figure 7-14)
showed that an endogenous tobacco enzyme appeared to convert the carbon single bond back to
a carbon double bond with the formation of both phloretin and naringenin. It is not unexpected
to see this enzyme activity in wild type Nicotiana benthamiana, as Chapter 5 showed that
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35S:AtMYB75 Nicotiana tabacum was able to produce small amounts of phloridzin in leaves.
The influence of endogenous tobacco enzymes on in vitro assays can be accounted for by the
use of appropriate controls.

Assaying the ARL proteins with p-coumaric acid showed no evidence of double bond reduction
to produce dihydro-p-coumaric acid. This result correlates with the observations from Chapters
4, 5 and 6 where over expression and RNAi silencing of these genes did not greatly effect
phloridzin concentrations. It also fits the findings of a previous study on AtDBR-1 where none
of the hydroxycinnamic acids tested were converted to dihydrocinnamates (Youn et al., 2006).
In contrast, all ARL protein extracts showed the ability to reduce coniferyl aldehyde to
dihydroconiferyl aldehyde. Previous studies on AtDBR-1 report activity with a number of lipid
peroxide derived carbonyls, including 2-alkenal and oxene derivatives (Mano et al., 2005).
Some of these substrates have the carboxyl group also found on p-coumaric acid, for example,
9-oxo-(10E), (12Z)-octadecadienoic acid, but none have the phenyl ring.

Interestingly,

although all ARLs were able to reduce coniferyl aldehyde; ARL-4, ARL-6 and ARL-7 did not
protect against HNE induced damage in tobacco leaves. Published kinetic studies on AtDBR-1
reveal a lower affinity for HNE than coniferyl aldehyde (Youn et al., 2006), and amino acid
differences within the active site of these proteins may be sufficient to prevent the reduction of
HNE and consequently lead to leaf necrosis. It should also be taken into account that a
heterologous host (tobacco) was used for the HNE assay. The reason for not using the ARL
silenced apple lines (described in Chapter 6), was that HNE application did not induce necrosis
in the leaves. The protection offered by the higher levels of polyphenols in apple leaves may
contribute to this observation.

Five ENRL proteins were able to reduce crotonyl CoA as reflected by the decreasing
absorbance at 340 nm as NADPH is converted to NADP+. In most cases this decrease was
dependent on the presence of crotonyl CoA in the reaction, indicating that NADPH
consumption was linked to the reduction of crotonyl CoA (Figure 7-8). However in the ENRL6 reaction there was a significant decrease in absorbance that was not linked to the presence of
crotonyl CoA, perhaps indicating that ENRL-6 is able to reduce a substrate already present in
the protein extract (Figure 7-8F). The reduction reaction with p-coumaroyl CoA yielded only
one ENRL enzyme (ENRL-5) that produced enough phloretin to be easily identified from its
UV spectra. Transient expression in 35S:AtMYB75 tobacco and the RNAi silencing results
inferred a possible role for ENRL-3 in phloridzin biosynthesis, therefore it is surprising to see
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that it has not produced identifiable amounts of phloretin when incubated with p-coumaroyl
CoA. Reasons for this may lie with the two different assay systems, for example there may be
cofactors, or membrane associated proteins necessary for the activity of ENRL-3 that might be
present in the intact cell but are lost when the proteins are purified. Based on retention time
alone there may be very small quantities of phloretin (0.029 µg/mL) in the ENRL-3 sample,
verifying this would require a more sensitive detection system such as LC-MS. Sequence
comparisons between ENRL-3 and ENRL-5 reveal that they share 94.6% amino acid identity
(98.5% similarity) and reside on linkage group (LG) 15 and LG 3 respectively. A BLAST
search of ENRL-5 and ENRL-3 against the strawberry (Fragaria vesca) genome reveals the
presence of a FvENRL-5 gene on chromosome 3. This chromosome is thought to be the
ancestral chromosome for LG 3 in apple. ENRL-3 may have arisen from a gene duplication of
ENRL-5 before a translocation to LG 15. The results from this in vitro screen of the 20
candidate genes provides a case for repeating the analysis of ENRL-3 and ENRL-5 using a
bacterial expression system to provide purified protein with less competing endogenous
proteins.

The phloridzin pathway branch points were also investigated in this chapter using p-coumaric
acid, p-coumaroyl CoA and naringenin chalcone. Although it was shown that the apple 4CL
enzyme could add a CoA functional group to dihydro-p-coumaric acid, no evidence could be
found supporting the reduction of p-coumaric acid in apple leaf extracts. This result supports a
much earlier finding where dihydro-p-coumaric acid was not labelled in feeding experiments on
apple leaf extracts using radioactive p-coumaric acid (Avadhani and Towers, 1961). A later
publication described the reduction of p-coumaroyl CoA to dihydro-p-coumaroyl CoA by apple
leaf extracts (Gosch et al., 2009), but did not directly show the production of dihydro-pcoumaroyl CoA or quantify the amount of phloretin produced. Results obtained in this chapter
show that p-coumaroyl CoA may be a pathway branch point but the amount of phloretin
produced is very low.

As this experiment does not measure dihydro-p-coumaroyl CoA

production, there is a possibility that p-coumaroyl CoA is not directly reduced in the presence
of NADPH and when CHS-1 is added in the linked assay, naringenin chalcone is formed and is
itself reduced by the remaining NADPH to phloretin (Figure 7-25).

127

Chapter 7 Biochemical analysis of candidate genes and pathway branch points
2
NADPH consumed in side reactions

1
NADPH

OH
CoAS
O

4-coumaroyl- CoA
3
Malonyl CoA

CHS

OH

+
OH NADPH NADP

HO

HO

4

OH

OH

OH
OH

O

O

Naringenin chalcone

N-C reductase

Phloretin

Figure 7-25 Alternative route to phloretin in the linked assay with p-coumaroyl CoA. In step (1)
NADPH (red dots) is added to the reaction mix containing ‘Royal Gala’ protein extract and p-coumaroyl
CoA, (2) some NADPH may be consumed in side reactions with endogenous apple enzymes, (3) CHS
and malonyl CoA are added to the reaction after 20 minutes to produce naringenin chalcone and (4)
sufficient NADPH is still present in the reaction for the proposed naringenin chalcone reductase to
produce phloretin. Endogenous apple proteins and the proposed naringenin chalcone reductase are
depicted as green and blue circles respectively.

The existence of a potential branch point at naringenin chalcone has not been discussed in any
of the previous publications regarding phloridzin biosynthesis.

Apple protein extract

experiments with naringenin chalcone showed the formation of phloretin in the presence of
NADPH, suggesting the presence of a second pathway branch point. There was an inverse
correlation between the amount of phloretin formed and the amount of CHI protein added to the
reaction. These findings fit with the low levels of MdCHI expression in apple leaves reported
in Chapter 6 and the lower levels of CHI activity in ‘Royal Gala’ leaves compared with pear,
shown in section 7.11 of this chapter. It is also consistent with findings from other species that
form phloridzin or other phloretin glycosides and also have low or no CHI activity, such as tt5
Arabidopsis and tomato. However, since the amount of phloretin formed in the reaction is low
compared to the amount of naringenin product, some of this may be formed by non-enzymic
spontaneous cyclisation in the reaction. This spontaneous cyclisation is difficult to avoid in
biochemical assays but a previous study suggested low pH and very high concentrations of
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serum albumin minimised non-enzymic isomerisation (Mol et al., 1985). Assays described in
this chapter used the optimum pH described in this previous publication. It is also worth
considering that the intracellular utilisation of naringenin chalcone in planta is likely to be very
different from the enzyme assays described here. For instance, a number of studies have
postulated the existence of ‘metabolite channelling’ where pathway enzymes are arranged
together into macro molecular complexes to prevent diffusion of intermediates (Winkel, 2004).
Therefore the physical association of CHS with either CHI or the phloretin double bond
reductase may be critical in determining if precursors are channelled toward flavonoids and
anthocyanins or phloridzin formation.
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8 Discussion
8.1 Overview
In this chapter the findings of Chapters 3 to 7 are discussed in context of their contribution to
the current understanding of phloridzin biosynthesis in apple.

A synopsis of what was

previously known about phloridzin biosynthesis prior to the commencement of this research is
followed by a summary of the main experimental findings, how they may be interpreted and
how they might relate to our wider understanding of apple biology. Finally, the potential
evolutionary advantages that phloridzin confers to apple, are discussed.

8.2 Knowledge of phloridzin biosynthesis prior to this study
At the beginning of this study, literature searches revealed that very little was known about the
pathway leading to phloridzin biosynthesis in apple. This is may seem surprising in light of
that fact that phloridzin’s existence has been known to medical researchers for over 150 years
and it is the dominant phenolic compound in a widely cultivated fruit crop. A significant report
on a potential phloridzin pathway branch point was published in 2009, when the NADPH
mediated formation of phloretin from p-coumaroyl CoA was demonstrated in vitro (Gosch et
al., 2009). Attempts to identify the double bond enzyme reductase in this research were
unsuccessful. In contrast, the final step of the phloridzin pathway has been well characterised
with Judge et al. (2008) describing the isolation of a glycosyltransferase that selectively
glycosylated phloretin to phloridzin (Jugdé et al., 2008). Subsequent studies have since built
upon this knowledge of the phloretin glycosyltransferase gene family (Gosch et al., 2010).
8.3 Identifying and testing candidate double bond reductase genes
In order to identify the carbon double reductase responsible for the formation of phloretin and
phloridzin in apple a candidate gene strategy was adopted. Extensive searches of the literature
and public database such as Metacyc and KEGG, revealed that carbon double reductases are not
widespread in plant metabolism and only three classes of carbon double bond reductases had
substrates similar to the proposed phloridzin pathway precursors (p-coumaric acid, p-coumaroyl
CoA and naringenin chalcone). These classes were; alkenal reductases, enoyl CoA reductases
and isoflavone reductases. Candidate genes were identified from an apple EST library by
BLAST searching the library with previously characterised examples of these three carbon
double bond reductase gene classes. A significant amount of the work in this study was
directed at testing the apple candidate genes for their involvement in phloridzin biosynthesis.
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To achieve this, a number of strategies were adopted with the aim of identifying a gene which
gave multiple lines of evidence for involvement in phloridzin biosynthesis.

Both over

expression and gene silencing by RNAi have caveats associated with their use. For example,
over expression depends on substrate supply from rate limiting step enzymes and gene silencing
can be masked by functional redundancy. Similarly, biochemical assays with protein extracts
and putative substrates are dependent on a number of factors including; pH, temperature, the
presence of inhibitors or the requirement for additional co-factors.

By using all three

techniques, the possibility of false negatives can be minimised.

8.4 Producing phloridzin in a non-Malus model species
Chapters 4 and 5 confirm the presence of phloridzin in two non-Malus hosts (tt5 Arabidopsis
and 35S:AtMYB75 tobacco). This is significant for two reasons; firstly it supports the concept
that phloridzin is not found exclusively in apple as first thought (Hutchinson et al., 1959) and
provides the first known report of phloridzin in the family Solanaceae. Secondly, the presence
of small amounts of this dihydrochalcone created two model systems to test the ability of
candidate genes to boost the amount of phloridzin in the seeds of tt5 Arabidopsis or the leaves
of 35S:AtMYB75 tobacco. The availability of these model systems meant that an interim screen
of candidate gene activity could be carried out whilst apple shoots transformed with RNAi
silencing vectors were regenerated in tissue culture over a period of up to 24 months.

8.5 RNAi induced silencing of the ARL and IFRL genes
None of the ARL or IFRL genes gave an increase in phloridzin level when over expressed in tt5
seeds or 35S:AtMYB75 tobacco. Two plants (ARL-2hp A7 and ARL-7hp A11) transformed with
ARL silencing constructs gave a 60% decrease in phloridzin concentration, however this
decrease was not reflected in the other silenced lines tested (ARL-2hp A8 and ARL-7hp A7).
Similar results were seen for the IFRL genes where two individual lines gave small decreases in
phloridzin level that were not mirrored in the other silenced line tested. Complicating the
analysis is the observation that considerable variation was observed in the phloridzin
concentrations of wild type ‘Royal Gala’ grown under greenhouse conditions, meaning that any
small (< 50%) decrease in phloridzin concentration bought about by gene silencing would be
masked by biological variation.

The amount of metabolite remaining after targeted gene

silencing relies on a number of factors, such as functional redundancy within the candidate gene
class, whereby non target homologs are able to compensate for the silencing of a particular
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gene. Sequence comparisons in Chapter 3 show that the apple ARL genes share a relatively
high level of amino acid identity. In addition, Chapter 4 revealed that all ARLs are able to
reduce the coniferyl aldehyde substrate, which may infer a degree of functional redundancy
within this gene class.

The extent of gene silencing is also a contributing factor, whereby incomplete silencing brings
about only a partial decrease in metabolite level.

An example of this comes from CHS

silencing experiments in apple, where one line with partial silencing of the three CHS genes
gave only a 40% decrease in the concentration of phloridzin in the leaves (Dare et al. 2013).
The extent of gene silencing is not likely to be a factor in the results presented in Chapter 6, in
most cases the transformed lines tested by HPLC had expression levels of 10-20% of the wild
type. A final consideration when assessing the results of gene silencing experiments is the
existence of alternative pathways which may compensate for an RNAi induced block in the
known pathway.

An example which illustrates this phenomena is the silencing of an

ANTHOCYANIDIN SYNTHASE (ANS) gene in a red coloured apple genotype which removed
all but trace amounts of anthocyanins from the stem and leaves but increased the concentrations
of epicatechins which are derived from anthocyanidins normally produced by ANS. The
authors speculate that this unusual result is due to an alternative pathway which allows the
epimerisation of catechin to epicatechin and therefore bypasses the ANS mediated step
(Szankowski et al., 2009). In Chapter 7, protein extract experiments showed it was possible to
form phloretin from p-coumaroyl CoA in a linked assay and also directly from naringenin
chalcone This suggests that phloridzin biosynthesis in apple has two alternative pathways and
silencing one branch point enzyme might not be sufficient to alter phloridzin levels if the other
pathway is intact.

8.6 ENRL-3 a carbon double bond reductase involved in phloridzin biosynthesis
One candidate double bond reductase gene showed several lines of evidence to implicate it in
phloridzin biosynthesis. ENRL-3 is an enoyl CoA reductase like gene that was identified from
the Plant & Food Research EST database by sequence homology to Arabidopsis AtENR-1
(At2g05990). Pear is closely related species to apple but does not produce dihydrochalcones
and a BLAST search of a composite pear genome assembly revealed that pear has an ENRL-3
homolog.

However, RT-qPCR analysis showed that PcENRL-3 does not appear to be

expressed in ‘Conference’ pear leaves.

In addition, transient expression of this gene in

35S:AtMYB75 tobacco showed an 11-fold increase in the quantity of phloridzin in the ENRL-3
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infiltrated leaf patch compared with P19 control leaf patch. None of the other 19 genes tested
in this assay gave any appreciable increase in phloridzin levels. Biochemical assays, described
in Chapter 7, with p-coumaroyl CoA did not produce detectable amounts of phloretin in the
linked assay with ENRL-3 protein extracts. However ENRL-5 did appear to produce phloretin
in the linked assay, inferring that it has p-coumaroyl CoA double bond reductase activity.
ENRL-5 is the closest homolog to ENRL-3, sharing 96.4% amino acid identity, and may
represent an allelic copy. It is not known why ENRL-3 failed to produce phloretin in this assay.
One possible explanation for the lack of ENRL-3 activity might be its requirement for
subcellular structures such as an endoplasmic reticulum or vacuole. Accessory proteins, like
cytochrome P450 reductase, co-located on such structures might also be required for activity.
Protein extraction requires homogenisation of the infiltrated leaf, and this process would disrupt
any internal membrane structures.

Attempts to reduce the ENRL-3 transcript level in ‘Royal Gala’ plants were partially successful
with one silenced line identified by RT-qPCR. HPLC analysis showed that this line had a 67%
decrease in the phloridizin level in the leaf relative to the ‘Royal Gala’ control. The biological
relevance of this decrease in phloridzin levels is unclear due to the natural fluctuations in
phloridzin concentration discussed earlier and the presence of only one silenced line. Obtaining
additional lines with reduced ENRL-3 transcript levels should confirm the validity of this result.
If ENRL-3 is the major double bond reductase responsible for the production of phloridzin in
apple, one might expect a much higher decrease in phloridzin levels upon RNAi silencing.
Previous research on the results of silencing the three CHS genes in apple showed that a 95%
reduction in CHS transcript levels by RNAi, reduced phloridzin levels by up to 200 fold (Dare
et al., 2013). This study gives some indication of the expected phloridzin levels from the
knock-down of all known copies of a key phloridzin biosynthetic gene. If ENRL-3 is involved
in phloridzin production, it appears to be only a partial contributor to total amount of phloridzin
in the plant.

8.7 Evolutionary links between fatty acid biosynthesis and the phenylpropanoid pathway
As discussed in Chapter 3, ENR enzymes are part of a large multifunction complex called fatty
acid synthase (FAS) which is involved in the biosynthesis of long chain fatty acids. There
exists an interesting mechanistic similarity and a possible evolutionary link between
phenylpropanoid metabolism and fatty acid biosynthesis.

Previous studies comparing the

reaction mechanisms of the type III polyketide synthase CHS with FAS, showed that both used
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the sequential addition of a three carbon acetate units via a decarboxylative condensation
reaction. Both pathways also utilise similar starter molecules, short chain acyl CoAs in fatty
acid biosynthesis, or the three carbon malonyl CoA in naringenin chalcone production . In
addition, a recent publication has demonstrated that three CHI-like proteins from Arabidopsis
are fatty acid binding proteins (FAP1-FAP3), and through phylogenetic analysis the authors
postulated that CHI is likely to be derived from FAP3 (Ngaki et al., 2012).
8.8 High phloridzin concentrations in apple may be due to a metabolic bottleneck at CHI
Results presented in Chapters 4 and 5 describing the presence of phloridzin in tt5 Arabidopsis
and 35S:AtMYB75 tobacco, two species not previously known to produce phloridzin, underlines
the importance of metabolic pathway flux in forming novel compounds. In the case of tt5
Arabidopsis, loss of CHI activity is presumed to create a block at this step allowing an
unknown double bond reductase to convert the accumulating naringenin chalcone to phloretin,
which is then glycosylated to produce phloridzin in the seed. Conversely, the formation of
phloridzin in 35S:AtMYB75 tobacco is likely to be due to the up regulation of the early
phenylpropanoid pathway genes, resulting in increased metabolite flow between these enzymes.
It is known from previous studies in Arabidopsis that the AtMYB75 transcription factor is able
to up-regulate a number of biosynthetic genes including PAL, CHS and 4CL (Dare et al., 2008;
Tohge et al., 2005). The expression studies of apple CHS and CHI, presented in Chapter 6,
provided the initial evidence that phloridzin formation in the leaves of apple may be in part due
to a bottleneck at CHI. In vitro experiments with ‘Royal Gala’ leaf extracts in Chapter 7 also
supported this hypothesis, with NADPH-dependent phloretin formation from naringenin
chalcone, which appeared to be negatively correlated with the amount of CHI extract added to
the reaction. Furthermore, CHI activity levels in the leaves of ‘Royal Gala’ appeared to be
lower than in ‘Conference’ pear leaves.

Much of our current knowledge of metabolite flux in phenylpropanoid biosynthesis comes from
over expression or gene silencing studies. For example, over expression of PAL in tobacco has
shown it is the rate limiting step for chlorogenic acid biosynthesis but not flavonoid and lignin
production (Howles et al., 1996). Artifically inducing pathway bottlenecks through RNAi has
also provided an insight to the consequences of restricting the downstream flow of metabolites.
RNAi silencing of a CHS gene from strawberry resulted in a significant accumulation of a
number of glucose esters of cinnamic, caffeic and ferulic acids which are normally only found
in trace quantities in wild type fruit (Lunkenbein et al., 2006). A previous silencing study on
ANS in apple has not only demonstrated the diversion of its immediate precursors into catechins
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and flavonols, but also the accumulation of hydroxylated cinnamic acids which are formed
much higher up the pathway. This indicated that feedback caused by a pathway bottleneck may
extend far beyond the affected enzymatic step (Szankowski et al., 2009). A naturally occuring
example of a similar constriction in metabolite flow comes from tomato skin, where CHI
transcripts were at undetectable levels and were correlated with unusually high levels of
naringenin chalcone (Muir et al., 2001). It is reasonable to assume that this accumulation leads
to the formation of a dihydrochalcone called phloretin 3′,5′-di-β-glucopyranoside (Slimestad et
al., 2008). A similar example comes from yeast elicited cell cultures of the legume Medicago
truncatula. Here, the production of a novel aurone called hispidol appeared to be a result of
‘metabolite spillover’ as the pool of its chalcone precursor (isoliquiritigenin) builds up as a
consequence of an imbalance between the upstream and downstream parts of the
phenylpropanoid pathway (Farag et al., 2009).
8.9 Chalcone isomerase, a paradoxical enzyme?
A pathway branch point at CHI that leads to the formation of a genus or family-specific
compound is not without precedent in plants. Illustrating this is the formation of isoflavonoids
in legumes, where a legume-specific type II CHI converts isoliquiritigenin to liquiritigenin in an
analogous reaction to the isomerisation of naringenin chalcone. The formation of naringenin
represents the last step of the general phenylpropanoid pathway before it branches off into an
array of downstream products including; flavonols, condensed tannins, and anthocyanins. This
unique position in the pathway underlines the significance of CHI as a potential pathway branch
point. However, CHI is a paradoxical enzyme in that the cyclisation reaction it catalyses occurs
spontaneously, yet a number of experimental findings have demonstrated its physiological
importance to the synthesis of downstream metabolites. These studies include; tt5 Arabidopsis
seeds which lack condensed tannins (Shirley et al., 1992), the over expression of CHI in tomato
skin which results in a 78-fold increase in flavonol content. (Muir et al., 2001; Verhoeyen et al.,
2002) and the over expression of CHI in Scutellaria baicalensis resulting in increased levels of
flavones like baicalin and wogonin (Park et al., 2011). Chemical cyclisation of naringenin
chalcone results in an enantiomeric mix of (2S) and (2R) naringenin, only the (2S)-flavones are
thought to be biologically active so the role of CHI may be to provide stereochemical
specificity to the reaction (Jez and Noel, 2002). As the CHI proteins of apple and pear share
87% amino acid identity, it is likely that the reduced CHI activity observed in apple is a result
of the decreased expression level of CHI rather than a less catalytically efficient enzyme in
apple.
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There is also the question of how much CHI activity is enough to drive pathway flux. The
presence of a number of quercetin glycosides, catechin and epicatechin, in apple leaves
indicates that there is sufficient CHI activity for these compounds to form. Anthocyanins are
formed in the skin of a number of apple varieties upon maturation, which again indicates
sufficient CHI activity for their biosynthesis. This is also supported by previous RT-qPCR
studies which report much higher relative expression levels of CHI in the fruit skin than in the
leaves (Espley et al., 2007; Telias et al., 2011) and an earlier enzyme study that reported high
CHI activity in the skin of developing ‘Splendour’ fruit (Lister et al., 1996). Interestingly,
these higher levels of CHI expression in fruit skin appears to correlate with lower phloridzin
concentrations in the skin compared with the leaves. The two major dihydrochalcones in apple
skin are phloridzin and phloridzin xyloside and levels vary according to cultivar, but typical
figures of the two combined dihydrochalcones in ‘Royal Gala’ skin are around 17.2 µg/g FW.
This represents a 4000-fold decrease compared with the leaf phloridzin concentrations reported
in Chapter 6. In addition, the phloretin aglycone is not found in the apple skin or flesh. This
might indicate that rate of phloretin biosynthesis is lower in fruit tissues than in the leaf,
possibly as a result of the observed increased CHI expression.

Alternatively, phloretin glycosyltransferase activity might be unusually high in the skin and
flesh, resulting in no accumulation of the agylcone.

Expression data of the phloretin

GLYCOSYL TRANSFERASE-1 gene (PGT-1) shows that the later hypothesis is unlikely to be
the case as expression levels in the fruit are lower than the other three tissue types tested (Jugdé
et al., 2008). The apple AtMYB75 homolog (MdMYB10) is thought to up-regulate a number
of anthocyanin pathway genes including CHS and CHI in the fruit skin and cortex (Espley et
al., 2007). However RT-qPCR analysis of transgenic 35S:MYB10 ‘Royal Gala’ leaves (kindly
provided by Richard Espley, Plant & Food Research, Auckland), found no evidence of upregulation of CHI in the leaves despite their high concentrations of anthocyanins. This is in
accordance with metabolite studies on the leaves of these transgenic plants which found no
significant differences in the foliar concentrations of phloridzin and might suggest that
transcriptional control of CHI expression differs in these tissues (A.Dare unpublished results).
8.10 The role of the ARL genes in apple
The four candidate testing strategies used in this research failed to associate any of the ARL or
IFRL genes with phloridzin biosynthesis. However some understanding has been gained into
the potential role of the ARL genes in apple physiology. At the time of writing only the
Arabidopsis ARL gene had been functionally characterised and little was known about how
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conserved the role of this double bond reductase might be in more distantly related species such
as apple. Biochemical assays performed in Chapter 7 showed that the apple ARL enzymes, like
their Arabidopsis homolog (AtDBR-1), are capable of reducing coniferyl aldehyde to dihydroconiferyl aldehyde. Four of the seven ARL genes also offered a degree of protection against
HNE-induced necrosis in transient assays in tobacco, again indicating that these proteins may
be playing a similar role to AtDBR-1 in detoxifying lipid derived free radicals in apple.

8.11 Evolutionary significance of phloridzin in apple
As discussed previously, Malus is the only genus which accumulates significant quantities of
phloridzin. An interesting question that arises from this observation is, what is the evolutionary
advantage offered to apple for diverting so much of its carbon resources into phloridzin
production?

The physiological role of phloridzin and phloretin in apple is still largely

unknown. Whilst a number of studies have attempted to reveal phloridzin’s role in defence
against common pathogens such as fireblight (Erwinia herbicola) and apple scab (Venturia
inaequalis), there have been no clear conclusions drawn from these investigations.

One

possible reason for this is that high phloridzin levels are an evolutionary artefact and were
originally evolved against an ancestral pathogen or insect that has since switched its host range.
Alternatively, as phloridzin is present in high concentrations in apple roots and has been
previously shown to inhibit root growth in bioassays (Börner, 1960), it may be involved in
allelopathy by preventing root systems from neighbouring species from invading the apple root
zone and utilising water and nutrients. This might confer a selective advantage to apple as it is
believed to originate from a semi-arid mountain forest environment in central Asia where soil
resources might be limiting.

In 1930 the Russian biologist Vavilov suggested that the central Asian wild apple was the
progenitor of the modern domestic apple. The wild apple is closely related to Malus baccata
which produces small cherry-like fruit which hang in clusters and are bird dispersed. Up to 10
million years later this pattern of seed dispersal changed, with larger juicier fruit being selected
by large mammals such as bears, deer and antelope (Juniper 1999). Later with the advent of
trade along the Old Silk Road, animals involved in transportation; such as horses, donkeys and
mules were responsible for the much wider spread of apple along ancient trade routes. It is
possible that phloridzin may have a role in making apple more attractive to these mammalian
seed dispersers.

The effects of phloridzin and phloretin on mammalian physiology by

inhibiting sodium linked glucose transport has been well documented in the past (Ehrenkranz et
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al., 2005) and a number of studies have implicated phloridzin as a feeding stimulant in rats
(Flynn and Grill, 1985; Tsujii and Bray, 1990), transgenic mice (Zhao et al., 2004), and rabbits
(Sanderson et al., 1992). It is possible that these findings may extend to other mammals
including the known apple seed dispersers, with increased fruit consumption leading to more
effective seed dispersal.
8.12 Summary of research project
The primary aim of this thesis was to identify the enzyme responsible for the diversion of
precursors away from the phenylpropanoid pathway and into the side branch which leads to
phloridzin production. A candidate gene strategy was adopted to identify three gene classes
which performed similar carbon double bond reduction reactions on structurally similar
substrates and then searching for apple homologs in an apple EST database. Testing these
candidate genes involved using two over expression strategies in model systems (tt5
Arabidopsis and 35S:AtMYB75 tobacco), one gene ‘knock-down’ strategy by RNAi in apple
and in vitro assays using transiently expressed protein extracts. Only ENRL-3 showed multiple
lines of evidence that it may contribute to phloridzin biosynthesis in apple with increased
phloridzin concentrations in infiltrated 35S:AtMYB75 tobacco leaves and a 67% reduction in
phloridzin levels in one RNAi silenced line. Whilst ENRL-3 did not show activity in the
biochemical assays with p-coumaroyl CoA, its closest homolog (ENRL-5) was able to produce
phloretin in the linked assay. A second important finding from this research is that it may not
be a unique double bond reductase which gives apple its unusually high levels of phloridzin, but
rather the way apple regulates the flow of precursors through the initial stages of the
phenylpropanoid pathway. This hypothesis originated from the finding that apple had low CHI
expression levels and enzyme activity levels compared with a closely related species that does
not produce dihydrochalcones. The production of phloretin from naringenin chalcone in apple
extracts has not been described previously and is a new potential branch point for the phloridzin
pathway. Future work aimed at clarifying these results and building upon the knowledge
gained from this research will include; generating more ENRL-3 silenced lines for metabolite
analysis, repeating the biochemical assays with highly purified ENRL-3 protein, and isolating
the naringenin chalcone double bond reductase for subsequent protein sequencing and gene
isolation.
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10.1 Sequence aligment of apple ARL proteins
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Amino acid alignment of the seven ARL genes isolated from the Plant & Food Research apple
EST database and carbon double bond reductases from five other species. These include the
previously characterised ARL enzymes from Arabidopsis (AtDBR1), Pinus taeda (PtDBR-1)
and Rubus idaeus (RiRZS), in addition to a further 11 Arabidopsis homologs of unknown
function (At5g37940, At5g3800, At5g37980, At1g26320, At3g03080, At5g16980, At5g16990,
At5g17000, At5g16960, At3g59845, At1g65560). Also included in the analysis were the allyl

deydrogenase (NtADH) and pulegone reductase (PulR) enzymes from Nicotiana tabacum and
Mentha piperita respectively.
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10.2 Sequence alignment of IFRL proteins
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Amino acid alignment of the seven IFRL proteins isolated from the Plant & Food Research
apple EST database in addition to IFRL and IFR proteins from eight other species. The IFR
proteins were represented by sequences from leguminous species including; Pisum sativum
(PsIFR), Cicer arietinum (CaIFR), Medicago trunculata (MtIFR) and Glycine max (GmIFR).
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IFRL proteins used in this analysis included ZmIFRL from Zea mays, CpIFRL from Citrus
paradisi, NtIFRL from Nicotiana tabacum BpIFRL from Betula pendula.

Other

phylogenetically related enzyme classes included; phenylcoumaran benzylic ether reductase
from Pinus taeda (PtPBER), pinoresinol/lariciresinol reductase from Forsythia intermedia
(FiPLR), and a leucoanthocyanidan reductase gene from Malus x domestica (MdLAR).
10.3 Sequence alignment of ENRL proteins
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Amino acid alignment of the six ENRL proteins isolated from the Plant & Food Research apple
EST database in addition to three ENR proteins identified from Nicotiana tabacum (NtTSC13),
Arabidopsis (At2g05990) and Brassica napus (BnENR).

162

Chapter 10 Appendices
10.4 Amino acid alignment of MdENRL-3 and PcENRL-3 from ABYSS assembley

Apple ENRL-3 amino acid sequence (148595) aligned with a translation of an ABySS
assembly of three pear genomes (Pear_F1, Pear_F2 and Pear_F3).
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10.5 HPLC trace of the reaction products of MdANR-1 and MdANR-2 protein extracts
plus naringenin chalcone and NADPH
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HPLC trace showing that only naringenin is formed when MdANR-1 and MdANR-2 protein
extracts are incubated with naringenin chalcone (N-C) and NADPH. No peak corresponding to
phloretin (retention time 35.00 min) was visible on the HPLC trace. Reactions were performed
according to Chapter 7 section 7.7.

10.6 HPLC trace of reaction products MdANR-1 and MdANR-2 protein extracts plus
cyanidin chloride and NADPH
250

mAU

WVL:280 nm

Cyanidin
200

Epicatechin

150

P19 only control
100

Cyanidin standard
Extract only

50

Epicatechin standard
0

MdANR-1 +cyanidin + NADPH
-50

MdANR-2 + cyanidin + NADPH
min

-100
9.4

11.3

12.5

13.8

15.0

16.3

17.5

18.8

20.0

21.3

Retention time (min)
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HPLC trace (280nm) showing the reaction products of two transiently expressed ANR proteins
incubated with NADPH and 5μg cyanidin chloride based on the protocol described in Chapter 7
section 7.7. Epicatechin was formed when both ANR-1 and ANR-2 were incubated with
cyanidin in the presence of NADPH (blue and black traces), no epicatechin was seen in the P19
control (blue trace) or the extract only control (brown trace).

5 0 .0

2 0 1 .8

4 0 .0

3 0 .0

2 0 .0

1 0 .0

2 7 9 .0
0 .0

- 1 0 .0
1 9 0

2 5 0

3 0 0

3 5 0

4 0

Absorbance spectra (190-410 nm) of the epicatechin peak produced by ANR-1 (shown in
HPLC trace above). The absorbance profile fits that of an epicatechin standard (shown in red).

10.7 Experimental method for the preparation of naringenin chalcone
Chemical synthesis of naringenin chalcone was performed by Dr John Van Klink at Plant &
Food Research Dunedin Plant Extracts Unit.

Preparation of naringenin chalcone
Naringenin (200 mg, Aldrich) was dissolved in a solution (2 mL) of 50% aqueous KOH and
refluxed at 100 ºC for 2 min. The solution was cooled, acidified (HCl) and extracted with ethyl
acetate (3 x 5 mL). The ethyl acetate phase was washed with water (2 x 5 mL) and dried over
anh. MgSO4. The reaction mixture was purified by semi-preparative HPLC using an Agilent
1260 instrument with an autosampler, binary pump, column heater, multi-wavelength UV
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detector and fraction collector. Separation was performed with an RP-18 (Phenomenex Luna
(2) RP-18, 250 x 10 mm, 5 µm) column with a SecurityGuardTM column (Phenomenex C18, 4 x
2 mm) fitted. An isocratic solvent mix of 40:60 CH3CN:H2O was used with a mobile phase
flow rate of 5.0 mL/min and UV detection at 210 and 280 nm. Peaks were collected by an
automated fraction collector using signals at 210 nm. Peaks from multiple injections (ca 5 mg
each) were pooled to isolate naringenin chalcone (TR 6.2 mins) from unreacted naringenin (TR
7.0 mins) and other impurities. Fractions containing naringenin chalcone from multiple
injections were pooled, lyophilised and then recrystalised from ethanol to give the yellow
chalcone (5 mg): TLC Rf 0.38 (1:9 MeOH/DCM). 1H NMR (CD3OD, 25 ºC): 8.06 (d, 16 Hz),
7.69 (d, 16 Hz), 7.48 (d, 8 Hz), 6.81 (d, 8 Hz), 5.83 (s).

NMR spectroscopy
1

H NMR spectra were acquired on a Varian 400 spectrometer operating at 399.74 MHz.

Samples were run in CD3OD and the spectra were processed using standard Varian software
and analyzed with MestreNova software. The chemical shifts (δ) are given in ppm and were
referenced to the residual protons in the solvent peak at 3.30 ppm.

10.8 The pTKO2 vector used for RNAi silencing experiments

35S x3
attR1

pnos
nptII

target sequence

nos3'

attR2
Intron

Left border

attR2

oriT RK2

target sequence (c)
attR1

pTKO2

act3'

14210 bp

Right border
RK2 Ori

RK2 trfa
Tn7 SpecR
322 Ori
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10.8 The pGreen 0029-62-SK (+) plant transformation vector (T-DNA section)
Nos promoter
35S promoter
pSAK778SEQ_5(100.0%)

KL105F
NotI (1869)
XbaI (1876)
SpeI (1882)
BamHI (1888)
XmaI (1894)
Sma I (1896)
PstI (1904)
EcoRI (1906)
EcoRV (1914)
HindIII (1918)
ClaI (1925)
XhoI (1939)
ApaI (1952)
KpnI (1958)

CaMV term
KL106R
nos term

Kan-R (NptII)

LB

nptII R

RPH-063: CaMVterm(96.3%)

nptII F

RB

pGreenII 0029 62-SK
2247 bp
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