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Summary

The cell-type-specific nature of flavonoid biosynthesis, as a unique combination of
different classes of compounds has been investigated in great depth over the last
decade. Proanthocyanidins and anthocyanins are products of the flavonoid metabolic
pathway and share metabolic intermediates and possibly biosynthetic enzymes.
Legumes, such as white clover (Trifolium repens L.), provide opportunities for studying
the biosynthesis of proanthocyanidins and anthocyanins which accumulate across a
broad range of cell types. The leaves of white clover plants accumulate
proanthocyanidins only in glandular trichomes, but produce anthocyanins in epidermal
cells. This observation is likely to reflect cell-type-specific patterns of gene expression,
enzyme activities and production of metabolic intermediates. This study aimed to
establish a reproducible system for tissue- and cell-specific analyses of the
transcriptome and metabolome in white clover leaves, in order to allow a better
understanding of flavonoid metabolism within specific cell types. Matrix-Assisted Laser
Desorption Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF MS), Liquid
Chromatography-Mass Spectrometry (LC-MS) and Next Generation RNA Sequencing
(RNA-Seq) were applied to leaf samples from two white clover varieties, namely ‘Mink’
and ‘New Zealand Red Leaf Mutant’ (NZRLM) that differed in the intensity of foliar
accumulation of anthocyanins. The tissues selected were (i) whole leaves at selected
stages of development; (ii) chevron portions and green segments of leaves; (iii) different
tissues derived from leaves, namely trichomes, epidermal cells and mesophyll
protoplasts; and (iv) single cell types isolated from leaves using Fluorescence-Activated
Cell Sorting (FACS), Laser Capture Microdissection (LCM) and partial enzymatic
digestion. Stable transgenic white clover plants expressing green fluorescent protein
(GFP) under the control of epidermis specific promoters from Arabidopsis were
successfully generated for the first time, enabling the isolation of epidermal cell
protoplasts derived from white clover leaves by FACS. In this study, together with
optimization of the methods for isolation of specific cell types, and omics-based
comparison of white clover leaves at cell-type-specific resolution, it was demonstrated,
for the first time, that pelargonidin-based anthocyanins and proanthocyanidins are
accumulated in ‘NZRLM’ leaf epidermal cells and trichomes, respectively. The
generation

of

gene-

to-

metabolite

data

suggests

that

anthocyanins

and

proanthocyanidins biosynthesis pathways in specific cell types of ‘Mink’ and ‘NZRLM’
leaves, are potentially recruiting different precursors of the flavonoid biosynthetic
pathway.
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CHAPTER 1

1. Introduction
1.1 ‘Omics’-Based Analysis at the Level of Cell Types‒Opportunities and
Challenges
Recent advances in whole genome biology have improved our understanding of
interactions between complex regulatory networks composed of genes, proteins,
hormones, metabolites and signaling molecules that underlie plant development
and survival. However, our understanding of the complex regulation of metabolic
pathway and gene regulatory networks at the cellular level has been limited in
intact plants because of the dilution effect of organ-based sampling of
metabolomes and transcriptomes.

Plant metabolomics is providing a large quantum of data that adds an important
extra dimension to the information flow obtained from genomics, transcriptomics,
and proteomics, enabling a more comprehensive understanding of plant growth,
development, defence, and productivity. Previous studies have reported that the
total number of metabolites in plants is estimated to be 200,000 (Dixon and
Strack, 2003). Of these metabolites, around 7,000–15,000 have been identified
in any individual plant species, with about 3,000–5,000 metabolites found in
plant leaves such as tobacco and Arabidopsis (Wahlberg and Enzell, 1987; Bino
et al., 2004; Kim et al., 2010). These compounds are structurally diverse also
temporally and spatially active representing significant challenges for advanced
analytical methods in contrast to DNA molecules that are composed of four
nucleotide bases and can be amplified after extraction (Hall, 2006). There is a
limited ability in capturing further one snapshot of the metabolites at any given
time, and it is not possible to amplify the metabolites. Furthermore, ranges of
metabolite abundances, detection, ionization and polarization capabilities vary
widely which makes metabolomics far more challenging than other omics-based
analysis (Fiehn, 2002; Patti et al., 2012). In the past decade, there has been a lot
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of interest in using metabolomics data to study the genetic regulation of
metabolites underlying phenotypic diversity (Carreno-Quintero et al., 2013).

Recent developments in profiling of DNA using next-generation sequencing
(NGS) and the accessibility of whole genome sequences, and metabolites using
cutting-edge processing software and the availability of analytical equipment with
higher sensitivity and accuracy are valuable resources for plant biologists. The
use of these technologies has resulted in generation of vast quantities of data
emphasising the need for a higher resolution in biological sampling (Rogers et
al., 2012). Many scientists have highlighted the need for omics-based analysis of
biological process at the level of individual cell types (see Wang et al., 2010 for
example). This approach would require isolation of single-cell populations from
an organism representing a significant technical challenge.

In recent years, advances in methods for isolation of single-cell populations have
allowed deep analyses of the epigenome, transcriptome, and metabolome in
single cell and single cell types (Wang et al., 2012; Misra et al., 2014). There are
different parameters that can be used for isolation of different cells and/or single
cell

types

including

size,

morphology,

optical

properties

as

well

as

autofluorescence or specific fluorescent labeling (Harkins et al., 1990; Nelson et
al., 2008).

Laser capture microdissection (LCM) is one of the first methods

established to isolate selectively targeted cells directly from a section of
complex, heterogeneous tissue based on the visual definition of the specific cell
type without the need for any knowledge of the molecular properties of specific
cell types (Emmert-Buck et al., 1996; Bonner et al., 1997; Asano et al., 2002;
Wang et al., 2012). Fluorescence-activated cell sorting (FACS) is another
technology developed for sorting specific cell populations, and is based on the
optical recognition and mechanical isolation of fluorescently labeled cells after
protoplasting (Galbraith et al., 1995; Herzenberg et al., 2002; Birnbaum et al.,
2003; Zhang et al., 2008; Li et al., 2012; Rogers et al., 2012).

In previous reports cells isolated using different techniques have been used for
downstream analysis to generate cell type-specific transcript and metabolite
profiles (Birnbaum et al., 2003; Schad et al., 2005; Brady et al., 2007; Dinneny et
2
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al., 2008; Brooks et al., 2009; Jiao et al., 2009; Petersson et al., 2009; Torti et
al., 2012).

In recent years, the analysis of cell type-specific transcriptomes has led to a
clearer understanding of complex gene regulatory networks occurring at the
cellular level that would otherwise have been masked by the mixing of cell types
that occurs during whole-organ analyses (Iyer-Pascuzzi and Benfey, 2009;
Moreno-Risueno et al., 2010; Brady et al., 2011).

Microarray-based cell-type-specific transcript profiles have been generated for
many different tissues from several plant species including Zea mays (Nakazono
et al., 2003), Arabidopsis thaliana (Dinneny et al., 2008; Brady et al., 2007),
Glycine max (Libault et al., 2010), Oryza sativa (Takehisa et al., 2012) and
Nicotiana tabacum (Cui et al., 2011). Transcriptomic analysis of specific types of
root cells in Arabidopsis has elucidated many tightly regulated gene networks
that were not previously explained by organ level analyses due to restricted
expression of genes by cell type and developmental time (Brady et al., 2011).
Birnbaum et al. (2003) and Brady et al. (2007) have generated multiple
transcriptional profiles of groups of genes that were correlated with specific cell
types in Arabidopsis roots. Interspecies comparison of leaf trichomes in
Arabidopsis has allowed the identification of key trichome-specific genes (Jakoby
et al., 2008). Nakazono et al. (2003) have identified genes showing differential
expression in vascular bundles and bundle sheath cells of maize coleoptiles.

New technologies have also enabled the isolation of individual cell populations to
generate metabolite profiles at the single cell level with enhanced detection and
quantification of metabolites that were beyond the resolution of whole organ
studies. Kajiyama et al. (2006) detected molecular species of anthocyanins in
single petal cells of Torenia hybrida cv. ‘Summerwave’ using a combination of
laser-micro sampling and nano-flow liquid chromatography-electro spray
ionization mass spectrometry (LC-ESI-MS) techniques. The use of LC-ESI-MS
has led to identification of the pathways for triterpene, flavonoid and very longchain fatty acid biosynthesis in leaf epidermal cells of Catharanthus roseus
illustrating the utility of advanced metabolomics methodologies in analysing
3
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metabolites of specific plant-cell types (Murata et al., 2008). Recently, Gong et
al. (2014) developed a method for metabolomic analysis of single Allium cepa
cells at cellular and subcellular levels using a probe ESI mass spectrometry
technique (PESI-MS).

LC-MS analysis and transcriptome study of several domesticated and wild
Solanum species glandular trichomes have resulted in biochemical and
molecular characterisation of the differences between different glandular
trichome types within the species (McDowell et al., 2011).

An omics-based

comparison may thus be applicable in an explanation of gene function, which are
still unknown and should add to correct existing gene networks (Tohge et al.,
2005). Trichome-specific genes and terpenoid biosynthesis pathway metabolites
that are responsible for biotic and abiotic stress tolerance have been identified
by gene expression and metabolite profiling of tobacco leaf trichomes (Harada et
al., 2010). The integration of metabolite and transcript profiles obtained from the
same cell types and their comparison with profiles obtained from whole organs
has been a valuable resource for achieving a holistic view of specific metabolite
activity and function.

To date, alongside organ-level studies, the choice of single-cell and single-celltype to study has been dictated largely by the ease of isolation using advanced
techniques to overcome the averaging effect that cannot be avoided in studies
on mixed populations of different cell types. Technological advances have
enabled isolation of single cell-types and this has led to improved understanding
of biological systems, in comparison to whole organ studies.

1.2 Cell-type Specific Accumulation of Flavonoids Offers Opportunities for
Tissue Specific ‘Omics’-Based Analysis

Cell-type-specific accumulation of flavonoids and their localization at subcellular
level have been extensively investigated in plants. Several studies have shown
that flavonoids are localised in epidermal cells or mesophyll cells. Flavonoids
and other phenylpropanoid compounds have often been found to accumulate in
4
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the upper epidermal cells and hypodermal layers of leaves and stems (Dixon
and Paiva, 1995).

Accumulation of flavonoids were visualized in specific tissues of Phillyrea latifolia
leaves, including adaxial and abaxial epidermal (cuticle plus epidermis) and
subepidermal cells, as well as within palisade and spongy mesophyll cells. An
exclusive class of phenylpropanoids, caffeic acid, and flavonoid glycosides,
namely luteolin 7-O-glucoside and quercetin 3-O-rutinoside, were found in
glandular trichomes (Agati et al., 2002; Tattini et al., 2000, 2005).

Schmitz-Hoerner, and Weissenbock (2003) have shown flavonoid (saponarin,
lutonarin) accumulation in epidermal and subepidermal mesophyll tissue in
leaves of wild type Hordeum vulgare L. plants, relative to a flavonoid-deficient
mutant. In Olea europaea and Quercus ilex, flavonoids were localized in
cytoplasm,

vacuoles

and

cell

walls

of

leaf

nonglandular

trichomes

(Karabourniotis et al., 1998). Studies with soybean, and Arabidopsis transparent
testa-4, 5 and 6 (tt4, tt5, tt6) mutants lacking wild-type levels of chalcone
synthase (CHS) and chalcone isomerase (CHI) activity demonstrated the
location of flavonols and sinapate compounds in the cuticular wax layer and
epidermal cells (Li et al., 1993; Mazza et al., 2000). In the seed coat of A.
thaliana, accumulation of proanthocyanidins occurs in inner integument (seed
body and micropyle) and pigment strand (chalaza) cells (Debeaujon et al., 2003).
In situ hybridization and immunolocalization of phenylpropanoid-related gene
expression in seedlings and leaves of parsley have demonstrated that
flavonoids, CHS protein, CHS, PAL, and 4-CL transcripts all accumulate in the
epidermal cells (Schmelzer et al., 1988; Wu and Hahlbrock, 1992). The presence
of flavonoids, particularly those bound to the epidermal cell wall of leaves,
including hydroxycinnamic acids (p-coumaric and ferulic acids) and flavonol
glycosides (kaempferol 3-O-β-glucopyranoside and 3-O-α-rhamnopyranoside,
and quercetin 3-O-β-glucopyranoside and 3-O-α-arabinofuranoside) have been
investigated in diverse group of plants (Strack et al ., 1988; DeLucia et al ., 1992;
Day, 1993).
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Legumes accumulate anthocyanins and proanthocyanidins in a wide range of
tissues (for reviews, see; Marles et al., 2003; Lepiniec et al., 2006; Routaboul et
al., 2006). The cell and tissue producing proanthocyanidins and anthocyanins is
species-specific (Debeaujon et al., 2003). In Medicago sativa and Medicago
truncatula, seed coats contain high level of proanthocyanidins. In contrast, low
levels of the proanthocyanidins are accumulated in flowers, stems, roots, and
leaves (Pang et al., 2007). The model legume, Lotus japonicus L., accumulates
proanthocyanidin strongly in floral organs, seeds and stems but not in the leaves
(Marles et al., 2003). In members of Lotus species such as Lotus corniculatus L.,
proanthocyanidin accumulation was visualized within mesophyll cells of leaves
after staining with 4-dimethylaminocinnamaldehyde (DMACA) (Robbins et al.,
2003; Abeynayake et al., 2011).
Recent findings illustrate that white clover (T. repens L.) accumulates
proanthocyanidin and anthocyanin in specific cell types and that the majority of
cells

accumulating

anthocyanins

do

not

accumulate

proanthocyanidins

(Mouradov et al., 2007; Abeynayake et al., 2012). This property and a relatively
high rate of transformation efficiency make white clover a good system for single
cell-type studies of proanthocyanidin and anthocyanidin metabolism and
possible interactions within the flavonoid biosynthetic pathway.

1.3 Cell-Type Specific ‘Omics’-Based Analysis of the Flavonoid Pathway in
White Clover Leaves
1.3.1 Flavonoids and Their Biosynthesis

Flavonoids are one of the largest groups of plant secondary metabolites and are
widely distributed plant pigments that colour most flowers, fruits and seeds
(Forkmann, 1991; Winkel-Shirley, 2001a,b; Grotewold, 2006; Falcone Ferreyra
et al., 2012). Flavonoids also play important roles in pollen germination, plant
survival (response to biotic and abiotic stresses), plant defence against insects
and microbes, plant allelopathy in the rhizosphere, growth, development, auxin
transport and catabolism, and have anti-oxidant properties (Harborne et al.,
1999; Winkel-Shirley, 2002; Bidart-Bouzat and Kliebenstein, 2008; Tanaka et al.,
6
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2008; Friml and Jones, 2010; Falcone Ferreyra et al., 2012; Stolarzewicz et al.,
2013; Weston and Mathesius, 2013; Mouradov and Spangenberg, 2014).

The flavonoid variants are all related via a common pathway that takes
precursors from both the shikimate and polyketide pathways. Chalcones,
flavones, flavonols, flavandiols, anthocyanins, and proanthocyanidins are six
major subclasses of flavonoids widely distributed in plants, and aurones, a
seventh subclass of flavonoids is found in some species (Falcone Ferreyra et al.,
2012) (Figure 1.1).

Anthocyanins are the major class of plant pigments, with the exception of the
chlorophylls, and are responsible for most of variability observed in flower colour
(Oren-Shamir et al., 1999; Tanaka et al., 2008), absorbing light in the visible and
ultraviolet (UV) range that can be detected by animals, facilitating successful
pollination and seed-dispersal (Harborne et al., 2001; Winkel-Shirley, 2001a,b;
Teng et al., 2005; Falcone Ferreyra et al., 2012).

Figure 1.1 Chemical structures of main subgroups of flavonoids. Falcone Ferreyra
et al. (2012).
(A) Chalcone; (B) Flavanone; (C) Flavone; (D) Flavonol; (E) Proanthocyanidin; (F)
Anthocyanidin; (G) Flavandiol; (H) Aurone; and (I) Isoflavone.
7
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Signals triggered by internal metabolic cues and external signals including visible
light, ultraviolet radiation, pathogen, nitrogen, phosphorus and iron deficiencies,
low temperature and damage to tissues, act in a complex network that regulates
the flavonoid biosynthetic pathway (Smith, 1982; Beggs et al., 1987; Wojtaszek
et al., 1993; Christle et al., 1994; Lois, 1994; Vogt et al., 1994; Dixon and Paiva,
1995; Manthey et al., 2000; Bogs et al., 2007; Peer and Murphy, 2008; KhavariNejad et al., 2009).

Enzymes involved in the generic phenylpropanoid and flavonoid pathways were
probably recruited from enzymes involved in primary metabolite pathways during
evolution (Stafford, 1991, 2000). The majority of flavonoid pathway enzymes are
part of three main important classes of enzymes found in many organisms: (i) 2oxoglutarate-dependent dioxygenases (ODD) (ANS, F3H, FL6H, FLS, FNSI), (ii)
NADPH-dependent reductases (ANR, DFR, FNR, IFR, LAR, VR), and (iii)
cytochrome P450 monooxygenases (C3H, C4H, CH3H, F2H, F5H, F6H, F3H,
F3'5'H, FNSII, IFS, I2'H) (Ververidis et al., 2007). Enzymes involved in the
flavonoid biosynthesis pathway act as membrane-associated multi-enzyme
complexes affecting their overall efficiency, specificity, and pathway regulation
(Stafford, 1991; Winkel-Shirley, 1999, 2001a,b). Previous studies have
suggested that most of the flavonoid synthesizing enzymes are loosely attached
to the endoplasmic reticulum (ER) (Sun et al., 2012). Flavonoid synthesis occurs
in the cytosolic surface of the ER and flavonoids that contribute to pigmentation
are generally transported into the vacuole or the cell wall after biosynthesis
(Davies, 2004; Winkel, 2004; Sun et al., 2012; Falcone Ferreyra et al., 2012).

The flavonoid biosynthesis pathway is part of the phenylpropanoid biosynthesis
pathway, a major biochemical pathway in plants that starts from phenylalanine.
Phenylalanine is the aromatic amino acid product of the shikimate pathway, and
is responsible for producing a wide range of other secondary metabolites
including lignins, lignans, stilbenes and hydroxycinnamic acids (Davies, 2004)
(Figure 1.2). Phenylalanine is converted to cinnamate through a reaction
catalysed by phenylalanine ammonia lyase (PAL). PAL also converts tyrosine
to p-coumarate since the conversion efficiency of the reaction leading to
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cinnamate is low. p- hydroxycinnamate is synthesized from cinnamate and 4coumarate via the activity of cinnamate 4-hydroxylase (C4H) (Figure 1.2).

PAL

phenylalanine

cinnamic acid
C4H
p-coumaric acid
4CL

4-coumaroyl CoA
CHS+3 x malonyl-CoA
naringenin chalcone
CHI

F3’5’H

F3’H

pentahydroxyflavone
Flavonol
myricetin

Flavonol
kaempferol

F3H
dihydromyricetin

F3’5’H

epigallocatechin

LDOX

ANR

F3H

DFR

leucodelphinidin

Proanthocyanidins

F3H
dihydrokaempferol

DFR
LAR

eriodictyol

FLS

FLS

gallocatechin

naringenin

delphinidin

afzelechin

LAR

leucopelargonidin

LDOX

Proanthocyanidins
epiafzelechin

pelargonidin

ANR

F3’H

Flavonol
quercetin

FLS
dihydroquercetin
DFR
leucocyanidin

LAR

Proanthocyanidins

LDOX
cyanidin

catechin

ANR

UFGT

UFGT

Anthocyanins

Anthocyanins

Anthocyanins

delphinidin-3-glucoside

pelargonidin-3-glucoside

cyanidin-3-glucoside

epicatechin

UFGT

Figure 1.2 Simplified representation of the flavonoid biosynthetic pathway
resulting in the production of three major classes of end products, flavonols,
proanthocyanidins, and anthocyanins. Modified from Czemmel et al. (2009).
ANR, anthocyanidin reductase; 4CL, 4-coumaroyl-CoA synthase; C4H, cinnamate-4hydroxylase; CHI, chalcone isomerase; CHS, chalcone synthase; DFR, dihydroflavonol
4-reductase; F3H, flavanone 3β-hydroxylase; F3'H, flavonoid 3'-hydroxylase; F3'5'H,
flavonoid 3',5'-hydroxylase; FLS, flavonol synthase; LAR, leucoanthocyanidin reductase;
LDOX, leucoanthocyanidin dioxygenase; OMT, O-methyltransferase; PAL, phenyl
ammonia lyase; RT, rhamnosyl transferase; UFGT, UDP-glucose: flavonoid-3-Oglucosyltransferase.

4-coumarate:CoA ligase (4CL) catalyses the conversion of p-coumarate to its
Coenzyme-A ester in order to be available for a reaction with malonyl CoA.
CHS, a key enzyme at an early stage of flavonoid biosynthesis pathway, starts
the flavonoid biosynthesis through catalysing sequential condensation of 4coumaroyl-CoA and three molecules of malonyl-CoA leading to the formation of
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a tetraketide intermediate and subsequently resulting in intramolecular
cyclization (Springob et al., 2003) to form naringenin chalcone (Figure 1.2).

Chalcone synthases belong to the polyketide synthase family of enzymes (PKS),
which are associated with the production of chalcones, a class of organic
compounds involved in the defence mechanism of plants. They also have a role
in the production of pigments and act as biosynthetic intermediates (Figure 1.2).
Chalcone synthases have been extensively studied in many plant species and
exhibit high sequence similarity with other plant PKSs (Jiang et al., 2006;
Springob et al., 2003). However, differences in function as well as different
substrate specificities among the gene family have been reported (Jez et al.,
2000;

Springob

et

al.,

2003).

The

cloned

CHS

gene

from

the

moss Physcomitrella patens showed an important transition of the chalcone
synthases present in microorganisms to those present in higher plants (Jiang et
al., 2006). CHS occurs as either a single gene or a multi-gene family in different
plant genomes. For example in A. thaliana, the CHS gene exists as a single
copy encoded by the transparent testa 4 (tt4) locus (Dong et al., 2001) while it is
encoded by a small multigene family in soybean (Todd and Vodkin, 1996). The
active site of the M. sativa CHS2 protein was identified by Ferrer et al. (1999).
Petunia chalcone synthase is known as identified gene in which the
phenomenon of RNA-mediated gene silencing was observed (Van Blokland et
al., 1994).

Malonyl-CoA and 4-coumaroyl-CoA are used by naringenin-chalcone synthase
to produce CoA, CO2 and naringenin chalcone (Figure 1.2). The latter compound
is an important precursor of proanthocyanidin and anthocyanin biosynthesis.

CHI catalyses the conversion of naringenin chalcone to (2S)-naringenin
(Springob et al., 2003). The pathway then diverges into several branches that
result in the production of flavanones, dihydroflavonols, leucoanthocyanins,
anthocyanidins, and flavan 3-ols through a series of enzymatic steps (Figures
1.2 and 1.3). These compounds can be converted into series of products,
flavones,

isoflavones,

flavonols,

anthocyanins,

and

proanthocyanidins

(condensed tannins) existing in the forms of monomers, dimers, and polymers
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(Chan et al., 2009; Pati et al., 2009; Abeynayake et al., 2012; Hancock et al.,
2014). In some plant species CHI and the gene homologs encoding CHI have
been identified (Dixon et al., 1988; Dong et al., 2001; Springob et al., 2003).

Figure 1.3 Schematic diagram of the flavonoid biosynthetic pathway in plants.
Mouradov and Spangenberg, (2014).
ANR, anthocyanidin reductase; ANS, anthocyanidin synthase; DFR, dihydroflavonol 4reductase; F3H, flavonoid 3'-hydroxylase; FLS, flavonol synthase; FNS, flavone
synthase; GT, glucosyltransferase; LAR, leucoanthocyanidin reductase.

11

Ashtiani

Chapter 1

There are a number of other enzymes involved in flavonoid biosynthesis
including flavanone 3β-hydroxylase (F3H), flavonoid 3'-hydroxylase (F3'H) and
flavonoid 3', 5'-hydroxylase (F3'5'H) that are of great importance for production of
both proanthocyanidins and anthocyanins (Figure 1.2). The stereospecific 3βhydroxylation of (2S)-flavanones to form dihydroflavonols is catalysed by F3H.
The B-ring flavanones hydroxylation is catalysed by F3'H and F3'5'H, which
introduce 3'- or 3'- and 5'-hydroxyl groups respectively using NADPH and O2
(Robbins et al., 2005). F3'H and F3'5'H are closely related enzymes possessing
broad substrate specificities and are also responsible for colour of flowers in
most plants (Stotz and Forkmann, 1982; Larson and Bussard, 1986; Doostdar et
al., 1995; Johnson et al., 2001; Xie et al., 2004b).

1.3.2 Molecular Aspects of the Anthocyanin and Proanthocyanidin
Biosynthesis Pathways and Product Accumulation in Plants

The biosynthesis of anthocyanins has been extensively studied in a number of
plant species (Holton and Cornish, 1995; Majnik et al., 2000). A large number of
genes encoding anthocyanin and proanthocyanidin accumulation have been
identified in different plant species.

To date, most of the knowledge about the proanthocyanidin biosynthesis
pathway has been obtained from studies in the model plant A. thaliana (Lepiniec
et al., 2006; Saito et al., 2013) or in barley (Jende-Strid, 1993). In Arabidopsis,
this is largely because of the availability of a number of transparent testa (tt) and
other seed mutants that exhibit tannin deficiency in the seed coat (Abrahams et
al., 2003; Lepiniec et al., 2006). Most of the genetic loci that linked to tt
phenotypes have been identified as encoding enzymes involved in biosynthesis
of flavan 3-ols, transporters of these molecules, or transcription factors that
regulate the pathway.

Both anthocyanins and proanthocyanidins are the end products of flavonoid
biosynthesis pathway derived from phenylalanine and malonyl-Coenzyme A
(Winkel-Shirley, 2001a).
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Dihydroflavonol 4-reductase (DFR) is an important enzyme that is involved in
both the anthocyanin- and proanthocyanidin-specific branches of the flavonoid
pathway (Figure 1.2). A study in M. truncatula has shown that dihydroflavonols
are converted to leucoanthocyanidin through the activity of DFR proteins (Xie et
al., 2004b). DFR activity has been recorded in extracts from different plant
species (Stafford and Lester, 1984, 1985; Kristiansen, 1986). DFR activity is
substrate-specific, and variation in activity and substrate preference in different
forms of DFRs has been observed. DFR is found either as a single copy or as a
small gene family in plant genomes (Johnson et al., 2001; Xie et al., 2004b).
DFR homologs have been identified and cloned in many plant species (Robbins
et al., 1998; Martens et al., 2002; Peters and Constabel, 2002).

2,3-trans-3,4-cis-leucocyanidin is the first intermediate in the branch of the
flavonoid pathway producing both anthocyanins and proanthocyanidins. It can be
metabolized

to

afzelechin,

catechin,

and

gallocatechin

via

the

leucoanthocyanidin reductase (LAR) activity or to cyanidin, epiafzelechin,
epicatechin and epigallocatechin via the sequential activities of anthocyanidin
synthase (ANS) also known as leucoanthocyanidin dioxygenase (LDOX) and
anthocyanidin reductase (ANR) (Figure 1.2). Both LAR and ANS share the same
type of substrate, namely, flavan 3,4- diols (leucoanthocyanidins), and catalyse
the production of 2,3-trans-flavan 3-ols (Tanner et al., 2003), or anthocyanidins,
respectively (Saito et al., 1999). ANS and ANR occur at the branch point
between anthocyanin and proanthocyanidin biosynthesis. Both cis and trans
forms of flavan 3-ol monomers can form end subunits of the proanthocyanidin
polymer but it is not clear whether leucoanthocyanidin reductase and
anthocyanidin reductase are involved in parallel pathways of flavan 3-ol
production in tissues where proanthocyanidins containing both cis and trans
forms of flavan 3-ols accumulate.

LAR, a member of the reductase-epimerase-dehydrogenase family participating
in the proanthocyanidin-specific branch of the flavonoid biosynthesis pathway, is
closely related to isoflavone reductase of isoflavonoid pathway (Tanner and
Kristiansen, 1993; Tanner et al., 2003).
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ANR and LAR transcripts have been used as molecular markers for cells
accumulating proanthocyanidins (Jaakola et al., 2002; Xie et al., 2003; Bogs et
al., 2005; Pfeiffer et al., 2006; Xie et al., 2006). Measurement of recombinant
enzyme activity has also been used to demonstrate LAR function (Bogs et al.,
2005).

Previous

studies

have

demonstrated

that

catechin-based

proanthocyanidin production is related to the function of an LAR ortholog. LAR
genes have been characterized in species such as Desmodium uncinatum,
Camellia sinensis and Malus domestica L. Borkh (apple) in vitro and in some
cases by correlating gene expression with proanthocyanidin production and
enzymatic activity in vivo (Tanner et al., 2003; Punyasiri et al., 2004; Bogs et al.,
2005; Pfeiffer et al., 2006; Pang et al., 2007). Furthermore, LAR is expressed in
non-seed tissues of some species such as L. corniculatus (Paolocci et al., 2007)
and Vitis vinifera (Bogs et al., 2005).

The function of ANR has only been characterised in a few higher plants. The
activity of ANR has been found in the extracts of proanthocyanidin-rich plant
species (Dixon et al., 2005). The expression of ANR is tightly correlated with (-)epicatechin and (-)-epigallocatechin-based proanthocyanidin accumulation in the
seeds and skins of grape berries (Fujita et al., 2005). The expression of ANR is
developmentally and spatially regulated in the seeds of A. thaliana and berry
skins in grapevine (Devic et al., 1999; Debeaujon et al., 2003). The substrate
preferences of ANR differs between species (Xie et al., 2004a). For example,
ANR from A. thaliana has a preference for delphinidin over cyanidin as a
substrate while the M. truncatula ANR protein has the opposite substrate
preference (Xie et al., 2003). The M. truncatula and A. thaliana ANR genes
share only 60% sequence similarity. The regulation of ANR in M. truncatula and
V. vinifera occurs in proanthocyanidin-rich plant tissues (Fujita et al., 2005),
where there is a single gene copy (Xie et al., 2003). Proanthocyanidin-rich grape
berries and apple tree leaves are rich sources of ANR and LAR enzymes
(Pfeiffer et al., 2006). In leaves of L. corniculatus, proanthocyanidin biosynthesis
depends on the level of expression of ANR and LAR genes (Paolocci et al.,
2007).
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In the proanthocyanidin-rich flowers of white clover, TrANR is more highly
expressed than TrLAR. However, neither transcript could be detected in leaves.
One reason might be that in the leaves of white clover, insufficient mRNA is
present for detection by qRT-PCR analysis (Abeynayake et al., 2012). In some
species the expression of both ANR and LAR genes has been reported in leaves
that accumulate proanthocyanidins (Bogs et al., 2005). Proanthocyanidins in
Arabidopsis contain only (2)-epicatechin units which are the product of ANR
activity (Routaboul et al., 2006). The presence of catechin units have been used
as genetic evidence for LAR activity. Catechin has not been detected in
Arabidopsis seed extracts presumably due to the absence of an intact LAR
ortholog in the genomic sequence of A. thaliana (Abrahams et al., 2003; Tanner
et al., 2003; Lepiniec et al., 2006; Routaboul et al., 2006; Liu et al., 2013). In
contrast, LAR activity has been detected in M. sativa, Lotus japonicus, Lotus
uliginosus, Hedysarum sulfurescens and Robinia pseudocacia (Kristiansen,
1986; Skadhauge et al., 1997; Tanner et al., 2003; Dixon et al., 2005) .

ANS is a member of the 2-oxoglutarate-dependent dioxygenase [2-ODD] family
catalysing the 2,3-trans- 3,4-cis- leucocyanidin to anthocyanidins (Springob et
al., 2003). The ANS gene of Perilla frutescens has been expressed in E. coli and
the activity of the recombinant enzyme has been characterised (Saito et al.,
1999). ANS is a key link between the proanthocyanidin and anthocyanin
biosynthesis branches of the flavonoid pathway (Figure 1.2). The anthocyanin
pathway modifies 3-OH-anthocyanidins by a chain of glycosylation and
esterification reactions and the proanthocyanidin pathway catalyses the
reduction of 3-OH-anthocyanidins to 2,3-cis-flavan-3-ols by ANR. When
recombinant MtANS and MtANR were expressed in E. coli, they catalysed the
sequential conversion of leucocyanidin to cyanidin (Pang et al., 2007) and (-)epicatechin (Xie et al., 2004b), respectively, which is consistent with the
involvement of these genes in the proanthocyanidin and anthocyanin
biosynthesis pathways.

The flavan 3-ol extension unit derived from leucoanthocyanidin, catechin, or
epicatechin is added to a starter unit catechin or epicatechin to contribute to the
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biosynthesis of proanthocyanidin oligomers, which is a sequential addition of
extension units of the proanthocyanidin polymer.

In plant cells, proanthocyanidins accumulate in vacuoles or in association with
cell walls, but their subunits, the 2,3-trans-flavan 3-ols and their 2,3-cis-flavan 3ols stereoisomers, are produced in the cytoplasm (Acuna et al., 2008; Zhao and
Dixon, 2009) (Figure 1.4). The steps of flavan 3-ols transportation from the
cytoplasm into the vacuole and the exact details of the proanthocyanidin
polymerization process are not well understood (Dixon et al., 2005; Xie and
Dixon, 2005; Lepiniec et al., 2006; Zhao and Dixon, 2010).

Spatial and temporal accumulation of anthocyanins varies among different
species (Jaakola et al., 2002; Espley et al., 2007). Accumulation of
proanthocyanidins and their distribution also varies across species while
biosynthesis of proanthocyanidins in plants is regulated differently in different
tissues (Carron et al., 1994; Sagasser et al., 2002). In some plants, seed coats
(Debeaujon et al., 2003; Dixon and Sumner, 2003) flowers (Foo et al., 2000;
Stevens et al., 2002), leaves (Foo et al., 1997; Barreiros et al., 2000), bark
(Balde et al., 1991; de Mello et al., 1996; Hartisch and Kolodziej, 1996; Kayser
and Abreu, 2001), fruit (De Pascual et al., 1998; Takos et al., 2006b), and roots
(Prasad, 2000; Calzada et al., 2001) are rich in proanthocyanidins.

The brown pigmentation of the A. thaliana seed coat is due to the accumulation
of proanthocyanidins. ANR mutant (BANYULS) of Arabidopsis produces
anthocyanin pigments in the seed coat (Devic et al., 1999; Abrahams et al.,
2003; Xie et al., 2003). The highest level of expression of MtANR transcripts
occurs in the seed coat, which is the main site of accumulation for
proanthocyanidins in M. truncatula. In M. truncatula, ANS is expressed in the
seed coat but also in other tissues and results in the biosynthesis of anthocyanin
as

well

as

proanthocyanidins

in

these

tissues.

The

presence

of

proanthocyanidins in flowers has been reported in many plants (Stevens et al.,
2002).
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Figure 1.4 Diagrammatic representation of key reactions for PA precursor
biosynthesis, transport to the cytoplasm and polymerisation in the vacuole. Zhao
and Dixon (2009).

DFR, dihydroﬂavonol reductase; LDOX, leucoanthocyanidin dioxygenase; UGT,
uridine diphosphate glycosyltransferase; MRP, multidrug resistance-associated
protein.

In previous reports, it was shown that epigallocatechins, as the predominant
extender units of
pedunculatus

proanthocyanidins are present in white clover and Lotus

flowers

(Foo

et

al.,

1997,

2000).

Higher

levels

of

proanthocyanidins have been observed in flowers of Lotus spp than in those of
M. truncatula (Gebrehiwot et al., 2002). In L. corniculatus, drought stress and
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high temperature have negative effects on proanthocyanidin accumulation
(Carter et al., 1999).

The developmental regulation of genes encoding flavonoid pathway enzymes
has also been demonstrated (Devic et al., 1999; Jaakola et al., 2002).
Accumulation of proanthocyanidins is developmentally controlled in grapevine
(V. vinifera) starting during the early stage of fruit ripening (Abrahams et al.,
2003). In A. thaliana proanthocyanidin accumulation is also developmentally
regulated in seed coats (Debeaujon et al., 2003). In the grape berries the
expression of LAR varies according to developmental stage (Bogs et al., 2005).
The expression of highly related genes encoding LAR follows different patterns
during the berry ripening stage (Joseph et al., 1998; Bogs et al., 2005).

In several plant species, the effect of environmental conditions, such as light
intensity and external factors including herbivory and wounding, on the
accumulation of proanthocyanidins has been studied. In many plant organs such
as red apple it was shown that light affects anthocyanin accumulation (Merzlyak
and Chivkunova, 2000; Takos et al., 2006a). Light intensity has different effects
on proanthocyanidin accumulation in different species. In L. corniculatus high
light intensity induces the production of proanthocyanidin but that is not the case
in white clover (Paolocci et al., 2005). Peters and Constabel (2002) showed that
wounding could induce proanthocyanidin production as well as the expression of
genes encoding enzymes involved in the phenylpropanoid pathway in the leaves
of P. tremuloides. Insect damage affects the regulation of proanthocyanidin
biosynthesis in Sesbania drummondii (Ceballos et al., 2002).

1.3.3

Key

Genes

Involved

in

Anthocyanin

and

Proanthocyanidin

Biosynthesis

In proanthocyanidin biosynthesis there are also some other important genes
involved in compartmentation of metabolic intermediates and proanthocyanidin
condensation. Previous studies, mainly in Arabidopsis and maize, have identified
key genes of the proanthocyanidin-specific branch of the flavonoid pathway
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controlling the biosynthesis of the 2,3-trans-flavan-3-ols ((+)-catechin) and 2,3cis-flavan-3-ols ((-)-epicatechin) from flavan-3,4-diols (leucoanthocyanidins).

Much of the recent understanding of 2,3-flavan-3-ol and proanthocyanidin
biosynthesis has been obtained from genetic and biochemical analyses of
Arabidopsis mutants (Abrahams et al., 2003; Xie and Dixon, 2005). One class of
mutants has been named ‘transparent testa’ mutants because they fail to
accumulate or oxidize proanthocyanidins, which normally is the cause of brown
pigmentation of seed coats (Winkel-Shirley et al., 1995). Transparent testa (tt)
mutant seeds of A. thaliana are not able to accumulate proanthocyanidins.

Sixteen out of the nineteen genes underlying transparent testa (tt) phenotypes
have been identified and characterized at the molecular level (Lepiniec et al.,
2006). Four tt genes (tt1, tt2, tt8, tt16), two transparent testa glabra genes (ttg1,
ttg2) and Purple Anthocyanin Pigmentation 1 (PAP1) gene (Matsui et al., 2004)
encode proteins that regulate late steps of proanthocyanidin biosynthesis at the
transcriptional or post-transcriptional levels (Walker et al., 1999; Nesi et al.,
2000, 2001 and 2002; Johnson et al., 2002; Sagasser et al., 2002; Matsui et al.,
2004) (Figure 1.5).

Mutations of tt1, encoding a zinc finger protein, and tt16, encoding a MADS-box
transcription factor, affect the spatial pattern of BANYULS expression (Nesi et
al., 2002; Sagasser et al., 2002). tt16 mediates the expression of BANYULS and
proanthocyanidin accumulation in the endothelium of seed coats apart from the
chalazal-micropylar area. Studies in Arabidopsis have elucidated further steps in
the proanthocyanidin pathway involving the polymerization of 2, 3-flavan-3-ol
subunits and the sequestration of proanthocyanidin in the vacuole.

Seven tt genes encode flavonoid biosynthetic enzymes, namely CHS, CHI, F3H,
F3'H, DFR, ANS and ANR (Figure 1.5).
tt12, tt19 and Arabidopsis H+-ATPase 10 (AHA10) genes (Baxter et al., 2005;
Marinova et al., 2007) are involved in compartmentalization of flavonoids (Figure
1.5). The Arabidopsis tt10 gene, encoding a laccase-like enzyme thought to be
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involved in oxidation and condensation of proanthocyanidin subunits, has also
been characterized (Pourcel et al., 2005).

Figure 1.5 Schematic representation of the flavonoid biosynthesis pathway in
Arabidopsis. Baxter et al. (2005).
The protein names are indicated and the corresponding mutant line in Arabidopsis is in
italics. Dotted line perpendicular to arrow indicates a hypothetical membrane transport
step. CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavone 3-hydroxylase;
F3′H, flavone 3′-hydroxylase; DFR, dihydroflavonol reductase; FLS, flavonol synthase;
UFGT, UDP glucose-flavonoid 3-O-glucosyl transferase.
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1.3.4 Transcriptional Regulation of Anthocyanin and Proanthocyanidin
Biosynthesis

Transcription factors have an impact on flux through metabolic pathways
because they can co-ordinately regulate genes encoding multiple enzymes in a
pathway (Broun, 2005). Transcription factors are important for controlling the
cell-specific and developmentally regulated activity of metabolic pathaways.
Developmental mechanisms and stress stimuli commonly regulate transcription
factors in plants (Nesi et al., 2001; Endt et al., 2002; Broun, 2005; Zhang et al.,
2005). Transcription factors controlling proanthocyanidin and anthocyanin
biosynthesis have been identified in some plant species (Table 1.1) and are
showing potential as a tool for metabolic engineering of the flavonoid
biosynthesis pathway.

Anthocyanin and proanthocyanidin biosynthesis pathway genes are differentially
regulated in both monocotyledon and dicotyledon species by a ternary complex,
containing transcription factors from the R2R3-MYB, basic helix–loop–helix
(bHLH), and WD-40 classes of proteins (Grotewold, 2005; Gonzalez et al., 2008;
Petroni and Tonelli, 2011).
Transcription factor families such as MYB, MYC/bHLH and WD-40 are involved
in the biosynthesis of flavonoid in many plant species (Paolocci et al., 2005;
Sharma and Dixon, 2005; Pang et al., 2009; Zhang et al., 2009). Some members
of the MYB gene family modulate biosynthesis of flavonoids through interaction
with a specific protein partner from the bHLH gene family (Nesi et al., 2001; Endt
et al., 2002) using WD-40, an important protein required for the physical
interaction between MYB and MYC/bHLH proteins (Davies, 2004). A MYBbHLH-WD40 complex orchestrates the regulation of genes encoding enzymes
specifically involved in the late steps of the pathway resulting in anthocyanin and
proanthocyanidin biosynthesis (Hichri et al., 2011). The activation and spatial
and temporal expression of structural genes of anthocyanin biosynthesis
pathway is characterized based on combinations of the R2R3-MYB, bHLH, and
WD-40 transcription factors and their interactions as a complex (Falcone
Ferreyra et al., 2012).
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The role of transcription factors in flavonoid biosyntehsis has been shown using mutants or by their ectopic expression in heterologous
and/or homologous species.

Table 1.1 Examples of some bHLH, MYB and WD40 transcriptional regulators that contribute to the flavonoid biosynthetic
pathway. Hichri et al. (2011); Falcone Ferreyra et al. (2012).
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In A. thaliana, a ternary complex of TT2 (bHLH), TT8 (MYB) and TTG1 (WD-40)
transcription factors controls the expression of genes involved in the
proanthocyanidin biosynthesis pathway including TT3 (DFR), TT18 (ANS), BAN
(ANR), and TT12 (MATE). The MYB–bHLH–WD40 complex is essential for
biosynthesis of poranthocyanidin and its accumulation in Arabidopsis seed coats
(Nesi et al., 2001; Baudry et al., 2004; Lepiniec et al., 2006). Interactions
between TTG1, different bHLH (TT8, GL3, and EGL3) and MYB transcription
factors (PAP1 and PAP2) activate anthocyanin synthesis in Arabidopsis
vegetative tissues (Baudry et al., 2004; Feller et al., 2011).

Three TT2 orthologs form L. japonicus were the first legume R2R3-MYB
transcription factors reported to regulate proanthocyanidin biosynthetic genes
expression. Co-expression of Three LjTT2s with AtTT8, AtTTG1, and LjANR
activated the promoter of LjANR in transient Arabidopsis leaf cell assays
(Yoshida et al., 2008). Constitutive ectopic expression of the transgene LjTT2a
resulted in production and accumulation of proanthocyanidins and anthocyanins
in Arabidopsis seedlings. CHS, DFR, ANS, ANR, and a gene encoding
glutathione

S-transferase

(GST26/TT19),

predicted

to

be

involved

in

proanthocyanidin monomer transport into the vacuole, were also up-regulated in
the LjTT2a overexpressing lines (Yoshida et al., 2010).

Different stages of the flavonoid biosynthetic pathway are controlled by different
sets of transcription factors. For instance, in A. thaliana some transcription
factors regulate the early step of the flavonoid pathway while other transcription
factors control only the proanthocyanidin-specific branch (Dixon et al., 2005).

In grapevine, VvMYC1 regulates its own expression and modulates anthocyanin
accumulation by interacting with the VvMYBPA1 protein. It was shown that
VvMYC1 promotes accumulation of anthocyanin in transiently transformed grape
suspension cells and tobacco leaves (Hichri et al., 2010). VvMYBPA1,
VvMYBPA2, and VvMYB5 are R2R3-MYB transcription factors, and were shown
to be essential for the expression of genes involved in proanthocyanidin
biosynthesis pathway and the accumulation of proanthocyanidins in grapevine
(Bogs et al., 2007; Deluc et al., 2008; Terrier et al., 2009).
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The differentiation of specific types of cells that accumulate flavonoids is likely to
be controlled by other transcription factors (Johnson et al., 2002; Nesi et al.,
2002).

Many R2R3-MYB transcription factors have been identified in several model and
non-model plant species such as Z. mays, Antirrhinum majus, Petunia hybrida,
A. thaliana, V. vinifera, Fragaria x ananassa, M. domestica, Brassica oleracea
var. botrytis, Solanum tuberosum L., Myrica rubra, Garcinia mangostana L.,
Pyrus pyrifolia and B. oleracea var. acephala f. tricolor (Hichri et al., 2011).
Expression of the gene encoding the TaMYB14 transcription factor, from
Trifolium arvense which accumulates proanthocyanidins in leaves, promotes
proanthocyanidin accumulation in leaves of N. tabacum, M. sativa, and T.
repens plants (Hancock et al., 2012). Foliar tissues of M. sativa, and T.
repens plants overexpressing TaMYB14 had a proanthocyanidin content of up to
1.8% of dry mass. Suppression of TaMYB14 expression in T. arvense almost
completely blocked proanthocyanidin biosynthesis (Hancock et al., 2014). MYB
transcriptional regulators identified in other species including Brassica napus,
Diospyrios kaki (persimmon), and Populus tremuloides (Wei et al., 2007; Akagi
et al., 2009; Mellway et al., 2009) have indicated that MYB transcription factors
are common regulators of, and curtail for, the proanthocyanidin biosynthesis.

The bHLH protein (Booster1 [B1] and Red1 [R1]) and the MYB proteins (Purple
Plant 1 [PL1] and Colored aleurone1 [C1]) have tissue- and developmental
stage-specific pattern in maize, while Pale Aleurone Color1 (PAC1), a WD40
protein, is required by both B1 and R1 proteins for complete activation of
anthocyanin biosynthetic genes in seeds and roots (Carey et al., 2004). In
maize, the 3-deoxy flavonoid-related transcription factor P1, a R2R3-MYB
protein and the anthocyanin-related C1/PL1 and R1/B1 transcription factors,
regulate expression of the ZmFLS1 and ZmFLS2 genes (Falcone Ferreyra et al.,
2012). It was shown that both FLS1 and FLS2 genes in maize are direct targets
of these transcription factors.

Genes encoding enzymes in the phenylpropanoid biosynthetic pathway were
found to be under circadian clock control. Several structural and regulatory
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genes and circadian-controlled transcription factors interact during in planta
flavonoid biosynthesis. In Arabidopsis, it was found that MYB family
transcription factors act in concert with basic helix-loop-helix proteins and
activate the transcription of a number of genes such as PAP1 involved in
flavonoid biosynthetic pathway (Harmer et al., 2000).

There are still many gaps in our understanding of anthocyanin and
proanthocyanidin biosynthesis pathways although several genes encoding
transcription factors from MYB–bHLH–WD40 (MBW) have been characterized. A
better understanding of the regulatory mechanisms is likely to favor the
generation of value-added plants with improved flavonoid content using new
developed biotechnological tools.

1.3.5 Cross-Talk between Anthocyanin- and Proanthocyanidin-Specific
Branches of the Flavonoid Pathway

Molecular and metabolic cross-talk through redirection of intermediate molecules
and metabolic flux between flavonoid and other pathways has been well studied.
Branches

of

the

flavonoid

pathway

that

lead

to

anthocyanin

and

proanthocyanidin biosynthesis both diverge are likely to share common
metabolic intermediates (Ray et al., 2003; Xie et al., 2003, 2004b, 2006; Sharma
and Dixon, 2005; Pang et al., 2007; Abeynayake et al., 2012), but represent the
most and the least extensively investigated branches of flavonoid pathway,
respectively.

Several studies in a number of plant species have shown cross-talk between
members of proanthocyanidin and anthocyanin biosynthetic branches of the
flavonoid pathways. This cross-talk was first shown in seed coats of the
Arabidopsis BANYULS mutant, where down-regulation of ANR led to production
of red-coloured seed coats (Xie et al., 2003). Suppression of ANR in the
Arabidopsis

BANYULS

mutant

increased

the

level

of

anthocyanin

in

proanthocyanidin-producing tissues (Devic et al., 1999; Abrahams et al., 2003;
Xie et al., 2003).
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In M. truncatula plants, overexpression of MtANR resulted in a decrease of
approximately 50% in anthocyanin production in the red spot of the leaf and up
to a threefold increase in proanthocyanidin production in comparison to wild-type
plants at the same stage of development (Xie et al., 2006). Ectopic expression
of the Arabidopsis BANYULS (BAN) gene in tobacco flower petals downregulated anthocyanin production and resulted in the accumulation of
proanthocyanidins (Xie et al., 2003).

Re-direction of flavonoid intermediates from anthocyanin to proanthocyanidin
biosynthesis in foliar tissues of N. tabacum, M. sativa, and T. repens plants was
achieved by heterologous expression of an R2R3-MYB transcription factor,
TaMYB14 from T. arvense (Hancock et al., 2012).

Down-regulation of the TrANR gene in white clover plants has also provided
evidence for cross-talk between proanthocyanidin and anthocyanin biosynthesis.
Silencing of the white clover TrANR gene was associated with a reduced level of
2,3-cis-flavan-3-ols, epigallocatechins, and an increased level of delphinidinbased anthocyanins in petal of immature flowers (Abeynayake et al ., 2012).

Transcriptomic data from white clover tissues with different levels of
proanthocyanidins suggest that distinct representatives of flavonoid-related
multi-gene families are likely to contribute to spatiotemporal profiles of
anthocyanin and proanthocyanidin accumulation, and that these pathways,
potentially recruit different isoforms of the same enzymes (Abeynayake et al .,
2012). However, this hypothesis requires further investigation.

1.3.6 Engineering of Anthocyanin and Proanthocyanidin Biosynthesis
Pathways

Novel flower colours have been produced in ornamental flowers as a result of
modifying the level and composition of anthocyanins by overexpressing and/or
silencing of CHS, F3H, F3′5′H, DFR, in transgenic plants (Meyer et al., 1987;
Nakamura et al., 2006; Tanaka et al., 2008; Nishihara and Nakatsuka, 2011).
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In petunia, metabolic engineering of the anthocyanin biosynthesis pathway was
achieved by introducing a heterologous maize DFR gene to convert
dihydrokaempferol (DHK) effectively into leucopelargonidin which is then
processed further to pelargonidin-3-glucoside, leading to brick-red-colored
flowers containing pelargonidin-type anthocyanins (Meyer et al., 1987).
Anthocyanin content in flower petals has been decreased or increased by
manipulation of FLS and DFR genes, respectively, which encode enzymes
competing for the same substrate for bisyntheis of flavonols or anthocyanins,
respectively (for review see Davies and Schwinn, 2010).

In tobacco, floral anthocyanin content and flower color intensity were increased
by overexpression of gentian F3'H that led to conversion of the flavonol
kaempferol to quercetin (Nakatsuka et al., 2006). Xie et al. (2003) showed that
ANR in tobacco flower petals and in the leaves of A. thaliana is involved in the
reduction and enhancement of anthocyanin and proanthocyanidin accumulation,
respectively.

Previous studies have revealed that CHS mutations in higher plants can affect
the accumulation of flavonoids. In transgenic petunia and tobacco, constitutive
expression of anti-sense CHS cDNA changed flower pigmentation (Alexander et
al., 1988). In P. hybrida, co-suppression of CHS produces white or variegated
flowers (Van Blokland et al., 1994). Gall et al. (2005) showed that an antisense
CHS transgene in A. thaliana reduces the level of flavonoids. Several studies
have been conducted in an attempt to upregulate pigment production in light pink
or violet flowers by introducing a chalcone synthase transgene, expecting
expression in both the endogenous gene and the transgene. These efforts have
led to production of more deeply pigmented flowers. However, the transgenic
plants had mottled white flowers, meaning that the presence of the transgene
had suppressed or silenced CHS expression (Napoli et al., 1990). This effect
was probably caused by post-transcriptional gene silencing due to targeted
degradation of CHS messenger RNA (Van Blokland et al., 1994).

Production of anthocyanins in Z. mays occurs in the absence of CHI activity
suggesting that CHI activity may not be necessary for flavonoid accumulation
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(Grotewold et al., 1998).

Robbins et al. (1998) showed that the DFR gene

silencing decreased proanthocyanidin accumulation in L. corniculatus.

In M. truncatula, ANS antisense down-regulation reduced the levels of
anthocyanin pigments and soluble and insoluble proanthocyanidins in the leaves
and seeds of M. truncatula, respectively. Dihydroflavonol can be converted to
flavonol in vitro through the activity of MtANS, but in vivo studies showed that the
level of flavonol production did not noticeably decrease in these transgenic
plants.

Anthocyanin levels in 50% open inflorescences of TrANRhp transgenic white
clover lines, in which the ANR gene was targeted for silencing, correlated
positively with the intensity of petal coloration. Delphinidin-3-sambubioside was
accumulated to a higher level in flowers of transgenic TrANRhp lines with redflowered phenotypes than in wild-type plants. Levels of delphinidin-3sambubioside and cyanidin-3 sambubioside were similar in flowers of pinkflowered TrANRhp transgenic lines and wild-type plants (Abeynayake et al.,
2012). In transgenic TrANRhp white clover lines with reduced expression of
ANR, a lower level of epigallocatechin was associated with higher levels of
flavonol, myricetin, and anthocyanin products. Enhanced accumulation of
delphinidin-based anthocyanins, showing hydroxylation of the B ring at 3’ and 5’
positions, is explained by diversion of intermediates, such as delphinidins, from
2,3-flavan-3-ol to anthocyanin production. Anthocyanins accumulated in
epidermal cells of the inner whorls of immature flowers of TrANRhp transgenic
white clover lines. Wild-type plants only produce proanthocyanidins in this tissue.
Dramatic differences were seen in the expression levels of genes encoding
enzymes involved in many branches of the flavonoid pathway. These included
genes encoding enzymatic steps downstream of flavan 3-ol and anthocyanidin
production,

namely,

glucosyltransferase,

members
glutathione

of

the

transferase,

UDP-glucuronosyl/UDPmethyltransferase

and

anthocyanidin rhamnosyl-transferase families; genes involved in flavan 3-ol and
anthocyanidin biosynthesis such as CHS-, CHI-, F3H-, F3'H-, DFR-, ANS-, CHR;
as well as genes involved in isoflavone biosynthesis, namely, IF3'H-, IFOMTand VR-like genes. These differences in gene expression were associated with
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the differences in the levels of flavonoids between wild-type and TrANRhp
transgenic white clover plants (Abeynayake et al., 2012).

Ectopic expression of a pansy F3'5'H gene under the control of the flowerspecific rose CHS promoter led to production of delphinidin-based anthocyanins
in flower petals of chrysanthemum (Brugliera et al., 2013). Increased delphinidin
levels (up to 80%) were achieved by also silencing the endogenous F3′H gene,
producing more intensive blue coloration of flower petals.

Flower color in N. tabacum was changed from pink to white or light yellow by
over-expression of the Camellia nitidissima FLS gene. A significant increase of
flavonols and a concomitant reduction of anthocyanins was shown by
biochemical analysis of flowers from these transgenic plants (Zhou et al., 2013).

1.4 White Clover - an Important Temperate Pasture Legume

White clover (Trifolium repens L.) is a major component of temperate improved
pastures worldwide and is a key forage plant in countries with intensive livestock
production systems (Forster and Spangenberg, 1999). Economically, T. repens
L., is one of the most important forage legumes among the 250-300 species in
the genus. Trifolium, is predominantly grown in association with grasses such as
perennial ryegrass (Lolium perenne) and improves feed intake and diet quality of
grazing animals by providing a rich source of minerals and proteins. However,
white clover is also grown as a monoculture under irrigation (Ulyatt, 1973; Lane
et al., 2000; Laidlaw and Teuber 2001). White clover-perennial ryegrass
pastures have been recognised as a low-cost high-quality feed system
associated with high productivity in grazing animals (Ulyatt, 1973). White clover
also enhances soil fertility and nutrient status due to its high nitrogen fixation
potential. White clover is a perennial legume but it behaves as an annual plant in
warm climates and as a biennial plant under conditions of water stress
conditions (Williams, 1987a).
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In older taxonomic classifications (Williams, 1987c) Trifolium belonged to the
family Leguminosae while the more recent taxonomic classification has placed
the Trifolium genus in the tribe trifolieae of the subfamily Faboideae of the family
Fabaceae (Ellison et al., 2006).

White clover is a natural allotetraploid species with eight distinct chromosomes.
It is a cross pollinating species using a diploid breeding system, the chromosome
number being 2n = 4x = 32 with disomic inheritance (Voisey et al., 1994; Senn,
1938). White clover populations are a mixture of heterogeneous and highly
heterozygous individuals for many genetic loci due to a predominant outbreeding system with a well-developed genetic self-incompatibility mechanism
(Williams, 1987c). This has resulted in high genetic variability in natural
populations of white clover as well as seed batches of commercial cultivars and
has led to an infrequent autogamous self-pollination system in the species
except for a small proportion of plants in each population that are strongly selfcompatible. This level of variability is beneficial for the adaptation of white clover
to competitive microenvironments, hence its establishment in many agrogeographic environments in Australia and around the world (Attwood, 1941,
1942; Thomas, 1987a; Voisey et al.,1994). Since frequent pseudo-selfincompatibility has been also observed in white clover, environmental conditions
as well as genotype can affect self-incompatibility of white clover causing a
confined rating of self-pollination (Thomas, 1987a). It should be noted that the
most important attribute in white clover is its minimal genetic variation via
hybridisation, as it does not naturally cross with other Trifolium species (Chen
and Gibson, 1972). White clover is able to achieve both asexual and sexual
reproduction by stolon development and seed production, respectively. White
clover seed dispersion commonly occurs by insects, birds or grazing animals. In
Australia, the European honey bee (Apis mellifera) is the main pollinator of white
clover (Gibson et al., 1985) (OGTR, www.ogtr.gov.au).
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1.4.1 Contribution of White Clover to Agriculture
1.4.1.1 Commercial Uses

The majority of the Australian dairy industry is dependent on perennial pasture
forages including white clover, which provide 70-80% of feed requirements for
grazing animals. In Australia, the dairy industry was ranked third in economic
importance after the beef and wheat industries in 2009/10 with a value of $AU3.4
billion (Dairy Australia, www.dairyaustralia.com.au). The state of Victoria was
responsible for 64% of Australian milk production in 2009/10. Victoria is also an
economically significant region for milk production at global scale because of its
affordable pasture-based production system (Mason, 1993). Australia is one of
the main exporters of dairy products, worldwide, accounting for 2% of global milk
production. Of the total production of Australia’s dairy industry, approximately
72% is exported to Asia with a value of $2.4 billion in 2009/10 (Dairy Australia,
www.dairyaustralia.com.au). The Australian white clover seed industry is based
largely in Victoria and South Australia. In addition to its role as animal fodder,
this species contributes significantly to honey production in Australia, New
Zealand, Canada, Britain, Europe and the United States (Howes, 2007).

1.4.1.2 Nutritional Value

White clover provides a high-quality, nutritionally balanced diet that includes
crude

protein,

water-soluble

carbohydrates

and

minerals,

specifically

phosphorus, magnesium and calcium, to grazing animals, during the vegetative
stage in the growing season (Lane et al., 1997; Frame and Newbould, 1986). In
temperate regions, white clover is highly valued due to its nutritional quality, high
voluntary intake and palatability in grazing animals because of its low structural
fibre content in comparison to grasses (Søegaard, 1993; Harries et al., 1998,
Bertilson and Murphy, 2003; Beever et al., 1986). Despite these advantages,
some toxic and anti-nutritional compounds including cyanogenic glucosides and
phytoestrogens are found in white clover (Quigley et al., 1996).
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1.4.2 White Clover Growth Characteristics

In addition to the use of white clover as a forage crop for grazing animals, it is
also used as a cover crop in horticulture because its fast-growing stolons cover
the ground and exposed soil in a relatively short time and stabilise soil, reducing
soil erosion (Gibson et al., 1985). This property has also resulted in white clover
being used in mountain eco-regions for enhancing soil productivity (Abbasi et
al., 2004). The regeneration potential of white clover from stolons or seeds in the
soil is an important characteristic of white clover, underlying its persistence and
adaptability to intensive grazing (Søegaard, 1993; NSW-Agriculture, 2004;
Frame, 2003).

1.4.3 White Clover Leaves, Flowers and Seeds

Leaf size in white clover varies greatly according to type and cultivar as well as
environmental conditions, ranging from less than 1 cm long in prostrate shortpetioled types to more than 2 cm long in the more erect, longer petioled types
(Thomas, 1987b). The arrangement of trifoliate leaves on stolons is alternate
with the tendency of being attached to the stem side relative to the ground.
Leaflets are generally elliptical, varying from egg to heart shaped with diverse
margins, i.e. entire to heavily serrated. They can be uniformly green or patterned
with red pigmentation marks or a white V-shaped pattern and/or purplish
colorations, the latter being common in wild-type plants (Thomas, 1987b) (Figure
1.2). A white V-shaped marking is the most common leaf marking visible in most
white clover varieties.

There are three fundamental variations in the type of leaf markings, which are
under the control of a complex genetic locus called V (Brewbaker, 1955; Corkill,
1971) and are present as a full, broken or filled “V” shape which can be located
on three parts, basal, medial and terminal of the leaflet (Figure 1.6).
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Figure 1.6 White clover leaf markings.
(A) White “V” shape marking common in wild-type plants; (B) Red leaf; (C and D) Red
leaf marks (Source: www.cropsoil.uga.edu).

The ‘New Zealand Red Leaf Mutant’ (NZRLM) is a mutant clover line with a
broken or filled “V” shape marking that increases in intensity during the
development of leaflets (Figure 1.6). Environment, leaf age and shape are the
main factors affecting the development of these markings (Williams, 1987b). The
intensity of red-pigmentation in leaves is correlated with the accumulation of
anthocyanins (Figure 1.7). Anthocyanin pigmentation of whole leaflets or midribs
is conditioned by a single dominant gene at the R locus (Williams, 1987b).

Figure 1.7 Developmental morphology of anthocyanin accumulation in leaves of
the ‘NZRLM’ (T. repens L.).

White clover inflorescences are globular racemes consisting of 20-40
hermaphroditic, commonly white or less commonly pink florets on long
peduncles (Frame and Newbould, 1986) (Figure 1.8A/B). After pollination, 5 or 6
ovules and 3 - 4 seeds per pod are usually produced in the florets (Pasumarty et
al., 1993). These florets vary in color from bright yellow to yellowish brown,
darkening as they get older (Frame, 2003) (Figure 1.8C).

33

Ashtiani

Chapter 1
A

B

C

Figure 1.8 White clover Mink and NZRLM flowers and seeds.
(A and B) White clover flowers comprising 20-40 hermaphroditic white or pink florets;
(C) White clover seeds vary in colour.

1.4.4 White Clover is Associated with Pasture Bloat

Some species of Trifolium such as T. repens L., have the potential of causing
bloat in ruminant grazing animals (Marley et al., 2006), which can be lethal. Bloat
is caused by the rapid microbial degradation and partial-digestion of protein-rich
fodder during microbial fermentation in the rumen of grazing animals (Dixon et
al., 2005). It leads to production of stabilised protein foams that are able to trap
fermentation gases, principally methane (CH4), ammonia (NH3) and carbon
dioxide (CO2) (Moate et al., 1997; Tedeschi et al., 2003). This leads to
expansion of the rumen, placing pressure on vital organs such as lungs. This
can rapidly cause breathing difficulty and death in extreme cases (Aerts et al.,
1999; Min et al., 2005 and Paisley, 2006).

Lower levels of pasture bloat have been shown to result in reductions of feed
intake, live weight gain, and animal protein production (Wolfe et al., 1972). The
estimated economic costs of pasture bloat in Australia and the USA are $AU
180M per year and over $USD 310M per year, respectively (Aerts et al., 1999).
The presence of high levels of starch and carbohydrates in forage might be
involved in bloat development. Saponins, colloidal particles and soluble proteins
are also important factors in bloat occurrence (Hart 1987; Lane et al., 2000).
Bloat has a negative impact on the in vivo dry matter of fodder as well as soluble
protein and carbohydrate, cellular fragments, minerals and cations such as
potassium, calcium and magnesium level in fodder (Paisley, 2006).
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Feed quality and adverse conditions affect the severity of bloat (Boda et al.,
1956; Cole and Boda, 1960). Sub-acute bloat is not lethal to ruminants and can
be treated by application of anti-foaming chemicals resulting in reduced animal
discomfort while releasing gases from the rumen (Boda et al., 1956). This
treatment also ameliorates reduction of feed intake and productivity (Reid and
Johns, 1957). Acute bloat can happen as a consequence of untreated sub-acute
bloat leading to an animal’s death.

The composition of feed affects bloat incidence. For example, species of Lolium,
Trifolium and Medicago are associated with a high risk of bloat while L.
pedunculatus, L. corniculatus, L. tenuis

and Desmodium unicinatum are

regarded as bloat safe species (Marley et al., 2006; Paisley, 2006; Howarth,
1975). Bloat occurrence also depends on forage intake which is higher in the
case of immature vegetative growth than in the case of mature foliage (Majak et
al., 1995; Howarth, 1975; Paisley, 2006).

Although different procedures, such as the application of anti-foaming agents,
have been established since the 17th century for pasture bloat management,
developing new strategies in this field would be of an immense value to the
grazing industry.

1.4.5 Accumulation of Proanthocyanidins and Anthocyanins in White
Clover Tissues

Of the anthocyanins, two major molecules, namely delphinidin-3-sambubioside
and cyanidin-3 sambubioside, are present in 50% open flowers of wild type white
clover plants at a ratio of between 2:1 to 3:1(Abeynayake et al., 2012). White
clover flowers contain proanthocyanidins and their precursors including 2,3-cisflavan-3-ols and 2,3-trans-flavan-3-ols. The level of gallocatechin is higher than
epigallocatechin at all six stages of flower development (Figure 1.9). In white
clover

flowers,

accumulation

of

epigallocatechin

and

gallocatechin

is

developmentally regulated and correlates well with the expression of genes
encoding ANR and LAR (Abeynayake et al., 2012).
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The presence of a very low level of anthocyanins at all stages of flower
development reflects visible anthocyanin accumulation at low levels in petals
(Abeynayake et al., 2012). The production of proanthocyanidins in white clover
inflorescences is tightly controlled at different stages of development as in many
other plant species (Corron et al., 1992; Jaakola et al., 2002; Debeaujon et al.,
2003). High light intensity (650 µmol photons m-2 s-1) or low temperature (5°C)
stress do not make a difference to the accumulation of proanthocyanidins in
white clover tissues. These conditions have the opposite effect on anthocyanin
accumulation, enhancing anthocyanin biosynthesis in white clover leaves.
Further, there is a correlation between the expression of proanthocyanidin
pathway-specific genes during white clover inflorescence development and
proanthocyanidin accumulation (Abeynayake, 2012).

The composition of proanthocyanidins in white clover is delphinidin-based in
seeds, and gallocatechin- and epigallocatechin-based in flowers (Foo et al.,
2000 Abeynayake et al., 2012). The composition of proanthocyanidins in
trichomes of white clover leaves has not been yet studied.

1

3

5

2

4

6

Figure 1.9 White clover inflorescences and florets at different Stages of
development. Abeynayake et al. (2012).
(1 and 2) Upper and lower halves of immature
inflorescences;
(3 and 4) Upper and
6
4
1
2
lower halves of inflorescences in which
the 50% 5of florets were opened; and (5 and 6)
3
upper and lower halves of mature inflorescence in which all the florets were opened.

1.4.5.1 White Clover Accumulates Proanthocyanidin and Anthocyanin in
Specific Cell Types
Recent findings illustrate that white clover accumulates proanthocyanidin and
anthocyanin in specific cell types and that the majority of cells accumulating
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anthocyanins do not accumulate proanthocyanidins (Abeynayake et al., 2012). In
white clover, accumulation of anthocyanins occurs in epidermal cells of leaflets,
sepals and petals and also in sub-epidermal cells of pedicels, stolons, stipules,
and petioles (Majnik et al., 2000; Abeynayake et al., 2012).

Accumulation of proanthocyanidins has been observed in petioles, stolons,
stipules, peduncles, pedicels and sepals and also in epidermal cells of petals in
the inner whorls of immature flowers, carpels and stamens of white clover
(Abeynayake et al., 2012). Both anthocyanins and proanthocyanidins are
produced in white clover petal epidermal cells indicating that these pathways are
active in these cell types and suggesting that common metabolic intermediates
and biosynthetic enzymes are likely to be present in these cells.

Although white clover accumulates a high level of proanthocyanins in flowers
and seed coats, low levels occur in vegetative tissues, leaves and stems, where
proanthocyanins, and/or their 2, 3-flavan 3-ol monomers, are restricted to
glandular trichomes (Young and Paterson, 1980; Li et al., 1996; Foo et al.,
2000).

In white clover flowers, anthocyanin and proanthocyanidin pathways are spatially
co-localized in epidermal cells of petals and inner organs, such as stamen
filaments, carpels, ovules, and immature embryos (Abeynayake et al., 2011,
2012).

Cell-type-specific accumulation of anthocyanin and proanthocyanidins, and/or
their 2, 3-flavan 3-ol monomers, and relatively high genetic transformation
efficiency makes white clover a good system for single cell-type studies of
proanthocyanidin and anthocyanin biosynthesis and possible interactions within
the flavonoid pathway.

1.4.5.2 Proanthocyanidins Ameliorate Pasture Bloat

Previous studies have demonstrated that proanthocyanidin displays anti-fungal
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activity in Stryphnodendron obovatum and antibacterial activity in Planchonia
careya (Sanches et al., 2005; McRae et al., 2006).

High levels of

proanthocyanidins in the leaves of the upper canopy of Acacia provide protection
from natural herbivory (Ward and Young, 2002). Proanthocyanidins also provide
other beneficial qualities for humans, plants and animals in terms of health and
food quality (Dixon et al., 2003, 2005). Proanthocyanidins can protect grazing
animals against bloat by reducing the amount of protein that is available for rapid
microbial degradation in the rumen (Aerts et al., 1999; Douglas et al., 1999). A
low level of protein-binding compounds such as proanthocyanidins (2-4% of dry
weight) in forages is beneficial for preventing pasture bloat and increasing
nutrient uptake in ruminant livestock (Aerts et al., 1999; Jones and Lyttleton,
1971; Waghorn and Jones, 1989; Wang et al., 1996). However, a high
concentration of dietary proanthocyanidin (6-12% of dry weight), acts as a
feeding deterrent (Antony and Chandra, 1998; Aerts et al., 1999).

Metabolic re-programming of the flavonoid pathway in order to increase levels of
foliar proanthocyanidins in bloat-causing pasture forages such as white clover
producing boat safe cultivars could significantly enhance animal welfare and
contribute to pasture productivity and reduction of adverse environmental
impacts.
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1.5 Project Aims

The overall aim of this project is to significantly expand our understanding of
anthocyanin and proanthocyanidin production in a range of cells within white
clover leaves with a view to subsequently enabling directed pathway
manipulation.
The project objectives are:


Identification of the cell type-related differences in flavonoid pathwaytranscripts and metabolites.



Establishment of a method for enrichment of epidermal cells from white
clover leaves.



Identification of new target genes for metabolic engineering of the
proanthocyanidin- and anthocyanin-specific branches of the flavonoid
pathway for enhanced bloat safety.



Establishment of a reproducible system for tissue and cell-specific
analysis of the flavonoid pathway-related transcriptome and metabolome.
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2. Materials and Methods
2.1 Media, Reagents and Solutions
Preparation of solutions, buffers and media was based on standard procedures
(Sambrook et al., 1989). Other solutions were provided as components of
commercial kits by the manufacturer. Those which are not described in
molecular biology protocols (Sambrook et al., 1989) or are not prepared
according to manufacturer’s instructions, are mentioned at the end of this
chapter.

Restriction endonucleases including EcoRI, SmaI, XmaI, HindIII, AvaI, PstI were
purchased from Promega (Madison, Wisconsin, USA). The antibiotics rifampicin,
gentamicin, spectinomycin and hygromycin B were obtained from Sigma (St.
Louis, Missouri, USA). Cefotaxime and timentin were purchased from La Trobe
University Pharmacy. Chemically competent E. coli cells were obtained from
Invitrogen (Grand Island, New York, USA). Enzymes for isolation of protoplasts
including Macerozyme R-10 and Cellulase Onuzuka R-10 were purchased from
Duchefa (Haarlem, The Netherland), and Driselase® Basidiomycetes sp. was
obtained from Sigma (St. Louis, Missouri, USA).

2.2 Plant Material and Growth Conditions
‘NZRLM’ white clover seeds were supplied by the Department of Environment
and Primary Industries, Hamilton (DEPI Hamilton, Victoria, Australia) and ‛Mink’
white

clover seeds were

provided

(http://www.heritageseeds.com.au).

by the

Plants

Heritage

were

grown

Seeds company
under

physical

containment 2 (PC2) glasshouse, growth chamber, growth room or tissue culture
conditions as follows:
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Glasshouse: 20-22°C 14.5 h day (250 µmol photons m-2 s-1), 14-18°C 10 h night.
Growth chamber: 22-24°C 16 h day (300 µmol photons m-2 s-1), 18-20°C 8 h
night.
Growth room: 22°C 14 h day (150 µmol photons m-2 s-1), 22°C 10 h night.
Tissue culture: 25°C 16 h day (100 µmol photons m-2 s-1), 25°C 8 h night.

Vernalisation of white clover plants was carried out in a controlled growth room
for 6 weeks at 5°C with an 8 h photoperiod and a light intensity of 41+/-5 µmol
photons m-2 s-1 at canopy height. Flowering was then induced in a controlled
growth cabinet (Enconair, Winnipeg, Manitoba, Canada) by growing plants for 4
weeks at 22°C with a 16 h photoperiod and a light intensity of 240+/ 30 µmol
photons m-2 s-1 at canopy height.

2.3

Analysis of Proanthocyanidin and Anthocyanin Accumulation in

White Clover Leaves
2.3.1 Analysis of Anthocyanin Accumulation
‘Mink’ and ‘NZRLM’ white clover leaves were hand sectioned and observed
microscopically to identify cells accumulating anthocyanins. Images were
captured using a Leica MZFLIII light microscope (Leica, Heerbrugg, Switzerland)
fitted with a CCD camera.

2.3.2 Analysis of Proanthocyanidin Accumulation
2.3.2.1

4-Dimethylaminocinnamaldehyde (DMACA) staining

White clover leaves were embedded in absolute ethanol for 12-18 h for
decolouration and stained for the presence of proanthocyanidins and monomeric
flavan 3-ols using 0.01% (w v-1) 4-dimethylaminocinnemaldehyde (DMACA) in
absolute ethanol containing 0.8% (w v-1) concentrated hydrochloric acid for 3 h.
A Leica MZFLIII light microscope (Leica, Heerbrugg, Switzerland) fitted with a
CCD camera was used to visualise proanthocyanidin accumulation in cells within
white clover leaves.
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2.4 Isolation of Specific Cell Types from White Clover Leaves
2.4.1 Isolation of Trichomes
Isolation of trichomes from white clover leaves was performed using a protocol
adapted from Marks et al. (2008) with some modifications. Leaves cut at the fully
expanded stage were transferred to a 50 mL falcon tube containing 15 mL of a
solution of pre-chilled phosphate-buffered saline (PBS) that was made as
described by Sambrook et al. (1989) but potassium rather than sodium salts
were used. Tubes containing the leaves were vortex-mixed at maximum speed
(four cycles of 30 sec on 30 sec rest on ice) on a Genie 2 vortex (Scientific
Industries, http://www.scientificindustries.com/). It was important not to overload
the leaves in the tubes to the point that they could not freely rotate during mixing.
Tube contents were strained through a 70-mL cell strainer (Falcon-Becton
Dickinson, http;//http://www.bdbiosciences.com/) into a new 50 ml falcon tube.
The leaves in the 50 mL falcon tube were rinsed several times with the PBS
solution to free trichomes trapped in the plant debris. The solution containing the
trichomes was subjected to centrifugation at 70 x g for 10 min at 4°C. The
supernatant was carefully removed and the trichome pellet was stored at -80°C
for downstream analysis.

2.4.2 Laser Capture Microdissection (LCM) of White Clover Leaves
2.4.2.1 Tissue Sectioning
Frozen sections were prepared from ‘Mink’ and ‘NZRLM’ white clover leaves on
a cryostat prior to LCM. Tissues were embedded directly into a cryomold with
OCT (Optimal Cutting Temperature) solution (Sakura Finetek, Torrance,
California, USA) at ambient temperature for 10 min. The cryomold containing
OCT-embedded tissue was palced on a fast freezing station located inside the
cryostat chamber and stored at -80°C once frozen. Frozen sections were cut at
40–45 μm thickness on a cryostat with a disposable blade and sections were
placed on the center of labeled, uncoated glass microscope slides. Slides were
stored at -80°C. Cryosectioned samples were washed in 50% (v v-1) ethanol
prior to LCM.
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2.4.2.2 LCM of Cryosectioned Tissues
Microdissection of sections to isolate epidermal and mesophyll cells from white
clover leaf tissue was carried out using a PALM Microbeam UV laser system
(PALM

Technology)

with

PALM

Robosoftware

(v.

3.2)

following

the

manufacturer’s protocol. Microdissection was performed by cutting around the
perimeter of the area of interest with a fine focused laser beam and the selected
area was catapulted into the lid of a microfuge tube containing 30 mL of distilled
water. Following the microdissection and capture procedure, samples were
stored at- 80°C for further analysis.

2.4.3 Isolation of Protoplasts from White Clover Leaves
Methodology for isolating mesophyll-derived protoplasts from white clover leaves
was developed based on a well-established protocol extensively applied in N.
tabacum (Spangenberg and Potrykus, 1995) and also followed a method
optimized for protoplast isolation from T. arvense L. (Bhojwani and White, 1982)
with a few modifications. All steps were conducted under a sterile condition.
Approximately 500 mg of fully-expanded leaves from glasshouse grown ‛Mink’
and ‛NZRLM’ plants were sampled for protoplast isolation. Samples were
collected from 4 pooled replications of 3 different genotypes within each cultivar
(Figure 2.1). Healthy leaves (500 mg) were harvested by using a scalpel blade
and transferred to a sterile Petri dish. The midrib portion of the leaves was
carefully removed. Parallel incisions were made across the leaves with a sterile
scalpel blade resulting in thin strips. The leaf strips were gently transferred into a
petri dish containing Digestion Buffer (up to 12 mL of digestion buffer) (Table
2.1). The plate was sealed with ParafilmTM and incubated overnight for 16-18 h
at 25°C in the dark. To release protoplasts from leaf debris, the mixture was
gently agitated 2 h before commencing protoplast isolation.
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Mink

NZRLM

Figure 2.1 Leaf morphology of three different genotypes of ‘Mink’ and ‘NZRLM’
white clover.

A sterile filter unit (Becton-Dickinson, Franklin Lakes, USA) with a pore size of 70
µm was attached to a 50 mL tube and the digestion buffer containing the
released protoplasts was passaged through the filter unit using a 10 mL
serological pipette. The protoplasts were mixed gently and the suspension was
divided evenly into two 14 mL sterile plastic centrifuge tubes. The suspension
was carefully overlaid dropwise with 2 mL of W5 solution. The tubes were
centrifuged for 10 min at 70 x g without application of any break at the end of the
run.

Table 2.1 Composition of digestion enzymes used for isolation of mesophyll
derived protoplasts from ‛Mink’ and ‛NZRLM’ leaves.
Variety

Digestion Enzyme
2 % (w v-1) Cellulase R10

Mink

1 % (w v-1) Macerozyme R10
0.5 % (w v-1) Driselase R10
2.5 % (w v-1) Cellulase R10

NZRLM

1.5 % (w v-1) Macerozyme R10
1.0 % (w v-1) Driselase R10

The protoplasts remaining at the interphase and were removed with a 2 mL
serological pipette and transferred to a new 14 mL centrifuge tube containing 9
mL of fresh W5 solution. The protoplasts were mixed by gently tilting the capped
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tube and centrifuged for 10 min at 70 x g. The supernatant was discarded and 5
mL W5 buffer to less gained protoplast concentration and 10 mL to higher
gained protoplast concentration was added. 9 µL aliquots of the protoplast
suspension were counted using a haemocytometer. To test the viability of
isolated protoplasts 10 µL aliquots were stained with 5 µL of Evans Blue staining
solution (isolated protoplast/Evans blue staining solution (2:1). Protoplasts were
incubated in staining solution for 5 minutes before cell viability was recorded
using a haemocytometer. The expected yield from a successful digestion was 34 X 106 protoplasts per gram of leaf tissue and a viability of more than 90%
(Spangenberg and Potrykus, 1995).

2.4.4 Partial Enzymatic Digestion of Pigmented Segment of ‘NZRLM’
Leaves
Partial enzymatic digestion of ‘NZRLM’ leaf epidermis was performed to isolate
adaxial epidermal cells. Fully-expanded leaf tissue from 4 pooled biological
replicates of 3 different genotypes of ‘NZRLM’ was used for enzymatic digestion
(Figure 2.1). The pigmented portion of leaves was cut using a sterile scalpel
blade and the midrib portion of the pigmented area was carefully removed. Cross
cuts through the pigmented regions of leaves resulting in thin squares of the
pigmented region of a leaf were made using a sterile scalpel blade. The leaf
strips were gently transferred into a petri dish containing Digestion Buffer (up to
12 mL of digestion buffer). Composition of 2.5% (w v-1) Cellulase R10, 1.0% (w
v-1) Driselase R10, 1.5% (w v-1) Macerozyme R10 digestion enzymes was used
for partial digestion. The plate was sealed with parafilm and incubated overnight
for 16-18 h at 25°C in the dark. The mixture was gently agitated 2 h before
starting the isolation procedure. Digested protoplasts were released into the
digestion buffer and epidermal cells that were still attached to the cuticle were
collected in a 2 mL microfuge tube for LC-MS analysis or mounted onto a MatrixAssisted Laser Desorption Ionization (MALDI) slide for MALDI scanning.
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2.4.5 Generation of Transgenic White Clover Plants Expressing GFP and
gus in Epidermal Cells
2.4.5.1 Vector construction
Binary expression vectors with turbo GFP and uidA reporter genes under control
of the epidermis-specific AtLTP1 and AtBDG promoters were generated.
Sequences of the AtLTP1 (AT2G38540) and AtBDG (AT1G64670) promoter
regions were retrieved from public databases. Two promoter-terminator
cassettes

(AtBDG

promoter_nos

terminator

and

AtLTP1

promoter_nos

terminator) were synthesized by GeneArt company (http://www.geneart.com).

2.4.5.2 Bacteriological Methods
2.4.5.2.1 Transformation of Chemically Competent Escherichia Coli Cells
Chemically-competent DH5α E. coli cells (Invitrogen, Grand Island, New York,
USA) were transformed with plasmid DNA according the manufacturer’s
instructions.

2.4.5.2.2 Preparation of E. coli Glycerol Stocks
For long-term storage of E. coli cultures, equal volumes of bacterial culture and
sterile 40% (v v-1) glycerol were combined in cryovials. Vials were flash-frozen in
liquid nitrogen and stored at -80°C.

2.4.5.3 General Molecular Techniques
2.4.5.3.1 Gel Electrophoresis
Separation of RNA and DNA samples and PCR amplicons were performed on
1% (w v-1) agarose gels with tris-borate-EDTA (TBE) running buffer (Sambrook
et al., 1989). SYBR® SafeTM nucleic acid stain (Invitrogen, Grand Island, New
York, USA) was added to enable visualization of nucleic acids with a UV
transilluminator. Loading buffer (50% v v-1 glycerol, 0.1% w v-1 bromophenol
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blue, 2% w v-1 ficoll type 400 and 100 mM EDTA) was added to each DNA or
RNA sample prior to loading of gels. Gels were run at between 80 and 100 (V
cm-1) for 30-50 min. The 1 kb DNA ladder (Invitrogen, Grand Island, New York,
USA) was used as a molecular weight size marker. The quality of RNA samples
and cDNA libraries was assessed using a Bioanalyzer DNA 12000 fitted with a
RNA 6000 Pico Lab Chip (Agilent, Santa Clara, California, USA) according to the
manufacturer’s instructions.

2.4.5.3.2 DNA and RNA Quantification
After RNA or DNA extraction samples were checked for the presence of carryover contamination (e.g. phenols) or other impurities (e.g. proteins), nucleic
acids were quantified using a Nanodrop spectrophotometer (Nanodrop,
Montchanin, New Castle, USA). To confirm the results, 200 ng aliquots were run
on a 1% (w v-1) agarose gel alongside the 1 Kb DNA Ladder (Invitrogen, Grand
Island, New York, USA).

2.4.5.3.3 DNA Sequencing
Big Dye Terminator (www.aggenomics.com) was used for sequencing reactions
and sequence analysis was performed using Sequencher v. 4.7 (Gene Codes
Corporation, Ann Arbor, Michigan, USA).

2.4.5.3.4 RNA Extraction from White Clover Leaves and Specific Cell Types
2.4.5.3.4.1 RNA Extraction from White Clover Leaves
RNA was extracted from 100 mg portions of freshly-ground tissue under liquid
N2, using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) following the
protocol provided by the manufacturer (Qiagen, Hilden, Germany) with one
modification. Polyvinylpyrrolidone (PVP) 1% (w v-1) was added to the extraction
buffer (RLT) in the kit in order to remove phenolic compounds, which can inhibit
extraction of RNA and selected downstream manipulations (Salzman et al.,
1999).
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2.4.5.3.4.2 RNA Extraction from Plant cells
A miRNeasy Micro Kit (Qiagen, Hilden, Germany) was used for purification of
mRNA and total RNA from different white clover cell types using the
manufacturer’s protocol.

2.4.5.3.5 DNA Extraction from White Clover Leaves
2.4.5.3.5.1 DNeasy Plant Mini Kit
For screening of up to 20 putative transgenic plants by PCR, a DNeasy Plant
Mini Kit (Qiagen, Hilden, Germany) was used following the instructions provided
by the manufacturer.

2.4.5.3.5.2 High Throughput DNA Extraction
A high throughput plant DNA extraction method was used to process greater
than 50 samples of putative transgenic white clover plants for PCR analysis. The
Biomek® FX robotic workstation (Beckman Coulter, USA) together with Wizard®
Magnetic 96 DNA plant system kit (Promega, Madison, Wisconsin, USA) was
used as an automated platform for plant DNA extraction following an initial
homogenization and centrifugation step. Plant material (1 cm 2 leaf samples) was
placed into 96 well microtube racks (Qiagen, Hilden, Germany) and lyophilized
(DYNAVAC, Freeze dryer) for 24 h. Dried material was homogenized using the
Retsch MM300 Mixer Mill with the addition of one tungsten carbide bead and
300 μL Lysis Buffer A to each well. Samples were shaken for 1.5 min on each
side shearing the leaf material and then centrifuged for 10 min at 1700 x g
(Sigma, St. Louis, Missouri, USA) to collect the cell debris. The Biomek® FX
robotic workstation was programmed to execute the Wizard® Magnetic 96 DNA
plant system protocol automatically according to the protocol provided by the
manufacturer (Promega, Madison, Wisconsin, USA). DNA was extracted within
30 min and quantified using the Ready-To-Run 96 well 1.2% (w v-1) TAE
agarose gel (GE Healthcare BioSciences, UK) with a Ready-To-Run Separation
Unit (GE Healthcare BioSciences, UK) following the protocol provided by the
manufacturer (GE Healthcare BioSciences, UK). DNA was stored at -20°C.
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2.4.5.3.6 Polymerase Chain Reaction (PCR) Analysis
2.4.5.3.6.1 Standard PCR
Each PCR reaction mixture consisted of 10 μL 2x Go Taq green (Finnzymes,
Pittsburgh, Pennsylvania, USA), 1.0 μL of each primer (10 μM) and sterile
distilled water in a total volume of 20 μL. The DNA sample was added to the
PCR master mix to or control sample (600–800 ng). An Applied Biosystems
GeneAmp® PCR System 9700 thermocycler was used. Standard PCR
amplification conditions were: 95°C for 2 min followed by 25-35 cycles of 95°C
for 30 sec, 50-65°C for 30 sec, 72°C for 1 min per Kbp, 72°C for 5-7 min and a
4°C hold.

2.4.5.3.6.2 Colony-PCR Condition
The PCR master mix was prepared as already described. Individual bacterial
colonies were picked from the original culture plate using a sterile wooden
toothpick, dipped in PCR tubes containing the master mix and re-streaked to
fresh culture plates.

An Applied Biosystems GeneAmp® PCR System 9700

thermocycler was used. General PCR amplification conditions were: 94°C for 5
min, 25 cycles of 94° C for 30 sec, 45-65°C for 30 sec, 72°C for 1 min, 72°C for
10 min and a 4°C hold. PCR products were separated on a 1% (w v-1) TBE
agarose gel by electrophoresis alongside the 1 kb plus DNA ladder (Invitrogen,
Grand Island, New York, USA).

2.4.5.3.6.3 High-Fidelity PCR

Pwo DNA Polymerase (Roche Diagnostics, Risch-Rotkreuz, Switzerland) was
used when high fidelity amplification products were required. PCR reactions
were prepared and thermal cycling was performed following the manufacturer’s
protocol.
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2.4.5.3.6.4 Reverse Transcription PCR Analysis (RT-PCR)
First-strand cDNA was made with 1 µg of total RNA using the Quantitect
Reverse Transcription Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions and including on-column DNAse treatment. Each
PCR reaction consisted of 3.0 µL 10 x Dynazyme TM PCR buffer, 1.5 µL dNTPs
(2 mM), 1.0 µL DyNAzyme™ II DNA polymerase (2 U μL-1) (Finnzymes,
Pittsburgh, Pennsylvania, USA), 1.0 µL of each primer (10 µM) (Table 2.1), 1.0
µL first-strand cDNA and sterile distilled water in a total volume of 30 µL. An
Applied Biosystems GeneAmp® PCR system 9700 thermocycler was used.
Thermocycling conditions were as follows: 94°C for 4 min followed by 30 cycles
of 94°C for 15 sec, 60°C for 30 sec and 72°C for 1 min. The final step was a 72°C
hold for 10 min.

2.4.5.3.6.5 Gradient PCR
The annealing temperature of PCR reactions was optimized using a gradient of
annealing temperatures, dependent on the calculated annealing temperature of
oligonucleotide primers in PCR reaction mixtures.

2.4.5.3.7 Digestion of DNA using Restriction Enzymes
Reaction mixtures contained the appropriate restriction enzyme buffer, 2.0 μL
bovine serum albumin (0.1 mg mL-1) (Promega, Madison, Wisconsin, USA), 1020 U of restriction enzyme, 500 ng of DNA and sterile distilled water in a total
volume of 20 μL. Reaction mixtures were incubated at 37°C for 3 h-overnight.

2.4.5.3.8 Desphosphorylation of Linearised Vector DNA
To dephosphorylate linearized vector DNA, 15 μL calf intestinal alkaline
phosphatase (CIP) (1 U μL-1) (Promega, Madison, Wisconsin, USA), and 2 μL
CIP buffer were added to vector DNA, followed by incubation at 37°C overnight.
Alternatively, thermosensitive alkaline phosphatase (TSAP) (1 U μL-1) (Promega,
Madison, Wisconsin, USA) was used for dephosphorylation. TSAP was
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compatible with all Promega restriction enzyme buffers, except Promega buffer
F, and 1 μL was added to vector DNA, followed by incubation at 37°C for 2 h.
Dephosphorylation reactions were stopped by 10 min incubation at 75°C.

2.4.5.3.9 Purification of DNA Fragments after Digestion
DNA fragments were purified from agarose gels or digestion mixtures using the
GENECLEAN™ SPIN Kit (Carlsbad, California, USA) or the NucleoSpin®
Extract II (Macherey-Nagel, Düren, Germany) kit as per the instructions from the
respective manufacturer.

2.4.5.3.10 Ligation of DNA Fragments
2.4.5.3.10.1 Sticky-end Ligation
The LigaFast™ Rapid DNA Ligation System (Promega, Madison, Wisconsin,
USA) was used for sticky-end ligations. The ligation mixture consisted of 10 μL
of 2 X Rapid Ligation Buffer (Promega, Madison, Wisconsin, USA), 1 μL T4 DNA
Ligase (3 U μL-1) (Promega, Madison, Wisconsin, USA), a vector: insert ratio of
10 fmol vector : 50-100 fmol insert and sterile distilled water to a total volume of
10-15 μL depending on the vector:insert ratio used. Ligation mixtures were
incubated at 16°C overnight.

2.4.5.3.10.2 Blunt-end Ligation
Takara DNA Ligation Mix <mighty mix>® (Takara, Mountain View, California,
USA) was used for blunt end ligations a vector: insert ratio of 25 fmol vector: 2550 fmol insert. One volume of ligation mix (10 μL) was added and reaction
mixture was incubated at 16°C overnight.

2.4.5.3.11 Small-Scale Plasmid Preparations
Small scale plasmid extractions were carried out using the Qiagen Spin Miniprep
Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions.
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2.4.5.3.12 Large-Scale Plasmid Preparations
Large scale plasmid preparations were carried out using the Qiagen plasmid
maxiprep

kit

(Qiagen,

Hilden,

Germany)

following

the

manufacturer’s

instructions.

2.4.5.3.13 Agrobacterium-Mediated Transformation of White Clover
Agrobacterium-mediated

white

clover

transformation

was

performed

as

described by Ding et al., (2003) with some modifications (Rahimi-Ashtiani et al.,
2015) described below.
A sterile 10 l loop (~0.5 cm diameter) was used to streak out Agrobacterium
tumefaciens cells containing binary transformation vectors from a frozen -80oC
glycerol stock onto fresh Petri dishes containing appropriate media and
antibiotics. The plate was incubated at 28oC for two days (24-72 h) until single
colonies were visible. One day before each white clover transformation
experiment, approximately 300 white clover seeds (cv. ‘Mink’) were washed for 5
min under running water in a 280 µm mesh sieve. Seeds were then transferred
to a sterile 120 mL plastic culture vessel and treated twice with 30 mL of 70% (v
v-1) EtOH for 5 min with shaking. Seeds were surface-sterilised in the vessel with
50 mL of 1.5% (w v-1) sodium hypochlorite containing 3 drops of Tween 20
[(0.05% (v v-1) final concentration)] and incubated at ambient temperature for 12
min with shaking. The seeds were washed 6-8 times with 80 mL of sterile
distilled water and incubated in the dark for 16-18 h at 24°C in 10 mL of sterile
distilled water.

Single A. tumefaciens colonies containing binary transformation vectors were
grown at 28C in the dark on an orbital shaker (Ratek) at 220 rpm for 7-8 h in
sterile 12 mL round bottom tubes containing 3 mL of liquid LB medium with 20
mg L-1 rifampicin and the appropriate antibiotics to select for the binary vector.
100 µL aliquots from starter cultures were used to inoculate 20 mL of liquid
media with appropriate antibiotics in 125 mL Erlenmeyer flasks and incubated at
28C in the dark on an orbital shaker (Ratek) at 220 rpm for 16-18 h. The
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resulting A. tumefaciens cultures (OD600 value of 0.7) was transferred to a sterile
50 mL centrifuge tubes and subjected to centrifugation at 6,500 x g for 10 min at
ambient temperature. The supernatant was discarded and each bacterial pellet
was resuspended in 20 mL of MGL medium containing 40 µg/mL acetosyringone
to an OD600 value of between 0.2 and 0.4. The culture was incubated at 28°C
with shaking (250 rpm) in a 250 mL Erlenmeyer flask in the dark.

Preparation of cotyledonary explants was performed under a dissecting
microscope in a laminar flow hood. The seed coat and endosperm layer of the
imbibed seeds were removed using sterile needles (18 gauge) followed by
removal of the shoot, leaving ca. 1.5 mm of the hypocotyl attached to the
cotyledons. Separation of cotyledons was performed by dissecting hypocotyls
with needle tips. The individual dissected cotyledons were collected in MGL
medium.

When the A. tumefaciens culture had reached an OD600 value of 0.7-0.8, MGL
was removed from the cotyledons and replaced with the A. tumefaciens
inoculum (OD600 value of 0.7). The Petri dish was sealed with laboratory film,
covered with aluminum foil and incubated on a rotary shaker at 50 rpm and
ambient temperature for 45 min. Following inoculation, the A. tumefaciens
culture was removed with a 25 mL pipette and after blotting on sterile filter paper,
cotyledons were transferred to plates of co-cultivation media (RM73) containing
40 µg mL-1 acetosyringone without antibiotic selection. Cotyledons were evenly
distributed using sterile needles. Petri dishes were sealed with laboratory film
and placed in the growth room at 25°C for 3 days.

After 3 days, the cotyledons were washed in sterile distilled water 2-3 times,
dried and each hypocotyl was inserted into selective RM73 medium containing
250 mg L-1 cefotaxime and the appropriate antibiotic for selection (50 mg L -1
hygromycin or kanamycin, ca. 48 explants per dish) with flame-sterilised fine
forceps. The plates were sealed with laboratory film and incubated in a tissue
culture at 25°C with 16 h photoperiod.
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The white clover cotyledonary explants were subcultured to fresh selective
plates every two weeks for a period of 6 weeks. After 6 weeks any cotyledonary
explants with a green base and developing shoots were transferred to rooting
medium (RIM73) containing 250 mg L-1 cefotaxime and the appropriate antibiotic
for selection (50 mg L-1 hygromycin or kanamycin in 120 mL tissue culture
vessels. Following the formation of roots the white clover plantlets were
transferred to soil and grown under containment glasshouse conditions.

2.4.5.3.14 Molecular analysis of putative transgenic plants
Genomic DNA extracted from leaf samples of putative transgenic events was
subjected to qPCR screening analysis of transgenic lines was performed to
detect the presence or absencto determine the PCR-competence of DNA using
endogenous gene e of the selectable marker gene (hph) using the internal
primers hph_fwd and hph_rev which amplify a 118 bp PCR product (Appendix I,
Table 6). Cycling conditions were 95ºC for 10 min, 39 cycles of 95ºC for 30 sec,
60ºC for 30 sec. Plasmids DNA of selectable marker gene was included as a
positive control in the qPCR analysis for the detection of hph presence. The
reaction mixture using genomic DNA from a non-transformed plant was run as a
negative control. Genomic DNA extracted from leaf samples of putative
transgenic events was subjected to qPCR screening to determine the PCRcompetence of DNA using endogenous gene (TrDHN ) using the primers
(Appendix I, Table 6), which amplify a 77 bp PCR product. Cycling conditions
were: 95ºC for 10 min, 39 cycles of 95ºC for 10 sec, 60ºC for 30 sec and 72ºC
for 15 sec. Transgenic lines were also screened to detect the presence of the
hph selectable marker gene using the internal primers hph_fwd and hph_rev
(Appendix I, Table 6), which amplify a 118 bp PCR product. Thermocycling was
performed using a CFX96 Real Time System with a C1000 Touch thermal cycler
(Bio-Rad) and cycling conditions were 95ºC for 10 min, 39 cycles of 95ºC for 30
sec, 60ºC for 30 sec. Plasmid DNA containing the selectable marker gene was
included as a positive control template in this assay. Genomic DNA from a nontransformed plant was used as a negative control template. The presence or
absence of Agrobacterium tumefaciens contamination in putative transgenic
events was assayed by qPCR using the primers VirC_fwd and VirC_rev
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(Appendix I, Table 6), which amplify a 70 bp PCR product. Cycling conditions
were 95ºC for 10 min, 40 cycles of 95ºC for 30 sec, 60ºC for 30 sec and 60ºC for
60ºC sec.

2.4.5.3.15 Analysis of Reporter Genes Expression in Transgenic White
Clover Plants
2.4.5.3.15.1 Analysis of turbo-gfp Expression Using Stereo Microscopy
Transgenic shoots of white clover plants expressing a chimeric 35S::turbo GFP
gene were analysed by Stereo microscopy (Leica TCS SP2) according to the
manufacturer’s instructions.

2.4.5.3.15.2 Fixing, Embedding and Sectioning of White Clover Leaves for
Immunohistochemistry
Fully expanded leaves of transgenic white clover lines were fixed in 4% (v v -1)
paraformaldehyde in PBS, 0.1% (v v-1) Triton X-100, and 0.1% (v v-1) Tween 20
for 1 h at ambient temperature under vacuum and then incubated in fresh fixative
solution overnight at 4°C. Samples were washed with PBS, dehydrated in a
graded ethanol series (50, 60, 70, 85, 95 and 100% v v-1), and cleared in three
ethanol/histoclearTM mixtures (2:1, 1:1, and 1:2) for 1 h each and three times in
100% histoclearTM for 1 hour each time. Leaves were embedded in paraffin wax.
Sections of 6µm were cut using a Jung rotary microtome and mounted on silanecoated slides.

2.4.5.3.15.3 Immunofluorescence Microscopy of White Clover leaves
Primary and secondary polyclonal antibodies were used for immunolabeling of
white clover leaves namely rabbit anti-GFP (Abcam, Cambridge, UK) and goat
anti-rabbit (Abcam, Cambridge, UK). Fixed tissues were deparaffinised by
immersing slides twice in fresh HistoclearTM for 5 min each time. Samples were
rehydrated in a graded series of ethanol washes (100, 95, 85, 70 and 50% v v-1)
for 3 min each time and were washed with 0.85% NaCl for 5 min at ambient
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temperature. Samples were fixed in paraformaldehyde for 15 min and washed
twice with PBS for 5 min each time at ambient temperature.

Epitope demasking was performed using a protocol adapted from Leon and
Sormunen (1998) by heating samples in 8 mM sodium citrate and 2mM citric
acid in a microwave oven until the solution was boiling and then washing slides
three times in phosphate-buffered saline (PBS). Samples were immunolabeled
by incubating for 4 h at 37ºC with a gentle agitation in 50 µL of primary antibody
diluted 1:10 in PBS containing 1% (w v-1) bovine serum albumin (BSA), washed
three times in PBS, and incubating them for 2 h at 37ºC with a gentle agitation in
2 µL of goat anti-rabbit polyclonal secondary antibody to rabbit IgG conjugated to
FITC. This commercial antibody had already been diluted 1:500 in PBS
containing 1% (w v-1) BSA. Samples were washed three times in PBS and
mounted in SlowFade GoldTM antifade reagent (Invitrogen, Grand Island, New
York, USA). Cover slips were sealed with clear nail varnish and samples were
analysed using a fluorescence scanning confocal microscope (Leica TCS SP2)
using excitation and emission wavelengths of 493 nm and 528 nm, respectively.
Merged images were generated using ImageJ (W. Rasband, National Institutes
of Health, Bethesda, Maryland, USA). Laser gain values were fixed within a
given experiment to facilitate image comparison.

2.4.5.3.16 Analysis of GUS Activity in Transgenic Plants Containing
Epidermis Specific Promoter-GUS Fusions
2.4.5.3.16.1 Histochemical staining, embedding and sectioning of leaves
For evaluation of GUS activity in whole leaves of transgenic white clover lines,
leaves were sampled directly into staining solution containing X-gluc which was
vacuum infiltrated into the plant tissue for 20-30 min before leaves were
incubated at 37°C overnight in the same solution. Chlorophyll was removed by
incubating leaves in 70% (v v-1) EtOH for 2-20 h and blue staining due to
expression of the gus reporter gene was visualised by light microscopy (Leica
TCS SP2).
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To assay expression of gus reporter gene in epidermal cells, leaves were prefixed for 5 min at ambient temperature with 1% (v v -1) glutaraldehyde made up in
50 mM sodium phosphate buffer (pH 7.4). The leaves were washed 4 times for 5
min each time with 50mM sodium phosphate buffer and were placed into
staining solution containing X-gluc that was vacuum infiltrated into the leaves for
20-30 min and incubated at 37°C overnight. The leaves were post-fixed in a
solution of 6% glutaraldehyde and 4% paraformaldehyde made up in 50 mM
sodium phosphate buffer, and were incubated for 2 h at 4°C following 5 min of
vacuum infiltration with this solution. Leaves were washed 3 times with 50 mM
sodium phosphate buffer for 5 min each time and subsequently slowly
dehydrated by incubating them in increasing concentrations of ethanol (15, 30,
50, 70, 90 and 100% v v-1) for 15 min each time. Leaves were transferred into a
clean tube containing a 30:70 (v v-1) mixture of LR White and absolute ethanol
and incubated at ambient temperature for 1 h. Leaves were then placed in 100%
LR White and incubated overnight at 4°C.

The following day, leaves were placed into plastic molds that were filled with
100% LR White, covered with plastic strips to exclude oxygen, and incubated
overnight at 65°C. Embedded leaves were trimmed using a razor blade under a
dissecting microscope, cut into 5-10 μm sections using a microtome and
mounted on a clean slide. The sections were stained with 0.25% (w v -1) safranin
dye for 2 min with gentle heating. Excess dye was removed initially with water
and then with 50% (v v-1) ethanol. Sections were rinsed with absolute ethanol,
arranged on the slide and dried with gentle heating. A small drop each of
EleareneTM and EukittTM were placed on the sections. Sections were covered
with a coverslip and placed on a slide heater. The slide was incubated overnight
at 50°C with a 200 g weight placed on top of the coverslip. Sections were viewed
under a light microscope (Leica TCS SP2).

2.4.5.3.17 Fluorescence Activated Cell Sorting (FACS) of Plant Protoplasts
Leaf protoplasts from transgenic white clover lines with ‘Mink’ and ‘NZRLM’
genetic backgrounds and producing GFP in epidermal cells were sorted by
FACS. Protoplast suspensions were analysed and sorted with a InfluxTM (BD
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Biosciences, Franklin Lakes, New Jersey, USA) fitted with a 140 µm nozzle and
using W5 buffer as sheath fluid. The sheath pressure was set at 4 psi, and the
sample pressure was set at 5 psi. A 488 nm Coherent Sapphire Solid State laser
was used for excitation, and emission was measured using a 517/18 nm band
pass filter for GFP. The photomultiplier tube voltage was set at 13 V for forward
scatter, 17 V for side scatter and 32 V for GFP. The threshold value for event
detection was set at 0.78 on side scattering. The drop drive frequency was set to
approximately 10 kHz, and the amplitude was set to approximately 30 V; the
drop delay value was approximately 15 (these settings will vary slightly with day
to-day operation of the BD InfluxTM).
Data were processed using BD FACSTM Sortware v. 1.0.0.650 software (BD
Biosciences, Franklin Lakes, New Jersey, USA). In order to obtain a pure
population, the 1.0 Drop Pure Mode setting was used. A gate for sorting was set
up using wild type ‘Mink’ and ‘NZRLM’ protoplast suspensions, and GFP-positive
‘Mink’ protoplast suspensions in such a way that the sorted protoplasts in the set
gate was sorting only GFP positive cells using side scatter and 488 (517/18)
laser settings. Sorted protoplasts were collected in a 1.5 mL microtube at an
event rate of 400-450 events/sec.

2.4.5.4 Biochemical Analysis
2.4.5.4.1 Analysis of Flavonoid Accumulation in White Clover Leaves and
Specific Cell Types
LC-MS was used to analyse metabolites of interest from the flavonoid pathway in
‘Mink’ and ‘NZRLM’ leaves and specific cell types. For combined LC-MS and
transcriptomic analysis of white clover leaves at four different stages of
development (primordia, closed leaf, 50% open, whole leaf as well as chevron
portions and green segments, see Figures 2.2 and 2.3) 100 mg of freeze-dried,
finely ground material was extracted twice with 700 µL of 80% (v v-1) methanol in
water (Ray et al., 2003). The supernatants were combined and 10 µL injected.
The pellet was stored at -80°C to allow RNA extraction for transcriptomic
analysis.
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White clover leaf specific cell types isolated using different techniques were
freeze-dried and metabolites were extracted using 100 µL of 80% (v v-1)
methanol in water and sonicated (Maplewood, New Jersey, USA) for 5 min.
Samples were subjected to centrifugation (Woburn, Massachusetts, USA) at 16,
873 x g for 10 min and the supernatant were transferred into a fresh vial. The
methanol extraction and centrifugation steps were repeated on the pellet using
80 µL of 80% (v v-1) methanol in water and the second supernatant was added to
the first extract.

The combined methanol: water phase were evaporated to dryness under
nitrogen gas and redissolved in 10 µL of 80% (v v-1) methanol in water for
nanoflow LC-MS analysis. Each extract was analysed in a positive ion mode
ESI-MS over a mass range of 80 to 2000 or 120-1500 amu range with data
stored in profile mode. Accurate positive mode mass data of reference
metabolites was calculated using ChemDraw v13.0 (PerkinElmer, Waltham,
Massachusetts, USA).

Mink

NZRLM

Figure 2.2 Different stages of development of ‘Mink’ and ‘NZRLM’ white clover
leaf.
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Green segment

White sector

Mink

Pigmented sector

Green segment

NZRLM

Figure 2.3 Pigmented and un-pigmented segments of ‘NZRLM’ and ‘Mink’ leaf
tissue.

Initial data processing was carried out using Expressionist Refiner MS
(Genedata 7.6.4, Basel, Switzerland) to align MS data, carry out noise reduction,
and identify peaks. The data were analysed statistically in MatLab v. 7.6
(MathWorks, Natick, Massachusetts, USA). Relative quantitation was performed
in LCQuan v. 2.6 (Thermo Fisher Scientific, Waltham, Massachusetts, USA).
Reference metabolites of caffeic acid, ferulic acid, luteolin, eriodictyol,
epicatechin, catechin, gallocatechin, kaempferol, myricetin, naringenin, apigenin,
prunetin, daidzein, sinapic acid, dihydrokaempferol, quercetin, dihydroquercetin,
epigallocatechin, genistein, biochanin A, formononetin, glycitein, liquiritigenin,
pelargonidin, phenylalanine were purchased from Sigma-Aldrich (St. Louis,
Missouri, USA) and analyzed as described above. Retention time data and m/z
information were used to develop the LCQuan method for data analysis.

2.4.5.4.2 Analysis of Anthocyanin Accumulation in ‘NZRLM’ White Clover
Leaves Using a Matrix-Assisted Laser Desorption Ionization Time-of-Flight
Mass Spectrometer (MALDI-TOF MS)
Intact leaves and partially digested leaf epidermal cells of ‘NZRLM’ were
mounted onto microscope slides using double-sided adhesive tape and were
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dried using a vacuum pump. MS-imaging of the adaxial surface of the leaf
sample was carried out without a matrix using a MALDI-TOF MS (Ultraflextreme,
Bruker, Billerica, Massachusetts, USA) in negative reflectron mode (mass range
150-1000 m/z).

The instrument was calibrated by applying an in-house mixture of small
molecules on the leaf surface. Laser intensity was optimised prior to imaging the
entire area of interest. Ion maps were finally constructed using FlexAnalysis TM
software (Bruker, Billerica, Massachusetts, USA).

2.4.5.5 RNA-Seq Based Transcriptome Analysis of White Clover Leaves
and Specific Cell Types
2.4.5.5.1 mRNA HiSeq Library Preparation
RNA libraries (38 libraries) were made using a custom RNASeq protocol that
mimics the Illumina TrueSeqTM (San Diego, California, USA) RNA library prep kit
and protocol. The protocol was modified from the Invitrogen DynabeadsTM
mRNA purification kit and the Illumina miSEQ protocol.
A Poly A selection was used followed by random shearing using heat in the
presence of magnesium ions. First strand cDNA was synthesised using random
hexamer priming and the Bioline Tetro KitTM (London, UK). The second strand
was synthesised with DNA Polymerase I and RNaseH and ends were polished
by addition of T4 DNA Polymerase and Klenow DNA Polymerase. The ends
were adenylated using Klenow exo- and then adaptors were ligated. Templates
were bead purified and size selected and then amplified up using Phusion and
barcoded PE primers (Appendix I, Table 7).
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2.4.5.5.2 Sizing, Quantitation, and Titration
The integrity and size of cDNA libraries were determined using a Bioanalyzer TM
DNA 12000 Labchip and titrated with KAPA according to the manufacturer’s
instructions (Agilent Technologies, Santa Clara, California, USA).

2.4.5.5.3 Initial Sequence Data
Libraries were sequenced on an Illumina HiSeq 2000 using a 120 bp x 2 paired
end sequencing kit. The generated sequence reads were then quality trimmed
using a custom PERL script. Reads were rejected if there were 3 or more Ns, if
the median phred score was <20, if there were 3 consecutive bases with a phred
score <20, or if the length was <25 bp.

2.4.5.5.4 Reference Assembly
All of the reads that passed the assessment thresholds were used to assemble a
reference set of contigs and scaffolds. SoapDenovo-TranscriptomeTM was used
for the assembly in the first instance and a range of Kmers were initially trialed to
identify the optimal assembly that was judged to be the optimal balance between
increasing average contig lengths while retaining reads in the assembly. Starting
with the SoapDenovo-TranscriptomeTM optimal assembly, a further assembly
was performed on the scaffold loci that were identified as complex, fork or
bubble. Individual CAP3 based assemblies were performed for each locus and
the relevant scaffolds/contigs. All of the assembled contigs/scaffolds were
merged to generate an initial reference collection of contigs. These were further
filtered and only contigs >200 bp were accepted since contigs <200 bp could
represent single reads.

2.4.5.5.5 Read Mapping and Annotation
A single FASTA file was made from the 38 RNA libraries. This was BLASTn
analysed using the reference contig data set using an e value threshold cut of
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1e-05. The number of reads that mapped to each of the contigs was tabulated
and used to identify differential gene expression. Each of the target sequences
was used for 2 BLAST searches: BLASTx against TAIR10 arabidopsis proteins
and

BLASTn

against

Mt4.0v1_GenesCDSSeq_20130731_1800.fasta,

the

predicted gene sequences (v. 4) from the M. truncatula genome project.

2.4.5.5.6 Media, Reagents and Solutions
The preparation of media, reagents and solutions used for A. tumefaciensmediated transformation, regeneration of white clover and protoplast isolation
from white clover leaves are described below:

Conservation Medium
10 mM MgSO4.7H2O, 10 mM Tris-HCl pH 7.5, 30% (v v-1) glycerol. Autoclaved
(121°C, 20 psi, 20 min).

MGL Medium
5 g L-1 Bacto-tryptone (Bacto™Agar), 2.5 g L-1 Bacto-yeast extract (Difco), 1.15
g L-1 L-glutamic acid, K-salt, 5 g L-1 D-mannitol, 10 mL L-1 MGL stock solution.
The pH was adjusted to 7.0 with 1 M NaOH and autoclaved (121°C, 20 psi, 20
min).

MGL Stock Solution (100X)

183 mM KH2PO4, 171 mM NaCl, 40.5 mM MgSO4.7H2O. Aliquots of 10 mL were
prepared and stored at -20°C.

Regeneration Medium (RM73)
MS media 4.4 g L-1, 0.5% 1 mM Thidiazuron (TDZ), 0.05% (v v-1) 1 mM
Naphtaleneacetic acid (NAA), 3% (w v-1) Sucrose. Added 1% w v-1 agar (Difco
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bacto 0140-01) and adjusted pH 5.75 with 1 M NaOH. Autoclaved (121°C, 20
psi, 20 min). TDZ and NAA were dissolved with 0.5-1 mL of 1 M KOH.

Root Inducing Medium (RIM73)
MS media 4.4 g L-1, 0.12% (v v-1) 1 mM Indole-3-butyric acid (IBA), 1.5% w v-1
Sucrose. Added 1% (w v-1) agar (Difco bacto 0140-01) and adjusted pH 5.75
with 1 M NaOH. Autoclaved (121°C, 20 psi, 20 min). IBA was dissolved with 0.51 mL of 1 M KOH.

Acetosyringone Stock
40 mg mL-1 3’, 5’-dimethloxy-4’, hydroxylacterphenone (Aldrich 2478-38-8)
dissolved in dimetilsulfoxide (DMSO). Filter-sterilised and stored in aliquots at 20°C.

Selection Regeneration Medium (RM73 Selection)
MS media 4.4 g L-1, 0.5% 1 mM Thidiazuron (TDZ), 0.05% (v v-1) 1 mM
Naphtaleneacetic acid (NAA), 3% (w v-1) Sucrose. Added 1% w v-1 agar (Difco
bacto 0140-01) and adjusted pH 5.75 with 1 M NaOH. Autoclaved (121°C, 20
psi, 20 min) and once cooled added 250 mg L -1 cefotaxime and antibiotic for
selection.

The following media, regents and solutions was used for histochemical assay of
ß-glucuronidase (GUS) activity:

GUS Staining Solution
10 mM Na-EDTA, 0.5 mM K4[Fe(CN)6].3H2O, 0.5 mM K3[Fe(CN)6], 0.1% w v-1
Triton X-100, 100 mM NH2PO4/Na2HPO4 buffer (pH 7.0), 20% (v v-1) sterile
distilled water, 1 mM X-gluc.

The following media, regents and solutions were used for protoplast isolation:
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Wash Buffer-W5 Buffer
NaCl 9.0 g L-1, CaCl2 14.0 g L-1, KCl 0.4 g L-1, Glucose 0.9 g L-1 and pH adjusted
to 5.8 with 1 M NaOH. Autoclaved (121°C, 20 psi, 20 min) and stored at 4°C.

Digestion Buffer
Optimized percentage (w v-1) Cellulase R10, Macerozyme R10 and Direslase
R10 dissolve in protoplast isolation buffer (K3 + 0.3M sucrose) and adjusted pH
5.6 with KOH and filter sterilized using a 0.2 μm pore size.

K4 Media
K3/K4 Macro 100 mL L-1, B5 Micro 10 mL L-1, B5 Vitamins 10 mL L-1, Xylose
0.25 g L-1, 137 g L-1 0.4 M Sucrose, Myo-Inositol 0.1 g L-1 and adjusted to pH 5.6
with 1 M NaOH. Autoclaved (121°C, 20 psi, 20 min) and once cooled added
hormones including 2,4-Dichlorophenoxyacetic acid (2,4-D) 0.1 mg L-1, 6
benzylaminopurine (BAP) 0.2 mg L-1, 1-naphthaleneacetic acid (NAA) 1.0 mg L-1
filter-sterilized and adjusted pH 5.6 with 1 M NaOH. Autoclaved (121°C, 20 psi,
20 min) and stored at 4°C.

K3/K4 Macroelements
KNO3 2.5 g L-1, NH4NO3 0.25 g L-1, CaCl2 x 2H2O 0.9 g L-1, MgSO4 x 7H2O 0.25
g L-1, (NH4)2SO4 0.25 g L-1, NaH2PO4 x H2O 0.15 g L-1, CaHPO4 0.05 g L-1 and
stored at 4°C.

Note: CaHPO4 was first dissolved in 50 mL H2O until when became uniform then
20% (v v-1) HCl was added slowly to obtain transparent solution.

B5 Microelements
Na2EDTA 37.3 mg L-1, FeSO4 x 7 H2O 27.8 mg L-1, H3BO3 3.0 mg L-1, KI 0.75
mg L-1, MnSO4 x H2O 10.0 mg L-1, ZnSO4 x 7H2O 2.0 mg L-1, CuSO4 x 5 H2O
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0.025 mg L-1, Na2MoO4 x 2H2O 0.25 mg L-1, CoCl2 x 6 H2O 0.025 mg L-1 and
stored in dark at 4°C.

B5 Vitamins
Pyridoxine HCl 1.0 mg L-1, Thiamine HCl 10.0 mg L-1, Nicotinic Acid 1.0 mg L-1
and stored at 4°C.
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3. Enrichment of Specific Cell Types in White Clover Leaves for
‘Omics’-Based

Analysis

of

the

Anthocyanin

and

Proanthocyanidin Biosynthesis Pathway
3.1 Introduction

White clover contains proanthocyanidins or their monomers (2,3-cis-flavan-3-ols
and 2,3-trans-flavan-3-ols), and anthocyanins in leaves. Proanthocyanidins and
anthocyanins are both products of the flavonoid metabolic pathway. Biosynthetic
pathways of anthocyanin and proanthocyanidin branch out from the same
flavonoid pathway (Ray et al., 2003; Xie et al., 2004; Pang et al., 2007). These
two branches of flavonoid pathway share common metabolic intermediates and
possibly biosynthetic enzymes (Xie et al., 2003, 2006; Sharma and Dixon, 2005).
Recently, it was shown that white clover plants accumulate proanthocyanidins
and anthocyanins in specific cell types (Abeynayake et al., 2012). White clover
leaves accumulate proanthocyanidins in glandular trichomes, and anthocyanins
in the epidermal cell layer of some varieties (Li et al., 1996; Abeynayake et al.,
2012).

The level and spatial distribution of proanthocyanidin accumulation differs
between species (Carron et al., 1994). Regulation of proanthocyanidin
biosynthesis in plant is tissue-specific and its accumulation can take place in
vacuoles or can be associated with cell walls (Sagasser et al., 2002; Acuna et
al., 2008). The biosynthesis of anthocyanins and their pattern of accumulation
has been widely studied in various plant species (Majnik et al., 2000). Previous
reports have shown cell-specific anthocyanin accumulation in the upper, lower
and sub-epidermis (Burger and Edwards, 1996; Kerckhoffs and Kendrick, 1997;
Abeynayake et al., 2012).
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Previous studies in white clover and other species have shown that intermediate
compounds can be redirected between anthocyanidin- and proanthocyanidinbranches of the flavonoid pathway by genetic modification. However, a deeper
understanding of the molecular basis for this mechanism is required for
metabolic re-programming of flavonoid biosynthesis pathway for bloat safety for
example. The study of anthocyanin and proanthocyanidin biosynthesis pathways
at the tissue level within white clover leaves ideally involves isolation of specific
cell types from white clover leaves.

In recent years, different methods including FACS and LCM have been
developed and used to isolate different types of cells enabling cell-type specific
profiling in plants (for reviews see Rogers et al., 2012; Wang et al., 2012). Highresolution transcriptomic profiling of specific cell types in the male and female
germline lineages of floral organs in Arabidopsis and rice isolated using laser
microdissection and FACS methodologies has provided a better understanding
of

the

transcriptional

mechanisms

underlying

organ

specification

and

development of the plant germline (Hobo et al., 2008, Tang et al., 2010, Wuest
et al., 2010).

Knowledge about the accumulation of proanthocyanidins and anthocyanins in
white clover leaves at the resolution of individual cell types is important to
characterise gene expression and metabolite profiles relating to the flavonoid
pathways. Use of different methods for isolating specific cell-types from ‘Mink’
and ‘NZRLM’ leaves is described in this chapter.

3.2 Aims

The specific aims of the work presented in this chapter were:
1. Morphological characterisation of different tissues in ‘Mink’ and ‘NZRLM’
white clover leaves.
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2. Identification of anthocyanins, and proanthocyanidins and/or their
monomers producing specific cell-types in ‘Mink’ and ‘NZRLM’ white
clover leaves.
3. Isolation of anthocyanin and proanthocyanidin-rich tissues from ‘Mink’ and
‘NZRLM’ leaves using different approaches for metabolomic and
transcriptomic studies of the flavonoid biosynthesis pathway.
4. Exploration of the limitations of different techniques used for isolating
specific cell-types from white clover leaves.

3.3 Results

3.3.1 Morphological and Biochemical Characterisation of Specific CellTypes in ‘Mink’ and ‘NZRLM’ White Clover Leaves
3.3.1.1 Characterisation of Epidermal Cells and Mesophyll Cells in ‘Mink’
and ‘NZRLM’ White Clover Leaves
To analyse the morphological structure of different tissues within white clover
leaves and, to find out whether there are any morphological differences between
cell types in ‘Mink’ and ‘NZRLM’ white clover leaves, characterisation of specific
cell types was undertaken using LR White embedding method followed by
sectioning and light microscopy (Section 2.4.5.3.16.1, with the exception of an Xgluc step).

Cross sections of ‘Mink’ and ‘NZRLM’ leaves were made on a microtome and the
morphology of different cell types examined using a light microscopy. This
revealed that upper and lower epidermal cells are distinct in morphology from
mesophyll cells enabling isolation of epidermal cells and mesophyll cells based
on their morphological differences. The different cell types displayed similar
morphological characteristics in both ‘Mink’ and ‘NZRLM’ varieties (Figure 3.1).
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Figure 3.1 Morphological characterisation of epidermal cells and mesophyll cells
in ‘Mink’ and ‘NZRLM’ white clover leaves.
Cross sections of ‘Mink’ and ‘NZRLM’ leaves were made on a microtome after fixation
and embedding in LR White resin. Sections were stained with safranine dye to colour
the cells. Image shows epidermal cells of both upper and lower epidermis (UE and LE)
arranged in a single layer and several layers of mesophyll cells consisting of palisade
mesophyll cells (PMC), spongy mesophyll cells (SMC), and vascular bundles (VB).

3.3.1.2 Characterisation of Trichomes in ‘Mink’ and ‘NZRLM’ White Clover
Leaves
The morphology of trichomes in ‘Mink’ and ‘NZRLM’ white clover leaves was
examined using scanning electron microscopy (Carl Zeiss Leo 1455).
Procumbent glandular trichomes with a multicellular gland heads attached to the
stalks were found on the abaxial side of the ‘Mink’ and ‘NZRLM’ leaves. The
stalks of the trichomes consisted of one or two basal cells embedded in the
epidermis (Figure 3.2). Morphology of the adaxial side of ‘Mink’ and ‘NZRLM’
leaves was evaluated exhibiting wax platelets in a network of short hairs (Figure
3.3).
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100 µm

10 µm

10 µm

Figure 3.2 Scanning electron microscopy of procumbent glandular trichomes on
the abaxial side of leaves from white clover plants showing stalk cells and gland
head cells. Similar results were seen in white clover with ‘Mink’ and ‘NZRLM’ genetic
backgrounds.

10 µm

10 µm

10 µm

Figure 3.3 Scanning electron micrographs of the leaf adaxial surfaces of white
clover plants showing epidermal cells which are polygonal in shape and are
covered with cuticle and wax platelets. Similar results were seen in white clover with
‘Mink’ and ‘NZRLM’ genetic backgrounds.

3.3.2 Identification of Specific Cell-Types Accumulating Anthocyanins and
Proanthocyanidins in ‘Mink’ and ‘NZRLM’ White Clover Leaf Tissues
3.3.2.1 Identification of Specific Cell-Types Accumulating Anthocyanins in
‘Mink’ and ‘NZRLM’ White Clover Leaf Tissue

The intensity of anthocyanin accumulation was variable between different
genotypes of ‘Mink’ and ‘NZRLM’ varieties under normal growth conditions
(Figure 2.1). Tissues rich in anthocyanins in leaves of ‘Mink’ and ‘NZRLM’ were
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visible to the naked eye, and cells producing anthocyanins were visualised after
hand-sectioning using light microscopy (Figure 3.4).

In leaves of different ‘NZRLM’ genotypes, the anthocyanin-rich tissues visible to
the naked eye were observed in a broken or filled “V” shape marking, and in
‘Mink’, they were observed in scattered patches in some genotypes (Figure 2.1).
Transverse sections through un-pigmented and pigmented patches in leaves of
‘Mink’ and ‘NZRLM’ showed that the anthocyanins were only present in abaxial
epidermal cells and no detectable accumulation of anthocyanins was found in
trichomes showing that, the anthocyanins and proanthocyanidins accumulation
patterns do not overlap in white clover leaves and is cell- type-specific.

3.3.2.2

Identification

of

Specific

Cell-Types

Accumulating

Proanthocyanidins in ‘Mink’ and ‘NZRLM’ White Clover Leaf Tissues

Different stages of leaf development of wild-type white clover (cvs. ‘Mink’ and
‘NZRLM’) plants were analysed for the presence of proanthocyanidins and their
monomers by staining with DMACA as described in Section 2.3.2.1. DMACA
reacts specifically with proanthcyanidins and flavan-3-ols to form a blue
chromophore, but does not react with other anthocyanidin derivatives (Nagel and
Glories 1991). On this basis, proanthocyanidin-rich cell types could be identified
in white clover leaves.
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Figure 3.4 Anthocyanin accumulation in ‘Mink’ and ‘NZRLM’ white clover leaf
tissues.
The upper and lower epidermal layers of ‘Mink’ and ‘NZRLM’ white clover leaves were
visualised using light microscopy after hand-sectioning. (A); A ‘Mink’ genotype with unpigmented (UP) area on the adaxial surface of leaves, showing no anthocyanin
accumulation, (B, C and D); Pigmented (P) patches on the adaxial surface of ‘NZRLM’
and a ‘Mink’ genotype, respectively, showing anthocyanin rich tissues, (E); Transverse
sections through an un-pigmented (UP) area of a ‘Mink’ genotypes showing no
anthocyanin accumulation in lower and upper epidermal layers (LEL and UEL), (F);
Transverse sections through a pigmented (P) patch of ‘NZRLM’ leaf showing
anthocyanin-rich specific cell types in the upper epidermal layer of leaf (UEL) and no
anthocyanin accumulation in the lower epidermal layer (LEL). Bars = 4 mm (A–C), 1 mm
(D), and 200 µm (E-F).

‘Mink’ and ‘NZRLM’ leaves at closed, 50% open and fully expanded stages were
stained with DMACA and examined using light microscopy to identify the specific
cell types accumulating proanthocyanidins. This revealed the presence of
proanthocyanidin and/or their monomers in trichomes on the abaxial surfaces of
leaves, as they stained blue with DMACA in both varieties. Trichome density was
higher in ‘NZRLM’ leaves in comparison to those from ‘Mink’. ‘NZRLM’ closed
leaves showed a higher density of trichomes than other stages of development
within the variety (Figure 3.5).
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Mink

NZRLM

A1

A2

0.5 mm

0.5 mm

1 mm

1 mm

B2

B1

0.5 mm

0.5 mm

1.5 mm

1.5 mm

C2

C1

0.5 mm

0.5 mm

2 mm

2 mm

Figure 3.5 Proanthocyanidin accumulation in ‘Mink’ and ‘NZRLM’ white clover
leaves at different stages of development.
Proanthocyanidins and their monomers were stained with DMACA in (A1 and A2)
closed leaf, (B1 and B2) 50% open leaf, and (C1 and C2) fully expanded leaf of ‘Mink’
and ‘NZRLM’ varieties. The only cell types stained blue with DMACA were trichomes in
both varieties. Trichome density was higher in ‘NZRLM’ in comparison to the ‘Mink’.
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of

Proanthocyanidin-

and

Anthocyanin-Accumulating

Specific Cell-Types from ‘Mink’ and ‘NZRLM’ White Clover Leaves
3.3.3.1 Glandular Trichome Isolation from ‘Mink’ and ‘NZRLM’ White Clover
Leaves

Several different methods were tested and developed to attempt to dislodge
trichomes from leaves of ‘Mink’ and ‘NZRLM’ at closed leaf, 50% open and fully
expanded stages for metabolomic and transcriptomic analysis. The first
technique consisted of abrasion of the leaf surface in absolute ethanol with a
brush for harvesting the trichomes. This method was previously performed to
dislodge and collect the trichomes from mint (Croteau and Winters, 1982) and
tobacco leaves (Keene and Wagner, 1985). This technique failed to displace
intact trichomes from the leaves, since they were typically broken during the
isolation procedure and the integrity of the glandular cells was not preserved.

A second method made use of a protocol adapted from Aziz et al., (2005) which
led to isolation of approximately 400 trichomes from 20 leaves at selected stages
of development as quantified with a hemocytometer. However, isolated
trichomes were contaminated with a large amount of leaf segments broken
inside the tube during isolation and the method was scaled up in order to obtain
approximately 15 x 103 cells of pure target tissue (Marks et al., 2008) for
downstream analysis.

In a third attempt, isolation of trichomes was performed using a protocol from
Marks et al. (2008) with modifications as described previously (Section 2.4.1).
This method provided approximately 3,000 trichomes from 20 leaves as
quantified with a hemocytometer and proved to be the most successful
technique for isolation of trichomes from white clover leaves which, while the
integrity of the glandular cells was preserved, allowed an appropriate yield of
trichomes (approximately 15 x 103 cells) to be obtained for enrichment (Marks et
al., 2008) (Figure 3.6). Trichomes of closed leaves were rarely dislodged by this
method in comparison to fully expanded leaves and 50% open leaves. Isolated
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trichomes were stained with DMACA to determine if the procedure resulted in
the loss of proanthocyanidins and/or their monomers (Figure 3.7).

Figure 3.6 Trichomes isolated from fully expanded white clover leaves using a
modified protocol from Marks et al. (2008).
Similar results were seen in white clover with ‘Mink’ and ‘NZRLM’ genetic backgrounds.

Figure 3.7 Proanthocyanidin accumulation in an isolated trichome from fully
expanded white clover leaves.
Image shows an isolated trichome stained with DMACA for visualisation of
proanthocyanidins and their monomers. Similar results were seen in white clover with
‘Mink’ and ‘NZRLM’ genetic backgrounds.

3.3.3.2 Collecting Leaf Epidermal and Mesophyll Cells from ‘Mink’ and
‘NZRLM’ White Clover Leaves Using Laser Capture Microdissection

Investigation into the molecular mechanisms regulating anthocyanin biosynthesis
within white clover leaves requires sampling of specific cell types accumulating
these metabolites. LCM is a tool for directly isolating specific tissues from the
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rest of the organism. Collection of epidermal cell populations within ‘Mink’ and
‘NZRLM’ white clover leaves was carried out using LCM as described in Section
2.4.2. Mesophyll cells were isolated for subtraction analysis from mesophyll
protoplasts using this method.

Several different embedding media, namely sucrose (10, 15, 25 and 50% w v-1),
75% (w v-1) glucose, 15% (w v-1) agarose, carrot support and Optimal Cutting
Temperature (OCT) compound were tested for white clover leaf cryosectioning
prior to the LCM procedure (Figure 3.8 and Table 3.1). Embedding white clover
leaves in solutions containing low sucrose concentrations (10, 15 and 25% w v -1)
was unmanageable, since the leaves floated on the solution surface in cryomold
(Figure 3.9). In contrast, a 75% (w v-1) glucose and 15% (w v-1) agarose were
highly concentrated and unsuitable for tissue embedding.

A

B

C

Figure 3.8 White clover leaves embedded in different supporting media on
cryostat cutting stations.
(A) 50% (w v-1) sucrose solution-embedded leaves, (B) Carrot-embedded leaves, and
(C) OCT-embedded leaves.

The carrot method and a 50% (w v-1) sucrose failed to provide enough support
around the tissue for cryosectioning. Overall, OCT compound provided a more
convenient specimen matrix as well as support around the leaf for cryosectioning
in comparison to other embedding methods.
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Table 3.1 Different types of supporting medium assessed for establishment of an
effective embedding system for white clover leaves cryosectioning.

Type of support medium
Sucrose solution (50%)

Glucose solution (75%)

Agarose (15%)

Carrot

OCT compound

Thickness of section
(µm)
6
10
14
16
6
10
14
16
6
10
14
16
6
10
14
16
6
10
14
16

Abbreviation: OCT: Optimal Cutting Temperature.
Conditions used for different support media: Chamber temperature -20 °C; specimen
temperature: -17 °C; tissue temperature: 4 °C; support medium temperature: room
temperature; plane of section: transverse.

Figure 3.9 White clover leaves floating in a cryomold in 25% (w v-1) sucrose
solution. Similar results were seen in 10 and 15% (w v-1) sucrose solutions.
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-22
-22
-22
-22
-22
-20
-20
-20
-22
-22
-20
-20
-20
-20
-20
-20
-20
-20
-20
-20
-20
-20

6
6
6
6
6
6
6
6
9
9
9
9
13
14
15
16
20
30
40
40
45
50

-20
-20
-20
-18
-18
-18
-18
-18
-18
-18
-18
-18
-18
-18
-18
-18
-18
-18
-18
-18
-18
-18

Specimen temperature
(°C)

4
4
RT
4
4
4
4
4
4
4
RT
RT
4
4
4
4
4
4
4
4
4
4

Tissue temperature
prior to embedding
(°C)

4
RT
RT
4
RT
4
RT
RT
4
4
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT

OCT temperature
prior to embedding
(°C)

0
0
0
5
5
10
10
15
15
20
5
10
20
20
20
20
20
20
10
20
10
20

Embedding tissue
in OCT at RT
(min)

+
+
+
+
+
+
+
+
-

Separation of
sample and OCT
(+/-)

+/- indicates presence/absence of separation between leaf and OCT compound in OCT-embedded samples after cryosectioning.
Sections were made in the transverse plane.
Abbreviations: RT = Room Temperature; OCT: Optimal Cutting Temperature.

Chamber temperature
(°C)

Thickness of section
(µm)

Table 3.2 OCT embedding and cryosectioning parameters evaluated in order to identify optimal optimal conditions for
cryosectioning of OCT-embedded white clover leaves.
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In order to identify optimal conditions for embedding leaves in the OCT
compound which allows the temperature of the tissue to equilibrate with the OCT
compound and eliminate separation between the sample and the supporting
medium on a microtome-cryostat, embedding leaves in 4°C and roomtemperature OCT compound were examined for different time periods (Table
3.2). Based on the results, embedding leaves in the OCT compound at room
temperature for 10 minutes was chosen as the optimal sample preparation
method for white clover leaf cryosectioning.

OCT-embedded ‘Mink’ and ‘NZRLM’ white clover leaves were cryosectioned on
a

microtome-cryostat

after

freezing

(Section

2.4.2.1).

Laser

capture-

microdissectioned white clover epidermal cells and mesophyll cells were
enriched for downstream analysis (Section 2.4.2.2; Figure 3.10).

Figure 3.10 The process of laser capture microdissection for collecting epidermal
cells (ECs), and mesophyll cells (MCs) from (A) 45 μm and (B) 16 μm thick
transverse sections obtained after freezing and cryosectioning a white clover leaf
embedded in the OCT(Optimimal Cutting Temperature) compound. Bars = 300 µm.
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3.3.3.3 Isolation of Mesophyll Protoplasts from ‘Mink’ and ‘NZRLM’ White
Clover Leaves
Isolating mesophyll-derived protoplasts from ‘Mink’ and ‘NZRLM’ leaves was
conducted as described in Section 2.4.3. The protoplast isolation procedure was
modified from the methods of Spangenberg and Potrykus (1995), and Bhojwani
and White (1982) using different concentrations and combinations of digestive
enzymes to obtain the optimum protoplast yield from white clover leaves (Table
3.3).

Approximately 500 mg of fully expanded leaves collected from 4 pooled
replications of 3 different genotypes in each variety were used as the tissue
source for protoplast isolation (Figure 2.1). A very faint layer of protoplasts
floating at the interphase was obtained from overnight-incubated (16-18 hours)
‘Mink’ leaves followed by the isolation procedure using the first treatment (Figure
3.11A). Protoplast isolation from ‘Mink’ leaves was significantly improved by
adding 0.5 % (w v-1) Driselase R10 to the digestion enzyme mixture used in the
T1 treatment (Table 3.3), resulting in the successful release of leaf protoplasts
floating at the interphase between protoplast suspension and W5 solution
(Figure 3.11C). The approximate yield obtained from the isolated protoplasts
from ‘Mink’ leaves was 3.2 x106 mL-1 with a viability of 93.2% ± 0.22 (n = 6)
(Table 3.3; Figure 3.12A1/B1). The T2 treatment gave 8-fold higher average
protoplast yields than the T1 treatment (P < 0.05). However, the number of
viable protoplasts was not affected when different enzymatic treatments were
used.
Leaves from the ‘NZRLM’ variety remained undigested when T1 was applied
(Figure 3.11B). Neither treatment number 2 (T2) nor number 3 (T3) resulted in
successful isolation of protoplasts from ‘NZRLM’ leaf tissues. Protoplast isolation
from ‘NZRLM’ leaves was modified by increasing the percentage of Cellulase
R10, Macerozyme R10 and Drieslase R10 to 2.5% w v-1, 1.5% w v-1 and 1% w v1

, respectively (Table 3.3, Figure 3.11D). The yield and viability of isolated

protoplasts from ‘NZRLM’ leaves were estimated to be 1.1 x106 mL-1 and 92.7%
± 0.56 (n = 6), respectively (Table 3.3; Figure 3.12 A2/B2).
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Based on these results, the optimised concentrations of digestion enzymes used
for isolation of protoplasts from leaves of ‘Mink’ and ‘NZRLM’ varieties were
found to be different in each variety due to their different protoplast releasing
ability.

Table 3.3 Different enzymatic treatments used for optimisation of protoplast
isolation from ‘Mink’ and ‘NZRLM’ white clover leaves.

Variety
Mink

T1
T2

NZRLM

Digestion
enzyme

Digestion enzyme
concentration (w v-1) (%)

Yield
(x106 protoplasts/500 mg FW)

Viability
(%)

Cellulase R10
Macerozyme R10
Cellulase R10
Macerozyme R10
Drieslase R10
Cellulase R10
Macerozyme R10
Cellulase R10
Macerozyme R10
Drieslase R10
Cellulase R10
Macerozyme R10
Drieslase R10
Cellulase R10
Macerozyme R10
Driselase R10

2.0
1.0
2.0
1.0
0.5
2.0
1.0
2.0
1.0
0.5
2.0
1.0
1.0
2.5
1.5
1.0

0.4±0.61a

91.8±0.09e

3.2±0.27b

93.2±0.22e

c٭

f٭

c٭

f٭

c٭

f٭

1.1±0.32d

92.7±0.56e

Treatment

T1
T2

T3

T4

Data are presented as means ± SE.
Data not followed by the same letter in a column are significantly different (P < 0.05, n =
6).
 ٭Data not available due to unsuccessful isolation of protoplasts.
Abbreviations: w v-1 = weight per volume; FW = fresh weight.

3.3.3.4 Partial Enzymatic Digestion of Epidermal Cells from White Clover
‘NZRLM’ Leaves
Identification of specific cell types accumulating anthocyanins in white clover
leaves revealed that anthocyanin-containing cells were concentrated in the
upper epidermal layer of the white clover leaves variety (Section 3.3.2.1).
‘NZRLM’ leaves consist of an upper (adaxial) epidermis containing anthocyanin
pigments, several layers of mesophyll cells and a lower (abaxial) epidermis
which lack anthocyanins.
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Figure 3.11 Optimisation of parameters for isolation of protoplasts from ‘Mink’
and ‘NZRLM’ leaves using different enzymatic treatments.
(A and C) Protoplast isolation procedure from ‘Mink’ leaves using T1 (2% (w v-1)
Cellulase R10, 1% (w v-1) Macerozyme R10), and T2 (2% (w v-1) Cellulase R10, 1% (w
v-1) Macerozyme R10 and 0.5% (w v-1) Driselase R10); (B and D) Protoplast isolation
procedure from ‘NZRLM’ leaves using ; T1 (2% (w v-1) Cellulase R10, 1% (w v-1)
Macerozyme R10), and T4 (2.5% (w v-1) Cellulase R10, 1.5% (w v-1) Macerozyme R10
and 1% (w v-1) Driselase R10); (A1 and C1) Thin strips of ‘Mink’ leaves in digestion
buffer; (B1 and D1): Thin strips of ‘NZRLM’ leaves in digestion buffer; (A2 and C2)
‘Mink’ leaf materials in digestion buffer after 16-18 hours incubation ; (B2 and D2)
‘NZRLM’ leaf materials in digestion buffer after 16-18 hours incubation; (A3) A very faint
layer of isolated mesophyll protoplasts of ‘Mink’ floated at the interphase following
centrifugation;(B3) No protoplasts were observed at the interphase of ‘NZRLM’
suspension followed by centrifugation. Similar results were seen when T2 (2% (w v -1)
Cellulase R10, 1% (w v-1) Macerozyme R10 and 0.5% (w v-1) Driselase R10) and T3
(2% (w v-1) Cellulase R10, 1% (w v-1) Macerozyme R10 and 1% (w v-1) Driselase R10)
were applied. (C3 and D3) Isolated mesophyll protoplasts of ‘Mink’ and ‘NZRLM’ floated
at the interphase following centrifugation.
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A2

A1

B1

B2

Figure 3.12 Protoplasts isolated from ‘NZRLM’ and ‘Mink’ white clover leaves.
(A1 and A2): Mesophyll derived protoplasts from ‘Mink’ and ‘NZRLM’ leaves; (B1 and
B2): Mesophyll derived protoplasts from ‘Mink’ and ‘NZRLM’ leaves after staining using
Evans Blue to check viability. Bars = 30 µm.

Chevron portions of ‘NZRLM’ leaves coloured by anthocyanin pigments were
used as tissue source containing high levels of anthocyanins for isolation of
anthocyanin-accumulating cells. A partial enzymatic digestion method was
developed for isolation of anthocyanin-rich tissues in ‘NZRLM’ leaves to enable
single cell resolution analysis of the anthocyanin pathway (Section 2.4.4).
Partially digested upper epidermal cells of ‘NZRLM’ leaves attached to the
cuticle were used for MALDI imaging and metabolomics (Figures 3.13 and 3.14).

C

B

A
PS

NZRLM
T0 hr

T16-18 hr

Figure 3.13 Partial enzymatic digestion of the pigmented portion of ‘NZRLM’ white
clover leaves.
(A): ‘NZRLM’ white clover leaves at fully expanded stages of development; (B): Thin
strips from pigmented sectors (PS) of ‘NZRLM’ white clover leaves in K4 media
containing 2.5% (w v-1) Cellulase R10, 1.5% (w v-1) Macerozyme R10 and 1% (w v-1)
Driselase R10; (C): ‘NZRLM’ white clover leaf materials in digestion buffer after 16-18
hours incubation at room temperature.
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200µm

20µm

Figure 3.14 Upper epidermal cells of a leaf attached to the cuticle after partial
enzymatic digestion of the pigmented leaf sector of the ‘NZRLM’ white clover
variety.

3.3.3.5 Fluorescence Activated Cell Sorting (FACS) Based Enrichment
Using Transgenic ‘Mink’ and ‘NZRLM’ White Clover Plants Expressing GFP
in Epidermal Cells
As an alternative to the LCM technique that would allow omics based analysis at
the resolution of individual cell types, FACS has been previously developed to
rapidly identify and sort a fluorescently-marked cell-population after protoplasting
(Birnbaum et al., 2003). Cell types of interest can be tagged by expressing a
fluorescent protein such as green fluorescent protein (GFP) using a tissuespecific promoter. Previous studies have demonstrated that Lipid Transfer
Protein 1 (LTP1) (Thoma et al., 1994), and BODYGUARD (BDG) (Kurdyukov et
al., 2006) genes are expressed exclusively in epidermal cells of Arabidopsis
leaves.
In this study, transgenic ‘Mink’ and ‘NZRLM’ white clover events expressing
green fluorescent protein under the control of either AtLTP1 or AtBDG promoters
were generated, enabling the isolation of epidermal cells from leaves by
fluorescence activated cell sorting.
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3.3.3.5.1 Construction of Epidermis-Specific Promoter Reporter Gene Plant
Transformation Vectors

Fragments of the epidermis-specific LTP1 and BDG promoters were isolated
from Arabidopsis for evaluation in promoter-reporter gene constructs for the
white clover varieties ‘Mink’ and ‘NZRLM’ (Section 2.4.5.1). Constructs derived
from these cassettes were used to generate transgenic plants for the isolation of
epidermal tissue-derived protoplasts. The epidermis-specific promoters and nos
terminator in the synthetic vectors (Section 2.4.5.1) were separated by a SmaI
site and flanked by HindIII and SbfI sites to facilitate subcloning (Figure 3.15).
The identity of the synthetic vectors was verified by restriction analysis (Figure
3.16).
A

ApaLI (3357)
HindIII (371)

AmpR

AtBDG-p SmaI nos-t pMA-RQ

AtBDG-p

3604 bp

start of transcription
AtBDG-5'UTR
Ava I (1345)
XmaI (1345)

Col E1 origin
ApaLI (2111)

Sma I (1347)

nos-t
Pst I (1631)

B

ApaLI (3535)

HindIII (371)

AmpR
Eco RI (652)

AtLTP1-p SmaI nos-t pMA-RQ

AtLTP1-p

3782 bp

TATA
start of transcription
Col E1 origin

AtLTP1 5' UTR

ApaLI (2289)

Ava I (1523)
XmaI (1523)
Sma I (1525)

nos-t
Pst I (1809)

Figure 3.15 Diagrams of synthetic vectors containing (A) AtBDG::nos terminator
and (B) AtLTP1::nos terminator cassettes.
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Figure 3.16 Restriction analysis of synthetic vectors containing epidermis specific
promoter-terminator cassettes.
Lane1; 1 Kb+ DNA ladder (Invitrogen); lanes 2, 4 and 6: Three plasmid preparations
derived from independent bacterial colonies transfected with the synthetic vector
containing the AtLTP1::nos terminator cassette digested with HindIII and AvaI restriction
enzymes (1,152 and 2,630 bp expected size fragments); lanes 8, 11 and 12; Three
plasmid preparations derived from independent bacterial colonies transfected with the
synthetic vector containing AtBDG::nos terminator cassette digested with HindIII and
AvaI restriction enzymes (974 and 2,630 bp expected size fragments); lanes 3, 5, 7, 9,
10 and 13: undigested DNA.

AtLTP1 promoter::nos terminator and AtBDG promoter::nos terminator cassettes
were released from the synthetic vectors using HindIII and PstI restriction
enzymes and sub-cloned into the multiple cloning site of the binary vector
pDPI000017 carrying an hpt gene under control of the CsVMV promoter as the
plant selectable marker gene to generate pCLV000037 and pCLV000038
(Figures 3.17 and 3.18). The identity of the pCLV000037 and pCLV000038
vectors which contain AtBDG::nos terminator and AtLTP1::nos terminator
cassettes, respectively, was confirmed by restriction analysis and Sanger DNA
sequencing of ligation junctions (Figures 3.19 and 3.20).

Two PCR primer sets were designed to amplify turbo GFP and gusA reporter
genes containing a SmaI restriction site to facilitate cloning (Figures 3.21 and
3.22, Appendix I, Table 1). The PCR products were inserted into XmaI digested
pCLV000037 and pCLV000038 vectors by utilising compatible cohesive ends to
generate the pCLV000041, pCLV000042, pCLV000043 and pCLV000044 binary
expression vectors (Figures 3.23, 3.24 and 3.28).
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A

25bp LB
Eco RI (333)
ApaLI (7953)

KpnI (349)

SpecR/ StrepR

CaM V35S terminator
StuI (588)
StuI (876)

pBR322 origin

hptII(D)

ApaLI (6859)

CsVM V promoter

QA pDPI000017

ApaLI (6361)

SnaBI (1923)

8512 bp

XbaI (2104)
Sbf I (2120)
Pst I (2120)
HindIII (2128)
PmeI (2175)

PVSI origin

25bp RB
PVSI STA region
Pst I (1)

B

nos-t
XmaI (279)
Ava I (279)

CsVM V promoter

Sma I (281)

hptII(D)
ClaI (8575)

AtBDG-5'UTR

CaM V35S terminator

start of transcription

Eco RI (7970)

AtBDG-p
HindIII (1253)

25bp LB
Ava I (7461)

25bp RB

pCLV000037

Ava I (1443)

9756 bp

ApaLI (7078)

Ava I (2103)

SpecR/ StrepR

PVSI STA region
Ava I (3234)

pBR322 origin
ApaLI (5984)

Ava I (3714)

ApaLI (5486)

PVSI origin
ClaI (4539)

Pst I (1)

C

nos-t
XmaI (279)
Ava I (279)

CsVM V promoter

Sma I (281)

hptII(D)
ClaI (8753)

AtLTP1 5' UTR

CaMV35S terminator

start of transcription

Eco RI (8148)

TATA

25bp LB

AtLTP1-p

Ava I (7639)

pCLV000038
9934 bp

ApaLI (7256)

Eco RI (1150)
HindIII (1431)

25bp RB
Ava I (1621)

SpecR/ StrepR

Ava I (2281)

pBR322 origin

PVSI STA region

ApaLI (6162)

Ava I (3412)

ApaLI (5664)

Ava I (3892)

PVSI origin
ClaI (4717)

Figure 3.17 Diagrams of (A) pDPI000017, (B) pCLV000037 and (C) pCLV000038
vectors.
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Figure 3.18 Restriction analysis of synthetic vectors containing epidermis specific
promoter-terminator cassettes, and the pDPI000017 binary vector backbone.
Lane1; 1 Kb+ DNA ladder (Invitrogen); lanes 1 and 6: AtLTP1-p SmaI nos-t pMA-RQ
and AtBDG-p SmaI nos-t pMA-R vectors containing AtLTP1 promoter::nos terminator
and AtBDG promoter::nos terminator cassettes, respectively, digested with HindIII and
PstI (1,438 and 2,344 bp, and 1,260 and 2,344 bp expected size fragments,
respectively); lanes 3, 5, 7 and 9: undigested AtLTP1-p SmaI nos-t pMA-RQ and
AtBDG-p SmaI nos-t pMA-R vectors; lanes 4 and 8: AtLTP1-p SmaI nos-t pMA-RQ and
AtBDG-p SmaI nos-t pMA-R vectors containing AtLTP1 promoter::nos terminator and
AtBDG promoter::nos terminator cassettes, respectively, digested with HindIII; lane 10:
pDPI000017 vector digested with HindIII and PstI (8 and 8,504 bp expected size
fragments); lane 12: pDPI000017 vector digested with HindIII; lane 13: undigested
pDPI000017.
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Figure 3.19 Restriction analysis of pCLV000037 and pCLV000038 binary
backbones containing epidermis specific promoter-terminator cassettes.
(A) Lanes 1 and 16; 1 Kb+ DNA ladder (Invitrogen); lanes 2, 4, 6, 8, 10, 12 and 14:
pCLV000038 vector digested with EcoRI (2,936 and 6,998 bp expected size fragments);
lanes 3, 5, 7, 9, 11, 13 and 15: undigested pCLV000038 vector; lanes 17 and 19:
pCLV000037 digested with EcoRI and HindIII (3,039 and 6,717 bp expected size
fragments); lanes 18 and 20: undigested pCLV000037 vector.
(B) Lanes 1 and 12; 1 Kb+ DNA ladder (Invitrogen); lanes 2, 4, 6, 8 and 10:
pCLV000037 vector digested with EcoRI and HindIII (3,039 and 6,717 bp expected size
fragments); lanes 3,5,7,9 and 11: undigested pCLV000037 vector; lane 13: pDPI000017
vector digested with EcoRI; lane 15: pDPI000017 vector digested with HindIII; lane 17:
pDPI000017 vector digested with EcoRI and HindIII (1,795 and 6,717 bp expected size
fragments); lanes 14, 16 and 18: undigested pDPI000017 vector.
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Figure 3.20 Schematic representation of the strategies used to verify the identity
of pCLV000037 and pCLV000038 binary backbones using Sanger sequencing
analysis.

The identity of plasmid preparations derived from PCR-positive bacterial colonies
transfected with the pCLV000041, pCLV000042, pCLV000043 and pCLV000044
vectors was verified by restriction analysis and Sanger DNA sequencing of the
ligation junctions of the reporter genes as well as the reporter genes coding
sequence regions (Figure 3.25).
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Figure 3.21 Maps of (A) pDPI000006 and (B) pDPI000079 plasmids used as
templates for amplification of turbo GFP and gusA, and (C and D) schematic
representation of the strategies used to amplify the reporter genes using PCR
primer pairs containing SmaI restriction site.
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Figure 3.22 PCR amplification products of (A) turbo GFP and (B) gusA reporter
genes (717 and 2,001 bp expected amplification product sizes, respectively) using
primer pairs designed against their coding regions in the pDPI000006 and
pDPI000079 plasmids.

A

(bp)

1

3

2

4

5

12,000
3,000
1,650

B

(bp)

1

2

3

4

5

12,000
3,000

850

Figure 3.23 Digestion of pCLV000037binary backbones and PCR amplification
products of turbo GFP and gusA reporter genes, using XmaI restriction enzyme.
(A) Lane 1: 1 Kb+ DNA ladder (Invitrogen); lanes 2, 4: pCLV000037 digested with XmaI;
lanes 3 and 5: undigested pCLV000037 vector;
(B) Lane 1: 1 Kb+ DNA ladder (Invitrogen); lanes 2, 4: Undigested PCR amplification
products of turbo GFP and gusA reporter genes; lanes 3 and 5: PCR amplification
products of turbo GFP and gusA reporter genes digested with SmaI.
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Figure 3.24 Restriction analysis of pCLV000041; pCLV000042, pCLV000043 and
pCLV000044 binary expression vectors.
(A) Lanes 1 and 7: 1 Kb+ DNA ladder (Invitrogen); lanes 2-4: pCLV000041 digested
with XmaI (2,007 and 9,756 bp expected size fragments); lane 8: pCLV000037 digested
with XmaI; lane 9: undigested pCLV000037; lane 10: undigested plasmid preparations
derived from PCR-positive bacterial colony transfected with the pCLV000041 vector.
(B) Lanes 1 and 12: 1 Kb+ DNA ladder (Invitrogen); lanes 2-11: pCLV000042 digested
with XmaI (723 and 9,756 bp expected size fragments); lane 13: pCLV000037 digested
with XmaI; lane 14: undigested pCLV000037; lane 15: undigested plasmid preparations
derived from PCR-positive bacterial colony transfected with the pCLV000042 vector.
(C) Lanes 1 and 16: 1 Kb+ DNA ladder (Invitrogen); lanes 2-15: pCLV000043 digested
with XmaI (2,007 and 9,934 bp expected size fragments); lane 17: pCLV000038
digested with XmaI; lane 18: undigested pCLV000038; lane 19: undigested plasmid
preparations derived from PCR-positive bacterial colony transfected with the
pCLV000043 vector.
(D) Lane 1: 1 Kb+ DNA ladder (Invitrogen); lanes 2-12: pCLV000044 digested with XmaI
(723 and 9,914 bp expected size fragments); lane 8: pCLV000038 digested with XmaI;
lane 9: undigested pCLV000038; lane 10: undigested plasmid preparations derived from
PCR-positive bacterial colony transfected with the pCLV000044 vector.
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Figure 3.25 Schematic representation of the strategies used to verify the identity
of expression cassettes in (A) pCLV000041, (B) pCLV000042, (C) pCLV000043,
and (D) pCLV000044 binary vectors using Sanger sequencing analysis.

The oligonucleotide primer sequences used for Sanger sequencing of the
AtLTP1::turbo

GFP:nos,

AtBDG::turbo

GFP:nos,

AtLTP1::gusA:nos

and

AtBDG::gusA:nos expression cassettes are shown in Appendix I, Table 4.

Electro-competent

A.

tumefaciens

AGL1

cells

were

transformed

with

pCLV000041, pCLV000042, pCLV000043 and pCLV000044 binary vectors prior
to the A. tumefaciens-mediated transformation of ‘Mink’ and ‘NZRLM’ white
clover cotyledonary explants. The presence of each of the four different plasmids
was verified by colony-PCR using primers that amplify the unique junction
between the AtBDG::gusA, AtBDG::turbo GFP, AtLTP1::gusA, AtLTP1::turbo
GFP, gusA:nos terminator, and turbo GFP:nos terminator coding sequences
(Figures 3.26 and 2.27; and Appendix I, Table 5).
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Figure 3.26 PCR-analyses of A. tumefaciens AGL1 clones colonies containing the
pCLV000041, pCLV000042, pCLV000043, pCLV000044 binary expression vectors.
Lanes 1, 10 and 15: 1 Kb+ DNA ladder (Invitrogen); lanes 2 and 6: PCR amplification of
the region between the junction of the gusA gene and nos terminator in A. tumefaciens
AGL1 clones colonies containing the pCLV000041 and pCLV000043 (675 bp expected
size fragment); lanes 3 and 7: PCR amplification of the region between the junction of
the AtBDG promoter and gusA gene, and AtLTP1 promoter and gusA gene in A.
tumefaciens AGL1 clones colonies containing the pCLV000041 and pCLV000043,
respectively (1175 bp expected size fragment); lanes 4 and 8: PCR amplification of the
region between the junction of the turbo GFP gene and nos terminator in A. tumefaciens
AGL1 clones colonies containing the pCLV000042 and pCLV000044 (640 bp expected
size fragment); lanes 5 and 9: PCR amplification of the region between the junction of
the AtBDG promoter and turbo GFP gene, and AtLTP1 promoter and turbo GFP gene
in A. tumefaciens AGL1 clones colonies containing the pCLV000042 and pCLV000044,
respectively (653 and 636 bp expected size fragments, respectively); lanes 11-14:
plasmid positive controls; lanes 16 and 17: H2O negative controls.
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Figure 3.27 Schematic representation of the strategies used to confirm the
presence of (A) pCLV000041, (B) pCLV000042, (C) pCLV000043, and (D)
pCLV000044 plasmids in transformed AGL1 A. tumefaciens cells.
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Figure 3.28 Binary vectors used for Agrobacterium-mediated transformation of
‘Mink’ and ‘NZRLM’ white clover cotyledonary explants harbouring epidermis
specific promoter fusion turbo GFP and gusA reporter genes as well as
constitutive promoter fusion turbo GFP and gusA reporter genes.
(A) pCLV000041; (B) pCLV000042, (C) pCLV000043; (D) pCLV000044; (E)
pCAMBIA1305.2; and (F) pDPI000013.
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3.3.3.5.2 Production of Transgenic ‘Mink’ and ‘NZRLM’ White Clover Plants
with Epidermal-Specific Expression of turbo GFP and gus
Transgenic ‘Mink’ and ‘NZRLM’ white clover plants were generated using
previously described transformation methodology from Ding et al. (2003) with
some modifications (Rahimi-Ashtiani et al., 2015) (Section 2.4.5.3.13). Steps
involved in the generation of transgenic white clover plants are shown in Figure
3.29.
Isolated cotyledonary explants from ‘Mink’ and ‘NZRLM’ white clover seeds were
transformed using A. tumefaciens AGL1 carrying one of six binary vectors which
confer hygromycin resistance, four containing epidermis-specific promoters
(AtBDG and AtLTP1) fusion turbo GFP and gusA reporter genes, and the other
two CaMV 35S promoter fusion turbo GFP and gusA as control plants provided
by Department of Environment and Primary Industries (AgriBio, Centre for
AgriBioscience, 5 Ring Road, Bundoora, Victoria 3083, Australia).

Non-transformed isolated cotyledonary white clover explants (control explants)
failed to regenerate when plated onto RM73 supplemented with cefatoxime and
50 mg L-1 of hygromycin (Figure 3.29E). In contrast, control explants
successfully regenerated when plated onto a non-selective medium (Figure
3.29F). Putative transgenic shoots regenerated over six weeks on selective
medium (RM73 containing cefatoxime and 50 mg L-1 of hygromycin) (Figure
2.29I). Regenerated shoots were transferred onto rooting medium (RIM73) 12
weeks after transformation when sufficient root developed, the resulting
hygromycin resistant in vitro plantlets were transferred to soil and established
under greenhouse conditions (Figure 3.29K/L).
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Figure 3.29 Transgenic White clover (T.
repens
L.)
plants
obtained
from
Agrobacterium-mediated transformation of
cotyledonary explants with a hph selectable
marker gene. Rahimi-Ashtiani et al. (2015).

NZRLM

(A) White clover seeds;
(B) Surface-sterilised white clover seeds prior to
dissection;
(C) White clover cotyledonary explants isolated
from mature imbibed seed;
(D) Dissected cotyledonary explants on nonselective medium (RM73) after three days of cocultivation with A. tumefaciens;
(E) Non-transformed cotyledonary explants on
selective medium (RM73 with 50 mg L-1 of
hygromycin and cefatoxime).
(F) Non-transformed cotyledonary explants on
non-selective medium (RM73)
containing
cefatoxime.
(G) Emergence of adventitious shoots from 2week- old transformed white clover cotyledonary
explants on RM73 with cefatoxime and 50 mg L-1
of hygromycin;
(H) Proliferating hygromycin-resistant shoots
regenerated by direct organogenesis in wounded
region of cotyledonary explants after 4 weeks of
antibiotic selection;
(I) 6- week- old adventitious transformed shoots
grown on RM73 supplemented with cefatoxime
and 50 mg L-1 of hygromycin;
(J) 10- week- old adventitious transformed
shoots grown on non-selective medium (RM73)
supplemented with cefatoxime;
(K) Putative transgenic white clover plantlet on
RIM73 medium containing cefatoxime 12 weeks
after transformation;
(L) Transgenic white clover plants regenerated
from cotyledonary explants growing in soil under
glasshouse conditions.
Bars = 2 mm.

3.3.3.5.3 Molecular Analysis of Transgenic ‘Mink’ and ‘NZRLM’ White Clover
Plants
A total of 25, 30 and 18 hygromycin resistant ‘Mink’ plants, and 21 and 23
hygromycin

resistant

‘NZRLM’

plants
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(AtBDG::gusA, AtLTP1::gusA and 35S2::gusA), 33, 43 and 21 hygromycin
resistant ‘Mink’ plants, and 34 and 28 hygromycin resistant ‘NZRLM’ plants
carrying a turbo GFP gene (AtBDG::turbo GFP:nos, AtLTP1::turbo GFP and
35S::turbo GFP) were recovered from A. tumefaciens-mediated gene transfer
(Table 3.4).
The hygromycin resistant putative transgenic ‘Mink’ and ‘NZRLM’ white clover
plants were subjected to qPCR screening using primers specific for the
endogenous control gene (TrDHNb), selectable marker gene (hph) and A.
tumefaciens VirC2 gene as described in section 2.4.5.3.14 (Appendix I, Table 6).
The endogenous control was detected using a probe designed to TrDHNb
sequence, and the selectable marker gene was detected using a probe targeting
the hph coding sequence and A. tumefaciens VirC2 gene was detected using a
probe targeting VirC2 coding region (Figures 3.30 and 3.31). Genomic DNA was
extracted from young leaves of putative transgenic ‘Mink’ and ‘NZRLM’ plants.
Genomic DNA from untransformed tissue culture derived lines of ‘Mink’ and
‘NZRLM’ was used as negative control and plasmid DNA of TrDHNb reference
gene and hph selectable marker gene as well as the A. tumefaciens AGL1 DNA
were used as positive controls.

The transformation frequency (the number of plants confirmed as transgenic with
qPCR analysis divided by the number of cotyledonary explants transformed)
ranged from 0.8-1.4% (Table 3.4). Summary results of molecular analysis of
transgenic hygromycin-resistant ‘Mink’ and ‘NZRLM’ white clover lines
transformed with the pCLV000041, pCLV000042, pCLV000043, pCLV000044,
pCAMBIA1305.2:35S2 and pDPI000013 binary vectors are shown in Table 3.4.
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Figure 3.30 qPCR screening of
transgenic
hygromycin-resistant
‘Mink’ and ‘NZRLM’ white clover
lines
transformed
with
the
pCLV000041,
pCLV000042,
pCLV000043,
pCLV000044,
pCAMBIA1305.2, pDPI000013 binary
vectors for (A) TrDHNb endogenous
control gene, hph selectable marker
transgene and A. tumefaciens VirC2
gene.
qPCR
reactions
were
performed using genomic DNA
extracted
from
transformed
hygromycin-resistant
transgenic
‘Mink’ and ‘NZRLM’ white clover
plants.
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(A) qPCR amplification curves of:
linearised plasmid DNA of TrDHNb
reference gene as a positive control
(pink curves); Transgenic white clover
plants
containing
the
TrDHNb
endogenous gene (blue curves);
genomic DNAs from untransformed
tissue culture derived lines of ‘Mink’
and ‘NZRLM’ as negative controls (red
curves); no-template negative control
(green curves);
(B) qPCR amplification curves of:
linearised plasmid DNA of hph
selectable marker gene as positive
control (pink curves); Transgenic white
clover plants containing the hph gene
(blue curves); Putative transgenic white
clover plant qPCR negative for the hph
gene (blue/a curve); genomic DNAs
from untransformed tissue culture
derived lines of ‘Mink’ and ‘NZRLM’ as
negative controls (green curves); notemplate negative control (blue curves
with triangles);
(C) qPCR amplification curves of: A.
tumefaciens AGL1 DNA as positive
control (pink curves); Transgenic white
clover plants qPCR positive for the
VirC2 gene (blue curves); genomic
DNAs from untransformed tissue
culture derived lines of ‘Mink’ and
‘NZRLM’ as negative controls (green
curves); no-template negative control
(blue curves with crossed lines).

Ashtiani

Chapter 3

A
TrDHN b O cDNA
fragment

> <
>
qPCR probe

qPCR screening primers

B

hph coding
region

> <
>
qPCR

qPCR screening primers

probe

C

VirC2 coding
region

> <
>
qPCR probe

qPCR screening primers

Figure 3.31 Schematic representation of the strategies used to detect the TrDHN
endogenous gene, hph selectable marker gene and VirC2 gene in A. tumefacienstransformed white clover plants using qPCR analysis.

3.3.3.5.4 Expression Analysis of Transgenic ‘Mink’ and ‘NZRLM’ White
Clover Plants Carrying Epidermis Specific Promoters

To assess whether AtBDG and AtLTP1 are expressed specifically in the leaf
epidermis of white clover leaves, expression of the reporter genes in qPCR
positive ‘Mink’ and ‘NZRLM’ white clover transformants bearing promoter fusions
with β-glucuronidase (GUS) and green fluorescent protein (GFP) were
examined.

A subset of 12 independent AtLTP1 and AtBDG promoters fusion reporter genes
(gusA and turbo GFP) ‘Mink’ and ‘NZRLM’ transformants were chosen for
expression analysis. Evaluation of GUS activity and turbo GFP expression was
performed in young, fully expanded leaves of ‘Mink’ and ‘NZRLM’ transgenic
lines as previously described (Sections 2.4.5.3.15 and 2.4.5.3.16).
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cotyledonary explants
co-cultivated with A.
tumefaciens

pCLV000041

Number of selected explants
23573

2296

2165

2450

2173

1750

1580

3203

3427

2232

2297

Number of hygromycin
276

28

23

34

plants
264

25

23

33

21

19

21
21

15

18

resistant plants
43

29

31

25

Number of hph qPCR positive
43

30

33

25

Number of VirC2 qPCR
3

0

0

3

0

0

0

0

0

0

0

1.1

1.1

1.2

1.0

1.1

0.9

1.3

0.8

1.4

1.1

Transformation efficiency (%)
positive plants

Table 3.4 Summary of transformation experiments in ‘Mink’ and ‘NZRLM’ white clover. White clover cotyledonary
explants were transformed with A. tumefaciens strain AGL1 containing the binary vectors pCLV000041,
pCLV000042, pCLV000043; pCLV000044, pCAMBIA1305.2 and pDPI000013.
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Histochemical GUS staining of intact leaves identified 10 and 8 gusA expressing
transgenic AtLTP1::gusA ‘Mink’ and ‘NZRLM’ white clover plants, 9 and 7 gusA
expressing transgenic AtBDG::gusA ‘Mink’ and ‘NZRLM’ white clover plants and
6 gusA expressing transgenic 35S::gusA ‘Mink’ control plants. Intense GUS
staining was observed in the leaves of 35S::gusA control plants and was mainly
observed in the leaf veins (Figure 3.32B). The relative levels of β-glucuronidase
activity varied from low to intermediate in different transformed ‘Mink’ and
‘NZRLM’ lines containing AtLTP1 and AtBDG promoter-gusA fusions. Positional
effects from insertion of the transgene construct in different sites of the genome
could account for these variations. No GUS activity was observed in leaves of
untransformed ‘Mink’ and ‘NZRLM’ plants (Figure 3.32A-D).

Fluorescence

microscopy

of

intact

leaves

from

‘Mink’

and

‘NZRLM’

transformants containing AtLTP1, AtBDG and 35S promoter-turbo GFP fusions
identified 7 and 6 transgenic AtLTP1::turbo GFP ‘Mink’ and ‘NZRLM’ plants with
GFP expression, and

5 and 8 transgenic AtBDG::turbo GFP

‘Mink’ and

‘NZRLM’ plants, respectively, with GFP expression. Constitutive expression of
GFP was found in leaves of 5 transgenic CaMV35S::turbo GFP ‘Mink’ white
clover plants (Figure 3.32E-H).

In order to examine the tissue specificity of the AtLTP1 and AtBDG promoters in
white clover, the expression patterns of β-glucuronidase (GUS) and green
fluorescent protein (GFP) were examined in transverse sections of the leaves of
transgenic ‘Mink’ and ‘NZRLM’ plants containing AtLTP1 and AtBDG promotergusA and turbo GFP fusions.

Transverse sections through the leaves showed that expression of the reporter
genes under the control of the BDG and LTP1 promoters was specific to the
epidermis. ‘Mink’ and ‘NZRLM’ transgenic lines containing AtLTP1 and AtBDG
promoters, showed the same pattern of GUS activity and GFP production in the
epidermal layer of leaves (Figures 3.33 and 3.34). Constitutive expression of the
reporters was observed in transverse sections prepared from leaves of
transgenic 35S::turbo GFP and 35S::gusA ‘Mink’ white clover control plants
(Figures 3.33B and 3.34B1-B2).
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Figure 3.32 Evaluation of GUS activity and
green fluorescent protein production in
leaves of transgenic white clover plants
containing epidermis specific promoter,
AtLTP1- and AtBDG-reporter gene fusions.
Similar results were seen in transgenic lines
with ‘Mink’ and ‘NZRLM’ genetic backgrounds.
(A-D) Histochemical assay of transgenic white
clover plants expressing gusA gene in leaf
epidermis. imaged using light microscopy;
(A) Non-transformed tissue culture derived
white clover plant;
(B) Transgenic white clover plant expressing
the gusA gene under the control of the CaMV
35S promoter;
(C) Transgenic White clover plant expressing
the gusA gene under the control of the
AtLTP1 promoter;
(D) Transgenic white clover plant expressing
the gusA gene under the control of the AtBDG
promoter;
(E-H) Visualisation of fluorescently-labeled
epidermal cells in leaves of transgenic white
clover plants containing epidermis specific
promoter fusion turbo GFP using confocal
microscopy. GFP fluorescence is green
(channel
520
to
540
nm),
and
autofluorescence is red (channel >590 nm);
(E) Untransformed
tissue culture derived
white clover plant;
(F) Transgenic white clover plant expressing
the turbo GFP gene under the control of the
CaMV 35S promoter;
(G) Transgenic white clover plant expressing
the turbo GFP gene under the control of the
AtLTP1 promoter;
(H) Transgenic white clover plant expressing
the gusA gene under the control of the AtBDG
promoter;
Bars = A-B: 2.00 mm; C-D: 3 mm; E-H: 70 µm.

To validate the results of turbo GFP reporter gene analysis, the gene expression
pattern

was

examined

using

an

immunohistochemical

assay

(Section

2.4.5.3.15.3). Immunofluorescence labeling of paraformaldehyde-fixed paraffinembedded leaves of transgenic ‘Mink’ and ‘NZRLM’ plants carrying fusions
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between the AtLTP1 and AtBDG promoters and turbo GFP revealed that green
fluorescent protein was localised exclusively in leaf epidermal cells (Figure 3.35).

A

B

C

D

Figure 3.33 Visualisation of fluorescently-labelled epidermal cells in a cross
section of leaves of transgenic white clover plants containing epidermis-specific
promoter-turbo GFP fusion using confocal microscopy. Similar results were seen in
transgenic lines with ‘Mink’ and ‘NZRLM’ genetic backgrounds.
(A) Untransformed tissue culture derived white clover plant; (B) transgenic white clover
plant expressing turbo GFP under the control of a CaMV 35S promoter; (C) transgenic
white clover plant expressing turbo GFP under the control of a AtLTP1 promoter; (D)
transgenic white clover plant expressing turbo GFP under the control of a AtBDG
promoter. GFP fluorescence is green (channel 520 to 540 nm), and autofluorescence is
red (channel >590 nm). Bars = A-C: 20 µm; D: 40 µm.

No FITC-specific fluorescence was detected in tissues of untransformed tissue
culture derived lines of ‘Mink’ and ‘NZRLM’ while the epitope-specific signal was
localized in different cell types within leaves of 35S::turbo GFP positive control
lines (Figure 3.35A1-A2/B1-B2).
Examination of the pattern of β-glucuronidase activity in conjunction with the
results from the immunohistochemical study indicated that both AtLTP1 and
AtBDG promoters drive epidermal cell-specific gene expression in white clover
leaves.
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Figure
3.34
Epidermis-specific
expression of AtLTP1 and AtBDG.

2

Leaf cross sections were made from
the LR White resin-embedded tissue
followed by incubation in X-gluc
substrate. After staining with safranin,
sections were visualized using lightand dark-field microscopy.

2

1

2

1

2

(A1/2-D1/2) Histochemical localization
of β-glucuronidase GUS reporter
activity in transgenic white clover
containing AtLTP1 and AtBDG
promoter-gusA fusions.
(A) Untransformed
tissue culture
derived white clover;
(B)
Transgenic
white
clover
expressing the gusA gene under the
control of the CaMV 35S promoter
(arrows);
(C)
Transgenic
white
clover
expressing the gusA gene under the
control of the AtLTP1 promoter
(arrows);
(D)
Transgenic
white
clover
expressing the gusA gene under the
control of the AtBDG promoter
(arrows).
Bars = A1-D1: 100 µm; A2-D2:150
µm.
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Figure 3.35 Immunofluorescence
labeling of the green fluorescent
protein in transgenic white clover
plants carrying epidermis-specific
promoters, AtLTP1 and AtBDGturbo GFP fusions.

2

1

2

1

2

1

2

Cross sections were made from the
paraformaldehyde-fixed
paraffinembedded leaves of transgenic white
clover plants. After incubation of the
sections with primary and secondary
polyclonal antibodies, the fluorescent
FITC signal was inspected using a
confocal laser-scanning microscope.
Specific fluorescent signals were
detected in epidermis (arrows) of
transgenic
white
clover
plants
expressing turbo GFP under the control
of AtLTP1/AtBDG promoter (C) and but
not in untransformed negative control
(A). The FITCI signal was found
localized in different tissues of
transgenic white clover positive control
(B) (arrows). (A1-D1) Transverse
sections corresponding to the light
microscope images in
(A2-D2),
respectively.

3.3.3.5.5 FACS-Based Enrichment of Epidermal Cells from Transgenic
‘Mink’ and ‘NZRLM’ White Clover Leaves

Protoplasts were isolated from fully expanded leaves of 7 and 6 independent
transgenic AtLTP1::turbo GFP ‘Mink’ and ‘NZRLM’ plants producing GFP in leaf
epidermal cells, 2 independent ‘Mink’ transgenic plants constitutively expressing
GFP, and 2 independent untransformed ‘Mink’ and ‘NZRLM’ plants was
conducted (Section 2.4.3). The released protoplasts were used for FACS
analysis (Table 3.5). Protoplasts derived from leaves of ‘Mink’ transgenic plants
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constitutively expressing GFP and leaves of untransformed ‘Mink’ and ‘NZRLM’
plants were used as controls.

Mink

Untransformed tissue
culture derived lines
35S::turbo GFP:nos
AtLTP1::turbo GFP:nos

NZRLM

Untransformed tissue
culture derived lines
AtLTP1::turbo GFP:nos

FACS result
(GFP positive from 50,000 protoplasts)
(%)

Viability (%)

Yield
(x106 protoplasts/500 mg FW)

Construct

Variety

Table 3.5 FACS analysis of transgenic AtLTP1::turbo GFP ‘Mink’ and ‘NZRLM’
plants producing GFP in leaf epidermis.

3.2080±1.03

91.04± 0.10

0.00

4.1120±0.64
2.7361±0.80
3.4650±1.78
0.9513±0.35
0.6899±1.11
1.8680±0.97
0.6841±2.01
1.4820±0.77
6.2160±1.87
0.5302±0.23

93.01± 0.21
93.22± 0.24
95.12± 0.12
91.87± 0.33
95.73± 0.19
96.62± 0.12
89.77± 0.34
89.45± 0.18
90.29± 0.28
94.07± 0.21

0.00
78.76±1.10
86.23±1.12٭
0.47±0.91
0.43±0.45
0.65±0.33
2.29±1.20٭
0.35±0.45
0.29±0.57
1.33±0.90

1.2080±1.29

90.08± 0.18

0.00

1.0840±0.78
0.8789±0.94
0.7801±2.20
1.0330±0.73
0.7384±0.31
0.1311±0.14
1.1020±0.29

93.11± 1.07
91.23± 0.25
93.77± 0.11
95.31± 0.19
96.67± 0.20
93.12± 0.31
89.14± 0.22

0.00
0.43±0.71
0.18±0.04
23.08±0.99٭
0.32±0.71
6.13±1.21
0.72±0.11

Data are presented as means ± SE.
Abbreviations: FW = fresh weight.
٭Protoplasts isolated from these lines were used for enrichment of fluorescently labelled
cells.

The frequency of GFP positive protoplasts in transgenic lines of ‘Mink’ variety
ranged from 0.29 to 2.29% while it ranged from 0.32 to 23.08% in transgenic
lines of the ‘NZRLM’ variety. Transgenic lines showing the highest frequency of
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GFP positive protoplasts in each variety were selected for enrichment of
epidermal cells (Table 3.5; Figure 3.36). Cells producing green fluorescent
protein sorted by FACS from leaves of 35S::turbo GFP control transgenic plants
were used for subtraction analysis. This allowed cell type-specific analyses of
flavonoid pathway-related transcripts and metabolites in fractions enriched for
mesophyll and epidermal cells.
Fluorescently labelled cells were separated by FACS from the rest of the
protoplasts and collected and non- fluorescent cells discarded. Protoplasts
isolated from transgenic lines were imaged before and after FACS using
confocal microscopy (Figure 3.37).

A

2

1

FSC Par

B

1

3

FSC Par

2

FSC Par

FSC Par

3

FSC Par

FSC Par

Figure 3.36 FACS analysis of leaf protoplasts isolated from transgenic ‘Mink’ and
‘NZRLM’ white clover plants carrying epidermis specific promoter turbo GFP
fusions.
(A1 and B1) Non-transformed tissue culture derived ‘Mink’ and ‘NZRLM’ plants; (A2 and
B2) 35S::turbo GFP transgenic control line; (A3 and B3) Transgenic ‘Mink’ and ‘NZRLM’
plants containing AtLTP1 promoter fusion turbo GFP.
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A

1

2

3

B

1

2

3

Figure 3.37 Protoplasts isolated from white clover leaves (A1- A3) before and (B1B3) after FACS analysis, imaged using confocal microscopy. Similar results were
seen in transgenic lines with ‘Mink’ and ‘NZRLM’ genetic backgrounds.
(A1 and B1) Untransformed tissue culture derived white clover plants; (A2 and B2)
35S::turbo GFP transgenic control line; (A3 and B3) transgenic white clover plants
containing AtLTP1 promoter fused to the turbo GFP reporter gene. Bars = 60 µm.

3.4 Discussion

The results described in this chapter highlight the morphological differences
between specific cell types within white clover leaves (Figure 3.1). The results
show that specific cell types are morphologically similar in leaves of ‘Mink’ and
‘NZRLM’ white clover varieties (Figure 3.1). Scanning electron micrographs of
‘Mink’ and ‘NZRLM’ white clover leaves revealed the presence of procumbent
glandular trichomes on the abaxial surface of leaves in both varieties which is
similar

to

trichome

characteristics

found

in

some

other Trifolium and Medicago species (Kreitner and Sorensen 1979; Zoric et al.,
2009) (Figure 3.2). Previous reports have shown that the morphology of
trichomes varies considerably both between and within species (Retallack and
Willison 1988; Aziz et al., 2005).
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In this study, ‘Mink’ and ‘NZRLM’ white clover leaves at closed leaf, 50% open
and fully expanded stages of development were stained with DMACA for
proanthocyanidins and/or their monomers (Figure 3.5). Glandular trichomes,
proanthocyanidin-rich tissues in white clover leaves, were visualised by staining
with DMACA. However, only the procumbent gland heads of the trichomes and
not the stalks stained blue when ‘Mink’ and ‘NZRLM’ leaves were treated with
DMACA reagent, suggesting the presence of proanthocyanidins and/or
monomers in the secretory cells of trichomes. Histochemical staining of plant
tissues with DMACA has been previously used to characterize proanthocyanidinaccumulating cell types in A. thaliana seeds, L. corniculatus (L.) leaves and T.
repens (L.) floral tissues and leaves (Li et al., 1996; Debeaujon et al., 2003;
Tanner et al., 2003; Abeynayake et al., 2011; Hancock et al., 2012). Previous
studies have shown that using a proanthocyanidin-specific stain (DMACA) not
only stains proanthocyanidins and monomeric flavan 3-ols but also can be used
for detection of leucoanthocyanidins (Li et al., 1996; Debeaujon et al., 2000;
Marles et al., 2003).

This study indicated that accumulation of proanthocyanidins and anthocyanins in
white clover leaves is cell type-specific and restricted to glandular trichomes and
leaf epidermis, respectively (Figures 3.4 and 3.5). These results are in line with a
previous report about the cell-specific nature of proanthocyanidin and
anthocyanin accumulation in white clover flowers and leaves (Abeynayake et
al., 2012).

Debeaujon et

al. (2003)

have

shown

that

accumulation

of

proanthocyanidins in the A. thaliana seed coat is also cell-type specific. Tissuespecific accumulation of anthocyanins has been demonstrated in other species
such as L. corniculatus (L.) (Robbins et al., 2003).
The current study shows that specific tissues in ‘Mink’ and ‘NZRLM’ white clover
leaves that accumulate proanthocyanidins do not accumulate anthocyanins
which was in agreement with the previous report on identification of white clover
organs accumulating proanthocyanidins and anthocyanins (Abeynayake et al.,
2012). This indicates that both pathways are active in white clover leaves but in
different cell types and that, these pathways could possibly share common
metabolic

intermediates

and

biosynthetic
111
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accumulation of proanthocyanidins and epidermal cell-specific accumulation of
anthocyanins in leaves of ‘Mink’ and ‘NZRLM’ white clover are likely to reflect
cell type-specific expression of genes, enzyme activities, and production of
metabolic intermediates that are essential for biosynthesis of proanthocyanidins
and anthocyanindins in white clover leaves.

In this study, different methods including protoplast isolation, partial enzymatic
digestion, LCM and FACS were developed for enrichment and purification of
specific tissues in fully expanded leaves of ‘Mink’ and ‘NZRLM’ white clover
varieties to enable analysis of proanthocyanidin and anthocyanin biosynthesis
and possible interactions within the flavonoid pathway at the resolution of single
cell types. Recent advances in isolating specific populations of cells have
resulted in generation of cell type-specific transcriptomic data that have furthered
our understanding of gene regulatory networks and the intricate regulation of
metabolic pathways at the cellular level (Iyer-Pascuzzi and Benfey 2009;
Moreno-Risueno et al., 2010; Brady et al., 2011, Misra et al ., 2014).
Methodology for physical removal of trichomes form ‘Mink’ and ‘NZRLM’ leaves
at fully-expanded stage was developed on the basis of techniques that were
previously applied to harvest trichomes from peppermint leaves (Croteau and
Winters, 1982), tobacco leaves (Keene and Wagner, 1985), alfalfa stems
(Aziz et

al., 2005)

and Arabidopsis leaves

(Marks et

al., 2008).

Isolated

trichomes from white clover leaves stained positive with DMACA reagent (Figure
3.7). Early studies have pointed to the fact that glandular trichomes, as cellular
factories, have an important metabolic capacity because intense metabolic
activity and biosynthesis of secreted compounds take place in the glandular
cells (Amelunxen, 1965; Amelunxen et al., 1969; Lange et al., 2000). Genes
expressed

in

sativa (Aziz et

glandular

trichomes

from

al., 2005), M.

several

species

truncatula (Dai et

including M.
al., 2010), N.

benthamiana (Slocombe et al., 2008) and N. tabacum (Cui et al., 2006) have
been previously investigated.
LCM was applied to cryosectioned tissues of ‘Mink’ and ‘NZRLM’ to collect
epidermal cells and mesophyll cells based on the tissue morphology. Different
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parameters were assessed for the establishment of an effective method for
embedding and cryosectioning of white clover leaves prior to LCM (Tables 3.1
and 3.2). Embedding leaves in the OCT compound stored at ambient
temperature for 10 minutes was found to be optimal parameters for white clover
leaf cryosectioning. OCT does not penetrate the tissues but provides support
during freezing and sectioning of the sample (Edgley et al., 2010). LCM has
been used for isolation of multiple cell types from root and shoot of many plants
such as rice (Asano et al., 2002), A. thaliana (Kerk et al., 2003; Conn et
al., 2011), maize (Kerk et al., 2003; Nakazono et al., 2003; Woll et al., 2005),
tomato (Kerk et al., 2003), and M. truncatula (Limpens et al., 2013).

Mesophyll protoplasts from A. thaliana and N. tabacum have been used as a
reliable experimental system to determine the activity of genes that are normally
expressed in other tissues (Sheen, 2001; Yoo et al., 2007; Faraco et al., 2011).
Modification of digestion enzymes concentration and type for isolating
mesophyll-derived protoplasts from ‘Mink’ and ‘NZRLM’ was performed based on
well-established methods from Spangenberg and Potrykus (1995), and Bhojwani
and White (1982). In this study, on average, ‘Mink’ leaf tissues allowed a higher
yield of viable protoplasts than ‘NZRLM’ variety (>2 fold higher) (Table 3.3).
Differences in the extent of cell wall thickening as well as the physiological
condition of plant materials are considered as important factors which may result
in the various responses in yields and viability (Davey et al., 2005; Raikar et
al., 2008; Lord and Gunawardena, 2010).

A partial enzymatic digestion method was implemented for enrichment and
purification of anthocyanin-rich tissues located on the adaxial epidermis of
‘NZRLM’ white clover leaves using the optimised protocol developed for isolating
mesophyll-derived

protoplasts from

white

clover.

The

intensity

of

red-

pigmentation in upper epidermis of white clover leaves is correlated with the
accumulation of anthocyanins. The anthocyanins provided a convenient marker
allowing the recognition of cell types originated from the upper epidermis from
those derived from the mesophyll cells and lower epidermis when partial
enzymatic digestion method was conducted. Faraco et al., 2011 have used the
presence of anthocyanins in the central vacuole of epidermal cells and their
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absence in the mesophyll cells as a marker to recognize these two cell types in
protoplasts isolated from petals of the Petunia hybrid.
Tissue specific promoters, AtLTP1 and AtBDG were used to generate white
clover transgenic plants expressing green fluorescent protein under the control
of these promoters for the isolation of epidermal tissue–derived protoplasts by
fluorescence activated cell sorting. Previous reports have demonstrated the
epidermis-specific expression of LTP1 in several organs including leaves, stems
and flowers of transgenic Arabidopsis plants containing LTP1 promoter-gusA
fusions by analysis of the tissue specificity of β-glucuronidase (GUS) activity and
in situ mRNA localization (Thoma et al., 1993 and 1994). Kurdyukov et al. (2006)
have examined the expression of reporter gene in transgenic plants of
Arabidopsis bearing BDG promoter fusions with green fluorescent protein (GFP),
and have shown that expression of BDG is specific to the epidermal cells in leaf,
primordia, immature floral buds, sepals, petals, and anthers of the BDG-GFP
plants.
The AtBDG::gusA, AtBDG::turbo GFP, AtLTP1::gusA and AtLTP1::turbo GFP
binary vectors, containing the hph selectable marker gene and the genes of
interest,

turbo

GFP and gusA,

driven

by

the

epidermis

specific

promoters AtLTP1 and AtBDG, were successfully generated for Agrobacteriummediated transformation of ‘Mink’ and ‘NZRLM’ white clover. The binary vectors
carrying chimeric reporter genes turbo GFP and gusA under the control of a
CaMV35S promoter were used to produce white clover control plants by A.
tumefaciens-mediated transformation.
A. tumefaciens-mediated transformation of ‘Mink’ and ‘NZRLM’ white clover was
performed using an adapted protocol from Ding et al. (2003) with some
modifications

(Rahimi-Ashtiani

et

al.,

2015),

leading

to

transformation

frequencies in the 0.8 to 1.4% range obtained for different vectors used (Table
3.4). A total of 276 putative transgenic white clover plants bearing promoter
fusions with gusA and turbo GFP recovered were subjected to molecular
analysis using qPCR screening (Table 3.4). The ‘Mink’ and ‘NZRLM’ white clover
plants transformation frequencies obtained were within the 0.3 to 6% range
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previously reported for Agrobacterium-mediated transformation of white clover
cotyledonary explants (Ding et al., 2003; Panter et al., 2008).
The expression pattern of the AtLTP1 and AtBDG in qPCR positive ‘Mink’ and
‘NZRLM’ white clover transformants containing AtLTP1 and AtBDG promoter
fused to the turbo GFP and gusA reporter genes was examined by analysis of
the tissue specificity of green fluorescent protein (GFP) production and βglucuronidase (GUS) activity using fluorescence microscopy and histochemical
GUS assay.

The advantage of using GUS as a gene fusion marker for an epidermis specific
expression study in transformed plants is that GUS can be detected at a very low
level of activity long after the corresponding mRNA has disappeared because of
the

stability

of

the

GUS

protein

and

high

sensitivity

of the

β-

glucuronidase enzyme assay (Jefferson et al., 1987; Block and Debrouwer
1992). Although GUS is very stable, previous reports have highlighted the
necessity of using several different reporter genes to confirm the results for
detection of tissue-specific expression due to the possibility of artifactual
expression of gusA reporter gene, specifically where the gene under study is a
part of multigene family (Thoma et al., 1994).
A total of 10 and 8 gusA expressing transgenic AtLTP1::gusA ‘Mink’ and
‘NZRLM’

white

clover

plants,

transgenic AtBDG::gusA ‘Mink’
and

and

9

and

‘NZRLM’

7 gusA expressing
white

clover plants,

6 gusA expressing transgenic 35S::gusA ‘Mink’ control plants were

obtained after use of a GUS assay. A total of 7 and 6 transgenic AtLTP1::turbo
GFP ‘Mink’

and

‘NZRLM’

transgenic AtBDG::turbo
with GFP expression,

plants
GFP ‘Mink’

with GFP expression,
and

5

‘NZRLM’

and

8

plants

and 5 transgenic 35S::turbo GFP ‘Mink’ plants with

constitutive GFP expression were identified using fluorescence microscopy
(Figures 3.32. 3.33 and 3.34).

Epidermis-specific

expression

of AtLTP1 and ATBDG genes

was

further

confirmed by Immunofluorescence labeling of green fluorescent protein in white
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transgenic

plants

carrying

epidermis-specific

promoter AtLTP1 and AtBDG fusion turbo GFP (Figure 3.35). Fluorescentlylabelled leaf epidermal cells of transgenic plants with epidermis-specific
expression of fluorescent proteins were sorted by FACS when cells were
dissociated from one another by protoplasting (Table 3.5; Figures 3.36 and
3.37).

The FACS method was first developed by Birnbaum et al. (2003) for isolation of
stele, endodermis, endodermis plus cortex, epidermal atrichoblast cells, and
lateral root cap cells from Arabidopsis root expressing GFP. FACS makes use of
specialized transgenic lines generated for each cell type of interest which are
labeled with fluorescent markers, and can rapidly sort marked cell population
with very high purity after protoplasting (Birnbaum et al., 2003). However, this
approach would not be applicable to the species that are difficult to transform.
FACS has been widely used for isolation of different tissues from roots of
Arabidopsis plants with transgene producing cell-specific GFP markers, and
transcriptome profiles of

the resulting specific cell types have been

generated (Birnbaum et al., 2003, 2005; Nawy et al., 2005; Brady et al., 2007;
Dinneny et al., 2008; Gifford et al., 2008; Yadav et al., 2009).

In comparison to FACS, the LCM procedure can be more laborious and time
consuming because of the large number of the cells required for transcript and
metabolite analysis (Marks et al., 2008). The advantage of LCM is that plant
transformation is not required for isolation of specific cell types, whose
morphology is different from the surrounding cells (Asano et al., 2002, Rogers et
al., 2012). In addition, isolation of cells from a cryosectioned tissue by LCM has
the advantage of purification of cell type of interest directly from its original
physiological condition within the tissue (Wang et al., 2012).

In this study, due to the low frequency of GFP positive protoplasts in transgenic
white clover lines (cv ‘Mink’) containing a GFP transgene under the control of
epidermal cell-specific promoters, a FACS procedure was time consuming, while
the collection of cells from transgenic lines of ‘NZRLM’ variety with high
frequency of GFP positive protoplasts was completed within a day. In the case of
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low frequency of GFP positive protoplasts, LCM method would be a better option
in comparison to the FACS.

In the following chapter (Chapter 4), in order to determine cell type-specific
transcriptional and metabolic profiles, MALDI, LC-MS and RNA-Seq were
applied to: (i) whole leaves of ‘Mink’ and ‘NZRLM’ white clover plants in selected
stages of development, (ii) chevron portions, and (iii) different tissues, namely
trichomes, epidermis, and mesophyll protoplasts, as well as single cell types
isolated using FACS and LCM.
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4. Tissue-Specific ‘Omics’-Based Analysis of White Clover
Leaves
4.1 Introduction

Proanthocyanidins and anthocyanins are both produced by the flavonoid
secondary pathway in plants (Ray et al., 2003; Xie et al., 2004; Pang et al.,
2007). Previous studies have suggested that anthocyanin and proanthocyanidin
biosynthesis pathways are likely to share common intermediates (Xie et al.,
2003, 2006; Sharma and Dixon, 2005) and possibly enzymatic steps. Regulation
of proanthocyanidins have been studied in other species such as M. sativa, M.
truncatula, D. uncinatum, L. corniculatus, A. thaliana, N. tabacum, V. vinifera and
Malus 3 domestica (Marles et al., 2003; Lepiniec et al., 2006). Flavan 3-ol
monomers are building blocks for proanthocyanidins (Dixon et al., 2005). ANS
converts flavan 3,4-diols to 3-OH anthocyanidin molecules indicating a branch
point between the proanthocyanidin and anthocyanin biosynthesis pathways.

In previous reports, flavonoid biosynthetic genes transcription and their
regulation have underlain the cell-specific of flavonoid biosynthesis (Roth et al.,
1991; Tuerck and Fromm, 1994; Johnson et al., 2002; Nesi et al., 2002; Baudry
et al., 2004). Recently, it was shown white clover plants accumulate
proanthocyanidins and anthocyanins in specific cell types (Abeynayake et al.,
2012).

Proanthocyanidins and/or their flavan 3-ol monomers are very low level

in white clover vegetative tissues and are restricted to trichomes (Young and
Paterson, 1980; Foo et al., 2000; Abeynayake et al., 2012; Hancock et al.,
2012). White clover leaves produce anthocyanins in the epidermal cells located
on the adaxial side of leaves (Abeynayake et al., 2012). A better understanding
of flavonoid biosynthesis and its regulation in white clover at the cell-typespecific level is required for metabolic reprogramming of the anthocyanin
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biosynthesis pathway in order for example, to increase proanthocyanidin levels
in white clover leaves for enhanced bloat safety.

Methods were developed for enrichment and purification of specific tissues in
white clover leaves (Section 3.3.3) in an attempt to enable analysis of the
proanthocyanidin and anthocyanin pathway at the resolution of single cell types.
Biochemical analysis of metabolite of interests from the flavonoid biosynthesis
pathway (Section 2.4.5.4.1) was used in combination with a transcriptomic
approach for molecular dissection of the proanthocyanidin and anthocyanin
pathways in white clover whole tissues, specifically enriched tissues namely
trichomes, epidermis and mesophyll, as well as single cell types isolated using
FACS and LCM (Chapter 3). Metabolomics and transcriptomics data generated
from ‘Mink’ and ‘NZRLM’ leaves were used as a reference study.

4.2 Aims
The experimental objectives of the work described in this chapter were to:
1. Identify

the

cell-to-cell

differences

in

flavonoid

pathway-related

metabolome and transcriptome,

2. Establish a reproducible system for tissue and cell-specific analysis of the
transcripts and metabolites related to the flavonoid pathway, allowing
differences between cell types to be identified.

3. Determine

the

presence

of

precursor

compounds

of

flavonoid

biosynthesis pathway in white clover leaf tissue and specific cell types.

4. Improve

understanding

of

proanthocyanidin

and

anthocyanidin

biosynthesis in a range of cell types within white clover leaves.
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5. Reveal metabolic and transcriptomic variations between different stages
of development of ‘Mink’ and ‘NZRLM’ white clover leaves.
6. Identify new target genes for metabolic engineering of bloat safety in
white clover.

4.3 Results
4.3.1 Tissue-Specific Metabolomic Analysis of White Clover Leaves

Biochemical analysis of the intermediates and products of the anthocyanin and
proanthocyanidin biosynthesis pathway in white clover leaves and specific cell
types was performed to better identify useful gene targets, characterize specific
flavonoids and their relative accumulation, and to learn more about branch points
and regulation of the pathways at tissue level.

Metabolites of interest from the flavonoid biosynthesis pathway were analysed in
‘Mink’ and ‘NZRLM’ leaves at four different stages of development (primordia,
closed leaf, 50% open, whole leaf as well as chevron portions and green
segments) and specific cell types (trichomes, epidermal cells and mesophyll
cells) using nanoflow liquid chromatography mass spectrometry (Tables 4.1 and
4.2). Samples were collected from 4 pooled biological replications of 3 different
genotypes in each variety (as described in Section 2.4.5.4.1).

To evaluate which types of flavonoids are present at an early developmental
stage in leaves prior to pigment development, profiling ‘Mink’ and ‘NZRLM’
leaves at four different stages of development; primordia, closed leaf, 50% open
leaf and whole leaf was conducted.
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Table 4.1 Different stages of leaf development and chevron portions of ‘Mink’ and
‘NZRLM’ genotypes collected for metabolomic analysis.

Variety

Genotype

18023

Mink

18371

18372

Variety

Genotype

164240

NZRLM

164241

164242

Tissue type
Primordia
Closed leaf
50% open leaf
Green segment
White Chevron
Whole leaf
Primordia
Closed leaf
50% open leaf
Green segment
White Chevron
Whole leaf
Primordia
Closed leaf
50% open leaf
Green segment
White Chevron
Whole leaf

Tissue type
Primordia
Closed leaf
50% open leaf
Green segment
Red Chevron
Whole leaf
Primordia
Closed leaf
50% open leaf
Green segment
Red Chevron
Whole leaf
Primordia
Closed leaf
50% open leaf
Green segment
Red Chevron
Whole leaf

Amount of tissue
(mg)
50

100

50

100

50

100

Amount of tissue
(mg)
50

100

50

100

50

100

Another purpose of this study was to obtain data on anthocyanins and other
flavonoid compounds in pigmented segments of ‘NZRLM’ leaves as an example
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of tissue containing high levels of anthocyanins, and un-pigmented segments of
‘Mink’ leaves, relative to green segments.

LC-MS analysis of protoplasts isolated from a transgenic CaMV 35S::turbo GFP
‘Mink’ control line was performed for subtraction analysis to indicate metabolite
differences between protoplasts and different enriched tissues such as
mesophyll-derived cells, epidermal cells and trichomes.

Table 4.2 Different cell types of ‘Mink’ and ‘NZRLM’ leaves isolated using different
techniques for metabolomics.
Variety

Cell Type
Epidermal cells
Mesophyll cells

Mink- wild type

Trichomes
Protoplasts

Mink-Transgenic control line
(CaMV 35S::turbo GFP:nos)

Protoplasts

Mink-Transgenic line
(AtLTP1::turbo GFP:nos)

Protoplasts
Epidermal cells
Trichomes
Protoplasts

NZRLM-wild type

Epidermal cells
Mesophyll cells
NZRLM-Transgenic line
(AtLTP1::turbo GFP:nos)

Epidermal cells

Technique
LCM
Mechanical
isolation
Protoplast isolation
FACS
Protoplast isolation
Protoplast isolation
FACS
Mechanical
isolation
Protoplast isolation
Partial digest

Total number
of isolated
cells
1E+5
15E+3
6E+6
1E+5
1E+6
1E+5
15E+3
6E+6
3E+6

LCM

1E+5

FACS

1E+5

To find out whether there is any contamination in epidermal cells collected by
FACS from transgenic lines-epidermal cells expressing GFP with other cell
types, cells producing GFP in transgenic control line (CaMV 35S::turbo GFP)
sorted by FACS were used as a control for LC-MS analysis.
Due to the low frequency of cells producing GFP in transgenic ‘Mink’ line
(AtLTP1::turbo GFP:nos), it was not possible to complete a FACS procedure in
the day of isolation.

Protoplasts 24 h post isolation were used for LC-MS
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analysis to test whether the use of protoplasts one day after isolation could result
in a change of metabolite profile compared with those analysed on the same day
as collection.

4.3.1.1 MALDI Scanning of ‘NZRLM’ White Clover Leaves at Tissue and Cell
Specific Level

Mass spectrometric imaging can be used for the direct biochemical
characterization of complex tissue surfaces and single cell layer localization of
target molecules (Amstalden van Hove et al., 2010; Jun et al., 2010). Spatial
distribution of the analytes of interest at the pigmented surface of ‘NZRLM’ intact
leaves and partially digested leaf epidermal cells of ‘NZRLM’ white clover was
investigated using MALDI imaging (Section 2.4.5.4.2).

4.3.1.1.1 MALDI Scanning of ‘NZRLM’ White Clover Leaves Based on Red
and Green Pigmentation
MS based mapping of anthocyanin compounds in pigmented portions of
‘NZRLM’ leaf was undertaken (Figure 4.1). Parent ions of cyanidin-3sambubioside (m/z 580) and delphinidin-3-sambubioside (m/z 596) were
detected at 30 µm spatial resolution. Distribution of fragment ions of delphinidin3-ambubioside (m/z 300 and 301) and fragment ions of cyanidin-3-sambubioside
(m/z 284) were imaged (Figure 4.2).
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A

m/z: 580

m/z: 596

B

m/z: 284

C

m/z: 300

m/z: 301

E

D

F

Figure 4.1 Tissue level MS imaging demonstrated on an ‘NZRLM’ leaf.
(A) MS image of an original ‘NZRLM’ leaf, (B) distribution of parent ion of cyanidin-3sambubioside (m/z 580), (C) distribution of parent ion of delphinidin-3-sambubioside
(m/z 596), (D) distribution of fragment ion of cyanidin-3-sambubioside (anthocyanin
compound 2, m/z 284) (E and F) distribution of fragment ion of delphinidin-3ambubioside (anthocyanin compounds 1, m/z 300 and 301). m/z indicates mass-tocharge ratio (m refers to the molecular mass and z to the charge number of the ion).

300
284
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Figure 4.2 MS spectra showing parent ions (m/z 580 and 596) and fragment ions
(m/z 284, 300, 301) of cyanidin-3-sambubioside and delphinidin-3-ambubioside
obtained by MALDI imaging of ‘NZRLM’ leaf, respectively. m/z indicates mass-tocharge ratio (m refers to the molecular mass and z to the change number of the ion).
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4.3.1.1.2 MALDI Scanning of ‘NZRLM’ White Clover Leaves at the Cell
Specific Level after Partial Enzymatic Digestion
Upper epidermal cells of ‘NZRLM’ leaves attached to the cuticle after partial
enzymatic digestion were used for single cell level biochemical characterisation
of the anthocyanin molecules using MALDI imaging (Figure 4.3). Metabolite
imaging of the epidermal cells led to detection of parent ions of quercetin
glucoside at m/z 463 and delphinidin-3-sambubioside at m/z 596 as well as
fragment ions of delphinidin-3-ambubioside at m/z 300 and cyanidin-3sambubioside at m/z 284 (Figure 4.4).

Figure 4.3 Images of the upper epidermal cells of ‘NZRLM’ leaf after partial
enzymatic digestion mounted onto a MALDI slide for MALDI scanning.

4.3.1.2 White Clover Leaf Metabolome Study
4.3.1.2.1 Profiling White Clover Leaf-Specific Cell Type Metabolome

Biochemical similarity between different cell types was evaluated based on Initial
data processing using Genedata (Section 2.4.5.4.1). These data were subjected
to Principle Component Analysis (PCA) that can yield information on hundreds of
metabolites, providing a wealth of information for subsequent interpretation.

Based on the results, there was a clear separation of trichomes from other cell
types in both ‘Mink’ and ‘NZRLM’ varieties showing a broad range of specific
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metabolites which can be identified in these specific cell types (Figures 4.5 and
4.6B).

a.u. *10e-3
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Figure 4.4 MS spectra showing parent ions of quercetin glucoside (m/z 463) and
delphinidin-3-sambubioside (m/z 596) as well as fragment ions of cyanidin-3sambubioside (m/z 284) and delphinidin-3-ambubioside (m/z 300) obtained by
MALDI imaging of partially digested epidermal cells of ‘NZRLM’ leaf. m/z indicates
mass-to-charge ratio (m refers to the molecular mass and z to the charge number of the
ion).

Other enriched tissues of ‘Mink’ and ‘NZRLM’, including partially digested
epidermal cells and mesophyll cells purified following protoplast isolation,
protoplasts derived from leaf epidermis sorted by FACS based on GFP
expression as well as epidermal cells and mesophyll cells collected by LCM,
were clustered together in both varieties indicating that there are significant
biochemical similarities between these cell types. There was some overlap
between partially digested epidermal cells and mesophyll derived protoplasts,
implying relative similarity of the metabolic profiles between these cell types in
comparison to the other cell types (Figures 4.5 and 4.6A).
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Protoplasts of cells producing GFP from the transgenic CaMV 35S::turbo GFP
control line that were sorted by FACS were grouped a part from epidermal cells
of transgenic lines with epidermis-specific GFP production. Protoplasts isolated
from transgenic CaMV 35S::turbo GFP control line were clustered with
protoplasts isolated from ‘Mink’ and ‘NZRLM’ varieties revealing the biochemical
similarities of these cell types. Protoplasts which were collected from leaves of
transgenic ‘Mink’ line (AtLTP1::turbo GFP:nos) 24 h after isolation were grouped
with ‘Mink’ and ‘NZRLM’ mesophyll derived protoplasts collected on the day of
isolation for LC-MS analysis (Figures 4.5 and 4.6A).

Mink (AtLTP1::turbo GFP:nos)

FACS (CaMV 35S::turbo GFP:nos)

Figure 4.5 PCA plot of normalised LC-ESI (+)MS data from specific cell types of
‘Mink’ and ‘NZRLM’ white clover leaves isolated using FACS, LCM, protoplast
isolation and partial digestion techniques. The colours represent different
methods and shapes represent differe nt cell types as indicated in the figure key.
Component 1 and 2 explained up to 21.4% and 12.4% of the variability,
respectively. The groups yielded by PCA are enclosed in circles.
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In order to compare the biochemical similarity of specific cell types isolated using
different methods, each of the enriched tissues were analysed separately using
Principle Component Analysis (PCA).

For epidermal cells isolated by FACS, LCM and partial enzymatic digestion, PCA
failed to discriminate between ‘Mink’ and ‘NZRLM’ leaf epidermis enriched by
different techniques with the exception of epidermal cells of transgenic ‘Mink’ line
(AtLTP1::turbo GFP:nos) sorted by FACS which was sitting apart from the other
sample sources (Figure 4.7).

A

B

Figure 4.6 3D PCA plots of normalised LC-ESI (+)MS data from specific cell types
of ‘Mink’ and ‘NZRLM’ white clover leaves. (A) LC-MS 3D PCA plot of ‘Mink’ and
‘NZRLM’ leaves specific cell types isolated using FACS, LCM, protoplast isolation
and partial digestion techniques. The colours represent different cell types and
shapes represent different methods as indicated in the figure key. (B) LC-MS 3D
PCA plot of trichomes, mesophyll cells and epidermal cells isolated from ‘Mink’
and ‘NZRLM’ leaves. The colours and shapes represent different cell types as
indicated in the figure key.
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FACS (CaMV 35S::turbo GFP:nos)

Mink (AtLTP1::turbo GFP:nos)

Figure 4.7 PCA plot of normalised LC-ESI (+)MS data from epidermal cells of
‘Mink’ and ‘NZRLM’ white clover leaves isolated using FACS, LCM and partial
digestion techniques. The colours represent different cell types and shapes
represent different methods as indicated in the figure key. Component 1 and 2
explained up to 30.4% and 19.4% of the variability, respectively. The groups
yielded by PCA are enclosed in circles.

For mesophyll cells isolated by LCM and protoplasts, PCA revealed that there
are some clear trends of separation between LCM samples and protoplasts,
suggesting that these two samples are metabolically distinct due to the presence
of other cell types in protoplasts. PCA showed that LCM-derived samples
isolated from ‘Mink’ and ‘NZRLM’ leaves were clustered together (Figure 4.8).
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Figure 4.8 PCA plot of normalised LC-ESI (+)MS data from mesophyll cells of
‘Mink’ and ‘NZRLM’ white clover leaves isolated using LCM and protoplast
isolation methods. The colours represent different type of tissues and shapes
represent different methods as indicated in the figure key. Component 1 and 2
explained up to 24.5% and 17.5% of the variability, respectively. The groups
yielded by PCA are enclosed in circles.

4.3.1.2.2 Profiling the White Clover Leaf Metabolome
The metabolic profiles of different genotypes of white clover, namely ‘Mink’ and
‘NZRLM’ varieties, were evaluated performing principal component analysis
(PCA). The PCA plot generated from metabolic analysis of a total of 36 samples
from different stages of development as well as chevron portions and green
segments of ‘Mink’ and ‘NZRLM’ leaves (4 biological replicates per genotype in
each variety) indicates that components 1 and 2 explain up to 22.4% and 9.9%
of the variability in the data respectively. PCA cannot clearly distinguish a
significant difference between ‘Mink’ and ‘NZRLM’ leaves at different stages of
development (Figure 4.9).
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As the overall PCA showed, the largest differences were between chevron
portions/green segments and different stages of leaf development in ‘Mink’ and
‘NZRLM’ varieties with the exception of fully expanded leaf, white and green
segments of a ‘Mink’ genotype that were clustered separately (Figure 4.9).

Figure 4.9 PCA plot of normalised LC-ESI (+)MS data from ‘Mink’ and ‘NZRLM’
white clover leaves at different stages of development and chevron portions. The
colours represent different type of samples and shapes represent different
varieties as indicated in the figure key. Component 1 and 2 explained up to 22.4%
and 9.9% of the variability, respectively. The groups yielded by PCA are enclosed
in circles.

Each of the white clover varieties at different stages of development as well as
chevron portions and green segments were analysed separately using PCA
(Figures 4.10A and 4.10B).

To summarise, in contrast to analysis of the entire dataset obtained from PCA of
both ‘Mink’ and ‘NZRLM’ varieties, similar separations were observed for
Chevron portions and green segments of different genotypes within each variety
when the varieties were analysed separately.
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A

B

Figure 4.10 PCA plots of normalised LC-ESI (+)MS data from white clover (A)
‘Mink’, and (B) ‘NZRLM’ genotypes at different stages of leaf development and
chevron portions. The colours represent different type of samples, and shapes
represent different genotypes within each variety as indicated in the figure key.
The groups yielded by PCA are enclosed in circles.

Two major clusters were formed corresponding to different stages of
developments in each variety. Fully expanded leaf was separated from
132

Ashtiani

Chapter 4

primordia, closed leaf and 50% open leaf which were grouped together in both
‘Mink’ and ‘NZRLM’ varieties. Primordia, closed leaf and 50% open leaf of ‘Mink’18023 and ‘NZRLM’-164242 genotypes exhibited variability within each variety.

4.3.1.2.3 Semi-Quantitative Analysis of Targeted Metabolites from the
Flavonoid Biosynthesis Pathway in White Clover Leaf and Specific Cell
Types

Relevant mass-to-charge (m/z) values of reference metabolites were calculated
according to chemical structure (Section 2.4.5.4.1) and retention time was
identified with ions extracted at the relevant m/z based on LC-MS data in three
technical replicates. A representative of LC-MS profile of a reference metabolite,
frulic acid, is shown in Figure 4.11.

Following confirmation of the retention time of each reference metabolite (Table
4.3), the content of the flavonoid pathway–related metabolites in white clover leaf
and specific cell types were analysed semi-quantitatively using LCquan (Section
2.4.5.4.1). To measure the content of reference metabolites in each sample, the
peak at the known retention time and mass spectrum was selected and the peak
area was calculated. Reference metabolite content was manually inspected for
each sample to ensure accuracy.
The results of semi quantification of reference metabolites for ‘Mink’ and
‘NZRLM’ leaves, chevron portions and specific cell type are shown in Tables 4.4
and 4.5. To explore metabolite patterns of white clover leaf and specific cell
types, LCquan data was imported into MatLab and the dataset was analysed
using PCA.
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Figure 4.11 Peak assignment for identification of retention time (RT) of a reference
metabolite, frulic acid, based on the accurate mass-to-charge (m/z) values of the
metabolite in positive ionization mode (+ve ESI [M+H]+) in mass spectra.
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Table 4.3 Retention time (RT) of reference metabolites from flavonoid
biosynthesis pathway obtained based on the accurate mass-to-charge (m/z)
values of the metabolites in positive ionization mode +ve ESI [M+H]+ mass
spectrometry.

Reference metabolite

Molecular
formula

Retention
Time

Monoisotopic
mass

Caffeic acid
Ferulic acid

C9H8O4
C10H10O4

8.95
10.97

180.04226
194.05791

Eriodictyol

C15H12O6

13.09

288.06339

Epicatechin
Catechin
Gallocatechin
Kaempferol
Myricetin
Naringenin
Apigenin
Prunetin
Daidzein
Sinapic acid
Dihydrokaempferol
Quercetin
Dihydroquercetin
Epigallocatechin
Genistein
Biochanin A

C15H14O6
C15H14O6
C15H14O7
C15H10O6
C15H10O8
C15H12O5
C21H20O10
C16H12O5
C15H10O4
C11H12O5
C15H12O6
C15H10O7
C15H12O7
C15H14O7
C15H10O5
C16H12O5

9.66
8.95
8.03
14.14
11.96
14.06
11.73
16.55
10.21
10.98
12.19
13.10
11.06
8.60
14.11
16.61

290.07904
290.07904
306.07395
286.04774
318.03757
272.06847
432.10565
284.06847
254.05791
224.06847
288.06339
302.04265
304.05830
306.07395
270.05282
284.06847

Formononetin

C16H12O4

15.19

268.07356

Glycitein

C16H12O5

13.14

284.06847

Liquiritigenin

C15H12O4

17.88

256.07356

Pelargonidin
Luteolin
Phenylalanine

C15H11O7
C15H10O6
C9H11NO2

14.56
10.97
7.05

270.02327
286.04774
165.07898

Accurate mass
in positive
MS Filter
ionization mode
(+ve ESI [M+H]+)
181.04954
120.00-1500.00
195.06519
120.00-1500.00
80.00-2000.00
289.07066
120.00-1500.00
291.08631
200.00-1500.00
291.08631
200.00-1500.00
307.08123
200.00-1500.00
287.05501
200.00-1500.00
319.04484
200.00-1500.00
273.07575
80.00-2000.00
433.11292
200.00-1500.00
285.07575
200.00-1500.00
255.06519
80.00-2000.00
225.07575
200.00-1500.00
289.07066
80.00-2000.00
303.04993
200.00-1500.00
305.06558
200.00-1500.00
307.08123
200.00-1500.00
271.06010
200.00-1500.00
285.07575
80.00-2000.00
80.00-2000.00
269.08084
120.00-1500.00
285.07575
200.00-1500.00
80.00-2000.00
257.08084
120.00-1500.00
271.03055
200.00-1500.00
287.05501
200.00-1500.00
166.08626
120.00-1500.00

4.3.1.2.3.1 Semi-Quantitative Analysis of Targeted Metabolites from
Flavonoid Biosynthesis Pathway in White Clover Specific Cell Types

LC-MS analysis showed that a significant level of Kaempferol was present in
trichomes. The kaempferol content was not detected in other cell types with the
exception of epidermal cells of transgenic ‘Mink’ line (AtLTP1::turbo GFP:nos)
collected by FACS, for which a trace amount of kaempferol was detected.
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Transgenic control
line_FACS

0.04660
0.05624
0.00000
0.08915
0.00000
0.00000
0.00000
0.00000
0.00957
0.00000
0.01213
0.00163
0.03429
0.03258
0.00000
0.00050
0.00058
0.00036
0.00116

0.20093
0.09475
0.00000
0.13132
0.00000
0.00000
0.00761
0.00000
0.41477
0.00000
0.00000
0.10904
0.61525
0.62631
0.00000
0.00139
0.08012
0.06869
0.00258

Transgenic control
line_Protoplasts

P value < 0.05 is considered significant

Phenylalanine
Caffeic Acid
Epicatechin
Diadzein
Frulic acid
Sinapic acid
Pelargonidin
Dihydrokaempferol
Liquirtigenin
Eriodictyol
Glycitein
Naringenin
Apigenin
Genistein
Kaempferol
Formononetin
Prunetin
Biochanin A
Luteolin

Reference
metabolite

Transgenic
line_Protoplasts_24 hr
post isolation
0.01239
0.02069
0.00000
0.06484
0.00010
0.00139
0.00000
0.14379
0.25648
0.03661
0.00000
0.03308
0.22684
0.21524
0.00000
0.00085
0.14423
0.12252
0.00277

Protoplasts
0.02057
0.00547
0.31300
0.05568
0.00004
0.00661
0.00038
0.08745
0.03692
0.00000
0.00718
0.01885
0.03843
0.03660
0.00000
0.00026
0.15520
0.15102
0.00043

Mesophyll cells_LCM
0.00735
0.00000
0.00000
0.00000
0.00065
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.92674
0.00816
0.00766
0.00000
0.00115
0.01967
0.02619
0.00011

Mink

Epidermal cells_LCM
0.02780
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.02441
0.00873
0.00821
0.00000
0.00042
0.01633
0.01424
0.00000

Epidermal cells_FACS
0.00845
0.06273
0.00000
0.51814
0.00000
0.00000
0.00000
0.00000
0.82223
0.99933
0.00000
0.04424
0.64257
0.64882
0.00868
0.00258
0.59792
0.51343
0.05342

Trichomes
0.87245
0.61547
0.00000
0.81690
0.29197
0.84262
0.03759
0.00000
0.15438
0.00000
0.88959
0.34014
0.24877
0.23681
0.42976
0.99351
0.38340
0.32935
0.97205

Protoplasts
0.01781
0.00659
0.15827
0.06772
0.00077
0.00873
0.00078
0.00000
0.01203
0.00000
0.00058
0.00464
0.01292
0.01204
0.00000
0.00044
0.02712
0.03164
0.00002

Mesophyll cells_LCM
0.01008
0.00000
0.00000
0.00000
0.00000
0.00000
0.00357
0.00000
0.00000
0.00000
0.00000
0.01268
0.01632
0.01014
0.00000
0.00030
0.01203
0.01029
0.00019

0.01380
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00478
0.00838
0.00676
0.00000
0.00022
0.01340
0.01149
0.00011

Epidermal cells_LCM

Epidermal cells_FACS
0.00584
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.03920
0.00000
0.00000
0.04756
0.04178
0.02267
0.00000
0.00048
0.28206
0.34915
0.00000

NZRLM

Epidermall cells_Partial
digestion
0.01310
0.00000
0.00000
0.03691
0.00696
0.00000
0.45642
0.31122
0.12168
0.00000
0.00000
0.02496
0.07407
0.06927
0.00000
0.00100
0.20182
0.22166
0.00553

0.43830
0.77747
0.00000
0.00000
0.95630
0.53750
0.47848
0.78468
0.02525
0.00000
0.45619
0.06134
0.25746
0.24508
0.90290
0.11363
0.42589
0.50643
0.22813

Trichomes

0.000
0.000
0.459
0.229
0.000
0.000
0.001
0.025
0.804
0.023
0.000
0.051
0.756
0.786
0.048
0.007
0.045
0.023
0.001

P-value

Table 4.4 Content of flavonoid biosynthesis pathway related metabolites semi-quantified in different cell types of ‘Mink’ and
‘NZRLM’ white clover leaves isolated using FACS, LCM, protoplast isolation and partial enzymatic digestion methods.
Metabolites that were not identified in any of the cell types (zero content), are not listed in the table.
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Primordia

0.32491
1.00000
0.14044
0.43672
0.36265
0.36611
0.67849
0.74175
0.00464
0.00000
0.07888
0.11442
0.00000
0.56504
0.57443
0.58812
0.07429
0.62653
0.33605
0.28727
0.12226

0.21996
0.00000
0.22632
0.07393
0.21962
0.34680
0.47891
0.51127
0.00361
0.50653
0.07966
0.12374
0.00000
0.33911
0.39735
0.40399
0.39401
0.36651
0.13293
0.11426
0.06445

Closed leaf

P value < 0.05 is considered significant

Phenylalanine
Catechin
Caffeic Acid
Epicatechin
Diadzein
Frulic acid
Sinapic acid
Dihydroquercetin
Pelargonidin
Dihydrokaempferol
Liquirtigenin
Glycitein
Quercetin
Naringenin
Apigenin
Genistein
Kaempferol
Formononetin
Prunetin
Biochanin A
Luteolin

Reference metabolite

0.16710
0.00000
0.15035
0.00830
0.14076
0.15351
0.37304
0.30003
0.00235
0.00000
0.04345
0.00000
0.00000
0.12933
0.11908
0.11282
0.04242
0.10049
0.10010
0.08645
0.09403

50% Open
leaf

Whole leaf
0.20347
0.00000
0.22533
0.14274
0.11352
0.32145
0.24277
0.00000
0.01015
0.00000
0.09678
0.11093
0.00000
0.11636
0.11657
0.12252
0.02253
0.11301
0.12618
0.11075
0.44623

Chevron
portion
0.50292
0.00000
0.23513
0.04297
0.14841
0.18292
0.18893
0.00000
0.00805
0.00000
0.15235
0.19463
0.00000
0.19324
0.17208
0.17405
0.04767
0.22677
0.32626
0.24996
0.32838

Green
segment
0.46278
0.00000
0.16501
0.00000
0.13058
0.23967
0.23395
0.00000
0.01334
0.00000
0.44223
0.26794
1.00000
0.34672
0.28444
0.28947
0.04754
0.29687
0.27066
0.23868
0.81177

Primordia
0.26531
0.00000
0.79149
0.75015
0.43179
0.51460
0.00000
0.18700
0.00475
0.00000
0.03059
0.12549
0.00000
0.33784
0.29396
0.29777
0.06830
0.18484
0.14476
0.15704
0.02823

Closed leaf
0.15571
0.00000
0.25672
0.41596
0.54209
0.28463
0.09902
0.23572
0.00486
0.00000
0.00000
0.03426
0.00000
0.26660
0.38602
0.36231
0.29166
0.35404
0.12643
0.10923
0.01171

0.17517
0.00000
0.16469
0.09721
0.29389
0.20247
0.07906
0.08862
0.04959
0.00000
0.05886
0.00000
0.00000
0.15209
0.11985
0.10983
0.23894
0.09899
0.06029
0.05563
0.01539

Whole leaf
0.13996
0.00000
0.15012
0.00000
0.25214
0.17185
0.04826
0.00000
0.47377
0.35099
0.10574
0.09609
0.00000
0.15846
0.14573
0.14639
0.09268
0.06822
0.24674
0.24862
0.05924

NZRLM

50% Open
leaf

Mink

Chevron
portion
0.26043
0.00000
0.12297
0.03793
0.28485
0.22035
0.00609
0.00000
0.87827
0.63335
0.52578
0.71234
0.00000
0.28813
0.23634
0.21963
0.75034
0.16433
0.63326
0.64724
0.03345

0.31129
0.00000
0.12659
0.18677
0.19258
0.25097
0.05792
0.00000
0.03585
0.46808
0.68218
0.56216
0.00000
0.24787
0.21673
0.21775
0.33759
0.33127
0.40160
0.49479
0.01833

Green
segment

0.128
0.008
0.597
0.062
0.327
0.056
0.916
0.157
0.584
0.812
0.033
0.159
0.008
0.053
0.042
0.045
0.608
0.187
0.098
0.212
0.717

P-Value

Table 4.5 Content of flavonoid biosynthesis pathway related metabolites semi-quantified in different stages of leaf development
of ‘Mink’ and ‘NZRLM’ white clover varieties. Metabolites that were not identified in any of the samples (zero content), are not
listed in the table.
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Significant levels of anthocyanidins and dihydroflavonols with pelargonidin and
dihydrokaempferol backbones were identified in tirchomes and partially digested
epidermal cell. Dihydrokaempferol content was higher in trichomes than partially
digested epidermal cells. Levels of pelargonidin in partially digested epidermal
cells were high but still lower than trichomes. Mesophyll cells of ‘Mink’ collected
by LCM showed a significantly higher level of naringenin in comparison to other
cell types. The second highest level of naringinin was observed in trichomes
isolated from ‘Mink’ variety. Significantly higher levels of several phenolic
compounds of the lignin biosynthesis pathway intermediates (caffeic acid, ferulic
acid and sinapic acid) were detected in trichomes in comparison to other cell
types.

Similar levels of prunetin and biochanin A were observed in each cell type. The
highest levels of prunetin and biochanin A were detected in trichomes and
epidermal cells of the transgenic line (AtLTP1::turbo GFP:nos) collected by
FACS. Trace amount of phenylalanine, a starting compound in the flavonoid
biosynthesis pathway, was identified in all different cell types with the exception
of trichomes and protoplasts isolated form CaMV 35S::turbo GFP line for which
significant levels of phenylalanine were identified. A significant level of eriodictyol
was observed in epidermal cells of transgenic ‘Mink’ line (AtLTP1::turbo
GFP:nos) sorted by FCAS. The highest level of diadzein was detected in
trichomes isolated from ‘Mink’ Cultivar. However, epidermal cells of transgenic
‘Mink’ line (AtLTP1::turbo GFP:nos) collected by FCAS also had shown a high
level of diadzein, which was less than the level seen in ‘Mink’ trichomes.
Epicatechin, a flavan 3-ol monomer of proanthocyanidin production, was
detected only in protoplasts isolated from ‘Mink’ and ‘NZRLM’ leaves. Significant
levels of luteolin, glycitein and formononetin were identified in trichomes. Levels
of apigenin measured in different cell types were similar to levels of genistein
identified in the same cell types. A significant level of liquirtigenin was observed
in epidermal cells of transgenic ‘Mink’ line (AtLTP1::turbo GFP:nos) sorted by
FACS. The content of reference metabolites from flavonoid biosynthesis
pathway measured in specific cell types of ‘Mink’ and ‘NZRLM’ white clover
leaves are shown (Figures 4.12, 4.13, 4.14; and Appendix II, Figure 1).
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NZRLM_Epidermall cells_Partial digestion
NZRLM_Epidermal cells_FACS
Mink_Epidermal cells_FACS
NZRLM_Epidermal cells_LCM
Mink_Epidermal cells_LCM
Mink_Transgenic control line_Protoplasts_24 hr post isolation
Mink_Transgenic control line_Protoplasts
Mink_Transgenic control line_FACS

Figure 4.12 Content of flavonoid biosynthesis pathway related metabolites semi-quantified in leaf epidermal cells of ‘Mink’ and
‘NZRLM’ white clover genotypes isolated using LCM and partial digestion methods, and leaf epidermal cells of transgenic ‘Mink’
and ‘NZRLM’ lines (AtLTP1::turbo GFP:nos) isolated using FACS. Protoplasts isolated from ‘Mink’ and ‘NZRLM’ white clover
leaves, and transgenic ‘Mink’ control line (CaMV 35S::turbo GFP) sorted by FACS were used as a reference for enriched epidermal
cells. A colour for each cell type isolated using different techniques is reported in the legend.
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NZRLM_Trichomes

NZRLM_Trichomes
Mink_Trichomes

Figure 4.13 Content of flavonoid biosynthesis pathway related metabolites semi-quantified in trichomes of ‘Mink’ and ‘NZRLM’
white clover leaves collected from three pooled biological replicates of three different genotypes within each variety. A colour
for each variet y is reported in the legend.
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NZRLM_Mesophyll cells_LCM
Mink_Mesophyll cells_LCM
NZRLM_Protoplasts
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Mink_Transgenic control line_Protoplasts

NZRLM_Mesophyll cells_LCM

Mink_Mesophyll cells_LCM

Figure 4.14 Content of flavonoid biosynthesis pathway related metabolites semi-quantified in mesophyll cells of 'Mink’ and
‘NZRLM’ white clover leaves collected from three pooled biological replicates of three different genotypes within each variety
using LCM technique. Leaf mesophyll derived protoplasts from different genotypes of ‘Mink’ and ‘NZRLM’ white clover, were
used as a reference for enriched mesophyll cells by LCM. A colour for each cell type isolated using different techniques is
reported in the legend.
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Results of PCA were similar to those found in PCA plots generated from initial
LC-MS data of specific cell types. Similarly, trichomes were well separated from
other cell types (Figure 4.15). PCA loadings of the cell type metabolites also
showed a tight clustering between protoplasts, mesophyll cells and epidermal
cells with the exception of epidermal cells of transgenic ‘Mink’ line (AtLTP1::turbo
GFP:nos) collected by FCAS which was sitting apart from other cell types
(Figures 4.15 and 4.16).

Mink (AtLTP1::turbo GFP:nos)

Figure 4.15 PCA of normalised LC-ESI (+)MS data when the data were semiquantified for flavonoid biosynthesis pathway related metabolites in ‘Mink’ and
‘NZRLM’ white clover leaves specific cell types isolated using FACS, LCM,
protoplast isolation and partial digestion techniques. Component 1 and 2
explained up to 44.1% and 12.2% of the variability, respectively. Circle represents
grouping related to specific cell type. A symbol for each cell type isolated using
different techniques is reported in the legend.

Investigation of the PCA loading plots of epidermal cells isolated using different
techniques revealed that partially digested epidermal cells were clearly
distinguishable from other samples (Figure 4.17).
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Mink (AtLTP1::turbo GFP:nos)

Figure 4.16 PCA of normalised LC-ESI (+)MS data when the data were semiquantified for flavonoid biosynthesis pathway related metabolites in ‘Mink’ and
‘NZRLM’ white clover leaves specific cell types. Component 1 and 2 explained up
to 44.1% and 12.2% of the variability, respectively. Circles represent grouping
related to specific cell types. A symbol for each cell type is reported in the legend.

Epidermal cells collected by LCM were tightly grouped together. Protoplasts and
GFP expressing cells of transgenic control line (CaMV 35S::turbo GFP:nos)
sorted by FACS were well separated from epidermal cells collected using
different techniques (Figure 4.17). The PCA plot shown in Figure 4.17 also
demonstrated that the separation between epidermal cells isolated using
different techniques is largely in PC1.
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Mink
(AtLTP1::turbo GFP:nos)

FACS (CaMV 35S::turbo GFP:nos)

Figure 4.17 PCA of normalised LC-ESI (+)MS data when the data were semiquantified for flavonoid biosynthesis pathway related metabolites in ‘Mink’ and
‘NZRLM’ white clover leaves specific cell types. Component 1 and 2 explained up
to 44.5% and 20.9% of the variability, respectively. Circles represent grouping
related to specific cell types. A symbol for each cell type is reported in the legend.

4.3.1.2.3.2 Semi-Quantitative Analysis of Targeted Metabolites from the
Flavonoid Biosynthesis Pathway in White Clover Leaf
The results of semi-quantitative analysis of reference metabolites in ‘Mink’ and
‘NZRLM’ white clover leaves (Figures 4.18, 4.19, 4.20 and Appendix II, Figure 2)
showed that a significant level of quercetin was detected in the green segments
of ‘Mink’ leaves. Quercetin content was not detected in other tissues. Levels of
caffeic acid and frulic acid were higher in primorida of ‘NZRLM’ variety than other
tissues.

Significant levels of sinapic acid, dihydroquercetin, naringenin, apigenin,
genistein and formononetin were identified in ‘Mink’ primordia. Red chevron of
‘NZRLM’ variety showed significantly higher levels of pelargonidin, kaempferol
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and dihydrokaempferol in comparison to other tissues.

The level of

dihydrokaempferol in ‘Mink’ closed leaf and green segments of ‘NZRLM’ were
high but still less than in ‘NZRLM’ red chevron. Significant levels of catechin and
epicatechin, flavan 3-ol monomers of proanthocyanidin production, were present
in primordia of ‘Mink’ and ‘NZRLM’ varieties respectively. The catechin content
was not identified in other tissues. Similar levels of prunetin and biochanin A
were observed in similar tissues. Highest levels of the prunetin and biochanin A
were identified in red chevron of ‘NZRLM’ variety.

Level of phenylalanine content did not significantly differ between different
tissues with the exception of green segment and white chevron of ‘Mink’ that
showed significantly higher levels of phenyalanine. Significantly, higher levels of
liquirtigenin and luteolin were detected in ‘NZRLM’ green segment in comparison
to other tissues. Significant levels of diadzein and glycitein were identified in
closed leaf and red chevron of ‘NZRLM’ variety, respectively.
Based on the results of LC-MS analysis of ‘Mink’ and ‘NZRLM’ leaves via PCA,
primordia and closed leaf were clearly separated from fully expanded leaf, 50%
open, chevrons and green segments (Figure 4.21). Fully expanded leaf and 50%
open leaf of ‘Mink’ and ‘NZRLM’ varieties appeared to be clustered, and these
were overlaid with chevron portions and green segments of ‘Mink’ and ‘NZRLM’
varieties, potentially indicating some metabolic similarities between these tissue
types. Chevron portions and green segments of ‘Mink’ and ‘NZRLM’, although
not tightly clustered, appear to be separating from primordia and closed leaf
stages (Figure 4.21).
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NZRLM_Closed leaf
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NZRLM_50% Open leaf
Mink_50% Open leaf
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NZRLM_Closed leaf

Mink_Closed leaf

Figure 4.18 Content of flavonoid biosynthesis pathway related metabolites semi-quantified in different stages of development and
chevron portions of ‘Mink’ and ‘NZRLM’ white clover leaves. A colour for each type of tissue is reported in the legend.
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Figure 4.19 Content of flavonoid biosynthesis pathway related metabolites semi-quantified in different stages of leaf development
and chevron portions of ‘Mink’ genotypes. A colour for each type of tissue in different enotypes is reported in the legend.
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Figure 4.20 Content of flavonoid biosynthesis pathway related metabolites semi-quantified in different stages of leaf development
and chevron portions of ‘NZRLM’ white clover genotypes. A colour for each type of tissue in different genotypes is reported in the
legend.
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Results of PCA plots within each variety showed similar separation for primordia
and closed leaf of ‘Mink’ and ‘NZRLM’ varieties. Fully expanded leaf, 50% open
leaf, chevron portions and green segments were grouped together within each
variety (Figures 4.22A and 4.22B).

A

Figure 4.21 PCA of normalised LC-ESI (+)MS data when the data were semiquantified for flavonoid biosynthesis pathway related metabolites in ‘Mink’ and
‘NZRLM’ white clover leaves at different stages of development and chevron
portions. Component 1 and 2 explained up to 26.3% and 16.9% of the variability,
respectively. Circles represent grouping related to specific tissue. A symbol for
each tissue is reported in the legend.
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A

B

Figure 4.22 PCA of normalised LC-ESI (+)MS data when the data were semiquantified for flavonoid biosynthesis pathway related metabolites in leaf of white
clover (A) ‘Mink’, and (B) ‘NZRLM’ genotypes at different stages of development
and chevron portions. Circles represent grouping related to specific tissue. A
symbol for each tissue is reported in the legend.
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4.3.2 Tissue-Specific Transcriptome Analysis of White Clover Leaves
High-throughput Illumina sequencing was utilized for gene expression profiling of
‘Mink’ and ‘NZRLM’ white clover leaves and specific cell types. In order to obtain
gene expression and metabolite profiles from the same sample, a methanol-RNA
method was evaluated. Extraction of metabolites was performed from 50 mg
white clover ground leaf tissue at primordia, closed leaf and fully expanded
stages of development at 4°C and ambient temperature conditions using a 80%
(v v-1) methanol-water solution. The remaining pellets were used for extraction of
RNA and the integrity of RNA extracted from the remaining pellets of metabolite
extraction procedure was assayed. Since the integrity of RNA did not appear to
be reduced, it was concluded that pellets remaining from the metabolite
extraction procedure run at ambient temperature and 4°C could be used for RNA
extraction (Figure 4.23).

Figure 4.23 Gel electrophoresis of RNA extracted from the pellets of the
metabolite extraction procedure run at ambient temperature (RT) and 4°C. (A)
Fully expanded leaf, (B) Closed leaf, (C) Primordia.

Following evaluation of the Methanol-RNA method, extraction of RNA from a
range of white clover leaf mesophyll derived protoplasts (10 x103, 50 x103 and
100 x103 cells) was performed in order to obtain an estimate of the number of
cells required for transcriptomic analysis. Results showed that extraction of total
RNA from 100 x103 cells provides sufficient yield for transcriptomic analysis
(Figure 4.24).
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Figure 4.24 RNA extracted from ‘Mink’ leaf mesophyll derived protoplasts run on
an Agilent bioanalyzer. RNA was extracted from (A) 10 x103 cells, (B) 50 x103
cells, and (C) 100 x103 cells.

38 RNA libraries were made from ‘Mink’ and ‘NZRLM’ white clover leaves and
specific cell types (Tables 4.6 and 4.7) and sequenced on an Illumina HiSeq
2000 as described in Section 2.4.5.5.1.

Table 4.6 Different stages of leaf development and chevron portions of ‘Mink’ and
‘NZRLM’ genotypes collected for transcriptomic analysis.
Cultivar

Tissue type
Primordia

Amount of tissue (mg)
used for transcriptomics
50

Closed leaf
Mink-Wild type

50% open leaf
Green segment

100

White Chevron
Whole leaf
Primordia

50

Closed leaf
NZRLM- Wild type

50% open leaf
Green segment
Red Chevron
Whole leaf
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Table 4.7 Different cell types of ‘NZRLM’ leaves isolated using different
techniques for transcriptomic analysis.

Cultivar

Cell Type

Technique

NZRLM-Wild type
NZRLM-Transgenic line
(AtLTP1::turbo GFP:nos)

Trichomes

Mechanical isolation

Epidermal cells

FACS

Number of cells isolated
for transcriptomics
15E+3
1E+5

Following processing, when generated sequence reads were quality trimmed,
there were a total of 331,978,479 quality reads remaining (Table 4.8).

Table 4.8 Quality reads remained following processing of generated sequence
reads from 38 RNA libraries of white clover leaf and specific cell types using a
custom PERL script.

Library
Quality Reads
C2DU1ACXX_Mink-18023-50percentOpen
28,931,880
C2DU1ACXX_Mink-18023-Chevronportion
26,645,215
C2DU1ACXX_Mink-18023-Closedleaf
18,821,795
C2DU1ACXX_Mink-18023-Primordia
18,627,163
C2PA1ACXX_Mink-18023-Greensegment
1,283,253
C2PA1ACXX_Mink-18023-Wholeleaf
676,044
C2PA1ACXX_Mink-18371-50percentOpen
1,094,235
C2PA1ACXX_Mink-18371-Chevronportion
933,127
C2PA1ACXX_Mink-18371-Closedleaf
593,523
C2PA1ACXX_Mink-18371-Primordia
1,879,325
C2PA1ACXX_Mink-18371-Greensegment
719,137
C2PA1ACXX_Mink-18371-Wholeleaf
626,865
C2PA1ACXX_Mink-18372-50percentOpen
654,595
C2PA1ACXX_Mink-18372-Chevronportion
506,671
C2PA1ACXX_Mink-18372-Closedleaf
450,402
C2PA1ACXX_Mink-18372-Primordia
815,978
C2PA1ACXX_Mink-18372-Greensegment
747,639
C2PA1ACXX_Mink-18372-Wholeleaf
939,020

Library
Quality Reads
C2DU1ACXX_NZRLM-164240-50percentOpen
16,230,531
C2DU1ACXX_NZRLM-164240-Chevronportion
22,493,250
C2DU1ACXX_NZRLM-164240-Closedleaf
16,666,539
C2DU1ACXX_NZRLM-164240-Primordia
21,038,091
C2PA1ACXX_NZRLM-164240-Greensegment
1,025,588
C2PA1ACXX_NZRLM-164240-Wholeleaf
962,388
C2DU1ACXX_NZRLM-164241-50percentOpen
46,532,534
C2DU1ACXX_NZRLM-164241-Chevronportion
36,273,950
C2DU1ACXX_NZRLM-164241-Closedleaf
30,942,660
C2DU1ACXX_NZRLM-164241-Primordia
26,639,342
C2PA1ACXX_NZRLM-164241-Greensegment
620,593
C2PA1ACXX_NZRLM-164241-Wholeleaf
825,204
C2PA1ACXX_NZRLM-164242-50percentOpen
1,014,783
C2PA1ACXX_NZRLM-164242-Chevronportion
1,142,617
C2PA1ACXX_NZRLM-164242-Closedleaf
982,990
C2PA1ACXX_NZRLM-164242-Primordia
867,149
C2PA1ACXX_NZRLM-164242-Greensegment
1,787,563
C2PA1ACXX_NZRLM-164242-Wholeleaf
346,010
C2PA1ACXX_NZRLM-Leafepidermis
408,161
C2PA1ACXX_NZRLM-Trichomes
232,669

SoapDenovo-TranscriptomeTM was used to assemble a reference set of contigs
and scaffolds from all of the quality reads, and a range of Kmers were trialed to
identify the optimal assembly. The Kmer of 47 was chosen as the optimum
balance between increasing average contig lengths while retaining reads in the
assembly (Table 4.9).

153

Ashtiani

Chapter 4

Table 4.9 Different range of Kmers (K31, K39, K41, K43, K47, K51 and K71) trailed
to all of the quality reads to identify the optimal assembly that was the optimum
balance between increasing average contig lengths while retaining reads in the
assembly.

k31
Reads deleted
Contigs longer than 100bp
Sum length bp
Average length
Longest contig
Contig N50
Contig N90
Number of contigs longer than k+1
Output reads in gaps
Output reads mapped to contigs
Contigs/scaffs in scaf seq
Loci
LINEAR
FORK
BUBBLE
COMPLEX

k39
k41
k43
k47
k51
k71
4,645,571
6,956,210
8,207,583
9,023,583 11,045,675 13,472,123 34,194,183
703,762
738,018
643,415
630,335
608,475
674,244
339,461
132,909,903 142,218,604 132,043,609 131,327,063 129,179,426 135,317,479 88,246,494
188
192
205
208
212
200
259
14862
8067
8218
8222
8208
8223
8278
191
192
205
208
213
208
281
113
119
125
129
131
106
143
1,095,697
981,117
860,954
825,083
857,079
784,454
363,583
42.40%
45.50%
44.40%
43.60%
44.60%
43.30%
29.50%
93.30%
90.40%
89.90%
88.80%
87.20%
84.70%
64.60%
647,062
675,874
580,375
566,769
540,648
605,399
290,172
242,462
251,569
251,612
250,309
249,277
235,337
104,884
23,634
21,919
21,350
20,785
20,799
19,136
9,136
4,370
5,273
5,381
5,427
5,640
5,650
3,901
1,010
944
921
869
878
795
553
3,441
5,119
5,483
5,826
6,809
7,377
6,993

A total of 35,351 individual contigs/scaffolds were assembled following further
assembly to a final total of 6,232 consensus contigs using individual CAP3
based assemblies. An initial reference collection of 511,529 contigs was
generated when all of the assembled contigs/scaffolds were merged (Table
4.10). Only contigs >200bp were accepted and this left a total of 170,588 contigs
(Figure 4.25).

Table 4.10 All of the assembled contigs/scaffolds merged to generate an initial
reference collection of 511,529 contigs.
Size of contig
<200
201-300
301-400
401-500
501-600
601-700
701-800
801-900
901-1000
>1000

N contigs
340,941
92,409
33,475
16,118
8,783
5,129
3,349
2,393
1,768
7,164
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%
66.6513531
18.06525143
6.544106004
3.150945499
1.717009202
1.0026802
0.654703839
0.467813164
0.345630453
1.400507107
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A

B

Figure 4.25 Ratio of assembled contigs/scaffolds merged to generate reference
collection of contigs for gene expression study of white clover leaf and specific
cell types. (A) All of the assembled contigs/scaffolds >100bp merged to generate
an initial reference collection of 511,529 contigs. (B) All of the assembled
contigs/scaffolds >200bp accepted to generate a reference collection of 170,588
contigs.

A single FASTA file made from the 38 RNA libraries was BLASTN analysed using
the reference contig data set. Number of reads mapped per library is shown in
Table 4.11.
There were only 11 libraries with similar numbers of counts that can be easily
compared. Of these, 8 different tissues of ‘NZRLM’-164241 genotype (primordia,
closed leaf, chevron and 50% open) and the same samples from ‘Mink’-18023
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genotype were normalised to the 3

rd

quartile of the library with the most reads

(Table 4.12).
Table 4.11 Number of reads mapped to each of the 38 libraries which were
generated from white clover ‘Mink’ and ‘NZRLM’ leaf and specific cell types.

Each of the target sequences (170590 contigs/scaffolds) was used in two blast
searches as described in chapter 2 section 2.4.5.5.5 (BLASTx against TAIR10
arabidopsis

proteins

and

BLASTn

against

Mt4.0v1_GenesCDSSeq_20130731_1800.fasta). Of these, 22489 and 121699
contigs had no predicted function, and 148099 and 48889 contigs had a
database hit when they were assigned to A. thaliana and M. truncatula proteins,
respectively. Normalized expression data were filtered based on the e-value
threshold cut of 1e-05 (Section 2.4.5.5.5) and then were searched for enzymes
involved in flavonoid biosynthesis pathway.
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Table 4.12 Table shows the sum of all mapped reads per 11 libraries of ‘NZRLM’164241 and ‘Mink’-18023 genotypes with similar number of counts, the number of
contigs with a mapped read and values normalised to the 3rd quartile of the
library.
Variety

Mink

Genotype

18023

NZRLM

164241

Tissue Type

SUM

ctgs_gt0

Q3

50% open leaf

19187411

132307

37

Chevron

119693

41

Closed leaf

17488113
12125837

126194

27

Primordia

11033641

134874

45

50% open leaf

29154795

142848

64

Chevron

23780134

105374

56

Closed leaf

19489224

135606

59

Primordia

16516038

140286

56

The expression value of each gene (Appendix III, Table 1) was plotted against
the developmental stages and chevron portions of ‘Mink’ and ‘NZRLM’ varieties
to evaluate expression pattern of the transcripts across the developing white
clover leaves and chevron portions between and within the varieties.

4.3.3 Expression Analysis of Flavonoid Biosynthesis Pathway Genes in
‘Mink’ and ‘NZRLM’ White Clover Leaves

Transcript accumulation patterns of flavonoid biosynthesis pathway-related
candidate

genes

showed

different

transcriptional

profiles

when

three

developmental stages of leaf (primordia, closed leaf and 50% open leaf) as well
as chevron portions of ‘Mink’ and ‘NZRLM’ varieties were compared.
Most of the differentially expressed genes (36% and 38% of ‘Mink’ and ‘NZRLM’
genes, respectively), showed expression peaks in chevron portions. A smaller
number of the genes (16% and 20% of ‘Mink’ and ‘NZRLM’ differentially
expressed genes) had their highest expression at the primordia stage. Some of
the differentially expressed genes (18% and 19% of genes) showed the
expression pattern, with the peak in expression at 50% open leaf stages of ‘Mink’
and ‘NZRLM’, respectively. Similar portions of differentially expressed genes
157

Ashtiani

Chapter 4

(13% and 12% of ‘Mink’ and ‘NZRLM’ genes), had expression pattern with peak
at closed leaf stage of both varieties. There were 17% and 11% remaining
portions of ‘Mink’ and ‘NZRLM’ differentially expressed genes, which had an
expression that was not correlated with a specific developmental stage and/or
portions (Figure 4.26).

Mink
Primordia

Closed leaf

Chevron portion

Others

50% Open leaf

NZRLM
Primordia

Closed leaf

Chevron portion

Others

50% Open leaf

Figure 4.26 Ratio of differentially expressed flavonoid biosynthesis pathway
related candidate genes in ‘Mink’ and ‘NZRLM’ white clover leaves with pick in
expression at primordia, closed leaf, 50% open leaf and chevron portions.
“Others” represent the group of genes which had none correlated expression
pattern with a specific developmental stage and/or portions.
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Differentially expressed genes included white clover homologues of the known
flavonoid enzymes, flavonoid-related transcription factors, transporters and
cytochrome P450 enzymes involved in flavonoid biosynthesis (Tables 4.13 and
4.14, and appendix III, Figure 1).

Some transporters and flavonoid biosynthetic enzymes encoded by multigene
families, showed the expression pattern with equally expression at the
developing white clover leaves as well as chevron portions. White clover
homologues representing the ANR gene had their highest expression at ‘Mink’
primordia and closed leaf stages of both varieties. One of the homologues of
ANR gene that had expression profiles with peak at closed leaf stage of ‘NZRLM’
variety, showed similar expression level at ‘NZRLM’ 50% open leaf stage.
Expression

of

‘NZRLM’

one

homologue

of

ANS,

FLS

and

UDP-

glucosyltransferase genes was high at closed leaf, 50% open and primordial
stages of ‘NZRLM’ leaf development, respectively.

There were three ANS, two UDP-glucosyltransferases, and one DFR genes with
high levels of expression at the primordia stage of the ‘Mink’ variety. F3H was
highly expressed in ‘Mink’ chevron portion and primordia of ‘NZRLM’. Two
homologues of FLS had expression profiles with peak at 50% open leaf, and one
homologue at closed leaf stage of ‘Mink’.

UDP-glucosyltransferase and ANS genes were also developmentally regulated
in the leaf of ‘NZRLM’. Two of the UDP-glucosyltransferase and ANS
homologues were highly expressed in ‘NZRLM’ chevron portion. There were
another two homologues of the genes with significant levels of expression at
50%

open

stage

of

‘NZRLM’

leaf

development.

Two

‘Mink’

UDP-

glucosyltransferase homologues showed high expression levels at closed leaf
stage and chevron portions.
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Sequence

C1578920 83.0
C1541927 66.0

CHI
CHI
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CHI
CHI

C1639969 60.0
C1553883 70.0
C1292825 63.0

C1634299 101.0 Cytochrome P450

FLS2
ANS
ANS
ANS

C1451250 104.0
C1703243 22.0
C1584854 95.0

C1659553 53.0
C1682903 5.0
C1435119 4.0
C1629581 70.0
C1349203 33.0

Phenylalanine ammonia-lyase

Phenylalanine ammonia-lyase

PAL2

PAL4

Caffeic acid O-methyltransferase

C1672823 6.0

C1665971 59.0

C1701937 45.0

C1621101 18.0

C1541591 5.0

C1648211 39.0 Caffeic acid O-methyltransferase

C1649483 95.0 Caffeic acid O-methyltransferase

C1709935 56.0 Caffeic acid O-methyltransferase

Next page

CHI
C1595969 5.0

FLS

C1533909 3.0

Phenylalanine ammonia-lyase

C1687073 50.0

ANS

FLS

F3H

ANR1

C1625945 82.0

C1595969 5.0

C1540555 89.0

C1471421 64.0

CYP712A1

Cytochrome P450

CHI

CHI

CHI

CHI

C1698663 22.0

Phenylalanine ammonia-lyase

C1573184 98.0

C1441214 70.0

CHI

C1693945 11.0

Glycosyltransferase

C1699749 6.0

CHS3
ANR1-1

C1704817 11.0
C1670365 44.0

CHI

C1646635 36.0

Glycosyltransferase

C1697835 62.0

Chalcone synthase

C1338673 64.0

C1507545 7.0

UDP-glcnac-adolichol phosphate

C1446528 6.0
C1584600 73.0

C1315761 108.0

C1341887 18.0

C1485344 112.0 Chalcone and stilbene synthase

C1701623 31.0

CHI

UDP-glucosyltransferase

Caffeic acid O-methyltransferase

C1321947 14.0

C1280709 95.0

Chalcone and stilbene synthase

C1394930 5.0

C1625945 82.0

CHI

CHI

C1331983 14.0

Chalcone and stilbene synthase

C1303989 36.0

C1303475 62.0

CHI

C1420842 15.0

Caffeic acid O-methyltransferase C1579956 115.0

Caffeic acid O-methyltransferase

C1450140 27.0

C1324385 3.0

Chalcone and stilbene synthase

Glycosyltransferase

C1488088 63.0

Chalcone and stilbene synthase

C1411866 63.0

C1350561 61.0

C1511638 22.0

C1452029 42.0

C1537705 21.0

Caffeic acid O-methyltransferase

CHI

C1306241 2.0

Caffeic acid O-methyltransferase

CHI

C1339303 2.0

Caffeic acid O-methyltransferase

C1661267 66.0

C1577500 90.0

C1373588 105.0 Chalcone and stilbene synthase

Sequence

description
C1710505 14.0

Gene Annotation

Chalcone synthase

C1341713 2.0

Chalcone and stilbene synthase

C1667895 50.0

Sequence

description
CHI

Gene Annotation

C1606367 7.0

C1596723 7.0

description

Chalcone and stilbene synthase

Gene Annotation

C1661731 65.0

description

Flavonoid pathway enzymes

O-methyltransferase family protein

Isoflavone-7-O-methyltransferase

Isoflavone-7-O-methyltransferase

Isoflavone-7-O-methyltransferase

Isoflavone-7-O-methyltransferase

CYP705A20

CYP712A1

CYP71B2

CYP82C4

Cytochrome P450

Cytochrome P450

Gene Annotation

Table 4.13 Homologues of differentially expressed structural genes, transcription factors and subcellular transporters in
transcriptomic analysis of ‘Mink’ and ‘NZRLM’ white clover leaves primordia, closed leaf, 5o% open leaf and chevron portions.
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MYB4

MYB3

MYB59

MYB5

MYB5

R2R3-MYB

R2R3-MYB

MYB5

R2R3-MYB

R2R3-MYB

MYC

TT8, BHLH42

TT8, BHLH42

C1695983 13.0

C1713073 53.0

C1366090 32.0

C1458745 26.0

C1514610 8.0

C1519480 2.0

C1564959 19.0

C1580022 77.0

C1681347 73.0

C1352499 82.0

C1516602 55.0

C1522290 2.0

MYB59

C1558315 40.0

C1674631 23.0

MYB1

C1458745 26.0

PAP1

MYB14

C1389870 7.0

C1662435 34.0

MYB4

C1381941 63.0

MYB1

MYB4

C1377785 2.0

C1645451 26.0

MYB59

C1375516 41.0

MYB3R-5

MYB4

C1339159 12.0

C1600101 2.0

MYB10

C1279851 3.0

description

Sequence

Gene Annotation

C1711619 41.0

MADS-box

C1704965 63.0 TTG1, TTG | WD40

Transcription factors
Gene
Sequence
Annotation
description

Table 4.13 ‒Continued.
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C1646925 83.0

C1680305 94.0

C1637941 90.0

C1633009 3.0

C1406760 68.0

C1674011 12.0

C1622075 57.0

C1656337 33.0

C1397140 75.0

C1350613 52.0

C1402500 5.0

C1304135 68.0

C1459499 62.0

C1503753 60.0

C1404358 18.0

C1528594 64.0

C1482668 18.0

C1498213 49.0

C1659915 59.0

C1667999 64.0

C1592345 70.0

C1698279 88.0

C1698251 67.0

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

C1597887 10.0

C1328769 76.0

C1700825 47.0

C1473505 42.0

C1584570 8.0

C1581018 3.0

C1653913 15.0

C1333991 3.0

C1709155 19.0

C1711153 62.0

C1328757 75.0

C1676699 62.0

C1587752 54.0

C1534935 104.0

C1385930 2.0

C1369650 32.0

C1671977 45.0

C1281159 91.0

C1444070 84.0

C1570996 11.0

C1482610 71.0

C1594881 48.0

description
Glutathione S-transferase

description
C1609301 81.0

Subcellular transporters
Gene Annotation
Sequence

Sequence

Flavonoid pathway genes

ATGSTZ1

ATGSTT2

GSTL3

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Glutathione S-transferase

Gene Annotation
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Three homologues of DFR and two homologues of FLS genes were highly
expressed in chevron portion and primordia of ‘NZRLM’, respectively. There
were two homologues of DFR and one homologue of ANS genes with high
expression levels at chevron portion of ‘Mink’ variety. F3H was highly expressed
in ‘Mink’ chevron portion and primordia of ‘NZRLM’.

Thirteen homologues of CHS were found at the developing white clover leaves
and chevron portions. Three of the homologues peaked at 50% open leaf stage
of ‘Mink’ and two of them peaked at 50% open leaf stage of ‘NZRLM’ variety.
One of the homologues of CHS gene that had high expression at 50% open leaf
stage of ‘NZRLM’, showed similar expression level at primordia stage of
‘NZRLM’ leaf development. There was one CHS homologue with high level of
expression at ‘Mink’ closed leaf. Another two homologues peaked at primordia
stage of ‘NZRLM’ leaf development. A greater number of CHS homologues
(seven homologues in ‘Mink’ and nine homologues in ‘NZRLM’ leaf) peaked at
chevron portion of both varieties.
‘Mink’ and ‘NZRLM’ homologues of flavonoid structural genes including CHI and
phenylalanine ammonia-lyase (PAL), cytochrome P450 enzymes, MADS-box
and MYB/R2-R3-MYB flavonoid related transcription factors and genes
potentially involved in the subcellular transport and methylation or glycosylation
of anthocyanins, were differentially expressed at different stages of development
and chevron portions. TT8 and TTG1 homologues involving a basic helixloophelix (bHLH), and a WD40 repeat protein were developmentally regulated in
‘Mink’ and ‘NZRLM’ leaves. Two homologues of TT8 peaked at ‘Mink’ primordia,
and another two homologues peaked at 50% open leaf and primordia stages of
‘NZRLM’ variety. There were two homologues of TTG1 peaked at ‘Mink’
primordia and 50% open stage of ‘NZRLM’ leaf development. White clover
homologues representing MYC family of transcription factors were found in all
three stages of development of both varieties.
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4.4 Discussion

Transcriptional regulation of flavonoid biosynthetic genes in different plant
species underlies the developmental organization of flavonoid biosynthesis in a
cell-specific manner (Roth et al.,1991; Tuerck and Fromm, 1994; Johnson et al.,
2002; Nesi et al., 2002; Debeaujon et al., 2003; Grimplet et al., 2007;
Abeynayake et al., 2012). The use of current advanced technologies has
dramatically changed the quality and resolution of ‘omics’ analyses.

The integration of advances in isolating specific cell populations from complex
organs to generate cell type-specific metabolite and transcriptome profiles
should aid in functional annotation of genes at the cellular level with previously
unknown function genes at the organ level, as well as refinements to existing
gene networks (Lyer-Pascuzzi and Benfey, 2009; Moreno-Risueno et al., 2010;
Brady et al., 2011). The application of new methods in isolating specific cell
populations and omics-based comparison at single cell resolution have led to a
better understanding of the gene regulatory networks (Lyer-Pascuzzi and
Benfey, 2009; Moreno-Risueno et al., 2010; Wang and Bodovitz, 2010; Brady et
al., 2011).

In the present study, metabolite and transcript profiles of white clover varieties
‘Mink’ and ‘NZRLM’ leaves and specific cell types were evaluated. MALDI, LCMS and RNA-Seq were applied to whole tissues, specifically enriched tissues
(trichomes, epidermis and mesophyll) and single cell types isolated using
different techniques, including FACS, LCM and partial enzymatic digestion of
white clover leaves.
MALDI imaging of anthocyanin compounds in the pigmented area of the
‘NZRLM’ leaf and partially digested epidermal cells revealed the presence of two
major molecules, delphinidin 3- sambubioside and cyanidin 3-sambubioside
which were similar to the molecules identified by Abeynayake et al. (2012) in
biochemical analysis of 50% open flowers of white clover plants. The parent ion
of quercetin glucoside was also detected in metabolite imaging of the partially
digested epidermal cells. An increased level of quercetin glycoside representing
163

Ashtiani

Chapter 4

a B-ring hydroxylated variant of dihydroquercetin (R3′ = 0H, R5´ = H) was
reported at the most immature stages of white clover flowers (Abeynayake et al.,
2012). These findings suggest the activity of ANS and FLS in partially digested
upper epidermal cells of ‘NZRLM’ leaf.

MALDI imaging has been used to study the distribution of a wide variety of
metabolites including, epicuticular lipids in Arabidopsis leaves (Vrkoslav et al.,
2010), flowers and roots (Jun et al., 2010), glucosinolate compounds in leaves of
Arabidopsis (Shroff et al., 2008), and herbicides on the surface of soya leaves
(Mullen et al., 2005). Burrell et al. (2007) have used MALDI to understand how
temperature alters distribution of metabolites during development of wheat seed.

MALDI has the advantage of simple and rapid sample handling and can be more
rapid and sensitive for metabolites that are fairly stable. The main problem with
MALDI has been assigning a mass to metabolites due to the low spatial
resolution (30 µm) of this method, and hundreds of masses can be detected
above the background signal. This method is unlikely to be sufficiently robust for
comprehensive analysis of metabolites and there is a need for using detailed
MS/MS work or NMR, as complementary methods to MALDI. MALDI method can
only be used when the distribution of metabolites needs to be determined
(Burrell et al., 2007).

Plant tissues may contain up to 100,000 metabolites, but there is no information
on the number of metabolites in a single cell (Harborne et al., 1999; Fiehn et al.,
2000; Edwards and Kennedy, 2005; Wang and Bodovitz, 2010; Misra et al.,
2014). Metabolomics, a comprehensive metabolite analysis, could provide a
more dynamic image of cell function relative to other ‘omics’ analysis. However,
metabolomics analysis of single cells is a tough challenge and the most difficult
to measure because of the small size of single cells and such a tiny quantity of
metabolites in a single cell. Unlike genes, it is not possible to amplify metabolites
using existing technology.

Schad et al. (2005) have studied metabolic profiles of vascular bundles of A.
thaliana

stem

collected

by

laser

microdissection
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In addition, Ebert et al. (2010) reported

metabolic profiling of A.thaliana epidermal cells, including pavement, basal and
trichome cells by using microcapillaries and gas chromatography-mass
spectrometry (GC-MS). Several techniques have been tested and developed to
analyse metabolites in a single cell, and particularly in mass spectrometry,
noticeable improvement in both detection sensitivity and ionization techniques
have pioneered the challenge for metabolomic analysis of single cells (Saito and
Matsuda, 2010).
In this study, metabolites extracted from white clover ‘Mink’ and ‘NZRLM’ leaves
at four different stages of development, chevron portions, green segments and
specific cell types were subjected to LC-MS analysis. RNA extracted from the
remaining pellet of metabolite extraction procedure was used for generation of
RNA libraries and transcriptomic analysis. Transcript accumulation profiles of
flavonoid-related candidate genes were analysed in primordia, closed leaf, 50%
open leaf and chevron portions of white clover ‘Mink’ and ‘NZRLM’ varieties, and
white clover homologues of flavonoid biosynthesis related candidate genes have
been identified using RNA-Seq technology. In this study, the prediction of
specific metabolite activity and function based on the comparison of metabolite
and transcriptome profiles obtained from the same sample was counducted.

Methodologies for semi-quantitative analysis of targeted metabolites from
flavonoid biosynthesis pathway (Section 2.4.5.4.1) in white clover leaf specific
cell types was successfully optimised using nanoflow liquid chromatography
mass spectrometry analysis.

Initially, the presence or absence of reference metabolites from the flavonoid
biosynthesis pathway (Section 2.4.5.4.1) in white clover ‘Mink’ and ‘NZRLM’
leaves and specific cell types was tested and then the levels of metabolites were
semi-quantified (Tables 4.4 and 4.5). Metabolic variations between different
tissues and developmental stages of white clover ‘Mink’ and ‘NZRLM’ leaves
were evaluated through PCAs. Metabolite profiles generated from white clover
‘Mink’ and ‘NZRLM’ leaves at different stages of development (primordia, closed
leaf, 50% open leaf and fully expanded leaf) as well as chevron portions and
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green segments were assayed between and within varieties. PCA plots of white
clover specific tissues were generated with a view to evaluating different
methodologies (FACS, LCM and partial digestion) used for isolation of epidermal
cells from ‘Mink’ and ‘NZRLM’ varieties.

PCA plots generated from the initial processing of LC-MS data of specific cell
types of white clover leaf showed a distinct separation of trichomes from
epidermal cells and mesophyll cells implying significant biochemical differences
between trichomes and the other enriched tissues. PCA of white clover enriched
tissues after semi-quantification of LC-MS data, showed similar metabolic
profiles to the PCA plots generated from initial processing of LC-MS data.
Further, an unsupervised (PCA) model was employed to analyse metabolic
variations between epidermal cells collected using partial digestion, FACS and
LCM methods. Based on the results, epidermal cells collected by partial
digestion and LCM methods were separately clustered indicating that sample
preparation techniques were consistent in each method. However, fluorescently
labelled epidermal cells of transgenic white clover ‘Mink’ and ‘NZRLM’ plants
(AtLTP1::turbo GFP:nos) sorted by FACS were not grouped together. The PCA
analysis also revealed good overlay of the biological replicates within varieties
for partial digestion and LCM samples, which shows the analysis method was
reproducible.

Protoplasts and cells producing GFP from transgenic CaMV 35S::turbo GFP
control line sorted by FACS were clearly separated from epidermal cells isolated
by LCM, FACS and partial digestion. This observation is in support of initial
hypothesis that protoplasts and GFP cells collected from transgenic white clover
control line which contain various mixture proportions of different cell types, will
exhibit different metabolic profiles to a specific enriched tissue such as epidermal
cells. On the other hand, when metabolic profiles of all different cells types were
compared via PCA, protoplasts and cells producing GFP from transgenic CaMV
35S::turbo GFP control line were grouped with other cell types including
mesophyll cells and epidermal cells collected by LCM, epidermal cells of
transgenic ‘NZRLM’ (AtLTP1::turbo GFP:nos) sorted by FACS and partially
digested epidermal cells. These could be explained because of the metabolic
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similarities between these enriched tissues and protoplasts/cells producing GFP
of transgenic control line, potentially indicating the presence of more common
metabolites between all these cell types.
Furthermore, protoplasts of transgenic ‘Mink’ line (AtLTP1::turbo GFP:nos) 24 h
post isolation, were plotted next to the epidermal cells of transgenic ‘NZRLM’ line
(AtLTP1::turbo GFP:nos) sorted by FACS from freshly made protoplasts.
Therefore, it is suggested that using protoplasts one day after isolation
procedure could not significantly alter metabolic profiles of the cells. Faraco et al.
(2011) have used protoplasts of petunia (P. hybrida) petals for a transient
expression experiment and demonstrated that no signs of differentiation or loss
of cell identity were detectable within the time frame of the assay (48 h).
Clearly, the fluorescently labelled leaf epidermal cells of transgenic ‘Mink’ line
(AtLTP1::turbo GFP:nos) sorted by FACS, are significantly different to other
epidermal cells. Multiple factors could be involved in this metabolic variation.
Plant cells identity can be easily altered according to their new position when
taken out of their native environment (Berg et al., 1995) that can cause dynamic
reaction of metabolites on a very short time scale (Saito and Matsuda 2010;
Oikawa and Saito 2012). Furthermore, FACS involves protoplast isolation
procedure, in which, cell walls are removed during the process of protoplasting.
FACS has the disadvantage of possible altered transcriptional profile of the cells
due to the loss of cell wall-related metabolites and proteins during protoplast
isolation procedure and the disruption of the cell-to-cell communication by
protoplasting. However, Birnbaum et al. (2005) demonstrated that the general
expression profile of genes is unchanged with the exception of a small group of
those that are activated during the protoplast isolation procedure. Mesophyll
derived protoplasts from Arabidopsis (A. thaliana) or tobacco (N. tabacum) leaf
have been broadly used as a very reliable experimental system to define
subcellular localization of proteins and the activity of genes typically expressed in
other tissues (Sheen, 2001; Yoo et al., 2007). However, to better evaluate the
method and sample preparation error, further experiments are required using
more biological replicates.
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In the PCA loading plots generated from initial processing of LC-MS data from
‘Mink’ and ‘NZRLM’ leaves at different stages of development, chevron portions
and green segments of leaves, no significant differences were observed
between different stages of leaf development. However, the largest differences
were

found

between

chevron

developmental stages of leaf.

portions/green

segments

and

different

Similar clustering was observed for chevron

portions and green segments of different genotypes within each variety when
they were analysed separately. Primordia, closed leaf and 50% open leaf were
clustered together within each variety, suggesting that these three stages of
development are metabolically indistinct. Furthermore, in PCA of semi-quantified
LC-MS data of white clover leaf for reference metabolites from flavonoid
biosynthesis pathway, primordia and closed leaf were well grouped together
implying relative similarity of the metabolic profiles of these two stages in
comparison to the others.

An intriguing finding of our study was that when LC-MS data of white clover leaf
and specific cell types were semi-quantitatively analysed, the highest levels of
dihydrokaempferol and pelargonidin-derivatives were identified in trichomes and
partially digested epidermal cells of the ‘NZRLM’ variety in comparison to other
enriched tissues. Significant levels of these metabolites were also found in red
chevron of ‘NZRLM’ leaf. Dihydroquercetin content, another precursor molecule
of anthocyanin and proanthocyanidin pathways, was high in ‘Mink’ primordia.
Analysis of the three main flavonols (kaemferol, quercetin and myricetin)
revealed significant levels of kaempferol which were only detected in trichomes
of both varieties and red chevron of ‘NZRLM’. A trace amount of kaempferol was
also identified in epidermal cells of transgenic ‘Mink’ line (AtLTP1::turbo
GFP:nos) collected by FACS. Flavonols with the quercetin and myricetin
backbones were not identified in white clover specific cell types. However, a
significant level of quercetin was only identified in green segments of the ‘Mink’
variety (Figure 4.27).

168

169

LAR

ANR

Anthocyanins

UFGT

delphinidin

ANS

leucodelphinidin

DFR

dihydromyricetin

epiafzelechin

5

LAR

F3’5’H

ANR

Proanthocyanidins

afzelechin

8

7

7

2

F3H

naringenin
3

8

UFGT

Anthocyanins

4

pelargonidin

ANS

leucopelargonidin

4 DFR

dihydrokaempferol

FLS

1

kaempferol

F3’5’H

CHI

8

naringenin chalcone

F3’H

F3’H

CHS+3 x malonyl-CoA

4-coumaroyl CoA

4CL

p-coumaric acid

cinnamic acid
C4H

F3H

DFR

Anthocyanins

UFGT

cyanidin

ANS

leucocyanidin

1

9

1 and 10

11

epicatechin

Proanthocyanidins

catechin
LAR 1

FLS

quercetin

ANR

dihydroquercetin

6

eriodictyol

12

4CL, 4-coumarate CoA ligase; C4H, cinnamate 4-hydroxylase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3βhydroxylase; F3'H, flavonoid 3'-hydroxylase; F3'5'H, flavonoid 3',5'-hydroxylase; FLS, flavonol synthase; LAR, leucoanthocyanidin reductase;
ANR, anthocyanidin reductase; ANS, anthocyanidin synthase; UFGT, glucose-flavonoid 3-o-glucosyl transferase.

Figure 4.27 Proposed relations between the biosynthesis of anthocyanin and proanthocyanidin biosynthesis pathways in white clover
leaves and specific cell types.
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Eriodictyol was not identified in any type of enriched tissues and white clover leaf
with the exception of epidermal cells collected by FACS from transgenic ‘Mink’
line (AtLTP1::turbo GFP:nos), in which a high level of the compound was
quantified.

Cis- and trans-epimeric forms of catechins of the proanthocyanidin biosynthesis
pathway were identified at very high levels in primordia of ‘NZRLM’ and ‘Mink’,
respectively. Eepicatechin, was only detected in protoplasts of both ‘Mink’ and
‘NZRLM’ varieties. The level of this metabolite was higher in protoplasts of ‘Mink’
than ‘NZRLM’ white clover varieties.

In this study, Naringenin, the first flavonoid core synthesized in plants, was high
in mesophyll cells of ‘Mink’ variety captured by LCM, and ‘Mink’ primordia. The
second highest level of naringenin was identified in ‘Mink’ trichomes in
comparison to the other tissues. Naringenin content was identified in all enriched
tissues and developmental stages of ‘Mink’ and ‘NZRLM’ leaves. Luteoiln was
another flavone that was analysed in leaf and different tissues of ‘Mink’ and
‘NZRLM’ varieties, and significant levels of this metabolite were quantified in
trichomes of both varieties and green segment of ‘Mink’.

Taken together, these findings suggest that in epidermal cells and trichomes of
‘NZRLM’ leaf, the main biosynthetic pathway leading to accumulation of
proanthocyanidins and anthocyanins is likely to proceed through naringenin,
dihydrokaempferol and pelargonidin, and in ‘Mink’ leaf tissue is likely to proceed
through naringenin, eriodictyol, dihydroquercetin and cyanidin (Figure 4.27). This
is consistent with accumulation of dihydrokaempferol and dihydroquercetin, the
precursors of proanthocyanidins and anthocyanins, in ‘Mink’ and ‘NZRLM’ leaves
and specific cell types suggesting that proanthocyanidin and anthocyanin
biosynthetic enzymes may have different substrate preference in ‘Mink’ and
‘NZRLM’ leaves.

Dihydroflavonols (DHK, DHQ and DHM) are precursor molecules shared by the
anthocyanin and proanthocyanidin pathways (Abrahams et al., 2002; Pang et al.,
2007; Tanaka et al., 2008, Abeynayake et al., 2012). Dihydroquercetin and
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dihydromyricetin are hydroxylated forms of dihydrokaempferol. These three
classes of dihydroflavonol molecules are the common substrate for DFR and
FLS activities. There is clearly competition between these enzymes as
dihydroflavonol molecules can be either converted into flavonols kaempferol,
quercetin,

and

myricetin

by

FLS

or

reduced

to

the

corresponding

leucoanthocyanidins (flavan-3,4-diols) by DFR activity. Previous study has
suggested possible existence of multiple flavonoid biosynthesis pathways in
white clover inflorescences followed by molecular and biochemical analysis of
the floral organs at different stages of development (Abeynayake et al., 2012).
Modification of flavan-3,4-diol molecules by ANS, and a chain of glycosylation
and esterification reactions, leads to the biosynthesis of anthocyanins with
pelargonidin, cyanidin and delphinidin backbones (Tanaka et al., 2008).
Alternatively, the LAR, ANS, and ANR enzymes of the proanthocyanidin pathway
can catalyze the conversion of flavan-3,4-diols, to cis- and trans-epimeric forms
of afzelechins, catechin and gallocatechin (Falcone Ferreyra et al., 2012). The
substrate preferences of ANR differs between species (Xie et al., 2004a). For
example, ANR from A. thaliana has a preference for delphinidin as a substrate
compared to cyanidin while the substrate preference of M. truncatula is the
contrary. Recombinant M. truncatula and Arabidopsis ANR proteins converts
pelargonidin to epiafzelechin when it was incubated with anthocyanidins
(cyanidin, pelargonidin, or delphinidin) and either NADPH or NADH (Xie et al.,
2003). Proanthocyanidins of white clover floral tissues, consist of nearly equal
proportion of cis- and trans-epimeric forms of gallocatechins (Foo et al., 2000;
Sivakumaran et al., 2004; Xie et al., 2004b; Meagher et al., 2006).

Phenolic content such as in caffeic acid, ferulic acid and sinapic acid were
significantly higher in trichomes than other tissues. This is in agreement with
other reports on the glandular secretory system of glandular trichomes and their
capacity to exude or store large quantities of specialized metabolites including
phenolics that are repellents to insects (Gerald et al., 1979; Fahn 1988, 2002;
Tissier, 2012). Primordia showed the highest level of phenolic compounds in
comparison to other stages of development of ‘Mink’ and ‘NZRLM’ leaves.
Previous study in transcript and metabolite profiling of alfalfa glandular trichomes
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has shown a wide range of genes expressed with functions in defence and
secondary metabolites production (Aziz et al., 2005).

Of isoflavonoid biosynthesis pathway, high levels of prunetin and biochanin A
were identified in red chevrons of ‘NZRLM’ leaves. Significant levels of genistein
and formononetin were found in ‘Mink’ primordia. High levels of 5deoxyisoflavones such as liquirtigenin and diadzein were identified in green
segment and closed leaf of ‘NZRLM’ variety, respectively. Diadzein, glycitein and
formononetin contents were significantly high in trichomes and formononetin was
not identified in any other tissues. The highest levels of apigenein and several
compounds from the isoflavonid biosynthesis pathway including liquirtigenin,
genistein, prunetin and biochanin A were also found in the epidermal cells of the
transgenic ‘Mink’ line (AtLTP1::turbo GFP:nos). Trichomes also showed
significant levels of these compounds but not as high as those observed in
epidermal cells. This observation supports the idea that intermediate molecules
facilitate conversion from the isoflavonoid biosynthesis pathway towards the
flavonoid/proanthocyanidins biosynthesis pathway to generate a pool of
intermediates for proanthocyanidins production.

Although the data obtained from metabolic profiling of specific cell types of white
clover leaves will aid in identification of metabolites possibly involved in
biosynthesis of anthocyanins and proanthocyanidins at the tissue level, there are
limitations to the detection of many metabolites in all single cell types. Cell typespecific metabolites may because of their overall low abundance, be
underrepresented and/or not detected in LC-MS analysis from which
metabolome data of specific cell types of white clover leaves have been derived.

In this study, developmental regulation of white clover homologues of the
structural flavonoid biosynthetic candidate genes, transporters and transcription
factors have been demonstrated. Developmental regulation of flavonoid
biosynthetic genes has been shown in developing organs of different plant
species such as Arabidopsis seedlings (Kubasek et al., 1992), strawberry fruit
(Almeida et al., 2007) and white clover flowers (Abeynayake et al., 2012). ‘Mink’
and ‘NZRLM’ homologues of differentially expressed structural flavonoid
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biosynthesis genes including TrCHS, TrCHI, TrFLS, TrF3H, and PAL,
cytochrome P450 enzymes, MADS-box and MYB/R2-R3-MYB flavonoid related
transcription factors were differentially expressed in developing white clover
‘Mink’ and ‘NZRLM’ leaves. These transcriptomic results correlate well with the
accumulation of metabolites which were identified in the metabolome study of
‘Mink’ and ‘NZRLM’ white clover leaf and specific cell types.

Previous studies in various species such as A. thaliana (Nesi et al., 2001),
Brassica napus (Wei et al., 2007), Diospyrios kaki (Akagi et al., 2009), Populus
tremuloides (Mellway et al., 2009), and V. vinifera (Terrier et al., 2009) have
shown that MYB transcription factors are common regulators of, and essential
for, the biosynthesis of proanthocyanidins. Hancock et al. (2012) have identified
an R2R3-MYB transcription factor of T. arvense, TaMYB14, and demonstrated
that this transcription factor is involved in the regulation of proanthocyanidin
biosynthesis and is necessary to up-regulate late steps of the phenylpropanoid
pathway and to induce proanthocyanidin biosynthesis in legumes such as T.
repens, T. arvense, N. tabacum, M. sativa. Heterologous expression of
TaMYB14 in white clover plants resulted in increase of proanthocyanidins
accumulation in foliar tissues up to 1.8% dry matter. Suppression of TaMYB14 in
T. arvense led to almost complete block of proanthocyanidin biosynthesis
(Hancock et al., 2014). VvMYB5 is essential for the expression of
proanthocyanidin biosynthesise pathway genes and the proanthocyanidins
accumulation in grapevine (Deluc et al., 2008). MADS-box transcription factors
appear to be involved in the regulation of anthocyanins and indirectly implicate in
regulation of proanthocyanidins biosynthesis. TTG1, an R2R3-MYB, and TT8, a
WD40 repeat protein, are required cofactors for proanthocyanidin biosynthesis
and accumulation in Arabidopsis seed coats (Nesi et al., 2001; Baudry et al.,
2004; Lepiniec et al., 2006). PAP1 is a MYB transcription factor and is
responsible for regulating most of the steps of phenylpropanoid biosynthesis
pathway with the exception of proanthocyanidins biosynthesis from Arabidopsis
(Borevitz et al., 2000). Ectopic expression of LcMYC, a bHLH transcription factor
from Z. mays and PAP1 from Arabidopsis, have shown only limited success in
inducing PA in leaves of M. sativa (Borevitz et al., 2000; Ray et al., 2003). The
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possibility of species specificity of the flavonoid regulating transcription factors
activation potential has been suggested in other study (Peel et al., 2009).

White clover homologues of glutathione S-transferase gene that are involved in
vacuolar transport of flavonoids, were differentially expressed in developmental
stages and chevron portions of ‘Mink’ and ‘NZRLM’ varieties. White clover
homologues of genes encoding enzymes involved in different steps of the
isoflavonoid pathway were also active and differentially expressed in developing
white clover ‘Mink’ and ‘NZRLM’ leaves.

Significant levels of TrANR1 genes expression in primordia and closed leaf of
‘Mink’ and ‘NZRLM’ are well correlated with the accumulation of the
proanthocyanidin 2,3-cis-flavan 3-ol monomer in the same tissues, suggesting
that TrANR gene may be involved in biosynthesis of proanthocyanidin at early
stages of white clover leaf development. It has been reported that a small
multigene family in white clover represents the TrANR gene (Abeynayake et al.,
2012). The expression of ANR is tightly correlated with (-)-epicatechin and (-)epigallocatechin-based proanthocyanidin accumulation in the seeds and skins of
grape berries (Fujita et al., 2005).

Although leaves/trichomes produce proanthocyanidins, TrLAR expression was
not identified in transcriptomic analysis of white clover leaves. Similar results
were shown by Abeynayake et al. (2012), who could not detect TrLAR
expression in the leaves of white clover wild-type plants using RT-PCR analysis
with relative quantification of TrLAR transcripts. An explanation for the
observation made is that the activity of LAR may be unnecessary for
biosynthesis of proanthocyanidin in white clover leaves. Alternatively, TrANR
may have a more essential role in biosynthesis of proanthocyanidin in white
clover leaves than TrLAR. Xie et al. (2003) have reported down-regulation of
anthocyanin accumulation and increased levels of proanthocyanidins production
by ectopic expression of ANR in tobacco flower, suggesting that ANR activity is
essential and sufficient for the production of cis-epimeric forms of catechins.
Previous studies in flowers of white clover (Abeynayake et al., 2012), and
grapevine (Bogs et al., 2005), have demonstrated that a higher level of ANR
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than LAR expression is correlated with a higher level of gallocatechin than
epigallocatechin monomers suggesting that ANR has an additional direct or
indirect role in biosynthesis of 2,3-trans-flavan 3-ol. A. thaliana does not appear
to

possess

an

ortholog

of

LAR

gene

and

only

epicatechin

based

proanthocyanidins can be produced in its seed coat (Dixon et al., 2005).

Homologues of TrANS, TrDFR and UDP-glucosyltransferases genes showed the
expression pattern, with the peak in expression at 50% open leaf stage and
chevron portion of both varieties. Activity of the proanthocyanidin biosynthesis
pathway at early stages of developmenta in petals, carpels and stamens, of
white clover floral organs and the anthocyanin pathway in the same organs at
later stages of development has been demonstrated (Abeynayake et al., 2012).
‘Mink’ and ‘NZRLM’ homologues of differentially expressed structural genes of
the flavonoid biosynthesis pathway, transcription factors and subcellular
transporters are potentially involved in flavonoid biosynthesis in ‘Mink’ and
‘NZRLM’ white clover leaves. Functional analysis of these genes will help to
better identify the precise genes involved in proanthocyanidin and anthocyanin
biosynthesis specifically for those candidate genes which are members of large
gene families.

In conclusion, an omics-based comparison of white clover leaves at cell-typespecific

resolution

has

predicted

that

TrDFR

has

a

preference

for

dihydrokaempferol as a substrate in contrast to dihydroquercetin and
dihydromyricetin in trichomes and epidermal cells of ‘NZRLM’ white clover
leaves, while the substrate preference of TrDFR in ‘Mink’ white clover tissues is
for dihydroquercetin which may suggest that proanthocyanidins in trichomes are
more likely to be afzelechin- and epiafzelechin-based proanthocyanidins. In this
study, anthocyanins in epidermal cells were found to be pelargonidin-derivatives,
and proanthocyanidins in ‘Mink’ leaves were found to be

catechin and

epicatechin derivatives.

These findings suggest that main biosynthetic route to proanthocyanidin and
anthocyanin biosynthesis in epidermal cells and trichomes of ‘NZRLM’ leaf
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proceeds via naringenin, dihydrokaempferol and pelargonidin and in ‘Mink’ leaf
tissue proceeds via naringenin, eriodictyol, dihydroquercetin and cyanidin
(Figure 4.27). In this study, TrLAR expression was not detected in a
transcriptomic analysis of white clover leaves. This implies that the biosynthesis
of proanthocyanidins and/or their monomers in white clover leaves/trichomes
may depend solely on activity of TrANR gene. A previous report demonstrating
that

gallocatechin-

and

epigallocatechin-based

proanthocyanidins

are

predominant in flower petals of white clover (Abeynayake et al., 2012), and the
results obtained in this study support the existence of multiple flavonoid
biosynthesis pathways in white clover.
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5. Conclusions and Future Directions
5.1 Conclusions

In this study, specific cell-types such as upper and lower epidermis, mesophyll
cells and trichomes were characterized in ‘Mink' and ‘NZRLM’ white clover
leaves showing that similar cell types are morphologically identical in both
cultivars. ‘NZRLM’ leaves at primordia, 50% open and fully expanded
developmental stages showed higher densities of trichomes in comparison to the
leaves of ‘Mink’ at the same stages of development (Chapter 3).

Cells containing proanthocyanidins and/or their monomers were identified in
white clover leaf glandular trichomes when they were stained with DMACA for
proanthocyanidins, and cells accumulating anthocyanins were visualised in
epidermal cells located on the adaxial side of ‘Mink’ and ‘NZRLM’ leaves. The
‘NZRLM’ variety accumulated higher levels of anthocyanins in leaves, when
compared to the ‘Mink’ cultivar (Chapter 3).

Different methods were developed for purification and enrichment of specific celltypes from ‘Mink’ and ‘NZRLM’ white clover leaves for metabolomic and
transcriptomic analysis that aimed to provide insight into mechanisms regulating
anthocyanin and proanthocyanidin biosynthesis in a range of cells within white
clover leaves, with a view towards metabolic engineering (Chapters 3 and 4).

Epidermal cell-specific promoters from A. thaliana (LTP1 and BDG) were
evaluated in the white clover cultivars, ‘Mink’ and ‘NZRLM’ using promoterreporter gene fusions. Transgenic white clover plants containing epidermisspecific promoter-turbo GFP or gus fusions were successfully generated via
Agrobacterium-mediated transformation. Epidermal cells producing green
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fluorescent protein were isolated from leaf tissue of selected transgenic white
clover plants by FACS analysis of protoplasts (Chapter 3).
A partial enzymatic digestion method for enrichment and purification of ‘NZRLM’
leaf epidermal cells was developed and isolation of trichomes from ‘Mink’ and
‘NZRLM’ leaves was conducted (Chapter 3).

LCM was carried out to collect epidermal and mesophyll cells from cross
sections of ‘Mink’ and ‘NZRLM’ leaves obtained after cryosectioning (Chapter 3).
Metabolite imaging of anthocyanin compounds in red chevron portion and
partially digested epidermal cells of ‘NZRLM’ leaves revealed the presence of
two major molecules, delphinidin 3-sambubioside and cyanidin 3-sambubioside.
The parent ion of quercetin glucoside was also detected in MALDI scanning of
the partially digested epidermal cells, which suggests that ANS and FLS
enzymes are active in partially digested upper epidermal cells (Chapter 4).

Metabolic profiles related to the flavonoid biosynthesis pathway were studied in
all enriched tissues namely trichomes, epidermis and mesophyll protoplasts, as
well as ‘Mink’ and ‘NZRLM’ leaves at selected stages of development, namely,
primordia, closed leaf, 50% open leaf and fully expanded leaf, as well as chevron
portions and green segments of leaves (Chapter 4).

Metabolite patterns of specific cell types showed a clear separation of trichomes
from other enriched tissues in both ‘Mink’ and ‘NZRLM’ cultivars implying a
range of specific metabolites which can be discriminated in these cell types.
Further,

significant

levels

of

dihydrokaempferol

and

pelargonidin-based

anthocyanidins were identified in trichomes, partially digested epidermal cells
and the red chevron portion of ‘NZRLM’ leaves. The high abundance of these
two metabolites is consistent with the fact that they are both intermediate
metabolites of the same metabolic pathway and potential metabolic precursors
of anthocyanins and proanthocyanidins. Kaempferol was detected only in
trichomes of both varieties and was high in the red chevron of ‘NZRLM’ leaves.
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High levels of dihydroquercetin and catechin were identified in ‘Mink’ primordia,
and epicatechin was high in ‘Mink’ protoplasts. These findings suggest that
dihydrokaempferol and pelargonidin are probably the preferred substrates for
anthocyanins and proanthocyanidin biosynthesis in ‘NZRLM’ white clover
trichomes and epidermal cells, and eriodictyol and dihydroquercetin are the
preferred substrates for biosynthesis of anthocyanins and proanthocyanidins in
‘Mink’ leaves (Chapter 4).
Metabolic profiles of epidermal cells and mesophyll cells of ‘Mink’ and ‘NZRLM’
leaves collected by LCM showed that this method could preserve structure of
cells while metabolite loss was minimized by isolating cells from a frozen section
(Chapters 3 and 4).

Transcriptomic analysis of potential flavonoid biosynthesis pathway-related
structural genes, transcription factors and transporters revealed differential
expression profiles in developing white clover leaves and chevron portions
(Chapter 4).

Homologues of genes encoding DFR, UDP-glucosyltransferase and ANS were
expressed at a high level in the chevron portion of ‘NZRLM’ leaves which is
consistent with the accumulation of corresponding metabolites identified in
metabolomic analysis of chevron portions and epidermal cells of ‘NZRLM’ leaves
(Chapter 4).

Significant levels of TrANR1 transcripts were found in primordia and closed leaf
stages of both varieties, which correlated well with the accumulation of the
corresponding flavan 3-ol, epicatechin, in the tissues, suggesting that the
TrANR1 gene is likely to be involved in biosynthesis of proanthocyanidin at early
stages of white clover leaf development (Chapter 4). Expression of TrLAR was
not detected in this study suggesting that biosynthesis of proanthocyanidins
and/or their flavan 3-ol monomers occurs through the activity of the TrANR1
gene, and that the expression of TrANR1 is essential and sufficient for
proanthocyanidin biosynthesis in white clover leaves (Chapter 4).
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This study showed, for the first time, that anthocyanins in epidermal cells are
pelargonidin-derivatives, and that dihydrokaempferol is the main precursor
molecule of the anthocyanin and proanthocyanidin pathways in ‘NZRLM’ white
clover epidermal cells and trichomes. These findings suggest that the main
biosynthetic route to proanthocyanidin and anthocyanin biosynthesis is via
naringenin, dihydrokaempferol and pelargonidin in these cell types. In addition,
the results suggest that proanthocyanidins and/or their flavan 3-ol monomers are
more likely to be afzelechin- and epiafzelechin-based in ‘NZRLM’ trichomes.
Identification of cis- and trans-epimeric forms of catechins and dihydroquercetin
in ‘Mink’ leaf tissues suggest that naringenin, eriodictyol, dihydroquercetin and
cyanidin are the key substrates for anthocyanin and proanthocyanidin
biosynthesis in ‘Mink’ white clover tissues (Chapter 4).

5.2 Future Directions
Future research opportunities arising from the findings in this study are:



Functional analysis of flavonoid biosynthesis pathway genes encoding
key intermediate enzymes including CHS, F3'H and F3'5'H in the branch
of flavonoid biosynthetic pathway, and proanthocyanidins/anthocyanins
biosynthesis pathway target candidate genes including dihydrokaempferol
and pelargonidin, based on the results obtained from integrating nano
metabolomics of specific cell types and RNA-seq-based transcriptome
analysis of white clover leaves through overexpression strategy, directing
carbon

flow

toward

the

biosynthesis

of

anthocyanins

and

proanthocyanidins in white clover leaves using tissue specific promoters;


Manipulating expression of genes encoding enzymes involved in the
competing branches of the flavonoid including different steps of the
isoflavonoid

biosynthesis

pathway

such

as

isoflavone-O-

methyltransferase through RNAi-mediated gene silencing to increase the
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of

intermediates

for

biosynthesis

of

anthocyanins

and

proanthocyanidins in white clover leaves;


Further nanoflow metabolomics analyses of flavonoid metabolites in
specific cell types of white clover leaves isolated using different
techniques in negative electrospray ionization ESI (-) mode as a
complementary method to the nanoflow LC-MS analysis already
performed in positive electrospray ionization ESI (+) mode;



RNA-seq-based transcriptomic analysis of trichomes, and epidermal cells
collected by LCM from ‘Mink’ and ‘NZRLM’ white clover leaves in order to
obtain a complete picture of transcriptomes and metabolomes in specific
cell types.
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30

32
33

TCCCCCGGGATGAGAGGATCTGGATCTGAG
TCCCCCGGGTTATCATTCCTCACCAGCATC

TCCCCCGGGATGCTTAGACCTGTTGAGACTCC
TCCCCCGGGTTACTGCTTTCCACCTTGTTGAGG

turbo GFP_fwd

turbo GFP_rev

gusA_fwd

gusA_rev

Sequence (5'- 3')

Length
(bp)
30

Sequene ID

2001

717

Product size (bp)

8612-10612

3064-3780

Region position
(bp)

182

Sequene ID
AtBDG promoter_fwd
AtBDG promoter_rev
AtLTP1 promoter_fwd
AtLTP1 promoter_rev
nos terminator_fwd
nos terminator_rev

Sequence (5'-3')
CAGCAGCCCATCTAAACAG
ATGCACATACAAATGGACG
TTCGGTATCATGCAAAGGG
ATGGACGAACGGATAAACC
TTGTCGTCAGTGCTTACGTC
TTAACATGTAATGCATGAC

Length (bp)
19
19
19
19
20
19

9495-151/9673-151

1162-1589

1088-1423

Region position (bp)

pCLV000041/pCLV000043

pCLV000042/pCLV000044

Vector code

turbo GFP_fwd
nos terminator_rev
gusA_fwd
nos terminator_rev

Sequene ID

GAGGATGGTGGTGTTCTTCACG
TCATCGCAAGACCGGCAACA
GCTCATACCGATACCATCTC
TCATCGCAAGACCGGCAACA

Primer sequence (5'-3')

Length
(bp)
22
20
20
20

194-691
194-745
552

Region position
(bp)
498

Product size
(bp)

Table 3: Oligonucleotide primer sequences used for endpoint PCR assay to confirm the presence of the turbo GFP
and uidA presence in pCLV000041, pCLV000042, pCLV000043 and pCLV000044 expression vectors.

pCLV000037/pCLV000038

pCLV000038

pCLV000037

Vector code

Table 2: Oligonucleotide primer sequences used for Sanger sequencing of AtBDG::nos terminator and AtLTP1::nos
terminator cassettes in the pCLV000037 and pCLV000038 vectors, respectively.

pDPI000079

pDPI000006

Vector code

Table 1: Oligonucleotide primer sequences used for amplification of the coding regions of the uidA and turbo GFP genes
from the pDPI000006 and pDPI000079 vectors.
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pCLV000042/ pCLV000044

pCLV000041/ pCLV000043

pCLV000042/ pCLV000044

pCLV000041/ pCLV000043

pCLV000044

pCLV000043

pCLV000042

pCLV000041

Vector code

Sequence (5'-3')
AGCTGCCATCTGTTTTCCTC
ACCAAACGTTTCCAGCGTAG
GCCATCTGTTTTCCTCTC
GCTCAGGAGTTCCCTCAC
GCATTCACACCACATAAC
ACCAAACGTTTCCAGCGTAG
CGCATTCACACCACATAAC
GCTCAGGAGTTCCCTCAC
CGCTACTTCTCAGGGAATC
CTCATAAATAACGTCATG
CGGTGGACCTATGTTCGC
GCTTAACGTAATTCAAC
GGACTTTGGGCTTTCAGC
CGTAGTTGAAGAAGTCGTG
GCAGGTATCACCGTTTG
GAGAACGTTGTCGAATCCC
CCTCTTAGAGTGGGAATC
GTTCACGCAAGTGATAGG
CTATCGCTAACGAGCCTG
CTTTCCACCTTGTTGAGGC
CTGGATCTGAGTCTGATG
CGGTGTTAGAGTGATCTTCC

Sequene ID
AtBDG promoter::gusA junction_fwd
AtBDG promoter::gusA junction_rev
AtBDG promoter::turbo GFP junction_fwd
AtBDG promoter::turbo GFP junction_rev
AtLTP1 promoter::gusA junction_fwd
AtLTP1 promoter::gusA junction_rev
AtLTP1 promoter::turbo GFP junction_fwd
AtLTP1 promoter::turbo GFP junction_rev
gusA_nos terminator junction_fwd
gusA_ nos terminator junction_rev
turbo GFP_nos terminator junction_fwd
turbo GFP nos terminator junction_rev
gusA_fwd1
gusA_rev1
gusA_fwd2
gusA_rev2
gusA_fwd3
gusA_rev3
gusA_fwd4
gusA_rev4
turbo GFP_fwd
turbo GFP_rev

Length
(bp)
20
20
18
18
18
20
19
18
19
18
18
17
18
19
17
19
18
18
18
19
18
20

Region position
(bp)
2427
2080
1139
874
2418
2080
1135
874
434
121
404
161
2236
1594
1714
1166
1300
761
870
290
990
352

Table 4: Oligonucleotide primer sequences used for Sanger sequencing of pCLV000041, pCLV000042, pCLV000043 and
pCLV000044 expression vectors.
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20
20
19
22
17

640

675

636

1175

653

1175

Product size
(bp)

Sequene ID
TrDHN 5`UTR_qfwd1
TrDHN 5`UTR_qrev1
Roche UPL Probe #41
hph_fwd791
hph_rev909
hph872T
VirC828_fwd
VirC898_rev
VirC850T

Sequence (5'-3')
CATATTCCATTGTATTGCCTAGTGA
GGTGCTTGTAGCATCCTCGT
Sequence not disclosed (FAM)
CTTACATGCTTAGGATCGGACTTG
AGTTCCAGCACCAGATCTAACG
FAM-CCCTGAGCCCAAGCAGCATCATCG-BHQ1
CCGACGAGAAAGACCAGCAA
CTTAAGTTGTCGATCGGGACTGT
HEX-TGAGCCTCTCGTCGCCGATCACAT-BHQ1

24
22
24
20
23
24

Length (bp)
25
20

70

118

77

Product size (bp)

Table 6: Oligonucleotide primer sequences used for qPCR analysis of transgenic white clover plants.

GATGATCTTGTCGGTGAAGA
GCTCATACCGATACCATCTC
GATTCCCTGAGAAGTAGCG
GAGGATGGTGGTGTTCTTCACG
GCTTAACGTAATTCAAC

19

20
18
22

GATGATCTTGTCGGTGAAGA
GCATTCACACCACATAAC
CGCACTCAGTCTGAGACTTAGC

AtBDG promoter::turbo GFP junction_rev
AtLTP1 promoter::gusA junction_fwd
AtLTP1 promoter::gusA junction_rev

AtLTP1 promoter::turbo GFP junction_fwd CGCATTCACACCACATAAC

18

GCCATCTGTTTTCCTCTC

AtBDG promoter::turbo GFP junction_fwd

Length
(bp)
20
22

AGCTGCCATCTGTTTTCCTC
CGCACTCAGTCTGAGACTTAGC

Sequence (5'-3')

AtBDG promoter::gusA junction_fwd
AtBDG promoter::gusA junction_rev

Sequene ID

AtLTP1 promoter::turbo GFP junction_rev
gusA:nos terminator junction_fwd
pCLV000041/ pCLV000043
gusA:nos terminator junction_rev
turbo GFP:nos terminator junction_fwd
pCLV000042/ pCLV000044
turbo GFP:nos terminator junction_rev

pCLV000044

pCLV000043

pCLV000042

pCLV000041

Vector code

566
416
745
161
691

1135

566
2418
1309

1139

Region position
(bp)
2427
1309

Table 5: Oligonucleotide primer sequences used for endpoint PCR assay to confirm the presence of the pCLV000041,
pCLV000042, pCLV000043 and pCLV000044 plasmids in transformed electro-competent AGL1 A. tumefaciens cells.
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Table 7: Barcoded PolyA enrichment primers used for generation of an mRNA
HiSeq library.

Sample ID
Mink-18023-50% Open
Mink-18023-Chevron portion
Mink-18023-Closed leaf
Mink-18023-Primordia
NZRLM-164240-50% Open
NZRLM-164240-Chevron portion
NZRLM-164240-Closed leaf
NZRLM-164240-Primordia
NZRLM-164241-50% Open
NZRLM-164241-Chevron portion
NZRLM-164241-Closed leaf
NZRLM-164241-Primordia
NZRLM-164242-50% Open
NZRLM-164242-Closed leaf
NZRLM-164242-Primordia
Mink-18371-50% Open
Mink-18371-Chevron portion
Mink-18371-Closed leaf
Mink-18371-Primordia
Mink-18372-50% Open
Mink-18372-Chevron portion
Mink-18372-Green segment
Mink-18372-Closed leaf
Mink-18372-Primordia
Mink-18023-Whole leaf
Mink-18023-Green segment
Mink-18371-Whole leaf
Mink-18371-Green segment
Mink-18372-Whole leaf
NZRLM-164240-Whole leaf
NZRLM-164240-Green segment
NZRLM-164241-Whole leaf
NZRLM-164241-Green segment
NZRLM-164242-Whole leaf
NZRLM-164242-Chevron portion
NZRLM-164242-Green segment
NZRLM-Leaf epidermis
NZRLM- Trichomes

2 Paired end primer sequence
TACGAAGT-GACTTCGT
TACGAAGT-AATCTCGT
TACGAAGT-TTGCCACT
TACGAAGT-GCGTTAAT
TACGAAGT-CTTCAACG
TACGAAGT-AGCGTACT
TACGAAGT-TACGGTGA
TACGAAGT-AACTGTCC
GACGAGAT-GACTTCGT
GACGAGAT-AATCTCGT
GACGAGAT-TTGCCACT
GACGAGAT-GCGTTAAT
GACGAGAT-CTTCAACG
GACGAGAT-AGCGTACT
GACGAGAT-TACGGTGA
GACGAGAT-AACTGTCC
TAGTGGCA-GACTTCGT
TAGTGGCA-AATCTCGT
TAGTGGCA-TTGCCACT
TAGTGGCA-GCGTTAAT
TAGTGGCA-CTTCAACG
TAGTGGCA-AGCGTACT
TAGTGGCA-TACGGTGA
TAGTGGCA-AACTGTCC
CATTAACG-GACTTCGT
CATTAACG-AATCTCGT
CATTAACG-TTGCCACT
CATTAACG-GCGTTAAT
CATTAACG-CTTCAACG
CATTAACG-AGCGTACT
CATTAACG-TACGGTGA
CATTAACG-AACTGTCC
TCGTTGAA-GACTTCGT
TCGTTGAA-AATCTCGT
TCGTTGAA-TTGCCACT
TCGTTGAA-GCGTTAAT
TCGTTGAA-CTTCAACG
TCGTTGAA-AGCGTACT
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Figure 1: Content of targeted metabolites from flavonoid biosynthesis pathway semiquantified in different tissues derived from leaves of ‘Mink’ and ‘NZRLM’ white clover
plants, namely trichomes, epidermis and mesophyll protoplasts, and single cell types
isolated using FACS, LCM and partial enzymatic digestion.
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Epicatechin
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Frulic acid
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Pelargonidin
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Liquirtigenin
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Glycitein
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Apigenin
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Figure 2: Content of targeted metabolites from flavonoid biosynthesis pathway semiquantified in whole leaves of ‘Mink’ and ‘NZRLM’ white clover plants at selected stages
of development and chevron portions and green segments of leaves.
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whole leaf

50% Open leaf

Closed leaf

Primordia
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Caffeic Acid

0.90000
0.80000
0.70000
0.60000
0.50000
0.40000
0.30000
0.20000
0.10000
0.00000

Mink

198

0.50000

0.40000

0.30000

0.20000

0.10000

0.00000

NZRLM

whole leaf

50% Open leaf

Closed leaf

Primordia

Green segment

Chevron portion

whole leaf

50% Open leaf

Closed leaf

Primordia

Green segment

0.60000

Green segment

Frulic acid

Chevron portion

NZRLM

Chevron portion

whole leaf

Mink

50% Open leaf

Closed leaf

Primordia

Green segment

Chevron portion

whole leaf

50% Open leaf

Closed leaf

Primordia
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Diadzein

0.60000

0.50000

0.40000

0.30000

0.20000

0.10000

0.00000

Mink

199

0.70000

0.60000

0.50000

0.40000

0.30000

0.20000

0.10000

0.00000

NZRLM

whole leaf

50% Open leaf

Closed leaf

Primordia

Green segment

Chevron portion

whole leaf

50% Open leaf

Closed leaf

Primordia

Green segment

0.80000

Green segment

Dihydroquercetin

Chevron portion

NZRLM

Chevron portion

whole leaf

Mink

50% Open leaf

Closed leaf

Primordia

Green segment

Chevron portion

whole leaf

50% Open leaf

Closed leaf

Primordia

Ashtiani
Appendix II

Sinapic acid

0.80000

0.70000

0.60000

0.50000

0.40000

0.30000

0.20000

0.10000

0.00000

Mink

200

0.60000

0.50000

0.40000

0.30000

0.20000

0.10000

0.00000

NZRLM

whole leaf

50% Open leaf

Closed leaf

Primordia

Green segment

Chevron portion

whole leaf

50% Open leaf

Closed leaf

Primordia

Green segment

0.70000

Green segment

Dihydrokaempferol

Chevron portion

NZRLM

Chevron portion

whole leaf

Mink

50% Open leaf

Closed leaf

Primordia

Green segment

Chevron portion

whole leaf

50% Open leaf

Closed leaf

Primordia

Ashtiani
Appendix II

Pelargonidin

1.00000
0.90000
0.80000
0.70000
0.60000
0.50000
0.40000
0.30000
0.20000
0.10000
0.00000

Mink

201
NZRLM

whole leaf

50% Open leaf

Closed leaf

Primordia

Green segment

Chevron portion

whole leaf

50% Open leaf

Closed leaf

Primordia

Green segment

0.80000
0.70000
0.60000
0.50000
0.40000
0.30000
0.20000
0.10000
0.00000
Green segment

Glycitein

Chevron portion

NZRLM

Chevron portion

whole leaf

Mink

50% Open leaf

Closed leaf

Primordia

Green segment

Chevron portion

whole leaf

50% Open leaf

Closed leaf

Primordia
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Liquirtigenin

0.80000

0.70000

0.60000

0.50000

0.40000

0.30000

0.20000

0.10000

0.00000

Mink

202

0.50000

0.40000

0.30000

0.20000

0.10000

0.00000

NZRLM

Whole leaf

50% Open leaf

Closed leaf

Primordia

Green segment

Chevron portion

Whole leaf

50% Open leaf

Closed leaf

Green segment

0.60000

Green segment

Naringenin

Chevron portion

NZRLM

Chevron portion

whole leaf

Mink

50% Open leaf

Closed leaf

Primordia

Green segment

Chevron portion

whole leaf

50% Open leaf

Closed leaf

Primordia

Primordia
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Quercetin

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

Mink

203

0.60000

0.50000

0.40000

0.30000

0.20000

0.10000

0.00000

NZRLM

whole leaf

50% Open leaf

Closed leaf

Primordia

Green segment

Chevron portion

whole leaf

50% Open leaf

Closed leaf

Primordia

Green segment

0.70000

Green segment

Genistein

Chevron portion

NZRLM

Chevron portion

whole leaf

Mink

50% Open leaf

Closed leaf

Primordia

Green segment

Chevron portion

whole leaf

50% Open leaf

Closed leaf

Primordia
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Apigenin

0.70000

0.60000

0.50000

0.40000

0.30000

0.20000

0.10000

0.00000

Mink

204

0.60000

0.50000

0.40000

0.30000

0.20000

0.10000

0.00000

NZRLM

whole leaf

50% Open leaf

Closed leaf

Primordia

Green segment

Chevron portion

whole leaf

50% Open leaf

Closed leaf

Primordia

Green segment

0.70000

Green segment

Formononetin

Chevron portion

NZRLM

Chevron portion

whole leaf

Mink

50% Open leaf

Closed leaf

Primordia

Green segment

Chevron portion

whole leaf

50% Open leaf

Closed leaf

Primordia
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Kaempferol

0.80000

0.70000

0.60000

0.50000

0.40000

0.30000

0.20000

0.10000

0.00000

Mink

205

0.60000

0.50000

0.40000

0.30000

0.20000

0.10000

0.00000

NZRLM

whole leaf

50% Open leaf

Closed leaf

Primordia

Green segment

Chevron portion

whole leaf

50% Open leaf

Closed leaf

Primordia

Green segment

0.70000

Green segment

Biochanin A

Chevron portion

NZRLM

Chevron portion

whole leaf

Mink

50% Open leaf

Closed leaf

Primordia

Green segment

Chevron portion

whole leaf

50% Open leaf

Closed leaf

Primordia
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Prunetin

0.70000

0.60000

0.50000

0.40000

0.30000

0.20000

0.10000

0.00000

Mink

206
NZRLM

Green segment

Chevron portion

whole leaf

50% Open leaf

Closed leaf

Primordia

Green segment

Chevron portion

whole leaf

50% Open leaf

Closed leaf

Primordia
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Appendix II

Luteolin

0.90000
0.80000
0.70000
0.60000
0.50000
0.40000
0.30000
0.20000
0.10000
0.00000

Appendix III
Table 1: Expression values for homologues of structural genes, transcription factors
and subcellular transporters in transcriptomic analysis of ‘Mink’ and ‘NZRLM’ white
clover leaves primordia, closed leaf, 50% open leaf and chevron portions.

Mink-18023-

Chevron portion

50% Open leaf

Mink-18023-

Closed leaf

Mink-18023-

Primordia

Mink-18023-

Mink

Sequence description

71

2.37

17.3

26.52

68.16

59.25

60.55

174.72 C1373588 105.0

C1661731 65.0

Gene description

E-value

chalcone and stilbene synthase family protein

0

chalcone and stilbene synthase family protein

2E-90

164.72 90.06

107.26 404.04 C1411866 63.0

chalcone and stilbene synthase family protein

9E-89

75.26

63.99

93.42

224.64 C1350561 61.0

chalcone and stilbene synthase family protein

2E-75

49.7

21.33

17.3

93.6

chalcone and stilbene synthase family protein

8E-74

14.2

42.66

62.28

166.92 C1394930 5.0

chalcone and stilbene synthase family protein

2E-35

117.86 113.76

32.87

165.36 C1315761 108.0

chalcone synthase family protein | HC | ch

2E-24

1.42

0.1

3.46

1.56

C1635735 36.0

chalcone and stilbene synthase family protein

0

0.1

0.1

C1303989 36.0

1.73

0.1

C1576114 10.0

chalcone synthase family protein | HC | ch

1E-68

137.74 267.81

74.39

29.64

C1485344 112.0

chalcone and stilbene synthase family protein

1E-98

103.66 101.91

74.39

106.08 C1667895 50.0

chalcone and stilbene synthase family protein

9E-127

380.56 319.95

281.99 429

C1606367 7.0

chalcone synthase | HC | chr5:1485317-1487

7E-17

4.26

6.92

C1507545 7.0

CHS3, DAR4 | DA1-related protein 4 |

3E-10

2.37

0.1

751.18 831.87

1501.64 1564.68 C1451250 104.0

naringenin 3-dioxygenase (flavanone-3-hydroxylase 4E-102

19.88

98.61

UDP-glucosyltransferase family protein | H

5E-81

228.62 33.18

71.10

114.18 24.96

C1661267 66.0

group 1 family glycosyltransferase | HC |

0

38.34

56.88

193.44 C1280709 95.0

43.25

24.96

C1341887 18.0

UDP-glcnac-adolichol phosphate glcnac-1-P-

8E-79

116.44 7.11

46.71

4.68

C1697835 62.0

glycosyl transferase family 1 protein

5E-57

0.1

0.1

0.1

C1699749 6.0

glycosyl transferase, family 35 |

2E-35

143.42 455.04

0.1

430.77 2162.16 C1579956 115.0

chalcone-flavanone isomerase family protein

6E-122

85.2

144.57

160.89 195

C1338673 64.0

chalcone-flavanone isomerase family protein

2E-20

170.4

590.13

593.39 599.04 C1584600 73.0

chalcone-flavanone isomerase family protein

4E-138

2.84

0.1

5.19

chalcone-flavanone isomerase family protein

3E-14

532.5

535.62

634.91 375.96 C1515976 66.0

chalcone-flavanone isomerase family protein

2E-111

9.94

11.85

34.6

4.68

C1420842 15.0

chalcone-flavanone isomerase family protein

7E-90

2.84

9.48

0.1

1.56

C1446528 6.0

chalcone-flavanone isomerase family protein

3E-14

213

476.37

231.82 137.28 C1441214 70.0

chalcone-flavanone isomerase family protein

6E-76

44.02

82.95

0.1

0.1

C1471421 64.0

chalcone-flavanone isomerase family protein

3E-69

1.42

16.59

0.1

1.56

C1595969 5.0

chalcone-flavanone isomerase family protein

9E-26

1.42

16.59

0.1

1.56

C1595969 5.0

chalcone-flavanone isomerase family protein

9E-26

26.98

26.07

13.84

14.04

C1693945 11.0

chalcone-flavanone isomerase family protein

0

63.9

61.62

34.6

35.88

C1306241 2.0

chalcone-flavanone isomerase family protein

7E-10

65.32

99.54

91.69

48.36

C1540555 89.0

chalcone-flavanone isomerase family protein

1E-53

18.46

26.07

24.22

1.56

C1450140 27.0

chalcone-flavanone isomerase family protein

4E-102

17.04

21.33

22.49

1.56

C1452029 42.0

chalcone-flavanone isomerase family protein

1E-98

1.56

C1339303 2.0
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Table 1: ‒Continued.

Mink-18023-

4.26

4.74

1.73

45.44

85.32

112.45 17.16

0.1

Chevron portion

50% Open leaf

Mink-18023-

Closed leaf

Mink-18023-

Primordia

Mink-18023-

Mink

Sequence description

Gene description

E-value

C1646635 36.0

chalcone-flavanone isomerase family protein

0.00000002

C1639969 60.0

chalcone-flavanone isomerase family protein

0.00000001

410.38 357.87

449.8

199.68 C1553883 70.0

TT5, A11, CFI | chalcone-flavanone isomerase

0.00000098

34.08

11.85

15.57

40.56

C1682903 5.0

leucoanthocyanidin dioxygenase-like protein

0

63.9

35.55

53.63

62.4

C1691895 49.0

leucoanthocyanidin dioxygenase-like protein

5E-170

68.16

49.77

12.11

4.68

C1629581 70.0

leucoanthocyanidin dioxygenase-like protein

7E-167

46.86

45.03

8.65

3.12

C1349203 33.0

leucoanthocyanidin dioxygenase-like protein

3E-14

0.1

0.1

0.1

0.1

C1435119 4.0

leucoanthocyanidin dioxygenase-like protein

5E-62

580.78 272.55

555.33 4619.16 C1634299 101.0

cytochrome P450 family flavone synthase |

3E-150

102.24 75.84

95.15

650.52 C1292825 63.0

cytochrome P450 family flavone synthase |

5E-56

166.08 1366.56 90.06

195.96 C1625945 82.0

CYP712A1 | cytochrome P450, family 71

80.5

39.76

7.11

6.92

10.92

C1710505 14.0

cytochrome P450 family flavone synthase |

0

1.42

0.1

0.1

0.1

C1537705 21.0

cytochrome P450 family flavone synthase |

2E-16

136.32 99.54

115.91 1010.88 C1511638 22.0

CYP82C4 | cytochrome P450, family 82,

0

63.9

67.47

485.16 C1303475 62.0

CYP71B2 | cytochrome P450, family 71,

0

195.96 90.06

35.55

166.08 1366.56 C1625945 82.0

CYP712A1 | cytochrome P450, family 71

4E-15

38.34

40.29

12.11

149.76 C1701623 31.0

CYP705A20 | cytochrome P450, family 7

3E-12

5.68

0.1

5.19

46.8

C1649483 95.0

caffeic acid O-methyltransferase | HC | ch

0

7.1

9.48

8.65

254.28 C1709935 56.0

caffeic acid O-methyltransferase | HC | ch

0

4.26

16.59

19.03

39

caffeic acid O-methyltransferase | HC | ch

6E-127

850.58 1282.17 1685.02 8918.52 C1373602 179.0

caffeic acid O-methyltransferase | HC | s

2E-85

2.84

0.1

0.1

7.8

C1460839 22.0

caffeic acid O-methyltransferase | HC | ch

8E-65

4.26

173.01

64.01

1.56

C1341713 2.0

C1597069 75.0

caffeic acid O-methyltransferase | HC | ch

2E-11

318.08 251.22

451.53 282.36 C1577500 90.0

caffeic acid O-methyltransferase | HC | ch

2E-142

346.48 120.87

141.86 49.92

C1648211 39.0

caffeic acid O-methyltransferase | HC | ch

4E-145

86.62

20.76

0.1

C1488088 63.0

caffeic acid O-methyltransferase | HC | ch

1E-103

3.46

6.24

C1324385 3.0

caffeic acid O-methyltransferase | HC | ch

6E-75

52.14

116.44 35.55
454.4

2265.72 2307.82 2110.68 C1608343 81.0

caffeic acid O-methyltransferase | HC | ch

1E-138

29.82

33.18

17.3

6.24

C1331983 14.0

caffeic acid O-methyltransferase | HC | ch

5E-71

0.1

0.1

0.1

1.56

C1495753 6.0

caffeic acid O-methyltransferase | HC | ch

2E-35

45.44

37.92

57.09

34.32

C1596723 7.0

caffeic acid O-methyltransferase | HC | ch

1E-128

0.1

0.1

0.1

0.1

C1541591 5.0

caffeic acid O-methyltransferase | HC | ch

2E-16

15.62

26.07

84.77

882.96 C1698251 67.0

glutathione S-transferase, amine-terminal

0

1.42

11.85

24.22

45.24

C1653913 15.0

glutathione S-transferase | HC | chr1:5186

1E-140

26.98

94.8

183.38 273

C1698279 88.0

glutathione S-transferase, amine-terminal

2E-140

32.66

59.25

275.07 989.04 C1667999 64.0

glutathione S-transferase, amine-terminal

4E-135
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Table 1: ‒Continued.
Chevron portion

Mink-18023-

50% Open leaf

Mink-18023-

Closed leaf

Mink-18023-

Primordia

Mink-18023-

Mink

Sequence description

Gene description

E-value

278.32 497.7

698.92 1814.28 C1659915 59.0

glutathione S-transferase | HC | chr7:2382

8E-132

7.1

21.33

107.26 140.4

glutathione S-transferase, amine-terminal

8E-126

44.02

45.03

93.42

112.32 C1534935 104.0

glutathione S-transferase | HC | chr7:4028

4E-113

0.1

0.1

1.73

12.48

C1498213 49.0

glutathione S-transferase, amine-terminal

6E-111

2.84

21.33

8.65

109.2

C1528594 64.0

glutathione S-transferase, amine-terminal

1E-87

31.24

42.66

51.9

110.76 C1404358 18.0

glutathione S-transferase tau 5 | HC | chr

7E-85

9.94

9.48

6.92

141.96 C1503753 60.0

glutathione S-transferase, amine-terminal

1E-82

26.98

16.59

44.98

62.4

C1459499 62.0

glutathione S-transferase, amine-terminal

5E-82

89.46

478.74

325.24 566.28 C1304135 68.0

glutathione S-transferase, amine-terminal

2E-80

71

277.29

662.59 1294.8 C1671977 45.0

glutathione S-transferase, amine-terminal

5E-40

36.92

40.29

79.58

143.52 C1622075 57.0

glutathione S-transferase, amine-terminal

6E-38

24.14

54.51

36.33

81.12

C1406760 68.0

glutathione S-transferase | LC | chr1:4034

4E-23

2.84

0.1

3.46

35.88

C1633009 3.0

glutathione S-transferase | HC | chr7:2379

8E-12

85.2

127.98

223.17 265.2

C1637941 90.0

glutathione S-transferase-like protein | H

0

C1594881 48.0

231.46 620.94

1527.59 698.88 C1680305 94.0

glutathione S-transferase, amine-terminal

0

106.5

184.86

589.93 102.96 C1646925 83.0

glutathione S-transferase, amine-terminal

4E-140

69.58

61.62

147.05 101.4

C1592345 70.0

glutathione S-transferase-like protein | H

2E-137

462.92 632.79

1667.72 1371.24 C1482610 71.0

glutathione S-transferase theta | HC | chr

8E-115

159.04 189.6

219.71 140.4

C1587752 54.0

glutathione S-transferase, amine-terminal

2E-111

1912.74 6827.97 9411.2 1120.08 C1676699 62.0

glutathione S-transferase, amine-terminal

2E-104

12.78

63.99

96.88

glutathione S-transferase | HC | chr7:2385

2E-96

69.58

213.3

465.37 291.72 C1570996 11.0

glutathione S-transferase, amine-terminal

8E-81

44.02

253.59

307.94 312

76.44

C1482668 18.0

glutathione S-transferase, amine-terminal

5E-76

130.64 322.32

396.17 297.96 C1281159 91.0

glutathione S-transferase | HC | chr7:2385

5E-61

42.6

250.85 106.08 C1369650 32.0

glutathione S-transferase, amine-terminal

7E-40

77.85

146.64 C1711153 62.0

glutathione S-transferase, amine-terminal

0

2164.08 15862.41 7262.54 5091.84 C1512010 81.0

elongation factor 1-beta | HC | chr5:38466

6E-111

372.04 490.59

glutathione S-transferase tau, putative |

6E-67

231.46 1732.47 1423.79 817.44 C1397140 75.0

glutathione S-transferase, amine-terminal

1E-57

5.68

123.24

19.03

7.8

C1674011 12.0

glutathione S-transferase | HC | chr1:2891

8E-28

22.72

464.52

62.28

18.72

C1706269 28.0

RabGAP/TBC domain protein | HC | chr1:2891

4E-18

213

1239.51 283.72 188.76 C1333991 3.0

glutathione S-transferase, amine-terminal

3E-13

1.42

16.59

0.1

0.1

C1385930 2.0

glutathione S-transferase, amine-terminal

0.00000001

78.1

7.11

22.49

29.64

C1609301 81.0

glutathione S-transferase | HC | chr1:5255

6E-142

9.94

47.4

122.83 120.12 C1444070 84.0

glutathione S-transferase, amine-terminal

8E-75

21.3

101.91

176.46 184.08 C1350613 52.0

glutathione S-transferase | HC | chr7:2383

8E-69

615.88 602.16 C1656337 33.0

glutathione S-transferase, amine-terminal

1E-55

187.23

166.14 312.84

180.34 616.2

C1402500 5.0

416.93 268.32 C1709155 19.0
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Table 1: ‒Continued.

Mink-18023-

Chevron portion

50% Open leaf

Mink-18023-

Closed leaf

Mink-18023-

Primordia

Mink-18023-

Mink

Sequence description

Gene description

E-value

80.94

127.98

84.77

135.72 C1328757 75.0

glutathione S-transferase | HC | chr3:1757

1E-87

7.1

14.22

1.73

42.12

C1700825 47.0

GSTL3 | glutathione S-transferase family protein

1E-69

7.1

0.1

1.73

3.12

C1581018 3.0

glutathione S-transferase family protein

3E-57

2.84

2.37

0.1

0.1

C1584570 8.0

glutathione S-transferase, C-terminal

3E-40

58.22

54.51

155.7

137.28 C1328769 76.0

ATGSTT2, GST10B, GSTT2 | glutathione

9E-36

71

334.17

600.31 315.12 C1473505 42.0

glutathione S-transferase family protein

8E-29

8.52

0.1

1.73

0.1

C1597887 10.0

ATGSTZ1, GST18, GSTZ1 | glutathione S

9E-18

69.58

7.11

24.22

0.1

C1698663 22.0

anthocyanidin reductase ANR1-1 | HC | chr4

0

0.1

4.74

0.1

0.1

C1533909 3.0

ANR1, AGL44 | AGAMOUS-like 44 | chr2:

0

214.42 343.65

102.07 921.96 C1578920 83.0

isoflavone-7-O-methyltransferase | HC | ch

4E-133

0.1

0.1

20.76

140.4

C1704817 11.0

isoflavone-7-O-methyltransferase | LC | ch

3E-109

42.6

168.27

83.04

494.52 C1541927 66.0

isoflavone-7-O-methyltransferase | HC | ch

5E-102

1.42

0.1

1.73

20.28

C1321947 14.0

isoflavone-7-O-methyltransferase | HC | ch

2E-14

203.06 199.08

29.41

24.96

C1670365 44.0

O-methyltransferase family protein

3E-10

133.48 274.92

314.86 238.68 C1703243 22.0

flavonol synthase/flavanone 3-hydroxylase

0

531.08 1426.74 1394.38 1085.76 C1584854 95.0

flavonol synthase/flavanone 3-hydroxylase

1E-119

8.52

0.1

25.95

10.92

C1659553 53.0

FLS2 | leucine-rich receptor-like protein

1E-100

0.1

0.1

1.73

7.8

C1672823 6.0

phenylalanine ammonia-lyase-like protein |

0

105.08 45.03

110.72 46.8

C1573184 98.0

phenylalanine ammonia-lyase-like protein |

1E-123

120.7

71.1

96.88

29.64

C1687073 50.0

phenylalanine ammonia-lyase-like protein |

0

241.4

154.05

39.79

26.52

C1665971 59.0

phenylalanine ammonia-lyase-like protein |

1E-164

157.62 229.89

223.17 78

C1701937 45.0

PAL2, ATPAL2 | phenylalanine ammonia-lyase2

1E-159

325.18 71.1

72.66

31.2

C1621101 18.0

PAL4 | phenylalanine ammonia-lyase 4

3E-149

61.06

71.1

91.69

564.72 C1567462 81.0

dihydroflavonol 4-reductase-like protein |

7E-131

18.46

49.77

58.82

964.08 C1710859 72.0

dihydroflavonol 4-reductase-like protein |

0

7.1

0.1

0.1

0.1

dihydroflavonol 4-reductase | HC | chr1:71

8E-118

C1678747 9.0
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Table 1: ‒Continued.

NZRLM-16424150% Open leaf

NZRLM-164241Chevron portion

1.14
41.04
141.36
233.7
558.6
70.68
55.86
186.96
249.66
3.42
273.6
29.64
13.68
1054.5
13.68
59.28
372.78
128.82
4.56
232.56
6.84
61.56
35.34
9.12
393.3
4.56
380.76
51.3
18.24
42.18
22.8
296.4
115.14
41.04
0.1
0.1
51.3
277.02
10.26
0.1
0.1
2.28
36.48
59.28
367.08
1538
63.84
34.2
64.98
22.8
79.8
21.66

NZRLM-164241Closed leaf

NZRLM-164241Primordia

NZRLM

8.64
50.76
171.72
334.8
474.12
357.48
233.28
96.12
74.52
193.32
41.04
6.48
7.56
384.48
60.48
38.88
328.32
100.44
7.56
254.88
1.08
57.24
31.32
8.64
1482.84
0.1
468.72
48.6
43.2
57.24
14.04
233.28
47.52
57.24
0.1
0.1
133.92
207.36
11.88
0.1
201.96
62.64
116.64
249.48
2487.24
5890.38
20.52
11.88
509.76
278.64
818.64
133.92

27
209
719
1573
2130
1854
1271
409
178
1264
17
8
14
546
144.00
35
558
190
3
248
3
20
19
2
5123
2
598
62
18
44
15
159
0.1
64
0.1
0.1
70
206
23
0.1
420
101
99
559
5057
818.64
12
0.1
1005
572
1538
325

186.96
1165.08
2236.68
5725.08
9758.4
3849.78
3041.52
2153.46
2705.22
1194.72
44.46
0.1
0.1
666.9
207.48
4.56
21.66
12.54
36.48
141.36
6.84
23.94
3.42
2.28
22784.04
5.7
1785.24
198.36
0.1
36.48
6.84
182.4
0.1
52.44
0.1
0.1
2.28
127.68
30.78
18.24
22.8
3.42
51.3
3402.9
21857.22
79.8
1.14
0.1
4324.02
2851.14
5890.38
898.32

Sequence description

C1635735 36.0
C1661731 65.0
C1667895 50.0
C1373588 105.0
C1411866 63.0
C1350561 61.0
C1303989 36.0
C1315761 108.0
C1606367 7.0
C1394930 5.0
C1485344 112.0
C1576114 10.0
C1507545 7.0
C1451250 104.0
C1280709 95.0
C1341887 18.0
C1661267 66.0
C1697835 62.0
C1699749 6.0
C1515976 66.0
C1339303 2.0
C1306241 2.0
C1452029 42.0
C1420842 15.0
C1579956 115.0
C1446528 6.0
C1584600 73.0
C1338673 64.0
C1450140 27.0
C1646635 36.0
C1693945 11.0
C1441214 70.0
C1471421 64.0
C1540555 89.0
C1595969 5.0
C1595969 5.0
C1639969 60.0
C1553883 70.0
C1682903 5.0
C1435119 4.0
C1629581 70.0
C1349203 33.0
C1691895 49.0
C1292825 63.0
C1634299 101.0
C1625945 82.0
C1710505 14.0
C1537705 21.0
C1511638 22.0
C1303475 62.0
C1625945 82.0
C1701623 31.0

Gene description

chalcone and stilbene synthase family protein
chalcone and stilbene synthase family protein
chalcone and stilbene synthase family protein
chalcone and stilbene synthase family protein
chalcone and stilbene synthase family protein
chalcone and stilbene synthase family protein
chalcone and stilbene synthase family protein
chalcone synthase family protein | HC | ch
chalcone synthase | HC | chr5:1485317-1487
chalcone and stilbene synthase family protein
chalcone and stilbene synthase family protein
chalcone synthase family protein | HC | ch
CHS3, DAR4 | DA1-related protein 4 |
naringenin 3-dioxygenase (flavanone-3-hydr
UDP-glucosyltransferase family protein | H
UDP-glcnac-adolichol phosphate glcnac-1-Pgroup 1 family glycosyltransferase | HC |
glycosyl transferase family 1 protein
glycosyl transferase, family 35 |
chalcone-flavanone isomerase family protein
chalcone-flavanone isomerase family protein
chalcone-flavanone isomerase family protein
chalcone-flavanone isomerase family protein
chalcone-flavanone isomerase family protein
chalcone-flavanone isomerase family protein
chalcone-flavanone isomerase family protein
chalcone-flavanone isomerase family protein
chalcone-flavanone isomerase family protein
chalcone-flavanone isomerase family protein
chalcone-flavanone isomerase family protein
chalcone-flavanone isomerase family protein
chalcone-flavanone isomerase family protein
chalcone-flavanone isomerase family protein
chalcone-flavanone isomerase family protein
chalcone-flavanone isomerase family protein
chalcone-flavanone isomerase family protein
chalcone-flavanone isomerase family protein
TT5, A11, CFI | chalcone-flavanone isomerase
leucoanthocyanidin dioxygenase-like protein
leucoanthocyanidin dioxygenase-like protein
leucoanthocyanidin dioxygenase-like protein
leucoanthocyanidin dioxygenase-like protein
leucoanthocyanidin dioxygenase-like protein
cytochrome P450 family flavone synthase |
cytochrome P450 family flavone synthase |
CYP712A1 | cytochrome P450, family 71
cytochrome P450 family flavone synthase |
cytochrome P450 family flavone synthase |
CYP82C4 | cytochrome P450, family 82,
CYP71B2 | cytochrome P450, family 71,
CYP712A1 | cytochrome P450, family 71
CYP705A20 | cytochrome P450, family 7
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E-value

0
0
9E-127
2E-90
9E-89
2E-75
8E-74
2E-24
7E-17
2E-35
1E-98
1E-68
1E-53
4E-102
5E-81
8E-79
0
0
3E-156
2E-111
3E-14
7E-10
1E-98
7E-90
6E-122
3E-14
4E-138
2E-20
4E-102
0.00000002
0
6E-76
3E-69
1E-53
9E-26
9E-26
6E-19
7E-15
0
5E-62
7E-167
3E-14
5E-170
5E-56
3E-150
80.5
0
2E-16
2E-15
4E-10
4E-9
3E-6
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Table 1: ‒Continued.

1.08
226.8
51.84
5.4
254.88
68.04
342.36
4.32
0.1
68.04
23.76
962.28
18.36
5.4
7.56
98.28
68.04
114.48
60.48
117.72
258.12
12.96
3807
49.68
89.64
97.2
189
92.88
238.68
92.88
19.44
2021.76
128.52
102.6
0.1
48.6
0.1
172.8
879.12
85.32
28.08
395.28
314.28
100.44
173.88
132.84
272.16
0.1
75.6
92.88
6778.08
176.04

1
208
161
32
209
197
205
17
0.1
70
32
876
29
2
0.1
90
291
229
126
353
749
144
4038
68
1008
191
1345
300
859
146
26
5399
189
184
1
42
1
305
1668
120
169
560
1178
190
328
375
492
2
66
78
9212
155

NZRLM-164241Chevron portion

NZRLM-164241Closed leaf

4.56
217.74
15.96
5.7
396.72
55.86
932.52
0.1
0.1
41.04
6.84
515.28
43.32
120.84
10.26
86.64
31.92
76.38
83.22
21.66
344.28
0.1
1695.18
18.24
10.26
55.86
38.76
36.48
54.72
42.18
38.76
456
43.32
36.48
4.56
13.68
0.1
178.98
270.18
47.88
9.12
247.38
30.78
20.52
149.34
47.88
104.88
0.1
61.56
71.82
2479.5
148.2

NZRLM-16424150% Open leaf

NZRLM-164241Primordia

NZRLM

4.56
91.2
413.82
787.74
1353.18
788.88
967.86
36.48
2.28
38.76
19.38
793.44
19.38
11.4
0.1
20.52
7545.66
297.54
147.06
1136.58
2281.14
292.98
7104.48
153.9
2807.82
221.16
3690.18
1032.84
1470.6
168.72
53.58
5810.58
299.82
1224.36
7.98
291.84
12.54
220.02
542.64
1.14
87.78
198.36
950.76
87.78
175.56
168.72
186.96
0.1
37.62
15.96
983.82
169.86

Sequence description

C1541591 5.0
C1648211 39.0
C1649483 95.0
C1709935 56.0
C1608343 81.0
C1597069 75.0
C1373602 179.0
C1460839 22.0
C1495753 6.0
C1596723 7.0
C1341713 2.0
C1577500 90.0
C1488088 63.0
C1324385 3.0
C1331983 14.0
C1609301 81.0
C1698251 67.0
C1698279 88.0
C1592345 70.0
C1667999 64.0
C1659915 59.0
C1498213 49.0
C1512010 81.0
C1482668 18.0
C1528594 64.0
C1404358 18.0
C1503753 60.0
C1459499 62.0
C1304135 68.0
C1402500 5.0
C1350613 52.0
C1397140 75.0
C1656337 33.0
C1622075 57.0
C1674011 12.0
C1406760 68.0
C1633009 3.0
C1637941 90.0
C1680305 94.0
C1646925 83.0
C1594881 48.0
C1482610 71.0
C1570996 11.0
C1444070 84.0
C1281159 91.0
C1671977 45.0
C1369650 32.0
C1385930 2.0
C1534935 104.0
C1587752 54.0
C1676699 62.0
C1328757 75.0

Gene description

caffeic acid O-methyltransferase | HC | ch
caffeic acid O-methyltransferase | HC | ch
caffeic acid O-methyltransferase | HC | ch
caffeic acid O-methyltransferase | HC | ch
caffeic acid O-methyltransferase | HC | ch
caffeic acid O-methyltransferase | HC | ch
caffeic acid O-methyltransferase | HC | s
caffeic acid O-methyltransferase | HC | ch
caffeic acid O-methyltransferase | HC | ch
caffeic acid O-methyltransferase | HC | ch
caffeic acid O-methyltransferase | HC | ch
caffeic acid O-methyltransferase | HC | ch
caffeic acid O-methyltransferase | HC | ch
caffeic acid O-methyltransferase | HC | ch
caffeic acid O-methyltransferase | HC | ch
glutathione S-transferase | HC | chr1:5255
glutathione S-transferase, amine-terminal
glutathione S-transferase, amine-terminal
glutathione S-transferase-like protein | H
glutathione S-transferase, amine-terminal
glutathione S-transferase | HC | chr7:2382
glutathione S-transferase, amine-terminal
elongation factor 1-beta | HC | chr5:38466
glutathione S-transferase | HC | chr7:2385
glutathione S-transferase, amine-terminal
glutathione S-transferase tau 5 | HC | chr
glutathione S-transferase, amine-terminal
glutathione S-transferase, amine-terminal
glutathione S-transferase, amine-terminal
glutathione S-transferase, amine-terminal
glutathione S-transferase | HC | chr7:2383
glutathione S-transferase, amine-terminal
glutathione S-transferase, amine-terminal
glutathione S-transferase, amine-terminal
glutathione S-transferase | HC | chr1:2891
glutathione S-transferase | LC | chr1:4034
glutathione S-transferase | HC | chr7:2379
glutathione S-transferase-like protein | H
glutathione S-transferase, amine-terminal
glutathione S-transferase, amine-terminal
glutathione S-transferase, amine-terminal
glutathione S-transferase theta | HC | chr
glutathione S-transferase, amine-terminal
glutathione S-transferase, amine-terminal
glutathione S-transferase | HC | chr7:2385
glutathione S-transferase, amine-terminal
glutathione S-transferase, amine-terminal
glutathione S-transferase, amine-terminal
glutathione S-transferase | HC | chr7:4028
glutathione S-transferase, amine-terminal
glutathione S-transferase, amine-terminal
glutathione S-transferase | HC | chr3:1757
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E-value

2E-16
4E-145
0
0
1E-138
6E-127
2E-85
8E-65
2E-35
1E-128
2E-11
2E-142
1E-103
6E-75
5E-71
6E-142
0
2E-140
2E-137
4E-135
8E-132
6E-111
6E-111
2E-96
1E-87
7E-85
1E-82
5E-82
2E-80
5E-76
8E-69
1E-57
1E-55
6E-38
8E-28
4E-23
8E-12
0
0
4E-140
8E-126
8E-115
8E-81
8E-75
5E-61
5E-40
7E-40
0.00000001
4E-113
2E-111
2E-104
1E-87
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365.04
219.24
3.24
39.96
3.24
0.1
6.48
0.1
72.36
393.12
8.64
0.1
1.08
930.96
494.64
7.56
0.1
22.68
129.6
372.6
149.04
140.4
191.16
2.16
159.84
217.08
176.04
466.56
0.1
41.04

95
162
9
5
12
3
10
0.1
128
1008
6
9
0.1
2090
2024
61
3
43
82
205
377
154
159
4
87
203
292
1724
0.1
217

NZRLM-164241Chevron portion

NZRLM-164241Closed leaf

900.6
344.28
17.1
234.84
0.1
18.24
14.82
17.1
63.84
91.2
7.98
54.72
0.1
313.5
70.68
1.14
7.98
93.48
271.32
1128.6
4.56
133.38
180.12
2.28
357.96
110.58
522.12
174.42
2.28
12.54

NZRLM-16424150% Open leaf

NZRLM-164241Primordia

NZRLM

112.86
42.18
2.28
2.28
14.82
339.72
0.1
0.1
62.7
151.62
15.96
53.58
0.1
12831.84
5977.02
262.2
4.56
33.06
31.92
118.56
19.38
108.3
37.62
49.02
76.38
98.04
251.94
1585.74
5.7
3597.84

Sequence description

C1711153 62.0
C1709155 19.0
C1706269 28.0
C1333991 3.0
C1653913 15.0
C1700825 47.0
C1581018 3.0
C1584570 8.0
C1328769 76.0
C1473505 42.0
C1597887 10.0
C1698663 22.0
C1533909 3.0
C1578920 83.0
C1541927 66.0
C1321947 14.0
C1704817 11.0
C1670365 44.0
C1703243 22.0
C1584854 95.0
C1659553 53.0
C1573184 98.0
C1687073 50.0
C1672823 6.0
C1665971 59.0
C1701937 45.0
C1621101 18.0
C1567462 81.0
C1678747 9.0
C1710859 72.0

Gene description

glutathione S-transferase, amine-terminal
glutathione S-transferase tau, putative |
RabGAP/TBC domain protein | HC | chr1:2891
glutathione S-transferase, amine-terminal
glutathione S-transferase | HC | chr1:5186
GSTL3 | glutathione S-transferase family protein
glutathione S-transferase family protein
glutathione S-transferase, C-terminal
ATGSTT2, GST10B, GSTT2 | glutathione S-transferase
glutathione S-transferase family protein
ATGSTZ1, GST18, GSTZ1 | glutathione S-transferase
anthocyanidin reductase ANR1-1 | HC | chr4
ANR1, AGL44 | AGAMOUS-like 44 | chr2:
isoflavone-7-O-methyltransferase | HC | ch
isoflavone-7-O-methyltransferase | HC | ch
isoflavone-7-O-methyltransferase | HC | ch
isoflavone-7-O-methyltransferase | LC | ch
O-methyltransferase family protein
flavonol synthase/flavanone 3-hydroxylase
flavonol synthase/flavanone 3-hydroxylase
FLS2 | Leucine-rich receptor-like protein
phenylalanine ammonia-lyase-like protein |
phenylalanine ammonia-lyase-like protein |
phenylalanine ammonia-lyase-like protein |
phenylalanine ammonia-lyase-like protein |
PAL2, ATPAL2 | phenylalanine ammonia-lyase2
PAL4 | phenylalanine ammonia-lyase 4
dihydroflavonol 4-reductase-like protein |
dihydroflavonol 4-reductase | HC | chr1:71
dihydroflavonol 4-reductase-like protein |
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E-value

0
6E-67
4E-18
3E-13
1E-140
1E-136
2E-131
2E-122
2E-119
4E-98
4E-67
0
0
4E-133
5E-102
2E-14
3E-109
2E-100
0
1E-119
1E-89
1E-123
0
0
1E-164
2E-156
2E-112
7E-131
8E-118
0
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Figure 1: Differential expressions of homologues of structural genes, transcription
factors and subcellular transporters in a transcriptomic analysis of ‘Mink’ and ‘NZRLM’
white clover primordia, closed leaf, 50% open leaf and chevron portions of leaves of
‘Mink’ and ‘NZRLM’ varieties.
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C1678747 9.0 (TrDFR)
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C1661731 65.0 (TrCHS)
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C1373588 105.0 (TrCHS)
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C1303989 36.0 (TrCHS)
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C1315761 108.0 (TrCHS)
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leaf

Mink

Chevron
portion

NZRLM

C1507545 7.0 (TrCHS3)
16
14
12
10
8
6
4
2
0
Primordia

Closed leaf

50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf

50% Open
leaf

NZRLM

219

Chevron
portion

Ashtiani

Appendix III

C1451250 104.0 (TrF3H)
1800
1600
1400
1200
1000
800
600
400
200
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1703243 22.0 (TrFLS)
350
300
250
200
150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1584854 95.0 (TrFLS)
1600
1400
1200
1000
800
600
400
200
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia Closed leaf 50% Open
leaf
NZRLM

220

Chevron
portion

Ashtiani

Appendix III

C1659553 53.0 (TrFLS2)
400
350
300
250
200
150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1280709 95.0 (TrUDP)
250.00
200.00
150.00

100.00
50.00
0.00
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1341887 18.0 (TrUDP)
70
60
50
40
30
20
10
0

Primordia

Closed leaf

50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf

50% Open
leaf

NZRLM

221

Chevron
portion

Ashtiani
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C1661267 66.0 (TrGTF)
600
500
400
300
200
100
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1697835 62.0 (TrGTF)
200
180
160
140
120
100
80
60
40
20
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1697835 62.0 (TrGTF)
200
150

100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf 50% Open
leaf
NZRLM

222

Chevron
portion

Ashtiani
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C1699749 6.0 (TrGTF)
40
35
30
25
20
15
10
5
0
Primordia

Closed leaf

50% Open
leaf

Chevron
portion

Primordia

Closed leaf

Mink

50% Open
leaf

Chevron
portion

NZRLM

C1672823 6.0 (TrPAL)
60
50
40

30
20
10
0
Primordia

Closed leaf

50% Open
leaf

Chevron
portion

Primordia

Closed leaf

Mink

50% Open
leaf

Chevron
portion

NZRLM

C1687073 50.0 (TrPAL)
250
200
150
100
50
0

Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf 50% Open
leaf
NZRLM

223

Chevron
portion

Ashtiani

Appendix III

C1665971 59.0 (TrPAL)
400
350
300
250
200
150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1573184 98.0 (TrPAL)
180
160
140
120
100
80
60
40
20
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1701937 45.0 (TrPAL2)
250
200

150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf 50% Open
leaf
NZRLM

224

Chevron
portion

Ashtiani

Appendix III

C1621101 18.0 (TrPAL4)
600
500
400
300
200
100
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1682903 5.0 (TrLDOX)
45
40
35
30
25
20
15
10
5
0
Primordia

Closed leaf

50% Open
leaf

Chevron
portion

Primordia

Closed leaf

Mink

50% Open
leaf

Chevron
portion

NZRLM

C1691895 49.0 (TrLDOX)
140
120
100
80
60
40
20
0

Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf 50% Open
leaf
NZRLM

225

Chevron
portion

Ashtiani
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C1629581 70.0 (TrLDOX)
450
400
350
300
250
200
150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1435119 4.0 (TrLDOX)
20
18
16
14
12
10
8
6
4
2
0
Primordia

Closed leaf

50% Open
leaf

Chevron
portion

Primordia

Closed leaf

Mink

50% Open
leaf

Chevron
portion

NZRLM

C1349203 33.0 (TrLDOX)
120
100
80
60
40
20
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf 50% Open
leaf
NZRLM

226

Chevron
portion

Ashtiani

Appendix III

C1649483 95.0 (TrCOMT)
450
400
350
300
250
200
150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1709935 56.0 (TrCOMT)
900
800
700
600
500
400
300
200
100
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1648211 39.0 (TrCOMT)
400
350
300
250
200
150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf 50% Open
leaf
NZRLM

227

Chevron
portion

Ashtiani
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C1577500 90.0 (TrCOMT)
1200
1000
800
600
400
200
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1608343 81.0 (TrCOMT)
2500
2000
1500
1000
500
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1597069 75.0 (TrCOMT)
900
800
700
600
500
400
300
200
100
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf 50% Open
leaf
NZRLM

228

Chevron
portion

Ashtiani
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C1488088 63.0 (TrCOMT)
100
90
80
70
60
50
40
30
20
10
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1373602 179.0 (TrCOMT)
10000
9000
8000
7000
6000
5000
4000
3000
2000
1000
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1324385 3.0 (TrCOMT)
140
120
100
80
60
40
20
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf 50% Open
leaf
NZRLM

229

Chevron
portion

Ashtiani
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C1331983 14.0 (TrCOMT)
35
30
25
20
15
10
5
0
Primordia

Closed leaf

50% Open
leaf

Chevron
portion

Primordia

Closed leaf

Mink

50% Open
leaf

Chevron
portion

NZRLM

C1460839 22.0 (TrCOMT)
40
35
30
25
20
15
10
5
0
Primordia

Closed leaf

50% Open
leaf

Chevron
portion

Primordia

Closed leaf

Mink

50% Open
leaf

Chevron
portion

NZRLM

C1495753 6.0 (TrCOMT)
2.5
2
1.5
1
0.5
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf 50% Open
leaf
NZRLM

230

Chevron
portion

Ashtiani
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C1541591 5.0 (TrCOMT)
5
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1341713 2.0 (TrCOMT)
200
180
160
140
120
100
80
60
40
20
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1670365 44.0 (TrOMT)
250
200

150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf 50% Open
leaf
NZRLM

231

Chevron
portion

Ashtiani
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C1710505 14.0 (TrCYP)
70
60
50
40
30
20
10
0
Primordia

Closed leaf

50% Open
leaf

Chevron
portion

Primordia

Closed leaf

Mink

50% Open
leaf

Chevron
portion

NZRLM

C1634299 101.0 (TrCYP)
25000
20000
15000
10000
5000
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1625945 82.0 (TrCYP)
7000
6000
5000
4000
3000
2000
1000
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia Closed leaf 50% Open
leaf
NZRLM

232

Chevron
portion

Ashtiani
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C1292825 63.0 (TrCYP)
4000
3500
3000
2500
2000
1500
1000
500
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1537705 21.0 (TrCYP)
40
35
30
25
20
15
10
5
0
Primordia

Closed leaf

50% Open
leaf

Chevron
portion

Primordia

Closed leaf

Mink

50% Open
leaf

Chevron
portion

NZRLM

C1511638 22.0 (TrCYP)
5000
4500
4000
3500
3000
2500
2000
1500
1000
500
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia Closed leaf 50% Open
leaf
NZRLM

233

Chevron
portion

Ashtiani

Appendix III

C1303475 62.0 (TrCYP)
3000
2500
2000
1500
1000
500
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1625945 82.0 (TrCYP)
7000
6000
5000
4000
3000
2000
1000
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1701623 31.0 (TrCYP)
1000
900
800
700
600
500
400
300
200
100
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia Closed leaf 50% Open
leaf
NZRLM

234

Chevron
portion

Ashtiani
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C1578920 83.0 (TrIOMT)
14000
12000
10000
8000
6000
4000
2000
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1704817 11.0 (TrIOMT)
160
140
120
100
80
60
40
20
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1541927 66.0 (TrIOMT)
7000
6000
5000
4000
3000
2000
1000
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia Closed leaf 50% Open
leaf
NZRLM

235

Chevron
portion

Ashtiani
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C1321947 14.0 (TrIOMT)
300
250
200
150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1637941 90.0 (TrGST)
350
300
250
200
150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1680305 94.0 (TrGST)
1800
1600
1400
1200
1000
800
600
400
200
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia Closed leaf 50% Open
leaf
NZRLM

236

Chevron
portion

Ashtiani
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C1698251 67.0 (TrGST)
8000
7000
6000
5000
4000
3000
2000
1000
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1711153 62.0 (TrGST)
1000
900
800
700
600
500
400
300
200
100
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1609301 81.0 (TrGST)
120
100
80

60
40
20
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf 50% Open
leaf
NZRLM

237

Chevron
portion

Ashtiani
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C1653913 15.0 (TrGST)
50
45
40
35
30
25
20
15
10
5
0
Primordia

Closed leaf

50% Open
leaf

Chevron
portion

Primordia

Closed leaf

Mink

50% Open
leaf

Chevron
portion

NZRLM

C1698279 88.0 (TrGST)
350
300
250
200
150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1646925 83.0 (TrGST)
700
600
500
400
300
200
100
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf 50% Open
leaf
NZRLM

238

Chevron
portion

Ashtiani
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C1592345 70.0 (TrGST)
160
140
120
100
80
60
40
20
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1667999 64.0 (TrGST)
1200
1000
800
600
400
200
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1659915 59.0 (TrGST)
2500
2000
1500
1000
500
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia Closed leaf 50% Open
leaf
NZRLM

239

Chevron
portion

Ashtiani
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C1594881 48.0 (TrGST)
180
160
140
120
100
80
60
40
20
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1482610 71.0 (TrGST)
1800
1600
1400
1200
1000
800
600
400
200
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1534935 104.0 (TrGST)
120
100
80
60
40
20
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf 50% Open
leaf
NZRLM

240

Chevron
portion

Ashtiani
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C1587752 54.0 (TrGST)
250
200
150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1498213 49.0 (TrGST)
350
300
250
200
150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1512010 81.0 (TrGST)
18000
16000
14000
12000
10000
8000
6000
4000
2000
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia Closed leaf 50% Open
leaf
NZRLM

241

Chevron
portion

Ashtiani

Appendix III

C1676699 62.0 (TrGST)
10000
9000
8000
7000
6000
5000
4000
3000
2000
1000
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1482668 18.0 (TrGST)
180
160
140
120
100
80
60
40
20
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1328757 75.0 (TrGST)
200
180
160
140
120
100
80
60
40
20
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf 50% Open
leaf
NZRLM

242

Chevron
portion

Ashtiani
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C1528594 64.0 (TrGST)
3000
2500
2000
1500
1000
500
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1404358 18.0 (TrGST)
250
200
150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1700825 47.0 (TrGST)
400
350
300
250
200
150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf 50% Open
leaf
NZRLM

243

Chevron
portion

Ashtiani
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C1503753 60.0 (TrGST)
4000
3500
3000
2500
2000
1500
1000
500
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1459499 62.0 (TrGST)
1200
1000
800
600
400
200
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1570996 11.0 (TrGST)
1400
1200
1000
800
600
400
200
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia Closed leaf 50% Open
leaf
NZRLM

244

Chevron
portion

Ashtiani
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C1304135 68.0 (TrGST)
1600
1400
1200
1000
800
600
400
200
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1402500 5.0 (TrGST)
350
300
250
200
150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1444070 84.0 (TrGST)
200
180
160
140
120
100
80
60
40
20
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf 50% Open
leaf
NZRLM

245

Chevron
portion

Ashtiani
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C1350613 52.0 (TrGST)
200
180
160
140
120
100
80
60
40
20
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1709155 19.0 (TrGST)
600
500
400
300
200
100
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1281159 91.0 (TrGST)
450
400
350
300
250
200
150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf 50% Open
leaf
NZRLM

246

Chevron
portion

Ashtiani
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C1397140 75.0 (TrGST)
7000
6000
5000
4000
3000
2000
1000
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1656337 33.0 (TrGST)
700
600
500
400
300
200
100
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1671977 45.0 (TrGST)
1400
1200
1000
800
600
400
200
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia Closed leaf 50% Open
leaf
NZRLM
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Chevron
portion

Ashtiani

Appendix III

C1369650 32.0 (TrGST)
600
500
400
300
200
100
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1622075 57.0 (TrGST)
1400
1200
1000
800
600
400
200
0
Primordia Closed leaf 50% Open
leaf

Chevron
portion

Primordia Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1674011 12.0 (TrGST)
140
120
100
80
60
40
20
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf 50% Open
leaf
NZRLM

248

Chevron
portion

Ashtiani
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C1406760 68.0 (TrGST)
350
300
250
200
150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1706269 28.0 (TrGST)
500
450
400
350
300
250
200
150
100
50
0
Primordia

Closed leaf 50% Open
leaf

Chevron
portion

Primordia

Closed leaf 50% Open
leaf

Mink

Chevron
portion

NZRLM

C1633009 3.0 (TrGST)
40
35
30
25
20
15
10
5
0
Primordia

Closed leaf

50% Open
leaf

Chevron
portion

Mink

Primordia

Closed leaf

50% Open
leaf

NZRLM

249

Chevron
portion

Ashtiani
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C1385930 2.0 (TrGST)
18
16
14
12
10
8
6
4
2
0
Primordia

Closed leaf

50% Open
leaf

Chevron
portion
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