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ABSTRACT

Lace plant (4ponogeton madagascariensis) forms perforations throughout its leaves via
developmental programmed cell death (PCD). Newly emerged ‘pre-perforated’ lace plant leaves
are filled with anthocyanin pigmentation, and the first visible sign of cell death is the
disappearance of anthocyanins in ‘window’ leaves, which generates a unique PCD gradient. Due
to the conspicuous pattern of anthocyanin loss at an early stage, it is evident that anthocyanins
play an important role in lace plant PCD. Previous research on anthocyanins in lace plants has
identified highly condensed bodies, named anthocyanin vacuolar inclusions (AVIs), that are
visible in the apex of window leaves using light microscopy, however, the structure of AVIs and
their function in leaf development and PCD remains unclear. Further, the intracellular transport
of anthocyanins from the endoplasmic reticulum (ER; biosynthesis site) to the vacuole
(accumulation site) is unknown in lace plant. Three models have been proposed: vesicular,
ligandin, or autophagic transport. Even though the involvement of the ER is well-documented in
animal PCD, little is known about ER dynamics in lace plant PCD. Therefore, the objectives of
the study are (1) to isolate and identify anthocyanin species present in different lace plant tissues,
(2) to investigate anthocyanins and AVIs in lace plant leaves by (i) determining the ultrastructure
and localization of anthocyanins and AVIs, (ii) determining the mode of intracellular transport of
anthocyanins, and (ii1) investigating ER changes across the PCD gradient, and (3) to determine
the role of anthocyanins in lace plant PCD.

Ultra-pressure liquid-chromatography (UPLC) and mass-spectrometry (MS) were utilized to
profile anthocyanins in lace plant leaves and inflorescences. A combination of long-term, live-
cell imaging and transmission electron microscopy (TEM) were used to determine the
localization of AVIs in lace plant leaves. A protocol was optimized for 3,3'-dihexyloxacarbo-
cyanine iodide, a fluorescent dye, to observe ER changes in lace plant leaves across the PCD
gradient using confocal laser scanning microscopy (CLSM). TEM was also used to compare ER
in healthy and dying cells. Lastly, pharmacological experimentation was performed with
anthocyanin modulators, methyl jasmonate (a biosynthesis promoter) and phenidone (a
biosynthesis inhibitor), to determine the effect on perforation formation in lace plant leaves.
Results indicated that anthocyanin profiles differ among the various developmental leaf stages
and inflorescences. Microscopic observations determined that AVIs are more visible in the apex
of window leaves compared to the mid-regions. Based on CLSM results, two forms of
anthocyanin bodies that differed at the leaf apex and mid-regions were observed: a large,
singular spherical body (approximately 1-2 um in size) located in cells at the window apex and
multiple small, spherical bodies (less than 1 um) located in vasculature and NPCD cells in the
mid-regions. Transmission electron microscopy of areoles in the mid-regions of window stage
leaves revealed that AVIs are deposited in ER-derived vesicles for transportation to the vacuole,
which supports the vesicular transport model. CLSM provided evidence of ER changes between
developmental leaf-stage, as well as across the PCD gradient. Addition of anthocyanin
modulators significantly increased (methyl jasmonate treatment) and decreased (phenidone
treatment) anthocyanin content in lace plant leaves, but the anthocyanin modulators did not
significantly affect perforation number at the concentrations used. The results of the study
suggest the differential occurrence of anthocyanin species and their potential role at specific
stages of lace plant leaf development and contributes to the understanding of AVIs and
anthocyanin transport, as well as corresponding structural changes taking place in the ER, an
organelle involved in the transport mechanism of anthocyanins.
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CHAPTER 1: INTRODUCTION

1.1. PLANT METABOLITES

Plants produce a wide range of organic molecules that participate in growth, development
and survival (Croteau et al. 2000; Tiwari and Rana 2015). These organic compounds can be
broadly generalized into two main groups based on functionality: primary and secondary
metabolites (Croteau et al. 2000; Crozier et al. 2008). Primary metabolites are essential for
metabolism, growth, development, and reproduction in plants (Croteau et al. 2000; Hanson 2003;
Katerova et al. 2012). They are low molecular weight compounds, such as nucleic acids, amino
acids, carbohydrate, and lipids, that are common to all plants and occur in all cells (Rhodes 1994;
Hanson 2003; Aldred 2009a; Kabera et al. 2014). Secondary metabolites are traditionally defined
as a diverse and complex set of organic compounds that are not directly involved in fundamental
life processes but are important for interactions between the plant and its environment (Namdeo
2007; Crozier et al. 2008; Aldred 2009a; Kabera et al. 2014; Tiwari and Rana 2015; Guerriero et
al. 2018). The absence of primary metabolites may result in the immediate death of the plant,
whereas the absence of secondary metabolites may only reduce the survivability or fecundity of
the plant (Tiwari and Rana 2015; Arimura and Maffei 2016). Certain classes of secondary
metabolites are often restricted to a limited range of families or genera within the plant kingdom
(Hanson 2003; Crozier et al. 2008; Tiwari and Rana 2015; Arimura and Maffei 2016). They are
not found uniformly throughout the plant, and instead are limited to particular cells, organs or
tissues (Rhodes 1994). Secondary metabolites were initially defined as waste products or errors
resulting from primary metabolism (Bennett and Wallsgrove 1994; Rhodes 1994); however, the
importance for secondary metabolites for the success of a plant has long been recorded and

recognized.



Secondary metabolites can contribute to specific colours, odours and tastes in plants
(Bennett and Wallsgrove 1994). These organic compounds play a deterrent or combative role in
defense against herbivores, pests, and pathogens (Bennett and Wallsgrove 1994; Guerriero et al.
2018). They also contribute to physiological functions, such as attracting pollinators, prompting
symbiosis, or providing structural components to vascular tissues (Guerriero et al. 2018). For
example, anthocyanins (a type of flavonoid) are widely recognized for their contribution in floral
and fruit pigmentation, which is crucial for reproductive success, but have also been found to
play a crucial role in leaf morphogenesis in Aponogeton madagascariensis (Dauphinee et al.
2017). For these reasons, many have argued to rename ‘“‘secondary metabolites,” which imply a
secondary, less important role in plants, to “specialized metabolites™ as their minor function is no
longer accepted (Arimura and Maffei 2016).

Plant secondary metabolites can be categorized based on chemical structure, composition,
solubility in various solvents, or, most commonly, their biosynthetic pathway (Tiwari and Rana
2015). The classification of secondary metabolites is outlined in Figure 1. Recent categorization
has grouped secondary metabolites into four broad classes: nitrogen- and sulphur-containing
compounds, terpenes, and phenolics (Guerriero et al. 2018; Jamwal et al. 2018). Nitrogen- and
sulphur-containing compounds are derived from common amino acids. Terpenes consist of five-
carbon isopentanoid units, whereas phenolic compounds are synthesized via the shikimic acid
pathway (Bennett and Wallsgrove 1994; Jamwal et al. 2018).

Phenolic compounds are a structurally diverse group of secondary metabolites that
collectively possess hydroxylated aromatic rings (Bennett and Wallsgrove 1994; Aldred 2009b;

Kabera et al. 2014; Shitan 2016). Most phenolic compounds polymerize to form larger molecules



termed polyphenols, which can be further subdivided into two classes: flavonoids and non-
flavonoids (Crozier et al. 2008; Kabera et al. 2014).

Flavonoids are comprised of fifteen carbons, with two aromatic rings connected by a
three-carbon bridge (Taylor and Grotewold 2005; Harborne 2007; Kabera et al. 2014). Because
of their polar hydroxyl groups, they are often water-soluble and localized in the vacuole of plant
cells (Crozier et al. 2008; Kabera et al. 2014). Various studies have identified high
concentrations of flavonoids present in flowers, fruits, and leaves where they play central roles in
plant development and environmental response (Taylor and Grotewold 2005; Crozier et al.
2008). Over 10,000 flavonoids have been identified and categorized into several classes,
including flavones, flavanones, isoflavones, flavanonols, flavonols, chalcones, and anthocyanins

(Taylor and Grotewold 2005; Crozier et al. 2008; Feng et al. 2017; Santos et al. 2017).

Secondary
metabolites
[ \ ' '
Nitrogen- Sulphur-
E
Non- 1

\ \ |
S

Figure 1. Classification of secondary metabolites. Secondary metabolites can be divided into four
broad groups: terpenes, phenolics, nitrogen-containing, and sulfur-containing compounds.
Phenolics can be subdivided into non-flavonoids or flavonoids. The flavonoids can be further
categorized into flavones, flavanones, isoflavones, flavanonols, flavonols, chalcones, and
anthocyanins. Information for the classification of secondary metabolites was gathered from
Bennet and Wallsgrove (1994), Taylor and Grotewold (2005), Crozier et al. (2007), Kabera et al.
(2014), Tiwari and Rana (2015), Guerriero et al. (2018), and Jamwal et al. (2018).
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1.2. ANTHOCYANINS

1.2.1. Anthocyanin biosynthesis

Anthocyanins are found in numerous plant species and are responsible for the orange,
red, blue, and purple pigments prominently seen in fruits and flowers (Chanoca et al. 2015; de
Brito Francisco and Martinoia 2018). They are also present in the roots, shoots, stems, leaves,
and seeds of plants. Over 600 different anthocyanin species have been identified in nature.
However, their biosynthesis and regulation are highly conserved in plants (de Brito Francisco
and Martinoia 2018; Liu et al. 2018). Anthocyanins are formed by the coupling of an
anthocyanidin molecule with sugar and acyl conjugates (Crozier et al. 2008; Liu et al. 2018). The
anthocyanidins differ from each other based on the number and position of the hydroxyl or
methyl-ether group. A majority of the naturally occurring anthocyanins are derivatives of six
widespread anthocyanidins: pelargonidin, cyanidin, delphinidin, peonidin, petunidin and
malvidin (Crozier et al. 2008; Ananga et al. 2013). Common conjugated sugars are
monosaccharides, such as glucose, galactose, arabinose, rhamnose, xylose and glucuronic acid
(Ananga et al. 2013).

The anthocyanin biosynthetic pathway is an extension of the general flavonoid synthesis
via the shikimate pathway (Ananga et al. 2013; Jaakola 2013; Liu et al. 2018). A general outline
of the anthocyanin pathway is presented in Figure 2. Chalcone synthase (CHS) produces a
naringenin chalcone from 4-coumaroyl-CoA and malonyl-CoA. Chalcone isomerase (CHI)
isomerizes naringenin chalcone to naringin, which is then converted to dihydroflavonol by
flavanone 3-hydroxylase (F3H). Dihydroflavonol 4-reductase (DFR) converts three

dihydroflavonols to leucoanthocyanidins. Leucoanthocyanidin dioxygenase/anthocyanidin



synthase (LDOX/ANS) converts the colourless leucoanthocyanidins into coloured
anthocyanidins, and a sugar is attached by anthocyanin 3-O-glucosyltransferase (UFGT). The
anthocyanin may eventually be acylated with an aromatic acyl group by acyltransferases (ACT).
Anthocyanin biosynthesis and accumulation may be enhanced or reduced by external
factors or internal stimuli (Solfanelli et al. 2006; Jaakola 2013; Liu et al. 2018). Anthocyanin
production is modulated by light intensity and quality, temperature, and nutrient availability
(Solfanelli et al. 2006; Jaakola 2013; Liu et al. 2018). High light intensity, UV and blue light
increase anthocyanin synthesis and accumulation (Akula and Ravishankar 2011; Jaakola 2013;
Liu et al. 2018). Low temperatures increase anthocyanin production, whereas high temperatures
(30-35 °C) have been shown to decrease anthocyanin content (Jaakola 2013; Liu et al. 2018).
The low anthocyanin abundance seen in plants grown at high temperatures is also thought to
result from its interaction with reactive oxygen species (ROS) as opposed to reduced production
(Liu et al. 2018). Sugar is a well-known stimulator of anthocyanin production, in addition to
nitrogen and phosphorous starvation, whereas potassium starvation decreases anthocyanin
(Hodges and Nozzolillo 1996; Das et al. 2012). Plant hormones also play a crucial role in
regulating anthocyanin biosynthesis. Ethylene, abscisic acid, cytokinins and jasmonates stimulate
anthocyanin production and accumulation, whereas auxin and gibberellin lower anthocyanin

biosynthesis (Das et al. 2012; Jaakola 2013).



LRGN ETROLE M |ipoxygenase — Phenidone
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CHS <—— MeJA
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Leucoanthocyanidins

LDOX/ANS <—— MeJA

Anthocyanidins

UFGT <—— MeJA
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Figure 2. Anthocyanin biosynthesis pathway. Chalcone synthase (CHS) produces a naringenin
chalcone from 4-coumaroyl-CoA and three malonyl-CoA. Chalcone isomerase (CHI) isomerizes
naringenin chalcone to naringin, which is then converted to dihydroflavanols by flavanone 3-
hydroxylase (F3H). Dihydroflavonol 4-reductase (DFR) then converts three dihydroflavonols to
leucoanthocyanidins. Leucoanthocyanidin dioxygenase/anthocyanidin synthase (LDOX/ANS)
converts the colourless leucoanthocyanidins into coloured anthocyanidins, and a sugar is
attached by anthocyanin 3-O-glucosyltransferase (UFGT) to produce anthocyanins. Information
on anthocyanin biosynthesis was gathered from Ananga et al. (2013), Jaakola (2013), and Liu et
al. (2018). Methyl Jasmonate (MeJA) promotes CHS, DRF, LDOX/ANS, and UFGT activity
(Saniewski et al. 2003; Shan et al. 2009; Qi et al. 2011). Phenidone is a lipoxygenases inhibitor,
which prevents the synthesis of jasmonates in plant cells (Cucurou et al. 1991).

1.2.2. Anthocyanin translocation

Anthocyanins are synthesized in the cytosol by a multi-enzyme complex anchored onto
the cytoplasmic face of the endoplasmic reticulum (ER; Zhang et al. 2006; Grotewold and
Davies 2008; Pourcel et al. 2010; Sun et al. 2012). The compounds are then transported from the

cytoplasm into vacuoles for storage. The translocation is necessary to prevent oxidation of



anthocyanin and to enable the pigments to accumulate and provide visible colouration (Zhang et
al. 2006; Pourcel et al. 2010). There has been much debate about how anthocyanins are
transported from sites of synthesis to sites of accumulation (Bassham 2015). Three non-exclusive
models have been proposed for the intracellular transport of anthocyanin: the ligandin transporter
(Marrs et al. 1995; Mueller et al. 2000; Conn et al. 2008; Grotewold and Davies 2008; Gomez et
al. 2011), vesicular transport (Zhang et al. 2006; Poustka et al. 2007; Grotewold and Davies
2008; Conn et al. 2010; Gomez et al. 2011), and autophagic transport models (Pourcel et al.
2010; Bassham 2015; Chanoca et al. 2015).

According to the ligandin transporter model, anthocyanins are escorted to the tonoplast
(vacuolar membrane) by glutathione S-transferase (GST) enzymes (Bassham 2015). Mutations in
GST genes prevents the accumulation of anthocyanins within the vacuole (Poustka et al. 2007;
Sun et al. 2012). This model differs from vesicular transport, which suggests that anthocyanins
first translocate to the interior of the ER, are deposited in ER-derived membrane-bound vesicles,
and are transported to the vacuole (Pourcel et al. 2010; Bassham 2015; Chanoca et al. 2015). The
vesicular model was based on observations of anthocyanin bodies or aggregates accumulating in
discrete cytoplasmic structures (Grotewold and Davies 2008; Pourcel et al. 2010). The third
model involves an autophagic-like pathway. In this model, anthocyanins produced in the
cytoplasm press against the tonoplast, where the vacuolar membrane extends and engulfs the
anthocyanins, releasing the membrane-bound materials into the vacuole (Bassham 2015;
Chanoca et al. 2015). This process resembles one form of autophagy, called microautophagy, but
interestingly does not depend on autophagy-related gene A7GS5 (Pourcel et al. 2010; Bassham

2015; Chanoca et al. 2015).



Two additional translocation routes for the movement of anthocyanin across the tonoplast
have been suggested for the ligandin transporter model, including ATP-binding cassette (ABC)
protein transporters or proton-gradient-dependent transporters (H'DT). The ABC family is a
large, ubiquitous group of transmembrane proteins that transport metabolites across membranes
via ATP hydrolysis (Grotewold and Davies 2008; Chanoca et al. 2015; Shitan 2016). This
method differs from H'DT that rely on the differential proton gradient present across the

cytoplasm and vacuolar lumen (Grotewold and Davies 2008).
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Figure 3. Methods of intracellular anthocyanin transport. Three methods for intracellular
transport of anthocyanin from the site of biosynthesis (cytosolic face of the endoplasmic
reticulum; ER) to the site of storage (vacuole): the ligandin transporter (Marrs et al. 1995;
Mueller et al. 2000; Conn et al. 2008; Grotewold and Davies 2008; Gomez et al. 2011), vesicular
transport (Zhang et al. 2006; Poustka et al. 2007; Grotewold and Davies 2008; Conn et al. 2010;
Gomez et al. 2011), and autophagic transport models (Pourcel et al. 2010; Bassham 2015;
Chanoca et al. 2015). In the ligandin transport model (A), anthocyanins bind to specific
glutathione S-transferases (GST) in the cytoplasm (i) and are escorted to the tonoplast. ATP-
binding cassette (ABC) protein transporters or proton-gradient-dependent transporters (H'DT)
translocate anthocyanins into the vacuole (ii). Inside the vacuolar lumen, anthocyanins can be
uniformly distributed or agglomerate as compact pigmented bodies, called anthocyanin vacuolar
inclusions (iii). (B) The vesicular transport method suggests that anthocyanins first translocate to
the interior of the ER, are deposited into ER-derived membrane-bound vesicles (i) and are
transported to the vacuole. The anthocyanin-containing vesicle binds to the tonoplast and
releases the anthocyanin into the lumen for storage (ii). (C) In the autophagic model,
anthocyanins produced in the cytoplasm press against the tonoplast, where the vacuolar
membrane extends and engulfs the anthocyanins (i), releasing the membrane-bound materials
into the vacuole (ii). The tonoplast-derived membrane eventually disintegrates (iii).

1.2.3. Anthocyanin vacuolar inclusions
Inside the vacuolar lumen, anthocyanins can be uniformly distributed or agglomerate as

compact pigmented bodies, called anthocyanin vacuolar inclusions (AVIs; Pourcel et al. 2010;



Ananga et al. 2013; Bassham 2015; Chanoca et al. 2015). AVIs have been found in numerous
plant species, without any phylogenetic association (Zhang et al. 2006). AVIs were previously
defined as “anthocyanoplasts” and were described as membrane-bound organelles that synthesize
anthocyanin (Small and Pecket 1982; Nozue et al. 1993). More recent findings have recognized
that the condensed anthocyanin bodies lack an internal structure and consist of a proteinaceous
matrix onto which anthocyanins are non-covalently bound (Markham et al. 2000; Pourcel et al.
2010).

Two morphological manifestations of AVIs have been observed in plants. The first type
is spherical and exhibits a mobile, liquid-like behaviour, whereas the second type is fibrous, rigid
and insoluble (Bae et al. 2006; Zhang et al. 2006; Grotewold and Davies 2008). There are
inconsistencies in the literature regarding the presence of an immediate enclosing membrane
surrounding the condensed anthocyanin body (Nozue et al. 1993; Markham et al. 2000; Bae et al.
2006; Conn et al. 2010). Previous research on the composition of the membrane enclosing AVIs
suggests that the lipids are derived from ER and tonoplast membranes, which is indicative of
vesicular transport (Conn et al. 2010). In the literature, anthocyanins (with or without an
enclosing membrane) contained in cytoplasmic vesicles are termed “anthocyanin bodies or
aggregates” and then are exclusively termed “AVIs” after delivery into the vacuole (Zhang et al.
2006; Chanoca et al. 2015). Transmission electron microscopy (TEM) revealed the AVI
structures as electron-dense, osmiophilic bodies ranging in size from less than 1 um in diameter
in sweet potato protoplasts (Nozue et al. 1993), to 3 to 10 um in leaves of Arabidopsis 5gt
mutants that increase the density of AVIs when grown with naringenin (Chanoca et al. 2015),
and 200 nm to 10 pm in lisianthus (Eustoma grandiflorum) petal cells (Zhang et al. 2006;

Chanoca et al. 2015).
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AVIs extracted from lisianthus petals, grape and tobacco cells possess a high proportion
of acylated anthocyanins (Conn et al. 2003; Grotewold and Davies 2008; Kallam et al. 2017).
The acylation process consists of adding an acyl group via ACT, which increases the stability of
anthocyanin and alters its colouration (Conn et al. 2003; Ananga et al. 2013; Liu et al. 2018).
The accumulation or sequestration of modified anthocyanins suggests that specific species of
anthocyanins may be selected for a particular role or function (Pourcel et al. 2010). AVIs have
been recorded at various stages of plant development, including seed coat formation, leaf
morphogenesis, corolla development, and fruit ripening, and their role has been suggested in leaf
senescence (Ougham et al. 2005; Bae et al. 2006; Zhang et al. 2006; Grotewold and Davies
2008; Conn et al. 2010; Nozzolillo et al. 2010; Kovinich et al. 2011; Fletcher 2017). However,

the specific function of the condensed anthocyanin bodies remains elusive.

1.2.4. Anthocyanin functions and uses

Anthocyanins are found in the fruits, flowers, seeds, and vegetative tissues (including
roots, hypocotyls, sheath, stems, tubers, rhizomes, runners, bulbs, corms, phylloclades, axillary
buds, and leaves) in numerous plant species (Hatier and Gould 2008a; Tanaka et al. 2008; Landi
et al. 2015). Foliar anthocyanins may be present throughout the leaf blade or be confined to
certain areas of the leaf lamina, such as the margins, adaxial or abaxial surfaces. They have also
been recorded in the epidermal and/or mesophyll cell layers (Hatier and Gould 2008a). Many
plant species produce anthocyanin in response to stressful environmental conditions. However,
some species synthesize anthocyanins under optimal growth conditions as a part of normal
development (i.e. reproduction and senescence; Hatier and Gould 2008a).

Anthocyanins are produced in plants under stressful external conditions, such as intense

light, UV radiation, temperature extremes, drought, pathogen pressure, wounding, herbivory,
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herbicide spraying and heavy metal pollution (Gould 2004; Hatier and Gould 2008b; Tanaka et
al. 2008; Conn et al. 2010; Landi et al. 2015; Liu et al. 2018). Up-regulation of anthocyanin in
response to excess visible and UV light has been well characterized in leaves. Anthocyanins
accumulate in young developing tissues to protect the cells from photoinhibition and
photobleaching without compromising photosynthesis (Hatier and Gould 2008a; Conn et al.
2010). These pigments protect the photosynthetic apparatus by filtering visible light (in the
yellow-green wavelengths), absorbing UV radiation, and scavenging harmful ROS and free-
radicals due to their antioxidant capacity (Gould 2004; Liu et al. 2018). Filtration of yellow-
green light reduces the excitation of chlorophyll, which is a major source of ROS production
(Gould 2004). Some anthocyanins, especially those that are acylated, can absorb UV-A and UV-
B that produce harmful ROS and cause DNA damage (Gould 2004; Landi et al. 2015).
Interestingly, anthocyanins have been recorded in the internal mesophyll cell layers as opposed
to the epidermal layers where light and UV interception would be most effective, which suggests
an additional role of anthocyanin apart from excess light radiation (Gould 2004).

Anthocyanins are produced in certain plant species as a normal feature of growth and
development. The colourful pigment is synthesized in flowers and fruits as visual attractants for
pollinators and seed dispersers (Gould 2004; Tanaka et al. 2008; Conn et al. 2010; Pourcel et al.
2010; Liu et al. 2018). Some plant species produce anthocyanin pigmentation in leaves as a
source of camouflage, by producing a brown/black colouration that mimics dead or decaying
tissues (Gould 2004). Anthocyanins accumulate in the leaves of deciduous trees and shrubs
during senescence to combat oxidative stress resulting from nutrient recycling and reabsorption
(Lee et al. 2003). Thus, anthocyanins play a crucial role in plant development as both colourful

pigments and effective antioxidants.
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The antioxidant capacity of anthocyanins are also thought to regulate developmental
processes by controlling signalling cascades (Taylor and Grotewold 2005; Landi et al. 2015).
The pigment efficiently scavenges free radicals and ROS produced mainly in the chloroplast and
mitochondria in plant cells by donating an electron and stabilizing the highly reactive molecules
(Gould 2004; Hatier and Gould 2008b). ROS are actively produced in plant cells to function as
signalling molecules for various growth and developmental processes, including stomatal
closure, hypersensitive response, and programmed cell death (Hatier and Gould 2008b; Landi et
al. 2015; Dauphinee et al. 2017). Additionally, anthocyanins have an affinity for a range of
proteins that control or contribute to signalling cascades (Taylor and Grotewold 2005; Landi et

al. 2015).

1.3. ANTHOCYANINS AND LACE PLANT

Programmed cell death (PCD) is a genetically encoded method for cellular destruction
and is required in eukaryotes for normal development and defence (Fuchs and Steller 2015; Van
Hautegem et al. 2015; Daneva et al. 2016). Plant PCD may be environmentally induced by
external stimuli or developmentally regulated by internal factors. Environmentally induced PCD
occurs in response to external stressors, such as hypoxia (Gunawardena et al. 2001; Drew et al.
2004) and pathogen invasion (Coll et al. 2011). In contrast, developmentally regulated PCD
occurs at precise times and locations during plant growth. Examples include xylem
differentiation, leaf morphogenesis, and leaf senescence (Gunawardena et al. 2004; Van
Hautegem et al. 2015; Maizel 2015). An interesting example of developmentally regulated PCD
in plants is the formation of perforations during leaf morphogenesis, which exclusively occurs in
two distantly related plant families: Araceae and Aponogetonaceae (Gunawardena et al. 2006;

Dauphinee and Gunawardena 2015).
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Lace plant (Aponogeton madagascariensis) is an aquatic monocot belonging to the
family Aponogetonacea, which consists of over 50 species mainly distributed in the tropical and
subtropical regions of the world (Chen et al. 2015). Aponogeton madagascariensis is endemic
the river systems in Madagascar and the Comoros Islands and can be found in a variety of
freshwater environments ranging from stagnant ponds to turbulent streams (van Bruggen, 1985).
Lace plant receives its common name from its unique lattice-like leaf morphology, which is
generated via developmentally regulated programmed cell death (PCD; Fig. 4A). Lace plants
utilize this form of PCD to systematically delete distinct subpopulations of cells located
equidistantly between longitudinal and transverse veins to produce perforations throughout the
leaf blade (Fig. 4B; Gunawardena et al. 2004). Lace plant possesses outstanding potential as a
model system for studying developmentally regulated PCD in plants due to: the accessibility and
predictability of perforation formation (Fig. 4B), the ability to perform live-cell imaging of the
thin and semi-transparent leaves (Fig. 4C), and the availability of an established sterile culture
system for propagation and pharmacological experimentation (Fig. 4D-E; Gunawardena et al.

2004; Wright et al. 2009; Dauphinee and Gunawardena 2015).
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Figure 4. Lace plant (Adponogeton madagascariensis) possesses outstanding potential as a model
for studying developmentally regulated programmed cell death (PCD). (A) Aponogeton
madagascariensis is an aquatic monocot endemic to the river systems in Madagascar and the
Comoros Islands and can be found in a variety of freshwater environments ranging from stagnant
ponds to turbulent streams. The plant is commonly used in aquariums due to its rare perforated
morphology. (B) Perforations formed in the lace plant leaf blade by PCD predictably occur
equidistantly between longitudinal and transverse veins. (C) The thin and semi-transparent leaves
are ideal for live-cell imaging. (D-E) Established axenic culture systems are used for efficient
propagation and pharmacological experimentation. Scale bars: A =5 cm, B=10.5 cm, C =50
pum, D=2.5cm, E=4cm.

Lace plant leaves emerge in a helical pattern of leaf initiation from a spherical corm
bearing roots in a heteroblastic series (Fig. SA; van Bruggen, 1985; Dauphinee and
Gunawardena 2015). The first three to four leaves that emerge from the corm are termed

“juvenile” and do not perforate or exhibit visible foliar anthocyanin. The successive leaves that

15



emerge are called “adult” and form perforations via developmental PCD (Fig. 5A). Five stages of
perforation formation have been identified in lace plant leaves: pre-perforation, window,
perforation formation, perforation expansion, and mature (Gunawardena et al. 2004). Newly
emerged pre-perforated adult leaves are tightly furled and exhibit anthocyanin throughout (Fig.
5A). Microscopic observations indicate no visible signs of PCD at this stage in leaf development
(Fig. 5C; Gunawardena et al. 2004). PCD is active during the window stage (Fig. 5SA and D),
where cell death can be visualized as a disappearance of anthocyanin in the center of a
perforation site or areole (an area bounded by vasculature). A perforation will form and expand
towards the leaf vasculature, consistently halting four to five cell-layers from the leaf
vasculature. In the mature stage, perforation formation is complete, and anthocyanin completely
disappears from the leaves (Fig. 5A and E). Under optimal growth conditions, purple or white
inflorescences bloom on two spikes that emerge from the surface of the water (Fig. 5B; Van
Bruggen 1985; Dauphinee and Gunawardena 2015).

The window stage leaf is of particular interest because the PCD process is visible at this
stage of leaf development, and a unique gradient of cell death can be seen within one given
areole (Fig. 5D; Lord et al. 2011). Non-PCD (NPCD) cells located at the periphery of the areole
maintain anthocyanin pigmentation until maturity. Early PCD (EPCD) cells have lost their
anthocyanin pigmentation but maintain chlorophyll pigmentation and are fated to die. Late PCD
(LPCD) cells located in the center of the areole have lost their anthocyanin and chlorophyll
pigmentation and are close to death. ‘PCD cells’ can be used to describe both early and late PCD

cells that are fated to die during perforation formation in lace plant leaves.
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Figure 5. Lace plant development. (A) Lace plant leaves emerge from a spherical corm that bears
roots (1) in a heteroblastic series. The first three leaves that emerge are called juvenile leaves (2)
and they do not perforate or exhibit foliar anthocyanin. The successive leaves that emerge are
called adult leaves that perforate via developmentally regulated PCD. Newly emerged pre-
perforated leaves (3) are tightly furled and cells contain abundant anthocyanin. The cell death
process is active in window stage leaves (4) and perforation formation completed in mature
leaves (5). (B) Under optimal environmental conditions, inflorescences bloom on a long spike
that emerges from the water surface. (C) Anthocyanin can be observed throughout the pre-
perforated-stage areole (area bounded by vasculature). (D) PCD death can be visualized as a
disappearance of anthocyanin in the center of the perforation site in window leaf areoles, and a
unique gradient of cell death is produced within an areole. Non-PCD (NPCD) cells located at the
periphery of the areole maintain anthocyanin pigmentation until maturity. Early PCD (EPCD)
cells have lost their anthocyanin pigmentation but maintained chlorophyll pigmentation and are
fated to die. Late PCD (LPCD) cells located in the center of the areole have lost their
anthocyanin and chlorophyll pigmentation and are close to death. PCD cells = EPCD + LPCD
cells. (E) Anthocyanin completely disappears in mature-stage areoles and PCD is complete.
Scale bars: A=2cm, B=5cm, C=25 um, D =100 um, E =300 pm.
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Quantification of anthocyanin abundance using spectrophotometry reveals higher levels
in window stage compared to mature stage lace plant leaves (Dauphinee et al. 2017).
Apart from a spectrophotometric analysis that quantifies anthocyanin abundance, anthocyanin
can be characterized and profiled using liquid chromatography and mass spectrometry.
Anthocyanins are typically extracted by acidified methanol or ethanol, then purified to isolate
anthocyanin from co-extracted compounds (Castafieda-Ovando et al. 2009). High or ultra-
pressure liquid chromatography (HPLC/UPLC) with UV-Vis or diode array detectors (DAD) are
the most common methods for anthocyanin separation and are also used for quantification and
identification (Castafieda-Ovando et al. 2009). UPLC, coupled with mass spectrometry (MS), has
become a preferred technique to identify anthocyanins due to the inaccessibility of reference
compounds or standards and the complexity of the anthocyanin profiles (Castafieda-Ovando et
al. 2009).

Previous research on anthocyanin in lace plants has identified AVIs in lace plant leaves.
The number of AVIs in window stage leaves increased under stressful growth conditions,
including high pH, low light, and nutrient-deficient conditions (AVI morphologies in stressed
leaves can be seen in Appendices 2-4 and in Fletcher 2017). Although the presence of AVIs has
been recognized in lace plant leaves, characterization of their structure, localization and function
is still lacking. Additionally, the anthocyanin transport mechanism from the site of biosynthesis
(ER) to the site of accumulation (as soluble anthocyanin or AVIs) and storage has not been
elucidated in the lace plant.

The ER is a major site for protein folding, signalling molecule storage (Ca"), and

anthocyanin synthesis (Zuppini et al. 2004). During adverse or stressful cellular conditions
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stimulated by internal (developmental) or external (environmental) factors, ER functioning and
capacity are exceeded. This may result in an unfolded protein response (UPR), where adaptations
such as upregulating chaperones that assist in correct protein folding or proteases that break
down the misfolded proteins are employed to reestablish ER homeostasis (Kim et al. 2006; Liu
and Howell 2010; Srivastava et al. 2018). Under chronic or severe stress conditions, PCD is
induced to eliminate damaged cells (Watanabe and Lam 2008; Eichmann and Schéfer 2012;
Howell 2013; Tian et al. 2014; Srivastava et al. 2018). Although the signalling pathways leading
from UPR to PCD are recognized in plants, few core regulators and components of the process
have been identified (Watanabe and Lam 2008; Liu and Howell 2010). Additionally, limited
studies have identified the morphological changes that take place in the ER during
developmentally regulated plant PCD.

Lastly, the conspicuous pattern of anthocyanin loss coordinated with developmental PCD
in lace plant leaves indicates its crucial role in perforation formation. Numerous pharmacological
whole-plant experiments using PCD modulators have recorded a coordinated reduction of
anthocyanins with the inhibition of perforation formation (developmental PCD) in lace plant
leaves. Modulators that decrease the incidence of perforation formation and anthocyanin
abundance include aminoethoxyvinylglycine (AVG, an ethylene-biosynthesis inhibitor),
cyclosporine A (CsA; a mitochondrial permeability transition pore antagonist), ascorbic acid and
L-cysteine (antioxidants), ruthenium red (calcium channel blocker),
chlorophenylethynylsulfonamide (PES-CI, a heat shock protein 70 inhibitor), N-1-
naphthylphthalamic acid and auxinole (auxin-signaling inhibitors) (Lord et al. 2011; Dauphinee
et al. 2012; Dauphinee et al. 2017; Dauphinee et al. 2019; Denbigh et al. 2020; Fraser et al. 2020;

Rowarth et al. 2020). Modulators that increase anthocyanin production, such as 1-
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aminocyclopropane-1-carboxylic acid (ACC, an ethylene-biosynthesis promoter), and hydrogen
peroxide (a type of ROS), do not alter perforation formation (Dauphinee et al. 2012; Dauphinee
et al. 2017), unless used at a high concentration that hinders normal growth and development.
These whole-plant pharmacological experiments differ from cell death rate experiments that used
PCD modulators to analyze the rate of death following PCD induction (Dauphinee et al. 2019;
Fraser et al. 2020). Preliminary pharmacological experiments using anthocyanin biosynthesis
modulators, methyl jasmonate (MeJA) and phenidone, on lace plants resulted in leaves with
altered anthocyanin content and perforation development compared to control plants (Fletcher
2017). Methyl jasmonate increases anthocyanin production by stimulating upregulation of
various anthocyanin biosynthesis enzymes (Fig 2; Saniewski et al. 2003; Rudell et al. 2005; Shan
et al. 2009; Qi et al. 2011). This differs from phenidone, which decreases anthocyanin by
inhibiting jasmonate (a hormone that stimulates anthocyanin synthesis) production (Fig 2;
Cucurou et al. 1991). Additional experimentation with MeJA and phenidone would further

support the effects of anthocyanin modulation on perforation formation in lace plant leaves.

1.4. OBJECTIVES OF THE STUDY
The objectives of the study are:
(1) to identify anthocyanin species present in different lace plant tissues (collaboration
with Dr. Shawna Mackinnon and Dr. Harrison Wright, Kentville Research and
Development Centre, Agriculture and Agri-Food Canada [AAFC]);
(2) to investigate anthocyanins and AVIs in lace plant leaves by (i) determining the
ultrastructure and localization of anthocyanins and AVIs; (ii) determining the mode of
intercellular transport of anthocyanins; and (iii) investigating ER changes across the PCD

gradient; and
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(3) to determine the role of anthocyanin in lace plant PCD.

The above objectives were achieved using analytical chemistry, microscopic,
histological, and pharmacological techniques. The following hypotheses derive from the
objectives listed above:

(1) different anthocyanin profiles exist among the various lace plant tissues;

(2) (1) the presence of anthocyanin bodies varies across and within developmental leaf

stages; (ii) the vesicular transport method for anthocyanin trafficking is prevalent in lace

plant leaves; and (iii) ER ultrastructure changes exist across the PCD gradient;

(3) anthocyanin biosynthesis modulation regulates perforation formation and PCD in lace

plant leaves.
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CHAPTER 2: MATERIALS AND METHODS

2.1. LACE PLANT PROPAGATION

Aponogeton madagascariensis cultures were established and propagated according to the
sterile tissue culture procedure described in Gunawardena et al. (2006). Lace plants that
possessed brown, senescent leaves, and grew to fill the extent of the culture vessel area (about 3-
4-month-old plants) were deemed overgrown and were selected for tissue culturing under sterile
conditions. Dead and decaying plant tissues were excised from the lace plants, and corms were
cut into 1 cm® cubes with 0.5 cm of healthy shoots surrounding the shoot apical meristem. Newly
cultured lace plant corms were placed in autoclaved Magenta GA-7 boxes or 946 mL glass
culture vessels (PhytoTechnology Laboratories, Lenexa, KS, USA) containing liquid Murashige
and Skoog (MS) medium layered over solid MS medium (Fig. 6). Liquid MS medium consisted
of the following chemicals dissolved in distilled water (dH,O) adjusted to pH 5.7 with IM
NaOH: 30 g/L sucrose (BioShop Canada, Burlington, Canada), 2.15 g/L MS basal salts
(PhytoTechnology Laboratories), 0.1 g/L myo-inositol (Sigma-Aldrich, Oakville, Canada), and
0.1 mg/L thiamine HCI (Sigma-Aldrich). Solid MS media consisted of liquid MS medium with
1% micropropagation grade agar (PhytoTechnology Laboratories). Lace plant corms were fully
submerged into the solid MS substrate, onto which liquid MS medium was poured. The cultures
were propagated under daylight fluorescent light bulbs (Philips, Daylight Deluxe, F40T12/DX,
Markham, ON, Canada) that emitted 125 umol/m?/s on 12-hour light/dark cycles and were

maintained at 24 °C.
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Figure 6. Lace plant sterile propagation. (A) Newly cultured lace plants are grown in sterile
magenta GA7 boxes containing 150 mL liquid Murashige and Skoog (MS) medium and 100 mL
solid MS medium substrate. (B) After 4-5 weeks of growth, lace plants develop three fully
perforated leaves and can be used for whole plant treatment experiments. (C) Newly cultured
lace plants propagated in sterile glass culture vessels containing 200 mL liquid MS medium and
450 mL solid MS medium substrate. (D) After two months of growth, the lace plant leaves can
be harvested for crude anthocyanin extractions. Scale bars: A-B=2.5 cm, C-D =4 cm.

2.2. ANTHOCYANIN EXTRACTION

2.2.1. Sample preparation and crude anthocyanin extraction

Crude anthocyanin extractions were optimized, according to Li et al. (2010) and
Dauphinee et al. (2017) with some modifications. Lace plant tissues (pre-perforated, window and
mature stage leaves, and inflorescences) were excised from sterile cultures (Fig. 7A-B), blot-

dried, weighed, and then flash frozen with liquid nitrogen. Frozen tissues were macerated on ice
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with a mortar and pestle into a fine powder. An extraction solution consisting of 95% methanol,
5% formic acid (FA; v/v) was added (1 mL per gram of tissue) and then incubated on ice in the
dark for 50 min, followed by centrifugation at 10,000 g for 10 min at 4 °C. The supernatant was
collected (Fig. 7C), and 10 mL was filtered through an 80 pm mesh onto glass culturing plates to
allow the solvents to evaporate at 25 °C overnight in the dark (Fig. 7D). The dry residue was
scraped from the glass plate using a fresh razor, collected, and stored in a microcentrifuge tube at
-20 °C (Fig. 7E). The crude anthocyanin extracts were then delivered to the MacKinnon lab
(Kentville Research and Development Centre, AAFC, Kentville, NS, Canada) for reversed-phase
fractionation, ultra-pressure liquid chromatography-diode array detection (UPLC-DAD) and

liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) analysis.
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Figure 7. Crude anthocyanin extraction for lace plant tissues. (A) Window and (B) mature stage
lace plant leaves were excised from sterile cultures, rinsed thoroughly, blot dried and weighed.
(C) The crude anthocyanin extract solution is collected and poured onto glass Petri plates (D) to
allow the solvent to evaporate overnight. The dried residue is collected and stored in
microcentrifuge tubes (E) at -20 °C. Scale bars: A-Band D=4 cm,Cand E=1.5cm

2.2.2. Fractionation of lace plant anthocyanin

The crude anthocyanin extract (10 — 30 mg) was re-dissolved in 5 mL acidified dH>O
(5% FA) and run through a C18 Sep-Pak cartridge (6¢c/1g, partFWATO036905, Waters
Cooperation, Mississauga, Ontario, Canada) preconditioned in reverse eluent order, ending with
non-acidified water. The cartridge was eluted with acidified water (5% FA) to remove sugars,
followed by 15% methanol to remove phenolic acids, 100% ethyl acetate to remove flavanols,

and then acidified methanol (5% FA) to remove anthocyanins. The cartridge was dried under
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vacuum between each elution to remove all traces of the previous solvent. The anthocyanin-

enriched fractions were collected in a microcentrifuge tube and stored at -20 °C.
2.3. QUANTIFICATION OF ANTHOCYANIN

2.3.1. Spectrophotometry

The anthocyanin extraction protocol is the same as the techniques described in Dauphinee
et al. (2017), adapted from Li et al. (2010). Lace plant leaf samples (20 mg) were macerated in
200 pL of anthocyanin extraction solution (95% methanol, 5% FA v/v), then incubated on ice in
the dark for 50 min. The leaf samples were centrifuged at 10, 000 g for 10 min at 4 °C and the
supernatant was collected. The relative absorbance of the solutions was read in triplicate at 520
nm using a SmartSpec Plus Spectrophotometer (Bio-Rad Laboratories, Mississauga, ON,

Canada) that was calibrated with the extraction solution as a baseline response.

2.3.2. Ultra-pressure liquid chromatography-diode array detection

The anthocyanin-enriched extracts from lace plant leaves and inflorescences were
dissolved in 2% FA in water and filtered through a 0.22 mm syringe filter in preparation for
ultra-pressure liquid chromatography (UPLC) analysis. A 10 pL sample was injected onto an
Agilent 1290 Infinity II LC system (Agilent Technologies Inc., Santa Clara, CA, USA) equipped
with a PFP Kinetix 2.6 um column (2.1 x 50 mm) (Phenomenex, Torrance, CA, USA), an
Agilent binary pump system, diode array detector (DAD), autosampler and column heater. The
column was eluted with the following gradient method with decreasing proportions of solvent A
to solvent B, where solvent A was 2% FA in water and solvent B was 2% FA in acetonitrile. The
flow rate was 1.0 mL/min, the column temperature was 55 °C and the absorbance of the eluent
was monitored at 280, 320, 360 and 520 nm. The UPLC parameters for profiling anthocyanin in

lace plant tissues are listed in Table 1.
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Table 1. Ultra-pressure liquid chromatography (UPLC) parameters for profiling anthocyanins in

lace plant tissues.

UPLC analytical parameters

Lace plant anthocyanin profiling settings

Sample diluent
Temperature
Injection volume
Analytical column

Mobile phase solvent

Flow rate

Solvent gradient (decreasing
proportions of solvent A to
solvent B)

Stop time

2% formic acid in water
55°C

10 uL

2.6 um column

2% tormic acid in water (solvent A) and 2% formic acid in
acetonitrile (solvent B)

1.0 mL/min

0-3 min, 1.1% B; 3-34 min, 1.1-20.7% B; 34-40 min,
20.7-90.2% B; 40—43 min, 90.2% B; 43-47 min 90.2-1.1%
B and 47-50 min 1.1% B

50 min

2.3.3. Liquid chromatography-mass spectrometry and multiple reaction monitoring

The anthocyanin-enriched extracts from window and mature stage lace plant leaves were

dissolved in 1.1% acetonitrile in water and filtered through a 0.22 mm syringe filter in

preparation for triple quadrupole linear ion traps (QTrap) liquid chromatography-mass

spectrometry-mass spectrometry (LC-MS/MS) analysis. A 25 puL volume of sample was injected

into an Agilent 1200 Series HPLC (Agilent Technologies Inc.) equipped with a PFP Kinetix 2.6

pm column (2.1 x 50 mm) (Phenomenex, Torrance) set at 55 °C and operated at a flow rate of

400 pL/min. The column was eluted with the following gradient method where solvent A was

2% FA in water, and solvent B was 2% FA, 8% water, and 90% acetonitrile for 0—3 min, 1.2%

B; 3—12 min, 1.2-6.2% B; 12—17 min, 6.2% B; 17-48 min, 6.2-21.2% B; 48—54 min 21.2-100%

B; 54—59 min, 100% B; 59-61 min, 100-1.2% B; 61-66 min, 1.2% B. The HPLC was coupled to
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an ABSciex QTrap 4000 (ABSciex, Concord, ON, Canada) linear ion trap equipped with a
Turbospray (ABSciex) electrospray ionization (ESI) interface, which offered unit mass
resolution (i.e., 0.5 amu). The ESI/MS was carried out in positive ion mode using the following
parameters: gas 1 80 psi and gas 2 60 psi; temperature, 700 °C; ion source 2000 V; curtain gas,
25 psi; declustering potential, 65 V; entrance potential, 10 V; collision energy, 26 V; and
collision cell exit potential, 17 V. The LC-MS/MS parameters for profiling anthocyanin in lace
plant leaves are listed in Table 2. Tandem mass spectrometry (MS/MS) was carried out for
multiple reaction monitoring (MRM) corresponding to 80 previously identified anthocyanins that
contained the following anthocyanin bases: pelargonidin, cyanidin, peonidin, delphinidin,
petunidin, and malvidin. Parent and product ion combinations were used to scan for the presence

of the 80 anthocyanins in leaf extracts.
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Table 2. Liquid chromatography-mass spectrometry (LC-MS) parameters for profiling

anthocyanins in lace plant leaves.

LC-MS/MS analytical parameters

Lace plant anthocyanin profiling settings

Ion source

Ion source gas

Ion spray voltage

Entrance potential
Declustering potential
Curtain gas

Temperature

Interface heater temperature
Ion mode

Scan type

Multiple reaction monitoring (MRM) mode
Collision energy

Collision cell exit potential

Collision gas

Turbospray

Nitrogen

2000 V

10V

65V

25 psi

700 °C

700 °C

Positive ion mode

Multiple reaction monitoring
Yes

26V

17V

Nitrogen (gas 1 = 80 psi) (gas 2 = 60 psi)

2.3.4. Anthocyanin standards used in lace plant anthocyanin quantification

Anthocyanin standards of cyanidin 3-glucoside, delphinidin 3-glucoside, malvidin 3-

glucoside, peonidin 3-glucoside, pelargonidin 3-glucoside, petunidin 3-glucoside, and

kaempferol 3-rhamnoside that were used for UPLC and LC-MS/MS analysis were purchased

from Sigma-Aldrich. Standards of cyanidin 3-rhamnoside and cyanidin 3-sophoroside-5

glucoside were purchased from Shaanxi Pioneer Biotech Company (Lianhu District, Xi'an,

China), delphinidin 3-rhamnoside was purchased from Indofine Chemical Company

(Hillsborough, NJ, USA), and delphinidin 3-rutinoside was purchased from Biosynth Carbosynth

(Berkshire, UK).
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2.4. INVESTIGATION OF ANTHOCYANIN VACUOLAR INCLUSIONS (AVI)

2.4.1. Light microscopy

Window and mature stage lace plant leaves were excised from sterile cultures, thoroughly
rinsed, and mounted in 400 pL of distilled water on a custom grooved slide. A coverslip was
applied and sealed with melted VALAP (a mixture of Vaseline, lanolin, and paraffin wax in a
1:1:1 ratio). Leaves were completely scanned from tip to base at low magnification (Plan Fluor
4x objective; Nikon Instruments Inc., Mississauga, ON, Canada) using audio-video interleave to
record the location and abundance of anthocyanin vacuolar inclusions (AVI). Leaf apices (top
10% of the total leaf blade length, or approximately 0.5 cm from the leaf tip) were further
investigated at higher magnification (Plan Fluor 20x; Nikon Instruments Inc.) for a minimum of
4 hours. Micrographs of the leaf apices (Fig. 8 A and B) and mid-regions (between the top 10 to
25% of the total leaf blade length, including midribs, longitudinal and transverse veins, and
areoles; Fig. 8 A and D) were captured at 20x magnification (Plan Fluor 20x; Nikon Instruments
Inc.).

To observe anthocyanin in cross-sections of window stage leaves, the following
procedure was followed: a baby carrot was longitudinally sectioned and window stage leaf was
wedged between the two halves. The baby carrot was placed on a Petri plate containing water,
and the carrot was cross sectioned with a scalpel. Thin cross-sections of the leaf apex and mid-
region (Fig. 8C and E) were obtained and mounted on a slide with 100 pL of distilled water. A
coverslip was gently placed on top of the wet-mount, and the slide was viewed under the
microscope at 20x magnification.

The observation was replicated a minimum of three times for window stage leaves. Live

cell imaging was performed using a Nikon 90i compound light microscope fitted with a DXM
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1200C digital camera (Nikon Instruments Inc.). Micrographs and videos were acquired through
NIS Elements AR 3.1 software (Nikon Instruments Canada). Images were prepared for

publication using Adobe Illustrator and Adobe Photoshop (CC), (Adobe Systems Inc.).

Figure 8. Area of interest for anthocyanin vacuolar inclusion (AVI) investigation. (A) Window
stage leaves were excised from sterile cultures for microscopic examination of AVIs using live-
cell imaging (compound light microscopy, confocal laser scanning microscopy) and transmission
electron microscopy. Leaf apex (outlined in black) and mid-region (outlined in red) were further
investigated. (B) Leaf apices are located in the top 10% of the total leaf blade length (or
approximately 0.5 cm from the leaf tip). (C) Thin cross-sections of the leaf apex were obtained
and observed as a wet mount (enlarged image in top-right corner). (D) Mid-regions are located
between the top 10 to 25% of the total leaf blade length and include midribs, longitudinal and
transverse veins, and areoles. (E) Thin cross-sections of the mid-region were obtained and
observed (enlarged image in top-right corner). Bars: A = 0.5 cm, B-E = 0.05 cm.

2.4.2. Confocal laser scanning microscopy
Anthocyanin vacuolar inclusions were investigated at the leaf apex and mid-region of
window stage leaves excised from sterile lace plant cultures. Leaf apices were sectioned and

mounted on a slide with liquid media. The coverslip was sealed onto the slide with melted
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VALAP, and then samples were viewed with using a Nikon Eclipse Ti C1 confocal laser
scanning microscope (Nikon Instruments Inc.). Soluble anthocyanin and AVI autofluorescence
were imaged at an excitation wavelength of 514 nm and an emission wavelength of 610-670 nm,
in accordance with Chanoca et al. (2015). Time-lapse videos were recorded for 20 seconds with
no fixed intervals, and z-stacks imaging was performed at a 1 um step size. Videos and images
were processed and analyzed using NIS Elements AR 3.1 software (Nikon Instruments Canada).

A minimum of three experiments were performed for each leaf area (tip and mid-region).

2.4.3. Transmission electron microscopy (TEM)

Window stage leaves were excised from sterile cultures and rinsed thoroughly with
distilled water. The leaves were placed on a slide (without a coverslip) with 500 uL of distilled
water and examined under light microscopy at 20x magnification to determine the presence of
anthocyanin and/or AVIs. The leaves were immediately transferred to a Petri plate containing
fixative (2.5% glutaraldehyde diluted in a 0.1 M sodium cacodylate buffer), and the apex and
areoles closest to the midrib (between the top 10 to 25% of the total leaf blade length) were cut
into 0.25 cm? pieces (Fig. 8A). The samples were fixed for a minimum of 2 hours and then were
washed three times for 10 min with the 0.1 M sodium cacodylate buffer. Secondary fixation was
performed using 1% osmium tetroxide for 48 hours under vacuum infiltration at 20 psi. The
samples were briefly washed with distilled water, then placed in 0.25% uranyl acetate overnight
at 4°C. The samples were dehydrated by immersion in a series of acetone solutions of increasing
concentration as follows: 50, 70, 70, 95, 95, 100 and 100% for 10 min each. The samples were
infiltrated with Epon-Araldite resin solutions first at a 3:1 ratio of acetone to resin for 3 hours,
followed by a 1:3 ratio of acetone to resin overnight. The samples were embedded in 100%

Epon-Araldite resin and cured for 48 hours at 60 °C. Thin sections (100 nm thick) were cut using

32



an Ultracut E Ultramicrotome (Reichert-Jung, Vienna, Austria) with a diamond knife, and then
were placed on formvar/carbon support film copper grids (FCF205-CU-25, Cedarlane
Laboratories, Burlington, ON, Canada). Specimen grids were stained with 2% aqueous uranyl
acetate for 10 min, followed by two 5-min rinses with distilled water, 4 min in lead citrate
counterstain, and a final quick rinse with distilled water. The samples were viewed using a JEM
1230 Transmission Electron Microscope (JEOL, Peabody, MA, USA) at 80 kV and images were
captured using a Hamamatsu ORCA-HR digital camera (Hamamatsu Photonics, Hamamatsu,
Japan). The sample selection, preparation, and viewing procedure was repeated at least four

times.
2.5. INVESTIGATION OF ENDOPLASMIC RETICULUM (ER)
2.5.1. Confocal microscopy

2.5.1.1. Developing a staining protocol for 3,3'-dihexyloxacarbocyanine iodide (DiOC6/3])

An endoplasmic reticulum (ER) stain, 3,3'-dihexyloxacarbocyanine iodide
(Di0C6[3]), was optimized for lace plant leaves based on a study by Quader and Schnepf
(1986), with some modifications. A 5 mg/mL stock solution dissolved in DMSO was diluted to 5
pg/mL with liquid MS medium. Window and mature stage leaves were excised from sterile
cultures, rinsed thoroughly with liquid medium, cut into 0.5 cm? pieces, and placed onto small
Petri plates (1 inch in diameter). The leaf pieces were completely submerged in the stain and
then were vacuum infiltrated for 15 min at 10 psi, and were left to incubate at room temperature
on a shaker in the dark for an additional 15 min. The samples were removed from the stain and
placed on a shaker for 5 min in new Petri plates containing 3 mL of fresh media. The samples
were rinsed two additional times with fresh media for 5 min, then were mounted onto a slide

with 100 pL fresh media. A negative control consisting of leaves incubated in a similar volume
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of DMSO dissolved in liquid media was prepared and viewed simultaneously. The samples were
viewed with a Nikon Eclipse Ti C1 confocal system (Nikon Instruments Inc.) using an excitation
light of 484 nm and recording fluorescence emission at 501 nm. ER networks were visualized
within the various cell types (NPCD, EPCD, and LPCD) within an areole at low (Plan Fluor 20x;
Nikon Instruments Inc.) and high magnification (Plan Fluor 40x, Plan Fluor 100x; Nikon
Instruments Inc.). Time-lapse videos were recorded for 20 seconds with no fixed intervals, and z-
stacks imaging was performed at a 1 um step size. Micrographs captured ER networks in the
cytoplasm closest to the outer face of the plasma membrane in epidermal cells. Videos and
images were processed and analyzed using NIS Elements AR 3.1 software (Nikon Instruments

Canada). A minimum of three replicate experiments were performed.

2.5.1.2. Co-localizing endoplasmic reticulum and mitochondria

To ensure the selective binding of DiOC6 to the ER at the optimized concentration used
to stain lace plant cells, onion scale cells were stained with the optimized concentration of
DiOC6(3) and then compared to onion cells stained with mitochondrial stain Mitotracker Red
CMXRos (CMXRos). CMXRos staining was similar to Lord et al. (2011) with minor
modifications. A thin layer of tissue was peeled from the onion blub scales using fine-pointed
forceps. The thin membrane was sliced into 0.5 cm? pieces, then fully submerged in a 1:1 ratio of
5 pg/mL DiOC6(3) and 0.6 uM CMXRos dissolved in liquid MS medium. The pieces were
vacuum infiltrated and rinsed similarly to the previous staining protocol, then mounted onto a
slide for visualization with a Nikon Eclipse Ti C1 confocal system (Nikon Instruments Inc.)
using an excitation light of 577 nm and recording fluorescence emission at 599 nm for CMXRos
and an excitation light of 484 nm and recording fluorescence emission of 501 nm for DiOC6(3).

Time-lapse videos were recorded for 20 seconds, and z-stack imaging was performed ata 1 pm
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step size (Supplementary material 6-7). Videos and images were processed via NIS Elements AR
3.1 software (Nikon Instruments Canada). A minimum of three independent experiments were

performed.

2.5.2. Transmission electron microscopy (TEM)

Window stage lace plant leaves were excised from plants in sterile cultures and rinsed
thoroughly with distilled water. The leaves were placed in a Petri plate containing fixative (2.5%
glutaraldehyde diluted in a 0.1 M sodium cacodylate buffer) and areoles were cut into 0.25 cm?
pieces. The samples were fixed, embedded, sectioned, and stained as described above.
Micrographs of NPCD and PCD cells were recorded using a Hamamatsu ORCA-HR digital
camera (Hamamatsu Photonics). This procedure was repeated a minimum of three times.

2.6. PHARMACOLOGICAL EXPERIMENTS WITH ANTHOCYANIN MODULATORS

2.6.1. Whole plant experiments

Lace plants grown in magenta boxes that possessed a minimum of three perforated
mature leaves (4-5-week-old plants; Fig. 9A) and similar corm sizes were randomly assigned to a
treatment group (control, MeJA, or phenidone). Concentrations of MeJA and phenidone were
based on previous experiments by Fletcher (2017). A gradient of the compound (0, 1, 2.5, or 5
uM MeJA [Sigma-Aldrich], or 0, 10, 100, or 200 pM phenidone [1-phenyl-3-pyrazolidinone;
Sigma-Aldrich] dissolved in 95% ethanol) was added to the liquid medium of individual
magenta boxes, and the effects on plant growth were monitored over 14 days. The last leaf with
fully developed perforations before treatment was designated leaf 0 (LO; Fig. 9A and C) and the
leaves that emerged after treatment (L1, L2, etc.; Fig. 9C) were excised, laid out in chronological
order and photographed using a Nikon L.110 digital camera (Nikon Instruments Canada,

Mississauga, ON, Canada). The leaves of control and treated plants were then used for post-
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harvest analyses of leaf morphology and anthocyanin content. A minimum of four independent

samples were analyzed for each treatment type.
2.6.2. Post-harvest analysis of treated lace plants

2.6.2.1. Leaf morphology

Leaf lamina length and width, and the number of perforations were used to assess the
effects of the treatment on the development of leaves that emerged over the 14 days. The
morphology of various leaf stages (L0, L1, L2, L3, etc.) of treated plants were compared to their
respective control leaf stages.
2.6.2.2. Anthocyanin spectrophotometry

The anthocyanin extraction protocol used to compare relative anthocyanin abundance in
control and treated leaves is the same as the techniques described in Dauphinee et al. (2017), as
described above. Relative anthocyanin abundance in the various leaf stages was compared to the

respective control leaf stages (Fig. 9D).
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Figure 9. Whole plant experimentation using anthocyanin modulators. (A) Lace plants grown in
sterile magenta box culture vessels that possessed a minimum of three fully perforated leaves
were randomly assigned to a treatment group (control, methyl jasmonate, or phenidone). Black
arrowhead = Leaf 0 (L0O). Red arrowhead = Leaf 1 (L1). Control and treated plants were
monitored for 14 days, and leaves were then harvested for morphological analysis. (B-D) An
example of a leaf layout, and anthocyanin extraction of a control plant following 14 days of
growth. (B) A control plant prior to leaf harvest. (C) Leaf 0 (L0) was designated as the last leaf
to fully develop prior to treatment, and the leaves that emerged post-treatment (L1, L2 and L3)
were organized chronologically. Leaf-blade length, leaf blade width, and number of perforations
were measured in control and treated plants. (D) Relative anthocyanin abundance was compared
in similar leaf stages of control and treated plants using spectrophotometry. Scale bars: A-B =
25cm,C-D=1cm.
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2.6.2.3. Statistical analysis

Statistical analyses were performed using GraphPad Prism 7 Software (GraphPad
Software, San Diego, California, USA). Data are represented as mean + standard error (SE). A
two-tailed t-test was performed to compare the mean anthocyanin abundance between window
and mature stage leaves. A two-way ANOVA and Dunnett’s test were used for multiple

comparisons for leaf length, width, perforation number and anthocyanin abundance.
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CHAPTER 3: RESULTS
3.1. ANTHOCYANIN PROFILING IN LACE PLANT TISSUES

3.1.1. Ultra-pressure liquid chromatography analysis

UPLC-DAD was performed to determine the number of anthocyanin species present in
lace plant tissues and to compare lace plant anthocyanins to six anthocyanin standards found in
common fruits and vegetables. The six standards, including delphinidin 3-glucoside, cyanidin 3-
glucoside, pelargonidin 3-glucoside, petunidin 3-glucoside, peonidin 3 glucoside, malvidin 3-
glucoside, provided the various retention times presented in Table 3. Three unidentified

impurities were also observed at 13.45, 15.21 and 16.52 min (Table 3).

Table 3. UPLC-DAD retention times for six common anthocyanins standards.

Anthocyanin Standard Retention time (min)
Delphinidin 3-glucoside 3.78

Cyanidin 3-glucoside 5.50

Pelargonidin 3-glucoside 6.91

Petunidin 3-glucoside 7.43

Peonidin 3-glucoside 8.95

Malvidin 3-glucoside 10.70

Unidentified impurities 13.45,15.21, 16.52

The retention times of the six anthocyanin standards (Table 3 and Fig. 10A) varied from
the retention times observed in the lace plant crude anthocyanin from pre-perforated leaves (Fig.
10B), window stage leaves (Fig. 10C), mature leaves (Fig. 10D), and inflorescences (Fig. 10E).
Comparison of the chromatograms (Fig. 10) showed that the absorbance peaks present in the
anthocyanin standards chromatogram (Fig. 10A) were absent in the various lace plant tissue
chromatograms (Fig. 10B-E). Absorbance peaks in the pre-perforated, window and mature stage

leaf chromatograms were recorded at ~ 10, 15, 16, 19 and 19.5 min. However, the absorbance for
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these retention times was lower in the pre-perforated leaves compared to window stage leaves.
The chromatogram for mature leaves showed a lower absorbance peak at ~ 19.5 min compared
to window stage leaves. The chromatogram for mature leaves also differed from window stage
leaves at ~ 12 min and 18-19 min, where low to no absorbances were measured at these retention
times. The chromatogram for lace plant inflorescences (Fig. 10E) had many peaks similar to in
the leaf tissue chromatograms (e.g., ~ 10, 15, 16, 19 and 19.5 min) at higher absorbances, as well

as additional smaller absorbance peaks at ~ 11-11.5, 16-17, and 18-19 min.

40



A Anthocyanin standards

-~ 10,70
n
10 6.91 825
578 5.50 7.43 13.45 1521 1892
[:. -
15 § 15 10 125 15 178 2
B Pre-perforated
mAll
n
10 =16
~-10 - -
15 19 195
1] .
25 § 75 10 125 15 175 2
C Window
mAll
n =16
10 =19
1o ~12 - 1s -18 | -185
[:.
25 § 15 10 125 15 175 2
D " Mature
" -1
20
10 ~15
- 10 -1z —qg ~12 ~185
0
25 & 15 10 125 15 175 20
E Inflorescence ~ 16
mAl
a0
an - 15
10 =10 44 17 18" 1as
I
25 5 15 10 125 15 175 20 25

Figure 10. UPLC-DAD chromatograms for anthocyanin standards and lace plant tissues.
Chromatogram for (A) six anthocyanin standards, and lace plant anthocyanin from (B) pre-
perforated, (C) window, and (D) mature stage leaves, and (E) inflorescence with major peak
times labelled.



3.1.2. Liquid-chromatography mass-spectrometry analysis

LC-MS/MS was performed to identify the anthocyanin species present in window and
mature stage lace plant leaves. Three major peaks occurred in both window and mature
chromatograms at 20.1 min, 24.6 min and 30.5 min, and the precursor/product mass transitions
for these peaks and their potential anthocyanin identification are presented in Table 4. Two
precursor/product mass transitions were observed at 20.1 min, 611/303 and 449/303. The
potential anthocyanin assignments for these transitions were delphinidin 3-rutinoside and
delphinidin 3-rhamnoside, respectively. The mass transition observed for 24.6 min was 433/287;
kaempferol rhamnoside and cyanidin 3-rhamnoside were the proposed anthocyanin assignments
in that particular instance. The mass transition observed for 30.5 min was 773/287, and cyanidin
3-sophoroside-5-glucoside was the proposed anthocyanin identification.

Commercial anthocyanin standards (delphinidin 3-rutinoside, delphinidin 3-rhamnoside,
kaempferol rhamnoside, and cyanidin 3-rhamnoside) were purchased and run on the LC-MS/MS
to use as references for the retention times of the proposed anthocyanins present in the window
and mature stage leaf anthocyanin chromatograms (shown in Table 4). Although all the
parent/product mass transitions for the commercially purchased anthocyanins matched the mass
transitions from the lace plant anthocyanin LC-MS/MS chromatograms, none of the retention
times for the commercially purchased anthocyanins matched the times for peaks exhibited in the
lace plant anthocyanin LC-MS/MS chromatograms. The cyanidin 3-sophoroside-5-glucoside

standard did not exhibit a peak for the 773/287 mass transition.
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Table 4. LC-MS/MS results for lace plant anthocyanins and reference standards. Retention time,
precursor/product ion transitions, and proposed anthocyanin identification of three major peaks
from window and mature stage lace plant leaf LC-MS/MS chromatograms, and retention time
and parent/product ion transitions of corresponding anthocyanin standards used to confirm lace
plant anthocyanin identification.

Retention Precursor/product Proposed lace Retention Precursor/product

time of lace  ion ratio plant time of ion ratio

plant expressed as the anthocyanin anthocyanin expressed as the

anthocyanin m/z (mass/charge) identification standards m/z (mass/charge)

(min) ratio for each lace (min) ratio for each

plant anthocyanin anthocyanin
standards

20.1 611/303 Delphinidin 3- 12.3 611/303
rutinoside

20.1 449/303 Delphinidin 3- 14.1 449/303
rhamnoside

24.6 433/287 Kaempferol 32.1 433/287
rhamnoside

24.6 433/287 Cyanidin 3- 12.8 433/287
rhamnoside

30.5 7737287 Cyanidin 3- No peak 773/287
sophoroside-5-
glucoside

3.2. INVESTIGATION OF ANTHOCYANIN VACUOLAR INCLUSIONS IN LACE PLANT

3.2.1. Light microscope analysis of anthocyanin

The presence of anthocyanins was investigated in window and mature stage leaves via
live-cell imaging and spectrophotometric analysis (Figs. 11-12). Window stage leaves exhibited
an abundance of red/pink pigmentation localized throughout the leaf blade, excluding EPCD and
LPCD cells (Figs. 11A and 12). Anthocyanin was abundant at the apex of window stage leaves,
but it was not apparent at the leaf margins in the epidermal cell layer (Figs. 11B, 12B and D).

AVIs were also visible in the leaf apex (Fig. 11). Cells in this region were predominantly
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red/pink from soluble anthocyanin within the vacuolar lumen compared to AVI pigmentation,
which was visible as small concentrated bodies (Fig. 12D). Cross sections of the window stage
leaf apex showed anthocyanin localized in the mesophyll layers (Fig. 12C and E). The mid-
region of the window stage leaves was also examined for the presence of AVIs (Fig. 12F-K).
Although soluble anthocyanin was visible in the mid-vein (Fig. 12F and I) and NPCD cells (Fig.
12G and J), AVIs were not visible. A cross-section of the mid-region of window stage leaves
showed soluble anthocyanin localized in the mesophyll cell layers and not in the epidermis (Fig.
12K). Anthocyanins and AVIs were not observable in the leaf apex of mature stage leaves (Fig.
11C-D). Spectrophotometry analysis (Fig. 11E) showed that window stage leaves have

significantly more anthocyanin than mature leaves (t =2.964, df =9, p = 0.0159).
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Figure 11. Presence of anthocyanins in window and mature stage lace plant leaves. (A) Window
stage leaf apex at low and (B) higher magnification. Soluble anthocyanins and anthocyanin
vacuolar inclusions (white arrowheads) were visible in window stage leaves at higher
magnification. (C) Mature stage leaf apex at low and (D) high magnification. (E) Relative
abundance + SE of anthocyanin in window and mature stage lace plant leaves. n > 5. Scale bars:
AandC=02cmBand D=0.1 cm.
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Figure 12. Investigation of anthocyanin in window stage lace plant leaves. (A) Whole window
stage leaf obtained from sterile cultures. (B) Micrographs of the window stage leaf apex (top
10% of the total leaf blade length) and (C) corresponding cross-section at low magnification and
(D-E) apex and cross section micrographs at higher magnification. (F-K) Micrographs of the
mid-region of window stage leaves (top 10 to 25% of the total leaf blade length). (F) Window
mid-vein, (G) areole, (H) cross-section at low magnification and (I-K) similar areas at higher
magnification. (K) An anthocyanin vacuolar inclusion (white arrowhead) in the mid-leaf cross
section is visible at higher magnification (enlarged in top-right corner). Scale bars: A =1 cm, B,
E-G,,and K=0.5mm,Cand H=1mm, D=0.1 mm J=0.2 mm.
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3.2.2. Confocal microscope investigation of anthocyanin

Anthocyanin autofluorescence was examined in window stage leaves using confocal laser
scanning microscopy (Fig. 13 and 14). The apex of window stage leaves exhibited anthocyanin
autofluorescence in all mesophyll cells and vasculature tissues (Fig. 13A). The anthocyanin
autofluorescence was absent in the epidermal cell layer at the apex leaf margin (Fig. 13B).
Soluble anthocyanin was observable in cells as a solid red fluorescence that occupies the
majority of the vacuolar space (Fig. 13C-F), whereas concentrated anthocyanin bodies were
visible as spherical bodies that fluoresce more intensely than soluble anthocyanin. The
anthocyanin bodies observed by confocal microscopy in the window stage leaf apex were
approximately 1-2 um in diameter, located within the vacuolar space, and typically limited to
one per cell (Fig. 13C-F).

The mid-region of window stage leaves exhibited anthocyanin autofluorescence in the
NPCD cells and vasculature (Fig. 14A). Autofluorescence was absent in the EPCD and LPCD
cells in window areoles (Fig. 14A). Soluble anthocyanin was prominent in NPCD cells; however,
few, small anthocyanin bodies were also observable (Fig. 14C and E). The anthocyanin bodies
observed by confocal microscopy in the mid-regions of window stage leaves were smaller than
those seen in the window stage leaf apex. They were approximately 500-800 nm in diameter, and
many were found within one cell. A few of the concentrated bodies of anthocyanin were seen at
the periphery of the vacuolar space, so it is possible they were localized in the lumen or cytosol.
Therefore, two distinct morphologies of anthocyanin bodies were observed in the two areas of

investigation (apex and mid-regions) in window stage leaves.
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Figure 13. Anthocyanin autofluorescence in the apex of window stage leaves. (A) Window stage
leaf apex at 20x, (C) 40x and (E) 100x magnification and (B, D, F) corresponding differential
interference contrast (DIC) overlay image showing background cellular structure. Anthocyanin
concentrated bodies (white arrowheads) are distinct from soluble anthocyanin localized in the
vacuole. A and B =200 um, C and D =50 um, E and F =20 pm.
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Figure 14. Anthocyanin autofluorescence in the mid-region (top 10 to 25% of the total leaf blade
length) of window stage leaves. (A) A window stage leaf areole at 20x and (B) corresponding
differential interference contrast overlay (DIC) image showing background cellular structure. (C)
Micrographs of vasculature at 40x and (E) non-PCD (NPCD) cells at 100x magnification with
(D, F) corresponding DIC overlay images. Anthocyanin vacuolar inclusions (white arrowheads)
are distinct from soluble anthocyanin localized in the vacuole. A and B =200 um, C and D = 50
pm, E and F =20 pm.
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3.2.3. Transmission electron microscope analysis of anthocyanin transport

Anthocyanin and AVIs in window stage leaves were also examined using TEM to
determine their structure, subcellular localization and transport method (Fig. 15). Anthocyanin
aggregates contained in vesicles in the cytoplasm were termed anthocyanin bodies, whereas
anthocyanin aggregates located in the vacuole were termed AVIs. Electron-dense, osmiophilic,
spherical bodies that lacked an immediate enclosing membrane were visible in the cytoplasm and
vacuole (Fig. 15A-F). The spherical bodies that were visible in the cytoplasm were enclosed in
vesicles closely associated with ER networks (Fig. 15B—C). The anthocyanin containing vesicles
were also observable in the cytoplasm near mitochondria and chloroplasts (Fig. 15C-E). Vesicles
containing the electron-dense bodies were seen adjacent or conjoined to the tonoplast (Fig. 15D-
E). The electron-dense bodies appear to enter the vacuole and were observed on the inner face of
the tonoplast membrane (Fig. 15E). Inside the vacuole, some of the electron-dense bodies were

shown to agglomerate (Fig 15F).
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Figure 15. Transmission electron microscope (TEM) investigation of the intracellular
transportation mechanism of anthocyanin in window stage lace plant leaves. (A) Micrograph of a
window stage leaf cell. (B-C) Spherical, electron-dense anthocyanin bodies are present in
vesicles in the cytoplasm closely associated with endoplasmic reticulum (ER) networks. (D)
anthocyanin-containing vesicles are seen adjacent to the tonoplast. (E) Anthocyanin bodies enter
the vacuole. (F) Within the vacuole, anthocyanin vacuolar inclusions (AVIs) may remain solitary
or agglomerate. A (red arrowheads) = Anthocyanin bodies. AVI (red arrowhead) = Anthocyanin
vacuolar inclusion. Chl (green arrowheads) = Chloroplast. ER (yellow arrowheads) =
Endoplasmic reticulum. M (purple arrowheads) = Mitochondria. Va (white arrowheads) =
Vacuole. Ve (black arrowheads) = Vesicle. Scale bars: A-B,Dand F=2 uym, C=0.5 pm, E =
0.8 um.

3.3. INVESTIGATION OF ENDOPLASMIC RETICULUM IN LACE PLANT LEAVES

3.3.1. Confocal analysis of endoplasmic reticulum
Lace plant leaves were stained with fluorescent green dye, DiOC6(3), to determine ER
structure and dynamics within the various cell types (Fig. 16 and 17; Supplementary material 2-

5). Window stage leaves stained with DiOC6(3) exhibited green fluorescence throughout areoles
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(Fig. 16A-B). The DiOC6(3) staining was more noticeable in NPCD cells and leaf veins
compared to EPCD and LPCD cells. Stained NPCD cells displayed green fluorescence uniformly
distributed throughout the cytoplasm (Fig. 16C-D; Supplementary material 2). ER networks were
visible as dynamic tubules and fluorescence was the most intense in the cytosol closest to the
outer face of epidermal cells. EPCD cells stained with DiOC6(3) showed ER as dynamic puncta
(Fig. 16E-F; Supplementary material 3). Networks of tubules were not observed in EPCD and
LPCD cells. Stained LPCD cells exhibited limited fluorescence (Fig. 16G-H; Supplementary
material 4). Few fluorescent puncta were recorded in the cytosol and as conglomerations with

large aggregates in the vacuole in LPCD cells.
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Figure 16. Confocal microscopy of structure of endoplasmic reticulum (ER) across the
programmed cell death (PCD) gradient in window stage lace plant leaves. (A) An areole stained
with ER dye, 3,3’-dihexyloxacarbocyanine iodide (DiOC6[3]), and (B) corresponding
differential interference contrast (DIC) overlay image showing corresponding background
cellular structure. (C) Non-PCD (NPCD), (E) early-PCD (EPCD), and (G) late-PCD (LPCD)
cells stained with DiOC6(3). (D, F, H) Corresponding DIC overlay images. Scale bars: A and B
=200 pm, C-H =50 pm.
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Mature stage leaves stained with DiOC6(3) exhibited green fluorescence in all cells
within the areoles (Fig. 17A-B). Similar to DiOC6(3)-stained NPCD cells in window stage
leaves, mature cells had fluorescent ER uniformly distributed throughout the cytoplasm (Fig.
17C-F). ER fluorescence was the most intense in the cytosol closest to the outer face of
epidermal cells. ER in mature leaves were visible as long, dynamic networks of polygonal
tubules, lamellar sheets, as well as intensely stained puncta (Fig. 17E; Supplementary material
5). The network of tubules was brighter and had more distinct structures in the stained cells of

mature leaves compared to NPCD cells in window stage leaves.
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Figure 17. Confocal microscopy of structure of endoplasmic reticulum (ER) in mature stage lace
plant leaves. (A) An areole stained with ER dye, 3,3’-dihexyloxacarbocyanine iodide
(D10C6[3]), and (B) corresponding differential interference contrast (DIC) overlay image
showing background cellular structure. (C) Micrographs of mature cells at 40x and (E) 100x
magnification. (D, F) Corresponding DIC overlay images. ER structures are visible as tubular
networks (white arrowheads), cisternae sheets (red arrowheads) and spherical bodies (yellow
arrowheads). Scale bars: A and B =200 um, =50 um, E and F =20 pm.
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3.3.2. Ultrastructural analysis of endoplasmic reticulum

Transmission electron microscopy was performed to examine the ER structure in NPCD
and PCD cells in window stage lace plant leaves (Fig. 18). Healthy NPCD cells (Fig. 18A-D)
possessed chromatin evenly distributed throughout the nucleus. The vacuole in NPCD cells was
intact and contained numerous spherical, osmiophilic AVIs. Chloroplasts and mitochondria were
intact (Fig. 18B-C). ER networks in NPCD were composed of long, interconnected tubules
localized in the cytoplasm (Fig. 18 B-D, yellow arrowheads). ER tubules were often seen in
close proximity to anthocyanin-containing vesicles (Fig. 18B and D). Cells that had initiated the
PCD process (Fig. 18E-H) had misshapen chloroplasts (Fig. 18F), and inconspicuous thylakoid

membranes (Fig. 18F-G). ER in PCD cells were fragmented and swollen (Fig. 18F-H).
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Figure 18. Transmission electron micrographs of endoplasmic reticulum (ER) in non-
programmed cell death (NPCD) and programmed cell death (PCD) cells in window stage lace
plant leaves. (A-D) ER in cells that will not undergo developmental PCD (non-PCD or NPCD
cells) during perforation formation. (B-C) ER networks (yellow arrow heads) composed of long,
interconnected tubules localized in the cytoplasm in NPCD cells. (D) Anthocyanin-containing
vesicles (red arrowheads) closely associated with ER networks. (E-H) Micrographs of ER in
cells that will undergo PCD (PCD cells) during perforation formation. (F-H) ER strands in PCD
cells are fragmented and swollen (yellow arrowheads). Scale bars: A-B, E-F =2 um, C-D and H
=0.5 um, G=0.8 pm.
3.4. Pharmacological experiments with anthocyanin modulators

Whole plant treatment experiments with anthocyanin modulators, methyl jasmonate
(MeJA) and phenidone, were performed to determine the role of anthocyanin in lace plant
development (Figs. 19-20). Individual plants were treated with 0 (control), 1, 2.5, or 5 uM MeJA
(Fig. 19). There were no significant differences i