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ABSTRACT

FLAVONOL CATABOLISM IN ARABIDOPSIS THALIANA: SUBCELLULAR
LOCALIZATION OF A FLAVONOL 3-O-GLUCOSIDE ΒETA-GLUCOSIDASE AND
BIOCHEMICAL EVIDENCE FOR A FLAVONOL RHAMNOSIDE 7-O-ALPHARHAMNOSIDASE

Harley Gordon

Advisor:

University of Guelph, 2018

Dr. Gale G. Bozzo

Flavonols are specialized plant metabolites with numerous human health promoting
properties. Flavonol glycosides accumulate in Arabidopsis in response to abiotic stresses, but
their concentrations decrease with stress recovery. Moreover, the catabolism of flavonol 3-O-βglucosides is dependent upon activity of the β-glucosidase BGLU15. Transient expression of a
BGLU15-mCherry fusion protein in onion epithelial cells revealed that it is localized to the
apoplast; this implies flavonol glucoside catabolism is an extracellular process. In Arabidopsis,
the predominant glycosyl modification of flavonols is rhamnosylation at their 7-hydroxy
position. High-performance liquid chromatography analysis of enzyme assays containing cellfree Arabidopsis leaf extracts revealed the presence of flavonol 7-O-α-rhamnosidase activity.
This activity increased in Arabidopsis leaves as they aged. Minor levels of this activity were
present in roots, whereas no activity was detected in stems. The identification of this novel
flavonol 7-O-α-rhamnosidase activity may have future implications for biotechnological
strategies aimed at enhancing flavonol levels in plants.
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CHAPTER ONE – INTRODUCTION
A wide assortment of unique chemicals exist in the plant kingdom, including an
estimated 1,060,000 metabolites (Afendi et al., 2012) that occur in approximately 223,300
separate plant species. An examination of the anabolic and catabolic processes specific to each
class of chemical compounds is imperative to broaden our understanding of phytochemical
ecology, and their potential uses as novel pharmacological, agricultural, and industrial
biomolecules (Erlund, 2004; Saslowsky et al., 2005; Jan et al., 2010; Queiroz et al., 2012;
Dayem et al., 2015). Alkaloids, terpenoids, and phenylpropanoids are classes of specialized
metabolites found in plants, with each class containing thousands of diverse compounds (Crozier
et al. 2006). Flavonoids are a class of phenylpropanoids and some of these compounds can
impart colour and flavour, and provide dietary benefits to humans (Schijlen et al., 2004). All
flavonoid molecules consist of a C6-C3-C6 structure, where the aromatic A and B rings are fused
by a central heterocyclic C ring. The flavonoid group is divided into several subclasses that vary
in the degree of C-ring oxidation. Flavonoid subclasses include flavonols, flavones, flavanones,
flavan-3-ols, isoflavones, and anthocyanidins (Marais et al, 2006). Flavonols are hydroxylated
flavones, and the flavonol aglycone backbones are distinguished by the degree of hydroxylation
and methoxylation of the A and B ring (Figure 1.1). The hydroxyl groups of the flavonol
phenolic structures provide unpaired electrons and the proton donors necessary to sequester
antioxidants and chelate metal ions (Di Majo et al., 2011; Pollastri and Tattini, 2011). In plant
tissues, flavonols exist predominantly as glycoconjugates (Routaboul et al., 2006; Nakabayashi
et al., 2009).
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Figure 1.1. The flavonol aglycone structure.
Flavonol aglycones structures within Arabidopsis thaliana are distinguished by the chemical
substitution at the 3’ position of the B-ring. This is represented by the R groups in the schematic
diagram. Adapted from Neugart et al., (2012).

The natural diversity of flavonols in the model plant organism Arabidopsis thaliana (L.)
Heynh. (herein referred to as Arabidopsis) is due to the fact that the C3 and C7 hydroxyl groups
can be bound to one or more hexose or pentose sugars via an O-glycosidic linkage (YonekuraSakakibara et al., 2008; Saito et al., 2013). In Arabidopsis floral tissues, phenylacylation of
flavonol aglycones further increases the biochemical diversity of these compounds (Tohge et al.,
2016). Flavonol glycosides absorb ultraviolet (UV) light (240-380 nm) and this is due to the
seven conjugated alkene bonds within the flavonol aglycone structure (Jones, 1943); these
molecules also absorb a portion of the visible light spectrum (380-450 nm) (Mabry et al., 1970;
Lin et al., 2012); in addition, these molecules accumulate in plant tissues exposed directly to UVA and UV-B radiation (280-400 nm) (Solovchenko and Schmitz-Eiberger, 2003; Bidel et al.,
2015; Loyola et al., 2016), as well as full spectrum sunlight (Agati et al., 2009; Siipola et al.,
2015), implying flavonols function as photoprotectants.
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Although flavonols are ubiquitous among higher plants, the molecules vary in structure
and concentration between plant species, with some of these occurring in tissue specific patterns
within a single plant (Vallejo et al., 2004; Routaboul et al., 2006). Flavonol glycosides are
considered to be less reactive than their aglycone counterparts, but most plants lack detectable
concentrations of flavonol aglycones (Yinyuan et al., 1992; Vallejo et al., 2004; Nakabayashi et
al., 2009). However, flavonol glycosides are widespread in the plant kingdom and although
prominent in vascular plants, they have been detected in non-vascular plants such as the
bryophytes Bryum algens Card. (Webby et al., 1996; Asakawa et al., 2013), and liverworts
(Wang et al., 2016). The presence of flavonol glycosides within non-vascular plants highlights
the ancient evolutionary origins of flavonols. Higher plants such as Arabidopsis, arugula,
broccoli, kale and onion are all rich sources of flavonol bisglycosides (Vallejo et al., 2004;
Slimestad et al., 2007; Schmidt et al., 2010; Saito et al., 2013; Bell et al., 2015).
In Arabidopsis, most organs accumulate 3-O-β-glucoside-7-O-α-rhamnosides, 3-O-αrhamnoside-7-O-α-rhamnosides and 3-O-β-neohesperidoside-7-O-α-rhamnosides of kaempferol
and quercetin (Fig. 1.2) (Yonekura-Sakakibara et al., 2008, Saito et al., 2013; Roepke and Bozzo,
2015). Glycosylation of the flavonol aglycone can increase chemical stability and solubility
(Bowles et al., 2005); furthermore, these modifications can alter intracellular transport (Miao and
Liu, 2010) (Takahama and Hirota, 2000; Sakihama et al., 2002). Moreover, glycosylation
increases chemical diversity, which in turn accommodates a broader range of physiological
activities in plants (Li et al., 2001; Le Roy et al., 2016). For example, kaempferol 3-O-αrhamnoside-7-O-α-rhamnoside (K3R7R) affects polar auxin transport in Arabidopsis (Kuhn et
al., 2016; Yin et al., 2014). Interestingly, K3R7R also has a role in Arabidopsis resistance to the
specialist insect Pieris brassicae (Onkokesung et al., 2014). Pollen from chalcone synthase
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mutants of Zea mays L. and Petunia x hybrida (Hooker) Vilmorin. is unable to form a viable
pollen tube. However, the application of exogenous kaempferol restores pollen germination in
these mutants (Yinyuan et al., 1992). It remains unknown as to whether this effect is associated
with the conversion of kaempferol to glycoconjugate forms in vivo. There is evidence for a
negative feedback loop of phenylalanine ammonia lyase (PAL) inhibition in the presence of the
flavonol precursor naringenin (Yin et al., 2012) which may serve as a mechanism to prevent
accumulation of flavonol aglycones. In planta flavonols can function as antioxidants and thus
reduce the accumulation of reactive oxygen species (ROS) (Nakabayashi et al., 2014). Flavonols
can function as a biochemical defence against fungi, viruses and insects (Curir et al., 2005; Likić
et al., 2014; Onkokesung et al., 2014). Apart from their roles in plants, flavonols have numerous
physiological effects in animals, including anti-oxidative, anti-carcinogenic, anti-viral, antiinflammatory, and anti-bacterial properties (Erlund, 2004; Jan et al., 2010; Lago et al., 2014).The
biological functions of flavonols and their glycosides in plants are provided in more detail within
CHAPTER TWO.
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Figure 1.2. Common flavonol bisglycosides present in Arabidopsis.
The grey shaded region presents quercetin bisglycosides whereas the white region presents
kaempferol bisglycosides. Abbreviations include: Q3G7R, quercetin 3-O-β-glucoside-7-O-αrhamnoside; Q3N7R, quercetin 3-O-β-neohesperidoside-7-O-α-rhamnoside; Q3R7R, quercetin
3-O-α-rhamnoside-7-O-α-rhamnoside; K3G7R, kaempferol 3-O-β-glucoside-7-O-α-rhamnoside;
K3N7R, kaempferol 3-O-β-neohesperidoside-7-O-α-rhamnoside; K3R7R, kaempferol 3-O-αrhamnoside-7-O-α-rhamnoside.
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Flavonol glycosides are present in plant tissues in dynamic concentrations, and tend to
fluctuate in response to changing environmental conditions (Olsen et al., 2009; Booker et al.,
2012; Roepke and Bozzo, 2015). Although the structural and regulatory processes underlying
flavonol bisglycoside biosynthesis have been partially established, comparatively little
information exists on the biochemical determinants affecting their catabolism in plants. A better
understanding of the catabolic processes of flavonols can lead to applied agricultural applications
such as bio-fortification thus increasing the nutritional properties of various crops.
In this thesis, CHAPTER TWO is a literature review that describes the current knowledge
on flavonol biosynthesis and metabolism. In addition, this chapter examines the roles of flavonol
glycosides and the current understanding of flavonol catabolism. CHAPTER THREE presents
the methodology used to investigate the subcellular localization of an Arabidopsis flavonol 3-Oβ-glucoside β-glucosidase 15 (BGLU15), as well as the methodology used to establish evidence
for a flavonol 7-O-α-rhamnoside α-rhamnosidase activity. CHAPTER FOUR presents results
demonstrating that a BGLU15-mCherry fusion protein was localized to the apoplast when
transiently expressed in onion epithelial cells. Moreover, this chapter provides biochemical
evidence that clarified extracts of Arabidopsis leaves contain α-rhamnosidase activity that
hydrolyzes rhamnosides attached to the 7-hydroxy position of flavonols; this activity was highest
in leaves of 35-d old Arabidopsis plants relative to all other developmental stages and organs
investigated in this study. CHAPTER FIVE highlights the significance of the experimental
results, and how the results fit into our current understanding of flavonol glycoside catabolism.
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CHAPTER TWO –LITERATURE REVIEW

This literature review provides information on flavonol biochemistry in plants, including
biosynthesis, tissue and cellular distribution, function and catabolism. Emphasis is placed upon
the potential role of α-rhamnosidase activity in the catabolism of flavonol glycosides in
Arabidopsis.

2.1

FLAVONOL BIOSYNTHESIS
The shikimic acid pathway produces the aromatic amino acids phenylalanine and tyrosine

in plants, bacteria, and fungi (Talapatra and Talapatra, 2015). These aromatic amino acids are
physiological precursors of the phenylpropanoid pathway. Flavonoids are derived from the
phenylpropanoid biosynthetic pathway, which also synthesizes coumarins, monophenols,
stilbenes, lignins, lignans, benzoates, sinapates, and suberin (Fig. 2.1). Much of our current
understanding of phenylpropanoid biosynthesis is due to functional studies performed with
Arabidopsis transparent testa (tt) mutants; these pale seed mutants are compromised in flavonol,
anthocyanin and proanthocyanidin biosynthesis and regulation (Lepiniec et al., 2006; Falcone
Ferreyra et al., 2012). The mutants tt4-tt7 have been used to investigate the biological relevance
of flavonol biosynthesis (Peer et al., 2001).
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Figure 2.1. An overview of flavonol aglycone biosynthesis and the divergent phenylpropanoid metabolites produced in plants.
Grey arrows represent multiple biosynthetic steps and black arrows represent a single enzymatic step. Abbreviations include: PAL,
phenylalanine ammonia-lyase; C4H, cinnamic acid 4-hydroxylaseA; 4CL, hydroxycinnamate coenzyme A ligase; CoA, coenzyme A;
CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3 hydroxylase; F3ʹH, flavonoid 3´hydroxylase; FLS, flavonol
synthase.
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The phenylpropanoid biosynthesis pathway begins with the PAL-mediated conversion of
phenylalanine into trans-cinnamic acid; interestingly, PAL is inhibited by its reaction product
through a negative feedback loop (Chen et al., 2005). A four-member PAL gene family is known
for Arabidopsis, and tissue as well as temporal specific expression patterns are evident for these
PAL genes, which affect the levels of downstream phenolic metabolites (Saito et al., 2013). In
Arabidopsis, the route from phenylalanine to flavonols requires the coordinated gene expression
and activity of PAL, CINNAMATE 4-HYDROXYLASE (C4H), HYDROXYCINNAMATE
COENZYME A LIGASE (4CL), CHALCONE SYNTHASE (CHS), CHALCONE ISOMERASE
(CHI), FLAVANONE-3-HYDROXYLASE (F3H), FLAVONOID 3'HYDOXYLASE (F3'H), AND
FLAVONOL SYNTHASE (FLS) (Falcone Ferreyra et al., 2012).
In Arabidopsis tissues, the cytochrome P450 monoxygenase flavanone-3-hydroxylase
catalyzes the oxygenation of naringenin at the C3 position to produce dihydrokaempferol.
Flavonoid 3'hydroxylase is separate cytochrome P450 monoxygenase, and it targets the C3'
position of dihydrokaempferol and kaempferol forming dihydroquercetin and quercetin,
respectively. Thereafter, FLS catalyzes the formation of flavonols via oxidoreduction from their
dihydroflavonol precursors (Vogt, 2010; Saito et al., 2013). There are six FLS genes in
Arabidopsis; FLS1 and FLS3 encode proteins with catalytic activity, whereas the other four
genes appear to be non-functional pseudogenes (Pelletier et al., 1997; Owens et al., 2008; Saito
et al., 2013). Several gene duplications appear to have resulted in multiple isozymes (Ferrer et
al., 2008). The subcellular localization of flavonol biosynthetic enzymes is not entirely clear, as
C4H and p-coumarate-3-hydroxylase can be localized to the cytosolic face of the endoplasmic
reticulum, whereas CHS and CHI occur in multiple subcellular locations, including the nucleus,
plasma membrane, tonoplast, and bulk cytosol (Saslowsky and Winkel-Shirley, 2001; Vanholme
10

et al., 2010). By comparison, flavonol glycoside precursors are primarily localized to the cytosol
(Charrier et al., 1998; Saslowsky et al., 2005; Ono et al., 2006). This contrasts with the fact that
flavonol glycosides, the end-products of flavonol biosynthesis, occur in the vacuole and the
apoplast (Zhao and Dixon, 2010; Booker et al., 2012). In situ staining with diphenylboric acid 2aminoethyl ester (DPBA) shows flavonol glycosides are localized in the vacuole of seed coat
parenchyma cells within developing Saskatoon berries (Jin et al., 2015). The same staining
technique demonstrates the presence of flavonols in the vacuoles of germinating Arabidopsis
seeds (Endo et al., 2012).
To date, the mechanism driving the transfer of flavonols from their point of synthesis to
these subcellular compartments is unknown. Both biotic and abiotic stress can induce vesicle
formation from the ER to the vacuole, and these stress induced vesicles are theorized to contain
specialized metabolites (Irani and Grotewold, 2005; Poustka et al., 2007; Kulich and Zarsky,
2014). Acylated flavonol glycosides occur in the vacuole of epidermal cells from lisianthus
flower petals, whereas their non-acylated counterparts reside in the cell wall (Markham et al.,
2000). Similarly, cell wall preparations from leaves of various conifer species contain
kaempferol and quercetin monoglycosides (Strack et al., 1988). This extracellular localization is
consistent with the presence of kaempferol bisglycosides in apoplastic fluids of ozone-treated
Arabidopsis leaves (Booker et al., 2012).
Co-localization of phenylpropanoid biosynthetic enzymes supports the theory that
metabolic channeling is involved in plant flavonoid metabolism (Srere, 1985; Winkel,
2004).Examples of phenylpropanoid metabolic channeling have recently been demonstrated
within hops, where it was found that CHI-like proteins are part of a prenylated chalcone
metabolon (Ban et al., 2018). Flavonol biosynthetic enzyme complexes improve metabolic
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efficiency and reduce the risk of the accumulation of toxic and unstable intermediates (Schijlen
et al., 2004). Communication and regulation between separate branches of the phenylpropanoid
pathway (e.g., lignin and flavonoid, or anthocyanidin and proanthocyanidin) is a necessary
requirement for efficient metabolic plasticity in plants (Mouradov and Spangenberg, 2014).
Flavonol biosynthesis competes directly with anthocyanidin biosynthesis for the common
substrates dihydrokaempferol and dihydroquercetin; temporal regulation of genes belonging to
the flavonol biosynthetic pathway prevents or minimizes substrate competition between the two
divergent pathways (Schijlen et al., 2004).
The genetic regulation of flavonol biosynthesis is achieved through the combinatorial
action of numerous transcription factors (Stracke et al., 2007). In addition, these transcription
factors can be developmentally (Stracke et al., 2010) and spatially (Zhai et al., 2016) regulated
within the plant. Myeloblastosis (MYB) proteins belong to a family of transcription factor
proteins present in all eukaryotes (Ambawat et al., 2013). There are 198 MYB genes in
Arabidopsis (Yanhui et al., 2006). Within this MYB superfamily, there are 126 R2R3 type MYB
transcription factors, some of which influence phenylpropanoid biosynthetic genes in
Arabidopsis (Stracke et al., 2001). MYB11, MYB12, and MYB111 are all R2R3 type MYBs that
positively regulate expression of the early flavonol biosynthesis genes, specifically from CHS to
FLS (Pandey et al., 2015). The transcription factors can mediate plant redox responses through
the accumulation of flavonols (Dubos et al., 2010). MYB75 overexpression in Arabidopsis results
in the increased accumulation of anthocyanins and flavonol bisglycosides; however, K3R7R
levels are reduced in MYB75 overexpressing plants (Onkokesung et al., 2014). AtMYB4 and
AtMYB7 are negative regulators of flavonol biosynthesis, as these transcription factors contain
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repressor domains and decrease the expression of multiple phenylpropanoid biosynthesis genes
(Jin et al., 2000; Fornalé et al., 2014).
2.1.1 Flavonol Glycosylation in Arabidopsis
Flavonols constitute the largest subset of flavonoid molecules in Arabidopsis, with
anthocyanins representing the second largest group. Specifically, there are at least 35 unique
flavonol conjugates, of which 16 are bisglycosides (Martens et al., 2010; Saito et al., 2013).
Kaempferol 3-O-β-glucoside-7-O-α-rhamnoside (K3G7R), K3R7R, and kaempferol 3-O-βrutinoside-7-O-α-rhamnoside/ kaempferol 3-O-β-neohesperidoside-7-O-α-rhamnoside (K3N7R)
are abundant in whole flowers and leaves (Tohge et al., 2005; Nakabayashi et al., 2009), whereas
quercetin glycosides are the most prevalent flavonols in seeds (Routaboul et al., 2006). HPLCMS analysis of Arabidopsis tissue extracts has revealed that the molecular masses and
fragmentation patterns associated kaempferol 3-O-β-rutinoside-7-O-α-rhamnoside and quercetin
3-O-β-rutinoside-7-O-α-rhamnoside, are respectively equivalent to those of K3N7R and
quercetin 3-O-β-neohesperidoside-7-O-α-rhamnoside (Ringli et al. 2008; Yonekura-Sakakibara
et al. 2008, Nakabayashi et al. 2014; Roepke and Bozzo, 2015). Rutinose is the disaccharide αrhamnose (1-6)-β-glucose, whereas neohesperidose is the disaccharide α-rhamnose (1-2)-βglucose. In addition, inherent genotypic variability for Arabidopsis flavonoids accumulate as
flavonol bisglycosides and anthocyanin profiles in response to low temperature are varied among
the 54 known accessions of this species (Schulz et al., 2015).
Flavonol glycosylation rendering bisglycosides is accomplished through the sequential
addition of saccharide molecules through the action of uridine diphosphate (UDP)-dependent
glycosyltransferases (UGTs) (Yonekura-Sakakibara et al., 2007; Saito et al., 2013). Pentose or
hexose sugars are activated with UDP (Kleczkowski et al., 2010). The saccharide activation
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reaction is dependent upon one of three enzymes; UDP-glucose pyrophosphorylase, UDP-sugar
pyrophosphorylase or sucrose synthase. UDP glycosylation is reversible and dependent on the
metabolic condition of the individual tissues (Kleczkowski et al., 2010). UDP-glucose can be
converted to UDP-rhamnose by rhamnose synthase (RHM) activity, and in Arabidopsis this
includes an enzyme encoded by AtRHM1 (Yonekura-Sakakibara et al., 2008). Rhamnosylated
flavonols compete with rhamnose containing cell wall polysaccharide biosynthesis for UDPrhamnose as a substrate (Saffer and Irish, 2018).
Plants UGTs are members of the family 1 UGTs (Yonekura-Sakakibara et al., 2007;
Caputi et al., 2012). The variety of UGTs in plants provides the enzymatic diversity required for
the glycosylation of numerous small secondary metabolites. For example, two separate Populus
trichocarpa Torr. and A. Gray ex. Hook UDP-galactose transferase enzymes (PtUGT78L1 and
PtUGT78M1) do not glycosylate flavan-3-ols, which lack the ketone on the 4 position of the Cring; however, PtUGT78L1 catalyzes the galactosylation of the 3-hydroxy position of quercetin
and kaempferol (Veljanovski and Constabel, 2013). The Arabidopsis UGT family 1 is comprised
of 120 putative UGT genes, including several flavonol-utilizing UGTs (Caputi et al. 2012); many
of these belonging to the phylogenetic group D of plant UGTs (Lim et al., 2004). In Arabidopsis
flavonols are commonly conjugated to glucose or rhamnose units (Ringli et al., 2008); however,
substituted sugars can include arabinose, or combinations of two or more separate saccharide
monomers.
The first modification step of Arabidopsis flavonol bisglycoside biosynthesis is the
formation of the glycosidic bond at the C3 of the aglycone by a UDP-glucose-dependent flavonol
3-O-glucosyltransferase (UGT78D2) rendering a flavonol 3-O-β-glucoside. Alternatively,
flavonols can be converted to flavonol-3-O-α-rhamnoside or flavonol 3-O-α-arabinoside via their
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respective UDP-rhamnose dependent flavonol 3-O-rhamnosyltransferase (UGT78D1) or UDParabinose-dependent flavonol 3-O-arabinosyltransferase (UGT78D3) respectively (Jones et al.,
2003; Tohge et al., 2005; Yonekura-Sakakibara et al., 2008). Thereafter, these flavonol 3-Oglycosides can be glycosylated at the 7 hydroxyl position by a flavonol 3-O-glycoside: 7-Orhamnosyltransferase (UGT89C1), rendering the following flavonol bisglycosides: flavonol 3-Oα-arabinoside-7-O-α-rhamnosides, flavonol 3-O-β-glucoside-7-O-α-rhamnosides, flavonol 3-Oα-rhamnoside-7-O-α-rhamnosides and flavonol 3-O-β-neohesperidoside-7-O-α-rhamnosides/
flavonol 3-O-β-rutinoside-7-O-α-rhamnosides (Fig. 2.3) (Yonekura-Sakakibara et al., 2007;
2008). The enzyme catalyzing the addition of a rhamnose monomer onto the bound glucose to
form a flavonol 3-O-β-neohesperidoside/3-O-β-rutinoside has yet to be identified in Arabidopsis.
However, flavanone 1,2 rhamnosyltransferase and 1,6 rhamnosyltransferase have been cloned
and characterized; in the case of the latter, the enzyme catalyzes the transfer of rhamnose from
UDP-rhamnose to flavanone 3-O-β-glucosides or flavanone 7-O-β-glucosides leading to the
formation of taste compounds in citrus fruit (Frydman et al., 2004; 2013). Flavonol
glycosyltransferase genes are expressed in variable levels throughout plant development.
Similarly, the flavonol utilizing Arabidopsis UGTs UGT89C1, UGT78D1, and UGT78D2 are
expressed in most developing tissues (See Supplemental Figs. S1-S3 in Appendix A). Transcript
levels for these UGTs genes are upregulated with abiotic stress, which accounts for the increased
concentrations of flavonol glycosides (Olsen et al., 2009; Roepke and Bozzo, 2015; Schulz et al.,
2015).
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Figure 2.2 Biosynthetic steps for flavonol bisglycosides identified in Arabidopsis. Solid arrows represent established enzymatic
steps; dashed arrows are proposed enzymatic processes. Abbreviations include: FLS, flavonol synthase; F3G, flavonol 3-O-βglucoside; F3R, flavonol 3-O-α-rhamnoside; F3A, flavonol 3-O-α-arabinoside; F3N, flavonol 3-O-β-neohesperidoside; F3N7R,
flavonol 3-O-β-neohersperidoside-7-O-α-rhamnoside; F3G7R, flavonol 3-O-β-glucoside-7-O-α-rhamnoside; F3R7R, flavonol 3-O-αrhamnoside-7-O-α-rhamnoside; F3R7G, flavonol 3-O-α-rhamnoside-7-O-β-glucoside; F3A7R, flavonol 3-O-α-arabinoside-7-O-βrhamnoside
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2.2

FLAVONOLS AND ANTIOXIDANT FUNCTION
Flavonols can function as antioxidant molecules, protecting the plant from oxidative

stress caused by the over-accumulation of ROS. ROS include superoxide (O2-), hydrogen
peroxide (H2O2), ozone (O3) and the hydroxyl radical (-OH). Basal levels of ROS are present in
plants under non-stress conditions and perform regulatory and developmental functions (JardimMesseder et al., 2015; Foyer and Noctor, 2016). In photosynthetic tissues, ROS are generated
from photooxidative side-reactions of the electron transport chain in the chloroplast or via
photorespiration, as well as nicotinamide adenine dinucleotide phosphate (NADPH) oxidase at
the plasma membrane (Foyer and Noctor, 2011, 2016). Interestingly, chloroplastic flavonoids are
known to scavenge singlet oxygen in mock privet (Phyllyrea latifolia L. Salisbury) mesophyll
cells (Agati et al., 2007). Alternatively, ROS production can occur in the mitochondrion (Rhoads
et al., 2006) via the succinate dehydrogenase enzyme complex (Jardim-Messeder et al., 2015).
ROS are implicated as secondary messengers in cells (Kwak et al., 2003) and their levels
must be tightly controlled to prevent non-specific redox reactions and unregulated
macromolecular oxidation (Dietz, 2010). Typically, ROS are sequestered by molecules with
strong reducing power such as NADPH, ferredoxin, thioredoxin, glutathione and ascorbate
(Foyer and Noctor, 2016) and through the coordinated action of enzymes such as superoxide
dismutase, catalase, ascorbate peroxidase, and glutathione reductase (Das and Roychoudhury,
2014). However; abiotic stress can increase cellular ROS concentrations (Del Río, 2015) and
override the ROS-sequestration capacity of the cell (Rhoads et al., 2006). Kaempferol is an
efficient antioxidant in vitro at near neutral pH levels, whereas acidification reduces its
antioxidant capacity (Di Majo et al., 2011). Flavonol glycosides have a diminished capacity to
eliminate free radicals due to a reduced number of free hydroxyl groups relative to their aglycone
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counterparts (Pollastri and Tattini, 2011; Le Roy et al., 2016). Although quercetin glycosides
demonstrate some antioxidant activity, flavonol aglycones exhibit stronger antioxidant potential
than glycoconjugates in aqueous solutions (Rice-Evans et al., 1996). Amongst the flavonol
glycosides, quercetin 3-O-β-glucoside and its anthocyanin counterpart cyanidin 3-O-glucoside
have greater radical scavenging activity in vitro than kaempferol 3-O-β-glucoside and
isorhamnetin 3-O-β-glucoside (Nakabayashi et al., 2014).
Quercetin and kaempferol and/or their conjugate pools can modulate the closure of guard
cells in response to increased ROS, a process that is dependent upon the phytohormone abscisic
acid (Watkins et al., 2014). Interestingly, the hyper-accumulation of flavonol bisglycosides and
anthocyanins theoretically improves drought tolerance through the enhancement of plant
antioxidant capacity (Nakabayashi et al., 2014). The precise mechanism underlying this
antioxidant action by flavonols in planta has not been fully elucidated. The possibility remains
that flavonols act in tandem with other antioxidants, such as ascorbate. The water soluble
antioxidant ascorbate occurs within the apoplast together with kaempferol bisglycosides (Booker
et al., 2012). Flavonol-guaiacol peroxidases scavenge H2O2, and are known to interact with
ascorbate to reduce oxidized flavonols (Yamasaki et al., 1997). Quercetin, kaempferol and their
corresponding glycosides can scavenge H2O2, although this is may not be their primary function,
but rather a consequence of their conjugated double bond system (Yamasaki et al., 1997).
Conversely, exogenous application of quercetin renders Arabidopsis plants more resistant to the
bacterial pathogen Psuedomonas syringae pv. tomato DC3000 which coincides with a burst in
H2O2 production (Jia et al., 2010).
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2.3

FLAVONOLS AND AUXIN MEDIATED GROWTH REGULATION
The unidirectional transport of auxin from its site of synthesis in the shoot apical

meristem towards the base of the stem is essential for vascular differentiation, organ
development and apical dominance (Blakeslee et al., 2005). Architectural studies of aerial organ
and root phenotypes of Arabidopsis tt mutant seedlings indicates that flavonoid biosynthesis has
an effect on plant structure and growth from germination onward (Buer and Djordjevic, 2009).
Flavonols can modulate auxin transport by inhibiting auxin-specific plasma membrane proteins
(Peer and Murphy, 2007; Kuhn et al., 2011). Early research using the flavonoid specific stain
DPBA revealed glycosides of quercetin and kaempferol co-localize with an auxin specific
aminopeptidase in root tissues (Murphy et al., 2000); although the DPBA staining technique does
not discriminate between the different types of flavonol glycosides in situ. K3R7R inhibits polar
auxin transport in Arabidopsis stems resulting in a dwarf phenotype (Yin et al., 2014). The
silencing of the Arabidopsis lignin biosynthetic gene HYDROXYCINNAMOYL-COENZYME A
SHIKIMATE/QUINATE HYDROXYCINNAMOYL TRANSFERASE is associated with the redirection of phenylpropanoid precursors to the accumulation of flavonol glycosides and
anthocyanins leading to a stunted growth phenotype (Besseau et al., 2007).
Variation of the flavonol glycoside composition leads to hyponastic growth, defective
trichomes, altered pavement cells and aberrant cotyledon morphology in Arabidopsis (Ringli et
al., 2008). Furthermore, interruption of flavonol rhamnosylation at the 7-hydroxy position leads
to enhanced levels of kaempferol 3-O-β-glucoside and increased concentrations of endogenous
auxins (e.g., indole-3-acetic acid-glucose) and its precursors (e.g., indole-3-acetonitrile), but has
no apparent impact on auxin transport (Kuhn et al., 2016). Protein phosphatase 2A acts on a PINFORMED auxin transporter, and is negatively affected by the accumulation of flavonols,
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indicating that specific flavonol glycosides may affect auxin transport through the perturbation of
a phosphatase/kinase equilibrium (Kuhn et al., 2017). A transcription factor that binds to the W
box (5’-(T)TGAC[CT]-3’; designated as WRKY23 (Eulgem et al., 2000) is required for proper
root growth and flavonol biosynthesis in Arabidopsis. WRKY23 positively regulates the
expression of FLAVONOID 3' HYDROXYLASE and hence regulates flavonol biosynthesis in
seedling root tips (Grunewald et al., 2011). WRKY23 itself is regulated by auxin and affects
distribution of the hormone through the control of flavonol biosynthesis thus forming a
transcriptional feedback loop (Grunewald et al., 2011). The connection between flavonol
bisglycoside accumulation and auxin metabolism and transport is an active area of research.

2.4

FLAVONOLS AND PHOTOPROTECTION
An increase in flavonol concentrations following exposure to high levels of UV-B

radiation is well documented in a variety of plant species such as Arabidopsis, Brassica oleracea
L., and Petunia axillaris (Lam.) B.S.P. (Sheahan, 1996; Ryan et al., 2002; Neugart et al., 2012).
Upon UV-B exposure, the increase in quercetin production is greater than that of kaempferol in
petunia leaves (Ryan et al., 2002). Flavonol glycosides, such as quercetin 3-O-β-glucoside, serve
as a co-pigmentation molecule with anthocyanins to induce colour alteration (Di Meo et al.,
2012; Rustioni et al, 2012). Within petunia, the flavonols quercetin and kaempferol, and their
corresponding ratio serve an important function in leaf photoprotection (Ryan et al., 2002).
Interestingly, kaempferol has an increased capacity for UV-B absorbance as compared to its
ortho-hydroxylated counterpart, quercetin. Moreover, it is presumed that flavonol glycosides
contribute to UV photoprotection, as they accumulate in epidermal cells of Arabidopsis leaves
(Harborne and Williams, 2000) and the epidermal and mesophyll tissues of European privet
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(Ligustrum vulgare L.) leaves during exposure to high light intensity (Agati et al., 2009).
Repeated exposure of Arabidopsis leaves to UV light results in the accumulation of quercetin
and kaempferol 3-O-β-glucosyl-glucoside-7-O-α-rhamnosides, quercetin and kaempferol 3-O-βglucoside-7-O-α-rhamnosides, quercetin and kaempferol 3-O-α-rhamnoside-7-α-O-rhamnosides,
and quercetin and kaempferol 3-O-β-neohesperidose-7-O-α-rhamnosides (Hectors et al., 2014).
The increased production of flavonols in response to UV light coincides with transcriptional
regulation of this pathway, as the flavonol 7-O-rhamnosyltransferase AtUGT89C1 is upregulated
through UV stress (Hectors et al., 2014).

2.5

FLAVONOLS AND ABIOTIC STRESSES
Flavonol bisglycoside production is enhanced in response to abiotic stress conditions

other than UV light, although the different glycosides accumulate in a tissue-specific manner
(Agati et al., 2009; Watkins et al., 2014; Bidel et al., 2015; Kuhn et al., 2016). Total flavonol
concentrations vary with growth temperature and solar radiation intensity in kale leaves (Schmidt
et al., 2010). Flavonol glycosides accumulate in response to high salt and drought conditions in
Reaumuria trigyna Maxim. and Vitis vinifera L., respectively (Martínez-Lüscher et al., 2014;
Zhang et al., 2017). Phosphorous deficiency culminates in increased flavonol concentrations in
tomato during the early stages of fruit ripening, but this effect does not occur in leaves of this
species, nor those of Arabidopsis (Stewart et al., 2001). Total isorhamnetin, kaempferol and
quercetin levels are enhanced in leaves of Arabidopsis and tomato when seedlings are cultivated
in nitrogen-deficient agar medium (Stewart et al., 2001; Lea et al., 2007). The accumulation of
quercetin glycosides in red and green lettuce leaves is accompanied by chlorophyll and
carotenoid losses during nitrogen deficient growth (Becker et al., 2015). Moreover, re-exposure
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of tomato plants to limiting nitrogen (0.15 mM nitrate, 0.01 mM ammonia) following a period of
nitrogen sufficiency (15 mM nitrate, 1.2 mM ammonia) culminates in a synergistic increase in
leaf phenolic compounds, including kaempferol and quercetin-3-O-β-rutinosides relative to the
previous stress period (Larbat et al., 2012). A similar flavonol accumulation pattern is observed
within tomato during high light and nitrogen deficiency stress (Løvdal et al., 2010). Exposure of
developing Arabidopsis plants to nitrogen deficiency under low temperature (NDLT; i.e., 5-15
C) leads to a synergistic increase in kaempferol and quercetin bisrhamnosides, as well as their
3-O-β-glucoside-7-O-α-rhamnosides and 3-O-β-neohersperidoside-7-O-α-rhamnosides (Olsen et
al., 2009; Roepke and Bozzo, 2015). These increased flavonol levels are associated with the
upregulation of flavonol biosynthesis genes, as increased transcript levels for the transcriptional
activator genes PRODUCTION OF ANTHOCYANIN PIGMENT 1 , PRODUCTION OF
ANTHOCYANIN PIGMENT 2 and GLABRA3 are increased in Arabidopsis with NDLT stress
(Olsen et al., 2009). Interestingly, during a 5-d recovery period from NDLT treatment, there is a
dramatic reduction of RODUCTION OF ANTHOCYANIN PIGMENT 2, GLABRA3, and MYB12
transcript levels. The reduction of biosynthetic activators is associated with a decline in the
concentrations of flavonol bisglycosides (Olsen et al., 2009).
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2.6

FLAVONOL CATABOLISM
All metabolite concentrations are dependent on the equilibrium between biosynthesis and

catabolism; thus, both processes must be considered when studying the regulatory control of
flavonol metabolism. The degradation of flavonol bisglycosides following the transfer of NDLT
stressed plants to nitrogen sufficiency and high temperature implies an upregulation of catabolic
processes coinciding with downregulation of biosynthetic processes (Olsen et al., 2009; Roepke
and Bozzo, 2015). Nutrient deficiency is associated with plant autophagy, which is a mechanism
that enables a reabsorption of the liberated compounds, thereby serving a role in plant resource
conservation and abiotic stress tolerance (Xiong et al., 2005; Liu et al., 2009). Functional
autophagy pathways may be necessary for flavonol accumulation in plants; in certain autophagy
mutants the flavonol bisglycoside quercetin 3-O-β-neohersperidoside-7-O-rhamnoside is
produced in lower levels as compared to wild type plants (Masclaux-Daubresse et al., 2014). On
the whole, the degradation of flavonol glycosides is not without precedent as this occurs in a
variety of species and is dependent upon postharvest storage temperature and/or processing
methods (Hakkinen et al., 2000; Cordenunsi et al., 2005; Amarowicz et al., 2009). For example,
losses of flavonol glycosides in lettuce and endive leaves are as high as 46% following shredding
and light exposure (DuPont et al., 2000). In onion bulbs, a decrease in quercetin 4'-O-glucoside
and quercetin 3,4' bisglucoside levels and a simultaneous increase in quercetin occurs with
drying and browning of outermost scale tissues (Takahama and Hirota, 2000). The quercetin
aglycone then undergoes a putative autoxidation reaction to produce 3,4-dihydrobenzoid acid
and 2,4,6-trihydroxyphenylglyoxylic acid.
Apart from postharvest tissues, flavonol degradation can occur in developing plants.
Flavonol glycosides can accumulate and degrade at various rates in different tissues within the
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same plant (Stracke et al., 2010). For example flavonol levels decline with ripening in bilberry
fruit (Jaakola et al., 2002). Conversely within Fagopyrum tataricum Gaertn. (buckwheat)
seedlings, rutin concentrations increase within the cotyledon 12 days after germinate while there
is a subsequent decrease in rutin glucosidase activity (Suzuki et al., 2006). Early research
revealed that [14C] kaempferol 3-O-β-glucoside (with the isotope on the aglycone or glucose
moiety) is degraded more efficiently by cell cultures of mungbean, soybean, garbanzo bean and
parsley as compared to kaempferol 7-O-α-rhamnoside (K7R) (Muhle et al., 1976). The
pioneering work done by Muhle et al. (1976) provides evidence for a variety of differentially
regulated glycosyl hydrolases required for flavonol glycoside catabolism. Flavonol bisglycoside
losses in Arabidopsis are coincident with the transient increase in flavonol 3-O-β-glucoside-7-Oα-rhamnoside hydrolysis yielding flavonol 7-O-α-rhamnosides, thus identifying an enzymatic
process in flavonol catabolism (Roepke and Bozzo, 2015).

2.6.1 β-Glucosidases
β-Glucosidase (BGLU) activities are present in all domains of living organisms where
they facilitate the removal of terminal glucose residues from different polysaccharides and
glycoconjugates (Ketudat Cairns and Esen, 2010). Different families of glycosyl hydrolase (GH)
enzymes exhibit differential subcellular and tissue localization and substrate specificity. There
are 40 BGLUs belonging to the GH1 family in rice (Oryza sativa L.), and many are co-expressed
in the same tissues (Opassiri et al., 2006). A barley GH1 enzyme, BGQ60, exhibits hydrolytic
activity towards β linked glucose and mannose oligosaccharides (Leah et al., 1995). GH1
proteins also exhibit BGLU and β-mannosidase activity in Arabidopsis, and it is well established
that plant GHs function in the reorganization and degradation of cell wall polysaccharides (Minic
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et al., 2007; Minic, 2008). GH1 proteins are found throughout the interior and exterior of plant
cells (Xu et al., 2004; Minic and Jouanin, 2006).
Phylogenetic analysis of the GH1 family BGLU genes revealed the presence of 48 genes
in Arabidopsis (Xu et al., 2004; Roepke and Bozzo, 2015). Previously, BGLU6 was designated
as a pseudogene (Xu et al., 2004), but recent evidence suggests BGLU6 is a glucosyltransferase
involved in the biosynthesis of flavonol 3-O-β-bisglucoside-7-O-α-rhamnoside (also known as
flavonol 3-O-β-gentiobioside-7-O-α-rhamnoside) (Ishihara et al., 2016). Plants BGLUs are
involved in herbivore defence (Pankoke et al., 2013), cell wall lignification (Tsuyama and
Takabe, 2015), hormone activation (Lee et al., 2006), and aromatic compound release (Odoux et
al., 2003). The Arabidopsis subfamily 2 GH1 clade contains BGLU12-17, and is
phylogenetically distinct from hydrolases that act upon glucosinolates, monolignol glucoside
hydrolases, abscisic acid glucosides, scopolins and the glucosyltransferase BGLU6 (Roepke and
Bozzo, 2015). BGLU15 (At2g44450) is expressed throughout Arabidopsis development,
including within vegetative and reproductive tissues (see supplemental figure S4 in appendix A).
To this end, the highest levels of transcripts are in the seed relative to all other developmental
tissues (Nakabayashi et al., 2005; Schmid et al., 2005), although a 300% increase in BGLU15
transcript levels occurs during the recovery from NDLT stress (Roepke and Bozzo, 2015).
BGLU15 is specific for K3G7R, Q3G7R, and to a lesser extent kaempferol 3-O-β-glucoside and
quercetin 3-O-β-glucoside (Roepke and Bozzo, 2015). Moreover, BGLU15 lacks the capacity to
hydrolyze rhamnosylated and galactosylated flavonols, including quercetin 3-O-α-rhamnoside or
quercetin 3-O-β-galactoside (Roepke and Bozzo, 2015). Variable substrate specificity exists even
among closely related BGLU enzymes. BGLU16 is phylogenetically related to BGLU15 (Xu et
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al., 2004; Roepke and Bozzo, 2015); however, in vitro biochemical analysis demonstrates the
recombinant enzyme lacks the capacity to hydrolyze flavonol bisglycosides (Neil, 2015).
Flavonol aglycones are the presumed catabolic products of flavonol glycosides and are
more physiologically active than the glycoside conjugates (Murphy et al., 2000; Di Majo et al.,
2011; Grunewald et al., 2011). Therefore, the subcellular localization of flavonol catabolites
could be an important criterion for a successful abiotic stress recovery response in plants.
Proteomic evidence suggests that BGLU15 is localized to the apoplast (Borderies et al., 2003;
Bayer et al. 2006; Minic et al. 2007), although this has not been confirmed with other
technologies. Conversely, a bioinformatic approach using the publicly available software Plant
m-Ploc (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/#) and the full BGLU15 amino acid
sequence predicts a vacuolar localization (Chou and Shen, 2007; 2008; 2010). Current
algorithms for the in silico analysis of post-translational protein localization use a combination of
N-terminal and full amino acid sequences in combination with statistical and computational
predictions, although these modern predictive methods can only achieve approximately 80%
accuracy (Hoglund et al., 2006; Petsalaki et al., 2006; Chou and Shen, 2007; Tang et al.,
2013).Thus, the precise subcellular location of BGLU15 requires further analysis.
There is potential for parallel processes of flavonol catabolism to occur within the
vicinity of extracellular BGLU15. Roepke (2015) demonstrated that degradation of K3R7R,
quercetin 3-O-β-neohersperidoside-7-O-α-rhamnoside, and K3N7R during abiotic stress
recovery is unaffected in shoots of bglu15 plants; however, Q3G7R and K3G7R are not
catabolized. Moreover, a transient increase of K7R occurs in Arabidopsis during NDLT
recovery, regardless of whether BGLU15 activity is present, suggesting that a flavonol 3-O-αrhamnosidase occurs in Arabidopsis. In contrast, kaempferol 3-O-α-rhamnoside (K3R) levels
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decline during the recovery from NDLT, but it is presumed that K3R is not a catabolite of
flavonol bisglycosides as no spike is apparent during NDLT recovery. Nonetheless, an αrhamnosidase(s) induced with NDLT recovery could act on this intermediate of flavonol
biosynthesis. Together, these findings imply that other kaempferol bisglycosides, including
K3R7R are sources of this catabolic intermediate and that a flavonol bisrhamnoside αrhamnosidase is induced with abiotic stress recovery (Fig. 2.4). If only a single flavonol αrhamnosidase enzyme is present in Arabidopsis, the possibility remains that it would have higher
catalytic activity for flavonol bisrhamnosides rather than the 7-O-α-rhamnoside counterparts. To
date no flavonol specific α-rhamnosidases have been described for Arabidopsis; although the
rapid decline of flavonol bisrhamnosides and the transient spike in flavonol 7-O-α-rhamnosides
during the recovery from NDLT implies that an enzymatic component for these catabolic
processes exist in Arabidopsis.
There is evidence that UGTs can catalyze reverse reactions under specific conditions,
thus functioning as potential biosynthetic and catabolic enzymes (Zhang et al., 2006). Certain
UGTs can catalyze reversible reactions in vitro (Mo et al., 2016). The flavonol 3-Orhamnosyltransferase (AtUGT78D1) catalyzes the rhamnosylation of quercetin and kaempferol
in Arabidopsis tissues (Jones et al., 2003), but was recently shown to catalyze the removal of the
rhamnosyl group from flavonol 3-O-α-rhamnoside in vitro (Mo et al., 2016). A P. hybrida,
enzyme flavonol 3-O-galactosylransferase exhibits pH dependent reaction directionality. At
neutral and basic pH, the forward reaction is favoured with flavonols reacting with UDPgalactose. By contrast, under acidic conditions the reverse reaction is favoured, with flavonol 3O-β-galactosides catabolised to flavonol aglycones (Miller et al., 1999). However, the
participation of flavonol-specific UGTs in the catabolism of flavonol bisglycosides in
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Arabidopsis plants during abiotic stress recovery is unlikely, as gene transcript levels for several
flavonol biosynthesis structural and regulatory genes are downregulated at least 99% within 1 d
of stress removal (Olsen et al., 2009). Thus, there is a strong possibility that rhamnosylated
flavonols are hydrolyzed by a GH enzyme, although not necessarily a GH1 family enzyme;
however this requires formal testing.

2.6.2 α-Rhamnosidases
α-Rhamnosidases efficiently cleave α-glycosidic linkages, and thus are functionally
distinct from BGLUs. Both retaining and inverting reaction mechanisms of α-glucosidase and
BGLU enzymes involve the formation of a positive oxocarbenium ion within the transition state
of the enzyme substrate complex (Zverlov et al., 2000; Ketudat Cairns and Esen, 2010; Yadav et
al., 2010) Flavonol α-rhamnosides possess a stereochemically opposite anomeric carbon as
compared to the their β-glucoside counterparts; therefore, it is expected that BGLU-mediated
cleavage is restricted by steric hindrance of the anomeric carbon. Although the catalytic
mechanisms of GHs are conserved, the conformational shape of the putative α-rhamnosidase
could differ considerably from previously characterized enzymes. The catalytic mechanism
described for fungal and bacterial α-rhamnosidases is consistent with the inverting mechanism of
numerous BGLUs (Pitson et al., 1998; Zverlov et al, 2000; Yadav et al., 2010), thus implying
similar active site stereochemistry for these two types of enzymes. Moreover, it is possible that
the active site of a plant α-rhamnosidase contains two directly opposing amino acids, such as
aspartate or glutamate, which has been proposed for a Cellvibrio japonicus α-xylosidase
(Larsbrink et al., 2011). It remains to be determined whether an Arabidopsis flavonol rhamnoside
α-rhamnosidase also contains similar structural characteristics.
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α-Rhamnosidase activities against specific rhamnosylated plant metabolites occur in
numerous animals, fungi and bacteria (Schubert et al., 2010; Tranchimand et al., 2010; Liu et al.,
2012a; 2012b; Nghi et al., 2012). Evidence exists for the presence of a saponin α-rhamnosidase
in pig liver (Qian et al., 2005) and a quercetin 3-O-α-rhamnoside utilizing α-rhamnosidase in the
marine gastropod Turbo cornutus Lightfoot. (Kurosawa et al, 1973). α-Rhamnosidase activity in
the yeast Pichia angusta X349 Hansen. has the capacity to release monoterpenols from
glycosides present in wine, although naringenin-7-(α-L-rhamnosyl)-2-β-glucoside is the primary
substrate (Yanai and Sato, 2000). In addition, a GH78 family α-rhamnosidase from the wood rot
fungus Xylaria polymorpha (Pers.) Grev. releases hydroxycinnamic acids from lignocelluloses
and the artificial substrate p-nitrophenyl α-L-rhamnopyranoside; the latter is commonly used as a
substrate to test the catalytic activity of GHs (Nghi et al., 2012). In the human gut, unidentified
strains of Bacteroides possess α-rhamnosidase activity, which allows for improved degradation
of ingested flavonol glycosides (Bokkenheuser et al., 1987). Two GH family 78 α-rhamnosidases
from the gram-positive bacteria Pediococcus acidilactici Lindner utilize hesperidin and rutin
(Michlmayr et al., 2011). Furthermore, the Aspergillus aculeatus Lizuka. GH family 78 αrhamnosidases, RhaA and RhaB, hydrolyze rutin, naringin, hesperidin and the artificial substrate,
p-nitrophenyl-α-L-rhamnopyranoside (Manzanares et al.,2001). There are no clear GH78
homologs in plants (Lombard et al., 2014).
α-Rhamnosidase activity has been described for plant extracts (Suzuki, 1962; Bourbouze
et al., 1976). However, only a single plant α-rhamnosidase has been partially characterized to
date. More specifically, a buckwheat α-rhamnosidase hydrolyzes p-nitrophenyl-α-L-rhamnoside
and rutinose (Bourbouze et al. 1976). To date, the genetic identities of a plant flavonol αrhamnosidases has not been determined. A number of plant GH families contain enzymes that
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act on α-glycosides, including GH family 4, -13, -15, -22,-28 -31, -34, -35, -51, -63, -78, -97, and
-122 (Okuyama, 2011; Henrissat et al., 2016). GH families 13, -22, -28, -31, -34, -35, and -51 are
present in Arabidopsis, with a number of their genes encoding proteins that have yet to be
characterized (Henrissat et al., 2016). GH35 contains multiple putative β-galactosidases and
GH51 contains two putative α-arabinosidases, whereas GH family 31 contains numerous
putative α-glucosidases (Lombard et al., 2014; Zhang and Williams, 2016), and thus it could
contain a hypothetical flavonol α-rhamnosidase. Two GH31 family proteins, At1g68560 and
At5g11720, occur within the cell wall of Arabidopsis (Borderies et al., 2003). The gene
At1g68560 encodes an α-xylosidase that functions in cell wall hydrolysis and is required for a
normal growth phenotype (Kwon et al., 2005; Sampedro et al., 2010). The possibility remains
that At5g11720 functions as a flavonol rhamnoside-specific α-rhamnoside.
There are over 20 known GHs within the cell wall and apoplast; the majority of which are
responsible for polysaccharide hydrolysis (Franková and Fry, 2013). Proteomic evidence
indicates that BGLU15 (At2g44450) is localized in the cell wall, along with numerous other GHs
including members from GH family 31 (At5g11720 and At1g68560) and GH family 51
(At3g10740) (Borderies et al., 2003; Minic et al., 2007). Flavonol α-rhamnosidases could be
extracellular in nature, as there is evidence that kaempferol bisglycosides, including K3R7R,
occur in the apoplastic fluid of Arabidopsis leaves, and are increased within this subcellular
location in response to ozone exposure (Booker et al., 2012). It is postulated that a flavonol αrhamnosidase(s) in Arabidopsis is (are) involved in the rapid catabolism of quercetin and/or or
kaempferol α-rhamnosides, including those specific for rhamnose bound at either the 3 or the 7
position of the molecule.
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Figure 2.3. Proposed flavonol bisglycoside catabolic pathway. Solid arrows represent known reactions, dashed arrows
represent proposed reactions with unknown enzymatic steps. Abbreviations include: BGLU15, β-glucosidase 15; F7G,
flavonol 7-O-α-rhamnoside; F3R, flavonol 3-O-α-rhamnoside; F3N, flavonol 3-O-β-neohesperidoside; F3N7R, flavonol 3-Oβ-nesophesperidoside-7-O-α-rhamnoside; F3G7R, flavonol 3-O-β-glucoside-7-O-α-rhamnoside; F3R7R, flavonol 3-O-αrhamnoside-7-O-α-rhamnoside.
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2.7

SUMMARY
Flavonol bisglycosides accumulate in developing Arabidopsis vegetative tissues,

including in response to abiotic and biological stressors. Upon abiotic stress recovery, the
flavonol glycoside levels decline to pre-stress concentrations (Olsen et al., 2009; Roepke and
Bozzo, 2015; Roepke, 2015). The catabolism of flavonol bisglycosides is mediated in part by the
action of BGLU15, which hydrolyzes flavonol-3-O-β-glucoside-7-O-α-rhamnosides at the 3-Oβ-glucoside position. K3G7R, K3N7R, and K3R7R occur in the apoplast of Arabidopsis (Booker
et al., 2012), which suggests that specific catabolic enzymes may be co-localizing with their
substrate. Proteomic studies have detected BGLU15 within the apoplast of Arabidopsis
(Borderies et al., 2003; Bayer et al. 2006; Minic et al. 2007) however, the localization has not
been confirmed with any separate techniques. I hypothesize that BGLU15 is localized to the
extracellular space.
In Arabidopsis, concentrations of K7R increase from 0.8 to 1.2 nmol g FW-1 during two
days of stress recovery in bglu15 knockouts (Roepke, 2015) implying that the transient increase
of K7R is the catabolic product of kaempferol-3-O-β-neohesperoside-7-O-α-rhamnoside or
K3R7R, as K3G7R levels are not decreased in the bglu15 knockouts. I hypothesize that
Arabidopsis possesses a rhamnosidase specific for flavonol 3-O-α-rhamnosides. The transient
accumulation of K7R yields an alternate hypothesis: α-rhamnosidase activity specific for
flavonol 7-O-α-rhamnosides occurs in Arabidopsis.
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CHAPTER THREE- MATERIALS AND METHODS
3.1 SUBCELLULAR LOCALIZATION OF ARABIDOPSIS BGLU15
3.1.1 Biochemical Reagents
Restriction enzymes and molecular biology supplies were purchased from Fisher
Scientific (Mississauga, ON, Canada). Chemical reagents were purchased from Sigma-Aldrich
(Oakville, ON, Canada) unless otherwise stated.
3.1.2 Transient expression and microscopy of mCherry tagged BGLU15 in onion epidermal
cells
A BGLU15–mCherry fusion protein was generated to visualize the subcellular location
of BGLU15 in a plant cell transient expression system. Briefly, the full-length open reading
frame of the Arabidopsis BGLU15 sequence minus the termination codon was synthesized de
novo with Acc65I and NheI restriction sites and inserted into a pUC57 vector (Biomatik
Corporation, Cambridge, ON, Canada). The pUC57-BGLU15 construct was digested with
Acc65I and NheI, and then ligated into corresponding sites of pRTL2-mCherry (Gidda et al.
2011), yielding BGLU15 fused at its C-terminus to the Cherry fluorescent protein. A construct
map of pRTL2-BGLU15-mCherry is provided in Fig. 3.1. The preparation of the pRTL2/mGFPMCS, encoding a monomerized version of GFP, was as described previously (Shockey et al.
2006), and used in this study as a cytosolic marker for the transient expression system.
For subcellular localization analysis of fluorescent fusion proteins, onion (Allium cepa
L.) epidermal cells were prepared and transiently transformed essentially as described previously
(McCartney et al. 2004), with the following modifications. Briefly, an epidermal cell peel was
removed from the inner side of the scale of an onion bulb and layered onto a Murashige and
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Skoog plate prepared with half-strength Murashige and Skoog salts (Caisson Laboratories Inc.,
Smithfield, UT, U.S.A.) and containing 30 g L–1 sucrose, 20 g L–1 agar, and adjusted to a final
pH of 5.7 with 1 M KOH. For transient expression analysis, tungsten particles were coated with
up to 5 µg of each plasmid DNA prior to the biolistic bombardment of onion cells with a biolistic
particle delivery system-1000/HE (Bio-Rad Laboratories, Mississauga, ON, Canada). Thereafter,
plates containing bombarded cells were sealed with parafilm, and incubated at 22 C under
darkness for approximately 16 h. For plasmolysis, onion cells were incubated in full-strength
liquid Murashige and Skoog medium containing 0.8 M mannitol for 15 min. Peels were
subsequently mounted onto glass slides without a cover slip, and fluorescence signals were
analyzed using a Leica DM RBE microscope with a TCS SP2 confocal scanning head. GFP and
Cherry were excited with a 488 and 543 nm laser, respectively, and emission fluorescence
signals were collected (sequentially) at 500–540 nm for GFP and 590–640 nm for Cherry; no
detectable crossover occurred at these settings used for data collection. Images were acquired as
individual single optical sections and all fluorescence images of cells shown are representative
of at least 20 co-transformed cells examined from two separate bombardment experiments.

36

Figure 3.1 Schematic sequence map of the pRTL2-BGLU15-mCherry construct for the
transient expression of fluorescent BGLU15-mCherry in onion epithelial cells.
Abbreviations include: BGLU15, β-glucosidase 15; AmpR, ampicillin resistance; ori, origin of
replication site; CAP, catabolite activator protein; lac, lactose; CaMV, cauliflower mosaic virus.
The map was prepared using SnapGene Software (GSL Biotech, Chicago, IL, USA). available at
http://www.snapgene.com/.
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3.2 PLANT MATERIALS AND GROWTH CONDITIONS
A. thaliana (L.) Heynh. (accession Columbia-0, Col-0) seeds (Lehle Seeds, Round Rock,
TX, USA) were sown on Sunshine mix #4/LA4 soil (Sun Gro Horticulture Canada Ltd,
Brantford, ON, Canada). Plants were grown in an environment-controlled chamber under the
following conditions: photosynthetic photon flux density of 150 µmol m-1s-1; a 16 h light / 8 h
dark regimen; the relative humidity was 65% and the growth temperature was 22°C under light
and 20°C in the dark. Plants were irrigated as required throughout the cultivation period. Plants
were fertilized with a modified Hoagland’s solution on d 7, 14, 21 and 28 d post-germination.
The nutrient solution contained 14 mM of nitrate (6 mM KNO3, 4 mM Ca(NO3)2) , 10 mM
KHPO4, 2 mM MgSO4, 1 mM FeNaEDTA, 20 µM H3BO3, 4 µM MnCl2, 0.4 µM ZnCl2, 0.2 µM
MoO3 and buffered with 0.5 mM MES/NaOH to pH 6.1. Plants were harvested on d 14, 21, 28,
and 35 of the post germination period in order to investigate the impact of plant development on
rhamnosylated flavonol 7-O-α-rhamnosidase activity and rhamnosylated flavonol levels. At
harvest, the soil was removed from the roots and they were blot dried. Leaves, stems, and roots
were frozen and powdered separately under liquid nitrogen prior to storage at -80°C. Flowers
and siliques were removed from the stems prior to storage.
For nitrogen-deficiency experiments, plants were maintained in a vegetative state by
periodic bud removal. On d 21, a minimum of 48 plants were fertilized with nitrate-free ionically
balanced Hoagland’s solution, whereas an equivalent number of plants were fertilized with the
aforementioned modified Hoagland’s solution containing nitrate. The nitrate free modified
Hoagland’s solution substituted equimolar amounts of KCl and CaCl2 for KNO3 and Ca(NO3)2.
On the 28th d post-germination, plants of both treatments were fertilized with the nitrate
containing fertilizer solution. For both treatments, plants leaves were harvested 21, 25, 28, 29,
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31, and 34 d post-germination, powdered under liquid N2 with a mortar and pestle, and then
maintained at -80°C until required for biochemical analyses. All developmental time course and
stress experiments were performed in triplicate.

3.3 ALPHA-RHAMNOSIDASE ASSAY
3.3.1 Biochemical Reagents
Flavonol glycosides were purchased from Indofine Chemical Company (Hillsborough,
NJ, USA) unless otherwise stated. Flavonol aglycones and chemical reagents were purchased
from Sigma-Aldrich (Oakville, ON, Canada) unless otherwise stated. K7R was produced
biocatalytically using a protocol described by Roepke and Bozzo (2013) with a few
modifications. Briefly, E. coli BL-21(DE3) transformants containing pET32b-AtRHM1 and
pET41b-AtUGT89C1constructs (Roepke and Bozzo, 2013) were cultured to mid logarithmic
phase in lysogeny broth (LB) containing 50 µg mL-1 kanamycin and ampicillin at 37°C. Cultures
were then induced with 1 mM IPTG and incubated for 6 hours at 20°C while shaking at 180 rpm,
prior to the axenic addition of 20 mg L-1 kaempferol and 4 g L-1 glucose. Cultures were
subsequently shaken for 24 hours at 20°C as described previously. Cell culture pellets were
collected by centrifugation at 7000 g for 10 mins at 4°C, extracted with 90 mL methanol and
cellular debris was collected by centrifugation. The methanolic cell extract was pooled with the
spent culture media and the pH adjusted to 2.0 dropwise with 10 M HCl. The acidified pooled
extract mixture was loaded onto a column (2.5 x 15 cm) of Supelco Amberlite XAD-2 resin
(Roepke and Bozzo, 2013) and washed with 500 mL of water at pH 2.0 (HCl adjusted), followed
by 75 mL of water at pH 5.0 (HCl adjusted). Flavonols were eluted with 160 mL of 100%
methanol. The methanolic fraction was dried under vacuum and resuspended in 2 mL of 100%
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methanol. The 2 mL fraction was loaded onto a column of Sephadex LH-20 resin at 0.5 mL min1

(GE Lifesciences, Mississauga, ON, Canada) attached to an AKTA FLPC (GE Lifesciences,

Mississauga, ON, Canada) as described previously. The flavonols were eluted with a gradient of
20% methanol in water to 80% methanol in water at 0.5 mL min-1 for 10 column volumes and
held at 80% methanol; 10 mL fractions were collected and analyzed by HPLC. Final purity was
determined to be 99.1% by peak area with HPLC. Samples were aliquoted, dried, and stored at 20°C for future use.
3.3.2 In Vitro α-Rhamnosidase Assay Development
For detection of flavonol rhamnoside 7-O-α-rhamnosidase activity in Arabidopsis, an
HPLC-based enzymatic assay was developed using modifications of a flavonol 3-O-β-glucoside7-O-α-rhamnoside hydrolase assay as described by Roepke and Bozzo (2015). Frozen
Arabidopsis powder (approximately 2 grams) was homogenized in 2 volumes of chilled
extraction buffer using a FB120 sonic dismembrator (Fisher Scientific, Ottawa, ON, Canada).
The extraction buffer contained 50 mM citric acid: sodium citrate (pH 5.0), 1 mM EDTA, 12
mM β-mercaptoethanol, and 10 mM ascorbate (prepared fresh daily). The homogenate was
centrifuged at 10,000 g for 10 minutes at 4°C, then passed through miracloth. A 2.5 mL aliquot
of the filtered homogenate was desalted with PD-10 desalting columns (GE Lifesciences,
Mississauga, ON, Canada) that were pre-equilibrated with 50 mM citric acid: sodium citrate (pH
5.0). Alternatively, small volumes (≤130 µL) were desalted with 0.5 mL ZEBA desalting
columns (Thermo Scientific, Mississauga, ON, Canada) pre-equilibrated with the
aforementioned buffer. Protein levels were estimated by dye-binding (Bradford, 1976) with
bovine serum albumin (Bio-Rad, Mississauga, ON, Canada) as the standard.
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Each enzyme assay contained 95 µL desalted Arabidopsis cell-free protein extract and 5
µL of a flavonol glycoside substrate (5 mM) in a final volume of 100 L. Individual substrates
tested included K3R7R, K7R, or quercetin 7-O-α-rhamnoside (Q7R). Control assays consisted of
5 µL of the substrate (5 mM) and 95 µL of 50 mM citric acid: sodium citrate buffer (pH 5.0).
Assays were incubated at 30°C for up to 8 h, and terminated by flash freezing in liquid N2.
Samples were stored at -80°C overnight. Prior to HPLC analysis, the assay mixture was quick
thawed and partitioned against an equal volume of water saturated 1-butanol. The butanol layer
was pooled from three successive extractions of the assay mixture, dried under vacuum and
resuspended in 100 µL of methanol. The efficiency of butanol partitioning was estimated by copartitioning three separate controls containing 250 µM kaempferol in 50 mM citric acid: sodium
citrate buffer (pH 5.0) in the absence of enzyme. Recovery was estimated following a
comparison of the HPLC profiles of the resuspended butanol partitioning controls versus 250 µM
kaempferol in methanol that was not subjected to butanol partitioning. A 10 µL aliquot was
separated on a Kinetex pentafluorophenyl column (100 x 4.6 mm, 2.6 µm) (Phenomenex,
Torrence, CA, USA) attached to an Agilent 1200 HPLC-DAD, and maintained at 35°C. Assay
substrate and product were eluted with a gradient of solvent B (99.9:0.1 acetonitrile:formic acid)
in solvent A (99.9:0.1 Milli-Q water:formic acid) as follows: 0–5 min, 10 – 20% B; 5–10 min,
20% B; 10 –14. min, 20% - 100%; 14.0 – 17.0 min, 100% solvent B. HPLC-DAD analysis of
assay substrate and product was performed at 360 nm, and absorption spectra were analysed
from 230–600 nm in 2 nm increments. For K3R7R and K7R HPLC-DAD assays, their respective
products were identified by co-chromatography with authentic K3R and kaempferol standards,
and quantified by comparison to a known range of (6.25 – 1000 pmol) of kaempferol standard.
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For Q7R assays, product peak areas were compared to standard known range of (25 – 500 pmol)
of authentic quercetin standard.

3.4 FLAVONOL GLYCOSIDE EXTRACTION AND ANALYSIS
Flavonol glycoside extraction and analysis was conducted as per Roepke and Bozzo
(2015) with the following modifications. Approximately 100 mg of powdered frozen
Arabidopsis tissue was suspended in 500 µL of acidified methanol. The suspension was lysed
with a sonic dismembrator (Fisher Scientific, Ottawa, ON, Canada) for 15 s at 70 % amplitude
and centrifuged at 20,000 g for 10 mins. The supernatant was collected and the extraction was
repeated two additional times on the pellet. The pooled acidified methanol extraction supernatant
was filtered (0.22 µm) and dried under vacuum. The dried residues were resuspended in 200 µL
of 90:10:0.1 Milli-Q water: acetonitrile: formic acid. Resuspended flavonol extracts (20 µL
injections) were analyzed with an Agilent 1200 HPLC-DAD. The analytical method was
identical to that described in section 3.3.2. Flavonol glycosides were quantified at 360 nm using
kaempferol equivalents and retention times were compared to those of authentic K3G7R,
K3R7R, K3R and K7R standards. K3R co-eluted with a major A530 detectable anthocyanin
(retention time: 7.25 min); the absorbance spectra of a representative sample is presented in
supplemental figure S6 in appendix B. Kaempferol standards ranged from 6.25 – 10,000 pmol
per injection. The major anthocyanin peak was quantified as A530 peak area g FW-1.
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CHAPTER FOUR - RESULTS
4.1 SUBCELLULAR LOCALIZATION OF ARABIDOPSIS BGLU15
To confirm the subcellular distribution of BGLU15, the mCherry fluorescent protein was
fused to the C-terminus of BGLU15, as an N-terminal fusion would likely interfere with its
predicted secretory signal sequence. The resulting BGLU15–mCherry fusion protein was then
transiently expressed (via biolistic bombardment) in onion epidermal peel cells, serving as a
well-characterized plant cell system for studying protein localization (Scott et al., 1999; Collings,
2013). As shown in Fig. 4.1A, confocal fluorescence microscopy revealed that BGLU15–
mCherry was localized to the periphery of the cell and was clearly distinct from the co-expressed
green fluorescent protein (GFP) in the cytosol, suggesting that BGLU15 is localized to the
extracellular space/apoplast. Consistent with this premise, the localization of BGLU15–mCherry
was not altered when a co-transformed cell was plasmolyzed with 0.8 M mannitol, i.e. BGLU15–
mCherry remained localized to the periphery of the plasmolyzed cell, whereas the fluorescence
attributable to the GFP in the cytosol was internalized due to the plasma membrane
pulling away from the cell wall (Fig. 4.1B).
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Figure 4.1 Localization of BGLU15-mCherry to the extracellular space/apoplast of onion epidermal cells
Onion epidermal peels were co-bombarded with plasmid DNA encoding BGLU15–mCherry and GFP, which served as a cytosolic
marker protein. Peels were then incubated for approximately 16 h and either (A) visualized using confocal fluorescence or differential
interference microscopy (DIC) or (B) plasmolyzed with 0.8 M mannitol prior to viewing. Shown also are the corresponding merged
images. Boxes in (A) and (B) represent the portion of the cells shown at higher magnification in the insets; solid arrowheads indicate
the localization of BGLU15–mCherry to the cell wall/apoplast, while open arrowheads indicate the localization of GFP to the cytosol.
Note in (A) that the fluorescence patterns attributable to BGLU15–mCherry and GFP are closely appressed, but do not overlap;
whereas in (B) they are clearly distinct due to the detachment of the plasma membrane from the cell wall during plasmolysis. Scale
bars = 100 m.
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4.2 FLAVONOL 7-O-ALPHA-RHAMNOSIDE ALPHA-RHAMNOSIDASE
HYDROLYSIS
An HPLC-DAD based assay was used to monitor α-rhamnosidase activity that was
capable of hydrolyzing K3R7R, as well as other rhamnosylated flavonols in cell-free protein
extracts prepared from 28 d-old Arabidopsis leaves. The activity was monitored under assay
conditions optimized for AtBGLU15 (Roepke and Bozzo, 2015). First, the linearity of the assay
as a function of time was tested, and the hydrolysis of K3R7R was determined to be linear over
eight hours (Fig. 4.2). HPLC-DAD analysis revealed an A360 peak with a retention time of 12.1
min that co-chromatographed with an authentic K3R standard (Fig. 4.3). No other product peaks
were detected in these enzymatic reactions, including any that co-chromatographed with K7R.
Assays performed in the presence of K3R7R and no cell-free extracts revealed a minor peak that
co-eluted with K7R, although no K7R formation was apparent in reactions containing
Arabidopsis cell-free extracts. In addition, there was no activity when K3R7R assays were
performed after boiling the cell-free extract. α-Rhamnosidase activity was also assessed in the
presence of other rhamnosylated flavonols. Cell-free extracts prepared from 28-d old
Arabidopsis leaves hydrolyzed K7R and Q7R at rates that were similar to those of K3R7R when
tested at equivalent concentrations (Fig. 4.4). HPLC-DAD analysis of assays performed in the
presence of K7R revealed an A360 peak that co-eluted with an authentic kaempferol standard,
whereas no product was formed in assays performed in the absence of the desalted cell-free
Arabidopsis leaf extract (Fig. 4.5). Moreover, when the same extracts were incubated with Q7R,
quercetin was formed as the product (Fig. 4.6).
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Figure 4.2. Linearity of K3R7R 7-O-α-rhamnosidase hydrolysis rate with assay period.
K3R7R 7-O-α-rhamnosidase assays included a 250 µM final concentration of K3R7R together
with 95 µL of desalted leaf enzyme extract at pH 5.0 in 50 mM citric acid: sodium citrate buffer.
Protein amounts in the assay ranged from 37.7 µg – 68.0 µg. Data represents the mean ± SE of
enzyme preparations from three separate plant growth experiments. Assays were incubated for 0,
2, 4, 6, and 8 h at 30°C, products were detected by HPLC-DAD. All time points had a control
sample containing 250 µM K3R7R and 95 µL of 50 mM citric acid: sodium citrate buffer (pH
5.0). Abbreviations include: K3R, kaempferol-3-O-α-rhamnoside; K3R7R, kaempferol 3-O-αrhamnoside-7-O-α-rhamnoside.
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Figure 4.3. HPLC-DAD analysis of K3R7R 7-O-α-rhamnosidase activity in cell-free
extracts prepared from leaves of 28 d-old Arabidopsis plants.
Chromatograms represent HPLC-DAD analysis at 360 nm of authentic flavonol standards (500
pmol per injection) for (A) kaempferol, (B) K7R and (C) K3R. Chromatograms (D) and (E)
represent assays performed in the absence and presence of desalted cell-free Arabidopsis leaf
extract respectively. In either case, the assay included 250 µM K3R7R in 50 mM citric acid:
sodium citrate buffer (pH 5.0) and were incubated at 30°C for 6 h. Abbreviations include:
K3R7R, kaempferol 3-O-α-rhamnoside-7-O-α-rhamnosides; K3R, kaempferol 3-O-αrhamnoside; K7R, kaempferol 7-O-α-rhamnoside; K, kaempferol.
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Figure 4.4. Flavonol 7-O-α-rhamnosidase activities in cell-free extracts prepared from 28-d
old Arabidopsis leaves.
Leaf enzyme extract was desalted in pH 5.0 in 50 mM citric acid: sodium citrate buffer (95 µL)
and incubated with 250 µM of a 7-O-α-rhamnosylated flavonol for 6 hours at 30°C. The assay
mixture was butanol-partitioned prior to HPLC-DAD analysis as described under section 3.3.2.
Data represent the mean ± SE of three enzyme preparations, with each preparation derived from
a separate plant growth experiment. Abbreviations include: Q7R, quercetin 7-O-α-rhamnoside;
K7R, kaempferol 7-O-α-rhamnoside; K3R7R, kaempferol 3-O-α-rhamnoside-7-O-αrhamnosides.
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Figure 4.5. HPLC-DAD analysis of K7R 7-O-α-rhamnosidase activity in cell-free extracts
prepared from leaves of 28 d-old Arabidopsis leaves.
Chromatograms represent HPLC-DAD analysis at 360 nm of authentic kaempferol standards
(500 pmol per injection) (A) and assays performed in the absence (B) and presence (C) of
desalted cell-free Arabidopsis leaf extract. In either case, the assay included 250 µM K7R in 50
mM citric acid: sodium citrate buffer (pH 5.0) and was incubated at 30°C for 6 h. Abbreviations
include: K, kaempferol.
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Figure 4.6. HPLC-DAD analysis of Q7R 7-O-α-rhamnosidase activity in cell-free extracts
prepared from leaves of 28 d-old Arabidopsis plants.
Chromatograms represent HPLC-DAD analysis at 360 nm of (A) an authentic quercetin standard
(500 pmol per injection) (A) and assays performed in the absence (B) and presence (C) of
desalted cell-free Arabidopsis leaf extract. In either case, the assay included 250 µM K7R in 50
mM citric acid: sodium citrate buffer (pH 5.0) and was incubated at 30°C for 6 h. Abbreviations
include: Q7R, quercetin 7-O-α-rhamnoside; Q, quercetin.
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4.3 FLAVONOL RHAMNOSIDE 7-O-ALPHA-RHAMNOSIDASE ACTIVITY AND
KAEMPFEROL METABOLISM DURING NITROGEN DEFICIENCY
The capacity of cell-free enzyme extracts prepared from Arabidopsis leaves to hydrolyze
K3R7R was monitored during and following nitrate deficiency and compared to activities in
plants grown under continual nitrate-supply. By the end of the 7-d nitrate-deficiency period,
K3R7R 7-O-α-rhamnosidase activity was unchanged relative to the activity detected at d 0 of
stress (Fig. 4.7). In addition, similar levels of K3R7R 7-O-α-rhamnosidase activity were apparent
in plants cultivated under full nitrate conditions during the same period. This activity increased
by 504 % within 6 d of supplying nitrate to nitrate-deficient plants; a similar increase was
apparent in the leaves of plants continually cultivated under full nitrate. K7R 7-O-αrhamnosidase activity was monitored in these same time course samples. K7R 7-O-αrhamnosidase activity changed very little during the 7-d nitrate-limitation period and was
equivalent to the hydrolytic rates apparent in leaves of plants cultivated under full nitrate.
Thereafter, the activity increased 4 to 8-fold within 6 d of nitrate repletion, regardless of whether
plants were subjected to nitrate-limiting conditions.
Kaempferol glycoside concentrations were monitored in Arabidopsis leaves collected
during nitrate-deficiency and recovery from this stress. These concentrations were compared to
those in plants grown under continual nitrate-sufficient conditions (Fig. 4.8). K3R7R and
K3G7R concentrations in Arabidopsis leaves were greater with nitrate limitation and recovery
therefrom, except for a nearly equivalent concentration on d 7 of the stress period (Fig. 4.8A,B).
Concentrations of K3G7R were approximately 75 nmol g FW-1 lower than K3R7R throughout
the entire time course. K7R concentrations fluctuated throughout the experiment; a transient 67%
increase occurred 4 d after the beginning of the nitrate deficiency period, and similar changes
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were apparent in plants cultivated under continual nitrate supply (Fig. 4.8C). A second spike in
the levels of this metabolite was evident within 1 d of the recovery from nitrate-deficiency,
which was 62% greater than plants continually grown under full nitrate. Thereafter, similar
levels of K7R were apparent in leaves sampled from either nitrate treatment. K3R concentrations
fluctuated with nitrate deficiency and during the stress recovery period but were comparable to
the levels present in plants cultivated under full nitrate (Fig. 4.8D). The levels of a major
anthocyanin increased 58% with nitrate deficiency and remained elevated within 6 d of nitrate
repletion (Fig. 4.8E). Levels of this anthocyanin fluctuated in plants that were continually
supplied with nitrate over the 13 d experimental period; levels were highest on d 28 postgermination. Thereafter, a 30% transient decrease in the levels of this anthocyanin was evident
within 3 d of nitrate re-supply to control plants; after an additional 2 d, the anthocyanin
concentration was higher than that apparent on d 0 of the experiment (21 d post-germination). On
the whole, levels of this anthocyanin were consistently lower in leaves sampled from plants
cultivated under full nitrate relative to those exposed to nitrate deficiency and recovery
therefrom.
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Figure 4.7. The impact of nitrate limitation on kaempferol rhamnoside 7-O-αrhamnosidase activity in Arabidopsis leaves.
α-Rhamnosidase activity was measured in the presence of K3R7R (left plot) or K7R (right plot)
as described under section 3.3.2. For the nitrate deficiency treatment, Arabidopsis plants were
fertilized with nitrate free modified Hoaglands on d 21 post-germination (closed black circles in
both plots), whereas control plants were fertilized with modified Hoaglands containing 14 mM
nitrate (open circles in both plots). On d 28, the control and nitrate-limited treatments were both
fertilized with nitrate containing fertilizer solution. Grey shading within each plot represents the
nitrogen deficiency period; the unshaded portion of each plot represents the nitrate deficiency
recovery period. Data represent the mean ± SE of three separate experiments. Abbreviations
include: K3R, kaempferol-3-O-α-rhamnoside; K7R, kaempferol 7-O-α-rhamnoside; K3R7R,
kaempferol-3-O-α-rhamnoside-7-O-α-rhamnosides; K, kaempferol.
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Figure 4.8. The impact of nitrate limitation and recovery therefrom on the concentrations
of kaempferol rhamnosides in Arabidopsis leaves.
The concentrations of K3R7R (A), K3G7R (B), K7R (C), K3R (D) and (E) a major anthocyanin
were determined in Arabidopsis leaves as a function of nitrate deficiency and recovery
therefrom, as described in section 3.4. For nitrate deficiency, Arabidopsis plants were fertilized
with nitrate-free modified Hoaglands on d 21 post-germination (closed black circles in all plots),
whereas control plants were fertilized with modified Hoaglands containing 14 mM nitrate (open
circles in all plots). On d 28, the control and nitrate-limited treatment were both fertilized with
nitrate containing nutrient solution. Grey shading within each plot represents the nitrogen
deficiency period; the unshaded portion of the plot represents the recovery period from nitrate
deficiency. For all kaempferol glycosides, levels are expressed as kaempferol equivalents,
whereas the level of the major anthocyanin (retention time: 7.25 min) is expressed as A530 peak
area g FW-1. For each metabolite, data represent the mean ± SE of three separate experiments.
Abbreviations include: K3R7R, kaempferol 3-O-α-rhamnoside-7-O-α-rhamnosides; K3G7R,
kaempferol 3-O-β-glucoside-7-O-α-rhamnoside; K3R, kaempferol-3-O-α-rhamnoside; K7R,
kaempferol-7-O-α-rhamnoside.
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4.4 FLAVONOL RHAMNOSIDE 7-O-ALPHA-RHAMNOSIDASE ACTIVITY AND
KAEMPFEROL METABOLISM IN VEGETATIVE TISSUES OF ARABIDOPSIS
K3R7R 7-O-α-rhamnosidase activity was monitored in leaves, roots, and stems of
Arabidopsis as a function of development (Fig. 4.9). Cell-free leaf extracts were monitored for
K3R7R 7-O-α-rhamnosidase activity on d 14, 21, 28, and 35 post-germination, whereas stems
and roots from 28 and 35-d old plants were assessed. Roots were not harvested from plants on d
14 and 28 post-germination, as there was an insufficient amount of material to adequately assess
extractable K3R7R 7-O-α-rhamnosidase activity. Stems were not initiated until after 21 d post
germination. The specific enzyme activity in the leaves was low and unchanged in 14- and 21-d
old plants; thereafter the activity increased and was approximately 70 times greater by d 35.
K3R7R 7-O-α-rhamnosidase activity was undetectable in stems, regardless of plant age. K3R7R
7-O-α-rhamnosidase activity in roots was 98- and 94% lower than the activities detected in 28
and 35 d old leaves.
The same plant organs that were monitored for K3R7R 7-O-α-rhamnosidase were also
subjected to a targeted metabolite analysis. The levels of four kaempferol glycosides and a major
anthocyanin were assessed in roots, stems, and leaves of developing Arabidopsis plants (Fig.
4.10). On d 21 post-germination, K3R7R and K3G7R concentrations were respectively 54 and
31% greater than the levels apparent in leaves from 14 d-old plants (Fig. 4.10A,B). Thereafter
K3R7R and K3G7R concentrations in leaves were decreased by 88% and 63%, respectively. In
stems, the levels of these metabolites were 160 to 250% greater than those detected in leaves
sampled on d 28 and 35 post-germination. A small concentration of K3R7R was apparent in the
roots of plants sampled on d 28 and 35 post-germination, which was respectively 3 and 1 % of
the concentration apparent in leaves during this time period. Similarly, K3G7R levels in roots
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were 1 % of the levels apparent in leaves. K7R concentrations were one to two orders of
magnitude less than the levels of the aforementioned kaempferol bisglycosides (Fig. 4.10C).
Moreover, the K7R levels were stable in leaves, regardless of plant age. In this study, the highest
K7R concentration was apparent in the stems of 28 d-old plants; however, a 46% reduction the
level of K7R occurred thereafter. No K7R was detectable in flavonol extracts prepared from
roots. Similarly, K3R concentrations peaked in leaves within 21 d of germination; and a 72%
decline in K3R levels was evident by d 35 (Fig. 4.10D). K3R was detected in stems of 28 d old
plants, albeit at levels that were lower than leaves; thereafter, there was a 62% decline in the
levels of this metabolite. A major anthocyanin (retention time: 7.25 min) was detected in the
HPLC analysis of Arabidopsis metabolite extracts (Fig. 4.10E); the profile of this metabolite in
developing leaves was similar to that of K3R. On the whole, the levels of this major anthocyanin
were 82 to 91% lower in stems relative to leaves. No anthocyanin peaks were detected in the
HPLC-DAD analysis of root extracts.
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Figure 4.9. K3R7R 7-O-α-rhamnosidase activity in vegetative Arabidopsis organs
Assays were measured at a final K3R7R concentration of 250 µM and in the presence of 95 µL
of desalted enzyme as described under section 3.3.2. Closed black circle symbols represent
activity in leaves; closed black square symbols represent stem activities; open diamond symbols
represent root activities. Data represent the mean ± SE of three separate plant growth
experiments. Abbreviations include: K3R7R, kaempferol 3-O-α-rhamnoside-7-O-α-rhamnoside.
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Figure 4.10. Kaempferol glycoside concentrations throughout plant development
The concentration of K3R7R (A), K3G7R (B), K7R (C), K3R (D) present in Arabidopsis leaves,
roots and stems were analyzed by HPLC-DAD at 360 nm. The presence of a major anthocyanin
(E) was confirmed by HPLC-DAD analysis at 530 nm. For all plots (A-E), closed black circle
symbols represent metabolite concentrations in leaves; closed black square symbols represent
stem metabolite concentrations; and open diamond symbols represent root concentrations. For all
kaempferol glycosides, plant tissue levels are expressed as kaempferol equivalents, whereas the
level of the major anthocyanin (retention time: 7.25 min) is expressed as A530 peak area g FW-1.
Data represent the mean ± SE of three separate experiments. Abbreviations include: K3R7R,
kaempferol 3-O-α-rhamnoside-7-O-α-rhamnosides; K3G7R, kaempferol 3-O-β-glucoside-7-O-αrhamnoside; K3R, kaempferol 3-O-α-rhamnoside; K7R, kaempferol-7-O-α-rhamnoside.
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CHAPTER FIVE – DISCUSSION
5.1 SUBCELLULAR LOCALIZATION OF FLAVONOL GLYCOSIDE CATABOLISM
Plant BGLUs can be secreted to the extracellular space (Suzuki et al. 2006, Ketudat
Cairns et al. 2015). Conversely, there is also a precedent for the occurrence of ABA-conjugate
utilizing BGLUs in the vacuole and in so-called endoplasmic reticulum bodies (Lee et al. 2006,
Xu et al. 2012). The transient expression of BGLU15-mCherry in the epithelial cells of A. cepa
L. revealed the subcellular localization of BGLU15 to the extracellular space/apoplast. This
result supports previous proteomic studies which indicate the presence of BGLU15 in cell wall
preparations from Arabidopsis cell suspension cultures and mature stems (Chivasa et al., 2002;
Borderies et al., 2003; Kwon et al., 2005; Minic et al., 2007). In addition, the localization of
BGLU15 to the apoplast is consistent with the extracellular localization of an isoflavone
conjugate BGLU (Suzuki et al., 2006), an enzyme that is phylogenetically related to BGLU15
(Roepke and Bozzo, 2015). Although, the soybean BGLU is spatially separated from its
isoflavonoid glycoside substrate in vivo, there is a strong possibility that BGLU15 co-localizes
with its flavonol substrates in planta. In fact, a reverse-phase HPLC analysis of apoplastic wash
fluids demonstrates that K3G7R, K3N7R and K3R7R occur in the extracellular space of
Arabidopsis (Booker et al., 2012). As BGLU15 is a flavonol 3-O-β-glucosidase, the extracellular
space is likely the site of hydrolysis of flavonol 3-O-β-glucoside-7-O-α-rhamnosides and
flavonol 3-O-β-glucosides into their respective flavonol 7-O-α-rhamnosides and flavonol
aglycones. The co-occurrence between secondary metabolites and their catabolic enzymes is not
uncommon, as isoflavone glucosides and BGLU activity are present in intercellular wash fluids
prepared from white lupin roots (Piślewska et al. 2002). The co-localization of K3G7R and
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BGLU15 fits with biochemical properties of this enzyme, as the recombinant form of BGLU15
is specific for K3G7R and Q3G7R (Roepke and Bozzo, 2015).

5.2 EVIDENCE FOR ENZYMATIC HYDROLYSIS OF FLAVONOL 7-ORHAMNOSIDES
In this study, clarified cell free protein extracts prepared from Arabidopsis leaves
hydrolyzed various 7-O-rhamnosylated flavonols at similar rates. K3R7R was hydrolyzed to
K3R, whereas Q7R and K7R were cleaved to their respective aglycones. In a preliminary partial
purification approach, Mono-Q chromatography revealed that the elution of a flavonol
rhamnoside 7-O-α-rhamnosidase that was active against K3R7R and K7R (see Supplemental
Fig. S7 and Supplemental Table S1 in Appendix C); in either case this activity was enriched 6.2
times relative to the activity present in clarified leaf extracts. This data suggests that a single
flavonol rhamnoside 7-O-α-rhamnosidase occurs in Arabidopsis, although this needs to be
confirmed through biochemical analysis of a purified native or recombinant enzyme preparation.
A singular flavonol-utilizing enzyme with specificity for a specific glycoconjugate moiety is not
without precedent. For example, BGLU15 is specific for flavonol 3-O-β-glucosides, but not
other flavonol 3-O-glycosides, such as quercetin 3-O-β-galactoside or quercetin 3-O-αrhamnoside (Roepke and Bozzo, 2015). Moreover, UGTs involved in the glycosylation of
flavonols are regiospecific, as there is evidence for various Arabidopsis UGTs that are specific
for a single UDP-sugar moiety as well as the 3 or 7 glycosylation site on the flavonol substrate
(Fig. 2.3) (Yonekura-Sakakibara et al., 2007; 2008; Saito et al., 2013). The absence of any
detectable flavonol 3-O-α-rhamnosidase activity within cell free enzyme assays suggests
differential developmental and/or abiotic stress-related regulation of this activity, or different
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enzyme assay requirements than those used to detect flavonol rhamnoside 7-O-α-rhamnosidase
activity. However, the detection of flavonol rhamnoside 7-O-α-rhamnosidase activity is not
surprising given the fact that nearly all flavonol glycosides in Arabidopsis are 7-O-αrhamnosylated, whereas less than two-thirds of flavonol glycosides are 3-O-α-rhamnosylated
(Yonekura-Sakakibara et al., 2008; Saffer and Irish, 2018). In CHAPTER TWO, an initial
flavonol glycoside catabolic pathway was proposed (Fig.2.4), based on the hypothesis that
flavonol 3-O-α-rhamnosidase activity is the predominant flavonol derhamnosylating activity. A
revised flavonol bisglycoside catabolic pathway based on the experimental data is presented in
Fig. 5.1. The revised model includes the flavonol rhamnoside 7-O-α-rhamnosidase activity
serving as the potential degradative step occurring immediately after BGLU15-mediated
hydrolysis of flavonol 3-O-β-glucoside-7-O-α-rhamnosides (e.g., K3G7R).
In leafy vegetables, as well as Arabidopsis, flavonol glycoside levels increase with
abiotic stress, including with nitrogen deficiency (Olsen et al., 2009; Becker et al., 2015; Roepke
and Bozzo, 2015). Concentrations of K3G7R, Q3G7R, K3R7R, K3N7R, and Q3N7R are
increased with NDLT stress (Olsen et al., 2009; Roepke, 2015; Roepke and Bozzo, 2015). A
rapid loss of flavonol glycosides, including kaempferol bisglycosides occurs in Arabidopsis
plants during NDLT-stress recovery, which coincides with an increase in flavonol 3-O-βglucoside-7-O-α-rhamnoside BGLU activity (Roepke and Bozzo, 2015). In this study, flavonol
rhamnoside 7-O-α-rhamnoside activity in Arabidopsis leaves was not affected by cultivation
under nitrate-free conditions for up to 7 d. Similarly, there was a small accumulation in K3G7R,
K3R7R, K7R and K3R levels with the nitrate deficiency treatment in this study; however, the
levels of flavonol glycoside accumulation was not as high as that observed for nitrate-free
Arabidopsis seedlings cultured on rock wool at temperatures of 20 C or higher (Olsen et al.,
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2009). The detected K3R7R and K3G7R concentrations demonstrate that one week of nitrate
free fertilizer, in combination with soil containing an initial charge of nitrogen is sub-optimal in
eliciting an overall induction of flavonol biosynthesis, as compared to Arabidopsis plants
subjected to NDLT where the levels of these metabolites are dramatically increased.
Flavonol rhamnoside 7-O-α-rhamnosidase activity was most prevalent in leaves and
increased with plant age (Figs. 4.7 and 4.9). K3R7R and K7R levels remained unchanged or
experienced a slight decreased with plant aging, but no clear effect on their concentration was
observed despite dramatic increases in flavonol rhamnoside 7-O-α-rhamnosidase activity. Low
levels of flavonol 7-O-rhamnosdase activity within root samples coincide with low
concentrations of K3R7R and K3G7R. Interestingly, stems contain the highest concentration of
K3R7R, K3G7R, and K7R at more than twice the concentration of the leaf tissue. However, no
detectable flavonol rhamnoside 7-O-α-rhamnosidase activity was present. Thus, there is
inconclusive evidence for the contribution of flavonol rhamnoside 7-O-α-rhamnosidase activity
on alterations in the levels of the kaempferol rhamnosides in planta. This is in contrast to the
inverse relationship between BGLU15 activity and flavonol 3-O-β-glucoside-7-O-α-rhamnoside
levels in Arabidopsis plants recovering from NDLT stress (Roepke and Bozzo, 2015).
Conversely, the biosynthetic UGTs, UGT78D1 and UGT89C1, which are responsible for the
respective glycosylation of flavonols at the 3 and 7 positions are continually expressed within the
vegetative tissues of Arabidopsis (See Supplemental Fig. S4 in Appendix A). Additionally, the
absence of detectable flavonol rhamnoside 7-O-α-rhamnosidase activity within Arabidopsis
stems implies a different expression pattern than that known for BGLU15, as AtBGLU15 is
expressed and its encoded protein is present within stems (see Supplemental Fig. S4 in Appendix
A) (Minic et al., 2007). As there is no strong correlation between flavonol rhamnoside 7-O-α-
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rhamnosidase and kaempferol rhamnoside concentrations in aging Arabidopsis tissue,
understanding the biological importance of this activity requires the identification of the
corresponding enzymatic and genetic component and the subsequent functional characterization
of mutant lines.
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Figure 5.1. Revised flavonol bisglycoside catabolic pathway.
Solid arrows represent known reactions; dashed arrows represent proposed reactions with
unknown enzymatic steps. Abbreviations include: BGLU15, β-glucosidase 15; F7G, flavonol 7O-α-rhamnoside; F3R, flavonol 3-O-α-rhamnoside; F3N, flavonol 3-O-β-neohesperidoside;
F3N7R, flavonol 3-O-β-nesophesperidoside-7-O-α-rhamnoside; F3G7R, flavonol 3-O-βglucoside-7-O-α-rhamnoside; F3R7R, flavonol 3-O-α-rhamnoside-7-O-α-rhamnoside.
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To characterize a recombinant enzyme associated with flavonol rhamnoside 7-O-αrhamnosidase activity, the genetic identity of this enzyme must be determined. As no activity
was detected in Arabidopsis stems, there is little possibility that a flavonol rhamnoside 7-O-αrhamnosidase in Arabidopsis is associated with any of the cell wall GHs identified after
Concanavalin A chromatography of stem preparations by Minic et al. (2007). This includes
GH31 family members At5g11720, and At3g10740, which are unlikely candidates as they were
both detected in the aforementioned study. A feasible alternative would be to purify the native
flavonol rhamnoside 7-O-α-rhamnosidase activity from a large amount of 35 d old Arabidopsis
leaves (e.g., 1 kg), as this contained the highest level of activity relative to all other organs and
developmental stages analyzed in this study. This strategy is possible as a p-nitrophenyl-α-Lrhamnoside utilizing α-rhamnosidase from 1 kg of buckwheat seeds was purified to homogeneity
after a three step column chromatography procedure (Bourbouze et al., 1976). Purification of
Arabidopsis flavonol rhamnoside 7-O-α-rhamnosidase activity was attempted with a small
quantity of leaves (i.e., 10 g), but a small enrichment and low yield were achieved after
ammonium sulphate precipitation and anion exchange chromatography (See Supplemental
Fig.S7 and Supplemental Table S1 in Appendix C).
Rhamnose is used in flavonol glycosylation, and also comprises a significant portion of
two cell wall pectins; rhamnogalacturonan I and rhamnogalacturonan II (Mohnen, 2008).
Rhamnogalacturonan lyase activity occurs in the apoplast of cotton cotyledons, however no exorhamnohydrolases have been detected (Naran et al., 2007). During cell wall remodeling, it is
plausible that the enzymatic cleavage of α-rhamnose conjugates from rhamnogalacturonan
involve the concerted action of molecule and regiospecific glycosyl hydrolases.
Rhamnogalacturonan hydrolase A from Aspergillus niger Tieghem. (Suykerbuyk et al., 1997) is
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a GH family 28 enzyme (Pickersgill, 2015). The publicly available Carbohydrate-Active
enZYmes Database indicates that the Arabidopsis genomes contains 68 GH 28 family members
(Pickersgill, 2015), some of which are annotated as putative exo-galacturonases, members of the
pectin lyase like superfamily, and three are unannotated. It is unknown whether enzymes specific
for rhamnogalacturonan hydrolysis also use rhamnosylated flavonols as physiological substrates.
However, in silico mRNA expression analysis of all uncharacterized GH family 28 genes,
revealed that revealed a 9-fold increase in mRNA expression for At1g43080 within the rosette
leaves after the transition to flowering, whereas minimal expression is present within the stems
(see Supplemental Fig. S5 in Appendix A). This trend fits with the activity profile of the flavonol
rhamnoside 7-O-α-rhamnosidase activity investigated in this study. Further in silico analysis of
putative rhamnogalacturonan hydrolase enzymes and their co-expressed genes within
Arabidopsis may yield putative flavonol rhamnoside 7-O-α-rhamnosidase(s) candidates.

5.3 GENERAL SIGNIFICANCE AND FUTURE DIRECTIONS
PAT in Arabidopsis stems is inhibited by the accumulation of K3R7R, however the
flavonol 3-O-β-glucoside biosynthetic mutant ugt78d2 exhibits a strong dwarf phenotype (Yin et
al., 2014). Translocation of the natural auxin indole-3-acetic acid from the shoots to the roots,
occurs through the intercellular space (Petrasek and Friml, 2009), which could be co-localized in
the apoplast with BGLU15 and K3G7R. Auxin transport involves a complex system of
AUX1/LAX, PIN, and ABCB proteins, which are affected by concentrations of flavonols
through undetermined mechanisms (Murphy et al., 2000; Besseau et al., 2007; Yin et al., 2014;
Kuhn et al., 2016; Teale and Palme, 2018). Interfering with the biosynthesis of 7-O-αrhamnosylated flavonols results in an increase of auxin metabolites, however auxin transport is
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unaffected (Kuhn et al., 2016). Perturbations of flavonol glycoside concentrations appear to
affect the phosphatase/kinase equilibrium necessary for controlled auxin transport (Kuhn et al.,
2017). The extracellular localization of BGLU15 may be important in maintaining the
appropriate K3G7R concentration and thus aiding in controlling the rate of auxin transport
through antagonistic effect on auxin transport proteins (Kuhn et al., 2016; 2017). K3R7R is a
known inhibitor of auxin transport (Yin et al., 2014). As the flavonol glycosides K3G7R,
K3N7R, and K3R7R accumulate in response to cold and nitrogen deficiency, it would be
worthwhile to examine the rate of auxin transport in abiotic-stressed Arabidopsis plants that
hyper-accumulate flavonol bisglycosides. Homozygous bglu15 lines (Roepke, 2015) could be
used to determine whether the blockage in K3G7R and Q3G7R impacts PAT. Flavonol
bisglycoside accumulation during stress may have a role in mediating the rate of plant growth
through the inhibition of auxin transport. Thus, flavonol glycoside catabolism may play a part in
re-establishing plant growth rates upon stress recovery through removal of active flavonol
glycosides.
In Arabidopsis, UDP-rhamnose is required for flavonol rhamnosylation and pectic
polysaccharide biosynthesis of rhamnogalacturonan I and II. The rhamnose synthase mutant,
rhm1, exhibits a petal curling phenotype (Saffer et al., 2017). However, the rhm1 phenotype can
be reversed by blocking flavonol rhamnosylation, as is evident in tt4 and ugt89c1 mutants, and to
a lesser extent in ugt78d1 mutants. The phenotype recovery is postulated to be the consequence
of increased UDP-rhamnose pools resulting from the absence of flavonol rhamnosylation (Saffer
and Irish, 2018). Saffer and Irish (2018) show that flavonol rhamnoside fluctuations do not result
in twisted petal phenotypes, but their incorporation of the limited UDP-rhamnose pool in rhm1
plants results in the twisted petal phenotype. The connection between flavonol rhamnosides and
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cell wall polysaccharides in developing and/or abiotic-stressed Arabidopsis merits further study.
An investigation of whether Arabidopsis plants undergoing abiotic stress recovery transfer
rhamnose moieties from flavonol to pectic polysaccharides would provide knowledge on the
relationship between flavonol catabolism and cell wall growth and remodelling.
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APPENDICES
APPENDIX A: DEVELOPMENTAL EXPRESSION PROFILES OF SELECTED
ARABIDOPSIS GENES

Supplemental Figure S1. Development expression profile of UGT78D1.
Developmental expression map of UGT78D1, a flavonol 3-O-rhamnosyltransferase in
Arabidopsis. Red represents the highest mRNA expression levels whereas yellow represents
minimal mRNA expression. Expression profile presented as sourced from the Arabidopsis EFP
browser (http://bar.utoronto.ca/eplant/; Waese, 2017).
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Supplemental Figure S2. Development expression profile of UGT78D2.
Developmental expression map of UGT78D2, a flavonol 3-O-glucosyltransferase in Arabidopsis.
Red represents the highest mRNA expression levels whereas yellow represents minimal mRNA
expression. Expression profile presented as sourced from the Arabidopsis EFP browser
(http://bar.utoronto.ca/eplant/; Waese, 2017).
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Supplemental Figure S3. Development expression profile of UGT89C1.
Developmental expression map of UGT89C1, a flavonol 7-O-rhamnosyltransferase in
Arabidopsis. Red represents the highest mRNA expression levels whereas yellow represents
minimal mRNA expression. Expression profile presented as sourced from the Arabidopsis EFP
browser (http://bar.utoronto.ca/eplant/; Waese, 2017).

93

Supplemental Figure S4. Development expression profile of BGLU15.
Developmental expression map of BGLU15, a flavonol 3-O-glucosyl hydrolase in Arabidopsis.
Red represents the highest mRNA expression levels whereas yellow represents minimal mRNA
expression. Expression profile presented as sourced from the Arabidopsis EFP browser
(http://bar.utoronto.ca/eplant/; Waese, 2017).
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Supplemental Figure S5. Development expression profile of At1g43080.
Developmental expression map of At1g43080, in Arabidopsis. Red represents the highest mRNA
expression levels whereas yellow represents minimal mRNA expression. Expression profile
presented as sourced from the Arabidopsis EFP browser (http://bar.utoronto.ca/eplant/; Waese,
2017).
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APPENDIX B: ABSORBANCE SPECTRA OF KAEMPFEROL 3-O-ALPHARHAMNOSIDE FROM HPLC-DAD ANALYSIS OF ACIDIFIED METHANOL
ARABIDOPSIS LEAF EXTRACTS
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Supplemental Figure S6. Absorbance spectrum of authentic kaempferol 3-O-a-rhamnoside
standard and acidified methanol extract of Arabidopsis leaves.
The left plot represents the spectrum of 500 pmol of an authentic kaempferol 3-O-a-rhamnoside
standard analyzed via HPLC-DAD and eluting a retention time of 12.1 min. The right plot
represents the absorption spectrum of a co-eluting peak from HPLC-DAD analysis of d 14
Arabidopsis leaves (see section 4.5). Spectra were analyzed in 2 nm increments from 230 – 600
nm.
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APPENDIX C: PURIFICATION OF FLAVONOL 7-O-ALPHA-RHAMNOSIDASE
ACTIVITY FROM ARABIDOPSIS LEAVES
Supplementary Materials and Methods: Protein extraction, ammonium sulfate
precipitation, and Mono-Q separation of flavonol rhamnoside 7-O-α-rhamnosidase activity.
Arabidopsis plants were collected 28 d after germination, grown as described in section
3.2 with the following modifications: plants were fertilized on day 14 and day 21 with modified
Hoaglands. Ten grams of frozen Arabidopsis leaves were homogenized in 20 mL of extraction
buffer (section 3.3.2) using a chilled mortar and pestle. The homogenate was centrifuged at
10,000 g for 10 min at 4°C and filtered through miracloth. Powdered ammonium sulfate was
added to the clarified extract at 0°C while stirring to 36 % saturation. The 36 % solution was
then stirred on ice for an additional 20 min. The protein precipitate was collected via
centrifugation at 20,000 g for 20 min at 4°C and the pellet was removed. A second precipitation
was prepared by adding ammonium sulfate to the supernatant to a final saturation of 87 %. The
87 % solution was stirred on ice for an additional 20 min and the precipitate was collected via
centrifugation at 20,000 g for 20 min at 4°C. This second pellet was collected and resuspended in
2.5 mL of 20 mM Tris-HCl (pH 8.0). The resuspension was desalted using a PD-10 desalting
column (GE Lifesciences, Mississauga, ON, Canada) into 2.5 mL of 20 mM Tris-HCl (pH 8.0;
Buffer A).
The desalted ammonium sulfate fraction (2 mL) was loaded onto a 1 mL Mono-Q 5/50
GL column (GE Lifesciences, Mississauga, ON, Canada) attached to an ÄKTA FPLC (GE
Lifesciences, Mississauga, ON, Canada) at a flow rate of 2 mL/min. The column was preequilibrated with Buffer A. The column was washed at 2 mL/min with the loading buffer until
the A280 reached baseline. Proteins were eluted with a step-wise gradient of 25, 30, 35, and 40 %
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Buffer B (20 mM Tris-HCl [pH 8.0] containing1 M NaCl); each step of the gradient was
performed for 5 mL steps at a flow rate of 2 mL/min. Five mL fractions were collected and
subsequently concentrated using Amicon 10 kDa 0.5 mL centrifugal filters (Millipore Ltd,
Etobicoke, ON, Canada). α-Rhamnosidase activity was determined on the concentrated fractions
as described in section 3.3.2
Supplementary Results: Flavonol rhamnoside 7-O-α-rhamnosidase purification
Mono-Q ion-exchange column chromatography achieved a 6 times purification of
flavonol rhamnoside 7-O-α-rhamnosidase activity. The highest increase in purification was
achieved with a 0.4 M NaCl elution. The purification yield was low; the ammonium sulfate
fractionation resulted in nearly a 50% loss of total activity whereas the subsequent mono-Q
purification retained 5% of the total enzyme activity.
The highest degree of purification occurred during elution at 0.4 M NaCl, whereas there
was no substantial increase in specific activity in all fractions that eluted from 0 to 0.35 M NaCl.
Protein fractions eluting at 0.4 M NaCl yielded specific activity that was 6.2 higher than that
apparent in cell-free leaf extracts. The presence of detectable 7-O-α-rhamnosidase activity in all
eluted fractions indicates a loosely bound protein, which would account for the low protein
yields achieved with the Mono-Q step (Supplementary Table S1).
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Supplemental Figure S7. Ion-exchange chromatography of flavonol rhamnoside 7-O-αrhamnosidase activity from a Mono-Q column.
The column was developed with stepwise NaCl concentration increments and fractions of 5 mL
were collected. The solid line represents the absorbance at 280 nm (left axis). The dashed line
represents the percentage of solvent B, 20 mM Tris-HCl (pH 8.0) 1 M NaCl (right axis) relative
to solvent A, 20 mM Tris-HCl (pH 8.0).
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Supplementary Table S1. Purification table of flavonol rhamnoside 7-O-α-rhamnosidase
activity from Arabidopsis leaves.
Step

Total Activity

Specific activity

Purification

Recovery

mg
7.27

Specific activity * mg
38.94

pmol kaempferol
3-O-α-rhamnoside
formed mg
protein-1 min-1
5.36

factor
1.00

%
100%

fractionation

4.09

17.71

4.33

0.81

45%

Mono-Q, 0.25 M NaCl

0.35

3.11

8.99

1.68

8%

Mono-Q, 0.30 M NaCl

0.25

1.10

4.48

0.84

3%

Mono-Q, 0.35 M NaCl

0.07

0.81

11.51

2.15

2%

Mono-Q, 0.40 M NaCl

0.05

1.76

33.11

6.18

5%

Mono-Q, 1 M NaCl

0.05

1.63

31.38

5.86

4%

Clarified Extract

Protein

(NH4)2SO4

100

