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Abstract

Sucrose synthase (SuSy) is one of the two enzyme families catalyzing the first step of sucrose
utilization. It has been reported to serve different functional roles during plant growth and
development, including supplying carbon for plant respiration, modulating sink strength and
phloem loading, and facilitating the biosynthesis of starch and cell wall polymers. In a widely
accepted model of cellulose biosynthesis, sucrose synthase is proposed to be tightly associated
with the plasma membrane-localized cellulose synthase (CesA) complex and serves to channel
carbon from photoassimilate (sucrose) directly to cellulose biosynthesis. Although many studies
support this model, direct evidence of true interaction between SuSy and CesA is still lacking. As
such, the primary objective of this thesis was to investigate the proposed model of cellulose
biosynthesis using Arabidopsis thaliana as a model. The spatiotemporal localization of each of the
six Arabidopsis SuSy proteins was investigated via live-cell imaging in a series of tissues including
stems, roots, petioles, and siliques. Surprisingly, no single isoform of SuSy was detected in xylem,
the major site of cellulose deposition in Arabidopsis plants. In contrast, SuSyl and SuSy4 were
expressed exclusively in phloem companion cells, SuSy5 and SuSy6 were confined to sieve
elements, while SuSy2 and SuSy3 showed elevated expression in developing seeds. Thus, a new
susl/sus4/sus5/sus6 quadruple mutant was generated and examined for a putative cellulose/cell
wall phenotype, however, the plants showed no obvious growth defect. This can be explained by
the activity of invertase (INV) which may compensate for the lack of SuSy activity in phloem
tissue. Furthermore, the effect of phosphorylation on SuSy4 activity and membrane association
was examined. Results showed that both phosphomimetic and phosphoresistant SuSy4 were
largely localized to the cytoplasm of companion cells, similar to that of the native SuSy4. When

subjected to flooding, only SuSy4 phosphomimetic transgenic lines exhibited obvious reductions
i



in soluble sugar and starch content. Collectively, these findings suggest a need to reconsider the
established and largely accepted model of cellulose biosynthesis in Arabidopsis, and implicate

SuSy in biological events related to phloem loading and carbon allocation.



Lay Summary

As the most abundant biopolymer synthesized on earth, cellulose is ubiquitous and has several
uses that impact the daily lives of society, including wood and paper, fiber and cloth, bioenergy
and biomaterials. In higher plants, cellulose is synthesized by the cellulose synthase complex at
the plasma membrane, and sucrose synthase is proposed to have a major role in channelling UDP-
glucose derived from sucrose directly to cellulose. This work provides evidence showing that the
predominant role of SuSy in Arabidopsis is to supply energy for phloem loading and unloading,
not direct cellulose synthesis. Moreover, our findings suggest that SuSy could be manipulated to

modulate carbon allocation and modify sink strength.
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Chapter 1: Introduction

1.1 Overview

Cell walls are important features of plant cells that perform several essential functions, including
defining cell shape, conferring mechanical support, and acting as a barrier to macromolecules and
pathogen attack (Cosgrove and Jarvis, 2012). Plant cell walls are usually divided into the primary
and secondary cell walls based on morphological and chemical properties. The primary cell walls
form during cell division and expansion, while the secondary cell walls deposit between the
primary cell walls and plasma membrane after anisotropic growth of the primary cell walls has
ceased. The primary cell walls are thin and flexible layers ranging in width from 50 to 200nm, and
function to resist the internal turgor generated by cell expansion (Cosgrove, 2005). In contrast, the
secondary cell walls are typically much thicker and can be lignified, which significantly increases
the mechanical resistance of the walls (Cosgrove and Jarvis, 2012). Cell walls are a complex matrix
composed mainly of cellulose, hemicellulose, pectin, and lignin, as well as a small amount of
protein. Cellulose is the principal structural component of cell walls and is composed of long
chains of B-1,4-linked glucose that can interact with one another via hydrogen bonds to form a
crystalline microfibril (Somerville, 2006). Sucrose synthase (SuSy) is one of two enzymes that can
catalyze sucrose cleavage, and has been proposed to be integral in providing substrate, UDP-

glucose derived from sucrose, directly to cellulose biosynthesis (Amor et al., 1995).



1.2 Plant cell wall

1.2.1 Primary cell wall

Primary and secondary cell walls have distinct chemical compositions and structural organizations,
which ultimately confer different functionality during plant development. Primary cell walls are
deposited during rapid cell growth, and their flexibility and extensibility enable cell expansion.
Primary cell walls are composed of four major components, namely cellulose, hemicellulose,
pectin and protein. In the wall, cellulose microfibrils are interconnected by cross-linking
hemicellulose chains that are hydrogen-bonded to their surface, while pectin is assembled into the
cellulose-hemicellulose network through calcium cross-bridges or borate diester linkages
(Cosgrove, 2005; Frankova and Fry, 2013). Compared to secondary cell walls, primary cell walls
contain less cellulose (comprising between 20 to 30%), and cellulose that displays a lower
crystallinity and shorter degree of polymerization (DP; Fry, 2011; Cosgrove and Jarvis, 2012). The
DP of cellulose microfibrils is estimated to range from hundreds to thousands of glucose units in
primary cell walls, and up to 15,000 glucose units in the secondary cell walls of plants such as
cotton (Fry, 2011). Xyloglucan is the major hemicellulose in primary cell walls of eudicot species,
while the dominant hemicelluloses found in secondary cell walls vary between cell type as well as
species (Cosgrove, 2005; Eklof and Brumer, 2010). In addition, primary cell walls contain a large
amount of pectin (comprising between 30 to 35%), while lignin is absent (Cosgrove and Jarvis,
2012; Zhong and Ye, 2015). The overarching belief is that primary cell walls play an important

role in regulating cell expansion and resisting internal turgor pressure (Hamant and Traas, 2010).



1.2.2 Secondary cell wall

Once cell expansion has ceased, secondary cell walls are deposited in specialized cells such as
vessel elements and fiber cells (Keegstra, 2010). The majority of xylem (i.e. wood) is composed
of secondary cell walls. Cellulose is the most abundant polysaccharide in secondary cell walls, and
consistently displays crystallinities ranging from 40-65%, and DPs between 7,000 to 15,000 (Fry,
2011; Zhong and Ye, 2015). Secondary cell walls also contain a large amount of lignin which
provides mechanical support and a water-impermeable surface to the walls (Schuetz et al., 2013).
These two components together account for over 60% of the secondary cell walls, and the bulk of
the renewable biomass occupying the globe (Zeng et al., 2014). During lignification, the
hydrophobic polyphenolic polymers are deposited to surround cellulose microfibrils and provide
rigidity and compressive strength to the cross-linked network of polysaccharides (Salmen, 2004;
Fernandes et al., 2011). Secondary cell walls also contain additional hemicelluloses (in a species-
specific manner) while pectin may be absent (Cosgrove and Jarvis, 2012). Morphologically,
secondary cell walls in xylem are much thicker than primary cell walls and are generally defined
by three distinct layers, namely S1, S2 and S3 (Preston, 1974). The three layers are largely defined
by the changes in the orientation of the cellulose microfibrils, where the S1 and S3 are typically
thin and house cellulose microfibrils with a relatively large angle (perpendicular to the long axis
of growth), and a thick S2 layer that has much smaller microfibril angles (in normal grown cells)
which largely determines the mechanical strength of wood fibers (Barnett and Bonham, 2004;

Cosgrove and Jarvis, 2012).



1.3 Cellulose and cellulose synthase complexes

Cellulose is a polymer composed of linear, unbranched chains of B-1,4-D-glucose polymerized
from a UDP-glucose precursor. In a polymeric chain, each glucose molecule is rotated by 180" in
relation to its neighboring molecule, forming the repeating disaccharide cellobiose (Cosgrove,
2005). Intramolecular and intermolecular hydrogen bonds promote aggregation of parallel glucan
chains to form crystalline cellulose microfibrils that are thought to be synthesized by the cellulose
synthase complexes (CSCs) on the plasma membrane (Haigler and Brown, 1986; Somerville,
2006). CSCs are large multi-protein structures composed of individual cellulose synthase proteins
(CesAs), which contain both transmembrane helices and a cytosolic component (Carpita, 2011).
CesAs are assembled into hexameric arrays called particle rosettes, and the smallest subunit is
made of three types of CesA proteins (Delmer, 1999). In Arabidopsis thaliana the CesA family
contains ten genes that are expressed in a spatiotemporal fashion in different tissue and cell types
(Endler and Persson, 2011). Through various tissue-specific expression analyses and mutant
characterization experiments, it has been shown that three different CesA isoforms non-
redundantly function in a complex to synthesize 18 to 36 glucan chains during cell wall formation
(Taylor, 2008; Lei et al., 2012). For the synthesis of primary cell walls, CesAl, CesA3, CesA6 and
CesAb6-like proteins (CesA2, CesA5 and CesA9) are required, whereas the complexes specific to
the secondary cell wall are composed strictly of CesA4, CesA7 and CesA8 (Taylor et al., 2000;
Taylor et al., 2003; Desprez et al., 2007; Persson et al., 2007). The delivery of CesA proteins from
the Golgi to the plasma membrane where they form the CSCs is facilitated via vesicle-mediated
transport, and once assembled, the cortical microtubules guide the deposition of cellulose into the

apoplast (Haigler and Brown, 1986; Paredez et al., 2006; Watanabe et al., 2015). Many non-CesA



proteins have also been identified to be involved in cellulose synthesis including COBRA,
cellulose synthase interactive protein (CSI), KORRIGAN, KOBITO and chitinase-like protein
(CTL; Pagant et al., 2002; Zhong et al., 2002; Takahashi et al., 2009; Lei et al., 2013; Sorek et al.,
2014). In addition, sucrose synthase has also been proposed to be part of CSCs, where it has been
hypothesized to channel UDP-glucose, the precursor for CesAs, directly from sucrose to cellulose
synthesis according to studies of Amor et al. (1995). SuSy has been shown to be tightly associated
with plasma membrane in developing cotton fiber and distributed in a pattern similar to the

oriented cellulose microfibrils.

1.4 Phloem structure and sugar translocation

Xylem tissue is known to be important for water and mineral conduction, while phloem tissue is
responsible for the translocation of sugars from mature leaves (source tissue) to sink organs for
growth and storage (Kuhn et al., 1999; Schuetz et al., 2013). Phloem tissues in angiosperms consist
of sieve elements (SEs), companion cells (CCs), phloem parenchyma cells, and phloem fibers. SEs
are directly involved in long-distance translocation and at maturity lose most of their cellular
compartments (Cronshaw, 1981; Oparka and Turgeon, 1999). However, they still contain modified
mitochondria, smooth endoplasmic reticulum, P-protein and sieve element plastids (Knoblauch
and van Bel, 1998). Individual SEs are connected together via sieve plates to form the longitudinal
sieve tube. Callose is deposited around the sieve pores of sieve plates and functions to efficiently
seal off SEs in response to damage (Evert and Derr, 1964; Eschrich, 1975). CCs are derived from
the same mother cell as SEs, and are closely associated with SEs via numerous plasmodesmata to

form the sieve element-companion cell (SE-CC) complex (Esau, 1969; Oparka and Turgeon,



1999). CCs are always characterized by a dense cytoplasm and abundant mitochondria (Cayla et
al., 2015). They also display a highly active metabolism and supply energy and macromolecules

to adjacent SEs (Williams et al., 2000).

pp PPF

Figure 1.1 Structure of sieve elements (SEs) and companion cells (CCs). In SEs, the plastids (PI), mitochondria
(M) and endoplasmic reticulum (ER) are parietally positioned and evenly distributed. P-protein filaments
(PPF) cluster closely to the sieve plates. In contrast, CCs contain a dense cytoplasm that consists of a vacuole
(V), nucleus (N), plastids (PI), and numerous mitochondria. SEs and CCs are connected via numerous

plasmodesma (P). PP, parietal protein.

Sucrose can be loaded into the SE-CC complex apoplastically or symplastically, depending on the
species (Braun et al., 2014). In many plants, phloem loading occurs from the apoplast via a sucrose
transporter (SUT) localized on the plasma membrane of the SE-CC complex (Williams et al.,
2000). In these cases, sucrose is actively transported against the chemical-potential gradient and

ATP is required to complete the process (Carpaneto et al., 2005). In Arabidopsis nine SUT genes



have been identified (Sivitz et al., 2007). For example, the AtSUC2 H* symporter is specifically
expressed in the companion cells and is essential for phloem loading (Stadler and Sauer, 1996).
Mutants lacking AtSUC2 has been shown to have limited sugar transport to sink tissues, and the
plants displayed severe phenotypes such as stunted growth, retarded development, and sterility
(Gottwald et al., 2000). Several of the other SUTs have been widely detected in sink tissues:
AtSUCL in pollen (Stadler et al., 1999), AtSUCS in seeds (Baud et al., 2005), and AtSUCS8 and
AtSUC9 in flowers (Sivitz et al., 2007). In contrast, AtSUC3 was found in the phloem sieve
elements and has also been observed in numerous sink tissues, including guard cells, trichomes,

pollens, root tips, and the developing seed coats (Meyer et al., 2004).

On the other hand, sucrose can be loaded into the SE-CC complex via the symplastic pathway,
through the plasmodesmata. In this case, the sugars are retained in the SEs via the polymer trapping
model where sucrose synthesized in mesophyll cells diffuses into intermediary companion cells
via abundant plasmodesmata and then is converted to raffinose and stachyose (Haritatos et al.,
2000; Turgeon and Medville, 2004). Given these trimeric and tetrameric sugars are larger in size
than their sucrose precursors, they cannot diffuse back into the mesophyll cells, and are trapped in
the SE-CC complex. It should be noted that although plants using the symplastic route do not
employ a transporter, energy is still required to facilitate the synthesis of raffinose and stachyose
to maintain the concentration gradient between mesophyll and intermediary cells. Similarly,

phloem unloading can occur through either a symplastic or apoplastic pathway (Braun et al., 2014).



1.5 Sucrose metabolism in non-photosynthetic tissues

Sucrose is the primary transport sugar derived from photosynthesis and is crucial for plant growth
and development. It serves an integral role as both a source of carbon and energy for non-
photosynthetic tissues. When imported into sink tissue, sucrose is critical for maintenance of
cellular metabolism including respiration, carbon skeleton synthesis, cell wall production, and can
be converted to starch for storage (Koch, 2004; Lunn, 2016; Verbancic et al., 2018). During the
day, sucrose is synthesized primarily in the mature leaves from photosynthesis, while at night
sucrose can be released as products from starch remobilization and degradation (Lunn, 2016).
Sucrose itself can be utilized by two pathways: sucrose synthase reversibly catalyzes the formation
of fructose and UDP-glucose from sucrose and UDP, while invertase (INV) irreversibly cleaves
sucrose into fructose and glucose (Koch, 2004). The released hexoses can subsequently be
converted into glucose-6-phosphate and fructose-6-phosphate via hexokinase (Lunn, 2016).
Fructose-6-phosphate is further converted by phosphoglucoisomerase into glucose-6-phosphate
which is then transferred into glucose-1-phosphate by phosphoglucomutase (Verbancic et al.,
2018). Next, UDP-glucose is produced by UDP-glucose pyrophosphorylase (UGPase) from the
reaction consisting of glucose-1-phosphate and UTP (Kleczkowski et al., 2004; Kleczkowski et
al., 2010). On the other hand, UDP-glucose is directly derived from the cleavage of sucrose via
SuSy, and has been proposed to serve as the precursor for cellulose and callose biosynthesis (Amor
et al., 1995). However, Barratt et al. (2009) provided evidence showing that SuSy is not necessary
for cellulose production in Arabidopsis. In addition, hexose phosphates can be converted into triose
phosphates that are further transformed into pyruvate to initiate plant respiration (Krook et al.,

2000). In non-photosynthetic tissues, sucrose can be resynthesized either via SuSy or by sucrose



phosphate synthase (SPS; Lunn, 2016). SPS catalyzes the formation of sucrose-6-phosphate from
fructose-6-phosphate and UDP-glucose, followed by the formation of sucrose from sucrose-6-

phosphate via sucrose phosphate phosphatase (Winter and Huber, 2000).
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Figure 1.2 Sucrose metabolism in the plant cell. Sucrose synthase (SuSy) catalyzes the reversible conversion of
sucrose and UDP into UDP-glucose and fructose, while invertase (INV) irreversibly cleaves sucrose into
fructose and glucose. UDP-glucose, the precursor of cellulose and callose synthesis, can be produced either from
sucrose hydrolysis via SuSy or by UDP-glucose pyrophosphorylase from the incorporation of glucose-1-
phosphate (P) with UTP. The solid arrows indicate single-step chemical reactions while the dashed arrows

indicate multiple-step reactions.



1.6 Invertase

Invertases are a group of B-fructosidases that can be classified by their solubility, localization, and
optimal pH, and have been generally grouped as vacuolar, cell wall, and cytoplasmic invertases
(Sturm, 1999; Roitsch and Gonzalez, 2004; Ruan et al., 2010). Vacuolar invertases (VINSs) and
cell wall invertases (CWINSs) are acidic invertases, as they cleave sucrose most efficiently between
pH 4.5 and 5 (Wan et al., 2018). These acid INVs cleave disaccharides containing fructose
residues, thus they can also hydrolyze other B-fructose-containing oligosaccharides including
raffinose and stachyose (Sturm, 1999; Lammens et al., 2009; Ruan et al., 2010). In contrast, neutral
and alkaline invertases (CINs) are found in the cytosol and have optimal pH between 7-7.8 (Sturm,

1999; Wan et al., 2018). They specifically cleave sucrose, but are less well characterized.

CWINSs (also known as insoluble acid invertases) are typically associated with cell wall matrix and
believed to play an important role during phloem unloading (Eschrich, 1980; Ruan et al., 2010;
Braun et al., 2014). When unloaded into the apoplast, sucrose could be hydrolyzed by CWINs into
fructose and glucose, which are then transported into the symplast by hexose transporters located
on the plasma membrane (Roitsch and Gonzalez, 2004; Hayes et al., 2007). CWINs have been
shown to play a crucial role in modulating carbon partitioning and sink strength. During early seed
development, high CWIN activity has been observed at the photoassimilate-unloading site in the
seed coat of fava bean (Vicia faba; Weber et al., 1995). Repression of CWIN activity in tomato
plants resulted in an increased rate of abortion and reduced fruit size (Zanor et al., 2009). In maize,
loss of function of an endosperm-specific CWIN led to a reduction of seed size (Cheng et al.,

1996). Similarly, a cell wall invertase gene GIF1 has been shown to control carbon partitioning
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and grain filling in rice (Wang et al., 2008). Overexpression of GIF1 driven by its native promoter
resulted in increased grain size (Wang et al., 2008). In addition, carrot plants with suppressed
CWIN activity displayed smaller roots containing fewer carbohydrates (Tang et al., 1999). When
an anther-specific CWIN was repressed, pollen development was blocked, which led to male
sterility (Goetz et al., 2001). Furthermore, when subjected to wounding, pathogen attack, and other
biotic stress, induction of CWIN expression has been reported in several plant species (Sturm and
Chrispeels, 1990; Zhang et al., 1996; Berger et al., 2004; Swarbrick et al., 2006; Liu et al., 2016).
In Arabidopsis, CWINs are encoded by a small multigene family containing six isoforms which

show distinct levels and spatial patterns of expression (Sherson et al., 2003).

VINs (also known as soluble acid invertases) facilitate sucrose breakdown into hexoses in the
vacuole, and have been reported to regulate sugar accumulation in fruits and storage organs (Ruan,
2014; Wan et al., 2018). Suppression of VIN activity resulted in the accumulation of sucrose
content in tomato fruit (Klann et al., 1996), grape berry (Davies and Robinson, 1996), carrots (Yau
and Simon, 2003) and potato tuber (Greiner et al., 1999). In addition, it is generally believed that
VINs are important in determining sink strength and regulate cell expansion. Two isoforms of
VINs have been identified in Arabidopsis and shown to modulate the elongation of roots and
hypocotyls, probably through osmolality (Sergeeva et al., 2006). Rice mutants lacking one

important VIN isoform displayed shorter panicles with smaller grains (Morey et al., 2018).

CINs have traditionally been thought to be cytosolic. However, several lines of evidence showed

that CINs could be localized to multiple plant organelles (Ruan, 2014). Chloroplast localized CINs
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have been identified in Arabidopsis and spinach, and shown to be involved in starch synthesis
(Vargas et al., 2008). Two rice CINs were found to be localized in mitochondria and plastids
respectively (Murayama and Handa, 2007). In Arabidopsis, a mitochondria-associated CIN has
been suggested to supply substrate for hexokinase, maintaining homeostasis of reactive oxygen
species (Xiang et al., 2011a). However, the functionality of CINs remains poorly studied. Mutants
lacking individual isoform of CINs showed defects in root and shoot elongation in rice and Lotus
japonicus (Jia et al., 2008; Welham et al., 2009). Loss of one CIN isoform in Arabidopsis also
resulted in the reduced expansion of primary root, leaf and silique (Lou et al., 2007; Qi et al.,
2007). In addition, Arabidopsis mutants deficient in two closely related CIN isoforms exhibited
severe growth defects (Barratt et al., 2009). Anderson et al. (2018) recently showed that this growth
defect is actually due to the inhibited cellulose production, as the cinvl/cinve2 double mutant
displayed abnormal cellulose biosynthesis and organization, and significantly reduced crystalline
cellulose and free UDP-glucose. Consequently, the CIN and UGPase pathway has been suggested
to be the dominant route of UDP-glucose production in Arabidopsis. Similarly, suppression of
CINs in hybrid aspen (Populus tremula x tremuloides) resulted in the reduction of crystalline
cellulose content in woody tissues and CIN has been proposed to facilitate cellulose biosynthesis

in developing wood (Rende et al., 2017).
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Figure 1.3 Subcellular localization of invertase and phloem unloading pathways (Roitsch and Gonzalez, 2004).

Sucrose (SUC) unloaded from phloem to sinks can occur either apoplastically into cell wall or symplastically
through plasmodesmata. When sucrose is unloaded into the apoplast, it can be hydrolyzed into glucose (Glc)
and fructose (Fru) by cell wall invertases (Inv-CW). The resulting hexoses can then be transported into sink
cells via a plasma-membrane-bounded hexose transporter (HT). Sucrose could also be imported into sink cells
through the plasmodesmata or via sucrose transporters (ST). Moreover, it can be hydrolyzed in the cytosol by
cytosol invertase (Inv-N) or in the vacuole by vacuolar invertase (Inv-V). Reprinted with permission from

Elsevier.

1.7 Sucrose synthase in higher plants
Sucrose synthase is the enzyme able to catalyze the catabolism of sucrose, reversibly converting
sucrose into fructose and UDP-glucose (sucrose + UDP «—— fructose + UDP-glucose). SuSys are

characterized by the conserved sucrose synthase and glucosyl-transferase domains, and are
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encoded by a multigene family in different plant species. Six isoforms of SuSy have been reported
in Arabidopsis and rice plants (Baud et al., 2004; Hirose et al., 2008), while cotton and tobacco
contain a SuSy multigene family with seven members (Chen et al., 2012; Wang et al., 2015).
Similarly, seven SuSy genes have been identified in poplar, where three isoforms were shown to
be predominantly expressed in developing and mature xylem (Zhang et al., 2011). The presence
of three SuSy has been reported in maize, while five have been identified in castor bean plants

(Carlson et al., 2002; Fedosejevs et al., 2014).

1.8 Sucrose synthase in Arabidopsis

The six Arabidopsis SuSy isoforms can be divided into three classes according to their amino acid
similarity (Baud et al., 2004). SuSy1 and SuSy4 are the most highly related isoforms, showing 89%
amino acid identity, and less than 68% identity to the other four isoforms. SuSy2 and SuSy3 are
74% identical to each other, and again display less than 67% identity to other isoforms. The final
pair of SuSy isoforms, SuSy5 and SuSy6 are only 58% identical to one another, and share less than
48% identity to other isoforms. In addition, compared to other isoforms, SuSy5 and SuSy6 have a
C-terminal extension of 3 and 14 kDa, respectively. Phylogenetic analyses show that AtSuSy1 and
AtSuSy4 fall into the dicot group and are closely related to the pair of isoforms from poplar, which

has been shown to be in abundance in xylem tissue (Zhang et al., 2011).
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Figure 1.4 Phylogenetic relationship of the six SuSy isoforms in Arabidopsis thaliana, according to the Neighbor-
joining method (Saitou and Nei, 1987). Bootstrap values are indicated at the branch junctions. Full-length
amino acid sequences were employed for alignment and the generation of the phylogenetic tree in MEGA7

(Kumar et al., 2016).

In Arabidopsis, each SuSy isoform displays a tissue-specific expression profile (Baud et al., 2004;
Bieniawska et al., 2007). SuSyl is constitutively expressed in all organs, while SuSy4 is
predominantly expressed in roots, stems and siliques. In addition, SuSy1 was clearly shown to be
confined to the vasculature of cotyledons, rosette leaves and silique walls by GUS staining
(Bieniawska et al., 2007). Consistently, histochemical GUS analyses of Arabidopsis and tobacco
plants showed that AtSuSy1 was exclusively expressed in the phloem of leaves and roots (Martin

et al., 1993). In contrast, SuSy2 transcript is barely detectable in tissues other than seeds during
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development (Bieniawska et al., 2007; Fallahi et al., 2008). Similarly, SuSy3 transcript abundance
is detected in mature seeds as well as in root vasculatures and stomatal guard cells (Bieniawska et
al., 2007; Angeles-Nunez and Tiessen, 2010). SuSy5 and SuSy6 are more widely expressed in
whole plants, and have been reported to be confined to phloem sieve elements (Baud et al., 2004;
Bieniawska et al., 2007; Barratt et al., 2009). Expression analyses of AtSuSy in response to stress
have shown that SuSy1 and SuSy4 transcript levels are significantly induced by the deprivation of
oxygen (Klok et al., 2002; Baud et al., 2004). Similar phenomena were also widely observed in
other species, including rice (Ricard et al., 1991), wheat (Marana et al., 1990; Albrecht and
Mustroph, 2003), maize (Ricard et al., 1998; Zeng et al., 1999), and pea (Rolletschek et al., 2002).
Compared to invertases, SuSy is often considered as the more energy conservative enzyme, as
only half as much ATP is consumed for sucrose hydrolysis via the SuSy pathway. Therefore, under
hypoxic conditions, when energy levels are limited by low oxygen, SuSy is more effective in
sucrose catabolism (Guglielminetti et al., 1995; Zeng et al., 1999). Furthermore, an increase of
both SuSy1 and SuSya3 transcript levels has been observed under dehydration conditions (Baud et
al., 2004). In addition, SuSyl expression has been shown to be induced in response to cold

treatment (Fowler and Thomashow, 2002; Baud et al., 2004; Hannah et al., 2005).

Arabidopsis mutants lacking individual isoforms of SuSy1, SuSy4, SuSy5, and SuSy6 exhibit no
obvious phenotype (Bieniawska et al., 2007). Single knockouts of SuSy2 and SuSy3 are also not
different from wild-type (WT) plants in final seed size and composition, but show different
metabolic profiles at specific stages of seed development (Angeles-Nunez and Tiessen, 2010).

Double mutants lacking similar isoform pairs (sus1/sus4, sus2/sus3, sus5/sus6) also display normal
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growth, starch and cellulose content, seed weight and composition when grown under normal
conditions (Bieniawska et al., 2007). Only double knockouts of SuSy1 and SuSy4 show a growth
retardation and sugar accumulation under hypoxic conditions (Bieniawska et al., 2007). In
addition, mutant plants lacking both SuSy5 and SuSy6 activity have sieve plates deficient in
callose lining (Barratt et al., 2009). Furthermore, Barratt et al. (2009) have demonstrated that the
susl/sus2/sus3/sus4 quadruple mutant lacking SuSy activity in all cell types except phloem is
morphologically and metabolically indistinguishable from WT plants. Therefore, the functional

role of SuSy in Arabidopsis has been questioned.

1.9 Subcellular localization and functionality of SuSy

The SuSy pathway has been generally considered as the dominant route of sucrose catabolism in
many plants. It has been suggested that SuSy exists in two forms: a soluble enzyme (S-SuSy) and
a particulate enzyme bound to the plasma membrane (P-SuSy; Amor et al., 1995; Salnikov et al.,
2001; Subbaiah and Sachs, 2001; Duncan et al., 2006; Barrero-Sicilia et al., 2011). Most SuSy
isoforms don’t have predicted targeting signals. Consistent with this, within a cell, SuSy has been
shown to be predominantly localized to the cytoplasm, although SuSy has been observed to bind
to different subcellular structures (Winter et al., 1998; Etxeberria and Gonzalez, 2003; Barrero-
Sicilia et al., 2011). In the cytoplasm, SuSy supports extensive metabolic networks including
synthesis of building blocks and storage materials, such as starch (Munoz et al., 2005; Baroja-
Fernandez et al., 2009; Li et al., 2013). In addition, sucrose breakdown via SuSy could supply
carbon for plant respiration and produce energy for normal plant growth and development (Biemelt

et al.,, 1999; Bologa et al., 2003). Western blot analysis and immunohistochemistry studies
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demonstrated that SuSy could be associated with the plasma membrane or cell walls (Amor et al.,
1995; Salnikov et al., 2003; Duncan et al., 2006; Persia et al., 2008; Brill et al., 2011). Thus, SuSy
is proposed to directly facilitate cellulose or callose biosynthesis (Amor et al., 1995). Moreover,
SuSy has also been observed to bind to actin filaments (Winter et al., 1998; Azama et al., 2003;
Duncan and Huber, 2007; Cai et al., 2011), and be localized to endoplasmic reticulum (Barrero-
Siciliaetal., 2011). In maize and barley plants, an isoform of SuSy has been shown to be localized
inside mitochondria, and a putative mitochondrial targeting peptide was predicted by the TargetP
and Predotar programs (Subbaiah et al., 2006; Barrero-Sicilia et al., 2011). However, unlike these
two isoforms, most SuSy isoforms do not have a predicted mitochondrial targeting peptide.
Furthermore, tonoplast-associated SuSy has been identified and suggested to be potentially

involved in sucrose mobilization between vacuole and cytosol (Etxeberria and Gonzalez, 2003).

SuSy has been identified in different cell types, and as such has been implicated in different
biological roles. For instance, SuSy3 was detected specifically in the guard cells of leaf stomata in
Arabidopsis, and overexpression of AtSuSy3 in tobacco plants led to enhanced stomatal aperture
and conductance, transpiration rate, net photosynthesis rate and plant growth (Bieniawska et al.,
2007; Daloso et al., 2016). In addition, SuSy was found in the sieve elements of castor bean tumor
and has been shown to be colocalized with the plasma-membrane-localized H*-ATPases through
double immunofluorescence labeling (Wé&hter et al., 2003). Similarly, sieve-element-specific
localization of SuSy5 and SuSy6 was also visualized in Arabidopsis roots and stems using the
technique of in situ RNA hybridization and tissue printing (Barratt et al., 2009). Thus, SuSy has

been proposed to function in callose biosynthesis as well as sucrose transportation in sieve
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elements (W&hter et al., 2003; Koch, 2004; Barratt et al., 2009). Furthermore, companion-cell-
specific localization of SuSy has been shown through immunohistochemistry studies in various
plant organs including citrus fruits and petioles (Nolte and Koch, 1993), rice and maize leaf
petioles (Yang and Russell, 1990; Regmi et al., 2016), and Arabidopsis petioles and silique walls
(Fallahi et al., 2008; Regmi et al., 2016). In addition, maize SuSyl promoter has been shown to
drive expression of GUS activity specifically in phloem cells (Yang and Russell, 1990). Therefore,
SuSy has been suggested to supply reduced carbon for plant respiration and facilitate phloem

loading and unloading.

Starch is the main form of storage carbohydrate in plants, and it accumulates in large amounts in
organs such as seeds and tubers (Zeeman et al., 2010). SuSy is thought to be important for starch
biosynthesis (Chourey et al., 1998; Munoz et al., 2005; Baroja-Fernandez et al., 2009; Li et al.,
2013). Leaf starch synthesis is generally believed to take place in the chloroplast without SuSy.
However, a study has proposed that SuSy is involved in an “alternative” pathway for starch
biosynthesis, where ADP-glucose is produced from sucrose via SuSy in the cytosol and then
transported into the chloroplast for starch biosynthesis (Munoz et al., 2005). In potato, SuSy-
antisense transgenic leaves exhibited reduced ADP-glucose and starch content, whereas the
amount of both ADP-glucose and starch was dramatically elevated in the leaves overexpressing
SuSy (Munoz et al., 2005). Tubers of transgenic potato expressing antisense SuSy also
accumulated less starch compared to WT plants (Zrenner et al., 1995). In addition, it has been
shown that mutants lacking individual SuSy isoform exhibited defects in starch synthesis. For

instance, pea plants exhibiting a mutation in the rug4 locus and maize Sh1/Susl double mutants
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showed reduced starch content in embryos during seed development (Chourey et al., 1998; Craig

etal., 1999).

It is believed that SuSy activity could determine sink strength in some crop plants. Inhibition of
SuSy activity in transgenic potato plants resulted in a reduction in the total tuber dry weight and
soluble tuber proteins (Zrenner et al., 1995). In tomato, SuSy activity has been shown to positively
correlate with fruit growth rate and starch content, thus it was proposed to dominantly regulate the
sucrose import into fruit (Wang et al., 1993). Overexpression of SuSy in poplar resulted in
increased wood density and cellulose production, while repression of SuSy activity led to reduced
wood density (Coleman et al., 2009; Gerber et al., 2014). Furthermore, carrot plants exhibited
shorter and thinner roots, and obvious growth retardation when SuSy activity was suppressed
(Tang and Sturm, 1999). SuSy also has been reported to participate in controlling the efficient

partitioning of sucrose in mung bean seeds (Chopra et al., 2005).

SuSy has also been suggested to have a specific role in cell wall polymer synthesis, including the
biosynthesis of both cellulose and callose (Amor et al., 1995). The widely cited model suggests
that a plasma-membrane-localized SuSy is tightly associated with the CSCs to channel precursor
UDP-glucose directly to the complex and ultimately synthesize cellulose (Amor et al., 1995;
Haigler et al., 2001; Koch, 2004). In developing cotton fibers, SuSy was first reported to tightly
bind to the plasma membrane through western blot analysis (Amor et al., 1995). This plasma
membrane-associated form of SuSy has also been found in other species, such as soybean (Zhang

etal., 1999; Komina et al., 2002), maize (Carlson and Chourey, 1996; Subbaiah and Sachs, 2001;
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Hardin et al., 2004), sycamore (Pozueta-Romero et al., 2004), and wheat (Albrecht and Mustroph,
2003). In addition, immunohistochemistry studies of cotton fibers demonstrated that SuSy was
abundant in sites where cellulose and callose were rapidly synthesized during secondary cell wall
formation (Amor et al., 1995; Haigler et al., 2001; Salnikov et al., 2003). Similar results have been
also reported in wheat roots and tracheary elements of Zinnia elegans (Salnikov et al., 2001;
Albrecht and Mustroph, 2003). Haigler et al. (2001) proposed a model explaining how subcellular
localization of SuSy regulates intracellular carbon portioning to cell wall synthesis in developing
cotton fibers, where SuSy is largely associated with the plasma membrane during rapid secondary
cell wall formation. When plants are under stress, cellulose synthesis will slow, and plasma
membrane-associated SuSy (P-SuSy) becomes soluble SuSy (S-SuSy) to facilitate glycolysis and
contribute to survival metabolic processes (Haigler et al., 2001). Cellulose synthesis will quickly
resume if S-SuSy turns to P-SuSy when conditions improve (Haigler et al., 2001). Furthermore,
cellulose and callose could be synthesized in vitro when detached and permeabilized cotton fibers
were fed with sucrose (Amor et al., 1995). Fujii et al. (2010) isolated a sucrose synthase-like
particle from mung bean plasma membrane that could bind, in vitro, to the purified rosettes, shown
through immunogold labelling with an anti-SuSy serum. In addition, the incorporation of this
catalytic unit into the rosette structures could enable the cellulose synthesis activity when supplied
with sucrose plus UDP (Fujii et al., 2010). In co-immunoprecipitation experiments conducted in
the developing xylem of Populus, SuSy was pulled down, among the other known cell wall-related
proteins, with the cellulose synthase complex (Song et al., 2010). In contrast, through
immunohistochemical analysis and immunogold labeling, Regmi et al. (2011) demonstrated that

SuSy was exclusively localized to phloem, not xylem in the leaves of maize, rice and Arabidopsis.
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Only in poplar leaves, SuSy was found to be confined to xylem (Regmi et al., 2016). Phloem-
specific localization of SuSy has been observed in other plant organs, including leaves and fruits
of citrus, and roots and silique walls of Arabidopsis (Martin et al., 1993; Nolte and Koch, 1993;
Fallahi et al., 2008). In addition, Barratt et al. (2009) reported that SuSy was not important for
cellulose production in Arabidopsis since the sus1/sus2/sus3/sus4 quadruple mutants lacking most
of SuSy activity displayed normal cell wall structure and cellulose content. Therefore, although
there are multiple lines of evidence from species like cotton and poplar supporting the hypothesis
that SuSy is directly associated with cellulose synthesis, the exact function of SuSy in some other

species (e.g. Arabidopsis) remains unclear.

Furthermore, a range of studies has demonstrated that misregulation of SuSy has a profound effect
on cellulose production. For instance, high SuSy activity was correlated with increased cellulose
content in hybrid poplar and thickened secondary cell walls in transgenic tobacco (Coleman et al.,
2009; Wei et al., 2015). In addition, overexpression of SuSy in hybrid poplar led to increased cell
wall crystallinity and significantly higher wood density (Coleman et al., 2009). Enhanced fiber
production was also apparent in cotton plants overexpressing SuSy, while suppression of SuSy
resulted in a fiberless phenotype (Ruan et al., 2003; Xu et al., 2012; Bai et al., 2014). In contrast,
when a mutant form of the mung bean SuSy (S11E) was overexpressed in poplar, overall
morphology and cellulose content of all transgenic lines were similar to that of control plants
(Konishi et al., 2004). It has also been shown that deficient SuSy activity in developing wood did
not affect cellulose biosynthesis, but led to a decrease in wood density, which indicated that SuSy

might play a role in defining carbon partitioning into wood (Gerber et al., 2014). Furthermore,
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silencing of SuSy in alfalfa (Medicago sativa) resulted in no obvious phenotype and

indistinguishable cell wall cellulose content (Samac et al., 2015). Therefore, the functional role of

SuSy in cell wall synthesis remains unclear.
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Figure 1.5 A proposed model showing the role of SuSy in the synthesis of cellulose (Koch, 2004). Plasma

membrane-associated SuSy is shown to tightly interact with the cellulose synthase complex to facilitate the

direct transfer of UDP-glucose from sucrose breakdown to cellulose biosynthesis. Reprinted with permission

from Elsevier.
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1.10 Goals and research objectives

The prevailing model of cellulose production suggests that a plasma-membrane localized sucrose
synthase could associate with the cellulose synthase complexes to channel UDP-glucose derived
from sucrose cleavage directly to cellulose synthesis. The primary goal of this project is to
understand the functional role(s) of SuSy involvement in cell wall biosynthesis in the model plant
Arabidopsis thaliana. Specifically, | set out to investigate whether a true interaction between SuSy
and the CSCs exists during secondary cell wall formation as the model implies. In addition, |
wanted to elucidate the functionality of each Arabidopsis SuSy during plant growth and

development. To achieve these goals, the following four objectives were generated:

1.10.1 Investigation of the spatiotemporal expression and subcellular localization of
Arabidopsis SuSyl and SuSy4 during cell wall formation (Chapter 2)

The underlying hypothesis is that SuSy could directly interact with CSCs during cell wall
formation. To test this hypothesis, Arabidopsis stem tissue was used as a model system to study
cellulose biosynthesis as it is primarily composed of fibers. I first checked the transcript abundance
of all six Arabidopsis SuSy genes in stem tissue, and selected SuSyl and SuSy4 for further
examination. | characterized the phenotypes of sus1/sus4 double mutant under hypoxic conditions
and investigated the complementation of mutant phenotypes by fluorescently tagged SuSy
proteins. | employed a spinning disc confocal microscope to perform live-cell imaging on a variety
of tissues of SuSy transgenic plants to determine the spatial localization of SuSyl and SuSy4. In

addition, | checked the subcellular localization of SuSyl and SuSy4 in protoxylem tracheary
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elements during secondary cell wall formation in plants containing an inducible master

transcription factor which could control xylem fate.

1.10.2 Investigation of spatiotemporal localization of Arabidopsis SuSy2, SuSy3, SuSy5
and SuSy6 (Chapter 3)

The hypothesis is that Arabidopsis SuSy2, SuSy3, SuSy5 and SuSy6 are not directly involved in
cell wall cellulose biosynthesis but instead, they likely serve different functional roles in plant
growth and development. To test this hypothesis, | generated Yellow Fluorescent Protein (YFP)
fusions of SuSy2, SuSy3, SuSy5 and SuSy6 to examine the spatiotemporal localization of SuSy
proteins in different plant tissues via live-cell imaging. I also employed different staining dyes to
determine the precise subcellular localization of the fluorescently tagged SuSy using confocal

microscopy.

1.10.3 Characterization of susl/sus4/sus5/susé quadruple mutant phenotypes (Chapter 4)

The goal of the work described in this chapter was to investigate whether the newly created
quadruple mutant of Arabidopsis SuSy (susl/sus4/sus5/sus6; previously not examined) is
morphologically and metabolically different from WT plants under normal growth conditions or
with environmental stimulation. To achieve this goal, | created homozygous susl/sus4/sus5/su6
quadruple mutant by crossing the double mutant lines susl/sus4 and sus5/sus6. The T-DNA
insertional mutants were screened and confirmed by genotyping using specific primers.

Subsequently, I employed comprehensive characterization protocols to examine quadruple mutant
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phenotypes in several aspects of growth and development, soluble sugar and starch content

(chemical analyses), and cell wall morphology (microscopy and staining).

1.10.4 Investigation of the effect of phosphorylation on SuSy4 subcellular localization and
functional properties (Chapter 5)

The underlying hypothesis is that phosphorylation of SuSy can affect its membrane association as
well as the functional properties of this protein under hypoxic conditions. To test this, | employed
site-directed mutagenesis to modulate the phosphorylation status of Arabidopsis SuSy4. YFP
fusion constructs containing modified SuSy were generated and transformed into sus1/sus4 double
mutant plants. Subsequently, | examined the subcellular localization of both phosphomimetic and
phosphoresistant SuSy4 in leaf longitudinal sections through a confocal microscope. In addition,

I analyzed soluble sugar and starch content of rosette leaves after five days flooding treatment.
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Chapter 2: Investigation of the spatiotemporal expression of Arabidopsis SuSy1l

and SuSy4

2.1 Introduction

In the vast majority of terrestrial plants, assimilated carbon from photosynthesis is primarily
transported as sucrose to non-photosynthetic tissues, where it serves an integral role as a carbon
and energy source. In sink tissues, sucrose is essential for the maintenance of cellular metabolism,
cell wall biosynthesis, and can be converted to starch for storage and later use. Two enzymes
catalyze the entry of carbon skeletons from sucrose into cellular metabolism: sucrose synthase and
invertases. While INVs irreversibly cleave sucrose into glucose and fructose, SuSy reversibly
catalyzes the formation of fructose and UDP-glucose (Koch, 2004). SuSy predominantly occurs
as a soluble form in the cytoplasm, but has also been found associated with the plasma membrane
(Amor et al., 1995; Salnikov et al., 2001; Subbaiah and Sachs, 2001; Duncan et al., 2006). Both
INVs and SuSy have been shown to play an important role in modulating sink strength, and SuSy
is also key to facilitating starch biosynthesis, as well as respiration and phloem loading (Koch,
2004; Nolte and Koch, 1993; Munoz et al., 2005). In sink tissues, such as secondary xylem, SuSy
is proposed to have a specific role in the synthesis of cell wall polymers, including cellulose and

callose (Amor et al., 1995; Haigler et al., 2001).

Cellulose is the most abundant biopolymer on earth, and cellulose synthesis serves as a major

carbon sink in plants. The prevailing model of cellulose production suggests that a plasma-
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membrane localized SuSy interacts directly with the cellulose synthase complex to channel UDP-
glucose, derived from sucrose cleavage, directly to cellulose synthesis (Amor et al., 1995).
Theoretically, this model has several advantages. First, no additional energy is required for
cellulose deposition, as the polymer can be synthesized directly from UDP-glucose released by
SuSy (Haigler et al., 2001). Second, competition for UDP-glucose by other pathways can be
avoided (Haigler et al., 2001). And third, free UDP, a known inhibitor of the cellulose synthase
proteins which is released after glucosyl transfer, can be recycled immediately by SuSy (Ross et
al., 1991). This model was originally based on cotton fibers, which deposit significant amounts of
highly pure cellulose in the secondary cell wall (Haigler et al., 2001). Consistent with this model,
some SuSy isoforms have been found to be tightly associated with the plasma membrane and
abundant in sites where cellulose and callose are rapidly synthesized during cell wall formation
(Amor et al., 1995; Haigler et al., 2001; Salnikov et al., 2001; Salnikov et al., 2003). In addition,
SuSy was identified to be co-immunoprecipitated with CSCs in the developing xylem of poplar
(Song et al., 2010). Moreover, multiple lines of evidence have demonstrated that misregulation of
SuSy led to changed cellulose content in plant species such as poplar (Coleman et al., 2009),
tobacco (Wei et al., 2015), and cotton (Ruan et al., 2003; Xu et al., 2012). In contrast, SuSy was
shown to have no effect on cellulose production in Arabidopsis (Barratt et al., 2009). Therefore, it
remains unclear how SuSy contributes to the overall cellulose synthesis machinery, or if it is truly

essential for cellulose deposition.

The phloem of higher plants facilitates the long-distance translocation and partitioning of sucrose.

In most plants, sucrose is actively loaded from the apoplast and SuSy has been suggested to be
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closely linked with this energy-dependent process (Regmi et al., 2016). For instance, via
immunohistochemistry studies, companion cell-specific localization of SuSy has been shown in
the leaves of various plant species, including citrus (Nolte and Koch, 1993), rice (Regmi et al.,
2016), maize (Yang and Russell, 1990; Regmi et al., 2016), and Arabidopsis (Regmi et al., 2016).
Companion cells are very metabolically active and distinguished by a dense cytoplasm containing
numerous mitochondria, plastids and free ribosomes (Cayla et al., 2015), and are closely linked
with sieve elements via plasmodesmata to supply energy and macromolecules to the sieve
elements. In contrast, mature sieve elements are highly specialized for translocation. Although
sieve elements lose their nuclei, ribosomes and vacuoles during maturation, they maintain smooth

endoplasmic reticulum, plastids and P-protein (van Bel et al., 2002).

Although SuSy is believed to be a central enzyme for sucrose catabolism and individual isoforms
have been reported to be necessary for normal plant growth and development in maize (Chourey
et al., 1998), pea (Craig et al., 1999) and cotton (Ruan et al., 2003), the importance of SuSy in
Arabidopsis has been questioned. Barratt et al. (2009) have shown that mutant plants lacking four
of the six isoforms display normal growth, cellulose content and cell wall structure. Based on these
findings, it was proposed that either INV compensates for the loss of SuSy activity or there is a
significant redundancy within the SuSy multi-gene family. Arabidopsis contains six SuSy genes,
which have been grouped into three pairs of closely related isoforms and each pair has a distinct
expression profile (Baud et al., 2004; Bieniawska et al., 2007). For example, SuSy1 and SuSy4 are
highly expressed in the stem, and have been proposed to be closely linked to cell wall biosynthesis

(Bieniawska et al., 2007). In addition, it has been suggested that SuSyl and SuSy4 together are
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necessary for plants to cope with anaerobic stress, because SuSy1 and SuSy4 transcript abundance
dramatically increases under hypoxic conditions, whereas the other isoforms are not affected

(Baud et al., 2004).

In Arabidopsis, xylem vessels and fiber cells form a thick secondary cell wall and serve as the
major sink for cellulose deposition. To assay whether SuSy is really a component of the cellulose
synthase complex, YFP fusion constructs of AtSuSy1 and AtSuSy4 were generated, and fiber cells
were targeted to explore the precise intracellular localization of SuSy via live-cell imaging using
the confocal microscope, given that this is where the bulk of the cellulose is deposited.
Surprisingly, neither SuSy1 nor SuSy4 was detectable in the developing xylem of several plant
tissues, including roots, leaves, stems, and siliques. In marked contrast, SuSyl and SuSy4 were

identified to be confined to either companion cells or sieve elements of phloem.

2.2 Methodologies

2.2.1 Plant material, growth conditions, and flooding treatment

The sus1/sus4 double knock out mutant line was described in Bieniawska et al. (2007), which was
created by crossing susl (SALK 014303) with sus4 (GENT sus4) single mutant lines.
Homozygous Arabidopsis susl/sus4 T-DNA line was identified by PCR genotyping using
respective left T-DNA border primers (susl: 5' ATTTTGCCGATTTCGGAAC 3', sus4: 5’
CCCCTGCGCTGACAGCCGGAACACG 3" and respective flanking primers (susl: LP 5’

CTCAAGAGTGCAAGGATCAGG 3', RP 5" ACGCTGAACGTATGATAACGC 3'; sus4: LP 5’
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GAGACCAAGACCTGGAGTTTGGGAATACG 3',RP 5" ATCAAGTCAGGCTTCCCCTGCA-
ACTCTTT 3’). PCR conditions were as follows: 5 minutes at 95 <C; 35 cycles of 30 seconds at 95
C, 30 seconds at 57 <C, 90 seconds at 72 <C; 10 minutes at 72 <C. The absence
of SuSy1 and SuSy4 transcript was confirmed by real-time quantitative RT-PCR using the primers
listed in Table 2.1. Seeds of wild-type (WT) Arabidopsis thaliana ecotype Columbia-0
and sus1/sus4 were sterilized with 70% (v/v) ethanol for 5 minutes, followed by 10% (v/v) bleach
for 15 minutes, and finally rinsed with sterile distilled water. After 2-4 days at 4 <C in the dark,
seedlings were germinated on half-strength Murashige and Skoog (MS) medium without sucrose,
and transferred to soil 7 days post germination. All plants were grown in a growth chamber
maintained at 21 <C, 16-h light, 8-h dark, 50% humidity, and a PPFD of 150-180 pmol m2s,
After 4 weeks of growth, a subset of plants was subject to a flooding treatment by adding and
maintaining degassed water in the growth trays at a level just above the surface of the soil for five
days. Water used for flood treatment was degassed by vacuum for overnight. Leaf diameters were
measured at the widest part of the rosettes before and after the five days of flooding. At the end of

flooding, rosette leaves were collected for soluble sugar and starch analyses.

2.2.2 RNA isolation and reverse transcript PCR

Stems of mature Arabidopsis plants were harvested after 6 weeks of growth and ground in liquid
nitrogen. RNA was extracted using the TRIzol® reagent (Invitrogen) according to the
manufacturer’s instructions and treated with TURBO DNase™ (Ambion) to remove residual

DNA. ¢cDNA was synthesized using the iScript™ Select cDNA Synthesis Kit (BIO RAD) with
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oligo-dT and random primers. The program conditions used to reverse translate cDNA were: 25

<C for 5 minutes, 60 < for 60 minutes, and 85 <C for 5 minutes.

2.2.3 Real-time quantitative PCR

Real-time PCR was used to determine the transcript abundance all SuSy genes in WT stems. Three
biological replicates were harvested for each treatment, and samples were run in triplicate with
SsoFast™ EvaGreen® Supermix (BIO RAD) on a Bio-Rad CFX96 Touch Real-Time PCR
Detection System using the primers listed in Table 2.1. The Arabidopsis ubiquitin5 gene (AtUBQ5;
At3g62250) was employed as a reference gene. The conditions for real-time analyses were: 95 <C
for the 30 seconds, followed by 40 cycles of 95 <C for 5 seconds, 58 <C for 5 seconds, and 65 C
for 5 seconds. Relative expression was determined according to Levy et al. (2004) using the

equation: ACt=2-(CtSusy-CtUBQS),
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Table 2.1 Primers employed for the amplification of SuSy coding sequences and real-time PCR analyses

Gene Orientation  Primer sequences (5’ to 3') for coding Primer sequences (5’ to 3') for real-
sequences amplification time PCR analyses
SuSyl Forward CACCATGGCAAACGCTGAACGTAT TTGCCTGAACAAACCCGGAA
(At5920830) Reverse ATCATCTTGTGCAAGAGGAAC CCTCACAGCTAGAGCAACCC
SuSy2 Forward ATGCCGACTGGTAGGTTCGAGACTAT GCACAGCCTGATTGAGCAGT
(At5g49190) Reverse GTTCTCATCTGTTGCCAGCGGGATTG GCTCACCATTTCGAGCACGG
SuSy3 Forward ATGGCAAACCCTAAGCTCACTAGGG CGCAGGAACGAAGAACACCG
(At49g02280) Reverse GTCATCGGCGGTTGAAGGAACAG ATGGTCATGTCTGCACCGGG
SuSy4 Forward CACCATGGCAAACGCAGAA AAGGAATCGTTCGCAAATGG
At3g43190) Reverse CTCTTCATGAGCAAGAGGAACA TTTCAGCGGCAACATCCTC
SuSy5 Forward ATGGAAATGACATCTGGATCG CGTTGGGTTTCCCGCTTTGA
(At5g37180) Reverse AGCACCAAACAACCTGAAACTC GCCACCAAGTTTCCATCCGT
SuSy6 Forward ATGTCATCTTCATCTCAAGCTATGC CCTTCGTCAATGGGTTTCCCG
(At1g73370) Reverse ATACTCTTGAGCCGAGTTAGCACC TCTTGCTCGTTGCGTCCTGA
ubiquitin5 Forward CAGCTCCACAGGTTGCGTTA
(At3g62250) Reverse CAAGCCGAAGAAGATCAAGCA

CAAG

2.2.4  Plasmid constructs

SuSyl and SuSy4 coding sequences were amplified from Arabidopsis stem cDNA employing
iProof™ High-Fidelity PCR kit (Bio-Rad) using the primers listed in Table 2.1. The SuSy1 and
SuSy4 coding sequences were first cloned into pPDONR/Zeo, and subsequently transferred into a
modified pBIN19 vector using Gateway™ technology. The 35S promoter region of the binary

vectors pBIN19 attR-YFP and pBIN19 YFP-attR was replaced respectively by either the SuSy1 or
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SuSy4 promoter fragments consisting of approximately 2000 base pairs of the upstream region
from the translational start codon provided by Dr. Ji Young Park of the Mansfield lab (the full
details are listed in Table 3.1). The kanamycin resistance gene was also replaced by a sulfadiazine
resistance gene for the screening of putative transformants. C-terminal and N-terminal YFP fusions
(SuSylpro::SuSyl::YFP, SuSy4pro::SuSy4::YFP, SuSylpro::YFP::SuSyl and
SuSy4pro::YFP::SuSy4) were transformed into chemically competent DHS5a E. coli and sequenced.
All constructs were transformed independently into susl/sus4 double mutant or plant line
containing 35Spro::VND7::VP16::GR (Yamaguchi et al., 2010) using Agrobacterium tumefaciens
(strain GV3101). Positive lines were identified by growth on half-strength MS medium
supplemented with 5 mg/L sulfadiazine, and the five lines with the brightest YFP signal were

selected for further analyses.

2.2.5 Chlorophyll content analysis

Rosette leaves which were larger than 2 cm and showed signs of chlorosis were selected for
analysis. The Chlorophyll Content Index (CCI) was measured on excised leaves, at the leaf tips
where chlorosis was visually apparent, using a Chlorophyll Content Meter CCM-200
(OPTISCIENCE, USA) by determining the absorbance of plant leaves at two wavelengths (931
nm & 635 nm). The CCl is the ratio of transmission of radiation from a light emitting diode (LED)
centered at 931 nm to transmission of radiation from an LED centered at 653 nm (CCM-200 user
manual). Data were collected from three leaves of each plant and four individual plants

representing each line.
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2.2.6  Soluble carbohydrate analysis

After five days of the flooding treatment, rosette leaves of WT and mutant leaves were harvested
and immediately flash-frozen in liquid nitrogen (harvest consistently occurred 2-4 hours after the
end of dark period). Isolated leaves were ground using a mortar and pestle and freeze-dried
overnight. Soluble sucrose was extracted from 10-12 mg of freeze-dried tissue using 1 mL
methanol:chloroform:water (12:5:3) incubated at 4 <C overnight. On the following day, samples
were centrifuged for 10 minutes at 6,000 rpm, and the supernatant was transferred to a new tube.
The extraction was repeated two more times to collect any residual sugar, and the supernatants
were pooled. The pellet was dried at 55 <C overnight and used for subsequent starch analysis. To
partition the solvents, 1 mL of deionized water was added to the supernatants prior to vortexing
and centrifuging for 4 minutes at 4,000 rpm. The top phase containing soluble sugars was
subsequently collected. 2 mL of this phase was then dried in a vacuum centrifuge overnight, and
the pellet re-suspended in 0.5 mL deionized water and filtered through a 0.45 pum syringe filter
into a high-performance liquid chromatography (HPLC) vial. The soluble sugar concentration was
quantified by an anion-exchange HPLC (ICS-5000; Dionex, Sunnyvale, CA) fit with a
Dionex™ CarboPac™ PA1 column and apulsed amperometric detector and a gold
electrode. Sugars were eluted with 16 mM NaOH, 2 mM NaOAc at a flow rate of 0.8
mL/minute. The concentration of soluble sugar was determined using a calibration standard curve

generated with known sucrose concentrations.
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2.2.7  Starch analysis

For starch measurement, the residue pellet from soluble sugar extraction was weighed and
hydrolyzed in 1 mL 4% H2SO4 at 121 <C for 5 minutes. After centrifuging at 500 rpm for 5
minutes, the supernatant containing liberated glucose was subsequently collected. 760 uL sample
and 40 pL fucose stock (5 mg/mL; used as internal standard) were weighed and passed through
0.45 pum syringe filter into HPLC vial. Glucose content was determined by HPLC fit with a
CarboPac™ PA1 column and an electrochemical detector. Carbohydrate was eluted using water
at the flow rate of 1 mL/minute. The starch content was quantified using a calibration standard

curve generated with known glucose concentrations.

2.2.8  Microscopy

Live-cell imaging was performed on a Leica DMI 6000 B inverted microscope with a Perkin EImer
Ultraview VoX Spinning Disk scan head with excitation/emission wavelengths of 514 nm/540 nm
respectively, for visualization of all SuSy-YFP fusions. Images were captured on a Hamamatsu
9100-02 CCD camera using Volocity 6.3 software (Improvision) and processed using Image J

software (National Institutes of Health; http://rsb.info.nih.gov/ij/). Cell wall staining was

conducted using propidium iodide (Pl) by incubating 7-day-old seedlings in 10 pg/mL PI
(dissolved in water) for 5 minutes, followed by thorough washing and mounted in water prior to
imaging. Pl was subsequently detected using the 561 nm laser lines and the 595 nm emission
filters. Sieve plates were labelled using 0.01% aniline blue (in water) for 10 minutes in the dark

and then rinsed with water, mounted in water prior to imaging (Thompson and Wolniak, 2008).
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Aniline blue was subsequently detected by the 405 nm laser and observed with the 540 nm

emission filters.

2.2.9 Tissue collection and preparation

For visualizing thin cross-sections of stems and petioles, inflorescence stems from 5-week-old
Arabidopsis plants (approximately 3 cm from the base of a stem) and rosette leaves (both smaller
sink leaves and larger source leaves) were hand-sectioned using a double-sided razor blade. A
sliding benchtop microtome (American Optical, Model #860) was employed to cut 60-100 um-
thick longitudinal sections of petiole and silique containing vascular bundles. SuSy transgenic
seedlings were grown on half-strength MS medium for 7 days in the condition described above,
and entire seedlings were mounted in water prior to imaging. Seedlings containing both
35Spro::VND7::VP16::GR and SuSy YFP fusions were germinated on germination media (1x MS,
1% sucrose, 1x Gamborg’s Vitamin mix, 0.05% MES, 0.8% agar at pH 5.8) for 5 days. 10 uM
dexamethasone (diluted in half-strength MS liquid solution, Sigma) was added to the plates for 12

to 24 hours to induce the differentiation of protoxylem tracheary elements.

2.3 Results

2.3.1 Expression of SuSy in Arabidopsis stems

Since the Arabidopsis stem is largely composed of fibers, which in turn is dominated by cellulose
biosynthesis, the stem is a very suitable model to study cellulose biosynthesis in Arabidopsis.
SuSyl and SuSy4 have previously been identified as the most highly expressed stem isoforms

(Bieniawska et al., 2007). Consistent with these findings, our assessments of the transcript
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abundance of all six SuSy genes were measured relative to UBQ5 in 6-week-old Arabidopsis stems
using real-time quantitative PCR, and showed that SuSyl exhibited the highest transcript levels
(Figure 2.1). SuSy4 transcripts were 15% lower than SuSy1, but twice that of SuSy6. In contrast,
SuSy2 and SuSy3 expression was barely detectable, while SuSy5 was very low. Therefore, as the
dominant genes expressed in the stem, SuSyl and SuSy4, were selected to test their putative roles

in cellulose synthesis and deposition.
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0.002 |

Relative gene expression to Ubqg5
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: = h N

SuSyl SuSy2 SuSy3 SuSy4 SuSy5 SuSy6

Figure 2.1 Transcript abundance of all six Arabidopsis SuSy isoforms in stems of 6-week-old plants. Transcripts
were measured by real-time quantitative PCR using primers listed in Table 2.1. Means +SE are calculated

from three biological replicates.
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2.3.2 Phenotypes of susl/sus4 double knock out mutant plants

Under normal growing conditions, susl/sus4 exhibited no obvious growth phenotypes compared
to WT plants, except for a mild prevalence of chlorosis (Figures 2.2). In addition, soluble sugar
and starch content of inflorescence stems and rosette leaves showed no significant difference from
WT (Figure 2.3, Figure 2.4 and Figure 2.5). In contrast, under hypoxic conditions, reduced growth
rates (Table 2.2) and significantly elevated soluble sugar and starch content (Figure 2.6 and Figure
2.7) were observed in the rosette leaves of susl/sus4 mutant, which is largely consistent with the
report of Bieniawska et al. (2007). susl/sus4 and WT plants were subject to five days continuous
flooding, alongside plants grown in well-aerated conditions as a control. The maximum rosette
leaf size was measured at the beginning and the end of treatment. After five days of flooding, the
overall increase in rosette size in WT plants was 1.16 0.09 cm, while sus1/sus4 double mutants
were more severely affected by hypoxia, showing on average, an increase in rosette size of 0.44 +
0.06 cm (Table 2.2). Compared to untreated plants, the final rosette size of flooded WT was

reduced by 4.7% and sus1/sus4 was reduced by 60.2%.
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Figure 2.2 Representative 6-week-old WT and susl/sus4 mutant plants grown under the same conditions,
clearly showing chlorosis in susl/sus4 double mutants (A). Chlorophyll Content Index (CCI) of the rosette leaf
of susl/sus4 and WT (B). Results are the means =SE of three replicates from each of four individual plants

(n=4). Asterisks indicate significant difference (** p-value < 0.01) from WT plants using a Student t-test.
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Figure 2.3 Soluble sugar content of rosette leaves from 6-week-old Arabidopsis. White bars represent WT
plants, while grey bars represent susl/sus4 double mutants. Data are means = SE calculated from four

individual plants per line. There is no significant difference from WT according to a Student t-test.
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Figure 2.4 Soluble sugar content of inflorescence stems from 6-week-old Arabidopsis. White bars represent WT
plants while grey bars represent susl/sus4 double mutants. Data are means = SE calculated from four

individual plants per line. There is no significant difference from WT according to a Student t-test.
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Figure 2.5 Starch content of stems and rosette leaves from 6-week-old Arabidopsis. White bars represent WT
plants, while grey bars represent susl/sus4 double mutants. Data are means * SE calculated from four

individual plants per line. There is no significant difference from WT according to a Student t-test.
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Figure 2.6 Leaf soluble sugar content of 4-week-old Arabidopsis after five days flooding. White bars represent
WT, while grey bars represent susl/sus4 double mutants. Data are means =SE calculated from four individual
plants per line. Asterisks indicate significant difference (* p-value < 0.05, ** p-value < 0.01) from WT plants

using a Student t-test.

44



18.00 *x

16.00 -[

14.00 l
12.00

10.00 [

8.00

—

6.00

Starch content (% dry weight tissue)

4.00

200 r

0.00

WT susl/sus4

Figure 2.7 Leaf starch content of 4-week-old Arabidopsis following five days flooding. Data are means +=SE
calculated from four individual plants per line. Asterisks indicate significant difference (** p-value <0.01) from

WT plants using a Student t-test.
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Table 2.2 Partial complementation of susl/sus4 mutant rosette leaf growth phenotype by SuSy1- or SuSy4-YFP
fusion constructs. 4-week-old WT, susl/sus4, and two independently transformed transgenic SuSy1 and SuSy4
lines were subjected to flooding by maintaining degassed water above the surface of the soil for five consecutive
days. The control plants represent plants without flooding and were watered only when necessary. Rosette leaf
sizes were measured on the 1t and 5™ day of growth. Mean (SE) values are calculated from at least three
individual plants per line. Asterisks indicate significant difference (* corrected p-value < 0.05, ** corrected p-
value < 0.01) of rosette size gain (Column A and Column B) using the Benjamini-Hochberg (Benjamini and

Hochberg, 1995) corrected Student t-test.

Flooding Control
Line Rosette size Rosette size Size gain Rosette size Rosette size Size gain % reduction
at first day after 5 days (A) at first day after 5 days (B) in rosette
size gain
(1-A/B)x100
WT 3.24(0.08) 4.40(0.10) 1.16(0.09) 3.06(0.14) 4.27(0.13) 1.21(0.07) 4.71
susl/sus4 2.90(0.11) 3.34(0.09)  0.44(0.06)**  2.80(0.26) 3.90(0.14) 1.10(0.12) 60.23
SuSylpr::SuSyl::YFP1 2.96(0.16) 3.66(0.09) 0.70(0.12)** 2.97(0.37) 3.93(0.44) 0.97(0.13) 27.59
SUSYLpo::SUSYL::YFP2  2.50(0.15) 3.13(0.15)  0.63(0.09)**  2.65(0.23) 4.00(0.07) 1.35(0.14) 53.09
SuSY4pro::SuSy4::YFP1 3.15(0.06) 3.88(0.13) 0.73(0.10)** 2.60(0.11) 3.53(0.05) 0.93(0.14) 21.62
SUSY4po::SUSY4::YFP2  3.10(0.17) 4.03(0.22) 0.93(0.12) 2.68(0.13) 3.70(0.25) 1.03(0.19) 9.76

2.3.3 SuSyl and SuSy4 are not present in the VND7-induced tracheary elements

Arabidopsis SuSy1 (At5g20830) and SuSy4 (At3g43190) coding sequences were cloned and fused
to either a C-terminal or N-terminal YFP fluorescence tag. Constructs were placed under the
regulation of the respective Arabidopsis SuSyl or SuSy4 promoters. To examine the interaction of
SuSyl1 and SuSy4 with CesA during secondary cell wall formation, a vascular-related NAC
domain 7 (VND7) inducible protoxylem tracheary element (TE) differentiation system was

employed. Previous study has demonstrated that the overexpression of Arabidopsis VND7
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transcript factor could induce the transdifferentiation of seedling cells into protoxylem TE (Kubo
et al., 2005). In this system, VND?7 is paired with an inducible transcriptional activator, the viral
protein 16 (VP16) coupled with a glucocorticoid receptor (GR; Yamaguchi et al., 2010). Upon
induction with dexamethasone (DEX), even the epidermal cells in Arabidopsis seedlings could
differentiate into TE, which permits high-resolution imaging of proteins expressed in the TE. All
SuSy YFP fusions were transformed into Arabidopsis line carrying VND7-VP16-GR and
transgenic plants showed good signal confined to the vasculature of seedling roots (Figure 2.8).
However, no YFP signal of either SuSy1 and SuSy4 was detected in the induced TE cells (Figure
2.9), indicating that SuSy1 and SuSy4 are not upregulated during protoxylem TE secondary cell

wall formation.
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Figure 2.8 Localization of SuSyl and SuSy4 YFP fusions in the roots of 7-day-old seedlings. Images showing

that N-terminal and C-terminal YFP fusion proteins of AtSuSy1 (A-F) and AtSuSy4 (G-L) were detected in the
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vasculature of roots. (A, D, G, J) YFP fluorescence panels, (B, E, H, K) bright field images, (C, F, I, L) merged

images of YFP fluorescence and bright field images. Bars=10 pm.

SuSyTpro:SuSy1::YFP

SuSy4pro::SuSy4::YFP SuSy4pro::YFP::SuSy4

Figure 2.9 No YFP signal was detected in the VND7-induced Arabidopsis seedlings tracheary elements. In the
5-day-old Arabidopsis seedlings carrying both VND7-VP16-GR and SuSy-YFP, after induction with DEX, YFP
signal of SuSy1 and SuSy4 was not detectable in the transdifferentiated protoxylem TE cells. A-D are YFP

fluorescence panels and inserted images are bright field images showing transdifferentiated TE. Bars=10 pm.
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2.3.4 Spatiotemporal localization of SuSyl and SuSy4

The same four constructs were also transformed into sus1/sus4 double mutants and all transgenic
lines showed strong YFP fluorescence. Lines expressing C-terminal YFP fusions were used for
further research, and the functionality of fusion proteins was tested by examining the level of the
functional complement of the sus1/sus4 loss-of-function mutants. In general, individual SuSy-YFP
fusions partially rescued the sus1/sus4 phenotypes: demonstrating partial recovery of the observed
leaf chlorosis (Figure 2.10) and the reduced growth rate (Table 2.2). Complete recovery of the
cellular soluble sucrose was observed under hypoxic conditions (Figure 2.11). However, three out
of four SuSy transgenic lines failed to recover starch content (Figure 2.12). Subsequently, live-cell
imaging was performed to visualize the distribution of SuSyl and SuSy4 via spinning disk
confocal microscopy. Consistent with previous results in the VND system, the YFP signal was not
detectable in the xylem of any organ examined, including leaves (Figure 2.13), stems (Figure 2.14),
siliques (Figure 2.15) and roots (Figure 2.16). Instead, SuSyl and SuSy4 fusion proteins were
consistently shown to be abundantly present in phloem tissue. In the roots of 7-day-old-seedlings,
protoxylem cells were stained with propidium iodide and the fluorescently-tagged SuSy signal was
observed specifically in the phloem poles (Figures 2.16). In addition, unlike SuSy1, SuSy4 signal
was present at the root tips (Figure 2.17). SuSy1 and SuSy4 were also found in the funiculus, and
only SuSy1 was shown to be present in the unloading domain of seeds at the end of a funiculus

(Figure 2.18).
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Figure 2.10 Chlorophyll Content Index (CClI) of the rosette leaves from susl/sus4, WT, and SuSy transgenic
plants grown under the same conditions. Results are the means +SE of three technical replicates from each of
four individual plants (n=4). Asterisks indicate significant difference (* corrected p-value < 0.05, ** corrected

p-value < 0.01) from WT plants using a Benjamini-Hochberg corrected Student t-test.
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Figure 2.11 Leaf soluble sucrose content of 4-week-old susl/sus4, WT and transgenic lines containing SuSy-
YPF after five days flooding. Data are means £SE calculated from four individual plants per line. Asterisks
indicate significant difference (* corrected p-value < 0.05, ** corrected p-value < 0.01) from WT plants using a

Benjamini-Hochberg corrected Student t-test.
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Figure 2.12 Leaf starch contents of 4-week-old sus1/sus4, WT and transgenic lines after five days flooding. Data
are means = SE calculated from four individual plants per line. Asterisks indicate significant difference (*

corrected p-value < 0.05) from WT plants using a Benjamini-Hochberg corrected Student t-test.
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Figure 2.13 Confocal images of AtSuSyl-YFP and AtSuSy4-YFP in the cross sections of leaf petioles of
transgenic Arabidopsis. Images showing YFP signal of SuSyl (A-C) and SuSy4 (D-F) in the phloem of petioles
(Arrowheads). (A, D) YFP fluorescence panels, (B, E) bright field images, and (C, F) merged images of YFP

fluorescence and bright field images. Bars=50 pm.
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Figure 2.14 AtSuSyl1-YFP and AtSuSy4-YFP were localized in the phloem of stems of transgenic Arabidopsis
plants. Images showing YFP signal of SuSyl (A-C) and SuSy4 (D-F) in the phloem of inflorescence stem cross
sections (Arrowheads). (A, D) YFP fluorescence panels, (B, E) bright field images, and (C, F) merged images

of YFP fluorescence and bright field images. Bars=50 pm.
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Figure 2.15 Phloem localization of AtSuSy1-YFP and AtSuSy4-YFP in silique walls. Longitudinal sections of
silique walls showing SuSy1 (A-C) and SuSy4 (D-F) in the phloem and not in protoxylem cells (Xy). A and D
represent channels of YFP fluorescence, while B and E are bright field images, and C and F are merged images

of YFP panels and bright field images. Bars=10 pm.

Figure 2.16 Phloem localization of AtSuSyl-YFP and AtSuSy4-YFP in the roots of 7-day-old Arabidopsis
seedling. YFP labelling of AtSuSy1 (A) and AtSuSy4 (C) in the phloem of roots. Sections showing AtSuSy1 (B)
and AtSuSy4 (D) were confined to the phloem poles (white arrows). Propidium iodide staining (magenta) was

used to label protoxylem (blue arrowheads). Bars=10 pm.
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Figure 2.17 Localization of AtSuSy1-YFP and AtSuSy4-YFP in the roots of 7-day-old seedlings. Images showing
AtSuSy4 (D-F) present in the root tips, while AtSuSy1 (A-C) was not detectable. (A, D) YFP fluorescence panels,

(B, E) bright field images, (C, F) merged images of YFP fluorescence and bright field images. Bars=10 pm.
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Figure 2.18 Different spatial localization of AtSuSy1-YFP and AtSuSy4-YFP in Arabidopsis seeds. AtSuSy1 was
detected in the funiculus (arrowheads) and unloading zone (arrows) of seeds (A-C), and AtSuSy4 was found in
the funiculus (D-F) as indicated by arrowheads (I and J). (A, D) YFP fluorescence panels, (B, E) bright field

images, (C, F) merged images of YFP fluorescence and bright field images. Bars=50 pm.

2.3.5 SuSyl and SuSy4 were confined to companion cells

To further examine the precise localization of SuSy1 and SuSy4 proteins, thin longitudinal sections
of leaf petioles that allowed single cell imaging were employed. SuSyl and SuSy4 were
extensively detected in cells showing the morphology typical of companion cells (Figures 2.19 A
and B), which differ from sieve elements as they inherently contain nuclei and vacuoles. To

support this observation, the identity of these cells was confirmed with aniline blue staining, which
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specifically labels the callose enriched sieve plates of sieve elements (Figure 2.19 C and D).
Interestingly, both SuSy-YFP fusion proteins were consistently observed to be streaming within

the cytoplasm of the companion cells, as shown by time-lapse video (Movie S1).
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Figure 2.19 AtSuSy1-YFP and AtSuSy4-YFP were specifically localized to the companion cells. Longitudinal
sections of transgenic Arabidopsis leaf petioles showing AtSuSyl (A) and AtSuSy4 (B) in companion cells
containing numerous intracellular organelles. Associated sieve plates were stained with aniline blue

(arrowheads) in panels showing YFP signal of AtSuSy1 (C) and AtSuSy4 (D). Bars=10 pm.

2.4 Discussion
Previous studies (Amor et al., 1995; Haigler et al., 2001; Koch, 2004), including several textbook
models (Taiz and Zeiger, 2010) have proposed that SuSy is part of, or interacts directly with, the

cellulose synthase complex at the plasma membrane to channel UDP-glucose derived from sucrose
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directly to growing cellulose polymer synthesized into the apoplast. To investigate the putative
model, we used Arabidopsis xylem, located near the base of growing stem, a tissue with a high
demand for UDP-glucose for the biosynthesis of cellulose (among other carbohydrates), to localize
SuSy isoforms. We employed the VND7 inducible protoxylem tracheary element differentiation
system to track SuSy protein during secondary cell wall formation. Surprisingly, no YFP signal
associated with SuSyl and SuSy4 was detected in induced TE cells. Live-cell imaging of
fluorescently-tagged SuSy was thus carried out in several xylem-producing plant tissues including
stems, leaves, siliques, and roots using confocal microscopy. Our results clearly demonstrated that
neither SuSy1 nor SuSy4 was detectable in xylem, and more importantly, they were exclusively

expressed in the phloem.

Consistent with Bieniawska et al. (2007), susl/sus4 double mutant plants exhibited no obvious
growth phenotype when grown in well-aerated conditions, with the exception of slight levels of
chlorosis, but showed significantly reduced growth rate and accumulation of soluble carbohydrates
when subjected to flooding. Similar phenomena were also apparent in maize mutants lacking SuSy
activity, which showed root death only during anoxic growth conditions (Ricard et al., 1998). In
addition, elevation of SuSy transcript abundance and activity in response to hypoxic conditions
has been reported in Arabidopsis (Baud et al., 2004; Bieniawska et al., 2007), as well as in wheat
(Albrecht and Mustroph, 2003) and potato (Biemelt et al., 1999). This specific response (SuSy
induction) has been proposed to be biologically beneficial under these conditions, as it offers an
energetically more efficient way to supply UDP-glucose to biological processes: requiring a single

enzymatic step via SuSy, while sucrose hydrolysis via invertases requires several additional
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biochemical conversions for the formation of UDP-glucose (Canam et al., 2006). Thus, under
anaerobic stress and limited ATP supply, the SuSy pathway of sucrose cleavage may be favoured
in some plants. Evidence supporting this claim includes the observed rapidly decreasing ratio of
INV-SuSy activity when maize roots (Zeng et al., 1999) and rice seedlings (Guglielminetti et al.,
1995) were exposed to low levels of oxygen. Moreover, leaf chlorosis has been associated with
inhibition of phloem loading (Zhang et al., 2014). In this study, leaf chlorosis was obvious in six-
week-old susl/sus4 plants, indirectly supporting the putative role of these two SuSy isoforms in

phloem loading in Arabidopsis.

In support of this claim, our live-cell imaging data clearly shows that SuSyl and SuSy4 were
exclusively localized to phloem companion cells, and were not present in the xylem of the tissues
examined. Moreover, it was apparent that both isoforms were actively streaming in the cytoplasm
of these cells (Movie S1). The current findings confirm early observations of SuSy1 activity within
phloem cells (Martin et al., 1993). Furthermore, companion cell-specific localization of SuSy has
been previously reported in leaves of rice (Oryza sativa), maize (Zea mays), Arabidopsis, and
citrus (Citrus paradise) by immunohistochemistry studies (Nolte and Koch, 1993; Fallahi et al.,
2008; Regmi et al., 2016). Our current study uniquely examined the tissue and subcellular
localization of all (this Chapter and Chapter 3) SuSy isoforms. These findings, therefore, provide
further insight into the potential role of SuSy in the energy-dependent sucrose loading. In
Arabidopsis, sucrose is believed to be actively loaded into the phloem from the apoplast via a
plasma membrane-localized AtSUC2 H*-sucrose symporter inherent to companion cells (Stadler

and Sauer, 1996). This symporter has been proposed to be important not only for phloem loading

61



in the source tissues, but also for sucrose retrieval during long-distance transport (Truernit and
Sauer, 1995; Stadler and Sauer, 1996; Gottwald et al., 2000). Our data suggest that the distribution
pattern of the SuSy isoforms is similar to that of AtSUC2 (and other potential H*-sucrose
symporters). Therefore, a more likely role for SuSy1 and SuSy4 is the production of ATP required
for active sucrose loading. In addition, we provide evidence that SuSyl was highly expressed in
the symplastic unloading zone at the end of a funiculus (Figure 2.18). In Arabidopsis, sucrose
unloading at the terminal ends of phloem tissue has been reported to be mainly symplastic, as
observed in anthers (Imlau et al., 1999), developing seeds (Imlau et al., 1999; Stadler et al., 2005a),
and root tips (Stadler et al., 2005b). Though the exact function of SuSy in this passive diffusion
mechanism is not clear, one possibility is that the sucrose concentration, modulated by SuSy, may
regulate the efficiency and extent of symplastic carbohydrate unloading. Only SuSy4 activity was

detected in the root tips, where it may regulate the cell division by changing cell osmolarity.
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Chapter 3: Investigation of spatiotemporal localization of Arabidopsis SuSy2,

SuSy3, SuSy5 and SuSy6

3.1 Introduction

Sucrose derived from photosynthesis is broken down either by sucrose synthase or invertase. SuSy
alone has been implicated in different functional roles in cellular metabolism, including supplying
carbon for plant respiration, synthesis of secondary metabolites, synthesis of starch and the
precursor for the biosynthesis of cellulose and callose (Haigler et al., 2001; Munoz et al., 2005;
Verbancic et al., 2018). In addition, SuSy activity is thought to be important for determining sink
strength. In the widely cited model of cellulose biosynthesis, SuSy is suggested to be tightly
associated with cellulose synthase complex at the plasma membrane to channel UDP-glucose

directedly to cellulose biosynthesis (Amor et al., 1995; Koch, 2004; Verbancic et al., 2018).

Arabidopsis contains six SuSy genes that exhibit distinct spatiotemporal expression profiles. It has
been reported that SuSy2 is specifically induced in seeds at early maturation phase, but barely
detectable in other tissues (Bieniawska et al., 2007; Nunez et al., 2008). Similarly, SuSy3 has been
shown to be highly expressed in seeds during late maturation phase and has also been detected in
the root vasculature (Bieniawska et al., 2007; Angeles-Nunez and Tiessen, 2010). Furthermore, in
rosette leaves, SuSy3 has been shown to be confined to the guard cells of stomata, as shown by
GUS staining (Bieniawska et al., 2007). In addition, the transcript abundance of SuSy3 has been

shown to be induced by environmental stresses, including dehydration and sugar feedings (Baud
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et al., 2004). In contrast, SuSy5 and SuSy6 were shown to be more widely expressed and no
transcriptional difference was detected in response to stress (Baud et al., 2004). Moreover, it has
consistently been reported that no single mutant of Arabidopsis SuSy exhibited an obvious growth
phenotype and double mutant plants lacking homologous pairs (similar isoforms) were also not
significantly different from WT plants (Bieniawska et al., 2007). The importance of SuSy in
Arabidopsis growth and development has been questioned, as quadruple mutants
(susl/sus2/sus3/sus4) were indistinguishable from WT in all aspects of growth, cellulose content
and cell wall structure (Barratt et al., 2009). However, Fallahi et al. (2008) reported that SuSy2 and
SuSy3 were functional in seeds, since single knockouts of SuSy2 and SuSy3 exhibited different
metabolic profiles at specific stages of seed development. Thus, SuSy2 and SuSy3 have been
subsequently implicated in maintaining metabolite homeostasis and starch biosynthesis of seeds.
In contrast, SuSy5 and SuSy6 have been shown to be confined to phloem sieve elements where

they are proposed to play a specific role in callose synthesis (Barratt et al., 2009).

Seeds are an important sink of plants, and seed development is a vital process in the life cycle of
higher plants. Three distinct stages of seed development have been characterized, including:
morphogenesis, maturation and metabolic quiescence of the embryo (Baud et al., 2002; Figure
3.1). During early morphogenesis (until 6 days after flowering), the embryo establishes the basic
architecture of a plant through a series of cell divisions. In the second phase of development
(maturation), embryo cells undergo a period of cellular expansion, differentiation, as well as the
synthesis of storage compounds, including nitrogen (proteins) and carbon compounds (lipids and

starch; Baud et al., 2002). Finally, the embryo becomes metabolically quiescent and cellular
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respiration is shut down, which enables seeds to be stored for a long period of time (Kermode et
al., 1985). Arabidopsis seeds are composed of three parts: seed coat, endosperm and embryo.
During the early stage of embryogenesis, rapid cell division occurs to establish the morphology of
the embryo. The morphogenesis phase ends at five or six days after flowering (DAF), when the
embryo reaches the heart stage (Mayer et al., 1991). From the torpedo stage (7 DAF) to the mature
cotyledon stage (10 DAF), the endosperm is almost absorbed by the enlarged embryo, which
finally occupies all free space within the integument (Baud et al., 2002). In contrast, during the
maturation phase, the embryo undergoes cell expansion and accumulation of storage product,
characterized by a rapid increase in seed dry weight (Baud et al., 2002; Fait et al., 2006). The seed
coat consists of five cell layers (Western et al., 2000; Haughn and Chaudhury, 2005), and during
differentiation, epidermal cells synthesize and deposit mucilage in the apoplast adjacent to the
radial and tangential cell walls, forming a donut-shaped mucilage pocket surrounding a volcano-
shaped cytoplasmic column. Later, a cellulose-rich secondary cell wall (columella) is subsequently
deposited beneath the mucilage pocket, replacing the cytoplasm. Starch accumulates temporarily
in the seed coat and embryo to be remobilized later for use in the biosynthesis of lipid, storage
protein, and mucilage (da Silva et al., 1997; Lin et al., 2006; Angeles-Nunez and Tiessen, 2010).
The endosperm plays a key role in providing nutrients for embryo growth during seed development
or to seedlings during early germination and establishment (Yan et al., 2014). Development of the
endosperm can be divided into several phases, including the formation of nuclear endosperm,
cellularization, differentiation, maturation, and cell death (Kang et al., 2008; Yan et al., 2014). At
seed maturity, the endosperm is absent in seeds of some species, but in Arabidopsis a thin layer of

endosperm tissue is retained (aleurone layer; Muller et al., 2006; Lee et al., 2012).
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In the previous chapter (Chapter 2), | suggested that AtSuSy1 and AtSuSy4 were not observed in
xylem and not directly associated with cellulose biosynthesis, but were specifically localized to
phloem companion cells of all tissues examined in Arabidopsis. To examine the possibility that in
the absence of SuSyl or SuSy4, one of the other four SuSy isoforms acts redundantly and thus
provides UDP-glucose in xylem and therefore facilitates cellulose biosynthesis as the largely
accepted model implies, | investigated the spatiotemporal localization of YFP fusions of SuSy2,
SuSy3, SuSy5 and SuSy6 via live-cell imaging. In addition, | performed immunofluorescent
labelling on the cross sections of Arabidopsis stem and petiole with an anti-soybean SuSy immune
serum to confirm the results of live-cell imaging. The data showed that none of the four SuSy
isoforms was detectable in the developing xylem of the tissues examined, including roots, leaves,
stems, and siliques. In contrast, SuSy5 and SuSy6 were identified to be confined to the sieve
elements of phloem, and SuSy2 and SuSy3 were confirmed to be highly expressed in developing
seeds. In addition, SuSy signal was observed in phloem tissue through the immunolocalization
studies. Our results bring into question the current model of cellulose biosynthesis in Arabidopsis,

and help to define a functional and biological role for SuSy in Arabidopsis development.

3.2 Methodologies

3.2.1 Genomic DNA extraction

50-200 mg of fresh tissue was ground in liquid nitrogen and immediately immersed in 1 mL CTAB
buffer (2% (w/v) CTAB [Sigma], 1.4 M NaCl, 20 mM EDTA, 100 mM Tris-HCI, 1% PVP, 2-

mercaptoethanol, pH 8.0). Samples were incubated at 65 <T for 30 to 60 minutes and then
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centrifuged at 13,000 rpm for 10 minutes. The supernatant was subsequently transferred to a new
tube and one volume of phenol:chloroform:isoamyl alcohol was added to each tube, mixed
thoroughly and centrifuged at 13,000 rpm for 10 minutes. The supernatant was collected and half
a volume of isopropanol was added to precipitate the DNA by centrifugation. The resulting pellet
was washed with 500 L 70% ethanol and air dried for approximately 30 minutes. Finally, the
pellet was suspended in deionized water and stored at -20 <C for later use. The quick DNA
extraction method was employed to screen Arabidopsis homozygous mutants and transgenic

plants, according to Edwards et al. (1991).

3.2.2 RNAisolation and RT-PCR

Stems of mature Arabidopsis plants were harvested after 6 weeks of growth and ground in liquid
nitrogen in a mortar and pestle. RNA was extracted using the TRIzol® reagent (Invitrogen)
according to the manufacturer’s instructions and treated with TURBO DNase™ (Ambion) to
remove residual DNA. For RNA isolation from silique tissues, which are abundant in lipids and
starch, the PureLink® Plant RNA Reagent (Invitrogen) was employed according to the
manufacturer’s instructions. cDNA was synthesized using the iScript™ Select cDNA Synthesis
Kit (BIO RAD) with oligo-dT and random primers. The program conditions used to reverse

translate into cDNA were: 25 <C for 5 minutes, 60 <T for 60 minutes, and 85 <C for 5 minutes.

3.2.3 Plasmid construction
Synthesized cDNA isolated from the siliques of Arabidopsis thaliana Columbia-0 was used to

clone SuSy2 and SuSy3 coding sequences, while SuSy5 and SuSy6 were cloned from cDNA
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synthesized from stem tissue using primers listed in Table 2.1. All DNA sequences were cloned
into pDONR/Zeo vectors and sub-cloned into pH7YWG2 vectors containing YFP at the C-
terminus. The 35S promoter of pH7YWG2 vectors was replaced by the respective SuSy native
promoters, which contained approximately 2000 base pairs of the upstream region from the
translational start codon that were amplified from Arabidopsis genomic DNA. If the region
between the start codon of SuSy to the stop codon of the adjacent upstream gene was less than
2000 base pairs, the entire region was cloned. Restriction enzyme sites were added to the promoter
fragments for sub-cloning (the full details are listed in Table 3.1). All the constructs
(SuSy2pro::SuSy2::YFP, SuSy3pro::SUSy3::YFP, SuSySpro::SUSy5::YFP and
SuSy6pro::SuSy6::YFP) were transformed independently into WT plants using Agrobacterium
tumefaciens (strain GVV3101). Positive transformants were selected by positive growth on half-

strength MS medium supplemented with 20 mg/L hygromycin.
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Table 3.1 Primers used for amplification of SuSy promoter fragments

Gene  Promoter size  Restriction sites added  Orientation  Primer sequences (5 to 3")

SuSy1l 2090 bp Clal Forward TCTATCGATAAGTCAAGGTTAATC
Avrll (Xmajl) Reverse GCGCCT AGGTGATCCAAAAAAGA
SuSy2 600 bp Pmel (Mssl) Forward CTCGTTTAAACCGACTAAAGAATTCTG
Spel Reverse ~ CGCACTAGTGATTTTTTCTCAGAGG
SuSy3 1394 bp Pmel Forward CTCGTTTAAACCCGGATTGCCTCTATA
Spel Reverse ~ GCGACTAGTGAATATTCAGATGATCA
SuSy4 1960 bp Clal Forward GTGATCGATTTCTTCAACAAAGCCCTTCA
Avrll (Xmajl) Reverse CCTAGGTTCAAACACAATCACAAAGC
SuSy5 1731 bp Sacl Forward CTAGAGCTCAATGCTCATTGCTCG
Spel Reverse ~ GCGACTAGTTGTGTTATGTACCTTG
SuSy6 686 bp Pmel Forward CTCGTTTAAACACACAACAACGAAAGAG
Spel Reverse ~ CGCACTAGTAGAAACAACTGAAGATTC

3.2.4  Microscopy

Both live-cell imaging and immunohistochemistry analyses were performed on a Leica DMI 6000
B inverted microscope fitted with a Perkin Elmer Ultraview VoX Spinning Disk scan head with
excitation/emission wavelengths of 514 nm/540 nm for visualization of all SuSy-YFP, and 488
nm/525 nm for detection of Alexa 488. Images were captured on a Hamamatsu 9100-02 CCD
camera using Volocity 6.3 software (Improvision), and processed using Image J software (National

Institutes of Health; http://rsb.info.nih.gov/ij/). The plasma membrane was labelled with a 10 uM

FM™ 4-64 dye (Invitrogen) for 1 minute and then imaged directly, while the sieve plates were

labelled using 0.01% aniline blue for 10 minutes in the dark and then rinsed and mounted in water
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prior to imaging (Thompson and Wolniak, 2008). FM4-64 was subsequently detected using the
561 nm laser lines and the 595 nm emission filters, and aniline blue was excited by a 405 nm laser

and observed with the 540 nm detection filters.

3.2.5 Tissue collection and preparation

For visualizing thin cross-sections of stems and petioles, inflorescence stems from 5-week-old
Arabidopsis plants (approximately 3 cm from the base of a stem) and rosette leaves (both smaller
sink leaves and larger source leaves) were hand-sectioned using a double-sided razor blade. In
addition, a sliding benchtop microtome (American optical, Model #860) was employed to cut 60-
100 pm-thick longitudinal sections of petioles and siliques containing vascular bundles.
Arabidopsis seedlings were grown on half-strength MS medium for 7 days in the condition
described previously, and entire seedlings were mounted in water prior to imaging. To obtain a
thin cross section of Arabidopsis seed, the whole silique was sectioned using a double-sided razor
blade. Seeds of different stages were peeled using a needle, and were mounted in water under a
coverslip. The intact embryo was separated from the seed coat by gently pressing the coverslip.
The embryo was rinsed thoroughly in water prior to imaging. Plasmolysis was performed by

incubating intact embryos in 0.8 M mannitol for 10 minutes prior to imaging.

3.2.6  Western blotting
Approximately 200 mg Arabidopsis stems and rosette leaves were ground in liquid nitrogen and
used for protein extraction following a previously described procedure (Wang et al., 2006). Briefly,

samples were extracted with 1 mL 10% trichloroacetic acid in acetone, mixed well, and centrifuged
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at 13,000 rpm for 3 minutes at 4 <C. The supernatant was removed and 1 mL of 80% methanol
containing 0.1 M ammonium acetate was added. Samples were subsequently centrifuged at 13,000
rpm for 3 minutes at 4 <C and the supernatant discarded. Residual acetone was removed after air
drying at room temperature for at least 10 minutes. 1.2 mL of 1:1 phenol (pH 8.0, Sigma)/SDS
buffer (30% sucrose, 2% SDS, 0.1 M Tris, pH 8, 5% 2-mercaptoethanol) was subsequently added
to the tubes and incubated for 5 minutes. After centrifuging for 3 minutes at 13,000 rpm, the upper
phase of phenol was transferred to a new tube and mixed with 1 mL methanol containing 0.1 M
ammonium acetate. Samples were stored at -20 <C overnight and protein was collected by
centrifugation for 5 minutes at 13,000 rpm. Pellets were subsequently washed with 100% methanol
and then with 80% acetone, followed by centrifugation as above. Finally, the protein was air-dried
and suspended in SDS sample buffer (1% SDS in 0.1x phosphate buffer saline). Proteins were
quantified using DC™ Protein Assay (Bio-Rad) and diluted in SDS loading buffer. 15 pg
denatured protein was loaded onto an 8% SDS polyacrylamide gel (PAGE) using Mini Protean®
Tetra Cell system (Bio-Rad) and separated using 110 volts for 120 minutes. Proteins were
subsequently transferred to a nitrocellulose membrane using a Mini Protean® 3 Cell (Bio-Rad) at

20 V overnight.

After two, 5-minute washes in TBS plus Tween-20 (TTBS; 20 mM Tris, pH 7.6, 138 mM NaCl
with 0.01% Tween-20), the membrane was transferred to a blocking solution containing 5% (w/v)
nonfat dry milk (NFDM) in TTBS for one hour. The membrane was rinsed three times for 5
minutes with TTBS, and subsequently incubated with an anti-SuSy immune serum raised against

soybean root nodule SuSy (Zhang et al., 1999; Fedosejevs et al., 2014). The primary antibody was
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suspended in TTBS solution containing 1% (w/v) NFDM at a 1:5000 dilution and incubated at
room temperature for 1 hour. After washing for four times for 5 minutes in TTBS, the membrane
was incubated in a 1:20,000 dilution of Trial Superclonal™ secondary antibody (Goat anti-Rabbit
IgG, Thermo Fisher) conjugated with enhanced chemiluminescent (ECL) horseradish peroxidase
(HRP) for 1 hour. Finally, after four washes for 5 minutes with TTBS, the signal was developed
on CL-Xposure™ film (Thermo Fisher), with a SuperSignal West Pico Chemiluminescent

Substrate kit (Thermo Fisher) following the manufacturer’s instructions.

3.2.7  Immunohistochemistry

Arabidopsis inflorescence stem and petiole sections were cut and immediately immersed in a
formaldehyde fixative (pH 7.0, 50 mM PIPES, 4% formaldehyde) for 2 hours. Samples were
subsequently washed twice for 15 minutes with 50 mM PIPES buffer and dehydrated in a graded
ethanol series. Tissues were infiltrated in LR white resin (London Resin Company, Berkshire, UK)
and sectioned with a Leica Ultracut UCT Ultramicrotome (Leica Microsystems GMbH, Wetzlar,
Germany). To survey the morphology of each sample, thick sections (300 nm) were stained with
1% toluidine blue in 1% sodium borate and viewed under a Leica DMR microscope equipped with
a QICAM digital camera (QIMAGING). For immunofluorescent labelling, new sections were cut
and mounted on poly-L-lysine-coated slides (Electron Microscopy Science), and subsequently
blocked with 5% NFDM in Tris-buffered saline containing 20 mM Tris, 500 mM NaCl and 0.2%
Tween-20 (TBST) for 30 minutes. After a brief spray with TBST, sections were incubated with an
anti-soybean SuSy primary antibody as described above at a 1:20 dilution for 1 hour at room

temperature. Sections were rinsed twice for 10 minutes with TBST and incubated in a 1:200
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dilution of secondary anti-rabbit Alexa 488 antibody (Molecular Probes, Eugene, OR, USA) at
room temperature for 1 hour. Finally, after rinsing twice for 10 minutes with TBST, sections were
mounted in 70% glycerol and viewed under a Perkin Elmer spinning-disk confocal microscope. A

concurrent negative control was performed at 1:20 dilution using pre-immune rabbit serum.

3.3 Results

3.3.1 Spatiotemporal localization of SuSy2, SuSy3, SuSy5, and SuSy6

In order to examine the possibility that any one of the other four SuSy isoforms may be localized
to the xylem and enable the production of UDP-glucose directly from sucrose to facilitate cellulose
biosynthesis, C-terminal YFP fusion constructs of SuSy2, SuSy3, SuSy5 and SuSy6 were generated
(SuSy2pro::SuSy2::YFP, SuSy3pro::SuSy3::YFP, SuSy5pro::SuSy5::YFP, SuSy6pro::SuSy6::YFP)
and independently transformed into WT Arabidopsis, grown, and subsequently analyzed by
confocal microscopy. Live-cell imaging of seedling root tissues showed that SuSy3, SuSy5, and
SuSy6 were exclusively in the phloem (Figure 3.1 and Figure 3.2), while SuSy2 was absent or
undetectable (Figure 3.2). Similarly, cross sections from both the base and the top of the stem
clearly showed a phloem-specific localization of SuSy5 and SuSy6 (Figure 3.3). Furthermore, the
same distribution of SuSy5 and SuSy6 was found in leaf petioles and silique walls (Figure 3.4 and
Figure 3.5). In contrast, neither SuSy2 nor SuSy3 was detectable in the vascular bundles of the
stems (Figure 3.6), leaf petioles and silique walls (data not shown), but abundant in the developing
seeds (Figure 3.7, Figure 3.8 and Figure 3.9). Only SuSy3 was highly expressed in the guard cells
of leaf stomata, and the signals were confined to the cytoplasm (Figure 3.10). These observations

suggest that SuSy protein is not present in the xylem of Arabidopsis plants.
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Figure 3.1 Localization of AtSuSy5-YFP and AtSuSy6-YFP in 7-day-old Arabidopsis seedling roots. YFP signals
of SuSy5 (A-C) and SuSy6 (D-F) were detected in phloem and arrowheads indicate protoxylem. (A, D) YFP
fluorescence panels, (B, E) bright field images, and (C, F) merged images of YFP fluorescence and bright field

images. Bars=50 pm.
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Figure 3.2 Localization of AtSuSy2-YFP and AtSuSy3-YFP in 7-day-old Arabidopsis seedling roots. YFP signal
of SuSy2 (A-C) was not detected in roots and SuSy3 (D-F) was confined to the phloem of roots. (A, D) YFP

fluorescence panels, (B, E) bright field images, and (C, F) merged images of YFP fluorescence and bright field

images. Bars=50 pm.
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Figure 3.3 AtSuSy5-YFP and AtSuSy6-YFP were localized to the phloem of Arabidopsis stem cross sections.
Sections were cut 1 cm from the base of the stem of 6-week-old Arabidopsis plants, SuSy5 (A-C) and SuSy6 (D-
F) were specifically localized to the phloem (arrowheads). Insert images are phloem cells shown in higher
magnification and scale bars represent 5 pm. (G-1) Sections of the primary stem showing the localization of
SuSy6 in the phloem (arrowheads). (A, D, G) YFP fluorescence panels, (B, E, H) bright field images, and (C, F,

1) merged images of YFP fluorescence and bright field images. Bars=50 pm.
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Figure 3.4 AtSuSy5-YFP and AtSuSy6-YFP were confined to the sieve elements of Arabidopsis petioles.
Longitudinal sections of leaf petioles showing AtSuSy5 in mature sieve elements (A) and immature sieve
elements (B) containing vacuoles (Vac). AtSuSy6 was localized to mature sieve elements (C), where magenta

signal indicates the sieve plates (arrowheads) stained with aniline blue. Bars=5 pm.
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Figure 3.5 AtSuSy5-YFP and AtSuSy6-YFP were found in the sieve elements of Arabidopsis silique.
Longitudinal sections of silique walls showing YFP signals of SuSy5 (A-C) and SuSy6 (D-F) in phloem sieve
elements. (A, D) YFP fluorescence panels, (B, E) bright field images, and (C, F) merged images of YFP

fluorescence and bright field images. Bars=10 pm.
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Figure 3.6 No YFP signal for SuSy2 and SuSy3 was apparent in the vascular bundles of Arabidopsis
inflorescence stems. Images showing lack of AtSuSy2 (A-C) and AtSuSy3 (D-F) fluorescence in the cross-
sections of 6-week-old inflorescence stem. (A, D) YFP fluorescence panels, (B, E) bright field images, and (C,

F) merged images of YFP fluorescence and bright field images. Bars=50 pm.
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Figure 3.7 AtSuSy2-YFP was apparent in the seeds of transgenic Arabidopsis plants. Cross sections of seed at
13 DPA showing SuSy?2 in the embryo (arrowheads) and endosperm (arrows). (A) YFP fluorescence panels, (B)

bright field images, and (C) merged images of YFP fluorescence and bright field images. Bars=50 pm.
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13 DPA

17 DPA

Figure 3.8 AtSuSy2-YFP was clearly observed in the developing embryo of Arabidopsis from 10 DPA to 17
DPA. (A, D, G) YFP fluorescence panels, (B, E, H) bright field images, and (C, F, I) merged images of YFP

fluorescence and bright field images. Bars=50 pm.
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Figure 3.9 AtSuSy3-YFP was apparent in the developing embryo of Arabidopsis at 13 DPA and 17 DPA. (A, D)

17 DPA

YFP fluorescence panels, (B, E) bright field images, and (C, F) merged images of YFP fluorescence and bright

Figure 3.10 AtSuSy3-YFP was present in the guard cells of Arabidopsis leaf stomata. Images showing SuSy3 in

field images. Bars=50 pm.

the cytoplasm of guard cells. (A) YFP fluorescence panels, (B) bright field images, and (C) merged images of

YFP fluorescence and bright field images. Bars=10 pm.
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3.3.2 SuSyb5 and SuSy6 are restricted to sieve elements.

Again, longitudinal sections of leaf petioles were examined to determine the sub-cellular
localization of SuSy5 and SuSy6. Consistent with Barratt et al. (2009), SuSy5 and SuSy6 were
only apparent in the sieve elements, including both immature sieve elements containing vacuoles
and mature elements that are fully functional (Figure 3.4). These observations were further
confirmed by aniline blue staining of sieve plates (Figure 3.4 C). Interestingly, in the mature sieve
elements, YFP fusions appeared to be parietally positioned and largely accumulate as puncta, and
were distributed along the entire sieve element (Figure 3.4 A and C). In addition, SuSy5-YFP and
SuSy6-YFP fusions were immobile, as shown by time-lapse video (Movie S2). In contrast,
fluorescence occurred uniformly in the cytoplasm when the sieve element was immature (Figure
3.4 B). Employing the styryl dye FM4-64, which specifically labels the plasma membrane (Bolte
et al., 2004), the precise localization of SuSy5 and SuSy6 was determined. SuSy5 and SuSy6 were
restricted to the inner side of the plasma membrane, indicating a cytoplasmic localization of these
two proteins (Figure 3.11). This observation was most evident at the sieve plates, where the

plasmodesmata were also stained by FM4-64 (Figure 3.11 C and F).
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Figure 3.11 Cytoplasmic localization of AtSuSy5-YFP and AtSuSy6-YFP in sieve elements. Longitudinal
sections of Arabidopsis leaf petioles showing the subcellular localization of SuSy5 (A-C) and SuSy6 (D-F) in the
sieve elements stained with FM4-64. YFP signal of AtSuSy5 and AtSuSy6 are shown in panels A and D while
plasma membrane stained with FM4-64 shown in B and E. Merged images of SuSy-YFP and plasma membrane

stained with FM4-64 are shown in C and F. Plasmodesmata are indicated by arrows. Bars=5 pm.

3.3.3 SuSy2 and SuSy3 are highly expressed in developing seeds

To investigate the specific localization of SuSy2 in seeds, live-cell imaging was performed on the
cross sections of seed at 13 days post anthesis (DPA). Consistent with previous studies (Nunez et
al., 2008), SuSy2 was apparent in the embryo and endosperm (Figure 3.7). Surprisingly, no signal
was detected in the outer integuments of seed coat from 7 DPA to 13 DPA, when the mucilage
was secreted and secondary cell wall was deposited (Figure 3.12). In contrast, SuSy3 activity was
found in the embryo (Figure 3.9), but not in the endosperm and seed coat. To further study the
expression patterns of SuSy2 and SuSy3 in embryos during seed development, intact embryos
from 7, 10, 13 and 17 DPA were obtained and employed for live-cell imaging. SuSy2 activity was
not detectable at 7 DPA, but was abundant throughout the embryo from 10-17 DPA (Figure 3.8).

The signal faded quickly after 17 DPA. In contrast, SuSy3 activity was not detectable at 7 and 10
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DPA, while only a weak signal was observed at 13 DPA and the protein was present in abundance
throughout the embryo at 17 DPA (Figure 3.9). SuSy2 seemed to be largely localized to the inner
face of plasma membrane at 10 DPA, as shown by the colocalization of YFP signals with the
plasma membrane labelled by FM4-64 (Figure 3.13 C-E). Only a small amount of YFP signal was
detected in the cytoplasm, which was probably due to the formation of a large vacuole in embryo
cells during cell expansion (Figure 3.13 E). In addition, SuSy?2 activity was not found at the cell
wall after plasmolysis (Figure 3.13 F). At 13 DPA when Arabidopsis seeds are fully mature, SuSy?2
was largely present in the cytoplasm of embryo cells (Figure 3.14 A and B). Similarly, at 17 DPA,

SuSy3 activity was detected only in the cytoplasm (Figure 3.14 C and D).

7 DPA

13 DPA

Figure 3.12 AtSuSy2-YFP was not apparent in the epidermis of Arabidopsis seed coat from 7 DPA to 13 DPA.
(A) Starch-containing amyloplasts accumulated in the cells of outer integuments at 7 DPA. (C) Epidermal cells
synthesized and secreted a large quantity of mucilage, and secondary cell wall was subsequently deposited at
10 DPA. (E) At the end of seed maturation, the structure of epidermal cell was preserved by the mucilage and

columella. (A, C, E) bright field images, and (B, D, F) YFP fluorescence panels. Scale bars=10 pm.



Figure 3.13 AtSuSy2-YFP was largely localized to the inner face of plasma membrane in embryo cells at 10
DPA. The area indicated by the corresponding white box is represented in panels C-F. YFP signal of AtSuSy?2
is shown in panels B and C, while plasma membrane stained with FM4-64 (Magenta) is shown in D. Merged
images of SuSy2-YFP and plasma membrane stained with FM4-64 are shown in (E) while YFP signal of SuSy2

was apparent in the cytoplasm after plasmolysis (F). Bars= 50 pm in A and B, 10 pm in C-F.
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Figure 3.14 AtSuSy2-YFP and AtSuSy3-YFP were present in the cytoplasm of Arabidopsis embryo cells. The
areas indicated by the corresponding white boxes in panel A and C are represented separately in panels B and
D. Images show that at 13 DPA and 17 DPA, SuSy2 (B) and SuSy3 (D) were confined to the cytoplasm of embryo

cells. Bars=50 pm in A and C, 10 pm in B and D.

3.3.4 Immunolabelling supports SuSy localization to the phloem.
To confirm the results of live-cell imaging, immunofluorescent labelling was performed on cross
sections of Arabidopsis stems and petioles with an anti-soybean SuSy immune serum. Using

Western blotting, we first tested the cross-reactivity of the SuSy serum against total proteins
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extracted from Arabidopsis stems and leaves. A single dominant band at ~90 kDa was apparent
(Figure 3.15 G), which is consistent with the predicted size of the six Arabidopsis SuSy genes
which encode polypeptides of 92-106 kDa (all sharing high amino acid identity). Subsequent
immunolocalization was carried out, and SuSy was only observed in the phloem (Figure 3.15 C
and F). In contrast, no signal was detected at the same spot using the pre-immune serum (Figure
3.15 B and E). Fluorescence in xylem was likely due to non-specific binding, since a similar signal

intensity was observed in the pre-immune negative control.
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Figure 3.15 Immunofluorescent labelling of Arabidopsis petioles and stems confirming phloem localization of
SuSy. Morphology of the cross-sections of leaf petioles (A) and stems (D) stained with toluidine blue. Sections
treated with pre-immune serum (B and E) or anti-soybean SuSy immune serum (C and F) show the localization
of SuSy in the phloem. Fluorescence in the xylem of panels B, C, E and F was likely due to non-specific binding.
Areas indicated by the arrowheads are represented in insert images, showing the phloem labelling in higher
magnification. (G) Western blot showing the cross-reactivity of anti-soybean SuSy immune serum against total

protein extracted from Arabidopsis stems and leaves. Bars=20 pm in A-F, 5 pm in insert images.
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3.4 Discussion

In contrast to the companion cell specificity of SuSy1 and SuSy4, we show that SuSy5 and SuSy6
were confined to phloem sieve elements, consistent with Barratt et al. (2009). However, our high-
resolution imaging expands these findings to show that SuSy5 and SuSy6 occurred predominantly
as immobile puncta at the margin of sieve tubes, and were not co-localized at the plasma
membrane. These unique observations may be explained by the ultrastructure of a sieve element,
which has lost its nuclei, ribosome and vacuole during maturation, but still contains smooth
endoplasmic reticulum, plastids and P-protein (Knoblauch and van Bel, 1998; Cayla et al., 2015).
These organelles are usually embedded in an amorphous ground matrix that attaches to the plasma
membrane or P-protein filaments (Froelich et al., 2011). Thus, we propose that SuSy5 and SuSy6
are likely trapped in this parietal protein layer (see lack of movement in Movie S2), and play a
specific role in the cellular metabolism of sieve elements. Sieve plates provide connection among
adjacent sieve elements, and the callose lining of sieve plate pores is essential for normal phloem
transport (Barratt et al., 2011). SuSy5 and SuSy6 are therefore suggested to facilitate callose
synthesis, as double mutants displayed defects in callose lining of the sieve plates (Barratt et al.,
2009). Our subcellular localization supports these claims. In addition, via immunofluorescence,
SuSy has been shown to colocalize with H*-ATPases in sieve elements of castor bean tumor
(W&ehter et al., 2003). A sucrose transporter, AtSUC3, has been identified in the phloem sieve
elements and proposed to be responsible for the retrieval of sucrose during phloem transport
(Meyer et al., 2004). Therefore, we postulate that SuSy5 and SuSy6 may also be involved in

providing energy for this sucrose retrieval.
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In this study, we provide evidence that SuSy2-YFP and SuSy3-YFP were not present or detectable
in the vasculature of inflorescence stems, silique walls, and leaf petioles, but were specifically and
strongly expressed in seeds. Previous studies evaluating SuSy transcript abundance and enzyme
activity showed that SuSy2 and SuSy3 were specifically induced in defined phases during seed
development, but barely detectable in other organs (Bieniawska et al., 2007; Fallahi et al., 2008;
Nunez et al., 2008). Our findings are consistent with SuSy2 and SuSy3 having a role in seed
development. In addition, the results show that SuSy2 was not detectable in the epidermal cells of
seed coat from 7 DPA to 13 DPA, when pectin-enriched mucilage is synthesized and deposited in
the apoplast and secondary cell walls are subsequently formed beneath the mucilage. SuSy2 does
not seem to be involved in mucilage and cell wall synthesis, which is consistent with previous data

in current work (Chapter 2).

Our results show that SuSy2-YFP was specifically found in the embryo and endosperm, and the
transcript was highly induced at 10 DPA. After 17 DPA, the relative amount of SuSy2 fusion
proteins decreased dramatically. In contrast, SuSy3 was only apparent in the embryo during the
late maturation phase of seed development (after 13 DPA), and the signal was not detectable in
endosperm or seed coat. These data are consistent with previous studies showing the distinct
expression profile of SuSy2 and SuSy3 in developing seeds (Baud et al., 2004; Bieniawska et al.,
2007; Angeles-Nunez and Tiessen, 2010). Furthermore, SuSy2 seemed to be restricted to the inner
face of plasma membrane of embryo cells at the beginning of expression and then was largely
confined to the cytoplasm. SuSy3 was always found in the cytoplasm of embryo cells. It has been

reported that single knockouts of SuSy2 and SuSy3 showed decreased starch content and
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accumulation of sucrose in the defined phase of seed development, indicating that SuSy2 and
SuSy3 are not fully redundant genes (Angeles-Nunez and Tiessen, 2010). In Arabidopsis, the
endosperm serves as both a mechanical barrier to inhibit embryonic growth and a nutrient source
for seed germination and seedling establishment (Yan et al., 2014). At 10-12 DPA, the cellularized
endosperm is rapidly consumed by the expanding embryo and starch temporarily accumulates in
the embryo (Angeles-Nunez and Tiessen, 2010). Thus, SuSy2 may play a role in starch
biosynthesis in embryo cells and facilitate the carbon remobilization from endosperm to embryo.
By 13 DPA, cell division declines and the embryo reaches its maximum size, and the endosperm
disappears and is replaced by a single cell layer of aleurone. In addition, starch is remobilized to
the biosynthesis of lipid and storage protein from 12-18 DPA (Angeles-Nunez and Tiessen, 2010).
At this stage, SuSy activity in the embryo may be crucial to generating precursors for lipid and
storage protein biosynthesis from sucrose. Therefore, SuSy2 and SuSy3 activity may be important

to modulate the sink strength of seeds and thus have a profound effect on embryo development.

In addition, our imaging shows that SuSy3 was identified in the phloem of seedling roots where it
may serve a similar role to the other SuSy. SuSy3 was shown to be present in the guard cells of
leaf stomata, which is consistent with Bieniawska et al. (2007), where SuSy3 was detected
specifically in leaf stomata by GUS histochemical staining. Furthermore, Daloso et al. (2016) have
demonstrated that upregulation of AtSuSy3 in tobacco plants led to increased stomatal aperture
and conductance, transpiration rate and growth. Therefore, SuSy3 is proposed to manipulate guard

cell metabolism. Based on these findings, we suggest that SuSy2 and SuSy3 are not likely to be
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associated with cellulose synthesis, but are important to seed development and stomatal

metabolism, as has previously been implied.

In contrast to the proposed model of cellulose synthesis, our general results demonstrate that no
single fluorescently-tagged Arabidopsis SuSy was detectable in the xylem of the organs examined.
More importantly, all SuSy proteins other than SuSy2 and SuSy3 were restricted to the phloem of
tissues examined. These findings suggest that the bulk of cellulose biosynthesis does not use UDP-
glucose channelled directly from particulate SuSy, but instead relies on the free pool of
cytoplasmic UDP-glucose. In Arabidopsis, free UDP-glucose may be generated partially by the
activity of SuSy, but is more likely formed via UDP-glucose pyrophosphorylase converting
glucose released by invertases. This hypothesis is supported by the recent study by Anderson et al.
(2018), who showed that Arabidopsis mutant lacking two cytosolic invertase isoforms exhibited
abnormal cellulose biosynthesis and significantly reduced UDP-glucose content. SuSy could still
impact cellulose deposition indirectly, by modulating carbon allocation and sink strength. Thus,
the current model should be re-considered in Arabidopsis, as well as in other species reporting
phloem-specificity of SuSy. However, it is still possible that in certain plant species the proposed
association between SuSy and cellulose synthase exists in certain cell types, such as cotton fibers
and developing poplar xylem, which have extremely high-rates of cellulose synthesis. In these
systems, overexpression of SuSy genes has manifested in improved wall biosynthesis, resulting in
elevated cellulose production (Coleman et al., 2009; Xu et al., 2012). However, this does not

necessarily have to come from a direct interaction between SuSy and the cellulose synthase
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complex. Therefore, our results highlight the need to re-examine this model in several species,

especially those generating significant quantities of cellulose in a relatively short period of time.

In summary, Arabidopsis SuSy is specifically localized to seeds and phloem, not xylem, which
questions the current model of cellulose biosynthesis in this species. Furthermore, it would appear
that the predominant role of SuSy in Arabidopsis is phloem loading and unloading, and SuSy is
also implicated in seed development and stomatal metabolism. Our findings suggest that SuSy is
likely to play an important role in regulating carbon partitioning and modulating sink strength.
They enhance our understanding of the pathway by which carbon, from sucrose, is supplied to cell

wall biosynthesis, especially cellulose synthesis in Arabidopsis (and potentially other species).
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Chapter 4: Characterization of susl/sus4/sus5/sus6é quadruple mutant

phenotypes

4.1 Introduction

In several plant species, SuSy is generally believed to be the dominant enzyme catalyzing the
breakdown of sucrose. Compared to invertase, SuSy is less energy intensive, as only half of the
ATP is consumed for the conversion of sucrose to hexose phosphates via the SuSy pathway. In
addition, the reaction route of SuSy is reversible and allows for feedback regulation. Several papers
have reported that individual isoforms of SuSy are required for normal growth and development
in many crop plants including potato tubers (Zrenner et al., 1995), cotton fibers (Ruan et al., 2003),
tomato fruit (D'Aoust et al., 1999), maize endosperm (Chourey et al., 1998) and pea embryo (Craig
et al., 1999). In contrast, no obvious growth phenotypes were observed in Arabidopsis when
individual isoforms of SuSy were eliminated (Bieniawska et al., 2007). It has been shown that
single knockout mutants of SuSy were not significantly different from WT plants in many aspects
including soluble sugar and starch content, cellulose content, seed weight and lipid content
(Bieniawska et al., 2007). Only very mild phenotypes were reported in SuSy2 and SuSy3 single
mutants. For instance, T-DNA insertion lines of SuSy2 and SuSy3 were not different from WT
plants in final seed size and composition, but showed different metabolic profile at specific stages
of seed development (Angeles-Nunez and Tiessen, 2010). Double mutants lacking similar isoform
pairs (susl/sus4, sus2/sus3, sus5/sus6) also displayed normal growth, starch and cellulose content,

seed weight and composition when grown under normal conditions (Bieniawska et al., 2007).
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However, under hypoxic conditions, the double knockouts of SuSy1 and SuSy4 displayed growth
retardation and soluble sugar accumulation (Bieniawska et al., 2007). Additionally, mutants
lacking both SuSy5 and SuSy6 showed sieve plates deficient in a callose lining (Barratt et al.,

2009).

Previous studies failed to find a phenotype for susl/sus2/sus3/sus4 quadruple mutants which are
deficient in SuSy activity in all cell types except phloem (Barratt et al., 2009). These plants lacking
four of six isoforms of SuSy were morphologically and chemically indistinguishable from WT
plants (Barratt et al., 2009). In marked contrast, mutant plants missing two closely related isoforms
of neutral and alkaline invertase displayed severe growth phenotypes including reduced growth
rate, shorter roots, and a dwarf phenotype (Barratt et al., 2009). In addition, root cells of
cinvl/cinv2 mutants showed abnormal cell division and the tendency to collapse (Barratt et al.,
2009). Therefore, the functional role of SuSy has been questioned, and INV was highlighted to be
the primary enzyme in Arabidopsis (Barratt et al., 2009). However, Baroja-Fernandez et al. (2012)
demonstrated that the residual SuSy activity in the susl/sus2/sus3/sus4 quadruple mutants was
sufficient to support normal growth and development of Arabidopsis when SuSy activity was
measured under optimal conditions by Kinetic assay. Therefore, it has been proposed that either
redundancy exists within the Arabidopsis SuSy family or INV compensates for the missing SuSy

activity.

In Chapter 2, I have shown that AtSuSyl and AtSuSy4 were exclusively expressed in the

companion cells of phloem tissue in various plant organs. They were therefore proposed to
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facilitate phloem loading and sugar retrieval during long-distance transport. Similarly, AtSuSy5
and AtSuSy6 were shown to be confined to phloem sieve elements and may be involved in the
uptake of solutes along the pathway. In addition, | demonstrated that these two isoforms were
actually localized to the cytoplasm, but present as immobile puncta. In contrast, SuSy2 and SuSy3
were not detectable in the vasculature of many tissues, but were specifically induced in the
developing seeds. Based on these observations, | postulate that the functional roles of SuSyl,
SuSy4, SuSy5 and SuSy6 may be largely redundant in Arabidopsis, and mutants lacking these four

specific isoforms may exhibit an obvious phenotype.

In this chapter, | generated the susl/sus4/sus5/sus6 quadruple mutant by crossing homozygous
plants of sus1/sus4 with sus5/sus6. Comprehensive phenotypic characterization was subsequently
conducted on the susl/sus4/sus5/sus6 quadruple mutant compared to WT, susl/sus4, and
sus5/sus6 plants. The evaluation included rosette leaf size, inflorescence stem height, cell wall
morphology and thickness, dry seed weight, leaf soluble sugar content with and without flooding.
In brief, the results showed that susl/sus4/sus5/susé quadruple mutant was not significantly
different from WT plants in all aspects examined. However, when grown in half-strength MS
media supplemented with high concentration of sucrose, susl/sus4/sus5/sus6 exhibited most

obvious inhibition of seedling growth.
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4.2 Methodologies

4.2.1 Genomic DNA extraction

To screen susl/sus4/sus5/susé homozygous mutants, a rapid genomic DNA extraction protocol
was employed (Edwards et al., 1991). Approximately 20 mg fresh leaf tissue was ground with an
epitube pestle and extracted with 400 pL extraction buffer (0.2 M Tris-HCI, 25 mM EDTA, 0.25
M NacCl, 0.5% SDS, PH=7.5). After 3 minutes of centrifugation (13,000 rpm), the supernatant was
transferred to a new epitube and mixed with 350 pL isopropanol. Samples were incubated at -20
<T for at least 10 minutes, and subsequently centrifuged for 5 minutes at 13,000 rpm. The
supernatant was discarded and the pellet was washed with 500 uL 70% ethanol, followed by
centrifugation for 2 minutes. Finally, the pellet was air dried for 10 to 20 minutes and resuspended
in 15 pL distilled water. DNA concentration was measured with a NanoDrop™ Lite

spectrophotometer (Thermo Fisher), and the DNA was stored at -20 <C until use.

4.2.2 Plant materials

sus5/sus6 and susl/sus4 double mutants were originally described in Bieniawska et al. (2007).
sus5/sus6 homozygous lines were confirmed by PCR using respective left T-DNA border primer
(sus5 and sus6: 5" ATTTTGCCGATTTCGGAAC 3') and respective flanking primers (sus5: LP 5’
GGAGATTCACCAAGTTCTACAC 3', RP 5 GGATATATCTTTGTTTGGCCAG 3'; sus6: LP
5" TGACACGGTTAATACCGGAAG 3', RP 5" ATCCATCTGAATTTCCCCTTG 3’). PCR
conditions were as follows: 5 minutes at 95 <C; 35 cycles of 30 seconds at 95 <C, 30 seconds at 57
<, 90 seconds at 72 <C, followed by 10 minutes at 72 <C. The Arabidopsis homozygous sus5/sus6

T-DNA line was crossed with the susl/sus4 homozygous mutant. After two generations of back-
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crossing, homozygous plants of susl/sus4/susb/sus6é quadruple mutant were identified and

confirmed by PCR genotyping.

4.2.3 Plant growth conditions, rosette leaf size measurement and flooding treatment

All plants were grown in a growth chamber maintained at 21 <C, 16-h light, 8-h dark, 50%
humidity, and a PPFD of 150-180 umol m2s. After 4 weeks of growth, WT, sus1/sus4/sus5/sus6
quadruple mutant, susl/sus4, and sus5/sus6 double mutant plants were subject to a flooding
treatment by adding and maintaining degassed water in the growth trays at a level just above the
surface of the soil for 5 days. In addition, a subset of the same plant lines was grown in a well-
aired condition. Leaf diameters were measured at the widest part of the rosettes from eight
individual plants after 4 weeks growth. Rosette leaves with or without flooding treatment were

collected at the same time for soluble sugar analysis.

4.2.4  Soluble carbohydrate analysis

Arabidopsis rosette leaves were harvested and immediately flash-frozen in liquid nitrogen (harvest
consistently occurred 2-4 hours after the end of dark period). Isolated leaves were ground using a
mortar and pestle and freeze-dried overnight. Sucrose was extracted from 10-12 mg of freeze-dried
tissue using 1 mL methanol:chloroform:water (12:5:3) incubated at 4 <C overnight. On the
following day, samples were centrifuged for 10 minutes at 6,000 rpm, and the supernatant was
transferred to a new tube. The extraction was repeated two more times to collect any residual sugar,
and the supernatants pooled. The pellet was dried in a 55 <T oven overnight and used later for

starch analysis. To partition the solvents, 1 mL of deionized water was added to the supernatants
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prior to vortexing and centrifuging for 4 minutes at 4,000 rpm. After phase separation, the top
phase containing soluble sugars was collected. 2 mL of this phase was then dried in a vacuum
centrifuge overnight, and the pellet re-suspended in 0.5 mL deionized water and filtered through a
0.45 pm syringe filter into an HPLC vial. The soluble sugar concentration was quantified by an
anion-exchange HPLC (1CS-5000; Dionex, Sunnyvale, CA) fit with a Dionex™ CarboPac™ PA1
column and a pulsed amperometric detector and a gold electrode. Sugars were eluted with 16 mM
NaOH, 2 mM NaOAc at a flow rate of 0.8 mL/minute. The concentration of soluble sucrose was

determined using a calibration standard curve generated with known sucrose concentrations.

4.2.5 Arabidopsis root length and seedling size measurement

For root length analysis, WT, susl/sus4/sus5/sus6 quadruple mutant, susl/4, and sus5/6 double
mutant seeds were plated on half-strength MS plates lacking sucrose after cold treatment for 2 to
4 days at 4 <C (considered as the 0 days after germination). Seedlings were grown vertically for 7

days at 23 <C, under 16/8 hours light/dark regime. Pictures showing all the seedlings with a ruler

were analyzed in Image J (National Institutes of Health; http://rsb.info.nih.gov/ij/).

To investigate the response of susl/sus4/sus5/susé mutant to sugar and osmotic stress, seedlings
were grown on half-strength MS plates supplied with sucrose or mannitol. At 3 days after
germination, seedling size was measured from root tip to hypocotyl apex using Image J, as

described above.
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4.2.6 Plant height measurement and cell wall measurement

Plant height was measured from the flower apex to the base of the stem using 7-week-old
Arabidopsis plants. Thin cross-sections were cut 3 cm from the base of the stem using a sterile
razor blade and were subsequently incubated in 0.02% toluidine blue solution for 2 minutes at
room temperature. After thoroughly washing, respective stem cross-sections from WT and
susl/sus4/sus5/sus6é quadruple mutant were mounted in water prior to imaging. Cell wall
morphology and thickness were subsequently analyzed on a Leica DMR microscope equipped

with a QICAM digital camera (QIMAGING).

4.2.7 Dry seed weight measurement
Arabidopsis seeds were harvested when they were fully mature and dried in a desiccator at room
temperature for a week prior to weighing in lots of 100 individual seeds. Data were collected from

four independent plants and three samples from each plant.

4.3 Results

Homozygous sus1/sus4/sus5/sus6 quadruple mutants were generated and confirmed by PCR using
specific primers (Figure 4.1). Further analyses were performed to investigate the impact on growth
and development of the susl/sus4/sus5/sus6 quadruple mutant in comparison with WT plants,
susl/sus4, and sus5/sus6 double mutants. In general, the susl/sus4/sus5/sus6 quadruple mutant
showed no obvious visual phenotype when grown under normal growth conditions. After 4 weeks
growth, susl/sus4/sus5/sus6 plants were not significantly different from WT in rosette leaf size,

and only minor chlorosis was observed at the rosette leaf tip of quadruple mutant plants, similar to
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that of the sus5/sus6 double mutant, while the susl/sus4 mutant leaves exhibited more severe
chlorosis (Figure 4.2). In addition, sus1/sus4/sus5/sus6 mutant plants were indistinguishable from
WT in inflorescence stem height (Figure 4.3) and dry seed weight (Figure 4.4). Stem cross-sections
were cut 3 cm from the base of the stem and were stained with toluidine blue. The morphology
and cell wall thickness were visualized under a light microscope. Images showed that quadruple

plants were not visibly different from WT in cell wall structure or thickness (Figure 4.5).

WT sus1/sus4/sus5/sus6
LP+RP LB+RP LP+RP LB+RP

M susT sus4 sus5 sus6 susl sus4 sus5 sus6 M M sus? sus4 sus5 sus6 susl sus4 sus5 sus6 M
B T -

& = = =z
~— - ‘ —
~— - — -

- =3 -

= —

— - — — —-— -
—_— - -—
- - - —

Figure 4.1 PCR analysis of genomic DNA from WT and sus1/sus4/sus5/sus6é homozygous plants using gene-

specific primers (LP + RP) and left border T-DNA primers (LB + RP). M represents 2-Log DNA ladder marker

(NEB).
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Figure 4.2 Morphology and rosette leaf size of 4-week-old sus1/sus4/sus5/sus6, susl/sus4, suss/sus6, and WT
plants grown under the same conditions. Only mild chlorosis was observed in the leaf tip of the quadruple
mutant indicated by arrows (Images on the left). The bar graph on the right shows the means £SE rosette leaf
diameters from eight individual plants. Asterisks indicate significant difference (** p-value < 0.01) from WT

plants using a Benjamini-Hochberg Student t-test.
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Figure 4.3 Inflorescence stem height of 7-week-old sus1/sus4/sus5/sus6 and WT plants. Results are the means +

SE of seven individual plants. There is no significant difference from WT according to a Student t-test.
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Figure 4.4 Dry seed weight of sus1/sus4/sus5/sus6 and WT plants. Results are the means £SE of three replicates
from four individual plants and each replicate contains 100 individual seeds (n=4). There is no significant

difference from WT according to a Student t-test.
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sus1/sus4/sus5/sus6 WT

Figure 4.5 Cell wall morphology of 7-week-old sus1/sus4/sus5/sus6 and WT plants. Sections were cut 3 cm from
the base of the stem and stained with 0.02% toluidine blue for 2 minutes at room temperature. Images show
that morphology and cell wall thickness of sus1/sus4/sus5/sus6 mutant is visually indistinguishable from WT

plants under a light microscope. Bars=100 pm.

In addition, analysis of soluble sugar was carried out on the rosette leaves with or without flooding.
In general, soluble sugar content increased after flooding treatment in all plants. Similar to
previous results (Chapter 2), elevated soluble sugar content was more dramatic in the susl/sus4
double mutant after five days flooding (Figure 4.6 and Figure 4.7). Statistical analysis indicated
that soluble fructose content was significantly elevated in only the susl/sus4 mutant compared to
WT plants. In general, the soluble sugar content of the sus1/sus4/sus5/sus6 quadruple mutant was
not significantly different from WT plants under neither well-aerated nor hypoxic conditions

(Figure 4.6 and Figure 4.7).
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Figure 4.6 Leaf soluble sugar content of 4-week-old WT, susl/sus4/sus5/sus6 quadruple mutant, susl/sus4, and
sus5/sus6 double mutant plants grown under well-aerated conditions. Data are means +=SE calculated from at
least four individual plants per line. There is no significant difference from WT according to the Benjamini-

Hochberg corrected Student t-test.
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Figure 4.7 Leaf soluble sugar content of 4-week-old WT, susl/sus4/sus5/sus6 quadruple mutant, susl/sus4, and
sus5/sus6 double mutant plants after five days flooding. Data are means =+ SE calculated from at least four
individual plants per line. Asterisks indicate significant difference (* corrected p-value < 0.05) from WT plants

using the Benjamini-Hochberg corrected Student t-test.

Sucrose and hexose are important for plant growth and development since they play roles not only
as nutrients but also as signalling molecules (Koch, 1996). SuSy catalyzes the reversible reaction
of sucrose cleavage and has been proposed to be involved in phloem loading and unloading
(Chapter 2 and Chapter 3). Therefore, | further examined the growth response of
susl1/sus4/sus5/sus6 quadruple mutant, WT, sus1/4, and sus5/6 double mutant plants to different
concentrations of sucrose. All the seeds were harvested at the same time and germinated on the

plates supplied with 0%, 2% and 6% sucrose respectively. At 3 days after germination, whole
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seedling size of the sus1/sus4/sus5/susé mutant was not obviously different from other plants when
grown in half-strength MS medium lacking sucrose or supplied with 2% sucrose (Figure 4.8).
However, when treated with 6% sucrose, SuSy quadruple and double mutants showed significantly
inhibited seedling growth. Seedling sizes of susl/sus4/sus5/sus6, susl/sus4, and sus5/sus6 were
respectively 65%, 72% and 85% of that of WT (Figure 4.8). Inhibition of seedling growth in
sus1/sus4/sus5/sus6 was more obvious than susl/sus4 and sus5/sus6 double mutants. This growth
defect observed in high-concentrated sucrose conditions may be due to the osmotic stress induced
by sucrose. To separate the effect of sucrose and osmotic stress on seedling growth, all plants were
also grown on plates supplemented with 1% and 3% mannitol which caused constant osmotic
stress similar to that of sucrose supplementation. No obvious growth differences were observed
between quadruple mutant seedlings and all the other plants with 1% and 3% mannitol treatment

(Figure 4.9), suggesting that the inhibited seedling growth is not caused by osmotic stress.
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Figure 4.8 Seedling size of sus1/sus4/sus5/sus6, susl/sus4, susb/susé, and WT plants grown in half-strength MS
plates supplied with 0%, 2% and 6% sucrose. Images show that 3 days after germination, no obvious growth
difference was observed when seedlings were grown in medium lacking sucrose or supplied with 2% sucrose.
In contrast, the seedling size (total length of radicle and hypocotyl) of susl/sus4/sus5/sus6é, susl/sus4, suss/sus6

mutants was smaller than WT plants with the supplementation of 6% sucrose. Data in the bar graph are means
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=+ SE calculated from at least twenty-five seedlings. Asterisks indicate significant difference (** corrected p-

value < 0.01) from WT plants using the Benjamini-Hochberg corrected Student t-test.
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Figure 4.9 Seedling size of sus1/sus4/sus5/sus6, susl/sus4, sus5/susé and WT plants grown in half-strength MS
plates supplied with 1% and 3% mannitol. Images show plants at 3 days after germination, no obvious growth
differences were observed when seedlings were treated with 1% and 3% mannitol. Data in the bar graph are
means =SE calculated from at least thirty seedlings. There is no significant difference in seedling size from WT

plants according to the Benjamini-Hochberg corrected Student t-test.

4.4 Discussion
In previous chapters (Chapter 2 and Chapter 3), | demonstrated that four isoforms of SuSy (SuSy1
and SuSy4, SuSy5 and SuSy6) were specifically localized to the phloem tissue and proposed that

they play a common role in phloem loading and unloading. However, under normal growth
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conditions, the morphology of the quadruple mutant lacking these four SuSy isoforms was not
significantly different from WT plants in terms of rosette leaf size, inflorescence stem height, cell
wall thickness and dry seed weight. These results indicate that the missing activity of these four
SuSy isoforms does not dramatically affect phloem functionality, since the quadruple mutant
showed normal growth and development. This is presumably due to the fact that invertases
compensate for the loss of SuSy activity. Functional redundancy may largely exist between SuSy
and INV in Arabidopsis plants and it has been reported that CINV could also play an important
role in phloem unloading and modulating sucrose partitioning (Eschrich, 1980; Ruan et al., 2010).
Consistent with Chapter 2, sus1/sus4 double mutant showed severe chlorosis at the tip of rosette
leaves, while no chlorosis was observed in WT plants. However, the susl/sus4/sus5/sus6
quadruple mutant and sus5/sus6 double mutant only exhibited minor chlorosis. With five days
flooding, susl/sus4 double mutants displayed more obviously elevated soluble sugar content than
WT plants. In contrast, the quadruple mutant lacking SuSy1, SuSy4, SuSy5 and SuSy6 activity
was not significantly different from WT plants in soluble sugar content under hypoxic conditions.
These results suggest that when SuSy activity is lacking in the phloem, the quadruple mutant
probably induces an alternative pathway to complement the more severe phenotype. This

compensation would have to come from INV activity.

Our results also show that the quadruple mutant, WT, susl/sus4, and sus5/sus6 double mutant
plants respond differently to high sucrose content in the media. Seedling growth of
sus1/sus4/sus5/sus6 was not obviously different from other plant lines in half-strength MS plates

or media supplied with 2% sucrose. However, the susl/sus4/sus5/sus6é quadruple mutant and

112



double mutant (sus1/sus4 and sus5/sus6) seedlings displayed significantly smaller sizes than WT
plants in presence of 6% sucrose. This is probably because that within the early stage of seedling
establishment, when the cotyledons are not open or fully expanded, exogenous sucrose could be
absorbed by seedling roots and serve as the resource for plant growth and development. Sucrose
metabolism supplies the substrate for biochemical processes and the synthesis of metabolically
and structurally important compounds. Likely, the external sucrose is first taken up with water and
enters the stele by crossing endodermis. It is further loaded into the phloem for transportation to
sinks, and the lack of SuSy activity in phloem tissue of susl/sus4/sus5/sus6, susl/sus4, and
sus5/sus6 seedlings might affect this sucrose loading process. Consistently, the transcript level of
Arabidopsis SuSy1 has been shown to be upregulated with sugar or osmotic feeding (Dgardin et
al., 1999; Baud et al., 2004). No obvious growth alterations were observed when plants were
treated with 3% mannitol, which suggested that growth inhibition of seedlings deficient in SuSy

activity was specifically induced by sucrose instead of constant osmotic stress.
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Chapter 5: Investigation of the effect of phosphorylation on SuSy4 subcellular

localization and functional properties

5.1 Introduction

Reversible protein phosphorylation is characterized by the addition or removal of a phosphate
group from a protein, which is catalyzed by a protein kinase and protein phosphatase respectively.
This phenomenon is the most common posttranslational modification modulating diverse protein
functions, including enzymatic activity, protein turnover, interaction, conformation and
localization (Humphrey et al., 2015). Importantly, in higher plants, the signal transduction pathway
can also be regulated by this mechanism, which in turn modulates plant growth, development and
response to the environment (Ardito et al., 2017). For instance, light-dependent phosphorylation
of a thylakoid membrane protein is believed to be implicated in signalling between photosynthesis
and the regulation of gene expression (Pesaresi et al., 2009; Pesaresi et al., 2011; Schonberg and
Baginsky, 2012). Phosphorylation of sucrose phosphate synthase has been reported to modulate
protein activity in response to light/dark signals and end-product accumulation (Huber and Huber,
1996). The phosphorylation of several proteins involved in starch metabolism has been identified,
including starch synthase, starch branching enzyme and ADP-glucose pyrophosphorylase (Tetlow
et al., 2004; Reiland et al., 2009; Nakagami et al., 2010). In addition, it has been proposed that
phosphorylation potentially regulates the activity of CesAs (Somerville, 2006). In Arabidopsis,
plants lacking two protein kinases displayed severe growth defects, suggesting their essential role

in cell expansion and seed development (Chaiwongsar et al., 2012). It has been reported that plants

114



with reduced activity of phytochrome kinase showed a hyposensitive response to far-red light
(Shin et al., 2016). Furthermore, a calcium-dependent protein kinase has been proposed to

negatively regulate the immune signaling process in Arabidopsis (Monaghan et al., 2014).

According to current literature, SuSy activity, its intracellular localization, and protein stability are
believed to be modulated by its phosphorylation status. In maize leaves, phosphorylation of SuSy
by a calcium-dependent protein kinase (CDPK) occurred at two conserved sites, located on Ser-
15 and Ser-170 of SUS 1 protein (Huber et al., 1996; Hardin et al., 2003). In soybean, mung bean,
and castor bean plants, SuSy has been shown to be phosphorylated at Ser-11 by CDPKs (Nakai et
al., 1998; Zhang et al., 1999; Fedosejevs et al., 2014; Fedosejevs et al., 2016). Studies examining
the protein structure of Arabidopsis sucrose synthase 1 (SuSy1) suggested that phosphorylation of

Ser-13 would change the electrostatic environment in this region (Zheng et al., 2011).

Phosphorylation is a reversible regulatory process. Nakai et al. (1998) illustrated that when the
Ser-11 residue of mung bean SuSy was replaced with an aspartic acid (S11D), the protein
mimicked the phosphorylation status by exhibiting similar subunit mass, structure and Kinetic
properties, and showed dramatically increased activity by elevating the apparent affinity of the
enzyme for sucrose and UDP. In addition, the S11E mutant, which introduced a glutamic acid at
Ser-11, was superior to both the phosphorylated SuSy and S11D mutant enzyme in in vitro assays
(Nakai et al., 1998). In maize leaves, Ser-15 has also been shown to be the major phosphorylation
site of SuSy, and has been proposed to regulate enzyme activity and localization, while Ser-170 is

a minor phosphorylation site which has been proposed to regulate proteolysis (Hardin et al., 2003;
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Hardin et al., 2004). The presence of a negative charge at Ser-15 has been suggested to promote
the binding of SuSy to defined membranes, and enhance the enzyme activity in the direction of
sucrose cleavage (Hardin et al., 2004). In addition, suppression of a CDPK isoenzyme in rice seed
has been shown to lead to reduced SuSy activity and significantly enhanced sucrose concentrations
in a variety of tissues (Asano et al., 2002). SuSy phosphorylation of the cultured cells of sycamore
did not affect its association with the membrane, but impacted its enzymatic activity (Pozueta-
Romero et al., 2004). In contrast, in soybean nodules and maize plants, phosphorylation has been
reported to have no effect on SuSy activity, but decreased the surface hydrophobicity of SuSy
protein and therefore promoted a soluble phase of localization (Winter et al., 1997; Zhang et al.,
1999). Furthermore, Persia et al. (2008) showed that in tobacco pollen tube cells, phosphorylated
SuSy was more abundant in the cytoplasm and cell wall, while non-phosphorylated SuSy localized
specifically to the plasma membrane. In addition, in vivo phosphorylation of a castor bean SuSy
displayed no impact on its kinetic properties and subcellular localization, but protected the protein
from proteolysis (Fedosejevs et al., 2014). Overall, conclusions drawn from studies of in vitro
phosphorylation are difficult to extend to in vivo phosphorylation. At present, therefore, there is

no consensus on the role of SuSy phosphorylation in higher plants.

Clearly, further studies are needed to elucidate the in vivo effect of SuSy phosphorylation. In this
chapter, site-directed mutagenesis was employed to mutagenize the Ser-13 residue of Arabidopsis
SuSy4. Ser-13 of Arabidopsis SuSy is the residue homologous to Ser-15 in maize and Ser-11 in
soybean and mung bean. As mentioned above, both of these residues have been reported to be the

major phosphorylation sites of SuSy in different plant species (Huber et al., 1996; Nakai et al.,
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1998; Zhang et al, 1999). In addition, using Net phos 2.0

(http://www.cbs.dtu.dk/services/NetPhos/), the predicted possibility of phosphorylation at Ser-13

of Arabidopsis SuSy4 is 0.997/1. Since Ser-13 is positioned on the N-terminus of SuSy, the effect
of phosphorylation is more likely to be disrupted by an N-terminal fusion to YFP protein and
therefore | generated YFP reporter gene constructs that were C-terminus the CDS. To modify
phosphorylation status of the SuSy4 proteins, Ser-13 was substituted with negatively charged
aspartic acid (D) and glutamic acid (E) to mimic phosphorylation, or the neutral amino acid alanine
(A) to inhibit phosphorylation. Transgenic lines were subsequently generated containing
SuSy4pro::SUSYy4(S13A)::YFP, SuSy4pro::SuSy4(S13E)::YFP or At SuSy4pro::SuSy4(S13D)::YFP.
To investigate the phosphorylation of SuSy4 in relation to its membrane association and activity,
subcellular localization, soluble sugar and starch content were analyzed in all transgenic lines. The
results showed that both phosphomimetic and phosphoresistant SuSy4 were largely localized to
the cytoplasm of companion cells, similar to that of non-modified SuSy4. When subjected to
flooding, transgenic lines carrying non-phosphorylatable SuSy4 displayed soluble sugar and starch
content similar to that of SuSy-YFP complemented lines. In contrast, SuSy4 phosphomimetic

transgenic lines exhibited obvious reductions in soluble sugar and starch content.

5.2 Methodologies

5.2.1 Site-directed mutagenesis and plasmid construction

QuickChanges Il Site-Directed Mutagenesis kit (Agilent Technologies) was employed to
mutagenize the Ser-13 residue of Arabidopsis SuSy4 according to the manufacturer’s instructions.

Specifically, pPDONR/Zeo vector containing SuSy4 CDS served as the template for the synthesis
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of mutant plasmid using PfuUltra high-fidelity DNA polymerase. Mutagenic primers were
designed by the QiukChange Primer Design program

(https://www.genomics.agilent.com/primerDesignProgram.jsp) and are shown in Table 5.1. The

program conditions used to synthesize mutant strand were as follows: 95 <C for 30 seconds,
followed by 16 cycles of 95 <C for 30 seconds, 55 <C for 1 minute, and 65 <C for 10 minutes. Once
the reaction was completed, the parental template was digested with the Dpn | restriction enzyme
after incubation at 37 <C for 30 minutes. Mutated molecules were subsequently transformed into
XL1-Blue supercompetent cells and selected on plates containing the appropriate antibiotic. SuSy4
coding sequence with different point mutations was further confirmed by sequencing and then
subcloned into a modified pBIN19 vector described in Chapter 2 using Gateway™ technology.
The 35S promoter region was replaced with the SuSy4 native promoter, approximately 2000 kb
upstream of the translational start codon, and the protein was fused to YFP at its C-terminus. All
constructs were transformed independently into susl/sus4 double mutant plants. Positive lines
were identified by growing them on half-strength MS medium supplemented with 5 mg/L
sulfadiazine. Two or three transgenic lines with bright YFP signal were selected for further

analyses of protein subcellular localization, and leaf soluble sugar and starch content.
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Table 5.1 Primers employed for the site-directed mutagenesis of AtSuSy4 at Ser-13 residue

Point mutation  Forward primers (5’ to 3') Reverse primers (5' to 3')

Asparticacid  TAATAACGCGAGTCCACGACCAGCG CCAAACGCTCTCGCTGGTCGTGGACTCGC
AGAGCGTTTGG GTTATTA

Glutamic acid TATGATAACGCGCGTCCACGAGCAA CGTTCAAACGCTCACGTTGCTCGTGGACG
CGTGAGCGTTTGAACG CGCGTTATCATA

Alanine CAAACGCTCTCGCTGGGCGTGGACT AATAACGCGAGTCCACGCCCAGCGAGAG
CGCGTTATT CGTTTG

5.2.2  Microscopy

Longitudinal sections of leaf petiole were employed to check the subcellular localization of SuSy4
with different phosphorylation status. A Leica DMI 6000 B inverted microscope fitted with a
Perkin Elmer Ultraview VoX Spinning Disk scan head with excitation/emission wavelengths of
514 nm/540 nm was employed for visualization of all SuSy4-YFP fusions. At least 20 cells from
each of three individual plants from two independent transgenic lines were examined. Images were
captured on a Hamamatsu 9100-02 CCD camera using Volocity 6.3 software (Improvision) and

processed using Image J software (National Institutes of Health; http://rsb.info.nih.gov/ij/).

5.2.3 Soluble carbohydrate analysis

After 5 days of flooding treatment, rosette leaves of 4-week-old WT, susl/sus4 double mutant,
two YPF-complemented transgenic lines, and three individual SuSy4 phosphoresistant and
phosphomimetic transgenic lines were harvested and immediately flash-frozen in liquid nitrogen
(harvest consistently occurred 2-4 hours after the end of dark period). Isolated leaves were ground

using a mortar and pestle and freeze-dried overnight. Soluble sucrose was extracted from 10-12
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mg freeze-dried tissue using 1 mL methanol:chloroform:water (12:5:3) incubated at 4 <C
overnight. On the following day, samples were centrifuged for 10 minutes at 6000 rpm and the
supernatant was transferred to a new tube. The extraction was repeated two more times to obtain
any residual sugar, and the supernatants were pooled. The pellet was dried at 55 <C overnight and
used for starch analysis. To partition the solvents, 1 mL of deionized water was added to the
supernatants prior to vortexing and centrifuging for 4 minutes at 4000 rpm. The top phase,
containing soluble sugars, was subsequently collected and 2 mL was then dried in a vacuum
centrifuge overnight, and the pellet re-suspended in 0.5 mL deionized water and filtered through a
0.45 pm syringe filter into an HPLC vial. The soluble sugar concentration was quantified by an
anion-exchange high-performance liquid chromatography (ICS-5000; Dionex, Sunnyvale, CA) fit
with a Dionex™ CarboPac™ PA1 column and a pulsed amperometric detector and a gold
electrode. Sugars were eluted with 16 mM NaOH, 2 mM NaOAc at a flow rate of 0.8
mL/minute. The concentration of soluble sugar was determined using an external calibration

standard curve generated with known sucrose concentrations.

5.2.4 Starch analysis

For starch measurement, the residue pellet from soluble sugar extraction was weighed and then
hydrolyzed in 1 mL 4% H2SO4 at 121 <C for 5 minutes. After centrifuging at 500 rpm for 5
minutes, the supernatant containing liberated glucose was collected. A 760 uL sample and 40 pL
fucose stock (5 mg/mL), used as internal standard, were weighed and passed through a 0.45 um
syringe filter into a HPLC vial. Glucose content was determined by HPLC fit with a

CarboPac™ PA1 column and an electrochemical detector. Carbohydrate was eluted using water
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at the flow rate of 1 mL/minute. The starch content was quantified using an external calibration

standard curve generated with known glucose concentrations.

5.3 Results

Subcellular localization of phosphomimetic and phosphoresistant forms of SuSy4 was analyzed
using a spinning disc confocal microscope, in comparison to the non-modified SuSy4. Live-cell
imaging showed that the YFP signal of both phosphomimetic and phosphoresistant SuSy4 were
all largely confined to the cytoplasm of companion cells, similar to that of SuSy4-YFP fusion
(Figure 5.1). In previous chapters (Chapter 2 and Chapter 3), significantly increased soluble sugar
and starch content was apparent only in the sus1/sus4 mutant under hypoxic conditions (not under
normal growth conditions). Moreover, the SuSy-YFP fusions were shown to partially rescue this
phenotype. Therefore, to investigate the effect(s) of phosphorylation of SuSy, only the plants
grown under hypoxic conditions were examined after a five-day-flooding treatment, including
assessing leaf soluble sugar and starch content of 4-week-old WT, sus1/sus4 double mutant, YPF-
complemented transgenic lines, and SuSy4 phosphomimetic and phosphoresistant transgenic lines.
Consistent with the data in Chapter 2, significantly elevated soluble sucrose and fructose content
was observed in the rosette leaves of susl/sus4 mutant compared to WT plants when subjected to
flooding (Figure 5.3 and Figure 5.4). However, soluble glucose and starch content of the sus1/sus4
mutant was not significantly different from WT plants (Figure 5.2 and Figure 5.5). Transgenic
lines containing SuSy4-YFP fusions displayed complete or partial recovery of elevated soluble
sucrose and fructose content (Figure 5.3 and Figure 5.4). In addition, their soluble glucose and

starch levels were indistinguishable from those of WT and sus1/sus4 plants (Figure 5.2 and 5.5).
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Similarly, all three transgenic lines containing phosphoresistant SuSy4 were not obviously
different from YFP-complemented lines in soluble sugar and starch content in response to flooding
(Figure 5.2 to Figure 5.5). In general, phosphomimetic SuSy4-YFP fusions completely rescued the
accumulated soluble sucrose level apparent in susl/sus4 mutant when grown under hypoxic
conditions (Figure 5.3). Moreover, most of SuSy4 phosphomimetic lines exhibited a partial
recovery of the observed soluble fructose content (Figure 5.4). However, significantly reduced
soluble glucose, sucrose and starch content was observed in one transgenic line containing
SuSy4pro::SuSy4(S13D)::YFP (Figure 5.2, Figure 5.3, and Figure 5.5). Average levels of soluble
glucose, sucrose and starch content in line 3 were only 62%, 55%, and 37%, respectively, of those
of WT plants. Introduction of glutamic acid (E) at the Ser-11 residue of mung bean SuSy has been
proposed to yield an enzyme superior to both the phosphorylated SuSy and S11D mutant enzyme
in catalytic efficiency of sucrose (Nakai et al., 1998). In our study, inhibited accumulation of
soluble sugar and starch content was also apparent in transgenic plants carrying
SuSy4pro::SuSy4(S13E)::YFP (Figure 5.2, Figure 5.3, and Figure 5.5). Compared to WT plants,
transgenic line 3 showed a reduction in soluble glucose, sucrose and starch content, by

approximately 58%, 60% and 82%, respectively.
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Figure 5.1 Subcellular localization of phosphomimetic and phosphoresistant AtSuSy4-YFP in the companion
cells of leaf petioles. Analysis of subcellular localization was performed via a confocal microscope using 2
independent  transgenic  lines  containing  SuSy4pro::SuSy4::YFP,  SuSy4pro::SuSy4(S13A)::YFP,
SuSy4pro::SUSY4(S13E)::YFP or SuSy4pr::SuSy4(S13D)::YFP. Images showing that YFP signal of both
phosphomimetic (C-F) and phosphoresistant (G and H) SuSy4 were still largely present in the cytoplasm,

similar to that of non-modified SuSy4 (A and B). Bars=10 pm.
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Figure 5.2 Leaf soluble glucose content of 4-week-old WT, susl/sus4, , SuSy4-YPF transgenic lines
(SuSy4pro::SuSy4::YFP), SuSy4 phosphoresistant (SuSy4pro::SuSy4(S13A)::YFP) and phosphomimetic
(SuSy4pro::SUSY4(S13E)::YFP and SuSy4pro::SuSy4(S13D):: YFP) transgenic lines after five days flooding. Data
are means x=SE calculated from at least 4 individual plants per line. Asterisks indicate significant difference (*

p-value < 0.1, ** p-value < 0.05) from WT plants using a Benjamini-Hachberg corrected Student t-test.
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Figure 5.3 Leaf soluble sucrose content of 4-week-old WT, susl/sus4, SuSy4-YPF complemented lines
(SuSy4pro::SuSy4::YFP), SuSy4 phosphoresistant (SuSy4pro::SuSy4(S13A)::YFP) and phosphomimetic
(SuSy4pro::SUSY4(S13E)::YFP and SuSy4pro::SuSy4(S13D):: YFP) transgenic lines after five days flooding. Data
are means =SE calculated from at least 4 individual plants per line. Asterisks indicate significant difference

(** p-value < 0.05) from WT plants using a Benjamini-Hochberg corrected Student t-test.
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Figure 5.4 Leaf soluble fructose content of 4-week-old WT, susl/sus4, SuSy4-YPF transgenic lines
(SuSy4pro::SuSy4::YFP), SuSy4 phosphoresistant (SuSy4pro::SuSy4(S13A)::YFP) and phosphomimetic
(SuSy4pro::SUSY4(S13E)::YFP and SuSy4pro::SuSy4(S13D):: YFP) transgenic lines after five days flooding. Data
are means x=SE calculated from at least 4 individual plants per line. Asterisks indicate significant difference (*

p-value < 0.1) from WT plants using a Benjamini-Hochberg corrected Student t-test.
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Figure 5.5 Leaf starch content of 4-week-old WT, susl/sus4, , SuSy4-YPF transgenic lines
(SuSy4pro::SuSy4::YFP), SuSy4 phosphoresistant (SuSy4pro::SuSy4(S13A)::YFP) and phosphomimetic
(SuSy4pro::SUSY4(S13E)::YFP and SuSy4pro::SuSy4(S13D):: YFP) transgenic lines after five days flooding. Data
are means x=SE calculated from at least 4 individual plants per line. Asterisks indicate significant difference (*

p-value < 0.1) from WT plants using a Benjamini-Hochberg corrected Student t-test.
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5.4 Discussion

The results obtained in this study indicate that subcellular localization of the YFP fusions of
phosphomimetic and phosphoresistant SuSy4 was not different from native SuSy4. Longitudinal
sections of leaf petiole showed that SuSy4-YFP fusions were largely present in the cytoplasm of
companion cells in all the transgenic lines including  SuSy4pro::SuSy4::YFP,
SuSy4pro::SUSy4(S13A)::YFP, SuSy4pro::SuSy4(S13E)::YFP or SuSy4pro::SuSy4(S13D)::YFP. Our
observations suggest that phosphorylation of Ser-13 seems to have no effect on the membrane
association of Arabidopsis SuSy4. These results are consistent with the study of Fedosejevs et al.
(2014), who reported that in planta phosphorylation of castor oil seed SuSy did not influence its
association with micromembrane. In addition, it has also been shown that SuSy subcellular
localization and association to membrane were generally unrelated to phosphorylation status in
cultured cells of sycamore maple (Acer pseudoplatanus; Pozueta-Romero et al., 2004). However,
our results contrast previous reports from Winter et al. (1997) and Zhang et al. (1999), who
proposed that reversible phosphorylation of SuSy may change its surface hydrophobicity and
ultimately determine its membrane-binding capacity. This does not appear to be the case with

AtSuSy4, but the other isoforms have not been tested.

Our data examining leaf soluble sugar and starch content after flooding indicate that transgenic
lines carrying phosphoresistant SuSy4 were not obviously different from SuSy4-YFP
complemented lines. In contrast, significantly reduced soluble glucose, sucrose and starch content
were observed in the rosette leaves of transgenic lines containing phosphomimetic SuSy4. It

remains possible that SuSy4 activity was stimulated by mimicking phosphorylation at the Ser-13
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residue, which could promote the efficiency of sugar loading and transportation in leaf tissue under
hypoxic conditions. Therefore, the accumulation of carbohydrate was reduced in both
SuSy4pro::SuSy4(S13D)::YFP and SuSy4pro::SuSy4(S13E)::YFP mutant lines. Consistently,
Hardin et al. (2004) showed that in vitro phosphorylation of maize SuSy protein promoted its
catalytic activity. Similar results were shown by Nakai et al. (1998), who suggested that the
introduction of an acid substitution at Ser-11 resulted in high catalytic efficiency of recombinant
mung bean SuSy (S11E and S11D). In this study, | have only altered the phosphorylation status of
Ser-13. There may be other phosphorylation sites that need to be investigated independently or
together with Ser-13 to draw any firm conclusion regarding the role of phosphorylation and

membrane association.
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Chapter 6: Conclusion

6.1 Thesis summary

SuSy is one of two enzymes that catalytically cleaves sucrose. In higher plants, it has been
proposed to serve different functional roles in metabolism, including modulating sink strength and
phloem loading, and facilitating the biosynthesis of starch and cell-wall polymers. The underlying
hypothesis is that plasma membrane-localized SuSy could tightly associate with cellulose synthase
complex to channel UDP-glucose derived from sucrose directly to cellulose biosynthesis.
Although many studies examining poplar wood and cotton fiber development support this model,
direct evidence of a true interaction between SuSy and CesA is still lacking, and SuSy has been
shown not to be necessary for cellulose production in Arabidopsis (Amor et al., 1995; Haigler et
al., 2001; Song et al., 2010; Barratt et al., 2009). The primary goal of this project was to investigate
the proposed model of cellulose biosynthesis using the model plant Arabidopsis. More specifically,
this thesis attempts to examine the spatiotemporal localization of all six isoforms of Arabidopsis
SuSy and their possible contribution to cellulose synthesis. To achieve this goal, my research was

divided into three main studies:

In Chapter 2, | demonstrated that in Arabidopsis SuSy1 and SuSy4 were not directly involved in
cellulose biosynthesis as the model suggested, and instead appear to be important for phloem
loading and unloading. In Arabidopsis, six SuSy genes are grouped into three pairs of similar
isoforms (Baud et al., 2004). Initially, real-time quantitative studies showed that SuSyl and SuSy4

were most highly expressed in developing stems, which contain a large portion of fibers and are
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therefore a useful model system to study cellulose synthesis. As such, | characterized susl/sus4
double knock out mutants and confirmed no obvious phenotype excepted for mild chlorosis under
well-aerated conditions. However, after five days flooding, susl/sus4 mutant showed a reduced
growth rate and elevated soluble sugar and starch content, consistent with the study of Bieniawask
et al. (2007). I then proceeded to clone these two SuSy isoforms and generate YFP-fusions. With
the VND7 inducible system developed by Yamaguchi et al. (2010), | was able to visualize the
proteins participating in secondary cell wall thickening in protoxylem tracheary elements.
Constructs containing SuSy-YFP fusions were transformed into both sus1/sus4 double mutant and
VND?7 inducible plants. Here, | demonstrated that no YFP signal was detected in developing
protoxylem tracheary elements during cellulose deposition, in contrast to what would be expected
of proteins proposed to be involved in cellulose deposition. Additionally, visualization of SuSy1l
and SuSy4 indicated that they were not present in xylem tissue in a series of plant organs, including
stems, roots, petioles, and siliques. In contrast, live-cell imaging clearly showed that SuSyl and
SuSy4 were specifically localized to phloem companion cells, and SuSy-YFP fusions were
observed to be streaming in the cytoplasm. To further confirm the identity of companion cells, |
employed aniline blue staining to specifically label the callose-enriched sieve plates of sieve
elements. Together, these results suggest that AtSuSyl and AtSuSy4 are probably involved in

phloem loading, not cellulose synthesis.

To examine the possibility that the other Arabidopsis SuSy isoforms are participating in cellulose
synthesis, further studies (Chapter 3) to investigate the spatiotemporal localization and functional

roles of AtSuSy2, AtSuSy3, AtSuSy5 and AtSuSy6 were conducted. To achieve this, | inserted
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the coding sequence of these four SuSy into YFP fused constructs driven by their respective SuSy
promoters. All constructs were independently transformed into WT plants and the spatiotemporal
distributions of SuSy-YFP fusions were subsequently analyzed by confocal microscopy. Live-cell
imaging clearly showed that none of the four SuSy-YFP proteins were detectable in the developing
xylem tissue of organs examined, indicating that these isoforms are not directly involved in
cellulose biosynthesis as the existing models imply. In contrast, Arabidopsis SuSy5 and SuSy6
were exclusively localized to phloem sieve elements, which is consistent with the results from the
previous study of Barratt et al. (2009). This finding was confirmed by aniline blue staining that
labels the callose-enriched sieve plate. By examining the subcellular localization, my studies
illustrated that YFP fusions of SuSy5 and SuSy6 were parietally positioned along the entire sieve
element and largely accumulated as immobile puncta. Employing the styryl dye FM4-64, which
specifically labels the plasma membrane, SuSy5 and SuSy6 were shown to be restricted to the
inner side of the plasma membrane, indicating a cytoplasmic localization. This observation could
be explained by the ultrastructure of a sieve element reported by Froelich et al. (2011), who
demonstrated that organelles in a sieve element are usually embedded in an amorphous ground
matrix at the margin of the cells. Therefore, my results suggested that SuSy5 and SuSy6 were
probably trapped in this parietal protein layer and likely to facilitate callose synthesis or osmotic
adjustment specifically in sieve elements. In addition, a sucrose transporter, AtSUC3, has been
identified in the phloem sieve elements and proposed to be responsible for the retrieval of sucrose
during phloem transport (Meyer et al., 2004). Thus, | postulate that SuSy5 and SuSy6 are involved

in providing energy for this described sucrose retrieval.
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Though SuSy2 and SuSy3 were not detectable in the vasculature of every organ examined, they
have been reported to be highly expressed in defined phases of seed development (Bieniawska et
al., 2007; Fallahi et al., 2008; Nunez et al., 2008). To test this, the spatiotemporal localization of
these two isoforms in seeds was investigated via live-cell imaging. | found that SuSy2 was
localized to the endosperm and embryo at the early maturation stage, but not detected in the
epidermal cells of the seed coat. Similarly, SuSy3 was highly expressed in the embryo in the late
maturation phase. The YFP signal associated with SuSy3 was also identified in the phloem of
seedling roots as well as the guard cells of leaf stomata. Further studies investigating the
subcellular localization of these two isoforms showed that SuSy2 and SuSy3 were largely present

in the cytoplasm. These results suggest that SuSy2 and SuSy3 are involved in seed development.

To confirm the results of live-cell imaging, | carried out immunofluorescent labelling on WT
Arabidopsis using a SuSy-specific immune serum. First, | tested the cross-reactivity of this SuSy
serum against total proteins extracted from Arabidopsis leaves and stems. Only a single band at
the predicted size was apparent, indicating that this serum was not binding to other proteins.
Immunolocalization on stem and leaf petiole cross-sections was subsequently performed and the
results showed that SuSy was detected in phloem tissue, agreeing with live-cell imaging data.
Given these results, | hypothesize that the putative model implicating SuSy in cellulose
biosynthesis does not exist in Arabidopsis, but may in other species that have a sink-driven process

and accumulate significant quantities of cellulose.
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The data presented in the previous chapters indicated that four isoforms of Arabidopsis SuSy
(SuSy1, SuSy4, SuSy5 and SuSy6) were confined to the phloem tissue where they may play a role
in phloem loading or sucrose retrieval. Previous studies failed to find an obvious phenotype of
double knock out mutants of susl/sus4 and sus5/sus6 when grown under normal conditions
(Bieniawska et al., 2007). This observation may be due to the fact that these four proteins are
functionally redundant in Arabidopsis. Therefore, | hypothesized that a mutant lacking all these
four SuSy isoforms might exhibit an obvious growth defect. To test this, in Chapter 4, | created
sus1/sus4/sus5/sus6 homozygous quadruple mutant plants and carried out a series of phenotypic
characterizations. | generated the quadruple mutant of susl/sus4/sus5/sus6 by crossing T-DNA
insertion homozygous lines of susl/sus4 with sus5/sus6. Employing specific primers, mutant
plants were selected and confirmed by PCR genotyping. Subsequently, | characterized several
aspects of growth and development of susl/sus4/sus5/susé mutant in comparison with WT, and
the double mutant lines, susl/sus4 and sus5/sus6 plants. Surprisingly, results showed that the
susl/sus4/sus5/sus6 mutant was not significantly different from WT plants when examining
rosette leaf size, inflorescence stem height, dry seed weight, and cell wall morphology and
thickness. In addition, no obvious difference in soluble sugar content was observed between
sus1/sus4/sus5/sus6 and WT plants with or without flooding. These results suggest that when SuSy
activity is lacking in phloem tissue, induced INV activity in the quadruple mutant may compensate
for the loss of SuSy activity. Therefore, further investigations were carried out to examine the
response of susl/sus4/sus5/sus6 seedlings to sugar availability and osmotic stress. Our results
showed that susl/sus4/sus5/sus6, susl/sus4, and sus5/susé mutants exhibited reduced seedling

growth compared to WT plants when treated with high concentration of sucrose. Quadruple
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seedlings displayed the smallest seedling size. In addition, no growth difference of seedlings was
observed in plates supplied with 3% mannitol. These data together suggested that the reduced
seedling growth of susl/sus4/sus5/sus6, susl/sus4, and susb/sus6 may possibly be due to the

inhibited phloem function in mutants lacking SuSy activity.

Phosphorylation has been proposed to be a determining factor influencing SuSy subcellular
localization and activity (Winter et al., 1997; Nakai et al., 1998; Zhang et al., 1999; Hardin et al.,
2004; Pozueta-Romero et al., 2004). To test this, site-directed mutagenesis was employed to
modify the phosphorylation status of AtSuSy4. Specifically, the Ser-13 residue of SuSy4 was
substituted with negatively charged aspartic acid (D) and glutamic acid (E) to mimic
phosphorylation, or the neutral amino acid alanine (A) to inhibit phosphorylation. Modified SuSy-
YFP fusion constructs were subsequently generated and transformed into sus1/sus4 double mutant
plants. Subcellular localization of phosphomimetic and phosphoresistant SuSy4 was then
investigated using a confocal microscope and live-cell imaging indicated that YFP signal of both
phosphomimetic and phosphoresistant SuSy4 was still largely confined to the cytoplasm of
companion cells. In addition, analysis of soluble sugar and starch content of the rosette leaves after
five days flooding treatment showed that the transgenic lines containing phosphoresistant SuSy4
were not obviously different from SuSy4-YFP complemented lines. In contrast, significantly
reduced soluble glucose, sucrose and starch content was observed in transgenic lines carrying
phosphomimetic SuSy when compared to WT plants. Therefore, | postulate that phosphorylation
probably does not affect the membrane-association of AtSuSy4, but may stimulate its functional

properties.
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6.2 Future work

Fundamentally, results from this thesis contribute to our understanding of the functionality of the
six Arabidopsis SuSy isoforms. This work suggests that the predominant role of SuSy in
Arabidopsis is to supply energy for phloem loading, not directly contribute UDP-glucose for
cellulose synthesis. Several additional questions have been generated based on the findings of this

work and future research prospects are listed below:

6.2.1 Using asoybean-SuSy immune serum to investigate the spatial localization of sucrose
synthase in poplar

Although my research could not detect any SuSy protein in xylem tissue of Arabidopsis, previous
findings have indicated that there is not only SuSy protein in the xylem but also it can be plasma-
membrane-localized, where it could provide substrate precursors to support a high rate of cellulose
biosynthesis, such as in developing cotton fiber and poplar xylem (Amor et al., 1995; Song et al.,
2010). Therefore, there is a possibility that Arabidopsis is different from some of the other plant
species. As such, an investigation of the spatial localization of SuSy in species like poplar should
be a natural progression. Immunofluorescent experiments with Arabidopsis stems and leaves in
Chapter 3 showed strong fluorescence in xylem tissue because of non-specific binding to the
secondary cell wall. Thus, a tissue printing technique could be employed as it is simple and could

avoid this artifact (McClure and Guilfoyle, 1989; Taylor et al., 1993).
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6.2.2 Examining the expression level of secondary CesAs in the tissues used for SuSy live-
cell imaging

Data presented in this thesis (Chapter 2 and Chapter 3) showed a lack of SuSy signal in xylem
tissue. This could be due to the slowing of cellulose synthesis when xylem is mature. This
discrepancy could be resolved by examining if the CesA proteins are still being expressed. To
achieve this, future work should analyze the transcript level or protein abundance of secondary
CesAs and SuSy in the same tissues used for live-cell imaging. Real-time quantitative PCR with
gene-specific primers could be used to check transcript abundance while western blotting using
specific SuSy and CesA antibodies could be employed to check the protein abundance in the

tissues.

6.2.3  Using poplar SuSy promoter to drive the expression of Arabidopsis SuSy

Recent studies have identified isoforms of poplar SuSy in developing xylem and mature xylem
tissues (Zhang et al., 2011; Sundell et al., 2017). For instance, PtSuSy1 and PtSuSy2, the homologs
of AtSuSy1 and AtSuSy4, have been shown to be abundantly present in developing xylem tissues
according to the RNA sequencing data. This distinct expression pattern of poplar SuSy is likely
driven by the native promoters. Thus, future work could perform some analyses of sequences
comparing AtSuSy and PtSuSy promoters. In addition, a promoter swap study could be conducted
where the PtSuSy1 or PtSuSy2 could be used to direct the expression of Arabidopsis SuSy genes
and analyze their spatial localization in Arabidopsis. Specifically, AtSuSy promoters in the YFP
fusion constructs (Chapter 2 and Chapter 3) could be replaced by the poplar SuSy promoters and

the YFP signal are subsequently investigated via the same live-cell imaging used in this thesis.
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6.2.4  Analysis of Arabidopsis mutants lacking invertase activity

Sucrose synthase has generally been considered to be more important than invertases in catalyzing
the entry of carbon into plant carbohydrate metabolism. However, previous studies and the results
shown in Chapter 4 have clearly demonstrated that SuSy does not impact the normal growth and
development of Arabidopsis. In contrast, invertases would therefore have to be the dominant route
for sucrose catabolism. In Arabidopsis, the functionality of neutral and alkaline invertases is not
well known yet despite a relatively mild phenotype has been observed in CINV1 mutants (Lou et
al., 2007; Qi et al., 2007). Plants lacking two (CINV1 and CINV2) of the nine neutral and alkaline
invertase isoforms, however, exhibited severe growth defects, such as dramatic growth retardation,
and abnormal extension and expansion of root growth (Barratt et al., 2009). Therefore, future work
could include phenotypic analysis of Arabidopsis mutant lines missing other isoforms of the
neutral and alkaline invertase family. Single mutant lines of neutral and alkaline invertases could
be obtained from Arabidopsis stock banks and double knock mutants could be generated by
crossing individual single mutant lines. Understanding the functional roles of INVs in carbon
allocation and metabolism of Arabidopsis may help to explain the lack of obvious phenotype in

the SuSy quadruple mutant.
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Appendices

Appendix A Supplemental data for Chapter 2

Movie S1

Motility of SuSy4-YFP in the companion cells of longitudinal sections of leaf petioles. Time-lapse
video showing that SuSy-Y FP was streaming in the cytoplasm of companion cells. Movie acquired

at 5-second interval for total 1:35 minutes. Bar=10 pm.
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Appendix B Supplemental data for Chapter 3

Movie S2

SuSy5-YFP was immobile in the sieve elements of petiole longitudinal sections. Time-lapse video
showing that SuSy5-YFP was parietally localized in sieve elements and YFP signal was immobile
as indicated by arrowheads. Movie acquired at 5-second interval for total 1:35 minutes. Bar=10

pm.
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