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Abstract
Secondary cell walls (SCWs) containing the hemicellulose xylan are essential for normal
plant growth and development. Great strides have been made to identify the many Golgilocalized biosynthetic enzymes that work in concert to make xylan, however, we still understand
little about how these critical proteins and their product are organized in the Golgi to facilitate
synthesis and trafficking. To address this question, I characterized the Arabidopsis Golgi in cells
producing SCWs using a combination of confocal and transmission electron microscopy (TEM).
This analysis indicates that the number of Golgi stacks increases significantly with the onset of
SCW synthesis, and that during this process the randomly distributed Golgi stacks work together
to produce and secrete xylan. Furthermore, nanoscale characterization of Golgi structure
revealed significant increases in Golgi diameter, swelling of the cisternal margins, and secretory
vesicle size. Loss of the xylan-biosynthetic enzyme IRREGULAR XYLEM 9 (IRX9) resulted in
a dramatic increase in cisternal fenestration and a decrease in swollen margins, but did not affect
the number or size of Golgi. Finally, immunogold labelling was used to map IRX9-GFP and
xylan to different regions of Golgi cisternae, indicating that xylan is abundant in the outer
margins of trans-cisternae, IRX9-GFP is abundant in an inner margin of medial-cisternae, and
both are absent from cisternal centers. This new concentric circle model of Golgi organization
has expanded our understanding of Golgi structure and function and has implications for Golgi
function in other cell types and organisms.
The second part of this thesis explores problem-solving instruction in undergraduate cell
biology classes, by testing how different teaching techniques affect student attitudes and
performance. These results demonstrate that worked examples can be effective teaching
techniques for cell biology problem-solving, with lower-performing students seeing greater
benefits. Furthermore, providing worked examples did not ameliorate student desires for answer
keys to practice problems. This work can be used to guide the appropriate level of instructional
support for students of different expertise levels in future courses, and across curricula.
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Lay Summary
In plant cells, structures called Golgi produce and deposit carbohydrates in the cell wall,
which is essential for normal plant growth. In this thesis, high-powered microscopes are used to
study how the Golgi is organized to efficiently make large amounts of these cell wall materials.
Characterization of Golgi structure, and mapping the location of biosynthetic machinery and the
cell wall products, led to the development of a new model of Golgi organization. These advances
in our knowledge can now be applied to better understand Golgi function in other organisms.
The second part of this thesis explores problem-solving instruction in undergraduate
biology classes, by testing how different teaching techniques affect student attitudes and
performance. The best technique was to provide students with example answers, including an
explanation of why the answer was correct. This work can be used to improve how problemsolving is taught in future.
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Chapter 1: Introduction
In plant cells the Golgi apparatus plays an essential role in glycoprotein processing,
protein trafficking, and cell wall polysaccharide biosynthesis. These three functions are
combined in the production of the patterned secondary cell walls (SCWs) which provide
structural support to water-conducting xylem tracheary elements. This thesis uses xylan
biosynthesis in the Arabidopsis Golgi as a model to investigate the structure, arrangement, and
organization of the Golgi apparatus throughout SCW synthesis, to lend insight into how the
Golgi produces and secretes large quantities of polysaccharide cargo.

1.1

Plant cell walls
The successful colonization of land by plants is due in part to the development of

supportive and adaptable extracellular cell walls. The walls must be strong enough to resist the
osmotic forces of turgor pressure, which pushes the plasma membrane against the wall, but
malleable enough to allow expansion and growth of the cells. Spatial and temporal regulation of
this balancing act allows plants to fine tune features such as cell shape and cell growth, thereby
facilitating appropriate development of the plant and physiological responses. Cell walls are
divided into primary cell walls (PCWs) or secondary cell walls (SCWs), based on differences in
their composition and the timing of their deposition. PCWs are deposited as the cells continue to
divide and expand, while the SCWs produced by some cell types are classically defined by their
deposition after cell elongation has completed (Meents et al., 2018).
Both PCWs and SCWs contain cellulose, the load-bearing scaffolding of the cell wall,
which is synthesized by complexes of cellulose synthase (CESA) proteins that move through the
plasma membrane (McFarlane et al., 2014). The linear glucan chains extruded into the apoplast
by these complexes are aligned in bundles called microfibrils, and their orientation in the wall is
carefully controlled, as it contributes to the physical properties of the wall (Barnett and Bonham,
2004). Hemicelluloses are believed to cross-link the cellulose microfibrils, providing additional
support. They consist of a more varied group of polysaccharides, generally grouped by the β(1,4) linkages connecting the sugars in their backbones (Scheller and Ulvskov, 2010). The
predominant hemicellulose of eudicot PCWs are the xyloglucans, with a glucose backbone and
various patterns of oligosaccharide side chains (Pauly and Keegstra, 2016). The most abundant
1

hemicellulose of grass PCWs are arabinoxylans, which have a xylose backbone and simpler
glucose or arabinose side chains (Rennie and Scheller, 2014). The walls of grasses also contain
mixed linkage glucans, which differ in that the glucose molecules in their backbones are linked
by a mixture of β-(1,3)- and β-(1,4) bonds (Burton and Fincher, 2009). The final polysaccharide
component of PCWs are the pectins, which are thought to provide a matrix around the cellulose
and hemicelluloses, where they affect the hydration of the wall, its firmness, and its structural
integrity (Atmodjo et al., 2013; Anderson, 2016). Pectins have extremely diverse structures,
varying from the almost linear homogalacturonan, to the highly branched rhamnogalacturonan II,
though they have in common an abundance of galacturonic acid sugars. Unlike cellulose,
hemicelluloses and pectins are synthesized intracellularly in the Golgi apparatus by various
glycosyltransferases and other enzymes, prior to secretion to the apoplast where they are
integrated into the wall (Atmodjo et al., 2013; Rennie and Scheller, 2014).
SCWs provide additional structural reinforcement to water conducting tracheary
elements, to help these cells withstand the pressures of water transport, and fibres, which support
the plant body. Disruption of normal SCW deposition in a wide array of mutants typically results
in a dwarf growth phenotype and collapsed xylem tracheary elements (called irregular xylem;
irx), illustrating the importance of proper SCW deposition for normal plant growth and
development (Brown et al., 2005). To achieve the necessary strength and rigidity for SCWs, the
extensibility and flexibility features of the PCW must be sacrificed (Cosgrove and Jarvis, 2012),
and the composition of SCWs differs from that of PCWs to facilitate this change in function.
One of the biggest differences is the deposition of a non-polysaccharide component called lignin.
Lignin is a phenolic polymer, whose monolignol monomers derive from phenylalanine
(Bonawitz and Chapple, 2010; Dixon et al., 2014). The monolignols are synthesized in the
cytoplasm and exported to the apoplast where they polymerize at random with the assistance of
secreted oxidative enzymes such as laccases and peroxidases (Meents et al., 2018).
The cellulose of SCWs is produced by a different set of CESA isoforms, and they
produce cellulose with an increased degree of polymerization and with a different orientation and
organization, thereby affecting the properties of the wall (Meents et al., 2018). While SCWs
contain hemicelluloses, they are usually a different kind than is found in the PCW, usually
xylans and mannans (Scheller and Ulvskov, 2010). Mannans are the most abundant
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hemicellulose in conifer SCWs, and smaller amounts are also found in the walls of eudicots and
grasses (Rodríguez-Gacio et al., 2012). These carbohydrates have a β-(1,4)-linked backbone of
mannose and glucose, and in conifers, sidechains of galactose are observed. Xylans of the
eudicot SCW are characterized by a β-(1,4)-linked xylose backbone, decorated with sidechains
of glucuronic acid, while conifer xylans are also substituted with varying amounts of arabinose
(Ebringerová, 2005). Xylans are essential for water transport and growth, as Arabidopsis mutants
defective in xylan biosynthesis exhibit dwarf growth and collapsed xylem phenotypes (Rennie
and Scheller, 2014). However, despite its importance, many aspects of xylan biosynthesis remain
unresolved.

1.2
1.2.1

Xylan structure and biosynthesis
Xylan diversity in plants and algae
Xylans are a group of hemicelluloses having in common a xylose backbone. While the

walls of some green algae contain (1,3)-β-xylans, and some red algae and Plantago seeds have
(1,3),(1,4)-β-xylans in their walls, in land plants the xylan backbone is almost invariably
composed of β-(1,4)-linked xylosyl residues (Ebringerová and Heinze, 2000; Popper et al., 2011;
Domozych et al., 2012) (Figure 1.1). Xylans are then classified according to the type and degree
of backbone substitution. Glucuronoxylans (GX) are substituted at the O-2 position by
glucuronic acid, which may in turn be methylated. GX is the major hemicellulose component of
eudicot SCWs (Scheller and Ulvskov, 2010), but may also be present in the SCWs of some
monocots (Peña et al., 2016). Xylans can also be substituted with arabinose at the O-3 and/or O2 position, producing arabinoglucuronoxylans (AGX), glucuronoarabinoxylans (GAX), and
arabinoxylans (AX), depending on the degree of arabinose versus glucuronic acid substitution
(Ebringerová, 2005). Arabinose-substituted xylans are generally absent from the SCW of
eudicots, found in small amounts in the PCW of eudicots and conifers, and in greater quantities
in the PCW and SCW of grasses and SCW of conifers (Scheller and Ulvskov, 2010; Peña et al.,
2016). The arabinosyl residues of grasses can also be substituted at the O-5 position by phenolic
acids like ferulic acid and p-coumaric acid, which can become cross-linked with lignin in SCWs
(Scheller and Ulvskov, 2010). Like many cell wall polysaccharides, xylans are also often
acetylated, in the case of xylan at the O-2 and/or O-3 position(s) (Gille and Pauly, 2012). GXs in
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a variety of eudicots, gymnosperms and non-grass monocots also have a β-Xyl-(1,3)-α-Rha(1,2)-α-Gal-(1,4)-β-Xyl sequence at their reducing end, sometimes referred to as a reducing end
oligosaccharide (REO) (Scheller and Ulvskov, 2010; Peña et al., 2016). The REO has been
hypothesized to be either a primer for synthesis of the xylan backbone, or a terminator sequence
transferred to the reducing end upon completion of backbone synthesis (York and O’Neill,
2008).
In SCWs xylans interact with cellulose, by assuming a two-fold helical screw structure,
allowing the unsubstituted face of the xylan to form hydrogen bonds with the hydrophilic surface
of cellulose microfibrils (Busse-Wicher et al., 2014; Simmons et al., 2016). The even distribution
of xylan backbone substitutions is therefore essential for proper xylan conformation in the wall,
as has been demonstrated using mutants with altered acetyl and glucuronic acid substitution
patterns (Grantham et al., 2017). An even pattern of substitutions has been found in both
angiosperms and gymnosperms, and has therefore been proposed to be an important feature of
xylans across the vascular plants (Busse-Wicher et al., 2016). This substitution pattern is set up
during synthesis and processing of xylan by biosynthetic proteins in the Golgi, however, it is
unclear how these biosynthetic proteins work together to assemble xylans of the appropriate
structure.

1.2.2

Xylan biosynthesis in the Golgi
Synthesis of xylan requires the concerted action of several dozen proteins in the cytosol

and Golgi, including substrate biosynthetic enzymes, substrate transporters, and
glycosyltransferases (GTs) (Figure 1.2). Golgi-localized GTs assemble the polysaccharide using
activated nucleotide sugars, while other enzymes are important for the addition of non-sugar side
chains like methyl and acetyl groups. Current models predict that a complex of GTs in the Golgi
use UDP-xylose to synthesize the xylan backbone. Two GTs from Glycosyltransferase Family
43 (GT43) called IRREGULAR XYLEM 9 (IRX9) and IRREGULAR XYLEM 14 (IRX14), and
a member of GT47 called IRREGULAR XYLEM 10 (IRX10), were identified by their coexpression with SCW CESAs (Brown et al., 2005; Brown et al., 2007). Double mutant analysis
revealed that these three proteins are partially redundant with their respective paralogs (IRX9L,
IRX10L and IRX14L), and loss-of-function mutations result in dwarf growth phenotypes,
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reduced xylan content, and lower xylosyltransferase activity (Brown et al., 2007; Peña et al.,
2007; Brown et al., 2009; Wu et al., 2009; Keppler and Showalter, 2010; Lee et al., 2010; Wu et
al., 2010). The interaction of these GTs was demonstrated using co-immunoprecipitation (CoIP)
and bimolecular fluorescence complementation (BiFC) in the production of arabinoxylans in
PCWs of wheat (Triticum aestivum) and asparagus (Asparagus officianalis), indicating that the
xylan biosynthetic proteins orthologous to the Arabidopsis proteins have the potential to form a
xylan biosynthetic complex (Zeng et al., 2010; Jiang et al., 2016; Zeng et al., 2016). Each protein
was also proposed to homodimerize in planta. The formation of a core xylan biosynthetic
complex containing IRX9, IRX10 and IRX14 may also be a prerequisite for their localization in
the Golgi, as transiently expressed asparagus and wheat proteins were retained in the ER unless
co-expressed with the other two proteins (Jiang et al., 2016; Zeng et al., 2016).
The different functions of IRX9, IRX10 and IRX14 in a xylan biosynthetic complex have
been dissected using site-directed mutagenesis of the Arabidopsis (Ren et al., 2014) and
asparagus proteins (Zeng et al., 2016). Mutation of the proposed glycosyltransferase catalytic site
or the UDP-xylose substrate-binding domain of IRX9/IRX9L did not impede complementation
of the mutant phenotype, or xylosyltransferase activity of the biosynthetic complex, indicating
that their function may be structural, rather than enzymatic (Ren et al., 2014; Zeng et al., 2016).
IRX14 has been proposed to be important for substrate binding (Zeng et al., 2016) or priming of
xylan synthesis (Ren et al., 2014), as its function was impaired when the predicted substratebinding site was mutated. Finally, catalytic function has been ascribed to IRX10/IRX10L, as
heterologously expressed Arabidopsis IRX10L has been shown to have xylan xylosyltransferase
activity in vitro (Urbanowicz et al., 2014). This function is likely to be conserved among IRX10
orthologues and paralogues, as xylosyltransferase activity has also been observed for IRX10
from psyllium (Plantago ovata) and Physcomitrella patens (Jensen et al., 2014). The above
experiments suggest that SCW xylan backbone synthesis may be carried out by a xylan
biosynthetic complex in the Golgi. However, it is unclear if this complex forms in the ER or the
Golgi, and where precisely in the Golgi it might be active.
A xylan biosynthetic complex could also include a number of other proteins known to
synthesize or transport substrate molecules, or to add various side-chains. Firstly, xylan
biosynthesis requires the presence of the nucleotide sugar substrate, UDP-Xylose. UDP-Xylose
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may be converted from xylose-1-phosphate by a pyrophosphorylase, or interconverted from
UDP-arabionopyranose by UDP-Xylose Epimerases (UXEs), but the majority of UDP-Xylose is
formed by the non-reversible decarboxylation of UDP-glucuronic acid by UDP-Xylose
Synthases (UXSs) (Bar-Peled and O’Neill, 2011). Interestingly, three of the UXS isoforms in
Arabidopsis have been localized to the Golgi and three to the cytosol, but it is the cytosolic
UXS3, UXS5 and UXS6 that are important for xylan synthesis in Arabidopsis stem SCWs
(Harper and Bar-Peled, 2002; Pattathil et al., 2005; Kuang et al., 2016; Zhong et al., 2016). The
UDP-xylose is then transported into the Golgi by UDP-Xylose Transporters (UXTs), primarily
UXT1, which has been hypothesized to associate with the xylan biosynthetic complex to ensure
adequate substrate availability (Ebert et al., 2015).
Furthermore, as mentioned above, the interaction of xylan with other SCW components,
such as cellulose microfibrils, is dependent on the side chains decorating the xylan, which are
added by different sets of proteins. Members of the GT8 GUX family of proteins are xylan
glucuronosyltransferases responsible for the majority of xylan glucuronic acid (GlcA)
substitution, demonstrated by a lack of xylan glucuronyltransferase activity and loss of GlcA
substitutions on the xylan backbone in GUX family mutants (Mortimer et al., 2010; Rennie et al.,
2012). GUX1 and GUX2 add GlcA substitutions in different patterns, which contribute to the
final shape of the xylan and therefore its function in the wall (Bromley et al., 2013). UDP-GlcA
is synthesized from UDP-Glc in the cytosol by a UDP-Glc Dehydrogenase (UGD), or from a
phosphorylated glucuronic acid by a UDP-sugar pyrophosphorylase (Bar-Peled and O’Neill,
2011). Recently the transporter UUAT was found to transport both UDP-GlcA and UDP-GalA,
however the mutant had no reduction in GlcA substitution of xylan, perhaps due to functional
redundancy with other nucleotide sugar transporters (Saez-Aguayo et al., 2017).
Methylation of the GlcA residues is catalyzed by glucuronoxylan methyltransferases
(GXMTs) (Lee et al., 2012; Urbanowicz et al., 2012). The IRX15/IRX15L proteins have also
been implicated in xylan methylation, but a catalytic function has not yet been demonstrated
(Brown et al., 2011; Jensen et al., 2011). Instead these proteins may form a structural component
of a methylation protein complex (Urbanowicz et al., 2012; Rennie and Scheller, 2014). Xylan is
acetylated primarily by the protein ESK1TBL29, (Xiong et al., 2013; Yuan et al., 2013;
Urbanowicz et al., 2014) though other TBL proteins also acetylate xylan at different positions
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and with different affinities (Yuan et al., 2016b; Yuan et al., 2016a; Zhong et al., 2017). A set of
RELATIVE WALL ACETYLATION proteins are hypothesized to transport the substrate for
xylan acetylation into the Golgi (Lee et al., 2011; Manabe et al., 2011; Gille and Pauly, 2012;
Manabe et al., 2013).
Synthesis of the REO is not well understood, though three sets of GTs have been
implicated in REO production based on the absence of the REOs in the cell walls of their
mutants. These include the GT8 proteins IRX8GAUT12 (Peña et al., 2007; Persson et al., 2007) and
PARVUSGATL,GLZ1 (Lao et al., 2003; Brown et al., 2007; Lee et al., 2007), and the GT47 proteins
FRA8IRX7 and F8HIRX7L (Zhong et al., 2005; Brown et al., 2007; Lee et al., 2009).
Each of the proteins described above contributes in some manner to xylan biosynthesis,
however it is unclear how the cell coordinates their activity in the Golgi to ensure the proper
production of xylan molecules for the SCW. The spatial distribution of these proteins within the
Golgi is likely to contribute to this coordination, either by forming biosynthetic complexes to
increase the efficiency of some processes, or segregating steps which occur successively or
independently. This hypothesis can be tested by examining the distribution of xylan biosynthetic
proteins in the Golgi stack.

1.3

The plant Golgi apparatus
It is clear that the numerous proteins and processes involved in xylan biosynthesis are

coordinated in the Golgi apparatus, but arrangement of the xylan biosynthetic machinery in the
Golgi is not known. The Golgi is an organelle at the center of the eukaryotic endomembrane
system (Mowbrey and Dacks, 2009). Newly synthesized proteins from the endoplasmic
reticulum (ER) must pass through the Golgi to be secreted from the cell, or to reach target
destinations like the plasma membrane or the vacuole. Aside from this vital role in protein
trafficking, the Golgi also specializes in the processing of glycoproteins and, in plants, the
synthesis of several polysaccharide components of cell walls including xylan. Despite these
essential cellular functions, many aspects of Golgi biology are still a mystery, including how
complex biosynthetic processes like xylan production occur inside the Golgi. While the Golgi is
typically depicted in cell wall reviews as a single large membrane sphere (see Figure 1.2), a
much more complex picture of Golgi structure is observed using microscopy.
7

1.3.1

Conservation of Golgi structure and function
In many organisms, the Golgi consists of a stack of flattened membranous structures

called cisternae (Figure 1.3). Within each cisterna is an internal space called the lumen, which
contains the various proteins and substrates necessary for Golgi processing, as well as their
products, including xylans. There is a distinct structural and functional polarity to the cisternae in
the Golgi, starting with the ER-associated cis-Golgi cisterna, transitioning to the central medialGolgi cisterna, followed by the trans-Golgi which associates with the Trans-Golgi Network
(TGN) (Papanikou and Glick, 2014). The cis-cisterna exchanges membrane and proteins via
vesicular traffic with the ER, including Coat Protein II (COPII)-mediated anterograde vesicle
trafficking of materials for distribution throughout the cell, and COPI-mediated retrograde
vesicle trafficking of escaped ER proteins and trafficking machinery (Brandizzi and Barlowe,
2013). The bulk of Golgi processing is believed to occur in the medial Golgi, where COPI plays
additional roles in intra-Golgi trafficking (Day et al., 2013; Papanikou and Glick, 2014). At the
other end of the Golgi, the TGN is a hub for the sorting and trafficking of materials headed to
and from the Golgi, plasma membrane and vacuole (Rosquete et al., 2018). This is where cell
wall polysaccharides are packaged into secretory vesicle clusters for export to the cell wall
(Toyooka et al., 2009). A variety of coat proteins are observed at the TGN, including COPI and
clathrin, but large secretory vesicles (SVs) are also prevalent (Kang et al., 2011). The change in
function across the Golgi from cis to trans are accompanied by alteration in cisternal structure
and composition. Moving from the cis-Golgi to the TGN, the cisternae become more elongated,
the margins begin to swell, the protein and lipid composition changes, the lumen in the cisternal
centers becomes more compressed, and the lumen becomes more acidic (Day et al., 2013; Shen
et al., 2013; Papanikou and Glick, 2014).
Despite evolutionary conservation of many structural and functional features of the Golgi
(Klute et al., 2011), there are also some species with interesting exceptions (Mowbrey and
Dacks, 2009). In most species, including plants, the Golgi cisternae are stacked one on top of the
other from cis to trans. However, in several fungal species, including the model yeast
Saccharomyces cerevisiae, cisternae are not stacked, but are distributed individually within the
cytoplasm (Preuss et al., 1992). There is also variation in the extent of connectedness between
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stacks. In most eukaryotes, individual Golgi stacks are not physically connected and are
dispersed throughout the cytoplasm. In vertebrates however, most cells have a highly
complicated network of interconnected Golgi stacks, called the Golgi ribbon, which is largely
immobile and found adjacent to the nucleus (Nakamura et al., 2012). Despite these differences in
structure, the Golgi in these organisms carry out many of the same cellular functions as in plant
cells, illustrating that Golgi structure can be highly plastic and still carry out conserved functions.
The process by which materials move through the Golgi has been a subject of debate for
decades (Luini, 2011). Several models have been proposed to explain how the protein and
polysaccharide products (i.e. Golgi cargo) traverse the Golgi stack from cis to trans, while the
proteins carrying out cargo synthesis and modification (i.e. Golgi residents) are maintained in the
Golgi. There is very strong support for a cisternal maturation model, which posits that cargo
traverse the Golgi as the cisternae change over time from cis, to medial and then trans-cisternae
(Glick and Luini, 2011). During this process, the population of resident proteins in the cisterna
changes, as cis-type residents are replaced by more trans-type residents via retrograde trafficking
from later to earlier cisternae. In the case of xylan production, this implies that xylan moves
through the Golgi with the maturation of the cisternae, while the xylan biosynthetic enzymes are
retained in the stack via active recycling to previous cisternae. The cisternal maturation model
suggests that the cis-most Golgi compartment forms de novo, becoming the youngest in a
maturing Golgi stack. At the opposite face of the Golgi, the trans-most cisternae are predicted to
be shed from the Golgi, presumably maturing into TGN and secretory vesicles (Kang et al.,
2011). While there is strong evidence supporting maturation of Golgi cisternae (Becker et al.,
1995; Bonfanti et al., 1998; Losev et al., 2006; Matsuura-Tokita et al., 2006; Rizzo et al., 2013)
the mechanisms of Golgi processing are not fully resolved, as other data cannot be explained via
cisternal maturation alone (Glick and Luini, 2011). For example, artificial cisternal ‘staples’
remain trapped in cis-cisternae instead of progressing as predicted by the cisternal maturation
model (Lavieu et al., 2013) and both cargo and residents have been observed to undergo intraGolgi trafficking (Park et al., 2015).
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1.3.2

Coordination of Golgi stacks in the Golgi apparatus
The number of Golgi stacks in a cell varies widely, from a single stack in the green algae

Chlamydomonas, to thousands in large cotton fibres (Andreeva et al., 1998). The abundance of
Golgi stacks also depends on developmental stage and cell type. For example, during
development of the epidermis of Arabidopsis seeds, the number of Golgi stacks doubles,
coinciding with the production of large quantities of pectin-rich cell wall mucilage in the Golgi
(Young et al., 2008). Interestingly, the number of Golgi continues to double in the MUCILAGE
MODIFIED 4 (MUM4) mutant deficient in pectin production, indicating that accumulation of
polysaccharide cargo is not driving the increase in the number of Golgi stacks in these cells.
Additionally, in tobacco BY2 cell cultures, the number of Golgi stacks present in cultures
undergoing log growth was double that of non-dividing stationary cells (Toyooka et al., 2014).
This increase is Golgi stacks is likely tied with the cell cycle, as the number of Golgi stacks also
doubles prior to mitosis (Garcia-Herdugo et al., 1988; Seguí-Simarro and Staehelin, 2006).
Despite this variation in Golgi abundance, the regulatory mechanisms controlling increases in
Golgi number are not well understood.
Plant Golgi stacks are believed to proliferate by increasing Golgi diameter, followed by
cisternal fission, cutting the stack in half (Ito et al., 2014). This model is supported by electron
microscopy of plant Golgi with elongated and partially divided cisternae (Hirose and Komamine,
1989; Langhans et al., 2007; Staehelin and Kang, 2008). It is possible that the increase in
cisternal membrane prior to division is tied to increased ER-Golgi traffic of protein cargo or
Golgi residents. This may explain why Golgi proliferation appears to be tied to increased
demand for Golgi processing. Identifying other circumstances in which Golgi proliferate may
provide an insight into this process.
Another feature of the Golgi is its ability to carry out various kinds of glycoprotein
processing and polysaccharide biosynthesis simultaneously. Immunolabelling of the PCW
polysaccharides pectin and xyloglucan in the root cap and seed coat epidermis indicated that
individual Golgi stacks produce both kinds of cargo at once (Zhang and Staehelin, 1992; Young
et al., 2008). Similarly, Golgi in carrot suspension culture cells contained both secreted
glycoproteins and polysaccharide cargo (Moore et al., 1991). Like xylan biosynthesis, all these
processes require a host of proteins in the Golgi, such as GTs and transporters. It is unclear how
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these disparate processes can be accommodated within the tight confines of the Golgi cisternae,
though the formation of biosynthetic complexes (Oikawa et al., 2013), and spatial segregation of
different processing steps (Schoberer and Strasser, 2011), have been proposed to facilitate
efficient production. Similar Golgi multitasking has not yet been shown to occur during SCW
synthesis, though it has been hypothesized that xylan and mannan biosynthesis, as well
glycoprotein processing and protein trafficking, occur simultaneously in Golgi stacks during
SCW production (Meents et al., 2018).
The plant Golgi apparatus is also interesting in that the individual stacks are highly
mobile, characterized by rapid cytoplasmic streaming on the actin-myosin network, interrupted
by occasional pausing (Boevink et al., 1998; Nebenführ et al., 1999). Secretion to targeted
domains may be facilitated by directing Golgi stacks to desired sites of secretion. Indeed, a
reported 85% of Golgi were found ‘underneath’ forming SCW bands when fluorescently-tagged
Golgi were imaged using confocal microscopy (Schneider et al., 2017). Golgi may therefore be
preferentially localized near the site of SCW deposition, where xylan and other Golgi cargo need
to be released. However, this model does not agree with observations in other cell types, where
Golgi appear to be evenly distributed despite ongoing targeted secretion. For example, Golgi
were not concentrated near the seed surface in Arabidopsis epidermal seed coat cells, where
large pectin-rich mucilage pockets form (Young et al., 2008). Similarly, Golgi are distributed
throughout the cortical cytoplasm of Arabidopsis trichomes, and are not clustered near the
forming branches (Lu et al., 2005). Furthermore, Golgi are found throughout the cytoplasm of
tip-growing cells like pollen tubes and root hairs (Wei et al., 2005; Peremyslov et al., 2008; Cai
et al., 2015). As the localization of Golgi to targeted domains during SCW deposition appears to
differ from these other examples, additional investigation into Golgi distribution in this system is
worthwhile.

1.3.3

Relationship between Golgi ultrastructure and function
Altering membrane fission and fusion dynamics can have a significant impact on the

morphology of membranous organelles (Voeltz and Prinz, 2007). The Golgi is particularly
sensitive to such perturbations, as it is a trafficking hub of the endomembrane system, regularly
sending and receiving materials to and from the ER and TGN, as well as between individual
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cisternae (Figure 1.3). Disruption of these processes can have strong effects on Golgi structure.
For example, a forward-genetics approach in Arabidopsis identified a mutation in the Nethylmaleimide-sensitive factor (NSF) protein which resets membrane docking machinery, and
these mutant plants had alterations in the number and size of Golgi cisternae (Tanabashi et al.,
2018). As such, characterization of Golgi ultrastructure, and how it changes with Golgi function,
or in different mutant backgrounds, can provide an insight into how the Golgi works.
The number of cisternae in a Golgi stack varies with cell type, developmental stage, and
species. In many plant species Golgi stacks contain 5 to 7 cisternae (Staehelin et al., 1990;
Zhang and Staehelin, 1992; Samuels et al., 2002), while the alga Scherffelia dubia can have 20
cisternae in a stack (Becker et al., 1995; Donohoe et al., 2013) and the protist Euglena as many
as 30 cisternae (Becker and Melkonian, 1996). Furthermore, a small increase in cisternal number
is seen in root tip columella cells, compared to the root meristem (Staehelin et al., 1990). It is
unclear what factors determine the number of cisternae in a stack, but it may be linked to the
speed of cisternal maturation. In the yeast Saccharomyces cerevisiae, a disruption of Golgi
processing, due to loss of the COPI and clathrin recruiting protein Arf1, results in a decrease in
the speed of maturation of cis-cisternae, leading to an increase in the number of cisternae in the
cell (Bhave et al., 2014). Interestingly, the Golgi cisternae in these cells also increased in
diameter, suggesting the rate of maturation may also influence cisternal size. Plant Golgi stacks
range from 0.5 to 2 μm in diameter, in a wide variety of cell types and plant species (Hirose and
Komamine, 1989; Staehelin et al., 1990; Zhang and Staehelin, 1992). Within this range however,
the diameter of Golgi can vary with cell type and developmental stage. For example, the Golgi in
root cells almost double in diameter during differentiation from meristem into columella cells
(Staehelin et al., 1990). As mentioned previously, an increase in the diameter of Golgi cisternae
is thought to be a preliminary step in the fission of Golgi stacks to produce new stacks (Ito et al.,
2014). As such, differences in Golgi diameter are also seen at different cell cycle stages, prior to
an increase in the number of Golgi stacks (Hirose and Komamine, 1989; Seguí-Simarro and
Staehelin, 2006).
Variation in cisternal number and diameter may also be accompanied by alterations in the
shape of cisternae. The flattened cisternae slowly change shape from cis to trans; becoming
longer, with more tightly compressed centers, and swollen margins (Staehelin et al., 1990; Zhang
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and Staehelin, 1992; Samuels et al., 2002; Young et al., 2008; Wang et al., 2017). These
differences in membrane structure reflect the contents of the membrane and lumen in each
cisterna, as well as the membrane trafficking that is occurring. The impact of membrane
trafficking can be seen in the cis-most cisterna, for example, which often has an irregular
structure, as it acquires new membrane from ER-derived COPII-coated vesicles (Donohoe et al.,
2013). Alternately, membrane proteins and lipids can facilitate the formation of highly curved
membranes when introduced asymmetrically into the lipid bilayer (Voeltz and Prinz, 2007).
Lastly, soluble cell wall polysaccharides accumulate in the margins of more trans cisternae,
where they likely drive the swelling of these cisternal margins (Zhang and Staehelin, 1992;
Samuels et al., 2002; Young et al., 2008; Wang et al., 2017). As a consequence of this close
relationship between Golgi structure and function, the rapid production of large amounts of xylan
for Arabidopsis SCWs is likely also having a drastic effect on Golgi structure. Investigating the
nature of these changes in Golgi structure could therefore provide insight into Golgi function in
general, and xylan biosynthesis in particular.
The polar structure of cisternae in a Golgi stack may also reflect the sequential processing
of glycoproteins and polysaccharide cargo from cis-to-trans. Studies across eukaryotes provide
examples of Golgi processing pathways where resident proteins and products are detected
sequentially from cis to trans in the order they appear in the pathway. In plants, this is best
characterized in the trimming and decoration of oligosaccharides for N-glycan processing
(Schoberer and Strasser, 2011). In polysaccharide biosynthesis, xyloglucan biosynthetic enzymes
were found preferentially in the cis, medial or trans-cisternae in the order they are believed to act
during xyloglucan synthesis (Chevalier et al., 2010) However, these biosynthetic enzymes are
typically in very low abundance, making experiments of this type difficult to conduct and
interpret. For many polysaccharides, the order in which synthesis occurs is often entirely, or
largely unknown. For example, while synthesis of the xylan backbone must occur before
addition of sidechains, these side chains may be added nearly sequentially, or later in the Golgi.
Furthermore, the REO has been proposed to be either a primer of xylan biosynthesis onto which
the xylan backbone is synthesized, or a terminator transferred en bloc at the end of a finished
xylan chain (York and O’Neill, 2008). A primer must be synthesized prior to backbone
synthesis, while a terminator may be produced in parallel with xylan synthesis, and then added to
13

the xylan backbone later in the Golgi. The order in which xylan biosynthesis is conducted may
be investigated by determining the order in which various biosynthetic enzymes and related
proteins appear in the stack of Golgi cisternae.
The margins of Golgi cisternae are also often associated with vesicles, tubules, and
fenestrations. In mammalian cells, COPI-coated vesicles are involved in intra-Golgi retrograde
transport of Golgi resident proteins, while COPI tubules can mediate transport in both the
anterograde and retrograde directions (Yang et al., 2011; Park et al., 2015). While COPI-coated
tubules have not yet been reported in plant Golgi, intra-Golgi COPI vesicles have been identified
(Donohoe et al., 2007). The cisternae of mammalian, yeast and plant Golgi can also be
fenestrated to various extents (Mogelsvang et al., 2003; Mogelsvang et al., 2004; Koga and
Ushiki, 2006; Kang and Staehelin, 2008; Kang et al., 2011; Donohoe et al., 2013). The function
of fenestrations is not currently known, though they have been hypothesized to function as ‘spot
welds’ to help prevent swelling of cisternae, to introduce membrane curvature to aid in vesicle
formation, or as pathways facilitating the movement of materials through the cytoplasm
(Ladinsky et al., 1999).
Less elaborated membrane regions are seen at the sheet-like center of the Golgi stack.
This region has been proposed to contain arrays of GTs producing cell wall polysaccharides
(Staehelin et al., 1990). More recently, cryo-focused ion beam milling and cryo-electron
tomography of Chlamydomonas Golgi confirmed that the central regions of trans-cisternae
contain protein arrays bridging the Golgi lumen, which may represent oligomerized GTs or
structural proteins helping maintain cisternal shape and organization (Engel et al., 2015).
Characterization of the distribution of GTs across the Golgi in finer resolution could clarify the
function of these flattened cisternal centers.
Lastly, the TGN is a post-Golgi compartment composed of a network of tubules and
vesicles, and acts as a hub of anterograde, retrograde and endocytic trafficking (Rosquete et al.,
2018). In the cisternal maturation model, the TGN is postulated to form from the maturing transGolgi cisterna, as the cisternal structure collapses and Golgi-resident proteins are recycled back
to the Golgi (Kang et al., 2011). When newly formed, the TGN will be closely associated with a
Golgi stack, but is hypothesized to eventually dissociate into a free TGN (Kang et al., 2011). The
structure of the TGN is interpreted to reflect the nature and abundance of the materials being
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trafficked. COPI-coated vesicles are likely important for retrograde trafficking to the Golgi,
clathrin coated vesicles for vacuolar sorting, and un-coated secretory vesicles for secretion of
proteins and cell wall polysaccharides to the plasma membrane (Kang et al., 2011). Indeed,
disruption of TGN function by loss-of-function of TGN-trafficking proteins such as echidna or
yips can have dramatic effects on the structure of the plant TGN (Boutté et al., 2013). The many
roles of the TGN have made it challenging to dissect the relationship between TGN structure and
function. In SCW synthesis, these challenges are exacerbated by the dynamic traffic of SCW
CESAs (Watanabe et al., 2015; Schneider et al., 2017) and the large volume of cell wall material
being packaged at the TGN.
While there appear to be strong connections between various structural features of the
Golgi apparatus and TGN, and the function of these organelles, many questions remain.
Furthermore, our understanding of Golgi structure and function comes largely from studies of
Golgi producing PCW polysaccharides, and it is unclear how applicable these studies are to other
cell types, including cells producing SCWs. Examining the Golgi apparatus during SCW
synthesis in Arabidopsis is a good candidate as a model system, as large amounts of xylan are
produced, many highly-expressed xylan biosynthetic enzymes have been identified, and it is
amenable to genetic manipulation and imaging.

1.4

Protoxylem tracheary element differentiation as a model system
While the protein machinery contributing glucuronoxylan biosynthesis is rapidly being

elucidated (Figure 1.2), there remain many questions about where and how these proteins
function in the complex and dynamic environment of the Golgi apparatus. Studying
glucuronoxylan biosynthesis during SCW deposition has been challenging, as the cells producing
SCWs are often less amenable to microscopy techniques, being relatively few in number, buried
deep in plant organs, and often dead at maturity. These challenges can be addressed by taking
advantage of an Arabidopsis model system that uses an inducible version of a ubiquitously
expressed transcription factor called VASCULAR-RELATED NAC-DOMAIN 7 (VND7),
which is a master regulator of protoxylem development (Kubo et al., 2005; Yamaguchi et al.,
2008). In these plant lines, VND7 has been fused to an activating domain (VP16) and a
glucocorticoid receptor (GR), and ubiquitously expressed. When treated with a glucocorticoid
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hormone like dexamethasone (DEX), VND7 is activated, and cells throughout these plants begin
to transdifferentiate into protoxylem tracheary elements with helical SCWs (Yamaguchi et al.,
2010a). This system has been used successfully in studies examining the localization and
movement of oxidative enzymes involved in lignification (Schuetz et al., 2014; Chou et al.,
2018), vesicle fusion machinery (Vukašinović et al., 2017), and the sub-cellular dynamics of
SCW CESAs (Watanabe et al., 2015; Li et al., 2016; Watanabe et al., 2018). Induction of VND7
activity is accompanied by increased glucuronoxylan production and elevated expression of
xylan biosynthetic proteins such as IRX9 and IRX10 (Yamaguchi et al., 2011), making this an
ideal system for studying xylan biosynthesis in the Golgi. A benefit of the VND7 induction
system is that strong expression of xylan biosynthetic proteins can be triggered by their native
promoters. Golgi localized proteins are frequently not abundant in the cell, making their
localization challenging (Fukuda et al., 1996). However, over-expression of proteins using nonnative promoters can lead to overexpression artefacts, including mislocalization of the protein
(Brandizzi et al., 2004; Moore and Murphy, 2009). The protoxylem transdifferentiation model
system allows introduction and localization of GFP-tagged versions of xylan biosynthetic
proteins driven by their native promoters, providing greater confidence in the localization of
these proteins within the cell.

1.5

Research questions
This study aims to localize xylan biosynthesis within the Golgi apparatus and individual

Golgi stacks, to better understand how xylan biosynthesis occurs during SCW synthesis, and
how the plant Golgi apparatus is organized more broadly. In doing this I will address the
following questions:

1. Does the number of Golgi stacks increase with the onset of SCW production?
The number of Golgi stacks in a cell appears to increase with increased demand for Golgi
processing, including production of cell wall polysaccharides for the PCW (GarciaHerdugo et al., 1988; Seguí-Simarro and Staehelin, 2006; Young et al., 2008; Toyooka et
al., 2014). I therefore hypothesize that the number of Golgi stacks will increase similarly
in order to accommodate the xylan production required for SCW deposition.
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2. Are all Golgi stacks in the Golgi apparatus participating in xylan biosynthesis?
During PCW production, individual Golgi stacks do not appear to have specialized
functions (Moore et al., 1991; Zhang and Staehelin, 1992; Young et al., 2008). As such, I
predict that all Golgi will similarly participate in xylan biosynthesis during SCW
production.
3. Do Golgi stacks preferentially associate with the plasma membrane lining SCW
domains?
Live-cell imaging of fluorescently-labelled Golgi during protoxylem tracheary element
development suggests that most Golgi stacks are found in very close proximity to SCW
bands (Schneider et al., 2017). This distribution may be actively maintained by the cell to
facilitate targeted secretion of Golgi cargo at SCW domains, in which case I would
hypothesize that Golgi stacks will be closer to these sites of deposition than random.
4. Does the structure of Golgi stacks change in response to the onset of SCW
production and how is this altered in a xylan biosynthetic mutant?
Golgi structure can vary greatly in different cell types and developmental stages,
especially when the Golgi begin producing greater quantities of polysaccharides
(Staehelin et al., 1990; Zhang and Staehelin, 1992; Samuels et al., 2002; Young et al.,
2008; Wang et al., 2017). Similar changes in Golgi structure are therefore predicted to
occur during SCW synthesis in protoxylem tracheary elements, including an increase in
the size of the swollen Golgi margins, the diameter of Golgi cisternae, and the size of
secretory vesicles.
5. How are xylan biosynthetic enzymes and their product distributed within a Golgi
stack?
Golgi-resident glycosyltransferases have been predicted to be located in the cisternal
centers of Golgi stacks, while Golgi cargo accumulates in the swollen margins (Staehelin
et al., 1990). I therefore hypothesize that a similar distribution of xylan biosynthetic
enzymes (in cisternal centers) and xylan (in the margins) will be observed during SCW
deposition. Furthermore, xylans are predicted to be most abundant in trans-cisternae, as
has been observed in other cell types for pectins and hemicelluloses (Zhang and
Staehelin, 1992; Samuels et al., 2002; Young et al., 2008; Wang et al., 2017).
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In Chapter 3, I address the first three questions concerning the function and distribution of
the population of Golgi stacks which comprise the Golgi apparatus. I generated a fluorescentlytagged version of the xylan biosynthetic protein IRX9, driven by its native promoter, and
introduced this into the VND7-induction system. I then used a combination of live-cell imaging
and transmission electron microscopy (TEM) to examine the population of Golgi stacks prior to
SCW deposition, and after triggering transdifferentiation into protoxylem tracheary elements by
inducing VND7.
In Chapter 4, I address the final two questions, focusing more specifically on xylan
production in individual Golgi stacks. Using the materials generated in Chapter 3, I conducted
nanoscale mapping of wild-type Golgi ultrastructure prior to and during SCW deposition, and
during SCW synthesis in the xylan biosynthetic mutant irx9-2. I then used immnoTEM to
localize IRX9-GFP and xylan within specific regions of individual Golgi cisternae to reconcile
the biochemistry of xylan backbone synthesis with a high-resolution understanding of Golgi
structure during SCW synthesis.
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Figure 1.1 Generalized structures of xylan.
Eudicot xylan is substituted with GlcA, Me-GlcA, and acetate. Arabinose substitutions may be present but are
frequently not found. The major domain has (Me-) GlcA on evenly spaced residues about eight xylose units apart,
while the minor domain has (Me-) Glc more closely spaced. Rhamnose and galacturonic acid are found at the
reducing end. In grasses, xylan may also be substituted with arabinose, xylose, galactose, and ferulic and coumaric
acid. Reproduced with permission from Rennie and Scheller (2014) Copyright Elsevier © 2014
(doi.org/10.1016/j.copbio.2013.11.013).
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Figure 1.2 Proteins involved in xylan biosynthesis in the Golgi.
Xylan is synthesized in the Golgi apparatus by Type II membrane proteins anchored by a single N-terminal
transmembrane domain and with their catalytic domains in the Golgi lumen. Some proteins, such as IRX10, are
predicted to lack transmembrane domains. Substrates are synthesized in both the cytosol and in the lumen. UDPGlcA is transported into the Golgi likely by a UDP-Uronic Acid Transporter (UUAT) (Saez-Aguayo et al., 2017)
and converted into UDP-Xyl by UDP-Xyl Synthase (UXS). Another isoform of UXS is present in the cytosol, and
UDP-Xyl synthesized there can be transported into the Golgi by a UDP-Xylose Transporter (UXT) (Ebert et al.,
2015). The cytosolic UXS proteins are the major supplier of UDP-Xyl for xylan synthesis (Kuang et al., 2016;
Zhong et al., 2016). UDP-Xyl is converted to UDP-Arap inside the Golgi by UDP-Xyl Epimerase (UXE) and UDPArap is converted to UDP-Araf by the mutase Reversibly Glycosylated Protein (RGP), located on the outer Golgi
membrane (Rautengarten et al., 2011). A transporter moves UDP-Arap out of the Golgi, and UDP-Araf is returned
to the lumen by UDP-Arabinose furanosyl Transporters (UAfTs) (Rautengarten et al., 2017). Some isoforms of
cytoplasmic UDP-Glc Epimerase (UGE) may also contribute to the conversion of UDP-Xyl to UDP-Arap. UDPAraf is added to xylan by a Xylan-Arabinosyl Transferase (XAT) (Anders et al., 2012). BAHD acyltransferases in
the cytosol are involved in xylan synthesis, and presumably transfer ferulic acid to an intermediate, such as UDPAraf, which is then transported into the Golgi and transferred onto xylan by unknown proteins. Acetate is likely
added to xylan by a family of Trichome Birefringence-like (TBL) proteins (Xiong et al., 2013; Yuan et al., 2013;
Urbanowicz et al., 2014; Yuan et al., 2016b; Yuan et al., 2016a; Zhong et al., 2017). Reduced Wall Acetylation
(RWA) proteins are also involved in acetylation and may serve as acetyl-CoA transporters (Lee et al., 2011; Manabe
et al., 2011; Manabe et al., 2013). S-Adenosylmethionine, the substrate for xylan methylation, is synthesized in the
cytosol and must also be transported into the lumen. Not shown are tranporters for coproducts such as CoA, and
S0adneosyl homocysteine, which must be removed from the Golgi and recycled in the cytosol. UMP is removed
from the Golgi by nucleotide sugar transporters, which function as antiporters. Modified from Rennie and Scheller
(2014). Reproduced with permission; Copyright Elsevier © 2014 (doi.org/10.1016/j.copbio.2013.11.013).
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Figure 1.3 Membrane trafficking to and from the Golgi Apparatus and TGN.
The Golgi exchanges materials with the endoplasmic reticulum (ER), the Trans Golgi Network (TGN), the plasma
membrane (PM), and organelles of the endosomal pathway like pre-vacuolar compartments. Individual Golgi
cisternae also exchange membrane and cargo via intra-Golgi trafficking.
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Chapter 2: Materials and Methods
This chapter provides detailed descriptions of the methods used to generate the results
described in Chapters 3 and 4.

2.1

Plant materials and growth conditions
All Arabidopsis (Arabidopsis thanliana) seeds were sterilized using chlorine gas in a

sealed container containing 100 mL of bleach and 3 mL of concentrated HCl for 3 - 6 hrs. Seeds
were then plated on Germination Media (GM) [1x Murashige and Skoog (MS) 1% Sucrose, 1x
Gamborg’s Vitamin mix, 0.05% MES, 0.8% agar at pH 5.8] and then transferred to growth
conditions. Plants were grown under long-day conditions (16 hrs light / 8 hrs dark) at 21 °C in a
vertical position. The irx9-2 (irx9) mutant line (SALK_057033) was obtained from the
Arabidopsis Biological Resource Center (ABRC). The irx10irx10L (SALK055673 and
GABI179G11) double mutant was obtained from Simon Turner (Brown et al., 2005; Brown et
al., 2009). 35S:VND7-VP16-GR seeds and plasmid were obtained from Taku Demura
(Yamaguchi et al., 2010a). To induce VND7-VP16-GR activity, 4- to 7-day-old seedlings were
treated with 10 ml of 10 μM dexamethasone (DEX) (Sigma) for 17 - 36 hrs, depending on the
experiment. The Arabidopsis Columbia-0 ecotype was used to generate all transgenic lines using
Agrobacterium tumefaciens (strain GV3101) and the floral dip method (Clough and Bent, 1998).
Primary transformants were selected by plating on GM plates containing 50 µg/mL kanamycin,
25 µg/mL hygromycin, or 25 µg/mL Basta.

2.2

Generation of constructs
Constructs were primarily generated using Gateway cloning (Invitrogen), including PCR

amplification with attB sequences (Table 2.1), Gateway Clonase-mediated insertion into a donor
vector, and then transfer to the destination vector. PCR was conducted with Phusion High
Fidelity DNA polymerase (New England Biolabs) followed by two-step adapter PCR to
incorporate the full attB sequences for Gateway cloning.
The native promoters used for IRX9 (AT2G37090) and IRX10 (AT1G27440) consist of
the 2045 bp and 828 bp intergenic sequences upstream of the start codon for each respective
gene, as in published promoter-GUS experiments (Wu et al., 2009; Wu et al., 2010).
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ProIRX9:IRX9 and proIRX10:IRX10 were amplified from genomic DNA and cloned into
pDONRzeo, and then into pMDC100 (Curtis and Grossniklaus, 2003) to incorporate an in-frame
C-terminal GFP and stop codon, thereby generating proIRX9:IRX9-GFP and proIRX10:IRX10GFP. IRX9 and IRX10 coding sequences were also amplified and cloned into pDONRzeo and
then pMDC44, to add a 35S promoter and an N-terminal GFP tag, resulting in 35S:GFP-IRX9
and 35S:GFP-IRX10. The restriction sites SbfI and KpnI were then used to swap out the 35S
promoter for proIRX9 or proIRX10 to produce proIRX9:GFP-IRX9 and proIRX10:GFP-IRX10,
respectively. Note that proIRX10 included the IRX10 signal sequence upstream of the GFP, to
ensure correct insertion of GFP-IRX10 into the ER.
Seeds and plasmids containing a 35S-driven version of Glycine max MANI-mCherry were
available (Nelson et al., 2007), but signal was largely absent due to silencing. To address this,
proUBQ10:MANI-mCherry was generated by amplifying MANI-mCherry from the available
35S-driven construct and cloned into pDONRzeo, and then pUB-DEST to add the proUBQ10
promoter and an appropriate terminator (Grefen et al., 2010). To introduce an alternate promoter,
MANI-mCherry+terminator was amplified and inserted into pDONRzeo and then pMDC100.
The terminator sequence was included as this last plasmid does not contain a terminator
downstream of the Gateway cloning site. The proIRX9 and proIRX10 sequences were then
inserted using KpnI and AscI restriction sites to generate proIRX9:MANI-mCherry and
proIRX10:MANI-mCherry, respectively.
Alternate versions of the published 35S:VND7-VP16-GR (Kanamycin resistant; KanR)
construct (Yamaguchi et al., 2010a) were generated to reduce ongoing silencing problems
believed to be exacerbated by the 35S promoter, and to provide an alternate plant selectablemarker for combining with the above MANI, IRX9 and IRX10 constructs. VND7-VP16-GR was
amplified from the existing plasmid and cloned into pDONRzeo and then into pUB-DEST to
generate proUBQ10:VND7-VP16-GR (Basta resistant; BasR), or pB2GW7 to generate
pro35S:VND7-VP16-GR (BasR).

2.3

Complementation testing
Proper function of proIRX9:IRX9-GFP was tested by transforming the irx9 mutant and

looking for complementation of its dwarf and collapsed xylem phenotypes (Lee et al., 2010; Wu
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et al., 2010). As irx10 does not have an obvious phenotype, and irx10irx10L plants are sterile
(Brown et al., 2009; Wu et al., 2009), function of proIRX10:IRX10-GFP was tested by
transforming irx10(±)irx10L plants, and looking for complementation of the growth and xylem
defects from irx10irx10L, in a subsequent generation. Restoration of wild-type height was
measured in 40-day-old plants and averaged for 5 plants in each of the wild-type, mutant and
complemented lines. Complementation of the irregular xylem (irx) phenotype was observed in
hand sections from the bottom 1 cm of mature wild-type, mutant, and complemented
inflorescence stems stained with 0.01% toluidine blue (Ted Pella) for 5 min and imaged on a
Leica DMR microscope equipped with a QICAM digital camera (QIMAGING). Images were
prepared in Image J.

2.4
2.4.1

Confocal microscopy
Expression of proIRX9:IRX9-GFP and proIRX10:IRX10:GFP
Live-cell imaging of irx9/proIRX9:IRX9-GFP and irx10irx10L/proIRX10:IRX10-GFP

was conducted on a Perkin-Elmer UltraView VoX spinning disk confocal mounted on a Leica
DMI6000 inverted microscope with a Hamamatsu 9100-02 CCD camera. Samples were mounted
in water and expression in developing tracheary elements in the root was observed using a
glycerol 20x objective (aperture 0.7), 488 nm excitation filter and 525 emission filter (GFP). All
images were acquired using Volocity image analysis software (Improvision) and prepared in
Image J.
The brightest irx9/proIRX9:IRX9-GFP and irx10irx10L/proIRX10:IRX10-GFP lines were
transformed with proUBQ10:VND7-VP16-GR (BasR) or 35S:VND7-VP16-GR (BasR). The T2
seedlings were treated with DEX and screened using brightfield imaging to identify lines with
the greatest number of inducing cells as a measure of induction quality. Lines with sufficient
inducing cells were then observed on the Perkin-Elmer spinning disk set-up, described above,
using a 63X objective (aperture 1.2). Subsequent experiments revealed reliable induction for a
single irx9/proIRX9:IRX9-GFP/proUBQ10:VND7-VP16-GR line, which was therefore selected
for additional experiments. However, subsequent generations of this line suffered from decreases
in successful SCW-production and IRX9-GFP expression, presumably due to silencing. To
address this, proIRX9:IRX9-GFP was next transformed into a strongly-inducing 35S:VND724

VP16-GR (KanR) line from Taku Demura, and a number of suitable transformants were
identified when T2 seeds were induced with DEX and screened for induction strength and
intensity of IRX9-GFP expression. The brightest and best-inducing line was selected for further
experiments, but later found to contain multiple copies of proIRX9:IRX9-GFP based on a Χ2
analysis in Excel of T3 segregation ratios. This analysis also identified a secondary line with a
single insertion of proIRX9:IRX9-GFP. The experiments utilizing each proIRX9:IRX9-GFP line
(in the irx9 background, or in the wild-type background with single or multiple insertions) are
identified when used.
The developmental time-course of proIRX9:IRX9-GFP expression and IRX9-GFP
subcellular localization was determined by imaging plants at two-hour increments from 17 - 30
hrs following induction with DEX in proIRX9:IRX9-GFP (2+ copies) /35S:VND7-VP16-GR
seedlings. Cells were categorized as ‘Early’ if a secondary cell wall was not visible in brightfield
imaging, but IRX9-GFP was expressed. ‘Mid’-development coincided with the appearance of
faint SCWs in brightfield, and ‘Late’ development was defined by obvious SCWs. The
differences in deposition of the SCW during these stages was validated by separate experiments
where imaging of IRX9-GFP and SCWs in brightfield coincided with staining of the cell wall
with 10 µg/ml propidium iodide (PI) for 5 min.

2.4.2

Golgi stack abundance
To quantify Golgi abundance throughout SCW deposition, plant cells expressing Golgi-

localized proteins were imaged on a Perkin-Elmer UltraView VoX spinning disk confocal
mounted on a Leica DMI DMi8 and a Hamamatsu VOXC9100-23B camera with a glycerol 63x
objective (aperture 1.2) and the following excitation and emission filters: GFP (488, 525), RFP
(561, 595). The plant lines examined, and number of experiments, seedlings and cells imaged,
are given in Table 2.2. Pre-SCW-synthesis Golgi density was assessed using the
proUBQ10:MANI-mCherry (WT.UMANI) line, and compared to Golgi density in SCWproducing cells using different Golgi-localized proteins (IRX9-GFP or MANI-mCherry) driven
by different promoters (proIRX9, proUBQ10). All plants were treated with DEX for 17 - 30 hrs
before imaging and at least three plants were imaged per time point for each experiment. For
each cell analyzed, a single optical section through the cell cortex was selected and the number
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of Golgi-like puncta was divided by the cell area in the section to calculate the Golgi density. All
images were processed using Volocity image analysis software (Improvision) and Image J.
As stage of development varies from cell to cell in any one plant, the appearance of the
SCW in brightfield imaging was used to assign the stage of SCW deposition, according to the
definitions laid out in the previous time-course experiments. Approximately ten cells per plant
were analyzed, unless VND7-induced SCW production was less successful, therefore limiting
the number of cells available to be imaged (WT.VND7.UMANI, WT.VND7.9MANI,
WT.VND7.IRX9+MANI). In these cases, all cells producing SCWs and/or expressing the protein
of interest were analyzed. Replicate experiments were conducted for all plant lines with the
exception of plants were very poor induction (Table 2.2) as these plants were deemed unsuitable
for future experiments.
Over the various experiments it was noticed that smaller cells seemed more likely than
larger cells to begin SCW synthesis upon DEX treatment. If Golgi density correlates with cell
size, this would introduce a bias into the Golgi density measurements following SCW-synthesis.
To investigate this possibility, in one of the experiments described above cell size was also
calculated by measuring maximum cell width in brightfield for the Pre-SCW (90 cells), EarlySCW (80 cells), Mid-SCW (342 cells) and Late-SCW (113 cells) stages. The relationship
between cell size and Golgi density was assessed in Excel (Microsoft) via regression analysis for
all cells, and the cells in each stage.

2.4.3

Colocalization
Colocalization of IRX9-GFP and MANI-mCherry was conducted in F1 crosses of

proIRX9:IRX9-GFP(2+ copies)/pro35S:VND7-VP16-GR with either proUBQ10:MANI-mCherry
or proIRX9:MANI-mCherry. Plants were imaged on a Perkin-Elmer UltraView VoX spinning
disk confocal mounted on a Leica DMI DMi8 and a Hamamatsu 9100-02 CCD camera and an
immersion oil 100x objective (aperture 1.47). Extremely low numbers of cells expressing both
proIRX9:IRX9-GFP and proIRX9:MANI-mCherry prevented quantification of colocalization in
this cross. However, while suitable IRX9-GFP and MANI-RFP expression was also very low in
the proUBQ10:MANI-mCherry cross, sufficient numbers of cells (26 cells) and seedlings (5
plants) were imaged to allow quantification of colocalization via Pearson’s Correlation
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Coefficient (PCC) and Mander’s overlap coefficients (Manders et al., 1993) in Volocity
(Improvision). All images were prepared in Image J.

2.5
2.5.1

TEM imaging
Sample preparation and imaging
For TEM analysis, hypocotyls and petioles of 4-day-old seedlings were high-pressure

frozen, freeze-substituted, sectioned, and prepared for TEM as previously described (McFarlane
et al., 2008). Briefly, dissected samples were loaded into copper hats (Ted Pella) with 1hexadecene as a cryoprotectant, and high-pressure frozen using a Leica HPM-100 high-pressure
freezer. Samples were transferred to freeze-substitution medium containing 2% (w/v) osmium
tetroxide and 8% (v/v) dimethoxypropane in anhydrous acetone for morphological analysis, or
0.25% (v/v) glutaraldehyde, 0.1% (w/v) uranyl acetate, and 8% (v/v) dimethoxypropane in
acetone for immunolabelling. Freeze substitution was performed for 5 days at -80 °C using an
acetone/dry ice slush. Samples were transferred to -20 °C overnight, followed by 4 °C for 2 hrs,
and transferred to room temperature. Samples were removed from the sample holders and rinsed
in anhydrous acetone several times, before slowly infiltrating over the course of 4 days with
increasing concentrations of Spurr’s resin (Electron Microscopy Services) for analysis of
morphology, or LR White for immunolabelling (London Resin Company Ltd.). Following
polymerization at 60 °C, samples were sectioned using a Leica Ultracut UCT Ultramicrotome
(Leica Microsystems). Thin sections (70 - 80 nm thick) were post-stained using 2% uranyl
acetate in 70% methanol and Reynolds lead citrate and viewed on a Hitachi H7600 PC-TEM at
an accelerating voltage of 80 kV. Photographs were taken using an ATM Advantage HR digital
CCD camera and figures prepared in Image J.

2.5.2

Ultrastructure quantification
Golgi ultrastructure was quantified in TEM images of DEX-treated WT (WT Pre-SCW),

WT/35S:VND7-VP16-GR (WT SCW), and irx9/proUB10:VND7-VP16-GR (irx9 SCW) seedlings.
For WT/35S:VND7-VP16-GR, Golgi were analyzed from both 16 - 18 hrs-induced (WT EarlySCW) and 22 - 30 hrs-induced (WT Late-SCW) plants. For each of WT Pre-SCW, WT EarlySCW, WT Late-SCW and irx9 SCW, quantification data was collected from Golgi in cells with
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visible SCWs from replicate seedlings (5, 5, 7, 3 respectively) and experiments (2, 2, 2, 1
respectively).
The ‘cis’ cisternae were identified by lighter staining, visible lumen in the cisternal
center, and smaller margins than cisternae on the opposite side of the stack (Staehelin et al.,
1990; Samuels et al., 2002). The ‘trans’ cisterna was defined as the last structure on the transface with a flattened, cisterna-like region. Cisternae adjacent to cis and trans were designated
‘cis+1’ and ‘trans-1’, respectively, and the remaining intervening cisterna(e) classified as ‘mid’
(Figure 2.1). The number of fenestrations in each cisterna was estimated by counting cisternal
‘gaps’ in 28 - 37 Golgi cross-sections for each developmental stage or genotype. These gaps,
defined as breaks in a cisterna or regions of lighter staining corresponding with indentations in
the cisternal membrane (Figure 2.1), were assumed to be fenestrations based on published Golgi
tomography and transverse-sections of cisternae (Mollenhauer and Morré, 1998; Donohoe et al.,
2013). Cisternal diameters were determined for 34 - 40 Golgi by measuring the length of each
cisterna from one edge to the other (Figure 2.1). Golgi width was calculated by averaging
cisternal diameter for cis+1, mid and trans-1 cisternae. Cis and trans cisternae were excluded as
their structures were assumed to be changing rapidly as the cisterna forms or collapses,
respectively. Cisternal margins are known to become swollen in more-trans cisternae (Staehelin
et al., 1990; Samuels et al., 2002). Margin size across cisternae was therefore quantified in 34 38 Golgi by measuring the diameter of the margins of each cisterna (Figure 2.1). The diameter of
233 - 518 round profiles on TGN was also quantified to estimate the size of budding or secretory
vesicles in 28 - 61 TGN (Figure 2.1). All measurements were conducted in ImageJ.

2.5.3

Organelle abundance
For each cell quantified, the number of Golgi or mitochondria (counts) were summed

from non-overlapping images of the cell cortex in WT Pre-SCW, WT Late-SCW and irx9 SCW
cells. For the purposes of quantification of organelle abundance in TEM, Golgi counts included
vesicle aggregations, as sections through cisternal margins could not be easily distinguished from
the TGN. Counts/perimeter was then calculated by dividing the number of counts in each cell by
the length of the cell perimeter in the images from which the counts were obtained. The area of
cytoplasm in each image was then determined (excluding the vacuole, cell wall, plastids,
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nucleus, and ER-bodies ~ 1 μm2 or larger) and summed for all images in each cell. Counts/area
was calculated by dividing the number of counts in each cell by this summed area. Increases in
Golgi diameter would increase the probability of sectioning through individual Golgi in a cell,
thereby artificially increasing Golgi counts using this method. To account for this, the percent
increase in Golgi width between WT Pre-SCW and WT Late-SCW or irx9 SCW was divided
from the respective Golgi/perimeter and Golgi/area averages, thereby normalizing them to the
width of WT Golgi. Average cytoplasm thickness was determined by dividing the measured
perimeter length from the cytoplasmic area. For all parameters quantified, values were averaged
for 31 cells taken from 4 - 5 seedlings prepared in 3 replicate experiments (WT Pre-SCW and WT
Late-SCW) or 13 cells from 3 seedlings in 1 experiment (irx9 SCW).

2.5.4

Organelle position
A subset of the images from the WT Late-SCW TEM organelle abundance quantifications

were used to estimate the distance to the forming SCW from Golgi/TGN, mitochondria or
random positions in the cytoplasm. A 500 nm grid was laid over each image, and Excel’s random
number generator used to select random points on the grid that a Golgi/mitochondrion could be
found (ie. excluding the vacuole, cell wall, nucleus, plastids, and large ER bodies). The shortest
distance between each Golgi, mitochondrion and random point and the nearest SCW was then
measured. For each image, the same number of random points were selected as were Golgi/TGN
in the image, giving 168 measures for Golgi and random points, and 114 measures for
mitochondria, in 16 cells from 5 seedlings and 3 replicate experiments.

2.5.5

Immunogold labelling and mapping
Primary anti-xylan (Carbosource) and anti-GFP (Torrey Pine Biolabs and Invitrogen)

antibodies used in this study are given in Table 2.3. Each antibody was tested at a variety of
concentrations as outlined in the results, and CCRC M138 and Torrey Pines anti-GFP were
selected for carrying out Golgi mapping. The strong non-specific binding of the Invitrogen antiGFP was seen in SCWs and the Golgi, making it unsuitable for anti-GFP labelling in SCWproducing cells. Secondary antibodies included goat anti-rat (LM10), goat anti-mouse (CCRC
antibodies) and goat anti-rabbit (anti-GFP) antibodies conjugated to 10 nm colloidal gold (Ted
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Pella). For immunogold labelling, WT Late-SCW or IRX9-GFP Late-SCW (proIRX9:IRX9-GFP
2+copies/35S:VND7-VP16-GR) samples were induced for 22 – 24 hrs before high-pressure
freezing, freeze-substitution, and embedding in LR-white, as described above. Formvar-coated
nickel grids with 70 nm sections were blocked with 5% (w/v) non-fat dry milk (NFDM) in 1x
Tris-buffered saline/ 0.1% (v/v) Tween 20 (TBST) for 20 min. After blotting to remove excess
blocking solution, grids were transferred to the primary antibody which was undiluted (CCRC
M-138) or diluted 1:50 with 1% (w/v) NFDM in 1x TBST (Torey Pines anti-GFP) for 60 min.
After rinsing with 1x TBST, grids were transferred to appropriate secondary antibodies diluted
1:100 in 1% (w/v) NFDM in 1x TBST for 60 min, rinsed again with 1x TBST and then
thoroughly washed with distilled water. Grids were post-stained for 5 min in uranyl acetate and 2
min in lead citrate before imaging as described above.
Ideal antibodies for Golgi mapping would have sufficient label in the Golgi of the cells
making SCWs, but little or no label in negative controls. To assess this signal-to-noise ratio, antixylan labelling in IRX9-GFP Late-SCW cells with SCWs was compared to cells in the same
seedling not making SCWs, and to cells with SCWs but not exposed to the primary antibody.
Anti-GFP antibodies were tested by comparing labelling in IRX9-GFP Late-SCW to similar cells
in the WT Late-SCW samples, as well as IRX9-GFP Late-SCW samples not exposed to the
primary antibody. Quantification of gold label in anti-xylan negative controls, and anti-GFP noprimary-antibody controls, was unnecessary as they contained virtually no gold label. For
comparison of anti-GFP label in IRX9-GFP Late-SCW and WT Late-SCW all Golgi in each cell
examined were imaged and the number of gold particles in each Golgi was counted. For this
purpose, 493 Golgi/TGN in 39 cells (IRX9-GFP Late-SCW) and 277 Golgi/TGN in 19 cells (WT
Late-SCW) were imaged from 4 seedlings in 2 replicate experiments. The difference between
anti-GFP label and non-specific binding was demonstrated by comparing the number of gold
particles labelling Golgi in IRX9-GFP Late-SCW and WT Late-SCW.
Quantitative mapping in IRX9-GFP was completed using CCRC M-138 for xylan
labelling, and Torrey Pines anti-GFP for IRX9-GFP labelling. Every gold particle in a cell
labelling the Golgi or TGN was quantified, and the position of gold particles in the Golgi was
assessed when plane-of-section and sample preservation permitted. The results shown consist of
data from 24 cells (xylan mapping) and 39 cells (GFP mapping) from 4 seedlings and 2 replicate
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experiments. This resulted in the high-resolution mapping of 136 gold particles in 17 cells (xylan
mapping) and 182 gold particles in 33 cells (GFP mapping).
The cisterna with gold label was identified according to the parameters outlined in the
ultrastructure characterization section above. The distance between the gold particle and the
cisternal edge, as well was the diameter of the cisterna, was measured. The distance to the
cisternal center was calculated by dividing the cisternal width in two and subtracting the distance
to the cisternal edge. To compare the cisternal position of xylan and GFP label, the average
distance to cisternal centers and cisternal edges was calculated, irrespective of which cisterna the
gold particle was found in. To map the distribution of gold label across Golgi width, the distance
to the cisternal edge was converted into a percent of Golgi width for each gold particle. Gold
particles mapping to the same cisterna, and the same 10% block of cisternal width, were binned
together for generation of the labelling heat maps. While mapping of gold label to the TGN was
largely independent of plane of section and preservation quality, only ~50% Golgi label could be
accurately mapped to a specific region of individual cisternae. As such, the amount of TGN label
could not be directly compared to the Golgi-mapping frequencies. Instead, the proportion of
TGN vs Golgi label prior to mapping was used to scale down the amount of TGN label to
coincide with the amount of Golgi label that was actually mapped. Heat map colours were
generated in Excel (Microsoft) based on these final distributions. For easier comparison of Golgi
structure and the mapping distributions, the heat map colours were then manually transferred to a
realistic Golgi outline based on Golgi ultrastructure imaging.

2.6

Statistical analysis
Statistical analysis was conducted using SPSS 25 (IBM). Before comparison of means,

normality was assessed visually using histograms and Q-Q plots, supplemented with KolgomovSmirnov and Shapiro-Wilkes tests. If the data was approximately normally distributed a t-test for
independent means was used to compare two means, or a one-way analysis of variance
(ANOVA) used to compare more than two means. If the ANOVA showed a significant
difference, Tukey HSD post-hoc analysis was conducted to identify significant differences. If the
data was non-normal, data transformations were applied as indicated in the results, and normality
re-tested as described above. If normality was achieved, the above parametric procedures were
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followed. If the data continued to be non-normal, non-parametric tests were performed with
either the Mann-Whitney test (U) for two means, or the Kruskal-Wallis test (H) for more than
two means followed by post-hoc analysis using Dunn’s procedure.
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Figure 2.1 Golgi ultrastructure features measured.
Examples are shown on a xylan-producing Golgi, early in secondary cell wall production. The legend text colour is
paired with the colour of the appropriate symbols or text on the example Golgi.
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Table 2.1 Constructs generated and primers employed.
Text colour gives Gateway cloning sequences (orange), linker/spacer sequences (blue), and restriction sites (green).
Construct or Mutant

Primer Name
gtwy_pro+IRX9_LP

GFP-tagged IRX9

proIRX9:IRX9-GFP
gtwy_pro+IRX9_RP
gtwy_IRX9_LP
35S:IRX9-GFP
ttpcr_IRX9_P10
proIRX9_SbfI_LP
proIRX9:IRX9-GFP
proIRX9_KpnI_RP
gtwy_pro+IRX10_LP
GFP-tagged IRX10

proIRX10:IRX10-GFP
gtwy_pro+IRX10_RP
35S:GFP-IRX10
(no signal sequence)

proIRX10:GFP-IRX10
(signal sequence before GFP)

gtwy_GFP:IRX10_LP
gtwy_GFP:IRX10_RP
proIRX10_SbfI_LP
proIRX10_sig_KpnI_RP
gtwy_MANI-mCherry_LP

proUBQ10:MANI-mCherry
mCherry-tagged MANI

gtwy_ManI-mCherry_RP
gtwy_MANI-mCherry_LP
gtwy_ManI-mCherry-TERM_RP
proIRX9:MANI-mCherry
&
proIRX10:MANI-mCherry

proIRX9_KpnI_LP
proIRX9_AscI_RP
proIRX10_KpnI_LP

VND7
Induction

proIRX10_Asc1_RP
35S:VND7-VP16-GR (KanR)
&
proUBQ10:VND7-VP16-GR
(BasR)

Genotyping

Gateway Adapter Sequences
irx9-2
irx10
irx10L

gtwy_VND7ind_LP

Primer Sequence (5’3’)
AAA AAG CAG GCT TC
ATA GGT CTT CTT GAA CGA GAA CGG C
AGA AAG CTG GGT C
GGT GCT TAA ACG TGT TCT TGT GGG A
AAA AAG CAG GCT
ATG GGA TCT CTA GAG AGA TCA AAG AAG
AGA AAG CTG GGT
TCA GGT GCT TAA ACG TGT TCT TGT G
GAA TTC CCT GCA GG
ATA GGT CTT CTT GAA CGA GAA CGG C
TGG CCA GGT ACC
ACC CTC TCT TCA AGG AAG AAG GTT TC
AAA AAG CAG GCT CG
TGT CTT TGG ACT GAG AGA TCT
AGA AAG CTG GGT C
CCA AGG TTT CAG GTC AGC AAC
AAA AAG CAG GCT TC
AAT GTT CGG ACA GAG CGA AT
AGA AAG CTG GGT C
TTA CCA AGG TTT CAG GTC AGC
GAA TTC CCT GCA GG
TGT CTT TGG ACT GAG AGA TCT
TGG CCA GGT ACC CA
TTG TTT AGC GGA AGA AGC AG
AAA AAG CAG GC T
ATG GCT AGC GGG AGC AGA TC
AGA AAG CTG GGT
TTA CTT GTA CAG CTC GTC CAT GC
AAA AAG CAG GC T
ATG GCT AGC GGG AGC AGA TC
AGA AAG CTG GGT
CTC ATG TTT GAC AGC TTA TC
GAA TTC GGT ACC
ATA GGT CTT CTT GAA CGA GAA CG
TGG CCA GGC GCG CC
ACC CTC TCT TCA AGG AA GAA GG
GAA TTC GGT ACC
TGTCTTTGGACTGAGAGATCT
TGG CCA GGC GCG CC
CTA CCG GAG ATG TGT TTG AAG
AAA AAG CAG GCT CG
ATG GAT AAT ATA ATG CAA TCG TCA ATG

gtwy_VND7ind_RP

AGA AAG CTG GGT C
GCT AGC TTA CTC AGT TAG GTC G

gtwy_attB1_ADAPTER
gtwy_attB2_ADAPTER
gntyp_SALK057033_irx9_LP
gntyp_SALK057033_irx9_RP
gntyp_SALK055673_irx10_LP
gntyp_SALK055673_irx10_RP
gntyp_GABI179G11_ir10L_LP
gntyp_GABI179G11_ir10L_RP

GGG GAC AAG TTT GTA CAA AAA AGC AGG CT
GGG GAC CAC TTT GTA CAA GAA AGC TGG GT
GCT GGT AAG GCC TCA TTT TTC
AAC TTA CCA ACC CAC CCA TTC
ACA AAA GCC GTG ATC AAT GAC
AAA CAT CAC CAG CAC TTC CTG
TTG TTG TGC CTC ATG ACT TTG
ACA CCA ATA TCT TCC CAA GGG
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Table 2.2 Summary of confocal Golgi density experiments.
Plant lines used in conducting Golgi quantification using confocal microscopy, as well as their genetic background
and the quality of induction, number of experiments (Exp), plants and cells from which data was collected for each
line.
VND7
Exp
Plants Cells
Plant Line
Genetic Background
Induction
T2 of MANI
WT.UMANI
proUBQ10:MANI-mCherry
N/A
6
31
319
transformation
irx9
T2 of VND7
irx9.VND7.IRX9x1
proIRX9:IRX9-GFP
Fair
2
10
150
transformation
proUBQ10:VND7-VP16-GR
proIRX9:IRX9-GFP (1 copy)
T2 of IRX9
WT.VND7.IRX9x1
Good
2
11
159
pro35S:VND7-VP16-GR
transformation
proIRX9:IRX9-GFP (2+ copies)
T2 of IRX9
WT.VND7.IRX9x2
Good
4
78
795
pro35S:VND7-VP16-GR
transformation
proUBQ10:MANI-mCherry
WT.VND7.UMANI
F1 cross
Poor
2
11
258
pro35S:VND7-VP16-GR
proIRX9:MANI-mCherry
Very
WT.VND7.9MANI
F1 cross
1
7
23
pro35S:VND7-VP16-GR
Poor
proIRX9:IRX9-GFP (2+ copies)
F1 cross with
Very
WT.VND7.IRX9+MANI
pro35S:VND7-VP16-GR
1
9
35
MANI
Poor
proUBQ10:MANI-mCherry

Table 2.3 Primary antibodies used in this study.
Primary antibodies used in this study as well as available information about their epitopes and examples of
references justifying their selection.
Antibody
Epitope Info
Other Info
Other References
Unsubstituted xylan disaccharide
rat
LM10
(McCartney et al., 2005; Schmidt et al.,
monoclonal Kim and Daniel, 2012
2015)
IgG2c
Unsubstituted xylopentaose
Pattathil et al., 2010;
CCRC M138
(Peralta et al., 2017)
Hao et al., 2014
Unsubstituted xylan disaccharide
Pattathil et al., 2010;
CCRC M147
(Schmidt et al., 2015)
Kulkarni et al., 2012
mouse
Pattathil et al., 2010;
monoclonal
Unsubstituted xylotriose
CCRC M149
Tan et al., 2013;
IgM(κ)
(Peralta et al., 2017)
Hao et al., 2014
Unsubstituted and arabinose substituted
CCRC M153
xylan
Pattathil et al., 2010
(Schmidt et al., 2015; Peralta et al., 2017)
Crowell et al., 2009;
Torrey Pines
rabbit
Stierhof and El Kasmi, 2010;
anti-GFP
wild-type GFP and variants
polyclonal Roppolo et al., 2011;
(TP401)
IgG
Schiller et al., 2012;
Sauer et al., 2013
Invitrogen
rabbit
McFarlane et al., 2010;
anti-GFP
wild-type GFP and variants
polyclonal Zhang et al., 2016
(A6455)
IgG
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Chapter 3: Characterizing the Golgi Apparatus During Secondary Cell Wall
Synthesis
3.1

Introduction
As a central site of endomembrane trafficking and synthesis in eukaryotic cells, the Golgi

apparatus plays an essential role in a wide array of cellular processes. In plants, the Golgi
apparatus is composed of a population of individual Golgi bodies, which tumble through the
cytoplasm on an actin-myosin network (Boevink et al., 1998; Nebenführ et al., 1999). These
Golgi bodies are composed of stacks of flattened membranous cisternae, through which secretory
cargo passes from cis to trans. Across eukaryotes, the Golgi apparatus is important for
processing and sorting proteins targeted to the trans Golgi network (TGN), plasma membrane,
and vacuole/lysosome. In plant cells, the Golgi is also essential for synthesis and deposition of
the plant cell wall, particularly the biosynthesis of non-cellulosic polysaccharides such as pectins
(Atmodjo et al., 2013) in primary cell walls (PCWs) and hemicelluloses (Scheller and Ulvskov,
2010) in both PCWs (e.g. xyloglucan) and SCWs (e.g. xylan).
SCWs are deposited in specific cell types that require additional structural support, such
as supportive fibres and water-conducting xylem tracheary elements. In addition to synthesis of
SCW hemicellulose, in these cells the Golgi apparatus is also essential for proper deposition of
cellulose and lignin. The formation of SCW cellulose synthase (CESA) complexes is believed to
occur in the Golgi prior to transport to the plasma membrane (Haigler and Brown, 1986; Zhang
et al., 2016). The Golgi also carries out glycoprotein processing (Schoberer and Strasser, 2011)
of proteins like oxidative enzymes (Turlapati et al., 2011; Herrero et al., 2013) that facilitate
polymerization of lignin monomers (Schuetz et al., 2014; Chou et al., 2018). Despite the
importance of the Golgi in SCW synthesis, many aspects of Golgi biology have not been fully
resolved in these cells. For example, it is not known whether the number of Golgi stacks
increases with SCW synthesis. The number of Golgi stacks varies with cell type and
developmental stage (Garcia-Herdugo et al., 1988; Seguí-Simarro and Staehelin, 2006; Young et
al., 2008; Toyooka et al., 2014), thus the increased demand for Golgi products during SCW
synthesis may require a similar proliferation of Golgi stacks. Individual Golgi stacks have also
been found to carry multiple kinds of cargo, including different polysaccharides and
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glycoproteins (Moore et al., 1991; Zhang and Staehelin, 1992; Young et al., 2008). Similar Golgi
multitasking has not yet been shown to occur during SCW synthesis. However, the diverse roles
of Golgi in SCW biosynthesis suggest similar multitasking is likely to occur in these cells. Some
SCWs are deposited in specific patterns, which may be facilitated by preferential targeting of
Golgi stacks to regions of SCW development where they can delivery their cargo. Ultimately,
understanding the underlying composition and organization of the Golgi apparatus will help
explain how it participates in the assembly of the complex, patterned SCWs.
It has been difficult to study the Golgi in SCW production, as it is challenging to image
tracheary elements and fibres because they are buried deep in plant organs and often dead at
maturity. Recently, a model system was developed in Arabidopsis, utilizing the transcription
factor VASCULAR RELATED NAC-DOMAIN7 (VND7), which has been identified as a
master regulator controlling the development of protoxylem tracheary elements (Kubo et al.,
2005). In this system, a ubiquitously expressed VND7 is fused to a strong transcriptional
activator (viral protein 16; VP16) and a glucocorticoid receptor (GR), causing cells throughout
the plant to undergo transdifferentiation into protoxylem tracheary elements upon treatment with
the glucocorticoid hormone dexamethasone (DEX) (Yamaguchi et al., 2010a). The increased
number of SCW-producing cells facilitates quantitative analysis of microscopy images, and
observation of transdifferentiated epidermal cells undergoing protoxylem development greatly
increases the resolution of live-cell imaging (Schuetz et al., 2014; Watanabe et al., 2015).
Furthermore, control over the timing of induction provides experimental consistency, allowing
fine-tuned characterization of different stages of SCW deposition.
When Arabidopsis seedlings carrying the 35S:VND7-VP16-GR construct are induced
with DEX, cells undergo rapid SCW biosynthesis, including production of large amounts of the
hemicellulose glucuronoxylan in the Golgi (Yamaguchi et al., 2010a). Indeed, microarray
analysis showed upregulation of several xylan-backbone biosynthetic genes upon VND7induction, including a 4.44-fold increase in IRREGULAR XYLEM 9 (IRX9) and a 2.61-fold
increase in IRX10 (Yamaguchi et al., 2010b). IRX9 and IRX10 are therefore good candidates for
GFP-tagging to use as markers of xylan-production in the plant Golgi apparatus during SCW
synthesis. IRX9 is predicted to have a single transmembrane domain, while IRX10 is believed to
reside in the Golgi lumen. This difference in topology is likely to alter the mechanism by which
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each protein is retained in the Golgi (Atmodjo et al., 2011; Gao et al., 2014), which could affect
their suitability as Golgi markers. As such, fluorescent tagging of both IRX9 and IRX10 was
pursued.
In this chapter, I employed the VND7-induction system to study the Golgi apparatus
during SCW deposition. I introduced GFP-tagged versions of the xylan biosynthetic proteins
IRX9 and IRX10 into irx9 and irx10irx10L mutant lines, respectively, then characterized the
Golgi carrying these markers at different stages of SCW deposition. A combination of qualitative
and quantitative confocal and TEM imaging was then employed to address the following
questions: (1) Do specialized populations of Golgi stacks carry out separate tasks during SCW
biosynthesis? (2) Does the number of Golgi stacks change with the onset of SCW production?
(3) Do Golgi stacks preferentially associate with SCW domains?
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3.2
3.2.1

Results
Development of functional fluorescently-tagged IRX9 and IRX10
C-terminal GFP fusions of IRX9 and IRX10, driven by their native promoters, were

generated and tested for proper function by complementation of irx9 and irx10irx10L mutant
lines, respectively (Brown et al., 2009; Wu et al., 2009; Lee et al., 2010; Wu et al., 2010). The
dwarf growth phenotypes of the mutants were restored to wild-type when irx9 was transformed
with proIRX9:IRX9-GFP or when irx10irx10L was transformed with proIRX10:IRX10-GFP
(Figure 3.1 A). Wild-type vascular bundles have large, open tracheary elements in Toluidine
blue-stained stem cross sections (Figure 3.1 B), which are frequently collapsed in irx9 and
irx10irx10L (Figure 3.1 C, D). Restoration of open vessel elements was apparent in the
complemented lines (Figure 3.1 E-F). Complementation of the mutant phenotypes indicates that
the GFP-tagged IRX9 and IRX10 are functional.
In live-cell imaging of seedling roots from plants containing proIRX9:IRX9-GFP and
proIRX10:IRX10-GFP, GFP signal was detected in the paired cell files of the developing
protoxylem tracheary elements (Figure 3.2 A, B). In these cells, IRX9-GFP and IRX10-GFP
localized to ~1 μm punctae (Figure 3.2 C, D) that could be seen streaming through the
cytoplasm, consistent with the predicted Golgi localization. Subsequent experiments were
conducted with IRX9-GFP and IRX10-GFP because of their successful complementation and
expression. N-terminal GFP fusions were also generated, but not tested.
While the native promoters drove expression in the appropriate cell types, imaging the
tagged proteins in these cells demonstrated the typical low resolution associated with imaging
native tracheary elements deep in an organ. Furthermore, the rapid programmed cell death of
protoxylem tracheary elements meant that only a few cells per root could be imaged. To
overcome these problems, the VND7-VP16-GR experimental system was adopted.

3.2.2

Introduction of IRX9-GFP and IRX10-GFP into the VND7-induction system
The 35S:VND7-VP16-GR construct was often variable when crossed or re-transformed

into different backgrounds (M. Schuetz, Y. Watanabe, personal comm.). In these cases, different
lines/crosses would range widely in the number of transdifferentiating cells after VND7
induction (‘induction strength’), and as such, many lines would need to be screened to identify
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those suitable for additional experiments. One potential source of this difficulty was that VND7VP16-GR expression was driven by the 35S promoter, which has been linked to trans-gene
silencing (Daxinger et al., 2008; Mlotshwa et al., 2010). As such, a proUBQ10-driven version of
VND7-VP16-GR was generated for testing.
Wild-type, irx9/proIRX9:IRX9-GFP and irx10irx10L/proIRX10-GFP plants were each
transformed with proUBQ10:VND7-VP16-GR or 35S:VND7-VP16-GR, and 4 – 5 T2 lines were
treated with DEX and screened for SCW production using brightfield microscopy. Both
proUBQ10:VND7-VP16-GR and 35S:VND7-VP16-GR were able to trigger SCW synthesis in at
least one transformed line, though in most cases only a few cells produced SCWs. This appears
to be consistent with results obtained by others working with this system. Two lines,
irx9/proIRX9:IRX9-GFP/proUBQ10:VND7-VP16-GR and irx10irx10L/proIRX10GFP/35S:VND7-VP16-GR, had sufficient numbers of transdifferentiating cells to proceed with
confocal microscopy. While GFP expression was found in transdifferentiating protoxylem
tracheary elements for both lines, the IRX9-GFP line had a brighter GFP signal and stronger
induction than the IRX10-GFP line. The IRX9-GFP line was selected for further experiments,
including characterization of IRX9-GFP subcellular localization throughout SCW deposition.
Despite this early success, imaging of subsequent generations of the IRX9-GFP line
revealed problematic decreases in induction strength and intensity of IRX9-GFP signal that
created difficulties when using it in subsequent experiments. This was again presumed to be a
result of trans-gene silencing, perhaps exacerbated by the transgenic load created by the T-DNA
insertion in the irx9-2 mutant background, the IRX9-GFP and VND7-induction constructs, and
the various selectable resistance markers. The strategy taken to address this issue was to work in
the WT background, rather than the irx9-2 background, and to make use of a 35S:VND7-VP16GR line from our collaborator Taku Demura in which a very large number of cells undergo
transdifferentiation. This line was transformed with proIRX9:IRX9-GFP, and 20 lines screened
for SCW production in hypocotyls after DEX treatment, 9 of these lines were screened for IRX9GFP intensity in native root protoxylem tracheary elements, and finally 3 lines were selected and
screened for IRX9-GFP expression and localization in confocal imaging of VND7-induced
hypocotyls. In these three newly generated lines, IRX9-GFP was observed in the same ringshaped bodies streaming through the cytoplasm, which was consistent with IRX9-GFP in the
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complemented mutant line and is typical of Golgi localized proteins (Boevink et al., 1998;
Nebenführ et al., 1999). This indicated that the presence of wild-type IRX9 did not alter the
localization of IRX9-GFP.
Of the 3 lines passing the screening, two were later found to have multiple insertions of
IRX9-GFP based on chi-squared tests of T3 antibiotic resistance segregation ratios. The ‘single
insertion’ line, proIRX9:IRX9-GFP/35S:VND7-VP16-GR, had an average segregation ratio of
3.41:1, which did not differ significantly from the 3:1 ratio expected from a single transformation
(Χ2, p = 0.408). The ‘multiple insertion’ line proIRX9:IRX9-GFP (2+ copies) /35S:VND7-VP16GR had a segregation ratio of 8.36:1, which was significantly different from the single
transformation ratio (Χ2, p = 0.0015). The multiple-insertion, ‘high IRX9 copy number’ line
(proIRX9:IRX9-GFP (2+ copies) /35S:VND7-VP16-GR), had the brightest IRX9-GFP signal and
the greatest number of transdifferentiating cells, and proved to be the most useful
experimentally. However, to control for the effect of IRX9 copy number, experiments were also
performed on the single-insertion ‘mid copy number’ line (proIRX9:IRX9-GFP/35S:VND7VP16-GR), and the irx9-complemented ‘low copy number’ line (irx9/proIRX9:IRX9GFP/proUBQ10:VND7-VP16-GR).
Introduction of a functional IRX9-GFP into a system with reliable inducible
transdifferentiation of cells into protoxylem tracheary elements, permitted investigation of Golgi
function, number and position. It also represents a novel platform to localize cell wall
glycosyltransferases within individual Golgi cisternae (Chapter 4).

3.2.3

Characterizing the stages of SCW production
Qualitatively, when the proIRX9:IRX9-GFP/35S:VND7-VP16-GR plants were induced

and imaged, the timing of transdifferentiation varied substantially among different cells in the
same seedling. To characterize this variability, hypocotyls from 4 – 7-day-old seedlings were
examined with confocal microscopy 17 – 30 hrs following DEX treatment. The stage of SCW
deposition in each cell was assigned according to the presence of IRX9-GFP signal and the
appearance of the SCW, assessed using a combination of brightfield microscopy and propidium
iodide staining. Cells in the early-SCW stage (Figure 3.3 A–E) had no visible SCW in brightfield
(Figure 3.3 A), though SCW bands were sometimes detectable using propidium iodide staining
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(Figure 3.3 B, C), and were expressing IRX9-GFP (Figure 3.3 D, E). The mid-SCW stage was
characterized by the first faint appearance of SCW in brightfield (Figure 3.3 F–H), and continued
IRX9-GFP signal (Figure 3.3 I, J). By the late-SCW stage the SCW was much more obvious in
brightfield (Figure 3.3 K–O). The propidium iodide staining was imaged at different sensitivities
(i.e. gain) to better detect and characterize weaker (e.g. early-SCW stage) and stronger (e.g. lateSCW stage) fluorescent signal. Cells expressing IRX9-GFP were assigned to a stage of SCW
deposition using these definitions and the percentage of cells at each stage quantified. The earlySCW stage is abundant 17 – 20 hrs following VND7 induction, while the mid-SCW stage is
more prevalent at 20 – 26 hrs, and the late-SCW stage at 26 – 30 hrs (Figure 3.4). It must be
noted that not all cells undergo transdifferentiation, as some cells without SCWs and IRX9-GFP
were present in the hypocotyl throughout the time course. This characterization of early-, midand late-SCW stages during transdifferentiation of protoxylem tracheary elements was then used
to guide selection of DEX-treatment time points for subsequent experiments.
To map the features of tracheary elements during SCW deposition, the hypocotyls and
petioles of 4 – 7-day-old seedlings were examined using transmission electron microscopy
(TEM) (Figure 3.5). The length of DEX treatment was selected based on the abundance of cells
at the different stages in confocal microscopy (Figure 3.4) to enrich for cells at the early-SCW
(17 – 20 hrs) or late-SCW (22 – 30 hrs) stages. Seedlings were high-pressure-frozen/freezesubstituted and embedded in Spurr’s resin for morphological characterization. Hypocotyl cells
from plants lacking the VND7-induction construct (pre-SCW) were dominated by a large central
vacuole, with a thin layer of cytoplasm visible between the more electron-lucent vacuole and the
more electron-dense primary cell wall (PCW) (Figure 3.5 A). In early-SCW, small SCW
intrusions (more electron-lucent than the PCW) were visible at repeating intervals along the cell
periphery (Figure 3.5 B). In late-SCW, the SCWs began to protrude much more into the cell
(Figure 3.5 C). In both early-SCW and late-SCW there was often very little cytoplasm between
SCW thickenings and the tonoplast. Bundles of microtubules were often seen lining the plasma
membrane at SCW-domains (Figure 3.5 C arrowheads). Integrating this characterization of SCW
deposition in TEM with the stages of development outlined using confocal microscopy provides
a multi-scale platform which can be used to examine the Golgi during SCW biosynthesis.
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3.2.4

IRX9-GFP colocalizes with MANI-mCherry
To verify that the ring-shaped fluorescent bodies observed in confocal microscopy of

IRX9-GFP represent Golgi bodies, the high-copy-number IRX9-GFP line was crossed with
plants containing a well-characterized Golgi marker proUBQ10:MANI-mCherry (Nebenführ et
al., 1999). As noted previously, increasing the transgene load led to a strong reduction in the
number of transdifferentiating cells (induction strength) and the intensity of MANI-mCherry and
IRX9-GFP fluorescence. However, in every cell expressing both IRX9-GFP and MANImCherry, all structures labelling IRX9-GFP also contained MANI-mCherry (Figure 3.6). 73.3%
of IRX9-GFP signal overlapped with MANI-mCherry signal, when the Mander’s colocalization
coefficient (Manders et al., 1993) was averaged for 26 early-SCW cells from 5 seedlings,
confirming the Golgi localization of IRX9-GFP.
Interestingly, within each Golgi stack, the IRX9-GFP signal displayed a ring-shaped
localization, while the MANI-mCherry was distributed throughout the center of this ring (Figure
3.6). The lack of colocalization in the center of the Golgi stack resulted in a Pearson correlation
coefficient of 0.322 and the Mander’s colocalization coefficient indicated that 39.6% of MANImCherry signal overlapped with IRX9-GFP. Despite these differences in distribution of MANImCherry and IRX9-GFP within individual Golgi bodies, they were always found together,
suggesting that all stacks in the Golgi apparatus in a cell participate in SCW production.

3.2.5

The number of Golgi stacks increases during SCW production
Given that every Golgi body in the cell was labeled with IRX9-GFP, I reasoned that the

high production of xylan in the Golgi during SCW synthesis might have an impact on the
abundance of Golgi stacks in the cell. To test this hypothesis, I quantified the number of Golgi
stacks using TEM to survey the cortical cytoplasm surrounding the large central vacuole prior to
SCW deposition (WT pre-SCW), and once SCW deposition had commenced (WT SCW) (Figure
3.7 A, B). As a control, mitochondrial abundance was also quantified for comparison purposes.
For context, the approximate size of the TEM field of view is indicated using a white box on a
confocal optical section through the center of the cell (Figure 3.7 C). In these cells cross sections
of the propidium iodide-stained SCWs are found at regular intervals along the cell periphery, and
the IRX9-GFP signal is absent from the center of the cell due to the presence of a large vacuole.
43

The TEM characterization showed that cells producing SCWs had a significantly thicker cortical
cytoplasm (Figure 3.7 D), and therefore Golgi and mitochondrial abundance was adjusted by the
cytoplasmic area (#/μm2) and by the cell perimeter (#/μm), to isolate the change in organelle
abundance from the change in cytoplasmic area. Golgi counts were also adjusted for differences
in Golgi width (Chapter 4) to correct for potential inflation of Golgi abundance due to more
frequent detection of larger Golgi in thin sections. The number of Golgi per cell perimeter
increased significantly in WT SCW cells (Figure 3.7 E). After normalizing by Golgi size, the
observed increase remained significant (Figure 3.7 F), indicating that SCW-production is
accompanied by a significant increase in the number of Golgi stacks. Interestingly, the number of
mitochondria per cell perimeter also increased significantly with SCW-production (Figure 3.7
G). Unlike Golgi number normalized by cell-perimeter, no significant increase in Golgi or
mitochondrial abundance was apparent when normalized per cytoplasmic area in WT SCW
versus WT pre-SCW cells (Figure 3.7 H–J). This suggests that the increase in Golgi and
mitochondrial number is proportional to the increase in cytoplasm during SCW-production
(Figure 3.7 D). These data indicate that the absolute number of Golgi did indeed increase during
SCW production, and this was accompanied by an increase in cytoplasm thickness and
mitochondrial abundance.
To test if xylan production contributes to increased Golgi abundance during SCW
deposition, these analyses were repeated in the irx9 mutant background. After normalizing to cell
perimeter, Golgi abundance in irx9 SCW cells was no different than WT SCW cells (Figure 3.7
F). Mitochondrial abundance was similarly unaffected in irx9 SCW compared to WT SCW cells
(Figure 3.7 G). Unlike WT SCW cells, Golgi abundance appeared higher in irx9 SCW compared
to WT pre-SCW cells when normalized to the cytoplasmic area (Figure 3.7 H). This can be
attributed to an increase in the size of Golgi stacks in irx9 (Chapter 4), as normalization by Golgi
width caused this effect to disappear (Figure 3.7 I). The observed increase in Golgi numbers
during SCW synthesis is therefore not dependent on IRX9 or xylan production in the Golgi.
Changes in Golgi abundance were also evaluated by quantifying the Golgi density in the
cortical cytoplasm using confocal imaging of MANI-mCherry or IRX9-GFP (Figure 3.8 A, B).
Golgi density was quantified for a low-copy number line (IRX9-GFP in the irx9 background), a
mid-copy number line (IRX9-GFP in the WT background), and a high-copy number line (IRX944

GFP in the WT background with multiple insertions) to control for the number of copies of
IRX9. There was a significant increase in Golgi abundance during SCW production compared
with pre-SCW cells (Figure 3.8 C). Dividing cells into early-, mid- and late-SCW stages revealed
a consistent, gradual increase in Golgi abundance over the course of SCW deposition for all three
IRX9-GFP genotypes (Figure 3.8 D). A significant increase in Golgi abundance was also
observed with increasing IRX9 copy number (Figure 3.8 C). While greater IRX9 copy number
correlates with increasing Golgi density, all genotypes had larger numbers of IRX9-labelled
Golgi during SCW biosynthesis.
Differences in Golgi density might be affected by the strength of Golgi-marker
expression and the nature of the Golgi marker. To better understand what factors might
contribute to differences in Golgi density, experiments were conducted to quantify Golgi density
using different Golgi markers, driven by different promoters. The effect of the promoter was
tested by comparing markers driven by proUBQ10 versus proIRX9, while the effect of different
marker proteins was tested by comparing the cis-localized MANI (Nebenführ et al., 1999), to the
medial-localized IRX9-GFP (Chapter 4). Constructs driven by proIRX9 but with different marker
proteins had similar Golgi densities (Figure 3.9), indicating that differences in Golgi marker
proteins had little effect on Golgi density. Conversely, the proUBQ-driven MANI-mCherry had a
larger Golgi density than the proIRX9-driven version of the same marker (Figure 3.9), suggesting
that overexpression of a Golgi marker can increase Golgi abundance. However, both of these
results were confounded by silencing problems, as crossing the MANI-mCherry markers into the
35S:VND7-VP16-GR line greatly reduced the number of transdifferentiating cells and often led
to weaker MANI-mCherry signal, especially for the proIRX9-driven construct (Table 2.2). It is
also important to note that the proUBQ10 SCW density is likely inflated, compared to the other
SCW lines. The early-SCW stage is identified by the appearance of a proIRX9-driven Golgi
marker (either MANI-mCherry or IRX9-GFP) in cells lacking visible SCW thickenings (Figure
3.3). Furthermore, previous experiments demonstrated that this early-SCW stage had a lower
Golgi density than later stages (Figure 3.8 D). As the proUBQ10:MANI-mCherry line does not
contain a marker driven by proIRX9, cells in the Early-SCW stage could not be assessed,
introducing a bias toward cells with higher Golgi densities in this line. There were clearly
technical limitations to these comparisons, but two conclusions can be drawn: first, when driven
45

by a SCW-specific promoter both Golgi marker proteins had increased Golgi densities during
SCW production, and second, despite the inflated value of the proUBQ10:MANI-mCherry line,
the trend of increased Golgi density during SCW production was consistent.
When quantifying Golgi densities in confocal microscopy, it became apparent that
smaller cells were more likely to undergo transdifferentiation than larger cells. Indeed, analysis
of the data from one of the replicate Golgi density experiments confirmed that the SCWproducing cells quantified had a significantly smaller cell width than the Pre-SCW cells (Figure
3.10 A). If Golgi density changes with cell size, the bias toward smaller cells in the Post-SCW
data would introduce a bias into the Golgi abundance measurements. To account for cell size, the
mean Golgi density at each stage (Figure 3.10 B) was adjusted for covariation with cell width
using Analysis of Covariance (ANCOVA) (Figure 3.10 C). After adjustment, the Golgi
abundances were essentially unchanged, which is consistent with the lack of correlation between
cell width and Golgi densities at all SCW stages (Figure 3.10 D-G). Together, these data show
that while smaller cells are more likely to be induced to produce SCWs, the number of Golgi in a
cell appears to increase proportionally with cell size, and cell size does not bias Golgi density
measurements. Therefore, we can conclude that cell size does not need to be taken into
consideration when measuring Golgi density using confocal microscopy.

3.2.6

Golgi stacks are no closer to SCWs than random
In live-cell imaging of Golgi labelled with YFP-tagged SCW CESAs, Golgi were

observed to pause at SCW-domains (Watanabe et al., 2015) and 85% of Golgi were found
‘underneath’ SCW bands (Schneider et al., 2017). These results suggest that Golgi may
preferentially associate with SCWs. Confocal microscopy however, cannot provide the
cytoplasmic context necessary to test this hypothesis. Compare a top-down confocal image of the
cell cortex, containing IRX9-GFP-labelled Golgi and propidium iodide-stained SCWs (Figure
3.11 A), with a cross-section through the cell cortex in TEM (Figure 3.11 B). In the TEM image,
we can see that regions between SCW-thickenings may have very little cytoplasm due to the
presence of other organelles such as chloroplasts (as seen here), large ER bodies, the nucleus, or
the vacuole. This insight into the spatial organization of the cellular contents is lacking in
fluorescence microscopy, as these other organelles are unlabelled.
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To assess whether Golgi preferentially associate with SCWs, I therefore used TEM
images of cortical cytoplasm of SCW-producing cells to measure the distance between Golgi
stacks and the SCW (Figure 3.11 B). This was then compared to measurements of random points
in the cytoplasm to provide predicted results if Golgi were randomly distributed. The majority of
both Golgi and random points were found within 1 µm of a SCW (Figure 3.11 C). The distance
between mitochondria and the SCW were also analysed as a control for comparison purposes. A
similar percentage of Golgi (38.6%) and random points (41.7%) were found within 500 nm of a
SCW (about half the width of a Golgi; Chapter 4), while a larger proportion of mitochondria
(68.4%) were found within this distance (Figure 3.11 C). As distance from the SCW increased,
the abundance of all three groups dropped exponentially (Figure 3.11 C). The average distance of
Golgi stacks to the SCW was not significantly different from that of random points in the
cytoplasm (Figure 3.11 D).
As both the random points and Golgi have the same close-proximity to SCWs, we can
conclude that the cytoplasm and organelles in these cells are organized in such a way that
proximity to the SCW is inevitable. The organization of cytoplasm is such that most of the free
cytoplasmic space is near SCWs, therefore Golgi are naturally more abundant in these regions.
We can contrast these results with the distribution of mitochondria, which are found nearer to
SCWs than both random points and Golgi stacks (Figure 3.11 C). Together, these results show
that mitochondria preferentially associate with SCWs, while Golgi do not. Comparing these
results to the previously reported live-cell imaging data (Watanabe et al., 2015; Schneider et al.,
2017) shows that confocal microscopy images must be carefully interpreted to avoid
misinterpretation of the results, as proximity in confocal imaging does not necessarily indicate
interaction.
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3.3

Discussion
This chapter investigated how the Golgi stacks work together to carry out the functions of

the Golgi apparatus during SCW biosynthesis. Live-cell imaging of a functional, fluorescentlytagged version of the xylan biosynthetic protein IRX9 (and the Golgi marker MANI) was used to
assess xylan biosynthesis in the Golgi apparatus as a whole. This demonstrated that xylan
biosynthesis was likely occurring in all Golgi stacks. A combination of live-cell and TEM
imaging also showed that the number of Golgi increased during SCW production, reflecting an
overall increase in cytoplasm. The geometry of the cytoplasm in these cells leads to the
appearance of a close association between Golgi and SCW domains in confocal, but
quantification of TEM data shows that Golgi are not preferentially associated with the growing
SCW.

3.3.1

All Golgi stacks participate in xylan-biosynthesis
In cells co-expressing IRX9-GFP and MANI-mCherry, all Golgi contained both the

xylan-biosynthetic protein IRX9, and the Golgi marker MANI (Figure 3.6), suggesting that all
Golgi stacks carry out xylan biosynthesis. As MANI is involved in the early stages of
glycoprotein processing in the Golgi (Schoberer and Strasser, 2011), we can also infer that each
individual Golgi stack is carrying out glycoprotein processing and xylan biosynthesis
simultaneously. This is consistent with previous work showing that Golgi stacks can produce
both pectin and xyloglucan concurrently (Zhang and Staehelin, 1992; Young et al., 2008), and
polysaccharide biosynthesis at the same time as glycoprotein processing (Moore et al., 1991).
The conservation of Golgi stack multitasking across tissue types and species strongly suggests
that this multitasking is a common feature of plant Golgi.
The colocalization of IRX9-GFP and MANI-mCherry also highlighted the difference in
localization of each protein within individual Golgi stacks, with IRX9-GFP present in a ring with
a MANI-mCherry center. This difference is likely due to localization in different Golgi cisternae.
Cisternal centers become more compressed when moving from cis to trans, which may exclude
proteins from the center of trans cisterna but not cis cisternae. Indeed, the evenly-distributed
MANI is found in the cis Golgi (Nebenführ et al., 1999), while more trans-Golgi proteins like
CESAs (Crowell et al., 2009) and sialyltransferase (Boevink et al., 1998) are found in a
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characteristic ring pattern. The similar ring of IRX9-GFP in the Golgi suggests that IRX9 may
also be present in cisternae downstream of MANI-mCherry.

3.3.2

The onset of SCW production triggers an increase in the number of Golgi stacks
TEM and confocal microscopy showed that the onset of SCW deposition is accompanied

by a significant increase in the abundance of Golgi stacks (Figure 3.7, Figure 3.8). This suggests
that a greater number of stacks are required to meet the increased demand for Golgi processing
associated with SCW deposition. Increase in the abundance of Golgi stacks also occurs during
the onset of mucilage production in Arabidopsis seed epidermal cells (Young et al., 2008), and
during mitosis (Garcia-Herdugo et al., 1988; Seguí-Simarro and Staehelin, 2006; Toyooka et al.,
2014). Two models have been proposed to explain how new Golgi stacks might form; either
through the division of Golgi stacks or the de novo production of stacks at ER-exit sites (Ito et
al., 2014). These models are not mutually exclusive, and there is evidence that different kinds of
Golgi biogenesis are occurring in different eukaryotic species and cell types (Ito et al., 2014).
The version occurring in plants has not yet been confirmed. While electron microscopy in
various cell types have captured Golgi at what could be a ‘mid-division’ stage (Hirose and
Komamine, 1989; Langhans et al., 2007; Staehelin and Kang, 2008), there is not yet definitive
proof that Golgi proliferation in plants is a product of Golgi fission.
The regulatory mechanisms driving increases in Golgi number are also not well
understood. Golgi number increase is unlikely to be a result of increased polysaccharide
production, as Golgi proliferation during seed coat development was unaltered in a mutant
producing significantly less pectin (Young et al., 2008). Alternatively, Golgi biogenesis might be
stimulated by an increase in Golgi resident proteins. The confocal imaging of IRX9-GFP would
seem to support this model, as plants with increasing copies of IRX9 had significant increases in
Golgi density following VND7 induction (Fig 3.8 C). This would lead us to predict that
decreasing IRX9 abundance would decrease Golgi proliferation. However, we do not see such a
decrease in irx9 when Golgi abundance was calculated in TEM images (Fig 3.7 F). This is
especially telling, as loss of IRX9 may additionally disrupt Golgi-targeting of IRX10 and IRX14,
which are also involved in xylan-backbone biosynthesis. Transiently-expressed Asparagus IRX9,
IRX10 and IRX14 localized to the Golgi only when all three proteins were expressed (Zeng et
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al., 2016). One reason why a decrease in Golgi abundance might not have been detected in irx9,
is that the decrease in Golgi resident proteins may not be of sufficient magnitude. This
explanation is slightly unsatisfying however, as it is unclear why addition of a single copy of
IRX9-GFP should significantly increase Golgi abundance, but loss of a single copy of IRX9 (and
potentially its partner proteins) would not cause a significant decrease in Golgi abundance.
Another possibility is that Golgi density may vary across transgenic lines due to
confounding factors like differing VND7-induction strength, or expression levels of the Golgi
marker due to the position and number of insertions. Supporting this hypothesis is the fact that
the low-copy-number line with the smallest increase in Golgi density had the ‘weakest’ VND7
induction (fewest transdifferentiating cells). Meanwhile the high-copy-number line had the
largest increase in Golgi density, and a very ‘strong’ VND7 induction (most transdifferentiating
cells). While we cannot tease apart the factors contributing to differences in Golgi density
between plant lines, the effect of promoter strength, the protein marker employed, the location of
transgene insertion, and transgene copy number should all be taken into consideration. Ideally,
comparisons should be made between different stages of development in a single transgenic line.
In this study, we can have confidence that the number of Golgi increased significantly during
SCW production, because this increase was observed in three individual proIRX9:IRX9-GFP
lines, when comparing cells at the early-SCW vs late-SCW stages of biosynthesis (Figure 3.8 D).

3.3.3

Cytoplasmic geometry constrains randomly-distributed Golgi near SCWs
Confocal imaging of fluorescently-tagged Golgi following VND7 induction previously

indicated that 85% of Golgi are found ‘underneath’ SCW bands (Schneider et al., 2017).
However, my quantitative TEM analysis shows that Golgi are no closer to SCWs than randomly
selected points in the cytoplasm (Figure 3.11). This discrepancy highlights some of the
limitations of light microscopy in comparison to electron microscopy. The confocal imaging of
Golgi in the cell cortex allows some characterization of the relationship between the Golgi and
the SCW but gives little information about the organization of other cellular components. TEM
imaging takes into account the volume and organization of the cytoplasm and other organelles
allowing us to conclude that the close proximity of Golgi to SCWs is due to a concentration of
free cytoplasmic space in this area. Indeed, the majority of both Golgi and random points are
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found within 1 μm of a SCW. In other cell types with targeted secretion, Golgi have been found
to be similarly randomly distributed. In Arabidopsis seed coat cells, Golgi were not concentrated
near the outer surface of the seed where large amounts of pectin are secreted (Young et al.,
2008). Similarly, in Arabidopsis trichomes, Golgi are distributed evenly throughout the cortical
cytoplasm, not concentrated in the growing trichome branches (Lu et al., 2005). In tip growing
cells like root hairs and pollen tubes, Golgi are found throughout the majority of the cell, and are
actually excluded from the vesicle-rich growing tips (Sherrier and Vandenbosch, 1994; Chebli et
al., 2013; Cai et al., 2015). These data suggest that plant Golgi do not need to preferentially
associate with sites of cargo secretion.
In any plant cell, the organization of Golgi stacks at any given time is determined by the
contribution of both moving and stationary Golgi. This ‘stop-and-go’ behaviour has been well
characterized in several cell types, including BY2 cell cultures (Nebenführ et al., 1999), tobacco
pavement cells (Boevink et al., 1998), and Arabidopsis trichomes (Lu et al., 2005). In native root
tracheary elements, Golgi were similarly said to ‘pause’ in their rapid cytoplasmic streaming at
SCW domains (Wightman and Turner, 2008). This was later demonstrated to also be the case in
the VND7-induction system, where Golgi pausing near SCWs was found to last anywhere from
15 s to 3 min (Watanabe et al., 2015). The length of these pauses is again consistent with
previously-described Golgi behaviours (Nebenführ et al., 1999; Lu et al., 2005). How can we
explain both the pausing of Golgi at SCW domains, and their random distribution throughout the
cytoplasm? One possible explanation is that Golgi paused at SCW domains may represent a
small proportion of the population of Golgi stacks. The organization of the Golgi apparatus as a
whole may then mask a relatively small number of stacks which are closely associated with
SCWs. Indeed, it is unclear what proportion of Golgi at any given time are paused at SCW
domains, paused at other domains, or streaming freely through the cytoplasm.
The proportion of Golgi in each of these phases may be important for different Golgi
functions. Golgi pausing at cortical microtubules has been linked with delivery of cellulose
synthase cargo in both primary (Crowell et al., 2009; Gutierrez et al., 2009) and SCWs
(Watanabe et al., 2015). These results support the hypothesis that Golgi pausing is tied to cargo
delivery (Nebenführ et al., 1999; Brandizzi and Wasteneys, 2013). However, it has not been
shown that pausing is a requirement for delivery of Golgi cargo. Given that Golgi stacks can
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receive materials from the ER while in motion (DaSilva et al., 2004), is seems unlikely that
plasma membrane delivery could not also occur during Golgi movement. Golgi pausing may
instead be due to physical barriers affecting free flow of cellular contents during cytoplasmic
streaming. The SCW has been proposed to be a physical barrier which could disrupt the
movement of Golgi travelling longitudinally through the cell cortex (Schneider et al., 2017). This
hypothesis is supported by TEM imaging in these cells, as often very little cytoplasm is present
between the intruding SCWs and the large central vacuole. In some fungi, cell wall architecture
has been shown to help establish eddies in cytoplasmic streaming which are used to immobilize
nuclei (Pieuchot et al., 2015). Similar eddies adjacent to SCWs could encourage Golgi pausing in
these regions.

3.3.4

Cytoplasm and mitochondria position during SCW deposition
One surprising result of this study is the discovery that triggering tracheary element

transdifferentiation leads to an increase in the number of mitochondria (Figure 3.7 G). Mapping
the position of the mitochondria further revealed that they preferentially associate with SCW
domains (Figure 3.11). The abundance of mitochondria is known to vary across cell types, and
increases have been linked to higher energy demands in specific tissues or cells (Bereiter-Hahn,
1990). Mitochondria have also been shown to preferentially associate with energy-consuming
organelles, presumably to supply this energy more efficiently (Bereiter-Hahn, 1990; Logan and
Leaver, 2000). For example, in plants, it is well-documented that mitochondria closely associate
with chloroplasts, where they may facilitate exchange of adenine nucleotides and/or set up
oxygen concentration gradients (Logan and Leaver, 2000). Mitochondria are also relocated under
various conditions. In dark-acclimated Arabidopsis palisade cells mitochondria are randomly
distributed, but exposure to light leads to repositioning of mitochondria to periclinal regions
where they colocalize with chloroplasts (Islam et al., 2009). These data demonstrate the dynamic
nature of mitochondrial abundance and positioning in eukaryotic cells. The results in this chapter
show that the onset of SCW synthesis similarly affects mitochondria, possibly due to a large
demand for energy at SCW domains. While interesting on its own, characterization of
mitochondria in these cells was also found to be a good positive control for the quantification of
Golgi abundance and position that was the objective of this study.
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Another surprising observation was the significant increase in cytoplasm seen during
SCW-deposition (Figure 3.7 D). Similar increases in cytoplasmic volume have been shown to
occur during cold acclimation in Arabidopsis leaves (Strand et al., 1999). In these cells, the
authors attributed the larger cytoplasm to increased metabolic activity, due to an accompanying
2.5-fold increase in protein content. It is plausible that a similar increase in metabolic activity
occurs as hypocotyl cells begin transdifferentiating into tracheary elements; shifting from the
lower metabolic requirements of ‘housekeeping’ processes, to large amounts of transcription,
translation, and production of SCW materials. This would then explain the concomitant increase
in cytoplasmic volume, though the mechanism by which vacuole size decreases to accommodate
this change is unclear.

3.3.5

Conclusions
In this chapter, I cloned and confirmed proper function of proIRX9:IRX9-GFP before

introducing it into the VND7-induction system. I then characterized the function and
organization of the Golgi apparatus during SCW deposition in transdifferentiating protoxylem
tracheary elements. During this process, all Golgi stacks were found to contain IRX9-GFP,
suggesting all Golgi in the Golgi apparatus are working in concert to carry out xylan
biosynthesis. The onset of SCW deposition was also accompanied by a significant increase in the
number of Golgi stacks. These data demonstrate that when the protoxylem tracheary element
commits to the process of SCW biosynthesis, the entire Golgi apparatus is dedicated to the
production of xylan. Finally, while Golgi stacks were found very near SCWs in TEM, this
proximity appeared to be a by-product of the organization of the cytoplasm rather than specific
targeting of Golgi to these domains. This suggests that while secretion to SCW domains may be
facilitated by the close proximity of Golgi to these regions, this association does not require
active targeting of Golgi stacks.

53

Figure 3.1 Mutant dwarf and irregular xylem phenotypes are complemented by IRX9-GFP and IRX10-GFP.
(A) Plant height of Arabidopsis inflorescence stems showing irx9 and irx10irx10L dwarf phenotypes in 40-day-old
plants, and recovery of the wild-type growth with the introduction of proIRX9:IRX9-GFP and proIRX10:IRX10GFP, respectively. Statistics = one-way ANOVA and Tukey HSD post-hoc analysis (p<0.05) for n = 5. (B-F) Crosssections of xylem vascular bundles in basal inflorescence stems of Arabidopsis stained with Toluidine blue from (B)
wild-type (WT), (C) irx9, (D) irx10irx10L, (E) irx9/proIRX9:IRX9-GFP and (F) irx10irx10L/proIRX10:IRX10-GFP
plants. Open xylem tracheary elements (asterisks) are collapsed (arrows) in irx9 and irx10 and restored in the
complemented lines. Scale = 20 μm.
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Figure 3.2 Native expression and subcellular localization in IRX9-GFP and IRX10 GFP in roots.
(A-B) Developing root protoxylem vessel cell files expressing (A) proIRX9:IRX9-GFP and (B) proIRX10:IRX10GFP. (C-D) Subcellular localization of (C) IRX9-GFP and (D) IRX10-GFP in Golgi-like puncta in developing root
protoxylem. Scale = 150 μm (A,B) and 10 μm (C,D).
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Figure 3.3 Stages of SCW deposition characterized using confocal microscopy.
Representative images of single optical sections through the cell cortex in cells at the (A-E) early-SCW (F-J) midSCW and (K-O) late-SCW stages. (A, F, K) Brightfield (BF) and (B, G, L) propidium iodide stained cell walls are
merged in (C, H, M). (D, I, N) IRX9-GFP in Golgi-like puncta are (E, J, O) merged with cell wall images.
Arrowheads = SCW bands from (B, G, L). Cell wall images were acquired using different sensitivities (Early = 104,
Mid = 54, Late = 21). Scale = 10 µm.
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Figure 3.4 The stage of SCW development varies within populations of transdifferentiating cells.
The percent of IRX9-GFP expressing cells assigned to the early, mid or late stage of SCW-deposition at each time
point following treatment with DEX. Early-SCW cells express IRX9-GFP but SCWs are not visible in brightfield,
mid-SCW cells have SCWs that are just visible in brightfield, and late-SCW cells have obvious SCW bands. 60 204 cells were included per time point, across 4 replicate experiments.
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Figure 3.5 Stages of SCW deposition characterized using TEM.
TEM images of cells (A) prior to SCW deposition, (B) early in SCW deposition, and (C) late in SCW deposition.
Mito = mitochondrion, PCW = primary cell wall, arrowheads = microtubules lining SCW domain. Representative
images from 2+ replicate experiments. Scale = 200 nm.
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Figure 3.6 IRX9-GFP and MANI-mCherry colocalize in the Golgi apparatus.
Spinning disk confocal colocalization of (A) the xylan biosynthetic IRX9-GFP and (B) the Golgi-marker MANImCherry. The co-occurrence of the proteins in every Golgi stack is apparent in the (C) merged image. Distinct
distributions within the Golgi are visible as ring-shaped IRX9-GFP and more central MANI-mCherry signals.
Scale = 5 µm.
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Figure 3.7 Golgi abundance increases with SCW deposition in WT and irx9 cells.
(A-B) Representative TEM images of (A) wild-type cells prior to SCW deposition (WT pre-SCW) and (B) during
SCW deposition (WT SCW) used to estimate organelle abundance and cellular features. Mitochondria (Mito),
primary cell wall (PCW), secondary cell wall (SCW). Scale = 500 nm. (C) Optical cross-section through the center
of a WT-SCW cell with IRX9-GFP in green and propidium iodide-stained SCWs in magenta. White box shows
approximate field of view in (B). Scale = 5 μm. (D-J) Quantification of cellular features in WT pre-SCW, WT SCW
and irx9 SCW cells. (D) Thickness of cortical cytoplasm. Golgi and mitochondrial abundance was calculated (E, F,
G) per cell perimeter or (H, I, J) per cytoplasmic area. Quantification included (E, H) Golgi counts, (F, I) Golgi
counts normalized by Golgi width, and (G, J) Mitochondrial counts. Means ± 95% CI. Statistics = one-way
ANOVAs with Tukey HSD post hoc tests (p<0.05), ns = not significant. WT Pre-SCW and WT SCW (n = 31 cells,
4-5 seedlings, 3 replicate experiments), irx9 SCW (n = 13 cells, 3 seedlings, 1 experiment).
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Figure 3.8 IRX9-GFP-labelled Golgi increase in density as SCW deposition progresses.
(A-B) Representative images used to quantify Golgi Density, showing a cell with a Golgi density near the average
for (A) a pre-SCW cell expressing proUBQ10:MANI-mCherry, or (B) a post-SCW expressing multiple copies of
IRX9-GFP in the wild-type background (i.e. high copy number). Scale = 5 μm. (C) Golgi densities averaged across
all SCW stages show increases in Golgi density with increased copy number (i.e. Low < Mid < High) compared to
pre-SCW stage. (D) Golgi density increases as SCW-development progresses for all three IRX9-GFP lines. PreSCW data is repeated for each copy number group. Statistics = one-way ANOVAs and Tukey HSD post hoc test
(p<0.05). Means ± 95% CI. For (D) each genotype was analysed using independent one-way ANOVAs. For each
genotype in (C) n = 150 - 795 cells, 10 - 78 plants, 2 - 6 replicate experiments.
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Figure 3.9 Golgi density increases during SCW production regardless of promoter or Golgi marker.
Plant lines driven by different promoters (proUBQ vs proIRX9) and driving different Golgi-localized proteins
(MANI vs IRX9) had different Golgi densities following SCW-deposition. For comparison with the other proIRX9driven protein, the IRX9-GFP genotype shown is the ‘mid-copy number’ line, with a single insertion of IRX9-GFP
into the WT background. Statistics = Kruskal-Wallis and post hoc tests (p<0.05). Means ± 95% CI. For Pre-SCW
and proIRX9:IRX9-GFP (n = 159-795 cells, 11-78 plants, 2-6 replicate experiments), proIRX9:MANI-mCherry (n =
23 cells, 7 seedlings, 1 experiment), proUBQ:MANI-mCherry (n = 258 cells, 11 seedlings, 2 experiments).
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Figure 3.10 Bias in size of SCW-producing cells does not bias confocal density measures.
(A) Cells selected for Golgi abundance measurement are significantly smaller in pre-SCW than other SCW stages.
(B-C) Golgi abundance in different developmental stages for (B) un-adjusted means and errors (C) means and errors
adjusted for covariation with cell width (ANCOVA with Bonferroni adjustment). (D-G) Plots of cell width and
Golgi abundance at the (D) pre-SCW, (E) early-SCW, (F) mid-SCW, and (G) late-SCW stages showing linear bestfit lines and R2 values. Statistics = (A,B) one-way ANOVA with (A, B) Tukey HSD post-hoc or (C) Bonferroni
adjustment (p<0.05). pre-SCW (n= 90), early-SCW (n = 80), mid-SCW (n = 342) and late-SCW (n = 113) from a
single experiment. Means ± 95% CI.
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Figure 3.11 Cytoplasmic geometry constrains Golgi stacks to regions near SCWs.
(A) Top-down view of the cortical cytoplasm in a cell expressing IRX9-GFP (green) in the Golgi and stained with
propidium iodide (magenta). Box shows approximate field of view in (B) for reference. Scale = 5 μm. (B) TEM
cross-section of cortical cytoplasm showing the position of a Golgi stack (green) and a random point (orange)
relative to the SCW (magenta). Scale = 500 nm. (C) Histogram showing the distance to the SCW in TEM images of
random points, Golgi and mitochondria using 500 nm bins. (D) Average distance to SCW from random points,
Golgi or mitochondria. Statistics = one-way ANOVA with Tukey HSD post-hoc (p<0.05) for square-root
transformed distances. Means ± 95% CI. n = 168 (Random, Golgi) and 114 (Mitochondria) from 16 cells, 5
seedlings and 3 replicate experiments.
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Chapter 4: IRX9 and Xylan in Concentric Rings in Golgi Cisternae
4.1

Introduction
In the previous chapter, it was shown that the onset of SCW synthesis is accompanied by

a significant increase in the number of Golgi stacks, which then work in concert to produce xylan
for the developing SCW. During this transition, the Golgi apparatus is remobilized from PCW
production to begin assembly of xylans and mannans, and modification and trafficking of the
large numbers of proteins required for proper cellulose and lignin deposition (Meents et al.,
2018; Watanabe et al., 2018). This process requires loading the flattened, membrane-bound
cisternae of the Golgi stacks with the many proteins necessary to meet this increased demand for
Golgi processing. These changes in Golgi resident proteins and cargo are almost certainly
accompanied by changes in Golgi ultrastructure. Golgi width, the number of cisternae, and the
size of secretory vesicles, often change during different developmental stages and in different
cell types (Staehelin et al., 1990; Samuels et al., 2002; Young et al., 2008). The shape and
organization of organelles is usually considered to be optimized for organelle function (Voeltz
and Prinz, 2007). Characterization of changes in Golgi ultrastructure during SCW deposition,
can therefore help us better understand how xylan biosynthesis occurs in the Golgi.
Part of this characterization involves considering how cisternal structure changes across
the Golgi stack. These cisternae are divided into cis-, medial-, and trans-types based on their
position in the stack and their ultrastructure in TEM imaging (Staehelin et al., 1990; Zhang and
Staehelin, 1992). These different cisternae are also considered to specialize in sequential stages
of Golgi processing, thus creating a gradient in Golgi structure and function across the stack
(Day et al., 2013). Though many aspects of cisternal structure are well characterised, it is still
unclear how this structure facilitates Golgi function. Part of the difficulty in filling in this gap in
our understanding, is that few Golgi resident proteins or products have been localized to specific
regions of the Golgi stack. The few exceptions include some N-glycan processing (Schoberer
and Strasser, 2011) and xyloglucan biosynthetic enzymes (Chevalier et al., 2010), which are
found preferentially in a subset of cisternae, and polysaccharide cargo, which are found in
cisternal margins (Zhang and Staehelin, 1992; Samuels et al., 2002; Young et al., 2008; Wang et
al., 2017). These distributions however, are often not characterized on a small enough scale for
structure/function correlation, as cisternal structure changes between adjacent cisternae, and from
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margins to centers of cisternae (Kang and Staehelin, 2008; Kang et al., 2011; Donohoe et al.,
2013). To better elucidate the relationship between cisternal structure and function, it is therefore
necessary to map the distribution of different Golgi processes in each of these dimensions.
Theoretically, this could be accomplished by quantifying the distribution of Golgi-resident
biosynthetic enzymes and their products across the Golgi stack using immunoTEM. In practice
this is challenging because the abundance of resident proteins like glycosyltransferases is often
too low to detect (Fukuda et al., 1996).
Xylan biosynthesis in the VND7-induction system (Yamaguchi et al., 2010a) provides an
excellent model system for this purpose. The previous chapter describes how VND7-induction
rapidly activates expression of a functional IRX9-GFP fusion protein and triggers SCW
synthesis. I hypothesized that the abundant IRX9-GFP and xylan biosynthesis would permit
immunogold localization of xylan biosynthesis (using anti-GFP), and xylan accumulation (using
anti-xylan), to specific cisternae, and regions of cisternae. This map of Golgi function can then
be correlated with characterization of Golgi ultrastructure at the nanometer scale, to provide
insight into how Golgi structure accommodates xylan biosynthesis. In addition, in this system
Golgi function can be perturbed and then tested for changes in Golgi structure. For example, I
hypothesized that the irx9-2 knock-out mutant, which lacks functional IRX9 and produces little
SCW xylan (Lee et al., 2010; Wu et al., 2010; Petersen et al., 2012), would have altered Golgi
structure during SCW production.
In this chapter, I use qualitative and quantitative TEM and immunoTEM to conduct a
nm-scale characterization of Golgi structure and organization during SCW-production to answer
the following questions: (1) How does the structure of the Golgi stack change in response to
SCW synthesis? (2) How is this altered in the irx9-2 mutant? (3) How are Golgi residents and
their products distributed within the Golgi stack?
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4.2

Results

4.2.1

Golgi ultrastructure during SCW biosynthesis
VND7-induction triggers cell transdifferentiation into protoxylem tracheary elements, a

process which results in a shift in Golgi function, from PCW production to SCW production
(Watanabe et al., 2018; Chapter 3). As Golgi structure is known to change with Golgi function, I
hypothesized that the onset of abundant SCW production would lead to increases in the size of
cisternae and secretory vesicle buds. Conversely, disruption of xylan biosynthesis in the Golgi of
irx9 mutants was predicted to counteract these changes to Golgi structure. To test these
hypotheses, Golgi ultrastructure was examined using TEM imaging of cryo-fixed WT (WT preSCW), WT/35S:VND7-VP16-GR (WT early-SCW and WT late-SCW) and
irx9/proUBQ10:VND7-VP16-GR (irx9 SCW) cells. Variation in VND7-induction across plant
lines (Chapter 3) made it challenging to align the stage of SCW deposition in irx9 vs WT cells,
especially as SCWs are thinner in irx9 (Lee et al., 2010; Wu et al., 2010). This was addressed by
comparing irx9 SCW Golgi to Golgi in both WT early-SCW and WT late-SCW cells. Plants were
treated with DEX for 22 – 28 hr, except for the WT early-SCW plants, which were exposed for
17 – 20 hr (Chapter 3). Clear qualitative differences were observed in the structure of Golgi
stacks (Figure 4.1 A–D), and quantification of various Golgi features was used to develop a more
nuanced picture of how cisternal structure changes within individual Golgi stacks, and across the
different sample types.

4.2.1.1

Cisternal diameter increases in SCW-producing cells
Cisternae were categorized as cis, cis+1, mid, trans-1 and trans, based on their position

in the stack and their physical features as described in the methods. The length of each cisterna
from edge to edge was then measured in Golgi cross-sections (Figure 4.1 A–D). The largest
cisternae in both pre-SCW and SCW-producing Golgi were the mid- and trans-1 cisternae, and
there was a significant decrease (10 – 20%) from the trans-1 to trans cisterna (Figure 4.1 E).
There was a significant (2-fold) change in cisternal diameter from the smallest to largest
cisternae for all sample types (Figure 4.1 E). Averaging the diameter of cis+1 to trans-1 cisternae
provides an estimate of Golgi size that can be used to compare Golgi width in the different
samples. After SCW production initiated, Golgi width increased ~ 50% and remained at this size
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throughout this process (Figure 4.1 F). These data demonstrate that while within each stack there
was a consistent cis-to-trans pattern of cisternal diameters, in wild-type developing protoxylem
tracheary elements, SCW production increases the overall Golgi cisternal width.
To examine the consequences of loss of IRX9 function on Golgi structure, irx9 SCW
cells were compared with WT early-SCW and WT late-SCW stages. This revealed that Golgi in
the irx9 mutant increase in width to the same extent as the wild-type SCW-producing Golgi
(Figure 4.1 F). Most Golgi contained 5 or 6 cisternae, though there was a small but significant
increase in the number of cisternae in irx9 SCW compared to the WT pre-SCW control (Figure
4.1 G). These data suggest that during SCW production, loss of IRX9 and xylan synthesis does
not affect the size of Golgi cisternae, but slightly increases the number of cisternae.

4.2.1.2

Cisternal margins and TGN vesicles increase in size during SCW production
Each Golgi cisterna has a flattened central region with margins (i.e. the rounded profiles

at the edge of each cisterna) that increase in size from cis to trans. This increase is attributed to
larger quantities of polysaccharide cargo, culminating in the production of secretory vesicles at
the TGN (Zhang and Staehelin, 1992; Young et al., 2008; Wang et al., 2017). This same trend
was apparent in all Golgi sampled with a greater increase in margin size and TGN vesicle bud
diameters (Figure 4.2 A–H). Quantification of margin size revealed that there is a significant
increase in margin size in trans vs cis cisternae, 13% for WT pre-SCW, 51-64% for WT earlySCW, 51% for WT late-SCW, and 44% for irx9 post-SCW (Figure 4.2 I). In WT SCW-producing
cells, the cisternal margins were significantly larger than in WT pre-SCW Golgi, with a ~18%
increase in the margins of cis-cisternae, and a dramatic increase of ~65% for trans-cisternae
(Figure 4.2 I). Interestingly, the irx9 post-SCW Golgi margins were not statistically different
from the control WT pre-SCW (Figure 4.2 J). These data indicate that the observed increase in
Golgi margins during SCW production is tied to the production of xylan by IRX9.
The TGN is composed of interconnected clusters of tubules, secretory vesicle clusters
and clathrin-coated vesicle buds (Young et al., 2008; Toyooka et al., 2009; Kang et al., 2011;
Boutté et al., 2013). As the size of these buds can vary depending on the type of vesicle and its
contents, TGN function before and during SCW production was assessed by quantifying the size
of these swollen membrane regions, termed ‘TGN vesicles’. For all sample types the size of
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TGN vesicles was not significantly different than the size of the trans-cisternal margins,
supporting a model where the trans-most cisterna matures into the TGN. A large increase in the
size of TGN vesicles accompanied the onset of SCW production (Figure 4.2 E-H). This can be
seen in the distribution of vesicle sizes (Figure 4.2 K) and the significant increase in mean
vesicle size from ~ 60 nm prior to SCW, up to ~105 nm during SCW synthesis (Figure 4.2 J).
Loss of xylan biosynthesis in irx9 SCW cells also resulted in an intermediate TGN vesicles size
with a mean of ~ 75 nm (Figure 4.2 J). The irx9 SCW TGN also had a more hybrid structure,
with tubular regions like WT pre-SCW TGN, and regions with large vesicle buds more like the
WT cells producing SCWs. These different structures are represented in a bimodal distribution of
irx9 TGN vesicle sizes (Figure 4.2 K). This shows that while the packaging of xylan in secretory
vesicles contributes to increased TGN vesicle size during SCW production, other cargo are likely
contributing as well.

4.2.1.3

Number of cisternal fenestrations increases in irx9
Another key feature of many Golgi cisternae are fenestrations, which often appear as

gaps in cisternal edges in Golgi cross-sections (Kang and Staehelin, 2008; Kang et al., 2011;
Donohoe et al., 2013). Despite this ubiquity, the function of Golgi fenestrations has not been
resolved. To better understand what factors might be contributing to fenestration formation, the
number of fenestrations in each cisterna was estimated by counting the number of gaps in
cisterna cross-sections. Gaps were observed in cisternae of all Golgi sampled, and fenestrae were
visible in both Golgi cross-sections (Figure 4.3 A–D) and in sections through tilted Golgi (Figure
4.3 E–H). The number of gaps in each cisterna was largest in the medial-cisternae (Figure 4.3 I).
The irx9 SCW Golgi had a significant (3-fold) increase in the number of cisternal gaps compared
to all other samples (Figure 4.3 J). This difference is very clear in the ‘Top View’ image of an
irx9 Golgi (Figure 4.3 H), showing a highly tubulated, web-like cisterna with large and
numerous fenestrations. Like the WT Golgi, the irx9 Golgi also have the greatest number of gaps
in the mid-cisterna, dropping significantly in the more cis and trans cisternae (Figure 4.3 J).
Fine-scale quantification of cisternal architecture provided a precise account of the
changes in cisternal length, margin size, and number of fenestrations across the Golgi stack in all
samples. It also confirmed that altering Golgi function by triggering SCW synthesis changes
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Golgi structure. The onset of SCW synthesis caused increases in Golgi width and the size of
cisternal margins and TGN-vesicles, however there were no significant differences between WT
early-SCW and WT late-SCW Golgi. Conversely, decreased xylan production in the irx9 mutant
background led to a reduction in the size of the cisternal margins and TGN vesicles.
Interestingly, the irx9 Golgi cisternae were also highly tubulated, with a significant increase in
the number of fenestrations. These data indicate that during wild-type SCW biosynthesis, the
Golgi expands to accommodate the production of xylan by increasing cisternal length, margin
width, and TGN vesicle size. Furthermore, the presence of IRX9 promotes the formation of
smooth cisternal sheets, at the expense of fenestrations and tubules.

4.2.2
4.2.2.1

Mapping of xylan biosynthesis
Anti-xylan antibody selection
In live-cell imaging, IRX9-GFP is found in a ring around the center of the Golgi stack

(Figure 3.6), but current models based on freeze-fracture data propose that Golgi biosynthetic
proteins like IRX9 reside in these cisternal centers (Staehelin et al., 1990). To reconcile this
difference, and test the existing model, I quantified the distribution of the Golgi-resident protein
IRX9 and its product xylan, across different domains of Golgi cisternae. I used immunoTEM of
high-pressure frozen/freeze-substituted proIRX9:IRX9-GFP/35S:VND7-VP16-GR samples that
were treated with DEX for 22 - 26 hrs to localize and quantify IRX9-GFP and xylan in SCWproducing cells.
The anti-xylan antibodies LM10 and LM11 are popular choices for immunolabelling of
xylans. LM10 binds to xylans with little or no substitutions, while LM11 binds low-substituted
xylans and arabinoxylans (McCartney et al., 2005). Both LM10 and LM11 bind to SCWs with
equal success in immunofluorescence and immunoTEM of Arabidopsis stems (Kim and Daniel,
2012), and LM10 labelling was used previously in immunofluorescence characterization of xylan
mutants, including irx9 and irx10irx10L (Peña et al., 2007; Wu et al., 2009; Wu et al., 2010). The
LM10 antibody was therefore selected for testing for immunoTEM labelling of the Golgi in
SCW-producing cells. Seedlings were cryofixed in glutaraldehyde and acetone before
embedding in LR white for immunogold labelling at concentrations from 1:5 to 1:20. SCWs
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consistently labelled with at least a few gold particles, however labelling of Golgi was rare,
making it challenging to acquire sufficient data for quantification of xylan distribution.
The Complex Carbohydrate Research Centre (CCRC) has developed a suite of
carbohydrate antibodies used to profile cell wall composition, including a number of anti-xylan
antibodies which have been used to label Arabidopsis SCWs in immunofluorescence
experiments (Pattathil et al., 2010). Four of these anti-xylan antibodies, CCRC-M138, -M147, M149 and -M153, were selected for testing because they recognized small unsubstituted xylose
chains, an epitope expected to be common in glucuronoxylan (Bromley et al., 2013). CCRCM138 recognizes unsubstituted xylopentaose (Peralta et al., 2017), CCRC-M147 unsubstituted
xylan disaccharides (Schmidt et al., 2015), CCRC-M149 unsubstituted xylotriose (Peralta et al.,
2017) and CCRC-M153 unsubstituted and arabinose substituted xylan (Schmidt et al., 2015;
Peralta et al., 2017). Immunogold labelling with all four of the anti-xylan antibodies produced
successful labelling of SCWs and Golgi/TGN in cells producing SCWs, and little or no labelling
of cells not producing SCWs. Though any of the four antibodies could likely have been used
successfully for xylan mapping in the Golgi, qualitatively CCRC-M138 labelling appeared to be
slightly better so it was used for all subsequent experiments.
CCRC-M138 labelled Golgi, TGN and SCWs in all cells with visible SCWs (Figure 4.4
A–C). In total, 57% of Golgi and 57% of TGN were labelled with one or more gold particles,
averaging 1.17 gold particles per Golgi and 1.36 gold particles per TGN. The secondary antibody
was specific to CCRC-M138, as no gold labelling was seen in the Golgi, TGN or SCW in the
absence of the primary antibody (Figure 4.4 D–F). The heterogeneity of VND7-induction
between cells in the same seedling allowed comparison of cells producing SCWs with those that
were not. Gold labelling was never seen in cells not producing SCWs (Figure 4.4 G), suggesting
CCRC-M138 is specific to an epitope present in the Golgi, TGN and SCW of cells producing
SCWs, which is consistent with xylan specificity. Together, this indicates that CCRC-M138 is a
suitable antibody for xylan mapping in the Golgi and TGN during SCW synthesis.

4.2.2.2

Anti-GFP antibody selection
The LifeTech antiGFP antibody (A6455) has been used extensively for immunoTEM

localization of GFP-tagged proteins (McFarlane et al., 2010; Zhang et al., 2016). Testing this
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antibody in concentrations ranging from 1:200 to 1:5 however, showed non-specific binding in
swollen cisternal margins, TGN vesicles and the SCWs of plants not containing GFP. This
pattern of non-specific binding indicates that the LifeTech antiGFP is not suitable for labelling
cells producing SCWs. The Torrey Pines’ antiGFP (TP401) has also been used successfully in
immunogold labelling (Crowell et al., 2009; Stierhof and El Kasmi, 2010; Roppolo et al., 2011;
Sauer et al., 2013), and was therefore tested at 1:10, 1:50 and 1:100 concentrations. At 1:50, this
antibody showed consistent label in Golgi in plants containing IRX9-GFP (Figure 4.5 A), and
little non-specific label in Golgi (Figure 4.5 B), TGN and SCWs. There was also very good
signal in the Golgi of IRX9-GFP containing plants, compared to background label in wild-type
plants lacking IRX9-GFP. When anti-GFP binding was quantified in IRX9-GFP lines, 46% of
Golgi or TGN contained one or more gold particles, while only 7% of Golgi were labelled in the
plants not containing GFP (Figure 4.5 C). The average number of gold particles per Golgi/TGN
increased 92%, from 0.07 gold particle per Golgi in wild-type cells lacking IRX9-GFP, to 0.83 in
IRX9-GFP cells. The gold label in IRX9-GFP Golgi was significantly different than that of
background label, according to a chi squared test (p<0.001). The Torrey Pines antiGFP was
therefore deemed suitable for anti-GFP mapping of IRX9-GFP.

4.2.2.3

Xylan and IRX9-GFP are found in different regions of the Golgi
To map xylan and IRX9 distribution in Golgi and TGN, seedlings containing

proIRX9:IRX9-GFP were prepared for immunoTEM using the CCRC-M138 (xylan) and the
Torrey Pines anti-GFP (IRX9-GFP) antibodies. In anti-xylan labelling of Golgi in 24 cells, 43%
of gold particles across 17 cells were found in Golgi of sufficient preservation quality and crosssectional orientation to allow mapping to individual regions of each cisterna (Figure 4.6 A). Of
Golgi/TGN label, 60% of the gold particles labelled the TGN and 40% labelled the Golgi.
Mapping to individual cisternae shows that label first appears in small quantities in the midcisternae (2.3% of label), becoming much more significant in trans-cisternae (21.9% of label)
(Figure 4.6 B). In anti-GFP mapping of 39 cells, 44% of gold particles across 33 cells could be
mapped to distinct regions of the Golgi. Gold particles were found in all cisternae, but peak label
(33.9%) was in the mid-cisternae, tapering to 8.6% in cis-cisternae, and 12.4% in trans-cisternae
(Figure 4.6 B). A very small proportion of label was found in the TGN (2.2%). Within each
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cisterna, lateral mapping of IRX9-GFP and xylan was conducted by measuring the distance from
each gold particle to the edge and center of the cisterna. Both GFP and xylan label was found
significantly closer to the margin than the center of cisternae (Fig 4.6 C). Xylan label was
significantly closer to the margin than GFP (104 nm and 157 nm respectively) (Fig 4.6 C).
To better visualize the distribution of label across Golgi cisternae, every Golgi cisterna
was divided into ten equal parts (giving 5 blocks for each half cisterna from the cisternal center
to the margin, and 25 blocks total including all cisternae) (Figure 4.6 A, D, E). The number of
gold particles falling into each block was then tallied and the distribution visualized using a heat
map (Figure 4.6 D–E). As suggested by the previous analysis, IRX9-GFP and xylan label only
overlapped slightly. IRX9-GFP label is most abundant in cis+1, mid and trans-1 cisternae in
more central regions of the cisternae (Figure 4.6 D) while xylan label was found predominantly
in the outermost edges of trans-1 and trans cisternae (Figure 4.6 E). To better understand the
distribution of label within the quantified architecture of Golgi stacks, the size of the heat maps
was then scaled to account for the changing diameter of Golgi cisternae using the calculated
cisternal length of cisternae in WT SCW-producing cells (Figure 4.1 E). Both IRX9-GFP and
xylan label are low in the center of cisternae, and each is found in spatially distinct regions of the
Golgi (Figure 4.6 F, G). As xylan label appeared to overlap with the swollen cisternal margins
(Figure 4.6 G, and refer to Figure 4.2 I), the correlation between xylan label and margin size was
calculated (Figure 4.6 H). As predicted, xylan label highly correlated with the size of the
cisternal margins, while IRX9-GFP label did not. However, the IRX9-GFP label appeared to be
abundant in regions of the Golgi which are highly fenestrated (Figure 4.3 I). Indeed, the amount
of IRX9-GFP label in each cisterna was highly correlated with the average number of
fenestrations, which was not the case for xylan label (Figure 4.6 I).
These results show that IRX9-GFP and its xylan product localize to distinct sub-domains
of the Golgi, from both cis-to-trans, and centers-to-margins. These distributions also correlate
with different structural features of the Golgi, with xylan abundance correlating with the size of
the cisternal margins, and IRX9-GFP labelling with the number of putative fenestrations.
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4.3

Discussion
In this chapter, an in-depth characterization of Golgi ultrastructure was conducted in cells

prior to SCW production, at the Early-SCW and Late-SCW stages, and in irx9 cells producing
SCWs. This analysis was then used to guide immunoTEM mapping of IRX9-GFP and xylan
within different regions of the Golgi stack. Together, the data in this chapter informs a concentric
circle model of cell wall polysaccharide processing in the Golgi, using xylan biosynthesis as an
example (Figure 4.7). In this model, the xylan biosynthetic complex makes xylan in an innermargin of the medial cisternae, where the fenestrated margin and the flattened central zone of the
cisternae come together. In more trans-cisternae, a decrease in the presence of the xylan
biosynthetic complex coincides with increasing amounts of xylan. The xylan produced
accumulates in the swollen cisternal edges, which continue to widen in trans cisternae as more
cargo is produced. By the time the xylan is packaged into secretory vesicles at the TGN, it has
been successfully segregated from the biosynthetic machinery that remains in the inner-margin
of medial cisternae.

4.3.1
4.3.1.1

Mapping IRX9-GFP in the Golgi
The xylan backbone is synthesized in the medial Golgi
GFP-tagging of IRX9 allowed localisation of this xylan biosynthetic protein to specific

cisternae using an anti-GFP antibody and immunogold labelling. IRX9-GFP was most abundant
in the medial cisternae, and almost entirely absent from the cis-Golgi and the TGN (Figure 4.6).
The appearance of substantial IRX9-GFP in the Golgi also coincides with a rapid increase in the
size of xylan-filled cisternal margins. The cis-to-trans distribution of enzymes in the Golgi is
proposed to correlate with the progressive production of Golgi cargo. It is well established that
Golgi resident proteins can localize to different cisternae, such as the cis-localized MANImCherry used in this study (Nebenführ et al., 1999), or another common Golgi marker,
sialyltransferase (ST), which is found in the trans-Golgi (Boevink et al., 1998). This difference
in distribution is believed to reflect the presence of sequential processing steps in different Golgi
cisternae. In plants, N-glycan processing involves successive trimming and decoration of
oligosaccharides on glycoproteins by a set of enzymes in the Golgi, which are spatially separated
into different cisternae according to the order in which they act (Schoberer and Strasser, 2011).
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A similar ‘assembly-line model’ has been proposed for synthesis of pectin (Atmodjo et al., 2013)
and xyloglucan (Brummell et al., 1990). In these models, carbohydrate backbone synthesis is
often proposed to occur earlier in the Golgi, followed by addition of side chains, methylation and
acetylation. For xyloglucan, this is supported by a study which found that GFP-tagged enzymes
catalyzing subsequent steps in xyloglucan biosynthesis were most abundant in cis, medial and
trans cisternae in turn (Chevalier et al., 2010).
Some degree of successive synthesis is likely also occurring during xylan biosynthesis.
Production of the xylan backbone for Arabidopsis SCWs is thought to require three sets of
proteins: IRX9/IRX9L (Lee et al., 2010; Wu et al., 2010), IRX10/IRX10L (Brown et al., 2009;
Wu et al., 2009), and IRX14/IRX14L (Keppler and Showalter, 2010). Mapping of IRX9 to the
inner margin of medial Golgi therefore suggests that synthesis of the xylan backbone is occurring
in these domains. The other proteins involved in backbone synthesis may be similarly localized,
as a number of experiments suggest that xylan is synthesized by a biosynthetic complex. Coimmunoprecipitation and bimolecular fluorescence complementation (BiFC) studies during PCW
production of arabinoxylans in wheat (Triticum aestivum) and asparagus (Asparagus
officianalis), have demonstrated in planta heterodimerization of xylan biosynthetic proteins
orthologous to the Arabidopsis proteins (Zeng et al., 2010; Jiang et al., 2016; Zeng et al., 2016).
Each protein was also shown to homodimerize in planta, further increasing the size of the
proposed xylan biosynthetic complex to at least six members (Zeng et al., 2016). Proteins
involved in decorating the xylan backbone may also be incorporated into the protein complex, as
a PCW xylan biosynthetic complex isolated from wheat also showed arabinosyltransferase and
glucuronosyltransferase activity necessary for side chain addition (Zeng et al., 2010).
Furthermore, because the UDP-xylose substrate for xylan backbone synthesis is now believed to
be synthesized by cytosolic UDP-Xylose Synthases (UXSs) (Kuang et al., 2016; Zhong et al.,
2016), the Golgi-localized UDP-xylose transporters, especially UXT1, are hypothesized to be
similarly associated with the xylan biosynthetic complex to ensure adequate substrate availability
(Ebert et al., 2015).
Other aspects of xylan synthesis are likely occurring in different regions of the Golgi,
however. Analysis of xylans in various xylan biosynthetic mutants suggests that the methylation
rate of glucuronic acid residues is independent of the rate of xylan synthesis, which is consistent
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with a model where methylation occurs following backbone synthesis (Zhong et al., 2005; Peña
et al., 2007; Kuang et al., 2016). Xylans are also acetylated in the Golgi (Urbanowicz et al.,
2014) and then deacetylated prior to deposition in the wall (Zhang et al., 2017). The resulting
pattern of acetylation was found to be essential for xylan interaction with cellulose (Grantham et
al., 2017). Xylan acetylation and deacetylation almost certainly happen in different regions of the
Golgi. Another example of progressive xylan synthesis involves the conserved reducing-end
oligosaccharide (REO) found in many SCW xylans (Peña et al., 2016), which has been
hypothesized to be either a primer for consecutive xylan synthesis, or a terminator of synthesis
transferred en bloc to the completed xylan backbone (York and O’Neill, 2008). In either case,
different steps in xylan synthesis are proposed to occur sequentially. Xylans also have alternating
‘major’ and ‘minor’ domains with differing patterns of glucuronic acid substitution (Bromley et
al., 2013). These different domains may reflect variation in the rate of substitution on a
consecutively synthesized xylan backbone, but they could also be synthesized independently and
then assembled into a single strand later in the Golgi.
With the localization of xylan backbone synthesis to the medial Golgi, we can now
formulate hypotheses about the relative location of other steps in xylan biosynthesis. For
example, if the REO is a primer of xylan biosynthesis, then we would expect the enzymes
producing REOs to appear in cis-cisterna. However, if the REO is a xylan terminator the
biosynthetic enzymes may appear in more trans-cisternae. The mapping of IRX9 therefore
allows the medial Golgi to be used as a benchmark to guide mapping of a variety of different
steps of xylan biosynthesis.

4.3.1.2

Xylan is synthesized near fenestrated cisternal domains
In the concentric circle model, xylan biosynthetic proteins are found in an inner margin

of medial cisternae, where they are separated from the bulk of their biosynthetic product, but also
largely absent from the cisternal centers. This localization is consistent with my confocal data
consistently showing a ring-shaped distribution of IRX9-GFP in the Golgi (Figure 3.6). A few
other Golgi-resident proteins have been found to have similar localization pattern, including
IRX9L (Zhang et al., 2016), CESAs (Crowell et al., 2009), and several COPI-related proteins
(Ritzenthaler et al., 2002). Interestingly, the regions in which IRX9-GFP labelling was abundant
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coincide with cisternae in which fenestrations are frequently found. Indeed, the cis-to-trans
distribution of IRX9-GFP is highly correlated with the number of fenestrations in each cisterna
(Figure 4.6 I), with the greatest IRX9-GFP label and number of fenestrations in mid-cisternae
(Figure 4.3 I).
The presence of cisternal fenestrations has been documented in TEM tomography of
Golgi in root meristem cells (Kang and Staehelin, 2008; Kang et al., 2011; Donohoe et al., 2013).
In these studies, fenestrations appear most abundant in trans-cisternae, in contrast to their
prevalence in medial cisternae in this study. This difference may be related to differences in
Golgi function in these cell types, as tomography of heavily secreting Golgi from Arabidopsis
seed coat cells appear to show large numbers of fenestrations in a medial cisterna (Young et al.,
2008), and cross sections of Golgi in root caps show large numbers of cisternal gaps in medial
cisternae (Staehelin et al., 1990). Fenestrations are also highly abundant in mammalian
(Mogelsvang et al., 2004; Koga and Ushiki, 2006) and yeast Golgi (Mogelsvang et al., 2003).
Interestingly, the mammalian clathrin-coated trans cisterna shows a similar decrease in
fenestrations resembling those seen during SCW production. Despite the conservation of Golgi
fenestrations across eukaryotes, their function is not known. The analysis in this chapter may
provide a clue, as it suggests that fenestration abundance is linked with abundance of a Golgi
resident protein, but not with its biosynthetic product. If the greater IRX9 content is linked to
larger fenestration abundance in wild-type Golgi, why does the irx9 mutant have increased rather
than decreased number of fenestrations?
In irx9, the Golgi stacks are lacking the large quantities of xylan which normally
accumulate in the margins, but they are also lacking a Golgi resident protein, IRX9. Furthermore,
in transient expression of an IRX9 homolog in tobacco, IRX9 did not localize to the Golgi unless
also expressed with IRX10 and IRX14 (Zeng et al., 2016). The absence of irx9 in this study may
therefore similarly prevent Golgi localization of other xylan biosynthetic proteins. To what
extent then can we attribute the changes in Golgi structure in irx9 to loss of Golgi polysaccharide
cargo, vs. Golgi residents? Examination of fenestration distribution in irx9 cisternae (Figure 4.3
D, H) suggests that the additional fenestrations in irx9 are closer to the center of the cisternae
where IRX9-GFP is usually found, and xylan absent (Figure 4.3 B, C, F, G). The increased
abundance of fenestrations in more central regions of cisternae may therefore be attributed
77

largely to the lack of IRX9, rather than xylan, which is not abundant in these areas. Further
experiments will be required to elucidate the mechanism by which IRX9 inhibits Golgi
fenestration. One possibility is that a large xylan biosynthetic complex in the Golgi lumen
physically prevents spontaneous fusion of the membrane on either side.
As cisternae mature, the lumen becomes increasingly compressed in the cisternal centers.
Though the membranes on either side of the lumen get very close, they must not fuse, or a
fenestration would form. A large xylan biosynthetic complex on the luminal face of the cisternal
membrane could provide a barrier preventing the opposing membrane from getting close enough
to fuse. If IRX9 was a central component of this complex, its absence could therefore permit the
additional fenestration formation seen in the irx9 mutant. How then do fenestrations form in
regions known to contain IRX9-GFP in wild-type SCW-producing Golgi? One possibility is that
IRX9 might only inhibit fenestrations when in a xylan biosynthetic complex. Dissociation of the
complex to allow retrograde recycling may then allow cisternal membranes to become close
enough for fusion, and fenestration formation. Therefore, regions of cisterna containing
fenestrations may have fewer IRX9 proteins in xylan biosynthetic complexes than more central
domains. This suggests that in addition to a cis-to-trans gradient in Golgi function, there may
also be a center-to-margin gradient.
Experiments in a variety of organisms are beginning to suggest that shifts between the
cisternal margin and center are linked to oligomerization of both Golgi cargo and residents. In
plants, the ring-shaped distribution of the primary cell wall CESA3 was lost in the stello mutant
background, when the CESAs shifted toward the center of Golgi cisternae (Zhang et al., 2016).
This shift was found to coincide with a decrease in the formation of CESA complexes, implying
a link between oligomerization of cargo and localization to the Golgi margins. Similar shifts
between Golgi margins and centers have been found in mammalian cells using engineered
proteins that aggregate and disaggregate in the absence or presence of a drug. One group found
that aggregated membrane-associated cargo accumulates in more central regions of the cisternae,
while soluble aggregations are present in the edges (Lavieu et al., 2013). Conversely,
aggregation of Golgi resident proteins shifts them to cisternal centers, and disaggregation returns
them to the rims (Rizzo et al., 2013). Furthermore, localization closer to the margins was
required to maintain position of the protein in its specified cisternae. This suggests that the large
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protein aggregates were excluded from retrograde trafficking and thus carried downstream with
cisternal maturation. Together, these data could reflect size-dependant sorting with different
outcomes for residents vs. cargo (i.e. large Golgi cargo shifting toward cisternal margins (Lavieu
et al., 2013; Zhang et al., 2016), and complexes of resident proteins localizing closer to cisternal
centers (Rizzo et al., 2013)).
The studies looking at oligomerization of proteins in the Golgi support the model that the
formation of a large xylan biosynthetic complex may shift the localization of these proteins
toward the center of cisternae, while allowing the soluble cargo to accumulate in the margins. If
large complex formation impedes trafficking of the constituents, as seen in other systems (Rizzo
et al., 2013), the complexes will move towards the trans-Golgi as the cisternae mature. To allow
return of the proteins to their proper position in an earlier cisterna, the complex may dissociate,
allowing individual proteins to move to fenestrated regions of the Golgi where they can be
transported back toward the cis-Golgi, and then reform a complex to begin xylan biosynthesis
anew. The IRX9-GFP mapped in this study encompasses proteins at all stages of this cycle, not
just those currently producing xylan in a biosynthetic complex.

4.3.2
4.3.2.1

Mapping xylan in the Golgi
Xylan accumulates in the trans-Golgi margins
In the concentric circle model, the outer cisternal margins become swollen with

polysaccharide cargo in more trans-cisternae. While the size of cisternal margins increased from
cis to trans for all cell types imaged in this study, wild-type Golgi in SCW-producing cells had
significantly larger margins than in pre-SCW cells (Figure 4.2 J). This difference is largely due
to increased abundance of polysaccharide cargo in the cisternal periphery, as supported by the
reduction in margin size in irx9 Golgi to pre-SCW margin widths. Furthermore, immunoTEM
labelling indicates that xylan is found primarily in theses margins in later cisternae (Figure 4.6
G), and the size of the margins strongly correlates with the amount of xylan label in each cisterna
(Figure 4.6 H). This decrease in margin size in irx9 is analogous to a similar decrease observed
during Arabidopsis seed coat development in a mutant with substantially reduced pectin
biosynthesis (Young et al., 2008). Furthermore, the presence of cell wall polysaccharides in
cisternal margins agrees with immunogold labelling of mannan in pine xylem (Samuels et al.,
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2002), and pectin and xyloglucan in Arabidopsis seed coat (Young et al., 2008), sycamore maple
suspension culture (Zhang and Staehelin, 1992), and alfalfa root tips (Wang et al., 2017). While a
pectin antibody recognizing a more ‘mature’ pectin side chain was similarly abundant in TGN
and trans-cisternae, a different antibody binding methylesterified pectin was most abundant in
the mid-cisternae (Zhang and Staehelin, 1992).
It is important to note that the localization of polysaccharide products in specific cisternae
does not necessarily mean they are synthesized only in these cisternae. In the case of xylan
synthesis, the xylan biosynthetic enzyme IRX9, is detected in medial Golgi, while xylan is
abundant in trans-cisternae. Similarly, while xyloglucan epitopes are detected in trans-cisternae
(Zhang and Staehelin, 1992), several xyloglucan biosynthetic enzymes are detected in earlier
cisternae (Chevalier et al., 2010). This spatial separation likely reflects the difference between
the site of polysaccharide synthesis, versus the site of polysaccharide accumulation. Detection of
cargo in specific cisternae can only tell you that the biosynthetic enzymes must be present at
some point upstream.

4.3.2.2

Xylan packaging in TGN vesicles contributes to vesicle size
At the trans-face of the Golgi, the xylan is packaged into TGN vesicle buds. The size of

TGN vesicles buds quantified in this study ranged from 30 nm up to over 150 nm (Figure 4.2 K).
Comparably-sized vesicles (65 – 100 nm) have been documented in the Arabidopsis root
meristem (Donohoe et al., 2007; Kang et al., 2011). Cells secreting large amounts of pectin often
have much larger TGN vesicles (Staehelin et al., 1990; Young et al., 2008), ranging between 150
nm and 300 nm in alfalfa root tips (Wang et al., 2017). The size of TGN vesicles also increases
with SCW production. Some of this increase is similarly attributable to increased polysaccharide
production, as loss of xylan in irx9 results in significantly smaller TGN vesicles. One population
of vesicle buds decreases dramatically in size, becoming more similar to regions of tubular TGN
in pre-SCW cells (Figure 4.2 K). However, this data also suggests that during SCW synthesis,
not all the large vesicles on the TGN are filled with xylan. In irx9, there is also a population of
larger TGN vesicle buds that are not quite as big as those seen in wild-type SCW-producing
TGN. These intermediate-sized TGN vesicle buds are likely important for trafficking other kinds
of cargo, perhaps cellulose synthases (CESAs) (Meents et al., 2018). The ixr9 plants still produce
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patterned SCWs containing cellulose (Petersen et al., 2012), so the CESAs must still be
trafficked to and from the SCW domains. If xylans are packed in different vesicles than CESAs
at the TGN, then we can conclude that xylans are packaged into the larger TGN vesicles absent
in irx9, and CESAs into the smaller ones remaining in irx9. Alternatively, xylans could be
packaged into the same vesicles as CESAs, and the absence of xylan simply decreases the size of
these vesicles, resulting in the intermediate vesicle size of irx9 compared to WT pre-SCW and
post-SCW TGN.
Plant TGN are also known to be a hub of anterograde, retrograde and endocytic
trafficking (Rosquete et al., 2018). As such, the TGN vesicle buds characterized in this study
may contain cargo heading for the plasma membrane, Golgi residents recycling back to the
Golgi, or materials destined somewhere along the pathway to the vacuole. The results of this
study also represent vesicle buds from both Golgi-associated and free TGN. Different kinds of
vesicle buds likely form on different kinds of TGN, as a greater amount of endocytic trafficking
is believed to occur at free vs Golgi-associated TGN (Kang et al., 2011). Additional experiments
will be required to fully tease apart the trafficking occurring at TGN in SCW-producing cells.

4.3.3

Biosynthetic proteins and cargo are absent from the center of cisternae
At the very center of the Golgi cisternae is a flattened region with a very compressed

Golgi lumen that contains neither IRX9 nor xylan. This region in cis-cisternae likely contains
other biosynthetic proteins, as the N-glycan processing enzyme MANI appears to be evenly
distributed across the cis-cisterna (Figure 3.6). It is not yet clear what is occurring in the central
region of more trans-cisternae however. Cryo-focused ion beam milling and cryo-electron
tomography of Chlamydomonas Golgi revealed that these regions contained protein arrays that
appeared to bridge the lumen between two cisternal membranes (Engel et al., 2015). These
protein arrays may represent oligomerized glycosyltranferases but could also be structural
proteins contributing to the shape and organization of the cisternae. Arabidopsis Golgi appear to
have a similar morphology of trans-cisternae, so it is possible that similar protein arrays, with a
similar function, are also present in cisternal centers of xylan-producing Golgi.
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4.3.4

During SCW synthesis, Golgi cisternae change in size but not number
All Golgi examined in this study had common features in TEM, including cis cisternae

with a more open lumen and lighter staining. More trans cisternae had compressed lumens in the
center of the cisternae, larger cisternal margins, more electron dense membranes, and longer
cisternae. This characteristic appearance of plant Golgi is consistent with previous descriptions
of Golgi in many cell types and species, including Arabidopsis seed coat (Young et al., 2008),
developing secondary xylem in pine (Samuels et al., 2002), sycamore maple suspension culture
(Zhang and Staehelin, 1992), and the developing root cap of alfalfa (Wang et al., 2017),
Arabidopsis and Nicotiana (Staehelin et al., 1990). Golgi structure in this chapter is also
consistent with TEM tomography characterizing the three-dimensional structure of plant Golgi
(Kang and Staehelin, 2008; Kang et al., 2011; Donohoe et al., 2013; Wang et al., 2017). Many of
these studies relied on a qualitative assessment of Golgi structure, though a few supplemented
these analyses with quantification, with which we can compare.

4.3.4.1

Cisternal length increases during SCW synthesis
In this study, Golgi stacks ranged in size from 400 nm to 1500 nm (Figure 4.1 E), which

is consistent with Golgi sizes reported in sycamore cell culture (Zhang and Staehelin, 1992),
Catharanthus roseus suspension culture (Hirose and Komamine, 1989), and Arabidopsis and
tobacco root caps (Staehelin et al., 1990). There was also a significant increase in Golgi size
from around 550 nm to 800 nm with the onset of SCW synthesis (Figure 4.1 F). Similar changes
in Golgi size have been observed in the transition from root meristem cells with 600 nm Golgi, to
columella cells with Golgi around 1000 nm in diameter (Staehelin et al., 1990). It is unclear what
is driving these changes in Golgi size, though it has been suggested that increases in size may be
a preliminary step in Golgi proliferation, prior to cisternal fission (Ito et al., 2014). Indeed,
during cytokinesis of Catharanthus roseus cell culture, some Golgi stacks double in length, and
several stacks appear to have been caught ‘mid-fission’ (Hirose and Komamine, 1989).
However, it has not been shown conclusively that plant Golgi are produced by division of
existing stacks (Ito et al., 2014), and other studies have seen no difference in the size of Golgi
stacks at different cell cycle stages (Garcia-Herdugo et al., 1988).
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Instead, variation in cisternal size may be a by-product of altered membrane flow (Voeltz
and Prinz, 2007). Membrane trafficking at the Golgi is complex, with vesicles arriving from the
ER at the cis face, from the TGN at the trans face, and between individual cisternae throughout
the stack. Furthermore, this membrane flow is happening as the cisternae gradually mature,
eventually becoming TGN themselves (Kang et al., 2011). The volume and direction of
membrane flow, and the rate of cisternal maturation, will therefore contribute to changes in the
amount of membrane present in any one cisterna. This is supported by data from Arabidopsis,
showing that cisternal size changes in a mutant where resetting of the membrane docking
machinery is impaired (Tanabashi et al., 2018). Increases in cisternal size have also been linked
to slowing the rate of cisternal maturation in yeast (Bhave et al., 2014). However, it is unclear
exactly how membrane flow might be changing with the onset of SCW synthesis to bring about
the observed increase in Golgi diameter. One factor that is almost certainly contributing to this is
increased ER-Golgi traffic, as there is likely to be a surge in Golgi cargo (e.g. SCW cellulose
synthases) and new Golgi residents (e.g. proteins required for xylan biosynthesis). We can
conclude that the presence of xylan in the Golgi does not drive the increased Golgi diameter, as
loss of xylan-production in irx9 did not significantly reduce the cisternal size.

4.3.4.2

Number of cisternae is constant with the onset of SCW synthesis
Most of the Golgi imaged in this study had 5 or 6 cisternae, with a few containing 4 or 7.

This is consistent with the number of cisternae seen in pine secondary xylem (Samuels et al.,
2002), sycamore maple cell culture (Zhang and Staehelin, 1992) and Arabidopsis and Nicotiana
root tips (Staehelin et al., 1990). Small differences in cisternal number are sometimes seen in
different cell types, as most Golgi in the root meristem have 6 cisternae, while those in columella
cells usually contain 7 cisternae (Staehelin et al., 1990). Some species also have very large
numbers of cisternae, such as the scale-forming algae Scherfillia dubia, whose Golgi can contain
15 – 20 cisternae (Donohoe et al., 2007). The precise mechanisms governing the number of
cisternae in a Golgi stack are not known, though slowing the rate of cisternal maturation has
been linked to increased numbers of cisternae in yeast (Bhave et al., 2014). Golgi products
requiring longer processing times may need a decreased maturation rate, yielding stacks with
larger numbers of cisternae. The significant increase in number of cisternae in irx9 (Figure 4.1
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G) may be similarly due to decreased maturation, perhaps because of the disruption of Golgi
architecture in these cells. Alternatively, the decrease in large vesicle buds on the trans-face of
irx9 Golgi (Figure 4.2) may increase the size of flattened cisternal regions in these structures,
making them more likely to be counted as cisternae in irx9 than in WT Golgi. If true, the
apparent increase in cisternal number in irx9 is likely simply an artifact of the quantification
method chosen.

4.3.5

Golgi tubules and fenestrations are apparent
In addition to an increase in the number of fenestrations, irx9 Golgi also appeared highly

tubulated. Golgi tubules have been previously documented in mammalian Golgi (Marsh et al.,
2004), but membrane tubulation is also commonly seen for ER membranes (Hu et al., 2011),
during cell plate formation (Samuels et al., 1995), and at endosomes (Frost et al., 2009).
Tubulation is similar to vesicle and fenestration formation in that it requires introduction of
highly curved membrane regions. Indeed, there is no clear distinction between a highly
fenestrated cisterna and a network of cisternal tubules. The highly curved membranes of
fenestrations, tubules and vesicles can be maintained by introducing a lipid or protein asymmetry
into the leaflets of the bilayer, or with the help of coat proteins which act as scaffolding (Voeltz
and Prinz, 2007). Indeed in mammalian cells, the formation of Golgi tubules is facilitated by the
coat protein COPI (Yang et al., 2011). These tubules were later shown to be involved in intraGolgi anterograde movement of small cargo, and retrograde movement of residents (Park et al.,
2015). Though similar inter-cisternal tubules have not yet been reported in plant Golgi, tubules
protruding from the cisternal edges were apparent in Golgi both prior to, and during SCW
deposition. Furthermore, these tubules appeared enhanced in the irx9 mutant. The previously
reported COPI Golgi tubules bear a strong resemblance to those observed in this study (Yang et
al., 2011; Park et al., 2015). Much of the machinery governing Golgi structure and function,
including vesicle formation and fusion proteins, are highly conserved among eukaryotes (Klute
et al., 2011). The tubules seen in plant Golgi may therefore have similar functions in intra-Golgi
trafficking of anterograde moving small cargo, and retrograde trafficking of Golgi-resident
proteins, as has been demonstrated to occur in mammals, which is a topic worthy of further
investigation.
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4.3.6

Conclusions
In this chapter, I have developed a model of Golgi processing where nanoscale changes

in Golgi structure from cis-to-trans, and centers-to-margins, reflect changes in the contents of the
Golgi in these regions (Figure 4.7). In the proposed concentric circle model (1) xylan
accumulates in the cisternal margins of more trans-cisternae, where the rounded membranes
provide a large luminal volume, (2) xylan biosynthetic proteins not in complexes are found in
fenestrated regions of the medial cisternae, where there is a greater membrane area, (3) these
proteins come together to form biosynthetic complexes in a flat inner margin of the medial
cisternae, where they make xylan and inhibit fenestration formation, (4) cisternal centers of
trans-cisternae lack both xylan biosynthetic proteins and their product, and (5) changes in
membrane flow to and from the Golgi leads to an increase in cisternal diameter during SCW
synthesis.
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Figure 4.1 Changes in cisternal length and number during SCW deposition in WT and irx9.
(A-D) Representative TEM images of Golgi cross-sections showing cisternal length and numbers in (A) WT preSCW, (B) WT early-SCW, (C) WT late-SCW, or (D) irx9 SCW cells. Scale = 200 nm. (E) Length of cisternae in
each kind of cell grouped by sample type. (F) Golgi diameter. Averaged from cis+1 to trans-1 cisternae. (G)
Number of cisternae in Golgi. Means ± 95% CI. Statistics = Separate one-way ANOVAs and Tukey HSD post-hoc
analysis, (F-G) Kruskal-Wallis and post-hoc analysis (p<0.05). n = 34 – 40 Golgi in 3 - 5 seedlings from one (irx9
SCW) or two replicate experiments (all others).
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Figure 4.2 Changes in cisternal margins and TGN during SCW deposition in WT and irx9.
(A-D) Representative TEM images of Golgi cross-sections showing variation in the size of cisternal margins in (A)
WT pre-SCW, (B) WT early-SCW, (C) WT late-SCW, or (D) irx9 SCW cells. Brackets give an example of margin
size measurement in trans-cisterna. (E-H) Representative TEM images of TGN showing the size of vesicle buds in
(E) WT pre-SCW, (F) WT early-SCW, (G) WT late-SCW, or (H) irx9 SCW cells. arrowheads = formation of large
vesicles, arrows = small tubules. Brackets given an example of vesicle bud size measurement. (I-J) Thickness of
cisternal margins in each kind of cell, grouped by (I) sample type or (J) cisterna. (K) Distribution of TGN vesicle
sizes. Means ± 95% CI. Statistics = separate Kruskal-Wallis and post-hoc analysis (p<0.05). n = 20 – 35 Golgi and
233 – 518 TGN vesicles in 3 - 5 seedlings from one (irx9 SCW) or two replicate experiments (all others). Scale =
200 nm.
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Figure 4.3 Changes in number of putative fenestrations during SCW deposition in WT and irx9.
(A-D) Representative TEM images of Golgi cross-sections showing putative fenestrations as ‘gaps’ (arrowheads) in
the cisternae from (A) WT pre-SCW, (B) WT early-SCW, (C) WT late-SCW, or (D) irx9 SCW cells. (E-H)
Representative sections through tilted ‘Top View’ Golgi showing fenestrations (arrowheads) in the cisternae from
(E) WT pre-SCW, (F) WT early-SCW, (G) WT late-SCW, or (H) irx9 SCW cells. (I-J) Number of cisternal gaps (I)
separated by cisterna type or (I) when all cisternae are pooled. Means ± 95% CI. Statistics = separate Kruskal-Wallis
and post-hoc analyses (p<0.05). n = 28 – 37 Golgi in 3 - 5 seedlings from one (irx9 SCW) or two replicate
experiments (all others). Scale = 200 nm.
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Figure 4.4 Anti-xylan antibody labels Golgi, TGN and SCW.
(A-C) Anti-xylan antibody binding and 10nm gold label is seen in (A) Golgi, (B) TGN and (C) SCWs during SCW
production. (D-F) Cells producing SCWs but not exposed to the primary antibody (1AB) have no gold label in the
(D) Golgi, (E) TGN, or (F) SCW. (G) Cells not producing SCWs do not have anti-xylan label. All gold particles are
outlined with black rings except for those in (C). Representative images from 4 seedlings across 2 replicate
experiments. Scale = 200 nm.
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Figure 4.5 Immunogold anti-GFP signal is higher in IRX9-GFP plants than No-GFP plants.
(A-B) Representative images of Golgi in a plant (A) containing IRX9-GFP or (B) lacking IRX9-GFP. Black rings
outline gold particles. Scale = 200 nm. (C) Distribution of gold label among Golgi in SCW-producing controls
which lack IRX9-GFP (No GFP) and similar cells in plants containing IRX9-GFP. No GFP (n = 20 gold particles in
277 Golgi from 19 cells), IRX9-GFP (n = 410 gold particles in 493 Golgi from 39 cells). Representative images
from 4 seedlings across 2 replicate experiments. Scale = 200 nm.

90

Figure 4.6 Mapping of IRX9-GFP and Xylan in the Golgi.
(A) Schematic of half a Golgi in cross-section illustrating ‘cis to trans’ and ‘center to margin’ mapping. (B) Percent
of gold particles in Golgi cisternae from cis cisternae through to the TGN for anti-GFP (IRX9-GFP) or CCRC-M138
anti-xylan (Xylan). (C) Average distance from gold label to the cisterna center and margin. All gold particles were
pooled, regardless of cisterna labelled. Statistics = one-way ANOVA with Tukey HSD post-hoc (p<0.05). Means ±
95% CI. (D-E) Heat map of gold distribution across the Golgi from cis to trans and in 10% blocks of cisternal
diameter from the center to the edge of each cisterna. Distribution of (D) IRX9-GFP and (E) xylan. (F-G)
Distributions of (F) IRX9-GFP and (G) xylan adjusted for changes in cisternal width from cis to trans using the
average cisternal diameters of early-SCW Golgi. Blocks represent 10% of the cisternal diameter. (H-I) Correlation
of cisternal (H) margin size or (I) number of fenestrations with amount of GFP or xylan label in each cisterna. Xylan
(n = 136 gold particles, 17 cells), GFP (n = 182 gold particles, 33 cells). Data from 4 seedlings and 2 replicate
experiments.
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Figure 4.7 Concentric circle model of IRX9 and xylan position in Golgi.
(A) Schematic of relative abundance of IRX9 and xylan moving from cis to trans. (B) Top-down view of simplified
cisternae showing the organization of IRX9 and xylan in concentric circles within each cisterna. The size of each
cisternae is adjusted to represent actual cisternal size in a WT Early-SCW Golgi. (C) Approximation of IRX9 and
xylan distribution superimposed on the outline of a WT Early-SCW Golgi cross section.
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Chapter 5: Using Example Answers to Teach Problem-Solving in Cell Biology
5.1

Introduction
Development of problem-solving skills is an essential component of undergraduate

biology education. Instructors often support student problem-solving with a variety of
instructional practices, which may vary greatly between disciplines. However, it is not always
clear that a practice that works well in one field will be similarly effective in a different context.
In this chapter, teaching practices concerning problem-solving in two undergraduate cell biology
courses are examined. This analysis offers insight into how providing example-solutions can
improve student performance and attitudes in problem-solving.

5.1.1

Problem-solving in undergraduate biology
The acquisition of problem-solving skills is frequently identified as a key goal of

education in general, and the sciences in particular (Gagne, 1980; Council of Canadian
Academies, 2015; Henderson et al., 2017). Problem-solving is the process undertaken when the
steps required to solve a task are uncertain and the task cannot simply be achieved by following
previously memorized procedures (Martinez, 1998). The ubiquity with which we encounter these
kinds of problems in our personal and professional lives make mastering the problem-solving
process important for all members of society. In biology, problem-solving often centers on the
formulation of a scientific argument; where data is interpreted and used as evidence in the
construction of a logical argument that supports a hypothesis (Wisehart and Mandell, 2008;
Hoskinson et al., 2013). This process requires that students master and integrate divergent and
complex skills ranging from data analysis to academic writing, that can make biology problemsolving extremely challenging for students. Facilitating student learning of problem-solving is
therefore often an important, and often difficult, task for biology instructors.
The role of the instructor in the student’s learning process depends on one’s philosophical
perspective about how learning occurs. In modern science education, the popular constructivist
theory of learning posits that learning occurs when new information is integrated with a student’s
existing knowledge (Crowther, 1997; Baviskar et al., 2009; Hartle et al., 2012). This process
requires students to actively construct their knowledge by removing, adding or shifting existing
knowledge structures to accommodate new ideas. Instructors strive to provide students with the
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tools they need to do go through this process most effectively. Optimal learning occurs then,
when instructors provide a challenge significant enough to allow learning to occur, but with
sufficient resources to avoid student frustration and anxiety while fostering independence and
engagement (Vygotsky, 1978; Mezirow, 1991; Wilson and Devereux, 2014).
In the sciences, a scientific treatment of problem-solving has been recommended as a
constructivist teaching method (Gil-Pérez et al., 2002). Indeed, educators often encourage
learning of problem-solving by challenging students to solve problems on their own. Several
studies have investigated the effect of various teaching practices on the development of biologyrelated problem-solving skills like data analysis and interpretation (Glazer, 2011), hypothesis
building (Lawson et al., 2000), and evidence-based argumentation (Hamilton, 2016; Litman et
al., 2017), as well as the problem-solving process as a whole (Doering and Veletsianos, 2007;
Wisehart and Mandell, 2008; Hoskinson et al., 2013). However, these studies are often
conducted in controlled environments, are entirely theoretical, or examine disciplines other than
biology. As such, it is not always clear that the conclusions from this literature can be effectively
extrapolated and applied to a biology classroom. This latter issue is particularly important, as
differences in the culture and practices of disciplines can mean that instructional approaches
suitable for one discipline, may need to be modified, or abandoned in another (Talanquer, 2014;
Henderson et al., 2017). Instead, biology researchers can utilize their disciplinary expertise to
investigate teaching practices particularly important or relevant to biology education. This kind
of Discipline-Based Education Research (DBER) falls within the Scholarship of Teaching and
Learning (SoTL), which is concerned with a systematic investigation of teaching and learning in
order to maximize learning at undergraduate institutions (Potter and Kustra, 2011; Singer et al.,
2012; Felten, 2013). The principles of SoTL and DBER research can therefore be applied to
investigate and improve problem-solving education in undergraduate biology.

5.1.2

Research questions
The aim of this study is to examine how changes in instructional practices affect student

problem-solving in undergraduate cell biology classes. In doing this I will address the following
questions:
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1. What forms of problem-solving support are available to cell biology students
and how do they use them?
2. Do some kinds of support result in greater increases in problem-solving
performance in cell biology courses?
3. How do changes in instructional support affect student perspectives about
problem-solving in cell biology classes?

To answer these questions, two lecture-based undergraduate cell biology classes were
studied, each teaching similar types of problem-solving in different ways. Biology 362
(BIOL362) is a mid-sized, upper-level class where students work in groups to complete a set of
in-class problem-solving assignments across the term. In contrast, Biology 200 (BIOL200) is a
multi-section, lower-level class where students can use optional practice problems in studying
for their exams. Over several years, instructor support of these problem-solving activities was
altered in order to improve student problem-solving skills and student attitudes about problemsolving. The effectiveness of these approaches was evaluated by examining student performance
on problem-solving questions, and students’ attitudes in surveys and interviews.
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5.2

Materials and Methods

5.2.1

BIOL362
BIOL362 is a third-year, lecture-based elective focused on cell physiology, particularly

the cytoskeleton, cell dynamics and regulation of cellular activities. The course typically has a
single instructor, and one or two teaching assistants (TAs). A major component of the course is a
set of problem-solving assignments.

5.2.1.1

Assignment design
Students worked in groups of two to five members to complete four assignments worth a

cumulative total of 15% of their course grade. For each assignment they were given three to five
pieces of experimental data and asked to make a connection between the data and a ‘big-picture’
problem (see example in Appendix A). They would hand in a one to two sentence hypothesis
(i.e. a hypothetical model) that answers the question asked, and a one to two paragraph rationale
justifying their hypothesis using the data and background information from class. Each
assignment was made available and completed within a single class period (85 min). The third
and fourth assignments were altered so students would complete their hypothesis and rationale
part way through the class and then receive new data in the second part. They would evaluate
whether the new data supported or contradicted their hypothesis and write a new hypothesis if
necessary, and then justify their decision based on the new data.
While the content of the assignments changed very little from 2014 to 2016, the support
offered to the students varied in each year. In the first year a ‘Traditional’ approach was utilized
where students completed each assignment, and received both general advice and specific
feedback on their work, before the next assignment. In the second year a ‘Step-by-Step’
approach was adopted where, for the first case study, the students were provided with a
worksheet created by Drs. Robin Young and Megan Barker, that walked the students through the
steps that an expert would take when approaching the task (Appendix B). This included
identifying the central question being asked, making conclusions about the data provided,
bringing these conclusions together to generate a reasonable hypothesis, and then supporting the
hypothesis using a rationale built on the conclusions from the data. Each section of the worksheet
was graded separately, but only grades for the hypothesis and rationale were included for
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comparison with the other approaches tested in this study. In subsequent case studies students
could refer to the original worksheet, but they were required to submit their hypothesis and
rationale in the same manner as in the Traditional approach. In the final year the first case study
was instead adapted to provide students with ‘Example Answers’. The students would begin by
analyzing the data and writing a hypothesis as in the Traditional approach, but they would not
submit their work for marking. Instead, halfway through the class they were given a worksheet
that I designed with the instructor, which provided two hypotheses and rationales of varying
quality, as well as instructions and a rubric for grading them (Appendix C). The students would
use the rubrics to assign marks, and then comment on the pros and cons of each example. These
worksheets were then handed in for participation marks. All subsequent case studies were
completed as in the Traditional approach.
The course instructor was the same for all three years, but the teaching assistants differed.
In the fall of 2016 all students were contacted via email and given the opportunity to opt-out of
the study. If one member of a group opted-out, the data for the whole group was excluded. The
final data set includes 16 groups for the traditional approach, 17 for the step-by-step approach,
and 18 for the example answers approach.

5.2.1.2

Analysis of grades
The quality of student answers in each year was determined using assignment grades. All

assignments were graded by the TA(s) with supervision of the course instructor. While the
rubrics used depended on the content of the case study in question, in general, marks were
awarded for correct data interpretation, construction of an evidence-based logical argument, and
writing quality. The grades were also broken down into the marks received for the hypothesis
and the rationale, and for assignments two and three the marks for part two were compared.
Because the number of marks assigned to each component of the assignment was not always
consistent between assignments/years, the grades were converted into percentages for
comparison purposes. Statistical analysis was conducted in SPSS 25 (IBM). Before comparison
of means, normality was assessed visually using histograms and Q-Q plots, supplemented with
Kolgomov-Smirnov and Shapiro-Wilkes tests. If the data was approximately normally
distributed a Student’s t-test for independent means was used to compare two means, or a one97

way analysis of variance (ANOVA) used to compare more than two means. If the ANOVA
showed a significant difference, Tukey HSD post-hoc analyses were conducted to identify
significant differences.

5.2.1.3

Analysis of student feedback
Every year, students had the opportunity to provide written feedback about the

assignments with the submission of the last assignment. In addition, students occasionally
commented on the assignments in term-end feedback to the instructor, or in e-mails to the
instructor. These comments were collected for each year of the course and were analyzed
manually to identify abundant and recurring themes (Table 5.1). Each comment contributing to a
theme was counted and expressed as a percentage of the total number of comments.

5.2.2

BIOL200
BIOL200 is a second-year lecture-based course which is a core requirement for a number

of programs. Content focuses on the structure and function of plant and animal cells, including
membrane biology, organelles and the cytoskeleton. The ~1200 students attend a ~250-person
lecture with one of the five instructors, and a weekly 25-student tutorial with one of
approximately 20 TAs, where they focus on problem-solving practice. Problem-solving is a key
component of the midterm and final exams, which are typically worth 20% and 50% of the
course grade, respectively. Student problem-solving is supported by a set of practice problem set
questions which can be completed for optional homework.

5.2.2.1

Problem set and walkthrough design and implementation
The BIOL200 problem sets are a collection of practice problems largely consisting of

exam-style questions where students must analyze and interpret novel data (see Appendix D).
Questions are included for every topic in the seven units in the course. Ten of these problems are
addressed in mandatory weekly tutorials, and most instructors select some other questions to
cover in lectures. Instructors strongly encourage students to work through these questions, but
this is optional. Students looking for help with the questions could meet with a TA or instructor,
work with their classmates, or make use of an online discussion board.
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While full answer keys were not provided to the students, answers were available for a
small selection of questions, though with different designs and implementations in 2015 and
2016. In the first year, ten questions across the problem sets were provided with simple answer
keys, where the answers were as brief as possible and focused on the main concepts or ideas that
were important for a correct mark. In the second year, I wrote problem walkthroughs to replace
these answer keys. The problem walkthroughs provided a full example answer, as well as
explanatory commentary explaining how the correct answer was reached, and tips and tricks for
answering questions of this type (see Appendix E). This format of the walkthroughs was
designed to make the example answers more effective; including breaking the solution down into
sub goals, fully articulating explanations of problem-solving steps, integrating images with text,
and highlighting instances where students could generalize an approach to other kinds of
questions (Atkinson et al., 2000; Margulieux and Catrambone, 2016). In addition to the ten
questions for which answer keys were available previously, I also wrote problem walkthroughs
for the questions addressed in tutorial, but which had not had answer keys, bringing the number
of questions with answers up to twenty-three.
Additionally, in the second year the format and organization of the problem sets was
altered in an attempt to increase the use and utility of the problem sets for students. As the small
number of walkthroughs were intended to help students work through related questions, we
wanted to help students identify similar questions in different units by adding a table of contents
and index. This was further aided by the addition to each question of hashtags for key techniques
and topics (see Appendix D). There was also some concern that it was unrealistic to expect
students to answer the large number of questions in the original problems sets, so the number of
questions was lowered from 207 to 137, with an average of 25 questions per unit dropping to 19
questions per unit. The problem sets were also made available as a collection of documents for
each unit, or in a consolidated document, to allow students to choose the version that works best
for them.

5.2.2.2

Collection and analysis of exam grades
To assess the impact of providing problem walkthroughs versus answer keys, I examined

student performance on five final exam questions that had little to no changes from one year to
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the next (see Appendix F). While some questions did not have related practice problems in the
problem sets, others had highly similar practice questions, including some with
keys/walkthroughs (Table 5.2). The questions tested students on a variety of topics, with
different difficulties as assessed using Bloom’s taxonomy and the Blooming Biology Tool
(Crowe et al., 2008) (Table 5.2). The average grade on each question, as well as the exam total,
was then compared between years. To determine if students at different performance levels were
impacted by walkthroughs in different ways, the students were also assigned to low-, mid-, and
high-performing groups if they fell below the first quartile, between the first and third quartile, or
above the third quartile, respectively, on midterm exam grades. The performance of students in
these groups was then compared between each year of the course using the difference in final
exam grades.
The students from the 2015 course were contacted around 10 months after their course
ended so those who did not wish to participate could opt-out, resulting in the participation of
1241 students, representing 94% of the class, including 100% of the high- and mid-performing
students, and 88% of the low-performing students. In the 2016 course, students who wanted to
participate opted-in during an in-class survey, resulting in the participation of 817 students,
representing 66% of the class, with 63% of the high-performing students, 70% of the midperforming students, and 60% of the low performing students. Statistically significant difference
in exam grades was analysed in Excel (Microsoft) using Student’s t-test for independent means.

5.2.2.3

Collection and analysis of student feedback
To assess student attitudes about the changes made to the problem sets, online surveys

were conducted following the conclusion of the course (10 months after for 2015, and 4 months
after for 2016). The survey consisted of 55 closed-response questions (see Appendix G) and
included categories on frequency of use of problem sets and answers, as well as attitudes about
their utility and format. Likert-type responses were converted into numerical values from 1 to 5,
which were then averaged to summarize the response for each question, and each year. To
investigate the relationship between student performance and their responses to the survey, the
respondents were also grouped based on low-, mid- and high-performance as described above,
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and the analyses repeated. Statistically significant differences in student responses were analyzed
in Excel (Microsoft) using Student’s t-test for independent means.
A small selection of questions from the online survey were selected to be asked in two,
five-question, in-class surveys in 2016, when problem walkthroughs were employed. The survey
was administered using the classroom response system iClicker, which is mandatory for students
in this class. The first in-class survey was administered just after the midterm exam, before
students received their grades, and on the last day of class, prior to their final exam. Questions
repeated in the in-class and online surveys were compared in order to test if student responses
changed throughout or following the course.
A more qualitative assessment of student attitudes about the problem sets was achieved
by combining analysis of survey responses and semi-quantitative interviews. In the survey
above, students were given opportunities to provide long-form comments about what they liked
or would change about the problem sets and the answers provided. These answers were
compiled, then a team consisting of myself and two BIOL200 instructors analyzed a subset of
comments to identify common and recurring themes guided by published qualitative analysis
approaches (MacQueen et al., 1998; Fonteyn et al., 2008; Saldana, 2009). Initial coding focused
on identification of patterns using a grounded theory approach, and then refined and
supplemented these codes with the guidance of coding approaches focusing on descriptive
coding to identify what students liked or disliked, and emotion coding to help capture student
affect (Saldana, 2009). Themes identified in the first round of analysis were collected, defined
and provided with usage examples in a draft codebook. The team then used the draft codebook to
independently analyze a second subset of survey comments, and any discrepancies or
ambiguities identified were clarified in a new codebook, which was then approved by the whole
team (see Appendix H). This codebook was then used to provide a qualitative description of
student attitudes about the problem sets and example answers. Coding development and coding
was conducted using the qualitative data analysis software package, NVivo (QSR International).
Additional qualitative data was gathered by conducting interviews with four
undergraduate students who were students in the class in 2015, and were employed as
undergraduate assistants (i.e. peer mentors or peer tutors) in the 2016 class. In this role, the peer
tutors attend lecture, hold office hours, run study sessions, and moderate questions on the online
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discussion board. As many of these activities involve helping students with the practice problems
in the problem set, the peer tutors were in the unique position of having worked with both
versions of the problem sets and could provide important insight and context to my analysis. A
semi-structured interview protocol was chosen, where consistency in the questions asked is
provided by a pre-prepared list of questions, but flexibility in follow-up questions and further
discussion is allowed. The interview protocol (see Appendix I) was written using published
guidelines (Whiting, 2008; Rabionet, 2011; Jacob and Furgerson, 2012) and with a focus on
student attitudes about the class, how the problem sets were used, and what the students felt
about the changes that were made to the problem sets and answers. These interviews were
recorded and transcribed, and then analyzed for themes using the codebook described above as a
guide.
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5.3

Results

5.3.1

BIOL362
One of the key transferrable skills learned in an undergraduate biology program is being

able to construct a logical argument using scientific data to support a claim. In a third-year cell
biology class at the University of British Columbia, students were encouraged to develop these
skills in a series of four in-class group assignments, where students investigated a scientific
question by analysing data, and then wrote a hypothesis answering the question and a short
rationale explaining how the evidence supported their claims (see Appendix A). Students
initially appeared to find these assignments extremely difficult and frustrating, as they didn’t
understand the instructor’s expectations for completing the assignments. As such, the instructor
experimented with variations in the assignment format to better support the students. The success
of these different formats was assessed by comparing student performance and attitudes about
the assignments in each year of the course.

5.3.1.1

BIOL362 demographics were highly similar between years
As this study requires comparing different cohorts of students, several demographic

parameters were compared to determine if the cohorts were of a similar composition (Table 5.3).
While the number of students enrolled in the class decreased substantially each year, the student
population was highly similar in terms of stage of degree, percentage of biology majors, and
gender distribution. These similarities provide greater confidence that differences found between
each year of the course are due to the changes made in assignment implementation, rather than a
changing cohort.

5.3.1.2

Assignment grades worsened with step-by-step worksheet
The effect of different assignment formats on student performance was assessed using

assignment grades. In the traditional approach (see Appendix A) the overall grade increased
steadily from an initial average of 54% up to 74% for the final assignment (Figure 5.1 A). These
increases reflect very large improvements in hypothesis quality (Figure 5.1 B) and smaller gains
in rationale quality (Figure 5.1 C). Despite these increases in assignment performance over time,
students expressed strong concerns about the low scores in the first assignments, leading to
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adjustment of the assignments in subsequent years to better support student learning early in the
course.
The next year, the first assignment was modified to include a step-by-step worksheet
guiding students through the problem-solving process (see Appendix B). Interestingly, this
approach did not result in the gradual improvement with each assignment seen in the traditional
approach, as these students performed worse than in the traditional approach, then better, and
then worse again, on subsequent assignments (Figure 5.1 A). The decreased performance in the
first assignment is due to a significant decrease in rationale quality (Figure 5.1 C), as the
hypothesis quality was similar to that of the traditional approach (Figure 5.1 B). Improved
overall grades in assignment two reflect an improvement in rationale quality (Figure 5.1C), as
well as significantly stronger hypotheses in the step-by-step approach, which were maintained in
subsequent assignments (Figure 5.1 B). These gains were not maintained in assignment three,
which dropped in quality due to poorer rationales (Figure 5.1 C) and the second half of the
assignment (Figure 5.1 D). Students did slightly better on these two components for assignment
four. Together, these results indicate that the step-by-step approach decreases student
performance, primarily by negatively affecting rationale quality. Furthermore, these students
appear to be more negatively affected by the alteration in assignment structure in assignment
three.
The next year the first assignment was adapted again to instead include a worksheet
where students used a rubric to grade example hypotheses and rationales (see Appendix C). As
such, in this approach, students did not submit hypotheses or rationales for the first assignment.
Despite this, these students performed equally well to the traditional approach in all subsequent
assignments (Figure 5.1 A). The quality of the hypotheses (Figure 5.1 B), rationales (Figure 5.1
C), and the second parts of assignments three and four (Figure 5.1 D) closely match or slightly
improve on the traditional approach for all assignments. The largest improvement is seen in
hypothesis quality for assignment two, representing a 16% increase in hypothesis grade with the
example answer approach compared to the traditional approach (Figure 5.1 B). The example
answer approach may therefore allow students to learn to write high quality hypotheses earlier in
the course than the traditional approach. Together these data suggest that students perform as
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well or better on these assignments with the example answer approach, compared to the
traditional approach.

5.3.1.3

Student feedback improved with the example answer approach

To assess student attitudes about the assignments in each year of the course, student feedback
was collected with the final assignment and from term end feedback to the instructor. Analysis of
the feedback revealed recurring themes. A substantial proportion of commenters from all three
years expressed their enjoyment of the assignments, with the largest numbers for the example
answer approach (80%) and the lowest for the traditional approach (40%) (Figure 5.2 A). Each
year approximately 40% of comments indicated that students appreciated the usefulness of the
assignments, including comments like:

“Although I didn't like the case studies at first, they turned out to have a positive
effect on learning.”
(Traditional Approach)
“I felt they were good for exam practice because I improved my ability to interpret
data under pressure.”
(Step-by-Step Approach)
Alternatively, negative comments primarily brought up issues with assignment difficulty,
though these comments dropped markedly with the step-by-step approach, and even more with
the example answer approach (Figure 5.2 B). Assignment difficulty was often linked to the tight
time constraints, as the assignments had to be completed during a single class. Interestingly, with
the step-by-step approach, while students commented on the assignment difficulty, no student
mentioned not having enough time (Figure 5.2 B). This contrasts with the example answer
approach, where many students felt rushed or unable to complete the assignment satisfactorily in
the time allotted.

“We felt the marking was very strict and we didn’t have enough time, [especially]
when there was part 2.”
(Traditional Approach)
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“I found that time was really tight for the case studies, especially the ones with
potentially rewriting the hypothesis, so I was a bit stressed. At least two times my
group had to finish writing the hypothesis and rational outside.”
(Example Answer Approach)
Lastly, several comments centered on uncertainty or ambiguity about how to complete the
assignment to the instructor’s expectations. These comments were most numerous with the stepby-step approach, and least prevalent with example answers (Figure 5.2 B).

“The case studies were interesting but the criteria for what was expected was way
too vague.”
(Traditional Approach)
“The case studies were awful and unfair. It felt like getting a good mark was based
more on luck [than] anything else and when you got a 6/10 you didn't feel like you
made mistakes, you felt cheated.”
(Step-by-Step Approach)
Interestingly, one commenter spontaneously brought up the example answer
worksheet used in the first assignment, saying:

“I liked [assignment one], because it taught me how to construct the hypothesis and
rationale [by] comparing my answers to a previous student. You become more
critical.”
(Example Answer Approach)
Overall, with example answers student comments were most positive and least negative
compared to the traditional and step-by-step approaches.

5.3.2

BIOL200
As example answers were successful in helping the BIOL362 students’ problem-solving,

this could represent an effective technique for teaching these skills in other biology courses. One
such course was a large second-year cell biology class (BIOL200), which surveys broad content
areas but also emphasizes teaching students to use that content in the analysis and interpretation
of novel data. This aspect of the course has been supported by a set of practice exam problems,
some of which are covered during class time, but most of which are not (see Appendix D). In the
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past, very concise answer keys were released for a small proportion of these questions. However,
instructors often heard from students that they did not understand the expectations for answering
these kinds of questions, and that they would appreciate a larger number of answers. The
instructors were reluctant to provide full answer keys however, as studies have shown that these
may, in fact, impede student performance (Kim et al., 2012). Alternatively, example answers
were very successful in addressing similar concerns in BIOL362. Therefore, the answer keys in
BIOL200 were converted into problem “walkthroughs” containing example answers (see
Appendix E). These walkthroughs were written following many of the best practices found to
make example answers more effective, including extensive explanatory commentary (Atkinson
et al., 2000). To evaluate the effectiveness of walkthroughs, student performance and attitudes
were then compared in the year prior to, and following, walkthrough implementation.

5.3.2.1

BIOL200 students were demographically similar in both years
As this study depends on comparing students in different years of the course, available

demographic information was used to assess how comparable the populations were in each year.
The two populations were found to be similar in terms of the number of students, their program
year, and in the proportion of biology majors (Table 5.4). As many students were in their first
year and had not chosen a major, the percent of students in the faculty of science was also
compared and found to be similar in each year of the course (Table 5.4). This analysis suggests
that the student populations were of similar composition in each year of the course and
comparisons between them are more likely to reflect changes in teaching practices rather than a
change in the cohort.

5.3.2.2

Walkthroughs improve the performance of lower-performing students
The impact of problem walkthroughs on student problem-solving was evaluated by

comparing performance on highly similar or identical final exam questions, and overall exam
grades (see Appendix F). Grades increased significantly for the overall exam, and specifically for
questions two, three and five (Figure 5.3 A). These three questions increased by similar amounts
(Figure 5.3 B). Conversely, when walkthroughs were provided, student performance did not
change for question one, and decreased significantly for question four (Figure 5.3).
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To further investigate the cause of the change in performance for each question, students
were grouped by low-, mid-, and high-performance using their midterm exam grades. Using
midterm grades provides an approximation of learning gains over the course of the class. This
revealed that in the second year, performance on questions two, three and five increased the most
for low-performing students, followed by mid- then high-performing students (Figure 5.3 B).
Indeed, high-performing students did not perform significantly better with walkthroughs on any
question, and performed significantly worse on questions one, three and four (Figure 5.3 B).
Interestingly, the questions that the overall class did not improve on with walkthroughs
(questions one and four), did not show the same trend with low-performing students benefiting
more than mid- and high-performing students (Figure 5.3 B).
Questions showing improvement with walkthroughs tested the higher Bloom’s
Taxonomy category of “Synthesis: Create” (questions two, three and five) (Table 5.2).
Furthermore, related problem walkthroughs were available for both questions two and five,
which likely contributed to student improvement for these questions. While there was not a
similar walkthrough for question three (Table 5.2), where students also improved, the skills
required for addressing each component of question three were highlighted individually in a
number of walkthroughs. In contrast, question one tested a lower Bloom’s Taxonomy level,
requiring students to make predictions based on recollection and application of facts (Table 5.2).
Furthermore, question four was one of only two questions without a similar problem with a key
or walkthrough (Table 5.2) and required student interpretation of a specific kind of data
(fluorescence-activated cell sorting, FACS) which was not necessarily covered extensively
elsewhere in the course.
Together, these results indicate that the benefits of walkthroughs are question-specific, as
they benefit students the most on more complex question. When similar walkthroughs were
available for questions requiring higher-order skills, lower-performing students benefited
disproportionately compared to higher-performing students. However, when questions tested
lower-order skills, or did not have related walkthroughs, similar improvements were absent in all
students, regardless of performance level. This suggests that walkthroughs can be an effective
tool in helping students learn higher-order skills.
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5.3.2.3

Almost all students use practice problems and answers
In addition to improving student performance, alteration to the problem sets and

provision of problem walkthroughs was intended to improve student use and attitudes about the
problem sets. This was primarily assessed via surveys about how students use the problem sets
and what they think about them, as well as interviews with undergraduate peer tutors. These peer
tutors were students in the course in the first year, and part of the instructional team in the second
year.
As far as the general use and format of the problem sets, the survey results indicate that in
both years of the course, over 90% of students used the problem set questions (Q# 1), and over
80% used the answer keys or walkthroughs (Q# 34 and 35; Figure 5.4). Furthermore, most
students felt that the number of practice problems was good (Q#2), and that they were
appropriately challenging (Q#3). Conversely, over 75% of students wanted more questions to
have answers available (Q#36, Figure 5.4). For most questions, the responses to these questions
did not differ between each year of the course, even when respondents were divided into low-,
mid- and high-performing students, as described above (Figure 5.4).
The exception appears to be the question of how many practice problems students
wanted, with over twice as many low-performing students saying there were too many questions
in the year with answer keys, compared to the year with walkthroughs (compare low-performing
in K and W for Q#2; Figure 5.4). This shift likely reflects the reduction in the number of practice
problems by 34% from 207 to 137 in the second year of the course. The survey results suggest
that lower-performing students are the ones most affected by problem sets that might be too
large. We can therefore conclude that while practice problems and their answers were heavily
used by students in the class, it is important to make sure the number of practice questions does
not become too large.

5.3.2.4

Students use problem walkthroughs differently than answer keys
To take a closer look at how students use the problem sets over the course of the class,

we looked at the frequency of various activities the students might engage in using the problem
sets. The survey results indicated that regardless of the format of problem set answers, most
students worked on the problem set questions on their own a few times a month (Q# 4 and 5),
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and that they were most frequently supported in these efforts by reading posts on the course
discussion board (Q# 11; Figure 5.5), and by consulting the problem set answer keys or problem
walkthroughs (Q 37–40; Figure 5.5). Students less frequently sought out classmates for help (Q#
6–10), and only rarely approached members of the instructional team (Q# 12–14; Figure 5.5).
Interestingly, students more frequently made use of the keys/walkthroughs than the practice
problems themselves (compare Q# 4 and 5 to question 38 in Figure 5.5). Together, these results
suggest that the problem set answers and the discussion board may be better ways to support
students working on the problem set questions.
In general, students used the problem sets and various forms of support similarly in each
year of the course, with a few exceptions. With walkthroughs, students more frequently went
over problem set answers with their classmates in person (Q#8; Figure 5.5), though it is unclear
how changes in the problem sets might have facilitated this. Dividing students by performance
level revealed that with problem walkthroughs, lower-performing students less frequently made
use of the discussion board to support problem-solving practice (Q# 10–11) and made use of the
walkthroughs less frequently than the answer keys (Q# 38–40; Figure 5.5). This latter result may
reflect the more comprehensive nature of walkthroughs versus keys, which may make
walkthroughs more amenable to infrequent but in-depth reading for lower-performing students,
rather than frequent but casual perusal which they may find easier in the more-simple answer
keys.
In the second year of the course, answer walkthroughs were available for problem set
questions covered in mandatory tutorials, in addition to other problem set questions that
previously had answer keys. Interestingly, low-performing students less frequently made use of
walkthroughs for questions not covered in tutorial, while high-performing students more
frequently used these walkthroughs (compare Q# 37 and 38, Figure 5.5). This may reflect
different study habits in low- and high-performing students, as low-performing students may
only frequently use walkthroughs for the weekly tutorials but look at walkthroughs for other
questions only in preparation for exams. The impact of problem walkthroughs may therefore be
increased for lower-performing students if they are integrated more routinely into lecture or
tutorial.
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Together these results suggest that students are frequently using the answers to practice
problems to aid their studying, making improvements to these answers is therefore a plausible
mechanism by which instructors can help students to solve these kinds of problems.
Furthermore, they show that students use problem walkthroughs differently than answer keys,
especially lower-performing students, who appear to use walkthroughs less frequently, and may
be less likely to take advantage of this resource when it is presented as an optional activity.

5.3.2.5

Walkthroughs improved student attitudes about problem sets
I next examined student attitudes about using the problem sets and the answer

keys/walkthroughs. In both years of the course, students tended to agree that the problem sets
and answers were important and relevant for the midterm exam (Q# 15–16 and 42), final exam
(19–20 and 43), and the course in general (Q# 30 and 47) (Figure 5.6). While they knew how to
use the practice problems to study (Q# 23), students found it too hard to tell if they were
answering the practice questions correctly (Q# 24) (Figure 5.6). This issue was not improved by
providing walkthroughs rather than answer keys, as in both years over 75% of students expressed
a strong desire for a greater number of answers to the practice problems (Q#36; Figure 5.4).
Though walkthroughs did not appear to fully address student desires for more expansive
answer keys, the walkthroughs did change student attitudes about the answers compared to the
answer key. Indeed, the biggest shift in survey responses was in questions about the problem set
answers (Q# 42–48), reflecting the fact that these were the biggest changes made to the problem
sets. In the class as a whole, problem walkthroughs appear to make it easier to understand why
the answers given are correct (Q# 44), they make it easier to use the answers to attempt other
questions in the problem sets (Q# 45), they are better at helping students feel like their problemsolving skills have improved (Q# 46), and they do a better job of helping students judge the
instructors’ expectations in answering problems (Q# 47) (see All in Figure 5.6). This shift in
student responses demonstrates that more students appreciate the utility of the problem
walkthroughs compared to answer keys, representing a significant improvement in student
attitudes about the problem sets and the answers provided.
When comparing the responses of students at different performance levels, it becomes
clear that while for most of the survey questions above the attitudes of students improved for all
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performance levels, the higher-performing students saw greater increases (compare K and W for
low, mid and high in Q# 42–48; Figure 5.6). Indeed, significantly greater agreement with the
above statements in walkthrough years was only seen for the mid- and high-performing students.
This may suggest that a minimum level of knowledge or skills are required to fully appreciate the
increased benefits of walkthroughs versus answer keys. This is supported by that fact that
regardless of year, the lower performing students were less likely to see the benefits of having
answers to the problem sets compared to the more highly-performing students (compare low,
mid and high in Q 42–48; Figure 5.6).
Together, these survey responses suggest that walkthroughs better support students than
answer keys. While students continued to ask for additional answers to problem set questions
when walkthroughs were provided, rather than answer keys, the students appreciated the problem
sets more and student attitudes about the answers and their utility improved, especially for
higher-performing students.

5.3.2.6

Student survey responses varied over time
As the online surveys were conducted several months after each course ended, several

questions from these surveys were selected for inclusion in two in-class surveys, to investigate
how student responses might have changed over time. The responses to the survey administered
after the midterm exam were similar to those from the online survey, though more students
agreed that it was easy to understand why the answers were correct in the in-class survey (Q#44;
Figure 5.7). Conversely, in the survey before the final exam there was a significant difference in
the response for every question compared to the online survey (Figure 5.7). Firstly, students
responded more negatively to the questions about the utility of the practice problems and
walkthroughs when surveyed at the end of term (Q# 24, 44, 45), and secondly, students claimed
to use the practice problems and walkthroughs more frequently when questioned during the term
than after term ended (Q# 5 and 38; Figure 5.7). As responses differed across the surveys, it is
unclear which survey provides a better estimate of student attitudes and activities, highlighting
the importance of administering surveys at similar times, as was the case with the two online
surveys. However, these data also indicate that surveys conducted during a course will likely
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provide a better picture of how students feel at the time, rather than after the course when their
feelings have mellowed.

5.3.2.7

Walkthroughs help students learn and employ transferrable skills
To more fully explore student perspectives about the problem sets and the answer

keys/walkthroughs, a qualitative analysis of student long-form survey responses, and
undergraduate peer tutor interviews, was conducted. The long-form responses were used to
develop a codebook which identifies and defines common and recurring themes in the students’
comments about what they liked and didn’t like about the problem sets (see Appendix H). Many
of these themes were then explored more fully in interviews with the peer tutors (see Appendix
I). This analysis confirmed the importance of including questions in the survey about the number
of practice problems and answer keys/walkthroughs, the difficulty level of the practice problems,
and the usefulness of the problem sets for exam preparation, as these topics also came up
repeatedly in the long-form comments. These data also more fully explore the reasons for the
responses the students gave in the closed-response questions of the survey.
Interestingly, in the year with answer keys, many students suggested that providing
sample answers and explanations of why the answers were correct and how to approach a
problem would have been beneficial; precisely the changes that were implemented in problem
walkthroughs the following year.

“Perhaps providing more of a guided answer to the practice problems [would be
good], as I remember occasionally getting a practice problem wrong and not
understanding the correct answer.”
(2015 – Answer Keys)
“…I would also have liked to see extra examples of correct answers/wording – It
would have also been good to give specific key words that were being looked for.”
(2015 – Answer Keys)
Comments from the following year illustrate why the students found these more
explanatory answers beneficial. While students from both years mentioned the importance of
practice problem answers for exam studying and assessing their ability to answer the practice
questions, walkthroughs were frequently credited with aiding learning on their own. This
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difference is supported by the increased number of students who felt the walkthroughs helped
develop their problem-solving skills and their ability to use the answers to attempt other
problems (Q#46; Figure 5.6). This shift appears to reflect the major differences between answer
keys and walkthroughs, as the walkthroughs were intended to aid skill building and
transferability between different questions by highlighting the common skills that a student is
practicing by answering the questions.
“[The walkthroughs] broke the questions down in a way to lead us to the answer; it
didn’t just straight up give us the answer to the problem. In a way, they taught us
how to solve the problem instead, which I found very beneficial!”
(2016 – Walkthroughs)
“The fact that some questions that were completely foreign to me had answers to
them made it possible for me to then do other questions.”
(2016 – Walkthroughs)
“[I liked] the question tags for sure. Just type Cntrl-F and whatever [question you]
were looking for pops up.”
(2016 – Walkthroughs)
“I liked how all of the example answers were clear and outlined what was expected.
For some there was “example student answers” and “instructor feedback” in
different coloured fonts that helped give us tips and further outlined expectations…”
(2016 – Walkthroughs)
“I liked the fact that [the walkthroughs] were very detailed, as if someone was
explaining it to you in person from scratch.”
(2016 – Walkthroughs)
The interviews with the peer tutors provided further context, explaining how the
switch from answer keys to walkthroughs may help introduce students to more complex
forms of problem-solving they may not have seen in previous classes.

“I mean BIOL200 is the first time that a lot of the students have been asked not just
to give the correct content in the answer, but also to deliver it well. You’re also
building scientific writing skills. So, if you have just a straight answer key, and
you’ve written your answer, I think you might compare it content wise to the
answers. Like, I hit this point, I hit this point, I hit this point. But when you have the
walkthrough, which I think includes a more in-depth reasoning as to why the logic of
the argument is correct, why they were ordered this way, why it’s important that you
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present your argument in this level of detail and this kind of order. I think is really
useful.”
(Peer Tutor Interview)
“I think the walkthrough was very helpful. When I read through them it’s something
that I wished I had when I was taking the course, because it shows you how to
approach the courses. Even though in tutorials we do questions as well, and the TA
will tell you how to answer the questions, I just feel like it’s not enough as a student.
If there’s more walkthrough problems I can read it over, and over. And then just
think about repeatedly. And in tutorial when the TA says something, sometimes you
don’t have time to take it down, and it’s just gone. And you won’t have a way to
review from that. But if it’s written in a document and can refer back to it constantly,
that’s very helpful.”
(Peer Tutor Interview)
“… Students that are really struggling maybe just don’t know where to start, and
they just don’t have any idea whether the answer they’re providing is what the
instructor is looking for. So having that walkthrough, the in-depth, not just “this is
the answer to this question”, but the in-depth, “this is the style of the answer we’re
looking for”. “This is how you should be analyzing the question”. “This is the level
of detail we’re looking for in an answer”. Definitely would jumpstart those kind of
students that aren’t quite getting it, to get started with the rest of the problem set.”
(Peer Tutor Interview)
These comments exemplify themes found repeatedly in the qualitative analysis,
suggesting that these perspectives are representative of a larger population of students in
each class. In comparing the discussion about answer keys and walkthroughs, it becomes
apparent that the increased detail in the walkthroughs changed how students think about
the purpose of answers to practice problems, which in turn is helping them feel better
supported in learning and employing the skill involved like problem-solving, critical
thinking, logical reasoning, and data analysis.

5.3.2.8

Walkthroughs do not resolve a desire for more answers
While students appear to find the walkthrough more valuable than answer keys, the

survey responses indicate that in both years a large majority of students would have preferred
more questions with answers (Q# 36; Figure 5.4). This sentiment was reflected in the long-form
responses from the survey, where students often spoke passionately about their desire for a full,
or expanded, answer key for a variety of reasons. One recurring theme was how students were
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unable to check their answers using other methods, which is supported by the survey data
showing that students only infrequently seek help from their classmates or the instructional team
(Q# 12-14; Figure 5.5).

“Having problems without answers is of no use to me. It does not make me think
more about the question, or if it does, who knows if I may be thinking about it
correctly. Many students do not form the study groups that these questions are
designed for, for a variety of reasons. For me, social anxiety is a large problem
preventing me from doing so. For someone else it might be time, or location if they
take a long commute. Thus I feel that not giving the answers can be an unfair
advantage. Additionally, I personally always [learn] better by working through
answers and then applying them to other questions. So I feel that a large part of what
I need to study was lacking from this aspect of the course.”
(2015 – Answer Keys)
“[I want] more [answers]! Not just for one or two questions. I frankly did not have
time to go personally and ask about the questions and sometimes the peer tutor took
ages to reply and/or is frustrated with my excessive questions.”
(2015 – Answer Keys)
“… I remember for the first midterm, I diligently studied off of the problem sets
believing that my answers were correct, which [resulted in] a terrible mark in my
midterm and that indicates that clearly I had the wrong understanding of doing the
problem sets. How would I know to do them correctly?”
(2016 – Walkthroughs)
Many of these concerns were expanded upon in the interviews with the peer tutors, who
talked about the conflict between enjoying learning new things and getting a good grade, as well
as the importance of formative feedback prior to the midterm exam, and how having answers can
affect student motivation to work on the problems.

“I think [the students] do know, they know that it’s better for their learning, for their
development as scientists over all, [to not have a full answer key]. But in three and a
half months of trying to cram as much cell biology into your head as possible, to
achieve a good grade, it feels detrimental to not have answer keys, even though it’s
not.”
(Peer Tutor Interview)
“I did the problem sets but I was probably writing down incorrect answers. I wasn’t
hitting the points that they were looking for. But then because there was no feedback
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from the answer key or anything, so I didn’t realize that it was wrong. So I used the
same wrong approach on the midterm, and that’s when I finally realized, getting
feedback that it was wrong. So after that I realized I need to change it, how can I
change it? And then went to more peer tutor office hours, prof office hours, to ask
them about my answers. And later I realized, at the end I was able to formulate a
way to answer these questions and then hitting the points that the markers would
want and then get the marks.”
(Peer Tutor Interview)
“…I think like, one downside of not giving out answer keys is some students just stop
trying in the course. They think “Even if I do it I’m not going to know if I’m getting it
right or wrong so whatever.” And then when it gets busy they kind of just leave it
behind.”
(Peer Tutor Interview)
While this qualitative analysis supports the quantitative survey data, it also highlights
many of the reasons students may request expanded answer keys, even when told answer keys
may impede performance. The variety of ways in which students feel answer keys impact their
success in the course also highlights why it is important for instructors to consider how their
instructional decisions may disproportionately impact students with less access to other kinds of
feedback. As walkthroughs don’t appear to address the needs of these kinds of students,
alternative solutions should be investigated. In the surveys, students suggested releasing answers
after a delay, having review sessions to go over answers, providing a grade breakdown for the
practice problems, or assigning a few problems a week for homework.
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5.4

Discussion
This chapter examined several approaches instructors can use to support students in

learning complex problem-solving in undergraduate cell biology classes. In a class with more
experienced students, the best outcomes were achieved when students analyzed and graded
example answers, compared to a traditional approach of iterative assignments and feedback, or
an activity deconstructing the problem-solving process into its various steps. In a class with
more-novice problem solvers, improvements were observed when several practice questions
were provided with example answers and explanations, rather than simple answer keys.
Furthermore, lower- and higher-performing students benefited from example answers in different
ways.

5.4.1

Example answers improve performance of more novice students
In the BIOL200 exam, students provided with walkthrough example answers performed

better on several exam questions than with answer keys alone (Figure 5.3). Similar
improvements in student problem-solving have been previously attributed to the worked example
effect, where students that first examine a completed problem prior to working on practice
problems learn the same amount in a shorter time, or learn a greater amount more quickly, than
students doing practice problems alone (Booth et al., 2015). This effect can be explained by
cognitive load theory, which posits that individuals have a limited cognitive capacity available to
them, and learning new information or skills is impaired when the cognitive load of a task
exceeds the cognitive capacity of the student (Sweller et al., 2011). When students analyze
completed answers to a problem, the cognitive load is decreased, allowing them to focus more
attention on understanding the concepts supporting correct problem-solving. Improvements
associated with the worked example effect are most well-studied in math, physics and the
computer sciences (Hoskinson et al., 2013; Booth et al., 2015), though their benefits have also
been demonstrated in chemistry (McLaren et al., 2006; Cardellini, 2014) and evolutionary
biology classes (Yu, 2015). The example answers and walkthroughs utilized in BIOL362 and
BIOL200 share many features with classic worked examples, including example answers and an
explanatory component (Atkinson et al., 2000; Lee et al., 2016; Margulieux and Catrambone,
2016). The results of this chapter therefore suggest that the benefits of worked examples can be
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expanded beyond the more calculation-based problems of math and physics, into the less wellstructured problems encountered in cell biology classes. Interestingly, the biology problems used
in this study also focus on practicing students’ academic writing skills, including evidence-based
argumentation. Previous studies have supported the conclusion that student analysis of example
writing benefits the acquisition of academic language literacy (Wilson and Devereux, 2014;
Hamilton, 2016). Improvement in BIOL200 problem-solving suggests that activities examining
example writing could be similarly applied to improve student acquisition of academic writing
skills in the discipline of biology. However, this would need to be tested by analyzing examples
of student writing in the presence or absence of example writing.
Despite the results described above, this study also suggests that improvements in
problem-solving with example answers only occur for questions testing higher Bloom’s levels
(Table 5.2; Appendix F). Bloom’s Taxonomy of cognitive domains is commonly used to
categorize educational objectives according to the kinds of cognitive skill required (Bloom et al.,
1956; Anderson et al., 2001). This taxonomy has also been adapted for the analysis of biology
questions, allowing for the discrimination of biology questions requiring more straightforward or
complex skills and thinking (Crowe et al., 2008). In this study, the BIOL200 exam questions
with the highest Bloom’s levels (questions 2, 3, and 5) required students to create a model or
argument which synthesizes information from disparate sources (see Appendix F). Alternatively,
questions testing lower-order skills like analysis and interpretation of data (question 4), or the
application of information to make experimental predictions (question 1), did not show
improvement with example answers. One possible explanation for this result is that the complex
questions impose a greater cognitive load on students. As such, a reduction in cognitive load via
worked examples may be more effective for more challenging exam questions, as was seen for
the exam questions in BIOL200 (Figure 5.3).
In BIOL200, lower-performing students benefited more than higher-performing students
when walkthroughs were provided (Figure 5.3). This inconsistency may reflect differences in the
utility of worked examples for problem solvers of different experience levels. Similar effects
were seen when the more experienced BIOL362 students also did not improve their performance
when example answers were provided compared to the traditional approach (Figure 5.1). While
one might assume that instructional techniques that benefit novices would also benefit, or at least
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not harm, experts, this is not necessarily the case. Experts have more well-developed knowledge
structures, i.e. a mental map of facts and knowledge about a topic and the connections between
them (Figure 5.8 A). These complex knowledge structures increase performance on tasks
specific to an area of expertise, as larger chunks of relevant knowledge structure can be rapidly
recalled and applied to the task (Kalyuga et al., 2012). When studying example answers, novices
are assisted in building on their less well-developed knowledge structures with the help of
detailed explanations, which reinforce background knowledge and step-by-step procedures,
allowing novices to become more expert-like (Figure 5.8 B). However, these same approaches
can impede the learning of experts, as a greater proportion of their cognition becomes
preoccupied with processing redundant information rather than assimilating new knowledge or
practicing speed and accuracy (Figure 5.8 C-D, Atkinson et al., 2003; Renkl and Atkinson, 2003;
Sweller et al., 2011). This phenomenon, where the improvement of experts is negatively affected
by techniques effective for novices, is called the expertise reversal effect (Kalyuga et al., 2001).
The expertise reversal effect may explain why lower-performing novice-like BIOL200 students
benefited from example answers, but higher-performing expert-like students were unaffected or
negatively effected (Figure 5.3). Similarly, the more-senior students in BIOL362 may not have
seen improved assignment performance with the example answer approach (Figure 5.1) because
they already possessed expert-like knowledge in this domain.
The expertise reversal effect may also explain the decrease in performance of BIOL362
students when the assignments were scaffolded with a step-by-step worksheet (Figure 5.1). The
step-by-step worksheet deconstructed the problem-solving process to a much greater degree than
the example answer worksheet (see Appendices B and C). Indeed, the step-by-step worksheet
focused primarily on more procedural aspects of the problem that students may already have
some expertise in, at the expense of more advanced skills like composing a well-written,
logically-reasoned rationale. Furthermore, this latter component of the assignments is one of the
most time-consuming tasks, meaning students exposed to the step-by-step approach were under
less time pressure than in other years, as evidenced by the dramatic absence of negative student
comments regarding time constraints (Figure 5.2). Interestingly, experts improve more quickly
when tasks are made more challenging, including introduction of a speed component (Kalyuga et
al., 2012). With the step-by-step approach, the reduced time pressure then compounded the
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effects of the expertise reversal effect due to a focus on novice-type skills, resulting in less
productive problem-solving practice than with the traditional or example answer approaches,
leading to significant decreases in assignment grades (Figure 5.1).

5.4.2

Example answers improve student attitudes
An important result in this study was that while providing example answers did not

necessarily improve the performance of more-expert students, it did have a significant positive
effect on student attitudes about problem-solving. In BIOL362, students generally made fewer
negative comments and more positive comments about the assignments when provided with
example answers, compared to the previous two years (Figure 5.2). Especially impressive is a
doubling in the number of students finding the assignments enjoyable, while comments about the
assignments being too difficult dropped by three-quarters. Similar improvements in student
attitudes about problem-solving were seen among higher-performing students in BIOL200 when
walkthroughs were provided (Figure 5.6). This included increases in student perception of the
importance of the practice problems for exam studying and the utility of the answers for
understanding why an answer is correct, attempting other problems, clarifying instructor
expectations, and improving problem-solving skills.
These kinds of shifts in attitude can have important effects on student motivation and
persistence that may have long-term consequences. For example, high drop-out rates are a
problem in STEM fields (Simon et al., 2015), and programs that improve student attitudes about
STEM have been proposed as a means of increasing retention (Sithole et al., 2017). Low student
retention in STEM fields has also been linked to declines in student motivation, which may have
longer-lasting impacts on student success (Young et al., 2018). Motivation of students in general
(Mayer, 1998), and STEM students in particular (Simon et al., 2015), increase when learners feel
they can achieve something on their own (self-efficacy), and if they can gain skills and
demonstrate their learning (mastery and performance achievement goals). In BIOL200 and
BIOL362, students responded more positively to questions related to both self-efficacy (e.g.
being able to attempt other problems in BIOL200, and a being happier with the assignment
difficulty level in BIOL362) and mastery (e.g. improved problem-solving in BIOL200 and
increased enjoyment of assignments in BIOL362). Improvement in student attitudes in these
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classes may then be translated into increased persistence and motivation to continue in biology,
though this requires further investigation.
It is also important to consider the potential for improved student attitudes to positively
impact student well-being more generally. Indeed, recently greater attention has been placed by
institutions and education researchers on programs promoting student physical and mental health
(Stanton et al., 2016; Slemp, 2017). The learning environment, and the experiences students have
there, are an important component of student well-being (Stanton et al., 2016). Changes in
classroom practices can therefore promote well-being, which can improve student engagement
and satisfaction with learning (Stanton et al., 2016). The improvement in student attitudes with
example answers and walkthroughs in BIOL362 and BIOL200, respectively, can therefore be
considered advantageous, even though performance many not have improved for all students.

5.4.3

Example answers do not ameliorate students’ desire for answer keys
One of the key objectives of providing problem walkthroughs in BIOL200 was to

improve the utility of the answers provided, so students could better judge when they were
answering a problem successfully without having a full answer key. Though more students could
use problem walkthroughs to attempt other questions compared to answer keys (Figure 5.6), the
walkthroughs did not ameliorate student desires for answer keys.
Practice problems are frequently assigned as homework, or for optional practice, in
undergraduate courses to aid student learning (Kim et al., 2012). In these cases, answer keys may
be provided to allow students to check if they have achieved the correct answer. For questions
involving calculations, answer keys can provide feedback on student success or failure without
exposing each problem-solving step. This forces students to first attempt a problem and then
check their answer, as reading the answer alone would not be very informative. However, an
answer key for many cell biology practice problems must include the logical thought process, as
these questions typically require an explanation of the logical reasoning behind the analysis and
interpretation of data, or hypothesis formulation, for example (see Appendices E and F). Students
can therefore realize some benefit from these kinds of answer keys without attempting the
problem, which could then decrease how much students practice the more time-consuming,
authentic problem-solving. The absence of answer keys in BIOL200 therefore created a tension
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between students, who could benefit from reading an answer key even if they might not attempt
questions authentically, and instructors, who feel that reading an answer key without attempting
the problems is not as effective for student learning. This latter argument is supported by a study
showing that students in an economics class performed more poorly when provided with an
answer key for their practice problem set (Kim et al., 2012). The compromise attempted in
BIOL200 was originally to include a small selection of answer keys, which were then re-written
into the walkthroughs, however the walkthroughs did not reduce students’ desire for answer
keys.
Though the literature suggests that withholding answer keys may benefit student learning,
qualitative analysis of student comments in this study indicate that this practice likely
disproportionately disadvantages students already facing challenges. While students can check
their answers with members of the instructional team or their peers, these options are less
available for students who work, have families to support, have mental health issues like social
anxiety, or who commute long distances. Students with greater demands on their time may also
not be able to attempt every practice problem, but could benefit to some extent by reading an
answer key, which would be less time-consuming. BIOL200 students also felt that it was unfair
to penalize those who would use problem sets correctly by attempting practice problems before
reading answer keys, simply because a subset of students might use them inappropriately.
Furthermore, the large number of practice problems and students in BIOL200, relative to the size
of the instructional team, means that students cannot reasonably expect to get personalized
feedback on every question that they attempt. Worse, because many students do not receive
feedback on their practice problems prior to the midterm exam, they may not know that they are
making mistakes, and are therefore unaware that they should seek help. Comments about this
issue are validated by the well-documented importance of instructor feedback that diagnoses and
corrects student difficulties (i.e. formative assessment), in addition to more summative
assessments of student learning like exams (Dixson and Worrell, 2016).
Together, this analysis of student comments illustrates many real and important problems
with the no-answer key policy in BIOL200, which should be investigated and addressed. While it
is unclear if student performance would decrease if a full answer key was provided, the literature
suggests this may be the case (Kim et al., 2012), making simply providing an answer key a less
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than ideal option. Many alternative approaches were suggested by the students in their comments
in the survey, including delayed release of answers, an increase in the number of answers
compared to questions, and increased answers in the first half of the course prior to the midterm.
This last suggestion has merit, as many studies of the worked example effect suggest that fading
problem-solving support over time can be an effective way to transition learners from more
novice-like to expert-like learning (Atkinson et al., 2003; Renkl and Atkinson, 2003). Several
students also commented on how class discussion boards can be used to good effect to support
answering the practice problems, though this depends on having a very active instructional team
to moderate the discussions and provide feedback, which students indicated was not the case for
every instructor or class section. Furthermore, more students read the discussion board than
comment themselves, meaning students can interact with the answers posted just as they would
an answer key. Whichever approach is attempted however, students would likely benefit from an
increase in formative feedback on their problem-solving attempts, especially early in the term.

5.4.4

Conclusions
Analysis of exam grades and student feedback indicate that walkthroughs and example

answers can be effective tools in supporting student problem-solving in cell biology classes. This
demonstrates that the worked example effect can be successfully employed to improve student
learning in real-world biology classrooms, with interesting implications for instructional best
practices in these settings. For example, these results illustrate the importance of tailoring
scaffolding according to the expertise level of the students, and fading this scaffolding as
students acquire expertise (Atkinson et al., 2003; Renkl and Atkinson, 2003). The importance of
correctly gauging the level of scaffolding fits well with a model of instructional support whereby
students learn the most when the instructor strikes a balance between challenging students and
supporting them (Figure 5.9). In this model, a question provided to novice students will be more
challenging, requiring greater support to ensure student success, than if the same problem was
given to more expert students. Importantly, this model also highlights the role of student attitudes
and emotions in learning. Problems that are too easy foster boredom, while those that are too
difficult result in frustration and anxiety, and both result in decreased learning. By improving
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student attitudes, walkthroughs and example answers helped move students along this continuum
toward greater learning and well-being. Finally, a qualitative analysis of student interviews and
survey commentary provided important context which can facilitate discussions about the future
of problem sets and answer keys in biology courses.
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Table 5.1 Themes identified in student feedback about BIOL362 assignments.

Negative

Positive

Abundant and recurring positive and negative themes are listed with descriptions of when these themes apply.
Theme
Description
Enjoyable
Comment describes assignments as “interesting”, “fun”, “rewarding”, etc.
Useful
Comment describes assignments as “useful”, “realistic”, “good practice”, “important”
etc.
Gained Skills
Commenting on how they got better over time. May mention a specific skill (e.g.
problem-solving, critical thinking, group work)
Too Difficult
Comments describing assignments as “unfair”, “strict”, “too hard” or “harsh”, especially
regarding marking.
Expectations
Comments that students were unsure about how assignments were marked, asking for a
Unclear
rubric, or that the marking seemed “arbitrary”.
Not Enough
Comments asking for additional time, that they were rushed or that they were not able to
Time
complete the assignment in the time allotted.
Not Enjoyable
Comment describes the assignments as “frustrating”, “awful”, “not enjoyable”, etc.
Not Useful
Comments that students preferred classes with lectures to assignment classes, disliking
the focus on writing, or claiming that the assignments are not “useful” or “helpful”.
Hard to Improve Comments that students didn’t get better over time, or that the feedback was not
sufficient to allow for improvement.

Table 5.2 BIOL200 final exam questions analyzed in this study.
Final exam questions analyzed in this study, including general topic, whether a related practice question was present
in the problem sets, if one or more of those questions were provided with an answer key or walkthrough, and the
type of question according to Bloom’s taxonomy as determined using the Blooming Biology Tool (Crowe et al.,
2008). The questions can be seen in Appendix F.
Bloom’s Taxonomy
Related Practice
Key/
Q#
Topic
(Level) Category: Verb
Problem(s)
Walkthrough
1
Protein Targeting
yes
yes
(3) Application: Predict
2
Cytoskeleton Dynamics
yes
yes
(5) Synthesis: Create
3
Cell Signalling
no
no
(5) Synthesis: Create
4
Cell Cycle
yes
no
(4) Analysis: Infer
5
Essay Outline
yes
yes
(5) Synthesis: Create
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Table 5.3 Demographics of the BIOL362 classes.
The number of students, average program year, percent of biology majors, and ration of female to male students in
each year of the BIOL362 course.
Traditional Step-by-Step Example Answers
(2014)
(2015)
(2016)
# Students
Program Year
% Biology Majors
Ratio Female:Male

111
3.1
79.3
1.3

73
3.2
79.5
1.2

51
3.1
78.4
1.3

Table 5.4 Demographics of the BIOL200 classes.
The number of students, average program year, percent of biology majors, and percent of students in the faculty of
science in each year of the BIOL200 course.
Answer Keys
Walkthroughs
(2015)
(2016)
# Students
Program Year
% Biology Majors
% Faculty of Science

1301
2.0
26.0
76.8

1261
1.6
21.0
76.3
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Figure 5.1 Altering they type of assignment support affects student performance.
Student performance on BIOL362 assignments when employing the traditional, step-by-step or example answers
approaches. The (A) overall grade is broken down into grades for the (B) hypothesis and (C) rationale, and for
assignments 3 and 4 the marks for the (D) second part of the assignment are shown. The N/A reflects that students
did not hand in hypotheses and rationales for assignment 1 in the example answer approach. ‘Part 2’ refers to the
second part of assignments 3 and 4 where students were given new data and a chance to modify their hypothesis.
Statistics = Student’s t-test (assignment 1) or one-way ANOVA followed by Tukey post-hoc test (all other
assignments) (p<0.05), n = 16 - 18, means ± 95% CI.

128

Figure 5.2 Student feedback about BIOL362 case study assignments.
Percent of (A) positive or (B) negative comments about the BIOL362 assignments with the traditional, step-by-step
or example answer approach. Comments are grouped into categories based on an analysis of recurring themes.
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Figure 5.3 Comparison of student performance on BIOL200 final exam questions with answer keys or
walkthroughs.
(A) Mean student grade on highly similar or identical final exam questions showing higher (blue) and lower (red)
marks for classes provided with answer keys (K) or answer walkthroughs (W). (B) The percent difference in student
grades with walkthroughs, showing improvement when walkthroughs were provided (blue) and worsened
performance when answer keys were provided (red). For both (A) and (B), the grades of all students (All) were then
grouped by low-, mid- and high-performance on the midterm exam. Significant differences between the answer key
and answer walkthrough classes are shown by bolded numbers and bullets (•). Statistics = Student’s t-test (p<0.05),
All (n = 1023-1241), Low (n = 187-278), Mid (n = 432-630), High (n = 195-315).
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Figure 5.4 Percent of BIOL200 student respondents for non-Likert survey questions for classes with answer keys (K) and walkthroughs (W).
Proportion of respondents for non-Likert style survey questions with fewer respondents in red and more respondents in blue. All responses (All) were broken
down by in to low-, mid- and high-performing students using midterm exam. No significant differences were found between the answer key (K) and answer
walkthrough (W) classes using chi-squared tests (p<0.05). All (n = 200-268), Low (n = 23-42), Mid (n = 96-126), High (n = 53-74).
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Figure 5.5 Frequency of student activities from online survey responses for BIOL200 classes with answer keys (K) and walkthroughs (W).
Survey response as an average using a scale from 1 to 5 (bottom) for Less Frequent (red) to More Frequent (blue) as appropriate. The responses of all students
(All) were then grouped by low-, mid- and high-performance on the midterm exam. Significant differences between the answer key (K) and answer walkthrough
(W) classes are shown by bolded numbers and bullets (•). Questions are grouped by type, those not included in a survey are given as N/A. Statistics = Student’s ttest (p<0.05), All (n = (00-268), Low (n = 23-42), Mid (n = 96-126), High (n = 53-74).
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Figure 5.6 Comparison of student attitudes from online survey responses for BIOL200 classes with answer keys (K) and walkthroughs (W).
Survey response as an average using a scale from 1 to 5 (bottom) for Disagree (red) to Agree (blue) as appropriate. The responses of all students (All) were then
grouped by low-, mid- and high-performance on the midterm exam. Significant differences between the answer key (K) and answer walkthrough (W) classes are
shown by bolded numbers and bullets (•). Questions are grouped by type, those not included in a survey are given as N/A. Statistics = Student’s t-test (p<0.05),
All (n = 200-268), Low (n = 23-42), Mid (n = 96-126), High (n = 53-74).

Figure 5.7 Comparison of in-class and online survey responses for the BIOL200 class provided with walkthroughs.
Survey response as an average using a scale from 1 to 5 for Disagree to Agree, or Less Frequent to More Frequent (right) as appropriate. For the class with
problem set walkthroughs (W), five question in-class (In-Class) surveys were collected after the midterm exam before marks were released (#1), and on the last
day of class before the final exam (#2), in addition to the full online survey administered after the course was completed (Online). Significant differences
between the In-Class and Online responses are shown by bolded numbers and bullets (•). Questions not asked in the survey are given as N/A. Statistics =
Student’s t-test (p<0.05), In-Class (n = 166-194), Online (n = 240-265).
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Figure 5.8 The effect of problem-solving instruction on novices and experts.
(A) Novices have less well-developed knowledge structures compared to experts, using the biology concepts Golgi,
vesicles, xylan and cell walls as examples. Nodes represent knowledge and edges give relationships between nodes.
(B) Practice problems and example answers may be used to help students improve their problem-solving skills. The
diagram shows an example answer reinforcing knowledge about Golgi, vesicles and xylan, and providing a problemsolving procedure (numbers). (C) The knowledge structures of novices and experts change in different ways in
response to different problem-solving instruction. Bolded nodes and edges show components of the knowledge
structure that have been introduced or reinforced by the problem-solving instruction. (D) Improvement in problemsolving skills depends on the kind problem-solving instruction novices and experts receive.
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Figure 5.9 The challenge and support model of scaffolding.
Optimal learning is believed to occur when students are both challenged and supported, as this fosters student
growth and engagement. In this dichotomy, low challenge results in decreased learning due to stagnation or
dependence, while low support for highly challenging tasks results in student anxiety and frustration. Adapted from
Mezirow (1991) and Wilson and Devereux (2014).
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Chapter 6: Conclusions and Future Directions
This dissertation had two general focuses, firstly to better understand how xylan
biosynthesis occurs in the Golgi during secondary cell wall (SCW) deposition, and secondly to
explore how instructors can better support student problem-solving in undergraduate cell biology
courses. These two components of the thesis may appear entirely unrelated, however there are
synergistic benefits to combining disciplinary and education research. As a cell biologist, I can
draw from my expertise in this field to design instructional materials that help students deal with
authentic cell biology problems. I am intimately familiar with the priorities and pitfalls inherent
in this kind of problem-solving and am therefore in a prime position to help guide students
through this process. On the other hand, in my education research I focused on how to help
students clearly and concisely communicate complex biological models and the evidence that
supports them, the very skills that I utilize in my disciplinary research. This had the effect of
concentrating my attention on the key principles of scientific argumentation and reasoning,
which I believe helped me grow my skills in this area. I then used these skills to define and
defend a new model for xylan biosynthesis in the plant Golgi. Both the disciplinary and the
education components of this thesis were therefore made better by the effort I put into the other.
As a result, I was able to make significant advances in two prima facie disparate fields and
identify interesting opportunities for future investigation.

6.1

Major findings of Chapters 3 and 4
In Chapter 3, I investigated how the population of Golgi stacks in plant cells are

marshalled to facilitate the deposition of SCWs. Previous studies had indicated that an increase
in demand for Golgi-produced pectin in the seed coat resulted in a doubling of the number of
Golgi stacks in a cell (Young et al., 2008), leading to the hypothesis that a similar increase in
Golgi number may facilitate production of SCWs. Indeed, confocal microscopy and TEM
quantification of Golgi stacks revealed a significant increase in the number of Golgi coinciding
with the onset of SCW production. Interestingly, this proliferation appears to be independent of
the presence of IRX9 and xylan production, as Golgi proliferation was unaffected in the irx9
mutant background. Furthermore, the entire Golgi apparatus appears to be working in concert to
produce xylan and process glycoproteins, based on co-localization in every Golgi stack of the
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xylan biosynthetic enzyme IRX9-GFP, and the glycoprotein processing protein MANI-mCherry.
Finally, previous characterization of Golgi distribution during SCW deposition suggested that
Golgi may preferentially associate with the forming SCWs (Schneider et al., 2017), however
when I analyzed Golgi position using TEM, I revealed that the close association of Golgi with
SCWs simply reflects cytoplasmic organization and was no different than random.
In summary, the results of this chapter support a model where the number of Golgi stacks
is responsive to changing demands for Golgi processing, and where each Golgi stack may be
treated as a representative of the Golgi apparatus as a whole. Furthermore, targeted delivery of
SCW cargo does not appear to require preferential targeting of streaming Golgi to SCW
domains. This latter point illustrates the importance of supplementing live-cell imaging of
fluorescently-tagged proteins with other imaging techniques which provide a better picture of the
cellular context in which these proteins and organelles are found.
In Chapter 4 I conducted a nanoscale characterization of Golgi stacks at different time
points in SCW deposition. Previous studies of Golgi ultrastructure suggested that there is a tight
relationship between Golgi structure and function, as changing the contents of the Golgi, and the
volume and direction of membrane trafficking, is frequently accompanied by changes in the size,
shape and number of Golgi cisternae (Staehelin et al., 1990; Samuels et al., 2002; Young et al.,
2008). A review of this literature led me to hypothesize that the onset of SCW deposition would
result in an increase in the size of cisternal margins, to accommodate storage of large amounts of
xylan. Furthermore, I predicted an increase in cisternal diameter, as this is believed to be a
prerequisite for Golgi proliferation, which I had already demonstrated was occurring in these
cells. Both these hypotheses were supported by TEM quantification of Golgi structure prior to
and following SCW deposition.
More surprising were the changes in Golgi structure in the irx9 mutant background. I
hypothesized that the size of the Golgi margins would decrease due to the absence of xylan,
which was observed as predicted. More striking however was the dramatic increase in Golgi
fenestration and tubulation, which suggests that the resident and cargo composition of the Golgi
plays a significant role in maintaining cisternal structure. Furthermore, while fenestrations are
found in Golgi throughout eukaryotes (Mogelsvang et al., 2003; Mogelsvang et al., 2004; Koga
and Ushiki, 2006; Kang and Staehelin, 2008; Kang et al., 2011; Donohoe et al., 2013), to my
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knowledge no mutant has been characterized with increased fenestration. The increased
fenestration in irx9 Golgi may provide a valuable model in which to investigate fenestration
formation and function, which has so far been largely theoretical. Additionally, while recent
years have seen characterization of the structure and function of Golgi tubules in mammalian
cells (Yang et al., 2011; Park et al., 2015), tubulation did not previously appear to be a major
feature of plant Golgi. However, the presence of Golgi tubules throughout all stages of my
analysis, and their increase in the irx9 mutant, suggest that Golgi tubules may play a more
prominent role in plant Golgi processing than previously thought.
In Chapter 4 I also complemented the analysis of Golgi ultrastructure with highresolution mapping of the distribution of IRX9-GFP and xylan in the Golgi using immunoTEM.
In a previous model based on freeze-fracture analysis of pectin-producing Golgi in the root cap,
glycosyltransferases (GTs) were predicted to be arranged in protein arrays in cisternal centers,
while polysaccharide products accumulate in the margins (Staehelin et al., 1990). However, there
was little direct evidence to support this model, and live-cell imaging of fluorescently-tagged
Golgi-resident proteins in a ring-shaped pattern (Chapter 3), suggested that GTs may actually be
excluded from the center of cisternae. In order to reconcile this apparent discrepancy, I used
immunoTEM to localize IRX9-GFP and xylan to specific regions of Golgi cisternae during SCW
deposition. The results supported the live-cell imaging data, indicating that IRX9-GFP is
depleted from the center of cisternae. However, comparing the distribution of IRX9-GFP and
xylan supports the original model, in that the biosynthetic enzyme is spatially segregated from
the polysaccharide products which accumulate in the swollen margins.
Indeed, the presence of IRX9-GFP in the inner-margin of cisternae led to the
development of the concentric circle model (Figure 4.7), which emphasizes the importance of
both the cis-to-trans and center-to-margins distribution of Golgi residents and cargo in Golgi
cisternae. This model has important implications for research in both xylan biosynthesis and
Golgi function. For example, the formation of a transient xylan biosynthetic complex may
facilitate both xylan synthesis in the inner margin, and maintenance of the position of these
proteins in the Golgi via retrograde transport from more peripheral areas of the cisternae.
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6.2

Outstanding questions and future directions
The results described above open up a number of promising opportunities for future

research to further improve our understanding of both xylan biosynthesis and the mechanisms
facilitating Golgi processing.

6.2.1

Continuing dissection of xylan biosynthesis in the Golgi
IRX9 is just one of dozens of proteins known to contribute to xylan biosynthesis (Figure

1.2). The procedure I used to map IRX9-GFP can be readily adapted to map other proteins
contributing to xylan biosynthesis, and the distribution of IRX9-GFP characterized in this work
can provide an important reference point for comparison. High on a list of candidates are IRX10
and IRX14, which have been hypothesized to form a xylan biosynthetic complex with IRX9
(Rennie and Scheller, 2014). As such we would predict that these proteins will have an identical
distribution in the Golgi to IRX9. The UDP-Xylose Transporters (UXTs) that provide the
substrate for backbone synthesis, may also associate with a xylan biosynthetic complex to
improve efficiency (Zhao et al., 2018), making localization of these proteins another priority.
Also of interest are the proteins implicated in the synthesis of the reducing end oligosaccharide
(REO), as mapping their distribution in the Golgi could help clarify if the REO is a primer of
xylan biosynthesis, in which case it should appear in the Golgi prior to IRX9, or a terminator, in
which case it may appear in more-trans cisternae (York and O’Neill, 2008). A wide variety of
anti-xylan antibodies are also available from the Complex Carbohydrate Research Center
(Pattathil et al., 2010), any of which could be tested for immunoTEM mapping of the distribution
of a variety of xylan epitopes. Indeed, by combining additional immunoTEM mapping of both
resident proteins and cargo, we could fully resolve the location in the Golgi of each step of xylan
biosynthesis, with the presence of overlapping distributions indicating the potential for
interaction between the proteins and epitopes involved in each step.
Many of the recent advances in our understanding of the cell biology of xylan synthesis
have focused on primary cell wall synthesis of xylans in species like asparagus and wheat (Zeng
et al., 2010; Song et al., 2015; Jiang et al., 2016; Zeng et al., 2016). While these studies have led
to interesting hypotheses about the formation and function of xylan biosynthetic complexes, it is
unclear to what extent these results can be extrapolated to SCW synthesis. However, this thesis,
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and other work (Schuetz et al., 2014; Watanabe et al., 2015; Li et al., 2016; Vukašinović et al.,
2017; Chou et al., 2018; Watanabe et al., 2018), have demonstrated how the VND7 induction
system can be leveraged to study SCW synthesis in planta in ways that were not previously
feasible. For example, GFP-tagged versions of Arabidopsis IRX9, IRX10 and IRX14 could be
introduced combinatorially into the irx9, irx10irx10L and irx14irx14L mutant backgrounds
(Brown et al., 2009; Wu et al., 2009; Keppler and Showalter, 2010; Lee et al., 2010; Wu et al.,
2010), to test if the fluorescently-tagged proteins become trapped in the ER in the absence of
their putative partners, as was suggested when the asparagus and wheat homologs were
transiently expressed in tobacco (Jiang et al., 2016; Zeng et al., 2016). Furthermore, experiments
isolating partially purified arabinoxylan biosynthetic complexes in wheat (Zeng et al., 2010;
Jiang et al., 2016) and asparagus (Zeng et al., 2016), could be replicated in the VND7 system to
isolate and characterize a SCW xylan biosynthetic complex. If the results concerning PCW xylan
synthesis can be replicated for SCW synthesis, it would suggest that there are basic principles
governing xylan synthesis regardless of species or cell type.

6.2.2

Further exploration of the concentric circle model of the Golgi
The additional Golgi mapping described above would also serve to expand upon the

concentric circle model of Golgi organization outlined in Chapter 4. Specifically, to test if other
xylan biosynthetic proteins and xylan epitopes are similarly arranged in concentric circles in the
Golgi. The distribution of other Golgi-synthesized polysaccharides and their biosynthetic
enzymes should also be investigated, to help determine if the concentric circle model is a
ubiquitous feature of plant Golgi organization. One model system that is likely amenable to this
investigation is pectin production in the Arabidopsis seed coat, as the enzymes involved in pectin
production are fairly well characterized, and these cells produce very large amounts of pectinrich mucilage during their development (Arsovski et al., 2010; Anderson, 2016).
Furthermore, having ascertained the spatial distribution of IRX9-GFP and xylan in this
work, the mechanisms establishing and maintaining this spatial organization should be
investigated. One experiment that could shed light on this is mapping the distribution of the
COPI coat protein, which is important for intra-Golgi transport (Donohoe et al., 2007). If IRX9GFP is able to recycle from the inner-margin of cisternae, we can hypothesize that COPI will
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also localize to this region. Teasing apart the role of COPI in establishing this gradient may also
be facilitated by disrupting COPI function using the drug Brefeldin A and observing how the
distribution of biosynthetic proteins and polysaccharides changes (Driouich et al., 1993;
Nebenführ et al., 2002).
Another unresolved question is why IRX9-GFP is excluded from cisternal centers in transcisternae. One possibility is that the close apposition of the membrane on either side of the Golgi
lumen physically squeezes Golgi resident proteins closer to the periphery of the cisternae. While
the cause of the compression of cisternal centers has not been fully elucidated, it is likely
facilitated by establishing a proton gradient across the Golgi membrane via proton pumps
(Staehelin et al., 1990; Dettmer et al., 2006). Indeed, drugs that disrupt this gradient by making
the membranes leaky (e.g. monensin), or interfering with the proton pumps (e.g. concanamycin
A) result in severe disruptions in Golgi structure, including cisternal swelling (Zhang et al.,
1993; Robinson et al., 2004; Dettmer et al., 2006). If IRX9-GFP is excluded from the cisternal
centers by the physical limitations of cisternal structure, we can hypothesize that treatment with
these drugs should allow IRX9-GFP to localize in more central cisternal regions.

6.2.3

Exploration of the irx9 Golgi phenotype
One of the most exciting results coming out of this work, was the unusual increase in

fenestration and tubules in irx9 Golgi. Future experiments will be required to clarify if this
phenotype is the result of the loss of xylan, IRX9 or both. This can be achieved by examining
Golgi structure when the substrate of xylan biosynthesis is not available, as in mutants of the
cytosolic UDP-Xylose Synthases (UXSs; Kuang et al., 2016; Zhong et al., 2017). In these
mutants, xylan abundance should be drastically reduced without removing any Golgi resident
proteins, allowing dissection of the effect of removing residents vs cargo on Golgi morphology.
It is also unclear if the irx9 mutant phenotype is unique, or if the Golgi in other xylan
biosynthetic mutants, like irx10irx10L or irx14irx14L, are similarly disrupted (Brown et al.,
2009; Wu et al., 2009; Keppler and Showalter, 2010; Lee et al., 2010; Wu et al., 2010). This
could be tested by characterizing Golgi structure in these other xylan biosynthetic mutants. The
irx9 Golgi phenotype may also not be unique to xylan biosynthesis, as Golgi structure has not
been a focus of studies of the GT mutants affecting pectin or xyloglucan biosynthesis. Again,
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pectin biosynthesis in the Arabidopsis seed epidermis would be a good model system to
investigate this further.
The prevalence of fenestration and tubulation in irx9 is also important because the
function of cisternal fenestrations has been largely speculative, and Golgi tubulation has not been
a focus in plant biology research. The irx9 Golgi could be an important model system to
investigate the composition and function of these structures, for example, by testing for COPI
localization at Golgi tubules using anti-COPI antibodies. COPI has been found to be involved in
formation of Golgi tubules in mammalian cells (Yang et al., 2011; Park et al., 2015), so they may
serve a similar function in plants. Additionally, TEM tomography could be employed to examine
where irx9 Golgi tubules might connect to. This is especially interesting because the Golgi
tubules in mammalian cells form inter-cisternal or inter-Golgi connections transporting residents
and/or cargo (Marsh et al., 2004; Mogelsvang et al., 2004; Polishchuk and Mironov, 2004), but
these have never been reported in plants. Further characterization of irx9 Golgi is also of interest,
to see how other aspects of Golgi functions continue despite disruption in Golgi structure,
including CESA trafficking and glycoprotein processing of monolignol oxidative enzymes. One
experiment of interest would be to examine how the distribution of glycoprotein processing
enzymes like MANI, and protein cargo like CESAs, change in the irx9 mutant. These
distributions may provide clues about the mechanisms of Golgi organization, and could lead to
elaboration of the concentric circle model.

6.3

Example answers help support biology problem-solving
Development of problem-solving skills is a central component of an undergraduate

education in biology. However, the most effective means of teaching these skills to students is
often unclear. The education literature can provide a great deal of theoretical advice, based on
controlled experiments and classroom studies in other disciplines, but their efficacy in a real
biology class is often uncertain. In Chapter 5, a variety of instructional practices designed to
support student problem-solving were employed in two different undergraduate cell biology
courses. This resulted in significant differences in both student problem-solving performance and
attitudes. In particular, the provision of example answers with explanatory commentary was
found to be an effective teaching method. This result supports a body of literature about the
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worked example effect, a consequence of cognitive load theory whereby students learn more
when given a completed problem to examine prior to attempting problems on their own
(Atkinson et al., 2000; Booth et al., 2015). The students in this study also felt better about
problem-solving in these classes, which could have broader implications for student retention in
biology and student well-being.
Furthermore, the data in Chapter 5 indicate that the impact of the worked example effect
depends on the expertise of the student. More novice students realize greater performance
benefits when provided with example answers, while the learning of experts can actually be
impeded by too much instructional guidance. Again, this result is predicted by decades of
research into the expertise reversal effect, which has been documented in other disciplines
(Kalyuga et al., 2012). Together, these data provide important validation that principles of
learning which have been identified in vastly different disciplines can provide important insights
into best practices for biology education. However, the data also illustrate why these techniques
should be adapted and tested for efficacy before they are employed more broadly, as their
implementation may have unforeseen challenges or consequences due to the idiosyncrasies of
biology courses.
The final conclusion from Chapter 5 was that despite their efficacy in supporting student
problem-solving, example answers did not provide adequate feedback to students attempting to
solve other practice problems. A lack of answers to the practice problem sets was found to
disproportionately disadvantage students already facing challenges in the course. Furthermore,
without a way for all students to check their answers, students are less motivated to attempt the
practice problems, and less likely to realize they have made a mistake and should seek help when
they do attempt a problem. As the practice problems are viewed by both instructors and students
as an important component of the course, this in an area in which problem-solving instruction
can be improved.
The results of Chapter 5 also highlight many areas worthy of future investigation. In the
case of problem sets, it may be worthwhile to provide full answer keys, to finally resolve the
question of whether keys harm or help student performance in this class. If performance is
negatively affected, alternative mechanisms of providing feedback to students should be
explored. It would also be interesting to investigate the effect of student enjoyment and attitudes
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in biology courses on student retention in the program and their well-being. While some
activities and assignments may not improve performance, they may still be worth implementing
if they improve student enjoyment. Additional opportunities for research include investigating
when in their degree biology students shift from more novice- to expert-like problem-solving,
and how courses on either side of this transition can be adapted to maximize student learning.
This could then be extrapolated to identify general best-practices in biology problem-solving
education across a curriculum.
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Appendix B BIOL362 - Step-By-Step Worksheet
For this Case Study, you are required to come up with a hypothesis that attempts to answer the
central question, as well as a short rationale for your hypothesis. To help you with this, we have
built the following worksheet for you to use. You may fill out your answers directly in this
worksheet and hand it in.
Hypothesis = [Subject] + [claim/interpretation]
Rationale = paragraph (ish) that explains how
the data connects to your hypothesis
Part 1. (10% of total time, 1 pt) Look at the Central Question of your Case Study. Based on the
central question:
1A. What do you think the subject of your hypothesis should be?
1B. Based on the Central Question, where should you focus your attention when interpreting the
experimental evidence?
Part 2. (50% of total time, 5 pts) Now look at each slide that presents experimental evidence in
this case study. For each slide summarize the main conclusion of that experimental evidence,
using the same format as your hypothesis (H=[S]+[C]). List each one below.
Part 3. (30% of total time, 3 pts) Look at your summaries of the experimental evidence. Try to
find the thread that links them to each other and the Central Question.
3A. Look at Part 1 again to see what the question tells you about the subject of your hypothesis.
Do you still agree with your answer there? Explain your answer.
3B. Now its time to write your full hypothesis. Use the subject you decided on in part 3A. Then
re-examine Parts 1B and 2 to decide what the rest of your hypothesis should be. Remember that
your hypothesis should summarize what the results you described in Part 2 in a way that is
related to the Central Question that you described in Part 1A. Your entire hypothesis should be
about one sentence long. Write it down here.
Part 4. (10% of total time, 1pt) The summaries that you wrote in Part 2 are your rationale.
Copy and paste those points into the area below. Re-examine them to make sure that they are
complete and address the various claims of your hypothesis, and connect to the experimental
evidence. Make any wording tweaks necessary here and not in Part 2 so that we can see the
progression.
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Appendix C BIOL362 - Example Answer Worksheet
Instructions
Spend 5 minutes with your group reading and evaluating each hypothesis and rationale.
Some things to think about when marking include:
- Are all pieces of data accounted for?
- Are there logical jumps being made that aren’t explained, or don’t make sense?
- Is each piece of data correctly identified as being linked by correlation, or causation?
- After you decide on a mark, does it reflect your overall impression of the
hypothesis/rationale? If not, think about where this disconnect is happening and readjust.
Example Hypothesis 1
“Phosphorylation of Tau proteins cause defects in microtubule orientation found in the neuronal
axons associated with neurodegenerative AD and CTE.”
Strengths:
•
Areas for Improvement:
•
•
Are all relevant components incorporated?
(
/1)
Are the relationships between components clear and accurate?
(
/2)
Is all terminology and language used correctly
(
/1)
Hypothesis
(
/4)
Example Hypothesis 2
“In people with Alzheimer’s Disease and Chronic Traumatic Encephalopathy, hyperphosphorylated tau proteins undergo a shape change, allowing them to interact with each other to
form neurofibrillary tangles, and cannot therefore help in the formation of orderly microtubule
networks in the axons of some neurons in the brain, impairing neuron function.”
Strengths:
•
Areas for Improvement:
•
•
Are all relevant components incorporated?
(
/1)
Are the relationships between components clear and accurate?
(
/2)
Is all terminology and language used correctly?
(
/1)
Hypothesis
(
/4)
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Example Rationale 1
“Under normal circumstances, tau is involved with organizing evenly-spaced bundles of MTs in
neuronal axons. Hyperphosphorylation of tau proteins changes the protein’s conformation,
allowing the proteins to interact with each other and form filaments. The presence of
phosphorylated tau proteins results in the presence of poorly-aligned MTs as well as a significant
decrease in the number of correctly-aligned MTs than when only wild-type tau is present.
Abnormal tangles of tau protein throughout the cell are seen in all AD & CTE brains. Tangles of
tau fibrils are definitely present in some, but not all, neurons in AD.”
Strengths:
•
•
Areas for Improvements:
•
•
•
Is the data described clearly and completely?
(
/2)
Is it made clear how the data supports the hypothesis?
(
/2)
Is all terminology and language used correctly?
(
/1)
When used, is speculation identified and reasonable?
(
/0.5)
Is it well written? (ideas flow naturally, no major typos/grammar problems)
(
/0.5)
Rationale
(
/6)
Example Rationale 2
“The Tau protein forms proteinaceous tangles in both AD and CTE in some neurons.
Neurofibrillary tangles in AD are found in neurons that are degenerating neurons. The Tau
protein is involved in the formation of parallel arrays that are necessary for the microtubule
network in functional axons. Hyper-phosphorylation affects the shape and function of Tau.
Phosphorylated Tau affects the correct alignment of microtubules.”
Strengths:
•
•
Areas for Improvement:
•
•
•
Is the data described clearly and completely?
(
/2)
Is it made clear how the data supports the hypothesis?
(
/2)
Is all terminology and language used correctly?
(
/1)
When used, is speculation identified and reasonable?
(
/0.5)
Is it well written? (ideas flow naturally, no major typos/grammar problems)
(
/0.5)
Rationale
(
/6)
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Appendix D BIOL200 - Problem Sets Excerpt
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Introduction to the Problem Sets
Welcome to the BIOL200 problem sets! In these pages are contained the keys to your success in
BIOL200! This workbook is designed to help guide your studying and to help you practice the
skills that will be required for success on the midterm and final exam.
BIOL200 is a 3-credit course, with 3 hours/ week of class time and 1h/ week of tutorial. The
most commonly accepted rule of thumb is that for every hour of class time, you should be
spending 2 hours outside of class working on the course. That means we’re expecting that for
every week of class in BIOL200, you should be expecting to spend 6-8 hours outside of class
working on the course.
During an average week, ‘outside of class’ time can be broken up into a few different parts:
1.

The Pre-Readings and Quizzes (~1-2h per week)
These quizzes happen on average about once a week, they involved reading material
on Connect (based on the pre-reading guides) and then taking a 10-15 question quiz
on the material. The goal here is not to learn everything on your own, but rather begin
to get some of the basics (i.e. specific jargon, definitions, chemical structures and
some of the simpler concepts). If there are things you still don’t understand after the
pre-reading, that’s ok. Simply tell us about it in the last question of the quiz and we’ll
know to focus on it in class.

2.

Tutorial Preparation (~1h per week)
In each week, we will be working through a specific problem from this Problem Set
in tutorial, as a way to help you practice your problem-solving skills and prepare for
the midterm and final. To prepare for tutorial, we expect you to review the course
material for the unit in question, as you will need to know something about cell
biology in order to successfully apply your knowledge to the problems. The tutorial
problems are identified in the problem set, and you’re welcome to take a look at them
ahead of time. You will be given time during tutorial to try them on your own and in
groups, so it’s perfectly ok if you haven’t solved the problem (or even attempted it!)
before you get to class. But we think you’ll get more out of it if you know what’s
going to be asked of you before you get there.

3.

Personal Study Time (3-5h per week)
This is when you work on the course material on your own (or in study groups,
including office hours), work on the press release assignment, and practice the
problem-solving skills you will need to succeed on the midterm and final exam. If
you don’t work on this throughout the term, you can assume that the accumulated
time is how many hours you’re going to need to put in to prepare for the midterm/
final.
This Problem Set is designed to help you structure your personal study time.
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What’s in the Problem Sets, and how do they help?
The Problem Set starts with a Table of Contents that is clickable in pdf format, so that you can
easily find the unit that you want to work on. We’ve also broken up this problem set into
individual units, and posted them on Connect for you, in case you want to work with a smaller
document. The complete document can be downloaded in a single file from the Resources
Section of Connect.
In each unit, we have 2 different kinds of questions for you, which have an entirely different
purpose for your studying:
1.

Content Review Questions
• This section is designed to help you review the material. Answers can be found
more or less easily in your notes, on Connect, in the textbook or on the Web.
While this background content knowledge is needed, and will help you on the
exam, these review questions are not considered ‘exam-style’.
• A question’s difficulty rating is noted by the 1 (easiest), 2 or 3 (hardest) in
brackets beside the question. You should expect to look these up as you go.
• There are no answer keys to questions in this section. We suggest using these
questions as a way to review & discuss the material with your peers, rather than
writing out answers for each one. It’s ok not to have complete answers for all of
these.

2.

Practice Problems
• The focus on the exam will be to assess your ability to interpret data, and use it to
draw conclusions about cellular function. This is a conceptual task, which
requires critical thinking skills in addition to the knowledge of the material. But
practice will help you get better at it.
• Most of these questions come from old exams. Some of them are designed to
make you think critically, rather than to practice exam-writing (Some may even
show up on future exams…).
• We will cover many of these questions in class and/or tutorial. We encourage you
to practice writing out your answers for these questions, as it will help you
improve your clarity in writing for the exam.
• Note that the problems are roughly divided by topic, but you should expect to use
knowledge from other parts of the course as well.
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Where to find more questions on a topic?
In addition to the material in each Unit, we’ve tried to help identify the interconnected nature of
these problems by creating an index for you. The questions have several meta tags associated
with them, which helps to identify specific similarities (i.e. common technique or course topic).
For example  (tags: #TEM)
If you want to find more questions on a topic or technique use the tags, and/ or look the tag/ topic
up in the index. This can help you find questions that link content from different units, similar to
what you would see on the exam. Unfortunately, this index is not clickable in the pdf, so you’ll
have to go to those pages manually.

Where to find more help?
If you are having problems with a question, check out the related Problem Walkthroughs at the
end of the booklet. They are designed not only to show you what the answer to the question is,
but to help you understand why its correct, and to help you better understand what a ‘good’
answer contains. If you need additional help you can post on the discussion board or come to talk
to us in office hours.

What to do if you find an error?
Like all of the documents in this course, they are written by people. Sometimes mistakes happen.
If you think you’ve spotted an error, please don’t hesitate to let us know. The most efficient way
is to contact the course coordinator directly as she is the curator of the common course material.
You may also contact your instructor if you prefer, who will take note of the information and
pass it on to the course coordinator if necessary.
We do everything that we can to avoid errors, and we rely on you to help us find the ones that
we’ve missed. Feedback on course material helps it to evolve and improve… Future BIOL200
students appreciate your help!
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Unit 1: Eukaryotic Cells and Microscopy
Topic 1.2 – Microscopy
Problem 1.2.1 (Walkthrough Available)
(tags: #TEM, #SEM, #brightfield microscopy, #fluorescence microscopy, #organelle
identification, #identify microscopy type, #plants, #animals)
Classify each of the images shown into the tables below, based on the type of microscopy and
the organelles that you can SEE. Be aware that each image may fit into more than one category
and not all categories may be present. Marks will be deducted for wrong answers.
Image 1:
Type of microscopy:
Brightfield light microscopy
Fluorescence microscopy
Transmission electron microscopy

Image 2:

Scanning electron microscopy

Organelles:
Plasma membrane
Nucleus
Image
3:

Nucleolus
Endoplasmic reticulum
Mitochondria
Cytosol
Chloroplast
Heterochromatin
Mitotic Chromosome
Image 4:

Flagella
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Unit 3: Nuclear Structure and Function
Topic 3.1 Nuclear Structure and Protein Import
Problem 3.1.6 (Walkthrough Available)
(tags: #fluorescence microscopy, #NLS, #mutant analysis, #animals)
Wodrich et al. (2006) looked at the location of nuclear localization signals (NLS) within
Adenovirus protein pVII. This is one of their experiments:
• Full length and deletion mutants of pVII were fused to GFP (green fluorescent protein)
and injected into the cytoplasm of cells.
• Injected cells were viewed using fluorescence microscopy.

a) Identify the cellular location of
the fluorescence in each panel (1,
2 & 3)
b) What can you conclude about the
location of the NLS in pVII?
Explain.
Unit 6: Cytoskeleton
Topic 6.2 – Microtubules
Problem 6.2.1 (Walkthrough Available)
(tags: #microtubules, #FRAP, #cell cycle)
One approach to characterize microtubule assembly and
disassembly involves injecting fluorescently-labeled tubulin
into cells. The fluorescent tubulin is then incorporated into
microtubules, thereby allowing visualization of the
microtubules inside living cells. When these cells are used in
FRAP (fluorescence-recovery-after photobleaching)
experiments, the following results are found for cells that are
in interphase and cells that are in metaphase.
a) When doing FRAP in cells with labeled microtubules, why does the fluorescence
intensity in the bleached area recover (i.e. it does not stay at zero)?
b) What can you conclude about the relative stability of the microtubules in metaphase
cells as compared to the microtubules in cells in interphase? Interpret these results in
terms of the function of microtubules in metaphase.
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Appendix E BIOL200 - Problem Walkthroughs Excerpt

Unit 1: Eukaryotic Cells and Microscopy
Identifying Organelles and Cellular Structures Using Microscopy
Problem 1.2.1
(tags: #TEM, #SEM, #brightfield microscopy, #fluorescence microscopy, #organelle
identification, #identify microscopy type, #plants, #animals)
Example Answer: Orange Text
Instructor Comments: Blue Text
Classify each of the images shown into the table below, based on the type of microscopy and
the organelles that you can SEE. Be aware that each image may fit into more than one category
and not all categories may be present. Marks will be deducted for wrong answers.
IMAGE 1
Type of Microscopy: Scanning Electron Microscopy
Explanation: In this image we are seeing the surface of many
3D structures, suggesting SEM.
Organelles: Plasma Membrane
Explanation: Eukaryotic cells usually range from 5-50 µm. The
scale bar suggests that these structures are ~15 µm in diameter,
so they are much too big to be organelles, and are more likely to
be cells. This would mean we are looking at the 3D structure of
the outer leaflet of the plasma membrane of these cells.
IMAGE 2
Type of Microscopy: Transmission Electron
Microscopy
Explanation: The scale bar tells you the
magnification is quite large, and the resolution of
the image is also very good. It also looks like you
are seeing cross-sectioned material. All this
suggests this is TEM.
Organelles:
Chloroplasts (easiest: Chloroplasts are around 4µm
long. We can also see the characteristic thylakoid
membranes stacked in grana inside.)
Cytosol (easiest: Surrounding the chloroplast and
other organelles)
Nucleus, Heterochromatin (harder: On the left side of this image you can see a structure with
the double membrane characteristic of the nucleus. Note the difference in texture compared to
the cytosol. We can only see part of this structure, but it is of a similar size to the cell nucleus
which usually around 10µm in diameter. There are also darker and lighter regions inside, as we
would expect for a nucleus containing heterchromatin and euchromatin.)
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Plasma Membrane (hardest: the light area at the top right is probably the outside of the cell,
making the membrane in between the plasma membrane. You might also notice a grey layer
outside the plasma membrane, which is the plant cell wall.)
Vacuole (hardest: the light areas at the bottom of the image is likely the large plant vacuole)
Other Structures (The two dark circles, and the oval structures above the chloroplast, are hard
to identify even for experts. Some of them may be mitochondria, but more information about
the samples, and more experiments, may be required to say for sure.)
IMAGE 3
Type of Microscopy: Brightfield Light Microscopy
Explanation: The scale bar indicates a lowmagnification image, and the lack of resolution
suggests this is brightfield microscopy, rather than
TEM.
Organelles:
Explanation: The scale bar suggests the repeating
structures arranged in columns are quite large (1015µm across), and therefore probably cells (see
explanation for image 1).
Nucleus, Nucleolus (The dark circles inside each
cell are around 10µm across, which is the right size
for a nucleus. They also contain an even darker spot, which is the nucleolus)
Mitotic Chromosome (Some of the cells are undergoing cell division, as we can see
chromosomes at different stages of mitosis. As we would expect, the circular nuclei are not
present in these dividing cells.)
Cytosol (There is not enough resolution to see the smaller organelles that would be present in
these cells, however you know that the cytosol is filling these cells and surrounding the
nucleus.)
IMAGE 4
Type of Microscopy: Transmission
Electron Microscopy
Explanation: Similar to image 2,
you are looking at an image at very
high magnification and very high
resolution, and it looks like a crosssection of a cell, suggesting TEM.
Organelles:
Nucleus, Nucleolus,
Heterochromatin (The circular
structure in the center is around 10µm in diameter and is surrounded by a double membrane,
just as we would expect the nucleus to be. We can also see the darker nucleolus inside the
nucleus. There are other patches of dark material, especially around the margins of the nucleus,
where we expect heterochromatin to be more abundant.)
Mitochondria (TEM mitochondria tend to be darker than many organelles, like the dark oval
structures seen here. These structures are also the right size, as mitochondria are usually 1-2µm
183

long, and 0.5µm in diameter. We can also see the inner cristae membranes. The variation in
shape of these mitochondria is due to their different orientations relative to the plane of
section.)
Endoplasmic Reticulum (This cell contains many layers of long, thin threads of membrane with
very lightly stained contents. This is typical of ER.)
Cytosol (The cytosol surrounds all of these other organelles.)
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Unit 3: Nuclear Structure and Function
Identifying the Function of Protein Domains by Fluorescence Microscopy of Protein
Fragments
Problem 3.1.6
(tags: #fluorescence microscopy, #NLS, #mutant analysis, #animals)
Example Answer: Orange Text
Instructor Comments: Blue Text

Wodrich et al. (2006) looked at the location of nuclear
localization signals (NLS) in the Adenovirus protein pVII. Full
length and deletion mutants of pVII were fused to GFP (green
fluorescent protein) and injected into the cytoplasm of cells.
Injected cells were viewed using fluorescence microscopy.
a) Identify the cellular location of the fluorescence in each
panel (1, 2 & 3).
Describe the Results: Demonstrate your correct understanding of
the data by describing, in your own words, the results shown in
the figure.
Example Answer:
 Panel 1 (construct 1, full length pVII)
detected in the nucleus but not the cytoplasm
 Panel 2 (construct 2, pVII aa 1-81)
detected in the cytoplasm but not the nucleus
 Panel 3 (construct 3, pVII aa 82-198)
detected in nucleus but not the cytoplasm
Explanation: This is a bit challenging because no brightfield
image is available for comparison, but we can compare the three
panels to make things clearer.
Identifying Nuclear Signal: Panel 1 and Panel 3 appear very
similar, with labelling of roughly oval-shaped objects
approximately 10 µm across (approximately the size of a
nucleus), often with darker spots inside which may be the
nucleolus. The 10 μm ovals are still visible in Panel 2, but as an
absence of fluorescence. Panel 2 also tells us that the cells are
much bigger than the oval structures, as it appears that the rest of the cell (each irregular structure
is a cell, characteristic of mammalian cell cultures) is being labelled.
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Identifying Cytoplasmic Signal: Cytoplasmic signal is generally characterized by a uniform
fluorescence throughout the cell, that is excluded from organelles in the endomembrane system and
the nucleus. It is not possible to see the exclusion from the endomembrane system in these images,
but exclusion from the nucleus is clear.
b) What can you conclude about the location of the NLS in pVII? Explain.
This question is asking us to make some connections between the results above, and the function of
the different part of the pVII protein. Your job in answering questions like this is to make these
connections as clear and obvious as possible. In the example below, the ‘logical progression’ of the
answer is clearly laid out.
Example Answer:
 Conclusion: pVII has an NLS, and it is found somewhere within aa 82-198 of the
protein.
 Explanation:
o Full-length pVII is detected in the nucleus but not the cytoplasm, indicating that
pVII contains a signal for nuclear import somewhere.
o The aa 1-81 protein is found only in the cytoplasm, indicating that there is no
signal for nuclear import in this region of pVII.
o The aa 82-198 protein is found only in the nucleus, indicating that this region of
pVII contains the signal for nuclear import.
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Unit 6: Cytoskeleton
Using Fluorescence Recovery After Photobleaching (FRAP) to Investigate Microtubule
Dynamics at Different Stages in the Cell Cycle
Problem 6.2.1
(tags: #microtubules, #FRAP, #cell cycle)
Example Answer: Orange Text
Instructor Comments: Blue Text
One approach to characterize microtubule
assembly and disassembly involves injecting
fluorescently-labeled tubulin into cells. The
fluorescent tubulin is then incorporated into
microtubules, thereby allowing visualization of
the microtubules inside living cells. When these
cells are used in fluorescence-recovery-after
photobleaching experiments (FRAP), the
following results are found for cells that are in
interphase and cells that are in metaphase.
A. When doing FRAP in cells with labeled microtubules, why does the fluorescence intensity in
the bleached area recover (i.e. it does not stay at zero)?
A complete answer must connect the principles of FRAP (as displayed in the graph above) to
the underlying cell biology of microtubules.
Principles of FRAP: FRAP lets you detect movement of fluorescently-tagged proteins by
bleaching the fluorescence and measuring how long it takes for fluorescent proteins to move
into the bleached area. If the fluorescence doesn’t recover, we can infer that the proteins are not
mobile.
Cell Biology of Microtubules: It makes sense that fluorescence intensity is recovered when
microtubules are fluorescently-tagged because we know that microtubules are dynamically
unstable. The proper functioning of the cytoskeleton requires continual disassembly and
assembly. Therefore, there are many opportunities for the tubulin monomers in the bleached
area to be exchanged for new, fluorescing tubulin monomers.
Example answer:
“Fluorescence intensity recovers because of the dynamic instability of microtubules.
While the microtubules with “bleached” tubulin are no longer visible, fluorescentlylabeled tubulin from outside the bleached area can move into the bleached area and
become incorporated into microtubules, allowing recovery of fluorescence.”
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B. What can you conclude about the relative stability of the microtubules in metaphase cells as
compared to the microtubules in cells in interphase? Interpret these results in terms of the function
of microtubules in metaphase.
This question is asking us to make some connections between the results in the graph above, and
the function of microtubules in different stages of the cell cycle. Your job in answering questions
like this, is to make these connections as clear, and obvious as possible.
In this case, there are three key points that need to be covered.
1. Describe the Results: Demonstrate your correct understanding of the data by describing, in
your own words, the results shown in the graph. In this question, you need to compare the
fluorescence recovery of microtubules in interphase and metaphase.
2. Provide a Cell Biology Interpretation: What do these results suggest about the behavior
of microtubules in interphase and metaphase?
3. Make a Conclusion: How do these differing behaviors relate to the differing function of
microtubules in interphase and metaphase?
Example Answer: “Fluorescence recovery of microtubules in metaphase is faster than that of
microtubules in interphase. This indicates that during metaphase microtubules exhibit a greater
degree of dynamic instability (MTs in metaphase cells are turning over faster), and that
microtubules in interphase cells are more stable than those in metaphase cells. This reflects the
function of metaphase microtubules in capturing chromosomes and maintaining them at the
metaphase plate, with increased dynamic instability (and treadmilling).”
Describe the Results: “Fluorescence recovery of microtubules in metaphase is faster than that of
microtubules in interphase.”
Provide a Cell Biology Interpretation: “This indicates that during metaphase microtubules exhibit
a greater degree of dynamic instability (MTs in metaphase cells are turning over faster), and that
microtubules in interphase cells are more stable than those in metaphase cells.”
Make a Conclusion: “This reflects the function of metaphase microtubules in capturing
chromosomes and maintaining them at the metaphase plate, with increased dynamic instability
(and treadmilling).”
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Appendix F BIOL200 - Exam Questions
Question 1: Protein Targeting
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Question 2: Cytoskeleton Dynamics
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Question 3: Cell Signalling
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Question 4: Cell Cycle
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Question 5: Essay Outline
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Appendix G BIOL200 - Survey Questions

Biology 200 Survey Qs
Q# Q (yes/no)
1 While enrolled in Biology 200, did you use the problem set practice questions
outside of tutorial/lecture?
Q# Q (not enough, enough, too many)
2 Regarding the number of practice questions in the problem sets, there were:
Q# Q (not challenging, challenging enough, too challenging)
3 Regarding the difficulty of the practice questions in the problem sets, the problems
were:
Q# Please indicated how frequently you did the following: (never, rarely,
occasionally, frequently, very frequently)
4 Read through the problems
5 Attempted problems on my own
6 Attempted problems with classmates in person
7 Attempted problems with classmates online
8 Went over answers with classmates in person
9 Went over answers with classmates online
10 Posted about the problems on the class discussion board
11 Read things other people had posted about the problems on the discussion board
12 Contacted or met with an instructor about the problems
13 Contacted or met with a TA about the problems outside of tutorial
14 Contacted or met with a peer tutor about the problems
Q# To what extent do you agree or disagree with the following statements about the
MIDTERM exam? (strongly disagree, disagree, neither, agree, strongly agree)
15 Using the problem sets was an important part of my studying for the midterm
16 The questions in the problem sets were similar to those on the midterm exam
17 I wish I had spent more time on the problem sets when studying for the midterm
exam
18 I wanted to work more on the problem sets when studying for the midterm, but I
didn't have the time
Q# To what extent do you agree or disagree with the following statements about the
FINAL exam? (strongly disagree, disagree, neither, agree, strongly agree)
19 Using the problem sets was an important part of my studying for the final exam
20 The questions in the problem sets were similar to those on the final exam
21 I wish I had spent more time on the problem sets when studying for the final exam
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22
Q#
23
24
25
26
27
28
29
30
31
32
33
Q#
34
35
Q#
36
Q#
37
38
39
40
Q#
41
42
43
44

I wanted to work more on the problem sets when studying for the final, but I
didn't have the time
To what extent to you agree or disagree with each of the following statements?
(strongly disagree, disagree, neither, agree, strongly agree)
I was not sure how to use the practice problems to study
It was too hard to tell if I was successfully answering the questions
I am happy with how much help I received from instructors, TAs, and peer tutors
on problem set questions
If I wanted more practice for a specific type of question, it was easy to find an
example in the problem sets
The problem sets helped me understand the connections between different topics
and units
The wording of questions in the problem sets made it easy to understand what was
being asked
Using the problem sets helped me improve my problem-solving skills
The problem sets are an important part of the course
Working on the practice problems was frustrating
Working on the practice problems was rewarding
Working with the practice problems helped me interpret real experimental results
Q (yes/no)
While enrolled in Biology 200, did you use the 'example answers' for questions not
covered in tutorial?
While enrolled in Biology 200, did you use the 'example answers' for questions
that were covered in tutorial?
Q (not enough, enough, too many)
Regarding the number of example answers for the problem sets, there were:
Please indicated how frequently you did the following: (never, rarely,
occasionally, frequently, very frequently)
Read through the example answers for questions covered in tutorial
Read through the example answers for questions NOT covered in tutorial
Attempted problems with example answers before looking at the answer
Used an example answer to help me answer a different problem set question
To what extent to you agree or disagree with each of the following statements?
It was easy to find the example answers on the course website
Using the example answers was an important part of my studying for the
MIDTERM
Using the example answers was an important part of my studying for the FINAL
EXAM
It was easy to understand why the example answers were correct
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45 I could use the example answers to help me attempt other questions in the problem
sets
46 Using the example answers helped improve my problem-solving skills
47 The example answers were an important part of the course
48 The example answers helped me figure out what the instructor expected of me
Q# Q (separate files, combined in one, both)
49 What format do you prefer when accessing the problem sets and example answers?
Q# Please indicated how frequently you did the following: (never, rarely,
occasionally, frequently, very frequently)
50 Used the table of contents
51 Used the question tags
52 Used the index
Q# To what extent to you agree or disagree with each of the following statements?
(strongly disagree, disagree, neither, agree, strongly agree)
53 The table of contents is a valuable resource
54 The question tags are a valuable resource
55 The index is a valuable resource

196

Appendix H BIOL200 - Survey Codebook
How to Use the Codebook:
Code Format: With the exception of ‘Emotion Coding’, comments about the problem set
questions will be coded separately from comments about the answers. Negative comments are
preceded by a minus sign (-), while positive comments are preceded by a plus sign (+). The
codes are described according to the following format.
1. Code
Description of the code, including what it should and should not be applied to.
“Example of text that the code should be applied to”
Code the Whole Comment: When coding a comment, include the whole comment in the code
to maintain the context in which the comment was made.
Applying Multiple Codes: If multiple ideas are discussed in a single comment, code that
comment with every code that applies. Emotion codes should be applied on top of other codes.
Off-Topic Comments: If the student’s comments are off topic (e.g. about the ‘answers’ when
asked about the problem questions) code it based on the content of the comment rather than the
question (ie. code it with an ‘answers’ code). If the student is commenting on something
outside the scope of our analysis, please code it with a generic ‘Other’ code. Comments about
the survey, ‘not remembering’, or ‘N/A” should not be coded.
Combine Codes for Each Year: Code survey responses from each year using the same codes
(i.e. do not create separate 2015 and 2016 codes).
Problem Comments: If a student may have misunderstood the question, or made a mistake in
their answer that might affect how it should be interpreted or coded, flag it by coding it as
‘Possible Problem’.
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A. Emotion
1. + Emotion
Comments that have an especially positive response. You may feel that they highlight
student excitement, pleasure, interest, curiosity. Look for ALL CAPS, exclamation points!,
qualifiers like (e.g. very, really) and superlatives (e.g. excellent, great). Do not include
comments that students simply ‘like’ something, as this was prompted in the question.
“EXAMPLE ANSWERS. It gave me a really good idea for what was expected of an answer
to get full marks.”
“They were perfect.”
They would change “Nothing!”
“All of it :)”
“These were very helpful, because they targeted more challenging questions”
2. – Emotion
Comments that convey an especially negative response. You may feel that they highlight
student frustration, anger, sadness, aggression, disappointment, anxiety, hopelessness,
confusion etc. Look for ALL CAPS, exclamation points!, qualifiers like “very, really” and
words with strongly negative values (e.g. waste, useless, impossible, awful).
“POST ANSWERS!!!!!!”
“I understood the purpose of not having one for each problem but it was frustrating to not
know if I was doing the problems like I am expected to.”
“Please bring back answers to all the sets. Especially in such a subjective marking rubric,
you are not benefitting the students in any form or way by leading them a stray on what is
expected of them”
“Answers for everything. Although they say its beneficial to discuss, you don't even know if
you're discussing the right things. Regardless of whether or not you get the answers, there
will still be discussions if you don't understand.
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B. Questions: Codes about the problem set questions.
3. – #Qs - too few
The student was unhappy that there were not enough practice questions. This may include
comments asking for additional examples of specific kinds of questions.
“I wish that there were more problems to attempt.”
4. – #Qs - too many
The student was unhappy that there were so many practice questions.
“less of them - the amount was overwhelming”
5. + #Qs - just right
The student was happy with the number of questions.
“There were a lot but it allowed you to have a lot of practice material”
6. – Qs - give different
The student asks for different types of questions. Comments asking for fewer, or more
questions, should be included in both codes. Include suggestions for improvement.
“I wish that there were more problems to attempt.”
7. – Difficulty - too easy
The student found the questions too easy. Do not include comments about question number.
“Make them a bit more challenging”
8. – Difficulty - too hard
The student found the questions too hard. Do not include comments about question number.
“The problem set questions were much more difficult than what was tested on the exams”
9. + Difficulty - just right
The student thought the questions had a good difficulty level. This may include enjoying the
variety in difficulty levels. Do not include comments about question number.
“questions were challenging but made me think about how to solve the question”
10.
+ Benefit - exam prep
The student liked that the questions could be used to study for exams. They may mention
using them to study, or just state that they liked that the questions were “exam-style”.
“Used them to study for exams”/ “Exam-style Questions”
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11.
– Quality - wording
Comments about disliking the wording of questions.
“Some of the wording was confusing and some of the problems had a lot of intro
background (hard to focus)”
12.
– Quality - Q format
Students did not like the format of the problem sets, or suggest a different format. This
includes comments that the problems should be more similar to exam questions, or about
specific features like the question tags or how the problem sets as a whole are organized.
“ I did not think the test your understanding sections were helpful.” /
“Add more questions with a range of difficulties”
13.
+ Quality - Q variety
The student liked the variety of questions available. Variety could be in difficulty level,
topic covered, format of the question, etc.
“ Variety in difficulty level” / “Variety in type of questions”
14.
+ Quality - real data
The student liked that the questions used ‘real data’. This includes comments about ‘real
world’ applicability.
“Questions are related to real world” / “I liked the questions that had interpretation of lab
data”
15.
+ Generic
Respondent expresses a generic positive statement about the problem set questions. Only
code if the comment does not fit into one of the other codes.
“Good” / “Liked them” / “It’s overall fine”/ Would change “Nothing”/ Liked “Everything”
16.
+ Other
Any other specific positive comments about the questions not covered elsewhere.
“Most of the real "learning" of the course I did while doing the problem sets.”
“I thought the practice problems are a great way of getting away from all the memorizing
that goes on in University.”
17.
– Other
Any other specific negative comments about the questions not covered elsewhere.
“Provide more incentive to do the practice problems without answers.” / “Work on them in
class”
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C. Answers: Codes about the problem set answers.
18.
– #Ans - give more
The student says they would like ‘more’ answers, but do not specifically ask for ‘all’ of the
answers.
“There were a lot of practice problems for the number of answered ones, I get that it's practice
but it got tedious because I couldn't find out how well or poorly I was doing.”
19.
– #Ans - give all
The student specifically asks for ‘all’ of the answers. This includes asking for a ‘key’.
“It would have been extremely helpful to have an answer key to the problem sets” / “I would
have liked to have all the answers to the practice problems”
20.
+ #Ans - just right
The student is happy with the number of answers given.
Student likes “The amount of them.”
21.
– Ans - give different
The student asks for answers to different types of questions. Comments asking for
additional/all answers should be included in both codes. Include suggestions for improvement.
“I would definitely ask for the sample questions to be the more complex ones so we can get a
better grasp of style of answering needed.”
22.
– Ans - change implementation
The student suggests a change in how the answers are used in the course. Do not include
comments on the content of the answers (see ‘– Quality - content’) or which questions have
answers (see ‘- Ans - give different’). Comments also asking for additional/all answers should
be included in both codes.
“Post answer key in point form after a week” / “A review session to go over answers
collectively as a group or in tutorial would have been appreciated.”
23.
+ Quality - content
The student is happy with the content and the level of detail in the answers. This includes
comments that the answers were clear, and that it broke down the answer.
“The explanations were easy to follow” / “I liked the systematic, step-by-step approach of the
example answers.”
24.
– Quality - content
The student did not like the content of the answers. Include comments about the type of
information or level of detail in the answers. Include suggestions.
“Give examples of answers that aren't quite right and why they don't warrant full score” /
“Provide a marking scheme to see why the example answers are good” / “more explanation on
process/thinking” / “I usually found the answers too short, or too long”
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25.
+ Benefits - expectations
The student found that the answers informed them of their instructor’s expectations for
answering questions. They may not mention the instructors explicitly, but may refer to
marking or studying for exams.
“Examples of the kind of answers expected on tests” / “The format of each response was
useful to show how the instructor wanted you to answer the questions”
26.
+ Benefits - assess your work
The student found that the answers helped them assess their work. Comments about not being
able to assess their work without answers should be coded here as well. Do not code
comments about marking or exams here (see ‘+ Benefits - Expectations').
“Can’t assess work without answers”/ “Allowed me to see how I was doing” / “Help students
know they were in the right track.”
27.
+ Benefits - learning
The student found that the answers helped them learn the skills required to answer the
questions. Do not code comments about exam preparation (see ‘+ Benefits - expectations') or
assessing their work (see ‘+ Benefits - assess your work’) here.
“I liked that they walked you through the exact thinking you need to find the full answer.”/
“Example answers were similar to academic writing and scientific paper writing. This helps
me to visualize the level of writing that I should aim for as I continue my learning in the
faculty of science.”
28.
+ Generic
Respondent expresses a generic positive statement about the question answers.
“Good”, “Liked them”, “It’s overall fine”, Would change “Nothing”, Liked “Everything”
29.
+ Other
Any other specific positive comments about the questions answers not covered elsewhere.
“The thought that went in to constructing them” / “I liked how they gave instant feedback
rather than having to post them online and wait for someone to give me feedback.”
30.
– Other
Any other negative comments about the question answers not covered elsewhere. This
includes suggestions for improvement.
“Reorder Qs” / “They were not obvious to find”
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Appendix I BIOL200 - Interview Protocol
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