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ABSTRACT
The vacuole in plant cells occupies more than 80% of the cellular volume and is
involved in development, detoxification, and degradation of proteins. In this dissertation, I
focused on the two vesicle trafficking pathways, autophagy and vacuolar trafficking, which
deliver cellular components to the vacuole.

Autophagy is an evolutionarily conserved mechanism in eukaryotic cells for degradation
and recycling of cytoplasmic materials and damaged cell components during development or
upon encountering stress conditions. Previous studies showed that autophagy is activated by
endoplasmic reticulum (ER) stress and delivers ER fragments to the vacuole. ER stress is defined
as accumulation of unfolded or misfolded proteins in the ER, which can cause programmed cell
death ultimately. I examined whether the accumulation of unfolded proteins in the ER is a signal
for activation of autophagy under ER stress. I found chemical chaperones sodium 4phenylbutyrate and tauroursodeoxycholic acid reduced tunicamycin-, dithiothreitol- and heatinduced autophagy, but not autophagy caused by unrelated stresses. In addition, transient
expression of an unfolded protein mimics zeolin or a mutated form of carboxypeptidase (CPY*)
in protoplast of Arabidopsis leaves induced ER stress and autophagy. In this study, I demonstrate
the accumulation of unfolded proteins in ER is the signal for activating autophagy during ER
stress.

The trans-Golgi network (TGN) is one of the major sites for sorting proteins to the
plasma membrane or the vacuole. TNO1, a putative long coiled-coil tethering factor, is a TGNlocated protein in Arabidopsis. TNO1 interacts with SYP41 and is required for SYP61
localization. A tno1 mutant is hyper-sensitive to salt stress and has defective vacuolar trafficking.
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Here, I demonstrated that TNO1 is also required for maintaining the TGN and Golgi
morphology. In addition, overexpressing SYP41 and SYP61 rescues the salt sensitivity, defective
vacuolar trafficking, and disrupted TGN and Golgi caused by the loss of TNO1.

In addition, we applied a super-resolution fluorescence microscopy technique STORM
(Stochastic Optical Reconstruction Microscopy) in intact roots of Arabidopsis. STORM has
made substantial contribution to reveal detailed subcellular structures in mammalian cells.
However, in plant cells, the application of STORM was limited. In this dissertation, microtubule
array in Arabidopsis roots were visualized by STORM and a spatial resolution of 20-40 nm was
successfully demonstrated. The high spatial resolution enabled quantification of microtubule
density and orientation in intact roots.

Taken together, these results contributed to the understanding of the induction of
autophagy during ER stress and the vacuolar trafficking machinery at the TGN in Arabidopsis.
We also optimized the STORM with intact roots of Arabidopsis seedlings and achieved a spatial
resolution of 20-40 nm.
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CHAPTER 1
GENERAL INTRODUCTION
1.1 Mechanism and Function of Autophagy in Plant Cells
Part of a review published in International Review of Cell and Molecular Biology *
Xiaochen Yang a,b† and Diane C. Bassham a,b,c‡
a

Department of Genetics, Development and Cell Biology, Iowa State University, Ames, Iowa

50011
b

Interdepartmental Plant Biology Program, Iowa State University, Ames, Iowa 50011

c

Plant Sciences Institute, Iowa State University, Ames, Iowa 50011

1.1.1 Introduction to autophagy
Autophagy (meaning “self-eating”) is a universal mechanism in eukaryotic cells for
degrading cell constituents to dispose of damaged or toxic components, and for recycling cellular
materials during development or upon encountering stress conditions (Yang and Klionsky, 2009;
Mehrpour et al., 2010; Li and Vierstra, 2012; Liu and Bassham, 2012). Usually, cells have a
basal level of autophagy under normal conditions to maintain homeostasis (Liu and Bassham,
2012). Under adverse growth conditions, autophagy can be induced to remove damaged or
unwanted materials or to recycle materials to provide anabolic substrates and metabolites for

* Reprinted with permission of International Review of Cell and Molecular Biology, 2015;
320:1-40.
†
Primary author
‡
Author for correspondence
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cells (Liu and Bassham, 2012). Three distinct types of autophagy have been identified,
microautophagy (Mijaljica et al., 2011), macroautophagy (Yang and Klionsky, 2009), and
chaperone-mediated autophagy (Orenstein and Cuervo, 2010). In plants, only microautophagy
and macroautophagy have been reported (Bassham et al., 2006; van Doorn and Papini, 2013).
Microautophagy is not well understood in plants and has mainly been studied during leaf
senescence and seed development and germination (Levanony et al., 1992; Inada et al., 1998;
Toyooka et al., 2001; Bassham et al., 2006; van Doorn and Papini, 2013). During
microautophagy, cytoplasmic components associate with the surface of vacuoles and are directly
engulfed by invagination of the tonoplast and pinching off of the membrane to release vesicles
named autophagic bodies (Bassham et al., 2006). On the other hand, macroautophagy in plants
has been more extensively studied and the core machinery has been described (Floyd et al.,
2012; Li and Vierstra, 2012; Liu and Bassham, 2012; Lv et al., 2014). In plants, as in other
organisms, macroautophagy involves the formation of autophagosomes, which are doublemembrane vesicles that enwrap cytoplasmic components (Bassham, 2007).Upon induction of
macroautophagy, the phagophore, a cup-shaped double membrane, is formed and the membranes
elongate to form complete double-membrane autophagosomes, which are then transported to the
vacuole, followed by fusion of the autophagosomal outer membrane with the vacuole membrane.
The resulting autophagic bodies, composed of the inner membrane and its contents, are digested
by hydrolytic enzymes within the vacuole (Liu and Bassham, 2012). Presumably, the breakdown
materials are exported from the vacuole to the cytoplasm for reuse, but little is known about this
process in plants (Mizushima, 2007; Lv et al., 2014). In this review, we will focus on
macroautophagy (hereafter autophagy) in plants (Figure 1).
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The core mechanism of autophagy is mediated by AuTophaGy (ATG) genes. Originally,
these ATG genes were identified in yeast cells in screens for mutants with defects in protein
turnover, peroxisome degradation and delivery of a resident vacuolar hydrolase, and more than
30 ATG genes have been reported (Tsukada and Ohsumi, 1993; Thumm et al., 1994; Harding et
al., 1995; He and Klionsky, 2009; Yang and Klionsky, 2009). By a comparison of yeast and plant
genome sequences, many plant ATG genes have also been identified and shown to have similar
functions as in yeast cells (Thompson and Vierstra, 2005; Avin-Wittenberg et al., 2012). In
addition, the development of markers in plants for analysis of autophagy enables the rapid
detection of autophagy activation. For instance, the most commonly used autophagosome labels
are a GFP fusion of the autophagosome-localized protein ATG8 (GFP-ATG8) and fluorescent
dyes that stain acidic vesicles such as monodansylcadaverine (MDC) and LysoTracker Red
(Bassham, 2014). The autophagy inhibitors used in mammals, such as 3-methyladenine (3-MA)
and the phosphatidylinositol 3-kinase inhibitors wortmannin and LY294002, can also inhibit
autophagy in plant cells (Takatsuka et al., 2004). Studies of plant autophagy have been greatly
facilitated in the past few years by the use of these autophagy markers, along with autophagydefective Arabidopsis mutants.

1.1.2 Morphological studies of plant autophagy

Early plant autophagy studies were primarily focused on the morphological analysis of
autophagy, its role in vacuole biogenesis, and its relationship to nutrient starvation (Marty, 1978;
Vanderwilden et al., 1980; Chen et al., 1994; Aubert, 1996; Moriyasu and Ohsumi, 1996). Plant
autophagy is probably initiated at phagophore assembly sites (PAS) and proceeds via elongation
of a cup-shaped phagophore, closure to form double-membrane autophagosomes, and fusion of
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autophagosomes and vacuoles (Thompson and Vierstra, 2005). Autophagy functions to deliver
target components to the vacuole and recycle materials to provide sources of metabolites and
energy; therefore, much plant autophagy research was initially focused on responses to starvation
(Chen et al., 1994; Aubert, 1996; Moriyasu and Ohsumi, 1996). Upon nutrient starvation,
autophagy is activated, as indicated by the presence of an increased number of autophagosomes.
Analogous to the fusion of autophagosomes with lysosomes in mammalian cells,
autophagosomes are transported to and fuse with vacuoles in plants (Marty, 1978, 1997). The
resulting single membrane-bound autophagic bodies, along with their cargo, are then digested
(Marty, 1978, 1997). These descriptions of plant autophagy by electron and light microscopy
built a foundation of knowledge for future studies of autophagy in many plant species.

1.1.3 Identification of the ATG genes and their regulation and function

Generally, based on their functions in autophagy, the ATG genes can be divided into
three major groups, the phosphatidylinositol 3-kinase (PI3K) complex, ATG9 and its cycling
system, and two ubiquitination-like conjugation pathways (Yang and Klionsky, 2009). Since the
genome sequence of Arabidopsis became available (Arabidopsis, 2000), the study of autophagy
also significantly expanded from morphological studies to analyses of gene function and
regulation. The core autophagy machinery, including most of the ATG genes, is conserved
between yeast and plants (Doelling et al., 2002). By comparison of yeast and plant genome
sequences, many ATG genes have been discovered and characterized in plants (Thompson and
Vierstra, 2005; Avin-Wittenberg et al., 2012). Most of the four major groups of ATG genes have
been found in plants and their functions are similar to those in yeast cells (Liu and Bassham,
2012; Lv et al., 2014).
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The two ubiquitination-like conjugation pathways are highly conserved between yeast
and plants. The conjugation process involves two parallel pathways that generate an ATG8phosphatidylethanolamine (PE) conjugate, which is the form functional in autophagy (Ohsumi,
2001; Fujioka et al., 2008; Liu and Bassham, 2012). ATG8 is typically synthesized as a longer
precursor which is processed by the protease ATG4, generating a C-terminal conserved glycine
residue. The cleaved ATG8 product is activated and bound by the E1-like activating enzyme
ATG7. ATG8 is then transferred from ATG7 to the E2-like enzyme ATG3. Finally, the ATG8 is
covalently ligated to PE, generating the autophagosome-localized lipidated form (Yang and
Klionsky, 2009; Reggiori and Klionsky, 2013; Lv et al., 2014). The second conjugation process
initiates with activation of ATG12 by ATG7. ATG5, which is the target of ATG12, is then
conjugated to ATG12 with aid of a distinct E2-like enzyme ATG10. The ATG12-ATG5 complex
interacts with the phagophore via ATG16 to form a tetrameric complex through ATG16
oligomerization (Yang and Klionsky, 2009; Reggiori and Klionsky, 2013; Lv et al., 2014). The
ATG12-ATG5:ATG16 complex functions as an E3 ligase which transfers PE to ATG8 in vitro
(Hanada et al., 2007; Chung et al., 2010). Both conjugation processes are required for
phagophore expansion and autophagosome closure (Li and Vierstra, 2012; Liu and Bassham,
2012; Lv et al., 2014).

The functions of many of the core autophagy genes have now been studied in plants,
including their roles in ATG8 lipidation, phagophore initiation, and autophagosome formation
(Liu and Bassham, 2012; Shibutani and Yoshimori, 2014). However, many details of these
processes are not fully understood even in yeast (Shibutani and Yoshimori, 2014). Recently,
some of the known ATG genes have been shown to have additional roles in the autophagy
pathway (Kurusu et al., 2014; Le Bars et al., 2014; Woo et al., 2014).
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ATG5 is one of the best-studied ATG genes in all species due to its important role in the
PE conjugation of ATG8. In addition to this role, ATG5 functions early in the formation of the
phagophore. ATG5 is present at the phagophore formation site and is crucial for the recruitment
of ATG proteins to the membrane during phagophore elongation (Mizushima et al., 2001; Itakura
and Mizushima, 2010; Koyama-Honda et al., 2013). Recently, Le Bars et al. showed that ATG5
functions during phagophore formation and elongation in Arabidopsis (Le Bars et al., 2014).
Using real-time and three-dimensional imaging, ATG5 was found to define the initiation site of
the phagophore on a sub-region of the ER membrane, followed by recruitment of ATG8 for
phagophore elongation. Immediately prior to closure of the cup-shaped phagophore, ATG5
leaves the phagophore, and the newly-formed autophagosome then leaves the ER. However, one
question arising is why ATG5-mediated phagophore initiation only occurs at the ER. The extent
to which autophagosomes form at other sites in addition to the ER is not clear, and other
pathways may also participate in phagophore initiation.

ATG7 functions as an ubiquitin E1-like enzyme and is required for PE conjugation to
ATG8 during autophagosome formation. An atg7 knockout mutant therefore lacks autophagy
even under stress conditions (Doelling et al., 2002). Nonetheless, Arabidopsis atg7 mutants can
finish their life cycle and produce seeds, although atg7 mutants are slightly smaller than WT
plants (Doelling et al., 2002). Recently, ATG7 was reported to be required for pollen
development by mediating lipid metabolism in rice anthers (Kurusu et al., 2014). A rice atg7
mutant is defective in starvation-induced autophagy (Kurusu et al., 2014) and, unlike in
Arabidopsis, has a sterile phenotype. This can be rescued by fertilization with wild type pollen,
indicating defective pollen (Kurusu et al., 2014), shown to be due to loss of autophagy in
tapetum cells during microspore development (Kurusu et al., 2014). The tapetum cells are in the
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innermost layer of the anther where lipids are degraded and act as nutrient and metabolite
suppliers for microspore development and pollen maturation (Ariizumi, 2011). Therefore, the
sterility of atg7 is caused by defective lipid degradation by autophagy during pollen development
(Kurusu et al., 2014).

This study indicates the variability in pollen formation and its requirement for
autophagy between plant species. In contrast to rice, most Arabidopsis autophagy mutants can
finish their life cycles and do not have pollen formation or germination defects. One reason may
be that lipidic tapetosomes exist in the tapetum cells of Arabidopsis but not in rice. These lipidic
tapetosomes have ER-derived vesicles and lipid droplets that can be delivered to the pollen to
provide nutrients and metabolites, and thus autophagy is not required (Hsieh and Huang, 2007).
In Arabidopsis, the only autophagy mutant with reproductive defects is atg6 (Fujiki et al., 2007;
Qin et al., 2007; Harrison-Lowe and Olsen, 2008). ATG6 is a conserved component of the PI3K
complex and recruits other ATG proteins to the PAS (Liang et al., 1999; Melendez et al., 2003;
Liu et al., 2005). However, the sterile phenotype of the Arabidopsis atg6 mutant is distinct from
that of osatg7. Pollen development and maturation are both normal in the atg6 mutant, but atg6
mutant pollen grains cannot germinate (Fujiki et al., 2007; Qin et al., 2007; Harrison-Lowe and
Olsen, 2008). ATG6 is a multi-functional protein that is also required for other vesicle trafficking
pathways, including transport to the vacuole. The pollen germination defect therefore is probably
not due to the autophagy defects but rather to loss of other ATG6 functions, such as in vesicular
trafficking (Kametaka et al., 1998; Lobstein et al., 2004; Monteiro et al., 2005; Fujiki et al.,
2007; Zouhar et al., 2009).
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During autophagosome formation, ATG8 is conjugated to PE by two ubiquitination-like
conjugation pathways. ATG4 is a cysteine protease which cleaves the C-terminus of ATG8 to
expose a conserved glycine residue (Kirisako et al., 2000). The exposed glycine residue is
required for the binding of the E2-like enzyme ATG7 to ATG8 (Kirisako et al., 2000; Yoshimoto
et al., 2004; Woo et al., 2014). In Arabidopsis, there are 9 ATG8 and two ATG4 proteins. The
specificity of the ATG4 isoforms for different isoforms of ATG8 was recently addressed (Woo et
al., 2014). Synthetic ATG4 substrates were generated by fusion of citrine fluorescent protein to
the N-terminus of ATG8 and Renilla luciferase superhRLUC (ShR) to the C-terminus. Upon
cleavage by ATG4, the ShR is separated from ATG8 and the cleavage efficiency can be
quantified based on the amount of free ShR activity. In addition, efficiency can be monitored by
bioluminescence resonance energy transfer (BRET) due to the close excitation and emission
wavelengths of citrine and ShR. With this method, ATG4a was shown to be the predominant
enzyme for processing the ATG8 family. ATG4a cleaves ATG8a, ATG8c, ATG8d, and ATG8i
more efficiently than does ATG4b, whereas ATG4a and ATG4b cleave the remaining ATG8s to a
similar degree. This system was also used successfully in vivo in Arabidopsis (Woo et al., 2014).
The synthetic ATG8 fusions were expressed in plants and were properly processed in vivo in an
ATG4-dependent manner (Woo et al., 2014). The differences in specificity between the two
ATG4 isoforms suggest that they may have some non-redundant functions. Previous studies
showed that distinct ATG8 genes have different expression patterns in response to stress
conditions (Yoshimoto et al., 2004; Slavikova et al., 2005; Tsai et al., 2012). The specificity of
ATG4 for different ATG8 isoforms may also be correlated with stress responses in different plant
tissues and organs. In response to different stresses, the ATG8 isoforms may also be processed by
ATG4 with different efficiencies. However, the difference between the ATG8s is still not clear in
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terms of their roles in distinct biological processes and under different stress conditions
(Slavikova et al., 2005; Liu and Bassham, 2012; Lv et al., 2014).

1.1.4 Selective autophagy

Previously, autophagy was considered to be a bulk degradation pathway with no
selectivity for specific cargos. However, in mammalian and yeast cells, selective autophagy
pathways have now been reported that require adaptors for cargo selection (Yang and Klionsky,
2009; Johansen and Lamark, 2011), often via tagging of the cargo with ubiquitin. Protein
ubiquitination is catalyzed by a cascade of reactions which involve activation, conjugation, and
ligation steps. Usually, ubiquitin-tagged proteins are targeted for degradation by 26S
proteasomes (Nandi et al., 2006; Gamerdinger et al., 2011). However, proteasomes can only
degrade individual polypeptides (Nandi et al., 2006; Gamerdinger et al., 2011). Under certain
stress conditions, proteins to be degraded may form large ubiquitinated complexes by crosslinking of adjacent amino acids and internal hydrogen bonds (Nandi et al., 2006). These large
complexes cannot be degraded by 26S proteasomes but can be selectively degraded by
autophagy (Nandi et al., 2006; Johansen and Lamark, 2011). Two of the best characterized
adaptors in mammalian cells that mediate clearance of ubiquitinated protein aggregates are
neighbor of BRCA1 gene 1 (NBR1) and p62. NBR1 and p62 have an ubiquitin-associated
domain that can bind to ubiquitinated proteins and an LC3-interacting region that interacts with
the mammalian ATG8 homolog LC3 (MAP1 light chain 3) (Johansen and Lamark, 2011). In
plants, autophagy also is involved in the degradation of ubiquitin-tagged proteins (Zhou et al.,
2013). Recently, in Arabidopsis, AtNBR1 (and its homolog Joka2 in tobacco) was reported to
have a domain structure similar to NBR1 and p62 and may be involved in the selective
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degradation of ubiquitin-tagged proteins via autophagy (Svenning et al., 2011; Zientara-Rytter et
al., 2011; Zhou et al., 2013; Zientara-Rytter and Sirko, 2014). Another possible adaptor for
selective autophagy is ATG8-interacting protein 1 (ATI1), which interacts with ATG8, defines a
compartment associated with the ER network, and is delivered to the vacuole (Honig et al.,
2012). In addition to a role at the ER, ATI1 is also involved in delivery of plastid proteins to
vacuole by autophagy (Michaeli et al., 2014), implicating this protein in multiple transport
pathways.

1.1.5 Organelle-specific degradation by autophagy

Until recently, reports of selective autophagy in plants have been very limited (Floyd et
al., 2012). Potential selective autophagy adaptors have now been described in plants, although
their function in selective autophagy is still not fully understood (Lamark et al., 2009; Svenning
et al., 2011; Zhou et al., 2013). Accumulating data indicate that autophagy can degrade particular
organelles under certain conditions, suggesting specificity, although no adaptor has yet been
reported to be identified. Here we review recent progress in our understanding of organelle
degradation by autophagy (Figure 2).

Mitophagy
Mitochondria are found in almost all eukaryotes and provide energy for cells (Dudkina
et al., 2010). Most redox and electron transport chain reactions occur in the inner membrane of
mitochondria (Dudkina et al., 2010), including those which can generate toxic reactive oxygen
species (ROS). The mitochondria can be easily damaged by these ROS (Mao et al., 2013),
therefore, mitochondrial quality control is critical for cell viability. Extensive studies in yeast and
animals have shown that autophagy is involved in the degradation of mitochondria in a process
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termed mitophagy (Liu et al., 2014). Recently, Li et al. showed that the autophagy gene ATG11 is
involved in mitochondrial quality control in plants (Li et al., 2014). ATG11 was previously
studied in yeast and mammalian cells and has important functions in connecting the ATG1/13
complex to the PAS and binding to selective autophagy adaptors (Yorimitsu and Klionsky, 2005;
Suzuki et al., 2007; Reggiori and Klionsky, 2013). In Arabidopsis, an atg11 mutant is defective
in the degradation of mitochondria by autophagy during senescence (Li et al., 2014). ATG11 colocalized with a mitochondrial marker, suggesting that autophagy delivers mitochondria to the
vacuole for degradation (Li et al., 2014). Consistent with this, the degradation of mitochondrial
proteins is attenuated in an atg11 mutant (Li et al., 2014). However, the selectivity of mitophagy
in plants, and the requirement for an adaptor that recognizes mitochondria and possibly interacts
with ATG11, remains to be addressed.

Degradation of ER by autophagy
ER stress is defined as the accumulation of unfolded proteins in the ER lumen (Howell,
2013). Under adverse or heavy protein secretion conditions, the demand on protein folding and
maturation increases and thus unfolded or misfolded proteins accumulate in the ER due to its
limited folding capacity. This accumulation activates the unfolded protein response (UPR),
which transmits signals to the nucleus to increase expression of ER stress response genes, such
as molecular chaperones. If the UPR is unable to restore homeostasis within the ER, degradation
of ER is induced to eliminate malfunctioning ER components (Howell, 2013). Autophagy has
been shown to be one of the pathways for ER degradation (Urano et al., 2000; Bernales et al.,
2006; Ogata et al., 2006; Yorimitsu et al., 2006), and defects in autophagy have been linked to
many ER stress-related diseases, such as Parkinson and Huntington disease (Lynch-Day et al.,
2012; Martin et al., 2014). In plant cells, autophagy degrades ER components under ER stress
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conditions (Liu et al., 2012). Autophagy is highly induced upon treatment with tunicamycin and
dithiothreitol, which are two well-known ER stress inducers (Howell, 2013). An ER marker colocalizes with the autophagosome marker ATG8 under these conditions and is found inside
autophagic bodies in the vacuole (Liu et al., 2012). Two main signaling pathways activate the
UPR in plant cells, with key components being IRE1b and bZiP28. Interestingly, IRE1b is
required for the induction of autophagy upon ER stress, while bZiP28 is not. Moreover, the
downstream target of IRE1b, bZiP60, is also not required for autophagy (Liu et al., 2012),
suggesting that an alternative, as yet undescribed, signaling pathway is responsible for its
activation. However, the selectivity of degradation of ER by autophagy is still unknown. For
instance, it is unknown whether autophagy can generally degrade the ER and its components, or
whether certain regions of the ER, for example containing misfolded protein aggregates, are
selected for degradation via selective autophagy adapters. Moreover, the detailed mechanism of
this process also needs to be addressed.

Degradation of chloroplasts by autophagy
The chloroplast is a unique organelle of photoautotrophs that captures light energy and
converts it to chemical energy in the form of sugars. The process of CO2 fixation in chloroplasts
includes many enzymatic and electron transfer reactions (Ishida et al., 2014); similar to
mitochondria, chloroplasts are easily damaged by side-products of these reactions and quality
control of chloroplasts is vital for plant growth. Moreover, chloroplasts contain the majority of
leaf protein and therefore nitrogen and carbon content (Ishida et al., 2014). The most abundant
chloroplast protein is Rubisco, which catalyzes the fixation of CO2 into organic molecules.
Studies have shown that autophagy is involved in degradation of chloroplasts and chloroplast
proteins, such as Rubisco (Ishida et al., 2014; Michaeli and Galili, 2014). Autophagy can degrade
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pieces of chloroplasts or entire chloroplasts, depending on the conditions (Chiba et al., 2003;
Ishida et al., 2008; Wada et al., 2009; Ono et al., 2013). Chloroplast-derived Rubisco-containingbodies (RCBs), which contain stromal components, were observed during leaf senescence in
different plant species (Chiba et al., 2003). Subsequently, autophagy was shown to be involved in
delivery of RCBs to the vacuole for degradation. Ishida et al. demonstrated that the stromatargeted marker DsRed co-localizes with the autophagosome marker ATG8, and that the
formation of RCBs was disrupted in an atg5 mutant (Ishida et al., 2008). In addition, to
investigate the role of autophagy in chloroplast degradation, Wada el al. used an individual
darkened rosette leaf assay, which accelerates leaf senescence (Wada et al., 2009). Two pathways
were distinguished for chloroplast degradation by autophagy; via RCBs to degrade fragments of
chloroplasts or via degradation of entire chloroplasts (Wada et al., 2009).

Autophagy also plays a role in the degradation of chloroplasts to counteract infection by
avirulent Pst DC3000 (AvrRps4) (Dong and Chen, 2013). Upon pathogen-induced cell death,
chlorosis of the infected area is commonly observed, possibly due to disruption and degradation
of chloroplasts (Hofius et al., 2009). Chloroplasts are also the primary source for the defenserelated hormones salicylic acid (SA) and jasmonic acid (JA) (Wasternack, 2007; Vlot et al.,
2009). Dong et al. therefore hypothesized that autophagy may be involved in the degradation of
chloroplasts upon Pst DC3000 (AvrRps4) infection. A significant increase in cytoplasmic
structures containing stroma-targeted GFP, which may be RCBs, was found upon infection with
Pst DC3000 (AvrRps4), while no such bodies were observed in autophagy-defective mutants. In
addition, the growth of Pst DC3000 (AvrRps4) was significantly increased in autophagydefective mutants (Dong and Chen, 2013). These results suggest that autophagy degrades
components of chloroplasts upon pathogen infection, and this is important for infection process.
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In addition to RCBs, a novel autophagic structure, decorated by ATI1, has been shown
to be involved in the turnover of plastids (Michaeli et al., 2014). ATI1 was associated with
chloroplasts after carbon starvation stress (Michaeli et al., 2014) and ATI1-decorated bodies,
containing stromal markers, appeared to bud off from the chloroplasts (Michaeli et al., 2014).
The ATI1 on these bodies interacted with ATG8f, indicating a potential involvement of
autophagy in their degradation. (Michaeli et al., 2014). As discussed in section 3.2, CHMP1, an
ESCRT-III subunit, is involved in the delivery of plastid cargo to the vacuole for degradation
(Spitzer et al., 2015). A chmp1 mutant accumulates stromal and plastid envelope proteins, and
cytoplasmic bodies containing plastid proteins (Spitzer et al., 2015). Moreover, the autophagy
proteins ATG8 and ATG1a interacted with chloroplasts and were required for the release of
stroma-containing bodies. The autophagy pathway is also impaired in the chmp1 mutant (Spitzer
et al., 2015). These results suggest that a novel autophagic structure is involved in the
degradation of chloroplast proteins.

It is still unclear if RCBs are specifically recognized for selective autophagy, and the
mechanisms for RCB formation are also not clear. Moreover, autophagy-independent pathways
have also been reported to be involved in the degradation of chloroplasts, such as degradation by
senescence-associated vacuoles (Otegui et al., 2005; Martinez et al., 2008) and chloroplast
vesiculation-related degradation (Wang and Blumwald, 2014). The cross talk between these
different chloroplast degradation pathways, which may be specialized for specific conditions,
remains to be investigated. For instance, chloroplasts are degraded by autophagy specifically
during fixed-carbon starvation but not nitrogen starvation, which may therefore induce other
chloroplast degradation pathways (Izumi et al., 2010).

15
Pexophagy
The peroxisome is a single membrane organelle found in all eukaryotic cells. In plant
cells, it is important for seed germination, plant growth, and development (Kamada et al., 2003;
Hu et al., 2012). Peroxisomes are usually located between chloroplasts and mitochondria in
leaves under normal conditions and their correct location is important for interactions between
organelles during photorespiration (Reumann and Weber, 2006). The glycolate generated in
chloroplasts diffuses to peroxisomes due to their close interaction. The glycolate is then oxidized
in peroxisomes resulting in glycine, which is transported to mitochondria for further processing
(Reumann and Weber, 2006). One byproduct produced in peroxisomes is hydrogen peroxide,
which can cause damage to proteins or other cell components. An important group of proteins
within peroxisomes scavenges and degrades hydrogen peroxide to prevent this damage
(Reumann and Weber, 2006; Hu et al., 2012). These include catalase (CAT), a suicide enzyme
which breaks down hydrogen peroxide to water and oxygen but in the meantime is inactivated
(Anand, 2009). During stress conditions, when insufficient CAT is present, accumulating
hydrogen peroxide can damage peroxisomes (Yanik and Donaldson, 2005), which therefore need
to be degraded (Lingard et al., 2009).

In animal and yeast cells, peroxisomes have been shown to be degraded through a
selective autophagy pathway named pexophagy (Till et al., 2012). Recently, pexophagy was also
reported by several groups to occur in plant cells (Farmer et al., 2013; Kim et al., 2013; GotoYamada et al., 2014; Shibata et al., 2014; Voitsekhovskaja et al., 2014; Yoshimoto et al., 2014).
Shibata et al. identified EMS-mediated Arabidopsis mutants with abnormal cellular locations of
peroxisomes, identified by green fluorescent protein (GFP) fused to a peroxisome targeting
signal (GFP-PTS1). Three mutants with aggregated peroxisomes were identified. After map-
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based cloning, the mutated genes were found to correspond to the core autophagy genes ATG2,
ATG7, and ATG18a. The peroxisome marker and an autophagosome marker were found to be colocalized, suggesting that the peroxisomes may be degraded by autophagy. As CAT is the most
abundant enzyme in peroxisomes, the amount of CAT was compared in wild type plants and
autophagy mutants. Indeed, CAT accumulated in the autophagy-defective mutants, but these
CAT enzymes were less active that those of wild type, potentially due to the suicide mechanism
of CAT. Autophagy may therefore be involved in the degradation of damaged peroxisomes,
which instead form aggregates in autophagy-defective mutants (Shibata et al., 2014).

The LON protease is found in peroxisomes and is required for sustained import of
matrix proteins into peroxisomes in mammalian and plant cells (Omi et al., 2008; Lingard et al.,
2009; Burkhart et al., 2013). Farmer et al. used a forward genetic screen to identify suppressors
of LON2 in Arabidopsis. Mutations in the core autophagy genes ATG2, ATG3, and ATG7 were
found to suppress the defects in peroxisome size and abundance of the lon2 mutant and the
decreased stability of peroxisomal matrix proteins (Farmer et al., 2013). Similarly, Goto-Yamada
et al. recently reported that disrupting LON2 resulted in enhanced degradation of peroxisomes by
autophagy (Goto-Yamada et al., 2014).

Several other reports have reached a similar conclusion by directly analyzing the
morphology and degradation of peroxisomes in autophagy-defective mutants or in the presence
of autophagy inhibitors (Kim et al., 2013; Voitsekhovskaja et al., 2014; Yoshimoto et al., 2014).
Peroxisomal markers accumulated in hypocotyls of an autophagy-defective atg7 mutant. When
degradation in the vacuole was inhibited using ConA, peroxisome markers accumulated in
vacuoles of wild type plants but not of the atg7 mutant (Kim et al., 2013). Similarly,
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accumulation of peroxisome markers in leaves, but interestingly not in roots, was observed in an
atg5 mutant (Yoshimoto et al., 2014). Voitsekhovskaja et al. reported that during carbohydrate
starvation, peroxisomes were degraded by autophagy (Voitsekhovskaja et al., 2014). The
autophagy inhibitor 3-MA reduced the degradation of peroxisomes, increasing their number
(Voitsekhovskaja et al., 2014). Taken together, these studies indicate that pexophagy occurs in
plants and is involved in maintaining the morphology and number of peroxisomes. Several
interesting questions are also raised. As reported by Yoshimoto et al, the degradation of
peroxisomes by autophagy is only found in leaves but not roots. Is this related to the function of
peroxisomes during photorespiration? In addition, it will be interesting to determine whether
autophagy can degrade peroxisomes simply by engulfing the entire organelle, or whether certain
areas of damaged peroxisomes, for example containing inactivated CAT, can be recognized and
removed.

1.2 Vacuolar Trafficking
1.2.1 Introduction to vacuolar trafficking

The vacuole is a multifunctional organelle that is essential for plant development and
stress tolerance. In vegetative tissues of plants, the central vacuole occupies majority of the cell
volume and contains hydrolytic enzymes. Due to the acidic pH, this type of vacuole is named as
the lytic vacuole. The lytic vacuole plays important roles in maintaining turgor pressure, storage
of secondary metabolites, and digestion of cellular components (Matsuoka and Nakamura, 1991;
Paris et al., 1996; Martinoia et al., 2007). In seeds or fruit tissues, vacuoles are specialized in the
storage of proteins which are utilized mainly for seeds germination (Paris et al., 1996; Marty,
1999; Zhang et al., 2014). For maintaining functions of the vacuole, various enzymes, proteins,
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and metabolites are delivered to the vacuole via vacuolar trafficking pathways including
biosynthetic and endocytic pathways (Pereira et al., 2014; Zhang et al., 2014).

Newly synthesized proteins, enzymes, and storage proteins are transported to the
vacuole by the biosynthetic pathway (Jurgens, 2004; Pereira et al., 2014). Vacuole targeted
proteins are synthesized in the ribosomes located on the surface of ER and are co-translationally
transported into ER. Properly folded proteins translocate from ER and reach the Golgi for further
modifications, such as glycosylation and polysaccharide modification (Paez Valencia et al.,
2016). Proteins are sorted at the trans-Golgi network to reach the plasma membrane or to the
vacuole (Paez Valencia et al., 2016). Proteins with vacuolar sorting determinants (VSD) are
recognized and sorted to the vacuole by vacuolar sorting receptors (VSR) (Hofte et al., 1992).
Currently, in plants, three groups of VSD have been reported, including N-terminal propeptides,
C-terminal propeptides, and internal exposed regions (Pereira et al., 2014). The presence of VSD
determines the destination of proteins in vacuoles. VSRs bind on VSDs and differentiate
vacuolar proteins from exocytotic proteins. In Arabidopsis, seven VSRs has been identified and
can recognized distinct VSDs (Ahmed et al., 1997; Shimada et al., 2003). The specific
recognition of VSD by VSR ensures that the vacuolar proteins are correctly sorted to the
vacuole.

The endocytic pathway (or endocytosis) uptakes extracellular components into the cell
by cargo vesicles formed at plasma membrane (Jurgens, 2004; Paez Valencia et al., 2016). The
vesicle formation on the plasma membrane is most commonly mediated by the coat protein
clathrin which provides structural rigidity to vesicles (Otegui et al., 2001; Dhonukshe et al.,
2007; Chen et al., 2011). Clathrin-mediated endocytosis (CME) can be dissected into five steps:
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nucleation, cargo selection, clathrin assembly, vesicle budding, and clathrin uncoating (Holstein,
2002; Chen et al., 2011; Paez Valencia et al., 2016). Clathrin assembles into a complex consisting
of three clathrin heavy chains and three light chains. Clathrin adaptors connect with clathrin
complexes and cargo and provide specificity of CME. Once the clathrin-coated vesicles are
detached from the plasma membrane, the clathrin is uncoated and the vesicles are free to fuse
with internal trafficking compartments of the cell. Two routes of internalization by clathrinmediated endocytosis have been suggested in plant cells: from the plasma membrane to
endosomal compartments and from plasma membrane to vacuoles (Holstein, 2002; Chen et al.,
2011; Paez Valencia et al., 2016). The routes from plasma membrane to vacuoles is the endocytic
pathway of vacuolar trafficking.

1.2.2 The sorting station: trans-Golgi network

The trans-Golgi network (TGN) is one of the major sites for sorting proteins to the
plasma membrane or to vacuole (De Matteis and Luini, 2008; Staehelin and Kang, 2008; Kang,
2011; Guo et al., 2014). The TGN is derived from the trans-most cisterna of the Golgi via
cisternal maturation and is usually positioned at the trans-side of the Golgi (White et al., 2001;
Ladinsky et al., 2002). The TGN is a highly dynamic and interconnected tubular-like reticulum
(Ladinsky et al., 1994; Marsh et al., 2001) and TGN integrity is crucial for its sorting function
(Ghosh et al., 2003; Gendre et al., 2011; Storrie et al., 2012; Koreishi et al., 2013). The
membrane flow at the TGN, involving cargo departure from and fusion with the TGN, constantly
takes place in the cells. To handle the complicated trafficking pathways, evidence has suggested
that the TGN is divided into different function domains which effectively sort cargo into
different vesicles for distinct destinations (Ladinsky et al., 2002; De Matteis and Luini, 2008;
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Guo et al., 2014). Different coat proteins, SNAREs, and tethering factors appear to define
different subdomains of TGN. Studies with several TGN-located proteins using immunogold
electron microscopy showed that these proteins are distributed to different domains of the TGN
(Bassham et al., 2000; Chow et al., 2008; Gendre et al., 2011).

1.2.3 Vesicle fusion machinery

Vacuolar trafficking pathways are mediated by membrane-vesicles which transport
materials between organelles. Four steps are essential in vacuolar trafficking: vesicle formation
and budding, transport to the target membrane, tethering, and fusion (Malsam et al., 2008).
Tethering and fusion of vesicles with the target membrane are mainly regulated by tethering
factors and integral membrane proteins SNARE (soluble N-ethylmaleimide-sensitive fusion
protein attachment). Tethering factors and SNAREs also ensure the specificity of the fusion
between vesicles and the target membrane (Sollner et al., 1993; Lupashin and Sztul, 2005; Cai et
al., 2007; Yu and Hughson, 2010; Kim and Brandizzi, 2012).

SNAREs are small transmembrane proteins that provide driving force and determine
specificity of the membrane fusion (Jahn and Scheller, 2006; Kim and Brandizzi, 2012).
According to their subcellular localization, SNAREs were initially divided into two types: vSNARE on the vesicle and t-SNARE on the target membrane. However, many SNAREs are
found on both vesicles and the target membrane. An alternative classification is based on crystal
structures of SNAREs (Fasshauer et al., 1998; Sutton et al., 1998). SNAREs have a core amino
acid in the hydrophobic heptad repeats of the core region. Based on this core amino acid,
SNAREs can be classified into two groups (Fasshauer et al., 1998; Sutton et al., 1998). SNAREs
with a core amino acid glutamine are classified to be Q-SNAREs. Q-SNAREs can be further
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classified into Qa- (syntaxin 1 like), Qb- (N-terminal half of SNAP25 like), and Qc- SNAREs
(C-terminal half of SNAP25 like) (Fasshauer et al., 1998). SNAREs with a core amino acid
arginine are classified to be R-SNAREs (Fasshauer et al., 1998). Generally, a functional SNARE
complex contains three Q-SNAREs (Qa, Qb, and Qc) and one R-SNARE and Q-SNAREs act as
t-SNAREs and R-SNARE act as v-SNAREs (Hong and Lev, 2014). When a vesicle is close to
the target membrane, t- and v- SNAREs can interact with each other and form a SNARE
complex which pulls the two membranes closer and the fusion step is initiated. The v- and tSNAREs recognize each other specifically and this specificity is an important factor that
determines vesicle targeting (Hong and Lev, 2014).

Vesicle fusion and budding events actively take place at the TGN and are highly
regulated. SNAREs on the TGN facilitate vesicle fusion with the TGN in both anterograde and
retrograde trafficking (Guo et al., 2014). The SYP4 is a group of Qa-SNAREs including three
members SYP41, SYP42, and SYP43 (Uemura et al., 2004; Sanderfoot, 2007). SYP41 and
SYP42 locate on different subdomains on the TGN and form different SNARE complexes
(Bassham et al., 2000). The single mutants (syp41 and syp42, syp43) are fully viable, although
the syp42 has slightly shorter roots than WT (Uemura et al., 2012). Double mutants, syp41syp42
and syp41syp43, are also viable and have shorter roots (Uemura et al., 2012). However,
syp42syp43 double mutant has severe growth defects (Uemura et al., 2012). These results
indicate SYP41 and SYP42 have partial redundant functions and the SYP41 and SYP42
complexes in different subdomains may function in different trafficking pathways. VTI12 is a
Qb-SNARE at the TGN and is a component of the SYP41 complex (Bassham et al., 2000).
VTI12 is mainly responsible for vesicle trafficking to vacuoles (Bassham et al., 2000; Zouhar et
al., 2009). Another SYP41 complex component is SYP61 which is a Qc-SNARE at the TGN.
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SYP61 has been reported to function at the TGN as a t-SNARE and also function in the TGNplasma membrane trafficking (Zhu et al., 2002). SYP42 was co-immunoprecipitated with
SYP61, however, the functional significance of this interaction has not been investigated
(Sanderfoot et al., 2001). Further studies with SYP41 and SYP42 may provide evidence to
determine the trafficking pathways which different subdomains of the TGN are involved in.

Tethering factors function upstream of SNAREs during the membrane fusion between
vesicles and target membrane. When a vesicle is close to the target membrane, tethering factors
initiate the interaction between the target membrane and the incoming vesicle (Lupashin and
Sztul, 2005; Yu and Hughson, 2010). Tethering factors are well characterized in mammalian and
yeast cells (Lupashin and Sztul, 2005; Yu and Hughson, 2010). The two classes of tethering
factors are long coiled-coil tethering factors and multi-subunit complexes tethering factors
(Lupashin and Sztul, 2005; Yu and Hughson, 2010). The long coiled-coil tethering factors are
large and can interact with vesicles with distance up to 200 nm (Chia and Gleeson, 2014). The
multi-subunit complexes consist with several subunits and can reach vesicles with distance up to
30 nm (Chia and Gleeson, 2014). Currently, the mechanism of the tethering factor function is
still unclear, but two models have been proposed. For Long coiled-coil tethers, they may be
anchored in the target membrane via their C-termini and form a meshwork with other nearby
tethering factors via their long coiled-coil tails. The meshwork is proposed to capture incoming
vesicles (Sinka et al., 2008; Yu and Hughson, 2010). For multi-subunit complex tethering factors,
the proposed model is that the complex may form an anchor to attach on the target membranes
and a flexible lasso on the cytosol side to capture incoming vesicles (Ren et al., 2009; Tripathi et
al., 2009).
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Most studies about tethering factors are in yeast or mammalian cells. In plants, the
tethering factors are not well studies. The Atp115 is a Golgi-localized tethering factor in
Arabidopsis and is important for anterograde ER-Golgi trafficking. An atp115 mutant has dwarf
phenotype and accumulation of vacuole storage protein precursors in the ER (Kang and
Staehelin, 2008). Previous studies from our lab demonstrated a putative TGN-localized tethering
factor TNO1 in Arabidopsis (Kim and Bassham, 2011). TNO1 was co-immunoprecipitated with
SYP41 and is required for proper localization of SYP61. A tno1 mutant has defective vacuolar
trafficking and hyper-sensitivity to salt stress (Kim and Bassham, 2011).

1.3 Intersections of Vacuolar Trafficking and Autophagy
Autophagy involves autophagosome formation, transport, and fusion with the vacuole in
plants. However, autophagosome formation does not appear to occur via direct vesicle budding
from an organelle, as in vacuolar trafficking. In addition, autophagosomes are double-membrane
vesicles. Although the mechanism of autophagosome formation is still not fully understood,
based on current information, the phagophore forms around its cargo, possibly guided by ATG5
(Le Bars et al., 2014). The membrane for phagophore elongation may be delivered via membrane
trafficking pathways involving ATG9 and its recycling system, which is proposed to deliver
lipids to the expanding phagophore (He and Klionsky, 2007). Therefore, autophagosomes are
newly formed upon induction of autophagy.

Despite these differences, recent results have indicated that autophagy shares many key
factors with typical vacuolar trafficking mechanisms. Firstly, in yeast and mammalian cells,
SNARE proteins are involved in autophagosome biogenesis and maturation and are also
involved in the fusion between autophagosomes and lysosomes (Darsow et al., 1997; Mayer and
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Wickner, 1997; Sato et al., 1998; Fader et al., 2009; Furuta et al., 2010; Moreau et al., 2011; Nair
et al., 2011). In plants, the SNARE VTI12 may be required for autophagy (Surpin et al., 2003).A
vti12 mutant is sensitive to starvation and shows accelerated senescence, phenotypes similar to
those of autophagy-defective mutants (Surpin et al., 2003).

Secondly, studies in mammalian cells showed that exocyst complex components such as
SEC5 and EXO84, typically involved in exocytosis, are also involved in autophagy-related
transport to the vacuole (Bodemann et al., 2011; Heider and Munson, 2012). Recently, Kulich et
al. found that EXO70B1, a subunit of the exocyst complex, which is possibly involved in
exocytosis (Cvrckova et al., 2012), functions in autophagosome transport to vacuoles in plants
(Kulich et al., 2013). EXO70B1 resides on compartments that also contain ATG8f, presumably
autophagosomes, which are delivered to vacuoles (Kulich et al., 2013). Moreover, a knockout
mutant in EXO70B1 is more susceptible to starvation (Kulich et al., 2013). These results suggest
that trafficking components are important for autophagy-related transport.

Thirdly, ESCRT-III (endosomal sorting complex required for transport-III) is an
important factor in sorting into multivesicular bodies, a type of endosome which then fuse with
vacuoles or lysosomes for degradation of their contents (Henne et al., 2011). AMSH1 (associated
molecule with the SH3 domain of stam1) is a deubiquitinating enzyme which interacts with the
endocytosis machinery. The ESCRT-III subunit VPS2.1 interacts with AMSH1 and this
interaction is required for the autophagy pathway (Katsiarimpa et al., 2013). In addition, another
subunit of ESCRT-III, charged multivesicular body protein1 (CHMP1), is required for plastid
turnover by autophagy (Spitzer et al., 2015). Recently, Gao et al. identified a plant-specific
ESCRT component FREE1 that regulates vacuolar protein transport and also autophagic
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degradation (Gao et al., 2015; Kolb et al., 2015). In a free1 mutant, lytic vacuole formation is
defective and autophagosomes accumulate even under normal conditions (Gao et al., 2015).
Moreover, FREE1 interacts with autophagy regulator SH3 domain containing protein2 (SH3P2)
(Gao et al., 2015). Therefore, FREE1 is also involved in the autophagy pathway.

Finally, it has been suggested that autophagosomes interact with microtubules. In
mammalian cells, the autophagosome membrane protein LC3 interacts with microtubules (He et
al., 2003). However, in yeast, microtubules are not required for bulk autophagy induction upon
stress treatment, although ATG8 interacts with tubulin via ATG4 in vitro (Lang et al., 1998). In
plant cells, studies also showed that ATG8 interacts with microtubules in vitro, suggesting that
microtubules may be involved in autophagy (Ketelaar et al., 2004). Recently, Zientara-Rytter et
al. reported that the selective-autophagy marker Joka2 co-localizes with microtubules (ZientaraRytter and Sirko, 2014). Therefore, it is possible that microtubules are specifically required for
selective autophagy and not for non-selective autophagy.

Together, this evidence indicates that vesicular trafficking and autophagy have a number
of features and components in common. However, more studies are need to investigate the roles
of vesicular trafficking proteins during autophagy. For instance, key proteins regulating the steps
of recognition and fusion of autophagosomes with the vacuole have not been fully elucidated in
plants.

1.4 Super-resolution Microscopy
Light microscopy has tremendously facilitated studies in cell biology. It has greatly
improved over centuries from the first microscope made by Antonie van Leeuwenhoek to high
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resolution fluorescence microscopy. One major breakthrough of the microscopy technique is the
discovery of fluorescent proteins (Giepmans et al., 2006). The fluorescent proteins enable light
microscopy to label specific cellular components, simultaneously label several subcellular
structures, and look at real-time processes in cells. However, the resolution of light microscopy is
limited by the diffraction of the light wave. When light passes a small aperture or is focused on
small spots, light wave forms a pattern instead of an infinitely small dot. The size of this dot
depends on the wavelength of light. The light diffraction limits resolution of light microscopy to
be around 250 nm. Subcellular structures of cells that are smaller than 250 nm cannot be
resolved by light microscopy. Because the light diffraction is a property of light which cannot be
manipulated, the resolution limited by this property was thought impossible for a long period of
time. Several microscopy techniques, called super-resolution microscopy, have been created over
the last decade to break the light diffraction limitation. These techniques can be divided into two
groups: patterned illumination and single-molecule imaging (Huang et al., 2010). Superresolution microscopy by patterned illumination includes stimulated emission depletion
microscopy, and saturated structured illumination microscopy. Super-resolution microscopy by
single molecule imaging includes stochastic optical reconstruction microscopy, photoactivated
localization microscopy, and fluorescence photoactivation localization microscopy. Here, I will
focus on the stochastic optical reconstruction microscopy (STORM).

Over the past two decades, the development of single molecule imaging technique has
achieved to image a single molecule and determine its position with high resolution (Thompson
et al., 2002; Yildiz et al., 2003; Moerner, 2007). However, the ability of imaging a single
molecule cannot be easily applied to visualize cellular structures which contain many molecules.
The fluorescence from these molecules can overlap so that no individual molecules can be
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detected. Therefore, STORM utilizes photo-switchable probes which can be turned on or off by
control of the emission (Rust et al., 2006). These probes can be exchanged between an “on” and
“off” state or can be with different wavelengths (Rust et al., 2006). When photo-switchable
probes are activated by a sufficiently low intensity light, a random and low density of probes are
activated and individual molecules can be detected and localized with high accuracy. After
thousands of cycles of “on” and “off”, many of probes can be localized and a super-resolution
image can be constructed from these localizations. The resolution of STORM achieved 20 nm in
mammalian cells (Rust et al., 2006). Multicolor STORM imaging and 3-D imaging have been
achieve with high resolution (Bates et al., 2007; Huang et al., 2008; Huang et al., 2009). One
limitation of STORM is the application in live-cell imaging (Huang et al., 2009). STORM
imaging required thousands of cycles which take long time to finish. Therefore, there is a tradeoff between spatial and temporal resolution with STORM. Currently, a temporal resolution with
1-2 seconds per section was achieved and a spatial resolution is around 30 nm (Jones et al.,
2011). Many subcellular structures have been resolved with high resolution by STORM,
including microtubules, actin, and clathrin-coated vesicles (Huang et al., 2009; Huang et al.,
2010; Shcherbakova et al., 2014).

1.5 Future Perspectives
In plants, many ATG genes exist in small gene families, but the reason for this is
unknown. Some studies have already shown that genes within a family are differentially induced
upon different stress conditions and during different developmental stages, potentially allowing
more nuanced regulation of autophagy activity. Recently developed genome editing tools, such
as TALEN (transcription activator-like effector nuclease) - and Cas9/guide RNA-mediated
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editing, are possible methods to efficiently study these gene families by allowing the disruption
either of single members of a gene family or multiple members simultaneously. Moreover, a few
ATG genes are missing from plant genomes when compared to yeast, and whether functionally
equivalent genes that are unrelated in sequence are present in plants is an interesting evolutionary
question.

Although studies suggested the interaction between vacuolar trafficking and autophagy,
but many mechanistic details of autophagosome formation and transport are still not fully
understood. Recent studies have shed light on the initiation of formation of autophagosomes in
plants. In addition, the mechanism of fusion between autophagosomes and vacuoles is still
unknown. Although VTI12 has been suggested to be involved in autophagy, it is not clear if it
functions in the fusion step. Another interesting topic that remains almost completely
unaddressed is the factors involved in the degradation of cargo inside the vacuole and in
recycling of the breakdown products from the vacuole to the cytoplasm.

STORM has been utilized in mammalian cells for long time, but the application of
STORM in plants is very limited. The resolution of STORM in plants is not as high as that in
mammalian cells. In addition, multicolor, 3-D, and live-cell STORM imaging have not been
reported. It is essential to optimize STORM in plants, which will be extremely useful in plant
cell biology studies.
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Figure 1. Schematic representation of autophagy pathways in Arabidopsis. The autophagy
pathway can be dissected into a series of steps which including induction, vesicle nucleation,
phagophore elongation and autophagosome closure, vesicle fusion with vacuole, and digestion of
cargo and recycling of materials. Upon induction of autophagy, a cup-shape double-membrane
structure, phagophore, forms around the cargo. The double-membrane elongates and closes to
form a double-membrane vesicle, autophagosomes. In this step, the two ubiquitin-like protein
conjugation pathways are required. ATG8 is conjugated to a PE and then recruited to the
membrane of autophagosome. The lipid source for the double-membrane elongation is delivered
by the ATG9 cycling complex. The out membrane of autophagosome fuses with vacuole and the
single-membrane autophagic body is then broken down by hydrolyses in the vacuole. For each
step, required genes are summarized and red-colored genes indicates gene families. The available
tools to block each step are listed; black-underlined are common used drugs and red-underlined
are common used mutants.
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Figure 2. Schematic representation of organelle-specific autophagy. Four types of organellesspecific autophagy are summarized: degradation of chloroplasts, degradation of peroxisomes
(pexophagy), degradation of ER, and degradation of mitochondria (Mitophagy). For the
degradation of chloroplast, studies have shown that autophagy can degrade chloroplast by
engulfing entire chloroplast or recruit pieces of chloroplast by Rubisco-containing body (RCB).
For the other types, the autophagy may engulf entire organelle or wrap portion of the organelle.
Stress conditions that trigger each organelle-specific autophagy are summarized. Mutants that
have shown defects in a specific type of organelle-specific autophagy are listed in the figure.
HR-PCD: hypersensitive response-programmed cell death; TM: tunicamycin; DTT:
dithiothreitol.
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1.8 Dissertation Organization
This dissertation summarizes my research on two vesicle trafficking pathways that
deliver cellular components to the vacuole and the application of STORM in Arabidopsis.

Chapter 1 provides general introduction about the current understanding of the
mechanism and function of autophagy in plants and the vacuolar trafficking pathways as well as
components involved in vacuolar trafficking. Chapter 1 also introduces the super-resolution
microscopy STORM and its applications.

Chapter 2 demonstrates the unfolded protein as an upstream signal that induces
autophagy during ER stress. My research suggested that accumulation of unfolded proteins in ER
upon stress treatment can induce autophagy in an IRE1b-dependent way. I also showed that
unfolded protein mimics, zeolin and CPY*, accumulate in ER and induces ER stress and
autophagy. Dr. Renu Srivastava generated the BIP1 and BIP3 overexpression lines. I performed
all the experiments described in this chapter and drafted the manuscript. Dr. Diane Bassham
extensively edited the manuscript and provided extremely valuable suggestions. Dr. Stephen
Howell and Dr. Renu Srivastava provided valuable suggestions on several experiments and the
manuscript.

Chapter 3 illustrates that overexpression of TNO1 interacting SNARE, SYP41 or
SYP61, can rescue the vacuolar trafficking defects, hyper-sensitivity to salt stress, and
morphological defects of the TGN and Golgi in the tno1 mutant. This chapter also demonstrates
that the overexpression of SYP41 or SYP61 does not affect salt tolerance and the vacuolar
trafficking at the TGN of WT plants. In this chapter, I performed all the experiments and drafted
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the manuscript. Dr. Diane Bassham extensively edited the manuscript.

Chapter 4 reports the application of STORM in Arabidopsis roots. We successfully
demonstrated a 20-40 nm spatial resolution with microtubules in intact roots by STORM. The
quantification of microtubule density and orientation was obtained by this high resolution
imaging. In this chapter, Dr. Bin Dong built the microscope, optimized the settings for STORM
imaging, and collected all the images. I grew Arabidopsis seedlings, optimized the microtubule
staining strategy, and obtained confocal images. Bin Dong and I wrote the manuscript and Dr.
Ning Fang and Dr. Diane Bassham edited the manuscript.

Chapter 5 summarizes the conclusions of this dissertation and discusses implications
and future work.
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CHAPTER 2
ACTIVATION OF AUTOPHAGY BY UNFOLDED PROTEINS DURING
ENDOPLASMIC RETICULUM STRESS
A paper published in The Plant Journal *
Xiaochen Yang,a,b† Renu Srivastava,c Stephen H. Howell,a,b,c and Diane C. Basshama,b,c‡
a

Department of Genetics, Development and Cell Biology, Iowa State University, Ames, Iowa

50011
b

Interdepartmental Plant Biology Program, Iowa State University, Ames, Iowa 50011
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Plant Sciences Institute, Iowa State University, Ames, Iowa 50011

2.1 Summary
Endoplasmic reticulum stress is defined as the accumulation of unfolded proteins in the
endoplasmic reticulum and is caused by conditions such as heat or endoplasmic reticulum stress
agents, including tunicamycin (TM) and dithiothreitol (DTT). Autophagy, a major pathway for
degradation of macromolecules in the vacuole, is activated by these stress agents in an
INOSITOL-REQUIRING ENZYME 1b (IRE1b)-dependent manner and delivers endoplasmic
reticulum fragments to the vacuole for degradation. In this study, we examined the mechanism
for activation of autophagy during endoplasmic reticulum stress in Arabidopsis thaliana. The
chemical chaperones sodium 4-phenylbutyrate and tauroursodeoxycholic acid were found to
* Reprinted with permission of The Plant Journal, 2016, Jan; 85(1):83-95.
†
Primary researcher and author
‡
Author for correspondence
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reduce tunicamycin- or dithiothreitol-induced autophagy, but not autophagy caused by unrelated
stresses. Similarly, overexpression of BINDING IMMUNOGLOBULIN PROTEIN (BIP),
encoding a heat shock protein 70 (HSP70) molecular chaperone, reduced autophagy. Autophagy
activated by heat stress was also found to be partially dependent on IRE1b and to be inhibited by
sodium 4-phenylbutyrate, suggesting that heat-induced autophagy is due to accumulation of
unfolded proteins in the endoplasmic reticulum. Expression in Arabidopsis of the misfolded
protein mimics zeolin or a mutated form of carboxypeptidase Y (CPY*) also induced autophagy
in an IRE1b-dependent manner. Moreover, zeolin and CPY* partially co-localized with the
autophagic body marker green fluorescent protein-ATG8e, indicating delivery to the vacuole by
autophagy. We conclude that accumulation of unfolded proteins in the endoplasmic reticulum is a
trigger for autophagy under conditions that cause endoplasmic reticulum stress.

2.2 Introduction
The endoplasmic reticulum (ER) is an important organelle for protein folding, assembly,
and modification. During their synthesis on ribosomes, polypeptides destined for secretion or for
the endomembrane system are recognized by the signal recognition particle system and guided to
the ER for insertion into the ER lumen (Anelli and Sitia, 2008). Chaperone proteins in the lumen,
such as the binding immunoglobulin protein family (BiP) (Otero et al., 2010), bind to nascent
polypeptides to protect them from aggregation and to promote folding (Mori, 2000). However,
under conditions in which the folding process is compromised or when ER folding capacity
cannot meet demands, unfolded or misfolded proteins accumulate, producing ER stress and
eliciting the unfolded protein response (UPR) (Vitale and Boston, 2008), which can ultimately
lead to programmed cell death (Mishiba et al., 2013; Watanabe and Lam, 2008a). Many adverse
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abiotic and biotic conditions, including salt stress, heat stress, and pathogen infection, can
produce ER stress (Deng et al., 2011; Liu and Howell, 2010; Liu et al., 2007; Ye et al., 2011).
The UPR can also be induced in the laboratory by ER stress agents, including tunicamycin (TM)
and dithiothreitol (DTT) (Chan and Egan, 2005), which interfere with protein folding. TM blocks
N-glycosylation by inhibiting a key step in formation of lipid-linked oligosaccharides, whereas
DTT is a redox reagent and affects disulfide-bond formation.

The presence of unfolded proteins is monitored by an ER quality control system and
activates the UPR (Sitia and Braakman, 2003; Walter and Ron, 2011). The UPR can alleviate the
load of unfolded proteins in several ways by inducing ER chaperone protein expression to aid
protein folding, reducing protein translation, and increasing ER-associated degradation (ERAD)
of proteins (Chen and Brandizzi, 2013; Howell, 2013; Schroder and Kaufman, 2005). The UPR
is conserved in yeast, mammalian, and plant cells although it differs in the number and types of
stress sensors that transduce the UPR signal (Howell, 2013; Korennykh and Walter, 2012;
Schroder and Kaufman, 2005). Plant cells have two types of stress sensor/transducers
represented by inositol-requiring enzyme 1 (IRE1) and the membrane-associated basic leucine
zipper 28 (bZiP28) (Howell, 2013). IRE1 is a bifunctional protein kinase and ribonuclease that
serves as an RNA splicing factor for bZIP60 mRNA. IRE1 splices out a small intron in the
bZIP60 mRNA, producing a frameshift which eliminates a downstream transmembrane domain,
but generates an additional nuclear localization sequence. The spliced mRNA encodes an active
form of bZiP60, which is translated and transported to the nucleus where it activates UPR
response genes (Deng et al., 2011).
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Macroautophagy (meaning “self-eating”; hereafter referred to as autophagy) is an
evolutionarily conserved mechanism for the degradation and recycling of cytoplasmic contents
and damaged cell components (Liu and Bassham, 2012). Autophagy involves the formation of
autophagosomes, double-membrane vesicles with enclosed cytoplasm that transport materials to
the vacuole for degradation (Liu and Bassham, 2012). Upon induction of autophagy, the
phagophore, a cup-shaped double membrane, targets components to be degraded, and the double
membrane structure elongates to form a complete double-membrane autophagosome (Le Bars et
al., 2014). The autophagosome is then transported to the vacuole where the outer membrane
fuses with the vacuole membrane. An autophagic body, consisting of the inner autophagosome
membrane and cargo, is released into the vacuole, degraded, and recycled (Liu et al., 2012). The
functions of many crucial autophagy genes (ATG genes) have been characterized (Li and
Vierstra, 2012; Liu and Bassham, 2012; Mehrpour et al., 2010; Yang and Klionsky, 2009). Cells
have a low basal level of autophagy to maintain homeostasis under normal conditions by turning
over damaged proteins or organelles (Inoue et al., 2006; Liu and Bassham, 2012). Under stress
conditions, autophagy breaks down cell components to provide an energy source and anabolic
substrates to the cell (Bassham, 2007) or clears toxic products, such as those damaged by
reactive oxygen species (Xiong et al., 2007).

Autophagy is involved in the response to many biotic or abiotic stresses, including
nutrient deficiency, oxidative stress, and pathogen attack (Doelling et al., 2002; Hanaoka et al.,
2002; Lenz et al., 2011; Liu et al., 2005; Liu et al., 2009; Xiong et al., 2007). Recently, we
demonstrated that TM and DTT trigger autophagy in Arabidopsis, and that autophagy degrades
ER components in an IRE1b-dependent manner (Liu et al., 2012). To date, the only known
connection between ER stress and autophagy in Arabidopsis is IRE1b, as a knockout mutation in
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IRE1b disconnects ER stress from autophagy. Whether the induction of autophagy by ER stress
is correlated with the accumulation of unfolded proteins in the ER is not clear, partly due to the
difficulty in measuring unfolded proteins in the ER. We hypothesize that activation of autophagy
by TM and DTT is due to the accumulation of unfolded proteins in the ER lumen, rather than to
possible antimetabolic effects of TM or DTT. Therefore, we have examined whether the
accumulation of unfolded proteins in the ER acts as a signal to activate autophagy. We show that
TM-, DTT-, or heat stress- induced autophagy was counteracted by the chemical chaperones
sodium 4-phenylbutyrate (PBA) or tauroursodeoxycholic acid (TUDCA), or by overexpression
of BiP proteins, all of which reduce accumulation of unfolded proteins in the ER. Moreover,
transient expression of zeolin and CPY*, constitutively misfolded proteins, in protoplasts
induced both ER stress and autophagy. Based on these results, we conclude that accumulation of
unfolded ER proteins in the ER, which elicits the UPR, also activates ER stress-induced
autophagy.

2.3 Results
The chemical chaperones PBA and TUDCA reduce TM- or DTT- induced autophagy.
Previously, we showed that the ER stress agents TM and DTT trigger autophagy in
Arabidopsis (Liu et al., 2012). PBA and TUDCA are chemical chaperones that can reduce ER
stress-induced programmed cell death in Arabidopsis (Watanabe and Lam, 2008b). PBA and
TUDCA stabilize unfolded proteins and prevent their aggregation, thus helping to relieve ER
stress (Ozcan et al., 2006). Here, these chemical chaperones were used to study the effect of
accumulation of unfolded proteins in the ER lumen on autophagy activation. We hypothesized
that as PBA and TUDCA reduce the accumulation of unfolded protein, they may prevent the
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induction of autophagy upon treatment with TM or DTT. Seven-day-old WT and GFP-ATG8e
transgenic seedlings grown on solid medium were transferred to liquid medium with TM or DTT,
or with TM or DTT plus PBA or TUDCA, for 6-8 hours. GFP-ATG8e is an autophagosomelocalized fluorescent protein fusion that is well characterized as an autophagy marker (Xiong et
al., 2007). WT seedlings were stained with the autophagosome-selective dye
monodansylcadaverine (MDC) (Biederbick et al., 1995; Contento et al., 2005; Munafo and
Colombo, 2001) and visualized by fluorescence microscopy. The number of MDC- or GFPATG8e-labeled autophagosomes was quantified per section. As expected, seedlings with TM- or
DTT- treatment had significantly more autophagosomes (t-test, p value < 0.01) than the solvent
control (DMSO) (Figure 1c and 1d). However, when seedlings were co-treated with PBA or
TUDCA and TM or DTT, the number of autophagosomes was significantly reduced (t-test, p
value < 0.01) compared to TM- or DTT- treatment alone (Figure 1c and 1d). The reduction in
autophagosome number upon TUDCA treatment of DTT-treated samples was marginally
significant (t-test, p value = 0.06) due to the high variation in autophagosome number (Figure
1d). Our previous study showed that the number of autophagosomes correlates with induction of
autophagy under these conditions (Liu et al., 2012). Therefore, these results indicate that PBA
and TUDCA can inhibit induction of autophagy during ER stress by reducing the load of
unfolded proteins.

To examine whether the effect of chemical chaperones is specific for autophagy caused
by ER stress agents, the effect of PBA on carbon starvation-induced autophagy was examined.
Carbon starvation-induced autophagy is regulated in an NADPH oxidase-dependent signaling
pathway, which is distinct from that caused by ER stress (Liu et al., 2012). Seven-day-old WT
seedlings were transferred to medium without sucrose and incubated in the dark for 4 days to
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produce a fixed-carbon deficiency. On the fifth day, seedlings were transferred to liquid medium
supplemented with PBA but without sucrose. After 8 hours of incubation, seedlings were stained
with MDC and the number of autophagosomes per section counted. PBA treatment was found to
have no effect on the number of autophagosomes during starvation (Figure 1g). We conclude that
PBA specifically prevents autophagy during ER stress and not during carbon starvation. This is
most likely due to the chaperone function of PBA reducing unfolded protein accumulation in the
ER lumen. This suggests that accumulation of unfolded proteins in the ER is an upstream signal
that induces autophagy specifically in response to ER stress agents.

Autophagy-defective mutants are more sensitive to ER stress than wild type.
Munch et al. (2014) recently showed in a study of benzothiadiazole (BTH)-induced cell
death that autophagy-defective mutants are more sensitive to BTH, a salicylic acid (SA) agonist,
and that TM treatment enhanced this sensitivity (Munch et al., 2014). However, their results
showed that a low concentration (5μg/L) of TM alone does not influence growth of autophagydefective mutants. Based on our previous results showing that TM induces autophagy (Liu et al.,
2012) and the observation that PBA reduces TM-induced autophagy (Figure 1a and 1c), we
hypothesized that autophagy-defective Arabidopsis mutants may be hypersensitive to higher
concentrations of TM and that this sensitivity can be rescued by PBA co-treatment. To determine
the effect of TM and PBA on their growth and survival, wild type (WT), atg5-1 (Thompson et
al., 2005), and atg7-2 (Chung et al., 2010) seeds were plated on half-strength MS medium or
medium with 100μg/L TM (Koizumi et al., 2001) or with 100μg/L TM and 0.13μM PBA. The
percentage of surviving seedlings was determined after 2 weeks. Seedlings were classified into
two groups: survival was defined as seedlings that had 2 green cotyledons and 2 green true
leaves; seedlings with yellow leaves or cotyledons were defined as dead as shown in Figure 2b.

56

On control medium, atg5-1 and atg7-2 seedlings grew similarly to WT (Figure 2a). However, on
TM-containing medium, atg5-1 and atg7-2 mutants had a significantly lower survival than WT
(t-test, p value < 0.01) (Figure 2c). With PBA co-treatment, the survival percentages of atg5-1
and atg7-2 were significantly higher (t-test, p value < 0.01) compared to TM treatment alone.
This result indicates that autophagy contributes to ER stress tolerance and that reducing unfolded
protein levels with PBA can increase the ER stress tolerance of autophagy mutants.

Overexpression of ER chaperone proteins reduces ER stress-induced autophagy.
BiP is an abundant molecular chaperone in the ER lumen that prevents protein
aggregation and assists in protein folding (Kimata et al., 2004). In plants, BiP expression
increases upon ER stress via the UPR (Deng et al., 2011; Srivastava et al., 2013). We
hypothesized that if autophagy is activated due to the accumulation of unfolded proteins in the
ER lumen, BiP should antagonize this activation, similarly to PBA and TUDCA. To address this
hypothesis, the induction of autophagy by DTT in BiP overexpression (OE) transgenic
Arabidopsis plants (Srivastava et al., 2013) was assessed. Seven-day-old seedlings of two
independent BiP1 (BiP1-4OE and BiP1-9OE) or BiP3 (BiP3-1OE and BiP3-2OE) OE lines were
incubated in liquid medium supplemented with 2mM DTT for 6-8 hours, followed by staining
with MDC to detect autophagosomes. BiP1 OE and BiP3 OE lines showed significantly
decreased (t-test, p value < 0.01) autophagy compared with WT seedlings upon DTT treatment
(Figure 3a and 3b). This suggests that BiP can reduce DTT-induced autophagy, presumably by
lightening the load of unfolded proteins in the ER. However, it should be noted that BiP1 or 3OE did not reduce the basal level of autophagy.
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To confirm this result, leaf protoplasts isolated from 4-week-old BiP1-9OE or BiP31OE plants as representative lines, transiently expressing a GFP-ATG8e fusion protein, were
treated with DTT and concanamycin A (ConA) for 6 hours. ConA is a vacuolar H+-ATPase
inhibitor that inhibits the degradation of autophagic bodies, leading to their accumulation in the
vacuole (Dettmer et al., 2006; Drose et al., 1993). Autophagy was defined as activated in cells
with more than three autophagic bodies, as determined by fluorescence microscopy, as WT cells
typically have a basal autophagy level of less than three autophagic bodies per cell. Upon DTT
treatment, a significantly lower (t-test, p value < 0.01) percentage of BiP1-9OE or BiP3-1OE
protoplasts had active autophagy compared to WT (Figure 3c and 3d). Based on these results, we
conclude that the molecular chaperone BiP prevented TM- or DTT- induced autophagy by
reducing the accumulation of unfolded proteins in the ER lumen.

Heat stress induces autophagy by causing ER stress and PBA rescues this induction.
Heat produces ER stress in Arabidopsis as demonstrated by the splicing of bZIP60
mRNA by IRE1b (Deng et al., 2011) and by BiP upregulation (Leborgne-Castel et al., 1999). In
addition, the autophagy-defective mutants atg5 and atg7 are more sensitive to heat stress than is
WT Arabidopsis (Zhou et al., 2013). We hypothesized that elevated temperature increases
accumulation of unfolded proteins in the ER, leading to ER stress that in turn activates
autophagy. Previously, heat stress was shown to adversely affect growth of atg5 and atg7 adult
plants (Zhou et al., 2013). To confirm this result under conditions in which autophagy can easily
be monitored, we examined the effect of heat stress on young Arabidopsis seedlings. Seven-dayold WT, atg5-1 (Thompson et al., 2005), and atg7-2 (Chung et al., 2010) seedlings were
incubated at 37oC for 16-17 hours followed by seven days of recovery at room temperature.
Seedlings subjected to heat treatment were classified in two groups: survivors defined as
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seedlings with two green cotyledons and two green true leaves, or non-surviving seedlings with
yellow leaves or cotyledons (Figure S1 a-c). The atg5-1 and atg7-2 mutants had a significantly
lower percentage of surviving seedlings than WT (Figure S1d). This confirmed that autophagydefective mutants have less tolerance to heat stress at the seedling stage.

To examine whether heat stress induces autophagy in young seedlings, 7-day-old WT,
atg5-1 mutant, and GFP-ATG8e transgenic seedlings grown on solid medium were transferred to
liquid medium and incubated at 42oC for 5-6 hours in the dark, or at room temperature as a
control. Samples were incubated at room temperature for 2 hours after heat stress, a time-point at
which the UPR is initiated (Deng et al., 2011). WT and atg5-1 seedlings were then stained with
MDC to assess autophagy; autophagosomes were visualized directly in GFP-ATG8e plants.
Significantly more autophagosomes were observed upon exposure to heat stress than in the room
temperature control (t-test, p value < 0.01; Figure 4a and 4b). Very few punctate structures were
seen in the atg5-1 mutant, confirming that the punctate structures are autophagosomes (Figure
4a). These results confirmed that heat stress can induce autophagy in young Arabidopsis
seedlings.

We showed above that PBA can reduce TM- or DTT- induced autophagy, suggesting
that accumulation of unfolded proteins is an activator of autophagy. Therefore, we tested whether
heat stress-induced autophagy is also caused by the accumulation of unfolded proteins. Sevenday-old WT and GFP-ATG8e transgenic seedlings grown on solid medium were incubated in
liquid medium at 42oC for 5-6 hours, followed by incubation at room temperature for 2 hours in
the presence of PBA. The number of GFP-ATG8e- or MDC- labeled autophagosomes per section
was quantified. Significantly fewer (t-test, p value < 0.01) autophagosomes were seen in heat-
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stressed seedlings with PBA treatment (Figure 4a and 4b) compared to a control without addition
of PBA. These results indicate that heat stress-induced autophagy is also caused by accumulation
of unfolded proteins in the ER.

If heat stress induces autophagy via the UPR, disruption of IRE1b function would be
expected to block induction of autophagy upon heat stress, as autophagy induction by ER stress
requires functional IRE1b (Liu et al., 2012). Seven-day-old ire1b and WT seedlings were
incubated at 42oC for 5-6 hours followed by a 2 hour room temperature incubation, and stained
with MDC to assess autophagy activation. As expected, WT seedlings have a basal level of
autophagy under normal conditions and autophagy was induced by heat stress, given in the form
of a heat shock (Figure 4c). The ire1b mutant had a slight induction of autophagy with heat
stress, but this was significantly lower (t-test, p value < 0.01) than that of WT with heat stress
(Figure 4c). In sum, our results indicate that heat stress induces autophagy primarily through the
IRE1b arm of the UPR via the accumulation of unfolded proteins in ER lumen.

Misfolded protein mimics activate autophagy through IRE1b.
Zeolin is a recombinant protein fusion between bean phaseolin and maize zein which is
retained in the ER due to the replacement of phaseolin’s N-terminal vacuolar sorting signal by
zein and through interchain disulfide bond formation which causes protein aggregation (Mainieri
et al., 2004). Based on these characteristics, we hypothesized that zeolin will mimic a
constitutively misfolded protein and, therefore, induce ER stress and autophagy. To enable easy
visualization of zeolin, it was fused with the fluorescent protein cerulean and transiently
expressed from a 35S promoter. Arabidopsis leaf protoplasts isolated from 4-week-old plants
were transformed with an ER marker (ER-YFP) (Nelson et al., 2007), zeolin-cerulean or both
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constructs together and incubated in the dark for 10-12 hours. The fusion proteins were
visualized with confocal microscopy. Control experiments with expression of either fusion
protein alone confirmed that there was no fluorescence cross-talk between the two channels
(Figure 5a). Upon co-expression of ER-YFP and free cerulean, YFP labeled the ER network and
cerulean was mainly diffuse in the cytosol (Figure 5a). With zeolin-cerulean and ER-YFP cotransformation, cerulean-labeled punctate and aggregated structures co-localized with the YFPlabeled ER network (Figure 5a). Fluorescence profiling showed extensive overlap of these two
fluorescence signals (Figure 5b). Previous research showed that zeolin tends to aggregate
(Bellucci et al., 2007; Mainieri et al., 2004), and we found the zeolin accumulated in the ER
therefore, we hypothesize that zeolin forms aggregates in the ER lumen.

As shown in Figure 5a and Figure S2, the expression of zeolin led to changes in the
morphology of the ER network, with many aggregate-like structures present. This suggests that
the ER network may be undergoing degradation or reorganization to counteract zeolin
aggregation and ER stress. Therefore, we further hypothesized that aggregation of zeolin in the
ER may induce autophagy by causing ER stress. To test this hypothesis, we first examined the
effect of zeolin on induction of the UPR. Arabidopsis protoplasts were transformed with zeolincerulean or free cerulean constructs and incubated in the dark for 10-12 hours. Protoplasts were
harvested followed by total RNA extraction and cDNA synthesis. To assess the activation of the
unfolded protein response, BIP3 expression level and the amount of spliced bZIP60 were
examined by quantitative RT-PCR using gene-specific primers. The TiP41-like gene was used as
an internal control and for normalization (Czechowski et al., 2005). The amount of the spliced
form of bZIP60 in protoplasts expressing zeolin-cerulean was 6.6-fold higher (t-test, p value <
0.01) than in the control (Figure 6a), whereas BIP3 expression was 11-fold higher (t-test, p value
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< 0.01) than in the control (Figure 6b). This indicates that zeolin expression causes ER stress and
activation of the UPR in Arabidopsis.

Secondly, we examined the effect of zeolin expression on induction of autophagy.
Zeolin-cerulean and GFP-ATG8e were co-expressed in WT and ire1b mutant Arabidopsis leaf
protoplasts. Transformed protoplasts were incubated in the dark for 10-12 hours, followed by
treatment with ConA for 6 hours to block vacuolar degradation. The percentage of protoplasts
with activated autophagy (more than three autophagic bodies) was quantified. WT protoplasts
expressing GFP-ATG8e alone had a low basal level of autophagy under normal conditions. As a
positive control, WT protoplasts expressing GFP-ATG8e were treated with 160 mM NaCl (Liu et
al., 2009) for 6 hours and autophagy was significantly induced (t-test, p value < 0.01) compared
to control conditions (Figure 6c). Only a basal level of autophagy was seen in WT and ire1b
mutant protoplasts expressing GFP-ATG8e with free cerulean. However, significantly induced
autophagy (t-test, p value < 0.01) was seen in WT but not in ire1b protoplasts when zeolincerulean was expressed (Figure 6c and 6D). These results indicated that autophagy is induced by
zeolin expression, most likely due to the accumulation of unfolded proteins in the ER lumen.
Moreover, this induction is partially dependent on IRE1b.

A mutated form of Carboxypeptidase Y (CPY*) which is located in the ER lumen in an
unfolded state (Mancini et al., 2003) was used to confirm these results. CPY* has been used as a
model unfolded protein to study the ERAD pathway in yeast, mammalian cells, and plants
(Mancini et al., 2003; Willer et al., 2008; Yamamoto et al., 2010). Similar to zeolin-cerulean
expressing cells, significant induction of autophagy (t-test, p value < 0.01) was seen in CPY*GFP transformed protoplasts (Figure S4). When zeolin-cerulean or CPY*-GFP transformed
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protoplasts were treated with 1mM PBA for 6 hours, the number of autophagosomes was
significantly reduced (t-test, p value < 0.01) (Figure 6f and Figure S4). These results indicate that
autophagy is induced by zeolin or CPY* expression, most likely due to their accumulation as
unfolded or misfolded proteins in the ER lumen.

Autophagy plays an important role in the degradation of ER during ER stress (Liu et al.,
2012). Since accumulation of zeolin in the ER activated autophagy (Figure 6c and Figure 7a), we
hypothesized that autophagy is involved in the degradation of zeolin aggregates. To address this
hypothesis, leaf protoplasts were transformed with the zeolin-cerulean and GFP-ATG8e
constructs, followed by incubation in the dark for 10-12 hours. Transformed protoplasts were
treated with ConA for 6 hours and visualized by confocal microscopy. Again, control
experiments with expression of either fusion protein alone confirmed that there was no
fluorescence cross-talk between the two channels (Figure 7a). In protoplasts expressing GFPATG8e and free cerulean (GFP-ATG8e+Cer), cerulean and GFP were mainly diffuse in the
cytoplasm (Figure 7a). When GFP-ATG8e and zeolin-cerulean were co-expressed (GFPATG8e+Zeo-Cer), zeolin-cerulean was mostly localized in the ER as in Figure 5a, and many
autophagic bodies labeled by GFP were seen in the vacuole (Figure 7a). Diffuse cerulean signal
was present in the vacuole, which may be due to the delivery of zeolin-cerulean through
autophagy, or via other pathways, prior to the addition of ConA. Moreover, several punctate
structures labeled by cerulean were also seen in the vacuole, and they co-localized with GFPlabeled autophagic bodies (Figure 7a and Figure S3). These results indicate that accumulation of
zeolin in the ER lumen induces ER stress and autophagy, and zeolin aggregates are transported to
the vacuole by autophagy. Similar results were observed for CPY*, which co-localized with
cerulean ATG8e in the vacuole after ConA treatment (Figure S4). In summary, we demonstrated
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that zeolin (or CPY*) expression is sufficient to induce the UPR and autophagy, confirming that
accumulation of unfolded proteins is a trigger for autophagy during ER stress.

2.4 Discussion
Autophagy degrades ER components upon ER stress as an additional pathway to ERassociated degradation (ERAD) in mammalian and yeast cells (Finger et al., 1993; Yorimitsu and
Klionsky, 2007). Recently, we showed that autophagy in Arabidopsis is involved in the
degradation of ER components in response to TM or DTT in a pathway requiring IRE1b (Liu et
al., 2012). However, the trigger for activation of autophagy during ER stress was unknown. TM
and DTT are known to induce accumulation of unfolded proteins in the ER lumen, but whether
autophagy was activated by unfolded proteins or by possible antimetabolic effects of the ER
stress agents was unclear. Here, we demonstrate that the accumulation of unfolded proteins in the
ER activates autophagy during ER stress.

We found that the chemical chaperones PBA and TUDCA or overexpression of the ER
molecular chaperones BiP1 or BiP3, which counteract the accumulation of unfolded or
misfolded proteins in the ER (Otero et al., 2010), significantly reduced TM- or DTT- induced
autophagy. PBA is a low molecular weight chemical chaperone known to stabilize protein
conformation and increase the ER folding capacity (Welch and Brown, 1996). It has been used
pharmacologically to treat human diseases related to deficiency of protein folding, such as
thalassemia and cystic fibrosis (Chen et al., 1997; Maestri et al., 1996). In plants, Watanabe et al.
showed that PBA can reduce cell death induced by TM (Watanabe and Lam, 2008b). This
suggested that PBA can function in plants in a similar manner as in mammalian cells. In this
study we took advantage of the action of PBA and TUDCA to examine the effect of
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accumulation of unfolded or misfolded proteins on induction of autophagy. We found that
autophagy induced by TM or DTT was inhibited by PBA or TUDCA co-treatment. Moreover,
PBA does not affect activation of autophagy by fixed-carbon starvation stress, which is unrelated
to ER stress. This supports the conclusion that chemical chaperones specifically reduce TM- or
DTT-induced autophagy by preventing accumulation of unfolded or misfolded proteins. To
confirm this result, we tested the activation of autophagy by DTT in BiP1OE and BiP3OE
transgenic plants. As hypothesized, overexpression of BiPs also prevented induction of
autophagy by DTT. Taken together, we conclude that TM- or DTT- induced autophagy is due to
the accumulation of unfolded proteins.

Previous studies of ER stress-regulated autophagy were primarily based on induction of
ER stress by agents such as TM and DTT. It is critical to link this information with
environmental stresses that induce autophagy. Heat stress leads both to ER stress and also to
activation of autophagy in plant cells (Deng et al., 2011; Zhou et al., 2013), although the
connection between the two has not previously been examined. Therefore, in this study, we
further investigated the extent to which autophagy participates in tolerance of heat stress. We
demonstrated that activation of autophagy upon heat stress is dependent on IRE1b and is caused
by the accumulation of unfolded proteins in the ER. While autophagy was reduced in the ire1b
mutant compared to WT during heat stress, it was not completely blocked. By contrast, DTT- or
TM- induced autophagy was blocked in the ire1b mutant (Liu et al., 2012). This may be due to
multiple effects of heat stress on plant cells, in addition to causing ER stress, such as plasma
membrane disruption, oxidative stress, and water loss (Wahid et al., 2007), which could also lead
to autophagy. Moreover, we showed that the chemical chaperone PBA reduces heat stressinduced autophagy. This indicates that heat stress triggers autophagy primarily through
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accumulation of unfolded proteins in the ER. Therefore, we concluded that heat stress induces
autophagy mainly by causing ER stress, which can be alleviated by PBA.

In order to directly investigate the effect of accumulation of an unfolded protein on
autophagy, we introduced the recombinant fusion protein zeolin into Arabidopsis leaf protoplasts
and examined the activation of the UPR and autophagy. Zeolin was shown previously to function
as an unfolded protein mimic (Bellucci et al., 2007; Mainieri et al., 2004). We found that zeolin
forms aggregates in the ER and increases bZIP60 splicing and BIP3 expression, indicating
activation of the UPR. Moreover, zeolin induces autophagy in an IRE1b-dependent manner.
Induction of autophagy by CPY*-GFP confirmed that introduction of model unfolded ER
proteins can induce autophagy. We also observed that zeolin and CPY* partially co-localize with
the autophagy marker ATG8e. This suggests that these proteins can be degraded through the
autophagy pathway. Previously, we showed by electron microscopy that upon TM treatment,
autophagic bodies contain ER fragments, but also other cytoplasmic components (Liu et al.,
2012). Consistent with this, we observed that only a subset of autophagic bodies contain zeolin
or CPY*. This is also supported by the observation that most of the protein is still found within
the ER even though autophagy is highly induced. Since measurement of the amount of unfolded
proteins in the ER is challenging, introduction of artificial unfolded proteins into cells is a
valuable tool to investigate ER stress and ER stress-related pathways.

In conclusion, we found that accumulation of unfolded proteins in the ER lumen is a
trigger for activation of autophagy as summarized in the schematic model (Figure 8). Our results
showed that reducing the accumulation of unfolded proteins by PBA or TUDCA addition or BiP
overexpression inhibited induction of autophagy, while introducing the constitutively unfolded
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proteins zeolin or CPY* is sufficient to activate the UPR and autophagy. However, the extent to
which degradation of ER components by autophagy is selective, and how unfolded proteins
within the ER may be recognized to allow incorporation of ER into autophagosomes, is
unknown. Moreover, IRE1b is still the only known factor in the signaling pathway from
accumulation of unfolded proteins to the activation of autophagy; how this signaling occurs
awaits further study.

2.5 Experimental Procedures
Plant materials and growth conditions
Arabidopsis thaliana accession Columbia-0 seeds were surface sterilized in 33% bleach,
0.1% (v/v) Triton X-100 for 20 min and rinsed 5 times with sterile water. Sterilized seeds were
kept in the dark at 4°C for at least 2 days. Arabidopsis plants were grown at 22°C in long-day
conditions (16 hours light) in soil or on half-strength solid MS medium (Murashige-Skoog
vitamin and salt mixture [Caisson; http://www.caissonlabs.com]) with 1% sucrose, 2.4 mM MES
(pH 5.7), and 0.6% (w/v) Phytoblend agar.

The following T-DNA insertion mutants in a Col-0 background were used in this study:
atg5-1 (Thompson et al., 2005), atg7-2 (Chung et al., 2010), and ire1b (Deng et al., 2011). The
following transgenic lines in a Col-0 background were used: GFP-ATG8e (Xiong et al., 2007),
BiP1-FLG-HDEL, and BiP3-FLG-HDEL (Srivastava et al., 2013).

Stress treatments
For TM or DTT treatment, 7-day-old seedlings grown on solid half-strength MS
medium were transferred to liquid half-strength MS medium supplemented with 5μg/mL TM or
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2mM DTT, or the solvent DMSO as control, for 6-8 hours in the dark. For PBA co-treatment,
1mM PBA or 0.125mM TUDCA (Watanabe and Lam, 2008b) was added together with DTT or
TM in the liquid half-strength MS medium.

For sucrose starvation stress, light-grown 7-day-old seedlings grown on solid halfstrength MS medium were transferred to solid half-strength MS medium with or without 1%
(w/v) sucrose for 4 days in the dark. For PBA treatment, seedlings were then transferred to liquid
half-strength MS medium supplemented with or without 1mM PBA for 8 hours in the dark.

For heat stress treatment, 7-day-old seedlings grown on solid half-strength MS medium
were transferred to liquid half-strength MS medium and incubated at 42°C for 5.5 hours
followed by 2 hours at room-temperature. For PBA treatment, 1mM PBA was added to seedlings
prior to the 2 hour room-temperature incubation.

For the TM survival assay, seeds were plated on half-strength MS medium with 0.1mg/L
TM and grown for two weeks before quantification. For the heat stress survival assay, seeds were
plated on solid half-strength MS medium and grown for one week. They were then incubated at
37°C for 16 hours and allowed to recover at 22°C in long-day conditions for one week before
quantification.
For ConA treatment, 1μM ConA was added to samples as indicated for 6-8 hours in the
dark. An equal amount of DMSO (solvent) was added to controls.

Plasmid construction
The zeolin-pDHA and CPY*-GFP constructs were generously provided by Dr.
Alessandro Vitale (Mainieri et al., 2004) and Dr. Shuh-ichi Nishikawa (Yamamoto et al., 2010),
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respectively. Zeolin was amplified from the plasmid using gene-specific primers (Table S1) and
ligated into the pAN578-cerulean vector (Rizzo et al., 2004) using Nhe1 and Nco1 restriction
sites. The final construct was verified by enzymatic digestion and sequencing.

MDC staining and transient transformation of leaf protoplasts
Arabidopsis seedlings were stained with MDC as described previously (Contento et al.,
2005). Seedlings were incubated in 0.05mM MDC in phosphate-buffered saline (PBS; 1.37mM
NaCl, 2.7mM KCl, 10mM Na2HPO4, 1.8mM KH2PO4, pH 7.4) for 10 min followed by three
washes with PBS.

Transient expression in Arabidopsis leaf protoplasts was adapted from Sheen (2002).
Twenty micrograms of plasmid DNA was used for each construct per transformation.
Transformed protoplasts were incubated at room temperature in darkness for 10-12 hours
followed by the indicated treatments.

Microscopy
MDC-stained seedlings, GFP-ATG8e transgenic seedlings, and GFP-ATG8etransformed protoplasts were visualized using a Zeiss Axioplan II compound microscope
equipped with an Axio Cam HRC digital imaging system (Carl Zeiss; http://www.zeiss.com) at
the Iowa State University Microscopy and Nanoimaging Facility. A DAPI filter was used for
MDC fluorescence and a FITC filter was used for GFP fluorescence. Confocal microscopy was
performed with a Leica confocal laser scanning microscope (Leica SP5; Leica Microsystems;
http://www.leica-microsystems.com) at the Iowa State University Confocal and Multiphoton
Facility, using a ×63 Leica oil immersion objective. For co-localization experiments, a sequential
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laser scan with cerulean and GFP or cerulean and YFP was used. Excitation and emission
wavelengths for MDC were 345 nm and 455 nm, for cerulean were 433 nm and 475 nm, for GFP
were 488 nm and 507 nm, and for YFP were 514 nm and 527 nm.

Image analysis
MDC- or GFP-ATG8e- labeled autophagosomes in seedling roots were manually
counted and only individual bright motile dots were counted as autophagosomes.
Autophagosomes or autophagic bodies labeled by GFP-ATG8e in leaf protoplasts were directly
counted while visualizing by fluorescence microscopy. Co-localization images and the
fluorescence profiles were generated with ImageJ with merging channels and RGB profile
options (Abramoff et al., 2004).

Quantitative RT-PCR
Total RNA was extracted from transiently transformed protoplasts using a plant RNeasy
kit (Qiagen; http://www.qiagen.com) and reverse-transcribed using a qScript Flex cDNA
synthesis kit (Quanta BioSciences; http://www.quantabio.com) according to the manufacturers’
instructions. qRT-PCR was performed with gene-specific primers (Table S1) using PerfeCTA
SYBR Green FastMix (Quanta BioSciences; http://www.quantabio.com) and a Stratagene
MX4000 multiplex PCR system, with three biological replicates. TiP41-like gene was used as an
internal control and for normalization (Czechowski et al., 2005). The standard curve method was
used to analyze the quantitative RT-PCR data (Larionov et al., 2005). The relative expression
level was determined using a standard curve and normalized to TiP41-like gene expression.
Significant differences were assessed using Student’s t-test.
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2.8 Figures and Tables

Figure 1. PBA and TUDCA reduce autophagy activation by the ER stress agents TM and
DTT. Seven-day-old wild-type seedlings (a) and GFP-ATG8e transgenic seedlings (b) grown on
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half-strength MS medium were transferred to liquid medium with or without 1mM PBA and
5μg/mL TM or 2mM DTT. Wild-type seedlings (a) were stained with MDC to visualize
autophagosomes. Seedlings were imaged by confocal microscopy. Insets show enlargement of
indicated boxes. Arrows indicate MDC-stained or GFP-ATG8e-labeled autophagosomes. Scale
bars = 20μm. (c, d) Quantification of autophagosomes labeled by MDC (c) or GFP-ATG8e (d)
with the indicated treatment, with three biological replicates and at least 15 sections per replicate.
(e,f) Seven-day-old wild-type seedlings (e) and GFP-ATG8e transgenic seedlings (f) grown on
half-strength MS medium were transferred to liquid medium with or without 0.125mM TUDCA
and 5μg/mL TM or 2mM DTT. Wild-type seedlings were stained with MDC to visualize
autophagosomes. After the indicated treatment, autophagosomes were counted, with three
biological replicates and at least 15 sections per replicate. (g) To induce sucrose starvation,
seven-day-old wild type seedlings were transferred to half-strength MS medium without sucrose
(-suc) for four days. For controls, seedlings were transferred to half-strength MS medium with
sucrose. Seedlings were then transferred to the corresponding liquid medium supplied with or
without 1mM PBA for 8 hours in the dark. Seedlings were stained with MDC and the number of
autophagosomes counted, with three biological replicates and at least 15 sections per replicate.
Every bar is pairwise compared to all the other bars and different letters indicate significant
differences using a Student’s t-test (p value < 0.01). Error bars indicate SE.
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Figure 2. Autophagy-defective mutants are more sensitive to TM treatment and PBA
partially rescues this sensitivity. (a) Wild type (WT), atg5-1, and atg7-2 seeds were plated on
half-strength MS medium (control) or medium with 100μg/L TM or with 100μg/L TM + 0.13μM
PBA and grown for 2 weeks. (b) Enlargement of the section indicted in (a) to show surviving
(red arrows) and dead (black arrows) seedlings. (c) Percentages of surviving seedlings were
quantified from three replicates with 60-80 seedlings of each genotype per replicate. Every bar is
pairwise compared to all the other bars and different letters indicate significant differences using
a Student’s t-test (p value < 0.01). Error bars indicate SE.
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Figure 3. Overexpression of BiP reduces DTT-induced autophagy. (a, b) Seven-day-old wild
type (WT), BiP1 overexpression lines (BiP1-4OE and BiP1-9OE; a) and BiP3 overexpression
lines (BiP3-1OE and BiP3-2OE; b) grown on half-strength MS medium were incubated in liquid
medium with (DTT) or without (cont) 2mM DTT for 6 hours in the dark. Autophagosomes were
stained with MDC and quantified per section, with three biological replicates and at least 15
sections for each replicate. (c, d) Leaf protoplasts isolated from WT, BiP1-9OE (c) and BiP3-
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1OE (d) lines transiently expressing GFP-ATG8e were incubated for 10-12 hours in the dark
followed by treatment +/- DTT for an additional 6 hours in the dark. The number of autophagic
bodies per protoplast was quantified by fluorescence microscopy, with three biological replicates
and at least 60 protoplasts for each sample per replicate. Every bar is pairwise compared to all
the other bars and different letters indicate significant differences using a Student’s t-test (p value
< 0.01). Error bars indicate SE.

Figure 4. Heat stress induces autophagy via IRE1b and PBA can inhibit this induction.
(a) Seven-day-old wild type (WT) or atg5-1 mutant seedlings grown on half-strength MS
medium were transferred to liquid medium and incubated at 42oC for 5.5 hours followed by 2
hours at room temperature in the presence or absence of 1mM PBA. Autophagosomes were
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stained with MDC and the number of autophagosomes per section was quantified by
fluorescence microscopy, with three biological replicates and at least 15 sections per replicate.
(b) GFP-ATG8e transgenic seedlings were treated as in (a). Autophagosomes were detected by
GFP-ATG8e labeling and fluorescence microscopy. (c) Wild type (WT) and ire1b mutant
seedlings were treated as in (a), and autophagosomes detected by MDC staining. Three
biological replicates with at least 15 sections per replicate were performed. Every bar is pairwise
compared to all the other bars and different letters indicate significant differences using a
Student’s t-test (p value < 0.01). Error bars indicate SE.

Figure 5. Zeolin localizes to the ER. (a) ER-YFP or zeolin-cerulean (Zeo-Cer) alone, ER-YFP
and free cerulean (ER-YFP + Cer), or ER-YFP and zeolin-cerulean fusion proteins (ER-YFP +
Zeo-Cer) were transiently expressed in leaf protoplasts for 10-12 hours in the dark. Confocal
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microscopy was used to visualize the GFP and cerulean fluorescence. Scale bars = 10μm. (b)
Merged image of the protoplast co-expressing ER-YFP and zeolin-cerulean from (a) was enlarged
and the fluorescence profile was analyzed to confirm co-localization.
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Figure 6. Overexpression of zeolin induces ER stress and autophagy and the autophagy
induction is blocked by PBA. (a, b) Leaf protoplasts were transformed with free cerulean (Cer)
or the zeolin-cerulean (Zeo-Cer) fusion construct and incubated in the dark for 10-12 hours. Total
RNA was extracted, followed by quantitative RT-PCR using specific primers for the spliced-form
of bZIP60 (a) or for BIP3 (b). TiP41-like was used as an internal control. The relative levels of
spliced bZIP60 and BIP3 expression in protoplasts expressing Zeo-Cer were normalized to those
of Cer, which was set as 1. Three biological replicates were performed for each sample. (c, d, e)
Leaf protoplasts from WT or an ire1b mutant expressing GFP-ATG8e alone (cont), or coexpressed with free cerulean (Cer) or zeolin-cerulean (Zeo-Cer), were treated with 1μm ConA (c,
d) or 1μm ConA + 1mM PBA (f) for 6 hours before quantification of the number of autophagic
bodies by fluorescence microscopy. As a positive control, WT protoplasts expressing GFPATG8e were treated with 160mM NaCl (salt) for 6 hours. Three replicates were performed with
at least 60 protoplasts for each sample per replicate. Every bar is pairwise compared to all the
other bars and different letters indicate significant differences using a Student’s t-test (p value <
0.01). Error bars indicate SE.
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Figure 7. Zeolin induces autophagy and is partially degraded by autophagy. (a) GFP-ATG8e
or zeolin-cerulean (Zeo-Cer) alone, GFP-ATG8e and free cerulean (GFP-ATG8e + Cer), or GFPATG8 and zeolin-cerulean fusion proteins (GFP-ATG8e + Zeo-Cer) were transiently expressed
in leaf protoplasts for 10-12 hours in the dark followed by 6 hours ConA treatment. Confocal
microscopy was used to visualize the GFP and cerulean fluorescence. Scale bars = 10μm. Arrows
indicate co-localization between Zeo-Cer and GFP-ATG8e. Insets show enlargement of indicated
boxes. (b) Merged image of the protoplast from (a) showing co-expression of GFP-ATG8e and
Zeo-Cer in the vacuole was enlarged and the fluorescence profile was analyzed to confirm colocalization.
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Figure 8. Schematic model of strategies for reducing unfolded protein levels in the ER of
plant cells. Unfolded and misfolded proteins accumulate in the ER lumen when zeolin or CPY*
is expressed or when cells are subjected to TM, DTT, or heat treatments. The chemical
chaperones, PBA and TUDCA, and overexpression of BiP chaperone proteins reduce the
accumulation of unfolded proteins in the ER lumen. The unfolded proteins interact with the
luminal domain of IRE1b, inducing the splicing of bZiP60 which then activates ER stress
response genes. These include molecular chaperones, which bind to the unfolded proteins and
direct them to the refolding process. The ERAD pathway degrades unfolded proteins via the
proteasome to reduce their accumulation. ER stress also activates autophagy in a pathway
dependent upon IRE1b. Both unfolded proteins and ER membrane are seen inside
autophagosomes and are delivered to the vacuole for degradation. The grey arrows indicates
previous studies and red arrows indicates the results in current paper.
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Figure S1. Autophagy-defective mutants atg5-1 and atg7-2 are more sensitive to heat stress.
(a, b) Wild type (WT), atg5-1, and atg7-2 seeds were grown on half-strength MS medium for 7
days. On the 7th day, seedlings were incubated at 37oC (b) or 22oC (a) for 16-17 hours, then at
22oC for a further 7 days. (c) Enlargement of section indicated in (b) to show surviving (red
arrows) and dead (black arrows) seedlings. (d) Percentage of surviving seedlings was determined
after 7 days recovery from heat stress. Three replicates were performed with 60-80 seedlings per
replicate. Different letters indicate significant differences using a Student’s t-test. Error bars
indicate SE.
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Figure S2. Expression of zeolin disrupts ER structure. ER-YFP and zeolin-cerulean fusion
proteins (ER-YFP + Zeo-Cer) or ER-YFP and free cerulean (ER-YFP + Cer) were transiently
expressed in leaf protoplasts for 10-12 hours in the dark. Confocal microscopy was used to
visualize the YFP and cerulean fluorescence. Scale bars = 10μm.
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Figure S3. Zeolin-cerulean partially co-localizes with an autophagosome marker. GFPATG8 and zeolin-cerulean fusion proteins were transiently expressed in leaf protoplasts for 1012 hours in the dark, followed by treatment with ConA for 6 hours. Confocal microscopy was
used to visualize the GFP and cerulean fluorescence. Scale bars = 10μm. Arrows indicate colocalization. Insets show enlargement of indicated boxes.
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Figure S4. CPY* induces autophagy and PBA blocks the induction. (a) Leaf protoplasts were
transformed with CPY*-GFP or Cerulean-ATG8e (Cer-ATG8e) alone, or CPY* plus Cer-ATG8e,
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and incubated in the dark for 10-12 hours followed by 6 hours ConA treatment. Confocal
microscopy was used to visualize the GFP and cerulean fluorescence. Arrows indicate the colocalized CPY*-GFP and Cerulean-ATG8e. Insets show enlargement of indicated boxes. Scale
bars = 10μm. (b) Protoplasts transformed with free cerulean (cont) or CPY*-GFP were treated
with or without PBA, and the number of autophagic bodies were counted. Three replicates were
performed with at least 60 protoplasts for each sample per replicate. Different letters indicate
significant differences using a Student’s t-test. Error bars indicate SE.

Table S1.Primers used in this paper

Name
Zeo-Amp
Zeo-Seq
qBiP3
qbZiP-SP
qTip41

Purpose
Clone zeolin
Sequencing
qRT-PCR
qRT-PCR
qRT-PCR

Forward primer
GCTAGCATGATGAGAGCAAGGGTTCCAC
GTGATTGTGAACATTGATTCTGAACAG
CACGGTTCCAGCGTATTTCAAT
GAAGGAGACGATGATGCTGTGGCT
GTGAAAACTGTTGGAGAGAAGCAA

Reverse primer
CCATGGGCTGGCACGGGCTTGGATGCG
GATTAACACATTCAAGGAGTTATCGG
ATAAGCTATGGCAGCACCCGTT
GCAGGGAACCCAACAGCAGACT
TCAACTGGATACCCTTTCGCA

Underlined nucleotides are the restriction enzyme recognition sites (Nhe1 and NcoI).
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CHAPTER 3
OVEREXPRESSION OF SYP41 OR SYP61 RESCUES VACUOLAR
TRAFFICKING DEFECTS OF THE tno1 MUTANT
Manuscript in preparation
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3.1 Abstract
The trans-Golgi network (TGN) is a sorting station for sorting endocytosed cargo to the
vacuole and the extracellular space. A TGN-localized coiled-coil protein TNO1 interacts with the
SNARE SYP41 and is required for proper SYP61 localization. A tno1 mutant is sensitive to salt
stress and secretes a portion of vacuolar protein AALP (Arabidopsis aleurain-like protein) to
apoplast. Here, we showed that overexpression of SYP41 or SYP61 significantly increased
SYP41-SYP61 complex formation in both wild type (WT) and a tno1 mutant. Overexpressing
SYP41 or SYP61 rescued the salt-sensitivity of a tno1 mutant and had no effect on the salt
tolerance of WT. The partial mis-sorted AALP caused by loss of TNO1 was rescued by
†
‡

Primary researcher and author
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overexpressing SYP41 or SYP61. Transmission electron microscopy showed that the TGN was
disrupted and lateral bud formation from Golgi cisternae was reduced in the tno1 mutant and
these defects were rescued in the transgenic tno1 plants with overexpression of SYP41 or
SYP61. In conclusion, we discovered that vacuolar trafficking defects caused by loss of TNO1
can be rescued by increasing SYP41-SYP61 t-SNARE complex formation at the TGN.

3.2 Introduction
In eukaryotic cells, to ensure correctly respond to external and internal stimuli,
organelles communicate with each other via direct contact or via vesicular trafficking which
delivers materials through membrane-bound vesicles (Daniele and Schiaffino, 2014). Vesicular
trafficking includes three routes, endocytosis, exocytosis, and vacuolar trafficking. Through
exocytosis, proteins synthesized at the endoplasmic reticulum but that function outside of the cell
are secreted (Burgess and Kelly, 1987; Bassham et al., 2008). Cargo is taken up from the cell
exterior by plasma membrane invagination during endocytosis (Doherty and McMahon, 2009;
Paez Valencia et al., 2016). Sorting during vesicular trafficking is critical for proteins to reach the
locations where they function (Calvo-Garrido et al., 2008). The trans-Golgi network (TGN) is
one of the major sites for sorting of proteins to the plasma membrane or vacuole. The TGN is
derived from the trans-most cisterna of the Golgi via cisternal maturation and is usually
positioned at the trans-side of the Golgi (White et al., 2001; Ladinsky et al., 2002). The TGN is a
highly dynamic and interconnected tubular-like reticulum (Ladinsky et al., 1994; Marsh et al.,
2001), and TGN integrity is crucial for its sorting function (Ghosh et al., 2003; Gendre et al.,
2011; Storrie et al., 2012; Koreishi et al., 2013).
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Vesicular trafficking usually involves four steps, vesicle formation and budding,
transport to the target membrane, tethering, and fusion with the target membrane (Bonifacino and
Glick, 2004; Baral et al., 2015). Extensive studies have revealed that many proteins are involved
in these four steps to maintain the efficiency and the fidelity of trafficking (Pearse, 1975; Waters
et al., 1991; Sollner et al., 1993; Rothman, 1994; Short et al., 2002; Cai et al., 2007). Soluble Nethylmaleimide-sensitive factor attachment protein receptors (SNAREs) provide driving force
for fusion between vesicles and their target membrane (Sollner et al., 1993; Weber et al., 1998;
McNew et al., 2000; Malsam et al., 2008; Kim and Brandizzi, 2012). Based on the location on
vesicles or target membranes, SNAREs are classified as the v-SNARE on the vesicles and tSNARE on the target membranes (Malsam et al., 2008). The specific interaction between v-and
t-SNAREs is one of the major steps ensuring the fidelity of trafficking (Fukuda et al., 2000;
McNew et al., 2000; Parlati et al., 2000; Parlati et al., 2002).

As a vesicle approaches its target membrane, tethering factors initiate the interaction
between the two membranes (Lupashin and Sztul, 2005; Yu and Hughson, 2010). Tethering
factors can be divided into two classes, long coiled-coil tethering factors and multi-subunit
complexes (Lupashin and Sztul, 2005; Yu and Hughson, 2010). The long coiled-coil factors are
large and can interact with vesicles at distances of up to 200 nm (Jackson et al., 2012). The
multi-subunit complexes consist of several protein subunits and can reach vesicles at distances of
up to 30 nm (Chia and Gleeson, 2014). Currently, the exact mechanism of tethering factor
function is still unclear, but two models have been proposed. For Long coiled-coil tethers, they
are anchored in the target membrane via their C termini and form a meshwork with other nearby
tethers via their long coiled-coil tails. The meshwork are proposed to capture incoming vesicles
(Sinka et al., 2008; Yu and Hughson, 2010). For multi-subunit complex tethering factors, the

94
proposed model is that the complex form an anchor to attach on the target membrane and a
flexible lasso on the cytosol side to capture incoming vesicles (Ren et al., 2009; Tripathi et al.,
2009).

Tethering factors can physically interact with SNAREs. Two possible functions of the
interaction between tethering factors and SNAREs have been proposed. Firstly, the interaction
between tethering factors and SNAREs could be important for the assembly and stability of
SNAREs (Puthenveedu and Linstedt, 2004; Perez-Victoria and Bonifacino, 2009; Perez-Victoria
et al., 2010). Secondly, the interaction between tethering factors and SNAREs could serve as a
tether to ensure high efficiency of vesicle fusion with the target membrane. This is supported by
evidence that overexpression of SNARE proteins can rescue trafficking defects caused by loss of
tethering factors (Sapperstein et al., 1996; Suvorova et al., 2002; Laufman et al., 2011;
Mukherjee and Barlowe, 2016).

We previously identified TNO1 as a TGN-located putative long coiled-coil tethering
factor in Arabidopsis (Kim and Bassham, 2011). The tno1 mutant has defective vacuolar
trafficking and is sensitive to salt stress, but it grows like WT under normal conditions (Kim and
Bassham, 2011). This indicates the TNO1 is only required for high efficiency vacuolar
trafficking under salt stress. These results lead us to propose that TNO1 may function like a
tether to ensure efficient vesicle fusion at TGN under salt stress and the defects caused by loss of
TNO1 could be compensated by overexpression of its interacting SNAREs SYP41 or SYP61.
We found that overexpression of SYP41 or SYP61 significantly increased the salt tolerance of
the tno1 mutant and rescued the mis-sorting of the vacuolar protein AALP in tno1 (Ahmed et al.,
2000). Transmission electron microscopy showed that the TGN was disrupted and Golgi lateral
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bud formation was reduced in tno1 and these morphological defects were rescued by
overexpressing SYP41 or SYP61. Based on these results, we conclude that defects caused by
loss of TNO1 can be rescued by overexpression of its interacting SNAREs SYP41 or SYP61.

3.3 Results
Generation of SYP41- and SYP61-overexpressing transgenic plants.
Our previous research showed that TNO1 co-immunoprecipitated with SYP41 (Kim and
Bassham, 2011). In addition, SYP61, which forms a t-SNARE complex with SYP41, is mislocalized in a tno1 mutant (Sanderfoot et al., 2001; Zhu et al., 2002; Kim and Bassham, 2011).
While the vesicular trafficking efficiency at the TGN is decreased in the tno1 mutant compared
to WT plants and some vacuolar proteins are mis-sorted in tno1 mutant, the tno1 mutant has no
growth defects under normal conditions (Kim and Bassham, 2011). This suggests that incoming
vesicles can fuse with their target membrane the TGN through SNARE interactions in the tno1
mutant. In addition, studies in yeast and mammalian cells showed that increasing the
concentration of SNARE proteins or SNARE complex formation can rescue vesicle trafficking
defects in tethering factor mutants (Diao et al., 2008; Laufman et al., 2011; Hirata et al., 2015;
Mukherjee and Barlowe, 2016). This rescue might be a result of an increased chance for
interaction between v- and t- SNAREs. We therefore hypothesized that overexpressing SYP41 or
SYP61 could rescue the vacuolar trafficking defects in the tno1 mutant.

To test this hypothesis, SYP41- and SYP61- overexpressing transgenic plants were
generated in the tno1 mutant (S41OE/tno1 or S61OE/tno1) and WT (S41OE/WT or S61OE/WT)
background. SYP41 or SYP61 was cloned into a binary vector (pCAMBIA1300MCS1) for
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expression from the cauliflower mosaic virus 35S promoter (Sanderfoot et al., 2001). Three
homozygous transgenic lines for each construct and each genotype were selected and protein
expression level was further determined by immunoblotting using anti-SYP41 (Bassham et al.,
2000) or anti-SYP61 antibodies (Sanderfoot et al., 2001) (figure 1a). Antibodies against tubulin
were used to demonstrate equal loading. The overexpression transgenic lines had more SYP41 or
SYP61 than WT or the tno1 mutant (figure 1b). For each transformant, homozygous lines with
different expression levels were chosen for further analysis.

Overexpression of SYP41 or SYP61 increased SYP41-SYP61 complex formation.
SYP41 and SYP61, together with VTI12, form a t-SNARE complex at the TGN
(Bassham et al., 2000; Sanderfoot et al., 2001). We proposed that overexpressing SYP41 or
SYP61 could lead to increased SYP41 - SYP61 complex formation. Immunoprecipitation of
SYP41 or SYP61 using anti-SYP41 or anti-SYP61 antibody was performed using the lines from
each genotype with the highest expression of SYP41 or SYP61 (S41OE/WT -1, S41OE/tno1 -9,
S61OE/tno1 -19, and S61OE/WT 4). Three grams of leaves from 4- to 6- week-old plants were
ground and membrane proteins were solubilized with 0.5% Triton X-100.

To assess the amount of t-SNARE complex in SYP41 overexpression lines, SYP61 was
immunoprecipitated from S41OE/WT -1 and S41OE/tno1 -9 plants using anti-SYP61 antibody.
As expected, the amount of SYP61 was the same in WT, the tno1 mutant, S41OE/WT -1, and
S41OE/tno1 -9 plants (figure 2a) and immunoprecipitated to the same extent in each genotype
(figure 2a). The amount of SYP41 that co-precipitated with SYP61 was analyzed by immunoblot
using anti-SYP41 antibody. WT and the tno1 mutant had similar amount of SYP41 coprecipitated with SYP61 (figure 2a). This indicates TNO1 had no effect on the SYP41 – SYP61
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complex formation. Significantly more SYP41 co-precipitated with SYP61 in S41OE/tno1 -9
compared to the tno1 mutant (figure 2a and 2c). This suggested that more SYP41 - SYP61
complexes were formed in the S41OE/tno1 -9 line than in the tno1 mutant. The amount of
SYP41 that co-precipitated with SYP61 in S41OE/WT -1 lines was even higher than that of
S41OE/tno1 -9, probably due to its higher expression level (figure 2a and 2c).

To assess the amount of t-SNARE complex in SYP61 overexpression lines, SYP41 was
immunoprecipitated using anti-SYP41 antibody from S61OE/WT -4 and S61OE/tno1 -19 plants.
The amount of precipitated SYP41 was similar in WT, tno1, and the SYP61 overexpression lines
(figure 2b). Compared to the tno1 mutant, significantly more SYP61 co-precipitated with SYP41
in S61OE/tno1 -19 (figure 2b and 2d). S61OE/WT -4 also had significantly more SYP41 SYP61 complexes than S61OE/tno1 -19 (figure 2b and 2d). These results indicate that
overexpression of one SNARE SYP41 or SYP61 can increase SYP41 - SYP61 SNARE complex
formation.

Overexpression of SYP41 or SYP61 increases tno1 salt tolerance.
The growth of the tno1 mutant under normal conditions is similar to WT, but it is more
sensitive to salt stress (Kim and Bassham, 2011). Based on our hypothesis that overexpression of
SYP41 or SYP61 rescues vacuolar trafficking defects caused by the loss of TNO1, we proposed
that overexpression of SYP41 or SYP61 might rescue the salt sensitivity of the tno1 mutant. To
test this hypothesis, 7-day-old seedlings of WT, tno1, and SYP41 or SYP61 overexpression lines
in the tno1 mutant background (S41OE/tno1 -9, -16, -17, S61OE/tno1 -8, -19, -20) were
transferred to medium with or without 120mM salt. After 4 days of additional growth, the root
length was measured. Three biological replicates were performed with five seedlings of each
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genotype per plate and three plates per replicate. For each plate, the root length was normalized
to WT and box plots were generated (figure 3). As we have shown previously (Kim and
Bassham, 2011), the tno1 mutant has significantly shorter roots than WT under salt stress
(figure). S41OE/tno1 and S61OE/tno1 lines had significantly longer roots than the tno1 mutant,
but significantly shorter roots than WT under salt stress (figure 3). Seedlings grown on medium
without salt had similar root length to each other.

To compare roots of S41OE/tno1 or S61OE/tno1 lines to the tno1 mutant, root length
was log-transformed and data were analyzed with proc Glimmix in SAS 9.3. The major focus of
this analysis was the effects of salt treatment on root growth of different genotypes. The
experimental design with three biological replicates and three plates per each replicate was to
minimize other effects on root growth, such as light intensity at different positions the growth
chamber, but roots of same genotype were still different between different plates of the same
replicate and between different replicates.

Therefore, a linear model (including genotypes, replicates, plate effects, and interaction
between replicates and plate effects as fixed effects) was estimated for each genotype and the
estimated root length of different genotypes was compared. The analysis showed that all
S41OE/tno1 and S61OE/tno1 lines had significantly longer roots than the tno1 mutant under salt
stress (figure 3). In addition, the increased root length correlated with the SNARE
overexpression level. For example, the S41OE/tno1- 9 line had higher SYP41 overexpression
than the S41OE/tno1 -16 line (figure 3). The root length of S41OE/tno1 -9 was 40% longer than
that of the tno1 mutant under salt stress (figure) whereas the root length of S41OE/tno1 -16 was
only 25% longer than the tno1 mutant under salt stress (figure 3). The same analysis with
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seedlings grown on medium without salt showed that the root lengths of the S41OE/tno1 and
S61OE/tno1 lines were not significantly different from those of the tno1 mutant. These results
support the hypothesis that overexpression of SYP41 or SYP61 can rescue the salt sensitivity of
tno1.

Overexpressing SYP41 or SYP61 does not affect salt stress tolerance of WT seedlings.
We considered the possibility that the effects of overexpression of SYP41 or SYP61 on
salt tolerance may not be specific to the loss of TNO1. If so, the overexpression of SYP41 or
SYP61 would increase salt tolerance of both WT plants and the tno1 mutant. To examine this
possibility, 7-day-old seedlings of three S41OE/WT (S41OE/WT -1, -3, -9) and S61OE/WT
overexpression lines (S61OE/WT -3, -4, -5) were transferred to medium with or without 120 mM
salt and were further grown for 4 days. Root length was measured and data analyzed as described
above. WT, S41OE/WT -1, and S61OE/WT -4 had similar root length with or without salt
treatment (figure 4). These results indicate that overexpression of SYP41 or SYP61 has no effect
on salt tolerance of WT plants.

In conclusion, SYP41 or SYP61 overexpression specifically rescues the salt stress
hyper-sensitivity caused by the loss of TNO1 and this effect is correlated with the degree of
overexpression of SYP41 or SYP61.

Mis-sorting of AALP in tno1 was rescued by SYP41 or SYP61 overexpression.
Previously, we showed that a portion of the vacuolar protein AALP (Ahmed et al., 2000)
was mis-sorted to the intercellular space in the tno1 mutant (Kim and Bassham, 2011). We
therefore hypothesized that overexpression of SYP41 or SYP61 may rescue the mis-sorting of
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AALP in the tno1 mutant. As described previously (Neuhaus et al., 1991; Kim and Bassham,
2011), intercellular wash fluid (ICF) was extracted from one gram of leaves from four to sixweek-old plants of the highest SYP41 or SYP61 expression lines (S41OE/WT -1, S41OE /tno1 9-I, S61OE /WT -4, and S61OE/tno1 -19). After ICF extraction, total cellular protein from the
ICF-depleted tissue was extracted using 1x SDS loading buffer. The fraction containing AALP
was determined by immunoblotting of ICF and ICF-depleted samples using anti-AALP antibody
(Ahmed et al., 2000). Significantly more AALP was secreted to the ICF fraction in the tno1
mutant, consistent with previously published results (figure 5a and 5b). When SYP41 or SYP61
was overexpressed in the tno1 mutant, the abundance of AALP in the ICF was significantly
reduced compared to that in the tno1 mutant (figure 5a and 5b). BES1, localized in the cytosol
and nucleus (Yin et al., 2002), was used as a control to confirm equal cell breakage in each
genotype. Even with a long exposure time, BES1 could not be detected in the ICF, but was
equally detected in each ICF-depleted sample (figure 5a). This indicates that cell breakage was
minimal and that protein observed in the ICF was likely to be due to secretion. These results
suggest that overexpressing SYP41 or SYP61 can rescue the defective post-Golgi sorting of
AALP in the tno1 mutant.

TNO1 is required for maintaining Golgi and TGN morphology.
Previous studies showed that tethering factors are important for maintaining Golgi and
TGN morphology (Barr and Short, 2003; Yu and Hughson, 2010; Storrie et al., 2012; Uemura et
al., 2012). We hypothesized that loss of TNO1 might cause morphological defects of Golgi and
TGN which disrupt vacuolar trafficking at TGN. To test this hypothesis, the Golgi and TGN
morphology of cells from 7-day-old WT and tno1 seedlings’ elongation zones were compared
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using transmission electron microscopy (TEM). The elongation zone was determined by the
transition from several small vacuoles to one major vacuole.

The Golgi and TGN structure were well-preserved through the TEM preparation process
(figure 6). Since TEM only shows two-dimensional structure, the TGN vesicular-tubular
networks in TEM images were observed as round bodies which we refer to as TGN bodies
hereafter (Storrie et al., 2012). In WT cells, the number of TGN bodies with diameter larger than
100 nm was 4.1 per Golgi stack. In the tno1 mutant, very few TGN bodies with diameter larger
than 100 nm were seen (figure 6). Quantification of the number of TGN bodies with diameter
larger than 100 nm showed that significantly fewer TGN bodies were present in the tno1 mutant
compared with WT (figure 6). This result indicates that the integrity of the TGN was
compromised due to the loss of TNO1.

Since the Golgi and TGN are closely related, Golgi morphology was further analyzed.
In WT cells, the average length of cisternae per Golgi stack was 696 nm and the number of
cisternae was 4.6 per Golgi stack, comparable to previous studies (Uemura et al., 2012). The
average length of cisternae within each Golgi stack in the tno1 mutant was similar to that of WT
(figure 6); although on average the tno1 mutant had one more cisterna per Golgi stack than WT,
this difference was not significant (figure 6). In WT cells, lateral buds emerging from the Golgi
cisternae were clearly observed (figure 6). Based on the current models of Golgi trafficking, the
lateral buds are likely to be COPI-coated vesicles predicted to mediate the retrograde transport of
resident Golgi proteins (Glick and Malhotra, 1998; Love et al., 1998; Glick and Nakano, 2009).
The COPI vesicles are usually with diameter more than 50 nm (Bonfanti et al., 1998; Storrie et
al., 2012), therefore lateral buds with diameter larger than 50 nm were quantified. WT cells had 3
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lateral buds per Golgi stack on average, whereas tno1 cells only had 1 lateral bud per Golgi stack
on average (figure 6). This substantial difference between WT and the tno1 mutant indicates that
the formation of lateral buds in the tno1 mutant was significantly reduced. We conclude that
TNO1 is required for maintaining integrity of the TGN and for efficient lateral bud formation
from Golgi cisternae.

Golgi and TGN morphology defects of the tno1 mutant are rescued by SYP41 or SYP61
overexpression.
To investigate the effects of overexpression of SYP41 or SYP61 on the Golgi and TGN
morphology in the tno1 mutant, cells in the root elongation zone of the highest expressing
SYP41 (S41OE/tno1 -9) and SYP61 (S61OE/tno1 -19) lines were visualized by TEM.
S41OE/tno1 -9 and S61OE/tno1 -19 had 4.2 and 3.6 TGN bodies with diameter larger than 100
nm on average respectively, which was significantly more than the tno1 mutant and similar to
WT (figure 6). In addition, S41OE/tno1 -9 and S61OE/tno1 -19 Golgi stacks had 2.3 and 2.4
lateral buds with diameter larger than 100 nm respectively, which was significantly more than
tno1 but significantly fewer than WT (figure 6). As expected, the overexpression of SYP41 or
SYP61 had no effect on the average cisternal length and the number of cisternae per Golgi stack
(figure 6). These results indicate that overexpression of SYP41 or SYP61 can restore the
morphological defects caused by loss of the putative tethering factor TNO1.

3.4 Discussion
The TGN is a major sorting station for post-Golgi trafficking and contains multiple
sorting domains which determine the destination of cargos (Bard and Malhotra, 2006; Luini et
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al., 2008; Chia and Gleeson, 2014). We previously characterized TNO1, which is predicted to be
a long coiled-coil tethering factor at the TGN (Kim and Bassham, 2011). A tno1 mutant has
defective vacuolar trafficking, hyper-sensitivity to salt stress, and delayed lateral root emergence
and gravitropism responses (Kim and Bassham, 2011; Roy and Bassham, 2015). In this current
research, we demonstrated that overexpressing SYP41 or SYP61 increased SYP41 - SYP61
complex formation and rescued multiple defects of the tno1 mutant. Overexpression of SYP41 or
SYP61 rescued the salt sensitivity of the tno1 mutant, and the extent of rescue correlated with the
SYP41 or SYP61 expression level. Even though this also increased the amount of SYP41-SYP61
complex, the salt tolerance of WT plants was not affected by overexpressing SYP41 or SYP61.
These results indicate that the effect of overexpressing SYP41 or SYP61 was specific to rescue
the salt sensitivity caused by the loss of TNO1. This suggests that the vacuolar trafficking
mediated by TNO1 might already be at a maximum level in WT and therefore cannot be further
increased by additional SYP41 t-SNARE complexes.

Furthermore, partial secretion of vacuolar protein AALP in the tno1 mutant (Kim and
Bassham, 2011) was rescued by overexpression of SYP41 or SYP61. However, the reasons for
the rescue effects of overexpressing SYP41 might be different from that of overexpressing
SYP61. We showed previously that a portion of SYP61, but not SYP41, was mis-localized in the
tno1 mutant; 70% of SYP61 was localized on the TGN in WT but only 47% in the tno1 mutant
(Kim and Bassham, 2011). Overexpression of SYP61 might increase the amount present on the
TGN in the tno1 mutant and therefore rescue the vacuolar trafficking defects. SYP41 is required
for the integrity of the TGN and proper Golgi morphology (Uemura et al., 2012). Therefore, the
overexpression of SYP41 might restore the defective TGN and Golgi of tno1 and indeed our
TEM analysis showed that overexpression of SYP41 rescued the TGN and Golgi defects of tno1.
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Brefeldin A (BFA), a fungal toxin, blocks anterograde trafficking from endosomes to the
plasma membrane, resulting in endosomal aggregation (BFA compartment) (Geldner et al., 2001;
Kleine-Vehn et al., 2008). The delayed BFA compartment formation in tno1 compared to WT
indicated the membrane fusion between the TGN and endosomes was less efficient in tno1 than
that in WT (Kim and Bassham, 2011). This led us to propose that the TGN morphology might be
disrupted in the tno1 mutant. We found that the tno1 mutant had significantly fewer TGN bodies
than WT, suggesting that the TGN was disrupted in the tno1 mutant. The integrity of the TGN
and normal morphology of the Golgi are known to be important for vesicular trafficking (Reaves
and Banting, 1992; Storrie et al., 2012; Uemura et al., 2012; Shirakawa et al., 2014). The
disruption of TGN might be the reason for the defective vacuolar trafficking and salt sensitivity
of the tno1 mutant.

The Golgi morphology was also affected by the loss of TNO1. We observed that the
formation of lateral buds from Golgi cisternae was significantly reduced in the tno1 mutant.
Based on current models of membrane trafficking in the Golgi (Farquhar, 1985; Mollenhauer and
Morre, 1991; Glick and Malhotra, 1998; Glick and Nakano, 2009), the lateral buds we observed
by TEM might be COPI vesicles. However, the overall Golgi morphology, number of cisternae
and average length of cisternae per Golgi were normal in the tno1 mutant compared to WT. We
propose a possible feedback response from integrity of TGN that regulate the membrane
trafficking in Golgi to avoid disturbance of Golgi structure. The TGN was disrupted in the tno1
mutant and this may lead to the feedback response to reduce the formation of COPI vesicles.
This is supported by the reduced number of lateral buds per Golgi in the tno1 mutant. The COPI
vesicles are required for the retrograde trafficking of Golgi-resident proteins from trans-side to
cis-side of Golgi (Dunphy and Rothman, 1985; Mollenhauer and Morre, 1991; Rothman and
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Wieland, 1996; Colley, 1997; Glick and Malhotra, 1998; Pelham, 1998). Therefore, reduced
COPI vesicle formation might inhibit the transportation of Golgi resident proteins. This might
reduce the cisternal maturation to avoid accumulation of cisternae on the trans-side of the Golgi.
Consistent with this possibility, overall Golgi morphology was normal in the tno1 mutant.
Further studies are needed to determine whether the lateral buds are coated with COPI and to
investigate Golgi morphology with other TGN defective mutants.

Based on our results, we propose a model to explain the mechanism by which
overexpressing SYP41 or SYP61 rescues defects of the tno1 mutant (figure 7). In WT plants,
when both TNO1 and SNAREs are present, trafficking through the Golgi and TGN is efficient.
In the tno1 mutant, the putative tether is absent and therefore cannot capture incoming vesicles at
a long distance. Since SNARE proteins are short, their interaction happens only when the vSNARE and t-SNARE are very close; the chance of a vesicle being captured is therefore lower in
tno1 and vesicle fusion efficiency is reduced. However, increasing the amount of t-SNARE
complexes on the TGN can compensate for this decreased efficiency. When an incoming vesicle
is close to the target membrane, the chances for interaction between v-SNARE and t-SNARE is
increased because of the increased concentration of t-SNAREs on the target membrane. In
conclusion, overexpressing SYP41 or SYP61 rescues the defective vacuolar trafficking and
morphology of the TGN and Golgi caused by loss of TNO1 by increasing the chances of v- and
t- SNARE interaction and therefore increasing the efficiency of vesicle fusion with the TGN.
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3.5 Materials and Methods
RT-PCR and plasmid construction
Total RNA was extracted from 4-6 week-old WT leaves using TRIzol reagent
(Invitrogen, 15596026) according to the manufacturer’s instructions, followed by DNase I
treatment (Invitrogen, 18068015). The concentration of RNA was determined using a NanoDrop
ND-1000 spectrophotometer. 1 μg of RNA was used to generate cDNA using an oligo dT primer
(Promega, C1101) and SuperScript III reverse transcriptase (Invitrogen, 18080044) according to
the manufacturers’ protocols. The SYP41 and SYP61 genes were amplified using gene specific
primers (table), WT cDNA, and high-fidelity Platinum Taq DNA polymerase (Invitrogen,
11304011). The amplified products were inserted into the binary vector pCAMBIA1300MCS1
which is originally from Cambia (www.cambia.org) and modified by Sanderfoot et al.
(Sanderfoot et al., 2001). The final constructs were verified by enzymatic digestion and
sequencing.

Generation of transgenic plants
The SYP41 and SYP61 constructs were introduced into Agrobacterium tumefaciens
strain GV2260 by electroporation, and then were introduced into WT and tno1 plants using the
floral dipping method (Clough and Bent, 1998). Transgenic plants were screened on half strength
MS medium containing 15 μg/ml hygromycin B. 16 to 20 hygromycin B-resistant seedlings per
construct and genotype were selected and grown in soil. Transgene expression was examined by
RT-PCR (data not shown) and seeds were harvested from plants with higher gene expression
than WT. Three homozygous lines for each construct and genotype were generated via another
round of screening on hygromycin B medium. Protein overexpression in homozygous plants was
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determined by immunoblotting using anti-SYP41 (1:200) and anti-SYP61 (1:800) antibodies
(Bassham et al., 2000; Sanderfoot et al., 2001).

Plant materials and growth conditions
Arabidopsis thaliana Columbia-0 (Col-0) and the T-DNA insertion mutant tno1 (Kim
and Bassham, 2011) seeds were surface sterilized in 33% bleach, 0.1% Triton X-100 for 10 min,
followed by 5 rinses of 5 min each with sterile water. Sterilized seeds were kept in the dark at
4°C for two days before plating on half-strength solid MS medium (Murashige-Skoog vitamin
and salt mixture [Caisson Laboratories]) with 1% (w/v) sucrose, 2.4 mM MES (pH 5.7), and
0.6% (w/v) Phytoblend agar (Caisson Laboratories). For growth on soil, seeds were planted on
soil directly and kept in the dark at 4 °C for two days before transfer to a growth chamber. Plants
were grown at 22 °C in long-day conditions (16 hours light and 8 hours dark).

For salt stress, 7-day-old seedlings vertically grown on half strength MS medium were
transferred to solid half strength MS medium containing 120 mM NaCl. After 4 days growth, the
root length was measured using ImageJ software (Abramoff et al., 2004).

Immunoprecipitation
Immunoprecipitation with total protein was performed as previously described
(Bassham et al., 2000). 3 grams of 4- to 6- week-old Arabidopsis leaves was ground in 15 ml
cold extraction buffer (0.3M Sucrose, 0.1M Tris-HCl, 1mM EDTA, pH 7.5) with protease
inhibitor cocktail (Roche). The crude extract was passed through Miracloth to remove debris,
followed by centrifugation at 1000 xg for 5 min at 4 °C. To dissolve membrane proteins, 0.5%
Triton X-100 was added to the supernatant, followed by rocking at 4°C for 2-3 hours. Anti-
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SYP41 (1:2,400) and anti-SYP61 (1:6,400) antibodies were added to the corresponding samples
followed by 2 hours rocking at 4°C. Protein A Sepharose CL-4B was prepared according to the
manufacturer’s protocol (GE HealthCare Life Sciences). The samples were further rocked with
50 μl suspended prepared protein A Sepharose overnight at 4°C. Beads were collected by
centrifugation at 200 xg for 5 minutes at 4°C and washed 3 times with PBS buffer with 0.1%
Triton X-100. Proteins were eluted in SDS loading buffer (62.5mM Tris-HCl (pH 6.8), 2% (w/v)
sodium dodecyl sulfate, 25% (v/v) glycerol, and 0.01% bromophenol blue). Eluted proteins were
analyzed by immunoblotting using the indicated antibodies.

ICF extraction
ICF was extracted based on a previously described protocol (Neuhaus et al., 1991; Kim
and Bassham, 2011). For protein extraction from ICF-depleted leaves, the leaves were ground in
protein extraction buffer (0.3M Sucrose, 0.1M Tris-HCl, 1mM EDTA, and pH 7.5) with protease
inhibitor cocktail (Roche). ICF and ICF-depleted samples were analyzed by immunoblotting
using anti-AALP (1:1000) (Ahmed et al., 2000) and anti-BES1 (1:1000) (Yin et al., 2002)
antibodies.

Transmission electron microscopy
For transmission electron microscopy (TEM), samples were fixed with 3%
glutaraldehyde (w/v) and 1% paraformaldehyde (w/v) in 0.1M sodium cacodylate buffer, pH 7.2,
for 48 hours at 4°C. Samples were washed in buffer and then fixed in 1% osmium tetroxide in
0.1 M cacodylate buffer for 1 hour (room temp). The samples were then en-bloc stained with 2%
uranyl acetate, dehydrated in a graded ethanol series, cleared with ultra-pure acetone, infiltrated
and embedded using a modified EPON epoxy resin (Embed 812; Electron Microscopy Sciences,
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Ft. Washington, PA). Resin blocks were polymerized for 48 hours at 70°C. Thick and ultrathin
sections were made using a Leica UC6 ultramicrotome (Leeds Precision Instruments,
Minneapolis, MN). Ultrathin sections were collected onto copper grids and images were captured
using a JEM 2100 200kV scanning and transmission electron microscope (Japan Electron Optic
Laboratories, Akishima, Japan) at Iowa State University Microscopy and NanoImaging Facility.
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3.7 Figures

(a)

(b)

Figure 1. Immunoblots showing SYP41 (a) and SYP61 (b) overexpression lines have higher
expression of SYP41 or SYP61 than WT and tno1 plants. Total proteins from leaves of 4- to
6-week-old plants were separated by SDS-PAGE and analyzed by immunoblotting using antiSYP41, anti-SYP61, and anti-tubulin antibodies. Tubulin was used to show equal loading of the
samples.
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Figure 2. Overexpression of SYP41 or SYP61 increases SYP41 - SYP61 complex formation.
(a) Immunoprecipitation of SYP41 overexpression lines (S41OE) in WT background (WT-1) and
in tno1 backgrounds (tno1-9) using anti-SYP61 antibody was performed. The input was analyzed
by immunoblotting using anti-SYP61 antibody. The precipitated SYP61 and co-precipitated
SYP41 were analyzed by immunoblotting using anti-SYP61 and anti-SYP41 antibodies. (b)
Immunoprecipitation of SYP61 overexpression lines (S61OE) in WT background (WT-4) and in
tno1 background (tno1-19) using anti-SYP41 was performed. The input was analyzed by
immunoblotting using anti-SYP41 antibody. The precipitated SYP41 and co-precipitated SYP61
were analyzed by immunoblotting using anti-SYP41 and anti-SYP61 antibodies. (c, d)
Quantification of co-precipitated SYP41 (c) and co-precipitated SYP61 (d) was performed with
three biological replicates. Different letters indicate significant differences using a Student’s ttest. Error bars indicate SE.
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Figure 3. Overexpression of SYP41 or SYP61 rescues the salt stress sensitivity of tno1. 7day-old seedlings of wild type (WT), tno1, SYP41 overexpression in tno1 background
(S41OE/tno1), and SYP61 overexpression in tno1 background (S61OE/tno1) were transferred to
half-strength MS medium (b, d, f, h) or half-strength MS medium containing 120 mM salt (a, c,
e, g). The root length was measured after 4 days growth and three replicates were performed. (a,
b) Root length of S41OE/tno1-9 as representative line of S41OE/tno1 after 4 days grown on half
strength medium with 120 mM salt (a) or without salt (b) was compared to WT and tno1. (c, d)
Root length of S61OE/tno1-19 as representative line of S61OE/tno1 after 4 days grown on half
strength medium with 120 mM salt (a) or without salt (b) was compared to WT and tno1. (e, f)
Root length of tno1 and three independent lines of S41OE/tno1 after 4 days grown on half
strength medium with 120 mM salt (e) or without salt (f) were log-transformed and analyzed
with proc Glimmix in SAS 9.3. (g, h) Same comparison as in (e, f) was performed with tno1 and
three independent S61OE/tno1 lines. Different letters indicate significant differences using a
Student’s t-test. Error bars indicate SE.
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Figure 4. Overexpression of SYP41 or SYP61 does not affect the salt stress sensitivity of
wild type. Same experiments as in Figure 3 were performed with wild type (WT), tno1, and
SYP41 overexpression in WT background (S41OE/WT), and SYP61 overexpression in WT
background (S61OE/WT). (a, b) Root length of S41OE/WT-1 as representative line of
S41OE/WT after 4 days grown on half strength medium with 120 mM salt (a) or without salt (b)
was compared to WT and tno1. (c, d) Root length of S61OE/WT-4 as representative line of
S61OE/WT after 4 days grown on half strength medium with 120 mM salt (a) or without salt (b)
was compared to WT and tno1. (e, f) Root length of WT and three independent lines of
S41OE/WT after 4 days on half strength medium with 120 mM salt (e) or without salt (f) were
log-transformed and analyzed with proc Glimmix in SAS 9.3. (g, h) Same comparison as in (e, f)
was performed with WT and three independent S61OE/WT lines. Different letters indicate
significant differences using a Student’s t-test. Error bars indicate SE.
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Figure 5. Secretion of vacuolar protein AALP in tno1 is reduced by overexpression of
SYP41 or SYP61. (a) Intercellular wash fluid (ICF) was harvested from the leaves of WT, tno1
mutant, SYP41 overexpression lines (S41OE) in WT background (WT-1) and tno1 background
(tno1-9), SYP61 overexpression lines (S61OE) in WT background (WT-4) and tno1 background
(tno1-19). ICF was analyzed by immunoblotting using anti-AALP and anti-BES1 antibodies.
BES1 was used to show equal cell breakage. Total proteins were extracted from ICF-depleted
(ICF-dep) leaves and analyzed by anti-AALP and anti-BES1 antibodies. Arrow head indicates
non-specific bands. (b, c) Quantification of the intensity of AALP bands in the ICF of indicated
genotypes with three biological replicates. Different letters indicate significant differences using
a Student’s t-test. Error bars indicate SE.
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Figure 6. The morphological defects of the Golgi and TGN caused by loss of TNO1 are
rescued by overexpression of SYP41 or SYP61. (a) Representative transmission electron
microscopy pictures of roots from 7-day-old WT, tno1, SYP41 overexpression line in tno1
background (S41OE/tno1-9), and SYP61 overexpression line in tno1 background (S61OE/tno119) seedlings grown on half-strength MS medium. (b) The number of the Golgi lateral buds with
diameter larger than 50 nm was quantified with at least 36 Golgi stacks from each genotype. (c)
Quantification of the number of TGN bodies per Golgi with diameter larger than 100 nm with at
least 38 Golgi stacks from each genotype. (d) The average length of cisternae was determined by
measuring length of each cisterna in one Golgi body and quantification was performed with at
least 17 Golgi stacks’ average cisternae length. (e) Number of cisternae was counted for each
Golgi stack and quantification was performed with at least 30 Golgi stacks.
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Figure 7. Schematic model of mechanism by which overexpressing SYP41 or SYP61 rescues
defects of the tno1 mutant. TNO1 and SNAREs are present in WT, which ensure high
efficiency of the fusion between vesicle and the TGN membranes. In the tno1, the putative
tethering factor TNO1 is absent and therefore only the vesicles are close to a t-SNARE on the
TGN can be fused with the TGN. The efficiency of vesicle fusion at the TGN is reduced in a
tno1 mutant. In the SYP41 or SYP61 overexpression lines in tno1 background (OE), the tSNAREs on the TGN are increased. The chances of v- and t- SNAREs interaction is also
increased because of the more coverage of t-SNAREs on the target membrane. Therefore,
vesicles have more opportunities to fuse with the TGN in the OE lines and the vesicle fusion
efficiency in tno1 is rescued by overexpressing SYP41 or SYP61.
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4.1 Abstract
Super-resolution fluorescence microscopy has generated tremendous success in
revealing detailed subcellular structures in animal cells. However, its application to plant cell
biology remains extremely limited due to numerous technical challenges, including the generally
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high fluorescence background of plant cells and the presence of the cell wall. In the current
study, stochastic optical reconstruction microscopy (STORM) imaging of intact Arabidopsis
thaliana seedling roots with a spatial resolution of 20-40 nm was demonstrated. Using the superresolution images, the spatial organization of cortical microtubules in different parts of a whole
Arabidopsis root tip was analyzed quantitatively, and the results show the dramatic differences in
the density and spatial organization of cortical microtubules in cells of different differentiation
stages or types. The method developed can be applied to plant cell biological processes,
including imaging of additional elements of the cytoskeleton, organelle substructure, and
membrane domains.

4.2 Introduction
The emergence of far-field super-resolution microscopy techniques (Hell, 2007; Huang
et al., 2010) has provided researchers with new opportunities for further insights into subcellular
structures. The diffraction limit for light microscopy of about half of the wavelength of light is
overcome in super-resolution techniques through spatial or temporal modulation of fluorophores.
A group of techniques, named stochastic optical reconstruction microscopy (STORM) (Rust et
al., 2006; Bates et al., 2007; Huang et al., 2008), photoactivated localization microscopy
(PALM) (Betzig et al., 2006), and fluorescence photoactivation localization microscopy
(FPALM) (Hess et al., 2006), relies on the stochastic nature of single molecule switching.
Photoactivatible fluorophores are switched randomly between a fluorescent state (on-state) and a
dark state (off-state) or any other form that is non-fluorescent at the same wavelength, and
isolated fluorescent molecules are localized by fitting with a point spread function (PSF) or with
a Gaussian function as a close estimate. The enhancement of the spatial resolution using these
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techniques depends on the precision with which individual fluorescent molecules can be
localized. This is in reverse relation to the square root of the photon number detected from a
single molecule burst (Ober et al., 2004; Yildiz and Selvin, 2005). Therefore, single molecule
detection with sufficiently high signal-to-noise ratio (S/N) is commonly required to achieve
nanometer-scale localization accuracy. Total internal reflection (TIR) illumination was adapted
to meet such requirements. Its thin illumination volume (a few hundred nanometers from the
interface) greatly reduces the out-of-focus background. Clearly, however, this also restricts the
imaging depth. Various strategies, such as combining epi-excitation and two-photon activation or
using multiple imaging planes simultaneously, have been demonstrated to extend the superresolution imaging depth to whole cell and tissue samples (Dedecker et al., 2007; Fölling et al.,
2008; Vaziri et al., 2008; Jones et al., 2011).

Nearly all of these advances in super-resolution imaging were performed with
mammalian cells. Very few reports exist of the study of cellular structures with such high
resolution in plant samples due to numerous technical challenges (Ehrhardt and Frommer, 2012),
including the generally high fluorescence background due to significant autofluorescence of
endogenous components, and the presence of the cell wall (> 250 nm thickness). The former
leads to low S/N for single molecule detection and therefore low localization accuracy and low
spatial resolution. The latter contributes to a higher background due to additional layers with
mismatched refractive indices (causing more severe scattering and spherical aberration) and
restricts the use of TIR illumination.

Several super-resolution imaging techniques have been tested for imaging plant
samples. The structure of perinuclear actin in live tobacco cells was visualized with a lateral
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resolution of 50 nm by combining PALM imaging with optical sectioning (Durst et al., 2014).
The organization of cellulose microfibrils on the outer side of the cell wall in live onion
epidermal cells has been studied by STORM imaging with a lateral resolution of 100 nm
(Liesche et al., 2013). Structured illumination microscopy, which uses specially designed
illumination patterns to spatially modulate fluorophores (Gustafsson, 2005), was used for
imaging the dynamics of endoplasmic reticulum, plasmodesmata, and cortical microtubules in
live cells with a two-fold improvement in the spatial resolution (~ 100 nm) over traditional
fluorescence microscopy techniques (Fitzgibbon et al., 2010; Komis et al., 2014). Stimulated
emission depletion (STED) microscopy has also been used to measure the size of protein clusters
on the lateral plasma membrane of plant cells with a lateral resolution of 70 nm (Kleine-Vehn et
al., 2011). Despite all of these recent advances, imaging cellular structures deep in plant cells,
such as those of intact Arabidopsis root tips, with a spatial resolution below 50 nm remains a
challenge.

Plant cells have highly anisotropic shapes that are important to cell function and
multicellular development (Paradez et al., 2006). The cortical microtubule array is one of the key
factors in determining plant cell morphogenesis. In rapidly expanding plant cells, cortical
microtubules are often densely aligned parallel to each other with a transverse orientation to the
direction of growth. Several models including the cellulose synthase constraint hypothesis
(Smith, 2003; Smith and Oppenheimer, 2005; Paredez et al., 2006), templated-incorporation
model (Baskin, 2001), and the microfibril length regulation hypothesis (Wasteneys, 2004) have
been established or proposed to explain the role of cortical microtubule arrays during cell
expansion. Detailed quantitative information on the structure and organization of cortical
microtubules is critical to an understanding of the mechanism of cell expansion and directional
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growth. We therefore use the cortical microtubule array as a test case in the present study to
develop techniques for super-resolution imaging within whole-mount seedling root tips. We
successfully demonstrated a spatial resolution of 20-40 nm in whole plant tissue imaging by
combining direct STORM (van de Linde et al., 2011), which is essentially STORM without an
activator fluorophore, with variable angle epi-fluorescence microscopy (VAEM) (Wang et al.,
2006; Konopka and Bednarek, 2008). Such high spatial resolution is crucial to resolve the dense
cortical microtubule structures in the active elongation zone of the plant root. Quantitative data
including microtubule density and orientation have been obtained for intact Arabidopsis seedling
roots.

4.3 Results and Discussion
Comparison of the background between epi-illumination and VAE illumination.
The evanescent field generated by TIR illumination excites samples within a few
hundred nanometers of the solid-liquid interface (Axelrod et al., 1984). The thin illumination
volume largely rejects the out-of-focus background, thereby offering an ideal optical sectioning
method for imaging with high S/N, and has been frequently used for super-resolution imaging in
animal cells (Betzig et al., 2006; Rust et al., 2006). However, the application of TIR illumination
is restricted to the surface because of its shallow illumination depth, limiting its use with plants
due to the presence of the thick cell wall. To overcome this limitation, VAE illumination
(Tokunaga et al., 2008) was developed to extend the illumination depth to a few tens of
micrometers when the incident angle is operated at subcritical angles (smaller than but still very
close to the critical angle), while the S/N is still several fold higher than that of epi-illumination
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(Supplemental Fig. 2B, C). The features of VAE make it an excellent choice for imaging cortical
microtubules in plant root cells.

Cortical microtubules of young Arabidopsis seedling root cells were labeled with the
photoswitchable dye Alexa Fluor 647 through immunostaining with tubulin antibodies. The
excitation (660 nm) laser and the activation (405 nm) laser were collimated and operated at
subcritical angles at the interface of the root sample and the coverslip (Supplemental Fig. 1 and
Supplemental Fig. 2). The background is greatly reduced with the confined excitation volume
under VAE illumination (Supplemental Fig. 3). The cross-sectional profiles along the elongation
direction of the root cells show that dense microtubules are much better resolved in images under
VAEM than under epi-illumination (Supplemental Fig. 3E). The light intensity profile on the
sample side is shown in Supplemental Fig. 2D. Within 10 of the critical angle, the light intensity
is higher than the incident beam. This feature is also important for STORM imaging
experiments, in which turning off fluorescent molecules to a ‘dark’ state usually requires high
illumination light intensity.

Imaging cortical microtubule arrays in plant cells with VAEM-STORM imaging.
Images of the cortical microtubule arrays were reconstructed from 20,000-30,000
frames captured in 17-25 min. Due to the generally high background noise in imaging root
samples, a slower frame rate of 20 Hz was chosen in the current study, when compared to several
previously-published STORM imaging of animal cells (Dempsey et al., 2011; van de Linde et
al., 2011). To correct for the sample stage drift during the relatively long STORM image
acquisition period, fluorescent beads were used as landmarks to track the stage movement and
reconstruct the STORM images (e.g., Fig. 1C), which show higher spatial resolution compared to
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epi-fluorescence images (e.g., Fig. 1B and Supplemental Fig. 4A) and confocal microscopy
images (Supplemental Fig. 4C-D). In the regions where cortical microtubules are present at high
density and unresolved in epi-fluorescence and confocal microscopy images, individual
microtubule filaments are clearly well-separated and resolved from each other in the STORM
images. The complex organization patterns of cortical microtubule arrays in higher plants have
diverse forms including random arrangement, regional organization, and eventually global
organization. For example, parallel cortical microtubules in fast-elongating plant cells often coalign, forming microtubule bundles that are crucial for stabilizing the whole microtubule
network. The bundles are believed to form by the crosslinking of individual microtubules with
filamentous structures composed of microtubule-associated proteins (Chen et al., 1992; Ober et
al., 2004; Gaillard et al., 2008; Li et al., 2009; Fache et al., 2010). Electron microscopy (EM)
was used in these studies to reveal the details of cross-linking including the bridge-angle and
inter-microtubule spacing in synthesized microtubule networks in vitro. As an example, in Fig.
1D-E, individual microtubule filaments in one bundle are clearly resolved, showing a spacing of
80-140 nm between neighboring microtubules, which is in agreement with the EM results
(Gaillard et al., 2008).

Determination of the spatial resolution of VAEM-STORM imaging in plant tissues.
To quantify the achieved spatial resolution of VAEM-STORM imaging, point-like
objects appearing as small clusters in the STORM images were used for analysis (Fig. 2A), as
was described previously (Bates et al., 2007; Zanacchi et al., 2011). The lateral resolution was
estimated to be 42 nm as the full width of half maximum (FWHM) from 2D Gaussian fitting of
the distributions of locations (Fig. 2B). Alternatively, the resolution can be estimated from the
localization accuracy (Rust et al., 2006). The average localization precision () is 16.0 ±2.2 nm
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(Fig. 2D) from single molecule image analysis of the same clusters, giving a localization
accuracy (~2.35) of 37.6 ±5.2 nm. The results from both analyses agree well. Therefore, we
have achieved a resolution of ~40 nm in intact plant tissue imaging.

We then measured the apparent width of individual cortical microtubule filaments in the
STORM images by analyzing the cross-sectional profiles (Fig. 2E). Relatively long cortical
microtubule filaments were chosen in order to obtain more reliable results. Fitting the crosssectional distributions of the microtubule filament with a Gaussian distribution gives a FWHM
of 52 nm (Fig. 2F). The average apparent width over 20 microtubule filaments is 57 ±4 nm. The
measured width is in agreement with the actual size of a microtubule filament plus staining with
primary antibody and secondary F(ab’)2 fragments (Weber et al., 1978). These results illustrate
that the final spatial resolution depends both on the imaging method and the size of the objects.
Therefore, microtubule filaments separated by ~60 nm should be readily resolved in VAEMSTORM imaging. As an example, two microtubules with 63-nm-separation are clearly resolved
in Fig. 2G-H. Quantification of the ability to resolve nearby cortical microtubules based on
Rayleigh criteria gives a resolution of 67 ±8 nm (n = 15).

Optimization of sample preparation and labeling.
In order to label cytoskeletal structures in plant cells, permeabilization of the cell wall is
required, as it presents an obstacle for the transfer of any probe larger than several nanometers
into the cytoplasm. Several methods, including the digestion of cell walls with degradative
enzymes (whole-mount) (Sugimoto et al., 2000), mechanical sectioning (Dyachok et al., 2010)
and freeze shattering combined with enzyme degradation (Wasteneys et al., 1997), have been
previously reported. In addition, appropriate labeling density is critical for localization-based
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super-resolution imaging. The typical labeling concentrations reported in the literature were 1 10 μg/mL of dye-conjugated antibodies in animal cell imaging (Bates et al., 2007; van de Linde
et al., 2011). We attempted VAEM-STORM imaging of plant cells under such labeling
conditions, using whole-mount samples in which the integrity of the cells is well preserved.
However, due to high background and substantial interference between single molecule images
resulting from the high labeling densities under such experimental conditions, no clear
microtubule structures could be reconstructed (results not shown).
Alexa Fluor 647-conjugated F(ab’)2 fragments were chosen instead of whole IgG
secondary antibodies in our experiments. F(ab’)2 fragments with a smaller size factor could
penetrate the cell wall more easily than larger IgG secondary antibodies, thus offering better
performance in both labeling and washing out free fragments. The dye-antibody ratio was ~4.5
for the dye-conjugated F(ab’)2 fragments we received from the manufacturer. To optimize the
labeling density, we conducted two sets of experiments. In the first, combinations of different
concentrations of both primary tubulin antibody and secondary F(ab’)2 fragment with whole
mount immunostaining were used to label the cortical microtubules of Arabidopsis seedling roots
(Supplemental Fig. 6A-D). The labeling concentration of Alexa Fluor 647-conjugated F(ab’)2
fragments was found to contribute the most to increasing the localization precision and thus the
spatial resolution. The best spatial resolution of ~ 38 nm was achieved with 1.0 μg/mL primary
antibody and 0.04 μg/mL secondary F(ab’)2 fragment, as a result of more photons being
collected and lower background noise (Supplemental Fig. 6F-H). Continuous structures could
not be completely reconstructed using more dilute labeling conditions (results not shown). These
concentrations are ~50-fold lower than the typical concentrations used in the previouslypublished works (Bates et al., 2007; van de Linde et al., 2011). The low concentration of
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antibodies reduces the labeling density, thus the number of activated probes during every
activation cycle and increases the accuracy of point-localization during analysis (Leung and
Chou, 2011). Proper labeling density and relatively low background were achieved at these
optimum antibody concentrations as demonstrated in Supplemental Fig. 6A-D. It is important to
know that the best labeling concentrations vary according to the specific dye-conjugated
secondary antibody used.

In the second set of experiments, we compared the whole mount method of sample
preparation with the freeze shattering/enzyme degradation method, in which intact roots were
randomly split longitudinally, reducing the number of cell layers in the roots. Each method was
followed with immunostaining of cortical microtubules using the optimized labeling
concentrations. For both methods, sub-diffraction limited resolution was achieved for imaging
cortical microtubules in Arabidopsis seedling root epidermal cells (Supplemental Fig. 6D, E). To
quantitatively compare the spatial resolution achieved with these two sample preparation
methods, cluster analysis was performed for each. The spatial resolution, estimated from the
single molecule localization precision, was ~38 nm and ~23 nm for the whole mount and freeze
shattering plus enzyme degradation methods respectively (Supplemental Fig. 6F). The increased
resolution upon freeze shattering was primarily due to an increase in the number (N) of photons
collected, from 3988 ±53 photons up to 5525 ±352 photons, and a reduction in b from 69 ±8
photons to 54 ±3 photons (Supplemental Fig. 6G, H). The increased photon counts and reduced
background noise improve the localization accuracy by a factor of two, indicating that the
multiple cell layers of intact roots is one important factor limiting the resolution achievable
during super-resolution imaging in plant tissues. Especially in the case of the freeze shattering
method, the spatial resolution was comparable to that achieved in animal cell imaging. Although
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it has been argued that minimal disruption of cellular components is introduced by freezeshattering (Wasteneys et al., 1997), the continuous structure of the cortical microtubules was
disrupted noticeably with this method as shown in the present work (Supplemental Fig. 6E).
Therefore, we used the whole mount immunostaining method to label cortical microtubules with
the photoswitchable dye molecule Alexa Fluor 647 for the remaining experiments.

Quantitative analysis of the microtubule network with sub-50-nm resolution.
The cortical microtubule array plays a key role in controlling plant cell growth and
anisotropy through directly guiding the deposition of cell wall material. This occurs largely by
determining the directional movement and plasma membrane insertion site of cellulose synthase
complexes during cellulose synthesis and deposition, which constrains the direction of plant cell
expansion (Paredez et al., 2006; Gutierrez et al., 2009). Quantitative analysis of microtubule
organization can therefore provide insight into the expansion and differentiation status of cells
within the root (Jacques et al., 2013). Due to technical limitations, the details of microtubule
structures have not been fully visualized or quantified. Using the enhanced spatial resolution of
STORM images, quantitative data including microtubule density and orientation were obtained.
Individual microtubules were resolved from one another even within crowded microtubule
bundles, allowing the microtubule density to be accurately determined by simply counting
microtubule filaments per micrometer. The uniformity of microtubule filament distribution
within a cell is related to its differentiation status. Insights into cellular growth and
differentiation could be acquired with accurate assessment of the microtubule density.

Although the predominant orientation of cortical microtubules can be identified from
both epi-fluorescence and STORM images, much more detail is evident in the STORM images.
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Fig. 3F and Fig. 3G show the distributions of cortical microtubules in the highlighted red boxes
in the epi-fluorescence (Fig. 3D) and the STORM (Fig. 3E) image, respectively. In addition to
the predominant transverse alignment, a significant population of microtubules aligning in
between the transverse and longitudinal orientations can be resolved only in the STORM image.
To verify the results from manual counting (Supplemental Fig. 7), MicroFilament Analyzer
(MFA) (Jacques et al., 2013) was also used to analyze the angular distributions of cortical
microtubules in both epi-fluorescence (Fig. 3H) and STORM (Fig. 3I) images. Consistently,
more detailed structural information is found in the STORM images as demonstrated in the polar
plots (Fig. 3J, K). It is therefore evident that STORM imaging, with the capability of resolving
individual microtubules with sub-50-nm spatial resolution, helps in the accurate determination of
the spatial organization, including density and orientation of cortical microtubule arrays, in plant
cells.

VAEM-STORM imaging of a whole Arabidopsis seedling root tip.
The spatial organization of cortical microtubules can change as a response to the
environment or during different developmental stages (Kropf et al., 1998; De Vos et al., 2012).
In Arabidopsis roots, the apical meristem is initially established during embryo development and
provides stem cells for later, post-embryonic, growth. The defined division patterns of the stem
cells lead to the formation of distinct developmental zones along the length of the root (Baluška
et al., 2010; Sozzani and Iyer-Pascuzzi, 2014). After cell division occurs in the meristem, cells
leave the meristem and begin to elongate in a specialized zone termed the transition zone.
Extensive rearrangement of the cytoskeleton occurs in the transition zone to allow the
developmental switch to elongation. Cells then enter the elongation zone, in which rapid cell
elongation occurs, and finally the more distal differentiation zone (Takatsuka and Umeda, 2014).
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Seven regions (a-g) spread throughout a root tip, as highlighted in the white boxes in
Fig. 4A, were chosen for STORM imaging. Region a is within the apical cap; b is in the
meristematic zone; c-d are in the elongation zone; e-f are between the elongation zone and the
differentiation zone; and finally, g is in the differentiation zone. Variations in density and
orientation of microtubule arrays between different zones in the root tip can be observed
qualitatively in both epi-fluorescence images and STORM images; however, accurate
quantitative structural information, which varies dramatically in different zones, is only available
in STORM images (Fig. 4B).

The STORM images show that cortical microtubules in rapidly elongating cells (Fig. 4B
c and Fig. 1C) are preferentially present in bundled structures, while single unbundled
microtubules are commonly found in the apical cap cells and meristematic cells (Fig. 4B a-b)
and the differentiated cells (Fig. 4B g) where the microtubules are less organized and at lower
density. Moreover, the transition regions (Fig. 4B e-f) between different zones have intermediate
microtubule density, indicating the changing organization during different growth phases. It has
been suggested that the highly spatially organized and more stable regions of the cortical
microtubule arrays are formed from bundled microtubules; the bundling lends stability to the
overall structure despite the rapid treadmilling behavior of individual filaments (Shaw and
Lucas, 2011). In contrast, the less organized and short-lived areas were hypothesized to
correspond to individual microtubules present at lower density that move and reorganize via
treadmilling (Shaw et al., 2003). To provide direct evidence for this hypothesis, super-resolution
is necessary to distinguish individual microtubules within bundles and to accurately assess
microtubule density in different regions of the plant root.
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Fig. 5 shows the results from the quantitative analysis of the density and orientation of
cortical microtubules in the cells highlighted in Fig. 4. Statistics provided in Supplemental Table
1 indicate that the microtubule densities are not significantly different (P > 0.1) between regions
c-d, e-f1, f2-g. Root cap cells (a) have loosely organized cortical microtubule structures at low
density (1.6 ±0.8 µm-1) and rarely form microtubule bundles. Cells in the late meristematic zone
(b) have an increased microtubule density, and the cortical microtubules are arranged more
tightly in the transverse direction. In the elongation zone (c, d), cortical microtubules strongly
prefer to exist as bundles in the rapidly growing cells, and as expected, the density is 3-4 times
higher (~ 6.0 µm-1) than in region a. For the cells in the late elongation or early differentiation
stages (e, f1), the microtubule density decreases to ~ 4.0 µm-1. Cortical microtubule structure
becomes loose (~ 2.0-2.5 µm-1) and preferentially exists as free microtubule filaments in the
differentiation zone (f2, g), which is consistent with decreasing growth.

Microtubule orientation, on the other hand, varies dramatically in different zones of the
root tip. This set of data shows that microtubule orientation changes from random alignment at
low density (a), to transverse alignment (90 to the long axis of the cell) at high density (b-f1),
then to random alignment again at intermediate density (f2-g1), and finally to longitudinal
alignment at low density (g2). Consistent with previous reports (Burian et al., 2013), cortical
microtubules are more likely to have a random organization in the root apical area (a) where
cells are in the process of division, and no predominant orientations are found in this region. A
transverse alignment is predominant in b to f1 with only small variations among these regions.
Nonetheless, a significant population of microtubules with small orientation angles are present in
f1 which does not exist in b-e. In contrast to f1, the adjacent cell f2 has no predominant
orientations (with angles spanning the full range), which is consistent with the helical structure
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of cortical microtubules (Sugimoto et al., 2000) in f2. The variability in microtubule orientation
continues to increase in g1; however, its adjacent cell g2 shows a predominant orientation angle
parallel to the cell’s long axis. The difference in microtubule organization at the same distance
from the root tip (f1 vs. f2 and g1 vs. g2) could be because neighboring cells are at different
differentiation stages or, alternatively, because they are of different cell types (epidermal and
cortical cells) (Smith, 2003).

4.4 Conclusions
In conclusion, we have successfully applied direct STORM imaging to cortical
microtubules in Arabidopsis root cells with sub-50-nm resolution. The optimized labeling
strategy, with much lower antibody/fragment concentrations compared to those reported in the
literature, was critical for achieving such high resolution in plant cell and whole tissue imaging.
Different sample preparation methods, including the commonly used enzymatic degradation of
the cell wall and a combination of freeze-shattering and enzymatic cell wall degradation, were
optimized to provide a spatial resolution of up to 20 nm, which is close to the best resolution
demonstrated in mammalian cells. Finally, we quantified the spatial organization of cortical
microtubules in different parts of an intact Arabidopsis root tip. The quantitative results show the
dramatic differences in the density and spatial organization of cortical microtubules in cells of
different differentiation stages or types. The methods developed can be applied to a wide range
of plant cell biological processes, including imaging of additional elements of the cytoskeleton,
organelle substructure, membrane domains and other structures currently only accessible by
electron microscopy. We expect these advances in super-resolution imaging will enable critical
progress in understanding the detailed spatial organization of biological processes in plant cells.
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4.5 Methods
Optical setup for VAEM-STORM
The imaging system for VAEM-STORM (Supplemental Fig. 1) was integrated into an
inverted microscope (Zeiss Axiovert 100 TV, Jena, Germany). Multicolor lasers were collimated
into a single light path after the beam expander (Thorlabs BE03M-A, Newton, NJ) with 3×
magnification. Illumination light was provided by solid state lasers operating at different
wavelengths (Newport Excelsior one 405 nm, 200 mW, Irvine, CA; Laser Quantum Gem 660,
200 mW, Stockport, Cheshire, England). Collimation of multicolor lasers was accomplished by
using a dichroic mirror (Thorlabs, DMLP425T), thus allowing simultaneous illumination of the
sample at multi-wavelengths. Uniblitz mechanical shutters (Vincent Associates, LS2Z2,
Rochester, NY) in front of each laser were used to control the illumination conditions, either
pulsed or continuous illumination profiles. The collimated light was expanded by a telescope of a
pair of achromatic lenses (Thorlabs, AC127-025-A & AC254-150-A) and then focused at the
back focal plane of a high refractive index oil immersion objective (Nikon, 100X Oil, N.A. 1.49)
using another achromatic lens (Thorlabs, AC508-200-A). The incident angle of illumination light
is controlled by the lateral shift of the light path, through a three-dimensional stage (Sigma
KOKI, SGSP-20-20, Tokyo, Japan), before entering the objective. A multi-edge beam splitter
(Semrock, DC-405-388-543-635, Rochester, NY) was used to reflect the light into the working
objective to excite the sample and the emission light is collected by the same objective. After the
tube lens provided with the microscope, a pair of relay lenses (Thorlabs, AC127-125-A) was
used to focus emission light onto an EMCCD chip (Andor iXonEM+ 897) enabling a pixel size of
~160nm. A combination of filters (Semrock, 664 nm RazorEdge long-pass edge filter (LP02-
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664RU-25), 658 nm StopLine single-notch filter (NF03-658E-25), 708/75 nm BrightLine singleband bandpass filter (FF01-708/75-25)) was inserted in front of the camera to reduce the
background noise. Epi-fluorescence imaging under variable angle illumination and VAEMSTORM imaging were performed using the customized system. Confocal images were acquired
with a Leica confocal laser scanning microscope (Leica Microsystems, Leica SP5, Buffalo
Grove, IL) using a ×63 Leica oil-immersion objective. Excitation and emission wavelengths
were 652 and 668 nm respectively.

Plant materials and growth conditions
Arabidopsis thaliana Columbia-0 seeds were surface sterilized with 33% bleach
(Clorox, Oakland, CA), 0.1% (v/v) Triton X-100 (Sigma, St. Louis, MO) for 20 min, followed
by 5 rinses with deionized water. Sterilized seeds were kept in the dark at 4°C for 2 days.
Arabidopsis seedlings were grown vertically for 3-5 days under long-day conditions (16 hours
light) on half-strength MS agar medium (Murashige-Skoog vitamin and salt mixture,
MSPA0910, Caisson, Colorado Springs, CO) with 1% sucrose (Sigma), 2.4 mM pH 5.7 MES
(Sigma), and 0.6% (w/v) Phytoblend (Caisson).

Immunofluorescence staining by whole mounting
Arabidopsis seedlings were immunostained as previously described (Sugimoto et al.,
2000) with some modifications. Three- to five-day-old Arabidopsis seedlings were fixed for 40
min in fixation solution (1.5% paraformaldehyde (Sigma) and 0.5% glutaraldehyde (Sigma) in
PME buffer [50mM PIPES (J.T. Baker, Center Valley, PA), 2mM EGTA (Sigma), 2mM MgSO4
(Fisher)] with 0.05% Triton X-100). The fixed samples were washed 3 times (10 min each time)
with PME buffer followed by digestion for 20 min with 0.05% (w/v) Pectolyase (Karlan,
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Cottonwood, AZ) in 0.4M mannitol (Sigma) in PME buffer. The samples were washed again in
PME buffer for 3 x 5 min. The samples were treated with -20°C methanol (Fisher) for 10 min
and rehydrated in phosphate-buffered saline (PBS) buffer for 10 min. 1mg/mL NaBH4 (Fisher) in
PBS was applied to the samples for 20 min to reduce autofluorescence and then 3% BSA
(Fisher) in PBS supplemented with 50 mM Gly (MP Biomedicals) for 3 hours for blocking. The
samples were incubated with mouse anti-α-tubulin primary antibody (Sigma, T6074) at 1:10001:2000 dilution in 1% BSA in PBS at 4°C overnight. Samples were washed three times for 10
min each and incubated in Alexa Fluor 647-conjugated F(ab')2 fragment of goat anti-mouse IgG
(H+L) (Invitrogen, A-21237) at 1:20,000 - 1:50,000 dilution in 1% BSA in PBS for 3 hours at
37 °C. After rinsing 5 times (10 min each time) in PBS, samples were post-fixed with fixation
solution, washed a further 3 times (10 min each time), and mounted on a coverslip in imaging
buffer [100 mM Tris pH 8.0 (Ambion), 10 mM NaCl (Sigma), 0.5mg/mL glucose oxidase
(Sigma), 40µg/mL catalase (Sigma), 10% (w/v) glucose (Sigma) and 1% (v/v) βmercaptoethanol (Sigma)] for epi-fluorescence/STORM imaging or kept in PBS buffer at 4°C
for up to one month.

Immunofluorescence staining by freeze shattering
Freeze-shattering was performed as described previously (Wasteneys et al., 1997) with
modifications. Three- to five-day-old Arabidopsis seedlings were fixed in fixation solution,
washed 5 times with PME buffer and digested with enzymes (identical to the procedure
described in the previous section for the whole mounting method). After digestion, samples were
placed between two 3-Aminopropyltriethoxysilane (APTES) coated slides and frozen
immediately in liquid nitrogen for 5 min. After removal from liquid nitrogen, the paired-slides
were immediately separated and air-dried for 40 min. Freeze-shattered samples were
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permeabilized on the slides using 0.5% [v/v] NP40 (USB) and 10% DMSO (Fisher) in PME
buffer and washed three times with PME buffer (10 min each time). The samples were reduced
using 1 mg/mL NaBH4 in PBS for 20 min and blocked with 3% BSA in PBS for 1.5-2 hours.
Primary antibody and secondary fragment were as above. The samples were post-fixed for 20
min in fixation solution. For long-time storage, samples were immersed in PBS buffer and kept
at 4°C for up to one month.

Sample preparation and drift correction using fiducial marker
For intact root samples, the labeled root was placed on a 22 mm × 50 mm Corning No.1
coverslip (Corning, NY). For the freeze-shattering procedure, glass slides coated with APTES
were used to attach the root to the surface. Imaging buffer was applied to the sample slide and
then an 18 mm ×18 mm Corning No.1 coverslip was applied on the sample to form a chamber
and sealed using nail polish to avoid oxygen from the air, thus allowing imaging for several
hours. The sample chamber was then placed on a customized sample holder and was locked with
two metal clips to reduce the sample drift. The sample holder was mounted on a high
performance three-dimensional piezo stage (Physik Instrumente, P-527.3CD), which was
integrated into the microscope system. Fluorescent beads (Invitrogen, T7279, Carlsbad, CA)
absorbed on the coverslip or glass slides were used as fiducial markers. The positions of the
beads were tracked and used for stage drift correction of localized molecular positions in
STORM images.

Localizing the center of single molecules and determining localization accuracy
The molecular size of single fluorescent molecules is usually a few nanometers;
however the corresponding microscopic images have a typical size of a few hundred nanometers
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because of the point spread function (PSF) of the imaging system. Though the true molecular
size of molecules cannot be determined using fluorescence microscopy, the centroid of the
molecule can be localized with high precision with fitting by its PSF or 2D Gaussian function as
an estimate. The precision of the localization, in brief, is inversely proportional to the square root
of photons (√N) collected from the single molecule (Ober et al., 2004). Molecules emitting
several thousand photons can be localized with nanometer precision under this standard. The
simple estimation model works well in cases where the background noise is very small so that it
can be neglected. In circumstances such as plant cell imaging, background noise is often high.
Localization precision is measured by using another equation according to Thompson et al.
(Thompson et al., 2002).
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(eq. 1)

where s is the standard deviation of the Gaussian distribution that equals 1/2.2 of the PSF width,
a is the pixel size, b is background noise and N is number of collected photons. The first term
(s2/N) is the photon noise, the second term is the effect of finite pixel size of the detector, and the
last term is the effect of background. Using point-like objects appearing as clusters in the
STORM images, the fitting parameters (Fig. 2A) were extracted b: 68, N: 3600, a: 156 nm giving
an average localization of 16 nm. The FWHM of the fitting is used, giving an estimation of the
spatial resolution as 40 nm. The spatial distributions of the clusters were also fitted by 2D
Gaussian function giving a FWHM of 42 nm (Fig. 2B), in agreement with the results from single
molecule fitting. The spatial resolution in VAEM-STORM imaging of intact Arabidopsis root
cells in our experiments therefore was comparable to the resolution in animal cell imaging.
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FWHM from distributions of locations suggest the spatial resolution
2D Gaussian fitting of the distributions of position clusters in STORM images had been
demonstrated previously to estimate the actual spatial resolution (Rust et al., 2006; Bates et al.,
2007). We hereby use simulations with parameters extracted from our experimental data to better
illustrate this method. Clusters with an uncertainty of ~17 nm (same as our experimental data)
for point sources are generated in MATLAB. Each cluster contains 200 random positions.
Supplemental Fig. 5a shows two clusters that are well separated by a distance of 100 nm between
their centers. When the distance between two clusters decreases to be exactly the FWHM (42
nm), the two clusters are still clearly separated (Supplemental Fig. 5b). Under this separation
distance, the cross-sectional profiles of the two clusters interact at the place where the intensity
drops to 50% of their peak intensity (Supplemental Fig. 5b, right panel). When the distance
between two clusters decreases even further (such as 20 nm), the two clusters merge into one
(Supplemental Fig. 5c). These simulated results clearly demonstrate the ability of this method for
estimating the actual spatial resolution for a given super-resolution image.

Data analysis of VAEM-STORM imaging
VAEM-STORM imaging data was processed using Insight3 software kindly provided
by Dr. Bo Huang, University of California at San Francisco. In our experiments, an imaging
sequence of 20,000-30,000 frames recorded at 20-60Hz was used to reconstruct a high resolution
STORM image. In each frame, individual molecules were identified and fit by an elliptical
Gaussian function to determine their centroid positions, widths, intensities and ellipticities. A
threshold was chosen to eliminate molecules that were too dim, too wide or too elliptical to yield
high localization accuracy based on the fit parameters. Usually, the intensity of the illumination
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light and the recording speed was adjusted such that fluorescent molecules were in the ‘on’ state
for 2 – 3 frames. Molecules appearing in consecutive frames with a displacement smaller than
one pixel were considered to be from the same fluorescent molecule and their final positions
were determined using the weighted centroid positions in all consecutive frames.

A pixel size of 10 nm was used to generate the STORM images. In the STORM images,
each molecular position was assigned as one point. These points were rendered as a normalized
2D Gaussian peak, the width of which was determined by its theoretical localization accuracy
calculated from the number of photons detected for that localization event.
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4.8 Figures and Tables

Figure 1. VAEM-STORM imaging of the cortical microtubule network of intact epidermal
plant cells in the elongation zone of an Arabidopsis root tip. (A) Bright field image of cells at
the elongation zone. The cells shown here are also highlighted in Fig. 4A as region d. The
boundary between cells is highlighted with green dashed lines in the bright field image. (B)
Epi-fluorescence image of the dense cortical microtubule network in the elongating cells and (C)
the corresponding STORM image. (D) Zoomed-in STORM image as indicated in the white
region in (C). (E) Cross-sectional profiles of a microtubule bundle in the cell [highlighted in the
red box in (D)]. The histogram shows the cross-sectional distribution of the positions within the
region specified by the red box. The red line is the fitting result from five simple Gaussian
functions showing the centers of individual microtubules that are 80.0 nm ~ 137.9 nm apart.
Scale bar: 3 µm (A-C) and 500 nm (D).
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Figure 2. Estimation of the spatial resolution of VAEM-STORM imaging in intact
Arabidopsis root tip cells. (A) Point-like objects appearing as clusters in the STORM image
were used to directly determine the localization accuracy, thus estimating the spatial resolution.
Inset shows a single molecule image in one frame. (B) The localization distributions of clusters.
A histogram of the distributions of locations in 2D was generated by aligning about 30 clusters
by their center of mass. The distribution was then fitted with a simple Gaussian function for
determining the FWHM of 42 nm, which was used as the resolution for STORM imaging. (C)
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Photon numbers and (D) localization accuracies of Gaussian fitting of single molecule images
from the same clusters as in (B). The typical image parameters, including the background noise b
(68 ±24 photons) and collected photons N from single molecules in their switching cycles
(3,600 ±1,297 photons), were determined. The average localization precision from a histogram
of over 2,000 positions is 16.0 ±2.2 nm. (F) The apparent width of a single free microtubule is
~50 nm from fitting the cross-sectional profiles of locations (white box, E, zoomed-in image are
extracted from Fig. 1C) with a simple Gaussian function. The average apparent width of over 20
single free microtubules is 57 ±4 nm (data not shown). The apparent microtubule width is a
result of the actual size of the microtubule plus staining antibodies and the sub-50-nm imaging
resolution. (G) VAEM-STORM imaging provides details of microtubule bundling structures in
plant cells. (H) Microtubule bundles composed of two single microtubules (white region, G,
zoomed-in image are extracted from Fig. 1C) with 62 nm separation are clearly resolved in
STORM images. Space between individual microtubule filaments varies from 50 – 120 nm in
animal cells and 20 – 40 nm in Arabidopsis cells depending on the crosslinking structures. The
separation distance is larger as a result of broadening effects due to antibody sizes and the spatial
resolution. Scale bar: 200 nm.
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Figure 3. VAEM-STORM imaging of cortical microtubules in a plant epidermal cell of a
whole intact root tip and orientation analysis. Analysis was performed both manually and
using Microfilament Analyzer (MFA) software. (A) Bright field image of the whole root tip.
Image is a collage of individual images with the same optical setup (100× objective) as for epifluorescence and STORM imaging. The location of cells for STORM imaging in the whole root
therefore can be easily determined from the bright field images under the same magnification.
(B-C) Zoomed-in bright field images showing the location of cells used for STORM imaging.
(D) VAEM image and (E) STORM image of the cells highlighted in the bright field image,
corresponding to the red box in (B). (F-G) Polar plots of the orientations of microtubule
filaments in the VAEM image (F) and STORM image (G) as highlighted in the red boxes in (D)
and (E), respectively. The long axis of the cell is indicated by the purple axis in the polar plots.
(H) - (K) Results of orientation analysis using the MFA software. The offset angle is 900 (long
axis) and is not corrected in the polar plot, consistent with (F) and (G). Predominant angles are
highlighted as green stars in the polar plot. Note that Figures (F-G) and Figures (H-K) are in
different forms due to two different measuring methods. Scale bars: 30 µm (A) and 3 µm (B – I).
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Figure 4. VAEM-STORM imaging of cortical microtubules in different parts of an intact
Arabidopsis root. (A) Mosaic of bright field images of the root tip. Seven regions (a-g) across
the root tip are highlighted and were chosen for dSTORM imaging. (B) Zoomed-in bright field
and corresponding epi-fluorescence and STORM images of the white-boxed regions in (A).
Images are shown of cortical microtubules of cap cells (a), epidermal cells in meristematic zone
(b), elongation zone (c-d), differentiation zone (g) and transition zones (e-f) between elongation
and differentiation of the intact Arabidopsis root tip. Note that the zoomed-in bright field image,
epi-fluorescence image and STORM image of cells in region d are shown in Fig. 1. Cell
boundaries are highlighted with red dashed lines. Cells in regions f and g show distinct
microtubule organization patterns, thus they are analyzed separately in Fig. 5 as f1, f2 and g1, g2
as indicated in the corresponding bright field images. Scale bars: 50 µm (A) and 3 µm (B, a-g).
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Figure 5. Quantitative analysis of the cortical microtubule network in a plant root tip. (A)
The average cortical microtubule density (number of microtubules per micrometer) in the
highlighted cells in Fig. 4, with the distance of cells from the root tip. Error bars represent the
standard deviation of densities of cortical microtubules from over 10 sub-regions in each cell.
(B) Schematic representation of the orientation of cortical microtubules, taken as the relative
angle (θ) of each microtubule filament to the long axis of the cell. The orientation angle θ as
displayed in (C) is corrected by the offset angle φ of the cell, determined by its long axis. Ψ is
the angle of the microtubule filament in the coordinates of the STORM image (x-y). All angles
were determined by using NIH ImageJ (http://rsbweb.nih.gov/ij/). (C) Polar plots showing the
distributions of cortical microtubule orientations (θ) of the corresponding cells in Fig. 4.
Adjacent cells (f1 and f2, g1 and g2) showing dramatically different cortical microtubule
organizations were analyzed separately. Note that the long axis of the cell has been aligned to the
3 o’clock position in all polar plots as highlighted in purple.
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Supplemental Figure 1. Schematic diagram of the setup for VAEM-STORM imaging.
Multiple lasers were collimated by using dichroic mirrors DC1. Collimated lasers were first
expanded with two achromatic lenses L1 (Thorlabs, AC127-025-A) and L2 (Thorlabs, AC254150-A) and then focused by an achromatic lens L3 (Thorlabs, AC508-200-A) at the back focal
plane of an oil objective O (N.A. = 1.49). Dotted-dashed and solid lines represent the back focal
plane of O and the sample-imaging plane respectively. The single molecule images generated by
the objective and tube lens (TL) were imaged by an Andor iXon+ 897 EMCCD camera via a pair
of relay lenses L4 and L5 (Thorlabs, AC254-125-A). Emission filters are inserted between L4 and
L5 to exclude scattering background. A highly inclined illumination condition was achieved via
lateral shifting of the position of L3, which was mounted on a motorized 3D stage.
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Supplemental Figure 2. Comparison of laser beam paths. Comparison of the laser beam paths
of total internal reflection fluorescence (TIRF) (A), variable angle epi-fluorescence (VAE) (B)
and epi-fluorescence (C) illumination. In VAE geometry, the incident angle of the laser beam is
slightly smaller than yet very close to the critical angle. The illumination depth is adjusted by
scanning the subcritical angles to achieve the illumination condition giving the best signal to
noise ratio. (D) Theoretical light intensity on the coverslip-specimen surface at the specimen
side, when a beam is introduced from the glass side, as a function of the incident angle. At θ < θc,
the laser beam is refracted. At θ ≥ θc, the beam is totally internally reflected. Within about 10o
from the critical angle, the light intensity on the specimen side is larger than that of the incident
laser beam. When the incident angle is increased up to the critical angle, the intensity of refracted
light increases due to the reduced thickness of the refracted beam at large incident angles. This
provides the necessary pre-condition for tuning the switching properties of dye molecules. At the
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critical angle, the laser intensity of the evanescent field is about four times higher than the
incident beam. This is because the light intensity at the surface is the sum of the incident and
reflected beams whose phases are the same. Therefore, the electric field of the total light doubles
while the light intensity increases by a factor of four, which is the square of the electric field. As
the incident angles become larger than the critical angle, the phases of the incident and reflected
beams are different, thus the light intensity of the evanescent field decreases.

Supplemental Figure 3. Comparison of S/N between epi-fluorescence illumination and VAE
illumination. Imaging of Alexa Fluor 647-labeled cortical microtubules under epi-fluorescence
(A) or VAEM (B). Images are acquired for epi-fluorescence and VAEM imaging using the same
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excitation intensity at 660 nm (3.5 kW/cm2) and same exposure time (50ms). The corresponding
close-up images (C, D) show that the background due to out of focus contributions in VAEM is
greatly reduced compared to epi-fluorescence. (E) Cross-sectional profiles at the same location
show the dramatically enhanced S/N in VAEM compared to epi-fluorescence. Scale bar: 5 µm
(A, B) and 1 µm (C, D).

Supplemental Figure 4. Diffraction unlimited resolution in VAEM-STORM imaging
compared to diffraction limited imaging of cortical microtubules in plant cells in the
elongation zone. (A) Epi-fluorescence image and (B) STORM image of the same area. (C)
Confocal image and (D) zoomed-in image showing the highly packed cortical microtubules in
plant cells. Compared to the images taken by epi-fluorescence microscopy and confocal
microscopy, where close cortical microtubules are not resolvable, the structure and organization
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of the cortical microtubules in the STORM images are much clearer and better resolved. Scale
bar: 2 µm (A, B, D) and 50 µm (C).

Supplemental Figure 5. Simulation data showing the resolution of two separated clusters.
The two clusters are separated by distances of 100 nm (A), 42 nm (B), and 20 nm (C),
respectively, in the left panel of the figure. Each cluster consists of 200 locations (red cross) with
a standard deviation of ~17 nm, similar to the clusters in Fig. 2A. The center of each cluster is
shown as a blue dot. In the middle panel, each location is rendered as 2D Gaussian distribution
(σ ~ 17 nm). The right panel shows the cross-sectional profiles along two clusters horizontally.
Scale bars: 100 nm. See more details in Methods.
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Supplemental Figure 6. Proper labeling density of cortical microtubules by antibodyconjugated dye molecules is critical for generating super resolution images with sub-50nmspatial resolution. Cortical microtubules in Arabidopsis root cells were first labeled with mouse
anti-α-tubulin antibody, followed by goat anti-mouse F(ab’)2 fragments conjugated with Alexa
Fluor 647. (A)-(D) STORM images using various concentrations of primary antibody and
secondary antibody fragments are shown (see table below). (E) STORM image with sample
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preparation using the freeze-shattering process and with antibody concentrations the same as
those in (D). The corresponding localization precisions using clusters located between cortical
microtubules (F), the local background in photon counts around the cluster (G) and the collected
photon number of localized positions in the clusters (H) are shown. Scale bars: 1 µm.
A

B

C

D

primary antibody (µg/mL)

2.0

1.0

2.0

1.0

secondary antibody (µg/mL)

0.20

0.20

0.04

0.04

Supplemental Figure 7. Quantitative information on the cortical microtubule network is
readily available with a resolution of 20-40 nm in STORM images. (A) White dashed lines
show the long axis of the plant root cell and white dashed arrows indicate the orientation of
individual microtubule filaments. The orientation angles are taken as the angle of each
microtubule filament relative to the long axis of the cell. Two examples of microtubule filaments

167
are shown with orientation angle of 30o and 160o respectively. (B) These images demonstrate
how the densities of cortical microtubules are measured. Since close microtubule filaments are
easily resolvable, the densities can be determined by counting numbers of filaments along the
cross-sectional or circular profiles (red dashed lines) depending on the local arrangement of the
cortical microtubule network. Scale bars: 5 µm.

Supplemental Table 1. T-test of densities of cortical microtubules between adjacent regions (ag) highlighted in Figure 5. Cells or regions with densities of cortical microtubules not
significantly different (P > 0.1) are highlighted in light blue in the table.
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CHAPTER 5
DISCUSSION AND FUTURE WORK

5.1 Dissertation Discussion
This dissertation summarizes my research on two vesicle trafficking pathways,
autophagy and vacuolar trafficking, which deliver cellular components to the vacuole in
Arabidopsis. The autophagy pathway delivers unwanted or damaged cellular components to the
vacuole, while vacuolar trafficking pathway is mainly involved in delivering vacuolar proteins,
enzymes, and metabolites to the vacuole. I analyzed the induction of autophagy during ER stress
and the effects of overexpressing TNO1-interacting SNAREs on the vacuolar trafficking in the
tno1 mutant. My research has illustrated that the accumulation of unfolded proteins in the ER is
the upstream signal that induces autophagy during ER stress. Overexpression of TNO1interacting SNARE, SYP41 or SYP61, rescues the vacuolar trafficking defects, hypersensitivity
of salt treatment, and the TGN and Golgi morphological defects caused by the loss of TNO1. In
addition, we optimized the STORM and achieved 20-40 nm spatial resolution with microtubules
in intact Arabidopsis roots.

ER stress-induced autophagy
Studies in this dissertation increase the understanding of the induction of autophagy
during ER stress in plants. Previous studies showed that autophagy was induced by ER stress
reagents, TM and DTT (Liu et al., 2012). However, the upstream signal that induces autophagy
during ER stress was unclear. It was unknown whether TM- or DTT- induced autophagy was
caused by the morphological change of ER, the accumulation of unfolded proteins, or the
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toxicity of TM or DTT. My studies demonstrate that the accumulation of unfolded proteins is the
signal that induces autophagy during ER stress. Co-treatment of chemical chaperones with DTT
or TM or overexpressing ER chaperone proteins reduced the autophagy induction upon TM or
DTT treatment. This suggests that reducing unfolded proteins can reduce the induction of
autophagy during ER stress. However, these results do not provide direct evidence to show that
the unfolded proteins are actually reduced. Therefore, unfolded protein mimics, zeolin and
CPY*, were transiently expressed in Arabidopsis leaf protoplasts. Autophagy was significantly
induced in cells with expression of zeolin or CPY*. In addition, I also demonstrated that heat
stress, a common environmental stress encountered by plants, induced autophagy in an IRE1bdependent way. Chemical chaperones or overexpression of ER chaperone proteins significantly
reduced heat-stress induced autophagy. These results indicate heat stress induces autophagy
through ER stress.
In this dissertation, I also report that plant cells expressing zeolin or CPY* have
disrupted ER structure. Under normal conditions, a network structure of the ER was observed in
WT cells. However, expression of zeolin or CPY* in WT cells caused disrupted ER network.
This indicates that the ER is damaged or under reconstruction upon accumulation of unfolded
protein mimics. TEM showed ER membrane was enwrapped into autophagosomes and delivered
to vacuole for degradation with TM or DTT treatment (Liu et al., 2012). Consistent with this
result, co-localization of zeolin with autophagosomes was observed. However, the majority of
zeolin were still in the ER, which suggests that autophagy may be partially involved in the
degradation of unfolded proteins during ER stress.

Previous studies in the ER stress field mainly used chemical inducers, TM and DTT, to
induce ER stress (Holst et al., 1997; Koiwa et al., 2003; Deng et al., 2011; Howell, 2013;
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Srivastava et al., 2013). TM, a mixture of antiviral nucleoside antibiotics, can block the Nglycosylation of the glycoprotein synthesis in the ER and therefore induces accumulation of
unfolded proteins in the ER lumen (Koizumi et al., 1999). DTT is a small-molecule reducing
agent that can breaks the disulfide bonds which are required for the protein secondary structure.
Therefore, DTT can also induce unfolded proteins accumulation in the ER (Holst et al., 1997;
Deng et al., 2011). However, these reagents can cause side effects which are not related to ER
stress. For instance, the N-glycosylation is also required for membrane trafficking and therefore
TM treatment can partially block membrane trafficking (Qu et al., 2006; Dalton et al., 2007;
Vagin et al., 2009). Zeolin and CPY* can be useful method to avoid using chemical inducers to
induce ER stress. My studies showed that expression of zeolin or CPY* induced splicing of
bZIP60 and upregulation of expression of BiP3. The splicing of bZIP60 and expression of BiP3
are commonly used to indicate induction of ER stress. Therefore, my studies also provide a
valuable tool for inducing ER stress.

The selectivity of degradation of ER by autophagy is still unknown, although ER
membrane in autophagosomes upon induction of ER stress has been observed (Liu et al., 2012).
It is unknown whether autophagy machinery wraps the fragments of ER and its components or
selectively targets on certain regions of the ER where unfolded proteins accumulate. For
selective autophagy, adaptors are required for cargo selection. Based on studies of selective
autophagy in mammalian cells, the selective autophagy adaptors usually interact with the
mammalian ATG8 homolog LC3 (Floyd et al., 2012). To find adaptors required for ER stressinduced autophagy in plants, one potential method is to find ATG8-interacting proteins by
immunoprecipitation of ATG8 upon ER stress.
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TNO1 and its interacting SNAREs SYP41 and SYP61
TNO1 is a putative TGN-localized tethering factor and a tno1 mutant is sensitive to salt
stress and has defective vacuolar trafficking at the TGN (Kim and Bassham, 2011). TNO1
interacts with SYP41 and is required for proper localization of SYP61 (Kim and Bassham,
2011). Studies in this dissertation demonstrate that overexpression of SYP41 or SYP61 rescues
defective vacuolar trafficking and morphological defects of the TGN and Golgi in the tno1
mutant. SYP41, SYP61, and VTI12 form a t-SNARE complex on the TGN (Bassham et al.,
2000). The effects of overexpression of SYP41 or SYP61 on the tno1 mutant is possibly due to
the increased SYP41 - SYP61 complex at the TGN in the overexpression lines. Recently, studies
showed that a tno1 mutant has delayed gravitropism response and lateral root emergence caused
by defective auxin responses (Roy and Bassham, 2015). It is interesting to study whether these
defects of a tno1 mutant are rescued by overexpressing SYP41 or SYP61.

My results also showed that overexpression of SYP41 or SYP61 had no effect on salt
tolerance of WT plants and does not affect growth of WT and tno1 under normal conditions.
These results suggest that the trafficking efficiency at the TGN may reach the maximum when
TNO1 is present and the increased SYP4 t-SNAREs in overexpression lines has no further
contribution to the vesicle fusion at the TGN. I propose that overexpression of TNO1 together
with SYP41 or SYP61 may further increase the efficiency of vesicle fusion at the TGN. Since the
vacuolar trafficking is generally correlated with salt tolerance (Baral et al., 2015), it is possible
that overexpressing both TNO1 and its interaction SNAREs can increase the salt tolerance which
could be valuable in agricultural application.
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TNO1 is predicted to be a tethering factor based on its long coiled-coil protein structure
and similarity to the yeast tethering factor USO1 (Kim and Bassham, 2011). Further studies are
required to ascertain that TNO1 is a tethering factor that is involved in vesicle tethering at the
TGN, although previous studies with the tno1 mutant support that the TNO1 might be a tethering
factor (Kim and Bassham, 2011). Based on current understanding of tethering factors, they are
required for the t-SNARE complex assemble at the target membrane (Yu and Hughson, 2010).
Previous studies utilized this property of tethering factors to characterize tethering factors.
However, several studies showed that this may not be the case for all tethering factors (Diao et
al., 2008; Laufman et al., 2011; Hirata et al., 2015; Mukherjee and Barlowe, 2016). My studies
also suggests that TNO1 is not required for the SYP4 t-SNARE complex formation because the
SYP41- SYP61 complex formation in the tno1 mutant was similar to that in WT. However, two
other lines of experiments are usually performed to characterize a tethering factor (Waters et al.,
1992; Elazar et al., 1994; Barroso et al., 1995; Lupashin et al., 1996; Sapperstein et al., 1996).
First, in vitro assay shows that tethering factors are required for the targeting and fusion of ERderived vesicles with purified Golgi membranes. Second, tethering factors are required for the
binding of incoming vesicles to the target membrane at a step before ATP-dependent step of the
vesicle trafficking. Therefore, the tethering function of TNO1 can be tested by in vitro assay with
purified TNO1 and synthesized liposomes.

Subdomains of the TGN are proposed to function in different trafficking pathways at the
TGN. However, little is known about the subdomains of the TGN in Arabidopsis. SYP41 and
SYP42 are two SNAREs on the TGN and form different t-SNARE complexes (Bassham et al.,
2000). Analysis of double mutants, syp41syp43 and syp42syp43, showed that syp42syp43 had
severe growth defects while syp41syp43 grew normally with slightly shorter roots than WT
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(Uemura et al., 2012). This indicates SYP41 and SYP42 have distinct functions and the SYP41
and SYP42 complexes may be located in different subdomains. If SYP41- and SYP42complexes functions in different subdomains, they may be concentrated at certain domains of the
TGN. Indeed, TEM with immunogold labelling of SYP41 and SYP42 showed that SYP41 and
SYP42 were located in the different regions of the TGN in Arabidopsis (Bassham et al., 2000).
TNO1 was co-precipitated with SYP41 (Kim and Bassham, 2011), which indicates that TNO1
may interact with SYP41 and localize in the same region of SYP41. Therefore, it is interesting to
investigate if TNO1 is located at the SYP41 domain of the TGN. Multicolor STORM may be
useful to investigate the co-localization of TNO1 with SYP41 and SYP42 at the TGN.

Application of STORM in intact Arabidopsis roots
STORM has made tremendous contribution to the cell biology in mammalian cells.
However, the application of STORM in plants is very limited, which is due to several challenges
including high fluorescence background and presence of cell wall. To overcome these
challenges, we optimized the immunofluorescence strategy for labeling microtubules with intact
roots and the microscope settings to look at cellular components beyond the cell wall. The
optimized labeling strategy using low concentration of antibody allowed us to reduce the general
fluorescence background. Sample preparation method with enzymatic digestion of cell wall or a
combination of freeze-shattering and enzymatic digestion of cell wall significantly increased the
washing efficiency which reduced the residual fluorescent probes in cells. In addition, a variable
angle epi-fluorescence microscope was used for visualization of inner cellular structures of root
cells (Wang et al., 2006; Konopka and Bednarek, 2008). With these optimization, we
successfully achieved 20-40 nm spatial resolution with microtubules in intact Arabidopsis roots.
Studies of STORM in mammalian cells mainly use cell cultures which is a single layer of cells
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on glass slides (Bates et al., 2007; Huang et al., 2008; Jones et al., 2011). In addition, mammalian
cells do not have the thick barrier cell wall surround them. Therefore, our studies have two major
impacts. Firstly, the spatial resolution we achieved with microtubules in Arabidopsis roots is 2040 nm which is comparable to the best resolution of STORM demonstrated in mammalian cells.
Secondly, we successfully applied STORM in intact tissue roots of Arabidopsis seedlings. This
super-resolution imaging technique can be extremely useful in plant cell biology studies,
including visualization of additional elements of cytoskeleton, organelle substructure, and
subdomains of TGN. However, the STORM application in plants is still far behind that in
mammalian cells. Multicolor, 3-D imaging, and real-time imaging STORM have been
demonstrated in mammalian cells and provided tremendous success in revealing detailed
subcellular structures. Future studies are needed to apply these types of STORM in plants.

5.2 Future Work
Determine selectivity of ER stress-induced autophagy
Currently, it is unknown if the induction of autophagy during ER stress in plants is
selective. A potential method is to analyze the ATG8-interacting proteins under ER stress
conditions. The transgenic plants expressing GFP-ATG8 is available in our lab. ATG8 can be
immuneprecipitated by anti-GFP antibody and the ATG8-interaction proteins can be analyzed by
mass-spectrometry. Based on studies of selective autophagy in mammalian cells, selective
autophagy adaptors usually have AIM domains which interact with ATG8. Therefore, the
identified proteins by mass-spectrometry can be screened based on whether they have the AIM
domains, potential functions in autophagy, or the homolog in yeast or mammalian cells. The
presence of candidate proteins in ATG8 interactome will be confirmed by western blot and the
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interaction between the candidate protein and ATG8 will be confirmed by bimolecular
fluorescence complementation (BiFC) assay. The roles of candidate proteins in autophagy will be
further analyzed using null mutants of the candidate proteins.

Determine downstream signals of IRE1b during ER stress-induced autophagy
Currently, our understating of autophagy induction during ER stress in plants is still
limited (Howell, 2013; Pu and Bassham, 2013). The induction of autophagy during ER stress
depends on IRE1b (Liu et al., 2012). However, the downstream signals of IRE1b in the
activation of autophagy during ER stress are still unknown. Studies in mammalian cells suggests
that IRE1 activates autophagy through the c-Jun N-terminal kinase (JNK) pathway (Urano et al.,
2000; Ogata et al., 2006). However, in plants, the JNK pathway has not been identified and does
not appear to exist (Liu and Bassham, 2013). Previous studies showed that the splicing of bZiP60
by IRE1b is not involved in the activation of autophagy during ER stresses (Liu et al., 2012).
These results indicates that the IRE1b endoribonuclease domain may have unidentified
substrates which regulate autophagy induction or the kinase domain of IRE1b is required for the
activation of autophagy. Further studies are needed to address the downstream signals of IRE1b
that regulates autophagy during ER stress. To identify new targets of IRE1b, bioinformatics
approach can be used to predict potential RNA that can be spliced by IRE1b.

Effects of overexpressing SYP41 or SYP61 on defective gravitropism and auxin transport
in a tno1 mutant
Recent studies demonstrate that a tno1 mutant has defective auxin responses (Roy and
Bassham, 2015). The tno1 mutant has delayed lateral root emergence and gravitropism which
can be rescued by application of exogenous auxin (Roy and Bassham, 2015). We hypothesize
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that the defective auxin transport in tno1 can be rescued by overexpression of SYP41 or SYP61.
The gravitropism response and lateral root emergence will be determined within the SYP41 or
SYP61 overexpression lines in the tno1 background. The auxin indicator DR5rev:GFP
(Ottenschlager et al., 2003) will be introduced to the SYP41 and SYP61 overexpression lines by
floral dipping method (Clough and Bent, 1998). The auxin distribution in the SYP41 or SYP61
overexpression lines upon gravistimulation will be compared to that in WT and tno1 plants. If
overexpression of SYP41 or SYP61 rescues defective auxin transportation in tno1, the
gravitropism response and lateral root emergence of the overexpression lines will be faster than
that of tno1 plants and might be comparable to that of WT plants.

Increasing both TNO1 and SYP41 - SYP61 complex
Studies in this dissertation showed that SYP41 - SYP61 complex formation was
increased in the SYP41 or SYP61 overexpression lines in WT background. However, transgenic
plants with overexpression of SYP41 or SYP61 in WT background grew similarly to WT under
salt stress. This result indicates that the vacuolar trafficking efficiency may be at maximal when
TNO1 is present and cannot be further increased by the additional SYP41 - SYP61 complexes. I
propose that increasing TNO1 in the SYP41 or SYP61 overexpression lines in WT background
can further increase vacuolar trafficking efficiency of WT plants and therefore the salt tolerance.
To test this hypothesis, TNO1 will be overexpressed in the SYP41 or SYP61 overexpression
lines. The salt tolerance of double overexpression plants will be tested based on procedure
described in Chapter 3 and will be compared to WT. If overexpressing TNO1 and SYP41 or
SYP61 can increase salt tolerance, the roots of double overexpression lines will be longer than
WT under salt stress. This finding could be potentially used in agriculture to develop crops with
high tolerance of salt.
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Multicolor-STORM and potential applications
In our studies, we can only visualize one cellular component at one time by STORM.
For many studies, the multicolor STORM will be extremely useful to investigate co-localization
between two or more cellular components. We are interested in the autophagosomes
transportation from assembly sites to the vacuole. It has been suggested that autophagosomes
interact with microtubules. In mammalian cells, the autophagosome membrane protein LC3
interacts with microtubules (He et al., 2003). In plant cells, studies also showed that ATG8
interacted with microtubules in vitro, suggesting that microtubules may be involved in autophagy
(Ketelaar et al., 2004). Zientara-Rytter et al. reported that the selective-autophagy marker Joka2
co-localized with microtubules (Zientara-Rytter and Sirko, 2014). Recently, Want et al.
demonstrated that disruption of microtubules could inhibit autophagy in N. benthamiana (Wang
et al., 2015). Therefore, it is possible that microtubule is involved in the transportation of
autophagosomes during autophagy. The multicolor STORM will enable us to visualize whether
the autophagosomes are co-localized with microtubules in plant cells, which will provide
evidence for the transport of autophagosomes on microtubules in plants.

In conclusion, the application of STORM in plants can make significant contributions to
the plant cell biology. Our research has established an optimized staining strategy and
microscope settings and achieved a high resolution that is comparable to the best resolution of
STORM in mammalian cells. Further studies are required to develop multicolor, 3-D, and realtime STORM in plants.

178

5.3 References
Baral A, Shruthi KS, Mathew MK (2015) Vesicular trafficking and salinity responses in plants.
IUBMB Life 67: 677-686
Barroso M, Nelson DS, Sztul E (1995) Transcytosis-associated protein (TAP)/p115 is a general
fusion factor required for binding of vesicles to acceptor membranes. Proc Natl Acad Sci
U S A 92: 527-531
Bassham DC, Sanderfoot AA, Kovaleva V, Zheng H, Raikhel NV (2000) AtVPS45 complex
formation at the trans-Golgi network. Mol Biol Cell 11: 2251-2265
Bates M, Huang B, Dempsey GT, Zhuang XW (2007) Multicolor super-resolution imaging
with photo-switchable fluorescent probes. Science 317: 1749-1753
Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium-mediated
transformation of Arabidopsis thaliana. Plant J 16: 735-743
Dalton P, Christian HC, Redman CW, Sargent IL, Boyd CA (2007) Membrane trafficking of
CD98 and its ligand galectin 3 in BeWo cells--implication for placental cell fusion. FEBS
J 274: 2715-2727
Deng Y, Humbert S, Liu JX, Srivastava R, Rothstein SJ, Howell SH (2011) Heat induces the
splicing by IRE1 of a mRNA encoding a transcription factor involved in the unfolded
protein response in Arabidopsis. Proc Natl Acad Sci U S A 108: 7247-7252
Diao A, Frost L, Morohashi Y, Lowe M (2008) Coordination of golgin tethering and SNARE
assembly: GM130 binds syntaxin 5 in a p115-regulated manner. J Biol Chem 283: 69576967
Elazar Z, Orci L, Ostermann J, Amherdt M, Tanigawa G, Rothman JE (1994) ADPribosylation factor and coatomer couple fusion to vesicle budding. J Cell Biol 124: 415424
Floyd BE, Morriss SC, MacIntosh GC, Bassham DC (2012) What to eat: evidence for
selective autophagy in plants. J Integr Plant Biol 54: 907-920
He H, Dang Y, Dai F, Guo Z, Wu J, She X, Pei Y, Chen Y, Ling W, Wu C, Zhao S, Liu JO,
Yu L (2003) Post-translational modifications of three members of the human MAP1LC3
family and detection of a novel type of modification for MAP1LC3B. J Biol Chem 278:
29278-29287

179

Hirata T, Fujita M, Nakamura S, Gotoh K, Motooka D, Murakami Y, Maeda Y, Kinoshita
T (2015) Post-Golgi anterograde transport requires GARP-dependent endosome-to-TGN
retrograde transport. Mol Biol Cell 26: 3071-3084
Holst B, Tachibana C, Winther JR (1997) Active site mutations in yeast protein disulfide
isomerase cause dithiothreitol sensitivity and a reduced rate of protein folding in the
endoplasmic reticulum. J Cell Biol 138: 1229-1238
Howell SH (2013) Endoplasmic reticulum stress responses in plants. Annu Rev Plant Biol 64:
477-499
Huang B, Wang WQ, Bates M, Zhuang XW (2008) Three-dimensional super-resolution
imaging by stochastic optical reconstruction microscopy. Science 319: 810-813
Jones SA, Shim SH, He J, Zhuang XW (2011) Fast, three-dimensional super-resolution
imaging of live cells. Nature Methods 8: 499-U496
Ketelaar T, Voss C, Dimmock SA, Thumm M, Hussey PJ (2004) Arabidopsis homologues of
the autophagy protein Atg8 are a novel family of microtubule binding proteins. FEBS
Lett 567: 302-306
Kim SJ, Bassham DC (2011) TNO1 is involved in salt tolerance and vacuolar trafficking in
Arabidopsis. Plant Physiol 156: 514-526
Koiwa H, Li F, McCully MG, Mendoza I, Koizumi N, Manabe Y, Nakagawa Y, Zhu J, Rus
A, Pardo JM, Bressan RA, Hasegawa PM (2003) The STT3a subunit isoform of the
Arabidopsis oligosaccharyltransferase controls adaptive responses to salt/osmotic stress.
Plant Cell 15: 2273-2284
Koizumi N, Ujino T, Sano H, Chrispeels MJ (1999) Overexpression of a gene that encodes the
first enzyme in the biosynthesis of asparagine-linked glycans makes plants resistant to
tunicamycin and obviates the tunicamycin-induced unfolded protein response. Plant
Physiol 121: 353-361
Konopka CA, Bednarek SY (2008) Variable-angle epifluorescence microscopy: a new way to
look at protein dynamics in the plant cell cortex. Plant J 53: 186-196
Laufman O, Hong W, Lev S (2011) The COG complex interacts directly with Syntaxin 6 and
positively regulates endosome-to-TGN retrograde transport. J Cell Biol 194: 459-472
Liu Y, Bassham DC (2013) Degradation of the endoplasmic reticulum by autophagy in plants.
Autophagy 9: 622-623

180
Liu YM, Burgos JS, Deng Y, Srivastava R, Howell SH, Bassham DC (2012) Degradation of
the endoplasmic reticulum by autophagy during endoplasmic reticulum stress in
Arabidopsis. Plant Cell 24: 4635-4651
Lupashin VV, Hamamoto S, Schekman RW (1996) Biochemical requirements for the targeting
and fusion of ER-derived transport vesicles with purified yeast Golgi membranes. J Cell
Biol 132: 277-289
Mukherjee I, Barlowe C (2016) Overexpression of Sly41 suppresses COPII vesicle tethering
deficiencies by elevating intracellular calcium levels. Mol Biol Cell
Ogata M, Hino S, Saito A, Morikawa K, Kondo S, Kanemoto S, Murakami T, Taniguchi M,
Tanii I, Yoshinaga K, Shiosaka S, Hammarback JA, Urano F, Imaizumi K (2006)
Autophagy is activated for cell survival after endoplasmic reticulum stress. Mol Cell Biol
26: 9220-9231
Ottenschlager I, Wolff P, Wolverton C, Bhalerao RP, Sandberg G, Ishikawa H, Evans M,
Palme K (2003) Gravity-regulated differential auxin transport from columella to lateral
root cap cells. Proc Natl Acad Sci U S A 100: 2987-2991
Pu Y, Bassham DC (2013) Links between ER stress and autophagy in plants. Plant Signal
Behav 8: e24297
Qu SJ, Fan HZ, Gillard BK, Pownall HJ (2006) N-Glycosylation is required for secretioncompetent human plasma phospholipid transfer protein. Protein J 25: 167-173
Roy R, Bassham DC (2015) Gravitropism and Lateral Root Emergence are Dependent on the
Trans-Golgi Network Protein TNO1. Front Plant Sci 6: 969
Sapperstein SK, Lupashin VV, Schmitt HD, Waters MG (1996) Assembly of the ER to Golgi
SNARE complex requires Uso1p. J Cell Biol 132: 755-767
Srivastava R, Deng Y, Shah S, Rao AG, Howell SH (2013) BINDING PROTEIN Is a Master
Regulator of the Endoplasmic Reticulum Stress Sensor/Transducer bZIP28 in
Arabidopsis. Plant Cell 25: 1416-1429
Svenning S, Lamark T, Krause K, Johansen T (2011) Plant NBR1 is a selective autophagy
substrate and a functional hybrid of the mammalian autophagic adapters NBR1 and
p62/SQSTM1. Autophagy 7: 993-1010
Uemura T, Kim H, Saito C, Ebine K, Ueda T, Schulze-Lefert P, Nakano A (2012) QaSNAREs localized to the trans-Golgi network regulate multiple transport pathways and
extracellular disease resistance in plants. Proc Natl Acad Sci U S A 109: 1784-1789

181
Urano F, Wang X, Bertolotti A, Zhang Y, Chung P, Harding HP, Ron D (2000) Coupling of
stress in the ER to activation of JNK protein kinases by transmembrane protein kinase
IRE1. Science 287: 664-666
Vagin O, Kraut JA, Sachs G (2009) Role of N-glycosylation in trafficking of apical membrane
proteins in epithelia. Am J Physiol Renal Physiol 296: F459-469
Wang X, Teng Y, Wang Q, Li X, Sheng X, Zheng M, Samaj J, Baluska F, Lin J (2006)
Imaging of dynamic secretory vesicles in living pollen tubes of Picea meyeri using
evanescent wave microscopy. Plant Physiol 141: 1591-1603
Wang Y, Zheng X, Yu B, Han S, Guo J, Tang H, Yu AY, Deng H, Hong Y, Liu Y (2015)
Disruption of microtubules in plants suppresses macroautophagy and triggers starch
excess-associated chloroplast autophagy. Autophagy 11: 2259-2274
Waters MG, Clary DO, Rothman JE (1992) A novel 115-kD peripheral membrane protein is
required for intercisternal transport in the Golgi stack. J Cell Biol 118: 1015-1026
Yu IM, Hughson FM (2010) Tethering factors as organizers of intracellular vesicular traffic.
Annu Rev Cell Dev Biol 26: 137-156
Zhou J, Wang J, Cheng Y, Chi YJ, Fan BF, Yu JQ, Chen ZX (2013) NBR1-mediated
selective autophagy targets insoluble ubiquitinated protein aggregates in plant stress
responses. PLoS Genet 9: e1003196
Zientara-Rytter K, Sirko A (2014) Selective autophagy receptor Joka2 co-localizes with
cytoskeleton in plant cells. Plant Signal Behav 9: e28523

182

ACKNOWLEDGEMENTS
I would like to express the sincere gratitude to my advisor Dr. Diane C. Bassham. This
dissertation would not have been completed without her support and guidance. I am grateful for
the opportunity to work in her lab and her financial support throughout my graduate studies. Her
dedicated working attitude, outstanding research achievements, and great patience inspire me to
think independently and become a better scientist.

I would like to thank my POS committee members, Dr. Philip Becraft, Dr. Stephen
Howell, Dr. Gustavo Macintosh, and Dr. Bing Yang for their guidance and generous advice. I
also want to thank Dr. Yanhai Yin for his valuable suggestions and generous support throughout
my graduate career.

I am grateful for the past and present lab mates I have had the pleasure to work with
over the last five years, Dr. Brice Floyd, Dr. Rahul Roy, Dr. Xiaoyi Liu, Dr. Yan Bao, Yosia
Mugume, Yunting Pu, Junmarie Soto-Burgos, Jie Tang. Thank you so much for making the lab
feel like a family. I will miss you all. I would like to specially recognize and thank Dr. Renu
Srivastava for her encouragement, support, and valuable advice for my career. Thank you for
sharing your experience with me and listening to my complaints when things are not working
well for me. I also want to thank Dr. Bin Dong for the amazing collaboration on the STORM
project. The chapter 4 of this dissertation would not have been completed without his friendship,
hard work, and great depth of knowledge.

Finally, a special thanks to my lifelong friends, Pengfei Liu and Xiao Yang. Thank you
for being my best friends for almost twenty years. I also want to thank my closest friends in

183
China, Yinhe Wu, Meina Yang, Lei Zhao, Tongshan Zhang, Xun Li, Zhongqiang Song, Yue Liu,
Yunqiu Bi, Hao Zhang. Thank you so much for being my great support while I am ten thousand
miles away from home. I would like to thank Yang Xue, Hao Cheng, Changtian Chen, and many
other friends in Iowa State University who have made me feel like home in Ames. Thank you my
friends and family. Without you, I would not be here today.

