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Nya Insikter i vakuol-medierad kontroll av växternas tillväxt och
immunsvar
Sammanfattning
Växternas vakuoler är en form av organeller med viktiga funktioner rörande tillväxt, utveckling
och stress-svar. De bidrar till att bibehålla cellers vätsketryck, till lagring av proteiner och andra
substanser, och till utsöndring av kemiska försvarsämnen. Dessutom utgör vakuoler en del av
cellens inre membransystem och har en roll i nedbrytningen av främmande ämnen som kommer
in i cellen genom vesikulär transport och autofagi. Vakuolära och autofagiska processer antas
också ha betydelse för hormonell signalering under tillväxt och immunsvar, liksom i regleringen
av programmerad celldöd (PCD). Emellertid är de molekylära processer som ligger bakom en
vakuol-medierad kontroll av tillväxt och immunsvar i stort sett okända, och denna avhandling har
därför syftat till att öka förståelsen av dessa processer.
För detta ändamål karaktäriserades ett antal tidigare identifierade lazarus (laz)-suppressorer av
konstitutiv celldöd i Arabidopsis-mutanten accelerated cell death 11 (acd11). LAZ4 kodar för
retromer-komponenten VACUOLAR PROTEIN SORTING 35B (VPS35B). VPS35-proteiner
visades bidra till vissa former av immunitetsrelaterad celldöd och sjukdomsresistens. En retromerberoende vakuolär transport och integritet visades dessutom vara nödvändig för autofagiprocesser under normala förhållanden, liksom under patogen-inducerad PCD.
En annan LAZ-suppressor, LAZ1, och dess närmaste homolog LAZ1H1, kodar för DUF300
domän-proteiner, och visades vara lokaliserade i det tonoplast-membran som omger vakuolen.
Kombinerade mutationer av LAZ1 och LAZ1H1 ledde till en förändrad vakuolär morfologi,
inhibering av tillväxt, och till en konstitutiv aktivering av hormonell brassinosteroid (BR)
signalering. Vakuolär transport och nedbrytning av BR-receptorn BRI1 visades öka i laz1 laz1h1mutanten, och var associerad med en ackumulering av BRI1s co-receptor BAK1. Eftersom andra
typer av vakuolära mutanter visade normala BR-respons, föreslogs det att DUF300-proteiner i
tonoplasten har en specifik roll i regleringen av BR-signalering genom att bibehålla den vakuolära
integritet som krävs för att på subcellulär nivå balansera BAK1-nivåer och fördelning av BRreceptorn. Utöver ändrad vakuolär funktion och hormonell signalering, visades laz1 laz1h1mutanten också ha en defekt basal autofagi. Eftersom den enkla laz1-mutanten visade en likande
autofagisk defekt under bristförhållanden och immunitets-relaterad PCD, tyder resultaten på att
LAZ1 är en central komponent för en fungerande autofagi.
Slutligen analyserades en inverkan av ökad autofagi på växtens produktivitet och stresstolerans. Överuttryck i Arabidopsis av de autofagi-relaterade generna ATG5 eller ATG7 visades
stimulera autofagi. Detta ledde i sin tur till en stimulerad immunitets-relaterad celldöd, och ökade
toleransen mot oxidativ stress och nekrotrofiska svamp-patogener. Dessutom förbättrades även
vegetativ tillväxt och fröproduktion. En genetisk stimulering av autofagi-processen kan
därigenom komma att utnyttjas för att stärka ett brett spektrum av agronomiskt viktiga
egenskaper, utan en samtidig minskning av reproduktiv kapacitet.

Novel Insights into Vacuole-mediated Control of Plant Growth
and Immunity
Abstract
Plant vacuoles are organelles with numerous biological functions in growth, development, and
stress responses. These include maintenance of turgor pressure, storage of minerals and proteins,
and degradation of cellular content delivered by endosomal trafficking and autophagy pathways.
Intriguingly, vacuolar and autophagic processes have been implicated in hormone signaling
during growth and immune responses, and in the regulation of programmed cell death (PCD).
However, the molecular players and mechanisms underlying the vacuole-mediated control of
growth and immunity remain poorly understood, and this thesis therefore aimed at improving our
understanding of these systems.
For this purpose, previously isolated lazarus (laz) suppressors of constitutive cell death in the
Arabidopsis mutant accelerated cell death 11 (acd11) were characterized. LAZ4 encodes the
retromer component VACUOLAR PROTEIN SORTING 35B (VPS35B). VPS35 proteins were
found to contribute to certain forms of immunity-related cell death and disease resistance.
Furthermore, retromer-dependent vacuole trafficking and integrity were shown to be essential for
autophagy processes under basal and immunity-associated conditions.
Another LAZ suppressor, LAZ1, and its closest homolog LAZ1H1 encode DUF300 domaincontaining proteins and were found to localize to the tonoplast. Combined loss-of-function
mutations in LAZ1 and LAZ1H1 resulted in altered vacuole morphology, growth inhibition, and
constitutive activation of brassinosteroid (BR) hormone signaling. Vacuolar trafficking and
degradation of the BR receptor BRI1 were shown to be enhanced in the laz1 laz1h1 mutant and
associated with increased tonoplast accumulation of the BRI1 co-receptor BAK1. Since unrelated
vacuole mutants exhibited normal BR responses, tonoplast DUF300 proteins were suggested to
play distinct roles in the regulation of BR signaling. In addition, laz1 laz1h1 plants were impaired
in basal autophagy. Since the laz1 single mutant showed a similar autophagic defect upon
starvation and immunity-related PCD, LAZ1 was proposed to be the main contributor to
autophagy function.
Finally, the impact of enhanced autophagy on plant productivity and stress tolerance was
analyzed. Constitutive overexpression of the autophagy-related genes ATG5 or ATG7 in
Arabidopsis was shown to stimulate autophagy flux, which promoted immunity-related cell death
and enhanced resistance to oxidative stress and necrotrophic fungal pathogens. Furthermore,
increased autophagy improved vegetative growth and increased seed production. Therefore,
genetic enhancement of autophagy levels could be potentially used in plants to improve various
agronomically important traits.
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1

Introduction

Plant vacuoles are multifunctional organelles that play important roles in plant
development and growth. Vacuoles occupy most of the plant cell volume (up to
90%) and control turgor pressure required for cell expansion (Zhang et al.,
2014; Marty, 1999). In addition, they are involved in the storage of a large
variety of substances (e.g. minerals, nutrients, proteins, and secondary
metabolites), which allow plant cells to maintain pH homeostasis, balance
fluctuations in nutrient availability, sequester harmful compounds, and respond
to various stress conditions including pathogen infection (Olbrich et al., 2007;
Paris et al., 1996). Vacuoles also function as lytic compartment to degrade
cellular cargoes derived from two major intracellular trafficking pathways,
endocytosis and autophagy (Zhuang et al., 2015). Based on these properties,
vacuoles are increasingly recognized for their roles in cellular signaling during
growth and immune responses and in the regulation of programmed cell death
(PCD) (Baster et al., 2013; Beck et al., 2012; Hara-Nishimura & Hatsugai,
2011; Kasai et al., 2011; Nimchuk et al., 2011; Hatsugai et al., 2009; Hatsugai
et al., 2004).
During recent years, tremendous progress has been made in unraveling
vacuole-related functions, components, and pathways by proteomic and
metabolomic analyses of vacuole content as well as biochemical and genetic
characterization of vacuole-associated proteins (Jiskrova et al., 2016; Zhang et
al., 2014; Ranocha et al., 2013; Trentmann & Haferkamp, 2013; Martinoia et
al., 2012; Schmidt et al., 2007). However, many of the signals and molecular
pathways that govern vacuole-mediated control of the multiple biological
processes remain elusive, thus encouraging further investigation.
This thesis work aimed to study how vacuole-associated proteins and
trafficking pathways (e.g. autophagy) regulate two important aspects of plant
life, growth and immunity. The following parts are therefore intended to
introduce a rather broad spectrum of research areas that are relevant for the
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different subprojects of the thesis, including endomembrane trafficking,
autophagy, innate immunity, cell death, and brassinosteroid signaling.

1.1 Plant endomembrane system and membrane trafficking
pathways
Eukaryotes possess cellular membranes that are functionally inter-related and
inter-connected, thereby forming the endomembrane system. The
endomembrane system is crucial for the exchange and transport of materials
such as proteins and lipids within cells, and generally includes the plasma
membrane, the Golgi apparatus, the endoplasmic reticulum (ER), the nuclear
envelope, endosomes, and lytic compartments. The endomembrane system and
membrane trafficking in plant cells share a number of important characteristics
with other eukaryotic organisms, but also exhibit some complex and unique
features (Cheung & de Vries, 2008; Jurgens, 2004). In general, plant
membrane trafficking pathways include endocytosis (internalization from the
plasma membrane/extracellular space to other subcellular compartments),
exocytosis (delivering cargoes to the plasma membrane/extracellular milieu),
and vacuolar transport (Figure 1). These trafficking routes converge at a
common sorting hub [known as trans-Golgi network (TGN)/early endosome
(EE)] from where the cargoes destined for degradation and recycling are
separated (Robinson et al., 2008). Another well-characterized endosomal
compartment in plant cells is the multivesicular body (MVB)/prevacuolar
compartment (PVC)/late endosome (LE), which is known to originate from the
TGN/EE and mediate the transport of vacuolar cargo via MVB-vacuole fusion
(Singh et al., 2014; Scheuring et al., 2011).
1.1.1 Endocytosis

Uptake experiments with fluorescent and membrane-impermeant molecules
allowed direct visualization and quantification of endocytosis. The amphiphilic
styryl FM (Fei Mao) dyes developed by Betz and co-workers have been
routinely used as endocytosis markers in eukaryotic cells (Jelinkova et al.,
2010; Betz et al., 1996; Betz et al., 1992). Mounting evidence suggests that
live imaging of FM4-64 is an efficient and reliable method to study organelle
organization and particularly endocytic pathways in plants. FM4-64 initially
stains the plasma membrane and follows internalization processes primarily by
endocytic vesicles. Subsequently, FM4-64 is distributed throughout the whole
vesicle trafficking network and finally ends up on the membrane surrounding
the vacuole, the tonoplast (Figure 1) (Rigal et al., 2015; Dettmer et al., 2006;
Kutsuna & Hasezawa, 2002).
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To date, the best-studied endocytic pathway in eukaryotic organisms
utilizes the vesicle coat scaffold protein clathrin, and is therefore designated as
clathrin-mediated endocytosis (CME). The functions of a number of
components involved in CME have been extensively investigated in mammals
(McMahon & Boucrot, 2011; Traub, 2009). In contrast, knowledge about the
CME machinery in plants is still in its infancy. Plants seem to possess all of the
molecular components that are required for a functional CME pathway. For
instance, the Arabidopsis genome encodes multiple CLATHRIN HEAVY
CHAIN (CHC) and CLATHRIN LIGHT CHAIN (CLC) proteins, all subunits
of the heterotetrameric ADAPTOR PROTEIN COMPLEX-2 (AP-2) which act
as the major adaptor for CME, as well as accessory proteins (Chen et al.,
2011). Notably, both genetic and pharmacological approaches in plants have
revealed important roles of CME in the regulation of hormonal signaling,
nutrient homeostasis, and defence responses. Accordingly, CME has been
shown to constitute the predominant internalization process for assorted
endocytic cargoes, including the BRASSINOSTEROID INSENSITIVE1
(BRI1)-ligand complex, PIN-FORMED (PIN) auxin transporters, the boron
transporter BOR1, the iron transporter IRT1, and the immunity-associated
receptor ETHYLENE-INDUCING XYLANASE 2 (LeEIX2) (Gadeyne et al.,
2014; Adam et al., 2012; Irani et al., 2012; Barberon et al., 2011; Sharfman et
al., 2011; Takano et al., 2010; Dhonukshe et al., 2007).
1.1.2 Exocytosis

Constitutive cycling of proteins between the cell surface and TGN
compartment relies on the coordinated action of endocytosis and exocytosis,
and regulates their abundance and polar localization in response to internal and
external cues (Zarsky et al., 2009). In contrast to endocytosis, however, the
regulation of plant exocytosis is much less understood.
The fungal toxin brefeldin A (BFA) which inhibits the functions of vesicle
budding regulators ARF-GEFs (ADP ribosylation factor guanine nucleotide
exchange factors) has been commonly used to study endomembrane trafficking
(Geldner et al., 2003; Geldner et al., 2001). Importantly, the best-characterized
ARF-GEF is GNOM, which was shown to be sensitive to BFA and mediate
endocytosis and exocytosis of PIN proteins (Naramoto et al., 2010; Geldner et
al., 2003). Depending on the concentration used, 25 µM BFA can specifically
disrupt exocytosis/recycling processes to the plasma membrane (Figure 1),
while 50 µM also interferes with vacuolar transport (Robert et al., 2010;
Kleine-Vehn et al., 2008). Consequently, endocytosed materials accumulate in
intracellular agglomerations, termed BFA compartments, mainly comprising
early secretory compartments (Grebe et al., 2003; Geldner et al., 2001). After
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wash-out of BFA, these materials are recycled from BFA compartments to the
plasma membrane via an exocytotic event (Geldner et al., 2001). Therefore,
BFA treatment is considered as an effective tool to identify regulators involved
in endocytosis and/or exocytosis.
PM)
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Figure 1. Schematic diagram presenting the plant endomembrane system as well as the trafficking
pathways including endocytosis, exocytosis/recycling, and vacuolar transport. The
endomembrane system in plants generally includes the plasma membrane (PM), the nucleus, the
endoplasmic reticulum (ER), the Golgi apparatus, the trans-Golgi-network/early endosome
(TGN/EE), the multivesicular body/prevacuolar compartment (MVB/PVC), and the vacuole. A
variety of inhibitors including brefeldin A (BFA), wortmannin (Wm), and E-64d have been
commonly used to study endomembrane trafficking in plants: (i) BFA can specifically disrupt
exocytosis/recycling processes to the PM (Geldner et al., 2003; Geldner et al., 2001), (ii) Wm can
cause enlargement of the MVB/PVC through inactivation of phosphatidylinositol 3-kinases
(Matsuoka et al., 1995), and (iii) E-64d inhibits the activity of the cysteine proteases and thus
blocks the vacuolar degradation of proteins (Bassham, 2015). The lipophilic styryl dye FM4-64
has been widely exploited to investigate organelle organization and particularly endocytic
pathways in plants (Rigal et al., 2015). FM4-64 initially stains the PM, follows internalization
processes, and finally ends up on the tonoplast.

Apart from BFA, other inhibitors have been reported to affect exocytosis.
As demonstrated by BFA wash-out experiments, the compound Endosidin5
(ES5) suppresses exocytosis of PIN proteins, which leads to enhanced
trafficking to the vacuole (Drakakaki et al., 2011). Recently, another small
chemical inhibitor, Endosidin2 (ES2), was shown to target a member of the
EXO70 (exocyst component of 70 kDa) family to block exocytosis in both
plants and mammals (Zhang et al., 2016a). EXO70 is a subunit of the
octameric exocyst complex, which controls the last exocytosis steps (i.e.
14

tethering of secretory vesicles to the plasma membrane) in eukaryotic cells
(Synek et al., 2014; Heider & Munson, 2012). Cross-kingdom characterization
of ES2 as a specific exocytosis inhibitor and identification of its target will
largely facilitate our understanding of exocytosis regulation, and may also help
to develop new drugs for exocyst-related diseases.
1.1.3 Vacuolar trafficking and degradation

The fate of endocytosed plasma membrane cargoes can substantially differ as
they are either recycled back from TGN to the plasma membrane or targeted
via MVB/PVC to the vacuole for turnover. In general, vacuolar trafficking and
degradation of proteins seem to be tightly regulated by developmental and
growth-related cues or environmental changes. For instance, gravity
stimulation, darkness as well as cytokinin and auxin hormones were shown to
promote vacuolar transport and destruction of PIN proteins (Baster et al., 2013;
Marhavy et al., 2011; Kleine-Vehn et al., 2008; Laxmi et al., 2008). In
addition, BOR1 and IRT1 transporters undergo ubiquitination-dependent
trafficking to the vacuole when exposed to their respective minerals (Barberon
et al., 2011; Kasai et al., 2011; Takano et al., 2005). Similarly, recent data
indicate that endocytosis and vacuolar transport of the BRI1 receptor are
controlled by ubiquitination at the cell surface, but occur independently of
ligand binding (Martins et al., 2015; Geldner et al., 2007).
Prior to delivery to vacuoles, recognition of ubiquitinated cargo proteins
and their sorting into the luminal vesicles of MVB/PVC/LE is mediated by
ENDOSOMAL COMPLEX REQUIRED FOR TRANSPORT (ESCRT)
system, which usually consists of four evolutionary conserved subunits (i.e.
ESCRT-0, -I, -II, and -III) (Raiborg & Stenmark, 2009). Besides ESCRT,
retromer is another important component in the regulation of vacuolar
trafficking (Nodzynski et al., 2013; Kleine-Vehn et al., 2008). It is known that
retromer in mammals is constituted by two functionally distinct subcomplexes:
the trimeric core retromer [including VACUOLAR PROTEIN SORTING 29
(VPS29), VPS35, VPS26] and a dimer of sorting nexins (SNXs) (Attar &
Cullen, 2010). Notably, the Arabidopsis genome harbors homologous genes
encoding all the retromer components (Robinson et al., 2012). In plants,
retromer subunits were shown to localize to MVB/PVC and function in
recycling of vacuolar sorting receptors (VSRs) (Kang et al., 2012; Yamazaki et
al., 2008; Jaillais et al., 2007; Oliviusson et al., 2006). Due to retromermediated retrieval, these receptors are able to escape lytic degradation and act
in the next round of sorting. Furthermore, retromer components are involved in
maintaining endosome homeostasis, PIN protein recycling, and protein sorting
to protein storage vacuoles (PSVs) (Yamazaki et al., 2008; Jaillais et al.,
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2007). These functions integrate the retromer trafficking machinery into plant
cell polarity, organ emergence, and seed storage. In addition, retromer was
recently shown to be crucial for oil body (OB) formation, lipid storage and
breakdown, and correct movement of the major lipase SUGARDEPENDENT1 (SDP1) to the OB surface (Thazar-Poulot et al., 2015).
Although extensive work established functions of plant retromer in the
developmental context, other potential roles with regard to disease resistance
and pathogen-triggered cell death still need to be dissected.
1.1.4 Tonoplast proteins and functions

In plant cells, the vacuole is surrounded by a membrane barrier known as the
tonoplast, which separates vacuole lumen from cytoplasm and mediates the
exchange between them. Tonoplast-resident proteins are key regulators of
vacuolar functions and are required for membrane fusion events and transport
processes (Zhang et al., 2014; Martinoia et al., 2012).
Rab7-like proteins are regulators with conserved functions in membrane
trafficking in mammalian systems (Zhang et al., 2009). The Arabidopsis
genome contains eight genes encoding Rab7-like proteins including RabG3c
and RabG3f (Vernoud et al., 2003). Due to the potential redundancy and
functional compensation within the Rab7 family, dominant-negative rather
than loss-of-functions mutations have been exploited to investigate the role of
individual members. It was demonstrated that RabG3c localizes to the
tonoplast and that its dominant-negative form blocks the terminal delivery to
the lytic vacuole (Bottanelli et al., 2011). In contrast, RabG3f showed dual
localization to MVB/PVC and the tonoplast and its dominant-negative form
caused enlarged MVB/PVC and fragmented vacuoles, impaired vacuolar
targeting, and a seedling-lethal phenotype (Cui et al., 2014). In addition, the
MONENSIN SENSITIVITY1 (MON1)/SAND- CALCIUM CAFFEINE ZINC
SENSITIVITY1 (CCZ1) complex, which acts as an effecter of Rab5, was
shown to be responsible for activation of RabG3f (Cui et al., 2014; Singh et al.,
2014) (Cui et al., 2014; Singh et al., 2014). Interestingly, RabG3f can directly
interact with the retromer component VPS35A, implying the possibility that
recruitment of the plant core retromer complex from cytosol to the endosomal
membrane is facilitated by this interaction (Zelazny et al., 2013).
Apart from Rab7-like proteins, the functions of other types of tonoplastlocalized proteins have been reported. SNARE (soluble N-ethylmaleimidesensitive factor attachment protein receptor) proteins are vital for vesicle fusion
and exist in plants as a large family (Sanderfoot et al., 2000). The Qa-SNARE
protein, VAM3/SYP22, was found to reside predominantly on the tonoplast
and MVB/PVC (Sanderfoot et al., 1999; Sato et al., 1997). Expression of
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Arabidopsis VAM3/SYP22 rescued the vacuole morphology defects of the
yeast vam3 mutant, highlighting the conservation of VAM3/SYP22 function
(Sato et al., 1997). Moreover, VAM3/SYP22 and its close homologue
PEP12/SYP21 possess redundant and compensatory functions during plant
development (Uemura et al., 2010). Another SNARE protein, VAMP711, was
originally identified by a proteomics approach as part of the SNARE complex
that mediates fusion of vesicles with the tonoplast (Carter et al., 2004). Due to
its distinct association with the vacuole membrane, fluorescent protein-tagged
VAMP711 has been widely used as a tonoplast marker (Geldner et al., 2009).
A recent study characterized a group of tonoplast-associated phosphatases,
named SUPPRESSOR OF ACTIN (SAC) proteins, which participate in
polyphosphoinositide (PPI) metabolism, maintain normal vacuole morphology,
and regulate vacuolar targeting (Novakova et al., 2014). Importantly, treatment
with PPI leads to smaller sized fragmented vacuoles, strongly resembling the
vacuolar morphology in untreated sac loss-of-function mutants (Novakova et
al., 2014). This work revealed that PPIs and their metabolic enzymes SACs are
of critical importance for vacuolar functions. In addition, Arabidopsis
VACUOLELESS1 (VCL1), the homologue of yeast Vps16p, localizes to the
tonoplast and MVB/PVC (Rojo et al., 2003). Remarkably, loss of VCL1 was
reported to cause the absence of vacuoles, induce the accumulation of
autophagosomes, and result in embryonic lethality (Rojo et al., 2001).
It has been suggested that various important biological processes are
dependent on a large number of tonoplast-localized transporters (Martinoia et
al., 2012). These processes include the exchange of nutrients and minerals in
response to nutrient deficiencies and environmental changes, the accumulation
of secondary metabolites and defence compounds, as well as the sequestration
of toxic compounds. Increasing evidence further suggests that vacuolar
transporters contribute to hormone homeostasis in plants. For instance, abscisic
acid glucosyl ester (ABA-GE), the major glucose conjugate of abscisic acid
(ABA), was found to accumulate exclusively in vacuoles of plant cells
(Piotrowska & Bajguz, 2011; Lehmann & Glund, 1986). Intriguingly, the
import of the ABA conjugate into the vacuole is mediated by transport
mechanisms that engage ATP-BINDING CASSETTE (ABC) transporters and
the proton gradient (Burla et al., 2013). In addition, indole-3-acetic acid (IAA)
and other related compounds have recently been identified in purified
Arabidopsis vacuoles, and the plant unique protein WALLS ARE THIN 1
(WAT1) was shown to mediate auxin export from vacuoles (Ranocha et al.,
2013). These findings indicated that the vacuole is indispensable for the
regulation of intracellular auxin levels and homeostasis (Ranocha et al., 2013).
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In plant cells, active transport of solutes across the vacuolar membrane
requires combined action of two types of proton pumps, the vacuolar H+ATPase (V-ATPase) and the vacuolar H+-pyrophosphatase (V-PPase). In
addition to their role in energizing transport processes, V-ATPase and the VPPase have been implicated in pH-dependent endomembrane trafficking
(Schumacher, 2014). In Arabidopsis, the distinct subcellular distribution of VATPase is conferred by three isoforms of the membrane-integral subunit VHAa: the TGN/EE-associated VHA-a1 and tonoplast-localized VHA-a2 and VHAa3 (Krebs et al., 2010; Dettmer et al., 2006). Combined loss-of-function
mutations in VHA-a2 and VHA-a3 lead to the lack of tonoplast V-ATPase
activity, elevated vacuolar pH, a daylength-dependent dwarf phenotype, and
compromised capacity for nutrient storage (Krebs et al., 2010). Furthermore,
V-ATPase activity in the TGN/EE, but not at the tonoplast, is important for salt
tolerance and exocytosis/recycling (Luo et al., 2015; Krebs et al., 2010).
Recently, it has been shown that constitutive up-regulation of V-PPase is
unable to compensate for the loss of tonoplast V-ATPase function, but
augmented V-ATPase activity triggered by cold acclimation is V-PPasedependent (Kriegel et al., 2015). Intriguingly, the mutant deficient in both
tonoplast V-ATPase and V-PPase is viable and maintains vacuole acidification,
thus providing a valuable genetic tool to study how TGN/EE-associated VATPase contributes to vacuolar pH (Kriegel et al., 2015).
Despite the described advances in the identification and characterization of
tonoplast-resident transporters, enzymes, and fusion-related proteins, the nature
and functions of many tonoplast proteins remain to be determined (Trentmann
& Haferkamp, 2013; Martinoia et al., 2012; Schmidt et al., 2007).

1.2 Autophagy
Autophagy (“self-eating”) is a major intracellular trafficking and degradation
system conserved among eukaryotes. Autophagic mechanisms mediate either
the bulk degradation of intracellular content or selective clearance of damaged
organelles, protein aggregates, and lipids (Yang & Klionsky, 2010). At basal
levels, autophagy contributes to housekeeping function in cellular homeostasis,
whereas augmented autophagy activity facilitates adaptation and cell survival
in response to stress conditions (Reggiori & Klionsky, 2013). Initially
discovered in yeast, autophagy was subsequently shown to play paramount
roles in a wide range of processes in animals, including development,
starvation adaptation, tissue homeostasis, senescence and aging, programmed
cell death, immunity and disease (Nixon, 2013; Mizushima et al., 2011; Di
Bartolomeo et al., 2010). In plants, the mechanisms underlying autophagy have
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also been extensively studied during the past few years, which highlighted the
importance of autophagy in many aspects of plant life (Michaeli et al., 2016;
Liu & Bassham, 2012).
1.2.1 Autophagy machinery

The principal feature of autophagy is the formation of double membrane-bound
vesicles, termed autophagosome, that entraps and delivers cytosolic cargoes to
the vacuole/lysosome for degradation and recycling (Mizushima, 2007).
Autophagosome initiation and completion are carried out by a repertoire of
AUTOPHAGY-RELATED (ATG) proteins (Levine & Klionsky, 2004). ATG
genes were first discovered by genetic screens in yeast, and more than 35 ATG
genes have been functionally characterized (Shibutani & Yoshimori, 2014).
Many of these genes have close homologues in other organisms and the
conserved core set of ATG proteins can be separated into functional units that
regulate distinct steps of the autophagy pathway (Shibutani & Yoshimori,
2014; Mizushima, 2007; Xie & Klionsky, 2007). The ATG1-ATG13 kinase
complex is responsible for autophagy induction and is negatively regulated by
the target of rapamycin (TOR) kinase. The class III phosphatidylinositol 3kinase (PI3K) complex harbors Beclin1/ATG6 and plays a crucial role in
vesicle nucleation. The ATG9-ATG2-ATG18 transmembrane complex is
generally considered to recycle and retrieve autophagy proteins, and to provide
membranes from various sources (e.g. mitochondria, ER, and TGN) to the
expanding phagophore. In addition, two ubiquitin-like (UBL) conjugation
pathways contribute to autophagosome biogenesis by producing ATG12-ATG5
and ATG8-phosphatidylethanolamine (PE) conjugates. The ATG8 conjugation
pathway requires the cysteine proteinase ATG4 (belonging to the caspase
family), as well as the E1-like activating enzyme ATG7 (for further details, see
Figure 2).
1.2.2 Markers for autophagosomes in plant cells

It is well established that the PE-conjugated ATG8 is tightly associated with
the autophagosome from its initiation to lytic degradation (Figure 2) (Xie &
Klionsky, 2007). Hence, the subcellular distribution of fluorescent proteintagged ATG8 fusions, together with the conversion of soluble to membranebound ATG8, has been commonly exploited to monitor autophagosome
formation and autophagy activity in plants (Bassham, 2015).
In plants, the mechanisms of autophagosome formation at early stages are
not well characterized and understood. Elegant imaging studies using
fluorescent protein-tagged ATG5 were recently explored to identify growing
phagophores, also known as the isolation membrane (Le Bars et al., 2014). In
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this work, ATG5 was shown to locate to the outer surface of the cortical
endoplasmic reticulum (ER) and to rapidly anchor ATG8 to the initial
phagophore, which is generally believed to be essential for membrane
expansion (Xie et al., 2008; Nakatogawa et al., 2007). Furthermore, it was
demonstrated that ATG5 continuously decorates the edges of the expanding
phagophore and develops into a torus-like structure on the aperture of the cupshaped membrane structure. As soon as the phagophore aperture is sealed,
ATG5 leaves the structure and the newly formed autophagosome is
simultaneously dissociated from the ER (Le Bars et al., 2014).
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Figure 2. Schematic overview of the autophagy pathway in plants. Autophagy is initiated by
nucleation and expansion of the initial sequestering compartment, the phagophore. Subsequently,
the outer membrane of the autophagosome fuses with the tonoplast, which results in release of the
inner single-membrane vesicle, referred to as the autophagic body, into the vacuolar lumen for its
breakdown. Lipidation of ATG8 and vacuolar degradation of the autophagic adaptor protein
NBR1 have been routinely used for monitoring autophagosome formation and autophagic flux. In
plants, it is well documented that SH3P2 and ATG5 are important regulators of autophagosome
formation. The regulation of autophagy induction requires the action of the TOR kinase and
ATG1 complex. The class III PI3K complex harboring Beclin1/ATG6 plays a crucial role in
vesicle nucleation. In addition, The ATG9 complex is generally considered to recycle and retrieve
autophagy proteins, and to provide membranes from various sources to the expanding
phagophore. The ATG12-ATG5-ATG16 complex and ATG8-PE adduct produced by two
ubiquitin-like conjugation pathways are essential for membrane elongation and autophagosome
formation. Modified from (Hofius et al., 2011).

A non-ATG protein with a Bin-Amphiphysin-Rvs (BAR) domain, SH3
DOMAIN-CONTAINING PROTEIN2 (SH3P2), was additionally reported to
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label phagophores at the early stage and modulate autophagosome biogenesis
(Zhuang et al., 2013). Under autophagy-inducing conditions, SH3P2 is
localized to the phagophore assembly site (PAS, also known as preautophagosomal structure). However, in contrast to ATG5, SH3P2 signals can
be also observed in the vacuolar lumen, indicating that it remains associated
with autophagosomal structures during vacuolar turnover. Moreover, SH3P2
appears to promote autophagosome formation through association with
phosphatidylinositol 3-phosphate (PI3P), PI3K complex, and ATG8.
Therefore, the combined analysis of fluorescent protein-tagged ATG8,
SH3P2, and ATG5 proteins is emerging as effective and reliable tool to
monitor autophagosome dynamics, ranging from its formation to vacuolar
breakdown (Figure 2) (Bassham, 2015).
1.2.3 Selective autophagy in plants

The best-characterized form of selective autophagy in the plant system is
NEIGHBOR OF BRCA1 GENE1 (NBR1)-mediated degradation of protein
aggregates (Zhou et al., 2013; Svenning et al., 2011). It has been demonstrated
that plant NBR1 represents the functional hybrid of mammalian p62 and NBR1
proteins based on its ability to homopolymerize (Svenning et al., 2011). NBR1
acts as autophagy cargo receptor and plays a pivotal role in the disposal of
ubiquitinated proteins accumulated during different stress conditions (Figure 2)
(Zhou et al., 2013; Svenning et al., 2011). NBR1 possesses a conserved LC3interacting region [LIR, also known as ATG8-interacting motif (AIM)] that
binds to membrane-bound lipidated ATG8, as well as a C-terminal ubiquitinassociated (UBA) domain capable of targeting ubiquitinated protein aggregates
for autophagic degradation (Zhou et al., 2013; Svenning et al., 2011).
Importantly, NBR1 itself is an autophagic substrate and accumulates in
autophagy deficient mutants (Svenning et al., 2011). Therefore, vacuolar
degradation of NBR1 has been frequently used to monitor autophagic flux
under certain biotic and abiotic conditions (Coll et al., 2014; Hackenberg et al.,
2013; Minina et al., 2013).
Another form of selective autophagy engages the plant unique protein
ATG8-INTERACTING PROTEIN 1 (ATI1), which was initially identified as
ATG8f-interacting protein (Honig et al., 2012). Interestingly, ATI1 is
translocated during senescence to plastid-associated bodies (known as ATI1PS bodies), where it binds both plastid proteins and ATG8 to mediate their
vacuolar turnover (Michaeli et al., 2014). Hence, ATI1 seems to function as
cargo receptor in a plastid-to-vacuole membrane trafficking route that relies on
autophagy mechanisms.
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TRYPTOPHAN-RICH SENSORY PROTEIN (TSPO) was proposed to
function as an additional cargo receptor of selective autophagy processes in
Arabidopsis (Hachez et al., 2014; Vanhee et al., 2011). TPSO contains an AIM
domain and was previously shown to be degraded by autophagy under stressinduced conditions (Vanhee et al., 2011). Notably, TPSO interacts with the
aquaporin PLASMA MEMBRANE INTRINSIC PROTEIN 2;7 (PIP2;7),
which normally cycles between the plasma membrane and endosomes (Hachez
et al., 2014). However, in response to abiotic stress, PIP2;7 is degraded by
autophagy in a TPSO-dependent manner, thereby modulating PIP2;7-mediate
water transport processes.
Recently, the selective autophagic degradation of defective 26S
proteasomes, termed proteaphagy, in response to MG132 inhibitor treatment
and starvation has been reported (Marshall et al., 2015). The proteasome
subunit REGULATORY PARTICLE NON-ATPASE 10 (RPN10) was
identified as cargo receptor, which binds both lipidated ATG8 and
ubiquitinated proteasomes. These findings are fundamental to advance our
understanding of the cross-talk between the two major cellular degradation
systems.
1.2.4 Interplay between autophagic and late endocytic membrane trafficking

Autophagic and endocytic cargoes destined for vacuolar degradation are
delivered into the vacuolar lumen via membrane fusion. In non-plant systems,
such as animals and yeast, autophagosomes have been reported to fuse either
directly with lysosomes/vacuoles or with MVB/PVC to form intermediate
organelles known as amphisomes, which later merge with the lytic
compartments for subsequent degradation. Notably, a similar fusion event
between autophagosomes and vacuoles has also been demonstrated to occur in
plants (Zhuang et al., 2015). There is accumulating evidence that dysfunction
of certain regulators in the conventional MVB/PVC-vacuole trafficking route
also affects autophagy in plants (Zhuang et al., 2015).
The ESCRT system is responsible for sorting ubiquitinated cargo proteins
into intraluminal vesicles (ILVs) of MVB/PVC (Raiborg & Stenmark, 2009).
In Arabidopsis, several studies revealed that ESCRT functions are required for
autophagosomal degradation (Gao et al., 2015; Kolb et al., 2015; Spitzer et al.,
2015; Katsiarimpa et al., 2013). For instance, overexpression of a dominantnegative form of the ESCRT-III subunit VACUOLAR PROTEIN
SORTING2.1 (VPS2.1) impaired autophagic degradation, as demonstrated by
an overall accumulation of autophagic components (i.e. ATG8 and NBR1), and
a reduced level of monodansylcadaverine (MDC)-labeled autophagic bodies in
the vacuole (Katsiarimpa et al., 2013). Similar autophagic defects were
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observed by depletion of ASSOCIATED MOLECULE WITH THE SH3
DOMAIN OF STAM 1 (AMSH1), which acts as AMSH3-related
deubiquitinating enzyme and interacts with VPS2.1 (Katsiarimpa et al., 2013).
Loss of another ESCRT protein, CHARGED MULTIVESICULAR BODY
PROTEIN 1 (CHMP1), results in delayed maturation/closure of phagophores,
as well as aberrant plastid division, thereby linking ESCRT machinery to
autophagic breakdown of plastid cargoes (Spitzer et al., 2015). Additional
molecular support arises from the characterization of FYVE DOMAIN
PROTEIN REQUIRED FOR ENDOSOMAL SORTING 1 (FREE1, also
known as FYVE1) as a plant-unique ESCRT component (Gao et al., 2015;
Kolb et al., 2015; Gao et al., 2014). Apart from its crucial role in the formation
of both MVB/PVC and vacuoles, FREE1/FYVE1 has been implicated in the
autophagic pathway through its direct interaction with SH3P2 and association
with the PI3K complex (Gao et al., 2015; Kolb et al., 2015; Gao et al., 2014).
In animals and yeast, the small GTPase Rab7 has been reported to play
pivotal roles in the maturation of both autophagosomes and endosomes, and
their subsequent fusion events with the lytic compartments (Hyttinen et al.,
2013). Notably, RabG3b, a homolog of Rab7 in Arabidopsis, co-localizes with
the autophagosomal markers ATG8a and ATG8e (Kwon et al., 2013; Kwon et
al., 2010). Furthermore, RabG3b was shown to modulate tracheary element
(TE) differentiation and hypersensitive PCD via autophagy (Kwon et al., 2013;
Kwon et al., 2010).
1.2.5 Role of autophagy in plant development and stress responses

Autophagy processes in plants have already been investigated in 1960s, but
initial studies were limited to the morphological description using electron
microscopic approaches. In recent years, genetic analyses (i.e. loss-of-function
analysis of ATG genes) have significantly advanced our understanding of the
molecular mechanisms and physiological functions of autophagy in plants.
Autophagy is activated in response to a wide range of abiotic stresses (Liu
& Bassham, 2012; Thompson et al., 2005; Hanaoka et al., 2002). When
autophagy-deficient plants grow under nitrogen- and carbon-depleted
conditions, they typically show exaggerated starvation-triggered chlorosis and
senescence, implying that nutrient remobilization in response to starvation
requires autophagic activity (Suttangkakul et al., 2011; Thompson et al., 2005;
Hanaoka et al., 2002). Furthermore, oxidative stress, triggered for instance by
treatment with H2O2 or methyl viologen, is known to activate autophagy
(Xiong et al., 2007). Autophagy-deficient AtATG18a-RNAi Arabidopsis plants
and Osatg10b rice mutants are hypersensitive to oxidative stress and
accumulate more oxidized proteins, indicating that oxidized proteins are
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removed by autophagy in plant cells (Shin et al., 2009; Xiong et al., 2007).
Similarly, the autophagy pathway is induced and required for turnover of ER
membranes in response to ER stress (Liu et al., 2012). It has also been shown
that autophagy is essential for plant tolerance against drought and high salinity
stresses (Liu et al., 2009), most likely because autophagy maintains cellular
homeostasis by degrading aggregated or damaged proteins and organelles
under these conditions.
There is emerging evidence for important roles of autophagy in
phytohormone signaling and homeostasis. The defence hormone salicylic acid
(SA) is known to induce autophagy (Yoshimoto et al., 2009), and loss of
function of ATG genes leads to accumulation of SA, which coincides with the
onset of senescence (Yoshimoto et al., 2009). Importantly, premature
senescence and immunity-associated cell death phenotypes in atg mutants
require a functional SA signaling pathway, which employs NONEXPRESSOR
OF PATHOGENESIS-RELATED PROTEINS1 (NPR1) as central signaling
hub (Yoshimoto et al., 2009). Based on these results, it was proposed that
autophagy is involved in a negative feedback mechanism to suppress SAdependent phenotypes. Moreover, the aforementioned autophagy cargo
receptor TSPO can be induced by application with the stress-related hormone
abscisic acid (ABA) (Vanhee et al., 2011; Guillaumot et al., 2009), suggesting
a possible link between the autophagy machinery and plant responses to ABA.
Finally, brassinosteroids (BRs) are linked to autophagic cell death associated
with tracheary element (TE) differentiation (Kwon et al., 2010). It was
hypothesized that BRs might function as cell death signals to induce the
autophagy pathway through activation of RabG3b, resulting in formation of the
mature TE (Kwon et al., 2010). Notably, a recent study suggests that BRrelated transcription factor named BZR1 could be turned over through
autophagy upon TOR inactivation, thus integrating autophagy into the BR
signaling pathway (Zhang et al., 2016b).
Due to potential pleiotropic effects caused by inactivation of autophagy, an
alternative gain-of-function approach (e.g. overexpression of ATG genes) could
be suitable to directly address the functions of autophagy in more detail.

1.3 Plant innate immunity
In order to fight against pathogen attack, plants have developed various
sophisticated mechanisms to trigger defence responses that are constantly
modulated. A 'zigzag' model of the long-lasting co-evolutionary struggle
between plants and pathogens was proposed (Jones & Dangl, 2006). In this
model, two major branches of the innate immune system have been defined:
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PAMP-triggered immunity (PTI) and effector-triggered immunity (ETI) that
are associated with different perception mechanisms in plants (Figure 3).
Plasma membrane-resident pattern recognition receptors (PRRs) sense
pathogen-associated molecular patterns (PAMPs) and induce a complex
antimicrobial response known as PTI. PTI can be suppressed by pathogenderived molecules, termed effectors, leading to effector-triggered susceptibility
(ETS). Another type of immune receptors encoded by so-called resistance (R)
genes monitors the presence or activity of such pathogen effectors, resulting in
effector-triggered immunity (ETI).
1.3.1 PAMP-triggered immunity (PTI)

PAMPs, also known as microbe-associated molecular patterns (MAMPs), are
highly conserved molecular motifs present in a whole class of microbes (Boller
& Felix, 2009; Nurnberger & Brunner, 2002). At the frontline of innate
immunity, plants utilize surface PRRs, which are receptor-like kinases (RLKs)
or receptor-like proteins (RLPs), to perceive PAMPs (Newman et al., 2013).
One of the best-characterized PRRs is the leucine-rich repeat RLK (LRRRLK) FLAGELLIN-SENSITIVE 2 (FLS2) from Arabidopsis, which
recognizes the bacterial PAMP flagellin or the flagellin-derived peptide flg22
(Chinchilla et al., 2006; Gomez-Gomez & Boller, 2000). Ligand binding to
FLS2 triggers complex formation and phosphorylation events between FLS2
and the RLK BRI1-ASSOCIATED KINASE 1 [BAK1, also called SOMATIC
EMBRYOGENESIS RECEPTOR-LIKE KINASE 3 (SERK3)], and result in
the activation of complex downstream signaling and defence responses (Figure
3) (Boller & Felix, 2009). Non-activated FLS2 receptors constitutively follow
the endosomal recycling pathway which is sensitive to the trafficking inhibitor
BFA (Beck et al., 2012). By contrast, upon flg22 stimulation, activated FLS2
receptors traffic via a BFA-insensitive pathway and are delivered to the
MVB/PVC followed by subsequent degradation in the vacuole (Figure 3)
(Beck et al., 2012). Hence, vacuolar turnover of ligand-activated FLS2
contributes to the regulation of the plasma membrane pool of FLS2 by
quenching receptor activities.
Other PAMP-PRR pairs involved in PTI include the bacterial elongation
factor Tu (EF-Tu) sensed by EF-TU RECEPTOR (EFR) (Zipfel et al., 2006;
Kunze et al., 2004), bacterial peptidoglycan (PGN) detected by the LYM1
LYM3 CERK1 PGN perception system (Willmann et al., 2011), fungal chitin
recognized by CHITIN ELICITOR RECEPTOR KINASE 1 (CERK1) (Miya et
al., 2007), and lipopolysaccharide perceived by the recently identified RLK
LIPOOLIGOSACCHARIDE-SPECIFIC REDUCED ELICITATION (LORE)
(Ranf et al., 2015).
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PAMP/PRR-triggered PTI responses typically involve the accumulation of
reactive oxygen species (ROS) (also known as oxidative burst), activation of
mitogen-activated protein kinase (MAPK) cascades, stomatal closure, largescale reprogramming of gene expression, callose deposition, and the
production of antimicrobial secondary metabolites (Boller & Felix, 2009).
1.3.2 Effector-triggered immunity (ETI)

Successful pathogens deploy multiple virulence factors, called effectors, into
plant cells to promote virulence. Pathogen effectors target host proteins to
interfere with PTI and to manipulate physiological processes for the benefit of
infection (Bent & Mackey, 2007). Plants, in turn, have evolved a second tier of
defence based on intracellular resistance (R) proteins containing nucleotidebinding (NB) and leucine-rich repeat (LRR) domains (Figure 3) (Dangl &
Jones, 2001). After direct or indirect recognition of effectors, plant NB-LRR
immune receptors become activated, resulting in ETI with faster and stronger
defence reactions than PTI. ETI often culminates in a programmed cell death
(PCD) reaction at the site of pathogen entry, known as the hypersensitive
response (HR) (Coll et al., 2011; Jones & Dangl, 2006; Greenberg & Yao,
2004), and the induction of systemic acquired resistance (SAR) responses in
non-infected distal parts of the plant (Fu & Dong, 2013).
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Figure 3. PAMP-triggered immunity (PTI) and effector-triggered immunity (ETI). Plasma
membrane-resident PRRs sense PAMPs and induce a complex antimicrobial response known as
PTI. One of the best-characterized PRRs is FLS2, which recognizes the bacterial PAMP flagellin
or the flagellin-derived peptide flg22. Non-activated FLS2 receptors constitutively follow the
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recycling endosomal pathway which is sensitive to the trafficking inhibitor BFA. Ligand flg22
binding to FLS2 triggers complex formation and phosphorylation events between FLS2 and
BAK1, which leads to activation of the PTI response. Activated FLS2 receptors traffic via a BFAinsensitive pathway and are delivered to the MVB/PVC followed by subsequent vacuolar
degradation. Successful pathogens deploy multiple effectors into plant cells to interfere with PTI.
Plants utilize intracellular immune receptors containing nucleotide-binding (NB) and leucine-rich
repeat (LRR) domains to recognize effectors either directly or indirectly, resulting in ETI.

Based on the presence of different N-terminal domains, NB-LRR R proteins
can be further categorized into two subgroups: the Toll/Interleukin-1 receptor
(TIR)- or coiled-coil (CC)-domain containing NB-LRR proteins (Meyers et al.,
1999). The molecular mechanisms and downstream events that follow NBLRR activation are still not fully understood. However, it is well-established
that the downstream signaling components required for ETI are different for
the two NB-LRR classes. TIR-NB-LRR-type immune receptors typically
engage
the
ENHANCED
DISEASE
SUSCEPTIBILITY
1
(EDS1)/PHYTOALEXIN
DEFICIENT
4
(PAD4)/SENESCENCEASSOCIATED GENE 101 (SAG101) complex to mount a defence response,
whereas signaling activated by CC-NB-LRR immune receptors usually
depends on NONRACE-SPECIFIC DISEASE RESISTANCE 1 (NDR1) (Zhu
et al., 2011; Feys et al., 2005; Aarts et al., 1998). It has also been shown that
certain pathogen effectors are recognized by both subclasses of NB-LRR
proteins and could thereby stimulate NDR1- and EDS1-dependent signal
transduction in parallel to generate a full immune response (Eitas et al., 2008).
Several models for the recognition of pathogen effectors by R proteins have
been proposed, including the guard hypothesis and the decoy model (van der
Hoorn & Kamoun, 2008; Jones & Dangl, 2006). The guard hypothesis
proposes that R proteins (‘guards’) monitor the activities of pathogen effectors
on host proteins (‘guardees’) due to their roles in defence responses or as
susceptibility factors. One of the most extensively studied examples for the
guard hypothesis engages two CC-NB-LRR R proteins, RESISTANCE TO P.
SYRINGAE PV MACULICOLA 1 (RPM1) and RESISTANCE TO P.
SYRINGAE 2 (RPS2), which are associated with the Arabidopsis host protein
RPM1-INTERACTING PROTEIN 4 (RIN4) (Kim et al., 2005; Axtell &
Staskawicz, 2003; Mackey et al., 2003). RPM1 senses the
hyperphosphorylation of RIN4 induced by effectors AvrRpm1 and AvrB,
whereas RPS2 perceives AvrRpt2-mediated RIN4 cleavage, leading in both
cases to ETI (Mackey et al., 2003; Mackey et al., 2002). RIN4 has recently
been linked to the modulation of immune system outputs by acting as a
“phosphoswitch” (Chung et al., 2014). Upon flagellin recognition, RIN4 is
phosphorylated on serine 141, which de-represses various immune responses.
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An alternative hypothesis, the decoy model, suggests that the host decoy
protein mimics the actual effector target (guardee) and serves as a “bait” to trap
effectors, thus triggering immune responses (Collier & Moffett, 2009; van der
Hoorn & Kamoun, 2008). In striking contrast to guardee proteins, decoys do
not play a role in host defence or susceptibility when the cognate R protein is
absent (van der Hoorn & Kamoun, 2008). Detailed molecular support for the
decoy model could be derived from the indirect recognition of the bacterial
protease effector AvrPphB by the Arabidopsis CC-NB-LRR protein
RESISTANCE TO P. SYRINGAE 5 (RPS5) (Ade et al., 2007). RPS5mediated detection of AvrPphB requires the decoy protein kinase AVRPPHB
SUSCEPTIBLE 1 (PBS1) (Ade et al., 2007). AvrPphB-induced proteolytic
cleavage of PBS1 leads to the conformational change in PBS1, which is
necessary for RPS5 activation (DeYoung et al., 2012). Such conformational
change can also be induced by a five-amino-acid insertion at the cleavage site
of PBS1 protein and results in RPS5 activation in the absence of effectors
(DeYoung et al., 2012). In theory, RPS5 could be able to detect any pathogenderived effector that induces the requisite conformational change in PBS1.
Recently, the recognition specificity of RPS5 was successfully altered by
exchanging the AvrPphB cleavage site in PBS1 with the cleavage sequence
targeted by unrelated pathogen-secreted proteases (Kim et al., 2016). Hence,
the engineering of decoys to expand recognition specificities of resistance
proteins provides novel opportunities for breeding of pathogen-resistant crops.
Recent advances in the understanding of immune receptor function include
the emerging recognition of complementary NB-LRR pairs that are required to
detect effectors from a single or even from multiple pathogens (Saucet et al.,
2015; Eitas & Dangl, 2010). Intriguingly, the characterization of the
RPS4/RRS1 NB-LRR pair revealed that the recognition of bacterial and fungal
effectors (i.e. AvrRps4, Pop2) is mediated by their binding to a WRKY domain
present in RRS1. Based on the important role of WRKY transcription factors in
the activation of defence responses, an “integrated decoy” model for direct
recognition of pathogen effectors has been proposed (Le Roux et al., 2015;
Sarris et al., 2015; Cesari et al., 2014).
1.3.3 Autophagy in plant immunity

Recent years have seen tremendous progress in unraveling the mechanistic role
for plant autophagy in pathological situations.
Firstly, autophagy has been implicated in regulation of HR cell death
induced by avirulent strains of different pathogens. Genetic
inactivation/suppression of ATG genes leads to a gradual spread of cell death
far beyond the primary HR lesions after infection with avirulent virus and

28

bacterial strains, suggesting that autophagy is required for restricting
immunity-associated cell death (Yoshimoto et al., 2009; Patel & DineshKumar, 2008; Liu et al., 2005). A number of studies also demonstrated a deathpromoting function of autophagy during HR (Coll et al., 2014; Hackenberg et
al., 2013; Kwon et al., 2013; Hofius et al., 2009). In particular, autophagy was
found to contribute to HR cell death mediated by the TIR-type NB-LRR
protein RPS4 and CC-type NB-LRR protein RPM1 (Hofius et al., 2009). Such
HR-promoting autophagic cell death seems to be NPR1-independent (Minina
et al., 2014; Munch et al., 2014). In contrast, tissue collapse and cell death
observed in old atg mutants several days after infection rely on NPR1
(Yoshimoto et al., 2009) and might be caused by enhanced ER stress in
response to autophagy-deficient conditions (Minina et al., 2014; Munch et al.,
2014). Therefore, these two types of cell death can be separated genetically and
temporally. To directly address the effect of autophagy in the induction of HR,
it would be important to use alternative gain-of-function approaches. Indeed, a
positive role of autophagy in HR induction was further supported by transgenic
expression of a constitutively active version of the Rab GTPase RabG3b,
which resulted in enhanced autophagy levels and accelerated HR cell death
(Kwon et al., 2013).
Secondly, autophagy is known to modulate plant defence in response to
hemibiotrophic pathogens. For instance, Lenz and co-workers performed
comprehensive analyses to determine resistance characteristics of autophagydeficient mutants to virulent Pst DC3000 (Lenz et al., 2011). This study
revealed that atg mutants are more resistant towards virulent Pst DC3000,
which does not seem to be caused by altered PTI responses. Notably, the basal
SA levels in atg mutants are slightly but significantly increased compared to
wild-type. This difference is even more pronounced upon pathogen infection
and results in stronger up-regulation of SA-inducible gene expression and
camalexin production in atg mutants relative to wild-type. Hence, augmented
SA levels in atg mutants seem to be responsible for enhanced resistance to
virulent Pst DC3000. The negative role of autophagy in SA-associated plant
immunity has been independently confirmed by the finding that loss of ATG5
confers resistance to virulent Pst DC3000, while overexpression of a
constitutively active version of RabG3b leads to stimulation of autophagy and
increased susceptibility (Kwon et al., 2013). Recently, the effector protein
PexRD54 from the hemibiotrophic oomycete pathogen, Phytophthora
infestans, was reported to target autophagy-related processes in plant cells
(Dagdas et al., 2016). More specifically, PexRD54 can interact with ATG8CL
(belonging to potato ATG8 family) via its AIM/LIR domain and promote
autophagosome formation. Furthermore, PexRD54 out-competes the tobacco
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NBR1 homologue JOKA2 from ATG8CL-labeled autophagosomes to suppress
NBR1/JOKA2-mediated disease resistance. These findings indicate that
pathogens have evolved effector-based strategies to manipulate or even hijack
autophagy pathways to promote virulence. It remains on open question whether
hemibiotrophic bacterial pathogens would benefit from increased plant
autophagy levels and thus might have evolved effectors with similar
autophagy-stimulating activities as PexRD54.
Thirdly, autophagy-defective mutants were shown to exhibit enhanced cell
death and resistance in response to the powdery mildew fungus Golovinomyces
cichoracearum, an obligate biotrophic pathogen (Wang et al., 2011b; Wang et
al., 2011c). Interestingly, inactivation of SA signaling fully suppressed
powdery mildew resistance in atg2 but only partially alleviated the cell death
phenotype, indicating that cell death can be uncoupled from disease resistance
(Wang et al., 2011c). Likewise, amsh1 mutants defective in autophagic
degradation were shown to be more resistant to powdery mildew infection and
show induction of SA marker gene expression (Katsiarimpa et al., 2013).
Fourthly, several studies demonstrated that autophagy is required for plant
resistance to necrotrophic fungal pathogens. Induction of ATG gene expression
and increased accumulation of GFP-ATG8-marked autophagosomal structures
indicated activation of autophagy upon infection with Botrytis cinerea (Lai et
al., 2011). Moreover, autophagy-deficient mutants (i.e. atg mutants and amsh1
mutants) showed enhanced susceptibility to the necrotrophic pathogens
Botrytis cinerea and Alternaria brassicicola (Katsiarimpa et al., 2013; Lai et
al., 2011; Lenz et al., 2011). The potential mechanisms by which autophagy
promotes disease resistance against necrotrophic pathogens have recently been
discussed (Zhou et al., 2014). Necrotrophic pathogens kill host cells during the
initial stage of infection and benefit from plant cell death. Rapidly activated
autophagy might suppress pathogen-triggered cell death by clearance of
damaged and toxic cellular contents, thereby contributing to resistance.
Modulation of SA and jasmonate (JA) signaling pathways by autophagy might
function as an alternative mechanism. Inactivation of autophagy was shown to
result in higher steady-state transcript levels of PDF1.2 and PR1, which are
regulated by JA and SA, respectively (Lai et al., 2011). However, upon
Botrytis infection, only PR1 expression remained substantially higher whereas
JA-regulated PFD1.2 levels were significantly decreased in atg mutants
compared to wild-type (Lai et al., 2011). Hence, autophagy appears to
positively regulate JA-mediated plant defence responses, which are known to
act mainly against necrotrophic pathogens (Mengiste, 2012).
Lastly, autophagy has been shown to play a crucial role in host-virus
interactions. It is generally accepted that RNA silencing triggered by viral
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double-stranded RNA (dsRNA) serves as an antiviral defence mechanism in
plants. The viral silencing suppressor P0 from polerovirus co-opts autophagy
for selective degradation of ARGONAUTE1 (AGO1), which has a central role
in RNA silencing, thus counteracting host defence (Derrien et al., 2012).
Another study suggests that autophagy is hijacked for propagation of a DNA
virus in infected algae (Schatz et al., 2014). This study has shown that
autophagy is activated upon viral infection and blocking autophagy by a
pharmacological approach resulted in prominent reduction in viral release
(Schatz et al., 2014). Importantly, the host-derived ATG8-PE conjugate could
be detected from purified virions (Schatz et al., 2014). In contrast to the
potential proviral roles of the autophagy pathway, some studies might also
point to the contribution of autophagy to antiviral defence responses. For
instance, the tobacco rgs-CaM, a calmodulin-like protein, was demonstrated to
bind to viral suppressors of RNA silencing in order to both interfere with
suppressor activity and facilitate their degradation via the autophagy pathway
(Nakahara et al., 2012). A recent study revealed that the silencing suppressor
P6 from Cauliflower mosaic virus (CaMV) is able to suppress SA-triggered
autophagy through binding and activation of the Arabidopsis target-ofrapamycin (TOR) (Zvereva et al., 2016), which resulted in suppression of
antibacterial defences. However, the consequences of altered autophagy levels
on CaMV infection remain to be determined.

1.4 Plant cell death
Programmed cell death (PCD) plays a number of fundamental roles throughout
the plant life, including xylogenesis, embryo and leaf development, various
stages of plant reproduction, senescence, as well as defence responses to
abiotic and biotic stresses (Hofius et al., 2007; Greenberg, 1996). In animals,
PCD has been categorized into three major types: apoptosis, autophagic cell
death, and necrosis (Lockshin & Zakeri, 2004). Plants have also evolved
different mechanisms and pathways for cell demise, which show similarities
but also substantial differences in comparison to their counterparts in animals
and other eukaryotic organisms (Bozhkov & Lam, 2011; van Doorn et al.,
2011).
1.4.1 Classification of PCD in plants

In contrast to animal cells, classic apoptosis is absent in plants (van Doorn et
al., 2011). Based on morphological criteria, two major classes of cell death
have been proposed: vacuolar and necrotic cell death (van Doorn et al., 2011).
Execution of vacuolar cell death typically involves both autophagy and a
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massive release of hydrolases by vacuole collapse, leading to complete
removal of cellular contents. Necrosis is defined by cytological hallmarks
including mitochondrial swelling, early rupture of plasma membrane,
protoplast shrinkage, and absence of vacuolar PCD features.
Intriguingly, HR-associated cell death conditioned by R protein activation
could not be assigned to either type, and was considered to be a mixed form of
cell death for the following reasons (van Doorn et al., 2011). Firstly, HR PCD
often displays features of necrotic cell death (van Doorn et al., 2011).
Secondly, HR is usually associated with the expansion of vacuoles and
subsequent rupture of the tonoplast, which in certain instances could engage
vacuole-resident VACUOLAR PROCESSING ENZYME (VPE) (van Doorn et
al., 2011; Hatsugai et al., 2004; Rojo et al., 2004). Thirdly, it has been
demonstrated that autophagy is activated during HR and that some forms of
HR triggered by TIR- and CC-type of NB-LRR proteins require autophagic
components (Hofius et al., 2009). Lastly, in striking contrast to vacuolar cell
death, HR-associated vacuolar collapse does not seem to result in complete
removal of the protoplast (van Doorn et al., 2011; Beers & McDowell, 2001).
Cytological characteristics of PCD implicated in HR can differ. For example,
HR mediated by CC-NB-LRR immune receptors RPM1 and RPS2 is
dependent on membrane fusion between the plasma membrane and the
tonoplast, which leads to the release of vacuolar defence contents into the
extracellular space where bacteria proliferate (Hatsugai et al., 2009). In
contrast, virus-triggered HR cell death conditioned by the TIR-NB-LRR N
protein involves VPE activity, and requires collapse of vacuoles and the release
of hydrolases to restrict virus proliferation within cells (Hatsugai et al., 2004).
1.4.2 Lesion mimic mutants and cell death suppressors

One fundamental approach to decipher HR and defence pathways is the
exploitation of mutants that exhibit accelerated cell death (acd) and activated
immune responses in the absence of effectors and pathogen infection (Moeder
& Yoshioka, 2008; Lorrain et al., 2003). These lesion mimic mutants provide a
valuable resource to identify novel players in HR cell death and to further
dissect underlying signaling pathways (Moeder & Yoshioka, 2008; Lorrain et
al., 2003).
The lesion simulating disease resistance 1 (lsd1) mutant exhibits a so-called
runaway cell death phenotype, meaning that HR occurs normally but the
spread of cell death can not be subsequently controlled (Dietrich et al., 1994).
Such cell death phenotype relies on signaling components required for
pathogen recognition and accumulation of the defence hormone SA (Aviv et
al., 2002; Rusterucci et al., 2001; Jabs et al., 1996). Importantly, loss of
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function of the CC-NB-LRR protein ACTIVATED DISEASE
RESISTANCE1-LIKE2 (ADR1-L2) suppressed lsd1 runaway cell death
(Bonardi et al., 2011). Moreover, the metacaspase AtMC1 functions as a
positive regulator of runaway cell death in lsd1, whereas AtMC2 is a negative
regulator of AtMC1 (Coll et al., 2010). Importantly, it has recently been
demonstrated that AtMC1 and autophagy act in separate pathways to modulate
HR cell death and senescence (Coll et al., 2014).
Several lesion mimic mutants, including acd5 and acd11, were shown to be
disrupted in genes associated with sphingolipid metabolism and signaling
(Bruggeman et al., 2015). ACD5 encodes a ceramide kinase that possesses high
specificity to ceramides but not other sphingolipids in vitro (Liang et al.,
2003). It has been proposed that the dynamic balance between free and
phosphorylated ceramides plays a critical role in the modulation of plant PCD
(Liang et al., 2003). acd5 mutants show spontaneous cell death late during
development, which is associated with ceramide accumulation, autophagy
induction, and mitochondrial ROS accumulation (Bi et al., 2014; Liang et al.,
2003). In addition, acd5 mutant plants exhibit enhanced susceptibility to
Pseudomonas syringae and Botrytis cinerea (Bi et al., 2014; Greenberg et al.,
2000).
The lethal, recessive acd11 mutant shows autoimmune cell death and
constitutive activation of defence responses due to disruption of a ceramide-1phosphate transfer protein (Simanshu et al., 2014; Brodersen et al., 2002). In
acd11, normally low ceramide-1-phosphate levels are increased, but relatively
abundant phytoceramides rise acutely, supporting the previous notion that
changes in the distribution and balance of these two sphingolipids are essential
for cell death regulation in plants (Simanshu et al., 2014). PCD in acd11 is
initiated at an early seedling stage and was shown to be dependent on SA and
the EDS1-dependent signaling pathway. acd11 autoimmunity can be fully
suppressed by transgene introgression of the bacterial SA hydroxylase gene
NahG (Brodersen et al., 2005) and restored by application of the functional SA
analog, benzo(1,2,3)thiadiazole-7-carbothioic acid S-methyl ester (BTH)
(Malinovsky et al., 2010; Gorlach et al., 1996). Based on these features,
mutagenized acd11 NahG populations were previously used to screen for
lazarus (laz) suppressors of BTH-triggered cell death. Map-based cloning
analyses revealed that acd11 autoimmunity requires the histone lysine
methyltransferase LAZ2, as well as the TIR-NB-LRR protein LAZ5, whose
expression is dependent on LAZ2 activity (Palma et al., 2010). These finding
suggested that autoimmune cell death in acd11 mimics the HR and is a
consequence of ectopic activation of LAZ5. Furthermore, LAZ1 was found to
encode a six-transmembrane protein containing a domain of unknown function
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(DUF300) (Malinovsky et al., 2010). LAZ1 shares sequence homology and
structural similarity with the family of DUF300 proteins implicated in tumor
suppression, post-Golgi membrane trafficking, and steroid transport in animals
(Olivier-Mason et al., 2013; Dawson et al., 2010; Malinovsky et al., 2010;
Best & Adams, 2009; Best et al., 2008; Akaishi et al., 2007). In addition to its
role in acd11 autoimmunity, characterization of an independent laz1 T-DNA
insertion mutant (laz1-5) pointed to LAZ1 functions in fully or partly
autophagy-dependent HR conditioned by RPS4 and RPM1, respectively
(Malinovsky et al., 2010; Hofius et al., 2009). Based on these findings, the
characterization of acd11 suppressors might reveal novel genes and pathways
required for regulation of immune receptor function, autophagy, cell death, and
disease resistance.

1.5 Brassinosteroid signaling
Brassinosteroids (BRs) act as essential phytohormones in plant growth and
development and in response to different environmental cues. Loss-of-function
mutants that are impaired in BR perception or biosynthesis often display a
strong dwarf phenotype associated with compromised photomorphogenesis and
altered fertility (Clouse & Sasse, 1998). In contrast to steroid signaling in
animals that relies on intracellular receptors, BR signaling in plants is
predominantly mediated by cell surface-localized receptors BRI1, BRI1LIKE1 (BRL1), BRL3, and also by the co-receptor BAK1/SERK3 and other
SERKs (Gou et al., 2012; Cano-Delgado et al., 2004; Li & Chory, 1997). BRs
are perceived by the BRI1 receptor at the PM, which subsequently triggers an
intracellular signal transduction cascade that modulates transcriptional
responses (Zhu et al., 2013).
1.5.1 BR signal transduction

The kinase activity of BRI1 is maintained at basal level by two inhibitory
mechanisms: the auto-inhibitory effect of its own C-terminal tail, as well as the
direct interaction between the BRI1 kinase domain and a negative regulator of
BR signaling, BRI1 KINASE INHIBITOR 1 (BKI1) (Wang & Chory, 2006;
Wang et al., 2005). Binding of BRs to the BRI1 extracellular domain (ECD)
triggers its kinase activity (Kim & Wang, 2010). The mode of action in BRI1
activation is known to involve the release of phosphorylated BKI1 from the
plasma membrane into the cytosol, the recruitment of its co-receptor
BAK1/SERK3 for receptor heterooligomer formation, and sequential
transphosphorylation events within the receptor/co-receptor complex (Gou et
al., 2012; Clouse, 2011; Jaillais et al., 2011; Wang et al., 2008; Wang &

34

Chory, 2006; Li et al., 2002; Nam & Li, 2002). Interestingly, it has also been
suggested that phosphorylated BKI1 functions as positive regulator of BR
signaling pathway via interaction with 14-3-3 family members (Wang et al.,
2011a).
Upon successful formation of the BR receptor/co-receptor complex on the
plasma membrane, BRI1 subsequently phosphorylates several receptor-like
cytoplasmic kinase (RLCK) proteins including BR-SIGNALING KINASE1
(BSK1) and CONSTITUTIVE DIFFERENTIAL GROWTH 1 (CDG1) (Kim et
al., 2011; Tang et al., 2008). The activation of BSK1 and CDG1 via BRI1
induces phosphorylation of the nucleocytoplasmic phosphatase called BRI1
SUPPRESSOR 1 (BSU1) (Kim et al., 2011; Kim et al., 2009). In turn,
phosphorylated BSU1 was shown to dephosphorylate BRASSINOSTEROIDINSENSITIVE 2 (BIN2) at the conserved phospho-Tyr200 site and thus to
suppress the kinase activity of BIN2 (Kim et al., 2009). BIN2 negatively
regulates the BR signaling pathway by phosphorylating a group of
transcription factors including BRASSINAZOLE-RESISTANT 1 (BZR1) and
BRI1-EMS-SUPPRESSOR 1 (BES1, also known as BZR2) (Wang et al.,
2002; Yin et al., 2002). Furthermore, phosphorylated BZR1 and BES1/BZR2
with abolished DNA-binding activity show 14-3-3 protein-mediated
cytoplasmic retention (Figure 4) (Gampala et al., 2007; Vert & Chory, 2006).
Following inactivation of BIN2, these two transcription factors are thought to
be dephosphorylated by PROTEIN PHOSPHATASE 2A (PP2A) and
redistributed into the nucleus to modulate the expression of BR-responsive
genes (Figure 4) (Tang et al., 2011; Kim & Wang, 2010).
1.5.2 Subcellular regulation of BR signaling

Over the last years, a lot of knowledge has been gained on the molecular
components and regulatory mechanisms involved in the BR signaling pathway.
However, the interplay between BR signaling and membrane trafficking of the
BR receptor and co-receptor is still not well understood. Several studies have
revealed that BRI1 is not only localized to the plasma membrane but also to the
TGN/EE, MVB/PVC, and vacuolar lumen (Viotti et al., 2010; Geldner et al.,
2007; Dettmer et al., 2006; Russinova et al., 2004). Furthermore, BRI1
constantly cycles between the plasma membrane and the TGN/EE, and it is
delivered for vacuolar turnover via the MVB/PVC in a ligand-independent
manner (Figure 4) (Viotti et al., 2010; Geldner et al., 2007; Russinova et al.,
2004). The trafficking inhibitor BFA was shown to enhance BRI1 endosomal
accumulation and activate the BR pathway, indicating that endosomes likely
act as platform for BR signaling (Geldner et al., 2007). However, it was
reported that BR signaling could only be activated by BFA inhibition of ARF-
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GEF-mediated BRI1 endocytosis, and not by enhanced BRI accumulation in
endosomal compartments (Irani et al., 2012). Consistent with this finding, the
increase of PM pools of BRI1 via genetic or pharmacological approaches
resulted in activation of BR signaling (Irani et al., 2012).
BR)

PM)

BRI1)
Recycling))
endosome)

BES1))BZR1)
P"
P"

14=3=3))
TGN/EE)
MVB/PVC)

BR=responsive))
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Figure 4. Schematic diagram presenting BRI1 trafficking and certain downstream events that
follow activation of BR signaling. Endocytosed BRI1 receptors are sorted at the TGN/EE to be
either recycled back to the cell surface or transported for vacuolar turnover via the MVB/PVC in
a ligand-independent manner. The trafficking of BRI1-ligand complex has been successfully
visualized with the development of Alexa Fluor 647-coupled castasterone (AFCS), which
functions as a fluorescent ligand of BRI1 (Irani et al., 2012). In particular, accumulation of AFCS
was observed in the vacuolar lumen (Irani et al., 2012), which implies the possibility that as yet
uncharacterized vacuolar pool of BRs may be important for the regulation of intracellular BRs
levels and homeostasis. Phosphorylated transcription factors BZR1 and BES1 show cytoplasmic
retention mediated by 14-3-3 proteins. Upon activation of BR signaling, these two transcription
factors are dephosphorylated and redistributed into the nucleus to modulate the expression of BRresponsive genes.

Growing evidence supports the notion that BRI1 signals mainly from the
plasma membrane. Endocytosis of BRI1 was perturbed by inactivation of
ADAPTOR PROTEIN COMPLEX-2 (AP-2), resulting in activated BR
signaling (Di Rubbo et al., 2013). Furthermore, impaired acidification of the
TGN/EE in deetiolated3 (det3), a V-ATPase mutant, causes reduced exocytosis
and recycling of BRI1, thereby rendering this mutant insensitive to exogenous
BR treatment (Luo et al., 2015). Importantly, a recent study suggested that
ubiquitination of BRI regulates its internalization, endosomal recycling, and
vacuolar degradation (Martins et al., 2015).
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It has previously been proposed that BRI1 trafficking is influenced by its
co-receptor BAK1 (Russinova et al., 2004). Using a protoplast system,
transient co-overexpression of BRI1 along with BAK1 causes enhanced
endocytosis and vacuolar degradation of BRI1 (Russinova et al., 2004).
Furthermore, the visualization of receptor/co-receptor heterooligomers implied
that BR signal transduction engages interaction of BRI1 and BAK1 in preassembled complexes at the plasma membrane, and a relatively small portion
of the complexes is utilized by BR signaling (Bucherl et al., 2013). In this
study, BAK1 was surprisingly found on the tonoplast, raising the possibility
that this uncharacterized intracellular pool of BAK1 contributes to the
regulation of BR signaling (Bucherl et al., 2013).
1.5.3 The roles of BRs

BRI1 signaling is one of the best-characterized receptor kinase pathways in
plants. Previous studies have indicated the interplay between BR/BRI1 and
other well-studied receptor kinases. BAK1 functions as a co-receptor for both
BRI1 and the immunity-associated receptor kinase FLS2. Therefore, sharing of
the co-receptor BAK1 (in particular when BAK1 amount is limiting) was
proposed to generate antagonism between BR and PTI responses (Belkhadir et
al., 2012; Wang, 2012). In contrast, another independent study showed that
BAK1 is not rate-limiting and BR-mediated suppression of FLS2 pathway
occurs independently of the complex FLS2-BAK1-BOTRYTIS-INDUCED
KINASE1 (BIK1) (Albrecht et al., 2012). The BR-related transcription factor
BZR1 was recently shown to be a master regulator of the trade-off between
growth and immunity in plants (Lozano-Duran & Zipfel, 2015; Lozano-Duran
et al., 2013).
It is well known that BRs play an important role in light regulation of plant
growth and development (Li et al., 1996; Szekeres et al., 1996). Several studies
have revealed the mechanisms underlying the crosstalk between BR and light
pathways. BZR1 was demonstrated to interact with the light-regulated
transcription factor PHYTOCHROME-INTERACTING FACTOR 4 (PIF4),
which facilitates plant growth co-regulation by BRs and light signals through
the control of numerous common genomic targets (Oh et al., 2012). Moreover,
dark-induced and proteasome-dependent removal of the phosphorylated
(inactive) form of BZR1 by an E3 ligase CONSTITUTIVE
PHOTOMORPHOGENIC 1 (COP1) enhances BR signaling (Kim et al.,
2014). Another key transcription factor in the light signaling pathway,
ELONGATED HYPOCOTYL 5 (HY5), was recently shown to interact with
BZR1 to regulate cotyledon opening (Li & He, 2016).
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Substantial evidence indicates interaction between BRs and other hormonal
signaling pathways. For instance, BZR1 directly regulates expressions of a
large number of auxin-related genes (Sun et al., 2010). The transcription
factors BES1/BZR2 and AUXIN RESPONSE FACTOR 5 [ARF5, also called
MONOPTEROS (MP)] are able to bind to the same promoter region required
for BRs/auxin responses (Walcher & Nemhauser, 2012). Furthermore, it has
been suggested that auxin induces BR biosynthetic gene expression and
stimulates BR biosynthesis (Chung et al., 2011; Yoshimitsu et al., 2011).
Importantly, phosphorylation and inactivation of AUXIN RESPONSE
FACTOR 2 (ARF2) via BIN2 kinase have also been proposed to integrate BRs
and auxin pathways (Vert et al., 2008). In addition, the actin cytoskeleton
appears to function as another convergence point of BR signaling and auxin
responses (Lanza et al., 2012).
Apart from the direct interplay with other signaling pathways, BRs also
control diverse developmental processes, such as root development, male
fertility, and flowering time. BR treatment seems to influence root growth in a
dose-dependent manner, as it is promoted by low but suppressed by high
concentrations (Mussig et al., 2003). Likewise, both enhancement and
inactivation of BR signaling lead to smaller root meristems and impaired root
growth, indicating that optimal root development requires balanced BR
signaling (Gonzalez-Garcia et al., 2011). Therefore, these findings reveal that
BR levels and BR signaling are tightly controlled, and imbalances in BR levels
and/or BR signaling lead to defects in root growth. Furthermore, BRs are
known to exert effects on meristem size in roots by regulating cell cycle
activity (Gonzalez-Garcia et al., 2011; Hacham et al., 2011). It has been shown
that BR mutants exhibit defects in male fertility, which coincides with
decreased expression of multiple important genes involved in pollen and anther
development (Ye et al., 2010). Finally, BR-related mutants display lateflowering phenotypes, which could be, at least in part, explained by elevated
expression of FLOWERING LOCUS C (FLC) (Domagalska et al., 2007).
RELATIVE OF EARLY FLOWERING 6 (REF6), which represses FLC
expression, interacts with BES1/BZR2, and thus might point to a potential
molecular mechanism for BR regulation of flowering time (Yu et al., 2008;
Noh et al., 2004).
In addition to their crucial role in the trade-off between immunity and
growth, the protective activity of BRs against disease both in tobacco and rice
has been reported. However, the molecular basis for these effects remains
unclear (Nakashita et al., 2003). Furthermore, it was proposed that BRs may
act as cell death signals to trigger the autophagy pathway during tracheary
element differentiation (Kwon et al., 2010). In apparent agreement with a
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death-promoting function, BRs have been shown to induce apoptosis in
prostate cancer cells, and therefore could be considered as promising
anticancer drugs (Steigerova et al., 2012). A major challenge is therefore to
unravel the potential role of BR signaling in the context of immunity, cell
death, and autophagy.
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2

Aims of the study

Vacuoles are multifunctional and highly dynamic organelles that respond to
cellular signals and environmental cues to regulate plant growth and
development. In addition, several vacuolar defence strategies have been
identified in plants. The overall goal of the thesis was to dissect the regulatory
mechanisms underlying vacuole-mediated control of plant growth and
immunity. More specifically, I aimed to understand the regulators and
individual pathways involved in these mechanisms, as well as the crosstalk
between different pathways. I also attempted to describe the physiological
consequences and potential application of a genetically enhanced vacuolar
trafficking pathway (i.e. autophagy) in plants. In this thesis work, we focused
on the functional analyses of two LAZARUS (LAZ) genes and the
characterization of plants constitutively overexpressing autophagy-related ATG
genes.
The following specific aims were addressed:
• Investigate the role of the retromer complex in immunity-related
autophagy and cell death.
• Analyze LAZ1 function in the regulation of immunity-associated
autophagy.
• Characterize LAZ1-related DUF300 proteins in brassinosteroid
signaling.
• Study the effect of overexpression of ATG genes on plant productivity
and stress tolerance.
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3

Results and Discussion

3.1 Retromer regulates hypersensitive cell death and
autophagic degradation (Paper I)
Membrane trafficking plays a pivotal role in plant innate immunity and
mediates activation of immune receptors, delivery of cellular cargoes to the site
of pathogen infection, and defence signaling (Teh & Hofius, 2014). However,
the function of membrane trafficking in the immunity-related hypersensitive
response (HR) remains largely unknown. The acd11 mutant was previously
shown to exhibit constitutive activation of cell death and immune responses
(Malinovsky et al., 2010). A genetic screen for lazarus (laz) suppressors of this
autoimmune phenotype identified the TIR-NB-LRR protein LAZ5, suggesting
that acd11 cell death mimics the HR and is caused by inappropriate activation
of a TIR-type immune receptor pathway in the absence of effector recognition
(Palma et al., 2010). It was therefore tempting to assume that other LAZ genes
may participate in the regulation of immune receptor function and HR PCD. In
this study, the characterization of the laz4 mutant identified the retromer
component VPS35B as regulator of LAZ5-dependent cell death, and revealed a
critical role of retromer-mediated endomembrane trafficking and vacuolar
functions in pathogen-triggered autophagy, HR, and disease resistance.
3.1.1 Identification of LAZ4 as a component of the retromer complex

By using a map-based cloning approach, laz4 was found to carry an intron
splice mutation in the VPS35B gene on chromosome 1, which resulted in the
deletion of an entire exon from the transcript. To test whether the laz4mediated effect on acd11 cell death was indeed caused by the mutation in
VPS35B, the wild-type VPS35B locus was introduced into Landsberg erecta
(Ler) acd11 nahG laz4 plants. BTH treatment of the transgenic progenies
triggered a comparable growth retardation and cell death phenotype as in the
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acd11 nahG background line. Moreover, introducing independent VPS35B
loss-of-function mutations into Col-0 acd11 nahG plants resulted in
suppression of BTH-triggered cell death. Together, these results verified that
LAZ4 encodes VPS35B and is required for autoimmune cell death in acd11.
Subcellular localization and interaction studies were then performed to
analyze whether VPS35B is an integral part of the retromer complex and thus
acts in a comparable manner as other VPS35 homologs (VPS35A and
VPS35C) in Arabidopsis (Robinson et al., 2012). To this end, transgenic plants
expressing a VPS35B-GFP fusion construct under control of the native
promoter were generated and crossed with a series of different subcellular
marker lines. VPS35B-GFP appeared in punctate structures that co-localized
with the retromer component VPS29 and the MVB/PVC marker RabG3f, but
not with TGN/EE or Golgi markers. Treatment with wortmannin (Wm), which
enlarges the MVB/PVC due to inactivation of phosphatidylinositol 3-kinases
(Figure 1) (Matsuoka et al., 1995), supported the notion that VPS35B is
localized to the MVB/PVC. Furthermore, VPS29 was detected in VPS35-GFPcontaining immunoprecipitates, and additional bimolecular fluorescence
complementation (BiFC) and yeast two-hybrid analyses confirmed the
capability of VPS35B to interact with retromer core subunits. These results
verified that VPS35 is part of the MVB/PVC-localized retromer complex.
Consistent with our findings, other studies suggested that the core subunits of
retromer are localized to MVB/PVC (Yamazaki et al., 2008; Oliviusson et al.,
2006). However, the localization of retromer subunits to the TGN was also
reported (Niemes et al., 2010). The discrepancy in retromer localization might
be explained by the fact the MVB/PVC matures from the TGN/EE (Singh et
al., 2014; Scheuring et al., 2011).
3.1.2 The role of retromer in pathogen-triggered HR and autophagy

In-depth genetic analysis of LAZ4/VPS35B and its homologs suggested that
VPS35-dependent trafficking contributes to autoimmunity and HR cell death
triggered by TIR- and CC-NB-LRR proteins. Importantly, retromer
dysfunction specifically abrogated disease resistance mediated by the TIR-NBLRR protein RPS4 in response to the avirulent bacterial strain Pst DC3000
(AvrRps4), resembling the phenotype of the autophagy-defective mutant atg5
(Dong & Chen, 2013). Apart from its potential contribution to endosomal
sorting of immune components, retromer might regulate HR and immune
responses by its function in vacuolar trafficking and integrity (Nodzynski et al.,
2013). Indeed, retromer deficiency caused alterations in the morphology of late
endocytic and vacuolar compartments, particularly in vps29/mag1-1 single and
vps35a-1 c-1 double mutants, which showed the strongest suppression of HR.

44

Notably, treatment with the SA analog BTH aggravated this phenotype,
implying that the defects in lytic compartments may be pronounced under HRpromoting conditions.
The observed abnormalities in lytic compartments prompted us to
investigate autophagy processes in retromer mutants. The vps35a-1 c-1 and
vps29/mag1-1 mutants displayed comparable exaggerated senescence in
response to nutrient limitation as seen in the autophagy-deficient mutant atg2.
We then analyzed protein abundance of the cargo receptor NBR1, which is
routinely used as an indicator for autophagy flux (Svenning et al., 2011), and
found that certain retromer mutants showed constitutively elevated NBR1
levels that remained unaffected upon additional treatment with the cysteine
protease inhibitor E-64d (for further details regarding the effect of E-64d, see
Figure 1). This finding revealed that retromer functions are required for the
completion of autophagic degradation. Lastly, we assessed the impact of
retromer dysfunction on immunity-induced autophagy and demonstrated that
vps35a-1 c-1 was clearly defective in autophagic flux triggered upon Pst
DC3000 (AvrRpm1) infection. The autophagy defects observed in retromer
mutants could arise from potential dysfunction of late endocytic and vacuolar
compartments leading to impaired destruction of autophagic bodies and their
associated cargos. Alternatively, retromer could be directly involved in the
regulation of the autophagy pathway. For instance, VPS35 was identified as
autophagosome-associated protein in mammalion cells using a proteomics
approach (Dengjel et al., 2012). In addition, a human Rab GTPase-activating
protein was found to interact with ATG8/LC3 and VPS29, and proposed to
function as a potential switch between autophagic and endosomal trafficking
pathways (Popovic et al., 2012). Finally, a recent study suggested that a VPS35
mutation, which is associated with Parkinson’s disease, alters the localization
and trafficking of the transmembrane autophagy protein ATG9 (Zavodszky et
al., 2014).
Taken together, the findings from this study link retromer function to HR
and provide an important example for the participation of distinct membrane
trafficking pathways during immune responses. We also demonstrated that
retromer dysfunction results in autophagic defects, supporting the notion that
crosstalk between endocytic and autophagic pathways exists in plants (Zhuang
et al., 2015). Consistent with our findings, it has been shown that retromer is
required for degradation of autophagic cargos in Drosophila (Maruzs et al.,
2015). Another link between retromer and autophagy comes from the finding
that retromer is important for autophagy-dependent rice infection by the fungus
Magnaporthe oryzae (Zheng et al., 2015). The complex interrelationship
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between retromer-mediated trafficking and autophagy pathways in response to
activated immune receptors needs to be further dissected in the future.

3.2 The role of the tonoplast-localized DUF300 protein in
immunity-associated autophagy (Paper II and III)
LAZ1 encodes a DUF300 (domain of unknown function 300) transmembrane
protein and shows homology to a family of conserved OST-alpha proteins
implicated in post-Golgi membrane trafficking and steroid transport in animals
(Olivier-Mason et al., 2013; Dawson et al., 2010; Best & Adams, 2009; Best et
al., 2008). LAZ1 was initially reported to contribute to autoimmunity in the
Arabidopsis mutant acd11 (Malinovsky et al., 2010). Importantly, the laz1
mutation suppresses autophagy-dependent HR conditioned by the NB-LRR
immune receptors RPM1 and RPS4, respectively (Malinovsky et al., 2010).
Here we investigated the subcellular localization of LAZ1 and its closest
homolog LAZ1H1 (LAZ1 HOMOLOG1) and established an important role of
LAZ1 in immunity-associated autophagy.
3.2.1 Tonoplast localization of LAZ1 and LAZ1H1

In order to elucidate the functions and potential redundancy of LAZ1 and
LAZ1H1, we generated laz1 laz1h1 double loss-of-function mutants that
showed severe growth inhibition. Transgenic expression of either LAZ1-GFP
or LAZ1H1-GFP under control of their native promoters rescued the dwarf
phenotype. This verified the functionality of the constructs, which were
subsequently introduced into the respective single mutants for subcellular
localization studies. Both LAZ1-GFP and LAZ1H1-GFP localized to the
vacuole membrane, as demonstrated by prolonged FM4-64 staining and colocalization with the tonoplast marker VAMP711-mCherry. Additional support
for their tonoplast localization was provided by the observation that laz1
laz1h1 double mutants displayed gross malformation of the vacuoles, while
other major organelles of the vacuolar trafficking pathway (i.e. TGN/EE and
MVB/PVC) remained unaffected.
LAZ1 has previously been localized to the PM, the cytosol, and FM4-64stained punctate structures upon transient expression of fluorescently tagged
LAZ1 driven by cauliflower mosaic virus (CaMV) 35S promoter in
Arabidopsis mesophyll protoplast (Malinovsky et al., 2010). This contradictory
localization pattern is most likely caused by the non-physiological conditions
of high-level expression in the protoplast system and does not reflect the
situation in intact plant cells. Therefore, transgenic expression of the
functionally verified fusion constructs in stable Arabidopsis unequivocally

46

revealed that LAZ1 and LAZ1H1 reside exclusively on the vacuole membrane,
thereby opening the door to an in-depth analysis of their functional roles at this
particular cellular compartment.
3.2.2 LAZ1 contributes to cell death triggered by autoimmunity and
hydroxyurea

In addition to its role in autoimmune cell death in acd11, we observed that the
loss-of-function laz1 mutation suppressed autoimmunity in the acd5 mutant,
which is disrupted in the ceramide kinase and shows ceramide accumulation
and autophagy activation (Bi et al., 2014; Liang et al., 2003). In contrast, runaway cell death in lsd1 was not altered by the laz1 mutation. Interestingly, lsd1
cell death is known to mainly require metacaspase 1, which appears to act in an
autophagy-independent pathway during HR cell death (Coll et al., 2014; Coll
et al., 2010). Previously, the autophagy-deficient mutants were reported to
show resistance to hydroxyurea, a ribonucleotide reductase inhibitor commonly
used in cancer therapy (Hackenberg et al., 2013). Importantly, treatment with
hydroxyurea leads to activation of autophagy (Chen et al., 2014). We found
that laz1 was able to suppress hydroxyurea-induced cell death, partially
resembling atg mutants. Hence, these results further supported a potential
direct link of LAZ1-related functions to autophagy.
3.2.3 LAZ1 is required for the regulation of immunity-associated autophagy

To analyze whether autophagy activity is affected in laz1-related mutants, we
examined the localization of the GFP-ATG8a fusion protein. We found
constitutive accumulation of autophagosomes labeled by GFP-ATG8a in the
laz1 laz1h1 double mutant. Furthermore, autophagosomes appeared to
accumulate in laz1 laz1h1 outside of the tonoplast, as revealed by FM4-64
staining. Additionally, autophagic degradation of the adaptor protein NBR1
was particularly impaired in the double mutant, as constitutive accumulation of
NBR1 was not further increased upon treatment with the cysteine protease
inhibitor E64-d. Therefore, similar to certain retromer defective mutants (Paper
I), autophagic degradation rather than autophagy initiation appears to be
blocked in the laz1 laz1h1 double mutant. However, a potential mechanistic
difference between these mutants might be that the autophagic turnover in
retromer mutants is impaired in the vacuole lumen, whereas loss of LAZ1 and
LAZ1H1 may cause defects in the fusion of autophagosomes with the vacuole.
The free1/fyve1 mutant, which is disrupted in the late endosomal and vacuolar
compartments, also displayed impaired autophagic trafficking and degradation
(Gao et al., 2015; Kolb et al., 2015). In contrast to the double mutant,
autophagy activity at basal conditions appeared to be undisturbed in laz1 and
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laz1h1 single mutants, which seems to be consistent with the normal structural
appearance of their vacuoles. Future studies may address whether the laz1
single mutant shows vacuolar dysfunction under autophagy-inducing
conditions.
Both laz1 single and laz1 laz1h1 double mutants exhibited exaggerated
senescence upon leaf detachment and prolonged darkness resembling the
phenotype observed in the atg2 mutant. Moreover, laz1 and laz1 laz1h1
showed a similar suppression of autophagy-dependent HR, indicating that lossof-function of LAZ1H1 does not contribute to autophagy defects under
inducing conditions. In addition, we provided genetic evidence that LAZ1
functions in autophagic processes to regulate HR cell death, as combined lossof-function mutations in LAZ1 and ATG2 had no additive effect on HR
suppression. In agreement with these findings, laz1 and laz1 laz1h1 displayed
increased accumulation of NBR1 following Pst DC3000 (AvrRpm1) infection.
Also, the abundance of ubiquitinated proteins, previously shown to be
increased in autophagy-defective mutants during heat stress or upon Pst
DC3000 (AvrRpm1) infection (Hackenberg et al., 2013; Zhou et al., 2013), was
comparable in challenged laz1, laz1 laz1h1, and atg2 plants.
We next examined the bacterial growth after infiltration with Pst DC3000
(AvrRpm1) and found that laz1-related mutants behaved similar as wild-type,
supporting the previous notion that HR cell death and pathogen growth
restriction are uncoupled in this incompatible host-pathogen system (Munch et
al., 2015; Hackenberg et al., 2013; Coll et al., 2010). Infection with the
compatible DNA virus CaMV was assumed to be more directly affected by
autophagy because autophagy-deficient mutants were shown to be substantially
enhanced in viral titers compared to wild-type (Hafrén et al., 2016, personal
communication and submitted). Consistent with the effect seen in atg2
mutants, laz1 displayed enhanced susceptibility to CaMV infection, further
suggesting the induction of autophagic defects upon loss of LAZ1 function.
Collectively, these observations led to the conclusion that LAZ1
predominantly contributes to immunity-associated autophagy. The
phylogenetic analysis indicates that TMEM184C/TMEM34 is the closest
human homolog of LAZ1. Importantly, it has been shown that transfection of
TMEM184C into anaplastic thyroid cancer cells results in inhibition of cell
growth (Akaishi et al., 2007), supporting the notion that LAZ1 possesses prodeath function. Our study implies the possibility that DUF300 homologues
(e.g. the tumor suppressor TMEM184C) have evolutionary conserved
functions in the regulation of cell death through autophagic processes, thereby
shedding new light on the potential roles of DUF300 proteins in human cancer.
Future studies may provide experimental validation of cross-kingdom
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conservation by expression of LAZ1 in cancer cells
complementation of laz1-related mutants with TMEM184C.

and/or

the

3.3 Tonoplast-localized DUF300 proteins are required for the
regulation of brassinosteroid signaling (Paper II)
Brassinosteroids (BRs) control many processes during plant growth and
development due to their biological activities on cell elongation, division, and
differentiation (Li & Chory, 1999; Clouse & Sasse, 1998). Detailed knowledge
has been accumulated on the important players of the core BR signal
transduction from the receptor to downstream transcriptional regulators and
thousands of target genes (Zhu et al., 2013; Wang et al., 2012). Recent studies
have further strengthened our understanding of the biochemical and structural
properties as well as the cellular dynamics of the BR receptor complex
(Belkhadir & Jaillais, 2015). In this study, LAZ1 and its closest homolog
LAZ1H1 were characterized as novel tonoplast-localized proteins with an
important role in the regulation of BR signaling, thereby providing a
mechanistic link between vacuolar functions and BR signaling.
3.3.1 The role of LAZ1 and LAZ1H1 in the BR signaling pathway

Arabidopsis mutants with vacuolar dysfunction have previously shown to be
altered in endomembrane trafficking (Gu & Innes, 2012; Gendre et al., 2011).
We therefore analyzed laz1 laz1h1 for changes in endocytic trafficking
pathways and found that laz1 laz1h1 displayed normal endocytosis, but slightly
altered exocytosis/recycling and vacuolar trafficking of PIN proteins. In
contrast to these relatively mild effects, vacuolar trafficking and degradation of
the BR receptor BRI1 was substantially enhanced in the laz1 laz1h1 double
mutant. It has been suggested that the stimulation of BRI1 vacuolar targeting
correlates with an activated BR signaling status (Belkhadir & Jaillais, 2015;
Irani et al., 2012; Russinova et al., 2004). Indeed, our extensive phenotypic,
biochemical, and genetic studies provided several lines of evidence that lack of
LAZ1 and LAZ1H1 leads to constitutive activation of BR signaling.
Compared to wild-type, laz1 laz1h1 showed (i) longer hypocotyls in the
absence of brassinolide (BL), (ii) significant accumulation of dephosphorylated
BES1 prior to BL treatment, and (iii) down-regulation of BR-repressed genes
CPD and DWF4. In addition, laz1 laz1h1 was able to revert the bri1-induced
reduction and to aggravate the BRI1-GFP mediated increase of hypocotyl
growth. Notably, laz1 laz1h1 plants exhibited a comparable insensitivity of
hypocotyl elongation to BL treatment as seen in the bri1 mutant, which was
presumed to reflect a reduction in BRI1 abundance at the plasma membrane
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due to enhancement of BRI1 vacuolar degradation. It cannot be ruled out that
the slightly but significantly impaired exocytosis/recycling might contribute to
this phenotype. However, since PIN2 vacuolar trafficking was only mildly
affected, it is unlikely that the strong influence on BRI1 subcellular distribution
in laz1 laz1h1 is caused by overall alterations in trafficking pathways of the
endomembrane system. Rather, changes in PIN trafficking could be the
consequence of elevated BR signaling, as PIN2 subcellular dynamics were
previously shown to be altered in BR-treated wild-type as well as in the
activated BR signaling mutant act2-5 (Lanza et al., 2012).
Importantly, vps35a-1 c-1, pat2-2, and vti11 mutants that show similar
alterations in vacuole morphology as laz1 laz1h1 (Munch et al., 2015; Feraru
et al., 2010; Yano et al., 2003) exhibited a normal BR response, supporting the
notion that the constitutive BR response phenotype in laz1 laz1h1 cannot be
attributed to morphological alteration in vacuoles per se. Therefore, DUF300
proteins on the tonoplast seem to play distinct roles in vacuole-mediated
regulation of BR signaling.
3.3.2 LAZ1 and LAZ1H1 modulate BAK1 homeostasis

The BRI1 co-receptor BAK1 was previously shown to localize not only to the
plasma membrane and endomembrane compartments, but also to the tonoplast
(Bucherl et al., 2013). However, the role of intracellular pools of BAK1 in the
regulation of BRI1 receptor distribution and BR signaling has not been
addressed experimentally. In fact, based on recent concerns on the
functionality of epitope and fluorescent protein fusions to the C-terminus of
BAK1, doubts remained whether the localization pattern of the BAK1mCherry fusion protein represents the situation of the endogenous counterpart.
We therefore used transgenic lines that expressed pBAK1:BAK1-GFP in Col-0
wild-type and the complemented bak1-4 mutant background (Albrecht et al.,
2012; Ntoukakis et al., 2011), and observed similar subcellular localization
pattern including tonoplast association. We subsequently introduced BAK1GFP into the laz1 laz1h1 background to examine the impact of loss of LAZ1
and LAZ1H1 on BAK1 homeostasis. Intriguingly, tonoplast accumulation of
BAK1-GFP was increased in laz1 laz1h1, whereas the levels of BAK1-GFP at
the plasma membrane remained essentially unchanged. In addition, impaired
vacuolar acidification and proteolytic capacity under dark conditions also
resulted in an augmented tonoplast pool of BAK1-GFP in wild-type,
suggesting that altered BAK1-GFP localization in laz1 laz1h1 is likely due to
impaired vacuolar functions leading to decreased BAK1 turnover (Figure 5).
Increased levels of BAK1 are known to affect BRI1 trafficking and BR
signaling (Russinova et al., 2004; Li et al., 2002; Nam & Li, 2002), and thus
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could explain the BR-related phenotypes in laz1 laz1h1. It has been shown that
tonoplast-associated StSERK3, the BAK1 ortholog in potato is recruited to late
endosomes and diverted to the extrahaustorial membrane upon pathogen
infection (Bozkurt et al., 2015). Responding to growth-related stimuli, we
assume that tonoplast-resident BAK1 can utilize the same trafficking strategy
to reach the plasma membrane, resulting in the promotion of BR signaling and
hence the removal of BRI1 from the plasma membrane in a manner that
depends on BRI1-BAK1 heterodimerization (Figure 5) (Bucherl et al., 2013;
Russinova et al., 2004). However, it is important to note that the trafficking
routes of BAK1 and BRI1 seem to be substantially different, as BAK1 is
largely absent form BFA bodies (Bucherl et al., 2013) and BRI1 does not
localize to the tonoplast. Therefore, future studies may address how BAK1
traffics in the cell, and how manipulation of the distinct subcellular pools of
BAK1 could affect BR signaling and other BAK1-regulated processes (e.g.
immunity).
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Figure 5. Schematic model for vacuole-mediated control of BR signaling. (A) In wild-type plants,
LAZ1 and LAZ1H1 participate in vacuole membrane integrity, which is required for the turnover
of tonoplast-localized BAK1. (B) In laz1 laz1h1 double mutants, the levels of tonoplast-localized
BAK1 are increased due to impaired vacuolar functions leading to decreased BAK1 turnover.
Excessive tonoplast-associated BAK1 could be rerouted to the plasma membrane, which results in
activated BR signaling and removal of BRI1 from the plasma membrane for vacuolar
degradation. Ubiquitination of BRI1 has recently been shown to regulate its internalization and
vacuolar transport (Martins et al., 2015).
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It is known that BR signaling is activated in darkness to promote plant
growth (Kim et al., 2014). Apart from the current model, which is mainly
based on the interplay between PIF4 and HY5 with BZR1 (Li & He, 2016;
Kim et al., 2014; Oh et al., 2012), accumulation of BAK1 in darkness might
represent an alternative mechanism to explain this phenomenon.

3.4 Genetic enhancement of autophagic flux improves the
fitness of plants (Paper IV)
Autophagy is an intracellular trafficking and vacuolar degradation system with
implications for organismal development, health and disease. A growing body
of evidence suggests that the artificial manipulation of autophagy seems to be a
potent tool in a wide spectrum of biomedical and clinical applications. The
development of crop varieties with improved stress tolerance is one of the main
goals for plant breeding. In this study, we present a proof of concept that
genetic stimulation of the autophagic flux in Arabidopsis improves various
agronomically important traits without apparent fitness costs.
3.4.1 Constitutive overexpression of ATG5 or ATG7 stimulates autophagy in
Arabidopsis

The role of autophagy in plant biology has been investigated mainly based on
characterization of autophagy-deficient mutants in Arabidopsis (Liu &
Bassham, 2012). To distinguish between direct and pleiotropic effects caused
by inactivation of autophagy, an alternative gain-of-function approach leading
to elevated autophagy levels would be suitable to address in more detail the
functions of autophagy in plants. It has been demonstrated that autophagy is
activated in transgenic Arabidopsis lines overexpressing a constitutively active
form of RabG3b, but other unknown pathways appear to be activated in this
line as well (Kwon et al., 2013). In this study, several independent
homozygous transgenic lines constitutively overexpressing ATG5 or ATG7
were generated. To examine the impact of ATG overexpression on autophagy
initiation and flux, ATG8 lipidation and vacuolar degradation of the autophagy
adaptor protein NBR1 were determined (Bassham, 2015). These assays
unequivocally revealed that ATG5 and ATG7 overexpression resulted in a
constitutive enhancement of autophagy levels and flux in these lines. Thus,
ATG-overexpressing lines may represent a valuable genetic resource to further
study the developmental and physiological roles of autophagy in plants.
Transient overexpression of ATG3 in Nicotiana benthamiana leaves via
agroinfiltration has recently been demonstrated to stimulate autophagy (Han et
al., 2015). This result together with our findings (i.e. transgenic lines stably
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overexpressing ATG5 or ATG7), suggests that transcriptional manipulation of
genes encoding components of the ATG12-ATG5 and ATG8phosphatidylethanolamine (ATG8-PE) conjugation systems is sufficient to
enhance autophagy levels in plants.
3.4.2 Enhanced autophagy leads to a stimulating effect on plant production
and stress tolerance

Autophagy-defective mutants are known to exhibit an accelerated senescence
phenotype (Doelling et al., 2002; Hanaoka et al., 2002). In contrast, enhanced
autophagy was found to suppress aging and sustain flowering. Furthermore,
overexpression of ATG genes promoted vegetative biomass production and
seed yield, while inactivation of autophagy caused the opposite effect
(Bassham et al., 2006). Because the weight of individual seed remained
unaffected in the overexpressor lines, the elevated seed set might be caused by
enhanced fecundity, which was presumed to reflect the prolonged duration of
the flowering period.
Autophagy was previously reported to positively regulate plant disease
resistance to necrotrophic fungal pathogens due to the observed increased
susceptibility in atg mutants (Lai et al., 2011; Lenz et al., 2011). Consistent
with this assumption, we observed that ATG5 or ATG7 overexpression resulted
in enhanced resistance to the necrotrophic fungus Alternaria brassicicola and
Botrytis cinerea. Thus, these results provided evidence that autophagy might
be directly involved in plant defence to necrotrophic pathogens. Such
contribution could derive from the suppression of pathogen-induced cell death
via autophagic clearance of damaged and toxic cellular contents. Alternatively,
autophagy is known to positively regulate the jasmonic acid (JA) signaling
pathway (Lai et al., 2011), which is required for resistance against necrotrophs.
Since oxidative stress is thought to contribute to necrotrophic pathogenicity
(Choquer et al., 2007; AbuQamar et al., 2006), it is likely that ATGoverexpressing plants could show enhanced resistance to oxidative stress.
Indeed, the overexpressing lines proved to be more resistant to methyl viologen
(MV)-induced oxidative stress compared with the wild-type control, whereas
atg mutants were more susceptible.
Autophagy has been proposed to contribute to the initiation of immune
receptor-conditioned hypersensitive response (HR) upon recognition of certain
avirulent strains of the biotrophic oomycete Hyaloperonospora arabidopsidis
and hemibiotrophic bacterium P. syringae (Minina et al., 2014; Hofius et al.,
2009). Intriguingly, ATG-overexpressing plants showed elevated ion leakage
upon Pst DC3000 (AvrRpm1) infection, suggesting that enhanced autophagic
flux activates HR cell death. In agreement with the notion that host HR and
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pathogen growth restriction are uncoupled (Munch et al., 2015; Hackenberg et
al., 2013; Coll et al., 2010), bacterial growth of the avirulent strain was not
altered in overexpressor lines or atg mutants. Furthermore, we spray-inoculated
ATG5 overexpressing lines and atg5 mutants with virulent Pst DC3000. We
found that bacterial growth was increased in ATG5 overexpressing lines,
whereas atg5 mutants appeared to be slightly, yet not significantly more
resistant compared to the wild-type (Figure 6). One tempting explanation for
this outcome is that autophagy may directly down-regulate the levels of the
defence hormone salicylic acid, e.g. by targeting SA-related cargo to the
vacuole for degradation (Kulich & Zarsky, 2014).
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Figure 6. Elevated levels of autophagy results in increased susceptibility to infection with virulent
bacteria. Growth of Pst DC3000 in 6-week-old Col-0 wild-type, atg5 mutants, ATG5
overexpressor lines (OE), and eds1 mutants 3 days after spray inoculation at OD600 = 0.1. Logtransformed values are means ± standard deviation (SD) with n = 4. cfu, colony-forming units.
Asterisks indicate statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001) determined by
Student’s t test (compared with Col-0 wild-type).

Consistent with our findings in plants, overexpression of ATG5 in mice was
shown to induce autophagy (Pyo et al., 2013), which resulted in increased
longevity, leanness, improved insulin sensitivity, enhanced motor function and
tolerance to oxidative stress (Pyo et al., 2013). Therefore, our data (Figure 7)
taken together with this previous report provide strong evidence for a crosskingdom conservation of a stimulating effect of enhanced autophagy activity
on organismal fitness. The improvement of agricultural crops through genetic
stimulation of autophagy would be an important goal in the future. Apart from
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overexpression of ATG genes, other methods could also be used to enhance
autophagy, including (i) the application of chemical drugs stimulating ATG
gene transcription, (ii) the modification of epigenetic regulators of ATG genes,
and (iii) the genetic disruption of negative regulator of autophagy via
CRISPR/Cas-mediated genome editing.
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produc4on(and(seed(yield(
Delayed(aging(and(
sustained(ﬂowering(
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Figure 7. Schematic overview of the consequences of enhanced autophagy on plant growth and
stress tolerance. Details have been described in the section 3.4.
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4

Conclusions

The key findings from the work presented in this thesis are:
LAZ4 encodes one of three Arabidopsis VPS35 proteins, which are core
components of the retromer complex. VPS35 genes contribute to certain forms
of autoimmunity, pathogen-triggered hypersensitive response (HR), and
disease resistance conditioned by NB-LRR immune receptors. Retromerdependent processes maintain the integrity of late endocytic/lytic
compartments and are critical for vacuole-mediated autophagic degradation
under basal and immunity-associated conditions.
The DUF300 proteins LAZ1 and its closest homolog LAZ1H1 localize to
the tonoplast. Combined loss of LAZ1 and LAZ1H1 results in dwarfism,
altered vacuole morphology, and constitutive activation of brassinosteroid
(BR) signaling. Tonoplast accumulation of the BRI1 co-receptor BAK1 is
substantially increased in the laz1 laz1h1 mutant, which we propose is causally
linked to accelerated vacuolar trafficking and degradation of BRI1. The
resulting depletion of plasma membrane-associated BRI1 rendered laz1 laz1h1
plants insensitive to BR treatment. Unrelated vacuole mutants show normal BR
responses, indicating that LAZ1 and LAZH1 play distinct functions in the
vacuole-mediated regulation of BR signaling.
The laz1 lazh1 double mutant is impaired in autophagy processes under
basal conditions. A comparable autophagy defect is detected in laz1 but not in
laz1h1 single mutants upon nutrient starvation and pathogen-triggered HR,
indicating that LAZ1 is the main contributor to autophagy function. Consistent
with this, the absence of LAZ1 is sufficient to compromise different forms of
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immunity-related cell death as well as autophagy-dependent antiviral disease
resistance.
Enhancement of autophagy levels and flux in Arabidopsis can be achieved
by constitutive overexpression of the autophagy-related genes ATG5 or ATG7.
The resulting promotion of pathogen-triggered HR as well as improved
resistance to oxidative stress and infection with necrotrophic fungal pathogens
are opposite to the effects observed in autophagy-deficient mutant, thereby
verifying the positive role of autophagy in these processes. Furthermore,
enhanced autophagy results in the promotion of vegetative growth and seed
production, suggesting that genetic stimulation of the autophagy pathway is a
promising strategy to improve both productivity and stress tolerance in plants.
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5

Future perspectives

The results of this thesis hold great importance to improve our current
understanding of vacuole-mediated control of plant growth and immunity and
encourage further exploration.
To identify the molecular pathways relevant for the functions of
LAZ1/LAZ1H1, we initiated a genetic screen for suppressors of the severe
dwarf phenotype of laz1 laz1h1 in M2 populations of ethyl methanesulfonate
(EMS)-mutagenized seeds. We have so far identified more than 30 revertants
with improved rosette and inflorescence growth compared to laz1 laz1h1, and
found two strong suppressors that segregate according to a single recessive
mutation in the F2 population derived from a backcross to the parental line.
Identification and characterization of these suppressor genes will greatly
facilitate our understanding of LAZ1/LAZ1H1 functions in relation to vacuole
homeostasis, BR signaling, autophagy and immune responses.
The cytosolic C-terminus of LAZ1 has previously used as bait in a yeast
two-hybrid screen, and identified the 14-3-3 protein GRF6 (also known as 143-3λ) as the only potential LAZ1 interactor (F. Malinovsky, PhD thesis,
Copenhagen University). GRF6 has been shown to interact with several
proteins implicated in the BR signaling pathway (e.g. SERK1, BZR1, BES1)
as well as in effector-triggered immunity (e.g. RPW8 R protein) (Chevalier et
al., 2009; Yang et al., 2009). We have verified the interaction of LAZ1 and
LAZ1H1 on the tonoplast membrane by bimolecular fluorescence
complementation (BiFC) upon transient expression in N. benthamiana. Future
studies may address whether LAZ1 acts in BR signaling and/or immunityrelated cell death through its interaction with GRF6.
Although the biochemical function of LAZ1 is still unknown, a clue may
come from its mammalian homolog Ostα, which has been implicated in bile
acid and steroid transport (Dawson et al., 2010). Bile acids are not found in
plants, but the primary bile acid, cholic acid (CA), was reported to induce
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hypersensitive cell death and defence responses in rice (Koga et al., 2006). CA
is structurally similar to the insect steroid ecdysone, which triggers
developmental autophagic cell death in Drosophila (Rusten et al., 2004), and
to brassinosteroids involved in plant immunity and autophagic PCD associated
with tracheary element differentiation (Lozano-Duran & Zipfel, 2015; Kwon et
al., 2010). It will be very interesting to investigate whether plant steroid-related
compounds in general possess death- and autophagy-promoting functions and
could be transported by DUF300 proteins.

60

References
Aarts, N., Metz, M., Holub, E., Staskawicz, B.J., Daniels, M.J. & Parker, J.E.
(1998). Different requirements for EDS1 and NDR1 by disease resistance
genes define at least two R gene-mediated signaling pathways in
Arabidopsis. Proc Natl Acad Sci U S A, 95(17), pp. 10306-11.
AbuQamar, S., Chen, X., Dhawan, R., Bluhm, B., Salmeron, J., Lam, S., Dietrich,
R.A. & Mengiste, T. (2006). Expression profiling and mutant analysis
reveals complex regulatory networks involved in Arabidopsis response to
Botrytis infection. Plant Journal, 48(1), pp. 28-44.
Adam, T., Bouhidel, K., Der, C., Robert, F., Najid, A., Simon-Plas, F. & LeborgneCastel, N. (2012). Constitutive expression of clathrin hub hinders elicitorinduced clathrin-mediated endocytosis and defense gene expression in
plant cells. Febs Letters, 586(19), pp. 3293-3298.
Ade, J., DeYoung, B.J., Golstein, C. & Innes, R.W. (2007). Indirect activation of a
plant nucleotide binding site-leucine-rich repeat protein by a bacterial
protease. Proc Natl Acad Sci U S A, 104(7), pp. 2531-6.
Akaishi, J., Onda, M., Okamoto, J., Miyamoto, S., Nagahama, M., Ito, K.,
Yoshida, A. & Shimizu, K. (2007). Down-regulation of an inhibitor of
cell growth, transmembrane protein 34 (TMEM34), in anaplastic thyroid
cancer. J Cancer Res Clin Oncol, 133(4), pp. 213-8.
Albrecht, C., Boutrot, F., Segonzac, C., Schwessinger, B., Gimenez-Ibanez, S.,
Chinchilla, D., Rathjen, J.P., de Vries, S.C. & Zipfel, C. (2012).
Brassinosteroids inhibit pathogen-associated molecular pattern-triggered
immune signaling independent of the receptor kinase BAK1. Proc Natl
Acad Sci U S A, 109(1), pp. 303-308.
Attar, N. & Cullen, P.J. (2010). The retromer complex. Advances in Enzyme
Regulation, Vol 50, 50, pp. 216-236.
Aviv, D.H., Rusterucci, C., Holt, B.F., Dietrich, R.A., Parker, J.E. & Dangl, J.L.
(2002). Runaway cell death, but not basal disease resistance, in Isd1 is
SA- and NIM1/NPR1-dependent. Plant Journal, 29(3), pp. 381-391.
Axtell, M.J. & Staskawicz, B.J. (2003). Initiation of RPS2-specified disease
resistance in Arabidopsis is coupled to the AvrRpt2-directed elimination
of RIN4. Cell, 112(3), pp. 369-77.

61

Barberon, M., Zelazny, E., Robert, S., Conejero, G., Curie, C., Friml, J. & Vert, G.
(2011). Monoubiquitin-dependent endocytosis of the IRONREGULATED TRANSPORTER 1 (IRT1) transporter controls iron
uptake in plants. Proc Natl Acad Sci U S A, 108(32), pp. E450-E458.
Bassham, D.C. (2015). Methods for analysis of autophagy in plants. Methods, 75,
pp. 181-8.
Bassham, D.C., Laporte, M., Marty, F., Moriyasu, Y., Ohsumi, Y., Olsen, L.J. &
Yoshimoto, K. (2006). Autophagy in development and stress responses of
plants. Autophagy, 2(1), pp. 2-11.
Baster, P., Robert, S., Kleine-Vehn, J., Vanneste, S., Kania, U., Grunewald, W., De
Rybel, B., Beeckman, T. & Friml, J. (2013). SCFTIR1/AFB-auxin
signalling regulates PIN vacuolar trafficking and auxin fluxes during root
gravitropism. Embo Journal, 32(2), pp. 260-274.
Beck, M., Zhou, J., Faulkner, C., MacLean, D. & Robatzek, S. (2012). Spatiotemporal cellular dynamics of the Arabidopsis flagellin receptor reveal
activation status-dependent endosomal sorting. Plant Cell, 24(10), pp.
4205-19.
Beers, E.P. & McDowell, J.M. (2001). Regulation and execution of programmed
cell death in response to pathogens, stress and developmental cues.
Current Opinion in Plant Biology, 4(6), pp. 561-567.
Belkhadir, Y. & Jaillais, Y. (2015). The molecular circuitry of brassinosteroid
signaling. New Phytologist, 206(2), pp. 522-540.
Belkhadir, Y., Jaillais, Y., Epple, P., Balsemao-Pires, E., Dangl, J.L. & Chory, J.
(2012). Brassinosteroids modulate the efficiency of plant immune
responses to microbe-associated molecular patterns. Proc Natl Acad Sci U
S A, 109(1), pp. 297-302.
Bent, A.F. & Mackey, D. (2007). Elicitors, effectors, and R genes: the new
paradigm and a lifetime supply of questions. Annu Rev Phytopathol, 45,
pp. 399-436.
Best, D. & Adams, I.R. (2009). Sdmg1 is a component of secretory granules in
mouse secretory exocrine tissues. Dev Dyn, 238(1), pp. 223-31.
Best, D., Sahlender, D.A., Walther, N., Peden, A.A. & Adams, I.R. (2008). Sdmg1
is a conserved transmembrane protein associated with germ cell sex
determination and germline-soma interactions in mice. Development,
135(8), pp. 1415-25.
Betz, W.J., Mao, F. & Bewick, G.S. (1992). Activity-Dependent Fluorescent
Staining and Destaining of Living Vertebrate Motor-Nerve Terminals.
Journal of Neuroscience, 12(2), pp. 363-375.
Betz, W.J., Mao, F. & Smith, C.B. (1996). Imaging exocytosis and endocytosis.
Current Opinion in Neurobiology, 6(3), pp. 365-371.
Bi, F.C., Liu, Z., Wu, J.X., Liang, H., Xi, X.L., Fang, C., Sun, T.J., Yin, J., Dai,
G.Y., Rong, C., Greenberg, J.T., Su, W.W. & Yao, N. (2014). Loss of
ceramide kinase in Arabidopsis impairs defenses and promotes ceramide
accumulation and mitochondrial H2O2 bursts. Plant Cell, 26(8), pp.
3449-67.

62

Boller, T. & Felix, G. (2009). A renaissance of elicitors: perception of microbeassociated molecular patterns and danger signals by pattern-recognition
receptors. Annu Rev Plant Biol, 60, pp. 379-406.
Bonardi, V., Tang, S., Stallmann, A., Roberts, M., Cherkis, K. & Dangl, J.L.
(2011). Expanded functions for a family of plant intracellular immune
receptors beyond specific recognition of pathogen effectors. Proc Natl
Acad Sci U S A, 108(39), pp. 16463-8.
Bottanelli, F., Foresti, O., Hanton, S. & Denecke, J. (2011). Vacuolar Transport in
Tobacco Leaf Epidermis Cells Involves a Single Route for Soluble Cargo
and Multiple Routes for Membrane Cargo. Plant Cell, 23(8), pp. 30073025.
Bozhkov, P.V. & Lam, E. (2011). Green death: revealing programmed cell death in
plants. Cell Death Differ, 18(8), pp. 1239-40.
Bozkurt, T.O., Belhaj, K., Dagdas, Y.F., Chaparro-Garcia, A., Wu, C.H., Cano,
L.M. & Kamoun, S. (2015). Rerouting of Plant Late Endocytic
Trafficking Toward a Pathogen Interface. Traffic, 16(2), pp. 204-226.
Brodersen, P., Malinovsky, F.G., Hematy, K., Newman, M.A. & Mundy, J. (2005).
The role of salicylic acid in the induction of cell death in Arabidopsis
acd11. Plant Physiol, 138(2), pp. 1037-45.
Brodersen, P., Petersen, M., Pike, H.M., Olszak, B., Skov, S., Odum, N.,
Jorgensen, L.B., Brown, R.E. & Mundy, J. (2002). Knockout of
Arabidopsis accelerated-cell-death11 encoding a sphingosine transfer
protein causes activation of programmed cell death and defense. Genes
Dev, 16(4), pp. 490-502.
Bruggeman, Q., Raynaud, C., Benhamed, M. & Delarue, M. (2015). To die or not
to die? Lessons from lesion mimic mutants. Front Plant Sci, 6, p. 24.
Bucherl, C.A., van Esse, G.W., Kruis, A., Luchtenberg, J., Westphal, A.H., Aker,
J., van Hoek, A., Albrecht, C., Borst, J.W. & de Vries, S.C. (2013).
Visualization of BRI1 and BAK1(SERK3) Membrane Receptor
Heterooligomers during Brassinosteroid Signaling. Plant Physiol, 162(4),
pp. 1911-1925.
Burla, B., Pfrunder, S., Nagy, R., Francisco, R.M., Lee, Y. & Martinoia, E. (2013).
Vacuolar Transport of Abscisic Acid Glucosyl Ester Is Mediated by ATPBinding
Cassette
and
Proton-Antiport
Mechanisms
in
Arabidopsis(1[W][OPEN]). Plant Physiol, 163(3), pp. 1446-1458.
Cano-Delgado, A., Yin, Y.H., Yu, C., Vafeados, D., Mora-Garcia, S., Cheng, J.C.,
Nam, K.H., Li, J.M. & Chory, J. (2004). BRL1 and BRL3 are novel
brassinosteroid receptors that function in vascular differentiation in
Arabidopsis. Development, 131(21), pp. 5341-5351.
Carter, C., Pan, S., Zouhar, J., Avila, E.L., Girke, T. & Raikhel, N.V. (2004). The
vegetative vacuole proteome of Arabidopsis thaliana reveals predicted and
unexpected proteins. Plant Cell, 16(12), pp. 3285-303.
Cesari, S., Bernoux, M., Moncuquet, P., Kroj, T. & Dodds, P.N. (2014). A novel
conserved mechanism for plant NLR protein pairs: the "integrated decoy"
hypothesis. Front Plant Sci, 5.
Chen, W., Zhang, L., Zhang, K., Zhou, B., Kuo, M.L., Hu, S., Chen, L., Tang, M.,
Chen, Y.R., Yang, L., Ann, D.K. & Yen, Y. (2014). Reciprocal regulation

63

of autophagy and dNTP pools in human cancer cells. Autophagy, 10(7),
pp. 1272-84.
Chen, X., Irani, N.G. & Friml, J. (2011). Clathrin-mediated endocytosis: the
gateway into plant cells. Current Opinion in Plant Biology, 14(6), pp.
674-682.
Cheung, A.Y. & de Vries, S.C. (2008). Membrane trafficking: Intracellular
highways and country roads. Plant Physiol, 147(4), pp. 1451-1453.
Chevalier, D., Morris, E.R. & Walker, J.C. (2009). 14-3-3 and FHA Domains
Mediate Phosphoprotein Interactions. Annu Rev Plant Biol, 60, pp. 67-91.
Chinchilla, D., Bauer, Z., Regenass, M., Boller, T. & Felix, G. (2006). The
Arabidopsis receptor kinase FLS2 binds flg22 and determines the
specificity of flagellin perception. Plant Cell, 18(2), pp. 465-76.
Choquer, M., Fournier, E., Kunz, C., Levis, C., Pradier, J.M., Simon, A. & Viaud,
M. (2007). Botrytis cinerea virulence factors: new insights into a
necrotrophic and polyphageous pathogen. Fems Microbiology Letters,
277(1), pp. 1-10.
Chung, E.H., El-Kasmi, F., He, Y., Loehr, A. & Dangl, J.L. (2014). A plant
phosphoswitch platform repeatedly targeted by type III effector proteins
regulates the output of both tiers of plant immune receptors. Cell Host
Microbe, 16(4), pp. 484-94.
Chung, Y., Maharjan, P.M., Lee, O., Fujioka, S., Jang, S., Kim, B., Takatsuto, S.,
Tsujimoto, M., Kim, H., Cho, S., Park, T., Cho, H., Hwang, I. & Choe, S.
(2011). Auxin stimulates DWARF4 expression and brassinosteroid
biosynthesis in Arabidopsis. Plant Journal, 66(4), pp. 564-578.
Clouse, S.D. (2011). Brassinosteroid Signal Transduction: From Receptor Kinase
Activation to Transcriptional Networks Regulating Plant Development.
Plant Cell, 23(4), pp. 1219-1230.
Clouse, S.D. & Sasse, J.M. (1998). Brassinosteroids: Essential regulators of plant
growth and development. Annu Rev Plant Physiol Plant Mol Biol, 49, pp.
427-451.
Coll, N.S., Epple, P. & Dangl, J.L. (2011). Programmed cell death in the plant
immune system. Cell Death Differ, 18(8), pp. 1247-56.
Coll, N.S., Smidler, A., Puigvert, M., Popa, C., Valls, M. & Dangl, J.L. (2014).
The plant metacaspase AtMC1 in pathogen-triggered programmed cell
death and aging: functional linkage with autophagy. Cell Death Differ,
21(9), pp. 1399-408.
Coll, N.S., Vercammen, D., Smidler, A., Clover, C., Van Breusegem, F., Dangl,
J.L. & Epple, P. (2010). Arabidopsis Type I Metacaspases Control Cell
Death. Science, 330(6009), pp. 1393-1397.
Collier, S.M. & Moffett, P. (2009). NB-LRRs work a "bait and switch" on
pathogens. Trends Plant Sci, 14(10), pp. 521-529.
Cui, Y., Zhao, Q., Gao, C.J., Ding, Y., Zeng, Y.L., Ueda, T., Nakano, A. & Jiang,
L.W. (2014). Activation of the Rab7 GTPase by the MON1-CCZ1
Complex Is Essential for PVC-to-Vacuole Trafficking and Plant Growth
in Arabidopsis. Plant Cell, 26(5), pp. 2080-2097.
Dagdas, Y.F., Belhaj, K., Maqbool, A., Chaparro-Garcia, A., Pandey, P., Petre, B.,
Tabassum, N., Cruz-Mireles, N., Hughes, R.K., Sklenar, J., Win, J.,

64

Menke, F., Findlay, K., Banfield, M.J., Kamoun, S. & Bozkurt, T.O.
(2016). An effector of the Irish potato famine pathogen antagonizes a host
autophagy cargo receptor. Elife, 5.
Dangl, J.L. & Jones, J.D. (2001). Plant pathogens and integrated defence responses
to infection. Nature, 411(6839), pp. 826-33.
Dawson, P.A., Hubbert, M.L. & Rao, A. (2010). Getting the mOST from OST:
Role of organic solute transporter, OST alpha-OST beta, in bile acid and
steroid metabolism. Biochimica Et Biophysica Acta-Molecular and Cell
Biology of Lipids, 1801(9), pp. 994-1004.
Dengjel, J., Hoyer-Hansen, M., Nielsen, M.O., Eisenberg, T., Harder, L.M.,
Schandorff, S., Farkas, T., Kirkegaard, T., Becker, A.C., Schroeder, S.,
Vanselow, K., Lundberg, E., Nielsen, M.M., Kristensen, A.R., Akimov,
V., Bunkenborg, J., Madeo, F., Jaattela, M. & Andersen, J.S. (2012).
Identification of Autophagosome-associated Proteins and Regulators by
Quantitative Proteomic Analysis and Genetic Screens. Molecular &
Cellular Proteomics, 11(3).
Derrien, B., Baumberger, N., Schepetilnikov, M., Viotti, C., De Cillia, J., ZieglerGraff, V., Isono, E., Schumacher, K. & Genschik, P. (2012). Degradation
of the antiviral component ARGONAUTE1 by the autophagy pathway.
Proc Natl Acad Sci U S A, 109(39), pp. 15942-15946.
Dettmer, J., Hong-Hermesdorf, A., Stierhof, Y.D. & Schumacher, K. (2006).
Vacuolar H+-ATPase activity is required for endocytic and secretory
trafficking in Arabidopsis. Plant Cell, 18(3), pp. 715-30.
DeYoung, B.J., Qi, D., Kim, S.H., Burke, T.P. & Innes, R.W. (2012). Activation of
a plant nucleotide binding-leucine rich repeat disease resistance protein by
a modified self protein. Cell Microbiol, 14(7), pp. 1071-84.
Dhonukshe, P., Aniento, F., Hwang, I., Robinson, D.G., Mravec, J., Stierhof, Y.D.
& Friml, J. (2007). Clathrin-mediated constitutive endocytosis of PIN
auxin efflux carriers in Arabidopsis. Current Biology, 17(6), pp. 520-527.
Di Bartolomeo, S., Nazio, F. & Cecconi, F. (2010). The role of autophagy during
development in higher eukaryotes. Traffic, 11(10), pp. 1280-9.
Di Rubbo, S., Irani, N.G., Kim, S.Y., Xu, Z.Y., Gadeyne, A., Dejonghe, W.,
Vanhoutte, I., Persiau, G., Eeckhout, D., Simon, S., Song, K., KleineVehn, J., Friml, J., De Jaeger, G., Van Damme, D., Hwang, I. &
Russinova, E. (2013). Clathrin Adaptor Complex AP-2 Mediates
Endocytosis of BRASSINOSTEROID INSENSITIVE1 in Arabidopsis.
Plant Cell, 25(8), pp. 2986-2997.
Dietrich, R.A., Delaney, T.P., Uknes, S.J., Ward, E.R., Ryals, J.A. & Dangl, J.L.
(1994). Arabidopsis mutants simulating disease resistance response. Cell,
77(4), pp. 565-77.
Doelling, J.H., Walker, J.M., Friedman, E.M., Thompson, A.R. & Vierstra, R.D.
(2002). The APG8/12-activating enzyme APG7 is required for proper
nutrient recycling and senescence in Arabidopsis thaliana. Journal of
Biological Chemistry, 277(36), pp. 33105-33114.
Domagalska, M.A., Schomburg, F.M., Amasino, R.M., Vierstra, R.D., Nagy, F. &
Davis, S.J. (2007). Attenuation of brassinosteroid signaling enhances FLC
expression and delays flowering. Development, 134(15), pp. 2841-2850.

65

Dong, J.J. & Chen, W.L. (2013). The Role of Autophagy in Chloroplast
Degradation and Chlorophagy in Immune Defenses during Pst DC3000
(AvrRps4) Infection. PLoS One, 8(8).
Drakakaki, G., Robert, S., Szatmari, A.M., Brown, M.Q., Nagawa, S., Van
Damme, D., Leonard, M., Yang, Z.B., Girke, T., Schmid, S.L., Russinova,
E., Friml, J., Raikhel, N.V. & Hicks, G.R. (2011). Clusters of bioactive
compounds target dynamic endomembrane networks in vivo. Proc Natl
Acad Sci U S A, 108(43), pp. 17850-17855.
Eitas, T.K. & Dangl, J.L. (2010). NB-LRR proteins: pairs, pieces, perception,
partners, and pathways. Current Opinion in Plant Biology, 13(4), pp. 472477.
Eitas, T.K., Nimchukt, Z.L. & Dangl, J.L. (2008). Arabidopsis TA01 is a TIR-NBLRR protein that contributes to disease resistance induced by the
Pseudomonas syringae effector AvrB. Proc Natl Acad Sci U S A, 105(17),
pp. 6475-6480.
Feraru, E., Paciorek, T., Feraru, M.I., Zwiewka, M., De Groodt, R., De Rycke, R.,
Kleine-Vehn, J. & Friml, J. (2010). The AP-3 beta adaptin mediates the
biogenesis and function of lytic vacuoles in Arabidopsis. Plant Cell,
22(8), pp. 2812-24.
Feys, B.J., Wiermer, M., Bhat, R.A., Moisan, L.J., Medina-Escobar, N., Neu, C.,
Cabral, A. & Parker, J.E. (2005). Arabidopsis SENESCENCEASSOCIATED GENE101 stabilizes and signals within an ENHANCED
DISEASE SUSCEPTIBILITY1 complex in plant innate immunity. Plant
Cell, 17(9), pp. 2601-2613.
Fu, Z.Q. & Dong, X.N. (2013). Systemic Acquired Resistance: Turning Local
Infection into Global Defense. Annual Review of Plant Biology, Vol 64,
64, pp. 839-863.
Gadeyne, A., Sanchez-Rodriguez, C., Vanneste, S., Di Rubbo, S., Zauber, H.,
Vanneste, K., Van Leene, J., De Winne, N., Eeckhout, D., Persiau, G., De
Slijke, E.V., Cannoot, B., Vercruysse, L., Mayers, J.R., Adamowski, M.,
Kania, U., Ehrlich, M., Schweighofer, A., Ketelaar, T., Maere, S.,
Bednarek, S.Y., Friml, J., Gevaert, K., Witters, E., Russinova, E., Persson,
S., De Jaeger, G. & Van Damme, D. (2014). The TPLATE Adaptor
Complex Drives Clathrin-Mediated Endocytosis in Plants. Cell, 156(4),
pp. 691-704.
Gampala, S.S., Kim, T.W., He, J.X., Tang, W.Q., Deng, Z.P., Bai, M.Y., Guan,
S.H., Lalonde, S., Sun, Y., Gendron, J.M., Chen, H.J., Shibagaki, N., Ferl,
R.J., Ehrhardt, D., Chong, K., Burlingame, A.L. & Wang, Z.Y. (2007).
An essential role for 14-3-3 proteins in brassinosteroid signal transduction
in Arabidopsis. Developmental Cell, 13(2), pp. 177-189.
Gao, C., Zhuang, X., Cui, Y., Fu, X., He, Y., Zhao, Q., Zeng, Y., Shen, J., Luo, M.
& Jiang, L. (2015). Dual roles of an Arabidopsis ESCRT component
FREE1 in regulating vacuolar protein transport and autophagic
degradation. Proc Natl Acad Sci U S A, 112(6), pp. 1886-91.
Gao, C.J., Luo, M., Zhao, Q., Yang, R.Z., Cui, Y., Zeng, Y.L., Xia, J. & Jiang,
L.W. (2014). A Unique Plant ESCRT Component, FREE1, Regulates

66

Multivesicular Body Protein Sorting and Plant Growth. Current Biology,
24(21), pp. 2556-2563.
Geldner, N., Anders, N., Wolters, H., Keicher, J., Kornberger, W., Muller, P.,
Delbarre, A., Ueda, T., Nakano, A. & Jurgens, G. (2003). The
Arabidopsis GNOM ARF-GEF mediates endosomal recycling, auxin
transport, and auxin-dependent plant growth. Cell, 112(2), pp. 219-30.
Geldner, N., Denervaud-Tendon, V., Hyman, D.L., Mayer, U., Stierhof, Y.D. &
Chory, J. (2009). Rapid, combinatorial analysis of membrane
compartments in intact plants with a multicolor marker set. Plant J, 59(1),
pp. 169-78.
Geldner, N., Friml, J., Stierhof, Y.D., Jurgens, G. & Palme, K. (2001). Auxin
transport inhibitors block PIN1 cycling and vesicle trafficking. Nature,
413(6854), pp. 425-8.
Geldner, N., Hyman, D.L., Wang, X., Schumacher, K. & Chory, J. (2007).
Endosomal signaling of plant steroid receptor kinase BRI1. Genes Dev,
21(13), pp. 1598-602.
Gendre, D., Oh, J., Boutte, Y., Best, J.G., Samuels, L., Nilsson, R., Uemura, T.,
Marchant, A., Bennett, M.J., Grebe, M. & Bhalerao, R.P. (2011).
Conserved Arabidopsis ECHIDNA protein mediates trans-Golgi-network
trafficking and cell elongation. Proc Natl Acad Sci U S A, 108(19), pp.
8048-53.
Gomez-Gomez, L. & Boller, T. (2000). FLS2: An LRR receptor-like kinase
involved in the perception of the bacterial elicitor flagellin in Arabidopsis.
Mol Cell, 5(6), pp. 1003-1011.
Gonzalez-Garcia, M.P., Vilarrasa-Blasi, J., Zhiponova, M., Divol, F., Mora-Garcia,
S., Russinova, E. & Cano-Delgado, A.I. (2011). Brassinosteroids control
meristem size by promoting cell cycle progression in Arabidopsis roots.
Development, 138(5), pp. 849-59.
Gorlach, J., Volrath, S., Knauf-Beiter, G., Hengy, G., Beckhove, U., Kogel, K.H.,
Oostendorp, M., Staub, T., Ward, E., Kessmann, H. & Ryals, J. (1996).
Benzothiadiazole, a novel class of inducers of systemic acquired
resistance, activates gene expression and disease resistance in wheat.
Plant Cell, 8(4), pp. 629-43.
Gou, X.P., Yin, H.J., He, K., Du, J.B., Yi, J., Xu, S.B., Lin, H.H., Clouse, S.D. &
Li, J. (2012). Genetic Evidence for an Indispensable Role of Somatic
Embryogenesis Receptor Kinases in Brassinosteroid Signaling. PLoS
Genet, 8(1).
Grebe, M., Xu, J., Mobius, W., Ueda, T., Nakano, A., Geuze, H.J., Rook, M.B. &
Scheres, B. (2003). Arabidopsis sterol endocytosis involves actinmediated trafficking via ARA6-positive early endosomes. Current
Biology, 13(16), pp. 1378-1387.
Greenberg, J.T. (1996). Programmed cell death: a way of life for plants. Proc Natl
Acad Sci U S A, 93(22), pp. 12094-7.
Greenberg, J.T., Silverman, F.P. & Liang, H. (2000). Uncoupling salicylic aciddependent cell death and defense-related responses from disease
resistance in the Arabidopsis mutant acd5. Genetics, 156(1), pp. 341-50.

67

Greenberg, J.T. & Yao, N. (2004). The role and regulation of programmed cell
death in plant-pathogen interactions. Cell Microbiol, 6(3), pp. 201-11.
Gu, Y.N. & Innes, R.W. (2012). The KEEP ON GOING Protein of Arabidopsis
Regulates Intracellular Protein Trafficking and Is Degraded during Fungal
Infection. Plant Cell, 24(11), pp. 4717-4730.
Guillaumot, D., Guillon, S., Deplanque, T., Vanhee, C., Gumy, C., Masquelier, D.,
Morsomme, P. & Batoko, H. (2009). The Arabidopsis TSPO-related
protein is a stress and abscisic acid-regulated, endoplasmic reticulumGolgi-localized membrane protein. Plant Journal, 60(2), pp. 242-256.
Hacham, Y., Holland, N., Butterfield, C., Ubeda-Tomas, S., Bennett, M.J., Chory,
J. & Savaldi-Goldstein, S. (2011). Brassinosteroid perception in the
epidermis controls root meristem size. Development, 138(5), pp. 839-848.
Hachez, C., Veljanovski, V., Reinhardt, H., Guillaumot, D., Vanhee, C.,
Chaumont, F. & Batoko, H. (2014). The Arabidopsis abiotic stressinduced TSPO-related protein reduces cell-surface expression of the
aquaporin PIP2;7 through protein-protein interactions and autophagic
degradation. Plant Cell, 26(12), pp. 4974-90.
Hackenberg, T., Juul, T., Auzina, A., Gwizdz, S., Malolepszy, A., Van Der Kelen,
K., Dam, S., Bressendorff, S., Lorentzen, A., Roepstorff, P., Nielsen,
K.L., Jorgensen, J.E., Hofius, D., Van Breusegem, F., Petersen, M. &
Andersen, S.U. (2013). Catalase and NO CATALASE ACTIVITY1
Promote Autophagy-Dependent Cell Death in Arabidopsis. Plant Cell,
25(11), pp. 4616-4626.
Han, S.J., Wang, Y., Zheng, X.Y., Jia, Q., Zhao, J.P., Bai, F., Hong, Y.G. & Liu,
Y.L. (2015). Cytoplastic Glyceraldehyde-3-Phosphate Dehydrogenases
Interact with ATG3 to Negatively Regulate Autophagy and Immunity in
Nicotiana benthamiana. Plant Cell, 27(4), pp. 1316-1331.
Hanaoka, H., Noda, T., Shirano, Y., Kato, T., Hayashi, H., Shibata, D., Tabata, S.
& Ohsumi, Y. (2002). Leaf senescence and starvation-induced chlorosis
are accelerated by the disruption of an Arabidopsis autophagy gene. Plant
Physiol, 129(3), pp. 1181-93.
Hara-Nishimura, I. & Hatsugai, N. (2011). The role of vacuole in plant cell death.
Cell Death Differ, 18(8), pp. 1298-1304.
Hatsugai, N., Iwasaki, S., Tamura, K., Kondo, M., Fuji, K., Ogasawara, K.,
Nishimura, M. & Hara-Nishimura, I. (2009). A novel membrane fusionmediated plant immunity against bacterial pathogens. Genes Dev, 23(21),
pp. 2496-2506.
Hatsugai, N., Kuroyanagi, M., Yamada, K., Meshi, T., Tsuda, S., Kondo, M.,
Nishimura, M. & Hara-Nishimura, I. (2004). A plant vacuolar protease,
VPE, mediates virus-induced hypersensitive cell death. Science,
305(5685), pp. 855-8.
Heider, M.R. & Munson, M. (2012). Exorcising the Exocyst Complex. Traffic,
13(7), pp. 898-907.
Hofius, D., Munch, D., Bressendorff, S., Mundy, J. & Petersen, M. (2011). Role of
autophagy in disease resistance and hypersensitive response-associated
cell death. Cell Death Differ, 18(8), pp. 1257-1262.

68

Hofius, D., Schultz-Larsen, T., Joensen, J., Tsitsigiannis, D.I., Petersen, N.H.,
Mattsson, O., Jorgensen, L.B., Jones, J.D., Mundy, J. & Petersen, M.
(2009). Autophagic components contribute to hypersensitive cell death in
Arabidopsis. Cell, 137(4), pp. 773-83.
Hofius, D., Tsitsigiannis, D.I., Jones, J.D.G. & Mundy, J. (2007). Inducible cell
death in plant immunity. Semin Cancer Biol, 17(2), pp. 166-187.
Honig, A., Avin-Wittenberg, T., Ufaz, S. & Galili, G. (2012). A new type of
compartment, defined by plant-specific Atg8-interacting proteins, is
induced upon exposure of Arabidopsis plants to carbon starvation. Plant
Cell, 24(1), pp. 288-303.
Hyttinen, J.M., Niittykoski, M., Salminen, A. & Kaarniranta, K. (2013).
Maturation of autophagosomes and endosomes: a key role for Rab7.
Biochim Biophys Acta, 1833(3), pp. 503-10.
Irani, N.G., Di Rubbo, S., Mylle, E., Van den Begin, J., Schneider-Pizon, J.,
Hnilikova, J., Sisa, M., Buyst, D., Vilarrasa-Blasi, J., Szatmari, A.M., Van
Damme, D., Mishev, K., Codreanu, M.C., Kohout, L., Strnad, M., CanoDelgado, A.I., Friml, J., Madder, A. & Russinova, E. (2012). Fluorescent
castasterone reveals BRI1 signaling from the plasma membrane. Nature
Chemical Biology, 8(6), pp. 583-589.
Jabs, T., Dietrich, R.A. & Dangl, J.L. (1996). Initiation of runaway cell death in an
Arabidopsis mutant by extracellular superoxide. Science, 273(5283), pp.
1853-6.
Jaillais, Y., Hothorn, M., Belkhadir, Y., Dabi, T., Nimchuk, Z.L., Meyerowitz,
E.M. & Chory, J. (2011). Tyrosine phosphorylation controls
brassinosteroid receptor activation by triggering membrane release of its
kinase inhibitor. Genes Dev, 25(3), pp. 232-237.
Jaillais, Y., Santambrogio, M., Rozier, F., Fobis-Loisy, I., Miege, C. & Gaude, T.
(2007). The retromer protein VPS29 links cell polarity and organ
initiation in plants. Cell, 130(6), pp. 1057-1070.
Jelinkova, A., Malinska, K., Simon, S., Kleine-Vehn, J., Parezova, M., Pejchar, P.,
Kubes, M., Martinec, J., Friml, J., Zazimalova, E. & Petrasek, J. (2010).
Probing plant membranes with FM dyes: tracking, dragging or blocking?
Plant J, 61(5), pp. 883-92.
Jiskrova, E., Novak, O., Pospisilova, H., Holubova, K., Karady, M., Galuszka, P.,
Robert, S. & Frebort, I. (2016). Extra- and intracellular distribution of
cytokinins in the leaves of monocots and dicots. New Biotechnology,
33(5), pp. 735-742.
Jones, J.D. & Dangl, J.L. (2006). The plant immune system. Nature, 444(7117),
pp. 323-9.
Jurgens, G. (2004). Membrane trafficking in plants. Annu Rev Cell Dev Biol, 20,
pp. 481-504.
Kang, H., Kim, S.Y., Song, K., Sohn, E.J., Lee, Y., Lee, D.W., Hara-Nishimura, I.
& Hwang, I. (2012). Trafficking of Vacuolar Proteins: The Crucial Role
of Arabidopsis Vacuolar Protein Sorting 29 in Recycling Vacuolar
Sorting Receptor. Plant Cell, 24(12), pp. 5058-5073.
Kasai, K., Takano, J., Miwa, K., Toyoda, A. & Fujiwara, T. (2011). High Boroninduced Ubiquitination Regulates Vacuolar Sorting of the BOR1 Borate

69

Transporter in Arabidopsis thaliana. Journal of Biological Chemistry,
286(8), pp. 6175-6183.
Katsiarimpa, A., Kalinowska, K., Anzenberger, F., Weis, C., Ostertag, M.,
Tsutsumi, C., Schwechheimer, C., Brunner, F., Huckelhoven, R. & Isono,
E. (2013). The deubiquitinating enzyme AMSH1 and the ESCRT-III
subunit VPS2.1 are required for autophagic degradation in Arabidopsis.
Plant Cell, 25(6), pp. 2236-52.
Kim, B., Jeong, Y.J., Corvalan, C., Fujioka, S., Cho, S., Park, T. & Choe, S.
(2014). Darkness and gulliver2/phyB mutation decrease the abundance of
phosphorylated BZR1 to activate brassinosteroid signaling in Arabidopsis.
Plant Journal, 77(5), pp. 737-747.
Kim, M.G., da Cunha, L., McFall, A.J., Belkhadir, Y., DebRoy, S., Dangl, J.L. &
Mackey, D. (2005). Two Pseudomonas syringae type III effectors inhibit
RIN4-regulated basal defense in Arabidopsis. Cell, 121(5), pp. 749-59.
Kim, S.H., Qi, D., Ashfield, T., Helm, M. & Innes, R.W. (2016). Using decoys to
expand the recognition specificity of a plant disease resistance protein.
Science, 351(6274), pp. 684-687.
Kim, T.W., Guan, S.H., Burlingame, A.L. & Wang, Z.Y. (2011). The CDG1
Kinase Mediates Brassinosteroid Signal Transduction from BRI1
Receptor Kinase to BSU1 Phosphatase and GSK3-like Kinase BIN2. Mol
Cell, 43(4), pp. 561-571.
Kim, T.W., Guan, S.H., Sun, Y., Deng, Z.P., Tang, W.Q., Shang, J.X., Sun, Y.,
Burlingame, A.L. & Wang, Z.Y. (2009). Brassinosteroid signal
transduction from cell-surface receptor kinases to nuclear transcription
factors. Nat Cell Biol, 11(10), pp. 1254-U233.
Kim, T.W. & Wang, Z.Y. (2010). Brassinosteroid Signal Transduction from
Receptor Kinases to Transcription Factors. Annual Review of Plant
Biology, Vol 61, 61, pp. 681-704.
Kleine-Vehn, J., Leitner, J., Zwiewka, M., Sauer, M., Abas, L., Luschnig, C. &
Friml, J. (2008). Differential degradation of PIN2 auxin efflux carrier by
retromer-dependent vacuolar targeting. Proc Natl Acad Sci U S A,
105(46), pp. 17812-7.
Koga, J., Kubota, H., Gomi, S., Umemura, K., Ohnishi, M. & Kono, T. (2006).
Cholic acid, a bile acid elicitor of hypersensitive cell death, pathogenesisrelated protein synthesis, and phytoalexin accumulation in rice. Plant
Physiol, 140(4), pp. 1475-1483.
Kolb, C., Nagel, M.K., Kalinowska, K., Hagmann, J., Ichikawa, M., Anzenberger,
F., Alkofer, A., Sato, M.H., Braun, P. & Isono, E. (2015). FYVE1 Is
Essential for Vacuole Biogenesis and Intracellular Trafficking in
Arabidopsis. Plant Physiol, 167(4), pp. 1361-U414.
Krebs, M., Beyhl, D., Gorlich, E., Al-Rasheid, K.A.S., Marten, I., Stierhof, Y.D.,
Hedrich, R. & Schumacher, K. (2010). Arabidopsis V-ATPase activity at
the tonoplast is required for efficient nutrient storage but not for sodium
accumulation. Proc Natl Acad Sci U S A, 107(7), pp. 3251-3256.
Kriegel, A., Andres, Z., Medzihradszky, A., Kruger, F., Scholl, S., Delang, S.,
Patir-Nebioglu, M., Gute, G., Yang, H.B., Murphy, A.S., Peer, W.A.,
Pfeiffer, A., Krebs, M., Lohmann, J.U. & Schumacher, K. (2015). Job

70

Sharing in the Endomembrane System: Vacuolar Acidification Requires
the Combined Activity of V-ATPase and V-PPase. Plant Cell, 27(12), pp.
3383-3396.
Kulich, I. & Zarsky, V. (2014). Autophagy-Related Direct Membrane Import from
ER/Cytoplasm into the Vacuole or Apoplast: A Hidden Gateway also for
Secondary Metabolites and Phytohormones? Int J Mol Sci, 15(5), pp.
7462-7474.
Kunze, G., Zipfel, C., Robatzek, S., Niehaus, K., Boller, T. & Felix, G. (2004). The
N terminus of bacterial elongation factor Tu elicits innate immunity in
Arabidopsis plants. Plant Cell, 16(12), pp. 3496-507.
Kutsuna, N. & Hasezawa, S. (2002). Dynamic organization of vacuolar and
microtubule structures during cell cycle progression in synchronized
tobacco BY-2 cells. Plant and Cell Physiology, 43(9), pp. 965-973.
Kwon, S.I., Cho, H.J., Jung, J.H., Yoshimoto, K., Shirasu, K. & Park, O.K. (2010).
The Rab GTPase RabG3b functions in autophagy and contributes to
tracheary element differentiation in Arabidopsis. Plant J, 64(1), pp. 15164.
Kwon, S.I., Cho, H.J., Kim, S.R. & Park, O.K. (2013). The Rab GTPase RabG3b
positively regulates autophagy and immunity-associated hypersensitive
cell death in Arabidopsis. Plant Physiol, 161(4), pp. 1722-36.
Lai, Z.B., Wang, F., Zheng, Z.Y., Fan, B.F. & Chen, Z.X. (2011). A critical role of
autophagy in plant resistance to necrotrophic fungal pathogens. Plant
Journal, 66(6), pp. 953-968.
Lanza, M., Garcia-Ponce, B., Castrillo, G., Catarecha, P., Sauer, M., RodriguezSerrano, M., Paez-Garcia, A., Sanchez-Bermejo, E., Mohan, T.C., del
Puerto, Y.L., Sandalio, L.M., Paz-Ares, J. & Leyva, A. (2012). Role of
Actin Cytoskeleton in Brassinosteroid Signaling and in Its Integration
with the Auxin Response in Plants. Developmental Cell, 22(6), pp. 12751285.
Laxmi, A., Pan, J.W., Morsy, M. & Chen, R.J. (2008). Light Plays an Essential
Role in Intracellular Distribution of Auxin Efflux Carrier PIN2 in
Arabidopsis thaliana. PLoS One, 3(1).
Le Bars, R., Marion, J., Le Borgne, R., Satiat-Jeunemaitre, B. & Bianchi, M.W.
(2014). ATG5 defines a phagophore domain connected to the
endoplasmic reticulum during autophagosome formation in plants. Nat
Commun, 5, p. 4121.
Le Roux, C., Huet, G., Jauneau, A., Camborde, L., Tremousaygue, D., Kraut, A.,
Zhou, B.B., Levaillant, M., Adachi, H., Yoshioka, H., Raffaele, S.,
Berthome, R., Coute, Y., Parker, J.E. & Deslandes, L. (2015). A Receptor
Pair with an Integrated Decoy Converts Pathogen Disabling of
Transcription Factors to Immunity. Cell, 161(5), pp. 1074-1088.
Lehmann, H. & Glund, K. (1986). Abscisic-Acid Metabolism - Vacuolar
Extravacuolar Distribution of Metabolites. Planta, 168(4), pp. 559-562.
Lenz, H.D., Haller, E., Melzer, E., Kober, K., Wurster, K., Stahl, M., Bassham,
D.C., Vierstra, R.D., Parker, J.E., Bautor, J., Molina, A., Escudero, V.,
Shindo, T., van der Hoorn, R.A.L., Gust, A.A. & Nurnberger, T. (2011).

71

Autophagy differentially controls plant basal immunity to biotrophic and
necrotrophic pathogens. Plant Journal, 66(5), pp. 818-830.
Levine, B. & Klionsky, D.J. (2004). Development by self-digestion: molecular
mechanisms and biological functions of autophagy. Developmental Cell,
6(4), pp. 463-77.
Li, J., Wen, J.Q., Lease, K.A., Doke, J.T., Tax, F.E. & Walker, J.C. (2002). BAK1,
an Arabidopsis LRR receptor-like protein kinase, interacts with BRI1 and
modulates brassinosteroid signaling. Cell, 110(2), pp. 213-222.
Li, J.M. & Chory, J. (1997). A putative leucine-rich repeat receptor kinase
involved in brassinosteroid signal transduction. Cell, 90(5), pp. 929-938.
Li, J.M. & Chory, J. (1999). Brassinosteroid actions in plants. J Exp Bot, 50(332),
pp. 275-282.
Li, J.M., Nagpal, P., Vitart, V., McMorris, T.C. & Chory, J. (1996). A role for
brassinosteroids in light-dependent development of Arabidopsis. Science,
272(5260), pp. 398-401.
Li, Q.F. & He, J.X. (2016). BZR1 Interacts with HY5 to Mediate Brassinosteroidand Light-Regulated Cotyledon Opening in Arabidopsis in Darkness.
Molecular Plant, 9(1), pp. 113-125.
Liang, H., Yao, N., Song, J.T., Luo, S., Lu, H. & Greenberg, J.T. (2003).
Ceramides modulate programmed cell death in plants. Genes Dev, 17(21),
pp. 2636-41.
Liu, Y. & Bassham, D.C. (2012). Autophagy: pathways for self-eating in plant
cells. Annu Rev Plant Biol, 63, pp. 215-37.
Liu, Y., Burgos, J.S., Deng, Y., Srivastava, R., Howell, S.H. & Bassham, D.C.
(2012). Degradation of the endoplasmic reticulum by autophagy during
endoplasmic reticulum stress in Arabidopsis. Plant Cell, 24(11), pp. 463551.
Liu, Y., Schiff, M., Czymmek, K., Talloczy, Z., Levine, B. & Dinesh-Kumar, S.P.
(2005). Autophagy regulates programmed cell death during the plant
innate immune response. Cell, 121(4), pp. 567-577.
Liu, Y.M., Xiong, Y. & Bassham, D.C. (2009). Autophagy is required for tolerance
of drought and salt stress in plants. Autophagy, 5(7), pp. 954-963.
Lockshin, R.A. & Zakeri, Z. (2004). Apoptosis, autophagy, and more. Int J
Biochem Cell Biol, 36(12), pp. 2405-19.
Lorrain, S., Vailleau, F., Balaque, C. & Roby, D. (2003). Lesion mimic mutants:
keys for deciphering cell death and defense pathways in plants? Trends
Plant Sci, 8(6), pp. 263-271.
Lozano-Duran, R., Macho, A.P., Boutrot, F., Segonzac, C., Somssich, I.E. &
Zipfel, C. (2013). The transcriptional regulator BZR1 mediates trade-off
between plant innate immunity and growth. Elife, 2.
Lozano-Duran, R. & Zipfel, C. (2015). Trade-off between growth and immunity:
role of brassinosteroids. Trends Plant Sci, 20(1), pp. 12-19.
Luo, Y., Scholl, S., Doering, A., Zhang, Y., Irani, N.G., Di Rubbo, S., Neumetzler,
L., Krishnamoorthy, P., Van Houtte, I., Mylle, E., Bischoff, V.,
Vernhettes, S., Winne, J., Friml, J., Stierhof, Y.D., Schumacher, K.,
Persson, S. & Russinova, E. (2015). V-ATPase activity in the TGN/EE is
required for exocytosis and recycling in Arabidopsis. Nature Plants, 1(7).

72

Mackey, D., Belkhadir, Y., Alonso, J.M., Ecker, J.R. & Dangl, J.L. (2003).
Arabidopsis RIN4 is a target of the type III virulence effector AvrRpt2
and modulates RPS2-mediated resistance. Cell, 112(3), pp. 379-389.
Mackey, D., Holt, B.F., Wiig, A. & Dangl, J.L. (2002). RIN4 interacts with
Pseudomonas syringae type III effector molecules and is required for
RPM1-mediated resistance in Arabidopsis. Cell, 108(6), pp. 743-754.
Malinovsky, F.G., Brodersen, P., Fiil, B.K., McKinney, L.V., Thorgrimsen, S.,
Beck, M., Nielsen, H.B., Pietra, S., Zipfel, C., Robatzek, S., Petersen, M.,
Hofius, D. & Mundy, J. (2010). Lazarus1, a DUF300 protein, contributes
to programmed cell death associated with Arabidopsis acd11 and the
hypersensitive response. PLoS One, 5(9), p. e12586.
Marhavy, P., Bielach, A., Abas, L., Abuzeineh, A., Duclercq, J., Tanaka, H.,
Parezova, M., Petrasek, J., Friml, J., Kleine-Vehn, J. & Benkova, E.
(2011). Cytokinin Modulates Endocytic Trafficking of PIN1 Auxin Efflux
Carrier to Control Plant Organogenesis. Developmental Cell, 21(4), pp.
796-804.
Marshall, R.S., Li, F.Q., Gemperline, D.C., Book, A.J. & Vierstra, R.D. (2015).
Autophagic Degradation of the 26S Proteasome Is Mediated by the Dual
ATG8/Ubiquitin Receptor RPN10 in Arabidopsis. Mol Cell, 58(6), pp.
1053-1066.
Martinoia, E., Meyer, S., De Angeli, A. & Nagy, R. (2012). Vacuolar Transporters
in Their Physiological Context. Annual Review of Plant Biology, Vol 63,
63, pp. 183-213.
Martins, S., Dohmann, E.M.N., Cayrel, A., Johnson, A., Fischer, W., Pojer, F.,
Satiat-Jeunemaitre, B., Jaillais, Y., Chory, J., Geldner, N. & Vert, G.
(2015). Internalization and vacuolar targeting of the brassinosteroid
hormone receptor BRI1 are regulated by ubiquitination. Nat Commun, 6.
Marty, F. (1999). Plant vacuoles. Plant Cell, 11(4), pp. 587-600.
Maruzs, T., Lorincz, P., Szatmari, Z., Szeplaki, S., Sandor, Z., Lakatos, Z., Puska,
G., Juhasz, G. & Sass, M. (2015). Retromer Ensures the Degradation of
Autophagic Cargo by Maintaining Lysosome Function in Drosophila.
Traffic, 16(10), pp. 1088-1107.
Matsuoka, K., Bassham, D.C., Raikhel, N.V. & Nakamura, K. (1995). Different
sensitivity to wortmannin of two vacuolar sorting signals indicates the
presence of distinct sorting machineries in tobacco cells. J Cell Biol,
130(6), pp. 1307-18.
McMahon, H.T. & Boucrot, E. (2011). Molecular mechanism and physiological
functions of clathrin-mediated endocytosis. Nature Reviews Molecular
Cell Biology, 12(8), pp. 517-533.
Mengiste, T. (2012). Plant Immunity to Necrotrophs. Annual Review of
Phytopathology, Vol 50, 50, pp. 267-294.
Meyers, B.C., Dickerman, A.W., Michelmore, R.W., Sivaramakrishnan, S., Sobral,
B.W. & Young, N.D. (1999). Plant disease resistance genes encode
members of an ancient and diverse protein family within the nucleotidebinding superfamily. Plant Journal, 20(3), pp. 317-332.

73

Michaeli, S., Galili, G., Genschik, P., Fernie, A.R. & Avin-Wittenberg, T. (2016).
Autophagy in Plants - What's New on the Menu? Trends Plant Sci, 21(2),
pp. 134-44.
Michaeli, S., Honig, A., Levanony, H., Peled-Zehavi, H. & Galili, G. (2014).
Arabidopsis ATG8-INTERACTING PROTEIN1 is involved in
autophagy-dependent vesicular trafficking of plastid proteins to the
vacuole. Plant Cell, 26(10), pp. 4084-101.
Minina, E.A., Bozhkov, P.V. & Hofius, D. (2014). Autophagy as initiator or
executioner of cell death. Trends Plant Sci, 19(11), pp. 692-697.
Minina, E.A., Sanchez-Vera, V., Moschou, P.N., Suarez, M.F., Sundberg, E.,
Weih, M. & Bozhkov, P.V. (2013). Autophagy mediates caloric
restriction-induced lifespan extension in Arabidopsis. Aging Cell, 12(2),
pp. 327-9.
Miya, A., Albert, P., Shinya, T., Desaki, Y., Ichimura, K., Shirasu, K., Narusaka,
Y., Kawakami, N., Kaku, H. & Shibuya, N. (2007). CERK1, a LysM
receptor kinase, is essential for chitin elicitor signaling in Arabidopsis.
Proc Natl Acad Sci U S A, 104(49), pp. 19613-19618.
Mizushima, N. (2007). Autophagy: process and function. Genes Dev, 21(22), pp.
2861-73.
Mizushima, N., Yoshimori, T. & Ohsumi, Y. (2011). The role of Atg proteins in
autophagosome formation. Annu Rev Cell Dev Biol, 27, pp. 107-32.
Moeder, W. & Yoshioka, K. (2008). Lesion mimic mutants: A classical, yet still
fundamental approach to study programmed cell death. Plant Signal
Behav, 3(10), pp. 764-7.
Munch, D., Rodriguez, E., Bressendorff, S., Park, O.K., Hofius, D. & Petersen, M.
(2014). Autophagy deficiency leads to accumulation of ubiquitinated
proteins, ER stress, and cell death in Arabidopsis. Autophagy, 10(9), pp.
1579-1587.
Munch, D., Teh, O.K., Malinovsky, F.G., Liu, Q.S., Vetukuri, R.R., El Kasmi, F.,
Brodersen, P., Hara-Nishimura, I., Dangl, J.L., Petersen, M., Mundy, J. &
Hofius, D. (2015). Retromer Contributes to Immunity-Associated Cell
Death in Arabidopsis. Plant Cell, 27(2), pp. 463-479.
Mussig, C., Shin, G.H. & Altmann, T. (2003). Brassinosteroids promote root
growth in Arabidopsis. Plant Physiol, 133(3), pp. 1261-1271.
Nakahara, K.S., Masuta, C., Yamada, S., Shimura, H., Kashihara, Y., Wada, T.S.,
Meguro, A., Goto, K., Tadamura, K., Sueda, K., Sekiguchi, T., Shao, J.,
Itchoda, N., Matsumura, T., Igarashi, M., Ito, K., Carthew, R.W. &
Uyeda, I. (2012). Tobacco calmodulin-like protein provides secondary
defense by binding to and directing degradation of virus RNA silencing
suppressors. Proc Natl Acad Sci U S A, 109(25), pp. 10113-10118.
Nakashita, H., Yasuda, M., Nitta, T., Asami, T., Fujioka, S., Arai, Y., Sekimata,
K., Takatsuto, S., Yamaguchi, I. & Yoshida, S. (2003). Brassinosteroid
functions in a broad range of disease resistance in tobacco and rice. Plant
Journal, 33(5), pp. 887-898.
Nakatogawa, H., Ichimura, Y. & Ohsumi, Y. (2007). Atg8, a ubiquitin-like protein
required for autophagosome formation, mediates membrane tethering and
hemifusion. Cell, 130(1), pp. 165-78.

74

Nam, K.H. & Li, J.M. (2002). BRI1/BAK1, a receptor kinase pair mediating
brassinosteroid signaling. Cell, 110(2), pp. 203-212.
Naramoto, S., Kleine-Vehn, J., Robert, S., Fujimoto, M., Dainobu, T., Paciorek, T.,
Ueda, T., Nakano, A., Van Montagu, M.C.E., Fukuda, H. & Friml, J.
(2010). ADP-ribosylation factor machinery mediates endocytosis in plant
cells. Proc Natl Acad Sci U S A, 107(50), pp. 21890-21895.
Newman, M.A., Sundelin, T., Nielsen, J.T. & Erbs, G. (2013). MAMP (microbeassociated molecular pattern) triggered immunity in plants. Front Plant
Sci, 4, p. 139.
Niemes, S., Langhans, M., Viotti, C., Scheuring, D., Yan, M.S.W., Jiang, L.W.,
Hillmer, S., Robinson, D.G. & Pimpl, P. (2010). Retromer recycles
vacuolar sorting receptors from the trans-Golgi network. Plant Journal,
61(1), pp. 107-121.
Nimchuk, Z.L., Tarr, P.T., Ohno, C., Qu, X.A. & Meyerowitz, E.M. (2011). Plant
Stem Cell Signaling Involves Ligand-Dependent Trafficking of the
CLAVATA1 Receptor Kinase. Current Biology, 21(5), pp. 345-352.
Nixon, R.A. (2013). The role of autophagy in neurodegenerative disease. Nat Med,
19(8), pp. 983-97.
Nodzynski, T., Feraru, M.I., Hirsch, S., De Rycke, R., Niculaes, C., Boerjan, W.,
Van Leene, J., De Jaeger, G., Vanneste, S. & Friml, J. (2013). Retromer
Subunits VPS35A and VPS29 Mediate Prevacuolar Compartment (PVC)
Function in Arabidopsis. Molecular Plant, 6(6), pp. 1849-1862.
Noh, B., Lee, S.H., Kim, H.J., Yi, G., Shin, E.A., Lee, M., Jung, K.J., Doyle, M.R.,
Amasino, R.M. & Noh, Y.S. (2004). Divergent roles of a pair of
homologous jumonji/zinc-finger-class transcription factor proteins in the
regulation of Arabidopsis flowering time. Plant Cell, 16(10), pp. 26012613.
Novakova, P., Hirsch, S., Feraru, E., Tejos, R., van Wijk, R., Viaene, T.,
Heilmann, M., Lerche, J., De Rycke, R., Feraru, M.I., Grones, P., Van
Montagu, M., Heilmann, I., Munnik, T. & Friml, J. (2014). SAC
phosphoinositide phosphatases at the tonoplast mediate vacuolar function
in Arabidopsis. Proc Natl Acad Sci U S A, 111(7), pp. 2818-2823.
Ntoukakis, V., Schwessinger, B., Segonzac, C. & Zipfel, C. (2011). Cautionary
Notes on the Use of C-Terminal BAK1 Fusion Proteins for Functional
Studies. Plant Cell, 23(11), pp. 3871-3878.
Nurnberger, T. & Brunner, F. (2002). Innate immunity in plants and animals:
emerging parallels between the recognition of general elicitors and
pathogen-associated molecular patterns. Current Opinion in Plant
Biology, 5(4), pp. 318-324.
Oh, E., Zhu, J.Y. & Wang, Z.Y. (2012). Interaction between BZR1 and PIF4
integrates brassinosteroid and environmental responses. Nat Cell Biol,
14(8), pp. 802-U64.
Olbrich, A., Hillmer, S., Hinz, G., Oliviusson, P. & Robinson, D.G. (2007). Newly
formed vacuoles in root meristems of barley and pea seedlings have
characteristics of both protein storage and lytic vacuoles(1[W][OA]).
Plant Physiol, 145(4), pp. 1383-1394.

75

Olivier-Mason, A., Wojtyniak, M., Bowie, R.V., Nechipurenko, I.V., Blacque,
O.E. & Sengupta, P. (2013). Transmembrane protein OSTA-1 shapes
sensory cilia morphology via regulation of intracellular membrane
trafficking in C. elegans. Development, 140(7), pp. 1560-72.
Oliviusson, P., Heinzerling, O., Hillmer, S., Hinz, G., Tse, Y.C., Jiang, L.W. &
Robinson, D.G. (2006). Plant retromer, localized to the prevacuolar
compartment and microvesicles in Arabidopsis, may interact with
vacuolar sorting receptors. Plant Cell, 18(5), pp. 1239-1252.
Palma, K., Thorgrimsen, S., Malinovsky, F.G., Fiil, B.K., Nielsen, H.B.,
Brodersen, P., Hofius, D., Petersen, M. & Mundy, J. (2010).
Autoimmunity in Arabidopsis acd11 Is Mediated by Epigenetic
Regulation of an Immune Receptor. PLoS Pathog, 6(10).
Paris, N., Stanley, C.M., Jones, R.L. & Rogers, J.C. (1996). Plant cells contain two
functionally distinct vacuolar compartments. Cell, 85(4), pp. 563-572.
Patel, S. & Dinesh-Kumar, S.P. (2008). Arabidopsis ATG6 is required to limit the
pathogen-associated cell death response. Autophagy, 4(1), pp. 20-27.
Piotrowska, A. & Bajguz, A. (2011). Conjugates of abscisic acid, brassinosteroids,
ethylene, gibberellins, and jasmonates. Phytochemistry, 72(17), pp. 20972112.
Popovic, D., Akutsu, M., Novak, I., Harper, J.W., Behrends, C. & Dikic, I. (2012).
Rab GTPase-Activating Proteins in Autophagy: Regulation of Endocytic
and Autophagy Pathways by Direct Binding to Human ATG8 Modifiers.
Molecular and Cellular Biology, 32(9), pp. 1733-1744.
Pyo, J.O., Yoo, S.M., Ahn, H.H., Nah, J., Hong, S.H., Kam, T.I., Jung, S. & Jung,
Y.K. (2013). Overexpression of Atg5 in mice activates autophagy and
extends lifespan. Nat Commun, 4.
Raiborg, C. & Stenmark, H. (2009). The ESCRT machinery in endosomal sorting
of ubiquitylated membrane proteins. Nature, 458(7237), pp. 445-52.
Ranf, S., Gisch, N., Schaffer, M., Illig, T., Westphal, L., Knirel, Y.A., SanchezCarballo, P.M., Zahringer, U., Huckelhoven, R., Lee, J. & Scheel, D.
(2015). A lectin S-domain receptor kinase mediates lipopolysaccharide
sensing in Arabidopsis thaliana. Nat Immunol, 16(4), pp. 426-33.
Ranocha, P., Dima, O., Nagy, R., Felten, J., Corratge-Faillie, C., Novak, O.,
Morreel, K., Lacombe, B., Martinez, Y., Pfrunder, S., Jin, X., Renou, J.P.,
Thibaud, J.B., Ljung, K., Fischer, U., Martinoia, E., Boerjan, W. &
Goffner, D. (2013). Arabidopsis WAT1 is a vacuolar auxin transport
facilitator required for auxin homoeostasis. Nat Commun, 4.
Reggiori, F. & Klionsky, D.J. (2013). Autophagic processes in yeast: mechanism,
machinery and regulation. Genetics, 194(2), pp. 341-61.
Rigal, A., Doyle, S.M. & Robert, S. (2015). Live Cell Imaging of FM4-64, a Tool
for Tracing the Endocytic Pathways in Arabidopsis Root Cells. Plant Cell
Expansion: Methods and Protocols, 1242, pp. 93-103.
Robert, S., Kleine-Vehn, J., Barbez, E., Sauer, M., Paciorek, T., Baster, P.,
Vanneste, S., Zhang, J., Simon, S., Covanova, M., Hayashi, K.,
Dhonukshe, P., Yang, Z., Bednarek, S.Y., Jones, A.M., Luschnig, C.,
Aniento, F., Zazimalova, E. & Friml, J. (2010). ABP1 mediates auxin

76

inhibition of clathrin-dependent endocytosis in Arabidopsis. Cell, 143(1),
pp. 111-21.
Robinson, D.G., Jiang, L. & Schumacher, K. (2008). The endosomal system of
plants: charting new and familiar territories. Plant Physiol, 147(4), pp.
1482-92.
Robinson, D.G., Pimpl, P., Scheuring, D., Stierhof, Y.D., Sturm, S. & Viotti, C.
(2012). Trying to make sense of retromer. Trends Plant Sci, 17(7), pp.
431-439.
Rojo, E., Gillmor, C.S., Kovaleva, V., Somerville, C.R. & Raikhel, N.V. (2001).
VACUOLELESS1 is an essential gene required for vacuole formation and
morphogenesis in Arabidopsis. Developmental Cell, 1(2), pp. 303-310.
Rojo, E., Martin, R., Carter, C., Zouhar, J., Pan, S., Plotnikova, J., Jin, H., Paneque,
M., Sanchez-Serrano, J.J., Baker, B., Ausubel, F.M. & Raikhel, N.V.
(2004). VPEgamma exhibits a caspase-like activity that contributes to
defense against pathogens. Curr Biol, 14(21), pp. 1897-906.
Rojo, E., Zouhar, J., Kovaleva, V., Hong, S. & Raikhel, N.V. (2003). The AtCVPS protein complex is localized to the tonoplast and the prevacuolar
compartment in Arabidopsis. Mol Biol Cell, 14(2), pp. 361-369.
Russinova, E., Borst, J.W., Kwaaitaal, M., Cano-Delgado, A., Yin, Y.H., Chory, J.
& de Vries, S.C. (2004). Heterodimerization and endocytosis of
Arabidopsis brassinosteroid receptors BRI1 and AtSERK3 (BAK1). Plant
Cell, 16(12), pp. 3216-3229.
Rusten, T.E., Lindmo, K., Juhasz, G., Sass, M., Seglen, P.O., Brech, A. &
Stenmark, H. (2004). Programmed autophagy in the Drosophila fat body
is induced by ecdysone through regulation of the PI3K pathway.
Developmental Cell, 7(2), pp. 179-192.
Rusterucci, C., Aviv, D.H., Holt, B.F., 3rd, Dangl, J.L. & Parker, J.E. (2001). The
disease resistance signaling components EDS1 and PAD4 are essential
regulators of the cell death pathway controlled by LSD1 in Arabidopsis.
Plant Cell, 13(10), pp. 2211-24.
Sanderfoot, A.A., Assaad, F.F. & Raikhel, N.V. (2000). The Arabidopsis genome.
An abundance of soluble N-ethylmaleimide-sensitive factor adaptor
protein receptors. Plant Physiol, 124(4), pp. 1558-1569.
Sanderfoot, A.A., Kovaleva, V., Zheng, H.Y. & Raikhel, N.V. (1999). The tSNARE AtVAM3p resides on the prevacuolar compartment in
arabidopsis root cells. Plant Physiol, 121(3), pp. 929-938.
Sarris, P.F., Duxbury, Z., Huh, S.U., Ma, Y., Segonzac, C., Sklenar, J., Derbyshire,
P., Cevik, V., Rallapalli, G., Saucet, S.B., Wirthmueller, L., Menke,
F.L.H., Sohn, K.H. & Jones, J.D.G. (2015). A Plant Immune Receptor
Detects Pathogen Effectors that Target WRKY Transcription Factors.
Cell, 161(5), pp. 1089-1100.
Sato, M.H., Nakamura, N., Ohsumi, Y., Kouchi, H., Kondo, M., HaraNishimura, I.,
Nishimura, M. & Wada, Y. (1997). The AtVAM3 encodes a syntaxinrelated molecule implicated in the vacuolar assembly in Arabidopsis
thaliana. Journal of Biological Chemistry, 272(39), pp. 24530-24535.

77

Saucet, S.B., Ma, Y., Sarris, P.F., Furzer, O.J., Sohn, K.H. & Jones, J.D.G. (2015).
Two linked pairs of Arabidopsis TNL resistance genes independently
confer recognition of bacterial effector AvrRps4. Nat Commun, 6.
Schatz, D., Shemi, A., Rosenwasser, S., Sabanay, H., Wolf, S.G., Ben-Dor, S. &
Vardi, A. (2014). Hijacking of an autophagy-like process is critical for the
life cycle of a DNA virus infecting oceanic algal blooms. New
Phytologist, 204(4), pp. 854-863.
Scheuring, D., Viotti, C., Kruger, F., Kunzl, F., Sturm, S., Bubeck, J., Hillmer, S.,
Frigerio, L., Robinson, D.G., Pimpl, P. & Schumacher, K. (2011).
Multivesicular bodies mature from the trans-Golgi network/early
endosome in Arabidopsis. Plant Cell, 23(9), pp. 3463-81.
Schmidt, U.G., Endler, A., Schelbert, S., Brunner, A., Schnell, M., Neuhaus, H.E.,
Marty-Mazars, D., Marty, F., Baginsky, S. & Martinoia, E. (2007). Novel
tonoplast transporters identified using a proteomic approach with vacuoles
isolated from cauliflower buds. Plant Physiol, 145(1), pp. 216-229.
Schumacher, K. (2014). pH in the plant endomembrane system - an import and
export business. Current Opinion in Plant Biology, 22, pp. 71-76.
Sharfman, M., Bar, M., Ehrlich, M., Schuster, S., Melech-Bonfil, S., Ezer, R.,
Sessa, G. & Avni, A. (2011). Endosomal signaling of the tomato leucinerich repeat receptor-like protein LeEix2. Plant Journal, 68(3), pp. 413423.
Shibutani, S.T. & Yoshimori, T. (2014). A current perspective of autophagosome
biogenesis. Cell Res, 24(1), pp. 58-68.
Shin, J.H., Yoshimoto, K., Ohsumi, Y., Jeon, J.S. & An, G. (2009). OsATG10b, an
autophagosome component, is needed for cell survival against oxidative
stresses in rice. Molecules and Cells, 27(1), pp. 67-74.
Simanshu, D.K., Zhai, X.H., Munch, D., Hofius, D., Markham, J.E., Bielawski, J.,
Bielawska, A., Malinina, L., Molotkovsky, J.G., Mundy, J.W., Patel, D.J.
& Brown, R.E. (2014). Arabidopsis Accelerated Cell Death 11, ACD11,
Is a Ceramide-1-Phosphate Transfer Protein and Intermediary Regulator
of Phytoceramide Levels. Cell Rep, 6(2), pp. 388-399.
Singh, M.K., Kruger, F., Beckmann, H., Brumm, S., Vermeer, J.E.M., Munnik, T.,
Mayer, U., Stierhof, Y.D., Grefen, C., Schumacher, K. & Jurgens, G.
(2014). Protein Delivery to Vacuole Requires SAND Protein-Dependent
Rab GTPase Conversion for MVB-Vacuole Fusion. Current Biology,
24(12), pp. 1383-1389.
Spitzer, C., Li, F.Q., Buono, R., Roschzttardtz, H., Chung, T.J., Zhang, M.,
Osteryoung, K.W., Vierstra, R.D. & Otegui, M.S. (2015). The Endosomal
Protein CHARGED MULTIVESICULAR BODY PROTEIN1 Regulates
the Autophagic Turnover of Plastids in Arabidopsis. Plant Cell, 27(2), pp.
391-402.
Steigerova, J., Rarova, L., Oklest'kova, J., Krizova, K., Levkova, M., Svachova,
M., Kolar, Z. & Strnad, M. (2012). Mechanisms of natural
brassinosteroid-induced apoptosis of prostate cancer cells. Food and
Chemical Toxicology, 50(11), pp. 4068-4076.
Sun, Y., Fan, X.Y., Cao, D.M., Tang, W.Q., He, K., Zhu, J.Y., He, J.X., Bai, M.Y.,
Zhu, S.W., Oh, E., Patil, S., Kim, T.W., Ji, H.K., Wong, W.H., Rhee, S.Y.

78

& Wang, Z.Y. (2010). Integration of Brassinosteroid Signal Transduction
with the Transcription Network for Plant Growth Regulation in
Arabidopsis. Developmental Cell, 19(5), pp. 765-777.
Suttangkakul, A., Li, F., Chung, T. & Vierstra, R.D. (2011). The ATG1/ATG13
protein kinase complex is both a regulator and a target of autophagic
recycling in Arabidopsis. Plant Cell, 23(10), pp. 3761-79.
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(9), pp. 9931010.
Synek, L., Sekeres, J. & Zarsky, V. (2014). The exocyst at the interface between
cytoskeleton and membranes in eukaryotic cells. Front Plant Sci, 4.
Szekeres, M., Nemeth, K., KonczKalman, Z., Mathur, J., Kauschmann, A.,
Altmann, T., Redei, G.P., Nagy, F., Schell, J. & Koncz, C. (1996).
Brassinosteroids rescue the deficiency of CYP90, a cytochrome P450,
controlling cell elongation and de-etiolation in arabidopsis. Cell, 85(2),
pp. 171-182.
Takano, J., Miwa, K., Yuan, L.X., von Wiren, N. & Fujiwara, T. (2005).
Endocytosis and degradation of BOR1, a boron transporter of Arabidopsis
thaliana, regulated by boron availability. Proc Natl Acad Sci U S A,
102(34), pp. 12276-12281.
Takano, J., Tanaka, M., Toyoda, A., Miwa, K., Kasai, K., Fuji, K., Onouchi, H.,
Naito, S. & Fujiwara, T. (2010). Polar localization and degradation of
Arabidopsis boron transporters through distinct trafficking pathways.
Proc Natl Acad Sci U S A, 107(11), pp. 5220-5.
Tang, W.Q., Kim, T.W., Oses-Prieto, J.A., Sun, Y., Deng, Z.P., Zhu, S.W., Wang,
R.J., Burlingame, A.L. & Wang, Z.Y. (2008). BSKs mediate signal
transduction from the receptor kinase BRI1 in Arabidopsis. Science,
321(5888), pp. 557-560.
Tang, W.Q., Yuan, M., Wang, R.J., Yang, Y.H., Wang, C.M., Oses-Prieto, J.A.,
Kim, T.W., Zhou, H.W., Deng, Z.P., Gampala, S.S., Gendron, J.M.,
Jonassen, E.M., Lillo, C., DeLong, A., Burlingame, A.L., Sun, Y. &
Wang, Z.Y. (2011). PP2A activates brassinosteroid-responsive gene
expression and plant growth by dephosphorylating BZR1. Nat Cell Biol,
13(2), pp. 124-U49.
Teh, O.K. & Hofius, D. (2014). Membrane trafficking and autophagy in pathogentriggered cell death and immunity. J Exp Bot, 65(5), pp. 1297-312.
Thazar-Poulot, N., Miquel, M., Fobis-Loisy, I. & Gaude, T. (2015). Peroxisome
extensions deliver the Arabidopsis SDP1 lipase to oil bodies. Proc Natl
Acad Sci U S A, 112(13), pp. 4158-4163.
Thompson, A.R., Doelling, J.H., Suttangkakul, A. & Vierstra, R.D. (2005).
Autophagic nutrient recycling in Arabidopsis directed by the ATG8 and
ATG12 conjugation pathways. Plant Physiol, 138(4), pp. 2097-110.
Traub, L.M. (2009). Tickets to ride: selecting cargo for clathrin-regulated
internalization. Nature Reviews Molecular Cell Biology, 10(9), pp. 583596.

79

Trentmann, O. & Haferkamp, I. (2013). Current progress in tonoplast proteomics
reveals insights into the function of the large central vacuole. Front Plant
Sci, 4.
Uemura, T., Morita, M.T., Ebine, K., Okatani, Y., Yano, D., Saito, C., Ueda, T. &
Nakano, A. (2010). Vacuolar/pre-vacuolar compartment Qa-SNAREs
VAM3/SYP22 and PEP12/SYP21 have interchangeable functions in
Arabidopsis. Plant Journal, 64(5), pp. 864-873.
van der Hoorn, R.A. & Kamoun, S. (2008). From Guard to Decoy: a new model
for perception of plant pathogen effectors. Plant Cell, 20(8), pp. 2009-17.
van Doorn, W.G., Beers, E.P., Dangl, J.L., Franklin-Tong, V.E., Gallois, P., HaraNishimura, I., Jones, A.M., Kawai-Yamada, M., Lam, E., Mundy, J., Mur,
L.A., Petersen, M., Smertenko, A., Taliansky, M., Van Breusegem, F.,
Wolpert, T., Woltering, E., Zhivotovsky, B. & Bozhkov, P.V. (2011).
Morphological classification of plant cell deaths. Cell Death Differ, 18(8),
pp. 1241-6.
Vanhee, C., Zapotoczny, G., Masquelier, D., Ghislain, M. & Batoko, H. (2011).
The Arabidopsis multistress regulator TSPO is a heme binding membrane
protein and a potential scavenger of porphyrins via an autophagydependent degradation mechanism. Plant Cell, 23(2), pp. 785-805.
Vernoud, V., Horton, A.C., Yang, Z.B. & Nielsen, E. (2003). Analysis of the small
GTPase gene superfamily of Arabidopsis. Plant Physiol, 131(3), pp.
1191-1208.
Vert, G. & Chory, J. (2006). Downstream nuclear events in brassinosteroid
signalling. Nature, 441(7089), pp. 96-100.
Vert, G., Walcher, C.L., Chory, J. & Nemhauser, J.L. (2008). Integration of auxin
and brassinosteroid pathways by Auxin Response Factor 2. Proc Natl
Acad Sci U S A, 105(28), pp. 9829-9834.
Viotti, C., Bubeck, J., Stierhof, Y.D., Krebs, M., Langhans, M., van den Berg, W.,
van Dongen, W., Richter, S., Geldner, N., Takano, J., Jurgens, G., de
Vries, S.C., Robinson, D.G. & Schumacher, K. (2010). Endocytic and
secretory traffic in Arabidopsis merge in the trans-Golgi network/early
endosome, an independent and highly dynamic organelle. Plant Cell,
22(4), pp. 1344-57.
Walcher, C.L. & Nemhauser, J.L. (2012). Bipartite Promoter Element Required for
Auxin Response. Plant Physiol, 158(1), pp. 273-282.
Wang, H.J., Yang, C.J., Zhang, C., Wang, N.Y., Lu, D.H., Wang, J., Zhang, S.S.,
Wang, Z.X., Ma, H. & Wang, X.L. (2011a). Dual Role of BKI1 and 14-33 s in Brassinosteroid Signaling to Link Receptor with Transcription
Factors. Developmental Cell, 21(5), pp. 825-834.
Wang, X.F., Kota, U., He, K., Blackburn, K., Li, J., Goshe, M.B., Huber, S.C. &
Clouse, S.D. (2008). Sequential transphosphorylation of the BRI1/BAK1
receptor kinase complex impacts early events in brassinosteroid signaling.
Developmental Cell, 15(2), pp. 220-235.
Wang, X.L. & Chory, J. (2006). Brassinosteroids regulate dissociation of BKI1, a
negative regulator of BRI1 signaling, from the plasma membrane.
Science, 313(5790), pp. 1118-1122.

80

Wang, X.L., Li, X.Q., Meisenhelder, J., Hunter, T., Yoshida, S., Asami, T. &
Chory, J. (2005). Autoregulation and homodimerization are involved in
the activation of the plant steroid receptor BRI1. Developmental Cell,
8(6), pp. 855-865.
Wang, Y., Wu, Y. & Tang, D. (2011b). The autophagy gene, ATG18a, plays a
negative role in powdery mildew resistance and mildew-induced cell
death in Arabidopsis. Plant Signal Behav, 6(9), pp. 1408-10.
Wang, Y.P., Nishimura, M.T., Zhao, T. & Tang, D.Z. (2011c). ATG2, an
autophagy-related protein, negatively affects powdery mildew resistance
and mildew-induced cell death in Arabidopsis. Plant Journal, 68(1), pp.
74-87.
Wang, Z.Y. (2012). Brassinosteroids modulate plant immunity at multiple levels.
Proc Natl Acad Sci U S A, 109(1), pp. 7-8.
Wang, Z.Y., Bai, M.Y., Oh, E. & Zhu, J.Y. (2012). Brassinosteroid Signaling
Network and Regulation of Photomorphogenesis. Annual Review of
Genetics, Vol 46, 46, pp. 701-724.
Wang, Z.Y., Nakano, T., Gendron, J., He, J.X., Chen, M., Vafeados, D., Yang,
Y.L., Fujioka, S., Yoshida, S., Asami, T. & Chory, J. (2002). Nuclearlocalized BZR1 mediates brassinosteroid-induced growth and feedback
suppression of brassinosteroid biosynthesis. Developmental Cell, 2(4), pp.
505-513.
Willmann, R., Lajunen, H.M., Erbs, G., Newman, M.A., Kolb, D., Tsuda, K.,
Katagiri, F., Fliegmann, J., Bono, J.J., Cullimore, J.V., Jehle, A.K., Gotz,
F., Kulik, A., Molinaro, A., Lipka, V., Gust, A.A. & Nurnberger, T.
(2011). Arabidopsis lysin-motif proteins LYM1 LYM3 CERK1 mediate
bacterial peptidoglycan sensing and immunity to bacterial infection. Proc
Natl Acad Sci U S A, 108(49), pp. 19824-19829.
Xie, Z., Nair, U. & Klionsky, D.J. (2008). Atg8 controls phagophore expansion
during autophagosome formation. Mol Biol Cell, 19(8), pp. 3290-8.
Xie, Z.P. & Klionsky, D.J. (2007). Autophagosome formation: Core machinery
and adaptations. Nat Cell Biol, 9(10), pp. 1102-1109.
Xiong, Y., Contento, A.L., Nguyen, P.Q. & Bassham, D.C. (2007). Degradation of
oxidized proteins by autophagy during oxidative stress in Arabidopsis.
Plant Physiol, 143(1), pp. 291-9.
Yamazaki, M., Shimada, T., Takahashi, H., Tamura, K., Kondo, M., Nishimura, M.
& Hara-Nishimura, I. (2008). Arabidopsis VPS35, a retromer component,
is required for vacuolar protein sorting and involved in plant growth and
leaf senescence. Plant and Cell Physiology, 49(2), pp. 142-156.
Yang, X.H., Wang, W.M., Coleman, M., Orgil, U., Feng, J.Y., Ma, X.F., Ferl, R.,
Turner, J.G. & Xiao, S.Y. (2009). Arabidopsis 14-3-3 lambda is a positive
regulator of RPW8-mediated disease resistance. Plant Journal, 60(3), pp.
539-550.
Yang, Z. & Klionsky, D.J. (2010). Eaten alive: a history of macroautophagy. Nat
Cell Biol, 12(9), pp. 814-22.
Yano, D., Sato, M., Saito, C., Sato, M.H., Morita, M.T. & Tasaka, M. (2003). A
SNARE complex containing SGR3/AtVAM3 and ZIG/VTI11 in gravity-

81

sensing cells is important for Arabidopsis shoot gravitropism. Proc Natl
Acad Sci U S A, 100(14), pp. 8589-8594.
Ye, Q.Q., Zhu, W.J., Li, L., Zhang, S.S., Yin, Y.H., Ma, H. & Wang, X.L. (2010).
Brassinosteroids control male fertility by regulating the expression of key
genes involved in Arabidopsis anther and pollen development. Proc Natl
Acad Sci U S A, 107(13), pp. 6100-6105.
Yin, Y., Wang, Z.Y., Mora-Garcia, S., Li, J., Yoshida, S., Asami, T. & Chory, J.
(2002). BES1 accumulates in the nucleus in response to brassinosteroids
to regulate gene expression and promote stem elongation. Cell, 109(2),
pp. 181-91.
Yoshimitsu, Y., Tanaka, K., Fukuda, W., Asami, T., Yoshida, S., Hayashi, K.,
Kamiya, Y., Jikumaru, Y., Shigeta, T., Nakamura, Y., Matsuo, T. &
Okamoto, S. (2011). Transcription of DWARF4 Plays a Crucial Role in
Auxin-Regulated Root Elongation in Addition to Brassinosteroid
Homeostasis in Arabidopsis thaliana. PLoS One, 6(8).
Yoshimoto, K., Jikumaru, Y., Kamiya, Y., Kusano, M., Consonni, C., Panstruga,
R., Ohsumi, Y. & Shirasu, K. (2009). Autophagy negatively regulates cell
death by controlling NPR1-dependent salicylic acid signaling during
senescence and the innate immune response in Arabidopsis. Plant Cell,
21(9), pp. 2914-27.
Yu, X.F., Li, L., Li, L., Guo, M., Chory, J. & Yin, Y.H. (2008). Modulation of
brassinosteroid-regulated gene expression by jumonji domain-containing
proteins ELF6 and REF6 in Arabidopsis. Proc Natl Acad Sci U S A,
105(21), pp. 7618-7623.
Zarsky, V., Cvrckova, F., Potocky, M. & Hala, M. (2009). Exocytosis and cell
polarity in plants - exocyst and recycling domains. New Phytologist,
183(2), pp. 255-272.
Zavodszky, E., Seaman, M.N.J., Moreau, K., Jimenez-Sanchez, M., Breusegem,
S.Y., Harbour, M.E. & Rubinsztein, D.C. (2014). Mutation in VPS35
associated with Parkinson's disease impairs WASH complex association
and inhibits autophagy. Nat Commun, 5.
Zelazny, E., Santambrogio, M., Pourcher, M., Chambrier, P., Berne-Dedieu, A.,
Fobis-Loisy, I., Miege, C., Jaillais, Y. & Gaude, T. (2013). Mechanisms
Governing the Endosomal Membrane Recruitment of the Core Retromer
in Arabidopsis. Journal of Biological Chemistry, 288(13), pp. 8815-8825.
Zhang, C.H., Brown, M.Q., van de Ven, W., Zhang, Z.M., Wu, B., Young, M.C.,
Synek, L., Borchardt, D., Harrison, R., Pan, S.Q., Luo, N., Huang,
Y.M.M., Ghang, Y.J., Ung, N., Li, R.X., Isley, J., Morikis, D., Song, J.K.,
Guo, W., Hooley, R.J., Chang, C.E.A., Yang, Z.B., Zarsky, V., Muday,
G.K., Hicks, G.R. & Raikhel, N.V. (2016a). Endosidin2 targets conserved
exocyst complex subunit EXO70 to inhibit exocytosis. Proc Natl Acad Sci
U S A, 113(1), pp. E41-E50.
Zhang, C.H., Hicks, G.R. & Raikhel, N.V. (2014). Plant vacuole morphology and
vacuolar trafficking. Front Plant Sci, 5.
Zhang, M., Chen, L., Wang, S.C. & Wang, T.L. (2009). Rab7: roles in membrane
trafficking and disease. Bioscience Reports, 29(3), pp. 193-209.

82

Zhang, Z., Zhu, J.Y., Roh, J., Marchive, C., Kim, S.K., Meyer, C., Sun, Y., Wang,
W. & Wang, Z.Y. (2016b). TOR Signaling Promotes Accumulation of
BZR1 to Balance Growth with Carbon Availability in Arabidopsis. Curr
Biol.
Zheng, W.H., Zhou, J., He, Y.L., Xie, Q.R., Chen, A.H., Zheng, H.W., Shi, L.,
Zhao, X., Zhang, C.K., Huang, Q.P., Fang, K.H., Lu, G.D., Ebbole, D.J.,
Li, G.P., Naqvi, N.I. & Wang, Z.H. (2015). Retromer Is Essential for
Autophagy-Dependent Plant Infection by the Rice Blast Fungus. PLoS
Genet, 11(12).
Zhou, J., Wang, J., Cheng, Y., Chi, Y.J., Fan, B., Yu, J.Q. & Chen, Z. (2013).
NBR1-mediated selective autophagy targets insoluble ubiquitinated
protein aggregates in plant stress responses. PLoS Genet, 9(1), p.
e1003196.
Zhou, J., Yu, J.Q. & Chen, Z.X. (2014). The perplexing role of autophagy in plant
innate immune responses. Molecular Plant Pathology, 15(6), pp. 637-645.
Zhu, J.Y., Sae-Seaw, J. & Wang, Z.Y. (2013). Brassinosteroid signalling.
Development, 140(8), pp. 1615-1620.
Zhu, S.F., Jeong, R.D., Venugopal, S.C., Lapchyk, L., Navarre, D., Kachroo, A. &
Kachroo, P. (2011). SAG101 Forms a Ternary Complex with EDS1 and
PAD4 and Is Required for Resistance Signaling against Turnip Crinkle
Virus. PLoS Pathog, 7(11).
Zhuang, X., Wang, H., Lam, S.K., Gao, C., Wang, X., Cai, Y. & Jiang, L. (2013).
A BAR-domain protein SH3P2, which binds to phosphatidylinositol 3phosphate and ATG8, regulates autophagosome formation in Arabidopsis.
Plant Cell, 25(11), pp. 4596-615.
Zhuang, X.H., Cui, Y., Gaol, C.J. & Jiang, L.W. (2015). Endocytic and autophagic
pathways crosstalk in plants. Current Opinion in Plant Biology, 28, pp.
39-47.
Zipfel, C., Kunze, G., Chinchilla, D., Caniard, A., Jones, J.D., Boller, T. & Felix,
G. (2006). Perception of the bacterial PAMP EF-Tu by the receptor EFR
restricts Agrobacterium-mediated transformation. Cell, 125(4), pp. 74960.
Zvereva, A.S., Golyaev, V., Turco, S., Gubaeva, E.G., Rajeswaran, R.,
Schepetilnikov, M.V., Srour, O., Ryabova, L.A., Boller, T. & Pooggin,
M.M. (2016). Viral protein suppresses oxidative burst and salicylic aciddependent autophagy and facilitates bacterial growth on virus-infected
plants. New Phytol.

83

84

Acknowledgements
It was really a great pleasure to complete my PhD education here in the
Department of Plant Biology at SLU in Uppsala. I would like to express my
deep and warm gratitude to all the people who helped and encouraged me
during this period.
First of all, I wish to acknowledge my main supervisor Professor Daniel Hofius
for his continuous support, great patience, excellent scientific guidance and
supervision. In particular, I am very grateful for the freedom he has allowed to
develop my own ideas, thereby letting me become a motivated and
independent researcher.
I also wish to acknowledge my co-supervisors, Lars Hennig and Peter
Bozhkov, for their support, help and collaborations throughout the period of
my PhD study.
I would like to thank Eva Sundberg, Mattias Thelander and Sarosh Bejai for
their valuable input and suggestions during the PhD evaluation process.
Thanks to all the present and past members of our group, Anders Hafrén, Ooikock Teh, Ramesh Vetukuri, and Suayib Üstün. We have spent a lot of time
together and I would like to thank you all for your nice company, advice, help,
and friendship over the years.
Thanks a lot, Panos and Alyona, for your help especially at the initial stage of
my PhD and your suggestions on my projects. Thank you, Christina Dixelius,
Folke and Sun for your help and encouragement. Thanks to Reza, Malin,
Tianqing, Anna, Sultana, Ming, Rita and Hanneke for the nice time during
teaching. Thanks to Emilio, Pascal, Hua, Guifeng, Rocky, Iva, Shujing, Jun,

85

Irene, Shirin, Christina Roberts, Kai, Mingliang, Clément, Cecilia, Jordi,
Emma: you all helped me in various ways.
Thanks to Urban and Per for the great assistance to keep my plants happy. I
would like to thank Björn for the computer support. I also wish to thank our
administrative staff, Mona, Anneli, Lotta, Monica and particularly Qing for the
generous help during these years.
I pay special thanks to Stéphanie Robert for hosting my study visit at the Umeå
Plant Science Centre for three times. I am truly grateful to the members of the
Robert lab: Thomas, Qian, Siamsa, Mateusz, Adeline.
I also want to express my sincere gratitude and appreciation to other friends
that I met in Sweden. Thanks for making my life here colorful.
Last but not least, I would like to give my distinctive thanks to my parents and
grandparents. Thank you for your enduring love, support, tolerance and
encouragement.

86

