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Summary

During plant cell evolution the lumen was sequestered into membrane bound compartments,
each with a distinct biochemical environment and shape. With the advancement of micro-
scopic techniques it has becoming increasingly clear that organelle shape is not static, and
organelles may dramatically change their morphology in times of stress. One striking exam-
ple of such shape changes can be found in the extension of stromules (dynamic stroma-filled
projections) from the surface of plastids. Stromules emanate from all plastid types and have
been observed in species scattered throughout the plant kingdom, suggesting that they are
important to plant survivability. Stromules are frequently hypothesized to act as a route for
retrograde signal transfer between plastids and the nucleus. However, determining the rel-
evance of stromules to cell/plant viability during pathogen attack or under abiotic stress is
difficult since there are few known mutations that influence stromule formation. For my thesis
I have employed both targeted and untargeted approaches to elucidate the exact mode(s) of
stromule formation and regulation in Nicotiana benthamiana and Arabidopsis thaliana. My
goal was to gain insight into function, and/or identify more precise targets for knocking down
stromules. Exploring the mechanism of stromule formation led to the discovery that at least
two different cytoskeleton-dependent mechanisms contribute to stromule elongation; actin-
based nucleus movement and microtubule-dependent extension. This finding suggests that
not all stromules are the same, and distinct modes of formation may be important under
different circumstances, or produce stromules for a different purpose. Virus Induced Gene
Silencing (VIGS) was also used to establish Nb17E6, a GRAM domain containing protein, as
an important part of a signaling pathway leading to stromule induction during biotic stress
(exposure to A. tumefaciens). The identification of Nb17E6 putative interacting proteins
points to a role for Nb17E6 in the control of H2O2 concentrations, a potent stromule inducer.
Now, as opposed to relying only on observational studies for insights into stromule function, as
was done in the past, we can use findings presented here to more precisely knockout different
stromule types, and manipulate stromule regulatory molecules, to evaluate the relevance of
these structures to plant cell survival.
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Part I.

General Introduction and Goals
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1. General Introduction

1.1. Plasticity of organelle shape

Sequestering of the cellular lumen into membrane-bound compartments is a hallmark of cel-
lular evolution, and resulted in an elaborate and dynamic internal organization (Gabaldón
and Pittis, 2015). Creating membrane-bound compartments, hereinafter referred to as or-
ganelles, allowed multiple biochemical environments to coexist in a single cell. As a conse-
quence organelles are characterized by typical biochemical properties (Gabaldón and Pittis,
2015). Additionally, organelles exhibit distinct shapes, but may change their morphology
drastically in response to external stimuli which cause stress, or during specific developmental
programs (Mathur et al., 2012). An emerging concept is that organelle shape contributes
to compartment function (Erickson and Schattat, 2018). By exploring the mechanisms gov-
erning organelle morphology we come a step closer to understanding the potential adaptive
advantage of taking on a certain shape.

1.2. Stromules

This thesis will focus on the plastid, a plant-specific organelle which plays a role in many
metabolic processes (Bowsher and Tobin, 2001). One distinctive morphological feature of
plastids throughout the green plant lineage is the presence of stromules (Gray et al., 2001),
thin stroma-filled tubules formed by the envelope membranes (Köhler et al., 1997). Stromules
vary in length, ranging from a few, to more than 65 μm in length, and are approximately
0.4-0.8 μm thick (Gray et al., 2001). The most remarkable characteristic of stromules is their
dynamic nature (Gray et al., 2001; Kwok and Hanson, 2004c). Stromules may extend, branch,
kink, and retract within minutes (Gunning, 2005; Erickson et al., 2017b,a; Kumar et al., 2018).
Although first observed more than 100 years ago (Senn, 1908), stromules went unstudied for
years, likely because they are not easily visible with the light microscope. However, with the
advent of fluorescence microscopy and the use of stroma-targeted fluorescence proteins, these
membrane out-folds became visible (Köhler et al., 1997), and their prevalence in organisms
of the plant kingdom indisputable.

1.3. Clarifying the definition of stromule

The initial definition of a stromule was a thin tubule, encompassed by both plastid membranes
and filled with stroma (Köhler et al., 1997). In chloroplasts it is easy to distinguish between
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Chapter 1. General Introduction

the main plastid body and a protruding stromule, since the plastid body is often round
and the stromule is visibly thinner and lacks grana stacks (Mathur et al., 2012). However,
the definition of ’stromule’ becomes confusing when studying other types of plastids, like
leucoplasts and etioplasts, which do not possess clearly defined thylakoid stacks and are
highly elongated (Schattat et al., 2012). These highly elongated plastids sometimes form thin
tubular regions filled with stroma (Figure 1.1 on the following page), which could also be
considered stromules under the original definition (Mathur et al., 2012; Schattat et al., 2012).
The division of plastids also creates a tubular region between the two new plastid bodies
which could also be called a stromule (Schattat et al., 2012). To avoid any confusion, the
word ’stromule’ will be used to describe organelle extensions that emanate from independent
plastids, as described by Mathur et al. (2012) and Schattat et al. (2012). Whereas isthmus will
be used to describe stroma-filled connections between dividing plastids (Mathur et al., 2012).
The majority of the work in this thesis focuses on epidermal plastids, where the plastid body
is easily distinguishable from the stromule, and isthmuses are easily recognized (Figure 1.1 on
the next page).

1.4. Stromules are induced under stress

Stromules are a stable characteristic of plant cells under stress, as they are induced under
a wide range of biotic and abiotic stress stimuli. Stromules induction has been observed in
response to excess salt (Gray et al., 2012), drought (Gray et al., 2012), phosphate deficiency
(Vismans et al., 2016), exogenous H2O2 (Gray et al., 2012; Caplan et al., 2015), exogenous
hormone treatments, including 1 aminocyclopropane-1-carboxylic acid (ACC) (Gray et al.,
2012), cytokinins (Erickson et al., 2014), salicylic acid (SA) (Kumar et al., 2018), abscisic
acid (ABA) (Gray et al., 2012), methyl jasmonate (MeJa) (Gray et al., 2012), strigolactone
(Vismans et al., 2016), as well as exogenous sugar (Schattat and Klösgen, 2011), colonization
by mycorrhizae (Fester et al., 2001; Fester and Hause, 2005), or in response to bacteria (Caplan
et al., 2015, 2008; Erickson et al., 2014) and viruses (Shalla, 1964; Caplan et al., 2008; Krenz
et al., 2010, 2012)1.

1.5. Putative stromule functions

Based on the wide range of conditions, and the high frequency with which stromules are
observed, many different functions have been proposed. Hypotheses about stromule function
largely stem from microscopic studies where stromules were observed in association with other
organelles, most frequently leading to an inferred role in the exchange of metabolites, proteins
and signaling molecules. Although less frequently, stromules have also been implicated in
intercellular signaling or autophagy based on similar experimental approaches. Here I will
discuss the evidence for the various proposed stromule functions that was available when my
PhD began.

1Some of these stromule inducing conditions were published as part of this thesis, and will be discussed in
later chapters.
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Chapter 1. General Introduction

Figure 1.1.: Defining a stromule. Chloroplast stromules are easily distinguished from the main plastid body, which
is larger, rounder, and harbours chlorophyll-containing grana stacks (in pink). An isthmus is easily distinguished
from a stromule in chloroplasts, since it is typically a short stroma-filled tubule joining two, soon-to-be independent,
chlorophyll-containing plastid bodies. Etioplasts are an example of an elongated plastid type which exhibits long-thin
’stromule-like’ regions. It is very difficult to distinguish between the plastid body, a stromule and an isthmus. Graphics
modeled after plastids depicted in Schattat et al. (2012).

1.5.1. Hypothesis 1 - Stromules facilitate exchange between plastids and
other organelles

Mitochondria and peroxisomes

It has been well established that chloroplasts, mitochondria and peroxisomes participate
in metabolite exchange, particularly during photorespiration, which requires movement of
metabolites through all three compartments (reviewed in Bobik and Burch-Smith, 2015).
These three organelles are, indeed, frequently seen in close association (Bobik and Burch-
Smith, 2015), perhaps leading to the expectation that stromules increase the surface available
for exchange between these organelles (Hanson and Hines, 2018). In some cases, mitochondria
and peroxisomes, which are much smaller than the plastid, appear to pile up against extended
stromules during cytoplasmic streaming (Gunning, 2005; Kwok and Hanson, 2004a). In many
cases mitochondria move along a stromule or associate with an extending stromule tip, per-
haps as a result of movement along the same actin scaffold (Gunning, 2005; Kwok and Hanson,
2004a). The associations between stromules and peroxisomes or mitochondria have been de-
scribed as transient (Barton et al., 2017; Gunning, 2005)2 and, in one experiment, an equal
number of mitochondria and peroxisomes were shown to associate with the plastid body and
the stromule (Barton et al., 2017). This may suggest that stromule extension is not essential
for maintaining plastid-mitochondria or plastid-peroxisome interactions (Barton et al., 2017).
However, since interactions between stromules and peroxisomes or mitochondria have never
been investigated or quantified in detail, few conclusions can be drawn. It is possible that
despite the transient nature of such interactions, that stromules act to enhance exchange by
catching smaller organelles during cytoplasmic streaming, potentially increasing the duration
or number of interactions with the plastid in this way.

2In pavement cell chloroplasts of A. thaliana
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Chapter 1. General Introduction

Endoplasmic Reticulum

The endoplasmic reticulum (ER) is important for the assembly of some types of lipids from
chloroplast-derived fatty acids, which are then trafficked back to the plastid where they are
incorporated into the thylakoids, contributing to their unique lipid composition (reviewed
in Wang and Benning, 2012). Fatty acid and lipid exchange requires a close association
between the plastid and ER, and is believed to occur through physical contacts between
the membranes of the two organelles (Wang and Benning, 2012). Protein transfer has also
been suggested to occur at membrane contact sites (MCSs) (reviewed in Holthuis and Levine,
2005). Stromules have been suggested to increase contact between ER and plastid membrane,
perhaps providing more opportunity for exchange (Schattat et al., 2011a). Double labeling of
ER and stromules revealed clear alignment of stromules with ER tubules in the cell cortex,
with stromules extending into ’ER-lined’ channels (Schattat et al., 2011a). Further, extending
stromule tips were always associated with ER (Schattat et al., 2011a). Stromules appeared
to be tightly associated with ER at defined points, which may represent MCSs. Whether
the formation and subsequent movement of ER contact sites are responsible for the highly
co-ordinated movement of ER tubules and stromules, or whether these two organelles simply
utilize the same cytoskeletal scaffold for extension is unclear so far (Schattat et al., 2011a).

Nucleus

It is widely accepted that chloroplasts evolved from a cyanobacteria engulfed by a mitochon-
driate eukaryote more than one billion years ago (Dyall et al., 2004). During evolution into
the modern-day chloroplast a massive horizontal gene transfer took place, where the majority
of essential chloroplast genes were relocated to the nuclear genome (Nott et al., 2006). This
arrangement created the need for the plastid to communicate its physiological state to the
nucleus to direct the expression of nuclear-encoded chloroplast genes, in a process now known
as ’retrograde signaling’ (Nott et al., 2006). The exact signals utilized by the plastid for this
communication, and the mode with which they are exported from the chloroplast, across the
cytoplasm and act in the nucleus remain enigmatic. Stromules have been observed ’reaching’
from the plastid surface toward the nucleus during immune reactions (Caplan et al., 2015),
in response to Abutilon mosaic virus (Krenz et al., 2010, 2012), during high temperature
stress (Holzinger et al., 2007a), as well as in unchallenged plants (Holzinger et al., 2007a)
(Supplemental Table 1, Erickson et al. 2017b3).Given the abundance of such observations,
stromules are often suggested to span the cytoplasm between the plastid and the nucleus for
the purpose of directly delivering ’signals’ or ’molecules’ between these two organelles (Köhler
and Hanson, 2000; Kwok and Hanson, 2004b; Natesan et al., 2005; Hanson and Sattarzadeh,
2008; Borucki et al., 2015; Caplan et al., 2008, 2015; Leister, 2012; Bobik and Burch-Smith,
2015). Indeed, striking images of plastid stromules extending into nuclear envelope invagina-
tions (Kwok and Hanson, 2004b), stromules reaching from distant plastids with tips touching
the nucleus (Caplan et al., 2015), and stromules completely wrapped around nuclei (Caplan
et al., 2015), convince us of the feasibility of this hypothesis (Figure 1.2 on the following page).

3Supplemental data included on SD card
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Chapter 1. General Introduction

However, one weakness of the current descriptive data on the plastid-nucleus relationship is
that stromules and plastids close to the nucleus were the only ones examined, and there is
little data describing the appearance of plastids in other parts of the cell. This makes it
difficult to assess if stromule-nucleus interactions are truly ’intentional’, or if they are simply
a coincidence, resulting from overall inflations in stromules frequency.

1.5.2. Hypothesis 2 - Stromules as a source of plastid-derived vesicles

Figure 1.2.: Graphical summary of
stromule-nuclear interactions re-
ported in the literature. The cell
outline is in gray (cytoplasm in light
gray), the nucleus is red (nucleolus in
dark red), and plastids are color coded
according to the plastid-nucleus inter-
actions they participate in. Blue plas-
tid bodies distant from the nucleus
emit stromules that make contact. The
green plastid points a stromule in the
direction of, but does not contact, the
nucleus. The plastid in yellow contacts
and wraps a stromule around the nu-
cleus. The purple plastid body is in
contact with the nucleus, but projects
a stromule towards the cell periphery.

Occasionally, stromules have been observed to undergo
’budding’ or ’segmentation’, where parts of the stromule
are released into the cytosol, to form independent, vesicle-
like, organelles (Figure 1.3 on the next page). Gunning
(2005) observed that stromules of Iris unguicularis some-
times develop a spherical body at the tip and, on one
occasion, he captured the release of this vesicle-like body
in a movie. Instances of stromule ’segmentation’ have also
been documented, where stromule pieces released into the
cytoplasm take on a mitochondria-like appearance (Wild-
man et al., 1962). These segments appeared to be able to
reintegrate into the plastid body (Wildman et al., 1962),
suggesting that stroma could be carried from one plas-
tid to another in this way. As a result of these observa-
tions there has been speculation that these ’vesicles’ or
’segments’ may go on to interact with or fuse with other
plastids or organelles (Hanson and Hines, 2018). Indeed,
immunoelectron and fluorescence microscopy approaches
confirmed the localization of Rubisco and other stromal
proteins to small spherical bodies in the cytoplasm (Chiba
et al., 2003; Ishida et al., 2008). Release of these bodies
from the plastid and their mobilization to the vacuole is

triggered with autophagy, a pathway important for the bulk degradation of proteins during
senescence and stress (Ishida et al., 2008). ATG8 (AUTOPHAGY GENE 8), a protein essen-
tial for the sequestration of proteins for degradation, sometimes localizes to stromules (Ishida
et al., 2008). This suggests that stromules may play a role in the sequestration of stromal
proteins to be targeted for degradation in the vacuole (Ishida et al., 2008). Further, when au-
tophagy is induced4 in atg5-1 mutants5 spherical bodies do not form and stromule frequency
and length increased relative to wild type (Ishida et al., 2008). Ishida et al. (2008) suggest
that this increase in stromules may be the result of decreased stromule budding. However,
authors also acknowledge that stress induced by impairment of autophagy could also trigger

4Excised leaves were incubated in starvation conditions (infiltrated with MES-NaOH) and incubated for 20 h
in darkness with the addition of 1 μm concanamycin A. Concanamycin A suppresses the digestion of stroma
containing vesicles in the vacuole by inhibiting H+-ATPase activity. This allows for for the visualisation
of vesicles that would normally be broken down during autophagy.

5ATG5 contributes to autophagic vesicle closure and transport to the vacuole (Thompson et al., 2005).
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Chapter 1. General Introduction

stromules. Although it is clear that these bodies originate from the plastid, it is not clear
whether these spherical bodies originate from stromules (Hanson and Hines, 2018).

1.5.3. Hypothesis 3 - Stromule as highways for intercellular communication

Figure 1.3.: Budding and release of a vesicle-like
body from a stromule tip, as reported by Gun-
ning (2005), and segmentation of a stromule as
observed by Wildman et al. (1962).

Stromules are often hypothesized to func-
tion as conduits for the transfer of plastid or
nuclear-derived signals to distant regions of
the cell, as well as between cells. These ideas
come from the frequent observation of stro-
mules which extend toward the cell periphery,
sometimes forming close associations with the
plasma membrane (Hanson and Sattarzadeh
(2008)6; Natesan et al. (2005)7; Kwok and
Hanson (2004b)8). Sometimes stromules even
appear to intentionally meet on opposite sides
of a shared cell wall, leading to speculation that stromules could facilitate communication
through plasmodesmata (Kwok and Hanson, 2004b). Alternatively, stromules in this config-
uration have also been suggested to act as sensors to detect conditions in other parts of the
cell (Tirlapur et al., 1999; Pyke, 2002). So far, however, there has been no stromule-moblized
intercellular signal identified, and no proof that stromules meet in plasmodesmata, making
this one of the least cited of the proposed stromule functions.

6In tobacco callus cell plastids are clustered at the nucleus with stromules extended toward the periphery.
7In tobacco seedling hypocotyl epidermis plastids clustered at the nucleus extend stromule toward periphery.
8In tobacco hypocotyl epidermis stromules extended from plastids at the nucleus or cell cortex, extended
stromules that associated with the plasma membrane.
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1.6. Requirements for building a stromule

Despite the frequent observation of stromules there is still relatively little concrete evidence
pointing to any specific function, however significantly more work has gone into the investiga-
tion of the mechanisms behind stromule formation. Current evidence suggests that there are
two basic requirements for a plastid membrane to be quickly re-shaped into a stromule: 1)
the plastid must have an excess of envelope membrane and 2) forces must act on the envelope
membranes.9

Figure 1.4.: Osmotic status of the plastid dictates the amount membrane available for stromule formation.
Ion channels embedded in the plastid membrane control ion flux and therefore, the osmotic potential of the plastid. In
a case where the plastid is ‘overinflated’ formation of stromules does not occur (Haswell and Meyerowitz, 2006). When
the activity of ion channels maintains the plastid in a ‘deflated’ state there is an excess of membrane. Excess membrane
is required for stromule formation to occur (Haswell and Meyerowitz, 2006).

1.6.1. Excess membrane

A perfectly spherical plastid has minimal surface area to volume ratio, and has no mem-
brane available to change shape, conversely an increase in available membrane makes shape
change possible (Figure 1.4). This is likely achieved by regulating plastid volume; a principle
demonstrated in the examination of two plastid envelope ion channels MSCS-LIKE 2 and
MSCS-LIKE 3 (MSL2 and MSL3) from Arabidopsis thaliana. Double mutants (msl2-1/msl3-
1 ) exhibit uncontrolled water influx, resulting in enlarged, spherical plastids, compared to the
small, ovoid plastids in wild type (Figure 1.5 on the next page, panels A and B). These ‘over-
inflated’ plastids lack stromules and any other surface disturbance (Haswell and Meyerowitz,
2006). In contrast, when water flow into the plastid is tempered (e.g. via supplying double
mutants with osmolytes), plastids are normal size and shape, and regain their ability to form
stromules (Veley et al., 2012). This clearly indicates that control of plastid osmotic status is
required to provide the excess membrane needed for stromule formation.

A second line of evidence showing that membrane availability limits stromule formation comes
from in vitro experiments. A tubule reaches its maximum length when excess membrane is

9Some of this subsection is published in our review Erickson and Schattat (2018), which is included on the
SD card.
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used up, and further extension causes tension and ‘stretching’, resulting in a decrease in
tubule width (Veley et al., 2012). Assuming the same principle applies to stromule formation
in planta, as a stromule reaches its maximum length signs of ‘stretching’ should be observed,
i.e. a decrease in stromule width. Indeed, ‘stretching’ events are observed among stromules
in planta, and can be quantified to reveal clear decreases in width relative to stromule length
(Figure 1.5, panel C).

Excess membrane generated via de novo membrane synthesis?
The de novo synthesis of membrane could represent an alternative source of excess membrane
during stromule extension. However, based on the dynamic and rapid extension of stromules
they are more likely to form via stretching of existing membrane. Although plastids appear
to be compact, there is evidence to suggest that the plastid envelope is actually ’wobbly’
or ’relaxed’ in most circumstances, and deviations from the round plastid shape are often
observed in the form of ’beak-shaped’ protrusions (Schattat et al., 2011a; Gunning, 2005).
When ’wobbly’ membranes are created in vitro using sucrose filled liposomes and giant vesicles,
osmotic shrinkage can induce similar ’beak’ shapes (Boroske et al., 1981; Viallat et al., 2004).

Figure 1.5.: Membrane availability limits stromule formation. (A-B) Upper leaf epidermis of transgenic
A. thaliana expressing a construct highlighting the plastid stroma (AtRecA:DsRed, depicted in white) (refer to Haswell
and Meyerowitz (2006) for construct details). Chlorophyll autofluorescence is seen in red. (A) Wild-type plastids are
small, with ovoid plastid bodies and occasionally plastid stromules (white arrow). (B) msl2-1/msl3-1 double mutants
have larger, spherical plastids lacking any surface disturbance. (C) A stromule in N. benthamiana hypocotyl epider-
mis (FNR:eGFP) is stretched during extension as available membrane declines and tension increases. Stromule width
measurements show an obvious decrease as the stromule lengthens (inset scatterplot). Scatter plot values represent
the mean stromule width (measurements collected from 5 different positions along the stromule) relative to stromule
length (performed with Fiji). Error bars represent standard deviation. Mean stromule width at each time point is also
displayed along the right side of the figure.

1.6.2. Forces

If a sufficient amount of membrane is provided, force(s) can act on the membrane and shape it
into a tubule. Forces contributing to membrane tubulation discovered during in vitro studies
on supported lipid bilayers, or liposomes, have been cited when discussing potential modes
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Chapter 1. General Introduction

of stromule formation (Kwok and Hanson, 2004c; Hanson and Hines, 2018). Indeed, stro-
mules are tubules made of membrane, and as such, comply with the principles of membrane
physics discovered in vitro. In vitro membrane tubulation has identified four basic principles
by which a membrane can be shaped into a tubule (Roux, 2013): a) polymerization of internal
cytoskeleton, b) induction of spontaneous curvature via protein insertion into the membrane,
c) polymerization of membrane-associated proteins and, d) pulling motors. Although princi-
ples a), b) and c) are not sufficient to explain the flexibility and dynamic nature of stromules
in planta. Current data suggests that a mechanism relying on ’pulling-motors’, moving along
a cytosolic cytoskeleton to generate force, explains much of stromule behavior. I have written
a more thorough review of this topic in the form of a review paper (Erickson and Schattat,
2018) included at the end of this thesis.

Actin and microtubules

In 2003 Kwok and Hanson first suggested that actin and microtubules contribute to stro-
mule formation in non-green plastids of tobacco hypocotyl epidermis. Inhibition of actin
using cytochalasin D (CD) and latriculin B (Lat B), or microtubules using oryzalin and
aminoprophosmethyl (APM) triggered subtle reductions in both stromule number and length.
Interestingly, treatments with actin and microtubule inhibitors caused distinct alterations to
plastid morphology (Kwok and Hanson, 2003). Anti-actin drugs caused an increase in stroma-
filled loops, which likely represent stromules that have collapsed back onto the plastid body,
while anti-microtubule drugs lead to the formation of more short and fat stromules. Simul-
taneous treatment with both actin and microtubule inhibitors led to an obvious decrease in
stromule frequency and had additive effects on stromule length reduction, and plastid mor-
phology (Kwok and Hanson, 2003). This early work suggested that cytosolic cytoskeleton is
essential for stromules formation, and that actin and microtubules make distinct contributions
to maintenance of stromule morphology and number. Later work in Nicotiana tabacum leaf
epidermis (Natesan et al., 2009) and in Oxyria digyna mesophyll (Holzinger et al., 2007b),
suggested that the role of microtubules was minimal, as only actin inhibitors were found to
have any impact of stromule frequency. These publications, steered the conversation away
from microtubules and towards actin and the identification of potential actin-associated motor
proteins responsible for the elongation of stromules.

Role of type XI myosin motors in stromule formation

Myosins are motor proteins that utilize ATP in order to move processively along actin fila-
ments, carrying cargoes throughout eukaryotic cells (Sellers, 2000). Myosins consist of mul-
tiple conserved protein domains: the motor domain, which binds ATP and associates with
actin, a calmodulin binding IQ motif, a coiled-coil domain that mediates myosin dimerization,
and a globular tail domain which binds cargoes (Madison and Nebenführ, 2013). 17 myosins
have been characterized in A. thaliana and these are divided into two classes VIII, and XI
(Reisen and Hanson, 2007). VIII class myosins in Arabidopsis localize to the cell periphery,
at the plasma membrane (Avisar et al., 2009), plasmodesmata (Reichelt et al., 1999; Golomb
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et al., 2008), and endosomes (Golomb et al., 2008), while myosins of the XI class have been
implicated in organelle movement, including the movement of the Golgi, plastids, peroxisomes,
mitochondria, and ER (reviewed in Sparkes, 2011).

Figure 1.6.: A model for direct pulling of class XI myosins on the plastid membrane during stromule
elongation. In this model myosins of the type XI class interact with the plastid membrane, either directly or through
adaptor proteins, and pull out stromules as they move along actin filaments.

On several occasions it has been suggested that myosins of the type XI class may pull directly
on the plastid membrane during stromules formation (as shown in Figure 1.6), either by
associating with the plastid membrane itself or via an interaction with membrane associated
adaptor proteins (Gray et al., 2001; Kwok and Hanson, 2004a; Natesan et al., 2009; Hanson and
Sattarzadeh, 2011). This stems from work in the epidermis Nicotiana species, where treatment
with a myosin ATPase inhibitor, and silencing of class XI myosins, led to reduced stromule
frequencies (Natesan et al., 2009; Sattarzadeh et al., 2009). One approach that has been
used to identify the specific myosin(s) involved in stromule formation was to overexpress and
fluorescently tag various pieces of the globular tail domain, creating non-motile myosins that
should still specifically bind to cargo. The idea was that tail-domain constructs of myosins
important to stromule formation should localized to the plastid or stromules. Using this
strategy, myosin XI-2 (cargo-binding tail) (Natesan et al., 2009) and a very small portion of the
XI-F tail including only the vacuole-binding domain (41 amino acids) (Sattarzadeh et al., 2009)
were shown to labeled chloroplasts when transiently expressed in Nicotiana species, with the
latter also demonstrating stromule localization. However, the significance of this localization
remains uncertain, since the expression of such non-functional myosin truncations is known
to interfere with cytoplasmic streaming and general organelle movement (Sparkes et al., 2008;
Avisar et al., 2009). In addition, the transient localization of truncated myosins is not readily
reproducible, with a single myosin sometimes demonstrating multiple, distinct, sub-cellular
distribution patterns within a single experiment, or variable localization depending on protein
domains chosen for over-expression (Peremyslov et al., 2012). So, despite there being some
evidence in support of a role for myosins in stromule formation, the approaches used thus
far have failed to identify the mechanism of myosin involvement or convincingly identify a
specific myosin(s) essential for the stromules.
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2. Goals

The conservation of dynamic plastid stromules among plants suggests that they make contri-
butions to plant and/or cell viability. Their remarkable flexibility also makes them an ideal
model system to determine the mechanisms and molecular machinery required for quick re-
modeling of membranes. Despite the plethora of stromule observations which followed the
visualization of the first stromal-targeted fluorescence proteins there is little data to support
any of the proposed functions. So far evidence presented in regard to putative functions has
been mostly observational, relying on the descriptions of organelle interactions rather than
quantitative data, making it impossible to determine the prevalence of various stromule behav-
iors or to compare between tissues or treatments. Further, few mutants have been identified
that manipulate stromule formation (Mathur et al., 2012), making it difficult to determine
what pathways stromules are involved in, and what specific cascades cause their induction.

The central goal of this thesis is to use Nicotiana benthamiana and Arabidopsis thaliana
epidermis as model systems to identify factors involved in regulating and forming stromules.
Increased understanding of the cellular components necessary for stromules may provide direct
insight into function, or provide us with more precise targets for knocking down stromules to
evaluate their significance.

To meet this goal I chose to apply knowledge gained from previous stromule research to devise
multiple targeted approaches:

1) Stromules are most often implicated in plastid-to-nucleus signaling despite the
fact that the relationship between these organelles has never been quantified. I
chose a quantitative cell biology approach to evaluate stromule-nucleus relation-
ships and the role of stromules in retrograde signaling.

2) Actin and myosins have been heavily implicated in stromule formation, so I
chose to screen myosin mutants with the purpose of identifying the key myosin(s)
required to make stromules.

3) Agrobacterium tumefaciens strain GV3101 is a known inducer of stromules
(Schattat et al., 2012). I chose to identify the ’stromule-inducing’ stimuli pro-
duced by the bacteria to determine how stromules are being regulated in the
presence of this particular bacterial strain.
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I also employed several untargeted approaches to identify novel stromule regulators:

4) I employed a unique screen for stromule pertinent cellular processes which
utilized the transient expression of effector proteins from pathogenic bacteria.

5) Virus induced gene silencing (VIGS) was also used to screen for novel genetic
components contributing to stromule formation.
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3. Plastid-nucleus interactions dictate
stromule extension and orientation

3.1. Introduction

As previously mentioned, frequent observations of stromule-nucleus interactions have led many
to speculate that stromules are involved in retrograde signaling between plastids and nuclei.
This is the most prevalent hypothesis for stromule function in the literature (Summarized
in Supplemental Table 1, Erickson et al. 2017b1). Despite this, at the time when my PhD
began the relationship between plastids and the nucleus had never been quantified, and it
was still unclear whether this relationship was a coincidence, resulting from overall increases
in stromule frequencies throughout the cell, or whether these contacts were truly intentional.
If stromules intentionally contact the nucleus, the next question is whether stromules grow in
the direction of the nucleus and, if so, how this is achieved. To address these questions, in the
following publication we used quantitative cell biology techniques to analyse plastid-nucleus
distances, stromules numbers, and directions in A. thaliana upper rosette leaf epidermis. We
also used live-cell imaging to examine relative movements of plastids and nuclei and suggest
a possible mechanism for stromule extension.

1Supplemental data included on SD card
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3.2. Publication I
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3.3. Summary

The central question of the above publication was to determine if close relationships between
nuclei and stromules observed by us and others were the result of overall increases in stromule
abundance throughout the cell, or were the result of intentional interactions. Further, we
wanted to evaluate the feasibility of stromules as transporters of retrograde signals, as well as
consider possible mechanisms for stromule extension. Using A. thaliana as a model system, we
clearly demonstrated that stromule-nuclear associations are not a coincidence resulting from
inflated stromule frequency, but are likely a functional characteristic of cells in the upper epi-
dermis. Stromules were highly enriched among plastids positioned within 8 μm of the nucleus
(the so-called ’stromule promoting zone’), and 80-90% of stromules formed faced toward, or
touched the nucleus. Alone, this data creates the impression that stromules ’reach’ for the
nucleus and lends support for the hypothesis that stromules intentionally grow toward the
nucleus to make contact. However, live-cell imaging never revealed a case where a stromule
grew in the direction of the nucleus in A. thaliana upper epidermis. Instead, we found evi-
dence for an alternative mechanism where stromule extension relies on plastid and/or nucleus
movement. Our observations suggest that stromules elongate when the plastid membrane is
anchored at, or near the nucleus (possibly to actin), and the distance between the two or-
ganelles increases. Particularly, nucleus movement away from closely associated plastid bodies
resulted in the extension of stromules; all of which faced the nucleus. Rather than suggesting
a direct role for stromules in the transfer of signals, observations of nucleus-stromule rela-
tions give the impression that stromules act as anchors between the plastid and nucleus, and
thus, act to keep track of the nucleus and maintain plastid-nucleus associations. Whether the
maintenance of plastid-nucleus distance is significant in facilitating communication between
these organelles remains open for investigation.
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4. A mechanism for myosin dependent
stromule formation

4.1. Introduction

As previously described, published work by Natesan et al. (2009) and Sattarzadeh et al. (2009)
provide the first indications that myosins are important for stromule formation. However, so
far the specific myosin, or subset of myosins responsible for stromule elongation has not been
identified and the mechanism with which a myosin would act during stromule elongation
is unknown. One clear cut approach to assessing the involvement of individual myosins in
stromule formation is to evaluate stromule frequencies in mutants of all 13 A. thaliana type XI
myosins compared to wild type. Surprisingly, no one has adopted this strategy, likely because
of the time it takes to generate multiple stable transgenic lines with plastids and stromules
labeled.

We chose to take this approach to get a clear answer to the question of whether any single
myosins are essential for stromule formation. With the help of Caroline Alfs (Hiwi) and
Alexandra Gurowietz (Hiwi) stable transgenics were generated that express FNRtp:eGFP,
labeling plastids and stromules of wild-type A. thaliana (ecotype Columbia) and T-DNA
insertion mutants for all XI-type myosins (transgenic lines listed in Table 12.1 on page 154).
Stromule frequencies were quantified from upper epidermal tissue of rosette leaves, where
plastid position and stromules have been very thoroughly characterized (Schattat and Klösgen,
2011; Erickson et al., 2017b). Expecting that myosins may function redundantly (Prokhnevsky
et al., 2008), we also acquired and transformed the previously characterised triple (xi-k, xi-1,
xi-2 ; 3KO) and quadruple (xi-k, xi-1, xi-2, xi-i ; 4KO) knockout plants that lack the most
highly expressed myosins present in vegetative tissues (Peremyslov et al., 2010).

4.2. Results

4.2.1. Myosin XI-I is required to maintain basal stromule levels in upper
epidermis of A. thaliana

Most myosin mutants showed mean stromule frequencies between 15-24%, within 5% of wild
type. Several myosin mutant lines showed a subtle, but significant, difference from wild type
(Figure 4.1 on page 35). The exception was xi-i, which showed a more substantial drop in
stromule frequency (down to only 10% plastids with stromules) (Figure 4.1). This result
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was surprising, because although XI myosins have been implicated in stromule formation
and morphology in general, and portions of N. benthamiana XI-F1 and XI-22 cargo domains
have been localized to plastids3, this is the first evidence to suggest a link between XI-I
and stromules. Additionally, it was not expected that any single mutant would create a clear
reduction in stromule frequency, but that we would be most likely to see a stromule phenotype
when multiple myosins were missing. Contrary to this, wild-type-like stromule frequencies
were observed in the triple mutant line. The 3KO is known to suffer severe impairment
of organelle movement (Golgi and peroxisomes), and alterations to actin and ER structure
(Peremyslov et al., 2010), both of which have been shown to interact with stromules (Kwok
and Hanson, 2004a; Schattat et al., 2011a). However, this appeared to have a surprisingly
minimal effect on stromule abundance and no obvious effect on morphology relative to wild
type (Figure 4.1 on the facing page). It was only when myosin XI-I was knocked out alone,
or in the 4KO, that plants showed a drastic reduction in stromule frequency. These results
clearly indicate the importance of myosin XI-I to the maintenance of wild-type stromule levels
in A. thaliana upper leaf epidermis.

4.2.2. Myosin XI-I is important for nucleus movement

Myosin XI-I has a known role in maintaining nucleus shape and movement in the root epi-
dermis, root hair, and is also required for dark-induced movement of nuclei in mesophyll cells
(Tamura et al., 2013). Specifically, mutants in XI-I exhibit slow-moving, spherical, nuclei in
root epidermis, as opposed to the ’spindle-shaped’, faster moving nuclei seen in wild type
(Tamura et al., 2013). Myosin XI-I tail domains are known to localize to both motile ’punc-
tate structures’ (Avisar et al., 2009) and to the nuclear envelope (Tamura et al., 2013; Avisar
et al., 2009). Further, a full-length XI-I-GFP construct also labeled the nuclear membrane
of cultured tobacco protoplasts. Taken together, these findings suggest that, at least in the
root epidermis and root hair, XI-I localized to the nuclear envelope is responsible for nucleus
movement along actin (Tamura et al., 2013). Although initially surprising, the finding that
a myosin involved in nucleus movement exhibits a phenotype with a reduced stromule fre-
quency fits well within the context of work presented in Part I of this thesis. In Erickson et al.
(2017b) we reported that most stromules in A. thaliana upper epidermis form within 8 μm of
the nucleus, within the so called ’stromule-promoting zone’, and that most of these stromules
face the nucleus. Movie data showed instances where the plastid membranes appear to be
anchored close to the nucleus and stromules were ’pulled out’ when the nucleus moved away
from the plastid body (Figure 4.2 on page 36). Based on our observations we suggested that
nucleus movement is key to the mechanism of stromule formation and directionality within
the stromule-promoting zone. The finding that myosin xi-i exhibits clear decreases in stro-
mule frequencies provides clear support for a mechanism of nuclear movement-driven stromule
formation and warrants further investigation.

1The vacuole-binding domain (41 amino acids) (Sattarzadeh et al., 2009).
2A small portion of coiled-coil and dilute domain (505 amino acids) (Natesan et al., 2009).
3Transient assays in Nicotiana species (Sattarzadeh et al., 2009; Natesan et al., 2009).
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Figure 4.1.: Mutants lacking functional myosin XI-I show the most severe decreases in stromule frequency
in A. thaliana upper epidermis. (A) Mean stromule frequencies in the upper epidermis of A. thaliana (ecotype
Columbia-0 expressing FNRtp:eGFP) wild type (WT-blue bar), compared to myosin mutants (orange and red bars).
Three wild-type plants (independent transformants) were grown alongside every mutant line and placed in the same
tray to ensure quantification of stromules under similar conditions. Sample sizes and details of plant lines utilized
can be seen in Table 12.1 on page 154. Myosin xi-i and the 4KO are highlighted in red, these lines showed the most
drastic decreases in stromule frequency relative to the wild type. Raw data was arcsine transformed and bars represent
back-transformed means. Error bars represent back-transformed 95% confidence intervals. Rank-Sum test results
compared WT and mutants and significant differences (p<0.05) are reported above the mutant bar. (B-E) Examples
of epifluorescence images of (B) wild-type plants (WT), (C) myosin xi-i mutants, (D) triple (3KO) and (E) quadruple
(4KO) myosin knockouts used for the quantification of stromules. For ease of visualization images were converted to
gray scale and inverted, so plastids and stromules are visible in dark gray-black. Stomata guard cells are indicated in
light green (stromules in guard cell were not part of quantification). Plastids with stromules indicated with red dots.
Scale bars = 20 μm.
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Figure 4.2.: Nucleus movement-driven stromule elongation within the ’stromule-promoting zone’. Plastids
in close proximity to the nucleus (within 8 μm; the so called ’stromule-promoting zone’) are anchored at or near the
surface of the nucleus. Nucleus movement causes a stromule to be ’pulled out’ of the surface of the stationary plastid.
Figure modified from Erickson et al. (2017b).

4.2.3. Mutants with impaired nucleus movement have less stromules

The next step was to test whether the reduction in stromule frequency observed in xi-i plants
can be linked more definitively to impaired nucleus movement, and is not dependent on
another, yet unknown function of myosin XI-I. To do this, we chose to analyse mutants in
WIT1 and WIT2 (WPP DOMAIN-INTERACTING TAIL-ANCHORED PROTEIN 1 and
2). WIT 1 and 2 integrate into outer nuclear membrane and mediate the interaction between
XI-I and the nuclear envelope (Tamura et al., 2013). In root cells of wit12 double mutants,
myosin XI-I is no longer localized to the nuclear membrane (Tamura et al., 2013). Additionally,
nuclei exhibit the same round shape and reduced movement rate as that observed in xi-i plants
(Tamura et al., 2013). We transformed wit12 with a plastid-nucleus (pn) marker construct
containing both FNR:eGFP (labels plastid stroma and stromules) as well as H2B:mCherry
(labels nucleus) to simultaneously label the plastid stroma and nuclei4. This allowed us to
visualize plastids and stromules as well as the morphology of nuclei. To enable comparison
between the previously analysed wild type, xi-i, 3KO and 4KO mutants, these lines were also
stably transformed with the pn marker. Excitingly, the wit12 double mutant showed a 43%
reduction in stromule frequency compared to wild-type grown in the same tray, a decrease
comparable to xi-i and 4KO mutants (43% and 53% respectively, Figure 4.3 on the facing
page). 3KO mutants showed a less dramatic drop in stromule frequency (approx. 25%)
compared to wild type, a similar result to that shown in Figure 4.1 on the previous page.
Analysis of the wit12 double mutant provides encouraging evidence for a nucleus movement-
based mechanism of stromule formation.

4.3. Discussion and outlook

4.3.1. Myosin XI-I and nucleus movement is important for basal stromule
levels

Almost 10 years ago treatments with myosin ATPase inhibitors and silencing of type XI
myosins showed that myosin function is generally important to stromule formation (Natesan
et al., 2009; Sattarzadeh et al., 2009). This led to speculation that myosins localise to the
plastid membrane, either directly or through adaptor proteins, and act to pull stromules from
the plastid surface (Figure 1.6 on page 11). So far evidence for this model is indirect, and
mutant plant lines were never analysed to evaluate the importance of individual myosins to

4The generation of ’pn’ construct is described in Erickson et al. (2017b).
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Figure 4.3.: Mutants with impaired nucleus movement show the most severe decreases in stromule fre-
quency in A. thaliana upper epidermis (stably expressing pn marker). (A) Mean stromule frequencies in the
upper epidermis of A. thaliana (ecotype Columbia-0) wild type (WT, blue bars) compared to wit1-1/wit2-1 (wit12,
light pinkbars), xi-i (medium pink), 4KO (xi-i, xi-k, xi-2, xi-1, dark pink bar) and 3KO (xi-k, xi-1, xi-2, yellow bar).
Pink bars represent mutants with impaired nucleus movement. At least three wild-type pn plants were grown with
every mutant line and placed in the same tray to ensure quantification of stromules under similar conditions. Three
independent pn transformed lines and 9 or more plants per line were examined for all mutants (samples sizes and plant
lines utilized can be found in Table 12.2 on page 155). Raw data was arcsine transformed and bars represent back-
transformed means. Error bars represent back-transformed 95% confidence intervals. Rank-Sum test results comparing
WT and mutants are indicated above the corresponding mutant bar. Example epifluorescence images of (B) wild type,
(C) wit12, (D) xi-i, (E) 4KO and (F) 3KO. Plastids are in visible green (FNR:eGFP), while nuclei are visible in red
(H2B:mCherry). Stomata guard cells are indicated in transparent white ovals (stromules in guard cell were not part of
quantification). Labeling of nuclei with mCherry reveals elipical nuclei in wild type and 3KO, while the double mutant
wit12, xi-i and 4KO (also lacking myosin xi-i) show characteristic round nuclei.
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stromule formation. Through the analysis of all individual myosin mutants in unstressed
A. thaliana upper epidermis, we have shown that most individual myosins do not have a
drastic impact on stromule frequency. Surprisingly, myosin XI-I was the only myosin that
caused an obvious reduction in stromule frequencies when singly knocked out in this tissue.
Full length myosin XI-I does not associate with the plastid membrane, but rather to that
of nuclei (Tamura et al., 2013), making it highly unlikely that this myosin contributes to
stromule frequency based on a ’direct pulling’ model (Figure 1.6 on page 11). Rather, it
appears that basal stromule levels are maintained by nuclear movement, which is inhibited
in the xi-i mutant. This hypothesis is supported by the finding that another mutant with
impaired nucleus movement (wit12 ) shows the same clear reduction in stromule frequency.
These findings support the hypothesis put forward in Erickson et al. (2017b) that the plastid
membrane is anchored near or at the nucleus (perhaps to actin), and subsequent movement of
the nucleus away from the associated plastids creates the force necessary to generate stromules.
This model would explain the enrichment of stromules in close proximity to the nucleus in
this tissue.

While our data suggest that myosin XI-I is involved in stromule formation in close proximity
to the nucleus, it does not explain stromule formation in more distant regions of the cell,
which likely employ other mechanisms. It is possible that stromules formed elsewhere in the
cell are dependent on ’direct pulling’ on the plastid membrane by redundantly functioning
myosins. Although we examined all individual myosin mutants for stromule phenotypes in
A. thaliana, more multi-gene knockouts would have to be screened to determine if myosins
act redundantly to pull on the plastid membrane during stromule extension. What we can
decisively conclude from data presented here, is that there is no single myosin responsible for
pulling directly on stromules in A. thaliana upper epidermis.

4.3.2. Analysing the stromule-promoting zone in mutants

Time-lapse movies suggested movement of the nucleus away from plastids within the stromule-
promoting zone appears to provide the force necessary to pull a stromule out of the main
plastid body, and provides an explanation for the directionality of stromules toward the nu-
cleus in this part of the cell (Figure 4.2 on page 36). If our hypothesis is correct reductions in
stromule frequency resulting from impaired nucleus movement should specifically be occur-
ring within the stromule-promoting zone, where this mechanism is active, and should have
little impact on stromules formed outside this zone. Although mutants with impaired nucleus
movement showed clear and reproducible decreases in stromule frequency, images will have to
be re-analysed to confirm that stromule frequency drops are specific to those plastids close to
the nucleus. The distance of each plastid from the nucleus, the presence of a stromule, and
the direction of all stromules will have to be evaluated in order to compare the configuration
of stromule promoting zones for each mutant line to confirm our model.
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4.3.3. Correlating reduced nucleus movement with reduced stromule
initiations

Although this preliminary work provides strong indications that nucleus movement influences
stromule elongation in the upper epidermis, it should be noted that a reduction in nucleus
motility has only been shown in root cells (Tamura et al., 2013) and has not yet been con-
firmed for xi-i, 4KO or wit12 in rosette leaf upper epidermis. However, the nucleus marker
(H2B:mCherry) revealed that these mutants exhibited round nuclei (Figure 4.3 on page 37),
similar to that seen in root cells. This is in contrast to the elliptical nuclei observed in
wild type and the 3KO mutant (Figure 4.3), both of which still have myosin XI-I. This sug-
gests that XI-I, WIT1 and WIT2 likely have comparable functions in the root and rosette.
Time-lapse movies are currently being collected in pn marker lines for the analysis of nucleus
velocity as well as total nucleus movement. Stromule behavior will be analysed to determine if
the decreased nucleus velocity in mutants is truly correlated with the extension of associated
stromules. This work is done by Jolina Marx as part of her bachelor’s thesis.

4.4. Materials and methods

4.4.1. Plant material and growth conditions

Growth conditions and sample preparation of plant material for microscopy can be found
in Erickson et al. (2017b). Information on the plant lines and sample sizes used for the
quantification of stromules can be found in Tables 12.1 on page 154 and 12.2 on page 155.

4.4.2. Bacterial strains and constructs

A. tumefaciens strain GV3101 (pMP90) (Koncz and Schell, 1986) was used to mediate stable
transformations of plant lines. Bacteria were transformed with plasmids using electroporation
with a Bio-Rad, E.coli Pulser (Munich, Germany). A. thaliana plants were transformed with
marker constructs using the floral dip method (Davis et al., 2009).

Erickson et al. (2017b) contains a description of the plasmids utilized for transformation of
plant lines; FNRtp:eGFP and the double construct featuring FNRtp:eGFP and H2B:mCherry
(pLSU::pn (pn) marker).

4.4.3. Epifluorescence microscopy

Z-stacks for the analysis of stromule frequency were collected with an AxioObserver with
an AxiocamMRm-CCD-Camera. Samples were excited with a HXP 120V illuminator with
a 120W short arc lamp X-cite 120. eGFP was imaged using a 38HE filter, and mCherry
required a 43HE filter. The EC Plan-Neofluar x40/0.75 Ph2 lens was used. ZenBlue software
was used to control the microscope and to capture images. All equipment and software was
provided by Zeiss GmbH (Jena, Germany).
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4.4.4. Image processing and analysis

Single images were prepared from z-stacks collected at the epifluorescence microscope as
outlined in Erickson et al. (2017b,a). Quantification of stromules in transgenic plant lines was
performed using ImageJ/Fiji as outlined in Erickson et al. (2017a).

4.4.5. Data analysis

Information on stromule frequency data handling can be found in Erickson et al. (2017a).
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5. Stromule induction during
A. tumefaciens-mediated transient
assays

5.1. Introduction

A. tumefaciens-based expression assays in N. benthamiana and N. tabacum are commonly
used to transiently express proteins for a wide variety of applications (protein localization
studies, protein-protein interaction studies, labeling and observing organelles, etc.) due to
their quick and inexpensive nature. During the PhD thesis of Martin Schattat (MLU, Halle),
infiltrations utilizing two different bacterial strains were used to facilitate expression of a
stroma-localized fluorescence protein (FNRtp:eGFP) in order to visualize stromules in N. ben-
thamiana lower leaf epidermis. During preliminary experiments it was discovered that stro-
mules were reliably induced and plastids clustered around the nucleus during transient assays
utilizing the common lab strain, GV3101. In contrast, plastid phenotypes were much less pro-
nounced following inoculation with a second strain, LBA4404. In the publication that follows
we chose to examine the differences between these two bacterial strains in order to determine
the ’stromule-inducing stimuli’ and changes to the sub-cellular environment, thus identifying
conditions conducive to stromule formation. In addition to learning more about stromules,
characterisation of cellular conditions in the presence of GV3101 should be of general interest
to those using transient assays.
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5.2. Publication II
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5.3. Additional results

As we have summarized in the paper, we found that stromule induction, as well as plastid
relocation and the formation of green islands was likely a consequence of the secretion of
cytokinins by the bacteria. Accumulation of trans-Zeatin and trans-Zeatin-9-riboside in plant
tissue was correlated with the presence of the tzs gene in the A. tumefaciens, which is located
on the Ti-plasmid of GV3101, but is not found in LBA4404. Prior to this publication the
effect of cytokinins on stromules was unknown, and cytokinin levels in plant tissue during
GV3101-based transient assays in N. benthamiana had not been measured. Accompanying
elevated cytokinins, we found an increase in starch accumulation and soluble sugar levels
in plant tissue, clearly suggesting that even short-term exposure alters cell physiology and
metabolism. Work in A. thaliana suggests that cytokinins also influence the abundance of
other phytohormones such as ABA (Nishiyama et al., 2011), auxin (Jones and Ljung, 2011)
and ethylene (Chae et al., 2003). Further, cytokinin signaling pathways are not isolated
and cross-talk between hormone signaling cascades is expected (El-Yazal et al., 2015). Since
stromules are observed in response to a wide variety of hormones (Section 1.4), it was suspected
that cytokinin may not directly act to induce stromules, but alter the balance of endogenous
hormones to influence stromule frequency. To gain insight into global changes to hormones
which occur in the presence of tzs-derived cytokinin, we chose to compare hormone profiles
among strains with and without tzs to better understand the hormonal interactions occuring
in conjunction with stromule formation.

5.3.1. Expression of the tzs gene influences ACC and OPDA, and ABA levels

During a collaboration with Jörg Ziegler, he developed a method by which apolar phyto-
hormones can be quantified via LS-MS/MS alongside 1-aminocyclopropan-1-carboxylic acid
(ACC), a polar ethylene precursor (Ziegler et al., 2014)1. Using this protocol he was able to
provide a hormone profile for tissues that were non-infiltrated (NI), or infiltrated with buffer
(AIM), strains lacking the tzs gene (LBR, GVC7, 4, 5), and strains containing the tzs gene
(GVR, LtZ4).

A reminder of abbreviations used for the A. tumefaciens strains utilized in Er-
ickson et al. (2014):
LBR - LBA4404 harbouring a plasmid facilitating the synthesis of dsRed in planta.
GVC - GV3101 strain cured of the Ti-plasmid, pMP90 (strain lacks the tzs gene). Numbers
represent the three distinct cured strains chosen for analysis. All strains also harbour a second
plasmid facilitating the synthesis of dsRed in planta.
GVR - GV3101 strain harbouring pMP90, plus a second plasmid facilitating the synthesis of
dsRed in planta.
LtZ4 - LBA4404 harbouring a plasmid with the tzs gene amplified from pMP90 (coding
region plus 2kb upstream and downstream). T-DNA border sequences were removed from
the plasmid to ensure it was only expressed in A. tumefaciens.

1This publication can be found on the SD card.
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In addition to the cytokinin measurements reported in Erickson et al. (2014), Figure 5.1 on
the following page displays unpublished measurements of abscisic acid (ABA), indole-3-acetic
acid (IAA), salicylic acid (SA), jasmonic acid (JA), jasmonic acid-isoleucine (JA-Ile), and 12-
oxo-phytodienoic acid (OPDA) obtained from the same samples analysed in the publication.
Hormone measurements revealed subtle and mostly non-significant differences in JA, JA-Ile,
and IAA between infiltration medium controls and bacterial infiltrations. In contrast, SA
was elevated in the presence of all bacterial strains regardless of whether they harboured the
tzs gene. ABA showed a general decrease in response to A. tumefaciens, but most obviously
in the presence of strains harbouring the tzs gene. ACC showed a general increase in the
presence of A. tumefaciens, but the largest increase was in the presence of the Ltz4 strain,
which induces the most trans-Zeatin and trans-Zeatin-9-riboside accumulation (Erickson et al.,
2014). OPDA, in contrast, did not react to all A. tumefaciens stains, but very specifically
increased in response to those harbouring the tzs gene. In summary, in treatments where
stromules are moderately induced (between 10-20%), i.e. infiltration with LBR and GVC4, 5,
7, there was a decrease in ABA and an increase in ACC. High stromule frequencies (30-50%)
induced by GVR and Ltz4 coincided with a more drastic decrease in ABA, a more drastic
increase in ACC, and a specific increase in trans-Zeatin, trans-Zeatin-9-riboside and OPDA.

5.4. Discussion and outlook

Cytokinin affects the abundance of other plant hormones during development (Jones et al.,
2010; Jones and Ljung, 2011), during salt and drought stress (Nishiyama et al., 2011) and in
response to exogenously applied hormone (Chae et al., 2003). In the context of plant-microbe
interactions, cytokinin accumulation is interpreted as a defense signal by the plant (Naseem
et al., 2014), priming the plant immune system through its influence on the abundance of
other hormones (Großkinsky et al., 2014; Argueso et al., 2012; Swartzberg et al., 2007). As
previously mentioned, in addition to cytokinins, stromule abundance is altered by multiple
phytohormones, suggesting that stromule frequency is the cumulative product of multiple
phytohormone inputs. Therefore, changes to phytohormones induced by tzs-containing bacte-
rial strains may reveal more about the hormonal conditions interacting to produced stromule
frequency outputs. As expected, tzs-derived cytokinins did have an impact on endogenous
hormone levels in N. benthamiana tissue, including the down-regulation of ABA, and the up-
regulation of ACC and OPDA; clearly creating conditions conducive to stromule formation.

5.4.1. A. tumefaciens and secreted cytokinins alter endogenous hormones

ABA

ABA was clearly reduced following infiltration with all A. tumefaciens strains (Figure 5.1 on
the next page, panel A), with the largest decrease seen in strains harbouring the tzs gene,
which induce the most cytokinin accumulation in plant tissue (Figure 4, on page 51, Erickson
et al. 2014). This data clearly fits with the experiments of Rico et al. (2010), which showed
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Figure 5.1.: Infiltration with A. tumefaciens derivatives expressing the tzs gene is correlated with a
reduction of ABA and increases in OPDA and ACC. LC/MS/MS measurements of absolute (A) ABA, (B)
ACC, (C) IAA, (D) SA, (E) OPDA, (F) JA, and (G) JA-Ile in non-infiltrated (NI) N. benthamiana leaves, and leaves
infiltrated with AIM buffer (beige bars), LBR (dark grey bars), GVC7, GVC4, GVC5 (brown bars), GVR (red bars),
or Ltz4 (orange bars) at 3 dpi. Bars represent average hormone levels, error bars are standard deviation, asterisks
indicate a significant difference from the AIM treatment, circles indicate a significant difference between the LBR and
tzs containing strains and diamonds indicate a significant difference between GVC7 treatments and tzs containing strains
(Rank sum tests summarized in Table 12.3 on page 156). Experiments were performed twice, examining 8 plants total,
except in the case of ACC, IAA, SA, OPDA, JA, JA-Ile, where n = 7 for GVR and LBR. GVC4 and 5 are included
in the figure (surrounded by box) to demonstrate the similarity between tissues infiltrated with different GV3101 cured
lines, but since they were only included in one experiment (n = 4) these were not included in the statisical analysis.
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that infiltration with GV3101 results in decreases in ABA to below that of untreated tissue. A
reduction in endogenous ABA in the presence of A. tumefaciens is typically beneficial to the
plant, since ABA is required for tumor development by wild-type A. tumefaciens strains (Lee
et al., 2009). Interestingly, the resistance of N. tabacum to infection with another pathogenic
bacterium, P. syringe, was shown to be dependent on the antagonistic relationship between
cytokinin and ABA (Großkinsky et al., 2014). The application of cytokinin alone, like GV3101
infiltrations, also suppresses endogenous ABA and increases resistance to subsequent infection
with P. syringe, while ABA treatments increase proliferation of bacteria (Großkinsky et al.,
2014). Together, these results suggest that, even during transient infiltrations with disarmed
A. tumefaciens strains, bacteria-derived cytokinin, and perhaps other bacterial factors, are
priming the plant immune system.

Ethylene

1-Amino cyclopropane-1-carboxylic acid (ACC) is the rate limiting intermediate in the ethy-
lene biosynthesis pathway, and as such, measurements of ACC are considered to reflect ethy-
lene production (Ziegler et al., 2014). General increases in ACC seen during inoculations with
A. tumefaciens strains are not surprising, given that plant ethylene production is known to
increase during the initial stages of A. tumefaciens infection (Subramoni et al., 2014), and dur-
ing plant transformations utilizing disarmed strains (Nonaka et al., 2008). ACC interferes with
expression of virulence genes on the Ti-plasmid and thus inhibits A. tumefaciens-mediated
transformation of plant cells (Nonaka et al., 2008). Interestingly, it has long been known that
ethylene production also increases in leaf tissue treated with exogenous cytokinins in multiple
monocot and dicot species (Suttle, 1986). In fact, ethylene production and signaling is actu-
ally required for some cytokinin-dependent effects on plant development, suggesting that it
acts downstream of cytokinin (El-Yazal et al., 2015). Ethylene production during A. tumefa-
ciens inoculation could represent a direct response to the amount of cytokinin secreted by the
various A. tumefaciens strains. Indeed, our data shows that ACC levels are highest in tissue
inoculated with Ltz4, the strain which induces the most cytokinin accumulation (Figure 4,
on page 51, Erickson et al. 2014).

OPDA

OPDA is a biologically active precursor of jasmonic acid, a molecule with known roles in both
biotic and abiotic stress signaling (Robert-Seilaniantz et al., 2011). In our experiments JA
levels were very low, exhibiting high standard deviations, however, OPDA showed a clear and
specific induction following infiltrations with tzs-containing A. tumefaciens strains (Figure 5.1
on the facing page, panel E). OPDA was shown to promote defense response in tomato
independent of JA (Scalschi et al., 2015). However, overall, little is known about OPDA
during plant-pathogen interactions or in response to exogenously applied cytokinins.
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5.4.2. Reliance of stromule induction on ABA

In our experiments ABA was lowest in treatments where stromules were highest (GVR and
LtZ4 inoculations). This was surprising in the context of work published by Gray et al.,
(2012), which suggested that ABA plays a key role in stromule induction under a vari-
ety stress conditions (Figure 5.2 on the next page outlines findings by Gray et al., 2012).
ABA induces stromules within hours of application in a concentration-dependent manner,
and among the many hormones tested, showed the most reliable and dramatic induction of
stromules. Stromule induction was also shown to occur via MeJA and ACC (both induced
in response pathogen attack), mannitol (osmotic stress) and H2O2 (generally induced under
stress conditions). Simultaneous application of these stress/hormone treatments with ABA
synthesis inhibitors suppressed stromule induction, leading Gray et al. (2012) to conclude
that many stromule-inducing stimili are dependent on ABA biosynthesis. This work seemed
to suggested that the ABA biosynthesis pathway integrates multiple stress signals, ultimately
resulting in stromule induction. In contrast to the findings of Gray et al. (2012), we found
that in N. benthamiana lower epidermis challenged with tzs containing A. tumefaciens strains
ABA does not seem to play such an pivotal in stromule induction. During transient assays,
our work shows that stromules occur in the presence of elevated cytokinins, ACC and OPDA
despite a lack of ABA accumulation, indicating that stromule induction is occurring via an
ABA-independent pathway (as shown in Figure 5.2 on the facing page). In the future one
should confirm this idea via the co-infiltration of tissue with GV3101 and ABA synthesis
inhibitor. If stromule induction occurs via an ABA-independent pathway, ABA synthesis
inhibitor should have little impact on GV3101-induced increases in stromule frequency. One
could also test the reliance of cytokinin-induced stromule induction on OPDA and ACC.

Differences between our findings and those of Gray et al. (2012) may be explained by dif-
ferences in ABA response and interaction between plant hormone signaling pathways under
different environmental stimuli. Cells are re-programmed according to the type of stress they
face. For example, when confronted with A. tumefaciens it is likely beneficial to have low
ABA (Rico et al., 2010), while it is known that ABA biosynthesis is beneficial in response to
osmotic stress caused by high salt or drought (Sah et al., 2016). Fundamental differences in the
reliance of stromule formation on ABA could also come from the fact that Gray et al. (2012)
did not challenge plants with live bacteria, but instead simulated stresses via the application
of purified signaling molecules. Additionally, authors examined different tissues (hypocotyl
and root hair) and a different developmental stage (seedlings), which could create fundamental
differences in hormone biosynthesis, response and subsequent stromule induction.

5.4.3. RNAseq data to identify stromule-pertinent genes

As another approach to get an overview of the sub-cellular conditions that promote stro-
mules we collected RNA samples from three independent plants infiltrated with 100mg/mL

66



Chapter 5. Stromule induction during A. tumefaciens-mediated transient assays

Figure 5.2.: Exogenous application of stress-associated compounds leads to stromule formation. Gray
et al. (2012) found that in wheat root hair and tobacco hypocotyl, multiple compounds associated with both biotic
and abiotic stress induce stromules. Stromule induction via 1-aminocyclopropanecarboxylic acid (ACC), mannitol,
hydrogen peroxide (H2O2) and methyl jasmonate (MeJA) depends on abscisic acid (ABA) biosynthesis. Application of
silver nitrate (AgNO3), an ethylene inhibitor, and salicylic acid (SA) was found to inhibit stromule formation. Whether
the inhibition of stromules by SA occurs via the inhibition of ABA biosynthesis was not tested. Work presented in this
thesis suggests that induction of stromules via GV3101-triggered stromule induction occurs via an ABA independent
pathway, perhaps one that relies on the accumulation of ACC or 12-oxo-phytodienoic acid (OPDA), which are both
induced by secreted-cytokinins. Cytokinins found to induce stromules in Erickson et al. (2014) were 6-benzylaminopurine
(BAP), trans-Zeatin (tZ), and kinetin (K).

6-Benzylaminopurine (BAP)2, GV31013, or non-infiltrated, and sent them to MWG Eurofins4

for RNA sequencing5. As previously mentioned, we believed that the magnitude of changes
to the N. benthamiana transcriptome following GV3101 infiltrations would be of general in-
terest to all those performing transient assays. More important for us, however, was that
both GV3101 and BAP consistently induce stromules (Erickson et al., 2014), and by identify-
ing transcripts that are co-regulated in both treatments we could identify genes or pathways
which are important for stromule formation and function. The RNA sequencing has not yet
been analysed, but in the future one could focus on a subset of co-regulated genes, perhaps
on those encoding specific classes of proteins, such as transcription factors or kinases. Al-
ternatively, with the knowledge that the abundance of ABA, OPDA and ACC are altered in
correlation with stromules, one could also look into genes known to act in biosynthesis and
signaling pathways of these hormones.

5.4.4. Use of induction via GV3101 as a tool for genetic screens

Besides induction via GV3101, little to no treatments had been identified that consistently
induced stromules in N. benthamiana leaf epidermis. The ability to induce stromules in this
tissue represents an invaluable tool for the further study of stromule form and function, since
N. benthamiana is a common platform for the transient over-expression of proteins of interest

2Tissue was harvested at 2dpi.
3Tissue was harvested at 3dpi.
4Ebersberg, Germany
5Illumina HiSeq 2000, v3.0 chemistry
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and common screening approaches, such as Virus Induced Gene Silencing (VIGS). Therefore,
in the next two parts of this thesis GV3101 is used extensively to identify cellular components
necessary for stromule formation.

5.5. Additional materials and methods

5.5.1. Hormone measurements

Information on the growth of plant material, and the generation, growth and infiltration of
bacterial strains utilized for hormone measurements is described in Erickson et al. (2014).
The same tissue analyzed for trans-Zeatin and trans-Zeatin-9-riboside content in Erickson
et al. (2014), was used for the measurements of all other hormones displayed in Figure 5.1
on page 64. As part of a collaboration, Jörg Ziegler developed a method of detecting apolar
ACC, along with polar hormones, trans-Zeatin and trans-Zeatin-9-riboside, ABA, IAA, SA,
JA, JA-Ile and OPDA. This collaborative work was also published in 2014 and can be found
on the SD card provided.

5.5.2. Plant material for RNA sequencing

Plants were grown in soil under short day conditions (8h light and 16h dark), under a light
intensity of 120 μEm−2 at 20oC. RNA was collected from three transgenic N. benthamiana
plants (FNR:eGFP, labeling plastid stroma/stromules; described in Erickson et al., 2014)
that were untreated, treated with 100 mg*mL-1 6-Benzylaminopurine (BAP) (2 dpi), or with
GV3101 (3 dpi). Treatments were administered via infiltration using a needless syringe into
fully expanded leaves of 6-week-old plants as described in Erickson et al. (2014). To confirm
that tissue was responding to treatments as expected, infiltrations spots were examined for
the presence of stromules, which typically occur in BAP and GV3101 treatments.

5.5.3. RNA isolation and sequencing

RNA isolation and sequencing is described in a collaborative publication with the bioinfor-
matics department of Martin Luther University Halle-Wittenberg (Keilwagen et al., 2016),
which can also be found on the SD card provided.
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6. Effector screen identifies microtubules
as essential to stromule extension

6.1. Introduction

Using a targeted approach, Part I and II of this thesis made us aware of several mutants
that alter stromule abundance in the upper epidermis of A. thaliana, and revealed that in
unstressed plants basal stromule levels depend on nucleus movement. However, stromule
induction is strongly induced when the plant in confronted with abiotic or biotic stress, and
very little is known about the regulation of stromules under these conditions. We believed
that a new, untargeted, approach was required in order to gain new insight into the processes
stromules are involved in, or the cellular components necessary for their formation.

We chose to utilize type III effector proteins (T3Es) from Xanthomonas campestris pv. vesica-
toria (Xcv), a Gram-negative plant-pathogenic bacteria, as tools to screen for stromule-related
processes. T3Es are typically translocated directly into the host cytoplasm via the type III
secretion system of Xcv, where they specifically manipulate host cell processes to benefit the
bacteria (Büttner and He, 2009). Effector sequences previously isolated from Xcv (refer to
Table S1, Erickson et al., 2017a), were transiently expressed in N. benthamiana and screened
for their ability to suppress or enhance stromule formation. A. tumefaciens strain GV3101
was chosen to mediate transient over-expression due to its ability to consistently induce stro-
mules (Part III), and effectors producing increases or decreases in stromule frequency were
chosen for further study.
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6.2. Publication III
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6.3. Additional results

In Erickson et al. (2017a) we showed that the transient expression of the Xcv effector XopL
(an E3 ubiquitin ligase) virtually wiped out GV3101-induced stromules in N. benthamiana
lower epidermis. In the publication we suggest that one explanation for the stromule pheno-
type induced by XopL is that it likely targets the microtubule network. This is supported
by the observation that an E3 dead variant of XopL (XopLmut), which still contains the
substrate binding domain (LRR domain) but is unable to ubiquitinate substrates, localizes
to microtubules (Figure 4, Erickson et al., 2017a, on page 77). However, the exact impact
of XopL on microtubules was not investigated in the context of the article and remained an
open question. In order to answer this question I obtained stable N. benthamiana transgenics
expressing GFP-labeled α-tubulin (GFP-TUBULIN α-6; Gillespie et al. (2002)), courtesy of
Manfred Heinlein1. GFP-TUBULIN α-6 (GFP-TUA6) is expressed in all cells in untreated
plants, labeling microtubules and, to a lesser extent, the cytosol (Figure 6.1 on the next page,
panel C). In stark contrast, when XopL-mOrange2 was transiently expressed microtubules
were no longer visible in the GFP channel and only the cytosolic signal remained (Figure 6.1,
panel A). XopL did not express in all cells (transient expression is generally less uniform), and
in those cells lacking XopL, microtubules remained intact (arrows in Figure 6.1, panel A).
As a control the XopLmut was expressed, and once again exhibited microtubule localiza-
tion (Figure 6.1, panel B), as described in Erickson et al. (2017a). Inverted images of the
microtubules in non-infiltrated, XopL and XopLmut-infiltrated tissues are shown in Figure
6.1, panels C, D, and E to increase the visibility of filaments for print. The result from this
experiment was clear, microtubules are absent in cells expressing XopL. Based on the pivotal
role of microtubules in stromule dynamics that was defined in Erickson et al. (2017a), it is
not surprising that cells lacking microtubules would have severely reduced stromule frequen-
cies. Once again, this emphasizes the importance of microtubules for maintaining stromules
in tissue under stress from GV3101.

6.4. Summary

The original idea behind Erickson et al. (2017a) was to utilize Xcv effectors as part of an
untargeted approach to gain insight into stromules formation. Quite unexpectedly, we found
an effector that disrupts the microtubule network, XopL, induces a dramatic decrease in
stromule frequencies. Although it was previously reported that microtubules contribute to
stromule length and number in etiolated tobacco hypocotyl (Kwok and Hanson, 2003), the
exact role of microtubules in this process was never defined, and the relationship between
microtubules and stromules was never examined in detail. Through the use of double labeling
of stroma/stromules and microtubules, we clearly showed that microtubules create a scaffold
for stromule growth and shape. Growth along microtubules suggests that kinesins are likely
involved in the extension of stromules. Indeed, we found that stromule growth along micro-
tubules occurs at velocities that compare with kinesin velocities measured in vitro. The role

1Institut de Biologie Moléculaire des Plantes du CNRS, Strasbourg, France
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Figure 6.1.: XopL triggers depolymerization of microtubules. CLSM images of GFP-TUA6 (microtubules
in white) stable transgenic N. benthamiana lower leaf epidermis inoculated with A. tumefaciens GV3101-derivatives
mediating the expression of (A) XopL-mOrange2 (red) and (B) XopLmut-mOrange2 (red). (A) XopL expression (first
panel) results in a loss of microtubules (second panel). White arrows show a cell that is not expressing XopL, which
still has microtubules. (B) XopLmut (first panel) co-localizes with GFP-TUA6 at microtubules (second panel). (C-
E) Inverted images of GFP-TUA6-labeled microtubules (in black) in (C) non-infiltrated, (D) xopL expressing or (E)
xopLmut expressing plants. Chlorophyll autofluorescence is present in all images and is false-colored blue in (A and
B) and is red in (C-E). Scale bars are on the right hand panels and are the same for all panels (20 μm). Images are
Z-projections.
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of kinesins in stromule formation has not been explored thus far, but represents a promising
avenue for stromule research going forward.

6.5. Additional materials and methods

All methods used in experiments with GFP-TUA6 are the same as those described for transient
expression experiments in N. benthamiana outlined in Erickson et al. (2017a).
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7. VIGS identifies a GRAM protein that
regulates stromules

7.1. Introduction

During the time it took to complete this thesis significant steps were taken that contributed
to elucidation of mechanisms and cellular components necessary for stromules formation.
However the function of stromules, and their contributions to plant fitness remain elusive. This
is partially due to the fact that very few mutants have been identified that reduce stromule
number, and nearly none (with the exception of the ion channel double mutant, msl2-1/msl3-
1 ) that knock out stromules completely. In addition to the effector screen described in part
IV, a second untargeted approach was chosen that aimed to identify novel stromule regulators
via the use of a blind Virus Induced Gene Silencing (VIGS) screen.

7.1.1. Methodology of Virus Induced Gene Silencing (VIGS)

VIGS is a method utilizing a viral system to facilitate the transient knock-down of specific
transcripts in host plants via the induction of post-transcriptional gene silencing (PTGS).
PTGS is suggested to have evolved as a anti-viral defense mechanism employed by plants to
degrade specific viral RNAs, and can be initiated by the presence of viral double stranded
RNA (dsRNA), or in the presence of transgenes which generate dsRNAs (reviewed in Burch-
Smith et al., 2004). PTGS specifically involves the cleavage of dsRNA into small interfering
RNAs (siRNAs) of approximately 21-25 nucleotides in length (Hamilton and Baulcombe, 1999;
reviewed in Velásquez et al., 2009). The anti-sense strand of siRNAs is then used as a guide
to direct the degradation of target mRNAs (either viral, or endogenous) by the Dicer ribonu-
clease (reviewed in Bartel, 2004; Velásquez et al., 2009). VIGS uses viral vectors containing
host-derived cDNAs to specifically target homologous plant transcripts for silencing, and so
highjacks the plant defense system to degrade its own mRNAs in a sequence specific manner
(reviewed in Burch-Smith et al., 2004; Velásquez et al., 2009).

Although there have been multiple VIGS viral vector systems developed over the years the
tobacco rattle virus (TRV) is known for high silencing efficiency, its ability to spread efficiently
through meristems, and induction of minimal viral side effects which could mask knock-down
phenotypes (Burch-Smith et al., 2004). The TRV system is bipartite and requires the combi-
nation of both TRV1 (encodes RNA-dependent RNA polymerase and movement protein) and
TRV2 (encodes viral coat protein and cDNA insert homologous to desired target mRNA) for
initiation of PTGS (Liu et al., 2002). Vectors are introduced into plants via A. tumefaciens,
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whereby bacterial cultures containing TRV1 and TRV2 are mixed and infiltrated into young
plants (Liu et al., 2002). Silencing with the TRV system is limited to new leaves, and will not
affect pre-existing or infiltrated leaves (Liu et al., 2002). Refer to Figure 7.1 on the following
page for a graphic depiction of VIGS.

7.1.2. VIGS screen

Since silencing using VIGS is relatively fast, efficient, inexpensive and simple to perform, it is
easily adaptable to large scale genetic screens. Through a collaboration with Sebastian Schor-
nack1 from AG Bonas of the Genetics Department (MLU), Martin Schattat performed a VIGS
screen to identify genes relevant to stromule formation. Wild-type N. benthamiana plants were
silenced blindly with a TRV2 2 cDNA library from Solanum lycopersicum (tomato). Silenc-
ing was done in N. benthamiana due to higher silencing efficiency in this species compared
to tomato, and is facilitated by high sequence similarity between these species (Bombarely
et al., 2012). Silencing was allowed to occur over 10-15 days, after which the lower epidermis
of new, and presumably silenced leaves, were inoculated with A. tumefaciens strain GV3101
mediating the expression of stromal-targeted GFP (FNRtp:eGFP) to transiently label plas-
tids and stromules in the lower epidermis (Figure 7.2 on page 91). GV3101 is known for its
ability to induce stromules (Erickson et al., 2014), so plants were screened for suppression of
stromule formation.

1Currently in The Sainsbury Laboratory, Cambridge, UK.
2Plasmid name = pYL276a; YL276 from Liu et al. (2002) modified by S. Schornack to include an ampicillin
resistance cassette.
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Figure 7.1.: Mechanism of Virus Induced Gene Silencing. Green box indicates post-transcriptional gene silencing
(PTGS) initiated by the plant.
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Figure 7.2.: Schematic of blind VIGS screen for stromule-relevant genes. In the VIGS screen performed by
M. Schattat and S. Schornack the procedure was as follows: 1)Young, wild-type N. benthamiana plants (four leaf
stage) were infiltrated with GV3101-derivates harbouring plasmids containing the recombinant virus, and the tomato
full-length cDNA library (one silencing construct per plant). 2) Silencing occurred in all new leaves after approximately
15 days (silenced leaves marked in blue), and at this point a silenced leaf was infiltrated with a GV3101-derivative
harbouring FNRtp:eGFP (infiltration spot outlined in red) which simultaneously induces stromules and mediates the
expression of a stromal-targeted eGFP. 3) At 3 dpi leaf punches were collected from the silenced tissue and 4) were
evaluated via epifluorescence microscopy, and stromules were quantified.

7.1.3. Identification of Sl17E6, a GRAM domain containing protein

When silencing of any given construct resulted in the suppression of GV3101-induced stro-
mules, this was chosen as a candidate for further analysis. Out of the 425 silencing constructs
tested only 2 were identified and confirmed as stromule suppressors in a second test (refer
to M. Schattat’s thesis). One of these candidates, clone number 17-E-6 (referred to here as
Sl17E6 ) was sequenced and identified via a BLAST to ’Tomato Genome cDNAs’ 3, revealing
its identity as Solyc08g078510 (Figure 11.1 on page 144), a GRAM domain containing/ABA
responsive protein. It was at this point that I took over the project. A search of the ’Pro-
tein families database (Pfam)’ (Finn et al., 2013) with the Sl17E6 amino acid sequence using
’MOTIF search’ 4, identified only the GRAM domain, predicted to span amino acids 160-276
(Table 7.1).

3ITAG release 2.40, https://solgenomics.net/tools/blast/
4https://www.genome.jp/tools/motif/

Pfam motif identified
Amino acid position
(Independent E-value)

Pfam annotation, description

GRAM 160-276 (2.6e-25) PF02893, GRAM domain

Table 7.1.: The GRAM domain is the only conserved protein domain identified in Sl17E6. ’Motif Search’
output following analysis of the translated ORF of the Sl17E6 sequenced clone. Pfam database was used, E-value
cut-off = 1.
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Conservation of the GRAM (Glucosyltransferases,Rab-like GTPase activators andMyotubu-
larins) domain, as the name suggests, was first recognised during sequence comparisons be-
tween the glucosytransferases of slime mold and yeast, and subsequently in Rab-like GTPases
and myotubularins in yeast, Caenorhabditis elegans, and humans (Doerks et al., 2000). The
GRAM domain was predicted to form a β sheet consisting of four β strands, each of which
harbours one conserved aromatic residue (Doerks et al., 2000). In eukaryotes GRAM domains
have been proposed to act in protein-protein interaction and lipid-binding, and are often found
in combination with non-catalytic domains typical of membrane-associated proteins (C2 do-
main in plants) (Doerks et al., 2000). GRAM domain proteins identified in plants often occur
in proteins that are ABA responsive, and participate in biotic and abiotic stress response reac-
tions (Doerks et al., 2000; Jiang et al., 2008). As mentioned throughout this thesis, stromules
are a common feature of plastids in plants under stress. In particular, ABA biosynthesis has
been suggested to be essential for the stromule induction following treatment with a variety
of stress inducing stimuli (Gray et al., 2012). Therefore, Sl17E6, an ABA-responsive protein
from the GRAM family, was chosen for further characterisation.

7.2. Results

7.2.1. Confirmation of Sl17E6 silencing candidate under new conditions

Optimizing the VIGS system in AG Schattat

Before delving into the function of Sl17E6 in stromule formation, the stromule suppression
phenotype observed by M. Schattat during silencing experiments had to be confirmed. As
previously mentioned, the original screen utilized A. tumefaciens-mediated transient expres-
sion of FNRtp:eGFP for the visualization of stromules. Although this was the best option
for labeling stromules at the time, expression was patchy. As a result, between the time of
the initial screen and the confirmation experiments, stable FNRtp:eGFP transgenics were
generated. These plants were used to confirm the suppression of GV3101-induced stromules.

In order to confirm the phenotype the VIGS system had to be established in our growth con-
ditions. The efficiency and reproducibility of VIGS silencing using the TRV1/TRV2 system is
largely dependent on plant growth conditions such as light and temperature, which are known
to influence the interaction between the host plant and the virus (reviewed in Burch-Smith
et al., 2004). The step of optimizing silencing using a positive silencing control is particularly
important when evaluating phenotypes at the cellular and organelle level, as small unsilenced
patches may easily be chosen for microscopy and skew stromule frequency data. Optimiza-
tion of VIGS was performed via silencing of PHYTOENE DESATURASE (PDS), a standard
positive control for VIGS systems (Liu and Page, 2008). PDS encodes an enzyme involved
in carotenoid biosynthesis and silencing of this gene is known to reduce the abundance of
carotenoids essential for protection against photo-oxidative damage (Kumagai et al., 1995).
As a consequence of PDS silencing, chlorophyll is destroyed and a white phenotype appears
(Kumagai et al., 1995). PDS silencing was tested under three different light cycle conditions:
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8 h day/16 h night, 16 h day/8 h night, and 24 h light (Figure 7.3 on the following page)
and chambers were approximately 22°C. FNRtp:eGFP plants at the 4 leaf stage were inocu-
lated with A. tumefaciens habouring TRV1 5 and TRV2::NbPDS 6 and silencing was allowed
to occur over 14-17 days. Results showed a clear light-dependent silencing gradient. Plants
grown in 8 h day/16 h night exhibited very weak silencing (Figure 7.3, panel A), with most
tissues retaining green coloration. Followed by the 16 h day/8 h night conditions which ex-
hibited well bleached and moderately bleached patches (Figure 7.3, panel B). Finally, plants
grown in 24 h light showed an abundance of bright white tissue (Figure 7.3, panel C). Closer
examination of 16 h and 24 h day conditions showed that effective silencing occurs earlier in
24 h treatments, as is evident by effectively bleached/silenced tissue as early as leaf 5 (leaves
numbered according to the order of emergence; Figure 7.3, panel E, L5), while silencing in
the 16 h day condition takes effect in later leaves (Figure 7.3, panel D, L6 and L7). It should
be noted that most effective silencing occurs near the leaf petiole in both conditions, and so
this area was chosen as the site for microscopy in further silencing experiments.

Although I observed that PDS showed the most efficient silencing under 24 h day conditions,
I questioned whether plastid morphology would be altered under such excessive light. For
the silencing setup to be effective it was essential to maximize silencing and minimize plastid
shape alterations induced by light stress. To this end, I examined plastid phenotypes in
both untreated plants, and plants silenced with a TRV2 control in both 16 h and 24 h
light conditions to look for changes to the plastid shape and general signs of plant stress.
Leaf 6 was found to be ideal for microcopy in both light conditions, since leaves were fully
expanded and plastids were clearly visible. Leaf 6 also showed reasonable silencing efficiency
in both light treatments using the PDS control, indicating that VIGS is likely to be active
in this leaf (Figure 7.3 on the next page, panels D and E, L6). Despite thorough silencing in
leaves 7 and higher, they were not suitable for evaluating plastid morphology due to the high
density of small and expanding cells (data not shown). Under 16 h light conditions plastids
in untreated (Figure 7.4 on page 95, panel A) and TRV2 control silencing conditions (Figure
7.4, panel B) demonstrated morphologies and positions reminiscent of untreated control plants
described by Erickson et al. (2014) (grown under 8 h day light conditions), where plastids were
often found in pairs and were more or less equally distributed throughout the cell. Very few
stromules were observed. However, plants under 24 h light showed signs of extreme stress and
aberrant plastid phenotypes (Figure 7.4, panels C and D). Plastids frequently showed extreme
clustering in untreated tissues (Figure 7.4, panel C), mild clustering in TRV2 -silenced tissues,
and excessive amounts of starch in both cases (Figure 7.4, panel C and D). Few stromules
were observed, but this could be the result of a decrease in clarity of the plastid outline, as
well as potential obscuring of stromules via clustering. Leaves were brittle and were darker
green. Given the obvious stress induced by the 24 h treatment, we chose to use the 16 h light
condition for further silencing, despite a slight decrease in silencing efficiency as indicated by
the PDS control. Importantly, the TRV2 silencing control did not alter stromule frequencies
or plastid morphology relative to the untreated control and so was deemed a suitable VIGS

5YL192, purchased from ABRC - www.arabidopsis.org, stock number: CD3-1039
6PDS isolated from N. benthamiana, provided by S. Schornack.
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Figure 7.3.: VIGS silencing of PDS in N. benthamiana is most efficient under 24 h light conditions. PDS
silencing of FNRtp:eGFP transgenics under (A) 8 h day/16 h night, (B) 16 h day/8 h night and (C) 24 h light. White
tissue is indicative of effective silencing. (D and E) Leaves from PDS -silenced plants under (D) 16 h day/8 h night and
(E) 24 h light, after 14 days of silencing. Leaves were numbered as they emerged, with VIGS infiltrations into leaves 3
(L3) and 4 (L4). All subsequent, and newly formed leaves showed varying degrees of silencing in the two treatments
(L5-L8). Scale = 1 cm.

negative control for futher silencing experiments (Figure 7.4 on the next page, panels B and
D).

Replicating stromule suppression phenotype utilizing Sl17E6

Following the optimization of the VIGS system, we re-tested the stromule suppression phe-
notype of Sl17E6 according to the schematic outlined in Figure 7.5 on page 110, panel A. As
described in Erickson et al. (2014), N. benthamiana lower epidermis typically exhibits very low
basal stromules levels, but following infiltration with GV3101 the stromule frequency jumps
up to approximately 30% (Figure 7.5, panel B-No VIGS). This also held true in TRV2 -
silenced plants inoculated with GV3101, with GV3101 inducing significantly higher stromule
frequencies than non-infiltrated zones (Rank Sum: U = 0, p < 0.001) and absolute stromule
frequencies comparable to unsilenced plants (Figure 7.5 panel B, and compare images in C
and D). This indicates that silencing with the negative control does not alter stromule fre-
quencies. In contrast, silencing using Sl17E6 severely suppressed GV3101-induced stromules,
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Figure 7.4.: Plastid morphology differs depending on light conditions. Plastid morphology in N. bethamiana
(FNRtp:eGFP stable transgenics) lower leaf epidermis under 16 h (A and B) and 24 h (C and D) light conditions
in both untreated tissue (A and C) as well as tissue infiltrated with VIGS silencing vectors TRV1 and TRV2 vector
control (B and D). Plants in (B) and (D) were silenced with the TRV1/TRV2 at the 4 leaf stage and images were
taken from leaf 6, after 14 days of silencing. Plants grown under 24 h light show drastic starch accumulation, visible as
GFP free spots within the plastid body. For ease of visualization plastids were converted to gray scale and inverted, so
plastids are visible in dark gray-black. Dotted lines denote boundaries of single cells. Scale = 20 μm.

with stromule frequencies that were not significantly different than the non-infiltrated control
(Rank Sum: U = 143, p = 0.31) (Figure 7.5, panel B, and compare panels E and F). This
confirmed the results of the original screen, suggesting the importance of Sl17E6 to stromule
formation via A. tumefaciens strain GV3101.

Growth phenotype of Sl17E6 silenced plants

It should be noted, independent of the silencing construct used, that the presence of the TRV
resulted in retarded growth and development compared to plants that were not infiltrated with
the virus. Untreated plants flowered sooner and were usually slightly bigger. However, apart
from being slightly smaller than ’No VIGS’ plants, silencing using Sl17E6 produced plants
that appeared healthy (Figure 7.6 on page 111, panel B). Sl17E6 plants were indistinguishable
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from plants silenced with other randomly silenced clones tested during the VIGS silencing
screen (data not shown), confirming the small difference in growth rate is very likely due to
the presence of the virus and not Sl17E6 silencing. In contrast, it was found that the TRV2
silencing controls, although exhibiting no stromule phenotype, show a more drastic decrease
in plant size relative to Sl17E6 silenced plants (Figure 7.6 on page 111, panels C and D).
Empty TRV2 is a standard silencing control (Padmanabhan et al., 2013) and based on the
lack of stromule phenotype we continued to use it for further experiments.

7.2.2. Over-expression of Sl17E6 results in mild stromule induction

Since silencing of Sl17E6 in N. benthamiana suppresses stromules, the next step was to test
whether over-expression of this gene has the opposite effect. To evaluate whether stromules are
triggered via Sl17E6 over-expression, the Sl17E6 cDNA was placed under the control of the
A. thaliana UBIQUITIN 10 (UBQ) promoter and tagged with mRFP7. Transient A. tumefa-
ciens-mediated over-expression of a UBQ::mRFP empty vector control, UBQ::mRFP:Sl17E6
and UBQ::Sl17E6:mRFP was performed in N. benthamiana (FNRtp:eGFP) lower epidermis
and stromule frequency was evaluated in expressing cells. LBA4404 was chosen to medi-
ate over-expression assays, since it induces few stromules (stromule frequencies of 10-20%,
Erickson et al., 2014), making it easier to recognize increases in stromule number triggered
during protein over-expression. GV3101 was chosen as a positive control for stromule induc-
tion. In line with data presented in Erickson et al. (2014) the LBA4404-derivative mediating
mRFP expression induced around 20% stromules (Figure 7.7 on page 111). Over-expression
of Sl17E6 with N and C-terminal mRFP tags showed a slight increase in mean stromule
frequency compare to mRFP alone, however this increase was not significant (mRFP/mRFP-
Sl17E6 Rank Sum: U = 22, p = 0,066; mRFP/Sl17E6-mRFP Rank Sum: U = 21, p = 0.093;
Figure 7.7, panel D). Comparison to the positive control indicated that there was no signif-
icant difference between GV3101-infiltrated tissues and Sl17E6 over-expression treatments
(mRFP-Sl17E6/GV3101 Rank Sum: U = 37, p = 0.0540; Sl17E6-mRFP/GV3101 Rank Sum:
U = 28, p = 0.289). Stromule induction via Sl17E6 over-expression appears to lie between
the negative and positive controls. When taken in combination with the results from the
VIGS experiments, the moderate over-expression phenotype was sufficient evidence to sug-
gest that GRAM domain containing proteins could prove important for stromule induction in
N. benthamiana and were worth investigating further.

mRFP tagged Sl17E6 is localized to the cytoplasm and is nuclear excluded

Given that nearly nothing is known about tomato or N. benthamiana GRAM protein function
or localization patterns, over-expression constructs were used to examine sub-cellular local-
ization of Sl17E6. Expression of the mRFP control results in clear nuclear and cytoplasmic
localization (Figure 7.8 on page 112, panel A). Cytoplasmic localization was evident by the la-
beling of cytoplasmic strands with mRFP (Figure 7.8, panel A shows examples labeled as ’cs’)

7pUB-Dest vector series, Grefen et al. (2010)

96



Chapter 7. VIGS identifies a GRAM protein that regulates stromules

and cell outlines were clearly visible. mRFP-Sl17E6 and Sl17E6-mRFP were also cytoplasmic
in epidermal and mesophyll cells (Figure 7.8, panels B-G), but were largely excluded from
the nucleus of epidermal cells when compared to the mRFP control (Figure 7.8 on page 112,
panels B and C). At this point it is not clear whether nuclear exclusion represents that true
sub-cellular localization of this protein, or whether this is a result of the increased size created
by the fusion to mRFP.

Based on its influence on stromule frequency, one might suspect localization of Sl17E6 to
the plastid. However, Sl17E6 did not visibly overlap with plastid autofluorescence signals in
either the epidermis (Figure 7.8 on page 112, panel B and C) or the mesophyll (Figure 7.8,
panels D-G). There are clear holes in the Sl17E6 expression in mesophyll cells in the location
of chloroplast autofluorescence signals. It appears that despite being important to stromule
induction, Sl17E6 is not localized to plastids.

7.2.3. Identifying silencing targets of Sl17E6 in N. benthamiana

At this point the silencing targets of the TRV2::Sl17E6 in N. benthamiana were not yet
known, so the stromule suppression phenotype observed during the VIGS screen and confir-
mation experiments could not be attributed to the knockdown of any specific transcript in
N. benthamiana. Although the ability of Sl17E6 over-expression to cause moderate stromule
induction caused us to suspect that N. bethamiana GRAM proteins are also important to
stromule formation, we had to confirm that the silencing targets of Sl17E6 included genes
belonging to the GRAM family. An in silico approach was chosen to determine what N. ben-
thamiana GRAM family transcripts were likely to be knocked-down during Sl17E6 silencing,
as well as to identify any potential off-targets.

SGN VIGS tool

In order to identify silencing targets of TRV2::Sl17E6 in N. benthamiana we analyzed the
sequence using the ’SGN VIGS tool’8. The SGN VIGS tool is free online software developed
by the Sol Genomics Network (Bombarely et al., 2012) to simulate VIGS in silico for the
purpose of simplifying VIGS construct design, facilitating effective and specific silencing,
and predicting silencing targets and off-targets of any construct sequence used as an input.
In order to predict targets, the input is broken down into 21 nucleotide fragments (called ’n-
mers’), simulating the cleavage of dsRNA by DICER (Fernandez-Pozo et al., 2015). Fragments
are then mapped to the N. benthamiana model transcriptome, simulating the recognition of
homologous host mRNAs by the RISC-siRNA complex (Fernandez-Pozo et al., 2015). Gene
models with regions homologous to the n-mers generated by the algorithm are considered
potential silencing targets (Fernandez-Pozo et al., 2015). The VIGS tool output displays the
gene number of all potential targets, as well as the number of n-mers that match the target
sequence, the position of n-mers, and a functional description of proteins (Fernandez-Pozo
et al., 2015). The ability of the algorithm to identify potential VIGS targets in this way, made

8http://vigs.solgenomics.net/
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it ideal for analysis of Sl17E6. When the Sl17E6 cDNA was used as an input and analyzed
via default parameter settings (mismatches = 0, n-mer size = 21) only four potential targets
were identified (Table 7.2). Setting ’mismatches’ to 0 means that alignments between n-mers
and targets have 100% base pair identity. According to the VIGS tool output each of the four
targets identified has only 1 n-mer produced that perfectly matched the target sequence (See
’Matches’ category of Table 7.2). Interestingly, only one of the targets identified by the VIGS
tool was a GRAM domain containing protein ( Niben101Scf00821g14009.1, Table 7.2).

Gene Matches Functional Description
Niben101Scf15760g00013.1 1 Unknown protein
Niben101Scf08137g05005.1 1 Tubulin-folding cofactor B

Niben101Scf08137g05007.1 1 UPF0614 protein C14orf102, putative
isoform2 (Theobroma cacao)

Niben101Scf00821g14009.1 1 GRAM domain-containing protein /
ABA responsive protein-related

Table 7.2.: SGN VIGS tool identifies four possible targets of TRV2::Sl17E6 in N. benthamiana (mis-
matches = 0, n-mer size = 21). The gene number of target identified is listed in column 1, the number of n-mers
generated that match the target is shown in column 2, and the functional description based on sequence similarity to
previously characterized proteins is in column 3. A single GRAM domain containing protein (in bold) was identified.

Although it was initially thought that VIGS requires an exact match between siRNA and the
target mRNA for silencing to occur, it is now known that, in practice, the VIGS system fre-
quently allows for at least one mismatch (Senthil-Kumar and Mysore, 2014). Therefore, a sec-
ond analysis of Sl17E6 was performed, changing the parameter of ‘mismatches’ to 1, producing
an output containing 9 additional putative targets (Table 7.3 on the facing page). Of these, the
two top hits were GRAM domain containing proteins, one being Niben101Scf00821g14009.1,
the candidate from the previous search, and a second being Niben101Scf04406g06011.1, which
I chose to call Nb17E6-1 and Nb17E6-2 respectively.

A SGN BLAST of Sl17E6 nucleotide sequence to the N. benthamiana genome9 revealed
Nb17E6-1 and Nb17E6-2 as the only hits (Figure 11.2 on page 145, panel A), thus confirming
their similarity to Sl17E6. DNA alignments demonstrate the similarity between predicted
cDNA sequences of the two N. benthamiana GRAM genes (sequences extracted from the
SGN) and Sl17E6 (Figure 11.2, panels B and C). Since Nb17E6-1 and Nb17E6-2 appear to
be the top candidates for silencing during VIGS, we chose to focus on their characterisation
in the context of stromule regulation.

Corrections to the SGN predicted cDNA sequence of Nb17E6-1

For further analysis of Nb17E6-1 and Nb17E62 I wanted to ensure that the predicted cDNA
sequences annotated by the SGN were accurate. For this purpose these genes were cloned
into pDONR221 and sequenced. During primer design, RNA sequencing data was referenced
via the SGN ’JBrowse’ tool10 to determine the likely start and stop codons of Nb17E6-1
and Nb17E6-2. Due to sequence similarity between the ends of the coding sequence of these

9N. benthamiana Genome v1.0.1 predicted cDNA, https://solgenomics.net/tools/blast/
10N. benthamiana draft genome v1.0.1, https://solgenomics.net/jbrowse_solgenomics/,
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Gene Matches Functional Description

Niben101Scf00821g14009.1
(Nb17E6-1)

20 GRAM domain-containing /
ABA-responsive protein-related

Niben101Scf04406g06011.1
(Nb17E6-2)

5 GRAM domain-containing /
ABA-responsive protein-related

Niben101Scf15760g00013.1 4 Unknown protein

Niben101Scf08137g05007.1 3 UPF0614 protein C14orf102, putative
isoform2 (Theobroma cacao)

Niben101Scf01143g01009.1 3 18S pre-rib gar2-related, putative isoform
2 (Theobroma cacoa)

Niben101Scf08137g05005.1 3 Tubulin-folding cofactor B
Niben101Scf11235g04013.1 2 Insulin-degrading enzyme
Niben101Scf04185g04010.1 2 BnaA05g04350D (Brassica napus)
Niben101Scf06013g00008.1 2 peptidase M16 (Vibrio parahaemolyticus)
Niben101Scf01587g02009.1 2 Serine/threonine-protein kinase 3
Niben101Scf06966g00015.1 1 BnaA05g04350D (Brassica napus)
Niben101Scf02964g00008.1 1 Tic22-like family protein
Niben101Scf28230g00015.1 1 Tic22-like family protein

Table 7.3.: SGN VIGS tool identifies thirteen possible targets of TRV2::Sl17E6 in N. benthamiana
(mismatches = 1, n-mer size = 21). The gene number of target identified is listed in column 1, the number of n-
mers generated that match the target (allowing for ≤ one mismatched base) is shown in column 2, and the functional
description based on sequence similarity to previously characterized proteins is in column 3. Two GRAM domain
containing proteins (in bold) were identified.

genes one primer pair was used to simultaneously amplify both products from N. benthamiana
cDNA. A single nucleotide difference between Nb17E6-1 and Nb17E6-2 makes these two genes
destinguishable via a BamHI digest, where Nb17E6-1 is cut at postion 224, but not Nb17E6-
2. Isolated clones were digested and sequenced to confirm their identity as Nb17E6-1 or
Nb17E6-2, and to determine the exact cDNA sequence. We found that Nb17E6-2 perfectly
matched the predicted cDNA sequence. In contrast, we found a mistake in the Nb17E6-1
predicted sequence; an intron was mistakenly included in the coding sequence, making the
predicted protein sequence far too long. Additionally, we found one silent single nucleotide
polymorphism at base pair 267. An alignment between the predicted and the cloned Nb17E6-1
can be found in Figure 11.3 on page 146.

With the corrected Nb17E6-1 sequence in hand, an alignment to the Nb17E6-2 cDNA and
translated protein sequences revealed that two loci are remarkably similar (Figure 11.4 on
page 147). The main difference between these proteins is a small region near the N-terminus
which is missing in Nb17E6-2 (amino acids 11-16 of Nb17E6-1), but otherwise these two
predicted proteins are nearly identical.

7.2.4. Confirming silencing of Nb17E6-1 and Nb17E6-2 via real-time PCR

Although, based on sequence similarity, Nb17E6-1 and Nb17E6-2 were likely targets of
TRV2::Sl17E6, this needed to be confirmed via quantitative Real-Time PCR (qRT-PCR).
Due to the similarity of Nb17E6-1 and Nb17E6-2 sequences, real-time primers could not
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be designed in a way that would distinguish between the the two transcripts. As a result,
primers were designed to amplify both transcripts simultaneously. Reference genes and primer
sequences were chosen based on work by Liu et al. (2012), where APR, EF1a and PP2A were
identified as the most stably-expressed transcripts in VIGS experiments in N. benthamiana.
Tissue was collected from one full VIGS experiment (3 plants for each treatment), and RNA
from each treatment was pooled to allow for processing of a whole experiment in one 69-well
plate with all four primer pairs (three reference genes plus Nb17E6 ). The first qRT-PCR
experiment shows a 37% reduction in Nb17E6 transcripts during Sl17E6 silencing, relative
to the TRV2 control treatment (Figure 7.9 on page 113). The silencing of Nb17E6 was even
more effective in GV3101-infiltrated tissue, where there was a 66% reduction in transcript
levels. Results shown here are preliminary, and this experiment should be repeated two more
times in order to ensure that the impact on Nb17E6 expression is reproducible. Although
more biological repeats are needed, this data provides strong indications that N. benthamiana
17E6 transcripts are targeted for silencing utilizing TRV2::Sl17E6.

7.2.5. Confirming stromule suppressing effect of Nb17E6 silencing

Selecting appropriate cDNAs for silencing using the SGN VIGS tool

One disadvantage of VIGS is the potential for the silencing of off-targets. Although we
identified two GRAM family transcripts that are likely silencing candidates for Sl17E6, we
have identified 11 potential off-targets that could also be causing the stromule suppression
phenotype (Table 7.3 on the previous page). To eliminate the silencing of off-targets, the
SGN VIGS tool was used a second time to design a more specific silencing construct. When
using the full length Sl17E6 cDNA sequence as the query the algorithm identified base pairs
131-430 as the ’best target region’ for specific silencing of Nb17E6-1 (highlighted in yellow in
Figure 11.5 on page 148). This region of Sl17E6 features 10 n-mers matching only Nb17E6-1.
According to this result, base pairs 131-430 were amplified from the original Sl17E6 clone and
incorporated into the TRV2 vector to be used for silencing. The short version of the Sl17E6
(henceforth referred to as Sl17E6 131-430) results in highly specific silencing, but the reduction
in the number of n-mers could result in reduced silencing efficiency.

As an alternative to Sl17E6 131-430, we chose to generate one final silencing construct using
the the full length of Nb17E6-1. Although this re-introduces potential off-target silencing,
the VIGS tool predicts a massive number of n-mers specific to both Nb17E6-1 (1062 n-mers)
and Nb17E6-2 (677 n-mers), compared to 4 or less n-mers produced for all off-targets (Fig-
ure 11.6 on page 149 and Table 7.4 on the facing page). Interestingly, we identified two
additional GRAM domain containing sequences during the Nb17E6-1 silencing simulation,
one which is described as an ABA-responsive protein (Niben101Scf20961g00007.1) and FIP1
(Niben101Scf04950g06001.1). In contrast to Sl17E6 131-430, the clone Nb17E6-1 was designed
to facilitate very thorough silencing of both Nb17E6-1 and Nb17E6-2, while potentially sac-
rificing specificity. Via the generation of these two constructs, two different strategies were
used to confirm that our phenotype is really the result of the knockdown of Nb17E6-1, and
perhaps Nb17E6-2 as well.
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Gene Matches Functional Description

Niben101Scf00821g14009.1 1062 GRAM domain-containing /
ABA-responsive protein-related

Niben101Scf04406g06011.1 677 GRAM domain-containing /
ABA-responsive protein-related

Niben101Scf05559g01009.1 4 Chalcone-flavanone isomerase family
protein

Niben101Scf20961g00007.1 3 ABA-responsive protein [Zea
mays]

Niben101Scf04950g06001.1 3 FIP1 [Zea mays]

Niben101Scf00849g01018.1 2 Chalcone-flavanone isomerase family
protein

Niben101Scf06819g05002.1 2 BnaC04g54350D [Brassica napus]
Niben101Scf02915g08013.1 2 Syntaxin-81
Niben101Scf03380g01009.1 1 Protein TIME FOR COFFEE
Niben101Scf02739g01002.1 1 Protein TIME FOR COFFEE

Niben101Scf07728g01019.1 1 Pentatricopeptide repeat-containing
protein

Niben101Scf02803g01009.1 1 Exocyst complex component SEC8
Niben101Scf10505g00003.1 2 Syntaxin-81
Niben101Scf11688g01018.1 1 Exocyst complex component SEC8

Niben101Scf1171g08017.1 1 26S proteasome non-ATPase
regulatory subunit 1 homolog B

Table 7.4.: SGN VIGS tool identifies possible targets of TRV2::Nb17E6-1 in N. benthamiana (mis-
matches = 1, n-mer size = 21). The gene number of target identified is listed in column 1, the number of n-mers
generated that match the target (allowing for ≤ one mismatched base) is shown in column 2, and the functional descrip-
tion based on sequence similarity to previously characterized proteins is in column 3. GRAM domain family members
emphasized in bold font.
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Silencing utilizing Sl17E6131-430 and Nb17E6-1 reduced GV3101-induced stromules

Armed with TRV2::17E6 constructs which were predicted to be either highly specific
(Sl17E6 131-430), or highly effective (Nb17E6-1 ) for the silencing of Nb17E6, the VIGS experi-
ment was repeated. The result was that both constructs showed the same ability to suppress
GV3101-induced stromule formation as the original Sl17E6 clone (Figure 7.10 on page 114).
Stromule levels were very low (5-10 %) in non-infiltrated tissue following silencing using both
Sl17E6 131-430(Figure 7.10, panel C) and Nb17E6-1 (Figure 7.10, panel D), and largely resem-
ble unsilenced or TRV2 control silenced tissue (shown in Figure 7.5 on page 110, panel C).
Stromule frequency values remained at this level or lower following infiltration with GV3101.
Therefore, silencing with three independent constructs, two of which were specifically designed
to target Nb17E6-1, has provided us with the same stromule suppressing phenotype, strongly
suggesting that this GRAM domain containing protein plays a role in stromule formation.

7.2.6. Over-expression of Nb17E6 proteins confirm their relevance to stromule
formation

VIGS experiments suggest that silencing of Nb17E6 reduces stromules frequency. To confirm
the link between Nb17E6 and stromules, Nb17E6-1 and Nb17E6-2 were transiently over-
expressed in N. benthamiana (FNRtp:eGFP) to determine if stromules could be induced. As
previously mentioned, Sl17E6 over-expression showed a ’tendency’ toward stromule induction,
however, it was not significantly different from control infiltrations. Suspecting that moderate
stromule induction could be the result of the promoter used to drive over-expression of Sl17E6
(A. thaliana UBQ10 ), the stronger, 35S Cauliflower Mosaic Virus (CaMV) promoter was
chosen to direct over-expression of Nb17E6-1 and Nb17E6-2. Therefore, both Nb17E6 cDNAs
were cloned into pGWB554 and pGWB555 vectors11 to create C-terminal and N-terminal
mRFP tagged fusions.

Excitingly, transient over-expression of Nb17E6-1 and Nb17E6-2 driven by the 35S promoter
resulted in significant and obvious stromule induction relative to the negative control, re-
gardless of whether mRFP tags were on the C or N terminus of the protein (Figure 7.11 on
page 115). Although the over-expression clearly resulted in stromule induction, individual
spots or cells chosen for microscopy showed high variability in stromule number. For example
the Nb17E6-1:mRFP over-expression yielded a maximum stromule frequency of 58% in one
image, and as low as 18% in another image taken from the same leaf disc. Importantly, all
cells chosen for stromule quantification showed fusion protein expression, as indicated by the
presence of mRFP. Although this variability in stromule induction was puzzling, induction
by GRAM domain containing proteins is exciting given that very few proteins have been
identified that induce stromules when over-expressed.

Localization studies of Nb17E6-1 and Nb17E6-2 showed an expression pattern identical to
that of Sl17E6; cytosolic and nuclear excluded (Figure 7.12 on page 116). As was the case
with Sl17E6, the significance of the nuclear exclusion of these proteins is unclear at this
11Provided by Tsuyoshi Nakagawa, of Shimane University, Matsue, Japan.
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point, since adding the mRFP increases the size of the protein significantly (from 31.8kDa to
58.6kDa). Weak mRFP signals were often observed in the nucleus (Figure 7.12, panel B-E).

7.2.7. Over-expression of GRAM only and no GRAM constructs

In combination, the results from the VIGS and the over-expression experiments indicate
the Nb17E6-1 and Nb17E6-2 are important for stromule formation, but raise new questions
regarding the mechanism by which this occurs. Since the GRAM domain is the only known
protein domain that could be identified (Table 7.5), the next step was to determine what role
this domain plays in stromule induction.

Input
Pfam
motif

identified

Amino Acid
Position

(Independent
E-value)

Pfam Annotation, Description

Nb17E6-1 GRAM 152-269 (4.9e-24) PF02893, GRAM domain
Nb17E6-2 GRAM 146-263 (4.4e-24) PF02893, GRAM domain

Table 7.5.: The GRAM domain is the only conserved protein domain identified in Nb17E6-1 and Nb17E6-
2. ’Motif Search’ (http://www.genome.jp/tools/motif/) output following analysis of the translated ORF of the Nb17E6-
1 and Nb17E6-2 sequenced clones. Pfam database was used, E-value cut-off = 1.

To test whether the GRAM domain is important for stromule induction two truncated fu-
sion proteins were designed, the first featured a deletion of the GRAM domain (referred to
as ’noGRAM’ construct), and the second contained only the GRAM domain (referred to as
’GRAM’) (Figure 7.13 on page 117, panel A). Nb17e6-1 and Nb17e6-2 are nearly identical in
amino acid sequence and stromule inducing capacity, so it was decided that truncating both
proteins would be unnecessary. Therefore, only Nb17E6-1 was used for creating truncated
fusions. Additionally, since both C and N-terminal mRFP fusions seemed to result in stromule
induction during the transient over-expression assays utilizing the full length protein fusions
(refer to Figure 7.11 on page 115), only C-terminal mRFPs were used to label truncated
proteins. The results of LBA4404-mediated transient expression of the GRAM domain alone
did not result in an increase in stromule levels. While, the noGRAM construct showed sig-
nificantly higher stromule frequencies than the mRFP control and, surprisingly, also induced
more stromules than the full length Nb17E6-1 (Figure 7.13 on page 117, panel B). Although
the full length Nb17E6-1 construct showed a significant increase in stromule frequency relative
to the mRFP control in initial experiments, this was not always the case during these infil-
trations (Figure 7.13, panel B). As mentioned previously, stromule induction via Nb17E6-1
was sporadically very high, or did not appear any different from the mRFP control. How-
ever, there was a tendency for stromule induction in all experiments. In contrast, noGRAM
over-expression resulted in consistently higher stromule frequencies than control infiltrations
in all experiments (p values of <0.001). Indicating that not only is the GRAM domain not
required for induction, but that its elimination from the Nb17E6-1 protein seems to enhance
induction.
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In contrast to the full length Nb17E6-1-mRFP, the truncated versions both exhibited nuclear-
localization (Figure 7.13 on page 117, panel C and D). While the noGRAM was very highly
expressed, the GRAM suffered very low expression levels. The detection of the GRAM signal
via epifluorescence microscopy required a combination of high lamp intensities (between 73-
90%) and high exposure times (1000-1800 ms), and/or further manipulation of display settings
to see weak mRFP fluorescence. This is in comparison to a lamp setting of 50% and between
250-500 ms exposure times for mRFP, Nb17E6-1 full length and noGRAM constructs. A
more quantitative comparison of protein stability and confirmation of protein size will need
to be performed in the future via Western Blot using an mRFP antibody.

7.2.8. Identification of N. benthamiana GRAM domain family members

One way to gain insight into protein function is to determine the amino acid similarity of
the protein of interest to that of previously characterised proteins, and to other gene family
members. The A. thaliana GRAM family is fully annotated and some of the proteins have been
characterised, making it ideal for comparison with the Nb17E6 GRAM proteins. There are
15 GRAM domain-containing proteins in A. thaliana, and these were used in a series of SGN
BLAST searches against the ‘N. benthamiana Genome v1.0.1 predicted proteins’ database to
identify all homologous GRAM proteins in N. benthamiana. This resulted in the identification
of 25 putative GRAM domain-containing proteins (See Table 7.6 on page 106). Sequences of
predicted proteins were extracted from SGN, and GRAM domains were annotated according
to predictions by ’Motif Search’. Analysis of all GRAM domain containing sequences from
N. benthamiana and A. thaliana revealed that there is a huge variation in the size of these
proteins, the largest being 1051 amino acids long and the smallest only 133 amino acids. The
lengths of the predicted GRAM domains themselves also varied in size from 49-149 amino acids
long. Although the GRAM domain is often the only domain identified (16/25 N. benthamiana
proteins), it was also found in combination with the C2 (lipid-binding domain), with DUFs
(domain of unknown function) and, less frequently, in combination with other domains.
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Gene number Protein

length

(aa)

Length

of

GRAM

(aa)

Location of

the GRAM

Other protein

domains

Niben101Scf05188g01002 133 88 40-127 -

Niben101Scf00917g03010 138 49 61-109 -

Niben101Scf05177g01002 165 120 40-159 -

Niben101Scf01267g11013 173 121 52-172 -

Niben101Scf05177g01023 194 115 69-183 -

Niben101Scf05188g01021 201 115 83-197 -

Niben101Scf05177g01019 206 120 81-200 Sterol_MT_C

GRE7At5g23360 210 117 90-206 -

GRE8 At5g23370 219 117 98-215 -

GRE4 At5g08350 222 119 96-214 DUF1492

PRSL1/GRE3 At4g40100 225 89 129-217 RPEL, DUF2285

Niben101Scf05177g01031 227 116 106-221 -

Niben101Scf05177g01029 232 120 107-226 -

Niben101Scf05188g01019 232 120 107-226 -

GRE2 At4g01600 233 120 107-226 -

Niben101Scf06424g00001 234 119 114-232 -

Niben101Scf07440g00009 257 119 137-255 -

Niben101Scf02622g11005 257 59 54-112 -

FIP1/GRE1 At1g28200 259 121 138-258 -

Niben101Scf04950g06001 265 94 171-264 -

GER5/GRE5 At5g13200 272 115 144-258 -

Niben101Scf05697g03012 273 59 54-112 Myotub-related

GRE6 At5g23350 280 118 160-277 -

Nb17E6-2 Niben101Scf04406g06011 285 118 146-263 -

Nb17E6-1 Niben101Scf00821g14009 291 118 152-269 -

Niben101Scf20961g00007 292 120 171-290 -

GEM At2g22475 299 117 176-292 -

Niben101Scf05173g02013 343 83 72-154 DUF 4782

Niben101Scf03457g00003 564 54 212-265 C2, DUF4782

Niben101Scf01077g02010 586 73 225-297 C2, DUF4782

At3g59660 594 73 232-304 C2, DUF4782

Niben101Scf02400g02015 597 149 288-436 DUF 4782

VAD1 At1g02120 598 101 71-171 DUF 4782

MTM2 AT5G04540 833 68 42-109* Myotub-related,

DUF4055, DUF3150,

EzrA,

HIP1_clath_bdg
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Gene number Protein

length

(aa)

Length

of

GRAM

(aa)

Location of

the GRAM

Other protein

domains

MTM1 AT3G10550 840 68 45-112* Myotub-related,

DUF4055

Niben101Scf06423g03027 1012 108 656-763 C2 (2x), DUF4782

(2x)

At1g03370 1020 109 689-797 C2 (2x), DUF4922,

DUF4782 (2x)

Niben101Scf04148g00002 1020 71 691-762 C2 (2x), DUF4782

(2x)

At5g50170 1027 81 693-774 C2 (2x), DUF4782

(2x)

Niben101Scf17612g01007 1051 108 695-802 C2 (2x), DUF4782

(2x)

Table 7.6.: GRAM domain containing proteins from A. thaliana and N. benthamiana show variability in
length and combinations with other protein domains. List of all GRAM proteins identified in A. thaliana and
N. benthamiana listed according to ascending size (column 2; aa = amino acids). ’Motif Search’ annotations of GRAM
domain size and position are listed in columns 3 and 4, and additional protein domains are listed in column 5. Domain
annotations are as follows: DUF (domain of unknown function), C2 (phospholipid binding domain), Sterol_MT_C
(sterol methyltransferase C-terminal), Myotub-related (myotubularin-like phosphatase domain), RPEL (actin binding
motif), EzrA (septation ring formation regulator), HIP1_clath_bdg (clathrin-binding domain). *GRAM annotated
by TAIR using InterProScan.pl program and the SMART database. All other GRAM domains annotated via ’Motif
Search ’.
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7.2.9. Nb17E6 in the context of the GRAM family

The amino acid sequences of the GRAM domains of all GRAM-containing proteins were
compared to determine the amino acid homology relationship among them (Figure 7.14 on
page 118). Sl17E6 was included in the analysis, as well as CaABR1 (ABA RESPONSIVE 1),
a previous characterized GRAM domain protein from pepper (Choi and Hwang, 2011). The
yeast ScYSP2 GRAM domain was used as an out-group for comparison.

The result of the phylogenetic analysis in Figure 7.14 once again demonstrates the prevalence
of proteins harbouring only the GRAM domain. The tree also makes it clear that ABA
responsive proteins are scattered throughout the GRAM family (indicated with asterisks),
seemingly independent of the other conserved domains present, and independent of protein
size (Table 7.6 on the facing page). Indicating, either that ABA-inducibility is conserved
among GRAM proteins, or evolved independently in least 6 instances.

7.2.10. Nb17E6 homologs required for plant resistance to pathogens

The phylogeny clearly displays that 17E6 proteins are part of small clade containing the
previously characterised proteins ABA RESPONSIVE1 (CaABR1, CA01g05510) from pepper
(Choi and Hwang, 2011) and GEM-RELATED5 (AtGER5/AtGRE5, At5g13200) (Choi and
Hwang, 2011; Baron et al., 2014) (Figure 7.14 on page 118). An alignment of AtGER5,
CaABR1, Sl17E6 and Nb17E6-1 confirms high amino acid sequence similarity, both in the
GRAM domains, and throughout length of the proteins (Figure 11.7 on page 150). SGN
BLASTs using AtGER5 and CaABR1 as queries confirmed Nb17E6-1 as the top hit, with
58% identity (167/284 amino acids) and 74% identity (205/277 amino acids), respectively.
Given the clear results of the GRAM domain homology tree and the full-length alignment of
these proteins, it was concluded that the previously characterised CaABR1 and AtGER5 are
likely homologs of Nb17E6 proteins.

Basal expression of CaABR1 and AtGER5 in leaf tissue is low, however both genes are up-
regulated following exogenous ABA application (Choi and Hwang, 2011), as is the barley
homolog, ’aba45’ (Liu et al., 1999). AtGER5 is also induced under a wide variety of ABA-
related abiotic stress stimuli, including mannitol, salt stress, and dehydration (Liu et al.,
2013; Jiang et al., 2008; Baron et al., 2014), however the exact role of this protein in abiotic
stress response is unclear up to now. In contrast, CaABR1 and AtGER5 have a clearer role
during biotic stress and participate in plant defense reactions. CaABR1 is up-regulated in
pepper during exposure to an avirulent Xcv strain (Bv5-4a) and is required for HR-based
plant resistance (Choi and Hwang, 2011).
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A quick reminder about HR:
Phytopathogenic viruses, bacteria, fungi and oomycetes all deliver effector proteins into the
host cytoplasm where they specifically target a variety of plant cellular processes related
to plant immune response and promote pathogen proliferation (Toruño et al., 2016). The
recognition of effector proteins by plant R genes or proteins trigger defense responses, initiating
effector-triggered immunity (ETI) (Khan et al., 2016). ETI often ends in hypersensitive
response (HR), a rapid local cell death that inhibits phytopathogen spread within plant tissue
(Klement and Goodman, 1967).

CaABR1 over-expression also enhanced cell death in A. thaliana exposed to avirulent Pseudo-
monas syringe pv. tomato (Pst), a reaction that was accompanied by a strong spike in ROS,
a known contributer to programmed cell death (Choi and Hwang, 2011). AtGER5 was also
shown to be important for resistance to Pst and the biotrophic oomycete pathogen Hyalaper-
onospora arabidopsis (Hpa). Silencing or knockouts in these genes in pepper and A. thaliana
results in increased susceptibility to pathogens (Choi and Hwang, 2011). These proteins were
shown to manipulate ABA-SA antagonism during defense reactions by participating in a neg-
ative feedback loop with ABA, reducing its concentration and thus increasing the level of
SA (Choi and Hwang, 2011). The examination Nb17E6 in the context of the GRAM family
provides strong indications that this gene is ABA inducible, and may play a role in hormone
level regulation and induction of ROS during immune reactions in N. benthamiana.

7.2.11. Nb17E6 silencing inhibits HR in N. benthamiana

To get an idea of whether Nb17E6 proteins are involved in plant defense like homologs in
pepper and A. thaliana, a preliminary test was performed to evaluate the importance of this
protein during HR response in N. benthamiana. Plants were silenced using the TRV2 control
or the TRV2::Nb17E6-1 construct and transient over-expression of the Bs3 resistance gene
from pepper was used to induce HR in silenced tissue.12 Typically Bs3-dependent HR occurs
in response to the Xcv effector AvrBs3 (Van den Ackerveken et al., 1996), however, transient
over-expression of the resistance gene alone is also sufficient to initiate HR in N. benthamiana
(Römer et al., 2007). Electrolyte leakage was used as a measure of cell death (Mackey et al.,
2002) in silenced plants at 24, 48 and 72 hours post-inoculation (hpi). Little difference was
seen between the control and Nb17E6 -silenced tissue at the first time points, however at
72 hpi Nb17E6 showed less cell-death (Rank sum test: p = 0.057, U = 0) than the TRV2
control (Figure 7.15 on page 119). This preliminary experiment provides the first indication
that Nb17E6 may be important for HR in N. benthamiana, and suggests that this protein may
function in a similar manner to the CaABR1 homolog in pepper, however it will have to be
repeated. The TRV2 silencing showed highly variable cell death, suggesting that, although
suitable for plastid morphology experiments, it may not be a suitable control for electrolyte
leakage assays. This may be due to the silencing of off-targets by the empty vector (Figure 11.8
on page 151 and Table 12.4 on page 157). TRV2::GFP would be a better choice going forward.

1235S:Bs3, kindly provided by Thomas Lahaye, University of Tübingen.
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7.2.12. Nb17E6-1 interacting proteins

Although there are indications that Nb17E6 is involved in pathogen response and ABA sig-
naling, little is known about the mechanism of its action. In order to learn more about how
Nb17E6 is acting in the cell, and therefore how it could be acting to increase stromule num-
ber, a pull-down was done with Nb17E6-1 to identify putative protein interacting partners.
This experiment was performed at the Sainsbury Laboratory in Cambridge with the help of
Edouard Evangelisti (AG Schornack). N and C-terminal mRFP or sGFP-tagged Nb17E6-
1 were transiently over-expressed (LBA4404-mediated) in wild-type N. benthamiana for two
days, proteins were extracted and co-immunoprecipitation (Co-IP) was performed using RFP-
Trap or GFP-Trap beads from Chromotek 13. Samples were run on 10% SDS gels, Comassie
stained and selected gel pieces were cut out and sent to the Cambridge Centre for Proteomics
(Cambridge, UK) for LC-MS/MS (liquid chromatography-mass spectrometry and liquid chro-
matography - tandem mass spectrometry) analysis (gel pictures in Figure 7.16 on page 119).
sGFP-Nb17E6, and Nb17E6-mRFP were sent alongside two unrelated samples (E7 and E14)
from E. Evangelisti. GFP and RFP control samples were pooled for the analysis.

Pathogen defense-related genes identified as putative Nb17e6-1 interaction part-
ners

A total of 174 putative interacting proteins were pulled down by Nb17E6-1 fusions during the
Co-IP. From the 174 a final short list of 15 proteins were chosen as potential candidates for
future work (Table 7.7 on page 124, criteria for selection is outlined in the materials and meth-
ods section). 14/15 of proteins identified interacted with Nb17E6-1-mRFP, while only 3/15
interacted with the sGFP-Nb17E6-1 fusion, only 2/15 protein interacted with both Nb17e6-
1 fusion proteins. This was not so surprising given that C-terminal protein fusions (sGFP
and mRFP) showed more prominent bands on the Comassie gel (Figure 7.16 on page 119),
indicating that an N-terminal tag may interfere with protein interactions in planta.

Of the interacting proteins 7/15 have been linked to plant defense reactions, with roles in
pathogen-triggered immunity (OMT I-b), resistance to the tobacco mosaic virus (TMV)
(OMTI-b, 14-3-3 d-1, 14-3-3 i-2), hormone-driven pathogen response (GSNOR, NbPDR1b),
scavenging of reactive nitrogen species (GSNOR) and scavenging of reactive oxygen species
(APX, cytosolic ascorbate peroxidase) (Table 7.7 on page 124). Based on the known function
of Nb17E6 homologs in pepper and A. thaliana, it was already suspected that Nb17E6 is
important for HR via the manipulation of hormones levels and ROS, and the identification of
interacting proteins related to these processes supports this idea. Further analysis of Nb17E6-
1 interacting proteins will provide insight into the mechanism of Nb17e6-1 action, which is not
understood up to now. It will also bring us closer to understanding the pathways, proteins
and signaling molecules important for stromule formation.

13Planegg-Martinsried, Germany

109



Chapter 7. VIGS identifies a GRAM protein that regulates stromules

Figure 7.5.: Silencing of Sl17E6 suppresses the induction of stromules by A. tumefaciens strain GV3101
in N. benthamiana lower epidermis. (A) The experimental setup used for VIGS silencing of Sl17E6 and the TRV2
control plants. The procedure is as follows: 1) Young plants were infiltrated with GV3101 containing plasmids harboring
the recombinant virus: TRV1 combined with the empty TRV2 negative control, or TRV2::Sl17E6. 2) Silencing occurred
in all new leaves after approximately 15 days (silenced leaves marked in blue), and at this point a silenced leaf was
infiltrated with GV3101 to induce stromules (infiltration spot outlined in red). 3) At 3 dpi with GV3101, leaf punches
were isolated from the silenced, non-infiltrated tissue and tissue infiltrated with GV3101. 4) Leaf punches were evaluated
via epifluorescence microscopy, and stromules were quantified. (B) A bar graph of mean back-transformed stromule
frequencies (SF) in N. benthamiana following silencing (TRV2 control and Sl17E6 ), in non-infiltrated (white bars/NI)
or infiltrated with GV3101 (red bars/GV). Graph shows that Sl17E6 silencing represses the ability of plants to form
GV3101-induced stromules in the epidermis. In addition, data from tissue without VIGS has been included from
Erickson et al. (2014) on page 45, panel F as a reference for what the system looks like without VIGS present (first and
second bars). n = 3 plants for No VIGS treatments, and n = 4 plants for VIGS treatments (labeled TRV2 and Sl17E6 ),
and 3 or more images were quantified for each plant. Rank sum test results performed on arcsine transformed data are
indicated above the appropriate bars. Error bars represent back-transformed 95% confidence intervals. (C-F) Example
images from treatments quantified in (B). Stromule induction following infiltration with GV3101 in TRV2 -silenced
tissues (compare C to D), and a lack of stromule induction in Sl17E6 -silenced tissues (compare E to F). For ease of
visualization images were converted to gray scale and inverted, so plastids are visible in dark gray-black. Dotted lines
denote boundaries of single cells. Plastids with stromules indicated with red circles. Scale = 20 μm.
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Figure 7.6.: Silencing utilizing Sl17E6 causes no outward signs of decreased plant fitness. Top down view
of untreated N. benthamiana (A), a Sl17E6 -silenced plant (B), and a TRV2 -silenced plant (C) 15 days post-viral
inoculation. Scale = 10 cm. (D) Side view of an untreated N. benthamiana, Sl17E6 -silenced, and TRV2 control plants
(consecutively) at 15 days post-viral innoculation. Scale = 5 cm.

Figure 7.7.: Sl17E6 transient over-expression in N. benthamiana lower epidermis via LBA4404 results in
slight stromule induction. LBA4404-mediated transient overexpression of (A) mRFP, (B) mRFP:Sl17E6 and , (C)
Sl17E6:mRFP in N. benthamiana lower epidermis (FNRtp:eGFP). For ease of visualization images were converted to
gray scale and inverted, plastids are visible in dark gray-black. Dotted lines denote boundaries of single cells and the
position of the nucleus is highlighted in blue (labeled with ’n’). Plastids with stromules indicated with red dots. Images
are combined z-stacks. Scale = 20 μm. (D) Quantification of the stromule phenotypes shown in (A-C) GV3101 was
included as a positive control for stromule induction. Bars represent back-transformed mean stromule frequencies, and
error bars represent back-transformed 95% confidence intervals. Rank sum test results performed on arcsine transformed
data are indicated above the appropriate bars (n = 3 plants for all treatments with 3 images quantified per plant).
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Figure 7.8.: Sub-cellular localization of Sl17E6 in transient assays is cytoplasmic and nuclear excluded.
Confocal images taken of wild-type N. benthamiana (A-C) lower leaf epidermis and (D-G) mesophyll, inoculated with
LBA4404 derivatives mediating the overexpression of mRFP constructs. mRFP channel is visible in red, while plastid
autofluorescence is visible in blue. Nuclei are labeled ’n’ and cytoplasmic strands are labeled as ’cs’. Scale bars in
(A-C) are 20 μm (10 μm for all insets) and 10 μm for panels (D-G). (A) mRFP negative control shows expression in
the nucleus and cytoplasm. Inset shows expression of mRFP in a nucleus at higher magnification. (B) mRFP-Sl17E6
is cytoplasmic and nuclear excluded. Inset shows a nucleus at higher magnification, a red ring of mRFP-Sl17E6 is
visible around the nucleus with lower levels of mRFP visible inside, an expression pattern that is clearly distinct when
compared to the mRFP only control (A). (C) Sl17E6-mRFP expression appears the same as that of the N-terminally
tagged construct, cytoplasmic and mostly excluded from the nucleus. Inset shows a nucleus at higher magnification.
Sub-cellular localization of mRFP-Sl17E6 (D-E) and Sl17E6-mRFP (F-G) in mesophyll is also cytoplasmic.
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Figure 7.9.: Silencing utilizing Sl17E6 reduces Nb17E6 transcript levels. Relative quantity of Nb17E6 tran-
scripts in plants silenced with the TRV2 control and Sl17E6, non-infiltrated (white) and infiltrated with GV3101 (red).
Bars represent relative quantity of transcripts compared to the TRV2 control measured from RNA pooled from three
plants, and the average of four technical replicates. Error bars are not included, since this data represents only one
biological replicate and needs to be repeated.
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Figure 7.10.: VIGS utilizing the highly specific Sl17E6131-430 and Nb17E6-1 full length results in the
suppression of GV3101-induced stromules. (A) Quantification of stromule frequencies (SF) in N. benthamiana
lower epidermis following silencing using the TRV2 empty vector control, Sl17E6, Sl17E6131-430 (labeled 131-430),
and Nb17E6-1 (labeled Nb17E6 ). Silenced tissue was either non-infiltrated (white bars/NI) or infiltrated with GV3101
(red bars/GV). Graph shows that silencing using all three 17E6 constructs significantly represses the ability of plants
to form stromules in the epidermis following infiltration with GV3101. Raw data was arcsine transformed and bars
represent back-transformed means. Error bars represent back-transformed 95% confidence intervals. Rank-Sum test
results are shown above the appropriate bars. n = 4 plants with 3 or more images quantified per plant. (B - E) VIGS
example images illustrating the lack of stromule induction following infiltration with GV3101 when 17E6 constructs
are utilized. (B) and (D) represent tissue silenced with 17E6 constructs but not infiltrated with GV3101, and show
phenotypes comparable to control silencing with TRV2 (compare to Figure 7.5 on page 110, panel C). Tissue in (C)
and (E) is silenced with 17E6 and then infiltrated with GV3101, and show a phenotype similar to tissue silenced with
the full length Sl17E6, with very few stromules (compare to Figure 7.5, panel F). Treatment with GV3101 results in
an accumulation of starch, which is visible as ’holes’ in the eGFP expression (in C an example is labeled with a black
arrow). ’s’ denotes the position of stomata, which were not considered in the analysis, and ’n’ denotes the position
of nuclei labeled with dsRed. In this case GV3101 expressing dsRed was used for induction because it allows us to
monitor the presence of this stromule-inducing bacteria. For ease of visualization images were converted to gray scale
and inverted, plastids are visible in dark gray-black. Images are combined z-stacks. Scale bars = 20 μm.
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Figure 7.11.: Transient over-expression of Nb17E6-1 and Nb17E6-2 leads to significant stromule induction.
(A) Mean stromule frequencies during transient over-expression (mediated by A. tumefaciens strain LBA4404) of
Nb17E6 fusion proteins. The letters ’C’ and ’N’ within bars denote fusions with C-terminal and N-terminal mRFP.
Raw data was arcsine transformed and bars represent back-transformed means. Error bars represent back-transformed
95% confidence intervals. Rank-Sum test results comparing mRFP alone and Nb17E6 shown above the corresponding
bars. n = 3-4 plants for Nb17E6 and n = 10 plants for the mRFP control, with 3 images quantified per plant. (B-F)
Example epifluorescence microscopy images (combined z-stacks) of N. benthamiana (FNRtp:eGFP) lower epidermis
expressing (B) mRFP, (C) Nb17E6-1-mRFP(D) mRFP-Nb17E6-1, (E) Nb17E6-2-mRFP and (F) mRFP-Nb17E6-2.
For ease of visualization images were converted to gray scale and inverted, plastids are visible in dark gray-black. Dotted
lines denote boundaries of single cells, the position of nuclei is highlighted in blue (labeled with ’n’) and the position of
stomata are labeled with ’s’. Plastids with stromules indicated with red circles. Scale bars = 20 μm.
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Figure 7.12.: mRFP tagged Nb17E6-1 and Nb17E6-2 are localized to the cytosol and are excluded from the
nucleus. Confocal images taken of N. benthamiana (FNRtp:eGFP) (A-C) lower leaf epidermis and (D-I) mesophyll,
innoculated with LBA4404 derivatives mediating the overexpression of mRFP constructs. mRFP channel is visible in
red, while plastid fluorescence is visible in green. Nuclei are labeled ’n’ and cytoplasmic strands are labeled as ’cs’.
Scale bars in (A-C) are 20 μm (10 μm for all insets) and 10 μm for panels (D-I). (A) mRFP negative control shows
expression in the nucleus and cytoplasm. Inset shows mRFP in a nucleus at higher magnification. (B) mRFP-Nb17E6-1
and (C) Nb17E6-1-mRFP are cytoplasmic and nuclear excluded. Insets show nuclei at higher magnification. A red
ring of Nb17E6-1 is visible around the nucleus with lower levels of mRFP visible inside, an expression pattern that is
clearly distinct when compared to the mRFP only control. Nb17E6-2 constructs showed the same localization pattern
as Nb17E6-1. Nuclei of mRFPNb17E6-2 and Nb17E6-2mRFP shown in (D) and (E) respectively. Examples images of
a Nb17E6-1-mRFP expressing mesophyll cell (F-G), and a mRFPNb17E6-2 expressing mesophyll cell (H-I), show clear
cytoplasmic localization. Nb17E6-1 and Nb17E6-2 showed no co-localization with the plastid marker.
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Figure 7.13.: Deletion of the GRAM domain increases stromule induction by Nb17E6-1 over-expression.
(A) Schematic of Nb17E6-1 and truncated mRFP fusion proteins (GRAM and noGRAM) transiently expressed (medi-
ated by LBA4404) in N. benthamiana (FNRtp:eGFP). (B) Mean stromule frequencies following overexpression of mRFP,
Nb17E6-1-mRFP (Nb17E6), GRAM-mRFP (GRAM), and noGRAM-mRFP (noGRAM) fusion proteins in lower leaf
epidermis. Raw data was arcsine transformed and bars represent back-transformed means. Error bars represent back-
transformed 95% confidence intervals. Rank-Sum test results comparing mRFP control and Nb17E6/mRFP fusions
are shown above the corresponding treatment, while other comparisons are denoted with a line and highlighted in red.
n = 10 plants for mRFP and Nb17E6-1 infiltrations, n = 7 plants for the GRAM and n = 8 plants for the noGRAM,
with 3 images quantified per plant. (C-D) Confocal images of lower leaf epidermis expressing (C) noGRAM-mRFP and
(D) GRAM-mRFP (combined z-stacks). Both protein fusions are cyosolic and nuclear. The mRFP channel is visible
in red, while plastid fluorescence is visible in green. Scale bars in (C-D) are 20 μm (10 μm for insets).
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Chapter 7. VIGS identifies a GRAM protein that regulates stromules

Figure 7.14.: Amino acid homology relationship between GRAM domains from A. thaliana (shown in
green) and N. benthamiana (shown in purple). Nb17E6-1 and Nb17E6-2 are part of a small clade including the
previously characterized AtGER5 and CaABR1 (highlighted in pink). Most GRAM domain containing proteins have
the GRAM as their only known conserved protein domain (marked with a red dot). Genes found throughout the tree
have been experimentally shown to be ABA responsive (marked with asterisks), including AT3g59660, AtVAD1 (Jiang
et al., 2008), GRE6 (Jiang et al., 2008), AtGER5/AtGRE5 (Choi and Hwang, 2011), ABR1 (Choi and Hwang, 2011)
and AtGEM (Mauri et al., 2016). Scale bar represents evolutionary distance in substitutions per nucleotide. The yeast
YSP2 GRAM protein was included as an outgroup.
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Figure 7.15.: Silencing with TRV2::Nb17E6-1 inhibits HR during triggered by transient Bs3 over-
expression. Empty vector (TRV2 ) and TRV2:Nb17E6 silencing in N. benthamiana (FNRtp:eGFP) was followed
by GV3101-mediated over-expression of the Bs3 gene to induced hypersensitive response (HR). Electrolyte leakage was
measured at 24, 48, and 72 hpi. Three plants were silenced with TRV 2, and four with Nb17E6-1. Error bars represent
standard deviation.

Figure 7.16.: Comassie stained 10% SDS gels of Nb17E6-1 Co-IP. (A) GFP-Trap Co-IP from tissue over-
expressing sGFP alone, C or N-terminal sGFP-tagged Nb17E6-1 (Nb17E6-sGFP and sGFP-Nb17E6, respectively) and
an unrelated, GFP-tagged sample (E14). (B) RFP-Trap Co-IP from tissue over-expressing mRFP alone, N or C-
terminal mRFP-tagged Nb17E6-1 (mRFP-Nb17E6 and Nb17E6-mRFP , respectively) and an unrelated, RFP-tagged
sample (E7). Red boxes outline the gel pieces cut out and analysed by LC-MS/MS. Protein ladder and annotation can
be found at each end (kDa).
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7.3. Discussion and outlook

While most of this thesis has discussed the molecular machinery necessary for stromule for-
mation, the idea of the VIGS screen was to identify novel genetic or signaling pathways
regulating stromule formation. Silencing and over-expression of Nb17E6-1 and Nb17E6-2,
both of which contain a single conserved GRAM domain, identified them as a novel genes
important for GV3101-induced stromule formation. Nb17E6-1 and Nb17E6-2 showed high
sequence similarity to the previously characterised AtGER5 and CaABR1; proteins that are
ABA-responsive with a known role in plant immune response and HR (Choi and Hwang,
2011). CaABR1 enhances HR in pepper via the manipulation of ABA-SA balance and en-
hancing accumulation of H2O2; a ROS molecule and key cell death-inducing signal during
HR (Choi and Hwang, 2011). However, the exact mechanism by which CaABR1 acts to alter
hormone balance or H2O2 is not known. In a preliminary experiment it was also found that
Nb17E6 may be important for Bs3-triggered HR, suggesting that this protein may serve a
similar function to CaABR1 in pepper. A Co-IP experiment with Nb17E6-1 also identified of
a large proportion of protein interacting partners with roles related to plant defense.

7.3.1. Nb17E6-1 may have a role in regulating ROS and RNS pools

Given the sequence similarity to CaABR1 (Figure 11.7 on page 150), and the potential impor-
tance of Nb17E6 to HR in N. benthamiana, one would expect that Nb17E6-1 and/or Nb17e6-2
may have a role in the manipulation of H2O2 abundance. Therefore it was very exciting to
see that several of the putative interacting proteins have been shown to directly or indirectly
influence H2O2 levels during immune response.

Two ascorbate peroxidases were pulled-down in the Co-IP, and although little is known about
these proteins in N. benthamiana, they both showed quite high sequence identity (66 and
83%) to APX1 from A. thaliana (AtAPX1). AtAPX1 is a cytosolic scavenger of H2O2, using
ascorbate as a substrate to convert H2O2 into water (Yang et al., 2015). One could hypothesize
that through an interaction with Nb17E6, NbAPX1 scavenging activity is inhibited, thus
promoting H2O2 accumulation (Figure 7.17 on page 127).

During plant immune response H2O2 abundance is influenced by cross-talk with pathways reg-
ulating reactive nitrogen species (RNS). An increase in the abundance of the RNS molecule,
NO, triggers increased S-nitrosylation of APX1, a modification which increases its activity
(Yang et al., 2015). Therefore, high NO indirectly decreases H2O2 accumulation (Yang et al.,
2015). Due to the high reactivity of NO it has a short half-life in planta, NO is maintained via
a reaction with sulfhydryl-containing molecules to produce S-nitrosothiols (SNOs) which are
more stable, and therefore more mobile (Leterrier et al., 2011). One putative Nb17E6-1 in-
teracting protein was the S-(hydroxymethyl) glutathione dehydrogenase, GSNOR. AtGSNOR
reduces S-nitroso-glutathione (GSNO; a SNO molecule), to produce GSSG and NH3(Leterrier
et al., 2011), thus diminishing the NO pool and APX1 activity (Yang et al., 2015). Like
CaABR1, GSNOR positively regulates HR response through indirect enhancing of H2O2 ac-
cumulation in A. thaliana (Feechan et al., 2005). A physical interaction with Nb17E6-1 may

125



Chapter 7. VIGS identifies a GRAM protein that regulates stromules

positively regulate GSNOR (Figure 7.17 on the facing page).

Putative interactions between Nb17E6-1 and ascorbate peroxidases as well as GSNOR suggest
that Nb17E6-1 may contribute to HR through the manipulation of the NO-H2O2 balance in
the cell, possibly to encouraged H2O2 accumulation. As mentioned previously, SA is also
considered a pro-HR signal, and although there were no interacting proteins which provided a
direct link to SA biosynthesis, it is known that H2O2 and SA participate in a positive feedback
loop during immune reactions (Vlot et al., 2009). CaABR1 induces SA accumulation, and it
could be that Nb17E6 induces SA accumulation in a similar fashion, possibly mediated by
H2O2.

7.3.2. The disturbance of Nb17E6 interactions could influence stromule
induction

Caplan et al. (2015) and Gray et al., (2012) showed that treatments with exogenous H2O2 induce
stromules in multiple plant species and tissues. Caplan et al. (2015) also reported that stro-
mules are induced via SA treatment of N. benthamiana leaves. Data described above indi-
cates that Nb17E6-1 may increase the concentration of both H2O2 and SA, providing one
explanation for stromule induction following Nb17E6-1 over-expression, and indicating the
potential importance H2O2 and SA signaling to stromule formation. Initially it was puzzling
that the noGRAM construct induced even more stromules than the full length construct.
However, GRAM domains have been proposed to act in protein-protein interaction (Doerks
et al., 2000), and it could be that the removal of the GRAM domain influences interactions
important for controlling the H2O2 pool or SA biosynthesis (such as those with ascorbate
peroxidases and GSNOR). To test this one should measure H2O2 and SA accumulation fol-
lowing over-expression of both the full-length and noGRAM Nb17E6-1. The generation of
stable transgenic plants with an inducible promoter system would be preferable, to avoid the
influence of A. tumefaciens on H2O2 levels during transient infiltrations.

7.3.3. Regulation of Nb17E6-1 via 14-3-3 proteins?

Interestingly, a total of six 14-3-3 proteins were also identified as interacting with Nb17E6-1,
several of which are known to interact with the N-resistance protein responsible for conferring
resistance to TMV, and some uncharacterised. However, 2/6 showed unspecific interactions
with fluorescence protein controls and so were not included in the short list. 14-3-3s are small
regulatory proteins that recognize phosphorylated protein motifs on a wide range of ’client’
proteins, and subsequently regulate their activity and/or localization (Comparot et al., 2003).
In addition to a variety of housekeeping processes, these proteins have clearly been linked to
both abiotic and biotic stress response, including roles in ABA signal transduction, R-gene
mediated plant resistance, and reactive oxygen species production during defense response
(reviewed in Denison et al., 2011).

Phosphoproteome analyses have identified phosphorylation sites in AtGER5 (the A. thaliana
homolog of Nb17E6) at serines in positions 4, 30, 31, 32 and 33 (Reiland et al., 2009; Roitinger
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et al., 2015; Zhang et al., 2016). Therefore, one could look into the potential phosphorylation
sites of Nb17E6 proteins to determine if they are 14-3-3 recognition sites. It could be that
they are differentially phosphorylated under different conditions and that this phosphorylation
influences 14-3-3 binding and stromule induction. Assuming the interaction between Nb17E6-
1 and 14-3-3 can be confirmed, one could also design Nb17E6 constructs with amino acid
exchanges at phosphorylation sites and test interactions with 14-3-3 proteins to see which
sites are essential to the interaction. Interestingly, none of the phosphorylation sites identified
in AtGER5 were within the GRAM domain but are clustered at the N-terminus. Assuming
the phosphorylation pattern is similar in N. benthamiana it may be that the GRAM domain
is not essential for interaction with 14-3-3 proteins.

Figure 7.17.: Model for potential Nb17E6 interactions based on the identification of putative interacting
proteins GSNOR, APX1 and 14-3-3 proteins via Co-IP and exogenous application of hormones and
signaling molecules. Based on the activity of its homolog, CaABR1 from pepper (Choi and Hwang, 2011), Nb17E6-1
may act to increase endogenous H2O2 levels during immune reactions and stromule formation. Nb17E6-1 may also
participate in the negative feedback loop with ABA, manipulating the SA-ABA balance. Further, putative interactions
with GSNOR and APX1 suggest Nb17E6-1 manipulates endogenous H2O2, a potent stromule inducing stimuli (Gray
et al., 2012, Caplan et al., 2015). GSNOR acts to reduces the pool of reactive nitrogen species through the reduction
of GSNO (mobile pool of NO) (Leterrier et al., 2011). When NO is limiting the enzymatic activity of APX1 is lower
(which occurs via S-nitrosylation), resulting in less H2O2 scavenging and, ultimately, H2O2 accumulation (Yang et al.,
2015). Co-IP results also indicate that Nb17E6-1 interacts with APX1. Overall Nb17E6-1 appears likely to interact
with multiple phytohormones and proteins to increase endogenous H2O2. Further, stromules induced by over-expression
of Nb17E6-1 may be a result of multiple inputs affecting H2O2 level, or the direct result of SA (which was also shown
to induce stromules in some experiments; Caplan et al., 2015). Stromules occur with ETI and have been hypothesized
to transmit pro-defense signals like SA and H2O2 to the nucleus (Caplan et al., 2015; Kumar et al., 2018).
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7.3.4. Is Nb17E6 important for ETI-induced stromules?

Over the past 3 years ETI and HR induction via multiple effector/receptor combinations has
been shown to result in stromule induction (Table 12.5 on page 157), implicating stromules
immunity (Caplan et al., 2008, 2015). So far we know that Nb17E6 is important for GV3101-
induced stromules and that it could be important for HR, however we have not addressed the
question of whether Nb17E6 is important for ETI-induced stromules. Nb17E6 silencing and
subsequent induction of ETI using transient XopQ expression (as in Erickson et al., 2017a), or
one of the other receptor/effector pairs listed in Table 12.5, would determine whether Nb17E6
is needed for ETI-induced stromules or only for those induced by GV3101.

7.4. Summary

Stromules are known to be induced following treatment with a wide range of stress-associated
stimuli, but no genes involved in signaling stromule induction have been identified up to now.
Here we have identified a GRAM domain-containing protein, Nb17E6, as the first stromule-
regulating protein in the pathway between GV3101 inoculation and stromule induction. The
characterisation of Nb17E6-1 in more detail allows us to more precisely manipulate parts of
this pathway to determine which parts are key to stromule formation. More generally, a better
understanding of the physiological changes occurring in response to multiple stromule-inducing
stimuli and identifying commonalities between them will help us identify key molecules for
stromule induction. Immediate future experiments should evaluate the importance of Nb17E6
to ETI-induced stromules, and the confirmation of protein interactions through yeast two-
hybrid, a second Co-IP or split-YFP experiments.

7.5. Materials and methods

7.5.1. Plant material and growth conditions

Wild-type N. benthamiana stably expressing ferredoxin NADP(H) oxidoreductase transit pep-
tide fused to eGFP (FNRtp:eGFP) were used, as in Schattat et al. (2012). Unless otherwise
stated, plant growth conditions are as described in Erickson et al. (2017a).

7.5.2. Bacterial strains and constructs

A. tumefaciens strain GV3101 (Koncz and Schell, 1986) was used for mediating the expression
of VIGS vectors, while LBA4404 (Hoekema et al., 1983) was used for transient over-expression
experiments. Bacterial transformation, and growth procedure is described in Erickson et al.
(2017a).

Constructs generated for over-expression and silencing experiments were cloned using the
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Gateway cloning system14 (list of primers and constructs listed in Table 12.7 on page 158).
Deletion of the GRAM domain for the noGRAM construct was completed using PCR-mediated
deletion (Hansson et al., 2008) using the pDONR221::Nb17E6-1 as a template.

7.5.3. Virus induced gene silencing

Two A. tumefaciens derivatives (GV3101), one harbouring TRV1 (pYL192 )15 and one with
the TRV2 (pYL276a)16 plasmid containing the gene-specific silencing fragment, were cultured
and diluted with AIM17 to an OD600 of 0.1 and 0.4 respectively, then mixed 1:1. At the four
leaf stage N. benthamiana (FNRtp:eGFP) were inoculated with mixed A. tumefaciens strains,
and silencing was allowed to occur over 14-17 days. NbPDS silencing was used as a control
in each experiment to gauge when effective silencing occurred. Growth chambers were set to
long-day conditions (16 h light/8 h dark), 22°C, with a light intensity of 120 μE m-2(unless
otherwise stated).

7.5.4. Epifluorescence microscopy

Epifluorescence images were collected as z-stacks (.czi files) as described in Erickson et al.
(2017a). The 38HE filter was used for imaging of eGFP labeled plastids and the 43HE filter
was used to image mRFP labeled 17E6 fusion proteins.

7.5.5. Image analysis

Images were exported as single .tif files and flatten for images analysis using ImageJ/Fiji as
described in Erickson et al. (2017a).

7.5.6. Confocal microscopy

Confocal microscopy was performed as described in Erickson et al. (2017a), with a few modifi-
cations. A Zeiss LSM 780, inverted AxioObserver, with a x63 water lens (C-Apochromat963/1.20
W Korr M27) and a x100 oil immersion lens (Plan-Apoc-hromat 9100/1,46 Oil DIC) was used.
eGFP fluorescence was induced via a 488 nm laser line of a multiline argon laser (25 mW)
and mRFP fluorescence was induced via a 561 nm laser. Fluorescence was recorded in single-
track mode. Individual channels for eGFP (493-523 nm), for mRFP (576-629 nm) and for
chlorophyll (684–721 nm) were defined. ZenBlack software was used for image capture and
controlling the microscope. All equipment and software from Zeiss GmbH (Jena, Germany).

14Gateway technology was developed by Hartley et al. (2000), cloning kit by Thermo Fisher Scientific, Braun-
schweig, Germany.

15ABRC, www.arabidopsis.org, stock number CD3-1039
16AG Bonas/S. Schornack, currently in The Sainsbury Laboratory, Cambridge, UK
17acetosyringone containing infiltration medium: 10mM MgCl2, 5mM MES pH 5.3 (both from Roth, Karl-

sruhe, Germany), 150 μM acetosyringone (Sigma-Aldrich, Deisenhofen, Germany).
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7.5.7. Real-time PCR to test VIGS silencing efficiency

Isolation of total RNA was performed from 100mg of tissue using a NucleoSpin RNA Plant
kit from Macherey-Nagel (MN)18. The RNA of three plants from each treatment was pooled
(each plant contributed 1 μg of RNA to the pool), 1 μg of pooled RNA was then used for the
cDNA synthesis.

Generation of cDNAs utilized the RevertAid H Minus First Strand cDNA Synthesis Kit19,
according to kit instructions utilizing the Oligo dT18 primer. cDNAs were diluted to 1:4, 1:10,
1:16 and 1:64 for qRT-PCR.

Real time primers for reference genes were published in Lui et al. (2012). Nb17E6 primers
were designed to amplify a region of 133 base pairs, with the forward primer annealing within
the first exon and the second primer annealing on the boarder between the first and second
exons. Primer sequences can be found in Table 12.6 on page 157.

qRT-PCR was performed in 15 μL reactions using SsoAdvanced Universal SYBR Green Su-
permix20, 4.5 pmol of gene specific primer and 2 μL of diluted cDNA (in control reactions
1 μg of total RNA was added to ensure that no unspecific products were amplified). PCR
was performed using a CFX connect Real-time PCR Detection System from Bio-Rad21. The
2-ΔΔCTmethod Livak and Schmittgen (2001) was used to calculate the relative quantity (RQ
value) of Nb17E6 compared to NbEF1, NbPP2A, and NbAPR. The RQ value reported repre-
sents the average of normalization against all three reference genes.

7.5.8. Generation of the homology tree

As mentioned amino acid sequences of GRAM domain-containing proteins from A. thaliana
were used in a series of SGN BLAST searches22 to identify all homologous GRAM pro-
teins. This resulted in the identification of 25 putative GRAM domain-containing proteins
in N. benthamiana. These proteins were run through ’Motif Search’23 to identify conserved
protein domains from the Pfam database24. GRAM domain sequences were isolated and the
homology tree was generated using Geneious Tree Builder 25. GRAM domain containing pro-
teins are highly variable in sequence outside the GRAM domain, which is why the GRAM
domain was chosen for tree generation.

7.5.9. Ion leakage assay

The ion leakage assay was performed as described in (Szczesny et al., 2010), with a few
modifications. Leaf discs (5) were harvested from each plant (silenced with TRV2::Nb17E6-1
18Düren, Germany, mn-net.com
19Thermo Fisher Scientific, Braunschweig, Germany
20Bio-Rad, München, Germany
21München, Germany
22N. benthamiana Genome v1.0.1 predicted proteins, https://solgenomics.net/tools/blast/
23https://www.genome.jp/tools/motif/
24Protein families database Finn et al., 2013
25Settings for tree building: global alignment, cost matrix = Blosum65, genetic distance model = Jukes-

Cantor, tree building method = Neighbor-Joining.
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or empty TRV2 ) using a size 4 cork borer at 24, 48 and 72 hpi with a GV3101 derivative
mediating the expression of the Bs3 gene from pepper (induces HR in N. benthamiana). Leaf
discs were place in 15 mL falcon tubes, plastic fly screen was placed into the tube and discs
were immersed in millipore water. Samples were vacuum-infiltrated for 1 min, and rotated in
an overhead shaker for 1 h at room temperature. Conductivity was measured with a Knick
conductometer26. Maximum conductivity of the samples was measured by boiling samples
for 10 min, allowing them to cool to room temperature, and measuring conductivity a second
time. Leakage is calculated by dividing the 1st measurement by the 2nd measurement x 100.

7.5.10. Co-Immunoprecipitation

Preparation of beads - GFP-Trap and RFP-Trap beads (30 μL per sample) were pipetted
into 1.5 mL tubes, centrifuged (1min, 800 xg) and washed in 1 mL IP buffer27. Washing was
repeated 2 times and beads were resuspended in a final volume of 30 μL.

Protein extraction - Whole leaves (with major veins removed) from wild-type N. benthamiana
transient expressing N and C-terminal mRFP or sGFP-tagged Nb17E6-1 were collected at 2
days post inoculation. 2-3 leaves were ground in liquid nitrogen using a mortar and pestle,
powder was transferred to a 15 mL tube, and 4mL of IP buffer was added. After a 5min
centrifugation (>3000 g at 4oC) the supernatant was transferred to a 2 mL tube on ice.

Co-IP - pre-prepared beads were added, and incubated for 3 h at 4oC with gently rotation.
Samples were centrifuged for 2 min (800 xg at room temperature), and supernatant was
discarded. Beads were washed 5 times with 1 mL IP buffer.

Elution - 30 μL Laemmli buffer was added to beads followed by incubation at 95oC for 5 min.
After centrifugation for 1-2 min at maximum speed, the supernatant was transferred to a new
tube and used for SDS-page.

Samples were run on 10% gels and Comassie stained, and selected gel pieces were cut out for
LC-MS/MS analysis at the Cambridge Centre for Proteomics28.

7.5.11. LC-MS/MS

Gel pieces provided to the company were cut into 1 mm2 pieces, destained, reduced via DTT,
alkylated via iodoacetamide, and digested with chymotrypsin overnight at 37oC. Samples were
loaded onto an auto-sampler for LC-MS/MS analysis.29

A Dionex Ultimate 3000 RSLC nanUPLC and a Q Exactive Orbitrap mass spectrometer30

was used to analyse samples. Reverse-phase chromatography (flow rate of 300 nL min-1) and
a Thermo Scientific reverse-phase nano Easy-spray column (Thermo Scientific PepMap C18,
26Knick, Berlin, Germany
2710% glycerol, 25 mM Tris-HCl pH 7.5, 1 mM EDTA pH 8.0, 150 mM NaCl, 0.1% Tween-20
28Cambridge, UK
29LC-MS/MS experiments were performed at by the Cambridge Centre for Proteomics (Cambridge, UK) and

information pertaining to LC-MS/MS methods was provided by Mike Deery.
30Both from Thermo Fisher Scientific Inc, Waltham, MA, USA
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2 μm particle size, 100A pore size, 75 μm i.d. x 50 cm length) was used to separate peptides.
Peptides were loaded onto a pre-column (Thermo Scientific PepMap 100 C18, 5 μm particle
size, 100A pore size, 300 μm i.d. x 5 mm length) from the Ultimate 3000 auto-sampler with
0.1% formic acid for 3 min at a flow rate of 10 μL min-1. After this period, the column valve
was switched to allow elution of peptides from the pre-column onto the analytical column.
Solvent A was water + 0.1% formic acid and solvent B was 80% acetonitrile, 20% water +
0.1% formic acid. The linear gradient employed was 2-40% B in 30 min.

The LC eluant was sprayed into the mass spectrometer by means of an Easy-Spray source31.
All m/z values of eluting ions were measured in an Orbitrap mass analyzer, set at a resolution
of 70000 and was scanned between m/z 380-1500. Data dependent scans (Top 20) were
employed to automatically isolate and generate fragment ions by higher energy collisional
dissociation (HCD, NCE:25%) in the HCD collision cell and measurement of the resulting
fragment ions was performed in the Orbitrap analyser, set at a resolution of 17500. Singly
charged ions and ions with unassigned charge states were excluded from being selected for
MS/MS and a dynamic exclusion window of 20 sec was employed.

7.5.12. Database searching

Post-run, all MS/MS data were converted to .mgf files and the files were then submitted to
the Mascot search algorithm (Matrix Science, London UK) and searched against the UniProt
Nicotiana database and a common contaminant sequences database. Variable modifications
of oxidation (M), deamidation (NQ) and carbamidomethyl were applied. The peptide and
fragment mass tolerances were set to 5 ppm and 0.1 Da, respectively. A significance threshold
value of p < 0.05 and a peptide cut-off score of 20 were also applied. All data was then
imported into the Scaffold program32.

31Thermo Fisher Scientific Inc.
32Version_4.5.4, Proteome Software Inc, Portland, OR

132



Part III.

General Discussion

133



8. Elucidating cytoskeletal involvement in
stromule formation

As previously mentioned, 15 years ago Kwok and Hanson (2003) suggested that actin and
microtubules both play a unique role in the formation of stromules, although the exact mech-
anisms were not elucidated. As we begin to understand how stromules are made it seems
that these statements made years ago still hold true. Through the quantification of plastid-
nucleus relationships, the targeted knockout of myosins in A. thaliana, as well as a blind
screening approach (effector screen) in N. benthamiana, work presented in this thesis confirms
the involvement of both actin and microtubules in stromule formation and contributes to the
elucidation of the distinct mechanisms by which they each promote stromule elongation.

8.1. Actin

8.1.1. Actin and myosins influence stromule extension via nucleus movement

Through the screening of all 13 myosin T-DNA insertion lines for stromule phenotypes in the
A. thaliana upper epidermis, we found that the role of myosins and actin in stromule formation
is important, but may not occur as initially expected. Based on the literature available at
the time, we started screening myosin mutants with the expectation that we might find the
myosin(s) that pulls on the plastid envelope to extend stromules along actin. Although we
found no data suggesting the myosins act to pull stromules along actin, we did find that actin
and myosin XI-I play an indirect role in stromule formation via the movement of the nucleus
in this tissue. Myosin xi-i showed reduced stromule frequencies, and the analysis of another
mutant with impaired nucleus movement, wit12 (an adaptor between myosin XI-I and the
nuclear envelope) further confirmed the importance of nucleus movement to basal stromule
levels in this tissue. Indeed, movie data clearly shows stromules anchored at points near the
nucleus were elongated when the nucleus (and associated stromule tip) moved away (Figure
8.1A) (Erickson et al., 2017b). As a result, the majority of stromules in this tissue were formed
in close proximity to the nucleus, and pointed towards it (Erickson et al., 2017b). Further,
plastids sitting on the nucleus without a stromule, gain a stromule as the nucleus moves away
(Erickson et al., 2017b), suggesting that the membrane of plastids both with and without
stromules are anchored near the nucleus.
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8.1.2. What anchors stromules to the nucleus?

Although the identity of the nuclear-associated anchor point was not confirmed in Erickson
et al. (2017b), we suggested that stromules are likely affiliated with the actin cage surrounding
the nucleus, and when the nucleus moves, the actin cage and stromule tip moves with it. In a
paper the following year, Kumar et al. (2018) showed that stromules form stable associations
(>18 min) with actin filaments surrounding the nucleus, and showed the plastid bodies sitting
at the nucleus also formed associations with actin. Despite the fact that these observations
were made in N. benthamiana where ETI was triggered1, it provides support for the hypothesis
we made in Erickson et al. (2017b). Based on our work and the work of Kumar et al. (2018) it
seems likely that plastids close to the nucleus are normally anchored to actin, and triggering
of nucleus movement provides the force necessary to form a stromule.

Figure 8.1.: Likely models for stromule formation. (A) Movement of actin anchor point: the plastid membrane is
anchored to actin, and the anchor point is moved away from the plastid body resulting in stromule elongation (Erickson
et al., 2017b; Kwok and Hanson, 2003). During live-cell imaging in A. thaliana it was observed that stromules anchored
near the nucleus (likely to the actin cage) were elongated when the nucleus plus the associated stromule anchor moved
away from the main plastid body (Erickson et al., 2017b). (B) Static anchor point: movement of the plastid body away
from a stromule anchor point (potentially on actin) results in stromule extension (Gunning, 2005; Kwok and Hanson,
2003). (C) Pulling motors (microtubules): microtubules guide growing stromules and determine branching patterns in
N. benthamiana (Erickson et al., 2017a; Kumar et al., 2018). Kinesins are likely involved in stromule extension, but the
mode of kinesin interaction with the plastid membrane is unknown.

8.1.3. Anchoring of the plastid body

The model proposed above assumes that the plastid body is resistant to movement and is
anchored in place. It is known that plastid position with the cell is tightly controlled in order
to maximize photosynthetic efficiency and prevent photo-damage (Oikawa et al., 2008). In
addition to the role of actin in nucleus movement and stromule anchoring, actin is also clearly
linked to the positioning/anchoring of plastid bodies in place. Chloroplasts have been shown
to associate with actin bundles as well as fine filaments, which create a ’basket’ around the
plastid (Kandasamy and Meagher, 1999). Additionally, treatments with actin depolymer-
izing chemicals completely disrupt chloroplast positioning in mesophyll cells of A. thaliana

1p50 effector and Lifeact-TagRFP (actin label) were transiently expressed via A. tumefaciens in N-containing
NRIP1-Cerulean plants.
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(Kandasamy and Meagher, 1999). Mediation of actin-dependent chloroplast positioning relies
on CHUP1 (CHLOROPLAST UNUSUAL POSITIONING 1), a protein which localizes to
the outer plastid envelope and is essential for both actin organization during light avoidance
movement, as well as anchoring of the plastid to the plasma membrane. Mutants in chup1
showed accumulation of chloroplasts at the bottom of mesophyll cells and no photo-relocation
(Oikawa, 2003). In epidermal cells of A. thaliana, plastids in chup1 cluster around nucleus
(Figure 11.9 on page 152). If plastid membranes anchor at the nucleus, as our model suggests,
then plastid bodies that are no longer held in position (as in chup1 ) would be expected to ac-
cumulate at the nucleus in exactly this way. This provides support for our model, but future
work should examine how removing the plastid body anchor impacts stromule abundance,
number of stromule elongation events, stromule length and orientation near the nucleus.

8.1.4. Why should the plastid membrane anchor near the nucleus?

As summarized in Erickson et al. (2017b) the transport of so-called ’retrograde signals’ from
the plastid to the nucleus is needed to regulate the expression of pertinent chloroplast genes
that were transferred to the nucleus during evolution. Retrograde signal transfer allows the
plastid to communicate its protein requirements to the nucleus base on developmental status,
or when challenged with biotic or abiotic stress (reviewed in Erickson et al., 2017b). A close
association of the nucleus and plastid may be necessary for retrograde signaling. Indeed,
we showed that almost all cells have between 2 or more plastids close to the nucleus at all
times, suggesting that this might be an important constellation (Erickson et al., 2017b). I
would suggest that anchoring of the plastid membrane near the nucleus may provide a means
for the plastid to maintain close proximity to the nucleus. The stretching of the plastid
membrane to form a stromule may represent a means of keeping track of a mobile nucleus in
A. thaliana upper epidermis (Erickson et al., 2017b). In the future, focus should be placed on
identifying the anchor point at the nucleus and knocking out its function in order to evaluate
the importance of stromule-nucleus associations.
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8.2. Microtubules

8.2.1. Microtubule scaffold contributes to stromules formation

During a blind screen utilizing T3Es from Xcv, we found that microtubules contribute to
stromule formation in N. benthamiana via a completely different mechanism what we have
described for actin in A. thaliana. As summarized in Erickson et al. (2017a), stromules use
microtubules as a scaffold for extension, branching and kinking. Alternatively, depolymeriza-
tion of microtubules was shown prevent elongation, and to alter stromules shape. A few weeks
after our publication of these findings a second group confirmed this relationship between mi-
crotubules and stromules with remarkably similar movies (Kumar et al., 2018). Stromule tips
and kinks were also seen in close association with microtubules using transmission electron
microscopy. Additionally, it was reported that treatment with a microtubule stabilizer in-
crease stromule frequencies (Kumar et al., 2018). Movies of tissue fluorescently labeled with
actin, microtubule and plastid stroma marker suggest that in N. benthamiana microtubules
serve as a scaffold for extension, while actin provides static anchor points along the way.

8.2.2. Microtubules as an interface for interaction

The significance of microtubule-dependent stromules is unknown so far, although there has
been speculation that they are extended for the purpose of transporting signals to the nucleus
(Kumar et al., 2018). One could also speculate that microtubules act as a cellular ’com-
partment’, bringing together specific organelles by creating an interface for their interaction.
Multiple organelles that move utilizing actin pause at microtubules, including mitochondria as
well as ER tubules, which appear to be more stable at junctions with microtubules (Hamada
et al., 2012)2. Authors speculated that microtubules may act to increase the incidence of or-
ganelle interactions at fixed points in the cortex (Hamada et al., 2012). Careful observations
of ER and stromules revealed that stromules extend into ER channels, and appeared to form
associations at defined points (Schattat et al., 2011b). Interestingly, recent work by Kumar
et al. (2018) actually found that microtubules direct stromules into ER channels (described by
Schattat et al., 2011a) and that microtubules are the site of ER-stromule interfaces. Indeed,
microtubules provide a chance for interaction between organelles, the biological relevance of
these interactions remains to be explored.

Other mechanisms for stromule formation?
Results presented here do not rule out pulling by myosins on the plastid membrane during
stromules formation, or investigate the contributions of cytoplasmic streaming to stromule
formation. As shown in Figure 8.1 on page 135B, plastid bodies have also been observed
suspended in the cytoplasmic stream by a stromule attached to actin (Gunning, 2005; Kwok
and Hanson, 2003) suggesting yet another mode of formation.

2A. thaliana shoot epidermis of seedlings.
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8.3. Significance

I would argue that the most important contribution of my thesis to the stromule field was
the finding that stromules form via at least two different cytoskeleton-dependent mechanisms.
Although it is possible that both of these mechanisms make stromules for the same purpose,
it is also possible that stromules formed via different mechanisms have different functions.
Perhaps nucleus-dependent stromule extension is important for retrograde signaling, whereas
microtubule-dependent stromule extension is important for interactions with other organelles.
Now that this work has made us aware of the existence of more than one stromule type, we
can distinguish between the mechanism of stromule elongation and evaluate the importance
of each mechanism under different stress conditions and in different tissues or species.
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9. Genetic elements contributing to
stromule formation

In addition to addressing the mechanistic aspects of stromule elongation, a second goal of this
thesis was to identify genetic elements important for the regulation of stromule formation. As
mentioned previously, few mutants have been identified that influence stromules, and most of
these mutants give more insight into the mechanism than the regulatory pathways required
for making stromules. Defects in the plastid division apparatus caused be the deletion of
ACCUMULATION AND REPLICATION OF CHLOROPLAST (ARC ) genes ARC3, ARC5,
ARC6, and PARC6 (PARALOG OF ARC6 ) resulted in the formation of much fewer, larger,
mesophyll plastids than in wild type (Pyke, 1999; Holzinger et al., 2008; Itoh et al., 2018)
with a large increase in stromule number and length (Holzinger et al., 2008). However, with
whole host of abnormal plastid and stomule morphologies, and very long folded stromules
(Holzinger et al., 2008), phenotypes seem to be a side effect of excessive plastid membrane.
In contrast ion channel mutants msl2-1/msl3-1 which are impaired in osmotic regulation,
produce perfectly round plastids that do not make any stromules (Haswell and Meyerowitz,
2006), further emphasizing the importance of membrane availability to stromules.

Another mutant, the aforementioned chup1, was described as having consituative stromule
induction in A. thaliana by Caplan et al. (2015). Although we found that stromule frequency
was slightly elevated in this mutant (Figure 11.10 on page 152), we found that the difference
in stromule frequencies between chup1 and wild-type was not as striking as described. In
absence of functional CHUP1, plants also showed enhanced HR, and although authors say
this is due to an increase in stromules and stromule-nucleus contacts (Caplan et al., 2015), this
is not necessarily the case. As mentioned previously, chup1 also has more plastids clustered
around the nucleus (Figure 11.9 on page 152), which could also contribute to enhanced HR,
independent of stromule induction.

So far there are only four mutants identified that provide information about stromule function
or regulation. The previously discussed atg5-1 (Subsection 1.5.2 on page 6) shows elevated
stromule frequencies and implicates stromules in autophagy (Ishida et al., 2008). Mutants
in MORE AXILLARY BRANCHES genes, max3-9 1 and max2-1 2, convincingly correlated
increases in stromule frequency with strigolactone biosynthesis during phosphate starvation
(Vismans et al., 2016), however the cascade by which strigolactones trigger stromules is unex-
plored so far (Vismans et al., 2016). Interestingly, ABA induction of stromules (also observed

1Strigolactone biosynthesis impaired resulting impaired stromule induction under phosphate stress.
2Strigolactone signaling mutant, which exhibits higher strigolactone biosynthesis and enhances stromule
induction under phosphate stress.
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by Gray et al., 2012) was inhibited in max3-9 mutant, suggesting that downstream accumu-
lation of strigolactone is required for ABA-induced stromules in some cases (Vismans et al.,
2016). Lastly, VIGS of NADPH-dependent thioredoxin reductase C (NbNTRC) induced stro-
mules in N. benthamiana (Brunkard et al., 2015). NbNTRC is a chloroplast stromal protein
responsible for the detoxification of H2O2 in the chloroplast (Pérez-Ruiz et al., 2006) and the
activation of ADP-glucose pyrophosphorylase (AGPase), an enzyme important for starch syn-
thesis (Michalska et al., 2009). In A. thaliana, nrtc had higher H2O2, malformed mesophyll
cells, altered thylakoid organization and impaired photosynthesis (Pérez-Ruiz et al., 2006),
suggesting broad defects that likely cause significant stress. Such extensive impairment to
plastid structure and function make it difficult to decipher which pathways are important for
the stromule inducing phenotype.

Although mutants characterized so far re-enforce the idea that hormones, altered sugar
metabolism and reactive oxygen species induce stromules, no proteins involved in downstream
signaling pathways that lead to stromule formation had been identified. Starting from the
observation that GV3101-derived cytokinin induces stromules (Erickson et al., 2014), we used
VIGS screen to identify Nb17E6 as the first protein downstream of hormone/bacterial expo-
sure that is important for regulating stromules. Nb17E6 silencing does not result in severe
plant growth defects, or severe chloroplast abnormalities, other than the fact that it suppresses
stromules, making it different than many of the mutants discussed above.

While silencing of Nb17E6 knocks-down stromules, over-expression of Nb17E6 induces stro-
mules. Insight into the mode of Nb17E6-triggered stromule induction comes from examining
the homolog, CaABR1 (from pepper), which was previously shown to induce an increase in
H2O2 (Choi and Hwang, 2011), a molecule that both induces stromules (Gray et al., 2012;
Caplan et al., 2015) and is key to resistance reactions (Caplan et al., 2015). Until now,
the mechanism by which H2O2 could be regulated by GRAM proteins was completely un-
known. Putative Nb17E6 interacting proteins provide an idea of how this protein might act
in the signaling pathway between hormone perception and the accumulation of H2O2. A Co-
IP experiment with full length Nb17E6-1 revealed putative interactions with two ascorbate
peroxidases and one S-(hydroxymethyl) glutathione dehydrogenase, suggesting that Nb17E6
interactions influence H2O2 scavenging, rather than triggering production of this molecule
(Figure 7.17). In addition to being important for signal transduction in response to GV3101,
sequence homology to characterized GRAM domain proteins suggest that Nb17E6 is also
likely to be ABA-inducible. As a result, one could speculate that this protein may be capable
of integrating several stimuli leading to a specific H2O2 output. Providing more evidence for
Nb17E6 interactions, exploring the dependance of stromule-inducing stimuli on Nb17E6 and
interacting proteins, exploring Nb17E6 response to different hormone and stress signals, and
showing that Nb17E6 can influence H2O2 are all exciting prospects for future work.

9.1. H2O2, a key regulator of stromules?

One challenge of elucidating stromule function is that stromules are not induced by specific
stimuli, but are a general characteristic of cells under stress. The question then becomes:
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is there a common factor among stromule inducing stress conditions that is key to their
regulation? Nb17E6 data suggests that we need to look into the links between stromules
and H2O2, which may be a good candidate for a key stromule regulator based on its impor-
tance in responding to most abiotic and biotic stress conditions (Livanos et al., 2014; Saxena
et al., 2016). Exogenous application of H2O2 to multiple tissues and species reliably induces
stromules (Caplan et al., 2015; Brunkard et al., 2015). H2O2 is less reactive than other ROS
species, and at non-toxic levels works as a signaling molecule during development, growth and
stomatal closure (Saxena et al., 2016). At toxic concentrations it contributes to programmed
cell death (Saxena et al., 2016). Given its potential toxicity, H2O2levels are tightly controlled
through the regulation of enzymes involved in producing and scavenging H2O2, and through
controlling the abundance of compounds such as ascorbate and glutathione (GSH), which are
used up during H2O2 reduction (reviewed in Saxena et al., 2016). H2O2 production is tightly
intertwined with JA, OPDA, GA, ABA, ethylene, SA, calcium, and NO signaling, and ulti-
mately H2O2levels reflect the integration of multiple signals in times of stress (Saxena et al.,
2016). H2O2 could act as part of a signaling cascade to trigger stromule induction, however
there is also evidence to suggest that H2O2 alters microtubule dynamics in vitro (Islam et al.,
2016)3 and in planta (Yao et al., 2011), which we now know to be important for stromule
extension (Erickson et al., 2017a).

Stromules as mediators of H2O2 transport?
During resistance reactions, the chloroplast is a primary source of the reactive oxygen species
(ROS) H2O2 and O2

- which promote the onset of HR (Maruta et al., 2012). H2O2 produced in
the chloroplast during ETI ultimately relocates to the nucleus (Caplan et al., 2015). Stromules
are also induced during ETI, and H2O2was seen to diffuse into stromules in contact with the
nucleus during ETI reactions, leading authors to speculate that stromules are required for
the retrograde movement of the H2O2 signal (Caplan et al., 2015). However H2O2 can freely
diffuse through membranes, so it is not clear what mechanism prevents it from escaping the
stromule on its way to the nucleus.

9.2. Significance

Nb17E6 is the first protein to be identified as part of a hormone signaling pathway leading to
stromule induction. Exploring Nb17E6 function, and identifying putative interacting proteins,
has provided specific gene targets downstream of the GV3101/cytokinin stimulus that we
can use to explore how stromules are regulated. Nb17E6 interactions with H2O2 scavenging
enzymes has brought H2O2 back to our attention as potent stromule inducer, and provides us
with specific targets that can be utilized to explore the importance of H2O2 under different
stromule-inducing stimuli.

3Addition of H2O2 to microtubules in vitro led to decreases in microtubule growth rate and shrinkage rate,
inducing more instances of catastrophe, and much fewer instances of microtubule rescue.
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10. Conclusion

Elucidating stromule function and significance to cell/plant survival is not a simple task.
The central obstacle to this field is that no mutant has been identified that lacks stromules
completely, making it difficult to pin down the exact processes where stromules are important.
At the onset of this thesis my goal was to identify cellular machinery and genetic components
necessary for stromule formation in order to identify a more precise means of knocking-out
stromules. Although this work did not yield a 100% stromule knock-out, it has provided
crucial insights that will change the way we approach the problem of stromule function. This
thesis describes at least two distinct modes of stromule elongation (microtubule-dependent
and nucleus-dependent). The existence of two stromule types offers one explanation for why a
single mutant lacking all stromules has not yet been identified. Now the challenge for the field
will be to address whether stromules formed via different mechanisms have different functions.
My findings should be used to direct the search for targets specific to the the different stromule
types, in order to evaluate the importance of each stromule type under different conditions
or in different tissues. For example, a knock-out of the kinesin(s) involved in microtubule-
dependent elongation, or of the anchor point of stromules at the nucleus, would provide ways
to distinguish between the two stromules types in the future.

Another challenge in the stromule field is the wide range of stresses and hormones that induce
stromule formation and make it difficult to identify signaling pathways or common regulatory
molecules leading to stromules. Nb17E6 is the first instance of a protein identified as part
of a signaling cascade leading to stromules, making it particularly valuable. By knocking-out
Nb17E6 it is now possible to evaluate the reliance of different stromule-inducing stimuli on this
signaling pathway. Further, putative Nb17E6 interacting proteins manipulate cellular H2O2

levels, suggest a role for this molecule as a potential stromule regulator. These interacting
proteins can now be used as targets for evaluating the importance of H2O2 during stromule
induction via different stimuli.

Overall, work presented in this thesis contributes to a better understanding of the mechanis-
tic and regulatory components involved in ’Shaping plastid stromules’, and in doing so,
provides exciting prospective targets for the investigation of stromule function going forward.
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11. Figures

Figure 11.1.: Identity of Sl17E6 sequenced clone. (A) is the BLAST result from SGN and (B) is the Geneious
local alignment (Smith-Waterman) of the cloned Sl17E6 sequence with tomato cDNA sequence extracted from the
SGN. Nucleotides are labeled in different colors (pink = A, green = T, yellow = G, purple = C). Green graph above
the sequence indicates regions where the sequences match.
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Figure 11.2.: SGN BLAST of Sl17E6 against the N. benthamiana genome. (A) BLAST of Sl17E6 against
the N. benthamiana draft genome identifies two predicted cDNAs in N. benthamiana with similar sequences, deemed
Nb17E6-1 and Nb17E6-2. (B and C) Geneious alignments between between Sl17E6 and (B) Nb17E6-1 or (C) Nb17E6-
2. A global alignment (Needleman-Wunsch) was chosen for the comparison of Sl17E6 and Nb17E6-1, to illustrate the
large gap in sequence similarity at the 3’ end of these genes, while a local alignment (Smith-Waterman) was chosen for
Sl17E6 and Nb17E6-2, since there was sequence similarity throughout the sequences and did little to change identity
scores. Nucleotides are labeled in different colors (pink = A, green = T, yellow = G, purple = C). Green graph above
the sequence indicates regions where the sequences match.
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Figure 11.3.: A Geneious global alignment (Needleman-Wunsch) between the predicted Nb17E6-1 and
the cloned sequence, reveals the incorrect retention of an intron in the predicted sequence. (A) DNA
alignment. Nucleotides are labeled in different colors (pink = A, green = T, yellow = G, purple = C) and the green
graph above the sequence indicate regions where the sequences match. Alignment reveals that base pairs 643-864 of the
predicted Nb17E6-1 are not found in the cloned sequence. (B) Protein alignment. Green graph across the top of the
sequence represents 100% match between amino acid sequences, yellow shows similar amino acids and white indicates
no similarity. The alignment reveals a 100% match, except at amino acids 215-288 of the predicted Nb17E6-1 sequence,
where this region is missing in the translate clone sequence. The purple line spans the predicted GRAM domain.
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Figure 11.4.: Geneious global alignment (Needleman-Wunsch) of the Nb17E6-1 and Nb17E6-2 cloned
sequences, reveals striking similarity between these two loci. (A) DNA alignment. Nucleotides are labeled in
different colors (pink = A, green = T, yellow = G, purple = C) and green graph above the sequence indicate regions
where the sequences match. (B) Protein alignment. Green graph across the top of the sequence represents 100% match
between amino acid sequences, yellow shows similar amino acids and white indicates no similarity. The purple line spans
the predicted GRAM domain.
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Figure 11.5.: Simulation of Sl17E6 silencing using the SGN VIGS tool reveals a region specific for silencing
of Nb17E6-1 . Using the full length Sl17E6 cDNA sequence as a query, the SGN VIGS tool identified a region of the
cDNA ( base pairs 131-430, highlighted in yellow) that will specifically silence Nb17E6-1 (alignment of n-mers highlighted
in blue). The sequence of the highlighted region is found under the heading ’best_target_region’. Alignment of Sl17E6
n-mers to non-target sequences are shown in red. Map of n-mer distribution as well as ’best_target_region’ sequence
was extracted from SGN (http://vigs.solgenomics.net/)
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Figure 11.6.: Simulation of Nb17E6-1 silencing using the SGN VIGS tool reveals high abundance of n-
mers specific to GRAM domain containing proteins. Using the full length Nb17E6-1 cDNA sequence as a query
the SGN VIGS tool was used to predict silencing targets. Nb17E6-1 and Nb17E6-2 silencing should be thorough due
to the large number of specific n-mers produced (alignment of target n-mers highlighted in blue, and off-targets shown
in red). It should be noted that if mismatches = 0 only these two genes are targeted, with no off-targets. Additional
GRAM domain-containing off-targets included an ’ABA-responsive protein’ and ’FIP1’. Yellow region highlights region
of the cDNA utilized for silencing (in this case, the whole cDNA). Map of n-mer distribution was extracted from SGN
(http://vigs.solgenomics.net/).
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Figure 11.7.: Geneious full length protein alignment (Global alignment with free end gaps) of Nb17E6
and homolog sequences from pepper (CaABR1), A. thaliana (AtGER5) and tomato (Sl17E6). Amino
acids are color coded according to identity. Sequence logo indicates the prevalence of the various amino acids at each
position, while the graph indicates amino acid identity. The GRAM domain is outlined in purple.
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Figure 11.8.: SGN VIGS tool n-mer alignments reveal potential off-targets of the TRV2 silencing control.
The ’Query’ was the portion of PYL276a (TRV2) between the two Gateway recombination sites (represents the region
utilized to facilitate silencing). Default VIGS tool settings were used, excluding ’mismatches allowed’ which was set to
1. When mismatches = 0 no targets were identified. Yellow region highlights region recommended for most effective
silencing of target genes (alignments illustrated in blue), however this is not relevant when using the SGN VIGS tool
for the identification of potential off targets (typically the SGN VIGS tool is used for construct design). Included above
the distribution of n-mer alignments is a scale map of the portion of the vector used as a query sequence, illustrating
the lacUV5 promoter (lacUV5; grey), the chloramphenicol resistance gene (CmR; green) and the control of cell death
gene (ccdB; blue). Map of n-mer distribution was extracted from SGN (http://vigs.solgenomics.net/).
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Figure 11.9.: Comparison of plastid position in upper leaf epidermis between wild-type A. thaliana and
chup1 mutant. FNR:eGFP labeled plastids and stromules and nuclei are labeled with DAPI. Dotted black lines
represents cell boundaries and red dots indicate the plastids with stromules. Images are flattened z-stacks which were
converted to gray-scale and inverted.

Figure 11.10.: Stromules frequencies in wild type and chup1 rosette leaf of the upper epidermis in
A. thaliana (ecotype Col-0) FNRtp:eGFP stable transgenics. Stromule frequencies in wildtype (WT-blue)
tissue are slightly, but significantly lower than the chup1 mutant (green).
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Gene Matches Functional description

Niben101Scf09629g00013.1 3 Pentatricopeptide repeat-containing
protein

Niben101Scf11589g00004.1 2 Pentatricopeptide repeat-containing
protein

Niben101Scf00687g02005.1 1 Protein phosphatase 2C family protein

Niben101Scf04117g01003.1 1 1-aminocyclopropane-1-carboxylate
oxidase homolog 1

Niben101Scf05855g02007.1 1 ubiquitin-protein ligase [Setaria italica]
Niben101Scf07757g00006.1 1 Protein phosphatase 2C family protein
Niben101Scf04663g05017.1 1 Unknown protein
Niben101Scf02470g01010.1 1 Unknown protein
Niben101Scf01489g01008.1 1 Decapping nuclease rai1
Niben101Scf02972g07002.1 1 Protein yippee-like

Table 12.4.: VIGS tool results using region of pYL276a (TRV2) between the attR1 and attR2 Gateway
recombination sites as the query. This includes the lacUV5 promoter, chloramphenicol resistance gene and the
control of cell death gene (ccdB). Settings for analysis were: mismatches = 1, n-mer size = 21.

Donor organism Effector Plant receptor
TMV p50 (GV3101) Nb stably expressing N receptor plus

transient NRIP1 Caplan et al. (2008,
2015)

Xcv AvrBs2 (GV3101) Nb transiently expressing pepper Bs2 Tai
et al. (1999)

Xcv (85-10) XopQ (GV3101) Nb; recognition by endogenous Roq1
Schultink et al. (2017)

Pst (DC3000) AvrRpt2 (Pst) At (Col-0); recognition by endogenous
RPS2 Kunkel et al. (1993)

Pst (DC3000) AvrRpm1 (Pst) At (Col-0); recognition by endogenous
RPM1 Grant et al. (1995)

Pst (DC3000) AvrRps4 (Pst) At (Col-0); recognition by endogenous
RPS4 Gassmann et al. (1999)

Table 12.5.: Description of the origin of effector/receptor combinations used to induce ETI and stro-
mules in N. benthamiana and A. thaliana. ’Donor organism’ describes the pathogen from which the effector
was isolated (strain is in brackets); ’Effector’ provides the effector name and the name of the bacteria used to mediate
expression/translocation of the effector in planta; ’Plant receptor’ lists the receptor necessary for triggering ETI and the
reference describing the effector/receptor interaction, as well as the mode of receptor expression utilized. Experiments
describing stromule induction during ETI were reported by Caplan et al., (2015), with the exception of XopQ, which was
reported by Erickson et al. (2017a). Abbreviations are as follows: TMV = tobacco mosaic virus, Xcv = Xanthomonas
campestris pv. vesicatoria, Pst = Pseudomonas syringe pv. tomato, Nb = N. benthamiana, At = A. thaliana.

Gene Reference Forward primer
(5’ - 3’)

Reverse primer
(5’ - 3’)

NbEF1α Lui et al., 2012 agctttacctcccaagtcatc agaacgcctgtcaatcttgg
NbPP2A Lui et al., 2012 gaccctgatgttgatgttcgct gagggatttgaagagagatttc
NbAPR Lui et al., 2012 catcagtgtcgttgcaggtatt gcaacttcttgggtttcctcat
Nb17E6-

1/2
This thesis cagcttaccttgtgtattct cagttttcaggttatgccag

Table 12.6.: Primers utilized for qRT-PCR. Primer sequences for NbEF1, NbPP2A and NbAPR were extracted
from (Liu et al., 2012).
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13. DNA and protein sequences

Sl17E6 clone/Soly08g078510 DNA sequence (888 bp)

1 ATGACAAGCA CAGCAGAGAA TAACCAAATA CCAGCTAAAG CTAAAGAACC AGAACCCCAC

61 GAAACATTGT CCACTGCAGC TCCTTCATCA ACTTCAGGAT CACAAGATTT ATCACCTGAT

121 ATGGGTCGGG CAAAATTGGG TACCCATATT ATGGGTCCTC CAGCAGTTCC AACTACACAT

181 CCAGACAACC AGAAGGCTGC CTTATGGAGA GCTGATCAGG ATCCCCGCCA AGATTTTCAA

241 CCGCAGCCTT ACCTTGTGTA TTCTCCTGTT CAAAGGCCGA GCAACAATCC TCTTGATCCT

301 GTTGTTCATA TGCTCAATTC TTGGAGTAAT AGAGCTGAGA CCACCGCCCG CAACGTCTGG

361 CATAACCTGA AAACTGGGCC ATCAGTGTCC GAAGCTGCAT GCGGAAAGCT TAAATTGACA

421 GCTAAGGCTT TAACTGAGGG AGGATTTGAG CCACTGTACA AGCAGAATTT TGCTACAGAT

481 CCTAATGAGC AGTTGAAGAA AACATTTGCT TGTTACCTCT CTACAACAAC TGGCCCTGTT

541 GCTGGAACTC TGTATCTCTC ATCTACTAAA GTGGCTTTCT GTAGTGATCG TCCCTTATCT

601 TTCGGAGCTC CATCTGGACA GGAAGCTTGG AGCTACTATA AGGTTGCAAT ACCATTGGCA

661 AACATTGGCA CTATCAACCC TGTAGTGATG AGAGAAAATC CATCAGAAAG GTACATTCAG

721 ATTGTCACCA TTGATGGTCA TGACTTTTGG TTTATGGGAT TAATCAGTTT TGAGAAAGCA

781 AAGCATCATC TTCTGGAGAC TTTATCGATG TTTAGAGGGC AACCTTTTGG TGGACATGGC

841 AATGTGCCAG TGGCACAACC GGCTGTTAAT TACTAG

Sl17E6 ORF translation (295 aa, 32.8 kDa)

1 MEDQQVCTKK LAAARIMTGT GDKNQPKFKK SESQIPSVSS SSSDPQAPEM DPQKWGTHIM

61 GPPAVPTCHP DNQKAASWRA EDQREEFQPQ PYVVYSPIDK PSNNPLDSVV NVFNSWSNRA

121 ENIARNIWYN LKAGPSVTEV AWGKLNLTAK ALTEGGFEPL YKQIFGADPN EQLKKTFACY

181 LSTATGPVAG TLYLSTTKVA FCSDRPLSYK APSGQEAWSY YKVAVPLGNI GTINPIVMKE

241 SPPERYIQIV TIDGHDFWFM GFVNFDKAKH HLLETLSIFR AQPPHLNLQQ PAATY*
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Nb17E6-1/Niben101Scf00821g14009 DNA sequence- corrected version (876 bp)

1 ATGACAAGCA CAGCAGAGAA TAACCAAATA CCAGCTAAAG CTAAAGAACC AGAACCCCAC

61 GAAACATTGT CCACTGCAGC TCCTTCATCA ACTTCAGGAT CACAAGATTT ATCACCTGAT

121 ATGGGTCGGG CAAAATTGGG TACCCATATT ATGGGTCCTC CAGCAGTTCC AACTACACAT

181 CCAGACAACC AGAAGGCTGC CTTATGGAGA GCTGATCAGG ATCCCCGCCA AGATTTTCAA

241 CCGCAGCCTT ACCTTGTGTA TTCTCCTGTT CAAAGGCCGA GCAACAATCC TCTTGATCCT

301 GTTGTTCATA TGCTCAATTC TTGGAGTAAT AGAGCTGAGA CCACCGCCCG CAACGTCTGG

361 CATAACCTGA AAACTGGGCC ATCAGTGTCC GAAGCTGCAT GCGGAAAGCT TAAATTGACA

421 GCTAAGGCTT TAACTGAGGG AGGATTTGAG CCACTGTACA AGCAGAATTT TGCTACAGAT

481 CCTAATGAGC AGTTGAAGAA AACATTTGCT TGTTACCTCT CTACAACAAC TGGCCCTGTT

541 GCTGGAACTC TGTATCTCTC ATCTACTAAA GTGGCTTTCT GTAGTGATCG TCCCTTATCT

601 TTCGGAGCTC CATCTGGACA GGAAGCTTGG AGCTACTATA AGGTTGCAAT ACCATTGGCA

661 AACATTGGCA CTATCAACCC TGTAGTGATG AGAGAAAATC CATCAGAAAG GTACATTCAG

721 ATTGTCACCA TTGATGGTCA TGACTTTTGG TTTATGGGAT TAATCAGTTT TGAGAAAGCA

781 AAGCATCATC TTCTGGAGAC TTTATCGATG TTTAGAGGGC AACCTTTTGG TGGACATGGC

841 AATGTGCCAG TGGCACAACC GGCTGTTAAT TACTAG

Nb17E6-1 protein sequence (291 aa, 31.8 kDa)

1 MTSTAENNQI PAKAKEPEPH ETLSTAAPSS TSGSQDLSPD MGRAKLGTHI MGPPAVPTTH

61 PDNQKAALWR ADQDPRQDFQ PQPYLVYSPV QRPSNNPLDP VVHMLNSWSN RAETTARNVW

121 HNLKTGPSVS EAACGKLKLT AKALTEGGFE PLYKQNFATD PNEQLKKTFA CYLSTTTGPV

181 AGTLYLSSTK VAFCSDRPLS FGAPSGQEAW SYYKVAIPLA NIGTINPVVM RENPSERYIQ

241 IVTIDGHDFW FMGLISFEKA KHHLLETLSM FRGQPFGGHG NVPVAQPAVN Y*
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Nb17E6-2/Niben101Scf04406g06011 DNA sequence (858 bp)

1 ATGACAAGCA CACCAGAGAA TAACCAAATA CCAGAACCCC ACAAAACATT TCCAACTGCA

61 GTTCCTTCAT CAACTTCAGG ATTACAAGAT CCATCACCTG ATACGGGTCG GGAAAAATTC

121 GGTACCCATA TTATGGGACC TCCAGCAGTT CCAACTACAC ATCCAGACAA CCAGAAGGCT

181 GCCTTATGGA GAGCTGATCA GGACCACCGC CAAGACTTTC AACCTCAGCC TTACCTTGTG

241 TATTCTCCTG TTCAAAGGCC GAGCAACAAT CCTCTTGATC CTGTTCTTCA TATGCTCAAT

301 TCTTGGAGTA ATAGAGCTGA GACCACCGCC CGCAACGTCT GGCATAACCT GAAAACTGGA

361 CCATCAGTGT CCGAAGCTGC ATGTGGAAAG CTTAAATTGA CAGCTAAGGC TTTAACTGAG

421 GGAGGATATG AGCCACTATA CAAGCAGAAT TTTTCTACAG ATCCAAATGA GCAGTTGAAG

481 AAAACATTTG CTTGTTACCT ATCTACAACA ACTGGCCCTG TTGCTGGAAC TCTGTATGTA

541 TCATCTACTA AAGTGGCTTT CTGTAGTGAT CGTCCCTTAT TTTTCGGAGC TCCATCTGGA

601 CAGGAAGCTT GGAGCTACTA TAAGGTTGCA ATACCATTGG CAAACATTGG CACCATCAAC

661 CCTGTAGTGA TGAGAGAAAA TCCATCAGAA AGGTACATTC AGATTGTCAC CATTGATGGC

721 CATGACTTTT GGTTTATGGG ATTAATCAGT TTTGAGAAAG CAAAGCATCA TCTTCTGGAG

781 ACTTTATCGA TGTTTAGAGG GCAACCTTTT GGTGGACATG GCAATGTGCC AGTGGCACAA

841 CCGGCTGTTA ATTACTAG

Nb17E6-2 protein sequence (285 aa, 31.5 kDa)

1 MTSTPENNQI PEPHKTFPTA VPSSTSGLQD PSPDTGREKF GTHIMGPPAV PTTHPDNQKA

61 ALWRADQDHR QDFQPQPYLV YSPVQRPSNN PLDPVLHMLN SWSNRAETTA RNVWHNLKTG

121 PSVSEAACGK LKLTAKALTE GGYEPLYKQN FSTDPNEQLK KTFACYLSTT TGPVAGTLYV

181 SSTKVAFCSD RPLFFGAPSG QEAWSYYKVA IPLANIGTIN PVVMRENPSE RYIQIVTIDG

241 HDFWFMGLIS FEKAKHHLLE TLSMFRGQPF GGHGNVPVAQ PAVNY*
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CaABR1/Ca01g05510 DNA sequence (855bp)

1 ATGACAGGCA CAACAGAAGA AAATCAACCC AAAGTTCAAG AATCAGAGCC TCAAGCACCC

61 TCTATTCCTA CATCTTCTTC TTCTGATGAG AAAGAGAAAC AACCAGAAAT GGATCAACAA

121 AAATGGGGCA CACACATAAT GGGTCCACCA GCAGTTCCAA CAAGTCATCC AGATAATCAG

181 AAAGCTGCTG CGTTATGGAG AGCTGCAGAC CAAAAAGAAG AGTTTCACCC ACAGCCTTAC

241 GTTGTTTATA CTCCAGTTGA TCATAGGCCT ACTAATAATC CACTTGAATC TGTTGTTAAT

301 ATGTTTAATT CTTGGAGTAA TCGAGCTGAG ACCATCGCCC GCAACATCTG GCATAATCTG

361 AGAACTGGAC CATCAGTGAC AGAAGCAGCG TGGGGAAAGC TTAATTTGAC AGCCAAGGCC

421 TTAACAGAAG GCGGATTCGA GCCGCTTTAC AAGCAGATTT TCTCTACGGA CCCTAATGAG

481 CAGCTGAAGA AGACATTTGC TTGTTATCTT TCAACAACTA CTGGTCCTGT TGCTGGAACA

541 CTCTATTTGT CATCTACTAA GGTTGCTTTT TGCAGTGATC GACCTTTATC CTTCAAAGCT

601 CCATCAGGTC AGGAGGCTTG GAGCTACTAC AAGGTAGCAA TACCATTGAC AAACATTGGG

661 ACTATGAACC CAATAGTGAT GAGAGAGAAT CCACCAGAGA GGTACATTCA GATTGTTACA

721 ATCGATGGTC ATGACTTCTG GTTCATGGGG TTTGTCAATT TTGAGAAAGC AACACATCAT

781 CTCCTTGACG CCTTGTCTAA TTTTAAGGCC CAACCTCCTC ATGTTGGGGA AGTGCCACAA

841 CCAGCTAGTA ACTAG

CaABR1/Ca01g05510 protein sequence (284 aa, 31.7 kDa)

1 MTGTTEENQP KVQESEPQAP SIPTSSSSDE KEKQPEMDQQ KWGTHIMGPP AVPTSHPDNQ

61 KAAALWRAAD QKEEFHPQPY VVYTPVDHRP TNNPLESVVN MFNSWSNRAE TIARNIWHNL

121 RTGPSVTEAA WGKLNLTAKA LTEGGFEPLY KQIFSTDPNE QLKKTFACYL STTTGPVAGT

181 LYLSSTKVAF CSDRPLSFKA PSGQEAWSYY KVAIPLTNIG TMNPIVMREN PPERYIQIVT

241 IDGHDFWFMG FVNFEKATHH LLDALSNFKA QPPHVGEVPQ PASN*
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Ger5/Gre5/AtABR1/AT5G13200 DNA sequence (819bp)

1 ATGACAGGAT CACAAGAAGA CCAACCTAAG ATCATCATTG ATCAAGAGCA ACCCAAAACT

61 CTAGAAACAG AGCACCAACC AGAACCTTCT TCATCGTCTC CGGATCAGAA GAAATGGGGT

121 ACTCACGTGA TGGGAGCTCC GGCAGCTCCA GTTGCTCATC CCGATAACCA ACAGGCGGCG

181 GCGTGGGTCG CTGGAGATAA CCAGCAGACG CAGTACCAAC CGTACGTCAT CTACTCTCCT

241 GTCGAACATC CAACAACTAA CAACCCTCTC GAGCCAGTCA TCGGAATGTT CCATACCTGG

301 AGTCGCAAGG CAGAAACCGT CGCACGTAAC CTCTGGCACA ATCTGAAGAC AGGACCGTCT

361 ATGTCGGAAA CGGCGTGGGG GAAGGTTAAT TTGACGGCCA AAGCGATAAC AAAAGGAGGA

421 TTCGAGTCGC TTTTCAGACA GATTTTCGGA ACAGAGCCAA ACGAGACGCT GAAGAAAACT

481 TTCGCTTGTT ATCTCTCGAC GACGACAGGT CCTGTTGCTG GAACTGTCTA TCTTTCGAAT

541 GCTCGTGTCG CTTTTTGTAG CGATCGTCCT CTGTACTTCA CAGCACCTTC TGGTCAAGAA

601 TCTTGGAGCT ACTACAGGGT GGTTGTACCT TTGGCGAATG TAGCGACGGT GAATCCGGTG

661 GTGGTGAAAG AGACTCCACC TGAGAAGTAT ATTCAGTTGA CGACGGTGGA TGGTCATGAC

721 TTCTGGTTCA TGGGTTTTGT GAATTATGAG AAGGCTACGC ATCATCTGCT GACCAGTGTC

781 TCCGATTTTC AAACCGCACA CGGCTCTGTG TCTGGTTAA

Ger5/Gre5/AtABR1/AT5G13200 protein sequence (272 aa, 30.1 kDa)

1 MTGSQEDQPK IIIDQEQPKT LETEHQPEPS SSSPDQKKWG THVMGAPAAP VAHPDNQQAA

61 AWVAGDNQQT QYQPYVIYSP VEHPTTNNPL EPVIGMFHTW SRKAETVARN LWHNLKTGPS

121 MSETAWGKVN LTAKAITKGG FESLFRQIFG TEPNETLKKT FACYLSTTTG PVAGTVYLSN

181 ARVAFCSDRP LYFTAPSGQE SWSYYRVVVP LANVATVNPV VVKETPPEKY IQLTTVDGHD

241 FWFMGFVNYE KATHHLLTSV SDFQTAHGSV SG*

protein sequence of attB2 linker (highlighted in yellow) plus C-terminal mRFP
(highlighted in red) resulting from Gateway reaction of Nb17e6 and truncations into
pGWB554 (26.8 kDa)

1 DPAFLYKVVD NSMASSEDVI KEFMRFKVRM EGSVNGHEFE IEGEGEGRPY EGTQTAKLKV

61 TKGGPLPFAW DILSPQFQYG SKAYVKHPAD IPDYLKLSFP EGFKWERVMN FEDGGVVTVT

121 QDSSLQDGEF IYKVKLRGTN FPSDGPVMQK KTMGWEASTE RMYPEDGALK GEIKMRLKLK

181 DGGHYDAEVK TTYMAKKPVQ LPGAYKTDIK LDITSHNEDY TIVEQYERAE GRHSTGA
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14. List of abbreviations

3KO - triple knockout myosin mutant (xi-1 , xi-
2 , xi-k)

4KO - quadruple knockout myosin mutant (xi-
1 , xi-2 , xi-k , xi-i)

ABA - abscisic acid

ABD2 - actin binding domain 2 from FIMBRIN
1

CaABR1 - ABA RESPONSIVE 1

ACC - 1 aminocyclopropane-1-carboxylic acid

AgNO3 - silver nitrate

AGPase - ADP-glucose pyrophosphorylase

AIM - acetosyringone infiltration medium

APM - aminoprophosmethyl

APR- APS REDUCTASE

APX 1 - ASCORBATE PEROXIDASE 1

ARC - ACCUMULATION AND REPLICA-
TION OF CHLOROPLAST

ATG - AUTOPHAGY GENE

ATP - adenosine triphosphate

A. thaliana - Arabidopsis thaliana

A. tumefaciens - Agrobacterium tumefaciens

AvrBs3 - avirulence protein bacterial spot 3

BAP - 6-Benzylaminopurine

Bs3 - bacterial spot resistance 3

C. annuum - Capsicum annuum (pepper)

CaMV - Cauliflower Mosaic Virus

CD - cytochalasin D

CHUP1 - CHLOROPLAST UNUSUAL POSI-
TIONING 1

Co-IP - co-immunoprecipitation

dpi - days post-infiltration

DsRed - drFP583 (ref) fluorescent protein

dsRNA - double-stranded RNA

EF1 - ELONGATION FACTOR 1

eGFP - enhanced green fluorescent protein

ER - endoplasmic reticulum

ETI - effector triggered immunity

FIP1 - FH INTERACTING PROTEIN 1

FNRtp - FERREDOXIN-NADP(H) OXI-
DOREDUCTASE transit peptide

GEM - GL2-EXPRESSION MODULATOR

GER - GEM-RELATED (also abbreviated
GRE)

GRAM - Glucosyltransferases, Rab-like GT-
Pase activators and Myotubularins

GSH - glutathione

GSNO - S-nitroso-glutathione (an SNO
molecule)

GSNOR - S-(HYDROXYMETHYL) GLU-
TATHIONE DEHYDROGENASE

GV - GV3101

GVC - GV3101 transformed with
pCP60::35S:DsRed2 cured of the Ti-plasmid

GVR - GV3101 transformed with
pCP60::35S:DsRed2

H2B - HISTONE 2B

H2O2 - hydrogen peroxide (ROS molecule)

hpi- hours post-infiltration

HR - hypersensitive response

h - hours

IAA - idole-3-acetic acid

JA - jasmonic acid

JA-Ile - jasmonoyl-isoleucine

Lat B - latriculin B

LBA - LBA 4404

LBR - LBA4404 transformed with
pCP60::35S:DsRed2

LC-MS/MS - liquid chromatography-mass spec-
trometry and liquid chromatography - tandem
mass spectrometry

LRR - leucine-rich repeat

Ltz - LBA4404 transformed with pLSU::ptzs:tzs

MCS - membrane contact sites
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MeJA - methyl-jasmonate

min - minutes

mOrange2 - monomeric orange fluorescent pro-
tein 2

mRFP - monomeric red fluorescent protein

MAP4 - MICROTUBULE ASSOCIATED
PROTEIN 4 (from mouse)

MAX - MORE AXILLARY BRANCHES

MSL2 - MSCS-LIKE 2

MSL3 - MSCS-LIKE 3

NADPH - nicotinamide adenine dinucleotide
phosphate hydrogen

NO - nitric oxide (RNS molecule)

noGRAM - mutant Nb17E6-1 without the
GRAM domain

N. tabacum - Nicotiana tabacum (tobacco)

Nb17E6 - N. benthamiana clone number 17E6
from VIGS library

N. benthamiana - Nicotiana benthamiana

NTRC - NADPH-DEPENDENT THIORE-
DOXIN REDUCTASE C

OMT I-b - Catechol O-methyltransferase I-b

OPDA - 12-oxo-phytodienoic acid

ORF - open reading frame

pARC - PARALOG OF ARC6

PCR - polymerase chain reaction

PDR1 - PDR-type ABC transporter 1

PDS - PHYTOENE DESATURASE

Pfam - Protein families database

pn marker- plastid (FNRtp:eGFP) - nucleus
marker (H2B:mCherry)

PP2A - PROTEIN PHOSPHATASE 2A

P. syringe - Pseudomonas syringe

PTGS - post-transcriptional gene silencing

qRT-PCR - quantitative real-time polymerase
chain reaction

R-gene - resistance gene

RPN - 19S REGULATORY PARTICLE NON-
ATPASE

SA - salicylic acid

SDS - sodium dodecyl sulfate

sec - seconds

SGN - Sol Genomics Network

siRNA - small interfering RNA

Sl17E6 - tomato clone number 17E6 from VIGS
library

S. lycopersicum - Solanum lycopersicum
(tomato)

SNO - S-nitrosothiol

ROS - reactive oxygen species

RNS - reactive nitrogen species

T3E - type III effector

TMV - tobacco mosaic virus

TRV - tobacco rattle virus

TUA - TUBULIN ALPHA

tZ - trans-Zeatin

tzs - trans-zeatin synthase

UBQ 10 - UBIQUITIN 10

VIGS - virus induced gene silencing

WIT - WPP DOMAIN-INTERACTING TAIL-
ANCHORED PROTEIN

WT - wild type

Xcv - Xanthomonas campestris pv. vesicatoria

Xop - Xanthomonas outer protein

XopLmut - E3-ligase dead mutant variant of
XopL (XopLH584A_L585A_G586E)
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