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ABSTRACT

AN INVESTIGATION INTO PLASTID LOCALIZED LIPASES AT MEMBRANE CONTACT
SITES WITH THE ENDOPLASMIC RETICULUM USING LIVE-IMAGING

Alena M. Mammone
University of Guelph, 2014

Advisor:
Dr. Jaideep Mathur

Fluorescent protein-based imaging revealed that transient tubules extend and retract from
plastids. One hypothesis is that tubulation is a result of pulling force from the endoplasmic reticulum
(ER) exerted at membrane contact sites (MCSs). A Brassica napus chloroplast lipase protein 1
(BnCLIP) appeared to mark ER-plastid MCSs; therefore plastids, ER and BnCLIP were observed in
live transgenic plants using confocal microscopy. This study found that BnCLIP marked sites where
the ER and plastids maintained prolonged contact and where plastid tubules extended by apparent
pulling force from the ER. BnCLIP frequency increased significantly following phosphate starvation
but not 40mM sucrose treatment. The potential for native Arabidopsis thaliana lipase proteins to
localize in a similar manner was explored. This study provides the first demonstration of the role that
plastid-ER MCSs play in living cells to modulate the shape and dynamic behaviour of plastids.
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CHAPTER 1

INTRODUCTION

1.1 Introduction to Plant Cell Biology
A defining feature of the plant cell is the plastid, an organelle of endosymbiotic origin so
named for its plastic morphology. The etymology of ‘plastid’ comes from the Greek word
‘plastikos’ meaning ‘shaped’ or ‘molded’ (Schimper, 1882; Schattat et al., 2014). The most well
known plastid type is the chloroplast, which consists of an ovoid body full of membrane stacks
called thylakoids surrounded by viscous stromal fluid. While thylakoid membranes contain the
light harvesting complexes required for photosynthesis, the plastid stroma is the primary site of
fatty acid synthesis and many other metabolic pathways (Tetlow et al., 2004; Kaneko and
Keegstra, 1996; Thomson and Whatley, 1980).
In addition to the well known chloroplasts present in leaves, plastids have specialized
roles in different tissues. In embryo cells and stem cell niches of the meristems, pro-plastids
mature into pigment containing chromoplasts or non-pigmented leucoplasts (Thomson and
Whatley, 1980). Non-green chromoplasts are found in colourful fruits and flowers and contain
carotenoid and anthocyanin pigments. Leucoplasts are predominantly associated with sink
tissues including the root and epidermal cells. Leucoplasts are either etioplasts in dark grown
1

plants (pre-grana plastids, not yet exposed to light) or amyloplasts, which store starch and enable
gravitropism in the root tip (Krupinska, 2007). Aging or senescent plastids called gerontoplasts
accumulate lipid as the photosynthetic apparatus is dismantled and recycled (Krupinska, 2007).
Since plastids evolved from a cyanobacterial ancestor, they all contain a distinct lipid profile and
different lipids as compared with other eukaryotic cell membranes. Overall, our understanding of
plastid pleomorphy and structure is based on a range of observations such as hand drawn
depictions (Haberlandt, 1888) and high resolution transmission electron micrographs (TEMs,
Holzinger et al., 2007) as well as live-imaging studies (Schattat et al., 2012a, Figure 1.1).
1.1.1 Different Perspectives for Imaging Plant Cells
While TEM provides advantages such as increased resolution and molecule specific
labeling, one drawback is the loss of sub-cellular dynamics found in living tissue. During the
fixation process, the sub-cellular dynamics of highly motile organelles is lost. However poorly
understood, these dynamics provide insight into organelle interactions and connections, cellular
activity, metabolism and organelle or cellular health status. The development of confocal laser
scanning microscopy (CLSM) combined with green fluorescent protein (GFP) and its multicoloured derivatives (Giepmans et al., 2006, Table 1.1) revolutionized live-cell imaging (Chalfie
et al., 1994). The coding sequence for GFP was cloned initially in 1992 by Douglas Prasher after
the protein was isolated from the jellyfish Awquorea victoria. In 2008, the application of GFP as
a reporter in cell biology earned Osamu Shimomura, Martin Chalfie and Roger Tsien the nobel
prize in chemistry. Presently, complex photo-convertible fluorescent proteins (FPs) are also
available, such as monomeric EosFP which changes irreversibly from green to red in response to
ultraviolet irradiation (Wiedenmann et al., 2004). Exciting advancements in live-imaging

2

Figure 1.1: Introduction to plastid diversity and physiology. A, General outline of plastid
development and differentiation. B, Live-imaging of plastids with FP targeted to stroma
(Schattat et al., 2012a). C, Transmission electron micrograph of a chloroplast (Holzinger et al.,
2007). D, Hand drawn observations of plastid pleiomorphy (Haberlandt, 1888). [e – envelope, g
– granum, p – plastoglobule, s – stroma, st – starch, t – thylakoid].
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Table 1.1: Origin of Fluorescence Fusion Protein Constructs relevant to this study
Localization
Existing Construct
Full Name
Reference
Stroma
tpFNR:mEosFP,
Transit peptide of
Marques et al.,
tpFNR:GFP
Ferredoxin NADPH
2003; Schattat et
tpFNR:EYFP
reductase
al., 2012a
ptyk
Plastid YFP kanamycin Nelson et al.,
2007
ER lumen
RFP:HDEL,
ER retention sequence
Matsushima et
YFP:HDEL
(HDEL)
al., 2003;
Eos:HDEL
Mathur et al.,
2010
Putative ER-Plastid
BnCLIP:GFP
Brassica napus
Tan et al., 2011
Contact Points
Chloroplast Lipase
Protein 1
Plastid outer
N-CHUP:GFP
Chloroplast unusual
Oikawa et al.,
envelope
positioning 1
2003
N/A
RFP1
Red fluorescent protein Campbell et al.,
1
2002
EYFP
Enhanced yellow
Mathur Lab
fluorescent protein
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technology include integrated CLSM and TEM systems where dynamic movies can be
complemented by high-resolution correlative micrographs. Additionally, an optical tweezer
system has been developed which allows for direct physical manipulation during live-imaging
(Sparkes et al., 2010).
1.1.2 Arabidopsis as a Tool for Plant Science and Cell Biology Research
Live-cell imaging using FP technology combined with rapid advances in genomics can be
applied on the model angiosperm Arabidopsis thaliana, which is easily transformed to express
multiple transgenes using Agrobacterium tumefaciens. A. thaliana is a member of Brassicaceae
that was originally native to Europe and Asia. Its small stature, ample seed production and short
lifecycle make it ideal for scientific studies. Many online databases based on microarray data
(www.bar.utoronto.ca) and vast collections of mutants and transgenic resources
(www.arabidopsis.org) are available to researchers. As one of the first higher plants to have its
genome fully sequenced, A. thaliana represents a highly accessible species for molecular studies.
In particular, a number of mutants with altered organelle morphology have been characterized
(Table 1.2; Robertson et al., 1995; Holzinger et al., 2008). One mutant in particular was named
accumulation and replication of chloroplasts 6 (arc6) and has a phenotype of large plastids and
extremely long stroma filled tubules (Pyke et al., 1994, Schattat et al., 2012a). This is because
the ARC6 protein functions in late plastid division, facilitating the final step of plastid division
(Glynn et al., 2008).
1.1.3 The Discovery and Characterization of Stromal Fluid Filled Tubules
In 1888 Haberlandt published what may be the first hand drawn observations of thin
tubular projections extending from the main plastid body (Gunning, 2005, Gray et al., 2001).
When the GFP was targeted to the stroma of plastids in tobacco, these tubules were identified as
5

Table 1.2: Pertinent A. thaliana Organelle Morphology Mutants Containing Plastid Stroma and ER Lumen Targeted Fluorescence
Probes
Abbreviation
arc5
arc6
ermo1
ermo2
pah1pah2

Name
accumulation and
replication of
chloroplast

Gene
At3G19720

endoplasmic
reticulum
morphology

At5G39500

At5G42480

At3G07100

phosphatidic acid At3g09560/
phosphohydrolase 1 At5g42870
and 2

Organelle Phenotype
Chloroplasts in stamen filaments
contain more stromules.
Very large plastids in many
tissues, very long stromules in
many tissues.
1μm wide ER spherical bodies
dispersed throughout cell.
1μm wide ER spherical bodies
aggregated up to 10μm wide.
Excess phospholipids form
sheet-like expanded ER
cisternae, lack of tubules.

Mechanism
Mutation to DRP5B reduces
plastid division.
ARC6 typically forms a
complex with plastid
division proteins.
GNOM-LIKE1 is involved
in Golgi-ER trafficking.
SEC24A is involved in
Golgi-ER trafficking.
Eukaryotic phosphatidic acid
blocked from entering
plastid.

Reference
Holzinger et
al., 2008

Nakano et al.,
2009

Eastmond et
al., 2010;
Nakamura &
Ohta, 2010
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0.3-0.8μm wide double membrane bound extensions of the stroma (Köhler et al., 1997; Mathur
et al., 2012). These transient extensions readily extend and retract, making them distinct from an
isthmus which connects dividing plastids (Mathur et al., 2012). The stroma fluid filled tubules
were named stromules (Hanson and Köhler, 2001). Initial studies and reviews suggested that
stromules help create an inter-connected plastid network and can exchange proteins up to
550kDa (Köhler et al., 1997; Kwok and Hanson, 2004a, 2004b, 2004c; Hanson and Sattarzadeh,
2011). Recent findings from Schattat et al., (2012a) using a photo-convertible FP contradicted
these reports, providing evidence that plastids are unable to exchange protein molecules in the
range of 23-25 kDa. The formation of stromules exhibits diurnal cycling (Schattat et al., 2012b)
and varies according to the developmental stage of the plastid itself (Köhler and Hanson, 2000;
Shiina et al., 2000; Waters et al., 2004; Holzinger et al., 2007; Schattat and Klösgen, 2011).
Stromules rapidly increase in length and abundance in response to many stressors (Mathur et al.,
2012) including changes in sugar, salt (Gray et al., 2012; Schattat and Klösgen, 2011),
temperature (Holzinger et al., 2007), light (Schattat et al., 2012b), alternative oxidase induction
(Itoh et al., 2010; Itoh and Fujiwara, 2010) and pathogen attack (Krenz et al., 2012).
When FPs were targeted to mitochondria and peroxisomes, similar transient tubules were
observed (Logan, 2003; Scott et al., 2007). Whereas stromules extend in response to sucrose and
glucose infiltration (Schattat and Klösgen, 2011) peroxules rapidly form in response to oxidative
stress (H2O2, ultra-violet light exposure) and appear to precede peroxisome fission (Sinclair et
al., 2009). In fact tubular extensions are not limited to these organelles, but have also been
observed extending from nuclear (Silwinska et al., 2012) and vacuolar membranes (Wiltshire and
Collings, 2009). Generally, the function and mechanism of extension of these tubules is not well
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understood. Yet, given the similar morphology between organelles, it is plausible that they form
through related mechanism(s).
One hypothesis on how stromules actively extend relates to plastid motility in general.
Directed motility has been demonstrated during the evasion response of chloroplasts to intense
light, where chloroplasts migrate to the cell periphery to protect sensitive light harvesting
complexes (Suetsugu et al., 2010). The over-excitation of photosystems during intense light
exposure can produce damaging superoxide and H2O2 reactive oxygen species (ROS) as
byproducts of photo-oxidative stress (Apel and Hirt, 2004). This movement is diminished by
actin disrupting drugs latrunculin and cytochalasin D (Kwok and Hanson 2003, Gray et al.,
2001). Similarly, stromules appear to have acto-myosin mediated motility (Kwok and Hanson,
2003; Natesan et al., 2009) that can be arrested by inhibitors of myosin X1 in particular
(Sattarzadeh et al., 2009). In addition, the endoplasmic reticulum (ER) has been proposed as
another source of external force that may contribute to plastid translocation and tubulation. In
fact, stromules are contiguous with ER tubules which lead Schattat et al. (2011) to hypothesize
that plastid membrane extensions could form due to pulling force applied from plastid-ER
membrane contact sites (MCSs). Additionally, they suggested that local lipid remodeling could
change membrane fluidity leading to protrusion points on the plastid membrane. Presently the
precise relationship between organelle pleomorphy and the ER is unknown, but it is known that
ER acts as a hub for protein and lipid synthesis, modification and transport.

1.2 The Endoplasmic Reticulum (ER)
The most dynamic, expansive organelle of the plant cell is the ER, a single membrane
bound network with tubular and sheet-like forms (Voeltz et al., 2002). Morphologically the ER is
composed of tubules (<0.3μm wide) connected at 3-way junctions to form polygons, ER-bodies
8

Figure 1.2: Plastid stromules have distinct boundaries and extend along ER. A,
Stromules display 3 way junctions and polygonal morphology characteristic of ER
(Schattat et al., 2011). B, Stromules have distinct boundaries through which fluorescent
proteins are not transported (Schattat et al., 2012a). C, Stromules extend along tracks of
ER (Mathur et al., 2012). Chlorophyll – ch, stromule – st.
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(10μm long storage compartments) and cisternal sheets (>0.3μm2) (Figure 1.2; Herman &
Larkins 1999; Matsushima et al., 2003; Sparkes et al., 2009). The ER is considered either rough
or smooth depending on the presence or absence of ribosomes on its surface. All ER motility is
based on acto-mysoin machinery but when cytoskeletal function is inhibited chemically or by
mutation, ER tubules become compressed and less dynamic (Prinz et al., 2000). The ER
functions as a primary site of phospholipid synthesis from fatty acids sub-units (Brown et al.,
2010), is a major site for lipid storage including triacylglycerols (TAGs) and is responsible for
Ca2+ storage (Voeltz et al., 2002). The ER also synthesizes, modifies, stores and secretes protein
and a C-terminal HDEL tag can be used as a ER retention signal (Voeltz et al., 2002; Andersson
et al., 2007, Gomord et al., 1997). At the subdomain where the ER comes into contact with an
organelle at a membrane contact site (MCS), distinct protein and lipid profiles can be found
(Kaneko and Keegstra, 1996; Levine and Loewen, 2006; Lev 2010). In plants many ER subdomains have been identified using ultra-rapid freezing techniques and electron microscopy
(Staehelin, 1997). These include mitochondrial-associated membranes (MAMs), plasma
membrane associated membranes (PAMs) and associations with the nuclear envelope. In plants
it is hypothesized that similar domains exist between the ER and plastids (such domains are
named PLAMs, plastid associated membranes) (Kjellberg et al., 2000) as well as peroxisomes,
vacuoles, Golgi bodies, endosomes, lysosomes and oil bodies (Pichler et al., 2001; Voeltz et al.,
2002; Andersson et al., 2004). MCSs are the closest and most physically stable site between the
ER subdomain and the other organelle at which cargo exchange occurs (Prinz, 2014).
1.2.1 Why Membrane Contact Sites?
Although many studies have characterized MCSs in yeast and mammalian cells, plastidER MCSs are less well understood. Andersson et al. (2007) used optical tweezers to demonstrate
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that over 400pN of connective force existed at plastid-ER MCSs. It was unclear what proportion
of this force was due to MCSs. In general, MCSs share roles in lipid exchange, metabolite
signaling and trafficking, organelle division and organelle inheritance (Prinz, 2014). However
visualization of such domains is challenging (Prinz, 2014). MCS domains are enriched in certain
protein complexes including physical tethers, lipid transporters and hydrophobic channels
(Kaneko and Keegstra, 1996; Levine and Loewen, 2006; Lev, 2010; Samuels and McFarlane,
2012; Chen et al., 2012). Tethering proteins such as SNAPs (synaptosome associated proteins)
and SNAREs (soluble N-ethylmaleimide-sensitive-factor attachment protein receptor) or related
proteins maintain membrane junctions up to 30 nm wide (Levine, 2004; Lev, 2012; Mehrshahi et
al., 2014), which is essential for non-vesicular lipid transport. Many studies have reported a
connection between calcium homeostasis, transport, apoptosis and the ER-mitochondria MCSs
(Levine and Loewen, 2006; Lev, 2010). Indeed mammalian and yeast MAMs are specialized for
lipid import and biosynthesis (Vance, 1990; Gaigg et al., 1995). In these cells mitochondrial
defects including ER-mitochondrial MCS mutations are linked to disease (Vance, 2014).
Additionally, in yeast, mutants to a single ER-mitochondrial tethering protein MDM12
(mitochondrial distribution and morphology) were non-viable but could be complemented by an
artificial tether (Kornmann et al., 2009). Furthermore, when six ER-plasma membrane tethers
were mutated in one yeast cell line, survival was significantly decreased while lipid signaling
and ER morphology were impaired drastically (Manford et al., 2012).
But tethering proteins can be multifunctional with secondary roles related to organelle
division, calcium signaling or lipid binding and transport. In yeast, an ER-mitochondrial
encounter structure (ERMES, which includes MDM12) localized to MCSs (Kornmann et al.,
2009) and sites where the ER encircled the mitochondria preceding organelle division (Murley et
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al., 2013). Additionally, defects in peroxisome and mitochondrial inheritance are observed when
the respective MCS tethers were non-functional (Knoblach et al., 2013; Lackner et al 2013). The
nucleus-vacuolar junction in yeast is another well-characterized MCS that is enriched in lipid
transfer proteins (LTPs), fatty acid synthases and tethers (Pan et al., 2000). VAC8 is one such
tether in the vacuole and defects result in abnormal vacuole morphology and inheritance (Wang
et al., 1998). Thus it is not surprising that tethering proteins at MCSs are highly redundant
(Manford et al., 2012; Stefan et al., 2013).
While anchorage or tethering is essential for MCS functionality, lipid metabolism and
signaling are also critical at these domains. In organelles of endosymbiotic origin that are
isolated from the vesicular transport pathway, lipid trafficking at MCSs is the main zone of
hydrophobic transport (Jouhet et al., 2010). In fact, plant lipid biosynthesis requires extensive
non-vesicular lipid transport at plastid-ER MCSs. A family of TGD (trigalactosyldiacylglycerol)
transporter proteins is understood to form channels that are essential for retrograde transport
from ER to plastid (Hurlock et al., 2014). TGD1-3 forms a hydrophobic channel on the inner
chloroplast envelope membrane while TGD4 is present on either the ER or outer chloroplast
membrane (Lu et al 2007; Xu et al., 2008). Specific LTPs carry out the lipid exchange at MCSs
by actively moving substrate up a lipid gradient between two leaflets or closely apposed
membranes (Andersson et al., 2007; Lev, 2012). In this way LTPs can act as biosensors that
regulate differential lipid composition in a membrane (Lev, 2010; Lev, 2012). For example the
plastid envelope maintains relatively equal amounts of MGDG, DGDG (digalactosyl
diacylglycerol) and phosphatidylcholine (PC) (Mackender et al.,1974) presumably through an
analogous lipid monitoring system. LTPs such as ceramide transfer proteins (CERTs), oxysterol
binding proteins (OSBPs) and phosphatidylinositol transfer proteins (PITPs) bind a specific lipid
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monomer in a hydrophobic pocket (Lev, 2010). Such enzymes often contain organelle targeting
sequences and trans-membrane domains (Jouhet et al., 2010; Li-Beisson et al., 2010). Other
functional lipid modification enzymes at MCSs can act in “trans” whereby the enzyme in one
compartment acts on substrate from the second. This was observed primarily at ER-plasma
membrane contacts (Tavassoli et al, 2013) and is thought to be advantageous for eukaryotes,
which require intra-organelle signaling and may have differentially localized enzymes or lipids
(Prinz, 2014).
The current model for MCS structure is based on the classical “transporter-based” system
which involves accumulation of hydrophobic channels, LTPs and tethers at two distinct, closely
apposed membranes (Figure 1.3, Mehrshahi et al., 2014; Prinz, 2014). Recently, a new model for
plastid-ER MCSs was proposed based on trans-organellar complementation, whereby two
membranes progress into a “hemifused” state. In such a case the inner leaflet of the plastid outer
envelope associates transiently with the inner leaflet of the ER (Mehrshahi et al., 2013,
Mehrshahi et al., 2014). In such a case the high rate of lipid cross-talk at the plastid-ER
membrane interface could be accomplished without many dedicated lipid transporters, each with
highly specific substrates and the requirement of ATP (Levine and Loewen, 2006; Mehrshahi et
al., 2014). Some homologs of known MCS markers are listed in Table 6.1 (Appendix B). While
many questions remain concerning the structure of ER-plastid MCSs, it is well known that lipid
biosynthesis is highly dependent on MCS mediated non-vesicular lipid transport.

1.3 Lipid Biosynthesis in Plant Cells
Glycerolipids are the main component of cellular membranes, consisting of a glycerol
backbone bound in an ester linkage to fatty acyl tails at the first (ie: sn-1 position) and second

13

Figure 1.3: The Transporter-Enzyme and Hemifusion Based Models of MCS Structure.
Adapted from Mehrshahi et al., 2014. In the transporter-enzyme model the ER membrane
remains completely distinct from the outer plastid membrane and lipid transport is entirely
dependent on lipid transporters or channels. In the hemifusion model the ER membrane can
transiently fuse with the outer plastid envelope membrane to allow lipid cross-talk without
dependency on transporter proteins.
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position (sn-2) (Lev, 2010). Phosphate or galactose based head groups typically occupy the 3rd
position on the glycerol backbone (ie: sn-3) (Ohlrogge and Browse, 1995). The most common
lipid in non-plastidic plant membranes is PC (phosphatidyl choline; Kaneko and Keegstra, 1996;
Joyard et al., 2010).
Lipid synthesis in plants begins as fatty acids are assembled during the day (Ekman et al.,
2007) in the stroma, due to the light-dependent action of the first enzyme in the synthesis
pathway, ACoA (acetyl-coenzyme A) carboxylase (Savage and Ohlrogge, 1999; Figure 1.4).
Free fatty acids are built into glycerolipids either in the plastid (prokaryotic) or ER (eukaryotic)
synthesis pathway (Ohlrogge and Browse, 1995). Prokaryotic glycerolipid synthesis evolved
from cyanobacterial origins in early endosymbionts and can be completely independent of ER in
algae and primitive plants (Ohlrogge and Browse, 1995). However this produces predominantly
unsaturated 16:3 fatty acids (16 carbons with 3 cis double bonds) at the sn-2 (middle) position of
glycerol backbone (Joyard and Maréchal, 2004). Arabidopsis retains the capacity for prokaryotic
lipid synthesis, where about 62% of fatty acid groups synthesized in the plastid are exported to
the ER and the remaining lipid is incorporated into phosphatidylglycerol (PG) (Ohlrogge and
Browse, 1995, Browse et al., 1986). In the ER fatty acids in PC are desaturated to C18:2 and
C18:3 (Dyer and Mullen, 2001) in a light-independent manner (Maatta et al., 2012). About half
of this eukaryotic PC is recycled back to the plastid envelope (Browse et al., 1986) and used as a
substrate for MGDG and DGDG (digalactosyldiacylglyceride) synthesis (Jouhet et al., 2010). It
is speculated that this cross-talk helps maintain differential lipid saturation levels between
cellular membranes (Browse et al., 1986). Jouhet et al., (2010) states “there is no indication for
transport of galactolipid precursors [from ER to plastids] through vesicular trafficking”. Most
lipases involved in lipid modification at these MCSs have yet to be characterized. However it is
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Figure 1.4:2Overview of lipid metabolism in photosynthetic plant cells with emphasis on
lipases and ER-plastid traffic. Based on: Ohlrogge and Browse, 1995; Padham et al., 2007,
Andersson, 2013, Beisson et al., 2003; Li-Beisson et al., 2013; Seo et al., 2009. Yellow indicates
ER lipid profile (eukaryotic synthesis), green represents prokaryotic synthesis. FAS (fatty acid
synthesis), ACoA (acetyl-coenzyme A), FAD (fatty acid desaturase), PA (phosphatidic acid),
PG (phosphatidyl glycerol), DAG (diacyl glyceride), MGDGS (MGDG synthesis), DGDGS
(DGDG synthesis), LPC (lysoPC), PI (phosphatidyl inositol), PG (phosphatidyl glycerol), PE
(phosphatidyl ethanolamine), PS (phosphatidyl serine), PLA1 (phospholipase A1), LA (linolenic
acid), PLA2 (phospholipase A2), PLC (phospholipase C), PLD (phospholipase D).
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understood that the TGD complex and TGD4 may function as transporters at these domains,
shuttling both DAG (diacylglycerol) and PA (phosphatidic acid) from ER to plastid (Hurlock et
al., 2014). Andersson (2013) summarizes the major lipid species trafficked between ER-plastid
MCSs. In unstressed tissue, he writes that the greatest proportion of substrate transported is
eukaryotic PC moving into the plastid where it is hydrolyzed by a lipase for DGDG synthesis
(Figure 1.4). It is unknown whether these lipases that are reported to be localized to the ER,
plastid and cytosol (Seo et al., 2009; Andersson et al., 2004) are associated with hemifused
regions of the plastid envelope (Mehrshahi et al., 2014; Figure 1.3). In the case of hemifusion, all
plastid envelope lipids as well as ER lipids would be bioavailable to such enzymes.
Another type of lipid, the triacylglycerol (TAG) is the major carbon storage form in
germinating seeds (seed oil), consisting of 3 fatty acids bound to the glycerol backbone
(Ohlrogge and Browse, 1995). TAGs are stored in plastid based plastoglobuli (Padham et al.,
2007) or oil bodies bounded by the ER membrane (Parker & Murphy, 1981). These micelle-like
spherical aggregates are approximately 1μm in diameter surrounded by a phospholipid
monolayer (Brown et al., 2010). Oil bodies are coated in oleosins and form by “blebbing” from
ER membranes (Bergfeld et al., 1978). Conversely, plastoglobuli are a sub-organelle derived
from thylakoid membranes in aging leaves (Nacir and Bréhélin, 2013; Parker and Murphy,
1981). They remain in the stroma or are connected to thylakoid stacks by one membrane and
exhibit fibrillin as a unique marker, as well as specific enzymes (Nacir and Bréhélin, 2013;
Padham et al., 2007; Austin et al., 2006). Plastoglobuli and oil bodies are pivotal to cellular lipid
homeostasis and storage (Ohlrogge and Browse, 1995).
Evidently lipid biosynthesis in plants is complex and the plant lipidome (complete profile
of relative amounts of each lipid type found in all plant tissues) represents a massive sink for
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carbon and phosphate. It is generally underappreciated that in addition to its crucial roles in
photosynthesis, the chloroplast can contain up to 85% of cellular lipid in leaf mesophyll
(Somerville and Browse, 1996). While lipid is essential for membrane formation, lipids and lipid
modifying enzymes are also highly responsive to stress and involved with signaling cascades.
Generally, large changes to the lipidome occur over the long term such as during senescence
(Hong et al., 2000, Krupinska, 2007) and phosphate starvation. During phosphate starvation up
to 25% of phospholipids are replaced with DGDG so that up to 30% of cellular phosphate
reserves can be released (Jouhet et al., 2010, Joyard et al., 2010; Li-Beisson et al., 2010,
Andersson et al., 2013). Phospholipids and DGDG flux through plastid-ER MCSs at this time. In
the short term, lipids rapidly respond to stimuli including osmolarity changes, desiccation,
wounding and temperature (Yang et al., 2006; Singh et al., 2010). For example within one hour
of wounding C18 acyl groups are hydrolyzed to initiate the wound response through synthesis of
jasmonic acid (JA, Heitz et al., 2012; Seo et al., 2009). Likewise PA can act as a phloem-mobile
signaling molecule (Benning et al., 2012) and can regulate MGDG synthesis by binding and
activating synthases (Dubots et al., 2010). Fatty acid derivatives are also involved in systemic
acquired immunity (Wang et al., 2014) and flower maturation (Yan et al., 2012).
1.3.1 Why study Lipases?
Lipases are a massive protein super-family essential for lipid conversion (Ryu, 2004, Li
et al., 2012, Troncoso-Ponce et al., 2014). The most common lipase sub-families in A. thaliana
are listed in Table 1.3, most of which possess unique structures and substrates as well as unique
stimuli and subsequent responses. Thus it is understandable that lipases are important for various
processes such as normal metabolism, stress response and signaling. For example, phospholipase
C and D (PLC and PLD) are up regulated in response to phosphate starvation (Nakamura et al.,
18

Table 1.3:1General overview of most common lipase families in A. thaliana. Based on:
InterPro (www.ebi.ac.uk/interpro), Troncoso-Ponce et al., 2013.
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2005; Yamaryo et al., 2008) while phospholipase A1s (PLA1) are associated with wounding (Seo
et al., 2009). Given the extensive lipid flux that occurs at plastid-ER MCSs and that lipases
mediate most subsequent lipid modification, it is plausible that lipases would contribute to lipid
turnover at MCSs in vivo (Andersson et al., 2004).
In general, lipases break down lipids to remodel membranes and make these components
bioavailable (Table 1.3). Lipases are grouped into three classes based on sequence homology.
Class 1 and 2 lipases play a role in fatty acid oxygenation, require downstream chaperone
proteins and were originally characterized in Pseudomonas spp. (Quyen et al., 1999). Class 3
lipases are more distantly related to the other classes, but these are the most common type in A.
thaliana. Class 3 lipases or PLA1 can be soluble or membrane bound and hydrolyze the ester
bond connecting fatty acyl chains to the glycerol backbone. Substrates like TAGs, galactolipids
and phospholipids can be hydrolyzed by PLA1 which has lead to naming conventions like TAG
lipases, galactolipases and phospholipases respectively (Verger, 1997; Schrag and Cygler, 1997).
Many lipases undergo “interfacial activation”, or an increase in enzymatic activity, at the waterlipid interface (Sarda and Desnuelle, 1958; Tilbeurgh et al., 1993) and they often bind lipids so
strongly they become invulnerable to soluble protease digestion (Andersson et al., 2004). In
particular lipases maintain a high affinity for leaky membranes (Hong et al., 2000).
PLA1 belongs to the α/β hydrolase superfamily, which contains a serine lipase motif
(GxSxG) and an active diad (“DH”). When the typical membrane phospholipid PC is hydrolyzed
by PLA1, the fatty-acid chain at the sn-1 position is released to produce lyso-PC (LPC, Table 1.4;
Mongrand et al., 1997, Ryu, 2004). LPC is a cone shaped phospholipid with one fatty acid which
can contribute to tubulo-vesicular formations in membranes (LaPlante et al., 2011).
Consequently lipase treatment has been reported to cause membrane tubulation both in vivo and
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in vitro (LaPlante et al., 2011, Bechler et al., 2010 Ward et al., 2012; LaPlante et al., 2011). In
living plants, lyso-lipids increase significantly at the end of the day (Maatta et al., 2012), but the
connection between this increase and lipase activity, diurnal lipid production and plastid
tubulation has not been studied.
1.3.2 Plastid Localized Lipases in A. thaliana
Seven PLA1s are reported to localize to the plastid in A. thaliana (Chen et al., 2013).
These include DEFECTIVE IN ANTHER DEHISCENCE1 (DAD1) and its homologs, the
DAD1 LIKE LIPASEs (DALLs) as well as DONGLE (DGL). Ishiguro et al. (2001) first
characterized the male sterile dad1, which was delayed in flower opening and pollen grain
bursting. DAD1, DALL1-4 and DGL have been shown to be functionally redundant (Ellinger
and Kubigsteltig, 2010) but their tissue localization, developmental specificity and induction
stimuli appear to diverge (Hyun et al., 2008) (Table 1.4). dad1, dgl and dall mutant phenotypes
are also associated with reduced jasmonic acid (JA) levels (Ellinger et al., 2010; Grienenberger
et al., 2010; Table 1.4). This is because the DALLs appear to share the similar function of
releasing linolenic acid (LA; C18:3 fatty acid) from plastid envelope lipids (Seo et al., 2009) and
LA is the first precursor in JA synthesis. LA originates in the ER where it is desaturated, before
being incorporated into galactolipids in the chloroplast (Dyer and Mullen, 2001). When a lipase
hydrolyses a galactolipid containing LA, LA is oxygenated into 12-oxo-phytodienoic acid
(OPDA) in the stroma. OPDA is then actively transported to the peroxisome and converted into
JA (Bottcher & Pollman, 2009). JA precursors mobilized by DAD1 and DALLs are crucial to the
osmotic stress response and salt homeostasis (Ellinger et al., 2010, Ellinger and Kubigsteltig
2010). It is unknown whether the release of C18 fatty acids from plastid envelope lipids is linked
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Table 1.4:2Chloroplast localized DAD1 and DALLs in A. thaliana. Data from Ellinger et al., 2010 and Ruduś et al., 2014.
Protein
Name

Gene
Accession
No.

Phospho-lipase activity
DAD1
AT2G44810

Tissues

Preferred
Substrate
(secondary
substrates)

Localization
Pattern on
Plastid
(Seo et al.,2009)

Temporal upregulation
Stimuli

Function

Mutant phenotype

References

Stamens and
petals

PC (MGDG,
DGDG)

Punctae

Flower
maturation,
late after
wounding

Initiates 1st
step in JA
synthesis

Male sterile, late
flower opening

Hyun et al., 2008,
Ishiguro et al., 2001

DGDG (PC)

Punctae, Lipid
bodies outside
plastid

Rapid wound
response,
vegetative
growth
Wounding

Maintains
basal and
wound
induced JA
Response
to salt
stress
Release
fatty acids
from TAGs

Over-expression
mutant: Dwarf,
rounded leaves, JA
over production
Delayed
germination at high
salt concentrations
Stunted growth,
delayed rosette
senescence,
abnormal thylakoid
organization
Basal JA levels
reduced by half

Hyun et al., 2008

Phospho- and galacto-lipase activity
DGL
AT1G05800
Seedlings,
leaves
DALL1

AT4G16820

Flowers

DGDG,
(PC,MGDG)

Stroma, Few
Punctae

DALL5

AT2G31690

Flowers

DGDG, MGDG
(PC, TAG)

Punctae associated
with plastoglobuli

Leaf
senescence

DALL2

AT1G51440

Flowers,
Leaves

MGDG (PC)

Large punctae

Wounding

Maintains
JA levels in
leaves

Few Punctae

Bacterial
infiltration
and fungal
inoculation
Fungal and
bacterial
infection

Maintains
JA levels in
leaves

Basal JA levels
reduced by half

Grienenberger et al.,
2010

Release JA
after
wounding

Less JA directly
following
wounding

Grienenberger et al.,
2010

Phospho-lipase, Galacto-lipase and TAG lipase activity
DALL3 AT2G30550
Constitutive
MGDG (PC,
DGDG, TAG)
DALL4

AT1G06800

Constitutive

DGDG (PC,
MGDG, TAG)

Clumps of
Punctae

Ellinger et al., 2010
Padham et al., 2007

Ellinger et al., 2010
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to tubulation of these domains. Therefore, this study hypothesizes that stromule extension could
be regulated by a chloroplast-localized lipase.
1.3.2 BnCLIP: A Lipase and plastid-ER MCS Marker
Given the metabolic evidence that a lipase could be responsible for lipid modification at
plastid-ER-MCSs, Tan et al., (2011) investigated such enzymes in Brassica napus. Using the
At1g06800 (dall4) gene as a query based on its lipase annotation, they found that Brassica napus
has 17 lipases, 6 of which are highly homologous to dall4. One gene encoded a protein which
they named Brassica napus chloroplast lipase protein 1 (BnCLIP). It was highly homologous
with DAD1, DGL and DALL5, contained a chloroplast transit peptide and the lipase active site
and diad. The truncated protein lacking a transit peptide was heterogeneously expressed in yeast
and shown to have broad activity towards neutral and polar lipids, hydrolyzing C16 and C18 acyl
groups. Transcript profiling showed the lipase was up-regulated during seed maturation, in high
oil content mutants and following plastid damage after spectinomycin treatment. A
35S::BnCLIP:GFP construct localized to small punctae on the plastid envelope when expressed
transiently in tobacco. Taken together, the functional characteristics and localization pattern lead
Tan et al., (2011) to conclude the protein localizes to ER-plastid MCSs. They speculated that
BnCLIP could be involved in plastid breakdown during senescence and normal plastid lipid
inter-conversion.

1.4 Hypothesis
This study aimed to understand the possible connection between ER-MCSs marked by
BnCLIP and the formation of stroma filled tubules, as well as the relationship between BnCLIP
and related A. thaliana lipases. CLSM based live-imaging combined with FP technology
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provided a novel, in vivo approach to study MCSs, which are typically thought of as static
domains. The hypothesis of this study is that BnCLIP highlights plastid-ER MCSs, thus
pulling force at the sites leads to plastid tubule extension. Additionally, homologous lipases
from A. thaliana share similar punctate localization patterns as the MCS marker BnCLIP.
This study will provide a new perspective on how dynamic and responsive the MCS domains are
and will help elucidate possible mechanisms behind stroma fluid filled plastid extensions.

1.5 Aims of the Study
Given that previous studies have used transient expression, the first aim was to create
new constructs and stable transgenic lines expressing one or more FPs in wild type (WT) and
mutant A. thaliana. The second aim was to use CLSM based live-imaging (time-lapse movies
and x/y/z stacks) to characterize BnCLIP in relation to other probes and new constructs in a
variety of tissues following a variety of treatments. The third aim was to quantitatively assess
BnCLIP and stromule characteristics at these times. The last aim was to develop an overall
understanding of lipase role(s) at plastid-ER contact sites.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Molecular Cloning and Genetics
2.1.1 Complementary-DNA (cDNA) Synthesis
RNA extraction was carried out using the EZ-10 Spin Column Plant RNA MiniPrep Kit (Bio Basic Inc., https://store.biobasic.com) in which 50mg of tissue (~30, 5 day
old seedlings) was ground in liquid nitrogen. In order to synthesize complementary DNA
(cDNA) the RNA was then treated with DNaseI (Fermentas,
www.thermoscientific.com/fermentas) and reverse transcribed by PCR. This was carried
out using the Thermo Scientific Revertaid H Minus First Strand cDNA Synthesis Kit
(Fermentas), using the oligo(dT)18 primer which binds polyA tails on the 3’-end of
complete eukaryotic RNAs. cDNA was stored at -20°C and used in PCR.
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2.1.2 Genomic DNA extractions
For high throughput PCR based genotyping, a rapid method was used (LeBlanc
2012, Masters Thesis). Fresh green tissue was collected (2 small leaves, about 400mg)
and ground in 400μL Quick PCR Extraction Buffer. This tissue was vortexed for 30
seconds and spun at 17000g for 5 minutes. 300μL of supernatant was precipitated in
300μL ice-cold isopropanol and mixed gently. The extract was then spun at 17000g for 5
minutes and the pellet rinsed with 70% ethanol before air-drying upside down. Then the
pelleted DNA was re-suspended in 50μL ultra-pure water and used for PCR based
screening. Transfer-DNA (T-DNA) insertion mutant lines from the SALK Institute
contain an insertion (~4.5 kb) that includes a kanamycin resistance gene and a portion
that binds the Left Border a1 (LBa1) primer (Table 2.1).
Genomic DNA for cloning was extracted using a more labour intensive procedure
to hopefully yield a cleaner product. One small rosette leaf (1-2cm2) was ground to a fine
powder in liquid nitrogen. The tissue was vortexed in 750μL of Extraction Buffer 1 (See
Appendix) and 1μL RNaseI (Fermentas). This was then incubated at 65°C for 1 minute
and combined with 50μL 10% sodium dodecyl sulfate (SDS) to further denature protein.
This was inverted 5 times then the extract was incubated at 65°C for 10 minutes and
centrifuged at 17000g for 10 minutes. The supernatant was combined with 250μL 5M
potassium acetate and mixed gently to precipitate protein. This was incubated on ice for 1
hour then spun at 17000g for 15 minutes. DNA was precipitated from this supernatant by
combining with 500μL ice-cold isopropanol and inverted 5 times. This DNA mixture was
incubated overnight at -20°C then spun at 17000g for 15 minutes. The supernatant was
discarded and the pellet of precipitated DNA was washed with 70% ethanol by inverting 5
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times. The DNA was spun a last time at 17000g for 5 minutes and the supernatant
discarded. After a 30 second spin at 17000g the pellet was dried completely and
resuspended in 30uL ultra-pure water. DNA was stored at -20°C and used for polymerase
chain reaction (PCR).
2.1.3 Polymerase Chain Reaction (PCR)
PCR for cloning new fluorescence fusion constructs was carried out using a High
Fidelity PCR Enzyme Mix (Thermo Scientific, www.thermoscientificbio.com).
Alternately the GOTaq Green Master Mix (Promega, www.promega.com) was used for
screening SALK genotypes and for reverse transcriptase experiments. The MJ Mini™
and PTC-100 thermal cyclers (BioRad, http://www.bio-rad.com) were used. Extension
time was set to 1 minute per 1000 base pairs of product and Tm was set 5°C lower than
the lowest primer melting temperature (Table 2.1). PCR protocols were carried out as
follows: initial denaturation 94°C for 2 min, [denaturation 94°C for 30 seconds, primer
annealing at Tm for 40 seconds, DNA extension at 72°C for 1 min per 1000bp] x 30
cycles unless otherwise indicated, final extension at 72°C for 10 min. PCR product was
kept at 4°C and analyzed using gel electrophoresis.
2.1.4 Gel Electrophoresis
DNA analysis was carried out using agarose gel electrophoresis. Gels were made
using 0.8% or 1.5% (w/v) UltraPure™ Agarose (Invitrogen, www.lifetechnologies.com)
and 1X Tris-Acetate-EDTA (TAE; Ethylene-diamine-tetra-acetic acid) buffer (40mM
Tris base, 20mM acetic acid, 1mM EDTA). The solution was heated to boiling to
dissolve the agarose, then cooled below 40°C and 6.25μg/mL ethidium bromide was
added for visualization of DNA. Gels were set and samples loaded with 1.5μL 6X
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Table 2.1: Summary of primers used for cloning and screening.
Experiment
DALL4
gDNA, SALK
genotyping
DALL4
coding
sequence
FIB4 coding
sequence
SALK203778
screening

Target
Gene
At1g06800

At1g06800
At3g23400
At1g06800

Number

Designation

Sequence 5’-3’

Tm

JM296
(P1)
JM297
(P2)
JM300
JM301

Forward

GTCGACTGAGAACAATTCTTTTTAATCCG

63.2

Introduced
cut sites
SalI

Product
size (kb)
2.197

Extension
time (s)
132

Reverse

TCTAGACAAGAGTTGTGATGGATGATGG

64.6

XbaI

Forward
Reverse

GTCGACATGGCGACCATTCCCTCCCACA
TCTAGACAAGAGTTGTGATGGATGATGG

71.9
64.6

SalI
XbaI

1.645

99

JM323
JM324
LBa1

Forward
Reverse
Insertion

TCTAGAATGGCGACTTCTTCTACTTTCT
GGATCCAGCAATGACGAATACCCTAAGTT
TGGTTCACGTAGTGGGCCATCG

57.1
60.0
66.4

XbaI
BamHI
N/A

0.855

52

~0.7-2

180
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loading dye (Fermentas) when needed. GeneRuler™ 1kb Plus DNA ladder was used
(Thermo Scientific). Gels were run in 1X TAE buffer at 120V for 30-70 minutes and
imaged using a BioRad ChemiDoc XRS+ and Image Lab software (http://www.biorad.com/en-ru/product/image-lab-software). Fragments of interest were excised using a
razor under UV light.
2.1.5 DNA Manipulation
DNA was purified from agarose gel or Escherichia coli liquid culture using the
EZ-10 Spin Column Plasmid DNA kit (BioBasic Inc). PCR products were amplified once
ligated into the pGEM®-T Easy Vector system (Promega) which was transformed into E.
coli. Selection for pGEM was carried out in the presence of X-galactosidase using a blue
white screen. White colonies containing recombinant DNA were selected because they
had non-functional β-galactosidase due to an insertion within the LacZ gene. Colonies
were grown overnight in broth from which the PCR product was purified.
Restriction enzymes and their respective buffers were used to excise fragments
from vectors (Table 2.3). Ligations in the pCAMBIA binary vector system
(http://www.cambia.org.au) were carried out using T4 DNA Ligase (Invitrogen),
typically with a 3:1 ratio (insert:vector) with about 15-50μg of vector DNA. The
pCAMBIA vector has a high copy number in Escherichia coli, the cauliflower mosaic
virus (CaMV35S) promoter, hygromycin and kanamycin resistance (plant and bacteria
respectively, Table 2.2) and most importantly the T-DNA right and left border sequences.
All constructs were confirmed using restriction enzyme digests followed by gel
electrophoresis (Table 2.3, see Appendix for complete construct plasmid maps).
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Table 2.2: Pertinent antibiotics with respective targets and mechanism of action.
Antibiotic

Target

Rifampicin

GV3101
genome

Gentamicin

pMP90 Ti
plasmid
(GV3101)
pGEM
(E.coli)

Ampicillin

Kanamycin A

Hygromycin B
Spectinomycin

SALK
insertion,
pCAMBIA
(E. coli)
pCAMBIA
(plants)
BnCLIP
plasmid

[Working] Mechanism
μg/mL
100
Bactericidal, binds RNA
polymerase and blocks
RNA synthesis
(prokaryotes)
25
Bactericidal, binds the A
site of 16S rRNA
(prokaryotes)
100
Bactericidal, inhibits
transpeptidase during cell
wall synthesis leading to
cell lysis (prokaryotes)
50
Bactericidal, binds the
30S ribosome subunit
(prokaryotes)

Reference

20

Gonzalez et
al.,1978

100

Binds ribosomal acceptor
site in prokaryotes (70S)
and eukaryotes (80S)
Bacteriostatic, blocks
tRNA by binding the 30S
ribosomal subunit
(prokaryotes)

Wehrli, 1983

Yoshizawa et
al.,1998
Matsuhashi et
al.,1974
Mozed &
Noller 1986

Mozed &
Noller 1986

Table 2.3: Cloning procedures for creation of new constructs. Vectors obtained from
Cambia (www.cambia.org).
35S::FIB4:Eos
PCR cDNA

DALL4 gDNA:EYFP
35S::DALL4:EYFP
PCR genomic DNA
PCR cDNA
2:1 Ligation into pGEM
E.coli transformation, double restriction endonuclease digest
XbaI/BamHI
SalI/XbaI
SalI/BamHI
3:1 Ligation into
pCAMBIA 619 EosFP
pCAMBIA 41 EYFP
PCAMBIA 41 EYFP
E.coli transformation, double restriction endonuclease digest
XbaHI/EcoRI
SalI/SmaI
SalI/SmaI
Ligate into pCAMBIA 620
Ligated into pCAMBIA 60 Ligated into pCAMBIA 62
E.coli transformation
Check positive clones using Check positive clones using Check positive clones using
XbaHI/EcoRI
SalI/EcoRI
HindIII/SmaI
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2.1.6 Growth and Transformation of Escherichia coli DH5α
E. coli DH5α was grown on Lysogeny Broth (LB) medium also known as LuriaBertani broth (Bertani, 1951) supplemented with Ampicillin or Kanamycin as needed
(Table 2.2). This strain of E. coli has been selected for laboratory use, ease of
transformation and high plasmid yield (Taylor et al., 1993). Heat-shock competent cells
were prepared by first inoculating 200mL of LB with 100uL overnight culture of
competent cells. These were incubated at 37°C until an optical density at 600nm (OD600)
reached 0.35 (3-4 hours). The culture was chilled on ice for 10 minutes before being spun
for 10 minutes at 2000g at 4°C. The cells were resuspended by gentle swirling in 60mL
ice-cold MgCl2-CaCl2 solution (80mM MgCl2, 20mM CaCl2). Cells were spun down
again and resuspended in 4mL of the ice cold solution. Then 2 volumes of 140uL
dimethyl sulfoxide (DMSO) were added waiting 15 minutes on ice after each step. 100uL
aliquots were then dispensed into microfuge tubes and frozen in liquid nitrogen.
Competent cells were kept at -80°C.
Heat shock transformation was carried out by combining 50μL competent cells
that had thawed on ice for 15 minutes with 15-50ng purified vector. Following a ligation,
100μL competent cells were combined with the entire with a 100uL ligation reaction (1ng
vector). After incubation on ice for 15-30 minutes, cells were subjected to a 42°C heat
shock for 45 seconds. Transformed cells were placed on ice for 1-10 minutes before
being spun down and spread on LB plates overnight at 37°C. Colonies were selected and
amplified for plasmid extraction followed by gel electrophoresis.
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2.2 Creation and Propagation of Transgenic A. thaliana
2.2.1 Growth and Transformation of Agrobacterium tumefaciens
In nature A. tumefaciens is a pathogen of most dicots, causing the formation of
crown gall tumors. In the lab, GV3101 has been selected as a highly infectious robust
strain of A. tumefaciens. The bacterium contains a tumor inducing (Ti) plasmid which
consists of virulence machinery (vir genes) flanked by border sequences called T-DNA.
During infection T-DNA integrates into the host genome. The lab strain contains a
rifampicin resistance marker on its genome and a plasmid with modified vir genes and
gentamycin resistance. Thus, a transgenic or recombinant construct can be created in the
bindary vector pCAMBIA which contains the T-DNA border sequences to facilitate gene
transfer and a third selective antibiotic (kanamycin or spectinomycin; Hellens et al.,
2000; Koncz and Schell, 1986). A. tumefaciens is grown on Yeast Extract Broth (YEB)
medium at 28°C.
Electro-competent Agrobacterium was prepared using the protocol outlined by
Hofgan and Willmitzer (1988). 5mL overnight liquid culture was combined with 200mL
YEB. For 3.5 hours the cell suspension was incubated with shaking, before being
centrifuged at 3000g for 20 minutes at 4°C. After washing the pellet once with cooled
Tris-EDTA (TE, 10mM Tris-HCl, pH7.5, 1mM EDTA) it was resuspended in YEB
media. 500uL aliquots were frozen in liquid nitrogen and stored at -80°C. Transformation
by electroporation was carried out in a manner similar to that developed by Weigel and
Glazebrook, 2006. 25-40ng (1-2uL) binary vector containing the complete transgenic
construct was combined with 100uL electro-competent cells in an electroporation cuvette
(Molecular Bio Products). A Gene Pulser (Bio-Rad) was set to 1.8 kV, 200 Ohm and
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25μF capacitance. A shock was applied to the cells. Acceptable time constants were
between 4-4.7 milliseconds. Then 1mL YEB media was added and the cells were
incubated for 2.5 hours with gentle shaking. The transformed culture was then spread on
selective YEB media (Table 2.3) and grown for 48 hours.
2.2.2 Transient Expression of new constructs using Nicotiana benthamiana
Leaf infiltration in N. benthamiana (tobacco) was used to test the fluorescence
expression of newly cloned constructs in the transient system. A. tumefaciens grown on
selective YEB plates was collected on a pipette tip and re-suspended in agro-infiltration
solution (see Appendix) by vortexing. After 2 hours at room temperature without shaking
the OD600 was adjusted to 0.8. The underside of a young leaf on a fully-grown plant was
injected gently with the bacterial solution using a needle-free syringe. Infiltrated leaves
were marked and left at normal growing conditions for 48-72 hours before imaging.
2.2.3 Propagation, Crossing and Transformation of Arabidopsis thaliana
Seeds were sterilized in a 50% Clorox bleach solution for 10 minutes while being
agitated manually in an aseptic environment. Seeds were washed 6 times using sterile
water and spread on plates of Murashige & Skoog media (MS, Murashige & Skoog,
1962) containing 0.3% Phytagel (Sigma-Aldrich), pH 5.8, and 3% sucrose supplemented
with hygromycin or kanamycin when required (Table 2.3). Plates were sealed using
parafilm (Bemis Flexible Packaging, Neenah WI) and stratified for 2 days at 4°C before
being transferred to a light-dark cycle of 16/8 hours at 21°C at about 70μmol m-2 sec-1
quanta of light. Plants selected with proper fluorescence expression and/or phenotypes
were propagated to the F3 generation.
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To combine multiple fluorescence constructs into the same plant crosses were
performed on A. thaliana using a dissecting microscope. All flower organs but the stigma
were removed from the mother plant's flowers using forceps, with special attention to not
damage the stigma. Pollen was transferred from the male donor to the stigma and seeds
were collected 10-14 days afterwards.
Stable transgenic A. thaliana were created by floral dip transformation using A.
tumefaciens GV3101 developed by Clough and Bent 1998. Female gametophytes within
the ovules are the primary transformants of this method (Desfeux, et al., 2000).
Agrobacterium containing the desired transgene was grown in a shaking incubator at
28°C in YEB media containing required antibiotics. First a 5mL liquid culture was grown
overnight before being transferred to 500mL culture overnight. Agrobacterium was
pelleted at 2900g for 20 minutes at 10-20°C. The pellet was re-suspended in an aqueous
solution of 5% sucrose and 50uL/L Silwet L-77 (Lehle Seeds, www.arabidopsis.com).
Siliques were removed from 2-3 week old A. thaliana and the flowering shoots were
immersed into the slowly stirring bacterial solution for about 45 seconds. Plants were laid
sideways for 4-5 hours as the transformation took place and then placed upright. After
seed harvest (10-14 days), transformants were grown on MS with antibiotics and selected
visually for fluorescence. Each new line was carried to the T3 generation.

2.3 Sample Preparation for Microscopy
2.3.1 Stress Treatments
Sucrose treatments were carried out by submerging 14 day old intact seedlings in
40mM solution for a set time period, usually 3 hours (Schattat and Klӧsgen, 2011). As a
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control, plants were observed after the same amount of time of submersion in water or
before sucrose immersion. Dark treatments involved wrapping plates twice in aluminum
foil from stratification or for a set time period after germination in the light. Phosphate
starvation experiments were carried out using a method developed primarily by Michael
Wozny (unpublished results). Media was prepared aseptically (see Appendix) and all
glassware was rinsed three times with ultrapure water and once with 10% acetic acid.
Plants were grown for 7 days on MS media before transfer to phosphate and/or sucrose
limited media for 7 days.
2.3.2 Chloroplast Isolation
Chloroplasts were isolated using a rapid method adapted from Grabsztunowicz
and Jackowski, 2012. In a sterile petri dish 7.5mL of ice cold Chloroplast Isolation Buffer
(see appendix) was combined with ~5 plates worth (500-700 seedlings) of shoot tissue
(up to 3g) from 2-3 week old A. thaliana seedlings. Tissue was chopped thoroughly with
a razor and filtered through chilled Mesh100 (Sigma). The cleared homogenate was spun
at 1000g for 7 minutes before supernatant was discarded and resuspended in 1.75mL
Chloroplast Isolation Buffer. After a second spin step, the pelleted chloroplasts were
suspended in 30uL of ice cold Chloroplast Isolation Buffer and were observed
immediately.
2.3.2 Epi-fluorescence Microscopy
To select new transgenic lines, an Epi-fluorescence microscopy was used.
Seedlings were placed on depression slides in tap water under a cover slip (Fisher
Scientific). A Nikon Eclipse 80i epi-fluorescent microscope equipped with a 40X Nikon
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Plan Apochromat lens (numerical aperture 0.95) and a Leica DFC 300FX Camera
(http://www.nikoninstruments.com) was used for imaging. The Chroma filter sets
(www.chroma.com) used were: Endow EGFP Longpass filter (41018; exciter
HQ470/40X, dichroic Q495LP, emitter HQ500LP), TRITC (41002c; exciter HQ545/30x,
dichroic Q570LP, emitter HQ620/60m) and DAPI (31000v2; exciter AT350/50x,
dichroic 400LP, emitter 460/50m).
2.3.3 Confocal Microscopy and Sampling
Time lapse and 3D projection imaging was completed using a Leica DM6000
microscope equipped with a Leica TCS-SP5 scanning head, 488 nm argon laser, 543 nm
helium-neon laser and a 40x water immersion lens (numerical aperture 0.80)
(http://www.leica.com). Time-lapse movies (x/y/t) and 3D z-stacks (x/y/z) were recorded
and directly processed by Leica microscopy software. Fluorescence emission was
recorded for GFP or green mEosFP at 490-510 nm, for YFP at ~525 nm, for RFP or
photo-converted mEos at 575-620nm and for chlorophyll at 625-775nm. Z-stacks were
compiled for various experiments in a similar manner. At least two z-stacks spanning the
full cross section of the plant hypocotyl or cotyledon were taken for ≥ five plants at each
sampling point. In hypocotyl tissue a typical stack could include between 150-200
plastids, thus large sample sizes were obtained. Alternately x/y/t sampling involved ≥ 30
separate movie files compiled from ≥ five plants.

2.4 Post-Acquisition Image Processing and Quantitative Analysis
3D image rendering was carried out using Imaris visualization software
(http://www.bitplane.com/imaris/imaris). Adobe Photoshop and Microsoft Power Point
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were used to crop images, build figures and to add scale bars, arrows and text overlays
(http://www.adobe.com; http://www.microsoft.com).
Image processing was carried out using ImageJ/ Fiji freeware (http://fiji.sc/Fiji).
In some cases, consecutive movies were combined using the concatenate function and
minor drift was eliminated using the StackReg plugin. Length was measured using the
line tool and maximum projections were created using the Z-project function.
Kymograms were created using the Reslice function and planar area of plastids and
punctae was measured using the magic wand or ellipse tool. Alone, punctae size can be
considered artifactual due to blooming and reflection effects of light microscopy as well
as expression level discrepancies between different plants therefore measurements of
punctae size are intrinsically biased to aggregates ≥ ~250nm (for GFP λ=509nm). To
overcome this, punctae frequency and the ratio of plastid planar-area:punctae planar-area
was used as a relative measure which can be considered more informative than punctae
size. Stromule frequency (SF) was calculated using a method adapted from Schattat et al.,
2011. Total epidermal plastids (~200 per hypocotyl stack) and total plastids producing
stromules per stack were recorded. The ratio of plastids producing stromules over total
plastids was recorded per stack and the average for all the stacks was taken as the final
SF value. Data was normalized by taking the square root of the arcsin of the value
(Waters et al., 2004, Gray et al., 2012).
Final measurements were recorded as mean ± 95% confidence interval (CI, see
appendix) followed by n (sample size). One-sided T-tests, one-way anovas and graphs
were calculated and created using Prism 6 (http://www.graphpad.com/scientificsoftware/prism/).
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CHAPTER 3

RESULTS

Part 1: A Live-Imaging Approach to Observing the Plastid-ER MCS Marker
BnCLIP throughout Plastid Tubule Extension
It was unknown whether ER-plastid MCSs could modulate stromule extension as
a result of pulling force and membrane tethering. Using the 35S::BnCLIP:GFP construct
created by Tan et al., (2011) and building off their observations in the transient system,
stable transgenic lines were created and observed. Table 3.1 lists all transgenic lines
created in this study. First a qualitative approach was used to assess the BnCLIP:GFP
transgenic lines.
3.1 Observations of 35S::BnCLIP:GFP Transgenic Plants
Under optimized imaging conditions, large, approximately 1μm in diameter
BnCLIP:GFP punctae associated with the main plastid body (Figure 3.1). It was
immediately evident that altering the gain and offset parameters could alter the
visualization of both the number and size of punctae, due to a blooming effect of the
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Table 3.1: Summary of all transgenic plants created in this study. Lines were created and
isolated in part by Alena Mammone, Neeta Mathur and Jaideep Mathur.
Background

Transgenic Line

Columbia

gAtCLIP:YFP (4N)
BnCLIP:GFP (4N)
DALL4 gDNA:EYFP
FNR:Eos BnCLIP:GFP

Number
of Lines
Isolated
7
3
7
3

BnCLIP:GFP RFP:HDEL

2

BnCLIP:GFP Eos: HDEL

2

BnCLIP:GFP ptyk RFP:HDEL

1

BnCLIP:GFP FNR:Eos
YFP:HDEL
BnCLIP:GFP FIB4:Eos
BnCLIP:GFP
DALL4 gDNA:EYFP
DALL4 gDNA:EYFP
BnCLIP:GFP
BnCLIP:GFP RFP:HDEL

1

FNR:Eos BnCLIP:GFP
Homozygous with 1 insertion

1
3 plants

Landsberg
pah1pah2

arc6
SALK_203778

1
8
4
1
1
1

Origin
Transformation
Transformation
Transformation
Transformation of
FNR:Eos
Transformation of
RFP:HDEL
Transformation of
BnCLIP:GFP Line 1 (4N)
BnCLIP:GFP RFP:HDEL
transformation, see figure
3.14
BnCLIP:GFP FNR:Eos
transformation
Transformation
Transformation
Transformation
Transformation
Transformation
Cross between BnCLIP
and RER lines
Cross with BnCLIP line
SALK database
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Figure 3.1: Qualitative observations of 35S::BnCLIP:GFP transgenic lines. Micrographs of
the trichome (A), root apical meristem (B), cotyledon showing a guard cell (C), and root (D). 7
day old seedlings. E & F show hypocotyl cells with some BnCLIP punctae removed from the
plastid body (arrow). Inset in E shows blue green and grey scale channels respectively.
Bar=10μm. Blue=Chlorophyll Autofluorescence (plastid body), Green=BnCLIP:GFP punctae,
Grey scale= cell walls.
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green fluorescence signal. Consequently quantification of the number and size of punctae was
biased according to the optical settings of the microscope. Under imaging conditions with
minimum background blooming effect, between 1-2 highly enriched punctae per plastid body
were observed in a ubiquitous manner in all plastid types with similar localization patterning
(Figure 3.2 A). But when parameters such as gain and offset were adjusted for resolution of a
very dim GFP signal, over 10 minuscule punctae could be observed on each individual plastid, in
addition to a large enriched locus (data not shown). Conversely, when GFP gain was reduced
highly enriched punctae were revealed to comprise of many smaller punctae clustered together
(not shown). Thus, “optimized imaging conditions” that were maintained for subsequent
experiments refer to those that could clearly resolve the intensely enriched loci. Subsequent
mention of “punctae” refers to highly enriched aggregates of smaller foci that are resolved as
one. Generally, punctae were non-motile. Intermittently, GFP points could be found moving
rapidly or not directly associated with main plastid body in green tissues (Figure 3.1 E,F). If
more than one large punctae was present, these tended to arrange themselves at opposite poles to
one another on the plastid. Stomates appeared to have larger punctae:plastid planar area ratios as
compared with other cell types (Figure 3.1 C).
Next a quantitative approach was used to assess changes to the normal localization
pattern following stress conditions. Punctae frequency per plastid was used because it was less
subject to variation in expression or fluorescence intensity in individual plants as compared with
punctae size. A 16 hour prolonged dark period resulted in significantly fewer visible punctae per
plastid (Figure 3.2 B, p<0.01). Conversely, phosphate starvation, which is known to induce
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Figure 3.2:2Quantitative characterization of BnCLIP:GFP punctae frequency per plastid
in transgenic A. thaliana. Mean±95% confidence interval. A, BnCLIP punctae frequency in
various tissues of stable transgenic 14 day old plants. Leucoplasts and etioplasts were observed
in double transgenic lines expressing FNR:Eos. N=25. B, 16 hour dark period shows reduction
in punctae frequency per plastid. L indicates normal light cycle and ED indicates extended dark
period (16h). 5 day old hypocotyl tissue, p<0.01 during the dark period, N=200. C, Plants
grown on MS show similar trends as plants grown on MS with 0% sucrose. 5 day old
hypocotyl, N=450. D, Plants submerged in water or 40mM sucrose for 6 hours had similar
punctae frequency, 14 day old hypocotyl. N=450. E, Frequency per plastid in response to
sucrose and phosphate starvation in 14 day old cotyledons. P<0.01 at *, N=50.
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massive phospholipid remodeling, caused plants to have increased stromules (Figure 3.3,
unpublished results) and significantly increased punctae frequency per plastid (~0.5x more)
(Figure 3.2E, P<0.01) and what appeared to be larger punctae overall (~2x larger than control).
3.2 BnCLIP:GFP RFP:HDEL double transgenic plants
BnCLIP:GFP RFP:ER plants were created (Figure 3.4 A) and punctae were again
observed removed from the plastid but appearing in contact with ER tubules (Figure 3.4 B).
When followed over time, punctae did not maintain consistent spacing in relation to the entire
cell over time (Figure 3.4 C). Conversely, punctae maintained more consistent spacing at
stationary sites on one plastid over time while ER polygons spanning the same plastid constantly
reorganized (Figure 3.5). A kymogram was created to assess the connectivity of BnCLIP:GFP
and RFP:HDEL marked ER tubules over time (Figure 3.6). The output (Figure 3.6 B,C) shows
that over a time span of 4 minutes and 2 seconds the green and red fluorescence appear in close
contact and have correlated movements. Chloroplasts were isolated from BnCLIP:GFP and
BnCLIP:GFP RFP:HDEL transgenic lines and observed (Figure 3.7). In both cases BnCLIP:GFP
remained restricted to the plastid and when the ER was labeled, it could be found “stuck” in
loose contact with the plastids and punctae.
3.3 Characterization of tpFNR:mEos BnCLIP:GFP Double Transgenic Plants
To assess whether a relationship between BnCLIP and stroma filled tubules existed
double transgenic plants were created expressing BnCLIP and the photo-convertible (green to
red) mEosFP localized to the stroma (Figure 3.8, 3.9). First, time lapse movies revealed that
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Figure 3.3:1Phosphate starvation for 7 days causes stromule extension and increased
lipase punctae per plastid. A, Maximum projections of BnCLIP:GFP in 14d old A. thaliana
cotyledons. Blue=chlorophyll autofluorescence, Green=BnCLIP GFP punctae. B, Maximum
projections of FNR:GFP cotyledons. Blue=chlorophyll autofluorescence, Green=stroma marked
by FNR:GFP. C, Seedling morphology following stress treatments.
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Figure 3.4:2Qualitative observations of BnCLIP:GFP RER lines. A, Typical hypocotyl cells.
B, BnCLIP punctae removed from the main plastid body in a hypocotyl cell. C, Time series of an
entire cell with polygon overlay where each vertex aligned with one punctae at time = 1 second.
By time= 30 seconds punctae have moved outside the polygon (arrow) which shows they do not
maintain consistent spatial separation with reference to the cell overall. Blue=chlorophyll
autofluorescence, Green=BnCLIP punctae, Red=ER.
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Figure 3.5:3Time lapse movie of one chloroplast in a BnCLIP:GFP RER transgenic line.
Series A is the green channel only and Series B (the same movie on the right) shows all three
channels (red, green and blue). At time=5s, series A had a polygon overlay drawn in connecting
3 BnCLIP punctae and Series B had a polygon overlay drawn in aligning with an ER polygon.
The overlay in Series A remains in contact with all 3 punctae throughout the time series. The
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polygon in series B does not maintain alignment with the ER polygon throughout the time series.
This is due to rapid restructuring and movement of the ER. Thus BnCLIP punctae tend to
maintain consistent spatial separation on the plastid rather than with the adjacent ER polygon.
This is expected if the protein is localized to the plastid rather than the ER. Blue-chlorophyll
autofluorescence, Green=BnCLIP punctae, Red=ER tubules.
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Figure 3.6:4Kymogram analysis demonstrates consistent temporal contact of BnCLIP MCS sites with ER tubules. A, Selected
frames from time lapse movie of BnCLIP RER double transgenic plants. Punctae and ER tubules surround a plastid. Square in yellow
indicates the area selected for kymogram analysis (27x72 pixels). B, Kymogram of Y-dimension slices of the square, which represent
one of the 27 pixels on the Y axis of the box over 4 minutes and 2 seconds. C, Red and green channels of the same slices show
BnCLIP GFP fluorescence remains in contact with RFP fluorescent ER tubules throughout the time series. D. Schematic showing how
the kymogram is automatically created for a two-dimensional region of interest. Bar=5μm. Blue=Chlorophyll autofluorescence,
Green=BnCLIP punctae, Red=ER tubules (red and green overlapping may appear yellow).
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Figure 3.7:5Chloroplast isolation from BnCLIP:GFP and BnCLIP:GFP
RFP:HDEL plants. A, BnCLIP punctae remain within isolated chloroplasts, often
around the perimeter of the plastid body. B, Aggregates of RFP:HDEL remain attached
to plastids following chloroplast isolation. Bar=10μm. Blue=Chlorophyll
autofluorescence, Green=BnCLIP punctae, Red=ER.
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Figure 3.8:6Selected frames from time-lapse movies of FNR:Eos BnCLIP:GFP lines.
A, Series 1, A chloroplast moving in the cytosol while a tethering force is present at the
site of BnCLIP. Grid overlay helps show the movement of the plastid while the punctae
remains tethered to the same spot. B, Series 2, A chloroplast is translocated through the
cell as a result of tethering force applied at the site of a motile BnCLIP punctae. C, Series
3, A chloroplast is tethered to one spot by static force applied at the site of BnCLIP:GFP.
After a force threshold, the tethering is overcome (*), leading to stromule recoil and
retraction.The plastid is pulled into the cytoplasmic stream, translocated through the cell.
Bar= 5μm. Blue=Chloroplast autofluorescence, Green=BnCLIP punctae. Red=Plastid
stroma (overlapping of red and blue can appear pink).
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Figure 3.9:7Quantitative and qualitative observations of FNR:Eos BnCLIP double
transgenic plants. A, Ratio of plastid planar area to punctae planar area in FNR:Eos
BnCLIP:GFP plants. Mean±95% CI. * indicates P<0.05 as compared with chloroplast
ratio. N=30. Measured using Image J ellipse tool from a x/y/z stack of an entire
hypocotyl. B, Distribution of BnCLIP:GFP punctae along non-branched stromules.
N=40. C, BnCLIP present at the isthmus, stromule and stromule base in a root leucoplast.
D, Frequency of BnCLIP punctae presence at sites initiating the movement of plastids in
time lapse movies. N=30. E, Stages of stromule development in relation to BnCLIP:GFP.
Bar=5μm. Blue=Chlorophyll autofluorescence, Green=BnCLIP punctae, Red=Stroma
(Red and blue overlapping can appear pink).

51

BnCLIP:GFP punctae could associate with stromules (Figure 3.8 A-C). Series 1 (Figure
3.8A) and 3 (Figure 3.8C) show that BnCLIP loci can act as points of anchorage or
“static force” up to a threshold past which the connective force is overcome and the
plastid is pulled away. Alternately, in Series 2 punctae sites were observed at the end of a
stromule and appear to lead or pull and translocate the plastid. Series 2 also demonstrates
the capacity of BnCLIP:GFP sites to exhibit rapid reorganization along a stroma filled
tubule. In some cases, punctae appeared absent from sites that exerted force on the stroma
filled tubule, at least while using “optimized” imaging parameters.
Basic qualitative observations helped to establish an overall understanding of the
relationship between the stroma and BnCLIP:GFP punctae. The ratio of punctae planar
area to plastid planar area was found to be larger in epidermal plastids as opposed to
mesophyll chloroplasts (Figure 3.9 A). Of the punctae present on stromules in the
hypocotyl, 71% associated with the base of the stromule, while 16.67% associated with
the stromule tip (Figure 3.9 B, n=40). Using time-lapse movies, it was found that plastid
stromule movement could be initiated by either a “pulling” force or an “anchoring” force
in which the site of motion was either motile or static respectively (Figure 3.8).
BnCLIP:GFP was found most often when an active pulling force was moving rapidly
opposed to being stationary (Figure 3.9, D). In root tissue, BnCLIP could be found on the
isthmus between 2 plastid bodies of a leucoplast as well as a tubular region (Figure 3.9
C). Using snapshots, it was found that BnCLIP:GFP could associate with the base,
middle or tip of a stromule (Figure 3.9 E).
Stromule frequency (SF), branching and length were compared in WT and
BnCLIP lipase over-expression (OE) lines following sucrose feeding for three hours
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which is known to increase SF (Schattat and Klösgen, 2011; Figure 3.10). SF and
branching were similar between WT and OE (Figure 3.10 A-C). However, stromule
length showed a small but significant increase in OE compared to WT before sucrose
treatment (Figure 3.10, D-F). Stromules in OE plants resembled WT stromules that were
already treated with sucrose and extended, meaning stromules in OE plants were longer
overall. Since lipase OE was the only difference between the treatment and control
groups in this experiment, it suggests that BnCLIP has active lipase activity which
contributes to tubule lengthening. Following sucrose treatment, WT and OE lines showed
a similar stromule length. This probably reflects the limited lipid substrate available at the
plastid envelope, which results in a fairly consistent maxima for stromule length, at this
time of day and at this level of sucrose availability. In general, stromule length has not
been studied as thoroughly as SF thus, more experiments are needed.
3.4 arc6 as a model of plastid division defects and extremely long stromules
Another interesting characteristic of MCS markers is their role in organelle
division and inheritance (Prinz, 2014). It has been reported for mitochondria that at ER
MCSs the ERMES tethering proteins assist the ER in wrapping around a mitochondria to
facilitate division (Murley et al., 2013). In order to better understand the relationship
between plastid division and ER-MCSs, arc6 tpFNR:mEos x BnCLIP:GFP plants were
created (Figure 3.11). There were 2.61 times more punctae per plastid in arc6 plants
compared to WT (1.15 punctae per plastid in WT versus 3.00 in arc6, n=75). This shows
that BnCLIP marked MCS domains maintain a relative frequency per plastid which
depends on plastid division and/or size.
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Figure 3.10:1Comparison of stromule frequency, kinking and length in WT and
lipase OE lines following 3 hours 40mM sucrose treatment. FNR:Eos plants were used
as WT control and FNR:Eos BnCLIP:GFP lines were used as OE lines. Hypocotyls of 7
day old seedlings, grown on MS medium were observed using x/y/z stacks. Bar graphs of
average SF (A) and of square root of the arcsin of SF (B) show a similar trend between
WT and OE. N=500 plastids. C, Likewise average stromule kink frequency is similar in
both lines. N=65. D-F, Stromule length depicted in a bar graph (D) and using a boxplot
(E) and the log transformed data (F) shows a skewed population with a significantly
larger mean length at 0h in the OE lines (*, p<0.05) as compared with WT. N=65. Bar
graphs show mean±95% confidence intervals.
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Figure 3.21: BnCLIP punctae frequency increases in arc6 mutant. A, Typical morphology of wild-type plastid. B, FNR:Eos
BnCLIP:GFP arc6 plastids. C, A typical hypocotyl cell showing long stromules and punctae expression profile. D, Extremely long
stromules with the punctae profile. E, Punctae frequency per plastid in hypocotyl of 14 day old stable transgenic A. thaliana. Bars
show mean±95% confidence intervals. N=75. Scale bars= 5μm. F, Stromule “beading” with punctae at each ovoid region.
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The relationship between stromule length, “kinking” and punctae frequency per
stromule was investigated in the extremely long stromules of arc6, to determine whether
stromule characteristics are quantitatively linked to MCS punctae. In all cases the R2<0.4,
indicating that stromule kinking and length do not directly correlate with punctae
frequency on a stromule, when measured using x/y/z stacks. (Figure 3.12, Table 3.2). The
highest correlation was between stromule branching and stromule length in arc6 plants
with an R2=0.3645. Which is known and expected since arc6 stromules are much longer
than WT.
3.5 pah1pah2 RFP:HDEL BnCLIP:GFP plants
Given the results that MCS frequency increased significantly in the arc6 mutant
due to the plastid division defects, a mutant with defective ER morphology was
investigated. The phosphatidic acid phosphohydrolase double mutant pah1pah2 produces
excess phosphatidic acid in the ER which leads to expanded sheet-like membranes rather
than ER tubules (Eastmond et al., 2010). It was unknown whether this would alter MCS
localization especially if the MCS marker was a lipase. So pah1pah2 plants expressing
the RFP:HDEL were transformed with BnCLIP:GFP and the expression pattern
qualitatively analyzed. Overall, BnCLIP punctae appeared similar to WT and remained
within the boundary of the plastid envelope (Figure 3.13). Often the ER strands would
attach to the plastid at specific points delineated by BnCLIP:GFP punctae and as with the
WT plants, BnCLIP:GFP could be found removed from the main plastid body (Figure
3.13 E).
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Figure 3.12: Scatterplots comparing stromule and punctae characteristics in arc6
double transgenic plants following 3 hour 40mM sucrose treatment. A, Scatterplot of
stromule length versus punctae frequency per stromule with linear regression line. B,
Scatterplot of stromule length versus stromule kink frequency with linear regression line.
Data are from x/y/z stack snapshots 14 day old hypocotyl tissue. These examples show
that the data points do not closely fit the regression line (R2 values are closer to 0 than 1).
Thus there is no linear correlation between variables.

Table 3.2: R2 values representing the strength of the linear relationship between
stromule length, kinking and punctae frequency variables in stromules of WT and
arc6 plants treated with 40mM sucrose for 3 hours. Data is from observations of x/y/z
stack snapshots of 14 day old hypocotyl tissue.
Punctae Frequency on Stromule Kink
Stromule
Frequency
WT

Stromule Length (μm)

0.1365

Punctae Frequency on Stromule arc6 Stromule Length (μm)

0.2657

Punctae Frequency on Stromule -

0.0067
0.0496
0.3645
0.2887
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Figure 3.13:2Localization of BnCLIP:GFP in pah1pah2 RFP:HDEL BnCLIP:GFP
double transgenic plants. A, hypocotyl cells with patchy expression of both probes. B &
C, Some ER tubules remain in direct contact with BnCLIP marked domains. D & E,
punctae are still observed removed from the main plastid body. Bar=10 μm.
Blue=Chlorophyll autofluorescence, Green=BnCLIP punctae, Red=ER tubules and
sheets.
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Part 2: Lipases and Fibrillin Proteins from A. thaliana and Other Species
3.6 Bioinformatic Assessment of Class 3 Lipases in A. thaliana
To obtain a wider perspective, the A. thaliana genome was scrutinized for all
lipases homologous to DALL4 using InterPro online database. Using “class 3 lipase” as a
query, InterPro identified 101 proteins from A. thaliana, of which 42 were full-length
peptides with TAIR accessions (Table 6.2 of the Appendix). 12 had plastidic localization,
9 had corresponding mutant lines and 7 of which belonged to the DALL family. The
closest homologs to At1g06800 (dall4) in other plants are listed in Table 6.3 (Appendix)
including one protein which localized to mitochondria. Outside the plastid, 2 lipases
localized to the mitochondria, 9 to the nucleus, 6 to the cytosol, 1 to the vacuole
membrane, 5 to the plasma membrane and 4 to extracellular space.
3.7 Expression Patterns of DALL4:EYFP constructs and 35S::FIB4:mEosFP
One drawback of using BnCLIP for the previous experiments is that it is not
native to A. thaliana; the plant system being observed. Since Tan et al. (2011) used
At1g06800 (DALL4) as a lipase query sequence for Brassica napus, transgenic fusion
constructs were created to express this gene under its native promoter (DALL4 gDNA)
and using 35S over-expression. Previously the entire DAD1 lipase family has been
cloned and expressed transiently by Seo et al., (2009), all of which lead to punctate
localization patterns similar to BnCLIP (Table 1.4). However it was unknown whether
they would highlight the same locales as BnCLIP and whether the native expression had
tissue specificity or very different localization patterns. Therefore a DALL4gDNA:EYFP
construct was created (DALL4 under control of its native promoter). The localization
pattern was observed in stable transgenic plants (Figure 3.14, annotated DNA
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Figure 3.14: DALL4 gDNA:YFP expression pattern in stable transgenic A. thaliana. A-B Cotyledon cells with stromal
expression in epidermal plastids. C, A trichome showing some EYFP expression near the nucleus. D-E Hypocotyl cells showing
stromal expression and stromules in both leucoplasts and chloroplasts. F&I Extra-plastidial EYFP localization in cotyledon epidermis.
G-H Stromal and stromule labelling in root tissue. Bar=20μm. Blue=Chlorophyll auto-fluorescence, Yellow=DALL4 gDNA
expression (plastids and cytosol).
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sequence and construct map shown in Appendix). The brightest signal was detected in the
stroma of epidermal and root plastids, but could sometimes be found highlighting cytoplasmic
strands (Figure 3.14 F-I). Localization patterning is summarized in Table 3.3. DALL4
gDNA:EYFP localization in transgenic pah1pah2 plants (Figure 3.15) appeared similar to WT,
with stromal expression at a high level in the roots. Finally, the expression of DALL4 under its
native promoter was compared to a 35S::DALL4:EYFP probe expressed transiently in tobacco
(Figure 3.16). This probe highlighted the stroma in epidermal plastids in a similar manner as
DALL4 gDNA:EYFP. This data appears contrary to the results from Seo et al., (2009) but until
the 35S:DALL4 construct is transformed into stable transgenic lines, a full conclusion can not be
made.
Then to investigate the relationship between the BnCLIP lipase and plastoglobules, a
35S::FIB4:mEosFP construct (At3g23400, FIBRILLIN4) was created and transformed into
BnCLIP:GFP transgenic lines (Figure 3.17). FIB4:mEosFP appeared to highlight inner plastidic
components as expected and in the roots appeared to co-localize in a polar manner with BnCLIP
punctae. This suggests that BnCLIP is not localized to plastoglobuli in the stroma (or the green
and red FPs would overlap to become yellow), but BnCLIP may utilize the lipid substrate that is
stored within this sub-organelle.
3.8 Investigation into Lipase Protein Structure and Motifs
To understand which regions of the lipase were highly conserved, the primary and
secondary structure of the lipase homologs was compared (see Appendix for alignment, Figure
6.1). The primary, secondary and tertiary structure of BnCLIP was determined (Figure 3.18) as
well as the sites of the serine lipase domain and the active diad (“DH”). The characteristic α/β
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Table 3.3: Summary of expression profile for DALL4 gDNA:EYFP Lines 1-7.
Cotyledon
Mesophyll
Light Grown Plants
6 days
Dim plastid
body

12 days

No visible
expression
18 days No visible
expression
Dark grown plants
6 days
No visible
expression
12 days Stroma
18 days

Hypocotyl

Root

True Leaves

Stomata/Epidermis

Trichomes

Stroma on small Punctae 2.2plastids
2.5um in
diameter,
stroma
Stroma on small Stroma
plastids
Very Dim
Stroma

N/A

Stroma with faint
stromules, strands?

N/A

Very dim
plastid body
No visible
expression

Stroma with faint
stromules
Stroma with faint
stromules

Plastid body,
wisps
No visible
expression

Stroma with faint
stromules
Very faint
stroma
3um punctae

N/A

Stroma, tubular plastids N/A

N/A

Stroma

N/A

Very dim
Plastid body

No visible expression

No visible
expression

Plastid body,
punctae
Stroma

No visible
No visible
expression
expression
*Stroma= Plastid body including stromules
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Figure 3.15:1DALL4 gDNA:EYFP expression in root cells of pah1pah2 transgenic
plants. A-D Faint stromal expression in roots was similar to expression in WT.
Bar=20μm. Yellow=DALL4 gDNA protein expression, Grey scale=Cell walls of the
root.
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Figure 3.16:2Transient expression of 35S::DALL4:EYFP construct in tobacco
leaves. A-C epidermal plastid highlighted with EYFP. Arrow labels a stromule. D, EYFP
channel of C shows expression could be limited to envelope membranes. Bar=10μm.
Blue=Chlorophyll auto-fluorescence, Yellow=35S::DALL4:YFP expression pattern
(plastid envelope membranes).

Figure 3.17:3BnCLIP:GFP FIB4:Eos Line 1 Expression Pattern. A&B show polar
co-localization of BnCLIP:GFP (green) and photo-converted FIB4:Eos (red) in the root.
C shows a stomatal complex with both probes and chlorophyll auto-fluorescence (blue).
Bar = 10 μm.
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Figure 3.18:4BnCLIP Protein Structure. A, Primary and secondary structure of
BnCLIP. Bold is the GxSxG serine lipase domain and the highly conserved Asp367 and
His423 have a black fill. Underlined is the plastid transit peptide (Tan et al., 2011).
Horizontal arrows are beta sheets, and coils are alpha helixes. Vertical arrow indicates
the approximate site of the SALK_203778 insertion. B, Tertiary structure of BnCLIP.
Rainbow from red (N-terminus) to blue (C-terminus). Both created using Phyre2 Server
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index).
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hydrolase fold was present, consisting of alternating α-helices and β-sheets which fold
into a β-sheet backbone. An alignment of the peptide sequence of the DALL family and
BnCLIP was completed to show that many domains are conserved (Appendix Figure
6.1). In terms of regulatory domains, none were found for this protein, thus its activity is
likely controlled by substrate availability and limitations.
3.9 Isolation and Genotyping of SALK_203778 T-DNA Insertion Mutant
To investigate the loss of function effect of DALL4 on plastid tubulation, the TDNA insertion mutant line for At1g06800 (SALK_203778) was obtained. The
SALK_203778 insertion is reported to be on chromosome 1 at position 2089776.25. This
site is in the C-terminal end of the dall4 coding sequence after the active triad and serine
lipase domain (Figure 3.18A, vertical arrow). Therefore PCR based genotyping of the
mixed population was undertaken so that a mutant homozygous for 1 insertion could be
carried through for future experiments (Figure 3.19). The LBa1 primer which is bidirectional and amplifies a region of the SALK insert, in combination with the JM296
(P1) and JM297 (P2) primers which flank the genomic DNA for the gene were used
(Figure 3.19). From this mixed population, 3 individual plants containing 1 insert were
isolated. The next step will be to determine the precise location of the insert by
sequencing and the isolated plants should be out-crossed to WT to “clean-up” any
duplicate insertions.
3.10 Lipase Response to Sucrose Treatment
It has been reported that stromule frequency and length increase following
sucrose treatment (Schattat and Klösgen, 2011), but the underlying mechanism behind
this process is unknown. To investigate whether lipase activity could mediate this
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Figure 3.19:1PCR based genotyping of SALK_203778 insertion mutants. A,
Schematic diagram of the At1g06800 gene and reported T-DNA insertion site. Exons are
indicated by boxes while introns are lines. B-D Schematic diagrams, predicted PCR
product sizes and gel images from PCR based genotyping. B, In wild type a normal
2.15kb fragment is amplified and LBa1 does not amplify product. C, In the insertion
mutant, LBa1 and P2 amplify the expected 0.58kb target. However P1 and LBa1 do not
amplify product due to the large size of the expected fragment. P1 and P2 do not amplify
in insertion mutants because the expected size of the fragment would be too large as well.
Further sequencing and back-crossing into wild type is required to determine the precise
location and orientation of the insertion(s).
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process, a semi-quantitative reverse transcriptase PCR experiment was undertaken to see
if lipase transcript levels increase following sucrose treatment. The cDNA transcript
levels of DALL4 and DALL2 were assessed. Plants were either immersed in water or
40mM sucrose for 6h (Schattat and Klösgen, 2011). Transcript levels of DALL4 and
DALL2 appeared very similar (Figure 3.20). The BnCLIP punctae per plastid were
quantified following the same sucrose treatment and there was no overwhelming
difference observed (Figure 3.2C). In the future additional controls should be used such
as genes for actin.
3.11 Lipase conservation within the plant Kingdom
Given that a large lipase family is present in Arabidopsis with homologs in B.
napus, the possibility homologs were conserved across many plant species was
investigated. A BLAST search of NCBI was performed and a selection of species were
analyzed further including dicots (Glycine Max, Solanum lycopersicum) monocots (Zea
mays, Oryza sativa Japonica [rice]), moss (Phycomitrella patens subsp patens) and green
algae (Chlamydomonas reinhardtii). Proteins with highest similarity to BnCLIP were
identified (Table 3.4) and aligned with the BnCLIP peptide sequence (see appendix
Figure 6.2). It was evident that homologous lipases are conserved across the plant
kingdom, however it is not clear if this is related directly to lipid metabolism and/or the
presence of tubular plastids.
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Figure 3.20:1Semi-Quantitative Reverse Transcriptase PCR of lipase transcript
expression following 40mM sucrose and water treatments. A, DAD Like Lipase 4
(DALL4) mRNA had a higher transcript level as compared with DALL2. Following
sucrose treatment there is a similar or slightly reduced transcript level, which results in
slightly fainter bands after 6 hours sucrose treatment. B, Hypocotyl cells of FNR:GFP
plants showing the stromule frequency in plants treated with water or sucrose. SF
increases after sucrose treatment. Blue=Chlorophyll autofluorescence, Green=Stroma. C,
Hypocotyl cells of BnCLIP:GFP plants showing the punctae frequency after the same
treatments. Blue=Chlorophyll auto-fluorescence, Green=BnCLIP punctae.
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Table 3.4: Phospholipase homologs to BnCLIP in other photosynthetic organisms.
Species
common
name
Rice
Soybean
Corn
Tomato
Moss
Green
algae

Species Latin name

Gene Accession (NCBI)

Oryza sativa Japonica
Glycine Max
Zea mays subsp mays
Solanum lycopersicum
Phycomitrella patens
subsp patens
Chlamydomonas
reinhardtii

NM_001061973.1
LOC100779676
GRMZM2G029756
LOC101245616
PHYPADRAFT_146964

% nucleotide
identity to
BnCLIP (NCBI)
63
61
60
57
46

CHLREDRAFT_148864

28
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CHAPTER 4

DISCUSSION

4.1 BnCLIP as a possible plastid-ER MCS marker
MCSs are important for cell signaling, metabolite transfer and organelle
inheritance. Typically specific lipid species become enriched on the ER subdomain and
apposed organelle membrane, while massive protein complexes accumulate that include
tethering proteins and transporters or channels (Prinz, 2014; Xu et al., 2010). At MCSs,
organelle and ER membranes are tethered as closely as 30nm together, maintaining a
significant level of connective force (Andersson et al., 2007). Abnormal functioning of
MCSs changes lipid composition and/or functioning of at least one organelle and can lead
to defects in signaling, lipid metabolism, organelle inheritance and organelle division
which can be lethal (Prinz, 2014). While most previous studies have focused on MCSs in
yeast and mammalian tissues, MCSs in the plant system have been studied to a lesser
extent. Then a report from Tan et al. (2011) identified BnCLIP: a lipase with a plastid
transit peptide that reportedly highlights plastid-ER MCSs. So the overall question was, if
BnCLIP highlights plastid-ER MCSs, would it also mark the sites where plastid tubules
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extend as a result of pulling force from the ER? This hypothesis was originally proposed
by Schattat et al. (2011) to describe the contiguous behaviour of stromules and the ER. In
general the underlying mechanism behind stromule formation remains unknown, so
testing Schattat et al.'s (2011) hypothesis would represent a productive step towards
elucidating an answer. In addition, although plastid-ER MCSs have been observed,
characterization of the essential components of these domains is a large knowledge gap.
It is also unknown whether A. thaliana lipases homologous to BnCLIP are native markers
of the same plastid-ER MCSs. So this study aimed to investigate the connection between
stromules, ER-MCSs and plastid localized lipases using live-imaging techniques.
4.1.1 Are BnCLIP marked loci actually in physical contact with the ER and plastid?
This study shows that the BnCLIP:GFP localization pattern in stable transgenic
lines was consistent with transient observations made by Tan et al. (2011). The protein
localizes to the plastid in a spotted pattern that is neither consistent with stroma or ER
organelle targeting, rather as foci or punctae typically representative of ER-MCSs
(Murley et al., 2013). Typically between 1-2 large punctae per plastid were observed in
all tissues (Figure 3.1, 3.2A). Punctae remained plastid localized following chloroplast
isolation (Fig 3.7). When co-expressed with FIB4:Eos, a probe highlighting plastoglobuli
in the stroma, BnCLIP did not appear coincident but rather in close, polar apposition with
the red signal (Figure 3.17). Although some scattered GFP punctae were observed
removed from the plastid body in all transgenic lines (Figure 3.1 E,F, 3.4B, 3.13), these
points always coincided with the stromal marker tpFNR:mEos in double transgenic plants
(Figure 3.8, 3.9 E, ). Therefore although BnCLIP localizes to a sub-plastidic locale, it did
not localize to plastoglobules.
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During time-lapse imaging BnCLIP, plastids and ER all showed correlated
movement over time (Figure 3.6). BnCLIP movement associated with plastid movement,
rather than with the cell overall or the constantly reorganizing “ER-cage” surrounding the
plastid (Figure 3.4C, 3.5). Despite motility of the ER-cage, sustained BnCLIP-ER
connectivity throughout 4-minutes of time-lapse imaging was demonstrated using a
kymogram (Figure 3.6). These experiments show that in most cases, BnCLIP movement
was directed by the plastid (Figure 3.5) but remained associated with ER tubules over
time as well (Figure 3.6). This evidence substantiates Tan et al.’s (2011) classification
that BnCLIP is a genuine MCS marker. BnCLIP appears to be a plastid localized enzyme,
physically connected with the ER over time.
As in any study, measurements are limited by the technique used and in light
microscopy using CLSM and FP based live imaging, the Abbe limit (Heintzmann & Ficz,
2006) or ½ λ represents the resolution limit. So for example for GFP, ½ the emission
wavelength is about 255nm, which exceeds what would be expected of a MCS. Therefore
these images cannot provide insight into which envelope membrane or leaflet the lipase
specifically resides on. Indeed, proteins with plastid transit peptides such as BnCLIP are
typically translocated to the stroma before being redirected to sub-plastidic locales such
as the inner and outer envelope membranes (Ferro et al., 2003). Additionally, it is well
known that lipases, although soluble, remain strongly bound to membrane surfaces
(Andersson et al., 2004). Therefore to determine the specific leaflet where BnCLIP
resides, the transgenic lines created in this study could be used for higher resolution TEM
with anti-GFP antibodies for immuno-gold staining. Alternately envelope membranes,
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stroma and ER fractions could be isolated using gradient centrifugation and assessed for
presence of internal controls and BnCLIP:GFP.
4.1.2 Do BnCLIP marked MCS domains increase when lipid flux is enhanced due to
larger plastid size and phosphate starvation?
Organelle mutants were used for further insight into BnCLIP marked MCSs. In
pah1pah2 where the ER is expanded (Eastmond et al., 2010) there was no visible change
in BnCLIP and the ER was frequently attached to lipase loci, which was consistent with
WT (Figure 3.4, 3.13 B-C). Conversely in arc6, which has massive plastids and long
stromules (Holzinger et al., 2008; Schattat et al., 2011), BnCLIP punctae appeared larger
and the frequency per plastid significantly increased (Figure 3.11). Provided BnCLIP is a
plastid-ER MCS marker this is expected and indicates that lipase marked sites could be
involved with plastid division or inheritance because they maintain a relative ratio that
correlates with plastid size, density and division rate, all of which are abnormal in arc6.
Mediating proper organelle division and inheritance are key functions of MCSs (Prinz,
2014); therefore further live imaging studies using fluorescent markers for ARC6 and
BnCLIP could be pursued.
It is well known that during phosphate starvation cellular phospholipids are
shuttled from ER to the plastid via MCSs so head groups can be replaced with galactose
units, which significantly increases lipid flux through MCSs (Jouhet et al., 2010).
Intriguingly phosphate starvation has been linked with cytosolic sucrose accumulation as
well (Hammond & White, 2008). Therefore a 7 day treatment was carried out, which is
required to sufficiently starve the plants of phosphorus and makes it possible that
transcriptional and enzymatic changes could be involved in the response (Gibon et al.,
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2006). This study found that a significant increase in BnCLIP punctae frequency could be
observed following phosphate starvation (Figure 3.2 E) which is comparable to that of a
tonoplast localized PLD following phosphate starvation (Yamaryo et al., 2008). Thus,
BnCLIP marked loci appear responsive to ER based lipid stress, which corresponds with
increased lipid conveyance through plastid-ER MCSs. However 35S::BnCLIP:GFP
expression is not necessarily transcriptionally up-regulated in response to phosphate
starvation and most DALLs are induced following infection and wounding (Table 1.4)
not phosphate starvation (Misson et al., 2005). Therefore one possibility is that the
increase in punctae frequency reflects a redistribution of the GFP marker to an increased
number of potentially de novo formed functional MCSs, required to accommodate
increased lipid flux. Due to the increase in such sites, key tethering proteins or
transporters would likely be up-regulated, thus this requires further research. Studies of
how this influences SF, branching and length as well as the ER cage and are now
underway. If SF is increased by phosphate starvation, this indicates that long-term
stressors (5 or more days) that trigger increased SF could correlate with increased de
novo synthesis of plastid-ER MCSs.

4.2 The connection between BnCLIP and stromules
4.2.1 Do sucrose and light treatments that induce stromules change the BnCLIP
localization pattern or DAD1 Like Lipase (DALL) transcript level?
Stromule formation is responsive to the diurnal cycle and external sucrose
treatments (Schattat et al., 2012b), therefore various sugar and light treatments were
assessed for the capacity to alter the pattern of 1-2 large punctae per plastid. Light and
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dark grown plants and those grown in light on media without sucrose had comparable
punctae frequency per plastid (Figure 3.2 C). When light grown plants were subjected to
a prolonged dark period of 16 hours, a small but significant decrease in the punctae
frequency per plastid was observed (Figure 3.2 B), which could reflect a reduction in
overall photosynthetic activity or substrate availability. Since stromules are rapidly
induced following 3 hours of 40mM sucrose treatment (Schattat & Klösgen 2011) this
stress was applied, however no significant change in punctae frequency per plastid was
observed within this short time (Figure 3.2 D). When up regulation of DALL4 and
DALL2 mRNA transcripts was assessed following a similar sucrose treatment (Figure
3.20), an overwhelmingly large change was not observed. This suggests that lipase gene
induction did not coincide with rapid stromule extension by 40mM sucrose treatment.
One rationale behind the lack of lipase expression profile response to light or
sucrose treatment, could be due to the timeline of these experiments taking place on the
scale of hours rather than days. Stromule extension as a result of diurnal light exposure or
sucrose feeding occurs within hours (Schattat et al., 2012b). Meanwhile, a global
transcriptomic, metabolomic and enzymatic study assessed the A. thaliana diurnal cycle
and found that while transcripts rapidly changed in response to light, this did not always
reflect altered enzymatic activity on the same time scale (Gibon et al., 2006). Enzymatic
activity required a number of days to change, even when transcript profiles responded in
a matter of hours. Alternately, Gibon et al., (2006) showed that sub-cellular metabolites
such as unsaturated C16 and C18 fatty acids, glucose and sucrose readily exhibit diurnal
cycling. While sucrose and glucose fluctuate due to photosynthesis, it is thought that fatty
acid accumulation during the day is due to a light dependent synthesis pathway. This
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biosynthesis directly incorporates photosynthetically fixed carbon in the form of pyruvate
on the timescale of hours (Bao et al., 2000). Specific enzymes involved in fatty acid
synthesis that exhibit light dependent activity include chloroplastic pyruvate
dehydrogenase (Williams and Randall, 1979), acetyl-coenzyme A carboxylase (PostBeittenmiller et al., 1992) and some lipid acyl-transferases (Bessoule et al., 1995,
Kjellber et al., 2000, Mongrand et al., 2000). The building block for fatty acid synthesis
is pyruvate which can be derived from sucrose. Therefore it seems plausible that rapid
stromule extension as a result of light and sucrose feeding could reflect increased lipid
accumulation in the plastid envelope as a result of de novo fatty acid synthesis, rather
than transcriptomic or enzymatic changes.
If de novo fatty acids are incorporated into lipid species that contribute to
membrane tubulation, due to the tendency for bi-layers to form sheets and maintain high
tensive force rather than form tubules, these lipid species must favour membrane
curvature. Such tubule-forming glycerolipid monomers must possess a conical form,
either due to an out of proportion head or tail group, such as is the case with MGDG and
lyso-lipids (LaPlante et al., 2011, Tönissen and Lütz, 1984). MGDG is plastid envelope
localized, while it is unknown where lyso-lipids accumulate. Maatta et al. (2012) showed
that during the day MGDG tend to incorporate de novo C16 FAs, while lyso-lipids (LPC,
lyso-PG, lyso-PE) incorporated C18 FAs. Therefore the properties of MGDG and lysolipids are suggestive that these monomers could be key to the molecular structure of
plastid membrane tubulations, while they also are associated with the incorporation of
diurnally synthesized FAs.
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The last component to incorporate into this working model is the activity of
lipases at stromule extension points. The aforementioned de novo FA synthesis model
requires FA synthesis and incorporation into glycero-lipids during the light period for the
formation of plastid envelope tubules. In stress states such as during wounding or
pathogen attack it is well known that chloroplast lipases (DALLs) are up-regulated and
involved in production of JA precursors. It is also known that stromule extension can be
induced by 16h treatment with an ethylene precursor (1-aminocyclopropane-1-carboxylic
acid) that is thought to mimic the pathogen attack response (Gray et al., 2012). However
it is unknown whether physical wounding which directly increases JA production (Heitz
et al., 2012), presumably through DALL activity at the chloroplast envelope (Seo et al.,
2009), could rapidly induce stromule extension. If correct, this could represent another
mechanism for stromule formation. In addition to the de novo synthesis of cone shaped
lipids, lipid modification by lipases which produces lyso-lipids would be an example of a
lipid modification based model for tubulation. However more research is needed to test
this possibility and it requires the use of multiple mutants in a highly redundant system.
4.2.2 If ER marked MCSs contribute to stromule extension, does BnCLIP localize to
more tubular plastids or stromule extension points?
Leucoplasts tend to be more ovoid or tubular as compared to mesophyll
chloroplasts which could be a result of differentially “whorled” thylakoids (Dupree et al.,
1991). Thus BnCLIP was compared in epidermal plastids, which have similar
morphology in comparison to leucoplasts, and chloroplasts (Figure 3.9 A). Epidermal
plastids had a greater proportion of surface area covered by BnCLIP compared to
chloroplasts but it is unknown whether this is related to tubular morphology or small size.
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When snapshot-based x/y/z stacks were used assess the relationship between
BnCLIP and stromule extension points (the base or tip). Punctae were most often found
at extension points (Figure 3.9 B, E) and to a lesser extent at nonspecific spots along the
stromule. These non-specific sites were thought to represent extension points while the
stromule was at an intermediate stage of extension or not actively extending. In order to
evaluate BnCLIP’s role in the active extension process, an x/y/t-movie based sampling
procedure was required.
4.2.3 Are stromules actively extended through pulling force at ER MCSs?
Given that BnCLIP:GFP is a plastid-ER MCS marker, the hypothesis originally
proposed by Schattat et al., 2011 could finally be tested. Time-lapse movies showed that
static tethering force was often exerted on the plastid at lipase-delineated loci (Figure 3.8
A, C). If BnCLIP sites were motile, force could be observed pulling the plastid body from
the MCS leading to rapid translocation (Figure 3.8 B). Occasionally, an excessive pull
from the plastid could overcome static tethering force at the MCS (Figure 3.8 C). These
movies are the first of their kind to provide direct evidence of plastid-ER MCS tethering
at lipase delineated loci in vivo and to suggest the possibility that tethers can break while
preserving the integrity of the plastid membrane. When 30 instances of stromule
movement were assessed using x/y/t-movie based sampling, tubule movement (extension,
retraction or tethering) was most frequently directed around motile BnCLIP marked
domains (Figure 3.9 D). However, stromule movement was also mediated to a lesser
extent by sites lacking BnCLIP or sites with static BnCLIP punctae. Overall, 60% of
stromule movement was either directed or initiated from sites marked by motile or static
BnCLIP punctae (Figure 3.9 D).
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This shows that plastid tubules are most often associated with motile BnCLIP
MCS domains and substantiates the hypothesis from Schattat et al., 2011, that ER MCS
tethering can lead to plastid tubulation. These results also indicate that BnCLIP
localization is not necessary for all plastid tubule movement, suggesting the possibility of
novel mechanisms for plastid tubulation or movement through interactions with other
subcellular components or possible MCSs. When tubule movement or tethering was
evident but not coincident with BnCLIP, GFP marked sites could have been too small to
be resolved under the imaging conditions of this study. To extend this research, other
proteins such as the tethers at these sites should be identified. Therefore a pull-down
assay using an anti-GFP antibody combined with mass spectrometry based proteomics or
lipidomics has the potential to identify proteins or lipid species associated with BnCLIP
and stromules. This approach is an exciting possibility for future studies.
4.2.4 Given that plastid tubules are extended at BnCLIP marked MCSs, does
increased punctae frequency correlate with altered stromule characteristics?
If BnCLIP marked MCSs are indeed involved in extending plastid tubules, the
possibility that longer, more branched tubules such as those found in arc6 would have
more MCSs was investigated (Holzinger et al., 2008). WT and arc6 plants were treated
for 3 hours with 40mM sucrose and stromule length was measured in relation to punctae
frequency and stromule branch frequency. No strong linear correlation could be found
between these variables (Figure 3.12, Table 3.2, R2<0.4). The best correlation was
observed between stromule length and branch frequency in arc6 (R2=0.3645) however
this weak relationship is not indicative of a strong correlation. It is possible that some
error could be due to reduced resolution of tiny BnCLIP punctae in this experiment. But
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even so it was expected to observe that the frequency of large visible MCSs was related
to stromule length or branching. Nevertheless it is well documented that plastid size and
division is disrupted (Holzinger et al., 2008) and SF is increased significantly (Schattat et
al., 2012a) in arc6. This study showed that MCS frequency was increased in arc6.
Therefore, increased MCS frequency correlated with increased SF, larger plastids with
increased lipid flux requirements and chloroplast division defects. These traits are typical
of MCS markers.
4.2.5 Does lipase over-expression influence stromule characteristics in comparison
to WT?
The BnCLIP:GFP tpFNR:mEos lines were used as a lipase OE system to assess
stromule characteristics compared to WT. SF was similar to WT in these lines (Figure
3.10, A-C) but stromule length was significantly increased before sucrose treatment
(Figure 3.10 D-F). The average stromule length in OE lines at 0 hours was similar to that
of sucrose treated WT plants. This suggests that lipase driven hydrolysis could play a role
in plastid membrane tubule lengthening through the production of lyso-lipid product.
Tubules are known to form in vitro and in vivo when membranes are treated with lipase
(LaPlante et al., 2011, Ward et al., 2012).
Presently it is unknown whether stromule length relates to SF, stress or the diurnal
cycle because most studies have measured SF not stromule length. A 24-hour diurnal
experiment comparing stromule length in WT and lipase OE lines would elucidate these
differences. If lipase OE lines reach a “maximum stromule length” faster than WT during
the day, it would suggest that lipase driven lipid hydrolysis is a possible enzymatic basis
for light induced plastid membrane tubulation. Additionally, if BnCLIP shares the role of
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most DALLs of releasing JA precursors, lipase OE lines could be inadvertently primed
for pathogen attack or wounding response. Thus an experiment that measures wound
responses could potentially show a significant difference between WT and lipase OE
lines.

4.3 BnCLIP homologs in A. thaliana and other species
4.3.1 Is the localization of the A. thaliana DALL4 protein similar to the punctate
profile of BnCLIP when expressed using its native promoter or when overexpressed using CaMV 35S promoter?
One drawback of using the BnCLIP:GFP construct in this study is that is
originates from B. napus not A. thaliana. Ideally, a native protein should be used to
determine whether the localization pattern is conserved. Further, the native expression
level could be assessed to gain information on tissue or developmentally specific gene
expression profiles. Thus the DALL4 gDNA:EYFP construct was created (Figure 3.14).
It had low expression levels overall and the EYFP fluorescence rapidly became bleached.
This could be a result of reduced promoter expression in combination with high laser
intensity, which was lowered below 15% when imaging these lines. Overall, 7 lines were
isolated and characterized: line 5 and 6 had the highest expression levels, then line 1, 2
and 7 were comparable (Table 3.3). Line 4 was very dim and line 3 had a dwarf
phenotype, produced significantly less seed and was a visibly darker green color (not
shown). Generally, fluorescence appeared brightest in small plastids of sink tissues: the
cotyledon epidermis, hypocotyl and roots (Table 3.3, Figure 3.14). This profile was
maintained in pah1pah2 (Figure 3.15). Infrequently, cytosolic localization in the
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cotyledon epidermis was observed (Figure 3.14 F, I). Since lines 1,2,5,6, and 7 had
similar expression patterns, it was concluded that the dim, sink specific expression profile
was likely the result of promoter expression. Interestingly BnCLIP typically localized to
larger punctae in leucoplasts of sink tissue, but it is unknown if these phenomena are
related.
Sink specific expression is consistent with microarray data reported on the BioAnalytic Resource (BAR) database (http://bar.uotoronto.ca), which reports that
At1g06800 (dall4) has highest expression in the hypocotyl, low expression in the root and
little-to-no expression in the cotyledons (Winter et al., 2007). The BAR also states that
dall4 native expression increases significantly in roots following 3-6 hours of salt induced
stress and in dark grown seedlings which could be investigated further (Winter et al.,
2007). However observations from this study (Table 3.3) could not detect a visible
increase in EYFP brightness in dark grown plants. Another possibility for future studies
is using a β-glucuronidase (GUS) driven reporter system to further assess promoter
activity for other A. thaliana lipases.
When the 35S::DALL4:EYFP construct was expressed transiently in tobacco, the
localization pattern was reminiscent of the native expression construct rather than that of
BnCLIP (Figure 3.16). The patterning was not confined to lipase-delineated sites, but
appeared dispersed throughout the stroma or plastid envelope (Figure 3.16) which is
contrary to results from Seo et al., (2009) which showed the same construct highlighted
plastidic punctae in transient assays. A punctate expression pattern that co-localized with
BnCLIP marked sites would be ideal evidence to show that a native A. thaliana protein
marks MCSs and could be involved in plastid tubulation. Therefore fully transgenic
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plants expressing this construct are being isolated. The creation of double transgenic lines
combining this construct and BnCLIP or the plastid envelope marker N-CHUP:GFP can
also provide further insight on the localization of this lipase.
4.3.2 Are phospholipase A1 enzymes conserved in the plant kingdom overall?
Further bioinformatic analysis showed PLA1 homologs of BnCLIP are present in
many species (Table 3.4, Appendix Figure 6.2) which demonstrates the conservation of
metabolism throughout higher plants, moss and algae. It is possible that these lipases
could share similar roles by localizing at ER-plastid MCSs like BnCLIP.
4.3.3 Does the dall4 insertion mutant have a stress induced or plastid morphology
phenotype?
Given that BnCLIP appears to lengthen plastid protrusions it is expected that a
mutant for its Arabidopsis homolog, dall4 (SALK_203778, Figure 3.19) would exhibit
reduced stromule length at basal conditions as compared to WT. To observe a similar
effect DALL4 would be expected to have similar substrate specificity and expression
level as 35S::BnCLIP:GFP. Thus a recombinant vector system expressed in yeast or E.
coli could be used to assess the knocked-down or knocked-out activity of the DALL4
protein from the mutant line. Since the insertion follows the active site and diad (Figure
3.18) characterization of this protein activity is critical. In order to elucidate additional
subtleties of the mutant phenotype, treatments that put stress on the MCS machinery and
DALL4 such as phosphate starvation or wounding (Grienenberger et al., 2010) should be
investigated.
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4.3.4 Is there a way to knockout all redundant chloroplast lipases in A. thaliana?
To conclusively show that chloroplast lipase activity is required for plastid
membrane tubulation, an in vivo knockout or knockdown system is needed. A
bioinformatic approach showed that the A. thaliana genome contains at least 42 fulllength PLA1 genes. 7-9 of these appear to have plastid transit peptides and functional
redundancy (Seo et al., 2009, Ellinger et al 2010, Ruduś et al., 2014, Appendix Table 6.2
and 6.3). Therefore multiple mutant lines must be genotyped and crossed to demonstrate
this correlation. Other techniques such as RNA-interference (RNAi) or targeted
mutagenesis of specific serine residues could be alternate approaches. However the high
homology between chloroplast localized PLA1s and those localized to other organelles
could be problematic due to the conserved lipase protein structure. Off-target effects of
RNAi on extraplastidic lipases are possible sources of inaccuracy, for example a
pleiotropic effect could be observed generating inviable lines, due to the diverse roles of
lipases in seed viability, immunity and wound response (Appendix Table 6.2). Therefore
while RNAi does not seem like a viable option for future studies, more research is needed
to determine whether dall mutants can be used to determine if chloroplast lipases
influence plastid tubulation.

4.4 Overall Perspective and Future Studies
4.4.1 What is the function of DALLs at BnCLIP marked MCSs?
Using literature evidence and the observations from this study, it is possible to
formulate a working model for lipase and MCS mediated plastid tubulation. Reviews of
lipid transfer at MCSs show that PLA2, PLC and PLD activity is required for metabolite
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remodeling and retrograde lipid transfer from ER to plastid at MCSs (Figure 1.3), yet all
other characterized enzymes are localized to the ER and cytosol (Li-Beisson et al., 2010,
Andersson, 2013). This study suggests that PLA1 enzymes including BnCLIP and the
DALLs, are also involved in such lipid remodeling but from within the plastid itself (Seo
et al., 2009, Tan et al., 2011, Figure 1.4 dark grey box). It is possible that stromules form
either as a result of de novo FA synthesis and incorporation into MGDG and lyso-lipids,
or through lipase catalyzed lipid hydrolysis, however testing these hypotheses requires
further study. In the former case, unsaturated FAs synthesized during the day are likely
contributors to the overall lipid input into the plastid envelope membranes which takes
the form of diurnally regulated stromules. In the latter case, it is unknown whether PLA1
induced hydrolysis following wounding (Ishiguro et al., 2001; Grienenberger et al., 2010)
is related to stromule extension through production of lyso-lipid product. However a
BnCLIP homolog in Nicotiana attenuata was found to rapidly produce JA from a lysolipid byproduct following wounding (Bonaventure et al., 2011). LPC is also associated
with membrane tubulation (LaPlante et al., 2011; Bechler et al., 2011; Ward et al., 2012).
Since JA is synthesized in the peroxisome, from C18:3 fatty acids hydrolyzed by PLA1 in
the chloroplast, it would be interesting to observe peroxisomes with BnCLIP marked
MCSs throughout the wound response (Seo et al., 2009).
In addition to tubule forming tendencies, lipids in plastidic protrusions can be
subject to high tensile stress, such as during rapid plastid translocation as a result of force
from MCSs (Figure 3.8 B). Since lipases bind leaky, somewhat compromised membranes
(Andersson et al., 2004) it is plausible that a lipase like BnCLIP or a DALL might have
affinity for such a domain where high tensile stress is being applied. In this way it is
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favourable to have a lipase present at MCSs in order to reduce membrane strain through
lipid hydrolysis.
One more interesting possibility concerns the role of the ER in organelle division.
It is known that the ER twists around the mitochondria throughout division (Prinz, 2014).
This study showed that BnCLIP marked MCSs increase significantly on plastids of arc6,
thus it would be expected that they could also align with the plastid division plane. In
terms of the structure of the plastid-ER MCS itself, it remains an open question as to
what potential tethers, LTPs, or hydrophobic channels are involved (Prinz, 2014) and
whether the hemifusion hypothesis is a possibly involved with stromule formation
(Mehrshahi et al., 2014).
4.4.2 Conclusion
This is the first study to use a live-imaging approach to analyze plastid-ER MCS
markers and their relationship with plastid membrane tubulation. This new perspective
provides a unique understanding of MCSs, which is inaccessible using fixation-based
methods. Further imaging of transgenic plants with fluorescent proteins in all 3
compartments: ER, plastid and BnCLIP (Figure 4.1) will continue to provide insight into
ER-modulated plastid pleomorphy.
The main hypothesis was that BnCLIP marks true MCSs and that pulling force
from the ER at these sites leads to plastid tubule extension. First this work provided
evidence supporting BnCLIP's classification as a true MCS marker. BnCLIP appeared to
be a plastid localized enzyme that was responsive to phosphate starvation stress which
increases lipid flux through plastid-ER MCSs. Since MCS malfunction is associated with
organelle division defects, the significant change change to BnCLIP frequency per plastid
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Figure 4.1: Triple transgenic plants were created that express FPs localized to
plastids ER and BnCLIP marked MCSs. A, FNR:Eos BnCLIP:GFP YFP:HDEL
(Blue=chlorophyll, red=stroma, yellow=ER green/yellow punctae=BnCLIP. B-D
BnCLIP:GFP RFP:HDEL ptyk (Blue=chlorophyll, Yellow/orange=stroma,
green/yellow punctae=BnCLIP, Red=ER). Stromules can be observed extending along
ER tubules, BnCLIP punctae are present along the stromule. Bar=5μm.
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was expected and suggestive of MCSs in arc6. In the kymogram analysis ER tubules
remained in contact with BnCLIP over a prolonged period. Thus the classification of
BnCLIP as a true MCS marker was supported. Then the MCS's relationship with
stromules was observed, and motile BnCLIP marked sties most often associated with
extending plastid tubules. Therefore pulling force from ER-MCSs appears to be one
mechanism of plastid tubule extension. BnCLIP punctae frequency was not directly
related to SF or branching but lipase expression overall may play a role in stromule
lengthening. Finally the closest A. thaliana homolog of BnCLIP did not have a punctate
localization pattern but due to the conserved nature of PLA1 enzymes, further study of
these homologs will reveal if lipase activity is conserved at plastid-ER MCSs.
The next step for plant biologists is to assess mitochondria-ER MCSs. Like the
plastid, mitochondria are isolated from the vesicular transport pathway and depend on
lipid transport from the ER. The role of mitochondria in respiration and pathogen
response is well characterized (Lam et al., 2001; Simmen et al., 2005). Calcium channels
spanning ER and mitochondrial membranes are responsible for the ion influx that
activates apoptosis (Tiwari et al., 2002). Up to 20% of the mitochondrial membrane is
purportedly in constant contact with the MAM (Rizzuto, 1998) and many homologs to
mitochondria-ER MCSs in plants are known (Appendix Table 6.1). In the future, ERMCSs with the plasma membrane and nucleus can also be investigated. Overall this study
shows that MCS domains integrate metabolism and structure to modulate organelle
morphology and division. BnCLIP is an excellent tool for future studies on the plastid-ER
MCS domain.
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APPENDIX
Appendix A – Recipes and Procedures
Lysogeny Broth (LB) medium – 1L
5g yeast extract
10g NaCl
10g tryptone
add 15g Agar if needed
Yeast Extract Broth (YEB) – 1L
5g beef extract
1g yeast extract
5g peptone
5g sucrose
0.5 g/L MgCl2
add 15g agarose if needed
MS medium – 1L
4.4g Murashige & Skoog Basal Medium (Phytotechnology Laboratories)
30g sucrose
925mL dH2O
pH to 5.8 with 1M NaOH
add 3g Phytagel (Sigma) if needed
Extraction Buffer 1 – 150mL, autoclaved
15mL 1M Tris (50mL MilliQ water, 6.06g Tris Base, pH to 8 with HCl)
15mL 0.5M EDTA (50mL MilliQ water, 9.305g NaEDTA2H2O, pH to 8 with
NaOH)
4.38g NaCl
Quick PCR Extraction buffer
200mM Tris-Cl at pH of 7.5 with HCl
250 mM NaCl
25mM EDTA
0.5% SDS
Agro-infiltration Solution
10mM MgCl2
10mM MES
100μM acetosyringen
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Phosphate Starvation Media – 500mL of each media type
Into 400mL MilliQ add:
2000uL Gamborg Vitamins BsVit
200mL MS micronutrients
20mL Ammonium nitrate 165g/L
20mL Potassium nitrate 190g/L
20mL calcium chloride 2 hydrate 33.22g/L
20mL magnesium sulfate 18.07g/L
Bring to 1L and separate into two flasks with 500mL each
Add 30g sucrose to one flask
Split both flasks into four separate 250mL solutions
To one flask containing sucrose add 5mL potassium phosphate 17g/L
To one flask not containing sucrose add 5mL potassium phosphate 17g/L
Use KOH to pH the solution to 5.8
Bring all solutions to 500mL with MilliQ
Add 4g agarose to each flask
Chloroplast isolation buffer
0.3M sucrose
50mM Tricene (pH=7.8 with NaOH)
10mM NaCl
5mM MgCl2
0.2% BSA added fresh the day of use

106

Appendix B – DNA Annotations, Tables, Statistical Analysis &
Alignments

Maps of pGEM and the pCAMBIA based constructs created in this study.
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aatgatccaccattttcatgattttttggctgttagaaataaaacgtttagaatttgtaccaaaatacggggatgga
tttaaacaatcaattgtacgttaagttcaacacatttgaaaatgatttatacgcatgcatcatgagcattattgtat
tattgtttattttatataggtccctttatatattataaaagagtgcaataaatttggttacgactttgaaactcatc
gagctttcaacaATGGCGACCATTCCCTCCCACAACCTTCGTCCTCATACGACCAACCAAAGGACTCAGTACTCTCT
TTCCTTCAGACCACACTTTTCACGCTCTACTCTGATCACTTTCCCGGCAAGATCATCGCCGGCGAGGGCTATGTCCA
GAACCGACGAGGAGGCTTCAATATCTACAAGGCTCGAGCAAGAAAGCTATGGGCTGACGACGGCAGAGGACATTCGC
CGACGGGATGGAGAAGCAAAAGAATCCAAGAGGTTGAGAGACACGTGGCGGAAGATCCAAGGGGAAGATGATTGGGC
CGGGTTAATGGATCCGATGGACCCGGTTCTGAGATCTGAGCTGATCCGGTACGGAGAAATGGCCCAGGCCTGTTACG
ACGCCTTCGATTTCGATCCATTTTCAAGGTACTGCGGGAGCTGCAGATTCACGCGCCGTCACTTGTTCGATTCGCTC
GGGATAATCGATTCTGGCTATGAGGTGGCGCGTTATCTCTACGCGACGTCGAACATCAACCTTCCTAATTTCTTCTC
CAAATCGAGATGGTCCAAGGTGTGGAGCAAGAACGCCAATTGGATGGGTTACGTGGCTGTATCCGACGACAACGAAG
CCACGCGCTGCCGTTTAGGACGCCGCGACATTGCCATCGCCTGGAGAGGGACTGTCACGCGGCTCGAGTGGATAGCT
GATCTCAAGGATTTCCTCAAACCGGTATCCGGAAACGGATTCCGATGCCCCGACCCGGCCGTAAAAGCCGAATCCGG
GTTTCTGGATCTATACACGGACAAAGATACATCCTGCAATTTCTCCAAATTCTCGGCGCGAGAGCAGGTTCTTACGG
AAGTGAAGCGGCTGGTGGAAAGGTACGGCGACGAGGAAGGAGAAGAACTGAGCATCACCGTGACGGGACACAGTCTC
GGCGGTGCGCTGGCGGTGCTAAGCGCGTACGACGTGGCGGAGATGGGTGTGAACAGAACGAGGAAAGGAAAAGTGAT
TCCGGTGACGGCGTTCACGTACGGAGGACCGCGAGTTGGGAACATTCGATTCAAGGAGAGGATTGAGAAATTGGGAG
TGAAGGTGTTGAGAGTGGTGAACGAGCACGACGTCGTGGCGAAATCGCCGGGACTGTTTCTGAACGAGCGTGCGCCA
CAGGCGCTAATGAAATTGGCGGGAGGATTGCCGTGGTGCTATAGCCACGTGGGAGAAATGCTGCCGTTGGATCATCA
GAAGTCTCCGTTCCTTAAGCCCACCGTTGATCTTTCTACGGCTCATAACTTGGAAGCTCTCCTCCATCTCCTTGACG
Ggtcagtcattcttctttttattacttttttactttaaaaagtaattttaagatttccagctaatattttgacaagt
caaaagcctttgaggagacagatctcaatgtccacattttccaacaccatttctttattaatacgattttcaaaaat
ttggtaaacattattgcctcatcaaatgccgaatggagaataatggggtcatttagtaatctgatttacgtggcact
tctttctttcatgggtaggttggagagaatttaattatcgaaaactactaggaaataaatttgtcgtttagagcata
atagtattagtatgagttgatgaatctggattattgtttaaaaaaacatagGTATCATGGGAAAGGACAGAGATTTG
TGTTATCAAGTGGGAGAGATCCAGCGTTAGTGAACAAAGCATCTGATTTTTTGAAAGACCATTTCATGGTCCCTCCT
TATTGGCG*CCAAGACGCAAACAAAGGGATGGTGAGGAACACTGACGGCCGTTGGATTCAACCTGATCGCATCCGTG
CAGATGATCAACATGCTCCTGACATACATCAACTCCTCACCCAACTCCATCATCCATCACAACTCTTGTAA

Annotated gDNA sequence of DALL4 (At1g06800). Red is the promoter region, black is the
start and stop codons, orange is the exons and purple is the intron (www.arabidopsis.org).
Asterisk indicates the site of the insertion in the SALK_203778 line.
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Table 6.1: Enzymes and tethering proteins that localize to MCSs in other cell types with respective A. thaliana homolog(s).
Putative
Localization
ER-Plastid
ER-Peroxisome

ER MAMMitochondria

Protein Name,
Abbreviation
Trigalactosyl Diacyl
Glycerol 1, TGD1
ATP Binding
Cassette D2, ABCD2

Function

Mutant Phenotype

Cell Type

Indirectly aids in transport of
PC from ER to plastid.
Peroxisomal ABC acyl
transporter.

Embryo lethal.

A. thaliana

A. thaliana
homolog
At1g19800

A. thaliana

At1g54350

Comparative Gene
Identification 58,
CGI58
Acyl CoA Synthetase
6, ACS6/Fatty acid
CoA-Ligase, FACL4

Soluble TAG lipase
hydrolyzes oil bodies.

Homologous with
pxa1 which is
deficient in βoxidation.
Accumulation of oil
bodies.

A. thaliana

At4g24160

James et al., 2010

Mental retardation in
humans (Alport
syndrome).

B. napus

AJ401089

Piccini et al., 1998;
Pongdontri and Hills,
2001; Simmen et al.,
2005

Protection against
non-alcoholic fatty
liver disease.

Mammalian

Unknown

Choi et al., 2007;
Stone et al., 2009;

Reduced localization
of MAM, less
apoptosis and MCSs,
colorectal cancer.
Unknown.

Mammalian

Unknown

Simmen et al., 2005

Mammalian

Unknown

Unknown.

A. thaliana

At1g54280

Stone and Vance,
2000
Jouhet et al., 2007

Yeast homolog
(SCS2) has reduced

A. thaliana

At3g60600

Acyl CoA
diacylglycerol
transferase 2,
DGAT2
Phosphofurin acidic
cluster sorting 2,
PACS2
Phosphatidylserine
synthase 1, PSS-1
Aminophospholipid
translocase 6, ALA6
ER-Plasma
Membrane

Vesicle associated
protein 27, VAP27

Putative LTP binds TAGs.
Converts long chain fatty
acids to fatty acyl-CoA esters
for β-oxidation. Binds
PACS2 in mammals. May
also associate with
peroxisomes.
Lipid transfer protein,
catalyzes final step of TAG
synthesis *also present in
lipid droplets
ER sorting protein. Regulates
apoptosis and mitochondrial
division, Ca2+ transport.
Replaces polar group with
serine on PE and PC.
Aminophospholipid
translocase, ATPase, cation
transport.
Homologous to mammalian
SNARE-like tethering

Reference
Xu et al., 2005,
Jouhet et al., 2007
Jouhet et al., 2007;
Wanders et al., 2007

Kagiwada et al.,
1998; Carette et al.,
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proteins.
Secretory Protein 14,
SEC14
OSBP (Oxysterol
binding protein)
Related protein 1A,
ORP1A
Junctophilins, JP-2

ER-Golgi

Nuclear
EnvelopeVacuole

Phosphatidylinositol transfer
protein (PITP), Ca2+
signalling, polarized
membrane growth regulator.
Anterograde sterol traffic,
oxysterol binding, sterol
sensor.
Bridging protein complex,
putative Ca2+ regulatory
protein.

Aminophospholipid
ATPase 1, ALA1
Aminophospholipid
ATPase 3, ALA3

Aminophospholipid
translocase (PS, PE), ATPase
Aminophospholipid
translocase (binds PC, PE,
PS), ATPase

Nucleus-Vacuole
Junction, NVJ1

ER protein, assists with
budding of nuclear material
for autophagy, interacts with
Tsc13, Osh1, Vac8p
ER protein, extends long
chain fatty acids (16 and 18
C) to very long chain fatty
acids (20+ C)

Temperature
sensitive csg2Δ
suppressor, TSC13

attachment between
ER-PM.
Disorganized
cytoskeleton in root
tips, root hairs.

2002
A. thaliana

At4g34580

Vincent et al., 2005;
Li et al., 2000

In Yeast has 5 fold
reduction in sterol
traffic.

A. thaliana

At2g31020

Levine and Loewen,
2006; Li et al., 2008

Embryo lethal,
dysfunctional
junctions, abnormal
Ca2+ homeostasis,
swollen
mitochondria.
Smaller size at lower
temperatures.
Known as irregular
trichome branch 2,
expanded trichomes,
reduced polar cell
growth.
Normal growth

Yeast,
Mammalian

Unknown

Takeshima et al.,
2000; Pichler et al.,
2001; Levine and
Loewen, 2006

A. thaliana

At5g04930

A. thaliana

At1g59820

Gomès et al., 2000;
Jouhet et al., 2007
Jouhet et al., 2007;
Zhang and
Oppenheimer, 2009

Yeast

Unknown

Pan et al., 2000;
Levine and Loewen,
2006

Accumulates very
long chain fatty acids
of less than 26 C

Yeast

Unknown

Beeler, 1998;
Kohlwein et al.,
2001; Kvam et al.,
2005
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Table 6.2: Inter-Pro search results for Arabidopsis Class 3 Lipases.
Accession

Protein Name (TAIR)

General Function (TAIR)

AT1G05800
AT1G06800
AT1G51440
AT2G30550
AT2G31690
AT2G44810
AT4G16820
AT5G14930

Sub-cellular Localization
(TAIR)
Plastid
Plastid
Plastid
Plastid
Plastid
Plastid, Cytosol
Plastid
Plastid, Nucleus

Dongle, DGL
DAD1 Like Lipase 4, DALL4
DAD1 LIKE LIPASE 2, DALL2
DAD1 Like Lipase 3, DALL3
DAD1 Like Lipase 5, DALL5
DEFECTIVE ANTHER DEHISCENCE 1, DAD1
DAD1 Like Lipase 1, DALL1
SENESCENCE ASSOCIATED GENE 101, SAG101

AT3G48090

Plastid, Cytoplasm, Nucleus

ENHANCED DISEASE SUSCEPTIBILITY 1, EDS1

AT2G31100
AT3G14360
AT4G13550
AT5G67050
AT1G30370
AT2G42450
AT3G52430

Plastid, Cytosol
Plastid
Cytosol
Plastid
Mitochondria
Mitochondria
Nucleus

DAD1 Like Acyl Hydrolase, DLAH
PHYTOALEXIN DEFICIENT 4, PAD4

AT2G05260
AT3G48080
AT4G10955
AT5G24180
AT5G24200
AT5G24210
AT5G24230
AT4G18550

Nucleus
Nucleus
Nucleus
Nucleus
Nucleus
Nucleus
Nucleus
Cytoplasm

AT3G14070
AT1G05790
AT3G14075

Vacuole membrane
Plasma membrane
Plasma membrane

DAD1-LIKE SEEDING ESTABLISHMENTRELATED LIPASE, DSEL
CATION CALCIUM EXCHANGER 9, CAX9
-

JA production
JA during wounding
Basal JA levels
Basal JA levels
Plastid structure
Pollen maturation and flower opening
Germination on high salt
Innate immunity, cell death salicylic acid
production
Innate immunity, cell death salicylic acid
production
Seed viability during germination
Innate immunity, cell death salicylic acid
production
Germination
Ion transport
-
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AT4G00500
AT4G16070
AT5G37710
AT3G49050
AT5G18630
AT5G18640
AT5G42930
AT1G02660
AT1G06250
AT1G56630
AT3G07400
AT3G61680
AT3G62590
AT5G24190
AT5G24220

Plasma membrane
Plasma membrane
Plasma membrane
Extracellular
Extracellular
Extracellular
Extracellular
Cytosol
-

-

-

Table 6.3: Homology of Arabidopsis chloroplast lipases to DALL4.
Protein
DALL4
DALL3
DALL2
DLAH
DGL
DALL5
DAD1
DALL1
-

TAIR Accession No.
AT1G06800
AT2G30550
AT1G51440
AT1G30370
AT1G05800
AT2G31690
AT2G44810
AT4G16820
AT3G14075
AT3G61680
AT4G13550

% Amino acid Similarity to DALL4 (Plant Proteome Database)
100
81
74
63
60
60
57
56
<50
<50
<50

Target P
C
C
C
M
C
C
C
-

cTP Length (ChloroP)
44
43
52
88
63
36
-

C- plastid M- mitochondria
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95% Confidence Intervals for statistically significant results
Planar area of BnCLIP punctae divided by plastid planar area
One sided t test P<0.0001
Mean

SEM

N

Lower Bound Upper Bound
of 95% CI
of 95% CI

Chloroplast

0.02617

0.001574

30

0.0230

0.02932

Epidermal
Plastid

0.1253

0.00915

30

0.1066

0.1440

Phosphate starvation experiment (punctae frequency per plastid)
One-way Anova P<0.0001 (M1 vs M2 P<.01; M1 vs M3 nonsignificant; M1 vs M4
P<.05; M2 vs M3 P<.01; M2 vs M4 nonsignificant; M3 vs M4 P<.01)
Mean

SEM

N

Lower Bound Upper Bound
of 95% CI
of 95% CI

P+S+ (M1)

1.096

0.07892

57

0.9377

1.255

P-S+ (M2)

1.667

0.1239

105

1.419

1.914

P+S- (M3)

0.9385

0.1071

61

0.7244

1.153

P-S- (M4)

1.544

0.0821

122

1.381

1.708

Punctae frequency per plastid

One Sided T test: p<0.0001

Mean

SEM

N

Lower Bound Upper Bound
of 95% CI
of 95% CI

WT

1.150

0.05221

60

1.09779

1.20221

arc6

3.000

0.2910

51

2.709

3.2910

Stromule length in WT and OE lines before and after sucrose treatment
One-way Anova P<0.0001 (M1 vs M2 P<.01; M1 vs M3 P<.01; M1 vs M4 P<.01; M2 vs
M3 nonsignificant; M2 vs M4 nonsignificant; M3 vs M4 nonsignificant)
Mean

SEM

N

Lower Bound Upper Bound
of 95% CI
of 95% CI

WT 0h (M1) 3.172

0.2521

111

2.673

3.672

OE 0h (M2)

6.288

0.7865

66

4.718

7.859

WT 3h (M3) 6.425

0.4061

155

5.623

7.227

OE 3h (M4)

0.3823

153

5.105

6.616

5.860
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Figure 6.1:1T-Coffee Peptide Sequence Alignment output of BnCLIP and the DAD1
Like Lipase family of A. thaliana chloroplast lipases. Created using T-Coffee server
Version 10.0 (http://tcoffee.crg.cat). Red indicates high amino acid similarity while blue
indicates low/no similarity. Black arrows indicate the serine lipase active site.
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Figure 6.2:2Alignment of Lipase Peptide Sequences from more primitive to more
evolved photosynthetic organisms.
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