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ABSTRACT 

INVESTINGATING A ROLE FOR PHOSPHOLIPIDS IN PLASTID PLEOMORPHY  

Cole Anderson 
University of Guelph, 2018

Advisor: 
Dr. Jaideep Mathur 
 

Plastids, a defining feature of plants, produce stroma-filled extensions or tubules known 

as stromules. Although stromules are reliably induced upon exogenous sucrose 

treatment and inhibited upon silver nitrate treatment, a clear mechanism and function 

behind this phenomenon remains to be elucidated. The lack of inorganic phosphate 

appears to affect stromule levels as well as simultaneously cause a conversion of extra-

plastidic membrane lipids from phospholipids to galactolipids, suggesting a lipid-based 

mechanism for their formation. Non-specific phospholipase C 4 and non-specific 

phospholipase C 5, while responsible for this conversion, do not affect stromule 

formation. The origin of plastidial phosphatidylcholine upstream of phospholipid to 

galactolipid conversion is likely due to the presence of plastid associated membranes 

and does not play a role in stromule formation. The observations from my microscopy-

based studies demonstrate the organelle pleomorphy influencing ability of 

lysophosphatidylcholine, implicating acyl-editing, better known as the Lands cycle, in 

stromule formation. 
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Chapter 1 Introduction 

 

1.1 Plastids in Higher Plants 

In higher plants, the term plastid from the Greek term plastikos, meaning to grow 

or form, refers to highly dynamic, pleomorphic, double-membrane bound organelles of 

prokaryotic origin (Gunning, 2007). There are several types of plastids: leucoplasts, 

chloroplasts and chromoplasts, all of which originate from a proplastid precursor. These 

plastid types are generally classified using the presence or the lack of colour, with 

leucoplasts being colourless, chloroplasts containing chlorophyll and chromoplasts 

containing any non-green pigment (Schimper 1883, 1885). The location of each plastid 

type within the plant also differs. Leucoplasts are found primarily in non-photosynthetic 

tissue such as roots, chromoplasts in fruits and flowers, and chloroplasts in 

photosynthetic tissues like stems and leaves. Chloroplasts a feature of higher plants 

which allow them to fix atmospheric carbon to form sugars, starch, and lipids through 

photosynthesis. During this process, light energy is absorbed by chlorophyll, causing it 

to release an electron. This initiates the flow of electrons down the electron transport 

chain leading to the formation of NADPH from NADP. The resulting proton gradient is 

used by ATP synthase for creating ATP. Another important role of the chloroplast is 

carbon fixation via the Calvin cycle. Using the products of photosynthesis (ATP and 

NADPH), the Calvin cycle fixes CO2 using the enzyme Rubisco, resulting in 3-

phosphoglyceric acid (3-PGA) and glyceraldehyde-3-phosphate (G3P) sugars. The G3P 

sugar molecules are later used to provide the basic carbon skeleton for glucose, 

fructose, sucrose, starch and lipids for the plant cell. 
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1.2 Lipid classes and synthesis  

Lipids are very important in the plant cell as inhibition of the lipid biosynthesis 

pathway results in cell death (Ohlrogge and Browse, 1995). Lipids are major 

components in cell membrane formation as their amphipathic properties allow for the 

formation of bilayers. The hydrophobic lipid tails are positioned towards the middle of 

the membrane lipid bilayer while their hydrophilic head group is oriented towards the 

periphery. Lipid bilayers make up biological membranes and are responsible for 

compartmentalizing the cell into organelles. In plants the endomembranes comprise of 

varying amounts of galactolipids and phospholipids (Boudiere et al., 2012). 

Phospholipids include phosphatidylcholine (PC), make up about 50% or more of the 

lipids in endomembranes (Meer et al., 2008), phosphatidic acid (PA), and 

phosphatidylglycerol (PG) being the other constituents. Endomembrane galactolipids 

include monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), and 

sulfoquinovosyldiacylglycerol (SQDG), and triacylglycerol (TAG), (Joyard et al., 1998; 

Jouhet et al., 2007).  

There is constant turnover and flux between these lipid classes depending on the 

surrounding environmental conditions and resource requirements of the plant 

(Troncoso-Ponce et al., 2013). Each lipid is made of a glycerol backbone with a fatty 

acid chain at the stereoscopic position number 1 and 2 (sn-1 and sn-2) and a unique 

head group at the sn-3 position. Glycerophospholipids are defined by the presence of a 

phosphate containing head group at the sn-3 position of the glycerol molecule. The 

membrane glycerophospholipid class contains six members: phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylglycerol (PG), 
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phosphatidylinositol (PI), and phosphatidic acid (PA). Membrane galactolipids include 

monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) both 

containing a galactose head group at the sn-3 position of glycerol. Lipid synthesis 

begins in the plastid with fatty acid (FA) synthesis in the plastid stroma. Pyruvate 

(believed to originate from outside the plastid) is converted to acetyl-coenzyme A (CoA) 

by the pyruvate dehydrogenase complex and is further synthesized into Malonyl-CoA, 

which is considered to be the first committed step in fatty acid synthesis (Johnston et 

al., 1997; Konishi et al., 1996). In order for FAs to be metabolically available, they must 

be associated with an acyl carrier protein (ACP). The newly synthesized malonyl-ACP is 

then used by KETOACYL-ACP SYNTHASE III (KASIII) to form 3-ketoacyl-ACP, 

releasing CO2. 3-ketoacyl-ACP is then reduced to 3-hydroxyacyl-ACP which is 

dehydrated to enoyl-ACP (Pidkowich et al., 2007). Enoyl-ACP is further reduced to acyl-

ACP and used by KETOACYL SYNTHASE I (KASI) (Mou et al., 2000). From this point, 

these acyl chains are elongated by this cycle of condensation, reduction, and 

dehydration reactions. Each elongation cycle extends the chain by 2 carbons, growing 

until a chain length of 16 or 18 carbons is reached. These 16 and 18 carbon FA are now 

available for lipid synthesis in the plastid but before export to the ER the 18:0 carbon 

chains are desaturated by STEAROYL ACP DESATURASE 6 (SAD6) and converted to 

CoA esters by LONG-CHAIN ACYL-COA SYNTHETASE 9 (LACS9; Kjellberg et al., 

2000; Bates et al., 2007). 

 

1.3 Lipid Synthesis 

Lipids are synthesized by either the prokaryotic lipid synthesis (PLS) pathway in 

the plastid, or the eukaryotic lipid synthesis (ELS) pathway in the endoplasmic reticulum 

(ER). These pathways are named for their similarity to the way prokaryotes and 
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eukaryotes synthesize lipids. After the FA’s are converted to CoA esters they are either 

used in the plastid or exported to the ER via FATTY ACID EXPORT 1 (FAX1) (Schnurr 

et al., 2002). In the plastid glyceraldehyde-3-phosphate and 18:1-ACP are used to 

synthesize lysophosphatidic acid (LPA) by ACYLTRANSFERASE 1 (ACT1). LPA is 

then acylated forming PA which can then be used to for diacylglycerol and subsequent 

galactolipids as well as the phospholipid PG. This process is outlined in Figure 1. In the 

ER, 18:1-CoA and glycerol-3-phosphate are then combined to form LPA via a 

glyceraldehyde-3-phosphate acyl-transferase (GPAT) (Gidda et al., 2009). Another 

18:1C fatty acid is added at the sn-2 position of LPA by LYSO-PHOSPHATIDIC ACID 

ACYL TRANSFERASE (LPAAT) (Nagiec et al., 1993) to form phosphatidic acid PA. PA 

can then advance to form either diacylglycerol (DAG) or cytidine diphosphate (CDP) -

DAG used for PI and PG synthesis, or PE, PS and PC synthesis respectively (Li-

Beisson et al., 2013). This process is outlined in Figure 2.  

Membrane lipid composition differs among organelles spatially, temporally, and 

with temperature (Browse and Somerville, 1991). For example, chloroplast envelope 

membranes contain primarily galactolipids, MGDG and DGDG with the exception of PC 

in the outer leaflet of the outer envelope membrane (Awai et al., 2001; Block et al., 

2007), while membranes of the ER consist primarily of phospholipids, mainly PC (Van 

Meer et al, 2008). During times of limited nutrient availability such as inorganic 

phosphate (Pi) in fertilizers, membrane lipid composition can adapt to accommodate this 

stress (Cruz-Ramirez et al., 2006; Härtel et al., 2000; Essigmann et al., 1998; 

Andersson et al., 2003; Jouhet et al., 2004) as detailed in the following section. 
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Figure 1. Prokaryotic lipid synthesis pathways in A. thaliana. Orange ovals represent proteins and blue boxes represent lipid 
species and possible saturation levels and chain lengths at the sn-1 and sn-2 position. ACP = acyl carrier protein, KASII =  
ketoacyl0ACP synthase II, SAD6 =  stereoyl-acyl carrier protein desaturase 6,  FatA/B = acyl-ACP thioesterase,  LACS9 =  long 
chain acyl-CoA synthetase 9, DHAP = dihydroxyacetonephosphate, GDPH = glyceraldehyde-3-phosphate dehydrogenase,  G3P = 
glyceraldehyde-3-phosphate,  ACT1= acyltransferase 1,  LPA = lysophosphatidic acid,  LPAAT = lysophosphatidic acid 
acyltransferase, PA = phosphatidic acid, PAP =  phosphatidic acid phosphatase,  DAG = diacylglycerol, MGDG1 = 
monogalactosyldiacylglycerol synthase 1, MGDG =  monogalactosyldiacylglycerol, DGD1 = digalactosyldiacylglycerol synthase 1, 
DGD2 = digalactosyldiacylglycerol synthase 2, DGD3 = digalactosyldiacylglycerol synthase 3, DGDG =  digalactosyldiacylglycerol, 
CDP-DAGS =  cytidine diphosphate diacylglycerol synthase,  CDP-DAG = cytidine diphosphate diacylglycerol,  PGPS =  
phosphatidylglycerol-phosphate synthase, PGP =  phosphatidylglycerol-phosphate,  PGPP =  phosphatidylglycerol-phosphate 
phosphatase, PG = phosphatidylglycerol, FAD4 = fatty acid desaturase 4, FAD6 = fatty acid desaturase 6, FAD7 =  fatty acid 
desaturase 7, FAD8 = fatty acid desaturase 8.

Figure 1 
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Figure 2 

 
Figure 2. Eukaryotic lipid synthesis pathways in A. thaliana. Orange ovals represent 
proteins and blue boxes represent lipid species and possible saturation levels and chain 
lengths at the sn-1 and sn-2 positions. CoA = coenzyme A, DHAP = 
dihydroxyacetonephosphate, GDPH = glyceraldehyde-3-phosphate dehydrogenase,  G3P = 
glyceraldehyde-3-phosphate, GPAT = glyceraldehyde-3-phosphate acyltransferase, LPA = 
lysophosphatidic acid,  LPAAT = lysophosphatidic acid acyltransferase, PA = phosphatidic acid, 
CDP-DAGS =  cytidine diphosphate diacylglycerol synthase,  CDP-DAG = cytidine diphosphate 
diacylglycerol, PIS = phosphatidylinositol synthase, PGPS =  phosphatidylglycerol-phosphate 
synthase, PGP =  phosphatidylglycerol-phosphate, PAH1/2 = phosphatidic acid 
phosphohydrolase 1/2, DAG = diacylglycerol, DAG-EPT = diacylglycerol 
ethanolaminephosphotransferase, DAG-CPT = diacylglycerol cholinephosphotransferase, PE = 
phosphatidylethanolamine, PS = phosphatidylserine, PC = phosphatidylcholine. 
 

1.4 Phosphorus starvation and responses 

Plants require Pi to sustain vital cellular functions. If this Pi demand is not met, 

the plant will suffer from a Pi stress response. Increased lateral root (Lynch and Brown, 

2001) and root hair growth (Bates and Lynch, 1996) under Pi starvation have been 

observed and allow the plant to acquire Pi from the upper regions of the soil (Lynch and 

Brown, 2001). The plant also secretes a number of organic acids and phosphatases in 

order to free additional sources of Pi from the surrounding soil (Hoffland et al., 1992; 

Tadano et al., 1993). A decrease in shoot growth is observed under Pi stress as the 

plant resources are increasingly diverted towards the expansion of the root architecture 

and scavenging for Pi (Broschat and Klock-Moore, 2000). Hamburger et al. (2002) have 
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characterized an important A. thaliana mutant involved in Pi uptake in plants called 

pho1. The A. thaliana phosphate 1 (pho1) mutant has difficulty loading phosphate from 

the root into the xylem for transport to the rest of the plant, making it a good genetic Pi 

stress model as no Pi can reach the shoot tissues (Stefanovic et al. 2011).  

It is known that under Pi starvation, phospholipids are replaced by galactolipids in 

the endomembrane system (Cruz-Ramirez et al., 2006; Härtel et al., 2000; Essigmann 

et al., 1998; Andersson et al., 2003; Jouhet et al., 2004). However, the method of 

conversion and transport behind this switch remain a mystery. The plastid envelope is 

made up of primarily galactolipids DGDG, and MGDG (Awai et al., 2001; Block et al., 

2007). The rest of the endomembrane system is made up of mostly phospholipids (Van 

Meer et al, 2008). When phosphate becomes a limiting nutrient, there is a switch 

between the extra-plastidic membrane phospholipid content to primarily galactolipids 

(Härtel et al., 2000; Essigmann et al., 1998; Andersson et al., 2003; Jouhet et al., 2004). 

Since galactolipids are only synthesized in the plastid (Awai et al., 2001), the 

galactolipids found in the membranes of other organelles must be of plastidial origin. 

 

1.5 Stromules 

Stromules are stroma filled extensions of the plastid (Figure 3; Kohler et al, 

1997; Hanson and Sattarzadeh, 2008). An increase in stromules has been reported 

under a number of conditions (Hanson and Hines, 2018). Increases have also been 

seen in the roots of Nicotiana tabacum exposed to mycorrhizal fungi (Fester et al., 

2001) and in the leaves of N. benthamiana infiltrated with Agrobacterium tumefaciens 

(Schattat et al., 2012b; Erickson et al., 2014). Increases in stromules have also been 

observed in roots of A. thaliana under reactive oxygen species (ROS) stress (Itoh et al., 

2010), in the leaves of A. thaliana when infiltrated with sucrose (Schattat et al., 2011a), 
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and in Triticum aestivium grown under a variety of nutrient stress conditions (Gray et al. 

2012).  Schattat et al. (2012b) also found a difference in stromule formation in the 

leaves of A. thaliana diurnally, presumably in response to the sugar products of 

photosynthesis. Recently, Vismans et al. (2016) and observations made in our own lab 

(Wozny 2015) noted an increase in stromules under Pi starvation conditions.  

Figure 3. Diagram of a stromule emanating from the plastid body  

Many speculate on the role of stromules (Hanson and Sattarzadeh, 2013; Caplan 

et al., 2015; Kwok and Hanson, 2004; Kohler et al., 2004). Stromules were first thought 

to inter-connect plastids, enabling the exchange of metabolites and other 

macromolecules (Kohler et al, 2000). Green fluorescent protein (GFP) was claimed to 

be transported from one plastid to another through a stromule (Kohler et al., 2000). 

However, this was found not to be the case in a study that used a photo-convertible 

monomeric fluorescent Eos protein (mEos) to determine whether proteins could flow 

between plastids that were apparently connected through a stromule (Schattat et al., 

2012a). After photo-conversion of the mEos protein, the visualization of two discrete 

plastids was possible, one in green and another in red. If the plastids connected each 

other through stromules, the stroma from the two plastids would have mixed to form a 

yellow-orange colour. However, it was observed that when a green and a red plastid 

came together no stroma mixing took place and the plastids maintained their green and 

red states (Schattat et al., 2012a). In their earlier photo-bleaching based findings Kohler 

Plastid 
Body 

Stromule 

Figure 3 
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et al. (2000) observed a root leucoplast, and presented it as an interconnected plastid 

formed when two independent plastids were assumed to have become connected by a 

long thin stromule. 

A more plausible role that stromules might play is in increasing the interactive 

surface of the plastid with respect to the neighbouring cytoplasm (Natesan et al., 2005; 

Hanson and Sattarzadeh, 2008; Schattat et al., 2011b; Hanson and Hines, 2018). 

Wozny (2015) found a strong correlation between phosphate starvation, sucrose, and 

stromule formation. Wozny (2015) transplanted five day old transgenic A. thaliana 

seedlings containing the stromal marker transit peptide of ferredoxin NADP 

oxidoreductase fused to green fluorescent protein (tpFNR:GFP) onto media with and 

without Pi , and with and without 3% sucrose. Using confocal scanning laser microscopy 

(CSLM) the number of stromules were counted in the epidermal layer of the cotyledons 

and the hypocotyls (lower, middle, and upper) under Pi starved and replete conditions 

after seven days of growth (Wozny, 2015). Significantly more stromules were formed 

under Pi starved versus Pi replete conditions. After repeating the experiment on media 

lacking sucrose, no difference in stromule frequency was found, suggesting that 

stromule formation is both Pi and sucrose dependent (Wozny, 2015). To enforce these 

findings, Wozny (2015) used a transgenic pho1 mutant labeled with tpFNR:GFP stromal 

marker as a genetic Pi  deprived model system. While significantly more stromules were 

observed in the pho1 mutant plants than the wild type plants grown on media containing 

3% sucrose, no difference in stromule frequency was observed when plants were 

deprived of sucrose. These results suggest that stromule formation may be a part of the 

phosphate starvation response that might involve the action of phospholipases for the 

conversion of phospholipids to galactolipids.  
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1.6 Phospholipases 

1.6.1 Phospholipases Type D  

 Phospholipase Ds (PLDs) are a group of phospholipases that are responsible for 

the turnover of phospholipids into PA (Sang and Wang, 2001). PLDs are thought to be 

responsible for phospholipid signaling in plants using PA as a signaling molecule, which 

can be readily used to synthesize other lipid signaling molecules like DAG (Sang and 

Wang, 2001). PLDs are activated upon wounding, demonstrated in many plants such as 

tomato, soybean, and castor bean (Lee et al., 1997). There are three PLDs, a, b, and g. 

If PA was being directly converted to DAG to supply chloroplasts with the necessary 

substrate for galactolipid production, one would expect PA levels to decrease but this 

has been found not to be the case (Jouhet et al., 2003).  

1.6.2 Phospholipase Type C  

Nakamura et al. (2005) investigated findings by Jouhet et al. (2003) of increased 

DAG production and PC reduction under Pi starvation in Acer pseudoplantanus and A. 

thaliana cell suspensions. The carbon signature of DAG produced in Pi starved plants is 

similar to the carbon signature of PC in the extra-plastidic membranes (Jouhet et al., 

2003). Multiple reports of PC being hydrolyzed in plants existed at the time, but without 

a clear mechanism (Kates, 1955; Rouet-Mayer et al., 1995). Using radiolabeled PC 

Nakamura et al. (2005) were able to determine the compounds from hydrolyzed PC. 

Radiolabeled DAG and free fatty acids were detected (Nakamura et al., 2005). In 

addition, a phospholipase C and not a phospholipase D was found to be upregulated 

during Pi starvation (Nakamura et al., 2005). Six bacterial phospholipase C homologues 

are found in A. thaliana, named NON-SPECIFIC PHOSPHOLIPASE C 1-6 (NPC1, 

NPC2, NPC3, NPC4, NPC5, and NPC6; Nakamura et al., 2005). NPCs are classified by 
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their broad range of phospholipid substrate and their ability to hydrolyze phospholipids 

just before the phosphate head group (Figure 4, Pokotylo et al., 2013; Titball, 1993).  

Figure 4 

 
Figure 4. NPC action on a PC molecule resulting in the production of phosphocholine 
and diacylglycerol. PC: phosphatidylcholine, NPC: non-specific phospholipase C. 

 

NPC1, 2, and 6 have a high degree of sequence similarity within an N-terminal 

signal peptide, while the C-terminal lengths of the NPC family vary widely and may be 

involved in NPC substrate specificity and localization (Nakamura et al., 2005; Pokotylo 

et al., 2013). NPC1 and NPC2 are predicted to be localized to endomembranes, NPC3 

to the tonoplast, NPC4 to the plasma membrane, NPC5 to the cytosol, and NPC6 to the 

plasma membrane (Pokotylo et al., 2013; Carter et al., 2004; Nakamura et al., 2005; 

Gaude et al., 2008). NPC4 and NPC5 both hydrolyze PC, the primary lipid constituent of 

extra-plastidic membranes, making these two proteins the best candidates for 

phospholipid membrane degradation under Pi starvation (Nakamura et al., 2005; Gaude 

et al., 2008). NPC4 and NPC5 are 84.7% similar in their amino acid sequence 

(Nakamura et al., 2005). Using northern blot analysis, NPC4 was found to be 

significantly upregulated after six days of Pi starvation (Nakamura et al., 2005). Upon 
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assessing the npc4 mutant lines, Nakamura et al. (2005) found that PC was not being 

degraded under Pi starvation, resulting in less DGDG being produced. These results 

suggest other sources of DAG are supplying galactolipid synthesis under Pi starvation 

conditions (Nakamura et al., 2005). No other NPC was significantly upregulated under 

Pi starvation in the npc4 lines (Nakamura et al., 2005). Gaude et al., (2008) found 

evidence of DAG production by NPC5. Even though NPC5 was only slightly upregulated 

under Pi starvation, it was found to be responsible for 50% of the DGDG synthesized 

(Gaude et al., 2008). After phospholipid degradation, DAG must be moved from the 

extra-plastidic membranes and into the plastid where it can be used to synthesize the 

membrane galactolipids MGDG and DGDG (Figure 5).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Potential non-specific phospholipase type C mediated phospholipid 
degradation and subsequent galactolipid synthesis and export from the plastid. PC: 
phosphatidylcholine, NPC: non-specific phospholipase C, DAG: diacylglycerol, MGDG: 
monogalactosyldiacylglycerol, DGDG: digalactosyldiacylglycerol. 
 

DGDG can then be transported back to the originating organelle by an unknown 

mechanism, making NPC4 and NPC5 candidates for the investigation into plastid 

Figure 5 
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behavior and stromule formation under phosphate limited conditions. Recent results 

from Wozny (2015) suggest that galactolipids may not be involved in stromule 

formation, shifting the focus to the peculiar initial PC spike during phospholipid to 

galactolipid turnover (Jouhet et al., 2003). The possible fates of this PC and its influence 

on plastid behavior under other stromule inducing conditions remain unknown.  

 

 1.7 Phosphatidylcholine in Plastids 

Plastid envelope membranes consists mostly of galactolipids and few 

phospholipids (Browse and Somerville, 1991). The distribution of lipids between the 

inner and outer envelope membranes are as follows: the inner envelope membrane 

consists of MGDG (55%), DGDG (29%), PG (9%), and PI (1%) and the outer envelope 

membrane consists of MGDG (17%), DGDG (29%), PC (32%), PG (10%), PI (5%), and 

variable amounts of PE (<1%) (Block et al., 2007). While there is evidence of PC in the 

outer envelope membrane, the process of transporting PC to the outer envelope 

membrane is unknown (Jouhet et al., 2003). It is believed that plastids originated from 

an endosymbiotic event some 3 billion years ago when a eukaryotic organism engulfed 

an ancient relative of cyanobacteria. However, cyanobacteria do not contain PC in their 

membranes (Botella et al. 2017). PC in the outer chloroplast surface could have arisen 

due to the integration of ancient cyanobacteria as an organelle into the endomembrane 

system allowing for existing PC containing domains of the host cell to communicate with 

the intruding plastids (Botella et al. 2017). This raises the possibility for the origin of 

plastidial PC as a result of membrane continuity between the ER and plastids. It is 

speculated that the resulting plastidial PC is residual ER membrane lipids unavoidably 

isolated alongside chloroplasts. However, continuity between these compartments has 

only been reported for very short periods of time (Whatley et al., 1991). Botella et al. 
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(2017) suggest three theories for the origin of plastidial PC in the plant cell. (1) PC is 

first converted to DAG, transported to the plastid via an unknown mechanism and 

subsequently used to synthesize PC. (2) PC is converted to lysophosphatidylcholine 

(LPC) in the ER, transported to the plastid where it is re-acylated to PC. (3) PC is 

transported to the plastid as an intact PC molecule.  

For PC to be converted to DAG it would first have to be cleaved by a 

phospholipase type C and transported to the plastid where no de novo PC synthesis 

machinery exists making this method of origin highly unlikely. LPC, however, is water 

soluble and has the potential to reach the chloroplast in an aqueous phase. LPC would 

then have to be re-acylated on the chloroplast surface to PC by either 

LYSOPHOSPHATIDYLCHOLINE ACYLTRANSFERASE 1 or 2 (LPCAT1, LPCAT2). 

LPCAT activity has been detected twice in plastids by Bessoule et al. (1995) and 

Mongrand et al. (2000) both conducting these experiments without checking for 

organelle isolation purity suggesting potential contamination of isolated plastids with ER 

membranes containing LPCAT activity. Chloroplast isolations and their purity are 

outlined in Appendix 3, Table 1. It becomes apparent that many preparations may 

have high levels of ER membrane contamination. 

Considering an alternative scenario for PC to be transferred to the chloroplast as 

an intact PC molecule, a flippase may be involved. There are 12 P4-type flippases in A. 

thaliana denoted as AMINOPHOSPHOLIPID ATPASE 1-12 (ALA1-12) able to flip 

phospholipids such as PC between membranes. ALA10 is functionally different from the 

other ALA proteins as it is upregulated when galactolipid synthesis, specifically MGDG 

synthesis, is interrupted (Botté et al., 2011). 

Botella et al. (2016) hypothesized that ALA10 may play a role in maintaining 

plastid membrane lipid levels as plastids are the only site of MGDG synthesis. They 
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reported that ALA10 was found to localize to the outer surface of plastids through 

transient expression of C-terminally tagged GFP labeled ALA10 in A. thaliana 

protoplasts, justifying the further investigation on its effects on plastidial PC. 

The only significant difference in PC levels when treated with the galactolipid 

synthesis inhibitor galvestine-1, was in the ALA10 overexpression line 2 with an 

increase of ~1% PC from the wild-type plant (Botella et al., 2016). There was a 

significant decrease in MGDG levels across both ALA10 over expression lines as well 

as ALA10 knockout plants compared to wild-type, but no significant difference in 

MGDG/PC ratios of knockout or both over expression ALA10 lines compared to wild-

type (Botella et al., 2016). There was, however, a significant difference in MGDG/PC 

ratio when plants were grown for one week at 10˚C (Botella et al., 2016). After 

examining the supplemental data, it was discovered that the reason for a significant 

decrease in MGDG/PC ratios in the ALA10 knockout lines was due to a significant 

decrease in MGDG levels by ~6%, completely independent of PC which remained 

unchanged according to the data presented (Botella et al., 2016).  

ALA10 was then found to affect PC saturation levels in the chloroplast and 

through bi-fluorescence complementation (BiFC) ALA10 was found to interact with both 

FATTY ACID DESATURASE 2 and 3 (FAD2 and FAD3; Botella et al., 2016). This is a 

noteworthy observation as FADs are responsible for temperature adaptation in plants 

allowing for membrane bilayers to remain in their liquid crystalline state under varying 

temperatures. The conclusions drawn by Botella et al. (2016) in this study are 

misleading: only chloroplast PC saturation level is dependent on ALA10, not total levels 

of PC in the chloroplast envelope membranes. In addition, ALA10 knockout and over 

expression lines seem to only effect MGDG levels causing an increase or decrease the 

MGDG/PC ratio because PC levels remain unchanged.  The statement in which Botella 



 
 
 

 
 

16 

et al. (2016) conclude that ALA10, when co-expressed with ALIS5 is likely localized to 

the ER at membrane contact sites with plastids is purely speculation and not based on 

any experimental evidence making it highly unlikely that PC is transferred to the 

chloroplast surface intact. Thus, hypothesis number 2 proposed by Botella et al. (2017) 

seems the most likely as a number of phospholipases are able to convert PC to LPC 

and exist both in the plastid as well as the ER. 

 

1.8 Phospholipase A  

 Two types of Phospholipase A (PLA) exist, PLA1 and PLA2. PLA1 and PLA2 are 

a part of a superfamily of lipases that specialize in the hydrolysis of phospholipids into 

lyso-lipids and free fatty acids by cleaving the sn-1 (PLA1) or sn-2 (PLA2) acyl-ester 

bond (Noiriel et al., 2004). PLA’s are stimulated under a variety of conditions such as in 

response to bacterial and fungal elicitors (Chandra et al., 1996; Viehweger et al., 2002; 

Dhondt et al., 2002), viral infection (Dhondt et al., 2002; Dhondt et al., 2000), wounding 

(Narvaez-Vasquez et al., 1999), and auxin stimulated growth (Holk et al., 2002; Lee et 

al., 2003).  PLA1’s that may be involved during Pi mediated phospholipid to galactolipid 

turnover are outlined in Table 1. All of these lipases are localized in chloroplasts of A. 

thaliana except DONGLE (DGL) and SHOOT GRAVITROPISM 2 (SGR2). The DAD1-

like lipases display localization patterns on plastids ranging from punctate to stromal 

(Table 1), making them logical targets for potential sites of stromule formation. 

However, the localization sites of DAD1-like lipases were not found to be the sites of 

stromule formation in a study by Mammone (2014). 

There are four mammalian PLA2 orthologues in A. thaliana: PLA2a, b, g, d 

outlined in Table 2. All four of the PLA’s are classified as “secretory” with minimal 
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evidence to support this claim except for the fact that these proteins share sequence 

similarity to secreted PLA’s in mammals (Ryu et al., 2005). PLAg ,however, has been 

shown to be localized to intercellular space in onion epidermal cells (Bahn et al., 2003).  

Table 1.  Phospholipase A1 Proteins in A. thaliana. DGL: DONGLE, DAD1: 
DEFECTIVE ANTHER DEHISCENCE 1, DLL1: DAD-LIKE LIPASE 1, DLL2: DAD-LIKE 
LIPASE 2, DLL3: DAD-LIKE LIPASE 3, DLL4: DAD-LIKE LIPASE 4, DLL5: DAD-LIKE 
LIPASE 5, SGR2: SHOOT GRAVITROPISM 2, PLIP1: PLASTID LIPASE 1.  

 

Table 2. Phospholipase A2 Proteins in A. thaliana. PLA2a: Phospholipase A2 alpha, 
PLA2b: Phospholipase A2 beta, PLA2g: Phospholipase A2 gamma, PLA2d: 
Phospholipase A2 delta. 

Gene 
Number Name Sub Cellular 

Localization 
Lipid 

Substrate Reference 

AT1G05800 DGL Lipid bodies DGDG, PC Hyun et al., 2008 

AT2G44810 DAD1 Chloroplast 
envelope 

PC, MGDG, 
TAG Ishiguro et al., 2001 

AT4G16820 DLL1 Chloroplast 
stroma 

MGDG, 
DGDG, 

TAG, PC 
Seo et al., 2009 

AT1G51440 DLL2 Chloroplast 
envelope 

MGDG, 
DGDG, PC, 

TAG 
Ellinger et al., 2010 

AT2G30550 DLL3 Chloroplast 
envelope 

MGDG, PC, 
DGDG, 

TAG 

Grienenberger et al., 
2010 

AT1G06800 DLL4 Chloroplast 
envelope 

DGDG, PC, 
MGDG, 

TAG 

Grienenberger et al., 
2010 

AT2G31690 DLL5 Plastoglobuli TAG Seo et al., 2009 
AT1G31480 SGR2 Tonoplast PA Kato et al., 2002 

AT3G61680 PLIP1 Chloroplast 
thylakoid PG Wang et al., 2017 

Table 1 

Table 2 

Gene 
Number Name Sub Cellular 

Localization 
Lipid 

Substrate Reference 

AT2G06925 
 PLA2a ER PC, PE Lee et al., 2003 

AT2G19690 
 PLA2b ER PC, PE Block and Jouhet, 

2015 
AT4G29460 

 PLA2g Intercellular 
space PE Bahn et al., 2003 

AT4G29470 
 PLA2d 

Unknown 
(exclusively in 
floral tissue) 

PE Lee et al., 2003; Ryu 
et al., 2005 
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Even though all of these PLA2 proteins are external to the chloroplast they may 

still influence plastid pleomorphy through acyl editing known as the Lands cycle. The 

Lands cycle is the process of the addition and removal of acyl chains to and from the 

sn-2 position of PC (Lands, 1958; Bates et al., 2007). Depending on the requirements of 

the plant, such as temperature acclimation (Browse and Somerville, 1991), PC is first 

de-acylated by PLA2a to form LPC which is then re-acylated by LPCAT1 and 2 to form 

a new PC molecule that has an acyl chain with a different degree of saturation (Wang et 

al., 2014; Bates et al., 2007). Although PLA2a is localized to the ER (Lee et al., 2003), 

the supply of new fatty acids to the acyl editing process could still be supplied by the 

plastid.  

 

1.9 Topological effects of lipids in biological membranes  

Biological membranes consist of lipids and proteins held together by weak 

molecular forces. They are responsible for the vital task of creating the barrier between 

the fragile internal milieu that is the cell, and any harsh external environment it may 

encounter. Membranes are dynamic systems with individual constituents rotating and 

moving within the constraints of the Van der Waal’s, electrostatic, and hydrophobic 

forces present (Williams, 1998). A membrane lipid can be categorized as either bilayer 

or non-bilayer forming based on their shape. A lipid’s shape is a function of the volume 

of their hydrophobic region (Vh) over the critical chain length (Lc) multiplied by their 

optimal surface area (Ao)(Vh/LcAo) (Israelachvili et al., 1980). The volume of the 

hydrophobic region depends largely on the saturation level and number of acyl-chains 

present. The optimal surface area is related to the size of the lipid head group. A lipid 
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molecule with a shape value of <0.5 takes on a cone shape, 0.5-1.0 is cylindrical, and 

>1.0 creates an inverted cone (Israelachvili et al., 1980). Cone and inverted cone 

shaped lipids are non-bilayer forming, curvature-inducing lipids while cylindrical lipids 

form straight bilayers. Lipids along with their shape and structures are outlined in Table 

3. The various structures that lipids are able to form is the basis for their dynamic 

nature. Thus, a combination of different lipids can influence the behavior of a 

membrane, creating localized areas of positive and negative curvature. When applied 

on the scale of an organelle this could mean the ability to form tubules, extensions, and 

vesicles depending on the membrane composition.  

 
Table 3. Lipid shape and structure within biological membranes. Adapted from Williams 
(1998) and Israelachvili et al. (1980). LPA = lysophosphatidic acid, LPE = 
lysophosphatidylethanolamine, LPC = lysophatidylcholine, PG = phosphatidylglycerol, 
PI = phosphatidylinositol, PA = phosphatidic acid, PC = phosphatidylcholine, DGDG = 
digalactosyldiacylglycerol, MGDG = monogalactosyldiacylglycerol, PE = 
phosphatidylethanolamine. 

LPA 
LPE 
LPC 

PG 
PI 
PA 
PC 
DGD
G 

MGDG 
PE 

Lipid Shape Structure 

Table 3 
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1.10 Objectives 

 Plant cells have been observed for hundreds of years and yet their predominant 

feature, the plastid, is not yet fully understood. This study aims to investigate the basis 

for the plastic or pleomorphic nature of the plastid. Chloroplasts have been observed 

undulating, moving, and producing thin extensions that reach far out into the cytosol. 

The main objective of this thesis is to better understand the role of lipids in influencing 

plastid behavior. More specifically, in treating stromules as a manifestation of plastid 

pleomorphy this investigation assesses the possible role of plastid lipids in the stromule 

formation phenomenon. This work focuses largely on the potential relationship between 

the non-specific phospholipases and the Lands cycle proteins (PLA2a and LPCAT1 

and LPCAT2) on plastid behavior. 

 

1.11 Hypotheses 

Based on the literature the following hypotheses are proposed. 

1) NPC4 and NPC5 influence plastid pleomorphy 

2) Lands cycle proteins PLA2a, LPCAT1, and LPCAT2 as well as the lipid LPC 

have a role in plastid pleomorphy  
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Chapter 2 Materials and Methods 

 

2.1. Cloning of fluorescent protein constructs and A. tumefaciens mediated 

transient expression 

Primers were designed in order to create fluorescent fusion proteins with genes 

of interest. The primers designed for the gene of interest incorporated restriction 

enzyme sites before and after the coding sequence (Table 4). For cDNA synthesis RNA 

was first isolated from A. thaliana leaves using Spectrum TM Plant Total RNA Kit (Sigma-

Aldrich). Isolated RNA was used to synthesize cDNA using RevertAID H First Strand 

cDNA Synthesis Kit (Thermo Scientific). Genes of interest were then amplified via PCR 

with the newly synthesized cDNA as a template. GeneJet Gel Extraction Kit (Thermo 

Scientific) was used to extract DNA from agarose gels. All promoter sequences were 

extracted from genomic DNA instead of cDNA. Amplified PCR product was ligated into 

the pGEM-T Easy vector (Promega) and transformed into Escherichia coli (E. coli, 

DH5α) that was then plated onto agar-solidified Lysogeny broth (LB) media plates 

containing the appropriate antibiotics (ampicillin and X-galactosidase) for positive 

(blue/white) colony screening. Positive colonies were removed with a sterile pipette tip 

and inoculated in test tubes containing liquid LB media for culture overnight. Amplified 

plasmids were then purified from E. coli using a Plasmid DNA Miniprep Kit (BioBasic) 

and genes of interest were then removed from the pGEM-T-Easy plasmid using 

appropriate restriction enzymes and ligated into a pCAMBIA 1300 binary vector (Marker 

Gene Technologies Inc.). The modified pCAMBIA binary vector already contains the 

35S Cauliflower Mosaic Virus promoter (p35S) at the HindIII, XbaI position and a nos 

terminator (Tnos) at the Sac1, EcoR1 position. The pCAMBIA 1300 vector containing 
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the gene of interest was introduced into Agrobacterium tumefaciens using 

electroporation and grown in YEB (Yeast Extract-beef extract Broth) liquid media 

containing rifampicin, gentamycin, and kanamycin. For transient expression A. 

tumefaciens bacteria were suspended in AIM (Agrobacterium infiltration medium), the 

bacterial density in AIM solution adjusted to 0.8 at 600nm using a spectrophotometer 

before infiltration into the underside of Nicotania benthamiana leaves using a needle-

less syringe. N. benthamiana plants were left under long day light conditions for 2 days 

and then checked using a confocal microscope for fluorescence. After confirming the 

positive clones the Agrobacterium were used to create transgenic A. thaliana plants. 

Table 4. Primer information and constructs used in this study.   
Construct Primer 

Name 
Sequence Sites 

ProNPC4:tpFNR:GFP JM563 GCAAGCTTATCTGATCGTCTTTTTCAAT HindIII 
JM564 GTCGAC GTA GAA ACA ATT CGT GG 

GGG TTA TAC 
SalI 

ProNPC5:tpssRubisco:mCherry JM565 GTCGACATATGTCACCACAATGACAC SalI 
JM566 GTCTAGATTCTATTTGTTTTCCAATTGA XbaI 

p35S:NPC4:GFP JM583 ATAGGTGGTTTGCGTCGGTT HindIII 
JM584 TGCTCGTTGCTCCATGTGAT SalI 

p35S:NPC5:GFP JM585 ATTACGAGAAACTCACCAAGACAA Sal1 
JM586 CATTTTGACCGGATTTGACA Xba1 

p35S:LPCAT1:GFP from v1001 JM609 TCTAGAATGGATATGAGTTCAATGGC XbaI 
JM610 GGATCCTTCTTCTTTACGCGGTTTTGG BamHI 

p35S:LPCAT2:RFP from v943 JM611 GTCTAGAATGGAATTGCTTGACATGAA XbaI 
JM612 GGATCC TTCTTCTTTTCTGGTCTTTGG BamHI 

p35S:FAX1:RFP JM607b ATGGCTTCACAAATCTCTCAGCTT XbaI 
JM608b GTATGAAGGACTAGTCGCAGAT BamHI 

p35S:PLA2:RFP JM609b GTCTAGAATGGCGGCTCCGATCATACTT XbaI 
JM610b GGATCC GGGTTTCTTGAGGACTTTGCCG BamHI 

SAD6 JM613b GCGGCCGCATGCTTGCGCACAAGTCTCT NotI 
JM614b GGGCCCTTACACACTAATCTGCTTATCGA ApaI 

Table 4 
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2.2 Creation of transgenic A. thaliana ecotype columbia lines 

Stable transgenic lines of A. thaliana expressing fluorescent fusion proteins were 

created in order to visualize their localization as well as stromules. A. thaliana plants 

were grown in a growth chamber until the first flower buds appeared. Large 250 mL 

liquid cultures of A. tumefaciens, carrying the positive clone, and YEB medium 

consisting of rifampicin, gentamycin, and kanamycin were prepared and grown for 2 

days. Liquid cultures were pelleted and re-suspended in AIM solution in 50mL falcon 

centrifuge tubes for floral dipping. Plants, with their siliques and small shoots removed, 

were inverted into the AIM solution so that the flowers became submerged in the 

appropriate A. tumefaciens culture for 45 seconds. Plants were left on their side 

overnight in a tray with a clear plastic cover to ensure that the culture did not drip into 

the soil. Plants were then turned upright and left to grow until seed formation.  

 

2.2.1 Selection of stable transgenic lines 

Stable transgenic lines were selected in order to reliably visualize fluorescent 

proteins. All lines were selected by growing sterilized seeds on Murashige and Skoog 

medium, 1962 (MS) with 3 % sucrose and hygromycin (12.5μg/mL). All plants with root 

systems that extended well into the selection medium and were able to produce their 

first leaves were screened for fluorescence using a confocal microscope. If positive for 

fluorescence, plants were planted in soil and grown for second generation seeds.  

In the case of double transgenics that already had a transgene and therefore 

already had the hygromycin resistance gene, seeds were plated on MS without 

antibiotics. These lines were then selected visually on an epi-fluorescence microscope 

using the appropriate fluorescence as the criterion. 



 
 
 

 
 

24 

All plants positive for fluorescence were harvested for seeds. Second generation 

seeds were always plated on MS without antibiotic and selected for fluorescence again. 

10-14 second generation plants were harvested for seeds. These were considered as 

stable transgenic lines and were used for subsequent experimentation. 

 

2.3 Plant growth conditions 

 All plants were grown in the same growth conditions to ensure consistency 

between experiments. A. thaliana seeds were sterilized using 20% solution of Clorox 

bleach (1% sodium hypochlorite) and sown in 3 x 3 x 5’’ soil boxes and germinated on a 

lighted shelf in the lab under 16 hours of light (long day conditions). Large plants were 

grown individually in 2’’ x 2’’ pots in a growth chamber under long or short (8 hours of 

light) day conditions, depending on the experiment. Plants for selection were grown in 

parafilm-sealed petri dishes containing solid MS media and appropriate antibiotics 

starting from sterilized seeds unless otherwise stated. The light intensities used ranged 

between 100-200 μmolm-2s-1. 

 

2.4 Wild-type tpFNR:GFP A. thaliana treatments  

2.4.1 Silver nitrate 

 Silver nitrate was used to inhibit stromule formation. Seven-day old soil box 

grown A. thaliana tpFNR:GFP seedlings were treated with 200µM of silver nitrate, 

40mM sucrose solution as a positive control, and water as a negative control in the dark 

for 4 hours. Seedlings were observed under the confocal microscope.  
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2.4.2 40mM exogenous sucrose feeding 

 Exogenous 40mM sucrose solution was used to induce stromules. Seven day old 

seedlings grown under long day conditions or 6 weeks old plants grown under short day 

conditions were semi-submerged in a solution of 40mM sucrose in diH2O in the dark for 

4 hours to induce stromules (Barton et al., 2018). As a control, plants were also semi-

submerged in just diH2O and left in the dark for 4 hours before observation on a 

confocal microscope. 

 

2.5 Chloroplast Isolation 

 Chloroplasts of transgenic A. thaliana were isolated in order to analyze their lipid 

levels as well as observe their behavior using confocal laser scanning microscopy. Ten, 

six-week old short day grown A. thaliana plants were cut at the soil level, and rosette 

leaves were harvested directly into 80mL of ice cold homogenization buffer. Leaves were 

chopped into smaller pieces with sharp scissors. A Polytron PT 10-35 was used at a 

speed setting of 5 to completely homogenize the leaves for three, 5 second cycles with 

30 seconds of incubation on ice in between the cycles. The leaf homogenate was then 

filtered through 6 layers of cheese cloth (pre-soaked in homogenization buffer) into a 

100mL flask kept on ice. Filtered homogenate was partitioned between two 50mL round 

bottom centrifuge tubes on ice. Tubes were then centrifuged in a pre-cooled centrifuge at 

4˚C for 5 minutes at 2070g. The supernatant was carefully poured out and excess 

removed with a 1mL pipette. One mL of wash buffer was then added to the pellets on ice.  

Tubes were gently shaken on ice for 30 minutes and then chloroplast pellets were 

re-suspended using a plastic transfer pipette. Chloroplasts were loaded onto a 2 step 

percoll gradient and centrifuged at 4˚C for 15 minutes at 3000g with the acceleration and 
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deceleration set to 3. After centrifugation, the top band, consisting of broken chloroplasts 

and other membranes was discarded, and the lower band consisting of intact chloroplast 

was transferred to a new 50mL round bottom centrifuge tube on ice. Ten milliliters of wash 

buffer were added and the tube was centrifuged at 4˚C for 5 minutes at 1500g and full 

acceleration and deceleration. The supernatant was poured out and excess buffer was 

removed with a P1000 pipette. The chloroplast pellet was suspended in 1mL of wash 

buffer and transferred to a 1.5mL microfuge tube and centrifuged at 3000g for 5 minutes. 

Supernatant was removed and the pellet was frozen in liquid nitrogen and stored at -80˚C. 

 

2.6 Lyso-lipid treatments 

2.6.1 Isolated chloroplast LPC treatment 

 Isolated chloroplasts were treated with LPC in order to observe the effect of LPC 

on the chloroplast membrane. Chloroplasts were isolated as described in section 2.5 

from 4 weeks old A. thaliana tpFNR:GFP plants, however these chloroplasts were not 

pelleted and frozen. LPC (Sigma catalogue number 690050C) from lipid stock was dried 

down in a 1.5mL microfuge tube under a gentle stream of nitrogen gas. Chloroplasts 

suspended in wash buffer were then added to the dry LPC effectively creating a 200µM 

LPC solution. These LPC treated chloroplasts as well as a non-treated control 

chloroplasts were gently mixed and left on ice in the dark for 4 hours before confocal 

analysis. Flat glass microscope slides and large coverslips were used to spread the 

chloroplasts thinly over the entire microscope slide surface to prevent solution mixing 

and stabilizing the chloroplasts for effective visualization. 
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2.6.2 Seedling lipid treatment 

 Seedlings of A. thaliana expressing tpFNR:GFP as well as HDEL:RFP were 

treated with various lyso-lipids to observe their effect on chloroplasts and ER. Fourteen 

day old tpFNR:GFP-RER A. thaliana seedlings were treated with 200µM of either LPC, 

LPA, or LPE (All lipids purchased from Sigma; catalogue numbers: LPC-690050C, LPA-

L7260, LPE-L4754). 200µM lipid stocks in chloroform were transferred to 2mL 

microfuge tubes and evaporated to dryness under a gentle stream of nitrogen gas. 

Lyso-lipids were then reconstituted in diH2O and vortexed until a foamy surface could 

be seen. Six seedlings were then placed into the 2mL tubes containing the water-

soluble lipid and gently vacuum infiltrated using a 10mL syringe, fully extending and 

releasing the plunger slowly twice. Plants were then observed using a confocal 

microscope. 

 

2.7 Lipid gas chromatography with flame ionization detection 

 Gas chromatography (GC) was used to obtain a phospholipid profile of 7 days 

old soil box grown A. thaliana seedlings throughout the course of the day at 0 hours, 2 

hours, 4 hours, and 8 hours of light exposure under long day conditions. 

 

2.7.1 Lipid preparation 

Lipids were extracted and prepared for separation via thin layer chromatography. 

Seven-day old A. thaliana shoots were cut, weighed, and placed in 1mL of KCl (0.1M) in 

a 3mL disposable class test tube on ice. Shoots were then homogenized for 45 seconds 

using a clean homogenization probe rinsed with chloroform and methanol (1:1, v/v). The 

equivalent homogenate of 0.1g of fresh weight was used for further lipid extraction. 
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Homogenate was then transferred to 15mL acid washed Teflon lined screw cap vials 

which were pre-chilled on ice. KCl (0.1M) was added to homogenate for a total volume 

of 1mL. Four milliliters of chloroform:methanol (2:1) was added to the 1mL solution and 

vortexed for one minute. Samples were then stored overnight at 4˚C with a blanket of 

nitrogen gas in the tube to prevent oxidation.  

Samples were spun at 1460 rpm for 10 minutes at room temperature in a 

swinging bucket centrifuge to separate the chloroform phase. The lower green 

chloroform layer was transferred to another acid washed 15mL Teflon lined screw cap 

vial. This chloroform layer was then dried down with nitrogen gas using a flow separator 

in a fume hood and reconstituted in 100µL of chloroform before thin layer 

chromatography (TLC) lipid separation. 

2.7.2 Phospholipid TLC separation of extracted lipid 

 Lipids were separated via TLC to isolate various lipid classes for GC analysis. 

TLC-H plates (20 x 20cm ; Millipore) were first activated in an oven for one hour at 

100°C. The plate was scored using a TLC plate lane ruler and pointed metal probe, 

avoiding the outer 1cm edge. Samples were spotted onto the TLC plate using a 25µL 

glass capillary pipette and bulb.  Spots were allowed to dry completely between the 

applications. TLC solvent mixture was then transferred into the glass TLC tank lined 

with filter paper. The TLC plate was placed into the TLC tank and the lid sealed with a 

weight to prevent solvent evaporation until the solvent was 4cm from the top of the TLC 

plate. In order to visualize the separated lipids, the TLC plate was coated with a fine 

mist of 0.1% (w/v) 8-Anilino-1-Naphthalene Sulfonic acid (ANSA) using the TLC 

nebulizer in a cardboard box inside the fume hood. As shown in Figure 6 the lipid 



 
 
 

 
 

29 

bands were visualized under ultra violet (UV) light and scored using pointed metal 

probe. The TLC plate was then set aside until completely dry.  

In new acid washed 15mL Teflon lined screw cap tubes (1 tube for each 

separated lipid per sample) 10 µL of C17:0 free fatty acid (FFA) was added using a 

Hamilton syringe. Scored lipid bands were scraped off of the TLC plate onto weighing 

paper and carefully poured into the appropriate 15mL tube. Two milliliters of hexane 

(EMD HX0295-1) was added to each tube and vortexed for 20 seconds. Samples were 

then flushed with nitrogen gas and left to sit overnight at 4°C. 

 

Figure 6. TLC plate sprayed with ANSA 
and visualized under UV light. Separated 
lipids can be seen in rows (white 
arrowheads) alongside the standard lane 
(SD).  
 

 

 

 

 

 

2.7.3 Methylation of lipid sample from silica 

 Fatty acids were removed from the separated phospholipids and volatized via 

methylation in preparation for GC analysis. Two milliliters of 14% BF3-MeOH (Sigma 

B1252) were added to each tube and vortexed. Samples were then placed in an oven at 

100°C for 1.5 hours. Tubes were allowed to cool for 10 minutes before the addition of 

2mL of milli-Q water to halt the methylation reaction. Samples were then spun down in a 

SD 

Figure 6 
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swinging bucket centrifuge at 1000 rpm for 10 minutes at room temperature. The upper 

hexane layer was extracted into a clear glass GC (Thermofisher; 37LVW) vial and dried 

down under a gentle stream of nitrogen gas. Samples were then reconstituted into 30µL 

of chloroform and transferred to small glass GC inserts. Samples were analyzed using 

GC on a short column equipped with a flame ionization detector. 

 

2.8 Mass spectrometry 

 Mass spectrometry was used to examine the relative change in phospholipid 

levels of 6 weeks old soil box grown wild-type A. thaliana and lpcat1lpcat2 double 

mutant (lpcat1/2) seedlings throughout the course of the day at 0, 2, 4, and 6 hours of 

light exposure under short day conditions.  Mass spectrometry was also used to 

examine change in phospholipid levels in both 6 weeks old wildtype and lpcat1/2 plants 

treated with sucrose or water as described in section 2.4.3. 

 

2.8.1 Lipid extraction for mass spectrometry analysis 

 Lipids of isolated chloroplasts were extracted for analysis via direct injection 

electrospray ionization (ESI) mass spectrometry. Isolated chloroplasts from treated A. 

thaliana plants (isolated as per section 2.5) were taken from -80˙C and allowed to thaw 

on ice for 10 minutes. One milliliter of chloroform was added to the pellet using a 500µL 

Hamilton syringe with sufficient force to dislodge the pellet from the bottom of the tube. 

Twenty microliters of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, Avanti polar 

lipids) was added to each sample as an internal extraction efficiency and mass  
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Table 5. Target lipid species and their mass to charge ratio based on data from Lipid 
Maps of isolated chloroplasts for mass spec analysis. PC = phosphatidylcholine, LPC = 
lysophosphatidylcholine, LPA = lysophosphatidic acid, PE = phosphatidylethanolamine, 
LPE = lysophosphatidylethanolamine, MGDG = monogalactosyldiacylglycerol. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

spectrometry standard. Sixteen milliliters of chloroform:methanol (2:1, v/v) was added 

into a 50mL Teflon lined screwcap glass tube. Pellets and chloroform were then poured 

into the same 50mL screw cap tube. The tube was then flushed with nitrogen gas, 

sealed with a screw cap, and vortexed for 30 seconds. 

Lipid Chain length:saturation level [m/z] 
PC 34:1 759.5778 

34:2 757.5622 
34:3 755.5465 
36:2 785.5935 
36:4 781.5622 
36:6 777.5309 

LPC 16:0 495.3325 
18:1 521.3481 
18:2 519.3325 
18:3 517.3168 

LPA 16:0 392.2328 
18:1 418.2484 
18:2 434.2433 
18:3 432.2277 

PE 34:1 717.5309 
34:2 715.5152 
34:3 713.4996 
36:2 743.5465 
36:4 739.5152 
36:6 735.4839 

LPE 16:0 453.2855 
18:1 479.3012 
18:2 477.2855 
18:3 475.2699 

MGDG 34:1 756.5752 
34:2 754.5595 
34:4 750.5 
36:6 774.5282 

Table 5 
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Samples were covered in aluminum foil to prevent light exposure and shaken on 

an orbital bench shaker in test tube racks for 5 hours. 1mL of KCL (1M) was then added 

to the tube and vortexed for 30 seconds. The chloroform and methanol phases were 

separated by the addition of 2mL of Milli-Q water and subsequent mixing. Phases were 

left on the bench to separate for 30 minutes. Using a disposable glass transfer pipette,  

 the lower chloroform phase was extracted and transferred to a new sterile 30mL 

glass test tube. The chloroform was dried down under a gentle steady stream of 

nitrogen gas in a fume hood. Samples were then reconstituted in 1mL of chloroform and 

transferred to glass amber vials. Samples in glass amber vials were stored under a 

blanket of nitrogen gas at -20˙C to prevent lipid oxidation.  

 

2.8.2 Mass spectrometry sample preparation 

 Lipid extracts were ammoniated for MS detection. The equivalent volume of 

extracted lipid solution to 0.2mg of fresh chloroplast weight was used for further 

analysis. Using chloroform, samples were brought to a total volume of 360µL in new 

glass amber vials. 840µL of methanol/ammonium acetate (300mM; 95:5, v/v) was 

added to each sample to achieve the correct solvent ratio of 

chloroform/methanol/ammonium acetate (300:665:35, v/v/v). An additional sample 

containing only lipid standards was made using same solvent ratios. Samples were then 

analyzed using direct injection mass spectrometry. 
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2.8.3 Direct injection electrospray ionization mass spectrometry  

 Prepared lipids were analyzed via direct injection ESI MS. The mass 

spectrometer used for sample analysis was a Bruker Amazon SL LC-MSn. Samples 

were infused using a 500µL gas tight Hamilton syringe and syringe pump. Each sample 

vial was kept at -20˚C until injection. Samples were infused at a rate of 10µL/minute for 

10 minutes in positive ion mode, targeting specific masses for ionization (Table 5) in 

order to detect and identify lipid species. Methanol/acetic acid (9:1, v/v) was infused at 

the same rate for 8 minutes after each sample, removing any residual lipids followed by 

methanol/chloroform/water (664:300:35, v/v/v) to wash the syringe and sample loop. 

Output parent ions and their fragments were analyzed using mass spectrum spectral 

database by the National Institute of Standards and Technology (NIST) version 2.0. 

Parent ions and their subsequent ion fragments were manually entered and compared 

to existing spectral data in order to confirm or deny potential lipid species. Confirmed 

lipid species intensities were then compared between treatments. 

 

2.9 Relative transcript levels of lipid turnover genes 

 Relative transcript levels during stromule induction of Lands cycle proteins were 

measured to determine the genes involved in modulating plastid pleomorphy. RNA and 

cDNA of PLA2a, LPCAT1, and LPCAT2 were isolated and synthesized as previously 

stated in section 2.1 with DNAse treatment in between steps. Extracted RNA was 

checked for quality and purity on an agarose gel. Polymerase chain reaction (PCR) was 

run with gene specific primers for 24 cycles. Band intensity between treatments and 

TUBULIN 4 (TUB4, AT5G44340) controls were compared using ImageJ software, 

representing relative gene transcript levels.  
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2.10 Microscopy 

2.10.1 Confocal laser scanning microscopy 

 Plastids, ER, Golgi, plasma membrane, cytoplasm, and chlorophyll auto-

fluorescence were visualized using confocal laser scanning microscopy (CLSM, Leica 

DM6000 with TCS-SP5 scanning head). Fluorescent proteins were excited with different 

lasers depending on the probe being visualized. GFP, RFP, and mEos were excited 

using a 488nm argon laser (LASOS 80 series) and a 543nm helium-neon lasers. 

Emission spectrums were collected for chlorophyll at 666-750nm, GFP and mEos at 

503-524nm, as well as RFP and red photo-converted mEos at 566-587nm. All z-stacks, 

time lapses, and images were taken using Confocal LAS AF software. A 40x 

magnification water immersion lens (numerical aperture 0.80) was used for all imaging. 

Unless stated otherwise a resolution of 1024 x 512 pixels was used along with a line 

average of 3. Stromules were observed along the length of the hypocotyl (4 z-stacks per 

plant) of 4 seven day old seedlings. Stromules were also observed in first leaves of 14 

day old tpFNR:GFP-RER A. thaliana seedlings during seedling lipid feeding 

experiments. 

 

2.10 Statistical analysis 

Stromule frequencies were counted using ImageJ software cell counter plug-in. 

One-way analysis of variance (ANOVA) tests were performed to compare stromule 

frequencies across treatments. Mass spectrometry peak intensity of phospholipid data 

was analyzed using one-way ANOVA tests to compare relative phospholipid levels 

across treatments. All statistical tests were performed in excel version 15.36 at an alpha 

value of 0.05.  



 
 
 

 
 

35 

Chapter 3 Results  

 

3.1 Non-specific phospholipase C  

3.1.1 Mutant stromule response under phosphate stress    

 In order to observe the effects of NPC4 and NPC5 on stromule formation mutant 

lines were obtained and transformed with tpFNR:GFP. Plants were then grown on MS 

media containing 3% sucrose with or without phosphate. There were significant 

differences between tpFNR:GFP +Pi, tpFNR:GFP -Pi, npc4 tpFNR:GFP +Pi, npc4 

tpFNR:GFP -Pi,  npc5 tpFNR:GFP +Pi, npc5 tpFNR:GFP -Pi treatment groups (p<0.01). 

There was an increased stromule frequency in WT tpFNR:GFP -Pi compared to the 

npc5 tpFNR:GFP +Pi treatment group. The mutants npc4 tpFNR:GFP -Pi  and npc5 

tpFNR:GFP -Pi also had higher stromule frequencies than the npc5 tpFNR:GFP +Pi 

treatment group. All groups grown with phosphate had the lowest frequency of 

stromules with the npc5 mutant having the lowest.  No differences in stromule frequency 

were found between any treatment groups lacking Pi, when these genes are 

supposedly upregulated (Figure 7), suggesting that NPC4 and NPC5 are not implicated 

in stromule formation under these conditions. Stromule frequency was then assessed in 

the no treatment control to see if there was any difference in baseline frequencies. 
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Figure 7 

  
Figure 7. Stromule frequency of 16 day old long day grown wild-type tpFNR:GFP, npc4 
tpFNR:GFP, and npc5 tpFNR:GFP A. thaliana seedlings in MS media containing or 
lacking Pi. Seedlings were taken directly from the respective MS medium plate (+/- Pi). 
All seedlings were harvested half way through the light cycle (16 hours). Statistically 
significant differences, denoted by letters, were found among the treatment groups 
(p<0.01). Wt = wild-type, tpFNR:GFP = transit peptide of ferredoxin Reductase fused to 
a green fluorescent protein, npc4 = non-specific phospholipase C 4, npc5 = non-specific 
phospholipase C 5. a=0.05, n = 4, error bars represent 95% confidence intervals. 

3.1.2 Mutant native stromule levels 

The npc4 and npc5 tpFNR:GFP lines were grown in soil and their stromule 

frequencies analyzed. There were significant differences in stromule frequency between 

WT tpFNR:GFP, npc4-1 tpFNR:GFP, npc5-2 tpFNR:GFP, npc5-3 tpFNR:GFP treatment 

groups (p<0.01). The npc4-1 tpFNR:GFP group had a higher frequency of stromules 

when compared to the npc5-2 tpFNR:GFP  and npc5-3 tpFNR:GFP treatment groups. 

No differences were found between WT tpFNR:GFP and any other treatment group 

(Figure 8), providing further evidence against NPC4 and NPC5 influence plastid 

pleomorphy.  
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Figure 8. Stromule frequency of 7 
day old A. thaliana wild-type 
seedlings, npc4, and 2 separate lines 
of npc5 mutants expressing 
tpFNR:GFP in order to view 
stromules.  All seedlings were taken 
directly from soil in the middle of the 
light cycle (long day conditions) for 
the observations. Statistically 
significant differences, denoted by 
letters, were found among the 
treatment groups (p<0.01). Wt = wild-
type, tpFNR:GFP = transit peptide of 
ferredoxin Reductase fused to a 
green fluorescent protein, npc4 = 
non-specific phospholipase C 4, npc5 
= non-specific phospholipase C 5. 
a=0.05, n = 4, error bars represent 
95% confidence intervals. 

3.1.3 Mutant stromule response to varying sucrose levels 

 Stromules were induced by growing npc4 and npc5 mutants on MS media 

containing either 1% or 3% sucrose. Differences in stromule frequency were found 

between WT tpFNR:GFP 1% sucrose, npc4 tpFNR:GFP 1% sucrose, npc5 tpFNR:GFP 

1% sucrose, WT tpFNR:GFP 3% sucrose, npc4 tpFNR:GFP 3% sucrose, and npc5 

tpFNR:GFP 3% sucrose treatment groups (P<0.01). The mutant npc4 tpFNR:GFP 3% 

sucrose had a higher stromule frequency compared to WT tpFNR:GFP 1% sucrose, 

npc4 tpFNR:GFP 1% sucrose, npc5 tpFNR:GFP 1% sucrose and npc5 tpFNR:GFP 3% 

sucrose treatment groups. The WT tpFNR:GFP 3% treatment group also had a higher 

stromule frequency than npc4 tpFNR:GFP 1% sucrose and npc5 tpFNR:GFP 1% 

sucrose treatment groups. No significant differences were seen between WT 

tpFNR:GFP 1% and 3% sucrose treatment groups (Figure 9). 
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 Figure 9. Stromule frequency of 7 day old wild-type tpFNR:GFP, npc4 tpFNR:GFP, 
and npc5 tpFNR:GFP A. thaliana seedlings. Seedlings were grown on MS medium 
containing either 1% or 3% sucrose. All seedlings were harvested at the end of the night 
cycle. Statistically significant differences, denoted by letters, were found among the 
treatment groups (p<0.01).  Wt = wild-type, tpFNR:GFP = transit peptide of ferredoxin 
Reductase fused to a green fluorescent protein, npc4 = non-specific phospholipase C 4, 
npc5 = non-specific phospholipase C 5. a=0.05, n = 4, error bars represent 95% 
confidence intervals. 
 

These results, similar to previous results shown, suggest that NPC4 and NPC5 

are not involved in stromule formation. Before moving onto the next line of inquiry 

implicating the Lands cycle genes as factors contributing to stromule formation it was 

necessary to acknowledge the existence of residual ER on the outer surface of plastids. 

 

3.2 Potential source of PC in the chloroplast outer envelope membrane 

3.2.1 Direct visualization of residual ER on plastids 

As many studies on plastids do not check for organelle isolation purity, it was 

important to first establish that ER membranes can exist on the surface of isolated 

chloroplasts potentially influencing the results of lipid profile studies. After the isolation 

of chloroplasts from 4 week old Cx:mEos (C-terminal membrane anchoring region of 

Calnexin fused to mEos) A. thaliana plants, some areas containing mEos protein were 
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irreversibly photo-converted from green to red upon UV light exposure for 20 seconds. 

Red punctae were seen on the chloroplast surface contrasted against the green 

chlorophyll auto-fluorescent background (Figure 10). Green un-photo converted mEos 

protein can be seen on the chloroplast surface after chloroplast isolation (Figure 11). 

These plastid associated membranes (PLAMs) survived the chloroplast isolation and 

remained intact on the chloroplast surface.  

 
Figure 10 

 
Figure 10. Chloroplasts isolated from 4 week old Cx:mEos A. thaliana plants. 20 
seconds of UV light exposure photo-converted the mEos fluorescent protein. Green = 
chlorophyll auto-fluorescence, red = photo-converted mEos fluorescent protein labelling 
ER membranes. Image split into 4 channels: A: red, B: green, C: phase contrast bright 
field, D: Merged image of all 3 channels. Cx = calnexin, ER = endoplasmic reticulum. 

A B 

C
 

D 



 
 
 

 
 

40 

Figure 11. Chloroplasts isolated from 4 
week old Cx:mEos A. thaliana seedlings. 
ER membrane can be seen on the 
chloroplast surface (black arrowhead). Blue 
= chlorophyll auto-fluorescence, green = 
mEos fluorescent protein labelling ER 
membranes. Cx = calnexin, ER = 
endoplasmic reticulum. 
 

 

 

 

 

 

3.3 Chemical inhibition of stromules 

3.3.1 Silver Nitrate 

 We can reliably induce stromules using a 40mM sucrose solution but we have 

yet to find a way to reliably inhibit stromules. Silver nitrate was tested as a potential 

stromule inhibitor for future experiments providing it does not affect other organelles. 

Results of a one factor ANOVA yielded significant differences in stromule frequency 

among WT tpFNR:GFP RER water control, WT tpFNR:GFP RER 2h sucrose, WT 

tpFNR:GFP RER 2h 100µM AgNO3, and WT tpFNR:GFP RER 40mM sucrose and 

100µM AgNO3 treatment groups (P<0.01). The treatment group WT tpFNR:GFP RER 

2h 40mM sucrose had a higher stromule frequency than all the others. No differences 

were found among treatment groups WT tpFNR:GFP RER 2h water control, WT 

tpFNR:GFP RER 2h 100µM AgNO3, and WT tpFNR:GFP RER 40mM sucrose and 

100µM AgNO3 (Figure 12). Overall, there were fewer stromules in the silver nitrate 

Figure 11 
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treated groups compared to the control. These findings demonstrate that silver nitrate 

has a negative effect on stromule formation, especially with 40mM sucrose treatment.   

Figure 12. Stromule frequency of 7 
day old wild-type long day grown 
tpFNR:GFP-RER A. thaliana 
seedlings. All seedlings were 
harvested at the end of a night 
cycle. Seedlings were submerged in 
diH2O (control), in a 40mM sucrose 
solution (sucrose treatment), in a 
100µM AgNO3 solution, and in a 
40mM sucrose solution containing 
100µM of AgNO3. All treatments 
were 2 hours in duration in the dark. 
Statistically significant differences, 
denoted by letters, were found 
among the treatment groups 
(p<0.01). Wt = wild-type, 
tpFNR:GFP = transit peptide of 
Ferredoxin reductase fused to a 
green fluorescent protein, RER = red 
fluorescent protein labelled 
endoplasmic reticulum. a=0.05, n = 
4, error bars represent 95% 
confidence intervals. 
 

While silver nitrate reliably inhibited stromule formation it seemed to be due to 

the lack of ER continuity observed during the experiment. After treatment, the ER was 

no longer in an organized polygon state but rather in a condensed globular form. This 

lack of ER structure may be the reason for the lack of stromules observed. 

 

3.4 Investigation on the Lands cycle  

3.4.1 The localization of lysophosphatidylcholine acyltransferases and 
phospholipase A2 alpha 

 Lysophosphatidylcholine acyltransferases (LPCATs) possess the ability to 

acylate LPC to PC and are thought to localize to the plastid (Bessoule et al.,1995; 

Mongrand et al. 2000). Overexpression vectors of LPCAT1:GFP and LPCAT2:RFP 
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were created in A. tumefaciens using the plant binary expression vector pCAMBIA 1300 

to observe their relationship, if any, with plastids. Upon A. tumefaciens co-infiltrations 

into N. benthamiana leaves with LPCAT1:GFP and RER, large green puncta were 

observed moving with the ER (Figure 13). LPCAT1:GFP also appeared to localize to 

the ER, demonstrated by the orange colour generated by green and red fluorescent 

protein co-localization (Figure 13). Upon A. tumefaciens co-infiltrations of N. 

benthamiana leaves with LPCAT2:RFP and tpFNR:GFP, red puncta were observed 

throughout the cell as well as in close proximity to plastids (Figure 13). LPCAT2:RFP 

appeared to localize to the ER as well, similarly to LPCAT2:GFP. These localization 

patterns throughout the cell and close to chloroplasts suggest that LPCAT1 and 

LPCAT2 might have an influence on stromule formation.  

 
Figure 13 

Figure 13. N. benthamiana co-infiltration with two A. tumefaciens cultures (A) 
LPCAT1:GFP and RER (B) LPCAT2:RFP and tpFNR:GFP. After 2 days, LPCAT1 and 2 
could be seen highlighting large punctae seemingly associated with the ER. Red = (A) 
ER (B) LPCAT2, green = (A) LPCAT1 (B) plastid stroma, LPCAT = 
lysophosphatidylcholine acyltransferase. 
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The localization of another player, PLA2a, in the Lands cycle was investigated 

next.  PLA2a is said to be extracellular in the intermembrane space in onion epidermal 

cells (Bahn et al., 2003). To confirm this, transgenic Arabidopsis lines overexpressing 

PLA2a:RFP were created. The localization of PLA2a:RFP appears to flow with the 

cytoplasmic stream when observed under the CSLM (Figure 14). Based on this 

localization, PLA2a would be available to all organelles, including chloroplasts, 

converting PC to LPC. The possible LPC generation in close proximity to chloroplasts 

could potentially influence plastid morphology.  

Figure 14.  Seven-day old PLA2a RFP in 
tpFNR:GFP A. thaliana seedlings grown on MS 
media. The localization appears to be 
cytosolic. Red= PLA2a, green = plastid 
stroma, blue = chlorophyll auto-fluorescence.  
 
  

 

 

 

 
 

 

3.4.2 Effects of lyso-lipids on plants 

To test if LPC has an influence on plastid morphology, LPC must be applied 

exogenously to living plants. Exogenous lipid application is usually applied in the 

nutrient media for seedlings. However, in my experiments, seedlings were infiltrated 

with diH2O, or a 200µM solution of either LPC, LPE, or LPA. Syringe infiltration of A. 

thaliana seedlings with various lyso-lipids yielded different effects on the cells. LPC 
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infiltration caused large sheets of fenestrated ER to form throughout entire cells, while 

diH2O, LPA, and LPE infiltration had seemingly no effect (Figure 15). Areas of unevenly 

distributed plastid stroma were observed in LPC infiltrated seedlings (Figure 15).  LPC 

was the only lyso-lipid to have an observable effect on organelle morphology.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 15. The first leaves of sixteen day old tpFNR:GFP:RER A. thaliana seedlings 
syringe infiltrated with (A) diH2O, (B) 200µM LPE, (C) 200µM LPA, and (D) 200µM LPC 
for 3 hours in the dark. well-defined ER polygons can be seen alongside non-undulating 
plastids with evenly distributed plastid stroma (A, B, C). (D) fenestrated ER polygons 
can be seen alongside undulating plastids with unevenly distributed stroma Red = ER, 
green = plastid stroma, blue = chlorophyll auto-fluorescence. tpFNR:GFP = transit 
peptide of ferredoxin reductase fused to green fluorescent protein, RER = red ER, ER = 
endoplasmic reticulum. 
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Isolated chloroplasts from plants expressing tpFNR:GFP:RER were then treated 

with a 200µM solution of LPC. Isolated chloroplasts could be seen undulating and 

creating areas of unevenly distributed plastid stroma (Figure 16). In some cases, 

stromules were observed, usually indicative of extra-plastidic membrane contamination 

on the plastid surface when observed in bright field. This allows for a stromule to be 

pulled out due to the convection current produced under the coverslip. In order to 

assure that  

Figure 16. Chloroplasts isolated from 3 week 
old short day grown tpFNR:GFP A. thaliana 
plants in 100µM LPC solution in wash buffer for 
3 hours in the dark. Undulating plastids can be 
seen with unevenly distributed stroma. Blue = 
chlorophyll auto-fluorescence, green = plastid 
stroma, tpFNR:GFP = transit peptide of 
ferredoxin reductase fused to green fluorescent 
protein, LPC = lysophosphatidylcholine. 
 

 

 

 

 

the effects were indeed caused by the incorporation of LPC into the target membrane 

and not simply the detergent properties of LPC itself. Isolated chloroplasts were also 

treated with Triton-100-x detergent. Upon isolated chloroplast treatment with the 

detergent, micelles were observed forming on the chloroplast surface (Figure 17).  
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Figure 17. Chloroplasts isolated from 4 week old RER N. benthamiana plants in 100µM 
Triton-x detergent solution and wash buffer. Detergent micelles as well as ER can be 
seen on the chloroplast surface (White and black arrowhead respectively). Membrane-
compromised chloroplasts can be seen as well (black arrow). Blue = chloroplast auto-
fluorescence, red = red fluorescent protein labeled ER, RER = red endoplasmic 
reticulum, ER = endoplasmic reticulum. 
 

Residual ER could also be seen as a result of these organelles being closely associated 

with one another prior to plastid isolation (Figure 17). The detergent appeared to be 

damage the chloroplasts by compromising their membrane and resulted in their rupture. 

This chloroplast damage did not occur during LPC treatments. Therefore, our 

observations were most likely direct effects of increased LPC in a membrane. 

   

3.4.3 Relative transcript levels of Lands cycle genes  

  PCR was used to detect the relative transcript levels of genes involved in the 

Lands cycle. If these genes are upregulated in response to sucrose, the Lands cycle my 

play a role in stromule formation. Relative transcript levels of PLA2a in 40mM sucrose 

were higher than the water and no treatment control groups. LPCAT1 relative transcript 

levels maintained the same levels between all treatments. LPCAT2 relative transcript 

levels decreased upon water treatment and remained unchanged when subjected to 
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40mM sucrose solution. TUB4 control relative transcript levels remained unchanged 

(Figure 18). PLA2a appears to be upregulated upon 40mM sucrose treatment, creating 

the possibility for more LPC to be produced during this time. A scenario in which LPC 

levels were increased endogenously would be ideal for further investigation. Plants 

overexpressing PLA2a, and double mutant plants of LPCAT1 and LPCAT2 have 

elevated levels of LPC. These plants were used for further experiments. 

 

Figure 18. Relative RNA transcript levels ,after PCR 24 cycles, of genes thought to 
influence plastid behavior. RNA was isolated from 6 week old A. thaliana plant rosette 
leaves grown in short day conditions. No treatment control (NTC) seedlings were taken 
directly from the soil, water treatment plants (4W) were submerged in diH2O, and 
sucrose treated plants (4hS) were submerged in a 40mM sucrose solution. All seedlings 
were harvested at the end of the night cycle. All treatments were 4 hours in duration in 
the dark. PLA2a = phospholipase A2 alpha, LPCAT1 = lysophosphatidylcholine 
acyltransferase 1, LPCAT2 = lysophosphatidylcholine acyltransferase 2, TUB4 = tubulin 
4. TUB4 control gel image was taken from the same gel as the other Lands cycle 
genes. 

3.4.4 Mutant analysis of double mutant lysophosphatidylcholine acyltransferase 
1/2 (lpcat1/2 from) and PLA2a over-expression on plastid pleomorphy 

 Double mutant plants of LPCAT1 and LPCAT2 (lpcat1/2 Provided by Dr. Jitao 

Zou; Wang et al., 2014) as well as an overexpression line of PLA2a provided a system 

in which the effects of increased levels of LPC could be studied. There were significant 

differences in stromule frequency between WT NTC, WT water, WT 40mM sucrose, 

lpcat1/2 no treatment control (NTC), lpcat1/2 water, and lpcat1/2 40mM sucrose 

treatment groups (p<0.01). The WT 40mM sucrose treatment group had a higher 

stromule frequency than the WT NTC, WT water, lpcat1/2 NTC, and lpcat1/2 water 

Figure 18 
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treatment groups. The lpcat1/2 40mM sucrose treatment group also had significantly 

greater stromule frequency compared to the WT NTC, WT water, lpcat1/2 NTC, and 

lpcat1/2 water treatment groups. No differences in stromule frequency were found 

between WT NTC, WT water, lpcat1/2 NTC, and lpcat1/2 water treatment groups. There 

were no statistically significant differences in stromule frequency between the WT 

40mM sucrose and lpcat1/2 40mM sucrose treatment groups, however, the lpcat1/2 

40mM sucrose treatment group did have a higher frequency of stromules (Figure 19). 

No statistical significance may have been observed due to large sample variation in the 

lpcat1/2 40mM treatment group, but the increased stromule frequency may still be 

relevant to this study. With the plants ability to generate PC from LPC diminished, there 

will be a higher level of LPC in the plant which may explain the increase in stromule 

formation.   

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. Stromule frequency of 7 day old wild-type tpFNR:GFP and lpcat1/2 
tpFNR:GFP A. thaliana seedlings. No treatment control seedlings were taken directly 
from the soil, water treatment seedlings were submerged in diH2O, sucrose treated 
seedlings were submerged in a 40mM sucrose solution. All seedlings were harvested at 
the end of the night cycle. All treatments were 4 hours in duration in the dark. 
Statistically significant differences were found among the treatment groups (p<0.01). 
Letters denote statistically significantly different groups. Wt = wild-type, tpFNR:GFP = 
transit peptide of ferredoxin reductase fused to a green fluorescent protein, NTC = no 
treatment control, lpcat1/2 = lysophosphatidylcholine acyltransferase 1/ 
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lysophosphatidylcholine acyltransferase 2. a=0.05, n = 4, error bars represent 95% 
confidence intervals. 
 

The PLA2a:tpFNR:GFP treatment group had a lower stromule frequency 

compared to the WT tpFNR:GFP treatment group when grown on 3% sucrose plates 

(p<0.01; Figure 20). These results are opposite to what was expected and may be due 

to poor expression of PLA2a or the upregulation of LPCAT1 and LPCAT2 in these 

lines. This overexpression line must be checked for overexpression in order to draw any 

significant conclusions. 

 

Figure 20. Stromule frequency of 7 day old 
wild-type tpFNR:GFP and PLA2a 
tpFNR:GFP A. thaliana seedlings. Water 
treatment seedlings were submerged in 
diH2O, and sucrose treated seedlings were 
submerged in a 40mM sucrose solution. All 
seedlings were harvested at the end of the 
night cycle. All treatments were 4 hours in 
duration in the dark. Statistically significant 
differences were found among the 
treatment groups (p<0.01). Wt = wild-type, 
tpFNR:GFP = transit peptide of ferredoxin 
Reductase fused to a green fluorescent 
protein, PLA2a = phospholipase A2 alpha. 
a=0.05, n = 4, error bars represent 95% 
confidence intervals. 
 

3.5 Lipid analysis upon stromule induction 

3.5.1 Direct injection ESI mass spectrometry analysis of chloroplast lipids 

To support previous observations of the effects of LPC a chloroplast lipid profile 

must be determined. Whole intact chloroplasts were analyzed as opposed to isolated 

chloroplast envelope in order to detect lipid changes of the entire organelle. Direct 

injection electrospray mass spectrometry analysis (DIMS) was used to obtain a lipid 

profile due to the relative simplicity of lipid isolation eliciting the need to separate and 
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handle each individual lipid class, potentially minimizing error. After DIMS analysis, it 

was found that total chloroplast PC levels decreased by 20% after 2 hours of water 

treatment and decreased to 22% below pre-treatment levels after 4 hours of treatment. 

Total PC levels decreased by 4% after 2 hours of 40mM sucrose treatment and 

decreased further below pre-treatment levels, by 14% after 4 hours. The total 

chloroplast LPC levels decreased by 8% after 2 hours of water treatment and 

decreased to 9% of pre-treatment levels after 4 hours. Chloroplast LPC levels 

decreased from pre-treatment levels by 25% after 2 hours of 40mM sucrose treatment 

and increased to 11% below pre-treatment levels after 4 hours. The levels of LPA in the 

chloroplast increased by 16% after 4 hours of water treatment and increased further to 

19% more than pre-treatment levels after 4 hours. Total chloroplast LPA levels 

increased by 7% after 2 hours of 40mM sucrose treatment and increased to 17% above 

pre-treatment levels after 4 hours. Chloroplast PE levels decreased by 8% after 2 hours 

of water and increased to 6% above pre-treatment levels after 4 hours. PE levels in the 

chloroplast decreased by 3% after 2 hours of 40mM sucrose treatment and decreased 

further to 12% below pre-treatment levels after 4 hours. Total chloroplast LPE levels 

increased by 40% after 2 hours of water treatment and increased further to 45% above 

pre-treatment levels after 4 hours of treatment. Chloroplast LPE levels increased by 

11% after 2 hours of 40mM sucrose treatment and increased to 30% above pre-

treatment levels after 4 hours of treatment. The amount of chloroplast MGDG 

decreased by 21% after 2 hours of water treatment and decreased further to 30% below 

pre-treatment levels after 4 hours of treatment. The amount of chloroplast MGDG levels 

decreased by 20% after 2 hours of 40mM sucrose treatment and decreased to 24% 

below pre-treatment levels after 4 hours of treatment (Figure 21).  
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Figure 21. Direct injection ESI mass 
spectrometry analysis of total 
chloroplast lipid species. Chloroplasts 
were isolated from 6 week old short 
day grown A. thaliana rosette leaves 
before and after 4 hours of diH2O or 
40mM sucrose solution in the dark. 
(n=3).  

 

 
 

 34:1 PC levels initially decreased by 13% after 2 hours of water treatment and 

increased to 8% below pre-treatment levels after 4 hours. 34:1 PC levels decreased by 

25% and then increased to 11% below pre-treatment levels after 2 hours of 40mM 

sucrose treatment. 34:2 PC levels increased by 5% after 2 hours of water treatment and 

increased further to 37% above pre-treatment levels after 4 hours. 34:2 PC levels 

increased by 4% and then decreased to 2% above pre-treatment levels after 2 hours of 

40mM sucrose treatment. 34:3 PC levels initially increased by 54% after 2 hours of 

water treatment and increased further to 92% above pre-treatment levels after 4 hours 

of treatment. 34:3 PC levels increased by 46% and then decreased to 35% above pre-

treatment levels after 2 hours of 40mM sucrose treatment. 36:2 PC levels initially 

decreased by 26% after 2 hours of water treatment and decreased further to 40% below 

pre-treatment levels after 4 hours. 36:2 PC levels decreased by 8% and then decreased 

to 15% below pre-treatment levels after 2 hours of 40mM sucrose treatment. 36:4 PC 

levels initially decreased by 4% after 2 hours of water treatment and increased to 15% 

above pre-treatment levels after 4 hours of treatment. 36:4 PC levels decreased by 16% 

and then increased to 6% above pre-treatment levels after 2 hours of 40mM sucrose 

treatment. 36:6 PC levels initially increased by 6% after 2 hours of water treatment and 

then increased to 13% above pre-treatment levels after 4 hours of. After 2 hours of 
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40mM sucrose treatment 36:6 PC levels decreased by 19% and then increased to 8% 

above pre-treatment levels (Figure 22). 

 

Figure 22. Direct injection ESI mass spectrometry analysis of chloroplast PC of various 
chain lengths and saturation levels. Chloroplasts were isolated from 6 week old short 
day grown A. thaliana rosette leaves before and after 4 hours of diH2O or 40mM 
sucrose solution in the dark. (n=3).  
 

16:0 LPC levels decreased by 14% after 2 hours of water treatment and 

decreased to 20% below pre-treatment levels after 4 hours. After 2 hours of 40mM 

sucrose treatment 16:0 LPC levels decreased by 30% and then increased to 17% below 

pre-treatment levels. 18:1 LPC levels initially increased by 1% after 2 hours of water 

treatment and increased further to 8% above pre-treatment levels after 4 hours. 18:1 

LPC levels decreased by 1% and then increased to 0.3% below pre-treatment levels 

after 2 hours of 40mM sucrose treatment. 18:2 LPC levels increased by 14% after 2 

hours of water treatment and increased further to 24% of pre-treatment levels. 18:2 LPC 

levels decreased by 9% and then increased to 10% above pre-treatment levels after 2 

hours of 40mM sucrose treatment (Figure 23). 
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Figure 23. Direct injection ESI mass 
spectrometry analysis of chloroplast LPC 
of various chain lengths and saturation 
levels. Chloroplasts were isolated from 6 
week old short day grown A. thaliana 
rosette leaves before and after 4 hours 
of diH2O or 40mM sucrose solution in 
the dark. (n=3).  

 

 

 

16:0 LPA levels increased by 15% after 2 hours of water treatment and increased 

to 18% above pre-treatment levels after 4 hours. 16:0 LPA levels increased by 1% and 

then to 25% above pre-treatment levels after 4 hours after 2 hours of 40mM sucrose 

treatment. 18:1 LPA levels initially increased by 20% after 2 hours of water treatment 

and increased further to 16% above pre-treatment levels after 4 hours. 18:1 LPA levels 

increased by 5% and then increased to 11% above pre-treatment levels after 2 hours of 

40mM sucrose treatment. 18:2 LPA levels increased by 14% after 2 hours of water 

treatment and increased further to 24% above pre-treatment levels. 18:2 LPA levels 

increased by 8% and then increased to 22% above pre-treatment levels after 2 hours of 

40mM sucrose treatment. 18:3 LPA levels increased by 15% after 2 hours of water 

treatment and then by 21% above pre-treatment levels after 4 hours. 18:3 LPA levels 

increased by 0.5% after 2 hours of 40mM sucrose treatment and increased by 12% 

after 4 hours of treatment (Figure 24). 
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Figure 24. Direct injection ESI 
mass spectrometry analysis of 
chloroplast LPA of various chain 
lengths and saturation levels. 
Chloroplasts were isolated from 6 
week old short day grown A. 
thaliana rosette leaves before and 
after 4 hours of diH2O or 40mM 
sucrose solution in the dark. (n=3).  

 

 

34:1 PE levels increased by 5% after 2 hours of water treatment and increased to 

12% above pre-treatment levels after 4 hours. 34:1 PE levels increased by 6% and then 

decreased to 2% above pre-treatment levels after 4 hours after 2 hours of 40mM 

sucrose treatment. 34:2 PE levels decrease by 8% after 2 hours of water treatment and 

increased to 16% above pre-treatment levels after 4 hours. 34:2 PE levels increased by 

5% and then decreased to 4% below pre-treatment levels after 4 hours after 2 hours of 

40mM sucrose treatment. 34:3 PE levels increased by 16% after 2 hours of water 

treatment and increased further to 25% above pre-treatment levels after 4 hours. 34:3 

PE levels increased by 2% and then decreased to 12% below pre-treatment levels after 

4 hours after 2 hours of 40mM sucrose treatment. 36:2 PE levels decreased by 18% 

after 2 hours of water treatment and increased to 8% below pre-treatment levels after 4 

hours. 36:2 PE levels decreased by 15% after 2 hours of 40mM sucrose treatment and 

decreased further to 17% below pre-treatment levels after 4 hours. 36:4 PE levels 

increased by 9% after 2 hours of water treatment and 20% above pre-treatment levels 

after 4 hours. 36:4 PE levels decreased by 3% after 2 hours of 40mM sucrose treatment 

and increased to 4% above pre-treatment levels after 4 hours. 36:6 PE levels 

decreased by 14% after 2 hours of water treatment and increased to 7% above pre-

treatment levels after 4 hours. 36:6 PE levels increased by 0.8% after 2 hours of 40mM 
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sucrose treatment and decreased to 17% below pre-treatment levels after 4 hours of 

treatment (Figure 25). 

 

Figure 25. Direct injection ESI 
mass spectrometry analysis of 
chloroplast PE of various chain 
lengths and saturation levels. 
Chloroplasts were isolated from 6 
week old short day grown A. 
thaliana rosette leaves before and 
after 4 hours of diH2O or 40mM 
sucrose solution in the dark. 
(n=3).  

 

 

 16:0 LPE levels increased by 11% after 2 hours of water treatment increased to 

18% more than pre-treatment levels after 4 hours. 16:0 LPE increased by 5% after 2 

hours of 40mM sucrose treatment and increased to 10% above pre-treatment levels 

after 4 hours. 18:3 LPE levels increased by 50% after 2 hours of water treatment and 

increased further to 57% above pre-treatment levels after 4 hours. 18:3 LPE levels 

increased by 8% after 2 hours of 40mM sucrose exposure and increased to 38% above 

pre-treatment levels after 4 hours (Figure 26). 

34:1 MGDG levels decreased by 22% after 4 hours of water treatment and 

decreased to 42% below pre-treatment levels after 4 hours. 34:1 MGDG levels 

decreased by 27% after 2 hours of 40mM sucrose treatment and increased to 15% 

below pre-treatment levels after 4 hours. 
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Figure 26. Direct injection ESI mass 
spectrometry analysis of chloroplast 
LPE of various chain lengths and 
saturation levels. Chloroplasts were 
isolated from 6 week old short day 
grown A. thaliana rosette leaves 
before and after 4 hours of diH2O or 
40mM sucrose solution in the dark. 
(n=3).  
 

 

34:2 MGDD levels increased by 10% after 2 hours of water treatment and decreased by 

1.5% after 4 hours. 34:2 MGDG levels decreased by 8% after 2 hours of 40mM sucrose 

treatment and increased to 3% below pre-treatment levels after 4 hours. 34:4 MGDG 

levels decreased by 18% after 2 hours of water treatment and remained at 18% below 

pre-treatment levels after 4 hours. 34:4 MGDG levels decreased by 15% after 2 hours 

of 40mM sucrose treatment and decreased to 20% below pre-treatment levels after 4 

hours. 36:6 MGDG levels decreased by 25% after 2 hours of water treatment and 

decreased further to 35% below pre-treatment levels after 4 hours. 36:6 MGDG levels 

decreased by 9% after 2 hours of 40mM sucrose treatment and decreased further to 

26% below pre-treatment levels after 4 hours of treatment (Figure 27). 

Figure 27. Direct injection ESI 
mass spectrometry analysis of 
chloroplast MGDG of various 
chain lengths and saturation 
levels. Chloroplasts were 
isolated from 6 week old short 
day grown A. thaliana rosette 
leaves before and after 4 
hours of diH2O or 40mM 
sucrose solution in the dark. 
(n=3).  
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 Lipid analysis methods were not standard in our lab therefore an increase in time 

required for this standardization was necessary. While differences in lipid levels were 

observed in the 40mM sucrose treatment group compared to the water treatment group, 

human error during the extraction process and the use of potentially oxidized extraction 

efficiency standard may have resulted in data that I was unable to normalize. Without 

normalizing the data no clear conclusions can be drawn from these results.   

 

3.6 Potential site for stromule formation 

3.6.1 Fatty acid export 1 (FAX1) 

Upon A. tumefaciens co-infiltrations of N. benthamiana leaves with FAX1:GFP 

and RER, green puncta were seen amongst the defined ER polygons (Figure 28). 

Through live imaging these green punctae could be seen moving quickly along strands 

of ER (Figure 28). Upon A. tumefaciens co-infiltrations of N. benthamiana leaves with 

FAX1:RFP and tpFNR:GFP, red puncta were seen along-side plastids (Figure 28). 

These red punctae appeared to be moving quickly along stromules and throughout the 

surrounding cell (Figure 28).  
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Figure 28. N. benthamiana co-infiltration with two A. tumefaciens cultures with (A) 
FAX1:GFP and RER (B) FAX1:RFP and tpFNR:GFP. After 2 days, FAX1 could be seen 
highlighting fast moving punctae external to the plastid adjacent to the ER. FAX = fatty 
acid export. RER = red endoplasmic reticulum, ER = endoplasmic reticulum. 
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Chapter 4 Discussion 

 

4.1 Non-specific phospholipase Cs are not responsible for stromule formation 

4.1.1 NPC mutant stromule response under phosphate stress 

 When a plant is deprived of Pi but supplied with sucrose, stromules are formed 

(Wozny, 2015; Vismans et al., 2016). NPC4 and NPC5 are thought to be responsible for 

the phospholipid to galactolipid turnover upon phosphate starvation by cleaving the 

phosphocholine head group of PC to generate DAG, which is then used to generate 

MGDG and DGDG in the plastid (Nakamura et al., 2005; Gaude et al., 2008). If this 

phenomenon is indeed responsible for stromule formation one would expect plants with 

mutations in the NPC4 or NPC5 gene to have significantly fewer stromules under 

phosphate limiting conditions. In theory, in the mutants very little to no DAG would be 

generated from extra-plastidic phospholipids to form MDGD and DGDG and 

consequentially stromule formation would be affected. After measuring the baseline 

stromule frequency of npc4 and npc5 A. thaliana plants from soil, no difference in 

stromule frequency was observed when compared to wild-type plants. This evidence, 

while opposing the idea that an increase in galactolipid production causes stromules to 

be formed suggests that NPC5 might actually be required for stromule formation. 

Although not statistically significant within the parameters set, npc5 tpFNR:GFP plants 

showed fewer stromules than either wild-type and npc4 plants. NPC5 is responsible for 

the production of the DAG precursor necessary to synthesize approximately 50% of the 

DGDG normally formed upon Pi starvation (Gaude et al., 2008) and may account for the 

reduced stromule frequency observed in the npc5 tpFNR:GFP plants.  
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Observation of plants under Pi limitation stress suggest that NPC4 and NPC5 are 

not involved in stromule formation under phosphate limitation stress. If these mutants 

are still able to produce stromules, galactolipids produced downstream are probably not 

involved in stromule formation either. The fact that stromules were present at the same 

frequency as wild-type plants in npc4 and npc5 plants pre-treatment is evidence against 

their influence on plastid morphology (Figure 7).  

Stromules are also induced upon exogenous sucrose application. After growth on 

3% sucrose MS media plates, it was found that npc5 had significantly fewer stromules 

than both wild-type and npc4 plants grown on 3% sucrose (Figure 9). While the npc5 

plants produced fewer stromules when grown in 3% sucrose, stromule frequency was 

no different from wild-type, npc4, or npc5 grown on 1% sucrose (Figure 9). The lack of 

stromule inhibition in these mutant plants can be explained by gene compensation for 

the loss of another. NPC5 could be compensating for the lack of NPC4 in the npc4 

mutant and NPC4 compensating for the lack of NPC5 in the npc5 mutant plants. 

Evidence from this study suggests NPC4 and NPC5 do not influence plastid behavior. 

Homozygous double mutant plants of both NPC4 and NPC5 are currently being 

developed in our lab. 

 

4.2 Chloroplast envelope PC, a possible artifact of chloroplast isolation 

4.2.1 Transport of phosphatidylcholine to the chloroplast 

 In early stages of phosphate starvation, PC first increases after only 5 hours of 

treatment followed by a decrease in PC immediately after, thus coinciding with an 

increase in galactolipids (Jouhet et al., 2003). This increase in PC correlates with the 

time required for stromule formation (between 2 and 6 hours), making PC a stromule 
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inducing candidate (Jouhet et al., 2003). The time necessary for visual signs of 

phosphate starvation to arise, such as excess lateral root formation, is approximately 7 

days (López-Bucio et al., 2003). During this period, it is unknown when stromules are 

actually formed. Botella et al. (2016) postulated 3 possible ways PC could arise in the 

chloroplast outer envelope membrane: (1) PC is first converted to DAG external to the 

plastid and then back to PC in the plastid envelope, (2) PC is first converted to LPC in 

the ER where it can then move to the plastid, possibly through an aqueous phase, and 

is then re-acylated to PC in the plastid, and (3) PC is transferred somehow to the plastid 

as an intact PC molecule.  

The first method cited by Botella et al. (2016) was tested in this study by 

observation of NPC4 and NPC5 mutant plants. Stromules were still produced without 

the plant’s ability to convert PC to DAG external to the plastid (Figure 7). NPC4 and 

NPC5 both cleave the phosphocholine head group of the PC molecule leaving a DAG 

molecule (Nakamura et al., 2005). If this is indeed the mechanism for stromule 

formation, one would expect significantly fewer or no stromules to be formed under 

phosphate starved conditions or when plants are treated with exogenous sucrose. 

Stromules were still able to form in these plants, even with their diminished ability to 

form DAG from PC. This does not rule out the possibility of other phospholipase type 

C’s able to convert PC to DAG being upregulated in place of NPC4 or NPC5. Further 

evidence against chloroplast PC being synthesized from DAG is that chloroplast PC 

contains an 18-carbon acyl chain at the sn-1 position and a 16-carbon acyl-chain at the 

sn-2 position which would not be possible if DAG was the source molecule (Mongrand 

et al., 2000). The problem with the second theory proposed by Botella et al. (2016) is 

that only two groups have managed to detect LPCAT activity in isolated plastids 

(Bessoule et al.,1995; Mongrand et al. 2000). This LPCAT activity detected was likely 
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due to contamination of isolated chloroplast preparation with the ER and will be 

discussed further in section 4.2.3. It is unlikely that LPC can be converted to PC in the 

plastid as plastids most likely do not have the machinery to synthesize PC from any 

lipid, leaving only the possibility that PC must arrive at the plastid envelope as an intact 

PC molecule. A more probable explanation for the presence of PC only in the outer 

leaflet of the OEM of chloroplasts is that this PC is a part of plastid associated 

membranes (PLAMs). 

 

4.2.2 Plastid Associated Membranes (PLAMs) 

 No matter how pure a chloroplast isolation, there always seemed to be residual 

ER and PLAM, on the chloroplast surface. Even after the vigorous chloroplast isolation 

process these PLAMs endured, still containing ER lumen as evidenced by the 

fluorescent ER lumen probe (Figure 17). First coined by Andersson et al. (2007), 

PLAMs are small portions of ER membrane that remain associated with plastids after 

isolation. Using laser tweezers and optical trapping of isolated chloroplasts from A. 

thaliana protoplasts expressing GFP-tagged ER lumen, Andersson et al. (2007) 

managed to demonstrate a clear association between these two organelles. When the 

ER was pulled away from the chloroplast, the ER managed to maintain in contact at 

specific points and required significant force to disassociate (Andersson et al., 2007). 

Andersson et al. (2007) speculate that these points of contact are membrane contact 

sites (MCSs), implying membrane fusion (either full membrane fusion or hemi-fusion) 

able to facilitate the transport of lipids and metabolites between the two organelles, but 

further evidence of such a phenomenon between plastids and the ER remains to be 

seen.  
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From a biochemical standpoint, these PLAMs may be viewed as a result of 

contamination, but for the plant cell as a whole, this unavoidable association is evidence 

of little understood plant organelle interactions. This creates a possible scenario for 

known molecular exchange between the two organelles. Andersson et al. (2007) claim 

that the chloroplast OEM and PLAMs contain a different lipid signature due to high 

levels of DGDG in the OEM (Table 6). They failed however, to mention that the PC 

levels measured in the PLAMs are remarkably similar to the levels found in previous 

well-known work by Block et al. (1983) (Table 6), to which the standard chloroplast 

membrane lipid profile is attributed. Therefore, levels of PC found in PLAMs could 

theoretically account for all of the PC detected in the plastid OEM. The presence of 

galactolipids and PC in the PLAM as well as OEM preparations suggests that the two 

membranes were adhered together as a result of close proximity within the plant cell or 

the two organelles are indeed fused. However, there is no evidence to date of 

membrane continuity between plastids and the ER to support such a theory. 

Table 6. Lipid profile of plastid associated membranes and chloroplast outer envelope 
membranes (OEMs) adapted from 1Andersson et al. (2007) and 2Block et al. (2007). 
PLAM = plastid associated membrane, OEM = outer envelope membrane, MGDG = 
monogalactosyldiacylglycerol, DGDG = digalactosyldiacylglycerol, PC = 
phosphatidylcholine, PE = phosphatidylethanolamine, PA = phosphatidic acid, PG = 
phosphatidylglycerol, PI = phosphatidylinositol. 

Lipid 
Species 

1PLAM 
(mol%) 

1OEM 
(mol%) 

2OEM 
(mol%) 

MGDG 6±1 6 17 
DGDG 4±1 33 29 

PC 34±4 44 32 
PE 34±5 2 0 
PA 4±2 0 Not analyzed 
PG 6±1 6 10 
PI 8±1 5 5 

Table 6 
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4.2.3 Chloroplasts are never truly isolated 

 

 The presence of PC in the plastid is likely a limitation of organelle isolation as 

residual ER remains on the chloroplast surface after the isolation process. One cannot 

achieve a completely isolated organelle, there will always be a small amount of 

contamination visible as foreign protein or even membrane lipid. In the past, 

researchers relied on visual methods such as light, phase contrast, and electron 

microscopy to check chloroplast isolation purity (Mackender and Leech, 1970; Givan et 

al.,1970; Walker, 1964; Stumpf et al., 1963). Scientists were able to acknowledge any 

foreign debris on the chloroplast surface, as in the case of Stumpf et al. (1963), who 

clearly states observing “blebs” on the chloroplast surface in electron microscope 

micrographs. At the time researchers may not have known the source of contamination, 

but its presence was undeniable.  

In later years, researchers used enzymatic assays in addition to visual 

observation to check for the presence of ER, mitochondria, and if isolating plastid 

envelope, thylakoid and stroma contaminating their chloroplast samples (Poincelot, 

1971; Poincelot, 1973; Mackender and Leech, 1970; Douce et al., 1973; Baumgartner 

et al., 1989). Enzymatic assay was a much more definitive method to test for organelle 

purity, however it relied on contaminant organelle machinery to be intact in order to be 

detected. Antibodies were then employed to detect the presence of organelle-specific 

proteins much more likely to remain intact upon organelle isolation to gauge level of 

contamination in a given sample (Botella et al.,2016; Flores-Pérez et al., 2016; 

Seigneurin-Berney, 2008; Froehlich et al., 2001). This technique also allowed for the 

isolation of organelle components unable to be tested enzymatically, such as the 

chloroplast inner and outer envelope membranes. Outlined in Appendix 3 Table 1 are 



 
 
 

 
 

65 

major publications on chloroplast lipid biology and chloroplast isolation methods along 

with their check of organelle purity. Most studies failed to test for the possible of other 

organelle contaminants, potentially influencing their results.  

As demonstrated by Andersson et al. (2007), organelle contamination may be 

visualized through the use of fluorescent proteins and confocal laser scanning 

microscopy. In order to visualize the maximum amount of ER contamination of a 

chloroplast isolation, the membrane binding domain of calnexin fused to photo-

convertible mEos-tagged ER membrane (Mathur et al., 2012) was used. Upon 

chloroplast isolation, large amounts of photo-converted calnexin could be seen on the 

chloroplast surface (Figure 10). Future research using antibodies against ER 

membrane proteins paired with CLSM would provide this observation with further 

evidence to support the theory of PC arriving at the chloroplast as potential ER 

contamination, removing PC as a potential lipid influencing plastid behavior.   

 

4.3 Silver nitrate inhibits stromule formation by disrupting endoplasmic reticulum 

(ER) membranes 

 Varying concentrations of silver nitrate have been shown to inhibit stromules in 

cells of tobacco seedlings, potentially by blocking ethylene receptors (Gray at al., 2012). 

Although silver nitrate only inhibits a plant’s response to ethylene and not ethylene 

production itself (Gray et al., 2012) it was postulated that ethylene is in some way 

responsible for stromule formation. It has been suggested that silver nitrate may block 

ethylene binding sites due to the similarity in size between silver ions and the copper ion 

cofactors necessary for the function of ethylene binding sites, effectively inactivating the 

ethylene binding site (Rodriguez et al. 1999; Zhao et al., 2002).  
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 Upon observing the effects of silver nitrate on A. thaliana using confocal 

microscopy and tpFNR:GFP-RER plants, it was found that 100µM silver nitrate created 

a major structural change in ER morphology. The ER’s well-defined tubules had 

completely disappeared after only 3 hours of incubation, leaving behind small red 

spheres of ER, in addition to ER bodies, in their place. There was also a statistically 

significant decrease in stromule frequency. The reason for the observed effect of AgN03 

on ER morphology may be that silver ions formed complexes with exposed ER protein 

amino groups, similar to the staining of proteins in polyacrylamide gels (Wray et al., 

1981). These complexes formed within a living cell may have detrimental consequences 

to short term organelle function by non-specifically blocking necessary protein binding 

sites, causing the organized polygon structure of the ER to collapse into spheres.  
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4.4 Golgi influencing plastid morphology 

4.4.1 The Lands cycle 

 

Figure 29. Schematic representation of the 
Lands cycle. LPC = lysophosphatidylcholine, 
PC = phosphatidylcholine, LPCAT = 
lysophosphatidylcholine acyltransferase, 
PLA2a = phospholipase A2 alpha. 
 

 

 

 

 

LPC is created in the ER and golgi by PHOSPHOLIPASE A2 ALPHA (PLA2a), 

a vital enzymatic component of the Lands cycle (Figure 29, Lands et al., 1960). Other 

enzymes of the Lands cycle include LYSOPHOSPHATIDYLCHOLINE 

ACYLTRANSFERASE 1 and 2 (LPCAT1 and LPCAT2), and are responsible for the 

acylation of LPC into PC (Lands, 1958; Lands, 1960). Through this cycle the plant is 

able to piece together membrane lipids of varying saturation levels depending on the 

plant’s needs. An example of such action is cold acclimation. The plant must have a 

more flexible membrane in order to withstand cold temperatures by increasing the 

transition temperature of its membrane lipids, avoiding a phase transition into the 

physiologically inactive gel phase (Williams 1998). Fatty acid desaturases (FADs) act to 

desaturate fatty acids, which are subsequently used to acylate LPC forming a lower 

temperature resistant PC molecule (Wallis, 2002).  

This LPC forming action of the Lands cycle provides a possible mechanism as to 

how a membrane curvature inducing lipid may be able to influence plastid morphology. 

Figure 29 
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LPC is able to float free in solution as well as micelles in water (Jain et al., 1980), 

allowing for LPC to be transported to the plastid via unknown mechanisms. The relative 

transcript levels of the Lands cycle genes LPCAT1, LPCAT2, and PLA2a were found to 

increase upon exogenous sucrose treatment (Figure 18), suggesting that the Lands 

cycle was upregulated during stromule induction. Wang et al. (2014) reported total plant 

LPC levels in the lpcat1/2 mutant were three times higher than the wild-type. In this 

study lpcat1/2 double mutant plants treated with exogenous sucrose had an increased 

stromule frequency compared to wild-type, but this was not statistically significant due to 

large sample variation (Figure 19). This experiment must be repeated to obtain 

conclusive results. PLA2a over-expressing plants treated with exogenous sucrose 

showed a decrease in stromule formation (Figure 20). It was thought that PLA2a over-

expressing plants would have increased levels of LPC due to the high expression of 

PLA2a. It is possible that LPCAT1 and LPCAT2 were able turnover the excess LPC 

converting it to PC, allowing for the maintenance of membrane homeoviscosity 

(Sinensky 1974).  

The sub-cellular localization of the Lands cycle has not previously been shown in 

A. thaliana. According to my observations LPCAT1 and LPCAT2 appear to localize to 

the ER as well as to small spheres in close proximity to the ER, likely Golgi bodies 

(Figure 13). PLA2a appears to be cytosolic (Figure 14). Research is currently 

underway in the Mathur lab to determine co-localization of potential Golgi bodies with a 

known Golgi marker. These Golgi bodies appear to be randomly distributed throughout 

the plant cell, some in close proximity to chloroplasts (Figure 13). Golgi-plastid 

interactions are a relatively new field with conclusive evidence remaining to be 

presented. 
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4.4.2 Golgi-plastid relations 

 The current model of soluble cargo protein transport through the plant cell 

originates in the ER and progresses into the Golgi apparatus via vesicular transport. 

The Golgi apparatus consists of multiple defined compartments ultimately sorting 

proteins for lysosomal degradation, exocytosis, and secretion. COAT PROTEIN 

COMPLEX I and II (COPI and COPII) exist on the surface of transport vesicles and are 

known markers for retrograde and anterograde vesicle transport in the Golgi network 

(Glick and Luini, 2011). Anterograde vesicular transport occurs from the ER to the Cis-

Golgi network while retrograde vesicular transport is responsible for protein transport 

between Golgi stacks as well as to and from the trans-Golgi network. Plants contain 

sections of structurally and non-ultrastructurally defined trans-Golgi network as well as 

the lack of distinct endosomal compartments (Park and Jürgens, 2012). Plant trans-

Golgi network acts as an early endosome, consisting of a complex of tubules and 

vesicle bodies which have been observed near and far from Golgi stacks (Dettmer et 

al., 2006; Viotti et al., 2010; Kang et al., 2011).  

Only recently has evidence of vesicular transport from the Golgi to the plastid 

been observed.  Protein import to chloroplasts normally occurs through the TIC and 

TOC translocators importing proteins into the chloroplast through the inner and outer 

envelope membranes (Bédard and Jarvis, 2005; Soll and Schleif, 2004). Villarejo et al. 

(2005) presented Golgi-chloroplast vesicular transport as a new mechanism for 

chloroplast protein import. Through the use of fluorescence microscopy, immunogold 

labelling, and organelle fractionation studies, Villarejo et al. (2005) were able to 

demonstrate that plastid stroma localized a-CARBONIC ANHYDRASE 1 (CAH1) must 

pass through the ER and golgi apparatus in order to reach the plastid. CAH1 was only 

able to be targeted to the chloroplast after the removal of the ER signal peptide and its 
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subsequent N-glycosylation, strongly suggesting vesicular transport (Villarejo et al., 

2005). Since this pioneering study, more glycosylated proteins have been found in the 

chloroplasts which appear to be Golgi-vesicle derived such as a-AMYLASE I-1 (AMYI-

1), MANGANESE SUPEROXIDE DISMUTASE 1 (MSD1), and NUCLEOTIDE 

PYROPHOSPHATASE/PHOSPHODIESTERASE 1, 2, and 6 (NPP1, NPP2, NPP6; 

Kitajima et al., 2009; Kaneko et al., 2016; Nanjo et al., 2006; Asatsuma et al., 2005; 

Shiraya et al., 2015). A Golgi derived vesicle could theoretically enter the plastid by (1) 

fusing with the outer envelope membrane, spilling cargo into the intermembrane space, 

(2) complete vesicle-membrane invagination by the plastid envelope, or (3) by passing 

through a pore in the envelope membranes (Baslam et al., 2016).  

If a Golgi derived vesicle was to fuse with the outer envelope membrane (OEM) 

of the chloroplast, the contents of said vesicle would in theory continue to enter the 

plastid through the inner envelope membrane (IEM) while the vesicular membrane 

becomes incorporated into that of the outer envelope, resulting in ER derived 

membrane lipids present in the chloroplast OEM (Figure 30). If membrane invagination 

was the mechanism for vesicle import into the chloroplast, a triple membrane layer 

would be visible on these now internalized vesicles due to the incorporation of the inner 

and outer envelope membranes (Baslam et al., 2016). Kitajima et al. (2009) have shown 

vesicles, assumed to be derived from the Golgi, entering plastids as well as Golgi 

bodies in very close proximity to plastids. Their interpretation of results is that vesicles 

enter the plastid passively through the envelope membranes. However, electron 

micrographs are often difficult to interpret and their images also appear to show vesicles 

undergoing the process of membrane fusion with the plastid envelope membrane as 

well, supporting two theories of Golgi-plastid vesicular transport.  
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Figure 30 

 

Figure 30. Schematic representation of non-coated vesicle transport from the Golgi to 
the plastid. LPCAT = lysophosphatidylcholine acyltransferase, PLA2a = phospholipase 
A2 alpha, OEM = outer envelope membrane, IEM = inner envelope membrane, LPC = 
lysophosphatidylcholine. 
 

Golgi-derived vesicles appear to be transporting glycosylated proteins destined 

for the chloroplast but may also be transporting LPC, depending on the lipid profile of  

the vesicle itself. Due to the positive membrane curvature forming abilities and the 

detergent qualities of LPC it may be possible to form lipid micelles off of the Golgi, 

encapsulate proteins destined for transport, and fuse with the chloroplast outer 

envelope. This would result in LPC incorporation into the chloroplast envelope 

membranes, thus influencing plastid behavior. Currently the exact lipid composition of 

these Golgi-derived vesicles is unknown. Vesicle size can be predicted based on lipid 

composition (Carnie et al., 1979).  The higher the LPC content of a vesicle, the smaller 

the vesicle (Israelachvili et al., 1980). Golgi-derived vesicles are extremely small, 

potentially due to their high LPC content. If enough LPC is able to reach the plastid, it 
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has the potential to form cylindrical micelles, influencing membrane curvature along a 

stromule (Figure 31) (Israelachvili et al., 1980). The mechanism in which LPC is 

transported to the chloroplast surface will remain unknown until the lipid profile of Golgi-

derived vesicles is determined. 

 

 

 

 

 

 

 

 
Figure 31. Model of potential lipid composition of membrane bilayers within a stromule 
in cross-section. DGDG = digalactosyldiacylglycerol, MGDG = 
monogalactosyldiacylglycerol, LPC = lyso-phosphatidylcholine, OEM = outer envelope 
membrane, IEM = inner envelope membrane. 
 

4.5 Lyso-phosphatidylcholine (LPC) modulates plastid behavior 
 
4.5.1 Visual effects of lyso-phosphatidylcholine (LPC) in living systems 

 Exogenous LPC treatment of A. thaliana seedlings was the only lyso-lipid able to 

cause any noticeable physiological change within the plant cell. LPC caused large 

sheets of ER to form throughout entire cells rather than the normal organized polygons 

(Figure 15). This phenotype has been observed previously by Eastmond et al., (2010), 

in the mutant of pah1pah2 (phosphatidic acid phosphatase 1 and 2). We suspect this 

observation is due to a 50% increase in native PC levels in the mutant of pah1pah2 

(Wang et al., 2014). The ER seems to be saturated with PC, resulting in large 

fenestrated portions. If these observations seen in our LPC treatments are caused by 

Figure 31 
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the same mechanism as in pah1pah2, the LPC treatment applied in excess must have 

been acylated by LPCAT1 and LPCAT2 in the ER and golgi to form PC, resulting in PC 

incorporation into the ER membrane. Further experimentation with the lpcat1/2 double 

mutant plants by impeding the plant’s ability to synthesize PC from LPC should be 

done. This may result in normal ER polygons upon LPC treatment. 

Areas of unevenly distributed plastid stroma were most likely a result of LPC 

insertion into the chloroplast outer and inner envelope membranes. When LPC is added 

to isolated membranes it can cause pore formation due to the increased membrane 

curvature ultimately compromising them (Israelachvili et al., 1980). However, this does 

not seem to be the case as compromised plastids are easily detected when 

fluorescently labeled, allowing for the visualization of leaking fluorescent tagged stromal 

proteins.  

Isolated chloroplasts treated with LPC could be seen undulating and creating 

areas of unevenly distributed plastid stroma and in some cases stromules were 

observed. This may be a result of membrane contamination of ER and other 

membranes within the sample causing a stromule to be pulled away from the plastid 

body (Figure 16). In order to confirm that the detergent-like qualities of LPC were not to 

blame for the observed phenomenon, isolated chloroplasts were also treated with 

Triton-100-X detergent. The detergent caused blebbing of the chloroplast surface and 

damaged chloroplasts could be seen (Figure 17), unlike in the LPC treatments. This 

provides evidence that LPC can influence plastid dynamics independently of its 

detergent-like properties. 
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4.6 Chloroplast lipid analysis 

4.6.1 Chloroplast lipid levels 

 My analysis of the chloroplast lipid profile suggested that there is a major change 

in lipid levels upon treatment with exogenous sucrose, however more work remains to 

be done. The large variation in lipid levels between replications observed between 

samples is most likely due to the inability to detect the extraction standard upon 

analysis, making it difficult for the data to be standardized across the treatment groups. 

The ability to quantify all of the lipid species present in the chloroplast would provide 

greater insight into how lipids modulate membrane dynamics in this highly pleomorphic 

organelle. Extracted lipid samples from exogenous sucrose treated whole seedlings are 

currently being outsourced by the Mathur lab for lipid analysis. 

 

4.7 Fatty acid export from the plastid as sites for stromule formation  

4.7.1 Fatty acid export (FAX1) 

 If lipids influence plastid morphology then investigating fatty acid synthesis is the 

next logical step. Fatty acid synthesis in the chloroplast and how it influences plastid 

pleomorphy is currently being investigated by Kathleen Delfosse in our lab, but fatty 

acid export from the chloroplast and its effect, if any, on plastid behavior is unknown. 

Fatty acids are used to synthesize lipids in the chloroplast as well as the ER but one 

can only speculate on how fatty acids move between these two organelles. FAX1 has 

been recently shown to localize to plastids via transient expression in tobacco (Li et al., 

2015). I initially thought that the localization of FAX1 on plastids may coincide with 

stromule formation however, this was not the case. After careful observation of transient 

over expression of FAX1:GFP and FAX1:RFP in N. benthamiana it was found that 
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FAX1 was not localized to plastids at all, but to small fast moving organelles, likely 

mitochondria (Figure 28). Transgenic stable lines are currently being made in the lab 

but no fluorescent protein expression has been observed as of yet. 

 

4.8 Conclusion 

 Stromules are easily induced with exogenous sucrose application and inhibited 

by ER disrupting chemicals such as silver nitrate, but the underlying mechanism behind 

their formation remains elusive. Plastid behavior is likely not influenced by NPCs or 

downstream galactolipid production as stromules are still able to form in NPC mutant 

plants. The source of chloroplast PC is likely a consequence of organelle isolation 

unrelated to stromule formation. Exogenous LPC was found to drastically change ER 

and chloroplast morphology upon treatment, however, the exact mode of action and 

method of transport under natural conditions remains unknown. 
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Appendix I Medium and solution recipes 

TLC solvent mixture 88mL 
30mL of chloroform (Fisher C298-1) 
9mL of MeOH (Fisher A452-4) 
25mL of 2-propanol (Fisher A416-1) 
6mL of KCl (0.25% w/w) 
18mL of trimethylamine (Sigma CT0886) 
 
LB 1L 
5g Yeast Extract (BioBasic G-0961) 
10g NaCl (Fisher S-271) 
10g Tryptone (Fisher BP1421) 
15g Agar (for solid media) 
 
YEB 1L 
5g Beef Extract (BioBasic BB0114) 
1g Yeast Extract (BioBasic G-0961) 
5g Peptone (BioBasic G-213) 
5g Sucrose (Sigma G-8270) 
0.3g MgSO4 (Fisher M-63) 
15g Agar for solid media 
 
Murashige and Skoog’s 1962 (MS) medium with 3% Sucrose 1L 
8.8g MS basal salt medium with Gamborg’s vitamins (Phytotechnology Laboratories 
M404) 
Sucrose (Sigma G-8270) 
1950mL ddH2O 
pH to 5.8 with 1M NaOH 
3g Phytagel for solid media (Sigma P8169) 
 
Agrobacterium Infiltration Medium (AIM) 
7.5µL 1M Acetosyringone  
500µL 1M MgCl2 
500µL 0.5M MES 
50mL ddH2O 
 
Resuspension solution 
1L Water 
50g sucrose (Sigma G-8270) 
50µL silwet (Lehle seeds VIS-01) 
 
Homogenization Buffer 1L 
3.594g Tricine (BioShop) 
72.868g Sorbitol (Fisher L-15685) 
3.722g EDTA (BioShop EDT001) 
1g BSA (BioBasic CA-22) 
9.868g Sodium Ascorbate (BioShop AS0705) 



 
 
 

 
 

90 

pH to 7.8 with KOH 
Wash Buffer 500mL 
1.79g Tricine (BioShop) 
36.434g Sorbitol (Fisher L-15685) 
0.508g Magnesium Chloride (Fisher M-33) 
0.4653g EDTA (BioShop EDT001) 
pH to 7.8 with KOH 
 
Percoll Buffer 100mL 
0.719g Tricine (BioShop) 
12.752g Sorbitol (Fisher L-15685) 
0.102g Magnesium Chloride 
0.093g EDTA (BioShop EDT001) 
pH to 7.8 with KOH 
 
80% percoll 
3.2mL percoll 
0.8mL percoll buffer 
 
40% percoll 
1.6mL percoll 
2.4mL percoll buffer 
 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 



 
 
 

 
 

91 

Appendix II Transgenic plants 
 
Table 1. Constructs and transgenic lines created in A. thaliana 
 

Construct A. thaliana transgenic line 

ProNPC4:NPC4::GFP Yes 

ProNPC5:NPC5::mCherry Yes 

P35s:NPC4::GFP Yes 

P35s:NPC5::GFP Yes 

npc4-T-tpFNR:GFP Yes 

npc5-T-tpFNR:GFP Yes 

P35s:LPCAT1::GFP Yes 

P35s:LPCAT2::RFP Yes 

Lpcat1lpcat2-T- tpFNR:GFP Yes 

P35s:PLA2⍺::RFP Yes 

P35s:FAX1::GFP In progress 

P35s:FAX1::RFP In progress 
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Appendix III Additional information 
 
Table 1. Chloroplast isolations in the literature from 1954 to 2016 and their organelle 
isolation purity. 

Chloroplast Purity Check Isolation Method Cited Reference 
Tested for stroma, OEM, 

IEM contamination Seigneurin-Berney (2008) Botella et al. (2016) 

Tested for stroma, nucleus, 
thylakoid contamination Sjögren et al. (2006) Flores-Pérez et al. (2016) 

None Joly et al. (2011) Brunkard et al. (2015) 
None Aronsson et al. (2001) Yin et al. (2015) 
None Lilley et al., (1975) Joly et al. (2011) 
None None Gaude et al. (2008) 

Tested for stoma, thylakoid 
contamination Kunst (1998) Seigneurin-Berney (2008) 

None None Sjögren et al. (2006) 
Checked visually using 

fluorescent proteins, used 
previously defined lipid 
ratios to determine lipid 

origin 

Räntfors et al., (2000) Andersson et al. (2006) 

None Douce and Joyard, (1982) Nakamura et al. (2005) 
None None Jouhet et al., 2004 
None Dahlin (1993) Aronsson et al. (2001) 

Tested for IEM and OEM  
contamination  

Fitzpatrick and Keegstra 
(2001) Froehlich et al. (2001) 

None None Fitzpatrick and Keegstra (2001) 

None Joy and Mills (1987)*paper 
unavailable Mongrand et al. (2000) 

None None Kunst (1998) 
None, acknowledged 

potential contamination by 
ER and thylakoid 

membranes 

Douce et al. (1990)*Paper 
unavailable Bessoule et al. (1995) 

None Dahlin and Cline (1991) Dahlin (1993) 
None Baumgartner et al. (1989) Dahlin and Cline (1991) 

Tested for mitochondria 
and peroxisome 
contamination 

Klein and Mullet 1986 Baumgartner et al. (1989) 

Tested for thylakoid and 
stroma contamination Morgenthaler et al. (1975) Klein and Mullet 1986 

No PE detected therefor no 
extra-plastidic membrane 
present, acknowledged  

Douce et al. (1973) Block et al. (1983) 
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potential contamination 
between IEM and OEM 

fractions 

Unknown Unknown Douce and Joyard, (1982)*paper 
unavailable 

None Schwenn et al. (1973) Lilley at al. (1975) 
Tested for mitochondria  

contamination 
Walker (1971) *paper 

unavailable Douce et al. (1973) 

None None Schwenn et al. (1973) 
Acknowledged 
mitochondria 
contamination 

Mackender and Leech 
(1970) Mackender and Leech (1974) 

Checked visually, 
acknowledged 
mitochondria 
contamination 

Givan et al. (1970) Mackender and Leech (1970) 

Checked visual Cockburn et al. (1968) Givan et al. (1970) 
Tested for mitochondria 

contamination 
Jensen and Bassham 

(1966); Poincelot (1971) Poincelot et al. (1974) 

Tested for stroma, 
thylakoid, and mitochondria 

contamination 

Jensen and Bassham 
(1966); Poincelot (1971) Poincelot (1973) 

Tested for thylakoid 
contamination 

Jensen and Bassham 
(1966); Moore and Springer-

Lederer (1969) 
Poincelot (1971) 

None None Moore and Springer-Lederer 
(1969) 

None Gibbs and Calo (1959) Latzko and Gibbs (1969) 
None Cockburn et al. (1968) Morgenthaler et al. (1975) 
None Jensen and Bassham (1966) Cockburn et al. (1968) 
None Walker (1964) Jensen and Bassham (1966) 

Checked visually Gibs and Calo (1959) Walker (1964) 
Checked visual, noticed 

blebs on chloroplasts 
surface 

None Stumpf et al. (1963) 

None Arnon et al. (1955) *paper 
not available Allen et al. (1958) 

None Arnon et al. (1954) *paper 
not available Arnon et al. (1956) 

None None Ohmura (1955) 
None Arnon et al. (1954) Gibs and Calo (1959) 
None None Arnon et al. (1954) 

 


