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ABSTRACT 

 

INVESTIGATIONS OF THE EFFECTS OF SUBCELLULAR SUGAR LEVELS ON 

PLASTID MORPHOLOGY 

 

 

Kathleen Suzanne Delfosse        Advisor:  

University of Guelph, 2018            Dr. Jaideep Mathur 

  

 

 

Plastid extensions, known as stromules, are an enigmatic feature of all land plants 

observed to date but the mechanism by which they extend remains unknown.  However, a 

number of conditions that are directly or indirectly related to sugar accumulation such as fungal 

infection, viral infestation, abiotic stress, and exogenous sucrose treatment result in their 

induction suggesting that stromule formation might be linked to sugar metabolism.  Indeed a 

positive relationship was found between chloroplast morphology and modifications to the 

endogenous sugar levels of Arabidopsis thaliana achieved by various means.  Since sugar feeds 

into the starch, fatty acid, and lipid biosynthesis pathways in plastids my study investigated the 

role of starch and fatty acid biosynthesis pathways in further detail through the imaging of 

stromules in living plant cells.  Changes in plastid morphology were also assessed in mutants 

with aberrant starch, fatty acid, or lipid synthesis, and following overexpression of proteins 

associated with sugar transport and the Oxidative Pentose Phosphate Pathway.  The insights 

obtained from my investigations suggest a strong link between fatty acid metabolism and plastid 

pleomorphy.         
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CHAPTER 1: INTRODUCTION 

 

1.1 Plastids  

 

1.1.1 Introduction to plastids 

 Green plants are a major source of our food, building materials, fuel, and many other 

resources so it is in our best interest to understand how they function.  Plant and animal cells 

differ in a number of ways, one of the most remarkable being the presence of plastids in plants.  

Postulated to have arisen from an endosymbiotic relationship between ancestral cyanobacterial 

prokaryotes and eukaryotic hosts long ago (Sagan, 1967; Larkum et al., 2007) plastids are found 

in almost all species of plants and algae (Pigott and Carr 1972).  Schimper (1882) first used the 

term “plastid” to describe this class of organelles due to the array of roles they play in the cell 

and the assortment of forms they can assume.  Schimper was also the first to categorize plastids 

into four main types: chlorophyllkörper (chloroplasts), leukoplastiden (leucoplast), stärkebildner 

(amyloplasts), and farbkörper (chromoplasts), all of which he proposed arose from 

undifferentiated proplastids.   Although plastids fall into different categories there are still a 

number of features common to all plastid types.  All plastids are bound by at least two 

membranes to form the envelope. The double membrane envelope of plastids in higher plants is 

thought to have originated from primary endosymbiosis while secondary or tertiary 

endosymbioses produced plastids with three or four envelope membranes, such as those found in 

chromophytes and euglenoid algae (Larkum et al., 2007).  Also attributed to the endosymbiont 

theory is the presence of a circular plastid genome, which is organized into nucleoids, about 120-

190 bp in size (Sugiura, 1995; Jansen et al., 2007).  Plastids are filled with an aqueous protein-

rich fluid called stroma.  It was first assumed that all plastids replicate through binary fission.  

Proteins both internal and external to the plastid make up the machinery that assembles a 

1 
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division ring at its equator and split it into two separate plastids (Possingham and Lawrence, 

1983; Pyke, 1999; Yang et al., 2008).  However, recent research has suggested that some plastids 

may divide through non-binary fission as well (Fujiwara et al., 2015).     

There are a number of features and functions specific to each class of plastids.  

Proplastids are colourless, undifferentiated plastids located in the meristematic tissues of the 

plant.  These later differentiate into a particular plastid type as a function of the environment and 

requirements of the cell (Thomson and Whatley, 1980; Barkan et al., 1995; Pogson and Albrecht, 

2011).  The major plastid types are primarily distinguished based on the presence of a particular 

pigment or colour.  Chloroplasts contain the green pigment, chlorophyll, in their internal 

thylakoid membrane (Figure 1.1).  Often associated with the thylakoid membrane, but also found 

freely in the plastid, are small lipid-rich bodies called plastoglobuli (Steinmüller and Tevini, 

1985; van Wijk and Kessler, 2017).  Though found most abundantly in senescent chloroplasts, 

lower levels of plastoglobuli have been observed in other plastid types (Steinmüller and Tevini, 

1985).  Leucoplasts are plastids that lack colour and primarily serve the role of macromolecule 

storage.  They are often found in the heterotrophic parts of the plant and can be further classified 

into three types: amyloplasts store long term starch, proteinoplasts store proteins, and oleoplasts 

store lipids mainly in the form of triacyl glycerol (Wise, 2007).  Finally, chromoplasts are 

plastids that are carotenoid-rich (Renato et al., 2014).  These are often found in fruits or petals of 

plants, making them more visually attractive to their animal symbionts.  When any of these three 

plastid types begin to senesce they convert to gerontoplasts, a form of plastids whose internal 

structure has partially or completely degraded (Rodoni et al., 1997; Thomas et al., 2003).  In 

addition to the initial plastid differentiation, plastids can also change between types based on the 

requirements of the cell.  While these plastid types are often described as being completely 
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distinct from one another, the inter-convertibility between types and shared functionality 

suggests that a spectrum of plastid types exists (Pyke, 1999; Wise, 2007). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1.2 Observing plastids in real time  

 Electron microscopy successfully provides images of subcellular components; however 

the tissue must be fixed and is dead precluding the observation of any process or movement.  

Differential interference contrast (DIC) microscopy has been successfully used to observe 

A 

B C 

Plastoglobuli 

Starch granule 

Grana thylakoid 

Stromal thylakoid 

Stromule 
Nucleoid 

Figure 1.1 General structure of chloroplasts versus leucoplasts.  There are a number of 

features consistent in chloroplasts (A).  They are bound by double membranes and filled with 

aqueous stroma.  Chloroplasts also contain an internal membrane system called the thylakoid, 

which is arranged into stacks called grana and connected by stromal thylakoid. Also frequently 

found within chloroplasts are starch granules, plastoglobuli, and nucleoids.  Starch granules 

build up within the stroma, sequestering a portion of photosynthates for short-term storage.  

Plastoglobuli are lipid bodies composed mainly of TAGs.  The plastid genome is organized into 

nucleoids.  Some chloroplasts exhibit stromules, which are thin protrusions of both the outer and 

the inner envelope membrane.  These extensions range in length and are sometimes branched.  

The grana within chloroplasts are what give them their round or oval shape (B).  Leucoplasts 

lack grana, but instead have flat internal membranes that do not provide structure or shape, 

allowing leucoplasts to become more elongated than chloroplasts (C).   
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transparent samples such as plant cells and their plastids in real time (Wildman et al., 1962; 

Gunning, 2005).  Improving the specificity of plastid imaging, the cloning of a green fluorescent 

protein (GFP) from the jellyfish Aequorea victoria (Prasher et al., 1992) allowed highlighting of 

specific proteins and the organelles to which they are targeted.  Fusions between GFP or its 

multi-coloured variants such as yellow fluorescent protein (YFP) and cyan fluorescent protein 

(CFP), as well as others such as red fluorescent protein (RFP) from the coral Discosoma sp. 

(Matz et al., 1999) and a target protein of interest can be created and incorporated into the 

Arabidopsis genome for stable expression.  Monomeric versions of each of these fluorescent 

proteins have been created to reduce their size and minimize protein aggregation (Campbell et 

al., 2002).  An alternative fluorescent protein used today is the monomeric EosFP (mEos) photo-

convertible protein (Wiedenmann et al., 2004).  This protein is initially green but when exposed 

to ultraviolet light (390-405nm) a part of the fluorophore is cleaved, changing its colour to red.  

Many organelles such as the ER, mitochondria, peroxisomes, and the nucleus have been 

highlighted using fluorescent proteins (Sinclair et al., 2009; Logan and Leaver, 2000; Mathur et 

al., 2002; Chytilova et al., 1999).  More specifically, each domain of the plastid has been 

highlighted, allowing the inner workings of these organelles to be investigated in great detail 

(Delfosse et al., 2016).  Though they remain as useful tools, a number of limitations are 

associated with the use of fluorescent proteins.  The function and/or localization of a protein of 

interest may be impaired by the fusion of a fluorescent protein partner, especially if aggregation 

of the fluorescent proteins occurs (Wiedenmann et al., 2009).  Although earlier versions of 

fluorescent proteins have been modified to reduce their tendency to form multimers, protein 

aggregation still exists as a caveat of this technique.  Also, the folding of fluorescent proteins and 

development of the chromophores may be influenced by factors such as protein concentration 
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and temperature, limiting their efficiency under particular conditions.  Finally, use of fluorescent 

proteins can lead to cytotoxicity from photobleaching.  Light used to excite fluorescent proteins 

may damage the cell, especially when low wavelengths or high intensities are used 

(Wiedenmann et al., 2009).  Many of these limitations can be controlled but it is important to be 

aware of them.   Overall, fluorescence microscopy is an excellent tool for plant cell research by 

allowing the determination of subcellular protein localization, real-time observation of cellular 

responses to stimuli, and observation of dynamic interactions between organelles.   

 

1.2 Plastid pleomorphy 

 

1.2.1 Introduction to plastid pleomorphy 

 The plasticity of plastid function can also be used to describe their behaviour and 

morphology as plastids have been observed to have diverse shapes.  For example, the internal 

membrane structure of chloroplasts gives them a round or oval shape.  Conversely, leucoplasts 

that lack a rigid internal structure are more elongated and irregular (Figure 1.1).  There is also 

pleomorphy between plastids of the same type.  In fact, plastids within the same cell have been 

observed to have varying shapes that change over time.  In 1962, plastids were described as 

having a mobile jacket based on the DIC-based observation that the inner contents of a 

chloroplast remained relatively stationary while the envelope undulated around it, sporadically 

bulging out (Wildman et al., 1962).  In alpine plants a different change in chloroplast shape was 

described.  Using electron microscopy it was seen that in some cases chloroplasts exhibited wide, 

beaked extensions that were called chloroplast protrusions (Holzinger et al., 2007; Buchner et 

al., 2007; Moser et al., 2015). With the development of a green fluorescent protein (GFP)-based 
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imaging of living cells, a plastid stroma-targeted protein fusion was developed (Köhler et al. 

1997). Using this probe long, thin, stroma-filled tubules were observed extending and retracting 

from plastids.  These extensions were appropriately named stromules and have since been 

recorded in a wide variety of land plants.  Stromules are very dynamic, occurring in various 

lengths and thicknesses and are sometimes branched (Figure 1.2.2; Gray et al., 2001; Kwok and 

Hanson, 2004c; Natesan et al., 2005; Schattat et al., 2011a; Hanson and Hines, 2018).  These 

protrusions can remain extended for long periods of time, or they can extend and retract very 

quickly (Gunning, 2005). No chlorophyll-containing structures have been observed in the 

extensions.    

 

1.2.2 Proposed functions of stromules 

 Though stromules have been a topic of study for many years now, no decisive function 

has yet been ascribed to them.  However a number of functions have been suggested.  When 

Köhler et al., (1997) first observed stromules, based on their assumption of two plastids being 

inter-connected by a tubule, they postulated that these structures served as a connection between 

Figure 1.2 Plastids extend stromules.  

Observations of a plant expressing 

tpFNR:GFP (to highlight the plastid 

stroma) shows a  thin, stroma-filled 

extension of both the inner and outer 

envelope membranes extending from 

the plastid.  These tubules were 

appropriately named stromules, and 

have been observed to extend from all 

land plant species and plastid types 

observed to date.  (Scale bar = 10µM) 
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independent plastids and allowed them to exchange molecules.  Using fluorescence recovery 

after photobleaching (FRAP) in transgenic Arabidopsis expressing a GFP targeted to the plastid 

stroma, they showed that when one side of the inter-connected plastid is photobleached, the GFP 

being expressed in the other side moves through the tubule and restores fluorescence. In an 

attempt to reproduce this effect Schattat et al. (2012a), used a green to red photo-convertible 

monomeric Eos fluorescent protein (Wiedenmann et al., 2004) to demonstrate the joining of two 

separate plastids and the exchange of their contents.  They were never able to observe two 

independent plastids joining together and suggested that what the previous group had seen was 

likely one plastid in the midst of division, connected by a thin isthmus.  Therefore it cannot be 

said with any certainty that stromules actually serve to connect plastids and facilitate the 

exchange of materials.  The observations of Schattat et al., 2012 matched the conclusion made by 

Natesan et al. (2005) that the large majority of stromules do not appear to be joining plastids to 

each other.  It has also been suggested that stromules distribute stromal contents by producing 

plastid-derived vesicles through a process that has been named “tip-shedding”, although the fate 

of tip-shed vesicles is unknown (Gunning, 2005).    

Another proposed function of stromules is that they increase the interactive surface area 

of the plastid to facilitate interactions with other subcellular compartments such as mitochondria, 

the ER, the nucleus, the cytoskeleton, and the cytosol (Lütz and Engel, 2007; Schattat et al., 

2011b; Erickson et al., 2017a; Erickson et al., 2017b; Sattarzadeh et al., 2009; Kwok and 

Hanson, 2004a; Hanson and Sattarzadeh, 2008).  For example, there have been observations of 

stromules extending along microtubules towards nuclei (Kwok and Hanson, 2004b; Erickson et 

al., 2017b; Kumar et al., 2018).  This implicated stromules in the immune response by 

suggesting that the increase in outreach provided by the stromule facilitates the import of 
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immune response factors to the nucleus or cytoplasm (Caplan et al., 2008).  This is supported by 

the observation that many plastids in a cell exhibiting stromules cluster within 8µM of the 

nucleus (Erickson et al., 2017b).  Caplan et al. (2008) discovered an increase in stromule 

frequency in Arabidopsis plants that had been infiltrated with a Tobacco Mosaic Virus effector 

protein and later found that stromules increase in plants treated with the pro-defence signals 

hydrogen peroxide and salicylic acid (Caplan et al., 2015).  Stromules have also been observed 

to be contiguous with the continuously-rearranging ER (Schattat et al., 2011a; Schattat et al., 

2011b) and have been suggested to enable exchange of materials such as lipids between the two 

organelles through membrane contact sites (Schattat et al., 2011b).  Since stromules extend the 

reach of plastids, it has also been suggested that they enhance the plastid’s ability to exchange 

metabolites with the cytosol (Waters et al., 2004).   

Finally, suggestions for the function of stromules have stemmed from the observation of 

what appear to be stromule-localized proteins.  Proteins involved in phenylalanine synthesis 

called arogenate dehydratases were said to be observed in the stroma and stromule of 

chloroplasts (Bross et al., 2017).  This research group suggests that an accumulation of these 

enzymes in stromules could lead to better phenylalanine transport to the cytosol.  Fatty acid 

biosynthesis, redox homeostasis, and metabolite transport proteins were also noted to be 

stromule-specific in Physcomitrella patens and implicated stromules in each of these processes 

(Mueller et al., 2014).  One group even goes as far as to deem the stromule a distinct micro-

compartment of the plastid Mueller et al., 2014; Mueller and Reski, 2014).  Evidence against this 

includes the fact that stromules are a transient phenomenon, constantly extending and retracting. 

There is no evidence suggesting that the junction between the plastid body and a stromule is 

anything more than an opening that allows the passive flow of stroma between the two.  These 
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possible functions remain speculative due to the lack of follow-up evidence or consensus among 

the multiple ideas put forward. 

  

1.2.3 Physical basis for stromules 

In terms of a physical mechanism for the extension of stromules, much evidence points to 

the ER and/or the cytoskeleton as a scaffold.  A strong correlation between stromule extension 

and ER polygon shape has been reported (Schattat et al., 2011a; Schattat et al., 2011b), 

suggesting that the ER serves to shape stromules or that both the plastid and ER are influenced 

by a common factor, likely some component of the cytoskeleton (Natesan et al., 2009; 

Sattarzadeh et al., 2009; Erickson et al., 2017a).  Using a known myosin inhibitor and RNA 

interference of myosin XI, Natesan et al. (2009) demonstrated that stromule formation relies 

upon myosin XI, implicating the cytoskeleton in plastid pleomorphy.  Despite these extensive 

studies, stromules have been observed to extend from isolated chloroplasts of Nicotiana 

benthamiana, calling into question the true physical mechanism for stromule formation 

(Brunkard et al., 2015; Ho and Theg, 2016).  A possible explanation for the inconsistency 

between these two results was brought to light by Erickson et al. (2017a), who suggested that 

there are two distinct populations of stromules.  Using a bacterial effector protein mutant that 

labels microtubules, this research group claimed that some stromules associate with microtubules 

while a different subset of stromules do not.  These microtubule-independent stromules persisted 

under microtubule depolymerization by oryzalin while the others did not.   
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1.2.4 Stromule-inducing conditions 

Though a concrete function for stromules has not yet been elucidated, there are a number 

of factors that are known to induce stromules (Table 1), many of which are directly or indirectly 

related to sugar accumulation in plants.  Schattat and Klösgen (2011) showed stromule induction 

by sucrose and glucose but not by mannitol or sorbitol, meaning that the effect cannot simply be 

attributed to osmotic potential.  Stromule frequency has also been demonstrated to correlate with 

exposure to photosynthetically active radiation, during which photosynthate also accumulates.  

Elevated stromule levels have been observed under salt or drought stress.  Because a number of 

soluble sugars can act as osmo-protectants, the accumulation of carbohydrates is often associated 

with this type of abiotic stress (Naidu, 1998; Kempa et al., 2008; Krasensky and Jonak, 2012).  

More indirectly related to sugar accumulation is infection with arbuscular mycorrhizal fungi 

(AMF).  While Fester et al. (2001) showed that tobacco root cells with AMF association 

exhibited a high amount of stromules, Feng et al. (2002) demonstrated that when comparing corn 

plants with and without AMF association, soluble sugar levels were considerably higher in those 

with AMF associations.  These correlations suggest that there is a strong relationship between 

subcellular sugar levels and plastid morphology, however it remains to be understood how 

exactly each of these conditions affect the physical form of plastids.   
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Table 1. Stromule-inducing conditions and their relation to subcellular sugar 

Condition Organism and cell type Reference Link to sugar 

Exogenous 

sucrose 
Leaf epidermis of A. 

thaliana 
Schattat and 

Klosgen, 2011; 

Brunkard et al., 2015 
Direct vacuum infiltration of 

sucrose and glucose 

Abiotic stress N. tabacum hypocotyl 

epidermis Gray et al., 2012 
Sugars often accumulate during 

times of abiotic stress (salt or 

drought stress) to act as 

osmoprotectants (Naidu, 1998) 

Arbuscular 

Mycorrhizal  

Fungi (AMF) 
N. tabacum root cells Fester et al., 2001 

AMF association in corn plants is 

correlated with sugar 

accumulation (Feng et al., 2002) 

Reactive 

Oxygen 

Species 

(ROS) 

A. thaliana  root cells; 

N. benthamiana 

cotyledons 
Itoh et al., 2010; 

Brunkard et al., 2015 

Sugars are involved in ROS 

balance in plant cells through 

various mechanisms (Reviewed 

by Couée et al., 2006) 

High 

Temperature 
A. thaliana leaf 

mesophyll Holzinger et al., 2007 
ROS are produced in response to 

heat stress (Reviewed by Suzuki 

and Mittler, 2006) 
Light 

exposure 
A. thaliana leaf 

epidermis 
Schattat et al., 2012; 

Brunkard et al., 2015 
Increased opportunity for 

photosynthesis to occur 

Viral 

infestation 
N. benthamiana leaf 

epidermis Caplan et al., 2008 
ROS are produced in response to 

viral infestation (Reiewed by 

Torres et al., 2006) 
Change in 

plastid density 
S. lycopersicum 

mespcarp Waters et al., 2004 No link known to date 

A. 

tumefaciens 

infiltration 
N. benthamiana leaf 

epidermis Ercikson et al., 2014 
This group also measured sucrose 

and glucose and found them to 

accumulate upon infiltration 

Phosphate 

deprivation 
A. thaliana hypocotyl 

epidermis 
Vismans et al., 2016; 

Wozny, 2015 

Soluble sugars have been 

observed to accumulate in 

phosphate-limiting conditions 

(Ciereszko and Barbachowska, 

1999; Wozny, 2015) 
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1.3 Sugar Metabolism in Plant Cells 

1.3.1 Overview of sugar metabolism  

Sugars act as signalling molecules to communicate things like metabolic status and stress 

to the rest of the cell (Jang and Sheen, 1997; Rolland et al., 2006; Hellmann and Smeekens, 

2014).  Many genes can be modulated in response to sugar levels in the plant at both the 

transcriptional and translational level to convey source-sink requirements, stresses, and 

environmental stimuli (Koch, 1996; Gonzali et al, 2006).  Sugars are also allocated into the 

biosynthesis of many cellular compounds.  Sugar metabolism in plant cells begins with the 

production of carbohydrates through photosynthesis.  In the thylakoid membrane, light energy 

drives an electron transport process that produces NADPH, facilitating ATP synthesis and 

releasing oxygen as a by-product.  These are then used as cofactors to convert atmospheric 

carbon dioxide into three-carbon compounds in the chloroplast stroma (Bräutigam and Weber, 

2011).  A portion of the sugars synthesized remain inside the plastid and are shuttled into various 

plastid-localized pathways such as the oxidative pentose phosphate pathway (OPPP), fatty acid 

synthesis, lipid synthesis, plastidic glycolysis, and starch synthesis (Figure 1.3).  A portion of the 

sugars synthesized are also shuttled outside of the plastid by a family of inner envelope 

membrane-localize transporters and are converted into sucrose, which can move through the 

vasculature, fulfilling the carbohydrate requirements of the rest of the plant.   
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Photosynthesis & Calvin Cycle 

G3P 

G6P 

Starch  OPPP 

Fatty Acid Synthesis 

Sucrose  

Transport 
Glycolysis 

TPT1 PPT1/2 
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+Pentoses 

+NADPH 
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Figure 1.3  Simplified overview of plastid-localized carbohydrate metabolism.  Sugars 

are made within chloroplasts and are utilised in various routes of metabolism.  The light and 

dark reactions of photosynthesis together create triose sugars such as glyceraldehyde-3-

phosphate (G3P).  Trioses are either made into starch for storage, exported through the TPT1 

translocator or converted to glucose-6-phpsphate (G6P) for immediate metabolism. G6P can 

be used as a substrate for plastidial glycolysis or the OPPP, a major producer of NADPH.  

The XPT1 translocator imports pentose intermediates from the cytosol to drive this process 

forward.  G6P can also enter the plastid via the GPT1 translocators.  Cytosolic sugar in the 

form of sucrose can be transported throughout the plant or diverge into cytosolic glycolysis, 

where ATP and pyruvate are synthesized. Together with the NADPH made by the OPPP, the 

phosphoenolpyruvate imported into the plastid by the PPT translocators (or made inside the 

plastid) can be used in fatty acid synthesis.  This is a non-comprehensive overview of sugar 

metabolism but provides a summary of the processed discussed in this research (Based on 

Ohlrogge and Jaworski, 1997; Flügge, 1999) 

 

G6P 

GPT1/2 
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1.3.2 Sugar-phosphate translocators 

 The exchange of sugars between the cytoplasm and plastids occurs through a family of 

inner membrane-localized antiporters called phosphate translocators (PTs; Table 2; Figure 1.3).  

Four distinct groups including 6 individual proteins have been identified in A. thaliana.  Triose-

phosphates made via photosynthesis are exported by TRIOSE PHOSPHATE/PHOSPHATE 

TRANSLOCATOR1 (TPT1) in exchange for Pi (Heldt and Sauer, 1971; Flügge, 1989; Flügge 

1999).  The trioses are used in metabolism outside of the plastid while the Pi is used primarily 

for ATP synthesis inside the plastid. Sharing 35-40% sequence identity with this PT is 

XYLULOSE-5-PHOSPHATE/PHOSPHATE translocator1 (XPT1; Eicks et al., 2002).  This PT 

imports ribulose-5-phosphate or preferably xylulose-5-phosphate into the plastid in exchange for 

Pi or triose-phosphates and can feed intermediates into later steps of the OPPP.  (Kruger and von 

Schaewen, 2003).  A third PT family is PHOSPHOENOL PYRUVATE/PHOSPHATE 

TRANSLOCATOR1/2 (PPT1 and PPT2).  These PTs import phosphoenol pyruvate (PEP) into 

the plastid in exchange for Pi (Streatfield et al., 1999; Knappe et al., 2003).  There the PEP can 

be used for fatty acid synthesis or for the shikimate pathway to synthesize aromatic amino acids 

(Ohlrogge and Jaworski, 1997; Herrmann and Weaver, 1999).  Finally, GLUCOSE-6-

PHOSPHATE/PHOSPHATE TRANSLOCATOR1/2 (GPT1 and GPT2) proteins import 

glucose-6-phosphate (G6P) into the plastid in exchange for Pi (Kammerer et al., 1998).  The 

primary function of these PTs is to provide plastids, mainly in heterotrophic tissues, with G6P 

for starch synthesis or for the OPPP (Niewiadomski et al., 2005; Kunz et al., 2010).  Mutants of 

GPT2 have been reported to have nearly wildtype phenotypes, while mutation of the more 

ubiquitous GPT1 leads to aberrant gametogenesis, likely due to decreased OPPP activity, 

preventing proper fatty acid synthesis (Niewiadomski et al., 2005).   
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 As suggested by Waters et al., (2004), a possible function for stromules would be to 

increase the interactive surface area between the plastid and the cytosol.  If this were indeed the 

case, it would perhaps be advantageous for membrane-bound transporters such as PTs to localize 

preferentially to stromules, allowing them greater reach and accessibility to the cytosolic 

constituents of the cell.  

 

Table 2.  Summary of the phosphate translocators (Adapted from Flügge, 1999) 

Transporter class Isoforms Import Export Products 

Triose phosphate/phosphate 

translocator 
1 Pi triose-P 

Sucrose and amino 

acids  

PEP/phosphate translocator 2 PEP Pi 
Amino acids and 

Secondary compounds 

Glucose-6-phosphate/phosphate 

translocator 
2 G6P Pi & Triose-P 

Starch, Fatty acids, 

NADPH 

Xylulose-5-phosphate/phosphate 

translocator 
1 X5P Pi & Triose-P 

NADPH, intermediate 

metabolites 

 

1.3.3 Starch Metabolism 

  

Sugar retained in chloroplasts after photosynthesis or imported into heterotrophic plastids 

via GPTs can be converted into starch (Figure 1.4).  The two major forms of starch in plants are 

transitory and storage.  In the leaves of A. thaliana, up to half of the photosynthate acquired 

during the day is converted into transitory starch quite rapidly and is stored in the plastid for 

metabolism at night (Zeeman et al., 2002; Keeling and Meyers, 2010; Smith et al., 2005).  

Storage starch is accumulated in the amyloplasts of tissues such as roots, tubers, and seeds and is 

slowly used up over the plant’s life.  In both of these cases, starch is synthesized in the same 

fashion.  Glucose-6-phosphate is converted to glucose-1-phosphate by phosphoglucomutase 
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(PGM1), which is converted into ADP-glucose by ADP-glucose pyrophosphorylase (ADG1).  

Starch synthases and starch branching enzymes are then required to use these building blocks to 

create elongated chains of amylose (linear) and amylopectin (branched; Smith et al., 1997).  The 

adg1mutant is reported to accumulate sugar (Caspar et al., 1991; Wang et al., 1998).  Mutants in 

any of the starch branching enzymes (SBEs) do not show a significant phenotype but when a 

double mutant of SBE2 and SBE3, named be2be3, was created it was reported to completely 

lack starch and have stunted growth (Dumez et al., 2006).   

 When the components of starch are required for metabolism the granules are broken 

down by a series of enzymes including amylases, water dikinases, and phosphorylases (Smith et 

al., 2005).  Once this is complete, the major end product, fructose-6-phosphate, can be used for 

Fructose-6-phosphate 

Glucose-6-phosphate 

Glucose-1-phosphate 

ADP-glucose 

Starch 

(Amylose + amylopectin) 

Phosphoglucose 

isomerase 

Phosphoglucomutase 

ADP-Glucose 

pyrophosphorylase 

Starch synthase 

Starch branching enzymes 

Starch debranching enzymes 

* 

* 

Figure 1.4 Starch synthesis.  Sugars are partly stored as starch.  A series of reactions 

involving various enzymes ultimately convert sugar-phosphates into linear amylose and 

branched amylopectin, the two components of starch.  The * indicates enzymes for which 

mutant lines have been obtained and are used in this study (Adapted from Zeeman et al., 

2002).  
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sucrose synthesis or glycolysis.  A mutant lacking an alpha glucan water dikinase, one of the 

starch degradation enzymes, has been named starch excess1 (sex1; Caspar et al., 1985).  Apart 

from this mutant’s significant accumulation of starch in flowers, seeds, and leaves, it was found 

to have a growth phenotype similar to that of starch-less mutants such as pgm1; a mutant with 

growth defects but that also accumulates soluble sugars inside the plastid during the light period 

(Caspar et al., 1991).  An important thing to consider when investigating these mutants is the 

photoperiod in which they were grown.  Sugars are synthesized during the day.  In long day (LD; 

16h light, 8h dark) conditions, more time is spent synthesizing starch than breaking it down as 

compared to a short day (SD; 8h light, 16h dark) during which the plant relies more heavily on 

its store of diurnal starch.  In plants with aberrant starch synthesis, such as those mentioned 

above, phenotypes may be exaggerated in SD due to limited photosynthesis and starch 

accumulation (Caspar et al., 1985).  Starch metabolism is an important route for metabolic 

sugars in plastids, making mutants in this pathway important tools for understanding cellular 

sugar metabolism.  Since starch can account for a major proportion of a plastid’s volume it is 

possible that when present in high quantities its accumulation alters plastid morphology.     

 

1.3.4 The Oxidative Pentose Phosphate Pathway 

 Another avenue for metabolism of carbohydrates in plastids is the Oxidative Pentose 

Phosphate Pathway (OPPP; Figure 1.5).  This pathway converts G6P into precursors for amino 

acid synthesis, nucleotide synthesis, or glycolysis (Neuhaus and Emes, 2000; Kruger and von 

Schaewen, 2003; Bussell et al., 2013).  As a result, a large amount of the cell’s reducing power 

in the form of NADPH is produced, which can be used for nitrogen assimilation, redox 

homeostasis, and fatty acid synthesis (Hutchings et al., 2004; Bussell et al., 2013).  The 
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dehydrogenases catalyzing the early steps of the OPPP that are responsible for the creation of 

NADPH are glucose-6-phosphate dehydrogenase (G6PDH) and 6-phosphogluconate 

dehydrogenase (6PGD).  The reaction catalyzed by G6PDH is the first committed step of the 

OPPP and is considered the regulatory step.  There are six isoforms of G6PDH in A. thaliana; 

two are localized to the cytoplasm and four are targeted to the plastid (Wakao and Benning, 

2005).  G6PDHs are not the only OPPP enzymes dually expressed in both the cytoplasm and 

plastids.  There are in fact cytoplasmic isoforms complementing almost all of the plastid-

localized enzymes but transaldolase and transketolase have not been detected in the cytoplasm in 

some species of higher plants including A. thaliana (Schnarrenberger et al., 1995; Kruger and 

von Schaewen, 2003).  Import of the OPPP intermediates xylulose-5-phosphate and ribulose-5-

phosphate to the plastid occurs through the phosphate translocator XPT1 (Eicks et al., 2002).   

Exogenous sugar feeding has also been shown to upregulate cytosolic G6PDH activity 

(Hauschild and von Schaewen, 2003) suggesting that the OPPP is driven forward by excess 

sugar.  The OPPP occurs in both photosynthetic and non-photosynthetic tissues (Debnam and 

Emes, 1999), though some of the key enzymes involved are negatively regulated by light and 

redox status (Wakao and Benning, 2005).   Due to this, photosynthesis is the primary producer of 

NADPH in the light while the OPPP takes on this role in the dark.  

 



19 
 

 

 

 

 

 

 

 

Figure 1.5  The Oxidative Pentose Phosphorylation Pathway.  In heterotrophic tissues G6P is 

used as a substrate for the OPPP in plastids and the cytosol.  The first three enzymes (purple 

boxes) catalyze the oxidative phase, producing NADPH as a by-product.  The subsequent 

enzymes (blue boxes) catalyse the non-oxidative phase.  Ultimately this process produces pentose 

sugars that are used for amino acid and nucleotide biosynthesis.  Exchange via the XPT1 

translocator of intermediate such as xylulose-5-phosphate and ribulose-5-phosphate between the 

plastid and the cytosol are required due to the absence of transaldolase and transketolase in the 

cytosol.  The * denotes intermediates that were analyzed using GC/MS in this study and ** 

denotes a gene cloned and analyzed (Adapted from Kruger and von Schaewen, 2003).          

et al., 2002).  
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1.3.5 Fatty acid synthesis 

 A third process occurring inside the plastid is fatty acid synthesis (Figure 1.6; Harwood, 

1988; Ohlrogge and Browse, 1995; Ohlrogge and Jaworski, 1997; Marchive et al., 2014).  In 

plant cells, all de novo fatty acid synthesis takes place in the plastid, while fatty acid production 

through lipid turnover happens in the cytoplasm.  Occurring in the light, fatty acid synthesis is 

partly regulated by the availability of NADPH since the activities of two key enzymes, ketoacyl-

ACP reductase and enoyl-ACP reductase, require reducing power (Figure 1.6; Post-Beittenmiller 

et al., 1992; Ohlrogge and Browse, 1995).  NADPH can come from photosynthesis, pyruvate 

dehydrogenase reactions, or the dehydrogenase steps in the OPPP (Wakao and Benning, 2005).  

Fatty acid synthesis begins with acetyl-CoA carboxylase (ACCase), which converts acetyl-CoA 

into malonyl-CoA.  This is often a rate-limiting reaction of fatty acid synthesis due to the high 

regulation of this enzyme by light, sugar availability and ADP (Nakamura and Yamada, 1979; 

Eastwell and Stumpf, 1983; Ohlrogge and Jaworski, 1997).  Following this, the fatty acid 

synthase (FAS) reactions occur.  The FAS complex in plants consists of monofunctional 

enzymes, the first being malonyl-CoA:ACP transacylase (MCAT; Simon and Slabas, 1998; 

Yasuno et al., 2004).  This enzyme transfers the malonyl moiety from CoA to ACP and is the 

first single-subunit enzyme in the pathway unique to fatty acid synthesis.  The first condensation 

occurs between one molecule each of acetyl-CoA and malonyl-ACP while subsequent 

condensations add malonyl-ACP molecules to the chain (Ohlrogge and Jaworski, 1997).  

Condensation reactions are catalyzed by a group of ketoacyl-ACP synthase enzymes.  In some 

species of plants a mitochondrial fatty acid synthesis pathway has been elucidated (Wada et al., 

1997; Gueguen et al., 2000).  Though this organelle lacks ACCase activity, experiments 

performed in pea leaves revealed that mitochondria possess the required machinery to produce 
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fatty acids, using malonate as a starting substrate (Gueguen et al., 2000).  However, all of the 

enzymes in this alternate pathway are yet to be shown in A. thaliana.  The fatty acids produced 

by either plastids or mitochondria are used in waxes, storage triacylglycerols (TAGs), or 

membrane lipid production.            
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1.3.6 Lipid synthesis 

In plant cells there are two spatially separate lipid synthesis pathways named according to 

their location; the prokaryotic lipid synthesis pathway occurs within plastids and the eukaryotic 

lipid synthesis pathway occurs in the ER (Figure 1.7; Ohlrogge and Browse, 1995; Li-Beisson et 

al., 2013).  These pathways can be distinguished by the fatty acid chain present at the sn-2 

Malonyl-ACP 

Malonyl-CoA 

Acetyl-CoA 

3-ketoacyl-ACP 

3-hydroxyacyl-ACP 

Enoyl-ACP 

Acyl-ACP 

3-ketobutyryl-ACP 

Cycle continues 

ACCase 

MCAT 

Ketoacyl-ACP reductase 

Hydroxyacyl-ACP dehydrase 

Enoyl-ACP reductase 

Ketoacyl-ACP synthase III 

Ketoacyl-ACP  

synthase I 

* 

*
*

*
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Figure 1.6 Plastidial fatty acid synthesis.  In the plastid, fatty acids are synthesized from acetyl-

CoA.  The acetyl-CoA can be derived from acetate, pyruvate, or PEP (Rawsthorne, 2002).  The 

conversion of acetyl-CoA to malonyl-CoA is catalyzed by the highly regulated enzyme complex 

ACCase.  All subsequent reactions are catalyzed by the fatty acid synthase reactions.  The initial 

condensation is between malonyl-ACP and acetyl-CoA.  Following this the acyl chain is modified 

by reductions and dehydrations, allowing for another condensation with malonyl-ACP to elongate 

the chain.  These reactions repeat until the chain reaches 16 or 18C long.  The * denotes MCAT, 

an enzyme cloned and analyzed in this study.  The ** denotes steps that require NADPH (Based 

on Ohlrogge and Browse, 1995).         

et al., 2002).  
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position; lipids made through the eukaryotic pathway possess 18C fatty acids at each position 

while those made through prokaryotic synthesis have an 18C at the sn-1 position and a 16C at 

the sn-2 position.  This distinction, due to the substrate specificity of the acyltransferase in 

plastids (Ohlrogge and Browse, 1995), allows for the input of each pathway to be measured by 

the 16C:18C ratio.  The prokaryotic pathway results mainly in monogalactosyl diacylglycerol 

(MGDG), digalactosyl diacylglycerol (DGDG) and sphingolipids (SL).  The eukaryotic pathway 

makes phospholipids such as phosphatidylcholine (PC), phosphatidylinositol (PI), and 

phosphatidylethanolamine (PE), which are core components of lipid membranes.  Both pathways 

are capable of producing phosphatidic acid (PA) and phosphatidylglycerol (PG).  However, the 

diacylglycerol (DAG) portion of PC can be transferred from the ER and plastid (Browse et al., 

1993).  A mutant line in A. thaliana impaired in the first plastidial lipid synthesis enzyme acyl-

ACP glycerol-3-phosphate acyltransferase is called ats1 and has greatly reduced activity of the 

prokaryotic lipid synthesis pathway.  The ats1-1 line has no apparent growth phenotype but has 

far fewer C16 fatty acids in its lipids (Kunst and Somerville, 1988).  However, despite a 20-fold 

reduction in this particular acyltransferase activity this mutant still has 75% of the wildtype PG 

level, mostly containing C18 fatty acids, suggesting an increased transfer of lipids derived from 

the eukaryotic lipid synthesis pathway into the plastid (Kunst and Somerville, 1988; Xu et al., 

2006).  Conversely, there is also a mutant with an under-representation of fatty acids derived 

from the ER in the plastid.  The trigalactosyldiacylglycerol1 (tgd1-1) mutant was named for its 

phenotype of accumulated oligogalactolipids. It was determined that this mutant is deficient in 

lipid transfer from the ER to the plastid, resulting in a high level of plastid-derived lipids and 

impaired growth (Xu et al., 2003; Xu et al., 2006).  The TGD1 protein was identified on the 

inner envelope membrane of the plastid and is predicted to be part of a lipid translocation 
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complex (Xu et al., 2005).  These mutants allow each branch of lipid synthesis to be studied 

individually and are valuable tools for increasing our overall understanding of lipid synthesis.  

A recent study demonstrated how sugar accumulation potentiates lipid synthesis using a 

variety of mutants impaired in starch synthesis and sugar mobilization (Zhai et al., 2017).  These 

mutants had an elevated level of sucrose and glucose and as a result, an increase in fatty acids 

and TAGs, demonstrating a tight correlation between available soluble carbohydrates and lipid 

synthesis (Zhai et al., 2017).   Plant lipids are often stored as TAGs for later metabolism in lipid 

bodies or plastoglobuli.  Certain lipid species can act as cell signalling molecules in response to 

biotic and abiotic stress (Testerink and Munnik, 2005).  Finally, lipids are the main component of 

biological membranes throughout the cell.     
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1.3.7 Plastid membranes   

 The three chloroplast membranes of A. thaliana, the outer envelope, the inner envelope, 

and the thylakoid membrane, are all composed of various combinations of isoprenoids, proteins, 

and primarily, glycerolipids (Table 3; Block et al., 2007).  The fluidity of a membrane is greatly 

affected by its environment, surrounding temperature, and saturation level of the resident fatty 

acids. Under certain conditions membranes can shift from a gel phase to a more fluid liquid-

crystalline phase (Murata and Los, 1997).  The more unsaturated a fatty  
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PA DAG PC PC 

G3P 

DAG 
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Figure 1.7 Lipid synthesis.  The two distinct lipid synthesis pathways of plant cells are 

summarized here.  In the plastid the prokaryotic pathway begins with 16C and 18C fatty acids, 

resulting in glycerolipids having an 18C fatty acid in the sn-1 position and a 16C fatty acid in the 

sn-2 position.  The eukaryotic pathway in the ER only receives 18C fatty acids, resulting in 

glycerolipids with 18C at both positions.  DAG can be transferred from the ER to chloroplast to 

provide more substrate for galactolipid synthesis.  This is how lipids with 18C in both positions 

exist in the plastid. The * denotes proteins for which mutant lines were obtained and used in this 

study  (Adapted from Ohlrogge and Browse, 1995).   
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Table 3. Chloroplast membrane composition of pea (Adapted from Block et al., 2007) 

Lipid Type (% of total) Outer Envelope Inner Envelope Total Envelope Thylakoids 

Monogalactosyldiacylglycerol 

(MGDG) 

17 55 32 57 

Digalactosyldiacylglycerol 

(DGDG) 

29 29 30 27 

Sulpholipid 6 5 6 7 

Phosphatidylcholine 32 0 20 0 

Phosphatidylglycerol 10 9 9 7 

Phosphatidylinositol 5 1 4 1 

 

acid, the more difficult it is for it to pack together with its neighbours, making the membrane 

more fluid.  The addition of double bonds or the desaturation of a fatty acid is facilitated by 25 

different fatty acid desaturases (FADs) in A. thaliana in response to factors such as temperature, 

light, or wounding (Los and Murata, 1998; Los et al., 2013).  Saturation level is not the only 

feature of membranes affected by temperature changes.  Different lipids form different shapes 

and the proportion of these shapes in certain areas of a membrane can change in response to 

temperature through lateral lipid diffusion (Figure 1.8; Simons and Sampaio, 2011; Jouhet, 

2013).  According to the lipid raft theory, membranes may not be homogenous in terms of lipid 

types but rather may have areas where lipids exhibiting particular shapes are more concentrated 

(Simons and Sampaio, 2011).  The majority of lipids including PC, the most abundant lipid type 

in the cell, are cylindrical and readily form bilayers.  In contrast, lysolipids, having only one fatty 

acid tail, are conical, curvature-inducing lipids that tend to assume a hexagonal phase or micelle 

organization.  Alternatively, MGDG is conical but induces curvature in the opposite orientation, 

otherwise known as reverse hexagonal-phase, or cubic organization-forming (Shipley et al., 
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Figure 1.7 Lipid shapes and their effects on membrane curvature.  Glycerolipids, composed 

of various combinations of acyl chains (tails) and polar heads, assume various shapes and 

conformations.  When the head group is of roughly equal width to the tails, as in PC, PG, PI, and 

DGDG, the lipid often forms a cylindrical shape (blue) and has a tendency to form lamellar sheets 

or straight bilayers.  Conversely, MGDG has a head that occupies less surface area than its tail 

portion, giving it an inverted cone shape (green).  These lipids tend to assume a reverse hexagonal 

arrangement and introduce negative curvature in membranes.  Finally, lysophospholipids have 

only one acyl chain making up their tails, giving them a cone shape (purple).  These lipids form a 

hexagonal phase and introduce positive curvature into membranes.  Depending on which leaflet 

or where laterally these lipids reside, various combinations of these lipid shapes can result in 

membrane curvature and irregularity (Adapted from Jouhet, 2013).         

 

1973; Seddon, 1990; Jouhet, 2013).  ER tubules, inner mitochondrial membranes, and thylakoid 

grana display a high amount of curvature and are thought to be enriched in this type of lipid 

(Jouhet, 2013). The overall lipid profile may be influenced by the environment, too.  For 

example, under phosphate starvation galactolipids substitute many phospholipids in the cell so 

that their phosphate moiety can be recycled throughout the cell, making galactolipids even more 

prominent (Kobayashi et al., 2009; Nakamura, 2013).  It is also known that stromule frequencies 

are high under phosphate starvation (Vismans et al., 2016).  The combination of these different 

lipids and their various shapes may exert an effect on the overall morphology of the membrane 

of which they occur.     

 

MGDG LPC 

LPG 

LPI 

PC 

PG 

PI 

DGDG 
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1.4. Hypothesis 

Based on my review of literature the hypothesis underlying my thesis is that altering 

subcellular sugar levels influences plastid pleomorphy through its effects on internal components 

and envelope membranes. 

 

1.5 Objectives & Approaches  

1. Re-assess the sugar-stromule relationship 

 Though it has been shown that exogenous sucrose treatment induces stromules in cut leaf 

disks (Schattat and Klösgen, 2011) this effect has not been shown in intact seedlings and plants. 

It is conceivable that stromules could have been triggered by injury to the plant tissue. Also, it 

has yet to be proven that the plant is indeed internalizing and accumulating the exogenously 

supplied sugar.  To investigate these points, entire, uninjured seedlings of A. thaliana were 

observed using confocal laser scanning microscopy (CLSM) under conditions that likely result in 

sugar-accumulation in a cell.  These conditions include exogenous sucrose and glucose 

treatments, endogenous accumulation throughout a diurnal period, and sugar accumulation due 

to mutations in genes involved sugar metabolism.  Alongside stromule analyses, soluble 

carbohydrates were measured to confirm sugar accumulation in the seedlings.  

 

2. Investigate a possible role for sugar import via sugar-phosphate translocators and its influence 

plastid pleomorphy 

 Since carbohydrates can enter the plastid in the form of G6P through the GPT 

translocators, the effect of the mutation of either of these translocators on stromule frequency 

was investigated.  To address the hypothesis that stromules may serve to increase the plastid’s 
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interactive surface area with the cytosol (Waters et al., 2004), fluorescent proteins were fused to 

four PTs to investigate this possibility.  Since these proteins exchange metabolites between the 

plastid and its surroundings (Flügge, 1999), they serve as candidate proteins whose efficiency 

may be affected by plastid extensions.  Transgenic lines expressing each of the PTs were 

visualized, examining the frequency of PTs localizing to plastid stromules to determine if there is 

a correlation between the two. 

 

3. Investigate how plastids and their major biosynthetic processes might contribute to plastid 

pleomorphy   

 i. Starch grain: Being one of the major destinations for photosynthates (Zeeman et al., 

2002), starch synthesis was investigated for any possible relationship to stromules.  It was 

hypothesized that starch build-up in the plastid could force stromules outwards.  This was 

investigated using both starch-accumulating and starch-lacking mutants of A. thaliana.   

 ii. Fatty Acid Synthesis: Since fatty acids are made primarily in the plastid and contribute 

largely to membrane lipid synthesis, it was conceived that an upregulation of this process could 

be linked to increased stromules.  This relationship was investigated using a transgenic line of A. 

thaliana that overexpresses MCAT, an early and unique enzyme of fatty acid synthesis, and 

comparing its stromule frequency to that of the wildtype.   

 iii. Lipid Synthesis:  Lipids are the major constituent of the outer and inner membranes of 

the plastid envelope.  A change in lipid profile or absolute quantity could affect plastid 

pleomorphy.  To investigate the relationship between lipids and stromules, mutants that diminish 

lipid supply from either the ER or the plastid were used, comparing their stromule frequency to 

that of the wildtype.      
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 iv. Oxidative Pentose Phosphate Pathway: Once a relationship between fatty acids and 

stromules was elucidated, a connection between sugar accumulation and fatty acid synthesis was 

sought in attempt to complete the chain of events.  Since the OPPP supplies fatty acid synthesis 

with NADPH, a limiting factor, it is possible that carbohydrates feeds into the OPPP, which 

drives fatty acid synthesis forward.  To investigate this, lines overexpressing the enzyme 

responsible for the first step in the OPPP were observed.  Also, GC/MS analysis was performed 

to measure OPPP intermediates under stromule-inducing conditions.  
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CHAPTER 2: MATERIALS & METHODS 

 

2.1 Creation of fluorescent protein fusion constructs  

 

2.1.1 DNA preparation  

RNA was isolated from wild type Columbia A. thaliana using a Spectrum
TM

 Plant Total 

RNA Kit (Sigma-Aldrich, STRN).  From this, cDNA was synthesized using a RevertAid H First 

Strand cDNA Synthesis Kit (Thermo Scientific, EP0441).  Promoter sequences obtained from 

the Arabidopsis Gene Regulatory Information Server (AGRIS) were amplified from genomic 

DNA rather than cDNA.  To prepare genomic DNA, 2-3 A. thaliana leaves were flash frozen, 

ground, and incubated in 750 µL of extraction buffer (Appendix B) at 65ºC for 10 minutes.  This 

solution was centrifuged for 10 minutes at 14000 rpm.  The supernatant was transferred to a new 

tube and combined with 250 µL of 5 M potassium acetate.  Tube was incubated on ice for 20 

minutes and then centrifuged at 14000 rpm for 15 minutes.  The supernatant was placed in a tube 

containing 500 µL isopropanol.  This solution was mixed, incubated at -20ºC for 20 minutes, and 

centrifuged again at 14000 rpm for 15 minutes.  The supernatant was removed and the pellet was 

resuspended in 750 µL ethanol.  The tube was centrifuged at 14000 rpm for 5 minutes and the 

supernatant was removed.  The pellet was finally resuspended in 50-100 µL TE buffer.    

 

2.1.2 Polymerase Chain Reaction 

Genes of interest were then amplified from this cDNA using polymerase chain reaction 

(PCR) in a Thermal Cycler (BioRad T100).  Reactions included High Fidelity PCR buffers and 

enzymes, (Thermo Scientific, K0192), dNTPs (Thermo Scientific, R0181), cDNA, primers, and 
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water according to the High Fidelity protocol (Thermo Scientific K0192).  Primers were 

designed to amplify the entire gene’s coding sequence as well as introduce restriction enzyme 

recognition sites to each end.  PCR primer information is available in Appendix C.  PCR 

reactions began with a denaturation step at 95ºC for 2 minutes, followed by 34 cycles of 

amplification.  Each cycle underwent a 30 second denaturation step at 95 ºC, a 40 second 

annealing step at various temperatures (ranging 5-10 ºC below the primers’ melting points), and 

an extension step at 72 ºC (duration was 1 minute/kb of amplicon).  The PCR reaction was 

concluded with a 10 minute extension at 72 ºC and was held at 4 ºC until analysis by gel 

electrophoresis.  Gels were made with 1% UltraPure agarose (Invitrogen, 16500100) in 1X TAE 

buffer (40 mM Tris base, 20mM acetic acid, 1mM EDTA) containing 0.005% ethidium bromide 

(Thermo Scientific, 17898) alongside the GeneRuler 1kb Plus DNA ladder (Thermo Scientific, 

SM1331) for size reference.   

  

2.1.3 Manipulation of DNA 

PCR products were isolated from the gel using GeneJet Gel Extraction Kit (Thermo 

Scientific, K0692) and ligated into pGEM-T Easy (pGEM; Promega) using T4 DNA ligase 

according to the manufacturer’s instructions (Invitrogen, 15224-017).  The resultant plasmid was 

diluted 5X with ddH2O and transformed into Escherichia coli strain DH5α (Taylor et al., 1993) 

using heat shock transformation as described in section 2.1.4.  Blue-white screening was 

implemented by plating transformed bacteria on LB Medium (Bertani, 1951) containing 

ampicillin (100µg/mL) and X-galactosidase (Invitrogen, 15520034).  Positively transformed 

(white) colonies were inoculated into LB liquid media containing ampicillin (100µg/mL) and 

grown overnight.   
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Plasmid DNA was purified from E. coli using EZ-10 Spin Column Plasmid DNA 

Miniprep Kit (BioBasic, BS614). The gene of interest was then cut out of pGEM using the  

restriction enzymes corresponding to the sites introduced by the PCR primers and introduced 

into pCAMBIA 1300 binary vector (kanamycin resistant) cut with the same restriction enzymes 

and already containing a fluorescent protein sequence and a promoter.  This was performed using 

T4 DNA ligase according to the manufacturer’s instructions (Invitrogen, 15224-017) (Figure 

2.1).  The default promoter used was the 35S Cauliflower Mosaic Virus constitutive promoter 

(p35S).  The DNA was again transformed into E. coli, grown with media containing 50µg/mL 

kanamycin, and purified once again.  The final plasmid construct was test-digested with the same 

restriction enzymes to ensure successful incorporation of the gene of interest.   

 

2.1.4 Growth and transformation of competent E. coli cells 

Heat shock competent E. coli cells (DH5α) were prepared by growing a 100 mL culture 

in LB liquid medium overnight.  This culture was added to 200 mL LB liquid medium, which 

was subsequently shaken at 37ºC until it reached an optical density (measured at 600nm) of 0.35 

(3-4 hours).  This culture was rested on ice for 10 minutes and then centrifuged for 10 minutes at 

2000 x g.  The pellet was resuspended in 60 mL of MgCl2- CaCl2 (80 mM MgCl2, 20 mM 

CaCl2).  The centrifugation and resuspension were repeated, this time with only 4 mL of the 

MgCl2- CaCl2 solution.  140 µL of DMSO was added to the solution and the same was added 

again after waiting 15 minutes.  100 µL aliquots were spread into microcentrifuge tubes, flash 

frozen, and stored at -80ºC. 

For bacterial transformation 50 µL of E. coli cells were added to 50 µL of the ligation 

reaction.  This solution was left on ice for 15 minutes, incubated at 42ºC for 1 minute, and again 
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chilled on ice for 2 minutes.  One mL of LB liquid medium was added to the tube, which was 

then incubated at 37ºC for 2h.  After allowing the culture to grow, the tube was centrifuged at 

12000 rpm for 2 minutes to pellet the bacteria.  All but 30 µL of the supernatant was removed 

and the bacteria were resuspended in the remaining media by vortexing. 

  

2.1.5 Transformation of competent Agrobacterium tumefaciens cells 

Plasmid DNA vector constructs were introduced into electro-competent A. tumefaciens 

(GV3101) using electroporation.  Two µL of the plasmid DNA was mixed with 50 µL A. 

tumefaciens cells.  The mixture was added to an electroporation cuvette (Molecular Bio 

Products, 21-237-1) and shocked for 2 seconds at 1.8 kV using a DNA gene Pulser (BioRad).  

The transformation was mixed with 1 mL YEB medium lacking antibiotics, shaked at 28ºC for 2 

Figure 2.1 Plasmid map. All genetic 

constructs used for plant 

transformation were created using a 

general vector as depicted here.  

Genes of interest were inserted 

between two restriction sites (most 

often XbaI and BamHI), bordered by 

an upstream promoter and a 

downstream fluorescent protein. In 

these vectors it is possible to remove 

the p35S promoter and replace it with 

another using restriction enzymes and 

ligation reactions. pCAMBIA vectors 

containing each fluorescent protein 

used un this study were available in 

the arrangement presented here.  All 

pCAMBIA vectors carry kanamycin 

resistance for bacterial selection and 

hygromycin resistance for plant 

selection.    
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hours, and pelleted as described above for E. coli.  The transformation was plated on YEB media 

containing rifampicin (100µg/mL), gentamycin (25 µg/mL), and kanamycin (50 µg/mL) and 

grown for 2 days at 28ºC.  Propagation of electro-competent GV3101 cells was performed 

according to Höfgen and Willmitzer (1998).   

 

2.1.6 Transient infiltration of DNA 

Fluorescence of the fusion proteins was tested by infiltrating 10 cm (diameter) leaves 

from soil-grown 4 to 6-week-old N. benthamiana plants.  To do this, a small scoop of bacteria 

was taken from the YEB plate and incubated in Agrobacterium infiltration medium (AIM) 

solution (Appendix B) for one hour.  After this, the solution was diluted to an optical density of 

0.8 when measured at 600 nm using a spectrophotometer (Perkin Elmer Lambda Bio+).  This 

final solution was then injected into the abaxial side of a mature tobacco leaf using a needle-less 

syringe.  If more than one construct was infiltrated at once, equal volumes of each solution were 

mixed together prior to infiltration.  Leaves were observed 1and 2 days after infiltration.       

 

2.2 Creation of transgenic A. thaliana 

 Transgenic A. thaliana were created using the floral dip technique (Clough and Bent, 

1998).  Cultures of A. tumefaciens (GV3101) containing the genetic construct of interest were 

grown overnight in 250 mL of YEB medium containing rifampicin (100 µg/mL), gentamycin (25 

µg/mL), and kanamycin (50 µg/mL).  The culture was then spun down and resuspended in 

Agrobacterium Resuspension Solution (Appendix B).  Prior to transformation, flowering A. 

thaliana plants had all of their siliques removed.  Next the plants were inverted into the A. 
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tumefaciens resuspension for 45 seconds, making sure to submerge each flower and bud.  Seeds 

from these plants were collected and screened for positive transformation on Murashige and 

Skoog’s medium (MS; Murashige and Skoog, 1962) supplemented with 3% sucrose and 

containing hygromycin (25 µg/mL).  Positive plants were taken to the next generation and the T2 

generation or older was used for experiments.    

 

2.3 Plant growth conditions 

 Depending on the experiment, plants were either grown on growth medium or in the soil.  

The medium used was MS medium containing Gamborg B5 vitamins (Phytotech Laboratories, 

M404) and 3% sucrose, unless otherwise stated.  These seedlings were grown on parafilm-sealed 

petri dishes containing solid medium under a light intensity of 100 μmolm
-2

s
-1

.  Seedlings grown 

in closed boxes (PhytoTechnology Laboratories, C1932) containing autoclaved Sunshine Mix #4 

soil were also provided with a light intensity of 100 μmolm
-2

s
-1

.  Mature plants grown in open 

soil pots in the Phytotron greenhouse had a light intensity of 150 μmolm
-2

s
-1 

and were watered 

every other day.       

 

2.4 Feeding experiments 

 Entire 7 day old seedlings or shoots of 6 week old plants were taken at the end of the 

night period and completely submerged in solution.  The solutions used were 40 mM sucrose 

(BioBasic SB0498), 40 mM glucose (Sigma G-8270), 0.05mM pyridoxyl-5-phosphate (PLP; 

Fisher BP26761), 30 mM 6-phosphogluconate (6PG; Sigma P-7877), and 500 µM 6-
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aminonicotinamide (6AN; Aldrich A68203).  Treatment took place for 3 hours in the dark.  

Deionized water treatments were used as controls.   

2.5 Colorimetric sugar analysis 

 The colorimetric phenol-sulfuric acid previously described by Buysse and Merckx (1993) 

was used to determine the relative levels of internal sugars between plants grown in various 

conditions, between mutant and wildtype lines, and between different sugar treatments.  Plants 

were grown on MS medium or soil for 7 days.  20-50mg of shoot tissue was rinsed to remove 

excess sugar and harvested into 2mL tubes containing one 2mm chrome-coated steel ball 

(BioSpec Products), exact tissue weights were recorded, and tubes were immediately flash frozen 

in liquid nitrogen.  

2.5.1 Sample preparation 

 Samples were ground using a bead beater (Retsch, MM301) for 2 minutes at 30 beats per 

second.  Samples were placed on ice.  500μL of 80% ethanol was added to the tubes, which were 

vortexed.  Steel balls were removed using a magnet.  The tubes were centrifuged for 5 minutes at 

12,000rpm.  The supernatant was collected in a new tube and kept on ice.  The above extraction 

step was repeated 2 more times and an additional 500μL of 80% ethanol was added to make a 

final volume of 2mL.  Samples were diluted 5X to fit within the standard curve as described 

further.    

2.5.2 Sugar measurement 

 A standard curve was created using glucose solutions ranging from 10-100μg/mL, which 

were made by diluting a 100μg/mL stock.  500μL of 28% (w/w) phenol (Fisher L-9830) was 

added to 500μL of either standard solution, blank (80% ethanol), or sample sugar extracts in 
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5mL glass vials.  Following this, 2.5mL of concentrated sulfuric acid was added to each reaction 

vial in a consistent, steady stream.  After 15 minutes, 20 µL of reaction mixtures were transferred 

into a 96-well plate and absorbance was measured at 490nm using a Multiskan GO microplate 

spectrophotometer (Thermo Scientific).   

 

2.6 Comparison of OPPP intermediates 

 

2.6.1 Chloroplast isolation 

 The chloroplast isolation protocol used here was adapted from Salvi et al. (2011).  

Treated or untreated shoots from 6 week old A. thaliana were placed in a beaker containing 

Homogenization Buffer (Appendix B) on ice.  Tissue was homogenized using a polytron 

homogenizer (Kinematica) for 3 repetitions, 5 seconds each.  Homogenate was poured through 4 

layers of cheesecloth that had been pre-soaked in Homogenization Buffer and collected in a flask 

on ice.  Homogenate was then split evenly between 50mL round-bottom centrifuge tubes and 

balanced.  Tubes were centrifuged for 5 minutes at 2070g and 4ºC.  The supernatant was 

decanted and the pellet gently resuspended in 1mL of Wash Buffer (Appendix B) using a transfer 

pipette.  The solution was then layered onto a two-step percoll gradient, which was created by 

gently layering 4mL of 40% percoll onto 4mL of 80% percoll (v/v in Percoll Buffer, Appendix 

B; GE Healthcare, GE17).  The gradient was centrifuged for 20 minutes at 3000g and 4ºC with 

the brake and acceleration each set to 3 using a Sorvall Legend X1R centrifuge (Thermo 

Scientific).  The top two resulting bands were discarded and the lower band containing intact 

chloroplasts was transferred into a fresh 50mL round-bottom centrifuge tube.  To this, 10mL of 

Wash Buffer was added and this solution was centrifuged for 5 minutes at 1500g and 4ºC.  The 
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supernatant was decanted and the pellet was re-suspended in 1mL of wash buffer and transferred 

into a pre-weighed centrifuge tube.   

 

2.6.2 Determination of chlorophyll content 

 Once suspended in 1 µL Wash Buffer, 10µL of the chloroplast sample was added to 

1990µL of methanol (Fisher L-6804) and mixed by pipetting.  The chlorophyll was extracted at 

room temperature for 15 minutes.  Absorbance was then measured at both 665nm and 652 nm 

using a spectrophotometer (Perkin Elmer Lambda Bio+).  Chlorophyll a (Chl-a) and chlorophyll 

b (Chl-b) content were then calculated using the following equation as in Sumanta et al. (2014).  

Chl-a= (16.72)A665-(9.16)A652 

Chl-b= (34.09)A652-(15.28)A665 

Total= (Chl-a + Chl-b) x dilution factor 

These tubes were centrifuged at 5000g for 5 minutes.  The supernatant was drawn off and the 

final chloroplasts collection was flash-frozen.   

 

2.6.3 Sample preparation 

 In order to extract the metabolites from the chloroplasts for GC-MS analysis, the 

chloroplast pellets were combined with 1.4 mL of methanol and 50 μL of internal standard 

(600ng/mL ribitol; Sigma, A5502) in a 2 mL micro-centrifuge tube.  The extraction was carried 

out at 70ºC for 15 minutes.  This tube was then centrifuged at 14000 g for 3 minutes to remove 

any debris.  The supernatant was split evenly into two fresh tubes to which 700 μL of water and 

375 μL of chloroform (Fisher L-10007) were added (used two tubes to accommodate the 

volume).  These tubes were vortexed and then centrifuged at 4000 rpm for 10 minutes.  The 
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upper methanol/water layer was separated from the chloroform layer and transferred into a 2mL 

glass vial, where the sample was dried using a SpeedVac (Savant).  In order to stabilize carbonyl 

moieties and prevent cyclization of reducing sugars, the samples were methoxymated.  To do this 

each sample was combined with 50 μL of 25 mg/mL methoxiamine hydrochloride (Aldrich 

226904) dissolved in pyridine (Sigma-Aldrich 270970) and incubated at 30ºC for 90 minutes.  

Further derivatization was performed by adding 50 μL of N-methyl-N-

trimethylsilyltrifluoroacetamide (MSTFA) and incubating at 37ºC for 3 hours.  Samples were 

incubated at room temperature for 1 hour prior to injection.      

 

2.6.4 GC/MS analysis 

GC-MS was performed on  Scion TQ GC-MS/MS (Bruker Daltonics Inc) equipped with 

an Agilent DB-5MS column (30 m long with 10 m guard column, 0.25 mm inner diameter, 0.25 

μm film thickness) installed in the Advanced Analysis Centre at the University of Guelph. The 

GC was operated in constant flow mode (1ml/min) with helium as the carrier gas. The inlet had 

temperature of 270
o
C.  One µL was directly injected. The GC oven was kept at 100

o
C for 5 min 

before raising to 145
o
C using a linear gradient of 40

o
C/min then raised to 210 

o
C at a rate of 5

 

o
C/min and finally increasing to 310 

o
C at a rate of 45 

o
C/min and holding for 4 min. The MS 

transfer line temperature was set to 250 
o
C. The source temperature was set to 200

o
C. The data 

was inquired in electron impact (EI) positive ionization mode at 70eV energy and multiple 

reaction monitoring (MRM) mode using 2mTorr collision pressure and 30eV energy for 

precursor ion fragmentation.  The precursor and product ion pair transition is shown in Table 4 

for each compound with corresponding retention times.  Resulting peaks were normalized to the 

original sample’s chlorophyll content and to %recovery of ribitol.   
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Table 4. MRM parameters used for GC/MS analysis 

Compound Precursor Ion Product Ion Retention Time 
Ribitol 217 73 13.5 

Ribose-5-phosphate 315 73 19.99 

6-phosphogluconate 387 73 21.5 

 

2.7 RT-PCR 

 RNA isolation and cDNA synthesis were performed according to section 2.1.  However 

in this case, DNAse treatment was performed in between the two using the contents and protocol 

from the cDNA synthesis kit.  The RNA was run on a native agarose gel was run to check the 

integrity of the RNA by inspecting the 18S and 28S rRNA bands.  PCR amplification reactions 

were performed in a Thermal Cycler (BioRad T100).  The products were amplified over the 

course of 24 cycles as described in section 2.1.2 and band intensities were analyzed using ImageJ 

software.   

 

2.8 Microscopy 

 

2.8.1 Epi-fluorescence microscopy 

A Nikon Eclipse 80i epi-fluorescence microscope was used for the selection of 

fluorescent lines after transformation using a series of filters that allowed for the visualization of 

various fluorescent proteins.  The filters used were Endow EGFP Longpass filter (41018; exciter 

HQ470/40X, dichroic Q495LP, emitter HQ500LP), TRITC (41002c; exciter HQ545/30x, 
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dichroic Q570LP, emitter HQ620/60m) and DAPI (31000v2; exciter AT350/50x, dichroic 

400LP, emitter 460/50m).   

2.8.2 Confocal Laser Scanning Microscopy 

 A Leica TCS SP5 confocal microscope and a Leica DM6000B epi-fluorescence 

microscope were used for CLSM.  The lasers used were 488nm argon and 543nm helium-neon 

lasers.  Excitation and emission wavelengths used for each fluorescent protein are listed in 

Appendix C.  The box size used was 512X1024 pixels.  The 40X water immersion lens was used 

for all observations.  The software used for all experiments was Confocal LAS AF (www.leica-

microsystems.com).   

 

2.8.3 Plastid observations 

 The plastid observations subject to statistical analysis were made on epidermal 

chloroplasts (Barton et al., 2016) in the hypocotyl, unless otherwise specified.  Transgenic A. 

thaliana plants expressed the transit peptide of ferredoxin-NADP oxidoreductase (FNR) fused to 

GFP (tpFNR:GFP) to illuminate the plastid stroma. Chloroplasts were chosen for analysis 

because stromules were much more readily distinguished from the plastid body, as opposed to 

leucoplasts that are often long and irregular in shape.  Epidermal cells were chosen for 

observation and stromule frequency analysis due to ease of imaging as compared to the 

mesophyll layer.  Mesophyll chloroplasts are much larger and often packed tightly together, 

making it more difficult to see all of the stromules.  Finally, hypocotyl cells were chosen because 

of their long, rectangular shape and clear borders.  These cells also have a chloroplast density 

that allows stromule frequencies to be easily determined.      
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2.9 Statistical analysis 

 Stromule frequencies were calculated from z-stacks taken in A. thaliana.  Four images 

were taken in each of four individual plants for each treatment and processed using ImageJ 

software.  A stromule was defined as a protrusion from the plastid body that was tubular enough 

to have parallel edges at one point at least.  All stromule frequency data was arcsin transformed 

to stabilize variance of the binomially-distributed data prior to statistical analyses, and then 

reverse transformed for graphical representation.  Soluble sugar and OPPP intermediate analyses 

were completed using three technical replicates per treatment.  One experimental replicate was 

performed unless the trends of the results were unclear.  In this case, multiple experimental 

replicates were performed as specified in the results section.  Two-tailed t-tests and Chi-squared 

tests were performed in Excel (Microsoft Corp.).  ANOVA were run in R.  All statistical tests 

employed a p-value < 0.05 (95% confidence interval).    
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CHAPTER 3: RESULTS 

 

3.1 Stromule frequency increases as a function of total soluble carbohydrate 

concentration 

 

3.1.1 Stromule frequency increases when exogenous sucrose is supplied.   

 

It has previously been demonstrated that many of the conditions that induce stromules are 

linked to sugar accumulation (Table 1).  When leaf disks are submerged in a 40 mM sucrose 

solution the stromule frequency increased significantly (Schattat and Klösgen, 2011).  However, 

it has not yet been shown whether the plant’s internal sugar concentrations increase in response 

to exogenous treatment.  In order to ensure that the stromule induction is a response to increasing 

sugar levels inside the plant, soluble sugar and stromule frequency were tested in parallel.  In this 

study, intact seedlings were used in order to avoid any collateral effects that wounding could 

cause when cutting out leaf disks.  Seven-day-old seedlings of A. thaliana expressing 

tpFNR:GFP were grown on MS medium containing either 0% or 3% sucrose.  Seedlings grown 

on 3% sucrose MS had stromule frequencies of around 0.35, compared to those grown on 0% 

sucrose, which ranged between 0.01-0.04 (Figure 3.1).  Total soluble sugar levels followed the 

same trend.  When germinated on 3% sucrose medium the seedlings were exposed to excess 

sugar additional to that released from the cotyledons.   
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In order to investigate whether increases in sugar and stromule levels could be induced in 

the same 3 hour time frame as shown by Schattat and Klösgen (2011), a short term, exogenous 

sucrose treatment was also tested. Seedlings grown in soil boxes were taken at the end of a night 

period to minimize the effects of sugars remaining from photosynthetic activity of the previous 

day and treated with either 40 mM sucrose solution (about half the sucrose concentration in 3% 

sucrose MS medium) or water for 3 hours in the dark.   As an additional control, seedlings taken 

directly from the soil were assessed to ensure that the presence of water had no significant effect 

on plastid pleomorphy.  The result of this experiment was that the sucrose-treated seedlings had a 

Figure 3.1 Stromule and carbohydrate levels  on various growth media. Seven-day-old 

seedlings of transgenic Arabidopsis expressing tpFNR:GFP were grown in LD conditions on 

medium with 0% sucrose (A) or 3% sucrose (B).  For each growth condition the stromule 

frequency (C) and total soluble sugar (D) were measured.  Stromule frequency (n=16) and 

soluble sugar levels (p<0.05, n=3) were significantly higher in plants grown on 3% sucrose.  

Green = plastid stroma, blue= chlorophyll autofluorescence.  Error bars represent a 95% 

confidence interval.  Scale bars = 10 µm.  
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higher level of soluble carbohydrates (Figure 3.2a) and a higher stromule frequency (Figure 

3.2b), with levels of about 0.25.   

 

3.1.2 Stromule frequency increases as a function of endogenous sugar concentration     

Though it was determined that externally supplied sugars can induce stromules, these 

protrusions are a phenomenon that occur in natural conditions.  It was next examined whether the 

sugars made inside plants photosynthetically are related to plastid pleomorphy.  Endogenous 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Water 40mM Sucrose

S
tr

o
m

u
le

 F
re

q
u

en
cy

 

0

0.5

1

1.5

2

2.5

3

 Water 40mM Sucrose

T
o
ta

l 
so

lu
b

le
 

ca
rb

o
h

y
d

ra
te

s 
(µ

g
 g

lu
co

se
 

eq
u

iv
a
le

n
t/

m
g

 F
W

) 

A B 

Figure 3.2.  Stromule and carbohydrate levels  in response to sucrose treatment. Seven-

day-old seedlings of transgenic Arabidopsis expressing tpFNR:GFP grown on soil under LD 

conditions were treated in the dark for three hours with either water or 40 mM sucrose. The 

stromule frequency (A) (n=16) and the soluble sugar levels of seedlings (B) were significantly 

higher in plants treated with 40 mM sucrose (n=3). Error bars represent a 95% confidence 

interval.      

 

Figure 3.3 Stromule levels in a long day diurnal 

cycle. Seven-day-old seedlings of Arabidopsis 

expressing tpFNR:GFP were grown in the soil under 

LD conditions. Seedlings were imaged at various 

points in the day to determine stromule frequency.  

Stromule frequency was only significantly higher at 

the 8h time (n=16). Error bars represent a 95% 

confidence interval.  
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sugar accumulation and stromule frequency were measured in 6-week-old over the course of the 

day.  In long day (LD) conditions stromule frequency remained at basal levels until the 8 hour 

time point, when it spiked notably to 0.14 (Figure 3.3).  The experiment was repeated using 

seedlings grown in the more strenuous short day (SD) conditions.  This resulted in a continuous 

increase in stromule frequency at each time point observed.  Since the pattern in SD-grown 

plants was more apparent, the carbohydrate levels were measured in these plants. The 

carbohydrate levels also increased gradually throughout the day with a slight drop at the 8 hour 

time-point (Figure 3.4).   

 

 

 

3.1.3 The sugar-accumulating mutant hps1 has more stromules than wildtype A. thaliana   

The stromule frequencies in mutants that are known to accumulate sugar were next 

examined.  A mutant known to overexpress the SUCROSE TRANSPORTER2 (SUC2) gene 
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Figure 3.4 Stromule and carbohydrate levels in a short day diurnal cycle. Six-week-old 

plants of Arabidopsis expressing tpFNR:GFP were grown in the soil under SD conditions.  

Seedlings were imaged to determine stromule frequency or harvested to determine total 

soluble carbohydrate levels at various points in the day.  A general increasing trend was 

seen in terms of stromule frequency (n=16).  A similar trend is shown for total 

carbohydrates, but at 8h the level drops down (n=3). Error bars represent a 95% confidence 

interval.  
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accumulates soluble sugars in both its roots and shoots (Lei et al., 2011).  This mutant was 

named hypersensitive to phosphate starvation1 (hps1) due to its decreased ability to cope with Pi 

starvation (Lei et al., 2011).  Because SUC2 overexpression leads to increased sugar transport, 

this mutant and can be used to study the effects of carbohydrate accumulation on plastid 

pleomorphy (Lei et al., 2011).   The hps1 plants expressing FNR:GFP were grown on MS 

medium containing 0%, 0.75%, 1.5%, and 3% sucrose alongside wildtype as a control.  When no 

sugar was supplied (0%) the mutant and wildtype did not differ in either of the parameters.  

However, when sugar was supplied in the media the hps1 plants had higher stromule frequencies 

(experiment performed by Kiah Barton) and carbohydrate content (Figure 3.5).  The only case 

where this was not true was the stromule frequency on 3% sucrose.  Here, hps1 did not differ 

significantly from the wildtype.  In each set of conditions stromule frequency increases as a 

function of total soluble carbohydrates within the plant, suggesting a tight link between sugar 

status and plastid pleomorphy.  
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3.2 No relationship between sugar-phosphate translocators and stromules was 

detected 

 

3.2.1 Stromules are not more effectively induced by glucose than sucrose 

 The next line of inquiry was to determine whether glucose has a higher capacity to induce 

stromules than sucrose.  Seven-day-old seedlings of A. thaliana were treated with water, 20mM 

glucose and 40 mM glucose in the dark for 3 hours.  It was seen that glucose at both 

concentrations had the ability to induce stromules (Figure 3.6).  In order to determine the effect 

of glucose compared to sucrose 7-day-old seedlings were treated with water, 40 mM glucose, or 

40 mM sucrose.  It was found, however, that sucrose and glucose induced stromules to the same 

degree (Figure 3.7).          
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Figure 3.5 Stromule and carbohydrate levels  of the hps1 mutant. Seven-day-old seedlings 

of transgenic Arabidopsis expressing tpFNR:GFP were grown on MS medium containing 

various concentrations of sucrose.  Stromule frequency (A; n=16) and total soluble sugar 

content (B; n=3) was compared between wildtype and hps1.  In most cases the hps1 mutant 

was higher than wildtype for both parameters. Error bars represent a 95% confidence interval.  

Both analyses performed by Kiah Barton.    
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3.2.2 Stromule induction is not dependent on the presence of a single GPT protein 

 To test whether the induction of stromules relies upon glucose entry into the plastid via 

the GPT proteins, stromule frequency was observed in each single mutant of gpt1 (knockdown) 

and gpt2 (knockout), which are each impaired in transport (Kunz et al., 2010).  Unfortunately the 

double mutant was not available to assess stromule frequency when both translocators are 

lacking.  First, the mutant lines were transformed with the plastid stroma marker tpFNR:GFP and 

successfully brought to the T2 generation.  Next, these lines were grown for 7 days in soil and 

treated with water or 40 mM glucose to compare their induction relative to wildtype expressing 

tpFNR:GFP.  Neither single mutant had a stromule frequency different from that of the wildtype 

(Figure 3.7), demonstrating that the absence of either GPT has no effect on plastid pleomorphy. 
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Figure 3.6  Stromule frequency in response to glucose treatment. Seven-day-old seedlings of 

transgenic Arabidopsis expressing tpFNR:GFP were grown in soil under LD conditions.  

Seedlings were first treated for three hours with either water, 20mM, or 40 mM glucose (A). 

Treatment by both concentrations of glucose induced stromules to the same extent (n=16). In a 

separate experiment seedlings were treated with equal concentrations of sucrose or glucose (B).  

Each sugar induced stromules to the same extent.  Error bars represent a 95% confidence 

interval. 
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Figure 3.7  Stromule frequency in response to glucose treatment. Seven-day-old 

seedlings of transgenic Arabidopsis expressing tpFNR:GFP were grown in soil under LD 

conditions.  Seedlings were first treated for three hours with either water, 20mM, or 40 

mM glucose (A). Treatment by both concentrations of glucose induced stromules to the 

same extent (n=16). In a separate experiment seedlings were treated with equal 

concentrations of sucrose or glucose (B).  Each sugar induced stromules to the same 

extent.  Error bars represent a 95% confidence interval. 

 

 

 

3.2.3 PT localization is variable 

 It has been suggested that stromules function to increase the interactive surface area 

between the cytosol and the plastid (Waters et al., 2004).  Here it was proposed that one 

advantage to this increased surface area would be the enhanced outreach of plastid membrane-

localized proteins such as phosphate translocators (PTs) into the cytosol.  Fusion proteins 

between various PTs and fluorescent proteins were successfully produced and expressed either 

transiently in N. benthamiana or stably in A. thaliana (Table 5) in order to observe how the 

localization or overexpression of these proteins relates to plastid pleomorphy.  Microscopic 

imaging of these translocators showed them exterior to the internal chlorophyll (observed as blue 

auto-fluorescence) and suggested envelope localization (Figure 3.8a).  In order to visually 
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confirm the inner membrane localization of PTs assigned by biochemical analysis (Fliege et al., 

1978) a transient infiltration using both the PT XPT1:RFP and the outer membrane protein 

nCHUP:GFP (N-terminus of CHLOROPLAST UNUSUAL POSITIONING; Oikawa et al., 

2003) was performed (Figure 3.8b).  This demonstrated that the nCHUP:GFP, known to localize 

to the outer membrane, was distinctly exterior to the XPT1 found on the inner envelope.  The 

fusion proteins TPT1:mEos and GPT1:mEos localized to the chloroplast envelope but instead of 

showing a diffuse localization around the membrane they were distributed as distinct punctae 

around the plastid’s periphery (Figure 3.9a).  This distribution pattern was also observed in 

XPT1 fused to RFP (Figure 8d).  These patches ranged from 2-12µm
2
, sometimes covering the 

majority of the plastid body.  However, when GPT1 was fused to GFP it showed a more diffuse 

localization (Figure 3.8c).  The difference in dispersal pattern is not likely due to the 

overexpression induced by the p35S promoter since GPT1 driven by its native promoter still 

produced patches when fused to mEos.  This inconsistent localization dependent on fluorescent 

protein partner occurred in other PTs as well (Table 5).  It was subsequently investigated whether 

two different PT probes would maintain their independent localization patterns when co-

expressed.  A transgenic, homozygous line expressing both p35S-TPT1:mEos and p35S-

GPT1:GFP was created.  Both PTs localized in the double-transgenic in the same way as they 

did in their single lines; p35S-TPT1:mEos remained as distinct punctae along the inner envelope 

while p35S-GPT1:GFP remained as a disperse highlighting of the inner envelope (Figure 3.8e).  

Due to the biochemical characterization of PTs as disperse around the envelope it is likely that 

the punctae seen are fluorescence artefacts.  However, the punctate PT patches are still valuable 

tools that were used as fiducial markers to allow the assessment the spatiotemporal relationship 

between PT patches and stromules. 



53 
 

Table 5. Fluorescent sugar-phosphate translocator lines created 

  

 

 

 

 

 

Gene Promoter 
Fluorescent 

partner 

Localization 

pattern 

Transient or 

transgenic 

TPT1 35S mEos Punctate Transgenic* 

TPT1 35S GFP Disperse Transgenic 

GPT1 35S mEos Punctate Transgenic 

GPT1 Native mEos Punctate Transgenic 

GPT1 35S GFP Disperse Transgenic 

XPT1 35S RFP Disperse Transgenic** 

XPT1 35S mEos Punctate Transient*** 

PPT1 35S RFP Disperse Transgenic 

PPT1 35S mEos Punctate Transient*** 

*     Probe created by Nigel Griffiths 

**   Probe creation assisted by Bilawal Singh 

*** Probe creation assisted by Chantelle Wong 
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Figure 3.8  Inner envelope-localized fluorescent protein fusions show both diffuse and 

punctate localization patterns on chloroplasts.  The red fluorescence of the XPT1:RFP fusion 

appeared external to the blue autofluorescence of the chlorophyll, labelling the plastid envelope 

(A).  This XPT1:RFP fluorescence appears internal to nCHUP:GFP fluorescence targeted to the 

plastid outer envelope.  Arrows indicate ectopic protuberences of the outer envelope membrane 

(B). GPT1:GFP fluorescence highlighted the entire plastid periphery with come areas of 

concentration (arrowheads; C).  Plants expressing GPT1:mEos showed discrete patches on the 

inner envelope in transient assays in tobacco as well as transgenic Arabidopsis (D).  A genetic 

cross resulting in plants expressing both GPT1:GFP and TPT1:mEos demonstrated the 

maintenance of each probe’s dispersal patterns when co-expressed with another (E).  Scale bars: 

A, C, D, E= 10 µM, B= 5 µm. 
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3.2.4 The relationship between PT localization and stromules is stochastic 

To investigate whether PT-fluorescent protein fusions localized preferentially to 

stromules, giving them a spatial advantage for metabolite exchange between the plastid and the 

cytosol, the localization of protein patches was recorded.  Transgenic A. thaliana expressing 

p35S-TPT1:mEos were grown on MS medium for 7 days.  Chloroplasts in this line were 

highlighted in green (tpFNR:GFP) with red patches of TPT1:mEos of various sizes appearing in 

various locations (Figure 3.9a, b, c).  When observing the plastids lacking stromules (1624) only 

29.7% had one patch and 31.1% had multiple patches, leaving 39.2% of plastids lacking a PT 

patch all together (Figure 3.9d).  This demonstrates the random distribution of patches and their 

prominence even when stromules are absent, suggesting that the two do not have a relationship.  

When considering only the 1543 plastids that extend stromules, the patches were categorized into 

being on the plastid body or on a stromule.  The data showed that patches localized to the plastid 

body as often as they localized to stromules, suggesting a stochastic relationship (Figure 3.9e).   
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Figure 3.9  Spatial relationship between fluorescent fusion protein patches, the main plastid 

body and stromules.  XPT1:RFP in the tpFNR:GFP background shows both the diffuse and the 

patchy protein dispersal pattern (arrowheads) on the inner-envelope.  The red patches are either 

absent (1), cover short lengths (2), or extend over an entire stromule (3; A).  Discrete patches of 

XPT1:RFP can form on the poles of chloroplasts (B).  When GPT1:mEos patches were observed 

in both a chloroplast (*) and a leucoplast (**) in a hypocotyl cell, overlap between concentrated 

stroma (green) and XPT1 patches (red) resulted ina yellow fluorescence.  Both plastids showed 

extensions either completely or partially covered by a protein patch (C).  Assessing 1624 

chloroplasts that lacked stromules of a TPT1:mEosFP line showed that 39.2% did not have a 

protein patch at all while nearly equal numbers of plastids had a single patch or several patches, 

29.7% and 31.1%, respectively (D).  A diagrammatic depiction, accompanying legend and pie 

diagram show the seven categories assessed for understanding the spatial relation between 

TPT1:mEos patches on the chloroplast body (PB) and extended stromules (St) in chloroplasts 

grown on MS medium. Amongst plastids with extended stromules there could be no patches on 

the stromules (category 2) while one or more patches could be found on the PB (category 2, 5). 

Alternatively, one to several patches could be found on stromules (category 3, 6, 7) and none on 

the PB.  One or more patches could also be found randomly dispersed on both St and PB 

(category 7; E).  Representative images and corresponding pie diagram depict the distribution of 

patches on the plastid body or stromules in plants with no treatment (NTC), a 3h water treatment, 

or a 3h 40 mM sucrose treatment (F).  Scale bar= 10 µm  

 

 

 

 

Figure 3.10  Patchy localization of TPT1:mEos in the arc6 background.  Seven-day-old 

seedlings of Arabidopsis in the arc6 mutant background expressing tpFNR:GFP and 

TPT1:mEos were observed.  Plastid bodies and stromules are larger in this mutant 

background, exemplifying the patchy localization of the TPT1:mEos probe. Green= plastid 

stroma, red= TPT1:mEos patches, blue= chlorophyll auto-fluorescence. Scale bar= 10 µm. 
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To confirm the stochastic relationship between stromules and PT patches the same 

criteria were analyzed and compared between plants that had been treated with water or with 40 

mM sucrose to induce stromules.  p35S-TPT1:mEos was used for this analysis as well.  It was 

possible that under stromule induction patches would localize more frequently to stromules, 

should there be a real relationship between the two.  However, the results of this experiment once 

again showed no preference of PT patches on stromules, but instead an equal distribution in both 

treatments (Figure 3.9f).  This general pattern was again seen in the arc6 (accumulation and 

replication of chloroplasts6) mutant background (Figure 3.10).  This mutant is impaired in 

plastid division and as a result has plastids up to 20 times the regular size and much longer 

stromules (Pyke et al., 1994).  A line in the arc6 background was created that expressed both 

proGPT1-GPT1:mEos and FNR:GFP.  These plants displayed large plastids with up to 6 patches, 

again with a localization pattern that was unrelated to stromules.  Overall it was shown that the 

relationship between stromules and PT patch localization is stochastic and that there is no 

detected relationship between sugar import across the plastid envelope and plastid pleomorphy. 

 

 

3.3 There is no detectable relationship between starch and stromules  

 

3.3.1 Starch content is not correlated with stromule frequency 

Having investigated components of the plastid membrane and their relationship to sugar 

and stromules, the next line of inquiry explored how sugar affects the internal components of the 

chloroplast.  Since diurnal starch synthesis is a major destination for sugar in plant cells, the 

analysis began here.  Prior to these experiments, the plastid pleomorphy of starch excess1 mutant 

(sex1) was observed.  This mutant is unable to properly degrade starch, which results in starch 
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Figure 3.11 Stromule frequency of the sex1 mutant.  Six-week-old plants of transgenic 

Arabidopsis expressing tpFNR:GFP were grown in soil under short day conditions and 

observed throughout the day.  Stromule frequency was compared between wildtype and sex1 

and was most often higher in the mutant (n=16).  Error bars represent a 95% confidence 

interval.  

 

 

accumulation (Caspar et al., 1991).  It was hypothesized that if enough starch granules 

accumulated inside chloroplasts they would displace the stroma, forcing out a stromule.  In 

accordance with this theory, the sex1 mutant, when grown on soil and observed diurnally, 

exhibited more chloroplast protrusions than the wildtype did (Figure 3.11; Barton, unpublished).  

 

 

 

 

 

To investigate the opposite side of this potential trend, two mutants deficient in starch 

synthesis were observed.  The mutant pgm1 is reported to have impaired starch synthesizing 

capabilities (Caspar et al., 1985).  Mature plants of pgm1 expressing tpFNR:GFP were grown in 

soil alongside wildtype.  Their stromule frequency and total soluble sugars were then observed 

diurnally.  Mutant and wildtype seedlings showed an increase in both stromule frequency 

(experiment performed by Kiah Barton) and soluble sugar.  However, pgm1 had higher amounts 

of stromules and carbohydrates than the wildtype did (Figure 3.12).  The next low-starch mutant 
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Figure 3.12 Stromule and carbohydrate levels  of the pgm1 mutant.  Six-week-old plants 

of transgenic Arabidopsis expressing tpFNR:GFP of either wildtype or pgm1 mutant 

background were grown on soil in SD conditions.  Stromule frequency was measured (A) 

showing a consistently higher level in the pgm1 mutants (n=16). The same trend appeared 

when total soluble carbohydrates were measured (B), save the 0h time point (n=3). Error 

bars represent a 95% confidence interval. Stromule analysis (A) performed by Kiah Barton.    

 

 

 

 

 

 

observed was the be2be3 mutant (Dumez et al., 2006), which is impaired in two starch branching 

enzymes.  The be2be3 mutant transformed with tpFNR:GFP was grown alongside wildtype on 

MS media containing several concentrations of sucrose.  When analyzed for the same two 

parameters as pgm1, this mutant did not differ significantly from the wildtype in either case, 

having a slightly lower number of stromules than the wildtype (Figure 3.13).  In summary, there 

is no detectable relationship between starch accumulation and plastid pleomorphy, suggesting 

sugar acts through an alternate route of metabolism to induce stromules.        
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Figure 3.13 Stromule and carbohydrate levels  of the be2be3 mutant.  Seven day-old 

seedlings of transgenic Arabidopsis expressing tpFNR:GFP of either wildtype or be2be3 

mutant background were grown on MS medium containing different concentrations of 

sucrose.  The mutant did not differ significantly from the wildtype in terms of stromules (A; 

n=16, p>0.05) or total soluble sugars (B; n=3, p>0.05). Error bars represent a 95% 

confidence interval.    

 

 

 

 

 

 

 

 

 

3.4 Stromule formation is connected to Fatty Acid and Lipid Synthesis 

 

3.4.1 Stromules are more abundant in MCAT overexpressing lines 

 If sugar is not acting through starch to produce stromules, it could be acting through 

another metabolic pathway.  Another major destination for sugars inside chloroplasts is the 

synthesis of fatty acids and ultimately, lipids.  Malonyl-CoA:ACP transacylase (MCAT), the first 

enzyme involved in the fatty acid synthase reactions, was chosen as a candidate gene for 

overexpression because it is specific to the process and is composed of only one subunit (Simon 

and Slabas, 1998; Yasuno et al., 2004).  MCAT was fused to RFP and placed under the control 

of the p35S promoter.  This construct was stably transformed into A. thaliana already expressing 

tpFNR:GFP and three individual T-DNA insertion lines were selected.  To ensure that expression 
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Figure 3.14 Localization and transcript levels of MCAT:RFP lines. Seven-day-old 

seedlings of three lines of Arabidopsis expressing p35S-MCAT:RFP were observed. These 

observations revealed that not only does this protein localize to plastids (*) but it is also 

found in mitochondria (arrows; A).  Red= MCAT:RFP, blue= chlorophyll auto-fluorescence.  

The same lines were subject to RT-PCR (B) and had higher MCAT transcript level than 

wildtype tpFNR:GFP.  TUBULIN4 control gene was relatively the same between all lines 

examined. Scale bar= 10 µm. 

 

 

 

 

 

 

under the control of the constitutive promoter truly did result in increased MCAT transcript level 

as compared to wildtype, RT-PCR was performed on each of the lines grown on MS medium.  

The gene TUBULIN4 (TUB4) was used as a control.  TUB4 expression remained even across all 

lines examined while the MCAT transcript levels were significantly higher in MCAT 

overexpression lines than in that of the wildtype (Figure 3.14).   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The MCAT overexpressing lines were then observed in order to compare their plastid 

pleomorphy to that of the wildtype.  Seedlings were grown for 7 days on MS medium alongside 

wildtype plants.  The first thing observed in this line was that not only did this probe localize to 

the plastid stroma as expected, it also appeared to highlight the mitochondria (Figure 3.14).  In 
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Figure 3.15 Stromule frequencies of MCAT overexpressing lines. Seven-day-old 

seedlings of transgenic Arabidopsis expressing tpFNR:GFP and MCAT:RFP were grown on 

either MS medium (A, B, C)  or soil and treated with either water or 40 mM sucrose for 3 

hours (D).  Stromule frequencies tended to be higher in MCAT:RFP lines than the wildtype.  

This trend was seen across all three transgenic lines of MCAT:RFP (n=16). Error bars 

represent a 95% confidence interval.  Three experimental replicates were performed.    

 

 

 

 

 

 

the wildtype did (Figure 3.15).  However, the difference between wildtype and MCAT #15 was 

inconsistent, only significant in 1 of 3 experimental replicates but still maintaining the trend of 

being higher.  This experiment was also performed in soil-grown plants treated for 3h with either 

water or 40 mM sucrose.  These results showed that the frequency of stromules in MCAT 

overexpressers was consistently higher than that in the wildtype, but the difference was only 

statistically significant 1 of 3 times the experiment was repeated (Figure 3.15).   
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3.4.2 Stromule formation is related to lipid synthesis 

 Based on the correlations seen in the MCAT overexpression experiments, the next logical 

pursuit was the investigation of how lipid synthesis and stromule formation are connected.  The 

importance of the origin of lipids, i.e. trafficked from the ER or made in the plastid, was of 

importance was examined.  The mutant ats1-1 is impaired in an enzyme responsible for an early 

step in the prokaryotic lipid synthesis pathway, reducing the amount of lipids produced in the 

plastid (Kunst and Somerville, 1988).  Two separate lines of this mutant transformed with 

tpFNR:GFP were grown alongside wildtype seedlings on soil and treated with either water or 40 

mM sucrose for 3h to compare their relative stromule frequencies.  In each line it was found that 

the ats1-1 plants had a stromule frequency of half that of the wildtype or less (Figure 3.16a).   

 The tgd1-1 mutant (Xu et al., 2003) was also analyzed.  This mutant is impaired in lipid 

trafficking between the ER and the plastid.  Four lines of tgd1-1 transformed with tpFNR:GFP 

were analysed.  When treated with 40 mM sucrose each of the mutant lines displayed roughly 

twice as many stromules than the wildtype (Figure 3.16b).  These results were confirmed over 

three experimental replicates.  Though the precise implications of the fatty acid and lipid 

synthesis pathways on stromule formation remains to be elucidated these results demonstrate that 

there is indeed a connection between the two.   
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Figure 3.16 Stromule frequencies of the ats1-1 and tgd1-1 mutants. Seven-day-old 

seedlings of transgenic Arabidopsis expressing tpFNR:GFP in the ats1-1 or  tgd1-1 mutant 

background were grown on soil and treated with either water or 40 mM sucrose in the dark 

for 3 hours.  Two lines of ats1-1 were compared to wildtype and consistently had 

significantly fewer stromules under the inductive sucrose treatment (A). All four lines of 

tgd1-1 showed significantly higher stromule frequencies under sucrose treatment (B) (n=16). 

Error bars represent a 95% confidence interval.    
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3.5 Chloroplast pleomorphy in response to manipulation of the Oxidative Pentose 

Phosphate Pathway 

 

3.5.1 Stromules may be correlated with the OPPP        

 Some of these results may suggest a link between fatty acid synthesis and chloroplast 

pleomorphy.  However, sucrose does not feed directly into fatty acid synthesis.  Instead there are 

intermediate pathways.  Carbon skeletons and NADPH can be supplied by glycolysis and the 

reductant in the form of NADPH (supplied largely by the OPPP) is an important and often 

limiting requirement for fatty acid synthesis (Kruger and von Schaewen, 2003).  With the aim of 

better understanding how sugar metabolism affects plastid pleomorphy, flux into the OPPP was 

observed under stromule-inducing conditions.  The first experiment performed to determine this 

was the analysis of two defining OPPP intermediates by GC/MS.  Chloroplasts were isolated 

from plants treated with either water or 40 mM sucrose for 0, 2, or 4 hours and their soluble 

carbohydrates were extracted.  Quantities were normalized based on chlorophyll content.  The 

relative amounts of the OPPP intermediates 6-phosphogluconate (6PG) and ribose-5-phosphate 

(R5P) were measured in the samples.  Both intermediates showed little to no change compared to 

the NTC, water treatments, and 2h sucrose treatments, but peaked in the 4 hour sucrose treatment 

(Figure 3.17).  However, the results were not statistically significant.  To pursue this link further, 

the OPPP metabolite 6PG (30 mM), was fed to 7-day-old soil-grown seedlings in the same 

manner as sucrose was fed in earlier experiments.  It was found that direct feeding of 6PG did 

not induce stromules (Figure 3.18).   
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Figure 3.17  Relative quantities of  ribose-5-phosphate and 6-phosphogluconate.  

GC/MS analysis of the OPPP intermediates R5P and 6PG was performed on isolated 

chloroplasts of 6-week-old Arabidopsis plants grown on soil in SD conditions. Leaves from 

wildtype plants were harvested at the end of the night period and treated in either water or 40 

mM sucrose for 2 or 4 hours.  All data was normalized to the amount of recovered internal 

standard, ribitol, and to chlorophyll content (n=3). Error bars represent a 95% confidence 

interval.  Three experimental replicates were performed.   

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 3.18  Stromule frequency of seedlings treated with 30mM 6PG. Seven-day-old 

seedlings of transgenic Arabidopsis expressing tpFNR:GFP were grown in soil in under LD 

conditions.  Seedlings were treated for three hours in the dark with either water or 30mM 

6PG. Treatment with 6PG did not result in a significant stromule induction from water 

(n=16). Error bars represent a 95% confidence interval. 

standard, ribitol, and to chlorophyll content (n=3). Error bars represent a 95% confidence 

interval.   

 

 

 

 

 

 

0

0.00005

0.0001

0.00015

0.0002

0.00025

0.0003

NTC 2hW 2hS 4hW 4hS

R
el

a
ti

v
e 

a
m

o
u

n
t 

o
f 

R
5

P
 

-0.0002

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

NTC 2hW 2hS 4hW 4hS

R
el

a
ti

v
e 

a
m

o
u

n
t 

o
f 

6
P

G
 

B A 

0

0.02

0.04

0.06

0.08

0.1

0.12

NTC Water 30mM 6PG

S
tr

o
m

u
le

 F
re

q
u

en
cy

 



68 
 

Figure 3.19  Stromule frequencies of G6PDH1 overexpressing lines. Seven-day-old 

seedlings of transgenic Arabidopsis expressing tpFNR:GFP and p35S-G6PDH1:RFP were 

grown on soil and treated with either water or 40 mM sucrose for 3 hours (A)  or  grown on 

MS medium (B).  Stromule frequencies in G6PHD1 overexpressing lines were not 

significantly different from the wildtype in either of the lines examined in any of the 

experimental conditions (n=16). Error bars represent a 95% confidence interval.  

standard, ribitol, and to chlorophyll content (n=3). Error bars represent a 95% confidence 

interval.   

 

 

 

 

 

 

In addition the G6PDH1 gene was cloned and overexpressing lines of p35S-

G6PDH1:RFP were made in the tpFNR:GFP background.  G6PDH1 is a plastidial enzyme 

involved in the first step of the OPPP (Wakao and Benning, 2005).  Two transgenic lines were 

obtained.  These lines were grown on soil alongside wildtype seedlings for 7 days and were 

treated with water or 40mM sucrose.  In both cases, the stromule frequency in the G6PDH1 

overexpressing lines did not differ significantly from that of the wildtype (Figure 3.19).   

 

 Similar to the experiment above, one transgenic line of the sugar-phosphate translocator 

XPT1 fused to RFP was obtained in the tpFNR:GFP background.  Since XPT1 imports 5C 

sugars that can be intermediates in the later steps in the OPPP it was investigated whether 

increasing this translocator’s presence would upregulate the OPPP and affect plastid 

pleomorphy.  When grown alongside wildtype on soil and treated with 40 mM sucrose or grown 

on MS medium, the XPT1 overexpressing line had a very high stromule frequency of 0.5, 

statistically higher than the wildtype (Figure 3.20).  Investigations involving the OPPP suggest 

that a link between this pathway and plastid pleomorphy may exist but further investigation is 

required. 
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Figure 3.20  Stromule frequency of XPT1 overexpresser.  Seven-day-old seedlings of 

transgenic Arabidopsis expressing tpFNR:GFP in either the wild type or a line over 

expressing XPT1:RFP were grown on MS medium (A) or grown on soil and treated with 

water or 40 mM sucrose in the dark for 3 hours (B).  In both stromule-inducing conditions 

the XPT1 overexpressing line had a higher stromule frequency than the wildtype (n=16). 

Error bars represent a 95% confidence interval. Two experimental replicates were 

performed.  

standard, ribitol, and to chlorophyll content (n=3). Error bars represent a 95% confidence 

interval.   
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CHAPTER 4: DISCUSSION 

 

4.1 Chloroplast pleomorphy in response to sugar accumulation 

4.1.1 Effect of artificial sugar feeding on chloroplast pleomorphy 

All living things depend on carbohydrates as a source of energy.  In plants they are either 

directly metabolized to produce essential cellular components such as amino acids, pigments, 

and membrane lipids or stored for later use.  The allocation of sugar to the various avenues of 

carbohydrate metabolism is modulated by the requirements of the cell.  Due to the previous 

observations that exogenous sucrose treatment influences plastid pleomorphy (Schattat and 

Klösgen, 2011) and the many links between stromule-inducing conditions and sugar 

accumulation (Table 1), a further dissection of the role of carbohydrate metabolism in the 

phenomenon appeared as a logical pursuit.  However, before carbohydrate metabolism could be 

analyzed in depth it was necessary to ensure that not only does this phenomenon holds true in 

whole, live seedlings, but that the exogenous sugar applied actually enters the plant and acts 

from within.  By using 7-day-old A. thaliana seedlings it was possible to observe whole 

seedlings on a slide and minimize the cellular stress caused by wounding.  Transgenic plants 

expressing the stromal marker tpFNR:GFP grown on medium containing 3% sucrose not only 

had much higher stromule frequencies than the wildtype did, but also had much higher internal 

soluble sugar levels (Figure 3.1).  This demonstrated that the sugar in the medium was indeed 

entering the plant and accumulating to a significant extent.  The same was found when the 

seedlings were taken at the end of the night period and submerged in 40 mM sucrose solution for 

3 hours in the dark (Figure 3.2).  The additional information gained from the treatment with 
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sucrose solution was that the effect of sucrose on plastid pleomorphy can occur within at least 

three hours as opposed to continuous sucrose treatment over the course of 7 days.   

 

4.1.2 Effect of photosynthate accumulation on plastid pleomorphy 

The way in which artificial levels of carbohydrates can affect plastid pleomorphy was 

explored.  However, since stromules can be observed in untreated plants a more natural approach 

was taken to investigate the sugar-stromule relationship.  Plants grown under long day (LD) and 

short day (SD) conditions were analyzed to see how diurnal carbohydrate production affected 

plastid pleomorphy, similarly to that conducted by Schattat et al. (2012).  Under LD conditions, 

where more time is spent photosynthesizing than breaking down storage reserves, the induction 

of stromules only spiked after 8 hours of light exposure (Figure 3.3).  This could be because 

plants observed at early time points still had substantial sugar reserves left over from the short 

night period and a significant increase in carbohydrates occurred only later in the day.  However, 

when the plants grown under SD conditions were observed, the change in stromule frequency 

was much more gradual and continuous, with an increase observed at each two hour increment.  

Under SD where there is more time spent depleting starch reserves than there is 

photosynthesizing, the 0 hour observation point was likely closer to complete sugar depletion 

than in the LD plants.  This would cause every hour of active photosynthesis to have a more 

significant effect on the overall sugar levels, and therefore the number of stromules, in a cell.  To 

confirm this, the SD-grown plants were subjected to total soluble sugar analysis (Figure 3.4).  

The inconsistency between stromule and carbohydrate levels at the 8 hour time point is difficult 

to explain and further investigation is necessary.  However, for the most part stromule frequency 

and carbohydrate content appeared to be correlated in SD-grown plants.  Overall, these 
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experiments demonstrated that under natural conditions, stromule frequencies and soluble sugars 

increase with light exposure.  Experiments using exogenous sucrose treatment in the dark, 

however, show that the process of photosynthesis is not necessary for stromule formation, and 

that sugar accumulation by any means is sufficient.   

 

4.1.3 Effect of sugar accumulated due to mutations in metabolic genes on plastid 

pleomorphy 

A third approach used to examine the link between sugar metabolism and stromule 

formation was the use of sugar-accumulating mutants.  This allowed plants with 

uncharacteristically high levels of sugar to be analyzed without experimental intervention.  The 

hps1 mutant, which has over-active SUC2, a sucrose transporter, showed higher levels of 

stromules and soluble carbohydrates than the wildtype did as reported in the literature (Figure 

3.5; Lei et al., 2011), each line and parameter increasing as sucrose concentration increased.  The 

only discrepancy was that hps1 had fewer stromules than the wildtype did when grown on high 

(3%) sucrose.  A possible explanation for this is that when sugar levels increase, starch also 

increases.  This mutant is reported to accumulate more starch than the wildtype does (Lei et al., 

2011), so combining a high level of supplied sucrose with an overexpression of SUC2 could 

have resulted in such high levels of starch, which fills the plastid to the point of making the 

plastid envelope taut (Figure4.1).  Though the mutant pgm1 was originally used to evaluate the 

starch-stromule relationship, those results can also be applied here.  Since pgm1 is documented 

to accumulate soluble carbohydrates rather than incorporate them into starch granules (Caspar et 

al., 1985), it too is a good candidate for this study.  Soil-grown plants all showed a gradual 

increase in stromules and soluble carbohydrates over the course of the day, but pgm1 showed 
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higher levels of each parameter than those recorded for the wildtype (Figure 3.17).  The only 

case where this was not true was at the start of the day (0h) where the carbohydrate levels were 

relatively the same.  This is likely because the plants had a low basal level of sugar before the 

photosynthetic period had begun.  The importance of this experiment is that it demonstrates that 

a plant line that naturally accumulates more sugar than the wildtype have more stromules.  The 

sugar accumulated due to a disruption in metabolism can affect chloroplast pleomorphy. 

 

4.2 Chloroplast pleomorphy and phosphate translocators 

4.2.1 Effect of glucose treatment on chloroplast pleomorphy 

Once it had been verified that sugar accumulation by various means was related to 

chloroplast pleomorphy, the implications of sugar accumulation within the plastid specifically 

was considered.  Exogenous sugar feeding experiments conducted thus far had utilized sucrose, 

but while sucrose is the mobile form of sugar in the plant, the chloroplast membrane is sucrose-

impermeable (Heldt and Sauer, 1971; Hitz and Giaquinta, 1987; Inoue, 2007).  Processes in the 

plastid such as the OPPP or starch synthesis begin with glucose-6-phosphate (G6P).  It was 

speculated that because of this, glucose might induce more stromules than sucrose would.  This 

was also proposed because it had been shown that fructose was not able to induce stromules 

(Schattat and Klösgen, 2011).  Since sucrose is made up of one part glucose and one part 

fructose it was theorized that glucose could be the inductive component of sucrose.  When 

seedlings were treated with equal concentrations of sucrose and glucose, stromule frequency 

were very similar between the two treatments.  This could result from stromule frequency 

reaching a maximum in these particular conditions.  To test whether this is the case, the effect of 
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incremental concentrations of each compound can be used and the degree of stromule induction 

measured in follow-up experiments. 

 

4.2.2 Effect of G6P translocation on chloroplast pleomorphy 

Sucrose is not a form of soluble sugar that is able to enter the chloroplast (Heldt and 

Sauer, 1971).  Instead, G6P is the form of sugar most commonly imported to the plastid via the 

sugar-phosphate translocators GPT1 and GPT2 (Schäfer et al., 1977; Flügge, 1999; Kunz et al., 

2010).  If sugar metabolism inside the plastid is indeed related to plastid pleomorphy then any 

exogenous sugar supplied would have to actually enter the plastid.  Once each gpt mutant had 

been transformed with the stromal marker tpFNR:GFP their stromule frequencies were compared 

to those of the wildtype when all plants were subject to 40 mM glucose treatment (Figure 3.8).  

The lack of a significant difference between mutant and wildtype could be because only single 

mutants were observed, allowing for the remaining GPT to compensate for its missing partner.  

Analysis of a double mutant would certainly strengthen these results by allowing us to address 

the possibility of compensation between the two PTs.   

 

4.2.3 Variable dispersal patterns of phosphate translocators 

Though this study primarily investigates stromules as a consequence of sugar 

metabolism, the relationship between stromules and PT dispersal pattern also provided an 

interesting insight.  Whether stromules actually serve the function of providing the plastid with 

more interactive surface area between it and the cytosol (Waters et al., 2004) or whether 

increased surface area is merely a consequence of the existence of stromules was analyzed by 

assessing if PTs localized preferentially to stromules or not.  PTs transport sugar-phosphate 
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molecules in exchange for Pi.  The area surrounding a round plastid may become depleted in a 

certain sugar-phosphate if a particular PT is very active.  However, the extension of a stromule 

and the proteins residing on its membrane would increase the outreach of a plastid and provide 

improved access to cytosolic components.  Once the many fusions between PTs and fluorescent 

proteins had been created (Table 5) initial observations revealed something unexpected.  Many 

of the fluorescent probes highlighted distinct punctae on the plastid envelope instead of 

highlighting the entire circumference (Figure 3.8 and 3.9).  This localization seems 

counterintuitive due to the function of PTs and is likely an artefact.  Also it was surprising that 

some plastids lacked PT patches altogether (Figure 3.9).  This goes against the idea that 

stromules are a micro-compartment (Mueller et al., 2014; Mueller and Reski, 2014) as stromules 

appear capable of extending from any region of the plastid.  It was first speculated that this was 

an overexpression artefact due to the constructs being under the control of the constitutive 

CaMV35S promoter.  This idea was disproven through the creation of transgenic plants 

expressing GPT1:mEos under the control of its native promoter.  In these plants the protein 

patches were still maintained.   It is still possible however, that the patchy localization is due to 

the attachment of a rather large fluorescent protein to the PT, causing aggregation.  Monomeric 

forms of the fluorescent proteins were used in an attempt to reduce this problem (Campbell et al., 

2002; Griffiths et al., 2016), however, mEos has been created from a tetrameric form and it is 

possible that it still has some tendency to form protein aggregates (Wiedenmann et al., 2004).  It 

was also observed that the same PT could show various localization patterns depending on the 

fluorescent protein partner (Figure 3.8 and 3.9).  In addition to seeing this in GPT1 transgenic 

lines, transient infiltrations of fusions of another membrane bound transporter, MALTOSE 

EXPORTER1 (MEX1), showed two distinct localization patterns for MEX1 over a number of 
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independent infiltration events, demonstrating that this phenomenon was not specific to PTs 

(Barton, personal communication).  The maintenance of expression patterns of TPT1:mEos and 

GPT1:GFP in double transgenic plants demonstrated their highly different distribution and 

availability to the cytosol.  Sometimes a patch would be similar in size to the plastid body, 

appearing to cover the entire plastid.  The creation of TPT1:mEos in the arc6 tpFNG:GFP 

background eliminated this confusion (Figure 3.15).  Due to the plastid bodies in arc6 plants 

being up to 20X as large as the plastids of wildtype plants (Pyke et al., 1994) areas of the 

envelope highlighted in red by a PT patch or remaining green due to the stroma label only were 

more easily distinguished.  Even though in most cases fusions with mEos results in patches while 

fusions with GFP have a diffuse localization, protein patterning was not always a consistent 

function of the fluorescent protein.  For example when RFP was paired with MEX1 the entire 

plastid envelope was highlighted but when RFP was fused to PPT1 the protein appeared in 

punctae.  The true localization of each of these proteins can be further investigated using 

alternative techniques such as immunofluorescence.  Regardless of which dispersal pattern turns 

out to be true for a particular PT, the PT patches were useful as fiducial markers to investigate 

the spatiotemporal relationship between envelope-localized proteins and stromules. 

 

4.2.4 Stochastic relationship between PTs and stromules 

A number of proteins have been mentioned to localize to stromules (Mueller et al., 2014, 

Bross et al., 2017).  This prompted the investigation of how membrane-bound PTs may localize 

in relation to stromules.  When observing TPT1:mEos plants it was clear that in most cases 

patches residing on a stromule had a farther reach into the cytosol and in many cases were 

stretched out over the narrow tubule thus providing a larger interactive surface area.  However, 
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the numerical evidence shows that in plants grown on MS medium patches do not appear on 

stromules more frequently than they appear on the plastid body (Figure 3.9e).  This suggests that 

any apparent advantage for a patch to reside on a stromule is simply a matter of chance.  The 

same analysis performed in plants treated with water and with sucrose for 3 hours aimed to 

determine whether patch localization changed with stromule frequency/availability for surface 

area increase (Figure 3.9f).  The stochastic relationship between stromules and PT patches 

further strengthens the possibility that stromules do not exist to perform a cellular function but 

rather exist as a consequence of cellular processes.   

 

4.3 Chloroplast pleomorphy and plastid metabolism 

4.3.1 Chloroplast pleomorphy and starch synthesis 

Strong evidence for sugar’s involvement in stromule formation was made but the 

mechanism through which sugar acts to induce stromules remains unclear.  Since starch 

synthesis is one of the major destinations for soluble sugars in the plastid (Smith et al., 1997; 

Zeeman et al., 2002; Keeling and Meyers, 2010), this was the first route of carbohydrate 

metabolism explored.  The hypothesis was that, since starch granules can take up a considerable 

percentage of a chloroplast’s volume, it is possible that starch accumulation would force out a 

stromule.  One might assume at first that starch filling up inside a plastid would cause it to 

expand uniformly.  However, it is possible that certain areas of a membrane would have varying 

propensities to be stretched or expand based on the lateral organization of the membrane 

components (Simons and Sampaio, 2011).  Starch is also known to accumulate under both 

exogenous sugar feeding and exposure to photosynthetically active radiation, both known to be 
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stromule-inducing conditions (Schattat and Klösgen, 2011; Schattat et al., 2012b; Rook et al., 

2001).  To further align starch accumulation with known stromule-inducing conditions, mutants 

with altered starch levels were analyzed.  Unpublished work by Kiah Barton in our lab 

investigated chloroplast pleomorphy in the sex1 mutant (Figure 3.16), which accumulates starch 

to a higher degree than the wildtype does.  This analysis suggested a positive correlation between 

starch and stromules.  A decrease in stromules was seen in both the mutant and the wildtype at 

the 8 hour time point, which is likely explained by the same phenomenon as the decrease in 

stromules in the hps1 mutant discussed earlier; at this point the starch content reached a level so 

high that it almost completely filled the plastid, resulting in a taut membrane, and preventing any 

plastid extensions from forming (Barton, personal communication).  To again test the correlation 

between starch content and stromules, two mutant lines with decreased starch accumulation were 

examined.  The be2be3 mutant (Dumez et al., 2006) has significantly less starch than the 

wildtype.  If stromule extension does require starch buildup, then we would expect this mutant to 

have very few stromules as compared to the wildtype.  The trend observed here was that be2be3 

exhibited slightly fewer stromules at each concentration of sucrose that they were grown on, 

though more data is required.  The pgm1 mutant also served as a valuable tool as it is impaired in 

the starch synthesis pathway (Caspar et al., 1985).  Contrary to what was expected (and as 

described above) the pgm1 mutant had significantly more stromules than the wildtype (Figure 

3.17).  These results demonstrate that starch accumulation is not required for these plastid 

extensions to form.  These experiments do reinforce the sugar-stromule relationship though.  

Soluble sugar level in be2be3 was not significantly different from the wildtype and neither was 

stromule frequency.  However, both pgm1 and sex1 accumulate sugar (Caspar et al., 1985; 
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Caspar et al., 1991).  Taken together these results suggest that sugar is acting through a pathway 

other than starch to affect plastid pleomorphy.  

 

4.3.2 Chloroplast pleomorphy and fatty acid synthesis 

The other major destination for carbohydrates inside the plastid is fatty acid synthesis.  

Though a collection of fatty acid synthesis enzymes have been found in the mitochondria of 

various plant species, the majority of fatty acids are synthesized within plastids (Ohlrogge and 

Jaworski, 1997; Gueguen et al., 2000; Rawsthorne, 2002; Marchive et al., 2014).  Fatty acid 

synthesis was also considered to be a strong candidate for a pathway affecting chloroplast 

pleomorphy because it feeds into lipid synthesis, which creates glycerolipids that are used in 

cellular membranes.  Perhaps if fatty acid synthesis is upregulated more glycerolipids could be 

made and integrated into membranes, leading to a more flexible chloroplast envelope.  

Photosynthates supply carbon skeletons for the synthesis of fatty acids, requiring ATP and 

reductant (Ohlrogge and Browse, 1995).  The process of fatty acid synthesis is also more active 

in the light than the dark (Post-Beittenmiller et al., 1991; Post-Beittenmiller et al., 1992), as is 

stromule formation.  Overall, it appears that many of the conditions that induce stromules align 

with high fatty acid synthesis.  Malonyl-CoA:ACP transacylase (MCAT) is not the first 

committed step of this process (Ohlrogge and Jaworski, 1997), but rather ACCase is.  However, 

there are two forms of ACCase in plants, a homomeric form in the cytosol and a heteromeric 

form in the plastid, making it more difficult to be cloned or manipulated.  In Arabidopsis MCAT 

is encoded by a single gene whose product is required for catalyzing the first unique reaction of 

fatty acid synthase (Simon and Slabas, 1998; Yasuno et al., 2004).  RT-PCR analysis confirmed 

that the MCAT transcript level of three independent T-DNA insertion lines was higher than that 
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of the wildtype (Figure 3.19).  All MCAT overexpressing lines had more stromules than 

wildtype when grown on either soil or sugar-containing media (Figure 3.21).  These experiments 

were each repeated three times, demonstrating that stromule frequency was higher in MCAT 

overexpressers than the wildtype.  These results suggest that fatty acid synthesis may be related 

to chloroplast pleomorphy.  The dual localization of MCAT to the plastid and mitochondria has 

not been shown before in live cells of A. thaliana (Figure 3.20).  The higher stromule levels in 

MCAT overexpressing lines may also point to mitochondrial fatty acid synthesis being involved 

in plastid pleomorphy.   

 

4.3.3 Chloroplast pleomorphy and lipid synthesis  

Fatty acid synthesis was initially investigated due it its potential impact on membrane 

lipid synthesis and therefore chloroplast pleomorphy.  Therefore, it was natural to also pursue 

lipid synthesis as a possible process that is linked to stromule formation.  In some cases sugar 

accumulation has been shown to be related to greater overall lipid content (Zhai et al., 2017).  

Although the relative timing of these events is not known, it is still possible that sugar 

accumulation leads to stromule formation through increased membrane constituents and 

therefore increased membrane flexibility.  This idea is in accordance with studies that 

overexpressed plastid envelope proteins and saw stromule-like structures in protoplasts, 

suggesting that altering membrane constituents can affect membrane morphology (Machettira et 

al., 2012; Breuers et al., 2012).  Quite often certain conditions or mutations induce more 

stromules as compared to wildtype but the ats1-1 mutation, which nearly abolished prokaryotic 

lipid synthesis, produced plants with far fewer stromules than the wildtype.  This mutant has an 

almost normal level of lipids (75% of PG level of the wildtype) but is highly compensated for by 
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the eukaryotic pathway through lipid transfer from the ER to plastid, giving it a higher 18C:16C 

ratio (Kunst and Somerville, 1988; Xu et al., 2003; Awai et al., 2006).  This lipid transfer also 

occurs to a lesser extent in wildtype plants.  In contrast to the ats1-1 mutant, the tgd1-1 mutant 

has decreased lipid transfer, resulting in plastids with much higher 16C:18C fatty acid ratios (Xu 

et al., 2003).  It also has a slightly lower absolute amount of MGDG and DGDG (Xu et al., 

2003).  When compared to wildtype, all four lines of tgd1-1 plants expressing tpFNR:GFP had 

more stromules.  The tgd1-1/ats1-1 double mutants were created and were found to be embryo 

lethal (Xu et al., 2005).  Taken together these results suggest that lipid origin and fatty acid 

profile are somehow related to chloroplast pleomorphy, and that a higher level of lipids derived 

from the prokaryotic pathway in the plastid is associated with higher stromule frequency.   

Also, it is possible that there is a link between lipid profile and plastid pleomorphy.  

Different lipid species contribute differently to overall membrane curvature (Jouhet, 2013; 

Figure 1.8).  MGDG is a curvature-inducing lipid and is found in high amounts in the thylakoid 

grana, which have highly curved ends that maintain their shape (Joyard et al., 1991; Block et al., 

2007).  Lysophospholipids are cone shaped and curvature-inducing as well (Figure 1.8), lysoPC 

in particular (Fuller and Rand, 2001).  Lysophospholipids are single-tailed phospholipids.  They 

exist through the removal of an acyl chain from a phospholipid by a phospholipase and are 

rapidly reacylated by acyltransferases (Baker et al., 1993; Van Golde et al., 1979).  These 

molecules are mainly involved in signalling and lipid remodelling but are also found in trace 

amounts in biological membranes including the plastid envelope (Reman et al., 1969; Fuller and 

Rand, 2001).  Elucidating the lipid profiles of plants subjected to stromule-inducing conditions 

was the project of another student in our lab and is therefore not covered in this study.   
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4.3.4 Plastid pleomorphy and the OPPP 

The final branch of sugar metabolism investigated in this project was the OPPP.  Since 

fatty acid synthesis appears to have some link to chloroplast pleomorphy, an attempt was made 

to connect sugar accumulation and fatty acids metabolically.  The OPPP does not typically 

provide carbon constituents for fatty acid synthesis but rather provides reductant in the form of 

NADPH (Kruger and von Schaewen, 2003; Hutchings et al., 2004).  Experimental evidence 

demonstrating the link between the OPPP and fatty acid synthesis is the overexpression of the 

transcription factor LEAFY COTYLEDON1 (LEC1), which produces more fatty acids (Mu et 

al., 2008).  In addition to a large upregulation of genes associated with fatty acid synthesis, a 

plastidial G6PDH of the OPPP was also found to be upregulated in these plants, suggesting that 

G6PDH activity is linked to fatty acid production.  This study aimed to examine the relationship 

between plastid localized metabolism and plastid pleomorphy.  In the GC/MS analyses, the 

OPPP intermediates appeared to spike after 4 hours of sucrose treatment.  This would suggest 

that the OPPP is stimulated by this treatment after 4 hours.  However, the lack of a change in the 

2 hour sucrose treatment is inconsistent with the trend seen in chloroplast pleomorphy when 

plants are treated with sucrose for 2 hours.  The large error between triplicates demonstrates a 

need to refine the method.  Variability was most likely introduced in the extraction or 

derivatization steps.  Ribitol was used as a standard as previously described (Roessner-Tunali et 

al., 2003), but as a sugar alcohol perhaps did not extract or derivatize the same way the sugar-

phosphates used would.     

If the trend described above holds and the OPPP does somehow relate to the mechanism 

of stromule formation, it is possible that direct feeding with an OPPP intermediate would 

circumvent all of the upstream metabolism that sucrose or glucose would have to pass through 
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and result in an even higher stromule induction.  Feeding with 6-phosphogluconate (6PG) did not 

appear to have an effect on plastid pleomorphy (Figure 3.18).  Its stromule induction was higher 

than that of the no treatment control (NTC) but not significantly different from the water 

treatment.  Since 6PG is not accepted as a substrate by any of the plastid PTs it was unable to 

directly enter the plastid and perhaps cannot even enter the cell.  Its stability under these 

conditions was also not tested and could be a reason that no effect is seen.  The overexpression 

of G6PDH1 did not have any effect on stromule frequency (Figure 3.26).  This gene was chosen 

out of the six G6PDHs present in A. thaliana because it is the form that is most active in the 

chloroplast (Wakao and Benning, 2005).  However, due to the fact that there are other isoforms 

of this enzyme, upregulation of just one may not have had a major impact since it has been 

shown that plants mutated in one form of G6PDH can be compensated by another (Wakao et al., 

2008).   

Stromule induction by overexpression of XPT1 (Figure 3.27) suggests that the plastid’s 

ability to import 5C sugars is correlated with chloroplast pleomorphy.  The proposed function of 

this PT is to provide the OPPP with 5C molecules, since cytosolic OPPP lacks transketolase and 

transaldolase enzymes in A. thaliana (Debnam and Emes, 1999; Eicks et al., 2002; Kruger and 

von Schaewen, 2003).  However, the 5C molecules are used in later steps of the OPPP and do 

not contribute to NADPH production, meaning XPT1 overexpression does not likely drive fatty 

acid synthesis forward.  Unfortunately, only a single T-DNA insertion line was recovered and 

analyzed for this construct.  Before any real deductions can be made about XPT1 overexpressing 

lines some more lines must be observed.  Though it is possible that plastid pleomorphy is 

affected in this case by overexpression of a membrane protein, this is not likely the case since the 

same change in morphology was not seen with the overexpression with TPT1, GPT1, or MEX1.  
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Though OPPP-derived reductant may be linked to levels of fatty acid synthesis under these 

conditions, it is possible photosynthesis is the major provider of NADPH, making OPPP rates 

less impactful (Wakao et al., 2008). There is some evidence to suggest a link between the OPPP 

and plastid pleomorphy, although further investigation is still required.   

 

4.4 Future Directions 

  This study aimed to elucidate connections between plastid pleomorphy and metabolism.  

Although much evidence was gathered to suggest a connection between fatty acid and lipid 

synthesis and stromules, there are still a number of other experiments that could strengthen this 

information.  While chloroplasts of plants with altered fatty acid synthesis were observed to have 

different morphologies as compared to the wildtype, a change in fatty acid content or profile 

could also be measured under stromule-inducing conditions to strengthen any correlations. This 

can be accomplished through the FAME (fatty acid methyl ester) reaction followed by GC/MS 

(Wang and Benning, 2011), which would provide insight into prokaryotic/eukaryotic lipid 

synthesis activity as well as fatty acid saturation level.  Another experiment that will be 

performed in our lab is stromule analysis of the adg1/suc2 mutant characterized by Zhai et al. 

(2017).  This mutant accumulates sugar due to impairment in starch synthesis (adg1) in 

combination with impairment in loading of sucrose into the phloem (suc2).  This plant line has 

already been described to have an increase in overall fatty acid synthesis and TAG accumulation.  

Once this mutant background is successfully transformed with tpFNR:GFP its chloroplast 

pleomorphy can be observed and the relationship between fatty acids and stromules may be 

strengthened.  Though the fusions of MCAT, G6PDH1, and XPT1 with RFP could be seen in the 

cell, it has not yet been shown whether these proteins are functional with their fluorescent 
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partners attached.  Complementation or biochemical assays can be used to assess the degree of 

their functionality in order to ensure that any connections between protein overexpressions and 

plastid pleomorphy are can truly be drawn.  Also, a second splice variant of MCAT does exist in 

A. thaliana (tair.org).  The localization of this protein should be researched in order to give 

further insight into the dually localized fatty acid production in Arabidopsis. 

     Although the most fruitful avenues for future research would appear to include 

elucidating fatty acid and lipid levels and profiles of plants under stromule-inducing conditions, 

it may also be important to continue elucidate a connection between sugar accumulation and the 

fatty acid/lipid profiles that potentially lead to stromules.  The OPPP was investigated for this 

reason but the effects of how glycolysis contributes to plastid pleomorphy can also be 

researched.  Glycolysis is localized to both the cytosol and the plastid and is a major producer of 

pyruvate, which can provide the carbon skeletons required for fatty acid synthesis (Plaxton, 

1996; Ohlrogge and Jaworski, 1997; Givan, 1999).  Its investigation was not prioritized over that 

of the OPPP because, though glycolysis can occur in both the plastid and the cytosol, some 

species of plants such as pea lack a complete plastid process, while stromules can be observed in 

all species (Dennis and Miernyk, 1982; Trimming and Emes, 1993; Borchert et al., 1993; 

Plaxton, 1996).  However, the presence of the PPT translocators makes it possible to exchange 

glycolytic intermediates between compartments.  The stromule levels in plant lines 

overexpressing the PPT1 translocator will be examined in our lab to determine if PEP supply to 

plastids has an effect on plastid pleomorphy through increased flux into fatty acid synthesis.  It is 

possible that sugar accumulation first acts by feeding into glycolysis, which would ultimately 

provide the precursors for fatty acid and lipid synthesis, leading to stromule formation.  

Determining whether there is a link between glycolysis and plastid pleomorphy could be 
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accomplished by using mutants, overexpressing lines, and substrate feeding.   Another 

destination for sugar in plant cells is isoprenoid synthesis, which occurs in part in the plastid 

(Kirby and Keasling, 2009).  Many isoprenoids such as carotenoids, sterols, and quinones are 

found in the plastid envelope and may contribute to plastid pleomorphy, making their synthesis 

an additional avenue of investigation (Block et al., 2007).  Measuring the abundance of certain 

isoprenoids under various conditions could evaluate the possible relationship between these 

compounds and plastid pleomorphy.         

  

CONCLUSIONS 

 The chloroplast is a very important organelle in plant cells giving plants one of their most 

distinguishing characteristics: autotrophy.  Stromules, though observed for many decades, have 

remained an enigmatic feature of plastids.  Parts of this study investigated the possibility that 

stromules are produced simply as a consequence of metabolism in the plastid rather than to fulfil 

a specific function.  In this project treatments were applied and measurements were made on 

whole seedlings, and microscopic observations were made in vivo, providing reliable results.  

The hypothesis regarding the involvement of membrane transporter localization and the starch 

synthesis pathway in stromule formation was rejected.  The results presented here suggest that 

chloroplasts respond to sugar accumulation, likely through an alteration in fatty acid and lipid 

synthesis.  Though the complete pathway from sugar accumulation to plastid pleomorphy was 

not elucidated, this project provides strong indications that might be used to increases our overall 

understanding of the inner workings of plastids. 
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Appendix 

 

Appendix A: Additional experiments 

 

A.1 Treatment with PLP 

The importance of glucose import into the plastid was tested using GPT inhibition.  

Pyridoxal-5-phosphate (PLP), a known inhibitor of GPT proteins was applied in a concentration 

previously used (Fliege et al., 1978; Flügge and Heldt, 1991;) in combination with 40 mM 

sucrose in wildtype, gpt1, and gpt2 plants (Figure).  PLP did not inhibit the plastid’s ability to 

form stromules; however, the effectiveness of this concentration was not further verified.  It 

therefore remains unknown whether this experiment successfully inhibited the PTs.  If this line 

of experimentation proves interesting, other concentrations may be tested to investigate further.     

 

A.2 Treatment with 6-aminonicotinamide 

A known inhibitor of the OPPP, 6AN, was applied to seedlings to determine whether 

disrupting this pathway would inhibit the plastid’s ability to produce stromules.  Seven-day-old 

seedlings grown on soil were treated with water and sucrose, each alone or in combination with 

500µM 6AN.  In each case, stromule frequency did not change due to the presence of 6AN.  

Again, the effectiveness of this concentration was not further verified, and may be later pursued 

should the evidence be required.     
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Appendix B: Media and solution recipes 

 

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) 

 

MS 3% 1L 

8.8g MS Basal Salt Medium with Gamborg Vitamins (Phytotechnology Laboratories M404) 

Sucrose (Variable; Sigma G-8270) 

1950mL ddH2O 

pH to 5.8 with 1M NaOH 

3g Phytagel (for solid media; Sigma P8169) 

 

AIM 

7.5µL 1M Acetosyringeon  

500µL 1M MgCl2 

500µL 0.5M MES 

50mL diH2O 

 

Resuspension solution 

1L Water 

50g Sucrose (Sigma G-8270) 

50µL Silwet (Lehle seeds VIS-01) 

 

Wash Buffer 500mL 

1.79g Tricine 

36.434g Sorbitol (Fisher L-15685) 

0.508g Magnesium Chloride (Fisher M-33) 

0.4653g EDTA (BioShop EDT001) 
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Bring to volume with ddH2O 

pH to 7.8 with KOH 

 

Homogenization Buffer 1L 

3.594g Tricine 

72.868g Sorbitol (Fisher L-15685) 

3.722g EDTA (BioShop EDT001) 

1g BSA (BioBasic CA-22) 

9.868g Sodium Ascorbate (BioShop AS0705) 

Bring to volume with ddH2O 

pH to 7.8 with KOH 

 

Percoll Buffer 100mL 

0.719g Tricine 

12.752g Sorbitol (Fisher L-15685) 

0.102g Magnesium Chloride 

0.093g EDTA (BioShop EDT001) 

Bring to volume with ddH2O 

pH to 7.8 with KOH 

 

Genomic DNA Extraction Buffer 500 mL 

50 mL of 1M Tris pH 8 

50 mL of 0.5M EDTA pH 8 

14.61 g NaCl 

Bring to volume with ddH2O 

After autoclaving and cooling, add 10 µL β-Mercaptoethanol 

 

TE Buffer 500 mL 

5 mL 1M Tris pH 8 

1 mL 0.5M EDTA pH 8 

496 mL ddH2O 
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Appendix C: Additional methods information 

 

C.1 Primers used for cloning 

Gene Designation Sequence 5'-3; 
Restriction site 

introduced 

Melting 

Temperature 

XPT1 
Forward TCTAGAATGATCTCCCTGAATCTATCTC XbaI 64ºC 

Reverse GGATCCGTTCTTCTTATCACCTCCCA BamHI 70ºC 

PPT1 
Forward TCTAGAATGCAAAGCTCCGCCGTATTCTC XbaI 72ºC 

Reverse GGATCCAGCAGTCTTTGGCTTTGGCTTAA BamHI 73ºC 

MCAT 
Forward TCTAGAATGCGTTCACTGCTTCACCG XbaI 71ºC 

Reverse AGATCTAGCACTGATGTTTTCGAAACTTG BglII 67ºC 

G6PDH1 
Forward TCTAGAATGGCGACACATTCTATGATC XbaI 66ºC 

Reverse GGATCCAGCTTCTCCAAGATCTCCCCAT BamHI 74ºC 

 

 

C.2 Fluorescence excitation and emission wavelengths used for CLSM  

Fluorescent subject Excitation 

wavelength 

Emission 

wavelength 

GFP 488 503-524 

RFP 543 566-643 

*YFP 514 525-600 

**YFP 488+543 560-643 

Eos 543 566-643 

Chlorophyll 543 650-750 

*These settings are used when YFP is viewed alone 

**These settings are used when YFP is viewed alongside other fluorescent proteins 
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C.3 Providers of mutant lines used in this study 

Mutant Obtained from 

hps1 Dong Liu, Tsinghua University China 

pgm1 TAIR; stock CS210 

be2be3 Ian Tetlow, Guelph 

gpt1 Rainer Hausler, Köln 

gpt2 Rainer Hausler, Köln 

ats1-1 Christoph Benning, MSU 

tgd1-1 Christoph Benning, MSU 

sex1 TAIR; stock CS3093 

arc6 Kevin Pyke, Nottingham, UK 

 


