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Abstract 

Mitochondria are ubiquitous eukaryotic organelles which carry out a range of 

essential functions, most notably the production of ATP through the process 

of oxidative phosphorylation. While the main biochemical function of 

mitochondria was established over 50 years ago, the processes which 

control mitochondrial morphology are, at present, poorly understood. The 

thesis aims to add to our knowledge of the factors that control mitochondrial 

morphology and dynamics in the model plant species, Arabidopsis thaliana. 

The phenotypic characteristics of two novel mitochondrial morphology 

mutants, motley mitochondria I (mmtl) and network mitochondria (nmt), 

were examined and quantified. mmtl has an increased heterogeneity of 

mitochondrial plan area relative to wild-type, which is matched by a similar 

chloroplast phenotype. nmt exhibits a reticular mitochondrial morphology, 

similar to the mitochondria found in yeast and animals. Genetic mapping of 

the two mutant loci has established that mmtl resides on a short region of 

chromosome 11, while nmt was mapped to a small area of chromosome V. 

This thesis describes the identification and functional analysis of two 

novel orthologs of yeast and animal mitochondrial division genes. Using T- 

DNA reverse genetics, it is shown that disruption of the dynamin-like DRP3A 

or BIGYIN (an Arabidopsis orthologue of yeast FISI) led to an increase in 

mitochondrial plan area, which is coupled with a decrease in the number of 

physically discrete mitochondria per cell. 

Finally, the morphology and behaviour of Arabiclopsis mitochondria is 

investigated upon the induction of cell death. Abiotic stress treatments that 

induce cell death led to fast and irreversible changes in mitochondrial 



morphology. The role of these changes, as possible early indicators of cell 

death, are discussed. 
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Introduction 



Introduction 

1.1 Early mitochondrial research 

Descriptions of granular bodies within cells were first made by scientists in the 

mid-1 gth century, by which time advances in microscopy and sample 

preparation enabled cytologists to investigate the structure and contents of the 

cytoplasm. While some of these granules were probably mitochondria, the 

various fixation and staining methods employed at the time made their 

unambiguous identification impossible (Hughes, 1959). As such, it is difficult to 

ascribe the in vivo discovery of mitochondria to any one researcher. However, 

the first clear isolation and description of mitochondria is generally attributed to 

Kolliker who, in 1888, removed the granular bodies from insect flight muscles. 

He also observed that the mitochondria became swollen in water and, 

importantly, were bound by a limiting membrane (Lehninger, 1964; Tribe and 

Whittaker, 1972). 

The name 'mitochondrion' (from the Greek meaning thread-granule) 

was coined in 1898 by Benda, the granules having been previously called 

'sarcosomes', 'bioblasts' and 'chondrioconts' by various researchers (Hughes, 

1959; Tribe and Whittaker, 1972; Tzagoloff, 1982). While not being universally 

accepted at the time (Tribe and Whittaker, 1972), 9 mitochondrion'was an 

apposite name as it recognised the morphological heterogeneity that these 

organelles exhibit within and between cell types. 

During the years 1880-1910, mitochondria were being observed by a 

number of researchers in a variety of cell types, which naturally led to 

questions about the function of mitochondria within the eukaryotic cell. Some, 



including Benda, postulated that these organelles were involved in fertility or 

inheritance due to their presence, in great numbers, in spermatozoa (Hughes, 

1959). Others, such as Altmann in 1886, suggested that mitochondria were 

involved with cellular oxidation (Hughes, 1959). This idea gained momentum in 

years following 1898, when Michaelis showed that mitochondria were capable 

of producing an oxidation-reduction change in the vital stain Janus green B 

(Tribe and Whittaker, 1972). In 1913, Warburg demonstrated that the oxidation 

of metabolites was associated with insoluble, granular elements of the cell 

(Kennedy and Lehninger, 1949; Tribe and Whittaker, 1972), but did not link 

these observations to mitochondria. The primary role of mitochondria was 

finally established in 1949, when Kennedy and Lehninger showed that 

mitochondria are the site of oxidative energy metabolism (Kennedy and 

Lehninger, 1949). 

1.2 Oxidative energy metabolism in mitochondria 

The main biochemical reactions of oxidative energy metabolism in 

mitochondria were revealed during the second half of the 2 Oth century (Ernster 

and Schatz, 1981) and are now well characterised (Figure 1.1). Briefly, the 

oxidation of organic tricarboxylic acid (TCA) cycle intermediates in the 

mitochondrial matrix releases carbon dioxide and reducing equivalents. These 

reducing equivalents are passed to an electron transport chain (ETC), which is 

embedded in the inner mitochondrial membrane and is composed of four 

respiratory complexes (complex 1, NADH-dehydrogenase; complex 11, 

succinate-dehydrogenase; complex 111, bc, and complex IV, cytochrome 

oxidase). Partitioning of electrons across the membrane produces a proton 
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gradient, which is used to power the phosphorylation of ADP to ATP, by ATP 

synthase (Mackenzie and McIntosh, 1999). The basic structure and function of 

the oxidative energy metabolism system is similar in mitochondria across the 

Eukarya (Moore and Rich, 1985; Logan, 2003). 

1.3 Other functions of mitochondria 

Mitochondria are central to a host of cellular functions, besides the production 

of ATP. Mitochondria produce, or are involved in the production of, a range of 

essential chemicals such as phospholipids, nucleotides and amino acids. As a 

result, even cells with an anaerobic survival capability require mitochondria to 

remain viable (Yaffe and Schatz, 1984; Fields et al, 1998). Conversely, 

mitochondria are also inextricably linked with the process of programmed cell 

death (PCID). In mammalian and plant cells, pro-PCID stimuli induce the 

release of mitochondrial cytochrome c, which may be a crucial trigger in the 

initiation of the later stages of the cell death machinery (Liu et al, 1996; Balk et 

al, 1999; Youle and Karbowski, 2005). In many cases the onset of PCID is 

accompanied by alterations in gross mitochondrial morphology, and these 

changes are believed to play a central role in this process (Jagasia et al, 2005; 

Youle and Karbowski, 2005). 

Recent research has shown that mitochondria are an important part of 

several signal transduction pathways. In the past, mitochondria have been 

viewed as passive organelles receiving instructions from more active cellular 

compartments, partly due to the difficulty of identifying the secondary 

messengers involved in signalling (Brookes et al, 2002). It is now known that 
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mitochondria play an active role in several signalling pathways through 

changes, for example, in mitochondrial calcium levels and redox potential. 

Increases in cytoplasmic calcium concentration leads to a large rise in 

mitochondrial calcium uptake (Rizutto et al, 2000). Uptake of calcium is 

thought to be from the encloplasmic reticulum, possibly through the Voltage 

Depenclant Anion Channel (VDAC) on the mitochondrial outer membrane 

(Rapizzi et al, 2002; Goldenthal and Marin-Garcia, 2004). These changes in 

mitochondrial calcium concentration are believed to modulate the cellular 

calcium signal (Rizutto et al, 2000). A number of signal transduction pathways 

are also controlled by reactive oxygen or reactive nitrogen species (ROS and 

RNS, respectively), the production or regulation of which are intimately linked 

to mitochondrial biochemistry (Brookes et al, 2002). Recent studies have 

shown that mitochondrial-derived ROS are involved in the regulation of the 

anti-apoptotic transcription factor NF-KB during apoptosis (a morphologically- 

defined type of programmed cell death; Hughes et al, 2005) and extracellular 

signal regulated kinases (ERK1/2; Brookes et al, 2002). 

1.4 Special features of hiqher plant mitochondria 

Higher plant mitochondria have evolved several unique biochemical features to 

cope with the demands of existing in photosynthetic organisms. The presence 

of ATP- and substrate-producing chloroplasts, photorespi ration and the 

reduced ability to escape environmental stresses (Mackenzie and McIntosh, 

1999) are all factors which require plant mitochondria to have greater flexibility 

than their counterparts in non-autotrophic organisms. Higher plant 

mitochondria contain an alternative respiratory pathway, which does not 
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produce a proton gradient, and is therefore not involved in oxidative 

phosphorylation and the synthesis of ATP (Vanlerberghe and McIntosh, 1997). 

The role of this alternative pathway remains open to debate. Initial theories 

were based on the premise that the alternative oxidase acts as a safety valve, 

and is activated when the normal cytochrome pathway becomes overloaded. 

This allows the TCA cycle to function efficiently under stressful conditions, 

ensuring that it can continue to supply carbon skeletons for biosynthetic 

reactions on demand (Mackenzie and McIntosh, 1999). More recently, it has 

been suggested that the alternative oxidase acts concurrently with the 

cytochrome pathway, and that the efficiency by which electron transport is 

linked to ATP production is a function of the relative activity of the two 

pathways (Hansen et al, 2002). Plants contain several other unique 

mitochondrial mechanisms, such as additional alternative NADH 

dehydrogenases, to dissipate energy from the electron transport chain without 

adding to the proton gradient that powers ATP synthase (Bowsher and Tobin, 

2001; Fernie et al, 2004). 

Mitochondria in higher plants must also cope with the special demands 

placed upon them by the photosynthetic apparatus. A major role of 

mitochondria in photosynthetic cells is the oxidation of glycine produced during 

photo respi ration (Wallsgrove et al, 1992; Bowsher and Tobin, 2001). Glycine is 

a major substrate in photosynthetic cells and glycine decarboxylase can make 

up 50% of mitochondrial protein (Douce et al, 2001). Rapid rates of glycine 

oxidation are required to recycle photorespiratory intermediates back into the 

TCA cycle, and this requires simultaneous operation of both the TCA cycle and 

glycine oxidation (Douce et al, 2001). Mitochondria have become inextricably 
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linked with photosynthetic pathways to the extent that mitochondrial 

metabolism is an important factor in the optimisation of photosynthetic 

performance (Dutilleul et al, 2003; Bartoli et al, 2005). 

1.5 Observing mitochondria - morphology and structure 

Research into the morphology and behaviour of mitochondria in vivo began in 

the early 20th century, when Lewis and Lewis (1914) described changes in 

their size, shape and position within the cytoplasm using a simple light 

microscope. Later advances in microscopy, particularly the advent of phase 

contrast microscopy in 1934 (Ross, 1967), led to startling insights into 

mitochondrial movement within the cell. For example, in 1941 Michel was able 

show for the first time that there was a rapid, intracellular movement of 

mitochondria during meiosis (Ross, 1967). While many studies followed over 

the next two decades, the use of phase contrast for mitochondrial morphology 

studies fell out of favour, mainly as it does not provide a wholly unambiguous 

identification of cytoplasmic organelles (Bereiter-Hahn and Voth, 1994). 

Fluorescence microscopy has become the predominant tool for 

visualising mitochondrial dynamics in vivo over the last twenty-five years 

(Bereiter-Hahn and Voth, 1994). Mitochondria-specific fluorochromes, mainly 

lipophilic cationic dyes such as rhodarnine 123 (Johnson et al, 1980) and 

Mitotracker (Poot et al, 1996), were developed to give organelles the ability to 

fluoresce in situ. While much used, these dyes have the capacity to be 

cytotoxic and are susceptible to photobleaching under high light conditions 

(Bereiter-Hahn and Voth, 1994). Green fluorescent protein (GFP), cloned from 

the jellyfish Aequorea victoria (Chalfie et al, 1994), is now commonly used as a 
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molecular marker. The mature protein forms a tripeptide chromophore that is 

intrinsically fluorescent, and requires only molecular oxygen as a co-factor 

(Heim et al, 1994; Hasseloff, 1997). These features make GFP an ideal marker 

to examine mitochondrial morphology in vivo (Rizutto et al, 1995). 

The internal structure of mitochondria was first elucidated in the 1950s 

using transmission electron microscopy. Studies by Palade (1952) and 

Sjostrand (1953) showed that the mitochondria of various rodent tissues 

conformed to a similar structural pattern. This pattern (a limiting outer 

membrane, an inner membrane and a central matrix) remains the textbook 

structural arrangement of mitochondria and is conserved across the eukaryotic 

kingdom (Munn, 1974; Bereiter-Hahn and Voth, 1994). Recent studies, using 

electron tomography, have provided new insights into the internal structure 

and function of mitochondria, and these may ultimately change the way we 

view mitochondrial ultrastructure (Frey et al, 2002). 

1.6 Orqanelle evolution 

The origins of mitochondria and chloroplasts have been debated since their 

discovery in the 1 9th century, and two rival theories have gained prominence 

over the course of the last hundred years, the 'endosymbiosis theory' and the 

I episome theory' (Munn, 1974). The episome theory states that mitochondria 

and plastids are derived from pre-existing sources within an ancestral cell, by 

gene replication and amplification (Raff and Mahler, 1972). The endosymbiosis 

theory, on the other hand, posits that these organelles are derived from the 

invasion of an ancestral cell by a beneficial prokaryote (Margulis, 1996; Gray 

et al, 1999; Martin et al, 2002). 
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The enclosymbiotic theory was first proposed in the 1890s by Altmann 

who noted the similarity in size and shape of mitochondria to free-living 

bacteria, suggesting that mitochondria may be derived from prokaryotic 

ancestors (Munn, 1974; Tzagoloff, 1982). A similar observation was made by 

Mereschkowsky in 1905 to account for the presence of plastids in plants, 

stating that they were reduced forms of cyanobacteria enslaved within the cell 

(Mereschkowsky, 1905; Martin and Kowallik, 1999; Dyall et al, 2004). Despite 

having originated over a century ago, the endosymbiosis theory is still the 

favoured model to explain the presence of both organelles in the higher plant 

cell. Mitochondria are thought to be derived from a single endosymbiotic event 

over 1.5 billion years ago, when either an archeabacterial or proto-eukaryotic 

host was invaded by an cc-proteobacterium-like ancestor (Gray et al, 1999; 

Dyall et al, 2004). Plastids in land plants and green algae are also believed to 

have originated from a single enclosymbiotic event, between a mitochondriate 

eukaryote host and a cyanobacterial ancestor, sometime between 1.2 and 1.5 

billion years ago (Martin et al, 2002; Dyall et al, 2004). 

Extant mitochondria and plastids have much-reduced genomes 

compared to their closest free-living relatives. During the course of evolution, 

the vast majority of endosymbiont genes have either been transferred to the 

nucleus or lost altogether (Dyall et al, 2004). One of the larger mitochondrial 

genomes, A. thaliana, encodes only 32 proteins, less than 5% of its nearest 

ancestral neighbour, Rickettsia prowazekii (Gray et al, 1999). The genome of 

plastids is also reduced, with most red- and green-lineage plastids encoding 

around 80-200 proteins, dropping to 25 in parasitic species with non- 

photosynthetic chloroplasts such as Epifagus virginiana (Glockner et al, 2000). 
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To compensate for the loss of organellar genes during evolution, many 

essential mitochondrial and plastid proteins are encoded by the host nuclear 

genome. These proteins are synthesised in the cytosol, before being imported 

into the appropriate organelle using either the mitochondrial or plastid protein 

import apparatus, which is based around protein translocases found in the 

organellar membranes (Dyall et al, 2004). 

1.7 Bacteria and organelle division 

Division is a vitally important aspect of organelle biology, as neither plastids 

nor mitochondria can be synthesised de novo. Division is also an important 

factor in the maintenance of normal organelle morphology (Bereiter-Hahn and 

Voth, 1994, Aldridge et al, 2005). The evolutionary history of mitochondria and 

plastids raises the possibility that they may share facets of their division 

machinery with extant bacterial species (Osteryoung, 2001). This is particularly 

true of plastids, with the division apparatus of free-living bacteria being used by 

many as a paradigm for plastid division (Aldridge et al, 2005). As such, much 

of the early research into plastid division focused on the similarities to the 

genetic control of bacterial cell division. 

1.8 Chloroplast morphology and division 

While theorised previously, Possingham and Saurer (1969) were the first to 

show that chloroplast number increases by the process of division. Phase 

contrast microscopy of fixed spinach leaves revealed a number of dumbbell- 

shaped chloroplasts, caused by a constriction around their mid-point. The 

authors correctly proposed that these chloroplasts were undergoing division, 
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which they likened to binary fission in yeast (Possingham and Saurer, 1969). 

Attempts to understand the molecular systems underpinning chloroplast 

division were first made in the early 1990's, when Pyke and Leech (1991,1992, 

1994) began generating a collection of ethyl methane sulfonate (EMS)- 

mutagenised Arabiclopsis lines displaying abnormal chloroplast morphology. 

Their lines, termed arc (accumulation and replication of chloroplasts) mutants 

are providing valuable data on the genetic control of chloroplast division (Gao 

et a/, 2003; Vitha et al, 2003; Shimada et al, 2004; Fujiwara et al, 2004; see 

below). However, the first gene identified as part of the chloroplast division 

machinery was discovered by comparison with bacterial cell division. 

Cell division in Escherichia coli (and the majority of prokaryotes) is 

partly controlled by FtsZ (Eilamentation temperature-sensitive Z), a structural 

analogue of tubulin, which forms a contractile ring at the mid-point of the cell 

(Bi and Lutkenhaus, 1991). The role of FtsZ in prokaryotic division, coupled 

with the evolutionary relationship between chloroplasts and cyanobacteria, led 

researchers to investigate whether FtsZ had a conserved role in chloroplast 

division. Osteryoung and Vierling (1995) found a hornologue of FtsZ in the 

Arabidopsis genome, and showed that it was targeted to chloroplasts in vitro. 

Further work established that there are two FtsZ groups in higher plants 

(AtFtsZI and AtFtsZ2), and both are required for normal chloroplast division 

(Osteryoung et a/, 1998; Stokes et al, 2000; Osteryoung and McAndrew, 

2001). AtFtsZ1 and AtFtsZ2 form a contractile ring (Z ring) at the chloroplast 

mid-point (Vitha et al, 2001), and alterations in the expression pattern of either 

protein leads to a reduced number of larger chloroplasts, relative to wild type 

(Osteryoung et al, 1998). 
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Z ring formation is believed to be an early stage of chloroplast division, 

and its formation is detected several hours prior to other parts of the division 

apparatus, notably the plastid division (PD) rings (Kuroiwa et al, 2002). In the 

1980's, transmission electron microscopy studies revealed the presence of two 

ring-like structures around the mid-point of dividing chloroplasts (Hashimoto, 

1986; Mita et al, 1988). These structures (called the inner and outer PID rings) 

have been described in numerous studies and are believed to form part of a 

plastid division apparatus that is common to both algae and plants (Kuroiwa et 

al, 1998). A third, middle PID ring has been described in the unicellular red 

algae Cyanidioschyzon merolae (Miyagishima et al, 2001 a), however it is 

unknown if this is also a common feature of chloroplast division. During 

chloroplast division, the Z ring forms in the stroma, followed by the inner PID 

ring, which sits between the Z ring and the inner envelope. The outer PID ring 

then forms on the cytosolic side of the outer envelope and constriction begins. 

When constriction is almost complete, the Z and inner PID rings dismantle and 

their components disperse, while the outer ring remains detectable until 

constriction is finished. Finally, after division is complete, the outer PID ring 

disassociates from the outer membrane and remains in the cytosol 

(Miyagishima et al, 2001 b). 

It has been proposed that positioning of the chloroplast division 

apparatus is controlled by AtMinD and AtMinE, homologues of the MinD 

(Minicell D) and MinE (Minicell E) genes involved in bacterial cell division 

(Colletti et al, 2000; ltoh et al, 2001). Both genes contain chloroplast transit 

peptides and changes in the expression levels of either AtMinD or AtMinE 
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result in abnormal chloroplast division, leading to larger chloroplasts, 

asymmetric plastid division, or both (Colletti et al, 2000; Itoh et al, 2001). 

Until recently, most of the genes implicated in chloroplast division were 

of prokaryotic origin (Osteryoung and McAndrew, 2001), indicating that the 

systems controlling bacterial cell division and plastid division are fairly well 

conserved. However, several eu ka ryote-de rived genes have now been 

identified as key components of the chloroplast division mechanism. ARC5, 

one of the genes identified from the arc mutants described by Pyke and Leech 

(1994), encodes a dynamin-related protein that forms a contractile, ring-like 

structure on the cytosolic surface of chloroplasts, and is implicated in the 

constriction and/or severence of chloroplast membranes (Gao et al, 2003). 

This localisation pattern is similar to another dynamin-related protein, 

CmDnm2 (C. merolae Dynamin 2), which forms a ring at the plastid mid-point 

during division in the red alga, C. merolae (Miyagishima et al, 2003). These 

proteins are believed to act late in the division process, either during final 

constriction or scission of the membrane (Gao et al, 2003; Miyagishima, et al, 

2003; Aldridge et al, 2005). Another gene implicated in chloroplast division, 

ARC3, is a chimera of a prokaryotic gene, FtsZ, and a portion of the eukaryotic 

gene p hosphatidyl i nositol-4-phos p hate 5-kinase (PIP5K; Shimada et al, 2004). 

The P1P5K region has some sequence homology to animal junctophilin 

proteins, which are involved in linking the plasma membrane to the 

endoplasmic reticulum, indicating that the region may be required to target or 

attach ARC3 to the chloroplast outer membrane (Shimada et al, 2004). The 

ARC3 protein also forms a ring-like structure around the chloroplast during 

division, though it is believed to act earlier in the process (Shimada et al, 
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2004). The presence of eukaryotic proteins, as components of the plastid 

division machinery, may be a demonstration of the host cell exerting its control 

over the division process (Logan, 2003; Aldridge et al, 2005). 

A number of other proteins have also been characterised as playing a 

role in regulating chloroplast division. ARC6 is a homologue of the 

cyanobacterial cell division protein Ftn2, and may aid the formation and 

stabilisation of the FtsZ ring (Vitha et al, 2003). ARTEMIS encodes an inner 

membrane protein involved in chloroplast biogenesis, which is structurally 

related to the YidC/Oxal p/Alb3 complex involved in the insertion of proteins 

into organelle mebranes. Disruption of this gene leads to incomplete 

membrane scission and extended chloroplasts (Fulgosi et al, 2002). Most 

recently, it has been shown that suppression of GIANT CHLOROPLAST 1 

(GC1)/AtSulA, a distant homologue of the SuIA cell division inhibitor from 

cyanobacteria (where it prevents the formation of FtsZ), leads to mesophyll 

cells containing only one or two giant chloroplasts (Maple et al, 2004; 

Raynaud, et al, 2004). Further work will be required to determine what part 

many of these proteins play in the regulation of chloroplast division and 

morphology. 

1.9 The control of mitochondrial morphology 

The factors controlling mitochondrial morphology and dynamics can be loosely 

placed into three categories: (1) division and fusion; (2) interactions with cell 

architecture (encompassing mitochondrial biogenesis, inheritance and 

position i ng/d istribution); and (3) cellular metabolism. However, while each of 

these plays a defining role in determining mitochondrial morphology, it seems 
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unlikely that any single factor will have overall control. Each aspect is likely to 

work in concert with the others, resulting in the vast range of mitochondrial 

morphologies observed in living cells (e. g. Bereiter-Hahn and Voth, 1994; 

Logan and Leaver, 2000). 

1.10 Mitochondrial division 

While observations of mitochondrial division have been made for over 30 years 

(Bereiter-Hahn and Voth, 1994), the genetic controls underpinning this vital 

process have only been elucidated over the past decade. Much of this work so 

far has been carried out in budding yeast (Saccharomyces cerevisiae), where 

three genes encode the primary components of the mitochondrial division 

machinery. 

The first gene to be discovered, DNMI (Qyflamin 1), encodes a protein 

that is structurally similar to the dynamin-related GTPase proteins involved in 

membrane scission during endocytosis (Hermann et al, 1997; Otsuga et al, 

1998). Dnm1p is targeted to mitochondrial division sites and is believed to act 

as a mechano-enzyme, constricting and/or severing the mitochondrial 

membranes. This dynamin-related protein requires at least two other 

interacting proteins to effect mitochondrial division. Firstly, Fisl p/Mdv2p 

(hereafter known as Fisl p; Fission) is found evenly distributed across the 

mitochondrial outer surface (Mozdy et al, 2000; Tieu and Nunnari, 2000), and 

may recruit Dnm1 p to division sites, possibly using a tetratricopeptide repeat 

(TPR) binding domain (Suzuki et al, 2005). Secondly, 

Mdv1 p/Fis2p/Gag3p/Net2p (independently discovered by four groups and 

hereafter known as Mdv1 p; Mitochondrial division), which also localises to the 
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mitochondrial outer membrane at division sites (Fekkes et al, 2000; Mozdy et 

al, 2000; Tieu and Nunnari, 2000; Cerveny et al, 2001). 

These three proteins (Dnml p, Fisl p and Mdv1 p) form a complex on the 

mitochondrial outer membrane and act together during division of the organelle 

(Osteryoung and Nunnari, 2003). In one model, Fisl p recruits Dnml p to 

division sites on the outer membrane. Fisl p then interacts with Mdvl p to 

promote a conformational change in Dnmlp, producing membrane scission 

(Tieu et al, 2002; Osteryoung and Nunnari, 2003). A second model posits that 

Dnml p marks the intended division site, and then recruits Fisl p and Mdvl p as 

effector molecules to aid dynamin-based division, again through a structural 

change in Dmpl p (Cerveny and Jensen, 2003). A third model proposes that 

Fisl p recruits Dnm1 p to the division site using Mdv1 p and Caf4p, a recently 

discovered protein, as molecular adaptors (Griffin et al, 2005). While several 

competing models exist to explain the formation and interaction of these 

proteins, it is clear that knocking out any one of these three main genes 

(DNMI, FISI or MDVI) leads to a similar abnormal mitochondrial phenotype 

(a net-like sheet of mitochondrial tubules, caused by fusion in the absence of 

division), suggesting that functional copies of all three genes are required for 

effective mitochondrial division. 

The role of dynamin-like proteins in mitochondrial division is highly 

conserved in eukaryotes, with mammals (Smirnova et al, 1998), nematodes 

(Labrousse et al, 1999) and higher plants (Arimura and Tsutsumi, 2002; Logan 

et al, 2004) all utilizing these proteins during division. However, the role of the 

other two proteins is less clear - while Fisl p homologues are believed to act 

during division in humans and plants in a similar manner as in yeast 
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(Stojanovski et al, 2004; Scott et al, 2006 [in press]), there are no obvious 

plant or human homologues of Mdv1 p (Logan, 2003; Stojanovski et al, 2004). 

In lower eukaryotes, such as primitive algal species, mitochondrial 

division exhibits an unusual mix of prokaryotic and eukaryotic features, similar 

in some respects to the division of chloroplasts. It had previously been 

postulated that, during the evolution of the enclosymbiotic partnership, 

dynamin-like proteins have replaced bacterial cell division-type proteins (such 

as FtsZ) in mitochondrial division (Nishida et al, 2003; Logan, 2003). However, 

Beech et al (2000) reported the presence of two FtsZ homologues in the 

chromophyte alga Mallomonas splendens, one of which was targeted to 

mitochondria. While the localisation was indistinct, the MsFtsZ-mt (Mallomonas 

splendens FtsZ-mitochondria) protein appears to form a ring around 

constricted mitochondria, presumably during division (Beech et al, 2000). 

FtsZ has now been identified as a component of the mitochondrial 

division apparatus of the primitive red alga, C. merolae (Nishicla et al, 2003; 

Kiefel et al, 2004). This unicellular algal species has become a model for 

organelle division studies, as it contains a single mitochondrion and chloroplast 

(Miyagishima et al, 2001 a). Recent studies have shown that C. merolae 

contains four FtsZ proteins, two of which are involved in mitochondrial division 

and two in chloroplast division (Miyagishima et al, 2004). The mitochondrial 

FtsZ proteins (CmFtsZl -1 and CmFtsZl -2; Miyagishima et al, 2004) form a 

ring on the matrix-side of the inner membrane prior to constriction (Nishida et 

a/, 2003). Mitochondrial constriction is then initiated by an electron-dense 

Mitochondrial Division (MD; Kuroiwa et al, 1993) ring, which forms on the 

cytosolic side of the outer membrane. The MD-ring appears to be a unique 
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feature of this species and has not been reported elsewhere despite an 

extensive search (Kuroiwa et al, 1998). Once constriction is advanced, a C. 

merolae dynamin-like protein, CmDnml, is recruited to form a ring between 

the MID ring and outer membrane, severing the membranes and completing 

division (Nishida et al, 2003). The presence of a mitochondrial-FtsZ 

hornologue, coupled with the unique MD-ring and a dynamin hornologue, 

makes C. merolae a fascinating experimental system for mitochondrial 

division. 

1.11 Mitochondrial fusion 

Phase-contrast microscopy observations of mitochondrial behaviour indicated 

that fusion took place when the tip of one organelle came into close contact 

with another, leading to a physical bond forming which was maintained during 

intracellular movement (Bereiter-Hahn and Voth, 1994). The first genetic 

component of the mitochondrial fusion machinery was identified in the fruit fly, 

Drosophila melanogaster, during defective spermatogenesis. In wild-type D. 

melanogaster, the mitochondria in spermatids fuse to form a spherical 

structure called a nebenkern. In flies defective for the fuzzy onions (fzo) gene, 

the formation of the nebenkern is incomplete due to a lack of mitochondrial 

fusion, leading to a mass of unfused mitochondria. The blurred, spherical 

appearance of the nebenkern was likened by the authors to a fuzzy onion 

(Hales and Fuller, 1997). 

A yeast hornologue of the fuzzy onions gene, FZOI, was soon isolated 

and disruptions to the gene also halted mitochondrial fusion, leading to the 

fragmentation of the mitochondrial network and loss of mitochondrial DNA 
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(mtDNA; Rapaport et al, 1998; Hermann et al, 1998). Fzol P is an outer- 

membrane protein containing a cytosolic-facing GTPase domain, essential for 

its function, and two transmembrane domains which anchor it to the 

mitochondrion (Hermann et al, 1998). A study by Sesaki and Jensen (1999) 

showed that Fzol p had the opposite function to the division protein Dnml p, 

demonstrating that alterations in mitochondrial morphology caused by 

disrupting Dnm1 p could be rescued by knocking out Fzol p and vice versa. 

Double mutants of DnmlplFzolp retained wild-type mitochondria, produced by 

a lack of both division and fusion, which shows that a balance of these two 

processes helps to regulate normal mitochondrial morphology (Sesaki and 

Jensen, 1999). 

The yeast mitochondrial fusion apparatus contains at least two more 

vital components, Mgm1p and Ugolp. Firstly, Mgm1p (mitochondrial genome 

maintenance 1) is a dynamin-like GTPase which resides in the intermembrane 

space (Wong et al, 2000). The phenotype of mgmIA mitochondria is similar to 

that in fzolp mutants, where the mitochondrial reticulum becomes fragmented, 

indicating that MGMI plays a role in mitochondrial fusion (Wong et al, 2000; 

Wong et al, 2003). Again, like fzolp mutants, mgmIp mutants lose mtDNA and 

this, along with alterations in mitochondrial morphology, can be suppressed by 

disrupting the division protein Dnml p (Wong et al, 2003). Mgml p has two 

distinct forms, large (I-Mgml p) and small (s-Mgml p), and this alternative 

topogenesis is produced through proteolysis by Rbdl p (rhomboid 1; also 

known as Pcpl; processor of cYtochrome c peroxidase 1), a rhomboid-like 

serine protease (McQuibban et al, 2003; Herlan et al, 2003). These two 

isoforms have slightly different localisations, as I-Mgml p has a N-terminal 
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transmembrane domain, absent in s-Mgm1p, which results in an association 

with the inner membrane (Herlan et al, 2003). The exact role of the two 

isoforms in unclear - mitochondrial fusion can occur after mating in cells 

lacking Rbdl p/Pcpl p (and hence without s-Mgml p), so it appears that the 

presence of the long isoform alone is sufficient to allow fusion (Sesaki et al, 

2003). 

The other crucial component of the fusion apparatus, elucidated so far, 

is Ugol p (ugo; Japanese for fusion). This novel protein was isolated in a 

screen for yeast mutants exhibiting a mitochondrial morphology similar to 

fzolp mutants. ugoIA mitochondria lose mtDNA and have a fragmented 

morphology which, like fzolp and mgmIp mutants, can be rescued by 

disrupting DNMI (Sesaki and Jensen, 2001). UGOI encodes a short 58kD 

outer-membrane protein, with a cytosolic N-terminus and a C-terminus in the 

intermembrane space, and has very limited homology to mitochondrial carrier 

proteins (Sesaki and Jensen, 2001). 

The roles these proteins (Fzol p, Mgml p and Ugol p) play in the fusion 

of mitochondria remains unclear, however study of their structure and 

localisation provides clues to their function. It is believed that Fzol p, Mgml p 

and Ugol p form a complex to effect mitochondrial fusion, with Ugol p playing 

a particularly important role in mediating interactions between Fzol p and 

Mgml p (Sesaki and Jensen, 2004; Okamoto and Shaw, 2005). Ugol p acts as 

a bridge, binding both Fzol p and Mgm 1 p, using its cytosolic and 

intermembrane-space domains, respectively. This fusion complex helps to 

connect the inner and outer membranes by drawing these two GTPases 

together (Wong et al, 2003; Sesaki and Jensen, 2004). While the GTPase 

19 



domains of Fzol p and Mgml p are not required for the construction of the 

complex (Sesaki et al, 2003; Sesaki and Jensen, 2004), GTPase function is 

required for correct membrane fusion in both proteins (Hermann et al, 1998; 

Wong et al, 2003). As Mgml p is associated with the inner 

membrane/intermembrane space, and Fzol p is an integral outer membrane 

protein, it may be tempting to speculate that these two proteins control fusion 

in their respective membranes, powered by GTP hydrolysis, after the complex 

with Ugol p has formed. However, it has been shown that the inner membrane 

Mgml p is required for fusion of the outer membrane, indicating that the 

proteins must act in concert, rather than separately, in controlling membrane 

fusion (Sesaki et al, 2003). Further study will be required to clarify the 

processes involved. 

The biochemical conditions for fusion have recently been identified 

using an in vitro assay (Meeusen et al, 2004). Fusion of the inner and outer 

membranes can be separated both spatially, and by chemical requirements. In 

vitro, while outer membrane fusion was reliant on the inner membrane proton 

gradient, it required no exogenous GTP source (Meeusen et al, 2004). In 

contrast, the inner membrane required a higher level of GTP (indicating a 

greater hydrolysis requirement) and an electrical potential across the inner 

membrane (Meeusen et al, 2004). These different requirements highlight the 

complex nature of mitochondrial fusion in yeast. 

In mammals, the mitochondrial fusion system is similar to that in yeast, 

with two notable exceptions. Firstly, mammals have two homologues of the 

yeast gene FZOI, termed mitofusin-1 (Mfnl) and mitofusin-2 (Mfn2; Santel 

and Fuller, 2001). Secondly, there is no mammal homologue of the linking 

20 



protein Ugol p (Okamoto and Shaw, 2005). Both mitofusins have an effect on 

mitochondrial morphology when overexpressed, leading to the formation of 

mitochondrial networks (Santel and Fuller, 2001; Santel et al, 2003, Chen et al, 

2003); and both have the capability to bring mitochondrial membranes into 

close contact (Rojo et al, 2002; Cipolat et al, 2004). However, only one 

mitofusin, MFN1, appears to act in a similar manner to Fzolp. MFN1 is the 

only mitofusin in humans which interacts with OPA1 (p2tic atrophy 1), the 

human orthologue of Mgml p, to bring about membrane fusion (Cipolat et al, 

2004). 

The characterisation of the mammalian mitochondrial fusion pathway is 

at an elementary stage compared to yeast. While the basic functions of OPA1 

and MFN1 are beginning to be elucidated (OPA1 is a dynamin-like GTPase 

which tubulates mitochondria and MFN1 appears to act as a "docking" protein 

for the interaction of two fusing mitochondria [Chipolat et al, 2004; Koshiba et 

al, 2004; Okamoto and Shaw, 2005]), their full role in fusion remains unclear. 

Whether these proteins act alone, or in concert with a Ugol p-like functional 

analogue, remains to be seen. 

1.12 Mitochondrial movement and distribution 

The cytoskeleton plays a hugely important role in the maintenance of normal 

mitochondrial morphology, both in terms of regulating the distribution of a 

mitochondrial population within a cell, and in determining the shape and size of 

individual organelles. 

The cytoskeleton (composed of microtubules, actin filaments and 

intermediate filaments) forms a network throughout the cytoplasm and 
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organelles move along this structure, either by direct attachment to an 

extending tu bu le/fi lament, or by using the network as "tracks" along which the 

organelle is transported using motor proteins (Catlett and Weisman, 2000; 

Wada and Suetsugu, 2004). Different organisms utilise different cytoskeletal 

elements to transport mitochondria around the cell. For example, mitochondrial 

movement in mammalian cells and certain fungal species (e. g. the fission 

yeast Schizosaccharomyces pombe and the filamentous fungi, Neurospora 

crassa) is mainly associated with microtubules (Heggeness et al, 1978; 

Steinberg and Schliwa, 1993; Yaffe et al, 1996), while their movement in S. 

cerevisiae and higher plants is predominately associated with actin (Catlett 

and Weisman, 2000; Van Gestal et al, 2002). However, it must be noted that 

while one type of cytoskeletal element may be favoured for gross movement, 

all three elements may be involved in tethering and/or determining the final 

position of the mitochondrion (Hirokawa, 1982; Yaffe, 1999). 

The means by which mitochondria move through the cytoplasm, using 

the cytoskeleton, is dependant on which element is used. Mitochondrial 

movement on actin filaments is predominately associated with actin binding 

and polymerisation (Simon et al, 1995; Catlett and Wiseman, 2000). While 

mitochondrial membranes have been shown to exhibit motor activity when 

bound to actin (Simon et al, 1995), this action does not appear to be reliant on 

the traditional actin motor protein, myosin. Deletion of yeast myosin genes 

does not affect the velocity of mitochondrial movement (Simon et al, 1995), 

and the disruption of type V myosin, important for mitochondrial inheritance 

(Itoh et al, 2002), does not affect either mitochondrial movement or their 

association with actin filaments (Boldogh et al, 2004). 
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Mitochondrial movement along actin filaments appears to be powered 

by another actin force generator, the ARP2/3 complex (Boldogh et al, 2001). 

Disruption of either ARC15 (actin recruitment 15) or ARP2 (2ctin-related 

protein 2), two subunits of the complex, leads to a decrease in mitochondrial 

motility and alterations in mitochondrial morphology (Boldogh et al, 2001). The 

ARP2/3 complex binds newly-polymerised actin and promotes actin nucleation 

(Pollard and Beltzner, 2002) which generates forces to facilitate mitochondrial 

movement (Boldogh et al, 2005). While there are homologues of the yeast 

ARP2/3-complex genes in higher plants (McKinney et al, 2002), it is not known 

whether they function in actin-based movement of mitochondria. 

In contrast, mitochondrial movement along microtubules is closely 

linked to motor proteins, especially kinesin, which binds cargo for transport and 

is powered by ATP hydrolysis (Yaffe, 1999). Two kinesin proteins have been 

identified in the movement of mitochondria along microtubules in mammalian 

cells, KIF1 B (Nangaku et al, 1994) and KIF513 (Tanaka et al, 1998; KIF, 
-kinesin 

super-family). KIF1 B is an N-terminal motor protein which co-localises with 

mitochondria in vivo, and has the capacity to bind and transport mitochondria 

along microtubules in vitro (Nangaku et al, 1994). KIF513, a ubiquitous kinesin 

heavy chain protein (the kinesin complex has two light and two heavy chains), 

associates with mitochondria during subcellular fractionation (Tanaka et al, 

1998). Disruption of the kif5B gene leads to the clustering of mitochondria 

around the nucleus, and causes mortality in mouse embryos (Tanaka et al, 

1998). One isoform of the kinesin light chain has also been shown to associate 

with mitochondria, and is implicated as the cargo binding domain of the 

complex (Khodjakov et al, 1998). 
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Disruption of the mitochondrial-cytoskeleton interaction may also be the 

cause of the aberrant mitochondrial phenotype evident in cluklclul (clu; 

clustered mitochondria) mutants from Dictyostelium discoideum and S. 

cerevisiae, respectively. Zhu et al (1997) described how disruption of the cluA 

gene in the slime mould, D. discoideum, led to changes in mitochondrial 

distribution. Instead of the normal stochastic displacement of mitochondria 

throughout the cytoplasm, cluk cells exhibited a massive degree of 

mitochondrial clustering at the cell centre (Zhu et al, 1997). A subsequent 

study by Fields et al (1998) demonstrated that the yeast homolog ue of cluA, 

CLUI, appeared to perform a similar function. In yeast cells lacking Clul p, the 

mitochondrial reticulum was condensed against one side of the cell, rather 

than being dispersed throughout the cytoplasm (Fields et al, 1998). Despite 

limited protein homology (27% identity, 50% similarity) the CLUI gene was 

able to complement the cluA- cells, leading to a reduction in abnormal 

mitochondrial clustering (Fields et al, 1998). 

The cluAICLUI gene products have no extended homology to any 

known proteins, therefore data on their possible function is scarce. The only 

area limited area of homology is a short TPR repeat domain of 42 residues 

(Zhu et al, 1997; Fields et al, 1998). TPR repeats are known to be responsible 

for mediating protein-protein interactions (Blatch and Lassle, 1999), and 

interestingly, one is also present in the putative cargo-binding domain of the 

kinesin light chain (Gindhart and Goldstein, 1996; Verhey et al, 2001). This 

raised the possibility that the clu-type genes are involved in the interaction 

between the mitochondrial cargo and the microtubule motor protein kinesin 

(Logan et al, 2003). Initial work has shown that disruption of the cytoskeleton 
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using the drugs nocadazole (microtubules) or cytochalasin A (actin) in wild- 

type cells does not result in a clustered mitochondrial phenotype in D. 

discoideum, leading the authors to suggest that the mitochondrial clustering 

exhibited by cluk mutants may be caused by incomplete division rather than 

reduced transport (Fields et al, 2002). However, it remains to be seen if this 

finding is specific to D. discoideum, or is repeated in cluA homologues in other 

species, where mitochondria may be transported by different cytoskeletal 

elements. The function of clu-type genes is likely to be elucidated by further 

work on the yeast clulA knockout and the Arabidopsis cluA homologue, FMT 

(Logan et al, 2003). 

1.13 Mitochondrial bioqenesis, proliferation and inheritance 

The field of mitochondrial biogenesis involves studying the processes by which 

mitochondria increase in mass and number, through the accumulation and 

incorporation of newly-synthesised biochemicals into existing organelles 

(Tzagoloff, 1982). These processes include the co-ordination of nuclear and 

mitochondrial genomes, the nuclear control of mitochondrial gene expression, 

and the import and assembly of nuclear-encoded gene products into functional 

mitochondrial complexes (Tzagoloff, 1982; Leon et al, 1998). 

These processes are of critical importance when it comes to 

mitochondrial proliferation and inheritance. As mitochondria cannot be created 

de novo (Luck, 1963; Luck, 1965), and the presence of mitochondria is 

necessary for survival even in facultative anaerobes such as S. cerevisiae 

(Yaffe, 1999), it follows that, during cell division, there must be a system to 

ensure that a plentiful supply of functional mitochondria are apportioned to 
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each cell prior to cytokinesis. While this process has been studied extensively 

in yeast (see below), the proliferation and inheritance of mitochondria in 

higher, multicellular eukaryotes is much less understood. 

It has been known for some time that there is a correlation between the 

status of the cell cycle, and the number and mass of the mitochondrial 

population (James and Bowman, 1981). Human leukaernia (HL-60) cells in 

suspension culture showed changes in mitochondrial number which correlated 

closely to stages in the cell cycle (James and Bowman, 1981). Further studies 

demonstrated that, during Gl phase, mitochondria in human osteosarcoma 

cells fused to form a reticulum, thereby reducing the number of individual 

mitochondria (Karbowski et a/, 2001; Margineantu et al, 2002). As the cells 

progress from the Gl phase, towards S phase and mitosis, the number of 

individual mitochondria increases, caused by division of the reticulum 

(Karbowski et al, 2001; Margineantu et al, 2002). 

These cell cycle-dependent changes in mitochondrial morphology are 

also evident in plants and algae. Using tobacco plants, Sheahan et al (2004) 

showed that the size and morphology of mitochondria in cultured protoplasts 

varied with the cell cycle. Shortly after protoplast isolation, mitochondria were 

generally small and numerous, however within four hours, the majority of 

mitochondria had fused to form a reticulum. While the volume of mitochondria 

(measured by GFP fluorescence) remained static, the number of individual 

organelles fell slightly for the first 24 hours, indicating a net rise in fusion 

(Sheahan et al, 2004). From 48 hours onwards the reticulum began to 

fragment, leading to a rise in the number of small, individual mitochondria. This 

process continued, so that by 72 hours of culture (when protoplasts are ready 
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to divide), there was a net doubling of the mitochondrial population (Sheahan 

et al, 2004). These data are in agreement with a previous report, which 

demonstrated that mitochondrial morphology in tobacco varies with the cell 

cycle and physiological status (Stickens and Verbelen, 1996). Dividing cells 

were characterised by numerous small, round mitochondria, while expanding 

cells mainly contained longer, vermiform organelles (Stickens and Verbelen, 

1996). In the unicellular alga C. merolae, division of the single mitochondrion 

appears to be integrated in the process of cell division (Nishida et al, 2005). 

Using immunofluorescence and electron microscopy, there was a close 

association between dividing mitochondria and microtubules attached to 

spindle poles, indicating a relationship between mitochondrial segregation and 

mitosis (Nishida et al, 2005). 

The cycle of mitochondrial fusion, followed by organelle division 

immediately prior to cell division, appears to be a general characteristic of 

mitochondrial biology in higher eukaryotes. While the exact purpose of the 

system is unknown, it is likely that it facilitates the even partitioning and 

segregation of mtDNA, and mitochondrial membranes, to daughter cells prior 

to cell division. 

In yeast, the process of mitochondrial inheritance during budding has 

been extensively studied, and is dependent on aspects such the cytoskeleton, 

mitochondrial division and mitochondrial fusion (Hermann and Shaw, 1998; 

Catlett and Weisman, 2000). Briefly, during the budding process in S. 

cerevisiae, the mitochondrial reticulum moves towards the intended bud site 

and a single tubule moves into the newly formed bud. This movement 

continues until mother and daughter have an equal mitochondrial complement, 
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at which point cytokinesis can occur (Catlett and Wiseman, 2000; Boldogh et 

al, 2005). Study of the genetic control of this phenomena over the past 15 

years has revealed many of the genes involved, mostly discovered through 

research into mitochondrial morphology mutants. 

The first mutants defective in mitochondrial inheritance were isolated 

during a microscopic screen of temperature-sensitive yeast cell lines, 

searching for individuals that did not pass mitochondria to the daughter bud 

prior to cell division (McConnell et al, 1990). Many of these mutant lines 

exhibited an altered mitochondrial morphology, and were named mdm, for 

mitochondrial distribution and morphology. Initial work on these cell lines 

indicated that the mutant genes fell into two broad categories - genes which 

encoded integral outer mitochondrial membrane proteins, and genes encoding 

cytosolic proteins (Yaffe, 1999). 

The cytosolic proteins are believed to be mainly associated with the 

cytoskeleton, and are typified by three proteins - Mdml p, Mdml 4p and 

Mdm20p (Yaffe, 1999). Mclml p is an intermediate filament-like protein - 

disruptions in MDMI lead to a breakdown of the yeast mitochondrial reticulum, 

resulting in numerous small organelles (McConnell et al, 1990; Fisk and Yaffe, 

1997). Mdml4p, which contains a coiled-coil interaction domain, is involved in 

both nuclear and mitochondrial inheritance, and mutations of this gene lead to 

aggregated mitochondria (Shepard and Yaffe, 1996; Shepard and Yaffe, 

1997). Finally Mdm20p, which also has a coiled-coil domain, is involved in the 

organisation and assembly of the actin cytoskeleton (Herman et al, 1997). 

While the gross mitochondrial morphology of this mutant was relatively 
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unchanged, Mdm20p-defective cells had no transmission of mitochondria to 

daughter buds (Herman et al, 1997). 

The second group of proteins were found to be integral constituents of 

the outer mitochondrial membrane, including Mdml Op, Mmml p (maintenance 

of mitochondrial morphology) and Mdm12p (Yaffe, 1999). Mutations in 

MDMIO, MMMI or MDM12 led to a similar phenotype - greatly enlarged, 

spherical organelles instead of the mitochondrial tubules in wild-type (Sogo 

and Yaffe, 1994; Burgess et al, 1994; Berger et al, 1997). Both Mdm 1 Op and 

Mmml p have large cytosolic domains, which may indicate that they mediate 

the interaction of mitochondria with other cellular components (Yaffe, 1999). 

The function of these proteins is currently unresolved, however there are three 

main theories regarding their role in inheritance and morphology: (i) mediating 

mitochondrial attachment to the actin cytoskeleton, (ii) the tubulation of 

mitochondrial membranes and, (iii) the anchoring of mtDNA nucleoids 

(Boldogh et al, 2003; Boldogh et al, 2005; Okamoto and Shaw, 2005). 

1.14 Other mitochondrial morpholoqv mutants 

Following the success of the initial mitochondrial morphology screens, a great 

deal of effort has been expended in finding other proteins that affect 

mitochondrial morphology, with much success. Dimmer et al (2002) produced 

another 10 yeast mdm mutants with aberrant mitochondrial morphology, five of 

which encode proteins of unknown function targeted to the inner membrane 

(Dimmer et al, 2002; Messerschmitt et al, 2003). All the mutants, mdm30- 

mdm39, feature altered mitochondrial morphologies, ranging from fragmented 

tubules to spherical and ring-like structures (Dimmer et al, 2002). 
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Miro-1 and Miro-2 are mitochondrial-targeted Rho GTPases, and 

overexpression of Miro-1 leads to the collapse of the human mitochondrial 

network (Fransson et al, 2003). Gem 1p (GTPase EF-hand protein of 

mitochondria 1), the yeast homologue of the Miro proteins, is also involved in 

mitochondrial dynamics. Disruption of this outer mitochondrial membrane 

protein leads to a globular mitochondrial morphology, and appears to act 

through a novel dynamics pathway (Frederick et al, 2004). 

A final cautionary note is raised in recent research by Altmann and 

Westermann (2005), who performed a screen of 768 yeast mutant lines to find 

cells with aberrant mitochondrial morphology. Each of these lines contains a 

single, essential yeast gene under the control of a regulatable promoter. Of the 

768 cell lines, 119 genes were identified as having an effect on mitochondrial 

morphology (Altmann and Westermann, 2005). These genes encoded known 

proteins involved in diverse processes such as ergosterol biosynthesis, actin- 

dependent transport and mitochondrial protein import (Altmann and 

Westermann, 2005). From this study, it is evident that a large proportion of 

essential yeast genes have some effect on mitochondrial morphology, whether 

directly or indirectly. Future work will be required to identify which genes are of 

primary importance in controlling mitochondrial dynamics. 

1.15 Cellular metabolism and mitochondrial morphology 

The third major factor controlling mitochondrial morphology and dynamics is 

the impact of cellular metabolism. A number of parameters, such as the 

bioenergetic status of the cell, impact on mitochondrial morphology (Lloyd, 

1972; Bereiter-Hahn and Voth, 1983). These changes are evident in both 
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gross mitochondrial morphology, and in alterations to mitochondrial 

ultrastructure; and are indicative of the rapid adaptation of mitochondrial 

function to the altering cell environment (Bereiter-Hahn and Voth, 1983). 

Altering the metabolic state of the cell, by using chemicals to disrupt 

normal mitochondrial function, leads to rapid changes in mitochondrial 

morphology and dynamics. For example, the addition of electron-tran sport 

inhibitors (e. g. rotenone, antimycin etc) or oxidative phosporylation uncouplers 

(e. g. oligomycin, pentachlorophenol etc) leads to the formation of large, disc- 

shaped mitochondria in tadpole heart cells (Bereiter-Hahn and Voth, 1983). 

These changes are accompanied by ultrastructural reorganisations, leading to 

more defined cristae and an electron-dense matrix (Bereiter-Hahn and Voth, 

1983). Varying the energetic status of the cell, by the addition of either ATIP or 

ADP, leads to short- or long-term swelling of mitochondria (Bereiter-Hahn and 

Voth, 1983). 

Changes to the gaseous environment in and around the cell can also 

have a profound effect on aspects of mitochondrial morphology and structure. 

ElevatedC02 levels during plant growth leads to a change in mitochondrial 

number, with cells exhibiting 1.3- to 3-times as many mitochondria relative to 

the control, in a number of plant species (Robertson et al, 1995; Griffin et al, 

2001). Changes inC02 levels, however, had no apparent effect on 

mitochondrial ultrastructure (Robertson et al, 1995). Culturing yeast cells 

anaerobically results in a vast increase in mitochondrial size, with individual 

organelles being around 1 0-times the size of those found in aerobic cultures 

(Lloyd, 1972). Concomitant with this change is a vast decrease in 

mitochondrial number per cell, with a naerobically-cu Itu red yeast containing 20- 
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times fewer organelles - the net result of which is a 50% reduction of 

mitochondrial volume in anaerobic cells (Lloyd, 1972). In addition to changes 

in size and number, mitochondria in anaerobically-grown yeast contain no 

cristae (Lloyd, 1972). 

Maintaining tobacco cell cultures under anoxic conditions produces a 

similar effect on mitochondrial morphology. Using pure nitrogen to purge 

oxygen from the culture medium, Van Gestel and Verbelen (2002) showed that 

anoxia results in the formation of giant mitochondria, some 80 [tm long, which 

eventually form a reticulum, similar to the mitochondrial morphology in wild- 

type S. cerevisiae. This process is wholly reversible - increasing the oxygen 

concentration of the medium returns the organelles to their wild-type state 

(Van Gestal and Verbelen, 2002). Conversely, excess oxygen has a 

remarkable effect on mitochondrial ultrastructure. Placing Drosophila flight 

muscles under hyperoxic (100% [v/v] oxygen) conditions results in a re- 

arrangement of the cristae, which form into a 'swirl'-like pattern (Walker and 

Benzer, 2004). These changes are believed to be caused by an increase in 

reactive oxygen species (ROS), which leads to degeneration of the 

mitochondria and cell death (Walker and Benzer, 2004). 

1.16 Current knowledqe of the control of plant mitochondrial morphology and 

dynamics 

The vast majority of our current knowledge regarding the control of 

mitochondrial morphology and dynamics comes from the study of yeast (Yaffe, 

1999; Okamoto and Shaw, 2005). As plant mitochondria share an evolutionary 

heritage with mitochondria in yeast, much of the limited information we have 
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on plant mitochondrial dynamics has been obtained by using the yeast system 

as a model (Logan, 2003). However, there are several problems with following 

the yeast model alone. 

Firstly, the wild-type morphologies of mitochondria in yeast are very 

different to those found in plants. Yeast cells typically contain 5-10 tubular 

mitochondria, which form a reticular network at the cell cortex (Stevens, 1977; 

Catlett and Weisman, 2000). In contrast, tobacco mesophyll cells normally 

contain 500-2500 physically discrete mitochondria (Sheahan et al, 2005), 

which vary in morphology from small, spherical and rod-shaped organelles, 

through to larger vermiform structures (Stickens and Verbelen, 1996; Logan 

and Leaver, 2000). Secondly, plant cells exist in a different context to yeast 

cells. In addition to the pressures associated with multicellularity (Gutierrez, 

2005), plant cells also contain plastids. The presence of a second 

endosymbiotic organelle using a parallel, but discrete, division apparatus 

suggests that there may be a greater level of complexity in the control of 

mitochondrial morphology in plants. Thirdly, the Arabidopsis genome contains 

few homologues of many of the yeast genes involved in mitochondrial 

morphology or inheritance (Logan, 2003). This indicates that different 

evolutionary pressures have resulted in higher plants finding different genetic 

solutions to the control of mitochondrial morphology. From these points it is 

possible to conclude that, while the yeast paradigm may be an appropriate 

starting point for the study of plant mitochondrial dynamics, other methods will 

be required to elucidate the plant-specific mechanisms involved. 

Our knowledge of the genetic control of plant mitochondrial morphology 

is at an elementary stage. The majority of the genes characterised so far are 
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homologues of conserved eukaryotic genes involved in mitochondrial division. 

The Arabidopsis genome contains 16 dynamin-like genes (Hong et al, 2003), 

several of which have been implicated in mitochondrial division. The first to be 

identified was DRP3B (Qynamin-related protein; formerly known as ADL2b), 

which encodes a protein sharing high homology (39-41 % identity) to the 

yeast/human Dnml p/Drpl proteins involved in mitochondrial division. Arimura 

and Tsutsumi (2002) have demonstrated that tobacco plants transiently 

expressing dominant-negative mutant DRP3B proteins have an aberrant 

mitochondrial morphology, with the organelles being larger, more tubulated 

and fewer in number than wild type. The authors also showed that GFP- 

DRP3B fusions localised to mitochondrial tips and constriction sites, indicating 

clearly that DRP3B is part of the division machinery in Arabidopsis (Arimura 

and Tsutsurni, 2002). 

Two other dynamin-like proteins, DRP1 C and DRP1 E (formerly ADL1 c 

and ADI-Ile), have also been implicated in the control of mitochondrial 

dynamics through localisation and mutagenesis studies (Jin et al, 2003), 

although their function has also been ascribed to other processes. DRP1 E has 

been shown to be involved in cell plate biogenesis (Kang et al, 2003a), while 

DRP1C regulates plasma membrane maintenance during pollen development 

(Kang et al, 2003b). It remains to be seen if these two proteins have a primary 

role in the regulation of mitochondrial morphology. 

Mitochondrial fusion in higher plants is also a little-understood process. 

While previously hypothesised from microscopic observations, the occurrence 

of plant mitochondrial fusion in non-dividing cells remained unconfirmed until 

Arimura et al (2004b) demonstrated its existence, using a novel reporter 
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system. Utilising the photoconvertable fluorescent reporter protein Kaede 

(which changes from green to red fluorescence after irradiation with UV light), 

the authors were able to demonstrate that there was frequent mitochondrial 

fusion in onion epidermal cells. Within two hours, all the mitochondria in a cell 

had normalised their fluorescence (from red or green, to yellow), indicating 

widespread mixing of the matrix-targeted reporter protein during fusion 

(Arimura et al, 2004b). However, while we now know the process occurs, we 

have little understanding of the mechanisms involved. Crucially, there are no 

obvious sequence homologues of yeast or human fusion genes in the 

Arabidopsis genome. 

Finally, the only other gene implicated in plant mitochondrial dynamics 

so far is FMT (Eriendly mLtochondria), the Arabidopsis homologue of the 

cluAICLUI gene from D. discoideum and S. cerevisiae, respectively (Logan et 

al, 2003). The majority of mitochondria in fmt mutants exhibit an aggregated 

distribution, with clumps of tens to hundreds of organelles (Logan et al, 2003). 

The function of the FIVIT protein is currently being elucidated. 

1.17 Aims of this study 

This thesis aims to contribute to our knowledge of what controls mitochondrial 

morphology in the model plant species Arabidopsis thaliana, and to investigate 

the role of mitochondrial morphology in crucial cellular processes. Three 

independent studies form the basis of this thesis: 

(1) The mapping and phenotypic characterisation of two novel genes 

involved in the control of plant mitochondrial morphology. Using chemical 

mutagenesis of A. thaliana seed expressing mitochondrial-targeted GFPI 
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followed by a microscopic screen of mitochondrial morphology, Dr David 

Logan (University of St Andrews) isolated six individual mutant lines displaying 

aberrant mitochondrial morphology (Logan et al, 2003). In this thesis I will 

describe the gene mapping of the mutant loci, and the phenotypic 

characterisation, of two of these novel mitochondrial mutants. 

(2) Characterisation of the role of Arabiclopsis homologues of yeast 

mitochondrial division genes. Using T-DNA knockouts and a novel 

mitochondrial-GFP construct, I investigate the role of three Arabidopsis genes 

(DNMI hornologues DRP3A and DRP3B (Arimura and Tsutsurni, 2002), and a 

FISI homologue, At3g57090) in the control of plant mitochondrial morphology. 

(3) An investigation of the role of mitochondrial morphology in plant cell 

death. In many eukaryotic species, the onset of programmed cell death (PCID) 

is intimately linked to changes in mitochondrial morphology and dynamics. 

Here I investigate the role of plant mitochondrial morphology during cell death. 
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Figure 1.1 Respiration in higher plants. During the first stage of respiration (glycolysis), 
carbohydrates are oxidised to form organic acids in the cytosol. The organic acids are then 
passed to the citric acid (TCA) cycle, where they are completely oxidised to C02 in the 
mitochondrial matrix. The reducing equivalents released during the TCA cycle are 
transferred to multiprotein complexes on the mitochondrial inner membrane, which ultimately 
reduce 02 to H20. The free energy released by thi's process creates a proton gradient across 
theinner membrane, which is utilised by ATIP synthase to produce ATIP from ADP and 
inorganic phosphate (P). Figure reproduced from Buchanan et al (2000). 
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Units 

Time 
ms - milliseconds 
s -seconds 
min(s) - minutes 
h- hours 
d- days 

Distance 
nm - nanometres 
ýtm - micrometres 
mm - millimetres 
cm - centimetres 
m- metres 

Mass 
ng - nanograms 
mg - milligrams 
g- grams 

Volume 
[d - microlitre 
ml - millilitre 
I- litre 

Concentration 
nM - nanomolar 
ýtM - micromolar 
mM - millimolar 
M- molar 

Other 
g- gravitational force 
OC - degrees centigrade 
V- volts 
bp - base pairs 
kb - kilobase pairs 
Mbp - megabase pairs 
U- enzyme activity unit 
cM - centimorgan 
rpm - revolutions per minute 
w/v - weight/volume 
v/v - volume/volume 
Mbq - mega bequerels 



General Materials and Methods 

2.1 General laboratorv procedures 

All chemicals used during this study were certified as molecular biology grade 

or higher. Unless stated otherwise, all water used during the study was 

sterilised using an Elga Option 4 distillation system (Elga, High Wycombe, 

UK), followed by autoclaving (121'C, 20 mins, 40-45 kg CM-2) Aqueous 

solutions were made using sterilised water, followed either by autoclaving or 

filter sterilisation using 0.22 ýtrn syringe filters (Nalgene, Hereford, UK). All 

glass and plastic labware was either sterilised by autoclaving or certified as 

Dnase/Rnase-free and had been sterilised prior to receipt. 

2.2 Plant material 

2.2.1 General 

The Arabiclopsis ecotypes, Columbia (Col-0) and Lanclsberg erecta (Ler), used 

in the research described in this thesis, were obtained from the Nottingham 

Arabidopsis Stock Centre (NASC, University of Nottingham, UK). 

2.2.2 Mitochondrial-GFP lines 

Plants expressing mitochondrial-targeted GFP (Columbia background; lines 

43A9 and 43C5) were obtained from Dr. David Logan (University of St 

Andrews, UK). These mitochondrial-GFP transgenics were engineered by 

insertion into the nuclear genome of a T-DNA containing a fusion between the 

P-ATPase signal sequence from Nicotiana plumbaginifolia and the mgfp5 gene 

(Siemering et al, 1996) under the control of a single cauliflower mosaic virus 

(CaMV) 35S promoter, creating pBlNmgfp5-atpase (Logan and Leaver, 2000). 
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2.2.3 Mitochondrial morphology EMS-mutant plant lines 

The mitochondrial morphology mutants motley mitochondria I (mmtl) and 

network mitochondria (nmt) were obtained from Dr David Logan (University of 

St Andrews, UK). They were created by ethyl methanesulfonate (EMS) 

mutagenesis of the mitochondrial-GFP line 43A9 and were isolated prior to this 

study. EMS induces point mutations in the genome by acting as an alkylating 

agent, producing base changes from C: G to A: T (Feldmann et al, 1994). At 

physiologically-stable levels, EMS has a mutation rate of 10-5 to 10-7 perlocus 

per gamete per generation in Arabiclopsis and a lower mortality rate than 

alternative mutagens, such as x-rays (Feldmann et al, 1994). While the 

position of point mutations in generally random, there may be localised areas 

where the mutation rate is increased (Greene et al, 2003). Two grams of 43A9 

seed was soaked in 0.2% (v/v) EMS for 16 h, rinsed in water three times for 2 

h, then sown on compost. The M2 generation (offspring of the original 

mutagenised [M 1] seed) was then screened for individuals with abnormal 

mitochondrial morphology (Logan et al, 2003). Seed used were from the M4 

(fourth mutant) or M5 (fifth mutant) generations. 

2.2.4 SALK and SAIL transfer-DNA (T-DNA) insertion lines 

SALK (Alonso et al, 2003) sequence-indexed T-DNA insertion lines were 

obtained from NASC. SAIL (Sessions et al, 2002) T-IDNA lines were obtained 

from Syngenta Biotechnology Inc. (Research Triangle Park, NC, USA). Lines 

were identified by interrogation of the SIGnAL database 

(http: //signal. salk. edu/cgi-bin/tdnaexpress). T-DNA lines that provided a low T- 

DNA left-border flanking sequence e-value for the gene of choice (using the 

BLAST sequence similarity algorithm) were ordered. Mitochondrial morphology 
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in T-DNA lines was visualised either by crossing to a mito-GFP line (line 43C5; 

see 2.2.2) or by genetic transformation with the specially created vector 

pMLBARTmgfp5-atpase (Logan et al, 2004). Briely, the mgfp5-atpase cDNA in 

the vector pBlNmgfp5-atpase (Logan and Leaver, 2000, see 2.2.2) was PCR 

amplifed, ligated downstream of the 35S CaMV promoter and cloned into the 

plant transformation vector plVILBART (conferring resistance to gluphosinate 

ammonium [BASTA]) to create pMLBARTmgfp5-atpase. 

2.3 Seed sterilisation and sowinq 

Up to 50 ýd of seed were surface sterilised in a 1.5 ml microfuge tube by 

immersion in 0.5 ml 80% (v/v) ethanol (mixed by inversion for 5 mins, then 

decanted), followed by 0.8 ml 30% (v/v) household bleach (mixed by inversion 

for 5 mins, then decanted), before rinsing three times in 1 ml sterile distilled 

water (s. H20, mixed by inversion, then decanted). To maintain sterility the next 

steps were performed in a laminar flow hood. Seed were spread onto 

Murashige and Skoog (MS) agar plates (9 cm Petri dish [Bibby Sterilin, Stone, 

UK] containing 0.43% [w/v] MS salts, 0.8% [w/v] type "M" agar [Sigma, 

Gillingham, UK], 2% [w/v] sucrose, 0.5% [w/v] MES, pH5.8) using 1 ml of 

sterile seed transfer medium (0.1 % [w/v] type IIMJI agar [Sigma, UK] in s. H20). 

The transfer medium was allowed to dry on the plates for 5-10 mins. After this 

time, the lid was placed on the dish and taped closed using Micropore tape 

(3M, Bracknell, UK). Closed plates were then stored in a fridge at 40C for three 

days to allow seeds to stratify. 
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2.4 Plant growth conditions 

Petri dishes containing stratified seeds were placed in a growth chamber to 

germinate. The growth chamber provided lighting (140 [imol S-1 M-2 

photosynthetic photon flux density (PPFD)) on a 16 h light/8 h dark cycle at 22- 

25'C. Seedlings at the 14 d stage were transferred from the Petri dish to 

autoclaved compost (Levingtons F1, Scotts, Marysville, USA) on Aracon 

growth trays and inside Aracon growth tubes (Arasystem, Beta Tech, Ghent, 

Belgium). The growth trays were then either placed in the growth chamber 

under the same conditions described above for Petri dishes, or removed to a 

transgenic greenhouse (with supplemental heating [maintained at 20-250C] 

and lighting [16 h light/8 h dark] from September to April; Son-T Agro 400, 

Phillips, Guildford, UK) to complete their life cycle. Total light in the transgenic 

greenhouse: 400-1000 ýtmol s-1 M-2 PPFD. 

2.5 Crossing plants 

Crosses between different plant lines were performed using standard 

techniques on 3-4 week old plants. On each maternal (pollen-receiving) plant, 

all secondary bolts were removed and on the main bolt, all siliques and open 

buds were removed. On this main bolt, the three largest closed buds were 

retained and all others were removed. Using ethanol-sterilised needle-nosed 

forceps and a low-power dissecting microscope, all sepals, petals and anthers 

were removed from these three buds, leaving only the exposed stigma and 

style. An open flower from a male (pollen-donating) plant was detached and 

the anthers brushed against the female plant's stigma to transfer the pollen. 

After crossing, any new inflorescences were removed to aid the identification 
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of the crossed flower. Siliques containing the offspring seed from the cross 

(first generation [171] seed) were collected when mature, but before 

dehiscence, and stored desiccated at -200C until use. 

2.6 Seed harvestinq 

Following senescence, A. thaliana plants were allowed to dry fully before seed 

was harvested. Whole plants were removed from the Aracon growth tubes and 

placed into paper bags (Steribag model C or P; Rexam, Coulommiers, 

France). Seed was separated from other plant material by careful winnowing 

and transferred to 1.5 ml microfuge tubes. Tubes of seed were then stored at - 

200C until use. 

2.7 Plant qrowth analyses 

2.7.1 General 

Seeds germinated on MS agar plates were transferred to compost and placed 

in the growth room at 14 days. Seedlings were equally spaced on the Aracon 

tray to ensure no plants were shaded. Each tray was moved, in rotation with 

the others, every two days to ensure that all trays spent an equal amount of 

time under each section of the growth room lights. After eight days in compost, 

each seedling was placed inside an Aracon growth tube. 

2.7.2 Rosette leaf qrowth pattern 

The number of rosette leaves on each seedling was counted two days after 

transfer to compost. This count was repeated every second day for 20 days. 
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2.7.3 Boltina time 

The number of days taken for each seedling to switch from vegetative to 

reproductive growth was measured by looking at bolting time. A seedling was 

to deemed to have bolted once it had produced its first bolt over 0.5 cm in 

length. 

2.7.4 Stiqma exposure 

The number of days taken for each seedling to flower was measured by 

looking at stigma exposure. A seedling was deemed to have flowered when 

any bud had opened to expose the stigma. 

2.7.5 Seed production and siligue fecundity 

After eight weeks of growth, plants were allowed to dry fully. Seed was 

harvested from each plant and transferred to a microfuge tube. The mass of 

seed from each plant (mg) was then measured on a balance. To measure the 

silique fecundity of each plant, ten individual siliques were carefully removed 

from each plant and the number of seeds in each were counted. 

2.7.6 Plant heigh 

The height of plants was measured from the basal rosette to the highest bud, 

using a metre ruler, while plants were in Aracon tubes. 

2.7.7 Plant aerial-part dry mass 

The aerial parts from dried plants (rosette leaves and above) were removed 

from the Aracon tubes and placed in a disposable paper bag. The dry mass of 

each plant (mg) was then weighed on a balance. 

2.7.8 Germination percentaqe 

Three or four MS agar plates containing around 50 seeds were germinated in 

the growth room. After 7 days, the number of seeds which had undergone 
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germination (defined as emergence of the radicle from the seed coat) were 

counted using a low-power microscope and the percentage germination was 

calculated. 

2.8 Microscopy and image analysis 

2.8.1 Microscopes 

Two light microscopes equipped for epifluoresence were used: an Olympus 

BX-40 (Olympus Optical Co., London, UK) or a Zeiss Axioskop 2 Plus (Carl 

Zeiss Ltd, Welwyn Garden City, UK). The Olympus microscope was fitted with 

cube filters for GFP (model 41001, excitation 455-495 nm, emission 510-555 

nm) and chlorophyll autofluorescence (model 41004, excitation 560-655 nm, 

emission 645-675 nm). The Zeiss microscope was also fitted with cube filters 

for GFP (model 488013, excitation 470-520 nm, emission 505-530 nm) and 

chlorophyll autofluorescence (model 488020, excitation 546-612 nm, emission 

575-640 nm). Organelles were viewed using either a 20x standard or 1 00x oil- 

immersion objective. 

2.8.2 Organelle photography 

Epifluorescence micrographs of plant organelles were captured using a 

monochrome digital camera (F-View, Soft Imaging System GmbH, Munster, 

Germany) mounted onto either of the epifluorescence microscopes. The 

camera was linked to a computer and images were stored and processed 

using the analySIS image analysis software package (Soft Imaging System 

GmbH, Germany). If required, monochrome images were merged and false- 

coloured using either Adobe Photoshop (Adobe Systems Inc., San Jose, USA) 

or Confocal Assistant (Bio-Rad, Hemel Hempstead, UK). 
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2.8.3 Slide veparation 

Plant organelles were examined in both intact leaf tissue and protoplasts. To 

examine organelles in intact leaves, a single leaf (or part thereof) was removed 

from a plant using flame-sterilised scissors. The leaf was mounted, with lower 

epidermis uppermost, upon a standard glass slide (Super Premium 1 mm 

Plain; VWR, Poole, UK) in s. 1-120, and then covered by a glass coverslip 

(Coverglass No. 1; VWR, UK). The coverslip was then gently pressed onto the 

slide to flatten the leaf and remove air-bubbles. The slide was then 

immediately viewed under an epifluorescence microscope. To examine 

organelles in protoplasts, an appropriate volume (normally 10 [d) of protoplast 

suspension (1 0-5_1 0-6 cells ml-1) was placed on a standard microscope slide. 

The protoplasts were then gently covered by a glass coverslip, and viewed 

immediately under an epifluorescence microscope. 

2.8.4 Organelle measurements 

Measurements of organelle size were made using the analySIS software 

package (Soft Imaging System GmbH, Germany) which was calibrated 

electronically prior to use. Micrographs were taken of randomly selected areas 

of leaf from either mesophyll (chloroplasts) or lower epidermal (mitochondria) 

cells at 200x and 1 000x, respectively. 

2.9 Creating polymorphic mapping poPulations 

Both mmtl and nmt mutant lines (Logan et al, 2003) are derived from the 

Columbia ecotype of Arabidopsis. To create polymorphic mapping populations 

for use in gene mapping, mutant lines were crossed with wild-type plants from 

the Lanclsberg erecta ecotype. Individuals from either mmtl (M5 generation) or 
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nmt (M4 generation) were prepared for crossing as the 'female' plants. They 

were then fertilised with pollen from 'male' Lanclsberg erecta individuals and 

allowed to set seed. F1 seed from these crosses (mmtfter or nmtlLer, 

female/male) were germinated and the plants isolated inside Aracon tubes to 

ensure self-fertilisation. After these F1 plants had set seed, the unselected F2 

(offspring from F1 plants) seed from each plant was collected and stored 

separately at -20'C until use 

2.10 Screeninq for mitochondrial morphology mutants 

2.10.1 Plant material 

F2 seed from mmtfter or nmtlLer (female/male) crosses were germinated on 

MS-agar plates under normal conditions in the growth chamber. After seven 

days, germinated seedlings were transferred to new MS-agar plates under 

aseptic conditions and arranged in well-spaced rows (around 50 seedlings per 

plate) to allow easy identification of individual plants. Seedlings were then 

returned to the growth chamber. At 14 days, seedlings were screened for 

aberrant mitochondrial (nmt) or chloroplast (mmtl) morphology. 

2.10.2 Screeninq procedure 

One leaf from each of nine individual seedlings was mounted, in an 

asymmetric pattern to allow correct orientation, on a microscope slide and 

viewed under an epifluorescence microscope. Mutant mitochondria (mmtl 

and nmt) or chloroplasts (mmtl) are easily identified by eye. When a mutant 

was identified, the seedling from which the leaf was removed was isolated and 

retained by transferring to a new MS-agar plate. All seedlings with a wild-type 

morphology were discarded. The process was then repeated until all plants 
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had been analysed. At the end of the screen, all seedlings that exhibited 

aberrant organelle morphology were transferred to compost in Aracon trays 

and placed in the glasshouse. 

2.11 DNA extraction 

DNA was extracted from plants using a standard CTAB (cetyl-trimethyl- 

ammonium bromide) extraction protocol (Lukowitz et al, 2000). A rosette leaf 

or inflorescence was removed from a plant, placed into a 1.5 ml microfuge 

tube and snap-frozen in liquid nitrogen. The tube was removed from liquid 

nitrogen and 300 ýd 2X CTAB extraction buffer (2% [w/v] CTAB, 1.4 M NaCl, 

100 mM Tris-HCI pl-18-0,20 mM EDTA) was added. The plant material was 

ground using a sterile pellet-pestle and the homogenised solution incubated at 

65'C for 10 mins on a heating block. After this time, the tube was cooled to 

room temperature and 300 [d chloroform was added. The solution was 

vortexed briefly on full speed and then centrifuged at 13000 g for 1 min. The 

pellet was discarded and the supernatant was transferred to a new microfuge 

tube, to which 300 ýd of 2-propanol was then added to precipitate the DNA. 

The tube was then briefly vortexed before centrifugation at 13000 g for 5 

minutes to pellet the DNA. The supernatant was discarded and the pellet then 

washed in 500 ýd 70% ethanol. The tube was centrifuged at 13000 g for 1 min, 

the ethanol discarded and the DNA pellet air-dried for 10-15 mins. After this 

time, the DNA was dissolved in an appropriate volume (usually 100 ýtl) of TE 

buffer (110 mM Tris-HCI, 1 mM EDTA, pl-18.0). DNA samples were stored at 

-200C until use. 
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2.12 Gel electrophoresis. 

2.12.1 Submarine gel tanks and power suPPIV 

Submarine gel tanks were obtained from Bio-Rad (Hemel Hempstead, UK). 

Large sample sets were analysed using a Bio-Rad Sub-Cell Model 192 (using 

combs compatible with a multi-channel pipette for speed of loading), attached 

to a Bio-Rad buffer re-circulation pump (Model 224 BR). Small sample sets 

were analysed using either a Bio-Rad Mini Sub-Cell or a Bio-Rad Wide Mini 

Sub-Cell, without a re-circulation pump. 

Electrophoresis was performed using either a Bio-Rad PowerPac 300 or 

a Bio-Rad PowerPac Basic power supply on a constant voltage programme. 

Runs were performed at 5- 20 V/cm. The voltage was adjusted within this 

range to suit each specific run. 

2.12.2 Buffer 

Electrophoresis was carried out using Tris Borate EDTA (TBE) buffer (0.45 M 

Tris-Borate, 0.10 M EDTA, pH8.3). Stock 5X TBE (Eppendorf, Cambridge, UK) 

was diluted to 0.5X with distilled water and used as a running buffer and as a 

solvent for agarose gels. 

2.12.3 Nucleotide staininq and visualisation 

Both the TBE running buffer and the agarose gels contained 0.5 [tg ml-1 

ethidium bromide to stain the DNA molecules. DNA bands were visualised on 

an ultraviolet (UV) transilluminator. Images of gels were taken using a 

monochrome digital camera (E. A. S. Y 429K, Herolab GmbH, Weisloch, 

Germany) attached to a computer. The camera system was controlled using 

the EASY Store analysis software (Herolab GmBH, Germany). Images were 
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either printed directly onto photographic paper using a thermal printer T68E; 

Mitsubishi, Hatfield, UK) or stored on computer for analysis. 

2.12.4 Agarose gel preparation 

All gels used during this study were composed of agarose. Standard or high 

molecular weight samples (longer than 400 bp) were analysed using 

Multipurpose molecular grade agarose (Bioline, London, UK). Low molecular 

weight samples (less than 400 bp) were analysed using biotechnology grade 

3: 1 agarose (Arnresco, Ohio, USA). The concentration of agarose used in 

each gel was chosen to suit the expected size of DNA bands, and the required 

resolution. Agarose was melted in 0.5X TBE using a microwave, ethidium 

bromide (0.5 [tg ml-) was added and the sample mixed, before being poured 

into the appropriate gel tray (Bio-Rad, UK). 

2.12.5 DNA size (length) measurements 

The size of DNA fragments in gels were measured using molecular ladders. 

For high molecular weight samples (up to 12 kb), a1 kb DNA ladder 

(Invitrogen, Paisley, UK) was used. For low molecular weight products, an EZ 

load 20 bp molecular ladder (Bio-Rad, UK) was used. 

2.12.6 Gel loadinq buffer 

Gel loading buffer (15% [w/v] Ficoll, 0.25% [w/v] bromophenol blue, 0.25% 

[w/v] xylene cyanol FF in s. H20)was added to samples prior to electrophoresis 

in a 4: 1 (sample: buffer) ratio. 
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2.13 Polymerase chain reactions 

2.13.1 Thermocycle 

PCR reactions were carried out using either a Mastercycler (Eppendorf) or a 

PTC-100 (MJ Research, Watertown, USA). The machines were programmed 

and operated according to the manufacturer's instructions. 

2.13.2 PCR primers 

For genetic markers that had previously been annotated in an Arabidopsis 

database (e. g. SSLPs), the primer sets given in the database were used in 

PCR reactions. For T-DNA lines, PCR primers were designed using the 

SIGnAL iSECT tool (http: //signal. salk. edu/isects. html), which creates custom 

primer sets around a putative T-DNA insertion. All other PCR primer sets were 

designed with the aid of the Amplify 1.2 primer design program (Dr. William 

Engels, Department of Genetics, University of Wisconsin, USA). 

Individual primers were designed to be 18-24 bp long, have a 

guanine/cytosine (GC) content of 40-50%, and thus have a melting 

temperature (Tm) of 50-60'C. All primers used in this study were custom 

manufactured by TAG Newcastle (Newcastle, UK) and arrived in a lypholised 

state. Primers were reconstituted with s. H20 and kept as either a 20 ýM or 50 

[tM stock solution at -200C until use. 

2.13.3 Polymerase 

Low-fidelity analytical PCR reactions were carried out using Biotaq Red DNA 

polymerase (Bioline). High-fidelity preparative PCR reactions were carried out 

using the Triplemaster PCR system (Eppendorf). 

Individual reactions using Biotaq Red contained 20 ýd of reagents in the 

following proportions: 1 [M forward primer; 1 ýM reverse primer; 1.5-3 mM 
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MgC12; 1X NH4 reaction buffer (160 mM (NH4)2SO4,670 nM Tris-HCI, pH8.8), 

0.5 U Biotaq Red polymerase, 2.5 MM (each) dNTPs, 1 [d DNA template (e. g. 

1 ýd of DNA solution from a DNA extraction), made up to 20 ýd with S. H20- 

Individual reactions using the Triplemaster system contained 20 [tl of 

reagents in the following proportions: 300 nM forward primer; 300 nM reverse 

primer; 1 ýd DNA template (as above), 1X HighFidelity buffer with 2.5 mM 

Mg 2+ 
1 

10 mM (each) dNTPs, 0.5 U Triplemaster polymerase, made up to 20 ýd 

with s. H20. 

2.13.4 Amplification profile 

The PCR amplification profile for each reaction varied with regard to three 

main variables: (1) the Tm of the primer sets, (2) the expected length of the 

PCR product and (3) the abundance of the DNA template. The general 

amplification profile for both polymerase types was: 1-2 mins at 940C (initial 

template denaturation), followed by 40-50 cycles of (1) 20-30 s at 94'C 

(template denaturation), (2) 20-30 s at 50-60'C (primer annealing) and (3) 30 s 

-8 mins at 72'C (primer extension). 

Forty cycles were generally used for each reaction, however this was 

raised to fifty cycles when the DNA template abundance was low. The 

temperature at which primer annealing took place was based on the Trn of the 

primers used in the reaction. In reactions where the Tm of both primers was 

within 5'C of each other (e. g. 52 and 540C), the annealing temperature was set 

at 20C below the lowest primer Tm (i. e. 500C). Where the Tm difference was 

greater than 50C, a "touchdown" amplification profile was used (Don et a/, 

1991). Here, the initial annealing temperature was set at 2'C below the highest 

Tm, then reduced by 0.5-10C per cycle for the first ten cycles. After these ten 
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cycles, the annealing temperature remained constant at this lower temperature 

for the remainder of the reaction. The length of the primer extension phase 

varied depending on the expected length of the PCR product. One minute of 

extension time at 72'C was allowed for each kilobase of PCR product. 

2.14 Gene mapping using polymorphic mapping populations 

2.14.1 General 

Gene mapping was carried out using an experimental protocol adapted from 

Lukowitz et al (2000). 

2.14.2 Plant qenetic material 

DNA was extracted from individual mmtllLer or nmtlLer F2 plants that had 

been screened by microscopy and had been identified as having the correct 

mutant mitochondrial or chloroplast morphology. The DNA samples 

(independently obtained, one from each mutant plant) were then used in PCR- 

based gene mapping. 

2.14.3 PCR-based 
-qenetic markers 

Three different types of PCR-based co-dominant genetic markers were used 

during this study. Simple Sequence Length Polymorphism (SSLP) markers 

(Bell and Ecker, 1994) were obtained from three sources: (1) those described 

in Lukowitz et al (2000); (2) interrogation of The Arabidopsis Information 

Resource JAIR) database (available at http: //www. arabidopsis. org); (3) primer 

sets were designed to flank putative SSLP sites in the genome (i. e. around 

possible microsatellite repeats annotated in the sequence database). These 

were then tested experimentally to see if they highlighted sequence 

polymorphisms between Col-O and Lerecotypes. Cleaved Amplified 
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Polymorphic Sequence (CAPS) markers (Konieczny and Ausubel, 1993) were 

identified after interrogation of the TAIR database. Insertion-Deletion (InDel) 

markers (Jander et al, 2002) were created by designing primer sets to flank 

putative polymorphic InDel sites from the Monsanto insertion/deletion 

database (available at http: //www. arabidopsis. org/Cereon/index. jsp). These 

putative markers were then tested experimentally to identify differences 

between ecotypes. 

The three marker types discriminate between Columbia and Landsberg 

erecta DNA by exploiting small variations in the genomic sequence of the two 

ecotypes. For SSLP and InDel markers, these variations result in a difference 

in product length when using DNA from Col-O or Ler plants as template in PCR 

reactions. PCR products made using these two marker types were sized, 

without further modification, by agarose gel electrophoresis. For CAPS 

markers, the differences in DNA sequence of the PCR products amplified from 

either Ler or Col-O DNA template result in a different number of cleavage sites 

for a specific restriction enzyme. Following amplification, the appropriate 

restriction enzyme, along with accessory reagents, were added to the PCR 

product: 20ýd PCR product, 1 ýd (10-12 U) restriction enzyme, 0.5 [d BSA (10 

mg ml-1), 1X reaction buffer, made up to 50 ýd with s. H20. The reaction was 

incubated for one hour at the appropriate temperature and restriction 

fragments were resolved by agarose gel electrophoresis. 

2.14.4 Bulked segregant analysis 

Initial mapping of the mutant loci was undertaken using bulked segregant 

analysis (Michelmore et al, 1991; Lukowitz et al, 2000). Twenty mmtI and 29 

nmt mutant individuals were identified from mutant/Ler F2 polymorphic 
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populations as having aberrant organelle morphology. DNA was extracted 

from each individual F2 mutant and a1 ýd aliquot from each individual was 

combined, in a new microfuge tube, to form a pool of mutant DNA. The control 

(heterozygous at all loci) DNA was extracted from the F1 generation of Col-O x 

Ler. PCR reactions were then performed using the 22 SSLP markers 

(Lukowitz et al, 2000) designed to give a broad coverage of the Arabidopsis 

genome. The first set of PCR reactions was performed using the pooled DNA 

from the F2 mutants, while the second set was performed using the 

heterozygous control DNA. As the mutations are in the Col-O background, a 

bias of amplification (measured as staining intensity on an agarose gel) of the 

Col-O-specific PCR product over the Ler-specific PCR product (when using 

pooled F2 mutant DNA as a template, relative to that when using the 

heterozygous control DNA) indicates linkage of the marker locus to the mutant 

locus. 

2.14.5 Three-point qenetic mapping 

A further 161 mmtl and 134 nmt mutant individuals were identified from 

mutant/Ler F2polymorphic populations as having aberrant organelle 

morphology. These samples, along with those used in the bulked segregant 

analysis (181 and 163 individuals in total for mmtI and nmt, respectively) were 

utilised in three-point mapping. Several markers were identified on the 

candidate chromosome; these were chosen to give a good assessment of 

linkage to the mutant loci along the length of the chromosome (i. e. a marker 

every 5 cM). These markers were used in PCR reactions and the products 

analysed to measure linkage. 
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As the mutants are from the Col-O background, linkage to the mutant 

loci was identified by the proportion of DNA samples homozygous for the 

Columbia band in PCR reactions. The marker with the highest linkage was 

identified and the others discarded. Flanking markers were chosen 

approximately 2 cM to the north and south of this linked marker and DNA 

samples were analysed by PCR for linkage. Any samples that were 

heterozygous (recombinant) at the flanking markers were informative for 

mapping and retained, all others were discarded. The region of the genome 

that contained the mutant loci was then narrowed down by designing and 

analysing new genetic markers. This iterative process continued until a short 

region (<200 kb) of the genome containing the mutant locus was identified. 

2.15 Analysis of T-DNA insertion mutants 

2.15.1 PCR analysis 

Both SAIL and SALK lines contain T-DNA insertions at known sites in the 

Arabidopsis genome and the SiGnAL iSECT tool 

(http: //signal. salk. edu/isects. html) creates custom gene-specific forward and 

reverse PCR primers to check the nature of an insertion (absent, hemizygous, 

homozygous) in any individual plant. For SAIL lines, gene-specific forward 

and reverse primers flanking the insertion site were used in combination with a 

I primer to the T-DNA left border (LB3 5- 

TAG CATCTGAATTTCATAACCAATCTC GATACAC-3') to confirm the nature 

of the insertion (Sessions et al, 2002). For SALK lines, the gene-specific 

forward and reverse primers were used in conjunction with the T-DNA left 
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border primer LBbl (5'- GCGTGGACCGCTTGCTGCAACT -3') (Alonso et al, 

2003). 

2.15.2 Correlation of T-DNA insertion and mitochondrial phenotype 

Individual GFP-positive T1 (first transgenic generation) plants from either 

SALK or SAIL lines were analysed by PCR to identify individuals hernizygous 

for the original T-DNA insertion, and these hemizygous plants were allowed to 

set seed. For each line, T2 seeds (offspring from T1 plants) from one of these 

hemizygous plants were germinated without selection and the mitochondrial 

phenotype of all individuals was analysed to identify those exhibiting wild-type 

or mutant morphology. Each T2 individual was then analysed by PCR to 

determine the nature of any T-DNA insertion (absent, hemizygous, 

homozygous). 

2.16 Cloninq and qeneral molecular biology techniques 

2.16.1 Restriction enzyme digests 

All restriction enzymes used in this study were obtained from Promega 

(Southampton, UK) and digests were carried out in accordance with the 

manufacturer's instructions. A typical digest would be carried out in a total 

volume of 20 ýd, consisting of: 1-2 [tg DNA, 10 -12 U [tg-1 DNA restriction 

enzyme, 0.2 ýd BSA (10 mg ml-1), 1X reaction buffer (specific to restriction 

enzyme), made up to 20 ýtl with s. 1-120. The digest reagents would be incubated 

at the appropriate temperature until digestion had taken place (from 1-2 h to 

overnight, depending on the mass of DNA digested). 
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2.16.2 Antibiotic selection 

The following antibiotics (Sigma, UK) were used as selection agents during 

bacterial culture: 

Kanamycin (50 ýtg ml-1); Ampicillin (100 [tg ml-1); Rifampicin (50 ýtg MI-1); 

Chloramphenicol (25 ýtg ml-1); Spectinomycin (50 ýtg ml-1). 

2.16.3 Prevention of plasmid re-circularisation 

When necessary (e. g. when single digestion left compatible 5' ends), Calf 

Intestinal Alkaline Phosphatase (CIAP; Promega, UK) was used to prevent the 

re-circularisation of restriction enzyme-digested plasmids. CIAP was carried 

out using the materials and protocols supplied by the manufacturer. 

2.16.4 DNA cleanup and purification 

After use, DNA modifiers such as restriction enzymes and CIAP were removed 

from template DNA by two methods. Modifiers were removed using either the 

QlAquick PCR Purification Kit (Qiagen Ltd, Crawley, UK), or by gel 

electrophoresis and extraction. 

2.16.5 Gel extraction 

DNA bands of interest were excised from electrophoresis gels using a sterile 

scalpel blade and placed in a microfuge tube. DNA was extracted from gel 

fragments using either the QlAquick Gel Extraction Kit (Qiagen, UK), the 

QlAEX 11 Gel Extraction Kit (Qiagen, UK) or the Perfectprep Gel Cleanup Kit 

(Eppendorf, UK). Each kit was used in accordance with the manufacturer's 

instructions. 

2.16.6 DNA and RNA quantification 

DNA and RNA samples were quantified using either a UV s pectrop hoto meter 

(Helios Alpha, Unicam Ltd, Cambridge, UK) or by comparison to DNA 
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standards during gel electrophoresis. Both DNA and RNA were quantified on 

the spectrophotometer by measuring absorbance at 260 nm (OD260), and then 

relating concentration to absorbance by a standard formula. For DNA, 1 OD260 

= 50 mg ml-1; and for RNA, 1 OD260= 40 mg ml-1 (Sambrook et al, 2001). DNA 

was quantified by gel electrophoresis using standards produced from Lambda 

Phage DNA (Promega, UK). Lambda DNA was digested with either EcoR V or 

Hind III restriction enzymes to produce DNA ladders containing bands of 

known mass and size. Samples were separated in ethiclium bromide agarose 

gels alongside these ladders and the mass of a sample band was estimated by 

comparing its intensity to that of the ladder band, at that particular size. 

2.16.7 DNA liqation 

Ligation of DNA inserts into vectors was carried out using T4 DNA ligase 

(Promega, UK), following the manufacturer's protocol. The mass of insert DNA 

required in the ligation is calculated by the formula: 

25 (ng mass of vector) x length of insert (kb) x5=X (ng) insert DNA 
length of vector (kb) 

A typical ligation reaction would include 0.5 ýd 1 OmM ATP, X ng insert DNA (as 

above), 25 ng vector DNA, 1X reaction buffer, 1U T4 DNA ligase (Promega, 

UK), made up to 10 ýtl with s. 1-120. The sample would be mixed, then left at 

room temperature for one hour. After this time, the ligation products were 

either used immediately in bacterial transformation or stored at -200C until 

use. 

2.16.8 Electroporation 

A Micropulser electroporator (Bio-Rad, UK) was used to transform bacteria 

(Escherichia coli and Agrobacterium tumefaciens) with vector DNA and all 
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transformations followed the manufacturer's instructions, wt minor 

modifications. To transform E. coli (DI-15a cells; Invitrogen, UK), 2 [d of vector 

DNA was added to 40 ýd of E. coli cells, mixed and incubated for one minute 

on ice. The sample was placed in an ice-cold 0.1 cm electroporation cuvette 

and pulsed on the 'Ecl' program (1.8 kV cm-1 for a time constant of -5 ms). 

Immediately after pulsing, the cells were gently resuspended in 1 ml SOC 

medium (20 g 1-1 bacto-tryptone, 5g 1-1 yeast extract, 0.58 g 1-1 NaCl, 0.186 g 1-1 

KCII 10 ml 1M MgC12,10MI 1M MgS04,1.2 g 1-1 glucose) and transferred to a 

15 ml plastic centrifuge tube. This tube was then shaken at 200 revolutions per 

minute (rpm) for one hour, at 370C, after which the cells were plated out on the 

appropriate selective media. To transform A. tumefaciens (strain C58cl 

[pMP90], a pTiC58-based strain containing a pMP90 helper plasmid and 

pGKB5 binary vector), a similar protocol was used with the following 

exceptions: (1) the cells were pulsed using the'Agr' program (2.4 kV cm-1 for a 

time constant of -5 ms) and (2) electroporated cells were shaken at 200 rpm 

for 3 hours, at 28'C, before being plated on the appropriate selective media. 

2.16.9 Platinq bacteria on selective aqar media, 

Transformed bacteria and bacteria from glycerol stocks were plated on agar 

media containing the appropriate antibiotic. E. coli cells were plated on LB 

media (10 g 1-1 NaCl, 10 g 1-1 bacto-tryptone, 5g 1-1 yeast extract, pH7.5) 

containing 1.5% (w/v) type'M'agar (Sigma, UK), while A. tumefaciens cells 

were plated on YEP media (10 g 1-1 bacto-tryptone, 10 g 1-1 yeast extract, 5g 1-1 

NaCl) with 1.5% (w/v) type V agar. The antibiotic was added to the molten 

agar plates at the appropriate concentration immediately prior to pouring. 

Plates used to grow A tumefaciens contained rifampicin in addition to the 
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plasmid-specific selection agent. Plates used to grow bacteria containing 

blue/white screen i ng-competent plasmids (e. g. plVILBART) also contained 0.5 

mM IPTG and 80 ýtg/rnl X-GAL. 

After incubation, electroporated cells were transferred to a microfuge 

tube. A 100 ýtl aliquot was removed and spread on a plate using either a sterile 

disposable plastic, or flame-sterilised glass, spreader. The remainder of the 

cells were pelleted at 13000 g, resuspended in a small volume of SOC 

medium and then spread on a second plate in the same manner. The plates 

were then incubated at 370C overnight, or 280C for 2-3 days, for E. coli and A. 

tumefaciens respectively. When sufficient colonies had appeared, the plates 

were placed at 4'C until use. 

Bacteria from glycerol stocks were streaked onto selective plates using 

a flame-sterilised wire loop. After streaking, the plates were incubated in the 

same manner as above. 

2.16.10 Tests for positive colonies 

Tests to ensure that positive colonies contained the correct plasmid and insert 

were performed by either PCR, or by restriction digest of purified plasmids. To 

test transformation by PCR, singles colonies were pricked off the plate using a 

sterile pipette tip and placed into separate microfuge tubes containing 20 ýtl of 

s. H20. One microlitre of inoculated water was then used as a template, with 

insert-specific primers, in PCR reactions. The presence of a PCR product of 

the expected size indicated a transformation-positive colony, which could then 

be used in further experiments. 

To test transformation by restriction digest, single colonies were 

cultured in liquid, after which their plasmids were purified. The purified 
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plasmids were digested with restriction enzymes and analysed by gel 

electrophoresis. 

2.16.11 DNA sequencinq 

DNA sequencing was performed by The Sequencing Service, School of Life 

Sciences, University of Dundee. Sequencing was performed on an ABI 3730 

sequencer (Applied Biosystems, Warrington, UK) following the service's own 

protocol (available at http: //www. dnaseq. co. uk). 

2.16.12 Liquid bacterial culture 

E. coli and A. tumefaciens were cultured in LB (at 370C) and YEP (at 280C) 

liquid media, respectively. Single colonies were picked off a plate using a 

sterile pipette tip, which was then placed in a 50 ml plastic centrifuge tube 

containing 10 ml of the appropriate liquid media, and antibiotic, to create a 

starter culture (in addition to the plasmid-specific antibiotic, Agrobacterium 

culture media contained rifampicin). Tubes containing the inoculated media 

were then incubated overnight, with vigorous shaking, at the correct 

temperature. When cultures had reached the correct density, they were 

removed and stored at 4'C until use. 

Starter cultures were either used for small-scale plasmid purification or 

as a basis for large-volume cultures (e. g., large-scale plasmid production, 

Agrobacterium-mediated plant transformation etc. ). To produce large-volume 

cultures, an appropriate volume of LB or YEP medium (containing antibiotic) in 

a sterile flask was inoculated with 1% (v/v) of the starter culture. The flask was 

then incubated at the appropriate temperature, with shaking, overnight. 
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2.16.13 Plasmid preparation and purification 

The preparation and purification of plasmids from bacteria was carried out 

using a number of kits, all of which were used according to the manufacturer's 

instructions. For small-scale plasmid preps the Plasmid Mini kit (Qiagen, UK) 

or FastPlasmid Mini kit (Eppendorf, UK) was used. When using large, low copy 

number plasmids, a Large Construct kit (Qiagen, UK), Plasmid Maxi kit 

(Qiagen, UK) or Plasmid Midi kit (Qiagen, UK) was used. After use, plasmid 

DNA was quantified on a UV spectrophotometer (Unicam, UK) and stored at 

-200C until use. 

2.16.14 Production of qlvcerol bacterial stocks 

After liquid culture, any bacterial line to be kept for future use was stored at low 

temperature as a glycerol stock. Fresh liquid bacterial culture was placed into 

1.5 ml screw-top microfuge tubes, into which 10% (v/v) sterile glycerol was 

added for E. coli and 50% (v/v) sterile glycerol was added for A. tumefaciens. 

The tubes were sealed, vortexed vigorously and then stored at -700C until 

use. 

2.17 Protoplast preparation and isolation 

2.17.1 General 

Modified from a protocol by Jed H. Doelling, Biology Department, Washington 

University at Saint Louis. Available at http: //www. biology. wustl. edu/pikaard/ 

protocols/protoplast. pdf 

2.17.2 Plant material 

Seeds of wild-type mitochondrial-GFP plants (line 43C5) were surface 

sterilised and sown on MS-agar plates in a laminar flow hood, stratified at 40C, 

61 



then germinated in a growth room. At 14-18 d seedlings were removed from 

the growth room and prepared for protoplast isolation. In a laminar flow hood, 

the healthy leaves from 15-20 plants were removed using flame-sterilised 

scissors and placed on a sterile surface (an upturned Petri dish lid). Each leaf 

was sliced with a new, flame-sterilised razor blade into 4-6 pieces and 

transferred to a new 9cm plastic Petri dish containing 15 ml 0.5 M mannitol. 

The leaf fragments were then washed in this solution for approximately one 

hour. 

2.17.3 Isolation of protoplasts 

After one hour, the mannitol solution was removed with a pipette and replaced 

with 15ml of Protoplast Enzyme Solution (PES; 0.4 M mannitol, 0.33% 

cellulase'onozuka'R-10,0.17% pectinase, 3 mM MES, 7 mM CaC12, pH5.7). 

The Petri dish was sealed with Nescofilm (Bando Chemical IMID Ltd., Osaka, 

Japan) and attached to an orbital shaker. Digestion was allowed to proceed 

overnight in the dark, with continuous gentle mixing (- 40-50 rpm). 

2.17.4 Harvestinq protoplasts 

After an overnight digestion, the protoplast solution was removed from the 

Petri dish using a large-bore sterile pipette and sequentially filtered through 

100 ýcm and 40 ýtrn nylon mesh sieves to remove waste materials. The filtered 

solution was placed into a 15 ml plastic centrifuge tube (Falcon type) and 

centrifuged at 50 g (in a swing-out rotor for 10 mins at room temperature) to 

pellet the protoplasts. The supernatant was decanted and replaced with 10 ml 

0.5 M mannitol. The protoplasts were gently resuspended by inversion, 

washed and centrifuged as before. This wash process was repeated once 

more using fresh 0.5 M mannitol and the protoplasts pelleted as before. The 
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washed protoplasts were resuspended in a small volume of 0.5 M mannitol 

(usually 100-200 [d) and transferred to a microfuge tube. The concentration of 

protoplasts was then measured using a haernocytometer and adjusted to 

between 10-5 and 10-6 protoplasts ml-1 with additional 0.5 M mannitol. 

2.18 Reactive Oxygen Species (ROS)-inducing chemical and heat treatments 

2.18.1 ROS-inducinq chemicals 

Methyl viologen (Sigma, UK), s-Triazine (Sigma, UK) and H202 (VWR, UK) 

were adjusted to the appropriate concentration using s. 1-120 (for use on leaves) 

or mannitol solution (for protoplasts). 

2.18.2 Leaf treatments 

Seedlings were transferred to fresh MS agar plates and arranged in a well- 

spaced pattern. 3 [d of either chemical or s. 1-120 (control) was placed onto the 

upper surface of each expanded leaf using a pipette. Lids were replaced and 

sealed, and plates were carefully returned to the growth room, ensuring that 

the liquid remained on the leaves. 

2.18.3 Protoplast incubation 

Following treatment, protoplasts were placed on a gentle rotary mixer at room 

temperature (1 8-250C) in the dark (<O. 1 ýtrnoj S-1 M-2 PPFD) to ensure that they 

remained in suspension. 

2.18.4 Protoplast treatments 

ROS-inducing chemicals in 0.5 M mannitol were added to 100 [d of protoplast 

suspension in a microfuge tube, then incubated for the required period of time. 

For heat treatments, 100 ýd of protoplast suspension in a microfuge tube was 

placed in a pre-heated mixing water bath at 450C for ten mins. Following 

63 



treatment, the suspension was removed from the water bath and incubated for 

the required period of time. 

2.18.5 Fluorescein diacetate (FDA) 

The vital stain FDA (Sigma, UK) was used in accordance to McCabe et al 

(1997). A 0.1 % stock solution (in acetone) was stored at -200C. This was 

diluted to 0.002% with 0.5 M mannitol immediately prior to use. Protoplasts 

were incubated in FDA for five mins prior to visualisation. Any intact protoplast 

that did not show FDA fluorescence was deemed to be dead. 

2.18.6 Lanthanum chloride (LagL31 

LaC13 (Sigma, UK) was adjusted to 50 ýM using 0.5 M mannitol. Protoplasts 

were incubated for ten mins prior to heat treatment. 

2.18.7 Mitochondrial morphology counts 

Protoplasts were examined by epifluorescence microscopy, and any protoplast 

in which more than half of the individual mitochondria were greater than twice 

the wild-type mean plan area, was deemed abnormal. Protoplasts with this 

abnormal mitochondrial morphology were said to have undergone a 

mitochondrial morphology transition (MMT). Around 100 protoplasts were 

measured from each experimental repeat (three replicates for each time-point 

and treatment) and the percentage of protoplasts that had undergone a MMT 

was calculated. 

2.18.8 Cell death counts 

Around 200 protoplasts from each experimental repeat (three replicates for 

each time-point and treatment) were viewed by epifluorescence microscopy. 

The number of FDA-negative (dead) protoplasts in each sample was counted 

and percentage cell death was calculated. 
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2.19 Agrobacterium-mediated plant transformation 

2.19.1 General 

Plant transformation was carried out using the Agrobacterium-mediated "floral 

dip" method (Clough and Bent, 1998). 

2.19.2 Plant preparation 

Seed used for transformation were stratified in a non-sterile manner. 50 [d of 

seed was placed in a 1.5 ml microfuge tube and 1 ml of distilled water added. 

The seed was then stored at 40C for three days. After three days, the seed 

were sown directly onto a 2: 1 compost/vermicu lite mixture in 10 cm pots and 

placed in the transgenic greenhouse. Plants were transformed at the 3-4 week 

old stage, after the appearance of the first bolts. 

2.19.3 Bacterial preparation 

Agrobacterium tumefaciens (strain C58cl) bacteria containing the correct 

vector were grown overnight in 500 ml liquid YEP medium at 28'C under 

selection of the appropriate antibiotic. After overnight culture, the bacteria were 

pelleted by centrifugation (6000 g for 20 minutes at 4'C) and the culture media 

decanted. The bacteria were then re-suspended in Infiltration Medium (IM; 

2.15 g 1-1 MS salts, 50 g 1-1 sucrose, 0.5 g 1-1 MES, pH5.7) containing 400 ýd 1-1 

Silwet L-77 (Lehle Seeds, Round Rock, USA) as a wetting agent. 

2.19.4 Floral dip 

The aerial parts of the plants were dipped in the bacteria-inoculated IM for 15- 

30 s and then removed. The plants were then placed on a tray and covered in 

Saran wrap (SC Johnson, Racine, USA) for 24 h at room temperature. After 24 

h, the Saran wrap was removed and the plants returned to the transgenic 

greenhouse to complete their life cycle. After senescence, the aerial parts of 
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the plants from each pot were removed from the soil and placed into single 

disposable bags to facilitate seed harvesting. 

2.20 Gene Transfer Clone Identification and Delivery Service (GeTCID, John 

Innes Centre, Norwich, UK) JAtY Library 

2.20.1 Probe selection 

Probes for screening the AtY library were created using the Arabidopsis 

genomic sequence. They were designed to probe once every 20 kb along the 

candidate regions for either mmtl or nmt. Nine probes (mmtll to mmtlg) were 

designed to the mmtl candidate region and eight probes (nmt, to nmt8) were 

designed to the nmt candidate region. Primer sets were designed with the aid 

of Amplify 1.2 (Dr W. Engels, University of Wisconsin) to flank the 1 kb regions 

of the genome chosen as a probe point. These 1 kb regions were PCR- 

amplified using Biotaq Red polymerase (Bioline, UK) and PCR products were 

analysed using gel electrophoresis. The correct bands were excised and 

purified using the QlAQuick gel extraction kit (Qiagen, UK) and the DNA was 

quantified by UV spectrophotometry. 

2.20.2 Probe synthesis by random-priming 

To create a radioactive probe for hybridisation to the GeTCID JAtY library 

filters, 25 ng of purified probe DNA was added to distilled water to make a total 

of 32 ýd. This was denatured at 950C for five mins, and then incubated on ice 

for two mins. After this time, 10 ýd oligonucleoticle labelling buffer (OLB), 2 [d 

(10 mg ml-1) BSA (Promega, UK), 4 ýtl (1.5 MBq) CC_32 P dCTP (EasyTides, 

Perkin-Elmer, Beaconsfield, UK) and 2 [il (20-50 U) DNA polymerase I large 

(Klenow) fragment (Promega, UK) were added to make a total of 50 ýtl. This 
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was incubated at 370C for 45 mins, before being denatured at 95'C for five 

mins and incubated on ice for two mins as above. This probe was then ready 

for immediate hybridisation to the library filter. 

2.20.3 JAtY library filter preparation 

AtY filters were prepared for use in high-stringency hybridisation. Bacterial 

residue was removed from the surface of the filter by gentle wiping. The filter 

was then incubated at 420C in a solution of 5X SSC (750 mM NaCl, 75 mM 

sodium citrate) 0.5% (w/v) SIDS and 1 mM EDTA (pH 8.0) for 2 h. Following 

this, the filter was rinsed in 2X SSC and stored in this solution at 40C until use. 

2.20.4 JAtY filter hvbridisation 

The filter was rinsed in 2X SSC and placed in a small glass hybridisation tube 

(Techne, Cambridge, UK) containing 20 ml of pre-hybridisation buffer (5X 

SSC, 5X Denhardts (0.1 % [w/v] Ficoll, 0.1 % [w/v] polyvinylpyrrolidone, 0.1 % 

[w/v] BSA), 0.5% [w/v] SDS, 5 mg ml-1 denatured Salmon Sperm DNA). The 

filter was pre-hybridised at 650C for 2-4 h in a hybridisation oven (Techne, UK). 

After this time, the pre-hybridisation buffer was decanted and replaced with 10 

ml hybridisation buffer (5X SSC, 5X Denhardts, 0.5% [w/v] SDS, 5 mg ml-1 

denatured Salmon Sperm DNA) containing the denatured, CC_32 P dCTP - 

labelled probe. The hybridisation tube was sealed and placed in the oven at 

650C and allowed to hybridise overnight. 

2.20.5 Filter washinq 

Following hybridisation, the filter was removed from the glass tube and placed 

in a 25x25 cm Tupperware box containing pre-heated wash solution (OAX 

SSC, 1% [w/v] SIDS, 65'C). The box was sealed and placed in a 65'C water 

bath, with mild shaking, for 20 mins. After 20 mins, the wash solution was 
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decanted and replaced with fresh wash solution. The box was sealed and then 

returned to the water bath for a further 20 mins. This wash was repeated once 

more, after which the filter was removed, drained of excess liquid and then 

sealed in a plastic bag for autoradiography. 

2.20.6 Autoradiography 

In a darkroom, the sealed filter was placed inside a Kodak Biomax cassette 

(Kodak, Hemel Hempstead, UK), which contained a Kodak HE intensifying 

transcreen and Kodak Biomax MS film. The cassette was sealed and kept at 

-700C for 2-3 h. After this time, the cassette was allowed to warm to room 

temperature before being opened in a darkroom. The film was developed 

using a Fuji RGII processor (Fujifilm Life Science, Bedford, UK). 

2.20.7 Filter strippinq 

Following autoradiography, the filter was stripped of hybridised radioactivity 

prior to re-use with another probe. The filter was removed from the plastic bag 

and placed in a 25x25 cm Tupperware box, containing pre-heated stripping 

solution (0.1 X SSC, 0.1 % [w/v] SIDS, 650C). The box was sealed and placed in 

a water bath at 65'C, with mild shaking. After 20 mins, the stripping solution 

was decanted and replaced with fresh solution. The box was sealed and then 

returned to the water bath for a further 20 mins. This stripping procedure was 

repeated once more with fresh solution, after which the filter was removed, 

drained of excess liquid and then stored in 2X SSC at 4'C until re-use. 

2.20.8 Positive clone identification and use 

Positive clones were identified from the developed film by placing the 

transparent double-array grid key, provided by GeTCID, over the film. The grid 

coordinates could then be matched to areas of specific hybridisation (positive 
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clones). These coordinates were recorded and the clones relating to them 

ordered from the library. One positive clone was ordered for each probe used. 

Once the clones arrived, bacteria (E. coli) from each stock was streaked onto 

selective agar plates and grown up under normal conditions. Positive colonies 

were transferred to liquid culture and grown to allow purification of their 

plasmid DNA. Once purified and extracted, the plasmid DNA was introduced 

into A. tumefaciens in preparation for plant transformation. Plasmid DNA from 

several clones used in plant transformation was end-sequenced to ensure the 

fragments covered the correct area of the genome. 

2.21 Northern blot analvsis 

The steady-state abundance of mRNA transcripts was measured using 

Northern Blot analysis. Total RNA was extracted from plants using the RNeasy 

Plant Mini kit (Qiagen, UK) and quantified using a UV spectrophotorneter. RNA 

was fractionated using a 1.2% (w/v) agarose formaldehyde gel, prepared in 

1 OX MOPS (3-Morpholinopropanesulfonic acid)/EDTA buffer (0.2 M MOPS, 50 

mM sodium acetate, 10 mM EDTA). Each RNA sample (10 ýtg per lane in 5 ýfl 

TE buffer) was mixed with a denaturing 5X RNA sample buffer (20 ýd per 

sample containing 10.5 ýd deionised formamide, 2 [d 1 OX MOPS/EDTA, 3.5 ýd 

formaldehyde, 1.5 ýd distilled water, 1.5 ýd glycerol, 1 ýd 10% [w/v] 

bromophenol blue) before being loaded onto the gel. Following fractionation, 

the RNA was transferred to Hybond nitrocellulose membrane (Amersham, 

Bucks, UK) using a standard transfer procedure. 

Radioactive probes were created using the random-priming method, as 

described above. Hybridisation was carried out overnight in a formamide- 
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containing buffer (22.5 ml per hybridisation containing 0.5 ml [5 mg ml-1] RNA, 

0.5 ml distilled water, 12 ml formamide, 6 ml 20X SSC, 0.5 ml 1M Tris pH7.6, 

0.25 ml 1 OOX Denhardts, 0.25 ml 1 0%[w/v] SDS, 2.5 ml dextran sulphate) at 

420C in a hybridisation oven (Techne, UK), followed by high-stringency 

washes (0.2X SSC, 0.1 % [w/v] SIDS), also at 42'C. After washing, the 

membrane was sealed in a plastic bag and the hybridisation measured using 

autoradiography. Northen blot (Figure 4.9) was carried out by Dr David Logan, 

University of St Andrews. 

2.22 Statistical testing 

In all cases where parametric statistical tests (i. e. t-test) were used to 

determine the validity of differences between samples, a result with aP value 

of <0.05 was defined as being significant. In X' tests to monitor the differences 

between an observed and expected result, a result with aP value of >0.05 was 

defined as being significant. Tests were performed using the statistics package 

in Microsoft Excel. 
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Chapter Three 

Mapping And Phenotypic 
Characterisation Of mmtl And nmt 



Introduction 

3.1.1 Backwound 

Despite the long history of mitochondrial study, as detailed in chapter one, it 

has only been in the last 15 years that research has begun to focus on what 

controls mitochondrial morphology and dynamics. Much of the information we 

have regarding the genetic control of mitochondrial morphology comes from 

the study of mitochondrial inheritance, division and fusion in simple model 

organisms such as the budding yeast, S. cerevisiae (Yaffe, 1999; Okamato 

and Shaw, 2005). In higher plants, research into the genetic control of 

mitochondrial morphology is at a very elementary stage, and some studies 

have concentrated on adapting yeast models into the plant system (Arimura 

and Tsutsumi, 2002). However, there are several difficulties with following this 

approach in isolation. 

While mitochondria in plants and yeast have a shared evolutionary 

heritage, there are important differences between the two systems. The wild- 

type morphology of mitochondria in plants, where there are numerous, discrete 

organelles, is in contrast to that found in yeast, where mitochondria exist as a 

small number of interconnected tubules (Stevens, 1977; Stickens and 

Verbelen, 1996; Logan and Leaver, 2000). The different pressures faced by 

yeast and plants (e. g. the additional cellular complexity and multicellularity of 

plants) could lead to disparate genetic solutions for regulating mitochondrial 

morphology. This appears to be borne out by the fact that there are no obvious 

higher plant sequence homologues of many of the proteins involved in the 

control of mitochondrial morphology and dynamics (Logan, 2003). 
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In an attempt to discover plant-specific genes controlling mitochondrial 

morphology, David Logan and Alyson Tobin (University of St Andrews) 

initiated a novel screening programme using an A. thaliana line genetically 

transformed to express mitochondrial-targeted green fluorescent protein (mito- 

GFP; Logan and Leaver, 2000). Mitochondrial-GFP Arabidopsis seed were 

chemically mutagenised, and the offspring of this generation were screened by 

epifluorescence microscopy to isolate individuals exhibiting aberrant 

mitochondrial morphology. From this screen, a suite of six independent mutant 

lines were established, each with a heritable mutant mitochondrial phenotype 

(Logan et al, 2003). These mutants provide a powerful tool for studies into the 

genes regulating mitochondrial morphology and dynamics in higher plants. 

3.1.2 Aims of this Studv 

This aim of this chapter is to describe the phenotypic characterisation and 

mapping of two Arabidopsis mitochondrial mutants, motley_MLtochondria I 

(mmtl) and network mitochondria (nmt). The first section contains the 

characterisation of the mitochondrial phenotypes of the two mutants in vivo. 

This is followed by an investigation of the effect of these mutations on the 

whole-plant, through a series of growth analyses. Finally, the process of 

mapping the mutant loci is described, along with attempts to identify the loci by 

genetic complementation. 
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Results 

3.2 General Information 

Due to problems involved in backcrossing the two mutant lines described in 

this chapter (see discussion), the following results relate to experiments 

conducted with un-backcrossed EMS mutant lines. 

3.2.1 Organelle morphology in mmtl 

The mitochondrial morphology of mmtl in mesophyll cells is noticeably 

different from the wild-type state, exhibiting a high degree of size 

heterogeneity. The mitochondria of wild-type plants are generally spherical or 

cigar-shaped, with a small degree of size variation within individual cells 

(Figure 3.1A, C). In contrast, the mitochondria in mmtl plants show a large 

degree of size variation within cells (Figure 3.1 B, D). The mean plan area of 

wild-type and mmtI mitochondria is not significantly different, at 0.55 ýtM2 + 

0.01 SE and 0.56 ýtM2 + 0.01 SE respectively (t-test: t=0.56, d. f. = 14544, P 

0.45) (Figure 3.2A). However, the differences in mitochondrial size manifest 

themselves when looking at size heterogeneity. Placing the individual 

organelles into classes, based on plan area, shows that there are 

proportionally more large and small mitochondria in mmtl relative to wild type. 

45% of the mitochondria in mmtl are in the smallest size class (0.2 - 0.4 

compared to 39% in wild-type (Figure 3.213). At the other end of the size range, 

3.8% of mmtl mitochondrial population are over 1.4 ýtM2, compared to 2.9% in 

wild type - an increase of 24% (Figure 3.213). 

A striking difference between mmtl and the other mutants isolated 

during the screen, is that the mutation also affects chloroplast size and 

heterogeneity. Microscopical observations of the mmtI chloroplasts clearly 
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shows that they are far larger and less numerous per cell than in wild-type 

(Figure 3.1 E, F). At 288.9 ýtM2 ± 0.7 SE, the mean plan area of mmtl 

chloroplasts is over 11 -times the size of wild type, at 24.1 ýtM2 ± 0.4 SE (Mest: 

t= 34.5, d. f. = 606, P <0.01) (Figure 3.3A). The distribution of chloroplast size 

is also greatly affected, with organelles ranging from 4.2 to 62.3 [tm 2 in wi 

type, compared to 16.8 to 999.4 ýtM2 in mmtl (Figure 3.3B). 

3.2.2 Mitochondrial morpholoqv in nmt 

There are clear differences between the mitochondrial morphology in 

mesophyll cells of wild type and nmt plants when viewed microscopically. As 

opposed to the small, discrete organelles found in wild type, the mitochondria 

in nmt form a large network of interconnected tubules which pervade for tens 

of micrometers throughout the cytoplasm (Figure 3.4). The long tubules are 

occasionally smooth, or more regularly, exhibit a "beaded" morphology. There 

is no effect on chloroplast morphology in the nmt mutant (not shown). 

3.2.3 Germination and vegetative growth in mmtl and nmt 

Both mmtl and nmt plants display differences during germination and 

vegetative growth relative to wild type. Examination of the percentage 

germination of mmtl reveals that it is severely compromised in this mutant. 

The majority of mmtl seeds fail to germinate, with only 30.6% showing signs 

of germination by seven days. This is a significant two-thirds reduction, relative 

to wild type, in which 89.6% of seeds germinated (t-test: t= 191, d. f. = 7, P 

<0.01; Figure 3.5). There is also a statistically-significant, though much 

smaller, reduction in nmt seed germination relative to wild-type, with only 
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78.2% of seeds germinating within seven days of transfer to a growth room (t- 

test: t= 19.8, d. f. = 7, P <0.01; Figure 3.5). 

The leaf morphology of mmtl plants is considerably different to wild 

type during early growth. Wild type seedlings have a long, ovate leaf 

morphology and are dark green in colour. In contrast, while the mmtl leaves 

are still ovate, they are much rounder than on wild type plants. In addition to 

the change in shape, leaves in this mutant are much paler in colour, with a 

yellow-green appearance during early growth (Figure 3.6). The leaves of nmt 

seedlings are very similar to wild type morphology during vegetative growth, 

though are slightly smaller in size (not shown). 

The architecture and growth pattern of the leaf rosette shows some 

variation between the three lines, with mmtI seedlings showing the greatest 

differences. After transfer to compost, following two weeks on agar plates, 

mmtl seedlings have, on average, six rosette leaves. This rises to around nine 

leaves after 20 days (Figure 3.7). Over the same period, the number of rosette 

leaves increases in both nmt and wild type plants, on average, from eight to 

twelve and from seven to eleven leaves, respectively (Figure 3.7). The rate of 

rosette leaf growth remained fairly constant in both wild type and nmt, but 

shows more variation in mmtl. In this mutant, an early increase in the rate of 

leaf initiation over the first eight days levels off, leaving mmtl plants with a 

smaller rosette compared to the other lines during late vegetative growth 

(Figure 3.7). 
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3.2.4 Reproductive growth in mmtl and nmt 

Growth of the two mutant lines is reduced, relative to wild type, during the early 

stages of reproductive growth. At five weeks, wild type plants have produced 

several bolts and show strong, upright form (Figure 3.8). By this stage, mmtl 

plants have also produced several bolts. However, the overall growth habit is 

noticeably weaker than wild type, with narrower bolts and fewer flowers (Figure 

3.8). The growth habit of nmt plants is the weakest of the three lines during the 

early reproductive stage. Young plants rarely produce more than one or two 

thin primary bolts, and there is little lateral growth from these bolts (Figure 3.8). 

The time taken for each of the three lines to switch from vegetative to 

reproductive growth (as indicated by the appearance of the first bolt) is more 

variable in relation to time, than to plant architecture. There are wide 

differences in the number of days (after transfer from agar plates to compost) 

before the appearance of the first bolt, with wild type plants switching to 

reproductive growth after 6.1 ± 0.4 SE days. The appearance of the first bolt 

took significantly longer for mmtI, at 9.6 ± 0.5 SE days (t-test: t= 30.8, d. f. = 

71, P <0.01); while it only took 4.8 ± 0.4 SE days for the first bolt to appear on 

nmt plants (t-test: t=5.3, d. f. = 67, P=0.02; Figure 3.9A). The disparity 

between the three Arabidopsis lines becomes much smaller (while remaining 

significant) when bolting time is matched to rosette leaf growth. In wild type, 

the first bolt appeared when a plant had 8.6 ± 0.2 SE rosette leaves, with the 

figures being 8.2 ± 0.2 SE leaves for mmtl (t-test: t= 21.9, d. f. = 71, P <0.01) 

and 9.1 ± 0.2 SE leaves for nmt (t-test: t =46.8, d. f. = 67, P <0.01), respectively 

(Figure 3.9B). 
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The time taken for the first stigma to be exposed from a bud, normally 

indicative of silique extension caused by fertilisation, took much longer in mmtl 

than for either wild-type or nmt plants. At 14.8 ± 0.5 SE days, mmtl plants took 

on average over three days longer than wild type, which required 11.6 ± 0.4 

SE days (t-test: t= 39.1, d. f. = 71, P <0.01; Figure 3.1 OA). In contrast, there 

was no significant difference in stigma exposure between wild type and nmt, 

which took 10.9 ± 0.5 SE days (t-test: t=1.1, d. f. = 68, P=0.29; Figure 

3.1 OA). Exposure of the first stigma appeared to be less closely correlated to 

plant architecture than bolting time, with mmtl plants having 8.6 ± 0.3 SE 

rosette leaves, while nmt plants required slightly more at 9.7 ± 0.2 SE rosette 

leaves before the first bud opened. The longest time taken, in terms of leaf 

number, was wild-type with 11.6 ± 0.4 SE (Figure 3.1 OB). In both cases, the 

differences in leaf number between wild type and the mutant lines were 

significant (mmtl - Mest: t= 39, d. f. = 71, P <0.01; nmt - t-test: t= 15.7, d. f. = 

68, P <0.01). 

The floral morphology of nmt plants is greatly altered relative to both 

wild type and mmtl, both of which have normal flowers (not shown). In 

contrast, the flowers of nmt plants are much smaller and more spherical than 

wild-type, with petals and sepals that are far less likely to open fully (Figure 

3.11). The anthers produce a vastly reduced amount of pollen, and dehiscence 

tends to occur later than in wild type. Strikingly, while the stigmas of nmt 

flowers extend out of the bud, there is very little silique extension (Figure 3.111 

3.12). The lack of silique growth in nmt plants is maintained in the vast majority 

of flowers, and is not a feature of wild-type or mmtl Arabiclopsis. In these lines, 

silique extension occurs normally, with siliques from both lines reaching a 
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similar length (Figure 3.12). The only notable difference in appearance 

between wild-type and mmtl siliques is a reduction in thickening in the mutant 

(Figure 3.12). 

3.2.5 Fertilitv and seed production in mmtl and nmt 

Seed production in the mutants is significantly reduced relative to wild type - 

most notably in nmt, which is almost infertile. While wild type plants produce 

104.1 mg ± 7.2 SE of seed per individual, this figure drops to 33.7 mg ± 3.2 SE 

in mmtI plants (t-test: t= 81, d. f. = 39, P <0.01; Figure 3.13A), and to only 2.4 

mg ± 1.1 SE in nmt plants (t-test: t= 197, d. f. = 39, P <0.01; Figure 3.13A). Of 

the 20 nmt individuals that were sampled, only five produced enough seed to 

be weighed in micrograms on a balance. The remaining 15 plants all produced 

fewer than 50 seeds each (data not shown). The significant differences in total 

seed production are mirrored in the mean number of seeds produced in each 

extended silique. In wild type plants, each fully developed silique contained on 

average 26.7 ± 0.6 SE seeds, with the same test in mmtl plants showing that 

each silique contained 8.2 ± 0.5 SE seeds (t-test: t= 567, d. f. = 99, P <0.01; 

Figure 3.1313). In nmt plants, where siliques extend only partially relative to 

wild type, developed siliques contained an average of 3.2 ± 0.3 SE seeds (t- 

test: t= 1232, d. f. = 99, P <0.01; Figure 3.13B). 

3.2.6 End-of-life qrowth measurements in mmtl and nmt 

The end-of-life growth measurements from the three lines, taken following 

senescence and a drying-out period, reflect many of the results described so 

far. The mean height of both mmtl and nmt mutant plants is around two-thirds 
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that of wild type plants. While the differences between wild type and the 

mutant lines were significant, there was little difference between the two 

mutants. On average, wild type plants were 49.8 cm ± 1.0 SE when fully 

mature, compared to 30.8 cm ± 1.3 SE for mmtl (West: t= 135, d. f. = 70, P 

<0.01; Figure 3.14A), and 29.5 cm ± 0.8 SE for nmt (t-test: t= 265, d. f. = 66, P 

<0.01; Figure 3.14A). The pattern of significant differences between wild type 

and the mutants was matched in the dry mass of aerial plant-parts, with the 

wild type mean of 344.0 mg ± 18.5 SE per plant comparing with 183.5 mg ± 

19.9 SE for mmtl (t-test: t= 34.9, d. f. = 39, P <0.01; Figure 3.14B) and 206.5 

mg ± 17.2 SE for nmt (t-test: t= 29.5, d. f. = 39, P <0.01; Figure 3.14B). 

3.2.7 F2 segregation ratios in mmtl and nmt wild-type backgrosses 

The F2 segregation ratios of the two mutants, after back-crossing to the wild 

type line 43A9, reveal large differences in the recombination behaviour of the 

two disrupted loci (Table 3.1). Back-crosses with nmt lead to an F2 ratio of 

3.7: 1 (wild type: mutant). While slightly higher than expected, the chi-squared 

test for goodness of fit shows that this ratio is in close agreement with the 3: 1 

Mendelian segregation ratio for a single, recessive gene (X2= 0.571, d. f. =1, P 

= 0.45, n= 84). In contrast, the F2 segregation ratio for mmtl is 6.5: 1 (wild 

type: mutant) which, using the chi-squared test, is significantly different from 

the normal 3: 1 Mendelian ratio (X2 = 7.36, d. f. = 1, P<0.01, n= 105). This 

may be related to the low germination percentage seen in mmtl plants (see 

discussion). 
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Table 3.1 F2 segregation ratios of mmtl (M5 generation) and nmt (M4 generation) 
mutant organelle phenotypes in plants backcrossed to wild-type (line 43A9) 

Number Number of Number of F2 Segregation X2 goodness Significant 
of plants plants plants ratio (wild of fit to 3: 1 difference 
measured with wild- with type: mutant) mendelian from 3: 1 

type mutant ratio ratio? 
phenotype organelle 

phenotype 
mmtl 105 91 14 6.5: 1 x2=7.36 Yes 

d. f. 1 (P <0.01) 
nmt 84 66 18 3.7: 1 X 0.571 No 

I I I V1 (p = 0.45) 

3.2.8 Complementation anaivsis with mmtl and arc mutants 

The enlarged chloroplast phenotype of mmtl is similar to some of the 

accumulation and replication of chloroplasts (arc) mutants described 

previously (Pyke and Leech 1992,1994; Marrison et al, 1999). In an attempt to 

ascertain if the mmtl mutation is allelic to a known chloroplast morphology 

mutant, mmtl was crossed with arc5, arc6, arcl I and arc12 mutant plants, 

which all contain a reduced number of large chloroplasts. Microscopical 

analysis of the F1 generation from these reciprocal crosses showed that all 

offspring had a wild-type chloroplast morphology (not shown), indicating that 

mmtl is not allelic to arc5, arc6, arcl I or arc12. Several other arc mutants 

(arc2, arc3, arc8, arc9, arcIO) have a similar chloroplast phenotype and these 

remain to be tested. While arc3 can be discounted based on position of the 

wild type gene on chromosome I (Shimada et al, 2004), there is no mapping 

data for the other arc mutants. 

3.2.9 mmtl bulked-seqreqant analvsis 

PCR products created with the 22 SSLP bulked-segregant markers (Lukowitz 

et a/, 2000) were analysed by gel electrophoresis. As the mutant background 
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is Col-O, an increase in abundance of the Col-O-specific polymorphism in 

pooled DNA shows linkage to the mutant locus. The second, third and fourth 

markers on chromosome II (ciw3, ngal 126 and ngal 68) showed an increase 

in abundance of the Col-O-specific PCR product in the mmtllLer F2 pooled 

DNA samples, relative to the F1 Col-O/Ler samples (Figure 3.15). This 

indicated that the mmtl mutant locus was linked to these markers on 

chromosome 11. 

3.2.10 Three-point mapping of the mmtl locus 

For the purposes of genetic mapping, the mutant will be Col-O at the mutant 

locus, but essentially heterozygous at all other loci. The closer a marker is to 

the mutant locus, the lower the likelihood of a crossing-over event occurring 

between them. As such, markers with the highest proportion of Col-O samples 

have the highest linkage to the mutant loci. The three markers which showed 

linkage in the bulked-segregant analysis (ciw3, ngal 126 and ngal 68) were 

tested with 42 independent mmtllLer F2 mutant DNA samples. 29/42 samples 

were homozygous for the Col-O (mmtl mutant background) band using the 

ciw3 marker (30 cM), compared with 20/42 and 21/42 for ngal 126 (50 cM) and 

nga168 (73 cM), respectively (Figure 3.16). As ciw3 showed the highest 

linkage to mmtl, several markers were designed/obtained for that area. Of 

those tested, the CAPS marker PHYB (34.5 cM) showed the highest linkage to 

mmtl (39/42), and mapping was focused on the area between 30-35 cM. At 

this point, another 52 mmtllLer F2 mutant DNA samples were prepared, and 

subsequent markers tested with all 94 samples. 
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An InDel marker in the same position as PHYB, MSF3 (34.5 cM), was 

homozygous for the mutant background in 86/94 samples, while another 

marker, T24121 (31 cM), gave a score of 85/94. An intervening marker, 

T27K22 (33.75 cM), showed higher linkage than MSF3 or T24121, with 92/94 

samples homozygous for the mutant background. The presence of such a high 

score between these two markers indicated close linkage to the mmtl locus. 

MSF3 and T24121 were then used as flanking markers (Figure 3.16) for 

subsequent close-range mapping between 31-34.5 cM (Figure 3.17). 

A further 87 mmtllLer F2 mutant DNA samples were prepared and 

tested with MSF3 and T24121. Any samples which remained heterozygous at 

these flanking markers were informative for mapping and would be used with 

new markers designed between them for close-range mapping. With all 181 

mmtllLer F2 mutant DNA samples, MSF3 produced a score of 172/181, while 

T24121 showed linkage to the mutant background in 170/181 samples. A 

series of markers were designed on each of the BACs containing InDels or 

microsatellites in the database, and each was tested with the remaining 

heterozygous samples. 

T27K22 (33.75 cM) and T1 3L1 6 (33.5 cM) showed linkage to mmtI in 

176/181 samples, one less than T1 7A5 (33.25 cM) with 177/181 (Figure 3.17). 

There were no usable markers on T1 9E 12 (-33 cM), however the marker on 

MJB20 (33 cM) produced the highest score, with 179/181 (Figure 3.17). The 

two markers to the immediate north of MJB20, F5J6 (32.75 cM) and T23Al 

(32.5 cM) both showed lower linkage to the mutant background, with 178/181 

and 175/181, respectively (Figure 3.17). As linkage scores to the mmtI locus 

peaked with the MJB20 marker, this BAC, along with the two to the immediate 
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north and south (F5J6 and T19E12), was chosen as the genorne region (160 

kb in total) to focus on in an attempt to identify the mutant locus by 

complementation analysis. This genetic region, delineated by analysing 

crossing-over events in a subset of recombinants, showing that mmtl falls 

between the markers on F5J6 and T17A5 (Table 3.2), contains no homologues 

of genes found to control either mitochondrial or chloroplast morphology in 

other species, indicating that MMTI is a novel gene. A list of genes in the 

region can be found in appendix four. 

Table 3.2 Recombinants used to define mmtl region. 

T23Al F5J6 MJB20 Tl 7A5 TIX16 T27K22 
Recombinant 

18 H H C H H H 
107 H C C C C C 
133 H H H H H H 
160 H H H H H H 
167 H C C H H H 

A number of recombinants were used to define the mmtl genetic region, by showing the 
position of cross-over events relative to the mapping marker used. C denotes where a DNA 
sample gave a single Col-O (mutant background) band, and H denotes a heterozygous 
sample. 

3.2.11 Identification of JAtY complementation clones for mmtl 

Southern blotting of the AtY complementation clone library, using probes 

designed from the genomic sequence of BACs F5J6, MJB20 and T19E12, 

identified several clones in the region of interest (Table 3.3). The identified 

clones were then ordered from GeTCID (John Innes Centre, UK) and prepared 

for genetic complementation (by insertion into the plant transformation agent 

A. tumefaciens; see section 2.16,2.19) of mmtllLer F2 plants. 
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Table 3.3 JAtY clone positions for MMH on chromosome 11 

Probe Name Probe Position 
(Mbp) 

BAC JAtY Clone 
Identified 

Clone 
Position If 
Known(Mbp) 

MMt11 7.516 - 7.517 F5J6 81P4 
MM02 7.536 - 7.537 F5J6 1P16 - 
MMt13 7.556 - 7.557 F5J6 52M8 7.547 - 7.608 
MMt14 7.576 - 7.577 F5J6 31M6 - 
MM05 7.608 - 7.609 MJB20 7022 - 
MM06 7.628 - 7.629 MJB20 62J1 1 7.549 - 7.633 
MMt17 7.648 - 7.649 MJB20 88117 7.525 - 7.653 
MMt18 7.668 - 7.669 MJB20 82P21 - 
MMt19 7.671 - 7.672 T19E12 41 J6 

I 

- 

3.2.12 Genetic transformation of unselected F2 mmtllLer plants with JAtY 

clones 

Each clone identified during the AtY screen was used to transform at least six 

pots (with around 50 plants in each) of F2 mmtllLer plants (unselected for 

mutant organelle morphology), producing over 3 ml of seed (- 5000 seeds) for 

each clone. Unselected F2 plants were used due to the low fertility of the 

uncrossed mutant individuals. These seed were sown on compost and 

germinated, after which transformants containing the JAtY T-DNA were 

selected using gluphosinate ammonium (BASTA). From the tens of thousands 

of seeds screened, only one plant (transformed with 62A 1; Table 3.3) showed 

resistance to BASTA. The failure of the repeated transformation attempts 

(which may be linked to the promoter used in the construction of the T-DNA 

vector; see discussion) ended the complementation analysis using AtY 

clones. 
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3.2.13 nmt bulked-segregant analysis 

PCR products created with the 22 SSLP bulked-segregant markers were 

analysed by gel electrophoresis. From the first analysis, markers from both 

chromosome IV and V showed an increase in abundance of the Col-O 

polymorphism in a pooled DNA sample of nmtlLer F2 mutants, relative to the 

heterozygous F1 samples (Figure 3.18A). The analysis was repeated using 

only the markers on these two chromosomes, and this repeat showed that 

there was a small increase in abundance of products created from the mutant 

background (Col-0 polymorphism) in the second and third markers (ciw8 and 

PHYC) on chromosome V (Figure 3.18B). This result indicated that the nmt 

mutant locus was near the middle of chromosome V. The differences between 

the results in the first and second experiment are likely to have been caused 

by the randomness inherent in PCR reactions using DNA pooled from several 

individual samples. Minute differences in the DNA composition of the pooled 

sample, caused by variations such as pipetting errors, may have led to the 

small changes in product abundance seen here. 

3.2.14 Three-point mappinq of the nmt locus 

The two markers which showed a slight increase in abundance of the Col-O 

polymorphism in the pooled mutant DNA sample were next used to analyse 

the 29 nmtlLer F2 mutant DNA samples individually. 16/29 samples were 

homozygous for the Col-O polymorphism using PHYC (70 cM), while ciw8 (42 

cM) gave a score of 28/29, indicating that it was likely to be closely linked to 

the nmt locus. 
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Another 31 nmtlLer F2 mutant DNA samples were prepared and tested 

with ciw8, along with two other markers 1-2 cM to its north and south. F22D1 

(40 cM) showed linkage in 55/60 samples, while MYJ24 (43 cM) gave a score 

of 57/60. With the additional samples, ciw8 (which is on BAC MQJ 16) gave a 

score of 58/60. As F22Dl and MYJ24 were 3 cM apart, and had a marker with 

a higher score between them, they were designated as flanking markers 

(Figure 3.19). A further 102 nmtlLer F2 mutant DNA samples were prepared 

and tested with these markers, and any heterozygous samples would be 

retained for close-range mapping (Figure 3.20). 

F22D1 showed 153/163 samples with linkage to the Col-O 

polymorphism, which rose to 156/163 for MYJ24 (Figure 3.20). Markers were 

designed on all the BACs containing InDels between the flanking markers, and 

were tested with the heterozygous samples. The marker to the north of 

MYJ249 T2007 (42.6 cM), was linked in 157/163 samples; while the next three 

BACs to the north with markers, MRN17 (42.5 cM), MDJ22 (42 cM) and 

MQJ 1 6/ciw8, all scored 158/163 (Figure 3.20). A marker on the next BAC to 

the north, MWD9 (41.5 cM), showed the highest linkage of the mapping with 

159/163 samples, after which linkage began to tail off, with T6G21 scoring 

154/163 (Figure 3.20). Based on these results, the genomic region of MWD9 

and MQJ 16 (100 kb) was chosen as the focus for JAtY complementation 

analysis. This genetic region, delineated by analysing crossing-over events in 

a subset of recombinants, showing that nmt falls between the markers on 

T6G21 and MQJ 16 (Table 3.4), contains no hornologues of genes found to 

control mitochondrial morphology in other species, indicating that NMT is a 

novel gene. A list of genes in the region can be found in appendix four. 
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Table 3.4 Recombinants used to define nmt region. 

T6G21 MWD9 MQJ16 MDJ22 MRN17 
Recombinant 

104 H H H H H 
116 C C H H H 
117 C C C C C 
146 H C C C C 
151 H H H H H 

A number of recombinants were used to define the nmt genetic region, by showing the position 
of cross-over events relative to the mapping marker used. C denotes where a DNA sample 
gave a single Col-O (mutant background) band, and H denotes a heterozygous sample. 

3.2.15 Identification of JAtY complementation clones for nmt 

Southern blotting of the JAtY complementation clone library, using probes 

designed from the genomic sequence of BACs MWD9 and MQJ 16, identified 

several clones in the region of interest (Table 3.5). The identified clones were 

then ordered and prepared for genetic complementation (see section 2.16, 

2.19). 

Table 3.5 JAtY clone positions for nmt on chromosome V 

Probe 

Name 

Probe 
Position 
(Mbp) 

BAC JAtY Clone 
Identified 

Clone 
Position If 
Known(Mbp) 

nmt, 7.386 - 7.387 MWD9 49M2 7.343 - 7.424 
nmt2 7.406 - 7.407 MWD9 72F13 7.380 - 7.433 
nmt3 7.426 - 7.407 MWD9 171311 - 
nmt4 7.446 - 7.447 MWD9 45D2 - 
nmt5 7.462 - 7.463 MWD9 61N4 7.404 - 7.477 
nmt6 7.466 - 7.467 MQJ16 62H3 7.455 - 7.536 
nmt7 7.486 - 7.487 MQJ16 84G22 
nmt8 7.506 - 7.507 MQJ16 74C2 7.466 - 7.557 
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3.2.16 Genetic transformation of unselected F2 nmtlLer plants with JAtY 

clones 

Each clone identified for the putative mmtl locus region was used to transform 

at least six pots (with around 50 plants in each) of nmtlLer F2 plants 

(unselected for the mutant mitochondrial phenotype), producing over 3 ml of 

seed for each clone. These seed were sown on compost and germinated, after 

which plants containing the JAtY T-DNA were selected using BASTA. From 

the tens of thousands of seeds screened, only three plants (two transformed 

with 72F1 3 and one with 621-13; Table 3.5) showed resistance to BASTA. The 

failure of the repeated transformation attempts ended the complementation 

analysis using JAtY clones. 
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Figure 3.1 Epifluorescence micrographs of mitochondrial and chloroplast morphology 
in mesophyll and lower epidermal cells of wild type and mmtl. Mitochondria in mmtl 
plants (B, D) exhibit a much greater size heterogeneity than wild type (A, C). The mmtl 
mutation also affects chloroplast plan area and size heterogeneity (F), with organelles in the 
mutant being, on average, over ten-times the plan area of those found in wild type plants (E). 
Images have been false-coloured to reflect mitochondrial-GFP (A-D) and chlorophyll 
autofluorescence (Efl. Scale bars =5 Lim (A-D), 10 Lim (E, F) 
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Figure 3.2 Mitochondrial plan area in wild type and mmtl lower epidermal layer cells. 
Epifluorescence micrographs were taken of five (mmtl; M5 generation) or ten (wild type; line 
43A9) randomly selected areas of epidermis from one of the first true leaves of each of ten 14 
day-old Arabidopsis seedlings. The plan area of each wild type (n = 10009) and mmtl (n = 4534) 
mitochondrion was then measured. A. Mean mitochondrial plan area ± SE for wild type and 
mmtl. B. Frequency distribution of mitochondrial plan area. The plan area of all measured wild 
type (black bars) and mmtl (open bars) mitochondria were placed into size classes to determine 
the percentage frequency of each mitochondrial size in the population. 
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Figure 3.3 Chloroplast plan area in wild type and mmtl mesophyll cells. Epifluorescence 
micrographs were taken of three randomly selected areas of the mesophyll layer from one of the 
first true leaves of each of ten wild type (line 43A9) or mmtl (M5 generation) seven-day-old 
Arabidopsis seedlings. 20 chloroplasts were randomly selected from each micrograph and their 
plan area measured (n =3x 10 x 20 = 600). A. Mean chloroplast plan area ± SE for wild type and 
mmtl chloroplasts. B. Frequency distribution of chloroplast plan area. The plan area of all 
measured wild type (hatched bars) and mmtl (black bars) chloroplasts were placed into size 
classes to determine the percentage frequency of each chloroplast size class in the population. 



nmt 

Figure 3.4 Epifluorescence micrographs of mitochondrial morphology in lower 
epidermal layer cells in wild type and nmt. In contrast to the discrete organelles found in 
wild type plants (left panels), the mitochondria in nmt plants form a network of interconnected 
tubules which pervade throughout the cytoplasm (right panels). Images have been false- 
coloured to reflect GFP fluorescence. Scale bar =5 Ltm. 
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Figure 3.5 Mean germination percentages of wild type, mmtl and nmt seeds. Seed on four 
IVIS agar plates (each plate containing around 50 seeds) were germinated for each of wild type 
(line 43A9), mmtl (M5 generation) and nmt (M5 generation) Arabidopsis. After seven days, the 
percentage germination (measured as visible radicle protrusion) for each plate was measured 
with the aid of a low-power dissecting microscope. Percentages from each plate were arcsine 
transformed to normalise the data prior to statistical testing and the data is plotted as back- 
transformed means ± SE. 



Figure 3.6 Leaf morphology during vegetative growth in 3-week-old wild type and 
mmtl plants. Wild type plants exhibit a normal, elongated ovate leaf morphology during 
vegetative growth. In contrast, leaves of mmtl seedlings are much shorter, rounder and are 
paler in colour. 
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Figure 3.7 Pattern of rosette leaf growth during the late vegetative and early 
reproductive phases in wild type, mmtl and nmt plants. Wild type (line 43C5; n= 36), 
mmtl (M5 generation; n= 36) and nmt (M5 generation, n= 32) seedlings were germinated on 
MS agar plates and transferred to compost after 14 days. The number of rosette leaves on 
each seedling was measured every two days, after the transfer to compost, for a period of 20 
days. The figures represent means ± SE for wild type (black squares), mmtl (open triangles) 
and nmt (open circles) seedlings at each time point. 



Figure 3.8 Whole-plant morphology in five-week-old wild type, mmtl and nmt plants. 
Both mutant lines show a reduced growth habit relative to wild type, with nmt plants being 
particularly weak at early reproductive growth stages. Pots are 5 cm high. 
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Figure 3.9 Bolting time and the switch to reproductive phase in wild type, mmtl and nmt 
plants. Wild type (line 43C5; n= 36), mmtl (M5 generation; n= 36) and nmt (M5 generation; n= 
32) seedlings were germinated on MS agar plates and transferred to compost after 14 days. After 
transfer, the time taken by each seedling to reach reproductive phase (indicated by the presence 
of the first bolt greater than 0.5 cm in height) was measured. A. Mean (± SE) number of days 
after transfer to compost before appearance of first bolt in wild type, mmtl and nmt seedlings. B. 
Mean (± SE) number of rosette leaves on seedlings at appearance of first bolt in wild type, TmtI 
and nmt. 
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Figure 3.10 Exposure of the first stigma after silique extension during the reproductive 
phase in wild type, mmtl and nmt plants. Wild type (line 43C5; n= 36), mmtl (M5 generation; 
n= 36) and nmt (M5 generation; n= 32) seedlings were germinated on MS agar plates and 
transferred to compost after 14 days. After transfer, the time taken by each seedling to expose 
their first stigma following silique extension was measured. A. Mean (± SE) number of days after 
transfer to compost before exposure of the first stigma in wild type, mmtl and nmt seedlings. B. 
Mean (± SE) number of rosette leaves on seedlings at exposure of first stigma in wild type, mmtl 
and nmt. 
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Figure 3.11 Flower morphology in nmt plants. The floral morphology of nmt plants is 
greatly altered relative to wild type. The anthers produce very little pollen, and stigmas 
usually extend from the buds prior to dehiscence. Silique extension is also greatly limited 
relative to wild type. 



Figure 3.12 Silique morphology in wild type, nmt and mmtl plants. The siliques of mmtl 
plants (right) are slightly shorter and narrower than those of wild type Arabidopsis (left). In 
nmt plants (centre), silique extension is much reduced or absent, reflecting the low fecundity 
in the mutant. 
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Figure 3.13 Total seed production and silique fecundity in wild type, mmtl and nmt plants. 
Wild type (line 43C5), mmtl (M5 generation) and nmt (M5 generation) seedlings were germinated 
on MS agar plates and transferred to compost after 14 days. After eight weeks of growth, plants 
were allowed to fully dry out before measuring seed production per whole plant and per silique. A. 
Mean (± SE) total seed mass per plant in wild type (n = 35), mmtl (n = 36) and nmt (n = 32). B. 
Five developed siliques were randomly selected from ten wild type, mmtl and nmt plants (n = 50 
siliques per line) and the number of seeds in each silique was counted. The mean (± SE) number 
of seeds per silique for each line was then calculated. 
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Figure 3.14 Height and aerial-part dry mass of wild type, mmtl and nmt plants. Wild type 
(line 43C5), mmtl (M5 generation) and nmt (M5 generation) seedlings were germinated on MS 
agar plates and transferred to compost after 14 days. After eight weeks of growth, plants were 
allowed to fully dry out before measuring height and dry mass. A. Mean (± SE) plant height in wild 
type (n = 35), mmtl (n = 36) and nmt (n = 32). B. Mean (± SE) dry mass of aerial plant parts in 
wild type, mmtl and nmt (all n= 20). 



Figure 3.15 Bulked-segregant analysis in mmfl. PCR products created with the 22 SSLP 
markers used in bulked-segregant analysis were separated by gel electrophoresis. The top 
row of PCR products were produced using F1 Col-O/Ler DNA, while the bottom row used 
pooled DNA from F2 mmtllLer plants as a template. The markers are separated into 
columns I-V (representing each chromosome), and are measured against a 20 bp 
molecular ladder. The second (ciw3), third (ngal 126) and fourth (nga 168) markers from the 
left on chromosome 11 showed linkage to the mutant background (Col-0 polymorphism). 
Product sizes are given in Table 3.6. NB Levels of PCR amplification were determined by 
eye on a UV transilluminator, and results were based on these observations only. 

Table 3.6 Expected product sizes of SSLP markers used in bulked-segregant analysis 

Chr. (CM) Marker (BAC) Forward Primer (5'--) T) Reverse Primer (5'-->3') Size of PCR Product (bp) [MgClj 
COL LER WS (MM) 

(10) F21M12 (F21 M 12) GGCTTTCTCGAAATCTGTCC TTACTTTTTGCCTCTTGTCATTG 200 -160 -215 2.0 
(39) ciw 12 (T22C5) AGGTTTTATTGCT-rTTCACA CTTTCAAAN, CACATCACA 128 -115 -113 1-5 
(72) CiW 1 (F14J22) ACArrTTCTC2%ATCcrrAcrc GAGAGCTTCTTTAT=TGAT 159 -135 -130 2.0 
(81) nga 280 (F14J16) CTGATCTCACGGACAATAGTGC GGCTCCATAAAAAGTGCACC 105 85 85 15 
(113) nga 111 (F28P22) CTCCAGTTGGAAGCTAAAGGO TG7rT=AGGACAAATGGCG 128 162 146 1.5 
(11) ciw 2 J18C20) CCCAAAAGTTAATTATACTGT CCGG43TTAATAATAAATGT 105 -90 -105 2.5 
(30) ciw 3 (T26120) GAAACTCALATGAAATccAcrT TGAACT = TnTGAGCTTTGA 230 -200 -1000 2.5 
(50) nga 1126 (Fl OA1 2) CG4CMkCGCTTrTCGGTAAAG GCACALGTCCAAGTCACAACC 191 199 191 2.0 
(73) nga 168 (T7F6) TCGTCrACTGCACMCCG GAGGACATGTATAGGAGCCTCG 151 135 135 2.0 
(20) nga 162 (MDC16) CATrCAATTT=TClrAGG CTCrGTCACrCTTTTCCTCTGG 107 89 85 1.0 
(43) CiW 11 (MFE16) CCCCGAGTTGAGGTATT GAAGAAATTCCTAAAGCATrC 179 -230 -240 2.5 
(70) ciw 4 (Fl 8B3) GTTCA. TTAAACTTGCGTGTGT TACGGTCAGATTGAGTGATrC 190 -215 -190 2.5 
(86) nga 6 (-Tl7Jl3) TGGATTTCTTCCTCTCTTCAC ATGGAGAAGCrTACACTGATC 143 123 131 1.0 
(10) CiW 5 J15B16) GOTTAAAAA7rAGGGTTACGA AGATTTACGTGGAAGCAAT 164 -144 -500 2.0 

IV (47) ciw 6 (T6G 15) CTCGTAGTGCACTTTCATCA CACATGGT"rAGGGAAACAATA 162 -148 -135 2.0 
(65) ciw 7 (Fl 7L22) AATTTGGAGATTAGCTGGAAT CCATGTTGATGATAAGCACAA 130 -123 -150 2.0 
(104) nga 1107 (T9Al 4) GCGAAAAAACAAAAAAATCCA CGACGAATCGACAGAATTAGG 150 -140 -140 15 
(10) CTR1 (F7Pl5) Cr-ACTTGrTTCTCrCTCTAG TATCAA(: kGAAACC-CACCGAG 159 143 145 2.5 

V (42) ciw 8 (MQJ 16) TAGTGAAACCrTTCTCAGAT TTATGTTrTCTTCýýTCAGTT 100 
-135 -100 20 

(71) PHYC (MIK22) CTCAGAGAATTCCCAGAAAAATCT AAACTCGAGAGTT7rGTCrAGATC 207 222 222 2.0 
(88) CiW 9 (MF020) CAGACGTATCAAATGACAAATG GACrACr=CAAACrATTCGG 165 -145 -145 1.0 
(115) CiW 10 (MSL3) CCACAT7rTCCTTCT7rCATA CAACATTTAGCAAATCAACrT 140 -130 -138 2.0 
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Figure 3.16 Scale map of chromosome 11. Chromosome 11 is 19.8 Mbp or 98 cM in length, with 
the centromere at 3.8 Mbp. The positions of the bulked-segregant markers (ciw2, ciw3, ngal 126 
and nga'168) are indicated above the open box, while the two flanking markers used in mmtl 
mapping J24121 and MSF3) are indicated below. 
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Figure 3.17 Scale diagram of mmtl close-range mapping area on chromosome 11. The 
diagram shows the physical and recombination map positions of bacterial artificial chromosomes 
(BACs) in the close-range mmtl mapping area, along with mapping scores (showing the number 
of DNA samples with linkage to the Col-0 polymorphism) for BACs with usable markers (black 
boxes). Open boxes indicate BACs with no usable markers. 
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Figure 3.18 Bulked-segregant analysis in nmt. PCR products created with the 22 SSLP 
markers used in bulked-segregant analysis were separated by gel electrophoresis. The top 
row of PCR products in both A and B were produced using F1 Col-O/Ler DNA, while the 
bottom row in both A and B used pooled DNA from F2 nmtlLer plants as a template. The 
markers are separated into columns I-V (representing each chromosome), and are 
measured against a 20 bp molecular ladder. A. Analysis of bulked-segregant PCR products 
for all five chromosomes. B. Repeat of bulked-segregant analysis for markers on 
chromosomes IV and V. The second (ciw8) and third (PHYC) markers on chromosome V 
show linkage to the Col-O polymorphism. Product sizes are given in Table 3.6. NB Levels of 
PCR amplification were determined by eye on a UV transilluminator, and results were based 
on these observations only. Variations in band intensity between A and B in this figure are 
caused by changes to the equipment used to record the result and the randomness inherent 
in PCR amplification using pooled DNA as a template. 
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Figure 3.19 Scale map of chromosome V. Chromosome V is 26.9 Mbp or 140 cM in length, 
with the centromere at 11.8 Mbp. The positions of the bulked-segregant markers (CTR1, ciw8, 
PHYC, ciw9 and ciw1 0) are indicated above the open box, while the two flanking markers used in 
nmt mapping (F22D1 and MYJ24) are indicated below. 
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Figure 3.20 Scale diagram of nmt close-range mapping area on chromosome V. The 
diagram shows the physical and recombination map positions of bacterial artificial chromosomes 
(BACs) in the close-range nmtl mapping area, along with mapping scores for BACs with usable 
markers (black boxes). Open boxes indicate BACs with no usable markers. 



Discussion 

3.3.1 Summary 

This chapter describes the phenotypic characterisation and mapping of two 

novel Arabiclopsis mutants, motley mitochondria (mmtl) and network 

mitochondria (nmt). The mitochondria and chloroplasts of mmtl plants exhibit 

a greater degree of size heterogeneity than in wild type plants, with 

chloroplasts also increasing in mean plan area. In nmt, the mitochondria form 

a network of mitochondrial tubules, rather than the discrete organelles found in 

wild type. These mutants have a highly compromised growth pattern, with 

reductions in height, weight, fertility and fecundity, which may be linked to 

changes in organelle morphology. Mapping of the two mutant loci reveals that 

mmtl is likely to reside on a 160 kb section of chromosome 11, while nmt has 

been mapped to a 100 kb region on chromosome V. Attempts to identify the 

mutant loci by iterative genetic complementation, using the AtY 

transformation library, failed to produce enough transformants for analysis. 

3.3.2 The control of mitochondrial morpholo-qy in nmt 

The network mitochondrial morphology seen in the nmt mutant is greatly at 

variance with the wild type mitochondrial morphology of higher plants (Figure 

3.4), where wild-type mitochondria are usually observed as numerous, discrete 

organelles (Stickens and Verbelen, 1996; Logan and Leaver, 2000). Indeed, 

the tubular morphology of nmt mitochondria has more in common with the 

phenotype of these organelles in yeast and humans, than with plants (see, e. g. 

Okamoto and Shaw, 2005, Youle and Karbowski, 2005). The molecular 

process through which this change has occurred is unknown, however it is 
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likely that the phenotype is the result of alterations to the processes of 

mitochondrial division and fusion. The steady-state mitochondrial morphology 

of a cell is controlled by, amongst other things, the balance between division 

and fusion (Sesaki and Jensen, 1998). In yeast cells defective for the division 

gene DNMI, the structural organisation of the mitochondrial population tends 

towards a network of interconnected tubules caused by a lack of division. 

Conversely, disruption of the fusion gene FZOI leads to an increase in the 

number of discrete organelles (Sesaki and Jensen, 1998). It is possible that 

the balance has been shifted towards fusion in nmt, either due to a decrease in 

division, or an up-regulation of fusion. 

In plant cells, there is a net increase in mitochondrial fusion immediately 

prior to cell division (Stickens and Verbelen, 1996; Sheahan et al, 2004). As 

the cell prepares to divide, the normally discrete organelles fuse to form a 

reticulum, presumably to aid the equal partitioning of mitochondria into 

daughter cells (Sheahan et al, 2004). One possible explanation for the reticular 

phenotype in nmt is that there is a deficiency in the molecular system which 

co-ordinates mitochondrial fragmentation after cytokinesis. 

A second possible reason for the nmt mitochondrial phenotype is a 

disruption of the division process during the normal cell cycle. The "beaded" 

morphology of the mitochondrial network, where individual organelles appear 

to be joined by thin, constricted portions of tubule (Figure 3.4), is indicative of 

defects in placement of the organelle division machinery. For example, plants 

over-expressing the topological specificity factor, AtMinE, have chloroplasts 

with a bead-like morphology (Maple et al, 2002). AtMinE, an Arabiclopsis 

homologue of the bacterial division protein MinE (Sullivan and Maddock, 
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2000), prevents constriction and severance of chloroplasts at places other than 

the organelle mid-point. When over-expressed, AtMinE loses specificity and 

can form a constricting ring at several points on the same organelle, leading to 

a bead-like chloroplast morphology (Maple et al, 2002). Alterations to the 

control of division apparatus-placement in nmt may account for the multiple 

constrictions in the mitochondrial tubules. 

Overall, it is likely that the nmt phenotype is caused by a defect in 

mitochondrial division. The presence of long tubules, which run for tens of 

micrometres through the cytoplasm, indicates a shift in the balance between 

fusion and division. The bead-like morphology of the tubules suggests that, 

while the early constriction phase of division has occurred, the later severance 

phase has not, implying that disruption of the division process has occurred at 

a late stage. 

3.3.3 The control of organelle morphology in mmtl 

The organelle morphology of mmtl is also complex, with the mutation having 

an effect on both mitochondria and chloroplasts (Figure 3.1). There is an 

increase in heterogeneity of mitochondrial plan area relative to wild type, while 

both mean plan area and size heterogeneity increases vastly in chloroplasts 

(Figures 3.2,3.3). The fact that the same mutation appears to have an effect 

on both organelles suggests that the MMTI gene is a fundamental component 

in the regulation of organelle morphology. 

The mmtl phenotype may, again, be caused by disruption of organelle 

division. For example, the increase in size heterogeneity of the two organelles 

could be caused by misplacement of the division apparatus. In Arabidopsis 
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plants with reduced levels of the chloroplast division-site regulator, AtMinD, 

there is a large increase in size heterogeneity following plastid division. This is 

caused by asymmetric division of the chloroplast when the division machinery 

forms near a pole, rather than at the organelle mid-point (Colletti et al, 2000). 

While asymmetric organelle division may explain the increase in size 

heterogeneity in mmtl mitochondria and chloroplasts, it may not in itself 

explain the large increase in mean chloroplast plan area, nor the low number 

of smaller chloroplasts found during quantification (Figure 3.3). However, these 

changes may be accounted for by the relationship between chloroplast number 

and mean size, which shows that in mutants containing reduced numbers of 

chloroplasts per cell, there is a general increase in the plan area of individual 

chloroplasts, ensuring the maintenance of overall chloroplast volume (Pyke 

and Leech, 1994; Colletti et al, 2000; Aldridge et al, 2005). 

The change in organelle division may also be temporal, rather than the 

purely mechanical process described above. The life history of bacteria, 

particularly extant relatives of the species from which mitochondria and 

chloroplasts are derived, may provide another possible explanation of mmtl 

organelle morphology. For example in E. coli, an extant proteobacterial relative 

of the ancestral mitochondrial symbiont (Gupta, 2000), cell division and the 

size of daughter cells is controlled by growth rate and life cycle. In E. coli, 

duplication of the bacterial genome must be completed before cell division can 

take place (Botello and Nordstrom, 1998). If full duplication is not completed 

prior to the normal commencement of cell division (known as chromosome 

underreplication), cytokinesis is halted. However, cell growth continues in 

underreplicated cells, and this elongation persists until individuals are around 
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twice the size of normal E. coli cells (Botello and Nordstrom, 1998). Cell 

division finally occurs when genome duplication is complete, yet in many cells 

the site of septum formation remains the same distance from a pole as in wild- 

type E. coli. This leads to asymmetric division, producing some daughters that 

are over three-times the size of normal cells, giving the population an 

increased heterogeneity of size (Botello and Nordstrom, 1998). If the mmtl 

mutation is causing the mitochondrial and chloroplast genomes to 

underreplicate, the result may be the heterogeneous organelle populations 

observed (Figures 3.1,3.2,3.3). 

A second aspect of bacterial life, which leads to size heterogeneity in 

populations, is the age of the dividing cells. During each division cycle in E. 

coli, one of the daughter cells receives an old pole, formed during division in a 

previous generation or earlier. Stewart et al (2005) show that cells inheriting 

the old pole during symmetric division have a slower growth rate than cells 

with new poles, eventually leading to size differences between cells over many 

generations. The study also showed that old-pole cells have reduced fecundity 

and a shorter life-span, increasing the turn-over of older cells (Stewart et al, 

2005). It is possible that a similar process occurs in plant organelles, whereby 

mitochondria and chloroplasts that have undergone fewer cycles of division 

show a faster growth rate, leading to increased size heterogeneity. If MMT1 

acts to mask the size heterogeneity caused by division over multiple 

generations, the effects of pole age and turn-over on organelle size may be 

revealed by the mmtl mutation. 

The effect of the mmtl mutation on both mitochondrial and chloroplast 

morphology is almost unique, with only one other report in the literature. 
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Sakamoto et al (1996) have described chloroplast mutator (chm), a mutation 

which affects both chloroplast colouration and mitochondrial ultrastructure, 

possibly by altering mtDNA. However, the manner in which the mmtl mutation 

affects both organelles is open to debate. There are three main possible 

explanations for the morphology of mitochondria and chloroplasts in mmtl 

plants. 

Firstly, the MMT1 protein may be targeted to both mitochondria and 

chloroplasts, and have a similar role in controlling overall morphology in both. 

While generally uncommon (relative to those with a single localisation), there 

are a number of proteins which show dual localisation to both mitochondria 

and chloroplasts (Huang et al, 1990; Peeters and Small, 2001). This dual- 

targeting can generally occur by two methods - either by creating two proteins 

from the same coding region (through alternative translation/transcription 

initiation sites, alternative exon splicing etc); or by having an ambiguous 

presequence which is recognised as a targeting signal by both mitochondria 

and chloroplasts (Peeters and Small, 2001). If the coding region of MMT1 has 

either of these qualities, it could explain why the morphology of both organelles 

is altered. 

Secondly, the MMTI gene may have pleiotropic effects, either as a 

direct knock-on from its wild-type function, or as part of a pathway involved in 

the control of organelle morphology. For example, if the wild type gene played 

a role in regulating mitochondrial morphology, and normal chloroplast 

morphology was (through some means) depenclant on a wild-type 

mitochondrial morphology, then a single mutation would have an effect on the 

morphology of both organelles. While pleiotropy is relatively common in plants, 
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particularly in whole-plant morphology and architecture (see, e. g. Motte et al, 

1998; White et al, 1998; Ishiguro et al, 2002), this type of interaction appears 

to be rare in the regulation of organelle morphology. 

Finally, the third explanation for the alteration of both mitochondrial and 

chloroplast morphologies is that there are two genes involved. EMS 

mutagenisation is a non-selective process, and the chemical produces high 

levels of random point mutations in the Arabidopsis genome (Greene et al, 

2003). It is possible that the mmtl phenotype is actually two linked mutations, 

one affecting mitochondria and the other affecting chloroplasts. However, it 

would appear highly unlikely that two closely-linked genes, each producing 

proteins which have very similar effects on morphology in two different 

organelles, would be randomly mutagenised by EMS and be found in a single 

M2 plant. Despite the low probability of this occurrence, it must be taken into 

account until a single locus for mmtl is identified. 

3.3.4 GFP silencing in mmtl and nmt 

Removal of the EMS-mutagenised background from the mmtl and nmt 

mutants is a necessary task, as it would allow a direct link between organelle 

morphology and plant physiology. Feldmann et al (1994) state that to remove 

the random mutagenesis background, EMS mutants should either be 

repeatedly backcrossed to wild type (at least five cycles to reduce any linkage 

by 32-fold) or other non-EMS alleles for the gene must be sought. As the 

genetic loci of mmtl and nmt are unknown, backcrossing to wild type was the 

only course available. While attempts to follow the backcrossing procedure 
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were made, they were ultimately unsuccessful due to problems caused by 

GFP silencing. 

Both the mmtl and nmt plants used were of the M4 or M5 generation, 

and while the organelle morphology was clear in most individuals, GFP 

expression was much reduced relative to either earlier generations, or to wild 

type. The first backcrosses of both lines produced plants with good GFP 

expression. However, with each subsequent backcross generation, GFP 

expression in the lines diminished to the extent that the mitochondria were no 

longer visible by the third cycle of backcrosses. Attempts to re-establish mito- 

GFP in the plants by crossing to another wild type mito-GFP line (43C5), which 

may have a GFP insertion in a different location, were unsuccessful as GFP 

expression was lost in the next generation. 

The silencing of transgenes, such as reporter-fusion constructs, is a 

common problem in plant science, and there are several theories regarding its 

occurrence (Allen et al, 1993; Qin et al, 2003; Halweg et al, 2005). However, 

the consequence for this study was that it made it impossible to backcross the 

two mutant lines enough times for any linked, EMS-mutangenised secondary 

genes to be removed from the background. As such, it is impossible to 

prescribe all the whole-plant growth characteristics to changes in organelle 

morphology, as tests had to be carried out using un-backcrossed individuals. 

From other studies, however, it is clear that some of the changes in the whole- 

plant will be linked to organelle morphology. For example, it is known that 

plants with larger chloroplasts (created by disrupting chloroplast division) have 

decreased photosynthetic rates and are susceptible to photodamage (Jeong et 

al, 2002; Austin and Webber, 2005); while mammalian cells defective in 
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mitochondrial fusion (and consequently containing small organelles) show a 

reduction in fitness (Chen et al, 2005). 

3.3.5 Growth characteristics of mmtl and nmt plants 

While the percentage germination of nmt shows a minor reduction relative to 

wild type, it is the rate in mmtl which is most interesting (Figure 3.5). Over 

two-thirds of the mmtl seeds sown in the study failed to germinate, compared 

to around a tenth in wild type. The large reduction in germination efficiency 

may indicate that mmtl is a semi-lethal mutation, with only less-severe 

individuals managing to germinate. This could account for the 6.5: 1 (wild- 

type: mutant) F2 segregation ratio in mmtl, which is significantly different from 

the 3: 1 Mendelian ratio for a single, recessive gene (Table 3.1). A reduction in 

germination caused by a semi-lethal mutation would reduce the numbers of 

mutants in the F2 generation, skewing the segregation ratio towards a greater 

number of wild types. 

The patterns of leaf architecture and accumulation during vegetative 

growth are very different in mmtl and nmt, which could reflect the challenges 

in overcoming abnormal organelle morphology. In mmtl, both leaf size and 

number are reduced relative to wild type (Figures 3.6,3.7), which may be an 

adaptation to increased chloroplast size. Using the chloroplast morphology 

mutants arc3, arc5 and arc6, Austin and Webber (2005) have shown that leaf 

area is reduced in plants containing a small number of large chloroplasts. An 

earlier study, using tobacco plants overexpressing the plastid division gene 

NtFtsZI-2 (leading to cells with only one to three large chloroplasts), 

demonstrated that the area of the first expanded leaf is reduced, relative to 
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wild type, in transgenic plants under high or low light conditions (Jeong et al, 

2002). 

It is believed that plants with abnormally large chloroplasts are more 

susceptible to photodamage, as the chloroplasts are unable to adjust their 

position (phototaxis) in response to different levels of light intensity. In such 

mutants leaf size is altered, thereby reducing the capture of incident light 

(Austin and Webber, 2005). Alterations in mmtl leaf architecture may be part 

of a similar protection response. The small increase in rosette leaf number 

seen in nmt, relative to wild type, may be a response to the minor reduction in 

leaf area of these mutant plants during vegetative growth (Figure 3.7). 

Growth of the two mutants is retarded, in comparison to wild type, 

throughout reproductive growth. During the early stages of this period (at five 

weeks), it is the nmt mutant which has the most compromised growth pattern 

(Figure 3.8). In relation to mmtl, the nmt mutant has a particularly weak 

growth habit, with reduced height and fewer bolts. However, by the end of the 

reproductive growth period nmt has matched mmtI, both in overall height, and 

in the dry mass of its aerial parts (Figure 3.14). nmt appears to subject to a 

developmental delay, taking longer than the other two lines to add secondary 

bolts and reach its maximum height. 

The time taken for plants to switch from vegetative to reproductive 

growth (represented by the time taking to produce the first bolt) is highly 

variable, with mmtI taking around three days longer than wild type and nmt 

taking almost two days less (Figure 3.9A). This variability between lines is 

almost removed, however, when bolting time is recorded in terms of the 

number of rosette leaves present. All three lines produce their first bolt when 
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they have eight or nine leaves, indicating that bolting time is more strongly 

linked to growth stage, than to time (Figure 3.913). Levey and Wingler (2005) 

show that there is a close correlation between total (rosette) leaf number and 

bolting in Arabidopsis plants grown under different conditions. It appears that 

while mutations may affect the time taken for plants to begin reproductive 

development, they are not enough to break the link between plant architecture 

and reproductive state. 

The development pattern seen in bolting time is repeated when looking 

at the phenomenon of the first stigma exposed after silique extension. In terms 

of days, mmtl plants take longer to expose their first stigma than wild-type, 

while nmt plants take a little less (Figure 3.1 OA). In terms of the number of 

rosette leaves present, all lines expose their first stigma after producing 8-12 

leaves, with wild-type having slightly more leaves than the other two (Figure 

3.1 OB). These figures are most likely a consequence of bolting time, with 

stigma exposure occurring five to six days after the appearance of the first bolt 

in all lines (Figures 3.9,3.10). The largest gap between bolting and stigma 

exposure, in terms of days, was in nmt plants, reflecting the unusual floral 

morphology in these plants. Silique formation in Arabiclopsis is fertilisation 

dependent (Ohad et al, 1996; Chaudury et al, 1997), and in unfertilised flowers 

the carpel expands slightly before premature senescence occurs (Vivian-Smith 

et al, 2001). In nmt, the lack of pollen leads to most flowers remaining 

unfertilised. The carpel expands through the sepals one to two millimetres, and 

then growth stops prior to silique formation (Figure 3.11). In contrast, silique 

expansion in mmtl remains similar to wild type, as the fertility of this mutant is 

less compromised (Figure 3.12). 
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The changes in pollen production and fertility of the two mutants 

become apparent when looking at seed production. In mmtl plants there is 

around a 75% reduction in both mean seed production per plant, and mean 

number of seeds per silique, relative to wild type (Figure 3.13). These figures 

are increased in nmt, with reductions of over 90% in mean seed production per 

plant and per silique compared with wild type plants (Figure 3.13). The low 

figures seen for seed production in wild type, relative to published studies of 

50-60 per silique (e. g. Vivian-Smith et al, 2001) may be the result of insuffcient 

light provided during growth, or the loss of seed during sampling. The mean 

production levels for nmt mask the fact that 75% of plants measured did not 

produce enough seed to be weighed, indicating that the nmt mutation has a 

greater effect on fertility than the raw averages suggest. These figures do, 

however, accurately reflect the levels of pollen production in mutants, which is 

lowered in mmtl and almost non-existent in nmt. 

The reduced pollen production observed in the two mutant lines, and 

especially in nmt plants, suggests that mitochondrial morphology has some 

bearing on male reproductive fitness. Mitochondrial mutations have long been 

associated with reduced male fertility, primarily through the process of 

cytoplasmic male sterility (CMS). Zubko (2004) defines CIVIS as a maternally- 

inherited loss of male fertility, which manifests itself through alterations to the 

male reproductive organs in bisexual flowers. These changes range from 

misplaced anthers and reduced pollen fertility, through to the wholesale 

conversion of stamens into other floral organs (Zubko, 2004). However, CIVIS 

is produced through alterations to mitochondrial DNA (mtDNA), and is thought 

to be indicative of the conflict between nuclear and cytoplasmic genomes in 
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the control for reproduction (Saumitou-Laprade et A 1994; Budar et al, 2003). 

While the nmt plants demonstrate a typical CIVIS floral morphology, the altered 

gene is nuclear rather than mitochondrial, and therefore the reduction in pollen 

production is not caused directly by CIVIS. It is unknown whether or not plants 

exhibiting CMS, caused by alterations in mtDNA, display changes in gross 

mitochondrial phenotype. 

Interestingly, the two BACs which were identified as the region of 

highest linkage during mapping of the nmt locus (MWD9 and MQJ 16; Figure 

3.20) have three genes designated as, or homologous to, nuclear male sterility 

genes. While two are putative, the third (At5g22260) has been designated as 

Male Sterility I (MSI; Wilson et al, 2001). The MSI gene is a sporophytic 

control factor which regulates anther and pollen development, and 

homozygous mutants do not produce viable pollen (Wilson et al, 2001). To see 

if NMTwas allelic to MSI, msI plants were crossed with wild-type mito-GFP 

(line 43C5) and the F2 screened for abnormal mitochondrial morphology 

(direct crosses between the two mutants failed due to lack of pollen). However, 

mito-GFP msl plants had a wild type mitochondrial morphology, suggesting 

that the two mutants were not allelic (data not shown). Sequencing of the MSI 

gene, along with the two putative male sterility genes in the region, using nmt 

DNA as a template, did not find any point mutations that would indicate mutant 

loci (data not shown). Despite the similarities in floral phenotype, it appears 

that nmt is not any of the known male sterility genes in this region. 
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3.3.6 Mapping of the mmtl and nmt mutant loci 

The genetic mapping of the mmtl and nmt mutant loci identified well defined 

regions of the genome containing highly-linked markers. The initial bulked- 

segregant analysis for mmtl clearly shows a bias in amplification from the F2 

mutant background (Col-0) from markers on chromosome 11 (Figure 3.15). 

After initial ambiguity, the bulked segregant analysis showed that genetic 

markers on chromosome V were most closely linked to nmt (Figure 3.18). 

Following these results, a three-point mapping programme established that 

mmtl lies on a 160 kb region of chromosome 11, represented by the BACs 

F5J6, MJB20 and T19E12 (Figure 3.17); and nmt is on a 100 kb section of 

chromosome V, represented by the BACs MWD9 and MQJ16 (Figure 3.20). 

Lukowitz et al (2000) provide a robust protocol for a forward-genetics 

approach to gene mapping in Arabidopsis, and the majority of the gene 

mapping undertaken in this study followed their approach. However, there are 

some aspects of their programme which had to be adapted to suit these 

mutants. Following the bulked-segregant analysis to determine chromosomal 

linkage, Lukowitz et al (2000) suggest that 500-1000 individual plants are used 

in three-point mapping, stating that increased mapping resolution comes 

mainly from a larger sample size. However, mapping resolution is also 

controlled by the number of markers available for analysis. Through the 

introduction of InDels (Jander et al, 2002), the number of available markers 

increased considerably, allowing greater mapping resolution with a smaller 

mapping popu ation. 

Mathematical analysis of mapping resolution, based on mapping data 

provided by Lukowitz et al (2000), showed that, theoretically, a population of 
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600 plants would be required to map an area less than 100 kb with a certainty 

of P>0.95 (Durrett et al, 2002). However, data from 12 successful mapping 

experiments shows that even with populations matching or exceeding those 

suggested by Lukowitz et al (2000), the probability of mapping <1 00 kb 

remains between 0.25 and 0.75 (Durrett et al, 2002). As such, it appears that 

over-sized mapping populations are unnecessary for a successful mapping 

result. 

The size of the mapping populations used in this study was smaller than 

suggested, at 181 and 163 for mmtI and nmt, respectively. However, using the 

formula given by Durrett et al (2002), the probability of a successful outcome 

using these population sizes (mapping to an interval <100 kb) was in the 0.25 

- 0.75 range given for successful experiments. The pattern of linkage to the 

mutant loci observed in both mapping programmes (a peak of high-linkage, 

tailing off evenly to both north and south of that position; Figures 3.17,3.20) 

would not be possible through chance and can be seen as a robust result. 

Importantly, as genetic mapping is indirect, and can only provide an interval 

containing the target locus, it was decided that time and resources would be 

best employed in large-scale complementation analysis, rather than in 

analysing more plants to increase mapping resolution. 

Large-scale iterative complementation analysis, encompassing the 

BACs identified during the mapping experiments, could have been carried out 

in two main ways. The first would be to obtain the BACs, isolate the 

Arabidopsis genomic sequence, and clone it (either whole or in sections) into a 

plant transformation vector, where it could then be used for complementation. 

The second option was to use a library service where large sections of the 
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genome (equivalent to the BACs) were already in transformation-competent 

vectors. As the handling and cloning of large regions of DNA are both time- 

consuming, and require specialist equipment not immediately available, it was 

decided that the library option demonstrated the best chance of success. 

The GeTCID service, provided by the John Innes Centre Genome 

Laboratory (Norwich, UK), provides several Arabidopsis complementation 

libraries. These libraries are based on transformation-competent vectors 

(TACs), capable of stably-transforming plants with large sections of DNA (>80 

kb). The TACs used are constructed using variants of the pYLTAC7 vector 

which has a proven ability of Arabidopsis transformation (Liu et al, 1999). 

However, the pYLTAC7 vector is kanamycin resistant in planta, and was 

therefore incompatible with the mutant lines which are also resistant to 

kanamycin. A second library (JAtY) is constructed using the pYLTAC17 vector, 

which is resistant to gluphosinate ammonium (BASTA), and therefore 

compatible. 

The JAtY library was chosen for complementation analysis and clones 

were identified in the region of interest. These vectors were purified from E. 

coli, transferred into Agrobacterium tumefaciens and used to transform the 

unselected offspring of mmtllLer or nmtlLer F1 plants, following the standard 

protocol provided by GeTCID. Heterozygotes were chosen as the homozygous 

mutants are not suitable for genetic transformation, due to their very low 

fertility. Positive complementation of the mutant would therefore be identified 

by changes in segregation ratios in the subsequent T1 generation, relative to 

transformation with the empty vector. 
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Following an exhaustive transformation programme and the analysis of 

tens of thousands of seeds, only four T1 plants in total were resistant to 

BASTA (suggesting successful transformation with the JAtY clone), far less 

than the 0.5 - 1.5% transformation efficiency rate described for the floral-dip 

method (Clough and Bent, 1998). Attempts to select for the T-DNA on 

phosphinothricin agar plates, rather than by spraying plants in the greenhouse 

with BASTA, also failed. The number of transformed plants precluded any 

examination of complementation, as tens of transformants from each clone 

would be required for meaningful analysis. 

Investigations into the lack of transformants eventually focused on the 

vector used. pYLTAC17, though having the benefit of BASTA resistance, was 

constructed using the rice Actl promoter designed for use in grasses (Liu et al, 

2002), and has no track-record in Arabidopsis. Despite claims of their use prior 

to, and during, the transformation programme, GeTCID have been unable to 

supply evidence of any successful JAtY complementation project, and there 

are no published studies in which the JAtY library has been used. Staff at the 

service have admitted that there have been difficulties, and the GeTCID 

website now includes a warning about problems with the JAtY library. In an 

attempt to rectify the situation, the GeTCID service is currently cloning each 

DNA fragment from the pYLTAC1 7 clones into a new vector, pBiBAC4, which 

is also BASTA resistant. However, these clones have yet to be delivered. 

3.3.7 Future Work 

The failure of the JAtY complementation programme effectively ended 

attempts to identify the mmtl and nmt loci during this study, as there was no 
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time to attempt the cloning of DNA fragments from BACs into transformation 

vectors. Future on these mutants will involve the use of several techniques to 

identify the mutant loci, including complementation using the new pBiBAC4 

clones and standard transformation vectors containing digested BAC 

fragments. As the genomic regions containing the mutant loci have been 

identified to small intervals, containing around 20-30 genes each, identification 

of the loci may be aided by using microarray technology. 

By looking at transcript abundance of these genes, it may be possible to 

identify null mutations caused by EMS mutagenesis. Gong et al (2004) have 

demonstrated that microarray mapping is a viable and powerful tool in 

Arabidopsis, using it to map the locus of an ion accumulation mutant without 

using traditional three-point mapping techniques. As the approximate positions 

of mmtl and nmt are known, microarray mapping could yield positive results if 

the mutation results in a reduced transcript abundance. Following the isolation 

of the genes involved, functional analysis of the proteins they produce will be 

an important step in understanding what controls mitochondrial morphology in 

higher plants. 

3.3.8 Publications 

Parts of the work described above have been published within Logan et al 

(2003). A reprint of this paper can be found in an appendix to this thesis. 
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Chapter Four 

Identification And Functional 
Analysis Of Arabidopsis 

Mitochondrial Division Genes 



Introduction 

4.1.1 Background 

Mitochondria undergo continual cycles of division and fusion. These two 

antagonistic processes, which operate concurrently, regulate the number, size 

and shape of mitochondria in a cell (Sesaki and Jensen, 1999). The process of 

division is of particular importance since mitochondria cannot be created de 

novo, and must therefore be formed by the division of an existing organelle. In 

yeast and humans, several of the genetic components that control 

mitochondrial division and fusion have been identified and their function 

elucidated (reviewed in: Logan, 2003; Okamoto and Shaw, 2005). For 

example, in budding yeast (Saccharomyces cerevisiae) three genes are 

currently believed to encode the primary components of the mitochondrial 

division machinery. Their protein products (Dnml p, Fisl p and Mdv1 p) are all 

required to effect mitochondrial division, and disrupting the function of any one 

leads to an abnormal mitochondrial morphology (a network-like sheet of 

mitochondrial tubules; Otsuga et al, 1998; Fekkes et al, 2000; Mozdy et al, 

2000; Tieu and Nunnari, 2000; Cerveny et al, 2001). 

Our understanding of the proteins involved in higher plant mitochondrial 

division is at a rudimentary stage. Recently, it was shown that disruption of 

DRP3B (formerly known as ADL2b), an Arabiclopsis homologue of the yeast 

dynamin-related gene DNMI, led to an alteration in mitochondrial morphology 

when transiently expressed in tobacco BY-2 cell suspensions. Arimura and 

Tsutsumi (2002) showed that dominant-negative expression of DRP3B led to 
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the formation of larger mitochondria, by disrupting the process of mitochondrial 

division. 

4.1.2 Aims of this studv 

The Arabidopsis genome contains hornologues of the yeast mitochondrial 

division genes DNMI and FISI. Using T-DNA mediated reverse-genetics, this 

study aims to evaluate the role of two Arabiclopsis DNMI orthologues (DRP3A 

[At4g33650] and DRP3B [At2g14120]), and one FISI orthologue (At3g57090), 

identified by interrogation of sequence databases using the BLAST algorithm. 

The goal of the study is to establish if these genes are involved in 

mitochondrial division in higher plants, and if so, what effect the disruption of 

these genes has on mitochondrial morphology. The study also investigates if 

the disruption of one gene, DRP3A, affects the growth and life-cycle of 

Arabiclopsis plants. 
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Results 

4.2.1 Alignment of Arabidopsis Dnml p- and Fisl p-like protein homoloques 

Searches using the BLAST (Basic Local Alignment Search Tool) algorithm 

revealed that Arabidopsis has two close homologues of the yeast Dnml p and 

human Drpl proteins involved in mitochondrial division. Analysis of their 

derived amino acid sequence using the T-Coffee alignment program 

(http: //www. ch. embnet. org/software/Tcoffee. html) shows that DRP3B 

(At2g14120; Arimura and Tsutsumi, 2002) encodes a protein of 780 amino 

acids and has the highest homology to the yeast and human proteins, with 39 

and 41 % amino acid identity respectively (Figure 4.1 a). DRP3A (At4g33650) 

encodes a protein of 808 amino acid residues, which shows 37 and 39% 

identity to the yeast and human genes respectively (Figure 4.1 a). There is 70% 

amino acid sequence identity between DRP3A and DRP3B (Figure 4.1 a). 

The Arabidopsis genome contains two hornologues of the yeast FISI 

and human hFisl genes. Analysis of their derived amino acid sequence using 

the T-Coffee alignment program shows that At3g57090 (170 amino acids) 

shares highest homology with hFIS1 (26.7% identity, 48.3% similarity) and 

other F/Sl-type proteins from multicellular organisms, such as the 

Caenorhabditis elegans FIS-2 protein (locus NM-001 029389; Figure 4.1 b). 

Conversely, At5g 12390 (167 amino acids) shares highest homology with the 

yeast protein, Fisl p (27.0% identity, 43.8% similarity; Figure 4.1 b). 
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4.2.2 Identification of T-DNA insertion lines for Arabidopsis mitochondrial 

division qene homoloques 

To identify knockouts of DRP3A, DRP3B, At3g57090 and At5gl2390, the SAIL 

(Sessions et al, 2002) and SALK (Alonso et al, 2003) insertion databases were 

searched. Lines with low T-DNA left-border flanking-sequence e-values for the 

genes of choice were selected for characterisation. SALK_066958 (6e-95) was 

identified as a putative knockout of DRP3A, with a predicted insertion in the 

fifth intron (Figure 4.2a). SALK_017492 (7e-22) was identified as being a 

possible knockout of DRP3B, having a predicted insertion in the 17 th exon of 

the gene (Figure 4.2a). Despite searching both databases, there were no T- 

DNA insertion lines in the FISI homologue At5g12390. However, the other 

FISI sequence homologue (At3g57090) had two lines with insertions in the 

gene. SAIL_1 171_Gl 1 (8e-45) has a predicted insertion in the first exon, while 

SALK_086794 (5e-15) is predicted to contain an insertion in the final (fifth) 

exon (Figure 4.2b). The T-DNA lines received from the stock centres were 

bulked-up in the greenhouse, and the offspring subjected to PCR genotyping 

to identify the nature of T-DNA insertion in individual plants. Individuals 

identified as hernizygotes at this stage underwent a small-scale segregation 

analysis to ensure that the T-DNA would segregate in a 3: 1 Mendelian ratio, as 

expected of a recessive, nuclear mutation. These analyses, which were 

repeated on a large-scale after transformation with mito-GFP (see below), 

indicated that the T-DNA segregates in a Mendelian fashion. 
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4.2.3 Visualisinq f-C 
_ mitochondrial morphology in T-DNA plants 

Mitochondrial morphology in T-DNA lines was visualised either by crossing to 

a mito-GFP line (line 43C5; see 2.2.2) or by genetic transformation with the 

specially created vector pMLBARTmgfp5-atpase (see 2.2.4). SALK_066958 

(DRP3A), SALK_0 17492 (DRP3B) and SAI L_l 17 1 
_G 

11 (FIS 1 homolog ue) 

were all transformed with pMLBARTmgfp5-atpase, while SALK_086794 (FISI 

homologue) was crossed to 43C5. 

4.2.4 Mitochondrial morphology in d[p3a and dro3b plants 

The mitochondrial morphology in both drp3a and drp3b plants is greatly altered 

relative to the mito-GFP wild-type (line 43C5). While the wild-type 

mitochondrial population shows a limited morphological heterogeneity, the vast 

majority of these organelles are spherical or cigar-shaped and exhibit only a 

limited range of sizes (Figure 4.3A). In contrast, drp3a plants contain an 

assortment of novel mitochondrial morphologies, ranging from large, spherical 

organelles (Figure 4.313), through to elongated mitochondrial tubules with 

frequent constrictions along their length (Figure 4.3C). Additionally, 

mitochondria in drp3a plants regularly display thin protuberances that are 

rarely seen in wild type, and which can extend to many micrometers in length 

(Figure 4.3D). These extensions, which do not appear to be mentioned in the 

literature, were termed 'matrixules'. This follows the naming, as stromules, of 

similar structures which protrude from plastids (Kohler and Hanson, 2000). 

Mitochondrial morphology in drp3b plants is also disrupted, relative to 

wild type. Mitochondria in drp3b plants exhibit similar morphologies to those in 

drp3a, with large, spherical and long, tubular organelles. However, in contrast 



to drp3a, mitochondria in drp3b plants rarely show multiple constrictions or 

matrixules (Figure 4.4B, C). 

The alterations in mitochondrial morphology in drp3a and drp3b mutants 

is maintained in protoplasts (Figure 4.5). Protoplasts offer a simple opportunity 

to investigate mitochondrial morphology in a single-cell context, and so were 

used for size quantification experiments. In protoplasts, the mean 

mitochondrial plan area in wild type is 0.366 ýtM2 + 0.003 SE (n = 1793; Figure 

4.6A). The mean plan rises significantly in the two mutant lines, with areas of 

2.001 ýtM2 + 0.07 SE (t-test: t= 1264, d. f. = 2653, P <0.01, n= 860) and 1.399 

ýtM2 + 0.02 SE (t-test: t= 1981, d. f. = 2873, P=0, n= 1080) for drp3a and 

drp3b mitochondria, respectively (Figure 4.613). The increase in mitochondrial 

plan area in the two mutants appears to be concomitant with a decrease in 

mitochondrial number per protoplast field-of-view (a profile view of a single 

protoplast). Wild-type protoplasts contained an average of 70.8 ± 6.2 SE 

mitochondria per protoplast-field-of-view, compared with means of 34.4 ± 2.9 

SE (t-test: t= 2867 d. f. = 49, P <0.01) and 43.2 ± 6.0 SE (t-test: t= 10.2, d. f. = 

49, P <0.01) for drp3a and drp3b respectively (Figure 4.613). 

4.2.5 Mitochondrial morphology in b4qvin plants 

As the Arabiclopsis gene symbol FIS is already in use, At3g57090 was named 

BIGYIN (BGY), on the basis of the mitochondrial phenotype in the T-DNA 

mutants (see below). Bigyin is a Scottish term for "large-one", and describes 

the increased size of mitochondria in bgy plants. The SAIL_1 171_Gl 1 T-DNA 

allele was therefore named bigyinl-l (bgyl-l) and the SALK_086794 allele 

termed bigyinl-2 (bgyl-2). 
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The gross mitochondrial morphology of plants containing T-DNA insertions in 

BIGYIN, either from the SAIL_1 171_Gl 1 or SALK_086794 lines, was greatly 

altered. In both whole leaves and protoplasts, the mitochondria of homozygous 

bigyin mutants are large (relative to wild type), mainly spherical organelles 

which appear to be less numerous than in wild-type plants (Figure 4.7). 

The mean mitochondrial plan area in wild type plants was 0.366 ýtM2 + 

0.003 SE (n = 1793). In plants homozygous for either the SAIL or SALK 

mutant allele, named bigyinl-l and bigyinl-2 respectively, mitochondrial size 

was significantly increased. In bigyinl-l (SAIL_1 171-Gl 1), the mean 

mitochondrial plan area was 0.629 ýtM2 + 0.012 SE (t-test: t= 668, d. f. = 2861, 

P <0.01, n= 1065), while in bigyinl-2 (SALK_086794) the mean plan area was 

ýtM2 + -test: t= 768, d. f. = 2811, P <0.01, n= 1018; Figure 0.710 _ 0.018 SE (t 

4-8A). In addition to an increase in mitochondrial plan area in bigyin mutants, 

there is an associated decrease in the number of mitochondria per cell. Wild- 

type protoplasts contained an average of 70.8 ± 6.2 SE mitochondria per 

protoplast-field-of-view, compared with means of 42.7 ± 4.9 SE (t-test: t= 12.5, 

d. f. = 49, P <0.01) and 39.7 ± 4.8 SE (t-test: t= 15.5, d. f. = 49, P <0.01) for 

bigyinl-l and bigyinl-2, respectively (Figure 4.813). 

4.2.6 T-DNA insertions and mitochondrial division qene function 

The mitochondrial phenotype and T-DNA-based genotype of F2 plants 

(offspring of crosses between homozygous T-DNA mutants and wild type line 

43C5) from drp3a (SALK_066958), bgyl-l (SAIL_l 171_Gl 1) and bgyl-2 

(SALK_086794) lines were analysed to see if mitochondrial phenotype 

correlated with the presence of an insertion in that gene. Each individual was 
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the offspring from a single, identified F1 hemizygote, allowing an accurate 

analysis of segregation ratios. 

DRP3A 

94 GFP-positive SALK_066958 plants (drp3a line) were tested, and 24 were 

identified by microscopy as having a mutant mitochondrial phenotype, giving a 

segregation ratio of 2.91 (wild type: mutant). Statistical analysis of this result, 

using the chi-square (X 2) test for goodness of fit, demonstrated that the 

observed results are in very good agreement (P > 0.9) with the predicted 

phenotypic ratio of 3: 1 for the segregation of a single recessive nuclear gene 

(Table 4.1). Analysis of the genotype of the 94 individuals, with respect to the 

presence or absence of a T-DNA insertion, demonstrated that all 24 individuals 

with abnormal mitochondrial phenotypes were homozygous for the T-DNA 

insertion. All plants with a wild-type mitochondrial phenotype were either 

hernizygous for the T-DNA insertion (50 plants) or contained no insertion (20 

plants). 

The effect of the T-DNA insertion on gene expression and mitochondrial 

morphology was tested in the drp3a line SALK_066958. Individuals were 

tested for the presence or absence of the T-DNA insertion by PCR to establish 

those that were homozygous wild type, homozygous for the T-DNA insertion 

and those that were hernizygous. Using the gene-specific and left-border 

primers, PCR analysis identified individuals I and 11 as homozygous for the T- 

DNA insertion, while plant III was hernizygous (Figure 4.9A). The steady-state 

transcript abundance of DRP3A in each of these three plants, along with the 

wild-type Col-O control, was then tested using northern blot analysis. In the two 

T-DNA homozygotes, there was no detectable DRP3A mRNA, while there was 
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a reduced transcript level in the hernizygote relative to the wild type (Figure 

4.9B). This result strongly suggests that the T-DNA insertion is disrupting the 

DRP3A gene, leading to the formation of a null allele. 

BIGYIN 

The mitochondrial morphology of 104 F2 individuals, from a single F1 

hernizygote of line SAIL_1 171_Gl 1 (bgyI-I line), was analysed and 28 were 

identified as having an abnormal mitochondrial morphology phenotype. 

Statistical analysis of the result, again using the X2 test, shows that the 

observed segregation ratio of 2.7: 1 (wild type: mutant) concurs closely (P > 0.6) 

with the 3: 1 Mendelian segregation ratio expected for a single, recessive 

nuclear gene (Table 4.1). PCR analysis of the 104 F2 plants showed that all 28 

individuals with aberrant mitochondrial morphology were homozygous for the 

mutant allele. The remaining 76 plants with wild-type mitochondrial 

morphology were either homozygous wild type or hernizygous for the T-DNA 

insertion. A similar mitochondrial morphology analysis of the offspring from a 

single F1 SALK_086794 (bgyl-2 line) hernizygote revealed a segregation ratio 

of 2.6: 1 (wild type: mutant), which also correlated with the expected 3: 1 

Mendelian segregation ratio for a single, recessive nuclear gene (Table 4.1). 

Table 4.1 F2 segregation ratios of offspring from T1 hemizygous drp3a and bigyin plants 

Gene (T-DNA) Number of Number of Number of F2 Segregation X2 goodnes Significant 
plants plants with plants with ratio (wild- of fit difference 
measured wild-type mutant type: mutant) to 3: 1 from 3: 1 

phenotype phenotype mendelian ratio? 
ratio 

DRP3a 

drp3a 94 70 24 2.9: 1 0.014 No(P> 
(SALK 066958) d. f 1 0.9) 
BIGYIN 
bigyin I-1 104 76 28 2.7: 1 2 0.205 No(P> 
(SAIL_1 171_Gl 1) 

- 
d. f 1 
_ 

0.6) 
bigyin 1-2 58 42 16 2.6: 1 r7 X- - 0.207 No (P > 
(SALK_086794) I I I I IV=1 1 0.6) 
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DRP3B 

The nature of T-DNA insertion, and its effect on mitochondrial morphology, 

was also investigated in the drp3b line, SALK_017942, by PCR. While no 

quantification linking phenotype to genotype was carried out (as the gene has 

been characterised previously by Arimura and Tsutsurni, 2002; see 4.3.3), 

empirical evidence demonstrated that plants homozygous for the insertion had 

an abnormal mitochondrial morphology (Figure 4.10). 

4.2.7 Whole-plant phenotype of dro3a plants 

The effect of disrupting the mitochondrial division gene, DRP3A, on the 

physiology and whole-plant phenotype of Arabiclopsis plants was measured 

through a series of growth analyses. The maximum germination percentage, 

after seven days on agar plates, was reduced in drp3a plants relative to wild 

type. While the mean percentage germination in wild type was 89.6% ± 1.6 

SEI it fell to 79.8% ± 0.6 SE in drp3a (t-test: t= 17.2, d. f. = 6, P= <0.01) 

(Figure 4.11). 

During late vegetative growth, drp3a plants show a general increase in 

rosette leaf addition, which appears to have cumulative effects for the 

transition to the reproductive stage. During the first 20 days after transfer to 

compost, drp3a plants increase the mean number of rosette leaves from 8.0 to 

12.5, while wild-type plants increase mean leaf number from 7.6 to 11.2 over 

the same period (Figure 4.12). The transition from vegetative to reproductive 

growth, represented by the appearance of the first bolt is faster (though not by 

a significant margin), in terms of days, in drp3a plants. The mutant line 

produces its first bolt after a mean of 5.2 ± 0.3 SE days, relative to 6.1 ± 0.4 
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SE days for the wild type (t-test: t=2.7, d. f. = 59, P=0.1) (Figure 4.13A). The 

slight difference in bolting is lost, however when looking at plant architecture. 

Both the drp3a mutant and the wild type produce their first bolt when there are 

a mean of 8.6 ± 0.2 SE rosette leaves on the plant (t-test: t=0.004, d. f. = 59, 

P=0.95) (Figure 4.13B). 

The time taken after bolting by both lines to produce the first 

rep rod u ctively-active flower, indicated by the presence of the first exposed 

stigma, is very close in terms of days with the wild type taking a mean of 11.6 

± 0.4 SE days and the drp3a plants taking 11.0 ± 0.4 SE (t-test: t=0.94, d. f. = 

59, P=0.33) (Figure 4.14A). There appears, however, to be a slight alteration 

in terms of plant architecture when looking at stigma exposure in drp3a. Wild 

type plants expose their first stigma with a mean of 11 .6±0.4 SE rosette 

leaves, compared to 9.5 ± 0.2 SE leaves in drp3a (t-test: t= 15.6, d. f. = 59, P= 

<0.01) (Figure 4.14B). 

There are very small, insignificant differences in seed production 

between the two lines, with drp3a plants having a reduced seed-set per silique 

and per plant. In terms of total seed output, wild type plants produce 104 mg ± 

7.2 SE of seed per plant, compared with 83 mg ± 9.3 SE for the drp3a mutant 

(t-test: t=3.1, V. = 31, P=0.09) (Figure 4.15A). These figures are supported 

by the mean per-silique seed count, with the mutant producing 23.9 ± 1.2 SE 

seed per silique, compared with 26.7 ± 0.6 SE in the wild-type (Mest: t=4.6, 

d. f. = 99) P=0.04) (Figure 4.15B). This suggests that the lower overall seed 

production in drp3a plants may be caused by a reduction in the number of 

seed per silique, rather than a reduction in the number of siliques per plant. 
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The overall plant growth figures indicate that drp3a plants are shorter, 

but bulkier, than their wild-type counterparts. There is a small, insignificant 

difference in the dry mass of aerial plant parts between the two lines, with 

drp3a plants weighing an average of 355 mg ± 16.2 SE, compared to 344 mg 

± 18.5 SE for wild type (t-test: t=0.16, d. f. = 31, P= 0.68) (Figure 4.16A). This 

difference is reversed when looking at plant height, with wild type plants 

growing to a mean of 50 cm ± 1.0 SE, compared to 45 cm ± 1.1 SE for drp3a 

plants (West: t=6.4, d. f. = 46, P=0.02) (Figure 4.16B). 
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A. 
DRP3a MTIEEVSGETPPSTPPSSSTPSPSSSTTNAAPLGSSVIPIVNKLQDIFAQLGSQSTIALP 
DRP3b ---------------- MSVDDLPPSSASAVTPLGSSVIPIVNKLQDIFAQLGSQSTIALP 
Dnmlp --------------- MAS --------------- LEDLIPTV-NKLQDVMYDSGI-DTLDLP 
Drpl --------------------------------- MEALIPVINKLQDVFNTVGA-DIIQLP 

DRP3a QVVVVGSQSSGKSSVLEALVGRDFLPRGNDICTRRPLVLQLL ------------------ 
DRP3b QVAVVGSQSSGKSSVLEALVGRDFLPRGNDICTRRPLRLQLV ------------------ 
Dnmlp ILAVVGSQSSGKSSILETLVGRDFLPRGTGIVTRRPLVLQLNNISPNSPLIEEDDNSVNP 
Drpl QIVVVGTQSSGKSSVLESLVGRDLLPRGTGIVTRRPLILQLVHVT --------------- 

DRP3a ----- QTKSRANGGS ----------- DDEWGEFR-HL--PETRFYDFSEIRREIEAETNR 
DRP3b ----- QTKPSSDGGS ----------- DEEWGEFLHHD--PVRRIYDFSEIRREIEAETNR 
Dnmlp HDEVTKISGFEAGTKPLEYRGKERNHADEWGEFLISPDIPGKRFYDFDDIKREIENETAR 
Drpl QEDKRKTTGEENGVE ----------- AEEWGKFLHT --- KNKLYTDFDEIRQEIENETER 

DRP3a LVGENKGVADTQIRLKISSPNVLNITLVDLPGITKVPVGDQPSDIEARIRTMILSYIKQD 
DRP3b VSGENKGVSDIPIGLKIFSPNVLDISLVDLPGITKVPVGDQPSDIEARIRTMILTYIKEP 
Dnmlp IAGKDKGISKIPINLKVFSPHVLNLTLVDLPGITKVPIGEQPPDIEKQIKNLILDYIATP 
Drpl ISGNNKGVSPEPIHLKIFSPNVVNLTLVDLPGMTKVPVGDQPKDIELQIRELILRFISNP 

DRP3a TCLILAVTPANTDLANSDALQIASIVDPDGHRTIGVITKLDIMDKGTDARKLLLGNVVPL 
DRP3b SCLILAVSPANTDLANSDALQIAGNADPDGHRTIGVITKLDIMDRGTDARNHLLGKTIPL 
Dnmlp NCLILAVSPANVDLVNSESLKLAREVDPQGKRTIGVITKLDLMDSGTNALDILSGKMYPL 
Drpl NSIILAVTAANTDMATSEALKISREVDPDGRRTLAVITKLDLMDAGTDAMDVLMGRVIPV 

DRP3a RLGYVGVVNRCQEDILLNRTVKEALLAEEKFFRSHPVYHGLADRLGVPQLAKKLNQILVQ 
DRP3b RLGYVGVVNRSQEDILMNRSIKDALVAEEKFFRSRPVYSGLTDRLGVPQLAKKLNQVLVQ 
Dnmlp KLGFVGVVNRSQQDIQLNKTVEESLDKEEDYFRKHPVYRTISTKCGTRYLAKLLNQTLLS 
Drpl KLGIIGVVNRSQLDINNKKSVTDSIRDEYAFLQKK--YPSLANRNGTKYLARTLNRLLMH 

DRP3a HIKVLLPDLKSRISNALVATAYEHQSYGEL-TESRAGQGALLLNFLSKYCEAYSSLLEGK 
DRP3b HIKALLPSLKSRINNALFATA. KEYESYGDI-TESRGGQGALLLSFITKYCEAYSSTLEGK 
Dnmlp HIRDKLPDIKTKLNTLISQTEQELARYGGVGATTNESRASLVLQLMNKFSTNFISSIDGT 
Drpl HIRDCLPELKTRINVLAAQYQSLLNSYGEP-VDDK --- SATLLQLITKFATEYCNTIEGT 

DRP3a SEEMSTSELSGGARIHYIFQSIFVKSLEEVDPCEDLTDDDIRTAIQNATGPRSALFVPDV 
DRP3b SKEMSTSELSGGARILYIFQSVFVKSLEEVDPCEDLTADDIRTAIQNATGPRSALFVPDV 
Dnmlp SSDINTKELCGGARIYYIYNNVFGNSLKSIDPTSNLSVLDVRTAIRNSTGPRPTLFVPEL 
Drpl A. KYIETSELCGGARICYIFHETFGRTLESVDPLGGLNTIDILTAIRNATGPRPALFVPEV 

DRP3a PFEVLVRRQISRLLDPSLQCARFIFEELIKISHRCM --- MNELQRFPVLRKRMDEVIGDF 
DRP3b PFEVLVRRQISRLLDPSLQCARFIFDELVKISHQCM --- MKELQRFPVLQKRMDEVIGNF 
Dnmlp AFDLLVKPQIKLLLEPSQRCVELVYEELMKICHKCG --- SAELARYPKLKSMLIEVISEL 
Drpl SFELLVKRQIKRLEEPSLRCVELVHEEMQRIIQHCSNYSTQELLRFPKLHDAIVEVVTCL 

DRP3a LREGLEPSEAMIGDIIDMEMDYINTSHPNFIGGTKAVEAAMHQVKSSRI ---- PHPVARP 
DRP3b LREGLEPSQAMIRDLIEMEMDYINTSHPNFIGGTKAVEQAMQTVKSSRI ---- PHPVARP 
Dnmlp LRERLQPTRSYVESLIDIHRAYINTNHPNFLSATEAMDDIM-KTRRKRNQELLKSKLSQQ 
Drpl LRKRLPVTNEMVHNLVAIELAYINTKHPDFADACGLMNNNIEEQRRNRLARELPSAVSRD 

DRP3a KDTVEPDRTSSSTSQVKSRSFLGRQANGIVTDQGVVSADAEKAQPAANASDTRWGIPSIF 
DRP3b RDTVEPERTASSGSQIKTRSFLGRQANGIITDQAVPTA-ADAERPAPAGSTSWSGFSSIF 
Dnmlp ENGQT-NGINGT-SSISSNIDQDSA. KNSDYDD ---------- DGIDAESKQTKDKFLNYF 
Drpl KSSKVPSALAPA-SQEPSPAASAEADGKLIQDSRRETK-NVASGGGGVGDGVQEPTTGNW 

DRP3a RGGDTRAVTKDSLL ----------- NKPFSEAVEDMSHNLSMIYLKEPPAVLRPTETHSE 
DRP3b RGSDGQAAA. KNNLL ----------- NKPFSETTQEVYQNLSTIYLKEPPTILKSSETHSE 
Dnmlp FGKDKKGQPVFDASDKKRSIAGDGNIEDFRNLQISDFSLGDIDDLENAEP --- PL --- TE 
Drpl RGML -------- KTSKAEELLAEEKSKPIPIMPASPQKGHAVNLLDVPVPVARKL --- SA 

DRP3a QEAVEIQITKLLLRSYYDIVRKNIEDSVPKAIMHFLVNHTKRELHNVFIKKLYRENLFEE 
DRP3b QESVEIEITKLLLKSYYDIVRKNVEDLVPKAIMHFLVNYTKRELHNVFIEKLYRENLIEE 
Dnmlp REELECELIKRLIVSYFDIIREMIEDQVPKAVMCLLVNYCKDSVQNRLVTKLYKETLFEE 
Drpl REQRDCEVIERLIKSYFLIVRKNIQDSVPKAVMHFLVNHVKDTLQSELVGQLYKSSLLDD 



*. **. *. *. .. * ****. * : *** *" **. *... 

DRP3a MLQEPDEIAVKRKRTQETLHVLQQAYRTLDELPLEADSVSAGMSKHQELLTSSKYSTSSS 
DRP3b LLKEPDELAIKRKRTQETLRILQQANRTLDELPLEAESVERGYKIGSEA. KHEELPGTRRS 
Dnmlp LLVEDQTLAQDRELCVKSLGVYKKAATLISNIL --------------------------- 
Drpl LLTESEDMAQRRKEAADMLKALQGASQIIAEIR --------------------------- 

DRP3a YSASPSTTRRSRRAGDQHQNGYGF 
DRP3b RTETNGNGRLHM ------------ 
Dnmlp ------------------------ 
Drpl -------- ETHL ------- W ---- 

B. 
131GY 1NM --- D-- AK 1G () FFD S %-Gf ITS GS ------ DKIPWCDG DV I AG C ER EVR EAT D Sz CT E'D LKK 

aL5ql2390 M --- D--AIAIGKVI'DSVSDI'I'SCAASASADL'I, 'PLCDSDIISGCE---KELAEAC)DEC. -ýKK 
F-s1p1.1 TKVD FW PTLK DA YEP -------------- LYP---QQL El L---. ". k () 0 VV S -1 GGP- TA TI 
hF-sl 14 ----- EAVLNELVSV -------------------- EDLLKFEK --- KFOSEKAAGSVSK 

I'l S-21,1---DYGTILEERTNP -------------------- AVLMNARE --- ()YMR()CARGDPSA 

BICYIN -ICLMRL S WALVII SRQ TE D VQRG I Al-IL LAS LE SSAPPLE DREKL Y LLAVC YY GN Y SIRSIR 

aL5ql2390 EC IMIRLS WALVil S KMP SDI QIRGII Jkl-IL LAL VVN DT SAl-IKLRE KL YL LALG Y YRS 0D FSIRSIR 
I'-, slp QS-lýPtJYAIqGLIKSTDVNDERLG%IKILTDIYKEAES--RRRECLYYLTIGCYKLGEYsf4AK 

hFisl STQF'EYAWCLVRSKYNDDIRKCI%, LLEELL-PKCSKEEO. RDYVFYLAVCt4YRLKEYLKAL 
FIS-2 ASTFAFAEIAIIIGSKNKLDVKEGI%ICLEKLL., ýDDED. RTSKRNY%? YYLAVAELA. RIKQYDLAL 

:::: II: 1: . I. ".: I.:. : ::. : 

131CYIN QLVD. 'RC I EMQADtqRQAL%, LKKT I LDKl'rKDGV 1C1GI TAT -AF'GA%-GL --- IAGGIVAA14 

aL5ql2390 DCIERCLEVEPESGQAQALKKAIEDRIVKDGVIGVGIAVT-Aý., GVVAG --- IAAAILRS-- 
F-ýSlp RYVDTLE'EIIERNtJKQ%, 'GALKSI-IVEDKIQKETLKGVVVAGGVLAGAVAVASI'----F --- L 
hl'-, s I KYV. -ýGLLQTEPC)tJtJQAKLLL. RLIDKPLI-IKKL)C; LVGIIAI VGGMALGVAGLAGL-:. cLAVSKSK 
FIS-2 GYID%? LLDAEGDNOC)AKTLKESIKSAI-ITI[L)GLICAAIVCGGALALAGLVAI ------ Fsm 

131GY IN S. RKK- 

aL5q! 2390 ----- 
F-, s Ip RNKRR 
hF is I s---- 

F1 S-2 SIR K-- 

Figure 4.1 Homology between deduced amino acid sequences of genes involved in 
mitochondrial division in Arabidopsis thaliana and other eukaryotes. The deduced 
amino acid sequences of mitochondrial division gene products were aligned using the T- 
Coffee alignment tool (http: //www. ch. embnet. org/software/TCoffee. html). A. Alignment of 
dynamin-related deduced amino acid sequences of gene products involved in mitochondrial 
division. DRP3A and DRP3B are from Arabidopsis thaliana, Dnm1 p is from Saccharomyces 
cerevisiae and Drpl is from Homo sapiens. B. Alignment of Fisl -type deduced amino acid 
sequences of gene products involved in mitochondrial division. BIGYIN (At3g57090) and 
At5g12390 are from Arabidopsis thaliana, Fisl p is from Saccharomyces cerevisiae, hFIS1 is 
from Homo sapiens and FIS-2 is from Caenorhabditis elegans. 
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Figure 4.2 T-DNA insertions in the coding sequences of Arabidopsis thaliana 
mitochondrial division genes. A. The drp3a allele is predicted to have an insertion in the 
fifth intron of DRP3A, while the drp3b allele is predicted to have an insertion in the 17 th exon 
of DRP3B. Black squares represent exons B. The SAIL_1 171_Gl 1 (bigyinl-l) allele is 
predicted to have an insertion in the first exon of BIGYIN (At3g57090), while the 
SALK_086794 (bigyinl-2) allele is predicted to have an insertion in the final (fifth) exon. 

DRP3a SALK_066958 
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Figure 4.3 Epifluorescence micrographs of mitochondrial morphology in wild type and 
drp3a leaf epidermal cells. In contrast to the small, spherical organelles typically found in 
wild type plants (A), the mitochondria in drp3a plants are generally large and display a 
number of different forms. drp3a mitochondria vary from large, spherical organelles (B), 
through to elongated tubules containing numerous constrictions (C, arrows indicate 
constriction sites). In addition, a large number of dpr3a mitochondria, relative to wild type, 
display matrixules (D, arrow indicates the matrixule). Micrographs are representative of at 
least 10 views from 10 individual plants. Mitochondrial morphology was visualised by genetic 
transformation with the specially created vector pMLBARTmgfp5-atpase (see 2.2.4). Images 
have been false-coloured to reflect mito-GFP. Scale bar =5 ýtm. 



Figure 4.4 Epifluorescence micrographs of mitochondrial morphology in wild type and 
drp3b leaf epidermal cells. In contrast to the small, spherical organelles typically found in 
wild type plants (A), the mitochondria in drp3b plants are much larger and less numerous. 
drp3b mitochondria vary between large, spherical (B) and long, tubular organelles (C). 
Micrographs are representative of at least 10 views from 10 individual plants. Mitochondrial 
morphology was visualised by genetic transformation with the specially created vector 
pM L BART mgfp5-atpase (see 2.2.4). Images have been false-coloured to reflect mito-GFP. 
Scale bar = 5, um. 
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Figure 4.5 Epifluorescence micrographs of mitochondrial morphology in wild type, 
dpr3a and drp3b Arabidopsis mesophyll protoplasts. In contrast to the numerous small 
organelles found in wild type, mitochondria in drp3a and drp3b exhibit a number of abnormal 
morphologies. Mitochondria in these cells range from long tubules to large, spherical 
organelles. Two representative protoplasts from each line are shown here. Images have 
been false-coloured to reflect mito-GFP. Scale bar =5 Ltm. 
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Figure 4.6 Mitochondrial plan area and number in wild type, drp3a and drp3b 
protoplasts. Epifluorescence micrographs were taken of 25 wild type, drp3a and drp3b 
protoplasts from a single preparation and the plan area and number of mitochondria was 
measured. A. Mean mitochondrial plan area in wild type, drp3a and drp3b protoplasts. Means 
± SE were calculated from n= 1793,860 and 1080 for wild type, drp3a and drp3b 
mitochondria, respectively. B. Mean number of mitochondria per protoplast field-of-view in 
wild type, drp3a and drp3b. Means ± SE were calculated from 25 protoplasts each. 
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Figure 4.7 Epifluorescence micrographs of mitochondrial morphology in wild type, 
bigyinl-l and bigyinl-2 plants and mesophyll protoplasts. MItochondrIa In wild type 
plants are typically small spherical or cigar-shaped organelles. The SAIL (bgyl-l) and SALK 
ftyl-2) T-DNA insertion mutants have fewer mitochondria per cell relative to wild type, 
while individual organelles are proportionally larger. Micrographs are representative of at 
least 10 views from 10 individual plants, or of protoplasts from a single preparation. 
Mitochondrial morphology was visualised by genetic transformation with the specially created 
vector pMLBARTmgfp5-atpase (see 2.2.4). Images have been false-coloured to reflect mito- 
GFP. Scale bar =5 [tm 
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Figure 4.8 Mitochondrial plan area and number in wild type, SAIL ftyl-l) and SALK 
ftyl-2) protoplasts. Epifluorescence micrographs were taken of 25 wild type, SAIL (bgyl- 
1) and SALK ftyl-2) protoplasts, and the plan area and number of mitochondria was 
measured. A. Mean mitochondrial plan area in wild type, SAIL ftyl-l) and SALK ftyl-2) 
protoplasts. Means ± SE were calculated from n= 1793,1065 and 1018 for wild type, SAIL 
ftyl-l) and SALK ftyl-2) mitochondria respectively. B. Mean number of mitochondria per 
protoplast field-of-view in wild type, SAIL ftyl-l) and SALK ftyl-2). Means ± SE were 
calculated from 25 protoplasts each. 



wt 

2345678 

I. Alt III III 

DRP3a 000* 

Tubulin 4000 4000 41100 40ma 
a 

Figure 4.9 Analysis of the DRP3a T-DNA insertion line SALK_066958. A. PCR analysis 
using gene-specific primers (Gf and Gr), or the gene-specific (Gr) and T-DNA left border 
primer (LBbl). DNA was extracted from wild type (line 43A9) and from three independent 
GFP-positive lines (1,11,111) derived from line SALK 

- 
066958. Lines I and 11 are homozygous 

for the T-DNA insertion, line III is hemizygous. PCR was performed using the primer sets 
Gf/Gr (even-numbered lanes) and Gr/LBb1 (odd-numbered lanes). B. Northern blot analysis 
of the steady-state abundance of the DRP3a transcript in the wild type (wt), in two 
independent GFP-positive plants homozygous for the T-DNA insertion (I and 11), and in one 
plant hemizygous for the T-DNA insertion (111). Northern blot was carried out by Dr David 
Logan, University of St Andrews. 

Figure 4.10 Analysis of the DRP3b T-DNA insertion line SALK-017942. PCR analysis 
using gene-specific primers (Gf and Gr), or the gene-specific (Gr) and T-DNA left border 
primer (LBbl). DNA was extracted from wild type (line 43A9) and from an independent GFP- 
positive line) derived from line SALK 

1 
017492. PCR was performed using the primer sets 

Gf/Gr (odd-numbered lanes) and Gr/LBb1 (even-numbered lanes). 
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Figure 4.11 Mean germination percentages of wild type and drp3a seeds. IVIS agar plates 
containing around 50 seeds were germinated for wild type (line 43A9, four plates) and drp3a 
(three plates) Arabidopsis. After seven days, the percentage germination for each plate was 
measured with the aid of a low-power dissecting microscope. Percentages from each plate 
were arcsine transformed to normalise the data prior to statistical testing and the figures given 
represent back-transformed means ± SE. 
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Figure 4.12 Pattern of rosette leaf production during the late vegetative and early 
reproductive phases in wild type and drp3a plants. Wild type (line 43C5; n= 36) and 
drp3a (n = 24) seedlings were germinated on MS agar plates and transferred to compost after 
14 days. The number of rosette leaves on each seedling was measured every two days, after 
the transfer to compost, for a period of 20 days. The figures represent means ± SE for wild 
type (black squares) and drp3a (open squares) seedlings at each time point. 
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Figure 4.13 Bolting time and the switch to reproductive phase in wild type and drp3a 
plants. Wild type (line 43C5; n= 36) and drp3a (n = 24) seedlings were germinated on MS 
agar plates and transferred to compost after 14 days. After transfer, the time taken by each 
seedling to reach reproductive phase (indicated by the presence of the first bolt greater than 
0.5cm in height) was measured. A. Mean (± SE) number of days after transfer to compost 
before appearance of first bolt in wild type and drp3a seedlings. B. Mean (± SE) number of 
rosette leaves on seedlings at appearance of first bolt in wild type and drp3a. 
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Figure 4.14 Exposure of the first stigma after silique extension during the reproductive 
phase in wild type and drp3a plants. Wild type (line 43C5; n= 36) drp3a (n = 24) seedlings 
were germinated on MS agar plates and transferred to compost after 14 days. After transfer, 
the time taken by each seedling to expose their first stigma following silique extension was 
measured. A. Mean (± SE) number of days after transfer to compost before exposure of the 
first stigma in wild type and drp3a seedlings. B. Mean (± SE) number of rosette leaves on 
seedlings at exposure of first stigma in wild type and drp3a. 
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Figure 4.15 Total seed production and silique fecundity in wild type drp3a plants. Wild 
type (line 43C5) and drp3a seedlings were germinated on MS agar plates and transferred to 
compost after 14 days. After eight weeks, plants were allowed to senesce and fully dry out 
before measuring seed production in whole plants and individual siliques. A. Mean (± SE) 
total seed mass per plant in wild type (n = 35) and drp3a (n = 12). B. Five developed siliques 
were randomly selected from ten wild type and drp3a plants (n = 50 siliques per line) and the 
number of seeds in each silique was counted. The mean (± SE) number of seeds per silique 
for each line was then calculated. 
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Figure 4.16 Height and aerial-part dry mass of wild type and drp3a plants. Wild type (line 
43C5) and drp3a seedlings were germinated on MS agar plates and transferred to compost 
after 14 days. After eight weeks, plants were allowed to senesce and fully dry out before 
measuring height and dry mass. A. Mean (± SE) dry mass of aerial plant parts in wild type 
and drp3a (all n= 20). B. Mean (± SE) plant height in wild-type (n = 35) and drp3a (n = 12). 



Discussion 

4.3.1 Summary 

This chapter describes the phenotypic characterisation of A. thaliana 

mitochondrial division mutants. The Arabidopsis genome contains several 

sequence homologues of genes, identified through BLAST searches, shown to 

be involved in mitochondrial division in yeast and humans. Following 

identification of the homologues, T-DNA insertion lines were obtained for these 

genes and the plants transformed to express mito-GFP, allowing a 

microscopical investigation of mitochondrial morphology. Disruption of three 

genes, DRP3A (At4g33650), DRP3B (At2g 14120) and BIGYIN (At3g57090) 

led to alterations in gross mitochondrial morphology, comprising an increase in 

mitochondrial plan area and a reduction in the number of mitochondria per cell. 

Disruption of one of the genes, DRP3A, was shown to lead to some small 

reductions in growth and fertility, indicating that a change in mitochondrial 

morphology or division has an effect on whole-plant physiology. 

4.3.2 Mitochondrial division and whole-plant physiology 

Using drp3a plants as a tool in tests of whole-organism physiology has both 

positive and negative aspects. The mitochondrial phenotype of this mutant line 

has a less severe alteration to gross morphology than, say, nmt (see chapter 

3). However, as there is much evidence to suggest that the mitochondrial 

phenotype is the result of the disruption of a single gene, we can be fairly 

confident that any changes to whole-plant physiology are directly attributable 

to that disruption. 
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At early stages in the life-cycle, there are small changes in growth habit 

in drp3a plants, relative to wild type. There is a 10% reduction in percentage 

germination after seven days in drp3a (Figure 4.11), indicating that the 

mutation has a limited effect on the processes required to initiate growth. 

However, this difficulty appears to be overcome after a few weeks of growth. 

After transfer to compost, drp3a plants show an accelerated pattern of rosette- 

leaf addition, showing an increase in leaf number, relative to wild type, over the 

20 days studied (Figure 4.12). These changes are similar to the growth 

patterns found in the nmt mutant (Figure 3.7), suggesting that similar 

alterations to the mitochondrial phenotype may lead to a compressed early life- 

cycle, where mutants are slower to germinate but quickly overtake wild type in 

the rate of pre-reproductive growth. 

The mutant line is faster to switch to the reproductive stage than wild 

type in terms of days, however this difference is lost when bolting time is 

correlated with rosette leaf number (Figure 4.13). Again, it appears that bolting 

time has a strict correlation with certain aspects of plant architecture -a link 

that may be difficult to break (Levey and Wingler, 2005). The reduction in 

bolting time in days, relative to wild type, can therefore be attributed to the 

increased rate of rosette leaf addition in drp3a plants (Figure 4.12). 

As with the mmtl and nmt mutants, the drp3a plants show a reduction, 

in terms of rosette leaf number, for the exposure of the first stigma, relative to 

wild type (Figure 4.14). These data may suggest two things. Firstly, while 

bolting time appears to be tightly correlated to rosette leaf number (above), 

later aspects of reproductive growth, such as the onset of flowering, are not. 

Secondly, it appears that a reduction in flowering time is a common response 
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in plant mitochondrial morphology mutants. This tactic may be beneficial to 

plants that are compromised in terms of growth (possibly through an inhibition 

of respiration and energy production), ensuring that resources are channelled 

towards reproduction, rather than vegetative growth. 

The number of drp3a plants used in later studies, such as seed 

production and dry mass, was reduced from 24 to 12. This was due to a thrip 

infestation in the second batch of drp3a plants, which led to a significantly 

reduced success during reproduction. As the figures would not be comparing 

like with like, data from the second batch was omitted. Future studies will be 

necessary on a larger number of drp3a plants to ensure that the effects shown 

are not the result of a reduced sample size. 

There is a small reduction in seed set, both per silique and per plant, in 

drp3a individuals relative to wild type, though only the per-silique difference is 

significant (Figure 4.15). The differences would suggest that the reduction in 

overall seed mass is a result of a reduced seed set per silique, rather than a 

reduced number of siliques per plant. However, further quantification of silique 

number per plant in both lines would be required for that conclusion to be 

justified. There was no observable reduction in pollen production in drp3a 

plants (data not shown), so it is unclear as to whether the decrease in seed-set 

is caused by pre- or post-fertilisation events. 

Overall, there is a small reduction in whole-plant fitness in drp3a plants 

relative to wild type. While the differences in some cases are insignificant, 

significant differences are evident in some of the most important processes of 

plants - germination and reproduction. As stated above, using this T-DNA 

knockout line makes it fairly likely that any changes in plant growth can be 
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ascribed to disruption of one gene, DRP3A, and the subsequent effects 

mitochondrial division. However, further work will be required to ascertain 

whether the changes in whole-plant growth are due to the reduction in the 

actual process of mitochondrial division, or whether the effects are caused by 

the net increase in mitochondrial size. 

A reduction in the process of mitochondrial division, with its knock-on 

effect on the overall cycle of mitochondrial division and fusion (Sesaki and 

Jensen, 1998), may itself lead to a reduction in overall fitness. Gorsich and 

Shaw (2004) have shown that in yeast, cells defective in mitochondrial division 

have fitness defects during sporulation. In plants, it has recently been shown 

that continual division and fusion of mitochondria aids the mixing and transfer 

of components such as mtDNA, leading to increased organelle fitness 

(Sheahan et al, 2005). 

A second possibility is that the increase in mitochondrial size, caused by 

the slowing of division, leads to a loss of mitochondrial function. It has been 

shown that heavier mitochondria display increased TCA cycle activity during 

germination in maize (Logan et al, 2001). In contrast, leaf development studies 

have indicated that smaller mitochondria may have higher ATP-synthesising 

capacities (Lennon et al, 1995). It may be the case that large mitochondria, 

through surface area effects, have a decreased respiration rate relative to 

small organelles, and it is this factor that affects whole-plant fitness. 

Mitochondrial division mutants, such as drp3a, drp3b and bigyin, will be 

powerful tools in studies to answer these questions. 

122 



4.3.3 T-DNA insertion and gene function 

A range of techniques was used to establish a strong link between T-DNA 

insertion and gene function for drp3a and bigyin mutants. In the drp3a line, 

SALK_066958, PCR-based screening was used to isolate individual plants that 

were either hernizygous or homozygous for the T-DNA insertion, and the 

steady-state transcript abundance of DRP3A mRNA was measured. Due to 

the high similarity between DRP3A and DRP3B (70% identity), it was 

necessary to use a probe designed from the 3'-UTR of DRP3A (the region of 

lowest similarity) to avoid contamination from DRP3B transcripts. Individuals 

that were homozygous for the T-DNA insertion had no detectable DRP3A 

mRNA, while the hernizygote had a reduced transcript level relative to wild- 

type (Figure 4.9). 

From this basis it was possible to conclude that, in plants homozygous 

for the T-DNA insertion, there was no functional copy of DRP3A, and 

consequently, no proteins expressed from this gene. While this was so, it was 

still necessary to establish a link between the T-DNA knockout genotype, and 

the abnormal mitochondrial phenotype seen in drp3a plants (Figure 4.3,4.5). 

To confirm this relationship, the F2 offspring of a single F1 hemizygote were 

analysed for both genotype and phenotype. From 94 individuals, 24 had an 

abnormal mitochondrial morphology, giving a F2 segregation ratio of 2.9: 1 

(Table 4.1). Additionally, all 24 mutant individuals were T-DNA homozygous, 

while those with normal mitochondria were either hemizygous or homozygous 

wild-type. These analyses strongly suggested that there was a direct link 

between a lack of DRP3A and abnormal mitochondrial morphology. 
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Furthermore, the mutation segregated in a Mendelian manner, suggesting that 

the phenotype was caused by the disruption of a single gene. 

A different method was used to verify the relationship between 

genotype and phenotype in bigyin plants. Obtaining and analysing 

independent T-DNA mutant alleles for a gene of choice is a fast method of 

showing that a phenotype is caused by a particular genotype (Krysan et al, 

1999). If independent mutant alleles of a gene cause the same phenotype, that 

may be taken as strong evidence that disruption of a that gene is responsible 

(Ostergaard and Yanofsky, 2004). As both mutant alleles of BIGYIN, bigyinl-l 

and bigyinl-2, cause an identical phenotype (Figure 4.7), there is a strong 

implication that disruption of the gene has an effect on mitochondrial 

morphology. 

To provide further evidence of this causal link, a similar 

phenotypic/genotypic analysis, to the one performed on drp3a plants, was 

carried out on both bigyin alleles. In addition to a complete correlation between 

abnormal morphology and a homozygous T-DNA genotype in bigyinl-l, both 

mutant alleles segregated in a Mendelian fashion (Table 4.1). Taken together, 

it may be concluded that BIGYIN is involved in the control of mitochondrial 

division, and that disruption of the gene leads to both a reduction in this 

process and a change in gross mitochondrial morphology, relative to wild-type. 

The role of DRP3B in mitochondrial division has been examined in 

depth previously (Arimura and Tsutsurni, 2002). As the mitochondrial 

phenotype of individuals homozygous for the T-DNA insertion (Figure 4.10) 

from the line SALK_01 7492 (drp3b) was identical to those in previous reports, 

no attempt to prove a link between genotype and phenotype was necessary. 
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4.3.4 The structure of Arabidopsis mitochondrial division gene homologues 

The putative primary structures of DRP3A and DRP3B, identified through in 

sifico analysis of their derived peptide sequence using the domain-function 

tool, InterProScan (http: //www. ebi. ac. uk/cgi-bin/iprscan/iprscan), reveals that 

both Arabiclopsis proteins share high levels of similarity with their homologues 

in yeast and humans. All proteins contain an N-terminal GTPase domain 

(residues 35-251 in DRP3A; 19-236 in DRP3B), a central dynamin domain 

(residues 252-545 in DRP3A; 237-530 in DRP3B) and a C-terminal GTPase- 

effector domain (GED; residues 665-756 in DRP3A; 649-740 in DRP3B). In 

other eukaryotes, mitochondrial membrane-remodeling events are powered by 

GTP hydrolysis, carried out by the GTPase domain, which in turn is stimulated 

by the GED (Muhlberg et al, 1997; Sever et al, 1999; Ingerman et al, 2005). 

Deletion studies have shown that the GED domain is also responsible for 

mitochondrial-specificity in this group of dynamin-related proteins (Pitts et al, 

2004). Dynamin is believed to function in mitochondrial division by forming 

spirals of protein filaments around mitochondria, which then constrict, forcing 

the mitochondria to adopt a tubular form (Muhlberg et al, 1997; Sever et al, 

1999; Ingerman et al, 2005). Whether or not this constriction and tubulation 

causes the final severance step of the mitochondrial membranes, or whether 

other proteins are involved, is unknown. 

In sifico analysis of the protein structure of BIGYIN (At3g57090) or 

At5g12390 using InterProScan reveals a conserved tetratricopeptide repeat 

(TPR)-like binding domain (residues 51-139 of BIGYIN), common to all Fisl- 

type proteins (Suzuki et al, 2003; Suzuki et al, 2005). In addition, all Fisl -type 

proteins contain a single C-terminal putative transmembrane domain (residues 
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142-164 in BIGYIN) with a topology predicted to leave the N-terminal region 

exposed to the cytoplasm (Mozdy et al, 2000; Suzuki et al, 2003; Tieu and 

Nunnari, 2000; Yoon et al, 2003). The C-terminal structure of hFIS1 has been 

demonstrated to be essential for mitochondrial localisation: the 

transmembrane region is located within the outer-mitochondrial membrane 

with the C-terminal tail localised in the intermembrane space (Yoon et al, 

2003). The cytosolic N-terminal region of hFIS1, containing the conserved TPR 

motifs, has been shown to participate in the interaction with the dynamin- 

related protein, Drpl, or a Drpl -containing complex (Yu et al, 2005). The 

similarities in putative structure, along with the attendant morphological 

changes in knockout mutants, strongly suggests that the Arabidopsis 

homologues play a comparable role in regulating mitochondrial division. 

4.3.5 Mitochondrial morphology alterations in dr133a, dro3b, býqvinl-l and 

býqvin 1-2 

While there are general similarities between the mitochondrial phenotypes of 

drp3a, drp3b and bigyin mutants, there are important differences that allude to 

the diverse functions performed by the three proteins. In the mutants of all 

three genes there are a high proportion of large, spherical mitochondria 

(Figure 4.3,4.4,4.7). However, while the presence of elongated, tubular 

mitochondria is common in drp3a and drp3b, the phenotype was rarely found 

in either the bgyl-l or bgyl-2 mutants (Figure 4.3,4.4,4.7). 

In yeast, there are two main theories regarding the roles and 

interactions of the mitochondrial division proteins, Dnml p and Fisl p. In one 

theory, Fisl p acts to identify the site of mitochondrial division and recruits the 
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dynamin Dnml p to constrict and sever the membrane, in conjunction with 

other accessory proteins such as Mdv1 p which help assemble the complex 

(Mozdy et al, 2000; Tieu and Nunnari, 2000; Fekkes et al, 2001). The second 

theory posits that Dnm1 p regulates the site of division, tubulating and severing 

the membrane through conformational changes produced in its structure by 

Fisl p and Mdvl p (Cerveny and Jensen, 2003). 

The presence of tubular mitochondria in drp3a and drp3b plants, 

coupled with their absence in bigyin, suggests that the first theory may more 

closely represent the situation in higher plants. While the presence of either 

dynamin hornologue is sufficient to allow the tubulation of mitochondria, the 

loss of one Fisl p-homologue (BIGYIN) is enough to slow the recruitment of 

dynamin and halt tubulation. Without the tubulation effects of dynamin, 

mitochondria in bigyin mutants remain large, spherical organelles. Future work, 

including the use of double mutant analyses, should provide further details of 

the interactions of mitochondrial division proteins in higher plants. 

The ability of drp3a and drp3b mitochondria to form elongated 

mitochondrial tubules suggests that both proteins have a similar, though non- 

redundant role in mitochondrial division. On closer inspection, however, there 

are clear variations in the mitochondrial phenotype of the two mutants. The 

first difference is that, while there are numerous constrictions in the 

mitochondrial tubules of drp3a plants, they are very uncommon in drp3b 

mitochondria (Figure 4.3,4.4). This implies that the role of DRP3B is to provide 

the final constriction step, prior to severance -a function that does not occur in 

its absence and which cannot be replaced by DRP3A. Additionally, the 

presence of constrictions indicates that DRP3A may facilitate the final 
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severance step after constriction by DRP3B, thereby explaining the prevalence 

of constrictions in drp3a plants. 

The second major difference in mitochondrial morphology in the two 

dynamin-related mutants, is the presence of "matrixules" in drp3a (Figure 4.3). 

These protuberances are similar to stromules (extensions found occasionally 

emanating from plastids, which may be involved in macro-molecule transfer 

between plastids or transport to and from the cytosol) identified by the use of 

GFP targeted to the stroma (Kohler et al, 1997; Kohler and Hanson, 2000; 

Natesan et a/, 2005). As the matrixules contain GFP, which is targeted to the 

mitochondrial matrix in lines 43A9 and 43C5 (Logan and Leaver, 2000), it can 

be concluded that these extensions contain both matrix proteins and 

mitochondrial membranes. 

The role of matrixules is unknown. However, their egregious presence 

in drp3a plants, coupled with their comparative rarity in wild type, suggests that 

they play a part in DRP3A-mediated mitochondrial division. It has recently 

been shown that both DRP3A and DRP3B are localised to constriction sites 

and tips of Arabidopsis mitochondria (Arimura and Tsutsurni, 2002; Arimura et 

al, 2004a), and research in yeast has demonstrated that dynamin remains 

attached to the cut end of one daughter mitochondrion after division (Legesse- 

Miller et al, 2003). Based on these findings, it is possible that one role of 

DRP3A is to remain attached to the tip of a recently-divided mitochondrion to 

prevent further division events which, if left unchecked, would lead to severe 

fragmentation of the mitochondria. 

One hypothesis for mitochondrial division in higher plants is that, prior to 

division, mitochondria change from a spherical, to an elongate morphology, by 
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pushing or pulling through a restrictive collar at one pole (possibly a 

mitochondrial division, or MD ring; Kuroiwa, 2000). The first portion extruded 

through the collar forms a matrixule, which then expands and grows as more 

of the mitochondrion moves through the collar. When elongation is complete, 

the organelle is ready for division. In drp3a plants, the lack of DRP3A (which 

would, if present, guard against re-entry into the division cycle) means that a 

recently-divided organelle can re-enter the elongation/division cycle, extruding 

a portion of mitochondria through a collar and producing a matrixule. The fact 

that fragmentation of the mitochondria does not occur, and that matrixules 

persist for longer than is seen in wild type, may be a result of reduced division 

efficiency in the absence of DRP3A. 

Previous studies had suggested that DRP3A was involved in vesicle 

biogenesis in the thylakoid system of chloroplasts (Kang et al, 1998). 

Heterologous over-expression of an Arabidopsis DRP3A-GFP fusion construct 

in tobacco protoplasts led to the detection of cytosolic fluorescence, which the 

authors concluded was the result of GFP fluorescence in plastids. The 

evidence for such an expression pattern however, based on data presented in 

the paper, appeared inconclusive. For example, the low-level fluorescence 

shown in the plastids could be explained by simple chloroplast 

autofluorescence, and the authors provide no information to show that this was 

not the case. Arimura et al (2004a) have recently shown that over-expressing 

full-length and N-terminal DRP3A-GFP chimeras in Arabidopsis led to 

mitochondrial GFP expression (confirmed with use of mitotracker, a specific 

mitochondrial marker), with no detectable GFP fluorescence from chloroplasts. 

In this study, drp3a and drp3b plants had no aberrant chloroplast phenotype 
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(data not shown). The rice homologue of DRP3A, OsDRP3A (Fujimoto et al, 

2004) has also been shown to have an effect on mitochondrial division, 

indicating that it has a conserved role in plants. 

Endeavours to further elucidate the function of DRP3A and DRP3B 

were made through attempts to produce drp3aldrp3b double mutants, using 

the established knockout lines. Despite assessing the T-DNA genotypes of 

over 50 individual F2 progeny from homozygous drp3aldrp3b parents, no 

plants were found to have an insertion in both genes (data not shown). While 

there is a high mathematical probability (one in sixteen) of finding a double 

mutant amongst the progeny of these parents, further work is needed to 

establish whether failure to identify a double knockout is caused by a small 

sample size, or the lethality such a genotype may cause. 

The increase in mitochondrial plan area in drp3a, drp3b and bigyin, 

relative to wild-type, comes with a concomitant decrease in the number of 

organelles visible in each protoplast field-of-view (Figures 4.613,4.813). While 

the methodology used for protoplast-based measurement of mitochondrial 

number and plan area precludes the measurement of every mitochondrion in 

the protoplast, the figures suggest that there is a link between mitochondrial 

size and number. Bowsher and Tobin (2001) suggest a similar relationship, 

implying that there is a fairly strict regulation of total mitochondrial volume per 

cell in wheat and barley during leaf development. It appears that, while the size 

and number of mitochondria in a cell can be changed by a number of genetic 

factors, it may be more difficult to change total mitochondrial volume per cell. 

Using the data in this study, there is a moderate mathematical correlation 
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between size and number (as a proxy for volume; data not shown). However, 

more data points would be required to test the robustness of this hypothesis. 

A similar analysis of the role of the other F/SI-like Arabiclopsis gene, 

At5g12390, in mitochondrial division is currently hampered by a lack of T-DNA 

mutants. Future research using alternative reverse genetics approaches, 

including new T-DNA lines, will focus on the role of At5g12390 in mitochondrial 

dynamics and may reveal any redundancy between the two Arabidopsis Fisl- 

type genes. 

4.3.6 Publications 

Part of the work performed on DRP3A has been published as Logan et al 

(2004). The work performed on BIGYIN is being published as Scott et al (2006; 

in press). Reprints of these papers are found in an appendix to this thesis. 
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Chapter Five 

Morphology And Behaviour Of 
Arabidopsis Mitochondria 

Upon Induction Of Cell Death 



Introduction 

5.1.1 Backaround 

Although chiefly associated with energy transduction, mitochondria perform a 

number of disparate roles. In addition to their central role in oxidative energy 

metabolism (Kennedy and Lehninger, 1949), mitochondria are involved in a 

number of biosynthetic reactions that are essential to sustain eukaryotic life 

(Yaffe and Schatz, 1984; Fields eta/, 1998). In contrast, mitochondria play an 

important part in ending life, especially through the process of Programmed 

Cell Death (PCD; Youle and Karbowski, 2005). 

In animals, mitochondria are intimately linked with PCID. The application 

of pro-PCD stimuli to mammalian cells leads to the release of mitochondrial 

cytochrome c, which initiates several downstream processes leading to cell 

death (Liu et al, 1996). In several animal species, the onset of PCID is 

accompanied by changes in mitochondrial morphology, through an increased 

rate of mitochondrial division. Interrupting this process leads to a decrease in 

PCD (Frank et al, 2001; Frank et al, 2003; Yu et al, 2005; Jagasia et al, 2005). 

In plants, the initiation of PCID also leads to the release of cytochrome c into 

the cytoplasm (Balk et al, 1999; Balk and Leaver, 2001). However, there is 

little knowledge of whether the attendant changes in mitochondrial 

morphology, seen in animal cells, take place in plants. 

5.1.2 Aims of this studv 

This chapter aims to establish whether or not changes in mitochondrial 

morphology are an integral part of cell death in higher plants. Using chemical 
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and physical stimuli (see below) to initiate cell death in both whole leaves and 

protoplasts, this study aims to determine if the relationship between 

mitochondrial morphology change and death is retained in plants; or whether 

the organisation of higher plant mitochondrial populations (consisting of 

numerous discrete organelles rather than the reticular network seen in 

animals) renders the process obsolete. The study also aims to provide a 

mechanistic basis for any changes observed following the application of pro- 

death stimuli. 

The chemical inhibitors used during the study are all producers of 

reactive oxygen species (ROS), with each having a different mode of action. 

Methyl viologen is a bipyridyl herbicide which donates electrons to oxygen 

within the cell, producing02- (Halliwell and Gutteridge, 1985). Methyl viologen 

accepts electrons from chloroplast photosystem 1, producing02-in the light 

(Tsang et al, 1991). In addition, however, methyl viologen also uncouples 

oxidative phosporylation and reacts with microsomal NAPDH-reductase, 

ensuring that02-is also produced in the dark (Halliwell and Gutteridge, 1985; 

Palmeira et al, 1995). In contrast to methyl viologen, s-triazine binds 

specifically to the D1 protein of chloroplast photosystern 11 and blocks only the 

chloroplast electron transport chain (Ikeda et al, 2003). The net result is that, 

while methyl viologen produces02- in light and dark conditions, s-triazine only 

produces superoxide in the light. The final ROS-producer, hydrogen peroxide, 

is a constitutive producer of peroxyl and hydroxyl radicals which damage 

intracellular lipids (Halliwell and Gutteridge, 1985). The different mode of 

action of each of the inhibitors will be used to investigate the chemical-specific 

and temporal effects of ROS on mitochondrial morphology. 
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The application of short-term heat treaments to plant cell cultures 

initiates the regulated induction of PCID in several species, including carrot, 

cucumber and tobacco (McCabe et al, 1997; Delorme et al, 2000; Vacca et al, 

2004). Recent evidence suggests that the heat treatments a burst of ROS 

production, which leads to cell death (Vacca et al, 2004). 
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Results 

5.2.1 Effect of reactive oxygen species (ROS)-inducing chemicals on 

mitochondrial morpholociv in Arabidopsis leaves 

The addition of reactive oxygen species (ROS)-inducing chemical herbicides, 

to Arabidopsis leaves, leads to a number of dramatic changes in gross 

mitochondrial morphology over the course of 24 hours. After four hours, leaves 

treated with either 100 [M methyl viologen (a superoxide [02-1 producer) or 1 

M hydrogen peroxide show an aggregated distribution, with tens of 

mitochondria forming tight clusters within cells (Figure 5.1). After the same 

time interval, mitochondria in leaves treated with a second02- producer, s- 

triazine (100 ýM), show a large increase in plan area relative to the control 

(Figure 5.1). After 24 hours, mitochondria in methyl viologen- and hydrogen 

peroxide-treated leaves no longer form extended clumps. Instead they, like 

mitochondria in s-triazine-treated leaves, show an increase in plan area 

relative to the control (Figure 5.1). 

In an attempt to establish a clear role for ROS in altering mitochondrial 

morphology, the effects of the two superoxide-producing chemicals with 

different modes-of action (methyl viologen and s-triazine) were tested under 

light and dark conditions. In control plants treated with s. 1-120, mitochondria 

retained a wild-type morphology when incubated in both light and dark 

conditions over 24 hours. Mitochondria in dark-treated leaves are relatively 

motile and have a cigar-shaped morphology, while light-treated plants have a 

spherical morphology and are relatively immobile (Figure 5.2). Leaves treated 

with the multi-modal 02--producer, methyl viologen, contain mitochondria with 
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an abnormal morphology after 24 hours in both light and dark conditions, with 

mitochondrial plan area much greater than in the control (Figure 5.2). While 

leaves treated with s-triazine show an abnormal mitochondrial morphology 

when kept in light conditions, plants placed in the dark show no response, with 

mitochondria remaining a similar shape to those in control leaves (Figure 5.2). 

To assess if plant mitochondria react in a similar manner to the addition of 

ROS-inducing chemicals as those in animals, it is necessary to investigate the 

effect of ROS on tubular plant mitochondria. Mitochondria in the nmt mutant 

are a useful higher plant proxy for animal organelles, as they predominantly 

exhibit a reticular phenotype. While the addition of s. 1-120 has no effect on 

mitochondria in nmt mutants, treatment of leaves in the light with methyl 

viologen, s-triazine or hydrogen peroxide leads to a massive change in 

organelle morphology. After four hours, the network of mitochondria in all three 

treatments breaks down, leaving a larger number of individual organelles 

(Figure 5.3). Additionally, treatment with ROS-inducing chemicals leads to the 

formation of mitochondria with an annular appearance, caused by decreased 

GFP expression in the centre of the spherical organelle (Figure 5.3). 

5.2.2 Effect of ROS-inducing chemicals on mitochondrial morphology and cell 

death in Arabidopsis mesophyll protoplasts 

In an effort to quantify the direct effect of ROS on mitochondrial morphology, 

and the consequence that treatments have on viability in individual cells, 

Arabiclopsis mesophyll protoplasts expressing mito-GFP (line 43C5) were 

incubated in ROS-inducing chemicals. After four hours of treatment with either 

50 ýW methyl viologen, 50 ýM s-triazine or 5 mM hydrogen peroxide, 
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mitochondria in Arabidopsis protoplasts show a large change in overall 

morphology relative to the control. Each treatment leads to an increase in 

mitochondrial plan area, with protoplasts incubated in methyl viologen 

containing occasional tubular and annular mitochondria (Figure 5.4). These 

changes in mitochondrial morphology are maintained over the course of 48 

hours (Figure 5.4). 

The percentages of protoplasts exhibiting changes in mitochondrial 

morphology after ROS treatment were quantified, during observations made 

with an epifluorescence microscope. Any protoplast, in which more than half of 

the individual mitochondria were larger than twice the mean wild-type 

mitochondrial plan area, were deemed to exhibit an abnormal mitochondrial 

morphology, caused by undergoing a mitochondrial morphology transition 

(MMT; see 2.18.7). After four hours of incubation, 24.2% ± 0.9 SE of 

protoplasts in the control group (0.5 M mannitol only) contained abnormal 

mitochondria (Figure 5.5A). This compares to means of 61.3% ± 3.1 SE, 

56.4% ± 3.2 SE and 58.3% ± 3.5 SE for 50 ýM methyl viologen, 50 ýM s- 

triazine and 5 mM hydrogen peroxide, respectively (Figure 5.5A). The 

percentage of protoplasts containing mitochondria with an abnormal 

morphology in all three treatments rose over the course of 48 hours, such that 

73.5% ± 3.7 SE of methyl viologen-treated protoplasts, 66.3% ± 2.4 SE of s- 

triazine-treated protoplasts and 72.8% ± 2.4 SE of hydrogen peroxide-treated 

protoplasts displayed an abnormal mitochondrial morphology at this time. In 

contrast, only 29.1 ± 3.2% of protoplasts in the control sample have at least 

50% abnormal mitochondria at 48 hours (Figure 5.5A). 
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The effect of the treatments on cell viability were measured using the 

vital stain Fluorescein diacetate (FDA). Over the course of the experiment 

control protoplasts displayed low levels of cell death, ranging from a mean of 

7.2% ± 0.9 SE at four hours, to 9.6% ± 2.5 SE after 48 hours (Figure 5.5B). Up 

to 24 hours, cell death in the three ROS treatments remained largely 

commensurate with the control. At this time point, protoplasts treated with 

methyl viologen and s-triazine showed 11 . 8% ± 4.2 SE and 8.7% ± 0.6 SE cell 

death, respectively. Only the hydrogen peroxide treatment showed a 

significant increase in cell death at 24 hours, with a mean of 15.6% ± 3.6 SE of 

protoplasts remaining unstained by FDA (Figure 5.513). Changes in cell viability 

in the ROS treatments become apparent at 48 hours, with all three treatments 

causing 64-71 % cell death; six to seven times greater than the control at 9.6% 

± 2.5 SE (Figure 5.5B). 

5.2.3 Effect of heat treatment on mitochondrial morphology and cell death in 

Arabidopsis mesophyll protoplasts 

The application of short-term heat treatments, to plant cell cultures, leads to 

the regulated induction of (PCD) in several species, including carrot, cucumber 

and tobacco (McCabe et al, 1997; Delorme et al, 2000; Vacca et al, 2004). 

Incubating Arabidopsis protoplasts at 45'C for 10 minutes produces a rapid 

change in gross mitochondrial morphology. Five minutes after treatment, 

mitochondria in heat-shocked protoplasts display a great increase in plan area 

relative to the control. These changes in morphology are then maintained over 

the course of the next 24 hours (Figure 5.6). 
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Using the same methodology as the ROS treatments, the effect of the 

heat-shock was quantified in terms of mitochondrial morphology and cell 

viability. In the control group, which was maintained at room temperature 

throughout, the percentage of protoplasts containing mitochondria with an 

abnormal morphology remained relatively static over the course of 24 hours. 

Fifteen minutes after the start of incubation at room temperature (i. e. the same 

relative time as the heat-treated protoplasts, which were analysed five minutes 

after a ten minute heat-shock), 22.1% ± 2.1 SE of control protoplasts had an 

aberrant mitochondrial morphology, rising slightly to 25.6% ± 1.2 SE after 24 

hours (Figure 5.7A). In contrast, 68.6% ± 6.1 SE of heat-shocked protoplasts 

contain abnormal mitochondria after five minutes, rising to 72.6% ± 1.5 SE 

after 24 hours (Figure 5.7A). 

There is little difference in percentage cell death between control and 

heat-treated protoplasts for the first four hours. Between five minutes and four 

hours, cell death varies from 6.3 - 8.9% in the control, and from 8.0 - 9.2% in 

the heat treatment group (Figure 5.7B). Differences in the two groups become 

apparent after longer time periods; after eight hours 10.6 ± 0.8% of control 

protoplasts show no reaction with the vital stain FDA, compared to 16.6% ± 1.5 

SE in the heat treatment (Figure 5.7B). By 24 hours, 64.8% ± 6.4 SE of the 

heat-treated protoplasts are dead (FDA-negative), compared to only 11 . 4% ± 

0.1 SE in the control group (Figure 5.713). 

5.2.4 Relationship between mitochondrial morphology and cell death 

In an effort to determine whether there is a link between the aberrant 

mitochondrial morphology seen in heat-shocked protoplasts and cell death, the 
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mitochondrial morphology of intact, dead protoplasts was quantified. 

Protoplasts that had been heat-shocked 24 hours previously were incubated in 

FDA, and the mitochondrial morphology of FDA-negative (dead) protoplasts 

was measured as before. 94.6% ± 0.3 SE of the dead protoplasts contained 

abnormal mitochondria, with the remainder showing no change in 

mitochondrial morphology (Figure 5.8). A similar analysis was not performed 

on live protoplasts as the fluorescence signal from FDA is much brighter than 

that from mito-GFP, precluding any examination of mitochondrial morphology. 

5.2.5 Role of calcium in mitochondrial morphology and cell death 

Fluctuations in mitochondrial calcium uptake have been implicated in changes 

to mitochondrial morphology in animal cells (Kahlert and Reiser, 2002). In an 

attempt to determine whether calcium plays a similar role in plant cells, 

protoplasts were incubated in 50 [M lanthanum chloride (LaC13) for 10 minutes 

before heat treatment. La 3+ is a calcium channel blocker, and is used to 

prevent mitochondrial-uptake of calcium from cytoplasmic stores and across 

the plasma membrane. 

In the control sample (maintained at room temperature), incubation with 

LaC13 led to a small increase in the proportion of protoplasts displaying 

abnormal mitochondria after one hour (25.9% ± 1.3 SE, compared to 18.6% ± 

0.7 SE in those without LaC13; Figure 5.9A). However, when protoplasts were 

subject to heat treatment, there was a large decrease in the proportion of cells 

containing abnormal mitochondria following LaCl3incubation. Only 37.5% ± 2.8 

SE of heat-treated protoplasts exhibited an aberrant mitochondrial morphology 
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after LaCl3incubation, compared to 68.4% ± 0.7 SE in the heat minus LaC13 

treatment (Figure 5.9A). 

Cell viability was also greatly affected by the addition of LaCl3prior to 

heat treatment. In the control (no heat treatment) group, the percentage of 

FDA-negative cells at 24 hours dropped from 11.4% ± 0.1 SE to 7.7% ± 0.3 SE 

after the addition of LaC13 (Figure 5.913). This trend was repeated, although 

with much greater magnitude, in protoplasts subject to 45'C heat. In the 

absence of LaC13,64.8% ± 6.4 SE of protoplasts died within 24 hours following 

heat treatment. However, the percentage of dead protoplasts drops to 31.7% ± 

0.7 SE when treated with LaCl3prior to heating (Figure 5.9B). 
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Figure 5.1 ElPifluoresence micrographs of mitochondrial morphology in Arabidopsis 
leaf mesophyll cells after treatment with ROS-inducing chemicals. 3 Ltl of either 100 ýM 
methyl viologen, 100 ýW s-triazine or 1M hydrogen peroxide was placed 

ýn the upper 
surface of 14 day old mito-GFP Arabidopsis seedlings (line 43C5) grown in a growth room 
(1140 p mol M-2 S- PPFD, 22-250C) on agar plates. After treatment, plates were placed in the 
growth room for either 4h or 24 h constant light. After this time, the mitochondrial 
morphology of mesophyll cells was examined by epifluoresence microscopy. Control is 3, Ltl 
s. H20 for 4h or 24 h. Scale bar =5 ýtm. 
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Figure 5.2 Epifluoresence micrographs of mitochondrial morphology in Arabidopsis 
leaf mesophyll cells after treatment with ROS-inducing chemicals for 24 h under light 
and dark conditions. 3 Ld of either 100 [M methyl viologen or 100 LtM s-triazine was placed 
on the upper surface of 14 day old Arabidopsis seedlings (line 43C5) grown on agar plates in 
a growth room (140 [imol M-2 s-1 PPFD, 22-250C). After treatment, plates were placed in the 
growth room for 24 h under full illumination or in total darkness (growth room, lights switched 
off). After this time the mitochondrial morphology of mesophyll layer cells was examined by 
epifluoresence microscopy. Control is 3 [d s. 1-120 for 24 h. Scale bar =5 Ltm. 



Figure 5.3 Epifluoresence micrographs of mitochondrial morphology in nmt 
Arabidopsis leaf mesophyll cells after treatment with ROS-inducing chemicals. 3 Ltl of 
either (B) 100 LtM methyl viologen, (C) 100 LtM s-triazine or (D) 1M hydrogen peroxide was 
placed on the upper surface of 14 day old Arabidopsis seedlings (line nmt) grown in a growth 
room (140 ýtmol M-2 S-1 PPFD, 22-250C) on agar plates. After treatment, plates were placed 
in the growth room for 4 h. After this time, the mitochondrial morphology of mesophyll layer 
cells was examined by epifluoresence microscopy. Control (A) is 3 Ltl s. 1-120 for 4 h. Scale bar 
=5 ýtm. 
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Figure 5.4 Epifluoresence micrographs of mitochondrial morphology in Arabidopsis 
mesophyll protoplasts after treatment with ROS-inducing chemicals. Arabidopsis 
mesophyll protoplasts (line 43C5) were incubated in 0.5 M mannitol containing either 50 

'LtM 
methyl viologen, 50 uM s-triazine or 5 mM hydrogen peroxide for with gentle mixing for 4 h, 

L -2 S-1 24 h or 48 h (<O. 1, tmol m PPFD, 18-250C). After this time, mitochondrial morphology in 
the protoplasts was examined by epifluoresence microscopy. Control protoplasts were 
incubated in 0.5 M mannitol only. Scale Bar =5 Ltm. 
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Figure 5.5 Abnormal mitochondrial morphology and cell death in Arabidopsis 
mesophyll protoplasts after treatment with ROS-inducing chemicals. Arabidopsis 
mesophyll protoplasts were incubated in 0.5 M mannitol containing either 50 mM methyl 
viologen, 50 mM s-triazine or 5 mM hydrogen peroxide with gentle mixing for 4 h, 24 h or 48 h 
at room temperature (<O. l ýtrnol M-2 S-1 PPFD, 18-250C). Control was 0.5 M mannitol only. 
Figures are arc-sine transformed means of three independent experiments and were 
transformed to normalise data for statistical testing. A. Percentage of protoplasts with 
abnormal mitochondrial morphology. Protoplasts were examined by epifluoresence 
microscopy (-100 x3 repeats) and any protoplast in which more than half the individual 
mitochondria were greater than twice the mean plan area was deemed abnormal. B. 
Percentage of protoplasts negative for the vital stain Fluorescein diacetate (FDA). Protoplasts 
were incubated for 5 mins in 0.002% FDA. Protoplasts were examined by epifluoresence 
microscopy (-200 x3 repeats) and intact cells showing no FDA staining were deemed dead. 
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Figure 5.6 Epifluoresence micrographs of mitochondrial morphology in Arabidopsis 
mesophyll protoplasts after 450C heat treatment. Arabidopsis mesophyll protoplasts (line 
43C5) were incubated in 0.5 M mannitol for 10 mins at 450C in a water bath, then transferred 
to room temperature (with gentle mixing) for 5 mins or 24 h (<O. l Ltmol M-2 S-1 PPFD, 18- 
250C). After this time, mitochondrial morphology in the protoplasts was examined by 
epifluoresence microscopy. Control protoplasts were maintained in 0.5 M mannitol at room 
temperature with gentle mixing. Scale bar =5 am. 
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Figure 5.7 Abnormal mitochondrial morphology and cell death in Arabidopsis 
mesophyll protoplasts after 450C heat treatment. Arabidopsis mesophyll protoplasts (line 
43C5) were incubated in 0.5 M mannitol for 10 mins at 45'C in a water bath, then transferred 
to room temperature (with gentle mixing) for periods of 5 mins to 24h (<O. l ýt Mol M-2 S-1 
PPFD, 18-25'C). Control protoplasts were maintained in 0.5 M mannitol at room temperature 
with gentle mixing. Figures are arc-sine transformed means of three independent experiments 
and were transformed to normalise data for statistical testing. A. Percentage of protoplasts 
with abnormal mitochondrial morphology. Protoplasts were examined by epifluoresence 
microscopy (-100 x3 repeats) and any protoplast in which more than half the individual 
mitochondria were greater than twice the mean plan area was deemed abnormal. B. 
Percentage of protoplasts negative for the vital stain Fluorescein diacetate (FDA). Protoplasts 
were incubated for 5 mins in 0.002% FDA. Protoplasts were examined by epifluoresence 
microscopy (-200 x3 repeats) and intact cells showing no FDA staining were deemed dead. 
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Figure 5.8 Relationship between abnormal mitochondrial morphology and cell death in 
Arabidopsis mesophyll protoplasts after 450C heat treatment. Arabidopsis mesophyll 
protoplasts (line 43C5) were incubated in 0.5 M mannitol for 10 mins at 450C in a water bath, 
then transferred to room temperature (with gentle mixing) for 24 h (<O. 1 ýtmol M2 S-1 PPFD, 
18-250C). After this time, protoplasts were incubated in 0.002% FDA for 5 mins and examined 
by epifluoresence microscopy (n = 50). The percentage of intact FDA-negative (dead) 
protoplasts with abnormal mitochondrial morphology (any protoplast in which more than half 
the individual mitochondria were greater than twice the mean plan area) was measured. 
Figures are arc-sine transformed means of three independent experiments and were 
transformed to normalise data for statistical testing. The reverse analysis with live protoplasts 
was not carried out due to the interference between FDA and GFP fluorescence, which 
precluded investigation of mitochondrial morphology. 
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Figure 5.9 Effect of lanthanum chloride on mitochondrial morphology and cell death in 
Arabidopsis mesophyll protoplasts. Arabidopsis mesophyll protoplasts (line 43C5) were 
incubated in 0.5 M mannitol +/- 50 [tM lanthanum chloride (LaC13) for 10 mins before being 
placed in a 450C water bath for 10 mins. After this time, protoplasts were transferred to room 
temperature with gentle mixing for 24 h (<O. l ýtmol M-2 S-1 PPFD, 18-250C). Control 
protoplasts were maintained in 0.5 M mannitol +/- 50 mM lanthanum chloride at room 
temperature with gentle mixing. Figures are arc-sine transformed means of three independent 
experiments and were transformed to normalise data for statistical testing.. A. Percentage of 
protoplasts with abnormal mitochondrial morphology after 1 h. Protoplasts were examined by 
epifluoresence microscopy (-100 x3 repeats) and any protoplast in which more than half the 
individual mitochondria were greater than twice the mean plan area was deemed abnormal. 
B. Percentage of protoplasts negative for the vital stain Fluorescein diacetate (FDA) after 24 
h. Protoplasts were incubated for 5 mins in 0.002% FDA. Protoplasts were examined by 
epifluoresence microscopy (-200 x3 repeats) and intact cells showing no FDA staining were 
deemed dead. 



Discussion 

5.3.1 Summary 

This chapter describes the effects of pro-PCD stimuli on mitochondrial 

morphology in whole leaves and mesophyll protoplasts of Arabidopsis thaliana. 

The addition of ROS-inducing chemicals, or subjecting cells to a short heat- 

shock, led to gross changes in mitochondrial morphology. These changes 

were mainly discernible as an increase in mitochondrial plan area; however, 

they also included the formulation of annular organelles and the breakdown of 

mitochondrial tubules in nmt plants. Changes in mitochondrial morphology 

were closely linked to cell death in protoplasts, with around 95% of dead cells 

displaying abnormal mitochondria. Incubation of protoplasts with the calcium 

channel-blocker LaC13, prior to heat-treatment, reduced both the percentage of 

protoplasts containing mitochondria with an abnormal morphology and cell 

death, indicating a role for calcium in both processes. 

5.3.2 ROS and animal mitochondria 

In both whole Arabidopsis leaves and protoplasts, the application of ROS- 

inducing chemicals leads to gross changes in mitochondrial morphology 

(Figure 5.1,5.4). In animals, mitochondria are the main target of reactive 

oxygen species damage (Maechler et al, 1999). ROS, such as the superoxide 

(02-) produced by methyl viologen and s-triazine, and the hydrogen peroxide- 

induced hydroxyl and peroxyl radicals, are believed to affect mitochondria in a 

number of key ways. ROS molecules interact with biological membranes, 

which leads to lipid peroxidation (Halliwell and Gutteridge, 1985; Taylor et al, 

2002). In mitochondria, this results in a loss of function through various means. 
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For example, one affect of lipid peroxidation is inner membrane depolarisation, 

where a loss of transmembrane electrical potential (AW) permeates the 

mitochondrial tubules, short-circuiting oxidative phosphorylation (Skulachev et 

al, 2004; Brady et al, 2004). A second result of ROS damage is formation of 

the mitochondrial Permeability Transition Pore (PTP; Zoratti and Szabo, 1995; 

Skulachev, 1996). The PTP is thought to be composed of the voltage- 

dependant anion channel (VIDAC), the adenine nucleotide translocase (ANT) 

and cyclophilin D; and may be involved in the coordination of intracellular, 

mitochondrial-based, ROS production during cell death (Zorov et al, 2000; 

Brady et al, 2004). Opening of this pore prevents the re-establishment of 

membrane potential, halting protein import from the cytosol and effectively 

killing the organelle (Skulachev et al, 2004). In addition, opening of the IPTIP 

leads to swelling of the matrix and loss of intermembrane proteins such as 

cytochrome c, a known inducer of programmed cell death in animals (Liu et al, 

1996; Karbowski et al, 1999; Skulachev, 2002). 

5.3.3 ROS and plant mitochondrial morphology 

The changes seen in Arabidopsis mitochondria, following the addition of ROS- 

inducing chemicals, appear to follow the same pattern as those described in 

animals (above). The early clustering of mitochondria in leaves treated with 

hydrogen peroxide and methyl viologen (Figure 5.1), mirrors the mitochondrial 

distribution seen in the early stages of turnour necrosis factor (TNF)-induced 

cell death in mouse L929 cells (De Vos et al, 1998; Li et al, 2004). After four 

hours in s-triazine-treated leaves, and by 24 hours in hydrogen peroxide- and 

methyl viologen-treated leaves, the mitochondria show a large increase in 
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mitochondrial plan area (Figure 5-1). While this increase in plan area may be 

accounted for by an increase in mitochondrial fusion or inhibition of division, 

evidence from animal studies suggests that the size change is caused by 

mitochondrial matrix swelling (Kahlert and Reiser, 2002; Skulachev, 2002). 

5.3.4 The thread-grain hypothesis and mitoptosis 

Mitochondria in many mammalian cells undergo a characteristic phenotypic 

response to elevated levels of ROS. When exposed to high levels of 

intracellular ROS, there is a fast and constitutive depolarisation of the inner 

mitochondrial membrane (Brady et al, 2004). This is followed by localised 

swelling of the mitochondrial tubule, resulting in a bead-like morphology. After 

further damage, the mitochondrial tubule breaks down to form many 

organelles, which may then continue to swell (Skulachev et al, 2004). 

This process has been described by the "thread-grain transition" 

hypothesis, and is believed to be a protective measure against cell death. 

Damaged mitochondria are known over-producers of intracellular ROS (Zorov 

et al, 2000), therefore any alteration to normal mitochondrial function can lead 

to cellular damage, resulting in apoptosis or cell death. It has been 

hypothesised that destroying damaged mitochondria, through a process known 

as "mitoptosis" (Skulachev, 2002; Skulachev et al, 2004), can reduce the 

incidence of cell death. The thread-grain transition described above is believed 

to be an early event during mitoptosis that results in the isolation and removal 

of damaged mitochondrial membrane and mtDNA from the reticulum, allowing 

the undamaged portions to function normally and for the cell to survive 

(Skulachev et al, 2004). 
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In nmt plants, mitochondria form a tubular network (in many cases with 

a bead-like morphology) similar to that seen in mammalian cells (Figure 5.3A). 

The similarity in response of plant and animal mitochondria, to damage by 

ROS-inducing chemicals, continues when looking at plant mitochondria 

displaying an animal mitochondria-like phenotype. The addition of either 

methyl viologen, s-triazine or hydrogen peroxide to nmt leaves leads to a 

breakdown of the mitochondrial network and an increase in the number of 

physically discrete organelles (Figure 5.3B-D). Many of these organelles also 

exhibit a swollen mitochondrial morphology. The overall result of these 

changes is very similar to that seen in mammalian cells, indicating that the 

physical response of mitochondria to ROS damage is conserved in animals 

and plants. 

5.3.5 Confirming the role of ROS in shaping mitochondrial morphology 

While ROS has been shown to alter both internal and external mitochondrial 

morphology in animals (Maechler et al, 1999; Skulachev et al, 2004; Walker 

and Benzer, 2004), there has been some debate regarding its effect on plant 

organelles. Van Gestel and Verbelen (2002) reported that the addition of 

methyl viologen or hydrogen peroxide to tobacco cell cultures had no effect on 

overall mitochondrial morphology, the authors suggesting that the presence of 

the plant alternative oxidase (AOX) would mitigate excess ROS. While the 

evidence presented here would suggest otherwise, it was necessary to 

establish a firm link between elevated levels of ROS and alterations in 

mitochondrial morphology. 
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The two superoxide-producing herbicides used in this study, methyl 

viologen and s-triazine, have different modes of action. Methyl viologen is a 

redox-active bipyridyl herbicide which donates electrons to oxygen within the 

cell, producing02- (Halliwell and Gutteridge, 1985). Methyl viologen accepts 

electrons from photosystem 1, producing02-in the light (Tsang et al, 1991). In 

addition, however, methyl viologen also uncouples oxidative phosporylation 

and reacts with microsomal NAPDH-reductase, ensuring that02-is also 

produced in the dark (Halliwell and Gutteridge, 1985; Palmeira et al, 1995). In 

contrast to methyl viologen, s-triazine binds specifically to the D1 protein of 

photosystern 11 and blocks only the chloroplast electron transport chain (Ikeda 

et al, 2003). The net result is that, while methyl viologen produces02- in light 

and dark conditions, s-triazine only produces superoxide in the light. 

When applied to whole leaves, methyl viologen induced a change in 

mitochondrial morphology within 24 hours, under both light and dark conditions 

(Figure 5.2). While mitochondria in leaves treated with s-triazine increased in 

mitochondrial plan area in the light, there was no change in mitochondrial 

morphology in leaves kept in the dark for 24 hours. Mitochondria in the dark s- 

triazine-treated leaves remained motile and cigar-shaped, a similar 

morphology to those in the s. 1-120-treated control (Figure 5.2). These results 

strongly suggest that mitochondrial morphology was altered by ROS, rather 

than any other factor; and consequently that ROS has a similar damaging 

effect on both plant and animal mitochondria. 
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5.3.6 Quantifyinq the effects of ROS on single cells 

The application of ROS-inducing chemicals to Arabidopsis leaves results in a 

broad-spectrum change in mitochondrial morphology. However, the method of 

application (PiPetting a small amount of liquid onto the upper leaf surface) is 

rather crude and difficult to control. In addition, looking at changes in 

mitochondrial morphology in whole leaves does not allow for an accurate 

quantification of effect at the cellular level, as it is difficult to ascertain exactly 

which cell a particular mitochondrion may be in. To correlate the effect of ROS 

on mitochondrial morphology at a cellular with full confidence, it was necessary 

to examine how mitochondria in isolated protoplasts react to oxidative stress. 

Using Arabidopsis protoplasts is a simple and informative method for plant cell 

death studies, and is a system which is growing in popularity (Baek et al, 2004; 

Danon et al, 2004). 

Arabidopsis protoplasts can be incubated in a simple osmoticum for up 

to 48 hours, during which time there is little change in either mitochondrial 

morphology or cell viability (Figure 5.4,5.5). However, the addition of ROS- 

inducing chemicals leads to a change in overall mitochondrial morphology 

within four hours (Figure 5.4,5.5). The percentage of control protoplasts with 

abnormal mitochondria can be attributed to the normal pleomorphy of 

mitochondria found in wild-type cells (Stickens and Verbelen, 1996; Logan and 

Leaver, 2000). 

Viability measurements in ROS-treated protoplasts indicate that 

changes in mitochondrial morphology, caused by oxidative stress damage, are 

closely linked to cell death. After 48 hours, 66-73% of protoplasts in ROS 

treatments displayed abnormal mitochondrial morphology (Figure 5.5A). 
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Quantification of cell death at the same time-point reveals that a similar 

proportion (64-71 %) of these intact protoplasts are no longer viable (Figure 

5.5B). While this analysis does not provide a direct link between changes in 

morphology and cell death, these data, along with studies of mitochondrial 

morphology in dead cells (Figure 5.8; see below), strongly indicate that 

alterations in mitochondrial dynamics are an integral part of the cell death 

process in Arabidopsis. 

5.3.7 Mitochondrial morphology and heat treatment 

The use of a mild heat shock has become an established method of inducing 

PCID in higher plant cell cultures (McCabe et al, 1997; Balk et al, 1999; 

Swidzinski et al, 2002). Short heat treatments produce a burst of ROS 

production, possibly by damaging the intracellular antioxidant system, leading 

to cell death through a highly regulated and reproducible process (Vacca et al, 

2004). 

Incubating protoplasts at 450C for 10 minutes leads to a rapid change in 

mitochondrial morphology. After five minutes, almost 70% of protoplasts 

contain mitochondria with an abnormal morphology, compared with just 20- 

25% in the control (Figure 5.6,5.7A). The pace of this alteration suggests that 

mitochondria may be involved in sensing cell death stimuli, and that the 

change in mitochondrial morphology underpins the cell death process. The 

proportion of protoplasts containing abnormal mitochondria is maintained at 

this level over the course of 24 hours, indicating that alterations to 

mitochondrial morphology are caused by the initial heat treatment, rather than 

by any degradation caused by long-term incubation at room temperature. 
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Quantification of cell viability in the heat-treated samples suggests that 

there is a close correlation between changes in mitochondrial morphology and 

cell death. At 24 hours, the proportion of dead, intact, protoplasts, following the 

heat shock is around six times that seen in the control (64.8%, relative to 

11.4%; Figure 5.7B). As with the ROS treatments, the figures for protoplasts 

having undergone a mitochondrial morphology transition and cell death appear 

closely linked (Figure 5.713). Interestingly, although both the chemical 

treatments and the mild heat shock are believed to cause damage to 

mitochondrial morphology by increasing intracellular ROS, the heat treatments 

kill cells much faster (Figure 5.5,5.7). The long time necessary for chemical 

induction of cell death is consistent with studies in animals. While mitochondria 

in human lung cells showed damage after 6 hours of incubation in 150 ýM 

methyl viologen, cell death took on average 36-48 hours (Wang et al, 1992). 

Further work will be required to establish whether the earlier death in heat- 

treated Arabidopsis protoplasts was caused by a higher level of intracellular 

ROS, or whether other cell-death pathways are activated by the heat shock. 

The percentage cell death, after heat treatment at 450C, is higher than 

in previous studies. For example, McCabe et al (1997) report a cell death rate, 

shown by negative FDA staining, of around 30% at 45'C, whereas in this study 

the rate was 64.8% at the same temperature (Figure 5.7B). This discrepancy is 

likely to be a result of the major differences in the experimental system used. 

While McCabe et al (1997) used carrot cells in suspension culture, this study 

used Arabidopsis protoplasts. It is highly likely that the absence of a protective 

cell wall would make protoplasts more susceptible, than cell cultures, to heat 

damage at lower temperatures. Indeed, such a feature made it impossible to 
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test cell death rates at higher temperatures, as the majority of protoplasts 

became ruptured above 50-550C (data not shown). 

5.3.8 Are changes in mitochondrial morphology and cell death related? 

On first inspection, there appears to be a clear correlation between 

mitochondrial morphology and cell death. In both the ROS treatments and the 

heat treatment, the percentage of protoplasts containing abnormal 

mitochondria is very similar to the proportion of those that are FDA-negative 

(dead; Figure 5.5; 5.7). However, a single numerical relationship does not 

provide evidence of cause and effect. In an attempt to establish whether there 

is a link between morphology and viability, the mitochondria in dead 

protoplasts were examined for alterations in gross morphology. Of the intact 

protoplasts that showed no FDA staining (and were, therefore, dead), around 

95% had mitochondria with an abnormal morphology (Figure 5.8). 

From these studies, it is possible to state that an abnormal change in 

mitochondrial morphology occurs several hours before, and with similar 

magnitude, to an increase of cell death in Arabidopsis protoplasts. 

Furthermore, almost every dead protoplast (-95%) examined had abnormal 

mitochondria. These results strongly suggest a link between mitochondrial 

morphology and cell death. However, further study will be required to provide 

direct evidence of such a relationship, and to establish cause and effect. 

5.3.9 The role of calcium in mitochondrial morpholoqv and cell death 

Previous studies have shown that calcium homeostasis can play a major role 

in determining mitochondrial morphology. High intracellular Ca" loads, 
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combined with the presence of a calcium ionophore such as A23187, leads to 

high amplitude mitochondrial swelling and membrane depolarisation in plants 

and animals (Virolainen et al, 2002; Kahlert and Reiser; 2002). In wheat 

mitochondria, these changes are coupled with the release of cytochrome c, 

indicating the formation of a PTP (Virolainen et al, 2002). 

McCabe et al (1997) have previously shown that disrupting calcium flux, 

using the Ca 2+ channel blocker La 3+ 
, has a negative effect on certain cell death 

responses in plants. In the present study, LaCl3was added to the protoplast 

medium to determine if a reduced mitochondrial calcium uptake would have an 

effect on mitochondrial morphology, and whether any such changes would 

have implications for cell viability. 

Incubation with LaCl3prior to heat treatment resulted in a 31 % reduction 

in the number of protoplasts exhibiting abnormal mitochondrial morphology 

after one hour (Figure 5.9A). This reduction is concomitant with a fall, of a 

similar magnitude, in the percentage of dead protoplasts after incubation for 24 

hours. While 64.8% of protoplasts die after standard heat treatment, this figure 

is reduced to 31.7% when protoplasts are pre-incubated with LaC13 (Figure 

5.913). As both changes in mitochondrial morphology and cell death are 

reduced to a similar extent by limiting calcium flux, it would appear the two 

processes may be linked. However, the addition of LaCl3appears to attenuate 

the response to heat-shocks, rather than preventing changes outright, 

indicating a role for other factors in the process. 

The exact role of calcium in mitochondrial morphology, under pro-PCD 

conditions, remains an open question. Changes in morphology, leading to cell 

death, could be the result of Ca 2+ flux alone. Virolainen et al (2002) 
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demonstrated that, in wheat mitochondria, transport of Ca 2+ into the 

mitochondrial matrix leads to high amplitude swelling and release of 

cytochrome c, possibly through a PTP. However, the authors failed to 

demonstrate if these changes led to cell death, so whether Ca 2+ alone can 

complete the process in plants is unknown. Alternatively, Ca 2+ may play 

several roles, both in inducing a mitochondrial morphology change, and in 

acting as the stimulus for another process. McCabe et al (1997) showed that 

incubation with LaCl3slowed the fragmentation of DNA and cell shrinkage, 

known indicators of plant PCID (Mittler et al, 1996), suggesting that Ca 2+ may 

have a signalling function in the process. 

Studies of Ca 2+ flux during hyperosmotic stress in the intertidal alga 

Fucus serratus, suggests that Ca 2+ may lead to cell death in an indirect fashion 

(Coelho et al, 2002). During abiotic stress, small amounts of ROS from the 

plasma membrane lead to an increase in mitochondrial Ca 2+ uptake. This 

uptake results in a large increase in mitochondrial ROS production, which may 

damage both mitochondria and the cell (Coelho et al, 2002). The role of Ca 2+ 
7 

as a stimulator of mitochondrial ROS production, has also been demonstrated 

by chilling stress experiments in Zea mays. While cold temperatures lead to 

mitochondrial ROS production, this can be attenuated by the addition of LaC13 

(Chen and Li, 2001). 

From this evidence, it would appear that Ca 2+ plays an important, but 

not dominant, role in cell death. The attenuation by LaC13, ofchangesin 

morphology and levels of cell death (Figure 5.9), clearly demonstrate that Ca 2+ 

has a major function in both processes. However, the limited continuance of 

mitochondrial morphology change and protoplast death when Ca 2+ flUX jS 
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halted, coupled with evidence from other studies, suggests that other factors 

(such as increased mitochondrial ROS production) are involved. 

5.3.10 Future Perspectives 

The link between mitochondrial morphology and cell death, which is evident in 

animals (Frank et al, 2001; Frank et al, 2003; Yu et al, 2005; Jagasia et al, 

2005), appears to also exist in plants. The application of pro-death stimuli, 

such as ROS-inducing chemicals or a mild heat shock, lead to a similar 

increase in mitochondrial volume in both plant and animal mitochondria. This 

fact, along with the conserved role of calcium in the process, indicates that the 

changes to mitochondria seen here, mirror those observed during PCD in 

previous animal studies. However, further work is required to answer two key 

points. Firstly, while numerical correlations and observations suggest a very 

strong link between abnormal mitochondrial morphology and cell death, it will 

be necessary to demonstrate unequivocally that this link is causative. By using 

new microscopy methods, such as single cell observations with time-lapse 

photography, it is possible to follow the changes in mitochondrial morphology 

of Arabidopsis protoplasts in real time. This would provide direct evidence of a 

relationship between mitochondrial morphology and cell death. 

Secondly, while the stimuli used to change mitochondrial morphology in 

this study have a long history in PCID experiments, it has not been possible to 

determine the exact type of cell death observed. In plants, cell death is usually 

categorised as being programmed (where the cell executes a regulated death 

programme) or necrotic (where a massive stimulus kills instantly). 

Morphological analysis of cell structure, predominantly observations of 
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protoplast condensation (condensation of the plasma membrane away from 

the cell wall), are normally used to determine the difference between 

programmed and necrotic cell death (McCabe and Leaver, 2000). However, 

the protoplast system used here does not allow such experiments. Future 

work, including the use of biochemical death analyses (such as TUNEL, which 

labels the T-OH ends of DNA broken during DNA fragmentation, a hallmark 

feature of PCD; Gavrieli et al, 1992), should establish the exact method of 

death observed in this study; and consequently, whether the changes 

observed in mitochondrial morphology are indicative of PCID or necrosis. 
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Chapter Six 

General Discussion 



General Discussion 

6.1 Summarv of findinqs 

During this study, information has been gathered on a number of processes 

which control mitochondrial morphology in Arabidopsis thaliana. In turn, the 

effects of these processes, on aspects of whole-plant physiology and cell 

viability, have also been examined and quantified. 

The phenotypic characteristics of two novel mitochondrial mutants, 

motley mitochondria (mmtl) and network mitochondria (nmt), were examined 

and quantified. The reticular mitochondrial morphology of nmt is similar to the 

mitochondrial morphology typically seen in animals and yeast, making this 

mutant ideal for comparative studies. In the second mutant, mmtl, a 

mitochondrial population exhibiting increased size heterogeneity relative to 

wild type is matched by a similar mutant chloroplast phenotype. The possibility 

that a single gene affects the size and shape of mitochondria and chloroplasts 

makes mmtl a rare and exciting mutant for an examination of the genetic 

control of morphology in semi-autonomous organelles. While the loci of these 

two mutants have yet to be determined, genetic mapping performed during this 

study has highlighted two small candidate regions which will provide the focus 

for future work. 

This thesis describes the identification and functional analysis of two 

novel orthologs of yeast and animal mitochondrial division genes. Using T- 

DNA-mediated reverse genetics, it has been demonstrated that disruption of 

DRP3A or BIGYIN leads to an increase in mitochondrial plan area, coupled 

with a reduction in the number of physically discrete mitochondria per cell; 
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results which strongly suggest a role for their protein products in plant 

mitochondrial division. While the mitochondria of bigyin mutants are typically 

large, spherical organelles, mitochondria in the drp3a mutant display a 

complex range of morphologies. These include vermiform organelles with 

many constrictions, and thin protruberances termed "matrixules )) 
, which do not 

appear to have been previously described in the literature. 

The role played by mitochondrial morphology in the control of whole- 

plant physiology was examined through a series of growth experiments using 

the EMS mutants mmtl and nmt, and the T-DNA mutant drp3a. In comparison 

to wild-type, all three mutants displayed alterations in some aspect of growth 

or reproduction. Whereas these changes may be linked to multiple point 

mutations in the EMS mutants, the differences observed in drp3a plants can 

be largely attributed to the disruption of mitochondrial division. Overall, the 

data presented here imply that changes in mitochondrial morphology have an 

impact on whole-plant physiology. 

Finally, the morphology and dynamic behaviour of mitochondria was 

investigated upon induction of cell death. Whole leaves and mesophyll 

protoplasts were subjected to abiotic stress (ROS-inducing chemicals or a mild 

heat-shock) to induce cell death, and mitochondrial morphology was observed 

over the course of the process. Both stress treatments led to fast changes in 

mitochondrial morphology. The percentage of protoplasts containing 

mitochondria with an abnormal mitochondrial morphology (after stress 

treatment) correlated closely with the percentage of protoplasts eventually 

undergoing cell death. This raises the possibility that changes in mitochondrial 

morphology are an early and specific indicator of subsequent cell death. The 
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alterations in mitochondrial morphology were similar to those observed in 

animal mitochondria following the induction of cell death, indicating that animal 

and plant mitochondria may share a conserved system to deal with lethal 

abiotic stress. Perturbation of cellular calcium dynamics, using the calcium 

channel blocker lanthanum chloride, attenuated both changes in mitochondrial 

morphology and cell death, suggesting a prominent role for calcium in both 

processes. 

6.2 The genetic control of mitochondrial morphology in Arabidopsis 

Knowledge of the genes controlling mitochondrial morphology in higher plants 

remains at a fairly elementary stage. However, from the work presented here it 

is apparent that plants have evolved a system which is quite different from 

those seen in other eukaryote groups. One example of this difference is the 

presence of multiple division gene homologues. 

The Arabidopsis genome contains 16 dynamin-like genes (Hong et al, 

2003), several of which have been implicated in mitochondrial division. Along 

with DRP3A and DRP3B (Arimura and Tsutsurni, 2002; Logan et al, 2004 [data 

from which forms part of this thesis]; Arimura et al, 2004a), two other dynamin- 

like proteins (DRP1C and DRP1E; formerly ADL1c and ADL1e), have also 

been implicated in the control of mitochondrial dynamics (Jin et al, 2003). 

Expression of a dominant-negative DRP1 C mutant, or T-DNA mutagenesis of 

DRPIE, led to a limited elongation of mitochondria (Jin et al 2003). However, 

the wild type proteins, while co-localising with one another, had only a partial 

mitochondrial localisation and the evidence for a role in mitochondrial division 

remains inconclusive. Both proteins have been implicated in other cellular 
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processes - DRP1 E has been shown to be involved in cell plate biogenesis 

(Kang et al, 2003a), while DRP1 C regulates plasma membrane maintenance 

during pollen development (Kang et al, 2003b). Whether these proteins are 

primarily involved with mitochondrial dynamics, or whether they merely have 

an indirect effect on their morphology, remains to be seen. 

The presence of a second F/Sl-type gene in the Arabidopsis genome 

(At5g 12390) also sets plants apart from yeast and animals, which only contain 

a single copy. It remains to be seen if this gene has a similar effect to BIGYIN 

(chapter 4; Scott et al [2006], in press) in controlling mitochondrial morphology, 

however the similarity in protein sequence suggests that it will play a role in the 

process. 

The specific function of individual members of the Arabidopsis Fisl -type 

and mitochondrial DRIP-type gene families is open to speculation. Indirect 

evidence suggests that the gene families arise as a result of large-scale gene 

duplication, which appears to be a feature of the Arabidopsis genome. For 

example, analysis of Arabidopsis BACs covering 80% of the genome showed 

that 60% contained either duplicated genes or regions (Blanc et a/, 2000). 

Furthermore, 60% of the proteins encoded from genes on chromosome 11 have 

significant matches to other Arabidopsis proteins (Lin et al, 1999). Crucially, 

these protein analyses suggest that gene duplications occurred after plants 

diverged from animals and fungi. The vast majority (83%) of the chromosome 

11 proteins with paralogues in Arabidopsis have higher sequence identity with 

their Arabiclopsis paralogue, than with proteins in other lineages (Lin et al, 

1999). This is certainly true of DRP3A and DRP3B, which are far closer in 
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sequence to each other than they are to any of their orthologs in yeast or 

animals (Arimura and Tsutsurni, 2002). 

It is intriguing that out of all the organisms in which mitochondrial 

division has been studied, Arabiclopsis is the only one to use multiple, non- 

redundant dynamin-like proteins for mitochondrial division. Further work will be 

required to establish the exact role each protein plays in the process. 

6.3 Screens for mitochondrial morphology mutants in Arabidopsis 

The mmtl and nmt mutants described in this thesis, are part of a suite of six 

mitochondrial morphology and dynamics mutants isolated by Dr David Logan 

(University of St Andrews), each having a distinctive and heritable 

mitochondrial phenotype. motley mitochondria 2 (mmt2; Logan et al, 2003) has 

a similar heterogeneous mitochondrial population to that seen in mmtl. While 

this mutant does not share the size heterogeneity of mmtl chloroplasts, 

analysis of mmt2 chloroplast ultrastructure reveals a mass of tightly packed 

membranes, in contrast to the distinct grana and stroma of wild-type 

organelles (Logan et al, 2003). Mitochondria in the big mitochondria I and 2 

(bmtl and bmt2) mutants are, on average, twice the plan area of those in wild- 

type. Unlike mmtI and mmt2, there is no discernable alteration to the internal 

or external morphology of bmtl or bmt2 chloroplasts (Logan et al, 2003). 

The five novel mutants mentioned above are currently the subject of 

mapping and complementation experiments to identify the disrupted loci 

involved. The sixth mutant from the screen, friendly mitochondria (fmt), was 

identified by the presence of tight clusters containing tens or hundreds of 

individual mitochondria within single cells. FMT encodes a protein with 
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sequence similarity to the products of cluA and CLU1, from D. discoideum and 

S. cerevisiae, respectively. The majority of mitochondria in this mutant form 

clusters, consisting of tens or hundreds of organelles (Logan et al, 2003). 

Work is presently underway to establish the function of FMT; the current 

hypothesis is that the wild-type protein mediates mitochondrial interactions 

with the cytoskeleton, and that the clustered phenotype in the mutant is 

caused by abnormal tethering to microtubules, which prevents conventional 

transport (Logan et al, 2003). Information from this group of mutants will be 

crucial to our understanding of the novel genetic controls underpinning 

mitochondrial morphology and dynamics in plants. 

A similar EMS-based screen for novel mitochondrial morphology 

mutants in Arabidopsis has recently been carried out. Feng et al (2004) 

reported the isolation of 17 M2 individuals with abnormal mitochondrial 

morphology, from a screen of 19000 plants. However, initial mapping of seven 

lines indicates that few of the 17 will be novel mutations. Rough mapping, 

combined with morphological data, indicated that three mutants may be alleles 

of DRP3A; two have been mapped to a similar region as bmtl; and one mutant 

with a network morphology has been mapped to an interval thought to contain 

nmt (Logan et al, 2003; Feng et al, 2004). Only one line has been mapped to a 

region that does not contain a gene known, or postulated, to be involved in the 

control of mitochondrial morphology (Feng et al, 2004). 

Taken together, both screens have identified around 22 mutants (many 

of which are not novel) from around 28500 M2 individuals. It seems unlikely 

that plants have evolved a genetic system to regulate mitochondrial 

morphology that only consists of the small number of genes represented by 
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these mutants. Given the retention of both dynamin paralogues 

(DRP3AIDRP3B) in mitochondrial division, coupled with the high levels of gene 

duplication in the Arabidopsis genome (Lin et al, 1999; Blanc et al, 2000; 

Simillion et al, 2002), the evidence suggests that more genes will be involved 

in regulating mitochondrial morphology. Studies in yeast showed that, when 

768 essential genes were overexpressed, 119 had an effect on the 

maintenance of normal mitochondrial morphology (Altmann and Westermann, 

2005). While a proportion of these were biosynthetic genes, which only have 

an indirect effect on mitochondrial dynamics, it shows that many proteins have 

the ability to affect organelle morphology. 

It would seem reasonable to suggest that plants would have a 

comparable proportion of genes, as those in yeast, that have an effect on 

mitochondrial morphology. While being a useful and rewarding tool, EMS 

mutant screening may not be the most efficient system for identifying 

mitochondrial mutants in plants. In future, a screen similar to that used by 

Altmann and Westermann (2005), where a large number of known genes are 

overexpressed under the control of an inducible promoter, may be an effective 

means to identify more genes involved in mitochondrial dynamics. 

6.4 Plant mitochondrial fusion 

One of the most interesting questions still to be resolved in the field of plant 

mitochondrial dynamics is what controls mitochondrial fusion? Observations of 

the process have been made in several studies, and fusion appears to be a 

major aspect of mitochondrial behaviour prior to cell division (Stickens and 

Verbelen, 1996; Sheahan et al, 2004). Mitochondrial fusion is also apparent in 
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non-dividing plant cells, although it appears to take a more ephemeral form 

than the complete merger seen prior to cell division. Using the 

photoconvertible reporter protein Kaede, Arimura et al (2004b) showed that the 

majority of mitochondria in onion epidermal cells undergo fusion over the 

course of two hours. However, in contrast to the process seen in yeast and 

animal cells, mitochondria in the study did not appear to change in size or 

shape as the result of undergoing fusion (Arimura et al, 2004b). Instead, fusion 

events in non-dividing plant cells appear to occur transiently, which the authors 

liken to "kiss and run" exocytosis seen in animal cells, where there is brief 

membrane fusion before vesicles are pinched off (Arimura et al, 2004b). 

The genetic basis of fusion, however, remains unknown. Database 

searches of the Arabidopsis genome reveal that there are no significant 

sequence homologues to the mitochondrial fusion proteins from yeast or 

humans (Logan, 2003; Sheahan et al, 2005). This raises the prospect that 

plant mitochondrial fusion is regulated through a novel process, a view 

supported by a recent study into the mechanics of the system in protoplast 

cultures. Sheahan et al (2005) have demonstrated that plant mitochondrial 

fusion requires microtubules and functional kinesin, indicating a prominent role 

for the cytoskeleton in the process. This sets plants apart from mammalian 

cells, where fusion can continue in the absence of functional microtubules or 

actin (Mattenberger et al, 2003). The only clear link between mitochondrial 

fusion in plants, animals and yeast, is the requirement for an inner membrane 

potential (Mattenberger et al, 2003; Meeusen et al, 2004; Sheahan et al, 

2005), suggesting it is an energy-dependant process. 
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While the cytoskeleton appears to be an important part of the fusion 

process in plants, it is likely that specific fusion proteins are required. Despite 

the finding that mitochondrial fusion is a transient process in plants (Arimura et 

al, 2004b), the complexity of membrane fusion and remodelling (Meeusen and 

Nunnari, 2005) indicates the need for a functional analogue of yeast Fzol p. 

The major hurdle of isolating such a protein may be the physically discrete 

nature of wild-type mitochondria in plants. Fzol p was discovered during a 

screen for mitochondrial morphology mutants in yeast, and was identified 

because the mutants displayed a fragmented mitochondrial morphology 

(Sesaki and Jensen, 1999). As a fragmented morphology is the normal 

situation for mitochondria in plants, a different screen will be required to 

identify plant fusion mutants. 

6.5 Aspects of plant mitochondria 

As stated above, the structural organisation of the plant mitochondrial 

population is very different to that in other eukaryotes. While mitochondria form 

reticular structures in yeast and animals, plant cells generally contain a 

relatively high number of small, discrete organelles (Stevens, 1977; Stickens 

and Verbelen, 1996; Logan and Leaver, 2000). One question that remains to 

be resolved is: why is there such a difference in the structural organisation of 

mitochondria in plants? 

As with all biological features, it must be presumed that there is, or must 

have been, some benefit to plants in evolving a discrete mitochondrial 

phenotype. One clue to this benefit may be the behaviour of animal 

mitochondria in the presence of excess ROS. The treatment of animal cells 

163 



with ROS-inducing chemicals leads to inner membrane depolarisation and 

eventual break-up of the mitochondrial reticulum (Skulachev et al, 2004). A 

similar morphological response is seen in the network mitochondria of the 

Arabidopsis nmt mutant when exposed to ROS (Figure 5-3), suggesting that 

excess ROS induces a conserved programme of mitochondrial morphology 

change, possibly as a protective measure (mitoptosis; Skulachev et al, 2004). 

It is possible that the normally discrete mitochondrial morphology found in 

higher plants is an adaptation to the constitutive flux of ROS in plant cells. 

One of the major structural differences between cells in plants, and 

other eukaryotic cells, is the presence of chloroplasts. Chloroplasts are major 

producers of intracellular ROS, particularly during periods of abiotic stress (e. g. 

drought, chilling, UV radiation etc), when chloroplast H202 levels can increase 

10-30 times (Polle, 2001). The ROS produced by chloroplasts must be dealt 

with in order to prevent damage to the cell, and in extreme cases, cell death. In 

addition, however, other cellular compartments must be able to continue 

normal function when faced with increased levels of ROS. 

As noted above, one of the first responses to increased intracellular 

ROS in animal cells is inner mitochondrial membrane depolarisation 

(Skulachev et al, 2004). While depolarisation is maintained, several key 

mitochondrial functions are impaired, such as protein import and energy 

transcluction (Skulachev et al, 2002; Brady et al, 2004). Additionally, 

membrane depolarisation halts mitochondrial fusion, which in turn would limit 

the inter-mitochondrial transfer of components such as mtDNA (Meeusen et al, 

2004; Sheahan et al, 2005). Depolarisation is a constitutive process, whereby 

a loss of potential at one point of the mitochondrial reticulum is quickly 
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transferred to all other parts of the mitochondrion (Skulachev et al, 2004; 

Brady et al, 2004). 

Clearly, it may be of benefit to cells if mitochondria could continue to 

function normally at elevated, but not detrimental, levels of intracellular ROS. 

With the presence of chloroplasts, which add greatly to fluctuations in ROS 

under periods of environmental stress, this may be particularly true of plants. 

The physically discrete morphology of the mitochondrial population in plant 

cells may have evolved, along with the alternative oxidase (AOX; Umbach et 

al, 2005) and antioxidants (Mittler, 2002), as a means of withstanding 

abnormally high levels of ROS. If the wild-type mitochondrial morphology in 

plants was of the reticular form typically seen in yeast and animals, there may 

be large periods of time where intracellular ROS causes inner mitochondrial 

membrane depolarisation and subsequent loss of function. By having a large 

number of separate mitochondria, plants may be able to avoid a cell-wide inner 

membrane depolarisation event, allowing a number of mitochondria to 

maintain function during stressful events. Any damage to mitochondria may be 

limited to a small proportion of organelles, which could be isolated and 

destroyed through mitoptosis (Skulachev, 1996; Skulachev et al, 2004). 

6.6 Future perspectives 

Hypotheses regarding the benefits of physically discrete versus reticular 

mitochondria in plant cells are extremely difficult to prove experimentally. 

However, looking at such a question in itself highlights a very significant point. 

Our knowledge of the genes, proteins and mechanisms that control the 

morphology and dynamics of plant mitochondria is currently very limited, and 
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shall remain so unless many more studies are performed. Until we have a 

fuller understanding of the more fundamental mitochondrial morphology 

processes, such as division and fusion, we will only be able to theorise about a 

grand model of the factors controlling mitochondrial morphology in higher 

plants. 
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Appendix Two 

Markers And PCR Primers 



I Name I Forward Primer (5' - T) 1 Reverse Primer (5' - T) 1 

i Bulked segregent analysis primers (Lukowitz et al , 2000) 1 

F21M12 
ciw 12 
ciw 1 
nga 280 
nga 111 
ciw 2 
ciw 3 
nga 1126 
nga 168 
nga 162 
ciw 11 
ciw 4 
nga 6 
ciw 5 
ciw 6 
ciw 7 
nga 1107 
CTR1 
ciw 8 
PHYC 
ciw 9 
ciw 10 

GGCTTTCTCGAAATCTGTCC 
AGGTTTTATTGCTTTTCACA 
ACATTTTCTCAATCCTTACTC 
CTGATCTCACGGACAATAGTGC 
CTCCAGTTGGAAGCTAAAGGG 
CCCAAAAGTTAATTATACTGT 
GAAACTCAATGAAATCCACTT 
CGCTACGCTTTTCGGTAAAG 
TCGTCTACTGCACTGCCG 
CATGCAATTTGCATCTGAGG 
CCCCGAGTTGAGGTATT 
GTTCATTAAACTTGCGTGTGT 
TGGATTTCTTCCTCTCTTCAC 
GGTTAAAAATTAGGGTTACGA 
CTCGTAGTGCACTTTCATCA 
AATTTGGAGATTAGCTGGAAT 
GCGAAAAAACAAAAAAATCCA 
CCACTTGTTTCTCTCTCTAG 
TAGTGAAACCTTTCTCAGAT 
CTCAGAGAATTCCCAGAAAAATCT 
CAGACGTATCAAATGACAAATG 
CCACATTTTCCTTCTTTCATA 

TTACTTTTTGCCTCTTGTCATTG 
CTTTCAAAAGCACATCACA 
GAGAGCTTCTTTATTTGTGAT 
GGCTCCATAAAAAGTGCACC 
TGTTTTTTAGGACAAATGGCG 
CCGGGTTAATAATAAATGT 
TGAACTTGTTGTGAGCTTTGA 
GCACAGTCCAAGTCACAACC 
GAGGACATGTATAG GAG CCTCG 
CTCTGTCACTCTTTTCCTCTGG 
GAAGAAATTCCTAAAGCATTC 
TACGGTCAGATTGAGTGATTC 
ATGGAGAAGCTTACACTGATC 
AGATTTACGTGGAAGCAAT 
CACATGGTTAGGGAAACAATA 
CCATGTTGATGATAAGCACAA 
CGACGAATCGACAGAATTAGG 
TATCAACAGAAACGCACCGAG 
TTATGTTTTCTTCAATCAGTT 
AAACTCGAGAGTTTTGTCTAGATC 
GACTACTGCTCAAACTATTCGG 
CAACATTTAGCAAATCAACTT 

Immtl mapping primers 

Markers discus sed in chapter three 
PHYB CAATCCTATGAAGAATGGCG ATAAACCATTAGCCCACGTG 
MSF3 GGTGTGGAGTGAAGTGAGCC GGAGGTCGTGTTTCTCCGCT 
T24121 CTGTTTTGGTTCTCGTCCTA ATCTTGCTGGTAAAAAGGG 
T27K22 CTTCGTGTTCCAGAATCACA GCCACCTTTGATTGTTTCTC 
T17A5 I CTGATCTTCGTCTTCTCTAA CGTGTGAAGCATGACATA 
T19E12 I AAAGAAGCTCTCAAGCCACT TAGACTCGAAGAACTCGCTT 
MJB20 JACGACTATATGGATACGAGTC TACTCTTCATCAATGTCCC 
F5J6 ITTCAAGCTCAGAGAAAACAC TACTCTCTTCCTTGGTATCG 
T23Al I CATTTTCTATGTTCCTGCTG ACCAAATCACTTTGGAGC 

Markers that 
F24H 14 
F19F24 
F3Pl 1 
T20K24 
F27F23 
F6F22 
T30D6 
UBIQUE 
nga 361 
RGA 
nga 1145 
RNS1 
CZSOD2 
TlOJ7-T7 
T13H18-T7 

roduced insignificant results durin 
CTCTCCGAGATTCCACGTCT 
CGGCTCTTCTTCATGGGCAG 
ATAATGCTTGGCACGACG 
ACTGGTGCCCATTTCAAGCC 
AGGCGCGAAGAGCCGATTGA 
GTCTTCCGCAACCTTCGTAG 
ACGAACCACATGATGGG 
ACGACATGGCAGATTTCTCC 
ACATATCAATATATTAAAGTAGC 
TTCGATTCAGTTCGGTTTAG 
GCACATACCCACAACCAGAA 
GACCAAACCAATCTCCATGAAC 
GAATCTCAATATGTGTCAAC 
TCTCTGTGCTTTCTCTTTCCTGAC 
GGTAACAGCCTTCACTCGTC 

I mapping 
CCGCGGGCTTTGTCCAAGTA 
TTTGGACGTGACTCGCAGAG 
GCAGGAAGTAGTAAGTGG 
GAATCCCTGAGATCCGATCC_ 
CTGTGGGGTTTGGGTTCGTC 
TTGTCTCCGTCATCGCAG 
CTATTTCGGTTCGGTACAAA 
AGGCAAATGTCCATTTCATTG 
AAAGAGATGAGAATTTGGAC 
GTTTAAGCAAGCGAGTATGC 
CCTTCACATCCAAAACCCAC 
ATCTTATAACCCTCAAAATCAC 
GCATTACTCCGGTGTCGTC 
GCAATGCTACCGCTCTGATAG 
AAAGACTTGTATTTGGGATTTG 



Name Forward Primer (5' - T) Reverse Primer (5' - T) 
FB19.22 CCCCGCTGAACTGACTGACTACGAG TCCGCCCACCGATAAGATACGAC 
PLS6 ATAGTGGGTGATCTTTGAATGTA ACTTGTCTCGTCGCACTGTT 
THY1 AACCGCCATTTTCATTTCTATC GGCGACCTTGGACCTGTATACG 
PLS2 TACGCGAATTATTTTTAGGAGA AAMATTTTGAGTCGGATGC 

nmt mapping primers 
I 

Markers discus sed in chapter three 
F22Dl GAAAATGGTTCATCCAGG TACAGTGAGAGTTGGTGTTACT 
MYJ24 CATTAGAGACCGGTATCGGA GCCCAAAACATTAGAAACCC 
T2007 CGTATGCTGACAACCAAGT TGGGGTTAGTCTGGAATATC 
MRN17 GTACCATTGGAGATGGTCTT CTTTGTCACCAAGTCTTGTAT 
MDJ22 GCCATCAAGACGGACAAA GGCTTGCTATGGTAGTTATGAG 
MWD9 CAAGTCAACAACGACCATTT TGTGTCCTCATCAAAAGGTT 
T6G21 GAGGCTTAGATTGAGTTCTC GGAAAATGCTTGCATTG 

Markers that p oduced insignificant results during mapping 
K19M13 CTAGATTGCCTTCTCCTCTA ATTGTCATTCTCCTCTTCTG 
F5024 GTACCGAATTGGAAGGAAA CCTGGTTTTTGCATAGATG 
T19E12 AAAGAAGCTCTCAAGCCACT TAGACTCGAAGAACTCGCTT 
F7C8 CACCTACTTTCCACAGTATCG AGCAGCATTACCATGGAG 
K8ElO TAACCTTATCTCCATGTATGA ATGGATTGAGGAACTTTG 
MKD15 TTACGTCATGCATGGCAG CAAGACTTGTAATGGCAGTGT 

JAtY probe primers 

MMtl GTGCAAATCGAATATGCCT GACATGGACAACCACGAC 
MMtl CATCTGGAAATGGTGTCAAA GACAAAGGTTCTTCCATCGT 
MMtl 3 CCAAGTAAACCCAGGAAAGT AGCAGTAGGTGTTGTGGCTA 
MMtl 4 GTTAGCTCAAGATTGCATCTC AGCAACAGCTCCAGTAGAAA 
MMO 5 CTGTAAACTTTTGAGTCGGC AGGGAGAAGAAACGTTTTACC 
MMtl r, GTGATGCAGGGATATAGTTTG CCGATGTTTGTGATGAAAAC 
MMtl 7 TGTGGCGACTTGCATTTTA CAGGTGTAGGCGATAAATGA 
MMtl CGGAAGATCCGAATATACACT CCAATGCAACTATTTGGTTC 
MMtl CTCTTCTCCAAACCATTGC AAGATTTTCAGGCAAGGC 

nmt, CCCTCAAAAAACCTCTAAACC CTCCTTCCTCGTAAACACTCT 
nmt 2 CTTGGGAGAAGAGAGATGTTG GTGCGACAATTCCAATAACT 
nmt 3 GAATTCAGCTAATACCACGG TTCCATTGCAATAAGTGGTC 
nmt 4 ATGTGGATTTCGTTTGGG GTGACGCCTTTTTCTCACT 
nmt CATATGGCGATGAAGCATT GGGATCCTACTCTGCTTTCTA 
nmt AGGACTACATAACCACCAACA GAGATTCGAAACTCATGTCG 
nmt 7 CGGTCTGGTAACGGTATATTT CTGCTAATGATCCGAACTCTAC 
nmt AAACCGGAGGATTGTCTTT TCTAGCAGAGCACATGTCCTA 

DRP3A northern probe primers 
GAGTGAAAGGTGTTTGCTTCC GAGTTGCCACTGGAAGCAG 



Name Forward Primer (5'- T) Reverse Primer (5'- T) 

T-DNA line primers 

SAIL 
SAIL 1171 Gll GTTAAACATCTAATCGTGAAAGAT I TTCCAAGCAGAAACACGAAAAC 
LB3 left border TAG CATCTGAATTTCATAACCAATCTCGATACAC 

SALK 
SALK 066958 ATATTGGCTGTTACCCCTGCT GATATACATGCAAGGCCAAAAA 
SALK 017492 CTTGCGGTACTGGTTTGATGT GCAATCATGCATTTTCTGGTT 
SALK 086794 TTCGTTGACTTGGCCATTTAC ATCGAGGTTTCATCCACTTC 
LBbl left border , GCGTGGACCGCTTGCTGCAACT 
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Ownership Statement 

The Genetic Control Of Plant Mitochondrial 
Morphology And Dynamics 

The mapping data for mmtl and nmt, along with the quantification of 
mitochondrial and chloroplast size in mmtl, was carried out by IS. All other 
experiments were carried out by DCL. 

ADI-2a, Like ADI-2b, Is Involved In The Control Of 
Higher Plant Mitochondrial Morphology 

The ADI-2a northern blot was carried out by DCL. All other experiments were 
carried out by IS. 

BIGYIN, An Orthologue Of Human And Yeast 
FIS1 Genes Functions In The Control Of 

Mitochondrial Size And Number 
In Arabidopsis thaliana 

All experiments were carried out by IS. 
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Summary 

Little is known about the genetic control of mitochondrial morphology and dynamics in higher plants. We 
used a genetic screen involving fluorescence microscopic analysis of ethyl methane sulphonate (EMS)- 
mutated Arabidopsis thaliana seedlings expressing GFP targeted to mitochondria to isolate eight mutants 
displaying distinct perturbations of the normal mitochondrial morphology or distribution. We describe five 
mutants with distinct and unique mitochondrial phenotypes, which map to five different loci, not previously 
implicated in mitochondrial behaviour in plants. We have used a combination of forward and reverse genet- 
ics to identify one of the genes, friendly mitochondria (FMT), a homologue of the CluA gene of Dictyostelium 
discoideurn, which is involved in the correct distribution of mitochondria in the cell. The five mutants con- 
stitute a powerful resource to aid our understanding of mitochondrial dynamics in higher plants. 

Keywords: mitochondria, plastids, organelle dynamics, membrane morphology, Arabidopsis. 

Introduction 

Mitochondria are ubiquitous and vital eukaryotic orga- 
nelles. Although identified over 50 years ago as the sites 
of oxidative energy metabolism (Kennedy and Lehninger, 
1949), it is only in the past decade that researchers, pre- 
dominantly working with yeast, have elucidated the basic 
mechanisms controlling mitochondrial shape, size and 
number in this organism (for review, see Catlett and 
Weisman, 2000; Shaw and Nunnari, 2002; Yaffe, 1999). 
These yeast-based studies not only provide an indication 
of the types of proteins that are likely to be involved in 
mitochondrial development in higher plants but also high- 
light two important facts. First, yeast mitochondrial mor- 
phology is fundamentally different from that in higher 
plants. In yeast cells, the 5-10 mitochondria are elongated, 
tubule-shaped organelles and form extensive mitochon- 
drial networks in the cortical cytoplasm (Stevens, 1977), 
whilst in higher plants, the mitochondria (several hundreds 
in a typical epidermal cell) generally alternate between 
spherical and sausage-shaped structures (Logan and 
Leaver, 2000; Stickens and Verbelen, 1996). These morpho- 
logical and organisational differences suggest differences 
in the control pathways for mitochondrial development 
between the two organisms. Second, searching the DNA 
and protein databases has failed to find plant homologues 
of many yeast proteins involved in mitochondrial develop- 

ment such as: Fzolp (Hales and Fuller, 1997); Mdvlp/Fis2/ 
Gag3/Net2p (Cerveny et ah, 2001; Fekkes et al., 2000; Mozdy 
et al., 2000; Tieu and Nunnari, 2000); Mmm1p (Burgess 
etal., 1994); Mdml2p (Berger etal., 1997); Mdml4p 
(Shepard and Yaffe, 1997); and Mdm20p (Hermann et al., 
1997). In some cases, the absence of homologues of the 
yeast proteins from the Arabidopsis proteome may be 
explained by the fundamental differences between yeast 
and plant mitochondrial morphology and reproductive 
biology. For example, the yeast Saccharomyces cerevisiae 
proliferates by budding wherebythe mother cell produces a 
daughter bud that grows and eventually becomes an inde- 
pendent cell. An essential part of this process is the trans- 
port of mitochondria and other organelles into the daughter 
bud. Mmm1p, Mdm10p, Mdm12p, Mdm14p and Mdm20p 
are all involved in the transmission of mitochondria to 
the daughter buds (Yaffe, 1999), and as cell proliferation 
in plants occurs by cell division, these proteins are not 
required. 

Mitochondria in various eukaryotic cells undergo contin- 
uous cycles of fission and fusion and these processes 
control the number, size and distribution of these orga- 
nelles (Bereiter-Hahn and Voth, 1994; Catlett and Weisman, 
2000; Shaw and Nunnari, 2002; Yaffe, 1999). Yeast mito- 
chondrial fission is regulated by a GTPase, called Dnm1p 
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(Ostuga et al., 1998), that is structurally related to the 
evolutionarily conserved dynamin-related proteins required 
for membrane scission during exocytosis (Damke et al., 
1994,1995; Herskovits et al., 1993; Hinshaw and Schmid, 
1995; van der Bliek et al., 1993). Dynamin-related proteins 
have also been implicated in mitochondrial division 
in mammals (Drpl, Smirnova etal., 1998), nematodes 
(DRP-1, Labrousse etal., 1999) and red algae (CmDnml, 
Nishicla etal., 2003). A dynamin-related protein, ADI-2b, 
has recently been shown to be involved in division of higher 

plant mitochondria (Arimura and Tsutsumi, 2002), but 
ADI-2b is the only known component of the plant mitochon- 
drial division apparatus. Nothing is known about the genes, 
proteins or mechanisms controlling mitochondrial fusion 
in higher plants. 

As a precursor to identifying the genes, proteins and 
mechanisms controlling mitochondrial development in 
higher plants, we developed a mutant screening procedure 
based on the chemical mutagenesis of Arabidopsis thaliana 
plants expressing mitochondrial-targeted GFP. Using epi- 
fluorescent microscopy, we have identified eight mutants 
with distinct aberrant mitochondrial phenotypes. In the 

Figure 1. Epifluorescent (left-hand panels) and 
TEM micrographs (right-hand panels) of wild- 
type (wt) and mutant Arabidopsis leaf mito- 
chondria. 
Epifluorescent micrographs are false-coloured 
for GFP (green) and chlorophyll (red). 
(a, b) Wild-type, arrows, mitochondria; *, chloro- 
plast. 
(c, d) mmtI mutant, *, chloroplast. 
(e, f) mmt2 mutant; plain arrows, large mito- 
chondria; arrows with circle, small mitochon- 
dria; the boxes indicate an area magnified to 
highlight the heterogeneity of mitochondria 
size within a single cell; *, chloroplast with 
dense mass of internal membranes. 
(g, h) bmt mutant; arrow, mitochondria. 
(i, j) nmt mutant; arrows, small mitochondria; 
chloroplast. 
(k, 1) fmt mutant; arrow, large mitochondrial 
cluster; the boxes indicate an area magnified 
to highlight a large cluster of mitochondria; *, 
chloroplast. Scale bars in epifluorescent images 

=5 Vm; in TEMs =1 pm, except in (f) where the 
bar =5 pm. 

present report, we present five novel plant mitochondrial 
development mutants and describe a combination of for- 
ward and reverse genetics studies that identify the gene 
responsible for one of these mutants, the friendly mito- 
chondrial (fmt) mutant. This new gene, FMT, is required for 
correct mitochondrial distribution and morphology. 

Results 

Identification of novel plant mitochondrial development 
mutants 

Eight novel mitochondrial mutants were identified from a 
population of 9500 M2 seedlings, seven of which set seed 
and had heritable phenotypes and one mutant was sterile. 
Six of these mutants displayed phenotypes indicative of 
perturbations in mitochondrial development. 

The five mutants presented here display striking 
mitochondrial phenotypes (Figure 1). In the first motley 
mitochondrial (mmtl) mutant, the mitochondrial popula- 
tion is highly heterogeneous varying in size from one 
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Figure 1. continued 
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quarter to four times as much as the average plan area of 
wild-type mitochondria (Figure 1c). In addition, chloroplast 
size is affected with the average plan area of chloroplasts 
in the mutant being 288.9 ± 7.7 ýIM2 relative to 24.1 ± 
0.4 PM2 in the wild type. The size distribution of chloro- 
plasts is also affected in the mutant. The plan area of wild- 
type chloroplasts range from 4.2 to 62.3 PM2 compared 
with 16.8 to 999.4 PM2 in the mmtl mutant (Figure 2). 
The second mutant mmt2contains a highly heterogeneous 
mitochondrial population similar to mmtl, although in this 
second mutant, the gross chloroplast morphology remains 
normal. Transmission electron microscopy (TEM) of the 
mmt2 mutant, in addition to confirming the mitochondrial 
heterogeneity, demonstrated that the internal structure of 
the chloroplasts is severely altered (Figure 1f). Chloroplasts 
in the mmt2 mutant contain a mass of densely packed 
membranes instead of the normal morphology of granal 
stacks connected by stromal lamellae, and there are a 
large number of electron dense particles within the chloro- 
plasts. 

The average plan area of mitochondria in the big mito- 
chondrial (bmt) mutant is two times as much as that of the 
wild type (bmt = 0.98 ± 0.04 PM2 ,n= 660; wild type 

(wt) = 0.55 ± 0.01 ýtM2 ,n= 10009), and there are appro- 
ximately half as many mitochondria per microscope field- 

of-view (Figure 1g, h); there was no visible effect on 
chloroplast morphology in this mutant. The network mito- 
chondrial (nmt) mutant is characterised by the presence of 
long interconnected mitochondrial tubules (Figure 1i) 
extending to many tens of micrometers in length. Exam- 
ination of leaf tissue of nmt plants under the TEM showed 
that the aberrant mitochondrial architecture was not main- 
tained in the fixed tissue (Figure 1j), rather the mitochon- 
drial tubules fragmented to form organelles as small as 1/ 
16th the plan area of those in wild-type cells. As with bmt, 

chloroplast morphology in nmtwas normal. Finally, the fmt 

mutantwas identified bythe presence of discrete clusters of 
tens of mitochondria in all cell types examined (Figure 1 k, l). 
Only a proportion of the total mitochondrial complement of 
the cell formed aggregates and many mitochondria main- 
tained a wild-type distribution. Examination of leaf tissue of 
this mutant by TEM revealed clusters of tens of mitochon- 
dria profiles in all cells examined, a typical cluster in a 
mesophyll cell is shown in Figure 10), confirming the phe- 
notype observed in vivo. Chloroplast morphology in fmt 

was normal. To determine whether these clusters 
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Figure 2. Heterogeneity of chloroplast size in 300 
mmtI relative to wild-type. 
Frequency distribution of the plan areas of 600 
chloroplasts each from wild-type (line 43A9,250 
hatched bars) or mmtl (solid bars) seedlings. 

200 
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comprised discrete mitochondria or were formed because 
of incomplete membrane severance during division, we 
analysed tens of ultra-thin sections under the TEM. The 
micrographs clearly show the clustered mitochondria as 
individual organelles, and we could find no evidence of 
membrane connections between adjacent mitochondria 
(Figure 3 and unpublished data). 

Mapping the mutant loci 

Genetic analysis of the progeny from backcrosses of mmt2, 
bmt and fmtto the wild type (line 43A9) revealed that these 
three phenotypes result from recessive mutations in single 
nuclear genes. Backcrossing mmtl gave a ratio of 1: 6.5 (14 

mutants: 91 wild type) in the F2 because of a significantly 
(P < 0.001) lower average seed germination percentage 

Figure 3. TEM micrographs of mitochondrial clusters in the fmt mutant. 
The four images (a-d) are representative of an analysis of over 40 clusters. 
Scale bar = 500 nm. 

in the mutant (30.6%) relative to that of wild-type seed 
(89.6%). Repeated attempts to backcross nmt failed to 
produce seed. 

To determine approximate chromosomal positions, we 
crossed each of the mutants, which are in Col-O back- 

ground, to wild-type Lanclsberg erecta (Ler-0) plants. F2 
mutants were identified by epifluorescence microscopy, 
and we used bulk segregant linkage analysis (Lukowitz 

et al., 2000) to assign approximate chromosomal positions 
to the mutant loci. Map positions were refined using addi- 
tional SSLP (Bell and Ecker, 1994), CAPS (Konieczyny and 
Ausubel, 1993) and Cereon insertion or deletion OnDel) 

markers (Jander et al., 2002). The mrntI, mmt2, bmt and 
nrntmutantswere mappedto loci notpreviously implicated 
in mitochondrial or chloroplast development (Table 1). As a 
result of the similarity of the chloroplast phenotype of the 
mrntl mutant to several previously characterised accumu- 
lation and retention of chloroplast (arc) mutants (Marrison 

et al., 1999; Pyke and Leech, 1992,1994; Pyke et al., 1994), 

we performed genetic complementation testing with arc5, 
6,11 and 12, which indicated that mmtl was not allelic to 
any of these genes (data not shown). 

Table 1 Nearest linked markers flanking the mutant loci 

Mutant Chromosome Flanking markers (north, south) 

mmtl 11 ciw3', PHYB b 

mmt2 IV ngall39', ngallO7' 
bmt V ngal3ga , F18G18' 

nmt V F5024 d, Mop9d 

fmt III ciw4 a, AFC lb 

'SSLP and b CAPS markers detailed on TAIR web site (http: // 

www. arabidopsis. org/). 
'The SSLP marker on BAC F18G18 and d InDel markers on BACS 
F5024 and MOP9 were PCR amplified using the primers given in 
the section under Experimental procedures. 

0 Blackwell Publishing Ltd, The Plant Journal, (2003), 36,500-509 

0-20 180-200 380-400 580-600 780-800 980-1000 



504 David C. Logan et al. 

FMT is the Arabidopsis homologue of the Dictyostelium 
discoideum CluA gene 

We used a popu I ation of 41 F2 mutants to map the fmt I ocus. 
Two markers were identified as flanking the mutant locus: 
ciw4 (40 out of 41 mutants homozygous for the Col poly- 
morphism) and AFC1 (38 out of 41; Table 1). The three 
individuals heterozygous at AFC1 were homozygous for 
theCol polymorphism using an InDel markeron BACF4F15. 
These results demonstrated that the fmtlocus is in a 3.9-cM 
stretch of chromosome III flanked by ciw4 and AFC1 and 
close to or within BAC F4F15. 

The fmt phenotype is similar to the mitochondrial 
phenotype of the c/uA-mutant of D. discoideum in which 
the mitochondria cluster near the cell centre (Zhu et al., 
1997). Inspection of the region containing the fmt locus 
revealed an Arabidopsis homologue of the CluA gene 
(Atclu) on BAC F4F15. When the AtClu gene was sequenced, 
a single point mutation was found at the first base of the 
second intron (+519 bases from the initial ATG). This G, A 
mutation destroys the first base of the intron-exon con- 
sensus motif GT 

... 
AG, which we predicted would prevent 

correct splicing. Consistent with this, AtC/utranscript abun- 
dance, as detected by Northern blotting, was greatly 
reduced (Figure 4). 

Reverse genetics confirms the role of the Atclu gene in 
mitochondrial distribution 

Two lines of evidence now support the proposition that 
the fmt phenotype is caused by disruption of the Atclu 
gene. To confirm this proposition, we decided to switch 
to a reverse genetics approach. An independent allele at 
the AtClu locus was recovered from the SAIL T-DNA 
insertion lines (Sessions et al., 2002) and transformed by 
infiltration with Agrobacterium tumefaciens containing the 
pBlNmGFP5-atpase vector. GFP-positive T, transformants 
of the SAIL line SAIL-284-DO6 were screened under the 
epifluorescent microscope, and we identified three indivi- 
dual lines that had a clustered mitochondrial phenotype. 
These three lines were found to be homozygous for the 
insertion in the AtClu gene (Figure 5), while plants hemi- 
zygous for the insertion displayed a wild-type phenotype 
(data not shown). 

(a) 
wt a6ba 
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29 
r-ý r-ý r--- 
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298- 

123456789 10 11 12 13 14 
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Figure 5. Analysis of SAIL lines containing a T-DNA insertion in the FMT 
gene. 
(a) PCR analysis using gene-specific forward (Gf) and reverse (Gr) primers or 
the Gr primer and a primer to the T-DNA left border (LI33). Under the 
conditions used, PCR amplification using wild-type (wt) DNA yields a frag- 
ment only with the gene-specific primers, whilst amplification of a smaller 
DNA fragment using the Gr and LB3 primers indicates the presence of a T- 
DNA insertion. PCR amplification from DNA extracted from plants hemi- 
zygous for the insertion would yield a product using both sets of primers, 
while PCR amplification of DNA from plants homozygous for the insertion 
would only yield a product using the LB3 and Gr primer set. DNA was 
extracted from wt (line 43A9) and in duplicate (a, b) from three independent 
GFP-positive lines (6,23 and 29) derived from SAIL line SAIL 

- 
284 

- 
D06. 

Reactions from PCRs using the primer sets Gf/Gr (odd-numbered lanes) and 
Gr/LB3 (even-numbered lanes) were run in adjacent lanes. bp, positions of 
DNA molecular weight markers in base pairs. 
(b) Epifluorescent micrographs of leaf epidermal cell mitochondria in mito- 
GFP transformed plants. 1, wt (line 43A9); II-IV, independent GFP-positive 
lines 6,23 and 29, respectively, of SAIL line SAIL-284-DO6 (arrows indicate 
mitochondrial clusters). Scale bar = 10 pm. 

We conclude that the fmt mutant phenotype results from 
a single point mutation in the Arabidopsis homologue of 
the D. discoideum CluA gene and therefore name the pre- 
viously uncharacterised wild-type Arabidopsis gene FMT. 

SAIL line 

wt fint #6 #23 #29 

FMT 

Figure 4. RNA gel blot analysis of the steady-state abundance of the FMT 
transcript in wild-type (wi) and mutant plants (frnt and three independent 
GFP-positive lines (6,23 and 29) derived from SAIL line SAIL_284_DO6. 

Discussion 

In this paper, we describe the results of a novel genetic 
screen based on the analysis of ethyl methane sulphonate 
(EMS) mutants of an Arabidopsis line expressing mito- 
chondrial-targeted GFP. This screen enabled the unprece- 
dented identification and analysis of plant mitochondrial 
development mutants. Gene mapping of these mutants has 
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demonstrated that in each case, the mutant represents a 
locus not previously implicated in the control of plant 
mitochondrial morphology or distribution. Three mutants, 
bmt, mrntl and mmt2 have novel phenotypes that have not, 
to our knowledge, been described in any organism. The 
mmtl phenotype is unique as far as both mitochondrial and 
chloroplast gross morphologies are affected. Although the 
mutant chloroplast morphology in mmtl is similar to that in 
several arc mutants (Marrison et al., 1999; Pyke and Leech, 
1992,1994; Pyke et al., 1994), complementation analysis 
has shown that mmtl is not allelic to arc5,6,11 or 12. No 
mention was made in the published studies of the arc 
mutants of any aberrant mitochondrial morphology, but 
it is possible that any changed morphology may only be 
visible in unfixed tissue. We are in the process of transform- 
ing arc5,6,11 and 12with the mitochondrial-GFP construct 
to enable in vivo visualisation of the mitochondrial mor- 
phology in these mutants. The nmt mutant displays a 
tubular/fused mitochondrial phenotype, which is similar 
to that observed in plant cells transiently expressing a 
dominant-negative mutation of the Arabidopsis dynamin- 
like protein ADL2b (Arimura and Tsutsumi, 2002). However, 
gene mapping has demonstrated that neither ADL2b nor 
any of the other 10 Arabidopsis dynamin-like genes are 
possible candidates for the nmt locus. Interrogation of the 
Arabidopsis genome databases reveals no obvious gene 
candidates within the mapping-delimited regions for any of 
these four mutants. 

A combination of forward and reverse genetics revealed 
thatthe phenotype of a fifth mutant, fmt, was due to a single 
point mutation in a homologue of the cluA gene from D. 
discoideum to which we give the name FMT Disruption of 
OuA in Dictyostelium causes the mitochondria to cluster 
near the cell centre (Zhu et al., 1997). There are cluA homo- 
logues present as open-reading frames in all eukaryotic 
genomes sequenced to date, but, apart from a short tetra- 
tricopeptide repeat(TPR) domain that is thought to function 
in protein-protein interactions, the CluA protein has no 
homology to known proteins. The Arabidopsis CluA protein 
homologue FIVIT (locus: CAB41334) is 26% identical and 
41% similar to the Dictyostelium protein and also contains a 
TPR-like domain. The S. cerevisiae CluA homologue, Clul p 
(20% identical, 34% similar to the Arabidopsis protein; 24% 
identical, 39% similar to CluA) has also been shown to be 
involved in the maintenance of normal mitochondrial mor- 
phology and distribution (Fields et aL, 1998). Disruption of 
the CLU1 gene resulted in collapse of the mitochondrial 
tubules to one side of the yeast cell (Fields et al., 1998). 
Alignment of the Dictyostelium, Arabidopsis and Saccharo- 

myces proteins reveals the most conserved region to con- 
tain the TPR-like domain. However, following a report by 
Vornlocher et al. (1999) demonstrating that Clulp (named 

p135 in that paper) sometimes co-purifies with subunits of 
the eukaryotic translation initiation factor eIF3, CLU1 and 

cluA have been re-annotated in the databases as encoding 
putative eIF3 subunits. As deletion of Clulp had no effect on 
eIF3 activity (Vornlocher etaL, 1999) and Clulp homo- 
logues do not co-purify with eIF3 subunits from human 
or plant cells (Browning et al., 2001), the re-classification of 
Clu-type genes, ignoring the physiological data by Zhu 
et al. (1997) and Fields et al. (1998) seems erroneous. 

In a recent study, Fields et al. (2003) addressed the ques- 
tion of how CluA is involved in maintaining the normal 
distribution of mitochondria in Dictyostelium cells. Using 
nocodazole or cytochalasin A to disrupt microtubules or 
actin filaments, respectively, the authors demonstrated that 
these cytoskeletal elements were not necessary to maintain 
mitochondria in their normal, dispersed state (Fields et aL, 
2003). However, as noted by these authors, these findings 
do not rule out a role for microtubules and/or actin fila- 
ments in the positioning of the mitochondria prior to drug 
treatment. Based on the results of the drug treatments and 
the observation of interconnections between adjacent 
mitochondria within the clusters in mutant cells, Fields 
et al. (2003) concluded that cluA- cells were blocked at 
the stage of outer membrane scission during organelle 
fission and that the clustered mitochondria formed an 
extensive interconnected reticulum. Examination of over 
40 mitochondrial clusters provided no consistent evidence 
of a similar occurrence in the fmt mutant. At least in 
ArabidoPsis cells, disruption of FMT affected the distribu- 
tion of mitochondria but did not appear to result in the 
production of a mitochondrial reticulum. We note, how- 
ever, that differences in sample preparation may account 
for the differences observed between mutant Arabidopsis 
and Dictyostelium mitochondria. Fields et al. (2003) exam- 
ined serial sections of cells prepared for the electron micro- 
scope by means of cryofixation, whereas we used multiple 
independent sections of leaf that was prepared using 
chemical fixation. 

In plant cells, transport of mitochondria has been shown 
to rely on actin filaments (Olyslaegers and Verbelen, 1998; 
Van Gestel et al., 2002). However, microtubules have been 
shown to have a role in the positioning and/or tethering of 
mitochondria (Van Gestel et al., 2002). It is not clear if 
mitochondrial transport in Dictyostelium is predominantly 
actin- or microtubule-based. Mitochondria have been 
shown to associate with the microtubule-specific motor 
protein, kinesin (Khodjakov et al., 1998) that binds cargo 
at the TPR domains in the kinesin light chains (Stenoien and 
Brady, 1997; Verhey et aL, 2001). When mitochondria are 
moving on actin filaments, they are presumably prevented 
from binding to microtubules until this is required to immo- 
bilise the mitochondria or effect small-scale adjustments to 
their position. Based on the phenotype of the fmt mutant 
and the presence of a TPR domain in FMT, we hypothesise 
that when mitochondria are moving on actin filaments, 
FMT binds to the kinesin receptor on the mitochondria 
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via the TPR domains, thereby preventing any unwanted 
association with microtubules. This putative role of FIVIT as 
a cap for the kinesin receptor on the mitochondria leaves 
the microtubule-associated kinesin motor free to associate 
with other mitochondria or different types of cargo. Apply- 
ing this hypothesis to the fmt mutant, in which receptor- 
capping would not occur, leaves the mitochondria free to 
bind to microtubules, which prevents their movement on 
actin. A cluster of mitochondria then develops as mitochon- 
dria divide but are unable to move apart. This hypothesis is 
consistent with the lack of a clustered mitochondrial pheno- 
type in Clu-mutants of Caenorhabditis elegans (M. Clarke, 
personal communication) as in this organism large-scale 
mitochondrial movement is microtubule-based. Applica- 
tion of our receptor-capping hypothesis for FIVIT function 
to the Dictyostelium cluA- mutant suggests an explanation 
for the interconnections between clustered mitochondria 
reported by Fields et aL (2003). Final separation of mito- 
chondria following division may require movement on the 
cytoskeleton, and therefore when this is prevented, 
because of inexorable binding to microtubules, the mito- 
chondria remain connected. The absence of a similar 
phenotype in Arabidopsis may simply reflect differences 
in the architecture of the cytoskeleton or the contribution of 
movement to the division process. Further study is neces- 
sary to discover the precise role of this conserved gene in 
mitochondrial dynamics. 

Little is known about the genes, proteins and mechan- 
isms controlling mitochondrial dynamics in higher plants. 
Although most work on mitochondrial morphology has 
been carried out on yeast, this is a poor model system 
for higher plants. Homology searches of the Arabidopsis 
genome fail to identify homologues of many yeast mito- 
chondrial development genes suggesting that there are 
fundamental differences in the control of higher plant 
mitochondrial morphology and dynamics. This is reflected 
in the results of our genetic screen where four of the 
five mutants described in this paper result from the muta- 
tion of novel genes. Together these mutants constitute a 
powerful resource that will help delineatethe principles and 
mechanisms controlling this fundamental aspect of plant 
development. 

Experimental procedures 

Plants 

Seeds were surface sterilised and germinated on MS-agar plates 
(Murashige and Skoog (MS) 1962, medium, 8% (w/v) agar (Type M, 
Sigma Chemical Co., St Louis, USA), 2% (w/v) sucrose, 0.5% (w/v) 
Mes, pH 5.8). For maximum synchronous germination, plates 
were kept in the dark at 4'C for 3 days before transfer to a con- 
trolled environment growth room (16 h day, 8h night, 25'C). After 
a further 2 weeks, plants were transplanted to compost (Levington 

F2, Scotts, Marysville, USA) and grown in a greenhouse under 
supplementary lighting and constant temperature of 250C. For 
germination tests, 50-100 seeds per replicate (n = 4) were sown 
on MS-agar plates, stratified for 3 days and germinated as above 
for 7 days. Germination percentages (ratios) were arcsine-trans- 
formed prior to statistical analysis using the Rest. 

Mutant isolation 
In a previous study, efficient targeting of GFP to Arabidopsis 
mitochondria was achieved by engineering a chimaeric construct 
in which the sequence encoding the first 87 amino acids of the 
Nicotiana plumbaginifolia P-ATPase was ligated upstream of the 
mGFP5 cIDNA (Logan and Leaver, 2000). Seeds of an Arabidopsis 
line homozygous for the P-atpase-gfp chimaera (line 43A9, Logan 
and Leaver, 2000) were mutagenized by soaking 2g of seed in 0.2% 
(v/v) EMS for 16 h. Seeds were then washed in water three times 
for 2h and sown in compost. M2 seed was collected from 20 
batchesof c. 50M, plants and stored at4'C. M2 seeds were surface 
sterilised, stratified and germinated on MS-agar plates as 
described above supplemented with 50 pg ml-1 kanamycin. After 
1 week, seedlings were transferred to fresh plates (c. 40 per 9-cm 
plate) and grown for a further week in a vertical orientation so that 
the roots grew along the agar surface. This procedure was 
repeated each weekday for a different M2 seed batch; after samples 
from all 20 batches had been plated-out, the process was repeated 
starting again with the first batch. Two-week-old seedlings were 
screened for aberrant mitochondrial phenotypes by removing the 
first true leaf and mounting it in water on a microscope slide under 
a cover slip; in this way nine plants could be screened per slide. 
Slides were examined under an Olympus BX-40 epifluorescent 
microscope (Olympus Optical Co. (UK) Ltd, Southall, UK) fitted 
with cubes for GFP (Olympus U-M41001, excitation: 455-495 nm; 
dichroic mirror: 505 nm; barrier filter: 510-555 nm) and for chloro- 
phyll autofluorescence (Olympus U-M41004, excitation: 534- 
588 nm, clichroic mirror: 595 nm, barrier filter: 609-683 nm). Visua- 
lisation of mitochondria was performed at 1000x using an oil- 
immersion objective (100x Universal Plan Fluorite, numerical 
aperture = 1.3, Olympus). 

Image analysis 
Epifluorescent micrographs were acquired using a monochrome 
digital camera (F-View, Soft Imaging System GmbH, Munster, 
Germany) and analysed using the ANALYSIS software package 
(Soft Imaging System GmbH). False-coloured merged images 

were created using Confocal Assistant (Bio-Rad, Hemel Hemp- 

stead, UK), and all images were prepared for reproduction using 
ADOBE PHOTOSHOP elements (Adobe, San Jose, USA). Chloro- 

plast plan area was measured using the ANALYSIS software; 20 

chloroplasts chosen at random and in any cellular orientation 
were measured in three images taken of the mesophyll cell layer 

of one of the first true leaves of 10 individual 7-day-old wild-type 
(line 43A9) or mmtl seedlings (n = 20 x3x 10 = 600). To deter- 

mine mitochondrial plan area, epifluorescent micrographs were 
taken of 5 (bmt) or 10 (wild-type) randomly selected areas of 
epidermis from one of the first true leaves of each of 5 (bmt) or 
10 (wild-type) 14-day-old Arabidopsis seedlings. 

Electron microscopy 
Leaf material of 14-day-o I dArabidopsis seed I ings was fixed for 2h 
in 2.5% (v/v) glutaraldehyde in 100 mm sodium phosphate buffer, 
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pH 7.2. The material was then post-fixed in 1% (v/v) osmium 
tetroxide and embedded in Araldite (TAAB Laboratories Equip- 
ment Ltd, Aldermaston, UK). Ultra-thin sections were cut and 
stained with uranyl acetate followed by lead citrate prior to obser- 
vation. 

Genetic analysis and gene mapping 
Crosses to either 43A9 (Col-O background, backcross) or Ler-O 
were performed by dissecting and emasculating unopened buds 
and then using the stigmas as recipients for pollen from three 
opened flowers. Segregation of the mutant mitochondrial 
phenotype in the F2 generation was analysed with the X2 test 
for goodness of fit. 

To determine an approximate chromosomal position, F2 
mutants from the mutant: Ler-O cross were identified by epifluore- 
scence microscopy when 2 weeks old and were transferred to 
compost. When the plants had flowered, 5-10 buds were removed, 
snap-frozen in liquid N2 and stored at -800C. DNA was extracted 
using a CTAB procedure and bulk-segregant analysis was per- 
formed using the 21 simple sequence length polymorphism (SSILP, 
Bell and Ecker, 1994) markers as described by Lukowitz et al. 
(2000). Additional CAPS (Konieczyny and Ausubel, 1993), or SSILP 
markers were either selected for testing by interrogation of The 
Arabidopsis Information Resource (TAIR), or we designed primer 
sets to putative SSLP regions and tested them empirically. The 
SSILP marker on BAC F18G18 was PCR amplified using the primers 
5'-GTG GTG CG GTTCAAATAGTAC-3' and 5'-CTAGCTTTTTAGCCG- 
CCATC-T. We also designed primers flanking putative poly- 
morphic InDel sites annotated in the Cereon polymorphism 
database Wander et al., 2002), and these primers were tested 
empirically. The two InDel markers referred to in Table 1 were 
PCR amplified using the following primers: F5024,5'-GTACCGA- 
ATTGGAAGGAAA-3'and 5'-CCTGGTTTTTGCATAGATG-3'; MOP9, 
TCGGGAAATGAAAATCC-3' and 5'-CCCAAAAGCAAGTTAAAGC- 
3'. The InDel on F4F15 was amplified using the primers 5'-GAGCC- 
TATAATGAGCGTCG-3'and 5-AAATGTCTCACGCGATGCG-3'. 

DNA sequencing 
To simplify sequencing of the Arabidopsis cIuA homologue, we 
designed eight oligonucleoticle primers to amplify the 8.064 kbp 
gene in four overlapping PCR fragments of 2-2.5 kbp. The four PCR 
fragments, generated using the proofreading DNA polymerase 
RedAccuTaq LA (Sigma Chemical Co., Poole, UK), were separated 
by agarose-gel electrophoresis and purified using the Qiagen 
minElute kit (Qiagen, Crawley, UK). DNA sequencing was per- 
formed using a BigDye Terminator v. 3.1 Cycle Sequencing Kit 
and an ABI Prism 377 DNA sequencer (Applied Biosystems, Foster 
City, USA). 

SAIL T-DNA insertion mutants 
The Syngenta Arabidopsis Insertion Library (http: //tmri. org/pages/ 
collaborations/garlic-files/) was searched using the sequence of 
At3g52140 from start to stop codon, including introns (Accession: 
NC003074). Three lines were identified with T-DNA left-border 
flanking sequences giving low e-values (SAIL-284 

- 
D06, eo; 

SAIL_559-FOl, e- 149; SAIL-267b-DO5,9e -59). Seed of these lines 

was obtained from Syngenta Biotechnology Inc. (Research Trian- 

gle Park, NC, USA) and bulked up in the glasshouse without 
selection. 

Plant transformation 

Seed of each SAIL line was sown onto a2: I mixture of compost 
and vermiculite. When the plants were 2 weeks old, they were 
sprayed with glufasinate ammonia (BASTA) at 120 pg 1-1 to select 
for plants containing the T-DNA insertion. These plants were 
stable-transformed with mitochondrial-targeted GFP by Agrobac- 
terium-mediated transformation using the floral dip method 
(Clough and Bent, 1998). The infiltration medium contained 0.5x 
IVIS salts, 5% (w/v) sucrose, 0.05% (w/v) Mes pH 5.7,0.044 pm 
benzylaminopurine and 0.02% N/v) Silwet L-77 (Lehle Seeds, 
Round Rock, USA). Briefly, the mitochondrial-GFP binary vector 
pBlNmgfp5-atpase (Logan and Leaver, 2000) contains the N-term- 
inal mitochondrial targeting sequencefrom the N. plumbaginifolia 
P-ATPase subunit upstream of mGFP5 (Siemering et al., 1996) 
under the control of the CaMV 35S promoter (Logan and Leaver, 
2000). Primary transformants were selected on MS-agar plates 
containing 50 jtg ml-1 kanamycin and, after transfer to soil, by 
spraying with BASTA as above. Final selection was performed by 
epifluorescent microscopy to identify good GFP-expressing lines. 

PCR analysis of putative homozygous insertion mutants 
Syngenta Arabidopsis Insertion Library lines contain T-DNA inser- 
tions at known sites and the SAIL table available at http: //www. 
tmri. org/pages/collaborations/garlic-files/plant-Cell/ch3-main. htm 
gives details of gene-specific forward and reverse PCR primers that 
flank the predicted insertions on chromosome 111. PCR primers 
flanking the insertion in line SAIL_284-DO6 (5'-GGCTGCAAGGTTA- 
GGTATAAG-3' and 5'-TCGCCCCCAGGGTGGTGT-3') were used in 
combination with a primer to the T-DNA left border (primer 
LB3-5'-TTCATAACCAATCTCGATACAC-3', Sessions et al., 2002) 
to confirm the nature of the T-DNA insertion. 

RNA isolation and gel-blot analysis 
Total RNA was extracted from 7-day-old seedlings using a mini- 
RNA kit (Qiagen, Crawley, UK). Ten micrograms of RNA was 
fractionated in a denaturing 0.9% (w/v) agarose/formaldehyde 
gel and transferred to nitrocellulose according to standard proce- 
dures. Hybridisation was carried out in a formamide-containing 
bufferand followed bywashing athigh stringency (0.2x SSC, 0.1% 
(w/v) SIDS, 42'C). Probes were labelled by random priming. The 
tubulin probe was prepared using a1: 1: 1: 1 mixture of four 
Arabidopsis beta-tubulin cDNAs (tubl-4) as template. 
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Abstract 

A mitochondrial-GFP construct was used to tag mitochondria 
fluorescently in a T-DNA knockout line for the Arabidopsis dyna- 
min ADL2a. Visualization of mitochondria in vivo demonstrated 
that disruption of ADL2a affected mitochondrial morphology. 
Mitochondria in the mutant had a complex morphology; occa- 
sionally large spherical organelles could be seen, but, more fre- 
quently, the mitochondria adopted a tubular morphology with 
many constrictions along their length. Mitochondria in the mutant 
also frequently possessed long protuberances that were named 
matrixules, extending to many micrometres in length. 

Key words: Dynamin, mitochondrial division, morphology, 
organelle fission. 

Mitochondrial fission is controlled by dynamin-like proteins (Shaw 
and Nunnari, 2002; Logan, 2003). The Arabidopsis genome contains 
16 dynamin-like genes and one of these, ADL2b (At2gI4120), was 
recently shown to be involved in the maintenance of normal 
mitochondrial morphology (Arimura and Tsutsumi, 2002). This 
paper describes research testing the hypothesis that a second 
dynamin-like protein, ADL2a (At4g33650), sharing 70% amino 
acid identity with ADL2b, also functions in the control of 
mitochondrial morphology. 

To identify a knockout mutant of ADL2a, the Salk sequence- 
indexed insertion lines (Alonso et al., 2003) were searched and one 
line was selected with a T-DNA left-border flanking-sequence of 
low e-value (SALK-066958,6e-95). The seed obtained from the 
NASC stock centre was germinated on kanamycin selection media 
and individuals were tested by PCR to confirm the presence of the T- 
DNA insertion (which is in the fifth intron at the 5'-end of the gene). 
Gene-specific PCR primers flanking the insertion in line 
SALK066958 were used in combination with a primer to the T- 
DNA left border (primer LBbl). Under the conditions used, PCR 
amplification using wild-type DNA yields a fragment only with the 
gene-specific forward (Gf) and reverse (Gr) primers, whilst ampli- 
fication of a smaller fragment using the Gr primer and T-DNA left 
border primer (LBbl) indicates a T-DNA insertion within the fifth 
intron of ADL2a. Following PCR amplification, DNA extracted from 
plants hemizygous for the insertion would yield a product with either 
set of primers whereas DNA from plants homozygous for the 

*See note added in proof on page I 
t To whom correspondence should be addressed. E-mail: david. logan@st-and. ac. uk 

insertion would only yield a product with the LBb I and Gr primers. 
The progeny of these plants (an unselected population containing 
individuals either homozygous for the insertion, hemizygous, or 
containing no insertion, as determined by PCR) were genetically 
transformed to tag the mitochondria with GFP. Briefly, the mgfp5- 
atpase cDNA in the vector pBlNmgfp5-atpase (Logan and Leaver, 
2000) was PCR amplified, ligated downstream of the 35S CaMV 
promoter and cloned into the plant transformation vector pMLBART 
(conferring resistance to glufosinate ammonium) to create 
pMLBARTmgfp5-atpase. Plants were transformed with 
pMLBARTmgfp5-atpase by Ag robacterium- mediated transform- 
ation. TI seeds were germinated on media containing kanamycin 
prior to transfer to compost. Plants in compost were sprayed with 
120 mg 1-1 glufosinate ammonium to select for positive 
pMLBARTmgfp5-atpase transformants. 

Individual GFP-positive TI plants were analysed by PCR to 
identify individuals hemizygous for the original SALK 

- 
066958- 

derived T-DNA insertion and these plants were allowed to set seed. 
Seeds from one of these hemizygous plants were germinated without 
selection and the mitochondrial phenotype of 94 individuals was 
analysed using an epifluorescent microscope. Of the 94 GFP- 
positive plants, 24 were identified that had a mutant mitochondrial 
phenotype with a segregation ratio of 2.9: 1 (wild type: mutant). 
Statistical analysis of this result, using the chi-square (X 2) test for 
goodness of fit, demonstrated that the observed results are in very 
good agreement (P >0.9) with the predicted phenotypic ratio of 3: 1 
for the segregation of a single recessive nuclear gene. The genotype 
with respect to the SALK-066958-derived T-DNA insertion of each 
of the 94 individuals was determined next by means of PCR analysis 
using the gene specific primers and left border primer, as described 
above. This analysis demonstrated that not only were all 24 
individuals with abnormal mitochondrial phenotypes homozygous 
for the T-DNA insertion, but that plants with a wild-type 
mitochondrial phenotype were either hemizygous for the T-DNA 
insertion (50 individuals) or contained no insertion (20 individuals) 
(Fig. la; and data not shown). Statistical analysis of these results 
using the X2 test demonstrated that deviation from the expected 1: 2: 1 
ratio of genotypes (wild type: hemizygote: homozygous mutant) of 
progeny from an inbred hemizygous individual was not statistically 
significant (P >0.5). This analysis confirmed that the aberrant 
mitochondrial phenotype was due to the presence of a homozygous 
T-DNA insertion within the ADL2a gene. 
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Since it was expected that the T-DNA insertion would lead to the 
generation of a null allele through the generation of a nonsense 
transcript, the effect of the insertion on transcript abundance was 
determined next by analysis of the steady-state abundance of the 
mature ADL2a mRNA in two homozygous T-DNA lines and a line 
hemizygous for the T-DNA insertion. In order to differentiate 
between ADL2a and ADL2b, the probe was prepared by random 
priming using a PCR fragment amplified from the Y-UTR of ADL2a. 
There was no detectable accumulation of the mature ADL2a mRNA 
in the two homozygous T-DNA lines whilst the hemizygous line had 

a reduced accumulation of ADL2a transcript relative to the wild type 
(Fig. I b). 

Mitochondrial morphology visualised in vivo in wild-type 
Arabidopsis is dynamic, the organelles alternating between spher- 
ical, sausage-shaped, and, occasionally, longer vermiform structures 
(Fig. 2a; supplementary material (movie 1) can be found at Journal 

of Experimental Botany online; Logan and Leaver, 2000; Logan, 
2003). In lines homozygous for the T-DNA insertion in ADL2a, the 

mitochondrial phenotype is grossly altered: mitochondria are either 
large spherical organelles (rarely, Fig. 2b; supplementary material 
(Fig. S 1) can be found at Journal of Experimental Botany online) or 
long tubular structures often with many constriction sites (Fig. 2c-f). 
Chloroplast morphology in the mutant is normal. A third 

mitochondrial phenotype, rarely seen in wild-type mitochondria, 
but frequently observed in the ADL2a knockouts, is shown in the 

images in Fig. 2g-j. These mitochondria are characterized by a thin 

protuberance extending up to many micrometers in length that, to the 

authors' knowledge, have not been described before in the literature. 
These protuberances were termed 'matrixules' in keeping with the 

wt 1 11 111 

1345678 

wt 
ADL2a 

Tubulin 4mwo *moo* 4100 ftwoo 

Fig. 1. Analysis of the T-DNA insertion line SALK-066958. (a) PCR 

analysis using gene-specific primers (Gf, 5'-ATATFGGCTGTTACC- 
CCTGCT-3' and Gr, 5'-GATATACATGCAAGGCCAAAAA-3') or the Gr 

primer and T-DNA left border primer (LBbl; 5'-GCGTGGACCGCTT- 
GCTGCAACT-3'). DNA was extracted from wild-type (line 43A9; Logan 

and Leaver, 2000) and from three independent GFP-positive lines (1,11, 
111) derived from line SALK 

- 
066958. Lines I and 11 are homozygous for 

the T-DNA insertion, line III is hemizygous. PCR was performed using the 
primer sets Gf/Gr (even-numbered lanes) and Gr/LBbI (odd-numbered 
lanes). (b) Northern blot analysis of the steady-state abundance of the 
ADL2a transcript in the wild type (wt), in two independent GFP-positive 

plants homozygous for the T-DNA insertion (I and 11), and in one plant 
hemizygous for the T-DNA insertion (111). The ADL2a probe was prepared 
by random priming using a 429 bp region of the 3'-UTR as template. PCR 

primers were 5'-GAGTGAAAGGTGTI-rGCTTCC-3' and 5'-GAGTTGC- 
CACTGGAAGCAG-3'. 

naming as stromules of similar structures, seen to extend from 
chloroplasts (Kohler and Hanson, 2000). 

Kang et al. (1998) have shown that heterologous over-expression 
of an ADL2a-GFP fusion protein in soybean or tobacco leads to the 
detection of GFP-fluorescence in chloroplasts. However, in 
Arabidopsis transiently over-expressing N-terminal ADL2a-GFP 
chimeras, fluorescence was detectable in the cytoplasm but there was 
no detectable GFP- fluorescence from the chloroplasts (Arimura and 
Tsutsumi, 2003). The mitochondrial morphology in ADL2a knock- 
out mutants is similar to that in cells expressing dominant negative 
mutations in ADL2b (Arimura and Tsutsumi, 2002) and like ADL2b, 
ADL2a has been localized to the constriction sites and tips of 
Arabidopsis mitochondria (Arimura and Tsutsumi, 2003). 
Mitochondria in cells with dysfunctional ADL2b were longer and 
less numerous and/or formed clumps (Arimura and Tsutsumi, 2002). 
In the ADL2a T-DNA knockout the mitochondrial phenotype is 
complex. The mitochondria form long tubules with numerous 

Fig. 2. Epifluorescent micrographs of leaf epiden-nal cell mitochondria in 

mitochondrial-GFP transformed plants. (a) Wild type (line 43A9; Logan 

and Leaver, 2000); (b-j) plant homozygous for the T-DNA insertion. 
Images (b), (c), (d), (g), and (h) are of line 1; (e), (f), (i), and 0) are of line 
11. Arrows in (c-f) indicate constriction sites. Arrows in (g-j) indicate 

matrixules. An asterisk indicates a spherical mitochondrion starting to 
elongate with the initiation of matfixule formation. (a-f) Bar--10 gm, (g-j) 
bar=5 pm. 
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constrictions along their length and there are a high proportion of 
mitochondria with matrixules relative to those of wild-type plants 
(Fig. 2). The similarity of the mitochondrial morphology in ADL2a 
and ADL2b mutants, as far as the formation of mitochondrial tubules 
is concerned, suggests that these two dynamin-like proteins perform 
similar, but non-redundant, functions in controlling mitochondrial 
division. It is proposed that the presence of mitochondria with 
numerous matrixules can also be attributed to the function of ADL2a 
as a component of the mitochondrial division machine. The 
hypothesis is that, prior to division, the mitochondria elongate by 
a process that pushes or pulls them through a constrictive collar, 
possibly the mitochondrial division ring (MD ring; Kuroiwa, 2000), 
encircling the mitochondria at one pole, which forces them to adopt 
an elongated morphology. The first portion of the mitochondria to be 
extruded in this way forms the matrixule that grows and expands as 
the mitochondrion passes through the collar (supplementary material 
(movies I and 2) can be found at Journal of Experimental Botany 
online). Upon adopting a more elongate morphology the mitochon- 
drion is ready to undergo division (supplementary material (movie 1) 
can be found at Journal of Experimental Botany online). It is 
suggested that, in Arabidopsis mitochondria, both ADL2a and 
ADL2b are involved in mitochondrial division. It has been shown 
that following mitochondrial division in yeast, dynamin remains 
associated with one cut end of the mitochondrion (Legesse-Miller 
et al., 2003). Based on the mitochondrial morphology of the ADL2a 
mutant and the localization of ADL2a to the tips of mitochondria 
(Arimura and Tsutsumi, 2003), it is speculated that one of the roles 
of ADL2a is to rernain associated with the mitochondrion after 
division, at what is now one pole of the daughter organelle, to 
prevent further division events that would otherwise lead to severe 
fragmentation of the mitochondria. The fact that fragmentation does 
not occur in the ADL2a knockout mutant suggests there may be 
reduced efficiency of the division process in the absence of ADL2a. 
It is postulated that in the ADL2a knockout mutant, the absence of 
ADL2a enables daughter mitochondria from recent division events 
to re-enter the division process, starting with elongation via collar- 
based extrusion and the initial formation of a matrixule. This 
hypothesis explains why, although matrixules are occasionally 
observed in wild-type cells, they are much more frequent in the cells 
of the ADL2a knockout. 

Supplementary data 

Two movies and Fig. SI can be found at Journal of Experimental 
Botany online. 
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Abstract 

Reverse-genetics was used to evaluate the role of an 
Arabidopsis homologue of the human and yeast 
FIS1 genes, which are both involved in mitochondrial 
fission. Two independent T-DNA insertion mutants of 
gene At3g57090 were identified and genetically trans- 
formed to express mitochondria-targeted GFP to en- 
able visualization of mitochondria in vivo. Plants 
homozygous for either of the recessive T-DNA mutant 
alleles, termed bigyinl-l ftyl-l) and bigyinl-2 ftyl- 
2), displayed an abnormal mitochondrial morphology. 
Disruption of BIGYIN leads to a reduced number of 
mitochondria per cell, coupled to a large increase in 
the size of individual mitochondria, relative to wild- 
type. It is concluded that BIGYIN is an Arabidopsis FIS 
orthologue and is part of the Arabidopsis mitochon- 
drial division apparatus. 

Key words: Dynamin, FIS1, mitochondria, mitochondrial 
division, morphology, organelle fission. 

Introduction 

Mitochondria undergo continual cycles of division and 
fusion. These two antagonistic processes, which operate 
concurrently, regulate the number, size, and shape of 
mitochondria in a cell (Sesaki and Jensen, 1999). The 
process of division is of particular importance since mito- 
chondria cannot be created de novo, and must therefore 
be formed by the division of an existing organelle. In yeast 
and humans, several of the genetic components that control 
mitochondrial division and fusion have been identified 
and their function elucidated (for a review see Logan, 2003; 
Okamoto and Shaw, 2005). 

For example, in budding yeast (Saccharomyces cerevi- 
siae) three genes encode the primary components of the 
mitochondrial division machinery. DNMI encodes a pro- 
tein that is structurally similar to the dynamin-related 
GTPase proteins involved in membrane scission during 
endocytosis (Hennann et al., 1997; Otsuga et al., 1998). 
Yeast Dnmlp is targeted to mitochondrial division sites 
and is believed to act as a mechano-enzyme, constricting 
and/or severing the mitochondrial membranes. This 
dynamin-related protein requires two other interacting 
proteins to effect yeast mitochondrial division. Firstly, 
Mdvlp which, like Dnmlp, localizes to the outer mito- 
chondrial membrane at division sites (Fekkes et al., 2000; 
Mozdy et al., 2000; Tieu and Nunnari, 2000; Cerveny 
et al., 2001). Secondly, Fislp which is evenly distributed 
across the mitochondrial outer surface (Mozdy et al., 2000; 
Tieu and Nunnari, 2000). These three proteins forrn 
a complex on the yeast outer mitochondrial membrane 
and function in concert to effect division of the organelle 
(Cerveny and Jensen, 2003). All three genes are required 
for effective mitochondrial division in yeast, since knock- 
ing out any one of the three leads to a similar abnon-nal 
mitochondrial phenotype (a net-like sheet of mitochondrial 
tubules). In humans, normal mitochondrial division re- 
quires the dynamin-related DRPI and hFISI, which 
function analogously to their yeast orthologues, DNMI 
and FISI (Smirnova et al., 200 1; James et al., 2003; Youle 
and Karbowski, 2005). Searching the databases using the 
BLAST algorithm fails to identify cognate homologues of 
MDVI in multicellular organisms: limited protein level 
similarity is restricted to members of the WD-40 repeat 
family of proteins (Logan, 2003; Stojanovski et al., 2004). 

Research into the mitochondrial division apparatus in 
higher plants is at a rudimentary stage. Recently, it has been 
shown that two non-redundant Arabidopsis thaliana 
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Dnmlp/DRPI homologues are involved in mitochondrial 
division. Disruptions in either DRP3A or DRP3B lead to an 
altered mitochondrial phenotype where the organelles are 
both larger and fewer in number, suggesting both proteins 
are required for the normal division of mitochondria 
(Arimura and Tsutsumi, 2002; Arimura et al., 2004; Logan 
et al., 2004). The identification of two mutant alleles of 
an Arabidopsis hFIS11FISI orthologue (At3g57090) is 
reported here. These mutants, which were named bigyin]- I 
and bigyinl-2, have an aberrant mitochondrial phenotype 
characterized by an increase in the size of individual 
mitochondria and a concomitant decrease in the number 
of mitochondria per cell. These results demonstrate that 
BIGYIN is an Arabidopsis hFISIIFIS] orthologue and is 
the first member of only the second protein family known to 
be involved in plant mitochondrial division. 

Materials and methods 
Plant materials and growth conditions 
Searches of the Arabidopsis genome, using the BLASTP algorithm 
(Gish and States, 1993) and yeast Fislp and human hFisl protein 
sequences, identified two homologues: At3g57090 (yeast 7e-7, 
human 6e-8) and At5g12390 (yeast 7e-6, human 2e-8) (Logan, 
2003). The SAIL (Sessions et al., 2002) and SALK (Alonso et al., 
2003) T-DNA insertion-line databases were searched to identify 
independent lines with an insertion in At3g57090. SAIL 

- 
1171 

- 
GII 

is predicted to contain a T-DNA insertion in the first exon (ge-45) and 
SALK086794 is predicted to contain an insertion in the final 
(fifth) exon (5e-15) (Fig. 1). SAIL seed was obtained from Syngenta 
Biotechnology Inc. (Research Triangle Park, NC, USA) and SALK 
seed from the Nottingham Arabidopsis Stock Centre (NASC, 
University of Nottingham, UK). Mitochondrial-GFP wild-type 
(Col-0 background) seed used in the study was of line 43C5 (Logan 
and Leaver, 2000). Seeds were surface-sterilized and gen-ninated 
on MS-agar plates (Murashige and Skoog, 1962) containing 8% 
(w/v) agar (Type M, Sigma Chemical Co., St Louis, USA), 2% (w/v) 
sucrose, and 0.5% (w/v) MES pH 5.8. For maximum synchronous 
germination, plates were kept in the dark at 4T for 3d before 
transfer to a controlled environment growth room (16/8 h day/ 
night, 25 'Q. After a further 2 weeks, seedlings were transplanted 
to compost (Levington F2, Scotts, Marysville, USA) and grown 
in a greenhouse under supplementary lighting and constant 25 T. 

GFP transformation 
Bulked seed from each insertion line were sown on a 2: 1 mixture of 
compost/ven-niculite in separate pots and germinated in the green- 

SAILJ 171_Gl SALK_086794 

. 

'7 
E-- - 1- 

v 
Exon 1 Exon 2 Exon 3 Exon 4 Exon 5 
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Fig. 1. T-DNA insertions in the coding sequence of BIGYIN. The 
SAIL 

- 
1171 

- 
Gil (bigybil-1) allele is predicted to contain a T-DNA 

insertion in the first exon of BIGYIN, while the SALK_086794 (bigyin I- 
2) allele is predicted to contain an insertion in the final (fifth) exon. 

house. At 3-weeks-old, these plants were genetically transformed 
to express mitochondria-targeted GFP (mito-GFP) using the Agro- 
bacterium floral dip method (Clough and Bent, 1998). 
SAIL-1171-GII was generated using pCSAllO (Sessions et al., 
2002) conferring resistance to glufosinate ammonium (BASTA) ill 
planta and so was transformed with the mito-GFP vector 
pBlNmgfp5-atpase, which confers resistance to kanamycin (Logan 
and Leaver, 2000). SALK 

- 
086794 was generated with pROK2 

(Alonso et al., 2003) conferring resistance to kanamycin in planta 
and so was transfon-ned with the mito-GFP vector pMLBARTmgfp5- 
atpase, which confers resistance to BASTA (Logan et al., 2004). 
Mito-GFP T, seedlings of SAIL 

- 
1171 

-GII were first selected by 
germination on MS-agar plates Containing 50 mg 1-1 kanamycin, 
while mito-GFP T, seed of SALK 

- 
086794 were sown on compost 

and the seedlings sprayed twice with 120 mg 1-1 BASTA (when 2 
and 3-weeks-old). Resistant seedlings were screened by epifluor- 
escence microscopy for expression of mito-GFP. 

PCR analysis of putative insertion mutants 
Both SAIL and SALK lines contain T-DNA insertions at known 
sites in the Arabidopsis genome and the SIGnAL iSECT tool 
(http: //signal. salk. edu/isects. html) creates custom gene-specific for- 
ward and reverse PCR primers to check the nature of an insertion 
(absent, hemizygous, homozygous) in any individual plant. For 
SAIL_1171-GII, gene-specific for-ward (5'-GTTAAACATC- 
TAATCGTGAAAGAT-3') and reverse (5'-T7CCAAGCAGAAA- 
CACGAAAAC-3') primers flanking the insertion site were used 
in combination with a primer to the T-DNA left border (LB3 5'- 
TAGCATCTGAATTTCATAACCAATCTCGATACAC-3') to con- 
finn the nature of the insertion (Sessions et al., 2002). For 
SALK-086794, the gene-specific LP (5'-TrCGTrGACITGGC- 
CATTTAC-3') and RP (5'-ATCGAGGTT-TCATCCACT-FC-3') 
primers were used in conjunction with the T-DNA left border pri- 
mer LBbl (5'- GCGTGGACCGCTTGCTGCAACT-3') (Alonso 
et al., 2003). 

Microscopy and image analysis 
GFP-positive plants were examined using either an Olympus BX-40 
(Olympus Optical Co., UK) or Zeiss Axioskop 2 (Carl Zeiss Ltd., 
UK) epifluores cent microscope fitted with cubes for GFP (Olympus 
model 41001, excitation 455-495 nm, emission 510-555 nm; Zeiss 
model 488013, excitation 470-520 nm, emission 505-530 nm). 
Visualization of mitochondria was performed at X 1000 using an oil- 
immersion objective (Olympus x 100 Universal Plan Fluorite, 
numerical aperture=1.3; Zeiss X100 Plan -Apochromat, numerical 
aperture=1.4). Epifluorescent micrographs were captured using 
a monochrome digital camera (F-View, Soft Imaging System 
GmbH, Munster, Germany) coupled to a PC running the analySIS 
software package (Soft Imaging System GmbH, Germany) for image 
analysis and storage. 

Protoplasts were isolated from 2-week-old seedlings under aseptic 
conditions. Briefly, leaf blades were dissected, chopped, and in- 
cubated overnight at room temperature in a standard enzyme solution 
(0.33% w/v cellulase, 0.17% w/v pectinase, 3 mM MES, 7 mM CaC12 
in 0.4 M mannitol). The digested material was sequentially filtered 
through 100 ýim and 40 gm nylon mesh, harvested at 50 g and 
resuspended in 0.5 M mannitol to an approximate concentration of 
IX 106 protoplasts ml- 1. Aliquots of the protoplast suspensions were 
mounted on a microscope slide under a glass cover-slip immediately 
prior to microscopy. Single images were captured of each of 25 intact 
protoplasts, chosen at random, from each of the three experimental 
lines. The plan area of individual mitochondria and their number 
per protoplast-field-of-view were measured in mito-GFP-positive 
wild-type, SAIL 

- 
1171 

- 
GII and SALK086794 protoplasts using 

the analySIS software package. 
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Results and discussion 

Arabidopsis homologues of yeast FIS1 and 
human hFIS1 
The Arabidopsis thaliana genome contains two homo- 
logues of the yeast FIS] and human hFIS1 genes. Analysis 

of their protein sequence using the EMBOSS pairwise 
alignment program (http: //www. ebi. ac. uk/emboss/align/ 
index. htmi) shows that At3g57090 shares highest similarity 
with hFisl (26.7% identity, 48.3% similarity) and other 
FISI-type genes from multicellular organisms, such as the 
Caenorhabditis elegans FIS-2 gene (locus NM_001029389) 
(Fig. 2). Conversely, At5g12390 shares highest similarity 
with yeast Fislp (27.0% identity, 43.8% similarity) (Fig. 2). 
As the Arabidopsis gene symbol FIS is already in use, 
At3g57090 was named BIGYIN, on the basis of the 
mitochondrial phenotype in the T-DNA mutants. 

In silico analysis of the protein structure of BIGYIN or 
At5gI2390 using InterProScan (http: //www. ebi. ac. uk/ 
cgi-bin/iprscan/iprscan) reveals a conserved tetratricopep- 
tide repeat (TPR)-like binding domain (residues 51-139 of 
BIGYIN), common to all Fisl -type proteins (Suzuki et al., 
2003,2005). In addition, all Fisl-type proteins contain a 
single C-tenninal putative transmembrane domain (resi- 
dues 142-164 in BIGYIN) with a topology predicted to 
leave the N-terminal region exposed to the cytoplasm 
(Mozdy et al., 2000; Tieu and Nunnari, 2000; Suzuki 

et al., 2003; Yoon et al., 2003). The C-terrninal structure 
of hFisl has been demonstrated to be essential for mito- 
chondrial localization: the transmembrane region is located 

within the outer-mitochondrial membrane with the C- 
terminal tail localized in the intermembrane space (Yoon 
et al., 2003). The cytosolic N-terminal region of hFisl, 
containing the conserved TPR motifs, has been shown to 
participate in the interaction with the dynamin-like protein, 
DLPI, or a DLPI-containing complex (Yu et al., 2005). 

The second FISI1hFISI homologue in Arabidopsis 
(At5gl2390) sets it apart from yeast and humans, which 
contain only a single copy of a FISI-type gene. However, 
the presence of multiple homologues of mitochondrial 
division genes appears to be a feature of the Arabidopsis 
genome. For example, while yeast, humans, and nematodes 
have a single dynamin-related gene involved in mitochon- 
drial fission, there are at least two dynamin-related genes 
associated with this function in Arabidopsis (Arimura and 
Tsutsumi, 2002; Arimura et al., 2004; Logan et al., 2004). A 
similar analysis of the role of At5g12390 in mitochondrial 
fission is currently hampered by the lack of T-DNA mutants 
of this gene. Future research using alternative reverse ge- 
netics approaches will focus on the role of At5gI2390 in 
mitochondrial dynamics and should reveal any redundancy 
between the two Arabidopsis Fisl-type genes. 

There are fewer, but larger, mitochondria in 
the bigyin mutant 
Mitochondria in yeast FIS1 gene knockouts do not have a 
normal branched-tubular structure, but instead forrn a mito- 
chondrial net. A similar phenotype was observed in knock- 
downs of hFISI in COS-7 cells, although some mitochon- 
dria fonned extended tubules. These phenotypes are thought 

BIGYIN M --- D--AKIGQFFDSVGTFFSGS ----- DKIPWCDGDVIAGCEREVREATDSGTEDLKK 

at5gl2390 M --- D--AAIGKVFDSVSDFFSGAASASADEFPLCDSDIISGCE --- KELAEAQDEGRKK 

Fislp MTKVDFWPTLKDAYEP -------------- LYP --- QQLEIL --- RQQVVSEGGP-TATI 

hFisl M ----- EAVLNELVSV -------------------- EDLLKFEK --- KFQSEKAAGSVSK 

FIS-2 m --- DYGTILEERTNP -------------------- AVLMNARE --- QYMRQCARGDPSA 

BIGYIN ECLMRLSWALVHSRQTEDVQRGIAMLEASLESSAPPLEDREKLYLLAVGYYRSGNYSRSR 

at5gl2390 ECIMRLSWALVHSKMPSDIQRGIAMLEALVVNDTSAMKLREKLYLLALGYYRSGDFSRSR 
Fislp QSRFNYAWGLIKSTDVNDERLGVKILTDIYKEAES--RRRECLYYLTIGCYKLGEYSMAK 
hFisl STQFEYAWCLVRSKYNDDIRKGIVLLEELL-PKGSKEEQRDYVFYLAVGNYRLKEYEKAL 
FIS-2 ASTFAFAHA14IGSKNKLDVKEGIVCLEKLLRDDEDRTSKRNYVYYLAVAHARIKQYDLAL 

BIGYIN QLVDRCIEMQADWRQALVLKKTIEDKITKDGVIGIGITAT-AFGAVGL --- IAGGIVAAM 

at5gl2390 DCIERCLEVEPESGQAQALKKAIEDRIVKDGVIGVGIAVT-AVGVVAG --- IAAAILRS- 

Fisip RYVDTLFEHERNNKQVGALKS14VEDKIQKETLKGVVVAGGVLAGAVAVASF ---- F --- L 

hFisl KYVRGLLQTEPQNNQAKELERLIDKAMKKDGLVG14AIVGG14ALGVAGLAGLIGLAVSKSK 
FIS-2 GYIDVLLDAEGDNQQAKTLKESIKSAMTHDGLIGAAIVGGGALALAGLVAI ------ FSM 

BIGYIN SRKK- 

at5gl2390 ----- 
Fislp RNKRR 
hFisl s---- 

FIS-2 SRK-- 

Fig. 2. Sequence homology between BIGYIN and other FIS- I -type proteins. BIGYIN has a higher sequence similarity to the FIS- I -type proteins from 

multicellular organisms, such as human (hFisl) and Caenorhabditis elegans (FIS-2), than to yeast (Fislp). The regions of highest similarity represent the 

TPR-like binding domain (residues 51-139 in BIGYIN) and the C-ten-ninal transmembrane domain (residues 142-164 in BIGYIN). 
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to result from reduced mitochondrial fission caused by an 
inability to recruit Dnmlp/Drpl (Mozdy et al., 2000; Tieu 
and Nunnari, 2000; Stojanovski et al., 2004). To detennine 
if BIGYIN is a functional orthologue of Fislp/hFisl, the 
mitochondrial phenotype of two independent homozygous 
T-DNA mutants was analysed, SAEL 

- 
1171 

- 
GII 

- 
rnito-GFP 

and SALK086794 
- 

mito-GFP, bearing insertions within 
locus At3g57090 (Fig. 3). The mean mitochondrial plan 
area in wild-type plants was 0.366 ýtm 2-+- 0.003 SE (n=1793; 
Fig. 313). In plants homozygous for either the SAIL or SALK 
mutant allele, named bigyin]-l ftyl-]) and bigyinl-2 
fty]-2), respectively, mitochondrial size was greatly in- 
creased (Fig. 313). In bigyinl-I (SAIL 

- 
1171 

- 
GII 

- mito- 
GFP), the mean mitochondrial plan area was 0.629 
[im 2 --+-0.012 SE (n=1065), while in bigyinl-2 (SAL- 
K_086794-mito-GFP), the mean plan area was 0.710 
ýtM2_+_0.018 SE (n= 10 18) (Fig. 3B). In addition to an increase 
in mitochondrial plan area in bigyin mutants, there is 
a concomitant decrease in the number of mitochondria per 
cell. Wild-type protoplasts; contained an average of 70.8 ±- 6.2 
SE mitochondria per protoplast-field-of-view, compared with 
means of 42.7--1-4.9 SE and 39.7-ý-4.8 SE for bigyin]-l and 
bigyinl-2, respectively (Fig. 3Q. ne net effect of the 
increase in size of individual mitochondria, coupled to the 
decrease in number of mitochondria per cell in bigyin, 
relative to wild-type, is that the total mitochondrial area 
per protoplast varies little between lines. For example, the 
average total mitochondfial plan area for wild-type is 222 25.6 [Im , compared with 27 ýtm and 28.4 pm for 
bigyin]-l and bigyinl-2, respectively. This result suggests 
that the total mitochondrial volume per cell is homeostatically 
controlled, under conditions whereby the non-nal equilibrium 
of mitochondrial fission and fusion is shifted towards fusion, 
and that BIGYIN is not necessary for the maintenance of total 
mitochondfial volume. A similar homeostatic control mech- 
anism for mitochondrial volume was implied in an analysis of 
mitochondria in developing barley or wheat leaves: the 
volume fraction of mitochondria within mature mesophyll 
cells was found to be maintained at 0.6-1% of total cell 
volume (Bowsher and Tobin, 2001). Unfortunately, although 
it is wefl accepted that the equilibrium between mitochondrial 
fission and fusion controls mitochondrial shape, size, and 
number we can find no other analysis in the literature where 
the effect of a shift of this equilibrium on mitochondrial area, 
volume or mass has been quantified. However, similar 
correlations between organelle plan area and number have 
been reported in chloroplast arc mutants, where reductions in 
the number of chloroplasts per cell are linked to increases in 
organelle plan area (Pyke and Leech, 199 1; Pyke and Leech, 
1994; Aldridge et al., 2005). The mitochondrial phenotype of 
bigyin is similar to that in mutants of the Arabidopsis 
dynamin-like genes DRP3A (Arimura et al., 2004; Logan 
et al., 2004) and DRP3B (Arimura and Tsutsumi, 2002; 
1 Scott, AK Tobin, DC Logan, unpublished results) and is 

indicative of a disruption of normal mitochondrial fission. 
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Fig. 3. (A) Mitochondrial morphology in wild-type and bigyin plants. 
Wild-type mitochondria are pleomorphic, although typically spherical or 
sausage-shaped. The SAIL (bigyin1-1) and SALK (bigyin]-2) T-DNA 
insertion mutants have a greatly reduced number of mitochondria per cell 
relative to wild type, but the size of individual mitochondria in the 
mutants is proportionately larger. Scale bar--10 [im. (B) Mean 
mitochondrial plan area in wild-type and bigyin protoplasts. Single 
images were captured of 25 wild-type, SAIL (bigyin1-1) and SALK 
(bigyin]-2) protoplasts and the plan area of all mitochondria measured. 
Means ±SE are calculated from n=1793,1065, and 1018 mitochondria 
for wild-type, SAIL, and SALK protoplasts, respectively. (C) Mean 
number of mitochondria per protop last- fi eld-of-v iew in wild-type and 
bigyin protoplasts. Single images were captured of 25 wild-type, SAIL 
(bigyin1-1) and SALK (bigyin]-2) protoplasts and the mean number 
-SE of mitochondria per protoplast-field-of-view was calculated. 
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BIGYIN is a functional homologue of FIS1/hFIS1 
Segregation analyses were perfonned to confirm whether or 
not the aberrant mitochondrial morphology phenotype was 
due to a homozygous T-DNA insertion in the BIGYIN gene. 
The mitochondrial morphology of 104 T2 individuals of 
line SAIL_ 117 1 

_G 
II 

-mito-GFP was analysed by epifluor- 
escent microscopy and 28 were identified as having an 
abnormal mitochondrial morphology phenotype. Statistical 
analysis of the result, using the chi-square (X test, shows 
that the observed segregation ratio of 2.7: 1 (wild-type: - 
mutant) concurs closely with the 3: 1 Mendelian segregation 
ratio expected for a single, recessive nuclear gene (P >0.6, 
df=l, n=104). PCR analysis of the 104 T2plants showed 
that all 28 individuals with aberrant mitochondrial mor- 
phology were homozygous for the mutant allele. The 
remaining 76 plants with wild-type mitochondrial mor- 
phology were either homozygous wild-type or hernizygous 
for the T-DNA insertion. A similar mitochondrial mor- 
phology analysis of the offspring from a TI SAL- 
K-086794-mito-GFP hemizygote revealed a segregation 
ratio of 2.6: 1 (wild-type: mutant), which also correlated 
with the expected 3: 1 Mendelian segregation ratio for 
a single, recessive nuclear gene (X 2 test, P >0.6, df=l, 
n=58). It is concluded that BIGYIN is an Arabidopsis 
functional orthologue of yeast FISI and human hFIS1 and 
is involved in mitochondrial fission. 

Acknowledgments 

We thank Harry Hodge for technical assistance in the laboratory, 
growth rooms, and greenhouse. We thank Syngenta Biotechnology 
Inc., Triangle Park, North Carolina USA and the Nottingham 
Arabidopsis Stock Centre (NASC, University of Nottingham, UK) 
for provision of the SAIL and SALK lines, respectively. This work 
was funded by a UK Biotechnology and Biological Sciences 
Research Council studentship to IS and research grants (G15541 
and BBC0001291) to AKT and DCL. 

References 

Aldridge C, Maple J, Moller SG. 2005. The molecular biology of 
plastid division in higher plants. Journal of Experimental Botany 
56,1061-1077. 

Alonso JM, Stepanova AN, Leisse TJ, et al. 2003. Genome-wide 
insertional mutagenesis of Arabidopsis thaliana. Science 301, 
653-657. 

Arimura S, Aida GP, Fujimoto M, Nakazono M, Tsutsumi N. 
2004. Arabidopsis dynamin-like protein 2a (ADL2a), like ADL2b, 
is involved in plant mitochondrial division. Plant and Cell 
Physiology 45,236-242. 

Arimura S, Tsutsumi N. 2002. A dynamin-like protein (ADL2b), 
rather than FtsZ, is involved in Arabidopsis mitochondrial di- 
vision. Proceedings of the National Academy of Sciences, USA 99, 
5727-5731. 

Bowsher CG, Tobin AK. 2001. Compartmentation of metabolism 
within mitochondria and plastids. Journal of Experimental Botany 
52,513-527. 

Cerveny KL, Jensen RE. 2003. The WD-repeats of Net2p interact 
with Dnmlp and Fislp to regulate division of mitochondria. 
Molecular Biology of the Cell 14,4126-4139. 

Cerveny KL, McCaffery JM, Jensen RE. 2001. Division of 
mitochondria requires a novel DNMI -interacting protein, Net2p. 
Molecular Biology of the Cell 12,309-321. 

Clough SJ, Bent AF. 1998. Floral dip: a simplified method for 
Agrobacterium-mediated transformation of Arabidopsis thaliana. 
The Plant Journal 16,735-743. 

Fekkes P, Shepard KA, Yaffe MP. 2000. Gag3p, an outer membrane 
protein required for fission of mitochondrial tubules. Journal of 
Cell Biology 151,333-340. 

Gish W, States Dj. 1993. Identification of protein coding regions by 
database similarity search. Nature Genetics 3,266-272. 

Hermann Gj, King EJ, Shaw JM. 1997. The yeast gene, MDM20, 
is necessary for mitochondrial inheritance and organization of the 
actin cytoskeleton. Journal of Cell Biology 137,141-153. 

James D1, Parone PA, Mattenberger Y, Martinou JC. 2003. 
hFis I, a novel component of the mammalian mitochondrial fission 
machinery. Journal of Biological Chemistry 278,36373-36379. 

Logan DC. 2003. Mitochondrial dynamics. New Phytologist 160, 
463-478. 

Logan DC, Leaver Cj. 2000. Mitochondria-targeted GFP highlights 
the heterogeneity of mitochondrial shape, size and movement 
within living plant cells. Journal of Experimental Botany 51, 
865-871. 

Logan DC, Scott 1, Tobin AK. 2004. ADL2a, like ADL2b, is 
involved in the control of higher plant mitochondrial morphology. 
Journal of Experimental Botany 55,783-785. 

Mozdy AD, McCaffery JM, Shaw JM. 2000. Dnmlp GTPase- 
mediated mitochondrial fission is a multi-step process requiring the 
novel integral membrane component Fislp. Journal of Cell 
Biology 151,367-380. 

Murashige T, Skoog F. 1962. A revised medium for rapid growth 
and bioassays with tobacco tissue cultures. Physiologia Planta- 
rium 15,473-497. 

Okamoto K, Shaw JM. 2005. Mitochondrial morphology and 
dynamics in yeast and multicellular eukaryotes. Annual Review 
of Genetics 10.1 146/annurev. genet. 38.072902.093019. 

Otsuga D, Keegan BR, Brisch E, Thatcher JW, Hermann Gj, 
Bleazard W, Shaw JM. 1998. The dynamin-related GTPase, 
Dnmlp, controls mitochondrial morphology in yeast. Journal of 
Cell Biology 143,333-349. 

Pyke KA, Leech RM. 1991. Rapid image-analysis screening- 
procedure for identifying chloroplast number mutants in 
mesophyll-cells of Arabidopsis thaliana (L. ) Heynh. Plant 
Physiology 96,1193-1195. 

Pyke KA, Leech RM. 1994. A genetic analysis of chloroplast 
division and expansion in Arabidopsis thaliana. Plant Physiology 
104,201-207. 

Sesaki H, Jensen RE. 1999. Division versus fusion: Dnmlp and 
Fzolp antagonistically regulate mitochondrial shape. Journal of 
Cell Biology 147,699-706. 

Sessions A, Burke E, Presting G, et al. 2002. A high-throughput 
Arabidopsis reverse genetics system. The Plant Cell 14, 
2985-2994. 

Smirnova E, Griparic L, Shurland DL, van der Bliek AM. 2001. 
Dynamin-related protein Drp I is required for mitochondrial division 
in mammalian cells. Molecular Biology of the Cell 12,2245-2256. 

Stojanovski D, Koutsopoulos OS, Okamoto K, Ryan MT. 2004. 
Levels of human Fisl at the mitochondrial outer membrane 
regulate mitochondrial morphology. Journal of Cell Science 117, 
1201-1210. 

Suzuki M, Jeong SY, Karbowski M, Youle Rj, Tjandra N. 2003. 
The solution structure of human mitochondria fission protein Fisl 



6 of 6 Scott et al. 

reveals a novel TPR-like helix bundle. Journal of Molecular 
Biology 334,445-458. 

Suzuki M, Neutzner A, Tjandra N, Youle Rj. 2005. Novel 
structure of the N-terminus in yeast Fisl correlates with a special- 
ized function in mitochondrial fission. Journal of Biological 
Chemistry 280,21444-21452. 

Tieu Q, Nunnari 1 2000. Mdvlp is a WD repeat protein that 
interacts with the dynarnin- related GTPase, Dnrnlp, to trigger 
mitochondrial division. Journal of Cell Biology 143,353-365. 

Yoon. Y, Krueger EW, Oswald Bj, McNiven MA. 2003. The 
mitochondrial protein hFisl regulates mitochondrial fission in 
mammalian cells through an interaction with the dynamin-like 
protein DLP I. Molecular and Cellular Biology 23,5409-5420. 

Youle Rj, Karbowski M. 2005. Mitochondrial fission in apoptosis. 
Nature Reviews Molecular Cell Biology 6,657-663. 

Yu T, Fox Rj, Burwell LS, Yoon Y. 2005. Regulation of 
mitochondrial fission and apoptosis by the mitochondrial outer 
membrane protein hFisl. Journalo Cell Science 118,4141-4151. f 



Appendix Four 

Genes in delineated map 
regions of mmtl and nmt 



Genes in putative mmtl and nmt reqions 

mmtl 

F5J6 

AT2G17440.1 
leucine-rich repeat family protein, contains Pfam PF00560: Leucine Rich Repeats 
AT2G17430.1 
seven transmembrane MILO family protein / MLO-like protein 7 (ML07), identical to membrane protein MIo7 (Arabidopsis 
thaliana) gijl409l584lgblAAK53800; similar to MLO protein SWISS-PROT: P93766, NCBI_gi: l 877221 (Hordeum 
vulgare)(Barley) 
AT2G 17470.1 
expressed protein, contains Pfam profile PF01027: Uncharacterized protein family UPF0005 
AT2G17460.1 
Mutator-like transposase family, has a 5.5e-22 P-value blast match to 065231 /281-442 Pfam PF03108 MuDR family 
transposase (MuDr-element domain) 
AT2G17450.1 
zinc finger (C3HC4-type RING finger) family protein, contains Pfam domain, PF00097: Zinc finger, C3HC4 type (RING 
finger) 
AT2G17480.1 
seven transmembrane MLO family protein / MLO-like protein 8 (ML08), identical to membrane protein MIo8 (Arabidopsis 
thaliana) gill 40915861gblAAK53801; similar to MLO protein SWISS-PROT: P93766, NCBI_gi: 1877221 (Hordeum 
vulgare)(Barley) 
AT2G17350.1 
expressed protein 
AT2G17410.1 
ARID/BRIGHT DNA-binding domain-containing protein, contains Pfam profile PF01388: ARID/BRIGHT DNA binding 
domain 
AT2G17420.1 
similar to thioredoxin reductase 1/ NADPH-dependent thioredoxin reductase 1 (NTRl) [Arabidopsis thaliana] 
(TAIR: At4g35460.1); similar to NADPH-thioredoxin reductase [Triticum aestivum] (GB: CAD1 9162.1); contains InterPro 
domain Thioredoxin reductase (InterPro: IPROO5982); contains InterPro domain Pyridine nucleotide-disulphide 
oxidoreductase, class I (InterPro: [PRO01 100); contains InterPro domain FAD-dependent pyridine nucleotide-disulphide 
oxidoreductase (InterPro: IPROO1327); contains InterPro domain Pyridine nucleotide-disulphide oxidoreductase, class-11, 
active site (InterPro: IPROO8255); contains InterPro domain Adrenodoxin reductase (interPro: IPROO0759); contains 
InterPro domain Pyridine nucleotide-disulphide oxidoreductase, class-11 (interPro: IPROO0103) 
AT2G17370.1 
3-hydroxy-3-methylglutaryl-CoA reductase 2/ HIVIG-CoA reductase 2 (HMGR2), identical to SPIP43256 3-hydroxy-3- 
methylglutaryl-coenzyme A reductase 2 (EC 1.1.1.34) (HMG- CoA reductase 2) (HMGR2) (Arabidopsis thaliana} 
AT2G17360.1 
40S ribosomal protein S4 (RPS4A), contains ribosomal protein S4 signature from residues 8 to 22 
AT2G17380.1 
clathrin assembly protein AP1 9, identical to clathrin assembly protein AP1 9 GI: 2231698 from (Arabidopsis thaliana) 
AT2G17390.1 
ankyrin repeat family protein, contains ankyrin repeats, Pfam: PF00023 
AT2G17340.1 
pantothenate kinase-related, contains Pfam domain, PF01937: Protein of unknown function; supported by tandem 
duplication of pantothenate kinase -related protein (TIGR_Athl: At2gl7320) (Arabidopsis thaliana) 
AT2G17290.1 
calcium-dependent protein kinase isoform 6 (CPK6), identical to calmodulin-domain protein kinase CDPK isoform 6 
(Arabidopsis thaliana) gill 3992751gblAABO3246; contains protein kinase domain, Pfam-. PF00069; contains EF hand 
domain (calcium-binding EF-hand), Pfam: PF00036, INTERPRO: IPROO2048 
AT2Q1 7330.1 
pseudogene, obtusifoliol 14-alpha demethylase, putative, similar to obtusifoliol 14-alpha demethylase GI: 14624983 from 
(Arabidopsis thaliana); blastp match of 72% identity and 1.9e-l 77 P-value to GP1274610671gblAAL40888.1 IJAY065641 

obtusifoliol-14-demethylase {Nicotiana tabacum) 
AT2G17320.1 
pantothenate kinase-related, similar to Probable pantothenate kinase 1 (Pantothenic acid kinase 1) (Swiss-Prot: Q8L5Y9) 
(Arabidopsis thaliana); similar to Pantothenate kinase 4 (Pantothenic acid kinase 4) (hPanK4) (Swiss-Prot: Q9NVE7) 
(Homo sapiens); contains Pfam PF01937: Protein of unknown function 
AT2G17310.1 
F-box family protein, contains F-box domain Pfam: PF00646 
AT2G17305.1 
hypothetical protein 
AT2G17300.1 
expressed protein 



AT2G17265.1 
homoserine kinase (HSK), identical to homoserine kinase (Arabidopsis thaliana) gil49274121gblAAD33097 
AT2G17280.1 
ph os ph Og lycerate/bisph osphog lyce rate mutase family protein, contains Pfam profile PF00300: phosphoglycerate mutase family 
AT2G17270.1 
mitochondrial substrate carrier family protein, contains Pfam profile: PF001 53 mitochondrial carrier protein 
AT2G17260.1 
glutamate receptor family protein (GLR3.1) (GLR2), identical to putative glutamate receptor GLR2 (Arabidopsis thaliana) 
gij418574OjgbjAAD09174; plant glutamate receptor family, PMIDA 1379626 
AT2G17295.1 
snoRNA 
AT2G17442.1 
expressed protein 

MJB20 

AT2G17510.1 
ribonuclease 11 family protein, similar to SPIP37202 Mitotic control protein dis3 {Schizosaccharomyces pombe); contains 
Pfam profile PF00773: RNB-like protein 
AT2G17500.1 
auxin efflux carrier family protein, contains auxin efflux carrier domain, Pfam: PF03547 
AT2G17490-1 
copia-like retrotransposon family, has a 9.3e-1 99 P-value blast match to gblAA07352 1.11 gag-pol polyprotein (Glycine 
max) (SIRE1) (Tyl_Copia-family) 
AT2G17600.1 
DC11 domain-containing protein, contains Pfam profile PF03107: DC1 domain 
AT2G17590.1 
DC1 domain-containing protein, contains Pfam profile PF03107: DC1 domain 
AT2G17610.1 
non-LTR retrotransposon family (LINE), has a 3.6e-21 P-value blast match to GB: AAA39398 ORF2 (Mus musculus) 
(LINE-element) 
AT2G17550.1 
expressed protein 
AT2G17560.1 
high mobility group protein gamma (HMGgamma) / HMG protein gamma, nearly identical to HMG protein (HMGgamma) 
(Arabidopsis thaliana) GI: 2832355 
AT2G17580.1 
polynucleotide adenylyltransferase family protein, similar to SPIP13685 Poly(A) polymerase (EC 2.7.7.19) {Escherichia 
coli 0157: 1-17); contains Pfam profile PF01 743: polyA polymerase family protein 
AT2G17570.1 
undecaprenyl pyrophosphate synthetase family protein / UPP synthetase family protein, contains putative undecaprenyl 
diphosphate synthase domain (PF01 255); similar to dehydrodolichyl diphosphate synthetase (DEDOL-PP synthase) 
(GI: 796076) and S. cerevisiae Rer2 (SPIP35196) 
AT2G17520.1 
protein kinase family protein / Irell homolog-2 (IRE1-2), contains protein kinase domain, Pfam: PF00069; identical to Irel 
homolog-2 (Arabidopsis thaliana) GI: 15277139, cDNA Irel homolog-2 GI: 15277138 
AT2G17540.2 
expressed protein 
AT2G17530.1 
protein kinase family protein, identical to SRPK2 (Arabidopsis thaliana) gil9843645lembICAC03676; contains protein 
kinase domain, Pfam: PF00069 
AT2G17525.1 
pentatricopeptide (PPR) repeat-containing protein, contains Pfam profile PF01 535: PPR repeat; gene structure supported 
by cDNA sequence and Brassica genome sequence alignments. 
AT2G17500.3 
auxin efflux carrier family protein, contains auxin efflux carrier domain, Pfam: PF03547 
AT2G17500.2 
auxin efflux carrier family protein, contains auxin efflux carrier domain, Pfam: PF03547 
AT2G17540.1 
expressed protein 
AT2G17500.4 
similar to auxin efflux carrier family protein [Arabidopsis thaliana] (TAIR: At5g65980.1); similar to unknown protein [Oryza 
sativa Oaponica cultivar-group)] (GB: AAW56872.1); contains InterPro domain Auxin Efflux Carrier (InterPro: IPROO4776) 
AT2G17560.2 
similar to high mobility group protein delta (HMGdelta) / HMG protein delta [Arabidopsis thaliana] (TAIR: At4g35570.1); 
similar to HMG-1 like protein gene [Glycine max] (GB: CAA41200.1); similar to high mobility group protein [Solanum 
tuberosum] (GB: CAA05365.1); contains InterPro domain HMG1/2 (high mobility group) box (InterPro: IPROO0910) 



T19E12 

AT2G17650.1 
AMP-dependent synthetase and ligase family protein, similar to AMP-binding protein GI: 1903034 from (Brassica napus); 
contains Pfarn AMP-binding domain PF00501; identical to cIDNA adenosine monophosphate binding protein 2 AMPBP2 
(AMPBP2) GI: 207997112 
AT2G 17660.1 
nitrate-responsive NOI protein, putative, similar to nitrate-induced NOI protein (Zea mays) GI: 2642213 
AT2G17620.1 
cyclin, putative (CYC2a), similar to cyclin 2b protein (Arabidopsis thaliana) GI: 509423; contains Pfam profiles PF001 34: 
Cyclin, N-terminal domain, PF02984: Cyclin, C-terminal domain; identical to cIDNA cyc2a mRNA for cyclin 2a protein GI: 728518 
AT2G17640.1 
serine O-acetyltransferase, putative (SAT-1 06), similar to Arabidopsis thaliana serine acetyltra n sfe rase GI: 905391 
AT2G17630.1 
phosphoserine aminotransferase, putative, similar to Phosphoserine aminotransferase, chloroplast precursor (PSAT) 
(SP: Q96255) (Arabidopsis thaliana); contains TIGRFAM TIGRO1364: phosphoserine aminotransferase; contains Pfam 
PF00266: aminotransferase, class V 
AT2G17610.1 
non-LTR retrotransposon family (LINE), has a 3.6e-21 P-value blast match to GB: AAA39398 ORF2 (Mus musculus) 
(LINE-element) 

nmt 

MWD9 
AT5G22350.1 
expressed protein 
AT5G22330.1 
TATA box-binding protein-interacting protein-related, similar to TATA box-binding protein-interacting protein SP: 035753 
from ( Mus musculus) 
AT5G22340.1 
expressed protein 
AT5G22355.1 
DC1 domain-containing protein, contains Pfam PF03107: DC1 domain; similar to UL13 (Arabidopsis thaliana) 
GI: 17225050 
AT5G2241 0.1 
peroxidase, putative, identical to peroxiclase ATP1 4a (Arabidopsis thaliana) gil 1 546690lembICAA67335 
AT5G22400.1 
rac GTPase activating protein, putative, similar to rac GTPase activating protein 1 (Lotus japonicus) GI: 3695059; contains 
Pfam profile PF00620: RhoGAP domain 
AT5G22420.1 
acyl CoA reductase, putative, similar to acyl CoA reductase (Simmondsia chinensis) GI: 5020215; contains Pfam profile 
PF03015: Male sterility protein 
AT5G22380.1 
no apical meristern (NAM) family protein, contains Pfam PF02365: No apical meristern (NAM) domain; 
AT5G22390.1 
expressed protein 
AT5G22370.1 
ATIP-binding family protein, contains Pfam domain, PF03029: Conserved hypothetical ATIP binding protein 
AT5G22360.1 
synaptobrevin family protein, similar to Synaptobrevin-like protein 1 (SP: P51809) (Homo sapiens) 
AT5G22320.1 
leucine-rich repeat family protein, contains leucine rich repeat (LRR) domains, Pfam: PF00560 
AT5G2231 0.1 
expressed protein 
AT5G22460.1 
estera se/I i pa se/th i oeste rase family protein, low similarity to 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate hydrolase 
(Rhodococcus sp. RHAII) GI: 897831 1, SPIQ02104 Lipase 1 precursor (EC 3.1.1.3) (Triacylglycerol lipase) (Psychrobacter 
immobilis); contains Interpro entry IPROO0379 
AT5G22480.1 
zinc finger (ZPR1 -type) family protein, contains Pfam doamin, PF03367: ZPR1 zinc-finger domain 
AT5G22470.1 
similar to poly (ADP-ribose) polymerase, putative / NAD(+) ADP-ribosyltransferase, putative / poly(ADP-ribose) 
synthetase, putative [Arabidopsis thaliana] (TAIR: At2g3l320.1); similar to putative seed maturation protein [Oryza sativa 
Oaponica cultivar-group)] (GB: XP_466090.1); contains InterPro domain WGR (interPro: IPROO8893); contains InterPro 
domain Poly(ADP-ribose) polymerase, catalytic region (InterPro: IPROO1290); contains InterPro domain BRCT 



(I nterPro: I PRO01 357) 
AT5G22450.1 
expressed protein 
AT5G22430.1 
expressed protein 
AT5G22440.1 
60S ribosomal protein L10A (RPL1OaC) 
AT5G22315.1 
tRNA-Gln (anticodon: CTG) 
AT5G22460.2 
estera se/I i pase/th i oeste rase family protein, low similarity to 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate hydrolase 
(Rhodococcus sp. RHA1) GI: 897831 1, SPIQ02104 Lipase 1 precursor (EC 3.1.1.3) (Triacylglycerol lipase) (Psychrobacter 
immobilis); contains Interpro entry IPROO0379 
AT5G22340.2 
expressed protein 

MQJ16 
AT5G22530.1 
expressed protein 
AT5G22520.1 
expressed protein 
AT5G22545.1 
expressed protein 
AT5G22550.1 
expressed protein, contains Pfam profile PF03140: Plant protein of unknown function 
AT5G22540.1 
expressed protein, contains Pfam profile PF03140: Plant protein of unknown function 
AT5G22555.1 
expressed protein 
AT5G22600.1 
expressed protein, ; expression supported by MPSS 
AT5G22580.1 
expressed protein 
AT5G22590.1 
hypothetical protein 
AT5G22560.1 
expressed protein, contains Pfam profile PF03140: Plant protein of unknown function 
AT5G22570.1 
WRKY family transcription factor, contains Pfam profile: PF03106 WRKY DNA -binding domain 
AT5G22480.1 
zinc finger (ZPR1 -type) family protein, contains Pfam doamin, PF03367: ZPR1 zinc-finger domain 
AT5G22490.1 
condensation domain-containing protein, contains Pfam profile PF00668: Condensation domain 
AT5G2251 0.1 
beta-fructofuranosidase, putative / invertase, putative / saccharase, putative / beta-fructosidase, putative, similar to neutral 
invertase (Daucus carota) GI: 4200165; contains Pfam profile PF04853: Plant neutral invertase 
AT5G22500.1 
acyl CoA reductase, putative / male-sterility protein, putative, similar to acyl CoA reductase (Simmondsia chinensis) 
GI: 5020215; contains Pfam profile PF03015: Male sterility protein; identical to cDNA male sterility 2-like protein 
GI: 1491614 
AT5G22550.2 
expressed protein, contains Pfam profile PF03140: Plant protein of unknown function 


