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ABSTRACT  

Mitochondrial architecture varies remarkably from one tissue to another, and aberrations in 

mitochondrial architecture are associated with several dysfunctions. This indicates that 

mitochondrial function and architecture are intertwined. Existing literature has contributed 

significantly to our current understanding of the role mitochondria play in ATP production, and 

apoptosis. However, our understanding of how mitochondria attain their definite shape to perform 

their routine functions is less clear. The inner mitochondrial morphology is characterized by cristae 

which undergo membrane bending at cristae junctions. The cristae can be lamellar, tubular, or 

triangular in astrocytes. Moreover, cristae structure is associated directly with mitochondrial 

function. High energy-demanding tissues such as neurons and skeletal muscles show mainly 

lamellar cristae, suggesting a large planer membrane area is essential to accommodate the 

respiratory chain complexes. While the mitochondrial contact site and cristae organizing system 

(MICOS) plays a critical role in the formation of cristae, the mechanism of cristae formation is a 

sophisticated process that has not yet been fully elucidated.  

The aim of this study was to characterize a Caenorhabditis elegans (C. elegans) strain presenting 

with a MICOS subunit (Mic27) deficiency. The mutant C. elegans strain (VC1196) harbours a 

mutation in moma-1 gene which is an ortholog of mammalian APOOL. Existing literature suggests 

that coordination of the MICOS complex with respiratory complexes and lipids establishes the inner 

membrane architecture as an assembly of Mic27 and Mic10 is highly dependent on mitochondrial 

lipid cardiolipin and respiratory complexes. Thus, the results obtained in this study support the 

initially stated hypothesis as the VC1196 knockout deficient in the MICOS subunit showed aberrant 

cristae morphology, decreased mitochondrial oxidative phosphorylation (OXPHOS) enzyme 

activity and, respiration as well as poor scores in phenotypic assays. The pronounced disease 

phenotype in the VC1196 strain re-ported in this study illustrated its usefulness as a mitochondrial 

disease model for future studies in this field.  
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1. CHAPTER ONE 

 

Chapter summary  

This chapter gives an overview of the dissertation. Introduction to the inner and outer structure of 

the mitochondria is given as well as the linkage with the MICOS complex. 

1.1. Introduction  

Mitochondria are highly specialized organelles present in almost all eukaryotic cells (Roger et al., 

2017). These dynamic organelles possess a sophisticated and distinctive architecture that is 

characterized by the inner mitochondrial membrane (IMM) and outer mitochondrial membrane 

(OMM) (Khosvari et al., 2020). In addition, the former is further compartmentalized into two 

regions: the (1) inner boundary membrane (IBM) and (2) inner cristae membrane (ICM). 

Mitochondria are involved in synthesis of haem, steroids, amino acids (AA), phospholipids and iron 

sulphur clusters (Hamza et al., 2012). In higher eukaryotes, mitochondria play a pivotal role in 

calcium signalling and apoptosis (Hajnóczky et al., 2003). In order to perform these functions, the 

mitochondria must establish and maintain the ultrastructure that determines the function of these 

organelles (Cserép et al., 2018). The IBM of normal mitochondria is characterized by fenestrated 

laminar and tubular cristae with cristae junctions creating pores, intercristae, and intermembrane 

spaces (Huynen et al., 2016). Contrary to this, aberrant mitochondria are characterized by cristae 

membranes which are organized in concentric circles resembling an onion-like structure (Bornhövd 

et al., 2006). 

Hoppins et al. (2011) proposed that formation of the filamentous structure within the IMM of 

budding Saccharomyces cerevisiae mitochondria is facilitated by the MICOS complex. A recent 

study revealed that a core subunit (Mic60) physically interacts with various IM and OM proteins 

thereby establishing a contact site (Stoldt et al., 2019). Moreover, this study also showed that 

MICOS subunits of both human and yeast form intricately arranged clusters within the IMM, 

frequently confined in opposing distribution bands that can adopt a helical order. The sub-complex 

containing Mic10 plays a crucial role in stabilizing cristae junctions and has membrane-bending 

attributes which shape cristae junctions (Callegari et al., 2019). This is indicative that the MICOS 

complex is crucial for IM morphogenesis.  

In addition to the above, previous studies also link Optic Atrophy 1 (OPA1) (Yamaguchi et al., 

2008) and F1F0-ATP synthase (Davies et al., 2012) as other crucial factors for mitochondrial cristae 

ultrastructure. The OPA1 localizes in the IM where it regulates mitochondrial cristae structure and 
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fusion (Yamaguchi et al., 2008; Cogliati et al., 2013). Furthermore, OPA1 exists as a virtually 

stoichiometric mix of soluble intermembrane space (IMS) localized short (S-OPA1) and IM-

anchored long (L-OPA1) forms (Ishihara et al., 2006).  

The MICOS complex is at the centre of mitochondrial morphology management as it plays a pivotal 

role in the formation, maintenance and stabilization of mitochondrial cristae (Eramo et al., 2019). 

This protein complex consists of at least seven subunits in mammalian cells: Mic10, Mic13, Mic19, 

Mic25, Mic26, Mic27 and Mic60 (Ott et al., 2015; Huynen et al., 2016). Many of these subunits 

have orthologs in C. elegans and other eukaryotes (reviewed in Munoz-Gomez et al., 2015). The 

MICOS strain under investigation (VC1196) harbours a mutation in moma-1 gene, an ortholog of 

APOOL which encodes Mic27 and has a Mic27 deficiency. Mic27 and Mic26 are cooperatively 

required for the integrity of F1F0-ATP synthase and integration of F1 into the monomeric F1F0-ATP 

synthase (Weber et al., 2013). The nematodes, C. elegans contains many genes that have functional 

counterparts in humans which makes it an extremely useful model for human diseases (The C. 

elegans sequencing consortium 1998). The primary aim of this study was to characterise a C. 

elegans strain presenting with a MICOS subunit deficiency (Mic27). In addition, the study further 

consisted of five objaectives which included (1) genotyping using PCR, (2) detection of 

mitochondrial ultrastructure using transmission electron microscopy (TEM), (3) measuring oxygen 

consumption rate (ORC) in intact nematodes using Oroboros instrument, (4) measuring enzyme 

activity using crude nematode mitochondria, and (5) phenotipical charactirization.   

 

1.2. Dissertation outline   

This MSc dissertation is presented in chapter format as per the requirements of North-West 

University (NWU). The study is organized into five chapters with literature cited listed at the end of 

chapter 5.  

Chapter 2: summarizes existing literature on mitochondrial research, the OXPHOS system as well 

as mitochondrial diseases with focus on MICOS subunit deficiency particularly in the nematode C. 

elegans. This section of the dissertation also provides the research rational, problem statement and 

the aims and objectives. 

Chapter 3: provides in depth information about the methodologies and data analyses that were 

employed to achieve the aims and objectives of this study. All the reagents used as well as suppliers 

are listed.  

Chapter 4: provides a summary of the results and discussion in the context of literature.  
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Chapter 5: provides the conclusions of the study as well as possible future perspectives. A list of 

full references follows imediately after chapter five. 
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2. CHAPTER TWO: LITERATURE REVIEW 

Chapter summary  

This chapter gives a detailed overview of the general mitochondrial dynamics, functions, 

arrangement of different constituents and machineries involved in this vital organelle responsible 

for a variety of functions including energy production, cellular metabolism. Furthermore, this 

chapter links the mitochondrial contact site and cristae organizing system (MICOS) to 

mitochondrial dynamics. This multiprotein complex (MICOS) is associated with the formation and 

maintenance of mitochondrial cristae, which are integral structures that harbours the complexes of 

the respiratory chain and F1F0-ATP synthase. The MICOS is located at cristae junctions which are 

narrow openings that connect the cristae membranes to the inner membrane boundary (IMM), and it 

forms contact with the outer mitochondrial membrane (OMM). Better understanding of MICOS can 

be a useful tool to unravel mitochondrial related disorders which is imperative in diagnosis and 

treatment for patients. Moreover, details of the disease model (Caenorhabditis elegans) that is 

utilized to study the aberrations in MICOS is given. The utility of this nematode in mitochondrial 

research is embedded in the extremely conserved nature of mitochondrial morphology, composition 

and function across evolution.  

2.1. The mitochondrion 

The mitochondrion (plural mitochondria) is a membrane-bound organelle that is found in the 

cytoplasm of eukaryotic cells (Garcia et al., 2019). This organelle plays a pivotal role in the 

generation of cellular energy in the form of adenosine triphosphate (ATP). In addition, the 

mitochondrion generates heat, stores calcium for cell signalling activities and mediates cell growth 

and death. The size of a mitochondrion ranges from 0.5 to 10 µm and is typically round (Garcia et 

al., 2019). Moreover, mitochondrial mass per cell differs broadly; for instance, liver cells and 

muscles cells comprise of hundreds or even thousands of mitochondria (Garrett and Grisham, 2013; 

Chinnery and Hudson., 2013). 

Mitochondrial diseases are group of various chronic, often genetically heritable disorders that are 

characterized by failure of the mitochondria to produce enough ATP for the body to function 

properly (Yi and Doug., 2016). Mitochondrial diseases can be present at birth but, can also occur at 

any age and are becoming clinically prominent worldwide (Chinery and Hudson., 2013; Rackham 

and Filipovska., 2014). Moreover, mitochondria contribute fundamentally to the cohort of inborn 

errors of metabolism with an estimated prevalence of 1 in 5000 people across a lifetime (Schaefer et 

al., 2004; Yi and Doug., 2016). High energy demand organs such as the heart, brain and skeletal 

muscles are frequently affected by mitochondrial diseases (Horvarth et al., 2009). Parkinson’s 
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disease (PD) for example, which is a second most common neurodegenerative disorder affecting 2-

3% of the global population over 65 years (Poewe et al., 2017), is linked with loss of dopaminergic 

neurons and  a subsequent depletion of dopamine at the striatum (Kashimori et al., 2016). 

Diminished mitochondrial function, toxic accumulation of ROS and altered cristae morphology are 

pathological hallmarks of a variety of human diseases including diabetes and PD (Shoffner et al., 

1993; Baloyannis et al., 2006; Van Laar et al., 2016).  

2.1.1. Mitochondrial morphology and structure 

Mitochondria are known as the powerhouse of eukaryotic cells, mitochondria contain 

approximately 1500 and 1000 different proteins in humans and yeast, respectively (Sickmann et al., 

2003; Reinders et al., 2006 and Calvo et al., 2006). Moreover, mitochondria have unique replication 

and transcription machineries, making them the only autonomous organelles in eukaryotic cells to 

display such high-level architecture (Ramachandran et al., 2016). Specific mitochondrial functions 

like calcium signaling (Rizzuto et al., 2009), production of energy via the electron transport chain 

(ETC) (Garrett and Grisham, 2013) and the biosynthesis of cofactors, lipids and amino acids 

(Becker et al., 2008) have been discovered over the years. Furthermore, mitochondria are 

significant components for cellular metabolism regulation, haem synthesis, and programmed 

apoptosis in addition to energy production (Chinnery and Hudson., 2013).  

Mitochondrial structure is categorized by dual membranes. One membrane surrounds the other 

where the OMM separates the mitochondrion from the cytosol and the IMM defines the matrix as 

depicted in figure 2-2 (A). The tricarboxylic acid cycle (TCA) enzymes in the matrix utilize 

pyruvate and fatty acids as substrates to drive ATP production by OXPHOS. TCA cycle 

intermediates activate the ETC to drive protons out of the matrix across the IMM leading to a 

proton gradient that is utilized by ATP synthases to generates ATP within the matrix (igure 2-2 (B). 

ETC and ATP synthase complexes are located in the invaginations of the inner membrane known as 

cristae figure 2-2 (C) (Bohnert et al., 2015). 
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Figure 2-1: Detailed schematic representation of mitochondrial dynamics. (A) The OM 

separates the mitochondria from the cytosol, the matrix which carries TCA cycle enzymes is 

enclosed by the IM. (B) Depicts cristae morphology and protein localization that facilitates 

production of ATP. (C)  Comprehensive physiological annotation of mitochondrion with both inner 

and outer membrane separated by intermembrane space. Image adapted from (Garcia et al., 2019). 

The actual mitochondrial morphology exhibits a large heterogeneity on metabolic conditions and is 

linked with diverse physiological conditions and their explicit subcellular energy demands (Perkins 

and Ellisman., 2011). Typically, mitochondria display a lamellar and tubular cristae composition 

within the brain (Perkins et al., 2001). Proteins of the outer mitochondrial membrane are 

incorporated, depending on the contents of their secondary structure, α-helix proteins are primarily 

recognized and introduced by translocase of the outer membrane (TOM) and/ the mitochondrial 

import (MIM) complex (Vogtle et al., 2009). Conversely, proteins containing β-barrels are 

introduced by TOM and integrated utilizing the sorting and assembly machinery (SAM). 

Interestingly, mitochondria can form an endoplasmic reticulum (ER)- mitochondrial encounter 

structure (ERMES) to physically interact and communicate with ER (Wiedemann and Pfanner., 

2017). 

2.1.2. Electron Transport Chain (ETC) 

A chain of electron carriers operates together to transfer electrons from donor to   acceptor such as 

oxygen (O2) to establish the electron transport chain (ETC) (Willey et al, 2014). Molecules 

involved in ETC includes nicotinamide adenine dinucleotide (NADᶧ), NAD phosphate (NADPᶧ) 

(NAD can be in a hydroquinone form), cytochrome, coenzyme Q, flavin adenine dinucleotide 

(FAD), flavin mononucleotide (FMN), haem and non-haem proteins as depicted in figure 2.3 

below. These electron carriers vary in their chemical nature and the manner in which they carry 

electrons (Garrett and Grisham, 2013; Willey et al, 2014). NADH contains a nicotinamide ring 



 

7 
 

which accepts two electrons and one proton from a donor, flavin proteins bear two electrons and 

two protons and the coenzyme Q (coQ)/ ubiquinone transports two electrons and two protons. 

 

Figure 2-2: Schematic flow of electron transport chain. The transfer of electrons from donors to 

acceptors via redox reaction is clearly shown as well as how protons are pumped into the 

intermembrane space. The protons in the intermembrane space creates a proton gradient thereby 

resulting in the generation of ATP which is facilitated by ATP synthase.  

https://www.sciencefacts.net/electron-transport-chain.html. 

 

The ETC is situated at cristae membranes (Rea et al., 2007; Willey et al, 2014) and comprises four 

protein complexes (I-IV), complex I, III and IV are the proton pumps. Ineffective electron transfer 

through various ETC subunits and ineffective transfer of carriers (ubiquinone, cytochrome c) 

through the inner membrane of mitochondria can result in the production of superoxide (Reinecker 

et al., 2009). A variety of mutations that compromise mitochondrial functionality led to 

pathological, life-shortening diseases (Wallace., 2005). Rea et al (2007) investigated the 

contribution of partial mitochondrial ETC inhibition to the life extension phenotype of C. elegans. 

Disturbance in components of mitochondrial ETC complexes and their inter-complex electrons 

carriers can extend lifespan of the nematodes from 20% to 200% (Feng et al., 2001). However, not 

all mitochondrial mutations that interrupt the ETC in C. elegans extend the nematode lifespan (Rea 

et al., 2007). Some can shorten the lifespan of nematodes and two prominent examples are mev-

https://www.sciencefacts.net/electron-transport-chain.html
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1(kn1) and gas-1(fc21) which are both life shortening mutations and affect complex II and I, 

respectively (Kayser et al., 2004). 

2.1.3. Mitochondrial fusion and fission 

Mitochondria can exist as vastly interrelated networks and not just as isolated organelles, frequently 

shifting between these two conditions by maintaining equilibrium among opposing fusion and 

fission forces (Byrne et al., 2019). Mitochondrial fusion is a physical process of merging the outer 

and inner mitochondria membranes of two originally distinct mitochondria and, mitochondrial 

fission is the process by which the mitochondria segregate into two separate organelles (Bohnert et 

al., 2015). This transition between fission and fussion states is pivotal for standard mitochondrial 

functioning in the maintenance of cellular bioenergetics (Ono et al., 2001). Mitochondrial fission is 

highly dependent on dynamin related protein 1 (Drp1). Mitochondrial fusion abnormalities have 

been associated with variety of human neuropathies like dominant optic atrophy (Zanna et al., 

2007) and Charcot-Marie-Tooth disease (Cartoni et al., 2010), while mitochondrial fission defects 

are implicated in neurodegenerative diseases like Alzheimer’s (Cho et al., 2009) and Parkinson’s 

(Deng et al., 2008). Dynamin-related GTPases play a pivotal role in regulating mitochondrial 

dynamics. These proteins possess intrinsic abilities to reorganize membrane structures in a GTP 

hydrolysis-dependent manner thus resulting in mitochondrial membrane reorganization (Youle and 

van der Bliek., 2012). 

 In addition, fusion permits impaired mitochondria to alleviate stress by mixing their contents as a 

form of efficient complementation, diluting oxidized proteins and accumulated mitochondrial DNA 

mutations. Conversely, fission is desired to build new mitochondria, but it also contributes 

significantly to quality control by enabling the removal of damaged mitochondria by budding off 

deteriorating components for targeted breakdown via mitophagy or autophagy (Twig et al., 2008). 

Disturbances in fusion and fission homeostasis are detrimental to mitochondrial function and health 

(Kanazawa et al., 2008).  

Remodelling and deformation of biological membranes is linked to several proteins (Danne et al., 

2017). Affectors of inner mitochondrial remodelling includes proteins like ATP-synthase (Muhleip 

et al., 2016), OPA1 (Frezza et al., 2006) and members of the recently identified mitochondrial 

complex such as Mic60 and Mic10 (Bohnert et al., 2015; Hessenberger et al., 2017; Eramo et al., 

2019). Mitochondrial fusion is orchestrated by mitofusin 1 and 2 together with OPA1 in humans 

(Kanazawa et al., 2008). Mitofusin proteins form dimeric interactions across the OMM, tethering 

adjacent mitochondria and inducing fusion through GTP hydrolysis (Escobar-Henrigues and 
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Anton., 2013). In addition, the dynamin-like GTPase OPA1 is crucial for inner IMM fusion as well 

as internal cristae structure maintenance (Olichon et al., 2006). 

The functional ortholog of OPA1 in C. elegans is called eat-3 (Kanazawa et al., 2008; Byrne et al., 

2019). This gene, like its human counterpart, has GTPase activity and microtubule binding activity. 

Eat-3 is involved in numerous processes, including nematode larval development, mitochondrial 

fusion and response to superoxide (Byrne et al., 2019). A study performed by (Barrera et al., 2016), 

showed that OPA1 is indispensable for mitochondrial fusion but dispensable for formation of 

cristae junctions (CJs). Conversely, (Byrne at al., 2019) analysed mitochondrial dynamics using C. 

elegans to determine how disruptions in fusion/fission process influence organelle homeostasis and 

found that it alters mitochondrial morphology. The C. elegans eat-3 mutants have small brood-sizes 

and generally grow slower compared to C. elegans mutants with defects in other mitochondrial 

fusion and fission proteins (Kanazawa et al., 2008). 

2.1.4. Role of mitochondria in cellular respiration  

The mitochondrial respiratory chain (RC) consists of four multimeric, membrane-bound complexes 

used to complete oxidation of fats, sugars, and proteins to produce ATP (Lemarie and Grimm., 

2011). Each of these substrates can be catabolised to acetyl-CoA which delivers the acetyl group to 

the TCA cycle where it is oxidized for the production of energy. Sugars undergo glycolysis in the 

cytosol to enter the mitochondria as pyruvate, where pyruvate dehydrogenase plays a pivotal role in 

the conversion to acetyl-CoA (reviewed by Bartlett and Eaton., 2003). Fatty acids are converted to 

acetyl-CoA inside the mitochondria by β-oxidation, while several enzymes exist for conversion of 

specific amino acids into acetyl-CoA, pyruvate or directly into TCA intermediates.  Cellular 

respiration occurs when there is conversion of energy from reducing equivalents like flavin adenine 

dinucleotide–(FADH2) and nicotinamide adenine dinucleotide (NADH) into ATP which can be 

used by the cell (Hoeks et al., 2012). Complex I, complex II and complex IV are the three proton 

pumping complexes of the ETC ((Maechler et al., 2006; Lemarie and Grimm., 2011; Sousa et al., 

2018).  

As seen in figure 2-3 below which gives an annotation of the ETC bioenergetics, the 

phosphorylation of ADP to ATP by complex V with the aid of proton gradient is the final step of 

oxidative phosphorylation (Osellame et al., 2012). To optimize transport of electrons during 

respiration, these RC enzymes result in the formation of large supermolecule assemblies known as 

respirosomes which are located in the cristae membranes thus making cristae the main oxidative 

phosphorylation site (Boekema and Braun., 2006). 
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Figure 2-3: Electron transport chain bioenergetics. The four respiratory complexes and ATP-

synthase are indicated as well as their electron/proton pathways. NADH supplied by the TCA cycle 

is converted to NAD+ to drive oxidative phosphorylation. The transport of electrons through the 

respiratory chain complexes results in pumping of protons into the cristae lumen. Adapted from 

Osellame et al., 2012). 

Mitochondrial respiration which is utilized to build a P+ gradient across the cristae surface area is 

supported by oxygen (Osellame et al., 2012). The P+ gradient drives the synthesis of ATP, protein 

import, and transfer of calcium and ion exchangers. The regulation of OXPHOS is facilitated by 

cellular calcium signalling so that Ca2+ ion transfer signals into the mitochondrial matrix and 

increase energy demand and drives increased energy provision by OXPHOS through upregulating 

the TCA cycle limiting enzymes (Raffaello et al., 2016). Failure in bioenergetics often results in 

fatal cellular function, particularly in nerve and muscle cells. Moreover, excessive Ca2+ uptake in 

mitochondria is pivotal in the heart and brain muscles where prolonged unphysiological Ca2+ influx 

increases, and when combined with oxidative stress, might lead to pathological transformation 

(Boekema and Braun., 2006).  

2.1.5. Inner mitochondrial membrane composition  

Mitochondria possess two membranes that divide them into four sub compartments, namely, OMM, 

inner boundary membrane (IMB), IMM and matrix (Kozjak-Pavlovic., 2016). Machineries that 

mediate transportation of proteins and metabolites or control mitochondrial morphology are found 
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in both the membranes. The IMM comprises two distinct domains, namely: (1) cristae membrane 

which are joined by small tubular cristae junctions and (2) IBM (Vogel et al., 2006). The IBM is 

adjacent to the OMM, and the cristae membrane represents IBM invaginations that extend into the 

matrix space. Cristae aid in normal mitochondrial functioning (Eramo et al., 2019; Colina-Tonorio 

et al., 2020). These lamellar invaginations are connected to the outer membrane boundary by cristae 

junctions (Munoz-Gomez et al., 2015; Kozjak., 2017; Baker et al., 2019), where the MICOS 

complex is located. There are several factors that influence cristae morphology, for example, 

membrane potential and lipid composition alter formation of mitochondrial cristae (Ghochani et al., 

2010). 

The mitochondrial matrix serves as the innermost mitochondrial compartment and is characterized 

by a pH of 7.9 to 8. This pH drives the production of ATP through the trans-membrane 

electrochemical gradient it creates (Rizzuto et al., 2012). Several processes including DNA 

replication, transcription, translation, and other enzymatic reactions take place in the mitochondrial 

matrix (Kukat et al., 2015). The biosynthetic reactions of the TCA cycle also take place in the 

mitochondrial matrix. Reactions are catalysed by specific enzymes and as a result the matrix 

contains a high protein density (up to 500 mg/ml) (Kühlbrandt., 2015). The IMM forms projections, 

termed cristae, that expand deeply into the mitochondrial matrix and serve as the primary biological 

energy conversion site in all non-photosynthetic eukaryotes (Perkins et al., 1997). Mitochondrial 

cristae normally adopt a tubular and lamellar morphology; however, the size, number, distribution 

and shape of mitochondrial cristae is impacted by diverse physiological and pathological conditions 

(Cogliati et al., 2016). A typical example is in aged nematodes, which are characterized by lack of 

cristae junctions and enlarged mitochondrial cristae (Brandt et al., 2017). Although the 

mitochondrial cristae ultrastructure has been described decades ago (Kukat et al., 2015; Munoz-

Gomez et al., 2015; Kozjak., 2017), mechanisms and function of mitochondrial cristae remodelling 

remain elusive. 

2.1.6. Mitochondrial cristae dynamics  

Mitochondrial cristae were discovered over six decades ago by the Romanian cell biologist George 

Palade using electron microscopy (Palade., 1953). Mitochondrial cristae contain an important 

multiprotein complex (MICOS) and are the main site of OXPHOS which is crucial for the 

production of cellular energy (Anand et al., 2021). According to existing literature, the cristae 

morphology considered globally is tubular or lamellar invaginations formed by IBM projections 

into the mitochondrial matrix (Rabl et al., 2009). The process is facilitated by a variety of 

interacting partners including, the relatively recently described mitochondrial contact site and 
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cristae organizing system (MICOS) complex, dimeric F1F0-ATP synthase and OPA1 (Harner et al., 

2016).  

One of the core MICOS subunits (Mic60) is located in the IMS and forms contact sites with several 

outer membrane proteins, including sorting and assembly machinery (SAM) (Bohnert et al., 2015). 

Cristae morphology and biogenesis is regulated by ATP synthase dimerization, moreover, ATP 

synthase instigates the positive curvature that leads to the formation of cristae sheets at the tip (Rabl 

et al., 2009). Oligomerization of OPA1 narrows cristae junctions and facilitates dimerization of 

ATP synthase (Patten et al., 2014). According to existing literature (Ott et al., 2015), MICOS is 

essential for cristae stability. The inner MICOS complex interacts with outer membrane SAM to 

yield the mitochondrial intermembrane space bridging complex (MIB). 

Mitochondria can constantly shift between existing as an isolated organelle and highly in-

terconnected networks via a balance between the opposing processes of fusion and fission (Ono et 

al., 2001). This transition is important for mitochondrial function in the maintenance of optimal 

cellular bioener-getics, in regulating cellular stress response, and intercellular Ca2+ signalling. The 

mutant strain (VC1196) used in this study harbours a mutation in the moma-1 gene which is an 

ortholog of mammalian APOOL encoding a MICOS subunit Mic27. Normal lamellar or tubular 

mitochondrial cristae are orderly arranged under normal conditions (Davies et al., 2012). However, 

the size, number and distribution of mitochondrial cristae differ significantly under diverse 

physiological and pathological conditions (Mannella., 2006; Cogliati et al., 2013; Cogliati et al., 

2016). 

2.1.7. Import of nuclear-encoded proteins  

Mitochondria comprise of approximately 1000 proteins. A total of 99% of these proteins are nuclear 

encoded and are synthesized as precursor proteins in the cytosolic ribosomes prior to import into 

mitochondria (Dolezal., 2006). There are two main groups of targeting signals that are recognized 

by receptors on the surface of mitochondria as indicated in figure 2-4. The first group of 

mitochondrial targetting sequences are the amino terminal extensions of precursors, and the second 

group contains a variety of precursor proteins and targeting signals (Horvath et al., 2015). These 

signals are responsible for directing precursors to their functional destination in the mitochondrial 

sub-compartments. 
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Figure 2-4: Import of nuclear encoded proteins. Import of nuclear encoded proteins is regulated 

by TOM whereas β-barrel proteins are integrated into OM with the aid of SAM. Interaction of 

MICOS with SAM and TOM further stimulates biogenesis of β-barrel proteins. Image adapted from 

(Horvath et al., 2014).  

Mitochondrial genome encoded proteins do not utilise mitochondrial import pathways, and these 

proteins are predominantly subunits of the OXPHOS machinery (Schmidt et al., 2010). Conversely, 

import of nuclear encoded proteins can occur in five main pathways which all employ the TOM 

complex (Horvath et al., 2015).  

2.1.7.1.  Presequence pathway 

This pathway is used by ~60% of all mitochondrial precursor proteins and involves the transfer of 

cleavable precursors/preproteins from the TOM complex to the presequence translocase of the inner 

membrane (TIM23) complex (Dolezal., 2006; Neupert & Herrmann., 2007; Schmidt et al., 2010). 

Synthesis of preproteins occurs in the amino-terminal presequence that form positively charged 

amphipathic α-helices (Habib et al., 2007). Presequence translocase-associated motor (PAM) plays 

a pivotal role in importing hydrophobic preproteins into the matrix (Gentle et al., 2004). In addition, 

preproteins designed for the inner membrane encompass a hydrophobic sorting signal behind the 

positively charged matrix-targeting signal. The matrix signal is proteolytically removed for both 

matrix- translocated and inner membrane sorted proteins by mitochondrial processing peptidase 

(MPP) (Mossmann et al.,2011).  
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2.1.7.2. Carrier pathway 

This pathway is used to import proteins of IMM containing an internal targeting signal, which is not 

removed during import but remains part of the mature mitochondrial protein (de Marcos-Lousa et 

al., 2006). The major substrates of this pathway are the hydrophobic metabolite carriers of the IMM 

(Schmidt et al., 2010). In addition, the hydrophobic proteins are imported via the TOM complex, 

chaperone complexes and the TIM22 complex. The substrates are bound to small TIM chaperones 

to be further translocated to the carrier translocase Tim22 complex (Curran et al., 2004). 

2.1.7.3. Oxidative folding pathway 

Oxidative folding is a sophisticated process that involves the interplay between conformational 

folding, formation of disulphide bonds and isomerization (Fischer et al.,2013). The relationship 

between these three reactions is insignificant, since redox and reshuffling rates are modulated by 

effective concentrations of thiolate anions as well as reactivity and accessibility of both disulphide 

and cysteine bonds (Welker et al., 2000). The discovery of many oxidized, disulphide-containing 

intermembrane space proteins changed the narrative of the oxidative folding pathway (Vogtel et al., 

2012; Horvath et al., 2015). It was previously assumed that the mitochondrial intermembrane space 

is the reducing environment (Chacinska et al., 2004). The discovered system was termed (MIA) for 

mitochondrial intermembrane space import and assembly (Horvath et al., 2015). It functions by 

accepting preproteins after their translocation through TOM.  

2.1.7.4. Outer membrane transport pathway 

The OMM comprises two categories of transmembrane proteins, which are proteins with α-helical 

transmembrane segments and β-barrel proteins (Hohr et al., 2015). The former is estimated to be 

encoded by 20-30% of genes in most organisms and the latter is estimated to be encoded only by 2-

3% of the genes in gram negative bacteria (Imai et al., 2011). In addition, the import of β-barrel 

proteins involves TOM complex, SAM complex of OMM and intermembrane space chaperones 

(Kojer et al., 2012).  

2.1.7.5. Integration of α-helical outer membrane proteins 

The integration of α-helical proteins comprises several other pathways that are not yet fully 

understood (Schmidt et al., 2010). The mitochondrial import (MIM) complex plays a pivotal role in 

facilitating the insertion of some α-helical proteins into the OMM, particularly multispanning OMM 

proteins and proteins with an amino-terminal membrane anchor (Papic et al., 2011). The TOM 

receptors are involved in multi-spanning protein recognition prior to their integration by the MIM 

complex (Horvath et al., 2015). 



 

15 
 

2.2. Overview of MICOS complex 

 

The MICOS complex (previously known as MINOS, MitOS/MIB) is a large, hetero-oligomeric 

protein complex that is located in the cristae junctions, which are tubular structures measuring 12-

40nm in diameter that demarcate the cristae from the rest of the IBM (Huynen et al., 2016; Rampelt 

et al., 2017). Mitochondrial cristae are projections of the IMM that house OXPHOS machinery that 

produces the bulk of cellular ATP (Eramo et al., 2020). The MICOS complex is important for the 

maintenance of cristae structure, inner-outer mitochondrial membrane contact site formation, and 

regulation of protein import and organization of respiratory complexes (Huynen et al., 2016; Li et 

al., 2015; Eramo et al., 2020; Stephan et al., 2020).  

The MICOS complex engages with the OMM as it extends across the intermembrane space through 

the SAM (Wiedenman et al., 2003). SAM consists of a core sam50 protein and Metaxins1/2/3 and 

its association with the MICOS is termed mitochondrial inner membrane space bridging complex 

(MIB) (Ott et al., 2012). MICOS-MIB, cristae junctions and architecture can be disrupted by 

depletion of core MICOS-MIB subunits. These alterations lead to cristae abnormalities and 

impaired mitochondrial ATP production (Darshi et al., 2010). In addition, deletion of key MICOS 

subunits results in the loss of cristae junctions and detachment of elongated cristae into the 

mitochondrial matrix (Hashimi., 2019). 

2.2.1. Structural organization of MICOS subunits 

The MICOS complex has been characterized as a large multiprotein complex that is essential for 

IMM architecture (Hoppins et al., 2011; Munoz-Gomez et al., 2015; Kozjak.,2017; Eramo et al., 

2019). A variety of studies have been previously performed on yeast species to gather information 

on this complex in pursuit to unravel mitochondrial dysfunctions. The annotation in figure 2-5 is an 

indication of the human MICOS and interacting parters. The IMM is indicated on the left (2-5 a) 

clearly showing all important components of the mitochondrial ultrastructure and the MICOS are 

indicated on 2-5 b with all the subunits.  
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    Inner mitochondrial membrane               MICOS interacting partners  

 

 

 

 

 

 

 

Figure 2-5: Schematic representation of the human MICOS and interacting partners. 

(Adapted from Kozjak., 2017). The interacting MICOS partners are shown on part (2-5 b) of 

figure 2-5 above, the IMM containing, cristae membrane, ETC complexes as well as ATP synthase 

are shown in 2-6 a.  

The MICOS complex consists of six and seven subunits in yeast (Hoppins et al., 2011; Munoz-

Gomez et al., 2015) and human (Kozjak.,2017; Eramo et al., 2019), respectively. The subunits are 

termed ‘Mic plus a number’ (table 2-1) which is based on the molecular weight of each subunit in 

kDa (Hoppins et al., 2011; Munoz-Gomez et al., 2015; Kozjak.,2017; Eramo et al., 2019). Core 

subunits (Mic10 and Mic60) are linked with other peripheral proteins and protein complexes to 

form mature MICOS. Loss of the Mic60 subunit decreases MICOS subunits and is thus harmful to 

cristae architecture (Eramo et al., 2019). Table 2-1 shows the subunits of MICOS and other 

essential components, their proposed functions and genes in mammalian cells (reviewed in Eramo 

et al., 2019). This study followed the uniform nomenclature of MICOS complex formation that was 

proposed by Pfanner. (2014). 
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Table 2-1: Components of MICOS-MIB and their proposed function in mammals 

Protein name Human 

gene 

MICOS-MIB function 

Mic60/mitofilin IMMT Core subunit required for cristae morphology 

Mic19 CHCHD3 Homologue1 of Mic25, responsible for MICOS-MIB stability 

through N-terminal myristoylation. 

Mic25 CHCHD6 Homologue of Mic19 with a role in Mic60 stabilization and cristae 

morphology 

Mic13 QIL1 Bridges and stabilizes the mic 60 and Mic10 subcomplexes to form 

the mature MICOS 

Mic10 MICOS 10 Core of Mic10 subcomplexes, oligomer with Mic60 upholding 

normal cristae morphology. 

Mic26 APOO Paralogue2 of Mic27, stabilizing Mic10 sub complex and cristae 

morphology 

Mic27 APOOL Paralogue of Mic26, stabilising Mic10 sub complex and cristae 

morphology. 

Sam50 SAAMM50 Core of sam50 and regulates cristae morphology 

Metaxin1/2/3 MTX1/2/3 Helps stabilize cristae architecture. 

dnajc11 DNAJC11 Upholds normal cristae morphology. 

armc1 ARMC1 Controls mitochondrial distribution in the cell.  

 
1 Genes that are inherited in two species by a common ancestor, these genes can be similar in sequence, however, 

similar sequences are not necesarily homologous (Willey et al. 2014). 
2 Homologous genes that developed through duplication, these genes code for proteins with similar but not 

identical functions (Eramo et al., 2019). 
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2.2.1.1. Mic60/IMMT 

Mic60 (encoded by IMMT gene) was the first described component of the MICOS. It was identified 

as a heart muscle protein (HMP) due to its abundance in cardiac tissues (Tateo et al., 1994; Odgren 

et al., 1996). In addition, Odgren and colleagues disclosed that Mic60 was exclusively found in the 

mitochondria, consisting of an N-terminal mitochondrial target sequence and a coiled-coil region 

exposed to the IMS. However, evidence emerged later that proved Mic60 is a transmembrane 

protein of the IMM thus was renamed mitofilin based on its structure and localization (Gieffers et 

al., 1997). 

 

Mic60 (AKA mitofilin) is a core subunit of the MICOS complex, and forms contact between the 

inner and outer membranes (Hessenberger et al., 2017). In addition, Mic60 displays membrane 

shaping activity as it plays a pivotal role in deforming liposomes into thin membrane tubules. 

Existing literature shows the interaction of Mic60 and Mic19 in the formation of a MICOS 

subcomplex (Pfanner et al., 2014; Guarani et al., 2015; Eramo et al., 2019) however, the molecular 

mechanism of interaction remains an active area of research. 

 

According to existing literature, the mechanism controlling cristae shape is a result of the physical 

interaction of two MICOS subunits (Mic60 and Mic19) with optic atrophy (OPA1) (Barrera et al., 

2016; Darshi et al., 2010). Interestingly, experiments performed by Barrera et al (2016) showed 

elevated Mic60 levels and decreased apoptosis efficiency as a result of OPA1 depletion.  

2.2.1.2.  Mic10/MICOS10 

The core of the MICOS complex comprises both Mic10 and Mic60, and their deletion causes 

virtually complete loss of cristae junctions and cristae shape similar to onion ring like slices 

(Hoppins et al., 2011; Kondadi et al., 2020). Structurally, Mic10 exist as a hairpin-like inner 

membrane protein consisting of two transmembrane domains connected by a short loop that carries 

a positive charge, the loop is important for targeting Mic10 precursors which is nuclear encoded 

like all MICOS subunits into the IMM (Bohnert et al., 2015). The termini are both visible to the 

intermembrane space (Von der Malsburg et al., 2011). Barboot et al., (2015) revealed that the 

molecular function of Mic10 in promoting cristae junction formation is via the ability to change 

membrane morphology in vivo and in vitro. Thus, Mic10 loss is linked to massive CJs loss as well 

as aberrant cristae structure.  
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The two transmembrane domains contain glycine motifs which mediate helix-helix interactions 

within the lipid bilayers (Russ and Engelman., 2000). Oligomerization of Mic10 via its 

transmembrane segments is facilitated by these glycine rich motifs and it plays a crucial role in the 

stability of cristae junctions (Barbot et al., 2015). A study conducted in yeast by Bohnert et al. 

(2015), revealed strong expansion and deformation of cristae membranes and CJs as a result of 

Mic10 overexpression. This is indicative that Mic10 can remodel the IMM autonomously of 

MICOS subunits. 

In addition, Guarani and colleagues verified that overexpressed Mic10 fails to restore its interaction 

with sorting and assembly machinery component (SAMM) 50 and other subunits of the MICOS 

complex (Guarani et al., 2015). SAM50 is also an important protein that plays a role in the 

maintenance of mitochondrial cristae structure and proper assembly of respiratory chain complexes 

(Ott et al., 2012). 

2.2.1.3.  Mic19/CHCHD3 

Mic19 (encoded by CHCHD3 gene in humans) is 26-kDa a large protein encompassing a coiled-

coil-helix (CHCH) consisting of two CX9C cystein motifs and an amino terminal myristoylation 

domain followed by a DUF7373 (Darshi et al., 2010). Mic19 is contained in IMM and was primary 

recognised in the screen for novel substrates of cAMP-dependent protein kinase (Schauble et al., 

2007). Moreover, Mic19 plays a pivotal role in the MICOS-MIB stability through N-terminal 

myristoylation (Ott et al., 2015). The homeostasis of Mic60 and Mic19 are vital for the integrity of 

the mammalian MICOS complex (Li et al., 2015). In addition, Mic19 as a peripheral protein is 

essential for routine functioning of MICOS in the maintenance of inner membrane architecture 

(Sakowska et al., 2015). Some studies done in Saccharomyces cerevisiae revealed that the MICOS 

consist of two independent sub-complexes that are bridged together by Mic19 which other 

experiments determines position and number of cristae junctions holding the fold of the inner 

membrane in place (Friedman et al., 2015). 

Depletion of Mic19 leads to elevated levels of Dynamin related protein (Drp1) and a decrease in 

OPA1 levels (Kozjak-Pavlovic., 2017; Darshi et al., 2010). Drp1 plays a pivotal role in mediating 

mitochondrial fission through oligomerization into membrane-associated tubular structures, and its 

loss induces muscle wasting and weakening (Favaro et al., 2019). Moreover, Mic19 depletion is 

also associated with aberrant cristae morphology as well as levels of MICOS components with the 

exclusion of Mic25 (Ott et al., 2015). Mic19 binds to Mic60 though the CHCH domain of Mic60, 

while Mic19 N-myristoylation motif is required for amino-terminus recruitment to the OMM, both 
 

3 Domain of unknown function 
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CHCH and myristoylation are imperative for mitochondrial localization and import (Darshi et al., 

2010). Additional interaction cohorts of Mic19 include OPA1 and heat shock protein (Hsp) 70, the 

latter is essential for ATP synthase activity (Darshi et al., 2011) and functions of the former were 

discussed in section 2.1.3. 

2.2.1.4.  Mic25/CHCHD6 

Mic25 (encoded by CHCHD6) is a paralog of Mic19 and a homolog of Mic60 (Munoz-Gomez et 

al., 2015; An et al., 2012). It was identified in a screen for novel cellular stress response markers, 

since it is downregulated post genotoxic stress (An et al., 2012). Similar to the Mic19 structure, 

Mic25 also exhibits an amino terminus myristylation site, followed by DUF737 domain and 

carboxyl terminal domain consisting of two CX9C motifs. However, a prominent variation between 

these two subunits is functions they perform. Mic25 plays a crucial role in Mic60 stabilization and 

cristae morphology (Eramo et al., 2019; Munoz-Gomez et al., 2015; An et al., 2012). Surprisingly, 

its depletion has no effect on any MICOS or MIB complex subunit and has no effect on cristae 

morphology, although depletion results in mitochondrial elongation (Ott et al., 2015).  

Ding et al. (2015) reported the extent of Mic25 knockout on cristae. The impact on the 

mitochondria can be detected by fewer cristae junctions and lower cristae density. A study 

conducted by Li et al. (2015) further elucidated the interplay of both Mic25 and Mic19 on the 

overall MICOS structure. Simultaneous depletion of these two subunits has equivalent phenotypes 

to Mic19 depletion alone, and this indicative of the paramount role of Mic19 in maintenance of 

cristae morphology (Li et al., 2015). 

2.2.1.5.  Mic13/QILI 

Mic13 (encoded by QIL1) is an important bridging subunit of the MICOS complex, linking and 

stabilizing the core subunits (Mic60 and Mic10) of the MICOS (Guarani et al., 2016; Guarani et al., 

2015). Loss of this subunit leads to accumulation of Mic60 and degradation of Mic10, thus 

destabilizing the mature MICOS complex (Guarani et al., 2016; Guarani et al., 2015). Alterations 

influenced by loss of Mic13 are characterized by destabilized cristae, defective mitochondrial 

respiration and aberrant mitochondrial morphology (Bódis et al., 2019). 

Mutations in Mic13 are prevalent in mitochondrial encephalopathy with liver dysfunction (Guarani 

et al., 2016). Symptoms include cerebellar atrophy, neurological impairment, lack of voluntary 

movement, microcephaly, muscle hypotonia and urinary excretion of 3-methylglutaconic acid in 

Individuals affected (Godiker et al., 2018). Conversely, Guarani et al. (2016) showed that absence 
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of QIL1 is associated with disassembly of MICOS, mild cytochrome c oxidase defect, sensitivity to 

glucose withdrawals and aberrant cristae in patients’ fibroblasts.  

2.2.1.6.  Mic26/APOO 

Mic26 (encoded by APOO) is a paralogue of Mic27 and is responsible for stabilizing the Mic10 

subunit and maintaining cristae morphology (Koob et al., 2015). The Mic26 and Mic27 subunits are 

indispensable for integration and stability of the remaining MICOS subunits. Furthermore, they 

hold an apoliprotein O-like lipid binding domain, and Mic27 has been shown to bind specifically to 

cardiolipin in vitro (Weber et al., 2013). According to existing literature, the mammalian Mic26 

exist in three diverse isoforms: (I) a non-glycosylated 22 kDa mitochondrial protein, (II) an 

endoplasmic reticulum (ER)/Golgi-resident form and (III) a glycosylated and secreted 55 kDa 

protein (Koob et al., 2015). Mic26 interacts physically with numerous MICOS complex subunits 

(Mic60, Mic27 and Mic10) and spans the inner mitochondrial membrane. Overexpression of Mic26 

induces mitochondrial fragmentation, promotes formation of reactive oxygen species (ROS) and 

results in impaired mitochondrial respiration (Koob et al., 2015). Conversely, downregulation of 

Mic26 induces a decreases mitochondrial oxygen consumption, but has no effect on the level of 

ROS and mitochondrial network morphology. Mutations in Mic26 are often prevalent in 

mitochondrial myopathy with lactic acidosis, cognitive impairment and autistic features (Beninca et 

al., 2021). 

2.2.1.7.  Mic27/APOOL 

Mic27 (encoded by APOOL) is a paralogue of Mic26, and it plays a crucial role in mitochondrial 

cristae architecture (Weber et al., 2013). Expression of these paralogues in mammalian cells is 

highly coordinated, indicating a functional relationship among the two proteins (Koob et al., 2015). 

However, functions they perform in the MICOS complex vary since lack of Mic27 in yeast is 

associated with stronger phenotypes of cristae aberrations than Mic26 (Von der malsburg et al., 

2011). The precise functions of these two paralogues have not been fully elucidated, but recent 

studies shows that the interplay of MICOS complex and F1F0-ATP synthase is crucial for 

determining cristae architecture through Mic27 and Mic10 (Eydt et al., 2017). 

Mic27 and Mic26 are required cooperatively for the integrity of F1F0–ATP synthase complex and 

integration of F1 subunits into the monomeric F1F0–ATP synthase, although the mechanism behind 

this requirement is unknown (Anand et al., 2020). Moreover, these two subunits are indispensable 

for integration and stability of the remaining MICOS subunits. Mic27 and Mic26 contain an 

apoliprotein O-like lipid binding domain, and Mic27 has been shown to bind specifically to 

cardiolipin in vitro (Weber et al., 2013). Hoppins et al. (2011) showed that MICOS subunit 
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members have a strong negative genetic interaction with cardiolipin synthesis pathway enzymes 

which further suggests that cardiolipin and MICOS play a role in the maintenance of mitochondrial 

function. 

A complexome profiling study conducted by Weber et al. (2013) revealed that Mic27 is a protein of 

the mitochondrial membrane facing the intermembrane space. Overexpression of Mic27 is 

characterized by mitochondrial fragmentation, reduced oxygen consumption rate (ORC) and 

aberrant cristae morphology. Conversely, its downregulation leads to impaired mitochondrial 

respiration as well as aberrant cristae morphology (Von der Malsburg et a1FOl., 2011). 

2.3. Mammalian MICOS, MIB complex and other interacting partners 

The mammalian MICOS displays a higher degree of complexity and specificity compared to the 

yeast counterpart. Although a variety of the MICOS subunits have been previously described in 

both humans and yeast (Hoppins et al., 2011; An et al., 2012; Pfanner et al., 2014; Hashimi., 2019), 

other MICOS subunits and interacting partners still need to be elucidated to aid medical scientists in 

disease diagnosis.  

 

Figure 2-6: Assembly pathway of MICOS-MIB and other interacting complexes. (Adapted 

from Kozjak-Pavlovic., 2016). This pathway illustrates how the MICOS associates with SAM 

complex of the outer membrane to form MIB complex which connects the inner and outer 

membrane. 
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The MICOS complex is ~700 kDa in mass (Kozjak-Pavlovic., 2017) as depicted in figure 2-6 

above. The full-sized MIB complex has been described to be more than 2 MDa (Huynen et al., 

2015). The MIB complex is formed by the interaction of MICOS with the SAM complex of the 

OMM (Pfanner et al., 2004; Ott et al., 2015). The assembly of MIB potentially reflects diverse 

assembly stages. According to existing literature, the inner membrane MICOS complex interacts 

with the outer SAM complex to form the MIB (Ott et al., 2015). In addition to these findings, Ott et 

al., (2015) as found three main complex forms: (1) the membrane bridging subcomplex containing 

additional sorting and assembly machinery component 50 (SAMM50), metaxin 2 (MTX2) and 

MTX3, (2) MICOS complex containing all subunits, and (3) complete MIB with additional MTX1 

and DNAJC11. The interaction between MICOS and MIB complexes plays an essential role as a 

signalling hub to allow for communication between the mitochondrial interior and the rest of the 

cell (Eramo et al., 2019). Moreover, these interactions and machineries involved in microtubule 

transport facilitate coordinated movement of the whole mitochondrion within the cell, possibly 

indicating direct mitochondrial transport to distinct subcellular locations for targeted energy 

production (Eydt et al., 2017).  However, the stoichiometry of known and novel subunits and 

subcomplexes must be investigated to fully disclose and delineate the part played by each of these 

proteins in mitochondrial and MIB complex organization (Kozjak-Pavlovic., 2016).  

2.4. Involvement of MICOS in OXPHOS regulation 

Mitochondrial OXPHOS assembly is a sophisticated process that involves regulation of two 

evolutionarily distinct gene expression machineries: the circular mtDNA genome and nuclear 

genome (Tang et al., 2020). The former encodes 13 structural subunits of complex I, III, IV and V, 

22 tRNA and two rRNA (Rackham and Filipovska., 2014; Tang et al., 2020). The nDNA then 

encodes supplementary genes required for mtDNA maintenance, replication, transcription, 

translation, post-translational modification, transport and assembly exclusively (Reinecker et al., 

2009). Furthermore, regulatory mechanisms like activators that facilitate mitochondrial translation 

with the import of nuclear-encoded mitochondrial proteins as well translational plasticity are 

required for fine-turning protein synthesis to the nascent assembly of OXPHOS complexes (Tang et 

al., 2020).  

Assembly and functionality of the OXPHOS system is regulated by mitochondrial cristae structure 

(Baker et al., 2019). MICOS and OPA1 are among the large protein families that shape and regulate 

cristae dynamics (Cogliati et al., 2016; Baker et al., 2019). The former plays a pivotal role in inner 

membrane architecture and the latter controls remodelling of cristae during apoptosis. 



 

24 
 

The ETC and OXPHOS systems are integrated processes that bring about energy generation in the 

form of ATP (Lauridsen et al., 2019). Glucose is metabolised to pyruvate under aerobic conditions 

in the cytosol by glycolysis, and pyruvate is transported into the mitochondrial matrix where it is 

converted to acetyl coenzyme A (acetyl CoA). Additionally, fatty acids are esterified to fatty acyl 

CoA which undergoes β-oxidation to form acetyl CoA that feeds into the TCA cycle to generate 

reduced electron carriers, flavin and nicotinamide adenine dinucleotides (FADH2 and NADH) 

(Goetzman and Prochownik., 2018).  

The OXPHOS system is composed of 92 structural subunit genes, 79 of the genes are encoded by 

the nuclear genome and the other 13 are encoded by the mitochondrial genome. Complex I (NADH: 

ubiquinone oxidoreductase) consists of 44 subunits, namely 14 enzymatic principal subunits 

divided equally amongst both genomes, the remaining 30 subunits are nDNA encoded accessory 

subunits essential for maintenance of complex stability (Garrett and Grisham. 2013). Complex II 

(succinate: ubiquinone oxidoreductase) consists of subunits entirely encoded by nDNA. Complex 

III (ubiquinol:  cytochrome c oxidoreductase) consists of 11 subunits of which 10 is encoded by 

nDNA and 1 by mtDNA. Complex IV (cytochrome c oxidase) consists of 3 subunits encoded by the 

mtDNA and 11 subunits encoded by the nDNA. Lastly, complex V (F0F1-ATP synthase) consists 

of 17 nDNA and 2 mtDNA encoded subunits (Wang et al., 2001; Vogel et al., 2006; Mick et al., 

2011; Chinnery and Hudson., 2013). 

A variety of diseases are linked to defects in the oxidative phosphorylation system, including 

neurodegenerative (Maynard et al., 2015; Desler et al., 2017), age related diseases in adults 

(Thomsen et al., 2018) and human metabolic diseases (Bhatti et al., 2017). Moreover, impaired 

mitochondrial function such as reduced OXPHOS, enhanced generation of reactive oxygen species 

(ROS) and low ATP production are the major causes of many metabolic disorders (Bhatti et al., 

2017). 

2.5. Interplay of MICOS complex and phospholipids  

MICOS functions as a principal determinant of the IMM assembly as it coordinates lipids and 

respiratory complexes to establish the IMM structure (Friedman et al., 2015). The biosynthetic 

enzymes of the IMM component known as cardiolipin (CL) display robust genetic connections with 

MICOS components, demonstrating that they work together and/ cooperate to maintain 

mitochondrial function (Hoppins et al., 2011; Friedman et al., 2015). In addition, 

phosphatidylethanolamine and mitochondria specific cardiolipin which are non-bilayer-forming 

phospholipids influence properties of the inner membrane by interacting with protein complexes 

and inducing the curvature of the membrane thus promoting fusion (Acehan et al., 2010). 
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Cardiolipin is a signature phospholipid of mitochondrial membranes and is implicated in vital 

mitochondrial processes and in OXPHOS in particular (Claypool and Koehler., 2012). The 

formation of cardiolipins is facilitated by two phosphatidyl-glycerol molecules connected by an 

extra glycerol moiety and holds an anionic charge. In addition, cardiolopin make up about 10% of 

phospholipids and are found in several part of the mitochondria (Osman et al., 2011). Several 

diseases including Barth syndrome (Schlame and Ren. 2006) and cardiac arrest (Saini-Chohan et 

al., 2009) are linked to cardiolipin deficiency. The former is characterized by reduced concentration 

and altered cardiolipin composition, moreover, patients often have variable clinical findings, 

including cardiac arrest, myopathy, neutropenia and growth reduction (Schlame and Ren., 2006). 

The latter is characterized by significant reduction of cardiolipin (Saini-Chohan et al., 2009) 

Other functions like ADP/ATP stabilization carried by cardiolipin are completed by individual lipid 

species. Conversely, numerous functions are based on communal traits of these phospholipids, like 

their non-bilayer properties and conical shape (Gohil et al., 2005). Moreover, phospholipids are 

imperative for ordinary cristae architecture and mitochondrial function.  

2.6. Implication of MICOS complex in human disease 

Significant understanding into the regulation of gene expression in mitochondrial genomes has 

come from mutated genes that encode mitochondrial proteins leading to dysfunction in the 

mitochondria which is the causative agent of a variety of human diseases (Vafai and Mootha., 2012; 

Rackham and Filipovska., 2014). Disorders linked to mutations in the mDNA are becoming 

clinically prominent and are associated with many diseases in humans (Longley et al., 2005). A 

variety of mitochondrial diseases primarily result from mutations in either nuclear genes whose 

gene products locate to the mitochondrion, or genes encoded by the mtDNA (Haas et al., 2007). 

Moreover, secondary mitochondrial dysfunction can result from pharmacological agents or a host of 

other genetic disorders. A variety of neurological and muscular diseases are caused by mutations in 

the mtDNA (Longley et al., 2005). Mitochondrial diseases contribute to the cohort inborn errors of 

metabolism, which is estimated to affect 1 in 5000 people across a lifetime (Schaefer et al., 2004; 

Falk et al., 2009).  

The MICOS is a vital protein complex that assists with the formation, maintenance and stability of 

mitochondrial cristae (Eramo et al., 2019). Loss of Mic60 is detrimental to cristae structure and 

leads to abnormal mitochondrial phenotypes including concentric cristae rings, swirls, loss of 

cristae, disconnected cristae tubules and detachment of cristae from the OMM in humans (Li et al., 

2015). A single deletion of a MICOS subunit decreases the number of cristae junctions and alters 

the IMM structure to that characterized by extended, stacked and lamellar morphology (Hoppins et 

al., 2011). Cristae shape is essential to modulate the kinetics of chemical reactions and the structure 
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of protein complexes, thus alterations of mitochondrial cristae affect the structure of the OXPHOS 

system, resulting in impaired cellular metabolism and growth (Cogliati et al., 2016). Although 

mitochondrial cristae aberrations are associated with a variety of human diseases, it is unclear 

whether such changes are the primary cause or a contributing factor to disease progression (Eramo 

et al., 2019). However, it remains unclear which mechanisms are involved in cristae aberrations and 

mitochondrial dysfunction observed in many human diseases, as a result of mutations in MICOS 

subunit genes. Despite this, human diseases linked to MICOS core subunits and its peripheral 

interactions are beginning to emerge. The subsections that follow below elucidates a few of the 

diseases that relate to alterations in the MICOS complex subunits or its other interacting partners.  

2.6.1. Parkinson’s disease 

Parkinson’s disease (PD) is a common neurodegenerative movement disorder and was initially 

described by James Parkinson in the 1800s PD is associated with loss of dopaminergic neurons 

within the substantia nigra4 (Darshi et al., 2010). Individuals affected with PD display a variety of 

clinical symptoms including slow movement (bradykinesia), rigidity and movement tremors at rest 

(Ritz et al., 2016). Several developments have been made to characterize the pathology, 

discriminate clinical signs, and improve therapeutic treatment since recognition of this neurological 

disorder over two centuries ago (Cieri et al., 2017; Delamarre and Maissner, 2017; Tsai et al., 

2018). However, the exact causes of this disease remain unknown and there is no cure nor available 

neuroprotective therapies to delay disease progression. Comprehensive understanding of the 

aetiology of PD progression is imperative in development of novel therapeutics for disease 

treatment.  

 

Growing evidence implicates Mic60 in the pathogenesis of PD (Van Laar et al., 2019). Pathological 

hallmarks of PD include impaired mitochondrial respiration, morphology and 

fission/fusion/transport dynamics which are linked to Mic60 (Bose and Beal., 2016). Moreover, 

Mic60 cooperates with other proteins directly involved in general regulation of mitochondrial 

dynamic processes including those associated with neurodegenerative diseases like PD (Darshi et 

al., 2010). 

Laboratory research and epidemiological studies have been conducted to discover the potential 

causes of this prevalent disease (Khandhar and Marks, 2007; Delamarre and Maissner, 2017). 

Existing ideology proposes that a combination genetic preposition and environmental exposure 

account for variety of PD cases although the underlying mechanism remains elusive (Ritz et al., 

 
4 Part of the brain that regulates movement 
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2016). Multiple biological pathways that promote pathogenesis of PD, many of which converge on 

mitochondrial function, have been identified through epidemiological and genetic studies (Cieri et 

al., 2017).  

According to Van Laar and Berman, (2013) mitochondrial dysfunction is a major contributor to 

pathophysiology of PD, with impaired mitochondrial morphology, respiration and 

fission/fusion/transport dynamics all linked with PD. The connection between mitochondria and PD 

is demonstrated by a heritable form of the disease, wherein monogenetic PD-causing alterations in 

nuclear expressed proteins such as PTEN-induced kinase 1 (PINK1), parkin, LRRK2 and alpha-

synuclein have shown to affect mitochondrial function (Sanders et al., 2014). 

 

A rare coding variant in the IMMT gene coding for Mic60 which is one of the two core subunits of 

MICOS has been discovered in PD (Tsai et al., 2018; Van Laar et al., 2019). These subunits of 

MICOS also interact with proteins directly involved in the general regulation of dynamic 

mitochondrial processes as well as those associated with neurodegenerative diseases which places it 

in a unique position to regulate PD-relevant stress (Tsai et al., 2018). According to existing 

literature, overexpression of Mic60 elevates mitochondrial function and protects against PD related 

dopamine and rotenone-induced cell arrest in the human neuroblastoma cell lines (SH-SY5Y) (Van 

Laar et al., 2016). A study conducted in PINK1 knockouts Drosophila further disclosed that Mic60 

overexpression abrogates mitochondrial aberrations and symptoms associated with PD (Tsai et al., 

2018).  

2.6.2. Diabetes mellitus and obesity 

Both obesity and diabetes mellitus are long term disorders affecting millions of people around the 

globe. These disorders are both considered substantial risk factors for progression of late onset 

Alzheimer’s disease (Baker et al., 2011) and cardiomyopathy (Rigotto and Basso., 2019). Diabetes 

is a chronic disease comprising an early onset disease denominated type I which results from 

complete failure of the pancreatic islet β-cells to produce insulin, and a progressive disease 

denominated type II (T2D) which is characterized by initial elevated insulin secretion thus resulting 

in islet stress and loss of glucagon (Rigotto and Basso., 2019). Type I diabetes requires exogenous 

insulin administration for survival and the type II diabetes is treated often by prescribed medication, 

while the conditions may differ between individuals based on lifestyle and diet.  

The fundamental origin of obesity is energy imbalances between calories consumed and used as a 

result of elevated intake of food rich in energy and reduced physical activity (Rigotto and Basso. 

2019). According to Liesa and Shirihai. (2013), the hallmarks of obesity include decreased 

mitochondrial number and impaired mitochondrial structure and function in tissues. Aberrations in 
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mitochondrial structure and MICOS subunits in diabetic and obese patients have been implicated in 

metabolically active tissues of individuals such as skeletal muscle, liver, fat and heart (Wilcox., 

2005). 

The skeletal muscle plays a pivotal role in glycolysis and OXPHOS for energy production and 

accounts for ~ 60-70% of insulin-stimulated post-prandial uptake of glucose (Wilcox., 2005). Over 

80% of the total mitochondrial mass in skeletal muscles is made up of the cristae which exhibits 

high plasticity to meet energy demands (Nielsen et al., 2017). Mic60 is identified as a crucial 

MICOS subunit that helps the skeletal muscles to perform their routine functions. Dillon et al, 

(2019) analysed Mic60 transcripts in skeletal muscles and found that it is increased by exercise 

following an extended period of bedrest. Conversely, a reduction in mitochondrial function in obese 

and diabetic individuals is linked to loss of cristae (Kelley et al., 2002). Another study conducted by 

Baseler et al, (2011) showed a reduction in Mic60 in hearts of diabetic mice while transgenic 

cardiac-specific Mic60 overexpression normalizes cristae structure and mitochondrial energy output 

and weakens the cardiac dysfunction induced by diabetes.  

2.6.3.  Barth syndrome 

Barth syndrome is a rare X-linked autosomal recessive condition caused by mutations in the 

Tafazzin gene, an acyltransferase in the mitochondria that responsible for generating essential 

cardiolipin which is enriched predominantly in the IMM (Schlame and Ren., 2006). Clinical 

symptoms of affected patients include reduced concentration and altered cardiolipin composition. 

Ikon and Ryan, (2017) revealed a reduced cardiolipin from cultured fibroblasts and tissue samples 

of affected individuals, which is linked to loss of cristae structure and mitochondrial dysfunction. 

Moreover, the mitochondrial phenotype characterized by onion-like structure observed in MICOS 

deficient models is also common in skeletal and cardiac muscle of inducible tafazzin gene knockout 

mice that also exhibit a loss in cardiolipin (Acehan et al., 2010).  

A recently conducted complexome study in mitochondria isolated from cultured fibroblasts of Barth 

syndrome patients revealed a rise in total MICOS and MICOS-MIB complexes, although with an 

unusually lesser molecular mass compared to the normal MICOS complex (Van Strien et al., 2019). 

However, the cause of this altered migration pattern remains unclear, and cardiolipin is not linked 

with any direct role in facilitating MICOS assembly. 

2.6.4.  Cancer  

Cancer is a leading cause of death globally, both head and neck cancer squamous cell carcinoma 

(HNSCC) rank as 6th most common cancer worldwide amounting to over 650 000 cases and causing 

350 000 deaths annually (Chadler et al., 2020). Alcohol consumption and tobacco usage are the 
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major risk factors linked to head and neck cancer. Compared to women, men are most likely to be 

diagnosed with oral cavity cancer (Bray et al., 2018). Mitochondria of cancer cells undergo 

considerable modification to support their uncontrolled growth, proliferation, and survival (Vyas et 

al., 2016). In addition, mitochondrial structure and function can be altered further by oxygen levels, 

cellular stress response and nutrient availability in the tumour microenvironment (Brat et al., 2018).  

The expression of Mic60 is prevalent in several mammalian tissues and novel research highlighting 

the significance of this IMM protein continues to emerge, however, it also generates data that is 

conflicting about whether Mic60 has negative or positive influences. A prominent example is the 

study conducted by (Nordgaard et al., 2008) and (Pfohler et al., 2007), where Mic60 expression 

increased in cancer patients in later stages of disease. 

2.7. Utility of Caenorhabditis elegans (C. elegans) in mitochondrial research 

The nematode C. elegans has become a major model to unravel mitochondrial dysfunction since its 

discovery by Sydney Brenner over the past four decades (Brenner. 1974). Compared to other 

commonly used model organisms like mitomice (Kazuto et al., 2001) and Saccharomyces 

cerevisiae (Gaiever et al., 2002). C. elegans are small and less complex to culture in laboratory 

settings (Brenner. 1974). Their small size, high reproductive rate as well as low-cost maintenance 

affords researchers the ability to use more individual worms for testing. Moreover, their transparent 

body structure is an added advantage to study internal mitochondrial structure (Haroon et al., 2018). 

C elegans also share 80% genetic homology with humans in terms of genes that are linked with 

diseases (Gaiever et al., 2002). 

 

Most of the current knowledge involving MICOS complex have been performed on Saccharomyces 

cerevisiae (Weber et al., 2013; Anand et al., 2016). The use of C. elegans in mitochondrial 

research, particularly MICOS is emerging (Mun et al., 2010; Head et al., 2011) in which Mic60 

homologs were investigated in relation to cristae morphology. The utility of this nematode in 

mitochondrial research is rooted in the highly conserved nature of mitochondrial structure, 

composition and function across evolution (Polyak et al., 2011; Haroon et al., 2018). Recent 

developments in C. elegans shows positive outcomes as a mitochondrial disease model considered 

in vivo (The C. elegans Deletion Mutant Consortium 2012; Mun et al., 2010; Haroon et al., 2018). 
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Discovery and husbandry of C. elegans 

 

Figure 2-7: C. elegans life cycle at 20°C. Approximately 300 eggs are produced by an adult 

hermaphrodite. There are four larval stages (L1-L4) post embryogenesis. Image adapted from 

(Altun and Hall 2006). 

 

As illustrated by figure 2-7 above, the nematode C. elegans undergoes four stages in its life cycle 

(Atun and Hall 2006; Muchiol et al.,2009). In the case of prolonged exposure to harsh 

environmental conditions like high temperature or depletion of nutrients in the medium C. elegans 

arrest at the dauer stage (Riddle et al., 1997; Muschiol et al., 2009). The nematodes completely stop 

developing and reproducing during the dauer stage, which is L2, once the conditions are improved 

(e.g transfering into fresh medium containing sufficient nutrients) the L2 staged nematodes in the 

dauer stage will develop into L4 stage. Recognition of long living mutants and the ability to enter 

the dauer stage, together with relatively short life cycle and adult lifespan make C. elegans a 

suitable model organism to study aging (Kennyon, 1993). In addition, functional genes in C. 

elegans can be analysed by hindering their expression using generic approaches like RNAi. The 

RNAi can be introduced by feeding C. elegans with bacteria expressing gene-specific dsRNA, the 

dsRNA are then processed by RNAi machinery into small interferring RNA (siRNA) that mediateds 

gene silencing once the nematodes ingest the dsRNA (Muschiol et al., 2009).  
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The N2 Bristol strain is widely used in most research as a WT strain. This strain was collected from 

mushroom compost in 1951 in Bristol, England (Brenner, 1974; Sterken et al., 2015). C. elegans 

can be grown at temperatures between 16 and 25°C in either liquid or solid medium depending on 

experimental requirements, completing their life cycle two times faster when grown at higher 

temperature. In both cases they are fed a standardized Escherichia coli strain (OP50) used 

specifically for nematode culture in labs globally (Head et al., 2010; Nigon and Felix. 2015). All 

wild type and over 3000 mutant strains can be acquired at the Caenorhabditis genetic centre (CGC) 

(http://www.wormbook.org/chapters/www_strainmaintain/strainmaintain.html ) 

Recombinant progeny are generated, and their attributes are measured to elucidate the underlying 

genetic basis of complex attributes (Gaertner and Phillips.,2010). Saccharomyces cerevisiae is 

widely used as a powerful eukaryotic model in quantitative genetics (Bloom et al., 2013). However, 

utility of the nematode C. elegans is unmatched (Gaertner and Phillips., 2010). They are 

characterized by a rapid lifespan (about 76 hours at 20°C) and produce approximately 300 progeny 

per individual hermaphrodite. Moreover, its genome is well-annotated, they can be frozen and 

transgenic strains are obtained via CGC and other academic institutions globally.  

 General considerations when working with C. elegans  

 

Figure 2-8: Fluorescent image of N2 strain. This strain is used globally as a wild type.  

Due to their relatively small size (~1 mm long), careful handling is imperative to conserve C. 

elegans samples prior to the experimental procedures (Kovacs., 2015). Moreover, the body of C. 

elegans is covered by a tough cuticle often making it impenetrable to fixate for microscopic 

http://www.wormbook.org/chapters/www_strainmaintain/strainmaintain.html
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analysis (Krenger et al., 2020) and isolation of mitochondria for biochemical analysis (Grad et al., 

2007). Many researchers often cut the nematodes into pieces to allow fixate to penetrate (Sigmond 

et al., 2008). To overcome the problem of busting the cell to extract mitochondria, sonication or 

glass beads method was employed (Yang et al., 2017). Synchronization (section 3.3) is an added 

advantage that affords researchers the possibility of performing high-throughput experiments such 

as sequencing, microarrays, RNAi screens utilizing nematodes at a specific stage (Porta-de-la-Riva 

et al., 2012).  

C. elegans can communicate environmental conditions by producing pheromones, which are small 

sensory molecules that evoke responses in members of the same species (Schroeder 2006). Modern 

C. elegans research demonstrates the production of putative pheromones in ovulating 

hermaphrodites (McGrath and Ruvinsky., 2019). Such sensory molecules are ubiquitous in higher 

order life forms and examples have been shown in fungi (Bolker and Kahmann., 1993), bacteria 

(Cook and Federle., 2014) as well as in animals (Brennan and Zufall., 2006) 

2.7.3.  Advancements in C. elegans research  

Over two decades ago, a group of researchers sequenced the genome of C. elegans, and this project 

led to the discovery of 19,000 genes with over 40% significant matches of the predicted protein 

products in other organisms (The C. elegans sequencing consortium 1998). This nematode was the 

first higher order organism to be fully sequenced after viruses, yeast and several bacteria. The 

available protein sets from C. elegans were compared with Saccharomyces cerevisiae, Escherichia 

coli (E. coli) and Homo sapiens to highlight qualitative variation in the predicted protein set. The C. 

elegans genetic sequencing consortium found significant matches among smaller genomes and a 

large fraction of their protein while large genomes had a high number of matching proteins. 

Furthermore, the authors revealed more similarities between the nematodes and humans than any 

other species. 

Fourteen years post sequencing, another group of scientists confirmed the presence of 20,377 

protein coding genes in C. elegans with 6467 genes linked with molecular lesions characterized as 

either deletions or null mutations (The C. elegans Deletion Mutant Consortium 2012). The deletion 

mutant consortium has three laboratories that were established with the sole purpose of screening 

for deletions by exposing nematodes to a mutagen and using polymerase chain reaction (PCR) DNA 

amplification to identify deletions at target loci. Recently, Haroon et al. (2018) used C. elegans to 

develop a model for mtDNA diseases. Their findings confirmed that the nematodes display the 
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major hallmarks of mtDNA in humans, including loss of respiration, shortened life span, reduced 

neuromuscular function as well as mtDNA instability.  

2.7.3.1.  Lipidomics in C. elegans  

Lipidomics is a metabolomics branch that aims to characterize lipophilic/apolar metabolites in 

biological systems (Castro et al., 2012; Wang et al., 2017). Untargeted metabolic profiling can be 

used as a downstream system to identify perturbations in biochemical networks (Dun et al., 2008). 

Moreover, untargeted metabolomics is vital to produce large amount of data due to its ability to 

provide unbiased an outlook of detectable metabolites (Yang et al., 2017). Metabolic networks can 

respond rapidly to perturbations compared to protein and gene transcripts (Dun et al., 2008; Holmes 

et al., 2008). Substantial developments in nuclear magnetic resonance (NMR), high-performance 

liquid chromatography (HPLC) and mass spectrophotometry (MS) make the detection of thousands 

of compounds possible (Masson et al., 2010; John et al., 2016). 

 

The nematode C. elegans offers a unique platform to examine aspects of genetics, aging as well as 

developmental biology (Watson et al., 2013). They possess common standards of biological 

research as they are simple to maintain in laboratory set up, are sustainable for high quantity screens 

and have a short lifecycle (see chapter 3 below), moreover, they grow in chemically defined 

medium (NGM plated with OP50) and can be labelled with stable isotopes thus making them a 

perfect model organism for metabolomics studies (Szewczyk et al., 2006; Yang et al., 2017). 

Genetic effects can be easily analysed in these nematodes due to availability of RNA interference 

(RNAi) libraries and large mutant repositories (Thompson et al., 2015). In addition, generation of 

genetic reference populations in C. elegans possesses natural genetic variation that is at a similar 

level to that in human populations. Measurement of metabolites in C. elegans tissues are limitted 

(Witting and Schmitt-Kopplin., 2016). Metabolites analyses in C. elegans are mainly based on 

NMR spectroscopy (Yang et al., 2006; Watt and Ristow., 2017) and gas chromatography-mass 

spectrometry (GC-MS) (Geier et al., 2011; Watts and Ristow., 2017). However, these methods are 

disadvantaged by the need for large sample preparations (~8000-120,000 worms) and limited 

metabolite number that can be quantified (Buttlet et al., 2013; Wang et al., 2017). Hastings et al. 

(2017) recently developed a method that permits measurement of hundreds of metabolites including 

amino acids (AA) and fatty acids (FA) using targeted metabolomics with liquid chromatography 

(LC) from a sample containing as little as ~2000 nematodes.  
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2.8. Classification of methods mutagenesis in C. elegans  

The nematode C. elegans is amenable to genetic manipulations, thus mutations can be easily 

induced into these organisms for application of forward and reverse genetics (Sin et al., 2014). Both 

forward and reverse genetics are dependent upon mutations to identify and distinguish genes of 

interest. A temporary association between phenotype and mutation can propose wild-type gene 

action mechanisms and can be utilized for diagnostic prediction (Fire et al., 1998). There are three 

commonly used mutagenesis strategies; (1) genome wide mutagenesis (forward genetics) which is 

characterized by determining the genetic basis responsible for a phenotype (Brenner, 1974; 

Chaudhuri et al., 2011), (2) target selected mutagenesis (reverse genetics), which is characterized 

by a mutagenized  genome but mutations in a single known gene are screened (Edgley et al., 2002) 

and (3) gene targeted mutagenesis, in which only a single gene is targeted for mutagenesis 

(Friedland et al., 2013; Dickinson et al., 2013). Common effects of mutations can be seen in the 

phenotypes of the nematodes, examples are defects in egg laying, dauer formation etc.  

2.8.1.  Genome wide mutagenesis  

This strategy of mutagenesis can be grouped into (1) chemical mutagenesis, (2) radiation 

mutagenesis, and (3) transposon insertional mutagenesis. The text below elucidates the fundamental 

application most frequently utilised methods.  

2.8.1.1. Chemical mutagenesis 

Chemical mutagenesis offers and easy technique of introducing germline mutations at high 

prevalence (Thompson et al., 2013). The prevalence of mutation is high thus, to reach saturation, a 

relatively low number of haploid genomes are interrogated.  Ethyl methane sulfonate (EMS) is the 

most employed type of chemical mutagenesis in C. elegans (Jansen et al., 1997; Chaudhuri et al., 

2011; Sin et al., 2014). Other variety of chemical mutagenic spectra include N-ethyl-N-nitrosourea 

(ENU) (De Stasio and Dorman., 2001), trimethylpsoralen (TMP) (Barstead and Moerman., 2006) 

etc. A brief description of EMS as a common method follows below: 

Ethyl methane sulfonate (EMS) 

As an alkylating agent, EMS adds a -CH3-group to guanine thus resulting in the formation of O6 - 

ethyl guanine (Chaudhuri et al., 2011). The altered guanine (G) pairs improperly with thymine (T) 

instead of cytosine (C) resulting in a mismatch mutation that undergoes subsequent replication 

(Bakhoum et al., 2014). In a nutshell, mutagenesis is biased towards complementary base pairing 

transitions which often results in the formation of stop codons (Flibotte et al., 2010). Moreover, 

EMS reacts with N-3 position adenine and N-7 position guanine, but these variations do not give 

rise to substantial amounts of mutations (Hartman et al., 2014). EMS mutation spectrum has been 



 

35 
 

studied in variety of disease models and has recently gained popularity in C. elegans (Flibotte et al., 

2010; Hartman et al., 2014). Mutations are induced in a healthy germ line by exposing L4/ adult 

stage nematodes to a mutagen. 

2.8.2. Target selected mutagenesis  

Several methods have been developed to induce random mutations and alterations in chromosomal 

structure. The purpose of target selected mutagenesis is to create a library comprising pools of 

animals that are mutagenized to ease screening of DNA lesions (Lesa., 2006). Construction of a 

library usually involves ~600,000 randomly mutagenized hermaphrodites (Chen et al., 2016). 

Gravid mutagenized nematodes are bleached to allow L1s to hatch in M9 medium overnight. L1 are 

subdivided into 1,152 subcultures of 500 nematodes each. 20% of the nematodes per plate are 

washed off for isolation of genomic DNA post two generations of self-fertilization (Lesa., 2006; 

Kutscher and Shaham., 2015). This method of mutagenesis can be utilized in mutation identification 

in a specific gene from genome that is randomly mutagenized (Edgley et al., 2002). It includes 

standard mutagenesis using ultraviolet (UV)/ trimethylpsoralen (TMP) or EMS, followed by 

screening using polymerase chain reaction (PCR) or other sophisticated methods to recognize 

animals carrying lesions in the genes of interest. In the text below, PCR is being discussed as a 

popular reverse genetics method.  

2.8.3. Gene targeted mutagenesis  

Gene function has been studied extensively in a variety of model organisms through gene targeting 

using homologous recombination (Kutscher and Shaham., 2014). Homologous recombination is 

dependent upon the cell capability to repair dsDNA breaks, which gene targeting utilizes to permit 

endogenous target replacement with an exogenous construct containing sequences homologous to 

the target (Rafael et al., 2010). The text below describes CRISPR/Cas9 as a commonly used method 

for rapid gene recovery. 

2.8.3.1. CRISPR/Cas9 

The CRISPR (clustered regularly interspaced short palindromic repeats)- Cas (CRISPR-associated) 

technology is a common method for efficient and targeted genome in several model organisms 

including C. elegans (Ausubel et al., 2001; Kutscher and Shaham., 2014). Various CRISPR/Cas9 

approaches have been recently developed to improve genome engineering using two dsDNA break 

repair systems; (1) non-homologous end joining (NHEJ) and (2) homologous recombination (HR) 

(Lok., 2019). The former is characterized by recruitment of KU proteins heterodimer DNA ends 

accompanied by DNA-PKcs; the latter utilizes extensive homology. Single guide RNA (sgRNA) 

and codon-optimized nuclear-localized (NLS) Cas9 proteins may be introduced using a variety of 
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methods into the germ line i.e DNA plasmid (Dickinson et al., 2013). PCR-based methods as well 

as phenotype screening are employed to isolate mutants (Kutscher and Shaham., 2015).  

2.9.  Problem statement  

Mitochondrial cristae aberrations are linked with impaired mitochondrial dysfunction and toxic 

accumulation of reactive oxygen species (ROS), which are pathological hallmarks of many human 

diseases. The mitochondrial contact site and cristae organizing system (MICOS) is at the center of 

mitochondrial morphology management. Loss of one of the core subunits of MICOS (Mic60) is 

detrimental to cristae structure and may lead to irregular mitochondrial phenotypes. In addition, 

proteins in the mitochondrial inner membrane such as optic atrophy (OPA1) and ATP synthase 

subunits have been implicated in the control of morphology, but the mechanism by which cristae 

morphology is established remains an open question of research. Therefore, it is imperative to better 

understand the machineries involved in mitochondrial cristae architecture to unravel mitochondrial 

dysfunction. 

Most research done in mitochondrial dysfunction covers constituents of the oxidative 

phosphorylation (OXPHOS) system [Complex I-IV of the electron transport chain and (ETC) and 

ATP synthase (complex V)]. Association of MICOS to mitochondrial dysfunction is poorly 

investigated which delays the diagnosis and treatment of mitochondrial diseases in general. 

Understanding the interplay between the ETC and MICOS to maintain and regulate mitochondrial 

function, and how deleterious changes in MICOS subunits affect these factors, could help to 

identify the underlying mechanisms of disease aetiology and progression, and offer up new targets 

for therapy. 

Most of the current knowledge involving the MICOS complex has been performed on 

Saccharomyces cerevisiae (Weber et al., 2013; Anand et al., 2016). This study will investigate the 

effects of MICOS subunit deficiencies on cristae morphology, mitochondrial respiration and 

function in C. elegans. The utility of this nematode in mitochondrial research is rooted in the highly 

conserved nature of mitochondrial structure, composition and function across evolution (Polyak et 

al., 2011; Haroon et al., 2018). 

2.10.1.  Aim 

The aim of this study was to extensively characterize the phenotypes, mitochondrial morphology, 

and function of a Mic27 deficient C. elegans strain (VC1196) and compare it to the wild type (WT) 

N2 strain.  
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The VC1196 was generated as part of the international C. elegans Gene Knockout Consortium 

study (The C. elegans Deletion Mutant Consortium, 2012), and has not been characterised to any 

extent. The N2 Bristol strain has previously been used as wild type/background strain in many 

studies previously and is almost fully characterized.  

2.10.2. Hypothesis 

Existing research suggests that the coordination of MICOS complex with respiratory complexes and 

lipids establishes mitochondrial inner membrane architecture as assembly of two MICOS subunits 

(Mic27 and Mic10) is dependent on respiratory complexes and mitochondrial lipid cardiolipin. 

Thus, we hypothesize the MICOS subunit deficiency present in our KO strain will lead to aberrant 

cristae morphology, decreased mitochondrial OXPHOS enzyme activity and thus respiration, and a 

diseased phenotype. 

2.10.3. Research objectives 

I. Confirm the genotype of VC1196 strain, using PCR with agarose gel electrophoresis and by 

determining the relative expression of nuclear encoded genes from C. elegans strain. 

II. Perform transmission electron microscopy (TEM) to visualise mitochondrial cristae 

morphology from MICOS C. elegans VC1196-strain compared to C. elegans WT-strain. 

III. Analyse the impact of cristae morphology changes on lipid metabolism using untargeted 

lipid metabolism analyses on MICOS C. elegans VC1196-strain compared with C. elegans 

WT-strain. 

IV. Perform respiratory analyses as a measure of mitochondrial function in MICOS C. elegans 

VC1196-strain, compared with C. elegans WT-strain.  

V. Perform OXPHOS enzyme activity assays in MICOS C. elegans VC1196-strain compared 

to C. elegans WT-strain. 

VI. Perform phenotypic characterisation assay of the MICOS C. elegans VC1196-strain 

compared to C. elegans wild type (WT) strain. 
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2.10.3. Experimental design  

The primary step in this project was to acquire an import permit for the strain of interest from the 

Caenorhabditis genetic center (CGC) (https://cgc.umn.edu/). Upon recept, strains were transferred 

into nutrient growth medium (NGM) seeded with OP50 E. coli strain and incubated at 20°C until 

required stage (L4). The initial step was to confirm the genotypes of the nematodes as per the first 

of objective of this study. This was followed by biochemical characterization (objective II, III, IV 

and V) and lastly phenotypic characterization (objective VI). Live nematodes were used for 

phenotypic characterization and crude mitochondria was used for the biochemical characterisation 

assays, while the mitochondrial ultrastructure was determined from L4 staged nematodes dissected 

as described in section 3.4 of the current study.   

The biochemical characterization included determination of (1) oxygen consumption rate in intact 

nematodes using 02k Oroboros instrument (Oroboros Instruments GmbH, Innsbruck, Austria), (2) 

OXPHOS enzymatic assay (Complex I, Complex III and Complex IV) using 96 well Synergy HT 

multi-detection microplate reader (Biotek ® Instruments), (3) mitochondrial ultrastructure 

morphology using transmission electron microscopy (Thermofisher) and (4) untargeted lipid 

metabolism using gas chromatography time of flight mass spectrophotometry (GC-TOF-MS). The 

generation of nematodes was maintained by continuous transfer (chunking) into new plates 

containing sufficient nutrients every 10 days.  All experiments were performed with live age 

synchronized (L4) staged nematodes with the exception of the OXPHOS enzyme activity assay and 

untargeted lipid metabolism which were conducted on isolated mitochondria. The flow diagram 

below (Figure 2-9) shows the experimental design.  

https://cgc.umn.edu/
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Figure 2-9: Schematic representation of experimental design. Post genotyping, the 

mitochondrial ultrastructure was determined using transmission electron microscopy. The other 

biochemical analyses were performed using C. elegans enriched mitochondrial fractions with the 

exception of bioenergetic assay, where basal respiration was measured on 150 L4 staged live 

nematodes per generic strain. The phenotypic characterization was achieved using of 50 L4 staged 

live nematodes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

40 
 

 

3. CHAPTER THREE: MATERIALS AND METHODS  

Chapter summary 

This chapter gives a detailed description of methodologies followed to achieve the aims and of 

objectives of this study. All the materials as well as data tools used are given and explained, the list 

follows the schematic representation in chapter 2 (Figure 2-9). This study was regarded as a 

category 0/ no risk study in accordance with the NWU ethics committee (certificate attached in 

annexure A). Details of ethics follow immediately after this section.  All the experiments were 

performed at the North-West University Potchefstroom campus within the period of September 

2021 to February 2022. All the strains were acquired from the Caenorhabditis genetic center (CGC) 

https://cgc.umn.edu/strains?vt=all at the University of Minnesota in the United States of America 

(USA). Section 3.3 gives details of all the important tools for C. elegans maintenance, the sections 

thereafter are steps followed to achieve the aims and objectives of this study. Under each method, a 

summary of the principle as well as the reason for choice off the specific method is given. All the 

medium and extractions were prepared under strict sterile conditions to prevent bacterial 

contamination although C. elegans can be maintained axenically. The Standard Operating 

Procedures (SOPs) used are attached in the annexure section. The recipes of maintenance of C. 

elegans are listed in table 3-1. 

3.1. C. elegans Strains of interest  

The strain selected as a disease model (VC1196) in this study and the wild type strain (N2 Bristol) 

were acquired from the Caenorhabditis genetic center (CGC) https://cgc.umn.edu.  The VC1196 

strain has an apparent homozygous lethal deletion chromosome balanced by dpy-1, heterozygotes 

are wild type. Moreover, VC1196 contains gene K02F3.11 which is located on chromosome III. 

The human homologue of this gene is moma-1 as seen in figure 3-1 below.  

https://cgc.umn.edu/strains?vt=all
https://cgc.umn.edu/
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Figure 3-1: K02F3.11 Snap gene with primes sets and other enzymes. The base pairs of the gene 

of interest (moma-1) as indicated with the cutting sites of specific restiction enzymes. 

 

Recent developments in nematode C. elegans research shows positive outcomes as a mitochondrial 

disease model considered in vivo (The C. elegans Deletion Mutant Consortium 2012; Mun et al., 

2010; Haroon et al., 2018). Thus C. elegans strains harbouring mutations related to mitochondrial 

disease demonstrates all major hallmarks of mitochondrial diseases in humans, including loss of 

respiration, reduced neuromuscular function, elevated instability and shortened lifespan. To 

accomplish the objectives of this study, we used the N2 WT-strain with the VC1196 strain which 

harbours a mutation in the moma-1 gene (figure 3-1), an ortholog of mammalian APOOL which 

encodes for Mic27. As seen in Table 2-1 in chapter 2 of this study, Mic27 plays a pivotal role in 

stabilizing Mic10 and consequently cristae morphology (section 2.2.8). According to existing 

literature, mitochondrial aberrations in moma-1 mutants resemble those with mitochondrial fission 

mutants in the muscle cells of C. elegans (Mun et al., 2010). The mutants are characterized by thin 

connections and localized swelling in the mitochondria. Moreover, moma-1 mutants are 

characterized by a relatively short mitochondrion.   

3.2. Ethics  

The NWU Animal research ethics committee (AnimCare) provided the ethics clearance prior to the 

commencement of this study (NWU-00410-21-A5) in March 2021 (Certificate attached in annexure 

A). The imported nematodes strains (VC1196 and N2 Bristol) were obtained through DAFF 
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(No:13/11/30/2/0-202007003664) under section 20 Animal Disease Act of 1984. All the nematodes 

were cultured on the same conditions throughout the completion of this project: Nematodes were 

incubated at 20°C in a nutrient growth medium (NGM) plate containing OP50 E. coli as a food 

source. 

● Nematodes were transferred by ‘chunking’ to new plates containing fresh nutrients every 10 

days to sustain the strains.  

● Nematodes were synchronized for most of the experiments performed to minimize biased 

results. 

3.3.  Materials and reagents  

Acetyl CoA (Sigma, #10101907001), Agarose (Merck, #9012-36-6), Aluminium foil, ATP (Sigma, 

#A2383), Autoclave machine, 100 mm petri dish (Isotron SA, CAT  no: IN-069), Bacteriological 

agar (Melford laboratories, CAT no: S0520), BCA (Sigma-Aldrich #QPBCA), Benzaldehyde 

(Sigma-Aldrich, 100-52-7), BSA (Sigma-Aldrich #9048-46-8), Bleach solution (See table 3-1 for 

recipes), Casein peptone (Biolab #CAP10500), CaCl2. 2H2O (Labchem # 10035-04-8), C. elegans 

strains (CGC  https://cgc.umn.edu/strains?vt=all) N2 Bristol & VC1196, Chloroform (Merck, # 

1024444000), Cholesterol (Sigma-Aldrich# C3045), CuSO4.5H2O (Sigma-Aldrich # 7758-99-8), 

Cytochrome C (Sigma, #C7752), 1.5 ml centrifuge tubes (Thermofisher #34484PK), 15 ml 

centrifuge tubes (Thermofisher # 339650), DMSO (Sigma, #C6164), DTNB (Sigma, #D8130), E. 

coli OP50 (University of Minnesota, CGC), EDTA (Sigma-Aldrich # 03677), Ethanol (Sigma, 

#E7023), Glass beads (Sigma-Aldrich, # G8772), Glass slides (Thermofisher # C18150), Glycerol 

(Sigma-Aldrich, # 101094984), Glutaraldehyde solution (Merck, # 111-30-8), Formaldehyde 

(Sigma-Aldrich, # 50-00-0), FUDR (Thermofisher # 50-91-9), Hexane (Sigma-Aldrich, # 110-54-

3), KCl (Sigma-Aldrich #793590), K2HPO4 (Sigma- Aldrich # 7758-11-4), LB broth (Sigma-

Aldrich), LB medium (See table 3-1 for recipe), MgCl2 (UnivAR, # A1278), MgSO4.7H2O 

(Labchem, #10094-99-8), MilliQ water (Thermofisher, # SH30538.01), M9 medium (See table 3-1 

for recipe), NaCl (Melford laboratories, # 10035-04-8), NaN3 (Merck, # 26628-22-8), Na2HPO4 

(Merck, # 7558-79-4), NGM (see table 3-1 for recipe), Oxaloacetate (Sigma, #O4126), NADH 

(Sigma, #N4505), S-buffer (See table 3-1 for recipe), Sodium azide (Sigma, #2002), Sodium 

cacodylate (Sigma-Aldrich, # 6131-99-3) , Sucrose (Sigma, #84100), Triton-X 100 (Sigma-Aldrich 

#T9284), Tris 1M (Roche # 10099122), Tween 20 (Merck, #822184). 

 

 

https://cgc.umn.edu/strains?vt=all
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Table 3-1:Common buffers and medium for C. elegans maintenance 

Reagents  Quantity Details  

M9 Buffer (1 L) 

Autoclave  

dH2O 1 L 

NaCl 5 g 

KH2PO4 3 g 

NaHPO4 6 g 

1 M MgSO4 1000 µl Add post autoclave 

 Bleach solution (50 mL) 

dH2O 35 mL 

Gently mix Bleach 14 mL 

10 M NaOCl 1 Ml 

Nematode growth medium (NGM) 1 L                                                                    

NaCl   
Autoclave & let it cool at 50 

°C  
Bacteriological agar   

Peptone   

1 M CaCl2 1000 µl 

Add to the cooled medium & 

swirl to mix 

1 M MgSO4 1000 µl 

1 M KPO4 25 mL 

5 mg/mL Cholesterol 1000 µl absolute ethanol  

Luria Bertani (LB) Medium (50 mL) 

Casein peptone 0.5 g 

Autoclave to make agar 

plates  

Yeast extract 0.25 g 

NaCl 0.5 g 

dH2O 50 mL  

3.3.1.  Preparation of bacterial food source (OP50) 

The method described below is adapted from (Amrit et al., 2014) and worm book 

(http://www.wormbook.org/chapters/www_strainmaintain/strainmaintain.html). The nematode C. 

elegans is generally grown monoxenically5 using a non-pathogenic strain of E. coli (OP50) as a 

source of nutrients (Brenner, 1974). A limited OP50 lawn (~200 µl) is required to allow better 

mating of nematodes and make observations easy under the microscope. The E. coli OP50 starter 

 
5 Culture free from living organisms other than species required  

http://www.wormbook.org/chapters/www_strainmaintain/strainmaintain.html
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culture can be obtained from CGC (https://cgc.umn.edu/strain/OP50-1) or can be recovered from 

nematode plates by a method described below under sterile conditions. 

The OP50 strain was streaked on a Luria Bertani (LB) agar plate (See table 3-1 for recipe) grown 

overnight at 37°C. From the plate a single colony was used to inoculate 10 ml LB medium in a 

glass bottle, which was incubated at 37°C and shaken at 50 rpm overnight. This starter culture was 

stored at 4°C.  

To prepare an agarose plate (hereafter referred to as NGM plates) containing a lawn of E. coli 

OP50, NGM plates were seeded with 200 µl of E. coli OP50 starter culture and incubate at 37°C for 

8 hours or 18-24 hours at room temperature. Plates that were incubated at 37°C were left at room 

temperature for at least half an hour prior to transferring nematodes. Plates sealed with parafilm can 

be stored in 4°C for several months. Nematodes were transferred using a sterile pick or using a 

“chunking” method in which a 1 square centimetre piece of agar containing worms was cut from an 

old plate and transferred onto a new plate containing sufficient nutrients every 10 days.   

3.3.2.  Preparing of NGM petri dishes and mold decontamination 

The nutrient growth medium (NGM) was prepared as described in the recipe table 3-1 according to 

a protocol adapted from (McLachlan and Flavell., 2019). Larger petri dishes (100 mm diameter) 

were used as they are suitable for growing large nematode quantities. After autoclaving the mixture 

(table 3-1), cholesterol and monopotassium phosphate (KH2PO4) were added, and the solution was 

left in a laminar flow cabinet until it reached 50 °C. The agar was poured in the petri dishes and left 

in the fume hood to solidify and store at 4°C for later use. It is vital to work in a sterile environment 

to avoid growth of mold on NGM plates which can impact growth of E. coli OP50. However, if 

mold occurred, it was decontaminated in the following ways. 

Mold decontamination  

If mold contamination was observed on a plate containing nematodes, a chunk of agar was removed 

from the contaminated plate using a sterile spatula and placed at the edge of a clean seeded plate. 

The nematodes were allowed to crawl from the chunk across the E. coli OP50 seeded plate. Once 

the nematodes reached the other side of the plate, they were picked with a sterile picker and 

transferred into a new seeded plate to produce a new generation without any contamination.  

3.3.3.  C. elegans synchronization  

Generation of age synchronized nematode population is vital to minimize biased results due to age 

difference. The method used for C. elegans synchronization in this study was adapted from (Porta-

https://cgc.umn.edu/strain/OP50-1
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de-la-Riva et al., 2012). The method takes advantage of the ability of C. elegans eggs resist sodium 

hypochlorite (NaOCl) destruction compared to adult nematodes. 

Gravid adult nematodes were collected in 15 ml tubes by washing in M9 medium (table 3-1) and 

centrifuged at 400 xg at room temperature for 2 minutes. The pallet was washed 3 times in M9 

medium to clean off the bacteria. Bleach solution was added to the pellet and vortexed for 30 

seconds. The solution was centrifuged at 400 xg for 60 seconds and supernatant discarded. The 

pellet was washed three times in 10 ml of M9 medium to remove the excess bleach. The tubes were 

incubated at 20 °C overnight in an orbital shaker at 100 rpm. Hatched eggs (L1 stage) nematodes 

were transferred into OP50 seeded plate and allowed to reach a desired stage at 20 °C.  

3.3.4.  Long term storage of C. elegans stocks  

The C. elegans stocks were stored in -80 °C by adding equal amounts of S buffer (see table 3-1) and 

30% glycerol to the nematode solution (3.3) in a 1.5 ml cryovial (Brenner, 1974). The process 

described in section 3.3 above is paramount to ensure that nematodes survive the freezing because 

L1 and L2 stage nematodes survive freezing better than adult and dauer stages. The nematodes in 

the 1.5 ml vial were placed in a Styrofoam container and stored in 80 °C. 

As previously discussed, the life cycle of C. elegans is rapid and can be divided into 4 larval stages 

(section 2.7). However, under unfavourable conditions e.g., during starvation, the nematodes can 

develop into a dauer stage in which development of the nematodes stops until the conditions are 

improved. When a chunk of the dauer stage nematodes is transferred into a new seeded plate, the 

nematodes will then develop into L4 stage (White et al., 2019). 

3.4. Genotyping  

Principle  

Sample genotyping is an essential technology that is used worldwide to detect genetic variations 

that can lead to major phenotypic changes, including both pathological variations underlying a 

disease and physical variations that make organisms unique (Michno and Stupar., 2018). This 

technique compares DNA sequence to that of another sample or reference sequence to determine 

the differences in genetic makeup. Variations in DNA sequences such as small deletions or single 

nucleotide polymorphism (SNPs) can be tabulated for various types of genotype comparisons 

(Rasheed et al., 2017). However, analytical approaches as well as experimental designs are replete 

with ways to overestimate variation levels present within a given sample. Analytical approaches 

that do not assess reproducibility among samples are susceptible to calling false positive variants.  
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Upon receiving the nematodes from the CGC, the genotypes were confirmed using a Phire tissue 

direct PCR protocol from Thermofisher (www.thermoscientific.com/directpcr) together with a 

protocol adapted from (Chauve et al., 2020). The VC11196 contains gene K02F3.11, which is 

located in chromosome III, the human homologue of this gene is moma-1. Thus, the expected 

genotype for the mutant strain was appearance of two bands with an estimate of 240 and 420 base 

pairs on the gel as a result of the heterozygosity.  

3.4.1. Method 

Sample preparation  

DNA was extracted from single L4 nematodes randomly picked from seeded plates. The nematodes 

were washed 3 times in 7 ml of M9 medium to remove excess E. coli OP50 and placed in a 1.5 ml 

tube containing 20 µl of dilution buffer. To this, 0.5 µl of DNA release buffer was added followed 

by brief vortex and centrifugation at 10 000 xg for a minute. The samples were incubated for 2-5 

minutes at room temperature then incubated at 98°C for 2 minutes to denature the proteins and the 

samples were centrifuged for a minute at 10 000 xg. The supernatant was recovered, and an aliquot 

was taken for PCR and the remaining supernatant was stored at -20°C for later use.  

3.4.2. Setting PCR reaction conditions  

Seven 50 l reactions were made using 2 l of nematode DNA lysate, 25 l Phire PCR direct tissue 

master mix, 1 l of 100 µM primers (table 3-2) and filling the volume up to 50 l with milliQ 

water. A total of 42 cycles were performed with 1 initial denaturation cycle at 98°C for 5 min, 

followed by 40 cycles of annealing at 55°C for 5 sec and a final extension cycle at 72°C for a 

minute. 

Table 3-2: List of primers  

Primers Sequences  

DNA 

bases 

Tm 

(°C) 

VC1196- EX-L 5'- TTA GTC CAA AAA GTG CCT CC- 3' 20 53.7 

VC1196- EX-R 5'- AGG CGC TCT TGA TTC ACA TG- 3' 20 56.8 

VC1196-IN-L 5'-TAT CGG ATA ACA AAA GGC GG- 3' 20 52.5 

VC1196-IN-R 5'- AGC AGC TCG TCC AGT AGC TC- 3' 20 59 

3.4.3. Gel electrophoresis and imaging 

A 1% w/v agarose gel was made in 1X bionic buffer with of 5 µg/ml of ethidium bromide for each 

sample, 10 µl of the PCR product was loaded into a well, and the samples subjected to 30 V for 60 
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minutes. Finally, the gel was visualised using ChemiDocTM system (Bio-Rad) with image lab 

software (v 5.2.1).  

3.5. Visualizing mitochondrial ultrastructure using transmission electron microscopy (TEM) 

Principle 

Since the early 1950s, transmission electron microscopy has emerged as a useful tool in 

mitochondrial research and it contributed significantly to the insight into mitochondrial 

ultrastructure (Rasmussen., 1995). Although considerable advancements have been made since the 

discovery of TEM, interpreting the details of the mitochondrial ultrastructure remains a challenging 

task. Two major contributing factors to this challenge is that (1) it is difficult to view large volumes 

simultaneously as mitochondria are large and cytosol can cover up to hundreds of microns, (2) it is 

desirable to acquire high resolution of the details of the structure, but this is costly as such 

equipment comes with a heavy price tag. Furthermore, sample preparation is of paramount 

importance to acquire good images. 

The use of TEM enables visualization of cellular components by their selective absorption of heavy 

metals (Palade., 1952). Osmium was among the first heavy metal to be employed in traditional 

TEM experiments. The success of electron microscopy is highly dependent on sample preparation 

particularly when working with C. elegans. Even though this organism is small (~1 mm), their body 

is covered by a tough cuticle which is practically impermeable to fixatives thus should first be cut 

into pieces prior to fixing for visualization. The protocol described below was adapted from 

(Kovacs., 2015) with some modifications 

3.5.1. Method 

The L4 nematodes were immersed in 0.8% glutaraldehyde (0.15 mol/L) and 0.1 M sodium 

cacodylate buffer (pH 7.4) at room temperature in the fume hood. The nematodes were cut into 

approximately 3-4 pieces with a double edge blade and immersed in 0.1 M sodium cacodylate 

buffer. The samples were then left at room temperature for 2 hours in a fume hood. The samples 

were rinsed 3 times the 0.1 M sodium cocodylate buffer and embedded in 1% agarose. Post 

embedding, samples were treated with 2% osmium for 2 hours in a rotator. The osmium was rinsed 

with 50%, 70%, 90% ethanol and twice with 100% ethanol for 15 min each. The infiltration 

schedule was done at room temperature with an embedding machine, wherein samples were 

incubated in 2 parts of propylene oxide (PO) to 1 part of the resin for 2 hours, followed by 1 part of 

PO to 1 part of resin for 2 hours with 4 changes in 100% resin over one day. The samples were 

arranged in flat embedding in mold and polymerized for 65 hours at 60°C. The sections collected 

were stained in alkaline lead citrate solution and visualized using Leo 912 AB omega TEM (Carl 
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Zeiss, Oberkochen, Germany). The TEM is made up of three essential systems (1) electron gun 

which produces the electron beamand the condenser system which focuses the beam onto the 

object, (2) image producing system consisting of the objective lens which are responsible for 

prodicing highly magnified images, and (3) image recorder system which converts the electron 

images into a form perceptible to the human eye.  

3.6. Untargeted lipid metabolomics  

Principle  

Metabolomics is the most downstream of systems biology omic approaches (Geier et al., 2011). 

This untargeted profiling of metabolites method aims to recognize perturbations in biochemical 

networks (Coen et al., 2008; Swaan et al., 2010). Metabolic networks can rapidly respond to 

perturbations compared to protein and gene transcripts. In addition, metabolomics can give an 

integrated picture of an organism’s interaction with its environment. Recently, metabolite profiling 

has been used to assign phenotypes to experimentally perturbed C. elegans samples like mutants, 

RNAi etc. (Atherton et al., 2008; Yang et al., 2017). The complexity of metabolomics networks in 

the nematode C. elegans have been thoroughly investigated in genomic, transcriptomic and 

proteomic studies conducted by Watson et al. (2015). A variety of C. elegans studies have been 

conducted previously using different metabolomics platforms including GC/LC-MS as well as 

nuclear magnetic resonance (NMR) to dissect whole nematode metabolomics networks (Patti et al., 

2014; Morgan et al., 2015; Wang et al., 2017). An organism’s health and survival are influenced by 

its ability to regulate the production, storage, and release of energy (Evan et al., 2011; Henry et al., 

2016). Lipids play a vital role in the biology of C. elegans and are often implicated in energy 

storage, reproduction, and life span, and may serve as signaling molecules (Hunsen et al., 2013). 

Existing research suggests that the coordination of MICOS complex with respiratory complexes and 

lipids establishes mitochondrial inner membrane architecture as assembly of two MICOS 

subcomplexes (Mic27 and Mic10) is dependent on respiratory complexes and mitochondrial lipid 

cardioplin (Hoppins et al., 2011; Friedman et al., 2015). Thus, it is expected that MICOS subunit 

deficiency present in the VC1196 strains will lead to aberrant cristae morphology, decreased 

mitochondrial OXPHOS enzyme activity and thus respiration, and a diseased phenotype due to its 

incapability to store energy.  

Identification of lipids is a major limitation in lipid profiling and lipidomics6 in general, particularly 

for novel classification of lipids and it requires multidirectional data for better annotation. Current 

lipidomics methods provide new insight in mechanistic investigations and permits the discovery of 

 
6 Large-scale study of cellular lipids networks and pathways in biological systems 
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new biomarkers in variety of fields (Britta et al., 2021). In addition, data tools and semi-automatic 

metabolite annotation have improved the robustness and quality of metabolomic platforms, making 

it easy to analyse and interpret the data generated.  

3.6.1. Methods 

Untargeted lipid profiling was achieved using GC-TOF-MS system (see annexure C). The system 

consisted of an Agilent© gas chromatograph series with Agilent© autosampler attached to a LECO 

Pegasus HT time of flight mass analyser with an electric impact ionisation source. Data acquisition 

and extraction was achieved using the LECO corporation ChromaTOF® software (v 4.5x). For this 

part of the study, mitochondria were isolated as described in section 3.8.1 of this dissertation, the 

experimental procedure was then conducted according to SOPs standardised by the NWU 

mitochondrial research laboratory (attached in annexure C) with minor modifications to 

accommodate the usage of C. elegans (Geier et al., 2011; Yang et al., 2017). Aproximately 10 

thousand nematodes were used to obtain crude mitochondrial samples and two extraction phases 

were done prior injection into the GC/MS machine. In the initial steps single phase metabolite 

extraction was used followed by methylation and silylation to extract fatty acids methyl esters 

(FAMEs).  All the extraction and derivatization work were done in the fume hood.   

Single phase extraction  

The samples (crude mitochondria) were prepared from approximately 5000 L4 staged nematodes 

for both N2 and VC1196. Methanol was placed in -80°C for an hour, and solvents as well as the 

nematode suspension were pre-cooled on ice for 15 min prior to the commencement of the 

experiment. A volume of 1 ml of the cold methanol was added to the samples (four samples for 

both N2 and VC1196) while on ice, followed by addition of 50 µl internal standard (220 ppm 

nanodecanoic acid) to attain a final volume of 330 µl. A pellet (tip of a spatula) size of glass beads 

were added to the solution containing the sample and was shaken for 2 min at 30 Hz on the 

TissueLyser II (Qiagen). About 100 µl of the homogenate was taken for normalization, after which 

330 µl chloroform was added and the sample was vortexed for 30 sec then left for 10 min on ice. 

Samples were centrifuged at 4°C for 5 min at a speed of 2 000 xg to pellet the glass beads proteins 

and cell debris. The recovered supernatants were transferred to glass vials and dried under nitrogen 

at 40°C for 30 min. 

Methylation and silylation (extraction of FAMEs) 

A 100 µl volume of methanol was added to the dried extracts and vortexed properly to redissolve 

the samples.  200 µl of freshly prepared methanolic KOH (280 mg KOH in 25 ml methanol) was 

added to each vial and incubated for an hour at 60°C. The samples were left at room temperature 
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after removing from the heating block. Then, 400 µl hexane, 200 µl water and 40 µl 1N acetic acid 

were added to the samples, followed by 4°C centrifugation for 2 min at 2000 xg. The top hexane 

phase was transferred into a clean vial and dried under nitrogen at 40°C. 50 µl pyridine and BSTFA 

(containing 1% TMCS) were added to the dried extracts and the samples were incubated at 45°C for 

30 min and tranfered into the flat bottom inserts for analysis. The produced data was pretreated in 

MetaboAnalyst software v 5.0, univariate statistics was done using student t-test. 

3.7. Bioenergetic assay: Respirometry measuring using the using O2k Oroboros instrument 

Principle 

The oxygen consumption rate (OCR), as a measure of mitochondrial bioenergetics, is a vital tool in 

biology to evaluate cellular function during an organism’s lifetime under metabolically challenged 

or normal conditions (Rya et al., 2016). Mitochondrial function (Palikaras et al., 2015) as well as 

factors that mediate the transition from OXPHOS to aerobic glycolysis (Chen et al., 2015) can be 

studied using tools that measure oxygen consumption rate. C. elegans offers an added advantage of 

studying living mitochondria without the need for extraction and purification of mitochondria 

(Sarasija and Norman., 2019). The C. elegans ATP production process is similar to that of 

mammals as it occurs through OXPHOS and requires ETC enzymatic complexes activity, which 

facilitates the production of energy and is driven by the metabolism of several substrates such as 

fatty acids and intermediates of the TCA cycle (Chen et al., 2015). The high resolution O2k 

respirometer system incorporates a closed, airtight reaction chamber and utilizes oxygen sensors to 

measure O2 concentration and calculate O2 consumption within the two chambers simultaneously. 

Each chamber contains a stopper with injection ports, which makes it ideal for optimization of 

plasma membrane permeability as well as substrate-uncoupler-inhibition titration. Regulated 

calibration of the sensor response, two-point polarographic O2 sensor calibration and instrumental 

background O2 flux offer the unique experimental basis for high qualitative results accuracy and 

quality control high resolution respirometry. 

 

The Oroboros instrument allows the measurement of OCR from isolated organelles or intact live 

nematodes. In this study, live intact nematodes were used to compare the OCR of N2 and VC1196 

C. elegans strains. As previously mentioned in section 2.3, the assembly and functionality of 

OXPHOS is regulated mitochondrial cristae structure (Baker et al., 2019). Mitochondrial cristae 

dynamics are regulated by MICOS and OPA1 (Cogliati et al., 2016). Since the VC1196 strain is 

Mic27 deficient, a decrease in OXPHOS and mitochondrial respiration is anticipated.  
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3.7.1. Methods 

The oxygen consumption rate was measured using the Oroboros Oxygraph 2K7 (Oroboros 

Instruments GmbH, Innsbruck, Austria) as described in (Macedo et al., 2020), with some 

modifications. Approximately 150 L4 live nematodes per strain were collected and washed 3 times 

in M9 buffer (Table 3-1) to remove the excess OP50. Before commencement of the experiment, the 

M9 buffer was placed in a water bath at 20°C and the air conditioner in the room was also set to the 

same temperature. This is the optimal temperature of normal growth of nematodes. The analyser 

was calibrated in air saturated solution daily prior experimentation.  Oxygen was injected into each 

chamber to raise the concentration to >400 nmol/ml to initiate the assays using substrate-uncouple-

inhibitor-titration (SUIT) protocol. This protocol improves our understanding of pathophysiology of 

mitochondrial diseases and mitochondrial respiratory control. Respiratory states8 are defined in 

efficient terms to account for the metabolic interactions network with stepwise modulation of 

coupling substrate and control in complex SUIT protocol. Each assay was performed at 20°C with 

the stirrers set at 750rpm in each chamber. Concentration of oxygen in the chambers was 

maintained at 200-500 nmol/ml by performing re-oxygenation to prevent limitations because of 

oxygen diffusion. 

 

The nematodes were transferred to the high-resolution respirometer chamber containing 2.5 ml of 

pre-warmed M9 buffer. The Oroboros instrument has two chambers. Both chambers were run at the 

same time, one containing the VC 1196 strain and the other chamber containing the N2 WT strain.  

Basal oxygen consumption rate was monitored at 20°C for a period of 15 min with constant stirring. 

Nematodes were recovered post respiration measurements and were counted. The OCR values were 

normalized to number of nematodes and expressed as nmol O2/min/ 150 nematodes. The obtained 

data ware analysed using DatLab 4 software6, wherein the slope of the straight portion was used to 

derive the OCR. The results were normalized to the number of nematodes. The above-described 

experiment was repeated three times, to obtain respiration measurements for each strain in 

triplicate.  

 
7 Oroboros Instruments GmbH, Innsbruck, Austria 
8 ADP stimulated respiration of coupled mitochondria isolated in the presence of high ATP and Pi concentrations, 

supported by a defined substrate combination at saturating O2 levels (Gnaiger., 2009).  
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3.8. OXPHOS complex activity: Measuring enzymatic activity using a 96 well 

spectrophotometer  

Principle  

The activities of respiratory chain enzymes CI, CIII, CIV as well as citrate synthase (CS) were 

measured in 96 well plates using enriched mitochondrial fractions from C. elegans.  Kinetic 

spectrophotometric assays were used to quantify enzyme activities of the different strains, typically, 

absorbance of a single-coloured analyte9 is measured repeatedly over time and used to determine 

initial rates (V0 mAbs/min). Standard operating procedures (SOPs) standardized by the NWU 

mitochondrial research laboratory (attached in annexure B) were used to perform the analyses and 

were adapted from (Shepherd & Garland, 1969; Rahman et al., 1996; Janssen et al., 2007; Luo et 

al., 2008; Rodenburg, 2011; Smuts et al., 2013) with some modifications. Prior the determining 

enzymatic activities of the above-mentioned complexes, total protein content of the of the 

mitochondrial fractions was normalized to citrate synthase activity.   

3.8.1. Enrichment of mitochondrial fractions from nematodes 

Approximately 5000 L4 nematodes were collected from NGM plates seeded with OP50 and washed 

3 times in M9 buffer to remove the excess E. coli. The pellet was collected and resuspended in ice-

cold isolation buffer (300 mM sucrose, 5 mM TES, 200 µM EGTA, pH 7.2) (Schmit et al., 2013). 

The resuspended pellet in isolation buffer was transferred into a dounce homogenizer to gently push 

the nematodes through the chamber 5 times with a 1 ml glass syringe fitted with a metal lure lock to 

obtain mitochondria enriched fractions. A 12 µm ball clearance was used to fracture the tough 

nematodes cuticle. The homogenate was centrifuged at 4°C for 5 minutes at 800 xg, to pellet large 

nematode fragments. The supernatant containing mitochondria was collected into a clean 1.5 tube 

and centrifuged at 4°C for 10 minutes at 9000 xg. The pellet containing the crude mitochondria was 

resuspended in 70 µl swelling buffer (SWB) (0.2 M sucrose, 10 mM MOPS-Tris, 5 mM succinate, 

1 mM H3PO4, 10 µM EGTA, 2 µM rotenone). 

3.8.2. Methods 

The enzyme activity assay was performed according to an in-house SOP (attached in annexure B) 

version 3 with some modifications to accommodate nematodes. Prior to the assay, the mitochondria 

were isolated from ~ 5000 nematodes per strain as described by (Dilberger et al., 2019). The 

activities of respiratory complex I, Complex III and Complex IV as well as citrate synthase (CS) 

was measured in freeze-thawed enriched mitochondrial fractions from L4 nematodes.   

 
9 Substrate/product of a two-step coupled reduction-oxidation reaction catalysed by the enzyme 
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3.8.2.1. BCA method 

Principle  

The bicinchoninic acid (BCA) method is a total protein quantification method that relies on the 

formation of copper (II) ion (Cu2 +) protein complex in a basic environment followed by the 

reduction of Cu2 + to Cu + (Smith et al., 1985). The amount of Cu2 + reduced is proportional to the 

amount of protein present in the solution. A BSA protein standard series ranging from 0 µg to 20 µg 

was pippeted into the 96 well plate reader (table 3-3). Sampless of the nematode mitochondrial 

fractions were diluted and 2 µl was pippeted in triplicate into the 96-well plate reader followed by 

addition of water to make up 20 µl volume in each well. Additionally, 200 μl of a reagent mix, 

consisting of BCA and CuSO4.5H2O in a ratio of 50:1, was added to each well and the plate 

incubated at 30 ºC for 35 minutes in a Synergy™ HT Multi-detection microplate reader. This was 

followed by a measurement of the absorption at 562 nm. 

Table 3-3:BCA standards series  

  S1 S2 S3 S4 S5 S6 

BSA (µl) 0 4 8 12 16 20 

H2O (µl) 20 16 12 8 4 0 

200 µl BSA reagent was added to standards and test samples and incubated at 25 °C for 30min in 

synergy 96 well multiplate reader. Absorbance was measured at 562 nm and sample concentration 

was determined.  

3.8.2.2. Citrate synthase activity 

Principle  

Citrate synthase catalyses the first reaction of the TCA cycle, and this reaction involves the 

formation of a carbanion at the methyl group of Acetyl-CoA as shown in the reaction equation 3-1. 

Intrinsic variations are often determined by normalizations of the functional measure of interest to a 

suitable marker of mitochondrial content. In the present study, mitochondrial content was estimated 

to the activity of CS because it is an enzyme at the entry of metabolites into the TCA and 

intersection of fuel catalysis (McLauglin et al., 2020). 
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Method  

The assay was performed with triplicate reactions for each sample in the 96-well plate in final 

volume of 200 µl per well. The assay was performed at 25°C with oxaloacetate (OAA) preheated at 

30°C. The reaction was made up of 147 µl of the CS master mix consisting of 106.5 µl milliQ 

water, 1 mM DTNB (0.1 nM), 10% Triton X100 and 3 mM acetyl CoA (0.3 nM) followed by the 

addition of 3 µl of the supernatant per reaction. The reaction was initiated by adding 50 µl of the 

preheated OAA post the 10 minutes pre-incubation. The rate of increase was measured at a 

wavelength of 412 nm for 5 min in 1 min intervals (V0). Using the linear section of the graph, the 

initial rate of reaction was determined using equation 3-2 below. 

 

µmol/min/mg (UCS) = (V1/7465)*0.2/(µl protein x µg/µl/1000) 

nmol/min/mg    = UCS (unit cytrate synthase) x 1000 

3.8.2.3. NADH dehydrogenase (ubiquinone) (Complex I) 

Principle  

Complex I is the first respiratory ETC enzyme (Sharma et al., 2009). This complex oxidizes 

NADH, which is mainly generated through the TCA cycle and utilizes the two electrons to reduce 

ubiquinone to ubiquinol. The latter is further re-oxidized by cytochrome bc1 complex and transfer 

electrons to reduce molecular O2 to H2O at complex IV. The CI activity assay is performed in the 

presence and absence of rotenone to evaluate the nonspecific NADH dehydrogenase activity. 

Rotenone interferes with the ETC within CI and inhibits the transfer of electrons from iron-sulfur 

centres in CI to ubiquinone. Activity of CI was determined using the NWU mitochondrial lab SOP 

as adapted from Rohman et al. (1996).  

Method  

The nematode mitochondrial fractions were thawed one ice and thoroughly mixed, then 6 µl of the 

sample was loaded in the well in triplicate per genotype in the presence of 50 µl DMSO or 

 

 
 

 

Equation 3-1: Acetyl-CoA 

condensation 

Equation 3-2: Protein 

concentration 
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rotenone. A 124 µl volume of the CI master mix (see table 3-4) was added to the assay and 

incubated for 10 min at 30 °C before adding 20 µl preheated (30 °C) 2 mM NADH. Absorbance 

was measured at 600 nm for 5 min with 1 min time intervals. 

Table 3-4: CI Master mix  

Reagents  Amount (µl) & 

final 

concentration  

KPi (pH 7.6) 10 µl (25 mM) 

Coenzyme Q1 1.4 µl (70 µM) 

BSA 7 µl (0.35 %) 

DCIP 2.4 µl (60 µM) 

MilliQ H2O 103.2 

Total  124 

DMSO and Rotenone 

DMSO / 

Rotenone 

0.2 µl (1 µM) 

MilliQ H2O 49.8 

 

The linear rate calculations over the first 3 min were used (R2  > 0.99 for v1 and v2) see equation 3-

3 below: 

For 200 µl reactions: ε600 = 12712 Abs/mM) 

 

µmol/min/mg = (v1 - v2)/ (12712) *0.2/ (µl protein*µg/µl/1000) 

nmol/min/UCS  = µmol/min/mg x 1000/UCS 

 

3.8.2.4. Ubiquinol-cytochrome c reductase (Complex III) 

CIII of the ETC shunts electrons through the IMS to cytochrome c (CytC) (Han et al., 2003). The 

reduction of ferricytochrome c by the reduced coenzyme Q is catalysed by CIII (Luo et al., 2008). 

The activity of CIII was determined using a method adapted from Luo et al. (2008), ensuring that 

the samples and the solutions are always in ice.  Prior to the experiment, CIII master mix (table 3-5) 

was prepared and preheated at 30°C. 

 

 

 
 

 

Equation 3-3: Linear rate 

calculations CI V0 
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Table 3-5: CIII Master mix  

Reagents  Amount (µl) & final 

concentrations  

KPi 20 µl (50 mM) 

EDTA 0.8 µl (1 mM) 

Tween 4 µl (0.04%) 

NaN3 6 µl (3 Mm) 

Decylubiquinol 6.5 µl (300 µM) 

MilliQ H2O 32.7 µl 

Total  70 µl 

           Diluted CytC 

CytC 2.5 µl (50 µM) 

MilliQ H2O 117.5 µl 

Total 120 µl 

 

A total concentration of 50 µM CytC was added in reaction wells in triplicate. The sample was 

diluted 10X in KPi buffer and 10 µl of the dilution was added to the reaction wells in triplicate.  

Plates were incubated for 10 min in the plate reader at 25°C, after which 70 µl of the preheated CIII 

master mix was added to the reaction mixture and the linear rate increase was measured at 550 nm 

for 5 min in 1 min intervals. Linear rate calculations were taken from 0 to 3 minutes with an R2  > 

0.99 for v1 (see equation 3-4). For 200 µl reactions: ε550 = 4180 Abs/mM 

 

µmol/min/mg  = (v1)/4180)*0.2/(µl protein*µg/µl/1000) 

nmol/min/UCS   = µmol/min/mg x 1000/UCS 

3.8.2.5. Cytochrome c oxidase (Complex IV) 

ATP production is driven by the complex V (ATP synthase) using proton gradients (Cadenas and 

Davies, 2000). All four electrons from complex IV must pass onto the more electronegative 

molecular oxygen in order to maintain the production of ATP. The electron transport chain can 

result in mono/bivalent oxygen reduction under physiological conditions, thus giving rise to 

superoxide anions and H2O2 respectively (Klotz and Sies, 2009). The master mix was prepared 

according to table 3-6.  

 
 

 

 

Equation 3-4: Linear rate 

CIII V1 
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 Table 3-6: Complex IV Master mix 

Reagent 1x (µl) Final concentration 

KPi buffer (0.5 M) – pH 7.4 8 20 mM 

Water 112  

*CytCred (500 µM) 28 70 µM 

Total 148  

 

The assay was performed in duplicates for each sample at 37°C in a 96-well plate, and the final 

volume of the reaction was 200 µl per well. The reaction mixture contained 8 µl KPi buffer (pH 

7.4), 112 µl milliQ water and 28 µl CytCred per reaction. The CIV master mix was then preheated 

at 40°C. The plate was incubated at 37 ºC after adding 50 µl of diluted Kpi (4 µl KPi and 46 µl 

MilliQ water), and 2 µl of the of the fina mitochondrial extract. The reaction was initiated by adding 

148 µl of the preheated CIV (8 µL of KPi buffer (0.5 M), 28 µl CytCred (500µM) and 112 µl 

milliQ water per reaction, 148 µl of the master mix) mixture in each well. Linear rate of decrease 

(v1) was measured at 550 nm for 3 min in 30 sec intervals and enzyme activity was calculated using 

equation 3-5 below. 

 

 µmol/min/mg  = (v1)/4180)*0.2/(µl protein*µg/µl/1000) 

nmol/min/UCS   = µmol/min/mg x 1000/UCS 

For 200 µl reactions: ε550 = 4180 Abs/mM 

3.9. Phenotyping  

C. elegans phenotyping is a useful tool to evaluate the health of nematodes using behavioural 

movement in response to chemical or physical stimuli (Javer et al., 2018). These assays are often 

done on L4 stage nematodes, however there are other studies that compared behaviour in the 

different life cycles of the nematodes (Fielenbach et al., 2008; Zhang et al., 2016). Behavioural 

assays alone are not a sufficient measure of the defects that may affect the nematodes thus many 

other sophisticated biochemical analyses are conducted to confirm the presence of a possible 

disease phenotype caused by a mutation. In this study three assays were used to phenotypically 

 
 

 

Equation 3-5: Linear rate 

calculation CIV V1 
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characterize the mutant strain (VC1196) and compare it to the wild type strain (N2 Bristol) namely 

life span, chemotaxis and gentle/harsh touch.  

3.9.1. Life span assay  

Principle  

Life span is an important phenotypic assay that has been used frequently to study stress resistance, 

immunity and aging using C. elegans as a disease model (Park et al., 2017). The latter is a 

degenerative process that is characterized by weakening of cellular organelles resulting in mortality 

(Sutphin et al., 2009). Almost every biological system ultimately undergoes a functional 

deterioration as it grows older. In the nematode C. elegans life span is typically the number of days 

the nematode remains responsive to external stimuli (Amrit et al., 2014). The ability to produce 

synchronized isogenic populations grant C. elegans added advantage to be utilized for such studies. 

Nematodes can either be propagated in solid (NGM plating) or liquid medium, and methods have 

been established for measuring lifespan in each condition, in this study all the life span assays were 

measured using solid medium. The mutant strain (VC1196) life span was compared to the WT 

strain (N2 Bristol). 

To assess the life span of the nematodes in the present study, three different experimental setup, (1) 

no chemicals added in NGM, (2) FUDR added to NGM for sterilization, and (3) tBPH added to 

NGM to induce stress to nematodes. The experiments were performed to increase the validity of the 

assay since manual methods (physical counting of nematodes to distinguish between live and dead) 

was used to count the number of surviving nematodes. The first experimental setup was done by 

transferring parents (L4 staged nematodes) onto fresh plates seeded with OP50 E. coli every 24 

hours using a platinum pick until progeny production ceased. The nematodes were declared dead if 

they did not respond when gently touched with the platinum pick (Park et al., 2017). The second 

part of the experimental setup was done by treating the nematodes with 150 µM 5-fluoro-2-

deoxyuridine (Amrit et al., 2014). The utility of FUDR in life the span assay was convenient as it 

reduced labour of frequently transferring parents onto new seeded plates and it increased reliability 

as nematodes were no longer exposed to dying due to external stimuli from the platinum pick. 

Lastly, tert-Butyl hydroperoxide (tBHP) was used to assess life span of the nematodes under 

physiological stress conditions (Ewald et al., 2017). The last two experimental setups were ideal as 

they did not require frequent transfer of nematodes onto new seeded plates. All the experiments 

were done in triplicate (three plates per strain) using freshly prepared NGM plates.drug that 

prevents hhing  
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Recipe 1 (preparing 150 nM FUDR) 

Approximately 33 µl (50 µg/ml) of filtered FUDR (prepared by dissolving ~0.3693 g FUDR in 

milliQ water) was added to the NGM (table 3-1) when it reached 50°C. The NGM containing plates 

were seeded with OP50 E. coli and incubated at 37°C for 18 hours. Plates were used stored at 4°C 

and were used withing 10 days of the preparation (Ewald et al., 2017).  

Recipe 2 tert-Butyl hydroperoxide (tBHP plates) 

Approximately 4% agar was dissolved in milliQ water, followed by addition 2.5 ml phosphate 

buffer (0.1 M pH 7.4), 160 l cholesterol  (50 mg dissolved in 1 ml 99.9% ethanol absolute ), 100 

l MgSO4 (120 g MgSO4 in 1 l milliQ water), 100 l CaCl2   (58 g CaCl2 in 1 L milliQ water) and 

214 l tBHP (0.5 nM).   

 

 Methods 

3.9.1.1. Lifespan analysis without 5-fluoro-2-deoxyuridine (FUDR) 

This protocol was adapted from (Park et al., 2017). Age synchronized nematodes were grown at 

20°C and 50 L4s were transferred onto freshly seeded plates every 24 hours in triplicate per strain 

to prevent inclusion of new progeny into the daily count. The nematodes were observed each day to 

detect live and dead animals. Nematodes that were not moving, were poked gently with a thin 

platinum wire, to see if they moved or not, and if there was no movement, nematodes were counted 

as dead and removed from the pate. Nematodes that died because of external pressure (poking) were 

not included in the final analysis.  

3.9.1.2. Lifespan analysis using FUDR 

A total of 50 L4 synchronized nematodes were transferred in three freshly seeded plates 

supplemented with FUDR (See recipe 1 above). The plates were place in 20°C incubator and 

counted every 48 hours to detect live and dead nematodes until the entire population was dead.   

3.9.1.3. Lifespan analysis using tBHP 

A total of 50 L4 nematodes were transferred into the centre of a tBHP agar (see recipe 2 above) in 

triplicate per strain. The plates were incubated at 20°C and survival was scored every 60 minutes 

until the death of the last member of the population 
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3.9.2. Chemotaxis assay  

Principle  

Almost every motile organism can exhibit chemo sensation and respond by moving away or 

towards it. This is known as chemotaxis 10 (Stock, 2009). Chemotaxis in eukaryotic organisms 

proceed by mechanisms shared by all cells in the kingdom eukarya which generally involves 

regulation of microtubule (Lee et al., 2009).  This assay was first described almost 5 decades ago 

and has had far reaching applications since then (Ward., 1973). Chemotaxis is predominantly 

employed by neurobiologists to test olfactory adaptations11 using the nematode C. elegans as a 

disease model (Colbert and Bargmann., 1995). Kauffman et al. (2011) developed an assay to 

validate C. elegans ability to store-short term and long-term memory by showing that the nematode 

can make connections between food sources (OP50), temperature and chemo-attractants.   

The response of nematodes to the odorant was achieved by placing nematodes in the origin with 

control and test compounds placed 3 cm from the origin in different quadrants as depicted in figure 

3-2 below. The agar only contained nematode growth medium (NGM) that was not seeded with 

OP50 E. coli. According to existing literature, there are two strategies that are used by C. elegans to 

navigate in chemical gradients (Swierczek et al., 2011). The nematodes either (1) change direction 

when a favourable chemical decreases or (2) move their head side to side in the direction of a 

source of stimulation. Chemosensory mutants have been observed to aggregate on food like the 

wild type nematodes (Sawin et al., 2000). However, the reason behind this remains obscure. The 

volatile chemical (Benzaldehyde) used to observe how the VC1196 and N2 Bristol behave in the 

present study has been previously shown to elicit a robust chemotaxis response from C. elegans 

(Bargmann et al., 1993). Thus, since we tested it at lower concentration (5%) compared to the 

higher concentration of the control chemical (99.9%) absolute ethanol, and expected the nematodes 

to migrate to the benzaldehyde quadrants. 

Methods 

The application of chemotaxis is evident in the field of neurobiology particularly in olfactory 

adaptation studies (Hu et al., 2015). Certain critical steps must be undertaken to obtain best results 

in chemotaxis assays (Margie et al., 2013). The first step is to ensure that the nematodes contain no 

excess E. coli as it may interfere with the assay. Secondly the nematodes must be age synchronized, 

as nematodes at different larval stages behave differently. Thirdly, the application of 0.5-1 M NaN3 

is important as it paralyses the nematodes such that they do not climb the walls of the petri dishes, 

 
10 Migration of organisms toward attractant chemicals or away from repellents. 
11 Simple form of learning and memory. 
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and hence this chemical is placed at least 2 cm from the origin. A schematic representation of 

chemotaxis is shown in 3-6 below. The schematic representation of the method employed for 

chemotaxis is indicated in figure 3-2. 

Chemotaxis index =    

 

 

Figure 3-2: Schematic representation of chemotaxis assay. The vertically opposite quadrants 

contain control (ethanol absolute) or test compounds (varies). Nematodes are placed at the centre 

and allowed to crawl in search for nutrients. The chemotaxis index is calculated after nematodes 

were exposed to the chemicals for an hour. Image adapted from (Margie et al., 2013). 

 

The protocol described here was modified from (Lee et al., 2009; Margie et al., 2013). 

Approximately 100 L4 synchronized nematodes were rinsed 3 times with M9 buffer (See table 3-1) 

to remove the excess OP50 E. coli on the nematodes. NGM plates were demarcated as indicated in 

figure 3-2 with 1 µl of 5% benzaldehyde added to the test quadrant and 99.9% ethanol in the control 

quadrant followed by addition of 1 µl 0.5 M NaN3 to paralyse the nematodes so that they do not 

pass the test/ control compound and end up climbing the walls of the petri dish. The chemical NaN3 

is important for the chemotaxis assay as it paralyses the nematodes upon reaching the respective 

quadrants thus making counting easy. After adding all the reagents and nematodes, the plate was 

inverted and left for an hour after which the location of the nematodes was assessed. The 

 
 

 

Equation 3-6: Chemotaxis index 
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chemotaxis index (CI) was calculated using equation 3-6.  A positive (+1) CI indicates attraction 

towards the chemoattractant while a negative (-1) CI indicates repulsion.  

3.9.3. Gentle touch and harsh assay 

Principle 

This assay is used to detect how nematodes respond to external stimulus resulting from physical 

contact with either a platinum wire (harsh touch) or eyelashes (gentle touch). Gentle touch sensation 

is mediated by five touch receptor neurons12 (TRNs) (Chalfie and Thomson, 1997). Typically, 

gentle touch to the posterior of the body results in forward movement while gentle touch to the 

anterior of the body results in reverse movement.  

3.9.3.1. Method 

The method described here was adapted from (Chalfie et al., 2014), L4 nematodes were transferred 

into an NGM plate (see table 3-1) and touched 5 times on the head and tail respectively with an 

eyelash attached to the end of a toothpick13 and using a platinum pick14. Movement in the opposite 

direction was counted as a response. At least 20 nematodes were tracked over a 10-day lifespan 

with measurements taken every 2 days.   

3.10. Data processing and statistical analysis 

The data generated was analysed using Microsoft Excel (2016) and the graphs depicting the data 

and statistical analyses produced using GraphPad prism (v 9.3.1). The OXPHOS enzyme assay data 

was produced by Gen5TM (v 1.11.5). The data were analysed using the same methodologies for all 

the kinetics enzyme assays measured, namely initial reaction velocity (1)
15 of the assays was 

determined over the first 2 minutes (first 3 readings) via linear rate calculation. The linear square 

regression was used to measure correlation between the results, a coefficient of determination (R2) 

greater than 0.99 was considered as sufficient linear relationship. The bioenergetic assays were 

analysed using DatLab (v.4), the raw data was organised into readable format using Microsoft Excel 

and analysed using GraphPad prism. Spectral data generated by GC/MS was extracted into 

matrices, and the data matrices were inspected individually (selection of correct peaks, alignment 

and data integrity) and pre-processed (data filtering, missing value and normalisation). The P-values 

(<0.005) were determined using two tailed student’s t test.  

 
12 Neurons that extend long processes that innervate approximately one half of the animal’s body length 
13 Gentle touch 
14 Harsh touch 
15 Measured in mAbs/min 
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4. CHAPTER FOUR: RESULTS AND DISCUSSION  

Chapter summary  

This chapter gives the outcomes of this research, the findings as per the aims and objectives are 

discussed thoroughly. Post confirmation of the genotype as the first objective of the study, the 

mitochondrial ultrastructure was determined using transmission electron microscopy as part of the 

second objective of this study. Two more biochemical analyses were performed using crude 

mitochondrial fractions. These biochemical assays were (1) untargeted lipid profilling and (2) 

OXPHOS enzyme activity assay, which were part of objective 3 and 4 respectively. To achieve the 

last two objectives of this study. Live L4 nematodes were utilized, and lifespan assays were 

conducted on three different experimental setups for both strains. The outcomes achieved in this 

study supports the hypothesis (see section 2.10.3), as the VC1196 strain showed decreased 

phenotypes and more vividly the aberrant cristae morphology was observed on the VC1196 strain 

with the aid of transmission electron microscopy. The statistical softwares used as well as meaning 

of the outputs they generate are defined in detail. All the error bars in the graphs represents the 

standard deviation (SD).  

4.1. Genotyping 

The genotype of VC1196 strain was confirmed as described in section 3.3 above to ensure that 

correct samples were received prior to commencement of experiments. PCR was employed using 

the combination of internal primers (see table 3-2). 

4.1.2. Results 

The moma-1 is characterized by a deletion in Mic27 which a subunit of the MICOS complex that 

plays a pivotal function in the stabilization of Mic10 subunit and respiratory chain complexes. 

Heterozygotes are WT and segregate WT. The results of four PCR analyses are indicated in figure 

4-1 below. L4 synchronized nematodes were selected randomly from agar plates and washed as 

described in section 3.2 of this study. The resulting PCR products were separated by agarose gel 

electrophoresis along with a DNA size marker/ ladder used to estimate size of DNA fragments after 

they have migrated in the gel as seen in figure 4-1 below.  
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Figure 4-1: Agarose gel electrophoresis data for genotyping. The DNA fragments were resolved 

on 1% agarose gel. The four lanes (1-4) indicated above are the estimated PCR product sizes of the 

single L4 VC1196 strains randomly isolated from each plate.  

 

The purity of the isolated DNA was determined using NanodropTM 16 , since crude nematode lysate 

was used as a template DNA. The A260/A280 obtained was ~1.6 thus indicating possible protein 

contamination. Nonetheless, the PCR products confirmed the genotypes of the moma-1 mutant as 

observed in figure 4-1 above, the green and purple arrows indicating heterozygous alleles with 

estimated 450 and 240 base pairs respectively for all the isolates (lane 1-4).  Non-specific bands 

(lane 3 and 4) were observed despite countless attempts to optimize the temperature via temperature 

gradient, another contributing factor to the observed non-specific bands, is the method of DNA 

isolation as crude nematode lysate was used as a template strand. This strain was provided by the C. 

elegans reverse genetics core facility 17 which forms part of the gene knockout consortium (The C. 

elegans Deletion Mutant Consortium, 2012). 

 
16 # ND-200 
17 University of British, Columbia  

450 bp 

 

240 bp 

1    2    3    4 
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4.2. Detection of alterations in cristae morphology using Transmission electron microscopy 

(TEM) 

Normal mitochondrial functions are intrinsically associated with morphology and ultrastructure 

(Hoppins et al., 2011; Collegari et al., 2019). Thus, characterising aberrant mitochondrial 

morphology features can be a crucial step in providing the insight into the underlying pathogenesis 

of acquired and inherited mitochondrial diseases. Mitochondrial architecture changes depending on 

the energy requirements and other signalling events of the cell (Cervantes-Silva et al., 2021). It is 

almost a century since the observations that mitochondria undergo drastic morphological changes 

during development were made (Smith., 1931). 

4.2.1. Results 

Mitochondrial cristae are the main OXPHOS and electron transfer sites in mitochondria (Brandt et 

al., 2017). Despite several advancements in mitochondrial research, cristae dynamics and 

remodeling remain elucive. The traditional method of using electron microscopy cannot reflect the 

dynamic challenges of mitochondrial cristae in living cells it can only dispay cristae morphology of 

a certain section in the mitochondrial sample. The images depicted in figure 4-2 shows inner 

mitochondrial membrane structure of L4 staged nematodes.  The images from 1- 4 represent the 

VC1196 strain which is deficient of the Mic27 subunit of the MICOS and the images from 5- 8 

represents the N2 Bristol strain that was used as a WT strain in this study. As observed in figure 4-2 

is evident that the internal morphology of the moma-1 (images 1-4) mitochondria is severely 

disrupted. The parts demarcated in red in figure 4-2 shows aberrant onion-ring like cristae with no 

clear cristae junctions. While the images demarcated in green (5-8) shows a mixture of well-defined 

large tubular and lamellar cristae structures that are characterised by clear cristae junctions. The 

cristae are connected to the boundary region of the IMM by cristae junctions as indicated by the 

yellow arrows in images 5 and 7 of figure 4-2 below.  
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Figure 4-2: Transmission electron microscopy images indicating the mitochondrial 

ultrastructure of VC1196 (1-4) and N2 (5-8). The images depicted above shows the IMM with 

cristae and were taken from dissected L4 staged nematodes that were treated with different 

concentrations of fixatives and washed with different concentrations of ethanol prior image 

processing. A total of 11 images were taken per strain at 0º angle, non of the images were tilted.  

4.2.2. Discussion  

Cristae have been proposed to play a pivotal function in the regulation of dynamic distribution of 

lipids and proteins as well as soluble metabolites between the individual mitochondrial 

subcompartments (Zick et al., 2008; Vincent et al., 2016). A typical example is cytochrome c 

release upon apoptosis induction (Zick et al., 2008). These large cristae segments have been shown 

to account for substantial change in the composition of lipids or large molecular weight proteins 

(Vincent et al., 2016). The aberrations in the first four images (1-4) in figure 4-2 are a result of a 

mutation in the MICOS which plays a pivotal role in the formation and maintenance of 

mitochondrial cristae (See section 2.2). The mitochondria observed in images 1 and 4 contain many 

networks of short pairs of membrane segments which are indicative of onion-ring like cristae. 

Conversely, mitochondria observed in images 2 and 3 have localised swellings and thin tubular 

connections. The images demarcated in green (5-8) show a mixture of well-defined large tubular 

and lamellar cristae structures that are characterised by clear cristae junctions. The cristae are 

connected to the boundary region of the IMM by cristae junctions as indicated by the yellow arrows 

in images 5 and 7 of figure 4-2. According to existing literature, severe mitochondrial dysfunction 
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as anticipated in an organism’s disease state has detrimental consequences that may include arrest 

of development to shortened life span (Rea et al., 2007; Lapierre and Hansen., 2012; Munkacsy and 

Rea., 2014). These alterations in the inner membrane topology have been demonstrated to have a 

negative impact on mitochondrial bioenergetic processes (Mannella., 2006). 

The observed features of the VC1196 cristae in figure 4-2 (image 1-4) present similar phenotypes to 

the double knockout Mic27 human cells (Anand et al., 2020). The observed cristae features in the 

human cells are characterised by more concentric onion-like shape with loss of cristae junctions. It 

was further revealed that Mic26 and Mic27 complement each other partially, and they fullfil 

functional roles that cannot be compensated fully by other MICOS subunits. This is indicative that 

coordinated function of Mic26 and Mic27 is essential for normal formation of cristae junctions and 

indicates cooperation between Mic26 and Mic27 in the regulation of cristae structure.  

4.3. Untargeted lipid metabolism   

Despite the great variation in the physiologies of nematodes and mammals, several proteins 

involved in the synthesis, oxidation and transport of lipids are highly conserved between the two 

species (Castro et al., 2012). For the present study, mitochondria were isolated as described in 

section 3.6.1, followed by incorporation of two metabolomic extraction procedures as explained in 

the SOPs standardised by the NWU mitochondrial research laboratory (see annexure C).   

4.3.1. Results  

The data represented in figure 4-3 below are results of 4 samples of each strain that were prepared 

using mitochondrial fractions of the nematodes. Several unsuccessful attempts were made to 

optimize a suitable method that works for nematode lipidomics. These included (1) randomizing 

samples in the GC-TOF-MS, (2) addition of quality control (QC) samples, (3) large sample 

preparation, however, there were more free fatty acids in most of the results than methylated fatty 

acids as anticipated. The results represented below were used as preliminary data as they were 

better than the previous experiments. 
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Figure 4-3: Lipid profilling between N2 and VC1196. The purple circles represent features above 

the threshold (0.05).   

 

Univariable statistical methods ware used for exploratory data analyses. For the present study, two 

tailed student t-tests were used to analyse the statistical significance of fatty acid metabolite levels 

when comparing the VC1196 to the WT N2 strain. The important features identified by the t-test 

with a threshold of 0.05 are depicted in figure 4-3 above, the p-values were transformed by -log10 

to plot more significant features (with smaller p values) higher on the graph. Table 4-1 below shows 

a summary of the significant features that are plotted in figure 4-3 above.  

Table 4-1: Important features between VC1196 and N2 strain identified by t-test 

Peaks(mz/rt)  t.stat p.value -log10(p) FDR 

1 Methylmalonic acid 2TMS  5.068 0.0022925 2.6397 0.038973 

2. Silanol, trimethyl-, phosphate (3:1)  3.4545 0.013558 1.8678 0.11524 

3. N, N-Diethyl(trimethylsilyl)carbamate  3.113 0.02077 1.6826 0.1177 

4.3.2. Discussion  

Data matrices were individually inspected (correct peak picking and alignment, batch effect and 

data integrity) as well as pre-processed (data filtering, missing value imputation and normalisation). 
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Metabolites were normalised to peak area because previous experiments using nonadecanoic acid as 

an external standard did not yield good results. The compound nonadecanoic acid is classified as a 

long chain fatty acid (between 13 and 21 C-atoms), and several studies have been published using 

this aliphatic fatty acid as either an internal or external standard in lipid profiling (Croxton et al., 

2006; Faizi et al., 2014; Williams et al., 2021). Important long chain fatty acids such as 

octadecanoic and hexadecanoic were not significantly different between the two groups. Despite 

several attempts to optimize a better lipid profiling method, there were still free fatty acids detected 

by the platform. The possible contributing factors are that (1) the electron ionization mass spectra 

suffers from frequent weakness of the molecular ions, and (2) only relatively small range of volatile 

thermally stable compounds are ameable for analysis. Fatty acids can modify lipid membrane 

structure, altering its physical properties, microdomain organization, and provoking changes in cell 

signaling (Ibarguren et al., 2014). Therefore, it is possible to regulate membrane structure by 

modulating fatty acids.   

As discussed in section 2.5 of the present study, mitochondrial ultrastructure alterations are linked 

to several diseases. A typical example is Barth syndrome, a mitochondrial disorder caused by 

mutations in Tafazzin (Acehan et al., 2010), which is involved in cardiolipin (a mitochondrial 

phospholipid) biosynthesis. This is indicative that lipids play a vital role in mitochondrial 

ultrastructure maintenance. The summarised compounds in table 4-1 above are important features 

between the two strains. Methylmalonic acid is a relatively neutral and hydrophobic molecule (Zick 

et al., 2008). The ester phospholipids are major structural components of all biological membranes 

and are vital for indirect and direct regulation of cellular function (Brock et al., 2007; Shmookler 

Reis et al., 2011).  

4.4. Bioenergetics assays: Measuring oxygen consumption rate  

Oxygen consumption rate (OCR) is a crucial marker showing the cellular function during an 

organism’s lifetime under metabolically challenged or normal conditions (Ryu et al., 2016). It is 

utilized to investigate factors mediating the switch from OXPHOS to aerobic glycolysis (Chen et 

al., 2015) or to understand mitochondrial function (Palikaras et al., 2015). The OCR of 150 intact 

nematodes per genotype was measured at 15 minutes intervals using the Oxygraph 2k high 

resolution Oroboros respiratory analyser (Oroboros, Instruments, Innsbruk, Austria) containing 2 ml 

M9 buffer (section 3.6). The high-resolution respirometer traces are shown in figure 4-4 below. 
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Figure 4-4: High resolution respirometry traces indicating OCR (red lines). The blue lines 

indicate the concentration of oxygen within the chambers (nmol/ml). The N2 strain traces are 

indicated by (A) and VC1196 traces are indicated by (B), the measurements were taken at 15 

minutes for both strains.  

 

There is growing evidence that underlies mitochondrial function as possible contributor in viability 

and homeostasis in organisms (Vafai and Mootha, 2012). Cellular OCR is recognized highly as an 

essential indicator of mitochondrial function, reflecting the production of ROS and metabolic 

activity of the cell. Therefore, several methods have been employed to measure OCR in cells or 

entire organisms (Dranka et al., 2011; Luz et al., 2015; Perry et al., 2013).  

4.4.1. Results  

The OCR is a measure of mitochondrial function and energy production rate (Ng and Gruber., 

2019). The levels of O2 were maintained above air saturation to avoid limitation in experimental O2 

of respiration. The analysed data points are indicated in figure 4-5 below.  

B 

A 
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Figure 4-5: Graph depicting the average oxygen consumption rate (OCR) between the WT 

and mutant C. elegans strain. The Y-axis indicates the ORC per nematode and the X-axis 

indicates the nematode strains used. The error bars indicate SD with P<0.58 calculated using a two 

tailed t-test for three repeats.  

4.4.2. Discussion  

As previously discussed in section 2 of the present study, mitochondrial function is not solely 

limited to the production of energy, but is also essential for ROS scavenging, apoptosis, and cellular 

homeostasis (Wallace., 2005; De Marcos-Lousa et al., 2006; Reinecke et al., 2009; Eramo et al., 

2020). Thus, normal mitochondrial function is critical in organismal health. Previous studies have 

utilised several assays to assess mitochondrial function, including but not limited to analyses that 

measure mitochondrial calcium concentration, membrane potential, ROS, and ATP level (Luz et al., 

2014; Sarasija et al., 2018). However, measuring OCR serves as a superior mitochondrial function 

indicator as it is reliant on sequential events during the production of ATP unlike the other 

indicators which only provide a single snapshot of mitochondrial function (Perry et al., 2013; Ryu 

et al., 2016). In the present study, the rates of O2 consumption were calculated using a software 

(DatLab) and was expressed as nmol/min/nematode.  

 

The average OCR of the N2 and the VC1196 strain are indicated in figure 4-5 above. A total of 150 

live L4 age synchronized (see section 3.3) nematodes were used to measure the basal oxygen 

consumption rate in triplicate as described in section 3.6 of this study. OCR was monitored in real 

time as a decline in O2 saturation in both chambers. The outcomes as indicated in figure 4-5 above 
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indicates the decline in the OCR of the MICOS subunit deficient strain when compared to the WT 

strain. Since OCR is a decisive indicator of mitochondrial health, these results shows that 

mitochondrial function of the VC1196 stain is lower (36% decrease compared to the N2 strain) as a 

result of the mutation that is characterised by aberrations in its inner membrane (See section 4.2 

above), although this change was not statistically significant (P<0.58). In addition, previous studies 

show that mild mitochondrial stress that results from either pharmacological or genetic 

interventions extend C. elegans life span, while severe mitochondrial dysfunction, as expected from 

an organism’s disease state can result in shortened life span (Lapierre and Hansen., 2012; Munkacsy 

and Rea., 2014).  

4.5. OXPHOS complex activity assays  

Mitochondria harbour pathways involved in the synthesis of ATP through the TCA cycle and 

OXPHOS. Energy obtained from electron transfer is utilised by respiratory complexes I, III and IV 

to pump protons from the mitochondrial matrix into the IMS (Dancy et al., 2014). A proton motive 

force is generated in the process and drives ATP synthesis by a flow of protons back into the 

mitochondrial matrix through ATP synthase. The OXPHOS system is known to have several 

adaptive responses to counteract dysfunction in a part of the system. Thus, even though the overall 

respiration was not significantly affected by the Mic27 deficiency in the VC1196 strain, it is still 

possible to see differences in individual OXPHOS complex activity. 

4.5.1. Results  

The three respiratory complexes analysed in the present study (CI, CIII and CIV) have been shown 

to play a pivotal role in generating the proton gradient across the cristae membranes (reviewed in 

Kühlbrandt., 2015). Previous studies have shown that the life span of C. elegans depends on the 

normal functioning of the mitochondrial ETC (Ventura et al., 2006; Rea et al., 2007; Dancy et al., 

2014). Respiratory flux measurement in different metabolic states was needed for assessment of the 

effects on OXPHOS of changes in metabolomic levels, individual enzyme activity or membrane 

permeability (Dancy et al., 2014).  

 



 

73 
 

VC1196 N2

0

1000

2000

3000

CI

Genotype

C
I 
a
c
ti

v
it

y
 [

n
m

o
l/
m

in
/U

C
S

] ns

VC1196 N2

0

500

1000

1500

2000

CIII

Genotype

C
II
I 
a
c
ti

v
it

y
 [

n
m

o
l/
m

in
/U

C
S

]

✱

VC1196 N2

0

200

400

600

800

CIV

Genotype

C
IV

 a
c
ti

v
it

y
 [

n
m

o
l/
m

in
/U

C
S

]

✱✱✱

 

Figure 4-6: Bar charts indicating decrease in VC1196 enzyme activity compared to N2 strain 

measured for CI, CIII and CIV.  The data plotted is the activity of enzyme per unit citrate 

synthase (UCS) and the error bars represent SD (n=3). The figures representsenzyme activity 

measures of complex I, complex III and complex IV respectively. The VC1196 strain shows 

reduced enzyme activity for all the three complexes measured. P-value 0.209, *0.021 and 

***0.0002 respectively.  

4.5.2. Discussion  

Several advancements have been made to better our understanding of mitochondrial bioenergetics 

using C. elegans mutants affecting vital components of the metabolic pathways (Suthammarak et 



 

74 
 

al., 2013; Van der Bliek et al., 2017). In the present study, enzyme activity of three different 

complexes was spectrophotometrically measured using C. elegans mitochondrial fractions (see SOP 

in annexure B). According to existing literature, mitochondrial supercomplexes containing the 

above-mentioned respiratory complexes are now regarded as an established entity (Suthammarak et 

al., 2010). These supercomplexes have been theorised to enhance function of the respiratory chain 

by permitting channelling of quinone between CI and CIII. Analyses were performed in triplicate 

and were normalised to unit citrate synthase (UCS). Citrate synthase is a common quantitative 

mitochondrial marker which involves two coupled reactions. The reactions consist of citrate 

synthase catalysed production of free CoA-SH from oxaloacetate condensation with acetyl-CoA 

(Jansen et al., 2007). Thus, this enzyme is at the intersection of fuel catalysis and entry of 

metabolites into the TCA cycle making it a superior biomarker of mitochondrial content 

(McLaughlin et al., 2020). 

 

The activity of CI was analysed slightly different to the other two complexes as measurements are 

obtained in the absence and presence of a classical complex I inhibitor rotenone, thus the initial 

velocity was calculated as the difference between DMSO (1) and rotenone (1). Complex I is the 

largest MRC enzyme and establishes the access point of electrons into the system. As expected, the 

enzyme activities (nmol/min/UCS) of the mutant strain were lower compared to the WT strain due 

to defective mitochondrial function (First graph in figure 4-6), although the change was not 

statistically significant (P<0.209).  

 

Complex III forms the central fragment of the ETC, it is responsible for pumping protons to the 

IMS from the matrix through oxidation of coenzyme Q and cytochrome C reduction (Crofts et al., 

2008). The enzyme activity of the mutant strain was sustainably reduced for CIII compared to the 

WT strain. The observed changes between the genotypes were statisrtically significant (P< 0.021). 

The results depicted in figure 4-6 (second graph) above indicates the processed data points 

(nmol/min/UCS) for the two C. elegans strains.   

 

Complex IV/ cytochrome c oxidase (COX) activity was also significantly reduced in VC1196 strain 

compared to the WT N2 strain (P<0.0002). This complex is the last respiratory chain electron 

acceptor and is involved in the reduction of O2 to H2O (Mansilla et al., 2018). Evidence from a 

study conducted by Suthammarak et al. (2009) support the interdependence among respiratory 

chain complexes, however, the mechanism regulating this phenomenon remain elusive. In addition, 

a year later Suthammarak et al. (2010) further revealed that CIII affects supercomplexes I, III & IV 

formation by acting as a stabilizing factor or an assembly in mutant C. elegans strains they 
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analysed. The defective mitochondrial function of the VC1196 strain in the present study was 

suggested by the aberrant cristae morphology as observed in figure 4-2 (images 1-4) due to its 

deficiency in a MICOS subunit (Mic27) which contains a lipid binding domain (see section 2.2 and 

2.5). 

4.6. Phenotyping 

The second objective of this study was to phenotypically characterise the VC1196 strain compared 

to the N2 strain which has been used as a background or wild type strain since its discovery over 

four decades ago (Brenner, 1974). Three assays were tested using live L4 nematodes 

(Lifespan/survival, chemotaxis, and gentle touch) 

4.6.1. Lifespan analysis 

Life span assays were performed as described in 3.7.1 of this dissertation with live L4 staged 

nematodes. The recordings were taken from day one until the last member of the population died. 

The results presented below are a summary of the outcomes, the p-values in this section were 

determined using the Mentel-cox test.  

4.6.1.1. Results 

The results in the subsections below are life span analyses using three different experimental set ups 

as elucidated in chapter 3 of the present study. All the experiments were performed in triplicate. The 

error bars represent the standard deviation and, the p-values were calculated using two tailed 

students’ t-test.  

4.6.1.2. Lifespan analysis without 5-fluoro-2-deoxyuridine (FUDR) 

Biological subsystems are characterized by a functional decline with increasing age, and lifespan is 

the main endpoint of interest in age related studies. Figure 4-7 below indicates the data recorded 

from the beginning of the experiment until the last member of the nematode population died.  
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Figure 4-7: Average lifespan of C. elegans. The experiment was conducted in triplicate, datapoints 

represent the average survival of the nematodes on specific days and the error bars represent the SD 

(n=3). The P-value calculated using a two tailed student’s t-test is 0.159.  

 

Lifespan in nematodes typically refers to the number of days the nematodes remain responsive to 

external stimuli (Angeli et al., 2013; Polisik et al., 2014; Zhang et al., 2021). Lifespan assays 

involve periodic examination of the nematodes from the beginning of their adulthood until the day 

the last member of the population dies (Amrit et al., 2014, Haroon et al., 2018). For this part of the 

project, lifespan was analysed as described in section 3.7.1.  The survival curve of two populations 

was compared to determine the similarities or lack between the two nematode populations. As 

anticipated, the average lifespan of the mutant strain (VC1196) was shorter but not significantly 

different compared to the WT strain (N2).  

4.6.1.3. Analysing lifespan in nematodes treated with FUDR 

The use of 5-fluoro-2-deoxyuridine (FUDR) in C. elegans lifespan is a convenient measure that 

minimizes biased results as it is not necessary to transfer nematodes into new plates every 16 hours 

to prevent mixture of different larval stages. This method of sterilizing the nematodes is effective 

and has been proven to extend lifespan of the nematodes (Amrit et al., 2014). The nematodes 

treated with FUDR (see recipe 1) lived longer compared to the other two lifespan analyses. This is 

because nutrients in the plate can last longer as the nematodes do not reproduce after treatment with 

this drug. The statistics were taken on 24 hours intervals, from the results as indicated in figure 4-8, 

the VC1196 strain was recorded to have a shorter lifespan compared to N2 strain.  
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Figure 4-8: Average lifespan of C. elegans treated with FUDR. 50 L4 nematodes were sterilized 

by treating with FUDR, and plated on an NGM plate containing sufficient nutrients (OP50) and 

incubated at 20°C. The error bars represent SD (n=3) with ***P<0.0001. 

4.6.1.4.  Lifespan analysis on metabolically stressed nematodes 

The results observed in figure 4-9 depicts results of survival of metabolically stressed C. elegans 

strains. The nematodes were grown as described in section 3.3 of this study. A total of 50 L4 staged 

nematodes were transferred to tBHP agar (Recipe 2) and incubated at 20 C. The measurements 

were taken every 60 min until the death of the last member of each population group. The chemical 

tert-Butyl hydroperoxide (tBHP) is an oxidizing agent in a variety of chemical transformations 

(Wang et al., 2003). Organisms and cells constantly face exposure to ROS either as by-products 

from internal metabolic processes or the surrounding environment (Ewald et al., 2017). Metabolic 

stress was induced to the nematodes by exposing them to the chemical tBHP (see section 3.7.5). 
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Figure 4-9: Average lifespan of metabolically stressed C. elegans strains. 50 nematodes were 

exposed to harsh conditions to measure the sensitivity to oxidative stress using tert-Butyl 

hydroperoxide (tBHP) as a source. The data points represent the average survival per hour and the 

error bars represent SD (n=3) with **P<0.002 calculated using two tailed Student’s T test.  

 

Cells have evolved detoxification mechanisms to prevent cellular death from ROS, and the 

downstream responses and activation of these mechanisms represent an overlapping defence 

response that can be adapted to distinct ROS sources to protect cells. The results obtained (figure 4-

9) is indicative that these protective mechanisms are essential for healthy aging. The mutant strain 

(VC1196) showed a decreased lifespan in response to the harsh environmental conditions compared 

to the N2 strain. 

4.6.1.5.  Discussion  

There was statistically significant difference in lifespan between the two genotypes for two of three 

three experimental setups. The results shown in section 4.6.1 above all indicate that VC1196 had a 

shorter lifespan compared to the N2 strain although the results were not statistically significant for 

lifespan analyses done without the use of chemicals like FUDR and tBHP. Survival of N2 strain is 

used as a benchmark to conclude if treatments or mutations change the lifespan of C. elegans.  The 

survival and average lifespan of N2 strain ranges from ~7 to over 35 days in many published peer 

reviewed articles (Mcroitchel et al., 1979; Lucanic et al., 2017; Haghani et al., 2019). There are 

several factors that can also influence survival of C. elegans, and temperature is the most important 

contributing factor as nematodes grow much faster at higher temperatures (~22-25°C) compared to 

lower temperatures (~18-20°C). This rapid increase in nematode progeny results in fast depletion of 
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nutrients in the plate due to competition among the large population. However, there is 

inconsistency in the lifespan of N2 strains across published literature. The summarized data in table 

4.2 below is randomly collected experimental data from published articles within the last decade 

including data generated from this study. The changes in lifespan as tabulated below only covers the 

N2 strain as it has been used as a benchmark in several lifespan studies, there are no studies in 

literature that have covered lifespan in MICOS nor CI, CIII and CIV defects in C. elegans. 

Table 4-2: Comparing N2 lifespan under different growth conditions 

Initial number 

of nematodes 

Temperature 

(°C) 

Additional 

supplements/chemicals 

Approximate 

mean lifespan 

(days) 

Reference  

100 20°C Aspartame (ASP) 25 Zhang et al., 2021 

100 20°C Cocoa 23 Munasinghe et al., 

2021 

100 20°C Ferric acid  22 Li et al., 2021 

100 20°C Carnitine  35 Rasulova et al., 2021 

100 20°C Acesulfame potassium 25 Zhang et al., 2019 

100 15°C None  30 Henderson et al., 

2018 

100 25°C Fudr 14 Polisik et al., 2014 

100 25°C Fudr 18 Angeli et al., 2013 

50 20°C Fudr 25 This study 

50 20°C tBHP 12 (Hours) This study 

50 20°C None  16 This study 

 

There are several physiochemical parameters that have been demonstrated to affect the lifespan of 

C. elegans, such factors include temperature (Amrit et al., 2017) and chemical exposure (Polisik et 

al., 2013; Zhang et al., 2021). The usage of the most common supplement in C. elegans lifespan 

assays (Fudr) has been documented to influence survival of nematodes (Amrit et al., 2017). 

However, the utility of FUDR in lifespan experiments has been questioned due to insufficient 

knowledge on its mechanism of action and potential effects it possesses on the development of the 

nematode. In a study conducted by Feldman et al. (2014), it was revealed that this oncology drug 
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alters a critical process involved in regulating C. elegans lifespan (proteostasis18). In addition, Wang 

et al. (2019) further showed that N2 phenotypes are impacted by temporal administration of FUDR 

and may also increase the lifespan of N2 strains. The inconsistency observed in table 4-2 above is 

concerning considering that the N2 strain is used commonly as a benchmark in a variety of C. 

elegans studies, thus this inconsistency may lead to false conclusions regarding the role genes in 

regulating the lifespan of C. elegans.  

The three lifespan experiments conducted in this study supports the hypothesis (2.10.3) as stated in 

section 2.10.3 as the Mic27 deficient strain (VC1196) had a shorter lifespan than the N2 stain. The 

chemical FUDR was used because examining C. elegans lifespan without sterilizing the nematodes 

requires frequent transfer of the nematodes into fresh OP50 seeded plates approximately every 48 

hours until end of the analyses. This method is time consuming and is the primary cause of distress 

to the nematodes. Frequent transfer of nematodes from one plate to another can thus lead to false 

conclusions as nematodes often die during this process, moreover, this maximizes contamination 

more especially when not working in the flow cabinet.   

4.6.2. Chemotaxis  

Many organisms employ chemotaxis to find mates, avoid noxious substances and find food (Ward., 

1973). The chemotaxis assay is based on the ability of an organism to respond to an odorant when 

placed at distance from the source (See figure 3-3).  Decreased chemotaxis in adult C. elegans can 

be an indicator of lack of movement caused by dysfunctions of the muscle cells or the motor 

nearons that innervate the muscle cells, and not an inability to sense the different chemicals (Haroon 

et al., 2018). In addition, chemotaxis assay can be utilised as a screening tool in the identification of 

genes that can improve the pathology related with mtDNA diseases.  

4.6.2.1. Results  

C. elegans chemotaxis towards food source (E. coli OP50) has been described by sensing both 

volatile and water-soluble compounds (Zhang et al., 2016). The nematodes are capable of 

differentiating pathogens from food because they naturally live in soil inhailed by different 

microorganisms (Beale et al., 2006). In addition, C. elegans have been widely used in behavioural 

studies ranging from simple chemo-sensation to associative learning and memory. In the present 

study Benzaldehyde (5%) and absolute ethanol (99.9%) were used as test and control compounds 

respectively. The volatile chemical benzaldehyde evokes a robust C. elegans chemotactic response. 

This chemical has been previously tested as an attractant over a wide range of concentrations 

 
18 Dynamic regulation of proteins with the cell to ensure a balanced and functional proteome.   
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(Bargmann et al., 1993). The results shown in figure 4-10 below shows the chemotaxis behaviours 

of the VC1196 and N2 strain in the presence of the test (benzaldehyde) and control (absolute 

ethanol) compounds.  

 

Figure 4-10: Chemotaxis graph depicting the behaviour of starved L4 C. elegans strains 

under the exposure of different compounds. The control compound was absolute ethanol 

(99.9%), and the test compound was Benzaldehyde (5%). The chemotaxis index was calculated 

using equation 3-6. The error bars represent SD (n=3) ***P<0.0001 calculated using two tailed 

Student’s T test. 

4.6.2.2. Discussion  

As it can be seen in figure 4-10 above, of the 100 L4 staged VC1196 nematodes that were placed in 

the center of the petri dish as described in section 3.7.2 of this dissertation, 52 nematodes moved to 

the control compound and 31 moved to the test compound. On contrary, of the 100 L4 staged N2 

nematodes placed at the center of the petri dish, 17 nematodes moved to the control compound and 

70 nematodes toved to the test compound. The chemotaxis index (equation 3-6) was recorded as -

0.25 and +0.61 for the VC1196 and N2 strains respectively. The N2 showed attraction with about 

60% of its population arriving at the quadrant containing the test compound (benzaldehyde) while 

the VC1196 strain showed repulsion with a larger percentage arriving at the quadrants containing 

the control compound (absolute ethanol).  
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The rapid response of VC1196 strain to the volatile organic molecule absolute ethanol is indicative 

that alcohol can spread through the air to be detected by the nematodes due the impaired 

physiological state supported by most the results presented in the present study. Recent studies have 

demonstrated that C. elegans mutants can often show preference for stimulants (Engleman et al., 

2018; Iwanir et al., 2019). According to existing literature, mitochondrial dysfunctions do not only 

affect longevity in C. elegans but impairs function of neurons and therefore the sensory ability of 

the nematode to track food (Bargmann., 2006; Magnolia et al., 2014). Avoidance behavior in 

nematodes is triggerred by physiological stress, which often causes the animals to optimize their 

survival chances by staying away from potential threats (Yueh-Chen et al., 2022). In addition, 

mitochondrial disruptions induce nematodes to avoid non-pathogenic bacteria through a 

serotonergic neuronal circuit. This links longevity and chemotaxis through neuronal and cellular 

impairment that is triggered by oxidative stress. 

4.6.3. Gentle and harsh touch sensation  

Touch sensitivity allows animals to detect and react to external stimuli resulting from physical 

contact. Chalfie et al. (1997) has contributed significantly to the identification of mechanisms 

underlying touch responses in the nematode C. elegans, the widely used C. elegans behavioural 

assays are gentle touch (stroking nematode with fine hair) or harsh touch (Podding nematodes with 

platinum pick).  

4.6.3.1. Results  

The results presented in figure 4-11 below indicates the behaviours of the nematodes to external 

stimuli. The nematodes were gently touched with an eye lash (gentle touch) and with a platinum 

wire (harsh touch). The errors bars in the figure below represent the standard deviation, the p-values 

were determined using two tailed students’ t-test.  
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Figure 4-11: Schematic representation of touch responses delivered to different body parts. 

The Y-axis represents the number of swings (response) per strain and the X-axis represents different 

strains tested in this assay. The error bar represents SD (n=3) with P***<0.0001 calculated using 

two tailed stutent’s t-test. 

4.6.3.2. Discussion  

Quantitative understanding of behavioural assays like touch sensitivity is crucial for understanding 

which genes and cells are essential to distinguish diverse physical properties and administrate 

diverse features of the response. Gentle touch and harsh touch are traditionally assayed using 

diverse tools and the nematodes are scored in binary manner as responding or not. Nevertheless, 

touch responses differ significantly both quantitatively 19 and qualitatively20. Figure 4-11 shows the 

results of the toch response between the VC1196 and the N2 strain. When the nematodes were 

touched near the center of the body, they induced either forward or reverse movement (results not 

included) with roughly equivalent odds. The Mic27 deficient strain also showed the same response 

as the WT strain, however, the average response to gentle touch with eyelash was lower in the 

mutant strain compared to the WT type strain. Both mutant and WT strain were responsive to harsh 

touches with a platinum wire.  

 

 
19 Distance travelled during response 
20 Movement direction 



 

84 
 

4.7. Conclusions  

From the results presented in this chapter, it can be seen that the Mic27 deficiency of the VC1196 

strain results in diseased phenotypes, when compared to the N2 strain. In general, the VC1196 

strain performed significantly worse in most biochemical and phenotypic assays compared to the 

N2 strain. VC1196 nematodes demonstrated statistically significant decreases in CIII and CIV 

activity, life span, response to gentle touch, and response to a chemical attractant in comparison 

with N2 nematodes. These decreases also correspond well to the aberrations seen in the 

mitochondrial morphology, and the decrease respiration rates of VC1196 nematodes compared to 

N2 nematodes, although respiration rate decreased was not statistically significant. However, there 

certain factors that are necessary for the betterment of the obtained data, which can be used to 

unravel mitochondrial dysfunctions.  

The TEM part of the study was just to campare the mitochondrial ultrastructure between the 

VC1196 and N2 strain in order to see the formation of cristae. To improve this, quantifications like 

multiple measurements of mitochondra or cristae and, measureing mitochondrial mass can be done 

to support the observations. Although there are several improvements that needs to be applied to 

fully understand the link between MICOS and mitochondrial dynamics, the results generated in this 

study can be used as a preliminary data for further investigations. 
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5. CHARPTER FIVE: FUTURE PROSPECTS, LIMITATIONS AND CONCLUSIONS 

Chapter summary  

This chapter summarises the data in the context of the aims and objectives of the study, and 

identifies limitations encountered in the present study as well as some future prospects in the field 

of nematology and mitochondrial research.  

5.1 Aim, hypothesis and objectives 

The IMM of the mitochondrion has high protein density and is differentiated into three distinct 

domains that are interconnected (refer to section 2.2). The cristae membranes house the assembled 

ETC protein complexes and ATP synthase which function together in the production of ATP 

through OXPHOS. The MICOS complex is implicated in many disorders including, diabetes, and 

Parkinson’s disease as it is involved in the formation and maintenance of cristae. An organism’s 

survival and health are influenced by its ability to regulate the production, storage as well as the 

release of energy. Lipids are important molecules that play a pivotal role in an organism’s biology 

and are implicated in storage of energy, reproduction, lifespan, and many other signalling factors. 

The aim of this study was to extensively characterize the phenotypes, mitochondrial morphology, 

and function of a MICOS deficient C. elegans strain (VC1196) and compare it to the wild type 

(WT) N2 strain to better understand the role that the MICOS plays in mitochondrial health and 

function. 

The hypothesis in section 2.10.2 stated that the MICOS subunit deficiency present in the VC1196 

strain will lead to aberrant cristae morphology, decreased mitochondrial OXPHOS enzyme activity 

and thus respiration, and a dicreased phenotypes (lifespan, chemotaxis and touch assay). The results 

obtained in the present study supports the stated hypothesis. All the biochemical analyses of the 

MICOS deficient strain indicated decreased measurements compared to the N2 WT strain although 

some were not statistically significant. In addition, all phenotypic assays strongly suggest a diseased 

state in the VC1196 mutant strain. 

5.1.1. Molecular and biochemical analyses  

5.1.1.1. Genotyping  

The first objective of the study was to confirm genotype of VC1196-strain, using PCR with agarose 

gel electrophoresis. The PCR products had several non-specific bands as a result of protein 

contamination as well as varying annealing temperatures (temperature gradient was used). An 

alternative method that can produce better results is the use of RT-PCR which is more rapid and 
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sensitive compared to normal PCR. The method employed in RT-PCR combines reverse 

transcription of RNA into DNA and amplification of specific DNA targets using PCR. 

5.1.1.2 Mitochondrial critae formation 

The second and third objectives of this study were to perform transmission electron microscopy 

(TEM) to visualise mitochondrial cristae morphology and in relation to this to analyse changes in 

the levels of lipids important for membrane formation, using untargeted lipid metabolite analyses on 

C. elegans VC1196 strain compared with C. elegans N2 strain. These findings are thus indicative of 

mitochondrial dysfunction, which was confirmed by the obtained transmission electron micrographs 

that showed aberrant cristae morphology in the VC1196 strain as compared to the N2 strain. These 

objectives were partially achieved as shown by disruptive cristae morphology on the mutant strain.  

5.1.2. Biochemical characterization 

The fourth and fifth objectives of this study were to perform respiratory analyses and OXPHOS 

enzyme activity assays as a measure of mitochondrial function in MICOS C. elegans VC1196 

strain, compared with C. elegans N2 strain. The result obtained in this section of the study showed 

decrease in the OXPHOS enzyme activity of two respiratory chain complexes21 analysed for the 

mutant strain compared to the WT strain. In addition, OCR of the mutant strain was lower 

compared to WT N2 strain, although it was not statistically different. 

5.1.2.1. Phenotyping characterization  

The sixth objective was to perform phenotypic characterisation assay of the MICOS C. elegans KO-

strain compared to C. elegans wild type (WT) strain. The phenotypic assays that were used to 

characterize the Mic27 deficient C. elegans strain (VC1196) and compared to the N2 WT strain 

were (1) life span, (2) chemotaxis and (3) touch. All these assays evaluate the behaviour of C. 

elegans and can be used as a primary determinant to detect mutations in the nematodes. In two of 

the lifespan assays, the VC1196 strain was recorded to have a shorter life span compared to the WT 

N2 strain, this supported the hypothesis as stated in chapter 2. The experiments were performed 

with 50 L4 age synchronized nematodes to minimize biased results from different populations that 

often leads to false conclusions as the nematodes behave differently at different larval stages. 

Moreover, different experimental conditions were analysed to increase reliability of the results 

because a manual method was employed to count the nematodes.    

The touch sensitivity results showed the same response between the mutant and WT strain, 

however, the average response to gentle touch with eyelash was lower in the mutant strain 

 
21 complex III and complex IV 
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compared to the WT type strain. In addition, the mutant strain responded to touches in the mid-

posterior body thus reflecting the possible absence of TRN function.  Both mutant and WT strain 

were responsive to harsh touches with a platinum wire. These objectives were successfully achieved 

as indicated by figures in chapter 4 and corresponding statistical discussions. 

5.2. Limitations  

There were several limitations that were identified during the processes of acquiring data in the 

present study. Despite the advantages C. elegans have over other model animals used to study 

mitochondrial dysfunction, there are several disadvantages when using C. elegans as a disease 

model. One major limitation is that the nematodes have a transparent body thus they lack several 

defined organs or tissues. This may narrow our understanding of tissue specific signalling such as 

where the gene is expressed since all the biochemistry is performed on the whole nematode/ 

extracts. Due to the small size of C. elegans, thousands of nematodes22 are often required to 

perform other biochemical tests, this requires more space and preparation of reagents. In addition, it 

was difficult to optimize suitable methods as there is no sufficient existing literature that covers the 

use of C. elegans as per the objectives of this study. The importance of cristae in mitochondrial 

function has been elucidated in chapter two of the present study. TEM was only applied for 

comparing the inner mitochondrial structures of the VC1196 and N2 strain, other experiments that 

could have added value to the obtained results could not be performed due to limitted access to the 

laboratory as a result of the covid19 regulations that were imposed.  

Sophisticated techniques can be employed particularly for all the phenotypic characterization 

assayed in the present study as the manual methods are time consuming and requires sharp 

concentration. For example, one widely used technique to quantitatively analyse chemotactic 

responses in C. elegans is the use of a microfluidic device (Hu et al., 2015).  The nematodes swim 

upstream of the flow based microfluidic chip which generates eight flow streams containing 

stepwise chemical concentrations without the flow velocity difference. The chemotaxis behaviour 

of nematodes can be quantitatively analysed when they swim into the upstream observes ion 

channel containing different concentrations. However, these methods are limited by their low 

throughput and qualitative nature. A recent development is the introduction of a micro fluid device 

in which nematodes are subject to spatially localised stimuli with variable amplitude (McClanahan 

et al., 2017).  

Touch sensitivity is a major technique that is used to detect an organism’s behaviour in response to 

a stimulus. The limitation however, to traditional touch assays particularly in the nematode C. 

 
22 5000- 20000 nematodes were used in several metabolomics studies 
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elegans is the degree of difficulty in controlling the stimulus strength that is delivered to the 

nematode by hand. Thus, although these results support the initially stated hypothesis (2.10.3), 

more quantitative results can be obtained by using advanced techniques like the microfluidic device. 

With the aid of this device, relative threshold response of gentle and harsh touch as well as the 

covered distance can be measured. In addition, the number of stimuli can be kept the same thus 

providing an even more accurate overview of how the nematodes respond to different touches.  The 

most limitting factor in this study particularly for phenotypic assays was the use of manual methods 

to track the survival as well as mobility of the nematodes. Transfering nematodes from one agar to 

another using a platinum wire can induce stress and also result in death of the nematodes.  

5.3. Future prospects  

Genotyping is an essential technique that determines the differences in the genetic make-up of an 

individual, DNA sequences of an individual are examined and compared to a reference sequence or 

sequences of other individuals. For the present study, PCR technique was used to confirm the 

genotypes of the VC1196. However, more qualitative techniques can be employed, like sequencing 

the bands to confirm the amplification, or use qPCR to look for expression of Mic27 RNA to 

confirm if expression of its isoform is lost.  

The mitochondrial morphology has been investigated to better understand its impact on the 

maintenance and function of the organelle. However, the mechanism in which cristae are formed 

and how their shape is regulated remains elusive to date. The analysis of morphology can be in C. 

elegans can be improved by using immunoflouresense using specific antibodies against 

mitochondrial components. This can improve desease dignosis and help scientists come with 

effective theurapetic mechanisms to unravel many mitochondrial disorders. In addition, existing 

literature associates OPA1 to dual role in cristae biogenesis and mitochondrial fussion. The 

complex between the long and short OPA1 forms is proposed to maintain the width of cristae 

junctions, which can restrict movement of metabolites such as cytochrome c. These are the most 

recent break through that has been made in persuit to understant the mechanism of cristae 

formation. 

 Emerging evidence positions the MICOS complex at the center of mitochondrial morphology 

management. Although it is still unknown how MICOS assembles and regulates cristae junctions, 

an understanding of this mechanism can be crucial in the development of theurapetics treatments for 

mitochondrial disorders. The traditional TEM technique applied in this study display the crista 

morphology of a certain section of a mitochondrial sample and does not reflect the dynamic 

changes of mitochondrial cristae in living cells. Thus, for better understanding of the mitochondrial 
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ultrastructure, tilting eyepiece can be mounted in the microscope to provide continuous adjustment 

of the tilt angle through a range of zero and 45 degrees for viewing at the optimum eyepoint level. 

5.4. Conclusion  

In short, the aim and objectives of this study were successfully accomplished despite a few 

challenges encountered. This VC1196 strain was successfully characterised phenotypically, and at 

biochemical level. This strain has not been characterised to any extent previously thus the data 

obtained in this study are novel and support the hypothesis stated in Chapter 2, that the Mic27 KO 

VC1196 strain presents with a mitochondrial diseased phenotype, however, the results can be 

improved by using other techniques mentioned in literature and the limitation section of this study. 
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1. REAGENTS AND STORAGE 

1.1. Reagents 

• Acetyl-CoA (trilithium salt, Sigma-Roche 10101907001, Mr 827.4) (4°C) 

• ATP (Adenosine 5′-triphosphate disodium salt trihydrate) (Sigma-Roche A2383, Mr 

605.2) (4°C) 

• Bovine serum albumin (BSA) (Sigma-Roche 10775835001, Mr 68 kDa) (4°C - cell 

culture lab) 

• Coenzyme Q1 (Sigma C7956, Mr 250.3 g/mol) (-20°C) 

• Cyclohexane (Merck 4135126) (safety cabinet)  

• Cytochrome C (CytCox) (Sigma C7752, Mr 12 384) (4°C) 

• DCIP (2,6-Dichloroindophenol sodium salt hydrate) (Sigma D1878, Mr 290.1) 

(OXPHOS cupboard) 

• Decylubiquinone (Sigma D7911, Mr 322.4) (-20°C) 

• Dialysis (Pierce Slide-A-Lyzer Mini Dialysis unit, Cat # 69570)  

• DMSO (Sigma C6164) (safety cabinet) 

• DTNB (5,5’-Dithio-bis[-2-nitrobenzoic acid]) (Sigma D8130, Mr 396.4) (4°C) 

• EDTA (ethylenediaminetetraacetic acid disodium salt dihydrate) (Sigma E1644, Mr 

372.2) (OXPHOS cupboard) 

• EGTA (Ethylene glycol-bis(β-aminoethylether) N,N,N’,N’-tetraacetic acid) (Sigma 

E4378, Mr 380.4) (OXPHOS cupboard) 

• Ethanol (Sigma E7023) (safety cabinet) 

• HEPES, free acid (Sigma H3375, Mr 238.3) (OXPHOS cupboard) 

• Hydrochloric acid (cHCl) (Sigma 43,557-0, 37%) (acids cabinet)  

• Malonic acid (Sigma M1296, Mr 104.1) (OXPHOS cupboard)  

• Mannitol (Sigma M9546, Mr 182.2) (OXPHOS cupboard) 

• NADH (β-Nicotinamide adenine dinucleotide, reduced dipotassium salt, Sigma N4505, 

Mr 741.6 g/mol) (-20°C) 

• Oxaloacetate (OAA) (Sigma O4126, Mr 132.1) (4°C) 

• Potassium hydroxide (KOH) (Sigma P5958, Mr 56.1) (OXPHOS cupboard)  

• Potassium phosphate dibasic (K2HPO4) (Sigma P2222, Mr 174.2 g/mol) (OXPHOS 

cupboard) 
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• Potassium phosphate monobasic (KH2PO4) (Sigma P5655, Mr 136.1 g/mol) (OXPHOS 

cupboard) 

• Rotenone (Sigma R8875, Mr 394.4) (poisons cupboard) 

• Sodium ascorbate (Sigma A4034, Mr 198) (reagents cupboard) 

• Sodium azide (NaN3) (Sigma S2002, Mr 65.01) (poisons cupboard) 

• Solid sodium dithionite (Merck 9000954) (OXPHOS cupboard) 

• Succinate, 1 M (Sigma S7501, Mr 118.1) (OXPHOS cupboard) 

• Sucrose (Sigma 84100, Mr 342.3) (OXPHOS cupboard) 

• Triton X-100 (Sigma T9284) (OXPHOS cupboard) 

• Trizma base (Sigma T1503, Mr 121.14) (OXPHOS cupboard)  

• Tween 20 (Merck 822184) (OXPHOS cupboard) 

1.2. Kits 

• BCA protein assay kit (Sigma BCA-1) containing BCA (Sigma B9643), CuSO4 (Sigma 

2284) and protein standard (bovine serum albumin; BSA) 1 µg/µl (Sigma P0914) (4°C) 

1.3. Water 

(MilliQ system):  Tap water initially passes through a Progard pre-treatment pack.  It is 

designed to remove particles and free chlorine from the water and prevents mineral scaling in 

hard water areas.  The water is pressurized with a pump and then is purified by reverse 

osmosis (RO). The RO product water then passes through an electrode-ionisation (E.D.I) 

module. This is the final purification stage used to reduce levels of organic and mineral 

contaminants. The water is then exposed to UV light at both 185 and 254 nm wavelengths. 

This oxidises organic compounds and kills bacteria.  The function of the Quantum cartridge is 

to remove trace ions and oxidation by-products produced by the action of the UV light. 

Purified water then passes through an Ultra filtration (UF) module.  The UF module acts as a 

barrier to colloids, particles and organic molecules with a molecular weight greater than 5000 

Daltons. The contaminants retained by the UF are periodically flushed out of the system via 

tubing to a drain. A manual 3 way valve located in the point of use allows you to direct ultra-

pure water through a final filter made up of a 0.22 um membrane. The final filter removes 

particles and bacteria greater than 0.22 um in size and prevents recontamination of the system 

from the point of use. The A10 TOC monitor takes samples of ultra-pure water to determine 

trace organic levels.  Samples are taken periodically in product mode 
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2. PREPARATION OF HOMOGENATES AND SUPERNATANTS FROM 

MUSCLE TISSUE 

2.1. Reagents and equipment 

2.1.1 Zheng buffer (for homogenate preparation): 

2.1.1.1 Mannitol, 210 mM (Sigma M9546, Mr 182.2);   3.83 g/100 ml 

2.1.1.2 Sucrose, 70 mM (Sigma 84100, Mr 342.3);   2.40 g/100 ml 

2.1.1.3 HEPES, free acid,  5 mM (Sigma H3375, Mr 238.3);  0.119 g/100 ml 

2.1.1.4 EGTA, 0.1 mM (Sigma E4378, Mr 380.4);  

- Make up a 100 mM EGTA stock solution – pH must be set to 7.2 using 1 M 

KOH (~23% of the final volume) in order for EGTA to dissolve. 0.038 g/1 mL 

- Add 0.1 ml of 100 mM EGTA solution (pH 7.2) per 100 ml Zheng buffer 

2.1.1.5 Set pH to 7.2 using 1 M KOH (Sigma P5958, Mr 56.1) 5.61 g/100 ml 

2.1.1.6 Aliquot and store at -80 °C in marked and dated bottle. Prepare fresh once a year. 

 

2.1.2 Cold metal plate on ice - Since each sample is handled on a different area of the plate 

(to prevent cross-contamination), the plate is only washed (with Jik-solution) after all 

the samples have been prepared.  

 

2.1.3 Potter-Elvehjam homogenizer (stored in OXPHOS cupboard at RT) – Wash with 70% 

EtOH between samples.  

 

2.1.4 Tweezers – Wash with 70% EtOH after handling each sample. 

 

2.1.5 Blades – use new blade for each sample 
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2.2. Procedure (600g supernatant preparations)  

2.2.1. Muscle tissue (± 300 mg) is collected in an ice cooled sterile container and, without 

any other preparation, preferably immediately wrapped in tin foil, placed in a micro-

centrifuge or other type tube and frozen at -80°C. The sample name or reference 

number and date of biopsy have to be written on the tube. The sample has to be 

processed in this way within 3 hrs after collection. Transport has to be done on dry 

ice. 

2.2.2. For sample preparation, thaw sample on ice and remove foil. 

2.2.3. Remove fat tissue and cut a clean piece of the sample (± 100 mg) with a sterile blade 

on a cold metal plate.  Weigh this sample. 

2.2.4. Using the blade pressed on the cold plate cut the sample as fine as possible.    

2.2.5. Suspend in Zheng Buffer to 10% (w/v), e.g. 1000 µl for 100 mg sample.   

2.2.6. Homogenise in a Potter-Elvehjam homogenizer placed in ice water using 15 strokes 

(appearance of homogenate should show even dispersion and no solid parts).  

- Old homogenizer – Setting “II” pointing North and set to 500 

- Heidolph homogenizer – Set to 6.5 

2.2.7. Clean homogenizer using water, 70% ethanol and water again. Spin at high speed to 

remove excess water – do not towel dry. 

2.2.8. *Transfer at least 100 µl of the homogenate to a marked clean micro centrifuge tube 

(500 µl type marked with sample number and “H”) (Use for DNA analysis). 

2.2.9. Centrifuge remaining homogenate at 600 x g for 10 min at 4 °C. 

2.2.10. Transfer supernatant (at least 500 µl above pellet) to a marked clean micro centrifuge 

tube (1.5 ml type marked with sample number and “600g S”). 

2.2.11. Aliquot 200 µl thereof into a PCR 8-tube strip. Do not vortex. 

 

* For Prof. Izelle Smuts samples only. 

2.3. Storage of samples  

2.3.1. Newly received muscle biopsies:  

Store in Thermo Scientific -80°C freezer; Box no. ____ (New muscle biopsies).  

Any remaining muscle samples are also stored in this tower in box no. _____ (Mito 

samples). 

2.3.2. Homogenates (marked with sample number and “H”):  

Store in Box F15 

2.3.3. 600 g supernatants (1.5 ml tube and PCR strips marked “600g S”):  

Store in Box _____ 

2.3.4. Reference sample (600g S):  

Stored in Box G10 

2.4. Freeze-thaw cycles  

2.4.1. Defrost the aliquoted 600g supernatant in cold water (sample must remain ice cold 

at all times) and immediately snap freeze again in liquid nitrogen. 

2.4.2. Repeat step 2.4.1. 
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2.4.3. Finally, store the sample on ice (with water to ensure sample remains ice cold at 

all times) throughout analyses. 

 

2.5. Reference sample (inter batch comparison)  

2.5.1 Prepare a 600g (10% w/v) supernatant from a Bl6 mouse heart/s by homogenizing as 

described before.  

2.5.2 Dilute this homogenate 20x further in Zheng buffer, freeze-thaw 3 times and store in 

200 µl aliquots at -80 °C.  Use an aliquot as inter batch reference (<10 CV) with each 

batch of samples. 

2.5.3 Prepare this reference sample once a year.  



 

132 
 

3. PROTEIN ASSAY (BCA METHOD) 

 

3.1. Reagents 

3.1.1. BCA protein assay kit (Sigma BCA-1) containing BCA (Sigma B9643), CuSO4 

(Sigma 2284) and protein standard, bovine serum albumin (BSA) (Sigma P0914). 

3.1.2. BCA reagent:  

Freshly prepare BCA:CuSO4 solution at a ratio of 50:1.   

Volume BCA = Desired total volume x 49/50 

Volume CuSO4 = Desired total volume x 1/50 

3.1.3. BSA standard: Open ampule and transfer the BSA standard solution to a 1.5 ml 

microcentrifuge tube.  1 mg/ml = 1 µg/µl  

3.1.4. Test sample as prepared in Section 2.2 (use undiluted). 

 

3.2. Procedure 

3.2.1. Switch on plate reader and allow temperature to reach 37°C. 

 

3.2.2. Prepare BSA standard (S) series as follows, in duplicate: 

 

 S1 S2 S3 S4 S5 S6 

BSA (µl) 0 4 8 12 16 20 

H20 (µl) 20 16 12 8 4 0 

 

3.2.3. Add (in duplicate) samples and H2O to microtiter plate up to a volume of 20 µl 

(Zheng buffer has no effect on assay compared to H2O). 

600g supernatant:  2 µl sample + 18 µl H2O 

 

3.2.4. Add 200 µl BCA reagent to standards and test samples at the same time and 

incubate at 37°C for 30 min or longer (samples must become clearly purple). 

 

3.2.5. Use the programme “Protein concentration” on the BioTek Synergy HT microplate 

reader (Gen5 software) to read absorbance at 562 nm and determine protein 

concentration in the samples: 

• Confirm that the protein standard concentration range is linear (R2 > 0.99). Mask 

any outlier points on the standard curve. 

• From the software, obtain the protein content (µg). 

• Divide the protein content with volume used in the analysis (i.e. 2 µl) to obtain the 

protein concentration value expressed as µg/µl.  

4. ASSAYS FOR RESPIRATORY CHAIN ENZYMES AND CITRATE 

SYNTHASE 
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4.1. Instrument, consumables and reagents 

4.1.1. Synergy HT microplate reader (BioTek Instruments, Inc., P.O. Box 998, Highland 

Park, Winooski, Vermont 05404-0998 USA) and Gen5™ Data Analysis software 

(BioTek Instruments, Inc., P.O. Box 998, Highland Park, Winooski, Vermont 05404-

0998 USA)  

• Standard temperature setting for all enzyme analyses = 37°C 

 

4.1.2. Microtiter plates: 96-well, clear, F-bottom (Greiner Bio-One International, 

655101, Lasec SA) 

 

4.1.3. Pipettes: Eppendorf Research Plus micro pipettes (marked “OXPHOS”). 

 

4.1.4. Tips: Eppendorf standard epT.I.P.S. (Sigma Z640093 for 2-200 µl and Z640115 

for 100-1000 µl).  

 

4.1.5. Micro-centrifuge tubes:  Biosmart Scientific 1.5 mL tubes (PBIOTM1.5ML). 

 

4.1.6. Reagents are listed at separate enzymes  

 

4.2. Preparation of reduced cytochrome C 

  

Preparation: 

- Dissolve 125 mg cytochrome C (CytC) in 600 ul 10 mM potassium phosphate 

buffer (pH 7.0) in 5 mL eppendorf tube. Cover with tinfoil. Vortex to dissolve 

the CytC.  

- Dissolve 110 mg sodium ascorbate (Mr 198, 11) in 1 ml of 10 mM potassium 

phosphate buffer (pH 7.0), thus [ascorbic acid] = 0.555 M. According to 

Spinazzi et al., 2012, one should adjust the pH to 6.5 – 6.8 with a few grains of 

Tris powder. NB: This is not necessary when using sodium ascorbate. When 

dissolved, the pH is between 6 and 7. No need to adjust pH.  

- Add 150 ul of the ascorbic acid solution to the 5 mL tube containing the CytC 

- Mix for 60 minutes at 4 °C on a rotor (Heidolph Rotamax 120, max speed) 

 

Purification: 
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Use a Zeba Desalt spin column (ZebaTM desalt spin column, 10 ml, 89893, Thermo 

Scientific) to remove any access ascorbic acid. 

 

Preparation of column 

- Remove the plastic tip at the bottom of a spin column 

- Remove the cap of the spin column 

- Place the spin column in a clean 50 ml falcon tube 

- Weigh tube with the filter in. Make a water balance in another 50 ml tube 

- Centrifuge the tubes for 2 minutes at 1000 x g at 4 °C 

- Discard the flow through 

   

- Wash the column 3x with 5 mL 50 mM KPi buffer (pH 7.4). 

- Load the KPi buffer with a plastic Pasteur pipette. Take care not to disturb the 

packing material in the spin column   

 

- Place the spin column in a clean 50 mL falcon tube 

- Add the reduced CytC solution very carefully on the spin column, without 

disturbing the packing material of the spin column. The CytC should be loaded 

one drop at a time in the centre of the tube, not on the side.  

 

- Centrifuge the tubes for 2 minutes at 1000 x g at 4 °C 

- Transfer the reduced CytC to an Eppendorf tube. 

- Cover with tinfoil and store at -80°C. 

 

Calculate the reduction and concentration: 

- Add 5 µl of the CytCred to 995 µl KPi buffer (50 mM, pH 7.4) in a 1 mL 

cuvette.  

- Add 1000 µl KPi buffer (50 mM, pH 7.4) in a 1 mL cuvette and use to blank the 

spectrophotometer. 

- Scan 500-600 nm. (Read Ared 550 and 565 from graph)  

- Add a few (3-5) grains of potassium ferricyanide K3Fe(CN)6 to re-oxidize the 

CytC. (NB: Using 5, 10 or 15 grains do not make any difference in the 

absorbance values obtained). 

- Mix thoroughly with a 1 mL pipette 

- Scan 500-600 nm 

- (Read Aox 550 and 565 from graph) 

 

 

 

 

 

 

Figure A: Left is the reduced CytC, right is after it has been re-oxidized with K3Fe(CN)6. 

Note the change in colour. Reduced is clearly pink, oxidized is red/orange 
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Figure B: Wavescan of reduced CytC from 500-600 nm with the absorbance at 550 indicated 

(left) and that at 565 (right). 

 

 

 

 

 

 

 

Figure C: Wavescan of oxidized [with K3Fe(CN)6] CytC from 500-600 nm with the 

absorbance at 550 indicated (left) and that at 565 (right). 

 

 

- Reduction: A550red / Ared565 

- 1.010 / 0.079 

- = 12.78 

- If A550/A565 > 8 it is sufficiently reduced. 

 

  

- Calculate CytCred using the following equation: 

- CytCred (mM) = (Ared 550 – Aox 550)  x 200 (dilution) 

                     18.7 mM-1.cm-1  

 

- (1.010 – 0.279) / 18.7 x 200 

- = 7.81 mM 

 

 

- Dilute the CytCred to 500 µM with 50 mM KPi (pH 7.4). 

- Aliquot in 200 µl volumes in microcentrifuge tubes and wrap with parafilm. 

Store at -80 
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Extinction coefficient of 18.7 (for reduced minus oxidized CytC in 1 cm cuvette) 

from Methods in Enzymology, Vol LIII, Part D, p10. 

 

 

Extinction coefficient for 200 µl under assay conditions was calculate (9-2018) as 

4180 Abs/mM. 
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4.3. Citrate (Si)-synthase 

acetyl-CoA:oxaloacetate C-acetyltransferase [thioester-hydrolysing, (pro-S)-

carboxymethyl forming], E.C. 2.3.3.1 

 

4.3.1. Reagents 

 

4.3.1.1. * Tris.HCl, 1M;   

- Trizma base (Sigma T1503, Mr 121.14);  12.1 g/100 ml. 

- Set pH to 8.1 with cHCl (~30% of the final volume) 

4.3.1.2. ** 5,5’-Dithio-bis[-2-nitrobenzoic acid] (DTNB), 1 mM (Sigma D8130, Mr 396.4 );  

0.4 mg/ml in 1M Tris.HCl, pH 8.1.  

4.3.1.3. ** Triton X-100, 10% (v/v) (Sigma T9284);  

Add 1 ml Triton X-100 (using a 1000 µl tip cut shorter with a clean blade) to 9 ml 

milliQ H2O and vortex well. 

4.3.1.4. ** Acetyl-CoA, 3 mM (trilithium salt, Sigma-Roche 10101907001, Mr 827.4); 2.48 

mg/ml. 

4.3.1.5. ** Oxaloacetate (OAA), 2 mM, (Sigma O4126, Mr 132.1);  

0.264 mg/ml in 0.1M Tris.HCl, pH 8.1. 

* Store in aliquots at -80°C (prepare fresh every six months) 

** Prepare fresh 

 

4.3.2. Procedure 

 

4.3.2.1. Switch on Synergy multiplate reader, switch on computer, and activate Gen5™ 

software.  

4.3.2.2. Open “Protocols” and in the folder “OXPHOS” select protocol for citrate synthase 

(CS). 

4.3.2.3. At the top of the window click on the temperature display and activate the 

temperature to preheat to 37°C. 

4.3.2.4. Thaw mitochondrial samples on ice water and mix well. 

4.3.2.5. Pre-heat the 2 mM OAA at 40°C in a water bath. 

4.3.2.6. Prepare the following: 

 

 Table 4.3.1. CS Master mix 

Reagent 1x (µl) [end] 

MilliQ water 106.5  

DTNB (1 mM) 20 0.1 mM 

Triton X100 (10%) 0.5 0.025% 

Acetyl-CoA (3 mM) 20 0.3 mM 

Total 147  
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4.3.2.7. Place 147 µl of CS master mix into each well (multichannel pipette). 

4.3.2.8. Place 3 µl 600g supernatant in triplicate for each sample into each well 

(multichannel pipette). 

4.3.2.9. Place plate into plate reader and initiate reading. A 10 minute pre-incubation will be 

initiated, after which the tray will open.  

4.3.2.10. Add 50 µl (preheated to 40°C) OAA ([end] 0.5 mM) to each reaction (multichannel 

pipette) and press enter to continue reading. Record linear rate increase at 412 nm for 

5 min in 1 min intervals (1). 

 

4.3.3. Calculation  

 

Use linear rate calculations over the first 2 minutes (first 3 readings) – check R2 values to be 

more than 0.99 for 1. 

  

For 200 µl reactions: ε412 = 7465 Abs/mM) 

µmol/min/mg (UCS) = (1/7465)*0.2/(µl protein x µg/µl/1000) 

nmol/min/mg    = UCS x 1000 
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4.4. NADH dehydrogenase (ubiquinone) (complex I) 

 NADH:ubiquinone oxidoreductase, E.C. 1.6.5.3 

 

4.4.1. Reagents 

 

4.4.1.1. * Phosphate buffer (KPi buffer), 0.5 M, pH 7.6.   

- Potassium phosphate monobasic (KH2PO4), 0.5 M (Sigma P5655, Mr 136.1 

g/mol);  

6.81 g/100 ml 

- Potassium phosphate dibasic (K2HPO4), 0.5 M (Sigma P2222, Mr 174.2 g/mol);  

8.71 g/100 ml 

- Add 0.5 M KH2PO4 (~13%) to 0.5 M K2HPO4 (~87%) until a pH of 7.6 is 

reached. 

4.4.1.2. ** NADH, 2 mM (dipotassium salt, Sigma N4505, Mr 741.6 g/mol); 1.48 mg/ml.  

4.4.1.3. * Bovine serum albumin (BSA), 10% (w/v, Sigma-Roche 10775835001, Mr 68 

kDa);  

0.1 g/ml in water (store in 1 mL aliquots). 

4.4.1.4. * Coenzyme Q1, 10 mM (Sigma C7956, Mr 250.3 g/mol);  

2.5 mg/ml in absolute ethanol (store stocks in 100 µL aliquots). 

4.4.1.5. ** DCIP (2,6-Dichloroindophenol sodium salt hydrate), 5 mM (Sigma D1878, Mr 

290.1);  

1.45 mg/ml in water - Since DCIP does not easily dissolve in water, heat for 20 

minutes at 30°C and use a spatula to crush any remaining DCIP crystals.  

4.4.1.6. * Rotenone, 1 mM (Sigma R8875, Mr 394.4);  

- 0.394 mg/ml in DMSO (store in 1 ml aliquots protected from light). 

 

* Store in aliquots at -80°C (prepare fresh every six months) 

** Prepare fresh 

 

4.4.2. Procedure 

Activity of complex I in each sample is measured in the presence and absence of 

rotenone (rotenone-sensitive complex I activity).  

 

4.4.2.1. Switch on Synergy multiplate reader, switch on computer, and activate Gen5™ 

software.  

4.4.2.2. Open “Protocols” and in the folder “OXPHOS diagnostiek” select protocol for 

complex I. 

4.4.2.3. At the top of the window click on the temperature display and activate the 

temperature to preheat to 37°C. 

4.4.2.4. Thaw mitochondrial samples on ice water and mix well. 

4.4.2.5. Prepare and mix well a CI master mix and rotenone master mix as follows: 
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 Table 4.4.1. CI Master mix 

Reagent  1x (µl) [end] 

KPi buffer (0.5 M) – pH 7.6 10 25 mM 

Coenzyme Q1 (10 mM) 1.4 70 µM 

BSA (10%) 7 0.35 % 

DCIP (5 mM) 2.4 60 µM 

MilliQ H2O 103.2  

Total 124  

 

 Table 4.4.2. Rotenone or DMSO mix 

 Reagent 1x (µl) [end] 

Rotenone (1 MM) or 

DMSO 

0.2 1 µM 

Milli-Q water 49.8  

Total 50  

 

4.4.2.6. Add, before the assay, into two separate wells for each sample in triplicate 

(multichannel pipette): 

- 50 µl DMSO/water (1) 

- 50 µl Rotenone/water (2)   

4.4.2.7. Add 6 µl 600g supernatant into each well (multichannel pipette). 

4.4.2.8. Add 124 µl complex I master mix to each well (multichannel pipette). 

4.4.2.9. Place plate into plate reader tray and initiate reading to pre-incubate for 10 min, 

after which tray will open. 

4.4.2.10. Add 20 µl preheated 2 mM NADH ([end] 0.2 mM) to start reaction (multichannel 

pipette). 

4.4.2.11. Press enter to continue reading to record linear rate decrease (1) of absorbance at 

600 nm for 5 min in 1 min intervals. 

 

4.4.3. Calculation  

 

Use linear rate calculations over first 3 minutes (first 4 readings) – check R2 values to be more 

than 0.99 for 1 and 2. 

 

For 200 µl reactions: ε600 = 12712 Abs/mM) 

 

µmol/min/mg = (1 - 2)/12712)*0.2/(µl protein*µg/µl/1000) 

nmol/min/UCS  = µmol/min/mg x 1000/UCS 
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4.5. Succinate dehydrogenase (ubiquinone) (complex II) 

 succinate:ubiquinone oxidoreductase, E.C. 1.3.5.1 

 

4.5.1. Reagents 

 

4.5.1.1. * Phosphate buffer (KPi buffer), 0.5 M, pH 7.8.   

- See 4.3.1.1 

- Add 0.5 M KH2PO4 (~9%) to 0.5 M K2HPO4 (~91%) until a pH of 7.8 is 

reached. 

4.5.1.2. * Bovine serum albumin (BSA), 10% (See 4.3.1.3) 

4.5.1.3. ** ATP (Adenosine 5′-triphosphate disodium salt), 0.1 M, pH 7.2 (Sigma-Roche 

A2383, Mr 551.15);  

- 55.1 mg/ml in water 

- Adjust pH to 7.8 with 2 M KOH (100 µl/ml) using pH indicator paper and set 

the final volume.  

- Dissolve 60.5 mg ATP in 900 µl H2O and add 100 µl 2M KOH. The pH should 

be ~ 7.8. 

4.5.1.4. * EDTA (ethylenediaminetetraacetic acid disodium salt dihydrate), 250 mM, pH 7.0 

(Sigma E1644, Mr 372.2);  

- 93.05 mg/ml in water 

- Add 4.65 g to ~40 ml MilliQ water, adjust pH to 7.0 with 2 M KOH and set 

volume to 50 ml. 

4.5.1.5. ** NaN3 (sodium azide), 100 mM (Sigma S2002, Mr 65.01); 6.501 mg/ml 

4.5.1.6. * Succinate, 1 M (Sigma S7501, Mr 118.1);  0.118 g/ml.   

- When preparing, start with minimum volume and first set pH to 7.8 using KOH 

pellets. 

4.5.1.7. ** DCIP (2,6-dichloroindophenol sodium salt hydrate), 5 mM (See 4.3.1.5). 

4.5.1.8. * Decylubiquinone, 10 mM in DMSO (Sigma D7911, Mr 322.4);   

3.224 mg/ml in DMSO (Sigma C6164). 

 

* Store in aliquots at -80°C (prepare fresh every six months) 

** Prepare fresh 

 

4.5.2. Procedure 

Activity of complex II in each sample is measured in presence and absence of 

malonate (malonate-sensitive complex II activity). 

    

4.5.2.1. Switch on Synergy multiplate reader, switch on computer, and activate Gen5™ 

software.  

4.5.2.2. Open “Protocols” and in the folder “OXPHOS diagnostiek” select the protocol for 

complex II. 
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4.5.2.3. At the top of the window click on the temperature display and activate the 

temperature to preheat to 37°C. 

4.5.2.4. Thaw mitochondrial samples on ice water and mix well. 

4.5.2.5. Prepare CII Master mix as indicated in Table 4.4.1. 

 

 Table 4.4.1. CII Master mix 

Reagent 1x (µl) [end] 

KPi buffer (0.5 M) – pH 7.8 32 80 mM 

BSA (10%) 4 0.2 % 

EDTA (250 mM) 1.6 2 mM 

ATP (0.1 M)  4 0.2 mM 

DCIP (5 mM) 3.2 80 µM 

Decylubiquinone (10 mM in 

DMSO) 

1.6 80 µM 

Sodium azide (100 mM) 0.6 0.3 mM 

MilliQ water 113  

Total 160  

 

4.5.2.6. Add 160 µl complex II master mix to each well (multichannel pipette). 

4.5.2.7. Add 10 µl 600g supernatant into each well (multichannel pipette). 

4.5.2.8. Place plate into plate reader and initiate reading to pre-incubate for 10 minutes after 

which the tray will open. 

4.5.2.9. Prepare a succinate solution: 2 µL 1 M succinate + 28 µL water per well.  

Using a multichannel, add to each well 30 µl of the preheated (40 °C) succinate 

solution ([end] = 10 mM).  

4.5.2.10. Press enter to continue reading to record linear rate decrease (1) at 600 nm for 5 

min in 1 min intervals. 

 

4.5.3. Calculation  

Use linear rate calculations from 1 to 5 minutes (readings 2 -6) – check R2 values to be more 

than 0.99 for 1 and 2. 

 

For 200 µl reactions: ε600 = 12712 Abs/mM 

 

µmol/min/mg  = (1)/12712)*0.2/(µl protein*µg/µl/1000) 

nmol/min/UCS  = µmol/min/mg x 1000/UCS 
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4.6. Succinate-cytochrome c reductase (complex II+III) 

4.6.1. Reagents 

 

4.6.1.1. * Phosphate buffer (KPi buffer), 0.5 M, pH 7.4.   

- See 4.3.1.1 

- Add 0.5 M KH2PO4 (~20%) to 0.5 M K2HPO4 (~80%) until a pH of 7.4 is 

reached. 

4.6.1.2. * Succinate, 1 M (See 4.4.1.6) 

4.6.1.3. ** NaN3, 100 mM (See 4.4.1.5) 

4.6.1.4. * BSA 10% (w/v) (See 4.3.1.3) 

4.6.1.5. * Rotenone, 1 mM (Sigma R8875, Mr 394.4); 0.394 mg/ml in DMSO 

4.6.1.6. * Cytochrome C (CytCox), 4 mM (Sigma C7752, Mr 12 384);   

49.5 mg/ml in 10 mM KPi (pH 7.4). 

 

* Store in aliquots at -80 °C (prepare fresh every six months) 

** Prepare fresh 

 

4.6.2. Procedure 

  

4.6.2.1. Switch on the Synergy multiplate reader, switch on the computer, and activate 

Gen5™ software.  

4.6.2.2. Open “Protocols” and in the folder “OXPHOS diagnostiek” select the protocol for 

complex II+III. 

4.6.2.3. At the top of the window click on the temperature display and activate the 

temperature to preheat to 37 °C. 

4.6.2.4. Thaw mitochondrial samples on ice water and mix well. 

4.6.2.5. Prepare CII+III Master mix as indicated in Table 4.5.1. 

  

 Table 4.5.1. Complex II+III Master mix 

Reagent 1x (µl) [end] 

KPi buffer (0.5 M) – pH 7.4 25 62.5 mM 

Succinate (1 M) 7.1 35.35 mM 

NaN3 (100 mM) 5 2.5 mM 

BSA (10%) 2.5 0.125% 

Rotenone (1 mM) 0.2 1 µM 

MilliQ water 104.2  

Total 144  

 

4.6.2.6. Add 144 µl complex II+III master mix per well. 

4.6.2.7. Add 6 µl 600g supernatant to the well.  
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4.6.2.8. Place the plate into the plate reader and initiate reading to pre-incubate for 10 

minutes (in order to activate CII), after which the tray will open. 

4.6.2.9. Prepare the CytC mix as indicated in Table 4.5.2. 

 

 Table 4.5.2. Cyt C mix 

Reagent 1x (µl) [end] 

Cytochrome C (4 mM) 5 0.1 mM 

Water 45  

Total 50  

 

4.6.2.10. Add 50 µl CytC mix (multichannel) and press enter to continue reading to record 

linear rate increase (1) at 550 nm for 5 min in 1 min intervals. 

 

4.6.3. Calculation  

Use linear rate calculations from 0 to 4 minutes (readings 1-5) – check R2 values to be more 

than 0.99 for 1 . For 200 µl reactions: ε550 = 4180 A/mM 

µmol/min/mg  = (1)/4180)*0.2/(µl protein*µg/µl/1000) 

nmol/min/UCS   = µmol/min/mg x 1000/UCS 
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4.7. Ubiquinol-cytochrome c reductase (complex III)  

 ubiquinol:ferricytochrome-c oxidoreductase, E.C. 1.10.2.2  

 

4.7.1. Reagents 

 

4.7.1.1. * KPi buffer, 0.5 M, pH 7.8. (See 4.4.1.1) 

4.7.1.2. * EDTA, 250 mM, (See 4.5.1.4) 

4.7.1.3. ** Tween 20, 2% (v/v, Merck 822184);  

Add 0.2 ml Tween 20 (using a 1000 µl tip cut shorter with a clean blade) to 10 ml 

water. 

4.7.1.4. ** NaN3, 100 mM (See 4.5.1.5) 

4.7.1.5. * Cytochrome C (CytCox), 4 mM (Sigma C7752, Mr 12 384);   

49.5 mg/ml in 10 mM KPi (pH 7.8) 

4.7.1.6. * Decylubiquinol (reduced decyubiquinone/DB.H2), 9.26 mM; 

Prepare the following reagents and store*:  

- 10 mM decylubiquinone (DB, Sigma D7911, Mr 322.4); 3.224 mg/ml in ethanol. 

  

- 0.1 N HCl in ethanol.  

- 3.0 N HCl in ethanol.   

- Potasium borohydride (BDH) 

 

Procedure (30 reactions): 

1. To 250 µl DB, add a few grains of potassium borohydride 

2. Acidify mixture by 10 µl 0.1 N HCl/ethanol and mix in vortex until mixture 

changes from yellow and becomes clear (1 minute) 

3. Add 10 µl 3 N HCl/ethanol to stabilize DB.H2 

4. Centrifuge 1 min at 10 000 g and transfer 200 µl of the supernatant to a fresh 

tube for further use. 

 

* Store in aliquots at -80°C (prepare fresh every six months) 

** Prepare fresh 

 

4.7.2. Procedure 

  

4.7.2.1. Switch on the Synergy multiplate reader, switch on the computer, and activate 

Gen5™ software.  

4.7.2.2. Open “Protocols” and in the folder “OXPHOS diagnostiek” select the protocol for 

complex III. 

4.7.2.3. At the top of the window click on the temperature display and activate the 

temperature to preheat to 37°C. 

4.7.2.4. Thaw mitochondrial samples on ice water and mix well. 

4.7.2.5. Prepare the Cyt C dilution as indicated in Table 4.6.1.  
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 Table 4.6.1. Cytochrome C dilution 

Reagent 1x (µl) [end] 

Cyt C (4 mM) 2.5 50 µM 

Water  117.5  

Total 120  

 

4.7.2.6. In each well, add 120 µl of the CytC dilution ([end] = 50 µM). 

4.7.2.7. In unused wells at the bottom of the multi well plate, dilute the 600g samples 10x 

by adding 10 µl sample to 90 ul water. Add 10 µl of this 10x dilution for each 

reaction in triplicate.  

4.7.2.8. Place plate into plate reader tray and initiate reading to incubate for 10 min, after 

which tray will open. 

 

 

4.7.2.9. Prepare in advance the CIII Master mix and preheat it to 40°C as indicated in 

Table 4.6.2. 

 

 Table 4.7.2. CIII Master mix. 

Reagent 1x (µl) [end] 

KPi buffer (0.5 M) – pH 7.8 20 50 mM 

EDTA (250 mM) 0.8 1 mM 

Tween 20 (2%) 4 0.04% 

NaN3 (100 mM) 6 3 mM 

Decylubiquinol (9.26 mM) 6.5 300 µM 

Water 32.7  

Total 70  

 

4.7.2.10. To start the reaction, add 70 µl of the preheated CIII master mix to each well and 

press enter to continue reading to record the linear rate increase (1) at 550 nm for 5 

min in 1 min intervals. 

 

4.7.3. Calculation  

Use linear rate calculations from 0 to 3 minutes (readings 1 - 4) – check R2 values to be more 

than 0.99 for 1 . 

For 200 µl reactions: ε550 = 4180 Abs/mM 

 

µmol/min/mg  = (1)/4180)*0.2/(µl protein*µg/µl/1000) 

nmol/min/UCS   = µmol/min/mg x 1000/UCS 



 

 
 

4.8. Cytochrome-c oxidase (complex IV) 

 ferrocytochrome-c:oxygen oxidoreductase, E.C. 1.9.3.1 

 

4.8.1. Reagents 

 

4.8.1.1. * KPi buffer, 0.5 M, pH 7.4. (See 4.5.1.1) 

4.8.1.2. * Reduced cytochrome c (CytCred), 500 µM (see Section 4.2); 

 

* Store in aliquots at -80 °C (prepare fresh every three months) 

** Prepare fresh 

 

4.8.2. Procedure 

  

4.8.2.1. Switch on the Synergy multiplate reader, switch on the computer, and activate Gen5™ 

software.  

4.8.2.2. Open “Protocols” and in the folder “OXPHOS diagnostiek” select the protocol for 

complex IV. 

4.8.2.3. At the top of the window click on the temperature display and activate the temperature 

to preheat to 37°C. 

4.8.2.4. Thaw mitochondrial samples on ice water and mix well. 

4.8.2.5. Prepare CIV master mix, as indicated in Table 4.7.1, and preheat to 40°C. 

 

 Table 4.7.1. Complex IV Master mix. 

Reagent 1x (µl) [end] 

KPi buffer (0.5 M) – pH 7.4 8 20 mM 

Water 112  

*CytCred (500 µM) 28 70 µM 

Total 148  

 * Add last, just before pre-heating 

 

4.8.2.6. Prepare a diluted buffer as follows (Table 4.7.2): 

 

 Table 4.7.2. Diluted KPi Buffer. 

Reagent 1x (µl) [end] 

KPi buffer (0.5 M) – pH 7.4 4 10 mM 

Water 46  

Total 50  

 

4.8.2.7. Place 50 µl diluted KPi buffer into each well  

4.8.2.8. Add 2 µl 600g mitochondrial sample to each well. 



 

 
 

4.8.2.9. Place plate into plate reader tray and initiate reading to incubate for 10 min, after which 

tray will open. 

4.8.2.10. To start the reaction, add 148 µl preheated CIV master mix ([end KPi] = 30 mM) to each 

well and press enter to continue reading to record linear rate decrease (1) at 550 nm for 3 

min in 30 sec intervals.  

 

4.8.3. Calculation  

Use linear rate calculations from 1 to 2 minutes (reading 2 – 5) – check R2 values to be more than 

0.99 for 1 . 

 

For 200 µl reactions: ε550 = 4180 Abs/mM 

 

µmol/min/mg  = (1)/4180)*0.2/(µl protein*µg/µl/1000) 

nmol/min/UCS   = µmol/min/mg x 1000/UCS 
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Foreword/Notes 

 

O-acyl or glycerol-bound fatty acids (i.e. lipids) are simultaneously stripped and methylated 

with basic methylation. Hence, this method can be regarded as a lipid profiling method which 

gives information on the fatty acid chain lengths and ratios found in lipids. Important to know 

is that basic methylation does not methylate free fatty acids. Post-methylation silylation is 

performed to derivatize unmethylated compounds (such as cholesterol) to ensure cleaner 

samples.  
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1. PURPOSE  

The purpose of this document is to: 

• Provide detailed guidelines and procedures for the methylation and silylation of lipid-bound fatty 

acids before GC-MS analysis 

2. SCOPE 

Methylation and silylation are essential final steps in sample preparation which should be used prior to 

GC-MS analysis of FAMEs. This procedure then does not include upstream procedures such as 

metabolite extraction or lipid fractionation. 

3. RESPONSIBILITY 

• This procedure shall apply to analysts (staff or students) of HM working in the CHM metabolomics 

laboratory, who wishes to perform GC-MS analysis of FAMEs. 

• It remains the responsibility of the analyst to ensure that appropriate lab safety procedures are 

followed with the use of hazardous derivatization material. 

4. ABBREVIATIONS 

• HM Human Metabolomics (include focus area and centre) 

• CHM Centre for Human Metabolomics 

• BSTFA O-Bis(trimethylsilyl)-trifluoro-acetamide  

• TMCS  Trimethylchlorosilane 

• FAMEs Fatty acid methyl esters 

• KOH Potassium hydroxide 

5. DEFINITIONS 

•  

6. REFERENCES 

7. MATERIALS AND EQUIPMENT 

• Pyridine 

• KOH 

• Methanol 

• Water 



 

 
 

• Hexane 

• Chloroform 

• BSTFA 

• TMCS 

• Hamilton syringe 

• Heating block 

• Centrifuge capable of spinning vials at 2 000 x g 

• Nitrogen drying block or speed-vac evaporator 

8. METHODOLOGY 

8.1 Add 100 μl methanol and 100 μl chloroform to the glass vials containing the dried extracts. Vortex 

properly to re-dissolve sample. 

(Note: All extraction and derivatization work should be carried out in a fumehood). 

8.2 Add 200 μl methanolic KOH (prepared by dissolving 280 mg KOH in 25 ml dry methanol) to each 

vial. Vortex sample for 30 seconds and incubate for one hour at 60 °C. 

(Note: Ensure that the vials are properly capped to avoid evaporation and possible fatty acid loss). 

8.3 Vortex immediate after removing the samples from the heating block and let the samples stand on the 

bench to reach room temperature before continuing with the next step. 

(Note: The volatile short chain FAMEs can be lost if the vials are still at high temperature and pressure 

when opened). 

8.4 Add 400 μl hexane, 200 μl water and 40 μl 1N acetic acid to extract the FAMEs. Vortex for 30 

seconds. 

8.5 Centrifuge vials for 2 minutes at 2000 x g. 

8.6 Transfer the top-hexane phase to a clean vial 

(Be careful not to transfer the lower water phase). 

8.7 Add another 400 μl hexane to the remaining water phase and vortex for 30 seconds. Repeat step 8.5 – 

8.6. 

8.8  Dry the combined hexane phases under a gentle stream of nitrogen. 

8.9 Add 50 μl pyridine and 50 μl BSTFA (containing 1 % TMCS) to dried extracts and vortex for 30 

seconds. 



 

 
 

8.10 Incubate samples for another 30 minutes at 45 °C. 

8.11 Add 50 μl external standard (30 μg/ml methyl-nonadecanoate or methyl-tricosanoate) and vortex 

8.11 Transfer all liquid to a flat bottom insert and put insert in the same vial used for derivatization. 

8.7 The sample is now ready for GC-MS analysis. One μl is typically injected onto system. 

9. SAFETY 

• Any biological samples from plant, animal or human origin must be handled with caution and 

appropriate lab attire.  

• Any (biosafety) workspace must be disinfected with 70% ethanol or isopropanol after use.   

• All items that come into contact with biological samples must be disposed of in a Biohazardous 

Waste bin or washed accordingly when re-used. 

• Handling of solvents should be done inside a fumehood or similar extraction unit. 

• Cover eyes with goggles when handling corrosive chemicals.  

• Dispose of needles and scalpel blades into labeled sharps container.  

• Dispose of solvents into designated labeled waste container.  

• Dispose of glass into designated and labeled glass waste container. 
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Foreword/Notes 

 

For tissue and cell samples, homogenization and metabolite extraction are required to get 

intracellular metabolites out of the cells and into a suspension of choice. This document 

describes a procedure for homogenizing and extracting intracellular metabolites from 

mammalian cell cultures using a single-phase extraction method. Polar and apolar metabolites 

are extracted in a single phase. This method is only recommended for cells containing 

relatively low amounts of apolar compounds (such as lipids) as high-lipid content will force 

phase separation and influence extraction efficiency. Metabolites from tissues and cells are 

considered the endometabolome which can provide localized information. 
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1. PURPOSE  

The purpose of this document is to: 

• Provide detailed guidelines and procedures for the homogenization and single-phase extraction of 

metabolites from mammalian cell culture samples. 

2.. SCOPE 

Intracellular metabolite extraction is an essential initial step in sample preparation which can be used 

prior to additional targeted metabolite extraction procedures, derivatization or untargeted analysis. This 

procedure then does not include downstream procedures for derivatization and analysis. This procedure 

is not recommended for lipid-rich tissues as the abundant lipid content will induce phase separation 

regardless of the solvent ratios. 

2. Responsibility 

• This procedure shall apply to analysts (staff or students) of HM working in the CHM metabolomics 

laboratory, as dictated by their downstream procedures. 

• This protocol makes use of a post-analytical normalization approach using either the number of cells, 

protein content or Cyquant values. The choice of normalization method remains the responsibility of 

the analyst. 

3. Abbreviations 

• HM Human Metabolomics (include focus area and centre) 

• CHM Centre for Human Metabolomics 

4. Definitions 

•  

5. References 

6. Materials and equipment 

• Water 

• Methanol  

• Chloroform 

• Cell Scrapers (99002, TTP) 

• Safe-lock Eppendorf microcentrifuge tubes 

•  Sub-1 mm Ø glass beads (or powder) 

• Vibration mill (or bead beater) 



 

 
 

• Microscope (optional) 

• Scepter 2.0 cell counter (optional) 

• Temperature controlled centrifuge capable of spinning microcentrifuge tubes at 12 000 x g 

• Nitrogen drying block or speed-vac evaporator 

8. METHODOLOGY 

8.1 Pre-cool solvents on ice for at least 15 minutes and methanol (quenching solution) at –80 °C for at 

least an hour. Two or three containers with ice might be required for this procedure where one is used to 

incubate the samples and solvents and the other for scraping.  

8.2 Count the cells in each well or flask under a light microscope using the Scepter 2.0 automated 

handheld cell counter and counting grid for normalization purposes.  

(Note: With uniform seeding and controlled culturing conditions, one can assume that cells in different 

wells, and even plates, grow at the same tempo and reach the same % confluency when cultured 

together. Hence, this step can be omitted when the intervention tested does not influence cell growth 

significantly). 

8.3 Remove culture media from the flasks or wells and put plate on ice to limit metabolic activity. 

(Note: Make sure that little or no media remains before further processing. The used media can be 

collected for analysis to study the exometabolome. Sample preparation procedure for media is the same 

as for other biofluids). 

8.4 Add 1 ml -80 °C cold methanol to each culturing well or flask while on ice.  

8.5 Scrape cells from the wells or flask using a cell scraper and transfer the entire solution to a clean 

Safe-lock Eppendorf microcentrifuge tube. 

(Note: Trypsinization of cells is not recommended as it can influence the metabolome). 

8.6 Add internal standard solution and water to attain a final volume of 330 μl water. If the internal 

standards are dissolved in water, then use equation 1 to determine the volume of water to be added. The 

concentration of the internal standards should not exceed 0.5 μg/1 million cells (equivalent to 1 well of a 

6-well plate). The addition of 50 μl internal standard solution with concentration of 100 μg/ml will result 

in a 25 μg/ml final concentration before analysis.  

Volume (μl) water required = 330 μl – volume of internal standard solution   (Eq. 1) 

 (Note: The addition of chloroform at this stage will stiffen the cells and hamper homogenization) 



 

 
 

8.7 Add a pellet size amount of glass beads to each tube. Use a spatula or back end of yellow tip to 

transfer glass beads from container to tube. 

8.8 Ensure that all tube caps are properly closed before samples are loaded onto the vibration mill. Shake 

the samples for 2 minutes at 30 Hz. 

8.9 Take a sample (about 100 μl) from the homogenate for protein determination or Cyquant analysis for 

normalization purposes. The volume of sample is dictated by the method of choice (so see respective 

SOPs).  

8.10 Add 330 μl chloroform and vortex samples for 30 seconds. Leave on ice for 10 minutes. 

8.11 Centrifuge samples for 5 minutes at 2 000 x g, 4 °C to pellet proteins, cell debris and glass beads. 

8.12 Carefully transfer the supernatant to clean glass vial or microcentrifuge tube as required by 

downstream procedures and methods.   

8.13 Dry sample under nitrogen or vacuum. 

8.14 Once dried, the samples can be stored at -80 °C for a limited period or used immediately in 

downstream procedures. 

9. SAFETY 

• Any cell culture samples must be handled with caution and appropriate lab attire.  

• Any (biosafety) workspace must be disinfected with 70% ethanol or isopropanol after use.   

• All items that come into contact with biological samples must be disposed of in a Biohazardous 

Waste bin or washed appropriately when re-used. 

• Handling of solvents should be done inside a fumehood or similar extraction unit. 

• Cover eyes with goggles when handling corrosive chemicals.  

• Dispose of solvents into designated labeled waste container.  

• Dispose of glass into designated and labeled glass waste container. 

 

 


