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Abstract 
 
Ciliates are a group of microbial eukaryotes that are found in diverse environments, 

which have been identified to contain different classes of mitochondria.  It is 

understood that mitochondria have modified their functions overtime depending on 

the environment of their host; these differences in adaptations allow mitochondria 

to be classified into five different groups/classes.  Four of these classes generate 

adenosine triphosphate (ATP), while the fifth has undergone evolutionary reduction 

having no apparent role in ATP synthesis.  The aim of this project was to evaluate 

the diversity of these organelles in ciliates.  This was carried out using 

computational methods, where we analysed and translated genomic and 

transcriptomic data collected from 27 ciliates found in diverse environments.  The 

ciliate data were searched against a database of nine different mitochondrial 

proteomes and multiple anaerobically functioning proteins in order to assemble the 

potential mitochondrial proteome for each organism based on sequence similarity.  

Our method allowed the prediction of mitochondrial class diversity within one 

„group‟ of eukaryotes, identifying all five classes throughout the 27 ciliates, 

including the proposal of a potential mitosome present within the rumen-living 

ciliate Entodinium caudatum, as well as confirming the existence of 

hydrogenosomes present within Polyplastron multivesiculatum.  By analysing 

functional proteins of the citric acid cycle and the electron transport chain, as well 

as identifying any proteins that function in anaerobic conditions; we have been able 

to make clear distinctions between each mitochondrial class and provide a strong 

likelihood that all five mitochondrial classes are present across the ciliate clade, 
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along with the possible presence of intermediated organelles that do not fit the 

already classified groups.  

This diversity of mitochondrial class seen throughout the ciliate clade further 

supports the claim of anaerobically functioning mitochondria potentially being the 

ancestral mitochondria of ciliates.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Acknowledgements 
 
I would like to thank Dr. Eleni Gentekaki at the Mae Fah Luang University and the 

late Prof. Denis H. Lynn at the University of British Columbia for providing the 

transcriptomic ciliate data and my supervisors Dr. Anastasios Tsaousis and Dr. 

Mark Wass for their support throughout. 

 

Declaration  
 

I certify that this is my own work, except where acknowledged by reference and 

citation. 



iv 
 

Contents 
 

List of Figures .......................................................................................................... v 

List of Tables .......................................................................................................... vii 

Introduction .............................................................................................................. 2 

Mitochondrial Functions ....................................................................................... 4 

The Mitochondrial Genome .............................................................................. 4 

Iron-sulphur Cluster .......................................................................................... 5 

β-Oxidation Pathway ........................................................................................ 7 

Protein Import ................................................................................................... 9 

Aerobic Mitochondrial Metabolism ..................................................................... 13 

The Citric Acid Cycle ...................................................................................... 14 

The Electron Transport Chain ........................................................................ 15 

Mitochondria classification and Mitochondria-related organelles ....................... 21 

Class II: Anaerobic mitochondria ....................................................................... 22 

Class III: Hydrogen-producing (H2) .................................................................... 23 

Class IV: Hydrogenosomes ................................................................................ 26 

Class V: Mitosomes ........................................................................................... 29 

Ciliates ............................................................................................................... 31 

What are they? Where are they found? .......................................................... 31 

Reproductive Survival ..................................................................................... 32 

Classification Identification ............................................................................. 33 

Hypothesis ......................................................................................................... 34 

Methods ................................................................................................................. 35 

Flow chart overview of method .......................................................................... 35 

Mitochondrial database and query ciliate data preparation ................................ 36 

Ciliate mitochondrial data analysis ..................................................................... 38 

Anaerobic functioning and mtDNA encoded protein analysis ............................. 39 

Mitochondrial proteome BLAST database data source table ............................. 41 

Results ................................................................................................................... 42 

The Citric Acid Cycle .......................................................................................... 46 

The Electron Transport Chain ............................................................................ 56 

Anaerobic proteins ............................................................................................. 62 



v 
 

Protein Import, β-Oxidation, Fe/S pathways and Mitochondrial Class ............... 66 

Discussion ............................................................................................................. 82 

References ............................................................................................................ 88 

 

List of Figures 
 

Figure 1 - Overview of the Fe/S protein maturation pathways and functional 

proteins involved ...................................................................................................... 6 

 

Figure 2 – Overview of β-oxidation cycle of saturated fatty acids. .......................... 8 

 

Figure 3 – Overview of the protein import pathway. ................................................ 9 

 

Figure 4 – Mitochondrial metabolic pathway overview, showing the three major 

pathways that mitochondria are involved in, oxidative phosphorylation, β-oxidation 

and citric acid cycle ............................................................................................... 13 

 

Figure 5 – Overview of the citric acid cycle (TCA) ................................................ 14 

 

Figure 6 – Basic overview of the steps involved in oxidative phosphorylation along 

the electron transport chain ................................................................................... 15 

 

Figure 7 – Overview of the Q-cycle within complex III of the electon ransport chain.

 .............................................................................................................................. 17 

 

Figure 8 – Overview of ATP Synthase, showing it‟s three major parts; a 

membrane-embedded Fo domain, a catalytic F1 domain and a joining stalk.. ....... 19 

 

Figure 9 – Functional classification of mitochondria origin adapted from Müller et al 

[14]. Mitochondria have been divided into five classes, class 1-5. ......................... 21 

 

Figure 10 – Major pathways of energy metabolism in anaerobic mitochondria of 

Fasciola hepatica. .................................................................................................. 23 

 

file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768513
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768513
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768514
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768515
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768516
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768516
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768516
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768517
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768518
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768518
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768519
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768519
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768520
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768520
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768521
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768521
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768522
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768522


vi 
 

Figure 11 – Major pathways of energy metabolism in hydrogen-producing 

mitochondria of  Nyctotherus ovalis. ...................................................................... 25 

 

Figure 12 – A basic metabolic comparison between aerobic mitochondria - class 1 

and hydrogenosomes - class 4.. ............................................................................ 27 

 

Figure 13 – Major pathways of hydrogenosome within the parasite Trichomonas 

vaginalis.  . ............................................................................................................. 28 

 

Figure 14 – Shows major metabolic pathways for parasite Entamoeba histolytic . 29 

 

Figure 15 – Tetrahymena cell image from Marisa D. Ruehle 2016, illustrating its 

crystal-like organization of ciliary units................................................................... 33 

 

Figure 16 – The flow chart shows a basic overview of the steps taken to carry out 

our analysis to identify mitochondrial diversity from newly generated ciliate 

transcriptomes along with four known ciliate genomes.. ........................................ 35 

 

Figure 17 – Basic overview flowchart showing the criteria used to categorise the 

class of mitochondria predicted in each ciliate ....................................................... 40 

 

Figure 18 – Class I Anophryoides haemophila TCA proteins and Class II 

Mesodinium pulex TCA proteins. ........................................................................... 50 

 

Figure 19 – The TCA protein content for each ciliate ............................................ 55 

 

Figure 20 – Mesodinium pulex and Nyctotherus ovalis electron transport chain. . 56 

 

Figure 21 – The ETC content for each ciliate. ....................................................... 61 

 

Figure 22 – Protein composition of TCA cycle and electron transport chain for 

Tetrahymena thermophila ...................................................................................... 62 

 

Figure 23 – Phylogenetic tree of the predicted iron hydrogenase sequences 

aligned to other known iron hydrogenase sequences [62] to identify for 

contamination. ....................................................................................................... 64 

file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768523
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768523
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768524
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768524
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768525
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768525
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768526
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768527
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768527
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768528
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768528
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768528
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768529
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768529
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768530
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768530
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768531
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768532
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768533
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768534
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768534
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768535
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768535
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768535


vii 
 

 

Figure 24 – Phylogenetic tree of the predicted PFO/PNO sequences aligned to 

other known PFO/PNO sequences [62] to identify for contamination.. .................. 65 

 

Figure 25 – Protein import proteins identified for each ciliate ............................... 71 

 

Figure 26 – Fe/S cluster assembly proteins identified for each ciliate .................. 76 

 

Figure 27 – A basic overview of mitochondrial pathways/proteins identified in each 

ciliate ..................................................................................................................... 81 

 

Figure 28 - Phylogenetic tree for the 27 ciliates investigated combined with their 

predicted class of mitochondria. ............................................................................ 85 

 

List of Tables 
 

Table 1 - sources for mitochondrial proteome BLAST database. .......................... 41 

 

Table 2  - Overview table showing each ciliate predicted class. ............................ 44 

 

Table 3 – Overview of each ciliate separated in relation to predicted mitochondrial 

class, showing specific proteins present within each.. ........................................... 45 

 

Table 4 - Each ciliate separated into their predicted class, the phylogenetic clade, 

and the environment in which the ciliate exists.. .................................................... 46 

 

Table 5 - A table showing the number of original contig files after contamination 

removal and number of identified protein hits after analysis.. ................................ 47 

 

Table 6 - Shows the containment of TCA proteins within each ciliate. .................. 49 

 

Table 7 - Ciliates containing proteins that function in anaerobic conditions, along 

with their predicted mitochondrial class. ................................................................ 62 

 

file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768536
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768536
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768537
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768538
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768539
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768539
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768540
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523768540
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523771672
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523771673
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523771674
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523771674
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523771675
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523771675
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523771676
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523771676
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523771677
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523771678
file:///C:/Users/lukew/Desktop/MPhil%20Thesis%20-%20Luke%20Williams1.docx%23_Toc523771678


viii 
 

Abbreviations  

TCA Tricarboxylic acid or citric acid cycle 

ETC Electron transport chain 

Fe/S Iron sulphur cluster 

PNO Pyruvate: NADP+ oxidoreductase 

PFO Pyruvate: ferredoxin oxidoreductase 

AOX Alternative oxidase 

ATP Adenosine triphosphate 

ISC Iron sulphur cluster 

TIM Translocase of the inner membrane 

TOM Translocase of the outer membrane 

mtDNA Mitochondrial DNA 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

2 
 

Introduction 
 

Mitochondria are viewed as vital organelles due to their characteristic as energy 

providers, and are considered to have a fundamental role in the evolution of 

eukaryotic cells for this reason.  Until recently it was thought that mitochondria 

were present in all eukaryotes; however the recent discovery from Karnkowska et 

al 2016 altered this [1].  They identified that the microbial eukaryotic 

Monocercomonoides sp. lacks all hallmark mitochondrial proteins.  It has been 

understood that mitochondria have been able to modify their function dependent on 

the environment of their host, and this adaptation in diverse eukaryotes remains 

somewhat of a mystery. Recent studies have observed these different anaerobic 

functional mitochondria including hydrogen producing hydrogenosomes as well as 

remnant mitochondria such as mitosomes that are found in several parasites; all 

share the distinctive double membrane [2, 3].  

Mitochondrial proteins are involved in many pathways, especially those relating to 

energy production for cells.  Proteins targeted to these pathways and the 

mitochondria as an organelle are encoded by both the mitochondrial and nuclear 

genome.  Mitochondrial genomes studied to date encode no more than 70 of the 

proteins that mitochondria utilise to function, which include subunits of complex I, 

III, IV and V of the electron transport chain [4].  Since a typical aerobic 

mitochondrial proteome compromises 1200 proteins, most mitochondrial proteins 

are encoded by the nuclear genome and are targeted to the mitochondrion using a 

protein import machinery specific to this organelle [5]. 

The ancestral origin of mitochondria appears likely to have arisen from primary 

endosymbiosis between a host cell related to Asgard Archaea and intracellular 
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Rickettsiales α-proteobacteria [6–9].  The „engulfed‟ α-proteobacterium became 

reliant on the protective environment of the host, and conversely the Achaea host 

came to rely on the energy provided by the α-proteobacteria, which over time via 

many evolutionary steps developed into the mitochondria we know today. 

There are a few hypothesis surrounding the origin of mitochondria, whether 

mitochondria evolved as sister to, or within (as outlined above) Rickettsiales, where 

the ancestor was an energy parasite [10]. While others propose that mitochondria 

emerged from a deeper position within α-proteobacterium, which would suggest 

that the pre-mitochondrial α-proteobacterium was free-living and a facultative 

anoxygenic photosynthesiser – a physiology that may have likely been ancestral to 

all α-proteobacterium [11, 12, 13]. 

Mitochondria have been categorised into five different classes by Müller et al [14] 

depending on their function/size/morphology; classes 1-5, which are aerobic 

mitochondria (textbook type), anaerobic mitochondria, hydrogen-producing 

mitochondria, hydrogenosome and mitosome respectively.  It was first believed 

that hydrogenosomes did not share a common ancestor with mitochondria until the 

discovery of organellar chaperone proteins common to both mitochondria and 

hydrogenosomes, suggesting a possible shared ancestral origin [11–14].  

Following the discoveries of shared chaperone proteins, other common shared 

proteins and functions between both have been discovered, including the discovery 

of the further reduced form of mitochondria called mitosomes.  The presence of 

mitochondria being throughout most eukaryotes indicates the organelles‟ 

importance [3, 15, 16].  
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Mitochondrial Functions 

 

The following sections provide an overview of the functions and metabolic 

pathways of mitochondria, followed by the diversity between each mitochondrial 

class.  The variations seen with mitochondrial functions and the pathways they 

contain help distinguish the type of mitochondria present within a species. 

-The Mitochondrial Genome 

 

A unique feature of these organelles is that they possess their own DNA, where it 

was derived from the circular genome of the engulfed ancestral α-proteobacteria.  

In humans, mitochondrial DNA (mtDNA) is a circular negatively supercoiled double 

stranded molecule that contains 16,569 base pairs, which encode for 13 

polypeptides, 22 transfer RNA (tRNAs) and two ribosomal RNAs (rRNA).  All 13 

proteins encoded by mtDNA are important subunits of the electron transport chain 

and ATP synthase.  mtDNA encodes for seven of the 46 subunits of complex I, one 

of the 11 subunits of complex III, three of the 13 subunits of complex IV and two of 

the 16 subunits of complex V (ATP synthase).  mtDNA has been identified in 

aerobic and anaerobic functioning mitochondria, along with the ciliate of 

Nyctotherus ovalis and Blastocystis sp. that contain a reduced class of 

mitochondria - class III Hydrogen-producing mitochondria. 
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-Iron-sulphur Cluster 

 

Iron-sulphur cluster (Fe/S) proteins perform critical roles in many metabolic 

reactions within cells; their functions include involvement in electron transfer within 

complex I, II and III of electron transport chain, enzyme catalysis like aconitase in 

the TCA, as well as nuclear gene expression.  The biosynthesis of these inorganic 

Fe/S centres and their insertion into apoproteins require dedicated and complex 

cellular machinery that is found within the mitochondria as well as within the 

cytosol. 

The Fe/S cluster assembly machinery within the mitochondrion is known as the 

ISC (iron sulphur cluster) and is vital for the formation of Fe/S proteins (Figure 1). 

The assembly pathway begins when a ferrous form of iron is imported into the 

mitochondria via the mitoferrin transporter protein.  Frataxin (Fxn) then facilitates 

the delivery of the reduced iron molecule to the IscU scaffold protein and directly 

binds to IscU [21].  In conjunction to this, an aminotransferase known as cysteine 

deslufurase (IscS) catalyses the conversion of cysteine to alanine and sulfane 

sulphur.  The sulfur produced is then transferred to the IscU proteins and along 

with the reduced iron form transient Fe/S proteins on the IscU scaffold [7, 18, 19]. 

Isd11 is bound to cysteine desulfurase and  is believed to be a stabilising 

component preventing aggregation of cysteine desulfurase [24].  Ferredoxin and 

ferredoxin reductase (Fdx1 and FdxR) are important in the maturation of Fe/S 

proteins and apparently function early in Fe/S cluster formations, serving as an 

electron transfer chain providing electrons (NADH preferred) for the reduction of 

sulfur to sulphide formed in the cysteine desulfurase [21, 22]. 
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The Fe/S cluster assembly machinery encompasses a dedicated chaperone 

complex system that transfers the Fe/S cluster to apoproteins to be further 

synthesised within the mitochondria or to be exported to the cytosol via the 

transporter, ATM1.  This complex is formed by a specialised Hsp70, a DnaJ-type 

cochaperone Jac1 and a nucleotide exchange factor Mge1, which all play a role in 

the biogenesis of Fe/S proteins [27].  The specialised Hsp70 requires the ADP/ATP 

nucleotide factor Mge1 for function, but like with other Hsp70s it also demonstrates 

weak intrinsic ATPase activity, and that is where Jac1 assists, stimulating the ATP-

dependent binding between the chaperone complex and IscU [28]. 

 

Figure 1 - Overview of the Fe/S protein maturation pathways and functional proteins involved. 

Abbreviations: Fxn – frataxin, IscS – cysteine desulfurase, FdxR – ferredoxin reductase, Fdx1 – 

ferredoxin. 
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-β-Oxidation Pathway 

 

Fatty acid oxidation was first identified by Franz Knoop, where his experiments 

showed that fatty acids must be degraded by oxidation at the β-Carbon, followed 

by cleavage of the Cα-Cβ bond. 

β-oxidation is an important metabolic process, which primarily takes place within 

mitochondria and is a vital energy source for eukaryotic organisms by utilising the 

energy provided by fatty acids.  However, for this process to start the fatty acids 

firstly need to be activated to be able to enter through the mitochondria 

membranes. This is done by acyl-CoA synthetase to yield fatty acyl-CoA.  At this 

stage the fatty acid is able to enter into the mitochondria with the aid of carnitine 

acyltransferase carrier proteins [29]. 

β-oxidation is a catabolic process by which fatty acids are degraded, it drives ATP 

synthesis by oxidative phosphorylation as well as providing acetyl-CoA for further 

catabolism in the TCA cycle, β-oxidation also leads to the production of NADH and 

FADH2, which are co-enzymes used in the electron transport chain. 

There are four different steps required for the degradation of fatty acids (Figure 2), 

each of which are catalysed by a specific enzyme with specificity for short, medium 

and long chain acyl-CoA intermediates.  This process is known as the β-oxidation 

cycle.  The four steps are: 

Oxidation – conversion of acyl-CoA to Δ2-3-trans-enoyl-CoA in the presence of 

FAD.  This conversion is catalysed by acyl-CoA dehydrogenase.  

Hydration – Enoyl-CoA hydratase adds water across the double bond to produce 

L-3-hydroxyacyl-CoA. 
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Oxidation – L-3-hydroxyacyl-CoA dehydrogenase catalyses L-3-hydroxyacyl-CoA 

to L-3-ketoacyl-CoA, with the involvement of NAD+ as a cofactor. 

Cleavage – The splitting of L-3-ketoacyl-CoA at the 2,3 position by 3-ketoacyl-CoA 

thiolase, in the presence of CoA to produce one acetyl-CoA and one acyl-CoA.  

The acetyl-CoA goes onto the TCA cycle, whereas the acyl-CoA feeds back to the 

acyl-CoA dehydrogenase to begin another cycle of β-oxidation [29]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 - The β-oxidation of saturated fatty acids. It is a cycle containing 4 steps catalysed by 
specific enzymes, with each cycle producing a single molecule of NADH, FADH2 and acetyl-
CoA.  Biochem 4

th
 ed 
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-Protein Import  

 

The molecular machines that drive protein import to the mitochondria were 

established in the last common ancestor for all eukaryotes [30].  Most proteins 

destined for the mitochondria are encoded by the nucleus, so an efficient protein 

transport system is required.  Proteins targeted for the mitochondria carry either an 

N-terminal signal sequence or internal signal sequences, which are recognised by 

the TOM (Translocase of the Outer Membrane) complex and the TIM (Translocase 

of the Inner Membrane) prior to being sorted ensuring proper delivery and 

assignment of the protein to function within the organelle.  The majority of the 

proteins destined for the mitochondria contain a N-terminal signal sequence 

comprised of 10-80 residues, which are usually hydrophobic and form an 

amphipathic α-helix [31].  

Figure 3 – Import protein pathways. Thomas Becker et al 2012 (modified). a) Import proteins 
involved in presequences protein import pathway. b) Import proteins involved in proteins destined to 
be carrier proteins within the membrane. c) Shows the proteins involved in β-barrel protein pathway. 
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Proteins can also contain internal signal sequences which are less defined and can 

be found at any point throughout the protein.  However, these proteins do not enter 

the matrix but rather targeted to either, the inner membrane, the intermembrane 

space or the outer membrane [32].  The same N-terminal signal patterns also 

appears on proteins targeted to hydrogenosomes and mitosomes, however the N-

terminal targeting signal sequences is less defined for mitosomes [26, 28].  There 

is also an example of mitosomes, which includes Entamoeba histolytica, potentially 

disposing the use of N-terminal targeted proteins, relying on internal signals for 

protein trafficking [5, 29].  

The protein translocases found on the mitochondrial membranes are formed with a 

core translocation unit that is enhanced by one or more subunit modules that have 

a distinct function, aiding the translocation of targeted proteins.  These are known 

as TOM complexes which are composed of core translocases TOM40, 22 and 7, 

alongside other subunits like TOM5 and TOM6 that assist in protein transfer, and 

receptor subunits TOM70 and TOM20 that promote protein binding [30–32]. 

Mitochondrial targeted proteins with the aid of cytosolic HSP70 chaperone proteins 

bind to TOM70, where TOM20/22 recognise the presequence target signal, 

transferring the protein towards TOM40 channel likely via TOM5 where the N-

terminal signal binds to the trans site within the TOM40 complex. 

TOM complexes are the main entry gate for mitochondrial proteins; however other 

import machineries are required for protein insertion in the outer membrane.  This 

pathway is called the β-barrel pathway, where β–barrel proteins are inserted into 

the outer membrane via the SAM (sorting assembly machinery) complex (Figure 

3c).  Precursor proteins for β-barrels consist of the β-strand carboxy terminal which 
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once translocated into the intermembrane space, a complex known as „small TIMs 

or tiny TIMs‟ bind and direct the proteins to the SAM complex. 

There are two major TIM complexes embedded on the inner membrane, TIM23 

and TIM22.  TIM22 only binds to proteins that are designated for integration into 

the inner membrane and is composed of four membrane embedded subunits, 

TIM22, 12, 54 and 18, where they assist in the docking of proteins and their 

assembly.  TIM22 also has interactions with the small TIM complex which shuttles 

to and from TOM40 and TIM22 collecting and delivering the targeted proteins [30, 

32, 33]. 

The TIM23 complex translocates presequence proteins into the mitochondrial 

matrix where the positive charges on the presequences of the translocating protein 

are drawn through the TIM23 channel of the inner membrane.  This is aided by the 

membrane potential already present between the mitochondrial matrix and 

intermembrane space.  Associated with TIM23 complex is TIM50, a receptor that 

guides proteins to bind to the translocase channel regulating the opening and 

closing of this channel [32, 34].  TIM21 interacts with the second core translocase 

TIM17, both determining the destination of the protein and whether it should be 

translocated into the mitochondrial matrix [35, 36]. 

Hsp70 is present outside the channel opening, anchored to the inner membrane by 

PAM (Presequence translocase-Associated Motor) complex proteins and TIM44, 

where Hsp70 activity is harnessed to aid proteins to be released into the matrix, 

this complex of proteins act like a motor to drive the translocation.  Once they have 

entered the mitochondrial matrix, the positively charged presequence cleavage 

motif present on the protein is identified by mitochondrial processing peptidase 
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(MPP) which proceeds to cleaving the proteins N-terminal presequence [37, 38].  

MPP typically consists of two subunits, a α-subunit that is involved with binding to 

the protein and the β-subunit that possesses the catalytic activity to cleave off the 

presequence [44]. 
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Aerobic Mitochondrial Metabolism  

 

Aerobic mitochondria are considered to be text-book mitochondria; these 

membrane bound organelles are essential in aerobic eukaryotes and are known as 

the energy suppliers of the cells due to their production of ATP.  The significance of 

both the TCA cycle and oxidative phosphorylation carried out via the electron 

transport chain are major factors for why these organelles have been retained 

among diverse aerobic eukaryotes [45].  They are also recognised to be involved in 

other cellular processes such as cellular proliferation, apoptosis, steroid and haem 

synthesis, Fe/S cluster assembly, lipid metabolism, amino acid metabolism and 

fusion/fission [10, 41]. 

Three major pathways are commonly associated with aerobic mitochondria; these 

are the citric acid cycle (TCA), oxidative phosphorylation or electron transport chain 

(ETC) and β-oxidation.  Figure 4 shows the major metabolic pathways seen within 

mitochondria.  

 

 

 

 

 

 

 

 Figure 4 

Figure 4 – Mitochondrial metabolic pathway overview, showing the three major pathways that 
mitochondria are involved in, oxidative phosphorylation, β-oxidation and citric acid cycle.  
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-The Citric Acid Cycle 

 

The TCA cycle was proposed by Hans Adolf Krebs in 1937 and is the most central 

metabolic pathway for all the aerobic processes required by the organism, with 

input from carbohydrate, fatty acid and amino acid oxidation pathways.  The 

catabolism of these three pathways each produces acetyl-CoA.  Glycolysis is the 

most recognised, which is the breakdown of glucose yielding pyruvate where the 

enzyme pyruvate dehydrogenase decarboxylates pyruvate to produce acetyl-CoA, 

which then enters the TCA cycle to undergo oxidation [47].  This is carried out by 

eight enzymes within the cycle (Figure 5), these enzymes catalyse a series of 

organic reactions that cumulatively oxidase one acetyl-CoA to produce two CO2 

molecules along with three NADHs, one FADH2 and one GTP.  The production of 

NADH and FADH is vital, as these are used via the oxidative phosphorylation 

pathway by being re-oxidised by O2 completing the breakdown of this metabolic 

fuel driving ATP synthesis, ultimately producing the energy needed for the cells to 

function.  

 

 

 

 

 

 

 

Figure 5 – The citric acid cycle (TCA), showing each enzyme involved.  
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-The Electron Transport Chain 

 

Mitochondria are distinctively recognisable by their double membrane, where the 

inner membrane contains a series of protein complexes that form the electron 

transport chain.  The electron transport chain is comprised of complex I, II, III, IV 

and the ATP synthase.  It uses oxygen as a terminal electron acceptor and carries 

out electron transfer via redox reactions, creating a proton gradient across the 

membrane, driving ATP synthesis.  A basic overview of the electron transport chain 

is shown in Figure 6. 

 

 

 

 

 

 

-Complex I NADH:ubiquinone oxidoreductase 

 

This is the first enzyme complex of the electron transport chain, catalysing the 

initial reaction of the electron transport chain by the reduction of ubiquinone by 

NADH.  It is a complex enzyme and among the largest membrane-bound protein 

assemblies, comprised of up to 46 dissimilar subunits, with 14 of these subunits 

forming the functional core of the enzyme - seven hydrophobic subunits are 

encoded by the mitochondrial genome and the other seven are encoded via the 

nuclear genome.  When one molecule of NADH binds to the hydrophilic domain of 

complex I, NADH undergoes oxidation and ultimately ends up transferring two 

Figure 6 – Basic overview of the steps involved in oxidative phosphorylation 
along the electron transport chain. Image modified from science music videos 
Source: (https://www.sciencemusicvideos.com) 
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electrons to ubiquinone causing the translocation of four protons across the inner 

membrane.  This helps create a proton gradient differential between the matrix and 

the intermembrane space which is required for ATP synthesis.  

 

-Complex II Succinate Dehydrogenase 

 

Complex II differs from the other complexes within the electron transport chain as it 

is not capable of pumping protons across the inner membrane; however it is 

unique as it participates in both the electron transport chain and the TCA cycle.  In 

the TCA cycle it catalyses the oxidation of succinate to fumarate.  Complex II is 

comprised of four subunits; two subunits are hydrophobic b-type cytochromes, 

which anchor the complex to the inner membrane containing a ubiquinone binding 

site [48].  The two further subunits are hydrophilic and comprise of a flavoprotein 

that contains a covalently bound flavin-adenine dinucleotide (FAD) prosthetic group 

and a succinate binding site, the other subunit contains three iron-sulphur centres 

[49]. 

 

-Complex III Cytochrome c Oxidoreductase 

 

Complex III is composed of 11-12 dissimilar subunits, with the cytochrome c 

subunit being coded by the mitochondrial genome.  Complex III procedures a 

proton gradient via a series of reactions known as the Q-cycle which was originally 

proposed by Peter Mitchell in 1975 [50].  The Q-cycle (shown in Figure 7) results in 

the transfer of four protons from the matrix to the intermembrane space via two 

cycles of ubiquinol oxidation.  
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Step 1 of the cycle begins when ubiquinol (QH2) binds to a site on complex III and 

pumps its two protons into the intermembrane space.  Ubiquinone (Q) also binds to 

a separate binding site.  Ubiquinol is oxidised releasing its two electrons - one 

electron is donated to the Rieske iron-sulphur protein, once the Rieske iron-sulphur 

protein receives the electron, it unbinds from its position and transfers over to the 

haem group of cytochrome c1.The electron is then further transferred to the 

Cytochrome c externally bound to the complex, where it then transports to complex 

IV, and is replaced by a new reduced Cytochrome c. 

The second electron transfers to cytochrome b which contains two haem groups; 

the bL haem group and the bH haem group.  After transferring to each haem group 

the electron binds to ubiquinone (Q) causing ubiquinone to become a semiquinone 

radical. 

 

 

 

 

 

 

Step 2 of the cycle follows the same pathway as previously mentioned in step 1; a 

new ubiquinol binds to complex III releasing the two electrons and causing the two 

protons to be pumped into the intermembrane space.  One electron is transferred 

to cyctochrome c, whereas the second electron transfers through cytochrome b 

Figure 7 – Overview of the Q-cycle within complex III, that results in the transfer of four 
protons from the matrix into the intermembrane space via two cycles of ubiquinol oxidation. 
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and to the semiquinone radical causing two protons to enter from the matrix to form 

ubiquinol (QH2) to be recycled and used by complex III again, completing the cycle 

[51]. 

 

-Complex IV Cytochrome c Oxidase 

 

Complex IV is comprised of up to 13 dissimilar subunits, three of which are 

encoded by the mitochondrial genome.  Complex IV like complex III creates a 

proton gradient, pumping four protons into the intermembrane space during the 

movement of the electrons from cytochrome c and the formation of two final water 

molecules.  This happens when two reduced cytochrome c molecules bind to 

complex IV releasing the two electrons; one electron reduces the copper atom 

group (CuB) and the other reduces the haem group (Haem a3).  Once both are in 

their reduced form, oxygen is able to bind to the two electrons forming a peroxide 

bridge.  This is followed by two more reduced cytochrome c molecules transferring 

their two electrons, combining this with two protons that are obtained from the 

matrix to help break the peroxide bridge, establishing two hydroxide groups.  Once 

the two hydroxide groups have formed, another two protons are extracted from the 

matrix breaking the hydroxide group bonds, forming two water molecules (H2O) 

and returning the copper and haem group to their original oxidised state [51].   

 

-ATP Synthase Complex V 

 

ATP synthase generates ATP, which provides the cell with the energy needed to 

function.  ATP is the most used source of energy and is formed by the addition of 

inorganic phosphate (Pi) to adenosine diphosphate (ADP).  The energy required for 
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ATP synthase to produce ATP molecules is gained from the translocation of 

protons across the mitochondrial inner membrane creating an electrochemical or 

proton gradient.  The ATP synthase has three major parts; a membrane-embedded 

F0 domain, a catalytic F1 domain and a joining stalk (Figure 8) [51]. 

The F1 domain is composed of five different types of polypeptide chains, alpha, 

beta, gamma, epsilon and delta.  Three α-subunits and three β-subunits combine 

to form a hexameric ring, forming into three pairs of α β subunits; they form three 

catalytic sites which all adopt three different conformations for different partial 

reactions of the synthesis of ATP.  The γ and ε subunits organise to form a central 

stalk that is anchored in the F0 domain but extends through the inner cavity of the 

hexamer ring and as it rotates, it stimulates the synthesis and release of ATP 

molecules.  Finally the δ subunit holds the αβ hexamer ring in place to prevent it 

from rotating and connects to the b subunit that acts as an arm connection to the 

stationary region of F0 domain.  

 

 

 

 

 

 

 

Figure 8 - ATP Synthase has three major parts; a membrane-embedded F0 domain, a catalytic 
F1 domain and a joining stalk. The F1 domain is composed of five different types of polypeptide 
chains, alpha, beta, gamma, epsilon and delta. F0 is a region found within the inner membrane 
of the mitochondria and consists of 9 – 12 c subunits known as the rotor. 
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F0 is a region found within the inner membrane of the mitochondria and consists of 

9 – 12 c subunits which is known as the „rotor‟ and acts like a proton channel 

allowing protons to flow into the mitochondrial matrix.  There is also a single α 

subunit that binds to the outer side of the c subunit ring which helps connect both 

the F0 and F1 domains and assists to channel protons through to the rotor.  

Due to the electrochemical gradient between the intermembrane space and the 

matrix, protons travel through the channel down the gradient causing the rotor to 

rotate, which in turn causes the γε subunits to rotate.  The γ subunit has a small 

„bent end‟ found central within the αβ hexamer ring, and this causes the αβ 

subunits shape to deform slightly, triggering conformational changes to the F1 

catalytic sites which leads to the formation of ATP molecules. 

Three ATP molecules are synthesised from one rotation of the c subunit rotor and 

γ subunit.  The amount of protons required is dependent on the number of c 

subunits e.g. 12 c subunits requires 10 protons which yields a ratio of H+/ATP of 

four [51]. 
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Mitochondria classification and Mitochondria-related organelles 

 

As previously mentioned, mitochondria have been categorised into five different 

classes by Müller et al as shown in Figure 9 [14].  The classification is dependent 

on their function/size/morphology; classes 1-4 (ATP producing) or class 5 (no ATP 

production).  Classes 1-4 are then further defined to produce a clear differentiation 

between the mitochondria and mitochondria-related organelles (MROs).  Class 2-4 

are anaerobic type mitochondria that use endogenous or environmental 

compounds as an electron acceptor.  Class 3-5 mitochondria are often referred to 

as MROs, with class 5 being the most reduced and referred to as mitosomes. 

Most hydrogenosomes and mitosomes do not contain a genome, although there 

are a few exceptions in the microbial world (e.g. the anaerobic Stramenopile 

Blastocystis); 

 

 

 

 

 

 

 

 

 

Figure 9 - Functional classification of mitochondria origin adapted from Müller et al [14]. 
Mitochondria have been divided into five classes, class 1-5.  Class 1 is the canonical type, which 
uses oxygen as the terminal acceptor. Class 2 is an anaerobic functioning mitochondrion, which 
uses endogenously produced electron acceptor. Class 3 is a hydrogen producing mitochondrion 
that possesses a hydrogenase and also has an electron transport chain. Class 4 are 
hydrogenosomes, which are anaerobically functioning and produce ATP by using protons as 
electron acceptors. Class 5 are mitosomes, which do not generate ATP.  Red shows oxygen use, 
blue shows ATP is produced without oxygen, and yellow shows no ATP production. 
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Class II: Anaerobic mitochondria 

 

Anaerobic mitochondria are almost functionally identical to that of textbook-type 

aerobic mitochondria, with the difference being they function anaerobically, using 

compounds other than oxygen as the final electron acceptor e.g. acetyl-CoA.  

These types of mitochondria are found in fungi such as, Fusarium oxysporum and 

the parasitic flat worm Fasciola hepatica.  Most of the organisms that have these 

anaerobic mitochondria use an endogenously produced electron acceptor, such as 

fumarate which is converted to succinate by fumarate reductase as an end product 

that is excreted.  The use of environmentally available acceptors like nitrate can 

also be used as a final electron acceptor, where the fungal plant pathogen 

Fusarium oxysporum is shown to utilise nitrate as its electron acceptor, also 

referred to as denitrification [52].  

There are three major distinctions between class II mitochondria and class I; 1) the 

enzyme catalysing the conversion between fumarate and succinate (fumarate 

reductase), 2) the quinone that connects the electron transfer to the electron 

transport chain (rhodoquinone), and 3) the presence of acetate:succinate CoA-

transferase which transfers acetyl-CoA to succinate yielding acetate and succinyl-

CoA, an enzyme that is usually typical of hydrogenosomes [53].  The quinone used 

is rhodoquinone (RQ) and has a lower redox potential than ubiquinone so functions 

as a sufficient electron donor to fumarate in eukaryotes [47, 48].  Figure 10 shows 

the energy metabolism in anaerobic mitochondria of Fasciola hepatica. 

 



 

23 
 

 

 

 

 

 

Class III: Hydrogen-producing (H2) 

 

Hydrogen-producing mitochondria do not contain a complete electron transport 

chain; they typically have a truncated version containing complex I and II.  They 

also contain an iron-only hydrogenase [56].  Although they have complexes of the 

electron transport chain, they do not use oxygen as a terminal acceptor, but 

instead use endogenously produced fumurate.  Class III mitochondria also have 

conservation of Fe/S cluster protein biogenesis and protein import, and contain a 

mitochondrial genome encoding for subunits of complex I and II of the electron 

transport chain.  Nyctotherus ovalis that live in the hindgut of cockroaches and the 

Figure 10 - Major pathways of energy metabolism in anaerobic mitochondria of Fasciola hepatica. The 
main end products of the adult parasites are acetate and propionate, with minor amounts of lactate 
and succinate. Aerobic mitochondrial metabolism occurs in free-living and juvenile parasitic stages of 
F. hepatica, leading to the reduction of oxygen and water production, Aerobic respiration is shaded in 
grey and anaerobic respiration and fermentation pathways are shaded in black. 
 
Abbreviations: CI to CIV, respiratory complexes I to IV; UQ, ubiquinone; RQ, rhodoquinone; C, 
cytochrome c; A, ATPase; FRD, fumarate reductase; (6), acetate:succinate CoA-transferase 
(subfamily 1B); (7), succinyl-CoA synthetase; (4), malic enzyme; (5), pyruvate dehydrogenase 
complex; (3), fumarase; (1), phosphoenolpyruvate carboxykinase (ATP dependent); (2), malate 
dehydrogenase; (8), methylmalonyl-CoA mutase; (9), methylmalonyl-CoA epimerase; (10), propionyl-
CoA carboxylase. (Müller et al [14]) 
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parasite Blastocystis sp. that thrives in the gastrointestinal tract of various species, 

both contain class III mitochondria, encompassing a mitochondrial genome and 

complex I and II of the electron transport chain.  Nyctotherus ovalis is commonly 

referred to as the „missing link‟ in the evolution of mitochondria and 

hydrogenosomes, suggesting it as an intermediate between the two [2].  Although 

Blastocystis sp. contain hydrogenase, no hydrogen production has been 

demonstrated [50, 51]. 

H2-producing mitochondria use pyruvate to produce acetate and succinate end 

products, where succinate is part of the TCA cycle; however, pyruvate undergoes 

the TCA cycle in a reductive direction.  It is converted to malate via decarboxylation 

which enters the hydrogen-producing mitochondria via the conserved protein 

import complexes found throughout all mitochondrial classes, where it then 

undergoes part of the TCA cycle: Malate  Fumarate  Succinate. 

The end product acetate is also produced from pyruvate within its matrix where 

pyruvate is converted to acetyl-CoA via pyruvate dehydrogenase which is then 

consequently converted to acetate by acetate:succinate CoA-transferase. 

Acetate:succinate CoA-transferase transfers acetyl-CoA to succinate yielding 

acetate and succinyl-CoA, where via succinyl-CoA synthetase, substrate level 

phosphorylated ATP can be produced. 

Metabolism via NADH oxidation is carried out by members of the electron transport 

chain where complex I transport electrons from NADH via rhodoquinone (RQ) to 

complex II, which then uses fumurate as an electron acceptor producing succinate 

(Figure 11).  NADH is also potentially reduced by the iron hydrogenase as it 

contains two proteins; 51-kDa and 24-kDa derived from complex I of the electron 
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transport chain that form a protein complex that are C-terminally fused to the iron 

hydrogenase catalytic subunit.  This forms a trimeric structure making it possible to 

release molecular hydrogen (step 7 in Figure 11), which produces a proton 

gradient.  Hydrogenosomes however, lack an ATP synthase, so it is unlikely this 

gradient is used for the synthesis of ATP [2, 41, 52, 53].  The concentration of 

NADH can vary dependent on the metabolic state within the cell, and the iron 

hydrogenase could fulfil this assignment as it allows direct re-oxidation of NADH 

maintaining metabolic homeostasis under anaerobic conditions. 

 

 

[8] 

Figure 11 - Major pathways of energy metabolism in hydrogen-producing mitochondria of  Nyctotherus 

ovalis.  The TCA cycle is incomplete and is likely used in the reductive direction.  ATP can be synthesized 

by substrate-level phosphorylation, producing acetate 

Abbreviations: CI, respiratory complex I; RQ, rhodoquinone; CII, fumarate reductase/succinate 
dehydrogenase; (1), malic enzyme; (2), fumarase (predicted); (3), succinyl-CoA synthetase  (4), pyruvate 
dehydrogenase complex; (5), acetate:succinate CoA-transferase subfamily 1A ; (6), succinyl-CoA 
synthetase; (7), hydrogenase; (8), α-ketoglutarate dehydrogenase (predicted). 
 
The photograph (rightside) on the bottom shows Nyctotherus ovalis, with a length of ca. 80 um. The 
hydrogenosomes (H) are surrounded by endosymbiotic methane-producing archaebacteria (dark spots). 
N, macronucleus; n, micronucleus; V, vacuole. The top photograph shows a close-up view of a 
Nyctotherus hydrogenosome (H) and an associated methanogen (M).  (Müller et al [14]) 
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The hydrogenases like the one found in Nyctotherus ovalis are able to provide 

many advantages to an organism adapting to an anaerobic environment; until 

recently it was suggested that hydrogenases were not present in aerobic 

mitochondria, suggesting the evolution of these classes of mitochondria was via 

lateral gene transfer and fusion of functional domains [59].  However, recent 

studies in Naegleria gruberi have revealed non-mitochondrial (found in the cytosol) 

hydrogenases, allowing Naegleria gruberi to efficiently adapt to aerobic/anaerobic 

conditions [61]. 

 

Class IV: Hydrogenosomes 

 

Heat shock chaperone proteins common to those in aerobic mitochondira which 

originated with the mitochondrial endosymbiosis have been preserved in 

hydrogenosomes, showing that hydrogenosomes have the same common 

ancestor as mitochondria.  The hydrogenosomes within the sexually transmitted 

parasites Trichomonas vaginalis and the bovine parasite Tritrichomonas foetus are 

the best studied and more recently Stygiella incarcerate and Mastigamoeba 

balamuthi have been identified containing hydrogenosomes [55, 56].  

Hydrogenosomes share common protein import pathways, conserved Fe/S cluster 

assembly mechanisms, NAD+ regeneration and contain the ATP producing 

enzyme succinyl-CoA synthetase.  However, they lack a membrane associated 

electron transport chain, but rather decarboxylate pyruvate to H2, CO2 and acetate 

via hydrogenase, pyruvate:ferredoxin oxidoreductase (PFO) and acetate:succinate 

CoA-transferase respectively.  Acetate:succinate CoA-transferase transfers acetyl-
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CoA to succinate yielding acetate and succinyl-CoA, where via succinyl-CoA 

synthetase, like in class III H2-producing mitochondria, substrate level ATP can be 

produced (step 3 in Figure 12b), which is exported into the cytosol by a 

mitochondrial carrier family (MCF) [57, 58].  It is vital to highlight that although 

hydrogenosomes decarboxylate pyruvate, they do this via pyruvate:ferredoxin 

oxidoreductase (PFO), which is not related to the pyruvate dehydrogenase 

complex found in mitochondria. 

 

Hydrogenosomes lack a genome, so all proteins targeted to the organelle are 

encoded via the nuclear genome and therefore must be transported through the 

double membrane.  This is carried out by the conserved import protein complexes 

TOM and SAM present on the outer membrane as well as TIM and PAM 

complexes found on the inner membrane, as found in typical mitochondria. 

Figure 12 - A basic metabolic comparison between aerobic mitochondria - class 1 and 

hydrogenosomes - class 4. (A) Metabolic pathway of the pyruvate oxidation and oxidation 

phosphorylation in standard oxygen respiring mitochondria. (B) Metabolic pathway of fermentative 

pyruvate oxidation in Trichomonad hydrogenosomes. End products have been boxed (Acetate and H2).  

Abbreviations: CI to CIV, respiratory complexes I to IV; UQ, ubiquinone; C, cytochrome c; A, ATPase; 

Fd, ferredoxin; (1), pyruvate:ferredoxin oxidoreductase; (2), acetate:succinate CoA-transferase; (3), 

succinyl-CoA synthetase; (4), hydrogenase; (5), malic enzyme; (6), pyruvate dehydrogenase complex. 

(Müller et al [14]) 
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The hydrogenosomes of Trichomonas vaginalis contain the two proteins 51-kDa 

and 24-kDa derived from complex I of the electron transport chain, that form a 

protein complex which help maintain redox balance by the reoxidisation of NADH 

from the malic enzyme reaction (step 6 in Figure 13) reducing [2Fe-2S]-ferredoxin 

using the NADH and ferredoxin as likely electron donors [60].  These complex I 

proteins form the β and γ subunits of the trimeric iron hydrogenase. 

This links to the potential reduction or variation from class III type mitochondria to 

class IV, where the class III Nyctotherus ovalis contains mitochondrial complex I 

and II dependent respiratory chain activity, a genome and a chimeric iron 

hydrogenase. 

 

 

 

 

 

 

 

 

 

 

Figure 13 - a) Major pathways of hydrogenosome within the parasite Trichomonas vaginalis.  
Hydrogenosomal pyruvate breakdown involves pyruvate:ferredoxin oxidoreductase and functional 51-kDa 
and 24-kDa subunits of the NADH dehydrogenase module in complex I, which reoxidize NADH and 
associates with iron hydrogenase in Trichomonas.  
 
Abbreviations:  (4), hydrogenase; (5), malic enzyme; (6), 51-kDa and 24-kDa subunits of the NADH 
dehydrogenase module of complex I. (Müller et al [14]) 
b) The transmission electron micrograph shows hydrogenosomes (H) and the nucleus (N). (Photograph 
from Müller [14]) 
 

a) b) 
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Class V: Mitosomes  

 

Mitosomes have undergone evolutionary reduction in perspective of both physical 

size and their biochemical complexity and have been found in microbial parasites 

including Entamoeba, Giardia, Cryptosporidium and the Microsporidia.  

Characteristically they appear to have no role in ATP synthesis, as mitosomes 

appear to be found in eukaryotes that synthesize ATP in their cytosol (Figure 14), 

nor do they produce hydrogen [3, 16].  They also lack a genome and electron 

transport chain on their inner membranes.   

 

 

 

 

 

 

 

Most mitosomes are now thought to import proteins into their matrix similar to that 

of mitochondria and also contain mitochondrial proteins of Fe/S cluster assembly.  

The Fe/S cluster assembly is thought to be a common function for mitochondrial 

Figure 14 - Shows major metabolic pathways for parasite Entamoeba histolytica; its energy metabolic 
pathways are localized in the cytosol, which also harbours mitosomes.  
 
Abbreviations: Fd, ferredoxin; (1), phosphoenolpyruvate carboxytransferase (PPi dependent); (2), malate 
dehydrogenase;  (3), pyruvate kinase; (4), pyruvate:orthophosphate dikinase;  (5), malic enzyme; (6), 
alanine aminotransferase; (7), pyruvate:ferredoxin oxidoreductase ;(8), acetyl-CoA synthetase (ADP 
forming ; (9/10), alcohol dehydrogenase E. (Müller et al [14]) 
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homologues and studies have revealed the presence of all key components of the 

Fe/S cluster assembly machinery, including cysteine desulfurase, scaffold proteins 

(IscU), ferredoxin which provides reducing agents for the formation of Fe/S clusters 

and a set of chaperones which are involved in the transfer of Fe/S clusters to 

apoproteins.  This pathway is the only conserved biosynthetic pathway found in 

these organelles [16, 59].   

Entamoeba histolytica may represent an exception to the rule however, as Fe/S-

cluster biogenesis appears to localise outside of its mitosome, so gives further 

questions to the function of the mitosome [60, 61].  The identification of enzymes 

that activate sulfate localised to the mitosome suggests other possible functions 

[62, 63].   

The protein import process is also conserved; mitosomes do not contain a 

mitochondrial genome, so any function they possess will require the ability to 

import nuclear encoded proteins into their matrix.  The TOM and SAM complexes 

of the outer membrane and TIM complexes of the inner membrane have been 

identified, however TIM proteins have not been identified in Giardia, but PAM16, 18 

and Hsp70 proteins that interact with TIM23 complex are present.  Small TIMs can 

also be seen, though they appear to be more „simple‟, as seen in Cryptosporidium 

where they possess a single small TIM protein rather than a complex [71]. 

Although mitosome function still remains somewhat mysterious, it is clear that their 

involvement in core energy metabolism is marginal at best, if even any involvement 

at all.  However, recent findings of alternative oxidase (AOX) genes within two 

phylogenetic clades of microsporidia suggest that mitosomes may retain an 

alternative respiratory pathway [72]. 
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Ciliates 

-What are they? Where are they found? 

 

Ciliates are single celled eukaryotes that were first observed microscopically by 

van Leeuwenhoek in 1674. Ciliates have been separated from other protists for a 

vast amount of time and are among the top five groups of protists in terms of 

species numbers; there are, upwards of 8,000 different ciliate species [73]. 

Ciliates are a distinct group of protists distinguished by three major features, 1) the 

presence of cilia that are derived from kinetosomes which are used for movement 

and to help direct food to the cytostome (cell mouth) to undergo phagocytosis.  The 

high number of cilia led to the name „Ciliates‟.  2) The containment of two kinds of 

nuclei – a macronucleus that controls physiological and biochemical functions and 

a micronucleus that is a germ-line reserve.  3) The process of conjugation, a 

sexual process where partners fuse to exchange genetic material [74]. 

Ciliates are important components of the „microbial loop‟ as they are often 

responsible for the consumption of bacteria and primary production (organic 

compounds) in certain habitats or even be consumed by many aquatic animals 

[74]. They are diverse in shape and size and may have evolved over two billion 

years ago based on the rate of small subunit rRNA evolution [75].   

Ciliates have a cytoskeleton that is an elaborate complex compiled from 

microtubular and microfiliments [74]. They are found in diverse environments and 

are mainly free-living, but they can also be found parasitising other organisms.  

Free-living ciliates are found in any sort of habitat that contains water, be it in soil, 

hot springs or the freezing temperatures of the Antarctic sea ice and feed on 

bacteria, algae or even other ciliates (e.g.Didinium).  They are the top predators in 
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microbial food webs and were likely the major predatory group before the evolution 

of animals [74].  Symbiotic species live as commensals in sea urchins as well as 

parasites of fish and lobsters like Anophryoides sp. [76]. Some ciliates like 

Entodinium caudatum are present in the rumen of many grazing animals where 

they stabilise the large populations of bacteria that serve to break down the 

cellulose of the animals‟ diet [67, 70–72].   

-Reproductive Survival 

 

Ciliates reproduce asexually by division, where the micronucleus undergoes 

mitosis, while macronuclei divide in two ways; either by splitting apart using the 

extramacronuclear microtubules or by dividing using the intramacronuclear 

microtubules [80].  However, ciliates can also reproduce sexually through a 

process known as conjugation.  This is when two ciliates of opposite mating types 

come together and form a cytoplasmic bridge between them.  The macronuclei 

disintegrate and the micronuclei divide by meiosis, these conjugating cells then 

exchange haploid micronuclei over the formed cytoplasmic bridge.  After 

exchanging, they separate with both containing their newly exchanged genetic 

material and form a new macronuclei from their micronuclei and divide to give rise 

to progeny with the new combination of genes.  This process is crucial for the 

survival of ciliate lineages [67, 73]. 

The ciliate Tetrahymena thermophila actually expresses seven different mating 

types. [81] After mating, each new exconjugent has a recombinant micronucleus 

from the two parental Tetrahymena species.  The new exconjugent does not 

necessarily express one of the two parental mating types, but however they can 

randomly choose up to seven mating types [74]. 
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-Classification Identification  
 

Ciliophora is the phylum, which is commonly referred to as ciliates.  This phylum 

can be divided into two sub phyla Postciliodesmatophora and Intramacronucleata, 

and 11 classes based on features of nuclear division and fibrillar pattern in their 

somatic kinetids [74].  The defining characteristic between the two sub phyla is, 

Intramacronucleata species have the ability to divide its macronucleus, whereas 

Postciliodesmatophora classified species do not [74].  Phylogenetic relationships 

among the ciliates can then be further understood via their basal body framework.  

The cell cortex of a ciliate is supported by a very complex framework formed from 

kinetosomes, microtubules and microfilaments.  The kinetosomes form the central 

unit of an organellar structure which is known as the kinetid.  The cell cortex and 

the patterns of the fibres and microtubules within the kinetid provide the primary 

characteristic used to distinguish ciliate taxa [74]. 

 

 

 

 

 

 

 

Figure 15 - Tetrahymena cell image from Marisa D. 

Ruehle 2016, illustrating its crystal-like organization of 

ciliary units.  A single Tetrahymena cell labeled for 

basal bodies (a-centrin, red), kinetodesmal fibers (5D8, 

green), and DNA (Hoerscht-33342, blue). Bar, 10 mm. 
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Hypothesis  

 

With knowledge of the diverse mitochondrial classes already outlined and how 

each of them functions differently, the aim of this project is to assign the 

mitochondrial class to 27 different ciliates gathered from diverse environments and 

to assess the diversity of mitochondrial classes present in the ciliates.  This will be 

completed using computational methods, analysing newly available transcriptomic 

and genomic data to identify mitochondrial proteins. 
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Methods 

-Flow chart overview of method 
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Figure 16 - The flow chart shows a basic overview of the steps taken to carry out our analysis to 

identify mitochondrial diversity from newly generated ciliate transcriptomes along with four known 

ciliate genomes. The original data was translated into protein sequences which would then be 

compared against a formed database to produce outputs of mitochondrial proteins, mtDNA encoded 

proteins and anaerobically functioning proteins. With these outputs, manual analysis was then 

possible and mitochondria classification could be achieved.  Identifying and classifying the type of 

mitochondria present in each ciliate based on their content of mitochondrial proteins present in the 

transcriptomic and genomic data. 
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-Mitochondrial database and query ciliate data preparation  

 

Nine different known mitochondrial proteomes (Acanthamoeba castellanii, 

Arabidopsis thaliana, Entamoeba histolytica, Giardia intestinalis, Human, Mouse, 

Tetrahymena thermophila, Trichomonas vaginalis, Trypanosoma brucei) were 

collected from various sources (MitoMiner, NCBI and the publications - see Table 

1), which included ciliate species as well as the human mitochondrial proteome.  

These proteomes were combined into a local BLAST database [82] where it was 

used as a reference for identifying mitochondrial proteins present in the query 

ciliate transcriptomic and genomic data. 

11 newly generated ciliate transcriptomic data and 12 other ciliate transcriptomic 

data was received from Dr. Eleni Gentekaki at the Mae Fah Luang University and 

the late Prof. Denis H. Lynn from the University of Guelph.  These generated 

sequences were in mRNA fasta format and were initially checked for contamination 

against a local NCBI „nt‟ database, removing any sequences with a percentage 

identity exceeding 95% match to probable contamination sources e.g. bacterial 

food source.  After the removal of contamination, the sequences were translated 

from the mRNA triplet codons into the corresponding amino acid protein 

sequences, considering all six reading frames. To check if contamination filtering 

was successful, Phylogenetic trees were created (Figure 23 and 24). Predicted iron 

hydrogenase and PFO/PNO sequences from the ciliates were aligned to existing 

iron hydrogenase and PFO/PNO multiple sequence alignment using MAFFT [83].  

IQ-TREE was then used to create phylogenetic trees, using a bootstrap value of 

1000 and the substitution model LG [84]. The multiple sequence alignments used 

were kindly provided by Michelle M Leger from Dalhousie University [62].  
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Genetic code six (ciliate code) was used along with the species specific non-

standard codon variations of Euplotes sp., Mesodinium sp. and Condylostoma 

magnum for the translation of the query ciliate sequences.  Each newly translated 

sequence was compared against the newly formed local mitochondrial BLAST 

database producing sequences with similarity to mitochondrial proteins in the 

database within a cut off e-value of 1e-05.  Fragments shorter than 10 amino acids 

were discarded.   

Recent observations show that Condylostoma magnum is able to code the three 

standard stop codons as glutamine or tryptophan [69, 70].  Therefore this newly 

discovered genetic code (code 28) was used, similarly with Mesodinium sp. coding  

tyrosine rather than a stop codon [86].  Code 6 has similar codon translations with 

two stop codons being coded as Glutamine, so it was used as the genetic code for 

the translation of the query ciliates for the mitochondrial protein identification 

analysis. 

There are four ciliates (Ichthyophthirius multifiliis, Nyctotherus ovalis, Paramecium 

tetraurelia and Tetrahymena thermophila) with genomic data that were also 

analysed alongside the 23 transcriptomic data also provided by Dr. Eleni Gentekaki 

and Prof. Denis H. Lynn (see table 4).  However, prior to undergoing the same 

methods previously discussed, the open reading frames (ORF) were identified 

using online application SMS ORF Finder [87]. 
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-Ciliate mitochondrial data analysis 

 

TargetP [88] and TMHMM [89] were incorporated into the pipeline providing further 

information to aid in analysis.  TargetP was used to predict if the protein is targeted 

to the mitochondria by locating any N-terminal presequences.  TMHMM was used 

to predict any transmembrane helices in the proteins.   

On completion of the translated ciliate sequences being searched against the local 

mitochondrial BLAST database, a table output was produced containing each 

predicted protein and the outputs for TargetP and TMHMM.  Each entry was then 

further analysed allowing additional protein analysis to be carried out, which 

included running further searches using online NCBI BLASTp nr database [82]  if 

required to confirm the predictions of certain mitochondrial proteins are correct e.g. 

iron hydrogenase. 

KAAS (KEGG Automatic Annotation Server) [90] and KEGG (Kyoto Encylopedia of 

Genes and Genomes) [91] was used to aid protein function prediction and provides 

figures and pathways to visualise what proteins are present. 
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-Anaerobic functioning and mtDNA encoded protein analysis  

 

The identification of proteins that function under anaerobic conditions iron 

hydrogenase and pyruvate:NADP+ oxidoreductase (PNO), pyruvate:ferredoxin 

oxidoreductase (PFO)) and rhodoquinone (RQ) required further analysis.  To 

perform this task a new database was created containing the translated ciliate 

sequences as reference; the query anaerobic proteins are then searched against 

the newly created local ciliate BLAST database to identify anaerobic functioning 

proteins within the ciliates.  For these searches the e-value cut off was set at 1e-

05.  The identified sequences were then further analysed via the online NCBI 

BLASTp nr database [82] to support the identification, allowing anaerobic proteins 

to be confirmed in the query ciliate.   

mtDNA encoded proteins were identified using the same method as anaerobic 

functioning proteins.  After gathering the mitochondrial genomes for Tetrahymena 

thermophila, Paramecium tetraurelia and Nyctotherus ovalis from Uniprot [92], they 

were searched against the local ciliate BLAST database. These three genomes 

were selected due to them containing the minimum complete set of mitochondrial-

genome encoded proteins that could be used for identifying mtDNA-encoded 

proteins in other ciliates.   

Prior to searching the mitochondrial genomes against the ciliate BLAST database, 

the open reading frame were read using SMS ORF Finder [93] to search for the 

„part‟ of the protein that has the potential to be translated, to be searched against 

the database. 
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-Mitochondria classification criteria for each ciliate  

 

Classification of mitochondria type followed the following criteria: 

 Five or more TCA enzymes identified 

 Subunits of two or more ETC complexes. 

 The presence of anaerobic functioning proteins. 

The combination of these criteria leads to the mitochondria classification prediction.  

 

 

 

 

 

 

Figure 17 - Basic overview flowchart showing the criteria used to categorise the class of 
mitochondria predicted in each ciliate. Each step asks the following: 

1. Does the ciliate contain five or more enzyme steps of the TCA? 

2. Does the ciliate contain subunits from two or more ETC complexes? 

3. Does the ciliate contain anaerobic proteins? 
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Mitochondrial proteome BLAST database data source table 

 

 

Table 1 - sources for mitochondrial proteome BLAST database. 
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Results 
 

Mitochondria are classified dependent on their protein composition and the 

pathways in which they encompass [14].  Class I and II contain a TCA and electron 

transport chain as well as β-oxidation, Fe/S cluster and protein import.  Class III 

and IV contain reduced or no proteins that function within the TCA or electron 

transport chain pathways, while retaining Fe/S and protein import function.  Class 

V is the most reduced form and contains no TCA or electron transport chain 

pathways.  

27 different ciliates from diverse environments were investigated to predict the 

class of mitochondria present within each organism from their protein composition.  

The study shows that between them, the investigated ciliates contain all five 

mitochondrial classes, and potentially some further not yet defined intermediates, 

due to presence of certain anaerobic proteins and complexes of the electron 

transport chain.  An overview chart of their class and protein content can be seen 

in Tables 2 and 3, where the number of identified proteins and their location are 

shown. 

Before the ciliates could be investigated, contamination was removed from all the 

transcriptomic data, including the new genomic data of Metopus sp., removing the 

majority of bacterial source and/or their known food source which lowered the 

number of contigs for each ciliate, for example with Metopus sp. where around 

400,000 individual contigs were removed due to contamination.  The final number 

of contigs for each ciliate varied, with Metopus sp. having the most at 92,542 

individual contigs and having mitochondrial protein identification percentage of 7%; 

and the smallest being Nyctotherus ovalis at 241 contigs with a mitochondrial 
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protein identification percentage of 54%.  The number of mitochondrial functioning 

proteins identified for all the ciliates from the number of contigs varied from 7% up 

to 73%, with the majority being around 10-20% (Table 5). 

The environment of each ciliate was also considered to see if the type of 

environment the ciliate exists within correlates with the class of mitochondria it has 

(Table 4).  No association was present apart from ciliates found within the rumen or 

hindgut as they all appear to contain mitochondrial-related organelles, with 

Nyctotherus ovalis, Polyplastron multivesiculatum and Entodinium caudatum 

containing class III, IV and V respectively from our methods of class prediction. 

Classifying the type of mitochondria present in each ciliate followed a main method 

of prediction.  This method was identifying proteins that function within the TCA 

cycle and electron transport chain pathways as well as any anaerobically 

functioning proteins.  Other pathways like β-oxidation, Fe/S cluster assembly and 

protein import were investigated to see what proteins were present in each ciliate 

and whether any presented itself as interesting or different to expectation.   

 

 



 

 4
4
 

 

Table 2  - each ciliate is separated into a predicted class where each column shows number of identified proteins.  

Class I, Class II, Class III, Class IV, Class V, (white = no classification). 

Note: Contigs – number of sequences in original data.  #Hits – number of proteins identified in mitochondrial BLAST database.  TCA (KEGG) - Number of identified steps in cycle 

(not number of proteins identified).  ETC - Number of different subunits identified.  Fe/S – number of protein hits from BLAST search, however if hsp70 is present it is counted as 1.  

Fatty Acid β-oxidation – number of identified β-oxidation proteins via KEGG.  Import – number of protein hits from blast search, does not contain hsp70 or hsp60.  Apop – number 

of apoptotic proteins identified.  ABC – number identified in KEGG.  MCF – number of protein hits from blast search. mtDNA – number of proteins identified as encoded by 

mitochondrial genome.  Anaerobic hits – number of anaerobic functioning proteins identified (FeHy = iron Hydrogenase).  Ciliates shown in BOLD represent genomic data. 
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Table 3 - Each ciliate separated in relation to predicted mitochondrial class, showing specific proteins present within 

each.  Each dark coloured in square shows an identified protein.  

Class I, Class II, Class III, Class IV, Class V 

Ciliates shown in BOLD represent genomic data. 
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Table 4 - Each ciliate is separated into their predicted class, the phylogenetic clade and the environment in which the ciliate 

exists. All ciliate data was provided by Dr. Eleni Gentekaki and the late Prof. Denis H. Lynn.  

*Note: ‘ - ‘ shows where extraction conditions are not known. 

RNA extraction – Procedure provided by Dr. Eleni Gentekaki 

1. Condylostoma magnum, Litonotus sp., Euplotes harpa, Pseudokeronopsis riccii and Strombidium inclinatum  

Mass cultures (~10
4
-10

6
 cells in ~0.5-4.0 L of medium) of each strain were filtered twice with a sieve of the appropriate 

pore size and then serially centrifuged 3 times (90-180x g, 10-12 min). The pellet was recovered and resuspended in 

sterile medium each time. After the final centrifugation, the pellet was resuspended in 50-60 mL of sterile medium + 

ampicillin (0.1 mg/mL). S. inclinatum cells were too fragile to be washed and concentrated through centrifugation; 

instead, the culture medium was poured on paper filters, and the ciliates recovered from the filter and brought to a 

sterile medium.  Ciliates were checked at the stereomicroscope to evaluate their viability and the presence of 

eukaryotic contaminants (especially food organisms). After 6-20 hours in the medium with antibiotic the cells were 

centrifuged again several times (or recovered from a paper filter in the case of S. inclinatum) and the pellet washed 

with sterile medium. After one last centrifugation at 1000xg for 10 min, the supernatant was removed and total RNA 

was extracted from the cell pellet using the NucleoSpin
®
 RNA II kit (Macherey-Nagel) according to manufacturer‟s 

specifications. 

2. Platyophrya macrostoma  

RNA was isolated from 10
6
 P. macrostoma cells using the RNeasy

®
 Mini Kit (Qiagen) according to the manufacturer‟s 

instructions. Total RNA was treated with DNase (Qiagen) and concentration was determined using the Quant-iT™ 

RiboGreen
®
 RNA Assay Kit (Life Technologies). 

3. Protocruzia adherens, Aristerostoma sp., Schmidingerella inclinatum, Strombidinopsis acuminatum and Euplotes 

focardii 

Total RNA was extracted with TRIzol® Reagent (Life Technologies, Carlsbad, CA, USA) according to the 

manufacturer's instructions.  For Strombidinopsis acuminatum, because the concentration was too low, the cells were 

concentrated on a filter using gentle suction before transferring them to Trizol in a Petri dish.  After flushing the dish 

several times with a pipette, the solution was transferred to a 1.5 ml microfuge tube and the remaining steps were 

followed according to the manufacturer‟s specifications. 
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Table 5 - A table showing the number of original contig files after contamination removal and number of 
identified protein hits after analysis.  The last column shows the percentage of identified hits against 

original contig number.  Each ciliate is separated into their predicted class as in previous tables. 
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The Citric Acid Cycle  

 

The TCA cycle is a central metabolic pathway for aerobic processes.  24 of the 27 

investigated ciliates contained TCA functioning proteins, however, the number of 

identified proteins of the TCA varied from four to 13 (shown in Tables 2 and 3) for 

the pathway.    

The first step in classification was from the identification of TCA functioning 

proteins.  Class I and II are defined by a high amount of TCA functioning proteins, 

where identification of five or more components of the TCA cycle allowed 

mitochondrial classification – separating them from the other three reduced classes 

that contain less TCA functioning proteins. The differentiation between class II 

compared with class I was determined from investigations to any anaerobically 

functioning proteins.  If the ciliate was seen to contain anaerobic functioning 

proteins, including PNO/PFO or iron hydrogenase, this would be reason to classify 

them as class II anaerobic mitochondria, due to the probability of them utilising 

these proteins.  Seven of the ciliates contain a complete or almost complete TCA, 

along with anaerobic functioning proteins shown in „blue‟ in Table 6b.  Table 6a 

and b show class I and class II classified ciliates in relation to TCA alone (shown in 

green and blue respectively). 

One of the ciliates, Nyctotherus ovalis, contains TCA functioning proteins, 

however, it is not classed within I or II due to lack of TCA components.  N. ovalis is 

classified as Class III, when combined with the prevalence of iron hydrogenase 

along with predictions of complex I and II of the electron transport chain (Table 3).  

N. ovalis contains a reduced form of the TCA cycle and is also likely used in a  
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reductive direction, differing from that of class I and II.  This is similar to that of 

Metopus sp., which also contained a reduced TCA cycle. 

Table 6 shows the class of mitochondria present in each ciliate dependent on their 

TCA protein composition, along with other contributing factors like anaerobic 

functioning proteins to allow a better separation. It is clear to see that without the 

identification of anaerobic functioning proteins it would be difficult to predict 

between class I and II due to them having a majority of TCA proteins, as seen in 

Figures 18a and b, where Anophryoides haemophila and Mesodinium pulex both 

have a complete TCA, however, due to the identification of anaerobic functioning 

proteins within Mesodinium pulex they can be classified separately.  

 

 

 

 

 

 

 

 

 

a) b) 

c) 

Table 6 - Shows the containment of TCA proteins within each ciliate. 
Colour code is as follows:  Class I, Class II, Class III, Class IV and Class V. 
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Three ciliates had no TCA proteins identified; Polyplastron multivesiculatum, 

Entodinium caudatum and Chilodonella uncinata (seen in Figure 19).  So it is not 

possible to effectively class them, however, like with differentiating between class I 

and II, the same could be done for Polyplastron multivesiculatum as an iron 

hydrogenase was identified which suggests it likely contains an anaerobically 

functioning type of mitochondria, and due to the lack of TCA proteins, likely a 

reduced class.  All 27 ciliates in relation to their TCA protein composition can be 

seen in Figure 19 and Tables 2 and 3.  

 

a) b) 

Figure 18 - a) Class I Anophryoides haemophila TCA proteins. b) Class II Mesodinium pulex TCA 
proteins. 
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TCA Citric Acid Cycle Figure 19
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Figure 19 - The TCA content for each ciliate, with steps coloured in green showing when the protein has been identified. 
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The Electron Transport Chain 

 

Mitochondria are distinctively recognisable by their double membrane, where the 

inner membrane contains a series of protein complexes that form the electron 

transport chain; however, these complexes are not always present on the inner 

membrane due to alternate methods of energy production utilised by the organism. 

25 of the 27 ciliates contained proteins of the electron transport chain, varying from 

as little as two subunits all the way to 33 subunits being identified as seen in Table 

2 and Figure 21. 

All five complexes have been identified between all the ciliates, with many having a 

complete electron transport chain (Table 3).  Mesodinium pulex is an example 

where subunits for all complexes were identified shown in Figure 20a; leading to a 

likelihood that the mitochondria present is either class I or II.  Nyctotherus ovalis 

contains 12 identified subunits, all of which form components of complex I and II, 

shown in Figure 20b.  This further supports the classification of N. ovalis being 

class III H2-production mitochondria according to Müller [10] outline, due to its 

reduced electron transport chain. 

 

 

 

 

 

 

a) b) 

Figure 20 - a) Mesodinium pulex electron transport chain.  Coloured in complex shows subunits identified. 
Number equals number of individual subunits identified.  b) Nyctotherus ovalis electron transport chain. 
Coloured in complex shows subunits identified.  Number equals the number of individual subunits identified. 
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For the two ciliates Polyplastron multivesiculatum and Entodinium caudatum, no 

electron transport chain proteins were identified, which leads to the potential of 

them being either class IV or V.  Then in conjunction with TCA proteins 

identification and anaerobic proteins, a specific class could then be predicted.  All 

27 ciliates in relation to their electron transport chain protein composition can be 

seen in Figure 21, as well as Table 3. 
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Electron Transport Chain Figure 21 
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Figure 21 - The ETC content for each ciliate, with each complex coloured showing when the proteins forming the complex are identified and the number showing the number 
of protein subunits identified. 
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Anaerobic proteins 

 

Anaerobic functioning proteins (PNO/PFO and iron hydrogenase) were important 

to help distinguish the class of mitochondria, especially between class I and II.  

When analysing the mitochondrial protein composition of each ciliate, if they 

contain a substantial TCA and electron transport chain protein composition, 

anaerobic proteins were required to separate the classification between class I and 

II.  It was also beneficial for ciliates containing limited or no TCA or electron 

transport chain proteins, helping predict whether it was likely to be class III and IV.  

PNO/PFO‟s were identified in six of the ciliates, and seven ciliates contained an 

iron hydrogenase, both are shown in Table 7.  

 

 

 

 

 

 

 

 

 

 

 

Ciliate PNO/PFO FeHy 

Brown Ciliate  1 - 

Cryptocaryon irritans  2 - 

Mesodinium pulex  1 1 

Platyophrya macrostoma 2 1 

Strombidinopsis acuminatum  2 - 

Tetrahymena thermophila - 1 

Uronema sp.  - 1 

Metopus sp. 3 4 

Nyctotherus ovalis - 6 

Polyplastron multivesiculatum - 1 

Entodinium caudatum - - 

Chilodonella uncinata - - 

a) b) 

Figure 22 – a) and b) show protein composition of TCA cycle and electron transport chain for Tetrahymena thermophila. 

 

Table 7 - Ciliates containing proteins that function in anaerobic conditions, along with their predicted 
mitochondrial class. 
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Those shown in blue are class II mitochondria, due to the abundance of TCA and 

electron transport chain proteins, which due to data available from this analysis; it 

is difficult to investigate further if they belong to a further reduced class.  Good 

examples of this are the ciliates that contain identification hits for iron hydrogenase; 

a protein that is usually associated with hydrogenosomes.  However, our methods 

show, in the example of Tetrahymena thermophila, which has an abundance of 

TCA and electron transport chain proteins (Figure 22a and b), suggests that it may 

not be a reduced mitochondrial class, like that of N. ovalis or Metopus sp..  The 

combination of TCA and electron transport chain protein composition along with 

anaerobic proteins allows the type of mitochondria present to be predicted in 

relation to classification traits outlined by Müller et al [10]. 

Following the construction of the phylogenetic trees, it demonstrated that there was 

some contamination present. This was clearly seen especially for Metopus sp., in 

regards to the predicted PFO sequences (Figure 24).  However, it also confirmed 

the presence of iron hydrogenases, as many have a close similarity to those of 

Nyctotherus  ovalis (Figure 23). 
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Figure 23 – Unrooted Maximum Likelihood phylogenetic tree of the predicted Iron Hydrogenase sequences aligned to other known iron hydrogenase sequences [62] to identify for 

contamination. Bootstrap 1000. 

*Only Bootstrap values above 50 shown 
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Figure 24 – Unrooted Maximum Likelihood phylogenetic tree of the predicted PFO/PNO sequences aligned to other known PFO/PNO sequences [62] to identify for contamination. 

Bootstrap 1000. 

*Only Bootstrap values above 50 shown 
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Protein Import, β-Oxidation, Fe/S pathways and Mitochondrial 

Class 

 

Protein import, β-oxidation and the Fe/S cluster assembly pathways were also 

investigated to help build a strong mitochondrial overview.  These three pathways 

were present for all the ciliates predicted containing class I, II or III mitochondria, 

which is unsurprising due to the conservation already seen in these vital pathways.  

A mitochondrial TOM70 has also been identified within P. multivesiculatum (class 

IV), suggesting the presence of protein import.  The number of contigs for the P. 

multivesiculatum transcriptome was very low causing protein identification to be 

more difficult from a possible lack of coverage (Table 2 column 2 and Table 4). 

The protein composition for protein import and Fe/S cluster for each ciliate is shown 

in Figures 25 and 26.  It is clear that protein import is widespread throughout all 

classes, with TIM50 being present in almost all ciliates along with mitochondrial 

Hsp70 (Table 3).  β-oxidation was identified in all but three ciliates (Table 3 under 

„fatty acid metabolism‟), which included both class III containing ciliates N. ovalis and 

Metopus sp., using the fatty acid degradation as a form of energy source. Fe/S 

cluster assembly was likewise shown to be conserved throughout the mitochondrial 

classes, as all but two ciliates had Fe/S cluster assembly proteins present (Figure 26 

and Table 3).  

Complete protein compositions in relation to their pathways are shown in the 

„Mitochondrial pathway overview figures‟ (Figure 27).  They show all the pathways 

and specific proteins that were identified from the methods used within each ciliate.
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Protein Import Figure 25 
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Figure 25 - Protein import proteins identified in each ciliate shown coloured in relation to the import protein complex. 
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Fe/S Cluster Assembly Figure 26 
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 Figure 26 - Fe/S cluster assembly proteins identified in each ciliate shown in blue. 
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Mitochondrial Pathways Overview Figure 27 
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Figure 27 - A basic overview of mitochondrial pathways/proteins identified in each ciliate. 
Pathways and proteins present are shown in blue.   

The final larger figure shows a closer view to allow recognition of the pathways and proteins 
within in each mitochondrial overview figure.  

Pathways/proteins shown are: AOX, apoptosis, fatty acid metabolism, PNO/PFO, hydrogenase, 
amino acid metabolism, mtDNA, Fe/S cluster assembly, TCA cycle, complex I – V 
(ATPsynthase) of the electron transport chain, and proteins involved in protein import (TIM, 
TOM, tiny TIMs, OXA1L, HSP, MPP, GrpE). 
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Discussion 
 

In this investigation 27 different ciliates were analysed from diverse environments 

to predict a mitochondrial class dependent on their mitochondrial protein 

composition. Mitochondria have always been considered vital to organisms that 

encompass them due to their involvement in energy production and have been 

seen to adapt and modify their function depending on the environment of their host.  

It has been observed that there are different functioning mitochondria, including 

anaerobically hydrogen producing mitochondria like hydrogenosomes and remnant 

mitochondria known as mitosomes, which have limited involvement in energy 

production.  By analysing and predicting the likely mitochondrial class present 

within each ciliate, it allowed the proposal of the different possible approaches in 

which the organism utilises energy and if there are any evolutionary trends, where 

the predicted class relates to the phylogenetic classification of the ciliates.  

To carry out the study, 27 transcriptomic and genomic ciliate data gathered from 

various ciliates were analysed using computational methods to identify 

mitochondrial functioning proteins to allow class prediction (Tables 2 and 3).  

Through doing so, we have been able to predict the class diversity of mitochondria 

within one „group‟ of eukaryotes.  These predictions have shown clear distinctions 

between the class as well as potentially suggesting a presence of intermediate 

organelles that do not fit the already classified groups.  

Figure 28 shows a phylogenetic tree generated by Dr. Eleni Gentekaki, of the 27 

ciliates, along with the predicted mitochondrial class present in each.  The 

phylogenetic tree could suggest that all classes of mitochondria within ciliates 

potentially arose from a common ancestor where the ancestral ciliate contained 
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anaerobically functioning mitochondrion, due to the diverse appearance of 

anaerobic class II mitochondria seen throughout the phylogenetic tree.  The figure 

also shows diversity of all mitochondria classes; different mitochondria classes are 

mixed across the tree, with individual branches having a mixture of both class I and 

II types: for example in the Oligohymenophorea branch and also Litostomatea 

where Litonotus sp., Polyplastron multivesiculatum and Entodinium caudatum 

contain class I, IV and V predicted mitochondria or mitochondrial related organelles 

(MRO‟s) respectively.  One branch, the Armophorea class, contains Nyctotherus 

ovalis and Metopus sp., where both of these ciliates contain anaerobic functioning 

class III mitochondria.  This is the only branch that does not contain any class I 

aerobic mitochondria, which is expected as Lynn 2004 [94] classified this group „as 

ciliates that live in anoxic environments and no longer contain class I mitochondria‟. 

Entodinium caudatum is predicted containing class V mitosomes due to the lack of 

mitochondrial functioning proteins identified from the small transcriptomic data.  It 

is possible however, that Entodinium contains no mitochondrial organelle 

whatsoever, similar to Monocercomonoides.  However, we are unable to prove 

absence without further investigation and acquiring cultures of Entodinium to 

provide a visual aid under electron microscopy, identifying whether a mitochondrial 

organelle is present or not.  Entodinium caudatum are found in the rumen of 

grazing animals, so it is very possible it could contain an anaerobically function 

remnant mitochondria similar to Polyplastron multivesiculatum, or a mitosome, or 

even no mitochondrial organelle, as Monocercomonoides is found in the intestines 

of chinchillas [1].  However, Entodinium has been shown not to express 

hydrogenase activity [79, 80], and previous electron microscopy of certain species 

of rumen ciliates revealed no mitochondrial-shaped organelles [97].  So it is likely 
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to be either mitosome or no mitochondrial organelle; mitosome has been 

suggested elsewhere [98].  

The environment in which the ciliate resides does not seem to show a trend in 

relation to the type of mitochondria they encompass, apart from ciliates found 

within rumen or hindgut environments, where they appear to contain class III, IV or 

V mitochondria.  Ciliates are found in diverse environments and it appears their 

class of mitochondria is just as diverse as seen in Table 4. 

It is possible that there could be further intermediate classes of mitochondria, 

although further investigation would be required.  For the seven (blue) anaerobic 

functioning mitochondria containing ciliates, their composition of mitochondria 

functioning proteins varies for electron transport chain, TCA and the significant 

anaerobic proteins.  One of these examples is the Brown Ciliate where it contains a 

PNO/PFO protein, a reduced electron transport chain and TCA cycle, not too 

dissimilar to those seen in Metopus sp. and Nyctotherus ovalis.  However, it 

contains an ATP synthase subunit which would not be expected from class III or IV 

mitochondria.  More so, the lack of iron hydrogenase prevents it being grouped as 

a class III or IV based on our categorising criteria.  A possible alternate is where 

some ciliates contain both aerobic mitochondria as well as hydrogenosomes, 

utilising both classes of mitochondria for varied types of respiration to changing 

environments or organism stresses.  Many species have been seen to contain 

alternative oxidase (AOX) (apart from the Brown Ciliate), providing an alternative 

reduced route and adaptation to oxygen stress.  
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Figure 28 - Phylogenetic tree for the 27 ciliates investigated combined with their predicted class of mitochondria. Assisted by Dr. Eleni Gentekaki at the Mae Fah 
Luang University. 
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Alongside identifying five different classes within the ciliate clade, our results also 

confirmed the discoveries from previous literature where Polyplastron 

multivesiculatum was shown to contain class IV hydrogenosomes, as we were able 

to identify iron hydrogenase from the transcriptomic data [99].  Complex I and II of 

the electron transport chain and two TCA cycle steps was also clearly identified 

within Nyctotherus ovalis matching previous discoveries allowing easy 

conformation. This aided the prediction of Metopus sp., containing the same class 

III mitochondria due to the reduced electron transport chain and TCA cycle (Table 

3).  Metopus sp. did appear to contain contamination, however there are three 

predicted iron hydrogenase sequences that have similarity to Nyctotherus ovalis, 

which would keep the classification of Class III in relation to our criteria (Figure 23). 

Unfortunately the contamination check was carried out as an afterthought, which 

led to contamination being revealed for some of the anaerobic functioning proteins, 

which could alter the results slightly. Some sequences even show little similarity to 

other „similar proteins of interest‟, for example Metopus sp. PFO1 (Figure 24). 

Our computational methodology does come with some limitations that could be 

prevented with access to ciliate cultures to view under electron magnetic 

microscope (EM).  Also, due to these results being „protein sequences predictions 

that resemble the query sequences‟ as well as only having transcriptomic data, and 

with some species sequence data being very small in size (lack of sequences), it is 

not possible to know if a complete mitochondrial species analysis is being viewed, 

as specific proteins or complexes may not be in the original data.  These are some 

of the disadvantages with using transcriptomic data, as it contains messenger RNA 

sequences from the whole cell/organism, reflecting the genes that are actively 

expressed at any given moment, so it is not possible to know exactly if the 
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transcriptomic data contains likely proteins of interest, as it is possible these 

proteins were not expressed. The results from the analysis could also vary 

depending on genetic code and downstream/upstream generation.  However, we 

tried to manage this as effectively as possible by considering all six reading frames 

and using the correct genetic code for the species.  Once genomic data is more 

readily available for these species, these methods would provide a more consistent 

prediction for identifying mitochondrial proteins present within the ciliate. 

As mentioned, there is currently a lack of cultures for the ciliates we investigated, 

and having access to cultures to view under EM would allow a visual aid to confirm 

if mitochondria are present.  A prime example of this is for Chilodonella uncinata, 

where due to the lack of data, a clear class prediction is unable to be suggested. 

However, this method of predicting mitochondrial functioning protein present within 

sequence data can be very useful for future studies when combined with laboratory 

work to further support findings.  Further investigation should be carried out on the 

species with low amount of mitochondrial proteins identified, especially Entodinium 

caudatum as no proteins have been identified and it would be interesting to see if 

this is a remnant mitosome or in fact contains no mitochondrial organelle.  

However, with our methods we cannot prove absence.  

Our study successfully predicted the mitochondria classification for 27 ciliates, 

identifying all five classes and possible further unclassified intermediates within a 

single eukaryotic group. 
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