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Summary
Mitochondria are essential organelles of eukaryotic cells with crucial roles in
cellular processes such as energy production and respiration. Mitochondria contain their
own genomes, which are extremely diverse across the eukaryotic domain. One of the
highest diversities with regard to genome size, structure, gene organisation and gene
expression is found in protozoan mitochondria. Studying the genetic processes in
protozoan mitochondria contributes to our overall understanding of the evolution of
mitochondria and their genomes. In this study, gene expression and the processing of the
resulting transcripts was investigated in the mitochondria of the amoebozoan
Acanthamoeba castellanii. Northern hybridisation analyses revealed the presence of six
large polycistronic transcripts, all of which are processed substantially into mature mono-,
di-, or tricistronic RNA molecules through mechanisms that in most cases involve the
excision of tRNAs. Reverse Transcription Polymerase Chain Reactions across the
intervening regions between the six major transcripts demonstrated that these transcripts
derived from an even larger primary transcript. The identification of the transcription
initiation site from which the primary transcript is generated was attempted in in vitro
capping experiments, but failed to reveal the exact location. In addition, the optimal
growth conditions, the grazing behaviour on various bacterial species and the sensitivity
of A. castellanii to the growth inhibitor geneticin were established to form the basis for
the development of a transformation system to genetically modify the organism.
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Chapter One: Literature Review – Transcription and
Transcript Processing Mechanisms in Mitochondria
1.1 Introduction
Mitochondria are organelles found in most eukaryotic cells and have a pivotal role
in the production of energy that drives cellular functions (Burger et al., 2003b; Taylor &
Pfanner, 2004). Mitochondria also regulate many signalling pathways through the
influx/efflux of calcium ions, and are involved in the metabolism of lipids and amino
acids, in addition to releasing chemical triggers that initiate cellular differentiation and
programmed cell death (Burger et al., 2003b; Chacinska et al., 2009; Taylor & Pfanner,
2004). Mitochondria are extremely dynamic in structure, as they can readily adapt
through fission and fusion to both intracellular and extracellular signals such as
hormones, growth factors and environmental stimuli as well as changes in energy demand
(Garesse & Vallejo, 2001; van der Bliek et al., 2013). Consequently, the number and
structure of mitochondria are co-ordinated according to the metabolic activity and
function of each cell (Chen & Chan, 2009; Garesse & Vallejo, 2001; van der Bliek et al.,
2013).
Mitochondria have been studied in a large variety of organisms and their overall
biology, structure and function in energy production is found to be conserved across the
eukaryotic domain (Wolstenholme & Fauron, 1995). Each organelle consists of two
membranes; the outer membrane forming the boundary of the mitochondrion, and the
inner membrane, with folded cristae, divides the mitochondrion into two compartments;
the intermembrane space and the matrix (McBride et al., 2006; Taylor & Pfanner, 2004).
The outer and inner mitochondrial membranes contain dynamic protein complexes
1

required for the import, sorting and assembly of nuclear-encoded mitochondrial precursor
proteins into their respective sub-compartments (Taylor & Pfanner, 2004). Embedded in
the cristae of the inner membrane are the enzyme complexes of the electron transport
chain, which are involved in the generation of adenosine triphosphate (ATP) (Figure 1.1)
(Brownlee, 2001).

O

Figure 1.1 Diagram of the electron transport chain and the ATP synthesis
machinery in the inner membrane of mitochondria. In the electron transport
chain, electrons are released by the oxidation of NADH by NADH dehydrogenase
(complex I) and FADH2 by succinate dehydrogenase (complex II) and are transferred to
the electron carrier, ubiquinone (Q). Ubiquinone transfers the electrons to cytochrome
bc1 (complex III), which transfers them to cytochrome c (Cyt c). Cytochrome c transfers
the electrons to cytochrome c oxidase (complex IV), which uses the electrons and
hydrogen ions to reduce oxygen (final electron acceptor) to water. As the electrons flow
along the different complexes, protons are pumped from the matrix into the
intermembrane space resulting in a transmembrane electrochemical gradient. The
gradient drives the ATP synthase, which adds a phosphate group to ADP to produce the
cellular energy source ATP. Modified from Brownlee (2001).
2

ATP is generated through oxidative phosphorylation, a process in which the
oxidation of the electron carriers NADH and FADH2 causes a release of electrons. As
these electrons cascade through the protein complexes of the electron transport chain,
protons are pumped from the matrix into the intermembrane space, resulting in an
electrochemical gradient across the inner mitochondrial membrane. The protons flow
down the electrochemical gradient and power the ATP synthase enzyme complex. The
ATP synthase adds a free phosphate to adenosine di-phosphate (ADP) to produce ATP,
which is then utilised for various cellular functions (Gabaldón, 2012; Saraste, 1999).
Although many aspects of mitochondrial biology have been studied, the discovery
that mitochondria contain their own genome which is separate from the nuclear genome
led to new areas of research. The mitochondrial DNA (mtDNA) of a growing number of
species have been sequenced, revealing considerable diversity in mitochondrial genome
size, structure and gene organisation among eukaryotes (Clay Montier et al., 2009; Gray
et al., 1999). Studies of these mitochondrial genomes provide not only insight into the
origin and evolution of mitochondria, but also eukaryotes. Current studies focus on the
involvement of the mitochondrial genome in genetic processes including mitochondrial
DNA replication, maintenance and gene expression as well as understanding the interplay
between the nuclear-encoded mitochondrial genes with those expressed in the
mitochondria and the regulation of these processes (Clay Montier et al., 2009; Garesse &
Vallejo, 2001; Moraes, 2001).

3

1.2 The origin of mitochondria: The endosymbiotic theory
Since the discovery of mitochondria, there has been a great debate about their
origin, however, the most widely accepted explanation for the origin of mitochondria is
the endosymbiont theory (Gray et al., 1999; Lang et al., 1999; Margulis, 1970). This
theory proposes that a hydrogen-producing facultative anaerobic α-proteobacterium
(which acted as the endosymbiont) was engulfed by a strictly hydrogen-dependent
anaerobic primitive eukaryote (which acted as the host) (Martin & Müller, 1998). The
resulting interaction between the endosymbiont and host was thought to be beneficial for
both due to the improved energy yield from the endosymbiont’s ability to perform
oxidative phosphorylation, and the exchange of metabolites which resulted in each others
survival (Doolittle, 1998; Embley & Martin, 2006; Lang & Burger, 2012; Lang, 2014).
Over time, the bacterial endosymbiont underwent several changes to become the
organelle that is now crucial for eukaryotic cellular processes.
Although the mitochondrion is a remnant of its bacterial ancestor, it has retained a
highly derived mitochondrial genome shaped by evolutionary forces, in which many of its
genes were lost entirely due to their redundancy or they were transferred to the nucleus of
the host cell (Adams, 2003; Andersson et al., 2003; Barbrook et al., 2010; Lang et al.,
1999). As a result, only a small selection of genes remain to be encoded by the
mitochondrial genome despite the fact that the organelle contains more than 1,000
independent gene products including structural RNAs and proteins (Sickmann et al.,
2003). For this reason, the mitochondrion relies heavily on the import of nuclear-encoded
gene products for it to function (Brennicke et al., 1993).

4

1.3 Mitochondrial genomes
Significant developments in microscopy and molecular identification techniques
have revealed mitochondrial genomes to be complex structures that show considerable
variation in their architecture (Nosek et al., 1998). Mitochondrial genomes can be found
in most animals as monomeric circular DNA molecules, however fragmented
mitochondrial genomes have been reported in lower animals including Pediculus
humanus (Human body louse), Liposcelis bostrychophila (booklouse) and the nematode
Globodera pallida (Boore, 1999; Gibson et al., 2007; Gray et al., 2004; Shao et al., 2009;
Wei et al., 2012). The mitochondrial genome is also found as a network of concatenated
mini- and maxi-circular DNA molecules in kinetoplastid protozoa (Lukeš et al., 2002;
Nosek & Tomáška, 2003), while linear DNA molecules also exist in many plant and
fungal mitochondria (Backert et al., 1997; Bendich, 1993; Bendich, 1996). Although
linear DNA molecules were once considered rare, they have now been found in a variety
of organisms, including several species of ciliates (Goddard & Cummings, 1975; Suyama
& Miura, 1968), green algae (Ryan et al., 1978), the parasitic apicomplexan Plasmodium
falciparum (Wilson & Williamson, 1997), yeasts species such as Williopsis (Hansenula)
mrakii (Fukuhara et al., 1993; Wesolowski & Fukuhara, 1981) and Candida parapsilosis
(Dinouël et al., 1993; Kováč et al., 1984), and in many species of the phylum Cindaria
(Kayal et al., 2012; Nosek & Tomáška, 2002; Shao et al., 2006), which are close to the
base of the metazoan lineage (Bridge et al., 1992).
The mtDNA architecture may differ not only between eukaryotic phyla, but also
between closely related organisms (Kosa et al., 2006; Nosek & Tomáška, 2003; Valach et
al., 2011) and different architecture may even co-exist as seen in the oomycete Pythium
oligandrum and in the yeast Saccharomyces cerevisiae (Bendich, 1996; Martin, 1995).
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Although little is known about the biological roles of the different mtDNA forms,
investigations into the way in which they are maintained and replicated may shed light
into the evolution of these structures (Valach et al., 2011).
The advent of sequencing technologies allowed the sequencing of entire
mitochondrial genomes and thus sequence comparisons to be made. The mitochondrial
genetic code in most organisms, but not in plants, deviates from the universal genetic
code commonly used in both prokaryotes and eukaryotes (Jukes & Osawa, 1990; Jukes &
Osawa, 1993; Osawa et al., 1990). Barrell et al. (1979) first observed the deviation when
comparing the nucleotide sequence to the protein sequence of the human mitochondrial
cytochrome c oxidase subunit II. The sequence comparison revealed that the codons UGA
and AUA in the human mitochondrial genome encoded the amino acids tryptophan and
methionine, respectively, whereas in the universal genetic code the two codons act as a
termination and an isoleucine codon, respectively (Barrell et al., 1979). Similar deviations
from the genetic code have been shown in a number of other organisms, including yeast
and protozoa (Table 1.1) (Jukes & Osawa, 1990; Jukes & Osawa, 1993; Nei & Kumar,
2000; Osawa et al., 1989; Osawa et al., 1990).
How and why the changes in the genetic code occurred is unclear, however, two
theories have emerged that may indicate how the genetic code evolved. The first is the so
called ‘codon capture’ theory, where a codon and its corresponding transfer RNA (tRNA)
completely disappears from the genome under GC or AT directed mutational pressure. As
a consequence of genetic drift a tRNA is either created or recruited and upon its
reappearance in the genome assigned a new identity (Massey & Garey, 2007; Osawa et
al., 1992; Santos et al., 2004; Yokobori et al., 2001). The second theory proposes that
mutant tRNAs drive the genetic code changes through ‘ambiguous decoding’, which
provides the initial step for a codon identity change. The resulting transitional or
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intermediate codon is able to recognise two anti-codons, and through subsequent selection
of this ambiguous tRNA leads to the eventual reassignment of the codon (Miranda et al.,
2006; Schultz & Yarus, 1994). Although both theories are valid, the reality of it may be a
combination of both ‘codon capture’ and ‘ambiguous decoding’ situations that has
resulted in the evolution of alternative genetic codes (Miranda et al., 2006).

Table 1.1 Differences between mitochondrial codon usage and universal
codon usage in various organisms
Codon usage
UGA

AUA

AGR

CUN

Ter

Ile

Arg

Leu

Vertebrates

Trp

Met

Ter

*

Ascidians (vertebrates)

Trp

Met

Gly

*

Drosophila (invertebrate)

Trp

Met

Ser

*

Fungi

Yeasts

Trp

Met

*

Thr

Protozoan

Moulds

Trp

*

*

*

Universal genetic code
Mitochondrial genetic code
Animal

Note * indicates identity with the universal genetic code. Arg = Arginine, Gly = Glycine,
Ile = Isoleucine, Leu = Leucine, Met = Methionine, Ser = Serine, Ter = Termination, Thr =
Threonine, Trp = Tryptophan, R = any purine base (A or G) and N = any base (A, U, G or
C). Extracted from Nei and Kumar (2000).
The size of the mitochondrial genome can vary greatly between organisms due to
the fact that the gene content has been reduced to varying extents during evolution.
However, a small number of genes has been retained in all mitochondrial DNAs
sequenced so far, including genes involved in oxidative phosphorylation, some ribosomal
protein genes, two to three ribosomal RNA (rRNA) genes and in some cases tRNA genes
(Gray et al., 1999; Scheffler, 2001). The proteins required for processes such as
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transcription and replication are all encoded in the nuclear genome, these gene products
are synthesised in the cytoplasm and are imported into the mitochondria (Taylor &
Pfanner, 2004).
While overall reduction in coding capacity of mtDNA has occurred in all
organisms, mitochondrial genomes have evolved differently in each organism, allowing
for the diversity in their size and gene content. For example, the mitochondrial genomes
of animals have evolved to be small and compact, ranging in size from 16 – 19 kb (Shadel
& Clayton, 1997), whereas the genomes of fungi typically range in size from 40 – 60 kb,
however, extremely small (20 kb for Schizosaccharomyces pombe; Schäfer, 2003) and
very large fungal genomes (170 kb for Agaricus bitorquis; Scheffler, 2007) also exist.
The mitochondrial genomes of plants are generally larger and can reach up to 2500 kb
(Bevan & Lang, 2004; Binder et al., 1996; Lang et al., 1999).
The actual size of mitochondrial genomes does not necessarily correlate with the
number of genes they encode. In many cases, as the mitochondrial genome becomes
smaller, the proportion of the genome that is coding becomes more than the proportion
that is non-coding (Figure 1.2). For instance, the human mitochondrial genome is 16.5 kb
in size and encodes 37 genes (~92% coding) (Lang et al., 1999), whereas the jakobid
flagellate Reclinomonas americana has a mitochondrial genome of 69 kb in size that
encodes 97 genes (~90% coding) (Lang et al., 1997). In contrast, the mitochondrial
genome of Arabidopsis thaliana is much larger at 367 kb in size, but only encodes 57
genes (~45% coding) (Unseld et al., 1997). A larger genome size can be the result of
increased fluidity in the genome through genetic recombination, gene duplication, or the
presence of extensive intergenic regions, and in many cases their genes are highly
fragmented, containing several introns (Binder et al., 1996; Burger et al., 2003b; Lang et
al., 1999).
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Figure 1.2 Mitochondrial genome sizes compared to the number of genes
present in the mitochondrial DNA of different eukaryotes. The number of
mitochondrial genes encoded in the mitochondrial genome generally increases as the
mitochondrial genome size decreases. The species in the graph include: Arabidopsis
thaliana (Unseld et al., 1997), Marchantia polymorpha (Oda et al., 1992), Saccharomyces
cerevisiae (Foury et al., 1998), Monosiga brevicollis (Burger et al., 2003a), Reclinomonas
americana (Burger et al., 1996), Physarum polycephalum (Takano et al., 2001), Pylaidla
littoridis (Oudot-Le Secq et al., 2001), Dictyostelium discoideum (Tanaka et al., 1990),
Rhodomonas salina (Hauth et al., 2005), Naegleria gruberi (Burger et al., 2013),
Acanthamoeba castellanii (Burger et al., 1995), Trypanosoma brucei (Eperon et al.,
1983), Drosophila melanogaster (Clary et al., 1982), Schizosaccharomyces pombe (Lang,
1984), Xenopus laevis (Roe et al., 1985), Gallus gallus (Nishibori et al., 2003), Homo
sapiens (Crews et al., 1979) and Plasmodium falciparum (Joy et al., 2003).
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Apart from plant mitochondrial genomes, introns and large non-coding regions are
also present in the mitochondrial genomes of fungi, and to a lesser extent of protists
(Bonen, 2008; Cho et al., 1998; Lambowitz & Zimmerly, 2004; Lang et al., 2007). In
contrast, introns and non-coding regions are usually absent in the mitochondrial genomes
of animals, which is consistent with their smaller genome sizes (Bullerwell & Gray, 2004;
Gray et al., 1998). The presence of introns within a genome not only leads to an increased
genome size, but these introns require post-transcriptional processing events to form
mature RNA molecules. The two main types of introns found in mitochondrial genomes
are group I and group II introns (Cummings et al., 1990; Hausner, 2003). These introns
are usually removed from precursor RNA transcripts by an autocatalytic RNA splicing
event, that is mediated by the introns themselves through conserved secondary and
tertiary structures as in group I introns (Lambowitz et al., 1999; Saldanha et al., 1993), or
by introns or nuclear-encoded co-factors that mediate the efficient splicing of group II
introns (Hausner, 2003; Hausner, 2012; Lambowitz & Zimmerly, 2011).
In addition to the variation in genome size, the mode of gene expression can also
be highly variable amongst the different mitochondrial genomes. For example,
transcription initiation in mammalian mitochondria occurs from three promoters in a
single control region known as the displacement loop (D-loop) (Tracy & Stern, 1995).
The D-loop in humans (Clayton, 1991), mice (Chang & Clayton, 1985; 1986a; 1986b;
1986c) and cattle (King & Low, 1987) houses the major and minor promoters for
transcription of genes located on both the heavy and light DNA strands (Tracy & Stern,
1995). In other vertebrate mitochondrial genomes, transcription initiation can occur from
one or two bi-directional promoters such as in chicken (Gallus domesticus) (L'abbé et al.,
1991) and in the frog, Xenopus laevis (Bogenhagen et al., 1986; Bogenhagen & Yoza,
1986).
10

In contrast, transcription initiation is controlled by multiple promoters in plants,
yeast and in some fungi and protozoa (Asin-Cayuela & Gustafsson, 2007; Holec et al.,
2006; Jaehning, 1993; Schuster & Brennicke, 1994; Taanman, 1999; Tracy & Stern,
1995). Although the number of mitochondrial promoters varies between these organisms,
the enzyme required for transcription of mitochondrial genomes, the mitochondrial RNA
polymerase, is conserved, with specificity to each genome coming from additional
transcription factors (Tracy & Stern, 1995).

1.3.1 Animal (mammalian) mitochondrial genomes
Mammalian mitochondrial genomes typically range in size from 16 kb to 19 kb
(Shadel & Clayton, 1997). Most of these genomes contain the same set of 37 genes that
are arranged on a compact, circular, double-stranded DNA molecule (Garesse & Vallejo,
2001; Taanman, 1999). As a result of their different GC-content, the two strands of the
mtDNA can be separated in a denaturing caesium chloride gradient as they have different
buoyant densities, and are therefore designated as heavy (H) and light (L) strands (Shadel
& Clayton, 1997; Taanman, 1999). The H-strand of the mammalian mtDNA encodes the
majority of genes, including the genes for the large and small subunit rRNA (12S and
16S), 14 tRNAs and 12 polypeptides (involved in oxidative phosphorylation), while the
L-strand only codes for eight tRNAs and a single polypeptide (Figure 1.3) (Shadel &
Clayton, 1997; Taanman, 1999).
Mammalian mitochondrial genomes possess a single regulatory region, which
contains the sequence elements required for replication and transcription of the mtDNA
(Boore, 1999; Fernandez-Silva et al., 2003; Taanman, 1999). The sequence of this
regulatory region, termed the D-loop, is highly variable even between closely related
organisms and ranges in length between 880 bp and 1,400 bp due to the presence of
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repeat elements that are subject to insertions and deletions (Saccone et al., 2002).
Furthermore, the gene organisation in mammalian mtDNA seems to be stable, unlike
most other eukaryotic mitochondrial genomes, as it has remained relatively unchanged
over long periods of evolutionary time (Bevan & Lang, 2004; Boore, 1999).

Figure 1.3 Schematic representation of the human mitochondrial genome.
This genome encodes 37 genes, including two rRNA genes (dark blue bars), 13 protein
genes (coloured bars) and 22 tRNA genes (black bars and standard one letter code).
With the exception of the NADH dehydrogenase subunit 6 (ND6), all of the protein
encoding genes are located on the heavy strand. Promoters and the other elements
required for transcription and heavy strand replication are located in the displacement
loop (D-loop). Gene abbreviations: cytochrome c oxidase subunit I (COI), cytochrome c
oxidase subunit II (COII), cytochrome c oxidase subunit III (COIII), cytochrome b (cyt b)
and NADH dehydrogenase subunits 1 – 6 (ND1 – 6). Modified from Taylor and Turnbull
(2005).
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1.3.1.1 Replication and transcription of mammalian mitochondrial genomes
The D-loop contains all the major regulatory elements required for DNA
replication and transcription of mitochondrial genes; these two processes are linked.
Replication of the mammalian mtDNA involves two origins of replication, the origin of
replication for the H-strand synthesis (OH) and the origin of replication for the L-strand
synthesis. Replication from OH requires a short RNA primer for initiation (Falkenberg et
al., 2007; Fernandez-Silva et al., 2003), which is generated through transcription from the
L-strand promoter (ITL). Transcription proceeds over a series of elements, known as the
conserved sequence blocks I, II and III and the termination-associated sequence.
Subsequently a mitochondrial RNA processing endonuclease (RNase MRP) cleaves the
ITL transcript, forming the RNA primer required for H-strand replication (Figure 1.4)
(Clayton, 2000; Falkenberg et al., 2007; Fernandez-Silva et al., 2003). H-strand synthesis
proceeds past the D-loop and exposes the L-strand origin of replication, which initiates Lstrand synthesis in the opposite direction (Falkenberg et al., 2007; Fernandez-Silva et al.,
2003; Jacobs & Holt, 1998; Taanman, 1999).
Transcription of the mammalian mtDNA is initiated from either the ITL or from
one of two heavy-strand promoters, ITH1 or ITH2, which are differentially regulated
(Figure 1.4) (Asin-Cayuela & Gustafsson, 2007; Garesse & Vallejo, 2001; Shadel &
Clayton, 1997). ITH1 is located upstream of ITH2 and produces a short polycistronic
transcript containing the large subunit rRNA, small subunit rRNA and two tRNAs
(tRNAPhe; tRNAVal) (Falkenberg et al., 2007). Transcription initiated at ITH2 produces a
larger polycistronic transcript that corresponds to almost the entire H-strand,
encompassing the mRNAs for 12 proteins, two rRNAs and 14 tRNAs (Falkenberg et al.,
2007). Transcription from the ITL produces a single polycistronic transcript containing
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the ND6 mRNA and eight tRNAs (Asin-Cayuela & Gustafsson, 2007; Montoya et al.,
2006).
Both H-strand promoters (ITH1 or ITH2) and the L-strand promoter (ITL) have a
bipartite structure, in which one region encompasses the transcription initiation site and a
second region located at -8 and -12 upstream of the transcription start site, allows the
binding of regulatory proteins, known as transcription factors (Falkenberg et al., 2007;
Fisher & Clayton, 1985; Fisher et al., 1987; Hixson & Clayton, 1985). Transcription of
the mammalian mtDNA involves a single-subunit RNA polymerase, which recognises
conserved promoter sequences through the assistance of two transcription factors:
mitochondrial transcription factor A (TFAM) and one of two mitochondrial transcription
factor B proteins, known as TFB1M or TFB2M (Asin-Cayuela & Gustafsson, 2007;
Bestwick & Shadel, 2013; Fisher et al., 1987; Gaspari et al., 2004; Montoya et al., 2006).
These accessory proteins bind to the second region of the bipartite promoter and induce a
conformational change in the mtDNA, thereby facilitating transcription initiation
(Bestwick & Shadel, 2013).
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Figure 1.4 The displacement loop region and regulatory elements in the
human mitochondrial DNA. The regulatory components present in the D-loop are:
OH = Origin of replication of the heavy strand; ITH1 and ITH2 = Heavy strand promoters;
ITL = Light strand promoter; CSB I, II, III = Conserved sequence blocks I, II, and III;
TAS = Termination associated sequence. The ITH1 and ITH2 transcription initiation sites
are responsible for the transcription of the H-strand and are differentially regulated. ITL
is responsible for the transcription of the L-stand. Transition from transcription to
replication takes place in the CSB region where a trans-acting RNA processing
endonuclease (RNase MRP) cuts the RNA transcript, creating a primer for mtDNA
replication. Compiled from Garesse and Vallejo (2001) and Falkenberg et al. (2007).
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1.3.1.2 Transcript processing in mammalian mitochondria
Transcription of the mammalian mitochondrial genome gives rise to three
polycistronic primary RNA transcripts, which require processing to form smaller, mature
functional RNAs. The mechanism by which the polycistronic transcripts are processed
was elucidated by Attardi and colleagues over 30 years ago and is termed the ‘tRNA
punctuation’ model (Montoya et al., 1981; Montoya et al., 2006; Ojala et al., 1980; Ojala
et al., 1981). It was observed that the majority of protein-encoding genes in the
mammalian mitochondrial genome are flanked by one or more tRNA genes (Ojala et al.,
1981). These tRNA sequences represent signals at which precise endonucleolytic
cleavage of the 5’ and 3’ ends of the tRNA sequences occur to produce mature messenger
RNA (mRNA), rRNA and tRNA molecules (Montoya et al., 1981; Montoya et al., 2006).
According to the ‘tRNA punctuation’ model, the tRNA sequence on the RNA
transcripts forms a clover-leaf structure, which acts as the signal for specific
endonucleases to bind and process the transcripts (Montoya et al., 2006; Polosa et al.,
2012). Two endonucleases are required for this process; the 5’ endonucleolytic cleavage
of the tRNA occurs first by the action of the RNase P, and a second endonuclease, the
RNase Z, is responsible for processing the 3’ end of the tRNA (Rossmanith et al., 1995;
Rossmanith & Karwan, 1998). Therefore, the release of tRNAs from the primary
transcript leads to the maturation of RNA transcripts. However, in many cases these
processed transcripts require further modifications to produce fully functioning RNA
molecules, due to the fact that many protein-encoding genes of the mammalian
mitochondrial genome do not encode a stop codon (UAA), but terminate with either a U
or with AU nucleotides (Ojala et al., 1981). In such a situation, polyadenylation is
required to complete the UAA stop codon to terminate translation (Montoya et al., 1981;
Polosa et al., 2012).
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In some instances processing occurs without tRNA sequences being present
between the coding regions on a polycistronic transcript and is the case for the sequences
encoding the ATPase subunit 6 (atp6) and the cytochrome c oxidase subunit 3. It is
thought that the polycistronic transcript may be able to form secondary structures similar
to that of tRNAs, or fold in a way that is also recognised by the tRNA processing
machinery (Barth et al., 2012; Montoya et al., 2006). This theory has been supported by
the fact that many mRNAs can form considerable secondary structures at their 5’ ends,
which may not only act as processing signals, but may also have additional roles in posttranscriptional events. For example, these structures may possess functions analogous to
the cap structure that is found at the 5’ end of mature nuclear mRNAs, since
mitochondrial mRNAs tend to have extremely short untranslated 5’ ends (Barth et al.,
2012; Denslow et al., 1989; Liao & Spremulli, 1990; Montoya et al., 2006; Taanman,
1999). In some cases, the processing in the mammalian mitochondria also results in
mature dicistronic transcripts such as that of nad4L/nad4 and atp8/atp6 (Montoya et al.,
2006). How the up- and downstream open reading frames (ORFs) on the dicistronic
transcript are translated remains to be elucidated.
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1.3.2 Fungal (Saccharomyces cerevisiae) mitochondrial genomes
The mitochondrial genome of Saccharomyces cerevisiae was one of the first
mitochondrial genomes to be sequenced. The study of its genome has contributed greatly
to our understanding of the maintenance, replication and expression of mtDNA (Foury et
al., 1998). The S. cerevisiae mitochondrial genome (Figure 1.5) is three to four times
larger than the mammalian mitochondrial genome, it is circular, typically has a low gene
density and high AT-content (~70%) (Foury et al., 1998; Scheffler, 2007). Due to the fact
that it contains long stretches of AT-rich sequences that are randomly interspersed with
short GC-rich clusters, the genome is highly polymorphic (Foury et al., 1998; Tzagoloff
& Myers, 1986). It is thought that the GC clusters are a preferred site for recombination
and that they play an important role in stabilising the AT-rich spacers (Bernardi, 2005;
Faugeron-Fonty et al., 1979; Scheffler, 2007). High recombination rates account for the
fact that within a single strain of S. cerevisiae the mitochondrial genome can vary greatly
in sequence and reach up to 85 kb in size (Scheffler, 2007).
The S. cerevisiae mitochondrial genome encodes seven polypeptides involved in
oxidative phosphorylation (cytochrome c oxidase subunits I, II and III, ATP synthase
subunits 6, 8 and 9, and cytochrome b), two rRNAs (15S and 21S), one ribosomal protein
(var1), the 9S RNA component of RNase P, a full complement of tRNAs, and it also
contains several intron-related ORFs of unknown function. With the exception of a single
tRNA gene (tRNAthr1), all genes are encoded on the same strand (Foury et al., 1998).
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Figure 1.5 The mitochondrial genome of Saccharomyces cerevisiae. A linear representation of the gene content and
organisation of the mitochondrial genome of S. cerevisiae (85,779 bp; Strain FY1679). The scale indicates the distance along the
mitochondrial DNA. Red bars and boxes represent coding sequences; grey shadings depict intron-related open reading frames (ORF);
yellow boxes indicate the 9S, 15S and 21S rRNA genes; dark blue bars represent elements of the origin of replication (ori); green bars
represent tRNA genes; black flags indicate transcription initiation sites and the orientation of transcription. Modified from Foury et al.
(1998).

1.3.2.1 Transcription of the Saccharomyces cerevisiae mitochondrial
genome
The mitochondrial genome of S. cerevisiae is transcribed from over 20 promoters
as the majority of genes within this genome are separated by long non-coding regions
(Barth et al., 2012; Costanzo & Fox, 1990; Schäfer et al., 2005). The promoters differ in
their primary sequence from the mammalian promoters (Tracy & Stern, 1995). Each
promoter consists of a highly conserved nine nucleotide (nona-nucleotide) motif sequence
ATATAAGTA (for expression of protein and rRNA encoding genes), or TTATAAGTA
(for tRNA expression), with transcription usually initiated from the terminal A residue
(Christianson & Rabinowitz, 1983; Schäfer, 2005; Schäfer et al., 2005). The relative
strength of these promoters is dependent on the composition of flanking sequences
(Biswas, 1999; Schäfer et al., 2005). Using in vitro transcription experiments, Biswas
(1999) demonstrated that the conserved nona-nucleotide sequence in addition with a nonconserved sequence of 10 nucleotides downstream of the promoter was sufficient for
mitochondrial promoter activity. However, the addition of a further 300 nucleotides of
non-specific sequence upstream of the promoter was required for optimal transcription
levels (Biswas, 1999).
Furthermore, the presence of a purine nucleotide at position +2 and a pyrimidine
at position +3 of the promoter sequence have an increased effect on promoter activity,
indicating the length and base composition of the sequences that flank the promoter play
an essential role in regulating gene expression in yeast mitochondrial genomes (Biswas &
Getz, 1986; Tracy & Stern, 1995). While these sequences may regulate the expression of
the yeast mitochondrial genome, their primary function is to recruit the machinery
required for transcription. The yeast mitochondrial transcription machinery is less
complicated than that found in mammalian mitochondria and consists of the yeast
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mitochondrial RNA polymerase (Rpo41) and a single transcription factor that is
homologous to the human TFB1M/TFB2M, denoted as Mtf1 (Gaspari et al., 2004). Like
the mammalian mitochondrial RNA polymerase (mtRNAP), the yeast mtRNAP is
phylogenetically related to the T-odd bacteriophage RNA polymerases, rather than the αproteobacterial ancestor. It has been proposed that the bacteriophage RNA polymerase
was acquired in the early evolution of the eukaryotic cell, at the time of endosymbiosis
(Lipinski et al., 2010; Shutt & Gray, 2006).
For transcription to initiate, transcription factor Mtf1 binds to the RNA
polymerase Rpo41, forming a heterodimeric complex that scans the genome and finds the
promoter sequences (Schäfer et al., 2005). Upon recognition of the promoter sequence,
the two proteins attach to the DNA, forming a pre-initiation complex. Formation of the
complex induces a conformational change (a bend) in the DNA, initiating transcription
(Kim et al., 2012a; Schinkel et al., 1988; Tracy & Stern, 1995). Transcription of the yeast
mitochondrial genome surprisingly produces polycistronic precursor transcripts, despite
the presence of large non-coding regions. The polycistronic transcripts consist of two or
more coding sequences of various combinations of rRNAs, mRNAs and tRNAs (Schäfer,
2005; Tzagoloff & Myers, 1986). For this reason, the precursor transcripts require
processing to produce mature, fully functioning RNA molecules.

1.3.2.2 Processing of yeast mitochondrial transcripts
The primary transcripts created during expression of the yeast mitochondrial
genome require complex processing events to generate mature RNA molecules (Palleschi
et al., 1984). As in the mammalian mitochondrial genome, this is accomplished through
the excision of tRNAs (Barth et al., 2012; Schäfer, 2005). The tRNA sequences are
usually located at either the 5’ or 3’ end of the RNA molecules to be processed, and are
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recognised by enzymes that are analogous in function to the human RNase P and RNase
Z (Schäfer et al., 2005; Tzagoloff & Myers, 1986). However, tRNA excision of the
primary transcripts in yeasts does not necessarily generate accurate 5’ and 3’ termini and
thus further processing is required. The 3’ termini of mitochondrial RNA in S. cerevisiae
are specified by a dodecamer motif sequence AAUAA(U/C)AUUCUU in the 3’
untranslated region (UTR), which serves as the target for the mitochondrial degradosome
complex (mtExo) (Hoffmann et al., 2008). The mtExo complex is comprised of a RNA
helicase (Suv3p), a 3’ – 5’ exonuclease (Dssp1) and a dodecamer binding protein, which
processes the 3’ end of RNA transcripts and controls RNA turnover (Hoffmann et al.,
2008; Li & Zassenhaus, 2000). In contrast, 5’ end processing, for example of the
transcript containing the cytochrome b mRNA, is mediated by the nuclear-encoded
protein Cbp1p, which has also been shown to play an essential role in stabilising the
mRNA (Chen & Dieckmann, 1994).
Interestingly, investigations into the processing of yeast RNA transcripts have
provided support for the hypothesis that transcription is directly coupled to processing
and translation (Barth et al., 2012). Rodeheffer et al. (2001) demonstrated that the Nterminal domain of S. cerevisiae mtRNAP contains a binding site for the RNA processing
protein Nam1p. It is thought that the association of the mtRNAP with Nam1p results in
the delivery of the RNA transcript to the RNA processing machinery during transcription.
Nam1p then assists the threading of the mRNAs to translational activator proteins and
ribosomes to facilitate translation (Bonawitz et al., 2006; Rodeheffer & Shadel, 2003;
Shadel, 2004).
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1.3.3 Plant mitochondrial genomes
Plants have the largest mitochondrial genomes sequenced to date, ranging in size
from 200 kb to 2500 kb in some angiosperms (Gray et al., 1992; Palmer et al., 2000).
Plant mtDNA can be very complex in structure, gene content and gene organisation.
Through restriction map analysis of a variety of plant mitochondrial genomes, including
those of rice (Oryza sativa), wheat (Triticum aestivum) and maize (Zea mays), it has been
observed that the mtDNA in plants is multipartite, consisting of a master circle and
several smaller mtDNA molecules (Clifton et al., 2004; Fauron et al., 2004; Notsu et al.,
2002; Ogihara et al., 2005). Recombination between different DNA molecules leads to
considerable diversity in genome organisation within and between species (Fauron et al.,
2004; Kubo & Newton, 2008). High recombination frequencies also enable plant
mitochondrial genomes to duplicate large segments of their DNA, incorporate foreign
DNA sequences and to acquire large amounts of variable non-coding spacer DNA, which
accounts for the size variation of these genomes (Fauron et al., 2004; Gray et al., 1992;
Schuster & Brennicke, 1994). Furthermore, the recombination events not only expand the
size of the genome but in many cases can lead to deletions and the loss of genes, which
can result in mitochondrial defects affecting growth and fertility (Fauron et al., 2004;
Schuster & Brennicke, 1994).
Despite the large size of plant mitochondrial genomes, the actual coding
sequences represent only a small portion of the mtDNA. Although the gene content varies
between plant species, most plant mitochondrial genomes contain a standard set of genes
including three rRNA genes (5S, 18S and 26S), approximately 16 ribosomal protein
genes and a set of tRNA genes, which vary in number between species (Fauron et al.,
2004; Schuster & Brennicke, 1994). The genome also encodes the protein components
required for oxidative phosphorylation, including nine subunits of the respiratory chain
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complex I NADH dehydrogenase (nad1, nad2, nad3, nad4, nad4L, nad5, nad6, nad7 and
nad9), one subunit of the complex III (cytochrome b (cob)), three subunits of complex IV
cytochrome c oxidase (cox1, cox2 and cox3) and two subunits of complex V ATPsynthase (atp6 and atp8) (Fauron et al., 2004). In addition to this common set of genes,
plant mitochondrial genomes contain some genes that are not present in animal and most
fungal genomes, including several ribosomal protein genes, and genes encoding proteins
for cytochrome c biogenesis and a mtt-B-like transporter protein (Fauron et al., 2004).
Although the transfer of functional genes from the mitochondria to the nucleus
seems to have all but ceased in animals, it is regarded as an ongoing process in plants
(Adams et al., 2001b). The extent of gene transfer varies among different plant species;
however, it is most frequently seen in angiosperms. For example, the gene encoding the
ribosomal protein S10 (rps10) is present in the mitochondrial genomes of pea (Pisum
sativum) and potato (Solanum tuberosum), but has been transferred to the nucleus of other
angiosperms such as Arabidopsis thaliana and Oenothera berteriana (Knoop et al.,
1995). Other examples include the nuclear transfer of the succinate dehydrogenase
subunits 3 gene (sdh3) and the ribosomal protein L2 gene (rpl2) (Adams et al., 2001a;
2002; Fauron et al., 2004). In general, genes encoding ribosomal proteins are transferred
at a high frequency during plant evolution, whilst other genes such as the ones encoding
the core components of the respiratory chain complexes have rarely been transferred to
the nucleus (Adams et al., 2000; Adams et al., 2001a). From the above observations it
seems that ribosomal protein genes are transferred more easily due to their functionality
than genes that encode for components of the respiratory chain (Adams et al., 2001b;
Knoop et al., 2011).
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1.3.3.1 Transcription of plant mitochondrial genomes
Transcription of plant mitochondrial genes occurs from numerous transcription
initiation sites, producing both simple and complex transcription patterns (Gray et al.,
1992; Weihe et al., 2012). Most genes in plant mtDNA are transcribed as monocistronic
RNA transcripts due to the large stretches of non-coding sequences (Binder et al., 1996;
Gray et al., 1992). Conversely, genes that are located close together are often cotranscribed, producing dicistronic and polycistronic transcripts, such as the 18S-5S-nad5
polycistronic transcript observed in the mitochondria of Oenothera (Binder et al., 1996;
Wissinger et al., 1988) or the nad3-rps12 and rps13-atp6 dicistronic transcripts observed
in the mitochondria of wheat (Gualberto et al., 1991; Takvorian et al., 1997).
Through in vivo and in vitro analysis of mitochondrial gene expression, the
mapping of primary transcript initiation sites and sequence analysis of upstream flanking
regions, several plant mitochondrial promoter sequences have been identified (Binder et
al., 1996; Liere & Börner, 2011; Schuster & Brennicke, 1994). In dicotyledonous plants,
a CRTA motif is part of a nona-nucleotide sequence (CRTAAGAGA) that overlaps the
initiation site and shows considerable sequence identity between different genes and
species (Gray et al., 1992; Liere & Börner, 2011; Weihe et al., 2012). In contrast,
monocotyledons are characterised by a less conserved tetra-nucleotide mitochondrial
promoter sequence YRTA (Liere & Börner, 2011). As shown for the promoter regions of
animal and yeast mitochondrial genomes, the sequences upstream of the plant promoters
are also important for transcriptional activity. In both monocotyledonous and
dicotyledonous plants, AT-rich sequence elements upstream of the promoter core motif
have been identified to be important in modulating transcription (Binder et al., 1996;
Brennicke et al., 1999; Rapp & Stern, 1992). The presence of multiple promoters in plant
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mitochondrial genomes ensures the transcription of all genes despite possible
mitochondrial genome rearrangements (Liere & Börner, 2011; Weihe et al., 2012).
As in the mammalian and yeast mitochondria, the transcription of plant genomes
is mediated by phage-type RNA polymerases that are nuclear-encoded by the rpoT gene
family (Liere & Börner, 2011; Weihe et al., 2012). In dicotyledonous plants such as
Arabidopsis thaliana, the rpoT family consists of three genes that encode products that
are targeted to the mitochondria (RpoTm), plastids (RpoTp) or to both organelles
(RpoTmp) (Hedtke et al., 1997; Hedtke et al., 2000; Kühn et al., 2007). In contrast,
monocotyledons do not encode any dual targeted RNA polymerases such as RpoTmp
(Swiatecka-Hagenbruch et al., 2008; Weihe et al., 2012). The RNA polymerases RpoTm
and RpoTp in Arabidopsis (a dicot) have been shown in vivo not to require transcription
factors, however in vitro these may be required for efficient promoter recognition (Kühn
et al., 2007). At the present time the identity of the co-factors is unknown, as
computational studies of the Arabidopsis genome have not found a mitochondrial
transcription factor A homolog that is targeted to the mitochondria, and the mitochondrial
transcription factor B (mtTFB) homolog found in Arabidopsis does not appear to play a
role in transcription (Liere & Börner, 2011).

1.3.3.2 Processing of plant mitochondrial transcripts
Transcription of the plant mitochondrial genome produces mono-, di- and
polycistronic transcripts, which require post-transcriptional modifications to create
mature RNA transcripts. These modifications include: intron splicing, excision of
individual mRNAs from larger precursor transcripts, the endonucleolytic cleavage of
untranslated regions to produce mature 5’ and 3’ ends and editing of RNA transcripts
mainly through cytosine to uridine conversions (Binder et al., 2011; Bonen, 2011;
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Gagliardi & Gualberto, 2004; Gagliardi & Binder, 2007). Although tRNAs are more
widely dispersed in plant mitochondrial genomes, they are still used as RNA processing
signals, but to a lesser extent than in yeast and animal mitochondria (Binder et al., 2011).
As in the yeast and animal systems, the excision of tRNAs from plant precursor RNA
transcripts occurs by precise endonucleolytic cleavage. Once the tRNA is folded into its
clover-leaf structure, the 5’ ends of the tRNA are processed by an RNase P-like enzyme
(Binder et al., 2011). Processing of the 3’ ends of the tRNA requires two distinct
activities; firstly RNase Z cleaves the tRNA exactly at the discriminator nucleotide and
then a tRNA nucleotidyltransferase adds the CCA 3’ terminal sequence (Gagliardi &
Gualberto, 2004; Gray et al., 1992; Hanic-Joyce et al., 1990; Kunzmann et al., 1998).
Some tRNAs require additional processing steps such as the maturation of tRNAPhe and
tRNACys in Oenothera, where tRNA editing of the genomically encoded cytosine is
converted to a uridine (Binder et al., 1994; Binder et al., 2011).
Maturation of rRNAs and mRNAs also occurs through endonucleolytic cleavage
at their 5’ and 3’ ends. mRNAs have diverse 5’ and 3’ untranslated regions that lack
conserved sequence elements, resulting in 5’ termini that differ significantly in length,
whereas 3’ termini are determined by the endonucleolytic cleavage of either tRNAs or telements (tRNA-like structures) (Binder et al., 2011). In contrast, the 5’ and 3’ termini of
rRNAs are mainly determined through transcription initiation and termination, but can
also be derived through processing of both termini by endonucleases or exonucleases yet
to be identified (Binder et al., 2011; Gagliardi & Binder, 2007). Furthermore, mRNA
transcripts are not constitutively polyadenylated as they are in animal mitochondria. In
plants, polyadenylation of mitochondrial RNA transcripts destabilizes the transcript and
targets the RNA for rapid exoribonucleolytic degradation (Binder et al., 2011; Gagliardi
& Gualberto, 2004). Overall, the mitochondrial genomes of plants are regarded as being
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rather complex particularly in their mode of gene expression and processing of RNA
transcripts.

1.3.4 Protozoan mitochondrial genomes
Protozoa are lower eukaryotic organisms believed to have diverged from plants,
fungi and animals at the early stages of eukaryotic evolution (Gray et al., 2004). As a
result, the mitochondrial genomes of these unicellular organisms hold information on the
evolution of mitochondria and their genomes (Gray et al., 2004). In contrast to animal
mitochondrial genomes, protozoan mitochondrial genomes are extremely diverse in size,
structure and gene content. For example, the parasitic apicomplexan Plasmodium
falciparum contains a linear mitochondrial genome that is smaller than 6 kb in size and
only encodes three ORFs and two rRNA genes (Wilson & Williamson, 1997). In contrast,
the mitochondrial genome of the freshwater protozoan Reclinomonas americana has a
circular genome, which is 69 kb in size and by far the gene richest and least derived
mtDNA characterised to date (Lang et al., 1997; Lang et al., 1999). It encodes a total of
97 genes, including 18 unique genes of known function, as well as the standard set of
protein-coding genes that is found in other mitochondrial genomes (Lang et al., 1997). In
general, protozoan mitochondrial genomes tend to be larger than their animal counterparts
but are smaller than the mitochondrial genomes of plants.
Although protozoa represent most of the biological diversity in eukaryotes, only a
small number of their mitochondrial genomes have been sequenced (Gray et al., 1999).
Whilst there has been great effort to increase this in recent years, with now over 500
complete mtDNA sequences available, protozoan mitochondrial genomes still remain the
least studied of all the eukaryotes (Barth et al., 2007; Gray et al., 2004). Two
mitochondrial genomes that have been completely sequenced and are of interest in this
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review are that of the cellular slime mould Dictyostelium discoideum and that of the
amoebozoan Acanthamoeba castellanii (Burger et al., 1995; Ogawa et al., 2000).

1.3.4.1 The Dictyostelium discoideum mitochondrial genome
The cellular slime mould D. discoideum has long been regarded as a valuable and
attractive tool for studying eukaryotic biology. The organism combines typical eukaryotic
cellular and molecular biology with the experimental flexibility of a microorganism in
which its biochemical and cellular biology is well understood, and it is an organism in
which molecular genetics can easily be studied (Barth et al., 2007; Fisher, 2005; Gaudet
et al., 2007). D. discoideum has a unique developmental lifecycle, during its vegetative
growth it is found as an independent, motile, unicellular amoeboid cell, however, when
under nutritional stress, the individual cells undergo a series of developmental processes
resulting in a multi-cellular organism (Annesley & Fisher, 2009; Fey et al., 2007; Kay &
Williams, 1999; Otto & Kessin, 2001). The combined properties have allowed the study
of not only cellular differentiation processes, signal transduction and cell motility, but
also the study of mitochondrial genetics, biology and dysfunction in this simple
eukaryotic model organism (Barth et al., 2012; Chisholm & Firtel, 2004; Pilcher et al.,
2007; Wilczynska & Fisher, 1994).
D. discoideum has a circular mitochondrial genome that is 55,564 bp in size
(Figure 1.6) and has a high AT-content (72.6%) (Ogawa et al., 2000). The genome
encodes 33 proteins involved in respiration and translation, six ORFs of unknown
function, two rRNAs and 18 tRNAs (Ogawa et al., 2000). In addition to the standard set
of genes, the D. discoideum mtDNA also encodes genes for some of the NADH
dehydrogenase and ATP synthase subunits (nad7, nad9, nad11 and atp1) not present in
animals and yeasts. In addition, most of the ribosomal protein genes with the exception of
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rps4 and rps2 are arranged in a cluster (Odintsova & Yurina, 2002), all genes are encoded
on the same strand, are tightly packed and use the universal genetic code (Angata et al.,
1995a; Fukuhara, 1982; Ogawa et al., 2000). Although tightly packed, some genes are
separated by a number of non-coding regions with sizes up to 2 kb (Ogawa et al., 2000).
Interestingly, the genes encoding the cytochrome c oxidase subunits 1 and 2
(cox1/2; Figure 1.6) are fused, creating a single continuous ORF without an apparent stop
codon at the 3’ end of the cox1 gene (Ogawa et al., 2000; Pellizzari et al., 1997).
However, the two genes are expressed as individual proteins that migrate separately
during SDS-PAGE (Bisson et al., 1985). Additionally, the coding sequences of cox1/2 are
interrupted by four group I introns, which posses the potential to form conserved
secondary RNA structures, and for at least one of these introns, self-splicing activity has
been demonstrated (Ogawa et al., 1997). Two of the introns are present in the same
location of the cox1 gene in fungi, plants and algae (Ogawa et al., 1997). Another group I
intron is located in the D. discoideum rnl gene coding for the large subunit rRNA (Angata
et al., 1995b), and is present in the same position of the rnl gene in the green alga
Scenedesmus obliquus (Kück et al., 2000) and the colourless alga Prototheca wickerhamii
(Wolff et al., 1994).

30

Figure 1.6 A schematic map of the Dictyostelium discoideum mitochondrial
genome and its transcription products. The D. discoideum mtDNA is a 55,564 bp
circular DNA molecule. It encodes 18 proteins involved in oxidative phosphorylation, two
rRNAs, 15 ribosomal proteins, 18 tRNAs, four group I introns and six ORFs of unknown
function. All genes are encoded on the same strand. The genome is transcribed from a
single initiation site (thin red arrow) into a large polycistronic transcript (thick black
arrow). The excision of tRNA molecules leads to the generation of eight secondary
polycistronic transcripts (grey lines; A – H). These secondary polycistronic RNA
transcripts are further processed to generate mature mono-, di- and tricistronic
transcripts (thin black lines). Adapted from Barth et al. (2007) and Le et al. (2009).
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1.3.4.2 Transcription of the Dictyostelium discoideum mitochondrial
genome
Although mitochondrial gene expression has been studied mostly in animals, yeast
and plants, less is known about gene expression in protozoan mitochondria. However,
gene expression in the mitochondria of D. discoideum has been studied in detail. Northern
hybridisation experiments conducted by Barth et al. (1999; 2001) were the first to
demonstrate that genes in the D. discoideum mitochondrial genome are co-transcribed.
Using gene-specific probes, eight large, polycistronic transcripts were identified, some of
which were found to be further processed to form smaller mono-, di- and tricistronic
mature RNA transcripts (Figure 1.6) (Barth et al., 2001). The fact that larger RNA
molecules than the eight polycistronic transcripts were not detected suggested that the
D. discoideum mitochondrial genome was transcribed from multiple promoters (Barth et
al., 2001).
In an attempt to identify these promoters and possible consensus sequences, the 5’
ends of the identified transcripts were mapped. The results obtained suggested that some
of the mapped 5’ ends represented sites of RNA processing rather than transcript
initiation, which pointed to the possibility that RNA transcripts even larger than those
detected in Northern hybridisation analyses are created during transcription. Le et al.
(2009) discovered the presence of transcripts larger than the eight polycistronic
transcripts using Reverse Transcription Polymerase Chain Reactions (RT-PCR). From
subsequent 5’ end labelling studies, it was concluded that transcription of the
D. discoideum mitochondrial genome is initiated from a single promoter, that is located in
the non-coding region upstream of the gene encoding the large subunit rRNA (rnl)
(Figure 1.6). Transcription from this site is catalysed by a nuclear-encoded mitochondrial
RNA polymerase (RpmA) (Le et al., 2009). Like other mitochondrial RNA polymerases,
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the RpmA requires the assistance of transcription factors to transcribe the genome
efficiently. One such transcription factor Tfb1m, a mtTFB homolog, has been shown to
facilitate RpmA function (Manna et al., 2013b). Furthermore, the D. discoideum Tfb1m
not only functions as a transcriptional activator, but also as an rRNA methyltransferase
and shares this dual role with other transcription factors such as those found in human
mitochondria (Manna et al., 2013b).

1.3.4.3 Processing of Dictyostelium discoideum mitochondrial transcripts
Transcription of the D. discoideum mitochondrial genome from a single
transcription initiation site suggests that extensive processing of the large polycistronic
precursor RNA is required to produce mature transcripts (Le et al., 2009). As with the
mitochondrial RNAs of animals, yeast and to a lesser extent plants, the formation of
mature mRNAs in D. discoideum mitochondria is likely to involve the excision of tRNAs
(Barth et al., 2001). This assumption is supported by the location of the tRNA genes,
which are distributed in 10 clusters around the D. discoideum mitochondrial genome
(Barth et al., 2001; Ogawa et al., 2000). Many of the tRNA gene locations correspond to
processing sites at the RNA level, where the excision of the tRNA sequences gives rise to
the eight major polycistronic transcripts and most of the smaller mature transcripts
observed in Northern hybridisation analyses (Barth et al., 2001).
The absence of punctuating tRNAs at some processing sites of the D. discoideum
mitochondrial transcriptome elude to the presence of other processing signals that lead to
the generation of mature transcripts, for example, nad4, nad2 and cox3 (Figure 1.6)
(Barth et al., 2001). However, processing signals such as conserved sequence motifs have
not been identified in the D. discoideum mtDNA, suggesting that non-tRNA punctuated
processing is achieved via mechanisms involving alternative machinery. This form of
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processing may involve the action of pentatricopeptides (PPR proteins), a new class of
RNA binding proteins recently discovered in humans, plants and fungi, where this class
of proteins have roles in various aspects of organelle RNA maturation (Borowski et al.,
2010; Delannoy et al., 2007; Hoffmann et al., 2008; Szczesny et al., 2010). Several
members of the PPR protein family are also found in D. discoideum (Manna et al.,
2013a).

1.3.4.4 The Acanthamoeba castellanii mitochondrial genome
Acanthamoeba castellanii is a free-living protozoan that belongs to the
Acanthamoebidae family (Khan, 2006; Sawyer & Griffin, 1975). The amoeba is found in
a wide variety of environments, including soils, natural (marine and fresh water) and
treated water supplies, dust particles, air ventilation shafts and hospitals (Marciano-Cabral
& Cabral, 2003; Visvesvara et al., 2007). A. castellanii has a two stage lifecycle; an
active trophozoite stage characterised by vegetative growth, and a cyst stage, which is
triggered by nutritional and environmental stresses. Cyst formation involves cellular
differentiation to form a double walled structure, in which the amoeba is dormant with
minimal metabolic activity (Siddiqui & Khan, 2012a). The cyst is highly resistant even to
extreme desiccation, freezing and chemical agents, and it can become airborne which
assists in the dissemination of the amoeba to new environments (Aksozek et al., 2002;
Khan, 2006). A. castellanii is an opportunistic pathogen and is the causative agent of
several human diseases such as cutaneous lesions, sinus infections, the vision-threatening
amoebic keratitis and the rare, glaucomatous amoebic encephalitis, a fatal disease of the
central nervous system (Khan, 2007; Marciano-Cabral & Cabral, 2003; Visvesvara et al.,
2007).
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In recent years A. castellanii has attracted interest from various scientific
communities studying environmental, cellular and molecular biology. This is due to the
versatility of this organism, as it not only plays a role in the environment, where it
regulates bacterial populations and microbial communities (Rønn et al., 2002; Rosenberg
et al., 2009), but it can also act as a reservoir or ‘Trojan horse’ for microbial pathogens
(Greub & Raoult, 2004; Hilbi et al., 2007). Apart from this, it is also used as a simple
eukaryotic model organism to study cellular and molecular biology (Siddiqui & Khan,
2012a). In evolutionary studies, A. castellanii is used to provide insights into the
evolutionary relationship among protists, animals and plants, as well as in the evolution
of their mitochondrial genomes and transcription systems (Gray et al., 2004). As part of
the systematic and comprehensive effort to explore mitochondrial genetics in protists, the
complete mitochondrial genome of A. castellanii has been sequenced (Burger et al.,
1995).
The A. castellanii mitochondrial genome is a circular DNA molecule that is
41,591 bp in size (Burger et al., 1995). The AT-content of the A. castellanii
mitochondrial genome is relatively high at 70.6% and is similar to that of other protozoan
mitochondrial genomes, including that of D. discoideum (72.6%) (Ogawa et al., 2000),
Naegleria gruberi (77.8%) (Burger et al., 2013) and Monosiga brevicolis (86.0%)
(Burger et al., 2003a). A modified genetic code is used in A. castellanii mitochondria, in
which the UGA codon specifies a tryptophan rather than a stop codon, which is congruent
with most other mitochondrial genomes, but is in contrast to the mitochondrial genome of
D. discoideum in which UGA encodes a stop codon (Burger et al., 1995; Odintsova &
Yurina, 2002).
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Figure 1.7 Schematic map of the Acanthamoeba castellanii mitochondrial
genome. The A. castellanii mitochondrial genome is a 41,591 bp circular DNA molecule
encoding 33 proteins involved in oxidative phosphorylation, two ribosomal RNAs, 16
ribosomal proteins, 16 tRNAs, and 8 ORFs of unknown function. All genes are encoded
on the same strand. Coloured boxes represent genes, grey boxes represent intronic
sequences and black boxes represent non-coding regions.

The A. castellanii mitochondrial genome encodes 33 proteins involved in
oxidative phosphorylation and ribosomal structure, the large and small subunit rRNAs, 16
tRNAs and eight ORFs of unknown function (Burger et al., 1995). The genes are all
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encoded on the same strand and are densely packed with relatively short intergenic
regions, and in some cases the genes overlap by up to 38 bp (Burger et al., 1995). In
addition to the standard set of genes, the A. castellanii mtDNA also contains genes that
are not found in animal and fungal mtDNA such as the genes encoding for the NADH
dehydrogenase and ATP synthase subunits nad7, nad9, nad11 and atp1 (Burger et al.,
1995; Odintsova & Yurina, 2002). Of the eight ORFs of unknown function in the
A. castellanii mitochondrial genome, ORF124 and ORF142, have homologs in the
mtDNA of angiosperms, liverwort and P. wickerhamii (ORF25 and ORFB, respectively),
three are unique to A. castellanii (ORF38, ORF115 and ORF349), and three are free
standing ORFs located in introns (Burger et al., 1995). The A. castellanii mitochondrial
genome also contains three introns located toward the 3’ end of the large subunit rRNA
(rnl), all of which are group I introns and two of the above mentioned ORFs are located in
the same position as in the ORF containing group I introns in the rnl gene in chloroplasts
in various species of Chlamydomonas. The similarity in intron position with
Chlamydomonas suggests that A. castellanii may have a shared evolutionary history
(Burger et al., 1995). The A. castellanii mitochondrial genome encodes a highly diverged
5S rRNA, which is known to be a component of all bacterial ribosomes and the
cytoplasmic ribosomes of eukaryotes (Bullerwell, 2003; Bullerwell et al., 2010). The 5S
rRNA is also present in the mitochondrial genomes of land plants, green and red alga,
jakobid flagellates and in other members of the Amoebozoa, but is absent in the mtDNA
of other protists, animals and fungi. The lack of a 5S rRNA gene in these organisms
suggests that the 5S rRNA has been dispensed with entirely, or other pre-existing RNAs
have assumed the role of this rRNA during evolution (Bullerwell et al., 2010; Gray et al.,
1992).
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In contrast to animal mitochondrial genomes, the A. castellanii mitochondrial
genome encodes a number of ribosomal proteins and one ribosomal protein L11 (rpl11),
which has been found only in the mitochondrial genomes of a few organisms, including
that of Malawimonas jakobiformis, R. americana and D. discoideum (Burger et al., 2013;
Cole & Williams, 1994; Cole et al., 1995). All but two of these ribosomal proteins are
present in a single cluster. The gene cluster has a similar gene arrangement to that of the
ribosomal clusters present in the D. discoideum mitochondrial genome (Odintsova &
Yurina, 2002; Ogawa et al., 2000). As with D. discoideum, A. castellanii also shows the
presence of a continuous open reading frame for the cytochrome c oxidase subunits 1 and
2 (cox1/2) (Burger et al., 1995; Burger et al., 2003b; Gray et al., 2004; Lonergan & Gray,
1996).
To date, little is known about the transcription and transcript processing
mechanisms that operate in A. castellanii mitochondria, although Lonergan and Gray
(1996) investigated the expression of the single continuous ORF of cox1/2, and found the
cox1/2 gene to be co-transcribed with the upstream small subunit rRNA (rns) gene. The
A. castellanii mitochondrial genome shares striking similarities to the D. discoideum
genome in its size, gene content and gene organisation (Anderson et al., 2005; Gray et al.,
2004; Le et al., 2009). This suggests a similar mitochondrial transcription and processing
system to operate in both organisms, an assumption that formed the basis for this study.
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1.4 Aims of this study
Studying the genetics of mitochondria will not only help our understanding of
mitochondrial dysfunction, it will also shed light on the evolution from symbiotic
α-proteobacterium to the organelle that is now pivotal for many cellular processes in
eukaryotic cells. The advancement in technologies has allowed the sequencing of
mitochondrial genomes and the investigation of mitochondrial genetic processes,
including DNA replication, maintenance and gene expression, as well as the regulation of
these processes. As the study of gene expression has mainly focussed on the mitochondria
in animals, yeast, fungi and plants, less is known about gene expression of mitochondrial
genomes in protozoa. Protozoa are of interest as they are a highly diverse group of
organisms that have diverged from plants, fungi and animals at the early stages of
eukaryotic evolution. Understanding their mitochondrial genetics will therefore provide
valuable information regarding the evolution of mitochondria and eukaryotes.
The first section of this thesis focuses on the transcription and transcript
processing events in the mitochondria of the opportunistic human pathogen A. castellanii.
The second section characterises the growth of the organism on both solid and liquid
medium, its grazing behaviour and its sensitivity to growth inhibitors in order to identify
the conditions required for transformation of A. castellanii.
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Chapter Two: Experimental Materials and Methods
2.1 General procedures
2.1.1 Chemicals
The chemical agents used and their suppliers are listed in Appendix 7.1.

2.1.2 Media and buffers
The composition of all media and buffers used in experimental procedures are
listed in Appendix 7.2 and 7.3, respectively. The solvent for all media and buffers was
sterilised distilled water (sdH2O), unless otherwise stated.

2.1.3 Sterilisation
All glassware, pipette tips, media and buffers were sterilised via autoclaving at
100 kPa and 120 °C for 20 min.

2.1.4 Experimental kits
The kits used and the composition of their reagents are listed in Appendix 7.4.
They were used according to the manufacturers’ instructions, unless otherwise stated.

2.1.5 Bacterial and amoebal strains
The genotypes and phenotypes of amoebal and bacterial strains used in this study
are provided in Appendix 7.5.

2.1.6 Plasmids
A schematic map and description of the vector used in this study is shown in
Figure 2.1.
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AvaII 5319
BglI 5295

NdeI 184

XmnI 5776
ScaI 5659
PvuI 5548
AvaII 5541

PvuI 277
BglI 246
XbaI 396
SspI 700

A15-T

ApR

AflIII 1122

pDNeo2
6,167 bp

ORI
AflIII 4288

HindIII 1714

lacI

PvuII 4109
HindIII 3930
AflIII 3882

Tn903

A15-P

SspI 1909

A8-T
A6-P

AflIII 3580

XbaI 2500

Multiple cloning site
3317.SacI.XhoI.BglII.XbaI.EcoRV.ClaI.EcoRI.SacI.KpnI.SmaI.BamHI.XbaI.SalI.PstI.SphI.HindIII..3243

Figure 2.1 Restriction map of Dictyostelium discoideum AX2 expression
vector pDNeo2. The circular transformation vector pDNeo2 has a pUC19 backbone,
which has had the polylinker replaced with a geneticin resistance gene and an
expression cassette. The geneticin resistance is based upon the expression of the
bacterial transposon Tn903 neomycin resistance gene, which is under the control of the
Dictyostelium actin-15 promoter (A15-P) and transcription terminator (A15-T). The
expression cassette is under the control of the Dictyostelium actin-6 promoter (A6-P)
and the actin-8 transcription terminator (A8-T), allowing expression of cloned genes in
D. discoideum. Commonly used restriction endonuclease sites are shown (Witke et al.,
1987).
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2.2 Molecular and biological techniques
2.2.1 Extraction of DNA and RNA
2.2.1.1 Large-scale extraction of genomic DNA from Acanthamoeba
castellanii and Dictyostelium discoideum AX2
Large-scale isolation of Acanthamoeba castellanii and Dictyostelium discoideum
strain AX2 genomic DNA (gDNA) was achieved following the protocol by Noegel et al.
(1985). The amoebae were grown axenically in either 1 L of PYG (A. castellanii) or HL-5
(D. discoideum) medium to a density of 2 – 5  106 cells ml-1. The cells were harvested
via centrifugation at 2,000 rpm for 10 min at 4 °C using 250 ml Sorvall GSA bottles and a
GSA rotor. The cell pellets were resuspended and washed twice in 300 ml ice-cold sdH2O
and recovered after each wash via centrifugation. The recovered cells were resuspended
in 10 ml of ice-cold sdH2O and 130 ml of ice-cold nuclear lysis buffer (Appendix 7.3), to
lyse the cells. The released nuclei were pelleted via centrifugation at 6,000 rpm for 10
min using the GSA rotor at 4 °C. The nuclear pellet was subsequently washed with 130
ml of nuclear lysis buffer and recovered via centrifugation. Finally, the nuclear pellet was
resuspended in 4 ml of nuclear lysis buffer and 20 ml of prewarmed (65 C)
EDTA/Sarkosyl buffer (Appendix 7.3). The samples were incubated at 65 C for 10 min
to lyse the nuclei. Following this, caesium chloride was added (0.92 g per gram of lysate)
and the mixture was further incubated at 65 C until the caesium chloride was dissolved.
Following incubation, 0.4 ml of 10 mg ml-1 ethidium bromide was added to the mixture to
allow the visualisation of gDNA. The mixture was subsequently centrifuged in an angled
rotor (Beckman 50 Ti) ultracentrifuge (Beckman L-80) at 45,000 rpm for 48 hr. After 48
hr, the gDNA was visualized over an ultraviolet (UV) transilluminator. The gDNA was
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carefully extracted using a syringe and transferred to a 50 ml tube. Once the gDNA was
transferred, an equal amount of TE buffer (Appendix 7.3) and 2 volumes of absolute
ethanol were added. The mixture was gently inverted, allowing the ethanol to precipitate
the gDNA and form a viscous layer. Fine glass hooks were used to spool the gDNA, they
were then dipped into two separate tubes that contained absolute ethanol to wash the
gDNA. The spooled gDNA was allowed to air-dry briefly on the hooks. The glass hooks
were then snapped off from the pipette and placed into a sterile microcentrifuge tube that
contained 1 ml of TE buffer. This tube was incubated at room temperature for 1 hr to
allow the gDNA to dissolve and stored at 4 C.

2.2.1.2

Total

RNA

extraction

from

Acanthamoeba

castellanii

and

Dictyostelium discoideum AX2
A. castellanii and D. discoideum AX2 were grown in 50 – 100 ml of PYG or HL-5
medium (Appendix 7.2) and incubated at 28 °C or 21 °C, respectively, with aeration on
an orbital shaker at 150 rpm to a density of 5  106 cells ml-1. A 1.5 ml aliquot of amoeba
was poured into a microcentrifuge tube and centrifuged at 13,200 rpm for 5 sec at 4 °C, to
pellet the cells, and the supernatant was removed via suction. The cells were lysed by
resuspension in 1 ml of TRIzol® reagent (Life Technologies) and incubated at room
temperature for 5 min. After incubation, 0.2 ml of chloroform was added and the samples
were shaken vigorously for 15 sec, followed by a further 5 min incubation at room
temperature. The mixture was centrifuged at 13,200 rpm for 15 min at 4 °C, separating
the mixture into three phases: the aqueous (RNA), interphase (gDNA) and organic phase
(protein). The aqueous phase (0.45 ml) was transferred to a fresh microcentrifuge tube
and the RNA was precipitated with 0.5 ml isopropanol for 10 min at room temperature.
The mixture was centrifuged as above to pellet the RNA. The resulting supernatant was
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removed with a syringe and 1 ml 75% (v/v) ethanol was added. The RNA sample was
stored at -70 °C. When required, the RNA was centrifuged at 9,000 rpm for 10 min at 4
°C to pellet residual RNA. The ethanol was removed and the pellet briefly air-dried. The
sample was resuspended in 0.1 ml of diethyl pyrocarbonate (DEPC)-treated sdH2O and
used for downstream applications.

2.2.2 Isolation of plasmid DNA from Escherichia coli cells
2.2.2.1 Large-scale extraction of plasmid DNA
To obtain large quantities of high quality plasmid DNA from Escherichia coli
cells the commercially available maxiprep kit by JetStar™ (Appendix 7.4) was used. The
protocol supplied with the JetStar™ maxiprep kit was followed. A volume of 250 ml of
Luria Bertani broth (LB) (Appendix 7.2) containing a selective antibiotic (100 µg
ampicillin ml-1) was inoculated with a single colony of a freshly grown E. coli strain
(Appendix 7.5) that contained the plasmid of interest, and incubated at 37 C overnight
with vigorous shaking. The E. coli cells were harvested via centrifugation at 6,000 rpm in
250 ml GSA Sorvall bottles using the GSA rotor at 4 C for 15 min. The supernatant was
removed and the cell pellet resuspended in 10 ml of resuspension buffer (E1) until the
suspension was homogenous. Subsequently the cells were lysed with lysis solution (E2)
and incubated at room temperature for a further 5 min. After incubation, 10 ml of
neutralisation buffer (E3) was added and mixed by gently inverting the tube. The mixture
was transferred to a SS34 centrifuge tube and centrifuged for 10 min at 20 C using the
SS34 rotor at 3,000 rpm. This allowed the cell debris and chromosomal DNA to form a
pellet leaving the plasmid DNA in the supernatant. The supernatant was collected and
loaded onto a column that had been equilibrated with 30 ml equilibration buffer (E4). The
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supernatant was then allowed to run through the column by gravity flow. Once the
supernatant had run through, the column was washed with 60 ml washing solution (E5) to
remove any impurities. The plasmid DNA bound to the column was eluted with 15 ml of
elution buffer (E6) and collected in a fresh SS34 tube. The plasmid DNA was precipitated
with 0.7 volume of isopropanol and centrifuged at 4 C for 30 min at 3,000 rpm in the
SS34 rotor. The DNA pellet was washed with 70% (v/v) ethanol and centrifuged for 10
min as above. The plasmid DNA was air-dried for 10 min and resuspended in an
appropriate volume of TE buffer.

2.2.2.2 Small-scale extraction of plasmid DNA
To attain small quantities of plasmid DNA a modified version of the alkaline lysis
miniprep protocol was utilised (Birnboim & Doly, 1979; Birnboim, 1983). A fresh colony
of E. coli containing the plasmid of interest was inoculated in 3 ml LB medium
supplemented with an appropriate antibiotic (100 µg ampicillin ml-1) and incubated
overnight with shaking at 37 C. A 1.5 ml aliquot of cells was transferred to a
microcentrifuge tube and harvested by centrifugation at 13,200 rpm for 5 min. The cell
pellet was resuspended in 0.1 ml of cellular suspension buffer supplemented with RNase
A (20 mg ml-1) (Sigma-Aldrich), using a sterile toothpick to homogenise the cell pellet.
The cells were lysed with 0.2 ml of NaOH/SDS solution (Appendix 7.3) and subsequently
neutralised with 0.15 ml 5 M potassium acetate. The lysate was centrifuged for 30 min at
13,200 rpm to pellet the cell debris and gDNA. The supernatant containing the plasmid
DNA was collected and transferred to a fresh microcentrifuge tube. The plasmid DNA
was precipitated with the addition of 1 ml absolute ethanol and allowed to stand for 2 – 5
min. The precipitated plasmid DNA was pelleted via centrifugation as above. The pellet
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was washed with 0.1 ml 70% (v/v) ethanol solution, and centrifuged for 5 min to remove
residual salts. The plasmid DNA was briefly air-dried and dissolved in 30 µl of sdH2O for
downstream applications.

2.2.3 Agarose gel electrophoresis of DNA
Agarose gels of 1 – 2% (w/v) were used to separate DNA fragments for
identification and purification purposes. The agarose gels were made using 1 TAE
electrophoresis buffer supplemented with 0.15 µg ml-1 of ethidium bromide to allow
visualization of DNA fragments under UV light. DNA samples were prepared by adding
6 µl of 1 loading dye to 1 – 5 µg DNA. The gels were placed in gel electrophoresis tanks
that contained 1.5 L of 1 TAE buffer 5 min prior to loading for equilibration. The DNA
samples and a 1 kb DNA ladder (GeneRuler™ 1 kb DNA ladder; Thermo Scientific)
were loaded onto the gel. Electrophoresis was conducted at 80 – 100 V for 2 hr or until
the desired separation was achieved. Once completed, the DNA fragments were
visualised using the UV transilluminator and photographed using the Gel Doc™ XR
imaging system (Bio-Rad Australia).

2.2.4 Recovery of DNA fragments from agarose gels
2.2.4.1 Montage DNA gel extraction
The Montage gel extraction Ultrafree-DA (Millipore) microcentrifuge tube was
used to recover DNA fragments of interest. Following agarose gel electrophoresis
(Section 2.2.3) the DNA fragment of interest was excised from the gel using a sterile
razor blade and placed into the Gel Nebuliser of the Ultrafree-DA microcentrifuge tube.
The tube was centrifuged at 7,300 rpm for 10 min. The centrifugation forces the agarose
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gel through the Gel Nebuliser, forming a fine slurry. The slurry is captured and filtered by
the filter cup containing a microporous membrane that allows the DNA solution to pass
through and be collected in the microcentrifuge tube, while the slurry is retained in the
filter cup. Following centrifugation, the Gel Nebuliser and filter units were discarded. The
extracted DNA was concentrated by ethanol precipitation (Section 2.2.6).

2.2.4.2 GelElute DNA gel extraction
When high quantities of purified DNA product were difficult to obtain, the
GelElute DNA (5 Prime) extraction and purification kit (Appendix 7.4) was used. The
DNA fragment of interest was excised from the agarose gel using a sterile razor blade and
placed into a sterile microcentrifuge tube. The gel slice was weighed and to each gram of
gel, 3 volumes of GX1 buffer and 30 µl GelElute beads were added. The sample was
incubated at 50 °C for 10 min to solubilise the agarose and for the GelElute beads to bind
to the DNA. The sample was centrifuged for 30 sec at 13,200 rpm to pellet the beads and
the supernatant was discarded. The GelElute beads were resuspended and washed once
with 0.5 ml GX1 buffer and centrifuged for 30 sec at 13,200 rpm. Subsequently the
GelElute beads were washed twice as above in 0.5 ml GE buffer to remove any residual
salt contaminants. The supernatant was discarded and the final pellet was air-dried for 10
min. The DNA was eluted by resuspending the pellet with 20 µl sdH2O and incubating at
room temperature for 10 min. The sample was centrifuged to pellet the beads, and the
supernatant containing the extracted and purified DNA was transferred to a fresh
microcentrifuge tube. The purified DNA was then used in subsequent DIG-labelling
reactions (Section 2.3.3).
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2.2.5 Agarose gel electrophoresis of RNA
RNA samples were analysed on 1% (w/v) agarose gels as described in Section
2.2.3 with the following modifications. All equipment was washed and buffers prepared
with DEPC-treated sdH2O. The RNA samples were prepared by adding 6 µl of RNA
loading buffer, and 2 µl of ethidium bromide (10 mg ml-1) to approximately 5 µg of RNA.
The samples were subsequently heated to 70 °C for 5 min to denature any secondary
RNA structures, and immediately cooled. The RNA samples and RNA ladder
(RiboRuler™; Thermo Scientific) were loaded onto an agarose gel prepared with DEPCtreated 1 TAE. Electrophoresis was conducted at 80 – 100 V for 2 hr or until the desired
separation was achieved. The RNA was visualised using a UV transilluminator and
photographed using a Gel Doc™ XR imaging system (Bio-Rad Australia).

2.2.6 Ethanol precipitation of DNA and RNA
The method for ethanol precipitation of DNA and RNA has been adapted from
Ausubel et al. (1994). The DNA or RNA was precipitated by adding 0.1 volume of 3 M
sodium acetate and 2.5 volume of absolute ethanol to the DNA and RNA solution. The
solution was mixed gently by inversion and incubated at either -70 C for 30 min or -20
C for 12 hr. The precipitate was pelleted via centrifugation at 13,200 rpm for 30 min.
The supernatant was removed using a syringe and the pellet washed in 0.1 ml of 70%
(v/v) ethanol to remove any residual salts and organic molecules contaminating the DNA
or RNA. The DNA or RNA pellet was centrifuged for a further 5 min and the supernatant
discarded. The pelleted DNA or RNA was briefly air-dried and resuspended in an
appropriate volume of TE buffer or sdH2O (for DNA) or DEPC-treated sdH2O (for RNA)
and stored at -20 C until required.
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2.2.7 Isopropanol precipitation of DNA and RNA
Precipitation of nucleic acids with isopropanol was performed using the protocol
adapted from Sambrook et al. (1989). The DNA or RNA was precipitated by adding 0.1
volume of 3 M sodium acetate and an equal volume of isopropanol to the sample. The
solution was mixed gently by inversion and incubated at -70 C for 1 hr. The DNA or
RNA was pelleted via centrifugation at 13,200 rpm for 15 min. The supernatant was
removed using a syringe and the pellet washed in 0.1 ml of 75% (v/v) ethanol to remove
any residual salts and organic molecules contaminating the sample. The precipitate was
centrifuged for a further 5 min and the supernatant discarded. The pelleted DNA or RNA
was briefly air-dried and resuspended in an appropriate volume of TE buffer or sdH2O
(for DNA) or DEPC-treated sdH2O (for RNA) and stored at -20 C until required.

2.2.8 Phenol/chloroform extraction of DNA and RNA
Phenol/chloroform extraction was used to purify and concentrate DNA or RNA,
following a modified protocol from Ausubel et al. (1994). An equal volume of
phenol/chloroform/isoamyl alcohol (25:24:1) was added to the samples and the
suspension vigorously shaken. The samples were then centrifuged at 13,200 rpm for 10
min at room temperature separating the mixture into three phases: aqueous, interphase
and organic phase. The aqueous phase containing the DNA or RNA was transferred to a
fresh tube and mixed with an equal volume of chloroform/isoamyl alcohol (24:1) to
remove any residual phenol. The mixture was recentrifuged as above. The aqueous phase
was transferred to a fresh microcentrifuge tube and the DNA or RNA was concentrated
via ethanol precipitation (Section 2.2.6) and then resuspended in an appropriate volume of
TE buffer or sdH2O (for DNA) or DEPC-treated sdH2O (for RNA).
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2.3 Molecular manipulation of DNA and RNA
2.3.1 Polymerase Chain Reaction (PCR)
PCR was used for the amplification of target sequences in the DNA of
A. castellanii and D. discoideum AX2. The DNA was amplified in 0.2 ml microcentrifuge
tubes that contained the reaction mixture, gene-specific primers and Taq polymerase. The
composition and conditions for the PCR reaction are listed in Appendix 7.6. PCR
reactions were conducted in an automated Mastercycler (Eppendorf). The sequences of
the gene-specific primers are listed in Appendix 7.6.

2.3.2 Reverse Transcription of RNA

2.3.2.1 DNase treatment of RNA
To remove any traces of gDNA from RNA samples, the commercially available
TURBO DNA-free™ kit (Ambion; Appendix 7.4) was used. A 0.1 volume of 10 DNase
reaction buffer and 1 µl of Deoxyribonuclease I (DNase I) enzyme were added to each
RNA sample. After incubation at 37 °C for 30 min, the reaction was inactivated by
adding 0.1 volume of DNase inactivation reagent and incubated at room temperature for 2
min with occasional inversion to mix the samples. The samples were centrifuged at
10,400 rpm for 1 min to pellet the DNase inactivation reagent, and the supernatant
containing the RNA was collected. The RNA was concentrated via isopropanol
precipitation (Section 2.2.7) and used in subsequent Reverse Transcription Polymerase
Chain Reaction (RT-PCR) reactions (Section 2.3.2.2).
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2.3.2.2 Reverse Transcription Polymerase Chain Reaction (RT-PCR)
ThermoScript™ reverse transcriptase (Invitrogen; Appendix 7.3) was used to
create cDNA from RNA. For first strand cDNA synthesis, 5 µg of DNase-treated RNA, 1
µl dNTPs (10 mM), 7 µl DEPC-treated sdH2O and 1 µl of a 3’ gene-specific primer (0.5
µg) were mixed in a 0.2 ml microcentrifuge tube. The sample was heated to 65 °C for 5
min to denature the RNA and subsequently put on ice for approximately 3 min to prevent
secondary structure formation. Following this, 4 µl 5 cDNA buffer, 1 µl DTT (0.1 M), 1
µl RNase OUT (40 U), 1 µl DEPC-treated sdH2O and 1 µl ThermoScript™ enzyme (15
U) were added to the sample and thoroughly mixed. The mixture was then incubated in a
thermocycler (Takara) at 55 °C for 1 hr allowing the ThermoScript™ enzyme to create
cDNA from RNA. Once incubated, the enzyme was heat-denatured at 85 °C for 5 min.
The resulting cDNA was amplified in a standard PCR reaction (Section 2.3.1; Appendix
7.6) using gene-specific 5’ and 3’ primers and the position of the reverse transcription
primers are indicated in Figure 3.3. The resulting PCR products were analysed via gel
electrophoresis (Section 2.2.3).

2.3.3 Digoxigenin (DIG) labelling of DNA
Random primed labelling with DIG-High Prime (Roche) was performed using the
procedure described in the DIG system user’s guide for filter hybridisation (Mannheim,
1995). Approximately 1 µg of DNA template was diluted with sdH2O to a total volume of
16 µl. The DNA template was heat-denatured by boiling at 100 °C for 10 min and then
immediately chilled on ice. Subsequently 4 µl of DIG-High Prime labelling mixture
(Appendix 7.3) was added. The sample was mixed, centrifuged briefly to pellet the
contents, and incubated at 37 °C for 1 – 20 hr. To terminate the reaction, 2 µl of 0.2 M
EDTA was added.
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2.3.3.1 Purification of DIG-labelled DNA
To concentrate the DIG-labelled DNA and to remove unbound nucleotides, 0.1
volume of 4 M lithium chloride and 2.5 volumes of chilled absolute ethanol were added
to the sample, which was subsequently incubated at -70 C for 30 min or overnight at -20
C. The sample was centrifuged at 13,200 rpm for 15 min to pellet the labelled DNA and
the ethanol removed with a syringe. The pellet was washed with 0.1 ml of 70% (v/v)
ethanol and centrifuged for 5 min at 13,200 rpm. The ethanol was removed, the pellet
briefly air-dried and resuspended in 50 µl of TE buffer.

2.3.4 Digestion of DNA with restriction endonucleases
Restriction digests of plasmid DNA were performed in their recommended
incubation buffers (Appendix 7.3). Each reaction mixture contained 10 U of endonuclease
per µg of DNA and was incubated at 37 °C for 1 hr to overnight, depending on the
amount of DNA to be digested (Appendix 7.7). After digestion, the reaction was
inactivated by heating at the recommended temperature (usually 65 – 75 °C) for 10 – 15
min or by adding a 0.25 volume of 6 loading dye (Appendix 7.3).

2.3.5 Transformation of competent Escherichia coli cells with plasmid
DNA
2.3.5.1 Electroporation
2.3.5.1.1 Preparation of electrocompetent Escherichia coli cells

E. coli electrocompetent cells were prepared according to the protocol by Dower
et al. (1988). Four bottles containing 250 ml LB were inoculated with 1 ml of a fresh
overnight E. coli culture and grown at 37 °C with vigorous shaking until the cells reached
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an OD600 nm of 0.5 – 0.6. The E. coli cells were harvested via centrifugation in a Sorvall
GSA rotor at 5,300 rpm for 10 min at 4 °C. The medium was discarded and each cell
pellet was washed in 250 ml ice-cold sdH2O and recovered via centrifugation as above.
This was repeated with half the original volume of ice-cold sdH2O. The supernatant was
removed and the washed cell pellet was resuspended in 20 ml of 10% (v/v) glycerol and
centrifuged at 5,300 rpm for 10 min at 4 °C. After discarding the supernatant, the pellet
was resuspended in a final volume of 3 ml of 10% (v/v) glycerol (cell concentration ~3 
109 cells ml-1). The cells were transferred into microcentrifuge tubes in 0.1 ml aliquots
and stored at -70 °C until required.

2.3.5.1.2 Electroporation of competent cells

The electrocompetent E. coli cells were thawed, mixed with plasmid DNA (1 µg)
and placed into pre-chilled electroporation cuvettes (Bio-Rad Gene Pulser/E. coli Pulser
cuvette) with a 0.2 cm gap. The cuvette was wiped dry and pulsed using a Bio-Rad Gene
Pulser™ (Bio-Rad) set at 2.5 kV, 25 µF and 200 Ω resistance. Immediately following
electroporation, 1 ml of SOC medium (Appendix 7.2) was added to stabilise the cells,
which were then transferred to a 10 ml tube and incubated with shaking at 37 °C for 1 hr.
Following incubation, a serial dilution was prepared, plated onto LB agar plates
(Appendix 7.2) supplemented with the appropriate selective antibiotic (100 µg ampicillin
ml-1) and incubated overnight at 37 °C. The transformants were screened for the plasmid
of interest through small-scale extraction of plasmid DNA (Section 2.2.2.2) and evaluated
via restriction digest analysis (Section 2.3.4).
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2.3.6 Transformation of Acanthamoeba castellanii and Dictyostelium
discoideum AX2 with plasmid DNA
The calcium phosphate co-precipitation procedure adapted from Nellen et al.
(1984) was used to transform A. castellanii and D. discoideum AX2 cells. The original
protocol was modified by Wilczynska and Fisher (1994) for the use of Micrococcus
luteus lawns for the selection of transformants. A. castellanii and D. discoideum cells
were inoculated into 50 ml of the appropriate medium (PYG or HL-5, respectively), and
grown axenically until they reached a density of 2  106 cells ml-1. For each
transformation, 10 ml of the culture (A. castellanii or D. discoideum) was pipetted into a
Petri dish and the cells allowed to settle and attached to the bottom of the Perti dish for 1
hr. The medium was removed and replaced with 10 ml of MES-PYG or MES-HL-5
medium (Appendix 7.2) and the cells incubated for 1 hr at room temperature.
Concurrently the plasmid DNA was prepared; the mixture consisted of 0.6 ml of sdH2O
that contained 40 µg of plasmid DNA and 0.6 ml of 2 HBS. The plasmid DNA was
precipitated by adding 76 µl of 2 M CaCl2 drop-wise while vortexing and was left to
stand for 30 min at room temperature. A negative control without DNA was also prepared
in the same manner to observe if the transformant selection was successful. Following
incubation, the medium was removed and the precipitated DNA was added to the cells
and incubated for a further 30 min at room temperature. Without removing the DNA, 10
ml of MES-PYG or MES-HL-5 medium was added and the amoebal cells left to incubate
at room temperature for 4 – 6 hr to allow for the uptake of plasmid DNA. Following the
incubation, the medium was removed and the cells were shocked with 2 ml of 18% (v/v)
glycerol for 3 min. Subsequently the glycerol solution was removed and 10 ml of the
appropriate medium added. The cells were incubated overnight at room temperature to
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recover. Transformants were selected for on bacterial lawns (Section 2.3.6.1) and in
liquid medium (Section 2.3.6.2).

2.3.6.1 Selection of transformants on bacterial lawns
The day after transformation, the amoebal cells were gently resuspended and 1 ml
of the suspension was spread plated onto SM agar plates that contained 20 µg ml-1 of
geneticin and a Micrococcus luteus or Klebsiella aerogenes lawn as a food source. The
agar plates were incubated at the appropriate temperature for 10 – 21 days or until
transformant plaques were visible.

2.3.6.2 Selection of transformants in axenic medium
The day after transformation, the amoebal cells were gently resuspended into
solution and 0.5 ml of the suspension was placed into 24 well Costar® plates. The wells
contained 0.5 ml of HL-5 or PYG supplemented with 20 µg ml-1 of geneticin, and the
cells incubated at the appropriate temperature. The medium was replaced every 2 – 3 days
to remove dead cells and to observe growth of the amoebae.

2.3.7 Northern hybridisation
2.3.7.1 Probe synthesis
DNA fragments to be used as probes for hybridisation experiments were amplified
by PCR (Section 2.3.1). The PCR amplified products were then used as templates in a
DIG-labelling reaction (Section 2.3.3), yielding DIG-labelled probes.
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2.3.7.2 RNA electrophoresis and transfer of RNA on a nylon membrane
The RNA samples were loaded on a 1% (w/v) agarose gel prepared with 1 TAE
(Section 2.2.5). Samples were subjected to gel electrophoresis for approximately 2 hr at
100 V. Northern hybridisations were performed using a modified method described in
Current Protocols in Molecular Biology (Ausubel et al., 1994). The capillary transfer
method was used to transfer RNA from the agarose gel onto a Hybond®-N+ nylon
membrane (GE Health Bio-Sciences). A transfer pyramid was prepared allowing the
transfer solution to be drawn through the agarose gel by capillary action, established and
maintained by a stack of dry Whatman™ 3 MM paper (Thermo Fisher Scientific). The
pyramid was left overnight allowing sufficient time for the moving stream of transfer
solution to elute the RNA from the agarose gel and deposit the RNA on the nylon
membrane.

2.3.7.3 Transfer pyramid construction
The RNA agarose gel was soaked in 50 mM NaOH for 10 min and equilibrated in
20 SSC (Appendix 7.3) for 15 min. Prior to the construction of the transfer pyramid, a
wick was made by cutting a piece of Whatman™ 3 MM paper approximately the width of
the gel. In addition, a pile of Whatman™ 3 MM paper was cut to the same dimensions of
the gel, stacked to a height of 5 – 7 cm. The transfer pyramid (Figure 2.2) was assembled
by placing a glass plate over a container filled with approximately 500 ml of the transfer
solution (20 SSC). The wick was then placed over the glass support, forming a bridgelike structure with each end of the wick in contact with the transfer solution. The agarose
gel was then placed face down onto the wick. Next a nylon membrane (same size as the
gel) that had been soaked in transfer solution was placed on top of the gel. Three pieces of
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Whatman™ 3 MM paper also soaked in the transfer solution were then laid on top of the
nylon membrane. Air bubbles between the gel and the nylon membrane were removed by
rolling a glass rod over the soaked Whatman™ 3 MM paper. The rest of the dry
Whatman™ 3 MM paper was stacked on top of the gel and membrane. Finally a glass
plate was placed on top of the stack and weighed down with 0.2 – 0.4 kg weights to
ensure sufficient contact throughout the stack. Strips of parafilm® were placed over the
edges of gel to prevent buffer from ‘short-circuiting’, allowing efficient transfer. The blot
was left overnight at room temperature to transfer.
0.2 – 0.4 kg
weight
Glass plate
Whatman™ 3 MM
paper stack

Membrane
Parafilm

Gel
Whatman™ 3 MM wick

Glass
Support
Transfer buffer

Reservoir

Figure 2.2 Transfer pyramid construction for Northern blotting. Components
and assembly of the transfer pyramid. The transfer pyramid allows for the upward
capillary transfer of RNA to a nylon membrane. Modified from Ausubel et al. (1994).
2.3.7.4 Dismantling the transfer pyramid
The transfer pyramid was dismantled by taking the weight and the stack of
Whatman™ 3 MM paper off the membrane. The positions of the wells were marked with
pencil on the nylon membrane while still on top of the gel. The nylon membrane was
removed with forceps and washed briefly (~3 min) in 5 SSC to remove any excess salt.
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Once washed, the membrane was placed between two fresh sheets of Whatman™ 3 MM
paper and baked for 2 hr at 80 ºC to cross-link the RNA to the membrane.

2.3.7.5 Hybridisation
The membrane was cut into individual strips, which were then placed into a 35 
300 mm glass tube filled with 50 ml prehybridisation buffer. The membranes were
prehybridised in a hybridisation incubator (Robbins Scientific) at 42 ºC either for 6 hr or
overnight. Hybridisation buffer (Appendix 7.3) containing the DIG-labelled probe was
heated in boiling water for 15 min to denature the probe and then placed in the incubator
(42 ºC) until required. Following prehybridisation, the prehybridisation buffer was
removed and replaced with the hybridisation buffer containing the denatured probe. The
membranes were left to hybridise in the incubator at 42 ºC overnight.

2.3.7.6 Colourimetric detection
Following hybridisation, the probe was recovered for future use and the
membrane was washed with 100 ml low stringency buffer (Appendix 7.3) for 5 min at
room temperature to remove any non-specifically bound probe. The membrane was
subsequently incubated at 65 °C with prewarmed high stringency wash buffer (Appendix
7.3) for 20 min, to remove any probe hybrids of low homology. Following these washes,
the membrane was equilibrated in washing buffer (Appendix 7.3) for 3 min. The washing
buffer was replaced with 10 – 20 ml of 1% (w/v) blocking solution (Appendix 7.3) and
the membrane was incubated with gentle agitation on a shaker for 30 min at room
temperature. The 1% (w/v) blocking solution was replaced with 50 ml of 1% (w/v)
blocking solution containing 10 µl of Anti-Digoxigenin-AP (150 mU ml-1) which will
allow detection of the probe by the NBT/BCIP substrate solution. The membrane was
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incubated in the antibody solution with gentle agitation for 30 min at room temperature.
The antibody solution was discarded and the membrane was subsequently washed twice
for 15 min per wash, in 50 ml of washing buffer. The membrane was equilibrated in 20
ml of detection buffer (Appendix 7.3) for approximately 5 min, and then placed in a
plastic bag containing 10 ml of substrate solution (0.2 ml NBT/BCIP stock solution in 9.8
ml of detection buffer). The bag was sealed and the membrane was incubated in the dark
until the desired signals were obtained (5 – 60 min). The membrane was removed from
the plastic bag and washed in 20 ml of TE buffer for 5 min to stop the reaction.

2.3.7.7 Enhanced Chemifluorescence (ECF) detection
Following hybridisation, the probe was recovered for future use and the
membrane was washed with 100 ml low stringency buffer (Appendix 7.3) for 5 min at
room temperature to remove any non-specifically bound probe. The membrane was
subsequently incubated at 65 °C with prewarmed high stringency wash buffer (Appendix
7.3) for 20 min, to remove any probe hybrids of low homology. Following these washes,
the membrane was equilibrated in washing buffer (Appendix 7.3) for 3 min. The washing
buffer was replaced with 10 – 20 ml of 1% (w/v) blocking solution (Appendix 7.3) and
the membrane was incubated with gentle agitation on a shaker for 30 min at room
temperature. The 1% (w/v) blocking solution was replaced with 50 ml of 1% (w/v)
blocking solution containing 10 µl of Anti-Digoxigenin-AP (150 mU ml-1), and the
membrane was incubated in the antibody solution with gentle agitation for 30 min at
room temperature. The antibody solution was discarded and the membrane was
subsequently washed twice for 15 min per wash, in 50 ml of washing buffer. The probes
were then detected using ECF (GE Healthcare) an alternative substrate for alkaline
phosphatase which allows detection of the bound probe by fluorescence. The volume of
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the ECF solution required to cover the membrane was calculated using 24 µl of ECF
substrate per cm2 of membrane. The required volume of ECF substrate was pippetted onto
an overhead transparency film on a flat surface, and the equilibrated blot was placed RNA
side down onto the solution. Another overhead transparency film was placed on top to
form a sandwich. The sandwich was covered in foil and left in the dark for incubation at
room temperature for up to 1 hr. Fluorescence was detected between the wavelengths of
540 – 560 nm using the Amersham Storm 860 imaging system (GE Healthcare).

2.3.8 In vitro capping of total RNA and mitochondrial RNA
2.3.8.1 Isolation of mitochondrial RNA
Mitochondria were isolated from A. castellanii and D. discoideum AX2 cells
following a modified protocol from Graziewicz et al. (2002). The cells were grown to a
density of 5  106 cells ml-1 in two conical flasks each containing 1 L PYG or HL-5
medium. The cells were harvested via centrifugation for 5 min at 650  g and 4 °C in a
Sorvall® GSA rotor. The harvested cells were washed twice with 250 ml ice-cold PBS
buffer (Appendix 7.3) and recentrifuged under the same conditions. The supernatant was
discarded and the wet weight of the pelleted cells recorded. To aid in cell disruption, the
cells were purposely enlarged (by osmosis) by gently resuspending the pellet in 9
volumes of the wet weight with cold HDB buffer (Appendix 7.3) supplemented with
1:100 protease inhibitor cocktail (Roche Molecular Biochemicals) and incubated on ice
for 1 hr. Once the cells were swollen, 20 ml of the cell suspension was poured into a 50
ml tube containing a 0.33 volume of glass beads (425 – 600 µm, Sigma-Aldrich). The
mixture was vortexed until only 1 – 2% of intact cells/microscope field remained (this
was approximately 1 – 2 min). Subsequently 1 mannitol-sucrose buffer (Appendix 7.3)
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was added and gently mixed. The mixture was then centrifuged twice at 1,500  g for 5
min at 4 °C in a Sorvall® SS-34 rotor to remove large cellular debris and intact cells.
After each spin the supernatant containing the mitochondria was collected. The
mitochondria were pelleted by centrifugation at 26,000  g for 30 min at 4 °C. The
pelleted mitochondria were resuspended in 3 – 5 ml of 1 mannitol-sucrose buffer and
stored at -70 °C in 500 µl aliquots. When required, the mitochondria were thawed on ice
and the RNA extracted as in Section 2.2.1.2.

2.3.8.2 In vitro capping of RNA with guanylyltransferase
In vitro capping of either total RNA or mitochondrial RNA followed the protocol
supplied by CellScript™. Approximately 50 µg of DNase-treated RNA (Section 2.3.2.1)
was heat-denatured at 65 °C for 5 – 10 min to remove any secondary structures and
immediately transferred to ice to stop secondary structures reforming. To cap the RNA
the following reaction components were added, 10 µl 10 ScriptCap™ capping buffer
(Appendix 7.4), 10 µl 250 µCi [α-32P] GTP, 5 µl 2 mM S-adenosyl-methionine solution,
0.5 µl ScriptGuard™ RNase inhibitor (40 U µl-1) and 4 µl ScriptCap™ capping enzyme
(10 U µl-1). After incubation for 1 hr at 37 °C, the removal of unincorporated [α-32P] GTP
as well as the precipitation of capped RNA was achieved by isopropanol precipitation
(Section 2.2.7). The resulting RNA pellet was resuspended in 50 µl of sdH2O (DEPC) and
then used as a probe in Southern hybridisation experiments (Section 2.3.8.3).

2.3.8.3 Southern hybridisation using in vitro capped RNA as a probe
Southern hybridisation was performed using a modified version of the protocol
described in the DIG System User’s Guide for Filter Hybridisation (Mannheim, 1995).
DNA fragments representing the intervening regions between the major transcripts of the
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A. castellanii and D. discoideum AX2 mitochondrial genome were amplified by PCR
(Section 2.3.1), purified on agarose gels (Section 2.2.3) and subsequently recovered using
Montage DNA gel extraction (Section 2.2.4.1).

2.3.8.3.1 Preparation of agarose gels

The purified PCR DNA samples were separated by agarose gel electrophoresis
(Section 2.2.3) on a 1% (w/v) agarose gel at 100 V for approximately 2 hr. The DNA was
depurinated by submerging the gel in 500 ml of depurination solution (Appendix 7.3) for
10 min at room temperature with gentle shaking. The gel was then neutralised at room
temperature for 30 min in neutralisation solution (Appendix 7.3) with gentle agitation.
Finally the gel was pre-incubated at room temperature for 30 min in transfer solution
(Appendix 7.3).

2.3.8.3.2 Transfer of DNA onto a nylon membrane and construction of the transfer
pyramid

The capillary transfer method was used to transfer the DNA fragments from the
agarose gel to a Hybond®-N+ nylon membrane (GE Health Bio-Sciences). A transfer
pyramid was prepared as in Section 2.3.7.3 that allows the transfer solution to be drawn
through the agarose gel by the capillary action, established and maintained by a stack of
dry Whatman 3 MM paper. The pyramid was left overnight allowing the moving stream
of transfer solution to elute the DNA from the agarose gel and to deposit the DNA onto
the nylon membrane.

2.3.8.3.3 Hybridisation

Hybridisation was performed using a hybridisation incubator Model 2000 Micro
hybridisation incubator (Robbins Scientific). After blotting, the pyramid was dismantled
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and the nylon membrane was neutralised in 50 ml neutralisation buffer for 5 min and
rinsed briefly in 2 SSC (Appendix 7.3). The membrane was baked for 2 hr at 80 °C and
subsequently prehybridised to reduce background staining. The membrane was placed
into a 35  300 mm glass tube filled with 50 ml prehybridisation buffer. The glass tube
was incubated in the hybridisation incubator for 3 hr at 42 °C. The hybridisation buffer
containing the probe in the form of radioactively labelled A. castellanii or D. discoideum
AX2 RNA was heated in boiling water for 15 min to denature the probe and then placed
into the incubator (42 °C) until required. Following the prehybridisation, the
prehybridisation buffer was removed and replaced with the hybridisation buffer
containing the denatured probe. The membrane was left to hybridise in the incubator
overnight at 42 °C.

2.3.8.3.4 Detection

After hybridisation, the probe was removed and the membrane washed within the
glass tube with a low stringency wash buffer (Appendix 7.3) for 5 min to remove any
non-specifically bound probe. The membrane was then incubated at 65 °C with
prewarmed high stringency wash buffer (Appendix 7.3) for 20 min to remove any probe
hybrids of low homology. Following the low and high stringency washes, the membrane
was rinsed in washing buffer (Appendix 7.3) for 3 min. Once the membrane was washed,
it was carefully wrapped in clear plastic wrap. The radioactivity was detected by exposing
the membrane to a PhosphorImager storage screen (GE Healthcare) for 60 min to
overnight depending on signal levels. The screen was scanned using the Amersham Storm
860 (GE Healthcare) and analysed using the software Imagequant TL (GE Healthcare).
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2.4 Cellular characterisation techniques
2.4.1 Clonal isolation of Acanthamoeba castellanii
To ensure that a pure culture of amoebae was used, A. castellanii was clonally
grown and isolated on Klebsiella aerogenes lawns. The lawns were created by spread
plating 0.2 ml of K. aerogenes in a sterile saline suspension onto Standard Medium (SM)
(Appendix 7.2) agar plates and grown overnight at 37 °C. Approximately 20 – 30 µl of
amoebae taken from storage (-70 °C) was subsequently added and spread plated. The
amoebae were incubated at 28 °C for 1 – 2 weeks to allow plaque formation. Once
plaques had developed, cells from the outside edge of the plaque were taken and placed
into Costar® well plates that contained PYG medium supplemented with 50 µg ml-1 of
ampicillin and incubated at 28 °C for 5 days. The medium was replaced with fresh PYG
to remove dead cells and any contaminating bacteria. This process was repeated until all
bacterial contamination was eliminated. Finally the medium was substituted with PYG
that did not contain antibiotics.

2.4.2 Determination of the growth conditions and generation time of
Acanthamoeba castellanii in axenic medium
The generation time and optimal growth temperature were established for
A. castellanii in liquid medium. A 0.5 ml aliquot of A. castellanii cells was taken from the
monolayer in a Costar® well plate and added to 10 ml of PYG (Appendix 7.2). The
amoebae were grown to a density of 1  106 cells ml-1. Once grown, 50 ml of PYG
medium were inoculated to a final density of 1  104 cells ml-1 with the pregrown
amoebae. A cell count was conducted using a haemocytometer and a light microscope
using the 40 objective. This was repeated until the statistically valid number of 30 cells
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was obtained. The flasks were incubated at various temperatures to establish the optimal
growth temperature on an orbital shaker. The amoebal cells were counted twice daily over
a 100 hr period and their generation time was calculated using N=No2n, where N is the
final cell density, No is the initial cell density and n the number of generations.

2.4.3 Determination of the bacterial grazing behaviour preference and
expansion rates of Acanthamoeba castellanii on agar plates
The grazing behaviour of A. castellanii was determined on SM agar plates that
contained bacterial lawns of E. coli B2, K. aerogenes or M. luteus. Bacterial suspensions
of E. coli B2, K. aerogenes or M. luteus were prepared by resuspending harvested
bacteria in 3 ml of sterile saline. A 0.1 ml aliquot of the bacterial suspension was spread
plated onto SM agar and incubated at 37 °C overnight. In the case of M. luteus, SM agar
was spread plated 3 days prior to the experiment and incubated at 28 °C. The bacterial
plates were subsequently inoculated with 10 µl of A. castellanii cells (taken from a
monolayer from a Costar® well plate) in the centre of the plate and incubated at 28 °C.
The plaque diameter was measured twice daily over a 100 hr period and the velocity of
growth was determined.

2.4.4

Determination

of

geneticin

sensitivity of

Acanthamoeba

castellanii in liquid medium
A. castellanii was tested for its sensitivity to varying concentrations of geneticin in
an axenic medium. An aliquot of 0.5 ml of the amoeba was taken from the monolayer
from a Costar® well plate and added to 10 ml of PYG. The amoebae were grown to a
density of approximately 1  106 cells ml-1. At this stage, 50 ml of PYG medium
containing 20 µg ml-1, 25 µg ml-1 or 30 µg ml-1 of geneticin was inoculated to a final
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density of 1  104 cells ml-1 of the amoebae. An initial cell count was performed using a
haemocytometer. The flasks were incubated at 28 °C on an orbital shaker. The cells were
counted twice daily over a 100 hr period.

2.4.5

Determination

of

geneticin

sensitivity of

Acanthamoeba

castellanii on agar plates
A. castellanii was tested for its sensitivity to varying concentrations of geneticin
on agar plates. Bacterial suspensions of M. luteus or K. aerogenes were prepared and a
0.2 ml aliquot was spread plated onto SM agar that contained 20 µg ml-1, 25 µg ml-1 or 30
µg ml-1 of geneticin, and also onto control SM plates that did not contain geneticin. A 10
µl aliquot of A. castellanii cells was then spotted on the bacterial lawns. The amoebae
were incubated at 28 °C and the diameter of the formed plaque was measured twice daily
over a 100 hr period to calculate the velocity of growth.
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Chapter Three: Transcription and Transcript Processing
of the Acanthamoeba castellanii Mitochondrial Genome
3.1 Introduction
Transcription of mitochondrial genomes varies significantly with respect to the
number of initiation sites. In many vertebrates, for example, transcription occurs from
only a single control region, whereas plant and fungal mitochondrial genomes are known
to have multiple promoters (Jaehning, 1993; Schuster & Brennicke, 1994; Taanman,
1999; Tracy & Stern, 1995). Although transcription and processing mechanisms have
been studied mainly in the mitochondria of animals and plants, much less is known about
mitochondrial gene expression in protists. In recent years, more effort has been put into
sequencing and investigating the mitochondrial genomes of lower eukaryotes such as
protists, as it is thought that they may hold information on the early evolution of
mitochondria and eukaryotes (Barbrook et al., 2010; Barth et al., 2007; Burger et al.,
2012; Burger et al., 2013; Gray et al., 2004; Pombert & Keeling, 2010).
The mitochondrial genome of the amoebozoan Acanthamoeba castellanii, an
opportunistic human pathogen, has been sequenced as part of the effort to examine the
evolution of the mitochondria (Burger et al., 1995). However, the mechanisms involved
in transcription and processing of the A. castellanii mitochondrial genome have yet to be
investigated. To explore and establish transcription and transcript processing mechanisms
in the mitochondria of A. castellanii, several experiments were performed in this study.
The first experiment employed the use of DIG-labelled DNA probes in Northern
hybridisation analyses to determine the expression pattern of the A. castellanii
mitochondrial genome. Reverse Transcription Polymerase Chain Reactions (RT-PCR)
67

were then performed to confirm the presence and composition of the transcripts detected
on the Northern hybridisations, and to establish whether the transcripts were primary,
secondary or tertiary in origin. The results obtained were then collated in an attempt to
reveal the location of transcription initiation sites.

3.2 Mitochondrial transcription and transcript processing in
Acanthamoeba castellanii

3.2.1 Primer design and generation of gene-specific probes for
Northern hybridisation analyses
To investigate the transcription of the A. castellanii mitochondrial genome,
Northern hybridisation was employed. Gene-specific oligonucleotide DNA primers were
designed based on the sequence information available from the NCBI database
(http://www.ncbi.nlm.nih.gov; Accession number: NC_001637.1) (Appendix 7.6). The
amplification of DNA was carried out under the conditions listed in Appendix 7.6, and
the amplified DNA was labelled with a digoxigenin (DIG) reporter molecule via random
prime labelling (Section 2.2.3). All probes created for Northern hybridisations, their gene
content, size and position in the A. castellanii genome, are listed in Table 3.1.
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Table 3.1 Gene content, position in the Acanthamoeba castellanii
mitochondrial genome and length of DNA probes utilised in Northern
hybridisation analyses
Probe

Gene content

Position

A

rnl

108 – 1797

1690

B

rns

5770 – 6964

1195

C

cox1/2

7499 – 8726

1228

D

rps4

10706 – 11243

538

E

nad6

11671 – 12178

508

F

nad5

12514 – 14142

1629

G

nad11

14638 – 15521

884

H

cox3

16700 – 17521

822

I

nad4

17606 – 18815

1210

J

nad2

19084 – 20335

1252

K

rps2

20655 – 21013

359

L

atp9

22414 – 22592

179

M

cob

22788 – 23626

839

N

cob/nad4L

23613 – 24144

532

O

orf83

24275 – 24449

175

P

orf115

24549 – 25089

541

Q

atp1

25509 – 26536

1028

R

nad1

27374 – 28031

658

S

rpl11

28342 – 29076

735

T

rps13/rps11

35141 – 36048

908

U

orf142/orf124

36254 – 36989

736

V

nad3/nad9

37276 – 37888

613

W

nad7

38094 – 38841

748

X

atp6

39423 – 39944

522

Y

orf349

40152 – 41032

881
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Size (bp)

3.2.2

Acanthamoeba

castellanii

mitochondrial

genes

are

co-

transcribed into large polycistronic transcripts
The A. castellanii mitochondrial genome is 41.6 kb in size and like most
protozoan mitochondrial genomes, carries a core set of genes that encodes proteins
involved in oxidative phosphorylation, as well as ribosomal proteins, tRNAs and the large
and small subunit rRNA (Figure 3.1). The organisation of genes may provide an
indication of how the genome is expressed. Firstly, all genes are encoded on the same
strand of DNA and most genes are densely packed with relatively short non-coding
regions. As is often the case in the mitochondrial genomes of animals and fungi, the
genes in the A. castellanii mitochondrial genome that are located close together or even
overlap are expected to be transcribed on the same transcript (Binder et al., 1996; Gray et
al., 1992). This will most likely be the case for many of the NADH dehydrogenase
subunit genes such as nad5-nad11, cob-nad4L and nad3-nad9-nad7, which all overlap by
one or more nucleotides. Furthermore, all the ribosomal protein genes in the A. castellanii
mitochondrial DNA, with the exception of rps2 and rps4, are present in a single cluster;
these genes may also be co-transcribed.
To analyse the gene expression pattern in A. castellanii mitochondria, Northern
hybridisation analysis was performed. Total RNA was isolated from Acanthamoeba cells
(Section 2.2.1.2), separated by agarose gel electrophoresis (Section 2.2.5) and transferred
onto nylon membranes (Section 2.3.7). The membranes were then hybridised with genespecific DIG-labelled probes (Table 3.1), and the hybridised probes were detected using
alkaline phosphatase detection methods (Sections 2.3.7.6 and 2.3.7.7).
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Figure

3.1

Schematic

map

demonstrating

the

gene

content

and

organisation of the Acanthamoeba castellanii mitochondrial genome. The
A. castellanii mitochondrial genome is a 41,591 bp circular DNA molecule encoding 17
components of the electron transport chain and oxidative phosphorylation apparatus,
two ribosomal RNAs, 16 ribosomal proteins, 16 tRNAs, 3 group I introns and 5 ORFs of
unknown function. All genes are tightly packed on the same strand. Coloured boxes
represent genes, grey boxes represent intronic sequences and black boxes represent
non-coding regions.
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In the Northern hybridisation analyses, transcripts were detected for both the large
(rnl) and small (rns) ribosomal subunit rRNAs, the protein encoding genes and for some
genes of unknown function (ORFs). All probes (with the exception of the rnl probe)
hybridised to transcripts much larger than those expected for individual genes. Probe B
against the gene encoding the rns (1.5 kb), for example, hybridised to transcripts of 5.6 kb
and 4.5 kb in size (Figure 3.2, panel A). The two transcripts were also recognised by
probe C against the gene encoding cox1/2, indicating that the gene encoding the rns (1.5
kb) and the gene encoding cox1/2 (2.6 kb) are co-transcribed onto a polycistronic
transcript. The size of the 5.6 kb polycistronic transcript implies that this transcript must
contain additional sequences, most likely the sequences of the downstream rps4 gene (1.1
kb), although probe D, against the rps4 gene, only detected its mature RNA transcript (1.1
kb). The fact that probe D failed to hybridise to the polycistronic transcript may have
been due to low probe sensitivity or due to rapid processing. The processing also leads to
the release of mature transcripts for rns (1.5 kb) and cox1/2 (2.6 kb) as indicated by their
hybridisation to probes B and C, respectively.
Similarly, Figure 3.2 (panel B) shows that gene-specific probes against cox3 (H),
nad4 (I), nad2 (J), rps2 (K) and atp9 (L) hybridised to a transcript of approximately 6.2
kb in size. Other examples include probes against genes for cob, nad4L, orf83, orf115,
atp1 and nad1, which hybridised to a transcript of 5.7 kb in size, whereas probes against
the genes nad3, nad9, nad7, atp6 and orf349 hybridised to a transcript of 4.8 kb in size.
The presence of transcripts much larger than the estimated size of individual genes and
the fact that the transcripts are detected by multiple gene-specific probes suggests that the
genes are co-transcribed onto polycistronic transcripts. A total of six polycistronic
transcripts (transcripts I – VI) varying in size from 2.7 – 10 kb was detected (Figure 3.3).
Based on these observations it can be concluded that the genes in the A. castellanii
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mitochondrial genome are not transcribed individually, but must be transcribed in clusters
from a small number of promoters.
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Figure 3.2 The co-transcription of genes onto polycistronic transcripts in
Acanthamoeba castellanii mitochondria. Northern hybridisation analysis of total
RNA using probes against gene sequences as listed in Table 3.1. Arrowheads indicate
transcripts of interest. The gene-specific probes recognise large polycistronic transcripts
of 5.7 kb and 4.6 kb (panel A), and of 6.2 kb (panel B) in size and smaller RNA molecules.
The sizes of RNA molecular weight markers (Fermantas) are indicated in kilobases (kb).
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6.2 kb
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Figure 3.3 A schematic representation of the six large polycistronic transcripts detected via Northern hybridisation
and RT-PCR analysis. (A) Linear map of the genes and their organisation in the circular mitochondrial genome of Acanthamoeba
castellanii (41.6 kb). Intronic sequences are shown as thin lines; intergenic regions are depicted as hatched lines. t 1 – t6 represents clusters
of tRNAs that may serve as processing signals. (B) The six major transcripts I – VI detected by Northern hybridisation and RT-PCR analysis.
Arrowheads indicate the binding sites for the 3’ primers used for reverse transcription. The sizes of the transcripts are not to scale, the
actual sizes are indicated by the numbers below the transcripts (kb).

3.2.3 Polycistronic RNA transcripts are further processed into mature
transcripts
Apart from binding to the six large polycistronic RNA transcripts in the Northern
hybridisation analyses, many gene-specific probes also hybridised strongly to smaller
transcripts (Figure 3.2 and 3.4). This observation suggests that the synthesis of
polycistronic transcripts is followed by transcript processing to form smaller, mature
RNAs that either act as templates for translation or as structural RNAs. Processing of
transcript IV (5.7 kb), for example, resulted in a number of RNA fragments hybridising to
the same gene-specific probes (Figure 3.4, panel A). Probes L to R against atp9, cob,
nad4L, orf83, orf115, atp1 and nad1, respectively, detected a larger 5.7 kb transcript (IV);
however, probes Q and R also detected a smaller 2.7 kb transcript. The presence of much
smaller RNA transcripts detected by probes that also hybridised to the larger polycistronic
transcripts demonstrates that these transcripts are processed further to form mature RNA
molecules.
In many cases the processing does not necessarily result in individual
monocistronic transcripts. The 2.7 kb transcript detected by the probes Q and R against
atp1 and nad1 (Figure 3.4, panel A), for example, does not seem to be processed further,
indicating that the dicistronic transcript serves as a template for translation. On the other
hand, processing into a monocistronic transcript is clearly evident with regard to atp9
(Figure 3.4, panel A; probe L). Other transcripts were found to undergo similar
processing events, such as transcript VI, coding for nad3, nad9, nad7 and atp6 (Figure
3.4, panel B).
Since many of the genes coding for ribosomal proteins overlap, not all individual
coding regions for the ribosomal proteins on transcript V were probed against, as
overlapping genes mostly are co-transcribed in order to be expressed entirely. This can
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also occur for some of the genes that do not necessarily overlap with others, but are
separated by only a few nucleotides.
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Figure 3.4 Processing of polycistronic transcripts into mature RNA
transcripts for translation. Northern hybridisation analysis of total RNA using probes
against the genes on transcripts IV (panel A) and VI (panel B). All probes used for
detection are listed in Table 3.1. Arrowheads indicate transcripts of interest. The sizes of
RNA molecular weight markers (Fermantas) are indicated in kilobases (kb).
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3.2.4

Confirmation

of

co-transcription

and

the

presence

of

polycistronic transcripts by RT-PCR
To confirm that the genes in the A. castellanii mitochondrial genome are in fact
co-transcribed as seen in the Northern hybridisation analyses, RT-PCR was employed to
synthesise complementary DNA (cDNA) from co-transcribed RNA sequences between
the individual coding regions. RT-PCR requires two steps; the first is reverse
transcription, mediated by reverse transcriptase, an enzyme that transcribes an RNA
sequence into a cDNA sequence by the extension of a gene-specific 3’ primer, forming an
RNA:DNA hybrid (Dale et al., 2012). In the second step, the RNA and DNA strands are
separated and the cDNA is amplified in a subsequent PCR reaction by a DNA dependent
DNA polymerase I (Section 2.3.2; Appendix 7.6).
The 3’ primers used in RT-PCR experiments were designed to bind close to the 5’
ends of the downstream coding region of interest, whereas the 5’ primers were designed
to bind to the 3’ end of the upstream coding region (Table 3.2; Figure 3.3 or Figure 3.5).
Extension of the 3’ primers beyond the 5’ ends of the downstream gene into the coding
region of the upstream gene and the subsequent amplification of the resulting cDNA
indicates co-transcription of the two genes. As positive controls, PCR amplifications
using gDNA as template were performed, and the size of the gDNA product was
compared to that of the cDNA product. To remove any traces of contaminating gDNA
that could lead to false positive results in the RT reactions, all RNA samples were treated
with deoxyribonuclease I (Section 2.3.2.1). The successful removal of any contaminating
DNA was demonstrated in negative control experiments, in which the reverse
transcription step was omitted.
Figure 3.5 shows RT-PCR amplification products of sequences between the
individual coding regions of interest. For example, amplification of a cDNA product
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between the genes rns-cox1/2 (panel A) and between cox1/2-rps4 (panel B) on transcript
II demonstrates the existence of transcribed sequences spanning the intergenic regions
between the genes. The same result is shown for a number of non-coding regions between
coding sequences on transcripts III, IV and VI (Figure 3.5; panels C – F). Taken together,
the RT-PCR analyses confirm the observations made in the Northern hybridisations, that
the genes in the mitochondrial genome of A. castellanii are co-transcribed as
polycistronic transcripts.

Table 3.2 Primer sequences used in RT-PCR, their position in the
Acanthamoeba castellanii mitochondrial genome and the expected size of
the amplification products
Primer

Sequence

Position

Arns 5.3

GGCTACACACGTACTACAATGG

6943 – 6964

Acox1/2 3.3

CCCGGAGCAGCTAATTCTAACCTT

7499 – 7522

Acox1/2 5.2

CCAATGTAGTGAGCTTTGTGGCG

9854 – 9876

Arps4 3.1

AATCTACCTCCACGAAAGAAGGCG

11220 – 11243

Anad11 5.2

GCTTTGGTTTTTACGAACAGTTGG

16237 – 16260

Acox3 3.1

AAAAAAGCTATCCACGCCGGAACC

17498 – 17521

Aorf83 5.2

CCTACAGTTGTGCTACAATTTGC

24427 – 24449

Aorf115 3.1

GTACCATTCTCATGAACTTCAAATGC

25064 – 25089

Aorf115 5.2

GCTGGTAACGTCATTAGTGAATCC

24848 – 24871

Aatp1 3.2

CCGTCAACAATACTTTTGATAACTCC

25509 – 25534

Aatp6 5.2

GAGTTTTGTATTGCAATAGTGCAAGCC

39907 – 39933

AtrnQ 3.1

CCTTGCCCTTTGGCTATATCCC

41210 – 41231
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Size (bp)
580

1390

1285

663

687

1325
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Figure 3.5 Amplification of intergenic regions on RNA transcripts via RT-PCR. Amplification by RT-PCR of cDNA fragments
from intergenic regions between genes on transcripts II (panel A & B), III (panel C), IV (panel D & E) and VI (panel F). The 3’ primers used for
reverse transcription are indicated by the arrows. Negative controls (reverse transcription step omitted) are shown in lane 1 of each panel;
lane 2 represents the positive control (PCR of gDNA). Lane 3 shows the RT-PCR (cDNA) results for each of the intergenic regions. The sizes
of DNA molecular weight markers are indicated in kilobases (kb).

3.2.5 The transcripts detected by Northern hybridisation are
processing intermediates
During the investigations for this study, several observations have led to the
assumption that even the six major polycistronic transcripts detected by Northern
hybridisation analyses were derived from the processing of still larger RNA transcripts
rather than transcription initiation from individual promoters. The observations that led to
this assumption included: a) the fact that the corresponding DNA sequences upstream of
the six major transcripts do not carry any consensus sequence that would indicate the
presence of promoter motifs, b) the fact that almost all of the non-coding regions are
limited in size and may not be suitable to carry promoter or regulatory elements, and c)
the fact that many tRNAs are located in positions that are well suited to act as processing
signals.
To establish whether transcripts even larger than those previously identified in
Northern hybridisation analyses exist in the mitochondria of A. castellanii, RT-PCR was
employed to detect and amplify RNA sequences that may link the six major polycistronic
transcripts. RT-PCR is regarded to have much greater sensitivity than Northern
hybridisation, as it only requires low levels of RNA to be present for the synthesis and
amplification of cDNA (Dale et al., 2012; Freeman et al., 1999). It is therefore more
suitable for the detection of RNA transcripts at low abundance. In contrast, detection of
RNA via Northern hybridisation is dependent on the sensitivity of the probe and requires
multiple copies of a transcript to be present. Northern hybridisation may therefore not be
sensitive enough to detect RNA transcripts that are rapidly processed and hence low in
abundance (Dale et al., 2012).
The position of the 3’ primers used for RT-PCR experiments are shown in Figure
3.3, and their sequences along with those of the 5’ primers are listed in Table 3.3. In the
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RT-PCR experiments, cDNA products were obtained from all the intervening regions
between the major polycistronic transcripts (Figure 3.6). The successful amplification of
sequences spanning the regions between the major polycistronic transcripts demonstrates
that these transcripts must have formed part of one or more larger transcript(s). The
primary transcripts may have been difficult to detect by Northern hybridisation due to
rapid co-transcriptional processing. These findings indicate that the six polycistronic
transcripts have been generated by processing rather than by transcription initiation, from
which it can be concluded that the A. castellanii mitochondrial genome is not transcribed
from many individual promoters, but only from one or two.

Table 3.3 Primers used in RT-PCR experiments to amplify intervening
regions between the six major transcriptional units, their sequence and
position in the Acanthamoeba castellanii mitochondrial genome, and the
expected size of the amplified products
Primer

Sequence

Position

Arnl 5.2
Arns 3.2

GGCATTGTCGAGTAGCTACG
TGTTACCAGCGTTCACTCGG

4939 – 4958
5791 – 5810

872

Arps4 5.1
Anad6 3.1

AGGGGGCTGGTATTTTACAAGTCG
ACGTGTAAGTATAAACCAACCAACC

10706 – 10729
12154 – 12178

1473

Arps2 5.2
Aatp9 3.2

CTTCCTTTTTCGCCCTAAGATGC
CCTGAAGTAGCTAGACCAGAACC

21381 – 21403
22414 – 22436

1056

Anad1 5.2
Arpl11 3.2

TTTGATGGTTTTCCTTCGGAAGGGGG
CCAAAGCGGAGCTCACACTTAAATGG

28054 – 28079
28680 – 28705

652

Arps11 5.1
Anad3 3.2

GGTCTATTTATACTACAAGGAGTTGTGG 35883 – 35910
CGATATCTGATTCCTGATAAACCAGG
37208 – 37233

1351

AtrnL1 5.1
Arnl 3.2

GGATATGCTGAAATGGTAGACAGGC
GTATATTTCGCTCGATTAGGCGCC

216

81

41513 – 41537
114 – 137

Size (bp)

I

II

Arnl 3.2

Arns 3.2

VI – I

1

2

Anad6 3.1

I – II

1

3

IV

III

2

Aatp9 3.2

II – III

3

1

2

V
Arpl11 3.2

1

2

Anad3 3.2

IV – V

III – IV

3

VI

1

3

2

V – VI

1

3

2

3

2.0
1.5

82

1.0
0.75
0.5
0.25
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Figure 3.6 RT-PCR amplification of intervening regions between the six major transcripts in the mitochondria of
Acanthamoeba castellanii. Amplification by RT-PCR of cDNA fragments spanning the intervening regions between transcripts VI and I
(Panel A), I and II (panel B), II and III (panel C), III and IV (panel D), IV and V (panel E) and V and VI (panel F). Negative controls (reverse
transcription step omitted) are shown in lane 1 of each panel; lane 2 represents the positive control (PCR of gDNA). Lane 3 indicates the
RT-PCR (cDNA) result for each of the intervening regions. The sizes of DNA molecular weight markers are indicated in kilobases (kb).

3.2.6 tRNAs may act as excision signals in transcript maturation
As shown in the previous sections, the large precursor RNA transcripts in the
mitochondria of A. castellanii undergo processing to generate smaller, mono, di- and
tricistronic RNA transcripts and to release mature tRNAs and rRNAs. The processing
presumably occurs via precise endonucleolytic cleavage involving tRNA excision. This
form of RNA processing has been observed in the mitochondria of many organisms,
including mammals, plants, yeast and protists (Barth et al., 2001; Ojala et al., 1981;
Schäfer et al., 2005; Schock et al., 1998). For some of these it has been shown that the
characteristic clover-leaf structure formed by tRNAs acts as a signal for specific
endonucleases to cut and process the RNA transcript at this site (Barth et al., 2001;
Montoya et al., 1981; Ojala et al., 1981; Taanman, 1999). The possibility that the
maturation of RNA molecules in the mitochondria of A. castellanii occurs in a similar
way, is supported by the distribution of the 16 tRNA genes throughout the A. castellanii
mitochondrial genome. In this genome, the mitochondrial tRNA genes are grouped into
six clusters (t1 – t6) (Figure 3.1) and the location of these clusters in the genome
corresponds to many of the processing sites at the RNA level as observed in the Northern
hybridisations analyses (Figure 3.3).
The release of transcript I (2.7 kb) and II (5.6 kb) from a large precursor RNA
molecule, for example, must involve the cleavage of the tRNA cluster t 1 (0.53 kb) located
between the rnl and rns genes, the cleavage of the tRNA cluster t6 (0.38 kb) upstream of
the rnl gene, and the cleavage of the tRNA cluster t2 (0.15 kb) downstream of the rps4
gene. The sizes of the resulting transcript I and II as determined by Northern
hybridisation indicate the removal of the tRNA sequences from the processed RNAs
(Figure 3.7).
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Figure 3.7 Processing of precursor RNA molecules by tRNA excision. (A)
Schematic diagram indicating the location of genes and of three tRNA clusters t 1, t2 and
t6 on a section of an RNA precursor in the mitochondria of A. castellanii. Intronic
sequences are shown as thin lines; intergenic regions are depicted as hatched lines.
White boxes indicate transcripts I and II as detected by Northern hybridisation. The black
lines underneath depict the mature monocistronic transcripts derived from transcript II.
The sizes of the transcripts are not to scale; the exact sizes are indicated by the numbers
below the transcripts (kb) and the sizes of genes are below in brackets (bp). The dotted
lines indicate the cleavage sites for tRNA release. (B) Northern hybridisation analysis
using gene-specific probes (Table 3.1) against rnl, rns, cox1/2 and rps4 demonstrated the
release of t1, t2 and t6 from the RNA precursor to generate transcripts I (2.7 kb,
containing the mature rnl) and transcript II (5.6 kb, containing rns, cox1/2 and rps4).
Transcript II is further processed into mature monocistronic transcripts of 1.5 kb, 2.6 kb
and 1.1 kb, respectively.
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Similarly, the removal of the tRNA clusters, t3, t4 and t5 leads to the formation of
two large secondary transcripts III and IV, and to the release of the atp9 transcript (Figure
3.8). With regard to the maturation of transcripts III and IV, however, it is of interest to
note that the Northern hybridisation studies showed that probe L against atp9 hybridised
simultaneously to upstream but also to downstream processing intermediates; the gene
specific probe not only recognised transcript III (Figure 3.8 B, left panel), but also
transcript IV (Figure 3.8 B, right panel). This observation may suggest that the processing
and release of the tRNA clusters does not occur in a particular order, as the atp9 transcript
was found to be part of either of the two flanking transcripts.
Another more likely explanation may be found in the putative function of the noncoding region just upstream of the atp9 gene. This region is 617 bp in size and therefore
suitable to harbour any sequences required for gene expression and its regulation. If
transcription of the mitochondrial genome of A. castellanii is indeed initiated in the 617
bp non-coding region, then the atp9 gene would be the first gene to be transcribed, along
with the genes for the downstream tRNA cluster and the cob gene, which would explain
why the atp9 gene-specific probe recognised transcript IV. The presence of a unique
transcription start site in the above mentioned non-coding region may place transcription
termination sequences at the 5’ portion of the same region. Any inefficient transcription
termination at these sequences and the resulting read-through by the RNA polymerase
would explain why the atp9 sequences can also be found as part of transcript III.
Furthermore, the very strong signal obtained by probe L against atp9 in relation to
the weaker signals obtained by other probes for genes including cob and nad4L, implies
that the mature atp9 transcript is present at a much higher copy number than other
transcripts. The high level of atp9 transcript present in the cell supports the possibility of
a start site being located in the non-coding region just upstream of the atp9 gene, as high
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transcript levels of genes just downstream of promoters are often observed as a direct
result of repeated transcription initiation due to premature transcription termination.
Additionally, if the RNA polymerase terminated before the tRNA (t4) downstream of the
atp9 gene, this could account for the lower probe signals obtained for cob and nad4L.
Frequent transcription initiation due to premature termination of transcription is
commonly observed in the mitochondria of many other organisms (Bohne et al., 2007;
Guja & Garcia-Diaz, 2012; Roberti et al., 2009). Apart from the frequent transcription
initiation, if there was any inefficient transcription termination and read-through by the
RNA polymerase this would have led to a further increase of atp9 transcript levels in the
cell.
In addition to transcript maturation by tRNA excision, other processing
mechanisms not involving tRNA as processing signals must also exist in the mitochondria
of A. castellanii. Transcript II (5.6 kb), for example, is cleaved into mature transcripts for
rns (1.5 kb), cox1/2 (2.6 kb) and rps4 (1.1 kb), however, none of these coding sequences
are separated by tRNAs (Figure 3.7). Although alternative processing events not
involving tRNA excision have been demonstrated in the mitochondria of other organisms,
any similar mechanisms still need to be researched in the mitochondria of A. castellanii.
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Figure 3.8 Processing of transcripts III and IV. (A) Schematic diagram showing
the position of the tRNA clusters t3, t4 and t5 that serve as processing signals (dotted
lines). Intergenic regions are depicted as hatched lines. White boxes indicate transcripts
III (3’ portion) and IV as detected by Northern hybridisation. Black lines show mature
mono- and dicistronic transcripts of transcript IV. The transcripts are not drawn to scale;
their sizes are indicated below in kb. The sizes of the genes are shown below in brackets
in bp. (B) Northern hybridisation analyses using genes specific probes (Table 3.1) against
nad2, rps2, atp9, orf115, atp1 and nad1 to demonstrate the processing of the two
major polycistronic transcripts III and IV by tRNA excision.
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3.2.7 Identification of genuine transcription start sites by in vitro
capping
The experiments conducted in the previous sections have established in detail the
mode of gene expression in the mitochondria of A. castellanii. The genes in the
mitochondria are co-transcribed as demonstrated by the presence of large, polycistronic
transcripts detected in Northern hybridisation studies, and even the largest detectable
transcripts must be derived from still larger RNA molecules as indicated by the RT-PCR
results. From these observations, it is evident that the number of promoters from which
the A. castellanii mitochondrial genome is expressed must be small. In order to find the
exact number of promoters, their location and to determine their sequence, genuine
transcription start sites needed to be identified.
In principle, the RT-PCR experiments conducted to demonstrate that the identified
six large polycistronic transcripts are processing products of even larger RNA molecules,
could have pointed to the location of possible transcription start sites. Failure to amplify
any intervening region between the six large transcripts would have identified the 5’ end
of the downstream polycistronic transcript to be generated by transcription initiation, as
no sequences upstream of the site exist to serve as template for cDNA synthesis.
However, in the RT-PCR experiments conducted (Section 3.2.5), cDNA was obtained
from all intervening regions. This clearly indicated that RNA sequences existed between
all six major transcripts, suggesting that none of their 5’ ends had been generated by
transcription initiation.
The RT-PCR results were particularly surprising with regard to transcript IV,
whose 5’ end was regarded as the most likely candidate of being generated by
transcription initiation. The assumption that a genuine transcription start site lies upstream
of the sequence representing transcript IV was based on the observation that the non88

coding region upstream of atp9 is 617 bp in length. This is the largest non-coding region
in the genome (Figure 3.3) and therefore well suited to carry promoter and regulatory
sequences. All other non-coding regions are much smaller, ranging in length from only 2
– 369 nucleotides.
As discussed in the previous section (Section 3.2.6), a transcription start site in the
617 bp non-coding region would place any transcription termination sequences in the
same region, upstream of the promoter and somewhere downstream of the rps2 gene and
a cluster of tRNA genes (t3). This, in turn, would also explain why the RT-PCR
experiments failed to identify the presence of the transcription initiation site in the noncoding region as termination of transcription is known to be inefficient and, consequently,
the synthesis of a transcript may continue past the termination site, resulting in a longer
RNA molecule (Platt, 1998). In the RT-PCR experiments, it is therefore possible that
cDNA was obtained from intervening sequences between transcripts III and IV that
resulted from inefficient termination of transcription. To confirm the location of the
transcription initiation site and to rule out the presence of other transcription initiation
sites in the A. castellanii mitochondrial genome, in vitro capping experiments were
conducted and the in vitro capped mitochondrial transcripts were then used as probes in
Southern hybridisation analyses.
Generally, mitochondrial transcripts are not capped like nuclear mRNA precursors
(Montoya et al., 1981). As a result, mitochondrial transcripts whose 5’ ends are generated
by transcription initiation retain a triphosphate ribonucleotide at their 5’ end, whereas
transcripts derived from processing have a monophosphate ribonucleotide at their 5’ end.
Only in the presence of a di- or triphosphate can the capping enzyme guanylyltransferase
add a ‘cap’ in the form of a GTP to the 5’ end of the transcript (Keith et al., 1982). In
vitro capping by guanylyltransferase with [α-32P] GTP therefore allows the specific
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labelling of only those 5’ termini that were generated from initiation of transcription and
can be used to discriminate primary transcripts from those transcripts that are derived
from co- or post-transcriptional processing (Auchincloss & Brown, 1989; Binder &
Brennicke, 1993).
To investigate how the 5’ ends of the six major transcripts were created, total or
mitochondrial RNA extracted from A. castellanii cells was capped in vitro in the presence
of radioactively labelled [α-32P] GTP (Section 2.3.8.2) and then used as probes in
Southern hybridisation analysis (Section 2.3.8.3). For the Southern blot, DNA fragments
representing the intervening regions between the major transcripts were amplified by
PCR, separated by gel electrophoresis and then transferred onto nylon membrane. In
parallel, total RNA isolated from D. discoideum was in vitro capped and used in a similar
setup as probes in Southern hybridisation against DNA sequences representing the
transcription start site in the D. discoideum mitochondrial genome. This approach has
been used successfully to identify the unique transcription initiation sites in the
mitochondrial genome of D. discoideum (Le et al., 2009), and therefore served as a
positive control in the A. castellanii experiment. However, despite many attempts of in
vitro capping under changing reaction conditions, a result that would confirm the
presence of a transcription initiation site in the 617 bp non-coding region of the
A. castellanii mitochondrial genome was not obtained, even though the positive control
always showed the expected result.
In conclusion, the results obtained in the Northern hybridisation analyses and RTPCR experiments clearly showed that the A. castellanii mitochondrial genome is
transcribed into large polycistronic transcripts that are co-transcriptionally processed into
smaller, mature RNA molecules, and that the large polycistronic transcripts detected in
Northern hybridisation analyses are processing products of even larger transcripts. These
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observations point to the possibility that the genome is transcribed from only one
promoter. A transcription start site has been suggested (Figure 3.9), but could not be
verified through the in vitro capping experiments.
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Figure 3.9 A detailed schematic representation of the Acanthamoeba
castellanii mitochondrial genome and its transcription products. The
individual genes encoded by the A. castellanii mitochondrial DNA, as well as the intronic
and non-coding sequences are indicated. Transcription of the 41.6 kb genome most
likely generates a single, large primary polycistronic transcript that is rapidly and cotranscriptionally processed into six large secondary transcripts (I – VI), which in turn are
further processed into mature mono-, di- and tricistronic transcripts. The position of the
suggested unique transcription initiation site is indicated by the arrow.
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3.3 Discussion
Mitochondria are essential organelles in eukaryotic cells, as they play a pivotal
role in cellular respiration and energy production. Mitochondria are also known to have
roles in calcium homeostasis, cellular signalling pathways and in apoptosis (Chacinska et
al., 2009; Chan, 2006). The organelles are very dynamic in structure and have the ability
to change their composition in response to many physiological and environmental stimuli
such as changes to cellular energy demand, hormones, growth factors and temperature
(Chen & Chan, 2009; Diaz & Moraes, 2008). As remnants of their bacterial ancestors,
mitochondria have retained their own genome, the mitochondrial DNA. Mutations in the
mitochondrial DNA can result in dysfunction of the mitochondria.
In humans, mitochondrial dysfunction often causes diseases such as diabetes
(Friederich et al., 2009; Petersen et al., 2004), hearing loss (Casano et al., 1998; Hutchin
& Cortopassi, 2000) and neurodegenerative disorders such as Leigh syndrome (Finsterer,
2008; Holt et al., 1988), Kearns-Sayre syndrome (Schröder et al., 2000) as well as
Parkinson’s disease (Schapira et al., 1989; Schapira, 2008; Wallace, 1992), Alzheimer’s
disease (Cavallucci et al., 2013) and Huntington’s disease (Schapira, 2012; Siddiqui et
al., 2012). The mitochondrial genome in animals and humans has been extensively
studied (Greaves et al., 2012; Wallace & Fan, 2009), which has contributed greatly to our
understanding of mitochondrial disease and the molecular mechanisms involved in
mitochondrial gene expression and its regulation. Studying the mitochondrial genomes of
other organisms such as plants, fungi and in particular the mitochondrial genomes of
protozoa will not only provide further insights into mitochondrial dysfunction and
diseases, but will also provide insight into the origin and evolution of the mitochondria
and eukaryotes.

93

A. castellanii is a free-living amoeboid protozoan, which is ubiquitously found in
the environment (Khan et al., 2002). In recent years the amoeba has become a model
organism for studying bacterial pathogenesis and complex cellular processes such as
differentiation, motility and phagocytosis (Derengowski et al., 2013; Siddiqui & Khan,
2012a). A. castellanii is also used in evolutionary studies, and its mitochondrial genome
has been sequenced as part of a comprehensive study to explore mitochondrial genetics,
in particular the genome organisation, expression and evolution in protists (Burger et al.,
1995). These studies formed the basis for this thesis, in which the transcription and
transcript processing events that occur in A. castellanii mitochondria were investigated.

3.3.1 Polycistronic transcription: an indicator of low promoter
numbers
One of the first studies in this thesis was undertaken to establish the mode of
expression of the A. castellanii mitochondrial genome. Transcription of the A. castellanii
mitochondrial genome, as revealed by Northern hybridisation and RT-PCR analyses,
produces six large polycistronic transcripts ranging in size from 2.7 – 10 kb (Figure 3.3).
Polycistronic transcription is a common feature in mitochondrial genome expression, but
is most often seen in the smaller, more compact animal mitochondrial genomes. These
genomes typically have a limited number of protein encoding genes that are encoded on
both strands of the mtDNA molecule, and the arrangement of the genes is generally well
conserved within the animal phylum, as it has remained unchanged over long periods of
time (Bevan & Lang, 2004; Boore, 1999; Lang et al., 1999). Furthermore, animal
mitochondrial genomes, due to their reduction from the ancestral genome, do not contain
or contain only a few non-coding regions between their genes (Anderson et al., 1981). As
a result of the compact nature of the gene arrangement, the animal mitochondrial genome
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is transcribed along the entire length of both mtDNA strands from a small number of
promoters found in a single regulatory region known as the D-loop (Clayton, 1984;
Clayton, 1991; Small et al., 2013).
In contrast to animal mitochondrial genomes, plants and fungi have much larger
mitochondrial genomes but are smaller than the ancestral genome. These genomes tend to
be less derived than their animal counterparts and encode a greater array of genes (Fauron
et al., 2004; Paquin et al., 1997). They can also be highly variable in size, due to frequent
genome rearrangements and duplications, insertions of foreign DNA sequences and the
presence of introns within their genes (Aguileta et al., 2014; Binder et al., 1996; Lang et
al., 1999). These features lead to larger genome sizes, as well as extensive mitochondrial
genomic variation within and between major plant and fungal phyla (Aguileta et al.,
2014; Arrieta-Montiel & Mackenzie, 2011; Barr et al., 2005; Paquin et al., 1997). In
addition, these features lead to considerable diversity in gene organisation, especially in
plant mitochondrial genomes, with many genes being separated by large non-coding
sequences.
The larger genome size and the presence of long non-coding regions imply that
most genes in plant and fungal mtDNA are expressed as monocistronic transcripts (Gray
et al., 1992), which are transcribed from multiple promoters distributed throughout the
genome (Binder et al., 1996; Liere & Börner, 2011; Weihe et al., 2012). The presence of
multiple promoters in these genomes is required to ensure transcription of all genes and to
assist in the regulation of gene expression (Gagliardi & Binder, 2007; Kühn et al., 2005;
Liere & Börner, 2011). However, the expression of these genomes is rather intricate,
producing both simple and complex expression patterns. Even though most genes are
expressed as monocistronic transcripts, some genes that are located close together are also
co-transcribed (Binder et al., 1996).
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Protozoan mitochondrial genomes on the other hand, can be even more diverse in
size, structure, gene content and organisation. This is not surprising as protozoans
diverged from plants, fungi and animals at the early stages of eukaryotic evolution and
contain the most biologically diverse phyla in the eukaryotic lineage (Gray et al., 1998).
Their genomes range from the small linear mtDNAs that only encode a small number of
genes, such as those found in the apicomplexans (e.g. Plasmodium falciparum) (Rehkopf
et al., 2000), through to the most ancestral (least derived) and gene rich mitochondrial
genomes of the jakobid flagellates (e.g. Reclinomonas americana) (Burger et al., 2013;
Lang et al., 1997). In general, protozoan mitochondrial genomes tend to be larger than
their animal counterparts, but are smaller than the mitochondrial genomes of plants and
some fungi, suggesting that these mitochondrial genomes may be transcribed from as
little as one to two promoters through to many promoters (Gray, 2014; Miller, 2014).
The A. castellanii mitochondrial genome is relatively large in size at 41.6 kb.
Despite its size, the genome is compact with only a small number of non-coding regions,
and all genes are encoded on the same strand (Figure 3.1). Northern hybridisation
analyses revealed the presence of six large polycistronic transcripts in the A. castellanii
mitochondria (Figure 3.2, 3.4 and 3.5, respectively). The detection of the six polycistronic
transcripts suggested that the A. castellanii mitochondrial genome is transcribed from a
corresponding number of individual promoters, as larger RNA molecules were not
detected in Northern hybridisations. However, not all larger genomes are necessarily
transcribed from multiple promoters. For example, the 55.5 kb mitochondrial genome of
the protozoan D. discoideum, a close relative of A. castellanii, has been demonstrated to
be transcribed, despite its size, from only a single transcription initiation site (Le et al.,
2009). Considering A. castellanii and D. discoideum are close relatives (Cavalier-Smith et
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al., 2004), it was hypothesised that the A. castellanii mitochondrial genome may be
transcribed in a similar way.

3.3.2 Transcription of the Acanthamoeba castellanii mitochondrial
genome is most likely initiated from a single initiation site
Although transcripts larger than the six major transcripts were not detected in the
Northern hybridisation studies, it was assumed that these transcripts were not generated
by transcription initiation from individual promoters. Rather, several observations pointed
to the possibility that the six detected transcripts were processing products of an even
larger primary transcript, and that the primary transcript was generated from a single
transcription initiation site located in the 617 bp non-coding region upstream of the atp9
gene (Figure 3.8). The observations that led to this assumption include: a) the number and
size of non-coding regions suitable to carry promoter and regulatory elements, b) the
location of tRNA clusters in the genome, c) the strength of the signal obtained with the
atp9 probe in Northern hybridisation analyses, and d) the RT-PCR amplification of
intervening regions.

a) Number and size of non-coding regions suitable to carry promoter and regulatory
elements. The length and structure of promoter regions are important factors for efficient
gene expression (Biswas, 1999; Tracy & Stern, 1995). Transcription of mitochondrial
DNA involves a single subunit RNA polymerase that requires additional transcription
factors to be present for the polymerase to function, not only during transcription
initiation, but also during the elongation phase (Bestwick & Shadel, 2013). For
transcription to initiate, the RNA polymerase needs to recognise and bind to the promoter
sequence. Once the transcription factors have bound to sequences upstream of the RNA
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polymerase binding site, their binding induces a conformational change in the DNA,
allowing the polymerase to move along the mtDNA strand (Shadel, 2004). Therefore, the
promoter region in a mitochondrial genome needs to be long enough (anywhere from 10
bp to several 100 bp) (Biswas, 1999; Kühn et al., 2005), not only for the RNA
polymerase to bind, but also for any transcription factors to bind in order to facilitate the
initiation of transcription.
The A. castellanii mitochondrial genome is rather compact, with only a limited
number of non-coding regions. The largest non-coding region is 617 bp in size, while the
remaining non-coding regions are only 2 – 369 nucleotides in length. Therefore, most of
the non-coding regions are regarded as being too short to harbour individual promoter and
regulatory sequences required for transcription initiation, and the 617 bp non-coding
region seems to be the only suitable region to carry these elements. In addition to this, a
typical promoter consensus sequence has not been found in the genome (Burger et al.,
1995), suggesting that the number of promoters must be small, as a consensus sequence
can only be identified if multiple promoters are present that share a common sequence.

b) The location of tRNA clusters in the genome. The 16 tRNA genes in the A.
castellanii mitochondrial genome are dispersed around the genome in six clusters (Figure
3.1). The location of these clusters often coincides with the location of processing sites at
the RNA level (Figure 3.7), suggesting that most of the six polycistronic transcripts
detected in Northern hybridisation analyses are generated by excision of the tRNAs from
even larger transcripts. The grouping of tRNA genes into clusters is a common feature of
many mitochondrial genomes, where they are thought to act as processing signals for the
release of mature RNA transcripts or processing intermediates (Ojala et al., 1981).
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Transcript processing by ‘tRNA punctuation’ was first demonstrated in human
mitochondria, where the entire length of the heavy strand is transcribed as a single
polycistronic transcript. This transcript is co-transcriptionally processed by precise
endonucleolytic cleavage of tRNAs resulting in the release of mature RNA transcripts. As
a consequence of the processing, the primary transcript does not exist in its entirety at any
given point during transcription. Similar mechanisms have been reported to be employed
during mitochondrial transcription in higher plants, fungi, yeast and in the social amoeba
D. discoideum (Barth et al., 2007; Binder et al., 1996; Paquin et al., 1997; Schäfer et al.,
2005).

c) The strength of the signal obtained with the atp9 probe in Northern hybridisation
analyses. The strong signal obtained with the atp9 probe in Northern hybridisation
analyses (Figure 3.8) supports the position of the transcription initiation site in the 617 bp
non-coding region for two reasons. Firstly, if transcription is indeed initiated in this
region, then the strong signal, which is indicative of the presence of high levels of the
mature atp9 transcript, can be explained as a direct result of premature termination of
transcription before the t4 region. Premature transcription associated with high transcript
levels is frequently observed for genes located directly downstream of promoters (Bohne
et al., 2007; Guja & Garcia-Diaz, 2012; Roberti et al., 2009). It results from the fact that
the RNA polymerase complex is often unstable during the early stages of transcription
and prematurely terminates transcription shortly after it has entered the elongation phase
(Cheetham & Steitz, 2000; Kim et al., 2012a). Secondly, if a unique transcription
initiation site is indeed present in the 617 bp non-coding region, then any transcription
termination sequences must be located in the same region somewhere upstream of the
proposed promoter site. Inefficiencies in termination of transcription at these sequences
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will result in read-through by the RNA polymerase into the gene sequences downstream
of the transcription initiation site, leading to a further increase of atp9 transcript levels.
Direct evidence for this scenario is the fact that the atp9 probe not only hybridised to
transcript IV (Figure 3.8 B, right panel), but also to the upstream transcript III (Figure 3.8
B, left panel).

d) The RT-PCR amplification of intervening regions. RT-PCR experiments were
performed to demonstrate that RNA sequences exist between the six major transcripts
detected by Northern hybridisation analyses, indicating that the transcripts were not
generated by transcription initiation from individual promoters, but by processing of even
larger RNA transcripts. Any larger transcripts may not have been detected by Northern
hybridisations due to rapid co-transcriptional processing, reducing the concentration of
these transcripts to undetectable levels. The successful amplification of sequences
spanning the regions between the major polycistronic transcripts provided direct proof
that transcripts I – VI were in fact processing products, supporting the assumption that the
A. castellanii mitochondrial genome is transcribed from a single transcription initiation
site. The RT-PCR results failed, however, to provide evidence for the transcription
initiation site to be located in the 617 bp non-coding region, as all intervening regions
were amplified, including the intervening region between transcript III and IV. Failure to
amplify this region would have confirmed the location of the transcription start site in the
617 bp non-coding region. However, if the above mentioned (c) increase in atp9
transcript levels is indeed caused by inefficient transcription termination, then the readthrough and subsequent termination of the RNA polymerase would also have created a
template for cDNA synthesis.
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To confirm the location of the transcription initiation site in the 617 bp noncoding region, in vitro capping experiments were conducted. Transcripts generated
through transcription initiation usually retain a triphosphate at their 5’ end and can
therefore be capped by the enzyme guanylyltransferase (Keith et al., 1982). As a result,
transcripts that have been generated by transcription initiation can be distinguished from
transcripts derived from processing. In vitro capping has been successfully used in
identifying the mitochondrial transcription initiation sites in many organisms, including
human, yeast and D. discoideum (Christianson et al., 1983; Christianson & Rabinowitz,
1983; Le et al., 2009; Yoza & Bogenhagen, 1984). However, when the same approach
was used to identify transcripts generated by transcription initiation in the A. castellanii
mitochondria, the suggested transcription start site could not be identified.
The in vitro capping experiments may have failed to confirm the suggested
transcription initiation site for a number of possible reasons. Firstly, a tRNA cluster is
present at the very 5’ end of transcript IV. Efficient co-transcriptional processing will
remove the tRNA cluster from the growing transcript as soon as the tRNA genes are
transcribed, resulting in the removal of the triphosphate 5’ end of transcript IV. As a
consequence, the guanylyltransferase will not be able to attach a radioactively labelled
GTP cap. Secondly, any read-through by the RNA polymerase due to inefficient
transcription termination upstream of the promoter will further decrease the availability of
RNA transcripts with triphosphate 5’ ends suitable for capping. Finally, it is also possible
that the RNA transcripts undergo post-transcriptional modifications, such as
endonucleolytic cleavage of untranslated regions to produce mature 5’ and 3’ ends. In
many cases these modifications require the binding of specific RNA-binding proteins
(Antonicka et al., 2013; Rackham et al., 2012). These proteins may not only cause the
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removal of any triphosphate 5’ ends, but their binding may also obstruct the 5’ end of the
transcript, preventing the guanylyltransferase from attaching the GTP cap.

3.3.3 Conclusion
The mode of gene expression in A. castellanii mitochondria puts this organism
into an interesting position with regard to evolution. With a size of 41.5 kb, the
mitochondrial DNA shows the typical features of a protist mitochondrial genome. These
include a relatively high number of genes (33 protein encoding genes, eight open reading
frames, two ribosomal RNA genes and 16 transfer RNA genes), a high AT-content
(70.6%), a small number of non-coding regions and the presence of large and small
ribosomal protein genes arranged in a bacterial-like gene cluster (Burger et al., 1995). In
spite of its size, the mode of transcription of the A. castellanii mitochondrial genome is
similar to that of the much smaller animal mitochondrial genomes. Transcription is most
likely initiated from only a single transcription initiation site, producing a large
polycistronic primary transcript that is co-transcriptionally processed into six secondary
polycistronic transcripts. These secondary transcripts are further processed to yield
mature mono-, di- and tricistronic RNA molecules. The mode of gene expression in the
mitochondrial of A. castellanii therefore shares striking similarities with that reported in
the mitochondria of another amoebozoan, D. discoideum. Transcription from only one or
two transcription initiation sites, despite the relatively large genome size, may indicate an
emerging trend in the expression of protist mitochondrial genomes.
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Chapter Four: Characterisation of Acanthamoeba
castellanii for the Development of a Transformation
System
4.1 Introduction
Since the discovery of Acanthamoeba castellanii in 1930, the amoeba has gained
significant medical interest as it is an opportunistic pathogen that can cause diseases such
as amoebic keratitis and granulomatous amoebic encephalitis (Khan, 2007; MarcianoCabral & Cabral, 2003). However, A. castellanii has become the focus of many scientific
studies as the amoeba plays essential roles in the environment through nutrient cycling
and the regulation of bacterial communities (Rønn et al., 2002; Rosenberg et al., 2009).
A. castellanii is also of interest as it plays an important role as a host for many microbial
pathogens such as Mycobacterium avium, Pseudomonas aeruginosa, Vibrio cholerae and
Legionella pneumophila (Hilbi et al., 2007; Horn & Wagner, 2004). Apart from the
above, A. castellanii is also of value in evolutionary studies that focus on the early
evolution of mitochondria and eukaryotes (Gray et al., 2004; Siddiqui & Khan, 2012a).
Although A. castellanii has been well established in a laboratory environment for
the study of its above mentioned features, its genetic tractability is rather limited. One of
the most widely used techniques to genetically manipulate an organism of interest is
DNA-mediated transformation. At the time the studies for this thesis were conducted, a
reliable transformation system for A. castellanii had not been established. However, in
2010, the first transformation system was reported (Bateman, 2010), but it relies heavily
on the use of expensive reagents and its efficiency is still being questioned.
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In 1984, Nellen et al. developed a transformation method based on calcium
phosphate co-precipitation for the genetic manipulation of a close relative of
A. castellanii, the social amoeba Dictyostelium discoideum. The method has been
modified from that developed by Parker and Stark (1979) for the transient transformation
of mammalian cells. However, the D. discoideum protocol makes use of specifically
designed transformation and expression vectors that either integrate into the genome of
the cell or are maintained by extrachromosomal replication, resulting in a high number of
stable transformants.
To transform D. discoideum, the cells are grown in liquid medium to a cellular
density of approximately 5  106 cells ml-1. An aliquot of the cells is then transferred to a
Petri dish, where the cells settle to the bottom of the dish. The medium is removed and
the cells are incubated with vector DNA that has been co-precipitated with calcium
phosphate. The co-precipitation of the vector DNA with calcium phosphate creates an
insoluble precipitate that is able to bind to the outer surface of the cell (Graham & Van
der Eb, 1973; Sambrook & Russell, 2005). The cells are incubated with the vector DNA
for a period of time and then ‘shocked’ with glycerol, allowing efficient uptake of the
precipitated vector DNA by the cells (Nellen et al., 1984; Parker & Stark, 1979;
Sambrook & Russell, 2005).
Once taken up by the cells, the vector can be stably maintained either by
extrachromosomal replication (Leiting & Noegel, 1988), or the vector integrates into the
genome via homologous recombination depending on the type of vector used in the
transformation (Barth et al., 1998; Katz & Ratner, 1988). All D. discoideum
transformation vectors contain a selectable marker, usually an antibiotic resistance gene
that is expressed under a strong D. discoideum promoter, allowing the selection of
transformants. For most vectors, the bacterial Tn5 neomycin gene, conferring resistance
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to the aminoglycoside geneticin, is used. The transformation protocol developed by
Nellen et al. (1984) was modified by Wilczynska and Fisher (1994) to allow the clonal
growth and isolation of D. discoideum transformants on bacterial lawns using a geneticin
resistant strain of the bacterial species Micrococcus luteus as a food source for the
transformants.
The most commonly used vector for the transformation of D. discoideum is the
pDNeo2 expression vector (Witke et al., 1987) (Figure 4.1). In order to obtain stable
transformants, pDNeo2 needs to integrate into the genome by homologous recombination.
The integration of the vector can be ‘targeted’, if fragments of a target gene of interest are
cloned into the vector, allowing the investigation of the in vivo functions of previously
identified and cloned genes (Witke et al., 1987). Without any cloned gene fragments
present, the vector randomly integrates into the genome, allowing the disruption and
study of unknown genes that may be important for particular biological functions (Kuspa
& Loomis, 1992; Wilczynska & Fisher, 1994). During the integration, the vector
replicates, resulting in tandem multimers of the vector in the insertion site (Barth et al.,
1998). The replication is a random process, resulting in the copy number of the vector to
vary from 5 to 200 copies in any given D. discoideum transformant (Barth et al., 1998;
Nellen et al., 1984). However, a minimum number of plasmid copies per genome is
required for resistance to a given concentration of geneticin (Barth et al., 1998).
The pDNeo2 expression vector is made up of several components (Figure 4.1).
The first one is a multiple cloning site that allows the insertion of a gene or gene fragment
of interest. The expression of the inserted DNA in D. discoideum cells is under the
control of a strong Dictyostelium actin-6 promoter (A6-P) and the actin-8 transcription
terminator (A8-T) (Nellen et al., 1984; Witke et al., 1987). The vector also contains a
selectable marker for the selection of D. discoideum transformants, which is based on the
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neomycin resistance gene of the bacterial transposon Tn903, conferring resistance to
geneticin. Expression of the neomycin resistance gene in this plasmid is under the control
of the Dictyostelium actin-15 promoter (A15-P) and the actin-15 transcription terminator
(A15-T) (Knecht et al., 1986; Witke et al., 1987). The plasmid also contains an origin of
replication (ORI) and an ampicillin selectable marker for the maintenance and
propagation of the vector in the bacterial host Escherichia coli.
XbaI 396

ScaI 5659

ApR

A15-T

pDNeo2
6,167 bp

ORI

Tn903
HindIII 1714

lacI
A15-P
A8-T
A6-P
HindIII 3930
XbaI 2500

Multiple cloning site
3317.SacI.XhoI.BglII.XbaI.EcoRV.ClaI.EcoRI.SacI.KpnI.SmaI.BamHI.XbaI.SalI.PstI.SphI.HindIII.3243

Figure 4.1 Dictyostelium discoideum expression vector pDNeo2. The
transformation vector pDNeo2 consists of the widely used pUC19 backbone, carrying an
E. coli origin of replication (ORI) and an ampicillin-resistance gene (ApR), with its
polylinker replaced by a geneticin resistance cassette and an expression cassette. The
expression of the geneticin resistance cassette in D. discoideum is under the control of
the Dictyostelium actin-15 promoter (A15-P) and transcription terminator (A15-T). The
expression cassette contains a multiple cloning site for the cloning of gene fragments to
be expressed under the control of the Dictyostelium actin-6 promoter (A6-P) and the
actin-8 transcription terminator (A8-T). In addition to restriction sites shown in the
multiple cloning site, other significant restriction sites in the vector backbone are shown
(Witke et al., 1987).
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The purpose of the study was to develop a reliable transformation system to
genetically manipulate A. castellanii, similar to the transformation system established for
D. discoideum. To achieve this, several parameters regarding A. castellanii needed to be
determined, including the optimal growth conditions in both axenic (liquid) medium and
on bacterial lawns, particularly with regard to the isolation of transformants. Additionally,
it was examined whether the widely used eukaryotic growth inhibitor geneticin would be
an effective selective marker. Finally, initial transformation experiments were conducted
following the procedures for the transformation of D. discoideum cells.

4.2

Establishment

of

optimal

growth

conditions

for

Acanthamoeba castellanii
Acanthamoeba species are found in a wide variety of environments, including
soils, marine and fresh water supplies, dust particles and air ventilation shafts (Khan et
al., 2002). The amoebae have a two stage lifecycle; a dormant cyst stage with minimal
metabolic activity, and a trophozoite stage, in which they actively feed on bacteria and
organic particles (Siddiqui & Khan, 2012a; Visvesvara et al., 2007). In the laboratory,
A. castellanii can be grown as a pure culture (without bacteria as a food source) for the
extraction of DNA or RNA, whereas the amoeba is grown on bacterial lawns for the
analysis of cellular interactions with microbes.
To create an effective transformation system for A. castellanii, the basic growth
conditions in axenic media and on bacterial lawns needed to be established. Two strains
of A. castellanii were obtained; the first, Ac07, was acquired from Dr Elizabeth Hartland
(Department of Microbiology and Immunology, Melbourne University, Australia); the
second, A. castellanii Neff strain (Ac013) from Brent Robinson (Senior Protozoologist,
Australian Water Quality Centre, Adelaide, South Australia). The A. castellanii Ac07
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strain was found not to be suitable for the experiments conducted earlier in this study
(Chapter 3), due to differences between its mitochondrial DNA sequence and that
published on the NCBI database (Accession number: NC_001637.1). However, its
optimal growth conditions were established and compared to those of A. castellanii strain
Ac013 which was used for experiments conducted earlier in this study (Chapter 3).

4.2.1 The optimal growth temperature for Acanthamoeba castellanii in
axenic medium
For all growth experiments in liquid, A. castellanii was grown in the axenic
medium PYG (Appendix 7.2). To establish the optimal growth temperature for
A. castellanii (Ac07), the cells were grown at various temperatures of 21 °C, 28 °C, 32 °C
and 37 °C. Cultures were prepared at an initial density of 1  104 cells ml-1, and the cells
were counted twice daily to observe an increase in cell density (Section 2.4.2). After a
short lag phase, cell densities increased at all temperatures at similar rates (Figure 4.2).
However, the highest density of 2.55  105 cells ml-1 was only reached at a temperature of
28 °C. Higher temperatures did not lead to an increase in cell density. At 32 °C and 37
°C, the A. castellanii Ac07 cells reached a maximum density of only 1.76  105 and 1.88
 105 cells ml-1, respectively, at approximately 96 hr of growth and showed a sharp
decline in cell density thereafter (Figure 4.2). The lowest density of 0.75  105 cells ml-1
was reached when the cells were grown at 21 °C. From these experiments it was
concluded that 28 °C is the optimal growth temperature for A. castellanii (Ac07) cells in
PYG medium.
A. castellanii Ac013, when grown at 28 °C, reached a much lower cell density
after 100 hr of growth than the Ac07 strain (1.2  105 cells ml-1 and 2.55  105 cells ml-1,
respectively). Therefore it was concluded that A. castellanii Ac013 may require a
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temperature other than 28 °C to reach its maximum cell density. A temperature range of
20 – 30 °C seems to be common for A. castellanii, and it is known from other studies that
optimal growth conditions can vary significantly between different strains of amoeba
(Fey et al., 2007; Pickup et al., 2007b; Weekers et al., 1993). To determine if the
difference in growth between the two A. castellanii strains was significant, the generation
times for Ac07 and Ac013 were calculated (Figure 4.3). The generation time for
A. castellanii Ac07 (14 hr) was lower than that of the Ac013 strain (16 hr), correlating
with the fact that Ac07 reached a higher cell density at 28 °C.
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Figure 4.2 Optimal growth temperatures for Acanthamoeba castellanii
strains Ac07 and Ac013 in axenic medium. Growth analysis of Ac07 was
performed in PYG growth medium at temperatures ranging from 21 °C to 37 °C and
Ac013 in PYG growth medium at temperatures 28 °C. The cell density was measured
twice daily over a 100 hr period and plotted against time. Error bars are derived from
the standard error of the mean cell density.
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Figure 4.3 Generation times of Acanthamoeba castellanii strains Ac07 and
Ac013 in axenic medium. The cells were grown in PYG medium at the temperatures
indicated, and their generation time was calculated. Error bars are derived from the
mean generation time.
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4.3 The growth and grazing behaviour of Acanthamoeba
castellanii on bacterial lawns
Most amoebae will feed on bacteria that are naturally found in their habitat
(Pickup et al., 2007a). In the soil, a large variety of bacterial species can be found,
including both Gram-positive and Gram-negative bacteria, some of which have developed
powerful strategies to avoid predation by amoebae (Weekers et al., 1993). Understanding
the bacterial grazing habits and preferences of A. castellanii is important, as it will aid in
the development of an efficient transformation system. Under optimal conditions, such a
system must allow the isolation of possible A. castellanii transformants, preventing nontransformed wild-type A. castellanii cells to grow on a suitable selective agent. To better
characterise A. castellanii and to determine suitable food sources, the bacterial grazing
behaviour of both A. castellanii strains was investigated on bacterial lawns formed by
three different bacterial species: Gram-negative E. coli B2; Gram-negative Klebsiella
aerogenes; and the Gram-positive M. luteus. The amoebae were inoculated onto agar
plates containing a pre-grown bacterial lawn formed by one of the above bacteria, and the
diameter of the inoculation plaque was recorded (Section 2.4.3). The plates were
incubated at 28 °C and the plaque diameter was measured twice daily.
For each of the bacterial species, A. castellanii strains Ac07 and Ac013 displayed
a lag phase before expansion of the plaque was observed (Figure 4.4). Cells grown on
E. coli lawns had the shortest lag phase of approximately 30 hr. In contrast, cells grown
on K. aerogenes or M. luteus lawns had a much longer lag phase of 48 hr, which was
probably due to the fact that both bacterial strains have features that help in evading
predation. K. aerogenes possesses an extracellular polysaccharide capsule, which is
known to enhance resistance to phagocytosis (Allen et al., 1987), and Gram-positive
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bacteria such as M. luteus are more difficult to digest due to the composition of their cell
wall (González et al., 1990).
Despite the delay in initial plaque expansion, all three bacterial species were
grazed upon. A. castellanii Ac013 showed a higher preference for E. coli bacterial cells
than Ac07, with a growth rate of 0.677 mm hr-1, whereas Ac07 was much slower growing
on E. coli with a growth rate of only 0.040 mm hr-1 (Figure 4.4 A and 4.5, respectively).
A. castellanii Ac013 also grew faster than Ac07 on K. aerogenes with a growth rate of
0.197 mm hr-1, seven times faster than Ac07 with a growth rate of 0.028 mm hr-1 (Figure
4.4 B and 4.5, respectively). However, when the Ac07 and Ac013 strains were grown on
M. luteus bacterial lawns, the A. castellanii Ac013 strain did not graze at all upon
M. luteus. In contrast to Ac013, A. castellanii Ac07 was able to graze upon M. luteus and
grew at a rate of 0.035 mm hr-1 (Figure 4.4 C and 4.5, respectively).
In conclusion, the comparison of the growth rates of the two Acanthamoeba
strains grown on different bacterial species (Figure 4.5) revealed that the bacterial food
source preference for Ac07 is E. coli B2, but the amoebae can also be grown on M. luteus
and K. aerogenes. A. castellanii Ac013, on the other hand, prefers E. coli B2 over
K. aerogenes as a food source, but does not graze on M. luteus.

112

Plaque expansion (mm)

70

A

60
50
40
30
20
10
0
0

10

20

30

40

50

60

70

80

90

100

110

Time (hr)

Plaque expansion (mm)

70

B

60
50
40
30
20
10
0

0

10

20

30

40

50

60

70

80

90

100

110

Plaque expansion (mm)

Time (hr)
70

C

60
50
40
30

20
10
0
0

10

20

30

40

50

60

70

80

90

100

110

Time (hr)
Ac07

Ac013

Figure 4.4 Plaque expansion of Acanthamoeba castellanii strains Ac07 and
Ac013 grown on different bacterial lawns at 28 °C. Growth analyses were
performed using (A) E. coli B2, (B) K. aerogenes and (C) M. luteus bacterial lawns as a
food source at 28 °C. The plaque diameters were measured twice daily over a 100 hr
period. Error bars are derived from the mean plaque expansion.
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Figure 4.5 Plaque expansion rates for Acanthamoeba castellanii strains
Ac07 and Ac013 grown on different bacterial lawns. The plaque expansion rates
were calculated for A. castellanii Ac07 and Ac013 grown on E. coli B2, K. aerogenes or
M. luteus bacterial lawns. Error bars are derived from the mean plaque expansion rate.
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4.4 Acanthamoeba castellanii sensitivity to the eukaryotic
growth inhibitor geneticin
Vectors used for transformation experiments commonly contain selectable
markers, which in many cases consist of an antibiotic resistance gene under the control of
a strong promoter (Gaudet et al., 2007). This ensures that only cells that have been
transformed with the vector will grow on selective media. Geneticin is a commonly used
eukaryotic growth inhibitor, and resistance to the antibiotic is conferred by the neomycin
resistance gene located on the Tn903 transposon (Davies, 1983). To investigate if
geneticin would be a selective agent suitable for A. castellanii transformation
experiments, A. castellanii (Ac07 and Ac013) sensitivity to geneticin was determined in
both an axenic medium and on bacterial lawns (Section 2.4.4 and 2.4.5).
For the experimental setup on bacterial lawns, M. luteus was chosen as the food
source for Ac07 and K. aerogenes was chosen for Ac013. Both bacterial strains are
known to be resistant to geneticin (Wetterauer et al., 1996; Wilczynska & Fisher, 1994)
and grew well when the lawns were pre-grown overnight at 28 °C in preparation for the
inoculation with the A. castellanii strains. E. coli was not considered as a food source
since both A. castellanii strains demonstrated the highest plaque expansion rates when
grown on lawns of this bacterium (Section 4.3). Using E. coli as a food source would
therefore pose the risk of wild-type cells outgrowing transformants before the selective
agent prevents the growth of non-transformed cells. Furthermore, the slower growth of
the transformed cells reduces the likelihood of spontaneous mutants arising, ensuring that
only transformed cells grow as they are resistant to the selective agent (Wilczynska &
Fisher, 1994).
The A. castellanii cells were pre-grown in a monolayer in costar wells and 10 µl
of the cells were inoculated onto bacterial lawns of M. luteus (for Ac07) or K. aerogenes
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(for Ac013) on SM agar plates containing 20 µg ml-1, 25 µg ml-1 or 30 µg ml-1 of
geneticin (Section 2.4.5). For the experiment in liquid medium, 1  104 cells ml-1 of pregrown A. castellanii cells were inoculated into 50 ml of PYG medium containing 20 µg
ml-1, 25 µg ml-1 or 30 µg ml-1 of geneticin (Section 2.4.4).
No growth of A. castellanii Ac07 or Ac013 was observed on the bacterial lawns at
any of the concentrations tested (Figure 4.6), demonstrating that the amoebae were
sensitive to at least 20 µg ml-1 of geneticin on SM agar plates. Similarly, in axenic
medium, Ac07 and Ac013 showed no increase in cell density at the geneticin
concentrations tested. The number of cells even decreased as many cells lysed or
converted into cysts (Figure 4.7). These results indicate that geneticin is a suitable
selective agent for A. castellanii transformation experiments, and that a minimum
concentration of 20 µg ml-1 geneticin is sufficient to inhibit growth of wild-type cells.
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Figure 4.6 Sensitivity of Acanthamoeba castellanii strains Ac07 and Ac013
to geneticin grown on bacterial lawns. Growth analyses were performed on SM
agar plates containing 20, 25 or 30 µg ml-1 geneticin with (A) Ac07 on M. luteus and (B)
Ac013 on K. aerogenes bacterial lawns as a food source. Negative controls (0 µg ml-1
geneticin) were conducted to ensure cell viability. The plates were incubated at 28 °C
and the plaque diameter was measured twice daily over a 100 hr period. Error bars are
derived from the mean plaque expansion.
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Figure 4.7 Sensitivity of Acanthamoeba castellanii strains Ac07 and Ac013
to geneticin in axenic medium. A. castellanii cells were inoculated at an initial
concentration of 1  104 cells ml-1 in PYG medium that contained 20, 25 or 30 µg ml-1
geneticin. Negative controls (0 µg ml-1 geneticin) were conducted to ensure cell viability.
The cells were incubated at 28 °C and counted over a 100 hr period. Error bars are
derived from the standard error of the mean cell density.
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4.5 Calcium phosphate co-precipitation transformation of
the

Dictyostelium

discoideum

vector

pDNeo2

into

Acanthamoeba castellanii
In sections 4.2 – 4.4 the growth conditions for the establishment of an efficient
transformation system for A. castellanii were determined. A. castellanii growth
temperature (28 °C), the bacterial food source for growing the amoeba on bacterial lawns
(M. luteus for Ac07; K. aerogenes for Ac013) was established and geneticin was
determined as a suitable selective marker for the selection of transformed cells. Based on
these findings and the fact that A. castellanii is closely related to D. discoideum, for
which a well established transformation system exists (Nellen et al., 1984), an attempt to
transform A. castellanii cells was conducted using the exact conditions under which
D. discoideum cells are efficiently transformed. Other considerations that formed the
basis for this approach included the fact that A. castellanii and D. discoideum have a
similar grazing behaviour on bacterial lawns, both organisms are sensitive to geneticin
and the geneticin/neomycin resistance gene in D. discoideum transformation vectors are
driven by an actin promoter, the sequences of which are known to be highly conserved
amongst different species. Based on the high sequence conservation and the close
relationship between A. castellanii and D. discoideum, it was assumed that a
D. discoideum vector may be suitable to efficiently transform A. castellanii.
The D. discoideum vector pDNeo2 was chosen for the A. castellanii
transformation experiments as it carries the geneticin resistance gene, under the control of
a highly conserved actin promoter (Figure 4.1) and for the fact the vector is known to
integrate into gDNA in a non-targeted manner, resulting in stable D. discoideum
transformants (Barth et al., 1998). The transformation of A. castellanii was conducted
using the calcium phosphate co-precipitation method as described by Nellen et al. (1984).
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As an experimental control, D. discoideum cells were transformed with the same vector
using the same protocol.
The D. discoideum and A. castellanii cells were grown to a density of 2  106 cells
ml-1 and 10 ml aliquots were allowed to settle and adhere to the bottom of Petri dishes.
The medium was removed and the vector DNA co-precipitated with calcium phosphate
was added to the cells. After incubation for 30 min, the cells were shocked with glycerol
to allow the uptake of DNA. The following day, the cells were transferred either onto
bacterial lawns or into liquid medium that contained geneticin at a concentration of
20 µg ml-1 (Section 2.3.6). To check for cell viability after the transformation process,
A. castellanii and D. discoideum cells were subjected to the same transformation process,
but without vector DNA and then transferred onto bacterial lawns or into liquid medium
without the selective agent.
After a number of attempts of growing cells, potential A. castellanii transformants
were not observed either on the bacterial lawns or in liquid medium. This was despite the
fact the negative vector control experiments consistently showed that the cells seemed to
have survived the transformation process, and despite the fact that D. discoideum
transformants were obtained in every transformation attempt. This clearly indicated that
the transformation method used, whilst suitable for the transformation of D. discoideum,
can not be used for the transformation of A. castellanii cells without appropriate
modifications to the vector.
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4.6 Discussion
A. castellanii is a free-living amoeba that is widely distributed in the environment
(Marciano-Cabral & Cabral, 2003). The organism has a two stage lifecycle: a trophozoite
and cyst stage. During favourable growth conditions the amoeba adopts an active
trophozoite form, feeding on bacteria, algae and other small organic particles (Khan,
2006). It reproduces through binary fission and maintains the trophozoite form until the
growth conditions change (Khan, 2006). When food becomes scarce or during
unfavourable environmental conditions such as alterations in temperature, pH or in the
presence of antibiotics, the amoeba transforms into its dormant form, a double walled
cyst. Protected by the cyst, the amoeba is resistant to extreme desiccation, freezing and
chemical agents (Aksozek et al., 2002). Furthermore, the cyst can be easily carried
through air and disseminate to new environments where conditions are more favourable,
which allows the amoeba to emerge from the cyst and actively reproduce, completing its
lifecycle (Weisman, 1976).
A. castellanii has been associated with several human diseases, including
cutaneous lesions, sinus infections, the vision-threatening amoebic keratitis, the rare but
fatal disease of the central nervous system granulomatous amoebic encephalitis, and with
several bacterial infections due to its ability to harbour pathogenic bacteria (Khan, 2007;
Marciano-Cabral & Cabral, 2003; Visvesvara et al., 2007). Apart from being of interest to
the medical community due to the diseases it causes, A. castellanii is also used as a
simple eukaryotic model organism in various scientific studies. This includes studies on
phagocytosis (Khan & Siddiqui, 2014; Kim et al., 2012b; Siddiqui & Khan, 2012b), on
components of the cytoskeleton involved in motility and other processes (Kaiser et al.,
1999; Kong & Pollard, 2002; Ostap et al., 2003; Pollard & Rimm, 1991), on gene
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expression (Chen et al., 2004; Matthews et al., 1995; Peng & Bateman, 2004; Radebaugh
et al., 1994), as well as on the mechanisms of pathogenicity (Greub & Raoult, 2004;
Marciano-Cabral & Toney, 1998). It was not until recently that a transformation method
for A. castellanii cells has been reported (Bateman, 2010; Peng et al., 2005). However,
the reported method relies upon expensive regents and its efficiency is still being
questioned. It was therefore the aim of the study to investigate whether the calcium
phosphate co-precipitation, a widely used technique to reliably transform D. discoideum
(Nellen et al., 1984) and the related amoeba Acanthamoeba polyphaga (Yin & Henney Jr,
1997), can also be used to genetically manipulate A. castellanii.
Several A. castellanii specific parameters were established to adjust the
transformation protocol accordingly and to create a baseline of general characteristics for
A. castellanii, which would allow comparison of putative transformants to wild-type
characteristics. Considering A. castellanii has been grown at temperatures varying from
20 – 30 °C (Penland & Wilhelmus, 1997; Pickup et al., 2007b; Wang & Ahearn, 1997;
Weekers et al., 1993; Weekers & Vogels, 1994), the first parameter determined was the
optimal growth temperature for A. castellanii. To establish the conditions, the two strains
Ac07 and Ac013 were grown in axenic medium at various temperatures (Section 4.2).
A. castellanii Ac07 was found to grow best at 28 °C with a generation time of 14 hr
(Figure 4.2 and 4.3, respectively). The second strain, Ac013, was not able to reach the
same cellular density as Ac07 at 28 °C and had a longer generation time of 16 hr (Figure
4.2 and 4.3, respectively). In various studies it has been noted that the mean generation
time of A. castellanii is highly variable, depending on the strain and the culture conditions
(Pickup et al., 2007a; Weekers & Vogels, 1994). Apart from the highly variable mean
generation time (usually between 6 – 24 hr), a lag phase is also often evident when
culturing the organism (Weisman, 1976). From the growth experiments in this study it
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was concluded that 28 °C is a suitable temperature for the growth of A. castellanii and
that the densities achieved at this temperature are suitable for experimentation.
The second parameter determined in this study was the growth and grazing
behaviour of A. castellanii on bacterial lawns. The two A. castellanii strains both
preferred to feed on E. coli B2 as a food source (Figure 4.4 A), but showed different
preferences for K. aerogenes and M. luteus (Figure 4.4 B and C). The grazing behaviour
of A. castellanii has been well studied, determining that the amoeba is able to graze upon
various bacterial species including E. coli, K. aerogenes and M. luteus with varying
efficiencies as determined in this study (de Moraes & Alfieri, 2008; Pickup et al., 2007b;
Weekers et al., 1993). Understanding the grazing behaviour of A. castellanii is important
for optimising a transformation protocol. Under optimal conditions, the system must
allow the isolation of A. castellanii transformants and, at the same time, prevent nontransformed wild-type cells from growing in the presence of a suitable selective agent.
Slower growth of the amoeba on a non-preferred bacterial food source is crucial, as it
allows the transformed cells to grow without being outgrown by non-transformed cells
(Wilczynska & Fisher, 1994). In the experiments conducted in this thesis, it was
established that M. luetus and K. aerogenes are a suitable food source for Ac07 and
Ac013, respectively, as both strains exhibited a slower growth rate when compared to that
on E. coli bacterial lawns (Figure 4.5).
One of the most important parameters in a transformation system is the selective
pressure under which transformants are isolated. A commonly used eukaryotic growth
inhibitor is geneticin; resistance to the antibiotic is conferred by the neomycin resistance
gene originally found on the bacterial Tn903 transposon (Witke et al., 1987).
A. castellanii sensitivity to geneticin was established in both liquid medium and on
bacterial lawns. It was determined that a minimum of 20 µg ml-1 of geneticin was
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sufficient to inhibit growth of wild-type A. castellanii cells (Figure 4.6 and 4.7,
respectively).
With the A. castellanii specific conditions established, an attempt of transforming
A. castellanii was conducted using the calcium phosphate co-precipitation method
conditions that have previously been established for D. discoideum (Nellen et al., 1984).
The transformation vector chosen for the experiments was the D. discoideum expression
vector pDNeo2. It was chosen as it was readily available in the laboratory and because of
the fact that it carries the Tn903 neomycin resistance gene under the control of a strong
Dictyostelium actin promoter (Figure 4.1). Given the highly conserved nature of actin
genes and their promoters amongst the different species (Vandekerckhove & Weber,
1980), and considering the close relationship between A. castellanii and D. discoideum, it
was assumed that the actin promoter may be sufficiently homologous to allow expression
of the geneticin resistance gene in A. castellanii.
Even though the control experiments showed that the A. castellanii cells were able
to survive the transformation process and that D. discoideum cells were transformed
successfully, A. castellanii transformants were not obtained. There are of course a number
of possible reasons for not obtaining A. castellanii transformants. These include:
insufficient cell densities, differences in the structure of the cell surface and in uptake
mechanisms, as well as insufficient incubation times during the osmotic shock phase of
transformation, which may have led to too few vector molecules being taken up by the
A. castellanii cells. Even if sufficient vector copies had entered the cells, the vector still
needed to be integrated into the genome to give rise to stable transformants resistant to
geneticin. The integration into the genome occurs through homologous recombination,
either non-targeted or targeted if the vector carries any cloned DNA inserts that allow
homologous recombination with endogenous sequences in the genome (Katz & Ratner,
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1988). In both cases, the integration relies on recombination mechanisms that may not be
present in A. castellanii. In this case, the vector will be taken up only transiently, and
since it does not carry any origin of replication, it will be lost over successive generations
of growth as it is not replicated as part of the genome and passed onto the next generation.
Lastly, the neomycin resistance cassette may not have been expressed, as the
A. castellanii RNA polymerase was unable to recognise the Dictyostelium-specific actin
promoter and therefore neomycin resistance was not established. To rectify this, a
transformation vector, carrying A. castellanii specific promoters and terminators for the
expression of the selectable marker needs to be created. Only a small number of
A. castellanii specific vectors are available so far, making use of the promoters for the
polyubiquitin gene and for the TATA box binding protein (Bateman, 2010; Hu &
Henney, 1997; Peng et al., 2005), and it would be of interest to investigate their
usefulness for this purpose.
In conclusion, the research undertaken in this thesis formed the basis for the
development of a transformation system for A. castellanii by establishing the optimal
growth conditions in liquid medium and on bacterial lawns, and the sensitivity of the
organism to the eukaryotic growth inhibitor geneticin.
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Chapter Five: General Conclusions and Future
Directions
The results presented in this thesis provide detailed information on the mode of
gene expression in the mitochondria of A. castellanii, demonstrating that the transcription
of mitochondrial genes in A. castellanii occurs in a similar way to that observed in its
close relative D. discoideum, and in vertebrate mitochondria. The A. castellanii
mitochondrial genome (41.6 kb) was found to be transcribed from only a few, but most
likely from one promoter, producing a large polycistronic transcript. This primary
transcript is co-transcriptionally processed to produce six secondary transcripts ranging in
size from 2.7 – 10 kb, which are further processed to produce mature mono-, di- and
tricistronic transcripts. Furthermore, from the position of tRNA clusters in the genome it
can be assumed that the processing involves tRNA excision.
Considering that the in vitro capping experiments failed to identify the exact
number and location of potential transcription initiation sites, further studies need to focus
on their identification. This will form the basis for the characterisation of promoter and
regulatory sequences, as well as for functional studies on the protein components
involved in the transcription process.
Additionally, the basic parameters allowing the development of a transformation
system for A. castellanii were established, including the optimal growth conditions, the
grazing behaviour and the sensitivity of A. castellanii to the growth inhibitor geneticin.
Once A. castellanii-specific vectors become more readily available, the usefulness of the
calcium phosphate co-precipitation method as an efficient, reliable and low-cost
technique to stably transform A. castellanii can be tested.
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Chapter Seven: Appendices
7.1 List of chemicals and their suppliers
Chemical

Supplier

β-Mercaptoethanol

Sigma-Aldrich

2-(N-Morpholino) ethane-sulphonic acid (MES)

Sigma-Aldrich

Acetic acid (glacial)

Ajax Finechem

Agar (technical no. 3)

Oxoid

Agarose

Promega

Ampicillin

Sigma-Aldrich

Bacteriaological pepetone

Oxoid

Bacto™ Proteose peptone

BD

Bacto™ Trypton

BD

Bacto™ Yeast extract

BD

Blocking reagent

Roche

Bromophenol blue

Sigma-Aldrich

Calcium chloride

Ajax Finechem

Caesium chloride

Ajax Finechem

Chloroform

Ajax Finechem

D-glucose

Ajax Finechem

Deoxynucleotide triphosphates (dNTPs)

Promega

Diethyl pyrocarbonate (DEPC)

Sigma-Aldrich

Dimethyl sulphoxide (DMSO)

Sigma-Aldrich

di-Potassium orthophosphate

Ajax Finechem

di-Sodium orthophosphate

Ajax Finechem

Dithiothreitol (DTT)

Sigma-Aldrich

Ethanol

Ajax Finechem

Ethidium bromoide

Sigma-Aldrich

Ethylenediamine-tetracetic acid

Sigma-Aldrich

(di-Sodium EDTA)
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Ferrous ammonium sulfate hexahydrate

May and Baker

(Fe(NH4)2(SO4)2)
Formamide (deionised)

Invitrogen

Formamide

Ajax Finechem

GeneRuler™ 1 kb DNA ladder

Thermo Scientific

Geneticin

Invitrogen

Glass beads (425 – 600 µm)

Sigma-Aldrich

Glycerol

Ajax Finechem

Guanosine 5’-triphosphate [α-32P]

PerkinElmer

Hydrocloric acid (HCl)

Ajax Finechem

Iso-amyl alcohol

Ajax Finechem

Isopropanol (iso-propyl alcohol)

Ajax Finechem

Lithium chloride (LiCl)

Ajax Finechem

Mannitol

Ajax Finechem

Magnesium acetate

Ajax Finechem

Magnesium chloride

Ajax Finechem

Magnesium sulphate

Ajax Finechem

Maleic acid

Sigma-Aldrich

N’-Hydroxyethylpiperazine-N’-2-

Sigma-Aldrich

ethanesulphonic acid (HEPES)
N-Lauroyl sarcosine sodium salt

Sigma-Aldrich

Nonidet P 40 subsitute (NP40)

Sigma-Aldrich

Phenol

Sigma-Aldrich

Potassium chloride

BDH

Potassium di-hydrogen orthophosphate

Ajax Finechem

Potassium hydroxoide

Ajax Finechem

RiboRuler™ high range RNA ladder

Thermo Scientific

Sodium acetate

Ajax Finechem

Sodium chloride

Ajax Finechem

Sodium di-hydrogen phosphate

Ajax Finechem

Sodium dodecyl sulphate (SDS)

Sigma-Aldrich

Sodium hydroxide

Ajax Finechem
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Streptomycin

Sigma-Aldrich

Sucrose

Ajax Finechem

Tri-sodium citrate

Ajax Finechem

Tris-hydroxymethylaminomethane (Tris base)

Invitrogen

Triton®X-100

Sigma-Aldrich

Trizol

Ambion Life Technologies

7.1.1 Antibody, Enzymes and Substrates
Antibody

Supplier

Anti-Digoxigenin-AP, Fab fragment

Roche

Enzyme

Supplier

Complete, EDTA-free protease inhibitor cocktail Roche
DIG-High Prime labelling mixture

Roche

DNase I

Ambion

Restriction endonuclease

Promega

Ribonuclease A

Sigma-Aldrich

Taq DNA polymerase

Invitrogen

ThermoScript™ Reverse Transcriptase

Invitrogen

Substrate

Supplier

ECF substrate

GE Healthcare Amersham

NBT/BCIP stock solution

Roche
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7.1.2 Full name of suppliers
Ajax Finechem Pty. Ltd., Auburn, NSW, AUS
Becton, Dickinson and Company, Sparks, MD, USA
BDH Chemicals Pty. Ltd., Kilysth, VIC, AUS
GE Healthcare Australia Pty. Ltd., Rydalmere, NSW, AUS
Invitrogen Corporation, Carlsbad, California, USA
May and Baker Australia Pty. Ltd., West Footscray, VIC, AUS
Oxoid Ltd., Basingstike, Hampshire, England, GB
PerkinElmer Inc., Glen Waverley, VIC, AUS
Promega Corporation, Madison, WI, USA
Roche Pty. Ltd., Castle Hill, NSW, AUS
Sigma-Aldrich Chemical Company Pty. Ltd., Castle Hill, NSW, AUS
Thermo Fisher Scientific Inc.,Waltham, MA, USA
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7.2 Composition of media
HL-5 medium

1.0% (w/v)

Bacto™ Proteose peptone

(pH 6.5)

0.5% (w/v)

Bacto™ Yeast extract

1.0% (w/v)

Glucose

2.8 mM

Na2HPO4·2H2O

2.6 mM

KH2PO4

PYG medium

2.0% (w/v)

Bacto™ Proteose peptone

(pH 6.5)

0.1% (w/v)

Bacto™ Yeast extract

1.0% (v/v)

0.4 M MgSO4·7H2O

0.8% (v/v)

0.05 M CaCl2

3.4% (v/v)

0.1 M Sodium citrate·2H2O

1.0% (v/v)

0.005 M Fe(NH4)2(SO4)2·6H2O

1.0% (v/v)

0.25 M Na2HPO4

1.0% (v/v)

0.25 M KH2PO4

5.0% (v/v)

2 M Glucose

1.0% (w/v)

Agar

1.0% (w/v)

Bacteriological peptone

0.1% (w/v)

Bacto™ Yeast extract

1.0% (w/v)

Glucose

4.1 mM

MgSO4·7H2O

16.2 mM

KH2PO4

5.8 mM

K2HPO4

1.0% (w/v)

Bacto™ Tryptone

0.5% (w/v)

Bacto™ Yeast extract

86 mM

NaCl

1 mM

NaOH

Standard medium (SM) agar

Luria Bertani (LB) broth

LB-agar plates

LB broth
1.0% (w/v)

Agar

X µg ml-1

Antibiotic
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SOC medium

2.0% (w/v)

Bacto™ Tryptone

0.25% (w/v)

Bacto™ Yeast extract

10 mM

NaCl

2.5 mM

KCl

10 mM

MgCl2

10 mM

MgSO4

20 mM

Glucose
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7.3 Composition of buffers and solutions
7.3.1 General Buffer
Ampicillin stock solution

100 mg ml-1

Ampicillin sodium salt,
(filter-sterilised)

DEPC-treated sdH2O

0.01% (v/v)

Diethyl pyrocarbonate

EDTA stock solution

0.5 M

EDTA

(pH 8.0)

0.2 M

EDTA

Ethanol

Absolute
70% (v/v)

Ethanol

75% (v/v)

Ethanol

Ethidium bromide stock solution

10 mg ml-1

Ethidium bromide

Geneticin stock solution

20 mg ml-1

Geneticin sulphate,

25 mg ml-1

(filter-sterilised)

30 mg ml-1
Glycerol stock solution

10% (v/v)

Glycerol

60% (v/v)

Glycerol

Isopropanol

Absolute

Lithium chloride

4M

Lithium chloride

NaOH stock solution

10 M

NaOH

Sterile saline (SS)

0.05% (w/v)

NaCl

0.75% (w/v)

KCl

0.04% (w/v)

CaCl2

100 mg ml-1

Streptomycin (sulphate),

Streptomycin stock solution

(filter-sterilised)
SDS stock solution

10% (w/v)

Sodium acetate (pH 5.5)

3M

TE buffer (pH 8.0)

10 mM

Tris-HCl, pH 8.0

1 mM

EDTA

1M

Tris pH with 32% (v/v) HCl

Tris-HCl stock (pH 8.0)
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Sodium dodecyl sulphate (SDS)

7.3.2 Large Scale extraction of genomic DNA
Nuclear lysis buffer

EDTA/Sarkosyl buffer

10 mM

Magneisum acetate

10 mM

NaCl

30 mM

HEPES

10% (w/v)

Sucose

2.0% (v/v)

NP40

200 mM

EDTA

2.0% (w/v)

N-Lauroyl sarcosine sodium salt

7.3.3 Small scale isolation of plasmid DNA
Cellular suspension buffer

50 mM

Tris-HCl

10 mM

EDTA

100 µg ml-1

RNase A

0.2 M

NaOH

1.0% (w/v)

SDS

5 M K acetate solution

29.5% (v/v)

Glacial acetic acid

(neutralisation buffer)

KOH pellets

to pH 4.8

Lysis buffer

7.3.4 Agarose gel electrophoresis of DNA and RNA
50 TAE electrophoresis buffer

24.2% (w/v)

Tris base

(stock solution)

5.71% (v/v)

Glacial acetic acid

3.72% (w/v)

Na2EDTA·2H2O

1 TAE electrophoresis buffer

1.0% (v/v)

50 TAE stock buffer solution

DNA agarose gels

1.0% (w/v)

Agarose

99% (v/v)

1 TAE buffer

0.15 µg ml-1

Ethidium bromide
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RNA agarose gels

1.0% (w/v)

Agarose

99% (v/v)

1 TAE buffer (DEPC)

0.25% (w/v)

Bromophenol blue

40% (w/v)

Sucrose

80% (v/v)

Deionised formamide

2.0% (v/v)

1 TAE buffer (DEPC)

0.01% (w/v)

Bromophenol blue

18% (v/v)

DEPC H2O

0.15 µg ml-1

Ethidium bromide

DNA molecular weight markers

0.1 µg µl-1

1 kb GeneRuler™ DNA ladder

Storage and loading buffer

10 mM

Tris-HCl, pH 7.6

(DNA ladder)

10 mM

EDTA

0.005% (w/v)

Bromophenol blue

0.005% (w/v)

Xylene cyanol FF

10% (v/v)

Glycerol

6 DNA loading dye

10 mM

Tris-HCl, pH 7.6

(supplied with ladder)

60 mM

EDTA

0.03% (w/v)

Bromophenol blue

0.03% (w/v)

Xylene cyanol FF

60% (v/v)

Glycerol

RNA molecular weight markers

0.1 µg µl-1

RiboRuler™ high range RNA ladder

Storage buffer (RNA ladder)

1 mM

EDTA, pH 6.0

2 RNA loading dye

0.5 mM

EDTA

(supplied with ladder)

95% (v/v)

Formamide

0.025% (w/v)

SDS

0.025% (w/v)

Bromophenol blue

0.025% (w/v)

Xylene cyanol FF

0.025% (w/v)

Ethidium bromide

6 Loading dye (DNA gels)

RNA loading buffer (RNA gels)
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7.3.5 Polymerase Chain Reaction
Taq DNA polymerase

5 U µl-1

PCR buffer (10)

200 mM

Tris-Hcl, pH 8.4

500 mM

KCl

Magnesium chloride solution

50 mM

MgCl2

PCR nucleotide mix

10 mM

dATP

10 mM

dCTP

10 mM

dGTP

10 mM

dTTP

7.3.6 Reverse Transcription Polymerase Chain Reaction
15 U µl-1

in storage buffer

Storage buffer

200 mM

KPO4

(pH 7.1)

0.1 mM

EDTA

1.0 mM

DTT

0.05% (v/v)

Triton®X-100

50% (v/v)

Glycerol

-

Stabilizers

250 mM

Tris acetate, pH 8.4

375 mM

Potassium acetate

40 mM

Magnesium acetate

ThermoScript reverse
transcriptase

5 cDNA synthesis buffer

Dithiothreitol (DTT)

0.1 M

RNase OUT™

40 U µl-1

PCR nucleotide mix

10 mM

dATP

10 mM

dCTP

10 mM

dGTP

10 mM

dTTP
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7.3.7 DIG-labelling and detection of probes
DIG-High Prime labelling

1 U µl-1

Klenow polymerase (labelling grade)

mixture

1 mM

dATP

(5 concentration)

1 mM

dCTP

1 mM

dGTP

0.65 mM

dTTP

0.35 mM

DIG-11-UTP

-

Alkali labile

5

Stabilised reaction buffer

50% (v/v)

Glycerol

150 U

Sheep Anti-Digoxigenin Fab-

Anti-Digoxigenin-AP conjugate
(pH 7.6) in buffered solution

fragment conjugated with alkaline
phosphatase
50 mM

Triethanolamine buffer

3 mM

NaCl

1 mM

MgCl2

0.1 mM

ZnCl2

1.0% (w/v)

Bovine Serum Albumin (BSA)

7.3.8 Restriction endonucleases and buffers
Restriction endonuclease
BamHI

10 U µl-1

HindIII

10 U µl-1

Restriction endonuclease buffers (10)
Buffer E (pH 8.0 at 37 °C)

60 mM

Tris-HCl, pH 7.5

1M

NaCl

60 mM

MgCl2

10 mM

DTT
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Multi-core™ Buffer (1)

25 mM

Tris-acetate, pH 7.5

100 mM

Potassium acetate

10 mM

Magnesium acetate

1 mM

DTT

7.3.9 Calcium phosphate co-precipitation transformation of
Acanthamoeba castellanii and Dictyostelium discoideum
MES-HL-5

6.7 mM

MES

(pH 7.1)

1.0% (w/v)

Bacto™ Proteose peptone

0.5% (w/v)

Bacto™ Yeast extract

1.0% (w/v)

Glucose

MES-PYG

6.7 mM

MES

(pH 7.0)

2.0% (w/v)

Bacto™ Proteose peptone

0.1% (w/v)

Bacto™ Yeast extract

1.0% (v/v)

0.4 M MgSO4·7H2O

0.8% (v/v)

0.05 M CaCl2

3.4% (v/v)

0.1 M Sodium citrate·2H2O

1.0% (v/v)

0.005 M Fe(NH4)2(SO4)2·6H2O

1.0% (v/v)

0.25 M Na2HPO4

1.0% (v/v)

0.25 M KH2PO4

5.0% (v/v)

2 M Glucose

2 HEPES Buffered Saline

42 mM

HEPES, pH 7.0

(HBS)

247 mM

NaCl

9.4 mM

KCl

1.3 mM

NaH2PO4

2.0% (w/v)

Glucose

CaCl2 stock solution

2M

CaCl2·2H2O in dH2O

18% Glycerol shock solution

30% (v/v)

60% (v/v) Glycerol stock solution

50% (v/v)

2 HBS

20% (v/v)

sdH2O
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7.3.10 Southern and Northern hybridisation solutions
Southern hybridisation
Depurination solution

0.2 M

HCl

Neutralisation solution

3M

NaCl

(pH 8.0)

0.5 M

Tris

Denaturation solution

1.5 M

NaCl

(transfer solution)

0.5 M

NaOH

50 mM NaOH solution

0.5% (v/v)

10 M NaOH stock solution

20 SSC (pH 7.0)

0.3 M

Sodium citrate

(transfer solution)

3M

NaCl

5 SSC

25% (v/v)

20 SSC

2 SSC

10% (v/v)

20 SSC

10 Blocking stock solution

10% (w/v)

Blocking reagent

Hybridisation buffer

25% (v/v)

20 SSC

50% (v/v)

Formamide

0.1% (w/v)

N-Lauroyl-sarcosine

0.02% (v/v)

SDS

2.0% (v/v)

10 Blocking solution

100 % (v/v)

Hybridisation buffer

0.3% (v/v)

DIG-labelled probe

Northern hybridisation

Probe solution

Immunological detection of DIG-labelled probes
Low stringency wash

10% (v/v)

20 SSC

solution

0.1% (v/v)

10% (w/v) SDS

High stringency wash

0.5% (v/v)

20 SSC

solution

0.1% (v/v)

10% (w/v) SDS
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Wash buffer

0.1 M

Maleic acid

(pH 7.5)

0.15 M

NaCl

1 Blocking solution

10% (v/v)

10 Blocking solution

Antibody solution

150 mU ml-1

Anti-DIG-AP

100% (v/v)

1 Blocking solution

DIG detection buffer

100 mM

Tris-HCl

(pH 9.5)

100 mM

NaCl

50 mM

MgCl2

2.0% (v/v)

NBT/BCIP stock solution in DIG

Colour substrate solution

detection buffer
Chemifluoresence substrate

24 µl per cm2

ECF substrate

solution

7.3.11 Mitochondrial isolation and in vitro capping solutions
Phosphate Buffered Saline (PBS)

1 mM

KH2PO4

(pH 7.4)

10 mM

Na2HPO4

137 mM

NaCl

2.7 mM

KCl

HDB solution

5 mM

KH2PO4

(pH 7.5)

2 mM

MgCl2

1 mM

β-mercaptoethanol

Mannitol-sucrose buffer (2.5)

525 mM

Mannitol

(pH 7.5)

175 mM

Sucrose

5 mM

EDTA

5 mM

MgCl2

1:100 (v/v)

Complete, EDTA-free protease

Protease inhibitor cocktail

inhibitor cocktail
Guanosine 5’-triphosphate [α-32P] 250 µCi
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PerkinElmer

7.4 Experimental kits and reagents
7.4.1 JetStar 2.0 Plasmid Purification (Maxiprep) kit (Genomed)
Solution E1- Cell resuspension

50 mM

Tris-HCl

buffer (pH 8.0)

10 mM

EDTA

100 µg ml-1

RNase A

0.2 M

NaOH

1% (w/v)

SDS

3.1 M

Potassium acetate

Solution E4- Column equilibration

0.1 M

Sodium acetate

buffer (pH 5.0)

0.6 M

NaCl

0.15% (v/v)

Triton® X-100

Solution E5- Column wash buffer

0.1 M

Sodium acetate

(pH 5.0)

0.8 M

NaCl

Solution E6- DNA elution buffer

0.1 M

Tris-HCl

(pH 8.5)

1.25 M

NaCl

Stock RNase A

20 mg ml-1

(pH 8.0)

50 mM

Tris-HCl

10 mM

EDTA

Solution E2- Cell lysis buffer

Solution E3- Neutralisation
buffer (pH 5.5)

Columns

20 per kit

7.4.2 GelElute DNA extraction kit (5 Prime)
GelElute DNA extraction suspension 3  0.5 ml
Buffer GX1 (pH 7.5)

2  100 ml

Buffer GE concentrate

2  20 ml
80 ml
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With pH indicator

Absolute ethanol

7.4.3 Turbo DNA-free™ kit (Ambion® by Life Technologies)
DNase I

2 U µl-1

10 DNase buffer

100 mM

Tris-HCl

25 mM

MgCl2

1 mM

CaCl2

DNase inactivation reagent

-

7.4.4 ScriptCap capping kit (CellScript™)
ScriptCap™ capping enzyme

10 ScriptCap™ capping buffer

10 U µl-1
1 mM

DTT

0.1 mM

EDTA

50 mM

Tris-HCl, pH 7.5

100 mM

NaCl

50%

Glycerol

0.1%

Triton® X-100

0.5 M

Tris-HCl, pH 8.0

60 mM

KCl

12.5 mM

MgCl2

GTP solution

10 mM

S-adenosyl-methionine (SAM)

20 mM

ScriptGuard™ RNase inhibitor

40 U µl-1

RNase-free water

2.8 ml
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7.5 Bacterial and amoebal strains

7.5.1 Origin, genotype and associated phenotype of Dictyostelium
discoideum strain AX2
Strain

Parent

Genotype

Reference

AX2

NC4

axeA1 axeB1 axeC1

Darmon et al., 1975

Phenotype associated with genotype: axe – ability to be cultivated in axenic medium

7.5.2 Origin of Acanthamoeba castellanii strain Neff
Strain

Source

Place of isolation

Reference

Neff

Soil

Pacific Grove, California, USA

Neff, 1957

7.5.3 Genotype of E. coli strain DH5α
Strain
DH5α

Genotype

Source

F-, Φ80, lacZΔM15, Δ(lacZYA-argF)U169, recA1, endA1,
hsdR17 (rk-, mk+), phoA, supE44, thi-1, gyrA96, relA1, λ-
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Invitrogen

7.5.4 Phenotypes associated with the genotype of E. coli strain DH5α
Genotype
Φ80

Phenotype or Description
Carries a Φ80 prophage that directs synthesis of the fragment of βgalactosidase

Δ

Indicates a deletion of the gene following it

Δ(lacZYA-

Inability to use lactose due to a deletion in the lac operon; inability

argF)U169

to use arginine due to mutation of ornithine carbamoyltransferase

endA1

Endonuclease

A-dependent

degradation

of

plasmid

DNA

suppressed, resulting in improved quality and yield of plasmid DNA

F-

Does not carry the F plasmid

gyrA96

Resistant to nalidixic acid due to mutation in DNA gyrase gene

hsd

Neither restricts or modifies foreign DNA

hsdR17 (rk-, mk+)

lacZ

lacZΔM15
mk +
phoA
rk-

Inactivation of Eco endonuclease activity which abolishes Eco
restriction (r-) but not methylation (m+)
β-galactosidase gene; mutations yield colourless colonies (verse
blue) in the presence of X-gal
Partial deletion of the lacZ gene that allows α-complementation of
the β-galactosidase gene for blue/white selection on X-gal plates
(k) = strain lineage. The +/- = presence or absence of the
modification (methylation) system
Inability to use phosphate due to mutation in alkaline phosphatase
(k) = strain lineage. The +/- = presence or absence of the restriction
system

recA

Recombination deficient

relA

Permits RNA synthesis in the absence of protein synthesis

relA1

Regulation of RNA synthesis impaired

supE

Carries a tRNA glutamine suppressor gene

thi-1

Requires Vitamin B1 (thiamine) for growth on minimal media
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7.6 List of primers and PCR conditions
Table 7.1 Primer sequences used in PCR for Northern hybridisation probes,
their position in the Acanthamoeba castellanii mitochondrial genome and
the expected size of the amplification products
Primer name Primer sequence

Position

Arnl 5.1

GTTTCTGGCGCCTAATCGAGCG

108 – 129

Arnl 3.1

CCGTTATGGTTACAGCCGCCGT

1776 – 1797

Arns 5.1

TCGTTGGGTTTTATTCTGGCTCCG

5770 – 5793

Arns 3.1

ACCATTGTAGTACGTGTGTAGCCC

6942 – 6964

Acox1/2 5.1

AAGGTTAGAATTAGCTGCTCCGGG

7499 – 7522

Acox1/2 3.4

ATCAGGATAATCGGGGATCCTTCG

8703 – 8726

Arps4 5.1

AGGGGGCTGGTATTTTACAAGTCG

10706 – 10729

Arps4 3.1

AATCTACCTCCACGAAAGAAGGCG

11220 – 11243

Anad6 5.1

ACGTTTGTTTTGATAATACTGGGGG

11671 – 11695

Anad6 3.1

ACGTGTAAGTATAAACCAACCAACC

12154 – 12178

Anad5 5.1

GGGCCATGATTTCATATAGGTTTGC

12514 – 12538

Anad5 3.1

GACAAAACTTAACGGGCCAAAAAGC

14118 – 14142

Anad11 5.1

TAGCTAATCATCCTTTAGATTGCCC

14638 – 14662

Anad11 3.1

AGAATTGACAATCGGAAGTTCAACCC

15496 – 15521

Acox3 5.1

CCTCTTTATTCCTCTATAGCCGCC

16700 – 16723

Acox3 3.1

AAAAAAGCTATCCACGCCGGAACC

17498 – 17521

Anad4 5.1

TCTTTTTCTGTTTACGGTTCTCCGG

17606 – 17630

Anad4 3.1

TACTAAAGGTGGCAATTAACGCTGC

18791 – 18815

Anad2 5.1

AGTGCGGTACTATTTCTTCTCGCG

19084 – 19107

Anad2 3.1

CCGAGTAAAGGTGGTATACCTGC

20313 – 20335
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Size (bp)
1690

1195

1228

538

508

1629

884

822

1210

1252

Primer name Primer sequence

Position

Arps2 5.1

TACTGTAAATCAGCTCGTAGCATCG

20655 – 20679

Arps2 3.1

AAATACTATGGGGGAACTTAGCAGG

20989 – 21013

Aatp9 5.2

GGTTCTGGTCTAGCTACTTCAGG

22414 – 22436

Aatp9 3.1

AAGGCCATAACTAGAGCTAATAATCC

22567 – 22592

Acob 5.1

TTTCTAATAGATTATCCAGCTCCTCC

22788 – 22813

Acob 3.1

GTTATTACACCACCCAGTTTATTAGG

23601 – 23626

Acob 5.2

GGTGGTGTAATAACACTAGGTTTGGC

23613 – 23638

Anad4L 3.1

ATAGCTAATCCGATTGCAGCTTCTGC

24119 – 24144

Aorf83 5.1

CCTTTGCGATCTGATTAAACTCTTCT

24275 – 24300

Aorf83 3.1

GCAAATTGTAGCACAACTGTAGG

24427 – 24449

Aorf115 5.1

GGTTTAGAGAATTAGTGGCTGAAACC

24549 – 24574

Aorf115 3.1

GTACCATTCTCATGAACTTCAAATGC

25064 – 25089

Aatp1 5.1

GGAGTTATCAAAAGTATTGTTGACGG 25509 – 25534

Aatp1 3.1

CTAACAGATAATCCAACGTTTACAGC

26511 – 26536

Anad1 5.1

TAAATATAATAGTTGCCGGGTGGTCG

27374 – 27399

Anad1 3.1

ATAAAGACTAGACCAATCGTAAGCGG

28006 – 28031

Arpl11 5.1

CTCACACCTATTTTAGGCTTATATGG

28342 – 28367

Arpl11 3.1

AAACGGTTGACTAACCAAATTAGACC

29051 – 29076

Arps13 5.1

TTTAGCGCATTGAAAGATATTCACGG

35141 – 35166

Arps13 3.1

TTTAGCTCACGTACATAGATCAAAGC

36023 – 36048

Aorf142 5.1

TTGTTCGGTCATAGCTAGATAAACCG

36254 – 36279

Aorf124 3.1

ATATCGAGTTTAGAGATAAGAAGCCG 36964 – 36989

Anad3 5.1

ATACGAGGAGCAAATTTAATGTGAGG 37276 – 37301

Anad9 3.1

TATTCTTCTTAAATCCGGGTGATTGG
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37863 – 37888

Size (bp)
359

179

839

532

175

541

1028

658

735

908

736

613

Primer name Primer sequence

Position

Size (bp)

Anad7 5.1

TACAATGAATTTTGGTCCACAACACC

38094 – 38129

Anad7 3.1

CCTGTCATAACAATCACCATTTTTGC

38816 – 38841

Aatp6 5.1

ACAATATGCGGTGGAAAATATTTACC

39423 – 39448

Aatp6 3.1

GAAAAAATGTAGGCTTGCACTATTGC

39919 – 39933

Aorf349 5.1

CTGACTTTATTATACCCTGACATTCC

40142 – 40177

Aorf349 3.1

GGAAATACAGAGCTTATTGAATCAGC

41007 – 41032

748

511

891

Table 7.2 Primer sequences used in PCR to amplify non-coding regions of
Dictyostelium discoideum for Southern hybridisation analysis in in vitro
capping experiments
Primer name

Primer sequence

Size (bp)

NCR1-5

CACATCCAGTACTCTATAGTTT

LSU-PE

CGTTCATTCGTACGTCCT

NCR5-5

CAAAGAGTATTGTAAGAAACCGG

LSU-PE

CGTTCATTCGTACGTCCT

Nad2 5.1

GGTGGAAGTATAACAAATATAGTAGGAGG

Cox3-PE

CTCTTGCTGCCGCTCTGG
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1951

1129

757

7.6.1 PCR conditions
7.6.1.1 PCR reaction mixture

Solution

Volume

10 PCR buffer

10 µl

MgCl2 (50 mM)

8 µl

Template DNA

2 µl

dNTPs (10 mM)

2 µl

Gene-specific 5’ primer (100 ng µl-1)

2 µl

Gene-specific 3’ primer (100 ng µl-1)

2 µl

Taq polymerase (5 U µl-1)

0.5 µl

sdH2O

73.5 µl

Total volume

100 µl

7.6.1.2 PCR cycling conditions

40 cycles

94 °C for 3 min

Denaturation

94 °C for 1 min

Denaturation

55 °C for 1 min

Primer annealing

72 °C for 2 min

Primer extension

72 °C for 11 min

Final primer extension

4 °C for ∞

Hold
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7.6.1.3 RT-PCR reaction mixtures

Solution

Volume

Gene-specific 3’ primer (100 ng µl-1)

1µl

DNase-treated RNA

2 µl

dNTPs (10 mM)

2 µl

DEPC H2O

7 µl

5 cDNA buffer

4 µl

DTT

1 µl

RNase OUT

1 µl

DEPC H2O

1 µl

ThermoScript

1 µl

Total volume

20 µl

PCR reaction

10 PCR buffer

5 µl

mixture

MgCl2

1.5 µl

dNTPs (10 mM)

1 µl

Template

2 µl

Master mix 1

Master mix 2

(cDNA, gDNA or DNase-treated RNA)
Gene-specific 5’ primer (100 ng µl-1)

1 µl

Gene-specific 3’ primer (100 ng µl-1)

1 µl

Taq polymerase

0.2 µl

sdH2O

38.1 µl

Total volume

50 µl
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7.6.1.4 Reverse Transcription PCR cycling conditions

Reverse Transcription

65 °C for 5 min

Denaturation of gene-specific 3’ primer

55 °C for 60 min

Reverse transcription

85 °C for 5 min

Denaturation of Reverse Transcriptase

94 °C for 3 min

Denaturation

94 °C for 1 min

Denaturation

55 °C for 1 min

Primer annealing

72 °C for 2 min

Primer extension

72 °C for 11 min

Final primer extension

4 °C for ∞

Hold

PCR

Standard PCR

40 cycles
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7.7 Restriction digestion of plasmid DNA

7.7.1 Single restriction digest of plasmid DNA
Solution

Volume

Plasmid DNA

X µl

sdH2O

17 µl – x µl

10 Buffer

2 µl

Restriction Endonuclease (40 U – 80 U)

1 µl

Total volume

20 µl

7.7.2 Double restriction digest of plasmid DNA
Solution

Volume

Plasmid DNA

X µl

sdH2O

16 µl – x µl

10 Buffer*

2 µl

Restriction endonuclease #1 (40 U – 80 U)

1 µl

Restriction endonuclease #2 (40 U – 80 U)

1 µl

Total volume

20 µl

* Buffer suitable for both restriction endonucleases
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7.8 In vitro capping of mitochondrial RNA

7.8.1 In vitro capping reaction mixture
Solution

Volume

DNase-treated RNA (50 µg)

X µl

Nuclease free sdH2O

68.5 µl – x µl

Total volume

68.5 µl

Solution

Volume

Heat-denatured RNA (part A)

68.5 µl

10 ScriptCap™ capping buffer

10 µl

[α-32P] GTP (250 µCi)

10 µl

2 mM S-adenosyl-methionine solution

5 µl

ScriptGuard™ RNase inhibitor (40 U µl-1)

0.5 µl

ScriptCap™ capping enzyme (10 U µl-1)

4 µl

Total volume

100 µl

Part A

Part B
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a b s t r a c t
The size, structure, gene content and organisation of mitochondrial genomes can be highly diverse especially
amongst the protists. We investigated the transcription and processing of the mitochondrial genome of the
opportunistic pathogen Acanthamoeba castellanii and here we present a detailed transcription map of the
41.6 kb genome that encodes 33 proteins, 16 tRNAs and 2 rRNAs. Northern hybridisation studies identiﬁed six
major polycistronic transcripts, most of which are co-transcriptionally processed into smaller mono-, di- and
tricistronic RNAs. The maturation of the polycistronic transcripts is likely to involve endonucleolytic cleavage
where tRNAs serve as processing signals. Reverse transcription polymerase chain reactions across the intervening
regions between the six major polycistronic transcripts suggest that these transcripts were once part of an even
larger transcript. Our ﬁndings indicate that the mitochondrial genome of A. castellanii is transcribed from only
one or two promoters, very similar to the mode of transcription in the mitochondria of its close relative
Dictyostelium discoideum, where transcription is known to occur from only a single transcription initiation site.
Transcription initiation from a minimal number of promoters despite a large genome size may be an emerging
trend in the mitochondria of protists.
© 2015 Elsevier B.V. and Mitochondria Research Society.

1. Introduction
Mitochondria are thought to have originated from an endosymbiotic
event between a primitive eukaryotic cell and an α-proteobacterial
ancestor (Margulis, 1970; Gray et al., 1999; Mercer et al., 2011). During
the course of its evolution, the bacterial endosymbiont underwent
many changes where most of its genes were lost or transferred to the
nucleus of the eukaryotic host cell (Adams et al., 2002; Adams and
Palmer, 2003; Barbrook et al., 2010). Although the mitochondria
retained some of the original genetic information, their genomes can
be extraordinarily diverse in their size, structure, gene content and
gene organisation, depending on the state of their evolution and the
organism in which they are found (Gray et al., 1998).
The smallest sequenced mitochondrial genome belongs to the
human malaria parasite, Plasmodium falciparum, at less than 6 kb in
size; it encodes only three protein and two ribosomal RNAs (rRNAs)
(Wilson and Williamson, 1997). In contrast, the largest mitochondrial
genomes sequenced belong to plants, ranging in size from 200 kb to
over 2000 kb (Palmer et al., 2000; Bevan and Lang, 2004). These
genomes can be far more complex than their metazoan and protozoan
counterparts, due to the presence of large non-coding regions arising
from genetic recombination and gene duplications (Newton, 1988;
⁎ Corresponding author at: La Trobe University, Department of Microbiology, Kingsbury
Drive, Bundoora, 3086 Victoria, Australia.
E-mail address: jessica_accari@yahoo.com (J. Accari).
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Gray, 1989; Binder et al., 1996; Holec et al., 2006). However, a common
set of genes seems to be present in most mitochondrial genomes
sequenced to date; the set includes genes encoding the large and
small subunit rRNA, some transfer RNAs (tRNAs) and several proteins
required for oxidative phosphorylation (Andersson and Kurland,
1999; Adams and Palmer, 2003; Gray, 2012).
The mechanism of gene expression can also be highly variable
amongst mitochondrial genomes of different organisms with
transcription occurring either from a single control region as found in
the human mitochondrial genome, or from multiple promoters, which
has been shown to be the case in plants, fungi and some protozoa
(Jaehning, 1993; Tracy and Stern, 1995; Taanman, 1999; Asin-Cayuela
and Gustafsson, 2007; Gagliardi and Binder, 2007). In many cases,
mitochondrial genes located close together are often found to be cotranscribed into polycistronic transcripts, a mechanism that is
hypothesised to assist in the regulation of gene expression (Wissinger
et al., 1988; Binder et al., 1996; Takvorian et al., 1997; Barbrook et al.,
2010). Maturation of these polycistronic transcripts may occur through
either co- or post-transcriptional processing, mediated via tRNA
cleavage and other processing mechanisms, to produce RNA species
containing individual coding sequences (Ojala et al., 1980, 1981;
Costanzo and Fox, 1990). The smaller RNAs may be subjected to
additional post-transcriptional modiﬁcations, such as RNA editing,
which occurs in the mitochondria of a variety of species to produce
fully functioning RNA transcripts (Lonergan and Gray, 1993; Scott,
1995; Simpson and Thiemann, 1995; Barth et al., 1999; Simpson, 2003).
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While a great deal is known about gene expression in organisms
with small mitochondrial genomes, such as animals, less is known
about mitochondrial gene expression in organisms with larger
mitochondrial genomes such as plants and protists. In 2009, Le et al.
demonstrated that the large (55.5 kb) mitochondrial genome of the
protozoan Dictyostelium discoideum is transcribed from only a single
transcription initiation site. The resulting large polycistronic transcript
is co-transcriptionally processed into eight secondary transcripts,
which are further processed into mature mono-, di- and tricistronic
RNA molecules (Barth et al., 2001; Le et al., 2009).
In recent years' Acanthamoeba castellanii a free living protist, closely
related to D. discoideum has gained interest from various scientiﬁc
communities. This is due to the versatility of this organism, as it not
only plays a role in the environment, regulating microbial communities
(Rønn et al., 2002; Rosenberg et al., 2009), it can act as a Trojan horse for
microbial pathogens (Greub and Raoult, 2004; Hilbi et al., 2007) and can
cause serious human diseases such as cutaneous lesions, amoebic keratitis and a rare, granulomatous amoebic encephalitis (Marciano-Cabral
and Cabral, 2003; Khan, 2007; Visvesvara et al., 2007). As part of a comprehensive effort to explore the mitochondrial genetics in protists, the
mitochondrial genome of A. castellanii has been fully sequenced
(Burger et al., 1995).
A. castellanii contains a circular mitochondrial genome that is 41.6 kb
in size, carrying genes encoding large and small subunit rRNAs, 16
tRNAs, and 33 proteins involved in the electron transport chain, oxidative phosphorylation and ribosomal structure (Burger et al., 1995). All
genes that are encoded on the same strand, are densely packed with
relatively short intergenic regions, and in some cases overlap by up to
38 bp (Burger et al., 1995). It is of interest to note that the A. castellanii
mitochondrial genome contains a single continuous ORF for the genes
encoding cytochrome oxidase subunits 1 and 2 (cox1 and 2) and has
all but two of its ribosomal proteins present in a single cluster
(Lonergan and Gray, 1996). The mitochondrial genome of A. castellanii
shares these features with that of D. discoideum (Burger et al., 1995,
2003; Gray et al., 2004).
This report presents a detailed transcription map of the mitochondrial genome in A. castellanii. In Northern hybridisation studies, six
polycistronic transcripts were detected, most of which appear to be
processed further into smaller transcripts. Reverse Transcription PCR
(RT-PCR) conﬁrmed the polycistronic nature of these transcripts and
indicated that the polycistronic transcripts derived from an even larger
primary transcript. In most cases, processing of the RNA molecules
seems to occur through the excision of tRNAs, which act as processing
signals. The existence of a large primary transcript that is cotranscriptionally processed into mature RNAs indicates that the mitochondrial genome of A. castellanii requires the presence of only one or
two promoters for efﬁcient gene expression. This mode of transcription
is therefore very similar to the mitochondrial genome of its close
relative D. discoideum.
2. Materials and methods
2.1. Strain and culture conditions
A. castellanii strain Neff (ATCC® 30010) was grown axenically in PYG
medium (2% (w/v) Proteose Peptone, 0.1% (w/v) Yeast Extract, 1% (v/v)
0.4 M MgSO4∙7H2O, 0.8% (v/v) 0.05 M CaCl2, 3.4% (v/v) 0.1 M Sodium
Citrate, 1% (v/v) 0.005 M Fe(NH4)2(SO4)2∙6H2O (ferrous ammonium
sulfate), 1% (v/v) 0.25 M Na2HPO4 and 1% (v/v) 0.25 M KH2PO4) at
28 °C until the culture reached the required cell density.

with nuclear lysis buffer (0.01 M NaCl, 0.01 M Mg acetate, 0.03 M
Hepes, 10% (w/v) Sucrose and 2% (v/v) NP-40). The nuclei were
collected through centrifugation at 6000 rpm for 10 min at 4 °C and
treated with hot (65 °C) EDTA/Sarkosyl (0.2 M EDTA and 2% (w/v) NLauroylsarcosine sodium salt) to lyse the nuclei and release the gDNA.
The gDNA was separated on a CsCl density gradient, collected, ethanol
precipitated and stored in TE (0.01 M Tris–HCl; pH 8.0, 0.001 M EDTA)
buffer at 4 °C.
2.3. Creation of digoxigenin (DIG) labelled DNA probes
Random-primed labelling with DIG-High Prime was performed
using the procedure described by the manufacturer (Roche). 1 μg of
gene speciﬁc PCR product was heat denatured at 100 °C for 10 min
and then rapidly cooled. Subsequently DIG-High Prime labelling
mixture was added, the reaction was mixed thoroughly and then
incubated at 37 °C for 1–20 h. The reaction was terminated with the
addition of 2 μl 0.2 M EDTA. The labelled probes were concentrated
through ethanol precipitation and resuspended in TE buffer.
2.4. RNA preparation and analysis
2.4.1. RNA extraction
Total A. castellanii RNA was isolated using TRIzol® reagent according
to the supplier's instructions (Life Technologies). The cells were grown
to a density of 5 × 106 cells ml− 1, pelleted and lysed with 1 ml of
TRIzol® reagent. To allow separation of the RNA from protein, 0.2 ml
of chloroform was added and the mixture was centrifuged at maximum
speed in a bench top centrifuge (Eppendorf centrifuge 54151). The
aqueous phase was collected and the RNA recovered by isopropanol
precipitation and resuspended in sdDEPC-treated H2O.
2.4.2. Northern hybridisation
Samples containing approximately 5 μg μl− 1 of total RNA were
separated on a 1–1.5% (w/v) agarose gel prepared with DEPC TAE
(Tris-acetate) buffer, at 100 V for 2 h and then transferred onto a
nylon membrane (GE Healthcare). The membrane was subsequently
probed with gene-speciﬁc DIG-labelled DNA probes, and a ﬂuorescent
substrate for alkaline phosphatase-based detection, Enhanced
Chemiﬂuorescence (ECF) (GE Healthcare Life Sciences), was used for
detection. The membrane was left in the dark at room temperature for
up to 1 h. Fluorescence was detected by scanning the membrane using
the Amersham Storm 860 imaging system (GE Health Bio-Sciences).
2.4.3. Reverse transcriptase polymerase chain reaction
Prior to RT-PCR, the total RNA samples were incubated with DNase I
(DNA-free kit, Ambion) following the manufacturer's instructions to
remove any contaminating DNA. The DNase-treated total RNA and
appropriate gene speciﬁc 3′ primers (Table 2) were heat denatured at
65 °C for 5 min to remove secondary structures. The RNA template
was reverse transcribed using ThermoScript™ Reverse Transcriptase
(Invitrogen) at 55 °C for 1 h and the enzyme was denatured at 85 °C
for 5 min. The resulting cDNA was ampliﬁed via PCR with genespeciﬁc 5′ and 3′ primers (Table 2) for 30 cycles at 94 °C for 1 min,
55 °C for 1–1.5 min and 72 °C for 2 min. PCR reactions using gDNA or
DNase-treated RNA as template served as positive or negative controls,
respectively.
3. Results

2.2. Isolation of A. castellanii genomic DNA

3.1. Acanthamoeba mitochondrial genes are co-transcribed into large
polycistronic transcripts

Large scale isolation of A. castellanii genomic DNA (gDNA) was
performed as described by Noegel et al. (1985). A. castellanii cells were
harvested via centrifugation at 2000 rpm for 10 min at 4 °C and lysed

The A. castellanii mitochondrial genome is 41.6 kb in size and, like
most protozoan mitochondrial genomes, carries a core set of 33
genes encoding proteins for oxidative phosphorylation and energy
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production, as well as ribosomal proteins, tRNAs and the large and small
subunit rRNA. To analyse the A. castellanii mitochondrial transcriptome,
Northern hybridisation analysis was performed using gene-speciﬁc
DIG-labelled probes as listed in Table 1.
The Northern analyses detected transcripts for both the large and
small rRNA subunits and for the majority of the protein encoding
genes. Except for the probe against the large subunit rRNA, all probes
hybridised to transcripts much larger than the actual size of the individual genes. Probe L, against the gene for atp9 (371 bp), for example,
hybridised to a transcript of 5.7 kb in size (Fig. 1A). This transcript was
also recognised by probes against the genes cob (M), nad4L (N), orf83
(O), orf115 (P), atp1 (Q) and nad1 (R), respectively.
Similarly, gene-speciﬁc probes against nad3; nad9 (V), nad7 (W),
atp6 (X) and orf349 (Y) hybridised to a transcript of 4.8 kb in size
(Fig. 1B). The presence of transcripts much larger than the estimated
size of individual genes indicates that these genes are co-transcribed
into polycistronic transcripts. A total of six polycistronic transcripts
(transcripts I–VI) varying in size from 2.7 to 10 kb have been detected
(Fig. 2). From these observations it can be concluded that the genes in
the A. castellanii mitochondrial genome are not transcribed individually,
but must be transcribed in clusters from a small number of promoters.
3.2. Polycistronic transcripts are processed into smaller mature RNA
transcripts
Further to the six large polycistronic RNA transcripts, many genespeciﬁc probes also hybridised strongly to smaller transcripts in the
Northern hybridisation analyses (Fig. 1A and B). This suggests that the
initially transcribed polycistronic transcripts are subsequently
processed to form smaller, mature RNAs that act either as a template
for translation or as structural RNAs. In some cases these smaller
transcripts carry the information of more than one protein encoding
gene. An example of this is the processing of transcript IV (5.7 kb),
this resulted in a number of RNA fragments hybridising to the same
gene-speciﬁc probes (Fig. 1A). Probes L to R against atp9, cob, nad4L,
orf83, orf115, atp1 and nad1, respectively, detected a larger 5.7 kb
transcript, however, probes Q and R also detected a smaller 2.7 kb
transcript.
The presence of smaller RNA transcripts detected by probes that also
hybridised to the larger polycistronic transcripts indicates that these
transcripts are processed further to form mature RNA molecules.
However, in many cases the processing does not necessarily result in
individual monocistronic transcripts. The 2.7 kb transcript detected by
the probes Q and R against atp1 and nad1 (Fig. 1A), for example, does
not seem to be processed further, indicating that the dicistronic
Table 1
Gene content, position in the A. castellanii mitochondrial genome and length of probes
utilised for Northern hybridisation.
Probe

Gene content

Position (bp)

Length (bp)

A
B
C
D
L
M
N
O
P
Q
R
S
T
U
V
W
X
Y

5′ portion rnl
rns
cox1/2
rps4
atp9
cob
cob; nad4L
orf83
Non-coding region; orf115
atp1
nad1
rpl11
rps13; rps11
orf124; orf142
nad3; nad9
nad7
atp6
orf349

108–1797
5770–6964
7499–8726
10,706–11,243
22,414–22,592
22,788–23,626
23,613–24,144
24,275–24,449
24,549–25,089
25,509–26,536
27,374–28,006
28,342–29,076
35,141–36,048
36,254–36,989
37,276–37,888
38,094–38,841
39,423–39,944
40,152–41,032

1690
1195
1228
538
179
839
532
175
541
1028
633
735
908
736
613
748
522
881
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transcript serves as the template for translation. On the other hand,
processing into a monocistronic transcript is clearly evident with regard
to atp9 (Fig. 1A; probe L).
Other transcripts were found to undergo similar processing events,
such as transcript VI, coding for nad3, nad9, nad7 and atp6 (Fig. 1B).
This was also seen on transcripts I, II and III (data not shown). Since
many of the genes coding for ribosomal proteins overlap, we did not
probe against individual coding regions on transcript V as it can be
assumed that the overlapping genes must be co-transcribed. This must
be the case even for those genes that do not overlap with others, but
are separated from up- and downstream genes by only a few nucleotides (from as little as a single base pair to as large as 15 bp). For
example, rps8 is separated from its upstream gene rps14 by 7 nucleotides, which may not be sufﬁcient for efﬁcient RNA polymerase binding.
3.3. Transcripts detected by Northern hybridisation are processing
intermediates rather than primary transcripts
To conﬁrm that genes in the A. castellanii mitochondrial genome are
in fact co-transcribed as seen in the Northern hybridisation analyses,
RT-PCR was employed to detect and amplify any RNA sequences
between the individual coding regions. The sequences of the primers
used are listed in Table 2 and the approximate binding sites for the 3′
primers for reverse transcription are indicated in Fig. 2.
Fig. 3 shows the RT-PCR results of a selection of experiments demonstrating the ampliﬁcation of RT-PCR products from sequences between
individual coding regions. For example, ampliﬁcation of a cDNA product
between the genes rns–cox1/2 (panel A) and between cox1/2–rps4
(panel B) on transcript II demonstrates the existence of transcribed
sequences spanning the gaps between the genes. This is also shown
for a number of sequences between genes on other transcripts
(Fig. 3C–F), conﬁrming that the genes in the mitochondrial genome of
A. castellanii are co-transcribed.
RT-PCR was also employed to investigate the existence of RNA
sequences that span the intervening regions between the six major
transcripts detected in Northern hybridisations. The position of the 3′
primers used for these experiments is shown in Fig. 2, and their
sequences along with those of the 5′ primers are listed in Table 2.
Fig. 4 shows that cDNA products were ampliﬁed from all intervening
regions. The successful ampliﬁcation of sequences spanning the regions
between the six major polycistronic transcripts suggests that these
transcripts must form part of an even larger transcript or larger
transcripts. Any larger, primary transcript may have been difﬁcult to
detect by Northern hybridisation due to rapid co-transcriptional
processing. Our ﬁndings clearly indicate that the six polycistronic
transcripts have been generated by processing rather than by
transcription initiation, from which it can be concluded that the
A. castellanii mitochondrial genome is transcribed from only one or
two promoters.
3.4. tRNAs may act as excision signals in transcript maturation
The processing of the larger transcriptional units to smaller, mature
RNAs presumably occurs via endonucleolytic cleavage, a mechanism
that often involves tRNA excision. This form of RNA processing has
been observed in the mitochondria of a number of organisms, including
mammals, yeast and protists (Montoya et al., 1981; Ojala et al., 1981;
Taanman, 1999; Barth et al., 2001). The possibility that the maturation
of RNA molecules in the mitochondria of A. castellanii occurs in a similar
way, is supported by the distribution of the 16 tRNA genes throughout
the A. castellanii mitochondrial genome. In this genome the mitochondrial tRNA genes are grouped into six clusters (t1–t6) (Burger et al.,
1995), and the locations of the tRNA clusters at the DNA level
correspond to positions at the RNA level (Fig. 2) where processing
must occur in order to release the six major transcripts.
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Fig. 1. Co-transcription of genes onto polycistronic transcripts. Northern hybridisation analysis of total RNA using probes against gene sequences as listed in Table 1. Arrowheads indicate
transcripts of interest and their sizes in kilobases. Each gene-speciﬁc probe recognises larger polycistronic transcripts of 5.7 kb (panel A) and 4.8 kb (panel B) in size on transcripts IV and VI,
respectively, and smaller monocistronic (L), dicistronic (Q, R) and tricistronic mature transcripts. The sizes of RNA molecular weight markers (Fermantas) are indicated in kilobases (kb).

The release of transcripts I (2.7 kb) and II (5.5 kb), for example, must
involve cleavage at tRNA cluster t1 (0.53 kb) located between the rnl and
rns genes, at tRNA cluster t6 (0.38 kb) upstream of the rnl gene, and
cleavage at the tRNA cluster t2 (0.15 kb) downstream of the rps4 gene.
The size of transcripts I (probe A) and II (probes B–D), as estimated by
Northern hybridisation, indicates the complete removal of the tRNA sequences from the processed RNA transcripts (Fig. 5). Processing of transcripts III, IV, V and VI (data not shown) must be achieved in a similar
way, as there are tRNA clusters found at either end of the secondary
transcripts (Fig. 2).
In addition to transcript maturation by tRNA excision, other processing mechanisms must also exist to allow processing of the secondary
transcripts into their respective mature transcripts. For example, the
processing of transcript II (5.5 kb) results in mature transcripts for the

rns (1.5 kb) (probe B), cox1/2 (2.6 kb) (probe C) and rps4 (1.1 kb)
(probe D) genes (Fig. 5). However, none of these genes are separated
by tRNAs, the processing of the secondary transcripts and release of individual RNA molecules must therefore involve a processing mechanism other than tRNA excision.
4. Discussion
4.1. Polycistronic transcription: an indicator to promoter numbers
Polycistronic transcription is a common feature in many mitochondrial genomes, especially in the smaller, more compact genomes of animal mitochondria. These genomes typically have a limited number of
protein encoding genes, contain virtually no intergenic spacers and

Fig. 2. Transcription map of the mitochondrial genome in Acanthamoeba castellanii. (A) Schematic representation of the Acanthamoeba castellanii primary transcript indicating the genes
and their organisation in the 41.5 kb circular mitochondrial genome (Burger et al., 1995). All genes are orientated in the same direction and are transcribed from the same strand. Intronic
sequences are shown as thin lines; intergenic regions are depicted as hatched lines. t1–t6 represent tRNA clusters that may serve as processing signals (t1 tRNAI2, A, P, D, M, t2 tRNAF, X, t3
tRNAH, L2, t4 tRNAY, t5 tRNAW, t6 tRNAQ, K, E, I1, L1). (B) The six major transcripts (I–VI) detected by Northern hybridisation. Arrowheads indicate the approximate binding sites for the 3′
primers used for reverse transcription. (C) Some of the transcripts are further processed to produce mono-, di- and tricistronic transcripts. The sizes are not to scale; the actual sizes in
kb are indicated below the transcripts.
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Table 2
5′ and 3′ primer sequences and expected sizes of the resulting RT-PCR products.
Primer
name
Intergenic region (Fig. 3)
Panel A
Arns 5.3
Acox1/2 3.3
Panel B
Acox1/2 5.2
Arps4 3.1
Panel C
Anad11 5.2
Acox3 3.1
Panel D
Aorf83 5.2
Aorf115 3.1
Panel E
Aorf115 5.2
Aatp1 3.2
Panel F
Aatp6 5.2
AtrnQ 3.1

Sequence

GGCTACACACGTACTACAATGG
CCCGGAGCAGCTAATTCTAACC
CCAATGTAGTGAGCTTTGTGGCG
AATCTACCTCCACGAAAGAAGGCG
GCTTTGGTTTTTACGAACAGTTGG
AAAAAAGCTATCCACGCCGGAACC
CCTACAGTTGTGCTACAATTTGC
GTACCATTCTCATGAACTTCAAATGC
GCTGGTAACGTCATTAGTGAATCC
CCGTCAACAATACTTTTGATAACTCC
GAGTTTTGTATTGCAATAGTGCAAGCC
CCTTGCCCTTTGGCTATATCCC

Intervening region between major transcripts (Fig. 4)
VI–I
AtrnL 5.1
GGATATGCTGAAATGGTAGACAGGC
Arnl 3.2
GTATATTTCGCTCGATTAGGCGCC
I–II
Arnl 5.2
GGCATTGTCGAGTAGCTACG
Arns 3.2
TGTTACCAGCGTTCACTCGG
II–III
Arps4 5.1
AGGGGGCTGGTATTTTACAAGTCG
Anad6 3.1
ACGTGTAAGTATAAACCAACCAACC
III–IV
Arps2 5.2
CTTCCTTTTTCGCCCTAAGATGC
Aatp9 3.2
CCTGAAGTAGCTAGACCAGAACC
IV–V
Anad1 5.2
TTTGATGGTTTTCCTTCGGAAGGGGG
Arpl11 3.2
CCAAAGCGGAGCTCACACTTAAATGG
V–VI
Arps11 5.1
GGTCTATTTATACTACAAGGAGTTGTGG
Anad3 3.2
CGATATCTGATTCCTGATAAACCAGG

Expected size
(bp)
580
1390
1285
663
687
1325

216
872
1473
1056
652
1351

transcription occurs from only a small number of promoters (Gray et al.,
1998; Taanman, 1999). In contrast, plants, fungi and protists have much
larger mitochondrial genomes that encode a greater array of genes, and
in many cases these genes are separated by intergenic spacers that are
several kilobases long (Binder et al., 1996; Lang et al., 1999; Fauron
et al., 2004). This implies that their coding information is largely
expressed as monocistroinc transcripts, which are transcribed from
multiple promoters distributed throughout the genome (Gray et al.,
1992; Schuster and Brennicke, 1994; Binder et al., 1996; Liere and
Börner, 2011; Weihe et al., 2012). However, not all larger genomes are
necessarily transcribed from multiple promoters. For example, the
55.5 kb mitochondrial genome of the protozoan D. discoideum has
been demonstrated to be transcribed from only a single transcription
initiation site (Le et al., 2009). Transcription from this site produces a
single large polycistronic transcript that is co-transcriptionally processed into mature mono-, di- and tricistronic RNA molecules (Barth
et al., 2001; Le et al., 2009).
A. castellanii also has a relatively large mitochondrial genome of
41.6 kb in size. The genome is compact with all its genes encoded on
the same strand, and it also has a small number of non-coding regions,
making it a suitable candidate for polycistronic transcription to occur
(Burger et al., 1995). Northern hybridisation analyses revealed the presence of six large polycistronic transcripts ranging in size from 2.7 to
10 kb (Fig. 2). The genes on these large RNA molecules are located
close together, and their co-transcription was conﬁrmed through RTPCR analyses (Fig. 3).
Initially, the detection of the six polycistronic transcripts suggested
that the A. castellanii mitochondrial genome is transcribed into these
clusters from a corresponding number of individual promoters, as larger
RNA molecules were not detected in Northern hybridisations (Fig. 1).
However, in further investigations of the six polycistronic transcripts
using RT-PCR, cDNA sequences were ampliﬁed that corresponded to
the intervening regions between theses transcripts (Fig. 4). The ampliﬁcation of these sequences is only possible if transcripts I–VI are in fact
derived from processing of a larger RNA transcript. This larger transcript
may have been difﬁcult to detect in the Northern hybridisation analyses
due to the rapid co-transcriptional processing into smaller RNA
molecules. The presence of the larger transcript suggests that the

Fig. 3. cDNA fragments ampliﬁed by RT-PCR over the intergenic regions between genes on
transcripts II (panels A & B), III (panel C), IV (panels D & E) and VI (panel F). Negative controls (reverse transcription step omitted) are shown in lane 1 of each panel; lane 2 represents the positive control (PCR of genomic DNA). Lane 3 indicates the RT-PCR (cDNA)
result for each of the intervening regions. The sizes of DNA molecular weight markers
are indicated in kilobases (kb).

A. castellanii mitochondrial genome is transcribed from only one or
two promoters rather than from multiple promoters as previously
thought. A possible location for transcription initiation may be in the
617 bp non-coding region located upstream of the atp9 gene. This is
supported in Northern hybridisation analyses, where probe L against
the atp9 gene showed a strong signal indicating high expression levels.
The strong signal may be attributed to a combination of transcription
initiation, with repeated premature termination of the polymerase
and read-through of the polymerase after transcription of the entire genome is complete. Transcription from a limited number of promoters
may be an emerging trend in protist mitochondria, considering that
the mitochondrial genome of D. discoideum is also known to be transcribed from a single promoter (Le et al., 2009).
4.2. Polycistronic transcripts undergo processing to form mature RNA
molecules
RT-PCR analyses revealed that transcripts I–VI are processed intermediates (Fig. 2). The sites of processing of these secondary transcripts
from the primary RNA molecule correspond to the location of six tRNA
clusters dispersed throughout the A. castellanii mitochondrial genome.
The grouping of tRNA into clusters is a common feature of many mitochondrial genomes and the tRNA clusters are thought to act as processing signals for the release of mature RNA transcripts or processing
intermediates (Ojala et al., 1981). Transcript processing by ‘tRNA
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Fig. 4. Ampliﬁcation by RT-PCR of cDNA fragments spanning the intervening regions between transcripts VI and I (panel A), I and II (panel B), II and III (panel C), III and IV (panel D), IV and
V (panel E) and V and VI (panel F). Negative controls (reverse transcription step omitted) are shown in lane 1 of each panel; lane 2 represents the positive control (PCR of genomic DNA).
Lane 3 indicates the RT-PCR (cDNA) result for each of the intervening regions. The sizes of DNA molecular weight markers are indicated in kilobases (kb). The primers used for the
ampliﬁcations can be seen in Table 2.

punctuation’ has been well studied in the human mitochondrial genome, where the large polycistronic precursor transcript is cotranscriptionally processed using tRNAs as processing sites (Ojala
et al., 1981; Taanman, 1999). Similar mechanisms have been reported
to be employed in the mitochondrial transcription of higher plants,
fungi, yeast and in the social amoeba D. discoideum (Binder et al.,
1996; Paquin et al., 1997; Schäfer et al., 2005; Barth et al., 2007).
In addition to the above, Northern hybridisation analyses revealed
that transcripts II, III, IV, and VI, are also processed at processing sites
that lack tRNA genes, indicating that other forms of processing independent from tRNA excision must exist. The mitochondrial genomes of
plants and yeast contain several conserved sequence elements that are
associated with processing sites not deﬁned by the presence of tRNA

genes (Schuster and Brennicke, 1989; Schäfer, 2005). However,
A. castellanii mitochondrial intergenic regions lack obvious repetitive
elements and sequences that may serve as processing signals (Burger
et al., 1995). Therefore other processing signals must be present in the
A. castellanii mitochondrial genome.
Transcription of the Acanthamoeba mitochondrial genome and the
processing mechanisms that generate mature mono-, di- and
tricistronic RNA transcripts show many similarities to those present in
the mitochondria of other organisms. Given that the A. castellanii mitochondrial genome shares striking similarities to the D. discoideum mitochondrial genome in its gene content, organisation and gene expression
(Gray et al., 2004; Anderson et al., 2005; Le et al., 2009), it is very likely
that the A. castellanii mitochondrial genome is also under the control of
only a single promoter. Here we have provided proof for the existence of
a large polycistronic primary transcript that is co-transcriptionally processed into six secondary polycistronic transcripts, and we have also
shown that these secondary transcripts are further processed to mature
RNAs for translation.
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Chapter 18
Analysis of Mitochondrial Gene Expression
Jessica E. Accari, Sam Manna, Paul R. Fisher, and Christian Barth
Abstract
Dictyostelium provides a well-established model system for the study of mitochondrial biology and disease.
A complete mitochondrial transcription and RNA-processing map has been generated, while the start
site for transcription and the responsible RNA polymerase have also been identified, as have the major
cotranscriptional cleavage sites that generate the mature mitochondrial RNA molecules. Here we describe
the methods deployed to study mitochondrial gene transcription and RNA processing in Dictyostelium.
Key words Dictyostelium, Mitochondrial transcription, Mitochondrial RNA processing, Transcript
mapping, Northern and Southern hybridization, Reverse transcription-PCR, In vitro 5¢ capping,
In bacterio transcription

1

Introduction
In recent years Dictyostelium discoideum has become an established model for studying mitochondrial biogenesis and disease
(1, 2). Mitochondria contain their own genomes, which vary
greatly in size, structure, and gene content amongst the different
species (3). In D. discoideum the mode of transcription and the
processing of mitochondrial RNA transcripts have been studied
in detail using a variety of techniques (4–7). Northern hybridization experiments revealed 8 major cotranscripts, some of which
are further processed into mature mono-, di-, or tricistronic RNA
molecules (Figs. 1 and 2). RT-PCR experiments confirmed the
cotranscription of genes in the mitochondria of D. discoideum
and indicated the presence of even larger transcripts than those
seen in the Northern hybridization studies. The RT-PCR experiments also led to the identification of a potential transcription
initiation site (Fig. 3). To confirm this, in vitro capping of RNA
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Fig. 1 Schematic representation of polycistronic and mature mitochondrial transcripts identified by Northern
hybridization. (a) Linear map of the genes and their organization in the circular mitochondrial genome of
Dictyostelium discoideum (55.5 kb) (13). Intronic sequences are shown as thin lines; intergenic regions are
depicted as hatched lines. t1–t10 represent clusters of tRNAs that may serve as processing signals. (b) The
eight major transcripts A–H detected by Northern hybridization (5). Some of the transcripts are further processed to yield mono-, di-, and tricistronic transcripts (c). Sizes are not to scale, the actual sizes of the transcripts are indicated by the numbers below the transcripts (in kb). Arrow heads indicate the appropriate
binding sites for the 3¢ primers used for reverse transcription (see Subheading 3.1.8). Figure adapted from Le
et al. (7) with permission from Cold Spring Harbor Laboratory Press America

Fig. 2 Identification of cotranscription and processing of D. discoideum mitochondrial transcripts using
Northern hybridization. Large polycistronic transcripts are processed to generate mono-, di-, and tricistronic
RNA molecules. Northern hybridization experiments of total RNA with probes against some gene sequences of
the D. discoideum mitochondrial genome, including nad6, atp9, nad7 and atp6. Each individual probe recognizes the same large polycistronic transcript (top band) indicating cotranscription of the genes, while the presence of smaller mature transcripts indicates transcript processing. RNA molecular weight markers are indicated
in kb on the left
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Fig. 3 RT-PCR amplification of the intervening regions between the eight major transcripts in the mitochondria
of D. discoideum. Bold letters represent the major transcripts (a–h) detected by Northern hybridization. The 3¢
primers used for the RT-PCR reactions are indicated in Fig. 1. In each panel the first lane represents a negative
control reaction using DNase-treated RNA as template for the PCR to demonstrate that any DNA contamination
in the RNA sample had been removed during the DNase treatment. The second lane comprises a positive
control where genomic DNA was used as template, and the third lane shows the RT-PCR results. The fact that
all but one of the intervening regions have been amplified indicates that the single non-amplifiable region
between transcripts H and A contains the site of transcription initiation for a single large, primary transcript.
Figure adapted from Le et al. (7) with permission from Cold Spring Harbor Laboratory Press America

was employed to distinguish between the 5¢ ends of transcripts
that have been generated by processing and those generated by
transcription initiation. Generally mitochondrial transcripts are
not capped like nuclear mRNA precursors (8). Mitochondrial
transcripts generated from genuine transcription initiation therefore retain the triphosphate at their 5¢ end, and can be capped
in vitro such that guanylyl transferase can attach a radioactively
labeled GTP to the 5¢ end (9). In contrast, transcripts derived
from processing contain only a single phosphate and thus cannot
be capped in vitro (10, 11). To identify the single transcription
initiation site in the mitochondrial genome of D. discoideum,
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Fig. 4 Southern hybridization of DNA fragments representing the intervening regions between the 8 major
transcripts detected in the mitochondria of D. discoideum with capped mitochondrial RNA as a probe. (a) An
agarose gel of PCR-amplified DNA fragments representing the intervening regions between the 8 major transcripts. The size of DNA standards (lane 1) is indicated in kilobases (kb). (b) The capped mitochondrial RNA
hybridized only to one DNA fragment representing the intervening region between transcript H and A, indicating the presence of only one transcription initiation site in the mitochondrial genome of D. discoideum. This site
is located in the noncoding region upstream of the rnl gene (Fig. 1). Figure adapted from Le et al. (7) with
permission from Cold Spring Harbor Laboratory Press America

mitochondrial RNA was capped in vitro and the capped RNA
molecules were used as probes in Southern hybridization experiments
against PCR-amplified DNA fragments representing the intervening regions between the 8 major transcripts (Figs. 1 and 4).
Here we provide protocols for the analysis of mitochondrial transcription and transcript processing in Dictyostelium.
Many studies of transcription employ an in vitro approach, but
this can have several disadvantages. Typically, an in vitro transcription reaction consists of an RNA polymerase and its associated
machinery, the DNA template and additional resources provided
in an optimized buffer and/or protein extract. Consequently,
in vitro transcription can be hampered by several factors including
the lack of essential transcription machinery components required
for initiation, and difficulties in purifying the heterologously
expressed RNA polymerase. In addition, supplementing the reaction with protein extracts can introduce endogenous nucleases into
the reaction. The analysis of mitochondrial transcription in D. discoideum was impeded by all of the aforementioned issues. In order
to overcome these, Le et al. (7) developed an alternative to the
in vitro transcription approach. It involves the analysis of mitochondrial transcription in bacterio by utilizing Escherichia coli as a
host. The in bacterio transcription protocol provided here should
facilitate the future study of Dictyostelium mitochondrial gene transcription and associated transcription factors.
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Materials

2.1 Mapping
Transcripts by
Northern Blotting
and RT-PCR

1. DIG High Prime labeling mixture (Roche). Contains random
hexanucleotide primers, 1 U/μL Klenow enzyme, 1 mM
dATP, 1 mM dCTP, 1 mM dGTP, 0.65 mM dTTP, 0.35 mM
DIG-11-dUTP, and 5× reaction buffer.

2.1.1

2. 4 M Lithium chloride.

DIG Labeling

3. Ethanol: 100 and 70% (v/v).
4. TE buffer: 10 mM Tris–HCl, 1 mM EDTA, pH 8.0.
2.1.2 RNA Extraction
and Analysis

1. HL-5 medium: 10 g/L Proteose peptone (Difco), 5 g/L yeast
extract (Difco), 10 g/L glucose, 0.43 g/L Na2HPO4⋅2H2O,
and 0.35 g/L KH2PO4. Autoclave and store at 4°C.
2. TRIzol® Reagent (Life Technologies).
3. Chloroform.
4. Isopropanol (100%).
5. Diethyl pyrocarbonate-treated water (DEPC-water): Add
500 μL of DEPC to 5 L of deionized water and stir for 8–12 h.
Autoclave and store at room temperature.
6. 75% (v/v) ethanol made with DEPC-water.
7. 50× TAE electrophoresis buffer: 242 g/L Tris base, 57.1 mL/L
glacial acetic acid, and 37.2 g/L Na2EDTA⋅2H2O in DEPCwater.
8. Agarose gels: 1% (w/v) agarose in 1× TAE buffer, 0.15 μg/
mL ethidium bromide.
9. Loading dye: 80% (v/v) deionized formamide, 2% (v/v) 1× TAE,
0.01% (w/v) bromophenol blue in DEPC H2O.

2.1.3

Northern Blotting

1. 50 mM NaOH.
2. Transfer buffer (20× SSC): 175.4 g/L NaCl; 88.2 g/L sodium
citrate (Na3C6H5O7⋅2H2O) in DEPC-water. Dilutions of this
buffer should be made in DEPC-water.
3. Whatman 3 MM filter paper (chromatography paper).
4. Nylon membrane (Amersham Hybond ™-N+).
5. Weight (0.2–0.4 kg).
6. RNase-free containers and glass platform.

2.1.4 Northern
Hybridization and
Colorimetric Detection

1. Hybridization buffer: 50% (v/v) formamide, 2% (v/v) blocking
reagent (see item 7(a)), 0.1% (w/v) N-lauroylsarcosine, 0.02%
(v/v) sodium dodecylsulfate (SDS), 25% (v/v) 20× SSC in
sterile distilled water.
2. Low stringency wash buffer: 10% (v/v) 20× SSC, 0.1% (w/v)
SDS.
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3. High stringency wash buffer: 0.5% (v/v) 20× SSC, 0.1% (w/v)
SDS.
4. Wash buffer, pH 7.5: 11.6 g/L maleic acid, 8.765 g/L NaCl.
5. 10× blocking solution: 100 g/L blocking reagent (see item
7(a)) in wash buffer. 1× blocking solution: is made by dilution
in wash buffer.
6. Detection buffer, pH 9.5: 1.2 g/L Tris base, 5.8 g/L NaCl,
10.2 g/L MgCl2.
7. DIG DNA detection kit (Roche), containing:
(a) Blocking reagent (powder).
(b) Anti-digoxigenin-alkaline phosphatase (AP) (150 mU/mL).
(c) NBT/BCIP substrate.
8. TE buffer: (see Subheading 2.1.1, item 4).
9. Whatman 3 MM chromatography paper.
10. Amersham ECF substrate for alternative detection.
2.1.5 Reverse
Transcription

1. Moloney murine leukemia virus reverse transcriptase (M-MLV
RT), 200 U/μL (Promega).
2. Recombinant RNasin (40 U/μL).
3. 5× Reverse transcriptase buffer: 250 mM Tris–HCl, pH 8.3 at
25°C, 375 mM KCl, 15 mM MgCl2, 50 mM dithiothreitol
(DTT).
4. 50 mM MgCl2.
5. dNTPs: 10 mM each dATP, dCTP, dGTP, dTTP.

2.2 Identification
of Transcription Start
Sites by In Vitro
Capping

1. Phosphate buffered saline (PBS), pH 7.4: 1 mM KH2PO4,
10 mM Na2HPO4, 137 mM NaCl, 2.7 mM KCl.

2.2.1 Isolation of
Mitochondria

3. 2.5× Mannitol-sucrose buffer, pH 7.5: 0.525 M mannitol,
0.175 M sucrose, 5 mM EDTA, 5 mM MgCl2.

2. HDB Buffer, pH 7.5: 5 mM KH2PO4, 2 mM MgCl2, 1 mM
2-mercaptoethanol.

4. EDTA-free protease inhibitor cocktail tablets (Roche).
5. Glass beads, 425–600 μm (Sigma-Aldrich).
2.2.2 In Vitro Capping
of Mitochondrial RNA

1. Turbo DNA-free™ DNase kit (Ambion), containing:
(a) Turbo DNase (2 U/μL).
(b) Turbo DNase 10× buffer.
(c) DNase inactivation reagent.
(d) Nuclease-free water.
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2. In vitro capping of total RNA is performed using a kit such
as the ScriptCap™ m7G Capping System (Cell Script Inc).
The kit supplies:
(a) ScriptCap™ capping enzyme: 10 U/mL in 50% (v/v)
glycerol solution containing 50 mM Tris–HCl, pH 7.5,
100 mM NaCl, 1 mM DTT, 0.1 mM EDTA, and 0.1%
Triton® X-100.
(b) 10× ScriptCap™ capping buffer: 0.5 M Tris–HCl, pH 8.0,
60 mM KCl, and 12.5 mM MgCl2.
(c) 20 mM S-adenosyl-methionine (SAM), 10× stock solution.
(d) ScriptGuard™ RNase inhibitor (40 U/mL).
(e) RNase-free water.
(f) (α-32P)GTP: 3,000 Ci/mmol, 250 μCi.
2.2.3

Southern Transfer

1. Depurination solution: 0.2 M HCl.
2. Neutralization solution: 3 M NaCl, 0.5 M Tris–HCl, pH 7.0.
3. Transfer solution (denaturation solution): 1.5 M NaCl, 0.5 M
NaOH.
4. Whatman 3 MM chromatography paper.
5. Nylon membrane (Amersham Hybond™-N+).
6. Weight (0.2–0.4 kg).
7. Container and glass platform.

2.2.4 Hybridization
and Detection

1. Hybridization buffer (see Subheading 2.1.4, item 1).
2. Radiolabeled probe in hybridization buffer.
3. Low stringency wash buffer (see Subheading 2.1.4, item 2).
4. High stringency wash buffer (see Subheading 2.1.4, item 3).
5. Wash buffer, pH 7.5 (see Subheading 2.1.4, item 4).

2.3 In Bacterio
Transcription to
Identify Promoter
and Transcription
Initiation Sites
2.3.1

Plasmid Constructs

For in bacterio transcription, several plasmid constructs are needed,
including negative and positive control plasmids (Fig. 5 and
Table 1), to eliminate other possibilities for reporter detection,
such as endogenous RNA polymerase activity or nonspecific transcript detection.
1. pZ-NCRrnl, contains the noncoding region (NCR) of the D.
discoideum mitochondrial genome where transcription is initiated, as well as the 5¢ end of the rnl gene. The rnl gene is the
first gene to be transcribed and therefore serves as a reporter
for detecting transcription in this assay.
2. pQE-rpmA, an expression vector containing the full length
rpmA gene, the gene encoding the D. discoideum mitochondrial RNA polymerase. This is transformed into the same bacterial host as pZ-NCRrnl which is possible by virtue of the two
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Fig. 5 Vector constructs used for in bacterio transcription assays. (a) Vector construct pZ-NCRrnl consists of
the noncoding region (NCR) (containing the transcription start site) and the 5¢ end of the rnl gene, which acts
as the transcriptional reporter. (b) Vector construct pZ-rnl is a negative control template, lacking the NCR but
containing the coding region of the rnl gene. (c) Positive control pBlueScriptSK + vector for in vitro expression
of the same rnl fragment from pZ-rnl, but under the control of a T7 promoter and T7 RNA polymerase. (d) Vector
construct pQE-rpmA consisting of the cloned full length rpmA gene under the control of a T5lac promoter/operator
for heterologous protein expression
Table 1
Vector constructs to be transformed into the E. coli host
Vector(s)

Purpose

Selection

pZ-NCRrnl + pQE-rpmA

Transcription test

LB + kan + amp

pZ-rnl + pQE-rpmA

Negative control (no promoter)

LB + kan + amp

pQE-rpmA

Negative control (no template)

LB + amp

pZ-NCRrnl

Negative control (ensures no endogenous RNA
polymerase activity)

LB + kan

pZ-rnl

Negative control (ensures no endogenous RNA
polymerase activity and no promoter)

LB + kan

Transformants should be selected on LB agar plates supplemented with the relevant antibiotics at the required concentration (25 μg/mL kanamycin and/or 100 μg/mL ampicillin)
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constructs carrying different selectable markers (kanR and
ampR, respectively).
3. pZ-rnl, a negative control template, lacking the NCR but
containing the rnl gene.
4. Positive control: pBlueScriptSK + construct for in vitro
expression of the same rnl fragment from pZ-rnl, but under
the control of a T7 promoter and T7 RNA polymerase.
When rpmA is expressed within the bacterial host, the protein
should bind to the transcription start site in the NCR and initiate transcription, which can be detected by the synthesis of the
rnl transcript, thereby providing a simple assay for the analysis
of mitochondrial transcription.
2.3.2 In Bacterio
Transcription Assay

1. Luria Bertani (LB) medium: 10 g/L Bacto tryptone, 5 g/L
yeast extract, 5 g/L NaCl, 1 mL/L 1 M NaOH. Autoclave
and store at 4°C.
2. 1 M isopropyl-1-thio-β-D-galactoside (IPTG).
3. Antibiotics (for maintaining vector constructs), such as kanamycin and ampicillin, depending on the vectors used.

2.3.3 Extraction
of Total RNA from E. coli

See Subheadings 2.1.2 and 2.2.2.

2.3.4 Northern Blot
Hybridization

See Subheadings 2.1.3 and 2.1.4.

2.3.5 End Labeling for
Creating Radioactive
Probes

1. (α-32P) dNTP (Perkin-Elmer).
2. 5 mM dNTPs.
3. DNA polymerase I, Klenow fragment (Promega).
4. 10× reaction buffer: 500 mM Tris–HCl, pH 7.2, 100 mM
MgSO4, and 1 mM DTT.
5. 100% isopropanol.
6. 70% ethanol.
7. TE buffer: see Subheading 2.1.1, item 4.

2.4

Equipment

1. Water bath.
2. Heat block.
3. Oven or 80°C incubator.
4. Hybridization incubator, such as the Model 2000 Micro
Hybridization Incubator (Robbins Scientific).
5. 35 × 300 mm glass hybridization tubes (Robbins Scientific).
6. Amersham Storm 860 imaging system (GE Health Bio-science).
7. PhosphorImager storage screen (GE Health Bio-science).
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8. Light microscope with a 40× objective.
9. Gel electrophoresis tanks (BioRad).

3

Methods

3.1 Mapping
Transcripts by Northern
Blotting and RT-PCR
3.1.1

DIG Labeling

Random Primed Labeling with DIG-High Prime is performed
using the procedure described in The DIG System User’s Guide
for Filter Hybridization (Roche).
1. Dilute 1 μg of DNA template with distilled water to a total
volume of 16 μL.
2. Heat-denature the DNA template by boiling for 10 min and
then quickly chill on ice (see Note 1).
3. Add 4 μL of DIG-High Prime labeling mixture, mix thoroughly, and centrifuge briefly.
4. Incubate the reaction for 1–20 h at 37°C (see Note 2).
5. To terminate the reaction add 2 μL of 0.2 M EDTA.
6. Precipitate the DIG-labeled DNA with 0.1 volume of 4 M lithium chloride and 2.5 volumes of chilled ethanol (see Note 3).
7. Incubate at −70°C for 30 min or overnight at −20°C.
8. Centrifuge the reaction at 13,000 × g for 15 min and remove
the ethanol with a syringe.
9. Wash the pellet with 100 μL of 70% ethanol and recentrifuge
for 5 min at 13,000 × g.
10. Remove the ethanol, briefly air-dry the pellet, and resuspend in
50 μL of TE buffer.

3.1.2

RNA Extraction

1. Grow cells in 50–100 mL of HL-5 medium at 21°C with aeration on an orbital shaker at 150 rpm to a density of 5 × 106
cells/mL.
2. To harvest cells pour 1.5 mL of amoeba suspension into a
1.5-mL microcentrifuge tube, centrifuge at 12,000 × g for 5 s
at 4°C to pellet the cells and remove the supernatant by suction (see Note 4).
3. Lyse the cells by resuspending them in 1 mL of TRIzol®
reagent with gentle pipetting to emulsify the pellet and incubating at room temperature for 5 min.
4. Add 200 μL of chloroform and shake the samples vigorously
for 15 s and then incubate for 5 min at room temperature.
5. Centrifuge at 12,000 × g for 15 min at 4°C. This separates the
mixture into three phases, the aqueous (RNA), interphase
(DNA), and organic phase (protein).
6. Transfer 450 μL mL of the aqueous phase to a fresh 1.5-mL
microcentrifuge tube and precipitate RNA with 500 μL of
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isopropanol for 10 min at room temperature. For best results
mix the isopropanol by inverting the tube.
7. Centrifuge the mixture at 12,000 × g for 15 min at 4°C to pellet
the RNA.
8. Remove the resulting supernatant with a syringe, add 1 mL of
75% (v/v) ethanol in DEPC-water, and place at −70°C until
required.
9. When required, centrifuge the RNA sample at 7,500 × g for
10 min at 4°C, remove the ethanol, and briefly air-dry the pellet
(see Note 5). Redissolve the pellet in 50 μL of DEPC-water.
3.1.3 Preparation of RNA
Samples for Northern
Transfer

When working with RNA, wear gloves at all times and clean all
equipment with ethanol and DEPC-water. This will prevent contamination with RNases and degradation of the RNA sample.
1. RNA samples are prepared by mixing 5 μL of RNA loading
buffer and 2 μL of ethidium bromide (10 mg/mL) with
approximately 5 μL of RNA (25–30 μg of RNA).
2. The RNA samples are heated to 70°C for 5 min to denature
any double-stranded RNA molecules, and then put into an
ice/salt bath for approximately 3 min (see Note 1).
3. The samples are now ready to be loaded on a 1% (w/v) agarose
gel prepared with 1× TAE. The gel is run for approximately
2 h at 100 V.

3.1.4 Transfer Setup

1. Prior to the assembly of the RNA transfer pyramid, make a
wick by cutting a piece of Whatman 3 MM paper approximately 2 cm wider than the width of the gel. In addition, a pile
of Whatman 3 MM paper cut to the same dimensions of the
gel is stacked at a height of 5–7 cm (see Note 6).
2. Soak the RNA gel in 50 mM NaOH for 10 min.
3. Pour off NaOH and equilibrate the gel in 20× SSC for 15 min.
4. To assemble the transfer pyramid, place a glass plate over a
container filled with approximately 500 mL of the transfer
solution (20× SSC) (see Note 7).
5. Place the wick over the glass support, forming a bridge-like
structure with each end of the wick in contact with the transfer
solution.
6. Place the gel face down onto the wick and a piece of nylon
membrane (same size as the gel) that has been soaked in transfer solution on top of the gel (see Note 8).
7. Soak three pieces of Whatman 3 MM paper in the transfer
solution and lay on top of the nylon membrane. Any air bubbles present between the gel and the nylon membrane should
be removed by rolling a glass rod over the soaked Whatman
3 MM paper.
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8. The rest of the pile of dry Whatman 3 MM paper is stacked on
top before placing a glass plate on top of the stack and weighing it down with a 0.2–0.4 kg weight to ensure good contact
throughout the stack.
9. Cut strips of Parafilm® and place along the edges of gel to prevent buffer from “short-circuiting.” Blot the gel overnight to
ensure complete transfer of the RNA.
10. To dismantle the blot, take off the weight and the Whatman
paper down to the membrane.
11. With the nylon membrane still on top of the gel, mark the
position of the wells on the membrane with a pencil.
12. Remove the nylon membrane with forceps and wash briefly
(3 min) in 5× SSC to remove any excess salt (see Note 9).
13. Place the nylon membrane between two fresh sheets of
Whatman paper and bake for 2 h at 80°C to crosslink the RNA
to the membrane.
3.1.5

Hybridization

Hybridization is performed either in plastic bags or in glass tubes
using a hybridization incubator.
1. Prewarm hybridization buffer in a 42°C water bath.
2. Place hybridization buffer and membrane into a clean
35 × 300 mm glass tube and place in the hybridization oven
(42°C) for 6 h or overnight (see Note 10).
3. Add 30 μL of DIG-labeled DNA to 10 mL of hybridization buffer. Heat-denature the labeled probe by boiling for 15 min and
then place the tube containing the probe into the 42°C bath.
4. Following the prehybridization, remove the prehybridization
buffer and replace with the hybridization buffer containing the
denatured probe.
5. Incubate the membrane in the hybridization oven (42°C)
overnight.

3.1.6 Colorimetric
Detection

1. Pour off the hybridization buffer containing the probe and
wash the membrane with 100 mL of low stringency buffer for
5 min at room temperature with gentle shaking to remove any
unbound probe.
2. Washed the membrane at 65°C with prewarmed high stringency wash buffer for 20 min to remove any unspecifically
bound probe (see Note 11).
3. Following the low and high stringency washes, equilibrate the
membrane in washing buffer for 3 min.
4. Pour off the washing buffer and replace it with 10–20 mL of
1% blocking solution. Block the membrane by gently agitating
on a shaker for at least 30 min at room temperature.
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5. Replace the 1% blocking solution with 50 mL of 1% blocking
solution containing 10 μL of Anti-digoxigenin-AP (150 mU/
mL) and gently agitate for 30 min at room temperature
(see Note 12).
6. Discard the antibody solution and wash membrane twice,
15 min per wash, in 50 mL of washing buffer by gently agitating
on the shaker.
7. Equilibrate the membrane in 20 mL of detection buffer for
approximately 5 min (see Note 13).
8. Make up substrate solution to 10 mL of detection buffer add
200 μL of substrate (NBT/BCIP stock solution) (see Note
14).
9. Pour off the detection buffer from step 7, remove the membrane, and place it into a plastic bag. Add the substrate solution, seal the bag, and incubate the membrane in the substrate
solution in the dark. DO NOT SHAKE!
10. Once the desired signals are obtained (5–60 min), remove the
membrane from the plastic bag and wash it in 20 mL of TE
buffer for 5 min.
11. Air-dry the membrane on a piece of Whatman paper and store
in a sealed plastic bag. Figure 2 shows a sample result of
Northern hybridization with DIG-labeled DNA probes.
3.1.7 Alternative Detection
Protocol (Enhanced
Chemifluorescence, ECF)

Proceed as in Subheading 3.1.6, steps 1–6.
1. Pipette the required volume of ECF substrate onto an overhead transparency film on a flat surface, drain the blot, and lay
the blot RNA side down onto the solution. The volume of the
ECF solution required to cover the membrane is calculated
using 24 μL of ECF substrate per cm2 of membrane.
2. Add another overhead transparency film on top to form a sandwich, cover the membrane in foil, and leave in the dark to
incubate at room temperature for up to 1 h (see Note 15).
3. Fluorescence is detected by exposing the membrane to light
between 540 and 560 nm and subsequently scanning using an
imaging system such as the Amersham Storm 860.

3.1.8 Reverse
Transcription-PCR

Reverse transcription is used to confirm cotranscription of genes
and to determine whether even larger transcripts than those seen in
the Northern hybridization experiments exist in the mitochondria
of D. discoideum. The positions of the 3¢ primers used for these
experiments are indicated in Fig. 1. Figure 3 shows an example
result of RT-PCR amplification.

DNase Treatment of RNA

Traces of genomic DNA from RNA samples can be removed using
commercially available kits such as the Ambion DNA-free kit.
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1. Incubate the RNA samples with 1 μL of Turbo DNase for
30 min at 37°C in 0.1 volume of 10× DNase reaction buffer
(see Note 16).
2. To remove the DNase, add 0.1 volume of DNase inactivation
reagent to the samples and leave to incubate at room temperature for 2 min.
3. Pellet the DNase Inactivation Reagent by centrifugation at
10,000 × g for 1 min and recover the RNA-containing supernatant to be used in subsequent RT-PCR reactions (see Note 17).
Reverse Transcription
Reaction

Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV RT,
Promega) or a similar product is used to transcribe RNA into cDNA.
1. Mix 3 μL of DNase-treated RNA and 1 μL of a 3¢ gene-specific
primer in a 1.5-mL microcentrifuge tube.
2. Heat-denature the RNA and primer by incubating in a water
bath (95°C) for 5 min.
3. After denaturation, allow the primer to anneal to the RNA
template by slowly cooling to room temperature.
4. Once annealed, add the following components as listed below,
to a total volume of 25 μL.
(a) 5 μL of RT buffer.
(b) 8 μL of MgCl2.
(c) 4 μL of dNTPs.
(d) 0.5 μL of recombinant RNasin.
(e) 2.5 μL of DEPC-water.
(f) 1 μL of reverse transcriptase.
5. Incubate the mixture in a heating block at 42°C for 2 h, allowing the reverse transcriptase to transcribe cDNA from the RNA
template (see Note 18).
6. Heat-inactivate the reverse transcriptase at 95°C for 5 min.
7. Add 10 μL of the resulting RNA: DNA hybrid mixture to a
standard PCR reaction accompanied with 5¢ and 3¢ genespecific primers to amplify the cDNA template.
8. Analyze the resulting PCR products on an agarose gel.

3.2 Identification
of Transcription Start
Sites by In Vitro
Capping
3.2.1 Isolation of
Mitochondria

This method follows a modified protocol from Graziewicz
et al. (12).
1. Grow D. discoideum AX2 cells to a density of 5 × 106 cells/mL
in two conical flasks each containing 1 L of HL-5 medium.
2. Harvest cells by centrifugation for 5 min at 650 × g and 4°C.
3. Wash the harvested cells twice with ice-cold PBS buffer and
recentrifuge under the same conditions.
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4. Discard the supernatant and record the wet weight of the pelleted cells. To aid disruption, purposely enlarge the cells (by
osmosis) by gently resuspending the pellet in 9 volumes of cold
HDB buffer supplemented with 1:100 protease inhibitor
cocktail (Roche). Incubate on ice for 1 h (see Note 19).
5. Once the cells are swollen, place 20 mL of the cell suspension
into a 50-mL conical tube containing 0.33 volumes of glass
beads (425–600 μm).
6. Vortex the tube for 1.5–2 min and check for complete cell
disruption using a microscope (see Note 20).
7. To the cell lysate add 2.5× mannitol-sucrose buffer to a final
concentration of 1× mannitol-sucrose buffer and mix gently.
8. Centrifuge the solution twice at 2,000 × g for 5 min at 4°C to
remove large cellular debris and any remaining intact cells (see
Note 21).
9. Collect the supernatant containing the mitochondria after each
spin and pool.
10. Pellet the mitochondria by centrifuging at 26,000 × g for
30 min at 4°C.
11. Resuspend the mitochondria in 3–5 mL of 1× mannitol-sucrose
buffer and store at –70°C in 500-μL aliquots.
12. When required, thaw the mitochondria on ice and extract RNA
(see Subheading 3.1.2).
3.2.2 In Vitro Capping
of Mitochondrial RNA
with Guanylyltransferase

The RNA is capped in vitro with guanylyl transferase and used as a
radioactive probe in subsequent Southern hybridization experiments. WARNING: All radioactive work needs to be carried out
behind a protective shield in accordance to local safety rules!
1. Heat-denature approximately 10 μg of DNase-treated RNA at
65°C for 5–10 min to remove any secondary structures and
then transfer immediately to ice to stop secondary structures
reforming.
2. To cap the RNA combine the following:
(a) 13.5 μL of heat-denatured RNA.
(b) 2 μL of 10× ScriptCap™ capping buffer.
(c) 2 μL of (α-32P) GTP.
(d) 1 μL of 2 mM SAM solution.
(e) 0.5 μL of ScriptGuard™ RNase inhibitor.
(f) 1 μL of ScriptCap™ capping enzyme.
3. Mix, centrifuge briefly, and incubate at 37°C for 1 h.
4. To precipitate the capped RNA, add 0.1 volume of 3 M sodium
acetate and 1 volume of isopropanol and mix.
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5. Incubate the mixture at –70°C for 60 min.
6. Subsequently pellet the capped RNA by centrifugation at
12,000 × g for 15 min.
7. Wash the pellet with 75% (v/v) ethanol and recentrifuge for
5 min at 12,000 × g.
8. Briefly air-dry the RNA and redissolve in approximately 50 μL
of DEPC-water (see Note 5).
3.2.3 Southern
Hybridization with In Vitro
Capped RNA

This protocol follows a modified version of the procedure
described in The DIG System User’s Guide for Filter
Hybridization (Roche).
1. Separate any relevant DNA samples on a 1% (w/v) agarose gel
at 100 V for approximately 2 h.
2. Depurinate the DNA by submerging the gel in 500 mL of
depurination solution for 10 min at room temperature with
gentle shaking.
3. Wash the gel several times in distilled water and subsequently
neutralize at room temperature for 30 min in neutralization
solution while gently shaking.
4. After neutralization, pre-incubate at room temperature for
30 min in transfer solution (denaturation solution) with gentle
shaking.
5. The capillary transfer method is used to transfer the DNA
fragments from the agarose gel onto a nylon membrane.
See Subheading 3.1.4 for the transfer setup.
6. After blotting, dismantle the pyramid and neutralize the membrane in neutralization buffer for 5 min and then rinse briefly
in 2× SSC. The membrane can be dried and stored in between
two pieces of Whatman paper, baking is not required.
7. Prehybridize the membrane by placing it into a 35 × 300 mm
glass tube filled with 50 mL of prehybridization buffer.
8. Place the glass tube into the hybridization incubator and incubate at 42°C for 3 h.
9. The capped and radioactively labeled D. discoideum mitochondrial RNA, which acts as a probe, is boiled for 15 min to denature the probe and then placed into the incubator (42°C) until
required.
10. Replace the prehybridization buffer with the hybridization
buffer containing the denatured probe, and hybridize in the
incubator at 42°C overnight.
11. After hybridization, remove the probe and wash the membrane
with low and high stringency washes (see Subheading 3.1.6,
steps 1–3).
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12. Once the membrane is washed, wrap it carefully in clear plastic
wrap.
13. Radioactivity is detected by exposing the membrane to a
PhosphorImager storage screen for 60 min to overnight
depending on the signal levels obtained.
14. Scan the screen using an imaging system such as the Amersham
Storm 860. Figure 4 shows a sample result of a Southern
hybridization experiment with capped mitochondrial RNA.
3.3 In Bacterio
Transcription to
Identify Promoter and
Transcription Initiation
Sites

1. Transform an E. coli strain optimized for protein expression
with the vectors outlined in Table 1.

3.3.1 In Bacterio
Transcription Assay

3. Inoculate 0.02 volumes of each overnight culture into 5–10 mL
of fresh, pre-warmed LB broth (supplemented with the relevant antibiotics). Inoculate all transformants in duplicate.
Grow cultures at 37°C to an OD600 of 0.4–0.6.

2. Inoculate a single colony of each E. coli transformant into 5 mL
of LB broth (supplemented with the relevant antibiotics) and
incubate at 37°C overnight.

4. Induce the expression of rpmA by adding IPTG to a final concentration of 1 mM and continue incubation for a further 4 h.
Induce expression for only one duplicate of each transformant
as the other will serve as an uninduced control.
5. Following induction, transfer the cultures to 21°C and incubate for 1 h (see Note 22).
6. Harvest the cells by centrifugation in 1.5-mL microcentrifuge
tubes and resuspend the pellet in TRIzol® reagent for RNA
extraction (see Note 23).
7. Extract total RNA (see Subheading 3.1.2) and detect transcription using Northern blot hybridization (see Subheadings 3.1.3–
3.1.5) and radiography (see Subheading 3.2.3, steps 14 and 15).
Figure 6 shows a sample result of an in bacterio transcription
experiment.
3.3.2 Extraction of Total
RNA from E. coli

Extraction of total bacterial RNA is performed as previously
described for the extraction of total RNA from D. discoideum cells
(see Subheading 3.1.2) with only one modification. Following
resuspension in TRIzol® reagent, incubate the samples at 65°C for
30 min. This promotes bacterial cell lysis and ensures better RNA
quality.

3.3.3 Northern Blot
Hybridization with
End-Labeled Radioactive
Probes

Detecting transcription of the rnl reporter is achieved using
Northern blot hybridization (see Subheadings 3.1.3–3.1.7). The
RNA samples must be DNase-treated for an extended incubation
time to remove all vector DNA to avoid detection of any rnl DNA.
This is achieved by using the Turbo DNA-freeTM DNase kit
(Ambion) according to the manufacturer’s instructions with a
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Fig. 6 Sample result of an in bacterio transcription assay for analyzing D. discoideum mitochondrial transcription. Northern blot analysis using an rnl-specific
probe against total RNA samples obtained from bacterial cultures carrying the vector pZ-rnl (lane 1), pZ-NCRrnl (lane 2), pQE-rpmA (lane 3), both pZ-rnl and pQE
rpmA (lanes 4 and 5). These were the negative controls. RNA extracted from cells
carrying both pZ-NCRrnl and pQE-rpmA (lanes 6 and 7) demonstrated transcription
of the rnl reporter. Lane P denotes the positive control, pBS-rnl in an in vitro transcription assay using T7 RNA polymerase. Figure adapted from Le et al. (7) with
permission from Cold Spring Harbor Laboratory Press America

longer incubation time. It is best to use a radioactively end-labeled
rnl probe as rnl transcripts may be present in low concentrations.
1. Digest a purified PCR product of the rnl gene (flanked by
specific restriction sites) with a relevant restriction enzyme,
such that protruding ends are created which contain the complementary nucleotide that you will be labeling with. The
restriction enzyme EcoRI (GAATTC) and the radiolabeled
nucleotide (α-32P) dATP are a common choice for labeling.
Incubate digests at 37°C for 1 h. Inactivate the enzyme at
65°C for 10 min.
2. Add the DNA into a labeling reaction containing (α-32P) dATP
and 5 mM dNTP mix (not containing dATP), DNA polymerase I, Klenow fragment, and its associated buffer (Promega)
to a final volume of 20 μL. Incubate the reaction at 37°C for
30 min. Inactivate the enzyme at 65°C for 10 min.
3. Precipitate the DNA by adding an equal volume of isopropanol and centrifuge for 15 min at 12,000 × g. Wash the pellet with 70% ethanol and resuspend in 20 μL of TE buffer.
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The probe can now be used in Northern hybridization
experiments for the detection of gene-specific transcripts.

4

Notes
1. It is best to chill the samples in an ice/salt/water slurry for
approximately 3 min. This stops secondary structures from
reforming.
2. Longer incubations will increase the yield of DIG-labeled
probe.
3. It is best to chill the ethanol at −20°C for 30 min prior to use.
4. If cells cannot be grown to this density, then the centrifugation
step may be repeated with an extra 1 mL of cells to get a larger
pellet.
5. Do not leave the RNA pellet to dry for longer than 5 min as
the RNA will not redissolve if too dry.
6. To save on Whatman paper, paper towel can be wrapped around
a glass plate to replace some of the stack. In addition the
Whatman paper stack can be reused, after it has been dried out.
7. 20× SSC can be reused several times. Only use this to fill the
container to act as transfer solution.
8. Avoid handling of the nylon membrane with gloved hands,
always use clean forceps (plastic is best).
9. If you find there is salt still present on the membrane do an
extra washing step with 2× SSC for approximately 3 min.
10. Prehybridization should be performed for a minimum of 3 h.
A hybridization oven is the better option, however if you don’t
have access to one use a shaking water bath on a low speed as
circulation of probes and buffer give a better result.
11. Lowering the temperature to 55°C in this wash may help to
increase signal strength. This will decrease the amount of probe
that is washed off. However this may also increase the background on the membrane. You may need to experiment with
the temperature between 55 and 60°C to achieve the best
result for your probe.
12. This should not be left longer than 30 min as the anti-digoxigeninAP may bind unspecifically and give unexpected results.
13. The detection buffer should be made fresh on the day. When
making, adjust the pH of the buffer to 9.5 using HCl before
adding MgCl2, otherwise a cloudy precipitate will form.
14. If removing the substrate from a −70°C freezer, incubate it at
37°C until the brown precipitate is gone. Vortex the substrate
to mix.
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15. If a stronger signal is required, leave longer in the dark, this
increases background though.
16. If not all DNA is removed in a neat sample you may need to
dilute the RNA to allow complete digestion of the contaminating DNA. A longer incubation time may also help.
17. Be very careful not to transfer any of the inactivation reagent
to the fresh tube as this may affect downstream applications.
18. If you want to ensure a consistent temperature, use a
thermocycler.
19. If you find the cells do not lyse easily, you may need to leave
them to incubate longer at this stage.
20. Do not vortex for longer than 5 min as this may damage the
mitochondria.
21. You may need to increase the centrifugation time to 10 min to
pellet the cell debris.
22. Incubation at a lower temperature increases rpmA activity;
21°C should be the optimal temperature as this simulates
mitochondrial transcription conditions in vivo.
23. The suspension can be stored at −70°C in TRIzol® and thawed
for RNA extraction at a later date.
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Abstract
Background: The cloning of gene sequences forms the basis for many molecular biological studies. One important
step in the cloning process is the isolation of bacterial transformants carrying vector DNA. This involves a vectorencoded selectable marker gene, which in most cases, confers resistance to an antibiotic. However, there are a
number of circumstances in which a different selectable marker is required or may be preferable. Such situations
can include restrictions to host strain choice, two phase cloning experiments and mutagenesis experiments, issues
that result in additional unnecessary cloning steps, in which the DNA needs to be subcloned into a vector with a
suitable selectable marker.
Results: We have used restriction enzyme mediated gene disruption to modify the selectable marker gene of a
given vector by cloning a different selectable marker gene into the original marker present in that vector. Cloning a
new selectable marker into a pre-existing marker was found to change the selection phenotype conferred by that
vector, which we were able to demonstrate using multiple commonly used vectors and multiple resistance markers.
This methodology was also successfully applied not only to cloning vectors, but also to expression vectors while
keeping the expression characteristics of the vector unaltered.
Conclusions: Changing the selectable marker of a given vector has a number of advantages and applications. This
rapid and efficient method could be used for co-expression of recombinant proteins, optimisation of two phase
cloning procedures, as well as multiple genetic manipulations within the same host strain without the need to
remove a pre-existing selectable marker in a previously genetically modified strain.
Keywords: Molecular cloning, Gene disruption, Selection of transformants, Antibiotic resistance

Background
Molecular cloning is a process involving the incorporation of a copy of a gene or gene fragment into a plasmid vector [1]. This process allows the characterisation
of genes and their associated gene products from any
organism. Hence, the ability to clone genes for their
characterisation completely revolutionised molecular
biology and our understanding of cell biology.
Most cloning vectors are taken up, stably maintained
and efficiently replicated in Escherichia coli. As a result,
E. coli is commonly used as a tool for cloning. Given the
low efficiency of vector transformation, one important
* Correspondence: C.Barth@latrobe.edu.au
Department of Microbiology, La Trobe University, Melbourne, VIC 3086,
Australia

step in the cloning process is the selection of cellular
clones carrying vector DNA, termed transformants [2].
Selection will only allow cells carrying vector DNA to
grow, while untransformed cells are inhibited or killed
due to the presence of a selective agent [3]. For molecular cloning in E. coli, selection of transformants carrying
vector DNA often involves using antibiotics which are
supplemented into the growth medium. This is because
the vector contains a gene encoding resistance to a
particular antibiotic, termed a selectable marker gene
[2,3]. Due to this resistance being vector-encoded, the
resistance phenotype is only conferred to transformants
carrying the vector. Additionally, the selective pressure
placed upon transformants by using selective agents,
forces the E. coli host to maintain and replicate the
vector. Given that maintenance of a vector, which
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provides no advantage in a given environment, can place
transformants at a growth disadvantage, a lack of selection can promote vector loss [4].
For the selection of vectors in E. coli, there is an array of
selective agents and associated selectable marker genes
encoded in these vectors. While such agents include ionic
heavy metals such as mercury, it is antibiotics that are
most commonly used for selecting E. coli transformants
[4]. One of the most common antibiotics utilised is ampicillin. Vector-encoded ampicillin resistance genes usually
encode β-lactamases, which enzymatically inactivate
ampicillin [3,5,6]. While ampicillin selection provides a
number of advantages, there are often circumstances in
which selection with a different antibiotic is desired. For
example, β-lactamases are produced at substantial levels,
and are secreted into the medium. Prolonged incubation
of these cells results in the inactivation of all ampicillin in
the medium [3,4]. Thus, after a significant period of time
into incubation, cells will continue growing in the absence
of selective pressure. In transformation experiments, this
will lead to the formation of ampicillin sensitive satellite
colonies.
Additionally, maintaining two different vectors within
one host cell often requires differing selectable markers
for each vector. If both vectors confer resistance to the
same antibiotic, the selective pressure will often not be
sufficient for the host to maintain both replicons. Moreover, many host strains have been genetically modified
and as a result, carry resistance to specific antibiotics.
This innate resistance means that vectors conferring resistance to the same antibiotic are not suitable for this
strain. This presents an issue when such restrictions
mean the researcher is forced to choose either another
strain or another vector, which may be less suitable for
the experiment of interest. Additionally, other genetic
manipulation methods, such as mutagenesis or conjugation experiments, also require the use of selectable
markers for which limited choices are also available.
Furthermore, difficulties can also be encountered when
a cloned DNA sequence of interest is in a vector that
does not carry a suitable selectable marker and thus,
needs to be subcloned into a different vector. Thus, the
ability to rapidly change the selectable marker capabilities of an existing vector or construct of interest is a
highly desirable feature in many aspects of genetic
research, such as improving molecular cloning and
transformant selection methods.
Here, we report a cloning procedure that involves altering the selectable marker gene of a vector of interest
by introducing another. This is performed using restriction enzyme mediated gene inactivation in which
the initial vector encoded selectable marker gene is
inactivated by cloning another selectable marker gene
into the original open reading frame (ORF). Using this

Page 2 of 9

process to expand selectable marker choice has a
number of potential applications and provides multiple
benefits for many procedures including cloning, mutagenesis, host strain choice and vector choice.

Methods
PCR amplification of tetracycline and kanamycin
selectable marker genes

The tetA gene cassette was amplified using pLAFR1 vector as a template with forward primer 5′-CCATGGC
TG CAGAGTACTGT T TCCACGATCAGCGATCGGCT
CG-3′ and reverse primer 5′-CCATGGCTGCAGAGTA
CTGGCACGGATCACTGTAT TCGGCTGC-3′. These
primers had restriction sites for NcoI, PstI and ScaI incorporated for cloning purposes. The kanR gene cassette was
amplified using the pZErO-2 vector as template with forward primer 5′-AGTACTCAAACTGGAACAACACTC
AACCCTATCG-3′ and reverse primer 5′-AGTACTCAC
CTAG AT C C T T T T CA C G TA G A AAGCC-3′. These
primers had restriction sites for ScaI incorporated for
cloning purposes. PCR reactions were performed under
the following cycling conditions; 94°C for 5 min and
then 40 cycles of 94°C for 1 min, 60°C for 30 seconds,
72°C for 1 min followed by a final extension at 72°C for
11 min.
Cloning of tetracycline and kanamycin selectable marker
genes

The tetA and kanR gene cassettes have been amplified
by PCR using gene specific primers as described above.
The amplification products were cloned into the phase I
vector pCRW2.1-TOPOW (Invitrogen) according to the
manufacturer’s instructions. The phase I constructs and
the phase II vectors were then digested with the relevant
restriction enzyme in order to clone into the ORF of the
phase II vector’s selectable marker gene. The gel purified insert and vector were then used in a ligation reaction using T4 DNA ligase (Promega). Cohesive end
ligations were performed at 16°C/23°C cycling conditions for 12 hours, while blunt end ligations were
performed at 15°C for 12 hours. Aliquots of the ligation
reaction were then electroporated into E. coli DH5α or
TOP10 cells at a capacitance of 25 μF at 2.5 kV with a
resistance of 200 Ω. The transformation was plated onto
Luria Bertani (LB) agar supplemented with the antibiotic to which the insert confers resistance (tetracycline
or kanamycin, 5 μg/ml and 25 μg/ml, respectively).
Viable transformant counts

In order to determine the number of viable cells and
their ability to grow in the presence of different antibiotics, overnight cultures were serially diluted to 10-7.
The E. coli transformation mixtures of interest were
then plated out onto LB agar containing either no
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antibiotic, ampicillin (100 μg/ml), kanamycin (25 μg/ml)
or tetracycline (5 μg/ml). Viable transformant counts
were calculated based on the number of colonies
obtained on duplicate plates of the same dilution within
a statistically valid range.
Southern blot hybridisation

Vector DNA was linearised and run on a 1% (w/v) agarose
gel. The gel was washed in depurination (0.25 M HCl),
neutralisation (0.5 M Tris–HCl, pH 7.0) and denaturation
(1.5 M NaCl, 0.4 M NaOH) solutions, and the DNA was
transferred to a nylon membrane (Hybond). After the
membrane was baked at 80°C for 2 hours, the membrane
was prehybridised in hybridisation buffer (25% 20 × SSC
[3 M NaCl, 0.3 M Tri-sodium citrate], 50% formamide,
0.1% N-lauroyl-sarcosine, 0.02% SDS, 2% blocking solution) at 42°C overnight. The pBR328 vector DIG labelled
control probe provided with the DIG labelling and detection kit (Roche) was used as a probe to detect vector DNA
and was added to the hybridisation buffer at 25 ng/ml.
After incubating overnight, DIG detection was performed
using colourimetric detection according to the manufacturer’s instructions.

Results
Restriction enzyme mediated gene disruption for
changing selectable markers

In order to establish a simple method for modifying the
selectable marker gene in commonly used E. coli vectors,
four different vectors and two resistance cassettes conferring resistance to kanamycin and tetracycline were used
(Table 1). Two of the vectors, pUC19 [7-9] and pZErO-2
(Invitrogen), are commonly used for phase I cloning. The
vector pBlueScript SK(+) (Stratagene), is a phagemid,
which is widely used for in vitro transcription of cloned
DNA [10]. The final source vector used, pET23a
(Novagen) is an E. coli expression vector which was
employed to further demonstrate the versatility and
potential applications of this selection modification
method. The cloning strategies are outlined in Table 1
and in Figures 1 and 2.
Once a suitable restriction site within the existing
antibiotic resistance gene was identified, gene specific

primers were designed to PCR amplify the tetA and
kanR gene cassettes (conferring resistance to tetracycline and kanamycin, respectively) and their associated
regulatory elements, using other vectors containing
these genes as templates. The tetracycline resistance
locus in pLAFR1 consists of two genes, tetA and tetR
[11-13]. The tetA gene encodes an efflux pump responsible for the resistance phenotype, while tetR encodes a
regulatory repressor protein [13-15]. As negative regulation was not required, only the tetA gene was amplified.
The kanR gene, amplified from pZErO-2, encodes a
aminophosphotransferase, APH(3′)-II isolated from
transposon tn5, which confers resistance to kanamycin
via enzymatic inactivation [2,16].
Creation and isolation of transformants carrying vectors
with the new selectable marker gene

Following amplification and cloning of the tetA and
kanR cassettes into pCRW2.1-TOPOW (Invitrogen) phase
I vector (data not shown), the cloned resistance cassettes and target vectors of interest were digested with
the suitable restriction enzyme (Table 1). After ligation
and transformation of E. coli, cultures were plated onto
LB agar supplemented with the antibiotic for which the
insert encodes resistance. This allowed for selection of
the transformants carrying the construct of interest.
Transformants carrying empty, recircularised vectors
were therefore selected against on this medium. Both
the tetA and kanR resistance cassettes were successfully
cloned into the ampR gene of pUC19 (Figures 1 and 2).
The tetA resistance cassette was also cloned into the
kanR and ampR genes of pZErO-2 and pET23a, respectively (Figure 2). Lastly, the kanR resistance cassette was
also cloned into the ampR gene of pBlueScript (Figure 1).
Cloning a new resistance cassette into the original
selectable marker gene of any vector abolishes the
original resistance phenotype and subsequently confers
resistance to a different antibiotic

In order to determine if restriction enzyme mediated
gene disruption inactivated the original vector resistance ORF, viable transformant counts were performed
for E. coli transformants carrying either the original

Table 1 Vectors used for restriction enzyme mediated selectable marker gene disruption
Original Vector
(and source)

Phenotype of original Cloning restriction site Phenotype of cloned selectable marker Construct name
selectable marker

pUC19 (New England Biolabs) ampR

ScaI

R

kanR
R

pUC19 (New England Biolabs) amp

ScaI

tet

kanR

NcoI

tetR

pZErO-2 (Invitrogen)

R

pBlueScript SK + (Stratagene)

amp

ampR

pET23a (Novagen)
R

R

R

R

pUC19:kanR
pUC19:tetA
pZErO-2:tetA

ScaI

kan

pBlueScript SK+: kanR

PstI

tetR

pET23a:tetA

amp : Ampicillin resistance, kan : Kanamycin resistance, tet : Tetracycline resistance.
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Figure 1 Strategies employed for cloning a kanamycin resistance cassette (kanR) via selectable marker restriction enzyme mediated
gene disruption. The cassette was cloned into the unique ScaI site present in the ampR gene of pUC19 and pBlueScript SK+. Relevant restriction
sites and features of each vector are indicated.

Figure 2 Strategies employed for cloning a tetracycline resistance cassette (tetA) via selectable marker restriction enzyme mediated
gene disruption. The cassette was cloned into the resistance genes of pUC19, pZErO-2 and pET23a using unique restriction sites located in the
selectable marker of each vector. Relevant restriction sites and features of each vector are indicated.
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Table 2 Viable transformant counts of E. coli
transformants carrying vectors with an undisrupted or
disrupted ampicillin selectable marker

Table 4 Viable transformant counts of E. coli
transformants carrying vectors with an undisrupted or
disrupted ampicillin selectable marker

Viable transformant count (cfu/ml) on medium

Viable transformant count (cfu/ml) on medium

Transformant

LB

LB + Amp

LB + Tet

Transformant

LB

LB + Amp

LB + Kan

pUC19

2.22 × 109

2.25 × 109

0

pUC19

2.22 × 109

2.25 × 109

0

pUC19:tetA

4.2 × 109

0

2.85 × 109

pUC19:kanR

6.7 × 108

0

7.3 × 108

9

9

9

9

pET23a

2.85 × 10

2.39 × 10

0

pBlueScript

2.87 × 10

2.81 × 10

0

pET23a:tetA

2.03 × 109

0

2.11 × 109

pBlueScript:kanR

2.05 × 109

0

1.78 × 109

Disruptants were created by cloning a tetracycline selectable marker gene into
a unique restriction site in the vector encoded ampicillin resistance gene.
Transformants were plated onto LB medium supplemented with either
ampicillin or tetracycline. cfu; colony forming unit.

Disruptants were created by cloning a kanamycin selectable marker gene into
a unique restriction site in the vector encoded ampicillin resistance gene.
Transformants were plated onto LB medium supplemented with either
ampicillin or kanamycin. cfu; colony forming unit.

vector or the construct containing the new selectable
marker. For all five constructs, the transformants only
grew in the presence of the antibiotic for which the
cloned gene encodes resistance to (Tables 2, 3, 4). This
indicates that insertion of a new selectable marker gene
into the original resistance ORF of a vector confers
resistance to a new antibiotic, and that the vector no
longer provides resistance to the original antibiotic as a
result of gene disruption. This phenotype was observed
for all transformants carrying any of the five constructs,
while transformants carrying the empty, original vector
displayed the opposite resistance profile. It is also
important to note that the practical value of the constructs as cloning vectors remained unaffected, since
this method only involved disruption of the selectable
marker gene, leaving the multiple cloning sites and
other regulatory features of these vectors intact. This
was demonstrated by the successful cloning of a foreign
DNA sequence (590 bp in size) into the SacI and
HindIII restriction sites in the multiple cloning site of
the vector pET23a:tetA (Figure 3).

determined in transformants individually, as well as in
cells co-transformed with both vectors. Southern blot
hybridisation analysis demonstrated that vector copy
number from cells carrying either pET23a or pET23a:
tetA were similar (Figure 4). When both vectors were
introduced into the same host, they were both
maintained under selective pressure despite the incompatibility of their replication origins, and the cells

Determining relative vector copy number in cotransformed cells for expression vectors

In order to investigate the suitability of pET23a:tetA
for expression experiments in E. coli, the stability and
relative copy number of pET23a and pET23a:tetA were
Table 3 Viable transformant counts of E. coli
transformants carrying vectors with an undisrupted or
disrupted kanamycin selectable marker
Viable transformant count (cfu/ml) on medium
Transformant

LB

LB + Kan
9

LB + Tet
9

pZErO

2.05 × 10

1.35 × 10

0

pZErO:tetA

1.06 × 107

0

1.07 × 107

Disruptants were created by cloning a tetracycline selectable marker gene into
a unique restriction site in the vector encoded kanamycin resistance gene.
Transformants were plated onto LB medium supplemented with either
kanamycin or tetracycline. cfu; colony forming unit.

Figure 3 Restriction digest analysis of the vector pET23a:tetA
carrying a foreign DNA segment. Cloning of a 590 bp foreign
DNA was performed using SacI and HindIII restriction sites located
within the multiple cloning site of pET23a:tetA. Lane 1: 1 kb gene
ruler DNA ladder (sizes as indicated in kb); lane 2: pET23a:tetA vector
undigested; lane 3: pET23a:tetA, digested with SacI and HindIII
(5.01 kb); lane 4: pET23a:tetA, digested with EcoRV, a restriction site
located within the tetA gene (5.02 kb); lane 5: pET23a:tetA vector
carrying a 590 bp cloned DNA segment, undigested; lane 6: pET23a:
tetA vector carrying a 590 bp cloned DNA segment, digested with
SacI and HindIII (0.59, 5.01 kb); lane 7: pET23a:tetA vector containing
cloned DNA, digested with EcoRV, a restriction site located within
both the tetA gene and the cloned DNA (3.30, 2.30 kb).
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Figure 4 Analysis of relative vector copy number of pET23a
and pET23a:tetA in E. coli co-transformed cells. The blot displays
signals for EcoRI linearised vectors from individual transformants
carrying the original pET23a vector (lane 1), the pET23a:tetA (lane 2),
or vector DNA from co-transformants carrying both pET23a and
pET23a:tetA vectors (lane 3).

efficiently grew in the presence of both ampicillin and
tetracycline (data not shown). However, pET23a:tetA
displayed a reduced copy number compared to pET23a,
which only seemed to occur in the presence of pET23a.

Discussion
Restriction enzyme mediated gene disruption inactivates
the function of the original selectable marker and
provides a novel selection system

Selection of bacterial transformants is an important step
in both the cloning of DNA and for the maintenance of
vector DNA in bacterial cells. The type of selectable
marker present in a particular vector is often an important consideration in multiple aspects of research. On
many occasions, there is a lack of choice when choosing
a vector and its selection capabilities. Here, we have
demonstrated a procedure to easily change the selectable
marker gene in desired cloning vectors by restriction
enzyme mediated gene disruption.
Restriction enzyme mediated gene disruption is a well
established method in molecular cloning and is primarily used to distinguish between E. coli transformants
carrying an empty vector and those carrying a vector
with a cloned insert. The best known example of this is
blue-white screening, which involves cloning the DNA
of interest into the LacZα gene encoding the α subunit
of the β-galactosidase enzyme [17]. Transformants

carrying the empty vector (and an intact LacZα gene)
produce blue colonies in the presence of X-gal, the
β-galactosidase substrate. On the other hand, in
transformants carrying vectors with cloned inserts, the
LacZα gene has been disrupted and the colonies remain
white [18,19].
Restriction enzyme mediated gene disruption was also
traditionally used in the inactivation of selectable marker
genes for identifying transformants carrying vectors with
the cloned insert. The pACYC vectors contain multiple
antibiotic resistance genes within the one vector and one
of the resistance genes contains a cloning site. Hence,
cloning DNA into these vectors inactivated one of the
antibiotic resistance genes and therefore transformants
carrying the cloned DNA would be sensitive to this antibiotic, while remaining resistant to the second antibiotic
conferred by the intact resistance gene [17,20].
Here, we have utilised the same principle, but instead
of using it to screen for transformants carrying vectors
with cloned inserts, we have used it to change the
selection capabilities of vectors. Insertion of either the
tetA or kanR genes into the original selectable marker
of multiple vectors was found to abolish the original
resistance phenotype conferred by the original ORF
and provides resistance to another antibiotic that was
encoded by the cloned DNA (Tables 2, 3, 4).
Significance of selectable marker restriction enzyme
mediated gene disruption

Restriction enzyme mediated gene disruption to change
the antibiotic resistance gene in a vector provides multiple advantages, especially due to the versatility and
simplicity of the process. We have shown that this
method can be used to easily change the selection profile of commonly used E. coli vectors, including both
cloning and expression vectors, thereby increasing the
availability of suitable vectors. The method is simple, as
any restriction site of interest can be chosen as long as
it is unique and located within the original antibiotic resistance ORF, and we have provided a list of commonly
used vectors and suitable restriction sites for selectable
marker gene disruption in Table 5.

Table 5 Commonly used vectors and unique restriction sites suitable for selectable marker restriction enzyme
mediated gene disruption
Vector

Selectable marker

Source

Unique restriction sites in selectable marker

pUC18, pUC19

ampR

New England Biolabs

XmnI, ScaI

pBlueScript

ampR

Stratagene

ScaI

R

pZErO

kan

Invitrogen

NcoI

pBR322

ampR tetR

New England Biolabs

ScaI, PvuI, PstI EcoRV, BamHI, SphI, SalI

R

R

pACYC177

amp kan

New England Biolabs

ScaI, PstI, BglI ClaI, HindIII

pACYC184

camR tetR

New England Biolabs

EcoRI, NcoI EcoRV, BamHI, SphI, SalI

R

R

R

R

amp : ampicillin resistance, kan : kanamycin resistance, tet : tetracycline resistance, cam : chloramphenicol resistance.
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The method is also simple, as it requires only one
additional cloning step to create the desired vector, and
the screening process for transformants of interest is
rapid and efficient. This is because construct carrying
transformants can be isolated on media supplemented
with the antibiotic for which resistance is encoded for
by the cloned gene. For example, pUC19 transformants
can grow on ampicillin but cannot grow on tetracycline.
On the other hand, pUC19 transformants carrying the
tetA cassette display the opposite growth characteristics
(Table 2). Therefore, all transformants obtained on
tetracycline plates were highly likely to contain vectors
with the tetA cassette integrated into the ampR gene.
Thus this method can be applied to vectors to be used
in downstream cloning applications. Additionally, it can
also be used to modify the selectable marker of an
existing construct containing cloned DNA, rather than
having to repeat the cloning of the DNA of interest into
a different vector with suitable selection capabilities,
which can be tedious and time consuming.
Although ampicillin is widely used in cloning as a selective agent, there are multiple disadvantages of working
with ampicillin. Ampicillin is inactivated by β-lactamases,
enzymes encoded by ampicillin resistance genes [3,5,6].
Given that they are expressed at high levels and are secreted by cells, the medium is quickly exhausted of ampicillin during incubation [3,4]. This results in continual
growth of bacterial cultures in the absence of selection,
which can result in loss of vector DNA and ampicillin
sensitive satellite colonies arising in transformations. Additionally, high concentrations of ampicillin (~100 μg/ml)
are often required and ampicillin solutions cannot be
stored for extended periods of time. In contrast, tetracycline resistance conferred by tetA is based on an efflux
pump mechanism [13-15] and as a result, tetracycline is
never inactivated but present during the entire incubation,
maintaining selective pressure. Also, in comparison to
ampicillin, tetracycline usually requires much lower concentrations (~5 μg/ml). As a result, tetracycline may be a
more attractive antibiotic for use in molecular cloning
over ampicillin. Therefore, the pUC19:tetA construct
created via restriction enzyme mediated gene disruption
provides a beneficial vector for use in molecular cloning
over its parental vector (pUC19).
Applications of selectable marker restriction enzyme
mediated gene disruption in molecular cloning and
studying cell biology

The versatility of selectable marker gene disruption via
cloning also means that there are a number of applications to this method for studying cell biology. Firstly,
changing the selection capabilities of a vector can significantly improve and facilitate the cloning of a DNA
fragment of interest. If the selectable marker gene of
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either the phase I or phase II vector is changed via
restriction enzyme mediated gene disruption, the two
vectors now confer different resistance phenotypes. As a
result, subcloning from the phase I to the phase II vector is possible without the need to purify the insert from
the phase I backbone. Although the ligation reaction
will now also include the phase I vector as well as the
insert and phase II vector, selection of the transformants
can be based on the resistance conferred by the phase II
vector. Thus, transformants containing any recombinant form of the phase I vector will be selected against
and will not grow on the medium. This improves cloning efficiency and allows evasion of purification procedures, such as gel extraction, which can degrade the
ends of the insert as well as the unavoidable contamination of agarose which, can contain DNA ligase
inhibiting components [21,22]. Other purification
methods such as phenol chloroform extraction can leave
traces of phenol, which can also interfere with subsequent ligation reactions. Additionally, the purification
methods do not always completely remove the phase I
vector backbone, and phase I vector contamination in
phase II ligations and transformations will make screening for recombinants more laborious, if the phase I
vector is not selected against. For example, if a DNA
fragment of interest was subcloned from pUC19 (ampR)
to pET23a (ampR), pUC19 contamination will lower the
chance of obtaining the desired construct. However, this
can be avoided if pET23a:tetA (Figure 2) was used
instead, as selection would be performed based on tetracycline resistance instead of ampicillin resistance.
While vector-based antibiotic resistance is most commonly used to isolate and maintain vector constructs in
E. coli, it also forms the basis for the generation of
bacterial strains via insertional mutagenesis. However,
many E. coli strains used for mutagenesis studies already
have resistance to particular antibiotics [18], and other
E. coli strains, as well as many other bacteria, have
innate resistance to specific antibiotics [3,18]. In these
circumstances, the choice of selectable markers and
suitable vectors is greatly restricted. To overcome this,
restriction enzyme mediated gene disruption can be
used to change the selection phenotype conferred by
the particular vector being used, by choosing a selectable marker to which the strain of interest is not already
resistant. Similarly, this method also allows for successive gene manipulations in the same strain and
facilitates the isolation of double mutants making
the need for methods such as the cre-lox system for
reusing the same selectable marker unnecessary.
While the cre-lox system can provide benefits for the
removal and reuse of selectable markers in particular
strains [23], using restriction enzyme mediated gene
disruption offers a simpler and less time consuming
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solution for multiple gene manipulations within the
same strain.
Most vectors used for the heterologous expression of
recombinant proteins in E. coli possess ampicillin resistance genes [24]. In fact, there are very few E. coli
expression vectors that have a resistance gene other
than ampicillin. This can present an issue given the
disadvantages of working with ampicillin discussed
above, but can also limit the choice of vectors for coexpression studies. Using selectable marker restriction
enzyme mediated gene disruption, we modified the
selectable marker of pET23a (Novagen), a commonly
used expression vector. This involved inactivation of the
ampR gene, via the successful introduction of the tetA
gene cassette, which was confirmed at the phenotypic
level (Table 2). Similar to the original vector, the
pET23a:tetA construct can now be used for cloning and
subsequent protein expression, and we also demonstrated that both vectors are maintained and transmitted to daughter cells when co-transformed in the same
host, despite the incompatibility of their replication
origins. Using this method to change the selectable
marker gene of an expression vector therefore allows
the co-expression of two recombinant proteins within
the one host cell as both vectors can be maintained
under selective pressure, regardless if the replication origins of the two vectors are incompatible. Co-expression
of recombinant proteins in the same host is important
for the study of protein-protein interactions or the coexpression of molecular chaperones to improve the
folding and solubility of a particular recombinant
protein [25,26]. Using restriction enzyme mediated gene
disruption to change the selectable marker of protein
expression vectors allows such applications to be improved.

Conclusions
We have described a method in which the basic principles
of cloning have been utilised to change the antibiotic
resistance phenotype conferred by an E. coli vector by
cloning a different resistance gene into the original ORF.
This simple and rapid method has a number of advantages
including high versatility and options for researchers. It
also has applications in cloning, mutagenesis studies and
heterologous protein expression. Therefore, as a method,
selectable marker restriction enzyme mediated gene
disruption can provide a significant contribution to studying molecular biology in bacteria as well as in other
organisms.
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