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1. Introduction 
 
In the following introduction the main aspects required to understand this work 
will be presented. Firstly, the attention will be focused on the pathogen studied: 
its life cycle, the symptoms it causes and the principal control measures applied 
to avoid epidemics. The second part offers an overview of the major hosts 
attacked by this pathogen. The last part of the introduction shows the importance 
of mitochondria in the cell’s life, the general features of mitochondrial DNA and 
its use as a molecular marker. 
 
1.1. The pathogen 
 
Rhynchosporium secalis causes an economically important disease of barley 
known as leaf blotch or as scald. Scald occurs throughout the world wherever 
barley is grown and can cause yield losses of 35% or more (Shipton et.al., 1974; 
Abbott et.al., 1991; Tekauz, 1991; Khan, 1986; McDonald et al., 1999). In 
addition to cultivated barley (Hordeum vulgare), R. secalis infects rye and several 
wild grass species (Caldwell, 1937). R.secalis is particularly dangerous during 
wet seasons, it survives on seed, soil and debris, and it is splash dispersed 
(Ayesu-Offei, 1971; Stedman, 1980). R. secalis is highly variable in pathogenicity 
(from 2 to 75 pathotypes have been identified in previous studies (Ali et al., 1976; 
Jackson and Webster, 1976; Ceoloni, 1980; Chen and McDonald, 1996), but it is 
also highly variable in morphology, colony color, isozymes and DNA molecular 
markers (Goodwin et al., 1992; Goodwin et al., 1993). Conidia of R. secalis 
typically are two celled, hyaline with a characteristic beak at one end and are 
produced directly on mycelia, with no true conidiophores (Caldwell, 1937).  
Small, single-celled microconidia of unknown function are sometimes produced 
from flask-like branches of older mycelia. The genus Rhynchosporium contains 
two generally accepted species. In addition to R. secalis, a second species, 
called Rhynchosporium orthosporum, was described by Caldwell (1937). This 
species is very similar to R. secalis morphologically, but it has conidia that are 
uniformly cylindrical rather than beaked. Instead of barley, the host of  
R. orthosporum is orchardgrass (Dactylis glomerata). There is also a third 
species, which is sometimes placed in the genus Rhynchosporium, namely  
R. alismatis. This pathogen infects Alisma, Sagittaria, and other hosts in the 
Alismataceae (Cother, 1999). However, because this species produces conidia 
from conidiophores and lacks a superficial stroma (Caldwell, 1937), it was 
excluded from the genus of Rhynchosporium (Goodwin, 2002). 
 
1.2. Pathogen biology 
 
Population genetic studies suggest that R. secalis populations undergo 
recombination but the sexual stage has not been recorded (McDonald et al., 
1999; Salamati et al., 2000; Linde et al., 2003). Because only the anamorph is 
known, R. secalis has been classified as a Deuteromycete, however, 
phylogenetic studies showed that it is closely related to Tapesia yallundae, an 
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Ascomycetous (Discomycete) fungus (Goodwin, 2002). Because of the abundant 
evidence indicating it is a sexual fungus and the genetic similarity to T. yallundae, 
we will consider R. secalis as an Ascomycete.  
Rhynchosporium secalis mainly overwinters on infected leaves and crop residues 
which also serve as source of inoculum for the scald pathogene. (Caldwell, 1937; 
Skoropad, 1959; Evans, 1969; Ayesu-Offei, 1971). The pathogen can also infect 
seed, although seed-borne inoculum is likely only a minor source of disease. 
Two-celled conidia of R. secalis are produced from fungal stroma present in 
infected host residues under cool, moist conditions. The conidia are dispersed 
over relatively short distances from infected residue or leaf lesions via the 
splashing action of droplets of rain. Moist conditions and temperatures between 
15 to 20°C favor host infection and disease development, with typical symptoms 
being produced within approximately 14 days (Skoropad, 1957; Ryan and Clare, 
1975; Xue and Hall, 1992; Appendix1, Fig. 1-4). Temperatures close to or above 
30°C restrict host infection and disease development (Caldwell, 1937; Owen, 
1958; Shipton et al., 1974). Symptoms of scald can occur on leaves starting at 
the seedling stage, but tend to be most predominant around the heading stage of 
development. 
 
1.3. Rhynchosporium secalis symptoms 
 
Symptoms first appear as chlorotic, irregular or diamond-shaped lesions and 
later symptoms are typically blue-grey water-soaked lesions on leaves and leaf 
sheaths. Mature lesions become pale brown with a dark purple margin. As the 
lesions grow, they merge forming large areas of dead tissue, even destroying the 
whole plant green leaf area (Caldwell, 1937; Skoropad, 1959; Habgood, 1971). 
 
1.4. Resistance and virulence  
 
Disease resistance can provide a cost-effective means of control of diseases 
such as scald. Major resistance genes have been deployed in barley to control 
scald; however, these genes have frequently exhibited a finite life span due to 
the breakdown of resistance associated with selection for increased virulence in 
R. secalis populations (Houston and Ashworth, 1957; Zhang et al., 1986).  
Several major genes for resistance have been deployed but all can be overcome 
by emergence of matching virulence, probably due to the loss of the avirulence 
gene product (Flor, 1971; Hahn et al., 1993; Rohe et al., 1995; Schürch et al., 
2004). The frequency of virulence generally correlates with area of varieties 
deployed with the matching resistance. Isolates secured from different scald 
lesions taken from the same plant and even different spores isolated from the 
same lesion may vary significantly for sporulation rate and virulence (Brown, 
1985, Habgood, 1973, Newman and Owen, 1985). Furthermore, the virulence 
structure of populations of R. secalis may change significantly over a relatively 
short period of time (Zhang et al., 1992). Deployment of multiple resistance 
genes, which could be found in wild barley, may aid the increase of field 
resistance durability. Wild barley (H. vulgare ssp. spontaneum) was found to be a 
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rich source of genes for resistance to diseases including scald (Abbott et al., 
1992; Garvin et al., 1997). 
 
1.5. Control measures  
 
Durable resistance may be achieved by planting varietal mixtures, a strategy that 
has shown varying results in field trials (Jeger et al., 1981; McDonald et al., 1988; 
Abbott et al., 2000; Genger, et al., 2003), or by pyramiding resistance genes. The 
use of fungicides is another type of control, but fungicide resistance in R. secalis 
has become common, particularly to the MBC (benzimadozole carbamantes) and 
DMI (sterol demethylation inhibitors) classes of fungicide (Croft, 2002). Older 
fungicides have variable efficacy controlling scald and resistances have 
developed against most fungicides eployed against R. secalis. However, some of 
the new generation active ingredients, particularly strobilurin chemistry types, are 
still quite effective (O’sullivan, 2004). The use of a single type of control is 
ineffective, therefore it would be better to use different control measures 
together. 
 
1.6. Principal Hosts  
 
1.6.1. Barley  
 
Barley is a very important grain in the world. Today barley has become well 
known and has many uses. Barley, which is of the genus Hordeum, is a cereal 
that belongs to the grass family Poaceae. Barley has many different varieties 
with the most common being Hordeum vulgare, which is a six-rowed type of 
barley that has a spike notched on opposite sides with three spikelets on each 
notch. At each notch there is a flower or floret that later develops into a kernel. 
Hordeum distichum is a two-rowed type of barley that has central florets 
producing kernels and it has lateral florets that are sterile. Lastly there is 
Hordeum irregulare, which has fertile central florets and different arrangements 
of sterile and fertile lateral florets. This is the least cultivated species of the three 
main forms ("Barley", Encyclopedia Britanica. 1998). 
Barley is very adaptable to various environments. In fact, it is the most adaptable 
of the cereals. Barley is an annual grass that has two growing seasons, winter 
and spring. It does best in the spring in a temperate zone with a 90 days growing 
season. It can also be found growing in sub-arctic regions, such as Alaska and 
Norway, with very short growing seasons. Barley has very good resistance to dry 
heat compared to other small grains. This feature allows it to grow near desert 
areas such as North Africa (Chittendon, 1951). 
Barley has a very debatable origin. There are two different thoughts as to where 
barley was originally cultivated. J.R. Hardin says that barley cultivation originated 
in Egypt. There is evidence of barley grains found in pits and pyramids of Egypt 
over 5000 years old. There has also been ancient glyphs or pictorials showing 
barley dating back to 3000 BC. There have also been references to barley and 
beer making in ancient Egyptian and Sumerian writings (Magness, 1971). The 
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other thought is that barley was originally cultivated in China around  
1500-2000 BC. This is evident by ancient pottery found depicting the end of the 
famine by having barley fall out of the sky. Barley cultivation also seems to have 
been evident in other parts of the world in early times. For example northwestern 
Europe is estimated to have civilizations cultivating barley around 3500 BC. 
Later, around 3000 BC it would be used in Mesopotamia and then it would be 
traded even further around the world. During the 16th century, barley was the 
main bread plant of the Hebrews, Greeks, Romans and many European 
communities. Some ethno-botanists believe that barley evolution may be 
convergent. This means that barley cultivation arose in different regions 
simultaneously (Rasmusson and Donald, 1985). This however is the least 
accepted of the three ideas as to barley's origin. No matter which origin is 
thought to be correct, the real answer will probably never be known because 
barley is so old and records of trade were non-existent at this time so the path of 
barley trade across the world remains unknown (Harrison, 1975). 
Barley is the fourth most important grain crop in the United States and it can be 
used primarily as animal feed, but is also used in the production of beer, whisky 
and some wines. Finally a small amount of the produced barley is used for 
human food. Barley as feed has the same nutritive value as corn. It is high in 
carbohydrates, with moderate amounts of protein, calcium and phosphorous. It 
also has small amounts of vitamin B ("Barley", Encyclopedia Britanica, 1998). 
The entire barley kernel is used as feed after it has been steam rolled or passed 
through a grinding process. About 25% of the cultivated barley in the United 
States is used for malting. Of that amount, about 80% is used in beer production, 
14% is used in distilled alcohol production and finally the last 6% is used for malt 
syrup, malted milk, and breakfast foods (Magness et al., 1971). If it is to be used 
in beer production the malt is mixed with warm water, which then produces two 
main enzymes, alpha-amylase and beta-amylase. These two enzymes hydrolyze 
starch to dextrins and fermentable sugars. This is then boiled with hops, for 
flavor, and then filtered out. Yeast is then added to ferment the sugars into 
alcohol and carbon dioxide. The hop residues and proteins are then removed for 
the resulting product, beer. When it comes to malting for alcoholic beverages, 
two-rowed varieties are used because of the superior enzyme production, which 
is essential to the production of beer both quality and quantity. 
 
1.6.2 Rye  
 
Rye is a member of the grass family Gramineae and the genus Secale, of which 
S. cereale is the most commonly cultivated species. The wild progenitor has not 
been definitely identified, although some taxonomists believe that modern rye 
evolved from Secale montanum Guss., a perennial grass that grows wild in 
southern Europe and central Asia. Rye’s primary center of origin is not known 
precisely, but it appears to be southwestern Asia. Rye moved from its center of 
origin into northern Europe sometime during the first millennium BC and into 
North America and western South America by European settlers during the 
sixteenth and seventeenth centuries (Kuckuck, 1937). Today, rye is grown 
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around the world, but the greatest concentration remains in Poland, Germany, 
western Russia, Belarus, and Ukraine. 
Most rye is grown as a fall-sown annual crop, generally called “winter rye”. 
Because of its superior winter hardiness, winter rye can be grown successfully in 
areas where the climate is too severe for winter wheat or barley. Some spring rye 
is grown in areas where the winters are too severe even for the most hardy 
winter rye cultivars, e.g., in Canada. Spring cultivars are generally inferior in 
agronomic characteristics (e.g., yield) and end-use quality (Bushuk, 2001). 
Because it is extremely winter hardy and can grow in sandy soils with low fertility, 
rye can be cultivated in areas that are generally not suitable for other cereal 
crops. Rye is a highly versatile crop. As a green plant, it is used as livestock 
pasture and as green manure in crop rotations. As grain, it is used for  
livestock feed and as feedstock in alcohol distilling. As flour, it is used in breads 
and many other baked products. Rye flour can be used alone to produce “black” 
bread. Small quantities of rye straw are also used in the manufacture of 
strawboard and paper. Although rye is inferior in several ways to the predominant 
cereal crops (wheat, rice, and maize), it will continue to be an important crop for 
farmers in many countries because of its winter and drought hardiness. 
 
1.7. Mitochondria 
 
Mitochondria are organelles found in the cells of most eukaryotes, but not in 
prokaryotes. The primary host for the mitochondrial progenitor may have been a 
chimeric prokaryote, created by fusion between an archaebacterium and a 
eubacterium, in which eubacterial energy metabolism (glycolysis and 
fermentation) was retained (Emelyanov, 2003). Mitochondria are sometimes 
described as "cellular powerhouses" because their primary purpose is to 
manufacture adenosine triphosphate (ATP), which is used as a source of energy. 
The number of mitochondria found in different types of cells varies widely 
(Thorburn, 2004). At one end of the spectrum, the Trypanosome protozoan has 
one large mitochondrion; by contrast, human liver cells normally have between 
1000 and 2000. Mitochondria can occupy up to 25% of the cell cytosol. 
Mitochondria are composed of two membranes the inner of which has folds 
called cristae, which give a much increased surface area on which chemical 
reactions can occur (for the structure see Appendix1, Fig.5-6). The outer 
membrane encloses the entire organelle and contains channels made of protein 
complexes called porins through which molecules and ions can move in and out 
of the mitochondrion. The inner membrane encloses the matrix (the internal fluid 
of the mitochondrion). It contains several protein complexes, and it is composed 
of 20% lipids and 80% proteins. Stalked particles are found on the cristae: these 
are the ATP synthase enzyme molecules, which produce ATP. The 
intermembrane space contains enzymes that use ATP to phosphorylate other 
nucleotides and that catalyze other reactions. The matrix contains soluble 
enzymes that catalyze the oxidation of pyruvate and other small organic 
molecules. The matrix also contains several copies of the mitochondrial DNA 
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(usually 5-10 circular DNA molecules per mitochondrion), as well as special 
mitochondrial ribosomes, tRNAs, and proteins needed for DNA replication. 
When the cell divides, mitochondria replicate by fission. They also replicate if the 
long-term energy demands of a cell increase. Mitochondria convert the potential 
energy of food molecules into ATP. The production of ATP is achieved by the 
citric acid cycle, electron transport and oxidative phosphorylation. Without 
oxygen, these processes cannot occur. The energy from food molecules  
(e.g., glucose) is used to produce NADH and FADH2 molecules, via glycolysis 
and Krebs cycle. A stepwise transfer of electrons from NADH and FADH2 to 
oxygen occurs via a series of electron carriers in the inner mitochondrial 
membrane. The flow of electrons is coupled to pumping of protons across the 
inner membrane into the intermembrane space. As the proton concentration 
increases in the intermembrane space, a strong diffusion gradient is built up. The 
only exit for these protons is through the ATP synthase complex. By transporting 
protons from the intermembrane space back into the matrix, the ATP synthase 
complex can produce ATP from ADP and inorganic phosphate (Pi). The energy 
released by oxidative phosphorylation in the electron transport chain of 
mitochondria is harnessed so efficiently that about 30 molecules of ATP are 
produced for each molecule of glucose oxidized, whereas only two molecules of 
ATP are produced by nuclear-controlled glycolysis alone. Besides the production 
of ATP, mitochondria also play an important role in apoptosis, cellular 
proliferation and regulation of the cellular redox state. 
 
1.8. Mitochondrial genome  
 
The size of the mitochondrial DNA (mtDNA), the number and the nature of the 
proteins it encodes and even the mitochondrial genetic code itself varies greatly 
between different organisms. The size of the mitochondrial genome varies widely 
also among fungi and even among closely related species; values ranging from 
about 17 to 121 kb have been reported (Zimmer et al., 1984; Scazzocchio, 1987; 
Lu, 1996). However, the genomic size of the majority of species studied lies 
between 30 and 80 kb (Gray, 1989; Lu, 1996). The mitochondrial genome in 
fungi is usually uniparentally (maternally) inherited (Taylor, 1986). Fungal 
mitochondrial genomes commonly are single, circular, or linear DNA molecules. 
Hyaloraphidium curvatum has for example linear mtDNA, and Penicillium 
marneffei possess a circular mtDNA molecule. The mitochondrial genomes of 
more than 10 fungi have been shown to be linear (Fukuhara et al., 1993; Nosek 
et al., 1998). There is even evidence to support the idea that linear mtDNAs may 
represent the major form in vivo (Bendich, 1996).  
True linear genomes can be recognized, because they have specific telomeric 
structures that protect the ends from degradation and ensure that sequence 
information is not lost during replication (Nosek, 1998). Sequence data on 
telomeric structures of linear mitochondrial genomes were described (Morin and 
Cech, 1986). The terminal sequences of mtDNA of Tetrahymena are composed, 
for example, by a series of tandemly repeated sequences, whose unit length 
(31–53 bp) is considerably larger than that of a typical nuclear telomere (5–8 bp). 
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The telomeric repeat sequences are different at the two ends of the mtDNA in 
several Tetrahymena species (Morin and Cech, 1988). H. curvatum genome was 
found to have telomeres consisting of long (1.4 kb) inverted repeats (Forget et 
al., 2002) that are similar to structures associated with other fungal linear 
mtDNAs (Nosek et al., 1998).  
Mitochondria have their own protein-synthesizing machinery, which resembles 
that of prokaryotes more than those found in the cytoplasm of eukaryotes. The 
first amino acid of the mitochondrial transcripts is often formyl methionine (fMet) 
as it is in bacteria and not methionine (Met), which is the first amino acid in 
eukaryotic proteins (Liao and Spremulli, 1991). In many cases the termination 
codons are not coded in the DNA but are created post-transcriptionally by 
polyadenylation of the mRNAs (Anderson et al., 1981). A number of antibiotics 
(e.g., streptomycin) that act by blocking protein synthesis in bacteria also block 
protein synthesis within mitochondria (Chumpolkulwong et al., 2004; Almeida  
et al., 1994). Conversely, the protein synthesis inhibitor diphtheria toxin (Pohl et 
al., 1999), which acts on eukaryotic ribosomes does not have any effect on 
protein synthesis within mitochondria.  
Most mitochondrial proteins are encoded by the nuclear genome as precursors 
with a N-terminal extension, containing a mitochondrial targeting sequence 
(Pfanner, 2000). After recognition of this sequence by receptors on the surface of 
mitochondria, the proteins are transported across the mitochondrial membranes 
by translocase complexes, named TOM and TIM, respectively located in the 
outer and inner membrane. The target sequence is then cleaved off by the 
mitochondrial processing peptidase localized within the matrix (Gakh, 2002). 
Alterations of these transport processes should therefore affect mitochondrial 
functions.  
The mitochondrial genome does not encode any of the proteins that are required 
for its faithful duplication. Little is known about mitochondrial replication in fungi. 
Mitochondrial DNA polymerase (DNA Polymerase γ, Table 1) and mitochondrial 
single-stranded DNA-binding protein (mtSSB) are key nuclear encoded 
components of the mtDNA replication (Bertazzoni et al., 1977; Bolden, et al., 
1977; Van Tuyle and Pavco, 1981). The mtSSB protein was found to enhance 
both the activity and processivity of DNA polymerase (Thommes et al., 1995; 
Farr et al., 1999). Because DNA Polymerase and all of the other proteins 
required for mitochondrial DNA replication are encoded by nuclear genes and 
imported into mitochondria from the cytoplasm, mutations in nuclear genes can 
also affect the integrity of mtDNA.  
During the evolution of modern eukaryotes the mitochondrial genome has been 
dramatically modified in various different lineages. The vast majority of the genes 
present in the original endosymbiont have been lost from the mitochondrial 
genome. Most of these genes have simply disappeared from the cell, but a 
number of genes originally in the mitochondria have been transferred to the 
nucleus (Gray, 1992; Adams, 2000). In a few eukaryotic lineages the 
mitochondria and the mitochondrial genome have probably been lost entirely 
(Germot et al., 1996; Hashimoto, 1998). This process of elimination and transfer 
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of mitochondrial genes has followed different evolutionary courses in different 
lineages. 
Mitochondrial DNAs generally contain genes encoding hydrophobic subunits of 
respiratory chain complexes, as well as genes for the large and small ribosomal 
RNAs and tRNAs (Gray et al., 1999). The standard repertoire of polypeptides 
encoded by animal mitochondrial genomes includes apocytochrome b, 
cytochrome oxidase subunits 1, 2, and 3, NADH dehydrogenase subunits 1, 2, 3, 
4, 4L, 5 and 6 and ATPase subunits 6 and 8. Most fungal mitochondria contain 
the same set of genes plus atp9, which encodes subunit 9 of the ATPase 
complex. The atp9 gene is present in both the nuclear and mitochondrial 
genomes of Neurospora crassa and Aspergillus nidulans (van den Boogaart et 
al., 1982; Brown et al., 1985), but is absent from the largest mitochondrial 
genome of Podospora anserina.  
In the fungal mtDNA there are commonly open reading frames (ORF) as well as 
unidentified ORFs (URFs) that potentially encode polypeptides greater than 100 
amino acids. Many fungal mitochondrial genomes also encode a ribosomal 
protein associated with the small rRNA (Woo et al., 2003). Initially identified in S. 
cerevisiae and called Var1, a second type (S5) was also found in N. crassa. A 
homologue to the bacterial small ribosomal subunit protein 3 (rps3) was found in 
Allomyces macrogynus (Paquin and Lang, 1996).  
Other notable differences among mtDNAs are the number of tRNA genes. Higher 
fungi encode a complete complement of tRNAs sufficient to read all codons, 
based on an extended wobble hypothesis (Bonitz et al., 1980). In contrast, some 
members of the Chytridiales, like, Spizellomyces punctatus or Hyaloraphidium 
curvatum, have only seven or eight tRNA genes. It is likely that the remainders of 
tRNAs are nuclear-encoded and then imported into mitochondria (Forget et al., 
2002). 
Most genes are encoded on the same strand and the order of genes within 
fungal mitochondrial genomes varies widely, a likely consequence of the high 
rate of mtDNA recombination. One common feature is that tRNA genes are often 
grouped together and these clusters tend to be dispersed throughout the 
genome. A third-position codon bias of A and T is commonly observed among 
fungal mitochondrial genes (Gray and Lang, 1998), and there are many species 
that deviate from the universal code (Nobrega et al., 1980; Knight et al., 2001). 
The stop codon TGA is translated as tryptophan in many Ascomycetes, whereas 
some lower fungi translate the stop codon TAG as leucine (Paquin et al. 1997). 
In a number of Candida species the 'universal' leucine codon CTG is decoded as 
serine (O’Sullivan et al., 2001). 
 
1.9. mtDNA as Molecular Marker  
 
The ideal properties for a good molecular marker are the following: the molecule 
should be distinctive, ubiquitously distributed (so that secure homologous 
comparisons can be made among a wide variety of organisms) and it has to be 
easy to isolate and assay. This molecular marker must also posses a simple 
genetic structure lacking complicating features such as transposable elements or 
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pseudogenes. The mtDNA is commonly used as molecular marker for 
phylogenetic studies. A primary objective of phylogenetic studies is to reconstruct 
the evolutionary history of a group of organisms. Because the organisms under 
study have a single history, systematic studies of any set of the genetically 
determined characters should be congruent with other such studies based on 
different sets of characters in the same organisms.  
Several biomolecules, like proteins, DNA or RNA, provide a phylogenetic record 
from very recent time to the origin of life on Earth, because of the size and 
diversity in rates of change of different portions of the genome (Brown, 1983; 
Pace, 1986). Among the most rapidly evolving DNA sequences are those found 
in the mitochondria of eukaryotes (Brown et al., 1979; Avise and Lansman, 1983; 
Brown and Lansman, 1983). The evolutionary rate of the mtDNA is 5 to 10 times 
higher than the nuclear genome (Brown et al., 1979), mainly because the 
mitochondria do not have repair enzymes for errors in the replication, nor for the 
damages of the DNA (Clayton, 1982). The mtDNA, therefore has a high level of 
transitions and transversions, as well as a high incidence of small length 
mutations (Cann and Wilson, 1983). In humans, a high mtDNA mutation rate  
of 2-4% per million years, leads to a high degree of variability between 
individuals (Wilson et al., 1985).  
Studies on mtDNA have been useful for studying population phylogeny within 
species (Avise, 1979; Lansman et al., 1981; Cann et al., 1987), as well as for 
recovering phylogenies of closely related complexes of organisms (Brown and 
Wright, 1979; Templeton, 1983). The mtDNA polymorphism used in 
phylogeography and phylogeny analyses of related species is based on losses 
and gains of restriction sites by means of base substitution, insertion or deletion 
of a few base pairs (Avise and Lansman, 1983). However, this polymorphism can 
also occur in the same organism due to mtDNA sequence differences. This 
phenomenon is known as heteroplasmy. Sporadic cases were documented in 
which two or more distinguishable mtDNA haplotypes occurred jointly within an 
individual (Olivo et al., 1983).  
The mtDNA sequences are one of the most widely used source of population 
genetic and phylogenetic information (Avise, 1987). Most phylogenetic 
investigations use complete sequence of a single gene or partial sequences of a 
few genes, such as genes encoding large ribosomal subunit RNA (rnl) and small 
ribosomal subunit RNA (rns), or genes encoding protein like cytochrome b (cytb), 
cox1, cox2, cox3, nad4 and nad4L (Macey et al., 2000). Studies based on 
restriction enzymes analysis (RFLPs) are also widely used in population 
genetics. Mitochondrial RFLPs have been commonly used since the 1980s 
(Denaro et al., 1981; McDonald and Martinez, 1991; Kurdyla et al., 1995; Zhan et 
al., 2003). The RFLP technique presents several advantages, including the easy 
interpretation of the results and the high levels of reproducibility. The biggest 
disadvantages, however, are the relatively large amounts of DNA needed (5 to 
10 µg) from each individual and the use of the radioactivity. 
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1.10. Aims 
 
The principal aims of this thesis were isolation of the mitochondrial DNA of 
R. secalis and the subsequent production of a genome library that could be used 
to create a genomic sequence of the mtDNA. From this sequence, it would be 
possible to identify genes and open reading frames present in mtDNA of 
R. secalis. and finally to test the usefulness of mitochondrial genes/loci for 
phylogenetics. 
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2. Materials and methods 
 
2.1. Fungal culture and total DNA extraction 
 
A single clone of R. secalis was used in this study (Sy1-14). The mycelial 
cultures were maintained on Potato-Dextrose-Agar (Difco, France). The fungal 
cultivation was carried out at 18°C in the dark by pre-inoculating 300 ml of potato 
dextrose broth (24 g/l, Difco, France) in 500 ml conical shaker (120 rpm) flasks. 
After 10 days, mycelia were harvested by filtration, lyophilized, and stored at -
20°C until use. The lyophilized mycelia were used for the total DNA extraction 
(Qiagen; “DNeasy Plant Maxi Kit”).  
 
2.2. Mitochondrial DNA purification through CsCl ultracentrifugation 
 
Mitochondrial DNA (mtDNA) was purified from the total DNA extracted, using 
caesium chloride ultracentrifugation (Garber and Yoder, 1983). A caesium 
chloride (CsCl) solution with a density of 1.73 g/ml was used for the mtDNA 
purification. 300 µg of cellular DNA were added to 10 ml of the previously 
described CsCl solution, containing 60 µl Bisbenzamide (10 mg/ml; Hoeschst 
33258; Sigma) and added to a Polyallomer centrifuge tubes (16x76 mm, 12 ml; 
Beckman). After centrifugation at 51 000 x g for 24 h in a Beckman L8-M 
ultracentrifuge with a 70.1 Ti rotor at 20°C, the mitochondrial DNA and nuclear 
DNA bands were located by illumination with UV light (365 nm) and separately 
collected. The band containing the mitochondrial DNA was then re-centrifuged in 
a CsCl gradient (same conditions as above), for eliminating as much as possible 
of nuclear DNA. After the second centrifugation, the intensity of the nuclear DNA 
band was much less compared to the first centrifugation. The upper band 
containing the mtDNA was subjected to a third CsCl centrifugation step, after 
which only one band was visible under UV light. After the collection of the 
mitochondrial DNA and dye removal by extraction with water-saturated n-butanol, 
the DNA was concentrated by ethanol precipitation. The mtDNA was finally 
resuspended in 50 µl TE and the concentration was measured by a NanoDrop, 
ND-1000 UV-Vis spectrophotometer (Delaware, USA). 
 
Further evidences for the mitochondrial nature of the Bisbenzamide stained DNA 
band were obtained through a total digestion test and a PCR-based test. For the 
first test, 5 µl mtDNA (120 ng) were totally digested for 1h with the restriction 
enzyme HindIII (15 U; Roche). The product of the digestion was checked on a 
1% agarose gel to visualize mitochondrial bands.  
The second test, based on the PCR method (Mullis and Faloona, 1987), was 
performed using primers designed to amplify parts of the mating type locus in the 
nuclear genome (Linde et al., 2003). The reactions were conducted in a 96 well 
plate (Simport) using a thermocycler (Biometra). Total PCR reaction volume per 
well was 20 µl, containing 14.9 µl of water (sterile ddH2O), 2 µl of buffer 
(10X PCR buffer = 5 M KCl, 0.15 mM MgCl2 and 1mM Tris-HCl pH = 9),  
1 µl each of the forward and reverse primers (Table 2), 0.1 µl of Taq Polymerase  
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(Amersham Pharmacia Biotech) equivalent to one unit, and 1 µl of testing DNA 
(25 ng). Thermal cycling conditions were initial denaturation (2 minutes at 96°C), 
35 cycles of denaturation (1 minute at 96°C), annealing (1 minute at 55°C) and 
primer extension (2 minute at 72°C). 
 
2.3. RFLP (Restriction  Fragment Length Hybridization) analysis of mitochondrial 
DNA 
 
The mtDNA purified through CsCl ultracentrifugation was used as a probe and 
hybridized to Southern blots containing total genomic DNA of R. secalis digested 
with HindIII (McDonald and Martinez, 1991b). The length of the mitochondrial 
genome was calculated by hybridization of the Southern blot with the entire, 
labeled mtDNA. The Southern Blot membranes were already used in previously 
studies on the genetic structure of R. secalis (McDonald, B.A., 1999). These 
membranes were prepared through the standard protocol (McDonald and 
Martinez 1990) and presented the denaturated DNA of R. secalis totally digested 
with EcoRI. 5 µl mtDNA (120 ng) were used to perform the hybridization. The 
probe (entire mtDNA) was radioactively labeled with dCT[32P] through nick 
translation using the instruction of the manufacturer (Invitrogen life technologies). 
The labeled probe was then hybridized to the membranes overnight at 60°C. 
Following hybridization, the membranes were washed and exposed to X-ray films 
(Kodak bio max film) at -80°C before they were developed. 
 
2.4. mtDNA cutting for cloning 
 
2.4.1. Sonication 
 
Often to produce random libraries useful for shotgun sequencing, a number of 
physical shearing methods eg. sonication can be used. The exact conditions for 
sonication had to be determined for a given DNA sample before a preparative 
sonication can be performed. In order to conserve as much as possible of 
obtained mtDNA, a pretest with genomic DNA (1 µg) of R. secalis was 
performed. The generation of random sheared DNA fragments was performed by 
placing a microcentrifuge tube containing the test genomic DNA into an ice-water 
bath in a cup-horn sonicator and sonicating for a varying number of 10 second 
bursts, using maximum and medium outputs with continuous power (Table 3; 
Pan et al., 1994; Bankier et al., 1987). During sonication, temperature increases 
result in uneven fragment distribution patterns, and for that reason, the 
temperature of the bath is monitored carefully during sonication, and fresh ice 
water is added when necessary. Since sonicated DNA fragments usually contain 
single-stranded ends, the selected sample for the cloning (Sample 1, Table 3) 
was end-repaired prior to the test ligation into a blunt-ended vector (Pan et al., 
1994; Bankier et al., 1987). A combination of T4 DNA polymerase and Klenow 
DNA polymerase was used to "fill-in" the DNA fragments by catalyzing the 3'-5' 
incorporation of complementary nucleotides into resultant double-stranded 
fragments with a 5' overhang. Additionally, the single-stranded 3'-5' exonuclease 
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activity of T4 DNA polymerase was used to degrade 3' overhangs. After the 
repair reaction the DNA was phenol extracted and concentrated by ethanol 
precipitation (Sambrook et al., 1989). The cutted test DNA was then ligated in a 
cloning vector (pBluescript SK+) and tranformed in DH5α competent cell 
(Methods explained below).  
 
2.4.2. Restriction endonucleases 
 
A relatively new approach, involving the restriction enzyme CviJI, has been 
developed for the rapid fragmentation and fractionation of DNA into a size range 
suitable for shotgun cloning and sequencing (Fitzgerald et al., 1992). This 
restriction endonuclease normally cleaves the recognition sequence PuGCPy 
between the G and C to leave blunt ends. CviJI could be used for the 
construction of quasi-random libraries through partial digestion. Because we had 
very little purified mtDNA and due to the difficulties in obtaining more mtDNA, it 
was decided to perform some pretests with genomic DNA of R. secalis and λ 
DNA, (48.5 Kb; 692 restriction sites for CviJI), in order to test the efficacy of CviJI 
and to get an idea about the general conditions for the restriction reaction. During 
these tests 1 µg genomic DNA was always used, which was the amount of  
mtDNA obtained after purification. The variable conditions during a digestion are 
the time, the enzyme’s amount and the incubation temperature. For these 
preliminary tests it was decided to hold temperature constant and vary the other 
two variables, so that increasing units of enzymes and different incubation times 
were chosen (Table 4). The restriction reactions were stopped through heat 
inactivation, where the samples were put in a water bath at 50°C for 20 minutes. 
 
A second enzyme had to be chosen, because of the difficulties we experienced 
in reproducibility of the digestion pattern offered by the enzyme CviJI. The choice 
of the new restriction endonuclease was driven by a test, where a 2350 bp 
sequence of mtDNA of Mycosphaerella graminicola (ascomycete) was analyzed 
for the presence of restriction sites. The best enzyme to perform a partial 
digestion suitable for the random shotgun sequencing of mtDNA in  
M. graminicola, was Sau3AI, which presented 8 restriction sites in the tested 
sequence. If the same A+T% is assumed for R. secalis mitochondrial genome, 
Sau3AI should cut on average every 300 bp., producing about 230 fragments in 
the 70 Kb mitochondrial genome of R. secalis. Similar as for CviJI in order to get 
experience and to save as much as possible mtDNA, different conditions were 
tested with the genomic DNA of R. secalis and the bacteriophage λ DNA  
(48.5 Kb) (Table 5). The reaction enzyme was heat inactivated as described 
above at a temperature of 65°C for 20 minutes. From the tests a relatively high 
degree of reproducibility was seen and the distribution pattern of the fragments 
(from 200 to 3000 bp) was also suitable for the production of the random shotgun 
library. The mtDNA of R. secalis (0.85 µg) was therefore partially digested 
through 2 separate reactions (risk distribution), either with 1U Sau3AI at 37°C for 
12,5 minutes or for 25 minutes. The two reactions were stopped by heat 
inactivation as previously described, the mtDNA was then extracted with 
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phenol/chloroform, precipitated with ethanol and resuspended in 15 µl TE buffer 
(Sambrook et al., 1989). The partial digestions were then checked on a 1% 
agarose gel and added together in a single microcentrifuge tube. 
 
2.5. mtDNA cloning 
 
2.5.1. Vector preparation 
 
The cloning vector pBluescript SK+ (Appendix Fig. 7) was extracted from a 
culture of Escherichia coli (GFXTM Micro Plasmid Prep Kit; Amersham). The 
vector extract (4.5 µg) was digested at 37°C for 1 hour with BamHI (20U), and 
dephosphorylated for 1h at 37°C with 1U of Shrimp Alkali Phosphatase  
(SAP; Roche). Heating for 10 minutes at 65°C inactivated the phosphatase. The 
vector was finally phenol/chloroform extracted, ethanol precipitated and 
resuspended in 15 µl TE buffer.  
 
2.5.2 Ligation 
 
For the ligation were used 300 ng mtDNA. The digested and dephosphorylated 
vector-DNA was mixed with the partially digested mtDNA (insert-DNA) in a 
microcentrifuge tube to reach a molarity ratio of 1:3 vector:insert. Sterile ddH2O 
was added to reach a total volume of insert, vector, T4 DNA-ligase (1U), ligation 
buffer between 20 and 40 µl. The sample was incubated in a water bath at 65°C 
for 1 minute. Finally the T4 DNA-Ligase and the ligation buffer were added and 
the ligation was performed overnight at a temperature of 15°C.  
 
2.5.3 Transformation 
 
The ligated samples were added to 75 µl aliquots of DH5α competent cells 
(OD was 0.5 lag), mixed gently and incubated in an ice-water bath for  
15 minutes. The samples were heat-shocked briefly at 37°C for 45 seconds,  
1 ml Luria Bertani (LB) broth (Table 6) was added and the samples incubated for 
1 hour by gently shaking, so that a larger initial cell concentration was available 
for the inoculation. After the incubation, different aliquots (40 µl, 200 µl) were 
plated on sterile LB agar plates (Table 7) containing Ampicillin (200 µg/ml),  
IPTG (0.5 mM) and XGal (30 µg/ml) and incubated overnight. The obtained 
clones were transferred in 150 µl LB broth (50 µg/ml Ampicillin) in 96 well 
microplate (Greiner bio one, Germany) and grown overnight at 37°C by shaking 
(120 rpm). The day after, 30 µl glycerol (87%) were added and the clones stored 
at -80°C. 
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2.6. mtDNA sequencing 
 
2.6.1 Plasmid DNA extraction. 
 
The single colonies were transferred to 1.5 ml LB (50 µg/ml Ampicillin) and 
incubated overnight at 37°C in a shaking incubator at 120 rpm. The plasmid 
DNAs (pDNAs) were extracted with the GFXTM Micro Plasmid Prep Kit 
(Amersham Bioscience, Germany), and quantified through a 1% agarose gel.  
The size of the inserts was determined through PCR. The PCRs were performed 
in 96 well PCR plates (Simport) on a thermocycler (Biometra). Total PCR 
reaction volume per well was 20 µl, containing 10.9 µl of water (sterile ddH2O), 
2 µl of buffer (10X PCR buffer = 5 M KCL, 0.15 mM MgCl2 and 1mM Tris-HCl  
pH = 9), 1 µl each of the forward and reverse M13 universal primer (10 pmol),  
0.1 µl of Taq Polymerase (Amersham Pharmacia Biotech) equivalent to one unit, 
and 4 µl pDNA. Thermal cycling conditions were standard (see 2.2.) for 35 
cycles. The length of the inserts was estimated through a 1% agarose gel loaded 
with the 100bp size ladder. 
 
2.6.2 Big-dye terminator labelling and PCR-cycle sequencing 
 
Sequencing reactions were performed using the BigDyeTM Terminator v3.0 Cycle 
Sequencing kit (Applied Biosystem). With Big-dye™ terminator labelling, each of 
the four dideoxy terminators (ddNTPs; Appendix, Fig. 8) is tagged with a different 
fluorescent dye. The Big-dye™ terminators are a new generation of single 
molecule energy transfer dye-labelled dideoxy nucleotides with a 6FAM 
fluorescein donor and four different dRhodamine acceptors, one for each ddNTP, 
linked by aminobenzoic acid. Thus, the growing chain is simultaneously 
terminated and labeled with the dye that corresponds to that base. Typically, 
200-500 ng of purified pDNA, 10 pmol of the sequencing primer, were mixed in a 
reaction tube. The sequencing PCR was performed using either the forward or 
reverse universal primers M13, the pDNA as template, sterile water and the 
premixed and previously 1:4 diluted BigDyeTM (ddNTPs, Analyzer buffer and 
AmpliTaq DNA Polymerase). The thermal cycling conditions were as follows: 
denaturation (10 seconds at 95°C), annealing (5 seconds at 50°C) and primer 
extension (4 minutes at 60°C) for a total of 100 cycles. The PCR products to be 
sequenced were then purified from buffer salts and unincorporated ddNTPs. The 
cleaning was performed by centrifugation at 900g (BECKMAN AllegraTM 21R 
centrifuge) through Sephadex G-50 resin (SephadexTM G-50 Fine, DNA Grade, 
Amersham Biosciences). 
 
2.6.3. Automatic sequencing 
 
The cleaned PCR products were collected in MicroAmp® optical 96 well reaction 
plates (Applied Biosystems), over-laid with 20 µl of mineral oil (Sigma-Aldrich) 
and loaded into the sequencer. Sequencing samples ran on the ABI PRISM® 
3100 Genetic Analyzer under standard sequencing conditions. The samples ran 
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through 50 cm long capillaries containing ABI PoP6 Polymer emerged in  
1x EDTA Buffer (ABI PRISM; Applied Biosystems). The results from the ABI 
PRISM® 3100 Genetic Analyzer were visualized and analyzed with the program 
Sequencer version 4.2 software package (Gene Codes Corp.). 
 
2.6.4. Fill the sequence gaps 
 
From the R. secalis sequences (characterized as the same gene) outgoing 
primers were designed, trying to amplify the nucleotide sequences between them 
by PCR. For the reactions were used 1 µl each of the forward and reverse 
primers (10 pmol; Table 8) and about 50-100 ng total DNA. Thermal cycling 
conditions diverged from the standard values (above described, 2.2.) only for the 
primer extension time of 150 seconds. The PCR amplicons to sequence were 
visualized and selected through a 1% agarose gel. In order to get rid of unused 
primers, excess nucleotides, the remaining buffer and Taq polymerase, the 
amplification products needed to be purified. Clean up was performed by adding 
40 µl of ddH2O to the PCR product and transferring the whole volume to a 96 
well Millipore multiscreen plate. A HetoSue 300 water pump applied vacuum of 
10 to 15 Hg.  PCR products, which are generally larger than 100 bp, are retained 
on the filters surface of the multiscreen plate, in contrary primers, unincorporated 
nucleotides, buffer and (left over) Taq Polymerase are sucked out. Purified PCR 
products were then re-suspended in 20 µl ddH2O through an IKA MS1 mini-
shaker at 600 rpm before transferring it to a clean PCR plate (Simport). 
The cleaned PCR products were finally subjected to sequencing PCR reaction 
and sequenced (as previously described). The amplicons bigger than 1.5 Kb, 
were sequenced through the “walk-on” method. This method entails a series of 
amplification and sequencing steps with primers designed towards the end (80-
100 bp from the end) of the existing sequence, until the whole region is 
sequenced.  
 
2.7. mtDNA sequences analysis 
 
2.7.1. Bioinformatics 
 
Mitochondrial DNA sequences and open reading frames (ORFs) of R. secalis 
were analyzed using the computer program SequencerTM version 4.2 (Gene 
Codes Corporation), with the mitochondrial genetic code of Neurospora (Woo, 
C.,Y et al. 2003; NCBI: the genetic codes). All nucleotide sequences obtained 
were tested for homologies with other organisms present in BLASTN (Basic 
Local Alignment Search Tool Nuclotide; NCBI; http://www.ncbi.nih.gov/BLAST/). 
BLAST is an algorithm for comparing biological sequences, composed of 
nucleotides or amino acids. BLAST search enables one to look for sequences 
that either duplicate or resemble any sequence of interest. 
The ORFs translation was performed using the Sequencer program. The amino 
acids sequences were submitted to BLASTP searching against fungal 
mitochondrion encoding proteins available in the GeneBank database.  
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Transfer RNA genes (tRNAs) were identified using the program tRNAscan-SE 
(version 1.2.1), http://www.genetics.wustl.edu/eddy/tRNAscan-SE/2.9.2). 
Potential secondary structure for identified tRNAs were determined using the 
same program.  
The base composition, the A+T values and the amino acids frequencies were 
obtained through FREQSQ (Statistiques d'une séquence nucléique; 
http://www.infobiogen.fr/services/analyseq/cgi-bin/freqsq_in.pl; INFOBIOGEN). 
The frequencies of amino acid were manually corrected to fit the results with the 
chosen mitochondrial genetic code. Other not presented analyses were 
performed using bioinformatics programs found on the internet under the page 
created by Dr. Andrew Kropinski (http://molbiol-tools.ca/).  
 
2.7.2. Repetitive elements 
 
Repetitive elements (mainly microsatellites but also minisatellites) were manually 
searched for in the mitochondrial genome of R. secalis. In microsatellites, the 
repeated sequence is very simple, consisting of two to four nucleotides, and can 
be repeated 10 to 100 times. The number of repeats at a particular locus can be 
hypervariable (highly polymorphic) between individuals of the same species. It is 
for this reason that microsatellite sequences can be used for genetic 
fingerprinting. Minisatellites are repeated segments of the same sequence of 
multiple nucleotides, each segment varying between 14 and 100 base pairs, 
useful as linkage markers due to their highly polymorphic nature. Minisatellites 
are inherently unstable and susceptible to mutation at a higher rate than other 
sequences of DNA.  
 
2.7.3. Phylogenetics 
 
Some mitochondrial loci were sequenced from R. secalis samples isolated from 
three different hosts to confirm nuclear DNA markers, which indicate a speciation 
between rye- and barley-infecting isolates of Rhynchosporium. For these 
experiments specific primers (Table 9) were designed to amplify three 
mitochondrial regions containing cytb, nad4, cox3 and a Lys-tRNA sequence. 
The first locus analyzed (347 bases) contained a part of the cox3 gene. The 
second locus was a 597 base pair fragment amplified from cytb and the third was 
a 599 base pair long fragment containing complete Lys-tRNA and partial nad4L 
genes. The template DNAs (three R. secalis samples isolated from barley and 
three from rye) chosen to analyze the first two loci (cox3- and cytb- locus) were 
randomly taken and unfortunately the countries where they originated were not 
written down. To study the third mitochondrial locus (containing Lys-tRNA and 
nad4L), eleven R. secalis samples isolated from Rye and from the five continents 
were tested. The five rye samples were from Switzerland (two isolates) and 
Russia (three isolates). Additionally, to analyze the third locus, two R. secalis 
samples isolated from triticale (both French) were used.  
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3. Results 
 
3.1. DNA isolation, digestion and cloning 
 
An amount of 1.2 µg mitochondrial DNA (mtDNA) was purified from 300 µg total 
DNA through CsCl ultracentrifugation. After mtDNA of R. secalis was isolated, 
two different analyses were conducted to certify that the purified DNA was really 
mitochondrial. The first test was performed with the restriction endonuclease 
HindIII; the second test was a PCR-based test. The idea behind the total 
digestion with HindIII was that, if the isolated mtDNA was pure, a banding pattern 
cleavage should be produced; instead if the sample contained any contamination 
with nuclear DNA the banding pattern would be lost and a smear would be seen. 
Some bands were visible after the digestion (Fig. 1), but a smear was also 
present indicating either contamination with nuclear DNA, or degradation of the 
mtDNA. 
 
 
 

 

 
Fig. 1. CsCl purified mtDNA of Rhynchosporium secalis digested with restriction enzyme HindIII. 
The 100bp size ladder (M) is shown (sizes expressed in bp) and the mitochondrial bands are 
marked with arrows. 
 
 
 
The second test, more sensitive and informative than the first, was PCR-based. 
The PCR was performed using primers designed to amplify the mating type locus 
in the nuclear genome. Nothing could be amplified for the purified DNA, and as 
expected, PCR products were present for the control samples (total DNA of three 
isolates; Fig. 2). As expected, amplicons of either 590 bp (Mat 1.1) or 360 bp 
(Mat 1.2) were produced in amplifications of control DNA. The results of this test 
confirmed the purity of the mtDNA, by the absence of nuclear DNA. The smear 
observed with the digestion test was thus only degraded mtDNA and not nuclear 
DNA contamination. 
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Fig. 2. PCR amplifications of CsCl purified mtDNA (lane 1), and three samples containing total 
Rhynchosporium secalis DNA (lanes 2,3,4) with primers RsMAT1F/R and RsMAT2F/R. The 
absence of amplicons for the mitochondrial DNA (1) showed that no nuclear DNA was present. 
The first lane was 100bp size ladder and the last the untreated mtDNA control. The smaller bands 
are primers. 
 
Sonication was tested to shear DNA into fragments usable to create a shotgun 
library. The sonication pre-test produced smears of the expected size, when the 
intensity of 5 micron (medium) was used (Appendix, Fig. 8). The length of these 
fragments was between 100 and 1000 basepairs. When maximal intensity was 
used (successive bursts of 10 micron) DNA pieces larger than 1000 basepairs 
were obtained. The fragment sizes were larger when the medium intensity was 
used, because at 10 micron foam was produced. The unexpected foamy layer 
interfered with the sonication process resulting in bigger fragments than 
anticipated. The first sonication burst was decisive in the determination of the 
fragment’s sizes. The successive bursts thus did not produce fragment sizes 
suitable for this study.  
The fragments obtained from sonication unfortunately could not be cloned into 
the cloning vector pBluescript SK+, probably because of the high temperatures 
produced during the sonication burst denaturated the DNA. Another possible 
reason for the failed cloning could be the low initial amount of DNA used (for a 
“guaranteed” success at least 10 to 30 µg are needed). 
The endonuclease Sau3AI was chosen to partially digest the mtDNA. Some 
preliminary tests with nuclear and λ DNA were performed with Sau3AI to sort out 
the general conditions of the partial restriction reaction (Fig. 3). Total digestions 
were performed for both λ- and total DNA to permit a comparison between total 
and partial digestion patterns. Digestions with λ DNA clearly showed the effects 
of varying incubation times. These results permitted the set up of the restriction 
digest conditions for the restriction endonuclase reaction with the mtDNA. 
Finally, mtDNA was partially digested (1 U Sau3AI, 37°C for either 12.5 or 
 25 min) to produce overlapping fragments with the preferred size suitable to 
create the random library. The two restriction reactions produced fragments with 
lengths ranging from 100 to 3000 bp, with the majority of fragments in the 500-
1000 bp range. The products of the digestion were then ligated into the cloning 
vector pBluescript SK+ and transformed into DH5α competent cells. The 
obtained library consisted of 624 clones, which were then screened for the 
presence and size of inserts through PCR (Fig. 4). 
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Fig.3. Restriction endonuclease reactions conducted on λ DNA and on total genomic DNA of 
Rhynchosporium secalis with Sau3AI. Enzyme concentration and the incubation time are 
reported; incubation temperature was 37°C. In the last lane is the untreated control (C), which is 
the total genomic DNA of Rhynchosporium secalis. The 100bp size ladder (M) is also presented 
to give an idea about the size range (in bp) of the digested fragments. 
 
 
 

 

 
Fig.4. Example of electrophoretic analysis of the PCR amplified inserts. The majority of fragments 
range between 500 and 1000 base pairs. The first lane represents a 100 bp size ladder (M), size 
are expressed in bp. The numbers above indicate the different clones.  
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3.2. General features of Rhynchosporium secalis mtDNA  
 
RFLP analysis showed that the size of the complete mitochondrial genome of R. 
secalis is about 68 Kb. From the autoradiogram (Fig.5) it was possible to score 
12 mitochondrial fragments ranging in size from 1 Kb to 18 Kb, with 6 of them 
larger than 5 Kb (Table 10). The overall base composition of R. secalis mtDNA 
was estimated to be of 34.5% A, 34.4% T, 15.7% C and 15.4% G. The total A+T 
value was of 68.9% (Penicillium marneffei’s A+T value is 75%; Woo, P.C. 2003). 
The sequenced fragments showed evidence for 9 protein genes, 2 rRNAs, 3 
tRNAs and some unknown ORFs, which could encode for proteins.  
The A+T value for the protein coding regions was estimated as 68.4%. 
 

 

 
Fig.5. The autoradiogram shows the length of the mitochondrial DNA fragments, which hybridized 
to the total genomic DNA of Rhynchosporium secalis (different isolates representing populations 
from Australia, Norway and Finland) digested with HindIII. The size marker in the first and last 
lane corresponds to λ DNA digested with HindIII. The lengths of the hybridized mtDNA fragments 
and of the marker are indicated on the sides. 
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3.3. Protein coding genes 
 
It was found that mitochondrial genome of R. secalis encoded at least nine 
protein genes, two rRNAs and three tRNAs. The nine protein genes found are 
cytb, cox1, cox2, cox3, nad1, nad2, nad4L, nad5 and atp6. The two ribosomal 
RNA (rRNA) genes encoded for the large ribosomal subunit RNA (rnl), and the 
small ribosomal subunit RNA (rns). The three transfer RNAs (tRNA) identified 
encoded two Lys-tRNAs and a Gly-tRNA. 
 
3.3.1. Cytochrome b  
 
The complete mitochondrial sequence encoding for the cytochrome b (cytb) in R. 
secalis was obtained by sequencing five different clones (Fig.6). The length of 
cytb was found to be 1191 bp. The base composition was 30.31% A, 38.62% T, 
15.37% C and 15.70% G. The sequenced inserts did not produce a contig by 
themselves; therefore the obtained sequences were aligned with the cytb gene 
sequence of Blumeria graminis (84% identity) to obtain the exact placing for each 
fragment. Cytb gene of R. secalis, showed a higher representation of pyrimidines 
(C, T) in the second (65.24%) and third (51.39%) codon position. Cytb gene was 
not interspersed by introns, so that it is transcribed as a single unit. 
The translation of the nucleotide sequence produced a protein of 396 amino 
acids (Fig.7; Table 11). The mitochondrial genetic code of Neurospora was used 
to obtain the amino acid sequence of cytb protein. The code diverged from the 
standard nuclear code for the codons TGA, which was read as Trp and not as 
Stop (Woo et al. 2003). The total occurrences for each codon and the overall 
amino acid usage for cytb were calculated through the FREQSQ program 
(Infobiogen) and manually corrected for the Neurospora’s mitochondrial genetic 
code (Table 11). The cytb protein of R. secalis showed an overdominance of 
leucine (14.1%) and interleucine (10.3%), instead cysteine was 
underrepresented (0.3%). The start codon was ATG (Met), which is universally 
the most common initiator codon. The stop codon for cytb was TAA.  
The homology of R. secalis cytb gene with other organisms was investigated with 
the similarity search option of BLAST (NCBI). The organism with the highest 
nucleotide sequence similarity to the cytb gene of R. secalis was found to be 
Venturia inequalis with 85% identities and an e-value of 10-173 (Table 12). In 
general, organisms with highest similarities to R. secalis were Ascomycetes, but 
some homology was also found with Basidiomycota, such as Trimorphomyces 
papilionaceus (Table 12). 
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Cytochrome b (R.secalis)

Clone15Plate11

Clone7FPlate11

Clone16FPlate6b

Clone16RPlate6b

Clone26RPlate13

Clone26FPlate13

Clone47FPlate9

Clone47FPlate9

1 1,768369 1,309534 740

 
 
+1

ATGAGAATATTTAAGAGTCATCCTTTATTAAAATTGGTTAATTCCTATATAATCGATTCACCACAACCATCTAATCTAAGCTACTTAT
GAAATTTTGGTTCTTTATTAGCCGTTTGTTTAGCTATACAAATAGTTACAGGTGTAACATTGGCTATGCATTACAACCCTAGTATATTA
GAAGCGTTTAATTCCATAGAACATATTATGCGTGATGTAAATAACGGATGATTAATACGTTACTTACATAGTAACACTGCATCTTTTTT
CTTCTTCCTAGTGTATTTACACATGGGTAGAGGTTTATATTATGGGTCATACAGAGCACCTAGAACATTAGTATGAACAATAGGTACA
TTTATATTCATATTAATGATCGTTACAGCATTCTTGGGTTATGTGCTTCCTTATGGACAGATGTCTTTATGAGGTGCCACAGTTATAAC
TAATCTTATGAGTGCTATACCTTGAATAGGTCAAGACATTGTTGAGTTTATCTGAGGGGGTTTTTCTGTTAATAATGCAACTTTAAATA
GATTCTTTGCATTACATTTTGTTTTACCGTTTATATTAGCTGCATTAGTATTAATGCACTTAATAGCCTTACACGATAGTGCAGGGTCA
GGTAATCCTTTAGGTGTATCAGGTAATTACGATAGATTACCTTTTGCTCCTTACTTCTTATTCAAAGATTTAATAACTATCTTTTTATTT
ATCTTTGTATTAAGTTTATTCGTATTCTTCATGCCTAACGTATTAGGTGATAGTGAAAATTACGTTGTAGCTAACCCTATGCAAACTCC
ACCTGCGATAGTTCCGGAGTGATATTTACTACCTTTCTATGCTATATTAAGATCTATACCTAACAAATTATTAGGTGTTATAGCTATGC
TTAGTGCTATATTAGTTATATTAGCTATGCCATTTACAGATTTAAGTAGATCTAGAGGTATACAATTTAGACCTTTAAGTAAAATAGCT
TTTTATATTTTTGTTGCTAATTTCTTAATATTAATGGTGTTAGGTGCTAAACACGTTGAATCACCATTCATAGAATTTGGACAAATAAGT
ACCGTAATATATTTCTCACACTTTTTAATCATAGTGCCTTTGGTTTCTTTAATAGAAAACAGTTTAATAGATTTAAACACGTCAATAGA
CTATTCTTCGCCTTCCGTTTTAGAAAAAGCGTAA  1191 

                                                                                                          
Fig. 6. Complete nucleotide sequence of the mitochondrial cytochrome b gene of 
Rhynchosporium secalis obtained through random sequencing from the constructed mtDNA 
library. The clones producing the contig are also presented. Start site is marked with +1 and the 
stop codon is underlined. 
 
 
 
1MRIFKSHPLLKLVNSYIIDSPQPSNLSYLWNFGSLLAVCLAIQIVTGVTLAMHYNPSILEAFNSIEHIMRDVNN
GWLIRYLHSNTASFFFFLVYLHMGRGLYYGSYRAPRTLVWTIGTFIFILMIVTAFLGYVLPYGQMSLWGATVIT
NLMSAIPWIGQDIVEFIWGGFSVNNATLNRFFALHFVLPFILAALVLMHLIALHDSAGSGNPLGVSGNYDRLPF
APYFLFKDLITIFLFIFVLSLFVFFMPNVLGDSENYVVANPMQTPPAIVPEWYLLPFYAILRSIPNKLLGVIAMLS
AILVILAMPFTDLSRSRGIQFRPLSKIAFYIFVANFLILMVLGAKHVESPFIEFGQISTVIYFSHFLIIVPLVSLIENS
LIDLNTSIDYSSPSVLEKA - 396 aa 

 
Fig. 7. Complete amino acid sequence of the cytochrome b protein. The blue labelled glycin (143 
aa) is the position, where a transition to A would occur, if the fungus gains resistance against 
strobilurin fungicides. 
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3.3.2. Cox genes 
 
Cox1  
 
A total of 9884 base pairs were found to present homology  to different regions of 
the cox1 genes of other fungi (GenBank). Eight separate contings with different 
length were obtained from the sequencing step. The three longer contigs (Fig. 8) 
were 3.2 Kb, 2.8 Kb and 1.1 Kb. The overall base composition for the obtained 
sequences identified as cox 1 was 33.94% A, 34.12% T, 16.45% C and  
15.49% G.  
 
Cox2  
 
Homology to cox2 gene was revealed with a R. secalis sequence of 890 base 
pairs. The nucleotide composition of this mtDNA sequence was 30.58% A, 
39.80% T, 15.12% C and 14.50 G for a A+T value of 70.38%. 
 
Cox3  
 
A single sequenced fragment presented homology with the part of cox3 gene. 
The nucleotide composition of this 654 bp fragment was 38.07% A,  
27.68% T, 20.18% C, 14.07 G. 
 
3.3.3. NADH dehydrogenase genes (nad genes) 
 
NADH dehydrogenase subunit 1 
 
A 691 bp fragment was characterized as NADH dehydrogenase subunit 1 (nad1) 
gene through BLAST. The base composition of this mtDNA fragment was 
41.10% A, 28.80% T, 16.93% C and 13.17% G.  
 
NADH dehydrogenase subunit 2 
 
Homology with the NADH dehydrogenase subunit 2 (nad2) gene was detected in 
3 clones of the produced mtDNA library. Assembly of two of these clones 
produced a contig of 708 bp. No assembly was produced with the third cloned 
fragment of 714 bp. The three clones labeled as Nad2 had a composition of 
35.46% A, 34.37% T, 15.26% C and 14.91 G.  
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Clone20RPlate7b

PCR product

Clone31FPlate7b

Clone31RPlate7b

PCR product

Clone20FPlate9

Clone11FPlate10

Clone20rPlate9

1 3,209418 725 1,353 1,808 2,516

 
 

Clone43RPlate6b

Clone43FPlate6b

Clone17RPlate7b

Clone40FPlate1

Clone10FPlate6b

Clone17FPlate7b

Clone10RPlate6b

1 2,793253 858 1,978533 1,169

 
 
 

Clone48RPlate13

PCR product

Clone48Fplate13

1 1,131141 481 843

 
 

 
Fig. 8. The three alignments show the three largest contigs with homology to the cox1 gene. The 
frame with the possible start and stop codons (respectively green and red lines) is below the 
corresponding contig.  
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NADH dehydrogenase subunit 4L 
 
The 270 bp complete mitochondrial sequence coding for NADH dehydrogenase 
subunit 4L (nad4L) in R. secalis was found within a 866 bp long assembled 
fragment (Fig. 9). Start codon was ATG (Met) and stop was TAA. The sequence 
matches other sequences found for this small genetic element in other fungal 
organisms such as Penicillium marneffei, , Podospora anserina, Trichophyton 
rubrum and Neurospora crassa (GeneBank). The E-value for these organisms 
was respectively 2 x 10-38, 2 x 10-47, 1 x 10-48 and 10-52. The base composition 
was calculated to be 34.07% A, 40.00% T, 10.74% C and 15.19% G. This small 
gene posses no introns. 
 

 
+1

ATGAATTTATCCTTAATACTTTTTTTAATCGGAATTTTAGGTTTCGTTTTAAATAGAAAAAATATAATATTAATGCTT
ATTTCAATAGAAATAATGTTATTAGCTATTACGTTCTTAATCTTGGTAAGTTCACTTAGCTTTGATGATATATTAGGC
CAAACATACGCTATTTATATAATAGCTATAGCTGGTGCAGAATCCGCCATTGGTTTAGGTATTTTAGTTGCATTTTAT
AGATTAAGAGGTAGCATTGCAATAGAATATAAATAA 270 

 
Fig. 9. Complete nucleotide sequence of the mitochondrial gene NADH dehydrogenase subunit 
4L of Rhynchosporium secalis (start site is marked with +1 and the stop codon is underlined). The 
fragment containing nad4L is presented with labeled sequences. The location of the gene in the 
fragment is shown under the contig (double black line), with the start codon (first green line; the 
other two green lines are also ATG codons, which encode as methionine). Stop codon TAA is 
presented as a red line. 
 
The total occurrences for each codon and the overall amino acid usage for nad4L 
were investigated (Table 14; Fig. 10). The nad4L of R. secalis presented an 
overdominance for the amino acid interleucine (21.1%) and leucine (18.9%). The 
next most frequent amino acid is alanine (8.9%). Four amino acids (Cys, His, Pro 
and Trp) are not present in nad4L protein.   
 
1MNLSLILFLIGILGFVLNRKNIILMLISIEIMLLAITFLILVSSLSFDDILGQTYAIYIIAIAGAESAIGLGIL
VAFYRLRGSIAIEYK• - 89 aa 
 
Fig. 10. The complete amino acid sequence of the nad4L protein of Rhynchosporium secalis. 
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Homology with other organisms for Nad4L protein was also investigated. The 
results (Table 13) shows that nad4L of R. secalis has a lower level of homology 
to related proteins (E-value, 10-10) than was the case with cytb (E-value, 0). The 
organisms with the highest level of homology to nad4L of R. secalis were found 
to be the ascomycota Trichophyton rubrum and Podospora anserine, but 
homologies were also found within the basidiomycota Trimorphomyces 
papilionaceus and Schizophyllum  (Table 13). 
 
NADH dehydrogenase subunit 5 
 
The presence of NADH dehydrogenase subunit 5 (nad5) gene was detected in 
only 1 clone (716 bp). The base composition of this fragment was 38.69% A, 
34.08% T, 12.71% C, 14.53 G and the A+T value 70.78%.  
 
3.3.4. ATPase subunit 6 
 
The ATPase subunit 6 gene of R. secalis was partially sequenced and analyzed 
(Fig. 11). Only the final part of the gene (3’) could be identified as the 145 N-
terminal amino acids of the protein. The stop codon was identified as TAA, the 
nucleotide composition was found to be 27.17% A, 43.61% T, 14.61 % C, 
14.61% G, with a A+T value of 70.62%. Like cytb, the atp6 was overrepresented 
by pyrimidines at the second and third codon position with respectively 69.86% 
and 55.48% (Tab 15), owing to the hydrophobic character of the protein (Naylor 
et al 1996).  
 
 

 
GATCCCATACAGTTTTGCTTCAACAAGTCATTTTATATTTACATTCGCTCTTAGTTTTACAGTAGTGTTAGGTGCAAC
TATCTTAGGTTTCCAAAAACACGGTTTAAAATTCTTTTCTTTATTAGTGCCTGCAGGTTGTCCTTTAGCTTTATTACCT
TTATTAGTATTAATCGAGTTTATCTCATATTTATCTCGAAATGTTTCTTTAGGACTTAGATTAGGAGCTAATATCTTAA
GTGGTCATATGTTATTAAACATTTTAGCCGGATTTACATATAACATTATGACTTCGGGGTTTATATTCTTCTTTTTAGG
TTTAATACCTTTAGCTTTTATAATTGCCTTTTCAGGTTTAGAATTAGGTATTGCCTTTATACAAGCTCAAGTATTCGTA
GTTTTAACTAGTAGTTATATTAAAGATGCTTTAGATTTACATTAA 439 

 
Fig. 11. Partial nucleotide sequence of the mitochondrial gene encoding for ATPase subunit 6 of 
Rhynchosporium secalis. The contig containing atp6 is presented with labeled sequences. The 
final (3’) part of atp6 gene (439 bp) is shown under the contig (double black line), The start codon 
is located 5’ upstream the sequenced insert. The green lines are codons with the same sequence 
as start, but here they are not read as start. Stop codon TAA is presented as a red line. 
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The nucleotide sequence was translated to obtain the amino acid sequence  
(Fig. 12) of the aminoterminal part of the protein. The data (Table 15) presented 
an overdominace of leucines (19.2%) for the last 145 aa of the atp6 protein, 
instead tryptophane is not present (0%). The TTA leucine codon was the most 
used one with a frequency of 17.80% (nearly a fifth of all amino acids!). 
 
IPYSFASTSHFIFTFALSFTVVLGATILGFQKHGLKFFSLLVPAGCPLALLPLLVLIEFISYLSRNVSL
GLRLGANILSGHMLLNILAGFTYNIMTSGFIFFFLGLIPLAFIIAFSGLELGIAFIQAQVFVVLTSSYIK
DALDLH• - 145 aa 
 
Fig. 12. The aminoterminal amino acid sequence of the ATPase subunit 6 of Rhynchosporium 
secalis. 
 
3.3.5. Unidentified genes  
 
The mt genome of R. secalis contains open reading frames (ORF), which have 
no homologies with other mitochondrial sequences present in GenBank.  
The following figures show the contigs containing these unidentified regions. The 
largest unidentified reading frame (Fig. 13; named URF1) presents 8 possible 
start codons (ATG). If we assume the first start codon to be correct, then URF1 
will have a length of 978 nucleotides, which through translation produces a 
protein of 325 amino acids (stop codon TAG). URF1 has a base composition of 
34.56% A, 38.34% T, 13.91% C and 13.19% G. The ATG codons after the start 
codon, will be read as methionine.  
 

 
 
Fig. 13. Contig containing the unidentified reading frame 1 (978 bases). The possible start codons 
and the stop codon are labelled respectively with green and red lines at the bottom of the figure.  
 
The length of the second unidentified reading frame (URF2) cannot be estimated, 
because the start codon is located upstream of the sequenced mtDNA region 
(Fig. 14). The largest readable URF contained 603 nucleotides, which produced 
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201 codons (including the TAG stop codon). The base composition is 30.51% A, 
33.17% T, 15.75% C and 20.56% G. 
 

 
 

Fig. 14. Contig containing the unidentified URF2. The possible start codons and the stop codon 
are labeled respectively with green and red lines at the bottom of the figure.  
 
The different possible URFs from the third analyzed mtDNA sequence were 
shown in the next figure (Fig. 15). It was impossible to identify the correct frame, 
because all three frames could potetially contain interesting URFs. The mtDNA 
fragment analysed using the first frame showed the presence of two possible 
URFs, the length of the biggest one could not be estimated because probably the 
start codon is located 5’ upstream. The largest visible URF for the first frame had 
417 bases with the TAG stop codon. The nucleotide composition was 28.54% A, 
28.54% T, 24.94% C and 17.99% G. The shortest URF for frame 1 contained 
129 nucleotides (stop codon was TAG; 35,66% A, 23.26% T, 23,26% C, 
17.83%).  
The sequence analyzed using the second frame contained two possible URFs, 
the first had a length of 339 nucleotides, TAG was the stop codon, and the base 
composition was 29.2% A, 28.02 %T, 24.78% C, 17.99% G. Assuming the 
second frame to be the correct one, the second URF contained 135 nucleotides, 
35.56% of which were A, 23.7% T, 24.44% C and 26.3% G.  
The third frame produced only one possible URF with a length of 174 nucleotides 
and a base composition of  26.44% A, 29.89% T, 25.29% C, 18.39% G. The stop 
codon identified in this URF was TAA. 
 
 

 

 
Fig. 15. DNA fragment containing the possible URF3s . The correct frame could not be identified, 
therefore all three possibilities are given. The possible start codons and the stop codon are 
labelled respectively with green and red lines at the bottom of the figure. 
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Another contig (Fig. 16) contained an URF (URF4) with a length of 321 bases 
(107 codons including the TAA stop codon). The nucleotide composition for this 
mtDNA sequence was 34.89% A, 43.93% T, 12.15% C and 9.03% G. 
 

 
 
Fig. 16. Contig containing the URF4. The possible start codons and the stop codon were labelled 
with green and red lines at the bottom of the figure.  
 
The URF5 (Fig. 17) could not be characterized, because a stop codon was not 
found in the sequence. The stop codon, which could be either TAA or TAG is 
probably located downstream of the sequenced fragment. 
 

 

 
 
Fig. 17. Contig containing the unidentified ORF5. The possible start codons are labelled with 
green lines at the bottom of the figure.  
 
3.4 Ribosomal RNA genes 
 
It was found that the mt genome of R. secalis encodes for the two ribosomal 
RNA (rRNA) genes. The first of these two genes encodes the small ribosomal 
RNA subunit (rns). The second gene encodes for the large ribosomal RNA (rnl) 
subunit. A BLAST search showed that a 929 bp mtDNA fragment of R. secalis 
could be aligned with the small ribosomial subunit gene of ascomycete Lachnum 
virgineum. The BLAST program gave 94% identity and an E-value of zero. The 
nucleotide composition for this DNA sequence was 32.19% A, 31.86%T, 15.18% 
C and 20.78% G.  
A partial sequence of the large ribosomal subunit gene was found in a 822 bp 
long fragment. Homologies were found through BLAST with Neurospora crassa 
(94% identity; E-value 9 x 10-80) and to Penicillium marneffei (95% identity; E-
value 10-78). The base composition for the sequenced fragment was 31.87% A, 
37.10% T, 13.26% C, 17.10% G.  
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3.5. Transfer RNA genes 
 
Three tRNA genes were also identified in the R. secalis mitochondrial genome. 
The sequences and the predicted cloverleaf structures of the three tRNAs were 
found (Fig. 18 and Fig. 19). Two of the three sequenced genes encoded Lys-
tRNAs with same TTT anticodon (Fig. 18), but differed in the rest of the 
nucleotide sequences. The first Lys-tRNA gene found Lys-tRNA (1) is two bases 
longer than Lys-tRNA (2).  
 
 
Lys-tRNA (1) 
Length: 72 bp 
Type: Lys Anticodon: TTT at 33-35 (362-364) Score: 40.64 
         *    |    *    |    *    |    *    |    *    |    *    |    *    |  
Seq: AAAGAATAAGCTTAATGGTAAAGCAATATTaTTTTTATAATGTTAtAAAAAGTTCGATTCTTTTATTCTTTA 
Str: >>>>>>>..>>>>.......<<<<.>>>>>........<<<<<....>>>>>.......<<<<<<<<<<<<. 
 
Lys-tRNA (2) 
Length: 70 bp 
Type: Lys Anticodon: TTT at 31-33 (31-33) Score: 37.44 
         *    |    *    |    *    |    *    |    *    |    *    |    *     
Seq: GATCTTAGTTTAATGGTAAAATACGAGATTTTTAATCTTTGTTaTAAGGGTTCGACCCCCTTAGGTCTTA 
Str: >>>>>..>>>>.......<<<<..>>>>.......<<<<......>>>>>.......<<<<<<<<<<... 

1 2   
 
 
Fig. 18. Predicted cloverleaf structures of two isotype Lys-tRNAs encoded by the mitochondrial 
genome of Rhynchosporium secalis. The tRNAs marked as 1 and 2 were sequenced respectively 
from clone 6 plate 9 and from clone 7 plate 7.  Both tRNAs presented the anticodon TTT. 
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The last tRNA gene found in the R. secalis mitochondrial genome was Gly-tRNA, 
which has a length of 71 bp (Fig. 19). 
 

Gly-tRNA (3) 
Length: 71 bp 
Type: Gly Anticodon: TCC at 33-35 (214-216) Score: 62.00 
         *    |    *    |    *    |    *    |    *    |    *    |    *    | 
Seq: ACGGCCATAGGTTAATGGTAGACCTTTCGTTTTCCAAGCGAATTGTGTCGATTCGAATTCGGCTGGCCGTA 
Str: >>>>>>>..>>>>.......<<<<.>>>>>.......<<<<<....>>>>>.......<<<<<<<<<<<<. 

 

 
 

 
Fig. 19. Predicted cloverleaf structures of Gly-tRNA encoded in the mitochondrial genome of 
Rhynchosporium secalis. The tRNA was sequenced from clone 7 plate 7 and has the anticodon 
TCC. 
  
3.6 Phylogenetic analyses 
 
Some mitochondrial loci were preliminary analyzed to test their effectiveness in 
distinguishing between the two proposed species of Rhynchosporium (infecting 
Barley or Rye).  The analyzed loci were cox3 (347 bp; Fig. 20), cytb (597 bp; Fig. 
21) and Lys-tRNA (1) as well as a part of nad4L (599 bp; Fig. 22). The cox3 and 
the cytb genes were amplified from three rye and three barley isolates. All rye 
isolates had the same nucleotide sequence. A single nucleotide polymorphism 
(SNP) was found in the barley isolates at position 167 in the cox3 locus The SNP 
was found to be a C/G transversion. Two third of the barley isolates presented a 
guanine at the position 167. 
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                                                                                SNP 167 
 

TTCATGGGCTTCATGTT      Rye 1 
TTCATGGGCTTCATGTT Rye 2 
TTCATGGGCTTCATGTT Rye 3   _ 
TTCATGGGGTTCATGTT Barley 1 
TTCATGGGGTTCATGTT Barley 2 
TTCATGGGCTTCATGTT Barley 3 

 
Fig. 20. Polymorphism in the cox3 region (347 bp) in Rhynchosporium isolates from barley and 
rye. The alignment of the sequence around the single nucleotide polymorphism 167 (•) is shown. 
 
No mutations could be found among the tested barley and three rye isolates for 
the cytochrome b (597 bp) locus (Fig. 21). 
 

 
NO POINT MUTATIONS 

 
Fig. 21. Contig of the PCR amplified cytb region (597 bp). No polymorphisms were found. 
 
The entire Lys-tRNA and the beginning of the NADH4L genes were also 
investigated for polymorphisms among the Rhynchosporium isolates originating 
from barley, rye and triticale. The eleven barley isolates used to analyze the 
locus were collected from the five continents, the five rye samples represented 
the Swiss and the Russian population, and the two triticale isolates were French 
(Fig. 22).  The results from the sequencing of the 599 bp long PCR amplified 
product showed the presence of two single nucleotide polymorphisms (SNPs) 
(both transversions) at position 160 and 504 (Fig. 22). The first transversion 
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(named SNP160) was of the T/G type; the second (SNP504) of the A/C type. 
Both single nucleotide polymorphisms occurred outside the coding regions. The 
first SNP showed polymorphism only in two of the barley isolates, sampled in the 
Middle East (Jordan and Syria). The second polymorphic allele (SNP 504) 
presented a polymorphism between the barley isolates (presenting the nucleotide 
adenine), and the rye isolates (having a cytosine). The triticale isolates were 
found to be identical to rye.  
As for SNP 160 also in SNP 504 the two samples from the Middle East (Syria 
and Jordan) could be distinguished from other barley isolates (Fig. 22). 
 

 
 
                          SNP 160                      SNP 504 
 
                  GATAATATAAATAC     Barley*       TTAATTATAGGG    Barley* 

                  GATAATATAAATAC     Rye      TTAATTCTAGGG    Rye 
                  GATAATATAAATAC     Triticale      TTAATTCTAGGG    Triticale 
                  GATAATAGAAATAC     Barley SYR      TTAATTCTAGGG    Barley SYR 
                  GATAATAGAAATAC     Barley JOR      TTAATTCTAGGG    Barley JOR 

 
Fig. 22. Contig of the PCR amplification (599 bp) containing the Lys-tRNA gene and a part of the 
Nad4L gene. The two single nucleotide polymorphisms (SNP160 and SNP504, marked as •) and 
the location of the genes were shown under the contig. The R. secalis  samples isolated from 
barley were collected in Australia (AUS), Eritrea (ERI), Sweden (SWE), Ethiopia (ETH), England 
(UK), France (FRA), Norway (NOR), Switzerland (CH), California (CAL), Syria (SYR) and Jordan 
(JOR). The rye isolates represented the Swiss (CH) and the Russian (RU) populations. Both 
triticale samples were collected in France. 
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3.7. Repetitive elements 
 
Repetitive elements were manually searched for in the mitochondrial genome of  
R. secalis (Table 16). The most common repetitive elements found were 
microsatellites, but some minisatellites were also found. Among the nine 
microsatellites, three were classified as perfect, five as imperfect and one as 
compound (perfect). The minisatellites were all classified as imperfect and the 
mononucleotide repeats were either composed of adenines or thymines.  
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4. Discussion 
 
This study presents the first estimation of the total length of the mitochondrial 
genome of the fungal pathogen R. secalis. In nature the biggest mitochondrial 
genomes are those of plants (for example Arabidopsis thaliana has 367 000 
bases; Unseld, 1997), followed by mitochondrial genomes of fungi and animals 
(Table 17). The mitochondrial genome of Homo sapiens for instance is only  
16 000 bases long (Ingman, 2000). Among ascomycetes, the length can vary 
greatly from 94 200 bases of Podospora anserina (Cummings 1990) to 24 000 
bases of Eremothecium gossypii. According to our results the total mitochondrial 
genome length of R. secalis is 67 800 bases, which is of intermediate size 
compared to other fungi (Table 17).  
The set of protein coding genes in R. secalis mitochondrial genome is similar to 
that of other mitochondrial genomes. In the mtDNA of R. secalis we were able to 
identify nine mitochondrial genes (cytb, cox1, cox2, cox3, nad1, nad2, nad4L, 
nad5, atp6). With the exception of three proteins that were not identified (atp8, 
nad4 and nad6), these nine protein-coding genes are the same as for 
P. anserina. In other fungal mitochondrial genomes such as Allomyces 
macrogynus, an additional protein coding gene, atp9, was found (Paquin and 
Lang, 1996). The two rRNAs (rns and rnl), which are typical for mitochondrial 
genomes were also found in mtDNA of R. secalis. Furthermore three tRNA 
genes were identified. The number of mitochondrial tRNA genes found in 
R. secalis is relatively low when compared to P. marneffei, which has 28 tRNA 
genes. Generally it is known that higher fungi encode a complete complement of 
tRNAs sufficient to read all codons, based on an extended wobble hypothesis 
(Bonitz et al., 1980). Nevertheless some members of the Chytridiales like 
Spizellomyces punctatus or Hyaloraphidium curvatum have only seven tRNA 
genes. It is likely that the remainders of tRNAs are nuclear-encoded and then 
imported into mitochondria (Forget et al., 2002). The nuclear production and the 
subsequent import of tRNAs in mitochondria could explain the low number of 
tRNA genes found in mtDNA of R. secalis. An other possible explanation for the 
small number of tRNA gene sequenced come from the common feature that 
tRNA genes are often grouped together and these clusters tend to be dispersed 
throughout the genome. It is reasonable think that these genes are present but 
are in mitochondrial fragments, which were not cloned. A third possible 
explanation is that the program used to search for tRNA genes did not detected 
their presence in the submitted mtDNA sequences, because of low homology 
with the databank. As a future perspective it could be useful to submit the 
sequenced fragments of mtDNA to another t-RNA searching program and 
compare the results. 
The mitochondrial code differed from the standard nuclear code only by the TGA 
codon, which encodes for tryptophane instead of the Stop codon. The start 
codon for the identified genes was always ATG (Met), which is universally known 
to be the most common initiator codon. Typically, stop codons in the fungal code 
vary between the codons TAA and TAG. In R. secalis identified genes, the stop 
codons were always found to be TAA. The protein coding genes of P. marneffei 



Torriani Stefano                                                                      Diploma thesis, 2004 
 

 38 

showed also an overdominance for the stop codon TAA, and only the atp8 gene 
was found to terminate with the stop codon TAG (Woo, 2003). The unidentified 
open reading frames (URFs) were, however, considered terminated when one of 
the two possible fungal stop codons was found. In the, until now, identified 
mitochondrial protein encoding genes of R. secalis, the TAG codon was never 
seen to be used as stop codon, but it can not be excluded that this could be 
possible, as in the case of atp8 in P. marneffei.  
The overall A+T content in the mitochondrial genome of R. secalis was estimated 
to be 68.9%. The mitochondrial genome of the ascomycete P. marneffei shows 
an overall A+T value of 75% (Woo, 2003), the basidiomycete Allomyces 
macrogynus has 60.5% (Paquin and Lang, 1996) and the mollusca 
Siphonodentalium lobatum has 68.3% (Dreyer and Steiner, 2004). The A+T% of 
the protein coding regions of mtDNA from R. secalis studied here was found to 
be 68.4%. The difference between the A+T contents of the overall mitochondrial 
genome and the protein coding regions of R. secalis is very low and it does not 
exceed 1%. Similarly, P. marneffei has an A+T% of 76% in the protein coding 
genes compared to 75% in the total mitochondrial genome (Woo, 2003).  
The sequence of the total cytb gene was obtained in this study (1191 base pairs). 
Sequence fragments were aligned to GenBank. The Clone26Plate13 did not 
produce any contig with other mtDNA sequences of R. secalis but it was found to 
be part of cytb (BLAST). This sequence was placed in cytb of R. secalis through 
alignment with the already known complete cytb sequence of Blumeria graminis. 
However, the presence of a few bases at the end of the sequence of 
Clone26Plate13 cannot be excluded.  PCR amplification of the whole region 
would be needed to confirm the absence of unsequenced fragments and the 
length of the cytb gene in the mitochondrial genome of R. secalis. However, the 
presence of small DNA fragments at the end of Clone26Plate13 is unlikely, 
because the cytb genes from other fungi (GenBank) were similar and did not 
have additional basepairs. Organisms showing the highest similarities to the cytb 
gene of R. secalis were Ascomycetes, but some homology was also found with 
Basidiomycetes. Similar to other cytb genes (Naylor et al., 1996), the cytb gene 
of R. secalis showed a high representation of pyrimidines (C,T) in the second 
(65.24%) and third (51.39%) codon position, showing the hydrophobic character 
of the protein.  
Cytb encodes for resistance to strobilurin fungicides. If a transition occurs at 
position 143 from guanine to alanine, the fungus could acquire resistance to 
strobilurin fungicides as was reported for B. graminis (Degli Esposti 1993). This 
type of point mutation could not be found among the six isolates tested during the 
present study of R. secalis, but this mutation caused the highest resistance 
reactions against strobilurin fungicides among those described in the literature 
(Degli Esposti 1993). Because of the mitochondrial inheritance, resistance to 
strobilurins will be achieved after sexual recombination only if it is present in the 
maternal crossing partner. The resistance will therefore be inherited exclusively 
by individuals producing ascogonia (donor, “female”), whereas individuals 
producing antheridia (acceptor, “male”) will not contribute to the dispersal of this 
type of resistance. Given that the sequence of the cytb gene is now available, it 
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could be interesting to screen R. secalis populations for this particular mutation, 
and to test isolates with different cytb alleles for their sensitivity to strobilurins. It 
may well be that field resistance to strobilurins is already present and their 
presence will increase dramatically given strong selection pressures.  
The amino acid usage identified for cytb (Table 11), nad4L (Table 14) and for the 
aminoterminal part of atp6 (Table 15) shows a high degree of hydrophobic amino 
acids, such as the inactive hydrophobic leucine (L), isoleucine (I) and valine (V). 
The aromatic amino acid phenylalanine (F) is one of the most frequent amino 
acids present in the three-mitochondrial proteins found. Phenylalanine, as for the 
previously cited amino acids, has a relatively high hydrophobic character. These 
four amino acids form the 40.8% of cytb, the 48.9% nad4L and the 47.3% of the 
atp6 aminoterminal part. The frequency of these amino acids is explained, 
because the three proteins studied are known to be highly hydrophobic 
membrane proteins (Gonzalez-Halphen et. al 2004).  A relatively high frequency 
was also seen for serine (S), which presents percentages ranging from 7 to 8%. 
Serines are defined as uncharged hydrophilic amino acids, and of the three 
proteins studied are probably located mostly outside of the membrane. 
The mt genome of R. secalis was found to contain open reading frames (ORFs), 
which have no homologies with other mitochondrial sequences present in 
GenBank. The largest unidentified reading frame (Fig. 13) present is 978 bases 
large and the translation of the nucleotide sequence will produce a protein 
containing 325 amino acids. The stop codon of this possible gene would be TAG. 
Further investigation of this and the smaller URFs found should be performed in 
the future in order to clarify if these sequences could encode for proteins or not. 
A possible test could be the hybridization of the total RNA of R. secalis with a 
probe containing the URF sequence.  
Some repetitive elements were also found in the mitochondrial genome of R. 
secalis (Table 16). These include nine microsatellites, three minisatellites and 
two mononucleotide repeats. The repeats were detected by chance without 
screening for them, therefore it is possible that some repetitive elements remain 
to be identified through targeted searches. Because of their structure, the 
minisatellites were especially difficult to identify without a computer program. 
Among the nine microsatellites identified, three are perfect, five are imperfect, 
and one is a compound repeat. The minisatellites were all classified as imperfect 
and the mononucleotide repeats were either adenines or thymines sequences. 
Perfect repeats were classified as those sequences that have alternate repeats 
without interruption and that do not present any nucleotide diverging from the 
standard sequence of the repeat. Imperfect sequences are defined as those 
repeats presenting no more than three consecutive non-repeat bases. 
Compound repeats are the nucleotide sequences, which present two different 
kinds of repetitive elements separated by non-repeat bases. Compound repeats 
are further subclassified as perfect or imperfect (Weber, 1990). As the number of 
repeats in a microsatellite at a particular locus can be highly polymorphic among 
individuals, these repetitive elements could be very useful for genetic 
fingerprinting and phylogeography studies. Minisatellites are inherently unstable 
and susceptible to mutation at a higher rate than other DNA sequences, thus 
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they can also be used in population genetics. The future perspective could be to 
screen R. secalis populations for polymorphism using these mitochondrial 
repeats.  
The R. secalis mitochondrial sequences could also be suitable for phylogenetic 
studies. In this study the mitochondrial genome fragments were sequenced for a 
group of R. secalis isolates from three different hosts (barley, rye and triticale) to 
see whether mtDNA data support a possible speciation between R. secalis from 
barley and rye. This speciation has been shown by nuclear DNA markers such 
as RFLPs as well as by sequencing α-tubulin, β-tubulin, elongation factor and 
ITS (P. Zaffarano personal communication). Even if the numbers of loci and 
samples used were low and more investigation is needed, some conclusions can 
be drawn from this part of the project. Three loci (Fig. 20, 21, 22), including 
conserved regions such as cox3, cytb, Lys-tRNA (1), as well as the beginning of 
nad4L were amplified and tested. In total, from the three different loci, 1543 base 
pairs were sequenced to compare barley, rye and triticale isolates. Only three 
single nucleotide polymorphisms were found. All SNPs were found to be 
transversions. No polymorphisms between barley and rye isolates could be found 
in the 597 sequenced nucleotides of cytb, showing a high degree of conservation 
in this gene. The three mitochondrial SNPs found in this preliminary phylogenetic 
study, can be used to support the results from the nuclear markers indicating the 
existence of two cryptic species of Rhynchosporium from barley and rye. Isolates 
from triticale always had the same alleles as rye isolates, as was also shown with 
the nuclear loci (P. Zaffarano, personal communication). Barley isolates (from 
Syria and Jordan) had the same SNP (504) as the rye isolates. With the nuclear 
sequence loci, the barley Rhynchosporium isolates from Syria and Jordan, 
together with some Swiss and Scandinavian isolates, were also found to share 
some alleles with R. secalis from rye. The common shared alleles probably 
reflect ancestral alleles.  
The above mentioned two barley isolates from Syria and Jordan, contained a 
second SNP (SNP160; located 5’ upstream from the Lys-tRNA (1) gene) when 
compared with other R. secalis isolates from barley originating from other 
continents. The SNP160 is a T/G transversion; T is present in both barley and 
rye Rhyncosporium isolates, and G only in the two Middle East isolates. The 
presence of the same nucleotide for the rye and the majority of barley (9 out of 
11) exclude the SNP160 from the mutations occurred during the hypothesized 
speciation process. The SNP160 more likely reflects a mitochondrial population 
diversity of the population from the Middle East and may be a good marker for 
future phylogeography studies.  
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7. Tables 
 
Table 1:  List of Eukaryotic DNA polymerases (Oulu University Library, 2000), BER is the base 
excision repair, DSBR the double strand break repair, MMR the mismatch repair, and NER the 
nucleotide excision repair. 

Polymerases Family Functions1 

Pol α B Replication, repair (DSBR), telomere maintenance, S phase 
checkpoint control, Priming in replication 

Pol δ B Replication, repair (MMR, BER, NER, DSBR), recombination, 
telomere maintenance, S phase checkpoint control 

Pol ε B Replication, repair (BER, NER, DSBR), recombination, 
transcriptional silencing, S phase checkpoint control 

Pol ζ B Translesion synthesis 
Pol γ A Mitochondrial DNA replication 
Pol θ A Interstrand cross-link repair? 
Pol β X Repair (BER) 
Pol λ X Meiotic repair 
Pol µ X Somatic hypermutation 
Pol σ –1 (Trf4) X Establishment of sister chromatid cohesion 
Pol σ–2 (Trf5) X Establishment of sister chromatid cohesion 
Pol η Y Translesion synthesis 
Pol ι Y Translesion synthesis, mutagenesis? 
Pol κ Y Translesion synthesis 
Rev1 Y Translesion synthesis 

 
Table 2: Mating type primer sequences (Linde et al., 2003) used as check for the presence of 
nuclear DNA in the purified mtDNA. 

Primer Sequence Length (bp) 
RsMAT1F CCAACGATCCGCCTAGCCACA 21 
RsMAT1R CATCGACAAGTAGCCACAGCT 21 
RsMAT2F CATCTATTCCAACATCGACCAC 22 
RsMAT2R CTCCTTGTATTGCTCTCTGATC 22 

 
Table 3: Successions of sonication bursts and pauses as well as the intensity used for each of 
the ten samples. Sample 11 is the untreated control. 

Sample Intensity Successions sonication - pause (sec) 
1 5 micron 10  
2 5 micron 10 – 60 – 10  
3 5 micron 10 – 60 – 10 – 60 – 10  
4 5 micron 10 – 60 – 10 – 60 – 10 – 60 – 10  
5 5 micron 10 – 60 – 10 – 60 – 10 – 60 – 10 – 60 – 10  
6 10 micron 10  
7 10 micron 10 – 60 – 10  
8 10 micron 10 – 60 – 10 – 60 – 10  
9 10 micron 10 – 60 – 10 – 60 – 10 – 60 – 10  

10 10 micron 10 – 60 – 10 – 60 – 10 – 60 – 10 – 60 – 10  
11 control  
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Table 4: Conditions for the test digestion with the restriction endonuclease CviJI. The incubation 
temperature of each reaction was constant (37°C). The varying values of the enzyme unit and of 
the incubation times are presented.   

 
 
 
Table 5: The test conditions for the test digestion with the restriction endonuclease Sau3AI. The 
incubation temperature of each reaction was constant (37°C). The varying values of the enzyme 
unit and of the restriction time are presented for the tested DNA. 

DNA digested Enzyme quantity (unit) Incubation times (min) Sample tested 
Total R. Secalis DNA 2 15, 30 2 

 1 15, 30 2 
 0.5 3, 10, 15, 20, 30, 60 1 
λ DNA 1.5 5, 10, 15, 20, 30, 60 2 
 1 5, 10, 15, 20, 30, 60 2 
 0.5 5, 10, 15, 20, 30, 60 2 

 
 
 
Table 6: Luria Bertani Broth setup. After mixing the components the pH must be adjusted to 7.0 
and the solution has to be sterilised. 

 Quantity 
Bacto-Tryptone (Difco 0123-01-1) 10 g 
Bacto-yeast extract (Difco 0127-05-3) 5 g 
NaCl 10 g 
ddH2O to 1 L 

 
 
 
Table 7: Luria Bertani Agar for cloning setup. After mixing all the components the solution must 
be sterilized in an autoclave. Before solution thickens add Ampicillin (end concentration  
200 µg /ml), IPTG (0.5 mM) and XGal (30 µg/ml) mix and pour into sterile Petri dishes 
(approx. 20 ml/plate). 

Bacto-Tryptone (Difco 0123-01-1) 10 g 
Bacto-yeast extract (Difco 0127-05-3) 5 g 
NaCl 10 g 
Bacto-agar (Difco 0140-01) 15 g 
ddH2O to 1 L 

 
 
 
 
 
 

DNA digested Enzyme quantity (unit) Incubation times (min) Sample tested 
Total R. Secalis DNA 1 2, 5, 10, 30, 60 4 

 0.5 2, 5, 10, 30, 60 4 
 0.25 2, 5, 10, 30, 60 4 
λ DNA 1.5 5, 15, 22, 30, 45, 60 4 

 1 5, 15, 22, 30, 45, 60 4 
 0.5 5, 15, 22, 30, 45, 60 4 
 0.25 30, 60 2 
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Table 8: List of primers used for filling the gaps between fragments, which presented homologies 
with the cox1 gene of Podospora anserina. 

Primer’s name Clones of origin Primer’s sequence (5’→3’) 
Cox1 1F Clone1Plate4 TGAGTTCAAGCCAAATTAACACTT 
Cox1 1R Clone20Plate4 CCTGACAATCAGCCATCTTGTA 
Cox1 3F Clone20Plate4 ACGGTTAAACACTTTCCACAGG 
Cox1 3R C46P5, C35P8, C31RP4 TAAACATTACCGTGGCCAATAC 
Cox1 5F C46P5, C35P8, C31RP4 ATTAGCTGGTTTTACCCAAGCA 
Cox1 5R Clone48Plate13 CCTTATGGAAAAGCAACCTTCA 
Cox1 7F Clone48Plate13 ATAGGGCAAAACGAGGACTTTA 
Cox1 7R Clone29Plate4 TCTACCGTCATCGCTACTACCA 

 
 
 
 
Table 9: List of primers used to find evidence for speciation between R. secalis  from barley and 
rye. 

Primer’s name Clones of origin  Primer’s sequence (5’→3’) 
PCR1NADH4L  Clone43Plate3 ATACCTAAACCAATGGCGGATT 
PCR2NADH4L Clone43Plate3 TTCTAGTAGGAGAAAGCTGTCGAT 
Cox3 F Clone48Plate12 AGCCATACCACATCCACAAAG 
Cox3 R Clone48Plate12 GAGCACAATGACCACCAATG 
Cyt b F C15FP11, C7FP11, C16P6b GCAGGTGGAGTTTGCATAGG 
Cyt b R C15FP11, C7FP11, C16P6b TGCATTACACCCTAGTATATTAGA 

 
 
 
 
Table 10: Estimation of the mitochondrial fragment’s size sorted from the RFLP autorad (Fig. 5). 
The fragments were ordered and named from the largest to the smallest. The total length of the 
mtDNA of Rhynchosporium sacalis can be estimated as 67.8 Kb. 

Fragment Size 
1 18.0 Kb 
2 10.0 Kb 
3   9.0 Kb 
4   7.0 Kb 
5   6.0 Kb 
6   5.0 Kb 
7   3.2 Kb 
8   3.0 Kb 
9   2.3 Kb 
10   1.8 Kb 
11   1.5 Kb 
12   1.0 Kb 

TOTAL mtDNA LENGTH  67.8 Kb 
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Table 11: The codon usage in the mitochondrial Cytochrome b (cytb) gene of R. secalis, the 
number of individual codons (n), the number of the total occurrences for each amino acid and the 
percentage of the amino acid usage is reported. 

Amino acid Codon (n) Number of times it occurs % of amino acid usage 
ALA (A)  GCT  (13) 

               GCC  (3) 
GCA  (7) 
GCG  (3) 

26 6.5 

ARG (R) CGT  (2) 
CGC  (0) 
CGA  (0) 
CGG  (0) 
AGA (10) 

               AGG  (0) 

12 3.0 

ASN (N)  AAT  (13) 
AAC  (8) 

21 5.3 

ASP (D) GAT  (8) 
GAC  (2) 

10 2.5 

CYS (C) TGT  (1) 
TGC  (0) 

1 0.3 

GLN (Q) CAA  (6) 
CAG  (1) 

7 1.8 

GLU (E) GAA  (7) 
GAG  (2) 

9 2.3 

GLY (G)  GGT (16) 
 GGC  (0) 
 GGA  (3) 
 GGG  (3) 

22 5.5 

HIS (H) CAT  (5) 
CAC  (5) 

10 2.5 

ILE (I) ATC  (6) 
  ATA  (32) 

ATT  (3) 

41 10.3 

LEU (L)   TTA  (46) 
TTG  (4) 
CTT  (3) 
CTC  (0) 
CTA  (3) 
CTG  (0) 

56 14.1 

LYS (K) AAA  (6) 
AAG  (1) 

7 1.8 

MET (M)  ATG (13) 13 3.3 
PHE (F)  TTT  (20) 

TTC (15) 
35 8.8 

PRO (P) CCT (16) 
CCC  (0) 
CCA  (5) 
CCG  (2) 

23 5.8 

SER (S) TCT   (9) 
TCC  (3) 
TCA  (7) 
TCG  (1) 
 AGT (12) 
AGC  (1) 

33 8.3 

THR (T) ACT  (5) 
ACC  (1) 
ACA  (8) 
ACG  (1) 

15 3.8 

TRP (W) TGA  (7) 
TGG  (0) 

7 1.8 

TYR (Y)  TAT  (11) 
               TAC  (7) 

18 4.5 

VAL (V)  GTT  (16) 
               GTC  (0) 

 GTA  (10) 
               GTG  (4) 

30 7.6 

STOP TAA  (1) 
TAG  (0) 

  

              TOTAL  396 100 
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Table 12: Organisms whose cytb proteins produced significant alignments with cytb of 
Rhynchosporium secalis. 
Organism Taxa E-value 
Venturia inaequalis Ascomycota 0 
Mycosphaerella graminicola Ascomycota 0 
Penicillium marneffei Ascomycota 0 
Emericella nidulans Ascomycota 0 
Mycosphaerella fijiensis Ascomycota 0 
Podospora anserina Ascomycota 0 
Magnaporthe grisea Ascomycota 10-180 
Neurospora crassa Ascomycota 10-171 
Blumeria graminis Ascomycota 10-170 
Trimorphomyces papilionaceus Basidiomycota 10-145 
Mycena viridimarginata Basidiomycota 10-141 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 13: Organisms whose nad4L protein produces significant alignments with nad4L of 
Rhynchosporium secalis. 
Organism Taxa E-value 
Trichophyton rubrum Ascomycota 3 x 10-10 
Podospora anserina Ascomycota 8 x 10-10 
Hypocrea jecorina Ascomycota 1 x 10-9 
Neurospora crassa Ascomycota 2 x 10-9 
Trimorphomyces papilionaceus Basidiomycota 7 x 10-6 
Schizophyllum commune Basidiomycota 2 x 10-5 
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Table 14: Codon usage in the mitochondrial nad4L gene of Rhynchosporium secalis with the 
number of individual codons (n), the number of times each amino acid occurs, and the 
percentage of amino acid usage. 

Amino acid Codon (n) Number of times the amino 
acid  occurs 

% of amino acid usage 

ALA (A) GCT  (4) 
GCC  (1) 
GCA  (3) 
GCG  (0) 

8 8.9 

ARG (R) CGT  (0) 
CGC  (0) 
CGA  (0) 
CGG  (0) 
AGA  (3) 
AGG  (0) 

3 3.3 

ASN (N) AAT  (3) 
AAC  (0) 

3 3.3 

ASP (D) GAT  (2) 
GAC  (0) 

2 2.2 

CYS (C) TGT  (0) 
TGC  (0) 

0 0.0 

GLN (Q) CAA  (1) 
CAG  (0) 

1 1.1 

GLU (E) GAA  (3) 
GAG  (0) 

3 3.3 

GLY (G) GGT  (5) 
GGC  (1) 
GGA  (1) 
GGG  (0) 

7 7.8 

HIS (H) CAT  (0) 
CAC  (0) 

0 0.0 

ILE (I) ATC  (2) 
ATA  (10) 
ATT  (7) 

19 21.1 

LEU (L) TTA  (13) 
TTG  (1) 
CTT  (3) 
CTC  (0) 
CTA  (0) 
CTG  (0) 

17 18.9 

LYS (K) AAA  (2) 
AAG  (0) 

2 2.2 

MET (M) ATG  (3) 3 3.3 
PHE (F) TTT  (3) 

TTC  (2) 
5 5.6 

PRO (P) CCT  (0) 
CCC  (0) 
CCA  (0) 
CCG  (0) 

0 0 

SER (S) TCT  (0) 
TCC  (2) 
TCA  (2) 
TCG  (0) 
AGT  (1) 
AGC  (2) 

7 7.8 

THR (T) ACT  (0) 
ACC  (0) 
ACA  (1) 
ACG  (1) 

2 2.2 

TRP (W) TGA  (0) 
TGG  (0) 

0 0.0 

TYR (Y) TAT  (3) 
TAC  (1) 

4 4.4 

VAL (V) GTT  (2) 
GTC  (0) 
GTA  (1) 
GTG  (0) 

3 3.3 

STOP (•) TAA  (1) 
TAG  (0) 

 1.1 

              TOTAL  89 100 
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Table: 15. Codon usage in the 3’ end (439 bp) of mitochondrial atp6 gene of Rhynchosporium 
secalis with the number of individual codons (n), the number of times each amino acid occurs, 
and the percentage of amino acid usage. 

Amino acid Codon (n) Number of times it occurs % of amino acid usage 
ALA (A) GCT  (7) 

GCC  (3) 
GCA  (2) 
GCG  (0) 

12 8.2 

ARG (R) CGT  (0) 
CGC  (0) 
CGA  (1) 
CGG  (0) 
AGA  (1) 
AGG  (0) 

2 1.4 

ASN (N) AAT   (2) 
AAC   (2) 

4 2.7 

ASP (D) GAT  (2) 
GAC  (0) 

2 1.4 

CYS (C) TGT  (1) 
TGC  (0) 

1 0.7 

GLN (Q) CAA  (3) 
CAG  (0) 

3 2.1 

GLU (E) GAA  (1) 
GAG  (1) 

2 1.4 

GLY (G) GGT  (8) 
GGC  (0) 
GGA  (3) 
GGG  (1) 

12 8.2 

HIS (H) CAT  (3) 
CAC  (1) 

4 2.7 

ILE (I) ATC  (5) 
ATA  (5) 
ATT  (5) 

15 10.3 

LEU (L) TTA  (26) 
TTG  (0) 
CTT  (2) 
CTC  (0) 
CTA  (0) 
CTG  (0) 

28 19.2 

LYS (K) AAA  (3) 
AAG  (0) 

3 2.1 

MET (M) ATG  (2) 2 1.4 
PHE (F) TTT  (12) 

TTC  (6) 
18 12.3 

PRO (P) CCT  (4) 
CCC  (0) 
CCA  (1) 
CCG  (0) 

5 3.4 

SER (S) TCT  (3) 
TCC  (0) 
TCA  (3) 
TCG  (1) 
AGT  (6) 
AGC  (0) 

13 8.9 

THR (T) ACT  (3) 
ACC  (0) 
ACA  (4) 
ACG  (0) 

7 4.8 

TRP (W) TGA  (0) 
TGG  (0) 

0 0.0 

TYR (Y) TAT  (3) 
TAC  (1) 

4 2.7 

VAL (V) GTT  (2) 
GTC  (0) 
GTA  (4) 
GTG  (2) 

8 5.5 

STOP (•) TAA  (1) 
TAG  (0) 

1 0.7 

              TOTAL  146 100 
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Table 16: List of some repeats found in the mitochondrial genome of Rhynchosporium secalis.  
Internal IDa Categoryb Typec Sequenced 

 

Clone33Plate13 
 

Perfect  

 

(TA)18 TA TA TA TA TA TA TA TA TA 
TA TA TA TA TA TA TA TA TA 

 

Clone32Plate10 
 

Perfect 
 

(TA)11 TA TA TA TA TA  
TA TA TA TA TA TA 

Clone13Plate8 Imperfect (TA)8 TA TA TA TA TA TC TA TA 
 

Clone32Plate1 
 

Imperfect 
 

(TAC)11 TAC TAT TAC TAC TAC GAC 
TAC TAC TAG TTC TAC 

Clone30Plate8 Imperfect (TAA)7 TAA TAG AGA TAA TAA TAA TAA 

Clone19Plate7 Imperfect (TAC)7 TAC TTC TAC TAC TAC TAA TAC 

Clone7Plate8 Perfect (GTA)5 GTA GTA GTA GTA GTA 
 
 
 

Clone4Plate9 
 
 
 

Imperfect 
 
 
 

(TATA)13 
TATA TATC TATA TAAT TTTA  
TATA TATA TATA TATA TATA  
TATA TATC TATA 

 
 

Clone2Plate10 Compound 
(perfect) 

 
 

(TA)6 - (TTTA)4 

 

TA TA TA TA TA TA -  
TTTA TTTA TTTA TTTA 

Clone27Plate10 Mononucleotide  (A)19 AAAAAAAAAAAAAAAAAAA 
 
 
 

Clone34Plate13 
 

Mononucleotide 
(compound) 

 
 

(T)11 - (T)18 
 

TTTTTTTTTTT - 
TTTTTTTTTTTTTTTTTT 

 
 
 
 
 
 

Clone19Plate2 

 
 
 
 
 
 
 

Imperfect 

 
 
 
 
 
 
 

(AGCCCATCTCCTAA 
 CCAAGTTACAGGG)3 

AGCCCATCTXXXAA 
    CCAAGTTCCAGGG  
AGCCCATCTCCTAA 
    CCAAGTTATAGGG  
AGCCCATCTXXXAA 
   CCAAGATACAAGG 

 
 
 
 
 

Clone20Plate6 

 
 
 
 

Imperfect 

 
 
 

(GATTATCATTATTATTT 
TTTAATTGTTTTCTATAC)2 

GATTAGCATTATTATTT 
    TTTAATTGTTTTCTATAC 
GATTATCATTATTATTT 
    TTTAATTGTTTTCTATAC 

 

Clone2Plate12 
 

Imperfect 
 

(TTATATA)4 TTTTATA TTATATA 
TTATATA TTATATA 

aThe internal identification name. 
bCategory of the repeat. 
cStandard type of repeat. 
dThe real sequence found in the mitochondrial genome for that particular repeat. The blue labeled 
letters represent nucleotides diverging from the standard type of repeat. The X’s are the 
nucleotides failing in the sequenced fragments to respect the standard type of repeat. 
 

Table 17: Some mitochondrial genome sizes. Plants possess the biggest mitochondrial genomes, 
followed by fungi and animals. 
Organism Class mtDNA size 
Arabidopsis thaliana Viridiplantae 367 Kb 
Crinipellis perniciosa Basidiomycota 109 Kb 
Podospora anserina Ascomycota 94 Kb 
Saccharomyces cerevisiae Ascomycota 86 Kb 
Mycosphaerella graminicola Ascomycota 48 Kb 
Hypocrea jecorina Ascomycota 42 Kb 
Penicillium marneffei Ascomycota 35 Kb 
Candida parapsilosis Ascomycota 33 Kb 
 

Eremothecium gossypii 
 

Ascomycota 
 

24 Kb 
Drosophila subobscura Invertebrate 15.8 Kb 
Homo sapiens Vertebrate 16.0 Kb 
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8. Appendix 
 

        
 
Fig.1. Rhynchosporium secalis lesions on barley leave       Fig.2. Conidia of R. secalis 
 
 

        
 
Fig.3. Scald infection foci in a barley field                              Fig.4. R.secalis infected leaf segments 
 
 

      
 
Fig.5. Structure of mitochondria                                             Fig.6. Electron microscope of a mitochondrion  
 
 

a 
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Fig.7. The vector map of the ampicillin resistant  Fig.8. top: deoxynucleotides used in normal  
pBluescript II SK+. The MultiCloning Sites (MCS)   PCR; bottom: dideoxynucleotides used for 
contains 24 restriction sites.    sequencing with  lacking of the 3' OH,   

therefore nothing can be added to the chain 
once a ddNTP has been added. 
 
 
 
 
 
 

 
 

Fig.9. Sonication results. The sonication as showed in the figure was conducted at 5 micron and   at 10 
micron intensity. The samples used (1-11) are total DNA of Rhynchosporium secalis sonicated for a varying 
number of 10 second bursts and a control (6), which was not sonicated. Samples 1 and 7 were subjected to 
one burst, 2 and 8 two bursts, 3 and 9 three bursts, 4 and 10 four burst, 5 and 11 five burst. First and last 
lanes (M) are 100bp size ladder.  
 

 
 
 
 
 
 



Torriani Stefano                                                                      Diploma thesis, 2004 
 

 63 

Protocol for the phenol extraction of DNA samples and concentration by ethanol precipitation. 
 

- Add 1 Volume Phenol/Chloroform (Biophenol), vortex. 
- Centrifuge the sample for 5 minutes (maximal speed in microcentrifuge, 12000 rpm) at room 

temperature to separate the phases. 
- Remove as much as possible of the upper, aqueous layer to a clean tube. At this stage the 

aqueous phase can be extracted a second time with an equal volume of 1:1 Chloroform 
- Centrifuge the sample for 5 minutes (maximal speed in microcentrifuge, 12000 rpm) at room 

temperature 
- Remove as much as possible of the upper, aqueous layer to a clean tube. 
- Add 1/10 Volume 3M NaAc (pH 5) and 2.5 Volume 95% Ethanol 
- Incubate in an ice-water bath for at least 10 minutes. It is possible to place the sample at -20°C 

overnight at this stage. 
- Centrifuge at 12,000 rpm in a microcentrifuge for 15 minutes at 4°C, decant the supernatant, and 

drain inverted on a paper towel. 
- Add 75% ethanol (corresponding to about two volume of the original sample), incubate at room 

temperature for 5-10 minutes and centrifuge again for 5 minutes, and decant and drain the tube, as 
above. 

- Place the tube in a Savant Speed-Vac and dry the DNA pellet for about 5-10 minutes, or until dry. 
- Resuspend DNA pellet with water or better with 10 mM Tris-HCl, pH 7.6-8.0, 0.1 mM EDTA 

(termed 10:0.1 TE buffer). 
 


