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Preface 

 

Ceratocystis fimbriata is the type species for the genus Ceratocystis and was first described 

as the causal agent of black rot in sweet potatoes.  However, evidence from DNA sequence 

data suggests that C. fimbriata is in fact a species complex (C. fimbriata sensu lato) 

consisting of many morphologically similar cryptic species.  Species in this complex are 

pathogens of important root and fruit crops and trees in the forestry industry world-wide.  

Population studies on some of these species have mainly relied on microsatellite markers.  

However, nothing is known regarding the microsatellite structure within Ceratocystis species 

or any species in the order Microascales in which Ceratocystis resides.  The need for a more 

robust identification tool is also required to differentiate between species in this complex. 

 

The first chapter of this thesis provides a review of the literature on microsatellite markers, 

particularly in fungi.  It also discusses the history of microsatellites, mechanisms of 

microsatellite evolution and functional importance in selected fungal examples.  In addition, 

isolation methodologies are compared and contrasted to newly developed techniques that 

include bioinformatic searches of genome sequences.  Opportunities to use and develop 

microsatellite markers in Ceratocystis species is also discussed with an emphasis on the 

possibilities that more microsatellites markers would provide. 

 

Microsatellites are abundant in eukaryotic genomes, and fungi are no exception.  Analyses of 

microsatellite content in eukaryotic and fungal genomes have shown that fungi contain fewer 

microsatellites and that each organism shows preference for particular motifs.  In Chapter 2 

of this thesis, the abundance and distribution of microsatellites in the recently sequenced C. 

fimbriata genome is investigated.  Comparisons to other fungi and eukaryotes show that C. 

fimbriata follows the general pattern of microsatellite structure, however it is unique in its 

preference for certain motifs. 

 

The C. fimbriata sensu lato species complex contains morphologically indistinct species.  

Microsatellite markers previously developed for a population study could differentiate 

between some of the cryptic species based on their geographic location and host-specificity.   

In Chapter 3 a subset of microsatellite markers identified in gene regions in Chapter 2 are 

used to develop a diagnostic test to differentiate between species in the complex.  

Microsatellite markers that are polymorphic between species but monomorphic within 

species were selected for this purpose.  However, not all species could be distinguished 

using this diagnostic test.  This thesis is presented as a series of chapters in which Chapters 
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2 and 3 are in manuscript format.  Consequently each chapter represents an independent 

article and repetition between these chapters has been unavoidable.   
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1.0 Introduction 

 

Eukaryotic genomes contain many repetitive elements (Kubis et al., 1998; Tautz and Renz, 

1984).  The first discovery of one such group of repetitive elements, tandem repeats, was 

that of a large “minisatellite” in 1980 (Wyman and White).  It was subsequently found that 

these repetitive elements were highly polymorphic and could be used to determine familial 

relationships (Jeffreys et al., 1985).  Another group of tandem repeat elements was also 

discovered during the 1980’s (Hamada et al., 1982; Hotchl and Zachau, 1983; Miesfeld et al., 

1981; Nishioka and Leder, 1980; Schaffner et al., 1978; Sures et al., 1978) but were of a 

shorter length than minisatellites and were consequently referred to as “microsatellites” (Litt 

and Luty, 1989). 

 

Microsatellites were found to be highly abundant in genomes, inherited co-dominantly and 

hypervariable, more so than minisatellites (Litt and Luty, 1989; Tautz, 1989; Tautz and Renz, 

1984; Weber and May, 1989).  These ideal properties allow microsatellites to be applied to a 

wide range of studies, including forensic science, genome mapping, population genetics and 

conservation studies (Jarne and Lagoda, 1996; Selkoe and Toonen, 2006).  In fungi, 

microsatellite markers have mostly been used to study populations with regards to their 

diversity and origins (Barnes et al., 2005; Breuillin et al., 2006; Cortinas et al., 2011; Kamgan 

Nkuekam et al., 2009; Kubisiak et al., 2007).  The focus is usually on pathogenic fungi as 

knowledge of their population structure and movements are key to their control.  For 

example, analyses of populations of the Eucalyptus pathogen Teratosphaeria gauchensis 

isolated in South America suggest that this pathogen possibly underwent a host-jump from 

related native species (Cortinas et al., 2011).  Microsatellites have also been useful in 

identifying different species and strains of pathogenic fungi, especially in the medical field 

(Araujo et al., 2009; Botterel et al., 2001; Foulet et al., 2005; Hennequin et al., 2001). 

 

Microsatellite markers are very popular but in the past their isolation has been difficult 

(Chambers and MacAvoy, 2000).  Genomic libraries were required for de novo isolation and 

this proved to be time-consuming and expensive, especially in organisms with a low 

microsatellite density (Zane et al., 2002).  With the recent advances in next generation 

sequencing and bioinformatic tools for database mining, the cost and speed of discovery and 

development of microsatellite markers has improved substantially (Abdelkrim et al., 2009; 

Santana et al., 2009).  Comparisons of microsatellite content between different genomes can 

now be made and informative markers can be developed for a wide variety of studies 

(Demuth et al., 2007; Drury et al., 2009; Karaoglu et al., 2005). 
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In this review the history of microsatellites, isolation methodologies, their evolution and 

functional importance, particularly in fungi, are discussed.  The fungal genus Ceratocystis will 

also be examined with regards to microsatellite markers and the potential applications in this 

genus. 

 

2.0 Microsatellite markers 

 

2.1. Definition of microsatellite markers 

 

Microsatellites form part of a group of repetitive sequences called variable number of tandem 

repeats (VNTRs) that are found abundantly throughout the genomes of most prokaryotes 

and eukaryotes (Bacolla et al., 2008; Borstnik and Pumpernik, 2002; Chambers and 

MacAvoy, 2000; Field and Wills, 1996; Tόth et al., 2000).  Minisatellites, another class of 

VNTRs, consist of repeat units that are larger than 10 bp and can form a repeat array of up 

to 30 kb in size (Chambers and MacAvoy, 2000).  Microsatellites are less clearly defined and 

have been described as tandem repeats of 1-5 bp (Le Flèche et al., 2001), 1-6 bp (Goldstein 

and Pollock, 1997), 2-6 bp (Schlötterer et al., 1998) and 2-8 bp (Armour et al., 1994).  

Interestingly, repeat units between seven and 10 bp are not considered to be microsatellites 

or minisatellites because they are suggested to have a different mutational mechanism to 

both these VNTR classes (Chambers and MacAvoy, 2000). 

 

Several different types of microsatellite classes can be distinguished.  Six main classes 

(pure, interrupted pure, compound, interrupted compound, complex and interrupted complex) 

are recognised, based on their repeat type (Chambers and MacAvoy, 2000).  A pure 

microsatellite is an exact copy of the repeat unit, e.g. (TTC)5.  Compound microsatellites are 

made up of two or more sets of repeat units located right next to each other, e.g. 

(TTG)4(ACT)6.  Complex microsatellites consist of multiple microsatellites that are near to 

each other, e.g. (TAAG)3CGAC(TC)5GA(CAT)6.  Interrupted versions of these types of 

microsatellites are due to mutations, such as mismatches or small insertions or deletions 

which separate the microsatellite into smaller parts, e.g. (TTC)3AG(TTC)2 (Chambers and 

MacAvoy, 2000). 

 

2.2. History and description of microsatellites 

 

In 1980 the first minisatellite was discovered inadvertently while researchers were searching 

for polymorphic restriction fragment length polymorphisms (RFLPs) to use as genetic 
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markers (Wyman and White, 1980).  After this discovery, other minisatellites were identified 

by chance near human myoglobin and δ-globin genes (Goodbourn et al., 1983; Weller et al., 

1984).  As RFLPs are not highly polymorphic, scientists were determined to find other loci to 

use instead which they thought were present in the human genome (Jeffreys et al., 1985).  

The accidental discovery that minisatellites are highly polymorphic and inherited in a 

Mendelian fashion led to the development of DNA fingerprinting that became extremely 

useful in forensic science (Jeffreys et al., 1985). 

 

Around the same time that minisatellites were identified, microsatellites were also discovered 

(Hamada et al., 1982; Hotchl and Zachau, 1983; Miesfeld et al., 1981; Nishioka and Leder, 

1980; Schaffner et al., 1978; Sures et al., 1978).  However, it was not until some years later 

that microsatellites were considered a highly significant discovery (Litt and Luty, 1989; Tautz, 

1989; Weber and May, 1989).  Various research groups noted the presence of simple 

repeats in DNA regions, for example TC repeats were found in the spacer region of the 

histone gene clusters (Schaffner et al., 1978), and CA repeats in the 3’ flanking region of the 

variable κ immunoglobulin genes (Nishioka and Leder, 1980).  Neither of these studies, 

however, could provide a function for microsatellites.  The first to hint at a function came from 

studying TG repeats in the intergenic regions of human globin genes, and it was suggested 

that regions containing these repeats could be recombination hot spots for gene conversion 

(Miesfeld et al., 1981; Slightom et al., 1980). 

 

Another function of dinucleotide repeats came from studying their impact on DNA structure.  

It had already been established that physiological conditions and DNA sequence could 

influence the structure of DNA in vitro, as tracts of the dinucleotides GC, TG and CA adopt 

the Z-DNA conformation (Arnott et al., 1980; Vorlickova et al., 1982; Zimmer et al., 1982).  

Subsequently, the genomes of human, mouse, salmon, yeast and calf were searched for TG 

and CG repeats that could potentially form Z-DNA (Hamada et al., 1982).  Findings showed 

that TG repeats are highly conserved across all organisms studied, while CG was found to a 

lesser extent in human, mouse and salmon DNA.  The change in conformation to and from 

Z-DNA could influence the transcriptional activity of surrounding genes, thus these 

dinucleotide repeats were suggested to play an important role in gene regulation under 

different conditions (Hamada et al., 1982).  Recognition of the potential importance of these 

repetitive elements led to further studies to find the extent to which they are present within 

genomes. 
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Early studies on microsatellites focused only on searches for the motifs AA/TT and GT/CA 

(Hamada et al., 1982; Shenkin and Burdon, 1972; Shenkin and Burdon, 1974).  

Subsequently a larger hybridisation study was carried out to search for AA/TT, GG/CC, 

GT/CA, GA/CT and CAG/GTC motifs in the genomes of phylogenetically different species by 

hybridisation with repeat-containing probes (Tautz and Renz, 1984).  The results showed 

that these microsatellites are present throughout eukaryotic genomes and that they are 

highly abundant (Tautz and Renz, 1984).  Slippage and cross-over events resulting in 

polymorphisms were suggested to explain the presence of microsatellites in genomes (Tautz 

and Renz, 1984).  Three studies then showed that microsatellites are highly polymorphic due 

to these mutational events and would be particularly useful for genotyping individuals by 

PCR (Litt and Luty, 1989; Tautz, 1989; Weber and May, 1989). 

 

2.3. Factors influencing the evolution of microsatellites 

 

Microsatellites originate from adjacent identical sequences, but the manner in which this 

occurs remains uncertain (Levinson and Gutman, 1987; Zhu et al., 2000).  The first 

mutational mechanism proposed to explain the generation, expansion and contraction of 

microsatellites was DNA replication slippage (Levinson and Gutman, 1987).  Other factors 

such as gene conversion and unequal crossing-over also play a role in the expansion and 

contraction of microsatellites, but the contribution of these factors is small when compared to 

slippage events (Ellegren, 2004; Richard and Paques, 2000).  These processes, however, 

cannot explain the origin of short microsatellites, 15 – 20 bp in length.  

 

Three models are currently used to describe the origin of short microsatellites.  The first 

model poses that the accumulation of point mutations at a locus, followed by DNA slippage 

events, gives rise to short microsatellites (Rose and Falush, 1998).  In contrast, the 

“continuous model” proposes that DNA slippage occurs continuously at all microsatellites loci 

(Noor et al., 2001; Pupko and Graur, 1998; Sokol and Williams, 2005).  DNA slippage cannot 

account for duplications at sites where there are no previously identified tandem repeats and 

for this reason, a third model known as “indel slippage” was suggested (Dieringer and 

Schlötterer, 2003; Zhu et al., 2000).  Indel slippage occurs by insertion of a copy of adjacent 

short sequences, thus creating a short tandem repeat (Zhu et al., 2000). 
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2.3.1. DNA slippage 

 

DNA replication slippage was the first mutational mechanism proposed that would give rise 

to microsatellites (Levinson and Gutman, 1987).  During DNA replication, there is a transient 

dissociation followed by misalignment of the elongating strand to the template strand in the 

microsatellite region (Fig. 1).  If DNA synthesis continues on the misaligned strand, a hairpin 

loop will be formed due to the gain or loss of a repeat unit (Fig. 1).  The mismatch repair 

(MMR) system, responsible for repairing errors, often recognises the hairpin loop and 

removes it, thereby keeping the microsatellite identical (Kelkar et al., 2008).  However, if the 

hairpin loop is not removed, the microsatellite will gain or lose a repeat unit (Levinson and 

Gutman, 1987).  The rate at which DNA slippage occurs is motif and length dependent, i.e. 

the likelihood of slippage increases as the length of the microsatellite increases (Brinkmann 

et al., 1998; Brohede and Ellegren, 1999; Sainudiin et al., 2004; Schlötterer and Tautz, 

1992). 

 

2.3.2. Generation of short microsatellites 

 

DNA slippage can increase or decrease the length of microsatellites, but this process cannot 

explain the origin of short microsatellites.  For this reason, three models have been proposed 

to account for their evolution.  The first general model poses that short microsatellites arise 

from the accumulation of point mutations (Jarne et al., 1998).  Once a threshold length has 

been reached (8 – 10 bp), which is minimum length of a microsatellite that would allow the 

stable misalignment of repeats, DNA slippage is activated (Rose and Falush, 1998). 

 

The continuous model was subsequently proposed to explain the origin of short 

microsatellites as observations of microsatellite frequency did not entirely match the general 

model (Pupko and Graur, 1998).  This model suggests that DNA slippage takes place at all 

microsatellite loci (Noor et al., 2001; Pupko and Graur, 1998; Sokol and Williams, 2005).  

Shorter microsatellites (15 – 20 bp or less), however, would have a lower rate of DNA 

slippage as DNA polymerase would have less sequence to “slip” on (Noor et al., 2001).  

Therefore, no minimum threshold length would be required for DNA slippage to take place, 

although the rate of DNA slippage at short and long microsatellite loci may vary (Noor et al., 

2001; Pupko and Graur, 1998; Sokol and Williams, 2005). 

 

Indel slippage is the third, and more recent, model that has been suggested as a mechanism 

for generating short microsatellites (Fig. 2).  This type of slippage occurs randomly in the 
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genome and at a constant rate (Dieringer and Schlötterer, 2003; Messer and Arndt, 2007).  

As a result, indel slippage not only has an effect on microsatellites but also on all indels in a 

genome.  This is in contrast to DNA slippage that only affects tandem repeats (Messer and 

Arndt, 2007).  The observed microsatellite distribution (both long and short microsatellites) in 

a genome is, therefore, the result of indel slippage in conjunction with base substitutions and 

DNA slippage events (Dieringer and Schlötterer, 2003; Leclercq et al., 2010).  This would 

explain the observation that long microsatellites, in contrast to short microsatellites, are over-

represented in most eukaryotic genomes (Leclercq et al., 2010; Tόth et al., 2000). 

 

The molecular mechanism of indel slippage is thought to occur through non-homologous end 

joining (NHEJ) repair (Messer and Arndt, 2007).  NHEJ repair fixes double-stranded breaks 

by ligating complementary single-stranded overhangs together (Pâques and Haber, 1999).  If 

a misalignment occurs between the overhangs, an insertion or deletion may arise (Pâques 

and Haber, 1999).  At sites without any repeats, NHEJ may allow stable mis-pairings of non-

homologous regions that would allow the break to be repaired (Leclercq et al., 2010).  

Overhangs can also be ligated together without any homology as only 1-4 bp micro-

homologies are required for NHEJ repair (Rose and Falush, 1998).  The mismatch repair 

system would then correct the mismatched nucleotides, resulting in a tandem duplication 

(Leclercq et al., 2010).  NHEJ repair fills the complementary single-stranded ends before 

ligation, which can also result in duplications (Roth et al., 1985).  However after ligation, 

nucleotide excision could remove tandem repeats thus resulting in deletions (Leclercq et al., 

2010; Roth et al., 1985). 

 

2.3.3. Mutation rate and constraints on microsatellite length 

 

Microsatellites experience a higher nucleotide mutation rate of 10-6 to 10-2 per locus per 

generation when compared to the genome wide average of 10-8 per base per generation 

(Ellegren, 2000; Sun et al., 2009).  Mutation rate among microsatellites depends on a 

number of factors including intrinsic features, such as the repeat motif composition, the 

number of tandem repeats and the total length of the microsatellite, as well as regional 

genomic factors (Kelkar et al., 2008).  Different motif compositions form different secondary 

structures, each with varying stability which has an effect on the slippage events that can 

take place (Karthikeyan et al., 1999; Kelkar et al., 2008; Sagher et al., 1999).  The mutation 

rate of microsatellites with the same motif composition but different number of repeats varies 

greatly (Kelkar et al., 2008).  Mutation rate, however, increases exponentially with repeat 
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number of the motif and length of the microsatellite (Kelkar et al., 2008; Webster et al., 

2002). 

 

Expansion of microsatellites into very large arrays as a result of increased mutation rate due 

to microsatellite length has been observed (Leclercq et al., 2010).  This is most likely due to 

point mutations and the mutational forces acting on length.  Length mutations by DNA 

slippage can either add or remove repeat units, thus increasing or decreasing the length of 

the microsatellite (Schlötterer and Tautz, 1992) whereas point mutations may break the 

microsatellite into separate smaller tandem repeats (Ellegren, 2004).  Due to differences in 

efficiency of the mismatch repair machinery and the proof-reading ability of DNA polymerase 

these mutations are not always properly corrected, which would prevent microsatellites from 

reaching very large sizes (Kelkar et al., 2008; Sia et al., 1997). 

 

2.4. Importance of microsatellites 

 

Microsatellites are important components of genomes and as such are also ideal as 

molecular markers (Jarne and Lagoda, 1996; Michael et al., 2007).  Because microsatellites 

are present in both coding and non-coding regions and experience different selection 

pressures (Metzgar et al., 2000), researchers can choose the type of microsatellites that 

would best address a particular research question.  For example, population genetic studies 

would require selectively neutral makers (Selkoe and Toonen, 2006), while studies 

attempting to differentiate between species might rather select markers within coding regions 

that could show differences at the species level rather than the individual level. 

 

Microsatellites are ideal molecular markers because they are abundant, co-dominantly 

inherited, are highly polymorphic, easy to score and produce reproducible results (Jarne and 

Lagoda, 1996).  They are fairly short, about 200-400 bp in length, thus they can be used to 

study degraded DNA, which is useful for ancient and forensic studies (Selkoe and Toonen, 

2006).  Microsatellites are also used extensively to study populations as well as to construct 

genetic maps which allows identification of quantitative trait loci (Chambers and MacAvoy, 

2000).  Some microsatellites can even be amplified across species as the regions flanking 

microsatellites are often conserved, which would allow for cross-species comparisons 

(Barbará et al., 2007). 
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2.4.1. Distribution of microsatellites within genomes 

 

The distribution pattern of microsatellites within a genome differs between species, but some 

general patterns are evident.  Due to the repetitive nature of these markers, the majority of 

microsatellites are contained within non-coding regions (Field and Wills, 1996; Morgante et 

al., 2002; Tόth et al., 2000).  However, several studies have shown that a large amount (up 

to 21 %) of genes contain microsatellites (Gemayel et al., 2010; Marcotte et al., 1998). 

 

2.4.1.1. Microsatellites in intergenic regions 

 

The intergenic regions contain most of the microsatellites present within a genome 

(Morgante et al., 2002; Tόth et al., 2000).  Microsatellite of all types are present but mono- 

and dinucleotides dominate in almost all taxa studied to date (Metzgar et al., 2000; Tόth et 

al., 2000).  Interestingly, pentanucleotides are almost exclusively found in intergenic regions 

(Tόth et al., 2000; Zhang et al., 2004).  Microsatellite motifs are mostly A/T-rich, however, 

there are a few exceptions (Tόth et al., 2000; Zhang et al., 2004).  For example, the 

nematode Caenorhabditis elegans prefers C/G mononucleotides and AG dinucleotides over 

A/T motifs (Tόth et al., 2000).  There are some similarities of microsatellite distribution in 

intergenic regions such as the abundance of A/T-rich motifs, however, different selection 

pressures experience by each organism results in different overall microsatellite content 

(Tόth et al., 2000). 

 

2.4.1.2. Microsatellites within gene regions 

 

Microsatellite distribution is markedly different between regions of a gene.  Genes are 

comprised of exons, 3’ and 5’ untranslated regions (UTRs) and introns (Fig. 3).  Each of 

these elements has a unique pattern of microsatellite abundance (Morgante et al., 2002; 

Tόth et al., 2000). 

 

3’ and 5’ untranslated regions 

 

A much higher microsatellite frequency is observed in the UTRs when compared to the rest 

of the genome (Morgante et al., 2002).  The 3’ UTRs and 5’ UTRs contain more 

microsatellites than the other sections of the coding regions (Morgante et al., 2002; Wren et 

al., 2000).  The most common motifs observed in 3’ UTRs are tri- and tetranucleotides, while 

5’ UTR regions contain mostly di- and trinucleotides (Morgante et al., 2002; Wren et al., 
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2000).  However, 5’ UTRs contain considerably more trinucleotides than 3’ UTRs and show 

bias towards certain types of motifs (Thiel et al., 2003; Wren et al., 2000). 

 

Introns 

 

Introns, much like intergenic regions of the genome, consist mostly of mono- and 

dinucleotides (Metzgar et al., 2000; Tόth et al., 2000).  There is a bias toward the 

dinucleotides AC/GT in the introns of most eukaryotes, with most plant species, nematodes 

and Saccharomyces cerevisiae being notable exceptions.  In the introns of these organisms, 

CG/GC seems to be the most abundant dinucleotide motif (Tόth et al., 2000).  Interestingly, 

the ACG motif has never been observed in vertebrate introns while CCG/CGG is a rare 

repeat in the introns of mammals, vertebrates, fungi and plants (Chambers and MacAvoy, 

2000; Tόth et al., 2000).  The absence of these particular trinucleotides could be explained in 

two ways. Firstly, the CpG dinucleotide is highly mutable, and as such will not be stable.  

Secondly, long tracts of CCG are key motifs for splicing, and if present in introns could 

interfere with recruitment of the splicing machinery to the correct location (Tόth et al., 2000). 

 

Exons 

 

Exons consist mostly of tri- and hexanucleotides but different organisms show preferences 

for different motifs (Metzgar et al., 2000; Tόth et al., 2000).  An example of this is found in 

primate and rodent exons, which show an abundance of CCG and AGC, while other mammal 

and vertebrate exons display preference for AGC and AGG (Borstnik and Pumpernik, 2002; 

Tόth et al., 2000).  Within avian exons, AAG and CCG are prevalent trinucleotides, while 

fungal exons including those of yeasts contain mostly the AAC motif (Primmer et al., 1997; 

Tόth et al., 2000).  These biases exist as each taxon has a preference for particular codons 

and their corresponding amino acids (Yarus and Folley, 1985). 

 

Tri- and hexanucleotide repeats are common in coding regions due to selection against 

motifs that will cause disruptive frame-shift mutations (Metzgar et al., 2000).  However, other 

repeat motifs, such as di- and tetranucleotides, are regularly found in coding regions 

(Metzgar et al., 2000; Tόth et al., 2000).  This is normally only possible if the total length of 

the microsatellite is a multiple of three in order to maintain the correct reading frame 

(Gibbons and Rokas, 2009; Metzgar et al., 2000).  These non-triplet repeats, however, are 

under purifying selection in genes (Metzgar et al., 2000).  One copy more or one copy less of 
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the repeat motif would change the length from a multiple of three thereby disrupting the 

reading frame and will thus be selected against (Metzgar et al., 2000).  

 

Triplet repeats in coding regions generate homo-polymeric amino acid tracts in the resulting 

proteins (Kashi and King, 2006).  These proteins seem to be less conserved, have a very 

distinctive composition when compared to the rest of the proteome and typically form part of 

protein classes such as transcription factors and protein kinases (Gibbons and Rokas, 

2009).  Homo-polymeric tracts, therefore, appear to have functions even though they are 

thought to be unfolded (Huntley and Golding, 2002).  Some homo-polymers, such as poly-

glutamine tracts, can modulate or activate transcription when bound to a DNA-binding 

domain (Fondon and Garner, 2004; Karlin and Burge, 1996; Radivojac et al., 2007). 

Although DNA composition is important in generating tandem repeats, functional and 

structural limitations are imposed on the tandem repeats by the type of amino acids that are 

tolerated in the protein (Katti et al., 2001). 

 

The most predominant homo-polymer tracts consist of small and hydrophilic amino acids 

such as alanine and proline, which are often found in the 3’ and 5’ flanking regions of 

structural domains (Faux et al., 2005; van Passel and de Graaff, 2008).  These amino acids 

could, therefore, influence the affinity and flexibility of extracellular structural proteins (Altman 

et al., 2003).  As the repeat number of the motif within a homo-polymer tract increases, so 

too does the cytotoxicity of the protein as aggregates are more easily formed (Jorda and 

Kajava, 2010).  There is thus selection pressure on these microsatellites to reduce toxic 

products or to decrease metabolic costs by keeping the repeat number low (van Passel and 

de Graaff, 2008).  The best known examples of the phenotypic effect of homo-polymers are 

the polyglutamine tracts associated with human neurodegenerative diseases, such as 

Huntington’s disease and Myotonic dystrophy type 2 (Gemayel et al., 2010; Kashi and King, 

2006; Liquori et al., 2001). 

 

2.4.2. Microsatellites generate diversity 

 

Tandem repeats have been implicated in the rapid evolution of phenotypes because they are 

a source of diversity due to high mutation rates (Fondon and Garner, 2004).  This was 

clearly demonstrated by Fondon and Garner (2004) who correlated tandem repeat variability 

to differences in skeletal morphology of different dog breeds.  One of the regulatory genes 

studied, Alx-4, is involved in developmental gene expression.  Deletion of 51 nucleotides of 

the tandem repeat, which codes for a proline-glutamine tract, results in reduced gene 
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expression of Alx-4 dependent genes phenotypically resulting in an extra dewclaw.  Another 

regulatory gene, Runx-2, contains 2 microsatellites, which code for a polyglutamine and a 

polyalanine tract.  The ratio of glutamine to alanine repeats has a strong correlation to 

midface length and the degree of the dorsoventral nose bend in different breeds (Fig. 4).  

Even though selection over the last 150 years has resulted in distinct dog breeds and 

reduced genetic diversity, this study has shown that rapid evolution can still occur over a 

fairly short period of time in mammals due to the presence of hypervariable microsatellites. 

 

2.4.3. Examples of functional microsatellites in fungi 

 

Neurospora crassa 

 

In N. crassa, the white collar-1 (WC-1) gene product regulates transcription of a component 

of the circadian clock (Gu et al., 2000).  Circadian clocks are mechanisms that regulate 

biological processes to coincide with the local environmental events (Dunlap, 2006).  The 

duration of a circadian clock cycle is about 24 hours, but dark/light and temperature cycles 

can influence this (Michael et al., 2007).  Circadian clock function in continuous darkness 

requires a polyglutamine tract (tandem repeats of CAA or CAG) in the amino terminus of the 

WC-1 protein (Lee et al., 2003).  The length of this tract is correlated to the environmental 

conditions such as temperature and circadian cycle length in different locations (Michael et 

al., 2007).  Isolates of N. crassa from equatorial regions show a longer polyglutamine tract, 

associated with a shorter circadian cycle length (Michael et al., 2007).  This shows that there 

can be selection for variation in the microsatellite based on the environmental conditions, 

without deleteriously affecting the functioning of the protein. 

 

Saccharomyces cerevisiae 

 

A study on the genomes of several yeast species revealed that 25% of all promoters contain 

tandem repeats, many of which are A/T rich (Vinces et al., 2009).  These A/T rich tandem 

repeats are present in nucleosome-free regions which allow binding of transcription factors 

(Lam et al., 2008).  Transcription increases as the repeat length of the microsatellite 

increases, but decreases once a threshold length is reached (Vinces et al., 2009).  Repeat 

length variations, facilitated by microsatellite repeat numbers have an effect on the chromatin 

structure which affects transcription of a variety of genes (Vinces et al., 2009). 
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Microsatellites in the 3’ UTR of exons can lead to the transcription of larger mRNA products 

that distribute unevenly in the cell.  In S. cerevisiae CAG/CTG repeats in the URA3 gene, 

which codes for orotodin-5’-phosphate decarboxylase, influence the transcription of a larger 

mRNA product (Fabre et al., 2002).  The CAG/CTG repeats form secondary structures on 

which the RNA polymerase complex pauses (Fabre et al., 2002).  Pausing allows the RNA 

polymerase complex to slip backwards and re-transcribe a section of the repeated DNA 

sequence (Jacques and Kolakofsky, 1991).  This process causes a longer mRNA product to 

be transcribed that contains a longer repeated tract and forms clusters in the cytoplasm 

(Fabre et al., 2002). 

 

Candida albicans 

 

Candida albicans is an opportunistic human fungal pathogen that causes infections in 

mucosal surfaces (Hurley and De Louvois, 1979).  It is able to obtain nutrients and colonise 

host tissues by using virulence factors such as proteases (Gemayel et al., 2010).  The SAP2 

promoter of one of these proteases contain two microsatellites, (GCTTT)n and (TTGAT/A)n, 

that together affect transcription (Staib et al., 2002).  Although the repeat number of each 

microsatellite is not important, the combined length of both microsatellites determines the 

transcription rate (Staib et al., 2002).  For example, (GCTTT)4(TTGAT/A)6 and 

(GCTTT)5(TTGAT/A)5 will both result in the same transcription rate as long as the combined 

length of the two microsatellites remains the same.  The location of microsatellites influence 

flexibility of the DNA helix and thus variations in the combined length will affect the binding of 

proteins to upstream regulatory sequences, causing variation in transcriptional activity (Staib 

et al., 2002).  A lower transcription level of SAP2 results in reduced growth of C. albicans and 

thus less colonisation of the host tissue because there are less proteases available to break 

down proteins for nutrition (Staib et al., 2002) 

 

Podospora anserina 

 

In P. anserina the microsatellite, (CA)n, found in the 5’ UTR of glyceraldehyde-3-phosphate 

dehydrogenase affects transcription of this gene (Khashnobish et al., 1998).  The UTR was 

placed in an expression plasmid in front of a reporter gene in order to evaluate the role of the 

microsatellite in gene expression.  An increase in number of repeats of (CA)n resulted in an 

increase in reporter activity, thus confirming that this microsatellite does affect gene 

expression. 
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Aspergillus fumigatus 

 

Levdansky et al. (2007) used the A. fumigatus genome sequence to identify VNTRs in coding 

regions that would contribute to pathogenesis of this human pathogen.  They focused on cell-

wall protein encoding genes as they are hypothesised to play a role in pathogenesis of the 

organism towards its host.  Four putative cell-wall proteins were identified with leader 

sequences and GPI anchors (Levdansky et al., 2007).  Three of the proteins contained 

minisatellites and one contained a microsatellite, which is part of a still undescribed protein 

that appears to play a role in the plasma membrane (Levdansky et al., 2007). 

 

2.5. Isolation of microsatellites 

 

The ability to isolate microsatellites for use as molecular markers represents the key to their 

application in molecular biology.  Traditionally, isolating microsatellites has been a time-

consuming and expensive process, especially when organisms with low microsatellite 

densities were considered (Dutech et al., 2007).  Repeat-containing probes were used to 

screen genomic libraries to identify positive clones containing microsatellites (Rassmann et 

al., 1991).  This procedure usually resulted in a less than 12% discovery rate (Zane et al., 

2002).  The low success rate following this strategy led to the development of a number of 

high-yielding and more efficient techniques based on de novo isolation.  Although successful, 

several problems with this technique still exist.  More recently, in silico discovery of 

microsatellites through bioinformatic analysis combined with full genome sequencing has 

become the gold standard in isolating microsatellites (Abdelkrim et al., 2009; Santana et al., 

2009). 

 

2.5.1. De novo isolation 

 

De novo isolation of microsatellites was first developed by Tautz (1989) to find simple 

sequence repeats in the pilot whale, Globicephala malaena, for which no previous 

microsatellite data had been generated.  This technique involves creating a genomic library 

by digesting DNA with two restriction enzymes and selecting short fragments (250 – 350 bp 

in size) that are then cloned into a vector and transformed into competent bacterial cells.  

Clones containing microsatellites are identified by hybridisation with GA/CT dinucleotide 

probes followed by sequencing of the cloned insert.  Although Tautz (1989) only used one 

type of microsatellite probe (the dinucleotide GA/CT), other microsatellite probes can be 

used to find a wide variety of simple sequence repeats in an organism (Tautz and Renz, 
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1984).  This technique allowed for microsatellites to be identified within species that have no 

available microsatellite sequence data.  However, it can become time-consuming and 

expensive.  Other more efficient techniques, including non-genomic library techniques and 

enrichment protocols, have subsequently been developed to identify microsatellites (Zane et 

al., 2002). 

 

2.5.1.1. Non-genomic-library techniques 

 

Non-genomic-library techniques were developed in order to overcome the problems 

associated with genomic library generation (Zane et al., 2002).  Two such methods use a 

modification of the randomly amplified polymorphic DNA (RAPD) approach to find 

microsatellites.  This is achieved either by hybridising repeat-containing probes to RAPD 

profiles and subsequent cloning of positive bands (Ender et al., 1999) or by screening clones 

consisting of all RAPD products (Lunt et al., 1999).  At the same time, other methods were 

developed that isolate microsatellites directly from genomic DNA by using repeat-anchored 

primers followed by sequencing to obtain the microsatellite and its flanking regions (Cooper 

et al., 1997; Lench et al., 1996).  A similar technique, randomly amplified microsatellites 

(RAMS), was developed that amplifies PCR products using primers containing microsatellites 

and a degenerate 5’ end (Zietkiewicz et al., 1994).  RAMS has been particularly useful in 

generating microsatellites in fungal species (Hantula and Müller, 1997). 

2.5.1.2. Enrichment protocols 

 

Enrichment of microsatellites in genomic DNA was used to increase the number of 

microsatellites present within the sample before generating clone libraries so that they could 

more easily be isolated.  One method of genomic library enrichment employed the primer 

extension step of PCR to produce an enriched dinucleotide library, followed by hybridisation 

and sequencing of positive clones to obtain microsatellites (Ostrander et al., 1992).  Other 

enrichment protocols followed the path of selective hybridisation, a modification of the 

traditional de novo isolation method, whereby genomic libraries are enriched for di-, tri- and 

tetranucleotides (Armour et al., 1994; Karagyozov et al., 1993).  In this approach, PCR is 

used to amplify the microsatellite-containing sequences after selective hybridisation to 

produce an enriched library. 

 

The most popular enrichment technique that has been developed is fast isolation by 

amplified fragment length polymorphism (AFLP) of sequences containing repeats (FIASCO) 

as it is quick and inexpensive (Zane et al., 2002).  This method employs the efficient 
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digestion-ligation reaction of AFLP which is the simultaneous digestion of DNA with MseI and 

ligation of adaptors to the fragmented DNA.  PCR is then performed to amplify all fragments 

that have a flanking MseI site (Zane et al., 2002).  A biotinylated probe containing a 

microsatellite, i.e. (AC)7, is then hybridised to the PCR products (Zane et al., 2002).  This is 

followed by capture of the biotinylated DNA with streptavidin beads and non-specific DNA is 

removed by stringent washes (Zane et al., 2002).  The final product should be a library of 

highly-enriched PCR products that contain the MseI site (Zane et al., 2002).  All these 

methods, however, require cloning, sequencing, primer design, amplification and testing for 

polymorphisms (Zane et al., 2002).  As a result, these methods are still relatively labour-

intensive. 

 

2.5.2. In silico isolation of microsatellites 

 

As de novo isolation of microsatellites can be a long and complicated process, specialised 

bioinformatic tools to detect microsatellites in silico from sequences were developed.  With 

the increase in data, the development of next-generation sequencing and availability of 

whole genome sequences, these tools have become attractive to researchers aiming at 

reducing time afforded on microsatellite marker development (Abdelkrim et al., 2009).  

Search tools, such as MSatFinder (Thurston and Field, 2005) and Tandem Repeats Finder 

(Benson, 1999), identify microsatellites within sequences by assessing the number of 

repeats or total length of the microsatellite.  Different search parameters can be chosen, 

depending on the type of study conducted.  For example, MSatFinder allows the researcher 

to choose the minimum number of repeats for each type of microsatellite. 

 

2.5.2.1. In silico searches of genome sequences 

 

In silico search tools have been used to scan whole genome sequences and sequence 

databases for microsatellites to obtain an overview of the repeat structure in organisms (Tόth 

et al., 2000).  Such analyses have been performed on a number of eukaryotes, including 

plants, birds, primates, nematodes and fungi (Borstnik and Pumpernik, 2002; Karaoglu et al., 

2005; Katti et al., 2001; Lim et al., 2004; Morgante et al., 2002; Primmer et al., 1997; Tόth et 

al., 2000).  Results from these studies show that (i) the density of microsatellites does not 

correlate with the size of the genome; (ii) the abundance of particular motifs varies between 

genomes; and (iii) that as repeat number increases, the frequency of the motif decreases 

(Karaoglu et al., 2005; Katti et al., 2001; Lim et al., 2004; Tόth et al., 2000).  These 

characteristics are most likely due to differences in the organisation of genomes or 
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differences in mutation rate and efficiency of the mismatch repair machinery between 

organisms (Harr et al., 2002; Karaoglu et al., 2005; Katti et al., 2001; Tόth et al., 2000; Wierdl 

et al., 1997). 

 

In silico searches of genomes have shown that every organism has a unique microsatellite 

profile (Tόth et al., 2000).  However, microsatellite profiles of fungi are quite different to those 

of other higher eukaryotes (Karaoglu et al., 2005; Tόth et al., 2000).  They have fewer 

microsatellites and an under-representation of long repeat motifs which could be a result of 

less non-coding regions present in fungi rather than just a smaller genome size (Karaoglu et 

al., 2005; Lim et al., 2004; Tόth et al., 2000).  In fungi GC content seems to be correlated to 

microsatellite density, with a lower GC content correlated to a higher density (Lim et al., 

2004). 

 

2.5.2.2. In silico searches for the development of microsatellite markers 

 

Search tools are useful in studies where little or no sequence data are available and quick 

development of microsatellite markers is required.  An example of this is the use of 

pyrosequencing to generate millions of short reads (200-300 bp) from which microsatellites 

can be identified using bioinformatic tools (Abdelkrim et al. 2009).  Another strategy is to first 

enrich genomic libraries for microsatellites (as for enrichment protocols for de novo isolation) 

before employing pyrosequencing to generate short reads (Santana et al., 2009).  Search 

tools are then employed to obtain microsatellites from the sequence data.  Both these 

techniques were able to rapidly identify many potential microsatellites to develop further as 

molecular markers from organisms for which whole genome sequences were not yet 

available. 

 

New sequencing methods and bioinformatic tools can greatly increase the number of 

microsatellites identified in organisms for which conventional methods of de novo isolation 

have proven difficult.  An example is seen in the red flour beetle, Tribolium castaneum, which 

is a pest of stored foods but also a model organism (Park et al., 1964).  After many years of 

struggling to develop microsatellite markers, researchers were able to develop 19 markers 

(Pai et al., 2003).  However, once the whole genome of T. castaneum had been sequenced, 

more than 12 000 microsatellites were discovered (Demuth et al., 2007).  From these 

microsatellites, 981 primer pairs were tested of which 509 were found to be polymorphic 

(Demuth et al., 2007).  Fifteen polymorphic microsatellite markers were chosen based on 

distribution within the genome and genetic variability among samples to study populations of 
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this model organism in the wild (Drury et al., 2009).  This example demonstrates the power of 

whole genome sequence data to search for microsatellites when conventional methods have 

not been very successful in producing sufficient markers for the necessary studies. 

 

2.5.2.3. Problems with in silico searches 

 

Bioinformatic tools have the advantage of enabling researchers to quickly search through 

large amounts of sequence data for microsatellites.  However, each tool is different and as 

such biases exist even when analysing the same data sets, yielding different results (Merkel 

and Gemmell, 2008).  For example, three studies on microsatellites in the same fungus all 

show different results with regards to the number and types of microsatellites observed in the 

genomes.  In Aspergillus nidulans 2650, 1161 and 4837 total microsatellites were reported 

by Lim et al. (2004), Karaoglu et al. (2005) and Li et al. (2009) respectively.  This problem 

can be attributed to the controversy surrounding the definition of a microsatellite (i.e. 1-6 bp 

tandem repeats), the different microsatellite types (i.e. perfect, interrupted, complex) and the 

minimum number of repeats that are searched for (Merkel and Gemmell, 2008).  

 

The minimum number of repeats that a particular search tool can seek is influenced by the 

parameters input by the researcher.  Each software package is also limited by how small the 

tandem repeats are that it can detect (Merkel and Gemmell, 2008).  Previously, five repeats 

was the preferred minimum repeat number but it has recently been shown that DNA slippage 

can occur on motifs consisting of just two tandem repeats, which could already be 

considered a microsatellite (Leclercq et al., 2010).  Two suggestions have been made as to 

which parameters should be used: a minimum repeat length of eight bp for all microsatellites 

(Rose and Falush, 1998); or a minimum repeat number of nine for mononucleotides and four 

for di-, tri-, tetra-, penta- and hexanucleotides (Lai and Sun, 2003).  At this point, there does 

not seem to be consensus as to which parameters for minimum length or repeat number 

should be used and individual research groups are currently making their own choices 

(Abdelkrim et al., 2009; Karaoglu et al., 2005; Santana et al., 2009).  Merkel and Gemmel 

(2008), however, suggest that in order for consistent comparisons to be made between 

different studies, details on all the parameters should be given in full. 

 

3.0 Opportunities to apply microsatellite markers in the fungal genus Ceratocystis 

 

Ceratocystis is a fungal genus that consists of many pathogens and saprophytes that affect 

important agricultural crops and forestry plantations world-wide (Kile, 1993).  These fungi are 
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transported by insects to new hosts where they colonise wounds (Hinds, 1972; Juzwik and 

French, 1983).  They can cause cankers, wilting and vascular staining in trees and rot of root 

and fruit crops (Barnes et al., 2003; Morris et al., 1993; Ribeiro et al., 1986).  DNA sequence 

data has increasingly shown that there are complexes of cryptic species (Fig. 5) within this 

genus (Barnes et al., 2003; Johnson et al., 2005; van Wyk et al., 2011; Wingfield et al., 

1996). 

 

The type species for the genus Ceratocystis is C. fimbriata which was first described in 1890 

as the causal agent of black rot in sweet potatoes (Halsted).  Many species have since been 

described as C. fimbriata due to their morphological similarities, but in actual fact they form 

part of a complex of cryptic species, C. fimbriata sensu lato (s.l.) that affect a wide variety of 

plants across the world.  The first rDNA sequence data for Ceratocystis allowed C. 

albifundus to be described as a separate species to C. fimbriata (Wingfield et al., 1996).  

Currently there are 26 species within this complex that can be identified through 

morphological characteristics and phylogenies of the ITS region. 

 

To further understand species within Ceratocystis, population studies have been carried out 

and have mainly relied on microsatellite markers (Barnes et al., 2005; Engelbrecht et al., 

2007; van Wyk et al., 2006).  Most of these markers have been developed for species in the 

C. fimbriata sensu lato (s.l.) complex (Barnes et al., 2001; Marin et al., 2009; Rizatto et al., 

2010; Steimel et al., 2004).  This is not surprising as many of the plant pathogens within 

Ceratocystis reside in the C. fimbriata s.l. complex (Engelbrecht and Harrington, 2005; Morris 

et al., 1993; Roux et al., 2004).  The microsatellite markers developed from C. fimbriata were 

also able to differentiate between isolates of this species according to their geographic 

location and host-specialisation (Barnes et al., 2001).  The only other microsatellites 

developed in Ceratocystis are from C. polonica which is a blue-stain fungus of conifers and 

belongs to the C. coerulescens sensu lato species complex (Marin et al., 2009).  Most of the 

microsatellite markers are transferable to other species within the complex they were 

developed in, for example microsatellites developed from C. fimbriata and C. cacaofunesta 

could be used in a population study on C. pirilliformis (Barnes et al., 2005; Engelbrecht et al., 

2004; Ferreira et al., 2010; Kamgan Nkuekam et al., 2009). 

 

The development of more microsatellite markers within Ceratocystis would present the 

opportunity to perform more in-depth and robust studies on species within this genus.  It has 

already been shown that microsatellites can differentiate between isolates of C. fimbriata 

from different geographical locations (Barnes et al., 2001).  With more microsatellites, this 
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observation could be taken further to differentiate between the cryptic species within the 

complexes.  The best way to develop many new microsatellite markers is by using the 

bioinformatics approach as a whole genome sequence can yield thousands of microsatellites 

(Demuth et al., 2007; Karaoglu et al., 2005).  This would also provide an opportunity to 

analyse the microsatellite content not only within the whole genome of a Ceratocystis 

species, but also within the order Microascales, to which Ceratocystis belong, for which a 

study such as this has not yet been performed. 

 

4.0 Conclusions 

  

Microsatellites are useful markers for a variety of studies, but they are not clearly defined 

(Chambers and MacAvoy, 2000).  There is a general consensus that each repeat motif is six 

bp or less in length and that they are tandemly repeated in a genome (Chambers and 

MacAvoy, 2000).  Due to mutations, tandem repeats can be added or removed which results 

in polymorphisms (Schlötterer and Tautz, 1992).  However, the mutational mechanisms of 

these insertions and deletions are still not fully understood. 

 

A combination of point mutations, DNA slippage and indel slippage are thought to bring 

about the observed microsatellite distributions in genomes (Leclercq et al., 2010; Schlötterer 

and Tautz, 1992).  These distributions are also affected by selection for particular types of 

microsatellite motifs and lengths in different organisms, especially in coding regions (Metzgar 

et al., 2000; Tόth et al., 2000).  Microsatellite lengths vary in genes present among species, 

thus those microsatellites affecting phenotypes can be identified (Levdansky et al., 2007) and 

could potentially be used to better differentiate species. 

 

Microsatellites are abundant in fungi, although not to the same extent as they are in higher 

eukaryotes (Tόth et al., 2000).  Fungal microsatellites are also shorter, but these features 

cannot be accounted for by just a smaller genome size (Karaoglu et al., 2005; Lim et al., 

2004).  It has been suggested that the genome organisation (e.g. fungal genomes have less 

non-coding regions) and the efficiency of the mismatch repair system play a role in the 

distribution and abundance of microsatellites (Harr et al., 2002; Katti et al., 2001).  As 

microsatellites are abundant in fungal genomes they have been popular molecular markers 

to use, especially in population studies (Barnes et al., 2005; Breuillin et al., 2006; Cortinas et 

al., 2011).  Strain typing of fungi has also been achieved with microsatellite markers and 

species differentiation is possible in some genera (Foulet et al., 2005; Hennequin et al., 

2001). 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



26 

 

Isolating microsatellites has been time-consuming in the past as they have to be isolated de 

novo (Zane et al., 2002).  Recently, whole genome sequencing projects have drastically 

increased and along with it the number of genomes that can be studied as well as the 

software that can be used to search for microsatellites in silico (Karaoglu et al., 2005; Lim et 

al., 2004).  This has allowed the development of microsatellite markers to become simpler 

and more efficient (Abdelkrim et al., 2009; Santana et al., 2009).  Many eukaryotic genomes 

have already been searched in silico for microsatellites and other interesting features, such 

as transposable elements (Karaoglu et al., 2005; Kim et al., 1998). 

 

The genome of the plant pathogen C. fimbriata sensu stricto has recently been sequenced 

and the availability of this genome sequence would allow for an in depth study on 

microsatellite content in this fungus.  Comparisons to other Ascomycete genomes could then 

provide insight into the evolution of this fungus and related species.  With so many 

microsatellites that can be identified from the genome, choosing specific microsatellites for 

further studies will be possible.  Microsatellites can then be developed that could potentially 

aid in differentiating the cryptic species in the C. fimbriata s.l. complex.  The genome 

sequence therefore offers many more possibilities to study this plant pathogen in more detail 

with regards to its genome content. 
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6.0 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 DNA slippage of three tandem repeats during DNA replication.  Repeat units can be 

deleted or duplicated as a result of transient dissociation and subsequent mispairing of 

single-stranded DNA (Taken from Gemayel et al. 2010). 
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Fig. 2 Indel slippage induced by non-homologous end joining (NHEJ) repair results in 

duplications or deletions.  A After cleavage of double-stranded DNA, micro-homologies can 

cause misalignment of the strands during ligation and thus NHEJ occurs.  This results in 

tandem duplications or deletions of a few bases (Pâques and Haber, 1999).  B In the 

absence of microhomologies, tandem duplications can still occur during ligation due to 

mispairing.  The resulting motif will depend on which direction the mismatch was corrected 

(Leclercq et al., 2010).  C Complementary ends can directly be filled in before ligation of the 

double-stranded ends occur (Roth et al., 1985) which leads to duplication of the cleaved 

bases (Diagram taken from Leclercq et al., 2010). 

 

  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



41 

 

 

 

 

  

B A C 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Location of tandem repeats within a gene or regulatory sequence in eukaryotic 

examples. Red lines indicate a tandem repeat at that particular region; parentheses show the 

tandem repeat motifs.  # Two variable microsatellites in the SAP2 promoter which together 

affect transcription in C. albicans (Staib et al., 2002).  * An increase in the repeat number of 

the CA motif results in increased gene expression in P. anserina (Khashnobish et al., 1998).  

+ Variation in the polyglutamine tract of WC-1 in N. crassa results in differences of the 

circadian clock cycle in isolates from different parts of the world (Michael et al., 2007).  ** 

CCTG expansion in intron 1 of ZNF9 causes Myotonic dystrophy type 2 (Liquori et al., 2001).  

## Longer mRNA products are produced by transcription slippage over the CAG/CTG 

repeats in S. cerevisiae (Fabre et al., 2002).  (Diagram modified from Gemayel et al., 2010). 
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Fig. 4 Changes in skull morphology over time of three different dog breeds that is correlated 

to variability in the number of tandem repeats in the Runx-2 gene.  A Purebred St. Bernard 

skulls from the year 1850 (Top), 1921 (Middle), and 1967 (Bottom).  B Purebred bull terrier 

skulls from the year 1931 (Top), 1950 (Middle), and 1976 (Bottom) (24).  C Purebred 

Newfoundland skulls from the year 1926 (Top), 1964 (Middle), and 1971 (Bottom).  (Photo 

taken from Fondon and Garner, 2004). 
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Fig. 5 Phylogenetic tree based on DNA sequences of elongation factor 1-α for Ceratocystis, 

Thielaviopsis and Ambrosiella species.  Microascus cirrosus is the outgroup taxon.  Note the 

clustering of the species complexes (Phylogenetic tree taken from Harrington, 2007). 
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Distribution and abundance of microsatellites 

in the genome of the plant pathogen 

Ceratocystis fimbriata sensu stricto 
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Abstract 

 

Ceratocystis fimbriata is a fungal pathogen of important plants in the forestry and agricultural 

industries and represents a complex of cryptic species.  Microsatellite markers have been 

developed for species within the complex and used to study population structure and origin 

of these species.  Sequencing the C. fimbriata genome allowed a bioinformatic search of 

microsatellites to be carried out.  The abundance and distribution of microsatellites were 

analysed and compared to other fungi on which similar studies have been performed.  C. 

fimbriata has a medium microsatellite density even though it has a larger genome size than 

the other fungi it was compared to.  With a GC content of almost 50%, this genome displays 

a more even distribution of microsatellites compared to fungi that have AT-rich genomes.  

The distributions of motifs within each microsatellite class are unique to C. fimbriata, as has 

been found in other eukaryotes.  The coding regions consist mainly of trinucleotides that 

encode the amino acids alanine and glutamine.  This is the first report of a microsatellite 

analysis performed on a whole genome sequence of a fungus within the order Microascales, 

to which Ceratocystis belongs.  The microsatellites identified in this study could contribute to 

further population studies as well as potentially differentiating between species in this 

complex. 
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Introduction 

 

Species of Ceratocystis are insect-associated fungi that include saprophytes, plant 

pathogens and species that cause blue stain in cut timber (Wingfield et al., 1993).  

Ceratocystis fimbriata represents a sub-group of these fungi that are transmitted by casual 

insects such as nitidulid beetles and most are serious pathogens of many plants including 

trees and root crops (Kile, 1993).  Biological and phylogenetic studies based on DNA 

sequence comparisons have increasingly shown that Ceratocystis fimbriata represents a 

complex of species, some of which are host specific while others appear to have broad host 

ranges (Barnes et al., 2003; Johnson et al., 2005; van Wyk et al., 2011). 

 

Microsatellite markers have been useful in studies on Ceratocystis.  They have, for example, 

provided insight into the population structure and origin of some of these fungi (Barnes et al., 

2005; Engelbrecht et al., 2007; Engelbrecht et al., 2004; Ferreira et al., 2010; Kamgan 

Nkuekam et al., 2009; Ocasio-Morales et al., 2007).  It has even been shown that 

microsatellites can differentiate between isolates from different geographical regions and 

hosts (Barnes et al., 2001).  However, nothing is known regarding their abundance or 

distribution in the genomes of these fungi or even in the order Microascales that 

accommodates Ceratocystis. 

 

Microsatellites are 1-6 bp tandem repeats that are abundant throughout eukaryotic and 

prokaryotic genomes (Field and Wills, 1996; Tautz and Renz, 1984).  They make ideal 

molecular markers because they have a high level of polymorphism, are inherited in a 

Mendelian manner and are easy to amplify with PCR (Levinson and Gutman, 1987; Tautz, 

1989).  Consequently, they have been used for strain typing, genetic mapping and population 

structure studies in many different organisms (Field and Wills, 1996; Hennequin et al., 2001; 

Jarne and Lagoda, 1996).  However, de novo isolation of microsatellites has presented a 

major drawback to their use in the past.  Estimating the abundance of microsatellites in 

genomes has also presented challenges because hybridisation experiments using repeat-

containing probes were difficult to perform and could sometimes be inefficient (Tautz and 

Renz, 1984; Zane et al., 2002).  More recently it has been possible to search sequence 

databases and whole genome sequences to estimate microsatellite distribution and 

abundance and to further develop informative markers for population studies (Demuth et al., 

2007; Drury et al., 2009; Richard and Dujon, 1996; Tόth et al., 2000). 
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Genome-wide searches for microsatellites have been performed on a number of eukaryotic 

and fungal genomes, including Arabidopsis thaliana, Drosophila melanogaster, 

Caenorhabditis elegans, Saccharomyces cerevisiae, Neurospora crassa and Fusarium 

graminearum (Karaoglu et al., 2005; Katti et al., 2001; Lim et al., 2004; Tόth et al., 2000).  

The consensus from these studies showed that fungal genomes contain fewer microsatellites 

than other higher eukaryotes.  Each organism also has a unique microsatellite distribution 

and shows a preference for certain types of microsatellite motifs (Morgante et al., 2002; Tόth 

et al., 2000).  It is only in the last 10 years that there has been an increase in studies dealing 

with microsatellites and their distribution and evolution in the genomes of fungi (Karaoglu et 

al., 2005; Lim et al., 2004; Tόth et al., 2000).  Prior to this period, most work was focused on 

the yeast species, S. cerevisiae (Field and Wills, 1998; Richard and Dujon, 1996; Sia et al., 

1997; Wierdl et al., 1997). 

 

The aim of this study was to determine the distribution and abundance of microsatellites in 

the genome sequence of C. fimbriata using a bioinformatics approach. An additional 

objective was to compare the microsatellite structure of the C. fimbriata genome with other 

Ascomycete genomes to determine their similarities and differences. 

 

Methods and Materials 

 

Genome sequence and GC content 

 

A fully sequenced genome of C. fimbriata (CMW 14799) was used for analysis in this study.  

This genome is 47.7 Mb in size, and was assembled using Newbler (PM Wilken, Personal 

Communication).  The sequence statistics function in CLC Genomics Workbench (CLC bio, 

Aarhus, Denmark) was selected to produce a table of the nucleotide content of each contig.  

These data were then exported to Microsoft Office Excel 2007 (Microsoft Corp., Redmond, 

WA, USA) and the equation GC content = (G+C)/(A+T+G+C) was used to calculate the 

overall GC content of all the contigs making up the genome sequence of C. fimbriata. 

 

Microsatellite discovery 

 

Sequence files of the assembled C.fimbriata genome were searched for microsatellite 

repeats using the web interface of MSatFinder (Thurston and Field, 2005).  A regex-directed 

search engine was used to identify sequences containing perfect microsatellites.  A perfect 

microsatellite is a tract consisting of exact copies of the repeat unit, e.g. (CTA)6, and doesn’t 
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contain any mismatches or interruptions.  The minimum repeat number for detecting 

mononucleotides was 12, while a five repeat minimum was used for detecting di-, tri-, tetra-, 

penta- and hexanucleotides.  MSatFinder generated tab-delimited files that were converted 

for analysis in Microsoft Office Excel 2007 (Microsoft Corp., Redmond, WA, USA).  The 

microsatellites were sorted in Excel according to the type of motif and repeat length.  The 

sequence lengths of each motif, the number of each type of motif and the total repeats per 

Mb of sequence analysed were calculated.  In addition, the percentage of each type of 

microsatellite in the genome and within each group of microsatellite motifs was analysed.  

 

Microsatellites in coding regions 

 

The online interface of the de novo prediction program AUGUSTUS (Keller et al., 2011) was 

used to predict all genes in the genome.  For this purpose the dataset from Fusarium 

graminearum was used as the reference annotated genome.  The fasta output file containing 

the predictions for coding genes was then searched for microsatellites and analysed using 

MSatFinder with the same parameters as above. 

 

Comparisons between fungal genomes 

 

Comparisons of the microsatellite content in the C. fimbriata genome sequence were made 

with the Ascomycetes Aspergillus nidulans, F. graminearum, Magnaporthe grisea, N. crassa, 

S. cerevisiae and Schizosaccharomyces pombe.  Genome size and results of microsatellite 

abundance in each of the fungal genomes were obtained from the study by Karaoglu et al. 

(2005).  In addition, the GC contents of these genomes were obtained from Lim et al. (2004). 

 

Results 

 

GC content and abundance of microsatellites 

 

A total of 6738 perfect microsatellites were identified from the genome of C. fimbriata using 

MSatFinder.  The GC content was 48.10% and the microsatellite density was calculated as 

one microsatellite every 7.1 kb.  Not all of the contigs contained microsatellites, whereas 

some of the contigs contained more than one microsatellite.  In total, 1525 of 3703 (41%) 

contigs contained microsatellites.  The contig containing the most microsatellites was 1001 

bp in size, the largest contig was 134092 bp and contained 17 microsatellites while the 

smallest contig containing a single microsatellite was 101 bp in length. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



53 

 

The majority of microsatellites found in the C. fimbriata genome were mononucleotides, 

followed by dinucleotides, trinucleotides, tetranucleotides, pentanucleotides and 

hexanucleotides (Table 1).  The most common mononucleotide motif was Tn, followed by An 

and (AG/GA)n, (CT/TC)n and (AT/TA)n were most commonly found dinucleotides.  The most 

common trinucleotide motifs included (ACG)n, (CGT)n and (AAG)n, while (TGCA)n and 

(ATAC)n were the most abundant tetranucleotide motifs.  The most abundant 

pentanucleotides were (CAGCA)n and (TGTTT)n, and the most common hexanucleotide motif 

was (TCTCTG)n.  All types of mono-, di- and trinucleotide motifs were present but only a 

portion of tetra-, penta- and hexanucleotide motifs were found (for example, (CAACAT)n is 

not present in the genome).  The trinucleotides (CAT)5 and (CAC)5 that have been used as 

DNA fingerprinting probes for a number of fungi, including species of Ceratocystis were 

found four and eight times respectively in the C. fimbriata genome. 

 

Abundance of microsatellites in coding regions 

 

The C. fimbriata genome contains 8809 genes predicted by AUGUSTUS.  MSatFinder 

identified 739 in the predicted coding regions of the genes.  The majority of microsatellites 

were trinucleotides, followed by dinucleotides and hexanucleotides (Table 2).  The most 

common microsatellites present in the predicted coding regions were (ACG)n, (AAC)n, 

(CT/TC)n, (AAG)n and (CGT)n.  The most abundant hexanucleotide motif (CAGGCT)n was 

found only four times.  Very few mononucleotides were found in the coding regions and 

mainly consist of Cn which was found 15 times.  The only other mononucleotide found was 

(G)12.  Only one pentanucleotide, (GACAG)18, was found, while no tetranucleotides were 

identified in the coding regions. 

 

In the C. fimbriata genome, the two most abundant trinucleotide motifs, (CAG)n and (CAA)n 

code for the amino acid glutamine while the third most abundant trinucleotide (GCA)n codes 

for alanine (Table 3).  The most abundant hexanucleotides (CAGGCT)n, (CAGGCA)n and 

(GCTCAA)n code for glutamine/alanine tracts and (CAGCAA)n encodes glutamine.  Other 

amino acids that were encoded fairly abundantly in the genome were lysine, serine and 

threonine. 

 

Longest microsatellites 

 

The longest mononucleotide in the C. fimbriata genome was (G)62 (Table 5) and on the 

whole, mononucleotide motifs had mostly between 12 – 18 repeats.  For dinucleotides, the 
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longest motifs were (GA)41 and (AG)40, followed by (AC)33 and (AC)32.  The longest 

trinucleotides were (AAG)19 and (CTA)18 and the longest tetranucleotides were (TCAC)15, 

(CTGC)11 and (TACA)11.  The motif (GACAG)18 was the longest pentanucleotide and 

microsatellite in the whole genome, followed by (GACAG)12 and (CACAG)12.  The longest 

hexanucleotides were (GAAAAT)14, (TCTCTG)13 and (TGCTGT)13.  Generally, di-, tri-, tetra-, 

penta- and hexanucleotide motifs were repeated five to eight times in the genome.  In coding 

regions, the longest microsatellite was the pentanucleotide (GACAG)18 followed by the 

hexanucleotides (AGAGAC)13, (CAACAG)13, (CAGGCT)11 and (GACAGA)11.  The longest 

trinucleotide was (AAG)19, the longest dinucleotide was (AC)12 and the longest 

mononucleotide was (C)14. 

 

Comparisons between fungal genomes 

 

When compared to other Ascomycetes, the C. fimbriata genome is larger, shares an almost 

50% GC content with some of the other Ascomycetes and has a microsatellite density of one 

microsatellite every 7.1 kb (Table 4).  The most abundant microsatellites in C. fimbriata are 

mononucleotides followed by di-, tri-, tetra-, penta- and hexanucleotides, which is similar to 

some other Ascomycetes (Table 5).  The longest microsatellites in C. fimbriata are shorter 

than the longest microsatellites found in other Ascomycetes (Table 6). 

 

Discussion 

 

This study is the first to characterise microsatellites in C. fimbriata and a member of the order 

Microascales.  Results from this study showed that microsatellites are fairly abundant in the 

genome of C. fimbriata and compare well with analyses from other Ascomycetes.  It is 

important to recognise that search tools using different algorithms can sometimes produce 

significantly different results with the same data set (Merkel and Gemmell, 2008).  However, 

results in this study support those of previous studies showing that genome size does not 

correlate with microsatellite density (Karaoglu et al., 2005; Lim et al., 2004; Tόth et al., 2000).  

We also found the frequency of a particular motif decreases with an increase in the repeat 

number of that motif, as was reported for other fungi and eukaryotes (Harr et al., 2002; 

Karaoglu et al., 2005; Katti et al., 2001; Tόth et al., 2000; Wierdl et al., 1997).  Fungal 

genomes contain fewer microsatellites than other eukaryotic genomes; in this regard, C. 

fimbriata was no exception (Karaoglu et al., 2005; Lim et al., 2004).  This is most likely due to 

the presence of fewer non-coding regions in fungal genomes, rather than a smaller genome 

size (Karaoglu et al., 2005). 
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The genome of C. fimbriata is larger than those of many other Ascomycetes that have been 

considered for whole genome microsatellite analyses (Karaoglu et al., 2005; Lim et al., 

2004).  However, it has a medium microsatellite density in comparison to the other fungi.  

This phenomenon is not without precedent as other studies have shown that genome size 

does not correlate with microsatellite density (Karaoglu et al., 2005; Lim et al., 2004; Tόth et 

al., 2000).  For example, in the Ascomycetes N. crassa and F. graminearum, the former 

fungus has a genome size of 38 Mb and a density of one microsatellite every 2.7 kb, 

whereas the latter has a genome size of 36.1 Mb has a density of one microsatellite every 

12.5 kb (Karaoglu et al., 2005).   

 

Different factors could contribute to the variation in microsatellite density observed in the 

different fungal species above.  It could be as a result of differences in genome organisation 

and efficiency of the mismatch repair machinery, and other factors that control variation in 

the abundance of microsatellites (Karaoglu et al., 2005; Tόth et al., 2000).  Another factor 

that can affect microsatellite density is GC content.  Lim et al. (2004) showed that fungal 

genomes with a higher abundance of microsatellites have a lower GC content, whereas 

those with a GC content of 50% show a more equal distribution of microsatellites.  This is 

clearly seen with the yeasts, S. cerevisiae and Sch. Pombe, which have a low GC content 

and a high microsatellite density, with mononucleotides being the most abundant 

microsatellite class (Karaoglu et al., 2005; Lim et al., 2004).  The C. fimbriata genome 

demonstrates this characteristic with an almost 50% GC content and a more equal 

microsatellite distribution. 

 

With regards to microsatellite distribution, every genome is unique and this is also true for 

particular motifs within each microsatellite class.  In the C. fimbriata genome, the most 

common mononucleotide and microsatellite is T, followed by A.  In other fungal genomes a 

similar pattern is seen, where A and T mononucleotides dominate (Karaoglu et al., 2005; Lim 

et al., 2004).  The three most common dinucleotides in other fungal genomes are AT/TA, 

AG/GA and CT/TC (Karaoglu et al., 2005; Lim et al., 2004), which is also the case in the C. 

fimbriata genome.  The repeats CG/GC are uncommon in most fungal genomes (Karaoglu et 

al., 2005; Lim et al., 2004), and this is also reflected in the C. fimbriata genome.  

Trinucleotides represent the third most abundant microsatellite class in the C. fimbriata 

genome.  Similarly this motif is abundant in other fungal genomes, such as A. nidulans and 

F. graminearum (Karaoglu et al., 2005; Lim et al., 2004).  Tetra-, penta- and hexanucleotides 

are the least abundant microsatellites in the C. fimbriata genome.  As with other fungal 

genomes, there is a preference for different motifs in each of these classes of microsatellites 
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(Karaoglu et al., 2005; Lim et al., 2004).  For example, M. grisea contains mostly CG-rich 

trinucleotides which is probably a result of its slightly higher than 50% GC content, and S. 

cerevisiae and Sch. pombe contain AT-rich trinucleotides, which coincides with their AT-rich 

genome (Karaoglu et al., 2005; Lim et al., 2004).  

 

Tri- and hexanucleotides are expected to be the most abundant microsatellites in coding 

regions as they would not change the reading frame of the coding region (Metzgar et al., 

2000).  Similarly, other motifs whose total length is a multiple of three are also expected to be 

present (Gibbons and Rokas, 2009; Metzgar et al., 2000).  It was, therefore, surprising that 

no tetranucleotides were found in the coding regions of this genome and that the longest 

mononucleotide, C14, has a length of 14 bp and was found four times.  The single 

pentanucleotide, GACAG18, found in the coding regions of the genome has a length that is a 

multiple of three and therefore is tolerated in the reading frame.  Generally, pentanucleotides 

are found almost exclusively in non-coding regions of eukaryotes (Toth et al., 2000).  Most of 

the microsatellites (81%) in coding regions have lengths that are a multiple of three, which 

correlates well to the most abundant microsatellite class - the trinucleotides.  However, the 

second most abundant class, dinucleotides, did not occur in lengths a multiple of three.  

These microsatellites still seem to be stable but any increase or decrease in the number of 

repeats may not be tolerated as changes in the resulting protein could adversely affect the 

growth and development of the fungus. 

 

Tri- and hexanucleotides within coding regions are likely to code for amino acids and often 

produce homopolymeric tracts in the resulting proteins (Kashi and King, 2006).  In the C. 

fimbriata genome, the most abundant trinucleotides encoded glutamine and alanine, followed 

by lysine, threonine and serine.  The most abundant hexanucleotides encoded glutamine or 

glutamine/alanine tracts.  Trinucleotides within coding regions of higher eukaryotes often 

encode the amino acids serine, asparagine, glutamine, proline and threonine (Katti et al., 

2001; Tόth et al., 2000).  In yeast genomes the most abundant trinucleotides encode 

glutamine, aspartic acid, asparagine and glutamic acid (Katti et al., 2001; Malpertuy et al., 

2003), while other fungi show preferences for asparagine, serine, threonine and lysine (Li et 

al., 2009; Tόth et al., 2000).  The trinucleotides encoding amino acids in C. fimbriata are thus 

similar to those previously found for fungi and other eukaryotes.  

 

The trinucleotide fingerprinting probes (CAT)5 and (CAC)5 have been used previously to 

distinguish between different fungal species.  In the fungal genus Ceratocystis, species from 

different geographical locations as well as those with different reproductive strategies could 
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be differentiated from one another using this method (DeScenzo and Harrington, 1994; 

Engelbrecht et al., 2007; Harrington et al., 1998).  These particular motifs were, in this study, 

not abundant in the genome of C. fimbriata.  Analyses of the (CAT)5 DNA fingerprinting gels 

of C. cacaofunesta, C. virescens and C. eucalypti in previous studies showed that there are 

more than 10 bands present for (CAT)5 and (CAC)5 (Engelbrecht et al., 2007; Harrington et 

al., 1998), which is more than expected from the number of motifs that are found in the C. 

fimbriata genome.  This could be due to the probe binding less specifically than expected 

and might have included mismatches in the microsatellite, e.g. CATCAGCATCATCAT.  As 

(CAT)5 and (CAC)5 are rare in the genome they can be used successfully as diagnostic 

markers. 

 

The C. fimbriata genome is larger than other Ascomycete genomes for which similar studies 

on microsatellites have been carried out; however this genome is smaller compared to other 

Ascomycetes in general, e.g. some strains of Fusarium oxysporum (Ma et al., 2010).  The 

longest microsatellites in this fungus are shorter than the longest microsatellites in other 

Ascomycetes.  This could mean that microsatellites in the C. fimbriata genome are imperfect 

and are therefore no longer uninterrupted tracts.  Generally, microsatellites in fungi are short, 

which is also seen in C. fimbriata with most motifs repeated five to eight times.  Interestingly, 

the longest mononucleotide consists of a G motif, which is in contrast to other Ascomycetes, 

such as F. graminearum and A. nidulans where the T motif is the longest mononucleotide.  

The trinucleotide (AAG)19 is the longest microsatellite in coding regions, which is expected, 

and is only found once within the genome.  As observed in other genome studies, the 

occurrence of a particular motif decreases as the repeat number of that motif increases 

(Karaoglu et al., 2005; Lim et al., 2004; Tόth et al., 2000). 

 

Conclusions 

 

Searching whole genome sequences for microsatellites is not only beneficial for analysing 

abundance and distribution but the microsatellites identified can be used further in studies on 

the evolution of microsatellites, genome organisation as well as for the development of 

molecular markers.  Microsatellites have already been used successfully for population 

studies within the species complex Ceratocystis fimbriata sensu lato (Barnes et al., 2001; 

Engelbrecht et al., 2007).  Some of these microsatellites were able to distinguish between 

different isolates based on their location and specific host (Barnes et al., 2001).  This 

demonstrates that microsatellite markers potentially have the power to differentiate between 

the morphologically similar species in this complex.  We found that the C. fimbriata genome 
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contains over 6000 perfect microsatellites and some of these will likely be useful for species 

recognition and for more robust population genetic studies. 
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Table 1 The most abundant microsatellite motifs, their density and total number in the C. fimbriata genome 

 

Microsatellite class 
Total motifs (% of 
all microsatellites) 

Total/Mb Abundant motifs 
Number 
of motifs 

% of microsatellite 
class 

% of all 
microsatellites 

Mononucleotides 2995 (44.45%) 63 T 823 27.48 12.21 

A 770 25.71 11.43 

G 713 23.81 10.58 

C 689 23.01 10.23 

Dinucleotides 2340 (34.73%) 49 AG/GA 565 24.14 8.39 

CT/TC 521 22.26 7.73 

AT/TA 474 20.26 7.03 

AC/CA 390 16.67 5.79 

GT/TG 362 15.47 5.37 

CG/GC 28 1.20 0.42 

Trinucleotides 984 (14.60%) 21 ACG/AGC/CAG/CGA/GAC/GCA 167 16.97 2.48 

CGT/CTG/GCT/GTC/TCG/TGC 125 12.7 1.86 

AAG/AGA/GAA 93 9.45 1.38 

CTT/TCT/TTC 85 8.64 1.26 

Tetranucleotides 208 (3.09%) 4 TGTA 9 4.33 0.13 

ATAC 8 3.85 0.12 

CCAG 6 2.88 0.09 

TACA 6 2.88 0.09 

AGAC 5 2.40 0.07 

GCTG 5 2.40 0.07 

Pentanucleotides 110 (1.63%) 2 CAGCA 3 2.73 0.04 

TGTTT 3 2.73 0.04 

Hexanucleotides 
 

101 (1.50%) 2 TCTCTG 3 2.97 0.04 

Total of all 
microsatellites 

6738 (100%) 141 
- - - - 
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Table 2 Total number of microsatellites and most abundant motifs in coding regions of the C. fimbriata genome 

 

Microsatellite class 
Total motifs (% of 
all microsatellites) 

Abundant motifs 
Number 
of motifs 

% of microsatellite 
class 

% of all 
microsatellites 

Mononucleotides 16 (2.17%) C 15 93.75 2.03 

G 1 6.25 0.14 

Dinucleotides 154 (20.64%) CT/TC 50 32.47 6.77 

AC/CA 43 27.92 5.82 

AG/GA 36 23.38 4.67 

CG/GC 14 9.09 1.89 

GT/TG 9 5.84 1.22 

AT/TA 2 1.30 0.27 

Trinucleotides 511 (69.15%) ACG/AGC/CAG/CGA/GAC/GCA 181 35.42 24.49 

AAC/ACA/CAA 89 17.42 12.04 

AAG/AGA/GAA 47 9.20 6.36 

CTG/GCT/TCG/TGC 46 9.00 6.22 

Tetranucleotides 
 

0 - - - - 

Pentanucleotides 
 

1 (0.13%) GACAG 1 100.00 0.13 

Hexanucleotides 57 (7.71%) CAGGCT 4 7.02 0.55 

CAGCAA 3 5.26 0.41 

CAGGCA 3 5.26 0.41 

GCTCAA 3 5.26 0.41 

Total of all 
microsatellites 

739 (100%) - - - - 
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Table 3 Amino acids that are coded for by trinucleotides and hexanucleotides within coding 

regions of the C. fimbriata genome 

 

Microsatellite class Motif 
Number 
of motifs 

Amino acid 

Trinucleotides AAC 12 Asparagine 

ACA 11 Threonine 

ACG 11 Threonine 

AGA 6 Arginine 

AGC 20 Serine 

AGG 24 Lysine 

CAA 66 Glutamine 

CAG 85 Glutamine 

CGA 9 Arginine 

CTG 13 Leucine 

GAA 17 Glutamic Acid 

GAC 14 Aspartic acid 

GCA 42 Alanine 

GCT 18 Alanine 

TCG 1 Serine 

TGC 14 Cystine 

Hexanucleotides CAGGCT 4 Glutamine/Alanine 

CAGCAA 3 Glutamine 

CAGGCA 3 Glutamine/Alanine 

GCTCAA 3 Glutamine/Alanine 
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Table 4 Comparison of the genome size, GC content, microsatellite density and total 

microsatellites in the genomes of various Ascomycetes 

 

Organism 
Sequence 

analysed (Mb) 
GC content 

Microsatellite 
density 

Total 
microsatellites 

A. nidulans
1
 30.1 50.3

2 
1/12.5 kb 2410 

F. graminearum
1
 36.1 48.3

2
 1/12.5 kb 2896 

M. grisea
1
 37.9 51.6

2
 1/3.3 kb 11642 

N. crassa
1
 38.0 49.9

2
 1/2.7 kb 14319 

S. cerevisiae
1
 14.2 37.7

2
 1/3.9 kb 3618 

Sch. pombe
1
 13.1 36.0

2
 1/4.4 kb 3232 

C. fimbriata
3
 47.7 48.1

3
 1/7.1 kb 6739 

 
1
Results from study by Karaoglu et al. (2005), 

2
GC content from Lim et al. (2004), 

3
Results from this study 
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Table 5 Comparison of the distribution of microsatellites in the genomes of various 

Ascomycetes 

 

Organism Mono (%) Di (%) Tri (%) Tetra (%) Penta (%) Hexa (%) 

A. nidulans
1
 51.83 31.24 13.49 1.49 1.16 0.79 

F. graminearum
1
 38.29 35.70 19.16 2.94 2.52 1.38 

M. grisea
1
 69.08 14.86 13.51 1.88 0.28 0.39 

N. crassa
1
 41.50 22.40 28.52 5.29 1.34 0.94 

S. cerevisiae
1
 65.31 22.58 10.95 0.39 0.25 0.53 

Sch. pombe
1
 72.15 20.48 6.06 0.65 0.56 0.09 

C. fimbriata
2
 44.45 34.73 14.60 3.09 1.63 1.50 

 
1
Results from study by Karaoglu et al. (2005), 

2
Results from this study. 
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Table 6 Comparison of the longest motifs in each different group of microsatellite motifs in 

the genomes of various Ascomycetes 

 

Organism Mono Di Tri Tetra Penta Hexa 

A. nidulans
1
 (T)94 (GT)36 (TGA)31 (AAAT)13 (AAACG)14 (TTAGGG)22 

F. graminearum
1
 (T)41 (CT)28 (GAA)46 (CTTT)13 (GTATG)18 (TGAAGA)22 

M. grisea
1
 (T)59 (GA)92 (TGG)37 (TACC)48 (GGCAA)29 (GCCTGA)58 

N. crassa
1
 (T)89 (TC)78 (TTA)93 (AGGA)51 (AAGGA)32 (AGGGTT)28 

S. cerevisiae
1
 (T)42 (GA)32 (TAT)36 (AAAT)13 (GATGA)7 (TGTTTT)8 

Sch. pombe
1
 (T)39 (TG)19 (CAA)28 (TAAA)7 (TATTT)9 (ATTATC)6 

C. fimbriata
2
 (G)62 (GA)41 (AAG)19 (TCAC)15 (GACAG)18 (GAAAAT)14 

 
1
Results from study by Karaoglu et al. (2005), 

2
Results from this study. 
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Chapter 3 

 

 

 

A diagnostic test using microsatellite markers 

to differentiate between cryptic species in the 

Ceratocystis fimbriata sensu lato complex 
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Abstract 

 

Ceratocystis fimbriata sensu lato represents a complex of cryptic and commonly plant 

pathogenic species that are morphologically similar.  To date, 26 species within this complex 

have been described using morphological characteristics, intersterility tests and 

phylogenetics. Population studies using microsatellites markers have been informative in 

defining population diversity and the origins of some of these species.  Of the 47 published 

microsatellite markers, 35 could be mapped onto the C. fimbriata genome sequence and 25 

onto the C. albifundus genome sequence.  Thirty-six microsatellites, identified in putative 

genes from the C. fimbriata genome sequence in the previous chapter of this thesis, were 

selected to develop a diagnostic test to differentiate between the cryptic species in the 

complex.  Up to five isolates of each species in the complex were tested with a subset of 10 

newly developed polymorphic microsatellite markers.  The absence of amplicons at some of 

the loci was diagnostic and a few species could be identified solely on this basis, including 

the outgroup species C. virescens.  Genescan analysis was used to assign allele sizes for 

each locus.  By determining consensus allele sizes from multiple isolates of a species, 11 

species in the complex could be delimited successfully.  However, the results were 

ambiguous for 6 species that gave mixed results and for 9 species for which only one or two 

isolates were tested.  Consensus sizes could not be confidently defined for these species 

and further work will be needed to provide a fully functional diagnostic test for Ceratocystis 

species in the C. fimbriata s.l. complex. 
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Introduction 

 

Ceratocystis fimbriata was first described as the causal agent of sweet potato rot in 1890 

(Halsted).  Since then many fungi have been identified as representing this species and 

infecting a wide variety of plants of agricultural and economic importance around the world, 

including coffee (Pontis, 1951), poplar (Gremmen and de Kam, 1977), Acacia species 

(Morris et al., 1993) and Eucalyptus species (Roux et al., 2004; Roux et al., 2000).  

Phylogenetic inference based on DNA sequence data has led to the recognition that C. 

fimbriata sensu lato represents a complex of cryptic species, some of which might be host-

specific (Barnes et al., 2003; Engelbrecht and Harrington, 2005; Johnson et al., 2005; van 

Wyk et al., 2009).  The first species in the complex to be described after C. fimbriata was C. 

albifundus where it causes a serious wilt disease on non-native Acacia mearnsii in South 

Africa (Wingfield et al., 1996).  Since these first two descriptions, 24 more species have been 

named based on studies using DNA sequence comparisons, intersterility tests and molecular 

markers (Baker-Engelbrecht and Harrington, 2005; Johnson et al., 2005).  

 

Molecular markers have proved useful for various studies considering the population 

structure and origin of species in the C. fimbriata s.l. complex.  Microsatellite markers 

developed from C. cacaofunesta were used to genotype invasive strains and to consider the 

population structure of the fungus in Latin America and C. platani in North America and 

Greece (Engelbrecht et al., 2007; Engelbrecht et al., 2004; Ocasio-Morales et al., 2007; 

Steimel et al., 2004).  Recently, twenty microsatellite markers were developed to differentiate 

between mango-associated isolates of C. fimbriata s.l. in Brazil (Rizatto et al., 2010).  From a 

South African perspective, microsatellite markers developed for an undescribed species in 

the C. fimbriata s.l. species complex were used to study the population structure of C. 

albifundus and C. pirilliformis (Barnes et al., 2001; Kamgan Nkuekam et al., 2009).  These 

microsatellite markers could also differentiate between some of the cryptic species in the 

complex according to their geographic location and host-specificity and showed congruence 

with phylogenetic trees using the ITS region (Barnes et al. 2001).  

 

Microsatellite markers are 1-6 bp tandem repeats, e.g. (CAG)5, that are found throughout the 

genomes of most prokaryotes and eukaryotes (Field and Wills, 1996; Tautz and Renz, 1984).  

They are mainly present in non-coding regions but can also be found in coding regions 

(Jarne and Lagoda, 1996).  Microsatellites are highly polymorphic and experience a high 

mutation rate of 10-6 to 10-2 per locus per generation (Ellegren, 2000).  These length 

polymorphisms are due to DNA replication slippage and indel slippage that insert or delete 
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repeat units, and give rise to many different alleles at a single locus (Dieringer and 

Schlötterer, 2003; Schlötterer and Tautz, 1992).  The polymorphic nature of microsatellites, 

along with their reproducibility, ease of use and co-dominant inheritance makes them ideal 

molecular markers (Levinson and Gutman, 1987; Tautz and Renz, 1984). 

 

Isolation of microsatellites was traditionally achieved through de novo isolations whereby 

genomic libraries were screened with probes or PCR followed by cloning and sequencing 

(Zane et al., 2002).  This is, however, time-consuming and expensive especially in organisms 

with a low microsatellite density (Selkoe and Toonen, 2006).  The recent advances in DNA 

sequencing technology and bioinformatic software, such as MSatFinder (Thurston and Field, 

2005), has made isolating microsatellites much simpler and more efficient (Abdelkrim et al., 

2009; Santana et al., 2009).  Bioinformatic searches generate data on each microsatellite in 

the genome, which can then be used for studying the microsatellite structure or developing 

microsatellite markers for further studies in population genetics or genetic mapping (Karaoglu 

et al., 2005; Santana et al., 2009).  For example, microsatellite markers have always been 

difficult to identify in the red flour beetle Tribolium castaneum using conventional methods 

and as such only 19 were developed (Pai et al., 2003), whereas bioinformatic analysis of the 

whole genome sequence yielded over 12000 microsatellites from which 891 were tested and 

509 were found polymorphic (Demuth et al., 2007).  Fifteen of these polymorphic 

microsatellites markers were then used in a population study on wild red flour beetles (Drury 

et al., 2009).  

 

The aim of this study was firstly to map the previously published microsatellite markers onto 

the genome of C. fimbriata and thus to understand their potential taxonomic value for the 

complex as well as to determine if any were closely linked.  In addition we developed 

additional microsatellite markers from the genome sequence for a diagnostic test to 

differentiate between the cryptic species in the C. fimbriata s.l. complex. 

 

Methods and Materials 

 

Genome sequences 

 

The genome sequences of C. fimbriata (CMW 14799) and C. moniliformis (CMW 10134) 

were sequenced using 454 sequencing technology (Roche Diagnostics, Mannheim, 

Germany) and both were assembled using Newbler.  The size of the C. fimbriata genome 

was 47.7 Mb and had 11x coverage, while C. moniliformis had a size of 31 Mb and 20x 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



72 

 

coverage.  The C. albifundus (CMW 17274) genome was sequenced using Illumina 

sequencing technology (Illumina, Inc., California, USA).  The raw read sequences were then 

assembled using Velvet version 1.0.19 (Zerbino and Birney, 2008).  The C. albifundus 

genome had a size of 28 Mb and 58x coverage. 

 

Screening the Ceratocystis genomes for published microsatellites 

 

Fasta files of the microsatellite sequences for the C. fimbriata s.l. species complex published 

by Barnes et al. (2001), Steimel et al. (2004) and Rizatto et al. (2010) were obtained from 

Genbank (Accession numbers in Table 1).  Using CLC Genomics Workbench (CLC bio, 

Aarhus, Denmark), local BLAST searches of the microsatellite sequences against the C. 

fimbriata, C. albifundus and C. moniliformis genome sequences were performed.  Primer 

sequences for each microsatellite were obtained from the relevant studies (Barnes et al., 

2001; Rizatto et al., 2010; Steimel et al., 2004).  The binding sites of the primers were then 

identified using the primer function in CLC Genomics Workbench.  If the microsatellite could 

still not be identified, a local BLAST search was performed of all the raw reads against the 

microsatellite sequences. 

 

Contigs from the C. fimbriata genome containing the microsatellite sequences were then 

analysed using the online interface of AUGUSTUS (Keller et al., 2011) with the Fusarium 

graminearum genome sequence as the reference annotated genome to determine where the 

predicted genes were located.  The microsatellite locations were then compared to the 

putative gene locations to determine their presence within coding regions, introns or non-

coding regions.  Proteins of the predicted genes that contain microsatellites were then 

identified by analysing their amino acid sequences using BLASTp (Altschul et al., 1990). 

 

Fungal isolates and DNA isolation 

 

Ninety isolates representing 26 species in the C. fimbriata s.l. complex and one species from 

the C. coerulescens complex, C. virescens (Table 2) were grown on 2% (v/w) malt extract 

agar (MEA, Biolab, Midrand, South Africa) supplemented with 100 mg/L streptomycin 

sulphate salt (SIGMA, Steinheim, Germany) and 100 mg/L thymine hydrochloride (SIGMA, 

Steinheim, Germany) for two weeks at 25°C.  Hyphal tips were isolated and grown on 2% 

MEA. DNA extraction was performed as previously described by van Wyk et al. (2006). 
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Microsatellite discovery and primer design 

 

In Chapter 2 of this thesis, microsatellites were discovered in putative coding regions in the 

C. fimbriata genome.  This did not include introns of genes, thus some genes were screened 

for the presence of microsatellites within introns.  Microsatellite motifs, excluding 

mononucleotides, of five repeats or more were targeted for the design of primers.  Where the 

microsatellite was less than 50 bp from the either end of the contig, it was not analysed 

further.  Using Primer3 (Rozen and Skaletsky, 2000), primers were designed for forty 

microsatellite loci (Table 3).  These primers were then tested on the genome sequence in 

CLC Bio Genomics Workbench to determine whether they would result in the amplification of 

a single fragment.  Primers for 36 microsatellite loci were synthesized at Inqaba Biotec 

(Pretoria, South Africa) and then tested on four isolates representing different species in the 

C. fimbriata s.l. complex; C. cacaofunesta (CMW 26375), C. manginecans (CMW 13851), C. 

platani (CMW 1896) and C. polyconidia (CMW 23818). 

 

PCR amplification 

 

The PCR reactions were prepared using 20-50 ng of DNA in a 25 µl reaction containing one 

unit of Mytaq polymerase (Bioline Ltd, London, United Kingdom), 5x reaction buffer 

(consisting of five mM dNTPs and 15 mM MgCl2) and 10 mM of each primer.  These 

reactions were performed on an Eppendorf thermocycler (Eppendorf, Hamburg, Germany).  

The first denaturation step was carried out at 95°C for one minute, followed by 35 cycles of 

95°C for 15 s, 50°C for 15s and 72°C for 10 s, with a final elongation step of 72°C for seven 

minutes.  The PCR products were then visualised on a 2% (v/w) Agarose gel under UV light. 

 

Sequencing and analysis 

 

The PCR products were purified with the DNA Clean and ConcentratorTM Kit (Zymo 

Research Corporation, California, USA).  Sequencing was performed in 10 µl reactions using 

either the forward or reverse primers for each microsatellite and a Big Dye cycle sequencing 

Kit v 3.1 (Perkin-Elmer, Warrington, UK) following the manufacturer’s instructions.  

Sequencing PCR reactions were purified using the ZR DNA Sequencing Clean-UpTM Kit 

(Zymo Research Corporation, California, USA).  An ABI PRISM 3300 Genetic Analyser was 

then used to generate the sequences and the chromatograms that were produced were 

analysed using Bioedit (Hall, 1999).  The sequences were aligned with MAFFT (Katoh and 

Toh, 2008). 
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Genescan analysis 

 

Ten microsatellite loci that showed polymorphisms between the four species were selected 

for screening using Genescan (Table 3).  The forward primer from each pair was 

resynthesized and fluorescently labelled with PET, 6-FAM, NED or VIC (Applied Biosystems, 

California, USA).  PCR was then performed as above to amplify fragments in all isolates 

used in this study (Table 2) but with annealing temperatures ranging from 42°C to 50°C and 

a final elongation step of 45 minutes.  Four of the PCR products were then combined, each 

to a dilution of 1:100, according to their amplicon size and the type of fluorescent dye.  One 

μL of the mix was combined with 0.18 μL Genescan-600 Liz internal size standard (Applied 

Biosystems, California, USA) and 10 μL formamide.  These mixes were then separated on a 

36 cm capillary with POPTM polymer on an ABI Prism 3100 Genetic Analyser.  The program 

Peak Scanner Software v1.0 (Applied Biosystems, California, USA) was used to analyse the 

fragment sizes. 

 

Diagnostic test 

 

A diagnostic test was developed using the presence or absence of PCR products on a 2% 

(v/w) agarose gel, and fragment sizes of the amplicons analysed using Genescan analysis.  

Consensus fragment sizes for each microsatellite locus for each species were then 

determined in order to distinguish between the species in the complex. 

 

Transposon analysis 

 

The program Censor was used to identify transposons against the Repbase database 

(Kohany et al., 2006).  All the microsatellites, those previously published and those 

developed in this study were searched for transposons that spanned or were within one bp of 

the microsatellite motif.  The microsatellite sequences as well as the contigs on which they 

were found in the C. fimbriata genome were analysed with the online version of Censor. 

 

Results 

 

Mapping published microsatellites onto the Ceratocystis genomes 

 

Thirty-five of the 47 published microsatellites could be placed onto the C. fimbriata genome 

(Table 1), most of which were present on different contigs.  The full sequences of four 
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microsatellites (CfCAA80, CfCAG15, Cfim16 and Cfim18) could not be determined in the 

genome as they fall at the ends of the contigs.  Ten of these microsatellites were present in 

putative gene regions (Table 4), however, some had a low coverage and/or a high E–value.  

In C. albifundus, 25 microsatellites could mostly be mapped onto different contigs in the 

genome (Table 1) and two microsatellites (CfCAA80 and Cfim20) were located at the ends of 

contigs.  None of the published microsatellites could be identified in the C. moniliformis 

genome. 

 

The presence and locations of nine microsatellite sequences could not be determined in the 

genomes of C. fimbriata and C. albifundus.  Six microsatellites (Cfim01, Cfim02, Cfim05, 

Cfim08, Cfim13 and Cfim14) had similar motifs, i.e. the motif (AC)14 was present in three of 

the microsatellites and the rest consist of various (AC)n or (TG)n repeats, as well as similar 

flanking regions (Fig.1).  These six similar microsatellite sequences all aligned to the same 

position in both C. fimbriata and C. albifundus.  The other three microsatellites (Cfim03, 

Cfim06 and Cfim07), with (AC)n motifs, also aligned to the same position although their 

flanking regions were not as similar.  Analyses of the raw reads failed to resolve these 

microsatellites further as there was little or no coverage of the flanking regions, and the raw 

reads that did cover parts of the microsatellite sequence had low quality scores. 

 

Microsatellites CF17/18 and CF23/24, with (CA)15 and (TG)15 motifs respectively, aligned well 

to the same position in the C. fimbriata and C. albifundus genomes.  Both their primers had 

100% similarity within this region in C. fimbriata, while CF17 did not have a binding site in 

this region for C. albifundus.  These two microsatellite sequences appeared to be the same 

sequence as they aligned well to one another (Fig. 2).  Similarly, the microsatellites Cfim16 

and Cfim18, with motifs (AC)21 and (TG)16 respectively, both aligned to the same position in 

the C. fimbriata and C. albifundus genomes (Fig. 3).  There were, however, differences 

between the sequences especially at the ends of the flanking regions, and the number of 

repeats of the microsatellite itself.  Only the reverse primers had similarity to these regions in 

the C. fimbriata and C. albifundus genomes, and in the C. fimbriata genome this 

microsatellite is at the end of the contig.  Another two microsatellites, Cfim09 and Cfim17, 

had the same motif (AC)9, and aligned well to one another except for the end flanking regions 

of the sequences (Fig. 4).  They also both aligned to the same position in the C. fimbriata 

and C. albifundus genomes.  However, the alignment of Cfim17 to the contig was better than 

that of Cfim09.  Only the reverse primers had some similarity to this region.  Locations of all 

these microsatellites could not be determined further even after analysing the raw reads. 
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Development of microsatellites from the C. fimbriata genome 

 

Thirty-six microsatellites within gene regions (Table 5) were chosen as genes are expected 

to be present across species, but would show differences between species while being 

similar within a species.  Some of the microsatellites were chosen from different coding 

regions present on the same contig in order to test whether they would still produce 

polymorphisms between species.  Proteins would be slightly different between species even 

if they are close to each other in the genome as both the species and different regions of the 

genome would experience different selection pressures (Metzgar et al., 2000).  Most of the 

putative microsatellites were trinucleotides, with some dinucleotides, tetranucleotides, 

hexanucleotides and one octanucleotide.  In the C. albifundus genome three 

(CF_CTCTCTGT5, CF_CG5 and CF_TCC7) of the 36 microsatellites could be not be 

identified and none could be identified in the C. moniliformis genome. 

 

After amplification of the 36 microsatellites, one (CF_GTT6) was discarded as it produced 

two fragments in all the isolates tested.  The remainder of the microsatellite primers 

produced single amplicons.  Nine microsatellites showed no polymorphisms in any of the 

isolates tested.  The rest had at least two alleles with six showing different alleles in four 

species, including C. fimbriata.  Most of the loci present on the same contigs had different 

allele complements between the four different species tested but some loci were 

monomorphic.  Single nucleotide polymorphisms were identified at nine loci (Fig. 5), some of 

which disrupted the microsatellite motifs but in essence retained the same repeat number. 

From the 26 polymorphic microsatellites, 10 loci were chosen for further analysis using 

Genescan; one contained a SNP (CF_CAGAAG5) but still showed differences in the 

microsatellite repeat number. 

 

Genescan Analysis 

 

The 10 polymorphic primers were tested on isolates representing different species within the 

C. fimbriata s.l. species complex and an outgroup species, C. virescens (Table 6).  Some 

primer pairs failed to amplify loci in all the isolates representing a species and this was 

considered an allele.  The 10 polymorphic markers produced a total of 141 alleles with a size 

range of 123 bp to 360 bp.  The smallest number of alleles per locus is eight (CF_CAAG5) 

and the largest is 20 (CF_GCT11).  The locus with the lowest allele diversity is found in the 

microsatellite designed within an intron of a putative gene.  Consensus allele sizes were then 
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determined for each species by analysing fragment sizes for each isolate (Table 7).  Some 

species had conflicting allele sizes and thus a consensus size could not be assigned. 

 

In this study we wished to find loci that were fixed within a species; a locus that is 

monomorphic in a species.  In addition, the locus should be variable between species.  The 

10 polymorphic microsatellite markers could therefore be used to design a diagnostic test for 

species identification.  Twelve species (C. cacaofunesta, C. colombiana, C. caryae, C. 

curvata, C. diversiconidia, C. ecuadoriana, C. fimbriata, C. fimbriatomima, C. larium, C. 

manginecans, C. platani and C. tsitsikammensis) in the C. fimbriata s.l. complex had 

consistent allele sizes at each of the microsatellite loci in most isolates.  Some isolates of a 

species produced different allele sizes at some of the microsatellite loci (Table 6), e.g. the 

locus CF_CAA/CAG81 had four allele sizes for five isolates of C. pirilliformis.  Isolates of C. 

albifundus, C. cacaofunesta, C. neglecta, C. papillata, and C. variospora also displayed 

mixed results at some of the microsatellite loci. 

 

Diagnostic test 

 

A diagnostic test was developed for the C. fimbriata s.l. complex (See Fig. 6 for a flow chart 

on how to differentiate between the species).  Banding patterns from the microsatellite PCRs 

were in some cases diagnostic, as PCR products for some loci could not be amplified from 

all isolates of a species.  The outgroup species C. virescens produced a distinctive banding 

pattern compared to species in the C. fimbriata s.l. complex when subjected to PCR of all the 

microsatellite loci and could therefore be identified on this basis.  It displayed double bands 

at two loci (CF_GCT11 and CF_CTCTCTGT5) and no amplicons at three loci 

(CF_CAA/CAG80, CF_CAA/CAG81 and CF_CAA/CAG24), with the rest of the loci showing 

mixed results in all the isolates tested.  Other species that could be identified based on the 

banding patterns were C. acaciivora, C. albifundus, C. caryae, C. polyconidia, C. populicola, 

C. smalleyi, C. tanganyicensis and C. variospora.  However, only one isolate of C. 

polyconidia, C. populicola, and C. smalleyi were tested; thus the result is tentative.  

 

The rest of the species all resulted in amplicons of similar size based on agarose gel 

electrophoresis.  Genescan analysis was therefore required to identify those species further 

by assigning allele sizes.  In C. colombiana, C. fimbriata, C. fimbriatomima, C. larium, C. 

manginecans, C. neglecta and C. platani some of the primer pairs failed to amplify the loci.  

However, the remaining isolates (out of four or five isolates) were tested in each species and 

they all produced the same fragment sizes, therefore a fairly confident consensus size could 
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be obtained.  For the species C.atrox, C. caryae, C. obpyriformis, C. papillata, C. pirilliformis, 

and C. zombamontana amplification in only some of the loci along with mixed results in other 

loci and/or low number of isolates tested implies that confident consensus sizes could not be 

properly assigned for every locus.  

 

Transposon analysis 

 

Out of the 47 previously published microsatellites, 16 did not contain any transposable 

elements and nine could not be mapped onto the C. fimbriata, thus they could not be tested 

for the presence of transposons.  The transposable elements that could be identified 

consisted of one DNA transposon, six long terminal repeat (LTR) retrotransposons, five non-

LTR retrotransposons and one endogenous virus (Table 8).  One of the transposable 

elements identified was one bp away from the microsatellite and was included (Cfim20 with 

Chapaev3-1_MR).  For the 36 microsatellite markers developed in this study, transposable 

elements could not be found in the vicinity of 22 microsatellite motifs.  For the 14 remaining 

motifs, one endogenous virus, five non-LTR retrotransposons, five LTR retrotransposons and 

three DNA transposons could be identified (Table 9). 

 

Discussion 

 

The aims of this study were to screen the C. fimbriata, C. albifundus and C. moniliformis 

genomes for published microsatellites and then to develop microsatellites in gene regions 

using the C. fimbriata genome sequence to distinguish between cryptic species in the C. 

fimbriata s.l. species complex.  The published microsatellite markers were developed from C. 

cacaofunesta (Steimel et al., 2004), C. fimbriata from Mango trees in Brazil (Rizatto et al., 

2010) and C. fimbriata from various geographical locations (Barnes et al., 2001).  Most of 

these markers could be mapped onto the C. fimbriata genome; however, there were 

difficulties in mapping some of the microsatellites identified by Rizatto et al. (2010).  This 

could possibly be due to the fact that the specific regions of the genome where these 

microsatellites are located have not been sufficiently sequenced.  Barnes et al. (2001) 

showed that the microsatellites markers that they developed could be used to distinguish 

between samples of C. fimbriata isolated from different geographical regions.  This 

observation led to the idea that microsatellites in gene regions could possibly differentiate 

between the cryptic species in the C. fimbriata s.l. complex. 
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In this study, we have taken this observation further and developed a tool to identify species 

in a more robust manner than is possible using only morphological characteristics.  There 

were, however, some problems with differentiating between some of the cryptic species in 

the complex.  Some isolates representing a species presented mixed results, thus definitive 

allele sizes could not be assigned.  In other cases, a large enough sample size could not be 

tested for some of the species and therefore consensus allele sizes could not be obtained 

with confidence. 

 

Mapping the published microsatellites onto the Ceratocystis genomes 

 

The C. fimbriata and C. albifundus genomes did not contain all of the published 

microsatellites.  This could mean that the microsatellites are either not there or that these 

genomes have not been completely sequenced.  No published microsatellites could be 

identified in the C. moniliformis genome, which confirms that it is distinctly different to species 

in the C. fimbriata s.l. complex and forms part of a different complex, the C. moniliformis s.l. 

complex.  The 10 published microsatellites in putative genes could pose a problem for 

studies on populations or genetic mapping as neutral markers are required for such studies 

which are normally present in non-coding regions (Selkoe and Toonen, 2006).  However, 

these 10 microsatellites are present within genes and are less likely to be polymorphic within 

a species as they could be under selection.  The low coverage and high E-value of some of 

the genes indicates that their identities are unknown in fungi and may be unique to C. 

fimbriata or that the gene prediction program was incorrect in assigning these regions as 

genes.   

 

Three of the microsatellites found in genes and 10 in non-coding regions were associated 

with transposons, most of which are retrotransposons.  Retrotransposons make copies of 

themselves and then transfer to another location within the genome.  It is not uncommon to 

find microsatellites associated with transposons (Akagi et al., 2001; Coates et al., 2011; 

Temnykh et al., 2001).  The microsatellites would therefore have the potential to move in the 

genome but could also be duplicated.  This would result in more than one locus and could 

complicate analyses for population studies and genetic mapping when using these 

microsatellite markers. 

 

Primers developed for microsatellites in non-coding regions are less likely to be transferable 

to related species as these regions experience less selection than coding regions and are 

thus more likely to undergo mutations (Barbará et al., 2007).  This has been seen in 
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population studies where some of the microsatellites developed in one species are 

monomorphic or the primers do not work in another species within the C. fimbriata s.l. 

complex (Barnes et al., 2005; Engelbrecht et al., 2007; Engelbrecht et al., 2004; Ferreira et 

al., 2010; Kamgan Nkuekam et al., 2009; Ocasio-Morales et al., 2007).  For example, 

microsatellite primers developed for C. fimbriata were not all transferable to C. albifundus 

and C. pirilliformis (Barnes et al., 2005; Kamgan Nkuekam et al., 2009).  However, mapping 

the published microsatellites onto the C. albifundus genome showed that most are present 

but some of the primer binding sites contain mismatches which explains why the 

microsatellite primers were not transferable to C. albifundus. 

 

Some of the published microsatellites could be linked.  Microsatellites CF17/18 and CF23/24 

share the same motif (although in the reverse complement), flanking regions and align to the 

same position in the C. fimbriata and C. albifundus genomes.  Using these two markers 

together is therefore not recommended as they would result in the same data.  The other 

microsatellite markers that are similar were all developed by Rizatto et al. (2010).  These 13 

microsatellite markers are problematic as they have similar, if not the same, motifs (AC, CA 

or TG) and flanking regions, and align to the same position in the C. fimbriata and C. 

albifundus genomes.  Results from our analyses and the fact that other microsatellites are 

available therefore lead us to conclude that continued use of these markers is not desirable. 

 

Development of microsatellite markers from the C. fimbriata genome 

 

Microsatellite markers are usually designed in non-coding regions to address questions on 

populations, such as population diversity, of a single species (Selkoe and Toonen, 2006).  

However, in order to differentiate between species using microsatellite markers, they should 

ideally be under selection and thus gene regions of the genome would be preferable.  In this 

study, microsatellite markers were developed to differentiate between the different species in 

the C. fimbriata s.l. species complex.  Microsatellites were chosen from gene regions as they 

are expected to be more similar within a species but potentially different between species.  

However, it is expected that some would be the same between species as the genes could 

be conserved and thus the microsatellite as well.  This would be especially true for non-triplet 

repeats, i.e. dinucleotides, where there may be selection in keeping the microsatellite length 

constant so as not to disrupt the reading frame (Metzgar et al., 2000). 

 

The proteins within which the monomorphic microsatellites reside either have no similarity to 

any previously identified protein or are similar to hypothetical proteins, mostly belonging to 
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other fungi.  Some of these proteins could play a role in functions that require the protein to 

be conserved.  Two of the monomorphic microsatellites found in this study were also 

associated with transposons, particularly DNA transposons.  DNA transposons can relocate 

to a different part of the genome or they can be copied to another location (Kapitonov and 

Jurka, 2001; Kidwell and Lisch, 1997; Pritham et al., 2007).  The fact that the microsatellites 

appear to be monomorphic could mean that they are required for a function of the 

transposon and are therefore conserved. 

 

Microsatellites in genes that are polymorphic between species are more likely able to 

differentiate species.  The 25 polymorphic microsatellites identified in this study consisted 

mostly of trinucleotides but also included dinucleotides, hexanucleotides, a tetranucleotide 

and an octanucleotide.  One dinucleotide and the tetranucleotide are present within introns 

while the rest are found in coding regions.  The tri- and hexanucleotides showed the most 

polymorphisms, probably because they are triplet repeats and the loss or gain of a repeat 

unit would not disrupt the reading frame (Metzgar et al., 2000).  Also, constraints might not 

be placed on the number of repeated amino acids in a homo-polymer tract as the protein 

function may not necessarily be influenced by a change in repeat number.  

 

The polymorphic microsatellites in this study were contained within genes encoding proteins 

that are mostly similar to fungal proteins, including from some pathogens such as Verticillium 

albo-atrum, Glomerella graminicola and Arthroderma gypseum (Hastie, 1962; Politis, 1975; 

Stockdale, 1964).  Two proteins, disulphide isomerase and acid phosphatase, are potentially 

involved in metabolism and three other proteins, sulphate permease, Ras GTPase and a 

major facilitator superfamily transporter, in membrane transport.  However, the low coverage 

and high e-values of some of these proteins indicates that they may not actually have this 

function in C. fimbriata.  It has already been established that different repeat numbers of 

microsatellite motifs within some cell-wall proteins can cause differences in pathogenicity 

between strains (Levdansky et al., 2007).  These microsatellites could potentially influence 

pathogenicity in these fungi and in C. fimbriata in which they have been identified. 

 

Eleven microsatellites were associated with transposable elements, mostly retrotransposons, 

which shows that microsatellites are not only mobile in non-coding regions but also mobile in 

gene regions.  This feature could thus have potential value in species diagnostics and is 

supported by the fact that some microsatellite loci (CF_CTCTCTGT5 and CF_CAA/CAG24) 

did not amplify in some species.  However, it could also be detrimental as these 
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microsatellites might be found in more than one location as a consequence of the mobility of 

these elements. 

 

Markers other than microsatellites also show polymorphisms and can also be diagnostic for 

species differentiation, for example single nucleotide polymorphisms (SNPs).  Some of the 

microsatellites tested in this study showed SNPs not only in the flanking regions but also in 

the microsatellite motifs themselves.  SNPs present in the microsatellite motifs disrupt the 

microsatellite but the overall length of the microsatellite is maintained and would be 

indistinguishable if only fragment sizes are analysed.  These SNPs could help to further 

differentiate between species in the C. fimbriata s.l. complex if they are found to be present 

in all isolates of a single species.  Further analysis will be needed to verify that the SNPs 

identified are present within more than one isolate of each species. 

 

Microsatellites in non-coding regions (including introns) are expected to be more polymorphic 

as they are under neutral selection (Selkoe and Toonen, 2006).  It was interesting that the 

microsatellite found in the intron produced the smallest number of alleles when tested on all 

the species in the complex.  This result suggests that some introns could be under selection, 

especially if splicing occurs in the intron of that gene.  If the microsatellite forms part of the 

splicing recognition site, this would disrupt splicing of the transcripts and could cause the 

resulting protein not to be produced (Hastings and Krainer, 2001).  However, it is possible 

that the microsatellite might not actually reside in an intron as the de novo gene prediction 

program AUGUSTUS may not have set the intron-exon boundaries correctly for this genus. 

 

Development of a diagnostic test 

 

The diagnostic test developed in this study produced some interesting results in which the 

identity of the species did not entirely match the allele complement at the 10 microsatellite 

loci.  All 10 loci were amplified in the three isolates of C. cacaofunesta, however, isolate 

CMW 26375 which is the ex-type of the species, had different allele sizes to the other two 

isolates at five loci.  All three isolates were isolated from Theobroma cacao in different South 

American countries.  Ceratocystis cacaofunesta can be identified using this set of 10 

microsatellites; however, this would exclude the ex-type isolate CMW 26375 as it is 

significantly different from the other two isolates.  Thus, the ex-type of C. cacaofunesta could 

represent a different species. In order to confirm this, more isolates would need to be tested. 
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Another species that presents a conflict in terms of its taxonomy is C. neglecta.  This species 

displays two different “types” from analysis of allele sizes at the 10 loci even though all 

isolates originated from Eucalyptus trees in Colombia.  Isolates CMW 11284 and CMW 

11285 share alleles at four loci that are different to the alleles that are shared by isolates 

CMW 17808 and CMW 18194.  Interestingly, isolate CMW 11284 has the same allele 

complement as one isolate representing C. platani (CMW 1896).  It also has almost the same 

complement as two other isolates, CMW 23450 and CMW 23918, of C. platani with allele 

sizes differing at one locus for each of these two isolates.  As all alleles are shared between 

C. neglecta isolate CMW 11284 and C. platani isolate CMW 1896 it is possible that they 

represent the same species.  However, it is also possible that they have the same allele 

complement by chance due to homoplasy (Estoup et al., 2002) and more microsatellite loci 

would be required to clarify this further.  

 

It has been suggested that C. manginecans is a hybrid species and that the one parent is C. 

acaciivora while the other is unknown.  This hypothesis originated from the observation that 

C. manginecans is clonal and shares an ITS sequence with C. acaciivora (Al-Adawi et al., 

unpublished).  The results of this study support this hypothesis as C. manginecans shares 

the same alleles at nine of the 10 microsatellite loci with C. acaiivora isolates. Although the 

results for C. acaiivora are not entirely complete, alleles of at least one isolate are shared at 

each locus with C. manginecans.  None of the other species in the complex have the same 

allele as C. manginecans at the CF_GCT11 locus.  Further studies on a wider range of C. 

fimbriata s.l. isolates and species would be required to identify the unknown parent. 

 

Developing an effective diagnostic technique was hampered by lack of isolates and variable 

success in the amplification of microsatellite regions.  For the species C. atrox, C. caryae, C. 

polychroma, C. polyconidia, C. populicola, C.obpyriformis, C. smalleyi, C. tanganyicensis, 

and C. zombamontana, only one or two isolates were tested, therefore consensus allele 

sizes could not be assigned with confidence.  The diagnostic test could be used to tentatively 

identify these species but more isolates should be tested in order to develop a robust 

diagnostic technique.  Although three to five isolates were tested for C. acaciivora, C. 

albifundus, C. papillata, C. pirilliformis, C. variospora and C. virescens, mixed results were 

obtained for many of the loci, i.e. some loci did not amplify in some of the isolates and some 

allele sizes differed between some of the isolates representing a species.  Thus these 

species cannot be identified properly using this set of ten microsatellites at this point in time.  

C. virescens, however, produced two amplicons at two different loci.  This banding pattern 
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can be used to differentiate this species (and other related species in the C. coerulescens 

complex) from species in the C. fimbriata s.l. complex. 

 

Due to some of the microsatellite markers used in this study showing variable results 

between isolates within some species, this presents a problem for differentiating effectively 

between species.  A potential solution lies in other studies on species identification in fungi 

which have made use of barcoding regions, PCR-RFLPs and SNPs.  The current unofficial 

barcoding gene for fungi is the ITS region is routinely used to identify Ceratocystis species 

(Nilsson et al., 2008; van Wyk et al., 2011) and thus would not provide further resolution to 

the species in the complex.  The mitochondrial barcoding gene cytochrome c oxidase 1 is, 

however, a candidate for use in species differentiation as this gene shows variation among 

closely related species of Penicillium (Seifert et al., 2007).   PCR-RFLPs have already been 

used to differentiate between some species of Ceratocystis successfully (Witthuhn et al., 

1999).  As the C. fimbriata and C. albifundus genomes are available they could be searched 

for restriction sites within specific regions to develop this technique further specifically for the 

C. fimbriata s.l. complex.  SNPs provide another option to species differentiation; however, 

just using SNPs alone to differentiate species could require many loci (Travanti et al., 2005).  

A combination of these methodologies in conjunction with microsatellites would improve the 

diagnostic test and provide a robust method of species differentiation within the C. fimbriata 

species complex. 

 

Conclusions 

 

The diagnostic test developed in this study can be used to differentiate many of the species 

in the C. fimbriata s.l. complex.  There are, however, some missing data points and 

conflicting allele sizes that should be reanalysed.  Sequencing of all loci for each isolate 

should be carried out as there are likely SNPs that could improve this diagnostic test further.   

Testing a number of isolates from different geographic regions would be useful to ensure that 

variation between isolates is accounted for and could provide insight into whether the 

environment plays a role in microsatellite variation between isolates of a single species.  

Higher confidence of consensus allele sizes for each species would also be obtained with a 

larger sample of isolates.  In cases where there seem to be more than one “type” present 

within a described species, more isolates should be tested.  The previously published 

microsatellites that could be found within the C. fimbriata genome and contained within 

genes should also be tested, both with Genescan analysis and sequencing.  As it has 

already been shown that some of the published microsatellites could differentiate between 
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different lineages of C. fimbriata s.l. isolates (Barnes et al., 2001), it is likely that some of 

published microsatellites would also be useful as diagnostic markers.  Once these are 

complete, this diagnostic test would help to more easily identify species within the C. 

fimbriata s.l. complex and possibly aid in the description of new species. 
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Table 1 Presence of published microsatellite motifs in the C. fimbriata and C. albifundus genome sequences and those that are transferable to 

other species based on population studies 

 

Microsatellite 
name 

Motif in published sequence 
In the genome sequence of 
C. fimbriata or C. albifundus 

Transferable to other species 
based on population studies 

In 
gene? 

GenBank 
accession 

number 

AG1/2
1
 (T)7C(T)2CGC(T)4(CTTT)2GC(T)4C(T)3C(T)2G(T)4(CTT)2 C. fimbriata and C. albifundus C. pirilliformis

5
 NO AY055016 

AG7/8
1
 (TC)21(TTC)2 C. fimbriata and C. albifundus C. albifundus

4 
and C. pirilliformis

5
 NO AY055017 

AG15/16
1
 Regions rich in A interrupted by C and G C. fimbriata and C. albifundus C. albifundus

4
 NO AY055018 

AG17/18
1
 (T)5(C)2(CT)2T(CTT)6(T)2(C)3TC(T)3 C. fimbriata and C. albifundus C. albifundus

4
 YES AY055019 

CF5/6
1
 (TGC)11 C. fimbriata C. albifundus

4
 NO AY055020 

CF11/12
1
 CA(AC)7GC(AC)2(N)x(G)8 C. fimbriata and C. albifundus C. pirilliformis

5
 NO AY055021 

CF13/14
1
 (T)5(N)x(A)7(N)x(C)11(N)x(AGCAC)5 C. fimbriata C. pirilliformis

5
 NO AY055022 

CF15/16
1
 (CT)5(N)x(CT)3(N)x(CT)3 sequence rich in T C. fimbriata and C. albifundus C. albifundus

4 
and C. pirilliformis

5
 NO AY055023 

CF17/18
1
 (CA)15 sequence rich in GT and T C. fimbriata and C. albifundus C. albifundus

4 
and C. pirilliformis

5
 NO AY055024 

CF21/22
1
 (T)8(N)x(T)6(N)x(C)2(T)3C(CT)2(CCTT)2C(T)3C(T)2C(T)4 C. fimbriata and C. albifundus C. albifundus

4 
and C. pirilliformis

5
 NO AY055025 

CF23/24
1
 TGCA(TG)15 C. fimbriata and C. albifundus C. albifundus

4 
and C. pirilliformis

5
 NO AY055026 

CfAAG8
2
 (AAG)11 C. fimbriata 

C. cacaofunesta
6
, C. fimbriata Brazil

9
, 

C. pirilliformis
5 
and C. platani

7,8
 

NO AY494859 

CfAAG9
2
 (CAG)2+(CAG)7+(AAG)7 C. fimbriata and C. albifundus 

C. cacaofunesta
6
, C. fimbriata Brazil

9
, 

C. pirilliformis
5 
and C. platani

7,8
 

NO AY494860 

CfCAA9
2
 

(CAA)4(CAG)2 + (CAG)2 + (CAG)6 + (CAG)4 + 
(CAG)2(CAA)20(CAG)5 

C. fimbriata and C. albifundus 
C. cacaofunesta

6
, C. fimbriata Brazil

9
, 

C. pirilliformis
5 
and C. platani

7,8
 

YES AY494861 

CfCAA10
2
 (CAA)4(CAG)6 C. fimbriata and C. albifundus 

C. cacaofunesta
6
, C. fimbriata Brazil

9, 

and C. platani
7,8

 
YES AY494862 

CfCAA15
2
 (CAA)6(CAG)8(CAA)2 + (CAA)2 + (CAA)2(CAG)3(CAA)2 C. fimbriata and C. albifundus 

C. cacaofunesta
6
, C. fimbriata Brazil

9
, 

C. pirilliformis
5 
and C. platani

7,8
 

NO AY494863 
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Table 1 (continued) Presence of published microsatellite motifs in the C. fimbriata and C. albifundus genome sequences and those that are 

transferable to other species based on population studies 

 

Microsatellite 
name 

Motif in published sequence 
In the genome sequence of 
C. fimbriata or C. albifundus 

Transferable to other species 
based on population studies 

In 
gene? 

GenBank 
accession 

number 

CfCAA38
2
 (CAG/CAA)47 C. fimbriata and C. albifundus 

C. cacaofunesta
6
, C. fimbriata Brazil

9
, 

C. pirilliformis
5 
and C. platani

7,8
 

YES AY494864 

CfCAA80
2
 (CAG/CAA)43 + (CAG)3 + (CAG)2 + (CAG)2 + (CAA)3 

C. fimbriata (end of contig) and  
C. albifundus (end of contig) 

C. cacaofunesta
6
, C. fimbriata Brazil

9, 

and C. platani
7,8

 
YES AY494865 

CfCAG5
2
 (CAG/CAA)12 C. fimbriata 

C. cacaofunesta
6
, C. fimbriata Brazil

9
, 

C. pirilliformis
5 
and C. platani

7,8
 

YES AY494870 

CfCAG15
2
 

(CAG)4(CAA)2(CAG)4 + (CAG)2 + (CAG)3(CAA)6(CAG)9 + 
(CAG)2(CAA)10 + (CAG)4 

C. fimbriata (end of contig) and  
C. albifundus 

C. cacaofunesta
6
, C. fimbriata Brazil

9
, 

C. pirilliformis
5 
and C. platani

7,8
 

NO AY494871 

CfCAG900
2
 (CAG)4 + (CAG)2 C. fimbriata and C. albifundus 

C. cacaofunesta
6
, C. fimbriata Brazil

9
, 

C. pirilliformis
5 
and C. platani

7,8
 

NO AY494873 

CfCAT1
2
 (CAT)11 + (CAT)2 C. fimbriata and C. albifundus 

C. cacaofunesta
6
, C. fimbriata Brazil

9
, 

C. pirilliformis
5 
and C. platani

7,8
 

NO AY494866 

CfCAT3K
2
 (CAT)6 + (CAT)2 C. fimbriata 

C. cacaofunesta
6
, C. fimbriata Brazil

9, 

and C. platani
7,8

 
NO AY494867 

CfCAT9X2 (CAT)6 C. fimbriata C. cacaofunesta
6
 and C. platani

7,8
 NO AY494868 

CfCAT12002 (CAT)7 C. fimbriata and C. albifundus 
C. cacaofunesta

6
, C. fimbriata Brazil

9
, 

and C. platani
7,8

 
NO AY494869 

CfGACA602 (GACW)4 + (CACAGCA)4 C. fimbriata and C. albifundus 
C. cacaofunesta

6
, C. fimbriata Brazil

9
, 

and C. platani
7,8

 
NO AY494874 

CfGACA6502 (TG)4 + (CA)2(GACA)4 + (CCT)2 C. fimbriata and C. albifundus 
C. cacaofunesta

6
, C. fimbriata Brazil

9
, 

C. pirilliformis
5
 and C. platani

7,8
 

YES AY494875 

C. fim 01
3
 (AC)14 C. fimbriata* and C. albifundus* - - GF100701 

C. fim 02
3
 (TG)18 C. fimbriata* and C. albifundus* - - GF100702 

C. fim 03
3
 (AC)9 C. fimbriata# and C. albifundus# - - GF100703 

C. fim 04
3
 (GT)8 C. fimbriata  and C. albifundus - NO GF100704 

C. fim 05
3
 (AC)14 C. fimbriata* and C. albifundus* - - GF100705 
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Table 1 (continued) Presence of published microsatellite motifs in the C. fimbriata and C. albifundus genome sequences and those that are 

transferable to other species based on population studies 

 

Microsatellite 
name 

Motif in published sequence 
In the genome sequence of 
C. fimbriata or C. albifundus 

Transferable to other species 
based on population studies 

In 
gene? 

GenBank 
accession 

number 

C. fim 06
3
 (TG)11 C. fimbriata# and C. albifundus# - - GF100706 

C. fim 07
3
 (AC)13 C. fimbriata# and C. albifundus# - - GF100707 

C. fim 08
3
 (CA)15 C. fimbriata* and C. albifundus* - - GF100708 

C. fim 09
3
 (AC)17 C. fimbriataº and C. albifundusº - - GF100709 

C. fim 10
3
 (CACT)6 C. fimbriata - NO GF100710 

C. fim 11
3
 (CA)9(CT)7 C. fimbriata - YES GF100711 

C. fim 13
3
 (AC)14 C. fimbriata* and C. albifundus* - - GF100713 

C. fim 14
3
 (AC)11 C. fimbriata* and C. albifundus* - - GF100714 

C. fim 15
3
 (CA)14 C. fimbriata - NO GF100715 

C. fim 16
3
 (AC)21 

C. fimbriata (end of contig)^ and  
C. albifundus^ 

- ? GF100716 

C. fim 17
3
 (AC)17 C. fimbriataº and C. albifundusº - YES GF100717 

C. fim 18
3
 (TG)16 

C. fimbriata (end of contig)^ and  
C. albifundus^ 

- ? GF100718 

C. fim 19
3
 (AC)13 C. fimbriata and C. albifundus - YES GF100719 

C. fim 20
3
 (CT)17 

C. fimbriata and C. albifundus  
(end of contig) 

- NO GF100720 

C. fim 21
3
 (TG)10 C. fimbriata - NO GF100721 

 

1
Barnes et al. (2001), 

2
Steimel et al. (2004), 

3
Rizatto et al. (2010), 

4
Barnes et al. (2005), 

5
Kamgan Nkuekam et al. (2009), 

6
Engelbrecht et al. (2007), 

7
Engelbrecht et al. (2004), 

8
Ocasio-Morales et al. (2007), 

9
Fereirra et al. (2010). *,  #, º and ^ indicate sequences that align to the same position in each genome.  
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Table 2 Isolates of Ceratocystis species used in this study 
 

Species Isolate number
1 

Alternative number Host Geographical origin Collector 

C. acaciivora CMW 22595 
 

Acacia mangium Indonesia M. Tarigan 

C. acaciivora CMW 22621 
 

A. mangium Indonesia M. Tarigan 

C. acaciivora CMW 22562 
 

A. mangium Indonesia M. Tarigan 

C. acaciivora CMW 22563 
 

A. mangium Indonesia M. Tarigan 

C. albifundus CMW 4068 
 

Acacia mearnsii South Africa J. Roux 

C. albifundus CMW 4090 
 

A. mearnsii South Africa J. Roux 

C. albifundus CMW 5329 CBS119681 A. mearnsii Uganda J. Roux 

C. albifundus CMW 14159 
 

Burkea africana South Africa J. Roux & L. Labuschagne 

C. albifundus CMW 15760 
 

A. mearnsii Uganda J. Roux 

C. albifundus CMW 17274  Faurea saligna South Africa J. Roux 

C. atrox CMW 19385 CBS120518, PREM 59012 Eucalyptus grandis Australia M.J. Wingfield 

C. atrox CMW 19389 CBS120225 E. grandis Australia M.J. Wingfield 

C. cacaofunesta CMW 14809 CBS115169 Theobroma cacao Ecuador P.W.C. Crous 

C. cacaofunesta CMW 15051 CBS152.62 T. cacao Costa Rica A.J. Hansen 

C. cacaofunesta CMW 26375 CBS115172 T. cacao Brazil T.C. Harrington 

C. caryae CMW 14793 CBS114716 Carya cordiformis USA P.W.C. Crous 

C. caryae CMW 14808 CBS115168 Carya ovata USA P.W.C. Crous 

C. colombiana CMW 5751 CBS121792 Coffee arabica Colombia M.J. Wingfield 

C. colombiana CMW 5761 CBS121791 C. arabica Colombia M.J. Wingfield 

C. colombiana CMW 9565 CBS121790 Soil in coffee plantation Colombia B. Castro 

C. colombiana CMW 11280 
 

Schizolobium parahybum Colombia Unknown 

C. curvata CMW 22433 CBS122513 Eucalyptus deglupta Ecuador M.J. Wingfield & M. van Wyk 

C. curvata CMW 22435 CBS122604 E. deglupta Ecuador M.J. Wingfield & M. van Wyk 

C. curvata CMW 22442 CBS122603 E. deglupta Ecuador M.J. Wingfield & M. van Wyk 

C. diversiconidia CMW 22445 CBS123013 Terminalia ivorensis Ecuador M.J. Wingfield & M. van Wyk 

C. diversiconidia CMW 22446  T. ivorensis Ecuador M.J. Wingfield & M. van Wyk 

C. diversiconidia CMW 22448 CBS122605 T. ivorensis Ecuador M.J. Wingfield & M. van Wyk 

C. ecuadoriana CMW 22092 CBS124020 E. deglupta Ecuador M.J. Wingfield & M. van Wyk 

C. ecuadoriana CMW 22093 CBS 124021 E. deglupta Ecuador M.J. Wingfield & M. van Wyk 

C. ecuadoriana CMW 22097 CBS 124022 E. deglupta Ecuador M.J. Wingfield & M. van Wyk 

C. ecuadoriana CMW 22405  E. deglupta Ecuador M.J. Wingfield & M. van Wyk 
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Table 2 (continued) Isolates of Ceratocystis species used in this study 

 

Species Isolate number
1
 Alternative number Host Geographical origin Collector 

C. fimbriata CMW 1547 CBS123010 Ipomoea batatas Papa New Guinea E.H.C.M. Kenzie & F.M. Quinn 

C. fimbriata CMW 14799 CBS114723 I. batatas USA P.W.C. Crous 

C. fimbriata CMW 15049 CBS141/37 I. batatas USA C.F. Andrus 

C. fimbriatomima CMW 24174 CBS121786 Eucalyptus sp. Venezuela M.J. Wingfield 

C. fimbriatomima CMW 24176 CBS121787 Eucalyptus sp. Venezuela M.J. Wingfield 

C. fimbriatomima CMW 24377 
 

Eucalyptus sp. Venezuela M.J. Wingfield & M. van Wyk 

C. fimbriatomima CMW 24378 
 

Eucalyptus sp. Venezuela M.J. Wingfield & M. van Wyk 

C. fimbriatomima CMW 24379 
 

Eucalyptus sp. Venezuela M.J. Wingfield & M. van Wyk 

C. larium CMW 25434 CBS122512 Styrax benzoin Indonesia M.J. Wingfield & M. van Wyk 

C. larium CMW 25435 CBS122606 S. benzoin Indonesia M.J. Wingfield & M. van Wyk 

C. larium CMW 25436 CBS122607 S. benzoin Indonesia M.J. Wingfield & M. van Wyk 

C. larium CMW 25437 
 

S. benzoin Indonesia M.J. Wingfield & M. van Wyk 

C. manginecans CMW 13851 CBS121659, PREM59612 Mangifera indica Oman M. Deadman 

C. manginecans CMW 13852 CBS121660, PREM59613 Hypocryphalus mangifera Oman M. Deadman 

C. manginecans CMW 15314  M. indica Oman A. Al-Adawi 

C. manginecans CMW 15317  H. mangifera Oman A. Al-Adawi 

C. manginecans CMW 23634 CBS121661, PREM59614 H. mangifera Pakistan A. Al-Adawi 

C. moniliformis* CMW 10134 CBS118127 E. grandis South Africa M. van Wyk 

C. neglecta CMW 11284 CBS121349 E. grandis Colombia C. Rodas 

C. neglecta CMW 11285  E. grandis Colombia C. Rodas 

C. neglecta CMW 17808 CBS121789 E. grandis Colombia C. Rodas 

C. neglecta CMW 18194  E. grandis Colombia C. Rodas 

C. obpyriformis CMW 23806 CBS122609 A. mearnsii South Africa R.N. Heath 

C. obpyriformis CMW 23807 CBS122608 A. mearnsii South Africa R.N. Heath 

C. papillata CMW 8850 CBS121794 Tangelo mineola Colombia B. Castro 

C. papillata CMW 8856 CBS121793 Citrus limon Colombia B. Castro 

C. papillata CMW 8857 CBS123009 Annona muricata Colombia B. Castro 

C. papillata CMW 28662 CBS121795 S. parahybum Colombia B. Castro 

C. pirilliformis CMW 6579 CBS118128 Eucalyptus nitens Australia M.J. Wingfield 

C. pirilliformis CMW 6583 CBS118596 E. nitens Australia M.J. Wingfield 
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Table 2 (continued) Isolates of Ceratocystis species used in this study 

 

Species Isolate number
1
 Alternative number Host Geographical origin Collector 

C. pirilliformis CMW 12671  E. grandis South Africa H. Hatting & J. Roux 

C. pirilliformis CMW 16511  Eucalyptus sp. South Africa G. Kamgan Nkuekam 

C. pirilliformis CMW 28200  Eucalyptus logs South Africa G. Kamgan Nkuekam 

C. platani CMW 1896  Platanus sp. Switzerland O. Petrini 

C. platani CMW 14802 CBS115162 Platanus occidentalis USA P.W.C. Crous 

C. platani CMW 23450  Platanus orientalis Greece P. Tspopelas 

C. platani CMW 23918  P. occidentalis Greece M.J. Wingfield 

C. platani CMW 26380 CBS115162, C1317 P. occidentalis USA T.C. Harrington 

C. polychroma CMW 11424 CBS115778, PREM57818 Syzygium aromaticum Indonesia E.C.Y Liew & M.J. Wingfield 

C. polychroma CMW 14281  S. aromaticum Indonesia E.C.Y. Liew 

C. polyconidia CMW 23818 CBS122290 A. mearnsii South Africa R.N. Heath 

C. populicola CMW 14789 CBS119.78 Populus sp. Poland J. Gremmen 

C. smalleyi CMW 14800 CBS114724, C684 C. cordiformis USA G. Smalley 

C. tanganyicensis CMW 15992 CBS122293 A. mearnsii Tanzania R.N. Heath 

C. tanganyicensis CMW 15999 CBS122294 A. mearnsii Tanzania R.N. Heath 

C. tsitsikammensis CMW 13982  Rapanea melanophloeos South Africa J. Roux 

C. tsitsikammensis CMW 14275  R. melanophloeos South Africa G. Kamgan Nkuekam 

C. tsitsikammensis CMW 14276 PREM59424 R. melanophloeos South Africa G. Kamgan Nkuekam 

C. tsitsikammensis CMW 14280 
 

Ocotea bullata South Africa G. Kamgan Nkuekam 

C. variospora CMW 20935 CBS114715, C1843 Quercus alba USA J. Johnson 

C. variospora CMW 26384 CBS773.73 Quercus ellipsoidalis USA R. Campbell 

C. variospora CMW 26386 CBS114714, C1846 Quercus robur USA J. Johnson 

C. virescens
# 

CMW 3225 C254 Acer saccharum USA D. Houston 

C. virescens
#
 CMW 11160 C252 A. saccharum USA D. Houston 

C. virescens
#
 CMW 11164 CBS123166, C69 Fagus americana USA D. Houston 

C. virescens
#
 CMW 17335 C525 A. saccharum Unknown Unknown 

C. virescens
#
 CMW 17339 C261 A. saccharum USA D. Houston 

C. zombamontana CMW 15235 CBS122297 E. grandis Malawi R.N. Heath 

C. zombamontana CMW 15236 CBS122296 E. grandis Malawi R.N. Heath 

 
1
Culture collection of the Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria, Pretoria, 0002, South Africa. * C. moniliformis forms part 

of the C. moniliformis sensu lato species complex. 
#
 C. virescens forms part of the C. coerulescens sensu lato species complex 
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Table 3 Primers designed in this study to amplify microsatellites within predicted genes 

 

Locus Contig 
Microsatellite 

motif 
Primer Primer sequences 

Fluorescent 
label 

Actual size in C. 
fimbriata genome (bp) 

Result 

CF_CAA/CAG80 3789 (CAA/CAG)8 CAA/CAG80F 5’- catcagctgctcctgtcgta -3’ PET 227 Polymorphic 

  CAA/CAG80R 5’- aggcgggtagtcggagtaat -3’ -   

CF_CAAG5 3933 (CAAG)5 CAAG5F 5’- cccatctgcttttcttcctg -3’ VIC 198 Polymorphic 

CAAG5R 5’- gggttgtgcgtagaggatgt -3’ - 

CF_GTT50 17 (GTT)5 GTT50F 5’- cagcgagcaaaaatcaaaca -3’ 6-FAM 235 Polymorphic 

GTT50R 5’- tgtctcaggcgcaaatacag -3’ - 

CF_GAT5 211 (GAT)5 GAT5F 5’- tgttttgacgcacgtagagc -3’ PET 240 Polymorphic 

GAT5R 5’- tggtcgtatagcgacgtgag -3’ - 

CF_CAGAAG5 351 (CAGAAG)5 CAGAAG5F 5’- gggagtgggtatgagtgtgg -3’ VIC 216 Polymorphic 

CAGAAG5R 5’- gctgctgctgctagttcaga -3’ - 

CF_GCT11 351 (GCT)11 GCT11F 5’- gaatgctggagcttgggtag -3’ 6-FAM 235 Polymorphic 

GCT11R 5’- ggcgatgaacatggagagat -3’ - 

CF_CTCTCTGT5 351 (CTCTCTGT)5 CTCTCTGTF 5’- tgaatgctgtgggagatgaa -3’ NED 237 Polymorphic 

CTCTCTGTR 5’- aacatgactgtcgggaggag -3’ - 

CF_CAA/CAG81 920 (CAA/CAG)8 CAA/CAG81F 5’- ccatggaccccatcaactac -3’ PET 226 Polymorphic 

CAA/CAG81R 5’ - gcagccaaagttccaaagac -3’ - 

CF_CCG5 1506 (CCG)5 CCG5F 5’- agcggatggaacaaacagac -3’ NED 192 Polymorphic 

CCG5R 5’- aggtctccgagggacgtatt -3’ - 

CF_CAA/CAG24 2130 (CAA/CAG)24 CAA/CAG24F 5’- acccacagtcacagcatttg -3’ NED 175 Polymorphic 

CAA/CAG24R 5’- gagccttgctgagtgtgtga -3’ - 

CF_CT7 4768 (CT)7 CT7F 5’- cccatcgatcttcacacaaa -3’ - 184 Polymorphic 

CT7R 5’- attggactttccgacaccag -3’ - 

CF_TC60 3711 (TC)6 TC60F 5’- tcagaggatttgatgcgtga -3’ - 169 Polymorphic 

TC60R 5’- ggtctgggatggtgatgaat -3’ - 

CF_CTT6 3711 (CTT)6 CTT6F 5’- gaacaggccgagtttgagag -3’ - 225 Polymorphic 

  CTT6R 5’- accgccttcatcaagatcag -3’ -   

CF_TG5 3711 (TG)5 TG5F 5’- cgtctttacgaggaccaagc -3’ - 226 Monomorphic 

  TG5R 5’- ctaaggcaaaacgcctcaag -3’ -   

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



97 

 

Table 3 (continued) Primers designed in this study to amplify microsatellites within predicted genes 
 

Locus Contig 
Microsatellite 

motif 
Primer Primer sequences 

Fluorescent 
label 

Actual size in C. 
fimbriata genome (bp) 

Result 

CF_CAG7 3789 (CAG)7 CAG7F 5’- tgcttgaagaaatggtgcag -3’ - 206 Polymorphic 

CAG7R 5’- ccacatggctacacgatcaa -3’ - 

CF_CG5 3858 (CG)5 CG5F 5’- gaaacgacagacagcacagc -3’ - 205 Monomorphic 

CG5R 5’- gttccgcctttttcttttcc -3’ - 

CF_TCC7 3868 (TCC)7 TCC7F 5’- agttggatacgaggcaatgg -3’ - 160 Polymorphic 

TCC7R 5’- gtcccttcatcgccagaata -3’ - 

CF_TCC5 11 (TCC)5 TCC5F 5’- agccagactcctcctcatca -3’ - 240 Monomorphic 

TCC5R 5’- ctgccgctgagctagaagtt -3’ - 

CF_GTT6 351 (GTT)6 GTT6F 5’- tacgacccttgctgtgactg -3’ - 181 Double band 

GTT6R 5’- ggggctgctatagggacttc -3’ - 

CF_GCA5 543 (GCA)5 GCA5F 5’- ccttcttcgcaaaggacttg -3’ - 397 Polymorphic 

GCA5R 5’- tcacaatgaagtcgctcctg -3’ - 

CF_ACA5 550 (ACA)5 ACA5F 5’- cagcagcagcagtagcaaag -3’ - 151 Polymorphic 

ACA5R 5’- gtggtggtggctagatcgtt -3’ - 

CF_TC10 920 (TC)10 TC10F 5’- ggccttttcccattcttttt -3’ - 218 Polymorphic 

TC10R 5’- gaagagcaagaggcaggaga -3’ - 

CF_CAA/CAG14 920 (CAA/CAC/CAG)14 
+(TCC)5 

CAA/CAG14F 5’- atgaacaccagcagcaacac -3’ - 356 Polymorphic 

CAA/CAG14R 5’- attggggctgatacaagctg -3’ - 

CF_GAA6 969 (GAA)6 GAA6F 5’- ccaccatctccaacccatac -3’ - 231 Monomorphic 

GAA6R 5’- attgccgatgctaccaagac -3’ - 

CF_TTC5 969 (TTC)5 TTC5F 5’ - ccaaccttcgtggttgagtt -3’ - 199 Monomorphic 

   TCC5R 5’- aacgagggatcaaagcaaga -3’ -   

CF_CCT6 969 (CCT)6 CCT6F 5’- cctccacaatcacctccatt -3’ - 228 Monomorphic 

   CCT6R 5’- gcgactgtgggttttgtttt -3’ -   

CF_GAT7 978 (GAT)7 GAT7F 5’ - aatctcacccgtttgattgg -3’ - 227 Polymorphic 

   GAT7R 5’- atgctgcgagggatcattag -3’ -   

CF_GCTCCC6 980 (GCTCCC)6 + (GTG)8 GCTCCC6F 5’- tccgaacgaagattgaggac -3’ - 293 Polymorphic 

   GCTCCC6R 5’- ccccctcatagccaatatca -3’ -   

CF_CAA/CAG11 2125 (CAA/CAG)11 CAA/CAG11F 5’- cggcgtcttagaccactctc -3’ - 229 Polymorphic 

   CAA/CAG11R 5’- ggaagacattgccgaggata -3’    
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Table 3 (continued) Primers designed in this study to amplify microsatellites within predicted genes 

 

Locus Contig 
Microsatellite 

motif 
Primer Primer sequences 

Fluorescent 
label 

Actual size in C. 
fimbriata genome (bp) 

Result 

CF_TCG6 2125 (TGC)6 TCG6F 5’- agaggtggtggcatcacagt -3’ - 200 Monomorphic 

TCG6R 5’- tgttctacgaggccctgact -3’ - 

CF_TC61 2136 (TC)6 TC61F 5’- ttcaagacccacctcaacct - 3’ - 160 Monomorphic 

TC61R 5’- ccagaaaccattgctcgatt -3’ - 

CF_GTT51 2364 (GTT)5 GTT51F 5’- taacacgcggactccctatc -3’ - 156 Polymorphic 

GTT51R 5’- cagtggacgctgctgataaa -3’ - 

CF_GGC7 2567 (GGC)7 GGC7F 5’- cggcacatccttctaacaca -3’ - 246 Polymorphic 

GGC7R 5’- gctgtttccccctcttcttc -3’ - 

CF_GAC5 2227 (GAC)5 GAC5F 5’- ggtacaagcacattgcctca -3’ - 239 Polymorphic 

GAC5R 5’- gggcttagcagccttcttct -3’ - 

CF_GA5 13 (GA)5 GA5F 5’- agcagcaaccagccactatt -3’ - 190 Monomorphic 

GA5R 5’- ggttgctgacagagggtgtt -3’ - 

CF_CGG5 152 (CGG)5 CGG5F 5’- ccataaggagcttgcgtagg -3’ - 242 Polymorphic 

CGG5R 5’- atgcctccacacgactatcc -3’ - 
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Table 4 Published microsatellite sequences identified in the C. fimbriata genome that were identified within predicted proteins 

 

Locus Motif in published sequence Motif in C. fimbriata genome Region Predicted protein E-value Coverage 

AG17/18
1 

(T)5(C)2(CT)2T(CTT)6(T)2(C)3TC(T)3
1
 (T)5(C)(CTT)4(T)2(C)3TC(T)3 Coding Fungal hypothetical protein 6.00E-18 95% 

CfCAG5
2
 (CAG/CAA)12

2
 (CGA/CAA)9 Coding Fungal hypothetical protein 2.00E-135 49% 

CfCAA9
2
 

(CAA)4(CAG)2 + (CAG)2 + (CAG)6 + 
(CAG)4 + (CAG)2(CAA)20(CAG)5 

(CGA)7(CAA)12(CGA)5 + (CAA) + 
(CGA)4 + (CAA)3 + (CGC)(CAC)3(CGA) 

Coding 
Fungal-specific transcription 

factor 
0 71% 

CfCAA38
2
 (CAG/CAA)47

2
 (CGA/CAA)15 Coding 

CCR4-NOT complex 
component 

0 100% 

CfCAA80
2 (CAG/CAA)43 + (CAG)3 + (CAG)2 + 

(CAG)2 + (CAA)3 
(end of contig) … (CAA)3 Intron 

GH22395 (Drosophila 
grimshawi) 

0.13 52% 

CfGACA650
2
 (TG)4 + (CA)2(GACA)4 + (CCT)2 (TG)4 + (CA)2(GACA)3 + (CA)11 Coding 

Hypothetical protein 
(Drosophila) 

3.1 55% 

CfCAA10
2
 (CAA)4(CAG)6

2
 (CAA)5(CAG)7 Coding 

Protein kinase A catalytic 
subunit 

2.00E-177 49% 

Cfim11
3
 (CA)9(CT)7 (CA)9(CT)7 Coding 

Patatin family protein 
(Spirochaeta thermophila) 

4.8 48% 

Cfim17
3
 (AC)17 (AC)11 Coding 

SPRY-containing protein 
(Glomerella graminicola) 

2.00E-17 100% 

Cfim19
3
 (AC)13 (AC)12 Coding 

Subtilase (Glomerella 
graminicola) 

1.00E-25 84% 

 
1
Barnes et al. (2001), 

2
Steimel et al. (2004), 

3
Rizatto et al. (2010) 
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Table 5 Microsatellite markers developed in this study that were detected within putative 

proteins (Loci highlighted in grey are those used for Genescan analysis). 

 

Locus Region Predicted protein Coverage E-value 

CF_CAA/CAG80 Coding Hypothetical protein (Verticillium albo-atrum) 100% 6.00E-13 

CF_CAAG5 Intron Hypothetical protein (Parabacteroides johnsonii) 85% 3.50 

CF_GTT50 Coding SCF E3 ubiquitin ligase complex F-box protein (Verticillium 
albo-atrum) 

79% 0.13 

CF_GAT5 Coding Hypothetical protein (Verticillium albo-atrum) 94% 7.00E-27 

CF_CAGAAG5 Coding No similarity - - 

CF_GCT11 Coding No similarity - - 

CF_CTCTCTGT5 Coding Hypothetical protein (Magnaporthe oryzae) 56% 8.00E-05 

CF_CAA/CAG81 Coding No similarity - - 

CF_CCG5 Coding Snf7 family protein (Glomerella graminicola) 100% 7.00E-32 

CF_CAA/CAG24 Coding No similarity - - 

CF_CT7 Intron Ras GTPase Rab11 (Neosartorya fischeri) 100% 3.00E-21 

CF_TC60 Coding No similarity - - 

CF_CTT6 Coding Hypothetical protein (Podospora anserina) 69% 5.00E-05 

CF_TG5 Coding No similarity - - 

CF_CAG7 Coding Major facilitator superfamily transporter (Ferroplasma 
acidarmanus) 

48% 3.70 

CF_CG5 Coding ORF1ab polyprotein (Bat coronavirus 1B) 80% 2.40 

CF_TCC7 Coding Disulfide isomerase (Erythrobacter litoralis) 75% 5.00 

CF_TCC5 Coding Hypothetical protein (Candida albicans) 85% 0.33 

CF_GTT6 Coding No similarity - - 

CF_GCA5 Coding Acid phosphatase (Metarhizium acridum) 60% 5.00E-04 

CF_ACA5 Coding No similarity - - 

CF_TC10 Coding No similarity - - 

CF_CAA/CAG14 Coding No similarity - - 

CF_GAA6 Coding Hypothetical protein (Podospora anserina) 100% 3.00E-23 

CF_TTC5 Intron Hypothetical protein (Podospora anserina) 100% 3.00E-23 

CF_CCT6 Coding No similarity - - 

CF_GAT7 Coding No similarity - - 

CF_GCTCCC6 Coding No similarity - - 

CF_CAA/CAG11 Coding No similarity - - 

CF_TCG6 Coding No similarity - - 

CF_TC61 Coding Hypothetical protein (Podospora anserina) 93% 7.00E-11 

CF_GTT51 Coding Sulfate permease 2 (Arthroderma gypseum) 94% 1.00E-11 

CF_GGC7 Coding Hypothetical protein (Giberella zeae) 46% 1.00E-04 

CF_GAC5 Coding Hypothetical protein (Nectria haematococca) 94% 9.00E-27 

CF_GA5 Coding Patched protein (Drosophila melanogaster) 93% 0.83 

CF_CGG5 Coding Hypothetical protein (Verticillium albo-atrum) 80% 5.00E-22 
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Table 6 Genescan analysis of microsatellite loci fragment sizes for each isolate of Ceratocystis used in this study.  Grey boxes indicate 

conflicting allele sizes within a species, x indicates no PCR product and 0 indicates double bands. 

 

Species CMW 
CF_CAA/ 
CAG80 

CF_CAAG5 CF_GTT50 CF_GAT5 
CF_CAG 

AAG5 
CF_GCT 

11 
CF_CTCTC

TGT5 
CF_CAA/ 
CAG81 

CF_CCG5 
CF_CAA/ 
CAG24 

C. acaciivora 22562 x x x 236.7 231.8 x x 221.4 x 173.9 

C. acaciivora 22563 227.9 196.7 x 236.8 x x x 221.5 x 173.5 

C. acaciivora 22595 227.9 189 x 236.9 x x 236.9 221.4 190.2 173.7 

C. acaciivora 22621 227.9 x 233.5 236.8 220 x 237.1 221.5 190.3 167.7 

C. albifundus 15760 x 192.9 248.3 254 207.4 238 x 215.6 189.3 152.6 

C. albifundus 4068 x x 254.3 248.3 196.4 x x 218.8 189.1 156.1 

C. albifundus 5329 x x 245.2 x 231.7 237.6 x 218.7 189.6 153 

C. albifundus 14159 x x x x 196 x 190.3 x 189.3 x 

C. albifundus 4090 x x 254.1 x 196.8 x x 218.7 189.2 152.5 

C. atrox 19389 242.5 x 247.9 x 208.6 189.1 194.5 218.3 181.2 123.2 

C. atrox 19385 246 x 248.4 x 208.7 201.4 153.3 218.4 181.1 122.8 

C. cacaofunesta 14809 222.1 205.1 230.1 236.8 196.8 237.4 194.3 224.3 190.6 159 

C. cacaofunesta 26375 222.1 195.6 233.1 232.7 208.2 238.2 194 230.2 196.3 161.9 

C. cacaofunesta 15051 222 197.4 230.1 228.4 196.5 237.7 194.1 224.3 190 158.9 

C. caryae 14793 x x 223.9 x 200 348.3 x 250.4 x 156.5 

C. caryae 14808 x x 223.7 245.9 x 304.8 x 256.4 x x 

C. colombiana 5751 239.5 196.7 236.8 239.8 244.5 234.9 267.9 232.9 x 182.8 

C. colombiana 11280 239.6 197.6 236.9 239.8 226 234.4 307.9 232.8 187.4 182.8 

C. colombiana 9565 248.6 197.6 236.5 239.8 231.6 x 275.9 232.9 187.4 182.7 

C. colombiana 5761 239.7 197.1 236.5 240 244.4 234.9 267.8 233 187 182.7 

C. curvata 22433 225.1 192.6 233.1 246.1 214.4 256.2 240.7 221.8 190.2 167.7 

C. curvata 22435 225.1 193.1 233.2 246.1 213.4 256 241.1 221.5 190.4 168 

C. curvata 22442 225 193.4 232.9 246 213.8 256.3 241 226.3 190.3 168 

C. diversiconidia 22446 222.3 185 242.1 236.8 239.1 219.8 179.6 215.4 190.8 156 

C. diversiconidia 22445 222.2 184.7 242.1 236.9 238.7 219.2 180 215.2 189.8 155.7 

C. diversiconidia 22448 222.2 184.9 242 236.9 239.1 219.4 179.9 215.1 190.3 155.7 
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Table 6 (continued) Genescan analysis of microsatellite loci fragment sizes for each isolate of Ceratocystis used in this study.  Grey boxes 

indicate conflicting allele sizes within a species, x indicates no PCR product and 0 indicates double bands. 

 

Species CMW 
CF_CAA/ 
CAG80 

CF_CAAG5 CF_GTT50 CF_GAT5 
CF_CAG 

AAG5 
CF_GCT 

11 
CF_CTCTC

TGT5 
CF_CAA/ 
CAG81 

CF_CCG5 
CF_CAA/ 
CAG24 

C. ecuadoriana 22405 230.9 192.8 236.5 240 205.8 244.4 185.9 218.3 190 165.1 

C. ecuadoriana 22092 239.8 192.9 236.8 248.3 206 244.3 185.9 218.4 190.2 164.5 

C. ecuadoriana 22097 230.8 193.6 236.2 249.3 205.9 244 185.9 218.3 190.3 165 

C. ecuadoriana 22093 230.8 193.2 235.9 249.3 205.4 244.2 186 218.3 190 164.4 

C. fimbriata 1547 225 193.2 233.3 239.9 214 231.1 234.7 224.3 187.5 168 

C. fimbriata 14799 225 193.4 233.2 240.6 214.2 231.6 234.6 224.4 187.4 167.9 

C. fimbriata 15049 225.1 193 232.9 239.6 214.4 231.6 234.6 x 187.1 167.6 

C. fimbriatomima 24377 222 200.9 233.3 240 208.3 237.3 192.4 224.3 190.1 170.9 

C. fimbriatomima 24174 221.9 200.7 233.3 239.9 208.5 237.2 x 209.6 190 170.9 

C. fimbriatomima 24176 222 200.7 233.7 x 208.3 237.3 192.3 224.3 190.2 170.5 

C. fimbriatomima 24378 222.1 200.8 232.9 240 208.5 237 192.3 224.2 190.3 170.6 

C. fimbriatomima 24379 221.7 200.9 233.5 x x 237.3 x 224.3 190.5 171.2 

C. larium 25435 242.5 x 233.5 234.7 208.7 189.1 x 217.5 203.7 149.6 

C. larium 25434 242.5 191.8 233.3 233.8 208.5 188.9 194.6 217.7 203.5 x 

C. larium 25437 242.5 192.8 233.3 234.5 x 188.9 194.5 218.7 203.6 149.7 

C. larium 25436 242.5 192.9 233.2 234.4 208.8 188.9 x x 203.6 150.3 

C. manginecans 23634 227.9 197 233.2 236.6 220.2 240.5 236.9 221.3 190.1 173.4 

C. manginecans 13852 227.7 x 233.7 236.3 219.9 240.4 236.9 221.4 190.3 173.6 

C. manginecans 15317 228 196.6 233.6 236.5 220.2 240.4 236.8 221.4 190.2 173.5 

C. manginecans 15314 228 197.1 233.2 236.5 220.3 240.6 236.9 221.3 190.2 173.8 

C. manginecans 13851 227.9 197.1 233.8 236.8 220.2 240.4 236.9 221.3 190.6 174 

C. neglecta 11285 x 185.2 239.3 236.4 203.5 246.9 208.3 227.1 190.5 161.8 

C. neglecta 11284 230.8 185.2 239.3 236.7 219.9 247.2 202.6 227.1 190.4 161.9 

C. neglecta 18194 227.8 192.9 236.3 x 214.5 243.8 186.4 215.5 190 165 

C. neglecta 17808 230.8 193.2 236.1 248.2 214.3 243.8 186 215.6 190.2 162.1 

C. obpyriformis 23806 227.9 193.2 286.9 228.4 196.8 232.2 153.3 212.5 180.9 122.3 

C. obpyriformis 23807 x x x 228.1 196.3 x x 212.4 180.9 230 
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Table 6 (continued) Genescan analysis of microsatellite loci fragment sizes for each isolate of Ceratocystis used in this study.  Grey boxes 

indicate conflicting allele sizes within a species, x indicates no PCR product and 0 indicates double bands. 

 

Species CMW 
CF_CAA/ 
CAG80 

CF_CAAG5 CF_GTT50 CF_GAT5 
CF_CAG 

AAG5 
CF_GCT 

11 
CF_CTCTC

TGT5 
CF_CAA/ 
CAG81 

CF_CCG5 
CF_CAA/ 
CAG24 

C. papillata 8856 230.9 196.9 235.9 239.5 x 222.4 179.9 218.4 x 171.1 

C. papillata 8850 x x x 227.9 x 237.4 x x x x 

C. papillata 28662 239.4 197.1 235.8 239.6 x x x x 199.2 170.2 

C. papillata 8857 x x x 228 237.7 x x x x x 

C. pirilliformis 28200 x 185.4 280.3 x x 233 x 218.7 x 173.7 

C. pirilliformis 6583 233.9 x 280.1 228.1 202.5 232.4 153 209.6 181.4 122.3 

C. pirilliformis 12671 233.8 x 274.6 231.2 202.7 x 153.4 209.6 180.9 122.5 

C. pirilliformis 16511 233.9 197.2 274.6 231.4 202.8 232 153.5 251.3 181.1 122.9 

C. pirilliformis 6579 x x 248.3 228.4 202.5 x 153.4 248.3 181.1 122.8 

C. platani 1896 230.7 185.7 238.9 236.8 219.8 247.6 202.5 227.2 190 162.1 

C. platani 26380 233.7 184.9 239.8 236.7 x 247.3 202.5 227.1 190 161.8 

C. platani 23450 230.8 285.3 239.6 236.6 219.9 246.9 202.3 227.2 189.9 161.8 

C. platani 14802 233.7 185.4 239.7 236.6 220.4 247 202.6 227.2 190.1 161.6 

C. platani 23918 230.8 185.7 239.4 236.3 220.2 247.1 x 227.2 190.3 161.5 

C. polychroma 14281 x x 251.3 x 199.1 x x 218.2 181.9 167.5 

C. polychroma 11424 227.7 x 251.4 x x 201.5 152.2 215.3 181.9 167.8 

C. polyconidia 23818 225 196.9 233.5 236.8 214 271 226.7 221.5 189.9 x 

C. populicola 14789 224.8 x 223.2 x 257.3 256.6 x 223.6 207.3 132.8 

C. smalleyi 14800 242.9 x 224.1 227.9 x 360.3 x 216.7 181 141.2 

C. tanganyicensis 15992 222.3 192.8 x 231.2 178.6 183.2 156.1 218.8 193.5 152.6 

C. tanganyicensis 15999 221.9 192.1 x x 178.3 x 156.2 x x 152.9 

C. tsitsikammensis 14275 224.9 185.2 245.3 245.9 208.9 192.5 171.4 230.7 187.4 173.6 

C. tsitsikammensis 13982 224.8 185 245.1 246 208.9 232 171.8 218.8 187.3 173.8 

C. tsitsikammensis 14280 225 185.4 245.3 246 208.8 192.3 171.5 218.4 187.3 173.6 

C. tsitsikammensis 14276 224.8 185 245.4 245.6 209 192.5 171.4 218.6 187.4 173.2 

C. variospora 20935 222.3 146.4 208.2 268.9 218.4 384.5 x 227.2 211.5 161.9 

C. variospora 26384 x x x 228.2 241.4 231 x x x x 

C. variospora 26386 222.3 x x 268.6 x x x 228.7 211.4 164.7 
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Table 6 (continued) Genescan analysis of microsatellite loci fragment sizes for each isolate of Ceratocystis used in this study.  Grey boxes 

indicate conflicting allele sizes within a species, x indicates no PCR product and 0 indicates double bands. 

 

Species CMW 
CF_CAA/ 
CAG80 

CF_CAAG5 CF_GTT50 CF_GAT5 
CF_CAG 

AAG5 
CF_GCT 

11 
CF_CTCTC

TGT5 
CF_CAA/ 
CAG81 

CF_CCG5 
CF_CAA/ 
CAG24 

C. virescens 3225 x x 233.3 228.2 x 0 0 x x x 

C. virescens 11160 x 196.9 x x 185.3 0 0 x x x 

C. virescens 17335 x x x 228.3 x 0 0 x 219.8 x 

C. virescens 17339 x x 233.1 x x 0 0 x 219.6 x 

C. virescens 11164 x 197 233.2 228.3 x 0 0 x 219.6 x 

C. zombamontana 15235 233.9 192.8 251.4 231.5 196.6 231.5 153.2 209.7 181.4 122.3 

C. zombamontana 15236 233.8 197.3 250.9 231.1 196.6 x x 253.8 190 123 

   

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



105 

 

Table 7 Consensus allele sizes for each species of Ceratocystis used in this study.  Alleles in bold indicate that all isolates within the species 

have the same allele size, alleles not in bold indicate that most of isolates within the species have the same allele, ? indicates that there is no 

consensus as to the allele size in that species and x indicates that no PCR products were amplified in that species. 
 

Species 
CF_CAA 
/CAG80 

CF_CAAG5 CF_GTT50 CF_GAT5 
CF_CAG 

AAG5 
CF_GCT 

11 
CF_CTCTC

TGT5 
CF_CAA/ 
CAG81 

CF_CCG5 
CF_CAA/ 
CAG24 

C. acaciivora 228 ? ? 236 ? x 237 221 190 173 

C. albifundus x ? 254 ? 196 238 ? 218 190 153 

C. atrox ? x 248 x 208 ? ? 218 181 123 

C. cacaofunesta 222 ? 230 ? 196 238 194 224 190 159 

C. caryae x x 224 ? ? ? x ? x ? 

C. colombiana 239 197 236 240 244 235 267 233 187 182 

C. curvata 225 193 233 246 214 256 241 221 190 168 

C. diversiconidia 222 185 242 236 239 219 180 215 190 156 

C. ecuadoriana 230 193 236 249 205 244 186 218 190 165 

C. fimbriata 225 193 233 240 214 231 234 224 187 168 

C. fimbriatomima 222 201 233 240 208 237 192 224 190 171 

C. larium 242 ? 233 234 208 189 ? 218 203 150 

C. manginecans 228 197 233 236 220 240 237 221 190 173 

C. neglecta ? 185/193 236/239 ? ? 244/247 ? 227/215 190 ? 

C. obpyriformis ? ? ? 228 196 ? ? 212 181 ? 

C. papillata ? 197 236 228/240 ? ? ? ? ? 171 

C. pirilliformis 233 ? 274/280 228/231 203 233 153 209 181 123 

C. platani 230/233 185 239 236 220 247 202 227 190 162 

C. polychroma ? x 251 x ? ? ? ? 181 168 

C. polyconidia 225 197 233 236 241 271 226 221 190 x 

C. populicola 225 x 223 x 257 256 x 224 207 132 

C. smalleyi 242 x 224 228 x 360 x 216 181 141 

C. tanganyicensis 222 193 x ? 178 ? 156 ? ? 152 

C. tsitsikammensis 225 185 245 246 209 192 171 218 187 173 

C. variospora 222 x 233 ? ? ? x 228 211 ? 

C. virescens x 197 233 228 ? ? x x 220 x 

C. zombamontana 233 ? 251 231 196 ? ? ? ? 123 
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Table 8 Analysis of transposons that span or are right next to microsatellite motifs in the published microsatellite sequences compared to the C. 

fimbriata genome, also showing which species the microsatellites can be transferred to 

 

Locus Transposon name Transposon type 
Similarity 

(%) 

Distance from microsatellite Transferable to other species based on 
population studies 

5' end 3' end 

AG1/2
1
 Copia-53_MLP-I LTR retrotransposon 75 7 bp outside 57 bp outside C. pirilliformis

5
 

AG7/8
1
 Gypsy-128_ZM-LTR LTR retrotransposon 74 77 bp outside 7 bp outside C. albifundus

4 
and C. pirilliformis

5
 

AG15/16
1
 RTAg4 Non-LTR retrotransposon 80 286 bp inside 57 bp inside 

C. albifundus
4
 

CF11/12
1
 Gypsy-4_SI-I LTR retrotransposon 77 8 bp inside 29 bp inside C. pirilliformis

5
 

CF13/14
1
 CATCH2LTR_DR LTR retrotransposon 79 36 bp inside 169 bp inside C. pirilliformis

5
 

CF15/16
1
 HERVIP10FH Endogenous retrovirus 74 

101 bp outside and 1 bp 
inside 

- C. albifundus
4 
and C. pirilliformis

5
 

CfAAG9
2
 Ag-Jock-1 Non-LTR retrotransposon 67 32 bp outside 0 bp 

C. cacaofunesta
6
, C. fimbriata Brazil

9
, C. 

pirilliformis
5 

and C. platani
7,8

 

CfCAA10
2
 Ag-Jock-1 Non-LTR retrotransposon 70 

211 bp outside and 84 bp 
inside 

- 
C. cacaofunesta

6
, C. fimbriata Brazil

9, 
and C. 

platani
7,8

 

CfCAA15
2
 Ag-Jock-1 Non-LTR retrotransposon 72 

48 bp outside and 163 bp 
inside 

- 
C. cacaofunesta

6
, C. fimbriata Brazil

9
, C. 

pirilliformis
5 

and C. platani
7,8

 

CfCAA38
2
 Gypsy-22-SB-1 LTR retrotransposon 82 

36 bp outside and 39 bp 
inside 

- 
C. cacaofunesta

6
, C. fimbriata Brazil

9
, C. 

pirilliformis
5 

and C. platani
7,8

 

CfCAG5
2
 RTEX-1_CR Non-LTR retrotransposon 70 3 bp inside 107 bp outside 

C. cacaofunesta
6
, C. fimbriata Brazil

9
, C. 

pirilliformis
5 

and C. platani
7,8

 

CfCAG900
2
 Copia-3_CCO-I LTR retrotransposon 88 1 bp outside 11 bp outside 

C. cacaofunesta
6
, C. fimbriata Brazil

9
, C. 

pirilliformis
5 

and C. platani
7,8

 

C. fim 20
3
 Chapaev3-1_MR DNA transposon 85 1 bp outside - 

- 

 
1
Barnes et al. (2001), 

2
Steimel et al. (2004), 

3
Rizatto et al. (2010), 

4
Barnes et al. (2005),

5
Kamgan Nkuekam et al. (2009),

6
Engelbrecht et al. (2007), 

7
Engelbrecht et al. (2004), 

8
Ocasio-Morales et al. (2007), 

9
Fereirra et al. (2010). LTR = long terminal repeat.
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Table 9 Analysis of transposons that span or are right next to microsatellite motifs developed in this study (Loci highlighted in grey are those 

used for Genescan analysis). 

 

Locus Transposon name Transposon type 
Similarity 

(%) 

Distance from microsatellite 

5' end 3' end 

CF_CAGAAG5 Ag-Jock-1 Non-LTR retrotransposon 72 19 bp outside 5 bp inside 

CF_CTCTCTGT5 RAL_Rn_1 Endogenous retrovirus 69 16 bp outside 75 bp outside 

CF_CAA/CAG24 TART_DV Non-LTR retrotransposon 79 0 bp 143 bp outside 

CF_CTT6 Gypsy-46_PIT-LTR LTR retrotransposon 71 31 bp inside 35 bp outside 

CF_TCC5 EnSpm-17_Sbi DNA transposon 76 27 bp inside 13 bp outside 

CF_GCA5 Copia-7_ES-I LTR retrotransposon 84 9 bp outside 24 bp outside 

CF_TC10 EnSpm-6_ZM DNA transposon 81 5 bp outside 31 bp outside 

CF_CAA/CAG14 TART_DV Non-LTR retrotransposon 77 35 bp outside 82 bp inside 

R21-4_PI Non-LTR retrotransposon 67 116 bp inside 68 bp outside 

CF_TTC5 Polinton-4_NV DNA transposon 80 29 bp inside 76 bp outside 

CF_CCT6 Gypsy-50_PIT-1 LTR retrotransposon 64 184 bp outside 52 bp outside 

CF_GAT7 COPI2_I LTR retrotransposon 76 33 bp outside 1 bp outside 

CF_GCTCCC6 Gypsy-2_Dfa-I LTR retrotransposon 80 87 bp outside 45 bp inside 

CF_CAA/CAG11 TART_DV Non-LTR retrotransposon 82 2 bp outside 64 bp outside 

CF_GAC5 Harbinger-1_MLP DNA transposon 91 6 bp outside 15 bp outside 
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Fig. 1 Alignment of microsatellites Cfim01, Cfim02, Cfim05, Cfim08, Cfim13 and Cfim14 to 

show the similarities between these sequences.  The microsatellite motif (AC)n is shown in 

the block.  
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Fig. 2 Alignment of microsatellites CF17/18 and CF23/24 to show the similarities between 

these sequences.  The microsatellite motif (TG)15 is shown in the block. 
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Fig. 3 Alignment of microsatellites Cfim16 and Cfim18 to show the similarities between these 

sequences.  The microsatellite motifs (AC)21 and (AC/TG)16, belonging to Cfim16 and Cfim18 

respectively, are shown in the block. 
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Fig. 4 Alignment of microsatellites Cfim09 and Cfim17 to show the similarities between these 

sequences.  The microsatellite motif (AC)17 is shown in the block. 
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Fig. 5 SNPs identified in the microsatellite markers developed in this study.  The 

microsatellite motif is shown in the block and SNPs are highlighted in grey.  A depicts four 

SNPs in the locus CF_GCTCCC6, three within the microsatellite GTG motif and one SNP in 

the flanking region.  B depicts the microsatellite locus CF_CTT6 that contains six SNPs in 

the flanking regions. 
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Fig. 5B 

Fig. 5A 
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Fig. 6 The diagnostic test to identify species using the microsatellite loci developed in this 

study.  A Flow diagram of the overall diagnostic test.  B Flow diagram of Set 1 primer 

combinations used to differentiate species based on the presence of amplicons for each 

locus.  P1 = CF_GCT11, P2 = CF_CTCTCTGT5, P3 = CF_GAT5 and P4 = CF_CAAG9.  C 

Flow diagram of Set 2 primer combinations used to differentiate species based on the 

presence of amplicons for each locus.  P5 = CF_GTT50, P6 = CF_CAGAAG5, P7 = 

CF_CAA/CAG80 and P8 = CF_CAA/CAG24.  D Flow diagram of Set 3 primer combinations 

used to differentiate species based on the presence of amplicons for each locus.  P9 = 

CF_CGG5 and P10 = CF_CAA/CAG81. 
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Fig. 6A  

  

*PCRs should be performed at 50ºC and 

decreased incrementally to 42ºC until a 

single amplicon is produced. If no 

amplicon is produced, it should be 

scored as such as some species do not 

produce amplicons at some of the loci 
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Fig. 6B 

 

 

Fig. 6C 

  

* Indicates species that sometimes did 

not produce an amplicon. DB indicates 

double bands (amplicons of 2 sizes) at 

both loci for C. virescens and possibly 

other species not belonging to the C. 

fimbriata s.l, species complex. 

1
This species could already be 

differentiated using primers from Set 1. 
2 

In conjunction with Set 1, these two 

species can be differentiated between. 

*Species that sometimes did not produce 

an amplicon. 
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Fig. 6D 

 

 

  

1
These species could already be 

differentiated using primers from Set 1 

and Set 2. 
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Summary 

 

Ceratocystis fimbriata represents a complex of cryptic species which are pathogens of 

important agricultural crops and forestry plantations.  Population studies of these species 

have been carried out with microsatellite markers, some of which could differentiate between 

some of the cryptic species in the complex.  A review of microsatellites with regards to their 

history, past and present isolation methodologies, mechanisms of evolution and functional 

importance, particularly within fungi is presented.  The lack of knowledge regarding 

microsatellite structure in this group of fungi was highlighted and the need for a more robust 

identification tool to identify the cryptic species in the complex is also emphasised. 

 

Sequencing of the C. fimbriata genome provided an opportunity to study the microsatellite 

distribution and abundance more in depth.  The C. fimbriata genome has a medium 

microsatellite density although it has a larger genome than that of other Ascomycetes.  It also 

compares well with regards to the general trend of microsatellite structure in Ascomycetes 

and has a unique preference for particular motifs.  As the C. fimbriata genome contains a 

significant number of microsatellites, specific microsatellites were identified and a diagnostic 

test was successfully developed that differentiates between most of the cryptic species in the 

complex.  This study provides an important foundation for future studies on microsatellites in 

Ceratocystis and provides a proof of concept for the use of microsatellite regions in 

differentiating between sibling species in this genus. 
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